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ABSTRACT 

 
 

Ca
2+

 is an important mediator of stimulus-secretion coupling in β cells of the 

pancreatic islets, which secrete insulin in response to elevation in plasma glucose 

concentration.  I studied the actions of two lipids, arachidonic acid (AA) and 

cholesterol, on enzymatically-dissociated single β cells of rat and mouse, using 

cytosolic Ca
2+

 ([Ca
2+

]i) measurement in conjunction with whole-cell patch-clamp 

techniques. 

AA, which is produced in the β cell upon stimulation with either glucose or 

acetylcholine, was found to induce a large increase in [Ca
2+

]i that was dependent 

on both extracellular Ca
2+

 entry and intracellular Ca
2+

 release.  Part of the AA-

mediated extracellular Ca
2+

 entry was due to Ca
2+

 influx through the 

arachidonate-regulated Ca
2+

 (ARC) channels, which have not previously been 

reported in β cells.  The AA-mediated intracellular Ca
2+

 release was a result of 

Ca
2+

 mobilization from multiple inositol trisphosphate (IP3)-sensitive intracellular 

stores, including the endoplasmic reticulum (ER) and an acidic Ca
2+

 store that is 

probably the secretory granules.  Therefore, in β cells, the AA-mediated Ca
2+

 

signal may amplify the [Ca
2+

]i rise induced by insulin secretagogues. 

Cholesterol is an integral component of cellular membranes and an important 

regulator of cellular functions.  However, elevation of cholesterol level in the 

pancreatic islets reduces glucose-stimulated insulin secretion.  I found that 

cholesterol overload impairs the glucose-stimulated [Ca
2+

]i increase in β cells by 

two major mechanisms:  the first is a decrease in glucose-stimulated ATP 

production, which is partly mediated by a decrease in glucose uptake, and the 



 

second is the reduction of voltage-gated Ca
2+

 current density.  These effects of 

cholesterol may partly account for the decreased insulin secretion that develops in 

patients with type II diabetes, who typically exhibit hypercholesterolemia. 

In summary, different lipids may mediate beneficial or detrimental effects on 

Ca
2+

 regulation in rodent pancreatic β cells. 
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1.1  Pancreatic islet histology and physiology, and diabetes mellitus 

 

The pancreas consists of two functionally and anatomically distinct parts:  the 

exocrine pancreas, which produces digestive enzymes that are secreted into the 

duodenum via the pancreatic duct, and the endocrine pancreas, which produces a 

variety of endocrine factors that are secreted into the circulation.  The endocrine 

pancreas is composed of the islets of Langerhans, which are named after the 

German pathologist Paul Langerhans, who discovered the structures in 1869.  The 

islets, which are distributed throughout the endocrine pancreas, comprise a 

number of different cell types that secrete hormones that are essential for the 

regulation of glucose homeostasis in the body.   

 

1.1.1  Types of pancreatic cells 

Three major different cell types have been reported in the mammalian 

pancreatic islets:  the α cells, the β cells, and the δ cells.  The β cells, which 

secrete insulin, make up the majority of the pancreatic islet mass (~67% in the rat 

(1) and ~53% in the human (2)).  The immediate effect of insulin is to lower the 

level of plasma glucose.  Its mechanisms of action are discussed in further detail 

in Section 1.1.4.  Islet amyloid polypeptide (IAPP; also known as amylin) and C-

peptide are co-secreted with insulin from β cells.  IAPP, which reduces food 

intake, delays gastric emptying, and suppresses glucagon secretion, is used 

therapeutically as an anti-diabetic agent to reduce postprandial glucose load (3).  

However, negative effects of IAPP on diabetes have also been reported. A study 

of IAPP knockout mice showed that IAPP may have a negative feedback effect on 
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insulin secretion (4).  Accumulation of IAPP oligomers in islets was shown to 

cause formation of fibrils, which are thought to be a pathological feature of type II 

diabetes (5).  C-peptide, which is a byproduct of insulin synthesis, is shown to 

increase glucose uptake in muscle, as well as to regulate activity of Na
+
/K

+
-

ATPase (which is downregulated in diabetes) (6).  The α cells secrete glucagon 

and make up ~24% of the islet cells in the rat and ~39% in humans (1;2).  

Glucagon, like insulin, is involved in regulation of plasma glucose, but its actions 

are opposite to those of insulin:  it stimulates release of glucose from the liver, by 

facilitating glycogenolysis and gluconeogenesis.  The somatostatin-secreting δ 

cells make up ~6% of the islet cells in the rat and ~10% in humans (1;2).  

Somatostatin is generally an inhibitory hormone (for example, it inhibits secretion 

of hormones from the gastrointestinal tract and the exocrine pancreas), though the 

primary function of somatostatin secreted from islet cells is the local inhibition of 

β cells and α cells (7;8).   

 

1.1.2  Non-glucose factors that influence the secretion of islet hormones 

While secretion of insulin and glucagon are primarily regulated by changes in 

plasma glucose concentration, they can also be modulated by other factors, 

including neurotransmitters and peptides released from parasympathetic and 

sympathetic nerves, amino acids, and hormones secreted in a paracrine, autocrine, 

or endocrine manner.   

The pancreas receives innervation from the autonomic nervous system, 

including both parasympathetic and sympathetic fibres, which are under the 
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control of the ventromedial hypothalamus (VMH).  It has been shown in humans, 

as well as in other mammals, that stimulation of vagus nerve results in lowering 

of plasma glucose level (9).  Parasympathetic nerves secrete a number of 

neurotransmitters, including acetylcholine (ACh), which stimulates the β cells 

directly via M3 muscarinic receptors.  These nerve endings also release a number 

of peptides that have been shown to stimulate insulin secretion, including 

vasoactive intestinal peptide (VIP) (10) and pituitary adenylate cyclase activating 

peptide (PACAP) (11).  On the other hand, electrical stimulation of the splanchnic 

nerve triggers noradrenaline release and results in inhibition of insulin secretion 

(12).  This inhibitory effect is mediated directly, via stimulation of the α-

adrenoceptors on β cells, and also indirectly, via stimulation of glucagon secretion 

from α cells.  In addition, the sympathetic terminals release neuropeptide Y 

(NPY), which suppresses glucose-stimulated insulin secretion (13).   

Amino acids have also been shown to promote glucose-stimulated insulin 

secretion, possibly via metabolism and ATP production.  Arginine, a cationic 

amino acid, can cause membrane depolarization in β cells, which in turn activates 

voltage-gated Ca
2+

 channels, (VGCCs) and triggers insulin secretion (14). 

The hormones secreted by islet cells can modulate secretion of other islet 

hormones in a paracrine fashion.  For example, insulin suppresses the secretion of 

glucagon, while glucagon downregulates the secretion of insulin and somatostatin 

(15), and IAPP inhibits secretion of glucagon and somatostatin (8).  Insulin and 

IAPP can also act in an autocrine fashion:  insulin secretion is stimulated by 

insulin (16), but inhibited by IAPP (8).  Secretion of insulin and glucagon can also 
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be regulated in an endocrine fashion by gastrointestinal (GI) hormones, including 

gastrin, glucagon-like-peptide 1 (GLP-1), and gastric inhibitory peptide (GIP).  

GLP-1 and GIP are secreted by cells in the GI tract in response to nutrient 

ingestion.  These incretin hormones can stimulate insulin secretion and inhibit 

glucagon secretion via specific G-protein-coupled-receptors.  For example, GLP-1 

acts through the GLP-1 receptor that is coupled to Gs.  Thus, binding of GLP-1 

results in activation of adenylate cyclase and formation of cyclic adenosine 

monophosphate (cAMP), which in turn activates protein kinase A (PKA)- and 

exchange proteins directly associated with cAMP (Epac)-mediated signal 

transduction pathways (17).  In insulin-secreting cells, GLP-1 has been found to 

inhibit ATP-sensitive K
+
 (KATP) channels (18) and to stimulate Ca

2+
 release from 

endoplasmic reticulum (ER) (19;20).         

 

1.1.3  Stimulation of insulin secretion by glucose  

The major mechanism by which glucose triggers insulin release from β cells 

(the KATP-dependent pathway) is well-characterized (Figure 1-1, page 13).  An 

increase in plasma glucose concentration, such as that following a meal, can 

initiate insulin secretion.  The elevation in plasma glucose increases the rate of 

uptake by the glucose transporter, resulting in greater transport of glucose into the 

β cell.  The glucose transporter (GLUT) family consists of at least 14 members, of 

which the best-studied members are GLUT1, GLUT2, GLUT3, GLUT4, and 

GLUT5.  The GLUT family is also known as the solute carrier family 2 (SLCA2), 

and its members are responsible for facilitated diffusion of hexoses.  The various 
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isoforms differ in both their affinity for hexoses and their tissue distribution.  

GLUT2 is the most important isoform in the context of insulin secretion, since rat 

β cells (21;22) and human islets (23) express primarily GLUT2.  Glucose-

stimulated insulin secretion in islets from GLUT2-null mice (which show no 

change in glucokinase expression) was drastically reduced, indicating that 

GLUT2 is crucial for insulin secretion (24).  GLUT2, which is constitutively 

expressed on the cell surface (25;26), is a specialized glucose transporter, due to 

its high Michaelis-Menten constant (Km; which reflects the inverse of the affinity 

for substrate) for glucose (15-20 mM).  GLUT2 thus has a low affinity for 

glucose, and the rate of glucose uptake through this transporter is proportional to 

plasma glucose concentration.  In contrast to GLUT2, other GLUT isoforms (such 

as GLUT1 and GLUT4) have a high affinity for glucose (with a Km of 2-10 mM), 

and thus are saturated even at low glucose concentrations (27).  When glucose is 

transported into the cell, it undergoes glycolysis.  The rate-limiting step in 

glycolysis is the first step, which involves the phosphorylation of glucose by 

glucokinase, to yield glucose-6-phosphate (G-6-P).  Glucokinase (also known as 

type IV hexokinase) is a member of the hexokinase family and has a high Km (low 

affinity) for glucose (15-20 mM).  Thus, when plasma glucose is high (>5 mM), 

glucose is phosphorylated by glucokinase, and when plasma glucose is low (<5 

mM), there is little phosphorylation of glucose.  β cells have low expression levels 

of the high-affinity hexokinase isoforms (types I, II, and III).  After 

phosphorylation of glucose by glucokinase, glucose-6-phosphate undergoes a 

number of steps to yield pyruvate.  Pyruvate is then converted to acetyl-CoA, 
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which enters the citric acid cycle that fuels mitochondrial ATP production.  The 

increase in cytosolic ATP/ADP ratio then inhibits KATP channels (28).  The KATP 

channel is found in β cells from all species, including humans, and in all insulin-

secreting cell lines.  This channel is an inward rectifier that is open at resting 

membrane potential (about -70mV in the β cell) and is crucial in coupling cell 

metabolism to membrane excitability.  The KATP channel is made up of two 

different types of subunits, the Kir6.2 subunit and the sulfonylurea (SUR) subunit.  

The KATP channel is an octameric complex, with each Kir subunit (four make up 

the pore of the channel) being associated with one SUR subunit (29).  Regulation 

of channel activity is complex and depends on a balance between inhibition by 

ATP at the Kir subunit and stimulation by Mg-ADP at the SUR subunit (30).  

Upon stimulation of the β cell by glucose, the elevation in cytosolic ATP/ADP 

ratio causes the closure of KATP channels, resulting in membrane depolarization 

and activation of VGCCs.  An increase in intracellular Ca
2+

 concentration 

([Ca
2+

]i) due to VGCC-mediated extracellular Ca
2+ 

entry in turn triggers the 

exocytosis of insulin-containing dense-core secretory granules. 

In addition to the triggering of the KATP-dependent pathway described above, 

an amplifying KATP-independent pathway has also been implicated in the action of 

glucose and other insulin secretagogues (31).  Various second messengers have 

been postulated to be involved in the amplifying pathway, including PKA and 

protein kinase C (PKC), and multiple cellular targets have been implicated.   For 

instance, PKA has been shown to enhance voltage-gated Ca
2+

 current in β cells 
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(32), while both PKA and PKC have been shown to increase the size of the 

readily releasable pool of insulin granules (33). 

 

1.1.4  Physiological actions of insulin  

There are multiple actions of insulin in the body, though its immediate effect 

is to lower plasma glucose concentration.  Insulin acts on muscle, liver, and 

adipose tissue, to promote glucose uptake (through facilitative GLUTs), storage, 

and utilization (via glycogen synthesis and glucose oxidation).  Insulin also 

upregulates triglyceride synthesis in adipocytes, and protein synthesis in muscle 

cells.  Other than its effects on nutrient metabolism, insulin is known to act as a 

potent growth factor (34) and an activator of nitric oxide synthase (35).  The 

actions of insulin are mediated by plasma membrane insulin receptors.  Insulin 

receptors are expressed to some degree in all cells, but are very highly expressed 

in muscle, liver, and adipose cells.  Upon binding of insulin molecules, insulin 

receptors, which have intrinsic tyrosine kinase activity, first transphosphorylate 

and then phosphorylate a number of downstream effectors.  For example, in 

muscle, the insulin receptor substrate 1 (IRS-1) is the major mediator of insulin’s 

effects on glucose metabolism.  Phosphorylation of tyrosine residues on IRS-1 

induces association with (and thus activation of) phosphatidylinositol (PI)-3 

kinase, leading to the stimulation of glucose transport, including the translocation 

of GLUT4 from intracellular compartments to the plasma membrane (36).  On the 

other hand, the growth- and proliferation- promoting effects of insulin are 
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mediated by the mitogen-activated protein (MAP) kinase pathway in vascular 

smooth muscle cells (34).   

 

1.1.5 Diabetes mellitus 

Diabetes mellitus is characterized by the elevation of plasma glucose 

(hyperglycemia) and is classified as either type I or type II.  Type I diabetes, 

which accounts for ~10% of all cases of diabetes, is associated with selective 

autoimmune destruction of the β cells, which leads to a deficit in insulin secretion.  

Type II diabetes, on the other hand is characterized by both the development of 

peripheral resistance to insulin and the reduction in the ability of glucose to 

stimulate insulin secretion.  In the early phase of the disease, insulin receptors in 

myocytes, hepatocytes and adipocytes become less sensitive to insulin 

stimulation, resulting in a reduction in glucose uptake and elevation of plasma 

glucose level.  Genetic and environmental factors, as well as obesity, can 

contribute to the development of insulin resistance.  In response to the decreased 

tissue sensitivity to insulin, the pancreatic islets compensate by increasing insulin 

secretion.  Initially, there is an expansion of β cell mass (37) and enhancement of 

β cell sensitivity to glucose (38).  When insulin secretion fails to meet its demand, 

the persistent elevation of plasma glucose (glucotoxicity) leads to β cell 

dysfunction and destruction.   In patients with type 2 diabetes, the islets display a 

number of functional defects, including reduction in mRNA expression of 

GLUT2 and glucokinase, increase in oxidative stress, reduction of glucose-

stimulated insulin secretion (23) and decrease in β cell mass (39).   
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1.2  Importance of lipids in ββββ cell function 

 

In addition to glucose and amino acids, the level of free fatty acids also 

influences insulin secretion from β cells.  For example, acute stimulation of β 

cells with a low concentration of palmitate, the most abundant saturated fatty acid 

in plasma, was shown to increase voltage-gated Ca
2+

 current, as well as the size of 

the readily releasable pool of insulin granules (40). Some of the stimulatory 

actions of fatty acids may be mediated by GPR40, a G-protein-coupled receptor 

which is expressed on β cells and is activated by fatty acids such as oleate, 

palmitate and arachidonic acid (AA) (41).  AA has been suggested to be an 

important second messenger in the KATP-independent amplifying pathway during 

glucose stimulation.  AA can trigger [Ca
2+

]i rise and insulin secretion even in the 

presence of a substimulatory glucose concentration (42-44).  Furthermore, AA 

accumulates in islets upon stimulation with either glucose (45) or ACh (46), and 

inhibitors of phospholipase A2 (PLA2) suppress glucose-stimulated insulin 

secretion in rat (47;48) and human (49) islets.  These observations are consistent 

with the notion that AA may be an important modulator of insulin secretion.   

While some lipids may have important role in cellular signalling in β cells, 

chronic elevation of fatty acids is detrimental to β cell function.  The dysfunction 

of β cells and reduction in β cell mass that characterize type II diabetes are often 

accompanied by dyslipidemia:  in humans, the major changes that occur are 

hypertriglyceridemia, a decrease in high-density lipoprotein (HDL) cholesterol in 

plasma, and alterations in low-density lipoprotein (LDL) metabolism (50).  

Although the elevation in plasma triglycerides is thought to contribute to the 
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development of β cell dysfunction and to cell death (51), the impact of the 

changes in HDL and LDL cholesterol on glucose-stimulated insulin secretion is 

unclear.  The alterations in both HDLs and LDLs could contribute to elevation of 

cellular cholesterol in diabetes.  HDLs are thought to play a protective role in 

terms of cellular cholesterol, because they mediate reverse cholesterol transport 

(transport of cholesterol from tissues to the liver, where it is packaged for 

excretion).  On the other hand, the primary function of LDLs is to transport 

cholesterol into the tissues:  LDLs are taken up by cells via LDL receptors on the 

cell surface, and their cholesterol is stored in intracellular pools.  Incubation of 

human and mouse islets with high concentrations of LDLs led to a decrease in 

glucose-stimulated insulin secretion, and the observed effects were dependent on 

LDL receptor, suggesting that cholesterol derived from LDLs may be responsible 

for the adverse effects (52).  Thus, changes in LDL metabolism that occur in 

diabetes may lead to cholesterol-mediated β cell dysfunction.   

 

1.3  Objectives of my thesis 

 

The role of lipids in β cell function is complex.  Whether a specific lipid is 

beneficial or detrimental to the β cell depends on the type of lipid and the duration 

of exposure. This thesis examines the roles of two lipids, AA and cholesterol, in 

the cellular signaling of rodent pancreatic β cells.  As described above, AA has 

been shown to trigger a rise in [Ca
2+

]i even at basal glucose concentrations (42), 

suggesting that it may have an important role in the Ca
2+

 signalling of β cells.  

Part of the AA-mediated Ca
2+

 signal is dependent on extracellular Ca
2+

 influx 
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(44), but the mechanism of Ca
2+

 entry is not completely understood.  Project 1 of 

my thesis is a study on the mechanism underlying the AA-mediated extracellular 

Ca
2+

 entry in rat pancreatic β cells (Chapter 3).   

In addition to the triggering of extracellular Ca
2+

 influx, AA causes release of 

Ca
2+

 from intracellular stores (42;53;54).  AA-mediated Ca
2+

 signals have been 

reported to be mediated by ryanodine receptors (55) and to be dependent on Ca
2+

 

release from ER (43). However, β cells contain multiple intracellular stores, 

including the inositol trisphosphate (IP3)-sensitive store, the ryanodine-sensitive 

stores, the mitochondria, and stores that are associated with acidic organelles.  

Project 2 of my thesis describes the contribution of different intracellular Ca
2+

 

stores to the AA-induced intracellular Ca
2+

 release (Chapter 4).     

Cholesterol homeostasis in cells is tightly regulated and is under the control of 

a complex network.  Disrupting any component of that network can lead to drastic 

changes in cellular cholesterol levels, and this in turn can cause changes in 

cellular function.  In whole animals, transgenic mice have demonstrated the 

importance of cholesterol in the maintenance of normal insulin secretion.  For 

example, pancreatic islets from mice deficient in apolipoprotein E (apoE) showed 

elevated cholesterol and reduced glucose-stimulated insulin secretion (56).  ApoE 

is a constituent of chylomicrons, very-low-density lipoproteins (VLDLs), and 

HDLs, and it binds to LDL receptors on peripheral cells.  In islets and insulin-

secreting cell lines, lowering cellular cholesterol from the normal level has 

variable effects on insulin secretion (56-60).  However, elevation of cellular 

cholesterol in insulin-secreting cell lines has been shown to impair glucose-
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induced insulin secretion (56;59).  Thus, the actions of cholesterol on glucose-

stimulated insulin secretion are complex, and cholesterol may affect multiple 

steps in the stimulus-secretion pathway.  Project 3 of my thesis describes the 

multiple effects of short-term cholesterol elevations in single mouse β cells 

(Chapter 5).  Some of these mechanisms may underlie the impairment of glucose-

stimulated insulin secretion mediated by high levels of cholesterol. 
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Figure 1-1:  Major pathways of glucose-stimulated insulin secretion.  Glucose 

uptake into the β cell is mediated via GLUT2.  Glucose then undergoes 

glycolysis, resulting in mitochondrial ATP production.  The increase in cytosolic 

ATP/ADP ratio then closes KATP channels, resulting in depolarization, VGCC 

activation and triggering of exocytosis. 
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2.1  Animals 

 

Male Sprague-Dawley rats (8-10 weeks) were obtained from the Bioscience 

Animal facility at the University of Alberta.  Male apolipoprotein E (apoE)-

deficient mice (ApoE
-/-

) and their wild-type background controls (C57BL/6J) (10-

14 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME, USA).  

All rats and mice were housed and treated according to the standards set by the 

Canadian Council on Animal Care.  All procedures received prior approval from 

the Health Sciences Animal Policy and Welfare Committee of the University of 

Alberta.  Rats and mice were housed two and four per cage, respectively, under a 

12-hour light/dark cycle at room temperature, and were provided with food and 

water ad libitum.   

 

2.2  Cell preparation and short-term culture  

 

Animals were euthanized in accordance with the standards of the Canadian 

Council on Animal Care.  Ice-cold Hank’s balanced salt solution (HBSS; see 

Section 2.10) was injected into the pancreatic duct and the pancreata were then 

surgically removed.  The tissue was cut up into small pieces with surgical scissors 

and then dissociated enzymatically with HBSS containing collagenase (type V, 

0.9 mg/mL for mice and 1.2 mg/mL for rats) and DNAse (type II, 5 µg/mL) by 

shaking vigorously for 10 mins at 37
o
C.  The tissue mixture was filtered through a 

mesh screen to remove lymph nodes, and the filtrate was centrifuged at 2000 

RPM for 1 min (at room temperature).  Following centrifugation, the tissue pellet 



 21 

was suspended in RPMI medium (which is named for Roswell Park Memorial 

Institute, where it was developed) and the islets were hand-picked under a 

dissecting microscope with a fire-polished Pasteur pipette and kept in standard 

culture conditions in RPMI medium for 2 hours before dissociation to obtain 

single islet cells.  Islets were put in chelation buffer (see Section 2.10), then 

centrifuged at 2000 RPM for 4 mins (at room temperature).  The supernatant was 

removed and the islets were enzymatically dissociated with trypsin (0.0075 g/mL) 

and DNAse (type II, 20 mg/mL) in chelation buffer for 5 mins at 37
o
C, followed 

by trituration with a fire-polished Pasteur pipette.  Following a second 

centrifugation, the tissue pellet was washed three times with Dulbecco’s modified 

Eagle medium (DMEM) containing 0.1% bovine serum albumin (DMEM-BSA).  

Finally, the tissue pellet was diluted in DMEM-BSA and single islets cells were 

then plated on glass coverslips coated with poly-L-lysine (0.1 mg/mL).  Cells 

were allowed to attach for 30-60 mins before the addition of 2 mL of RPMI 

culture medium (containing 11 mM glucose, 10% fetal bovine serum, 50 µg/ml 

streptomycin and 50 IU/ml penicillin) to each culture dish.  Experiments were 

performed in cells maintained in standard culture conditions (37
o
C, 5% CO2) for 

24-48 hours.   

Depending on the experiments, single live β cells were identified from the 

mixed islet cell cultures with the following procedures.  First, it has been shown 

that among the different types of islet cells, β cells have the largest size (1).  

Therefore, single β cells can be identified by their larger cell size. Second, 

stimulation with glucose (20 mM) or the KATP channel blocker, tolbutamide (100 
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µM) are known to cause a rise in intracellular Ca
2+

 concentration ([Ca
2+

]i) in β 

cells.  Therefore, individual β cells can also be identified by their Ca
2+

 response to 

glucose or tolbutamide. 

 

2.3  Measurement of [Ca
2+

]i 

 

In experiments involving measurements of Ca
2+

 signal at physiological 

temperature (35-37
o
C), [Ca

2+
]i was monitored with digital imaging using a 

Tillvision imaging system equipped with a Polychrome II high-speed 

monochromator (Applied Scientific Instruments, Eugene, OR, USA).  Details 

were as described in our previous study (2).  Briefly, cells were loaded with fura-

2/AM (acetoxymethyl ester; 2.5 µM) for 10 minutes at 37
o
C.  Following the 

removal of fura-2, cells were incubated with standard bath solution at 

physiological temperature for 5-10 min before recording.  In all experiments, cells 

were constantly perfused with bath solution.  Fura-2 was excited sequentially by 

340 and 380 nm light delivered from a Xenon lamp via a 40X, 1.3 NA UV fluor 

oil objective lens (Olympus, Carsen Group, Markham, ON, Canada).  Fluorescent 

images were collected at 510 nm for 15-20 ms every 10 s by a Peltier-cooled 

CCD camera.  Since the cells were loaded with AM dyes, there was no correction 

for cell autofluorescence in the digital imaging experiments.  The ratio of 

fluorescence, R (340nm/380nm) from individual cells was analyzed with 

Tillvision Software 3.02 (Till Photonics, Applied Scientific Instruments, Eugene, 

OR, USA) on an IBM-compatible computer, and [Ca
2+

]i was calculated as 

described below. 
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For experiments involving simultaneous measurement of [Ca
2+

]i and 

electrophysiology, the rig was equipped for indo-1 fluorescence measurement.  

Therefore, in these experiments, cells were loaded with indo-1/AM (2.5 µM for 

15 min at 37
o
C) or indo-K

+
 salt (100 µM loaded via the whole-cell pipette).  

Measurement of [Ca
2+

]i was performed at room temperature (20-23
o
C).  Indo-1 

was excited by 365 nm light from a HBO 100W Hg lamp via a 40X, 1.3 NA UV 

fluor oil objective lens (Nikon, Melville, NY, USA).  Emission fluorescence at 

405 ± 35 nm and 495 ± 45 nm was collected with two photomultiplier tubes 

(Hamamatsu H3460-04) for 20 ms at 0.5 s or 1 s intervals.  The output of the 

photomultiplier tubes was converted to TTL pulses and counted by a CYCTM-10 

counter card (Cyber Research Inc., Branford, CT, USA) installed in an IBM-

compatible PC.  For experiments involving whole-cell loading of indo-1, the 

fluorescence of the pipette and the cell before establishment of whole-cell 

configuration was used for background subtraction.  The ratio of fluorescence, R 

(400nm/500nm), was used to calculate [Ca
2+

]i as described below.   

Fluorescence ratios of indo-1 and fura-2 were analyzed according to the 

equation: [Ca
2+

]i = K* (R-Rmin)/(Rmax-R) (3).  Rmin is the fluorescence ratio of 

Ca
2+

-free indicator, while Rmax is the fluorescence ratio of Ca
2+

-bound indicator.  

K* is a constant determined empirically.  Calibrations for indo-1 or fura-2 

measurements were determined from single cells dialyzed (via a whole-cell 

pipette) with one of three pipette solutions.  Rmin was measured in cells loaded 

with (mM):  52 K-aspartate, 10 KCl, 50 K-EGTA, 50 K-Hepes, and 0.1 fura-2 or 

indo-1; pH 7.4.  Rmax was measured in cells loaded with (mM):  136 K-aspartate, 



 24 

15 CaCl2, 50 K-Hepes, and 0.1 fura-2 or indo-1; pH 7.4.  K* was calculated from 

the equation above using R values obtained from cells loaded with (mM):  60 K-

aspartate, 50 K-Hepes, 20 K-EGTA, 15 CaCl2, and 0.1 fura-2 or indo-1; pH 7.4, 

which has a calculated free Ca
2+

 concentration of 212 nM at 22
o
C (4).  For all 

fura-2 measurements shown in Chapters 3, 4, and 5, the values for Rmin, Rmax, and 

K* were 0.13, 3.4, and 2.72 µM, respectively.  For all indo-1 measurements 

shown in Chapters 3 and 4, the values for Rmin, Rmax, and K* were 0.3, 2.9, and 

1.77 µM, respectively. 

 

2.4  Electrophysiology 

 

In all experiments involving electrophysiology, single cells were voltage-

clamped at room temperature (20-23
o
C) with the whole-cell patch-clamp 

technique.  Membrane potentials or currents were recorded with an EPC-9 

amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) that was controlled by 

an IBM-compatible PC and the data acquisition program Patchmaster (HEKA 

Elektronik, Lambrecht/Pfalz, Germany).  The recording pipettes were made from 

hematocrit glass (VWR Scientific Canada Ltd., London, ON, Canada) and the 

resistance was 2-4 MΩ after filling with the pipette solution.  A -10 mV 

correction for junction potential was applied throughout. 
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2.5  Measurement of Ca
2+

 influx using Mn
2+

 quench technique 

 

Cells were loaded with indo-1/AM as described above, and bathed in an 

extracellular solution containing 0.2 mM MnCl2.  Mn
2+

 can enter the cell via any 

Ca
2+

-permeable pathway and bind to indo-1, thus quenching its fluorescence.  

Since the indo-1 fluorescence at 405 nm (F405) is not sensitive to changes in 

[Ca
2+

]i (near the isosbestic wavelength of indo-1), a reduction in F405 reflects 

Mn
2+

 entering the cell through a Ca
2+

-permeable pathway, and thus Ca
2+

 entry 

into the cell.  All experiments were performed at 35-37
o
C.   

 

2.6  Cholesterol manipulation 

 

Mouse islet cells were cultured (as detailed in Section 2.2) for 24-48 hours 

before cholesterol manipulations were performed.  To elevate cellular cholesterol, 

islet cells were incubated with soluble cholesterol (1 mg cholesterol/mL) in RPMI 

(for imaging, voltage-clamp, and glucose uptake experiments) or bicarbonate-

buffered solution (for ATP assay) for 1 hour at 37
o
C.  The molar ratio of 

cholesterol to methyl-β-cyclodextrin (MβCD) in the soluble cholesterol 

preparation (obtained from Sigma) was ~1:6; thus, MβCD acted as a cholesterol 

donor (5).  Untreated islet cells that were cultured for the same amount of time 

and that underwent mock transfer procedures were used as controls.  To examine 

whether the effect of exogenous soluble cholesterol was indeed related to 

elevation of cellular cholesterol, islet cells were treated with soluble cholesterol (1 

mg cholesterol/mL) plus 10 or 20 mM MβCD in RPMI (for imaging, voltage-
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clamp, and glucose uptake experiments) or bicarbonate-buffered solution (for 

ATP assay) for 1 hour at 37
o
C.  For cholesterol extraction in islet cells from 

ApoE
-/-

 mice, single islet cells were incubated with the 3-hydroxy-3-methyl-

glutaryl-coenzyme A (HMG CoA) reductase inhibitor, lovastatin (5 µM) 

overnight at 37
o
C, followed by lovastatin (5 µM) plus MβCD (10 mM) for 1 hour 

at 37
o
C.         

 

2.7  Measurement of glucose uptake 

 

Three groups of mouse islet cells were employed: control, cholesterol 

overload and treatment with cholesterol plus excessive MβCD (as outlined in 

Section 2.6).  Following cholesterol manipulation, single mouse islet cells were 

washed thoroughly with standard bath solution and then incubated with 20 mM 

glucose plus the fluorescent glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-

4-yl) amino]-2-deoxy-d-glucose (2-NBDG; 200 µM) as well as fura 2/AM (2.5 

µM) for 10 minutes at 37
o
C.  Cells were then washed with standard bath solution 

for 5 mins at room temperature, and the 2-NBDG fluorescence of individual cells 

at 520-560 nm (excitation at 485 nm) was collected and analyzed with Tillvision 

Software 3.02 (Till Photonics, Applied Scientific Instruments).  The average 

fluorescence of cells that were never exposed to 2-NBDG was employed for 

background subtraction.  Following the measurement of 2-NBDG fluorescence, 

the islet cells were challenged with tolbutamide (100 µM).  Only cells exhibiting 

a Ca
2+

 response to tolbutamide (identified as β cells) were included for analysis.         
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2.8  Measurement of cellular ATP 

 

Three groups of mouse islet cells were employed (with an equal number of 

mouse islets in each group): control, cholesterol overload and treatment with 

cholesterol plus excessive MβCD (as outlined in Section 2.6).  Following 

cholesterol manipulation, cells were washed thoroughly and incubated in a 

bicarbonate-buffered solution (KRB) containing 3 mM glucose for 20-50 minutes.  

Cells were then exposed to KRB containing either 3 mM or 20mM glucose for 40 

minutes.  Cells were collected from the glass cover slips by flushing with a glass 

pipette.  The cells were then centrifuged at 2000 RPM for 4 mins at room 

temperature, and the cell pellet was resuspended in KRB.  Cells were lysed using 

the proprietary cell-lysing buffer and cellular ATP was measured immediately 

using the luciferase assay (all buffers supplied in the ATP bioluminescent somatic 

cell assay kit from Sigma (Saint Louis, Missouri, USA)).  In the luciferase assay, 

light is produced according to the following reactions: 

   Firefly luciferase 

ATP + luciferin ------------------------- > adenyl luciferin + PPi 

Adenyl-luciferin + O2 --------------------- > oxyluciferin + AMP + light        

Light output was measured in a tube-based luminometer (Berthold Technologies, 

Bad Wildbad, Germany).  Signal was integrated for 3 s for each tube.   

 

2.9  Statistical analysis 

 

Functions in the Microcal Origin program 8 (Microcal Software) were 

employed for all statistical and curve fitting procedures.  Amplitudes of Ca
2+
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signals obtained with fura-2 or indo-1 were analyzed as single-point 

measurements (basal Ca
2+

 subtracted from peak response; Chapters 3, 4, and 5).  

The rate of Mn
2+

 quench was calculated from the slopes of the linear fit to 

individual segments of the indo-1 fluorescence at 405 nm (in Chapter 3).  The 

inactivation of ICa was estimated by fitting the decay of the current signal with a 

single exponential (in Chapter 5).  Statistical difference was determined by a 

paired Student’s t-test, or by an independent Student’s t-test for comparisons of 

values between two different populations of cells.  Any difference with p < 0.05 

was considered statistically significant, and is marked with an asterisk (*) in the 

figures.   All values shown are means + SEM. 

 

2.10  Chemicals and buffered solutions 

 

Arachidonic acid (AA; purchased as sodium arachidonate), adenosine 5’-

triphosphate (ATP), bafilomycin A1, bovine serum albumin (BSA), caffeine, 

soluble cholesterol, cyclosporin A, diazoxide, EGTA, eicosatetraynoic acid 

(ETYA), glycyl-phenylalanyl β-naphthylamide (GPN), methyl-β-cyclodextrin 

(MβCD), nicotinic acid adenine dinucleotide phosphate (NAADP), penicillin G, 

poly-L-lysine, streptomycin, tetraethylammonium chloride (TEA), tolbutamide, 

and all enzymes (including collagenase type, DNAse type II, and trypsin type) 

were obtained from Sigma (Oakville, ON, Canada).  Fura-2/AM, indo-1/AM, 

indo-K
+
 salt, and 2-NBDG were obtained from Molecular Probes.  Fetal bovine 

serum, RPMI 1640, and DMEM were obtained from Gibco (Grand Island, NY, 
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USA).  Adenophostin A, ryanodine, and thapsigargin were obtained from 

Calbiochem (San Diego, CA, USA).   

Stock solutions of sodium arachidonate or ETYA were made in H2O or 

DMSO, respectively.  On the same day as the experiment, the stock was dissolved 

in the appropriate bath solution at a concentration of 0.1%.   

HBSS contained (in mM):  136.9 NaCl, 5.4 KCl, 5.6 glucose, 4.2 NaHCO3, 

1.3 CaCl2, 0.8 MgSO4, 0.4 KH2PO4, and 0.44 Na2HPO4.  Chelation buffer 

contained:  124 NaCl, 5.4 KCl, 1 NaH2PO4, 14.3 NaHCO3, 10 Hepes, 2.8 glucose, 

and 3 EDTA (all in mM), plus 7.5 µg/mL DNAse II and 0.5% BSA.  DMEM-

BSA consisted of DMEM (5.5 mM glucose) supplemented with 0.1% BSA.  Cell 

culture medium consisted of RPMI 1640 (11 mM glucose) supplemented with 

10% fetal bovine serum and 1% penicillin V/streptomycin.  The standard bath 

solution (NMR) contained (in mM):  5 CaCl2, 1 MgCl2, 10 Hepes, 150 NaCl, 2.5 

KCl, and 3 glucose.  The Ca
2+

-free bath solution contained (in mM):  3 MgCl2, 10 

Hepes, 150 NaCl, 2.5 KCl, 3 glucose, and 1 EGTA.  The bicarbonate-buffered 

solution (KRB) contained (in mM):  120 NaCl, 4.8 KCl, 1.2 MgCl2, 1 Na2HPO4, 

24 NaHCO3, 2.5 CaCl2, 3 glucose, supplemented with 1 mg/mL BSA.  During 

glucose challenge, the glucose concentration in the standard bath solution or KRB 

was increased from 3 to 20 mM and no compensation was made for the difference 

in osmolarity.  Unless otherwise stated, the standard whole-cell pipette solution 

contained (in mM):  120 aspartic acid, 20 TEACl, 20 Hepes, 2.5 MgCl2, 0.1 GTP, 

and 5 ATP, and was titrated with Cs-OH.  During measurement of ARC current, 

10 mM EGTA was added to the standard whole-cell pipette solution.  For 
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measurement of K
+
 current, the whole-cell pipette solutions contained (in mM):  

120 K-aspartate, 20 Hepes, 20 KCl, 2.5 MgCl2, 0.1 GTP, and 5 ATP.   
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Chapter 3 

 

Arachidonic acid stimulates extracellular Ca
2+

 entry  

in rat pancreatic β cells via activation of  

the noncapacitative arachidonate-regulated Ca
2+

 (ARC) channels 
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3.1  Introduction 

 

3.1.1  Generation of AA and its metabolites 

AA is a 20-carbon endogenous polyunsaturated fatty acid that acts as a second 

messenger in many cells.  AA can be synthesized by two pathways (see Figure 3-

1). The first pathway involves the direct cleavage of membrane phospholipids by 

phospholipase A2 (PLA2).  Three isoforms of PLA2 are expressed in β cells:  the 

secretory form (sPLA2) (1), the Ca
2+

-independent form (iPLA2) (2), and the Ca
2+

-

dependent cytosolic form (cPLA2) (3;4).  The second pathway involves the 

cleavage of membrane phospholipids by phospholipase C (PLC), yielding 

diacylglycerol (DAG), which is then converted to AA by DAG lipase. 

AA is the precursor for a number of intracellular messengers and can be 

metabolized by four groups of enzymes:  cyclooxygenases (yielding 

prostaglandins and thromboxanes), lipoxygenases (yielding leukotrienes and 

hydroxyeicosatetraenoic acids (HETEs)), cytochrome P450 enzymes (which 

generate epoxyeicosatrienoic acids (EETs)), and peroxidation by free radicals 

(which yields isoprostanes) (5).  Many of the products of AA metabolism are 

biologically active and some of the effects of AA on insulin secretion were 

suggested to be mediated by its metabolites, as detailed in Sections 3.1.2 and 

3.1.3.   

 

3.1.2 Role of AA in insulin secretion 

Upon stimulation with glucose, the concentrations of AA in rat islets can be as 

high as 35 µM  (6). Glucose stimulation of rat islets also caused accumulation of 
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AA metabolites, including 12-HETE (a lipoxygenase product) (7) and 

prostaglandin E2 (a cyclooxygenase product).  ACh, a physiological stimulator of 

insulin secretion, also caused AA accumulation in rat islets (8).  The generation of 

AA and its metabolites during glucose or cholinergic stimulation raises the 

possibility that AA may have a role in modulating insulin secretion.  Consistent 

with this, inhibitors of PLA2 reduced glucose-stimulated insulin secretion in rat 

(3;9) and human islets (10).  However, the role of AA metabolites on insulin 

secretion is controversial; glucose-stimulated insulin secretion in isolated rat islets 

was partially inhibited by lipoxygenase inhibitors but potentiated by 

cyclooxygenase inhibitors (11). 

 

3.1.3  Actions of AA on Ca
2+

 signals and insulin secretion  

At a low glucose concentration, exogenous AA has been reported to cause a 

biphasic increase in [Ca
2+

]i in isolated rat β cells (12), and to induce insulin 

secretion in rat islets (13) and human islets (10).  There is some evidence 

suggesting that AA may potentiate insulin secretion without affecting the Ca
2+

 

signal.  Intracellular application of either exogenous cPLA2 or exogenous AA in 

isolated mouse β cells increased the depolarization-induced exocytotic response 

without increasing [Ca
2+

]i (14).  Thus, AA may modify the secretory response 

downstream of the Ca
2+

 signal. 

Nevertheless, insulin secretion is Ca
2+

-dependent.  Therefore, the stimulatory 

action of AA is closely related to the ability of AA to trigger [Ca
2+

]i rise.  The 

mechanism by which AA stimulates [Ca
2+

]i rise in low glucose is not well 
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understood.  There appear to be two components to the AA-induced [Ca
2+

]i rise:  

an extracellular Ca
2+

 entry component and an intracellular Ca
2+

 release 

component.  A number of different mechanisms mediating each of the two 

components have been suggested, and they may be associated with AA itself or 

with one of its many metabolites. 

AA is known to activate extracellular Ca
2+

 influx (12) but the mechanism of 

Ca
2+

 entry is controversial.  Exogenous PLA2 or exogenous AA was reported to 

suppress the opening of KATP channels in excised inside-out patches from the HIT 

cell line (15).  However, the same study reported that AA, acting via a metabolite 

generated by the cyclooxygenase pathway, increased the opening of KATP 

channels.  Thus, it remains unclear whether AA causes depolarization via closure 

of KATP channels.  On the other hand, exogenous application of sPLA2 was shown 

to reduce KATP current in single mouse β cells (16).  AA has also been reported to 

modulate the delayed rectifier channel Kv2.1 in INS-1 cells (17).  While these 

results seem to suggest that AA may induce membrane depolarization and 

activation of VGCCs, VGCC inhibitors caused only a partial reduction of the AA-

induced [Ca
2+

]i rise (12;18), suggesting the involvement of a VGCC-independent 

pathway in the AA-mediated extracellular Ca
2+

 entry.   

One possible mechanism for the AA-mediated VGCC-independent pathway is 

the fatty-acid-sensitive GPR40 receptors.  Itoh et al. reported that in MIN6 cells, 

long-chain fatty acids, including AA, increased both [Ca
2+

]i and insulin secretion 

via activation of GPR40 in the presence of a high concentration of glucose (19).  

Another study has also shown that oleic acid (OA), which is a more potent 
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activator of GPR40 than AA, potentiated the glucose-induced [Ca
2+

]i rise in 

isolated rat β cells (20).  However, the same study showed that OA did not affect 

[Ca
2+

]i at a low glucose concentration.  Consistent with this, insulin secretion in 

rat islets at a low glucose concentration was unaffected by exogenous OA (13).  It 

is therefore unlikely that the effects of AA at a low glucose concentration are 

mediated by GPR40.  

AA has also been implicated as an activator of transient receptor potential 

(TRP) channels (21;22).  TRP channels are postulated to underlie capacitative 

calcium entry (CCE) (23), the mechanism whereby depletion of intracellular ER 

Ca
2+

 stores activates extracellular Ca
2+

 influx (24).  CCE is also known as store-

operated Ca
2+

 entry (SOCE) or the Ca
2+

-release-activated Ca
2+

 (CRAC) current.  

Since insulin-secreting cells have been shown to express TRP channels (25) and 

CCE-mediated extracellular Ca
2+

 entry has been described in β cells (26;27), it is 

possible that AA may activate extracellular Ca
2+

 entry via CCE activation.  On the 

other hand, it is also possible that AA may trigger Ca
2+

 entry through the 

arachidonate-regulated Ca
2+ 

(ARC) channel (discussed in further detail below).  

 

3.1.4  The ARC channel 

The ARC channel was first reported in 2000 by Mignen et al. in HEK293 

cells (28).  They had found that AA activated a noncapacitative inward current 

which was accompanied by a [Ca
2+

]i rise in HEK293 cells.  To date, the ARC 

channel has been described in a variety of cell lines, including HeLa, COS, RBL-

1, DT40 (29), Saos-2 (30), and SY5Y (31) cell lines, as well as in parotid and 
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pancreatic acinar cells (32).  The activation of ARC channel does not require the 

emptying of intracellular Ca
2+

 stores and it is insensitive to the CCE blocker, 

2-APB (29).  Instead, its activation is dependent on low doses (<10 µM) of 

exogenous AA or endogenous generation of AA via agonist stimulation, but is not 

sensitive to other fatty acids, such as palmitic acid and OA (29).  The ARC 

current is highly Ca
2+

-selective, has a very positive reversal potential (+60 mV), is 

inwardly rectifying, and is inhibited by La
3+

 (28) or Gd
3+

 (29).  Furthermore, the 

site of action of AA on the ARC channel is intracellular and does not require AA 

metabolism (29).   

Until very recently, little was known about the molecular composition of the 

ARC channel.  New evidence now shows that the ARC channel is made up of 

proteins belonging to the stromal interacting molecule (STIM) and Orai families. 

The STIM family of proteins was first identified in a limited RNAi-based screen 

in Drosophila S2 cells (33), and STIM1 is expressed in both ER and plasma 

membrane (34;35).  In HEK293 cells, knockdown of STIM1 expression using 

small interfering RNA (siRNA) against STIM1 caused a partial reduction of ARC 

current, while overexpressing STIM1 caused an increase in ARC current (36).  

Thus, STIM1 appears to be a key regulator of Ca
2+

 entry through ARC channels.  

However, the identity of the pore-forming protein was a mystery until the 

identification of Orai proteins in a genome-wide RNA-interference-based screen 

in Drosophila cells.  Three human homologs of Drosophila Orai (Orai1, Orai2, 

and Orai3) were identified (37).  Overexpression of either Orai1 or Orai3, but not 

Orai2, caused an increase in ARC currents.  Conversely, transfection with siRNA 
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against either Orai1 or Orai3 resulted in partial inhibition of ARC currents (38).  

Therefore, both Orai1 and Orai3 are necessary components of the ARC channel.  

Note that it has also been shown that CCE channels are also composed of Orai1 

and STIM1 proteins (39).  Therefore, ARC channels cannot be detected simply on 

the basis of STIM1 or Orai expression. 

 

3.2  Results 

 

3.2.1   The AA-mediated [Ca
2+

]i rise in rat β cells did not involve activation of 

GPR40 receptors or AA metabolism 

An example of a glucose-mediated [Ca
2+

]i rise in a rat β cell is shown in 

Figure 3-2A.  The elevation of the glucose concentration in the bath solution from 

3 to 20 mM triggered a [Ca
2+

]i rise.  When the cell was subsequently challenged 

with AA (15 µM in 3 mM extracellular glucose), a robust [Ca
2+

]i rise was evoked.  

This concentration of AA was around the midpoint of the reported range of AA 

accumulation (up to 35 µM) in rat pancreatic islets during glucose stimulation 

(40).  In 44 rat β cells (identified by the presence of glucose-mediated Ca
2+

 

signals), the mean amplitude of the AA (15 µM)- triggered [Ca
2+

]i rise was 

488 ± 33 nM (Figure 3-2D).  Since the orphan G-protein-coupled receptor, 

GPR40, was found to be abundantly expressed in rat pancreatic islets, and AA 

was reported to activate rat GPR40 receptors with an EC50 of 8 µM (19), we 

tested whether a potent agonist of GPR40 receptor, OA (EC50 of ~3 µM), could 

mimic the action of AA in the presence of a low glucose concentration. As shown 

in Figure 3-2B, OA (10 µM in 3 mM glucose) did not trigger any appreciable 
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[Ca
2+

]i rise but subsequent exposure of AA to the same cell evoked a robust Ca
2+

 

signal.  In 30 cells, the mean increase in basal [Ca
2+

]i triggered by OA was 

negligible when compared with that evoked by AA (Figure 3-2D).  This is in 

agreement with results from Fujiwara et al.:  in rat β cells, OA could trigger a 

[Ca
2+

]i rise in the presence of 11.2 mM glucose, but not in the presence of 2.8 mM 

glucose (41).  Thus, the AA-mediated [Ca
2+

]i rise in the presence of 3 mM 

glucose did not involve activation of GPR40 receptors. 

AA is rapidly metabolized in the cell into a variety of eicosanoid products.  To 

test whether the effect of AA on [Ca
2+

]i is due to one of the AA metabolites, we 

examined the actions of eicosatetraynoic acid (ETYA), a non-metabolizable 

analog of AA that is a blocker of lipoxygenase, cycloxygenase and P450 

pathways for AA metabolism (42).  Figure 3-2C shows the application of ETYA 

(30 µM) evoked a robust [Ca
2+

]i rise.  The mean increase in [Ca
2+

]i evoked by 15 

or 30 µM ETYA was smaller but comparable to those evoked by 15 µM AA 

(Figure 3-2D).  Thus, the actions of AA on [Ca
2+

]i in β cells did not require AA 

metabolism. 

 

3.2.2  The AA-mediated Ca
2+

 intracellular Ca
2+

 release was accompanied by 

VGCC-independent extracellular Ca
2+

 entry 

Previous studies have shown that AA stimulated Ca
2+

 release from 

intracellular stores (43;44).  Consistent with this, we found that in the absence of 

extracellular Ca
2+

, AA evoked a transient [Ca
2+

]i rise.  In the example shown in 

Figure 3-3A, individual cells were voltage clamped at -70 mV in the presence of 
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5 mM extracellular Ca
2+

.  Upon switching to a Ca
2+

-free extracellular solution 

(which also contained 1 mM of the Ca
2+

 chelator, EGTA), the basal [Ca
2+

]i 

declined by ~0.08 µM.  Following the application of AA (5 µM in the Ca
2+

-free 

solution), [Ca
2+

]i rose to ~0.7 µM, reflecting Ca
2+

 release from intracellular stores.  

Note that despite the continuous presence of AA in the Ca
2+

-free solution, the 

AA-mediated Ca
2+

 signal started to decline after it reached a peak and [Ca
2+

]i 

returned to the basal level within ~40 s, indicating the termination of intracellular 

Ca
2+

 release.  To examine whether the AA-mediated intracellular Ca
2+

 release was 

followed by any VGCC-independent extracellular Ca
2+

 entry, we changed the 

extracellular solution from Ca
2+

-free to one containing 5 mM Ca
2+

 and the same 

concentration of AA.  Upon addition of extracellular Ca
2+

, [Ca
2+

]i rose gradually 

to ~0.6 µM, reflecting influx of extracellular Ca
2+

.  This extracellular Ca
2+

 influx 

was AA-dependent because [Ca
2+

]i returned to the basal level following the 

removal of AA (Figure 3-3A).  Figure 3-3B summarized the results obtained from 

6 cells recorded with the same experimental protocol as in Figure 3-3A.  In these 

cells, the mean amplitude of the Ca
2+

 signal triggered by AA (5 µM) in the Ca
2+

-

free extracellular solution was 0.35 ± 0.13 µM (Figure 3-3B).  Following the 

termination of intracellular Ca
2+

 release, the addition of 5 mM extracellular Ca
2+

 

in the continued presence of AA elevated [Ca
2+

]i by 0.91 ± 0.29 µM.  On the other 

hand, switching the extracellular solution from one containing 5 mM Ca
2+

 to a 

Ca
2+

-free solution under control conditions (i.e. without any AA) decreased basal 

[Ca
2+

]i by 90 ± 20 nM (Figure 3-3B), whose magnitude is ~10-fold smaller than 

the change of basal [Ca
2+

]i induced by the addition of Ca
2+

 in the presence of AA.  
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These observations suggest that the AA-mediated Ca
2+

 signal can be separated 

into two components: Ca
2+

 release from intracellular stores and the activation of 

extracellular Ca
2+

 entry.  Since in our experiment, cells were voltage-clamped at 

-70 mV (below the threshold for VGCC activation in β cells), the AA-mediated 

extracellular Ca
2+

 influx was independent of VGCC activation. 

 

3.2.3   The AA-mediated extracellular Ca
2+

 entry was not due to CCE 

Our observations above indicate that the AA-mediated intracellular Ca
2+

 

release is followed by the activation of a VGCC-independent extracellular Ca
2+

 

influx.  Since depletion of intracellular Ca
2+

 stores is known to activate CCE in β 

cells (26;45), it is possible that the AA-mediated extracellular Ca
2+

 entry is due to 

CCE.  On the other hand, it is also possible that the AA-mediated extracellular 

Ca
2+

 entry is due to direct activation of ARC channels as reported previously in 

other cell types (46).  To distinguish between these possibilities, we employed the 

Mn
2+

 quench technique to investigate the AA-mediated extracellular Ca
2+

 entry.  

We measured Mn
2+

 quench instead of [Ca
2+

]i here because 

2-aminoethoxydiphenyl borate (2-APB), an inhibitor of CCE, could affect Ca
2+

 

signals.  For example, 2-APB has been shown to affect Ca
2+

 release from IP3 

stores, mitochondrial Ca
2+

 uptake, and plasma membrane Ca
2+

 pump (47;48).  In 

the Mn
2+

 quenching experiment, cells were loaded with indo-1 AM.  To 

hyperpolarize β cells, we included the KATP channel opener, diazoxide (0.2 mM), 

in the extracellular solution.  When the cell was exposed to Mn
2+

 (0.2 mM), there 

was a gradual reduction of fluorescence at 405 nm (F405; near the Ca
2+

-
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independent wavelength of indo-1), reflecting a basal leak of Mn
2+

 into the cell 

(Figure 3-4A).  When the cell was stimulated with AA (15 µM), there was an 

acceleration in the rate of decrease of F405, reflecting an increase in the entry of 

Mn
2+

 via the opening of channels which are permeable to divalent cations.  As 

shown in Figure 3-4A, La
3+

 (50 µM), which is a potent inhibitor of VGCCs and 

CCE as well as ARC channels (23;46), abolished the reduction in F405.  In 7 cells 

examined, AA (15 µM) increased the basal rate of Mn
2+

 quench by ~3-fold and 

La
3+

 reduced the rate of Mn
2+

 quench (Figure 3-4B).  Since diazoxide was present 

in the bath solution to hyperpolarize the cells and we have already shown in the 

experiment above (Figure 3-2) that the AA-mediated extracellular Ca
2+

 influx was 

independent of VGCC activation, it is unlikely that the effect of La
3+

 on the Mn
2+

 

quench was solely due to VGCC inhibition.  Thus, the result in Figure 3-4 

suggests that the AA-mediated extracellular Ca
2+

 influx might be due to the 

activation of CCE or ARC channels.  We have shown previously that depletion of 

intracellular Ca
2+

 stores increased the rate of Mn
2+

 quench in rat β cells and this 

effect could be inhibited by 2-APB (50 µM), the CCE blocker (26).  Since ARC 

channels are known to be inhibited by La
3+

 (50–100 µM) but are insensitive to 2-

APB (46), we can distinguish between the involvement of these two channels 

with 2-APB.  Figure 3-5A shows that the rate of Mn
2+

 quench in AA was not 

slowed by 2-APB (50 µM).  In 7 cells examined, 2-APB did not affect the AA-

mediated increase in the mean rate of Mn
2+

 quench (Figure 3-5B).  These 

observations suggest ARC channels are involved in the AA-mediated 

extracellular Ca
2+

 entry. 
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3.2.4   AA activated ARC channels 

An important feature of the ARC channel is that AA acts on the intracellular 

face of the membrane to activate ARC channels (29).  Therefore, we examined 

whether intracellular dialysis of arachidonyl-coenzyme A (ACoA; an analog of 

AA with a large negatively charged head group that prevents the molecule from 

crossing the plasma membrane (29)) could activate [Ca
2+

]i rise.  In this 

experiment, individual cells were voltage-clamped at -70 mV.  Because of the 

large size of ACoA (MW = 1060), the rate of diffusion of ACoA from the pipette 

into the cell is expected to be slow.  Using the equation of Pusch and Neher: 

τ = (0.6 ± 0.17)RAM
1/3

(r/7.68)
3
 (where τ is the diffusion time constant, RA is the 

pipette resistance, M is molecular weight of the substance and r is the cell radius 

(49)) and when RA = 14 MΩ and r = 10 µm, we estimated that the diffusion of 

ACoA into a β cell would have a time constant of 188 ± 53 s.  In order to obtain a 

measurable response within a few minutes of whole-cell dialysis, we included a 

high concentration (30 µM) of ACoA in the pipette solution.  Following the 

establishment of whole-cell configuration, both indo-1 and ACoA diffused from 

the pipette into the cytosol.  Because [Ca
2+

]i measurement is based on the ratio of 

fluorescence (see Section 2.3), only a low concentration of cytosolic indo-1 is 

needed.  Since indo-1 has a smaller MW than ACoA (838 versus 1060), we were 

able to measure basal [Ca
2+

]i before a sufficient amount of ACoA was dialyzed 

into the cell.  As shown in the example in Figure 3-6A, at ~20 s after whole-cell 

dialysis, sufficient indo-1 had entered the cell for a reliable measurement of 

[Ca
2+

]i. [Ca
2+

]i stayed near the basal level for ~3 min before it gradually rose to 
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~1.7 µM, reflecting that sufficient concentration of ACoA had entered the cell to 

activate [Ca
2+

]i rise.  Note that the ACoA-mediated Ca
2+

 signal was abolished 

upon the removal of extracellular Ca
2+

, indicating that the [Ca
2+

]i rise required 

extracellular Ca
2+

 influx.  Similar results were observed in 8 cells (summarized in 

Figure 3-6B) and the mean [Ca
2+

]i rise evoked by ACoA (30 µM) was 

2.2 ± 0.5 µM, which was ~2-fold larger than that evoked by 5 µM AA (Figure 3-

3B).  The large [Ca
2+

]i rise evoked by ACoA was probably due to the high 

concentration of ACoA (30 µM) employed here.  Nevertheless, in view of the 

high concentration of AA (up to 35 µM) in rat pancreatic islets during glucose 

stimulation (40), it is possible that such amplitude of ARC-mediated [Ca
2+

]i rise 

may occur at physiological conditions.  On the other hand, extracellular 

application of the same concentration of ACoA did not affect basal [Ca
2+

]i (Figure 

3-6C).  Thus, AA acts on an intracellular site to activate extracellular Ca
2+

 influx. 

Since intracellular dialysis of ACoA triggered robust [Ca
2+

]i rise in β cells, we 

further examined whether ACoA could evoke any measurable macroscopic ARC 

current. In this experiment, EGTA (10 mM) was added to the whole-cell pipette 

solution to prevent any contamination of Ca
2+

-activated currents. Individual cells 

were voltage-clamped at -70 mV and 30 µM ACoA was dialysed into the cell. 

Figure 3-7A shows a representative example of the activation of an inward current 

at -70 mV when a cell was dialysed with ACoA. The current amplitude at -70 mV 

was measured every 10 s and the first data point in Figure 3-7A was obtained at 

~90 s after the establishment of the whole-cell configuration. Initially, the holding 

current remained at ~-12 pA, which probably reflects the basal leak of the cell. At 
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~230 s after whole-cell dialysis, there was a gradual increase in the holding 

current. The current reached a peak at ~500 s after whole-cell dialysis and the 

mean current amplitude was ~−23 pA. To examine whether the ACoA-evoked 

inward current was due to the activation of ARC channels, we tested the 

sensitivity of this current to La
3+

. As shown in Figure 3-7A, following the bath 

application of La
3+

 (50 µM), the holding current returned to the basal level. To 

obtain the average cell density of ARC current, we measured the La
3+

-sensitive 

component of the ACoA-mediated increase in holding current at -70 mV in 

individual cells and normalized the value to cell capacitance. As shown in Figure 

3-7B, the macroscopic ARC current density averaged from 12 cells was 

1.7 ± 0.3 pA/pF. Although the inclusion of EGTA in the whole-cell pipette in this 

experiment may result in Ca
2+

 store depletion and activation of CCE, we found 

that whole-cell dialysis of EGTA (10 mM) alone did not result in any appreciable 

increase in inward current. In 6 cells examined, the increase in inward current (at 

-70 mV) after 7–8 min of whole-cell dialysis of EGTA was only 0.1 ± 0.2 pA/pF. 

Thus, the increase in inward current observed with intracellular dialysis of ACoA 

(Figure 3-7) was primarily due to the activation of ARC channels. 

 

3.3  Discussion 

 

The activation of the highly Ca
2+

-permeable ARC channels by AA was first 

described in HEK293 cells transfected with the M3 muscarinic receptors (m3-

HEK293 cells) (28;50).  Subsequently, ARC channels were described in the non-

excitable parotid and pancreatic acinar cells (32).  For excitable cells, ARC 
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channels have been described only in SH-SY5Y neuroblastoma cells (31).  Our 

current study shows that the AA-triggered extracellular Ca
2+

 entry in rat β cells 

share many common features with the activation of ARC channels.  First, ARC 

current is known to be activated by low concentrations of AA (2–8 µM) but not 

by other fatty acids such as palmitic acid and OA (29).  We found that OA 

(10 µM) did not trigger any Ca
2+

 signal in rat β cells (Figure 3-2B) but AA at 

concentrations as low as 5 µM could trigger robust [Ca
2+

]i rise that was partially 

dependent on the presence of extracellular Ca
2+

 (Figure 3-3).  Second, the 

activation of ARC channels was not dependent on AA metabolism and could be 

activated by the non-metabolizable AA analog, ETYA (29).  Similarly, our results 

show that ETYA could activate [Ca
2+

]i rise in rat β cells (Figure 3-2D).  Third, the 

macroscopic ARC current exhibited strong inward rectification and significant 

current could be detected at negative potentials (28).  In our study, when β cells 

were voltage clamped at -70 mV to prevent activation of VGCC, AA was able to 

trigger robust extracellular Ca
2+

 influx (Figure 3-3).  Fourth, intracellular ACoA 

was reported to activate the ARC channel (29).  We found that whole-cell dialysis 

of ACoA into β cells triggered robust extracellular Ca
2+

 entry (Figure 3-6).  Fifth, 

ARC channel was inhibited by La
3+

 but unaffected by 2-APB (29).  In our study, 

the AA-mediated acceleration in Mn
2+

 quench in β cells was abolished by La
3+

 

(Figure 3-4) but unaffected by 2-APB (Figure 3-5).  A similar inhibition of 

AA-mediated increase in Mn
2+

 quench by La
3+

 was reported in m3-HEK293 cells 

(51).  Moreover, the ACoA-evoked inward current in β cell was abolished by La
3+

 

(Figure 3-7A).  Lastly, the macroscopic ARC current was small in magnitude; the 
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ARC current density at -80 mV in different cell types (activated by 8 µM AA) 

ranged from 0.5 to 1.4 pA/pF (29).  Consistent with this, the mean current density 

evoked by intracellular ACoA in rat β cells at -70 mV was ~1.7 pA/pF.  Thus, our 

findings demonstrate that ARC channels can play a significant role in the 

regulation of extracellular Ca
2+

 entry in rat β cells. 

In nonexcitable cells, it has been suggested that the generation of AA during 

agonist stimulation which in turn activates ARC channels have important roles in 

the modulation of the frequency of the agonist-induced [Ca
2+

]i oscillations (46).  

Glucose stimulation has been reported to evoke [Ca
2+

]i oscillations in rodent β 

cells but the oscillatory Ca
2+

 signal was primarily driven by fluctuations in 

membrane potentials, which in turn caused periodic activation of VGCCs (52;53).  

Since AA may affect multiple ion channels in the β cells, including the delayed 

rectifiers (17) and KATP channels (15) and there is no specific blocker of ARC 

channels, it would be difficult to determine whether the Ca
2+

 entry mediated via 

ARC channels affects the frequency of the glucose-mediated Ca
2+

 signals.  

Nevertheless, our findings here indicate that the activation of ARC channels is an 

important component of the AA-mediated Ca
2+

 signals in pancreatic β cells.  

Since insulin secretion is Ca
2+

-dependent and AA is known to stimulate insulin 

secretion, it is possible that the ARC-mediated extracellular Ca
2+

 influx 

contributes to the actions of AA on insulin secretion. 

A version of this chapter has been published in Cell Calcium (Jan;47(1):77-83 

(2010)).   
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Figure 3-1:  AA can be generated in the β cell by two pathways.   The first (�) is 

the direct cleavage of membrane phospholipids by phospholipase A2 (PLA2) to 

yield AA and lysophospholipids (LPs).  The second pathway (�) involves 

cleavage of membrane phospholipids by phospholipase C (PLC), yielding 

diacylglycerol (DAG) and inositol trisphosphate (IP3), followed by production of 

AA through the action of DAG lipase. 
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Figure 3-2:  The AA-mediated [Ca

2+
]i rise in rat β cell did not involve activation 

of GPR40 receptors or AA metabolism.  (A) AA (15 µM) induced [Ca
2+

]i rise in a 

β cell which was identified by its Ca
2+

 response to glucose (20 mM).  (B) Oleic 

acid (10 µM), a more potent agonist of GPR40 receptors than AA, failed to trigger 

any major [Ca
2+

]i rise but subsequent exposure of AA (15 µM) to the same cell 

was able to trigger a robust rise in [Ca
2+

]i.  (C) The action of AA on [Ca
2+

]i could 

be mimicked by ETYA (30 µM), a non-metabolizable analog of AA.  (D) The 

mean increase in [Ca
2+

]i evoked by AA, oleic acid and ETYA.  The effect of oleic 

acid was significantly smaller than that of AA.  Cells were recorded from 2-4 

batches of islet cells and * denotes significant difference from the AA-mediated 

[Ca
2+

]i rise.   
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Figure 3-3:  The AA-mediated Ca
2+

 signal comprised an intracellular Ca
2+

 release 

component and a VGCC-independent extracellular Ca
2+

 entry component.  (A) 

The removal of extracellular Ca
2+

 (Ca
2+

-free bath solution) resulted in a decrease 

in basal [Ca
2+

]i.  In the absence of extracellular Ca
2+

, application of AA (5 µM) 

evoked a transient [Ca
2+

]i rise which decayed to the basal level within ~40 s.  The 

addition of extracellular Ca
2+

 in the continued presence of AA triggered a slow 

[Ca
2+

]i rise which persisted until AA was removed from the bath.  The cell was 

voltage-clamped at -70 mV.  (B) Summary of the mean amplitude of the AA 

(5 µM)-mediated [Ca
2+

]i rise in the Ca
2+

-free extracellular solution, the mean 

amplitude of the AA-mediated rise due to extracellular Ca
2+

 entry and the mean 

change in [Ca
2+

]i when the bath solution was switched from one containing 5 mM 

Ca
2+

 to a Ca
2+

-free solution.  Values were averaged from 6 cells (3 batches) 

voltage-clamped at -70 mV. 
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Figure 3-4:  The AA-mediated increase in the rate of Mn
2+

 quench was inhibited 

by La
3+

. (A) Application of AA (15 µM) accelerated the rate of decrease of indo-1 

fluorescence at 405 nm (F405; expressed in arbitrary units (AU)). The cell was 

loaded with indo-1 AM and bathed in diazoxide (0.2 mM). When exposed to 

Mn
2+

 (0.2 mM), there was a gradual reduction of F405 (quench). The rate of Mn
2+

 

quench was estimated from the slope of the linear fits (dashed lines) to different 

segments in the plot of the F405. Note that in the presence of AA, the rate of 

Mn
2+

 quench was faster. The decrease in F405 was completely abolished by La
3+

 

(50 µM). In this experiment, a perfusion pipette was placed near the cell for rapid 

solution exchange. (B) Summary of the rate of Mn
2+

 quench in control (basal), in 

AA (15 µM) and in AA + La
3+

 (50 µM). Values were averaged from 7 cells (2 

batches) and * denotes significant difference from the basal rate. 
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Figure 3-5:  Inhibitor of CCE could not reduce the AA-mediated increase in the 

rate of Mn
2+

 quench. (A) The increase in the rate of Mn
2+

 quench by AA (15 µM) 

was not affected by the application of 2-APB (50 µM). In this experiment, a 

perfusion pipette was placed near the cell for rapid solution exchange. (B) 

Summary of the rate of Mn
2+

 quench in control (basal), in AA (15 µM) and in AA 

+ 2-APB (50 µM). Values were averaged from 7 cells (3 batches) and * denotes 

significant difference from the basal rate. 
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Figure 3-6:  Activation of ARC channels by ACoA at an intracellular site. (A) 

Whole-cell dialysis of ACoA (30 µM) triggered a robust [Ca
2+

]i rise which was 

abolished by the removal of extracellular Ca
2+

. The [Ca
2+

]i trace started at ~20 s 

after the establishment of whole-cell. The basal [Ca
2+

]i (averaged from 60 to 90 s 

after whole-cell) was denoted in a dashed line. (B) Summary of the effect of 

whole-cell dialysis of ACoA (30 µM) from 8 cells (3 batches). [Ca
2+

]i was 

measured at ~60 s after the establishment of whole-cell (basal), at the peak 

amplitude of the Ca
2+

-signal (peak) and after the removal of extracellular Ca
2+

 

(Ca
2+

-free). * denotes significant difference from the basal value. (C) 

Extracellular application of ACoA (30 µM) triggered a negligible [Ca
2+

]i rise 

(average value from 27 cells in 2 batches). 
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Figure 3-7:  Activation of ARC current by intracellular ACoA. (A) Whole-cell 

dialysis of ACoA (30 µM) evoked an inward current when the cell was voltage 

clamped at -70 mV. The current trace started at ~90 s after the establishment of 

whole-cell. Each data point was the amplitude of the holding current at -70 mV 

measured every 10 s. The level of the basal holding current (averaged from 10 to 

180 s after whole-cell) is denoted by a dashed line. Bath application of La
3+

 

(50 µM) abolished the ACoA-mediated increase in current. (B) The ARC current 

density averaged from 12 cells (2 batches) dialysed with ACoA (30 µM). The 

La
3+

-sensitive component of the holding current at -70 mV from individual cells 

was normalized to cell capacitance. 
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Chapter 4 

 

Arachidonic acid stimulates intracellular Ca
2+

 release  

from IP3-sensitive acidic and ER stores in rat pancreatic β cells 
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4.1  Introduction 

 

4.1.1  Regulation of Ca
2+

 release and uptake in ER  

Multiple functional Ca
2+

 stores exist in β cells, including the ER and a novel 

Ca
2+

 store associated with an acidic organelle.  Although reports about the 

characteristics of the acidic Ca
2+

 store are still emerging, the mechanisms 

underlying Ca
2+

 release and Ca
2+

 uptake from the ER are relatively well-studied.  

Ca
2+

 release from the ER is mediated by two types of receptors, inositol 1,4,5-

trisphosphate receptors (IP3Rs) and ryanodine receptors (RyRs).  IP3Rs have a 

ligand-binding domain, which contains a binding site for IP3; a regulatory 

domain, which contains binding sites for Ca
2+

; and a pore-forming (channel) 

domain.  Activation of IP3Rs requires IP3, which is produced by agonist 

stimulation of G-protein-coupled receptors that are associated with phospholipase 

C (PLC), such as the M1 and M3 muscarinic receptors (1) and P2Y receptors (2).  

PLC catalyzes the hydrolysis of phosphatidylinositol-4.5-bisphosphate (PIP2), 

producing IP3 and diacylglycerol (DAG).  IP3 then binds to the IP3R channels, 

releasing Ca
2+

.  IP3-mediated Ca
2+

 release via IP3R is modulated by cytosolic 

Ca
2+

.  Its effects are biphasic:  at nanomolar [Ca
2+

], the open probability of the 

channel is increased, but at micromolar [Ca
2+

], the open probability of the channel 

is decreased (3).  IP3Rs, of which there are three mammalian isoforms (IP3R1, 

IP3R2, and IP3R3), have been detected in mouse (4), rat (5) and human islets (6), 

as well as insulin-secreting cell lines (7).  The three IP3R isoforms differ in their 

binding affinities for IP3 and for Ca
2+

; IP3R3, for example, has the lowest affinity 

for IP3 and the highest affinity for Ca
2+

 (8;9).  Although all three isoforms are 
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expressed to some extent in all cell types, one isoform may predominate.  RINm5f 

cells, for example, preferentially express IP3R3 (10).  RyRs are cation-selective 

channels made up of four pore-forming subunits and four associated molecules 

known as FK506-binding proteins (FKBPs).  The FKBPs stabilize the pore-

forming subunits and facilitate channel gating (11).  Three isoforms of RyR 

(RyR1, RyR2, and RyR3) have been identified.  Expression of both RyR2 and 

RyR3 (but not RyR1, which is present mainly in skeletal muscle) has been 

reported in mouse (12), rat (13), and human islets (13;14), although some studies 

have failed to find any evidence of RyR receptor activity in β cells (e.g. in mouse 

(15)).  Physiologically, RyRs can be activated by cytosolic Ca
2+

 and by cyclic 

adenosine diphosphoribose (cADPR) (11;12;16;17).  The activation of RyR by 

Ca
2+ 

is biphasic:  at nanomolar [Ca
2+

], RyR is activated by Ca
2+

, but at millimolar 

[Ca
2+

], it is inhibited by Ca
2+

 (18).  It has been shown that cADPR, which is a 

metabolite of β-nicotinamide adenine dinucleotide (β-NAD
+
), acts only on 

nonskeletal isoforms of RyR (i.e. RyR2 and RyR3).  There is disagreement as to 

whether cADPR acts directly at the receptor or through an accessory protein such 

as FKBP (11;16;17).  RyRs are so named because they can be activated by low 

concentrations of ryanodine (<1 µM), a plant alkaloid, but high concentrations of 

ryanodine (>10 µM) have an inhibitory effect on RyR (19).  Due to their 

regulation by Ca
2+

, both IP3Rs and RyRs may mediate Ca
2+

-induced Ca
2+

 release 

(CICR) in β cells, wherein Ca
2+

 promotes its own release from intracellular Ca
2+

 

stores (13;20;21).  One important function of CICR in β cells is the amplification 

of Ca
2+

-dependent exocytosis.  In INS-1 cells, for example, CICR produces a 
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global increase in [Ca
2+

]i that recruits secretory granules and results in more 

synchronized granule release, and thus enhances Ca
2+

-dependent exocytosis (22).   

Uptake of Ca
2+

 into the ER is primarily under the control of the 

sarco/endoplasmic reticulum Ca
2+

-ATPase (SERCA) pump, a P-type ATPase that 

is inhibited by thapsigargin, tert-butylhydroquinone (BHQ), or cyclopiazonic acid 

(CPA).  Of the four isoforms of SERCA that have been described (SERCA1, 

SERCA2a, SERCA2b, and SERCA3), only two, SERCA2b and SERCA3, are 

expressed in rat and human islets (23).  Activity of SERCA2b, but not SERCA3, 

is critical for normal Ca
2+

 handling in β cells.  In MIN6 cells, ablating expression 

of SERCA2b (by injection of targeted antisense oligonucleotides) decreased the 

amount of Ca
2+

 releasable from the ER, while ablating SERCA3 expression had 

no effect on the size of the ER Ca
2+

 store (24).  Although the β cell has several 

mechanisms for Ca
2+

 clearance, it has been shown that SERCA pumps are 

dominant.  For example, in mouse (25) and rat (26) β cells, inhibitors of SERCA 

pumps have been shown to cause a dramatic slowing in the rate of cytosolic Ca
2+

 

removal, indicating that SERCA is the principal mechanism of cytosolic Ca
2+

 

clearance in β cells.  

 

4.1.2  Evidence for an acidic Ca
2+

 store in β cells 

In many cell types, there is mounting evidence that Ca
2+

 can be released from 

intracellular stores that are associated with acidic organelles.  The organelles 

known to have an acidic pH (<7) are the lysosomes, endosomes and the secretory 

granules (27).  In general, the acidic stores are defined as Ca
2+

 stores that are 
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sensitive to bafilomycin A1 or glycyl-phenylalanyl-β-naphthylamide (GPN).  

Bafilomycin A1 reduces the activity of the V-type (vacuolar) H
+
-ATPase and thus 

disrupts the pH gradient in acidic organelles (28). GPN is a substrate of the 

lysosomal hydrolase cathepsin C.  The accumulation of GPN inside the lysosomes 

leads to their osmotic swelling and collapse (29).  Although GPN is typically used 

to lyse lysosomes, it has also been shown to cause lysis of secretory granules (30).  

Thus, at present, there is no specific pharmacological agent to differentiate 

between Ca
2+

 release from the different acidic organelles.  Nicotinic acid adenine 

dinucleotide phosphate (NAADP), which was originally discovered to mobilize 

Ca
2+

 from a lysosome-related organelle in sea urchin eggs (31), has been 

postulated to be the messenger for the triggering of Ca
2+

 release from acidic 

stores.  In mammalian cells, NAADP displays a bell-shaped concentration-

response curve; that is, at low concentrations (~100 nM) it releases Ca
2+

 from the 

lysosomal stores, but at high concentrations (~100 µM), it inhibits Ca
2+

 release 

(32;33).  NAADP was recently shown to gate the two-pore channels (TPCs) in 

endosomal and lysosomal membranes (34).  However, other NAADP-sensitive 

Ca
2+

-permeable channels, such as the transient receptor potential channel, 

melastatin subfamily type 2 (TRPM2), have been detected on the lysosomal 

compartments of INS-1 cells (35).  Other than the lysosomal and endosomal 

compartments, NAADP has also been reported to release Ca
2+

 from the secretory 

granules in permeabilized pancreatic acinar cells (36), as well as permeabilized 

MIN6 cells (37).  
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NAADP was reported to trigger a Ca
2+

 signal in human β cells, and NAADP 

at high concentration was found to reduce insulin-induced [Ca
2+

]i rise (33).  In 

MIN6 cells, glucose stimulation caused an increase in cellular [NAADP] and 

application of intracellular NAADP causes [Ca
2+

]i rise (32).  The glucose-

stimulated [Ca
2+

]i rise in MIN6 cells was reduced by a high concentration (100 

µM) of NAADP (32), suggesting the possible involvement of a NAADP-sensitive 

store in glucose-mediated Ca
2+

 signaling.  However, the significance of NAADP-

mediated Ca
2+

 signaling in β cells remains controversial.  In mouse β cells, 

intracellular application of NAADP caused only a very small rise (< 80 nM) in 

basal [Ca
2+

]i (30).  Application of intracellular NAADP also failed to affect the 

organellar [Ca
2+

] in the organelles of permeabilized mouse β cells (15).  

Nevertheless, there is some evidence suggesting the presence of an acidic Ca
2+

 

store in β cells.  In mouse β cells, ~92% of the organelle Ca
2+

 was found to be 

present in an acidic store that could be mobilized by a combination of Ca
2+

 

ionophore and protonophore (15).  Ca
2+

 release from a GPN-sensitive acidic Ca
2+

 

store could be detected in mouse β cells during the decay phase of the Ca
2+

 signal 

following a large Ca
2+

 load (30 s of stimulation with high KCl) (30).  GLP-1-

induced potentiation of glucose-stimulated insulin secretion was ablated by 

pretreatment with GPN or bafilomycin A1 (38). 

Several studies have raised the possibility that the secretory granule is the 

functional acidic Ca
2+

 store in β cells.  In mouse β cells, the size of the readily 

releasable pool of granules was reduced by GPN treatment (30).  In rat β cells, the 

amount of exocytosis evoked by exogenous ATP (possibly via P2Y receptors) was 
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drastically reduced by the combined treatment of Ca
2+

 ionophore and 

protonophore (39).  The secretory granules collectively constitute a large source 

of Ca
2+

 and their Ca
2+

 content has been estimated to be 30-90 µM (40).  While the 

Ca
2+

 in secretory granules is known to contribute to the packaging and processing 

of intravesicular content (41-43), there is increasing evidence that the Ca
2+

 in 

granules may be mobilized under physiological conditions.  In chromaffin cells, 

for example, Ca
2+

 release from isolated chromaffin granules can be triggered with 

IP3, suggesting the presence of IP3R on chromaffin granules (44-46).  A 

functional Ca
2+

 store associated with secretory granules was demonstrated by 

Blondel et al. in βTC3 cells overexpressing IP3 receptor subtype 3 (IP3R3) (47).  

A follow-up immunohistochemistry study “demonstrated” that IP3R3 was 

localized to secretory granules of rat islets (48), but the antibody used in that 

study was subsequently shown to have cross-reactivity with insulin (49).  

However, a later study revealed the presence of IP3Rs in the secretory granules of 

mouse pancreatic β cells (4).  In rat β cells, exocytosis induced by activation of 

P2Y receptors was blocked by 2-APB (an IP3R inhibitor) in combination with 

ionomycin and monensin, indicating that there may be an IP3-sensitive store 

associated with the secretory granules (39).  In permeabilized MIN6 cells, IP3 

failed to release Ca
2+

 from aequorin-labelled secretory granules (40), but either 

ryanodine or intracellular NAADP could trigger Ca
2+

 release from the granules 

(37;40).  In permeabilized acinar cells, however, Ca
2+

 release from the secretory 

granules can be activated by NAADP, cADPR or IP3 (36).  Thus, depending on 
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the cell type, Ca
2+

 release from secretory granules can be triggered via the 

activation of IP3, ryanodine or NAADP receptors.   

In MIN6 cells with aequorin-targeted secretory granules, Mitchell et al. found 

that Ca
2+

 accumulates in the granules upon stimulation of the cells with glucose or 

other nutrient insulin secretagogues (40), suggesting that Ca
2+

 uptake into the 

secretory granules may play a role in maintaining Ca
2+

 homeostasis.  The 

mechanism of Ca
2+

 uptake into the secretory granules is not well understood.  The 

secretory pathway Ca
2+

-ATPase (SPCA) is postulated to be important for Ca
2+

 

accumulation in secretory granules. Two human isoforms of SPCA, SPCA1 and 

SPCA2, have been identified.  SPCA1 is postulated to be a housekeeping enzyme, 

whereas SPCA2 may have a role in the regulated secretory pathway (50).  SPCA1 

immunoreactivity has been identified in ER, Golgi, and dense-core-granule-

associated membranes in β-cell-derived cell lines (51).  SPCA1 is relatively 

insensitive to the SERCA pump inhibitor thapsigargin (e.g. Kd of ~28 µM), but 

SPCA2 has a Kd of ~ 2µM for thapsigargin (50).  It is controversial whether the 

Ca
2+

 uptake into the secretory granules is sensitive to thapsigargin.  In MIN6 

cells, Ca
2+

 uptake into the secretory granules could not be inhibited by the 

conventional SERCA pump inhibitors thapsigargin or CPA (40).  However, in 

both chromaffin and PC12 cells, Ca
2+

 accumulation in the granules was reduced 

by SERCA pump inhibitors (52;53).  
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4.1.3  Effects of AA on intracellular Ca
2+

 release 

In addition to triggering extracellular Ca
2+

 influx, AA causes release of Ca
2+

 

from intracellular stores (54-56).  AA elicited Ca
2+

 efflux from ER in 

permeabilized rat islets (57), and from isolated sarcoplasmic reticulum (58).  

Woolcott et al. demonstrated in INS-1 cells that the [Ca
2+

]i rise induced by AA 

(150 µM) in the presence of extracellular Ca
2+

 was abolished by pretreatment with 

thapsigargin or when ryanodine receptors were inhibited by treatment with 

caffeine and a high concentration of ryanodine (59).  However, the study by 

Woolcott et al. did not differentiate between the intracellular Ca
2+

 release 

component and the extracellular Ca
2+

 entry component of the AA-mediated 

response, and activation of RyRs in INS-1 cells has been reported to activate TRP 

channels on the plasma membrane resulting in depolarization (60).  Thus, it is 

unclear whether the inhibitory action of ryanodine on the AA response was due to 

an inhibition of Ca
2+

 release from RyR stores or a suppression of the TRP-

mediated depolarization.  Since β cells may have multiple intracellular Ca
2+

 

stores, including the acidic Ca
2+

 stores, IP3-sensitive ER stores and ryanodine-

sensitive stores, this chapter of my thesis endeavours to characterize the 

involvement of the different Ca
2+

 stores in the AA-induced intracellular Ca
2+

 

release.  We found that the AA-mediated intracellular Ca
2+

 release was attenuated 

by the disruption of acidic Ca
2+

 stores and the emptying of the IP3-sensitive stores 

essentially abolished the AA response.  Our findings indicate that the ~70% of the 

AA-mediated intracellular Ca
2+

 release arises from the mobilization of Ca
2+

 from 
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an acidic store that is gated by IP3R (possibly the secretory granules) and the 

remaining ~30% comes from an IP3-sensitive ER store.         

   

4.2  Results 

 

4.2.1  AA causes intracellular Ca
2+

 release in rat β cells in a dose-dependent 

manner 

Previous studies have shown that AA stimulated Ca
2+

 release from 

intracellular stores in insulin-secreting cells (57;59).  Consistent with this, we 

found that in the absence of extracellular Ca
2+

, exogenous AA (15 µM) evoked a 

transient [Ca
2+

]i rise. In the example shown in Figure 4-1A, individual cells were 

voltage-clamped at -70 mV in the presence of 5 mM extracellular Ca
2+

.  Upon 

switching to a Ca
2+

-free extracellular solution (which also contained 1 mM of the 

Ca
2+

 chelator, EGTA), the basal [Ca
2+

]i declined by 0.13 ± 0.05 µM (n = 33). 

Following the application of AA (15 µM in the Ca
2+

-free solution), [Ca
2+

]i rose to 

~1.6 µM, reflecting Ca
2+

 release from intracellular stores.  Despite the continued 

presence of AA, the AA-mediated Ca
2+

 signal started to decline after it reached a 

peak, indicating the termination of intracellular Ca
2+

 release.  In ~18% of the cells 

challenged with 15 µM AA (4 out 22 cells), the AA-mediated Ca
2+

 signal was 

biphasic: a small plateau elevation in [Ca
2+

]i was followed by a rapid and larger 

[Ca
2+

]i rise (e.g. Figure 4-1B). Figure 4-1C summarizes the results obtained from 

cells recorded with the same experimental protocol as in Figure 4-1A.  In these 

cells, the mean amplitude of the Ca
2+

 signal triggered by AA (15 µM) in the Ca
2+

-

free extracellular solution was 1.62 ± 0.31 µM (n = 16).  At lower concentrations 
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(5 and 10 µM), AA could still trigger a [Ca
2+

]i rise, though the amplitudes were 

smaller (0.30 ± 0.08 µM, n = 12 and 0.84 ± 0.57 µM, n = 5, respectively; Figure 

4-1B).  These observations suggest that the AA-mediated Ca
2+

 signal includes a 

component of Ca
2+

 release from intracellular stores, and that this component is 

concentration-dependent.  Since the AA-induced Ca
2+

 signal in the absence of 

extracellular Ca
2+

 was more robust at 15 µM AA, this concentration was used for 

all subsequent experiments.    

AA is rapidly metabolized in the cell into a variety of eicosanoid products.  To 

determine whether the effect on intracellular Ca
2+

 release was due to AA itself or 

to one of its metabolites, we examined the actions of eicosatetraynoic acid 

(ETYA), a non-metabolizable analog of AA that is a blocker of lipoxygenase, 

cyclooxygenase, and P450 pathways for AA metabolism (57;59;61).  In this 

experiment, single islet cells were loaded with fura-2 AM and [Ca
2+

]i was 

monitored with fura-2 digital imaging.  Figure 4-2 shows that the mean increase 

in [Ca
2+

]i evoked by 15 or 30 µM ETYA in the absence of extracellular Ca
2+

 was 

not significantly different from that evoked by 15 µM AA.  Thus, the action of 

AA on intracellular Ca
2+

 release does not require AA metabolism. 

 

4.2.2  AA-induced intracellular Ca
2+

 release is not mediated by RyRs 

We first examined the involvement of the ryanodine-sensitive store because a 

previous study reported that, in INS-1 cells, inhibition of RyRs could abolish the 

AA-induced Ca
2+

 signal (both the intracellular Ca
2+

 release component and 

extracellular Ca
2+

 entry components) (59).  To inhibit Ca
2+

 release via RyRs, we 
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incubated single rat islet cells with caffeine (10 mM), a RyR activator, and 

ryanodine (at 100 µM, a concentration that inhibits RyRs) (19) for 1 hour at 37
o
C.  

This protocol was employed because it has been reported that ryanodine cannot 

bind to the RyR (and thus cannot inhibit Ca
2+

 release from the RyR) unless they 

have been previously activated (by caffeine, for example) (62).  Moreover, the 

same protocol has been shown to inhibit the AA-mediated Ca
2+

 signal in INS-1 

cells (59).  In our experiment, ryanodine (100 µM) was also included in the 

whole-cell pipette solution.  In all the following experiments, single β cells were 

voltage-clamped at -70 mV in a Ca
2+

-free external solution before challenge with 

AA (15 µM).  As shown in Figure 4-3, the inhibition of RyRs did not reduce the 

AA-mediated intracellular Ca
2+

 release. The mean amplitude of the [Ca
2+

]i rise 

induced by AA in cells pretreated with caffeine and ryanodine was 1.39 ± 0.26 

µM (n = 9), which was not significantly different from the controls (Figure 4-3B).  

Thus, in contrast to INS-1 cells, there was no significant contribution of RyRs to 

the AA-mediated intracellular Ca
2+

 release from rat β cells . 

 

4.2.3  AA triggers Ca
2+

 release from a non-lysosomal acidic store 

We next examined whether acidic Ca
2+

 stores contribute to the effect of AA 

on intracellular Ca
2+

 release.  Bafilomycin A1 and GPN are widely used to disrupt 

acidic stores, and have previously been used to investigate Ca
2+

 release from 

acidic organelles in rat (39) and mouse (30) β cells.   In this experiment, cells 

were pretreated with bafilomycin A1 (2 µM) for 15 minutes at 37
o
C.  Single cells 

were voltage-clamped at -70 mV and the same concentration of bafilomycin A1 
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was included in the whole-cell pipette solution.  As shown by the example in 

Figure 4-4A, AA (15 µM) triggered a smaller Ca
2+

 signal (~0.5 µM) in a 

bafilomycin-treated cell.  In 6 cells pretreated with bafilomycin A1, the AA-

induced [Ca
2+

]i rise was 0.36 ± 0.08 µM, which was significantly smaller than the 

controls (Figure 4-4C).  A reduction of the AA-mediated intracellular Ca
2+

 release 

was also found in cells pretreated with GPN (e.g. Figure 4-4B).  For 5 cells 

pretreated with GPN (50 µM) for 1 hour at 37
o
C , the mean amplitude of the AA-

induced [Ca
2+

]i rise was only 0.59 ± 0.26 µM, which was significantly smaller 

than the controls (Figure 4-4C).  Since both bafilomycin A1 and GPN target 

organelles with acidic pH, these results indicate that the action of AA involves 

Ca
2+

 release from an acidic store.   

In the β cell, there are several organelles with an acidic pH, including the 

Golgi apparatus, lysosomes/endosomes, and the secretory granules (27).  

Bafilomycin A1 inhibits the V-type H
+
-ATPase that acidifies several organelles, 

including the Golgi and the secretory granules (27), and GPN has been reported to 

act on both lysosomes (29) and secretory granules (30).  Thus, AA may evoke 

Ca
2+

 release from one or multiple acidic Ca
2+

 stores in β cells.  To investigate the 

possibility that AA mediates Ca
2+

 release from a lysosomal compartment, we 

examined whether the triggering of Ca
2+

 release from lysosomal Ca
2+

 stores could 

affect the AA-mediated intracellular Ca
2+

 release.  Since adenosine 

diphosphoribose (ADPR) was reported to evoke Ca
2+

 release from the lysosomal 

compartments of INS-1 cells via activation of TRPM2 channels (35), we applied 

ADPR (1 mM) to the cell interior via whole-cell dialysis.  As shown in the 
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example in Figure 4-5A, intracellular dialysis of ADPR did not evoke any 

transient [Ca
2+

]i rise and AA (15 µM) could still evoke a robust Ca
2+

 response. In 

6 cells examined with intracellular dialysis of ADPR, the amplitude of the AA-

evoked Ca
2+

 signal was not significantly different from the controls (Figure 4-

5C).  We also employed NAADP, which was shown to gate the TPCN2 channel 

in endosomal and lysosomal membranes (34) and to cause Ca
2+

 release in MIN6 

cells (32;37).  As shown in the example in Figure 4-5B, whole-cell dialysis of 

NAADP (100 nM) did not cause any [Ca
2+

]i rise and did not attenuate the AA-

induced intracellular [Ca
2+

]i release (summarized in Figure 4-5C).  It is perhaps 

not surprising that neither ADPR nor NAADP alone had any major effect on 

[Ca
2+

]i, since the participation of TRPM2 or TPCN2 channels in physiological 

Ca
2+

 signalling, and indeed even their expression levels, in rat β cells is 

controversial.  On the other hand, it is possible that the Ca
2+

 release from the 

lysosomal stores is small and slow with intracellular dialysis of ADPR or 

NAADP, such that the Ca
2+

 release was balanced by cytosolic Ca
2+

 removal 

mechanisms.  Nevertheless, the failure of intracellular ADPR or NAADP to 

reduce the AA-mediated Ca
2+

 signal suggests that the lysosomal Ca
2+

 store does 

not contribute significantly to the AA-mediated Ca
2+

 signaling. 

 

4.2.4  The involvement of IP3-sensitive stores in the AA response    

In both mouse (30) and rat β cells (39), the secretory granules are an 

important acidic Ca
2+

 store.  A previous study in rat β cells has suggested that 

extracellular ATP mobilizes Ca
2+

 from an IP3-sensitive store that is associated 
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with the secretory granules (39).  Therefore, we investigated whether the 

emptying of the ATP-sensitive stores could attenuate the AA response.  In this 

experiment, single β cells were bathed continuously in a Ca
2+

-free bath solution 

and voltage-clamped at -70 mV.  Individual cells were first challenged with ATP 

(100 µM) and then with AA (15 µM).  As shown in the example in Figure 4-6A, 

extracellular ATP triggered a transient [Ca
2+

]i rise, and subsequent challenge with 

AA to the same cell triggered only a very small [Ca
2+

]i rise.  In 10 cells examined, 

ATP evoked a transient [Ca
2+

]i rise (0.34 ± 0.12 µM), and a subsequent challenge 

with AA only elevated [Ca
2+

]i by 0.11 ± 0.03 µM (Figure 4-6C).  Since the 

SERCA pump inhibitor, thapsigargin was reported to attenuate the ATP-mediated 

Ca
2+

 response in rat β cells (39), we tested whether thapsigargin affected the AA 

response.  An example of such an experiment is shown in Figure 4-6B.  Treatment 

with thapsigargin (1 µM) dramatically reduced the AA-mediated Ca
2+

 signal.  In 

12 cells examined, the AA-induced intracellular Ca
2+

 release was reduced to 0.21 

± 0.07 µM (Figure 4-6C).  Thus, our results show that AA and ATP trigger Ca
2+

 

release from the same intracellular stores, and these stores can be depleted by 

SERCA pump inhibitor.  

In rat β cells, the ATP-triggered intracellular Ca
2+

 release is mediated via P2Y 

receptors, which are coupled to the PLC pathway and the generation of IP3.  

Therefore, we examined whether the depletion of IP3-sensitive stores could 

attenuate the AA response.  In this experiment, we employed adenophostin A, 

which is the most potent known agonist of IP3Rs, and whose activity is 100-fold 

more potent than that of IP3 (63).  When adenophostin A (2 µM) was dialysed 
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into single rat β cell via the whole-cell pipette (e.g. Figure 4-7A), there was a 

transient rise in basal [Ca
2+

]i, reflecting the emptying of the IP3-sensitive stores.  

Note that a subsequent challenge with AA (15 µM) in the same cell evoked only a 

small Ca
2+

 response.  On average, the emptying of the IP3-sensitive stores by 

adenophostin reduced the AA-induced Ca
2+

 signal to 0.14 ± 0.06 µM (Figure 

4-7C).  The dramatic reduction of the AA response (~90%) by adenophostin 

raises the possibility that the acidic store is sensitive to IP3.  Consistent with this 

notion, we found that in cells pretreated with bafilomycin (2 µM) for 15 mins at 

37
o
C and then whole-cell dialysed with a combination of adenophostin and 

bafilomycin, the inhibition in the AA-mediated Ca
2+

 signal was not statistically 

different from that of adenophostin alone (Figure 4-7B & C).  Figure 4-8 

summarizes the relative inhibition of the AA (15 µM)-mediated Ca
2+

 signal (in a 

Ca
2+

-free external solution) by the various pharmacological agents.  The 

disruption of the acidic Ca
2+

 stores by bafilomycin A1 or GPN reduced the AA 

response by ~78% and ~63% respectively.  The emptying of the IP3-sensitive 

stores by adenophostin A or the SERCA pump inhibitor thapsigargin reduced the 

AA response by ~90%.  Exogenous ATP, which was postulated to mobilize Ca
2+

 

from the IP3-sensitive ER and acidic secretory granules, reduced the AA response 

to ~7% of the controls.  The AA response was smallest in cells treated with ATP 

(7% of that in controls) or with bafilomycin A1 and adenophostin A (< 3% of the 

controls) but this value is not significantly different from either the adenophostin 

or thapsigargin treatment.  Overall, these results support the idea that AA induces 
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Ca
2+

 release from multiple IP3-sensitive stores, including the ER and the acidic 

store.   

 

4.3  Discussion 

Our results show that low concentrations of AA (5-15 µM) can stimulate 

intracellular Ca
2+

 release in rat β cells (Figure 4-1). This effect of AA does not 

require AA metabolism because it can be mimicked by ETYA, a non-

metabolizable analog of AA (Figure 4-2).  We found that ~70% of the AA-

mediated intracellular Ca
2+

 release was abolished when the acidic Ca
2+

 stores 

were disrupted with bafilomycin A1 or GPN (Figure 4-3), suggesting that a large 

fraction of the AA-mediated intracellular Ca
2+

 release was due to the mobilization 

of Ca
2+

 from an acidic store.  Lysosomes occupy only 0.4% of the cellular volume 

in β cells (64).  In view of the large amplitude (~1.6 µM) of the Ca
2+

 signal when 

triggered by AA (15 µM), it is unlikely that the lysosomal Ca
2+

 store is the source 

of Ca
2+ 

for the AA response.  Consistent with this, neither intracellular ADPR nor 

NAADP was able to attenuate the AA-mediated intracellular Ca
2+

 release (Figure 

4-4).  

We found that the AA-mediated intracellular Ca
2+

 release was essentially 

abolished by the depletion of IP3-sensitive stores with adenophostin A (Figure 4-

8).  Since Ca
2+

 release from the acidic stores comprised ~70% of the AA-

mediated Ca
2+

 signal, we proposed that the AA-sensitive acidic store was gated 

by IP3R.  We speculate that the AA-sensitive acidic Ca
2+

 store is the secretory 

granules for the following reasons.  First,  the secretory granules occupy ~15% of 
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the cell volume (64) and their Ca
2+

 content was estimated to be 30-90 µM (40).  

Thus, the secretory granules can release the quantities of Ca
2+

 needed to elevate 

[Ca
2+

]i to the µM range when challenged with AA.  Second, exogenous ATP was 

reported to stimulate exocytosis in rat β cells by mobilizing Ca
2+

 release from the 

secretory granules via the activation of IP3R (39).  We found that the AA-

mediated intracellular Ca
2+

 release was largely abolished when cells were 

pretreated with exogenous ATP (Figure 4-8), suggesting that AA and ATP 

mobilize the same Ca
2+

 stores.  Third, IP3Rs have been detected in the secretory 

granules of mouse β cells (4) and activation of IP3Rs has been shown to mobilize 

Ca
2+

 from the secretory granules of chromaffin cells (44-46) and pancreatic acinar 

cells (36).  However, note that in permeabilized MIN6 cells, IP3 failed to release 

Ca
2+

 from aequorin-labeled secretory granules (40), but Ca
2+

 release from 

granules could be triggered by the activation of RyRs or NAADP receptors 

(37;40).  In contrast, our results show that neither RyRs (Figure 4-3) or NAADP 

receptors (Figure 4-5) contribute to the AA-mediated intracellular Ca
2+

 release in 

rat β cells, suggesting that the secretory granules are not gated by RyRs or 

NAADP receptors.  Consistent with our results, the application of intracellular 

NAADP failed to reduce [Ca
2+

] in the organelles of permeabilized mouse β cells 

(15) and the inhibition of RyRs also failed to reduce Ca
2+

 release from the 

secretory granules in mouse β cells (30). One possible explanation for the 

discrepancy could be the differences in receptor expression and localization 

between the insulin-secreting cell line (MIN6) and the primary β cells.  A lack of 
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colocalization between RyRs and insulin was reported in human β cells (14), 

suggesting that the secretory granules in human β cells are not gated by RyRs.     

Our findings suggest that ~70% of the AA-mediated Ca
2+

 signal arises from 

an IP3R-gated acidic Ca
2+

 store and the rest of the Ca
2+

 comes from an IP3-

sensitive ER store.  Since Ca
2+

 can trigger release from IP3-sensitive stores via a 

Ca
2+

-induced Ca
2+

 release mechanism, it is possible that the release of Ca
2+

 from 

a population of secretory granules may act as a trigger for the neighboring 

granules or ER store.  Alternatively, Ca
2+

 release from the ER stores may act as a 

trigger for the release of Ca
2+

 from the acidic stores.  This may account for the 

biphasic pattern of the AA-evoked Ca
2+

 signal (Figure 4-1B) observed in some 

cells, in which a small plateau elevation in [Ca
2+

]i was followed by a rapid and 

larger [Ca
2+

]i rise.  The mechanism by which AA triggers Ca
2+

 release from the 

two IP3-sensitive stores is unclear.  Since AA has been shown to increase the 

opening of a number of Ca
2+

-permeable channels, including the ARC channels 

and the TRP channels (65;66), it is possible that AA modulates the opening of the 

IP3R channels.   

We also found that the SERCA pump inhibitor, thapsigargin mostly 

attenuated the AA-mediated intracellular Ca
2+

 release (Figure 4-8).  While it is 

well known that the inhibition of SERCA pump causes depletion of ER Ca
2+

 

stores in β cells (26), it is controversial whether Ca
2+

 uptake into the secretory 

granules can be inhibited by SERCA pump inhibitors. Ca
2+

 uptake into the 

secretory granules could be reduced by SERCA pump inhibitors in chromaffin 
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and PC12 cells (52;53) but not in MIN6 cells (40).  However, in mouse β cells, 

Ca
2+

 release from the secretory granules was sensitive to thapsigargin (30).     

  In summary, this is a first report that in single rat β cells, AA triggers Ca
2+

 

release from an acidic store and an ER store, both of which are gated by IP3Rs.  

This effect may contribute significantly to the effects of AA on glucose-

stimulated insulin secretion.    
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Figure 4-1:  AA evokes intracellular Ca

2+
 release from rat β cells in a dose-

dependent manner.  (A) The removal of extracellular Ca
2+

 (Ca
2+

-free bath 

solution) resulted in a decrease in basal [Ca
2+

]i.  In the absence of extracellular 

Ca
2+

, application of AA (15 µM) evoked a transient [Ca
2+

]i rise, reflecting 

intracellular Ca
2+

 release.  The cell was voltage-clamped at -70 mV.  (B) In some 

cells, the AA-mediated Ca
2+

 signal was biphasic.  (C) Summary of the mean 

amplitude of the [Ca
2+

]i increase induced by AA (5, 10, and 15 µM) in the 

absence of extracellular Ca
2+

.  Recordings were from 3-5 batches of cells. 
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Figure 4-2:  The AA-mediated intracellular Ca

2+
 release does not require AA 

metabolism.  The mean amplitude of the [Ca
2+

]i increase evoked by 15 µM AA 

and 15 and 30 µM ETYA in the absence of extracellular Ca
2+

.  Values were 

normalized to amplitude of [Ca
2+

]i rise mediated by 15 µM AA.  In this 

experiment, single cells were loaded with fura-2 AM and [Ca
2+

]i was monitored 

with fura-2 digital imaging.  Recordings were from 3-5 batches of cells. 
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Figure 4-3:  Inhibition of RyR did not affect the AA-mediated intracellular Ca
2+

 

release in rat β cells.  (A) In a cell pretreated for 1 hour with caffeine (10 mM) 

and ryanodine (100 µM), AA (15 µM) could still evoke a robust Ca
2+

 signal in a 

Ca
2+

-free external solution.  Ryanodine was also included in the pipette solution. 

The [Ca
2+

]i trace started at ~20 s after the establishment of whole-cell. The cell 

was voltage-clamped at -70 mV.  (B) Summary of the mean amplitude of the AA 

(15 µM)-mediated [Ca
2+

]i rise in control cells and cells pretreated with caffeine 

and ryanodine.  The mean [Ca
2+

]i rise evoked by AA in the pretreated cells was 

not significantly different from that of controls.  Recordings were from 3 batches 

of cells. 
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Figure 4-4:  Pharmacological disruption of acidic stores attenuated the AA-

mediated intracellular Ca
2+

 release.  (A) An example of the AA-mediated 

intracellular Ca
2+

 release in a cell pretreated with bafilomycin A1 (2 µM) for 15 

min.  Bafilomycin A1 was also included in the whole-cell pipette solution. The 

cell was voltage-clamped at -70 mV.  (B) An example of the AA-mediated 

intracellular Ca
2+

 release in a cell pretreated with GPN (50 µM) for 1 hour.  GPN 

was also included in the Ca
2+

-free bath solution. The cell was voltage-clamped at 

-70 mV.  (C) The mean amplitude of the AA (15 µM)-mediated [Ca
2+

]i rise in 

cells pretreated with either bafilomycin A1 or GPN was significantly smaller than 

the controls.  Recordings were from 3-5 batches of cells. 
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Figure 4-5:  The depletion of the lysosomal Ca
2+

 store with ADPR or NAADP 

did not attenuate the AA-mediated intracellular Ca
2+

 release.  (A) Whole-cell 

dialysis of ADPR (1 mM) did not trigger any rise in basal [Ca
2+

]i, and AA could 

still evoke a robust Ca
2+

 response.  The [Ca
2+

]i trace started at ~20 s after the 

establishment of whole-cell. The cell was voltage-clamped at -70 mV.  (B) 

Whole-cell dialysis of NAADP (100 nM) did not affect basal [Ca
2+

]i or the AA 

response.  The [Ca
2+

]i trace started at ~20 s after the establishment of whole-cell. 

The cell was voltage-clamped at -70 mV.  (C) Summary of the mean amplitude of 

the AA (15 µM)-mediated [Ca
2+

]i rise in control cells and cells dialysed with 

either ADPR (1 mM) or NAADP (100 nM).  Recordings were from 3-5 batches of 

cells. 
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Figure 4-6:  The AA-mediated intracellular Ca
2+

 release was dramatically 

reduced by the emptying of the ATP-sensitive store or the inhibition of SERCA 

pump.  (A) Application of ATP (100 µM) triggered a transient [Ca
2+

]i rise but 

subsequent application of AA triggered only a very small response.  (B) 

Treatment of the SERCA pump inhibitor, thapsigargin (1 µM) strongly attenuated 

the AA response.  (C) For cells challenged with either ATP (100 µM) or 

thapsigargin (1 µM), the amplitude of the AA-mediated Ca
2+

 signal was 

significantly smaller than controls.  Recordings were from 3-5 batches of cells. 
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Figure 4-7:  The emptying of the IP3-sensitive stores essentially abolished the 

AA-mediated intracellular Ca
2+

 release.  (A) Whole-cell dialysis of adenophostin 

A (2 µM) triggered Ca
2+

 release from IP3-sensitive stores and reduced the AA 

response.  The [Ca
2+

]i trace started at ~20 s after the establishment of whole-cell. 

The cell was voltage-clamped at -70 mV.  (B) The inhibition of AA response in a 

cell treated with bafilomycin A1 (2 µM), followed by whole-cell dialysis of 

adenophostin A (2 µM) and bafilomycin A1 (2 µM).  The [Ca
2+

]i trace started at 

~20 s after the establishment of whole-cell. The cell was voltage-clamped at 

-70 mV.  (C) The AA (15 µM)-mediated [Ca
2+

]i rise was significantly reduced by 

intracellular adenophostin A or treatment with adenophostin A and bafilomycin 

A1.  Recordings were from 3-5 batches of cells. 



 86 

co
nt

ro
l 

ba
fil
om

yc
in
 A

1
G
PN

ATP

th
ap

si
ga

rg
in

ad
en

op
ho

st
in
 A

ba
fil
om

yc
in
 A

1 
+ 

0

20

40

60

80

100

120

*#
*#*#

*

*

 

n
o
rm

a
liz

e
d

 A
A

-m
e

d
ia

te
d
 ∆

[C
a

2
+
] i (

%
)

*#

ad
en

op
ho

st
in
 A

 
Figure 4-8:  Summary of the effects of disruption of acidic and IP3-sensitive 

stores on the AA-mediated intracellular Ca
2+

 release.  The disruption of acidic 

stores by bafilomycin A1 or GPN reduced the AA-mediated Ca
2+

 signal to ~30% 

of the controls.  The AA-mediated Ca
2+

 signal was reduced to <10% of that of the 

controls following treatment with ATP, thapsigargin, adenophostin A or 

bafilomycin A1 plus adenophostin A. * denotes significant difference from the 

controls and # denotes significant differences from cells treated with bafilomycin 

A1 or GPN.   The AA-mediated Ca
2+

 signals from groups of cells treated with 

ATP, thapsigargin, adenophostin A, or adenophostin A plus bafilomycin A1 were 

not significantly different from each other.   
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Cholesterol overload impairs glucose-mediated Ca
2+

 signaling  

in mouse pancreatic β cells 
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5.1  Introduction   

 

5.1.1  Regulation of cellular cholesterol 

Cellular cholesterol level is tightly controlled by a balance between 

intracellular cholesterol synthesis and uptake of cholesterol from plasma, on one 

hand, and cholesterol sequestration and efflux, on the other.  Cholesterol synthesis 

takes place in the ER and the rate-limiting enzyme is 3-hydroxy-3-methyl-

glutaryl-CoA (HMG CoA) reductase, which catalyzes the conversion of HMG 

CoA to mevalonate.  The other major source of cellular cholesterol is uptake from 

the plasma, via low-density lipoprotein (LDL) receptors.  LDLs bound to LDL 

receptors undergo endocytic uptake into the cell, and the cholesteryl esters 

contained in the LDLs are hydrolyzed in late endosomes and lysosomes and 

delivered throughout the cell.  To eliminate cholesterol temporarily, the cell can 

esterify excess cholesterol through the action of acyl-coenzymeA: acyltransferase 

(ACAT), an ER enzyme (1).  The esterified cholesterol is stored in cytoplasmic 

lipid droplets, where it can be hydrolyzed by cholesterol ester hydrolases.  

Cholesterol efflux mechanisms, however, such as the ATP-binding cassette 

transporter subfamily A member 1 (ABCA1), can eliminate cholesterol from the 

cell entirely (2).  ABCA1, which is found in the plasma membrane, is a key 

mediator of the reverse cholesterol transport pathway, in which excess cholesterol 

from peripheral tissues is transported to the liver.  Cholesterol is delivered by 

ABCA1 to extracellular HDLs and their associated lipoprotein, apolipoprotein A-I 

(apoA-I) (3).     
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The expression of a number of genes related to cholesterol metabolism is 

under the control of transcription factors such as sterol-regulatory-element 

binding protein 2 (SREBP-2) and liver X receptor β (LXRβ).  The SREBP family 

of transcription factors regulates expression of genes related to fatty acid 

synthesis, and SREBP-2 is a major regulator of cholesterol-synthesis-related 

genes, in particular ABCA1 and HMG CoA reductase.  When cellular cholesterol 

is normal/high, SREBP-2 is retained in the ER, but when cellular cholesterol is 

low, SREBP-2 is cleaved and then translocates to the nucleus, where it activates 

gene transcription (4).  LXRβ, a nuclear hormone receptor that is widely 

expressed, regulates the expression of genes that mediate reverse cholesterol 

transport, including ABCA1.  LXRβ is activated by binding to oxysterols, which 

are cholesterol metabolites, and thus serves as a cholesterol sensor in the cell (5). 

 

5.1.2  Lipid rafts and manipulation of membrane cholesterol 

Lipid rafts have long been defined by their resistance to detergents, conferred 

by the presence of cholesterol in rafts, which ensures tight packing of raft lipids.  

However, growing evidence indicates that, due to the complex actions of 

detergents and the variability in isolation techniques, the detergent-resistant 

fraction may not necessarily correspond to the membrane raft fraction (6).  

Therefore, the term “membrane rafts” is now used rather than “lipid rafts,” and 

membrane rafts are defined as “small (10-200 nm), heterogeneous, highly 

dynamic, sterol- and sphingolipid-enriched domains that compartmentalize 

cellular processes” (7).  Membrane rafts spatially organize signaling molecules to 
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promote specific cellular signal transduction.  In β cells, proteins that participate 

in stimulus-secretion coupling are postulated to be dependent on membrane 

organization by rafts.  For example, members of the soluble N-ethylmaleimide-

sensitive factor (NSF) attachment protein (SNAP) receptor (or SNARE) 

superfamily of proteins, which are involved in exocytosis, are associated with 

membrane rafts (8).  Alteration of subcellular distribution of SNAP-25 (a member 

of the SNARE superfamily) can induce changes in exocytosis (9).  One widely 

used method of disrupting rafts is treatment with methyl-β-cyclodextrin (MβCD), 

a cholesterol extractor.  MβCD is a water-soluble ring-shaped molecule with a 

hydrophobic cavity that is optimally sized for cholesterol.  Due to its weak 

affinity for cholesterol, it can be used an a cholesterol acceptor (to extract cellular 

cholesterol) or, when saturated with cholesterol, as a cholesterol donor (10).  

Extraction of membrane cholesterol is thought to disrupt membrane rafts, 

redistributing proteins out of the raft fraction and thus affecting their function.  

For example, MβCD treatment was reported to impair the activity of Kv2.1 in 

HIT-T15 cells (11), as well as Ca
2+

 channels in mouse β cells (9), and these 

effects were attributed to the disruption of membrane rafts.   However, other than 

membrane raft disruption, a reduction in the level of plasma membrane 

cholesterol can affect membrane fluidity, which may in turn modulate the 

functions of membrane proteins.  Moreover, cholesterol in plasma membranes 

does not reside exclusively in membrane rafts, and MβCD may not affect raft and 

non-raft populations of cholesterol equally (10).    
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5.1.3  Cholesterol overload may impair β cell function 

Type II diabetes is characterized by the development of insulin resistance, 

followed by β cell dysfunction and a reduction in β cell mass, which leads to 

insulin deficiency.  These processes are often accompanied by dyslipidemia:  in 

humans, the major changes that occur are hypertriglyceridemia, a decrease in 

HDL cholesterol in plasma, and alterations in LDL composition (12).  Although 

the elevation in plasma triglycerides is thought to contribute to the development 

of β cell dysfunction and, eventually, to cell death (13), there is emerging 

evidence that changes in cellular cholesterol have a strong impact on glucose-

stimulated insulin secretion.   

Cholesterol homeostasis in cells is tightly regulated and is under the control of 

a complex network.  Disrupting any component of that network can lead to drastic 

changes in cellular cholesterol levels, and this in turn affect cellular functions.  In 

whole animals, transgenic mice have demonstrated the importance of cholesterol 

in the maintenance of normal insulin secretion.  One such model is the ABCA1 

knockout mouse.  Mice with global deletion of ABCA1 gene have an inability to 

eliminate excess cellular cholesterol, and display impaired glucose tolerance but 

normal insulin sensitivity, implying a dysfunction in insulin secretion (14).  Mice 

with selective deletion of ABCA1 gene in β cells have high islet cholesterol (but 

normal plasma cholesterol) and impaired glucose-stimulated insulin secretion 

(14).  As described above, the expression of ABCA1 and other genes related to 

cholesterol metabolism is regulated by transcription factors such as SREBP-2 and 

LXRβ.  Isolated islets from transgenic mice overexpressing SREBP-2 in β cells 
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display high islet cholesterol and impaired glucose-stimulated insulin secretion 

(15).  On the other hand, glucose-stimulated insulin secretion was enhanced by 

activation of LXRβ in MIN6 cells (16), but reduced in islets from LXRβ
-/-

 mice 

(17).  Another factor that is important for cholesterol homeostasis is 

apolipoprotein E (apoE).  ApoE is a constituent of chylomicrons, very-low-

density lipoproteins (VLDLs), and HDLs, and it binds to LDL receptors on 

peripheral cells.  Mice deficient in apoE showed elevated levels of cholesterol in 

plasma (but no change in the level of free fatty acids in plasma) and islets, and 

impairment of glucose-stimulated insulin response (18).  Together, these 

observations indicate that cholesterol accumulation in islets may be harmful to β 

cells.   

While the evidence discussed above suggests that glucose-stimulated insulin 

secretion is impaired when cholesterol homeostasis is disrupted, little is known 

about the cellular mechanisms underlying this impairment.  One way to 

investigate the cellular mechanisms regulated by membrane cholesterol is to 

manipulate cholesterol in cells or islets in culture.  As described below, studies 

looking at the effects of cholesterol on insulin-secreting cells have shown that 

while reducing cellular cholesterol from normal levels has variable effects on 

insulin secretion (9;11;18-20), increasing cellular cholesterol impairs glucose-

induced insulin secretion (18;20).   

Several studies have examined the effects of lowering cellular cholesterol 

from normal levels on glucose-induced insulin secretion.  Extraction of cellular 

cholesterol in mouse pancreatic islets with MβCD enhanced glucose-stimulated 
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insulin secretion, and these effects were thought to arise from an increase in 

glucokinase activity, because treatment of INS-1 cells with MβCD increased the 

translocation of glucokinase from the membrane-bound fraction to the 

cytoplasmic fraction (18).  However, in a later study by the same author, the 

enhancement of glucose-stimulated insulin secretion by MβCD in INS-1 cells was 

attributed to an increase in glucose-stimulated depolarization, possibly due to a 

reduction in plasma membrane PIP2 (20).  Other studies have associated changes 

in β cell function with disruption of membrane rafts by cholesterol extraction.  

Mouse islets exposed to a low concentration of MβCD (0.1 mM) had reduced 

glucose-stimulated insulin secretion, and this effect was accompanied by a 

reduction in the Ca
2+

 sensitivity of exocytosis, as well as a redistribution of 

SNAP-25 from the granular to the cytosolic fraction (9).  It was concluded that 

cholesterol extraction may induce mobilization of SNAP-25 out of cholesterol-

rich plasma domains, thus impairing the Ca
2+

 sensitivity of the exocytotic 

machinery.  In HIT-T15 cells treated with MβCD, however, redistribution of 

some membrane proteins, including Kv2.1, Cav1.2, and SNARE family members 

syntaxin-1A, SNAP-25, and vesicle-associated membrane protein (VAMP), out of 

the detergent-resistant fraction, actually resulted in enhancement of glucose-

induced insulin secretion (11).  This was accompanied by inhibition of delayed 

rectifier currents, though no change in whole-cell Ca
2+

 currents was observed.  

Conversely, mouse islet cells in which cholesterol was reduced with NB598, a 

squalene epoxidase inhibitor (squalene epoxidase catalyzes a late step in 

cholesterol biosynthesis), displayed a decrease in insulin secretion, and inhibition 
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of whole-cell delayed rectifier and Ca
2+

 currents, as well as a reduction of granule 

mobilization (19).  In MIN6 cells, NB598 also caused redistribution of membrane 

proteins, including Kv2.1, Cav1.2, syntaxin-1A, SNAP-25, and VAMP, out of the 

detergent-resistant fraction (19), and so the impairments in function seen in mouse 

β cells could be due to disruption of membrane rafts induced by cholesterol 

depletion.  Based on these studies, it is not clear whether the effects of lowering 

cellular cholesterol from normal levels are beneficial or detrimental for insulin-

secreting cells.  However, overloading cells with cholesterol seems to have 

negative effects on glucose-stimulated insulin secretion.  INS-1 cells overloaded 

with cholesterol displayed a reduced ability to secrete insulin in response to 

glucose, possibly due to a reduction in glucokinase activity (18) or glucose-

induced depolarization (20).  Thus, the actions of cholesterol on glucose-

stimulated insulin secretion are complex, and cholesterol may affect multiple 

steps in the stimulus-secretion coupling machinery.  In this chapter, I study the 

effects of cholesterol overload on glucose-stimulated Ca
2+

 signaling.   

 

5.2  Results 

 

5.2.1  Cholesterol overload reduced the glucose-mediated Ca
2+

 response in 

mouse β cells 

Hypercholesterolemia in humans is defined as a total plasma cholesterol level 

> 200  mg/dL (21), which is equivalent to 2 mg/mL.  Therefore, in our 

experiments, we treated single islet cells with 1 mg/mL of soluble cholesterol (as 

described in Chapter 2) to elevate cellular cholesterol.  To examine the effects of 
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our treatment, which is designed to elevate cellular cholesterol, on the glucose-

mediated Ca
2+

 signal, single mouse islet cells were loaded with  fura-2/AM and 

[Ca
2+

]i of individual islet cells was recorded with digital imaging.  A 

representative example of the Ca
2+

 response in a control cell is shown in Figure 5-

1A.  In this example, glucose elevation (from 3 to 20 mM) triggered a robust 

[Ca
2+

]i rise, and a subsequent challenge with the KATP channel inhibitor, 

tolbutamide (100 µM), also evoked a robust [Ca
2+

]i rise (Figure 5-1A).  As shown 

in Figure 5-1D, ~90% of the control β cells (identified by their Ca
2+

 response to 

tolbutamide) exhibited a rise in [Ca
2+

]i when challenged with glucose.  However, 

for islet cells incubated with cholesterol, tolbutamide could still trigger a Ca
2+

 

response, but glucose failed to cause any [Ca
2+

]i rise in most of the β cells (e.g. 

Figure 5-1B).  Since the soluble cholesterol contained MβCD (saturated with 

cholesterol), I tested whether the reduction in glucose response was due to 

elevation of cholesterol or of MβCD.  In this experiment, islet cells were treated 

with the same concentration of soluble cholesterol (1 mg/mL), but 10 or 20 mM 

MβCD was added to reduce the amount of cholesterol delivered to the cells.  

Under these conditions, both glucose and tolbutamide could evoke robust Ca
2+

 

responses (e.g. Figure 5-1C).  As shown in Figure 5-1D, the fraction of β cells 

that exhibited a Ca
2+

 response to glucose was dramatically reduced in cholesterol-

treated cells (~19%, as compared to ~90% in controls) but not in cells treated with 

cholesterol plus excessive MβCD (~90%).   

In the small fraction of cholesterol-treated β cells that exhibited a glucose-

evoked Ca
2+

 response, the amplitude (Figure 5-2A) as well as the time integral 
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(Figure 5-2C) of the glucose-mediated Ca
2+

 signal were significantly reduced.  

Cholesterol treatment also reduced the amplitude (Figure 5-2B) and time integral 

(Figure 5-2D) of the tolbutamide-induced [Ca
2+

]i rise.  Therefore, cholesterol 

treatment reduced both glucose- and tolbutamide-mediated Ca
2+

 entry.  For cells 

treated with cholesterol plus MβCD (10 or 20 mM), both the amplitude and time 

integral of the glucose- and tolbutamide-mediated Ca
2+

 signals were similar to 

that of controls, confirming that excessive MβCD did not reduce Ca
2+

 response to 

glucose or tolbutamide. 

 

5.2.2  Glucose-stimulated [Ca
2+

]i rise was also reduced in whole animals with 

elevated plasma and islet cholesterol  

We investigated whether chronic cholesterol elevation in whole animals 

would have similar effects to our shorter-term treatment.  Traditionally, plasma 

cholesterol in animals is elevated by feeding a high-fat diet.  However, this 

approach also results in an increase in plasma triglycerides, which can itself have 

negative effects on β cell function (13).  To avoid this problem, we used 

apolipoprotein E (apoE)-deficient mice (ApoE
 -/-

), which develop elevated plasma 

cholesterol with no significant change in plasma free fatty acids (22).  The 

cholesterol in islets from ApoE
 -/-

 mice is reported to be ~2-fold higher than that in 

wild-type mice and, importantly, islets from ApoE
 -/-

 mice display ~40% reduction 

in glucose-stimulated insulin secretion (18).  We examined the [Ca
2+

]i rise in 

single islet cells from ApoE
 -/- 

mice when challenged with 20 mM glucose.  As 

described above, the Ca
2+

 response to tolbutamide (100 µM) was used to identify 
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β cells from ApoE
 -/-

 mice.  Figure 5-3A shows an example of a β cell from an 

ApoE
 -/-

 mouse that failed to respond to glucose.  The proportion of glucose-

responding β cells was reduced to ~48% in ApoE
 -/-

 mice, as compared to ~90% in 

wild-type controls (Figure 5-3C).  Furthermore, the amplitudes of both the 

glucose-induced and tolbutamide-induced [Ca
2+

]i rise in the β cells of ApoE
 -/-

 

mice were reduced when compared to the wild-type controls (Figure 5-3D & E).  

To determine whether the reduction in glucose-stimulated [Ca
2+

]i rise in the β 

cells of ApoE
 -/-

 mice was related to excessive cellular cholesterol, we incubated 

single islet cells from ApoE
 -/-

 mice overnight with lovastatin (5 µM), an inhibitor 

of cholesterol synthesis, and then for 1 hour with MβCD (10 mM).  Under these 

conditions, which were designed to decrease cellular cholesterol in cells of ApoE
 -

/-
 mice, glucose was able to evoke a Ca

2+
 responses (e.g. Figure 5-3B), and the 

proportion of β cells responding to glucose increased to ~79% (Figure 5-3C), 

indicating that conditions designed to decrease cellular cholesterol could at least 

partially rescue the phenotype.  However, there was no increase in the amplitude 

of the glucose or tolbutamide-stimulated [Ca
2+

]i rise in β cells of ApoE
 -/-

 mice 

with cholesterol reduction (Figure 5-3D & E), suggesting that some chronic 

defects in the stimulus-secretion coupling machinery (e.g. downregulation of 

VGCCs) of the ApoE
 -/-

 mice β cells cannot be rescued by an acute treatment with 

cholesterol-lowering agents (lovastatin and MβCD).   
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5.2.3  Cholesterol overload reduced glucose uptake and glucose-mediated ATP 

production in mouse β cells 

As described previously (Figure 1-1), glucose stimulates VGCC activation via 

the closure of KATP channels, which in turn causes membrane depolarization.   

Using perforated patch clamp recording, Dr. A. Lee in my laboratory found that 

cholesterol treatment reduced the amplitude of the glucose-evoked depolarization 

(2 ± 1 mV versus 46 ± 4 mV in the controls; data not shown) but tolbutamide 

could still evoke a robust depolarization (~46 mV).  The reduction in glucose-

evoked depolarization in the cholesterol-treated cells is not due to an increase in 

KATP current density, since there is actually a reduction in the KATP current 

density in the cholesterol-treated cells (unpublished finding from A. Lee).  Since 

the generation of cytosolic ATP during glucose stimulation is responsible for the 

closure of KATP channels, I investigated whether the glucose-stimulated ATP 

production was affected by cholesterol.  In this experiment, I compared the 

cellular ATP level among the three groups of islet cells (control, cholesterol-

treated, and cells treated with cholesterol plus excessive MβCD).  Cells were 

incubated with either 3 or 20 mM glucose for 40 minutes before lysing, and their 

ATP level was measured immediately using a luciferin-luciferase assay in a tube 

luminometer.  The results are summarized in Figure 5-4.  Under basal conditions 

(incubation with 3 mM glucose), there was no significant difference between 

controls and cells treated either with cholesterol or with cholesterol plus MβCD.  

In the presence of 20 mM glucose, the cellular ATP increased by 1.6-fold (n = 5) 

over basal in control cells.  Note that for the cholesterol-treated cells, the cellular 
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ATP level after treatment with high glucose was significantly smaller than that of 

the control or cells treated with cholesterol plus excessive MβCD.  Thus, 

incubation with cholesterol is associated with a significant reduction of glucose-

stimulated increase in cellular ATP.  The resultant reduction in ATP level may 

account for the reduction in glucose-evoked depolarization in cholesterol-treated 

cells.  

Glucose must be first transported into the β cells before it can be metabolized 

by the mitochondria to produce cellular ATP.  Therefore, I investigated whether 

glucose uptake through the glucose transporters was impaired by cholesterol 

treatment. The fluorescent glucose analogue, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-

4-yl) amino]-2-deoxy-d-glucose (2-NBDG) has been employed to monitor 

glucose uptake in single living β cells (23;24).  In this experiment, I incubated the 

islet cells with 2-NBDG (200 µM) and fura-2/AM in the presence of 20 mM 

glucose for 10 minutes at 37
o
C.  Cells were then washed with the standard bath 

solution (containing 3 mM glucose) for 5 minutes before recording.  A 

fluorescence image of the islet cells in the optical field was obtained, and the 

same cells were subsequently challenged with tolbutamide.  Individual islet cells 

that exhibited a Ca
2+

 response to tolbutamide were identified as β cells.  This 

identification procedure is important because it has been shown that all islet cells 

will take up 2-NBDG following a 10 min incubation (23).  For example, all the 

islet cells shown in the bright-field image of Figure 5-5A exhibited some 

2-NBDG fluorescence (Figure 5-5B), but one cell did not exhibit any Ca
2+

 

response to tolbutamide.  In my analysis, only the 2-NBDG fluorescence of 
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identified β cells was included.  As shown in Figure 5-5C, there was a significant 

reduction in the mean 2-NBDG fluorescence in the cholesterol-treated cells in 

comparison to the controls or cells treated with cholesterol plus MβCD.  This 

finding suggests that glucose uptake is reduced in the cholesterol-treated cells and 

that such impairment contributes to the reduction in the glucose-evoked ATP 

production in these cells. 

 

5.2.4  Cholesterol overload reduced the density of voltage-gated Ca
2+

 current 

In cholesterol-treated cells, the amplitude of the tolbutamide-induced [Ca
2+

]i 

rise was significantly smaller than controls (Figure 5-2C&D).  Since tolbutamide 

directly depolarizes β cells by closing KATP channels, and does not require 

glucose metabolism or ATP production, the reduction in glucose uptake or ATP 

production cannot account for the decrease in the amplitude of the tolbutamide-

mediated [Ca
2+

]i rise.  Therefore, incubation with cholesterol may impair a step in 

the tolbutamide-stimulated [Ca
2+

]i increase pathway downstream of 

depolarization.  Activation of VGCCs is a crucial step prior to the tolbutamide-

mediated Ca
2+

 elevation.  To test whether cholesterol treatment had any effect on 

VGCCs, inward Ca
2+

 currents (ICa) were elicited from single cells voltage-

clamped in the whole-cell configuration.  Cells were held at -80 mV and 

depolarized to potentials between -70 to +60 mV.  To reduce voltage-gated Ca
2+

 

current rundown, cells in this experiment were recorded at 25
o
C, with 10 mM 

EGTA in the pipette.  As shown by the examples of  ICa in Figure 5-6A, the 

amplitude of ICa in cholesterol-treated cells was smaller, but there was no apparent 
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change in the time course of current decay during the voltage step.  Cholesterol 

treatment reduced ICa density at a wide range of potentials, as shown in the I-V 

plots of control cells versus those treated with cholesterol or cholesterol plus 

MβCD (Figure 5-6B).  The peak ICa amplitude (normalized to individual cell 

capacitance) measured at +10 mV was ~12 pA/pF (n=13) in control cells, ~6 

pA/pF (n=8) in cells treated with cholesterol, and ~13 pA/pF (n=7) in cells treated 

with cholesterol plus MβCD.  To further examine whether cholesterol treatment 

affected the time course of ICa inactivation, an exponential was fitted to the time 

course of decay of the current evoked at +10 mV.  Figure 5-6C shows that there 

was no significant difference in the mean decay rate (τ) of ICa at +10 mV among 

the three groups of cells.  This finding suggests that the reduction in glucose or 

tolbutamide-mediated Ca
2+

 signals in cholesterol-treated cells is in part due to a 

reduction of voltage-gated Ca
2+

 current density.   

 

5.2.5  Cholesterol overload reduced the current density of delayed rectifier K
+
 

channels 

In insulin-secreting cells, delayed rectifier K
+
 channels mediate membrane 

repolarization (25) and thus regulate Ca
2+

 signaling in β cells.  To investigate 

whether the delayed rectifier K
+
 current (IK(DR)) was affected by incubation with 

cholesterol, outward K
+
 currents were elicited from single cells voltage-clamped 

in the whole-cell configuration.  Cells were held at -80 mV and depolarized to 

potentials between -70 to +60 mV at 25
o
C (Figure 5-7A).  The whole-cell pipette 

contained 10 mM EGTA and the bath contained the VGCC blocker Cd
2+

 and the 
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KATP inhibitor tolbutamide.  Under this condition, KCa and KATP channels were 

inhibited and the outward currents evoked were predominantly due to IK(DR) 

(confirmed by its inhibition by TEA; data not shown).  As shown in Figure 5-7A, 

the IK(DR) evoked from cholesterol-treated cells was typically smaller than that in 

control cells, but there was no apparent change in the time course of the current 

during the voltage step.  For example, the time course of IK(DR) evoked at +30 mV 

in control was similar to that of the cholesterol-treated cell (scaled to matching 

amplitude; Figure 5-7A, inset).  As shown in Figure 5-7B, over a wide range of 

potentials, the density of IK(DR) in the cholesterol-treated cells was significantly 

smaller than that in controls or cells treated with cholesterol plus MβCD.    

 

5.3  Discussion 

 

Recent studies have suggested that high islet cholesterol impairs β cell 

function and glucose-stimulated insulin secretion (14;18;20;26).  Our results show 

that even a relatively brief exposure (1 hour) to a high level of cholesterol can 

impair glucose-mediated Ca
2+

 signaling in β cells (Figure 5-1 & 2).  The 

detrimental effect of elevated cholesterol on β cell Ca
2+

 signaling is further 

supported by our observations from ApoE
 -/-

 mice, which have chronic elevation 

of plasma cholesterol, and whose β cells also exhibited a reduction in glucose-

stimulated Ca
2+

 response (Figure 5-3).   

Given that cholesterol is ubiquitously present in the cell and may regulate 

numerous cellular processes, it is unlikely that a single mechanism is responsible 

for the observed effects on glucose-stimulated insulin secretion.  In fact, we 
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demonstrate here that cholesterol treatment reduced glucose-stimulated [Ca
2+

]i 

increase via multiple mechanisms.  We report here for the first time that 

conditions designed to elevate cellular cholesterol impair glucose-stimulated Ca
2+

 

signaling via two mechanisms.  The first mechanism is the reduction of glucose-

stimulated ATP production (Figure 5-4), which leads to less closure of KATP 

channels, resulting in a smaller glucose-evoked depolarization and thus less 

VGCC activation.  Our data also shows that the reduction in glucose-evoked ATP 

production in cholesterol-treated cells is in part due to a decrease in glucose 

uptake via the glucose transporters (Figure 5-5).  Since glucose metabolism is also 

regulated by glucokinase and cholesterol overload was shown to cause a 

significant reduction of the glucokinase activities in INS-1 cells (18), it is possible 

that a decrease in glucokinase activities may also contribute to the reduction in 

glucose-evoked ATP production in the cholesterol-treated mouse β cells.  The 

second mechanism is a decrease in the density of VGCCs with cholesterol 

treatment; the VGCC density at +10 mV was reduced by ~50% (Figure 5-6).  The 

reduction in Ca
2+

 entry via VGCC further impairs glucose-mediated Ca
2+

 

signaling in β cells with cholesterol treatment.  Since insulin secretion is Ca
2+

-

dependent, the above mechanisms have major roles in the impairment of glucose-

stimulated insulin secretion observed in cholesterol-elevated islets.      

Our study shows that cholesterol overload is associated with a decrease in the 

current density of delayed rectifier channels (Figure 5-7) as well as the KATP 

channels (findings from Dr. A. Lee).   The resting membrane potential of the 

β cells is primarily regulated by the activities of the KATP channels.  Although 
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there was a reduction in density of KATP channels in the cholesterol-treated cells, 

their resting membrane potential was similar to the controls (~-80 mV; finding 

from Dr. Lee).  This is probably due to the high input resistance of β cells, such 

that the opening of only a fraction of KATP channels is sufficient to maintain the 

resting membrane potential.  Despite the reduction in KATP channel density, 

glucose triggered only a very small depolarization (~ 2 mV; findings from Dr. 

Lee) in the cholesterol-treated cells, probably because there is very little increase 

in cellular ATP in these cells.  Since the delayed rectifier is voltage-dependent 

and significant activation of the delayed rectifier occurred at potentials more 

positive than -20 mV (Figure 5-7), this current has little contribution to the resting 

membrane potential but contributes to membrane repolarization in control β cells.  

In the cholesterol-overloaded cells, however, the delayed rectifier is not expected 

to be significantly activated because of the small glucose-evoked depolarization in 

these cells.   

Cholesterol elevation may impair function of membrane proteins (including 

ion channels) through a number of different mechanisms.  Our finding that our 

treatment designed to elevate cellular cholesterol resulted in general reduction of 

currents through VGCCs, KATP channels, and delayed rectifier channels, without 

affecting the voltage dependence or inactivation kinetics of these currents, 

suggests that perhaps the mechanism of cholesterol elevation-mediated inhibition 

of the different channels is related to general changes in membrane properties, 

rather than specific changes in channel protein function.  For example, cholesterol 

is known to increase lipid ordering in membranes, resulting in increased 
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membrane viscosity and stiffness, which may affect channel function.  This issue 

is further discussed in Section 6.2.2.    
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Figure 5-1:  Cholesterol overload reduced the fraction of mouse β cells that 

exhibited a glucose-mediated [Ca
2+

]i rise.  (A) Glucose elevation (from 3 to 20 

mM) triggered a robust [Ca
2+

]i rise in a control cell.  Subsequent challenge with 

tolbutamide (100 µM) also evoked a robust Ca
2+

 response.  In these and all 

subsequent experiments, β cells were identified by their Ca
2+

 response to 

tolbutamide.  (B) In most cholesterol-overload cells, glucose failed to evoke any 

Ca
2+

 response but tolbutamide could still evoke a [Ca
2+

]i rise. (C) In a cell treated 

with cholesterol plus 10 mM MβCD, glucose triggered a robust Ca
2+

 response.  

(D) The fraction of β cells responding to glucose was dramatically reduced in 

cells treated with cholesterol but not in cells treated with cholesterol plus MβCD 

(10 or 20 mM).  Recordings were obtained from 3 batches of cells. 
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Figure 5-2:  Both the amplitude and time integral of the glucose- or tolbutamide-

triggered Ca
2+

 signals were reduced in cells treated with cholesterol.  For β cells 

overloaded with cholesterol that exhibited a Ca
2+

 response when challenged with 

glucose, the amplitude (A) as well as the time integral (B) of the glucose-mediated 

Ca
2+

 signal were significantly reduced.  Cholesterol overload also reduced the 

amplitude (C) and time integral (D) of the tolbutamide-induced [Ca
2+

]i rise.  For 

cells treated with cholesterol plus MβCD, the glucose- and tolbutamide-mediated 

Ca
2+

 signals were similar to controls.  Recordings were obtained from 3 batches 

of cells. 
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Figure 5-3:  In comparison to the controls, β cells from ApoE
 -/-

 mice had 

impaired Ca
2+

 response to glucose and tolbutamide.  (A) An example of an  

ApoE
 -/-

 mouse β cell (identified by its response to tolbutamide) that failed to 

respond to glucose.  (B) Reduction of cholesterol in ApoE
 -/-

 mouse β cells 

rescued their Ca
2+

 response to glucose.  (C) The fraction of β cells responding to 

glucose was dramatically reduced in ApoE
 -/-

 mice but was restored by cholesterol 

reduction (CR).  (D) & (E) The amplitude of the [Ca
2+

]i rise evoked by glucose 

(D) or tolbutamide (E) was reduced in of ApoE
 -/-

 mouse β cells, and this effect 

could not be rescued by cholesterol reduction (CR).  Recordings were obtained 

from 3 batches of cells.     
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Figure 5-4:  Glucose-stimulated ATP production was reduced in cells overloaded 

with cholesterol.  Cellular ATP was measured using the luciferin-luciferase assay 

and all values were normalized to control cells in 3 mM glucose.  Measurements 

were obtained from 5 experiments (4 batches of cells). 
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Figure 5-5:  Glucose uptake into β cells (measured by 2-NBDG fluorescence) 

was reduced in cholesterol-overloaded cells.  (A) Bright-field image of single islet 

cells (x400 magnification).  (B) Fluorescent image of the same cells after 

incubation with 2-NBDG for 10 mins.  White arrow indicates a cell that failed to 

exhibit a Ca
2+

 response during a subsequent challenge with tolbutamide.  (C) The 

mean fluorescence of 2-NBDG (expressed as arbitrary units (AU)) in individual β 

cells in the cholesterol-overloaded group was significantly smaller than that in 

cells in the control group.  Images and recordings were obtained from 3 batches of 

islet cells.



 115 

 

-80 -60 -40 -20 0 20 40 60

-20

-15

-10

-5

0

5

10

15

10 pA

200 ms

control cholesterol A

(n=13)

(n=5)

(n=7)

 control (n=13)

 cholesterol (n=8)

 cholesterol +MβCD (n=7)

 C
u
rr

e
n
t 
(p

A
/p

F
)

*

*

*

Voltage (mV)

*

B

0

10

20

30

40

50

60

70

 

I C
a
 i
n

a
c
ti
v
a
ti
o
n

, 
τ 

(m
s
)

C

control cholesterol cholesterol

+ MβCD

 
Figure 5-6:  Cholesterol overload reduced ICa density at a wide range of potentials 

but had no effect on ICa inactivation kinetics.  (A) Families of ICa recorded from a 

control cell and a cell treated with cholesterol.  Cells were held at -80 mV and 

depolarized to potentials between -70 to +50 mV at 25 
o
C.  K

+
 currents were 

blocked by including Cs
+
 and TEA

+
 in the whole-cell pipette solution and 

tolbutamide in the bath.  (B)  I-V plots of cells treated with cholesterol, 

cholesterol plus MβCD or controls.  The current density was obtained by 

normalizing the peak amplitude of ICa to individual cell capacitance.  (C) 

Cholesterol overload did not significantly alter the time course of ICa inactivation.  

τ was obtained from the exponential fit to the time course of decay of ICa at +10 

mV.  Recordings were obtained from 4 batches of islet cells. 
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Figure 5-7:  Cholesterol overload reduced IK(DR) density.  (A) Families of IK(DR) 

recorded from a control cell and a cell treated with cholesterol.  Cells were held at 

-80 mV and depolarized to potentials between -70 to +60 mV at 25 
o
C.  The inset 

shows that the time course of IK(DR) evoked at +30 mV in control is similar to that 

of the cholesterol overload cell (scaled to matching amplitude).  The whole-cell 

pipette contained 10 mM EGTA and the bath contained tolbutamide and Cd
2+

.  

(B) Cholesterol overload reduced the density of IK(DR) over a wide range of 

potentials.  Recordings were obtained from 4 batches of islet cells.   
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All the experiments described in this thesis were performed in single 

pancreatic islet cells of rat or mouse.  Since lipids play an integral role in the 

regulation of β cell functions, we examined the actions of two different lipids (AA 

and cholesterol), using primarily a combination of [Ca
2+

]i measurement and 

electrophysiological techniques.  This chapter will summarize the findings 

presented in the preceding chapters and address important issues arising from our 

findings. 

 

6.1  Actions of AA on rat pancreatic β cells (Chapters 3 & 4) 

 

6.1.1   Actions of AA on extracellular Ca
2+

 entry 

AA is produced upon stimulation of pancreatic islets with secretagogues such 

as glucose (1) or ACh (2).  Exogenous AA, in the presence of a substimulatory 

concentration of glucose, has been shown to cause an increase in [Ca
2+

]i that is 

dependent on both extracellular Ca
2+

 entry and intracellular Ca
2+

 release (3).  Part 

of the AA-mediated extracellular Ca
2+

 entry is dependent on the activation of 

VGCCs, which is possibly mediated by a reduction of KATP channels (4) and or 

delayed rectifiers (5).  Our results revealed that AA also mediates extracellular 

Ca
2+

 entry via a VGCC-independent pathway.  We found that, in rat pancreatic β 

cells, AA mediates Ca
2+

 entry through the ARC channels.  Although the ARC 

current density in rat β cells is small (~1. 7 pA/pF at -70 mV), the ARC channels 

are highly Ca
2+

 permeable since, as shown in Figure 3-3, the activation of ARC 

channels by a low concentration of AA (5 µM) was able to elevate [Ca
2+

]i to the 

µM range.  In our experiments, the membrane potential of the rat β cells was 
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voltage-clamped at -70 mV.  Since ARC channels are not voltage-activated, the 

negative membrane potential will result in a larger extracellular Ca
2+

 influx under 

our experimental conditions.  During glucose stimulation, the closure of KATP 

channels causes membrane depolarization in β cells and there will be less 

contribution from the ARC-mediated Ca
2+

 entry.  However, upon stimulation by 

ACh or cholecystokinin, the membrane potential of the β cells is near the resting 

membrane potential (~-70 mV).  Under this condition, there will be a significant 

contribution from the ARC-mediated Ca
2+

 entry.  The ARC-mediated Ca
2+

 signal 

is also much larger than that triggered by the activation of CCE in the same cells 

(~0.1 µM) (6).  Most importantly, elevation of [Ca
2+

]i to the µM range could 

trigger robust exocytosis in rat β cells (6).  Consistent with this, Dr. Andy Lee has 

found that the AA-mediated [Ca
2+

]i rise in single rat β cells was accompanied by 

an increase in cell membrane capacitance, reflecting exocytosis (unpublished 

finding).  Thus, the ARC-mediated Ca
2+

 signal may account for the ability of AA 

to trigger insulin secretion from islets at low glucose level (7).  During glucose 

stimulation, the accumulation of AA in rat pancreatic islets can be as high as 35 

µM (8).  Therefore, it is likely that there is significant activation of ARC channels 

during glucose stimulation and that the resultant Ca
2+

 influx via ARC channels 

may amplify secretagogue-induced Ca
2+

 signals and potentiate insulin secretion.  

Consistent with this notion, the inhibition of arachidonate release by inhibitors of 

PLA2 also suppressed the glucose-evoked insulin secretion from rat islets (8). 

In summary, this is a novel report on the presence of functional ARC channels 

in an electrically excitable primary cell.  Prior to our study, ARC channels have 
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been described mainly in non-excitable cells such as the parotid and pancreatic 

acinar cells (9), and they have been primarily associated with regulation of the 

frequency of agonist-stimulated Ca
2+

 signals.  Our study has revealed that in rat β 

cells, the extracellular Ca
2+

 entry via ARC channels can trigger robust [Ca
2+

]i rise.  

Thus, in electrically excitable cells such as β cells, the activation of ARC 

channels may represent an important source of extracellular Ca
2+

 entry in addition 

to VGCCs. 

 

6.1.2  Physiological role of AA-mediated intracellular Ca
2+

 release in β cells 

In addition to Ca
2+

 entry through ARC channels, AA has also been reported to 

induce intracellular Ca
2+

 release from the ER (7).  We found that the AA-induced 

intracellular Ca
2+

 release was abolished by the prior emptying of the IP3-sensitive 

stores with the IP3R agonist adenophostin A (Figure 4-7).   However, we found 

that bafilomycin A1 and GPN, which ablate the acidic Ca
2+

 store, reduced AA-

stimulated intracellular Ca
2+

 release by ~70%.  Although GPN is typically 

employed to disrupt lysosomes, we found that activators of the lysosomal Ca
2+

 

release (such as ADPR or NAADP) failed to reduce the AA-mediated 

intracellular Ca
2+

 release.  Since the secretory granules are acidic stores that have 

a high Ca
2+

 content, and since GPN has been shown to lyse secretory granules 

(10), we speculate that the bafilomycin- or GPN-sensitive component of the AA-

mediated intracellular Ca
2+

 release is due to Ca
2+

 release from secretory granules.  

A  local release of Ca
2+

 from the secretory granules (when triggered by exogenous 

ATP) in rat β cells was reported to trigger robust exocytosis (11).     



 123 

In summary, this is a novel report on the ability of AA to release Ca
2+

 from an 

IP3-sensitive acidic store in rat pancreatic β cells.  Since AA is produced upon 

stimulation of pancreatic islets with either glucose or ACh, AA-mediated 

intracellular Ca
2+

 release may amplify global Ca
2+

 signals and enhance insulin 

release.   

 

6.1.3   Future directions 

We have determined that AA activates extracellular Ca
2+

 entry through the 

ARC channel.  To obtain further evidence to confirm our findings, we can 

conduct experiments that interfere with expression of the proteins that make up 

the ARC channel.  It has been reported that the pore of the ARC channel is 

composed of Orai1 and Orai3 proteins (12;13), and that its activity is regulated by 

the accessory protein STIM1 (14).  Although antibodies against these proteins are 

commercially available, Orai1 and STIM1 proteins are also components of the 

CCE channels (15).  Therefore, examining protein expression (with a Western 

blot or with in situ immunohistochemistry) will not reveal whether ARC channels 

are present in rat β cells.  One possible experiment is to reduce the expression of 

STIM1, Orai1, or Orai3 (or a combination thereof) using small interfering RNA 

(siRNA) against these proteins, and examine whether this manipulation reduces 

AA-induced Ca
2+

 entry.  Using the same strategy, we can also examine the 

contribution of the ARC channels to the glucose or ACh-evoked Ca
2+

 signals or 

insulin secretion from the β cells.     
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We also found that AA can induce intracellular Ca
2+

 release from two IP3-

sensitive stores, including the ER and an acidic Ca
2+

 store.  However, it is unclear 

how AA stimulates Ca
2+

 release from these stores.  One possible mechanism is 

modulation of the IP3Rs by AA such that there is an increase in the opening 

probability of these Ca
2+

 permeable channels.  This possibility can be addressed 

by employing IP3R inhibitors, such as heparin or 2-APB, which are known to 

block Ca
2+

 release via IP3R channels.  If whole-cell dialysis of heparin or bath 

application of 2-APB can attenuate the effects of AA on intracellular Ca
2+

 release, 

it will suggest that the site of action of AA is on the IP3R channels.  

We have speculated that AA releases Ca
2+

 from the secretory granules.   To 

confirm this, we can examine whether IP3Rs colocalize with a secretory granule 

marker (such as VAMP, which is a vesicle-specific SNARE) in rat β cells.  It may 

also be important to use antibodies specific for each of the three different 

isoforms of IP3R, since is has been suggested by Blondel et al. that IP3R3 alone 

may mediate Ca
2+

 release from secretory vesicles (16;17).  Different IP3R 

isoforms may be localized to different intracellular stores, and this may account 

for differential regulation of the stores (18).  Another important experiment is to 

investigate the effects of AA on the [Ca
2+

] of secretory granules directly.  One 

approach would be to use a bioluminescent probe such as aequorin, which is 

derived from Aequorea victoria.  In the presence of the cofactor coelenterazine, 

aequorin binds Ca
2+

, undergoes an irreversible reaction, and emits a photon.  

Previously, it was only possible to study cytosolic [Ca
2+

] with aequorin.  

However, the isolation of aequorin’s cDNA sequence permitted the engineering 
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of chimeric aequorins that can be targeted to specific subcellular locations.  For 

example, MIN6 cells have been transfected with chimeric cDNA encoding a 

fusion protein between VAMP2 and aequorin (VAMP.Aq), to enable the 

monitoring of intravesicular [Ca
2+

] (19;20).  Some of the drawbacks with 

aequorins are that the spatial resolution is low and the signal (number of photons 

emitted) is much lower than with other methods.  Another approach is the use of 

cameleons.  Cameleons are genetically encoded fluorescent Ca
2+

 indicators that 

consist of a short-wavelength mutant of green fluorescent protein (GFP) and a 

long-wavelength mutant of GFP, separated by calmodulin (a Ca
2+

-binding 

protein).  Upon binding of Ca
2+

 to calmodulin, the cameleon protein changes from 

an extended to a more compact conformation.  This leads to a change in the 

efficiency of fluorescent resonance energy transfer (FRET) between the two 

mutant GFPs, which is reflected as a change in emission ratio.  Cameleons can 

also be targeted to specific subcellular locations through the addition of 

localization sequences, and have previously been used to visualize [Ca
2+

] in the 

ER of MIN6 cells (21).  Although older cameleons are quenched by acidification, 

newer versions are less sensitive to low pH and may therefore be useful in 

measuring [Ca
2+

] in an acidic compartment. 
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6.2  Effects of cholesterol overload on glucose-stimulated Ca
2+

 signaling in 

mouse pancreatic ββββ cells 

 

6.2.1   Multiple steps in the glucose-stimulated [Ca
2+

]i increase are impaired by 

cholesterol overload 

Studies from transgenic mouse models (22-26) and INS-1 cells (22;27) have 

demonstrated that accumulation of cellular cholesterol have detrimental effects on 

glucose-stimulated insulin secretion.  Our results have shown that even an acute 

elevation of cellular cholesterol can dramatically reduce glucose-stimulated 

[Ca
2+

]i rise in mouse β cells.  This inhibitory action is mediated through two 

major mechanisms.  The first mechanism is a reduction in glucose-stimulated 

ATP production, which leads to less closure of KATP channels, resulting in a 

smaller glucose-evoked depolarization, and thus less VGCC activation.  We found 

that the reduction in glucose-evoked ATP production in cholesterol overload cells 

is due in part to a decrease in glucose uptake via the glucose transporters.  The 

second mechanism is a decrease in the current density of VGCCs with cholesterol 

overload.  The reduction in Ca
2+

 entry via VGCCs with cholesterol overload 

further impairs glucose-mediated Ca
2+

 signaling in β cells.  Since insulin secretion 

is Ca
2+

-dependent, the above mechanisms have major roles in the impairment of 

glucose-stimulated insulin secretion observed in islets with elevated cholesterol. 

Our results with the ApoE
-/-

 mice indicate that chronic elevation of plasma 

cholesterol also results in similar reduction in the glucose-mediated Ca
2+

 signaling 

in the β cells (Figure 5-3).  Interestingly, an overnight incubation with a HMG 

CoA reductase inhibitor in conjunction with a 1-hour treatment with MβCD to 
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lower cellular cholesterol was able to restore the ability of the β cells from ApoE
-/-

 

mice to respond to glucose (Figure 5-3C).   These findings suggest that 

cholesterol level in the plasma membrane can be altered rapidly by the level of 

extracellular cholesterol or the presence of a cholesterol extractor such as MβCD.  

Our results also indicate that elevation of plasma membrane cholesterol can have 

strong impact on ion channels.  We have shown that cholesterol overload reduced 

the current density of the three major ion channels in β cells:  KATP channels, 

VGCCs, and delayed rectifier channels.  In contrast, in INS-1 cells, cholesterol 

extraction with MβCD, which disrupted lipid rafts, reduced the delayed rectifier 

current density without affecting KATP channels or VGCCs (28).  Thus, based on 

current findings, the disruption of lipid rafts (with MβCD) in insulin-secreting 

cells has a smaller impact on ion channel function in comparison to the elevation 

of plasma membrane cholesterol.  

In summary, this is a novel report on the ability of cholesterol overload to 

impair multiple steps in the stimulus-secretion coupling pathway in mouse 

pancreatic β cells.  Since type II diabetes is associated with high plasma 

cholesterol and high islet cholesterol, these defects may impair the ability of the 

islets to secrete insulin in response to glucose elevation, thus further aggravating 

glucose intolerance in diabetic patients and accelerating progression of the 

disease.    
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6.2.2  Future directions:  mechanism of inhibition of glucose-stimulated [Ca
2+

]i 

rise by cholesterol 

In our experiments, the islet cells were exposed to elevated cholesterol for 

only 1 hour.  Thus, it is unlikely that the reduction in glucose uptake and current 

density is due to a change in the expression of GLUT2 and ion channels.  Instead, 

we speculate that there is a reduction in the function of the glucose transporters or 

ion channels when the plasma membrane cholesterol is elevated.  As mentioned in 

Section 5.3, there are several possible mechanisms by which cholesterol overload 

may exert an inhibitory effect on membrane proteins.  This section will explore 

the different possible mechanisms of cholesterol overload-mediated inhibition of 

channel or transporter function, of which three are more likely.  First, cholesterol 

may directly inhibit ion channels through protein-lipid interactions.  Second, 

cholesterol may indirectly inhibit ion channels by changing membrane properties 

such as fluidity and stiffness, which can influence channel function.  Third, 

cholesterol may act indirectly via PIP2, which is known to interact with and alter 

channel function.   

Since we observed a common inhibitory effect of cholesterol overload on 

different families of membrane proteins, including glucose transporters, VGCCs, 

KATP channels, and delayed rectifiers, it is possible that the effects arise from 

some cholesterol-mediated change in the biophysical properties of the membrane.  

For example, the ratio of cholesterol to phospholipids in a plasma membrane is an 

important factor in determining membrane fluidity.  Within the plasma 

membrane, cholesterol increases the order of phospholipid hydrocarbon chains in 
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the membrane, and increases the tightness of their packing (29).  Therefore, an 

elevation of cholesterol level in the plasma membrane is associated with a 

decrease in the fluidity (30), as well as increase in the stiffness (31), of the plasma 

membrane.  The fluidity of a plasma membrane refers to the ability of proteins to 

move around within a lipid bilayer (rotation, flexion, lateral diffusion, etc.), and 

its inverse is viscosity.  Membrane stiffness, on the other hand, is a reflection of 

the bending modulus of the plasma membrane.  It has been suggested that the 

increase in stiffness and viscosity may increase the energy requirement for 

transitions between conformational states of membrane proteins (31).  Consistent 

with this, a cholesterol-induced increase in viscosity or stiffness has been 

suggested to reduce the function of integral membrane proteins, including the 

adenine nucleotide transporter in mitochondrial membrane (30), the SERCA 

pump in microsomes isolated from macrophages (32), and N-type VGCCs in a 

lipid bilayer (31).  Additionally, MβCD-mediated lowering of membrane 

cholesterol led to increased activity of the volume-regulated anion current in 

aortic endothelial cells (33).    

On the other hand, the inhibitory effects of cholesterol overload may be 

attributed to the modulation of specific relationships between membrane proteins 

and membrane lipids.  For example, the suppression of Kir2 channel function in 

endothelial cells by cholesterol elevation is regulated by a specific interaction 

between cholesterol and the channel (34); cholesterol binds to a specific region of 

the C terminus of the channel’s cytosolic domain (35).  Cholesterol is also known 

to interact directly with serotonin receptors and nicotinic receptors:  both 
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serotonin and nicotinic receptors have specific putative binding sites for 

cholesterol, and receptor function is altered by the binding of cholesterol to those 

sites (36;37).  Whether VGCCs containing similar binding sites remains to be 

seen; however, since a C-terminal domain conferring cholesterol sensitivity to 

Kir2.1 has been identified (35), and a putative cholesterol-binding sequence has 

been reported in serotonin receptors (37), it may be useful to screen for similar 

sequences in VGCCs.    

To differentiate between the effects of cholesterol that are related to changes 

in the biophysical properties of membranes, and those that are due to specific 

interactions between cholesterol and proteins, one possible approach is to 

examine the effects of different cholesterol analogs.  For example, epicholesterol, 

an epimer of cholesterol, has similar effects as cholesterol on the biophysical 

properties of plasma membranes, but cannot mimic the specific interactions 

between cholesterol and proteins in the regulation of Kir2 channels (38).  The 

effects can be confirmed by using coprostanol.  Coprostanol is a naturally 

occurring product of cholesterol metabolism that does not have any appreciable 

effect on membrane stiffness or viscosity, but can mimic the specific interactions 

between cholesterol and proteins.  Therefore, if the effects of cholesterol are 

mimicked by epicholesterol, then it is likely that the alterations in membrane 

protein function that we observed are due to the increase in membrane stiffness.  

If, however, only coprostanol mimics the effects of cholesterol, then we may 

conclude that the cholesterol forms specific interactions with a variety of 

membrane proteins.  It must also be noted that even if cholesterol’s effects are 
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mimicked by coprostanol, this does not mean that cholesterol necessarily interacts 

directly with the channel or transporter; it may actually interact with a modulatory 

protein that in turn regulates channel or transporter function. 

There is also the possibility that the effects of cholesterol on membrane 

proteins are actually mediated by phosphatidylinositol 4,5-bisphosphate (PIP2).  

PIP2 is necessary for the function of many ion channels and ion transporters (39).  

Altering PIP2 concentration can alter the function of many membrane proteins, 

including Kir channels, VGCCs, Na
2+

/Ca
2+

 exchanger (NCX), plasma membrane 

Ca
2+

-ATPase (PMCA) (39), and KATP channels (40).  Most of the cellular PIP2 is 

in the plasma membrane, and it accounts for ~1% of membrane lipids.  Although 

PIP2 is unlikely to interact directly with cholesterol, there may still be a 

relationship between PIP2 and cholesterol; one suggested model is that PIP2 

associates with PIP2-interacting proteins, such as growth-associated protein of 43 

kDa (GAP-43) (41), that are localized to cholesterol-enriched domains in the 

plasma membrane.  This association results in sequestration of PIP2 in a 

cholesterol-dependent fashion (42).  Increasing membrane cholesterol may 

therefore increase availability of PIP2 in the membrane, leading to changes in 

function of proteins modulated by PIP2.  However, it is unclear whether PIP2 

modulates channel function through direct specific interactions with membrane 

proteins, or whether its effects are mediated by downstream proteins.  For 

example, increased interaction between Kir6.2 and PIP2 can decrease the 

sensitivity of KATP channels to ATP (40).  On the other hand, cholesterol-

stimulated increase in PIP2 in INS-1 cells is associated with increased actin 
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polymerization, which may mediate cholesterol-associated decrease in glucose-

stimulated insulin secretion (27).  Involvement of PIP2 in the effects of cholesterol 

overload may be probed by using agents that hydrolyze PIP2 (e.g. PLC activator, 

such as 2,4,6-trimethyl-N-(meta-3-trifluoromethylphenyl)-benzenesulfonamide 

(m-3M3FBS) (43)).  Alternatively, one can examine whether the effects of 

cholesterol overload are mimicked by PIP2 mimics (e.g. dioctanoyl PIP2).     

Finally, it is possible that cholesterol overload may interfere with membrane 

protein trafficking, such that there are fewer transporters or channels available on 

the plasma membrane.  One way to address this possibility would be to examine 

the cell surface expression of GLUT2, VGCCs, delayed rectifiers, and KATP 

channels.  This can be achieved by in situ immunohistochemistry in intact cells, 

using specific antibodies against the extracellular domain of the various proteins 

being studied.     
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