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Abstract

The main function of the pancreatic acinar cell is to synthesize and secrete digestive

enzymes. Gut hormones and neurotransmitters binding to their respective receptors
stimulate the secretion of the digestive enzymes. One of the second messengers
involved In secretion stimulated by cholecystokinin (CCK) and acetylcholine (ACh)
is Ca®*. The Ca?" is released from internal stores as a consequence of IP; production.
Ca’* influx is triggered as a result of store depletion and Ca** efflux occurs in order

to reduce the cytoplasmic Ca** levels back to normal resting levels. The first aim of

this thesis was to investigate the influence of CCK and ACh on these two ‘processes.
The main finding from this section of my work was that, in cells with depleted
calcium stores and elevated cytosolic [Ca**], secretagogues CCK, ACh and JMV-180
all induced a reduction in cytosolic Ca** levels. The reduction was due to an
activation of extrusion. The reduction was independent of external sodium excluding
any involvement of the Na'/Ca* exchanger, and was therefore mediated by
stimulation of the PMCA. Importantly calcium extrusion was stimulated by low
“phystological” concentrations of CCK and ACh, proposing a role for this action in

normal pancreatic acinar cell signalling. The investigation of the signalling pathway

.
i 3

involved in this secretagogue-induced activation of Ca®* extrusion examined a wide
variety of signalling molecules. The findings of my experiments suggest a possible

role for tyrosine phosphorylation in the actions of the secretagogues on the PMCA.

The second area of work reported in this thesis was an examination of the influence
of a bile acid, TLC-S on Ca** signalling in the pancreatic acinar cell. Reflux of bile

acids into the pancreas is considered to be a trigger for acute pancreatitis (Opie,
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1901). A recent report suggested that bile acids caused a release of Ca** from
internal stores (Voronina et al., 2002). My experiments demonstrated that in

conditions of elevated cytosolic [Ca®*] after store depletion, TLC-S induced three

types of responses: 1. A further Ca®* increase, 2. A Ca** increase followed by a
reduction to below the starting level, and 3. A reduction in the cytosolic Ca** level.

The main focus of these investigations, was the identification of the source of Ca**
revealed by TLC-S application in conditions of an elevated cytosolic Ca** plateau.
The findings of my experiments eliminate any involvement of the mitochondria or
granules in the TLC-S induced Ca’" transient increase. The study of the Golgi

apparatus was inconclusive. The TLC-S transient was found to be somewhat
dependent on calcium entry, since it was partially attenuated by La’" application.

The response was however not abolished completely. It seems that TLC-S enhances

2+ . » ogn . .
Ca®" influx, however, 1t may also mobilise calcium from another source, possibly an

internal Ca®* store with a low Ca?* affinity.

The aim of the third section of the work reported in this thesis was to establish a

method for fast measurement of Nuclear Factor kappa beta (NFxB) activation in

living pancreatic acinar cells. NFxB plays an important role in development of
pancreatitis. The method aimed to measure activation of NFxB by nuclear
translocation of Green Fluorescent Protein (GFP) conjugates of a transcriptionally

active subunit of NFkB, p6S. The initial experiments were performed in HeLa cells

in order to establish compatibility of translocation and Ca** measurements. Nuclear

accumulation of the NFxB construct was observed upon stimulation in Hela cells.

To investigate NFkB activation in pancreatic acinar cells, the construct was

microinjected into freshly isolated cells. Successfully expressed GFP-p6S was found
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predominately in the nucleus of pancreatic acinar cells even before stimulation. No
further nuclear accumulation could be measured after stimulation with supramaximal
concentrations of CCK which have been previously reported to activate NFxB in the
pancreatic acinar cell (Han & Logsdon, 1999). Attempts to remove GFP-p635 from
nuclei or reduce its nuclear accumulation were unsuccessful. Attempts to measure

NFxB activation via the rate of inhibitor protein degradation (using GFP conjugated

IxkBa protein) were also unsuccessful. These experiments were difficult due to cell

movement artefacts and the low rate of survival of microinjected cells. The

probability of successful expression of GFP constructs in microinjected cells was

also low. Further methodological work, possibly including usage of viral
transfection, is necessary for developing the technique of fast measurements of

NFxB activation in pancreatic acinar cells.

This thesis reports that secretagogues activate PMCA and reduce sustained calcium

levels 1n cells with depleted thapsigargin sensitive calcium stores, whilst TLC-S can

enhance calcium levels. The effect of TLC-S is mediated by increasing Ca** influx
and possibly by releasing calcium from a thapsigargin insensitive calcium stores.

These findings have important implications in understanding the onset and

development of acute pancreatitis.
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Chapterl: Introduction

The pancreas

Structure, function and location of the pancreas

The pancreas 1s a gland located in the upper abdominal cavity. The name pancreas
comes from the Greek, ‘pan’ meaning all and ‘kreas’ meaning meat. This describes
the fleshy nature of the organ, which is made up of mainly water with a smaller
amount of protein and fat. The pancreas is divided into four regions, head, neck,
body and tail. The head is the largest portion that is in close contact with the
duodenum. The pancreas tapers towards the tail, which lies behind the stomach
adjacent to the spleen. The blood supply to the pancreas is from the coeliac and
superior mesenteric arteries that branch from the aorta. Venous drainage is via the
hepatic portal vein from the splenic and superior mesenteric veins. The pancreas has
an extensive lymphatic drainage system which is not particularly active under normal

physiological conditions, though its role in fluid drainage is increased in conditions

of pancreatitis (Bockman et al., 1973).

Both the parasympathetic and sympathetic branches of the autonomic nervous

systems supply the pancreas. The parasympathetic branch is involved in secretory
stimulus of the exocrine pancreas. Another mechanism of secretory stimulus is by
means of hormonal control. The pancreas is a lobular organ and within these lobules
there are a large proportion of acinar cells (exocrine), a smaller number of ductal
cells and endocrine tissue, islets of Langerhans. This series of studies was performed
on acinar cells (exocrine pancreas), which account for the majority of cells in the

pancreas. Further description and discussion will focus on the acinar unit.



Chapterl: Introduction

The exocrine unit (referred to as acini, from the Latin acinus, meaning berry), the
main function of which is to synthesize and secrete digestive enzymes, surrounds a
common lumen. There are intralobular ducts and interlobular ducts. The intralobule
ducts are situated in lobules and drain pancreatic juices from acinar units, and the
interlobule ducts connect the individual lobules running along the regions of
connective tissue connecting eventually to the main pancreatic duct. This eventually
joins the common duct that enters the duodenum at the Anmulla‘ of Vater (Motta et
al., 1997). The pancreatic juice consists of fluid containing bicarbonate and chloride
ions secreted by the ductal system. This acts a transport medium for the digestive
enzymes secreted by the acinar cells. The pH of the pancreatic juice is of importance
in achieving an environment in which the digestive enzymes can function. The
pancreatic juice has a pH of between 7.6 and 8.2. This neutralises tﬁe acidity of the
chyme received into the intestine from the stomach, and raises the pH ‘to a range that

is optimal for the activity of the digestive enzymes (Williams, 1980).

Digestive enzymes

An acinar unit is comprised of acinar cells, which secrete the digestive enzymes
responsible for the breakdown of carbohydrate, fat, nucleic acids and proteins. The
enzymes amylase, lipase, nucleases (ribonuclease and deoxyribonuclease), trypsin
and chymotrypsin are all synthesised and secreted by the acinar cells. They are
secreted in the form of proenzymes (zymogens). The presence of trypsin inhibitor-
prevents their activation during transit to the duodenum. The enzymes are activated
upon arrival in the intestine by enteropeptidase found in the brushborder of the small

intestine. Enteropeptidase cleaves a lysine-isoleucine bond within the trypsinogen
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molecule activating a small proportion of the secreted trypsinogen, which in turn
cleaves and activates other proenzymes chymotrypsinogen, proelastase and
procarboxypeptidase. This results in simultaneous activation of the full range of

digestive enzymes in the small intestine where they can act on their specific

substrates.

Structure of the acini unit

Acinar cells exist in an acini unit as described earlier with an encompassing basal
laminae that surrounds each acini unit covering the basal membrane of each acinar
cell within the unit, insulating them from neighbouring acini units. Other cells in the
acinl are centroacinar cells, which form the initial part of the intralobular duct
(figurel.1). These cells have a less electron dense cytoplasm as they lacks secretory
granules, however within the cytoplasm there are a large number of mitochondria.
These cells are thought to be involved in the transport of fluid and ions into the

lumen of the acint unit (Gorelick & Jamieson, 1994). The lumen of the acini is

sealed from the intercellular space by a series of junctions. The closest of which to
the lumenal space is that of an occluding junction or tight junctions. These are
followed by a belt desmonsomes and a spot desmonsomes (figure 1.1). The tight
junctions form a continuous belt around the whole of the acinar cell where there is a
fusion of the adjacent cell membranes. This prevents the movement of fluid and ions
and also maintains the different membrane composition of the basal and apical
membranes, the basal membrane containing a greater number of proteins in
comparison to the apical membrane. The belt desmonsomes form a band around

each acinar cell where there is thickening of the plasma membrane in this region due
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to a dense network of thin filaments containing a protein vinculin through which the
actin filaments attach to the plasma membrane. The spot desmonsomes are more
rivet-like structures that bridge the intercellular gap where two plaques from adjacent
plasma membranes of two cells meet. Intermediate filaments have been shown to

terminate at spot desmonsomes (Gorelick & Jamieson, 1994).

Another type of cell-cell junction 1s a gap junction. These have been shown to form a
pore structure that 1s complemented in the juxtapose membrane, which together form
a channel between the two cells. These channels have a pore size of 16-20A
allowing the passage of ions, metabolites, and nucleotides but not macromolecules.
Electrical communication between acinar cells was demonstrated by the use of
microelectrodes In two separate cells. Depolarisation of one cell changed the

polarisation of the neighbouring cells to an equal extent (Petersen, 1975). The direct

transfer of dyes between cells has also been performed to demonstrate the connection
between cells. Fluorescein and procion yellow have been shown to pass from an
injected cell into neighbouring cells. The connected units were shown to be quite
extensive consisting of over 100 cells (Findlay & Petersen, 1983;Iwatsuki &
Petersen, 1979a). The uncoupling and recoupling of cells has been demonstrated by
high concentrations of secretagogues (Findlay & Petersen, 1982). Intracellular
injection of calcium or intracellular acidification have also been shown to induce
reversible 1solation of cells (Iwatsuki & Petersen, 1978;Iwatsuki & Petersen, 1979b).
Secondary messengers Ca®*, inositol 1,4,5-trisphosphate (IP3) and cAMP have been
shown to pass through gap junctions (Sae'z et al., 1989;Sandberg et al., 1992). Thus
gap junctions represent a potentially important means of coc;rdinating responses in

groups of individual cells. This has been demonstrated for IP; in epithelial cells
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(Boitano et al.,, 1992) and between neurons and astrocytes (Nedergaard, 1994).
Calcium wave transmission has been shown to be intercellular in rat pancreatic
acinar cells within an acini unit. The study suggests that this i1s due to diffusion of
IP3 through gap junctions as the injection of CaCl, alone was not enough to
propagate a wave within the unit (Yule et al., 1996). This study also demonstrates
the uncoupling of cells at supramaximal concentrations of agonist. The diffusible
distance of Ca** as an effective range for intercellular communication is qL;estioned
by Allbnitton and colleagues owing to the presence of intracellular bufferipg proteins

(Allbnitton et al., 1992). This coordination of signals between cells may account for

the more efficient secretion from groups of cells in comparison to single cells

(Stauffer ef al., 1993).
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Figure 1.1. The acini unit. The cartoon represents the structure of the acini unit.

The acinar cells arranged around a common lumen into which the zymogens are

secreted upon stimulation. The cartoon shows the location of cells within the

acini unit. The acinar cells are connected by gap junctions and tight junctions

as indicated on the cartoon, and tight junctions. The junctions are important for

maintaining the structure of acinus and also for separating content of apical and

basal membranes of acinar cells (adapted from Craske 1999).
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Structure of the acinar cell

The structure of the acinar cell, which synthesises and secretes the proenzymes, is
related to its function (summarised in (Gorelick & Jamieson, 1994)). The acinar
cells themselves are pyramidal in shape and are polarised with an apical and a basal
region. The zymogen granules containing the enzyme precursors occupy the apical
region. This is the region where exocytosis occurs upon stimulation, causing release
of the granules content into the lumen. The basal region is occupied mainly by the
membrane bound organelle, the endoplasmic reticulm (ER); the nucleus is also
located in the basal region within a pocket of ER. The lumen of the nucleoplasm 1s

continuous with the lumen of the ER. There are fine strands of ER that interpose

between the granules in the apical region. The Golgi apparatus and a belt of
mitochondnia occupy the border between the apical and basal regions. The use of a
Golgt directed fluorescent probe has recently been used to localise the Golgi
apparatus in living mouse pancreatic acinar cells (N. Dolman poster presentation).
The mitochondria have been shown to localise in a belt-like structure insulating the
apical region containing the secretory granules (Tinel et al., 1999). Mitochondria are
also located in a perinuclear and sub-plasmalemmal locations and their location has

an impact on local calcium homeostasis (Park ef al., 2001).

Calcium signalling

Calcium is involved in the regulation of numerous processes in cells such as

contraction, proliferation, gene expression, regulation of metabolism and secretion.

The versatility of calcium in its role of a secondary messenger within the cell relies



Chapterl: Introduction

on the ability of the cells to generate different spatial and temporal calcium signals.
The characteristics of different calcium signals elicit different outcomes for example
different frequencies of calcium oscillations activate different transcription factors
(Dolmetsch et al., 1998). The main function of pancreatic acinar cells 1s to produce
and secrete digestive enzymes. This is regulated by secretagogues acting through
secondary messengers Ca’', diacylglycerol (DAG) and cAMP. The next section
provides a brief overview of the role of calcium, the different patterns of calcium
signals produced, and the mechanisms involved in the production of calcium signals

in the pancreatic acinar cell.

Calcium and secretion

Secretion 1s activated by the gut hormones cholecystokinin (CCK) and secretin, and
the neurotransmitters acetylcholine (ACh) and vasoactive intestinal polypeptide
(VIP). The binding of agonists to their receptors in the basal membrane of the acinar
cell stimulates secretion from the lumenal pole. The messenger involved in agonist-
stimulated secretion generated by CCK and ACh, is Ca®*. It was first shown that in

the absence of extracellular calcium the secretion stimulated by agonist was impaired

(Kanno, 1972). Subsequently an increase in cytosolic calcium was sufficient to
induce enzyme secretion (Eimerl et al.,, 1974;Williams & Lee, 1974). The
observations of Hokin and Hokin that phosphatidylinositol turnover increased upon
stimulation (Hokin & Hokin, 1953), suggested a link between receptor occupation,
calcium mobilisation from stores and led to the discovery of the intracellular
messenger IP;. Berridge made the identification of IP3 production as the event

immediately following receptor occupation in 1981 (Berridge, 1981). This was
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followed by the demonstration that hormonal stimulation and IP; evoke a calcium

release from the same intracellular store (Streb et al., 1983). VIP and secretin both

cause an increase in the levels of cAMP through adenylate cyclase activation leading
to an increase in enzyme or fluid and electrolyte secretion (Gardner & Jensen, 1986).

The schematic in figure 1.2 shows a model of stimulus-secretion coupling in the

pancreatic cell.

10
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Bm/GRP K i
CCK Secretin

VIP
' O K< a Na*crcrK* [ Q o

ACh

@,

Ca%*

Cam-Calmodulin, PP-protein phosphatase, PK- protein kinases, PKC-
Protein kinase C, PKA -Protein kinase A, RyR- ryanodine receptor,

IP;R-IP; receptor, PLC-phospholipase C, AC-Adenylate cyclase,
Bm/GRP- bombesin/gastrin releasing peptide
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Figure 1.2 A stimulus-secretion model in the pancreatic acinar cell.
The binding of ACh,CCK or bombesin (GRP) activates PLC through the
G protein coupled receptor that causes an increase in |[P; and DAG. |P;
via its receptors induces calcium release from stores accompanied by
activation of calcium influx. DAG activates PKC. Calcium activates
exocytosis and Ca?%*-activated chloride channels in the apical membrane
only (Park, et al., 2001). Calmodulin-calcium complex either directly or
indirectly activate calmodulin dependent kinases (CaMK) and calmodulin
dependent phosphatases (CaMPP). VIP and secretin binding activates
adenylate cyclase that increases cAMP production which in turn
-activates PKA. The activated CaMK, PKC, PKA and CamPP can then
alter the phosphorylation state of proteins involved in exocytosis. There
are Ca?%* activated non-specific cation channels in the pancreatic cell

membranes. It is thought that the electroneutral Cl, Na*, K* transport

replenishes the ClI- in the cell.

12
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Agonists ACh and CCK bind to their receptors, which are G protein coupled
membrane proteins that have seven membrane-spanning regions. There are two
types of CCK: receptor A (alimentary) and B (brain), both bind CCK; type B also
binds gastrin. Type A receptors are the only type of CCK receptor expressed in
mouse pancreatic acinar cells and the subsequent description concentrates on the type
A. They have two binding sites for CCK on the receptor, a high and a low affinity
site. The muscarinic cholinergic receptor present in the acinar cell is the M3
isoform. These are coupled to phospholipase C (PLC) that catalyses the formation of

IP; and DAG from phosphatidylinositol 4,5-bisphophate (PIP;) breakdown. Several

isoforms of PLC are expressed in the acinar cell, PLCB,, -B3, -y1 and -0, (Piper et
al., 1997). Antibodies against PLCPB; blocked CCK stimulation of the PLC activity.

IP3;, a mobile molecule within the cell cytoplasm, migrates and binds to its receptor

which functions as a ligand-gated Ca** channel allowing the release of sequestered

Ca** from the ER.

CCK receptor

The occupancy of the high affinity site of the CCK receptor 1s thought to stimulate

enzyme secretion, protein synthesis and calcium oscillations; whereas the occupancy
of the low affinity site inhibits secretion, and induces a large global calcium transient
(Williams & Hotman, 1986). The use of a CCK analogue JMV-180, which binds to
both sites of the CCK A receptor, but only acts as an agonist at the high affinity site,
allowing dissection of the roles of the two sites. Matozaki and colleagues found that
activation via the high affinity site induced calcium oscillations but no measurable

IP; production. However the effect of JMV-180 at this site can be blocked by
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heparin, an IP; receptor antagonist. The injection of antibodies against Gog subunit
which is coupled to the PLC receptor, inhibited the responses to 20pM CCK a
concentration that would only bind to the high affinity site of the CCK receptor
(Yule et al., 1999). Activation via the low affinity site leads to IP3 generation. DAG
production was measured upon occupancy of the high affimity site. The application
of CCK at a concentration which resulted in occupancy of both the high and low
affinity sites of the receptor (1InM) induced a rapid increase in IP3 peaking within
seconds which then plateaus and a biphasic DAG production. DAG levels show an
initial peak which coincides with the IP; peak and then a slower sustained increase
(Matozaki et al., 1989;Matozaki et al., 1990). JMV-180 induced a monophasic
sustained increase in DAG (Matozaki et al., 1990). The second phase of DAG
production is thought to result from activation of phospholipase D (PLD) via the low
affinity site resulting in phosphatidylcholine metabolism. The secretion dose
response to CCK is biphasic with low concentrations of CCK stimulation amylase
release and higher concentrations inhibiting amylase release (Jensen, 1994). IMV-

180 also stimulates amylase secretion to the same extent as low concentrations of

CCK. However JMV-180 blocks the inhibition of amylase secretion by higher
concentrations of CCK. This is achieved by JMV-180 binding but not activating the

CCK receptor at the low affinity site hence blocking the CCK access to this site. It
has therefore been suggested that the slow sustained production of DAG from the
high affinity site stimulates secretion, and the rapid increase in DAG from the PLC
activation via the low affinity site induces the inhibitory effects on secretion,

suggesting a role for protein kinase C (PKC) in the regulations of secretion (Pollo et

al., 1994).
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There 1s also evidence for the high and not the low affinity site of the CCK receptor
being coupled to phospholipase A; (PLA;) (Lankisch et al., 1999;Gonzalez et al.,
1999). Investigation of wave speed propagation in pancreatic acinar cells found that

inhibition of PLA; by AACOCF; (arachidonyl triflioromethyl ketone) increased the

speed from 5 pm/s to 10 pm/s of waves mediated by occupation of the high affinity

site of the CCK receptor, with no effect on waves induced by occupancy of the low
affinity site. Arachidonic acid (AA), produced as a result of PLA; mediated
hydrolysis of phosphatidylcholine, was found to decrease the speed of low affinity
site induced waves but had no effect on the waves induced by high affinity site
occupancy. This implies that the high affinity was coupled to PLA; as AA had no

additional effects (Gonzalez et al., 1999).

PLD activation and its effects on wave speed propagation was also investigated in
the acinar cell (Gonzalez et al., 1999). They found that the low affinity site of the
CCK receptor 1s coupled to PLD and PLC by the use of n-butanol which produces an
ineffective phosphatidylbutanol instead of phosphatidic acid (PA) that is then

dephosphorylated to DAG (Gonzalez et al., 1999) (Pfeiffer et al., 1998).

ACh receptor

The Acetylcholine receptor is also expressed on the pancreatic acinar cell in the M3
isoform (Williams, 2001). The ACh receptor is coupled to PLC; production of IP;
has been measured upon receptor binding. The relationship between ACh
concentration and secretion 1s biphasic. With increasing concentrations there is an

Increase in amylase secretion followed by an inhibition of secretion at even higher
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concentrations. That shows a maximal secretory response to ACh at concentrations
10-14uM (Jensen, 1994). This is consistent with a receptor having two different
affinity binding sites. PLA; activation is involved in ACh receptor stimulation;

inhibition of PLA; affected ACh induced calcium wave propagation speeds, calcium

waves induced by bombesin were not affected (Siegel et al., 2001). The propagation
speed of ACh induced calcium waves was suggested to be dependent mainly on

calcium induced calcium release mechanisms, which are inhibited by ruthenium red

and reduced the wave speed (Pfeiffer et al., 1998).

Figure 1.3 summarises the different pathways activated by occupancy of the different

receptors.
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Figure 1.3 Coupling of the receptors to second messenger
cascades in the pancreatic acinar cell. The receptors the ACh, high

and low affinity sites of the CCK and bombesin are shown. The
production of IP, leads to a release of calcium from internal store. The
co production of DAG activates PKC. There is also AA production due to

activation of ACh and high affinity CCK receptors.
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Intracellular calcium signals

The investigation of secretagogue induced calcium signalling has demonstrated the
different responses to different concentrations of secretagogue. High supramaximal
concentrations of CCK and ACh induce a large rapid increase in [Ca’'};, which
declines to an elevated plateau in the presence of extracellular calcium. In the
absence of external calcium the calcium recovers back to the baseline, thus indicating
the initial rise is due to a release from intracellular stores and that the plateau phase is
attributed to calcium influx. Lower concentrations of CCK (1-20pM, physiological)
and ACh (25nM) induced calcium oscillations. The frequency of these oscillations
range from 0.5 to 5/min, in the case of ACh this 1s sometimes superimposed on an
elevated baseline (Thormn & Petersen, 1993) (Petersen et al., 1991). The mechanism
of oscillation regulation is unknown. It was initially proposed that the levels of IP;
were oscillating, however delivery via the patch pipette of a non-metabolizable IP;
analogue was able to induce oscillations hence a constant IP; concentration can
induce oscillations in calcium (Wakui et al., 1989). Oscillations can be blocked by
the application of the IP3 receptor antagonist heparin (Wakui et al., 1989) (Thorn et
al., 1993b). As a result of this, it was then proposed that a constant level of IP;
production induces the primary calcium release, which then induces calcium
induced-calcium release (CICR). Another messenger cADPribose (cADPr) was
shown to elicit short lasting calcium spikes in pancreatic acinar cells. ACh and CCK
responses were also blocked by ryanodine (Thorn ef al., 1994;Cancela & Petersen,

1998). The enzyme ADPribosyl cyclase, which catalyses the formation of cADPr

can also form NAADP, a messenger that elicits calcium release in sea urchin eggs

(Chini et al., 1995). It has also been shown to release calcium in the pancreatic
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acinar cell (Cancela et al., 2000). It has since been proposed that a cooperation
between the three messengers IP;, cADPr, NAADP and Ca’" are responsible for the
generations of calcium spikes (Cancela ef al., 2000) and the primary Ca®* release that
triggers CICR which has been shown to require both IP; and ryanodine receptors
(RyR) (Ashby et al., 2002). Ca’" has also been shown to regulate the IP;
(Bezprozvanny et al., 1991;Adkins et al., 2000) and ryanodine receptors (Gyorke,
1999). This may also be involved in oscillation generation. The Ca®* sensitivity of
the IP; receptor may also play a role in the propagation of waves between cells. The
small amount of Ca*" transmitted between cells through the gap junctions may serve
to sensitise the IP; receptors, decreasing the amount of IP3 required for those

channels to release Ca®*. Experiments where injection of CaCl, does not induce

intercellular propagation unless there is a background of IP3; support this hypothesis

(Yule et al., 1996).

Initiation of the calcium transient

The maintenance of resting calcium in cells is important for the function and
responsiveness of the cells to stimulus i.e. the ability to produce a transient increase
in calcium in order to stimulate secretion. The panc*reatic acinar cell maintains a
resting calcium level of 150nM (Muallem, 1989). This is achieved by sequestering
calcium into intracellular stores, namely the ER, by Ca**-Mg ATPase in the ER
membrane (SERCA), extrusion of Ca** out of the cell through the plasma membrane
Ca?*- ATPase PMCA and Na'/Ca** exchanger, and cytosolic calcium buffers. Upon

stimulation by an agonist binding to its receptor, a series of events are initiated that

" N . +, 40 . .
result in a transient increase of Ca? (discussed above). The binding of messengers
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open the ligand-gated Ca*" channels, and Ca®* leaves the ER down its concentration
gradient into the cytoplasm. The reduction of store calcium has been visualised by
the loading of the ER lumen with calcium indicators Mag Fura-2 and Mag-Fluo-4
(Gobel et al., 2001;Park et al., 2000). The release of calcium from internal stores is

counter balanced by the movement of K into the ER to balance the charge released.
The inhibition of K+ movement through replacement by NMDG or K+ channel

blockers prevents the IP; mediated release from internal stores (Camello,

unpublished data) (Palade et al., 1989;Abramcheck & Best, 1989).

The ACh and CCK response initiation site has been mapped to the secretory pole.
Where there is a higher abundance of type 3 IP; receptors in comparison to the
basalateral region (Nathanson et al., 1994), the sensitivity of the IP3 receptors 1n that
region is also proposed to be higher (Thom et al., 1993a;Kasai et al., 1993). The
involvement of different messengers in the responses to ACh and CCK has been
studied 1n detail; the initiation site remains the same and resides in the “trigger’” zone

within the apical pole (Cancela et al., 2000). The expression of the RyRs in the

pancreatic acinar cells have been confirmed and their distribution appears to be
homogeneous throughout the cell (Fitzsimmons et al.,, 2000). Though these
receptors are known to be involved in CICR and hence wave propagation, their role
in the formation of a trigger zone is unknown. There are three different subtypes of
RyR and the expression pattern of these subtypes may influence the kinetics calcium

responses within the trigger zone.

21



Chapterl: Introduction

Termination of the calcium signal

The termination of the calcium signals i1s an important process; long sustained
elevation of calcium has been shown to be toxic to cells (Raraty et al., 2000). The
first event in termination is the decrease in calcium efflux from the ER, i.e. a
reduction in the calcium permeability of the ER membrane. This is thought to be due
to closure of the ligand gated calcium channels possibly mediated by receptor
desensitisation. The calcium is removed from the cytosol by ER Ca** ATPase
(SERCA) which pumps Ca®* back into the ER lumen and calcium removal out of the
cell by Na'/Ca®* exchanger and PMCA. In the pancreatic acinar cell the primary
removal mechanism 1s the PMCA as shown by the relative insensitivity of the
removal processes to the absence of Na' (Muallem et al.,, 1988a). Tepikin and
colleagues confirmed these findings by measuring calcium extrusion after agonist
stimulation in the presence and absence of Na* (Tepikin et al., 1992). Camello and
colleagues investigated the calcium dependency of calcium extrusion by the
simultaneous measurements of external and internal calcium. A high co-operativity
was found with a Hill coefficient of 3, with extrusion mechanisms saturated at

intracellular calcium concentrations higher than 400nM (Camello et al., 1996).

The plasma membrane Ca** ATPase regulation

The regulation of the PMCA in the pancreatic acinar cell is therefore of importance,
as this is the pnmary mechanism of calcium removal. The PMCA is a “P-type”

ATPase of which there are 4 different genes PMCA1-4. Further variation is

produced by the existence of splice varnants of these genes, which are expressed in a
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tissue specific pattern. PMCAL1 is known as the house keeping 1soform owing to its
wide tissue expression profile. The regulation and the properties of the isoforms
have been investigated. They differ in their affinities for calmodulin and calcium

responsiveness and kinase regulation site availability (Penniston & Enyedi, 1998).

The investigation of PMCA localisation 1n the pancreatic acinar cell has
demonstrated a polarisation of expression of the PMCA with a higher level of protein
in the lumenal membrane, with some punctate staining at the basal and lateral
membranes (Lee et al., 1997). This correlates well with studies that measure the
calcium extrusion rate by simultaneous internal and external calcium measurements.
Belan and colleagues measured the majority of calcium extrusion occurring at the
lumenal pole (Belan et al., 1996;Belan et al., 1997). It has also been reported that

PMCA concentrates within caveolae in some cell types (Penniston & Enyedi, 1998).

The PMCA has been identified as a target for protein kinase C (PKC), cAMP-
dependent protein kinase, cGMP-dependent protein kinase and tyrosine protein |
kinase. The phosphorylation of isoform PMCA 4 by PKC alters the rate of pump
activity whilst retaining its potential for calmodulin regulation (Hofmann et al.,
1994;Enyedi et al., 1996). However, phosphorylation of other isoforms of PMCA by
PKC occurs within or near the calmodulin-binding domain altering their calmodulin
dependent regulation (Enyedi et al., 1997). PKC dependent activation of the PMCA

4 has been shown in neurons (Usachev et al., 2002). The regulation of the PMCA by

another kinase, cAMP-dependent protein kinase has been shown in platelets
(Johansson & Haynes, 1992) and erythrocytes (James et al., 1989;Dean et al., 1997).

The phosphorylation by cAMP-dependent protein kinase has been shown to alter the
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Km for Ca®" and the Vi of the PMCA. The site of cAMP-dependent protein kinase
1s near but not within the calmodulin-binding site in the C terminus auto inhibitory
domain. If calmodulin was bound, the PMCA was no longer phosphorylated by
cAMP-dependent protein kinase (James et al., 1989). The autoinhibitory domain is
proposed to overlap a calcium-binding site or the ATP binding site that once bound

to calmodulin swings out of the way allowing access to the calcium binding site

and/or the ATP binding site (Enyedi et al., 1989;Falchetto et al., 1991).

The phosphorylation of the PMCA by cGMP-dependent protein kinase was found to
increase the calcium affinity and enhance the pump activity (Furukawa & Nakamura,
1987). In contrast to these findings Zolle and colleagues found that activation of
particulate guanylate cyclases at the plasma membrane inhibited ATP stimulated
calcium extrusion through the PMCA in epithelial cells (Zolle et al., 2000). They did
not investigate whether this effect was mediated through cGMP-dependent protein
kinases. Work by Dean and colleagues showed tyrosine protein kinase dependent

inhibition of the PMCA activity (Dean et al., 1997).

The affinity for calmodulin differs between the isoforms of the PMCA (Elwess et al.,
1997;Filoteo et al., 1997). The removal of the calmodulin-binding domain by Ca**-
dependent protease calpain generates a fully active PMCA; this may be of
physiological relevance (James et al., 1989). These effects of proteases have been
described as “a last line of defence against sustained high levels of calcium” (Rosado
& Sage, 2000). At low cytoplasmic calcium levels, the pump 1s maintained in an
inactive conformation by the binding of the auto inhibitory site in the C terminus to

the first and second cytoplasmic loops (Falchetto et al., 1991). 1t is the C terminus
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region in which the i1soforms can differ substantially (Penniston & Enyedi, 1998).
Activation of the PMCA by calmodulin 1s probably by displacement of the auto
inhibitory domain. Ba-Thein and colleagues investigated the differences between
1soforms PMCA 2b and PMCA4b; PMCA 2b had a higher affinity for calmodulin
and higher basal activity in the absence of calmodulin. By interchanging the C
terminal regions of the two isoforms on the catalytic cores it was found that the
calmodulin binding was not solely influenced by the calmodulin binding domain
(which have only 2 amino acids different between the two isoforms but a four fold
difference in calmodulin affinity) and the C terminal autoinhibitory region, but that
calmodulin interacts with multiple regions of the PMCA. This makes the regulation

. by calmodulin very complex and the potential influence of phosphorylation of the

PMCA unpredictable (Ba-Thein et al., 2001).

The N terminal of the PMCA contains the phospholipid interaction sites, in the
absence of calmodulin the PMCA is activated by acid phospholipids. The location of
the pump in a phospholipid rich environment indicates that this may mediate the
basal activity of the PMCA (Carafoli, 1994). There are theories linking this property
of phospholipid activation of the PMCA to PIP, metabolism as a means of
coordinating efflux and calcium release, influencing the characteristics of the
calcium responses to agonists (Penniston & Enyedi, 1998;Carafoli, 1994). The
recently identified PDZ domain that mediates interactions with other enzymes to
form multifunctional complexes poses another means of PMCA regulation (Kim et
al., 1998). The regulation of the PMCA pump activity is important in cells for
maintaining resting calcium levels, especially in cells such as the pancreatic acinar

cell where it is the major route for calcium extrusion out of the cells. Therefore the
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regulation of the pump activity could have consequences on temporal and spatial
aspects of calcium signals created by agonist stimulation. The calcium extrusion rate
In agonist stimulated pancreatic acinar cells was demonstrated to be three times
faster than in control cells (Zhang et al., 1992). This 1s the only evidence to my
knowledge in the pancreatic acinar cell of direct regulation of the PMCA by agonists.
The work of Zhang and colleagues studied the effects of agonists at high
supramaximal concentrations. The first results chapter (chapter 3) in my thesis
describes expeniments, which confirm these findings, and extend the range of the

agonist concentration studied to the physiological range.

Calcium influx during the calcium response

Ca*" influx across the plasma membrane is also induced during stimulation. Calcium
influx through non-capacitative channels as part of a cellular response can occur via
voltage operated calcium channels (VOCC) in excitable cells, ligand-gated non-
specific cation channels and receptor activated Ca®" channels (reviewed in Barritt,
1999). Arachidonic acid has been shown to activate non-capacitative calcium entry
during oscillations in exocrine avian nasal gland cells (Shuttleworth, 1996). The
activation of calcium influx as part of a response to agonist has been reported in a
RBL-2H3 cells where an involvement of phosphatidylinositol 3-kinase due to its
products phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3;) direct induction of
Ca*’ influx, independent of PLC activity and store depletion (Ching et al., 2001). In
the pancreatic acinar cells Camello and colleagues propose that there are two
pathways which may mediate calcium entry in these cells (Camello et al., 1999).

They suggest that the two pathways carry calcium influx under different conditions.
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During stimulation they propose that the initial calcium influx is via a non-specific
cation channel that is sensitive to flufenamic acid and tyrosine kinase inhibitors but
insensitive to La’*. The second phase of calcium influx during the response is via a
moderately Ca**-selective channel, which is sensitive to La’* and Mn®*. This is in
agreement with a study that describes a calcium-release-activated non-selective
cation current (Icranc) 1n pancreatic acinar cells, which was also sensitive to tyrosine
kinase inhibitor genistein (Krause et al., 1996). The pH sensitivity of these two
calcium influx mechanisms was found to be identical. An increase in pH increased
the rate of influx and a decrease in pH reduced the rate of influx measured by
analysis of a sustained plateau during agonist stimulation or by the time taken to
refill the store after stimulation (Tsunoda & Tashiro, 1999). Again this study
confirmed the 2 types of calcium influx, an initial phase that was Mn*" permeable

and a second Mn*" impermeable.

ER reloading and calcium influx

After termination of the calcium transient, Ca** influx mechanisms remain active to
achieve the complete refilling of the calcium store. The refilling of the store is
dependent upon the presence of extracellular calcium (Putney, Jr., 1986;Muallem et
al., 1988b;Pandol et al., 1987). The entry of calcium induced by store depletion is
termed “‘capacitative calcium entry” (CCE) or “store operated calcium” (SOC) entry
(Putney, Jr., 1986). This can be induced by depletion of the store using the SERCA
specific inhibitor thapsigargin (Putney, Jr. & McKay, 1999). This phenomenon has
been observed in a number of cells including the pancreatic acinar cell (Bahnson et

al., 1993) (summarised in Parekh & Penner, 1997).
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Ca’* release-activated Ca’* current, (I rqc)

The measurement of calcium influx current after store depletion was first made in
mast cells and was termed Ca®* release-activated Ca®* current, (Icrac) (Hoth & Penner,
1992). ILrc 1s mediated by channels that are not gated by changes in membrane
potential and has a reversal potential of approximately +50mV. The channel is
calcium selective showing a reduction of current when Ca®" is replaced with Ba®* or
Sr**. There is no significant monovalent cation current unless the calcium
concentration is lowered (from 10mM to 2mM). The single channel conductance is
very low for L. Icrac 1s blocked by some divalent cations Zn** > Cd** > Be** = Co**
= Mn** > Ni** > Sr** >Ba*" and is blocked by trivalent cation La**(Parekh & Penner,
1997). Inactivation of I 1s regulated by cytosolic calcium, due to a rise in local
calcium as it re-enters the cell. The inactivation occurs with a rapid time course of
10-100ms. The inclusion of BAPTA in the pipette suppresses the current
inactivation. The inactivation of I has also been shown to be sensitive to the state

of the store refilling. I is inactivated once the store is refilled. However this only

accounts for part of the I.c 1nactivation, as there is a 50% inactivation of L. in the
presence of thapsigargin which prevents store refilling (Zweifach & Lewis, 1995). A
role for phosphorylation has been suggested in I.;. inactivation. The use of non-
hydrolysable ATP analogues differing in their kinase utilisation suggests, that
phosphorylation and dephosphorylation are involved in the inactivation process.
PKC is one kinase that has been implicated in this process (Parekh & Penner, 1995).
Store depletion activated currents have been measured in pancreatic acinar cells by

Bahnson and colleagues and Pandol and colleagues (Pandol & Schoeffield-Payne,
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1990;Bahnson et al., 1993). Other store operated currents have also been described

thetr 10on selectivity differ from that of I (Parekh & Penner, 1997).

The process of SOC entry is a subject of much debate; the molecular identity of the

channel/channels responsible for the calcium entry has remained elusive, as has the

nature of the signal from the internal calcium stores that activates the channel.

The molecular identity of the SOC channel

The TRP family of proteins are prime candidates for this job. The Drosophila trp
mutant 1s incapable of producing a sustained receptor depolarisation required for
light detection, hence the term “transient receptor potential” trp mutants. These
mutants were also found to have a defect in SOC entry. Cloning and expression of
the TRP protein in mutant flies could restore wild type function (Harteneck et al.,
2000). The TRP sequence analysis revealed homology to the mammalian voltage-
dependent calcium channels and a number of mammalian homologue proteins TRP1-
7 have been 1dentified (Harteneck et al., 2000). Investigation of the TRP proteins are
summarised by Putney and McKay (Putney, Jr. & McKay, 1999). Most studies
investigate the properties by over expression of the proteins in cell lines. TRP3
expressing cells were shown to respond to thapsigargin application with a larger
calcium entry than vector only control cells, demonstrating an increase in SOC entry.
However the selectivity of the channel for calcium varies between the family
members, being calcium selective in some circumstances (Wamat et al., 1999) and

non-selective cation channels in others (Kamouchi et al., 1999). The single channels
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conductance also varied in comparison to the current measurements previously made

for I.r.c reviewed 1n (Harteneck et al., 2000).

Two proteins ECaCl and CaT1 (also called ECaC2) both of which are members of
the TRP family have also been put forward as prospective candidates for the SOC
channel, though both were initially identified as a result of their role in calcium
transport from the lumen to the blood in the intestine and kidney. The expression of
CaTl 1n Chinese hamster ovary (CHO)-K1 cells demonstrated CaT1 currents with

very similar properties to those exhibited by I..c. A similar reversal potential, ion

selectivity and La’" sensitivity were described. CaTl currents were induced in
strong (10mM EGTA) and not weak (0.05mM EGTA) intracellular buffering with a
similar time course of activation and inactivation as described in similar conditions
for I.ac. The induction of CaT1 currents was achieved by the inclusion of IP; in the
patch pipette or thapsigargin in the intracellular solution in weak buffering
conditions. This demonstrates activation of CaT1 by both passive and active store
depletion (Yue et al., 2001). A subsequent *report by Voets and colleagues suggest
that there are some significant differences between the properties of L. and CaTl
channels (Voets et al.,, 2001). However the difference of CaTl currents to the
properties or I, currents may reflect the existence of a multimer, which forms the

Icrac channel, and maybe made up of many combinations of subunits.
ECaCl has a 75% homology with CaTl and both are expressed in the pancreas

(Peng et al., 1999;Hoenderop et al., 2001). ECaCl when expressed in human

embryonic kidney (HEK) 293 cells (Vennekens et al., 2000) or oocytes (Hoenderop
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et al., 1999) was shown to be a Ca®* selective channel demonstrating Ca** dependent

feedback with fast inactivation.

The physiological relevance of I, has been questioned by the inability to measure
the currents without strong intracellular calcium buffering. If the CRAC channels
are important in physiological circumstances, they must be sensitive to and be
activated during agonist exposures, which result in a small degree of store depletion.
The majonty of studies measuring I... currents have been done under strong
intracellular calcium buffering conditions. This buffering removes the local calcium
negative feedback on the CRAC channels. The 1nability to measure I currents in
weak calcium buffers was suggested to be a result of IP;R 1nactivation terminating
release, the store being refilled and therefore no I, activation occurring (Broad et
al., 1999). However this was inconsistent with the findings of Bakowski and Parekh,
they found that the inclusion of IP; in the pipette did not prevent subsequent Icrac
induction by thapsigargin. They also found that the use of Ba®" as an I carrier, but
one that is not taken up into the store or involved in IP3R inactivation did not
facilitate I, in weak buffering conditions. They proposed that the SERCA pumps
activity prevented the activation of I currents as they are continuously reloading
the store (Bakowski & Parekh, 2001). This is also suggested by the measurement of
bursts of Ca®" influx during agonist stimulation in human submandibular gland,
which was attributed to the SERCA activity refilling the store and turning off the
influx that 1s subsequently induced by IP;R activation (Liu & Ambudkar, 2001). It
has however been shown that I, can be measured under physiological conditions
1.e. near normal intracellular buffering, by using an energised mitochondrial cocktail

(Gilabert & Parekh, 2000). It has also been shown that lower concentrations of IP;
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than previously used were able to induce activation of .. in the presence of

energised mitochondria (Gilabert et al.,, 2001). The explanation for this is that
energised mitochondna are able to take up calcium suppressing calcium inactivation;
the mitochondna also compete with the SERCA pumps; therefore the store is able to
induce L. activation. The mitochondria residing close to the plasma membrane,
sub-plasmalemmal mitochondria, have been shown to take up calcium during
calcium influx, generated by emptying the calcium stores (Park et al., 2001). A
study that reported measurements of the calcium content of the ER by trapped

calcium sensitive dye (Mag-fura-2) and I, simultaneously, observed a clear grading

of L activation and calcium store content (Hofer et al., 1999).

Mechanism of regulation of SOC entry has been the subject of intensive research.
There have been numerous models proposed to account for the activation of calcium
entry upon store depletion reviewed in (Berridge, 1995;Elliott, 2001). There are
presently three main models; conformational coupling, vesicle insertion and

diffusible messenger. Each will be briefly discussed below.

Conformational coupling model

The conformational coupling model first proposed by Irvine (Irvine, 1990) suggests
that there 1s a direct interaction between the IP3; receptors on the surface of the
intracellular store and the SOC entry channels at the plasma membrane. The intra
lumenal portion of the IP3R detects the lumenal levels of calcium within the store.
Lumenal calcium has previously been shown to modulate the IP;R (Sienaert et al.,

1996). Conformational changes within the IP;R upon store depletion are translated
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through to the SOC entry channel, which is activated to allow store refilling.
Evidence in support of this model comes from the co-immunoprecipitation of TRP3,
a candidate for the SOC channel and IP;R. The subsequent identification of the
domains within TRP3 and IP3;R proteins involved in the interaction and the ability of
corresponding peptides to inhibit calcium influx lends further support to this model
(Boulay et al., 1999). This is not entirely consistent with observations of Kiselyov
and colleagues, who were unable to co-immunoprecipitate the two proteins. They
found that channel activity activated by IP; application in excised patches from
TRP3 expressing cells, was abolished by extensive washing of excised patches.

Implicating a weak interaction between the IP3;R and TRP3 protein. TRP3 activity

could be restored in these extensively washed excised patches by application of
microsomes containing native or recombinant IP3R protein. They also found that

deletion of the 154 amino acids at the C-terminal of the IP;R did not affect the ability

of the receptor to restore TRP3 activity (Kiselyov et al., 1998). Other studies have

also found a requirement for a functional IP;R through the use of IP;R antagonists 2-

APB and Xest C (Ma et al., 2000). The antagonistic abilities on the IP;R of these

two compounds are questionable (Ashby et al.,, 2002). The promotion of actin
polymerisation by the Jasplakinolide (cell permeant phalloidin analogue), which
prevents close contacts between the ER and the PM, was shown to inhibit the
activation of SOC entry. This polymerisation of actin had no effect on the IP;
production and the subsequent calcium release from stores, in response to agonists.
Depolymerisation of the actin re-established the SOC entry (Patterson et al., 1999).
Association of TRP3 with lipid raft domains (LRD) and caveolae have been reported

and that within these domains there are also other molecules involved in calcium

signalling. The co-immunoprecipitation of IP;R and Ggqn1 with TRP3 from these
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detergent 1nsoluble domains, was also reported from human submandibular gland
cells (Lockwich et al., 2000). In the same study it was shown that disruption of these
LRD attenuated the thapsigargin-induced SOC entry. They also that reported

carbachol-induced calcium release was also inhibited by LRD disruption.

All these studies suggest an interaction between the SOC entry channel and the IP;R,
as proposed in the conformational coupling model. However a problem that still
existing with this model of SOC entry activation is the induction of SOC entry by
depletion of the stores through the use of SERCA pump inhibitors, thapsigargin,
where no IP; is generated. However binding of local IP3 may be all that is required
to involve conformational coupling of IP3R to the SOC entr)} channel. The presence
of IP;R are however required. Studies that use cells where IP3R expression has been

abolished or reduced but still demonstrate a thapsigargin-induced SOC entry are

more difficult to reconcile with the conformational coupling model (Jayaraman et al.,

1995;Sugawara et al., 1997).

Vesicle insertion

Another model to explain the mechanism or SOC entry regulation is the vesicle
insertion theory. This involves the insertion of vesicles into the plasma membrane,
which contain the SOC channel. The evidence for this model is based mainly on the

evidence that modifications of the cytoskeleton or enzymes involved in cytoskeleton
remodelling are involved in the regulation of SOC entry. Rosado and Sage reported
the involvement of phosphatidylinositol 3-kinase and phosphatidylinositol 4-kinase

in SOC entry through cytoskeleton rearrangement (Rosado & Sage, 2000). The
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involvement of cytoskeleton is not mutually exclusive to the vesicle insertion model.

As discussed above the cytoskeleton rearrangement has also been used to support the

conformational coupling model. There are studies that use the injection of botulinum

neurotoxin A (BoNT/A), and tetanus neurotoxin (TeNT) which proteolyse SNAP25

and synaptobrevin/VAMP respectively, to interfere with vesicle docking and fusion.

These investigations show an inhibition of SOC entry (Alderton et al., 2000). This

confirms findings that previously have implicated vesicle fusion and docking in the

activation of SOC entry (Yao et al., 1999). These two studies strongly support the

vesicle insertion model of SOC entry reguiation.

Diffusible messenger

The activation of SOC entry has been proposed to be mediated by a soluble
diffusible factor, which is released by the ER or generated as a result of calcium store
depletion. The identification of such a factor has led to three popular candidates
inositol-1,3,4,5-tetrakisphosphate (IP;), a cytochromes P450 metabolite and ~a as yet
unidentified calcium influx factor (CIF). The choice of IP4 as the factor stems from
the observation that its production is a direct result of IP; production and hence
agonist stimulation. Early studies suggested a role for IP4 and SOC entry, though it
has been more recently suggested that IP; acts through increasing IP; mediated
release (Hermosura et al., 2000). Hermosura and colleagues suggest that this occurs

via inhibition of IP3 metabolism, therefore increasing the effects of IP3 on SOC entry

(Hermosura et al., 2000)(summarised in Elliott, 2001). P450 and its metabolites
were implicated in SOC entry via the use of inhibitors and their effects on Ca*" entry.

The activating effects on SOC entry by P450 or addition of its metabolites, further
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increased the credibility of this as a possible mechanism of SOC entry regulation.
However there have been reports that K* channels are the channels directly activated
and that the increase in calcium is owing to the subsequent effects of the increase in
K" ions on calcium channels. This is summarised in (Elliott, 2001). Application of
the cytosol harvested from activated cells to “test” cells which then demonstrated an

activation of SOC entry, was the first evidence to suggest the existence of CIF.

Microinjection of activated cell cytosol rather than extracellular application also

showed SOC entry activation. The use of genetic mutants of yeast, which are unable

to load a calcium store, were postulated to be continually synthesising or releasing
CIF. The application of these mutant yeasts extracts was shown to induce SOC entry
without inducing any calcium release. Studies using inside out patches from smooth
muscle were also shown to be stimulated by the application of both activated
mammalian cytosol extract and the mutant yeast cytosol (Trepakova et al., 2000)

(summarised in Elliott, 2001). Though without isolation and identification of the CIF

the acceptance of such a model is unlikely.

Tunnelling

In pancreatic acinar cells the reloading of the ER by calcium influx through SOC
channels occurs without measurable changes in the cytoplasmic calcium levels

(Muallem, 1989). It was therefore suggested that the site of calcium entry, 1.e. is the

source for ER reloading, is localised to a region where there i1s a very close
association of the ER and the plasma membrane and therefore the overall cytosolic

calcium remains unchanged. In the pancreatic acinar cell the calcium release site as

discussed earlier is in the apical pole. However the reloading of the calcium store
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occurs mainly through the basal membrane (Toescu & Petersen, 1995). Afier a
period of time, which allowed the store to refill, ACh could then evoke another
calcium response again initiating in the apical region, which was abolished in the
presence of thapsigargin. It was proposed that the calcium was reloaded into the
store and moved through the store to the release sites in the apical region by

“tunnelling” through the ER (Mogami et al., 1997). This was further supported by

work of Park and colleagues, which showed the movement within the lumen of the

ER by photobleaching of fluorescent substances and uncaging locally of substances

trapped in the lumen of the ER (Park et al., 2000).

The role of organelles in calcium homeostasis

The main organelle involved in calcium signalling and homeostasis is the ER as
previously discussed. However other organelles are also involved in the generation

and propagation of calcium responses as (reviewed in Rutter et al., 1998). Figure 1.4

demonstrates the different organelles that may participate in calcium homeostasis in

the pancreatic acinar cell.
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Mito
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Figure 1.4. The cellular distribution of organelles in the acinar cell and the
pumps and channels within their membranes. The cartoon shows the |
subcellular distribution of organelles within the cell and channels and pumps in
the different organelles that are involved in calcium homeostasis. The insets
correspond to the different organelle membranes with pumps and channels

involved i1n calcium homeostasis in these organelles. (INM-inner nuclear

membrane and ONM-outer nuclear membrane)
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Mitochondria

Mitochondria take up and release calcium; this has been measured directly using

mitochondrial target calcium sensitive probes (Rizzuto et al., 1995). In the pancreatic

acinar cells, mitochondria lie in distinct locations as discussed earlier. It has also
been shown that calcium regulates the rate of metabolism of the mitochondra,
measured via changes in NADH autofluorescence. Increases in mitochondrial
calcium are followed by an increase in NADH autofluorescence, indicating an
increase in the rate of metabolism (Voronina et al., 2002b). The calcium sensitivities

of the dehydrogenases which are involved in the Krebs cycle have been descrnibed

(McCormack & Denton, 1990;Robb-Gaspers et al., 1998). It is therefore proposed
by Park and colleagues that the strategic localisation of the mitochondria 1s to

provide a local energy source to drive cellular processes such as calcium extrusion at

the plasma membrane (via the PMCA)(Park et al., 2001). The mitochondnial uptake
and release of calcium also alter the temporal characteristics of calcium signals. The

speed of wave propagation In response to agonist stimulation is changed if the
mitochondria are inhibited using RU360, removing them from the calcium
homeostasis equation (Johnson et al, 2002). This further supports a role for

mitochondria in calcium homeostasis within the pancreatic acinar cell.

Secretory granules

Secretory granules/vesicles are known to contain calcium and their potential role in
calcium signalling within the pancreatic acinar cell has been the subject of

investigation (Gerasimenko et al., 1996). The apical pole of these cells 1s densely

40



Chapterl: Introduction

packed with granules containing the zymogens. The calcium signals also always
originate within the apical pole in the “trigger zone” (Kasai et al., 1993), which 1s
also known to contain a high density of IP3Rs (Thom et al., 1993b). The granules
therefore are in a prime location to participate in calcium signals, which are
important for the function of the acinar cell. The presence of IP; receptors on
secretory granules was reported by Blondel and colleagues by the use of
immunogold electron microscopy (Blondel et al., 1994). Gerasimenko and
colleagues demonstrated the ability of messengers IP3; and cADPnbose to release
calcium from granule preparations and they suggest that this calcium release from
granules plays an important role in secretion (Gerasimenko et al., 1996). This study
measured intragranular calcium decreases in response to messengers and calcium
release from granules by measurement of the external calcium changes. The

measurement of calcium uptake during a response to agonists has been achieved by

the use of vesicle-targeted aequorin in MING6 B-cells, attributed to an ATP sensitive
mechanism (Mitchell er al,, 2001). Uptake of calcium into granules remains a
subject of investigation, two mechanisms having been proposed; one through a
Na'/Ca®* exchanger and the second through a Ca**/H* exchanger. The use of
inhibitors monensin (Na'/H" exchanger inhibitor) bafilomycin (H'-ATPase inhibitor)
and FCCP (protonophore) had no effect on Ca** vesicular uptake (Mitchell et al.,
2001). The participation of granules in calcium homeostasis remains disputed
(Muallem & Lee, 1997). However studies using specifically target probes clearly
suggest active uptake of calcium during stimulation (Mitchell et al.,

2001;Emmanouilidou et al., 1999)
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The Golgi apparatus

The Golgi apparatus is mainly thought of as an organelle involved in trafficking of
proteins within the cell. However studies have also shown it to have a role as an
internal calcium store. This store is IP; sensitive but is partially insensitive to
thapsigargin the SERCA inhibitor (Pinton et al., 1998;Missiaen et al., 2001;Van
Baelen et al., 2001;Missiaen et al., 2002). The pump responsible for the calcium
loading of the Golgi store is proposed to be Pmrl, first identified in yeast. This was

found to be expressed and functional i.e. involved in responses to IP3 and agonists in
two cell lines (one rat aortic smooth muscle and human bronchial mucosal cells)

(Missiaen et al., 2002). The calcium stored in the Golgi i1s released by higher

concentrations of IP; (five times higher) than those required to induce release from

the ER and only 33% of the ionophore releasable calcium pool was released by

maximal IP; (>100uM) application (Missiaen et al., 2001). Golgi calcium is thought
to be involved in trafficking processes undertaken by the organelle (Porat & Elazar,

2000). However, further studies are required to identify the role the Golgi may play

in cellular calcium responses to agonists.

Nucleus

The consequence of nuclear calcium fluctuations has been demonstrated in studies
investigating the effects on gene expression (Hardingham et al., 2001;Dolmetsch et
al., 1998;Li1 et al., 1998). The role of the nucleus in generating calcium signals has

also been investigated. The nuclear membranes are continuous with the membranes

of the ER, as is the lumen. Therefore release from the common lumen could
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influence nuclear processes and the patterns of cellular calcium signals. Work with
isolated nuclei and direct microinjection of IP; into the nucleir of oocytes,
demonstrates the localisation of functional IP; receptors on the inner nuclear
membrane (Gerasimenko et al., 1995;Hennager et al., 1995). This was confirmed by

detection of IP; receptors on a preparation of inner nuclear membranes (Humbert et
al., 1996). cADP nibose has also been reported to induce increases in calcium within

the nucleus (Gerasimenko et al., 1995;Santella & Kyozuka, 1997).

Calcium signalling in the pancreatic acinar cell has been investigated in relation to

the cells’ secretory function. However calcium can also play a role in the diseases
involving these cells. Sustained elevations of calcium have been implicated in the
development of pancreatitis, a condition where the auto digestion of the pancreas
occurs. A tnigger for this elevated calcium is required, and a theory referred to as the
“common duct theory” proposes a role for bile salts in the disease process. The next

section introduces bile salts, the condition pancreatitis and finally the transcription

factor NFkB that has a possible role in the development of the disease.

Bile Salts and their putative role in pancreatitis

Bile is produced in the liver, and contains excretory products, cholesterol and bile
pigments from the breakdown of haemoglobin and cytochromes, and secretory
products, which are important in digestion; bile salts and bicarbonate. Bile salts are
important in the digestion and absorption of fats and fat-soluble vitamins and are the

major constituent of bile (Strange, 1984).
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The concentration of bile salts has been reported between 2 and 45mM (10mmol 1n

humans) in mammals. Their structure 1s based on cholic acid (24 carbon compound).

The commonly occurring bile acids have differing numbers of hydroxyl groups;
cholate has three, chenodeoxycholate has two and lithocholate has one. The number

of hydroxyl groups affects the salts aqueous solubility. Lithocholate s less soluble
than cholate, however its amino acid conjugates (taurine and glycine) increase the
solubility. There are a vanety of bile salts that make up the bile salt pool in
mammals. The most abundant bile salt being glycine-conjugated chol-ate.
Lithocholate makes up 2% of the pool. Bile salts are secreted in the small intestine
where unmodified and modified (sulphation by bacteria) bile salts are reabsorbed.
They return to the liver via the portal circulation, between 90-99% of bile salts being

retained for re-circulation. The amount of bile salts taken up by the liver from the

portal blood 1s a means of regulating bile synthesis (Strange, 1984;Hofmann, 1994a).

Bile salts initially secreted by hepatic cells are concentrated and stored in the
gallbladder. The cystic duct from the gallbladder joins the common duct before
entering the duodenum at the ampoule of Vater. The pancreatic duct and the
common duct join a short distance from the entrance to the duodenum. This part of
the common duct allows the transport of digestive secretions of the pancreas
containing digestive enzymes, to enter the duodenum (figure 1.5). The balance of
bile constituents 1s crucial; too much cholesterol or insufficient bile salts can lead to
the formation of cholesterol precipitates. Migration of clusters of these precipitates,
microcrystals, into the common duct can cause obstruction at the level of the

ampoule of Vater. The scenario descnibed above can lead to acute pancreatitis, and

1s termed “The common duct theory”, first described by Eugene Opie in 1901 (Opie,
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1901). This occurs where the blockage of the common duct at the ampoule of Vater
leads to reflux of the duct content into the pancreas resulting in bile penetration of

the pancreas. In support of this theory an investigation by Kohut and colleagues
examined the microcrystal density in bile from acute pancreatitis patients at different

times from disease onset. They found a higher density of microcrystals on the first

day after disease onset, with the density decreasing as the period between disease

onset and sample collection increased (Kohut et al., 2002). This suggests that the
microcrystals are causative rather than resultant of acute pancreatitis. Another study

performed on a group of patients suffering from acute pancreatitis also found an
Increase in microcrystals, both cholesterol and bilirubinate granules (Perez-Martin et

al., 1998). Bilirubin has been found to stimulate pancreatic amylase secretion, which
1s partially inhibited by PKC inhibition. This is a potential mechanism involved in

the induction of pancreatitis via bilirubin penetration of the intra-acinar space

(Hirohata et al., 2002).
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Gallbladder and liver

Common bile duct
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Penetration of bile into the pancreas via reflux caused by a

blockage at the Ampulla of Vater

Figure 1.5 The “common duct” theory of pancreatitis proposed by Opie, in
1901 This 1s a schematic demonstrating the situation proposed by Opie to
explain the development of acute pancreatitis. The common duct (green) is the

duct that links the gallbladder and liver to the duodenum at the Ampulla of
Vater. This also links the pancreatic duct to the duodenum. The migration of

microcrystals from the gallbladder down the common duct may cause blockage

in the ampulla of Vater. Reflux of bile salts released from the gallbladder into
the pancreas (red arrows) 1s proposed to trigger acute pancreatitis this is the

termed the “common duct theory .
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Bile salts and their effects on cellular calcium signalling

The effects of bile salts and cellular signalling have been studied in the hepatocytes
by a number of groups. In particular the role of bile in the regulation of its own

transport of bile across the cell and secretion for re-circulation has been considered
(Bouscarel et al., 1999). Taurolithocholic acid (TLC) was found to release calcium
from internal stores of hepatocytes but did not affect the IP; levels (Combettes et al.,
1988;Combettes et al., 1990). TLC-S has been found to initiate oscillations in
hepatocytes, which was again dependent upon internal calcium stores, not external
calcium, and was not affected by heparin an IP; receptor antagonist (Capiod et al.,
1991;Marrero et al., 1994). Anwer and colleagues found increases in response to
bile salts were dependent upon the presence of external calcium and that no increase
in response to TLC was seen 1n the absence of external calcium (Anwer et al., 1988).

The differences between this and other studies are explained by experimental

conditioﬁs depleting the internal store before TLC application.

Bile salts have also been shown to cause calcium fluxes in rat pancreatic acinar cells
by activating calcium uptake and efflux (Duan & Erlanson-Albertsson, 1988). These
studies looked at the effects of bile salts taurodeoxy-cholate (TDC) and

taurochenodeoycholate (TCDC) in mM concentrations. Voronina and colleagues
studied the effects of bile salts in pancreatic acinar cells. They found that TDC

caused increases 1n calcium at mM concentrations however the bile salt

taurolithocholic acid 3-sulphate induced a calcium increase at pM concentrations.

The increase to TLC-S was found to be oscillatory at 200uM gradually running

down 1n zero external calcium. Some responses exhibited a plateau phase that was
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dependent on external calcium. These responses to TLC-S in pancreatic acinar cells

were also suggested to be dependent upon on IP; receptors (Voronina et al., 2002a).

Pancreatitis and trypsinogen activation in acinar cells

Acute pancreatitis was first characterised in 1889 by Reginald Fitz (Fitz, 1889) and it

was proposed that an autodigestive process where the gland was consumed by its
own enzymatic content was responsible for the progression of pancreatitis (Chian,
1896). The pancreatic acinar cells’ primary function is to synthesize and secrete
digestive enzymes. The digestive enzymes are secreted as inactive precursors,
zymogens. They remain inactive until entry into the duodenum; activated
trypsinogen activates the other zymogens. The 1nappropriate activation of the
zymogens within the granules of pancreatic acinar cell is hypothesised to be the
cause of the cell damage associated with pancreatitis. This is further supported by
the observation that, some forms of hereditary pancreatitis are due to a mutation in
the trypsin gene which renders it resist-ant to inactivation (Whitcomb et al., 1996).
However the exact mechanism of the inappropriate activation is still the a matter of
debate. One theory to account for this intracellular activation of the zymogens, is the
“co-localisation hypothesis™. This theory dictates that the normal segregation of the
lysosomal enzymes and the digestive granule zymogens malfunctions, resulting in
the co-localisation of the lysosomal hydrolase cathepsin B with zymogens.
Cathepsin B can activate trypsinogen, which in turn can activate the other zymogens.
Studies concentrating on the co-localisation hypothesis have examined the ability of
Cathepsin B inhibitors to prevent the activation of trypsinogen. They used E64 a
cathepsin B inhibitor, in a secretagogue-induced in vivo model of pancreatitis. This

failed to prevent full inhibition of cathepsin B (Steer, 1999). However in an in vitro
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model of pancreatitis, using freshly isolated acinar cells and a highly cell permeant
cathepsin B inhibitor E64D, full inhibition was achieved, which in turn prevented
intracellular activation of pancreatitis (Saluja et al., 1997). Further work supporting
the co-localisation theory, found that lysosomal and digestive enzymes both localise

to the same cellular fraction in preparations where secretagogue-induced pancreatitis

was initiated and activation of trypsin activity was detected (Grady et al., 1996).

Involvement of External Calcium in Pancreatitis

Investigations using isolated pancreatic acinar cells as an in vitro model of
pancreatitis have found a requirement for external calcium in the intracellular
activation of trypsinogen. Activation of trypsinogen was not observed in the absence
of external calcium (Saluja et al., 1999), indicating a role for calcium influx in the
development of pancreatitis. It has been shown that in the presence of JMV-180
there 1s an inhibition of secretagogue-induced pancreatitis (Saluja et al., 1989). The
application of JMV-180 alone did not itself induce any trypsin activation. It is
known that JMV-180 acts at both sites on the CCK, receptor, the high and low
affinity, however it acts as an agonist at the high affinity site and an antagonist at the
low affinity site (Matozaki et al., 1990)(discussed earlier). These findings suggest
that the pathological calcium influx induction is via occupancy of the low affinity
site of the CCK receptor. Other studies have also shown an involvement of calcium
influx in the development of pancreatitis. Raraty and colleagues found that sustained
elevation of calcium induced by either supramaximal secretagogue or thapsigargin

(A SERCA pump inhibitor), induced the formation of vacuoles and trypsin
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activation. This activation was prevented by the presence of BAPTA, a fast high

affinity calcium chelator (Raraty et al., 1999) (Raraty et al., 2000).

Other studies have also found that an increase in calcium is required for intracellular
activation of trypsinogen. Kriiger and colleagues found that a sustain elevation in the
apical region was required. The duration of the increase was required to be greater
than 100s. Oscillations or spikes of a greater intensity of calcium increase were
ineffective activators of intracellular trypsin if the elevation was less than 100s in
duration. They also report that ionomycin and cyclopiazonic acid (CPA) (SERCA
pump inhibitor) did not induce trypsinogen activation, their explanation being that
there 1s a required localisation of the calcium increase (Kruger et al., 2000).
However this is in disagreement with Raraty and colleagues findings that
thapsigargin did induce activation of intracellular trypsinogen measured
simultaneously with BZiPAR (fluorescence trypsin substrate) and calcium (Fura-2).
Calcium measurements made in this study were taken from the whole cell and
question the Opinioq, that SERCA pump inhibition does not cause a calcium release
not experienced in the apical region. It has also been shown by Frick and colleagues
that both high calcium and supramaximal secretagogue stimulation was required to

induce an increase in trypsinogen activation in isolated cells (Frick et al., 1997).

Hypercalcaemia in rats has been found to lower the threshold of caerulein
concentration required to induce the development of pancreatitis, by the process of

intrapancreatic infusion (Zhou et al., 1996). An explanation for this is that high
levels of extracellular calcium may hinder calcium extrusion, preventing the

restoration of normal intracellular calcium levels. The same study showed the use of
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a calcium channel blocker verapamil was protective against the development of
pancreatitis in rats, though the absence of voltage-gated calcium channels on these
cells makes this finding difficult to explain. However the results have been repeated
in isolated acinar cells and isolated perfused pancreas suggesting that this 1s not due
to actions of the blocker on blood flow or other physiological components potentially
mediated in the in vivo model. The role of calcium influx in the pathogenesis of
acute pancreatitis 1s supported by clinical evidence that hypercalcaemia can lead to
pancreatitis. The calcium mobilisation in acinar cells in response to physiological
concentrations of agonists is reported to be mainly a result of release from
intracellular stores. However supra-physiological concentrations of secretagogues

cause calcium influx in addition to release from internal stores (Yule et al., 1991),

again implicating calcium influx in the development of pancreatitis.

Examination of the calcium homeostasis in cells during the early development of
pancreatitis was achieved by using an in vivo model that involved administration of

hourly injections of cacrulein. Cells were 1solated from the pancreas after a different

number of injections. It was found that abnormal calcium responses in acinar cells,
to application of agonfsts post isolation, increased with increasing number of
injections in comparison to saline injected controls (Ward et al, 1996). The
disruption of calcium signals occurred in a spatial as well as temporal manner. The
absence of oscillatory responses or any responses in some cases and the change of
point of origin, (which would normally localise to the secretory pole region) to the
basalateral region are indications of interference of calcium signalling. However the

ER calcium content was unaffected. Comparable amounts of calcium were released

after inhibition of the SECRA pumps from both treated and control cells. Other
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studies have also reported impairment of calcium homeostasis where levels of

cytosolic calcium increase with prolonged pancreatic duct obstruction (Urunuela et

al., 2002).

The disruption of calcium homeostasis in cells, which have been subjected to
conditions such as those experienced during the induction of pancreatitis, shows the
potential for a calcium-mediated mechanism of inappropriate enzyme activation.
Disruption of normal secretion of enzymes after supramaximal stimulation has been
observed. Apical exocytosis of zymogen granular content appears to be blocked and
aberrant exocytotic events occur at the basal lateral membranes (Scheele et al.,
1987;Gaisano et al., 2001). Gaisano and colleagues have studied the localisation of
proteins involved in exocytosis in the pancreatic acinar cells. They found that the
non-neuronal SNAP-25 1soform, SNAP-23, is localised predominately to the basal
lateral membranes 1n the pancreatic acinar which co localises with syntaxin-4.
Syntaxin-2 is found at the apical membrane where the physiological secretion occurs
and syntaxin-3 is found on the granular membranes (Gaisano et al., 1997). Muncl8
also known as nSEC-1, has been described to prevent SNARE complex formation by
binding to syntaxin. The phosphorylation of munl8 by PKC causes the
disassociation of muncl8 from syntaxin and removal of its inhibitor effect (Rizo &
Sudhof, 2002). Muncl8 localises to the basal lateral membranes in non-stimulated
pancreatic acinar cells. Stimulation by physiological concentrations of CCK does
not effect muncl8’s cellular distnbution. However stimulation with
supraphysiological concentration of CCK-8 caused a redistribution of muncl8 in

pancreatic acinar cells to a cytosolic location, which was dependent upon PKC

activation. The presence of munc18 at the basal lateral membranes is suggested to be
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a protective‘ role preventing exocytosis at this site. Activation of PKC by
supraphysiological concentrations of CCK results in the removal of munc18 from the

basal lateral membranes. This in conjunction with high cytosolic calcium across the

cell allows exocytosis to occur abnormally at the basal lateral membranes (Gaisano

et al., 2001).

-_—

Inflammation and the involvement of transcription factor NFxB in the

development of pancreatitis.

Inflammation is another factor involved in the development of pancreatitis. Acinar

cell damage leads to a local inflammatory response. The role of inflammatory

mediators in pancreatitis have been extensively studied using inhibitors, neutralising

antibodies and genetic approaches (review 1n Bhatia et al, 2000). However

experiments with applications of TNFa and I1-1B on both isolated acinar cells and
perfused isolated pancreas show no co-localisation of granules and lysosomes and no
activation of trypsin. This implies that the inflammatory mediators are a symptom of
pancreatitis development owing to cell damage not causative of the pancreas damage
(Norman, 1998). Cellular regulation of these inflammatory regulators involves the

transcription factor NFxB. Activation of the transcription factor NFkB has been

observed in secretagogue-induced pancreatitis models (Steinle et al., 1999).

NFxB a transcription factor

The following is a brief description of the NFkB activation pathway. Further details

are review in (Ghosh & Karin, 2002;Silverman & Maniatis, 2001;Schmid & Adler,
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2000). The transcription factor NFxkB represents a family of transcription factors
made up of 5 members to date: Rel (c-Rel), p65 (RelA), RelB, NF-kB1 (p50 and its
precursor p105) and NF-xB2 (p52 and its precursor p100). The functional unit exists

as either homo or heterodimers; most dimers are transcriptionally active, the
exception being p50/p52 or p50 and p52 homodimers, which repress transcription of
the target genes. The precursors of p50 and p52, p10S and p100 respectively, have
also been shown to participate and form dimers with other members of the family.

Dimers 1nvolving these subunits (p105 and p100) are however not transcriptionally

active. The transcriptionally active protein binds to kB sites within the DNA. The
kB site 1s a consensus sequence, which is 10base pairs in length; there is diversity
within the kB sequences of different promoters. The varieties of dimers have
different affinities for the kB sites. The complexity of the genes and promoters
regulated by NFkB/Rel proteins 1s immense. There are so far few identified subsets
of genes or genes that are preferentially regulated by one combination of NFxB

proteins. The ability of different NFkB combinations to bind the same sequence

produces overlap in their spectrum of genes. The NFxB/Rel proteins can also
interact with other transcription factors and repressors to add another layer of control.
Phosphorylation of the NFxB/Rel proteins are thought to be involved these

interactions.

In unstimulated cells the NFkB/Rel proteins are inhibited and anchored in the
cytoplasm by inhibitor proteins, IkBs. The inhibitors consist of IkBa, IkBf3, IkBy
and IxBe. They possess an ankyrin repeat in the C terminus. This domain mediates

the interaction with the NFkB/Rel proteins masking the nuclear localisation signal
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causing their retention in the cytoplasm. The most widely studied IkB 1s IkBa,

serine phosphorylation of the IxkBa protein in response to stimuli, results in

ubiquitination and eventual degradation by the 26S proteasome pathway.

Degradation of the IkBa reveals the nuclear localisation signal on the NFxB/Rel

protein. This allows NFxB translocation to the nucleus.

The activation of NFxB is transient. This is due to NFxB mediated transcription of

the gene that encodes for IkBa. NFxB controls the production of its own inhibitor.

The newly synthesised IkBa translocates to the nucleus and binds to the NFxB

protein hiding the nuclear localisation signal. The complex 1s subsequently removed

from the nucleus back into the cytoplasm.

The IKKa and IKKp are two of the kinases identified which phosphorylate the IxkB

proteins. It has been suggested that these kinases are themselves phosphorylated; the

MAP kinase cascade has been implicated in the activation of the IKKs and
subsequently NFkB. Tyrosine kinase activity has also been associated with NFxB
activation not only in the upstream activation of the MAP kinase pathways but direct
tyrosine phosphorylation of the IkB proteins. This tyrosine phosphorylation, unlike
serine phosphorylation, does not cause degradation of the protein but does induce
IxB proteins to disassociate from the NFkB/Rel protein (Imbert ef al., 1996). NFkB

induction due to tyrosine phosphorylation associated with cytoskeleton disruption in
pancreatic lobules has been suggested (Algul et al., 2002). This was not the only

pathway of NFxB activation reported in the pancreas.
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Activation of NFkB has been linked to the onset of pancreatitis. CCK or its

analogue caerulein have been shown in numerous studies to activate NFxB (Han &
Logsdon, 2000;Tando et al, 1999;Han & Logsdon, 1999;Steinle et al,

1999;Gukovsky et al., 1998). The activation is rapid, detectable within 15mins of
stimulation and disappears at ~6hrs. The activation and inactivation of NFxB

correlate well with the degradation and subsequent resynthesis of the IxkBa inhibitor

protein (Steinle et al., 1999). In two studies the blockade of NFxB activation with

inhibitors, which act through their antioxidant properties, attenuate the symptoms of

the hormone induced pancreatitis (Gukovsky et al., 1998;Demols et al., 2000) and 1n
another exacerbate the symptoms (Steinle et al., 1999). An in vivo study, which

involves the intrapancreatic injection of an adenovirus expressing an active NFxB
subunit, p65 (RelA), induced activation of NFkB 1n a population of the acinar cells.
The activation of NFxB was measured by monitoring abundance of a mob-I mRNA,

a gene whose transcription is under the control of NFxB. Cellular damage, such as
vacuole formation and swelling of the pancreatic tissue, both associated with
pancreatitis, were induced upon expression of the p65 subunit. Further to this,
inflammation was detected in the lungs of animals injected with the adenovirus; this
is consistent with systemic complications observed with pancreatitis (Chen et al.,
2002). Trypsin activation was unaffected by the adenoviral mediated expression of
p65. This is in agreement with a study indicating that CCK activates trypsinogen and

NFxB by independent pathways (Han et al., 2001).

NFxB activation is also thought to be involved in bile salt, taurocholate-induced

pancreatitis (Vaquero et al., 2001;Satoh et al., 1999). The inhibition of NFxB

activation by an inhibitor pyrrolidine dithiocarbamate (PDTC), an antioxidant,
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improved the survival rates of rats that underwent experimental taurocholate-induced

pancreatitis (Satoh et al., 1999). The stimulation of chemokine gene expression has

also been shown as a result of bile treatment (Grady et al., 1997). Interestingly bile

acids have been implicated in the regulation of RANTES (a chemokine) transcription

via NFxB binding sequence in the RANTES promoter region (Hirano et al., 2001).

The pathways found to mediate the CCK-induced NFkB activation in the pancreatic
acinar cell are PKC and calcium dependent (Tando et al., 1999;Han & Logsdon,

2000). Treatment with Ca®" chelators TMB-8 and BAPTA both inhibit NFkB/Rel

activation by inhibition of IxB degradation in response to CCK (Tando et al.,
1999;Han & Logsdon, 2000). Treatment with PKC inhibitors GF109203X could also

block transcription of an NFxB dependent gene (Han & Logsdon, 2000). Agonist
activation of NFkB has only been detected at high supraphysiological concentrations

of agonists. Physiological concentrations of agonists are unable to activate NFxB
(Tando et al., 1999;Han & Logsdon, 2000). Interestingly CCK analogue JMV-180
was unable to induce pancreatitis (Saluja et al.,, 1989) Bombesin also does not
promote the development of pancreatitis or activate NFkB (Grady et al., 1997;Han &

Logsdon, 1999) (Powers et al., 1993). This could be linked to the degree of PKC
activation through DAG production; bombesin stimulation has been shown to

produce very little DAG (Pandol & Schoeffield, 1986). It was found that calcium
increase and PKC activation synergistically lead to the activation of NFkB (Han &

Logsdon, 2000;Tando et al., 1999). The activation of PKC alone by phorbol ester

treatment slightly decreased the levels of IxkB proteins whereas 1onomycin alone had

no effect. In combination ionomycin and phorbol ester treatment activated IkB

degradation to a similar extent to that seen with CCK (Han & Logsdon, 2000).
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Activation of p38 MAP kinase has also been linked to cytokine upregulation in the

pancreas and pancreatitis development (Blinman et al., 2000;Wagner et al., 1999).

Inhibition of p38 MAP kinase by SB 204580 reduced the degree of cytokine
activation (Blinman et al., 2000). A role for p38 MAP kinase activation has been

descnibed 1n CCK-induced cytoskeleton reorganisation in the pancreatic acinar cell at

physiological concentrations of agonists (Schafer et al., 1998).
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Aims

The aims of my studies were, firstly to investigate the effects of secretagogues
CCK and ACh on calcium efflux. Efflux, mediated by calcium pumps of the
plasma membrane, 1s an important mechanism in protecting the cells from unwanted
sustained calcium elevations. The investigation of the effects of secretagogues on

efflux mechanism 1s addressed in chapter 3. The regulation of efflux mechanisms by
secretagogues creates an interesting situation of additional modulation by the
secretagogue on the calcium signal, induced be these very secretagogues. We found
an activation of efflux by ACh and CCK. This effect was further characterised and
the signal transduction pathway involved was investigated. The protocol of an
elevated calcium plateau was used to investigate this function of the secretagogues
stimulation. The extra advantage of this protocol was that it emulated the conditions

of elevated cytosolic calcium, postulated by Raraty and colleagues to be involved in

the development of pancreatitis (Raraty et al., 2000).

The 1nitial trigger of pancreatitis is still a matter of some debate. However the
influence of bile salts on the disease is of interest, especially in light of the
association of gallstones or crystals with the incidence of pancreatitis. The effects of
bile salts on calcium signals in the hepatocytes has been described, but information
on bile acids and calcium signalling in the pancreas is only just emerging (Voronina

et al., 2002a). The description of the influence of a bile salt, taurolithocholic acid

3-sulfate on cytosolic calcium was the second aim of my work (results discussed
In chapter 4). Particular emphasis of this part of the project was on TLC-S effects on

sustained calcium plateau. The long-term goal of this component would be to reveal
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possible influence of bile acids on the development of pancreatitis and the

mechanism of its action.

The transcription factor NFkB was reported to play an important role in the

development of pancreatitis. I aimed to develop a method, which would enable the

measurement of NFxB activation in single cells and to apply this method to study

calcium-dependent activation of NFkB in pancreatic acinar cells (results reported in
chapter 5). These experiments utilised GFP conjugated proteins of the p65 subunit

of the NFxB dimer, to measure activation through localisation of the

transcriptionally active unit, and a GFP conjugated IxBa protein to measure the

abundance of IxBa inhibitor protein.
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Materials and Methods
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2.1 Preparation of isolated Pancreatic acinar cells

Adult, Male CD1 mice (approximately 30grms) were killed by stunning by a blow to

the head followed by cervical dislocation. A left transverse subcostal incision was

made exposing the spleen and stomach. The pancreas can be found under the spleen,

and was excised and placed in a dish containing standard extracellular solution,
trimmed free of fat. Collagenase (Worthington, 200units/ml in 1ml of standard
extracellular solution 1mM Ca*") pre-warmed to 37°C was injected into the lobes of
the pancreas until tissue was flooded. The tissue and excess collagenase solution
were transferred to a 1.5ml ependorf and incubated in a shaking water bath at 37°C
for a period 10-18mins.

After incubation the tissue was removed from the collagenase solution and placed in
a 15ml tube containing standard extracellular solution. Vigorous shaking disrupted
the tissue, the solution containing the smaller clusters and single cells was removed
from the upper portion and the fluid partially replaced with standard extracellular
solution. After this was repeated several times the remaining tissue was d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>