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1

SUMMARY

A nethod was developed which allows the rapid, reproducible

measurement of the hydrolysis of inositol phospho'lipid in mouse

exocrine pancreas. The technique involves the in uiuolabelling

of pancreati c ti ssue wi th rnao -(2-3 H) i nos'i to] and does not requi re

the time-consum'ing extraction and chromatographic separation of
'l'ip'ids which has been necessary in the majority of assays of

phos phoi nos i ti de turnover.

The measurement of the release of myo-(2-3H) inositol-labelled

products from inositol phospholìpid provides a direct assay of

phosphoinosi t'ide breakdown and not of a combinati on of hydro'lysis

and resynthesis, since the (3H)-inositol released is not re-

incorporated into inositol phospholipid. In addition, the increase

in (3H)-'inos'itol released is not due to agonist-act'ivat'ion of the

phosphatidyìinositol : rn7o-inositol exchange enzyme which would

cause a complication in measuring lipid breakdown due to an increase

in exchange of inositol between lip'id-bound and free states.

Since the method measures the ('tt)-inositol-label'led products of

phosphoinositide breakdown the vaìidity of the method does not

depend on whether the I i pi d hydro'lysed i s phosphati dy'l i nosi to'l ,

phosphatidyl inositol-4 phosphate or phosphatidylinositol-4,5

bi sphosphate.

This assay facilitates the study of inositol phospholipid hydrolysis.

In particular, an improved examination of the dose-dependent

(vi i )



2

(vìii)

relationship between'lipid hydro'lys'is and pancreatìc function is

poss i b'le .

The agonist-stimulated breakdown of inositol phospholipid was found

to be closeìy linked to receptor activation. This lipid response

is not dependent on the agon'ist-activated influx of Na+ and does

not requ'ire an intact cytoske'leta'l network or protein synthes'is.

A dependency of the agonist-stimulated lipid breakdown on ATp was

identified, which supported the proposal that phosphatidy'linositol-

4,5 bisphosphate and not phosphat'idyìinositol may be the initial
lìpid hydro'lysed folìowing receptor activation.

The agonìst-stimulated breakdown of inositol phospholipid ìs not

Ca2+-dependent since 'it occurs in the absence of extracellular Ca2+

and does not require the release of Ca2+ from intracellular stores.

Inositol lipid breakdown is not activated by ca2+ since an increase

in intracellular ca2+ with ionophore A23r87 does not stimulate the

tipid response.

The presence of Ca2+ in the extracelìular medium potentiates inositol

phospho'lipid hydroìysis. This potentiation ìs not due to the

movement of Ca2+ through the plasma membrane since neomycin, an

agent which blocks Ca2+ influx, does not alter the potentiation

effect.

Two sites of potentiation by Ca2+ of inositol ìipid hydrolysis have

been identified on the external surface of the pancreat'ic cell

membrane. One site is associated with potentiation of unstimulated

3

4

5
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(ix)

inositol lipid hydrolysis. This site is lanthanum insensitive

but manganese can replace Ca2+ at this site. The second site is
associated with potentiation of agonist-stimulated inositol ìipid

hydroìys'is. Lanthanum and manganese compete with Ca2+ at this

site to remove the potentiation effect.

Results show that at h'igh concentrations of agonists the degree of

inositol phospholipid hydrolys'is correlates with the degree of

inhibition of amylase secretion. Since this effect on secretion

is due to Ca2+ the result suggests that inositol lipid breakdown

and the increase in intracellular Ca2+ are correlated.

At low concentrations of agonists, when amyìase secretion is

stimulated, the degree of inositol 'lipid hydrolysis is very small

but may be sufficient to cause release of Ca2+ from intracelìular

s tores .

In conclusion, the results of the study support the proposal that

agonist activation of inositol phosphoìipid hydrolysis may control

the mobilization of Ca2+ in the exocrine pancreas.

7
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CHAPTER 1

I NTRODU CT I ON



i1.1 : INTRODUCTI0N

The binding of hormones and neurotransmitters to their

receptors on the external surface of the plasma membrane is coup'led

to the physiological response in many cells by an increase in the

cytosolic calcium concentration. Agonists can stimulate an increase

in intracellular calcium by mobilizing calcium from cellular stores

and by increasing the permeability of the pìasma membrane to calcium.

The mechanism which links receptor activation to an increase in this

intracellular second messenger is not known.

A common event associated w'ith the stimulation of receptors which

activate an increase in intracellular calcium content is an alteration

i n the metabol i sm of i nosi tol phosphol i pi ds of cel I membranes . Hoki n

and Hokin (1953) were the first to report an acetycholine-stimulated

increase in the incorporation of (32p)-inorganic phosphate ((32P)-pi)

i nto tota'l phosphol i pi d i n pì geon pancreas sl i ces. Subsequent'ly,

phosphatidylinosito'l (PtdIns) was identified as the major phospholipid

to be synthesized in response to agonist-stimulation in the exocrine

pancreas (Hokin and Hokin, 1955). Michell (1975) proposed that the

agonist-stimulated breakdown of Ptdlns uras an early event in cell

activation leading to an increase in intracelluìar calcium concentration.

Michell's proposal gained support from studies in various tissues

showing that the agonist-stimulated breakdown of this phosphoìipid

is a calcìum-dependent event (Jones and Michell , L}TS; Berridge and

Fain, 1979; Billah and Michell , 7979). An essentiaì argument

,:f

À.
¡¡
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i n support of PtdIns hydro'lysi s precedi ng cal ci um-gati ng

rather than occurring as a result of calcium entering the cytoso'l

is that Ptdlns breakdown is not dependent on an increase in

intracell.ular cal cium concentr:ation. However, the caìcium

dependence of the Ptdlns response has been the subject of question

since studies on neutrophi'ls (cockroft et. al., 1980) and platelets

(Bell and Majerus, 1980) demonstrated stimulation of PtdIns break-

down by calcium ionophores.

Michell's initial proposaì has been recently modified to suggest

that the hydrolysis of phosphatidylinositol-4,5 bisphosphate

(PtdIns-4,sPr) may be the primary event in the alteratiòn of inositol

lipid metabolism mediated by receptor activation and that the decrease

in Ptdlns is due to its phosphorylation to refìll the Ptdlns-4,5P,

pool, ratheÈ than its hydrolysis.

There is now increasing evidence showing that the cellular content

of the phosphorylated deriVatives of PtdIns, PtdIns-4,5P2 and

phosphatidylinositol-4 phosphate (PtdIns-4P) decrease more rapidly

that Ptdlns in response to agonists which cause an increase in the

intracellular concentration of calcium (Kirk et. al., 1981; l^leiss

et. al . , 1982; Bi I I ah and Lapeti na, 1982) . More recent studi es

showing the receptor activated formation of inositol-1,4,5-tris-
phosphate and inosi tol- 1,4-bisphosphate (Berridge et._.al .,. 1983;

Berridge, 1983) support the proposaì that PtdIns-4,5P2 may be the

initial inositol lipid hydrolysed. The mechanism by which the binding

of agonists to their receptors activates the hydrolysis of inositol

phospholipid is unknown and until very recently, the functional

I

À^

I
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t,

,
i

:
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h-significance of this lipid response has also been unclear. Studies

reported over the last twelve rncnths, however, have provided

evidence to support a link between phosphoinositide hydrolysis and

mobilization of intracellular calcium (Streb et. al., 1983; Burgess

et. al., 1984; Prentki et. al., 1984; Joseph et. al., 1984).

At the time at which this study began, February 1980, most

studies of phosphoinositide metaboìism were concerned with PtdIns,

with very few studies on the polyphosphoinositides, PtdIns-4,5P2 and

PtdIns-4P. These early studies on the poìyphosphoinositides showed

ä calcium-dependent breakdown of PtdIns-4,5P2 in rabbit iris smooth

muscle (Akhtar and Abdel-Latif, I97B; 1980) in human erythrocytes

(Allan and Michell, 1978) and in synaptosomes (Griffin and Hawthorne,

le78).

Interest in the polyphospho'inositides then waned for a number

of years, and research concentrated on Ptdlns. The majority of

studies on Ptdlns metabolism examined the synthesis of Ptdlns by

measuring the incorporation of radioactive precursor into PtdIns

rather than the initial event of breakdown. Although the breakdown

and synthesis of Ptdlns do form part of a cycle of reactions causing

phosphoinositide turnover, it was becoming clear at this time that

resynthesis measurements do not provide a satisfactory indication of

inositol lipid breakdown. Some agents, incìuding calcium, can alter

the synthesis of Ptdlns (Berridge and Fain, 1979) but not its break-

down (Berridge and Fain, 1979; Jones and Michell, L976). In addition,

a stimulation of the de nouo synthesis of Ptdlns (Hokin and Hokin,

1958 a; Allan and MichelI, 79751 Calderon et. ôl., 1979,1980;

I
!'

+,

I
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Chapman et. al., 1983), would result in an increase in the

incorporation of precursor into Ptdlns and not be due to an increase

in the breakdown of Ptdlns. Therefore, it was necessary to develop

a method to measure hydro'lysis directly and not measure a synthesis

step.

In the present study, the exocrine pancreas was chosen to

investigate the role of inositol phospholipid hydrolysis in

control'ling the intracellular calcium concentration, since an increase

in calcium is a critical step in the sequence of events linking

receptor activat'ion by a number of secretagogues to exocytosis. The

influx of calcium through the p'lasma membrane to the cytosol is a

voltage-independent mechanism since depoìarization of the acinar cell

membrane does not stimulate secretion (Pou'lsen and t,Jilìiams, 1977) and

so the permeability properties of the plasma membrane must therefore

be controlled by some mechanism other than a change in membrane

potential. Inositol phospholipid breakdown was investigated as one

such possibl e mechanism.

Exocrine gland cells being electricaì1y inexcitable allow

the study of the biochemical reactions and ionic movements linking

receptor occupation with the final cell response without the

compìication of potential-dependent events occurring. Mouse exocrine

pancreas also provided sufficient tissue for biochemical assays and

the physiologica'l cell response of release of secretory product can

be easily assayed by measuring ar4ylase secretion.

¡
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The aim of this study was to investigate the agonist-stimulated

hydrolysis of inositol phospholipid in mouse exocrine pancreas in

an attempt to identify the critica'l link between receptor activation

and the increase in intracellular calcium. The specific aims were:

To develop a technique for measuring the hydrolysis

of inositol phospholipid in mouse exocrine pancreas,

which unlike the majority of methods available at

the time eliminates the time-consuming requirement

to extract and chromatographica'l1y separate the

phosphoìip'ids for each experiment and allowed the

processing of a larger number of.sampìes in each

experiment. This would reduce variance and also

enable an improved examination of the dose-dependent

relationship between inositol lipid hydroìysis and

pancreati c secretion.

To examine how cìose1y inosito'l phosphoìipid hydrolysis

is linked to receptor occupation by investigating

whether these events are directly or indirectìy coup'led.

These experiments aimed to examine whether an agonist-

stimulated influx of Na+ medÍated the lipid response;

whether an intact cytoske'letal network was required;

whether the synthesis of a protein linked the two events

or if there was a requirement for adenosine triphosphate.

In addition, the question of whether activation of

different receptors causes the breakdown of inositol

phospholipid by a common mechanism was aìso to be

ionsi dered.

I
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3. To study the roìe of extracellular calcium and

calcium stored intracelìularly on the agonist-

stimulated hydrolysis of inositol phosphìipid in

order to examine if the lipid breakdown may precede

an increase in the cytosolic calcium concentration.

To investigate the dose-dependent relationship

between agonist-stjmulated breakdown of inositol

phospholipid and the calcium-mediated stimulation

and inhibition of amylase secretion in an attempt to

identify the relationship between'lipid breakdown and

cal ci um mobi I i zat'ion.

The following chapter reviews the literature concerning pancreatic

exocrine function. The general structure and function of the

pancreas is discussed in addition to a description of the secretagogue-

stimulated events that occur in the acinar cell. Since the role of

inositol phospholipid hydro'lysis in celì function may be to control

the cytosolic caìcium content, the emphasis of the literature review

will be on calcium-mediated events. The stimulated movements of

calcium which occur and the site(s) from which calcium is released

will be discussed, followed by a review of the possible involvement

of inositol phospho'lipid in stimulus-response coupìing, particuìarly

in the pancreas. However, those studies in other tissues which have

provided additional information regard'ing activation of metabolism

of inositol phospholipids w'iì1 also be discussed.

4
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CHAPTER 2

LITERATURI RIVIEl^l
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2.L : PANCREATIC STRUCTURE AND FUNCTION

The pancreas consists of exocrine and endocrine tissue. The

exocrine portion is comprised of acinar cells which release secretory

products into the lumen. The intercalated ducts also form part of

the exocrine tissue and penetrate into the lumen of the acini, this

intra-acinar portion of the duct 'is composed of centro-acinar cells.

The intercalated ducts converge into a singìe pancreatic duct which

joins the bile duct from the liver before entering the duodenum.

A small proportion, less than 5% of the total pano"eatic tissue in

rat (Kempen et. al., 1977) and guinea-pig (Bolender, 1974) is

endocrine tissue, which'is dispersed through the exocrine pancreas

as small groups of cells, the islets of Langerhans. These endocrine

cells secrete hormones, for example, insulin, glucagon, somatostatin

and pancreatic polypeptide.

The pancreatic acinar cell is a pyramidal-shaped cell which is

highìy polarized. The basolateral membrane is the site of action

of neurotransmitters and blood-borne hormones and is ìikely to be the

site of the receptors for these agonists. Williams et. al. (1982 a)

demonstrated that radioiodinated cholecystokinin binds to specific

receptors on the basolateral surface of the pancreatic acinar cells.

The morphology of the pancreatic acinar cell has been described from

transmission-electron-microscope studies in many species including

guinea-pig (Paìade and Siekevitz, 1956; Caro and Palade, 1964;
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Jamieson and Palade, 1967 a, b); mouse (Sjöstrand and Hanzon,

1954 a, b); rat (Ekhotm et. al., !962; Bieger et. al., 1916) and

man (Ekholm and Edlund, 1959; Blackburn and vinijchaikul, 1969).

The basal region of the cytoplasm is dense with ribosomes most

of which are attached to the outer surface of the flat cisternae

of the rough-surfaced endop'lasmic reticulum. The nucleus occupies a

central or basal location and is surrounded by the rough endoplasmic

reticulum. The Golgi comp'lex, localised towards the centre of the

cells, is large and elaborate. The apical cytoplasm contains large,

spheri cal membrane-bound granu'les : the zymogen granu'les. The I ateral

and basal pìasma membranes of the ac'inar cell are relativeìy straight

whereas the apicaì plasma membrane has numerous microvilli which

protrude into the acinar lumen. Adjacent pancreatic acinar cells are

connected by junctionaì complexes, one of the functions being to

provide a semi-permeabìe barrier between the acinar lumen and the

intercellular space. Gap junctions are regions of low resistance in

the lateral membranes ioining adjacent acinar celìs through which small

molecules and ions move, thereby allowing eìectrical coupì'ing between

cel I s ( Petersen and Ueda , 1976 a) .

The protein molecules constituting the tight junction fibres

appear to maintain their integrity by their associations with extra-

cellular calcium. Meldolesi (1976) reported that after a l0 min

incubation of pancreatic tissue in a ca2+ -free Krebs solution

containing 0.5m14 EGTA, the structure of the tight junctions as

examined by freeze-fracture technique became disrupted. The junctional

fibres were spread along the lateral regions of the plasmalenma rather
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than being ordered and localized around the secretory ìumen. Extra-

ceìlular calcium therefore appears to be important in maintaining

the permeability barrier at the site of the tight junctions between

aci nar cel ls.

Pancreatic exocrine secret'ion comprises both protein and

electrolyte secretions. The protein secretion is released so'lely

from the acinar cells which synthesize over twenty digestive enzymes

(case, 1978), most of which are pro-enzymes (clemente et. al., rgTz).

Extensive studies of the synthesis, storage and intracellular transport

of enzymes have been described by Siekevitz and Palade (1960); palade

et. aì. (tgAZ); Caro and Palade (196a); Redman et. al. (1966);

Jamieson and Palade (1967 a, b) and reviewd by Jamieson (1972) and

Case ( 1978) .

The ribosomes attached to the endopìasmic reticulum membranes

are the site of synthesis of the enzymes which, once formed are

released within the lumen of the rough endoplasmic reticulum cisternae

and then transported throughout the cell to the Golgi compìex, where

sugar residues of glycoproteins are attached to the peptide backbone

and condensing vacuoles form. A progressive aggregation of protein

occurs within the condensing vacuo'les which undergo a process of

organization to form zymogen granules. The conversion of condensing

vacuoles into zymogen granules does not require energy (Jamieson and

Palade, l97l a) or continued protein synthesis (Jamieson and paìade,

1e68 ).
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The transport of protein from the rough endoplasmic reticulum to

the Golgi cisternae is not fully understood. suggestions of

possible mechanisms have been reviewed by Case (1979), which include

transport of vesicles formed from protrusions of the rough endoplasmic

reticulum to the Golg'i cisternae where fusion occurs or transport via

tubular connections between endop'lasmic reticulum and Golgi.

The zymogen granuìes formed accumulate in the apex of the acinar

ce1'1, the discharge of these secretory products occurs by exocytosis

which involves the fusion of the zymogen granule membrane with the

apjcal portion of the plasma membrane, followed by the opening at

the point of fus'ion. Although the exact mechanism of zymogen

granu'le migration is not clear a role for microtubules and micro-

filaments has been suggested (Bauduin et. al., r97s; Seyboìd et. al.,
1975; l,'lilliams and Lee, L976). since these organeìles are composed

of contractile proteins it is poss'ible that they may provide a

contractile mechanism for the movement of zymogen granules within

the cel I .

Microtubules were found primari]y in the apical portion of the

pancreatic acinar cell and in association with the Goìgi region

(l^lilliams and Lee, r976). colchicine and vinblastine cause the

disruption of microtubules by binding to the tubulin subunits

(Margulis, 1973). These agents, under conditions that reduced or

abolished microtubules, also inhibited the release of agonist-stimulated

amyìase secretion in pancreas from mouse (williams and Lee, 1916) and

rat (Seyboìd et. al., 1975). seyboìd et. al.. (1975) suggested that

the antisecretory action of antimicrotubular agents may inhibit the

transport of newly synthesized proteins. However, the intracellular
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transport of exportable proteins from the endoplasmic reticulum

toward the Golgi was not stimulated by physiological stimuli

(Jamieson and Palade , IglI b). Since antimici"otubular agents on]y

affected the agonist-stimulated release of protein and not the

spontaneous release (williams and Lee, L976) it is possible that the

action of these agents is to inhibit the migration of zymogen

granules and perhaps also release into the lumen.

l4icrofilaments are predominantly found con.stitutìng the termjnal

web ]ying beneath the apjcaì p]asma membrane and extend into

the microvilli (Bauduín et. al., L975; Seybold et. al., I}TS).

Cytochalasin B disrupts this microfilament web and causes disappearance

of microvilli in pancreatic acinar cells (Bauduin et. al., LglS

Stock et. al . , 1978). In the presence of this agent, the zymogen

granules situated close to the acinar lumen were found not to fuse

w'ith the apicaì cell membrane, and stimulated secretion was inhibited

(Stock et. al., 1978), suggesting a role of microfilaments in exocytosis.

Although there is a correlation between disruption of mjcrotubule,

microfilament structure and protein secretion the agents used

do have other non-specific effects. Colchicine and vinblastine reduced

amino-acid entry and intracellular transport in rat pancreas (Seybold

et. al., 1975) and cytochalasin B inhibited monosaccharide transport

in pancreas at concentrations lower than required to alter microfilaments

(Bauduin et. al. , 1975).

The proportion of any particular enzyme synthesized depends on

diet. Grossman et. al. (1943) first reported that the synthesis of
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trypsin and amylase was increased in rats fed a high carbohydrate

diet whereas an 'increased trypsin and l'ipase synthesis occurned in

those fed a high protein diet. These results have been supported

and extended by other studies (Howard and Yudkin, 1968; Snook,

l97L; Robberecht et. al ., 1971). The mechanism by which diet

brings about alterations in enzyme synthesis is unknown.

The s'ing]e secretory pathway of exocytosis would require that the

release of protein occurs concomittantly and in constant proport'ions

in each pancreatic acinar cell - there is no selective protein

secretion. This idea of para'lì el secret'ion was supported by the

results ofScheele and Palade (1975) showing that the secretagogue-

stimulated release of seven proteins from guinea-pig pancreas was

in constant proportions at each time point up to two hours after

stimulation and that the proportions of these proteins found in

the tissue at the end of the experiment were identical to those

d'ischarged i nto the medi um. A para'll eì d'ischarge of enzymes i n

guìnea-pìg pancreas was confirmed by Tartakoff et. al. (1975) and

in isolated rabbit pancreas by Steer and Glazer (1976).

The possìbiìity of an additional, alternative discharge mechanism

v',as suggested by Rothman (1975). This equilibrium model suggests

that the secretory enzymes are not confined within an intraceìlular

organelle but can move across cellular membranes and through the

cytoplasmic spaces and are in equilibrium with various comparùments

of the cell. This would allow for non-paraìlel discharge of

secretory proteins, that is, the transport out of the cell of

different enzyme species at variable rates relative to each othe.r
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resulting in a secreted-fluid of variable rather than fixed enzyme

compos i ti on.

Rothman and t^Ji1k'ing (1978) reported that the discharge of

chymotrypsin from rabbit pancreas, in pitv'o, stimulated by chole-

cystokinin (CCK), (?0% pure) was considerabìy lower than that for

trypsinogen. Stimulation with acetyl-ß-methylcholine or the C00H-

terminal octapeptide of cholecystokinin (CCK-B) did however cause

paraìlel secretion of these enzymes. Steer and Manabe (1979) using

CCK (pure amino acid polypeptide) were unable to confirm the non-

para'lleì discharge findings of Rothman and l,Jilking (1978).

Non-paral'lel discharge of protein occurs in some situations

such as following an overnight fast (Dagor:n, I97B; Rinderknecht

et. al., 1978), this effect may be expìained by subpopuìations of

zymogen granuìes that contain varying mixtures of secretory proteins

(Scheele, 1980) rather than an alterrnative secretory pathway.

The subject of whether paral'lel or non-parallel discharge of

secretory protein occurs is a controversial one and is not addressed

by studies described in this thesis.

There are two distinct pathways by which secretagogues can

stimulate pancreatic enzyme secretion. The maiority of receptors on

pancreatic acinar cells activate a pathway which has been regarded as

calcium-dependent (Williams and Chandler, 1975; Petersen and Iwatsuki,

L97B; Gardner, 1979'; t.lilìiams, 1980; Schulz and Stolze, 1980).

These receptors may be activated in uiuo by acetylcholine,
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cholecystokin'in and gastrin. The muscarinic receptors may be

stimulated in uiuo by acetylcho'line released from the vagus nerve

since truncal and extragastric vagotomy and administration of

anticholinergic drugs dramatically decreased the pancreatic enzyme

and bicarbonate secretory responses to intestinal protein and fat

digestion products and to hydrochloric acid (Debas et. aì.,7975;

Singer et. al., 1980, 1981).

The phys'io'logica'l role of the duodenal hormone cho'lecystokin'in

as a hormonal reguìator of pancreatic secretion has not been clearly

defined due to the lack of sensitive and specific radioim munoassays

for this peptide. The studies reported so far using CCK assays

specific for the sulphated carboxyl terminal of the molecule (and wi'll

not therefore cross react with gastrin which is structurally similar)

have shown that following a meaì, plasma CCK concentrations increased

five - to tenfold (l^Jalsh et. al., 1982; Jansen and Lamers, 1983).

A'lthough exogenously administered CCK stimulated an increase in enzyme

secretion (Banwell et. al. , 1967; Debas and Grossman, 7973; fölsch

et. al. , L978 a; Petersen et. al., 1978) it is not known whether the

concentrations of CCK used are similar to the plasma concentrations

of CCK obtained folìowing a meal. It will be necessary to compare the

effects of increases in CCK (measured using a specific C-terminal

antibody) by exogenous infusion and endogenous release on pancreatic

secretion before the role of CCK in this secretory response can be

clearly defined.

The role of gastrin, released from the antrum of the stomach,

in mediating pancreatic secretion in response to a meal is not
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established. Gastrin has been postulated as a mediator of pancreatic

secretion since analogues of gastrin administered exogenousìy,

stimulated pancreatic enzyme secretion (Stening and Grossman, 1969).

However, no studies have shown that the levels of gastrin produced

after a meal and measured by radioirûnunoassay are capable of stimulating

pancreati c secretion.

The other pathway for stimulation of enzyme secretìon involves

increases in adenosine 3', 5' -cyclic monophosphate (cAMP) (Robberecht

et. al. , 1974; Gardner et. al . , 1976; Gardner and Jackson , lg77).

Recent'ly, evidence for an adrenergic control of the exocrine pancreas

has been described (Lingard and Young, 1983; Pearson et. al., 1984).

In addition, vasoactive intestinal po'ly.peptide (VIP) -containing nerves

have been described in the pancreas of many species including man and

rat (Larsson, 1979; Bishop et. al., 1980) and a role for VIP in

controlling pancreatic secretion has been suggested (Pearson et. ô.|.,

1981 a).

A'lthough protein secretion occurs sole'ly from the acinar cel ls,
e'lectrolytes and water are released from both acinar and duct cells.

Studies of pancreatic fluid secretion and the ionic transport mechanisms

involved have been reviewed recently by Schulz and Ullrich (197S);

Scratcherd et. aì. (1981) and Petersen et. al. (1981).

The pancreas secretes a fluid which is isosmotic with blood (case

et. al., 1968), the major cations present are sodium and potassium

(Rothman and Brooks, 1965; Case et. aì.., 1968), and the major anions

bicarbonate and chloride (Case et. al., 1969; Sewell and Young, lgTS).
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The enzynre-containing fluid secreted from the acinar cells has a

high chìoride concentration and a low (pìasma-like) bicarbonate

content (Case et. al., 1969; Dockray, 1972; Sewell and Young, 1975;

Kanno and Yamamoto, 1977; Petersen and Ueda, L977). This neutral

fluid secretion which is evoked by acetylcholine, cholecystokinin,

gastrin-like peptide and bombesin required the presence of calcium

but not bicarbonate in the perfusion fluid (Petersen and Ueda, 1977;

Kanno and Yamamoto, 1977; Ueda and Petersen , 1977; Ueda et. â1.,

1e8o).

The duct cells secrete a bicarbonate-rich fluid wh.ich is

dependent on the presence of extracellular bicarbonate but is less

dependent than the acinar cell on extracellular caìcium (Rothman

and Brooks, 1965; Argent et. al., L9731' Petersen and Ueda, 1976 b;

Kanno and Yaramoto, lg77). The secretion of this alkaline fluid is
stimulated by secretin (Scratcherd et. al., 1975; Sewell and Young,

1975) and VIP (Dockray, 1973; Scratcherd et. aL., 1975).

There are large species differences in the ability of hormones

or neurotransmitters to stimulate fluid secretion from the pancreas.

The cat pancreas secretes fluid in response to secretin (Scratcherd

et. al., 1975) and not to cholecystok'inin, caerulein or the octapeptide

of chol ecystoki ni n (Schul z and Ul I ri ch, 1978) , whereas the rabbi t i s

insensitive to the hormone secretin (Scratcherd et. al., 1975). In the

rat, the fluid secretion evoked by enzyme secretagogues is greater than

that evoked by secretin (Sewell and Young, 1975). In the dog, the

secretagogues cho'lecystokinin and caerulein were shown to stimulate a

copious fluid secretion in addition to enzyme secretion (Stening and

Grossman, 1969; Debas and Grossman, 1973).
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The mechanism o'f secretin action on fluid secretion appears to be

via an increase in cAlvlP since the adenylate cyc'lase actìvìty

in isolated membranes from duct cells was increased by secretin

(Folsch and Creutzfeldt, 1975). In addition, the effect of secretin

on fluid and bicarbonate secretion was mimicked by dibutyry'l

adenosine 3', 5' -cyclic monophosphate (Case and Scratcherd, 1972;

Wizemann et. al. , 1973). Cholera toxin, a specific activator of

the adenylate cyclase in many cells, stimulated an increase in cAMP

and in fluid secretion in the pancreas from rat (Kempen et. al., 1975;

Smith and Case,7975) and cat (Smith and Case,1975), whereas enzyme

secretion was not stimulated. The mechanism by which cAMP induces

electrolyte secretion is unknown.

The transport processes responsible for ductular secretion of a

bicarbonate-rich fluid have been fecently discussed by Scratcherd

et. al. (1981). Possible cellu'lar mechanisms involve the diffusion of

the bicarbonate ion into the ductular lumen and the active transport

of the proton back into the cell via a proton pump (Mg2+ -ATPase) which

concomittant'ly transports Na+ into the duct lumen (Schulz, 1980 a). The

proton moves across the basolateral membrane into the extracellular

fluid via a hydrogen-sodium exchange camier (Swanson and Soìomon,

7972, 1975; Schulz, 1980). The energy for this latter exchange may

be provided by the (Na+ - t<+¡ -Rtlase located in the basolateral

membrane. As for chloride transport - passive diffusion down its

electrochemical gradient probably accounts for the majority of chìoride

flux, but a chloride-bicarbonate exchange carrier has also been

suggested by Scratcherd and Hutson ( 1981).
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The mechanism of action of agonists on fruid secretion from

acinar cells has been reviewed recentìy by Petersen et. al. (1981).

Agon'ists such as acetyìcholine, choìecystokinin and bombesin

stimulate a calcium-dependent uptake of Na+ and Cl- into the acinar

cells (Iwatsuki and Petersen, 1977 â, bt Putney and Van de Wa]le,

1980 a). The inward Na+ current resulting from the agonist-'induced

increase jn the permeabi'lity of Na+ is of sufficient magnitude to

account for the acinar secretion of Na*, however, a direct link

between the influx and secretion of Na+ has not been demonstrated

(Petersen et. al., 1981). The depoìarization due to Na+ influx into

the acinar cell provides the driving force for Cl- influx. K+ ions

move out of the rat and mouse acinar cells by electrodiffusion through

Ca2+ -activated non-d'iscriminatory cation channels (Petersen and

Maruyama, 1984). The evidence for the ion movements and their

control by calcium will be discussed in detail in 2.4.

The transport processes involved in pancreatic acinar fluid

secretion have not been clearìy identified and so have been the

subject of recent investigation and discussion (Chipperfieìd, 1984;

Petersen, 1984; Singh, 1984; Case et. al., 1984; Seow and young,

1984 a).

An earìy study by Petersen (1970) .showed that agonist-stimulated

K+ efflux from perfusedcat submandibular g'land was followed by K+

re-uptake. This re-uptake was blocked when Cl was replaced by

NO-g and also was dependent on external Nu*. A Na+/t<+/Cl-

cotransport system appears to be present in salivary gìand and it is

likely that this cotransporter may a'lso be present in pancreatic

acinar cells (Petersen, 1984). The operation of the Na+/K*/Cl-
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cotransport system is dependent on the Na+ gradient and so on the

operation of the Na+/K* prrp. There is at present no evidence for

the localization of this cotransport system in pancreas but if
present in the basolateral membrane it would provide a mechanism

for uptake of Na+ and cl- which could lead to fluid and electroìyte

secretjon at the luminal membrane. Case et. al. (1984) showed that

fluid secretion in mandibular g'lands appears to depend on two

independent transport systems located in the basolateral pìasma

membrane. One is a Cl--dependent, furosemide-sensitive system,

probably a Na+/Cl- (or tla+/r+/Cl-) symport, as suggested earlier by

Petersen (1970). The other is HCO3-dependent, affected by carbonic-

anhydrase inhibitors and likely to be a double antiport system

exchanging Na+/H+ and Cl-/HCO-3. Recently, the possible role of one

or both of these transport systems in pancreatic acinar fluid

secretion has been examined.

Seow et. al. (1984) reported that diuretics inhibited agonist-

st'imulated secretion from perfused rat pancreas and that the potency

of these drugs was reduced by the presence of HC0-3 in the perfusate.

In addition, the dose-response curves for inhibition by diuretics t,,,as

biphasic. These effects are not consistent with inhibition of a

chloride symport since this should not be affected by HCO-3, nor should

the dose response curves by biphas'ic. It was suggested that rat

pancreatic ac'ini possess a system of double antiports for Na+/H+ and

Cl-lHC0-3 exchange and that secretion could not depend sole'ly on a Cl-

symport (Seow et. al., 1984). In a further study, Seow and Young

(1984) reported that inhibitors of the Na+/K*/Cl- symport (diuretics)

and drugs which affect the Na+/H+ antiport (amiloride) and CI-HC0-3

I

À

I

I

t

i
¡

+r
tiî,

fl



22

antiports (SITS : 4-acetamido, 4-isothiocyanato, stilbene 2-2 disulphonic

acid) each produced almost complete inhibition of caerulein-stimulated

fluid secretion in a HCO-g and/or Cl- containing fìuid. l,lhen all the

extracellular anions except for 25mM HC0-3 or Cl-, !{ere replaced with

isethionate, secretion from the rat pancreatic acini was blocked

comp'letely. If the Na+/K*/Cl' cotransporter was functional, a small

amount of secretion might be expected in a Cl- containing, HCO-3 free

solution. These results suggested that a Na+7H+, Cl-/HC0-3 doubìe

ant'iport system is present in rat pancreatic acini and also indicated

that a chloride symport may not be present (Seow and Young, 1984).

The existence of a diuretic sensitive, cation- and anion-dependent

cotransporter in mouse pancreatic acinar cells was investigated by

Singh (1984) by examìning the ionic dependency and diuretic sensitivity

of secretagogue stimulated K+ transport using 86Rb+ as a tracer. The

results of the study suggested that in addition to the Ca2+-activated

cation channel, K+ extrusion from acinar celìs may also be via a

II

Na'/K'/C1- cotransporter carrier system since the removal of chloride

and the presence of the diuretics furosemide and piretanide markedly

inhibited secretagogue-evoked 86Rb+ release (Singh, 1984). The basal

efflux of s6Rb+ was also reduced by diuretics in agreement with the

results of Chipperfie'ld (1984) using mouse pancreas. There is no

evidence at present as to the location of the Na+/K+/cl- cotransporter.

Its presence in the basolateral membrane would not aid in fluid secretion

since it would cause K+ release rather than uptake into the cell,

whereas if present at the luminal membrane it could be involved in

secretion of fluid into the ducts.
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A]though this cotransporter appears to exíst in mouse pancreatic

acinar cells (Singh, 1984) there is no evidence to show it has

any roìe in agoriist-stimulated fluid secretion in pancreatic acinar

cells. The studies by seow et. al. (1984) and Seow and young (1994)

do provide evidence of a functional role for a Na+/H+, Cl-lHC0-3

ant'iport system in fluid secretion in rat pancreatic acini. This

area is the subiect of investigation at present and the contribution
I¿

of the Na'/K'/c1' cotransporter or the double antiport system is a

controversial one.

2.2 : INTERACTION BETWEEN ENDOCRINE AND EXOCRINE PANCREAS

An interaction between endocrine and exocrine tissue function

was initial'ly proposed on the basis of results from dietary studies.

Grossman et. al. (1943) showed that a glucose-rich diet was effective

in inducing an increase in pancreatic amylase output. Several studies

have shown that insul'in-dependent diabetic patients have abnormal

responses to secretin and cho'lecystokinin and so the secretion of

pancreatic fluid and enzymes is affected (Chey et. al., 1964; Domschke

et. al., 1975). In experimental animals, the destruction of ß cells by

toxins such as alloxan and streptozotocin induces diabetes and results

in a decrease in pancreatic amylase levels which can be reversed by

ín uíuo administration of insulin (Söling and Unger, Ig72).

An interaction between endocrine and exocrine tissue function has

also been shown by in uitz,o studies since insulin, secreted by the

endocrine tissue, caused stimulation of protein synthesis (Korc et. al.,
1981 a)andgìucose uptake in pancreatic acinar cells (t^lilliams et. al.,
1981). In addition, insulin although unable alone to evoke pancreatic
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hsecretion, potentiated pancreatic fluid and enzyme secretion stimulated

by agonists which mobiìize calcium (Kanno and Saito, L976; Saito et.

â1., 1980). It is not known by what mechanism insulin produces this

effect, although it appears not to be via Ca2+ since this hormone had

no effect e¡ 456¿2+ content of pancreatic acini (l,Jilliams et. al., 1gB2 b).

To further examine the effect of insulin on pancreatic exocnine

function, Otsuki and tlilliams (I9BZ) studied isolated pancreatic acini

prepared from streptozotocin-induced diabetic rats. Two defects were

observed in diabetes. The content of amy'lase and ribonuclease lvas

markedly reduced leading to an altered amount of zymogen secretion in

response to CCK and the cholinergic agent, carbaqylcholine. In

addition, the sensitivity to CCK but not to carbamyìcholine was altered

in acini from diabetic rats.

Both insulin and CCK stimulate the phosphorylation of 23kDa and

32.5kDa proteins in pancreatic acini (Burnham and Williams , 19.82 a).

When these two hormones are present simultaneousìy the phosphorylation

of the two proteins was greater than the effect of either hormone alone.

In contrast, insulin had no effect on the dephosphorylation of the

2lkDa and 20.5kDa proteins that þ,ere regulated by CCK. From these

results it has been suggested that the phosphorylation of the 23kDa

and 32.5kDa proteins by insulin and CCK may be involved in their

additive effects on glucose transport and protein synthesis, whereas

the dephosphorylation of the 2lkDa and 20.5kDa proteins may mediate

CCK-stimulated zymogen release (Goìdfine and t,lilliams, 1983).

A capillary portal circulatión between the islets of Lange¡hans

and the acinar portion of the pancreas has been demonstrated by
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measurements of blood flow which showed that 11 to 12% of total

pancreat'i c bl ood f I ow went d'i rectly to the i sl ets (Li pson

et. al., 1980). The results supported the view that all or nearìy

all of the efferent islet blood flow enters capillaries sumounding

the acinar cells prior to entering the systemic viens. This study

suggested that insulin would reach the exocrine tissue in much higher

concentrations compared with peripheral blood and so could influence

the exocrine pancreas. A more recent study by Bonner-hleir and Orci

(1982) investigated the'islet microvasculature using methacrylate

corrosion casts in rats. Their study showed that onìy efferent

capillaries from small islets partially passed through peri-insular

exocrine tissues before coalescing into venules, whereas efferent

capillaries from intermediate and large islets did not.

Other endocrine-exocrine interactions in the pancreas. have been

reported with studies on the effects of hormones produced by the

islet cells, such as somatoitutin and pancreatic polypeptide.

Immunohistochemically, somatostatin-producing cel ls have been found

in the pancreatic islets of different species (Luft et. al.,1974).

Recently, somatostatin binding to purified pancreatic acinar plasma

membranes has been demonstrated. The somatostatin receptor appears

to be a singìe protein with a Mr of 90,000 and the bindriing of

somatostatin to this receptor in pancreatic plasma membranes uJas

regulated by CCK and CCK analogues (Sakamoto et. al., 1984). This

indicates that CCK may regulate any possible effect of somatostatin in

pancreatic acinar cells.

The effect of somatostatin on exoc¡rine function has not been

cìearìy defined. An inhibitory effect of this hormone on pancreatic

I
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secretion ín uiuo was reported in humans (Dolìinger et. a1.,1976),

dogs (Susini et. al., 1976) and rats (Fölsch et. â.|., 1978 b). However,

even high doses of somatostatin had only a weak inhibitory effect on

pancreatic enzyme release from in uitno preparations of rat and cat

pancreas (Albinus et. al., 1976).

Pancreatic polypeptide, released from the endocrine pancreas has been

shown to both stimulate and inhibit dose-dependently secretin- and

ccK-stimulated pancreatic secretion (Lin et. al. , rg77). This hormone

was also reported to inhibit bicarbonate secretion caused by exogenous

and endogenous secretin in other studies (Greenberg et. al., 1978;

Adrian et. al., L979; Chance et. al., 1981). A recent study by

Beg'linger et. al. (1984) demonstrated that pancreatic polypeptide

inhibíted exocrine secretion in dogs ín uiuo in response to six

different stimulants. It was suggested that pancreatic po]ypeptide

is an important component of a negative feedback loop that regulates

exocrine pancreatic secretion after feeding (Beglinger et. al., 1994).

Another hormone released from the islet cells is glucagon. Natural

gìucagon can increase enzyme secretion from fragments or dispersed

acinar cells from mouse pancreas (Manabe and Steer, !979; Singh,

1980 a). However, these studies did not eliminate the possibility

that some agent contaminating the natural glucagon preparat'ion was

responsible for the increase in enzyme secretion. A recent study by

Pandol et. al. (1983) using dispersed acini from guinea-pig pancrêas,

demonstrated that although natural glucagon stimulated enzyme
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secreti on , bi o1 og'i cal ]y acti ve syntheti c gl ucagon di d not.

t^lhen natural glucagon was subject to reverse-phase, high pressure

liquid chromatography, the amy'lase releasing activity in natural

gìucagon occurred in multiple peaks, none of which coeìuted with

glucagon. These results indicated that amyìase secretion was

increased by some as yet unidentified contaminant of the natural

glucagon rather than glucagon per se. Although the identity of this

secretagogue ìs not known, the resuìts demonstrate another examp'le

of endocrine and exocrine interaction.

2.3 : PANCREATIC SECRETAGOGUES

2.3 (a) Secretagogues which Increase the Intracellular

Concentration of Calcium

The pancreatic acinar cell has four groups of

receptors which mobilize calcium and lead to an increase in

enzyme secretion. These receptors interact with the following

agents:

Group 1 : Muscarinic cholinergic agents (Petersen and ueda, !976 a;

hliìliams et. al., 1978; Ng et. al., 1979; Gardner and Jensen,

1980; Schulz and Stolze, 1980.

Group 2 : Cholecystokinin and the structurally reìated peptides,

caerulein and gastrin (Jensen et. al., 1980; Sankaran et. a'|. ,!982;

hlilliams et. al ., 1982 a).

Group 3 : Bombesin and structurally related peptides, ìitorin,
ranatensin and alytensin (Deschodt-Lanckman et. al., 1976;

Jensen et. al., 1978; Uhlemann et. al. , 1979; Lee et. al.,

1980).
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Group 4 : Physalaem'in and strcturally reìated peptides

substance P, e'ledoisin and kassinin (Uhlemann et. ô1., L979;

Jensen and Gardner, 1979).

Secretagogues which cause an increase in intracellular calcium

also st'imulate an increase in another possible intracell ular

second messenger-di acy'l g'lycero'l whi ch acti vates protei n ki nase C

(Kishimoto et. al., 1980). Evidence has recently accumulated to

support a role for diacylg'lycerol in activat'ing ceì ì responses

(Gunther and Jamieson, L979; Gunther, 1981 b; Wooten and Wrenn,

1984 a; Wrenn and Wooten, 1984; Knight and Scrutton, 1984;

Di Virgilio et. al., 1984), which has led to the questioning

of the importance of calcium in mediating ceJl secretion and

has been the subject of recent discussjon (Rink et. al., 1983;

Baker, 1984; Di Virgilio, 1984). The subject of the role of

calcium and other possibìe intracellular messengers which may

mediate pancreatic secretion stimulated by agonists in the

above four groups is a major area of thjs review and will be

discussed in detail in the sections to follow.

2.3 (b) Secretato ues which eause an lncrease in the Tntra-

cellular Concentration of cAMP

Activation of pancreatic receptors by the follow'ing

groups of agonists results in an increase in cAMP.

Group l. : Secretin, VIP and the heptacosapeptide PHI (peptide,

histidine, isoleucine), Helodermin ( Deschodt-Lanckman et. al., 1975;

Robberecht et. al. , L976; Dimaline.and Dockray, 1980; Pearson

et. al . , 1981 a; Bissonnette e!. al. , 1984; Raufman et. al . ,

7982; Robberecht et --q-l-. 
, 1984 a).
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Contaminants of natura'l glucagon (Pandoì et. â1.,

Group 3 : Adrenergic agonists (Lingard and Young, 1983;

Pearson and Singh, 1983; Pearson et. â1., 1984).

Group 4: Cholecystokin'in (Renckens et. al., 1980; Gardner

et. al., 1983).

Initial studies (Christophe et. aì. , 7976; Gardner et. al.,
1976; Gardner et. al.,1979 a), have shown that acinar cells

from guinea-pig pancreas possess two classes of receptors

each of which interacts with VIP and secretin. One class is

VlP-preferring in that it has a high affinity for VIP and a

low affinity for secretin.. The other class is secretin-

preferrÍng in that it has a high affinity for secretin and a

low affjnity for VIP. Occupation of either class of receptors

by VIP or secretin causes activation of adenylate cycìase and

increased cellular cAMP (Robberecht et. al., L976, 1977;

Gardner et. al., 1976; 1979 a; 0linger and Gardner, 1979).

Stimulation of enzyme secretion, however, is associated with

occupation of the VIP-preferring receptors, the increase in

cAMP caused by occupation of the secretin-preferrÍng receptor

does not cause an increase in enzyme secretion (Gardner et. al.,
1979 a).The function altered (if any) by occupation of the

secretin-preferring receptors is not known.

This indicates that an increase in the intracellular cAlvlP

content does not always trigger enzyme secretion and suggests
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that there may be an as yet, unknown mechanism activated

upon occupation of the VIP-preferring receptor which allows

the cell to differentiate between an increase in cAMP

stimulated by each class of VIP-preferring or secretin-

preferring receptor. One such mechanism may be compartment-

al i zati on of cel I uJ ar cAMP wi thi n the aci nar cel I . Gardner

et. al. (1982), suggested that occupation of VIP-preferring

and secretin-preferring receptors causes accumulation of cAMp

into different cellular compartments. The tuo compartments

of cAMP appear to be acted on by phosphodiesterase enzymes

having different sensitivities to various inhibitors (Gardner

et. al., 1982).

The idea of compartmentalization impìies that only one pool of

c/\MP is able to act to stimulate enzyme secretion. The mechanism

by which the two different pooìs of cAMP can differential'ly

activate secretion is not known. There are species differences

in the ability of secretin and vIP to st'imulate pancreatic enzyme

secretion. In the pancreas from mouse, cat, dog, rat and guinea-

pig, secretin and VIP caused an increase in cAMP (Robberecht

et. al., 1977), a'lthough enzyme secretion was only increased in

rat and guinea-pig (Robberecht et. al., 1977; Singh, IïBZ).

This failure of vIP and secretin to increase enzyme secretion in

mouse pancreas fragments was inconsistent with the earlier finding

by Ku'lka and Sternlicht (1968) that dibutyryl cAMP caused an

increase in enzyme secretion from whole mouse pancreas. collen

et. al. (1982) recently demonstnated that in dispersed acini from

mouse pancreas vIP did cause an increase in anylase secretion;
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the reason for the lack of effect of VIP in mouse pancreas

in the study by Robberecht et. al. (1977) is not known. It
has been suggested that the reason for such species differences

in the ability of VIP and secretin to cause amylase secretion

may be due to the lack of VlP-preferring receptors. One

finding in support of this possibility is that studies of

( tzsl)-secretin binding to partial'ly purifjed membranes from

cat pancreas showed a sing'le class of binding sites that had

a high affinity for secretin and a low affinity for VIP

(Multinovic et. al., 1976). The increase in cAMP that does

occur in dog and cat couìd be due to occupation of the secretin-

preferring receptors, causing compartmentalization of cAMP which

does not lead to amylase secretion (Gardner et. al., 1982).

There are also differences in the classes of receptors for VIP

and secretin in species where these agonists cause both increases

in cAMP and amylase secretion. A recent study by Robberecht

et. al. (7982) measured binding of (l2sI)-Vlp and the abilities

of VIP and secretin to activate adenylate cyc'lase in p'lasma

membranes from the whole pancreas of the rat. Unlike the

receptors in guinea-p'ig, it was concluded that rat pancreas

has three distinct classes of receptors - one class has a high

affinity for secretin, the other a low affinity for secretin,

each activates adenylate cyc'lase. Neither class of secretin

receptor interacts with VIP. The third class of receptors

interacts with VIP and secretin; however, activation of

adenyìate cyclase occurs only when these receptors are occupied

by VIP.
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Bissonette et. al. (1984) suggested that the study by

Robberecht et. al. (1982) using whole pancreas would not

enable determination of whether the receptors were present

on acinar cells or duct cells. Using dispersed acini from

rat pancreas four classes of receptors which interact with

VIP and secretin v'/ere described (Bissonnette et. al ., 1984).

Three of these classes caused stimulation of amylase

secretion - two by a cAMP-mediated mechanism and one by a

non-cAMP-mediated mechanism. A fourth class of receptors

interacted with VIP and secretin but did not increase cAMP

or amylase secretion. Although the studies of rat pancreas

by Robberecht et. al. (1982) and Bissonnette et. al. (1984)

differ, it is clear that the rat pancreas is substantiaì1y

different from the guinea-pig pancreas in the number of

classes of receptors that interact with VIP and/or secretin.

Excitation by electrical field stimulation of non-cholinergic,

non-adrenergic nerves in segments of guinea-pig pancreas

resulted in enzyme secretion mediated by changes in cyclic

nucleotide levels (Pearson et. ô1., 1981 a, b). The

neurotransmitter released from the secretomotor nerves in the

guinea-pig is proposed to be VIP, since VIP in uitro mimicked

the effect of nerve stimulation (Pearson et. al., 1981 b) and

VIP-like immunoreactivity has been found in nerve fibres

surrounding acìnar cells of guinea-pig pancreas (Buchan et. ô1.,

le83).

A newly identified 27 amino-acid peptide, PHI (refers to the

peptide (P) having N-terminal histidine (H) and C-terminal
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isoleucine (I) was isolated by Tatemoto and Mutt (1980) from

porcine intestinal mucosa and found to have actions sirnilar

to vIP on pancreatic secretion in rat and turkey (Dimaline

and Dockray, 1980). PHI increased arylase secretion from

dispersed acini of guinea-pig pancreas by binding to VIp-

preferring receptors and stimulat'ing an increase in cAMp

(Jensen et. al., 1981). The apparent affinity of pHI for the

vIP-preferring receptors on pancreatic acinar cells was

approximately 25 times less than that of VIp while its
affinity for the secretin-preferring receptors was approxi-

mateìy 300 times less than that for secretin but equal to that

of VIP.

Heìodermin is a recently purified peptide from the venom of

the lizard HeLoder,¡na suspeetum. 0n the basis of its biological

properties it is related to vIP, secretin and pHI (Robberecht

et. al., 1984 a). This peptide is responsibre for the increase

in cAMP in pancreatic acini caused by the venom of HeLodez,ma

suspectum and was found to bind to secretin receptors in acini

and membranes from rat pancreas (Gillet et. al., 19g3;

Robberecht et. al., 1984 a). The ability of the venom on

HeLoderrna sræpeetum to stimulate enzyme secretion is not due

to helodermin but to another protein component of the venom,

pancreatic secretory factor (PsF), which does not increase cAMp

(Vandermeers et. al., 1984; Robberecht et. al., 1994 a; Dehaye

et. al., 1984 a). In comparison with the binding of this peptide

in pancreas, helodermin bound to a class of high-affinity vlp

receptors capab'le of stimuìating an increase in the activity of
adenylate cyclase in rat liver membranes (Robberecht et. al., 1994 b).
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Early studies with glucagon showed a depression of enzyme

release in the stimulated pancreas (Dyck et. al. , L967;

l{izemann,-et.al. , !974; Nakajimo and Magee, 1970). Natural

glucagon caused any'lase secretion in mouse pancreas (Manabe

and Steer, 1979; Singh, 1980) and in guinea-pig pancreas

via an increase in intracelìular cAMP content (Pandoì et. al.,
1983). However, unlike all other secretagogues that cause an

increase in enzyme secretion by increasing cAMP, natural

glucagon did not interact with the VIP-preferring receptors

(Pandol et. al., 1983). Biologically-active synthetic

glucagon did not stimulate enzyme secretion (Pandol et. al.,
1980). The effect of natural glucagon was found to be due not

to glucagon per se but to some previously undescribed peptide

secretagogue which contaminates the natural glucagon. The

peptide is structurally different from any known secretagogue

and increases cAMP not by interacting with the VIP-preferring

receptor but by acting on an as yet undefined receptor (Pandol

et. al., 1983).

Studies which have examined the adrenergic control of pancreatic

secretion have provided conflicting results. The early study

by Greengard et. al. (1942) suggested that the inhibition of

pancreatic secretion by adrenergic stimulation was due not to

a direct action on the acinar cell but to vasoconstriction.

An inhibition of secretion has been found more recently in

rabbits (Hubel, 1970) and cats (Barìow et. a.l.., 1974; Eìisha

et. al., 1984). However, there appear to be species

differences in regard to adrenergic effects in pancreas, since
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in the rat, stimulation by adrenergic agonists has been

shown to increase (Furata et. al. , 1978; Lingard and Young,

1983; Pearson and Singh, 1983), or to have no effect (Denpt

and Sarles, 1980) on pancreatic secretion. In dogs, the

effect of adrenergic agonists was to decrease secretion

(Kelly et. al., 1974; Rudick et. al., 1973) aìthough

contradictory results were obtained (Vaysse et. al., 1977).

The possibility of a combined effect of adrenergic agonists

in uiuo on both vasoconstriction and secretion would resuìt

in difficulty in interpreting the agonist effects and could

also lead to contradictory results.

Pearson et. al. (1984) further examined the mechanism whereby

adrenergic stimulation may activate pancreatic secretion ìn

the rat. Using atropine-treated rat pancreas, a non-

cholinergic conponent of amylase secretion evoked by electrical

field stimulation was identified. This secretion was reduced

by gr - and ßz -adrenergic antagonists although the ß1-antagonist

caused a more pronounced reduction. Electrical field stimulation

and ß -adrenergic agonists stimulated amylase secretion and also

an increase in cAMP with no effect on a5Ca metabolism or acinar

cell membrane potential and resistance. It was therefore

suggested that stimulation of adrenergìc nerves in rat pancreas

causes an increase in cAMP which is responsible for amylase

secretion. A'lthough investigations of the adrenergic nerves

in the pancreas have shown that they innervate mainly the islet

cells (Ahren et. al., 1981), vessels (Alm et. al., 1967) and

ganglia ([arsson andRehfeld, 1979), a small number of adrenergic
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fibres have been identified dispersed within the acinar

portions of the gìand (Ahren et. al., 1981). Pearson et. al.

(1984) suggested that this small innervation together with

overflow of noradrenaline released from the more richly

supplied areas of the gland may be sufficient to account for

the small adrenergic secretion in the rat. It has been

suggested that ß -receptors are present on both ductal cells

and acinar cells since an increase in both fluid and protein

secretion was stimulated by ß -agonìsts (Lingard and Young,

1983). The increase in fluid secretion by ß -agonists was

identified to originate from the duct cells rather than acinar

cells since Ê -adrenergic activation caused an increase in

output of fluid having a high bicarbonate content (character-

istic of duct fluid secretion) (Lingard and Young, 1983).

The finding that cholecystokinin stimulated adeny'late cycìase

activity in broken cell preparations of pancreas (Rutten et. al.,
1972; Marois et. al. , 1972; Svoboda et. al. , 1976; Long and

Gardner t977) suggested a role for cAMP in mediating the action

of CCK. However, the effects of CCK on pancreatic cAMP levels

have been contradictory. An increase in cAMP was stimulated by

CCK in rat pancreas (Deschodt-Lanckman et. al. , lgTS; Renckens

et. al., 1980) and rat pancreatic acini (Kempen et. al., Igll),
however, no increase was observed in studies on guinea-pìg

pancreas slices (Benz et. al., 1972; Albano et. al., I}TG) or

dissociated cells (Gardner et. al., 1976) or rat pancreatic

acini (Pan et. al., 1982). The concentrations of CCK that

increased calcium outflux, amylase release and cyclic guanosine
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nonophosphate (cGMP) did not increase cAMp (Deschodt-Lanclcman

et. al., 7975; Long and Gardner, lgll) indicating cAMp does

not appear to mediate the action of ccK in stimulating enzyme

secreti on.

Recently it was reported that ccK, alone or in the presence of

theophyll ine (a cycìic nucleotide phosphodiesterase inhibitor)

did not cause an increase in cAMp in guinea-pig pancreas.

However, concentrations of ccK which were supramaximal for
stimulating amylase secretion caused a significant increase in

cellular cAMP in the presence of other phosphodiesterase

inhibitors, isobutylmethylxanthine and Ro 20-1724 (Gardner

et. al.' 1983). These results supported the earrier studies

by Kempen et. al. (r97t) and Renckens et. al. (1980) where ccK

in the presence of isobutylmethylxanthine stimulated an increase

in celIular cAMP. The augmentation of anyìase secretion in
guinea-pig pancreas by the phosphodiesterase inhibitors occurred

with supramaximal concentrations of cholecystokinin but not with

bombesin or carbachol (Gardner et. al., 1983). It would appear

that this effect of ccK may not be physioìogically important

since it did not occur unìess a cyclic nucreotide phospho-

diesterase inhibitor, isobutylmethylxanthine was present

suggesting that in uiuo the cAMP is degraded too rapidly to

cause stimulation of enzyme secretion.

An investigation of how occupation of the ccK receptor can

activate increases in both calcium and cAMp may provide

further information regarding the link between receptor

activation and intracellular second messengers.
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The studies described above have provided evidence to support

a role for cAMP in mediating pancreatic secretion stimulated

by a number of hormones, aìthough species differences have

been demonstrated. To further examine this role of cAMP, the

effect of non-hormonal activators of adenylate cyclase : cholera

toxin (Gill,1977) and forskol'in (Seamm et. al., 1981; Insel

et. â1. , 1982) on pancreatic secretjon have been examined.

In dispersed acini from guinea-p'ig pancreas,(I2sI) -'label.led

cholera tox'in was found to bind to sites that interact with

cholera toxin but not with other secretagogues and to increase

cAMP and stimulate enzyme secretion (Gardner and Rottman , 1979).

In rat pancreas in uiuo or in slices in uitto the cholera toxin

induced increase in cAMP was not accompanied by an increase in

enzyme secretion (Kempen et. al., 1975; Smith and Case, 1975).

These results conflìcted with the ability of VIP, secretin and

derivatives of cAMP to increase enzyme secretion in rat pancreas

in uiuo or in fragments (Deschodt-Lanckman et. al. , 1975;

Robberecht et. al. , 1977; Kempen et. al. , 1977).

To clarify these results, Singh (1982) and Pan et. al. (1982)

examined the effects of cholera toxin on dissociated rat

pancreatic acini, since this preparation has been reported to

be more responsjve to secretagogues than pancreatic tissue

slices (Peikin et. al. , 1978; I,{illiams et. al., 1978; Singh,

L982). Cholera toxin in the absence of a phosphodiesterase

inhibitor, caused onìy a small stimulation of enzyme secretion

(Pan et. al., 7982; Singh, 1982). This small effect of an
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increase in cAMP on amylase secretion was in agreement with

the small (two fold) increase in aryìase secretion stimulated

by VIP or secretìn in rat acini (Collen et. al., 1982: Pan

et. al. , 1982; Singh et. al., 1982). In guinea-pig acini,

however, VIP or secretin caused a four to six fold stimulation

of secretion (Robberecht et. â1., L976; Gardner et. al. , 1979).

Forskolin, a non-hormonal activator of adenylate cyclase in

rat pancreatic acinar cells (Heisler, 1983) and in broken cell

preparations and other intact tissues (Seamon et. aì., 1981),

caused a rapid and marked increase in cAMP but it was also a

weak stimulant of amyìase secretion in rat pancreatic acini

(Heisler, 1983). The effect of forskolin on pancreatic acini

from guinea-pig was not examined.

Early studies reported that the increase in any'lase secretion

stimulated by the combination of a secretagogue which acts via

calcium with one which causes an increase in cAMP was shown to

be greater than the sum of the increase caused by each agent

acting alone (Gardner and Jackson, L977; Peikin et. ô.|., 1978;

Uhl emann et. âl . , 1979).

This potentiation is a post-receptor effect which is not due

to amplification of secretagogue-stimulated increases; in cAMP

or calcium since:

(1) Cholera toxin, VIP or secretin do not alter calcium

transport in pancreatic acini or the changes in calcium

transport caused by other secretagogues (Col,len et. ô1.,

7982; Pan et. ql., L9B2; Singh , 1982).
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(2) Secretagogues which mobilize calcium do not alter cAl'lP

or the increase in cAMP caused by choìera toxin, VIP

or secretin (Collen et. aì., 1982; Pan et. al., 1982;

Singh, 1982).

(3) None of the secretagogues which mobilize cellular calcium

alter the binding o¡(tzsI )-VIP (Collen et. al., 1982).

(4) Potentiation of enzyme secretion occurs with two agents

which bypass receptor activation: 8 -bromo cyclic AMP

and ionophore A23L87 (Collen et. al. , 1982; Pan et. â1.,

1eB2).

This effect of potentiation by caìcium of amylase secretion

stimulated by secretagogues which act via cAMP is of minor

importance in acini from guinea-p'ig, but causes a major increase

in acini from rats and mice (Collen et. al., L982; Pan et. al.,
19821 Singh, 1982). The reason for this species variation is

not known.

The question of how cAMP mediates pancreatic secretion has not

been answered. It has been suggested that an alteration in

the state of phosphorylation of specific proteins by cAMP may

play a role in linking stimulus with response (Greengard, Ig82).

A number of studies have investigated protein phosphoryìation

and dephosphorylation in parotid glands (Kanamori and Hayakawa,

1980; Jahn et. al., 1980; Jahn and Söting, 1981 a), lacrimal

gland (Jahn and Söling, 1981 b; Jahn et. al., 1982) and

exocrine pancreas (Freedman and Jamieson, 1980, 1981; Burnham
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and t¡li I I iams, 1982 a, 1gg4; Jahn and Sol i ng, 1gg3; Roberts

and Butcher, 1983). The state of protein phosphory'lation

is controlled by specific protein kinases and phosphatases

which can be regulated by calcium and cAMP (Cohen, 1982).

Studies examinìng the role of proteìn phosphoryìation in rat

exocrine pancreatic secretion demonstrated a secretagogue-

stimulated phosphorylation of a protein M,^ = 29,000 (Freedrnan

and Jamieson, i980) which was localized to a h'ighìy enriched

ribosomal fraction and which showed a Ca2+ and cAMP-dependent

phosphorylation ìn homogenates of pancreas (Freedman and

Jamieson, 1981). In mouse exocrine pancreas derivates of cAMP

stimulated phosphoryìation of proteins M" = 95,500, 32,000 and

20,000 (Robeets and Butcher, 1983), and u M,^ = 92,000 prote'ins

(Burnham and Williams, 1984). In guinea-pig pancreas a protein

Ì4"= 29,000 - 35,000 which is phosphoryìated by Caz+ and cAMP

was identified to be a ribosomal protein (Jahn and Söling, 1983).

Aìthough a number of different proteins have been identified in

response to secretagogue stimulation their roìe (if any) in

secretion is not known.

Several studies have identified cyclic nucleotide-activated

protein kinases in rat pancreas (Lambert et. al. , 1974; Jensen

and Gardner, 1978; Lewis and Ronzio, 1979). Recently Burnham

and Williams (1984) reported a cAMP-activated protein kinase

activity in mouse pancreat'ic acini which was present in both

the cytosolic and high-speed particulate fraction. Identifica-

tion of protein substrates for this enzyme which are involved

in stimulating exocytosis is required before the mechanism of

action of cAMP in secretion is defined.
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As described above, both Ca2+ and cAMP can stimulate the

phosphorylation of the same protein(s). The potentiation

by Caz+ of cAMP-stimulated pancreatic secretion could be by

an interaction between Ca2+ and cAMP on phosphorylation.

This has yet to be investigated.

2.3 (c) Pancreatic Secretaqogues which do not Appear to

Act via Increasin the Intracel I ul ar Concentrati on

of Calcium or cAI4P

The venom from the Iizard HeLoderrna suspeetum or

(Giìa Monster venom) stimulated the release of amyìase and the

production of cAMP in pancreatic acini from guinea-pig

(Raufman et. al., 1982) and rat (Oehaye et. al., l9g4 a). This

venom consists of two compounds: helodermin and pancreatic

secretory factor (PSF). Helodermin as described in 2.3 (b),

is a VIP-like component which increases cAMP production but

the secretory effect is due to PSF which is a 77.5kDa protein

that neither modifies cAMP concentration nor stimulates calcium

fl uxes.

Stimulation of amylase secretion from rat pancreatic acini by

PSF required calcium in the extracelluìar fluid (Dehaye et. al.,
1984 a), which suggested that perhaps PSF acted via an increase

in cellular calcium. However, when PSF and a secretagogue

which acts via calcium or cAMP (as described in 3.2 (a) and

3.2 (b)) were present simultaneously, an additive effect on

secretion was seen (Dehaye et. ô1., 1984 a), which suggests that

PSF may act independentìy of increases in calcium or cAMP.
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I

à-The recent discovery that PSF has phosphoìipase A2 activity
(Dehaye et- al., 1984 b) has provided further insight into

its possible action. This enzyme activity is calcium-

dependent (Dehaye et. al., 1984 b), which would exp'lain why

the secretory action of PSF was dependent on extracellular

calcium. The mechanism by which phosphoìipase A2 activity
stimulates pancreatic secretion.is unknown at present.

Possible modes of action could be via arachidonic acid or

lysophospholipids, products released from phosphoìip.ids

fol lowing phosphoì ipase A2 hydrolysis.

Arachidonic acid can be converted into prostaglandins and

hydroxy-acids via the cyc'lo-oxygenase and lipoxygenase path-

ways, respectively (Van den Bosch, 1980). A role for prosta-

glandins in protein secretion from the exocrine pancreas was

suggested by Marshall et. al. (1980, 1981), using whole mouse

pancreas. However, experiments using eíther pancreatic

fragments (Heisler, 1973; Baudin et. al., 1981), or acinar

cell preparations (Chauvelot et. al., I9l9:' Stenson and Lobos,

1982; Putney et. al., 1981), failed to show any such role for

prostaglandins in mediating pancreatic secretion. In a later

study by Marshall et. al. (1982), it was suggested that

prostaglandin E2 derived from the breakdown of inositol

phospholipid facilitated enzyme secretion by an action on the

ampulla of Vater rather than on acini, as had been thought

previously (Marshall et. al., 1980, 1981). Marshall et. aì.

(1982) proposed that prostaglandin E2 câuSed relaxation of the

smooth muscle of this sphincter and so allowed washout of

¡
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erizymes already present in the ducts, without increasing

enzyme release fron acini. This idea was supported by their

results showing that inhib'ition of agonist-stimulated

secretion by indomethacin on'ly occurred in intact mouse

pancreas and not in acini. Also, smooth muscle relaxants

increased amyìase release and the presence of prostaglandin

E2 s'imultaneously with these agents did not cause an additive

effect on secretion (Marshal'l et. al. , 1982).

In another study, inhibitors of the cyc'lo-oxygenase pathway

and lipoxygenase pathway d'id not alter amylase secretion

stimulated by the calcium ionophore ionomycin, but did

inhibit production of arachidonic acid derivatives (Rubin

et. al., 1982). It would therefore appear that prostaglandins

are not responsible for the effect of PSF in pancreatic acini.

A'lthough ìysophospholipids do act as fusogens of ceìlular

membranes (Poole et. al., 1970) there is no evidence for or

against these lipids having a role in activating secretion

from the exocrine pancreas. It is not clear how PSF acts to

increase secretion.

Another agent which elicits enzyme secretion from the pancreas

but whose mode of action is not clear is the phorbol ester

12-0-tetradecanoyl-phorbo'l-l3-acetate (TPA). TPA stimulated

enzyme secretion' without elevating the intracellular content

of cAMP or cGMP in guinea-pig pancreatic acinar cells (Gunther

and Jamieson, 1979). Although rPA-induced secretion of protein

does show a-requirement for extracellular Ca2+, it is less
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susceptible to inhibition by removal of extraceltuìar Ca2+

than secretion stimulated by caerulein in guinea-pig pancreatic

acini (Gunther, 1981 a). It appears that TPA does not act in the

same manner as other agonists which cause enzyme secretion in

the pancreas via calcium-dependent mechanisms since TPA did not

elicit any alteration in the efflux of Ca2*, which occurs as a

result of mobilization of calcium (Stoìze and Schulz, 1980;

Dormer et. al . , 1981). The effect of secretagogues on Ca2*

fluxes will be discussed in detail in Section 2.5 of this thesis.

Although the mechanism by which TPA activates pancreatic

secretion is not definitely known, recent evidence indicates

that it may involve activation of the Ca2+-and phosphotipid-

dependent prote'in kinase (protein kinase C). Tumour-promoting

phorbo'l esters can substitute for diacylglycerol in the

activation of protein kinase C in uitro (Castagna et. al., 1982)

and can lower the Ca2+ requirement for activation of this enzyme

by agehts which act to increase cellular Ca2* (Takai et. â1.,

1979 a; Castagna et. al ., 982).

TPA binds to high affinity receptors in pancreatic acinar cells

(Gunther, 1981 b) and 'it has been proposed that,the TPA receptor

may be ìdentical to, or closely associated with this kinase

(Castagna et. al. , L982; Niedel et. al., 1983). A recent study

by Wooten and Wren (19S4) showed that TPA caused a translocation

of soluble protein kinase C from the cytosol to the particul,ate

fraction, and that this redistribution uras concurrent with

stimulation of amylase secretion by TPA-treated acini. In

t

t-
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addition, polymix B, an inhibitor of protein kinase C,

inhibited amy'lase release induced by TpA (trlooten and l^lren,

1984), and carbachol (wrenn and hlooten, 1994) in rat pancreatic

acini. These results suggest a role for protein kinase c in
activation of pancreatic enzyme secretion.

Recentìy, TPA has been shown to stimulate secretory responses

in other tissues, for exampìe, the rerease of serotonin from

platelets (Knight and Scrutton, 1994) and the release of

insulin from pancreatic isìet cells (Hubinot et. al., 19g4).

It has been suggested that activation of protein kinase c by

agonists which increase intracellular calcium may play a roìe

in stimulus-response coupling and that carcium and protein

kinase C may act synergistical'ly (Michell, 1993). The Ca2+

-dependency of the TPA-induced secretion from pancreas (Gunther,

1981) may be due to such a synergism between calcium and protein

kinase C

Even if it becomes clear that rPA acts via activation of
protein kinase c, the mechanism by which this enzyme activates

secretion remains unknown. The role of protein kinase c in
mediating celì responses activated by agonists which mobilize

Ca2+ is discussed in a separate section , 2.7.

l

I
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2.4 : THE ROLE 0F CALCIUM IN PANCREATIC ENZYME SECRETION

z.a G) Evidence for the Invoìvement of Calcium in

Pancreatic E nzyme Secretion

Although the requirement for calcium of pancreat.ic

secret'ion by a number of secretagogues (as described in

Groups 7-4,2.3 a) is now well recognised, it was only in

1966 when Hokin found that acetylcholine-stimulated

secretion of amy'lase from mouse pancreas slices was dependent

on extracelìular calcium that the proposa'l that calcium may

be an intracellular messenger in pancreatic secretion was

initiated. That an increase in intracellular calcium content

is the triggering event for enzyme secretion has been clearly

demonstrated by mimicking the effects of secretagogues using

procedures which artificialìy ìncrease intracellular calcium

and by-pass receptor activation. The divalent cation

ionophore 423187 which allows calcium to enter into cells

(Reed and Lardy, L972) increased pancreatic secretion of

amylase (Selinger et. al ., 1974; l,litliams and Lee, 1974;

Poulsen and I'lilliams, 1977; Kanno and Saito, L97B; Gardner

et. al., 1980; Stark and 0'Doherty, 1982). Another cation

ionophore, ionoqycin, was aìso found to be effective in

increasing amylase secretion from rat pancreatic acini

(Halenda and Rubin, 1982).

The dependence of pancreatic enzyme secretion on intra-

cellular and extracellular calcium has been examined by
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studies of the effect of caìcium depletion. using incubated

pancreas or perfused pancreas, omission of calcium from the

extracel I ul ar medi um reduced secretagogue-stimul ated amyl ase

secretion but did not abolish the release of amylase (Kanno,

7972; t^Ji I I i ams and chandl er, 1975; Kanno and Ni sh imura , 1976) .

In another study, addition of the ca2+-cherating agent EGTA

(ethylene g'lycol-bis-(B-amino ethyl ether) N, N'-tetra acetic

acid) blocked amy'lase release from the isolated rat pancreas,

but onìy after 60 min (case and clausen, rg73). In the superfused

mouse pancreas incubated for 60 min in a ca2*-free solution

containing EGTA, amylase secretion in response to short puìses of
acetylcholine stimulation at 30 min intervals still occurred

(Petersen and ueda, 1976). In a ca2+-free solution contaìning

EGTA, and in the presence of sustained stimulation, the initial
effect of acetylcholine was relativeìy unaffected but the

duration of secretion was reduced compared with that in a ca2+

-containing medium (Petersen and ueda, 1976). Re-admission of

ca2+ to the perfusion fluid during continued stimulation allowed

full recovery of the acetyìcholine effect and the amylase secretory

response was sustained (Petersen and Ueda, 1976).

0ther studies have used isolated acini rather than fragments

of intact pancreas. In rat pancreatic acini incubated in

either a normal ca2+-containing medium or a ca2+-free, EGTA

containing medium caerulein-stimulated amylase secretion was

similar for the first 10 min, after this time, however, the

effect of caerulein in the Ca2+-free medium was lost
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(l^lilliams, 1980). In isolated pancreatic acini from guinea-

pig in the absence of extracellular Ca2*, A23LB7 caused an

initial stimulation of enzyme release, however, after 10 min

of incubation, the acini were depleted of cellular Ca2+ and

no stimulation by ionophore or any other secretagogue was

possible (Gardner et. al., 1980).

These results showed that extracellular calcium is not

required for the initial activation of enzyme secretion by

secretagogues, but it is requ'ired for sustained secretion

since cellular stores of calcium (Stolze and Schulz, 1980;

Dormer et._a1., 1981) become depleted and must be replenished.

A recent study by Dormer (1984) showed that an increase in

intracellular Ca2+ was required to stimulate enzyme release.

The Ca2+ -chelators EGTA and BAPTA (1,2-bis (Z-aminophenoxy)

ethane-NNN'N' -tetraacetic acid) were introduced into intact

isolated rat pancreatic acìni using a hypotonic sweìling

method. The carbachol-stimuìated release of amylase was

inhibited by these chelating agents and the results were

consistent with this effect being due to chelation of intra-

cellular Ca2+ rather than a non-specific effect, such as ATP

depletion or cellular damage (Dormer, 1984).

2.4 (b) Evidence for the Involvement of Chanqes i n Membrane

Potential in Protein Secretion

Pancreatic acinar cells normally maintain a resting

membrane potential of -40 to -50 mV. Secretagogues cause a
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10 to 20 mV depolarization which is accompan'ied by a decrease

in the input resistance of the plasma membrane (Nishiyama and

Petersen , L974; Iwatsuki and Petersen, 1977 b, c). The

minimum latency of evoked depoìarization after ionophonetìc

application of acetylcholine to the pancreatic acinar ce'll

u,as reported to be 150 m sec (Nishiyama, 1984). Studies of

the ionic dependence of acetylcholine-induced membrane

potent'ia'l and resistance changes indi cated that the

depolarization and change in membrane conductance ìs due to

the opening of ion channels in the basolateral cell membrane

which allows the passive influx of Na+ and Cl- and the efflux

of K+ down their electrochemical gradients (Nishiyama and

Petersen, 1975; Iwatsuki and Petersen, 1977 a; Petersen and

Maruyama, 1984).

Voltage-clamp studies have confirmed that acetylcholine opens

conductance pathways 'in the mouse pancreatìc acinar membrane

which is made permeable to Na+, K*, and Cl- (McCandless

et. al., 1981). In addition, ion flux measurements have also

shown that agonist-induced increases in 22Na uptake (Putney

et. al ., 1980 a) aeg] uptake (Putney and Van de l^lalle, 1980 b)

and a2K efflux (Case and Clausen, 1973) occur.

Two possible mechanisms whereby a change in membrane potential

may lead to secretion could be (1) by activation of voltage'

dependent Ca2+ channels or (2) bv Na+ influx causing release of

calcium from cellular stores, such as mitochondria. Studies

showing that depolarization of the pancreatic cell membrane is
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not important in the activation of pancreatic secretion

indicated that voltage-dependent Ca2+ -channels- do not play

a role in stimulation of enzyme release. Evidence for this

was provided by showing that a 10-fold elevation in extra-

cellu'lar K+ concentration which depolarized the certs by 25 mv

did not cause the release of amy'lase from superfused pancreas

(Pouìsen and [,lilliams, 1977) or pancreatic acinar cells

(l,Jilliams et. al., 1976). Also, in the presence of a high

external K* concentration, CCK could still stimulate the

normal release of enzyme from the pancreas (Argent et. al.,
le73) .

A number of studies have shown that an increase in intracellular

çu2+ precedes rather than occurs as a result of the change in

membrane potentiaì. Removal of extracellular Ca2+ and

incubation with EGTA, caused a marked reduction in the

amplitude of small depolarizations evoked by just supra-

threshoìd doses of acetylcholine (Iwatsuki and Petersen, Ig77 b)

indicating an effect of Ca2+ on Na+ permeability. This role of

calcium in control'ling membrane properties was further

demonstrated by the intrace'llular microinjection of ca2+ which

caused a membrane depolarization and reduction in input

resistance which mimicked that seen with acetyìcholine

(Iwatsuki and Petersen, 1977 c). In addition, injection into

mouse pancreatic acinar cells of the calcium chelator EGTA

abolished the action of acetylcholine on membrane potential

and resistance changes (Laugier and Petersen, 1980).
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The observation that ionophore A23I87 caused a Ca2+ -dependent

depolarization of pancreatic acinar cells (Pou'lsen and t,lilliams,

1977) also supports the idea that depolarization in response

to physiologica'l stimulants may be mediated by Ca2+. The

depolarization by 423187 was abolished by omission of extra-

cellular Na+ (Poulsen and l,Jilliams, Ig77), confirming the

results of Nishiyama and Petersen (1975) and Iwatsuki and

Petersen (Ig77 b) tfrat an influx of Na+ not Ca2+ is direcily

responsible for the depolarization caused by secretagogues.

The study by Putney et. al. (1980 a) supported these res.ults by

demonstrating that the secretagogue-stimulated uptake of 22Na

into dispersed pancreatic acinar celìs was abolished in the

absence of extracellular Ca2+ and that the ionophore A23I87

(albeit, at a high concentration of 2 x 10-sM) stimulated 22Na

uptake.

Further evidence of calcium-activated increases in membrane

permeability havebeen obtained recently with the use of the

patch-clamp method which enables direct single-channel

recording both in intact cells and excised micro-patches

(Petersen and Maruyama, 1984). Two types of cation channels

have been identified in pancreatic acinar cells (Maruyama and

Petersen, 1982 a, b; Maruyama et. al., 1983 a; Petersen and

Maruyama, 1984). One of these channels is a non-discriminatory

cation channel with a conductance of approximately 30 pS and is

voìtage-insensitive. This channel is Ca2+ -dependent since it
can be activated by submicromolar concentrations of Ca2+ and

its opening and closure cannot be observed in the absence of
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Ca2+ on the inside of the membrane. The channel is virtually

impermeabl e to Cl - but equa'l 'ly permeabl e to aì I the at kat i

metal ions (Yellen, 1982; Maruyama and Petersen, 1982 a, b).

Although a permeability to Ca2+ has not been demonstrated it
is thought that ca2+ may also leak into the cells through these

cation channels which then in turn maintains the cation channels

in their open state (Petersen and Maruyama, 19841.

The second channel identified is highly selective to K+, has a

conductance of 200-250 pS and is also activated by Caz+ but

unlike the non-selective cation channel, it is voltage-

activated. This latter channel has been found in pig pancreatic

acinar cells (Maruyama et. al., 1983 a) but not in mouse and rat

pancreatic acinar cells (Petersen and Maruyama, 1984) where

only the non-specific cation channel has been found (Maruyama

and Petersen, 1982 a, b).

The release of K+ is a response to a secretagogue-stimulated

increase in intracellular Ca2+ in salivary gìands as well as

in exocrine pancreas. In the parotid gìand, the K+ release

response consists of two distinct phases (Putney, Lgld.

A transient phase occurs, lasting 2-4 min which does not require

Ca2+ in the extracellular medium. In the absence of Ca2+ only

one such transient response could be measured and it was

necessary to incubate parotid gland in a Ca2+ -containing

solution in order to enab'le re-activation of the transient

phase (Putney, 1977). These observations led to the idea that

agonists stimulate the release of a bound pooì of Ca2t which
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activates the transient release of K+, and that this pool

is repìenished by extracellular Ca2+.

The second phase of increased K+ permeability is more

sustained, results in a net loss of tissue K+ and requires

extracellular Ca2+ (Se'linger et. al. , !973; Putney, 1976 a).

The biphasic nature of the K+ release response in parotid

gland reflects the duaì mechanism of Ca2+ mobilization :

intracellular release and infìux. In mouse and rat parotid

acin'i and mouse submandibuìar gìand, Maruyama et. al. (1983 b)

have identified the K+ specific, voltage-Ca2+ -activated K+

channel, the non-specific cation channel was not found in

these cell types.

The second possible mechanism whereby a change in membrane

potential might lead to enzyme secretion could be by an

increase in Na+ content. Omission of Na+ from the extra-

cellular medium caused an inhibition of agon'ist-stimulated

amyìase secretion in pancreas of cat (Argent et. al., 1973),

rat (Case and Clausen, 1973) and mouse (l''lilliams, 1975 a;

Petersen and Ueda, 1976 a). However, it became clear that this

effect of Na+ was due to inhibition of fluid secretion in the

preparations used since inhibition of anylase secretion by Na+

removal did not occur in acini (Wilìiams et. al., 1976). This

indicated that anylase secretion was not dependent on Na+ infìux

and so occurred independently of depolarization and that in the

intact pancreas or in fragments (Argent et. al., 1973; Case

and Clausen, 1973; Petersen and Ueda, 1976 a) amylase secretion
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was stimulated but was unable to be released from the ducts

into the extracellular fluid due to the absence of fluid

secretion which requires Na+. Secretagogues, aìthough

stimulating an increase in Na+ uptake into acinar cells

(Iwatsuki and Petersen, 1977 b; Putney et. 'al . , 1980 b) caused

onìy small increases in cytosolic Na+ concentration (0'Doherty
(

and Stark, L982 b; Preissler and l^Jilliams, 1981), suggesti.ng

that a Na+ extrusion mechanism is stimulated simuìtaneously

with the influx of Na+. Recently, Hootman et. al. (19g3)

provided the first evidence that the cellular Na+-K+ pump is

stimulated by the secretagogues in guinea-pig pancreatic acini

using the rate of (3H)-ouaba'in binding as an index of Na+-K+-

pump activity. Ouabain is a highly specific inhibitor of

Na*-K+ pump activity which binds primarily to one conformational

state of the pump enzyme - the phosphorylated intermediate

(Jorgensen, 1980).

The secretagogue-stimulated Na+-K+ pump activity resuìting in

Na+ extrusion and K+ re-uptake evoked by secretagogues was Na+

dependent but unaffected by the removal of cl- from the intra-

cellular fluid (Hootman et. al., 1983).

Aìthough there is no direct effect of a change in membrane

potentiaì as demonstrated by electrophysiology, on protein

secretion, the ion fluxes which occur may have an indirect

effect in the whole gland as they appear to be invoìved in

fluid secretion. As discussed previously in 2.1 the mechanisms

involved in acinar fluid secretion are not clearty defined.
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The role of a ttla+/K+/Cl- cotransporter has been suggested

by Petersen (1984) and Singh,(1984) while the studies by

Seow et. al. (1984) and Seow and Young (1984) tend to put

this idea into doubt and have led to the proposaì of a

Na+/H+, Cl-IHCOl3 double antiport system being involved in

fluid secretion. This area requires much further investigation.

2.a k) Cytopl asmi c Cal ci um Concentrations in Pancreatic

Aci nar Cel I s

The intracellular free Ca2+ concentration of pancreatic

acinar cells has been determined using four different methods.

0chs et. al. (1983) used the Ca2+ -selective fluorescent

indicator, Quin-2 which measures free, cytoplasmic but not

membrane-bound Ca2+ (Pozzan et. ô.|., 1981); 0,Doherty and

Stark (1982) used a Ca2+ -sensitive microelectrode inserted

intracellularly. Maruyama et. al. (1983 a), used patch-clamp

methods to record singìe-channel currents. The reìationship

between the open-state probability of the K+ channel and membrane

potential was determined in the excised patches at three

different bath fluid concentrations of Ca2+ and aìso in an

electrically isolated patch in an intact cell. By comparing the

curve for open-state probability of K+ channel vs membrane

potential in the intact cell with that obtained for the excised

patch, it was possible to determine the intracel'lular Ca2+

concentration (Maruyama et. al., 1983 a). streb and Schulz (lgg3)

used a method to allow them to measure the cytosolic free Ca2+

concentration which could be buffered by intracellular organelles
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of rat pancreatic acinar cells. The ceìls were made permeable

by addition of saponin which affects plasma membranes, and the

free Ca2+ concentration of the surrounding medium was measured

with a Ca2+ -sensitive macroelectrode. This medium u,as

beìieved to represent an extended cytosol (Streb and Schulz,

1983), since free ion movement from within and outside the cell

would be possible.

In the resting pancreatic acinar ceì.l, the intraceìlular Ca2+

concentration was measured to be 1.8 x 10-7M in mouse (Ochs

et. al., 1983), 4.3 x 10-7M (0'Doherty and Stark, 1gg2),

between 10-8 and 10-7M in pig (Maruyama et. a1.,1983). The

estimate made by 0'Doherty and Stark (1982) was considerably

greater than that by Maruyama et. al. (1983',a)..The reason'for

this difference is likely to be due to microelectrode impa'lement

causing the cells to become leaky and to allow an influx of Ca2+

to occur. It would appear that this was the case,since the

resting membrane potential was -26mV (0'Doherty and Stark, 1982)

which is much lower than the normal resting membrane potentials

of pancreatic acinar cel'ls previous'ly reported of 37mV (Nishoyama

and Petersen, 1974) and 43mV (Pou'lsen and l^lilliams, 1977). This

lower resting membrane potential would be expìained by a 'leaky

membrane causing dissipation of electrochemical gradients,

indicating the membranes of cells used by 0'Doherty and Stark

(1982) were probably damaged, and so their estimate for cytosolic

Ca2t concentration is likely to be incomect.

The study by Streb and Schul z ( 1983) showed that as the free
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Ca2r concentration was decreased by addition of EGTA, C¿2+

was gradually released from the cells until a steady state

was reached. If the medium concentration of Ca2+ was increased,

Ca2* was again taken up until the steady state level was reached.

The "Ca2+ null point" was obtained and found to be equal to

4 x 10-7M. This is the medium concentration at which no more

Ca2+ uptake was observed and gives a measure of the cytosolic

free Ca2+ concentration that can be buffered by the action of

intracellular organelles. However, this value may not be the

level which is obtained in the intact, non-permeabilized

pancreatic acinar cell since it is higher than the estimates

determined by Maruyama et. al. (1983 a), and Ochs et. al. (1983).

The reason for this difference is not clear. One possibitity is

that Ca2+ pumps in the plasma membrane which contribute to

maintaining a resting cytosolic Ca2+ concentration are disrupted

by saponin and so the resting C¿2+ content is higher than in

non-permeabi I i zed cel ls.

In the presence of acetylcholine and Cu"*,0'Doherty and Stark

(tggZ) measured an increase in intracellular Ca2+. However,

they failed to see this effect when Ca2+ was absent from the

extracellular medium, indicating that the microelectrode was

not very sensitive to Ca2+ changes. !,lhen Ca2+ and secretagogues

were present in the extracellular medium, a rapid transient

increase in free Ca2+ content up to a maximum of 96 x 10-zM

was measured (Ochs et. al ., 1983). In the absence'of extra-

cellular Ca2r, an equivalent increase in free Ca2+ content

could be elicited (although a higher concentration of agonist
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lvas required), but this change decayed more rapidly than in

acini in a Ca2+ -containing medium (Ochs et. al., 1983). In

pig acini the free Caz+ content identified by Maruyama et. al.

(1983 a) was estimated to increase from 5 x 10-8M to 10-6M. by

acetylcholine or cholecystokinin-pentapeptide. It would

therefore appear that secretagogue-stimulation of acinar cells

causes at least a 10-fold change in the intracellular free Ca2+

concentrati on.

It is now well established that calcium is essential in

triggering the electrophysiological and secnetory responses of

pancreatic acinar cells. It was not untit the last few years

that the sites of calcium storage and movements of calcium

which occur upon receptor activation have been intensively

studied. The question of how receptor activation stjmulates

a release of calcium from stores and an increase in the

permeability of the cell membrane to calcium has for many

years remained unanswered. Recent studies have provided

evidence to support the role of inositol phospholipid hydrolysÍs

as the crucial mechanism linking receptor activation to increased

intracellular Ca2+. Before a review of the processes involved

in inositol phosphoìipid turnover and its role in calcium

metabolism is presented it is necessary to discuss the movements

of calcìum and from what sites this occurs in order to correlate

properties of agonist-stimulated inositol lipid hydrolysis with

the cellular events occurring in calcium mobilization.
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2.5 : CALCIUM FLUXES IN PANCREATIC ACINAR CELLS : THE EVENTS

LEADING TO INCREASED INTRACILLULAR CALCIUM CONCINTRATION

The stimulation of the exocrine pancreas by secretagogues

causes a biphasic movement of Ca2+, an initial loss of Ca2+ followed

by an uptake. The initial secretagogue-stimulated efflux of Ca2+

from whole-rat pancreas (Case and Clausen, 1973), fragments of mouse

and rat pancreas (l,lilliams and Chand'ler, 1975; Heisler and Grondin,

1973), mouse pancreatic acini (Dormer et. aì., 1981) and isolated rat

acinar cells (Stolze and Schuì2, 1980; Schulz et. al., 1981) has been

demonstrated by 45çu2+ flux measurement and also by atom'ic absorption

spectrometry measurement of total Ca2+ content. Ca2+ efflux occurs as

a result of the agonist-stimulated release of Ca2+ from cellular

storage sites into the cell cytosol (Stoìze and Schulz, 1980; Dormer

et. al., 1981). The mechanism of this Ca2+ efflux, however, has not

been defined.

The relationship between secretagogue-stimulated Ca2+ efflux and

uptake is not clear, although Wakasugi et. al. (1981) suggested that

these two processes are independent events. Lanthanum, at high

concentrations (smM) blocks both Ca2+ efflux and influx but at lower

concentrations (1 and 2mM) btocks only Ca2+ ef1tlux, indicating that

an initia'l Ca2+ efflux is not a requirement for the activation of Ca2+

influx. However, these results do not prec'lude the possibiìity that

a common mechanism activates the processes which lead to efflux and

influx of Caz+. Lanthanum may have a higher affinity for the sites

at which Ca2+ release from the cell occurs than for the sites at which

the Ca2+ uptake mechanism acts
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The stimulated efflux is likely to be ìargeìy an active process

since as the total intracellular: ca2+ concentration drops, this

would lead to an increase in the gradient for ca2+ to move into

rather than out of the cell. There is some evidence to suggest that

a component of the stimulated efflux requires energy since antimycin A

(which is a redox inhibitor and inhibits the production of ATP) reduced

secretagogue-stimulated efflux of Ca2+ in isolated mouse pancreatic

acini (Dormer et. al., 1981) and dispersed rat pancreatic acinar cells

(stolze and schulz, 1980). It was suggested that the ca2+ efflux may

be due to the active transport of Ca2+ by Caz+ -pumps (Stoìze and

Schulz, 1980). Studies showing ìnhibition of carbachol-stimulated Ca2+

efflux by ouabain indicated that ca2+ extrusion may also be via a

ca2+- Na+ counter-transport driven by the primary action of the
fJ

Na- - K' -pump (Stolze and Schulz, 1980).

The initial Ca2+ efflux is followed by the uptake of Ca2+, the mechanism

for this process, however, is not clear. There is at present no direct

evidence to show that ca2+ influx occurs by an increase in the

permeability of the cell membrane due to the opening of "calcium-channels".

The studies using the patch-clamp method have not identified channels

in the pancreatic acinar cells which are specific for ca2+. It is

possible, however, that ca2+ may move through the non-specific cation

channel (Maruyama and Petersen, 1982 a) although this has not been

directly demonstrated and requires further investigation.

An indirect demonstration of an increase in the permeability of the

pancreatic acinar cell membrane to Ca2+ was provided by Laugier and

Petersen (1970). Sustained stimuìation with agonist caused a sustained
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depo'larization and resistance reduction in the presence of extra-

cellular Ca2+; however, in a Ca2+ -free EGTA-containing medium onìy

a transient depolarization and resistance change u'Jere seen. It was

suggested that although the initial agonist-stimulated membrane

changes do not require extracellular Ca2*, the influx of Ca2+ into

the cells is important in maintaining ion channels in their open state

and so sustaining the evoked depo'larization and membrane resistance

changes, in the presence of sustained stimulation. The inability to

detect any C¿2+ influx electrophysio'logical'ly may be due to a very

smal I rate of i on fl ux whi ch woul d not contri bute s i gni fi cant'ly to

change the electrical propert'ies of the membrane.

An alternative mechanism for Ca2+ influx may be via a natura'lly

occurring ionophore. Phosphatidic acid has been suggested to play a

role in Ca2+ transport since it transfers Ca2+ across organic

solvent layers and mimicked the responses of smooth muscle cells and

parotid gland slices to a Ca2+ -mobilizing hormones (Saìmon and

Honeyman, 1980; Putney et. al. ¡ 1980 c). .

A component of the stimulated Ca2+ uptake may be due to an active

process since antinycin A inhibited secretagogue-stimulated Ca2+

uptake in pancreatic acinar cells and dispersed acinar preparations

(Stolze and Schulz, 1980; Dormer et. al., 1981).

If uptake of Ca2+ was sole'ly due to an increase in the plasma

membrane permeability to this ion,this effect of ATP depletion on

Ca2+ -influx wouìd not be expected. Isolated subcellular organeìles

such as mitochondria, endoplasmic reticulum, Golgi membrane in addition

,t

I

:ri

f
b,

#



63.

to plasma membranes possess energy-dependent Ca?+-accumulation

properties (Selinger et. al. , 1970¡ Carafoli and Crompton, 1979;

Bygrave, 1978; Ponnappa et. al., 1981), and may play an important

role as Ca2+ storage sites in the pancreatic acinar cell. In

unstimulated mouse pancreatic acini, antinycin A stimulated Ca2+

efflux and inhibited Ca2+ uptake (Dormer et. â.|., 1981).

What are the cellular sites from which Ca2+ is released and the Ca2+

sequestering sites where Ca2+ uptake occurs followìng secretagogue

stimulation? Following stimulation with carbachol of pancreatic

aÇinar cells which had been pre-ìoaded with asCa2+, the cells released

4sCa2+ and subsequentìy reuptake occurred to reach leveìs even above

the control. l^lhen carbachol-stimulation was abolished with atropine,

a rapid 4sca2+ uptake occurred. After addition of atropine, it was

then possible to induce 45çu2+ release with another agonist,

cholecystokinin, whereas without the interposed step of atropine this

was not possible (Stoìze and Sculz, 1980). These results indicated

that Ca2+ is released from one store and is taken up into a second

store. Refilling of this first store, involved in Ca2+ efflux, occurs

only when receptor activation ceases. These results also show that

the pooì of Ca2+ released on receptor activation is con¡mon to both the

CCK and acetylcholine receptors.

The fluorescent probe, chlorotetracyc'line (CTC) forms fluorescent

complexes with membrane bound Ca2+ and was used to investigate the

source of Ca2+ released by secretagogues. Chandler and l,Jilliams (1978 a, b)

reported a decrease in CTC fluorescence induced by secretagogues in

isolated pancreatic acini which was mimicked by mitochondrial inhibitors.
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i

rà-Th'is suggested that Ca2+ was sequestered either in mitochondria or

by an organelle (or membrane) requiring ATP produced by mitochondria,

and that Ca2+ was released from these organelles in response to

secretagogue-stimulation (Chandler and Williams, 1978 a, b).

Recent studies using subcellular fractionation of mouse pancreatic

acinar cells and determination of Ca2+ content by atomic absorption

spectroscopy and 45çu2+ have 'investigated the localization of sites

of Ca2+ release and storage. One prob'lem wìth measuring changes in

Ca2+ levels in subcellular organelles following fractionation of

stimulated cells is that re-distribution of Ca2+ may occur during

the fractionati on process. Dormer and t^li I I i ams ( 1981) used a simp'le

fractionation procedure and added ruthenium red (an inhibitor of

mitochondrial Ca2+ transportJ and EGTA, in-an attempt to reduce this

re-distribution. It was concluded that secretagogue-stimulation of

mouse pancreatic acini causes the release of Ca2+ from a microsomal

compartment since both 4sca2+ levels and net Ca2+ levels measured by

atomic absorption spectrometry in this fraction decreased (Dormer and

tlilliams, 1981). An increased exchange between zymogen granu'les and

mitochondrial fractions was suggested since although 459u2+ levels

decreased, net Ca2+ levels in these organeìles were not altered

( Dormer and l,li I I i ams , 1981) .

The tikely sites of Ca2+ release in pancreatic acini were suggested

to be the endoplasmic reticulum and Golgi apparatus (Dormer and

l,lilliams, 1981). The plasma membrane was a contaminant of the microsomal

fraction in the study by Dormer and Williams (1981) and so could not be

excluded as a possible site of Ca2+ release. The vaìidity of these
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conclusions, however, is based on the assumption that little
redistribution occurred, which is the subject of some controversy

(Streb and Schulz, 1983).

To examine the sites of Ca2+ sequestration Wakasugi et. al. (1982)

used saponin to permeabilize the cell membrane and so allow the

cellular uptake of high molecular weight substances including those

which inhibit mitochondrial or non-mitochondrial Ca2+ uptake. In

saponin-treated cells 4sCa2+ uptake induced with ATP was inhibited

but not abolished by mitochondrial inhibitors. Non-mitochondrial

inhibitors known to inhibit Ca2+ sequestration in sarcoplasmic

reticulum (Martonosi and Feretos, 1964) inhibited ATP-induced a5gu2+

uptake partially or completeìy. The ca2+ ionophore A23rB7 abolished

45guz+ uptake complete'ly and rapidly released previousìy accumulated

4sCa2+ from the storage sites. These results suggested that both

mitochondrial and non-mitochondrial storage sites are involved in an

ATP-dependent Ca2+ uptake.

Electron microscopy of saponin-treated acinar cells incubated in the

presence of ATP, Ca2r and oxalate showed the presence of dense Ca2+ -

oxalate precipitates in the rough endoplasmic reticulum and occasionally

in mitochondria (tJakasugi et. al., 1982). These precipitates were

absent without ATP and when 423187 was added to the ATP-containing

incubation medium. It would appear that 423187 affects a Ca2+ storage

poo'l located in the rough endoplasmic reticulum.

A further study to examine the site(s) of caz+ storage in exocrine

pancreas !,las reported by Streb and Schulz (1993). As described in
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D.2.4 (c) permeabilized rat pancreatic acinar cells were used and the

measurement of the free Ca2+ content of the surrounding medium with

a Ca2+ -electrode allowed determination of the cytosolic Ca2+

concentration (4 x 10-7M) buffered by intracellular organelles.

This steady state was found to be controlled by the nonmitochondrial

Ca2+ pool since, when Ca2t was added to the bathing medium, in the

presence of three mitochondrial inhibitors at high concentrat'ions,

Ca2+ uptake occurred to maindain the same cytosolic Ca2+ steady state

as controls. 0n the other hand, the mitochondrial uptake, which could

be observed in the presence of vanadate to inhibit non-mitochondrial

uptake, was unable to return free Ca2+ to steady state and could onìy

buffer Ca2+ to 6.5 x 10-7M, which was followed by Caz+ release (Streb

and Schulz, 1983).

An examination of nonmitochondrial Ca2+ uptake in the presence of

vanadate showed two phases (Streb and Schulz, 1983). The first phase

of rapid uptake occurred 3-5 min after addjtion of vanadate followed by

a second phase which was a slower but continuous uptake. The non-

mitochondrial pool of Ca2+ can be divided into two functiona'l1y

different structures. One pooì with a high uptake velocity but 'low

capacity, and a second poo'l with considerabty lower Ca2+ uptake

velocity but high capacity that determines the final medium concentration

of 4 x 10-7M at steady state.

In addition to examining the ability of cellular organeìles to buffer

changes in cytosolic Ca2+, the role of non-mitochondrial Ca2+ stores

in pancreatic acinar cells in response to secretagogue-stimulation was
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al so exami ned by Streb and Schul z ( 1983) . tJhen permeabi ì i zed cel I s

were stimulated with CCK-8 or carbachol, Ca2* release was followed by Caz+

uptake to the prestimuìation level. If non-mitochondrial uptake of

Ca2+ was completeìy abotished by vanadate, some, though reduced,

secretagogue-induced Ca2+ reìease was observed (Streb and Schulz,

1983). This suggested a role for the non-mitochondrial store of Ca2+,

the endoplasmic retìculum, in the initial Ca2+ efflux response. In

addition, it has been suggested that since secretagogue-stimulation

of Ca2+ efflux occurs in permeabilized cells, the Ca2+ may be released

from the plasma membrane, othen¡lise one must envisage the transfer of

a signal from plasma membrane internal organelles in an. environment

whereby the second messenger may leak out of the cell. Lanthanum

which displaces Ca2+ from sites on the external sunface of the cell

membrane caused inhibition of agonist-stimulated Ca2+ efflux, again

suggesting release of Ca2+ from a plasma membrane site (Schuìz et. al.,

1981). It is questionable, however, whether Ca2+ released from the

plasma membrane would enter into the cytosol and then be pumped out

by Ca2+ pumps. Since it is known that Ca2+ released from stores is

sufficient to activate the secretory process, this indicates that Ca2+

efflux must occur as a result of release of Ca2+ into the cytosoì from

stores, and questions a plasma-membrane site of Ca2+ release. The site

of the pool of Ca2+ responsible for the initial agonist-stimuìated

efflux is not yet known but is likely to be the rough endopìasmic

reti cul um.

In contrast to the results with pancreatic acini are those in parotid

gland where the Ca2+ storage pools involved in secretagogue-stimulated

release and uptake of Caz+ do not appear to be intracellular. This

I
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tissue resembles pancreas in that cholinergic receptor activation

stimulated a ca2+ efflux followed by an influx (Poggioli and putney,

L9B2). when atropine is added during the influx stage there is an

abrupt transient influx followed by a return of net influx to pre-

stimulation levels (Poggioli and Putney, lgBz). Folìowing atropine

addition, Ca2* refilled the hormone sensitive pool since a-adrenoceptor

activation caused a further ca2+ efflux. However, during the period

of refitling when a very large influx of Ca2+ occurred, the Ca2+

-dependent responses of K+ efflux and protein secretion were not

stimulated. This last result suggests that this pool of ca2+ refills
rap'idly without causing an increase in the cytosolic free Ca2+ content.

since this indicates ca2+ does not enter the cytosol it appears that

the hormone-sensitive ca2+ poo'l is in some way sequestered in or in
close association with the p'lasma membrane.

Therefore, it appears that in pancreatic acinar cells secretagogue-

stimulation causes the efflux of Ca2+ which is associated with release

of Ca2+ from cellular stores and is requ'ired for short term release of

secretory product. ca2+ uptake occurs to maintain an elevated

cytostolic ca2+ content to allow sustained secretion. Refi'lìing of

the secretagogue-sensitive ca2+ pools requires removal of receptor

acti vati on.

In some tissues such as parotid gland (Poggioli and Putney, 1993)

this pooì may be to be membrane bound. Whereas in pancreatic acinar

cells a non-mitochondrial pool which may be the endop'lasmic reticulum

appears to be invoìved in Ca2+ storage and release of Ca2+.
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What role does mitochondrial Ca2+ play in controlling pancreatic

acinar cell Ca2+ content? The results of studies by l^lakasugi et. al.

(19S2) and Streb and Schulz (1983) suggest that although an ATP-

dependent accumulation of Ca2+ does occur into a mitochondrial pool

this pool does not appear to play a roìe in maintaining cytosolic

free Ca2+ concentration at a steady rate. It has been suggested that

perhaps the mitochondrial pooìs act as an "emergency Ca2+ sink" which

takes up C¿2+ when the internal free Ca2+ content increases to high

levels (Streb and Schulz, 1983). However, there is no evidence to

support this idea.

A recent study by Shears and Kirk (19S4) has shown that in hepatocytes,

mitochondrial Ca2+ is not mobilized in response to a-adrenergic

activation which stimulates Ca2+ -dependent responses such as g'lycogen

phosphorylase activity. Using a rapid cellular frao'tionation technique,

the mitochondrial-rich fraction obtained from agonist-stimulated

hepatocytes showed no loss of 4sca2+. whereas a loss of total cell ca2+

occurred. The study by Shears and Kirk (198a) conflicted with earlier

studies using hepatocytes (Blackmore et. a1.,7979 a, b); Murphy et. al.,
1980; Dehaye et. a1.,1980; Reinhart et. al., 1982). However, these

studies either employed non-physioìogicaì Ca2+ -loading procedures;

used hepatocytes which had not achieved a steady-state control level

for mitochondrial Ca2+; or long-term fractionation procedures; all

of which could lead to a loss of mitochondrial Ca2+ which was not due

to secretagogue activation.

The recent resuìts of Shears and Kirk (198a) and Streb and Schulz (1983)

have now cast doubt on any role of mitochondrial Ca2+ in the secretagogue-

activated Ca2+ fluxes which occur.
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How does receptor activation cause Ca2+ release? Na+ has been

proposed as a possible mediator of Ca2+ release in some tissues

such as sympathetic ganglia (Birks qnd cohen, 1968) parasympathetic

fibres (Poulsen, 1974), heart (Carafoli et. al., 1974). In the

studies by Streb and Schulz (1983) using permeabilized cells, there

would be no increase in intracellular Na+ concentration following

receptor activation and vet ca2+ release occurs. This indicates

that in pancreatic acinar cells Ca2+ release occurs independentìy of

any change in Na+content.

Is inositol lipid hydro'lysis associated with the control of the

release of Ca2+ from stores? If the site of Ca2+ release is at

the endoplasmic reticulum, how does the activation by secretagogue

at the exte.rnal surface of the cell membrane cause this Ca2+

release - is there an intracellular messenger released upon receptor

activation? These questions wil'l be discussed in the inositoì

phosphoìipid section to follow (2.8).

2.6 : THE RELATIONSHIP BETI,IEEN INHIBITION 0F P ROTEIN SECRETION

CYTOSOLIC CALCIUM CONCENTRATION AND RECE PTOR OCCUPATION IN

THE EXOCRINE PANCREAS

The dose-response curve for amylase secretion stimu]ated by

a number of secretagogues shows a characteristic biphasic shape where

high concentrations of agonists cause a submaximal secretion of an¡ylase

(t{illiams, 1975 b; Savion and Selinger, L97B:' Uhlemann et. a'|., 1929).

How does this inhibition of secretion occur? There is evidence to

suggest that this is a post-receptor phenomenon and that Ca?+ is
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responsible for the submaximal secretion of arnylase. A comparison

of the dose-response curves for anylase secretion and Ca2+ efflux

in isolated mouse pancreatic acini showed that the secretagogue

concentrations required to produce maximal amylase secretion was

2 to 3-fold less than that required to produce maximal ca2+ efflux

(Chand'ler and Williams, 1978; Korc et. al., 1979; Dormer et. al.,
19.81). These results indicated that the cytosolic C:a2+. concentra-

t'ion required for maximal amylase secretion ìs not the maximum level

possible in the acinar cell. This was further supported in a study

by Stark and 0'Doherty (1982) showing, w'ith the use of a Ca2+

selective microelectrode, tlùat as acetycholine increased from l0-8M

to 10-sM the intracellular concentration of Ca2+ continued to increase

while amylase secretion progressiveìy increased and then decreased.

Studies showing that the inl$ibitory effect of high concentrations of

secretagogues on amylase secretion can be reduced by decreasing the

extracellular ca2* concentration in guinea-pig acini (Gardner et. al.,
1979 b) and in mouse pancreãtic fragments and acinï (Roberts and Woodland,

1982; Burnham and williams, 1982 b) support the jdea that high levels

of intracellular Ca2+ inhibit secretion.

The results of Gardner et. al. (1980) are also in agreement with this

proposaì since the addition of ionophore A23L8V to secretagogue-

stimulated guinea-pig pancreatic acini caused a reduction in the

secretion of anlylase due to the increased intracellular Ca2+ content

The question of how Ca2+ causes this inhibiti'on of secretion is

however, not answered.

Supraoptimal concentrations of secretagogues cause morphological

changes at the luminal area of the pancreatic acini. There is disruption
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of the filamentous system surrounding the lumen, disappearance of

microvilli and production of distended evaginations of the luminal

membrane containing secretory material (Savion and Selinger, l97g).

These changes lead to the eventual reduction in size of the lumen.

It has been suggested that these changes in the microtubular and

microfilamentous system could account for the inhibition of enzyme

secretion caused by high concentrations of secretagogues (Savion and

Selinger, 1978; Burnham and t^lilliams, 1982 b). The morpho'logical

changes were found to occur only at the apicaì part of the celì

membrane and both the inhibition of ar¡yìase secretion and the

structural changes coul d be reversed by removal of the secretagogue

(Savion and Selinger, 1978). It appears, however, that the collapse

of the acinar cell lumen is not responsible for inhibition of secretion

since cytochalasin B at a concentration which disrupted the structure

of the microfilamentous network and microvilli inhibited enzyme

secretion but the acinar lumen was still intact (Bauduin et. al., lgTs).

The study by Burnham and l^lilliams (1982 b).showed that the production.of

numerous cytoplasmic protrusions into the acinar lumen caused by high

concentrations of cholecystokinin-octapeptide was reduced by exposure

of acini to cytochalasin B, which disrupts microfilament networks

(Brown and Spudich, 1981). Cytochalasin B (6.3 x 10-6M) caused a

decrease in the maximal secretion of amylase stimuìated by ccK-g and

abolished the inhibition of secretion caused by high concentrations

of this secretagogue (Burnham and l,Jilliams, 1982 b). This was taken as

evidence that inhibition of secretion was due to alteration of the

microfilament system by high concentrations of agonist.
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In the presence of cytochalasin B (6.3 x 10-6M) the maximal secretion

of amylase stimulated by CCK-8 was reduced to a level of secretion

which was not much greater than that stimulated by inhibitory

concentrations of cholecystokinin-octapeptide (Burnham and tJill :iams,

1982 b). However, from these results it is not clear whether a further

reduction in amylase secretion would be expected with higher

concentrations of CCK-B and so the evidence to support the idea that

the microfilament system is responsible for inhibition of secretion

at high concentrations of agonist is not conclusive.

Cytochaìasin B interaction with the pancreatic acinar cell not only

results in disruption of the microfilament system but also alters

monosaccharide transport (Bauduin et. al., 1975). The uptake of

(3H)'Z-¿eoxygìucose into pancreatic gìand in uitro was inhibited by

pre-incubation for 2 hr with concentrations of cytochalasin B as low

as 2.1 x 10-6M, whereas ultrastructural changes were observed in the

gtand on'ly when concentrations greater than 10-sM were used (Bauduin

et. al., 1975). The effect on glucose transport suggests-the plasma

membrane as a site of action of cytochalasin B and indicates that

glucose transport is more sensitive to cytochalasin B than microfilament

structure. Cytochalasin B (10-sM) did not alter ATP levels of pancreatic

gland =-.syggesting that cytochalasin B did not result in a depletion

of energy for cellular processes.

Roberts and Ì,Joodland (1982) found no effect of a low concentration of

cytocha'lasin B (1.1 x 10-6M) on the inhibition caused by high

concentrations of secretagogue, and concluded that microfilaments do

not appear to be involved in this inhibitory effect. The concentration
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of cytochalasin B used by Burnham and Williams (l98z b) was higher

that that used by Roberts and Ì,loodland (1982) and so could account

for the differences in the results.

Mjcrotubules do not appear to be involved since disruption of the

microtubuìe system with vinblastine or colchicine did not alter the

i nhi bi ti on of anyl ase secreti on (l^li I I i ams and Lee , Lg76; Roberts

and hloodl and, 1982 ) .

How does Ca2+ inhibit secretion? If not by disruption of the

microfilament system - by what other mechanisms? Another phenomenon

activated by high concentrations of secretagogues in pancreatic acini

cells is the activation of fceÌ-ìysosomal system whereby secretory

granuìes are taken up by ìysosomes to form autophagic vacuoles, which

results in the formation of myocardial depressant factor - which is

not normaì1y released as part of the process of enzyme secretion

(Savion and Seìinger, 1973). It is possible that the resultant

destruction of the secretory granules contributes to the decrease in

enzyme secretion.

High concentrations of secretagogues activate other pancreatic

functions such as stimulation of glucose uptake (Korc et. al., lg7g),

inhibition of amino acid uptake (Iwamoto and hlilliams, 1980) and

inhibition of protein synthesìs (Korc et. al., 1981) which also appear

to be mediated by an increase in intracellular ca2+. Recent studies

have investigated the relationship between secretagogue-receptor

binding and biological functions in pancreatic acinar cells.
Sankaran et. al. (19S2) showed that there are two classes of receptors
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for cholecystokinin-octapeptide and that occupation of the high-

affinity receptors correlated with stimulation of secretion while

occupation of the low-affinity receptors correlated with the

inhibition of secretion. Reguìation of the uptake of glucose and

am'ino-isobutyric acid was the result of fractional occupancy of the

low affinity choìecystokinin receptors (Sankaran et. aI.,1982).

The study by Sankaran et. al. (tggZ) was supported by studies

investigating occupancy of the muscarinic receptor using s(H)-

quinuclìd'inyì benzilate in rat pancreatic acini (Larose et. al., 1981).

This receptor a'lso exists in two affinity states whereby occupation of

the high affinity receptor (which was 40% of the total receptor

population) corresponded with stimulation of secretion whi'le occupation

of the low affinity receptors corresponded with inhibition.

A close examination of the dose-response curves for Ca2+ efflux and

amylase secretion (Chandler and Williams, 1978; Korc et. al., L979;

Dormer et. al., 1981) showed that increasing the concentration of

secretagogues over levels at which Ca2+ efflux had plateaued, still
caused a progressive decrease in maximal enzyme secretion. Since

Ca2+ efflux occurs as a result of an increased cytosolic Ca2+ content,

these resu'lts could be interpreted to show that the inhibition of

secretion, although occurring at hÍgh concentrations of cytosolic

Ca2+ is not linearìy related to Ca2+ content. It could be suggested

that some other as yet unknown, factor which continues to increase in

concentration is also invoìved in inhibition of secretion. However,

this conflicts with the study by 0'Doherty and Stark (1982) in which

acetylcholine 10-6 to 10-sM continued to increase the Ca2+ content
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(as measured with the Ca2*-sensitive microelectrode) while amylase

secretion progressi veìy decreased.

The role of Ca?+ in inhibition of secretion still requires further

i nves ti gati on .

2.7 : CALCIUM-ACTIVATED STIMULUS-SECRETION COUPLING IN EXO CRINE

PANCREAS

How might the agonist-stimulated increase in intracellular

ca2* cause secretion? Regulation of protein phosphorylation has been

shown to be influenced by ca2+ in a number of secretory tissues

and cells including the exocrine pancreas (Freedman .and Jamieson, 1981;

Burnham and t^lilliams, 7982 a, 1984; Jahn and Söiing, 1983; Roberts and

Butcher, 1983), parotid gland (Kanamori and Hayakawa, 1980; Jahn and

Sö1ing, 19Bl a), lacrimal gland (Jahn and Söìing, 1981 b; Jahn et. al.,
79BZ), adrena'l medulla (Amy and Kirschner, 1982), ffiâst cells (Sieghart

et. al., 1978) and pìatelets (Lyons and Shaw, 1980).

There ha.s been increasing evidence that ca2+ may exert many of its
actions through regulation of protein phosphorylation in numerous

tissues (Cohen, L982; Schulman, 1982) and so the effect of

secretagogues on phosphorylation in exocrine pancreas has recently

been examined.

In the mouse pancreatic acinar cells, stimulation with either carbachoì

or ccK-8 caused significant increases in the phosphorylation of a

particulate proteir,,,llr =32,500 and soluble proteins with an Mr = 16,000
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and 23,000 (Burnham and Williams, t982 a). These'alterations in

phosphorylation correlated in a dose-dependent manner with the

stimulation of enzyme secretion, and were mimicked by the Ca2+

'ionophore A23lB7 (Burnham and l^Ji I I iams, 1982'a) . Increas'ed phosphory-

lation of a protein with an Mr = 32,000 by carbachol or 423187 only

in the presence of Ca2+ was also observed in mouse pancreatic

fragmen*us (Roberts and Butcher, 1983). In guinea-p'ig exocrine pancreas

a major protein Mr 29,000 - 35,000 was phosphory'lated in response to

carbachol; this protein was identìfied as being ribosomal (Jahn and

Säting, 1983). Ca2+ -dependent phosphorylation of a protein with an

lrlr = 29,000 which was localized to a ribosomal fraction was also

identified in rat pancreas in response to secretagogue stimulation

(Freedman and Jamieson, 1981).

The reguìatory role for Caz+ in phosphory'lation may involve

alterations in the activity of Ca2+ -dependent protein kinases and/or

phosphatases ( Krebs and Beaven , 1979) .

The initial studies which identified Ca2+ -dependent phosphorylation

of protein stimulated by secretagogues did not jdentify the protein

kinase(s) involved. Two possible modes of action whereby Caz* can

alter protein phosphoryìation are by activation of protein kinase C

or by activation of calmodulin-dependent protein kinase.

2.7 (a) Protein Kinase C and Pancreatic Exocrine Secretion

Protein kinase C is a calcium-activated phospholipid-

dependent protein kinase (Kishimoto et. al., 1980). This
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protein kinase is normally active, but a quaternary complex

of protei n ki nase C, di acyl glycerol , cal ci um and phospho'l i pi d

i s enzymati cal ly ful'ly acti ve for protei n phosphoryl ati on

(Kikkawa et. al., 1983). Protein kinase C may be activated

without a net increase in the intracellular calcium

concentration since the addition of diacyìglyceroì results

in a sharp increase in the affinity of the protein kinase for

this ion if phosphatidylserine is present (Kishimoto et. â1.,

1e80).

The protein kinase C has several characteristics including

(a) an absolute dependency c(r phospholipid, mainly

phosphati dyì seri ne, but mot c'al modul i n , for Ca2+ acti vati on

(Takai et. al., 1979 b); (b) preferentiaì phosphorylation of

type III histone (Hl histoneì over other histones (Takai

et. al. , !979 b); (c) inhibition of activity by phenoth'iazines

(Mori et. al., 1980).

If protein kinase C has a role in controlling ce'll function

then this implies that phosphorylation of a protein(s) is

important in mediating this effect. Recent studies have

investigated the presence of protein kinase C activity and

the possible substrates for this enzyme which may be involved

in mediating release of secretory product in exocrine pancreas.

[^lrenn et. al . ( 1981) demons trated ca] ci um-acti vated ki nase

activity that was dependent on exogenous phospholipid in a

soluble fraction of rat pancreas. More recently, a phospho'lipid

-Ca2+-dependent protein kinase activity and its endogenous
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proteins have been localized to the pancreatic acinar cell

population (Wrenn, 1983; Burnham and l,Jilliams, 1984; hlrenn,

1984; Wrenn and l,looten, 1984) . An endogenous membrane

protein (Mr = 18,000) from rat pancreatic zymogen granules

was found to be specifically phosphorylated in the combined

presence of Ca2+ and phosphatidylserine and it was suggested

that this may be one mechanism whereby this enzyme may act in

exocytosìs (!'lrenn, 1984).

Cytoso'lic and particulate preparations isolated from mouse

pancreatic acinar celìs showed 6uz+ -phospho'lipid dependent

kinase activity which phosphorylated proteins of Mr = 40,000

and 62,000, with half maximal activation achieved at 1.2 x

10-sM Ca2+ (Burnham and Williams, 1984). However, the role

of these proteins in acinar function is not known. The study

by Burnham and Williams (1982 a) identified a stimulated

phosphorylation of proteins of M" = 16,000, 23,000 and 32,500

by CCK-8 and carbachol. The moìecular weight of the cytosoìic

and particulate proteins phosphorylated by Ca2+ -activated

kinase activities (Burnham and l,lilliams, 1984) were not the

same as those proteins phosphorylated by secretagogue-

stimulation (Burnham and l^lilliams, 1982'a).

As suggested by Burnham and l^lilliams (1984) the differences in

proteins phosphorylated in intact vs cytosolic and particulate

fractions may reflect the effect of homogenization (By'lund and

Krebs, 1975) causing disruption of ceìlular compartments

resulting in an increase in the susceptibiìity of certain
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proteins to phosphorylation. Therefore, although identification

of specific kinases is possible using fractionated cells, the

proteins phosphoryìated in the intact cell are more likely to

be involved in regu'lation of cell function.

Protein kinase C activity may be directìy involved in

secretagogue-stimulation of pancreatic secretion since poìymix B

(which inhibits the action of this enzyme) compìetely inhibited

carbachol-stimulated amylase release from intact rat pancreatic

acini (Wrenn and Wooten, 1984). Polymix B was found to be over

100-fold more potent as an inhibitor of the Ca2+ -phospho'lipid-

dependent protein kinase thcn of the calmodulin-dependent kinase

(l,Jrenn, and Wooten, 19ù4). The specificity of polymix B was

examined and this agent wasçfound not to a'lter muscarinic

receptor binding or the structural integrity of the cell membrane

(Wrenn and l¡looten, 1984). However, before a definite role for

protein kinase C action in pancreatic secretion is concluded

the effect of polymix B in other parameters such as the final

exocytotic seretory response should be examined.

An alternative approach to investigate the role of protein

kinase C is by the use of phorbol esters. The finding that

these compounds, which substitute for diacylglycerol in

activating protein kinase C (Castagna et. al., 1982), stimulated

the secretory response of pancreas (Gunther and Jamieson, L979;

Gunther, 1981 a; l,Jooten and Wrenn, 1984), p'lateìets (Knight and

Scrutton, 1984), adrena'l medul lary cêl'ls. (Knight and Baker,

1983) and pancreatic islet cells (Hubinot et. ô1., 1984), has
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led to the suggestion that diacylglyceroì, by activating

protein kinase C, may play a role in exocytosis.

The effect of the phorboì ester, TPA, on pancreatic exocrine

function has been discussed in detail in 2.3 (c). The

ability of TPA to stimulate pancreatic enzyme secretion

(Gunther and Jamieson, 1979; Wooten and l,lrenn, 1984) by

binding to high affinity receptors (Gunther, 1979 b) has led

to support for a role of protein kinase C in pancreat'ic

secretion. Further studies showed that TPA caused trans-

location of protein kinase C from cytosol to particulate

fraction which was concurrent with stimulation of amy'lase

secretion (Wooten and Wrenn, 1984). In addition, inhibition

of this enzyme also inhibited TPA-induced enzyme secretion

from pancreatic acini (t^lrenn and l,Jooten, 1984), providing

further evidence to support protein kinase C as a possib'le

mediator of secretion.

An increase in diacylgìycero'l occurs as a result of inositol

phospholipid hydrolysis (described in section 2.8) by activation

of receptors which mobilize calcium. l,,lhat relationship does

the activation of protein kinase C have with calcium in

stimulating exocytosis? At least three possibilities exist:

(1) that calcium and diacylglycero'l stimulate secretion by two

independent mechanisms; (2) that secretion is activated by

calcium and protein kinase C can modify the sensitivity of this

process to calcium; (3) that the actions of both calcium and

diacylglycerol are mediated by protein kinase C.
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It has been demonstrated in platelets that protein kinase C

activation and ca2+ mob'ilization are both essential to elicit
full physioìogical responses such as release of serotonin

(Kaibuchi et. al., 1982 a, 1983). when pìate'lets are stimulated

with the phorboì ester TPA an increase in phosphory'lation of a

40kDa protein occurs with no increase in Ca2*, whereas when

stimulated with the Ca2+ ionophore AZ3IB7 an incnease in

phosphorylation of a 20kDa prote'in occurs. The addition of a

physioìogical stimulus, such as thrombin, to platelets resulted

in phosphorylation of both the 40kDa and 20kDa proteins. The

combination of both TPA and A23I87 mimicked the effect of

thrombin, indicating protein kinase c and ca2+ act synergist'ically

to elicit the final response (Nishizuka, 1984).

Recent reports that certaìn phorbol esters can stímulate

exocytosis with little or no apparent change in intracellular

Ca'* (Rink et. al., 1983; Di Virgilio et. al., l9g4) has caused

a questioning of the essential requirement for ca2+ in control

of secretion.

A direct measure of the dependence of secretion on intracellular

free ca2+ and protein kinase c activity has been possible with

electricalìy permeabilized secretory cells. In adrenal medullary

cells (Knight and Baker, 1983) and pìatelets (Knight and Scrutton,

1984) exposure to phorbol esters sensitizes secretion to Ca2+ by

causing a leftward shift of the intracellular ca2+ activation

curve. This shift may be large enough to account for activation

of secretion by phorboì esters in intact cells where intracelìular
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Ca2+ does not change. This result would support the idea

that Ca2+ and protein kinase C do not simulate secretion by

two i ndependent PathwaYs.

However, Di virgilio et. al. (1984) found that phorbor esters

can promote secretion from neutrophils at an ionized

concentration of calcium of 10nM, which would require a bigger

shift in calcium sensitivity than has so far been seen in

electrically permeabìlized cells (Baker, 1994). This effect

at 10nM calcium suggests that protein phosphoryìation by

protein kinase c does not simply increase the calcium-sensitivity

of the calcium-dependent processes but itself triggers responses

which until now v',ere considered to be stricfly cal cium dependent

(Di virgilio et. al., 1984). It is necessary that properties of

the protein kinase c (such as its ability to phosphorylate

substrates in the presence of a calcium-chelating agent) need

to be known before a requirement for calcium in phorboì ester-

stimulated secretion from neutrophils can be dismissed.

The studies with tumour promoters have provided considerable

evidence to support a role for protein kinase c in secretion.

The identification of the proteins phosphorylated which play a

role in s'ecretion have not been identified nor the possibìe

mechanism(s) by which increased phosphoryìation can stimulate

secreti on.

cautionary consideration of these results with tumour promoters

is necessary. Firstly, although phorbo'l esters appear to be
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diacyìglyceroì anaìogues, it does not necessarily foilow that

the two classes of compounds should function identicaìly.

Diacylgìycerols are rapidìy metabolised in the cell by

diacylglycerol kinase, tumour promoters are relativeìy stable

(Btumberg et. al., 1984). The phorbol esters would therefore

cause an abnormal, chronic stimulation of protein kinase C. It
'is possible that in the physiological situation, diacylglycerol

released following agonist-activation of phosphoinositide

hydrolysis may not cause such a prolonged stimulation of protein

kinase C. The resulting effect is not known but should be

investigated. Second'ly, protein kinase C can be cleaved

proteolyticaì'ly to a 51KDa protein which is active and does

not require calcium, diacyìglycerol or phosphor'ip'ids and which

no longer binds to membrane (Takai et. al. , !977- Kishimoto

et.gl., 1983). When protein kinase C is in the active state

it is more susceptible to proteolysis (Kishimoto et. al., 1993).

Phorbol esters, by causing chronic stimulation of protein kinase

C, may cause a greater conversion to the active fragment and ìead

to an altered pattern of phosphoryìation (Blumberg et. al., 1994).

To further clarify the role of protein kinase c in secretion it
is necessary to examine the ability of diacylglycerol released

by agonist-stimulation to activate protein kinase C; to

identify the substrates for this enzyme ín uiuo and to determine

if any of these phosphorylated proteins pìay a role in secretion.

I

I
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2.7 (b) Calcium-activated, Calmodulin-d ependen t Protein Kinase

and Pancreatic Exocrine Secretion

Recent reviews by cheung (1990) and Means and Dedman

(1980) suggest that calmodulin may act as an intracellular ca2+

receptor. calmodulin forms a reversible complex with ca2+, this

complex can act'ivate several different enzymes wh'ich could be

i nvol ved i n medi ati ng the cel I ul ar response. Enzyme acti vi ti es

modulated ìnclude phospho'lipase A2, ca2+ ATpases and cyclic

nucleotide phosphodiesterases (cheung, 1980; Means and Dedman,

1980). However, the role of calmodulin in pancreatic secretion

has not been the subject of much research and'it is not clear

whether it does have a function in secretion.

vandermeers et. al. (1977) purified and identified a "calcium-

binding protein" in bovine and rat pancreas which showed

physicochemical properties of calmodulin. r^lilliams et. al . (rg7l)

found that chlorpromazine (which shows anti-calmodulin effects;

Norman et. al., 1980) inhibited the secretagogue-stimurated

secretion of amy'lase. A possible role of calmodulin in pancreatic

enzyme secretion u,as suggested by Heisler et. al. (1991) after

showing inhibition of aqylase secretion stimulated by ionophore

A?3LB7 or secretagogues by a number of agents believed to act

as calmodulin antagonists. This was an indirect study and the

agents used could exert their effects by other mechanisms, for

exampìe by acting like local anaesthetics to cause membrane

stabilization, blockade of receptor binding (Seeman, 1972;

Putney and van de hJalle, 1980 b). In addition to these effects,
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psychotrophic drugs such as trifluoperazine, chlorpromazine,

fluphenazine, which act as calmodulin antagonists are also equally

potent as inhibitors of protein kinase C (t.lrenn et. al., 1981;

Schatzman et. al., 1981) which causes great difficulty in
determining whether a Ca2+ -dependent increase in phosphor"y-

lation is due to calmodulin or protein kinase C by the use

of calmodul in-i nhibi tors.

Membrane preparatìons from a variety of mammal ian tissues

contain a calcium-activated, calmodulin-independent prote'in

kínase activity (Schulman, 1982). The first identification of

a calmodulin-stimulated prote'in kinase activity in pancreas was

reported by Gorelick et. al. (1983) where a protein with Mr =

51,000 was phosphorylated by-this enzyme. Burnham and Williams

(1984) identified a high speed particulate fraction and a

cytosolic fraction of rat pancreatic acini which when depleted

of endogenous calmodulin exhibited no Ca2+ -induced:increase in

protein phosphorylation. In the presence of calmodulin, a Ca2+

-induced phosphorylation of proteins with Mr = 92,000, 50,000

- 52,000 and 23,000 occurred. In the presence of phosphatidyl-

serine, addition of Caz+ did not cause any increase in

phosphorylation indicating calmodul in-dependent protein kinase

activity (Burnham and Wi ll iams, 1984).

An examination of the role of the calmodulin-dependent kinase

found in rat pancreatic extracts was attempted with the use of

fluphenazine (tJrenn and Wooten, 1984). Atthough this agent

inhibited carbachol-stimulated amylase secretion it was not

possibìe to determine whether this effect was due to inhibition

+
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of protein kinase C activity or ca'lmodulin-dependent kinase

activity since this agent inhibited both kinases with equal

potency (l,looten and l^lrenn, 1984).

In conclusion, the question: How does Ca2+ activate pancreatic

exocrine secretion? is still unanswered. The role of

phosphorylation in secretion requires major investigation, along

with investigations of other, as yet unknown mechanisms, whereby

Ca2+ might mediate secretion.
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2.8 : PHOSPHATIDYLINOSITOL : THE INITIAL DISCOVERY

Studies on inositol phospholipids and their role in cell

function !'rere initiated when Hokin and Hokin (1953) observed that

acetyl chol i ne and chol ecystoki ni n stimul ated an i ncrease i n the

incorporation of the (gzP)-inorgan'ic phosphate (1szl¡-nr) into

the total phospholipids of pigeon pancreas. The further

identification that Ptdlns was the maior ìipid into which (3rP)-Pl

was incorporated in response to acety'lcholìne stimulation of pancreas

(Hokin and Hokin, 1955, 1958 a) did not lead, 
'ho*.u.., 

to an immediate

upsurge in research in this area.

During the twenty years following. the Hokins' initial discovery,

studies identified an agonist-stimulated increase in the incorporãtion

of (azl¡-lt or (3H)*inositcl' into Ptdlns of a number of tissues

including pancreas (Hokin and Hokin, 1958 a; Hokin, 1968 a), brain

Hokin and Hokin 1958 b), salivary gland (Eggman and Hokin, t960) and

adrenaì medulla (Trifaró, 1969). However, it was still unresolved as

to which reaction in Ptdlns metabolism was controlled by the action

of agonist.

The finding that agonist stimulation of mouse pancreas caused a loss

of radioactivity from PtdIns pre-ìabelìed with (azp)-R- or (3H)

-inositol and that this was accompanied by a decrease in the tissue

PtdIns concentration (Hokin, 1974; Hokin-Neaverson, 1974a; ,Hokin-
Neaverson et. al. , 1975) indicated that the breakdown of Ptdlns

occurred in response to agonist-stimulation. An increase in the

levels of phosphatidic acid and diacylglyceroì occurred concomittant
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with the decrease in Ptdlns in response to acetyìcholine or cholecys-

tokinin (Hokin, 1974; Hokin-Neaverson, 1974; Hokin-Neaverson

et. al., 1975), suggesting that the breakdown of Ptdlns and synthesis

of phosphatidic acid were linked. tlhen the acetylcholine-stimulated

pancreas returned to its unstimulated state by addition of atropine,

the net levels of Ptdlns increased and those of phosphatidic acid

decreased (Hokin, 1974). These results indicated that the breakdown

of Ptdlns, production of phosphatidic and synthesis of PtdIns were

part of a cyclic reaction.

Michell and co-workers, after screening a variety of ceìì types in

which there þJas an agonist-stimulated increase in PtdIns turnover,

identified thal the cells in which this ìipìd effect occurred had a

major feature in common - the.y all utilized calcium as an intra-

cellular second messenger. .frie finding that this Ptdlns response was

ubiquitous to so many cells suggested a.functional role. Michell (1975)

proposed that the breakdown of Ptdlns plays a role in the coupling

between the receptor-agonist interaction and the increase in intra-

cellular calcium.

It was not untiì this time when Michell (1975) proposed that the

breakdown of Ptdlns may be a critical event in calciumgating that the

interest in the phosphoinositides largely increased. Since then there

has been a proliferation of pubìications on this subject, with early

studies measuring the synthesìs of Ptdlns by incorporation of ( 32P)-Pi

and (3H) -inos'itol into Ptdlns, and more recentìy by studies measuring

the breakdown of PtdIns. Michell's initial hypothesis (1975) was

modified recently due to the finding by Kirk et. al. (1981) of a
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rapid agonist-stimulated breakdown of polyphosphoinositides in

hepatocytes. Michell et. al. (1981) then proposed that the hydro]ysis

of Ptdlns-4,5P2 may be the initial agonist-activated event in the

turnover of inositol phosphoìipids and that Ptdlns is not hydrolysed

but is phosphorylated to PtdIns-4P and Ptdlns-4,5P2 so as to refill
this depleted pooì of phosphoìipid. The development of research on

inositol phospho'lip'ids in pancreatic function will be discussed in a

chronologicaì order so as to provide an understanding of the progress

in this area from its initial discovery in 1953.

The structure and biosynthesis of PtdIns and the po'lyphosphoinositides;

the enzymes involved in these reactions; the possible sites of

locatìon of the agonist-stimulated breakdown and the development of

the methods of measuring thè turnover of inositol phospholipid will be
4

reviewed in the following gectionfollowed by a discussion on'the

calcium dependency of the agonist-stimulated hydrolysis of PtdIns,

PtdIns-4,5P2 and PtdIns-4P in pancreas and other tissues where relevant.

Possible mechanisms whereby calcium mobilization may be controlled by

phosphoinositide hydrolysis wi'll be discussed in addition to the

relationship between this lipid response and receptor occupation.

2.9 : "PTDINS EFFECT" 1953 - 1980

During the period 1953 - 1980, investigations of inositol

phospho'lipid metabolism concentrated mainly on PtdIns and not the

poìyphosphoinositides. Apart from the early studies by the Hokins,

in the 1950's and 1960's, interest in inositol phospholipid was

minimal, until 1975 when Michelì proposed a role for Ptdlns in Ca2+
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mobilization. Following this proposal most studies examined PtdIns.

The few studies of polyphosphoinositides reported a Ca2+-dependênt

breakdown of Ptdlns-4,5P2 in iris smooth muscle (Akhtar and Abdel-

Latif, 1978, 1980) human erythrocytes (Allan and Micheì1, 1978) and

synaptosomes (Griffin and Hawthorne, 1978). It was thought that for

inositol phospholipid hydrolysis to precede Ca2+ mobilization it
should not be dependent on this ion and so any suggestion that the

hydrolysis of the polyphosphoinositìdes might be involved in causing

an increase in cytosolic Ca2+ was dismissed.

It has on'ly been over the last three to four years that a role for

PtdIns-4,5P2 and PtdIns-4P in controìling cellular Ca2+ has been

proposed (Michell _eL__:q.!., 1981), and supported (Streb et. al ., 1983;

Burgess et.. al., 1984; Joseph et. al., 1984; Prentki et. al., 1984;

Suematsu et. al., 1984). Fo$ this reason it is relevant to discuss the

polyphosphoinositides, the enzymes responsible for their metabolism and

the possible mechanisms of activation, in the next section 2.10,

entitled "Ptdlns Effect" 1981 - 1984.

2.e (a) Phos phati dy1 i nos i tol : Metabol i sm

Phosphatidyìinositol is the predominant inositol

phospholipid of mammalian cells, representing between 2-I2% of

the total phospholipids of the ceìl (Micheì1, 1975), and

consists of a gìycerol backbone, two fatty acid chains and a

phosphorylated alcohol. The structure of Ptdlns in pancreas

and in other mammalian tissues has been shown to be l-stearoyì,

2-arachi donoyl -sn-glycero-3phosphoryl i nosi tol (Hol ub and Kuks i s,
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197I', Baker and Thompson, 1972) and is shown in Fig. ?.1.

The fatty acids esterified to the g'lyceroì backbone are

n-octadecanoate having the formula : CH3(CHz)ro(C00H) and

cis-¡s,a8,aIl,4l4 -eicosatetraenoate having the formula

CH 3 
( CH2 ) a ( CH=CHCHz ) + ( CHz) z( C00H ) .

The cycle of reactions shown in Fig. 2.2 was first suggested

by Hokin and Hokin (1964) to be responsible for the agonist-

stimulated turnover of PtdIns in the avian saìt-gland and

involves the hydrolysis of Ptdlns by a phosphatidyìinositol

phosphodiesterase (phospho'lipase C) which had initial'ly been

found in the ox pancreas by Dawson (1959) and in liver by

Kemp et. al. ( 1961). r

The main characteristic of G¡is cycle of Ptdlns metabolism is

that there is a turnover of the inositol phosphate headgroup

whereas the diacyìglycerol backbone of the molecule is

conserved. The diacylglycerol released is phosphorylated to

phosphatidic acid by diacylgìycerol kinase. Phosphatidic acid

interacts with CTP (cytidine triphosphate) to form cytidine

di phosphodiacylglycero'l (CDP-diacylgìycerol ) with which

inositol finalìy interacts to form PtdIns.

The study by Dawson et. al. (1971) described a phosphatidyl-

inositol-specific phosphodiesterase (phospholipase C) which

catalysed the formation of inositol !,Z-cyclic-phosphate and

inositoì-l-phosphate from Ptdlns. The enzyme has a partiaì

cyclizing activity (Michell, 1975).



93

H 2

o
c-o-ë-n

I
a(H -o-c-R

o
tt

o
il

HzC-O-F-
I

o

32

Fis. 2.1 Phosphati dyl i nosi tol



94.

PtdI ns

CMP

i nos i tol

CDP- Di acyl gl ycerol

PPi

CTP

3
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3:
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1,2-cycl ic phosphate
+

i nos i to I - 1- phos phate

1,2 Di acyl glycerol

2q ATP

ADP

Phosphatidic acid

phosphol ipase C

diacy'l glycerol ki nase

phosphatidic acid : CTP cytidyltransferase

CDP-diacyl glycerol i nositol-3-phosphati dyl transferase

Fig. 2.2 : The Ptdlns Cycle
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One approach in studying phosphoinositide metabolism is to
examine the properties of the enzyme(s) involved, in

particular that of the enzyme(s) possibly responsible for

hydrolysis. Since it is now generalìy be'lieved that the

initial phosphoinositide hydrolysed is PtdIns-4,5P2 (Berridge,

1983; Downes and Wusterman, 1983), the enzyme to be

investigated is polyphosphoinositide phosphodiesterase.

However, in the period 1953 - 1980, it was thought that Ptdlns

was initially hydrolysed and so studies of the PtdIns-specific

phospholipase C were carried out. Since a considerable amount

of information was obtained os this phospholipase C and its
regulatory factors these willrbe descnibed even though this

enzyme is not responsible for the initial agonist-stimulated

alteration in PtdIns-4,5P2. t{þvertheless, it is important

that the properties of PtdIns-phospholipase C be discussed

since its possible activation can not be comp'letely disregarded

simply because PtdIns-4,5P2 hydrolysis appears to be the crucial

ì ipid event.

2.e (b) The Subcellular Distribution of Phos phol ipase C

The subcellular location of the phospholipase C which

could degrade Ptdlns has been the subject of investigation since

identification of this cellular site could provide information

as to the possible mechanism of the activation of Ptdlns

hydrolysis. A soluble enzyme would have quite a different

mechanism of control than one which is membrane bound. For



96.

example, activation of a soluble enzyme may involve binding

to substrate in the membrane whereas activation of a membrane-

bound enzyme could involve a conformational change in the

tipid environment allowing substrate-enzyme interaction.

Phospho'lipase C has been found in two forms : cytosolic and

lysosomaì .

The cytosolic soluble form has been identified in the cytosolic

supernatant of mammalian tissues including pancreas (Dawson,

1959), brain (Thompson, 1967), liver (Kemp et.,a]., 1961),

platelets (Billah et. al., 1980) and the intestinal mucosa of

guinea-pig (Atherton and Hawchorne, 1961). In pìatelets, al'l

the phospholipase C activity was restricted to the soluble

fraction (Billah et. al., 19fi0J while in homogenates of human

foetus and uterus, over 90% of the enzyme activity was soluble

( Di renzo et. al . , 1981) .

Irvine and Dawson (1978 a) investigated whethen a particulate

membrane-bound component of this enzyme was present in brain

since earlier hypotheses suggested that it may exist (Friedeì

et. al., 1969; Lapetina and Michell, 1973). No membrane-

bound form of the enzyme uras identified (Irvine and Dawson,

197S). The contribution of a possible membrane-bound

phosphoìipase C is not known, no studies have demonstrated the

presence of this enzyme in the pure pìasma membrane. The

specificity of cytosolic phospho'lipase C for Ptdlns has been

examined in a number of tissues. Soluble phospho'lipase C

purified from B. eereus bacterial culture supernatants hydrolysed
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PtdIns specifically with no hydrolysis of other phosphoìipids

(Ikezawa et. al., 1976; Low and Finean, 1977; Taguchi and

Ikezawa, 1978). The action of this enzyme isolated from

S.aureus on pure Ptdlns was limited and was only effective

when Ptdlns was present with other lipids (Low and Finean,

I976). Sol ubl e phosphol 'ipase C f rom hi gher p'lants ( Irvi ne

et. al., 1980) and guinea-pig intestinal mucosa (Atherton and

Hawthorne, 1968) was also found to be specific for Ptdlns.

The other from of Ptdlns-specific phospholipase C is lysosomal

in location. Fowl:er and de Duve (1969) showed that liver
'lysosomes could hydro'lyse PtdIns into water-soluble products

but did not investigate the nature of these products. Irvine

et. al. (tgll a) identified the lysosomaì location of

phospholipase C by its close correlation with acid phosphatase

in the subcellular fractionation of rat liver. This enzyme

hydroìysed (azp¡-PtdIns to release inositol-1-phosphate (Irvine

et. al., 1977 a) and was shown to be specific for Ptdlns, both

as a pure phosphoìipid (Irvine et. al., 1978) and as a membrane

constituent (Irvine and Dawson, 1979).

2.e (c) Activation and Modulation of PtdIns-specific

Phospholipase C

Does receptor occupation activate PtdIns-phospholipase

C? The evidence for a phospholipase C-type of hydrolysis was

provided by identification of inositol phospholipid hydroìysis

products released by agonist stimulation. Increases in 1,2

diacylglycerol (Banschbach et. al ., I974) phosphatidic acid
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(Hokin-Neaverson, 7974; Lapetina et. al., 1981) and

inositol (Hokin-Neaverson et. ô1., L975; Fain and Berridge,

1979) were suggested to be due to the action of phospholipase

C on Ptdlns. However, the possibility that these products

could also result from the hydroìysis of po]yphosphoinositides

was not suggested at the time. Therefore, various proposals

based on the ability of agents or lip'id changes to stimulate

the enzyme were made on the assumption that receptor

activation stimulated a phosphoìipase C specific for PtdIns.

The initial observation that PtdIns-specific phospholipase C

enzyme was relative'ly inactive on a membrane substrate (Low

and Finean, 1976; Irvine and Dawson, 1978), led to. the

suggestion that the physicochemical state of the membrane

substrate may be the controlling factor in Ptdlns hydrolysis

(Irvine and Dawson, 1980). This suggestion was supported by the

studies showing that posit'ive1y charged proteins, KCI at

physiological concentratìons and choline-containing lipids

inhibited the activity of the enzyme with pure Ptdlns substrate

(Altan and Michell, 7974 a; Irvine et. al., 1979 a). In,addition,

the introduction of phosphatidic acid or unsaturated fatty acids

such as oleic or arachidonic acid into a membrane caused an

increase in the activity of a soluble brain extract on Ptdlns

(Irvine et. al., 1979 b). The stimulation of phosphatidic acid,

a product of Ptdlns hydroìysis, on the Ptdlns-phospholipase C

has led to the suggestion of a mechanism whereby amplification

of Ptdlns hydrolysis coulci occur once the initial hydrolysis

was stimulated (Irvine et. â.|., 1979 a).
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In order to stimulate the activity of a Ptdlns-specific

phospholipase C present in a cytosolic soluble form, it is

possible that receptor occupation would not activate the

enzyme but rather alter the state of the substrate rendering

it susceptible to enzyme action. For example, that the

agonist-stimulation can cause a removal of the inhibitory

effect of choline-containing phospholipids by causing a phase-

shift in the membrane (Irvine et. al., 1982), or stimulation

of a diacy'lglyceroì kinase (an enzyme which may be soluble or

in membranes (Kanoh and Akersson, L978) to produce phosphatidate

which could stimulate the enzyme and so the hydrolysis of Ptdlns

(Irvine et. al., L979) have been suggested.

There is no direct evidence to show that the binding of

hormones or neurotransmitter to receptors causes a conformationall

change in the membrane allowing enzyme-substrate interaction.

No direct demonstration of a measured increase in PtdIns-specific

phosphoìipase C activity fol'lowing receptor activation has been

provi ded. A'l though studi es i nferred that receptor acti vat j:on

stimulated this enzyme, these proposals were based on inositoì

phospholipid breakdown products, which could have been released

from any of the phosphoinositides.

2.e (d) The Calcium-Dependency of Phospholipase C Activity

The effect of Ca2+ on PtdIns-specific phospho'lipase C

has been examined to investigate whether the activation of this

enzyme may occur as a result of an increase in intracellular Ca2+.
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The initial studies of the cytosolic Ptdlns phosphoìipase C

in pancreas and liver described a Ca2+ -dependency (Dawson,

1959; Kemp et. al., 1961) which has been further investigated

and confirmed in ìymphocytes by Allan and Michell (L974 a, b).

The determination of the Ca2+ requirement of this enzyme has

been complicated since the activity of the enzyme can be

modified depending on the conditions in which the enzyme and

substrate is incubated. The Ca2+ -dependency of the PtdIns

phosphoìipase C isolated from lymphocytes was reported to depend

on the pH at which it was assayed (A'llan and Michell, \974 b).

The activ'ity of this enzyme isolated from brain, increased as

the Ca2+ concentration increased from 0.2mM to 1.OmM only in

the absence of K3l (Irvine and Dawson, tgZg a). However, in the

cell, the intracellular concentration of KCI could be as high

as 140mM - a concentration which would inhibit any Ca2+ -activa-

tion of this phosphol'ipase C, since 80mM KCI was found to be

inhibitory in the study by Irvine and Dawson (1979 a). The

addition of Ca2+ only slightìy enhanced the hydroìysis of rat

ìiver microsomal Ptdlns by brain PtdIns-phosphol'ipase C (Irvine

and Dawson, 1979 a), and it was suggested that, as with brain

membranes (Irvine and Dawson, 1978 a, b), sufficient Ca2+ is

bound to the membrane substrate for action of the enzyme.

The ìysosomal phospholipase C appears to be Ca2+ -independent

since EDTA-insensitive hydrolysis of PtdIns !,ras reported

( Irvine et. al . , 1977).
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Although these studies show that Ca2+ can modulate the
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activity of Ptdlns phospholipase C it is not possible to make

a conclusion as to whether Ca2+ -activation of this enzyme

occurs ín uioo. The in uitz,o studies use conditions of

varying ionic strength and pH, they require substantial cell

manipuìation and fractionation to isolate the enzymes and

these conditions may not mimic those of enzyme and substrate

ín uiuo.

2.IO : '' PTDI NS EFFECT" 1981 - 1984

The studies on PtdIns-specific phospholipase C provided

information as to possibìe regu'latory mechanisms which may be involved

in activation of this enzyme. Albeìt, no conclusion could be made due

to the inability to assume that the effects in uítz,o mimic those in uiuo.

More recent studies of Ptdlns phospholipase C have shown that the

situation is even more complex than this.

A more detailed examination of the Ptdlns phosphoìipase C has indicated

that there are several forms of the enzyme which exist in rat brain

(Hìrasawa et. al., l9B2 a) and other tissues (Hirasawa et. al., 1982 b;

Hoffman and Majerus, 1982) and only one may be active at physiological

pH (Hirasawa et. aì., 1982 a). In addition, Hirasawa et. al.,(1982 c)

found that the Ptdlns-phospholipase C of rat brain shows little
activity under physioìogicaì conditions (neutral pH and micromolar

Caz+ concentration). However, when brain extract was treated with

exogenous proteases, new forms of the PtdIns-phospholipase enzyme w'ith

an increase in Ca2+ -sensitivity over the orig.inal form were identified

(Hirasawa et. al., 1982 c). This was the fìrst demonstration of an
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intracellular phospholipase that could be converted from an inactive

to an active form by proteoìytic cleavage. It is not known whether

the Ca2+ -sensitive form exists in resting tissue nor whether

proteolytic cleavage is part of the mechanism involved in activation

of PtdIns-phospholipase C, if indeed it does occur.

0ver the last four years considerable evidence has accumulated to

support a role for the hydro'lysis of PtdIns-4,5,P2 in ca2+ -mobilization

(Streb et. al., 1983; Burgess et. al., 1984; Joseph et. al., 1984;

Suematsu et. ô1. , 1984).

2.10 (a) Polyphosphoi nosi ti des : Metabol i sm

The po'lyphosphoinositides are the most polar of all

phospholipids; they possess additional phosphate groups

monoesterified to the inositol ring and so causing them to

bind calcium strongly (Hendrickson, 1969). Phosphoryìation

of Ptdlns at the hydronyl group on position 4 of the inositol

ring (by PtdIns kinase) produces PtdIns-4P and phosphorytation

of this lipid at position 5 (by PtdIns-4P kinase) produces

PtdIns-4,5P2 (Fig. 2.3). These polyphosphoinositides comprise

only about 1 - 2% of the total inositol lipid (Michell et. al.,
1970). The pathways of conversion of inositol ìipids are shown

i n F'ig. 2.4.

The polyphosphoinositides can be hydrolysed by a phosphodiesterase

to remove the entire inositol-phosphate moiety (Ins-1,4,5P3 or

Ins-1,4Pù or by phosphomonoesterases to remove specifica'lly

either the 4-P or 5-P and produce PtdIns-4-P or Ptdlns. The
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phosphomonoesterase activity has been found in both soluble

and plasma membrane-bound enzymes (Keough and Thompson, 1970;

Sheltaway et. al. , 1972; Saìway et. al., 1967). There appears

to be two phosphomonoesterases, one specific for 4-phosphate

and the other specific for 5-phosphate (Roach and Paìmer, 1981).

The PtdIns-4,5P2 phosphodiesterase activity in brain is found

in both the soluble and plasma-membrane enriched fractions

(Hawthorne, 1964; Hawthorne and Wh'ite, 1975) and is soluble

in kidney (Lapetina et. al., 1975) and iris-smooth muscle

(Akhtar and Abdel-Latif, 1980). It is not known whether the

soluble or membrane-bound form could be responsible for

polyphosphoinositide hydrolysis in uiuo. The work of Thompson

and Dawson (1964 a, b) and Dawson and Thompson (1964)

characterized many of the properties of the enzymes involved

in the metabolism of the po'lyphosphoinositides. Studies in

brain (Thompson and Dawson, 1964 a, b), erythrocytes (Downes

and Mi chel I , 1981) and hepatocytes (Seyf red and l,le1 1 s , 1984 b )

-suggest that one po'lyphosphoinositide phosphod'iesterase is

responsible for the hydrolysis of both Ptdlns-4,5P, and

PtdIns-4P to release inosìtol trisphosphate (Ins-1,4,5P3) and

i nosi tol bi sphosphate ( Ins- 1 ,4,5P 2) . However, whether one

enzyme acts on both polyphosphoinositides has not been

establ i shed.
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2.10 (b) Pol yphosphoi nosi ti de Phos hod i es teras e Acti vati on

{

ù

and Modulation

How might the polyphosphoinositide phosphodiesterase(s)

be activated to hydrolyse Ptdlns-4,5P2 (and PtdIns-4P) on

receptor occupation? The question of the Ca2+-dependency of

activation of this enzyme has received considerable attention.

The polyphosphoinositide phosphodiesterase was suggested to

be a Ca2+ -dependent enzyme, since it was inactivated by the

Ca2+ chelator EDTA (tthylene-diamine-tetra-acetic acid) and

activity restored by add'ition of Ca2+ (Thompson and Dawson,

1964 b). Early studies of po'lyphosphoinositide phosphodiesterase

in erythrocytes by Allan and Michell (tgZe) showed that this

enzyme was very sensitive to Cu'* (in 100nM range - a concentration

which is probabìy physioìogical) at low ionic strength. This

suggested that perhaps hydrolysis of PtdIns-4,5P2 occurred

subsequent to an increase in cytosolic Ca2+ concentration.

However, this was found not to be so. In a later study (Downes

and Michell, I98Z) when ionic strength was close to physiologi:cal,

the polyphosphoinositide phosphodiesterase remained inactive up

to 100 uM Ca2+ (about 1000-fold higher than occurs in,,heaìthy

cells), indicating that this enzyme is probably not active in a

normal erythrocyte. Aìthough the erythrocyte is a convenient

cell in which to investigate polyphosphoinositide phosphodiesterase

there are no physiological stimuli which cause an increase in

cytosol Ca2+. It may be more appropriate therefore to examine

this enzyme in other cells which possess receptors which on

activation stimulate mobilization of Ca2+.
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More recently, the activity of PtdIns-4,5-bisphosphate

phosphodiesterase in brain was examined. Although this

enzyme hydroìysed Ptdlns-4,5P2 in any form at luM Ca2+;

when Mg2+ (lmM) and KCI 70mM were present (as an approximate

parallel with the ionic environment in uiuo) the enzyme could

not act on PtdIns-4,SP2 when this lipid was present in a ìipid

mixture sjmiìar to that in which it may exist in uiuo (Irvine

et. al., 1984). These results suggested that Ca2+ may not

activate this enzyme when substrate is present in a physio-

'logìca1 state.

A recent study by Cockcroft et. al. (1984) demonstrated the

presence of a poìyphosphoinositide phospho'lipase C which

degraded endogenous PtdIns- 4,5P2 and PtdIns-4P in u plasma-

membrane enriched fraction of human or rabbit neutrophils.

Addition of Ca2+ (S x fO-+¡4¡ to these plasma-membrane fractions

led to the specific hydrolysis of polyphosphoinosìtides.

However, the incubatjon medium was a non-physiological one in

that it waS of low ionic strength (approx. 20mM) and the

concentration of Ca2+ used was considerab'ly higher than that

expected in a normal cell. Therefore, this stimulation by Caz+

cannot be ascribed a physiological effect and there is no

evidence to show that it occurs in neutrophils following

f-met-ì eu-phe acti vation.

A recent study of the dose-response of Ca2+ on the polyphospho-

inositide phosphodiesterase in rat hepatocytes showdd that the

enzyme was activated by physiological concentrations of free
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,l

I

À-Ca2+ (200nM) when assayed at low ionic strength. However,

the Ca2+-requirement shifted to micromolar concentrations

under isosmotic ionic conditionswhich were similar to ín uiuo

conditions (Seyfred and Wells, 1984 b). The effect of ionic

strength on this phosphodiesterase is in agreement with that

observed in erythrocytes (Downes and Michell, 1982). It has

been suggested that ionic strength alters the fluidity of

the membrane (Seyfred and We]1s, 1984 b) since a membranes'

transition temperature is increased on increasing the ionic

strength of the surrounding medium (Trauble, 1976). At lower

ionic strength, the membrane could then be more fluid, and

the phosphodiesterase having less physicaì constraints may

have a lowered requirement for Ca2+.

The activity of this enzyme to hydrolyse PtdIns-4,5P2 present

in a non-bilayer substrate was not affected by changes in Ca2+

within physiological limits ranging from 100nM to 10uM (Irvine

et. al., 1984). It has therefore been suggested recently that

the PtdIns-4,5P2 phosphodiesterase has sufficient Ca2+ ín uiuo

to hydrolyse its substrate and that the physicochemical form

in which the substrate exists in a non-stimulated plasma membrane

is unsuitable for hydroìysis (Irvine et. ,a]., 1984). Perhaps

then the activation of receptors in some way can alter the

state of the substrate to make it more susceptible to enzyme

acti on.

One possible way in which this could occur would be by changing

the membrane lipid fìuidity. Burgess et. al. (1983) showed

\

I
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that noradrenaline and ang'iotensin II can increase the lipid
fluidity, as measured by diphenylhexatriene-fluorescence

polarization, of plasma membranes isolated from rat liver.

This stimulated response did not occur when Ca2+ was removed

from the membranes by EGTA (Burgess et. al., 1983). Divalent

cations have been shown to reduce the mobiì'ity of phospho'lipids

(Livingstone and Schachter, 1980) and since a small release of

Ca2+ was observed from the isolated membranes following agonist-

stimulation (Burgess et. al., 1983) it is possible that the

agon'ist causes release of ca2+ bound to membrane phosphoìipids,

removes the mechanical constraints of this ion, and increases

membrane fluidity (Burgess et. al.,1983). Perhaps this physicaì

membrane change alters the substrate availability for the

phosphodiesterase and inositol phospholipid hydrolysis could

o ccur.

How well can the results of the activity of isolated enzymes

with isolated substrates incubated in a variety of solutions

which may or may not be physiological, but used to opt'imize

activity, be related to effects in uiuo? Although studies of

the phosphodiesterases may provìde information as to regu'latory

factors, it is difficult to relate these effects directìy to

the in uiuo situation since this is not cìear'ly known, in

particular dependence on Ca2+. If PtdIns hydrolysis, or

PtdIns-4,5P2 hydrolysis is to occur prior to an increase in

intraceìlular Ca2+ concentration then this enzyme should not

be dependent on an increase in cytosoìic ca2+ for its activation.
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h-The ca2+ -dependency of the phosphodiesterase enzyme is not

clear and since the most recent studies showed an increased

ca2+ sensitivity of one form of the ptdlns-phosphoìipase c

enzyme produced by proteoìytic cleavage (Hirasawa et. al., 19g2 c)

it is possible that the ca2+ normally present in the cell may

be sufficient for the function of this enzyme.

The question of whether receptor occupation causes a

conformational change in the membrane which makes the substrate

available to the enzyme or alternatively stimulates the enzyme,

or whether both these events occur, has not been answered.

It should be kept in mind that studies of the polyphosphoinositide

phosphodiesterase may be meaningless and that the enzyme activated

on receptor occupation may not yet have been described. For

example, the possibility exists that receptor activation could

stimulate the proteolytic cleavage of an inactive polyphospho-

inositide phosphod'iesterase to an active form (similar to the

effect on PtdIns phospholipase C; Hirasawa et. al., 19g2 c)

which has not been discovered.

2.IL : SITE OF INOSITOL PHOSPHOLIPID METABOLISM

Although the basic details of the enzymic pathways for inositol

phospholipid metabolism have been established there is uncertainty

concerning the cellular location of the hydroìysis of inositol

phospholipid. Since receptor activation occurs at the external surface

of the cell then a site for inositol phospho'lipid breakdown in the
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pìasma membrane would be compatible with Michell's hypothesis (1981).

If phosphoinositide hydrolysis occurred in intracellular membranes a

"second messenger" would be required to transmit the signaì from

the plasma membrane to whatever internal membrane site the 'lipid

breakdown occurred.

The synthesis of Ptdlns in response to choìecystokinin or acetyl-

choline occurs in the endoplasmic reticulum in guinea-pig pancreas

slices (Hokin and Huebner, 1967). The endopìasmic reticulum contains

the highest leveJ of phospholipid biosynthetic enzymes compared with

other subcellular fractions (Wagner et. al., 1962). Phosphat'idyl-

inositol synthetase is ent'ire'ly'localized in the endopìasmic ret'icu1um,

'is specific for CDP-diacyìgìycerol and nryo-inositol and was purified

to near homogeneity by Takenawa and Egawa (1977).

Although the synthesis of Ptdlns occurs at the endoplasmic reticulum

there must be a continuous interchange of lìpids between the various

membranes. A group of so'lubìe phospholipid exchange proteins have

been described (Helmkamp et. al., 1976; Deme'l et. á1., 1977; Laffont

et. al., 1981) and these could. be responsible for refilìing the pools

of Ptdlns in intracellular organelle membranes which do not synthesize

Ptdlns. A recent study by Seyfred and tlells (198a a) showed that when rat

hepatocytes were incubated with (32P)-Pi and then fractionated, a

similar rate of (tze)-1., incorporation into PtdIns of pìasma membrane,

mitochondria, nuclei, lysosomes and microsomes was found, suggesting

rapid translocation of new'ly formed Ptdlns to the sites where synthesis

does not occur.
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The enzyme CDP-digylceride synthetase (phosphatidic acid : CTP

cytidyltransferase) converts phosphatidic acid directly to CDp-

diacylg'lycerol. This conversion was first detected in liver microsomes

in uitro (Carter and Kennedy, 1966), subsequently, the enzyme has been

described in mitochondria and smooth and rough endopìasmic reticulum

(Bishop and Strickland, 1970; Ter Schegget et. al. , L97I) "

The enzyme which converts I,2 diacylglycerol to phosphatidic acid is

1,2 diacylglycerol kinase and is found both in the soluble and membrane

fraction of brain, w'ith a proportion of activity found in the p'lasma

membrane (Lapetina and Hawthorne, 1971)., It has also been detected

ìn plasma membranes of erythrocytes (Hokin and Hokin, 1963) and

lymphocytes (Fisher and Mueller, I97I).

If inositol phospholipid hydro'lysis does not occur at the endoplasmic

reticulum then a mechanism to transport the diglyceride or phosphatidic

acid to thjs site of Ptdlns synthesis would be required. However, there

is no evidence at present for a mechanism which transports the 1,2

diacylgìycero'l from one membrane to another. A study to investigate

the presence of a phosphatidic acid-transfer protein showed cìearly

that p'latelet cytosol stimulated PtdIns transfer between liposomes and

mitochondria whereas the transfer of phosphatidic acid between these

two sites was not increased by platelet cytosol over a pH range between

4.5 to 10.5 (Laffont et. al., 1981). 0ther possible mechanisms for

intermembranous exchange of phosphatidic acid, such as passive transfer

(Stuhne-sekalec and Stanacev, 1977, 1979) could not be excluded.

Synthesis of the polyphosphoinositides involves the enzymes

phosphatidy'l inositol kinase (PtdIns-kinase) and phosphatidyl inositol-4-

phosphate kinase (PtdIns-4-P kinase) which phosphorylate PtdIns and
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Ptdlns-4-P, respective'ly. PtdIns kinase is known to be present in

a number of subcellular sites including the pìasma membrane (Harwood

and Hawthorne, 1969; Smi th and t'lel l s , 1983 ) , Gol gi (Jergi l and

Sundler, 1983), lysosomal membrane (Co]lins and Wells, 1983),

mi crosomes and nucl ear enve'lopes (Smi th and t^lel I s , 1983) . PtdIns-4-P

kinase has been found associated with nuclear envelopes, plasma

membranes and microsomes of rat liver (Sm'ith and Wel'ls, 1983) , and is

a soluble enzyme in brain (Kai et. al., 1968) and rat parotid gland

(Oron et. al. , 1978).

Although PtdIns-kinase and PtdIns-4-P kinase have been identified in

a number of sites, the recent study by Seyfred and Wells (1984 a)

showed that the plasma membrane contained the highest level of

( 32P)-Pi -labelìed polyphosphoinositides when compared with all the

other subcellular fractions anaìysed. The generaì belief that these

lipids are characteristic of the plasma membrane came mostly from the

studies of erythrocyte membranes (Buckley and Hawthorne, 1972) and

subcellular fractionation of brain (Eichberg and Hauser, I973). The

surface membranes of polymorphonuclear leukocytes (l,'lieneke and Woodin,

7967) and kidney (Hauser and Eichberg, 1973) also contain appreciable

concentrations of polyphosphoinositides. However, very little is

known about the polyphosphoinositides in intracellular membranes.

These lipids have been found in adrenaì chromaffin vesicle membranes

(Buckley et. al .,_197L; Phi'llips, 1973) and the secretory vesicles of

the parotid (Oron et. al., 1978), membranes which do have a close

functional relationship with the plasma membrane.

Despite the numerous studies of the enzymes involved in inositol

phospholipid metabolism and their location, the site(s) of agonist-

stimulated phosphoinositide breakdown has not been clearly identified.
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The earliest studies of this question used avian saìt gland (Hokin

and Hokin, 1960). The disappearance of PtdIns occurred in the

microsomal fraction which consisted largely of smooth membrane

fragments derived from the extensive p'lasma membrane which is packed

into numerous infoldings to give a very large secretory surface.

There is only a very small amount of endoplasmic reticulum in this

gland. In the mouse pancreas, the only fraction to show a significant

decrease in (szp)-Ptdlns in response to acety'lcholine was the rough

endoplasmic reticulum (Harris and Hokin-Neaverson, 1977), whereas

in rabbit neutrophils the site of Ptdlns loss was the plasma membrane

(Bennett et. al., 1982).

PtdIns hydrolysis has also been suggested to occur at the secretory

vesicles in islets of Langerhans (Clements et. aì.,1977) and

synaptosomes (Pickard and Hawthorne, 1978). Using hepatocytes, Kirk

and Michell (tggt) reported that a constant proportion of the initial
(32p)-pt¿Ins compìement was lost from all of the subcellular fractions

derived from cells stimulated with vasopressin for 5 min. However, a

study by Lin and Fain (1981) found that when hepatocytes were labelled

with (3H)-inositol, exposed to vasopressin or adrenaline, and then

subject to cell fractionation a L6-19% loss of Ptdlns was detected

in the pìasma-membrane enriched fraction.

The reasons for such variation in the localization of the disappearance

of Ptdlns are not clear. It is possible that a rapid movement of Ptdlns

by Ptdlns exchange proteins (Helmkamp et. al. , 1976) may contribute to

this variation. For example, in hepatocytes, the Ptdlns ìoss may occur

at one site but there may be exchange of Ptdlns between membranes
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leading to re-establishment of an equi'librium distribution among alì

cellular compartments. In the pancreas, the localization of an

agonist-stimulated decrease in PtdIns at the endoplasmic reticulum

could be due to Ptdlns breakdown at this site (Hokin-Neaverson, 7977)

or alternatively could be due to the activity of a Ptdlns-exchange

protein. Since the endoplasmic reticulum is the site of synthesis

of Ptdlns (Hokin and Huebner, 1967) it is possible that during the

time of incubation, the PtdIns-exchange protein could transfer the

newly synthesized Ptdlns to the site of degradation thereby caus'ing

a deficit at the endoplasmic retitulum. Therefore the site of

i nosi tol phosphoì'ipi d breakdown 'in pancreas i s not cl ear.

As for the results of Ptdlns loss in synaptosomes (Pickard and

Hawthorne, 1978) and secretory vesicles (Clements et. al., 1977) it
has been suggested that this may not necessarily preclude the possibility

that it occurs at the plasma membrane (Bennett et. al., lgBZ). The

reason for this is that Bennett et. â1., 1980) found that after

secretion had occurred from neutrophils most of the plasma membrane

fraction which in unstimulated cells is in the fraction contain'ing the

secretory gnanules. Since the studies by Pickard and Hawthorne (1978)

and Clements et. al. (1977) did not show that their cell fractionation

procedune (defined on'ly for unstimulated cells) remains valid after

secretion, it is possible that the plasma membrane may also be part of

the fraction containing the secretory granule. In these tissues, cell

stimulation results in exocytotic secretion, which involves fusion

between the secretory vesicle membranes and plasma membranes and it is

therefore likely that there is some plasma membrane associated with the

secretory vesicle following stimulation.
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To further examine whether inositol fipid hydrolys'is occurs at the

pìasma membrane studies using isolated p'lasma membrane preparations

were made, thereby avoiding any possible action of Ptdlns exchange

protei ns .

Vasopressin and adrenaline induced a specific loss of Ptdlns from

isolated rat liver plasma membranes (Wallace et. al., 1982,1983) and

the vasopressin response uras initially found to require deoxycholate

(l,,lallace et. al., 1982). The use of this detergent to disrupt the

ìipid environment suggested that receptor occupation was unable to

cause the appropriate changes in the membrane to allow lipid hydrolysis

to occur. However, in a subsequent study the deoxycholate requirement

was not found (Wallace et. ô1., 19S3).

There are conflicting reports as to the requirement for addition of

cytosoì to the p'lasma membrane preparations. Harrington and Eichberg

(1983) reported that noradrenaline caused a 50% loss of Ptdlns from

purified liver pìasma membranes and that this effect did not occur if
cytoso'l was absent from the incubation medium. In contrast to this

study, l,lallace et. al . ( 1983) demonstrated noradrenal ine-stimuìated

Ptdlns did not require added cytosoì. The reason(s) for the different

results in the two studies of isolated rat liver plasma membranes

could be due to the contamination of the membrane fractions (Wallace

et. al., 1983) with sufficient cytosol to allow the hydroìysis to

occur or perhaps the preparation of membrane fractions (Harrington and

Eichberg, 1983) caused disruption of structural links between receptor

and effector.
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It is not possible from these two studies to determine whether

cytosol is required (and therefore that there are certain factors

in cytosol, perhaps the phosphoìipase C, which are essentiaì to link

receptor occupation with enzyme activation), or whether the receptor'

enzyme activation is a mechanism which can occur soìeìy in the plasma

membrane. This latter conclusion would require both substrate and

enzyme to be membrane bound and that receptor activation would

probably cause a conformational change al'lowing interaction.

All the above described studies measured decreases ìn PtdIns from

various cellular sites. If, however, the hydroìysis of PtdIns-4,5P2

is the initial agonist-stimulated event, then the studies identifyi:ng

the site(s) of P,tdlns loss may have been an indication of the site(s)

of PtdIns phosphorylation rather than hydrolysis. As previous'ly

described, the PtdIns-kinase and PtdIns-4-P kinase enzymes have been

found in a number of cellular sites. However, for phosphorylation to

occur ATP is required. This might explain the requirement for added

cytosol in membrane preparations (Harrington and Ejchberg, 1983).

Since the incubation media for the liver plasma membranes (Wallace

et. al., 1983; Harrington and Eichberg, 1983) did not contain added

ATP then cytosol would be required to provide the metabolic energy to

allow phosphorylation to occur and so cause a loss of Ptdlns in the

membrane. )

A recent study by Seyfred and l^lells (1984 b) examined the site of

vasopressin-induced phosphoinositide hydrolysis in rat hepatocytes.

It was reported that after 45 sec of vasopressin treatment of (szp¡-p.

-prelabelled hepatocytes, the levels of (32P)-PtdIns-4,5P2 and (32P)-

PtdIns-4-P in the plasma membrane decreased by 40%, then graduaì1y
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returned to control levels after 10 min of treatment. This loss of

po]yphosphoinositides was spec'ific for the plasma membrane since onìy

small changes in Ptdlns-4,5P2 and PtdIns-4P were observed in the other

subcellular fractions and these changes were attributed to contamination

of these fractions by plasma membranes (Seyfred and l'lelìs, 19S4 b).

The loss of plasma membrane (32P)-Ptdlns was 15% after a 45 sec

i ncubati on of pre'label I ed hepatocytes wi th vasopressi n. Th'is study by

Seyfred and Wells (1984 b) of total (32P)-phosphoìnositide changes 'in

hepatocytes are in good agreement with other studies (Litosch et. al.,
1983; Creba et. al., 1983 and Thomas et. al., 1983) with respect to

the extent and rapidity of response in hepatocytes.

A further anaìys'is of polyphosphoinositide hydrolysis was made using

(32P)-Pi -labelìed pìasma membranes isolated from preìabelled hepatocytes.

Using intracellular-like ionic conditions, and a Ca2+ concentration of

0.2pM, vasopressin stimulated a 20% decrease in Ptdlns-4,5P2 with a

corresponding production of (azp¡-inositol trisphosphate and (32P)

-inositol bisphosphate. No change in (azp)-Pl -labelled PtdIns or

PtdIns-4P was observed and it was found that the increase in inositol

bisphosphate resu:lted from an actiorÌ of phosphatase enzyme on inos'itol

trisphosphate (Seyfred and l.lells, 1984 a). The requirement for Ca2+

of the polyphosphoinositide phosphodiesterase was demonstrated since

no significant change in polyphosphoinositide hydrolysis occurred

when the plasma membranes were incubated in the absence of Ca2+ (at

physiological ionic strength); the half-maximal activity observed at

5uM Ca2+. This study (Seyfred and Weììs, 1984 a) suggests that there

is a minimal amount of Ca2+ required for potyphosphoinositide break-

down in response to vasopressin which is.supported by other studies
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with hepatocytes showing a Ca2+-requirement (Prpió et. â.l., l9B?;

Rhodes et. al . , 1983; Thomas et. al . , 1983).

If, as the above studies suggest, polyphosphoinositide hydrolysis

occurs in the plasma membrane, rather than an intracellular membrane,

then th'is site of hydrolysis would provide an efficient mechanism

whereby b'inding of hormone or neurotransmitter to receptor and

subsequent hydroìysis occur at the same or closely associated site

- ind'icating that these two events are closeìy linked. It is still
not known how receptor occupation could activate phosphoinositide

hydrolysis.

2.I2 : I4EASUREMENT 0F THE AGONIST-STIMULATED HYDR0LYSIS 0F INOSITOL

PHOSPHOL I PI D

The agonist-stimulated renewal of the inositol and phosphate

moieties of the Ptdlns molecule was not accompanied by an equivalent

increase in the incorporation of glycerol into PtdIns (Hokin and Hokin,

1958 a, b). This led to the suggestion of a cìosed cycìe of Ptdlns

breakdown and resynthesis (Hokin and Hokin, 1964) and so it was genera'lly

accepted in the early studies, that incorporation of radiactive precursor

into Ptdlns was an indirect measure of the hydrolysis step. There are a

number of prob'lems with this assumption which have made it necessary to

develop methods to measure inositol phosphoììpid breakdown directly.

First'ly, there are enzymic reactions which can occur to stimulate the

synthesis of Ptdlns (de nouo) which do not occur as a result of phospho-

inositide breakdown (see below). Secondìy, the synthesis step of the

inositol phospho'lipid cycle appears to be sensitive to a variety of

factors which do not affect phosphoinositide breakdown (see beìow).
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The earliest studies by the Hokins showed that in addition to the

increase in the incorporation of (32P)-Pi and (gH)-'¡nositol into

PtdIns, (14C)-glycerol incorporation into PtdIns and phosphatidic

acid in pancreas slices v',as also stimulated by acetyìcholine (Hokin

and Hokin, 1958 a). This indicated that in addition to the turnover

of the headgroup of PtdIns, enhanced de nouo synthesis may contribute

to the increase in'incorporation of (32P)-Pi into Ptdlns in pancreas.

Hokin and Hokin (1958 b) found, however, that enhanced de nouo

synthesis of Ptdlns did not occur in slices of brain cortex from

gu'inea-pig. More recently, studi es of pancreas from rat (Ca'lderon

et. al. , 1979; Chapman et. al., 1983) aild human (Chapman et. al.,
1983) have confirmed the original finding of Hokin and Hokin (1958 a),

showing agonist-stimul ated de nouo synthesis.

It would therefore appear that the agonist-stimulated PtdIns -labeìling

responses in pancreas represent a combination of increased synthesis

due to inositol phospholipid breakdown and also due to enhanced

synthesis de nouo since the newly synthesized phosphatidic acid must

be able to enter the same pool as is generated from the diacyìg'lycerol

released during inositol phospho'lipid hydrolysis. Any reaction which

increases the formation of dig'lyceride is capabìe of increasing the

synthesis of PtdIns. Diacyìglycerol may be derived from triacylglyceroì

or other non-inositide phospho'lipids and in the presence of (azp)-P., or

(3H)-inositol this may be converted to radio-labelled PtdIns. This

has been observed in ìymphocytes where calcium activated a triacylglycerol

lipase to produce the diglyceride which then formed Ptdlns (Allan and

Michell, 1978). Ptdlns would then be phosphorylated to form the

poìyphosphoinositides. A recent study (Ishizuka et. al., 1983)

d'emonstrated that de nouo synthesis of PtdIns, but not Ptdlns breakdown,

was stimulated by ionophore 423187 and compound 48/80 in rat mast ceìls.
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The ca2+-dependent increase in d.e nouo synilresis would prov.ide

incorrect evidence of a ca2+-dependent breakdown of .inositol

phospholipid in studies using resynthesis as a measure of hydrolysis.

The effect of an increase in intracellular Ca2+ isr.;often

investigated using the ca2+ ionophore A23rBr which avoids the

requirement for receptor occupation. In this case, it would not be

possible to distinguish whether an increase in the PtdIns-ìabelling

response is due to synthesis of PtdIns from diacylglycero] derived

from PtdIns or from other ìipid. Agonist-enhanced synthesis of PtdIns

de nouo has been reported in tissues other than pancreas (Hokin and

Hokin, 1958 a) such as hepatocytes (Kirk and Michelr, 1991), platelets

(Prescott and Majerus, 1981), thyroid gland (Scott et. al., 1969),

polymorphonuclear leukocytes (sastry and Hokin, 1966) and adrenal

cortex (Farese et. al., 1980).

In addition to agonist-stimulated de nouo synthesis, cationic amphiphi'lic

drugs, such as trif'luoperazine, chlorpromazine and procaine, can cause

an increase in labelling of PtdInÈ with (32P)-Pi and (taC)-gìycerol

in lymphocytes (Allan and Michell, 1975) by caus.ing inhibition of
phosphatidate phosphohydrolase (Brind]ey and Bowrey, 1975), an enzyme

whìch can convert phosphatidate to diglyceride. Therefore, an increase

in incorporation of radioactive precursor does not occur as a nesutt of

breakdown of inositol lipid.

These studies show that it is necessary to be able to distinguish

between inositol phosphoìipid turnover where the source of diacyìglycerol

is phosphoinositide and the increased labelling response due to

production of diacylglycerol from a lipid other than inositol phospholipid.
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Another prob'lem with using the method of measuring the incorporation

of radìoactive precursor into phosphoinositide as an indication of

the hydrolysis is the possibility that some agents which do not alter

the breakdown step can alter the synthesis step. The incorporation

of the (3H)-inositol into PtdIns is cataìysed by the CDP-diacyìglycero'l-

inosito'l-3-phosphatidyl transferase which can be inhibited by Caz+

(Egawa et. al., 1981 a).The inhibit'ion by Ca2+ of incorporation of

(3H)-lnositol into PtdIns has been demonstrated in blowfly sa]ìvary

gìand (Berridge and Fain, 1979), whereas the release of (3tl)-inositol

due to agonist-stimulated phosphoinositide breakdown was not altered

by removal of Ca2+ (Fain and Berridge, LgTg). This reduction in Ptdlns

synthesis has been shown in other tissuei such as vds deferens (Egawa

et'- al., 1981 b), pìatelets (Broeckman et. al., 1980), and iris-smooth

muscle (Abdeì-Latif and Luke, 1981). In addition, (32P)-P.¡ incorporation

into iris smooth muscle (Abdel-Latif and Luke, 1981) and rat parotid

gìand (Keryer et. al. , 1979) has shown a dependence on the presence of

sodium ion.

Since the incorporation of radioactive precursor into Ptdlns can be

altered by de nouo synthesis and agents such as ca2+, it is not possible

to use this as an indirect measure of inositol phospholipid breakdown.

The measurement of the incorporation of radioactive precursors into

inositol phospholipids has been used, however, in a number of studies

on pancreas (Hok'in and Hokin, 1955, 1958 a; Bauduin and Cantraine,

1972; Calderon et. al., 1979, 1980; Hokin, 1968 a, b, 1974; Farese

et. al., 1981 a, 7982; Halenda and Rubin, 1982).

Another method used as a measure of inositol phospholipid hydrolysis

is a decrease in its concentration measured either by radiochemical
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or chemical assay. tl. use of (32P)-Pi or (3H)-inositol to pre-label

inositol phospholipid prior to addition of agonist has enabled the

measurement of an agonist-stimuìated decrease in pancreatic PtdIns

(Hokin, I974; Hokin-Neaverson et. al., 1975; Hokin-Neaverson, L977;

Halenda and Ruhjn, L9BZ) and pancreatic polyphosphoinositide (Putney

et. al., 1983; Orchard et. al., 1984). Other studies have measured

a decrease in (taC)-arachidonic acid-labelled PtdIns (Caìderon et. aì.,

1979; l4arshall et. al., 1980, 1981; Halenda and Rubin, 1982) in

pancreatic tissue.

The concentration of phospholip'ids measured either by radiochemical

or chemical means, measures the turnover of lip'id and can be changed

by alterations in breakdown, synthesis, or both. It is possible to

measure the breakdown of inositol phosphoìipid as a decrease in the

concentration of pre-'labelled lipid providing the appropriate incubation

time is used. For example, 'in pìatelets, an initial decrease in

(32p)-PtdIns-4,5P2 occurs 15 sec after activation with platelet-

activating-factor; this is subsequentìy followed by a rapìd increase

in incorporation of (32P)-P.t into PtdIns-4,5P2 such that at 30 sec

the amount of (32p)-ptdtns-4,5P2 exceeds that of control (Lapetina,

1983). This effect is also seen with (32p)-pt¿tns and (32P)-PtdIns-4P

(Lapetina, 1983). Therefore, since concentration measurements can be

the net result of breakdown and synthesis it is essential that the

initial hydrolysis of l'ipid be measured very rapidly after agonist-

activation to avoid the additional measurement of re-synthesis.

In experiments using (3H)-inositol-labelled lipid, the same prob'lem

exists although an attempt to avoid measuring the re-synthesis steps



L24.

could be made by ensuring that the majority of the radioactive

precursor has been incorporated into inositol ìipid, the remaining

free (3H)-inositol removed by washing, and by incubating tissue in

the presence of excess non-radioactive inositol to reduce the

re-incorporation of (3H)-inositol released from lipid foìlowing

breakdown.

However, it is not poss'ible to determine exactly to what extent any

possible agonìst-stimulated increase in the de nouo synthesìs

contributes to the total inositol lipid concentration.

In some studies both a decrease in Ptdlns concentration and an increase

in phosphatidic acid concentration was measured (Hokin-Neaverson, 1974;

Farese et.-a].,1981 a, 1982). However, the phosphatidic acid concentra-

tion will be determined by inositol phosphoìipid breakdown and by the

increase in formation of CDP-diacy'lglycerol and so too, will not provide

a direct measure of phosphoinositide breakdown.

Any agent which may a'lter synthesis and not the breakdown of inositol

phospholipid as described previously, could therefore cause a change

in the total concentration of this lipid and so an incorrect estimation

of the degree of agonist-stimulated breakdown.

Another probl em i n measuri ng i nos i to'l phosphol 'i pi d concentrati on to

assay hydrolysis is that a decrease in inositol phospholipid could

occur due to activation of a phospholipase 42. This enzyme

characteristically requires Ca2+ and catalyses the deacylation of

Ptdlns so as to produce 'lysophosphatidyìinositoì and free fatty acid;
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arachidonic acid (Van den Bosch, 1980). Since many studies use

ionophore A23lB7 to increase the intracellular Ca2* concentration

as a test for the Ca2+ -dependency of the inositoì lipid response,

activation of phospholi.pase A2 leading to a decrease in inositol

phosphoìipid content would lead to erroneous conclusions.

Since phospho'lipase C activity releases I,2 diacylglycerol and

inositol-phosphates but phospho'lipase A2 activity does not, then it
would be more appropriate if investigating the agonist-actìvation of

phospholipase C activity to measure the released products, which

unlike measurement of total inositol lipid mass would avoid the

detection of activation of phosphoìipase A, activity.

The most accurate method to measure breakdown of inositol phospho-

ìipids is to measure the release of the hydrolysis products. Hokín-

Neaverson et. al. (1975) measured an acetylcholine-stimulated increase

in (3H)-'inositol (which was believed at that time to be reìeased from

Ptdlns in mouse pancreas), in addition to an increase in inositol

levels measured chemically with gas-liquid-chromatography. Measurement

of hydrolys'is products were made in other gìand tissue such as blowfty

sal i vary gl and ( Fai n and Berri dge, 1979 ; Bemi dge and Fai n, 1979) ,

and rat parotid gland (Keryer et. al. , 1979).

Hokin-Neaverson et. al. (1975) investigated whether a phosphodiesterase

C type of cleavage was,involved in the acetylcholine-stimulated loss of

PtdIns in mouse pancreas. After examining the water-soluble products

of Ptdlns breakdown, no increase in the levels of inositol 1,2-cyclic

phosphate or inositol-l-phosphate (products which would be released by
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phospho'lipase C) were measured, while the levels of inositol increased.

0n the basis of this evidence it was suggested at the time, that other

mechanisms of degradation which would release inositol as breakdown

product were more likely than phospholipase C activity in mouse

pancreas. These mechanisms could possibly be by action of a

phospholìpase D or reversal of the CDP-diacylglycerol-inositol-

3-phosphat'idyl transferase (Hok'in-Neaverson et. âl . , 1975) .

However, since the studies by Hokin-Neaverson et. al. (1975) on ptdlns

breakdown in mouse pancreas no further investigation of the role of

the hydrolysis response in pancreatic function, nor any examination

of the calcium dependency of this reSponse in pancreas were made until

1980.

A method was developed (Tennes and Roberts, 1981) to measure the

agonist-stimulated breakdown of inositol phosphoìipid in mouse

pancreas by assay of the release of (s¡1)-inositol-labelled hydro'lysis

products released from inositol phospho'lipid labelled ín uiuo with rnyo-

(2-3H)-inositoì. As described in Chapters 3 and 4 of this thesis,

this technique provides a valíd measure of inositol phospholipid

hydrolysis (Tennes and Roberts, 1981, 1984) and eliminates the

requirement for lengthy ìipid extraction and chromatographic separation

procedures used previous'ly. This method facilitated the construction

of dose-response curves and was used to investigate the role of calcium

in the agonist-stimulated hydrolys'is of inositol phospholipid in mouse

pancreas (Tennes and Roberts, L982, 1983). The validity of this

technique is not dependent on whether PtdIns, PtdIns-4,5P2 or PtdIns-4p

is the initial lipid hydrolysed since the assay measures the release of

( 3H)-inositol-labelled products which will accumulate independent of
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which lip'id is hydrolysed. Measurement of these breakdown products

in total , without separating and identifying them, does not, ho!,lever,

aìlow determination of which phosphoinositide is hydrolysed nor

would it detect if several pathways of hydrolysis of inositol

phospho'l i pid occumed.

The failure of Hokin-Neaverson et. al_. (1975) to detect any increase

in inositol 1,Z-cyclic phosphate or inositoì-1-phosphate could be

expìained by the action of two particular enzymes. Many tissues

conta'in an active inositol L,2-cyclic phosphate 2-phosphohydrolase

(Dawson and Clarké, 1972) which couìd rapidìy convert the cyc'lic

derivative to inosito'l-1-phosphate. In addition, a m7o-inositol-1-

phosphatase has been found which would convert inositol-1-phosphate to

inositol (Eisenberg, 1967). However, we now know that inositol

I,Z-cyclic phosphate is not formed folìowing agonist-activation of

pancreas. Analysis of ( 3tt)-inositol-phosphates released from 1s¡¡-

inositol-label led phosphoinositides in rat pancreas showed increases

in inositol-l-phosphate, inositol bisphosphate and inositol trisphosphate;

no inositol I,2-cycf ic phosphate was identified (Rubin et. â1., 1984).

The discovery that lithium inhibits ntyo-ìnositol-1-phosphatase (Naccarato

et. al., L974; Haìlcher and Sherman, 1980) allowed the detection of

an increase in the accumulation of inositol-l-phosphate due to agonist-

stimulated breakdown of inositol phospholipid in mouse pancreatic

fragments (Tennes and Roberts, 1984) and dispersed mouse pancreatic

acinar cells (Hokin-Neaverson and Sadeghian, 1984). The results of

these studies v',ere supported by the identification of a carbachol- and

caerulein-stimulated increase in inositol-1-phosphate ín the
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à( 3H)-inositol-labelled water-sol uble compounds extracted from rat

pancreati c aci ni ( Rubi n et. al . , 1984 ) .

These independent studies provided the first evidence that, in the

exocrine pancreas, a phosphoìipase c type of phosphodiesterase

activity is involved in the hydro'lysis of inositol phospholipid.

Subsequent to the development of the method described in this thes'is,

another method which measures the release of hydrolysis products was

developed by Bemidge et. al. (1982). This method utilized the abil.ity

of I ithium to inhibit inositol-l-phosphatase and also the selective

binding of inositol phosphates to an anion-exchange resin to measure

agonist-stimulated increases in inosito'l-l-phosphate. This technique

provides a good signaì-to-noise ratio, particu]arly when using

procedures for labelling tissues with radioactivity where a large

amount of fnee myo\Z-3ï) inositol may be present.

However, the hydro'lysis of po'lyphosphoinositide releases Ins-1,4,5p3

and Ins-1'4Pr which could rap'idly be degraded by phosphatases to

Ins-1-P. The increase in accumulation of Ins-l-P does not distinguish

between whether the phospholipase C acts on PtdIns polyphosphoinositides

or both. Therefore, any method which measures either increases in

( 3H )- i nosi tol -l abel I ed products or more speci fi car ry i n Ins- l-p,

released from inositol lipid measures hydrolysis accurately but does

not identify which lipid is initially hydrolysed by receptor activation.

To investigate this question studies identifying increases in inositol

phosphates released from lipid and their rates of release have recently

been made (for exampìe, Berridge, 1983; Downeé and wusterman, 19g3;

Rubin et. al. , 1984).
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The phosphosphoinositides of pancreas have been investigated by

analysis of decreases in the levels of Ptdlns-4,5P, and (32P)-

PtdIns-4P. Putney et. al. (1983) reported a loss of 15 - 20% of

(32P)-PtdIns-4,5P2 in less than 1 min after stimulation of isolated

rat pancreatic acini with carbachol of caerulein. A similar decrease

in (32P)-PtdIns-4,5P, was found in isolated cells, however, in

neither of the tissue preparations did an agon'ist-stimlated decrease

in PtdIns- P occur (Putney et. al., 1983). A more recent study by

0rchard et. al. (1984) showed a 30 - 50% decrease in (32P)-Ptdlns-4,5P2

within 10-15 sec after stimulation of rat pancreatic acini with

carbachol or CCK. These res,ults of agonist-stimulated decreases 'in

PtdIns-4,5P, have been reported in a number of tissues including

rabbjt iris smooth muscle (Akhtar and Abdel-Latif, 1978), rat

hepatocytes (Kirk et. al., 1981; Thomas et. al., 1983; Creba et. al.,

1983) blowfly salivary g'land (Berridge, 1983), platelets (Billah and

Lapetina, 1982) and rat parotid g'land (Weiss et. al., 1982). Although

these studjes prov'ide evjdence for a rapid agonist-stimulated decrease

in Ptdlns-4,5P2 they do not identify by which pathway the inositol

lipids are hydrolysed.

As shown earlier in Fig. 2.4,Ptdlns-4,5P2 can be degraded by two

pathways. The first pathway via the action of a phosphodiesterase

would release diacy'lglycerol and Ins-1,4,5P3 whereas the second

pathway via the action of phosphomonoesterases which sequentìally

remove phosphatefrom the 5- and 4-position would y'ieìd Ptdlns. The

difference between these two pathways is the primary substrate which

is hydrolysed by receptor activation. The first pathway has Ptdlns-

4,5P2 as substrate whereas the second pathway has Ptdlns as the

initial lipid hydrolysed. The examination of the water-soluble
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products released following the hydrolysis of inositol lipid can

enable the identification of the ìipid initially hydro'lysed by the

receptor activation mechanism.

Studies of phosphoinositide metabolism in insect salivary glands

(Berridge, 1983) and rat parotid g'land (Downes and t^lusterman, 1983)

have provided convincing evidence that agonists do hydrolyse

polyphosphoinositides instead of PtdIns, at least in these secretory

tissues. Firstly, following receptor activation, Ins-1,4,5Ps and

Ins-1,4P2 increase with no de'lay (measured as early as 5 sec after

agonist addition) and precede in time the increases in the levels of

Ins-1-P and inositol (Berridge, 1983; Downes and l¡lusteman, 1983).

Secondly, the addition of agonist to tissue depleted of poìyphospho-

inositides caused little or no increase in free inositol or any

inositol phosphates measured 10 min (Downes and Wusteman, 1983) or

5 min (Berridge, 1933) after receptor activation. (Since phosphory-

lation of Ptdlns to PtdIns-4P and PtdIns-4,5P2 is ATP-dependent,

incubation of cells in dinitrophenol will inhibit the synthesis of

polyphosphoinositides and so cause the depìetion of these 'lipids

from cell membranes).

A reduction in the agonist-stimulated hydrolysis of PtdIns by the

metabol i c i nhìbi tor 2,4 di n'i trophenol was reported by Hoki n ( 197a)

using mouse pancreas. At the time, it was not possible to expìain

why the hydrolysis of Ptdlns would be an energy requiring mechanism

(since the action of Ptdlns-phospholipase C does not require ATP).

This resuìt was confirmed and extended using a number of metabolic
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inhibitors in mouse pancreas (resuìts described in Chapter 5 of this

thesis). A metabolic requirement for phosphoinositide breakdown has

since been reported in blood plateìets (Holmsen et. a1.,1982), rat

parotid gland (Poggioli et. al., 1983; Downes and Wusterman, 1983),

rat'liver (Prpió et. al., Lg82) and blowfly salivary gland (Berridge

et. al., 1984). This result supports the proposaì that PtdIns must

first be converted to polyphosphoinositides before activation by

agonìsts can stimulate hydrolysis.

It would therefore appear that hydroìysis of PtdIns is not associated

with the initial events associated with receptor activation in

blowf'ly salivary gìand and rat parotid gìand, however, the evidence

at present does not eliminate the possibility that Ptdlns may be

involved at a later period following receptor activation. In addition,

these results do not all.ow the identification of whether Ptdlns-4,5P2

and PtdIns-4P are both hydrolysed following receptor activation. That

is, whether the increase in Ins-1,4P2 is due to the action of inositol

tnisphosphatase on Ins-1,4,5P3 or by the direct hydroìysis of PtdIns-4P

by a phosphod'iesterase.

The first direct measure of PtdIns-4,5P2 hydrolysis in exocrine pancreas

by measurement of agonist-induced increases in inositoì-phosphates was

described this year by Rub'in et. al. (1984). At 1 min after carbachol-

stimulation of rat pancreatic acini there was a 6.i8-fold, 8.2-fo1d and

1.4-fold increase in ( 3H)-Ins-1,4,5P3 , (3H)-Ins- I,4P2 and (3H)-Ins-1-P,

respectively. These results indicate the action of a phosphodiesterase

on Ptdlns-4,5P2. The Ins-l,4P, could arise by either the hydrolysis of

PtdIns-4P or by the activity of an inositol bisphosphatase to

dephosphory'l ate Ins- 1,4,5P3.
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The rapid time course for the production of Ins-1.,4,5P3 and Ins-I,4P2

compared with Ins-1-P (Rubin et. al., 1984) suggests that the hydrolysis

of the polyphosphoinositides occurs prior to any possible hydrolysis of

Ptdlns. The ìag period for production of Ins-l-P suggests that the

increase in Ins-l-P is due to the removal of the phosphate from Ins-I,4P2

by inositol bisphosphatase. In this case the proposaì that PtdIns is not

hydrolysed but phosphorylated to repìace the poìyphosphoinositide

(Michell et. al., 1981) ìs supported. However, the results of the study

by Rubin et. al. (1984) cannot eliminate the possibility that some

Ins-l-P may be the product of the direct action of a phospholipase C

on Ptdlns.

As the above studies demonstrate, over the last few years there has

been a great improvement in methods avaiìable to measure the hydro'lysis

of inositol phosphoìipid.

2.I3 : THE CALCIUM DEPENDENCY OF INOSITOL PHOSPHOLIPID METABOLISM IN

EXOCRINE PANCREAS

Hokin (1966) found that if Ca2+ was removed from the incubation

medium, the acetylcholine-stimulated release of amylase from pigeon

pancreas was abolished but a large stimulation of (32P)-P., incorporation

into Ptdlns and phosphatidic acid stilì occurred. This was the first
indicat'ion that Ca2+ was not required for activatiÒn of the Ptdlns

response. Since this time the questjon of the Ca2+-dependency of the

inositol phospholipid response.has been the subject of intense

investigation and some controversy.

t
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The initja'l proposal by Michell (1975) that PtdIns hydroìysis may

precede the increase in intracellular Ca2+ led to the idea that

the hydroìysis of PtdIns and (later of the polyphosphoinositides)

should be independent of ca2+. A number of procedures have been used

to examine the nole of ca2+ in phosphoinositide metabolism such as

removal of this ion from the extracellular bathing med'ium,

introduction of Ca2+ into the cell with the use of ionophores, and

depìetion of intracellular stores of Ca2+.

In the ear'ly studies of Ptdlns, it was confirmed that extracellular

Ca2+ was not essential for the agonist-stimulated synthesis or loss

of Ptdlns and that A23I87 did not stimulate Ptdlns loss in a variety

of tissues including rat parotid glands (Jones and Michell, Lg7s, Lg76),

hepatocytes (Billah and Michell, 1979), blowfly salivary gìand (Fain

and Berridge,.1979) and rat lacrimal g'land (Jones et. al., 1979).

However, the ability of the Ca2+ ionophore to cause the loss.ot PtCIns

in platelets (Bell and Majerus, 1980; Lapetina et. al., 1981) and

neutrophi'ls (cockcroft et. al., 1981)led to the suggestion that the

breakdown of Ptdlns may not be involved in reguìating Caz+ fluxes but

occur as a result of the increase in cytosolic Caz+ (Cockcroft et. â1.,

198tr; Hawthorne, 1982).

A stimulatory effect of ionophore on inositol lipid breakdown does

show that there is a Ca2+-dependent hydroìysis of phosphoinositide,

however, it does not exclude the possibility that there may also be a

receptor-activated Ca2+-independent breakdown of this'lipid.

Following the initial study by Hokin (1966) on the removal of

extracelìular Ca2+ on Ptdlns synthesis, no study of the role of this ion

I
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in agonist-stimulated inositol phospholipid metabolism ìn exocrine

pancreas was reported unti 1 1979.

Calderon et. al. (1979) reported that Ca2+ deprivation of rat pancreatic

fragments by incubation in the calcium chelator EGTA did not prevent

the carbachol-stimulated increase in incorporation of ( 3H)-inositol,

(32P)-Pi, (3H)-gìycerol or (lac)-arach'idonic acid into inositol

phospholipid. This study confirmed and extended the results of Hokin

(1966). Farese et. al. (1982), in agreement with these earlier

studies, showed (szp¡-Pi-labelling effects'of PtdIns in rat pancreas to

occur in the absence of Ca2+ but found that the agonist-stimulated

decrease in Ptdlns mass and increase in phosphatidic acid mass were

dependent on Ca2t (Farese et. al., 1980, 1982). In addition, the

'ionophore 423187 stimulated a decrease in Ptdlns mass which led at the

time to the suggestion that pancreatic inositol phospholipid changes

follow rather than precede changes in intracellular Ca2+ (Farese et. al.,
1980). However, as discussed earlier in Section 2.12 neither the

measurement of incorporation of precursor into inositol phosphoìipid,

nor the measure of toüal mass provides a measure of the initial
agonist-stimulated event of hydrolysis. Any ç¿z+-dependency of these

responses cannot be pre-supposed to be indicative of the hydroìysis

res ponse.

The results of Farese et. al. (1980, 1982) could be due to effects of

Ca2+ other than to stimulate PtdIns hydrolysis. One alternative

explanation would be that the increase in intracellular Ca2+ via the

ionophore stimulates a phosphoìipase A2 leading to a decrease in Ptdlns

mass. Halenda and Rubin (1982) demonstrated an agonist-stimulated
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phospholipase A2 activity in rat pancreatic acini, whereby the Ca2+

ionophore ionomycin stimulated the turnover of (l4C)-arachidonic

acid-labelled Ptdlns.

Another possibìe exp'lanation for the apparent Ca2+-dependent agonist-

stimulate changes in PtdIns mass and phosphatidic acid mass might be

that in the absence of Ca2+ the inhibitory effect of this ion on the

conversion of phosphatidic acid to Ptdlns (Egawa et. al., 1981) is

removed. In this case Ptdlns would be synthesized more rapid'ly and

so the agonist-stimulated decrease in PtdIns would be compensated for

and thus go undetected.

A close examination of the results of Farese et. al. (1982) revealed

that in the presence of Ca2+ the carbachol-st'imulated synthesis of

Ptdlns was increased 10.3-fold from control whereas in the absence of

Ca2+ the increase was 25.l-fold above control. This increased

synthesis was also apparent with CCK as agonist, with increases of

2.3-fold and l?-fold above control observed in the presence and

absence of Ca2*, respectively (Farese e!. q] ., 1982).

These results show that in the absence of Ca2+, a greater conversion

of phosphatidic acid to Ptdlns would occur. Therefore, it is possible

that an agonist-stimulated loss of Ptdlns did occur in the absence

of Ca2+ in the study by Farese et. al. (1982) but that due to rapid

re-synthesis, the decrease in Ptdlns mass and increase in phosphatidic

acid was small and so undetectable. In the presence of Ca2+ the loss

of Ptdlns could be detected due to a decrease in re-synthesis.
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The study by Downes and Wusteman ( 1983) demonstrated that the poty-

phospho'inositides are hydrolysed and repìaced from the PtdIns pool

several times during even relatively brief periods (10 min) of

agonist-stimulation of rat parotid gìand. The agonist-stimulated

decrease in Ptdlns mass seen by Farese et. al. ( 1982) could be due to

its conversion to polyphospho'inositides (Rubin et. al., 1984). It js

poss'ible that due to this rapid cycling of Ptdlns, in the absence of

Ca2+ an underestimation of Ptdlns loss wouìd be made.

The proposal by Farese et. al . ( 1982) of a ca2+-dependent loss of

Ptdlns is not the only explanation for the results of their study,

the alternative explanations described above would also appear to be

supported by their results and just as feasible.

The first study of the role of ca2+ on the hydroìysis of inositol

phospholipid 'in exocrine pancreas showed no such stimulatory effect

of ionophore 423187 (at the concentration of 10-6M, which stimulated

amylase secretjon); no requirement for.intracellular stored ca2+ and

also that the agonist-stimulated hydrolysis still occurred when Ca2+

was removed from the extracellular medium (Tennes and Roberts, 1982).

This study measured the release of (3tt)-inositol-labelled products

from inositol phosphoìipid but did not identify which lipid was

initiaìly hydrolysed. These resuìts are included in this thesis

(Chapter 6).

Putney et. al. (1983), using rat pancreatic acini reported that

ionomycin (2 x 10-6M) for the first 2 min after addition, did not

mimic the effects of carbachol or caerulein in inducing the loss of

(32p)-Ptdlns-4,5P2. However, ionomycin after 5-10 min caused a
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parallel decrease in both (32p)-pt¿Ins-4,5P2 and (32p)-PtdIns-4P.

It was suggested (Putney et. al., 1983) that ionomycin may cause

loss of poìyphosphoinositides by a toxic mechanism which inhibits

production of metabolic energy, since antimycin A caused a similar

loss of polyphosphoinositide in parotid gland (Poggioli et. al., 1983).

(Deplet'ion of ATP would inhibit phosphorylation of Ptdlns and so reduce

poìyphosphoi nosi ti de content) .

An alternative explanation could be Ca2+-stimulation of phosphoìipase

C. Orchard et. al. (1984) usjng a high concentration of A23L87

(2 x 10-s¡q) did not observe any decrease in (32P)-Ptdlns-4,5P2 of

(32P)-Pi pre-ìabelled rat pancreatic acini nor any increase in lsztr-

phosphatidic acid 1,2,5 or 10 min after A23I87 addition. This high

concentration of A23IB7 would cause a significant increase in the

intraceilular Ca2* concentration and so be expected to stimulate any

calcium-dependent hydrolysis of inositol phospholipid if it were to

occur. The lack of effect of 423187 to stimulate inositol ìipid

hydrolysis both in this study by Orchard et.alL. (1984) and also in

that described by Tennes and Roberts (1982) suggests that the abi'lity

of ionomycin to induce a loss to phosphoinositide is not due to its

effect to increase cytosolic Ca2+ and stimuìate a phospholipase C,

but perhaps due to some other toxic effect, in support of the

suggestion by Putney et. al. (1983).

More recently, Rubin et. al. (1984) investigated the Ca2+-dependency

of polyphosphoinositide breakdown in rat pancreatic acini using the

measurement of the release of Ins-1,4,5P3 , Ins-l,4,P2, and Ins-l-P.

These workers suggested that Ca2+ mobilization does not trigger the
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breakdown of Ptdlns-4,5P2 since increases in Ins-1,4,5P3 were not

stimulated by ionomycin (10-0¡4) after a 30 min incubation. This

ionophore did, however, stimulate a small but significant increase

in Ins-1,4P2 and Ins-1-P over a 30 min incubation period (Rubin

et. al., 1984). A toxic effect of ionomycin to deplete ATP (as

suggested by Putney et. al., 1982) would not explain why ionomycin

caused an increase in Ins-1,4P2 ð,nd Ins-1-P. This result of Rubin

et. al. (1984) could be interpreted to indicate a Ca2+-stjmulated

hydrolysis of PtdIns-4P and perhaps aìso Ptdlns, although it is not

possible to determine if Ins-l-P was formed.from Ins-1,4P2, Ptdlns

or both. However, as previously described, studies using 423187

(fO-sU or 2 x 10-sM) suggested that Ca2+ does not stimulate inositol

phospholipid hydrolysis (Tennes and Roberts, 1982; 0rchard et. â1.,

1e84).

How then can the effect of ionomycin to stimulate increases in Ins-I,4P2

and Ins-1-P (Rubin et. al., 1984) be explained? A non-specific toxic

effect is one possibility. However, the mechanism that would allow

an affect on PtdIns-4P2 but not PtdIns-4,5P2 is not known. Alternatively,

because the study of Rubin et. al. (1984) isolated each of the (s¡¡-

inositol phosphates from free (3H)-inositol, perhaps this aìlowed a much

greater sensitivity in detecting a small degree of hydroìysis compared

with measurement of increases in total (sH)-inositol-labelled prodcuts

(Tennes and Roberts, L9BZ) or (szp¡-phosphatidic acid (0rchard et. al.,

1984). This would require that the phosphodiesterase enzyme stimulating

the hydroìysis of PtdIns-4P has a requirement for Ca2+ whereas the

enzyme hydroìysing PtdIns-4,5P2 does not (since ionomycin did not cause

the release of Ins-1,4,5P3, Rubin et. al., 1984). There does not appear

to be any direct evidence to show this.
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It is not clear why 423187 and ionorycin appear to have d'ifferent

effects on phosphoinositides. It could be due to the different

sensitivity of methods used to assay their effects on lipid hydrolysis.

Perhaps these ionophores differ in their abilìty to increase cellular

Ca2+. If ionomycin causes a much greater increase in Ca2+ this might

then activate the phosphoìipases responsible for release of Ins-l,4Pz

and Ins-l-P. These are only suggestions to explain the results and

there is no evidence to support them at present.

The agonist-stimulated hydroìysis of inositol phospholipid in exocrine

pancreas was not dependent on release of Ca2+ from intracellular stores

(Tennes and Roberts, 1982) nor was the loss of (azp¡-Ptdlns-4,5P,

altered when a protocoì was used which eliminated agonist-induced

release of intracellular Ca2+ (Putney et. al., 1983). However, a ro'le

for extracellular Ca2+ in the agonist-stimulation of exocrine pancreas

was suggested when it was found that although this event does not

require Ca2*, the addition of this ion to the incubation medium

potentiated phosphoinositide hydrolysis stimulated by both cholinergic

and peptide-receptor agonists (Tennes and Roberts, 1982). The effect

of Ca2+ to potentiate agonist-stimulated inositol phosphoìipid hydroìysis

and its possible site of action are described and discussed in Chapter 7

of this thesis. The more recent study of the spec'ific inositol-phosphates

rel eased from pancreati c i nosi tol phosphoì i pi d fol lowi ng receptor

activation (Rubin et. aJ., 1984) did not examine a role for extracellular-

Ca2+. A role for extracellular Caz+ in the agonist-stimulated hydrolysis

of inositol phospholipid has recent'ly been confirmed in hepatocytes

(Creba et.al., 1983), lacrimal gland (Godfrey and Putney, 1984) and

basophil 2H3 cells (Beaven et. al., 1984).
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The hypothesis that inositol phospho'lipid hydro'lysis mediated by

phospholipase C is an early event in stimulus-secretion coupìing

occuring prior to an increase in intracellular Ca2+ is supported by

the studies showing that an increase in intracelìular Ca2+ does not

mimic agon'ist-activated phosphoinositide hydro'lysis (Tennes and

Roberts, 1982; Putney et. al., 1983; Orchard et. al., 1984; Rubin

et. al., 1984) and that intracellular Ca2+ is not required for agonist

activation of this lipid response (Tennes and Roberts, 1982; Putney

et. al., 1983).

Does inositol phospholipìd hydrolysis control the mobilízation of

Caz+? One definitive way in which the proposal that the hydrolysis

of inositol phospholipid controls celluìar CaZ+ could be negated would

be if receptor activation caused an increase in intracellular Ca2+

without an associated hydrolysis of phospho'inositide. This has not

been demonstrated. Recent studies described in the foìlowing section

(2.L4) have provided supporting evidence for a role of inositol

phospholipid hydrolysis (in particular, the breakdown products reìeased)

in mobi'l'izing cellular'Ca2+ and perhaps also in allowing Ca2+ to enter

into cells.

2.T4 : THE ROLE OF INOSITOL PHOSPHOLIPID HYDROLYSIS IN MEDIATING

STIMULATION OF THE CELL RESPONSE

Inositol phospholipid hydro'lysis may have two mechanisms

whereby it mediates stimulation of the cell response agonists : one

is by mobitizing Ca2*, the other by activation of protein kinase C.
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z.ra G) The Role of Inositol Phospholipid rol.ysi s i n

Mobilizinq Calcium

what evidence is there to distinguish between whether

the agonist-activated inositol phosphoìipid hydroìysis does

control cel I ul ar ca2+ or whether the i ncrease i n i ntracel I ul ar

Caz+ is a paralìel, independent event? A number of studies

have investigated the abiìity of the breakdown products of

inositol phosphoììpid hydrolys'is to stimulate ca2+ mobilization,

and to m'imic the effect of ca2+-mobilizing hormones to stimulate

the cell response.

The first study to demonstrate a link between inositol phospho-

lip'ids and cellular Ca2+ was reported by Benridge and Fain

(1979). They suggested that if PtdIns is an essentidr component

in activation of ca2+ mobilization then a decrease in the leveì

of this lipid should cause a corresponding decrease in the

agonist-stimulated ca2+ transport. This proposal was proven

to be true when during stimulation of blowf,ìy salivary gland

with high concentratjons of 5-hydroxytryptamine a graduaì

depletion of PtdIns (due to ca2+ inhibition of resynthesis)

and also a gradual decrease i¡ as[¿2+ transport was measured

(Berridge and Fain, L979). If the glands were washed free of

5-hydroxytryptamine the increase ¡¡ +sç¿z+ transport was not

restored. However, when the glands were incubated in the

presence of amq-nyo-inositol so as to allow resynthesis of ptdlns,

the increase tn asg¿2+ transport stimulated by 5-hydro¡ytryp-

tamine was restored. These results showed a good correlation

between Ptdlns levels and +sç¿2.+ influx and led to the suggestion
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that Ptdlns may play some role in opening caìcium gates or

channels in the plasma membrane by a conformational change

due to PtdIns hydrolysis (Berridge and Fain, 1979). However,

there v',as no evidence to support this idea.

The idea that the physicochemical change in the pìasma membrane

due to Ptdlns'loss may lead to an increase in the permeability

of the p'lasma membrane to Ca2+ could account for the Ca2+

influx seen in a variety of cell types. However, in the pancreas

the'injtial effect of agonist is to mobilize Ca2+ from celìular

stores prior to causing an influx of Ca2+ (Stolze and Schuì2,

1980; Dormer et. al . , 1981).

Therefore, for inositol phosphoìipid hydro'lysis to cause

mobiìization of cellul ar Ça2+ a mechanism must exist whereby

the signal at the receptor on the p'lasma membrane would reach

internal Ca2+ storage sites such as endoplasmic reticulum

to stimulate release of Gà2+.

To investigate this question workers examined the possibility

that one or more of the breakdown products of inositol

phosphoìipid hydroìysis may in some way release or transport

CaZ+. A schematic representation of the pathways involved in

metabolism of products released by inositoì phospholipid

hydrolysis is shown in Fig. 2.5.

One of the first candidates for this role was phosphatidic

acid which was found to translocate Ca2+ across both organic
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solvent ìayers and liposomal membranes (Tyson et. al., 1976;

Salmon and Honeyman, 1980; Putney et. al., 1980b; Serhan

et. al., 1981). Phosphatidic acid stimutated Ca2+ uptake

by nerve terminals (Harris et. al., 1981), and neuroblastoma

cells (Ohsako and Deguchi, 1981) and the release of Ca2+ from

the sacropì asmi c reti cul um of cardi ac cel I s ( Li mas , 1980 ) .

Using a fluorescent phosphatidic acid analogue, Pagano et. al.

(1983) demonstrated that when this analogue was transferred

from phospholipid vesicles to cultured fibroblasts the endo-

plasmic reticulum was seen as highly fluorescent, ind'icating

uptake and transfer to the site of Ptdlns synthesis. It is

possible that phosphatidic acid could transport Caz* across

pìasma membranes and also be transported to the internal

cel.lular membrane to function as an ionophore at these sites

before being converted back to PtdIns.

The addition ofpbsphatidic acid to smooth muscle cells (Saìmon

and Honeyman, 1980) and parotid slices (Putney et. al., 1980b)

mimicked the responses of these tissues to calcium-mobi'lizing

hormones. In addition, Putney et. al. (1980 b) demonstrated that

the ability of a variety of agents (including neomycin,

lanthanum, cobalt and nickel) to inhibit the translocation of

Ca2+ by phosphatidic aci¿ from a water to chloroform phase

comel ated wi th thei r abi ì'i ty to i nhi bi t agoni st-acti vated 86 Rb

release (which provides an indirect measure of changes in

cellular Ca2+)from parotid glands. It was therefore suggested

that phosphatidic acid may act as a natural Ca2+ ionophore in
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cells which show an agonist-stimulated hydroìysis of inositol
phospholipid (Putney et. aì., 1980 b).

If phosphatidic acid, acting as an ionophore, is to be

involved in the agonist-stimutated ca2+-dependent cell response

then its formation should be rapid enough to correlate with

ca2+ mobilization. In platelets, the time course of phosphatidic

acid production correlated with the rqpid reìease of serotonin

(Lapetìna, rg82), and ca2+ influx (Imai et. al., 19gz). However,

the formation of phosphatidic acid following agonist-stimulation

did not occur as quickly as the ca2+-dependent release of

ìysosomal enzymes in neutrophi'ls (cockcroft et. gl., lggo), nor

fast enough to stimulate ca2*-dependent phosphorylase an activity
in isolated hepatocytes (Thomas et. al., r9B3), indicating that
phosphatidic acid may not mediate the initiar changes in

cel I ul ar Ca
2*

subsequent to the study by Putney et. al. (1990b), evidence was

obtained which did not support a role for phosphatidic acid as

an endogenous Ca2+ ionophore. Studies in our laboratory

demonstrated that the local anaesthetic procaine inhibited the

transfer of 45ç.2+ by phosphatÍdic acid from an aqueous to

organic phase but this agent did not inhibit the ability of

the peptide agonist bradykinìn to stimurate the ca2+-dependent

response of smooth muscle contraction (crouch et. al., 1991).

The inability of local anaesthetics to inhibit the effect of
peptide agonists to stimulate cellular response was also

described for parotid gìand (Marier et. al., l97g) since

Substance P-stimulation of 86Rb release was unaffected by
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tetracaine and procaine. It would therefore appear that

phosphatidic acid may not be acting as a Ca2+ ionophore

Ln uu)o.

There is evidence that phosphatidic acid can function to

transþort Ca2+. However, whether it does act in this way to

trigger activation of the cell response has not been confirmed,

with some studies suggesting that it is not involved in

agonist-stimulated mobilization of Cu'* (Crouch et. al., 1981;

Cockcroft et. al., 1980; Thomas et. al., 1983).

Another possib'le mediator of mobilization of Ca2+ could be

arachidonic acid (or its metabolites). PtdJns is comprised of

approximately 80% 1-stearoyl -2-arachidonyl -glycero-3=r

phosphoinositol (Geison et. al., L976), and so is a rich

source of arachidonic acid, which can be liberated by the

action of phosphoìipase A2 on phosphoìipids (Van den Bosch,

1980), by the action of a phosphatídic acid-specific phosphoìipase

Az on phosphatidic acid (Billah, et. al., 1981) or by a

digylceride lipase which cleaves arachidonic acid off

diacylgìycero'l (Bell et. al., 1980). Both the phospholipase

A2 enzlme and the diglyceride lipase are stimulated by Ca2+

(Van den Bosch, 1980; Billah et. al., 1981; Belì et. al.,
1980) and so the products of these reactions would not be

involved in the initial increase in cytosolic Ca2+ foììowing

receptor occupation. Nevertheless the effect of arachidonic

acid and its metabolites on Ca2+ mobilization has been

investigated since these compounds could possibly act to modify

the initiat changes in cellular Ca2+.
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The agonist-stimulated release of arachidonic acid from

inositol phospholipid occurs in a number of tissues including

pancreas (Halenda and Rubin, 1982), salivary gìand (Litosch

et. al., 1982), neutrophils (Rubin et. al., 1981; Kramer

et. gl., 1984), and platelets, (Lapetina et. al., 19g1) and

requ'i res extracel I ul ar Ca2+.

The addition of arachidonate to neutrophils was found to cause

a rap'id and significant increase in the permeability of the

plasma membrane to ca2+ which was sensitive to inhibitors of

the lipoxygenase-mediated metabolic pathway (Volpi et. al.,
1980). Leukotriene B+ stimulated the influx of Ca2+ in

rabbit neutrophils (Naccache et. aì. , !9BZ) and caused the

translocation of ca2+ when added to liposomes (serhan et. al.,
1982). However, since leukotrienes are a product of arachidonic

acid their production also requires Ca2+ and so can not be

invoìved in the initial Ca2+ mobilization mechanism.

Despite the possible role for arachidonic acid metabolites in

neutrophils, an examination,of this role in other secretory

tissue has demonstrated that there is no evidence to support

a role for arachidonic acid, nor its products released by

cycìoo¡¡tgenase or lipoxygenase, in ca2+ mobiìization or other

aspects of stimuìus-secretion coupling in pancreas (Heisler,

1973; Chauvelot et. al., I979i Bauduin et. al., 19g1¡

Stenson and Lobos, I9B2; Putney et. al., lgBZ), submandibular

gland (Kurtzer and Roberts, 1982), parotid and lacrimal gland

(Putney et. al., 1982), and blowfly salivary gland (Litosch
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et. al., l9BZ). As described previously in Section 2.3 (:c),

the studies by Marshal"l et. al. (1980, 1981), using whole

pancreas led to different conclusions. The reason for this

was due to an effect of prostaglandins on the transport of

enzyme in the ducts rather than due to a direct stimulation

of pancreatic acinar cells to secrete (Marshall et. ar., 1982).

Although prostaglandin production is stimulated by secretagogues

in the exocrine pancreas (Banschbach and Hokin-Neaverson, 19g0;

Marshall et. al., 1980, 1981; Stenson and Lobos, lgBZ) its ro]e

(if any) in these cells is unknown. The metabolism of exogenous

arachidonate by the exocrine pancreas is minimal in comparison

to that converted to prostanoids by neutrophiìs and macrophages

(Stenson and Parker, 7979; Stenson et. al., 19gl). perhaps in

neutrophils where arachidonic acid and its metabolites appear to

mobil'ize Ca2+ (Volpi et. al . , 1gg0; Naccache et. al . , IggZ;

serhan et. al.,1982), these products may play a roìe in stimuìus-

secretion coupìing to amplify the initial increase in Ca2+.

In addition to releasing arachidonic acid, the phosphatídic

acid-specific phospholipase A, (Biltah et. al., 19S0) causes

the release of lysophosphatidic acid which acts as an effective

Ca2+ ionophore in pìatelets (Gerrard et.al., IgTg). The effect

of lysophosphatidic acid on ca2+ transport has not received

much attention but since it also is formed as a result of the

ca2+-dependent phospholipase Az,, it wou'ld not be responsibìe

for the initiat agonist-stimuìated increase in Ca2+.
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The studies described above did not provide the answer to

the question of how does inositol phospholipid hydrolysis

control cel I ul ar cal ci um. Phosphol i pase c acti vi ty reì eases.

diacyìclycerol which is convented to phosphatidic acid.

Phosphatidic acid does not appear to act as a naturar ionophore

in cells, and the production of arachidonic acid and its
metabolites from phosphatidic acid and inositol ììpid is Ca2+-

dependent. Therefore another candidate for linking stimulus

with response v'ras required. The other products of phospho-

inositide hydroìysis are the inositóì-phosphates which have

received considerable attention over the last two years.

The hydroìysis by phospho'lipase C of polyphosphoinositides

causes the rapid increase in Ins-1,4,5P3 and Ins-1,4P2 in a

number of tissues including pancreas (Rubin et. al., 1984),

blowfly saìivary gland (Berridge, 1983), hepatocytes (Thomas

et._a1., 1984), parotid gìand (Downes and Wusteman, 1983;

Berridge et. al., 1983), rat brain (Berridge et. al., 1983),

and platelets (Agranoff et. al., 1983). The release of these

products is so rapid that it was suggested they may function

to mobilize cellular çuz+ lBerridge, 1983), this idea was

examined by Streb et. al. (1983).

Using pancreatic acinar cells whose plasma membranes were made

permeable, the addition of Ins-1,4,5P3 caused the release of

intracellular Ca2+ from a non-mitochondrial store (Streb et. a'l

1983). The site of Ins-1,4,5P3 action to release Ca2* was

identified to be non-mitochondrial since incubation of cells in

t
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the presence of mitochondrial inhibitors (which abolishes the

uptake and storage of Ca2+ in mitochondria; Streb and Schulz,

1983) did not reduce the ability of Ins-1,4,5Pg to release

ca2+. !,lhereas when vanadate was used (to reduce the uptake and

storage of non-mitochondrial Ca2+ (Streb and Schulz, 1983) an

inhibition of Ins-1,4,5Pg induced Ca2+ release was measured

(Streb et. al ., 1983). It 'is not yet cìear which non-

mitochondrial pools are involved in this effect of Ins-1,4,5p3.

The store of Ca2+ released by Ins-1,4,5Pe appears to be the

same store which is mobilized on receptor activation by

carbachol since addition of Ins-1,4,5Ps to cells inhibited

the release of Ca2+ norma'l]y caused by carbachol (Streb et. al .,
1984). Other inositol phosphates (Ins,I,4p2 and Ins-l-p)

were ineffective in causing this effect, as v,ras mao-inositol ,

so the Ca2+ release appears to be specific for Ins-1,4,5pg.

This study demonstrated that phosphoinositide hydrolysis may

control cellular Ca2+ and so provided a possible answer to the

question : what is the link between receptor occupation and

Ca2+-mobitization?

Since this initial discovery by Streb et. al. (1993), the

ability of Ins-1,4,5P3 to activate release of intracelluìar

Ca2+ in hepatocytes (Burgess et. al., 1984; Joseph et. al.,
1984), rat insulinoma microsomes (Prentki et. al., 1984) and

skinned cells of porcine coronary artery (Suematsu et. ôr., 1994),

has been demonstrated. These studies also confirmed that the

site of Ca2+ release by Ins-1,4,5Ps was non-mitochondriaì, by
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using experimental procedures v',hich al lowed selective

accumulation of Ca2+ into mitochondrial or non-mitochondrial

pools and testing the effect of Ins-1,4,5Ps on Ca2+ release

from these sites (Burgess et. al., 1984; Joseph et. al., 1984;

Suematsu et. al., 1984) and also that Ins-1,4,5Ps released Ca2+

from a microsomal fraftion of rat insulinoma but not from

mitochondria (Prentki et. ô1., 1984).

The question of whether the intracelìular ìevel of Ins-1,4,5Ps

is increased sufficiently by agonist-activation for it to

function to stimulate Ca2+ release has not been answered by

direct measurements. At present there is no adequateìy sensitirie

and specific method for measuring the chemical levels of inositol

phosphates, however, they can be estimated using (tH)-inositol

labelled tissue_. The assumption is made that in all cells

ìabetled with ('H)-inositol the specific radioactivities of the

three phosphoinositides and so their breakdown products, the

inositol phosphates, will all be simjlar. This is considered to

be a valid assumption (Burgess et.,al., 1984; Rubin et. al.,

1984), since the monoester phosphates of the poìyphosphoinositides

turn over much more rapidly than the other parts of the molecule

(Micheì1, L975; Downes and Michell, 1982). Therefore knowing

the lipia 3H (n mol per mg protein) and cell water per mg protein

the net increase in cellular Ins-1,4,5P¡ can be calculated.

In pancreatic acinar cells, Ins-1,4,5P3 at a concentration as

low as 0.2¡rM caused a significant release of Ca2+ which was

near maximal at 5pM (Streb et. al., 1983). Based on the finding

by tleiss et. al. (1982) that the breakdown of Ptdlns-4,5,P, in

stimulated parotid cells is approximate'ly 0.3 nmol per mg protein
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per min, Streb et. al. (1984) calculated that this would resu'lt

in an intracellular Ins-1,4,5P3 corìc€rìtration of approximateìy

30uM. This indicates that the hydrolysis of ptdlns-4,S,pz

could release sufficient Ins-1,4,5P3 to stimulate mobilization

of ca2+. More recent'ly, Rubin et. al . (19g4) have calculated

that in pancreatic acinar cells stimulated by a concentration

of carbachol which causes a maximum rate of ca2+ release, the

concentration of Ins-1,4,5P3 would be 3uM, still sufficient
to cause maximum release of intracellular Ca2+.

A study using non-permeabilized rat hepatocytes (Thomas et. al.,
1984) reported that the dose-response curve for the initial
rate of increase in cytosoìic free ca2+ (using fluorescent

indicatcr Quin 2) was very simiìar to the initial rate of

Ins-1,4,5P3 production. The calculated increase in Ins-1,4,5p3

which correlated with maximal cytosolic free Ca2+ concentration

was about 0.6uM (Joseph et. al., 1984). In permeabilized

rat hepatocytes half-maximal and maximar ca2+ reìease vlere

obtained when Ins-1,4,5P3 at 0.1. and 0.5uM were added (Joseph

et. al., 1984). The net increase in cellular Ins-1,4,5p3

of permeabilÍzed guinea-pig hepatocytes induced by a maximal

concentration of adrenaline was calculated s3uM at 2 min when

45g¿2+ release was maximal (Burgess et. al., 1984).

These studies which have examined and calculated the Ins-1,4,5p

increase caused by agonist therefore suggest that a sufficient
increase occurs to release ca2+ from intracellular stores.

However, many questions still remain to be answered before the
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role of Ins'1,4,5P3 in Ca2+ mobitization can be clearly

understood. For example, by what mechanism does Ins-1,4,5P3

cause the release of Cat* tror intracellular stores? Does

Ins-1,4,5P3 alìow Caz+ to enter through plasma membranes?

These quest'ions and others require investigation.

2.14 (b) The Role of Inositol Phospholipid Hydrolysis in

Activation of Protein Kinase C

The hydrolys'is of inositol phospho'lipid releases

diacylglycerol which activates protein kinase C (Takai et. al.,

L979 a; Kishimoto et. al., 1980. The ability of phorbol esters

to stimulate protein kinase C by substìtuting for diacylg'lycero'l

(Castagna et. al. , L982) and to stimulate pancreatic secretion

(tìunther and Jamieson, 1979; Gunther, 1981 a; Wooten and l,Jrenn,

1984), the examination of protein kinase C-dependent protein

phosphorylation in pancreatic exocrine secretion (l^lrenn, 1983;

Burnham and hlilliams, 1984; Wrenn and Wooten, 1984; Wrenn,

1984) and the relationship between Ca2+ mobil'ization and

protein kinase C activation in the stimulation of the finaì

cellular response such as secretion have been discussed in

detail in 2.7 (a) of this thesis and therefore will not be

further described here.

The direct evidence to support a role for diacylgìycerol in

activating protein kinase C has been obtained using isolated

enzyme and in oitro incubations, since diacylglycero'ls having

two ìong-chain fatty acyl residues cannot easily be dispersed

in a form suitable for uptake into cells. The replacement of
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one of the long-chain fatty acids of diacylglycerol with an

acetyl group results in 1-o1eoyl-2-acetyl-gìycerol (phorbol

ester) which can be diiperse¿ effective'ly enough to be able

to enter cells and activate protein kinase C (Kaibuchi et. ô1.,

1982 a; Nishizuka, 1984).

The use of phorbol esters is therefore an indirect method used

to examine the effect of diacylg]ycerol on the activation of

protein kinase C.

The investigations of the role of protein kinase C activity

would be aided greatly by the finding of a specific protein

kinase C inhibitor. At present there are severaì non-specific

agents which inhibit protein kinase C activity, for example,

psychotrophic agents (such as trifluoperazine, fluphenazine,

chlorpromazine), local anaesthetics, verapamil, polymix B

(Mori et. al . , 1980; Schatzman et. al . , 1981; tlise et. al-. ,

1982) but these agents also have other actions. The inhibition

of protein kinase C by these drugs does not appear to be due

to their interaction with the active centre of the enzyme since

a catalyticalìy active enzyme fragment obtained by limited

proteolysis of protein kinase C is not susceptible to these

drugs (Kishimoto et. al., 1983).

2.15 : THE RELATI0NSHIP BETI^IEEN INOSITOL PHOSPH0LIPID HYDROLYSIS AND

RECEPTOR OCCUPATION

The earìy study by Hokin (1968 b) compared the dose-response curve

for agonist-stimulated amylase secretion with that for incorporation of
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(32p)-Pi into PtdIns and reported that higher concentrations of hormone

than those necessary to elicia, utr'tase secretion were required to

stimulate turnover of Ptdlns. It b,as suggested that this effect could

be explained if the turnover of Ptdlns is closely associated with

receptor occupation (Michell et. al. , 1976). This would mean that

activation of a sma'ì1 proportion of the receptor popu'lation could be

sufficient to increase the concentration of intracellular messenger,

calcium and secretion. Higher concentrations of agonist would bring

about an increased receptor occupation, increased turnover of PtdIns

and increase in second messenger. Concentrations required to occupy

receptors fully, would maximal'ly stimulate the PtdIns response but be

much higher than that required for the maximal cell response.

The first direct comparison between dose-response curves for receptor

occupancy and inositol phospholipid hydrolysis was reported by Kirk

et. al. (1981). The curve for vasopressin-stimulated loss of PtdIns

and PtdIns-4,5P, in hepatocytes close'ly resembled that for the binding

of (e¡-¡r58)-vasopressin to its receptor. The curve for activation of

phosphorylase was shifted to much lower concentrations of vasopressin.

This study demonstrated a close association between inositol phospho'lipid

hydrolysis and receptor occupation.

In contrast to this concìusion, l^leiss and Putney (1981) suggested that

the Ptdlns response may not be related to receptor occupation but may

be more closely.involved in the 'calcium-gating'mechanism itself.

This idea was based on the finding that the concentration-dependence of

methacholine-stimulated ( 32P)-Pi-incorporation into PtdIns was similar

to that for efflux of potassium (a measure of an increase in cytosolic
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calcium) in rat parotid gìand. The receptor-occupation curve ,for

(3H)-QNB binding to the muscarinic receptor was shifted to the right

of these two curves. Weiss un'O Orrn.y (1931) measured the

incorporation of (32P)-Pi into PtdIns, rather than its hydrolysis.

Whether this is the reason for the difference in resuìts compared

with those of Kirk et. al. (1981) is not clear.

t^lhàt does a close association between receptor occupation and inositol

phospho'lipid hydrolysis mean? Kirk et. al. (1981) suggested that

maximum hydrolysis of inositol phospholipid hydro'lysis occurs with

max'imal receptor occupation. A consequence of this reìationship would

then be that increased occupation of one type of receptor population

should produce an increase in inositol phosphoìipid hydrolysis (to a

maximum) independent of occupation of another class of receptor. This

idea was examined by tleiss and Putney (1981), however, again using

(3rP)-Pi incorporation into PtdIns. Simultaneous stimulation of rat

parotid gland with two agonists acting at different receptors (substance

P and adrenergic) did not produce an additive effect. This did not

appear to be due to saturation of a step involved in (azp¡-tr-label'ling

since maximally effective concentrations of adrenaline and substance P

each did not produce maximal possible Ptdlns'labelling, as seen with

methachol i ne (l,lei ss and Putney, 1981) .

In order to make a more direct comparison beb'reen the results of

Kirk et. al. (1981) and so perhaps exp'lain the conflicting results of

Ì,leiss and Putney (1981) it was necessary to measure the hydro'lysis rather

than synthesis of inositol lipid.
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An examination of the effect of addition of a maximally effective

concentration of one agonist to varyjng concentrations of another

agonist on inositol phospholipid hydroìysis in exocrine pancreas

is reported and discussed in chapter 5 of this thesis. Briefìy, the

rèsults of this study showed that the simultaneous stimulation of the

muscarin'ic receptor (wjth a maximal ly effective concentration of

carbachol or butyry'lcholine) and the cholecystokinin receptor (with

a high concentration of ccK-8) did not cause the degree of inositol

phospho'lipid hydrolysis expected if each agonist acted independent'ly

of the other - there was no additive effect. It would appear that

each receptor does not have its own individual mechanism for causing

phosphoinositide hydrolysis but that the signaìs generated fol'lowing

occupation of different receptors converge on a common mechanism which

limits the.degree of hydrolysis of inositol ìipid from a common pool.

The possible exp'lanations for this interactive effect are discussed

in Chapter 5 of this thesis.

These results differ from those obtained in brain slices by Brown

et. al. (1984). This recent study showed that cholinergic muscarinic,

c-adrenergic and histamine Ht receptors are linked to inositol

phospholipid hydrolysis in rat cerebral cortical slices. using a

variety of agonists and antagonists this study reported a clear

discrimination between the ability of fuìì and partia'l agonists to cause

phosphoinositide hydrolysis and also described the effect of competitive

antagonists for each receptor.

The effects of agonists acting at different receptors on the hydrolysis

of inositol phospholipid were additive, suggesting that the degree of
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the ph'osphoinositide hydroìysis uras proportional to receptor occupancy

(Brown et. al., 1984). The reason for the difference in results using

pancreas and brain slices i, nå, known and is dìscussed in Chapter 5.

The mechanism stimulated by receptor occupation to cause phosphoinositide

hydrolysis is unknown, but must be determined befofe a common rate-

limiting step is understood. Does agonist-binding to receptor cause a

conformational change in the membrane to allow access of phosphodiesterase

to substrate, or does receptor occupation stimulate the enzyme? The

ansv'rer to this question is not at present known and requires furhter

i nvesti gati on.

2.T6 : INOSITOL PHOSPHOLIPID METABOLISM AND CYCLIC AMP

The review by Michell (1975) indicated that agonists whose

actjons are medìated by calcium cause an increase in the turnover of

Ptdlns while agonists that cause an increase in cAMP do not affect

PtdIns turnover (mostly measured as synthesis of PtdIns).

However, an increase in intracelluìar Ca2+ may cause either a rise or

fall in the cAMP content by activating or inhibiting adenylate cyclase

in different cells (Malnoä et. aJ., 1982; Valverdes et. al., L979).

Similarly, an increase in cAMP content can lead to an increase or

inhibition of Ca2+-dependent responses, depending on cell type. These

two messengers do interact in controlling cell function, although this

interaction varies for different tissues (for a review see Rasmussen

and Barrett, 1984). For example, in pancreatic acinar cells the

presence of a Ca2+ mobilizing hormone with one that mobilizes cAMP
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caused an increase in amylase secretion greaten than the sum of the

increase by each agent acting alone (Gardner and Jackson, L977;

Peikin et. al., 1978; uhlemann et. al., rgrg).. 0n the other hand,

'in platelets, an increase in cAMP inhibited the thrombin-stimulated

secretion of S-hydroxytryptamine and p'lateìet aggregation (Lapetina

et. al., r97B), cAMP appears to act as an inhibitory second messenger

in platelets to antagonize the mobilization of ca2+ (Zavo.ico and

Feinstein, 1984).

Does an increase in cyclic AMP alter cellular Ca2* content by affecting
phosphoinositide hydrolysis? The effect of cAMP could be examined by

investigating whether an increase in cÍ\MP (caused by activation of the

appropriate receptor or by addition of cAMp, or dibutyry'l cAMp (dbc /rt{p)

results in (1) an alteration in the basal metabolism of phosphoinositide

or (2) an alteration in phosphoinositide hydrolysis stimulated by the

add'ition of a calcium mobi'lizing agonist.

The reports on the effect of cAMP on phosphoinositide metabolism are

conflicting and differ for various tissues. This is not surprising

because the effect of cAMP on ca2+-dependent responses varies for
different tissues. using the experimental approach in (l) studies of

the effect of cAMP on basal phosphoinositide metabolism in adrenal

cortex (Farese et. al., 1983), Leydig celìs (Lowitt et. al., rggz)

and kidney cortex (Bidot-Lopez et. al., 19Bl) reported that cAMp

stimulated the de nooo synthesis of inositol phospholipid by rapid

stimulation of the synthesis of phosphatidic acid. The mechanism of

this effect is not known but a protein synthesis inhibitor, cycloheximide,

inhibited this effecr of cAMp (Farese g!--q]-.í rnrrl suggesting the
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involvement of a labile prote'in. In rat hepatocytes and lymphocytes,

however, dbcAMP had no effect on basal (3'P)'Pi incorporation into

Ptdlns (Ka jbuchi et. al . , IgB2" b), whereas in blowfìy sal ivary grl,.and,

the basal incorporation of (3H)-inositol into PtdIns uras reduced

(Berrdige and Fain, 1979).

Few studies have been made of the effect of cAMP on inositol

phospholipid metabolism stimulated by agonists. The studies measuring

inositol phosphoìipid synthesis showed that the add'ition of dbcAMP to

phenylephrine-stimulated hepatocytes had no effect on the agonist-

activated increase in (azP)-et incorporation into PtdIns whereas this

latter response in phytohaemoglutinin-stimulated lymphocytes was

inhibi'ted (Kaìbuchi et. al. , L982 b). In thrombin-stimulated platelets,

dbcAMP substantially increased the rate of conversion of phosphatidate

to PtdIns ahd so decreased the steady-state concentration of

phosphatidate (Lapetina et. al., 1981) which had previously been

thought to be due to inhibition of phospholipase C by cAMP (Bììlah

et. ô1., L979).

In the pancreas, secretin and vasoactive intestinal polypeptide (VIP)

which act via cAMP to stimulate secretion, caused a decrease in Ptdlns

mass, with the effect of secretin being dependent on the extracellular

Ca2+ concentration. From these results Farese et. al. (1981 a) proposed

that agents which act via cAMP produce a Ca2+-dependent hydro'lysis of

Ptdlns. However, a recent study in our laboratory by M.F. Crouch

(persona'l communication) showed that VIP did not stimulate the

hydrotysis of inositol phospholipid (measured by the release of (s¡¡-

'iinositol-phosphates) in mouse pancreatic acini, indicating that cAMP

does not affect the phospho'lipase C in pancreas as suggested by Farese

et. al . ( 1981 b) .
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The mechanism of potentiation by cAIIP of any]ase secretion stimulated

by Ca2+-¡obilizing hormones appears to occur subsequent to the increase

in celìular Ca2+. Forskolin (it¡ich activates adenylate cycìase, as

described in 2.3 b ) potentiated not only the effect of carbachol and

CCK-8 but also the effect of A23187 to stimulate secretion of amyìase

from pancreatic acinar cells (Heisler, 1983). This result shows that

cAMP acts at a site distal to the activation of an increase in cellular

Ca2+ in exocrine pancreas.

2.T7 : LITERATURE REVIEW - CONCLUSION

This review of the literature concerning both pancreatic

exocrine function and inositol phospho'lipid hydrolysis demonstrates

how rapidly knowìedge in both these areas has increased over the last

few yeârs. Many questions still remain to be answered in regard to

stimulus-secretìon coup'ling. The r^esuìts and discussions in the

following chapters of this thesis describe studies which commenced

in February 1980 examining inositol phospholipid hydrolysis in mouse

exocrine pancreas and its possible role in secretion.
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CHAPTER 3

ITATTRIALS AND YIETHODS
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3.1 : EXPERIMENTAL ANIMALS

Atl experiments used male albino mice of the LaCa strain which

were obtained from the Central Animal House, [,Jaite Agricultural Institute,

S. Australia. Mice were maintained in a room at constant temperature

22-25oC and had free access to food in the form of M. & V. Mouse Cubes

(Milling Industries, S. Australia) and water, unless otherwise stated.

Lights were automatical'ly switched on at 7.00 a.m. and off at 7.00 p.m.

dai ly.

3.? : MEASUREMENT OF THE HYDROLYSIS OF INOSITOL PHOSPHOLIPID

3.2(a) Assay Procedure

Male albino mice which had been starved for 16 hr (with

water ad Libitun) were injected intraperitoneally with 122kBq of

ryo-(z-3H) inositol . The mice were then allowed food ad Libitun

for the next I hr and starved for the last 16 hr. prior to the

experiment. The mice were killed by cervical dislocation, the

pancreata were then removed and cross-cut (1 mm) with a Mcllwain

tissue chopper. The tissue pieces rvere washed for 2 x 15 min in 10

m'l of Krebs solution, containing 2mM m¡o-inositol, at 37oC. The

tissue pieces were taken up into a glass pasteur pipette (tip

diameter, 1.5 mm) and approximately equal aliquots were placed into

pìastic vials and incubated for 30 min at 37oC in 1 ml of Krebs

solution which contained agonists at appropriate concentrations and

ZnM mao-inositoì. The tissue from one mouse (approximately 100 mg)

was sufficient for about 6 vials and three mice were used for each

experiment. The incubations were terminated by fast freezing in a

dry ice/aìcohol bath. In initial experiments, tissue pieces were
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ò-homogenised from the partialìy thawed state with an Ultratumax

(Janke and Kunkel) and the volumes of each sample adjusted to 2 ml

with distilled water. From each homogenatê, 0.2 ml samples were

taken for determination of total radioactivity, and the remaining

tissue homogenate v',as precipitated in the presence of 1.1mM carrier

nyo-inositol, with trichloroacetic acid (TcA) (final concentration

LO% w/v) and centrifuged at 1020 xg for 15 min at 15oC. A 1 ml

samp'le of the supernatant was taken for determination of acid-

soluble radioactivity. The homogenate samples were placed in glass

counting bottles, dissolved in 0.5 ml of tissue solubiliser (Soluene-

350) and, after t hr, neutralised with 25 ul of glacial acetic acid.

The solubilised homogenate and trichloroacetic acid supernatants

were counted in a liquid scintillation spectrometer (Packard) using

15 ml of a commercial scintillant E299 (Amersham) per sample. For

later experiments it was found necessary, for economic reasons, to

reduce the volumes of soluene-350 and scintillant used, therefore

the assay was modified as follows. The tissue pieces were homogenised

and a 0.1 ml sample from the homogenate was p'laced in a plastjc

mìniature counting via'l and 3.5 ml of conrnercial scintillant added.

No soluene-350 was necessary since 0.1 ml of homogenate dissolved

readily in the scintilìant. A 0.7 ml sample of the remaining homo-

genate was precipitated with TCA as above, and a 0.5 ml sample of

the supernatant was placed in a miniature counting via1, neutralised

with 50 ¡rì of 6 M NaOH and 3.5 ml of conmercial scintillant added.

The counting efficiencies for the homogenate and supernatant samples

were not affected by alteration of the assay method.

The agonist-stimulated hydrolysis of inositol phospholipid was

measured as an increase in 3H in the acid-soluble fraction above

that measured in the control incubations, and is expressed as Bq/kBq

3H incorporated into pancreatic tissue.
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3.2(b) Radioactive Countinq

All samples v',ere counted on a Packard Tri-carb model Z00Z

I i qui d s ci nti I I ati on spectrometer. Samp'l es h,ere counted for 10 mi n

each after a sufficient period of time had elapsed to avoid any

effects of chemilumìnescence. Quench corrections v,rere obtained by

the method of internal standardization. The internal standard

consisted of mao-(2-3H) inositol 37 kBq/ml or 370 kBq/ml, methio'late,

0.1 mg/ml and rnyo-inositol , 0.4m14. To each sampìe, 20 pl of

internal standard was added and the sample recounted for 1 min.

The counting efficiency of the Packard liquid scintillation spectro-

meter for the homogenate sampìes vlas 34-38% and for the TCA super-

natant sampìes was 22-25%.

3.3 : EXTRACTION AND CHROMATOGRAPHIC SEPARATION OF PHOSPHOLIPIDS LABELLI D

in oiuo WITH rwo- (2-3H) rNOSrTOL

Mouse pancreas, labelled in uiuo with 1.85 MBq of rnyo-(2-3H) inositol

was chopped, washed for 30 min in Ca2+-free Tris-Krebs solution and incubated

in the presence and absence of carbachol (tO-+¡4¡ fon 30 min as described in

3.2(a) (an increase in the amount of myo-(2-3H) inositol injected into each

mouse was necessary so that sufficient counts could be measured in the

scrapings from thin layer chromatography sheets). The phospholipids were

extracted from the tissue using the acidified solvent technique of Fain and

tserridge (1979) in which the tissue was homogenised in chloroform/methanol

(2:I'v/v) containing 0.25% HCl. The extract was dried under nitrogen and

Cissolved in chloroform/methanol (3:1 v/v). The extracts and the phospho.{

lipid standards, L-cr-phosphatidy'linositol (40ug ), L-a-phosphatidylinositol

4-monophosphate (40rrS ) and L-o-phosphatidylinositol 4,S-bi'sphosphate (a0 uçj)
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!,rere separated by thin layer chromatography on silica gel-coated plastic

sheets (Merck) which had been pre-soaked in 3% (w/v) magnesium acetate and

dried. The sheets u,ere equilibrated for I hr and developed with

n/butanol/acetic acid/water (6:1:1 by volume) (Abdeì-Latif et. a1'. , Igll).
The location of the phosphol'ip'id standards was determined by ìodjne-

vapour staining, and the distribution of the radioactivity from the phospho-

lipid extract was determined by scraping the silica gel from successive 0.5

cm strips of the chromatography sheet'into 5 ml of commercial scintillation

fluid and counted in the liquid scintillation spectrometer.

The residue from the lipid extract which was not soluble in chloroform/

methanol (3:1 v/v) was dissolved in 1 ml of tissue solubiliser (Soluene-350),

neutralised with 50 ul of glacial acetic acid, and 15 ml of scintillation

fluid was added. Samples v'rere taken at each step of the extraction

procedure to calculate the recoveries for: the extraction. The samp'les were

counted in a liquid scintillation spectrometer and quench corrections made

by internal standardization.

3.4 : EXTRACTION AND CHROMATOGRAPHIC SEPARATION OF SH-LABETT¡O COMPOUNDS

RELEASED FR0l4 nwo- (2-3H) r NOSITOL-IABELLED INOSITO.L PHOSPHOLIPID

The acid-soluble (3H)-labelled compounds from both control and

carbachol (10-4M)-treated pancreas pieces were investigated. The trich-

loroacetic acid supernatants were mixed with ether (1:1 by volume) to remove

the trichloracetjc acid, for I hr at room temperature on a rotating turn-

table, then centrifuged at 1000 x g at room temperature for 5 min. The

ether phase Ìvas removed and the ether wash repeated. Samp'les of the ether

phase were appìied to Whatman GF/F fiìter paper, dried, placed in counting

bottles with 15 ml of scintillation fluid and counted in a ìiquid scinti-

llation counter. 0f the total 3H present in the TCA-supernatant, 1% was

I

I

f-

r

I
lt

li
li
I
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lost in the first ether-wash, and 0.3% was lost in the second ether-wash.

The resulting lower phase b,as concentrated by evaporation in a Buchler

Vortex Evaporator and chromatographed using the technique of Fain and

Berridge (1979). Samples of the extracts of the TCA-supernatants and the

standards, nryo-inositol (150 u9) and phosphatidylinositoì (40 pg) were

appl ied to I'lhatman SGB1 paper impregnated wi th 22% sil icon dioxide. The

paper was equilibrated for t hr and developed (descending) with chloroform/

methanol /25% (w/v) ammonia solution (6:10:5, by vo]ume). The chromatograms

were stained with I% KMnOa (w/v) containing 2% (w/v) Na2C03 for location of

inositol and iodine vapour for phosphatidylìnositol. Strips (1 cm) of the

chromatograms were cut, placed in counting bottles with 4 ml of scintilla-
tion fluid and counted each for 10 min in the liquid scintillation spectro-

meter.

3.5 : INDUCTION OF DIABETES AND MAINTTNANCE OF DIABETIC MICE

Destruction of ß-cells in pancreatic islets can be detected by the

hyperg'lycaemia which results from the decreased ability of ß-cells to

release insulin. Diabetes is induced in a variety of animaì species by

streptozotocin (STZ) which destroys the ß-cells of pancreatic islets and

does not affect a-cells and others (Rerup, 1970). Recent'ly, Nakadate et.al.
(1981) found that the a2- ând p2-adrenergic systems which modulate insulin

release from the pancreatic ß cel:ls, alter the effect of STZ to cause

diabetes in mice.

3.5(a) STZ-induced Diabetes

In the present study, a modification of the method by

Nakadate et. al. (1981) in which isoprenaline is used to potentiate

the diabetogenic action of sTZ was used to induce diabetes in mice.
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Male albino mice starved for 24 hr v¡ith water ad Libitum and

weighing 25'30 gm were iniected intraperitoneally with 0.1 ml of

isoprenaline hydrochloride (0.5 mS/kg) freshly dissolved in 0.8%

NaCl. Streptozotocin (90 mg/kg) was freshly dissolved in cold

citrate buffer (5mM, pH 4.5) and 0.1 ml given intravenously (I.V.)

to the mice 10 min after the isoprenaline injection. Control mice

were injected with isoprenaìine hydrochloride (0.5 mg/kg) followed

10 min later by cold citrate buffer given I.V.

3.5(b) Blood Glucose Determination

Blood gìucose concentration was measured using a coloro-

metrjc method (sigma Glucose Kit, No. 510-A) which determines gìucose

concentrations using the enzymatic procedure described by Raabo and

Terkildsen (1960). The procedure is based on the following enzymatic

reacti ons : 
Gr ucose ox'idase

1. Gl ucose + 2ïz0z + 0z
rPeroxi dase

Gluconic Acid +-2H20

2. H20, + o-dianisidine 

- 
ÐOxidized-o-d ianisidine

(Colourless) (Brown)

The intensity of the brown colour measured at 425-475 nm is propor-

tional to the original glucose concentration (Keston, 1956).

Mice were anaesthetized with ether and a 50 ul samp'le of blood from

the retro-orbital p'lexus of veins was taken up into heparinized blood

capillary tubes. The 50 ul blood sample was immediateìy diluted

with 0.45 ml of distilled water and mixed to haemoìyze the blood.

Glucose standards were made up in 0.5 ml of distilled water to enable

a standard curve to be determined ranging from 50 mg glucose/100 ml

blood to 800 mg glucose/lO0 ml blood. The samp'les to be used for

reagent blanks consisted of 0.5 ml of water. To all samp'les, 0.25 ml
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of 0.15 M Ba(OH)z was added and mixed, followed by 0.25 ml of

0.31 M ZnSOa. The sampìes u,ere centrifuged at 1000 x g at room

temperature for 10 min and a 0.15 ml sample of the supernatant

was taken and diluted to 0.3 ml with distilled water. After the

addition of 3.0 ml of combined Enzyme-colour Reagent solution,

consisting of g'lucose oxidase, peroxidase and o-dianisidine dihydro-

chloride, the samples were mixed thorough'ly and incubated at room

temperature for 45 min in the dark. At the end of the incubation

period the opticaì density of the samp'les v,,as read against the

reagent blank at 450 nm on a Turner Spectrophotometer, Model 330.

Blood glucose concentrations were determined from the standard

curve obtained for each experiment. A representative g'lucose

standard curve is, shown in Fig. 3.1.

3.5( c) Insulin Maintenance of Diabetic Mice

Inspection of mice cages each day after streptozotocin-

treatment indicated that the m'ice became polyuric 2-3 days after

treatment. Blood g'lucose measurements made at this time showed

that al 'l streptozotoci n- treated mi ce were a'l ready hyperglycaemi c.

Hyperg'lycaemia was defined as blood g'lucose concentrations over

300 mg/100 ml blood. Control mice had blood glucose concentrations

of 154 t 4 mg glucose/lOO ml blood (n = 12). The hypergìycaem.ic

mice were treated with insulin:

Lente (Insulin zinc suspension, commonwealth serum Laboratories,

100 units/ml) with an onset of approximately 3 hr, peak at 5-10

hr and duration of 4 hr.

Neuralin (Neutral insulìn, Commonwealth Serum Laboratories, 100

units/ml) with an onset of approximately 30-60 min, a peak of

2-5 hr and a duration of 7 hr.

1

2
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Preliminary experiments using STZ-induced diabetic mice indicated

that I unit of lente and 1 unit of neuralin insulin, diluted in

normal saline and administered subcutaneously in the morning and

evening, were effective in maintaining the diabetic mice for 5-7

days. Control mice were injected with equivalent volumes of

0.14 M NaCl twice daiìy. Although a number of insulin-treated

mice died, blood glucose determination of the remaining mice 8 days

after STZ treatment indicated that the mice were no ìonger hyper-

glycaemic and had blood g'lucose levels similar to control mice, as

shown in Tabìe 3.1.

3.5( d) Inositol Phospholipíd Hydrolysis in Diabeti c Mice

The control and diabetic mice maintained for B days,

were used to investigate whether any of the agon'ist-stimulated

hydro'lysis of inositol phosphoìipid in pancreatic slices was

occurring in the endocrine pancreas. The preparation of (3H)-

labelled mice as described in 3.2(a) involved starving overnight

prior to injection with myo-(2-3H) inositol. However it was found

that diabetic mice could not tolerate fasting overnight, which

agreed with findings of Korc et. al. (1981 b) using diabetic rats.

An alternative in uiuo-labelling method (Hokin-Neaverson et. al.,
1975) was therefore used in which fed control and diabetic mice

were injected intraperitoneally with .I??kBQ of ftrAo-(2-31Ð inositol

and 1 mg of pilocarpine hydrochloride. After 3r" hr the mice were

killed and (3H)-labelled pancreata used for measurement of agonist-

stimulated inositol phospholipid breakdown as described in 3.2(a).



Table 3.1 : The effect of streptozotocin and insulin treatment on the Þlood glucose concentration of mice.

Blood glucose mg/100 ml.blood
AB

Control

STZ-treated

'154t 4(n=12)

406 t 25 (n = 13)

155t 5

108 t 16

(n = 12)

(n = 7)

The btood glucose concentration of the mice was determined at day 3 (A) and day I (B) after STZ treatrpnt.

Insulin treatment began on day 3 after the blood gìucose assay was performed.

l\)
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3.6 : DISSOCIATION OF PANCREATIC ACINAR CELLS

Mouse pancreat'ic acini were prepared using a modification of the

method described by Williams et. al . (1978). Male albino mice vlere starved

for 16 hr with water ad Libitwn, killed by cervical dislocation andpancreata

removed and placed in 5 ml of dissociation medium consisting of Hepes

buffered salt solution to which 260 units/ml collagenase (Worthington Bio-

chemicals); 0.1 mg/ml a-chymotrypsin (Sigma); 0.1 mg/ml soybean trypsin

inhibitor (crude soluble powder, type 11-S, Sìgma) were added. The Hepes

buffered salt solution consisted of (mM) : NaCl, 118; KCI 4.7; Glucose, 14;

NaH2P0a, I.2; N-2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid (Hepes),

10; CaC12,2.56; adjusted to pH 7.4 and gassed with 100% 02. The pancreata

were injected w'ith the solution and incubated at 37oC with shaking at 120

cycles/min for 10 min. The solution was replaced with 5 ml of fresh disso-

ciation medium, the pancreata reinjected and incubated for 30 min at 37oC

with shaking at 120 cycìes/min. Pancreatic tissue and buffer were pipetted

up and down through polypropy'lene p'ipettes of decreas'ing tip diameter (3.5 mm,

2 mm, 1 mm) to dissociate the acini, and filtered through 75 um mesh nylon

cloth with 10 ml of Hepes buffered salt solution containing 1% bovine

serum albumin (Fraction V. Sigma). 3 x 5 ml of this filtrate was layered on

top of the centrifugation medium containing Hepes buffered salt solution and

4% bovine serum albumin and centrifuged at 50 x g for 4 min at 22oC. The

peììet was resuspended in 4 ml of fresh centrifugation medium and centri-

fuged at 50 x g for 4 min. The pel'let vvas resuspended in 15 ml of Hepes

buffered incubation medium which was the same as the Hepes buffered salt

solution but the 2.56 mM CaClz was rep'laced with 1.28 mM CaC]2, and incubated

for 30 min at 37oC with shaking at 60 cycles/min. The lower calcium concen-

tration u,as used to reduce clumping of acini (l'lilliams et. al ., 1978).

Samples of dissocjated acini were tested for cell damage using the trypan

blue exclusion technique and viewed under a phase contrast ìight microscope

(Olympus).



r74.

3.7 : AMYLASE SECRETION

3. 7( a) Amylase Secretion in Pancreatic Slices

Male mice v',ere starved for 16 hr (wìth water ad Libitwn) and

then killed by cervical disìocation and pancreata v,rere removed and

cross-cut (1 mm) with a Mcllwain tissue choppen. Tissue pieces were

washed in 20 ml of Krebs solution at 37oC for 2 x 15 mìn and then

taken up into a glass pasteur pipette (tip aiameter 1.5 mm). Approx-

imately equal aliquots of pancreatic pieces were pìaced in vials and

incubated for 30 min at 37oC in 5 ml of Krebs solution in the absence

or presence of agonist at the appropriate concentrations. At the end

of the incubation a 50 pl sampìe of the incubating medium uras taken

and diluted 1/100 in Tris/Gelatine/NaCl buffer for determination of

amylase released from the tissue. The tissue and the remaining

incubation medium was homogenised and a 0.1 ml samp'le taken and

diluted 1/1000 in Tris/Gelatine/NaCl buffer for determination of total

amyìase content of each tissue sampìe. Amylase standards were pre-

pared from a stock solution of c-amllase (Type 11-4, bacteriaì)

10 ug/ml (6.95 units/ml) for determination of a standard curve for

each experiment (a representative curve is shown in Fig. 3.2). Atl

samples for amylase assay vrere diluted in Tris/Gelatjne/NaCl buffer

consisting of 0.2% (w/v) gelatine; 0.05 M Tris (hydroxymethyl)

aminomethane (Tris), 0.15 M NaCl, adjusted to pH 7.0 with HCl. A

sample of this buffer was used as the reagent blank.

Amylase secretion was determined using a colorometric assay (Roberts

and t^loodland, 1982) with Remazolbrilliant Blue-labelled starch

synthesized according to Rinderknecht et. al. (1967). The amylase

subtrate v',as prepared by dissolving Remazolbrilliant Blue-labelled

starch in buffer consisting of 0.1 M Tris and 0.05 M NaCl, pH 7.0.

0.5 g of labelled starch/lOO ml of buffer was stirred and heated to

90oC and left refrigerated overnight.
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Plastic tubes each containing 5 ml of amylase subtrate were placed

in a heated water-bath and maintained at 370C. 100 pl of each

sampìe was added at 30 sec intervals to the heated subtrate, mixed

and incubated at 37oC. The reaction vuas terminated after 30 min by

the addition at 30 sec intervals of 2 mì of 0.5 M HCl containing

0.25 ml of Triton X-100. Samples were centrjfuged at 1020 x g at

4oC for 10 min and the optical density read against a reage¡t blank

at 595nm on a Turner Spectrophotometer, Model 330. Amyìase secreted

was calculated as a percentage of the total amyìase piesent in each

tissue sample.

3. 7( b) lase Secretion in Pancreatic Acini

Pancneatic acini were prepared as described in 3.6.

Following a 30 min pre-incubation in 15 ml of Hepes buffered incuba-

tion medium, the acini suspension was centrifuged at 50 x g at 22oC

for 4 min. Acini were resuspended in 25 ml of incubation and 1.8 ml

samples placed in vials containing 0.2 ml of incubation medium and

agonist at appropriate concentrations. Acini were incubated with

gentle shaking at 60 cycles/min and gassed with 100% 02 for 30 min.

To measure the secretion of amylase from acini it was necessary to

determine both the amount of amylase released and the total amylase

present in each incubation sample. For determination of amy'lase

released both at the start of the incubation, time = 0 min and at

the end of the incubation, time = 30 min, 0.5 mì of acini suspension

from each incubation vial was taken, placed in Eppendorf tubes and

centrifuged at 8,400 x g at 22oC for 35 sec in a Select-a-Fuge 24

(Biodynamics) Eppendorf microcentrifuge. A 0.2 ml sample of the

supernatant was immediately taken and placed in a tube. A 0.05 ml
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sample of this supernatant was diluted 1/100 in Tris/Gelatine/NaCl

buffer for determinatjon of amyìase released. To determine total

amylase present, the acini pelìet was suspended in the remain'ing

incubation volume by vortexing and each sample was frozen in a dry

ice/atcohol bath, and then thawed at 37oC. The freezing and thaw'ing

procedure was repeated 5 times to ensure that all the acini were

disrupted and all the amyìase present in the acini was released. The

samples lvere centrifuged at 50 x g for 5 sec and a 0.1 ml sample

taken and diluted 1/1000 in Tris/Gelatine/NaCl buffer for determina-

tion of amyìase present. The amylase content of all samples was

determined using the colorometric assay as described in 3.7(a). The

amylase released at the start of the incubation (the T=0 valuê), was

subtracted from values for amylase released at the end of the incuba-

tion, to obtain amylase released during the 30 min incubation and

expressed as a percentage of the total amyìase present'in the acini.

3.8 : DETERMINATION OF ADENOSINE TRIPHOSPHATE (ATP) CONTENT

To investigate whether agonist-stimulated breakdown of inositol

phospho'lipid requires ATP, the effect of metabolic inhibitors on phospho-

inositide breakdown was studied. To ensure that the concentrations of

inhibitors used were effective in inhibiting ATP synthesis the ATP content

of pancreatic tissue was measured.

The tissue for ATP assay was incubated under the same conditions as for

the inositol phospholipid hydro'lysis studies as described in 3.2. Tissue

was pre-incubated for 10 min in the presence or absence of metabolic

inhibitor prior to a 30 min incubation in Ca2+-free Tris-Krebs solution.

The incubation v'ras terminated by the removal of the incubation solution,

addition of 5 ml. of cold perchìoric acid (5% w/v) and fast-freezing in a
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dry-ice/alcohol bath. Tissue was homogenised from the semi-thawed state,

on ice, and centrifuged at 1000 x g for 10 min at Ooc. A 2.0 ml sampìe of

the supernatant was added to 1.34 ml of neutralising solution consisting

of 0.5 M KOH buffered with 0.1 M Hepes. ATP standards at concentrations

ranging from 10-BM to 10.-sM u,ere prepared by dissolving ATp (Sigma) in cold

perchloric acid (5% w/v). A 2.0 ml sample of these standards was neutral-

i sed wi th 1. 34 ml of neutra'l i si ng sol uti on and stored on i ce. Sampì es v,rere

assayed for ATP using the luciferase-luciferin assay described by Stanìey

and Williams (1969). The AIP content was determined from the standard

curve obtained for each experiment. A representative curve is shown in Fig.

3.3. The tissue peìlet obtained after centrifugation was washed severaì

times in cold methanol to remove the perchloric acid and dried by heating in

a water bath at 60oc and then blowing with nitrogen. The pe'llet was

dissolved in 2 ml of 1M NaOH and the protein content determined using the

method of Lolvry et. al. (1951) using bovine serum albumin as a standard to

obtain a standard curve for each experiment. Results for ATP content of

the tissue sample are expressed per mg protein.

3.9 : SOLUTIONS AND CHEM]CALS

3.e(a) Sol uti ons

Krebs solution consisted of (mM): NaCl, 106; KCl,4.7;

NaH2POa, 1.15; NaHC03, 25; gìucose, 2.8; Na fumarate, 2.7; Na

gìutamate, 4.9; Na pyruvate, 4.9; MgC12, 1.13; CaCì2 , Z.S.

Ca2+-free Krebs-solution was similar to the standard Krebs solution

but with the CaCl2 and MgC12 replaced with 0.1rrú'l ethylenegìyco'l-bis-

(p-aminoethyì ether) N-N'-tetraacetic acid (EGTA). The EGTA was

taken from a 0.lM stock solution the pH of which was adjusted to 7.4.
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Tris-buffered Krebs solution (Tris-Krebs solution) consisted of

(m,M) : NaCl , 126:' KCI , 4. 7; 91 ucose , 2.8i sodi um fum,arate , 2.7 i

sodi um g'l utamate , 4 .9; sodi um pyruvate, 4.9 ; tri s (hydro¡ymethy'l )

aminomethane (Tris), 3; MgCì 2, 1.13; CaCl z, 2.5i adjusted wìth

HCI to pH 7.4 at 370C.

Ca2+-free Tris-buffered Krebs solution (Caz+-free Tris-Krebs

solution) was that of the Tris-Krebs solution but with the CaC'|2

replaced with 0.1mM EGTA, adjusted with HCI to pH 7.4 at 37oC.

Na+-free, Ca2*-free Tris-buffered Krebs solution (Na+-free, Ca2*-free

Tris-Krebs solution) cons'isted of (mM): KCI , 4.7; g'lucose, 2.8;

fumaric acid, 2.7; gìutamic acid, 4.9; pyruvic acid, 4.9; MgCl2,

1.13; Tris, 161; EGTA, 0.1; -adjusted with HCI to pH 7.4 at 370C.

Solutions buffered wìth bicarbonate were bubbled with 95%02/5%C02;

Tris-buffered solutions were bubbled with 100% 02.

Tris-buffered Krebs solutions were used for initial experiments

investigating agonist-stimulated inositol phosphoì ipid breakdown.

However, pancreas slices incubated in this Krebs solution did not

show a stimulation of amylase secretion in the presence of carbachol

or cholecystokinin-octapeptide. hlhen HCO3-buffered Krebs v,,as used,

a significant stimulation of amylase secretion by secretagogues l,las

measured. The reason for the inability of secretagogue to stimuìate

an increase in amy'lase secret'ion from pancreatic tìssue incubated in

Tris-Krebs solution is likely to be due to the bicarbonate require-

ment of fluid secretion by the pancreatic acina'r cells.

Pancreatic juice flow from the isolated perfused pancreas is propor-

tional to the bicarbonate concentration of the perfusing medium (Case

et. al. , 1970; schulz, l97r). Although the ductular fluid secretion
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'is dependent on extracellular bicarbonate (Kanno and Yamamoto,

L977) the effect of bicarbonate removal on secretagogue-stimulated

amylase release is not due to the inhibition of ductular fluid

secretion since the agonists used, CCK-8 and carbachol, do not

stimul ate duct cel I s.

Secretagogues wh'ich stimulate enzyme secretion aìso stimulate the

release of a chloride-rich fluid from acinar cells (Kanno and

Yamamoto, 1977; Petersen and Ueda, 1977). The secretion of amylase

from the perfused pancreas is unaffected by bicarbonate removal,

however, the acinar fluid secretion is partialìy affected (Kanno

and Yamamoto, L977; Ueda and Petersen, 1977). Since the experi-

ments in this study do not use a perfusion system it is likely that

in Tris-Krebs solution the secretagogues do stimulate amylase release

from the acinar cells into the duct, but due to the removal of

bicarbonate and reduction in acinar flujd secretion, the amylase

secretion is not transported aìong the duct to be released into the

bathing medium. This would explain the djfficulty in measuring an

increase in amylase secretion from pancreatic slices incubated in

Tris-Krebs solution.

3.e(b) Chemi cal s

( i ) Radi ochemi cal s:

ïUo-(2-3H) inositol was obtained from:

Amersham Aust. Pty. Ltd.:

Specific Activity, Cilrrnol : 9.3, 16.4, 16.9, 25.0

Radioactive Concentration : I mCi/ml (37 MBq/mt).
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New England Nuclear, Boston, Massachusets, U,S.A.

Specific Activity, Cilmmoì : 12.5, 15.8

Radioactive Concentration : 1 mCi/ml (37 MBq/ml).

The radiochemical purity of the nyo-(z-3H) inositol was checked each

month in the 'laboratory by thin layer chromatography using the

solvent system described in the specification sheet. 5 ul of 3.7

MBq/ml nuo-(2-3H) inositol and 5 ul of myo-inositol (150 pg) were

applìed to sìlica-gel coated pìastic sheets (Merck), equilibrated

for t hr and developed in n-propanoì:ethyl acetate:water:ammonia

(25% w/v) (5:1:3:1). The chromatogram was stained with 1% KMnOa

(w/v) containing 2% (w/v) Na2C03 for location of inositol and strips

(1 cm) of chromatograms were scraped from the plate, pìaced in l.S
ml of scintillation fluid and counted in a liquid scintillation

spectrometer. One radioactive peak was obtained at an R, = 0.33

which corresponds to the R, for myo-inositol.

(ii) Chemicals:

Inositol-1-phosphate was a gift from Dr. R.M.C. Dawson,

Department of Biochemistry, A.R.C. Institute of Animal

Physiology, Babraham, Cambridge CB2 4AT, U.K.

8- ( N, N- di ethyl ami no )-octyl - 3,4, 5- trimethoxybenzoate

hydroch'loride (TMB-8) was a gift from Dr. P. 0'Connell,

Upjohn Company, 301 Henrietta St., Kalamazoo, M.I.

49001, U.S.A.

Cholecystokinin octapeptide (CCK-8) was a gift from

Dr. M.A. Ondetti, The Squibbe Institute for Medicaì
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Research, P.0. Box 4000, Princeton, New Jersey, 68540,

U. S. A.

The SIGMA Chemical Company, U.S.A. suppìied:

carbamyl choì ine chloride (carbachol )

carbamyl -ß-methyl chol ine chloride (bethanechol )

atropine sulphate

bombes i n

rnAo-i nos i tol

L-cr-phosphatidylinositol Grade 1 from soybean

L-a-phosphatidyl inositol 4-monophosphate from bovine brain

L-o-phosphatidylinositol 4,5-bisphosphate from bovine brain

adenosine 5'-triphosphate (ATP)

cycloheximi de

cytocha'lasin B

col ch i ci ne

bovine serum albumin (Fraction V)

a-chymotrypsin Type 1-S bovine pancreas

c-aru/lase Type 11-4, bacterial

I uci ferase- I uci feri n

chol ecystoki ni n- tetrapepti de

oì i gomyci n

blood glucose kit N0.510-A

neomycin sul phate

Remazol brilliant blue

i soprenal i ne hydrochlori de

streptozotoci n

soybean trypsin inhibitor (Type II-S)

I

ù
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ethylene g'lycol-bis-( g-ami noethyt ether) N,N'-tetrascetic

acid (EGTA)

tris (hydro4ymethyl ) aminomethane (Tris)

( N-2-hydrotyethyl pi perazi ne-N-2- ethanesul phoni c aci d) (Hepes ) .

The lvlerck Company, Darmstadt, supp'lied:

Triton X-100.

The British Drug Houses Company, Engìand, supplied:

2,4 dinitropherol and Amberlite Resin IRA-400.

Packard Instrument Pty. Ltd;, Victoria, Australia, supp'lied the

tissue solubiliser Soluene-350 and scintillation fluid E299.

The hlorthington Biochemical Corporation, New Jersey, U.S.A. supplied

the collagenase.

The Calbiochem-Behring Corporation, La Jolla, Ca'lifornia, U.S.A.

suppìied ionophore 423187.

All other materiaìs were reagent grade.

3.10 : STATISTICS

Results are presented as arithmetic means t standard error.

Students' t-test was used to determine the significance of differences

in two group comparisons. For multiple group comparisons, results were

analysed using two-way analysis of variance to determine the between

groups significance, taking between experiment variation into account.
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To test if there was an interaction between agonist and test-drug,

factorial analysis (Snedecor and Cochran, 1980) was used. The

factorial analysis of results was carried out in collaboration with

Dr. l¡1.N. Venables, Department of Statistics, University of Adelaide,

using the statistics programs on the CYBER computer, Department of

Mathematics, University of Adelaide.
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4.1 : INTR0DUCTI0N

In 1980 when this project began, the maiority of pubìished work

on phosphoinositide metabolism measured the agonist-stimulated increase

i n the synthesi s of PtdIns , rather than PtdIns breakdown. ttli chel I ( 1975)

proposed that Ptdlns breakdown is the primary event in actjvation of

'inositol lìpid metabolism. Resynthesis measurements prov'ide an unsatis-

factory indication of phosphoinositide breakdown (Michelì, 1975). There

is evidence that the breakdown and synthesìs of Ptdlns do not run paralle'l

since some agents, including C¿2+ and Na+ which alter synthesis of Ptdlns

(Berridge and Fain, 1979; Egawa et. al., 1981 a;Abdel-Latif, 1981) do not

alter agonist-stimulated PtdIns breakdown (Berridge and Fain, 1979; Jones

and Michell , 1976) in a number of tissues.

To investigate the role of inositol phosphoì'ip'ids in cell control , it was

clear that measurement of incorporation of radioactively-labelled compounds

into jnositoì lipid (which measures synthesis), or chemical assays of total

cell inositol ìipid (which measures the net effect of synthesis and break-

down), would not be satisfactory.

The breakdown of inositol phosphofipid can be measured by the use of

radioactive-labellìng methods to label all the phospholip'ids with, for

exampìe, inorganic phosphate (Jones and Michell , L974; Fain and Berridge,

1979; Hokin-Neaverson, I974) or (l4C)-labelled fatty acids (Ha'lenda and

Rubin, 1982; Lapetina, 1982) or to label the inositol phospho'lids with

,rryo.(2-3H)inositol (Hokin-Neaverson et. al ., I975; Fain and Berridge, 1979;

Bemidge et. al,,1983). To measure a decrease in radioactively-labelled

inositol phospholipid, these studies have used methods that require the

extraction and chromatographic separation of 'lipids. These methods are

time consuming, often have a large variance and limit the number of samples
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which can be handled in any one experiment. The method described in the

present study perm'its the easy, reproducible measurement of inositol 'lipid

breakdown which does not require extraction and separation of lipids and

allows the processing of a large number of samp'les at a time.

In the last fewyêars, a number of studies have shown a rapid breakdown of

PtdIns-4,5P2 folìowing agonist-stimulation (Kirk et. al., 1981; Bem'idge

et. a1.,1983; Putney et. al., 1983). Recently, Michell et. al. (1981)

suggested that the breakdown of PtdIns-4,5P2 (and maybe simultaneously,

PtdIns-4P) by the action of phosphodiesterases to remove the inos'itol

phosphates, may be the initial agonist-stjmulated event which 'initiates

inositol l'ipid metabolism and that the loss of Ptdlns occurs as it is

phosphorylated to PtdIns-4P and then to PtdIns-4,5P2 to rep'lace the inositol

lipid hydro'lysed followìng receptor activation. The PtdIns decrease would,

in this case, be due to the action of a kinase rather than a phospho'ìipase.

Since the technique described in 3.2 measures the radioactiveìy-labelled

products released from myo-(2-3H) inositol-labelled phosphoinositides it
provides a measure of inositol phosphol'ipid breakdown. Therefore if hydro-

lysis of PtdIns or PtdIns-4,5P2 occurred, the method developed'in this

study would detect this.

One problem in using the release of nao-(z-3H) inositol as an indicator of

the hydrolysis of inositol phospholipid, is the possible involvement of the

competing exchange reaction which shuttles inositol between the free and

'lipid-bound states (Eisenberg and Hasegawa, 1981). This Èeaction is

catalysed by the phosphatidyìinositol:inositol exchange enzyme described by

Paulus and Kennedy (1960) and results in phosphatidyl-(2-3H) inositol +

mao-inosf toì S ûrao-(z-3H) inositol + phosphatidyìinositol. In the

present study, it was investigated whether inositol-exchange contributes to

the agonist-stimulated ìncrease in nryo-(2-3H) inositol release which is
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taken as a measure of inositol phospholipid breakdown in mouse pancreas

(Tennes and Roberts, 1981).

Since inositol ìipid hydrolysis is followed by its resynthesis, a possibìe

complication with the use of radioactive-label'ling methods to measure this

hydrolysis is that both release and reincorporation of radioactive label

may occur. The reutilization of the myo-(2-3H) inositol released from

inositol phospholipid was investigated so as to determine whether the

increase in rnyo-(2-3H) inositol content is actual'ly measuring the combina-

tion of hydro'lysis and resynthesis, rather than the hydrolysis of inositol

phosphol i pi d aì one.

Recently, a method has been deveìoped (Berridge et. al., 1982) which has

allowed the investigation of the involvement of inositol exchange reactions

and reutilization of nuo-(z-3H) inositol in phosphoinositide breakdorvn. The

method uses lithium (Lì+) to'¡nhibit the înao-inositol-l-phosphatase enzyme

which converts the nryo-inositol-1-phosphate released from inositol phospho-

lipid to myo-inositol (Naccarato et. al., Ig74). In the absence of Li+,

inositol phosphates released from inositol phospholipid by phosphodiester-

ases are rapidly converted to rnyo-inositol. In the presence of Li+, the

product which accumulates would be inositol-1-phosphate if the hydrolysis

of inositol phospholipid is responsible for release of the label'led compound,

and nryo-inositol, if the exchange reaction uras involved. This Li+ method

allows differentiation between inositol exchange and inositol phosphoìipid

hydrolysis. In addit'ion, in the presence of Lit th... can be no reutilization

of the (3H)-label'led compound released from inositol phospholipid by phospho-

diesterases as it w'ill accumulate in the phosphate form, not as mgo-inositol

which is used in the resynthesis pathway. The enzyme reactions involved in

inositol exchange and the effect of Li+ are summarized in Fig. 4.1, which

includes the two possibilities of the receptor activated event being the

hydrolysis of PtdIns or PtdIns-4,5P2.
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The tissue preparation used for the studies of phosphoinositilde hydroìysis

in this study is mouse pancreatic slices and a'lthough endocrine tissue only

comprises 2-4% of the total pancreatic tissue (Bolender, t974) it was

necessary to determine if any of the inositol phospho'lipid breakdown

measured in the tissue sljces was,oc'curring in the endocrine pancreas.

A.gonist-stimulated breakdown. in pancreata frorn diabet'ic m'ice (whose

ß-cells of the endocrine tissue were destroyed rùith streptozotocin)

and in pancreata frorn control mice were compared to investigate any

contribution of endocrine pancreas to total inositol phospholipid hydrolysis.

In addition, the sensitivity of the inositol phospholipid response to CCK-8

and CCK-4 in normal mice was examined. The two different molecular forms of

CCK differ in their potency with respect to pancreat'ic secretion (Rehfeld,

1981). Since CCK-8 is a more potent st'imulant of exocrine secretion while

CCK-4 is more potent with respect to endocrine secretion, then a comparison

of the stimulation of the lipid response by these two agon'ists allows

exam'ination of the possible contribution of the breakdown of inositol

phospho'lipid in endocrine pancreas.

4.2 : MATERIALS AND METHODS

In those experiments to identify the mAo-(z-3H) inositol-labelled

phosphotipids and acid-soluble products, nyo-(z-3H) inositol-labeìled

pancreas pieces were washed and incubated in Ca2+-free Tris-Krebs solution

and inositol phospho'lipid breakdown was measured as described jn 3.2. The

ïAo-(2-3H) inositoì-ìabel led phospholipids and acid-soìuble breakdown

products were extracted, separated chromatographìcally and identified as

described in 3.3 and 3.4.

For those studies investigating inositol-exchange and the reutilization of

nyo-(2-3H) inositol, inositol phospho'l'ipid breakdown was measured in tissue
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incubated in Tris-Krebs solution in the presence and absence of carbachol.

In experiments using lithium, this Krebs solution uras used but some or all

of the NaCl was replaced with an equivalent concentration of LiCl. The

acid-soluble (3H)-labelled compounds released from inositol phosphoìip'id

were extracted, separated by paper chromatography and identified using the

method of Fa'in and Berridge (1979) as described in 3.4. Ihe rnyo-inositol-1-

phosphate standard (40 ug) was included in the chromatogr:aphic separation.

Streptozotocin-induced diabetìc mice were maintained for 5 days with insulin,

(see 3.5(a) and 3.5(b)). Pancreas slices from control and diabetic mice

were washed and incubated in Krebs solution and inositol phospholìpid break-

down measured using the nuo-(2-3H) inositol-labelling technique described

in 3.5(c) wh'ich avoided fasting the mice overnight.

To compare the effect of CCK-4 and CCK-8 on inos'itol phospho'lìpid hydrolysis,

nrAo-(2-3H) inositol-labelled pancreas pieces !,Jere washed and incubated in

Krebs solution in the presence and absence of agonist. Inositol phospholipid

was measured as described in 3.2.

4.3 : RESULTS

a.3(a) Extraction and chromatographic separation of mAo-(2-3H)

inositol-labelìed phospholipids of mouse pancreas showed that near'ly

alt (approximately 90%) of the ïUo-(2-3H) inositol incorporated into

pancreatic phospho'lip'ids was in the form of Ptdlns, with on'ly a small

proportion of PtdIns-4P and PtdIns-4,5P2 as shown in Tabìe 4.1. The

distribution of radioactivity in the different fractions from the

extraction procedure is shown in Table 4.2. In both the control and

carbachol-stimulated samples the majority of the label was found in

the chloroform/methanol extract (which was used for the chromato-



19 3.

graphic analysis of the phosphoinositides). The proportion of

radioactiv'ity in the water-soluble fraction significantìy increased

in the samples incubated with carbachol, when compared to the control

tissues (P.0.05).In both groups of samples there lvas a substantial

amount of labelled material which was chloroform/methanol-insoluble

and could not be chromatographed. The proportìon of label in this

form was not significantìy d'ifferent for control and stimulated

samp'les (P t 0.05).

To validate the precipitation method as an assay for inositol phospho-

lipid hydrolysis, it was necessary to show that all labelled inositol

phosphoìipid was precìpitated, and that the labelled myo-inositol

released by hydro'lysis was not carried down during the precipitation

phase. Table 4.3 describes the chromatographic 'identification of

(3H)-labelled compounds in the acid-soluble fraction after nao-(Z-s¡¡

inositol-labelled tissue was homogenised and prec'ipitated with TCA.

The labelled compounds of both control and carbachol-stimulated

tissue had chromatographic mobilities corresponding to those of myo-

inositol and inositol-1-phosphate. No radioactivity was present at

the R, val ue correspondi ng to Ptdlns. l,lhen ïrao'(2- 3H ) i nosi tol was

added to a homogenate made from unlabelled pancreatic pieces and the

mixture immediately precipitated with TCA by the standard method,

only a very small amount of the labelled rnyo-inositol (O.Zg ¡ 0.02%,

n = 4) was carried down with the prec'ipitate.

The precision of the TCA precipitation method was tested by process-

ing 7 samples of labelled pancreas, taken from the same pooì of tissue

pieces, through a 30 min incubation in Ca2+-free TriS-Krebs, homo-

genisation and TCA precìpitation as described in 3.2. The 3H released
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from pre-labelled tissue was 184 r. a Bq/kBq 3H incorporated by the

pancreas, the coefficient of variation being 11%. (The

coefficient of variation is calculated as the standard deviation

expressed as a percentage of the mean of the sample populat'ion).

The reproducibility of the method was tested by a comparison of

the results of 6 experiments. Tissue sampìes were incubated for

30 min in Ca2+-free Tris-Krebs solution in the presence of carbachol

(tO-s¡r4¡, homogenised and precipitated as described i n 3.2. The 9H

released from inositol phosphoìipid above control was 94 t 11 Bq/kBq

3H incorporated by the pancreas (control tissue released L47 t 6

Bq/kBq 3H incorporated). A one-way analysis of variance indicated

that there was no significant difference between the 6 experimental

groups (P . 0.05), show'ing that the between-experiment variation

was very smal I .

The amount of (3H)-labelled acid-soluble compounds in control tissue,

washed for 30 min and incubated for 30 min in Ca2+-free Tris-Krebs

solution u,as I47 t 6 Bq/kBq 3H 'incorporated by the pancreas (n = 39).

This shows that approximately 15% of the total 3H in the pancreas

slices is not incorporated into phospholipids' indicating there is

not a large pool of free mao-(z-3H) inositol in unstinulated tissues.

Using this trichloroacetic acid precipitation method, carbachol

and CCK-8 stimuìated the breakdown of inositol phosphoìipid in a

concentration-dependent manner in tissue incubated in Ca2+-free

Tris-Krebs solution as shown in Figs. 4.2 and 4.3.
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Chromatography of rnyo-(2-3H) inositol-labelled phosphol ipids

of mouse pancreas.

% Total c.p.m. R¡

Control 90.1 t 2.2

8.2 t 1.9

0.38 (n = 7)

0.08

Carbachol

( ro-+¡¡¡

91.1 t 1.3

6.6 t 1.2

0.38 (n = 5)

0.08

The Rt of the inositol phospholipid standards were:

Ptdlns, 0.38; PtdIns-4P and Ptdlns-4,5P2 , 0.08.

The isotope not accounted for in this table did not appear as a peak

on the chromatogram. (n = the number of samples in the group).
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Table 4.2 Recovery of (3H)-labelled material in the phospholipid

extraction Procedure.

Control

3H (d.p.m.)

Carbachol (tO-+¡4¡

3H (d.p.m.)

Lipid extract 72.6 t 4 (n = 6) 66.6 t 4.2 (n = 5)

l^later-sol ubl e fracti on 5.6r0.6 (n=6) 11 .9t1.7 (n=3)

Res i due 17.2 t 2.3 (n = 6) 20.5 t 2.9 (n = 5)

The table shows the radioactivity in the final lipid extract, in the pooled

upper phases of the extraction (water-soluble components) and in the

chloroform/methanol-insoluble residue remaining in the extraction tube

after the lipid extract was appìied to the T.L.C. plate. Results are

expressed aS a percentage of the 3H present in the tissue homogenate.

(n = the number of samples in the group).
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Chromatography of the (3H)-labelled compounds in the acid-

soluble fraction.

% Total c.p.m. RF

Control 17.3 t 2.8

71.9 t 0.6

0

0. 17

0.44

0.78

Carbachol

(to-+¡4¡

16.7 t 7.L

75.& t 7.6

0

0. 19

0.44

0.78

The R¡ values in this chromatographic system a?e Ír7o-inositol, 0.44;

PtdIns, 0.78; inositol-1-phosphate, 0.44. An inositol-1-phosphate

standard was not available to be used for these experiments but a peak

of radioactivity ran at Rt = 0.44 which corresponds to that found by

Fain and Berridge (1979) for inositol-1-phosphate.
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Fi g. 4.2 Carbachol-stimulated Hydrolysis of Inosi tol

Phospholipid in Ca2+-free Tris-Krebs Solution

Each point plotted represents inositol phospholipid

hydroìysed above control expressed as Bq/kBq 3H incorporated by

pancreatic tissue, and is the mean t S.E. of at least L6 samples.

The 3H released from control tissue was 172 t 9 Bq/kBq aH

incorporated (n = 40).
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Fig.4.3 CCK-8-Stimuìated Hydrolysis of Inositol

Phospholipid in Ca2+-free Tris-Krebs Solution

Each point plotted represents inositol phospholipid

hydrolysed above control expressed as Bq/kBq 3H incorporated by

pancreatic tissuen and is the mean r S.E. of at least B samples.

The 3H released from control tissue was 153 t 5 Bq/kBq 3H

incorporated (n = 40).

l^lhere s.E. bars are not visible they did not extend beyond the

ìimit of the symbol.
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To invest'igate whether inositol-exchange was contributing to

the increase in (3H)-laUelled compounds released following agonìst-

stimulation, tissue was incubated in Krebs solution containÍng

12ûnf'4 LiCl in the presence and absence of carbachol (tO-+¡4¡.

The acid-soluble 3H in control samples was 168 t 8 Bq/kBq sH

incorporated by the pancreas (n = 12), while for carbachol-

stimulated samples it increased to 378 t 16 Bq/kBq 3H incorpor-

ated by the pancreas (n = 12). The results of chromatography of

the compounds in these acid-soluble fractions are shown in Table

4.4. In both control and carbachol-stimulated samples two radio-

active peaks were obtained.

Carbachol-stimulatíon of the tissue did not cause any increase in

the amount of radioactivity which ran at an RF = 0.4 and chromato-

graphed as inositol. The other peak of radioactivity which did not

run as inositol d'id increase with carbachol-stimulation and ran at

an R, = 0.1 which correlates with the R, for inositol-l-phosphate

(Table 4.4). These R, values are the same as those found by Fain

and Berridge (1979) for inositol and inositol-1-phosphate.

A comparison of the effect of 0, 10 and 126mM LiCl on the release

of (3H)-inositol from pre-labelìed pancreatic pieces, stimuìated by

carbachol (10-4M) was made. As the concentration of LiCl increased,

the percentage of radioactivity in the form of inositol-1-phosphate

increased (Tabìe 4.5). The requirement for such high concentrations

of Li* to inhibit the inositol phosphatase probably reflects the

preparation used, tissue slices. Using isolated acini from mouse

pancreas, it was found that 10mM of LiCl was maximally effective

in inhib'iting this phosphatase (Crouch, M.F. and Roberts, M.1.,

unpub'l i shed) .
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Table 4.4 Chromatography of myo-(2-3H) inositoì:-labetled compounds

in the acid-soluble fraction.

CONTROL

(Licl) = 126mM

CARBACH0L (10-4M)

(Licl ) = 126mM

c.p.m. (f" of total 3H incorporated by pancreas)

RF

RF

= 0.1

= 0.4

7.2 t 0.8

8.4 t 1.1

( 3)

( 3)

27.3 t I.4

8.9 t 1.0

(3)

( 3)

Mean results t S.E. are shown and represent the radioactivity present

at each peak as a percentage of the totat 3H incorporated by the pancreas.

Wo-inositol ran at R¡, = 0.4; Inositol-l-phosphate ran at R¡ = 0.1. The

numbers in parentheses are the number of experiments. There v'rere no other

regions on the chromatograms which showed significant levels of 3H and the

2 peaks accounted for approximately 90% of the TCA-soluble radioactivity

(see Table 4.5).
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t

Table 4.5 The effect of tithium on (3H)-tnositol released from

carbachol -stimulated pancreas pieces.

(Licr ) 0mM 10mlvl 126mM

c.p.m. (% of total 3H present on each chromatogram)

RF

RF

= 0.1

= 0.4

8.9

76.0

59 .0

31 .0

7?

23

0

7

The mean results of 2 (OmM, 10mM Licl) or 3 (126mM Licl) experiments

are shown: Resuìts show c.p.m. at two peaks corresponding to the RF,

values = 0.L and 0.4 expressed as a percentage of the total 3H present

on each chromatogram. The radioactivity not accounted for in this table

did not occur as a peak on the chromatogram.

A
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To investigate whether some of the (3H)-inositol released from

inositol phospholip'id by agonist-stimulation was reincorporated into

inositol phosphoìipid, the carbachol stimulated breakdown of inosito'l

lipid was compared in tissue incubated in Tris-Krebs solution and

Tris-Krebs solution where NaCl was replaced with 126mM LiCl. In the

absence of LiCì, carbachol (tO-+¡4¡ caused an increase in 3H released

above control of 218 t 35 Bq/kBq 3H incorporated by the pancreas

(n = 8), and in the presence of LiCl carbachol (tO-+¡1¡ caused an

increase above control of 210 t 14 Bq/kBq 3H incorporated by the

pancreas (n = 12). There was no significant difference between these

two groups (P > 0.05).

The breakdown of inositol ìipid in diabetic and control mice was

compared to investigate whether there v',as any s'ignificant breakdown

of phosphoinositide occurring 'in the is'let cell s. A comparison of

the concentration response curves in Fig.4.4 showed that at each

concentrat'ion of carbachol, there was no significant difference

(P t 0.05) between inositol lipid breakdown in control and diabetic

mice. In the unstimulated state there t{as no sign'ificant difference

between 3H released in control tissue, rvhich was 252 x 26 Bq/ kBq r¡

incorporated by the pancreas, (n = B), and in tissue from diabetic

mice which was 277 t 14 Bq/kBq 3H incorporated by the pancreas (n = B),

(P'0.05). The effect of CCK-8 and CCK-4 on inositol lipid hydrolysis

is shown in Fig. 4.5. A comparison of the two concentration-response

curves shows that the potency of CCK-B to stimulate the'lipid response

is much greater than that of CCK-4. The difference between the

dose-response curves for CCK-8 in Figs. 2.3 and 2.5 is due to the

different Krebs solutions used. This effect is described in Chapter

6 of this thesis.
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Fig.4.5 A Comparison of Inositol Phospholipid Hydrolysis

Stimulated by CCK-8 and CCK-4 ín Pancreatic

Tissue Incubated in Krebs Solution

Each point plotted represents inositol phospholipid

hydrotysed above control for CCK-8 stimulated (O) and CCK-4-

stimulated (A) pancreas; each is the mean t S.E. of at least

8 samples and is expressed as Bq/kBq 3H incorporated by pancreas.

The 3H released from control tissue for the CCK-8 and CCK-4

experiments was (gq/keq 3H incorporated by pancreas) z 27L t L2

(n = 9) and 229 t 12 (n = 10), respectively.

I

I



uo
 r

ln
 lo

s
sq

ar
) 

ur
 p

al
P

qn
ru

l 
an

ss
ll 

lll
ea

rf
,u

pd
 u

l t
-)

ll 
pu

p 
B

-)
lj 

/ç
q

pe
le

In
H

liS
 s

ls
Á

lo
rp

iç
H

 p
ld

tlo
qd

so
qd

 lo
tr

.s
ou

I 
Jr

o 
uo

sL
rP

d¡
uo

J 
V

 :
 

9'
ü 

'6
tl

IN
O

S
 IT

O
L 

P
H

O
S

P
H

O
LI

 P
 I 

D

H
Y

D
R

O
LY

S
E

D

e
ct

) e e
È o e

]9 o o
fr I

I r¡ rr
¡ I ¿

..e
I

A - 
¡

oæ ct

I €t
)

(t
l

è I C
^¡

=
r

v{

{

'6
0¿



2r0.

4.4 : DISCUSSI0N

l^lhen mouse pancreas, pre-labell ed ín uíuo with rnyo-(2-3H) inositol

rÁ,as incubated in uitto with carbachol, the proportion of (3H)-labelIed

material in the TCA supernatant increased, which is taken as an increase

in the hydrolysis of inositol phosphoì'ipid. It was necessary to extract

and identify the rTUo-(2-3H) inositol-labelled phosphol ipids and breakdown

products and also to determine their presence in the TCA precip'itate or

supernatant, so as to establish whether the'method could be used as an

assay for phosphoinositide hydrolysis. The majority of the (3H)-labelled

'lipid which could be extracted from the pre-labelled pancreas t,',as Ptdlns

with on'ly a small amount of polyphosphoinosjtide,(Table 4.1). Hokin and

Hokin 1958 b)found that Ptdlns u,as the major phospholipjd into which nyo-

(2-3H) inositol was incorporated in brain. Michell et. al (1981), using

in uiuo I abeì I i ng of hepatocytes wi th ntyo-( 2- 3H) i nosi tol , found that

PtdIns-4P and PtdIns-4,5P2 each represented I-2% of the total inositol

lipid. The results of the present study show that about 6-8% of total

myo-(2-3H) inositol-labelled phospho'lipid was in the form of PtdIns-4P

and PtdIns-4,5P, (Table 4.1).

Although inositol and inositol-1-P were identified as (3tt)-labelled comportnds

in the acid-soluble fraction (Table 4.3) this result does not indicate

whether the inositol lipid hydroìysed is PtdIns, PtdIns-4,5P2 or PtdIns-4P.

The action of a phosphofipase C on Ptdlns (Michell, L975) would release

inositol-1-P whích is rapidly converted to inositol by the inositol-1-

phosphatase enzyme, while the hydroìysis of PtdIns-4,5P2 (Michell.et. al.,1981)

would release jnositol-1,4,5P3 which is rapidly converted successive'ly by

phosphatases to inositol-1,4P2, inositol-l-P and inositol. A recent study

by Berridge et. al. (1983) shows significant increases in the levels of

inositol -1,4,5P3, inositol -1,4P2, and inositol-1-P after agonist stimula-

tion, which supports the proposa'l that Ptdlns-4,5P2 hydro'lysis may be the
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initial agonist-stimulated event but does not exclude the possibility

that PtdIns hydrolysis may occur also. Therefore, although the assay

used in the present study does not identify which phosphoinositide(s)

is hydrolysed it can be used to indicate inositol phospholipid breakdown

since it measures ( 3H)-inositol-labelled products released from myo-(2-3H)

inositol-labelled inositol phosphol ipid.

In all extraction methods for obtaining inositol lipid from tissues, an

insoluble residue, presumably conta'ining proteins, is obtained (Downes

and Michell , 1982 b). This cannot be assayed for phosphoinositide content,

whether one used a chemical method or a radio-chemjcal assay based on

either ( 32p)- Pt or nyo-(2-3H) 'inositol incorporation into phospholipids.

About 20% of the rnyo-(2-3H) inositol was incorporated into molecules which

remained jn the residue (Table 4.2). Aìthough the nature of the labelled

nolecules in the residue has not been determined they did not contribute

to the increase in acid-soluble ¡H following exposure to secretagogues

because the proportion of counts in the residue did not decrease in

carbachol-stimulated tissues (Table 4.2). 0n addition of carbachol, the

decrease in the radioactivity of the lipid extract fraction (which is

mostly PtdIns) is equal to the increase in the water-soluble fraction

(Tabl e 4.2). Since the TCA-precipitatìon confines inositol phospholipid

to the precipitate and does not produce significant trapping of labelled

hydrolysis products in this fraction, it is possib'le to use the change in

acid-soluble radioactivìty in the nuo-(2-3H) inositol-labelled pancreas as

an assay for inositol lipid hydrolysis.

This assay has several advantages over alternative assays of inositol

phospholipid hydrolysis which have been used to investigate the role of

this phenomena in stimulus-response coupling. Many assays have used the

agonist-stimulated incorporation of (32P.)-Pi into inositol lipid to
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measure turnover, but this technique is actuaììy measuring resynthesis of

inositol phospholipid, rather than the primary event of breakdown (Miche1l,

1975; Michell et. al ., 1981). Techniques of inositol phospho'lipid assay

based on chemical estimation on radiochemical measurements of (szp¡-labelled

phosphoinositides involve extraction of 'lipids from the tissues and

separat'ion of the inositol phospholipid from other phospholipids. These

steps are time-consuming and lead to assays with large variance. The

method described here 'is rapid, accurate and reproducible. rn oityo

labell'ing of Ptdlns with myo-(z-3ï) inos'itol was used by Keryer and Rossig-

nol (1978) to examine Ptdlns turnover. This approach led to a large pool

of free ïrao-(2-3H) inositol in the tissue, so that addition of secretagogues

stimulated breakdown and synthesis of (3H)-pt¿lns simultaneous'ly. These

workers found an initial increase, followed by a rapid decrease in levels

of labelled PtdIns in parotid gland when incubated with secretagogues. rn

uiuo labelling of inositol phospholipid with myo-(2-3H) inositol results 'in

a smal'l pool of free, labelled rnyo-inositol since at the end of a 30 min

wash and 30 min incubation on'ly 15% of the total 3H present in unstimulated

tissue is acid-soluble.

The use of the lithium method to inhibit inositol-l-phosphatase (Berridge

et. al., 1982) allowed investigation of whether the (3H)-inositol released

from inositol phospholipid by agonist-stimulation was reincorporated into

inositol phospholipid and also whether inositol-exchange was stimulated.

This study shows that ìithium does inhibit inositol-l-phosphatase in mouse

pancreas (Table 4.6) as has been found in brain and salivary gìands (Berridge

et. al., Ig82). Naccarato et. al . (Ig74) found that 250mM Li+, in uitro,

compìetely inhibits inositol-1-phosphatase of rat marrmary gland, while

Hallcher and Sherman (1980) found that the hydrolysis of inositol-1-phosphate

from bovine brai n, in uitro, was half-maximalìy inhibited by 0.BmM Li+.
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If the ( tH)-inositol released from inositol phospholipid by agon'ist

stimulation was reincorporated into inositol phospholipid then in the

presence of 126mM LiCl it wouldbeexpected that the 3H in the TCA

supernatant wouìd be greater than in the absence of LiCl since the

i nosi tol - 1.-phosphate wou'ld not be re-utì I i zed. The resul ts of thi s

study show that (3H)-inositol released is not re-incorporated and

agree w'ith previous results (Tennes and Roberts, 1981) (see Table 5.1)

where CCK-8-stimulated inositol lipid hydrolysis was identìcal in

t'issue incubated in Ca2+-free Tris-Krebs solution with either 126mM

NaCl or 126mM LiCl. In add'ition, the results of this study show that

inositol-exchange is not responsible for the increase in 3H in the TCA

supernatant fol lowing agonist stimulation si nce carbachol-stimulation

of the tissue, in the presence of 126mM LiCl did not cause any increase

in the amount of radioactivity which c,hromatographedas inos'itol (Tabìe

4.4) (Tennes and Roberts, 1984).

In addition to hydrolysing inositol-l-phosphate, rnyo-inositol-1-phosphate

shows minor activity when rftAo-lnositol-1-phosphate (Naccarato et. al.,

L974) and rnyo-inositol-3-phosphate (Hallcher and Sherman, 1980) act as

substrates. If Ptdlns-4,5P2 is the initial inositol ìipid to be

hydrolysed then although Li+ will inhibit the inosito'l-1-phosphatase

conversion of inositol polyphosphates to inosito'l-l-phosphate, these

po'lyphosphates will not accumulate since the inositol trisphosphatase

and inositol bisphosphatase enzymes are active. Li+ does not inhibit

these bis- and trisphosphatases and so the inositol polyphosphates are

converted to inositol-1-phosphate in the presence of Li+(Berridge et.a1.,1982).

Hokin (1974) using a double-labelling method to pre-ìabel Ptdlns ín uiuo

with (szp)-Pi and rnyo-(2-3H) inositol, found that the decreaseg in (32P)-

Ptdlns and (3H)-ptdlns in pancreas pieces stimulated by acety'lcholine were
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proportionately the same. Since there was no differential effect on

measurement of PtdIns breakdown using both radiochemical labels this
suggests that there was no stimulation of inositol exchange, as has been

shown in this study. Hokin-Neaverson et. al. (1975) measured an increase

in free inositol released by acetyìcholine stimulation but found no

increase in inositol 1,2-cycìic phosphate, or other inositol phosphates

and suggested that Ptdlns hydro'lysìs may be due to a reversal of the

cytidine nucleotide pathway of PtdIns synthesis which would result in
PtdIns + cytidine monophosphate + inositol + cytidine diphosphate_

dig'lyceride -+ cytidine triphosphate + phosphatidic acid (Hokin-Neaverson

ei. al., 1975). The results of the present study show that inositol
phospholip'id breakdown in mouse pancreas does not occur via this pathway

since the accumulation of inositoì-l-phosphate in the presence of LiCl

indicated the initial agonist-stimulated event is a phosphoìipase c

action. It is likely that Hokin-Neaverson et. al. (1975) found only
inositol because the inositol phosphates formed were rapid'ly converted to
rnao-inositol by phosphatases. Tolbert et.al.. (19g0) found that the

hormone-stimulated uptake of (3H)-inositol into PtdIns in rat liver
parenchymal cel I s di d not correl ate wi th ( 32p )-pi i ncorporati on . The

differential effect on labelling was not due to stimulation of the CDp-

diacylg'lycero'l : inositol-phosphatidyl transferase enzyme (Tolbert et.al .,
1980), since both the phosphatidyì and inositol groups wiìì both be turned

over by this enzyme, but rather to the phosphatidylinositol : inositol
exchange enzyme (Pau'lus and Kennedy, 1960; Eisenberg and Hasewaga, 19g1).

Another study usingnryofl-3ï) inositol in rat liver cells showed that the
(3H)-inositol labelìing was mainìy due to this exchange enzyme (prpic'et.
ô1 ., I98ù ' Therefore, it would appear that although the released nuo-(z-3H)

inositol from pre'labelled phosphoìipids is a good indicator of inositol
phosphoìipid hydrolysis in the exocrine pancreas, this may not be so for
al I tissues.
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Further confidence in the validity of this technique as an ass.ay for

inositol ìipid hydrolysis can be derived from the fact that the

concentration-dependent breakdown of ìnositol phospholipid stimulated

by carbachol and CCK-8 (Figs. 4.2 and 4.3) confirms the results of

Hokin (1974) and Hokin-Neaverson et. al. (1975) for mouse pancreas.

Both carbachol and CCK-8 stimulate pancreatic secretioñ, dppôFently by

binding to different receptors but activating the same stimulus-secretion

pathway (Gardner and Jensen, 1980).

The use of pancreatic slices provides an accurate measure of inositol

phosphoìipid breakdown in the exocrine pancreas since the destruction of

islet cell function does not cause any significant effect on carbachol-

st'imulated inositol phosphoììpid breakdown in pancreatic slice prepara-

tions (Fig. 4.4). Carbachol and cholecystok'inin-octapeptide regulate

pancreatic islet function (l'lalaisse.- 7972) and in a recent study, Best

and Malaisse (1983) showed a carbachol-stimulated increase in the break-

down of inositol ph'ospholipid in rat pancreatic islets. It is possible,

that agonist-stimulated breakdown of inositol phospholipid does occur ìn

the islet cells of the mouse pancreatic slice preparation, however, since

endocrine tissue accounts for a very small percentage of totaì pancreatic

tissue, this breakdown, if occurring, wouìd contribute negligibly to the

total phosphoinositide breakdown in slices (tfris is confirmed by the

results in Fig. 4.4). The concentration response curves for inositol

phospholipid breakdown stimulated by carbachol in control and diabetic

mice are not identical. However, some djfference could be expected.

Korc et. al. (1981 a ) have shown effects of insulin on the exocrine

pancreas and since it is not possible to mimic the physiologica'l release

of insulin with 2 injections per day, it is likely that an effect of

insulin could result in differences between control and diabetic mice.
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That endocrine function contributes negligibìy to the total inositol

phospholipid breakdown measured in tissue slices was further confirmed

by comparing the effect of CCK-8 and CCK-4 on the lipid response.

CCK-4 is a more potent stimulator of endocrine function than CCK-8

(Rehfe'ld, 1981) and yet caused only a small degree of inositol 'lipid

breakdown in comparison to CCK-8. Since CCK-4 does stimulate exocrine

function, although to a lesser degree than endocrine secretion, it is
'l'ikely that some of the jnositol lipid hydrolysed by CCK-4 occurred in

the exocrine pancreas. Although it is not possible from the present

results to determine the amount of inositol lipid breakdown which can

occur in the endocrine pancreas alone, it is clear that endocrine

function does not contribute significant'ly to agonist-stimulated

inositol lipid hydrolysis in pancreat'ic slices.
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CI]APTER 5

iNVESTIGATION OF INOSITOL PHOSPHOLIPID HYDROLYSIS AS AN

EARLY EVENT IN ACTIVATION OF THE EXOCRINE PANCREAS
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5.1 : INTRODUCTI0N

Foìlowing the validation of the method I developed which facilitated

the measurement of inositol phospholipid hydro'lysis, studies began to

determine how closely this response is linked to receptor activation. A

series of experiments were des'igned to'identify at what stage in the chain

of events leading to secret'ion the breakdown of this inositol lipid occurs.

These experiments involved consideration of Na+ as a second messenger in

elicit'ing the lipid response, the poss'ible requ'irement of protein synthesis

and the possibiìity that microfilaments and microtubules (by provid'ing an

i ntact cytoske'letal network) may be i nvol ved.

One of the earìy events following activation of muscarinic and peptide

receptors in exocrine pancreas is an increase in the influx of Na+which

causes depolarization of the acinar cell membrane (Nishiyama and Petersen,

1975). Nat may act as a second messenger since Nar influx occurs very

rapidly after receptor activation (Nishiyama and Petersen, 1975) and there

is some evidence that Na* ruy stimulate the release of Ca2+ from mitochondria

(Haworth et. al., 1980; Hughes et. al., 1980).

No investigation of the effect of Na* removal on inositol phospho'lipid

breakdown has been made in any tissue. The on'ly study of the role of Na+

in phosphoinositide metabolism in the pancreas measured the de nouo sys-

thesis of inositol phospho'lipid (Calderon et. al., 1980) while in the

parotid gland, the synthesis of Ptdlns (Keryer et. al., t979) and the net

result of breakdown and synthesis, by assay of total Ptdlns content (Jones

and Michell, 1976) Ìvere measured. The technique developed in the present

study allowed the first investigation of whether Na+ influx leads to the

breakdown of inositol phospholipid by examining the effect of Na+ removal

on this lipid response directly.
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Harris and Hokin-Neaverson (1977) found that the bulk of Ptdlns hydrolysed

in gu'inea-pig pancreas was located in the endoplasmic reticulum, which is

the site of protein synthesis. This raised the possibility that inositol

phospho'lipid breakdown may depend on the synthesis of a labile protein,

indicating that this lipid response is not cìosely associated with receptor

act'ivation but may occur subsequent to a number of cellular events. The

effect of the protein synthesis inhìbitor cyclohex'imide, on inositol phgs-

pholipid hydrolysis was therefore investigated in this study.

In the exocrine pancreas, microtubule and microfilament disrupt'ion agents

inh'ibit secretion by inhibiting the intracellular transport and release

of exportable protein (Seybold et. al., 1975; l^lilliams and Lee, 1976).

A dependence of inositol l'ipid breakdown on an intact cytoskeleton may

indicate the dependence of this response on release of secretory product.

Alternativeìy, since a phosphatidylinositol phosphodiesterase has been

shown to be associated with the microtubular subunit protein, tubulin

(Daleo et. al., 1976; Quinn, 1973) perhaps the activation of interaction

of enzyme with substrate may be altered by disruption of microtubules.

No study on the effect of microtubule and microfilament disruption agents

on inositol lipid hydroìysis in pancreas has been made, although the break-

down of Ptdlns in neutrophils appears to be independent of cytochalasin B

(Cockcroft et. al., 1980). A dependence of Ptdlns synthesis on an intact

microtubular system in lymphocytes (l^lassarman et. al ., 1978) and on micro-

filament structure in cervical ganglia and pineal gland (Lakshmanan, 1978)

has been suggested. The effect of a microtubule and microfilament dìsrup'

'uion agent'colchicine and cytochalasin B, respectively, on inositol lipid

hydrolysis was investigated in this study to examine a possible dependence

of this response on an intact cytoske'leton.
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The conclusion from these studies was that the breakdown of inositoì

phospho'lipid is an early event in the activation of the exocrine

pancreas, suggesting that it is c'lose'ly linked to receptor activation.

Kirk et. al. (1981) suggested that the degree of inositol phospho'lipid

hydroìysis was proportìonal to the degree of receptor occupancy. Their

study showed a close correlation between the dose-response curves for

(3H-tys8)-vasopressin binding to its receptors and the vasopressin-

stjmulated loss of PtdIns and Ptdlns-4,5P2 and so proposed that maximal

inositol ìipid hydrolysis occurred with maximal receptor occupation

(Kirk et. al., 1981) in support of the earlier suggestion by Michell

et. al. (1976). An implication of this proposaì would be that the

presence of one agonist at a concentration sufficient to occupy all

receptors for that agonist should not affect the abi'lity of another

agonist acting at a different receptor in eliciting inositol phospho-

lipid hydrolysis. The simultaneous presence of two different agonists

acting independently shouìd produce an additive effect on phosphoinositide

hydrolysis.

However, t^leiss and Putney (1981) suggested that the inositol phospho-

lipid response may be more closely linked to the 'calcium-gating'

mechanism than to receptor occupation. This idea was based on their

study using rat parotid acinar cells where simultaneous stimulation

with substance P and adrenergic agonists did not produce an additive

effect on ( 321)-1., i ncorporati on into PtdIns (!'lei ss and Putney, 1981).

Since this latter study did not measure the hydrolysis of phospho-

inositide it was not possible to compare the results with those of

Ki rk et. a'l . ( 1981) .
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In view of the conflicting proposals of l,Jeiss and Putney (1991) and

Kirk et. al. (1981) the relationship between receptor occupation and

inositol phospholipid hydrolysis in exocrine pancreas was examined

by studying the effect of simultaneous activation of the cholecystokinin

receptor and the muscarinic receptor.

Hokin (I974) showed that 2,4 dinitrophenoì inhibited the agonist-

stimulated decrease in Ptdlns in mouse pancreas. However, Michell

( 1975) us'ing cyani de and o1 i gomyci n was unabl e to conc'l usi ve'ly

confirm this requirement for metabo'lic energy. Since the initial proposed

pathway for hydrolysis of Ptdl'ns (Miche'|1, 1975) by the action of

phospho'lipase C is not an energy-requiring enzymic reaction, it was

not clear how Ptdlns breakdown would require ATP. In the present study,

the dependency of agonist-stimulated hydrolysis of inositol phospholipid

on cellular ATP was examined, since if ATP is necessary this may

indicate that the decrease in Ptdlns described by Hokin (1974) does

not occur via a phosphoìipase C reaction on Ptdlns but via a different

pathway which requires ATP.

5.2 : MATERIALS AND METHODS

In experiments examining the role of Na+, protein synthesis,

microtubules, microfilaments and ATP, inositol phospholipid hydrolysis

ulas measured as described in 3.2. l^lhereas, the studies examining the

simultaneous addition of two agonists and the effect of duration of

stimulation on phosphoinositide hydrolysis h,ere carried out more

recently and measured the release of (a¡)-inositol phosphates, as will
be described.
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In the experiments investigating the removal of extracellular Na+

on inositol ìipìd hydrolysis, Na+ was replaced with Tris (Na+-free,

Ca2+-free Tris-Krebs solution) as described in 3.10 or with LiCl,

where the NaCl of the Ca2+-free Tris-Krebs solution (see 3.10) was

replaced v',ith 126rrM LiCl. In these experiments, atropine (2.5 x 10-6M)

was included to block the action of any acetychoìine which may have

been released from nerve terminals in the tissue (Paton et. al., 1971).

CCK-8 was used as an agonist in these experiments.

To study the effect of protein synthes'is inhibition on inositol l ip'id

hydroìysis, tissue was washed for 2 x 15 min and incubated for 30 min

i n Ca2+-free Tri s-Krebs sol uti on . t^lhen cycl oheximi de ( 5 x 10-aM) was

to be used it was present in the second wash and also during the 30 min

incubation. This concentration of cyclohex'imide was chosen since it
was found'in our Laboratory (M.1. Roberts, unpublished) that 5 x 10-+M

cycloheximide reduces protein synthesis in mouse pancreatic slices to

2.5% of control .

l.lilliams and Lee (1976) using mouse pancreatic slices found that

colchic'ine (3 x 10-sM) reduced or abolished microtubules only after a

150 or 210 min incubation. In the present study, Wo'(2-3H)-inositoì-

labelled mouse pancreatic pieces were incubated in the absence or

presence of colchicine (3 x 10-sM) in a Ca2+-free Tris-Krebs solution

for 210 min prior to the addition of carbachol (5 x tO-6M); the

incubation was terminated after a further 30 min and inositol phospho-

lipid hydroìysis measured.

Disruption of the microfilamentous network of acinar cells occurs when
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pancreatic fragments are incubated for 90 min in the presence of

cytochalasin B (2 x 10-s¡4) (Stock et. ô1.,1978). The effect of

microfilament disruption on phosphoinositide hydrolysis was measured

using nyo-(2-3H) inositol-labelled mouse pancreatic slices, pre-incubated

for 90 min with cytochalasin B (2 x 10-sM) in Ca2+-free Tris-Krebs

solution and then incubated for 30 min in the presence of carbachol

(S x tO-sy¡. Since cytochalasin B was dissolved in ethanol, an

equ'i vaì ent concentrat'i on (0 .5% v / v, f i naì concentrati on ) of ethanol

was added to control and carbachol-stimulated samples.

The effect of simultaneous stimulation of the muscarinic and

choìecystokinin receptors þ,as measured in nryo-(Z-s¡1) inositol-labelled

pancreatic slices incubated in Ca2+-free Tris-Krebs solution in which

the NaCl was repìaced with 126mM LiCl. Pancreatic tissue was stimulated

for 30 min with carbachol (tO-s¡4¡, CCK-8 (at a range of concentrations)

and both agonists combined. The same experiments were performed with

butyryìcholine chloride (tO-a¡4¡ instead of carbachoì; when butyryl-

chotine was used, neostigmine (S x 10-sM) was included in the incubation

solution to inhibit the degradation of the agonist by acetyìcholine

esterases. Both carbachol and butyrylcholine were present at maximal'ly

effecti ve concentrations.

It was necessary to determine whether the degree of inositol phospho-

lipid hydroìysìs after a 30 min incubation in the presence of high

concentrations of CCK-B was limited due to dep'letion of pre-labelled

phosphoinositide. The CCK-8-stimulated hydrolysis of inositol

phospholipid was measured at 15, 30 and 60 min in tissue labelled

in oiuo with rryo-(Z-eH¡ inositol and incubated in Caz+-free Tris-Krebs
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solution in which the NaCl was repìaced with 126mM LiCl. The two

above studies measured inositol phospholipid hydroìysis as an increase

in ( s¡)-inositol phosphates.

It has been shown in the previous chapter that in the presence of Li+

in the incubation medium, the (3H)-labelled compounds released from

the inos'itol phospholipid fol lowing stimulation are inositol-phosphates,

and these were measured using the method of Berridge et. al. (1982).

Pancreatic tissue which had been labelled ín uiuo with I,Z2kïq of

mAo-(z-3H) inositol, was incubated in Ca2+-free Tris Krebs solution in

the presence or absence of agon'ist(s). The incubation was terminated

by freezing the samples in a dry ice/alcohol bath. Samp'les were

homogenized from the frozen state and a 100u1 sample was taken

immediate'ly from the homogenous solution for determination of total

radioactivity. To the remaining homogenate 0.94 ml of chloroform/

methanol (7:2, v/v) was added. Chloroform (0.31 ml) and water (0.31 ml)

were then added to separate the phases. After centrifug'ing for 10 min

at 4oC at 500 x g a 1.2 ml sample of the upper phase was diluted to

3 ml with water and to each, 0.5 ml of Amberlite resin in the formate

form (50%, 2/v in water) was added to bind (s¡¡-inositol phosphates

(Berridge et. ô1., 1982) and these were mixed on a rotating turntable.

After washing the resin four times with 2.5 ml of 5nû4 ryr¿a-inositol,

(3H)-inositol phosphates were displaced from the resin by the additìon

of 0.5 mì of lM ammonium formate/O.lM formic acid. These were mixed

and after 10 min, 0.4 ml of the supernatant was counted in 3.5 mt of

scintillation fluid in a liquid scintillation counter.

To investigate the role of ATP in the agonist-stimulated lipid response,
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nao-(2-3H) inositol-labelled pancreas pieces were incubated (as

described in 3.2) in Ca2+-free Tris-Krebs solution. Metabolic

inhibitor was present for the final 10 min of the wash period prior

to a 30 min incubation in the absence or presence of carbachol (tO-st'4¡.

0ligoqycin was dissolved in ethanol; an equivalent concentration (l%

v/v, final concentration) of ethanol was added to control and carbachol-

stimulated samp'les. The pH of the 2,4DNP solution (tO-l¡4¡ and the KCN

solution (tO-a¡q¡ was adjusted to pH 7.4 at 37oC with Na0H and HCI

respectively. The effect of these inhibitors on the ATP content of

unstimulated tissue slices was measured using the luciferase-luciferin

technique described in 3.9.

5.3 : RESULTS

The effect on inositol phospholipid hydrolysis of removal of

Na+ from the extracellular medium is sun¡marized in Table 5.1.

Replacement of Na+ with either Li+ or Tris had no signifìcant effect

on the 3H released from either the unstimuìated or CCK-8-stimulated

tissues (P 10.05). In both experiments A and B, the CCK-B stimulated

groups were significantly different to the unstimulated groups (P <0.05).



Table 5.1 : The effect of removal of extracellular Na+ on CCK-8 stimulated inositol phospholipid breakdown

rNosITOL PHOSPHOLIPID HYDR0LYSED (Bq/kBq3H INC0RPoRATED BY PANCREAS)

Ca2+-free Tris Krebs

Na+-free,

Ca2+-free Tris Krebs

EXPERIMENT A*

CONTROL CCK-8

227 t 18 (8) 315 t 20 (e)

CONTROL

183t e (s) 308t 7 (5)

t7L t t4 (5) 309 t 14 (s)

EXPERIMENT B
*

CCK.8

23t t t4 (8) 306 t 16 (8)

* 
Th. sodium was replaced in experiment A with Tris and in experiment B with lithium.

The numbers jn brackets are the number of samples in each group.

1\)
t\)
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Cycloheximide (5 x 10-4M) did not cause any significant alteration

in inositol phosphoìipid hydrolysis stimulated by carbachoì (10-sM),

as shown in Table 5.2.

The results summarised in Table 5.3 show that after a 240 min

incubation in Ca2+-free Tris-Krebs solution it was not poss'ible to

measure a significant carbachoì-stimulated breakdown of inositol

phosphoìipid. The 3H released from control tissue was 422 t 34 Bq/

kBq3H incorporated, which is more than twice that measured in the

standard experiment with a total incubation'time of 60 min. Ana'lysis

of variance indicated that there was no significant difference between

any of the 4 groups (P ' 0.05),

The effect of cytochalasin B (2 x 10-sM) on carbachol-stimulated

breakdown is shown in Table 5.4. Carbachol caused a significant

breakdown of inositol phospholipid (P < 0.05) and cytochalasin B did

not cause any sign'ificant alteration in the effect (P t 0.05).
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Table 5.2 : The effect of cycloheximide on carbachol-stimulated inositol phospholipid hydrolysis

INOSITOL PHOSPHOLIPID HYDROLYSED ABOVE CONTROL

(Bq/KBqEH INCORPORATED BY PANCREAS)

Cycloheximide (S x 10-4M)

Carbachol ( to-s¡4¡

Carbachol ( tO- s¡4¡

Cycloheximide (5 x 10-aM)

9r13
I88 t 22

173 t 11

(N = 10)

(N = 10)

(ttl = 10 )

P > 0.05

P < 0.05

(a)

(a)

+ P > 0.05 (b)

3H released from control tissue was 193 t 13 Bq/kBq3H incorporated by pancreas (N = 10).

(a)= P

(u)=P

(VS Control )

( I nteracti on )

f\)
f\)
æ
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Table 5.3 : The effect of colchicine on carbachol-stimulated inositol phospholipid breakdown

INOSITOL PHOSPHOLIPID HYDROLYSED

(Bq/KBq¡H INCORPORATED.BY PANCREAS)

Control

Col chi ci ne

Carbachol

Col chi ci ne

Carbachol

(3 x lo-sM)

(5 x 10-oM)

(3 x 10-sM)

(5 x 10-oM)

422 t 34

380 t 21

464 t 32

(ru=5)

(N=5)

(ru=s)

P > 0.05

P > 0.05

(a)

(a)

+ 369 t 31 (N=5) P > 0.05 (a)

(a) =P (\/s Control )

l\)
N)tcl
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Table 5.4 : The effect of cytochalasin B on carbachol-stimulated inositol phospholipid breakdown

INOSITOL PHOSPHOLIPID HYDROLYSED ABOVE CONTROL

(Bq/KBqgH II{CONPORATED BY PANCREAS)

Cytochalasin B

Carbachol

Cytochalasin B

Carbachol

(2 x 10-sM)

(5 x 10-eM)

(2 x 10-su)

(5 x 10-eu)

22tlI
Lll t 22

123 t 16

(u = to)

(t'l = 10)

(1,1 = 10)

P > 0.05

P > 0.05

( a)

(a)

+ P > o.o5 (b)

3H released from control tissue was 244 t L7 Bq/kBq3H incorporated by the pancreas (l'l = 10).

(a) =P (VS Control)

(b) =P (Interaction)

t\)(,o



23r.

The resuìts in Fig. 5.1 show that CCK-8 and carbachol alone stimulated

the hydrolysis of a significant proportion of the (3H)-inositol

phosphol'ipid. However, sìmultaneous stimulation of both receptor

classes produced an interaction since the amount of hydrolysis was

less than the additive effect of each agonist acting individually. In

fact, at 10-sM and 10-6M CCK-8 the presence of carbachol (tO-:¡4¡

produced little or no increase in the inositol phospho'ìipid hydrolysed

by CCK-8 alone. The results in Fig. 5.2 using another cholinergic

agonist butyrylcholine (which acts as a part'ial agonist with respect

to inositol phosphoìipid hydrolysis as shown in Chapter 7.3), showed

a similar interaction effect.

The effect of duration of stimulation on inositol phosphoìip'id hydroìysis

is shown in Table 5.5. For each duration, agonist-induced hydro'lysis of

inositol phosphoìipid was measured tn 12 samples and the amount of (3H)-

inositol phosphates present in unstimulated samp'les incubated for the

same time was subtracted from that of the stimulated samples. Inositol

phosphoìipid hydrolysis stimulated by CCK-8 increased significantly over

the periods 15-30 min and 30-60 min (P < 0.05).

The effect of metabolic inhibitors on the carbachol-stimulated breakdown

of inositol phospholipid and on the ATP content of tissue is shown in

Tables 5.6 and 5.7 respect'ively. The relationship between the ATP content

of tissue and inositol 1ip'id hydroìysis in the presence of metabolic

inhibitors is represented in Graph 5.3. None of the metabolic inhibitors

used caused a significant alteration in inosito'l phosphoì'ipid hydro]ysed

in unstimulated tissue compared to control (in the absence of metaboìic

inh'ibitor) (P r 0.05). Although there is not a linear relationship

between the concentration of ATP and inositol ìipid hydrolysis, the
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results show that 2,4 DNP and azide (10-2M) which caused a significant

decrease in lipid hydrolysis (Table 5.6) also produced a large

significant decrease in ATP content (Tabìe 5.7). Correspondingly, the

inhibitors azide (10-3M) and cyanide neither caused a significant

decrease in ATP content nor a significant inhibition of carbachoì-

stimulated inositol lipid hydrolysis (Tables 5.7 and 5.6, respectively).

The effects of ol'igonycin, however, did not agree with the above

relationship between ATP content and inhibition of lipid hydrolysis,

since oligomycin caused a very'large inhibition of the breakdown of

inositol lipid (sim'ilar to that for 2,4 DNP) but the ATP content was

only reduced to 78% of control by this concentration of oligomycin.
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Fig. 5.1 : The Effect of Simultaneous Addition of Carbachol

and CCK-8 on the Hydrolysis of Inositol Phosphol'ipid

Inositol phosphoìipid hydrolysis was rneasured as the

release of (3H)-inositol phosphates as described in materials and

methods , 5.2. Pancreatic tissue v'ras stimulated for 30 min with

10-3M carbachol (o), CCK-8 (o) or both agonists combined (r ).

The hydrolysis of inositol phospholipid occurring in the unstimulated

sampìes in each experiment was subtracted from that in stimuìated

samp'les and is expressed as Bq/kBq 3H incorporated by pancreas. The

values pìotted are means t S.E. of between 6 and 14 samples. The

results for (sH)-inositoì phosphates present in control samples in

each experiment were pooled and the mean t S.E. calculated to be

23 t 3 Bq/kBq3H incorporated by pancreas (n = 12).
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Fig 5.2 : The Effect of Simultaneous Addition of Butyrylcholine

and CCK-8 on the Hydrolysis of Inositol Phospholipid

Inositol phospholipid hydrolysis uras measured as the

release of (e¡1)-inositoì phosphates as described in 5.2 Pancreatic

tissue was stimulated for 30 min with 10-3M butyrylcholine (a¡,
CCK-B ( 

^ ) or both agonists combined ( o ). Inositol phospholipid

hydrolysis occurring above control is expressed as Bq/kBq 3¡1

incorporated by pancreas. The values plotted are means t S.E. of

between 6 and 11 samples. The results for (¡H)-inositol phosphates

present in controì sampìes in each experiment were pooled and the

mean I S.E. calculated to be 18 t 2BqlkBq 3H incorporated by pancreas

(n = 11). ,



236.

\ft

(0I

tãEÐoI-æI

Voc)

æI

c)rFI

l<
o

o
oç

oæ
oNrF

o 1s^] 0u o^ H
otdtloH

dsoH
d l0ItsoN

t
T

he E
ffect of S

im
ultaneous A

ddition of B
utyryìcholine and

C
C

K
-B

 on the t{ydrolysis of Inosi tol phosphol i piC

F
i g. 5.2



Table 5.5 The effect of duration of stimulation by CCK-8 (tO-e¡"l¡ on inositol phospholipid hydrolysis

Duration of incubation

(mi n)

Inositol phospholipid hydrolysed above control

(Bq/kBq H incorporated by pancreas)

90t 7 (N = 12)15

30

60

l44t 7

236 t L7

(N = 12)

(N = LZI

The (3tl)-tnositol present in control tissue incubated for 15, 30 and 60 min was : (Bq/kBq 3H

incorporatedbypancreas).25t3(¡=L2'),20t2(n=12), 15t2(n=1.1),respectively.

r\)(¡,



Table 5.6 : The effect of metabolic inhibitors on the carbachol-stimulated hydrolysis of inositol phospholipid

INOSITOL PHOSPHOLIPID HYDROLYSED ABOVE CONTROL

(Bq/KBq3H INCORPORATED BY PANCREAS)

Carbachol

0l i gorlyci n
Carbachol

2,4 Dini trophenol
Carbachol

Sodium azide
Carbachol

Sodium azide
Carbachol

Cyani de
Carbachol

(to-sl4¡ 119 t 10

8t18

3r10

42t 8

98t 3

93t18

(l'l = 48) (a)

(b)

10-6M)
10- sM)

(
(

(
(

(
(

(
(

+ (t{ = 12) (b )

(N = 5) (b )

(N = 13)

10- 3M

10- sM +

10-2M),
10- 5M)

10- 3M

10- sM +

+

)
)

)
)

(N = 5) ( c)

(l\ = 16) (c)
3M

sM
10-
10-

)
)

(a)

(b)

(c)

= P (VS Control) < 0.05

= P (VS Carbacho'l) < 0.05

= P (VSCarbachol)>0.05

3H released from control tissue = 226 r 10 Bq/kBq3H incorporated by the pancreas (N = 42)

f\)(,
@



Table 5.7 The effect of metabolic inhibitors on the ATP content of unstimulated pancreatic tissue slices

(ATP) % C0NTR0L

0l i gottyci n

2,4 Dinitrophenol

Sodium azide

Sodium azide

Cyani de

( ro-sm¡

( ro-au¡

( to-z¡¡

( to- a¡q¡

( 1o-:t¡¡

< 0.05

> 0.05

78r13

11 r 5

15t 2

83t15

88t15

(N= 6)

(N = 10)

(N= 9)

(N= 9)

(N = 6)

(b)

(a)

(a)

(b)

(b)

(a)

(b)

= P (VS Control )

= P (VS Control )

f\)(,
(O
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Fig. 5.3 The ATP Content of Pancreatic Tissue in the Presence

of Metaboìic Inhibìtor vs the Carbachol-Stimulated

Hydrolysis of Inositol Phosphoìipid

(o)
(¡)

(r)
(o)
(^)

2,4 DNP (10-3M)

Azi de ( to-z¡4¡

Azide ( 10- 3M)

Cyanide (10-3M)

0ligomycin (10-sN)

Each point plotted was obtained from values shown in Tables 5.6

and 5.7. Inositol phospholipid hydroìysed above control is

expressed as Bq/kBq 3H incorporated by the pancreas.
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5.4: DISCUSSION

Activation of muscarinic or CCK receptors in the pancreas leads

to an increase in the Nat permeability of the cell menùrane. The alter-

ation in Nal permeability can occur in the absence of extracellular Ca2+

(Nishìyama and Petersen, 1975; Iwatsuki and Petersen, 1977a). This

raised the possibility that Na+ influx may be the event which triggered

inositol phospho'lipid breakdown in mouse pancreas. In the present study,

the results obtained in the presence and absence of extracelìu'lar Na+,

demonstrate that the agonist-stimulated hydrolysis of inositol phospho-

ììpid is 'independent of receptor-stimulated Na+ influx through the pìasma

membrane. The results of Calderon et. al. (1980) obtained using rat

pancreatic fragments showed that Na+ replacement with Li+ stimulated the

incorporation of (14C)racetate 'into inositol 'phospholipid. In the presence

of Na+, agonists caused an increase in inositol ìipid synthesis whereas

when Na+ v,Jas removed, no increase in (t+ç)-acetate 'incorporation above that

caused by Na+ removal alone occurred (Calderon et. al., 1980). The

difference between the results of the present study, showing no effect of

Na+ removal on inositol ìipid hydrolysed in control or stimulated tissue,

and those of Calderon et. al. (1980) demonstrates that the synthesis path-

way of the phosphoinositide cycle can be modified with no effect on

inositol lipid breakdown and confirms that only results of the breakdown

of this lipid can be used for a valid interpretation of the role of

inositol'lipid breakdown in cell function.

The agonist-stimulated breakdown of inositol lipid does not depend on the

synthesis of a labile protein since cycloheximide, aìthough inhibiting

protein synthesis, had no effect on inositol phospholipid hydrolysis (Table

5.2). The only reported effects of cycloheximide on the phosphoinositide

cycle in the pancreas are those by Farese et. al. (fggta,1982) in which the
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secretagogue-stimulated increase in net phosphatidate content was

inhib'ited by cycloheximide (10-4M). Although the breakdown of PtdIns

in these studies by Farese was not measured, it was suggested that the

effect on phosphatidic acid content did not occur as a result of inhibi-

tion of Ptdlns breakdown since the agonist-stimulated decrease in net

PtdIns content was unaffected by cyc'loheximide. Since cycloheximide

has been found to inhibit a membrane-bound diacylgìycerolkinase from

adrenal gìand (Farese et. al., 1981 b ), the site of action of cyclo-

heximide may be at the conversion of diacylgìycerol to phosphatidate in

the pancreas (Farese et. al., 1982). hJhatever its site of action, the

results of the present study prov'ide clear evidence that cycloheximìde

does not alter inositol 'lip'id hydrolysis and further demonstrates the

advantage of the assay used. The lack of dependency of inositol lipid

hydroìysis on protein synthesis is likely to be common to a number of

cell types since a recent study by Creba et. al. (1983) showed no effect

of cycloheximide on PtdIns-4,5P2'breakdown in rat hepâtocytes.

The measurement of phosphoinositide turnover by either synthesis or total

ìipid content can be affected by,agents, such as cycloheximide and Na+,

which may act at a step in the synthes'is pathway. Measurement of the (3H)-

labelled products released from inositol lipid avoids the problem of the

actions of agents such as these.

The lack of inhibitory effect of disruption of microfilaments on inositol

lipid hydrotysis indicates that there is no requirement of ìipid break-

down for an intact cytoskeletal network (which is necessary for transport

and release of secretory products from the pancreas) and so indicates that

this lipid hydrolysis is not dependent on these later events in pancreatic

secretion. It was not possible to determine the effect of disruption of

microtubules on inositol lipìd hydrolysis using colchicine since the 210 min
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pre-incubation r'lith this agent allowed a ìarge basal breakdown of

lipid which resu'lted in a large pool of free (3H)-lnositol present.

under these conditions it is possible that both the breakdown and

re-synthesis of inositol 'lipid occurred and that some of the

released (3H)-inositol was re-incorporated, causing difficulty in
measuring the breakdown alone. This problem could have been overcome

by using a different microtubule inhibìtor, vinb]astir'rne, which does

not require as long an incubation time as colchicine. vinbìastine

disrupts microtubules and totally inhibits aqyìase secretion in

mouse pancreat'ic fragments after only a 90 min pre-incubation, since

the rate of vinblastine uptake is about 10 times greater than that of

colchicine (hlilliams and Lee, 1976).

The results of these studies indicate that inositol lipid hydrolysis

is closely associated with receptor activation since it occurs

ìndependentìy of a number of cellular events in stimulus-secretion

coupling. To investigate the relationship between receptor occupation

and inositol lipid the effect of simultaneous stimulation of different

receptors was examined.

If as suggested by Kirk et. al. (1981) the degree of inositol phospho-

lipid hydroìysis is proportional to the degree of receptor occupancy

then simultaneous activation of two different classes of receptors

should cause summation. The results shown in Figs. 5.1 and 5.2

demonstrate that the amount of inositol phospholipid hydrolysis

produced by the combination of two agonists acting on different

receptors was less than would be expected if they acted via independent

mechanisms to stimulate hydrolysis. It is not possible to determine
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how the interaction between occupation of the cholecystokinin and

muscarinic receptors occurs. However, it is not due to depletion

of (3H)-tabelled phosphoinositide since the amount of hydro1ysis

occurring at 30 min in the presence of CCK-8 and carbachol (or

butyrylchol'ine) was not the maximal phosphoinositide hydrolysis

possible. As shown in Table 5.5, the degree of hydroìysis fol'lowing

a 60 min incubation w.ith ccK-g (to-e¡q¡ was considerab'ly greater than

that obtained at 30 min either in the presence of ccK-8 alone or in

combi nat.ion wi th carbachol or butyryl chot i ne ( Fi gs . 5. 1 and 5 .2) .

Since phosphoinositide deptet'ion does not appear to cause the

interaction effect it is possible that the phospholipase C responsible

for hydroìys'is of Ptdlns-4,5P2 is limited. At high concentrations of

agonists the enzymes available may be maximally activated'

Alternatively, there may be Some' as yet, undefined interaction

between receptors such that occupation of one class of receptors

modulates the binding of agonist to another class of receptors.

Therefore the reduced hydrolysis of inositol phospholipid may be due

to reduced binding of agonists. These possibilities require

i nvesti gati on.

A recent study by Brown et. al. (1984) using rat cerebral cortical

slices reported that the effects of agonists acting at dìfferent

receptors on the hydro'lysis of inositol phosphoìipid were additive.

This resuìt suggested that the degree of phosphoinosit'ide hydrolysis

is proportional to receptor occupancy. The reason for the difference

in results using pancreas and brain slices is not known. one possible

explanation could be that in brain slices the different classes of
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agonists act on separate cell populations, and so have access to

individual mechanisms for activation of hydrolysis.

At the time that these results were obtained, the metaboìic-requiring

step in the carbachol-stimulated hydrolysis of inositol phospho'lipid

(Table 5.7) was difficult to identify since the proposed enzymic

reaction responsible for hydro'lysis was by the action of a phospho-

lipase C (Michell, 1975) which does not require ATP. A possibìe

explanation at that time was that ATP depletion caused a sufficient

disruption of the intracellular environment to inhibit phospholipase

C. It was not until Michell et. al. (1981) proposed that the break-

down of PtdIns-4,5P2 ma! be the initial agonist-stimulated event,

that another explanation for the ATP requirement of inositol 'lipid

hydroìysis found in this study was available.

When pancreatic tissue is labelled in uiuo wit'h ntyo-(2-3H)-inositol,

PtdIns, PtdIns-4P and PtdIns-4,5P2 are all radioactive'ly'labelled

with the majority of the radioactivity being'in Ptdlns (Tabìe 4.1).

If Ptdlns-4,5P2 was the initial l'ipid hydro'lysed on receptor

stimulation, then the (3H)-Ptdlns-4P and (3H)-ptAIns would be

phosphorylated to replace PtdIns-4,5P, to enable a continued loss

of (s¡1)-PtdIns-4,5P, This phosphoryìation required ATP, therefore

a reduction in ATP content will reduce the production of (s¡¡-Ptdlns-

4,5P2 and thereby'inhibit the breakdown of this ìipid and the increase

in acid-soluble radioactivity, as measured in thìs assay.

The ATP content and carbachol-stimulated inositol lipid hydrolysis of

pancreatic tissue were both reduced markedly by 2,4DNP and sodium azide

( tO-z¡'l¡ whereas sodi um azi de ( tO- eU¡ and cyani de caused I i ttl e reduction
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in either ATP content or lipid hydrolysis. Cyanide and azide inhibit

oxidative phosphcryìation by inhibiting the electron transfer between

cytochrome (a + a3) and 02 whereas 2,4DNP and oligomycin act to uncouple

electron transport and phosphory'lation. However, unìike the other

metaboìic inhibitors used, the effect of oligomycin on inositol lipid

hydrolysis was unrelated to its effect on ATP levels. The large inhibi-

tion of inositol lipid breakdown by oligomycin u,as not due to a corres-

pondingly large reduction in ATP content. This suggested that perhaps

oligomyc'in has other sites of action through which phosphoinositide break-

down is altered.

0ligomycin has at least two sites of action, one at the nritochondria to

inhibit the formation o'f ATP (Lardy et. al., 1958) and another at the cell

membrane to inhibit active transport and its associated ATPase activity.

This effect on the (Na+ + K+¡-ATease has been demonstrated in red blood

cells and kidney cortex slìces (Whittam et. al., 1964), brain microsomes

(Järnefelt,1962) and the electric organ of the electric eel (Gìynn, 1963).

A comparison of the effect of 2,4DNP (tO-a¡41 and oligomycìn (10-6M) showed

that 2,4DNP had no effect on the (Na+ + K+¡ ATPase whereas oligomycin

inhibited alnost 75% of the activity (Glynn, 1963).

0ligomycin exerts its inhibitory effect on (Na+ - K*) by inhibiting the

hydrolysis of ATP at the cell membrane and not by causing a decrease in

ATP (l^lhittam et. al., 1964). Since the inhibition of inositol lipid

hydrolysis by oìigomycin is not accompanied by a decrease in ATP, perhaps

the effect of oligomycin on this lipid response is a direct result of

inhibiting the (Na+ + K+) ATPase. The effect of ouabain on agonist-

stimulated inositol lipid breakdown should be examined to determine if
there is an association between this lipid response and the (Na+ + K+)

ATPase since ouabain inhibits this enzyme. A consequence of inhibition
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of the (Na+ + K*¡ ATPute is an increase in the leakage of Na+ into the

cells and of K+ out of the cells. Since the hydro'lysis of inositol lipid

is not dependent on Na+ (Table 5.2) it is unìikety that the increase in

intracellular Na+ would exp'lain the inhibition by oligomycin of inositol

lipid breakdown, however, the effect of an alteration in K+ concentration

on inositol lipìd hydrolys'is is not known.

Other possible effects of oìigomycin may be to inhibit the phospholipase

responsible for the phosphoinositide breakdown or PtdIns k'inase and

PtdIns'4P kinase which act in the synthesis of Ptdlns-4,SPr. There is

no evidence for the effect of oligomycin on these enzymes. If the forma-

tion of (slt)-pt¿lns-4,5,P2 is inhibjted in the presence of oligomycin this

would indicate an effect on the kinase(s) whereas if the amount of (3H)-

Ptdlns-4,5P2 did not decrease in the presence of agonist and o'ligomycin

then an effect on the phosphoìipase would be likely. These actions of

oligomycin should be tested in order to clarify the question of how this

agent which does not reduce ATP levels signifìcantly, alters phospho-

inositide breakdown.

The other studies which have not shown an inhibition of agonist-stimulated

breakdown of inositol phosphoìipid by metabolic inhibitors did not report

ATP levels (Michelì, 1975; Miller and Kowel,1981) and it is possible

that the ATP content of the celìs was not markedly reduced. The majority

of stud'ies of the effect of metabolic inhibitors on ATP production have

used isolated mitochondria with only a few studies using mammaìian tissue

fragments or cells. It is important that ATP content of tissue is measured

since the concentrations of metabolic inhibitors which effectively reduce

ATP production in isolated mitochondria are not necessarily effective in

tissue or isolated cells. The concentration and period of incubation with

metabolic inhibitor will depend on the permeability of the particular cell

for the agent.
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ù-The lack of effect of oligonycin (10-6M), cyanide (10-3M) and azide

( tO- t¡',1¡ on cel I ul ar ATP content was not expected. However, ol i gomyci n

takes a period of hours to penetrate cells (Michelangeli,1979) and

the 40 min incubation used in this study may not have been long enough.

Cyanide (fO-sU¡ effective reduces ATP content in pancreatic fragments

after a 90 min incubation (Williams and Lee, 1976) whereas in this study,

the 40 min incubation may not have allowed effective penetration of the

agent. Azide (2 x f0-3N) reduced ATP content to 40% of control in

isolated mouse lymphocytes after a 5 min incubation (Pozzan et. al.,

1980), however, there are no reported effects of azide on the ATP

content of pancreatic tjssue and it is likely that 10-3M azide does

not penetrate pancreatic fragments as readiìy as isolated cells such

as lymphocytes.

The results of the present study are in agreement with the inhibitory

effect of 2,4DNP on the decrease in Ptdlns in mouse pancreas (Hokin,

L974). A study by Poggioli et. al, (1983) showed that antimycin A, an

inhibitor. of m'itochondrial respiration, inhibited both the agonist-

stimuìated decrease in (32p)-ptdlns and the increase in (:zp¡-phos-

phat'idate synthesis 'in rat parotid cells, which is in agreement with

the energy requirement for phosphoinositide breakdown in pancreas as

found in the present studY.

In conclusion, inositol phospholìpid hydrolysis appears to be an ear'ly

event in activation of the mouse exocrine pancreas since it is not

linked to receptor occupation via an increase in Na+, or synthesis of

protein, nor via the processes involved in exocytosis since an intact

cytoskeìetal system was not required. The results suggest a close link
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with receptor occupat'ion and indicate that the binding of agonists

to different receptors activates a common mechanism which limits

the degree of inositol phospholipid. The interactive effect between

different classes of receptors requires further investigation.

This study shows that agents reported to alter the synthesis of

inositol phosphoìipid in pancreas have no effect on the breakdown of

this l'ipid and so further demonstrates that synthesis results can not

be used as an indirect measure of inositol 'lipid breakdown. The assay

used jn this study has the major advantage of measuring the (3H)-

inositol-labelled products released from inositol lipid and so is

unaffected by agents which may alter synthesis reactions. The ATP

requirement for agonist-stimulated breakdown of inositol lipid
provides information regarding the possible pathway for lipid hydroìysis,

supporting the proposal that PtdIns-4,5P2 breakdown and not PtdIns may

be the initial lipid hydro'lysed. The close linking of the inositol

phospholipid response to receptor occupation was in agreement with the

idea that the lipid response may be involved in controlling Caz+ entry

to the cytop'lasm and lead to the investigation of the relationship

between Ca2+-mobilization, inositol phospho'l ipid hydrolys'is and the

Ca2+-dependent response of secretion, which will be discussed in the

following chapters.
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CHAPTER 6

THE ROLE OF CALCIUÍI IN THE HYDROLYSIS

OF INOSITOL PI-IOSPHOLIPID IN EXOCRII\E PANCREAS
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6.1 : INTR0DUCTI0N

An essential argument in support of the proposal that

inositol phospholipid hydrolysis precedes Ca2i gating rather than

occurs as a result of Ca2+ entering the cytosol would be inositol

phospholipid breakdown is not dependent on an increase jn the intra-

ceìlular Ca2+ concentratìon. Despite the many studies that have

failed to show an effect of the Ca2+ ionophore A23I87 on Ptdlns

breakdown (Jones and Michell , L975; Fain and Berridge, 1979;

Billah and Michell,1979) the questjon of the Ca2+-dependency of

inositol lipid breakdown has become confused by recent studies on

neutrophils (Cockcroft et. al., 1981), pìatelets (Bell and Majerus,

1980; Lapetina et. al., 1981) and iris smooth muscle (Akhtar and

Abdel-Latif, 1980) which have demonstrated stimulation of breakdown

of PtdIns or PtdIns -4,5P2 by Ca2+ 'ionophores.

Although Hokin-Neaverson (1977) stated that the breakdown of PtdIns

in pancreas was not stimulated by increasing the intracellular Ca2+

concentration with ionophore 423187, Farese et. al. (1980) have shown

a decrease in the total Ptdlns mass of pancreatic fragments in

response to the calcium ionophore. The results of Farese et. al.

( 1980) have been used to support the proposal that Ptdlns hydroìysis

in the pancreas follows, rather than precedes, Ca2+ entry (Hawthorne,

1982) even though inositoì phospholipid breakdown was not measured.

Because clarification of the reìationship between inositol phospho'lipid

hydrotysis and Ca2+-mobil'ization is critical to an understanding of the

role of inositol ìipid breakdown in stimulus-secretion coupling, the

i nvol vement of i ntracel I ul ar and extracel I ular Ca2+ in secretagogue-

induced inositol ìipid breakdown was investigated in this study.

I
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As described in the prev'ious chapter, the breakdown of inositol

phospholipid in the exocrine pancreas is stimulated by carbachol

and CCK-8 in the absence of extracellular Ca2+. Since these cells

have intracellular stores from which Ca2+ can be released by agonists

(l^lilliams and Chandler, 1975; Petersen and Ueda, 7976; Schulz, 1980 b)

this result does not eliminate a role for Ca2* as the activator of

inositol lipid breakdown in the pancreas.

In an attempt to determine whether the breakdown of inositol phospho-

lipid in pancreas lvas activated by an increase in the intracellular

Ca2+ concentration, the effect of A23IB7 on the breakdown of inositol

phospholipid, rather than its effect on a decrease in inositol lipid

mass (Farese et. al., 1980) (which measures the net result of break-

down and synthesis) was investigated.

In addjtion to investigating whether the hydroìysis of inositol

phospholipid was activated by Ca2+, the dependence of the agonist-

stimulated breakdown of inositol ìipid on Ca2+ released from stores

was examined. l^lhen pancreatic fragments are incubated in Ca2+-free

solutions, the addition of secretagogues causes an increase in amylase

secretion which decreases within 10 min, due to depìetion of intra-

cellular Ca2+ (tlilliams and Chandler, 1975; Kanno and Nishimura, 1976).

If the agonist-stimuìated hydrolysis of inositol phospholipid increases

with time after depletion of Ca2* stores, this would indicate that the

lipid response was not dependent on Ca2+. This was investigated in

the present study.

Another method to investigate the dependence of the inositol lipid
breakdown on stored Ca2+ would be to use an agent which inhibits the
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release of Ca2+ from intracellular stores. 8-(N,N-Diethylamino)-

octyl-3,4,5-trimethoxybenzoate-HCL(TMB-B) has been used as an intra-

ceìlular Ca2+ antagonist (Charo et. ôì., L976; Rittenhouse-Simmons

and Deykin, 1978; Shaw, 1981). The mode and site of action of this

agent have not been defined, although it has been proposed to

immobjlize Ca2+ at the intracellular membrane storage sites

(Rittenhouse-Simmons and Deykin, 1978). TMB-B was used in the present

study in an attempt to study the role of intracellular Ca2+ stores in

the activation of inositol lipid hydrolysis.

Studies of a number of tissues have shown different effects of removal

of extracellular Ca2+ on agonist-stimulated inositol phospholipid

breakdown. Although no alteration in Ptdlns breakdown was found in

blowfly salivary gland (Fain and Berridge, 1979) and parotid gìand

(Jones and Michell,1975; Jones et. al.,1979), studies in lymphocytes

(Hui and Harmony, 1979) and hepatocytes (Kirk et. al., 1981) showed a

significant reduction in Ptdlns breakdown on Ca2t removal, while in

po]ymorphonuclear leukocytes (Cockcroft et. al ., 1981.) this l'ipid

response was abolished.

No study had been made of the effect of Ca2+ omission on inositol

phosphol'ipid breakdown in mouse pancreas although Farese et. al. (1980)

showed that the carbachol-stimulated decrease in net Ptdlns mass in

rat pancreas was abolished by Ca2+ removal. The onìy other studies of

Ca2+ omission in the pancreas measured the synthesis of Ptdlns (Hokin,

1966; Calderon et- al. , 1979, 1980). The breakdown of inositol

phospholipid in mouse pancreas incubated in the presence and absence

of extracellular Ca2+ was examined in the present study.
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It was found that the hydroìysis of inosito'l phosphoìipid stimulated

by both muscarinic and peptide receptor agonists was potentiated when

Ca2* was present in the extracelluìar fluid. Even though an increase

in intraceltular Ca2+ with ionophore may not stimulate inositol phospho-

lipid breakdown a possible Ca2+-requirement for the activation of this

lipid response by agonìst may exist. This raised the question: How

does Ca2+ potentiate inositol phospholip'id breakdown? An investigation

of this question was important since it could provide a clearer under-

standing of the activation process of inositol lípid hydroìysis. This

study examined whether the effect of Ca2+ was on the inside of the cell

(for exampìe, caused by the movement of Ca2+ through the p'lasma membrane)

or on the outside of the ceìl (by binding to specific caz+ membrane-

binding sites). To do this, the effects of various 'calcium antagonists'

on agonist-stimulated inositol phospholipid breakdown u,ere examined.

Tetracaine, metho&yverapami'l (D600), neorycin, and the metal cat'ions

lanthanum (tas+¡ and manganese (Mn2+) can act as ca2+ antagonists since

they inhibit transmembrane ca2+ fluxes (Marier et. al., L97B; Kohlardt

et. al.,1972; Goodman. et. al., t974; Seeman, IBTZ; Putney et. al.,
1978; Putney, 1981; Aub et. al., 1982) and/or interfere or compete

with ca2+ for the externally located membrane storage sites (seeman,

1972; t^leiss , t974; Langer et. al . , 7974).

In summary, the examination of the role of Ca2+ in inositol'lipid
breakdown resulted in the following findings:

The agonist-stimulated breakdown of inositol phospholipid occurs

in the absence of extracellular Ca2+.

1
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The inositol lipid response was not activated by Ca2+ introduced

into the cells with ionophore A23lB7.

The lipid breakdown stimulated by agonists was not dependent on

the release of Ca2+ from intracellular stores since it occurred

when this cellular Ca2+ had been depìeted.

The putative intracellular calcium antagonist, TMB-8 could not be

used as an inhibitor of the release of Ca2 from stores since it
acted to block the muscarinic receptor.

The presence of Ca2+ in the extracellular fluid potentiated both

basaì and agonist-stjmulated'lipid breakdown.

The potentiating effect of Ca2+ was not due to the movement of

Ca2+ through the p'lasma membrane since neonycin had no effect on

inositol lipid breakdown.

7. Two sites of potentiation by Caz+ exist on the external surface

of the cell membrane.

Qne site 'is associated with potentiation of unstimulated inositol

lipid hydrotysis and manganese can rep'lace Ca2+ at this sjte which

is lanthanum insensiti ve.

The second site is associated with potentiation of agonist-

stimulated hydrolysis of inositol tipid. Lanthahum and manganese

compete with Ca2+ at this site to remove the potentiation effect.

6.2 : MATERIALS AND METHODS

In all experiments using pancreatic slices, tissue was labelled

with rnyo- ( Z- "t1¡ i nosi tol and i nosi tol phosphol i pi d hydrolysi s measured
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as described in 3.2. Amylase secretion was measured as described in

3.7 (a). In aìì experiments where tissue was incubated in the presence

of agonist, 423187 or calcium antagonìst, the appropriate controls v',ere

included so that the inositol lipid hydrolysed and amyìase secreted in

stimulated tissue could be calculated above basal values in unstimu'lated

tissue.

6.2 (a) Inositol Phospholipid Hy rdolysis and Intracellular Ca2+

These studies examined the role of intracellular Ca2+

in two ways. Firstly, intracellular Ca2+ was increased with the

ionophore A23lBl and secondly, intracellular Ca2* was dep'leted

by proìonged incubation of tissue in Ca2+-free media.

To investigate the effect of increasing the intracellular Ca2+

concentration on amyìase secretion and inositol lipid hydro'lysis

'in pancreatic slices, the tissue was washed for 2 x 15 min in

a solution similar to the Krebs solution but with the MgCl2 and

CaC12 omitted. A 5 min incubation in this Krebs solution

containing ionophore A23IB7 (tO-s¡1¡ was followed by a 30 min

incubation of tissue pieces in Krebs solution containing CaC'|2

but no MgClz in the presence of 423187 (tO-sp¡¡. Ionophore

A23I87 was dissolved in ethanol, and ethanol (0.1% final

concentratìon) was added to controì samp'les for these experiments.

Inositol phospholipid hydrolysis amylase secretion were measured.

To measure inositol lipid breakdown in pancreatic acini, mice

were injected intraperitoneally with 1.22MBq of myo-(2-3H)

inositol using the procedure described in 3.2. Acini were



2 58.

prepared and incubated for 30 min in the Hepes-buffered

solution containing 2mM mao-inositol, as described in 3.6.

The acini suspension was then centrifuged at 50 x g at 22oC

for 4 min. Acini u,ere resuspended in the Hepes-buffered

solution and 0.8 ml aliquots p'laced in incubation vials

containing 0.2 ml of Hepes-buffered solution and 423187

( 10-6M) or carbachol ( tO-+¡'4¡ . Aci ni were i ncubated wi th gentl e

shakjng at 60 cycles/min and gassed with 100% 02 for 30 min.

The incubation was terminated by fast freezing'in a dry ice/

alcohol bath and the samples assayed for inositol lipid break-

down using the technique described in 3.2.

An¡yìase secretion stimulated by 423187 (tO-eM¡ and carbachol

(fO-e¡4¡ in acini incubated in Hepes-buffered solution, as above,

was measured using the method described in 3.7 (b). (tO-cU

carbachol was used instead of 10-4M, since this lovúer concentra-

tion produced maximaì aqylase secretion).

To examine the effect of depìetion of intracelìular Ca2+ stores

on inositol lipid hydroìysis, pancreatic fragments were washed

for 2 x 15 min in Ca2+-free Krebs solution and the incubated in

Ca2+-free Krebs solution with CCK-8 (tO-eU¡. The incubations

were terminated at 5, 15 and 30 min and inositol lipid hydrolysis

measured. The effect of this incubation procedure on ce'llular

Ca2+-stores was examined by incubating the tissue as above,

and measuring CCK-8-stimulated amylase secretion at 5, 15 and

30 min.
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In order to make a conclusion about the abiìity of CCK-B

to stimulate inositol phospholipid hydrolysis at a time when

Ca2+ stores lvere depìeted it was necessary to determine which

of the two following events (causing an increase in phospho-

inositide hydroìysis with time) occurred.

One expìanation for a time-dependent increase in hydrolysis

would be due to an increase in agonist-receptor interaction

with time, such that the lipid response increased as an

immediate resuìt of receptor occupation at each time point.

The second poss'ible expìanation would be that the hydrolysis

of inositol phosphoìipid occurred as a secondary effect to

activation of a process at the beginning of the incubation.

For example, inositol phospholipid hydrolysis could be

activated by the small amount of Ca2+ released from stores

at the start of the incubation in Ca2+-free Krebs solution.

If this were the case, then the increase in lipid hydrolysis

at 15 and 30 min could be due to a continued increase in

enzyme-substrate interaction occurring as a result of the

initial receptor activation when the incubation began.

Therefore, a conclusion of lack of dependency of phospho-

inositide hydrolysis on stored Ca2+ would be incorrect. To

distinguishirbetween these two alternatives atropine was used.

If inositol ìipid hydrolysis occurs as an immediate result

of receptor activation at each time point then addition of

atropine at any time during the incubation will cause cessation

of breakdown. If atropine addition does not cause cessation
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of breakdown this would indicate that initial receptor

activation stimulates inositol tipid hydroìysis via a

mechanism which once activated does not require further

receptor occupation. The latter possibility is unlikely

since it would not provide the lipid response with a

mechanism for 'switching off' . However, the two possibil ities

were examined using the following method.

Wo-(2-3H) inositol-labelled pancreatic pieces were washed for

30 min in Ca2+-free Krebs solution and then incubated in Ca2+-

free Krebs solution in the presence of carbachol (10-4M). The

incubation of 1/3 of the samples v',as terminated at 15 min while

the remaining samples were incubated for a further 15 min.

Atropine (10-4M) was added to L/2 of these remaining samples at

15 min. The appropriate controls were made, that is a control

for 15 min and 30 min and a control for 30 min with atropine

(fO-+¡4¡ added at 15 min.

To examine the effect of TMB-B on inositol l'ipid hydrolysis

pancreatic tissue slices were washed for 25 nin in Ca2+-free

Tris-Krebs solution and then incubated with TMB'B for 35 min.

Inositol phosphoìipid hydrolysis rvas stimulated by adding

agonists for the final 30 min of the incubation.

In the studies which jnvestigated the effect of an agent or

incubation procedure on both inositol phospholipid hydrolysis

and anylase secretion it was necessary to use a Ca2+-containing

Krebs solution which was bicarbonate-buffered for both studies



since amylase secretion could not be stimulated in tissue

incubated in Tris-Krebs solution, as described in 3.9 (a).

26t.

Inositol Phospholipid Hydrolysis and Extracellular Ca2+6.2 (b)

The effect of Ca2+ on inositol phospho'lipid breakdown

was investigated by measuring this response in pancreatic

fragments incubated in Ca2+-free Tris-Krebs solution and in

Tris-Krebs solution, in the presence of a range of concentrations

of CCK-8, carbachol or bethanechol.

To investigate the potentiation by Caz+ of inositol phosphoìipid

hydrolysis, the calcium antagonists tetracaine, methoxyverapamil

(D600), neomycin, and metaì cations La3+ and Mn2* were used.

Wo-(2- 3H) i nosi tol -l abel I ed pancreati c sl i ces were i ncubated

in Tris-Krebs solution or Ca2+-free Tris-Krebs solution in the

presence and absence of agonist and/or calcium antagonist for

30 min; inositol phosphoìipid hydrolysed was then measured.

Since the experiments using La3+ and Mn2+ required Tris-buffered

Krebs solution (Cu'* and Ca2+-free) to avoid precipitation of

the metal ion with HC03, the experiments using D600 and

neomycin also used Tris-buffered Krebs solutions so that all

results with Ca2+-antagonists could be compared. In experiments

using neonycin (ro-zl4¡ or MnClz (to-3M) it was necessary to

adjust the pH of the Tris-Krebs solution containing these

agents to pH 7.4 al 37oC; calcium antagonists used at other

concentrations did not alter the pH of the Tris-Krebs in which
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they were dissolved. D600 was dissolved in ethanol, an

equivalent amount (0.1%,v/v) of ethanol was added to control

samp'les .

To avoid the possibility of the metal cations causing release

of acetycholine from nerve terminals, atropine (10-sM) was

present in experiments using CCK-8; in experiments using

carbachol the addition of atropine (10-sN) to tissue incubated

with metal cation alone did not cause any significant difference

in inositol lipid hydroìysed (P ' 0.05).

To examine the effect of neomycin on amy'lase secretion,

pancreatic pìeces were incubated in Krebs solution in the

presence and absence of neorqycin and/or carbachol and amylase

secreted was measured as described in 3.7 (a). The concentra-

tion of carbachol (10-6M) was chosen for these experiments

because it caused maximal amyìase secretion.

6.3 : RESULTS

CCK-8, bethanechol and carbachol produced a concentration

dependent increase in the breakdown of inositol lipid in pancreatic

fragments incubated in Ca'*-fre. Tris-Krebs solution, and the presence

of extracetlular Ca2* potentiated the inositol phosphoìipid response

(Figs. 6.1, 6.2, 6.3).

Since extracellular Ca2+ was not required for agonist-stimulated

breakdown the role of intracellular Ca2+ was finstly examined, followed

by an investigation of the potentiating effect of Ca2+.
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6.3 (a) Inositol Phospholipid Hydro'lysis and Intracellular Ca2+

The effect of increasing the intracellular Ca2+

concentration on the hydrolysis of inositol phospholipid was

investigated with the ionophore A23187 and the results are

shown in Table 6.1. Pancreatic slices incubated in the presence

of A23187 (to-0¡4¡ released 9 t 9 aq3H/kgq 3H incorporated by the

pancreas from inositol lipìd above control (n = 19); this u,as

not a s'ignificant increase from control.. (For comparison, an

EC5e of CCK-B released approximateìy 230 Bq3H/kBq 3H incorporated

by the pancreas above control.

To test whether the ionophore 423187 was effective in increasing

the intracellular Ca2+ concentration under the experimental

conditions used, the secretion of amylase from pancreatic

fragments vlas measured. The results summarized in Table 6.1

show that A23lB7 caused a small but significant increase in

amylase secretion above control. Since tissue sìices were

used, it is possible that the ionophore did not have access to

all acinar cells, which may explain why secretion was low. It
was therefore necessary to examine the effect of 423187 on

inositol lipid hydrolysis and arqylase secretion in pancreatic

acini which would be more accessible to A23I87, before the

conclusion that this lipid response is not stimulated by an

increase in intracellutar Ca2+ couìd be made.
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Fig. 6.1 : CCK-B-Stimulated Hydroìysis of Inositol Phospholipid

(o)
(^)

Tris-Krebs sol ution

Ca2+-free Tris-Krebs solution

3H released (Bq/kBq 3H incorporated by pancreas) in control

tissue was 240 t L4, n = 9 (O) and 153 + 5, n = 40 (A).

Each value plotted represents the inositol phospholipid hydrolysed

above control expressed as Bq/kBq 3H incorporated by pancreas and

is the mean of at least 8 samples t S.E.; where no error bar is

visible it did not extend beyond the limits of the symbol.



ptdl[or{dsorld lot!soui Jo s!sÁtoJp/çH palptnurls-E-)]J : I.9 .6tj

INOSITOL PHOS PHOL IPID
HYDROLYSED

o
ò
oo

C^)

eo
N
oo

r¡
CÐ
o

o
o
T, cbæ

I
\¡

o-
GI

=-,

I
ct)

'99¿



266.

Fi g. 6.2 Bethanechol-Stimulated Hydrolysis of Inositol

Phospho'l'ipid

(o)
(r)

Tris-Krebs sol ution

Ca2+-free Tri s-Krebs solution

3H released (Bq/kBq 3H incorporated by the pancreas) in control

tissue was 271 t 16, n = 22 (O) and 238 t 23, n = 9 (I).

Each value plotted represents the inositol phospholipid hydrolysed

above controì expressed as Bq/kBq 3H incorporated by pancreas and

is the mean of at least B samples t S.E.; where no error bar is

visible it did not extend beyond the limits of the symbol.
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Fig. 6.3 carbachol-stimulated Hydrolysis of Inositor phosphoìipid

(ol

(r)

Tris-Krebs sol ution

Caz+-free Tris-Krebs solution

3H release.d (Bq/kBq 3H incorporated by pancreas) in control tissue

was 254 t 10, n = 49 (O) and I72 x 9, n = 44 (l).

Each value plotted represents the inositol phospholipid hydrolysed

above control expressed as Bq/kBq 3H incorporated.by pancreas and

is the mean of at least I samples r s.E.¡ where no error bar is

visible it did not extend beyond the limits of the symbol.
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The results in Table 6.2 show that although A23lB7 caused an

increase in amylase secretion from acini of almost twice controì,

there was no stimulation of inositol lipid hydroìysis, whereas

activation of the muscarinic receptor stimulated both amy'lase

secreti on and I i pi d breakdown.

Since pancreatic cells possess cellular stores Ca2*,'it was

investigated whether the agonìst-induced hydroìysis of inositol

phospholipid in the absence of extracellular Ca2+ ceased as

intracellular stores of Ca2+ were depleted. Following a 30 min

wash period in Ca2+-free Krebs solution, the CCK-8-stimulated

breakdown of inositol lipid measured after 5,15 and 30 min

incubations of pancreas pieces in Ca2+-free Krebs solution

significantìy increased (P.0.05) at each increase in incubation

time as shown 'in F'ig. 6.4.

The 30 mín wash period had a significant inhibitory effect on

amyìase secretion since the subsequent addition of CCK-8 (tO-e¡

for 5, 15 or 30 min failed to stimulate secretion above basal

(Table 6.3) - indjcating depletion of stored Ca2+.

The resuìts shown in Fig. 6.5 show that addition of atropine

(10-4M) 15 min after carbachol was added to pancreatic slices

prevented any further breakdown of inositol phospho'lipid. In

the absence of atropine, carbachol-stimulated inosjtol 'lipid

hydrolysis at 30 min was significant'ly greater than that at

15min(P<0.05).
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Table 6. I The effect of ionophore Az3rg7 on the hydrolysis of
inositol phospholipid and the secretion of an¡ylase

in pancreatic slices
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. Inositol phospholipid hydroìysed
(Bq/kBq rH incorporated by pancreas)

Arqyl ase secreted
(% totat )

CONTROL
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20Lt11(n=
2L0t10(¡=

7.2 t 0.25 (n = Z0)

10.1t 0.4 (¡ = 20)
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Table 6.2 The effect of ionophore A23I87 on the hydrolysis of

inositol phosphoìipid and the secretion of amylase from

pancreatic acini

I

I
t

l
I

!

I

iI nosi tol
(Bq/kBq 3¡¡

p
i
hosphoì i pid hydrolysed
ncorporated by pancreas )

Amyìase secreted
( z total )

CONTROL

A23t87 (tO-sv¡
*

Carbachol

105t5(n=5)
92t7(n=B)b

300t54(n=7)a

7.6 ¡ 0.9 (n = 11)

13.7 t 0.7 (n = 10)a

15.4 t I.2 (n = 5)a

*,

fl

a : P(vs control) < 0.05

b : P(vs control) > 0.05

carbachol was present at a concentration of 10-aM for the inositol

phospholipid experiments and at 10-5M for the amylase secretion

experi ments .

*
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Table 6.3 The effect of incubation of pancreatic slices in Caz+-

free Krebs solution on CCK-8-stimulated an¡ylase secretion

Amylase secreted (Z total )

CONTROL ccK-8 ( ro-e¡4¡

5 min

L5 min

30 min

6.5 t 0.4 (n = 8)

7.8 t 0.4 (n = 8)

9.1 t 0.3 (n = 8)

6.9 t 0.4

8.4 t 0.4

9.9 t 0.7

(n = 8)a

(n = 8)a

(n = 8)a

a P(vs control) > 0.05
I
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Fig. 6.4 Time Course of CCK-8-Stimulated Inositol

Phospholipid Hydroìysis in Ca2+-free Tris-Krebs

Sol uti on

3H released (gq/tgq 3H incorporated by the pancreas)

in control tissue incubated for 5, 15 and 30 min t,{as IZL ¡ 9

(n = 8), 134 i 9 (n = 1.1), 148 t 6 (n = 10), respectively.

Each value plotted represents inositol phospholipid hydrolysed

above control expressed as Bq/kBq 3H incorporated by pancreas and

is the mean + s.E.; for each time point, the number in par:entheses

is the number of samples.
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Fig. 6.5 The Effect of Atropine on Carbachol-stimulated

Hydrolysis of Inositol phosphoìipid in Ca2+-free

Krebs Sol ution

The 3H released (Bq/kBq 3H incorporated by the

pancreas) from control tissue incubated for 15 min,30 min and

30 min (with atropine added at 15 min) were: 174 r g (n = 5),
162 x 7 (n = 6), and 178 t B (n = 6), respective.ly.

Each value plotted represents inositol phospholipid hydroìysed

above control expressed as Bq/kBq 3H incorporated by pancreas and

is the mean + S.E. of at least 6 sampìes.
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To further investigate whether the breakdown of inositol

phosphotipid occurred prior to the release of Ca2+ from intra-

cellular stores, the putative intracellular calcium antagonist

TMB-8 was used. TMB-B (2 x 10-+¡4) i nhibited comp'letely the

hydro'lys'is of inositol phospho'lip'id induced by carbachol (Table

6.4), whereas the breakdown of phospholipid produced by an

equipotent concentration of CCK-8 (10-eM) was reduced by 28 r

19% (n = 5), which lvas not a significant decrease (P t 0.05).

A higher concentration of TMB-8 (tO-e¡1¡ did not inhibit completely

but did s'ign'ificantly reduce the effect of CCK-8 (10-eM) on lipid
hydro'lysis by 44 t 9% (n = 10), (Tab1e 6.4). TMB-B alone had no

significant effect on inositol phosphoìipid hydrolysis since

TMB-8, 2 x 10-4M and 10-3M, caused the release of tH (gq/Lgq,H

incorporated by the pancreas) above contro.l of 24 r 8 (n = 4) and

20 t 21 (n = 4), which were not significantly increased above

control (P ' 0.05).

The specificity of TMB-8 to act as a calcium antagonist was

investigated in our ìaboratory by examìning the effect of TMB-8

on (3H)-QNB binding to pancreatic muscarinic receptors. The

results of this study are discussed in 6.4 of this chapter.

Brief'ly, it was found that the effect of TMB-8 could not be

attributed to inhibition of a Caz+-dependent hydrolysis of

i nosi tol phosphol i pi d.

These studies investigating intracellular Ca2+ indicate that

the hydrolysis of inositol phosphoìipid is not activated by an

increase in intracellular Ca2*, nor is the agonist-stimulated

tipid response dependent on Ca2+ released from stores.
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Table 6.4 The effect of TMB-8 on carbachol and CCK-B-stimulated

hydro'lysis of inositol phosphol ipid

Inositol phospholipid hydrolysed above control
(Bq/kBq 3H incorporated by the pancreas)

TMB.8*

( (+)

ccK-8 (to-a¡4¡

Carbachol ( tO- s¡4¡

133 t 14 (n = 13)a

130 t 32 (n = 4)a

76 t 13 (n = 10)b

5t10(n=5)c

*
TMB-8 concentrations used were 10-3M for incubations with CCK-B and

2 x 10-aM for incubations with carbachol. The 3H released in control

samples was 198 t 8 Bq/kBq 3H incoroprated by the pancreas (n = 33).

P(vs control) < 0.05

P(vsCCK-B) <0.05

P,(vs carbachol )< 0.05

a

b

c
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6.3 (b) Inositol Phos pholipid Hydrol is and Po tenti ati on by ca2+

As shown in Figs. 6.1, 6.2 and 6.3, Ca2+ potentiated

the hydrolysis of inositol phosphoìipid stimuìated by CCK-8,

carbachol and bethanechol. A significant increase in the rélease

of 3H from myo- (2-3H) inosìtol-labelled inositol phospho'l ipid

also occurred in unstimulated tissue. The results for acid-

soluble 3H present in control tissue incubated in Tris-Krebs

solution or Ca2+-free Krebs solution were pooled from data of

F'igs. 6.1, 6.2 and 6.3 and calculated to be 257 t 8 Bq/kBq :g

incorporated into pancreas (n = 80) and 170 r 6 Bq/kBq 3H

incorporated into pancreas (n = 93), respectively; these two

groups were significantìy different (P . 0.05).

The dose-response curve for carbachol-stimulated inositol lipid
hydrolysis in a Ca2+-containing HCO3 -buffered Krebs solution

showed an upward shift compared with carbachol-stimulated

hydrolys'is in a Ca2+-containing Tris-buffered Krebs solution

Fig. 6.6). The lipid hydro'lysis in tissue incubated in a Ca2+-

containing so'lution buffered with Hepes is also shown.

The reason for the difference in inositol lipid hydro'lysis

stimulated by carbachol in a Tris-buffered or HCO3-buffered

solution is not clear. The Hepes-buffered solution which is

gassed with 02 as is the Tris-solution appeared to resembrle

more closely the response in HCOr-buffered solution at high

concentrations of carbachol indicating that the difference is

not due to the gas used. The Tris may be entering the cells and

causing a change in intracellular pH which afîects lipid hydrolysis.



281.

Fig. 6.6 Carbachol-Stimulated Inositol Lipid Hydroìysis

in a Ca2+-containing Krebs solution. Solutions

were buffered with HC03 (O), l.lepes (A) and

Tris (I)

Results plotted represent inositol lipid hydrolysed

above control expressed as Bq/kBq 3H incorporated by pancreas

and are the mean t S.t. of at least 4 samples.

3H released in control tissue was: (Bq/kBq 3H incorporated by

pancreas) 237 t l0 (n = 12) for HCOr-Krebs,254 t 10 (n = 49)

for Tris-Krebs, and 226 t 7 (n = 4) for Hepes-Krebs.
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To examine the mechanism of potentiation by c¿2+ of agonist-

stimulated inositol phospholipid hydro'lysis a number of ca2+-

antagonists were used. These agents (tetracaine, D600,

neomycin, La3+ and Mnz+) inhibit transmembrane caz+ fluxes and

in addition tetracaine, La3* and Mn2+ arso compete with ca2+

for binding sites on the external surface of the cell.

The Ca2+ potentiation effect was firstly examined using

tetracaine (5 x 10-sN) which did not alter the effect of

carbachol on inositol phosphoìipid hydrolysis in Tris-Krebs

solution (Tab'le 6.5) but did significanily reduce the effect

of this agonist in ca2+-free Tris-Krebs solution (Tab'le 6.6).

To examine whether this inhibitory effect of tetracaine was

specifically associated with muscarinic receptor activation,

the abi'lity of tetracaine to reduce ccK-8-stimurated lipid
hydrolysis was also examined. The resurts in Table 6.6 show

that tetracaine did not alter inositol ìipid hydrolysis

stimulated by the peptide CCK-8 in Ca2+-free Tris-Krebs

solution. A direct comparison between the effect of tetracaine

on carbachoì and ccK-B-stimulated ìipid hydrolysis could not be

made, however, since these two agonists were not present at

equiacti ve concentrations .

D600 (10-4M) did not cause a s'ignificant decrease in CCK-g-

stimulated inositol 'lipid hydroìysis and although a decrease

in the effect of carbachol on the lipid response was observed,

this was not significant (P > 0.05) (Table 6.7).
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The effects of neomycin (3 x 10-3M and 10-2M) on carbachol-

stimulated inositol phospholipid hydrolysis are shown in Table

6.8. Neon¡ycin did not cause a significant reduction in inositol

lipid hydro'lysed even at the high concentration of 10-2M which

significantly reduced carbachol-stimulated amyìase secretion

(Table 6.9).

The reduction in aniylase secretion was used as an indirect

indication that Ca2+ influx had been inhibited by neomycin.

as6¿2+ flux measurements were not carried out in this study,

however, there is clear evidence to show that neomycin (3 x 10-3M

and 10-2M) effectively inhibits the entry of ca2+ from the extra-

cellular medium into the receptor regulated pool of ca2+ in rat
parotid gland (Marier et. al., lglï; Putney, 19gl; Aub et. al.,
1982). Therefore it seemed reasonable to assume that the effect

of neomycin to inhibit amylase secretion was by a reduction in

ca2+ influx and so the results indicated that agonist-stimulated

inositol phospholipid hydrolysis was not potentiated by Cäz+

i nfl ux.

To examine the possible role of Ca2+ bound to the negative'ly

charged sites on the cell surface, La3* and Mn2+ were used.

These ions also block the entry of caz+ into cells but since the

results using neomycin indicated that Ca2+ entry was not

responsible for the potentiation of the lipid response then any

alteration of lipid breakdown by these metal ions could be

attributed to an effect on membrane-bound Ca2+.

Las+ (10-3M) significantly reduced bethanechol and CCK-B-stimulated
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inositol phospholipid hydrolysis in Tris-Krebs solution but

did not alter the effect of these agonists on inositol lipid
hydrolysed in Caz+-free Tris-Krebs solution (Fig. 6.7). The

hydrolysis of inositol phospholipid induced by bethanechol

(5 x 10-sM) and CCK-8 (tO-eU¡ was reduced by 47.8% and 47.3%

respectively, in Tris-Krebs solution. Las+ (10-3M) did not

have any effect on the inositol phosphoìipid hydroìysed in

unstimulated tissue incubated in either the presence or absence

of Caz+.
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Table 6.5 The effect of tetracaine on the agonist-stimulated

hydrolysis of inositol phospho'lipid in Tris-Krebs

sol ution

Inositol phqspholipid hydroìysed above control
(Bq/kBq 'H incorporated by the pancreas)

Tetracaine (5 x tO-sM)

Carbachol (S x tO-og¡

Tetracaine (5 x 10'sM)

Carbachol (5 x 10-sN)

-20¡ 9

120 t 17

(n = 14)

(n = 16)

a

b

+ 90t11 (¡=14) c

a

b

c

P(vs control) > 0.05

F(vs control) < 0.05

P (interaction)> 0.05

3H released in coìtrol tissue was 264 t 14 Bq/kBq 3H incorporated

by the pancreas (¡ = 13)
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Tabìe 6.6 The effect of tetracaine on the agonist-stimulated

hydrolysis of inositol phospholipid in Ca2+-free

Tris-Krebs sol ution

Inositol pho
(aq/kBà 3

spholipid hydrolysed above control
H incorporated by the pancreas)

Tetracaine (5 x 10-sM)

Carbachol (5 x la-o¡q)

Tetracaine (5 x tO-sM)

Carbachol (5 x 10-s¡4)

ccK-8 ( ro- e¡4¡

Tetracaine (5 x 10-sM)

ccK-B ( ro-eN¡

38t B (n=17)

-4t I
73t 7

(n = 12)

(n = 18)

a

b

+

+

c

109 t 13 (n = 10) b

100t13 (n=9) d

P(vs control )

P ( i nteracti on )

a > 0.05;

c < 0.05;

b < 0.05

d > 0.05

3H released in control tissue was 148 t 6 Bq/kBq 3H incorporated by

the pancreas (n = 27)
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Table 6.7 The effect of 0600 on the agonist-stimulated hydroìysis

of inositol phospholipid in Tris-Krebs solution

Inositol phospholipid hydrolysed above control
(Bq/kBq rH incorporated by the pancreas)

D600 ( 10-4M)

Carbachol (S x tO-oU)

D6oo (ro-+¡4¡

-14 r 13

TT7 I T6

(n = 15)

(n = 11)

a

b

Carbachol (S x tO-s¡4¡

ccK-8 (ro-e¡4¡

D6OO ( rO-+¡4¡

+

ccK-B ( 10-8M)

67t16

118 + 15 (n = 10)

163 t 14 (n = 10)

+ (n = 10) c

b

c

a

b

c

F(vs control) > 0.05

P ( vs contro'l ) < 0. 05

P(interaction)> 0.05

3H released in controì tissue was 282 t 10 Bq/kBq 3H incorporated

by the pancreas (n = 20)
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Table 6.8 The effect of neomycin on the carbachol-stimulated

hydrolysis of inositol phospholipid in Tris-Krebs

sol uti on

Inositol phospholipid hydrolysed above control
(Bq/kBq 3H incorporated by the pancreas)

Neomycin (3 x 10-3M)

Neomycin (10-2M)

Carbachol (5 x 10-otv1)

Neomycin (3 x 10-3M)

Carbachol (5 x 10-s¡a)

Neomyci n ( tO-ztut¡

Carbachol (5 x 10-oY)

29t13

LIt12
L75 t 12

(n = 19)

(n = 10)

(n = 25)

a

a

b

+

+

I72 ! LL (n = 15) c

cI84 ! 17 (n = 10)

a : P(vs control) > 0.05

b : P(vs control) < 0.05

c : P(interaction)> 0.05

the pancreas (n = 25)

3H released in control tissue was 222 t 8 Bq/kBq 3H incorporated by
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Tabl e 6.9 The effect of neomycin on carbachol-stimulated amylase

secreti on

ì

,

I

I

I

I

i

l

I

I

I

I

I

Amylase secreted (% total)

Control

Neonyci n ( tO-zt't¡

Carbachol (tO-eU¡

Neor¡yci n ( ro-zu¡

Carbachol ( 10=oM

7.4 + 0.6 (n : 5)

17.7 t 0.5 (n = 5) a

11.2 t 0.9 (n = 5) b

8.5 t 0.3 (n = 5)+ c

a

b

c

P(vs control) > 0.05

P (vs control ) < 0.05

P,(interaction)< 0.05
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To further examine the ability of an ion, such as La3+ to
reduce the potentiation by Ca2+ of inositol phospholipid

hydrolysis another cation, with differing ability to displace
ca2+ from membrane sites was examined. The effect of Mn2+

on carbachol-stimulated and ccK-g-stimulated inositol lipid
hydroìysis is shown in Fig. 6.8. In Tris-Krebs sorution,
Mn2+ (10-3M) significanily reduced inositor ìipid hydroìysis
stimulated by carbachor to a rever simirar to that in ca2+-
free Tris-Krebs solution, but did not alter the effect of ccK_g.
In unstimurated tissue incubated in the absence of ca2+, ¡q¡2+

caused a significant increase in inositor ripid hydrorysed,
however, this effect did not occur when ca2+ v,/as present in the
incubation medium (Fig. 6.9).

In Ca2+-free Tris-Krebs solution, inositol phosphoìipid

hydrolysis in the presence of carbachol and Mn2+ was equivalent
to the additive effects of these two agents arone. In contrast,
Mn2+ potentiated the effect of ccK-B on inositor lipid
hydrolysis; that is, in the presence of ccK-g and Mn2+,

inositor ripid hydrorysed was significantly greater than the
addition of these two agents alone.

ü

crj

p



292"

Fig.6.7
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The Effect of Lanthanum on Bethanechol-stiumlated

and ccK-8-Stimulated Hydroìysis of InosÍtol phospholipid

in Ca2+ and Ca2+-free Tris-Krebs Solution

Each histogram protted represents the mean r s.E. of
inositol phospholipid hydro]ysed (Bq/kBq 3H incorporated by the

pancreas) of at least 9 samples.

(D) = Ca2+-free Tris-Krebs solution

(Ø = Tris-Krebs solution

(*) = P(interaction) < 0.05

Inositol tipid hydroìysis stimulated by bethanechol and ccK-g was

significantìy greater than control (p.0.05) in both Krebs solutions.

Concentrations of agents used:

La3+ : 10-3M

Bethanechol: 5x10-sM

CCK-8 : 10-8M
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Fig. 6-7 : The tffect of Lanthanum on Bethanechoì-Stimulatecl and CCK-8-

Stimulated llydrorysis of Inositol phospholipid in ca2+ and

Ca2+-free Tris-Krebs Solution
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Fi g. 6.8 The Effect of lvlanganese on Carbachol-Stimulated and

CCK-8-Stimulated Hydrolysis of Inositol Phospholipid

in Ca2+ and Ca2+-free Tris-Krebs Solution

Each histogram plotted represents the mean I S.E. of

inos'itol phospholipid hydroìysed (Bq/kBq 3H incorporated by the

pancreas) of at least 10 samp'les.

(tl = Ca2+-free Tris-Krebs soìution

(â) = Tris-Krebs solution

(*) = P vs (interaction) <0.05

(**)= P vs (control) .o.os

Inositol lipid hydrolysis stimulated by carbachol and ccK-8 was

significantly greater than control (P <0.0s) in both Krebs solutions.

Concentrations of agents used:

Mn2+ : 10-2M

Carbachol : 10-6M in Ca2+-free Tris-Krebs solution

5 x 10-6M in Tris-Krebs solution

CCK-8 : 10-8M
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6.4 : DISCUSSI0N

secretagogue-activation of the exocrine pancreas releases

Ca2+ from a membrane-store into the cytoso'|, increasing the free Ca2+

concentration. ca2+ is pumped out of the cell resulting in ca2+

efflux, which is followed by an associated influx of ca2+ from the

extracellular fluid into the cell (Sto'lze and schulz, 19g0; Dormer

et. al.' 1981). The cellular location of the membrane-bound store(s)
of ca2+ have been discussed in detail in chapter 2.5 of this thesis.
There is considerable evidence that the endop'lasmic reticulum plays a

major role in release of ca2+ following receptor activation (Dormer

and Ì,lilliams, 1981; Streb and Schulz, 1993).

If the hydrolysis of inositol phosphoìipid is involved in controlìing
the intracellular Ca2+ concentration in the exocrine pancreas, it may

act to release Ca2+ from these Ca2+ storage sites and/or be associated

with the mechanism which allows an increase in the pìasma-membrane

permeability to cu'*, causing ca2+ influx. For inositol lip.id hydrolysis

to be the initial event in secretagogue-stimulated Ca2+ mobilization

it would occur prior to the increase in the cytosoìic Ca2+ concentra-

tion. Also, it must be possible to activate the lipid response in a

Ca2+-free medium and independently of the release of Ca2+ from cellular
stores. The ca2+-dependency of inositol phospho'lÍpid breakdown was

investigated in the present study by examining the possible requirements

for intracellular and extracellular Ca2+.

It was shown that in the absence of extracellular ca2+, secretagogues

stimulated inositol phospholipid hydrolysis. However, it was possible

that activation of this lipid response was dependent on Ca2+ released
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from intracellular stores., The intracellular ca2* concentration

can be increased artificia'lly with the ionophore A23L87 and receptor

activation by-passed.

In the presence of the ionophore A23787, Ca2r stimulated the secretion

of amylase but not the breakdown of inositol lipid in either pancreatic

slices or acini. Since ionophore A23I87 incorporates into both the

pìasma membrane and intracellular membranes jn pancreatic acinar cells

(chandler and t'Jillìams, 1977), the increase ín intracellular ca2+ may

be due to both release from ca2+-stores and influx of ca2+ from the

intracellular medium. The results of the present study indicate that

the breakdown of inositol phospholipid in mouse exocrine pancreas does

not occur as a result of an increase in the intracellular concentration

of Ca2+.

Farese et. al. (1980) studying rat pancreas, found that ionophore AZ3IB7

in the presence of ca2+ caused a decrease in total Ptdlns content,

leading to the proposal that Ptdlns breakdown in pancreas was Ca2+-

activated. Instead of assuming that ca2+ was activating the phospho-

lipase c involved in the agonist-stimulated hydro'lysis of inositol

lipid, the decrease in Ptdlns mass with 423187 could be explained by

an effect of Ca2+ on two other processes.

Firstly, inhibition of PtdIns synthesis by c¿2+ has been demonstrated

in many tissues (Berridge and Fain, 1979; Tolbert et. .a1., 1980;

Egawa et. a].,1981 a).The basal synthesis of Ptdlns which occurs in

unstimulated tissue would be inhibited by the high intracellular

concentration of Ca2+ caused by A23lB7 and so the total Ptdlns content

would be less than in tissue incubated without ionophore.
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Secondly, a decrease in total PtdIns mass would occur if a phospholipase

A2 was activated. An increase in the activity of this enzyme in
pancreas was demonstrated by Marshall et. al. (1980) by measuring the

agonist-stimulated release of ( 14C)-arachidonic acid from pre-ìabelled

Ptdlns. More recentìy, Halenda and Rubin (1982) showed that the ca2+

ionophore, ionomycin, stimulated the turnover of the arachidonoyl group

of Ptdlns; indicating activation by caz+ of a phospholipase A2 which

acts on Ptdlns ìn pancreas.

A less specific effect of the ionophore A23IB7 on the pancreatic acinar

cell membrane may also aTter ptdlns content. In the study by Farese

et. al. (1980), ionophore 423187 was used at a high concentration,

(2 x 10- s¡4) . Chandl er and Ì,li I I i ams (Ig7t) showed that A23187 ( t0- sM)

increased amy'lase release from acinar cells but a'lso produced marked

disruption of cell morphotogy, increased release of lactate

dehydrogenase (LDH) and increased the permeability to trypan blue.

This effect of A23rB7 is found not on'ly in isolated celìs, since

selinger et. al. (r974) showed increased LDH release with Az3lg7

(6 x 10-e¡a) from pancreatic fragments. Perhaps the high concentration

of ionophore used by Farese et. aì. (1980) in pancreatic fragments was

able to disrupt cellular membranes causing a conformational change

possibly allowing an interaction between PtdIns and cause ptdlns break-

down. The concentration of ionophore used in the present study (tO-str4¡

does not cause alteration in the cellular morphology of acinar cells
(Chandler and l.lilliams, 1977).

Therefore, from the study by Farese et. al. (19g0) measuring ptdlns

mass' it can not be concluded that the agonist-stimulated breakdown

of Ptdlns foìlows rather than precedes the mobilization of ca2+.
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In the study by Halenda and Rubin (1982) an increase in intracellular

Ca2+ with ionomycin, stimulated a decrease in Ptdlns, labelled in uiuo

with nryo-(2-3H) inositol. It is not possibte to determine from this

result whether the decrease is due to activation of phospholipase C

or phosphoìipase A2 (or both). since phospholipase A, is activated

by caz+ then agonist-activation of this event is not involved in

mobilization of ca2+. The breakdown of inositol phospholipid with

phospholipase c is the event to be examined. The lack of effect of

ca2+ wjth ionophore on phospholipase c activity was demonstrated in

the present study by measuring the release of (3H)-inositol-labelled

products from inositol ìipid which eliminates any complicating effect

of activation of phospholipase 42.

Subsequent to the study of the effect of 423187 on inositol phospholipid

hydrolysis (Tennes and Roberts, lgïz) described in this thesis, other

studies on the ability of A23L87 to stimulate a decrease in levels of

PtdIns-4,5P2 and PtdIns-4P (Putney et. al., 1983; Orchard et. al., 19g4),

an increase in phosphatidic acid (0rchard et. al., 1984) or an increase

in release of Ins-1,4,5P3, Ins-r,4P2 and Ins-l-P (Rubin et. a].,19g4)

were reported. These results have been compared and discussed in detail

in section 2.13 of the literature review. Briefìy, an increase in

intracellular ca2+ with A23187 or ionomycin did not mimic agonist-

acti vated phosphoinositide hydroìysìs (putney -el,j]_. , 1993; Orchard

et. al., 1984; Rubin et. al., 1981).

One important point regarding the use of ionophores to examine the

Caz+-dependency of phosphoinositide hydrolysis is whether the increase

in intracellutar ca2* produced by ionophore mimics that caused by

agoni sts .
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In the following chapter of this thesis, it is shown that the dose-

response curves of amylase secretion are biphasic. High concentrations

of agon'ists which cause a submaximal secretion of aqylase stimulate

inositol phospholipid hydrolysis whereas low concentrations which

stimulate amylase secret'ion produce very little lipid hydrolysis.

There is evidence to suggest that the h'igh agonist concentrations

cause very ìarge increases in intracellular Ca2+ (Gardner et. al., 1980;

Roberts and Woodland, !982; Burnham and t^lilliams, 1982 b); Stark and

0'Doherty, 1982).

0ther studies have also shown that dose-response curves for agonist-

stimulated inositol phospholipid breakdown are shifted to the right

of those for the physio'logicaì Ca2+-dependent cell response (Fain and

Berridge, 1979; Kirk et. al., 1981; Creba et. al., 1983).

Therefore, although 423187 or ionomycin are used in concentrations

which stimulate the physiologica] response, the increase in Ca2+ could

be minimal in comparison to that caused by agonists at concentrations

required to stimulate inositol phosphoìipid hydrolysis.

A study by Stark and 0'Doherty (1982) demonstrated that A23lB7 (10-sM)

caused a greater increase in cytosolic Ca2+ concentration than A23I87

(tO-eN¡¡ in pancreatic acinar cells. Maximal amylase secretion was

achjeved with A231S7 (10-sU) while 423187 (tO-st'4¡ caused a marked

reduction in secretion. These results suggest that to cause an increase

in Ca2+ content similar to that obtained by a concentration of agonist

which stimulates a significant hydrolysis of inositol phospho'lipid and

a reduction in aqylase secretion,423187 at a concentration of 10-sM
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should be used. A23787 is usualìy used at l0-6M; a hesitation in
using a high concentration (10-sM) of ionophore is that it has been

shown to have cell damaging effects (Selinger et. ar., lg74).

However, in a very recent study,0rchard et. ar. (1994) using rat
pancreatic acini, reported that a high concentration of Az3rB7

(Z x tO-s¡q¡ did not cause any decrease in (32p)-ptdlns-4¡5p2 nor anJ¡

increase in (ezp¡-phosphatidic acid at 1,2,5 or 10 min after ionophore

addition. Therefore, if inositol phosphoìipid hydroìysis was

activated by a high intracellular concentration of Ca2+ then this study

would have detected it. Since no effect was seen, this resuìt supports

the suggestion of the present study that an increase in intracellular
Ca2+ does not act'ivate the mechanism which is stimulated by agonists

to cause i nosi tol phosphoì i pi d hydrolys.is .

Although the breakdown of inositol phospholipid was not stimulated iby

an increase Ín intracellular Ca2+ with ionophore it vras possible that

the receptor-activated event required intracellular stored ca2+. In

the present study' CCK-8 stimulated inositol phospholipid hydrolysis

in pancreatic slices incubated in ca2+-free Krebs solution, and this
continued for at least 30 min under conditions in which intracellular
ca2+ stores were depleted. The procedures that were used, namely

washing the tissue for 30 min in ca2+-free Krebs solution which

contained EGTA, appeared to deplete the stores of Ca2+ even prior to
incubation with secretagogue, since using this procedure, ccK-g did

not stimulate anyìase secretion at any of the time intervals of 5, 15

or 30 min incubation.
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The lack of stimulation of amyìase secretion 5 min after the addition

of CCK-8 disagrees with the results o't hlilliams and Chandler (1975)

using mouse pancreas fragments. These workers showed that after a

30 min incubation in Ca2+-free Krebs solutiont an increase in amy'lase

secretion was stimulated by bethanechol in the first 10 min. In the

present study, some stored Ca2+ could have been released in the first
5 min to stimulate a small secretion of amylase which was not detected

with the assay used. By 15 min and 30 min, however, the Ca2+ stores

would have been depleted since chandler and tJilIiams (1975) showed

that the agoníst-stimulated amyìase secretion initialìy increases but

rapidly declines by 15 and 30 min due to insufficient intracellular
ca2+. The lack of stimulated amyìase secretion at these time intervals

was supported by the results of the present study.

The assumption that inositol lìpid hydrolysis occunring at 15 and 30

min was activated by agonist at these times, when ca2+ stones were

depìeted, was validated by the action of atropine to inhibit any

further breakdown of inositol phospholipid in the presence of carbachol

during the 15 min - 30 min period of incubation.

To confirm these results which indicate that intracellular Ca2+ stores

are not required for agonist-activation of inositol phosphoìipid

hydrolysis the effect of the putative intracellular Ca2+ antagonist

TMB-8 was examined. TMB-B was proposed to inhibit the release of süored

Ca2+ on the basis of the studies showing that TMB-8 i,nhibits contraction

of, rabbit aortic strip (which is dependent on intraceltular Ca2+), Ca2r

exchange in resting guinea-pig ileum and caffeine-induced Ca2+ efflux
from skeletal muscle sarcoplasmic reticulum (Malagodi and Chiou, 1974;
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chiou and Malagod'i, 1975). TMB-8 had not been used previousìy on

pancreatic tissue. In the present study, TMB-8 (2 x 10-+¡4) inhibited

completeìy the inositol phospholipid hydrolysis stimu'lated by

carbachol but did not significant]y reduce cCK-B-stimulated lipid
breakdown at this concentration. Onìy when TMB-B (to-s¡4¡ was used

was the effect of CCK-B reduced significantìy.

If inositol phospho'lìpid hydroìysis was activated by reìease of ca2+

from intracellular stores, and if TMB-8 acted as an intracellular Ca2+

antagon'ist, one might expect TI4B-8 to be equaì]y effective'in inhibiting

the effects of equiactive concentrations of carbachol and CCK-8. The

difference in the inhibitory potencies of TMB-8 toward the two agonists

suggested that the antagonism v'ras at a site that was not shared by

carbachol and CCK-8. One possibiìity could be that TMB-B acts on one

pool of ca2+ associated with the carbachol receptor but has less

affinity for the pool associated with the ccK-8 receptor. This

explanation is unlikely since Stolze and Schul z'(1980)'showed that the

pool of Ca2+ mobi'lized on receptor activation which is responsible for
the initial Ca2+ efflux from pancreatic cells is common to both carbachol

and CCK-8 receptors.

A more likely expìanation for the differential effect of TMB-B is that

this agent blocked the muscarinic receptor. Recent studies have shown

that a wide range of local anaesthetics and other substances with

hydrophobic regions inhibit muscarinic receptor binding (Fairhurst

et. al . ' 1980; Aguilar et. al ., 1980; Putney and van De r^ralle, 1gg0 b).

A study in our'laboratory by J.A. Kennedy showed that (s¡1¡-QNB binding

to muscarinic receptors was inhibited in mouse pancreatic acini and
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mouse submandibular gland by TMB-8 (2 x 10-+¡\a) (Tennes et. al ., 1983).

Since the effect of TMB-8 on (a¡i-qtU binding'is not unique to the

pancreas it is likely that muscarinic receptors in all tissues would

be blocked by this agent.

It is not known whether the inhib'it'ion by TMB-8 of CCK-B-stimulated

inositol lipid breakdown can be exp'lained by a less potent act'ion of

TMB-B on CCK receptors since CCK receptor binding in the presence of

Tl'lB-8 has not been measured. However, a non-speci fi c i nhibitory

action of TMB-8 on both types of receptors is a possibility since the

recent study by Mürer et. al. (1981) suggested that TMB-8 may be a

genera'l membrane-active compound in pìatelets, where it caused

considerable leakage of cytoplasmic constituents. If TMB-8 does

alter the plasma membrane, as the resuìts of Mürer et. al. (1981)

suggest then it is possible that TMB-8 may act to interfere with the

interaction of both muscarinic agonists and peptides on their respectìve

receptors.

The present study suggests that the inhibition of carbachol-sti;mulated

inositol phospholipid hydnolysìs by TMB-8 was due to inhibition of the

binding of the agonist to receptors rather than to any effect on the

release of Ca2+ from stores. TMB-B should be used with caution as an

intracellu'lar Ca2+ antagonist since it acts with reasonable potency

to block at least one class of membrane receptors. Recently, the

agent Quin 2-tetraacetoxymethyl ester (Tsien et. al., 1982) has been

used as an indicator of intracellutar free Ca2+ content and can be used

as an intracellular Ca2+ buffer. This agent which binds to Ca2+

effective'ly would provide a means whereby the Ca2+ released from stores
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would be inactivated. Unfortunate'ly there v'ras not time to do the

Quin-2 experiments but nevertheless it seems reaponabìe to conclude

from the experiments witn A23I87 and with depletion of intracellular

Ca2t ¡¡¿¡ the agonist-stimulated hydroìysis of inositol phospholipid

is not dependent on the release of cellular stored Caz+.

Although the activation of agonist-stimulated inositol phospholipid

hydrolysis does not require'ca2+, this lipid response can be modified

by extracellular Ca2*, as shown by'its potentiation effect on inositol

lipid hydrolysis in both unstimulated and agonist-stimulated tissue.

In the unstimulated tissue, the rnyo-(Z-stl¡-inositol:label led inositol

phospho'lipid content of tissue incubated in ca2+-free solution was

appreciably higher than that in a Ca2+-containing solution. The

reason for this effect in control tissue is not clear. A possibìe

explanation may be that this effect is due to an inhibition by Caz+

of incorporation of rnyo-(2-3H) inositol into inositol phospholipid.

However, this is unlikely since using the in uiuo labell'ing method

there is only a smal'l pool of free ïao-(Z-3H) inositol and the results

in Chapter 4 indicate that (sH)-inositol released from inositol

phospholipid is not re-incorporated within 30 min. Alternatively,

removal of Ca2+ bound to inositol phospholipid on the external surface

of the cell membrane, by EGTA may aìter the properties of the lipid
and decrease basal turnover.

Previous studies, using in uítro labelling of Ptdlns with (32p).Pi

showed that the PtdIns content of unstimulated hepatocytes (Billah and

Michell, 7979) and rat parotid gìand fragments (Jones and Michet'¡, lgTS)
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was greater in Ca2+-free media than in the presence of Ca2+. Since

thes:e studies relied on the incorporation of (32P)-Pi into ptdlns

it is likely that this effect of Ca2+ on Ptdlns content was due to

inhibition by Ca2* of PtdIns synthesis (Bemidge and Fain, 1979;

Tolbert et. ¡1., 1980; Egawa et. al., 1981 a).

The potentiation by extracellular Ca2+ of agonist-stimulated PtdIns

loss had been shown to occur in hepatocytes (Kirk et. al., l98l) and

lymphocytes (Hui and Harmony , 1.979), however, no such effect had

previous'ly been reported for the pancreas. The folìowing discussion

of the results of the present study describes identification of two

sites on the external surface of the plasma membrane which are

associated with potentiation of the hydrolysis of inositol phospholipid

in stimulated and unstimulated pancreatic celìs.

A role for extracellular Ca2+ in phosphoinositide hydroìysis (Tennes

and Roberts, 1982) has subsequently been confirmed in hepatocytes

(Creba et. al., 1983), lacrimaì g'land (Godfrey and Putney, 1984), and

leukaemic basophil 2H3 cells (Beaven et. al., 1984). Evidence for an

extracellular site for the effect of Ca2+ in these cells is described

in detail later in this discussion.

Aìthough inositol ìipid breakdown is not stimulated by an increase ín

intracellular ca2*, the potentiation by c¿z+ occurring in agonist-

stimulated celìs cou'ld be due to a stimulated influx of ca2+ from the

extracellular medium to the cell cytosol or by an effect of Ca2+

binding to the external surface of the cell membrane. An attempt was

made to investigate this using agents which might inl¡ibit either or

both of these effects of Ca2+.
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Tetracairê¡: â local anaesthet'ic, is a lipophilic compound which

incorporates well into bioìogical membranes (Seeman, lgTZ). This

agent antagonises the contraction of smooth muscle (Feinstein, 1966;

Feinstein and Paimre, 1969) and inhibits catecholamine secretion and

Ca2+ flux in adrenal g'lands (Jaanus et. al., 196l; Rubin et. al.,
1967). In addition, local anaesthetics can compete with and displace

the membrane bound Caz+ from the fixed negative sites on the membrane

(Bondani and Kar'ler, 1970; Feinstein and paimre, 1969). At the time

that these studies !{ere commenced it was thought that local anaesthetics

were ca2*-antagonists in g]ands (Marier et. al., l97s). No studies of

the action of tetracaine on the pancreas had been made previously so

its action as a Ca2+-antagonist was examined.

Since tetracaine had no effect on carbachol-stimulated inositol

phospholipid breakdown in the presence of extracellutar ca2*, this

suggested that perhaps Ca2+ influx or Ca2+ bound to the plasma membrane

may not be responsible for potentiating this response. Surprìsingly,

however, tetracaine inhibjted the effect of carbachol in the absence

of extracellular ca2*. A possible exp'lanation for this is that

tetracaine may have a non-specific membrane-disruption effect or

alternativeìy be acting more specjficalìy to block the muscarinic

receptor. The lack of effect of tetracaine on peptide-receptors had

been demonstrated previously in parotid gland by Marier et. al. (1979)

since the 86Rb efflux response stimulated by carbachol was inhibited

by tetracaine while substance P was unaffected. A direct comparison

between the effect of tetracaine on carbachol and CCK-8-stimulated

inositol lipid breakdown cannot be made since equiactive concentrations

of agonists were not used. It is possible, however, that the'inability
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of tetracaine to alter the effect of ccK-g in ca2+-free Tris-Krebs

solution was due to the lack of effect of the local anaesthetic

on the peptide receptor.

A'lthough local anaesthetics had been found to inhibit cholinergic

muscarinic receptors in excitable tissues (Fields et. al., rglg;
Burgermeister et. al ., 1978) it was not untiì Putney and Van de I,Jalle

(1980 b) showed procaine (10-31¿) inhibired (3H)-QNB binding in
parotid gìand that the first direct evidence of this,effect in

secretory, non-excitable tissue was shown. The studies with

tetracaine described in the present study were just completed when

the study by Putney and Van de l^Jalle (1980 b) offered an expìanátion

for the effect of tetracaine in the absence of extracellular ca2+.

Agui'lar et. al. (1980) provided evidence to suggest ùhat local

anaesthetics inhibit (3H)-QNB binding to the muscarinic receptor

by acting at some accessory site but not on the true receptor site
and so by an allosteric-like interaction with receptors inhibit
specific binding. The absence of inhibition by tetracaine of

carbachol-stimulated inositol phosphol ipid hydroìysis in Tris-Krebs

solution suggests that perhaps ca2+ binds to this accessory site and

so prevents the local anaesthetic binding. It is well known that
local anaesthetics and ca2+ compete for the negativeìy charged

surface binding sites on the pìasma membrane(Seeman, rglz). In ca2+-

free Tris-Krebs solution, EGTA would remove the Ca2+ from these sites,
allowing tetracaine free access and thereby inhibiting muscarinic

receptor binding and the inositol ìipid response. Direct effects of
ca2+ on (3H)-Qtlg binding have been described (Aronstam et. al., lg77)

but this finding has been disputed by Fairhurst et. aì.
Agui ì ar et. al . ( 1990) .

( 1980) and
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These experiments with tetracaine did not eliminate the possible

role of Ca2+ bound to the ceìl surface nor Ca2* influx in
potentiation of inositol phospholipid hydrolysis.

The next step was to use an agent which would inhibit ca2+ influx
and so allow an examination of whether this event, in association

with activation of the receptor could cause potent.iation of phospho-

inositide hydro]ysis. The Ca2+-antagonist D600 was one such candidate.

It was at first questionable whether D600 would bìock Ca2+ influx in
pancreas since its well known action was to block voltage-dependent

ca2+ channels such as those in cardiac fibres (Kohìardt et. al., rgTz)

and smooth musc'le (Golenhofen and Hermstein, 197'5) , whereas Ca2+ influx
occurs via a potential-independent mechanism in pancreas (pouìsen

and t¡li I I iams , 1977) .

However, D600 (10-4M) was shown to inhibit secretagogue-stimulated

enzyme secretion from pancreas (schu1z, 1975) and cause a small

reduction in ccK-8-stimulated ca2+ influx into pancreas cells (Kondo

and Schuì2, L976), suggesting that this agent may be a possible ca2+-

antagon'ist in pancreas. Nishiyama and petersen (197s) found that
D600 (10-4M) had no effect on acetylcholine-induced depolarization

and resistance changes in mouse pancreas, however, this result does

not necessarily mean that D600 does not alter ca2+ influx since the

electrical changes in the acinar celr membrane could be the result
of release of Ca2+ from intracellular stores.

It was therefore decided to examine D600 as a ca2+-antagonist in the

pancreas. The results of the present study showing no significant

reduction in agonist-stimulated inositol phosphol ipid hydro'lysis by

D600, suggested that agonist-stimulated Ca2+ influx was not responsible
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for the potentiation effect caused by ca2+. However, this conclusion

was modified by the results of a more recent study by Dormer et. al.
(1981), which showed that D600 (10-4M) did not alter bethanechol-

stimulated ca2+ uptake in pancreatic acini, in contrast to the

conclusion by Kondo and Schulz (1976).

The action of D600 as a ca2*-antagonist in pancreas then became

questionable. In addition, another study reported at that time

(Putney, 1981) suggested that the inhibition by D600 (10-3M) of

agonìst-stimulated 86Rb efflux in parotid gland may be due to

blockade of the muscarinic receptor rather than inhibition of ca2+

influx. Fairhurst et. al. (1980) had found D600 blocked this receptor

in brain.

However, the lack of effect of D600 (at a lower concentration than

that used by Putney (19s1) to inhibit receptor bindìng) on the

acetylcholine-stimulated depolarìzation of acinar cell membranes

(Nishiyama and Petersen, 1975) suggested that D600 (at 10-q¡,1) did not

act as a receptor-blocking agent in the pancreas. Due to the

controversy as to the specificity of D600 it then became clear that

a more specific antagon'ist of Ca2+ was required.

Neomycìn, a cationic aminog'lycoside antibiotic inhibited the influx
of Ca2+ in rat parotid gland (Marier et. al., L97B; putney, 19g1;

Aub et. al., 1982). The efflux of.86Rb from parotid gìand úragments

occurs in two phases. The initial transient phase occurs as a result

of release of Ca2+ from cellular stores whereas the subsequent sustained

phase is dependent on the influx of ca2+ from the external medium
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(Putney, 1978). Neomycin (3 x 10-,lut) rignificantìy reduced the

carbachol-stimulated sustained phase of 86Rb efflux but had no

effect on the transient phase (Marier et. al., 1978). These results

indicate inhibition of ca2+ influx and also that neonycin (3 x l0-3M)

does not act to block binding of agonist to the muscarinic receptor

since both the transient and sustained phases would be inhibited.

A subsequent study by Aub et. al. (1982) examined the refilling of

the celìu1ar poo'l of Ca2+ mobilized by receptor activation and found

that neomycin 3 x 10-3M and 10-2M, reduced and inhibited respectiveìy,

the i nfl ux i nto thi s pool .

In the present study neomycin (to-z¡4¡ caused inhibition of agonist-

stimulated amy'lase secretion indicating a possible ca2+-antagonist

action but had no effect on inositol phospholipid hydroìysis. These

results suggest that the potentiation by ca2+ of ìipid hydrolysis is

not due to the passage of Ca2+ through the acinar celì plasma membrane.

A more definite conclusion could be made if the effect of neomycin on

45Ca + flux were made jn association with inositoì lipid hydrolysis

studies, but it was not possible to ¿e asç¿2+ flux measurements at

that time. The results in parotid gland provided good evidence that

neomycin does inhibit ca2+ influx in exocrine gland (Marier et. al.,
7978; Putney et. al., 1981; Aub et. aì., LgBz) so it seems reasonabìe

that the inhibition of amy'lase secretion by neomycin was due to

inhibition of Ca2+ influx.

Neomycin binds strongly to Ptdlns-4,5P2 (Llodhi et. al., 1976) and

this effect appears to be responsible for the inability of the phospho-

inositide phosphodiesterase to hydroìyse PtdIns-4,5p2 and ptdlns-4p in
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erythrocyte membranes in the presence of neomycin .(s x 10-3 and 10-2M),

(Downes and Michell, 1981). Although neomycin may bind to phospho-

inositides, the results of the present study suggest that if this does

occur in exocrine pancreas, it does not significantly affect receptor-

activated inositol lipid breakdown.

Since the potentiat'ion by ca2+ of inositol lipid hydrolysis did not

appear to be due to ca2* infl ux the effect of ca2+ bound to the

external surface of the plasma membrane was examined.

The aim of the use of the cations, La3+ and Mn2* was to compare the

ability of these ions which have different affinities for the ca2+-

binding site on the p]asma membrane with their ability to reduce the

potentiation of agonist-stimulated inositol phosphol ipid hydrolysis

by ca2+. An ion's potency as a ca2+-dispìacer has been found to be

dependent on its non-hydrated ionic radius (Langer et. al., rg74).

The closer this radius is to that of ca2+ (0.99fi) the more effective

it is in competing with ca2+ for its binding site. Therefore, the

effects of La3+ (t.0168) and t4n2+ (0 B0'8) on inositol phospho.tipid

hydrolysis were compared. These ions can also inhibit ca2+ influx
but the results with neomycin eliminated this effect in contributing

to the potentiation so the role of externally bound Ca2+ could be more

specifical ly examined.

La3*, which does not enter pancreatic acinar cells (rdakasugi

et. al.' 1981) has a similar ionic radius to' ca2+ and is
able to displace competitively the divalent cation from superficial

sites on the surface of the cell membrane. since La3+ has a higher

valency than ca2+ it binds to these sites with greater affinity than
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Ca2+ and can inhibit the binding of Ca2+ and block its movement across

the membrane (Seeman, lg7Z),

An early study by chandler and t^tilliams (1974) showed that not only

did La3+ (10-2M) decrease 45ç¿z+ infrux in pancreatic fragments but

also caused a reduction in total +s6uz+ content, suggesting externalìy
bound Ca2* was displaced. This reduction in total 45ç¿2+ content would

not be due to an undetected 4sca2+ effrux since Lar* (1,2 and SmM) was

found to inhibit ca2+ efflux from pancreatic acinar cells (wakasugi

et. al., 1981).

A study by Keryer and Rossigno'l (lgig) used Las+ to examine the ca2+_

dependency of Ptdlns metabolism in rat parotid gìands. The method of
in uitz,o-labelling used, resuìted in a large poo'l of free nrao-(z_3H)

inositol since on addition of carbachol a sharp rise in (3H)-ptalns

content occurred followed by a decrease in (¡H)-pt¿Ins. l^lhen La3+

(5 x lo-ttM) was aìso present with carbachol, the synthesis of (3H)-

PtdIns was reduced to near control levels (Keryer and Rossignol, 197g).

It was not possible from their study to determine whether carbachol-

stimulated loss of PtdIns was inhibited since their technique measured

the net result of synthesis and breakdown, and synthesis was reducêd

with La3+.

6.a (a) The Effect of Lanth anum in Aqonist- stimulated Tissue

The effect of La3* on ccK-B and bethanechol-stimulated

inositol 'lipid hydrolysis in Tris-Krebs solution was simitar to
the effect of removal of ca2+ from the extracellular medium,
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t
indicating that La3+ antagonizes the potentiation effect of

Ca2+. This effect of La3+ could be due to displacement of

Ca2+ from binding sites on the external surface of the plasma

membrane.

An alternative explanation for the effect of this trivalent ion

may be to inhib'it receptor binding. In a study by El-Fakahany

and Richelson (1981), ìanthanides caused an increase in the

maximal binding capacity but an apparent decrease in the binding

affinity of (3H)-Qtlg for intact mouse neuroblastoma celìs. This

effect of lanthanides on (3H)-QNB binding v,ras reduced by Ca2+.

The resu'lts presented here show that in the absence of Ca2*,

when any possible sites for altering agonist binding would be

freely accessible to Lut*, agonist-stimulated inositol ìipid

breakdown was unchanged, suggesting that La3+ does not reduce

phosphoinositide hydroìysis by an action on agonist binding to

receptors.

The results of the present study suggest that Ca2+ acts to

potentiate the agonist-stimulated hydrolysis of inosÍtol

phosphoìipid at a site on the outside of the pancreatic acinar

cetl which is La3+ sensitive.

How might Ca2+ bound to this site potentiate the agonist-

stimulated hydrolysis of inositol phospholipid? One possibility

may be through an action on receptor binding. There is

conflicting evidence as to the effect of Ca2+ on (3H)-QNS

binding to muscarin'ic receptors, it may increase (Hedlund and

Bartfai, L979), decrease (Birdsall et. al., 7g7g) or have no

I

I

rl

;rl
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effect (Aronstam et. al. , 1977; El-Fakahany and Richelson,

1981) on antagonist binding. However, the effect of ca2+ on

(3H)-Q¡¡g binding may not reflect the actual effect on agonist-

binding since the binding of agonists appears to be more

sensitive to the effects of sodium ions and guanine nucleotides

than the binding of classical antagonists (Birdsall et. al., 19g0;

Ehlert et. al., 1980 a, b). No studies of the effect of ca2+ on

agonist binding to muscarinic or peptide receptors in pancreas

have been made so the possibility that ca2+ may enhance agonist

receptor binding cannot be excluded. However, if this were to

occur the action must be common to the interaction of both

muscarinic and peptide agonists to their receptors since both

are potentiated.

The mechanism by which Ca2* causes potentiation is not known.

One possibility could be that although the interaction between

enzyme and phosphoinositide may not have an absolute requirement

for ca2+ (since it occurs in EGTA containing solutions), this
ion may be able to increase the efficacy of the interaction and

thereby cause potentiation. Because so lítile is known about

the mechanism which links receptor-occupation with inositol
phospholipid hydrolysis it is difficult to determine how ca2+

might have its effect.

A recent report by Beaven et. ar. (1984) confirmed the ability
of La3+ to alter agonist-stimulated hydrolysis of inositol
phospho'li pi d La3+ (10-4M and 5 x 10-aM) inhibited the antigen-

I

stimulated hydrolysis of inositol phosphoìipid and ca2+ influx
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in rat basophil 2H3 cells. The inhibition by La3+ of Ca2+

influx in these cells was not responsible for the effect on

phosphoinositide since Laa+ (10-u¡,1) tubstantiaì ly inhibited

Ca2+ influx and histamine release but had a negìigibìe effect

on lipid breakdown. In addition, A23IB7 and Ca2+ caused only

a small increase'in ( 3H)-inositol -phosphates. Therefore, the

effect of Ca2+ was identified to be extracellular. The study

by Beaven et. al. (1984) suggested that a common Ca2+ binding

site(s) for both the act'ivation of breakdown and the mechanism

which stimulates the influx of Ca2+. The mode of action of

Cu'*, however, is not known.

6.4 (b ) The Effect of Lanthanum in Unstimulated Tissue

The potentiation by Ca2+ of inositol phospholipid

hydrolysis in unstimulated tissue was not reduced by La3+.

The differential effect of this trivalent ion on Ca2+

potentiation in unstimulated and agonist-stimulated tissue

suggests that 2 sites of potentiation of lipid hydroìysis may

exist; one involved in stimulated-hydroìysis, the other in

basal turnover.

To further examine the potentiation of agonist-stimulated

inositol lipid hydrolysis by Ca2+, Mn'* which has an atomic

radius of within 0.191 of Ca2+ (as compared to that for La3+

of within 0.0261 of Ca2+) was examined.
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0.a (c) The Effect of Manganese in Agonist-stimul ated Ti ssue

Mn2+ significantìy reduced carbachoì-stimulated

inositol phospholipid hydroìysis in Tris-Krebs sol ution; the

effect of ccK-8 was reduced but this was not significant.

Since equiactive concentrations of carbachor and ccK-g were

not used the concl usion that the two receptor types have

differential sensitivities to Mn2+ can not be made. It .is

possible that the breakdown of'lipid stimulated by a lower

concentrat'ion of CCK-B woul d be i nhibi ted by Mn2+ ( 10-2M) .

There appears to be a simiìarity between the effect of La3+

and Mn2+ to remove the potentiation by Ca2+ of agonist-

stimulated breakdown of inositol phospholipid. In the absence

of extracellular ca2*, Mn'* replaced ca2+ to potentiate ccK-g-

stimulated inositol lipid breakdown. Although carbachol-

stimuìated breakdown of lipid was increased with Mn2+ this was

not significantly greater than the additive effect of each agent

alone. Mn2+ appears to be partia'lìy active at the Ca2+

potentiation site.

Mn'* (10-3M and 10-2M) was shown to inhibit any'lase secretion

from pancreas stimulated by either peptidergic or by cholinergic

stimuli (Heisler et. al., 1972; Kanno and Nishimura, !976;

Argent et. ô1., 1982), a'lthough Petersen and Ueda (1976) did

not detect any effect of Mn2+ (5 x 10-3M) on acety'lcholine-

stimulated amylase secretion. The study:by Argent et. al. (1992)

concluded that not only does Mn2+ inhibit co2+ influx but aìso

disptaces ca2* from cellular membranes of pancreatic acinar cells.
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The ability of Mn2+ to remove the Ca2+ potentiation confirms

the results with La3+ that there is a Ca2+-binding site on

the external surface of the pancreatic acinar cell which is

involved jn potentiating phosphoìnositide hydrolysis.

6. 4 (d) The Effect of Manqanese in Unstimulated T lssue

Mn2+ mimicked the effect of Ca2+ in the absence of

secretagogues to cause an increase in inositol phospholipid

hydrolysis in Ca2+-free Tris-Krebs solution.

This stimulatory action on lipid hydrolysis was not due to

the action of Mn2+ to cause release of acetylcholine from

nerve terminals since it occurred in the presence of atropine.

Stimulation of the inositol-exchange enzyme by Mn2+ (Pauìus

and Kennedy, 1960) would cause an apparent increase in the

breakdown of inositol phospholipid due to an increase in free

(tU)-inositol. However, this effect does not explain the

results obtained in the present study. If inositol-exchange

was responsible for the increase in lipid breakdown it would

occur both in the presence and absence of Ca2*, since this

enzyme is only inhibited by high concentrations of Ca2+ (smlvl)

(Egawa et. al . ,1981 a)which are not attained intracel'lul arìy.

Because Mn2+ only has a stimulatory effect in Ca2+-free Tris-

Krebs solution, then activation of inositol-exchange was not

i nvoì ved.
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Unlike La3*, however, Mn2r can enter into pancreatic acinar

cells and displace ca2+ from the binding sites of intracelìular

organelìes (Argent et. al., 1982). It is unlikely that this

effect of Mn2+ was responsible for an increased lipid hydrolysis

in the absence of secretagogues since the results of the present

study show that an increase in intracellular ca2* concentratÍon

does not stimulate inositol phospholipid hydrolysis in exocrine

pancreas.

6.a (e) Concludinq Summar.y

These studies using ca'lcium antagonists led to the

conclusion that there are two sites at which Ca2+ acts to

potentiate inositol phosphoìipid breakdown:

(i ) The site associa ted with potentiation of basal breakdown

This site is not La3+-sensitive and could be intraceilurar

since Mn2*, which enters cells, can mimic the effect of

Ca2+. Jowever, since neomycin which would block Ca2+

entry, did not alter this potentiation by Ca2+ it appears

that the site is extracellular and Mn2+ can repìace Ca2+

at this site.

(ii) The site associated with potentiation of a qoni s t-stimul ated

breakdown

This site is external since neomycin did not reduce

potentiation. The removal of potentiation by La3+ and

Mnz+ indicates that this site is accessible to both ions,



320

acting to remove Ca2+ from the external surface of

the cell membrane. There is a suggestion, from the

results with CCK-8+Mn2+ and CCK-8+La3+ in the absence

of extracellular Ca2+, that these ions are partialìy

active at this site to replace Ca2*. To examine this

more fulìy would require dose-response curves for

CCK-8-induced lipid hydrolysìs in the presence of La3+

or Mn2+ at a range of concenlrations.

An extracellular site of potentiation by ca2+ has arso been

demonstrated recentìy in rat hepatocytes (creba et. al., 1993)

and lacrimal gland (Godfrey and Putney, 1984).

In rat hepatocytes, the hormone-stimulated loss of (321)-RtaIns-

4,5P2 was reduced by 50% in the presence of EGTA, but not

abolished since a significant decrease in this lipìd was st.ill
seen after 15 min of Ca2+-deprivation (Creba et. al., 1983).

The potentiation by ca2* was not due to ca2'+ influx since an

increase in intracellular ca + with ionophore did not stimulate

hydrolysis (Creba et. al., 1993).

Godfrey and Putney (1984) using rat lacrimar grands measured

inositol phospholipid hydrolysis as rerease of (3H)-inositol-

phosphates. Lowering the external ca2* concentration to less

than luM caused a 50% decrease in agonist-stimulated inositol-
phosphate formation compared with samples containing lmM ca2+.

Using the protocol of 'cross-receptor inactivation, the
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potentiation effect was identified to be extracellular
(Godfrey and Putney, 1984). 'cross-receptor i nacti vation'

is a method in which ca2+ stores are released by addition

of agonist and the subsequent refil'ling of these stores is

blocked by antagonist (Putney, 1977). This protocol then

allows the binding of an agonist to a different receptor

without the concomittant release of Ca2+ from stores.

Godfrey and Putney (198a) showed that incubation of lacrjmal

gland in EGTA, and elimination of internal Ca2+ release

(using the above protocol) did not result in an additional

inhibition of agonist-stimulated inositor ìipid hydrolysis

beyond that seen when external Ca2+ was removed. This

suggests that there may be a role for extracellular ca2+ or

membrane-bound ca2+ in coupling receptors to subsequent enzyme

reactions. In lacrimal gland phosphoinositide breakdown depends

partially on extracellular cu'*, but does not appear to result

from the receptor-induced increase in intracelrurar ca2*.

The mechanism by which ca2+ potentiates inositol 'lipid hydrolysis

is not known. A recent study by Burgess et. al. (1993) showed

that the ability of noradrenaline to alter the order of membrane

lipids and so increase the fluidity of isolated rat liver plasma

membranes was dependent on the presence of ca2+. Addition of

EGTA increased membrane fluidity and removed the effect of

noradrenaline. It was suggested (Burgess et. al., 1993) that

hormones act to alter membrane ftuidity by displacing ca2+ bound

to the plasma membrane and thereby remove the mechanical

constraints of ca2+ on phosphoìipids. To examine this question,
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an examination of the ability of agonists to release Ca2+

from isolated plasma membranes labelled with 4sca2+, could

be made.

Burgess et. al. (1983) suggested that Ca2+ ions may be direcily

involved in the step l'inking receptor-activation and changes

in membrane lipids. The problem with using isolated plasma

membranes to examine the potentiation effect of Ca2+ is that

the cell fractionation process involved in preparing p'lasma

membranes is one which could cause loss of Ca2+ from some

essential site. In the study by Burgess et. al. (1983) it is

possible that EGTA may have access to ca2+ binding sites which

are not normally accessible in intact cells. For example,

EGTA may remove Ca2+ from Uott¡ the extracellular and intra-

cellular sides of the plasma membrane, rather than examine

extracellular Ca2+.

A more specific identification of the location of these Ca2+-

binding sites on the external surface of the cell may provide

a clearer understanding of the modulation by Ca2+ of this lipid
response.

In conclusion, it appears that the agonist-stimulated hydrolysis

of inositol phosphoìip'id occurs prior to an increase in intra-

cellular Ca2+ since it is independent of the release of Ca2+

from membrane stores. Also, the lipid response is not stimulated

by an increased cytosoìic concentration of ca2+. The potentiation
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by Ca2+ of inositol lipid hydrolysis in stimulated and

unstimulated tissue appears to occur at two distinct sites

on the external surface of the cel l. The mechanism of
potentiation requires further investigation.



324.

CHAPTER 7

THE RTLATIONSI1IP BETI\IEEN THE HYDROLYSIS

OF INOSITOL PHOSPHOLIPID AND THE SECRETION

OF AMYLASE IN I\IOUSE EXOCRINE PANCREAS
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7.I : INTRODUCTION

Although the hydrolysis of PtdIns, pdtlns-4,5p2 and ptdlns-4p

has been studied in a variety of tissues there has been little attempt

to correlate the inositol phospholipid hydroìysis with the physio'logical

response of the cel I .

The extent of platelet activation and inosítol phosphoìipid

breakdown stimulated by pìate'let-activating factor show similar time-

related changes (Lapetina, 1982). A comparison of the dose-dependent

relationship between inositol phospholipid breakdown and the final cell

response has been made in blowfly salivary salivary g]and (Fain and

Berridge, 1979), hepatocytes (Kirk et. aì., 1991; creba et. al., 1993)

and guinea-pig ileum (t^latson and Downes, 1gB3). These dose-response

curves for agonist-stimulated inositoì phospho'lipid hydrolysis are

dispìaced to the right in relation to the dose-response curves for the

final physiologicaì responses of fluid secretion and ca2+ transport

(Fain and Berridge, 1979), glycogen phosphorlyase activation and ca2+

release (Kìrk et. al., 1981) and muscle cont¡"action (Watson and Downes,

1983). These studies showed that inositol phospholipid hydroìysis is

produced by concentrations of agonists which are supramaxima'l for the

physiological response. This discrepancy in the dose-response curves

for the events can be exp'lained by the presence of spare receptors

(Stephenson,'1956)whereby the Ca2+-dependent final cell response can be

maximal when only a proportion of the total receptor popuìation is

occupied. Kirk et. al. (1981) showed that the vasopressin-stimulated

breakdown of PtdIns-4,5P2 correlated well with the.occupation of receptors

by (Lys8)-vasopressin in hepatocytes. However, there has not been a

convincing correlation of the degree of inositol phospholipid hydrolysis

and the extent of the ca2+-dependent response of secretion in the

exocrine pancreas.
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Secretion of protein from the exocrine pancreas is stimulated by a

number of agonists which cause an increase in the intracellular Ca2+

concentration. A biphasic dose-response relationship is characteristic

of pancreatic amyìase secretion stimulated by cholinergic agonists and

cholecystokinin peptides (l^li ìl iams, 1975 b; Jensen et. ,al ., 19g0;

W'illiams et. al., 1981), where increasing the concentration of agonist

produces an increase in enzyme secretion to a maximum, and further

increases in agonist concentration cause submaximal secretion. Recent

stud'ies (Savion and selinger, r978; Roberts and woodland, rgBZ; Burnham

and Williams, 1982 b) have shown that the decrease in pancreatic amylase

secretion wìth high agon'ist concentrations is a Ca2+-dependent phenomenon.

The aim of this study was to compare the ability of a number of

secretagogues acting through different classes of receptors to stimulate

both the breakdown of inositol phosphoìipid and the secretion of amylase

and thus determine if the relationship between these two responses

supported the proposaì that inositol phospholipid breakdown may controì

the agonist-stimulated entry of Ca2+ into these cells.

7.? : MATERIALS AND METHODS

Amyìase secretion and inositol lipid hydro'lysis in response to

carbachol, bethanechol (carbamyì-ß-methylcholine chlori de), butyry'l-

choline chloride, CCK-B and bombesin were measured in mouse pancreatic

slices. The dose-response curve for bombesin-induced amyìase secretion

obtained with this preparation differed from that previously described

for guinea-pig acini and rat acini (Deschodt-Lanckman et. al.,1976;
Jensen et. al., 1978; Ehlentann e!. al., !979) and so the effect of bombesin

on acini isolated from mouse pancreas t^ras examined. Aqylase secretion in
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pancreatic slices and acini was measured as described in 3.7(a) and

3,7 (b). Inositol phosphol ipid hydroìysis v,,as measured as described

in 3.2. Tissue was incubated in the presence of a range of

concentrations of secretagogues.

To investigate the extent of inositol ìipid hydrolysis at the low

agonist concentrations, the recently developed method of Bemidge

et. al. (1982) was used. This method has been shown to be a sensitive

assay for the measurement of inositol lipid hydrolysis (Berridge et. al.,
1982; Watson and Downes, 1983). These studies used in uitro labelling

of tissue with nyo'(z-3ï) inositol which would result in a significant
pool of free (3H)-lnositol in the tissue. since the method of

Berridge et. al. (1982) aìlows the separation of accumulated (3H)-

inositoì-l-phosphate from this free pool of (3H)-inositol it can

provide a good signal-to-noise ratio for assay of increases of inositol

ìipid hydrolysis. Lithium is used to inhibit inositol-1-phosþhatase.

The present experiments aimed to use the method of Berridge et. al.
(1982) on ín uiuo labelled pancreatic tissue to examine the breakdown

of inositol lipid at low concentrations of carbachol.

Pancreatic tissue which had been labelled in uiuo with 122kBq of

nuo-(z-3H) inositol, was washed and then incubated in Krebs solution

(in wh'ich the Nacl was rep'laced with 126mM Licl ) for 30 min in the

presence of carbachol at a range of concentrations. The incubation

was terminated by freezing the samples in a dry-ice/alcohol bath.

Samples were assayed for the release of (a¡¡-'¡nositol phosphates as

described in 5.2.
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7.3 : RESULTS

Secretion of amyìase in mouse pancreatic slices was stimulated

by agonists acting on cholinergic, cholecystokinin or bombesin receptors.

The relative potencies of agonists to stimulate a maximal secretion

were in the order ccK-8 > bombesin > carbachol > bethanechol =

butyrylcholine (Fig. 7.r). The secretion of amy'lase for alì agonists

was biphasic, high concentrations of ccK-9, bombesin, carbachol and

bethanechol being able to reduce amyìase secretion by at least 45% of
that produced by their optimal concentrations. Butyrylcholine was

less efficacious than the other agonists in causing inhibition of

secretion (Fi g. 7.1) .

The relative potencies of agonists to stimulate the breakdown of
inositol phosphoìipid (Fig. 7.1) were in the same order as that for
stimulation of a peak amylase secretion. A comparison of amy'lase

secretion and breakdown of inositol phosphotipid in pancreatic slices
(Fig. 7.1) shows that the maximal secretion of amylase occurred at

concentrations of agonists which produced only a smal'l degree of

breakdown of inositol 'lipid. For the different secretagogues, the

degree of breakdolvn corresponding to peak secretion of ar4ylase was

remarkably conptant and ranged between 6g-g7 Bq/kBq3H incorporated by

the pancreas, above control (Tabte 7.1). concentrations of agonists

which increased the breakdown of inositol phospho'lipid above this

Ievel inhibited amylase secretion. tJith butyrylcholine, increasing

its concentration from 10-sM to 10-4M stimulated an increase in the

breakdown of inositol phosphoìipid and a reduction in secretion.

However, increases in concentrations from 10-4M to 1g-z¡4 did not cause

any further increase in inositol phospholipid breakdown and similarly,
no further decrease in secretion occurred.



329

The inhibition of amylase secretion by high concentrations of

bombesin was unexpected since previous studies had shown little
inhibition when bombesin was used on rat or guinea-pig pancreatic

acini (Deschodt-Lanckman et. al. , 1976; Jensen et. al., 1978;

Uhlemann et. al., L979). In order to confirm the results using

bombesin in mouse pancreas, amylase secretion by bombes'in in mouse

pancreat'ic acini was measured. High concentrations of bombesin

produced submaximal secretion (Fig. 7.2) similar to that measured

in mouse pancreatic slices. The potency of bombesin to stimulate

maximal amy'lase secretion was greater in mouse pancreatic acini

(Fig. 7.2) than in pancreatic slices (Fig. 7.1).

Using the method described by Berridge et. al. (.tgeZ) ttre hydroìysis

of inositol phospholipid in the presence of carbachol 10-8M, 10-7M,

10-6M and 10-4M was measured and the (3H)-inositol-1-phosphate present

above control (Bq/kBq 3H incorporated by the pancreas) was 28 t 6,

27 ¡ 4, 84 t 24 and 283 ¡ 17, respective'ly (n = B). The (3H)-inositol-

l-phosphate in control tissue was 30 t 1 Bq/kBq 3H incorporated by the

pancreas. The method of Berridge et. al. (1982) appears to be no more

sensitive than the method developed in the present study since inositol

phosphoìipid breakdown at low concentrations of carbachol (t0-eN and

10-7M) was not significant'ly increased above controì and the hydrolysis

stimulated by 10-6M and 10-aM carbachol was similar to that measured

with the present assay (see Fig. 7.I, carbachol dose-response curve).
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Fig. 7.1 The Effect of Secretagogues on Amylase Secretion and

the Hydroìysis of Inositol Phospholipids

Anyìase secret'ion was measured as the increase in amylase

released by the stimulated tissue above the control value which was

obtained for each experiment, and is expressed as a percentage of the

total amylase in the tissue (O). The results for basal secretion of

amylase from experiments with each secretagogue were pooled and the

mean t S.E. calculated to be 8.4 r 0.2% of the total aqylase present

(n = 85).

Inositol phospholipid hydrolysis was measured as the release of water-

soluble ( 3H)-labelìed products from the inositol phospholipids above

the control value obtained for each experiment and is expressed as

Bq/kBq 3H incorporated by the pancreas (f). The results for 3H

released from control sampìes in each experiment were pooled and the

mean t S.E. calculated to be 259 t 11Bq/kBq 3H incorporated by the

pancreas (n = 48) during the 30 min incubation.

All values plotted are the mean t S.E. of at least 6 samples. where

no error bar is visible it did not extend beyond the limits of the

symbo'l .

*
fl
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Table 7.1 : The breakdown of inositoì phospholipid corresponding to maximal amylase secretion.

AGONIST

Bombes i n

Carbachol

Bethanechol

Butyryl chol i ne

ccK-8

CONCENTRATION OF
AGONIST PRODUCING

MAXIMAL AMYLASE
SECRETION

to-8u

10
-6

M

M

M

-I03.2 x 10 M

AMYLASE
SECRETED

ABOVE CONTROL
(% ToTAL)

10- 
s

t
10"

3.98 t 0.55

5.94 r 0.4

5.54 t 0.77

4.2 t 0.3

5.57 t 0.47

(12)

(1e)

(13)

(13)

( 15)

INOSITOL PHOSPHOLIPID HYDROLYSED ABOVE CONTROL
( gq/KEq SH INCONPORATED

BY PANCREAS)

73t 8(8)

73 r 11 (11)

68r e (8)

87t 9(8)

80*

*This value for CCK-8 was determined from the curve in Fig. 7.I for inositol phospho'lipid hydrolysis; all other

values are the means of experimentally determined data.

All values represent the mean t S.E. of the number of samples in brackets.

G)(¡)
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Fig. 7.2 : Bombesin-Stimutated Amylase Secretion in Mouse

Pancreatic Acini

Aqylase secretion was measured as the increase in

amylase released by the stimulated tissue above the controì value

whích was obtained for each experiment as is expressed as a

percentage of the total amylase present in the tissue. Results

represent the mean t S.E. of at least 4 samples. The results for
amylase released from control tissue in each experiment were pooìed

and calculated to be 7.7 t 1.4% of the totat an¡ylase present in

acini, (n = 4).
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Fig. 7.3 Comparison of Receptor Occupancy Curves (----),
Amyìase Secretion (tr) and Inositol phospholipid

Hydrolysis (O in the Mouse Exocrine pancreas

(Roberts et. al., l9B4). Resuìts for An¡ylase

Secretion and Lipid Hydrolysis were Obtained

from Fig. 7.1 and Expressed as a percentage of

the Maximal Response

i
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7.4 : DISCUSSION

Both the stimulation and inhibition of amylase secretion from

the pancreas are due to an increase in the intracelJular Ca2+ concentra-

tion (Petersen and Ueda, !976a; t,Jilliams et. al., 1978; Roberts and

woodland, r9B2; Burnham and l,J'illiams, rggzb/. The inhibition is due to

a high Ca2+ concentration since this effect can be decreased by reducing

the extracellular concentration of ca2+ (Roberts and woodìand, rggz;

Burnham and lrJilliams,l982b) and mimicked by the addition of Ca2+ with

ionophore A23lB7 (Gardner et. al., 1980; Stark and 0,Dcherty, 1gg2).

This inhibitory effect of Ch2+ on the secretory response may be a result

of disrupt'ion of the microfilament system (Savion and Seìinger, 197g;

Burnham and Williams, 1982 b).

In the present study a variety of agonists were used to stimulate

the exocrine pancreas from mice. The results show that there appears to

be a correlation between the agonist-stimulated breakdown of inositol
phospholipid and the inhibition of arqylase secretion. Concentrations of

secretagogues which produce a breakdown of more than about 9% of the

inositol phospholipid (above control) of the pancreas inhibit amy'lase

secretion. Butyryìcholine, which is only a partial agonist with respect

to stimulation of the breakdown of inositol phospholipid, did not produce

a large inhibition of amylase secretion.

Bombesin was chosen as an agonist since earlier studies with pancreatic

acini from rat (Deschodt-Lanckman et. al: , 1976) and guinea-pig

(Jensen et. al., 1978) showed that tittle inhibition of secretion occurred.

If inositol lipid hydrolysis is involved in the inhibition of secretion,

as proposed by this study, then bombesin should not stimulate inositol

lipid hydroìysis to a ìarge degree. The results using mouse pancreatic
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slices showed bombesin did cause inhibition of secretion and a corres-

ponding increase in inositol phosphoìipid breakdown. The inhibition of

amyìase secretion by bombesin in mouse pancreas was supported by the

results showing the same effect of this secretagogue on anylase secretion

in mouse pancreatic acini. Experiments carried out in this laboratory by

M.F. Crouch using guinea-pig pancreatic acini showed that high concentra-

tions of bombesin did not cause a submaximal secretion of amyìase in this
species and corresponding'ly little hydrolysis of inositol phosphoìipid

was stimul ated.

The reason for the difference in potency of bombesin to stimulate

inositol lipid hydroìysis in acini and slices is not clear. one possibil-

ity may be that there is greater access of bombesin for its receptor in

acini +.han in slices. t^lilliams et. al . (1979) reported a similar
difference in potency of caerulein to stimulate amylase secretion in rats,
where this secretagogue had greater potency in acini than in slices.

Since the agonist-stimulated breakdown of ínositol phosphoìipid in

the pancreas does not result from an increase in the intracellular concen-

tration of 6uz+ (Tennes and Roberts, rggz) ilre present findings suggest

that the converse may apply, that is, the agonist-stimulated breakdown of
inositol phospholipid may control the increase in intracellular Ca2+

concentration provided by high concentrations of agonists and thus produce

inhibition of amylase secretion.

In the pancreas, the cholecystokinin receptor. exists in both high

and low affinity states in rat (Sankaran et. al., 1990),9uinea-pig

(Jensen et. a1.,1980)and mouse (sankaran et. al., 19g2). The muscarinic

receptor in the rat þancreas also exists in these two states (Larose et.al.,
1e81).
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It has been proposed that occupation of high affin'ity ccK receptors

in mouse pancreas stimulates secretion while occupation of the ìow

affinity receptors causes inhibition of secretion (Sankaran et. al.,
1982). using the values for the affinity of these two classes of

ccK receptor in mouse pancreas, given by sankaran et. ar. (1992),

the theoretical occupancy curves for the high and ìow affinity
binding sites were calculated by Roberts et. al. (1994). The

concentration-response curves for stimulation of amylase secretion

and inositol phospholipid hydrolysis by CCK-8 obtained in the present

study were pìotted with these receptor-occupancy curves for the cCK

receptor. As can be seen in Fig. 7.3, the increase in amyìase

secretion correlates with occupation of the high affinity receptors

while hydroìysis of inositol phospholipid appears to correlate with

occupation of the low affinity receptors.

The abiìity of high concentrations of bombesin to cause a decrease

in maximal secretion and a corresponding increase in inositol phospho-

'lipid hydrolysis was in agreement with the results using the other

secretagogues in mouse pancreas. It therefore appears that the nþuse

pancreas is different to the rat (Deschodt-Lanckman et. al. , 1976)

and guinea-pig (Jensen et. al., L97B) in respect to its response to

high concentrations of bombesin.

Bombesin receptors have been demonstrated in the guinea-pig pancreas

and appear to exist as a singìe class of high affinity b'inding sites

(Jensen et. al., 1978). The resuìts of the present study using mice

suggest that unlike the guinea-pig, there may be high and ìow affinity
states of this receptor in mouse pancreas. studies of the bjnding of
bombesin to its receptors ìn mouse pancreas is required to clarify this
point. An alternative expìanation is that there is on'ly a singìe class
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of bombesin receptor in the mouse pancreas and that in this species

the coupìing of receptor activation to the inositol phosphoìipid

response is different, resulting in a greater efficiency for
stimulating inositol phospholipid hydrolysis than in the guinea-pìg.

It is not known how this occurs but it is obvious'ly an immediate

area of concern.

The high concentrations of agonists which are required to produce

breakdown of inositol phospholipids suggest that the breakdown of

the lipid may be associated with activation of low affinity receptors,

at least for the ccK and muscarinic receptor. Agonist-modulated

gìucose uptake (Sankaran et. al., rggz; Korc et. al., rgTg) and amino

acid uptake (Iwamoto and williams, l9B0) by pancreatic acinar cells
are Ca2+-dependent processes influenced by concentrations of agonists

in the same range as those producing inhibition of secretion. The

function of inositol phosphoìipid hydrolysis may also be to control

the entry of Ca2+ for these and similar processes.

Low concentrations of five agonists which stimulated secretion of
amy'lase in mouse pancreatic slices did not stimulate a significant
breakdown of inositol phospholipid, measured using either the method

developed in this study, or with that described by Berridge et. al.
(1982). The method of Berridge et. ar. (1982) did not cause an

amplificatíon of inositol lipid hydroìysis compared with the method

used throughout the study. since in uíuo jabelting of inositol
phospholipid results in a small pool of free (sH)-inositol, the method

developed in the present study has a favourable signal-to-noise ratio
and so is quite a sensitive assay for inositol lipid breakdown in
mouse pancreas.



341.

Recentìy Streb e!._al. (1983) have shown that inositol-1,4,5-

trisphosphate causes the release of Ca2+ from a non-mitochondrial

intracellular store in rat pancreatic aclni with permeabilized

plasma membranes. The threshold concentration of inositol-1,4,5-

trisphosphate which causes release of Ca2+ is somewhat less than

100nM. It is known from electrophysiologica'l studies, that the

release of Caz+ takes place within 500 msec of the agonist binding

to the receptors (Nìsh'iyama and Petersen, 1975). If inositol-1,4,5-

trisphosphate is the second messenger then it should reach a

concentration of about 100nM within the first 500 msec of stimulation.

It may be that the very small amount of inositol phosphol'ipid

hydrolysed by low concentrations of agonist is sufficient to generate

the amount of inositol -1,4,5-trisphosphate which is required to

release Ca2+ from cellular stores to stimulate secretion.

There have been other studies u¡hich have attempted to correlate the

inositol phospholipid effect with the secretory response in the

exocrine pancreas. An apparent correlation of increased PtdIns

turnover and inhibition cf amy'lase secretion has been reported

previously for the pigeon pancreas (Hokin, 1968b) and rat pancreas

(Calderon et. al., 1980). These studies used the incorporation of

(32p)-P¡ or (r4C)-acetate into Ptdlns as a measure of PtdIns hydro'lysis

and it is now accepted that this indirect assay can lead to erroneous

conclusions (Michell and Kirk, 1981). Recent studies (Crouch

and Roberts, 1984) in this laboratory have shown a correlation

between stimulation of aqylase secretion at low concentrations of

agonist and an increase in the synthesis of inositol phospholipid in

mouse pancreatic acini. This further demonstrates that one can not

use synthesis results to make conclusions about inositol ìipid breakdown.
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In addition, a recent study by chapman et. al. (1983) showed that the

stimulation of synthesis of Ptdlns may not always occur as a direct

result of inositol lipid breakdown since an agonist-stimulated increase

in the synthesis de nouo of Ptdlns was measured.

A companison of the study by Hokin (797a) investigating muscarinic

stimulation of Ptdlns breakdown with that by l,.lilliams (1975 b) on acetyl-

choline-stimulated amylase secretion in mouse pancreatic slices suggested

a correlation between PtdIns breakdown and inhibition of amylase secretion.

The present study provides the first direct comparison between inositol

phosphof ipid breakdown and secretion in the pancreas by examining the

effects of agonists which varied in their ability to inhibit amyìase

secretion. Farese et. al. (1982) using rat pancreatic fragments, found

that decreases in PtdIns concentration correlated with increases in

amy'lase secretion. The reason for the difference between our results and

those of Farese is not clear, although Farese et. al. (1982) measured

total Ptdlns content rather than breakdown. Totaì Ptdlns content is a

balance between breakdown and synthesis and is affected by factors which

do not necessarily affect breakdown. Amongst these are agonist-stimulated

synthesis de nouo of Ptdlns (calderon et. al., 1980; chapman et. al., 1983),

inhibition of Ptdlns synthesis by c¿2+ (Bemidge and Fain, 1979; Egawa et.

a1.,1981 ê)and any other factor which will alter the basal or stimulated

rate of Ptdlns synthesis. A further difficulty in comparing our results

with those of Farese et. al. (1982) arises from their failure to find the

decrease in amylase secretion with high concentrations of cCK-8 and

carbachol which was seen in the present study and in other studies using

rats and mice (Savion and Selinger, 1978; Roberts and l,Joodland, lggz;

Burnham and l^lilliams,1982b; Sankaran qt. al., 1932).
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The results of this study suggest that at high concentrations of

agonists the degree of inositol phospholipid hydrolysis and the

increase in intracellutar ca2+ concentration are correlated. This

supports the proposal that the tipid hydrolysis may control the

'calcium-gating' response. At low concentrations of agonist the

degree of hydrolysis of inositol phosphoìipid is very smalr, but

may be sufficient to generate the amount of inositol-1,4,S-tris-
phosphate which is required to reìease ca2+ from intracellular

stores.
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CHAPTER 8

CON CLUS I ON
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8.1 : C0NCLUDING DISCUSSION

At the time of comnencing this study, most of the studies

examining phosphoinositide metabolism measured synthesis not breakdown

of this lipid. The few studies which djd measure a decrease in inositol

phospholipid or an jncrease in the release of breakdown products requìred
'lengthy extraction and chromatograph'ic separation of 1ì pids and

metabolites (for exampìe, Hokìn-Neaverson, 1974; Jones and Micheìì,

1976; Fain and Berrìdge, 1979). The method described in Chapters 3

and 4 of this thesis provided a rapid and reproducible direct assay of

inos'itol phosphoìip'id hydro'lysis b): fieasuring the reìease of breakdown

products. rn uiuo labelling with nryo-(2-3H) inositol allowed a ìarge

incorporation of 3H into inositol phosphoJipid with a small amount of

free (3H)-inositol thereby providing a sensitive assay. The release of

(3H)-inositol-labelled products is a valid measure of hydro'lysis in the

mouse exocrine pancreas since agonist-activat'ion does not stirnulate the

inositol-exchange enzyme nor is there any sign'ificant re-incorporat'ion

into phosphoinositide of (sH)-inositol released from thís label'led lipid

over the period of incubation used for the assays (as described in

Chapter 4).

This method did not enable identification of which'lipid is initia'lly
hydrolysed by receptor activation. However, information regarding th'is

was provided by the studies examining the effect of ATP depletion on

inositoì phospholipid hydrolysis (as described in Chapter 5). Since the

agonist-stimulated release of ( 3H)-inositol-label led products requi red

ATP and no ATP-dependent hydrolysis of Ptdlns is known, this indicated

that phosphorylation of PtdIns and perhaps also PtdIns-¿tP was necessary

for activation of inositol phosphoìipid hydrolysis. The hydroìysis of
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PtdIns alone could not account for the agonist-stimulated increase in

(3H)-inositol labelled products, therefore it could be concluded that

PtdIns-4,5P, and/or PtdIns-4P are the major inositol phosphoìipids

hydrolysed in exocrine pancreas.

In studies validating this method (see Chapter 4), the acid-soluble

products of inositol phosphoì'ipid hydrolysis were extracted and

identified to be mostly inositol, with a small proportion of Ins-l-P.

Ins-1,4,5P3 and Ins-I,4P2 were not examined but it is 1ike1y that over

the 30 min incubation period much of the inositot-polyphosphate would

have been converted to Ins-l-P or inositol.

The assay developed by Berridge et. al. (1982) which uses lithium to

inhibit the conversion of Ins-1-P to inositol by inositoì-l-phosphatase

provides a rapid measure of inositol phospholipid hydrolysis which gives

a good signal-to-noise ratio and is now being used by a number of

laboratories. However, this method (Berridge et. al., lgBZ) also does

not allow identification of which phosphoinosjtide(s) is hydrolysed since

it measure total ( sH)-inositol-phosphates.

The first study to separate and identify the (sH)-lnosìtol-phosphates

released from myo-(2-3H) inositol-labell ed phosphoinositide in exocrine

pancreas was reported this year by Rubin et. al. (1994). The time course

of release of inosito'l-phosphates was examined in an effort to determ'ine

which inositol lipid(s) was hydro'lysed following receptor activation.

At I min after carbachol stimulation of rat pancreatic acini (3H)-Ins-

1,4,5P3 and (a¡¡-Ins1,4P2 were increased 8.2-fold and 6.8-fold above

control), respective]y; whereas cn]y a small increase in Ins-l-p'(1.4-fold

above control,) occurred. Rubin.et. al.(1984) suggested that the greater
'latency in Ins-l-P production compared to Ins-1,4,5Pg ancl Ins -I,4p2
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indicated that it was formed from the breakdown of Ins-l,4,5ps and

Ins-1,4P2 and not Ptdlns. The results of Rubin et. al. (1994) showed

that PtdIns-4,5P2 is rapidly hydrolysed foltowing receptor activation

and supported earlier studies showing a more rapid time course of

release of Ins-1,4,5P3 and Ins-r,4Pz compared with the release of

Ins-1-P and inositol in blowfìy saìivary gland (Berridge, 1993) and rat
parotìd gland (Downes and I'lusteman, 1983). These studies provide

evidence that agonists hydrolyse poìyphosphoinositide(s) rather than

Ptdlns. However, it is not possible to determine from these studies

(Berridge, 1983; Downes and l,,lusteman, 1983; Rubin et. al ., 19g4)

whether PtdIns-4P is also hydrolysed since the Ins-I,4P2 could result

either from Ins-1,4,5P3 or PtdIns-4P.

Therefore one of the major questions yet to be answered ìs whether

agonist-stimulated hydro'lysis of PtdIns-4P occurs in addition to the

breakdown of Ptdlns-4,5P2. Although the development of the method

described in this thesis (Tennes and Roberts, 1981), allowed considerable

progress in the study of inositol phospholipid in exocrine pancreas this

assay would not be chosen to investigate the contribution of Ptdlns-4p

hydrolysis to totaì phosphoinositide hydro'lysis; neither would the

method of Berridge e!. al. (L982) nor simp'ly the isolation and

identification of reìeased inositol-phosphates, be used.

The difficulty in examining PtdIns-4P hydroìysis is that the product

released can also increase as a resuìt of PtdIns-4,5P2 hydrolysis since

Ins-4,5,P3 can be converted by a phosphomonoesterase. If an inhibitor

of the Ins-1,4,5P3 phosphomonoesterase was available (such as lithium,

which inhibits Ins-1-P phosphomonoesterase), then increases in Ins-11,4,p2
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could be attributed to the hydrolysis of ptdlns-4p not Ins-1,4,5ps.

unfortunate'ly, no such inhibitor is at present known and so future

research must use an alternative method to examine this question.

One such method has been described recenily (Aub and putney, 1984),

which analyses the kinetics of formation of inositol phosphates by

using a computer simulation program. Estimates were made of the rate

constants for breakdown of Ins-1,4P2 and Ins-1,4,5p3 in rat parot.id

cells. l"lhen these rate constants were applied to the measured steady-

state levels of Ins-r,4P2 and Ins-1,4,5p3, rates of flux through each

of these species could be calculated. The value for the rate of
formation of Ins-1,4,5P3 was less than that for Ins-1,4p2 suggesting

that this latter compound must also be formed by a pathway other than

the hydroìysis of Ins-1,4,5P3; which could be ptdlns-4p hydroìysis.

The rate of formation of Ins-l-p could be accounted for by the f]ux
through Ins-l,4Pz,suggesting that a significant ptdlns breakdown does

not occur and that all of the Ins-l-p courd be formed by hydrolysis of
Ins-1,4P2.

This method (Aub and Putney, 1984) allowed a crear identification of
PtdIns-4P hydrolysis. However, the functional role, if any, of this
response is unknown. It would therefore appear that future studies of

inositol phosphoìipid using this kinetic analysis will allow more

conclusive interpretations that those studies which simply assay

increases in ( e¡¡-tnositol-phosphates.

hlith the aid of this type of kinetic anaìysis, it may then be possible

to examine the Ca2+-dependency of the agonist-stimulated hydrolysis of
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PtdIns-4P; a question which has not yet been investigated. There is

some suggestion that the hydrolysis of PtdIns-4P may be Ca2+-activated

since ionorycin caused a small but significant increase in Ins-r,4p2

in rat pancreatic acini (Rubin et. â1., 1984). since ionomycin did not

cause an increase in Ins-1,4,5Pg it was possible to attribute the

Ins-1,4P2 rise to PtdIns-4P hydroìysis. However, if the ca2+-dependency

of the agonist-stimulated hydrolysis of PtdIns-4P was to be examined,

it would be necessary to use a kinetic analysis of increases in inositol-
phosphates since receptor activation would increase Ins-1,4,5P3 ìeading

to production of Ins-1,4P2 which for examp'le, may occur in the absence

of ca2+ whereas hydro'lysis of PtdIns-4p may not. rdithout kinetjc

analysis it would be impossible to accurateìy determine from which

compound Ins-1,4P2 was formed. It is lÍkeìy that this form of kinetjc
ana'lysis of inositol phosphoìipid hydrolysis will be most useful in

future research in this area.

One of the most important questions stilì unanswered is how does

receptor occupation cause an increase in inositol phospho'ljpid hydro'lysis?

The bind'ing of agonist to receptor could cause a conformational change

in the membrane resulting in activation of the enzyme respons'ible for
hydrolysis or alternatively, allow substrate to be made available to

enzyme. At present it is not known which of these events (or whether

both) occur.

The results presented in this thesis (chapter 5) show that there ìs a

close association between occupation of receptor and inositol phospho-

ìipid hydrolysis, since this lipid response v,ras found to be an early

event in activation of the exocrine pancreas. To examine the mechanism
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whereby receptor occupation stimulates the hydroìysis of lipid, studies

investigating the effect of simultaneous addition of two different

agonists were made.

The results in Chapter 5 suggest that the muscarinic and cholecysto-

kinin receptors in exocrine pancreas do not have their own individual

mechanism for causing phosphoinositide hydro'lys'is but that the signaìs

generated following occupation of different receptors converge on a

common mechanism which limits the degree of hydro'lysis of inositol

phospholipid. The reason for this interaction effect is not known,

but it does not appear to be due to depletion of (¡H)-labelled

phosphoinositide. Further examination is required to determine whether

the lack of additive effect of simultaneous addition of muscarinic and

cholecystokinin receptor agonists is due to maximal stimulation of the

enzyme responsible for hydroìysis, that is, if receptor activation does

stimulate the enzyme. It is possible that the enzyme is active at all
times but that receptor occupation is required to cause phosphoinositide

to be accessible to the enzyme; in this case the interaction effect

would not be due to maximal activation of enzyme. An alternative

explanation could be that occupation of one class of receptor causes

an alteration in the abiìity of a different agonist to bind to its
receptor. This could be examined using receptor-binding techniques.

If no alteration in binding properties was observed the interaction

effect could be due to a physicochemical change in the membrane whereby

binding to one receptor popu'lation alters the conformation of the

membrane such that the ability of the other receptor popuìation to

activate inositol phosphoìipid hydro'lysis is reduced. It may be possible

to test this by examining whether the interaction effect is observed in
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cells with membranes disrupted (with for example, saponin, filipin
or electrically permeabilized). This may provide information as to

whether transmission of conformational changes in membrane from one

receptor to another alters the link between receptor occupation and

i nos i tol 'l i pi d hydrolysi s .

The mechanism which is responsible for activating ìnositoì f ipid

hydrolysìs must be examined. The activation of adenylate cyclase by

occupatìon of the ß-receptor has been clearly identified. The protein

components involved and the conformational changes causing interaction

of these components to activate and deactivate the adenylate cycìase

are clear'ly understood (for a review see Schramm and Sel'inger, 1984) .

Is it possible that receptor and inositol phospho'lipid cou'ld exist in

a comparable structured complex? Studies using cell free systems in

which isolated plasma membrane fractions are activated by agonist and

inositol 'lipid hydrolysis measured could provide a means to examine

this question. Various compounds may be found (for examp'le, anaìagous

to GTP in the adeny'late cyclase system) which are required for

activation of the lipid response - this would allov'r one to bu'ild up r

some kind of model for the activation mechanism. Another possible lvay

to examine this may be to isolate the receptor and see if it is

associated with a lipid-enzyme complex which is still able to be

activated. There are always prob'lems with these kinds of experiments,

however, since it is possible that the isolation procedures may d'isrupt

some essential link. If this did occur, it wou'ld still provide

information as the structural proximity of the lipid and receptor.
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A further examination of the abitity of Ca2+ to potentiate inositol
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phospholipid hydrolysis may allow identification of a Ca2+-sensitive

step in the mechanism linking receptor occupation with the ìipid
res pons e .

As studies in Chapter 6 have shown, neither intracellular nor extra-

cellular ca2+ is required for the agonist-stimulated hydrolysis of
inositol phosphoì'ipid, but the presence of ca2+ in the extracelìular

medium potentiates this hydroìysis of lip.id. This potentiation is
not due to the movement of ca2+ through the plasma membnane since

neomycin' an agent which blocks Ca2+ influx in exocrine gìands (Mar.ier

et. al., 1978; Putney, 1gg1; Aub et. al., rgg2) does not alter the

potentiation effect and an external site of potentiation was suggested

(Tennes and Roberts, rgïz). A role for extracellular ca2+ in
phosphoinositide hydrolysis has subsequent]y been confirmed in
hepatocytes (creba et. al., 1983), lacrimal gìand (Godfrey and putney,

1984) and leukaemic basophil zH3 celrs (Beaven et..al., l9g4).

The site of ç¿2+-potentiation was examined with La3+ and Mn2+-agents

which can dispìace ca2* from membrane binding sites. Two sites of
potentiation by Caz+ have been identified on the external surface of

the pancreatic cell membrane. One site is associated with potentiation

of inositol phosphol ipid hydro'lysis in unstimulated cells. This site
is Lat*-r.nritive but Mn2+ can repìace ca2* at this site. The mechanism

by which the basal hydrolysis of inositol phosphoìipid can be potentiated

by extraceltular Ca2* is not clear. It could indicate that the:enzyme

responsible for hydrolysis is active at alt times and that ca2+ bound

to specific sites on the membrane allows a minimal access of enzyme to

substrate. The second site is associated with potentiation of agonist-
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stimulated inositol ìipid hydrolysis. La3+ and Mn2+ both compete with

ca2+ at this site to remove the potentiation effect. A recent study

by Beaven et. al. (1984) showed that a La3+-sensitive site exists on

the external surface of the basophil 2H3 cell and that occupation of
this site inhibited antigen-stimulated inositol phospholipid hydro'lysis

supporting the results obtained in the present study in the exocrine

pancreas (Tennes and Roberts, LggZ).

The mechanism of potentiation requires further investigation. One

suggestìon is that the occupatìon of receptor causes a conformational

change in the ìipid membrane allowing interaction between phosphoinositide

and enzyme, Ca2+ in some as yet unknown manner could increase the efficacy

of this interaction. A more specific effect of ca2+ to potentiate

agonist-sti.mulated inositol phospholipid hydrolysis could be due to a

ca2+-dependent hydrolysis of ptdlns-4p. since La3* removed the

potentiation effect of ca2+ (chapter 6) it would be interesting to
examine Ins-r,4P2 and Ins-1,4,5P3 formation in the presence of La3+,

with the kinetic ana'lysis described by Aub and putney (19g4). If
removal of Ca2+ from the external binding sites with La3+ reduced the

contribution by (3H)-Ptdlns-4p of (:H)-Ins-]r,4p2 to the total (3H)-

inositol-labelled products such that only (3H)-ptdIns,4,5p2 hydro.lysis

occurred, this would identify the site of Ca2+ potentiation at the step

linking receptor occupation with hydrolysis of ptdlns-4p.

The site of ca2+-binding was proposed to be external since ca2+

potentiation was unaffected by neon¡ycin and removed by La3+ which does

not appear to enter pancreatic cells (wakasugi et. al., 19g1). caz+

could be bound to phosphoìipids and to the negatively charged groups
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(sialic acid residues) on cell surface g]ycoproteins. If neuraminidase

was used to remove the sialic acid residues and the ability of Caz+ to

potenti ate phosphoi nos i ti de hydro'lysi s lvas aì so removed, this woul d

identify the site of caz+ binding to be on g'lycoproteins and so provide

additional information for the development of a model of how receptor

occupat'ion activates inositol lipid hydrolysis and how this mechanism

could be modulated by Ca2+.

Studies over the last few years have demonstrated that the receptor-

transducing mechanism uses PtdIns-4,5P2 as substrate (whether PtdIns-4p

is also used is not known). An important consequence of this is that

the ATP requirement to refill the small pool of ptdlns-4,sp2 provides

a mechanism for control'ling the responsiveness of the cell by altering
phosphorylation reactions which control the availability of substrate.

For example, if a celì is subject to a'large, ìong-term stimulation,

and is metabolicaìly very active it is possible that ATP could be used

for a number of cellular processes, and ATp levels could drop. If so,

this could provide a protective mechanism for the cell and a means of

"switching-off" since the formation of PtdIns-4,5p2 would be reduced,

Ca2+ mobilization would decrease and so the Ca2+-activated responses

would eventually inactivate.

Dep'letion of Ptdlns-4,5P, from the cell could provide a means of

examining which cellular responses are controlled by this lipid
hydrolysis. ATP depìetion to reduce Ptdlns-4,5p2 content could not be

used since this would also interfere directly with the numerous ATp-

dependent cellular responses. An inhibition of PtdIns-4P kinase would

deplete Ptdlns-4,5P2, however, no such inhibitor is known. It is possible
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that incubation of cells with lithium in the presence of agonist would

eventualìy reduce the formation of PtdIns by inhibiting the conversion

of Ins-l-P to inositol. However, Ptdlns can also be formed de nouo.

To eliminate this effect perhaps cationic amphiphiìic drugs which

inhibit phosphatidate phosphohydrolase and so reduce de nouo synthesis

of Ptdlns tAllan and Michell, rg74) could be used. One problem with

using these drugs is that they could also have non-specific effects,

such as acting in a local-anaesthetic manner and so may not pÈove

useful for thi s aim. Al ternati ve'ly, i f cel l s coul d be depl eted of

inositol, then this would lead to eventual depletion of PtdIns and so

also Ptdlns-4,5,P2.

Recent studies have provided one answer for the question of how inositol
phospholipid hydroìysis causes an increase in intracellular Ca2+ by the

identification of release of ca2+ by Ins-1,4,5p3 from non-mitochondrjal

stores in pancreas (Streb et. al., lg83) and other cells (Burgess et. al.,
1984; Joseph et. al., 1984; Prentki et. al., 1984; Suematsu et. al.,
1e84).

However, the mode of action of Ins-1,4,5P3 to act on this non-mitochondrial

poo'l is not known, nor has the identity of this pool been cleariy

demonstrated. Is the pooì intracellular or is some Ca2+ released from

the plasma membrane? The study by Poggioli and Putney (I}BZ) identified

the hormone-sensitive ca2+ pool in parotid g'land cells to be in close

proximity to (or perhaps in) üre plasma membrane. There is at present

no evidence to show that Ins-1,4,5P3 releases ca2+ from the plasma

membrane, this requires investigation. One experiment to examine this
question would be to observe if addition of Ins-1,4,5p3 to isolated
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plasma membrane fractions, isolated from parotid glands and pre-ìabelled

¡¡'¡¿¡ a5çu2+, resulted in the release of ca2+. If so, then this wouìd

identify a role for Ins-1,4,5P3 at the plasma membrane. Ins-1,4,5p3

can also reléase Ca2+ from an intracellular, non-mitochondrial pooì in

other cells, such as pancreas (Streb and Schulz, 1983), the identity
of the site(s) is yet to be determined and requires investigation.

Aìthough Ins-1,4,5P3 mobilizes ca2+ from a cellular site(s), a number

of ce]'ls, including pancreas require Ca2+ influx to sustain secretion

and also to refill ca2+ stores. It is not known whether Ins-1,4,5p3

plays a role in this. The question of how does receptor occupation

cause ca2+ influx has not been answered. Ins-1,4,5p3 may pìay a role,

or phosphatidic may act as an ionophore or perhaps the conformational

change in the membrane may open up pathways in the membrane through

which ca2* can pass. One method to examÍne if Ins-1,4,5p3 can increase

the permeability of the membrane to ca2+ would be to study the effect

of injection of this compound into an intact cell. It may be necessary

to use a large cel'l such as an oocyte which shows'large increases in

cytoplasmic free Ca2+ concentration during fertilization (Cuthbertson

et. al., 1981) and during steroid-induced meiotic division (Baulieu et.

â1., 1978) to exmaine this effect since injection of Ins-1,4,5p3 couìd

be damaging to a smalì cell such as pancreatic acinar cell.

The phys'io'logi cal rol e of i nosi tol phosphol i pi d hydroìysis i n pancreas

was examined by comparing the dose-response curves for amyìase secretion

with those for phosphoinositide hydrolysis (chapter 7). Using a number

of secretagogues acting through different classes of receptors it was

demonstrated that at high concentrations of agonists the degree of



357.

inositol phospholipid hydrolysis correlates with the degree of

inhibition of ar4ylase secretion. Since this effect on secretion

appears to be due to an increase in intracellular Ca2+ (Gardnen et. al.,
.1980; Roberts and woodland, 1982. Burnham and williams, 1992 b) 

,
these results suggest that inositol lipid breakdown and the increase in

intracellular Ca2* are correlated. In the studies described in Chapter

7, at low agonist concentrations when amylase secretion is stimulated,

the degree of inositol phospholipid hydro'lysis is small but may be

sufficient to cause release of a signjficant amount of Ins-1,4,5p3 to

stimulate release of ca2+ from stores and so activate secretion. To

maintain secretion, Ca2* influx would be required, and it still remains

to be examined by what mechanism this occurs.

The state of knowledge of the "Ptdlns Effect" has increased enormously

over the last few years. From Ptdlns being a candidate for ca2+-

mobilization (ptichell, 1975) we now know a considerable amount about

the pathways involved, the initial phosphoinositide to be hydroìysed

and the requirement for phosphorylation to maintain this pool of
PtdIns-4,5P2. One possible mechanism by which inositol phosphoìipid

mobilizes ca2+ has been discovered - Ins-1,4,5p3, for which there is

substantiaì evidence. Another important intracellular second messenger

has also been identified - diacylglycerol. Ins-1,4,5p3 and diacy'lglycerol

may play separate roles or a synergistic role in cell activation via Ca2+

and protein kinase C.



358

BIBLIOGRAPHY

Adrian, T.E., Besterman, H.S., Mallison
Bloom, S.R. (1979). Inh.ibitjon o
secretion by pancreat'ic polypeptì

Abdel-Latif, A.4:, Akhtar, R.A., and Hawthorne, J.N. (Igl7).
Acetylcholine increases the breakdown of triphoiphoiñositide
of rabbit iris_muscle pre-ìabelled with (ezp¡-phôsphate.
Biochem. J. 162, 67-73.

Abdel-Latif, A.A- (1981). Sodium ion and the effect of acetylcholine
on phospholipid and phosphoprotein phosphate turnover in therabbit iris smooth muscle. Biochem. pharmacol. jg., 1371_1374.

Abdel-Latif, A.A.,and Luke, B. (1981). Sodium ion and the neuro-
transmitter-stimulated 32p-rabell ing of phosphoinositides and
gl!er_phosphoìipids in the iris musðle. Biochim. Biophys. Acta.
673,64-74.

.N., Greenberg, G.R., and
ecreti n-stimul ated pancreatj c

Gut. 20, 37-40.

Aquilar, J.S., Criado, M., and DeRobertiS, E. (1990). Inhibition bylocal anaesthetics,_phentolamine and propranoio'l of (e¡¡-
quinuclydìnyì benzylate bindi!g to central muscariniò róceptors.
Eur. J. Pharmacol. 68, 317-326.

Ahren, 8., Ericson, L.E.,.Lundquist, I., and Sundler, F. (19g1).
Adrenergic innervation of pan:reatic islets anã mo¿ulatión ofinsulin secretion by the sympatho-adrenal system. cell rissue
Res. 216,15-30.

Akhtar, R.4., and Abdel-Latif, A.A. (1978). calcium-ion requirement
for acetylcholine-stimulated breakdown of triphosphoirìositide iniabbit iris smooth muscre. J. pharmacol. rxp. Thär. 204, 655-668.

Akhtar, R.4., and Abdel-Latif, A.A. (1980). Requirement for calcium
ions i n acetyl chol i ne-stimul ated phosphodiesterase cl eavage of
PtdIns-4,5P2 in rabbit iris smooth muicre. Biochem. J. ló2,
783-79L.

Albano, J. , Bhool a, K.D. , and Harvey, R.F. ( 1976). Intracel I ular
rnessenger role ofcyclicGMP in exocrine pancreas. llature 262,
404-406.

Agranoff , B.lnl., Murthy, P., and Seguin, E.B. (
phosphodìesterat'ic cleavage of phosphati
in human p'late'lets. J. Biol . Chem.. ZSg,

Albinus, M., Case, R.M., Reed, J.D., Shaw,8., Smith,.p.A., Gomez-pan, A.,
Hal I , R. , BesseF, G.M. , and Schal ly, 4: U. (plA). Effect of giówiñ'
hormone-releasing inhibiting hormone (GH-RIH or somatostatin)"0ñ 

-

secretory processes in stomach and pancreas. In: "stÍmulus-
Secretion coup'ling in the Gastrointèstinaì 1ract", pp. 4ol-40g,
Eds: R.M. Case and H. Goebell. MTp press, Làncastér.'

,c
fs
de.

1983). Thrombin-induced
dyl i nos i to'l bi sphosphate

2076-2078.



359

Al I an, D. ' and Mi chel I , R.H, ( 1974 q) . phosphatidyì inositol cl eavagein 'lymphocytes - requirement for calcii¡m ioni at a low 
----'--J-

concentration and effects of other cations. Biochem. J. !42,
599-604

. , and lvii che] I , R: H.._ ( 1974 b) . phosphati dyr i nos.i to'l cl eavage
talysed by the soluble fraction from ìymphócytes-activitv ài-5.5 and pH 7.0. Biochem. J. I4Z, 591-597. 

-

Al I an, D. , and Mi chel I , R. H. ( 1975) . Enhanced synthe sis d.e nouo ofphosphatidylinositol in ìymphocytes treateã with cationic
amphiphilic drugs. Biochem. J. L4g,4lI-419.

Allan, D:: and Michell, R.H. (1978). The influence of intracellular
ca2+ on the metabolism òf_inositol phospho] ipìãs i;-tt;ph.cyres
and erythrocytes. In: "cyc] i tor s and p,hosphoi nosi tiäes" ,pp. 325-348. Eds: !'l.w.-l,Jells and F. Eisenberg. Academic press, N.y.

Aìm, P., Cegrell, 1., Ehinger, 8., and l-alck (1967). Remarkable
adrenergic nerves in the exocrine pancreas. 

-2. 
Zellforsch.

Mìkrosk. Anat. 83, 178-186.

Amy, c.14. , and Ki rschner, ry. (1981) . phosphor:ylation of adrenaJ-nredul I aceì'l-proteins in conjunction with'stimulãtton of catecñôi'aminesecretion. J. Neurochem. 36, g4l-954.

Argent., 8.E., case, R.l'î., and Scratcherd, T. (1973). Amylase secretion
by_the perfused cat pancreas in reration to the seäretioñ or
calcium and other electrolytes and as influenced by the òxternalionic environment. J. physio'l . (Lond. ) 230, 575_5-93.

Argent,8.E., Case, R.M., and Hirst, F.C. (1gg2). The effects of
manganese, cobalt and calcium on amyìase secretion and calcium
homeostasis in rat pancreas. J. physiot. (Lond.) 323,353-37s.

Aronstam, R.S., Abood,1.G., and Baumgold, J. (Ig7l). Role of
phosphol 

1 ni ds Ín muscari ni c bi nding by neural'membranes. Biochem.
Pharmacol . 26, 1689-1695.

Atherton, R.s., and. Hawthorne, J.N. ( 1969). The phosphoinositide
lfotjtoìphosphohydrolase of guinea-pig intestinäl mucosa. Eur. J.
Biochem. 4, 68-75.

Aub, D.1., McKinney, J.S., and putney, J.w. Jr. (toaz¡. Nature of the
receptor- regy.l ated ca I ci um_poo I i n the r"at paroti d gl and.J. Physiol. (Lond. ) 331, 557-565.

Aub, D.1., and Putney, J.t,J. Jr. ( lgg4). Metabolism of inositol
phosphates in parotid cells . implications for the pathway of thephosphoinositide effect and_for the possible messenger ro"'le ofinositol trisphosphate. Life Sci. 34, 1347-I355.

,D
ca
pH

anAlt

Baker, P.F. (1984). Muìtipìe controls for secretion?
629-630.

Nature 310,

Positional distribution and turnover
cid, phospho'inositides, phosphatidyl_
mine in rat brain, in uiuo. 'Biochim.



360

Banschbach, M.L'l_. , G.l son, R. L. , and Hokin-Neaverson, M. (Lg74) .
4ç.tylcholine increases the level of digìycerí¿e iÀ-;oré" pancreas.
Biochem. Biophys. Res. Commun. 5g, 714-iIg.

Banschbach, Þl.hl., and Hokin-Neaverson, M. (1980). Acetyìcholine promotes
the synthesis of prostaglandin E in mouse pancreas. F6BS Lätt. ú1,
131- 133.

Banwell, J.G., Northam,8.E., and cooke, w,T. (1967). secretory responseof the human pancreas to continuous intravenous infusion ofpancreozymin-cholecystokinìn (cecekin). Gut. g, 3g0-3gt.

Barlow, T.E., Greenwell, J.R., Harper, A.A., and Scratcherd, T. (rgl4).
The influence.of_the splanchnic nerves on the externáÍ secÈetioñ,
blood flow and electricar conductance of the cat pun...ãr.J. Physiol. (Lond.) 236, 421-433.

Bauduih, H., and cantraine, F. (1972). 'phospholipid effect' andsecretion in the rat pancreas. Biochim. Biobhys. Acta. ilo, z4g-253.

Bauduih, H., Galand, N., and Boeynaems, J.M. (19g1). rn uitro stimulationof prostaglandin synthesis in the rat pancreas by carbámylcfiotln.,
caerul ei n and secreti n. prostagl andi ni 22, 35_ 52 . - -."'¿

Bauduirì, H., Stock, C., Vincent, D., and Grenier, J.F. (1975).
Mi crof i I ament-o_us sys tem and secreti on of eñzyme t n tf¡e' exocri nepancreas. Effect of cytochalasin B. J: cell Biol. 66, 165_1g1.

Baulieu, F.E., Godeau, F., Schorderet, M., and Schorderet-Slatkine, S.S.(1978). Steroid-induced meiotió ¿iúision-ln xàitpi" iå.i¿" oocyres :surface and calcium. Nature 275, 593-599.

Beaven? I'l.A:, l4oore, J.P., smith, G.A., Hesketh, T.R., and Metcalfe, J.c.(1984):_ The_calcium signal and þhosphatiáylinoéitri u.òãrdown in
2H3 cells. J. Biol. Chem. 259, lI3l-7L42.

Begìinger, C.,-Tay'lor, I.1., Grossman, M.I., and Solomon, T.E. (19g4).
Pancreatic polypeptide inhibits exocrine pancreatió r.iponses tosix stimulants. Am. J. physiol. 246, G2Sb_G291.

Bel I, R.1., and.Majerus, f.ry. (1980). Thrombin-induced hydrolysis of
llosphatidylinositoì in human pratelets. J. Biol. ör,.r." zss,
1790- t792.

Bell, R.1., Stanford, N., Kennerìy, D.A., and Majerus, p.W. (19g0).
Dig'lyceride 1r'pase : A pathway for arachidónate'releasà-irom humanplatelets. Adv. Prostagì. Thromb. Res. 6, Zlg-224

Bennett, J.P., Cockcroft, S., and Gomperts, B.D. (19g0). Use of
cytochaìq¡in B.to distinguish between earìy'and iate-éveñts lnneutrophil activation. Biochim. Biophys. Ãcta. @I; sea-sgr.

Benrett, J.P., Cockcroft, S., Cas_well, A.H., ônd Gomperts, B.D. (19g2).
Plasma-membrane location of phosphatidylinositill trvárólviit inrabbit neutrophils stimulated witfr torñylmethionyl:i.u.iipfrenytalanine.
Biochem. J. 208, 801-808.



361 .

Berridge, M.J., Downes,
agoni st-dependent
saì i var"y gì ands .

Best, L. , Mal aisse,
acid metabol is
transmi tter an
157- 163.

Benz' L., Ecksteih, 8., Matthews, E.K., and r,riiliams, J.A . (rgrz).Control of pancreatìc amylase reÍease in uitno :.ir.è[i of ions,cyclic AMP and colchicine. Br. J. pharmacol. 46,-66_á;-.

Berridg., lYl.J-, and Fain, J.N. (r9lg). Inhibition of phosphati_dyì_inositol svnrhesis and rhe inai:tivaiioñ òr äur.iffi-ãñi;j afrerprolonged exposure of the br owf'ry sar ivary grand io-" 
-''

5-Hydroxytryptamine. Biochem. J. !79, Sg_OÕ

C,.P.,. and Hanley, M.R. (1992). Lithium amplifiesphosphatidyìinositol reiponses in brain ãnå
B'iochem. J. 206, 587-595.

Berridge, M-J. (1983). .Rapid accumulation of inositol tr.isphosphate
reveal s that.agollsts hydroìyse polyphosphoi nosi ti¿ei'ì'ñitea¿ orphosphatìdyì inositol . Biochêm. ¿. 2iz, b+g_ese.

Berridge, M.J., Dawson, R.M.C., Downes, C.p., Heslop, J.p., and Irv.ine,R.F. (1983). 
.changes in the levéls of inosiúí pho;pr,äï., afreragonist-dependent-hydro]ysi s of membrane phosphoiró;iliilr.

Biochem. J. ZIZ, 473-482.

Berridge, f4.J., Buchanan, p-8., gn.d lgsìop, J.p.. (19g4) . Rerationshipof polyphosphoinositide metabolism tó the hòrmonåi uliiuãtion ofthe insect saì ivary_g'land by 5-Hydroxytryptamine. Irloi. ðell.Endocrinol. 36, 3l-42.

. ( 1983). Phosphat.idyì inositol and phosphatidic
n rat pancreatic islets in response lo näuro:,
ormonal stimuli. Biochim. gioþhys. Acta. ZSO,

Bidot-Lopez, P., Farese, R.V., and
hormone and adenosine-3' ,5'-
phospholipids of the phospha
in rabbit kidney cortex tubu
sensitive process. Endocri n

Bieger, W., Martin-Achard, 4., Bassler, M.,
Studies on intracellular transport oirat exocrine pancreas. IV : Stimulati
caerulein. Cell Tissue Res. 165, 435-

. _Phosphatidyl inositoì metabol ism
g'lycogenolytic hormones. Effects

enaìine, ionophore A23187 and
m. J. 182, 661-669.

ah' Þ1.M.,_Lapetina, E.G., and cuatrecasas, p. ( 1979). phosphatidyl_
inositol-:pecific-phospho'lipase c or plát.i.ù, : Association with
I :2 9i acvt g'tvceror -ki nase and i nhi bi ti on ¡v-ðvcr r c-À¡rp. 

- -giä.i, *.Biophys. Res. Commun. 90, g1-gg.

t¡J. J
mi
dh

and Kern. H.F. (1976).
secretory proteins in the
on by in uiuo infusion of
453.

Bill

Bitl

Billah, M.M., Lapetina, E.G., and cuatrecasas, p. (19g1). phosphoìipase
{z activity,specific-for phosphati¿ic aóid - a possible mechanism
Igl t!ç-production of arachidônic acid in-plaieiÀl;.- J."'Ètol. chem.256,5399-5403.



362

B'il I ah, M., Lapetina, E.G., and cuatrecasas, p. (1990). phosphoìipase
A2 and phospholipase c activities of praterets i oirteräntiai
substrate-spegificity, Ca2+-requirement, pH dependence and
cellular localization. J. Biol. Chem. ZS5, IO?27-10231.

M.M.,_and_Lapet'ina,. E,G. (1982). Rap'id decrease of phosphatidyl-
nositol 4's-bisphosphate in thrombin-stimulated pìateiets.
. Biol. Chem. 257, 12705-12708.

Birdsall, N.J.M., Burgen, A.S.V., Hulme, E.C., and Wells, J.lnl. (1979).
The effects of ions on the bind'ing of agonists and antagonists to
muscarin'ic receptors. Br. J. Pharmacol. 67,31I-371. -

B'irdsall, N.J.M., Berrie, C.P., Burgen, A.S.V., and Hulme, E.C. (1gg0) .
Modulation of the binding properties of muscarin.ic receptors :
Evidence for receptor-effector coup'ring. In: "Receptors for
Neurotransm'itters and_peptide HormonêS", pp. 107-116. Eds: G. pepeu,
M.J. Kuhar, and S.J. Enna, Raven Press, New york.

Birks, R.I., and cohen, M,w. (1968). The action of sodium pump inhibitors
on neuromuscular transmission. proc. Royal soc. Lond.'8. 170,
38 1- 399

Bishop,.H..H.,. and Strickland,K.p.(1970). 0n the spec.ificity of cytidine
djphosphate diglycerides in monophosphoinositol biosynthesii Uyrat brain preparatìons. Can. J. Biochem. 4g, ZIO-211.

Bishop,4,E,, Pglak, J.M., Green, I.C., Bryant, M.G., and Bloom, S.R.(1980). The location of vlp'in the þancieas of man and iat.
Diabetologia 18, 73-80.

Bissonnette,8.M., Collen, M.J., Adachi, H., Jensen, R.T., and Gardner,
J.D. (1984). Receptors for vasoactive intestinal páptide and
secretin on rat pancreatic acìni. Am. J. physiol.'246, GTro-G7Ú.

Blackburn, t^l.R., and vinijchaikul, K. (1969). The pancreas in Kwashiorkor:
An Electron microscopic study. Lab. Invest. 20, 305-319.

Blackmore, P.F., Dehaye, J.P., Strickland, !'1.G., and Exton, J.H. (1979 a).
Alpha-adrenerg'ic mobilization o hepatic mitochondrial calcium.
FEBS Lett. 100, Il7-I20.

Blackmore, P.F., Dehaye, J.P., and Exton, J.H. (1979 b). Studies on
alpha-adrenergic activation of hepatic gìucose output - role of
mitochondrial calcium release jn alpha-ãdrenergic äctivation of
phosphorylase in perfused rat liver. J. Biol.-chem. 254,6945-6950.

Blumberg.,. P.lll., Jaken, S,r_[Þ1i9,..8., Sharkey, N.4., Leach, K.A., Geng,4.Y., and Yeh, E. (1984). Mechanism of action of the phorboì
ester tumour promoters : Spec'ific receptors for lipophil'ic ligands.
Biochem. Pharmacol. 33, 933-940

Bolender,_R,?. (r974). Stereoìogica'l anaìysis of guinea-pig pancreas, I.Analytical model and quantitative descriptioñ of noil-ðtimulated-
pancreati c exocrine cel ls. J. Cel I Bioì . 61, 269_2gl .

Billah,
i
J



363.

Bondani, 4., and Karler, R. (1970). Interaction of calcium and local
anaesthetics with skeletal muscle microsomes. J. Cell. physioì.
75, 799-2Ir.

Bon¡er-weir, S., and Orci, L. (1992). New perspectives on the micro-
vasculature of the islets of Langerhans in the rat. Diabetes 31,
883-889

Brindley, D.N., and Bowlêv, M. (1975). Drugs affecting synthesis ofgìycerìdes and phospholipids in rat liver : Effeðts of clof.ibrate,
halofenate, fenfl uramine, amphetamine, cìnchocaine, chlorpromazìná,
demethylimipram'ine, mepyramine and some of their dérivatives
Biochem. J. 148, 4Gl-469.

Brindìey, 0.N., Allan, D., and Michell, R.H. (1975). Redirection ofglyceride and phospholipìd synthesis by drugs inc'luding
chlorpromazine, fenfluramine, imipramine, mãpyramine añd local
anaestheti cs . J . Pharm. pharmacol . 27 -, 462-464.

Broekman, M.J., tlard, J.tnj:, and Marcus, A.{. (1980). phospholipid
metabolism in st'imulated human platelets : Changes iir pholphatidyl-, jnosjtol , -phosphatidic acid and 'lysophospholipiðs. J.'Cliir. Inväst.
66,275-283.

Brown, E., Kendall, D.4., and Nahorsfi, !.R, (1994). Inositol phosphoìipid
hydrolysis in rat cerebral cortical slices : I. Receptor character-isation. J. Neurochem. 42, I3lg-1387.

Brown, S.S., and. Spudich, J.A. (1981). Mechanism of action of cytocholasin :
Evidence that it binds to actin filament ends. J. cell Bioì. ae;-
487-49r.

Buchan, A.M.J., Davison, J.s., and Dickson, v. (1993). vagal non-adrenergic,
non-cholinerg'ic (NANC) control -of_pancreat'ic eiectroiyte and .n.yr." -)
secretion in the guinea-pig. J. physiol. (Lond. ) 346, rr7p.

Buckely, J.T., LeFebvrê, Y.4., and Hawthorne, J.N. (1971). Identificationof an actively phosphorylated component of adrenal medulla
chromaffin granules. Biochim. Biophys. Acta. z3g, 517-519.

Buckley, J.T., and Hawthorne, J.N. (rg7z). Erythrocyte membrane
polyphosphoinositide metabolism and regulation of calcium binding.
rl. Biol. Chem. 247,7218-7223

Burgermeister, t^l.,. [lein, [^1.1., Nirenberg,_U., and Witkop, B. (197g).
comparat'ive binding studies with cñorinergic liganäé and'
histrionicotoxin at muscarinic receptors õf neulal cell lines.
Mol. Pharmacol. 14, 751-767.

Burgess, G.M., Giraud, F.,. Poggiolo, J. and Cìaret, M. (1993).
g-gÇrg¡ergicalìy mediated changes in membrane lipid flúidity and
caz+ binding in isolated rat river prasma membrahes. giðcnim.
Biophys. Acta. l3L, 387-396.

Burgess, G.M., Godfrey, P.P., McKinney
and Putney, J.t,J. Jr. (1984). Th
activation to internal Ca releas

,J
es
ei

.S., Berridge, M.J., Irvine, R.F.,
econd messneger linking receptor
n liver. Nature 309, 63-66.



364.

Burnham, D.8., and l^Iilliams J.A. (1992 a). Effects of carbachol,
cho'lecystokin'in and insul'in on protein phosphorylation in
isolated pancreatic acini. J. Biol. Chem. ZSl,- 10523_1052g.

Burnham, D.8., and l^lilliams, J.A. (1982 b). Effects of high concen-trations of secretagogues on the morphology and secrétory
activity of the pancreas : A role for micrótilaments. cäll
Tissue Res. 222, 20I-2I2.

Burnham, D.8., and hlilliams, J.A. (tgg+). Activation of protein
ki nase acti vi ty i n pancreat'ic ac'ini by caì ci um and änNp. Am. J "Phys'iol . 246, G500-c508.

Bygrave,_FrL. (1978). fvl'itochondria and the control of intracellular
cal ci um. B'iol . Rev. 53, 43-79.

By]und, D.B., a¡d Krebs, E.G. (1975). Effects of denaturation on thesusceptibil'ity_of proteins to enzymìc phosphorylation. J. Biol.
Chem.250,6355-6361.

calderon, P:, Furnelle, J., and christophê, J. (1979). rnuitro 'lip.id
metabolism in the rat pancreas. III. Effects òt caiUamylchoilne and

pancreozymi n on the turnover of phosphati dyì'i nosi tól s , r,z-
llacylglyç9lols and phosphatidyrchoìines. Biochim. aioprrys. Acta.
574, 404-4r3.

calderon, P., Furnelle, J., and christophe, J. (1990). phosphatidy'l-
inositol turnover and calcium movement in the rat pancreas. Am. J.Physiol. 238, c247-c254.

carafoli, E.l Tiozzo, Rr,.t-us'!i, G._, crovetti, F., and Kratzing, G. (rg74).
The release of calcium ions from heart rnitochondria by sõdium.J. Mol . Cel I . Cardiol . 6, 361-371.

carafoli, E., and crompton, M. (1979). The regulation of intracellular
cal ci um. In: "current Top'ics in Membrañes and Transport,', vòl .10,pp- 151-216. Eds: F. Bronner and A. Kleinzeller. Aäademic preis,
New York.

caro, L.G., and Palade, G.E. (1964). protein synthesis, storage and
discharge il !1. pancreatic exocrine cell. An auioradiolraphicstudy. J. Cel I Biol . 20, 473-495.

carter, J.R., and Kennedy, E.p. (1966). Enzymatìc synthesis of cytidine
diphosphate dig'lyceride. J. Lipid Res. 7, 679:683.

Case, R:M., Harper, 4.4., and Scratcherd, T. (1969). Water andelectrolyte secretion by the perfused pancreás of the ðai.
J . Phys i o1 . ( Lond. ) 196, 133- 149

case, R:M., Harper, 4.4., and scratcherd, T. (1969). The secretion ofe'lectro'lytes and enzymes by the pancreas of the anaesthetized ðat.J. Physio'l . (Lond. ) 201, 335-348.

case, R.M., Scratcherd, T., and lvnne! R.D.A. (1970). The origin and
secretion of pancreatic juice bicarbonate. J: physiol. (tònà. i2r0, 1-15.



365.

case, R.M., and scratcherd,. T. (rg7z). Actions of dibutyryl cyclic
adenosi ne 3',5'-monophosphate and.methyr xanthi n.r" oi' pã"ncreatic
exocrine secretion. J. physio'l . (Lond.) 223, aqg-a6i."-"

case, R.M., and cl.ausen, T. (1923). The relationship between calciumexchange and.enzyme secretion in the isolated i"ui-päñã..ãr.J. Physiot. (Lond.) Z3S, 7S-t02.

R:M. (1978). Synthesis, intracerular.transport and dischargeof-expor_tabìe proteils !n the pancreatic acinar cell and ôir,Ë,
cel I s. Biol . Rev. 53, ZII-354'.

R.M:, Hunter, M., Novak, I., and young, J.A. (19g4). The anionicbasis of fluid secret!on by the rabbi[-mandi¡ùtar iarivárv giãr¿.J. Physìol. (Lond. ) 349, 619-630.

SêtCa

Case,

Castagna, M., Takai,.Y., Kaibuchì, K., Sano, K., Kikkawa, U., andNishizuka, Y. ( 1982). Direct aótivation ót calcium-ãciivated,
phosphol i pid-dependenr prorei l-linqle by tumor-p.oroii;é phorbolesters. J. Biol. Chem. 257, lg4l_7951.

chance, R.E., ciezkowski, M., Jaworek, J., Konturek, s.J., swierczek, J.,and rasler,. J- (1981). Effect of páncrearic óorvpuótiäå-an¿ .its
c-terminal .hexapeptide on meal- and secreriñ-iñ¿i,ãðã-óãicreatic
secretion in dogs. J. physioì. (Lond.) 314, 1-9:'--- '-"-

chandlg[,_ D.E., and l^Jil]iams, J.A. (r974). pancreatic acinar cells :Effect of lanthanum ions on amy'lasä relðäse an¿ calcium ion fluxes.J. Physioì. (Lond.) 243, 831_ 46.

977) . Intracel I ul ar uptake and
nasae releasing actions of the
7 in dissociated pancreatic acinar

chandrer,.D.E.,-and tliniurr, r*.,r;lit;,. rnrracerurar divarentcation release in pancreatic àcinar óells duiing itirriri-secretioncoup'l!lg ]. use of chrorotetracycìine as a fluórãi.äñi"õ.0¡..J. Cell Biol. 76, 371-385

chandìer, -0.E., and l^Jilliams, J.A. (197g b). Intracellular divalentcation release-in pancreatic åcinar äells during itiruiúr-secret.ioncoupìing II. Subcellular localization of üre iiuór.îðåñi probe
chlorotetracycl ine. J. Cel I 3iol . 26, 3g6_399.

Chapman, 8.4., l^Jilson, J.4., Co'lìey: p.W., piroìâ, R.C., and Somer, J.B"(1983). Increased phospholiþid synúhesii in the stimutated ratand human pancreas. Biochen. BioÞhys. Res. Commun. liò,- jjUlA.
charo, I.F., Feinman, R.D. , and Detwi'ler, T.c. (1976). Inhibition ofplatelet secretion by an antagonisú of iniraceilular.álðìrr.

Biochem. Biophys. Res. Commun . lZ, I46Z_tqAl.

Chauvelot, L., Heisler, S., Huot, J., and Cagnon, D. (Lglg).
Prostaglandins g1! e¡zyme secretion frõm aisãerìãá'"ái pun.reaticacinar cells. Life Sci . 25, 913_920.



366.

Chi pperfiel d, A. R. ( 1984
effl ux from mouse
J. Physioì. (Lond.

Christophe, J.P., Con'lon,
of porcine vasoactiv
acinar cells from th
J. Biol. Chem. 25I,

cheung, !J.Y. (1980). calmodulin p'lays a pivotaì role in cellular
regu'l ati on. Sci ence 207, lg-27 .

Chey, W.Y., Shay, H., and Shuman, C.R. (1963). External pancreatic
secretion in diabetes mellitus. Ann. intern. Med. 19.,-glz_gzt.

chiou, c.Y., and l4alagodi r M.H. (1975). Studies on the mechanjsm ofaction of a new ca2+ antaqon'ist, g(N,N-Diethylurinói-ôðlvl
3,4,5-trimethoxybenzoate ñyaroch'loÈláe in smóoth anä slÀ"l.tal
muscles. Br. J. Pharmacol. 53, Z7g-Zg5

). Chloride-dependent, diuretic-sensitive K
pancreas and its stimulation by hypertonici,ty.
) 346, 114P.

T.P., and Gardner, J.p. (1976). Interaction
e intestinal peplide with dispersed pancreatic
g-glilgg-pig : Binding a radioiodonated pepriãe"
4629-4634.

clemente, F., de caro, A., and Figarella, c. (rg7z). composition of
!yman pancreatic iuice - immunoenzymotogicaì'study.' Er.. J.
Biochem. 31, 186-193.

Clements, R.S., Rhoten, ld.B., and Starnes, l¡1.R. (nll¡. Subcellular
local ization of al terations in phosphatidyiinosi tol-mãiãóol ismfol I owi ng_ gl ucos e- i nduced i ns ul i n räl eas e- from rat piñð.ãatl .islets. Diabetes, 26, 1109-11 6.

cockcroft, S., Bennett, 4.p., and Gomperts, B.D. (1980). f-l4etLeuphe-
i.nduced phosphatidylinositoì turnover in raÈbit neutropñilr i,
dependent on extracerurar calcium. FEBS Lett. ]]9.; ii's_rra.

erts, B.D. (1981). The dependence
breakdown and enzyme secreiion in
_formyì methi onyì - I eucyl phenyl al ani ne
50 1- 508.

cockcroft, s., Baldwiñ, J.M., and Allan, D. ( l9g4). The ca2+-activatedpolyphosphoinositide phosphodiesterase'of húman an¿ ra¡bit neutrophi'l
membranes. Biochem. J. Z2I, 417-492.

Cohen,. P. (1982). .The role of prote'in phosphory'lation in the neural andhormonal contror of cellular activtty. Näture-29é, oiã_oà0.

collen, M.J., Sutcliff, v.E., pan, G-2, and Gardner, J.D. (19g2).
Post-receptor modulation of actjon of VIP and-secretì;-oñ' pancreatic
enzyme secretion Þ.y secretagogues that mobilize celtular càlcium.
Am. J. physio't . Z4Z, c4n-c41ï.

Co'llins, C.4., ulg_lîll:, W;W:.(1989). Idenrificarion of phosphatidyì-inositol kinase in rat liver lysosomal r.r¡iunãi.- J: Biã1. chem.
258" 2r30-2L34.



367.

Creba, J. 4.,
dKan

Mi chel l
hati dyl i
phate in
Ca2+-mob

R.H.,
to

i 'li zi ng

i
t

os
ra

t
n

4- pho
hepat
hormo

Crouch, M.F., Roberts, M.1., and Tennes, K.A. (1991). Mepacrine
inhibition of bradykinin-induced contractionÁ of tlre rabbit earvein. Agents and Actions 11, 330-334.

crouch, M.F., and Roberts, M.L. (1984). The effects of gamma-
hexachloroc.yclohexane on amylase secretion and inoãitol phospho-lipid metabol'ism in mouse pancreatic acini. Biochim. giophys.
Acta. (in press).

Cuthbertson, K,l.î., !'lhittingham, D.G., and Cobbold, p.H. (19g1).
Free ca2+ increases iñ exponential phases ouiing moùié-oocyteactivation. Nature 294, 754-lSl.

Dagorn,-J-c.. (1978). Non-paraller enzyme secretion from rat pancreas :in uíuo studies. J. Physio'l . (Lond. ) Zg0, 435-449.

Daleo, R.G., Piras, M.14., and piras , R. (1976). Digyìceride kinaseactivity of microtubules. Characterization añã comparison withthe protein kinase and ATpase activities associated'wid
vinblastine-isolated tubulin of chick embryonic muscles-
Eur. J. Biochem. 68, 339-346.

Dawson, R.M.C. (1959). Stu¿ies on the enzymic hydrolysis of monophospho-
inositides !v Rhosphoìipase preparations lrom Þ. notatum and oxpancreas. Biochim. Biophys. Acta. 33, 6g-17.

Dawson, R.M.c.' ald Thompson, hl. (1964). The triphosphomonoesterases
of brain tissue. Biochem. J. _91, 244-ZSO.'

Dawson,_R.M.C., Freinkel, N., Jungaìwala, F.8., and Clarke, N. (1971).
The enzymic formation of lu?-inositol r,z-cyclic phósphate fromphosphatidy'linosito'1. Biochem. J. lZZ,-605:607.

Dawson, R.M.C., and Clarke, N.G . (Ig7Z). D-rn/o-inositol, 1,2-cycìic
phosphate 2-phosphohydrol ase. Biochem-. J. r27, tig-tts.

Debas' H.T., and Grossman, M.I. (1973). Pure cholecystokinin : pancreatic
protein and bicarbonate response. Digestion Þ, 469-481.

Debas, H.T., Konturek, S.J., and Grossman, M. I. (1975). Effect of
extragastric and truncal vagotomy on pancreatiô secretion in thedog. Am. J. Phys'i ol . ZZB, LL7?-II77 .

Dehaye, J-P., Blackmore, P.F., Venter, J.C., and Exton, J.H. (19g0).
Studies on.the a-adrenergic activation of hepatic glucòse output.
c-adrenergic activation of_phosphory'lase by immobiiize¿ eplneþÀrine.J. Biol. Chem. 255,3905-3910.



368.

Dehaye, J-P., l^Jinand, J., Michel , P., Robberecht, p., t,laeìbroek, M.,
Vandermeers, 4., Vandermeers-piret, M-C., and Christophe, ¡. 

-

(198a a). pancreatic secretory faðtor (Þsr), u p.óiðin r.o,n
Gila monster venom stimurating enzyme secretion from ratpancreatic acini. FEBS Lett. 166, Zg3-287.

Dehaye, J-P., l,Jinand, J., Michel, p., poloczek, p., Damien, C.,
vandermeers-Piret,_M-c., vandermeers, A., and chrisiophé, J.
( 1984 b ) . Phosphol i pase A2 

- 
acti vi ty of pancreati c secretoryfactor' a new secretagogue isolated from the venom of HeLoderrna

suspectum. FEBS Lett. l7Z, ZB4-ZBB.

Demel , R.4., Kalsbeek, R., wirtz, K.l'1.A., and van Deenen, L.M.M. (rgl7).
Protein mediated net transfer of phosphatidylinositol .in model
systems. Biochim. Biophys. Acta. 46q, I0_ZZ.

Demol, P., and sarles, H. (1980). Action of catecholam.ines on exocrine
pancreat'ic secret'ion of conscious rats. Arch. Int. Pharmacodyn.
243, 149-163.

Deschodt-Lanckman, M., Robberecht, P= De Neef, p., Labrie, F., Christophe,J. (1975) . rn uitro 'interactions of gaitrointestinál hormones
on cycìic adenosine 3',5'-monophosphate levels and amyìase outputin the rat pancreas. Gastroenteroìogy 6g, 3g1-325. '

Deschodt-Lanckman, M.,.Robberecht, p., De Neef, p., Lammens, M., and
Christophg, J. (1976). rn uitz,o action of óombesin ánd bombesin-ìike peptidgs.on amylase secretion, calcium efflux and adenyìate
cycìase activity in the rat pancreas. J. cl in. Inves¡. g; ggi-age.

Dimaline, R., and Dockray, G.f. (1990). Actions of a new peptide fromporcine intestine (PHI) on pancreatic secretion in lhä rat anOturkey. Life Sci . 27, 1947-1951.

Direnzo, G.C., Johnston, J.lYl., gKatalj, T., Oki!a, J.R., MacDonald, p.C.,
and Bleasdale,_J.E. (1981). phosphatidy'linositoi-specific
phospholipase C in fetal membranes and uterine deciàua. J. Clin.Invest. 67, 847-856.

Di vi rgi'l io, F. , Lew, D.P. , and pozzar, T. ( 1994) . protei n kinase c
activation of phys'ioìogical processes in ñuman neutrophils at
vanishingly sma11 cytosoìic ca2+ levels. Nature 310,691-693.

Dockray, G.J. (1972). The action of secretin, choìecystokinin_
pancreozymin and caerulein on pancreatic secretion in the rat.J. Physio'1. (Lond. ) 255, 679-692.

Dockray, G,J. (1973). vasoactive intestinal peptide: Secretin-like
action on the avian pancreas. Experieirtia 29, 1510-151i.

Dollinger' H.c., Raptis, s., and pfeiffer, E.F. (1976). Effects of
somatostatin on exocrine and endocrine pancreaiic function
stimulated by intestinal hormones in man. Hormone Metabolic Res.g, 74-79.



369

S., and Demling, L. (1975).
n juvenile diabetes. Digest. Dis.

Dormer, R.1., and t^Jilliams, J.4..(1981). Secretagogue-induced changesin subcell ular Ca2+ distribution in isolatéd-pun...ãiið acini.
Am. J. Physiol. 240, cl30-G140.

Dormer, R.L., Poulsen, J.H., L'icke, V., and Williams, J.A. (19g1).
calcium-fluxes in isolatec pancreatic acini : effects of
secretagogues . Am. J . Physi o1 . 240, G3g-G49.

Dormer, R.L. (1984). Introduction of calc'ium chelators into isolated
rat pancreatic acini inh'ibits amylase release in response to
carbamyì chol i ne. Bi oche,r¡¡. Bi ophys . Res . commun. Ig; 976-993.

Downes, c.P., and Michell , R.H. ( 1981). The poryphosphoinositide
phosphodiesterase of erythrocyte membranes. Biochem. J. 19g,
133- 140

Domschke, W., Tympner, F., Domschke,
Exocrine pancreatic function i
20,309-315.

Downes, C.P., and M'ichell, R.H. (tgSZ a). The control by
polyphosphoinositide phosphod'iesterase and the Ca2in human erythrocytes. Biochem. J. ZOZ, 53-59.

Ca2+ of the
-pump ATPase+

Downes, c.P. and Miçfql], R.f. (1?8? þ). phosphatidylinosirol 4-phosphare
and phosphatidylinositol 4,5-bisphosphate : lipids in search òf afunction. Cell Calcium 3, 461-502.

Downes' C.P., and Wusteman, M.M. (_1983). Breakdown of polyphosphoinositides
and not phosphatidylinositoì accounts for muscarinil' agohist-
stimulated i!9!it9l phospholipid metabolism in rat parõtid glands.
Biochem. J. 216, 633-640.

Dyck' w.P., Rudick, J., Hoexter, 8., and Janowitz, H.D. (1969). Influence
9I-glygugon on pancreatic exocrine secretion. Gastroenterology 56,
531- 537

Eagìe, H. (1959). Amino acid metabolism in mammalian cell cultures.
Science 130, 432-431.

Egawa, K., Takenawa, T., Sacktor, B. (1ggl a). Inhibition by ca2+ of the
incorporation of tnao-inositol into phosphatidylinositó'1. Moì. Cell.
Endocrinol. 2I, 29-35.

Egawa, K.:.sacktor, 8., and rakenawa, T. (1991 b). ca2+-dependent and
Ca2+=independent degradation óf phòsphatiåyìinàsi tól'in-rabbit
uas d.eferens. Biochem. J. 194, 129-136.

Eggman' Lr9. r and Hokin, L.E. (1960). The^relationship between secretoryactivjty qld the incorporation of 32P into phosþhoinositide andphosphatidic acid in saliuqfy g'lands and pigeon'oesophageoì mucosain uitro. J. Biol. Chem. 235, 2569-257I.



370.

Ehlert' F.J., Roeske, w.R., Rosenberggr,1.8., and yamamura, H.I. (19g0 a).
The influence of guanyl-5'-yr im'idodiphosphate and sódium on
muscarinic receptor binding in the rat brain and ìongitudinal
muscle of the rat ileun. Life Sci . 26, Z4S-ZST

Ehlert, F.J., Yamamura, H.I., Triggle, D.J., and Roeske, l^1.R. (19g0 b).
The influence of guanyl-5'-yl imidodiphosphate añd sodium chloii¿e
on the binding of the muscarinic agonist, (sH)cis methyìdioxolane
Eur. J. Pharmacol. 61, 317-318.

Eichberg,_J., and HauseF, G. ( 1973). Sub-cell ular distribution ofpoìyphosphoinositides 'in myelinated and unnyelinated rat brain.
Biochin. Biophys. Acta. 326, ZI0-223.

E'isenberg,_ F. Jr. (1967). D-{vo'inositol 1-phosphate as product ofcyclization gf glucose 6-phosphate : a substrate tär a specific
phosphatase in rat testis. J. Biol. chem. 242,1375-L3gz.

Eisenberg_, F. Jr., and Hasegawa, R. (1981). clarification of the rolesof competing exchange reactions in phosphatidylinositol metabolism.
Trends Biochem. Soc. 6, 9-10.

Ekholm, R., and Edlund, Y. (i959). Ultrastructure of the human exocr.inepancreas. J. Ul trastru ctüral Res. Z, 453-49I.

E'l-Fakahany, E., and Richelson, E. (1991). Effects of lanthanides onmuscarinic acetylcholine receptor function. Mol. Phármacol. 
-1g,

282-290.

Elisha, E.E., Hutson, D., and Scratcherd, T. (1994). The d.irect inhibitionof pancreatic electroìyte secretion by noradrenaline in the isolatéàperfused cat pancreas. J. physio] . (Lond. ) 351, 7l_g5.

Fain, J.N., and Berridge, M.J. (1979). Relationship between hormonal
activation of-phosphatidylinositol hydro'lysis, fl uid seðretion
and cal ci um f I ux i n the bl owf ly sal i vary 

-gl aná. Bi ochem. J. !7g,
45- 58.

Fairhurst, A.s.? l,lhittaker, M.1.., and Ehlert, F.J. (1980). Interactionsof D600 (Methoxyverapamil) and local ánaesthètics with rat brain
u-adrenergic and muscarinic receptors. Biochem. Pharmacol . Zg,
155- 162

Farese, R.V., Larson, R.E., and.Sabir,
ionophore A23IB7 and Ca2r defici
and amyìase release in uitro. B

Farese, R.V., Sabir, M.4., and Larso
dibutyryl cycl ic AtvtP and theo
ìipids in uítno. Ca2+-sensit
and cycloheximide-sensitive i
Biophys. Acta. 665, 463-470.

A.M. (1980). Effects of Ca2+
gncy.on pancreatic phosphol ipids
iochim. Biophys. Acta,633, 479-494.

B:F. (1981 a). Effects of
r ttne on rat pancreatic phospho-
decrease in phosphatidyì inositoì

ease in phosphatidic acid. Biochim.

n,
phv
ive
ncr



Farese, R.V., SabìF, M.4., and Larson, R.E. (1981 b). Effects of
adrenocorticotrophin and cycloheximide on adrenal diglyceride
kinase. Biochemistry 20, 6047-6051.

Farese, R.V. ,^Larson, R.E. , and Sabir, M.A. ( 1982). Ca2+-dependent
and ca2+-independent effects of pancreatic secretagogues on
phosphatidylinositol metabol ism. Biochim. Biophys. Acta . lro,
39 1- 399 .

371.

II, W. (1983).
tìde phospholipids
nd on dìscrepancies
ng during inhibition
alcium 4, 195-218.

Se, R

Fu
af
in
of

reFa .V., Sabir, M.4., Larson, R.E., and Trudea I
rther observations on the increases in inosi
ter stimulation by ACTH, cAMP and insulin, a
phosphatidylinositol mass and 32P0u-labelli
hormonal effects by cycìoheximide. Cell C

Feinstein, M.B. (1966).. Inhibition of contraction and calcium
exchangeability in rat uterus by locaì anaesthetics. J. Pharmacol.
Exp. Ther. I52, 516-524.

Fe'insteih, M.8., and Paimre, M. ( 1969). Pharmacologjcal action of local
anaesthetics on excitation-contraction êoupling in striated and
smooth muscle. Fed. Proc. 28, 1643-1648.

Fields , J.7., Roeske, W.R., Morkin, E., and Yamamura, H. I. (197g).
Cardi ac muscari ni c chol i nergi c receptors : Bi ochemi cal i denti fi ca-
tion and characterization. J. Biol. Chem. 253, 3ZSI-3259.

Fisher, D.8., and Mueller, G.c. (1971). Studies on the mechanism by
wh'ich phytohaemagg'lut'ini n rapi d1.v s¡irrl ates phosphoì ipid metabol i sm
of human lymphocytes. Biochim. Biophys. Acta. Z4g, 434-449.

Fö]sch, u.R., and creutzfeldt, l,J. (1975). Eìectro'lyte secretion by a
pancreatic duct model in the rat in uiuo and accumulation o1 cyclic
adenosine 3',5'-monophosphate in ui,.tz,o in response to qastro-
intestinal hormones. In: "stimulus-secretion Couplinõ ln the
Gastrointestinal Tract", pp.381-389. Eds: R.M. Case-and H.
Goebell . MTP Press, Lañcaster.

Fölsch, U.R., t^linckler, K., and hlormsley, K.G. (197g a). Influence of
repeated administration of cholecystokinin and secretin on the
pancreas of the rat. Scand. J. Gastroenterol. 13, 663-61I.

Fölsch, U.R., Lankisch, P.G., and Creutzfeldt, l¡,l. (197g b). Effect of
somatostatin on basal and stimulated pancreatic secretion in therat. Digestion 19, 194-203.

Fowler, S., and de Duve, C. (1969). Digestive activity of'lysosomes. III.
The digestion of lipids by extracts of rat liver lysosomes. J. Biol.
Chem. 244, 47I-48I.

Freedman, s.D., and Jamieson, J.D. (1980). comelation between protein
phosp!9ryìation and secretagogue action in the exocrine pancreas.
J. Cell Biol. 87, 171 a.

t



372.

.D., and Jamieson, J.D. (1981). Ribosomal localization of
,000 Dalton protein whose phosphorylation is stimulated

in situ by secretagogues in the rat exocrine pancreas andparotid. J. Cell Biol. 91, 12029

and Durrel, J. (1969). The enzymic
atidy'linositol by guinea-pig brain :

tion and hydrolysis products. J. Neurochem.

Furuta, Y. , Hashimoto, K., and Ì^Jashizaki, M. ( 1979). Beta-adrenoceptor
stimulation of exocrine secretion from the rat pancreas. Br. J.
Pharmacol . 62, 25-29

Gardner, J.D. , Conl on, T.P. , and Adams, T.D . (1976). Cycì i c AMp in
pancreatic acinar cells : Effects of gastrointestinal hormones.
Gastroenterology 70, 29-35.

Gardner, J.D., and Jackson, l\4.J. (1977). Regulation of amylase release
flgnr dispersed pancreatic acinar ceils. J. physio'1. (Lond. ) zlo,
439-454

Gardner, J.D. (1979). Reguìation of pancreatic exocrine function inuitro r illtial steps in the actions of secretagogues. Ann. Rev.
Phys'io1 . 4I, 55-66 .

Gardner, J.D., and Rottman, A.J. (1979). Action of
dispersed acini fronr guinea-pig pancreas. B
585, 250-265.

Gardner, J.D., Rottmarì, A.J., Natarajan, S., and Bodansky, M. (Ig7g).
Interaction of secretiîs-zz and its analogues with hormone
receptors on pancreatic acini. Biochim. Biophys. Acta. 593,
49 1- 50 3.

Gardner, J.D., and Jensen, R.T. (1980). Receptor for secretagogues onpancreatic acinar cells. Am. J. physiol. 23g, G63-G66:

Gardner., J.0., lnlalker, M., Rottman, A.J. (1980). Effect of AZ3IS7
on amyìase release from dispersed qçi!i prepared from guinea-pig
pancreas. Am. J. Physioì. 238, G45B-G466

Gardner, J.D., Korman, 1.Y., Walker, M.D., and Suiliff, V.E. (1992).
Effects of inhibitors of cyclic nucìeotide phosphodiesùerase on
the actions of vasoactive intestinal peptide and secretin on
pancreatic acini. Am. J. Physiol. Z4Z, G547-G551.

Gardner, J.D., Sutliff, V.E., Walker, lrl.D., and Jensen, R.T. (1983).
Effects of inhibitors of cyclic nucleotide phosphodiesterase on
actions of cholecystokinin, bombesin and carbachol on pancreaticacini. Am. J. Physioì. 245, G676-G680.

;

ù

Freedlnan, S

a29

Friedel, R.0., Brown, J.D.,
hydroìysis of phosph
Subceìlular distribu
16, 37r-378.

chol era toxi n on
och'im. Biophys. Acta.'l

Geison,.R.L.., Banschbach, M.[,J., Sadeghian, K., ônd Hokin-Neaverson, M.(1976). {cetylcholine-stimulãtion of ielective incrèaies iñ stearic
and arachidonic acids in phosphatidic acid in mouse pancreas.
Biochem. Biophys. Res. Commun. 68, 343-349



373.

Gerrard, J.M., Kindom, S.E.,. petersen, D.A., peller, J., Krantz, K.E.,
and l^thite, J.G. (1979). Lysophosphatidic acids i iniluence on
pl atel et aggregati on and i ntracel I ul ar cal ci um fl ux. À,n. J.Pathol. 96, 423-438.

Gil I ' DrM.- (L?77)- Mechanism of action of cholera toxin. In: "Advancesin Cycl ic Nucleotide Research,', Voì . g, pp.g5_11g. Eàs: p.
Greengard and G.A. Robinson, Raven press,'New york.

Gillet, 1., Robberecht, P., König, w., amd christophe, J.A. (1983).
Interaction of Gila l4onster Venom with secrätiñ recepùò.s in ratpancreatic membranes. Reg. peptides 6, 305

Gìynn, I.M. ( 1963). 'Transport Adenosinetriphosphatase' in electric
9rgqn. The relation betweel lg! transport and oxidative phosphory-lat'ion. J. Physio'l . (Lond.) 169,452-465.

Godfrey, P.P., and Putney, J.W. Jr. (1984). Receptor-mediated metabolismof the phosphoinosjtides and phosphatidic äcid in rat Jacrimalacinar cells. Biochem. J. ZIg, lgT-195.

Goldfine, I.D., and williams, J.A. (1993). Receptors for insulin and
CCK in the acinar pancreas : Relationship to hormone aðtion. Int.
Rev. Cyto'l . 85 , l-37 .

Gol enhoferì, K. , and Hermstei rì, N. ( 1975) . Di fferenti ation of cal ci umactivation mechanisms in vascular smooth muscle by seleðtive
suppression with verapamil and D600. Blood vessels !2, zr-31.

Goodman, F.R., hleiss, G.8., and Adams, H.R. (1974). Alterations by
neomycin of asCa movements and contraòtilu'..sponi.i iñ vascular
smooth muscle. J. pharmacol . I xp. Ther. rgg, '472-4g0.

Gorelick, F.S., Cohn, J.4., Freedman, S.D., Delahunt, N.G., Gershoni, J.M.,
and Jamieson, J.D. (1983). Calmodulin-stimuláteA protein kinaseactivity from rat pancreas. J. cell" Bìol. gl, rzb4-rzgs.

Greenberg,. 9:R., McCìoy, R.F., A!r.ign, T.E., Chadwick, V.S., Baron, J.H.,
and Bloom, S.R. (1979). Inhibition of pancreai and éallbladderby pancreatic polypeptide. Lancet 2, t2gO- l.i.gl.

Greengard, H:., Roback, R.4., and Ivy, A.C. (tS+Z¡. The effect of
sympathomimetic amines on pancreatic secretion. J. pharmacol. Exp.Ther. 74, 309-318.

Greengard, P. (1982). Protein phosphoryìation : an overview.
"Handbook of Pharmaco'logy", Voì.5g, pp.357_361. Eda;
Nathanson and J.t^I. Kebabian, Springer-verlag, Berl in.

t

t

À-

¡

l!'
I

)

t.

I

I

t'
å'j

ft

In :

J.A.

978). Catcium-activated hydrolysis
ositol 4-phosphate and phosphatidyl_
hosphate in guinea-pig synaptosomäs.



374.

Grossman, M.I., Greengard, H., and Ivy, A.c. (1943). The effect of
lletqry compos'ition on pancreatic enzymes. Am. J. physiol. 13g,
676-682

Gunther, G.R., and Jamieson, J.D. (1979). Increased intracellular cyc'lic
GlvlP does not correlate with protein discharge from pancreatic
acinar cells. Nature 280, 319-320.

Gunther, G,Rr , ( 19_Q1 a). Effect of l2-o-Tetradecanoyl -phorbol -13-acetate
on Ca2+ qrtlql and protein discharge in panciealic aãinì. J. Biol"
Chem. 256, I2040-L2045.

Gunther, G.R. (1981 b). ?llging.oI phorboì ester derivatives by pancneatic
acinar cells. J. Cell Biol. 91, A210.

Halenda, S.P., and Rubin, R.p. ( 1992). phosphol ipid turnover in isolatedrat pancreatic acini. Biochem. J. Z0B, lI3_72I.

Hallcher, L.lvl., and Sherman, l^'l.R. (1980). The effects of lithium ion andother agents on the activity of tftao-inositol-1-phosphaiase from
bovine brain. J. Biol. Chem. Z5S-, 10996-10901.'

Harrington, c.4., qnd Eichberg, J. (1993). Norepinephrine causes
a1-adrenergi c- receptor-medj ated decrease of phosphati dy1 i nosi tol i n
i sol ated l3t I i y:t p! asma -membranes suppì emehted' wi th iytosol .J. Biol. Chem. 258,2097-2090

HarriS, D.t^I., and Hokin-Neaverson, M. (rgl7). subcellular location of
acetyl chol i ne-stimul ated breakdown of phosphati dyl i nosi tol i n
mouse pancreas. Fed. proc. 36, 639.

Harris, R.4., Schmidt, J., Hitzemann, 8.A., and Hitzemann, R.J. (19g1).
Phosphatidate as a molecular ì ink þetween depolariiation and
neurotransmitter release in the bráin. Science, zlz: lzgo-rzgl.

rwood, J.L., and Hawthorne, J.N. ( tg6g). The properties and subcel lulardistribution of phosphatidylinositoì kinase in mammaliãn lìssuei.
Biochim. Biophys. Acta. IlI, 75-BB.

Hauser, G., and tichberg, J- (1973). Improved conditions for preservation
and extraglion of polyphosphoinositides. Biochim. Biophys. Acta.
326, 20I-209.

Haworth, R.4., Hunter, D.R., and Berkoff, H.A. (19g0). Na+ releases ca2+
from liver, kidney and lung mitochondria. ¡'rgs tett. 110, 216_rrg.

Hawthorne, J.N. (1964). The bíochemistry of the inositol 1ip.ids. Vitamins
and Hormones 22, 5l-79.

Hawthorne, J.N., and I'lhite, p.A. (1975) . Myo-inositol lipids. vitamins
and Hormones 33, 529-573.

Hawthorne, J.N. (1982),_ I! phosphatidylinosito] now out of the calciumgate? Nature 295, 2BI-ZB?

I

À-

I'
¡

d,
t,

)

i

l
I

't

ß:

{i

Ha



Heisler, S., Chauvelot,1., Desjardins, D., Noel
Desy-Audet, L. ( 1981) . Stimul us-secretio
pancreas : Possible role of calmodulin.
59,994-1001.

375.

, C., Lambert, H., and
n coup'l ì ng i n exocri ne
Can. J. Physio'l . Pharmacol .

¡

¡^
Hedl und, 8., and Bartfai, T. (1979). The importance of thiol- anddisulfide groups 'in agon!st and antagonist binding to the

muscarin'ic receptor. Mol. Pharmacol. 15, 531-544:

S., Fast, D., and Tenenhousê, A. (1972). Role of Ca2+ andclic 3',5'-AMP in protein secretion from rat exocrine pancreas.
ochim. Biophys. Acta. 279, 561-572.

Heisler, S. (1973). Effects of various prostaglandins and serotonin onprotein secretion from rat pancreas. Experientia 29, IZ34-LZ3S.

i

Hei s I er,
cy
Bi

islHe er, s., and Grondin, G. (1973). Effect of lanthanum on 4sca flux
and secretion of prote'in from rat exocrine pancreas. Life sci.
13, 783-794.

Heisler, S. (1983). Forskolin potentiates calcium-dependent amy'lase
secretion from rat pancreatic acinar cells. can. J. phyiio].
Pharmacol . 61, 1168- 1176.

Helmkamp., G.M. Jr., Ì,Jirtz, K.l.l.A., and van Deenen, L.L.M. (L976).
Phosphatìdyì'inositol exchange protein. Effects of membrane
structure-on actiyity and evidence for a ping-pong mechanism.
Archiv. Biochenr. Biophys. 174, 592-602.

Hendrickson, H.s. (1969). Physical properties and interactions of
phosphoinositides. Ann. N.Y. Acad. Sci. 16S, 669-676.

Hirasawa, K., Irvine, R.F., and Dawson, R.M.C. (1982 a). Heterogeneity
of the calcium-dependent phosphatidylinositol phosphodiesterase- inrat brain. Biochem. J. 205, 431-442.

Hirasawa, K., Irvine, R.F., and Dawson, R.M.C. (1982 b). Heterogeneity
of the calcium-dependent phosphatidyìinos'i tol phosphodiesterase- ofrat I iver_and kidney as _reveale{^[v c_o-!uqn chromatofocusing.
Biochem. Biophys. Res. Commun. 107-, 533-537.

Hirasawa, K., Irvine, R.F., and Dawson, R.M.c. (1992 c). proteoìytic
activation can produce-a phosphatidylinositol phosphodjesterase
highìy sensitive to Ca2+. Biochem. J. 206, 675-679.

Hoffman, s.1., and Majerus, P.ld. (1982). Identification and properties
of two distinct phosphatidylinositor-specific phospholipase c
enzymes from sheep seminal vesicular gìands. J. Biol. bhem. zs7,
646 1-6469 .

Hokin,1.E., and Hokin, M.R. (19s5). Effects of acetylcholine on the
turnover of_phosphory'l units in individual phospholipids of
pancreas slices and brain cortex slices. Biochim. Biophys. Acta.
18, 102-110.



376.

ki n,Ho

Hokin, 1.E., and Hokin, M.R. (_1959 a). phosphoinositides and protein
secretion in pancreas slices. J. Biol. chem. z¡¡, aôs_ãro.

1.E., and Hokin, 14.R. ( l95g b). Acetylcholine and the exchanoeof inositol and phosphate in brain phósphoinositiJe. -,t."Bi;ì':-
Chem. 233, 818-821.

Hokin, 1.E., and Hokin, t4.R. (1960). Studies on
phosphat'idic acid in sodium transport I.
phosphatidic acid and phosphoinositide in
stimulation of secretion. J. Gen. physio

the carrier function of
The turnover of
the avian salt gìand onl. 44, 61-95.

Hokin, 1.E., and^Hoki!, M.R. (1963). Diglyceride kinase and otherpathways for phosphatidic acia syñthesis in tfrÀ erytñrócyte membrane.Biochim. Biophys. Acta. 67, 47J-494.

Hokin, L.E.' and Huebner,. D. (1967). Radioautographic localization ofthe increased synthesis of.phosphatidyliñosìtot iñ-réipànse topancreozymin_or_acelylc!ol ine in guinêa-pig pancreas iiì..r.J. Cell Biol. 33, 521-530

Hokin, L.E- (1966). Effects of calcium omission on acety'lcholine-stimulated
amvlase secretion and phosphoìipid synthesis in pigðóñ iun.r.u,sl ices. Biochim. Biophys. Acta. E[, Ztg_ZZI.

Hokin, M.R., and. Hokin' !.F. ( 1953). Enzyme secretion and the .incorporation
or 32p inro phosphoìipias oî pun..ääi iii..r. J. gròì. chem. 203,967-977.

Hokin, 14.R., and Hokin, L.E. (1964).
inositol and phosphatidic acid
acetyìcholine in the salt glan
!l gni fi cance of Li pi ds " , pp.423
Rhodes. John Wi'ley and Sons Lt

Hokin, M.R. (1968 a). Studies on chemical mechanisms of the action ofneurotransmitters and hormones. I. Relationship betweàñ hormone-stimulated 32p incorporation into phoipñatidi. ä.iã-âñã intophosphatidyìinositol in pigeon panäreai slices. nrcrrïv. Biochem.Biophys. I24, Z7l-219.

Hokin, M.R. (1968 b). Studies on chemical mechanisms of the action ofneunotransmitters and hormones. II. Increased 'incorporátion of32P into phosphatides as a second, aaapiiuð-rðrpôñi."iå-puncreozymin
or acety'lç!qlt!g in pigeon pancreas slìces. Rrärriv. giolr,im.
Biophys . IZ4, ZB0-284.-

Hokin, M.R- (1974). Breakdown of phosphatidylinositol -in the pancreas inresponse to pancreozymin and acetyìcholine. In: "secrätory
Mechanisms of Exocrine Glands", pÞ.101-113. Eds: lr.À.-rrrorn and- 0.H. Petersen. Munskgaard, Copenirägen.

Hokin-Neaverson, M, (rgl4). Acetylchoìine causes a net decrease inphosphatidylinositol and a net increase in phospháii¿ið-à.id in
mouse pancreas. Biochem. Biophys. Res . commun. g, 163_76g.



377 .

Hokin-Neaverson,_M.,.Sadeghian, K., Majumder, 4.L., and Eisenberg, F. Jr.(1975). Inositol is the water-iolubìé prodúct of uããïvlchotine-stimulated breakdown of .phosphatidyì inoiitol ln mouið-'pun...ur.
Biochern. Biophys. Res. Commun. 67, 1537-1544.

Hokin-Neaverson, t\|._ (1977). Metabol ism and role of phosphatidyl inositolin acetyl chol ine-stimulated membrane function. Ããv:-Éiþ. r'r.¿.Biol. 83, 429-446.

Hokin-Neaversonr.M., and Sadeghian, K. ( 19g4). Lithium-induced
accumulation of inositol-r-phosphate during chol..viiò[inin
octapeptidg- qld acetyìchol ine-stimulated þhosphatidyiinositolbreakdown il_gispersed mouse pancreas ac'inär-¿åli;. -'j.' aiol. chem.259,4346-4352.

Holmsen, H., Kap]an, K.L., and Dange'lma.ier, c.A. (rggz). Differential
energy requ'irements for p'latelet responses : n Álmu'ltaneous studyof aggregation, 3 secretory processes, arachidonate li¡eration, "
phosphatidylinosito'l breakdown and phosphatidi:c iormatiòn. BiochemJ. 208, g-19.

Holub, B.J., and Kuksis^: A. (1?21). Differential distribution oforthophosphate-32p and I4c-gryceroì among morecurar späcies ofphosphat'idylinosirors of rat liver in uiio. J. l_ipiá'ñòr. !2,
699- 705.

Hootman, S.R., Ernst, S,4., and t,Jil liams, J.A. (19g3). secretagogue
regulation 9f-Nul:[* pump activity in pancreatic acinar cells.
Am. J. Physiol. Z4S, G339-G346.

Howard, F., and yudkir, J. (1963). Effect of dietary change upon the
amylase and_trypsin activities of the rat panlreui."-g;i ¿.Nutrition 17, 2BI-294.

Hubel, K.A. -(1970).. Response of rabbi! plncreas ín ui.tto to adrenergicagonists and antagonists. Am. J.'physi ol. Zrg, rsgO-rsd+.

Hubinot, C.J., Best,_ 1., S,ener, A., and Malaisse, hl.J. (19g4).
Activation of a protein kinase c by a tumour-promotinq phorbol
ester in pancreatic islets. FEBS Lett. 170, 2ql-zsE.' '

Hughes, 8.P., Blackmore, p,F., and Exton, J.H. (tggo). Exploration ofthe rote of sodium in rhe.o-adrenérgic reguiáiion-ôF ñe[aticglycogenolysis. FEBS Lett. IZI, ?.6ó_264.

Hui , D.J. , and Harmony, .J-A. K.. (1980). phosphatidyl inositol turnover inmitogen-activated ìymphocytes. luppression-by io* ã.niitvlipoproteins. Biochem. J. IgZ, gt-gg.

Ikezawar H. ,. Yamanegi , M. , Taguchi,
(1976). Studies oñ phõsphaúi
(phospholipase C typà) of bo.
properties and phosphatase-re
Acta. 450, 15'4- 164. 

'



Imai,4., Ishizuka, Y., Kawai, K., and Nozawô, y. (1992). Evidence for
coupling of phosphat'idic acid formation and calcium influx in
thrombin-activated human platelets. Biochem. Biophys. Res.
Commun. 108, 752-759.

Insel,

Irvine, R.F., Hemington, N., and Dawson,
i nosi tol -degradi ng enzymes i n I i ve
277-280.

. F. , Hemi ngton , N. , and Dawson,
osphatidyl inos'itoì by lysosomal
ochem. J. 776, 475-484.

378 "

R.M.C. (1978 b). Hydrolys.is of
enzymes of rat liver and brain.

Stengeì, D., Terry, N., ô
enylate cyclase of human p
ol. Chem. 257, 7485-7490.

nd Hanounê, J. (1982). Regulation
latelet membranes by forskólin.

R.M.C . (I977). Phosphat.idyì-
r lysosomes. Biochem. J. 164,

Irvine, R.F., and Dawson, R.M.c. (1978 a). Distribution of calcium-
dependent phosphatidyl inositol-spec'ific phosphodiesterase in ratbrain. J. Neurochem. 31, I4Zl-1434.

P.A.,
of ad
J. Bi

Irvine, R

ph
B'i

Irvine, R.F., and Dawson, R.M.C. (1979). Neural phospho'lipases
hydro'lysing phosphatidylinositor and their possible' role in
stimulated turnover of this phospholipid. iliochem. Soc. Trans. 7,
353- 35 7.

Irvine, R.F., Hemington, N., and Dawson, R.M.c. (1979 a). The calcium-
dependent pho_sphatidyl inositol-phosphodiesterase of rat brain,
mechanisms of suppression and stimulation. Eur. J. Biochem. ég,
525-530

Irvine, R.F., Letcher,4.J., and Dawson, R.M.c. (1979 b). Fatty-acid
stimulation_of membrane phosphatidylinositol hydrolysìs 6y brainphosphatidyìinos'itol phosphodiesterase. Biochem. J-. l7g,-497-500.

Irvine, R.F., and Dawson, R.M.c. (19s0). The control of phosphatidy]-
inositol in cel I membranes. B'iochein. Biophys. Res. Commun.g, ZZ-SC.

Irvine, R.F., Letcher, 4.J., and Dawson, R.M.c. (1990). phosphatidyl-
inositol in higher plants. Biochem. J. I92, Zl9-293.

Irvine, R.F. (1982).__Thg enzymology of stimurated inositol 'lipid
turnover. Cell Calcium 3,295-309.

Irvine, R.F. , Letcher, A.J. , and Dawson, R.M.c. ( 1994). phosphatidyl-
i nos i to I -4, s-_bi sphospha te phosphodi esterase and phos phbmonoesteras eactivities of rat brain. Biochem. J. Z1g, I77-IíS. '

Ishizuka, Y., Imai,4., Kakashima, S., and Nozawa, y. (1993). Evidence
for de nouo synthesis of phosphatidy]inositol coupìed with
histamine release in activated rat mast cells. Biochèm. Biophys.
Res. Commun. 111, 581-587.



379.

Iwatsuki, N., and Petersen, 0.H. (1977 a). pancreatic acinar cell :localization of_acetyìcholine receptors and the importance ofchloride and calcium for acetyìchoiine-evoked oepoiãriiation.J. Physiot. (Lond.) 269, 723-733.

Iwatsuki , N. , and Petersen, 0. H. (Lg7l b) . pancreati c aci nar cel I s :
the_acety].f,q]ine eqqìlibrium_potential and its ionic dependency.J. Physiol. (Lond.) 269, 735-75t.

Iwatsuki, N., and Petersen, 0.H. (1977 c). Acetylcholine-l ike effectsof intracellular calcium application in pãncreatic acinar cells.Nature 268, I47-I49.

Iwamoto, Y., and hlilliams, J.A. (i990). Inhibition of pancreatic
a-âminoisobutyric acid uptake by cholecystok.inin and othersecretagogues. Am. J. physiol. 23g, G44O_G444.

Jaanus, S.D., Miele, E., and Rubin, R.p. (1967). The analysis of theinhibitory effect of rocar anaesthetics'and prop.ãnóioi on
adreno-medul lary secretion evoked by ca'lcium' or' aceivichol ine.Br. J. Pharmacol. Chemother. 31, 319-330.

Jahn, R-, unger, 9., and Söl ing, H.^D. (_19g0). specific protein phosphory-lation during stimulatión of amylase'secrätion by'e:ãõoniits är "
d'ibutyryl adenosine 3',5l-Tglophosphate in the rät puËõtid gtãnd.
Eur. J. Biochem. 112, 345-3Sz

Jahn, R., and sö]ing, H.D_. (1991_a). phosphorylation of the same specificprotein during aqrV'lase release evoked by ß-adrenergic or
chol.inergic..agonists in rat and mouse pärotid glanãs. 

-p.0.. 
Nail.

Acad. Sci. USA 78, 6903-6906

Jahn, R., and Söling, H.D. (1981.b)- protein phosphorylation during
secretion in the rat lacrimal g'land. A general role of EC-pñoteinin stimulus-secretìon coupling in exocriñe organs? FEBS t-ett. l3i,
28-30

Jahn, R., Padel, U., porsch, p.H., and Söting, H.D. (19g2). Adreno_corticotrophic hormone and aìpha-me1ãnocyte-stimuiating hormone
induce secretion and protein phôipr,õ.vìãtlon in the rat lacrimaì
glqnd_by activation of a cAMp-depändeirt pathway. rur. 

-¿. 
Biochem.t26, 623-629.

Jahn, R., and sö]ing, H.D. (1993). phosphorylation of the ribosomalprotein 56 in response to secretagoguês in the guinea-pig exocrinepancreas, parotid and lacrimal 91and. FEBS Let[. 153,'li-la.
Jamieson, J.D., and Palade, G.E. (1967 a). Intracellular transport ofsecretory proteins in the pancreatic exocrine cell. I. iìole of

!!9 pgfipheral elemenrs of rhe Goìgi comp'tex. J. celi gioi.-e+,
577-6L5.

Jamieson, J.D., a
secretory
to condens
59 7- 6 15.

nd Pal,ade, G.E. (1967 b). Intracellular transport ofproteins in the pancreatic exocrine cell. II. 'rránsport
ing vacuoles and zymogen granules. J. Cell Biol. 34,



380

Jamieson, J.D., and Palade, G.E. (1968). Intracellular transport of
secretory proteins in the pancreatic exocrine cell. IIi. Dissocia-
tion of intracellular transport from protein synthesis. J. CellBiol. 39, 580-588.

Jamieson, J.D., and Palade, G.E. (1971 a). condensing vacuoìe conversion
and zymogen granu'le discharge in pancreatic exocrine cells :
metabolic studies. J. Cell Biol. 48, 503-SZZ.

Jamieson, J.D., and Palade, G.E. (1971 b). synthesis, intracellular
transport and discharge of secretory proteins in stimulated
pancreatic exocrine cells. J. Cell Biol. 50, 135-159.

Jamieson, J.D. (1972). .Transport and discharge of exportable proteins in
pancreatic exocrine celIs : in uitto studies. In: "current
Topics in Membranes and Transport',, Vol.3, pp.273-33g. Eds :F. Bronner and A. Kleinzeller. Academic Press, New York-London.

Jansen, J.B.w., and Lamers, c.B.H.l¡1. (1983) . Radioimmunassay of
cho'lecystokinin in human tissue and plasma. Clinica Ctrimica Acta.
131, 305-316.

Järnefelt, J. (1962). Properties and possible mechanism of the Na+ and
K'-stimulated microsomal adenosine triphosphate. B'iochim. Biophys.
Acta . 59 , 643- 654.

Jensen, R.T., and Gardner, J.D. ( 197g). cycl ic nucleotide-dependent
protein kinase activity in acinar cells from guinea-p'ig pancreas.
Gastroenteroìogy 75, 806-817.

Jensen, R.T., Moody, T. , Pert, C., Rivie
Interaction of bombesin and litor
receptors on pancreatic acinar ce
75,6139-6143.

Jensen, R.T., Tatemoto, K., Mutt, V., Lemp, G.
Actions of a newly isoìated intestinal
acini. Am. J. Physioì. 24I, c49B-G502.

J, E. , and Gardner, J. D. ( 1979) .
with specific membrane
. Proc. Natl. Acad. Sci. USA

r,
in
lls

Jensen, R.T., and Gardner, J.D. (1979). Interaction of physalaemin,
substance P and eledoisin with specific membrane ieleptors on
pancreatic acinar cells. Proc. Natl. Acad. Sci. USA 76, 5679-56g3.

Jensen, R.T., Lemp, G.F., and Gardner, J.D. (1990). Interaction of
cholecystokinin_with specific membrane receptors on pancreatic
acinar cells. Proc. Natl. Acad. Sci. USA 77, Z0lB-2093.

F
p

t and Ga

ide PH
rdner, J.D. (1981).
I on pancreaticept

Jergil, 8., anq Sundler, R. (1983). Phosphorylation of phosphatidyl-
inositol in rat I iver Go]gi . J. Biol . chem. zsg, 7969-7973-.

Jones, 1.M., and. Michell, -R,H. (L974). Breakdown of phosphatidylinositol
provoked by muscarinic choìinergic stimulation of i"at pai^otid-gland
fragments. Biochem. J. L42, 583-590.



381.

Jones, 1.M., and Michell, R.H. (_1975). The relationship of caìcium to
receptor-control led stimulation of phosphatidyì inositol turnover.
Effects of acetylcholine, adrenaline, calcium ìons, cinchocaine,
and a bivalent cation ionophore on rat-parotid fragments.
Biochem. J. 148, 479-485.

Jones, 1.M., and Miche'lì, R.H. (1976). cholinergicaìly stimulated
phosphatidylinositoì breakdown in paroti¿-gland fragments is
independent of the ionic movement. Biochem.J. ¡g;505-507.

Jones, 1.M., Cockcroft, S., and Michell, R.H. (Ig7g). Stimulation ofphosphatidylinositoì turnover in varioui tissues by choìinergic
and adrenqrgic agonists, by histamine and by caeruieìn. Bioðhem.J. rB2, 669-672.

Jorgensen, f.!. (1980). Sodium and potassium ion pump in kidney tubu'les.
Physioì. Rev. 60, 864-917.

Joseph, S.K., Thomas, 4.P., t^lilliams,
J.R. (1984). MAo-Inositol L,4,
for the hormonal mobilization o
J. Biol. Chem. 259, 3071-3081.

. ? I rvi ne, R. F. , and hJi I I i amson,
risphosphate : A second messenqer
ntracellular Ca2+ in liver.

R.J
5-r
fi

Kai, M., -salwayr J.G., and Hawthorne, J.N. (196s). The dìphosphoinos-itjde
kinase of rat brain. Biochem. J. 106, 291-901.

Kaibuchi, K., Kimihiko, S., Hoshijima, fir., Takai, y., and Nishizuka, y.
(1982 a). . ?!gtplqtidyìinositol tuinover in píatetei ãctìvatíon,
calcium mobilization and protein phosphorylaiion. Cell Calðiu*'¡,
323-335.

Kaibuchi, K., Takai, M.. , Sawamura, M., Hoshi jima, M., Fujikura, T., and
Nishizuka (1983)- . Synergistic functións ór pioteìn pr¡òépr¡orytâiion
and calcium mobilization in platelet activation. J.'Bioi . C-trem.
258, 6707-6704.

-dependent 32P-i ncorpor-
Biochem. Int. 1,

Kanno, T. (1972) . Cal ci um-dependent amy'lase rel ease and el ectrophysi o'logi cal
measurements in cells of pancreas. J. physioì. (Lond.) i26, gss-ãzi.

Kanno, T., and Saito, A. (1976). The potentiating influences of insulin
on pancreozymin-induced hyperpoìarization ánd amylase release inthe pancreatic acinar cell. J. physiol. (Lond.) 26r,505-521.

Kaibuchi, K., Takai,
Tomomura, 4.,
adenosine 3',
difference in
105-1 12 .

Kanamori, T., and Hayakawa
ation into a protei
395-402.

. ( 1980). Cycì ic AMP
n rat parotid slices.

,Tni



382

Kanno,

Kanno,

Kanno, T., and Saito, A. (1928).
concentration on secretory
pancreozym'in and ionophore
J. Phys'ioì. (Lond. ) 278, 25

T., and Nishimura, 0. (1976). Stimulus-secretion coup'ling in
pancreat'ic acinar cells : inhibitony effects of calcium rémoval
and manganese addition on pancreozymin-induced amylase release.J. Physìol. (Lond.) 257,309-324

T., and Yamamoto, M. (1977). Differentiation between the calcium-
dependent effects of cholecystokinin-pancreozymin and the
bicarbonate-dependent effects of secretin in exocrine secretion
of the rat pancreas. J. Physio'l . (Lond.) 264,797-799.

Kemper, H.J.M., De Pont, J.J.H.H.M., and Bonting
pancreas adeny'late cycìase. III. Its roi
assessed by means of cholera toxin. Bioc
276-287.

Influence of external potassium
responses to cholecystokinin-
423787 in the pancreatic acinar cell.
I-263.

. L. ( 1975) . Rat
n pancreatic secretion
. Biophys. Acta. 392,

Kanoh, H., and Akersson, B. (1978). Properties of mìcrosomal and
soluble diacyìgìyceroì kinase in rat liver. Eur. J. Biochem. gs,
225-232.

Kel ìy, G.4., Rose, R.c., and Nahrwold, D.L. (r974). Effect of isoproterenol
on pancreatic responses to exogenous and endogenous cholecyitokinin.
Gastroenterology 66, 722.

Kemp, P., Hübscher, Ç., and Hawthorne, J.N. (1961). phospho.inositides 3.
Enzymic hydrolysis of inositol-containing phospholipids. Biochem.J. 79, 193-200.

,S
ei
him

Kempen, H.J.M., De Pont, J.J.H.H.M., and Bonting, S.L. (1977). Rat
pancreatic adenylate cyclase. IV. Effec[ of hormones and other
agents on cyclic AMP levels and enzyme release. Biochim. Biophys.
Acta. 496, 65-76.

Keough, K.M.hJ., and Thompson, W. (1970). Triphos
diesterase in develop'ing þrain of rat and
of brain.' J. Neurochem. Il, 1-11.

Keryer, G., Hermar, G., and Rossignol, B. (1979). sodium requ'irement in
secretory_processes reguìated through muscarinic receptors in ratparotid glands : Its effect on anylase secretion and þhosphatidyl-
i nos i tol I abel 'l 'i ng . FEBS Lett. 102 , 4-8

Keryer, G., and Rossigngl, B. (1978). Lanthanum as a tool to study the
role of phosphatidyìinositol in the calcium transport in rat-
pqrg!id glands upon choìinergic stimulation. Eur. J. Biochem. 85,
77-83.

Keston, A.S. (1956). Specific colorimetric enzymatic analyticaì reagents
for-glgggse. Abstract of papers, lzgth Meeting, ACS, Dallas (tx),
April 1956, p.310.

phoinositide phospho-
in subcell ular fractions



383

Kikkawa, U., Takai, Y., Tanaka, Y:, Miyake, R., Nishizuka, y. (1993).
Protein kinase C as a possible receptor protein of tumour-
promoting phorbol esters. J. Biol. Chem. 258, II44Z-11445.

Kirk, c.J., and Michell, R.H. (1981). Phosphatidylinositol metabolism
in rat hepatocytes stimulated by vasopressin. Biochem. J. 194,
155- 165

Kirk, C.J., Creba, J.4., Downes, C.P., and Michel l, R.H. (19S1). Hormone-
stimul ated metabol ism of i nosi tol I i pi ds and i ts rel ationshi p to
hepatic receptor function. Biochem. Soc. Trans. 9, 371-379.

K'ishimoto,4., Takai, Y., Mari, T., K'ikkawa, U., and Nishizuka, y. (1990).
Activation of calcium and phospholipid-dependent proteiñ t<inàse
by diacylclycerol : Its possible relation to phosphatidy]inosjtol
turnover. J. Biol. Chem. 255, 2273-2216.

Kishimoto, 4., Kaj'i kawa, N., Shiota, M., and Nishizuka, y. ( 1993).
Proteolytic activation of a calcium-activated, phospholip.id-
dependent protein kinase by caìc'ium-dependent neutral protease.
J. Biol . Chern. 258, 1156-1164.

Knight, D.E., and Baker, P.F. (1983). The phorbol ester TpA 'increases
the affinity of exocytosis for calcium in 'leaky, adrenal
medul I ary cel 'l s . FEBS Lett. 160, 98- 100.

Knight, D.E., and Scrutton, M.c. (1984). cyclic nucleotides control a
system which regulates Ca2+ sensitivity of p'latelet secretion.
Nature 309, 66-68.

Kohlardt, M., Bauer, P., Krause, H., and Fleckenstein, A. (1972).
Differentiation of the transmembrane Na and ca channels ìn
mammalian cardiac fibres by the use of specific inhibitors.
Pfìügers Arch. 335, 309-321

Kondo, s., and schul.z., I. (1976). calcium ion uptake in isolated pancreas
cells induced by secretagogues. Biochim. Biophys. Acta. 4rg, 76-92.

Korc, M., [^lil]iams, J.4., and Goldfine, I.D. (1979). Stimulation of the
gìucose transport system in isolated mouse pancreatic acini by
cholecystokinin and analogues. J. Biol. chem. 254, 7624-7629-.

Korc, M., Iwamoto, Y., Sankaran, H., l,lilliams, J.4., Goldfine, I.D. (1991 a).
Insulin action in pancreatic acini from streptozotocin-treated rats.I. Stimulation of protein synthesis. Am. J. physiol. z4o, Gs6-G62.

Korc, M., Bailey, 4.C., and t,Jilliams, J.A. (1981 b). Reguìation of
protein synthesis in normal and diabetic rat pancieas by
cholecystokinin. Am. J. Physioì . 24I, G116-G121

Kramer,, C.M., Franson, R.C., and Rubin, R.P. (1984). Regulation of
phosphati.dylinositol, calcium metabolism and enzyme secretion by
phorbol dibutyrate in neutrophils. Lìpids 19, 315-323.



384

Kulka, 1.G., and Sternl'icht, E. (1968). Enzyme secretion in mouse
pancreas mediated by adenosine-3',5,-cycl ic phosphate and
inhibited by adenosine-3'-phosphate. proc. Nail. Acad. Sci. usA 61,
TT23-II28.

. (1982). Calcium-dependent K+ efflux
land. The effects of trifluoperazine and
hys. Acta. 693, 479-484.

Laffont, F., Chap, H., Soulô, G., and Douste-Bìazy, L. (19S1).
Phospho'l'ipid exchange prote'ins from platelet cytosol possibly
involved in phospholipid effect. Biochem. Biophys. Rbs. comñun,
102, 1366-r37r.

Lakshmanah, J. ( 1978) . Invol vement of post-synapti c cytoskeleton i n
nerve growth factor-induced 'PI-Effect'. FEBS Lett. 95, 16r-164.

Lambert, M. , camurs, J. , and chri stophê, J. (1974) . phosphoryl ation of
protein components of isolated zymogen granuìe membranês from
the rat pancreas. FEBS Lett. 49, 228-232.

ng
it

e ln
e

Kurtzer, R.J., and Roberts,
from rat submandibula
quinidine Biochim. B

Langer, G.4., Serena, S.D., and Nudd, L.M. (I974). Cation excha
heart cell culture : correlation with effects on contract
force. J. [1o1. Cell Cardiol. 6, 149-161.

M.L
rg
iop

Lapet'ina, E.G. , and Hawthorne, J.N. (1971). Dig]yceride kinase of rat
cerebral cortex. Biochem. J. 122, 17I-I79.

Lapetina, ErG., and Michell, R.H. (1973). A membrane-bound activity
catalysing 

- 
phosphatidyì i nosi tol breakdown to L,z diacyl glyce-rol,

9 .ru?-inositol 1 : 2 cyc'lic phosphate, and D-rnyo-inositol 1-pfrospnate.
Biochem. J. L37, 433-442.

Lapetinir_E:G., sequin, E.8., and Agranoff, B.w. (1975). preparation of32P-labeìled inositides and iheir degradation bú solubiò tianey-
enzymes. Biochim. Biophys. Acta. 398, IIB-I24.

Lapet'ingl_E.G., chandrabose, K., and cuatracasas, p. ( 1979). Ionophore
A23I87' and thrombin-induced pìatelet aggregation : Independence
from cycloxygenase products. Proc. Natl. Acad. Sci. USA 75, gIg-gZZ.

Lapetina, E.G., Billah, M.M., and cuatrecasas (1991). The phosphatidyì-
inositol cycle and the regulation of arachidonic acid prôductión.
Nature 292, 367-369.

Lapeti na, E. G. ( 19Bz) . Pl atel et-acti vati ng factor stimul ates the
phosphatidylinosito'l cycle. J. Biol. chem. 257, 7314-73r7.

Lapetina, E.G. (1983). Metabolism of inositides and the activation ofplateìets. Life Sci . 32, 2C69-2082.

Lardy, H.A. , Johnson, D. , and McMurray, l^1.C. ( 1958). Antibiotics as toolsfor metabolic studies. I. A survey of toxic antibiotics in
fgsp¡ratory, phosphorylative and glycoìytic systems. Archiv.
Biochim. Biophys. 78, 587-597.



385.

Laroser.L., Dumont, Y., Asselin, J., Morisset, F., and poirier, G.G.
I 198l) . Muscari ni c receptor of rat pancreáti c aci ni , ( aH j-qrrf A
binding and amyìase secretion. Eur. J. pharmacol. 76, 247-254.

Larsson, !-I.. (1979). Innervation of the pancreas by substance p,
enkepha'l 'in, vasoacti ve i ntesti nal poìypepti de and gastri n/Õcr
immunoreactive nerves. J. Histochem. cytochem. 27: Lzg3-lz}4.

Larsson, L-I., and Rehfeld, J.F. (1979). peptidergic and adrenerg.ic
innervation of pancreat'ic gangìia. Scand. J. Gastroenteroi. !4,
433-437 .

Laugier, R., and Petersen,0.H. (1970). pancreatic acinar cells :
Electrophys'iological evidence for stimulant-evoked'increase in
membrane calcium permeability in the mouse. J. physiol. (Lond.)
303,6r-72.

Laugier, R., and Petersen,0.H. (1990). Effects of intracellular EGTA
injection on stimulant-evoked membrane potential and resistance
changes in pancreatic acinar cells. Pflügers Arch. 386, I4l-ISZ.

Lee, P.c., Jensen, R.T., and Gardner, J.D. (1990). Bombesin-induced
desensitjzation of enzyme secretion 'in dispersed acjni from
guinea-pig pancreas. Am. J. physiol. Z3g, G213-G21g.

D.S., and Ronzio, R.A. (lg7g). An assessment of the role ofprotein kinase and zymogen granule phosphorylation during secretion
by the rat exocrine pancreas. Biochim. Bioþhys. Acta. Sã¡, 4ZZ-433.

L is,EW

Lifson, N. , Kraml inger, K.G. , Mayrand, R.R. , and Lender, E.J. ( 19g0).
Blood flow to the rabbit pancreas with specific referenòe to'theislets of Langerhans. Gastroenterology , 79, 466_473.

Limas, c.J. (1980). Phosphatidate releases calcium from cardiac
sarcopìasmic reticulum. Biochem. Biophys. Res. Commun. 95, S41-546.

Lin, T.M., Evans, D.C., Chance, R.E., and Spray, G.F. (1977). Bovine
pancreat'ic poìypeptide action on gastric and pancreatic secretionin dogs. Am. J. Physiol. 232, E311-E315.

Lin, S.H., and Fain, J.N. (1981). Vasopressin and epinephrine stimulationof phosphatidylinositol breakdown in the plasma membrane of rat
hepatocytes. Li fe Sci . 29 , 1905-1912.

Lingard, J.lú1. ? and Young, J.A. (1983). ß-adrenergic control of exocrine
secretion by perfused rat pancreas in uitz,o. Am. J. physiol. zhs,
G690-G696.

Litosch, I., Saito, Y., and Fain, J.N. (1982). 5-HT-stimulated arachidonic
acid release from labelled-phosp!qtigylinositol in blowfly sat ivárV-gìands. Am. J. Physiol. 243, C2ZZ-CZZ6.

Lítosch, I., Lin, !-l-.1., and Fain,. J.N. (1993). Rapid changes in hepatocyte
phosphoinositides induced by vasopressin. j. Bioì.-chem. zs:8,
t3727-t3732



386.

Livingstone, c.J., and Schachter, D. (1980). calcium modulates the
liqi¿ dynamigs 9f rat hepatocyte plasnra membranes by direct and
indirect mechanisms. Biochemistry 19, 4823-4827. -

Llodhi, S., Weiner, N.D., and Schacht, J. (1976). Interactions of
neomycin and calcium in_synaptosomaì membranes and polyphospho-
inositide mono'layers. Biochim. Biophys. Acta. 426, zai-zgs.

Long, B.['1.,_and Gardner, J.D. (1977). Effects of cholecystokìnin on
adenylate cyc'lase activity in dispersed pancreatic acinar cells.
Gastroenterology 73, 1008-1014.

Low, M.G., and Fineôr, J.B. (1976). Action of phosphat.idy]inositol-
specific phospholìpases c on membranes. Biochem. J. 154, 203-208.

Lowitt, S., Farese, R.V., SabiF, M.4., and Root, A.l,rl. (1992). Rat
Leydig ce'lì. phospholipid.content is increased by lutein.izing
hormone and 8-bromo-cycìic AMp. Endocrinoìogy 111, 1415-1417.

Lowry, 0.H.r Rosebrough, N.J., Farr, 4.1., and Randall, A.J. (1951).
Protein measurement with the Folin Phenol Reagent. J. Iìiol. Chem.
193, 265-275.

Luft, R., Efendic, S., Hökfelt, T., Johansson,0., and Arimura, A. (Ig74)"
Immunohistochemical evicence for the localization of somátostàtin-like immunoreact!vity in a cel'l population of the pancreatic islets.
Med. Biol. 52, 428-430.

ns, R

ph
In

Lyo .M., and Shaw, J.0. (1980). Interaction of Ca2+ and prote.in-
osphory]ation in the rabbit pìatelet-release action. 'J. clin.
vest. 65, 242-255.

l4aìagodi, M.H., and Chiou, C.
net,,/ Ca 2+- an tagon i s t , B-
benzoate hydrochl ori de
Pharmacol . 27, 25-33.

Y . (1974) . Pharmacol ogi cal eval uati on of a
( !'f-di ethyl ami no )-octyl - 3,4, 5- tri methoxy- 

-

(TMB-8) : Studies in smooth muscles. fur. ¿.

. Jr. , and Van De t,la'lle, C.M. (1978). Control
by membrane receptors in the rat-parotid gland.
279,141-151.

Malaisse, I^J.J. (L972). Insulin secretion and food intake. proc. Nutr.
Soc. !1, 2I3-2I7.

Malnoä, 4.,_cox, J.4., and Stein,E.a. (1982). ca2-dependent regulatjon
of calmodulin-binding and adeny'late cyclase activation iñ bovine
cerebellar membranes. Biochim. Biophys. Acta. 7L4, 84-92.

llanabe, T., and Steer, M,L. (19i9). Effects of g'lucagon on pancreatic
content and secretion of amylase in mice. proc. Soc. Exp. Biol.
Med. 161, 538-542.

lvlarguìis, L. (1973). colchicine-sensitive microtubules. Int. Rev.
Cytol. 34, 333-361.

Marier, S.H., Putney, J.W
of caìcium channels
J. Physioì . (Lond. )



387

MaroiS, C., Morisset, J., and Dunnigan, J. (1972). Presence and
stimulation of adenyl cyc'lase in pancreatic homogenate.
Rev. Can. Biol. 31,253-257.

Marshall, P.J., Dixon, J.F., and Hokin, L.E. (1980). Evidence for a
role in stimulus-secretion coupling of prostaglandins derived
from release of arachidonoyì residues as a result of phosphatidyl-
inositol breakdown. Proc. Natl. Acad. sci. usA 77, 3292-3296.

Marshall, P.J., Boatman,
demonstration of th
phosphat'idyl i nosì to

., and Hokin, L.E.
ormation of prosta
reakdown associate

(1981). Direct
I andi n E2 due to
with stimulation of
l. Chem. 2!6, 844-847.

D.E
ef
lb

g
d
oenzyme secretion in the pancreas. J. Bi

Marshalì, P.J., Dixon, J.F., and Hokin, L.E. (1982). prostaglandin E2
derived from phosphatidyìinositol breakdown in the exocrine pancreas
facilitates sgcletign by an action on the ducts. J. pharmacô1. Exp.
Therap. 22I, 645-649.

Martonosi, 4., and Feretos, R. (1964). Sarcoplasmic reticulum I. The
uptake of Ca2+ by sarcoplasmic reticulum fragments. J. Biol.
Chem. 239, 648-658.

Maruyama, Y., and Petersen, 0.H. (1982 a). Singìe channel currents in
isolated patches of plasma membrane from basal surface of pancreatic
acini. Nature 299, 159-161.

lvlaruyama, Y., and Petersen, 0.H. (1982 b). cho'lecystokinin activation of
sing]e-channel currents is mediated by internal messenger in
pancreatic acinar cells. Nature 300, 61-63.

Maruyama, Y., Petersen,0.H:, Flanagan, P., and Pearson, G.T. (1993 a).
Quantification of Caz'-activated K* channels under hormonal control
in pig pancreas acinar cells. Nature 305, 228-232.

Maruyama,-Y., Gaìlacher, D.V., and Petersen, 0.H. (1983 b). Voìtage and
Ca2+-activated K+ channel in baso-lateral acinar ceil membrañes of
mammalian salivary g'lands. Nature 302, 827-829.

Means,4.R., and Dedman, J.R. (1980). Calmodulin : an intracellular
calcium receptor. Nature 285, 73-77.

Meldolesi, J. (1970). Effect of caerulein on protein synthesis and
secretion in the guinea-pig pancreas. Br. J. Pharmacol. 40, 72I-73I.

Meldolesi, J. (1976). Discussion. In: "stimulus-Secretion coupling .in
the Gastrointestinal Tract", pp.329-330. Eds: R.M. Case and H.
Goebell. MTP Press, Eng'land.

Michellngeli, F. (1979). Effects of oligomycin on energy metabolism in
isolated oxyntic cells. Biochem. Pharmacol . 28, g+t-gq¡.

Michell, R.H., Hawthorne, J.N., Coleman, R., and Karnovsky, M.L. (1970).
Extraction of po]yphosphoinositides with neutral and acidified
solvents : A comparison of guinea-pig brain and liver, and
measurements of rat liver inositol compounds which are resistant to
extraction. Biochim. Biophys. Acta. 2I0, 86-91.



Mi chel l, R.H. (L975). Inositol phospholipids and cell surface receptor
function. Biochim. Biophys. Acta. 415, 8I-I47.

frlichell, R.H., Jafferji, S.S., and Jones, L.M. (1976). Receptor-
occupancy dose-response curve suggests that phosphat'idyl inositoì
breakdown may be intrinsic to the mechanism of the muscarinic
cholinerg'ic receptor. FEBS Lett. 69, 1-5.

Michell, R.H., and Kirk, C.J. (1981). Studies of receptor-stimulated
inositol lìpid metabolism should focus upon measurements of'inositol I ipid breakdown. Biochem. J. 198, 247-?48.

Michell, R.H., Kirk, C.J., Jones,1.M., Downes, C.P., and Greba, J.A.
(1981). The st'imulation of inositol ìipid metabolism that
accompanies calcium mobilization in stimulated cells : Defined
characteristics and unanswered quest'ions. Phil. Trans. R. Soc.
Lond. B. 296, 123-737.

Michell, R.H. (1983). Ca2+ and protein k'inase C : Two synergistic
cellular s'ignals. Trends Biochem. Sci. 8, 264-266.

l4iller, J.C., and Kowal, C.N. (1981). The relationship between the
incorporation of 32P into phosphatidic acid and phosphatidyìinositol
'in rat paroti d aci nar cel I s . Bi oche;n. Bi ophys. Res . Cornmuñ . IOZ ,
999- 1007

Mori, T., Takai, Y., Minakuchi,8.Y., and Nishizuka, Y. ((1980).
Inhibitory act'ion of ch'lorpromazine, dibucaine, and other
phospho'lipid-interacting drugs on calcium activated, phosphol'ipid-
dependent protein kinase. J. Biol. Chem. 255, 8378-8380.

Ivlorisset, J.4,, and Webster, P.D. (1971). In uitro and in uiuo effects
of pancreozymin, urecholine and cyclic AMP on rat pancreas. Am. J.
Phys'iol . 230, 202-208.

Multinovic, S., Schulz, I., and Rosselin, G. (1976). The interaction of
secretin with pancreatic membranes. Bjochim. Biophys. Acta. 436,
Lr3-127.

Mürer, E.H., Stewart, G.J., Davenport, K., and Siojo, E. (1981). Effect
of three calcium antagonists on pìatelet secretion and metabolism.
Biochem. Pharmacol. 30, 523-530.

388.

Hormonal
J. Biol .

Murphy, E., Coll, K., Rich, T.1., and l^lilliamson, J.R. (1980).
effects on calcium homeostasis in isolated hepatocytes.
Chem. 255, 6600-6608.

Naccache, P.H., Molski, T.F.P., Becker, E.L., Borgeat, P., Picard, S.,
Vallerand, P., and Sha'afi R.I. (1982). Specificity of the effect
of lipo\ygenase metabolites of arachidonic acid on calcium homeo-
stasis in neutrophils. J. Biol. Chem. 257, 8608-8611.

Naccarato, ld.F., Ray, R.E., and l^lells, w.l¡l . (1974). Biosynthesi s of nryo-
inositol in rat mamnìary gland : Isolation and properties of enzyines.
Archiv. Biochem. Biophys. 164, 194-20I.



389

Nakadate, T., Nakaki, T., Muraki, T., and Kato, R. (1981). Adrenergic
receptors and the onset of streptozotocin-induced diabetes in
mice. Eur. J. Pharmacol . 75, 45-51.

Ng, K.H., Morisset, J., and Poirier, G.G. (t979). Muscarinic receptors
of the pancreas : Correl ation between dì sp'lacement of qu'inucl i di nyl -3H-benzilate binding and amyl ase secretion. Pharmacolooy, 1-8,263-ZiO.

Niedel, J.E., Kuhn, 1.J., and Vandenbark, G.R. (1983). Phorbol diester
receptor co-purifies with protejn kinase c. Proc. Natl. Acad. Sci.
usA 80, 36-40.

Nish'iyama, 4., and Petersen, 0.H. (1974). Pancreatic acinar cells :
Membrane potential and resistance change evoked by acetylcholine.
J. Physiol. (Lond. ) 238, 145-158.

N'ish'iyanra, 4., and Petersen, 0.H. (1975). Pancreatic acinar cells : Ionic
dependence of acetylcholine-induced membrane potential and resistance
change. J. Physiol. (Lond.) 244,431-465.

Nishiyama, A. (1984). The role of Ca2+ stores in secretion. Cell Calcium
5,99-110.

Nishizuka, Y. (1984). Turnover of inositol phospholipids and signaì
transduct'ion. Science 225, 1365-1370.

Norman, J.4., Drummond, 4.H., and l4oser, P. (1980). Inhibition of
cal ci um-dependent regul ator-stimul ated phosphod'i esterase acti vi ty
by neuroì epti c drugs i s unrel ated to thei r cl i ni cal effi cacy. Mol .
Pharmacol. 16, 1089-1094.

Ochs, D.1., Korenbrot, J.I., and l^lilliams, J.A. (1983). Intracellular
free calcium concentrations in isolated pancreatic acini : Effects

' of secretagogues. Biochm. Biophys. Res. Commun,IIT, L22-I28.

0'Doherty, J., and Stark, R.J. (1982). Stimulation of pancreatic acinar
secretion : Increases in cytosoljc calcium and sodium. Am. J.
Physi o1. 242, c513-G521.

0hsako, S., and Deguchi, T. (1981). Stimulation by phosphatidic acid of
caìcium influx and cyclic GMP synthesis in neuroblastoma cells.
J. Biol. Chem. 256, 10945-10948.

0linger, E.J., and Gardner, J.D. (1979). Action of VIP and secretin on
adenylate cyclase activity in acinar cells from gu'inea-pig pancreas.
Gastroenterology 77, 704-713.

Oron, Y. , Sharani, Y. , Lefkovitz, H. , and Selinger, A. ( 1978).
Phosphatidyìinosito'l kinase and diphosphoinos'itide kinase in the
rat-parotid g'land. In: "Cyclitols and Phosphoinositides", pp.383-

' 398. Eds: W.l^l. l^lells and F. Eisenberg. Academic Press, New York.

0rchard, J.L., Davis, J.S., Larson, B.E., and Farese, R.V. (1984). Effects
of carbachol and pancreozymin (cho'lecystokinin-octapeptide) on
polyphosphoi nosi ti de metabol i sm i n rat pancreas in uitt o. Bi ochem. J.
2t7, 2Bt-287.



390.

Otsuki, M., and lnjilliams, J.A. (1982). Effect of diabetes mellitus on
the regulation of enzyme secretion by isolated rat pancreatic acini.J. Clin. Invest. 70, 148-156.

Pan, G-2., Collen, lvl.J., and Gardner,
toxin on dispersed acini from ra
modulation involving cycìic AMP
Acta. 720, 338-345.

J.D. (1982). Action of cholera
t pancreas : Post receptor
and calcium. Biochim. Biophys.

Pagano, R.E., Longmu'ir, K.J., and Martin, 0.c. (tggg). Intracellulan
translocation and metabolism of a fluorescent phosphatidic acid
analogue in cultured fibroblasts. J. Biol. chem. zsg, zo34-zo4o.

Pal ade, G. E. , and sì ekevì tz, P. ( 19 56 ) . Pancreati c mi crosomes : An
integrated morphological and biochemical study. J. B.iophys.
Biochem. Cytol. 2, 671-690.

Palade, G.E., Siekevitz, P., and Caro, L.G. (I}GZ).
and function of the pancneatic exocrine cell.
Sympos'ium, "The Exocrine Pancreas", pp.23-SS.
and 14.P. Cameron., Churchil L London.

Pandol , S.J., Sutliff , V.E., Jones, S.lnj., Charlton, C.G., 0,Donohue, T.1.,
Gardner, J.D., and Jensen, R.T. (1983). Action of natural gìucagon
on pancreatic acini : Due to contamination by previousìy undescribed
secretagogues. Am. J. Phys'i o1 . 245, G703-G710.

Paton, l,l.D.M., Vizi, E.S., and Aboo Zar, M. (1971). The mechanism of
acetyìcholine release from parasympathetic nerves. J. physiol.
(Lond.) 215, 819-848.

Paulus, H., and Kennedy, E.P. (1960). The enzymatic synthesis of inositol
monophosphatide. J. Biol. Chem. 235, 1303-1311.

Pearson, G.T., Singh, J., Daoud, [,l.S., Davison, J.S., and petersen, 0.].l.
(1981 a). control of pancreatic cyclic nucreotide revels and
amylase secretiol b.y noncholinergic, nonadrenergic nerves : A study
gmp]gylng e'lectrical field stimulation of guineá-pig segments.J. Biol. Chem. 256, 11025-11031.

Peanson, G.T., Davison, J.S., Colljns, R.C., Petersen, 0.H. (1991 b).
Control of enzyme secretion by nonchoì'inengic, nonadrenergic'nerves
in guinea-pîg pancreas. Nature 290, 259-26L.

Peanson, G.T. and Singh, J. (1983). An adrenergic nervous pathway for
control of enzyme secretion in the rat panðreas. J. physiol. (Lo
334, 134 P.

nd. )

Pearson, G.T:, Singlr J., and Petersen, 0.H. (1984). Adrenergic nervous
control of cAMP-mediated amylase secretion in the rat pãncreas.
Am. J. Physiol. 246, c563-G573.

Peikirì, s.R., Rottmln, 4.J., Batzri, s., and Gardner, J.D. (197s). Kineticsof amyìase release by dispersed acini prepared from guinea-pig
pancreas. Am. J. Physio'l . 235, E743-E749.

Structure, chemìstry
In: Ciba Foundation
Eds: A.V.S. De Reuck



391.

Petersen, H., Solomon, T., and Grossman, M.I. (1979). Effect of chronicpentagastrin,_choìecystokinin and secretin on pancreas of rats.
Am. J. Physiol. 234, E286-8293.

Petersen, 0.H. (1970). Some factors influencing stimulation-induced
release of. potassium from the cat submandibular gìand to fluid
perfused through the g'land. J. physiol. (Lond.)-209, 43r-441.

Petersen,0.H., and Lteda,_N. (1976 a). pancreatic acinar cells : The roleof calcìum in stimulus-secretion coupì ing. J. physio'1. (Lond. ¡ zá+,
583-606

Petersen,0.H., and Ueda, N. (1976 b). The importance of calcium for
caerulein- and secretin-evoked fluid and'enzyme secretion in the
perfused rat pancreas. J. phys'iol. (Lond.) 263, 223-zz4p.

Petersen,0.H., and ueda, N. (L977). _secretion of fluid and amylase in
the perfused rat pancreas. J. physiol. (Lond.) 264, 919_935.

Petersenr 0.H., and Iwatsuki, N. (1978). 
-The role of calcium in pancreatic

acinar ceìl stimulus-secretion coupìing : An electrophys.ioìbg.icaT
approach. Ann. N.Y. Acad. Sci. 307, 599-611.

Petersen, 0.H., Maruyama,. Y., Graf, J., Laugier, R., Nishiyama, A., and
Pearson, G.T. (1981). Ionic currents across pancreatic ácinár cell
membranes and their role in fluid secretion.'phil. Trans. R. Soc.
Lond. 8.296, 151-166.

Petersen, 0.H. (1984). The role of ca2+ stores in secretion. In:
"secretion : Mechanisms and control", pp.l49-16g. Eds: R.M. case,J.M. Lingard and J.A. Young. Manchester university press.

Petersen, 0.H., and Maruyama, y. (1994). calcium-activated potassium
channels and their role in secretion. Nature 307, 693-696.

Phillips,. J.H. (1973). PtdIns {ln9lg,_a_component of the chromaffin granu'le
membrane. Biochem. J. 136, 579-587.

Pickard, M.R., and Hawthorne, J,N. (tgzs). Labelìing of nerve ending
phospholipids in guinea-pig brain in uiuo and ãffect of electrícal
stimulation on phosphatidylinositol metabolism ìn preìabelled
synaptosomes. J. Neurochem. 30, 145-155.

Ponnapar B.c.,_Dormer, R.L.,..End hjilriams, J.A. (1991). characterization
of an ATP-dependent Caz+ uptake system in mouse pancreatic microsómes.
Am. J. Physiol. 240, ct22-c129.

Poggioli, J., and Putney, J.l^1. Jr. (tsaz1. Net caìcium fluxes in rat-parotid acinar cells : Evidence for a hormone-sensitive calcium pooìin or near the plasma membrane. pflügers Archiv. 3gz, z3g-243.

Poggio!i ' J., l,leiss, S.J., McKinney, J.s., and putney, J.w. Jr. (1983).
Effects of antimycin A on receptor-activated cãicium mobilization
lld PlolPhoinositide metaboìism in rat-parotid gìand. Mol. pharmacol.
23, 7r-77.



392.

Poulsen, J.H.. (r974): Liberation of acetylcholine by ouabain in thecat submandibular g'land. pf]ügers Archiv. !gg.; zat-àes.

Poulsen, J.H., alq l.l!Jliams, J.A. (1977). Effects of the calcium
ionophore A23787 on pancreatic acinar cell membrane pðtentials and
amylase release. J. Physiol. (Lond.) 264, 323-339.

Pozzan:-I,,. corps, 4.N., Montecucco, c., Hesketh, T.R., and l,letcalfe, J.c.(1980). Cqp formatign by various ligands ón lvmÉnòlvt.i shows the
same dependence_on hì gh ceì I ul ar ATp-l evel s. giôchiir. Bìophys.
Acta. 602, 558-566.

Pozzan, T., Rink, T.J., and Tsien, R.y. (1991). Intracellular free ca2+in intact lymphocytes. J. physìol. (Lond.) 3tg, 12p-13p.

Preissler, M., and l^lilliams, J.A. (1981). Pancreatic acinar cell function
Measurement of intracellular ìons and pH and their relaiion tosecretion. J. Physiol. (Lond. ) 3ZI, 437-449.

Prescott, s.M., ald t4ajerus, p.t,l. (1991). The fatty acid composition ofphosphatidyl inositoì from thrombin-stimulated- human plãlelets.J. Biol. Chem. 256, 579-SgZ.

Prentki, M., Biden, TrJ., Janjic, D., Irvjne, R.F., Berridge, M.J., andwollheim, c.B. (1984). Rapid mobilization oi ca2+ fiom rat
insulinom,a microsomes by inositol -r,4,5-trisphosphat.. Nutr.e 309,
562-564

Prpiã,. v.,. Blackmore, P.F., and Exton, J.H. (lgg2). phosphatidyììnositol
breakdown induced by_vasoplessin and epinephrine in'hepaiõcytes is
calcium-dependent. J. Biol. Chem. 252, 11323-11331.

Putney, J.t',r Jr. (1976). Biphasic modulation of potàssium release .in rat-parotid_gland by carbachol and phenyìephrinä. J. pharmaðol. txp.--Ther. 198, 375-384.

Putney, J.w. Jr. (rgl7). Muscarinic, c-adrenergic and peptide receptors
fegy.late the same calcium influx sites in the parätid gland.J. Physiol. (Lond.) 268,139-149.

Putney, J.lrl. Jr. (1978). Stimulus-permeabiìity coupling : Role of calciumin the receptor_regu'lation of membrane pernreabili[v. Þhãrmacol.
Rev.30,209-245.

Putney, J.hl. Jr., Van De
control of calcium
14,1046-1053.

t'lalle, C.M., and Lesl ie, B.A. (1979). Receptorinflux in parotid acinar cells. Moi. pharmäcol.

Putney, !.w, Jr., and_van De t^lalle, c.M. (19g0 a). Role of calcium instimulation of 3ec1 uptake by dispeised pancreatic acinar cells.
Biochèm. Biophys. Res. Commun. 95', 146I-'1466.

Putney, J.l,J. Jr., and Van De [^lal]e.,.C..y. (1990 b). The relationship
between muscarinic receptor bindilg'and ion movements in rat-þarotidcells. J. Physio'1. (Lond. ) 299, 52t-5¡t.



393.

. Effect
c acinar

I

¡r

iit

lÏ

Putney, _J.T^l.. J.,,_Landin,..C.A., and Van De l¡lalle, C.M. (1980 a)of carbacho.'l on radiosodium uptake by dispersed pàncreati
cells. Pflügers Arch. 385, tgt-tgO.-

Putney, J.l¡1. Jr.,l^Jeiss, S.J., Van De Walle, C.M., and Haddas, R.A. (1990 b).
Is phosphatidic acid a calcium ionophore under neurohumoral control?
Nature 284, 345-347.

Putney, J.l¡1. Jr. (1981). Calcium antagonists and cal cium-gating mechanisms
in the exocrine glands. In: "New Perspectìves on Cálcium
4ntqgonists",. pp.169-175. Ed: G.B. ldeiss. American physiorogicaì
Society : Bethèsda.

Putney, !.W. Jr., De Witt,1.M., Hoyle, P.C., and McKinney, J.S. (19g2).
calcium, prostaglandins and the phosphat'idyì'inositor effect in
exocrine gland cells. Cell Calcium 2,561-571.

Putney, J.ld. Jr., Burgess, G.M., Haìenda, S.P., McK'inney, J.S. and
Rubin, R.P. (1983). Effects of secretagogues on lszp¡:phosphatidyl-inositol 4,5-b'isphosphate metabolism in the exocrine pancreas.
Biochem. J. 2I2, 483-488.

Quinn, P.J. (1973). The association between phosphatidylinositol phospho-
diesterase activity and a specific subunit of microtubuìar protein
in rat brain. Biochem. J. 133, 273-28I.

Raabo, E., and rerkildsen, T.c. (1960). 0n the enzymatic determination
of blood gìucose. Scand. J. Clin. Lab. Invest. IZ,40Z.

Rasmussen, H., and Barrett, P.Q. (1984). calcium messenger system: An
integrated view. Physioì. Rev. 64, 938-984.

Raufman, J-P., Jensen, R.T., Sutliff, V.E., Pisano, J.J., and Gardner,
J.D. (1982). Actions of Gila monster venom on dispersed acin'i irom
guinea-pig pancreas. Am. J. Physiol. 242, G470-G474.

Redman, C.M., Siekevitz, P., and Palade, G.E. (1966). Synthesis and
transfer of amyìase in pigeon pancreatic microsomes. J. Biol. Chem.
24I, 1150-1158.

Reed, P.ll., and Lardy, H.A. (1972).
J. Biol. Chem. 247, 6970t6977.

423187 : A divalent catjon ionophore.

Rehfeld, J.F. (1981). Four basic characteristics of the gastrin-
cholecystokinin system. Am. J. Physio1. Z40, GZSS-G266.

Reinhart, P.H., Taylor, W.M., and Bygrave, F.L. (1982). A procedure for
the rapid preparation of mitochondria from rat liver. Biochem. J.
204,73I-735.

Renckens, B.A.M., Van Emst-De Vries., S-E., Depont, J.J.H.H.M., and Bonting,
S.L. (1980). Rat pancreas adenylase cycìase. VII. Efféct of
extracellular calcium on pancreozymin-induced cyclic AMP formation.
Biochim. Biophys. Acta. 630, 511-519.

I

I
I

,
I

I

I



394

Rerup, c.c: (1970). -Drugs_producing diabetes through damage of the
insulin secreting cells. Pharmacol. Rev. ZZ,-495-519.

Rhodes, ?.,_Prpió, Y., Exton, J.H., and Blackmore, p.F. (19g3).
stimulation of phosphatidyl inositol 4,s-bisphosphate hyãroìysis
in hepatocytes by vasopressin. J. Biol. chem. 25g, zllo-zliE.

Rinderknecht, H., l¡lilding, P., and Haverback, B.J. (1967). A new methodfor the determination of o-amylase. Experientia 23, g05.

Rinderknecht, H., Renner, I.G.,.Douglas,4.P., and Adham, N.F. (1979).
Profiles of pure pancreatic secretions obtained by direct'pancieat.ic
duct cannulation in normal healthy human subjects. Gastroenterology
75,1083-1089.

Rink, T.J., sanchez,4., and Hallam, T.J. (1993). Diacyìc'lycerol and
phorbol ester stimulate secretion without rais'ing cytóplasmic free
calcium in human plate'lets. Nature 305,317-319:

Rittenhouse-Simmons, S., and Deyk'in, D. (1978). The activation by ca2+
of platelet phospholipase A2 : Effects of dibutyryl cyclic adenosine
monophospha_te and 8- ( N, N- Di eth I ami no )-octyl - 3,4,-5- trìmethoxy-
benzoate. Biochim. Bìophys. Acta. 543, 409-422.

Roach, P.D., and Palmer, F.B. St. C. (1981).. Human erythroc-vte cytosol
PtdIns'4,5P2 phosphatase. Biochim. Biophys. Acta. 661, 323:333.

Robberecht, P., Deschodt-Lanckman, M., Camus, J., Bruylands, J., and
christophê, J. (1971). Rat pancreatic hydroìasés from birth to
rygqn!ng and dietary adaptation after weaning. Am. J. physiol. 22!,
376- 381

Robberecht, P., Deschodt-Lanckman, M., De Neef, p., Borgeat, p., and
christophê,.J. (r974). rn uíuo effects of pancreõzymín, iecretin,
vasoactive intestinal po'lypeptide and pilocarpine on the levels oi
cyclic AMP and cyc'lic GMP in the rat pancreas. FEBS Lett.43,
139- 143.

I

ù-

I
tlrr
:l

fl

Robberceht, P., Conl
porcine vasoac
from guinea-pi
secreti n on ce

o
t
h, T.P., and Gardner, J.D. (1976). Interaction of
ive intestinal peptide with dispersed acinar cells: Structural requirements for effects of VIp and
lular cAMP. J. Biol. Chem. 251, 4635-4639.

g

I

Robberecht, P., Deschodt-Lanckman, M., Lammers, M., De Neef, p., christophe,J. (L977). rn uitro effects of secretin and vasoactiúe iñtestinal'
polypeptide on hydroìase secretion and cyclic AMP levels in the
pancreas of five animal species : A comparison with caerulein.
Gastroenterol. Clin. Biol. 1, 519-525.

Robberecht, P.l¡1., hlaelbroeck, M., Noyer, M., Chatelain, p., De Neef , p.,
and christophe, J. (1982). characterization of secretin and
vasoactive intestinal peptide receptors in rat pancreatic pìasma
membranes using the native peptides secretin-(7-27) and five
secretin analagues. Digestion 23, Z}L-ZIO.



Robberecht, P., tdaelbroeck, M., Dehaye, J.P., [^Jinand, J., vandermeers, A.,
vandermeers-Piret, M-c., and christophê, J. (19ga a). Evidence
that helodermin,. a newly extracted peptide from Gila monster venom,is a member of the secretin, vlp, pHI family of peptides with an
orig'ina'l pattern of biological properties. FEBS Lett. 166, Z7l-ZgZ.

Robberecht, P., ü,laelbroeck, M., De Neef , P., Camus, J-C., Vandermeers, A.,
vandermeers-P!fg!, M-c. , and christophe, J. ( 1984 b). Specific
labelìing by (12sI) heìoderm'in of high affinity vIp'receþtors in
rat liver membranes. FEBS Lett. IlZ, 55-58.

395.

.1. , and t¡Joodland, M.J. (1982). calcium causes the biphasic
-response curve for pancreatic amylase secretion. Experientia
256-257.

¡

t-

I

t

).

I

Roberts, M

dose
38'

Roberts, M.1., and Butcher, F.R. (1983). The invorvement of protein
phosphorylation in stimulus-secretion coupling in the mouse exocrine
pancreas. Biochem. J. 2I0, 353-359.

Roberts, lvl.L., Tennes, K.4., and Crouch, M.F. (1994). The role of
phosphatidyl inositol in pancreatic exocrine secretion. In: "secretion: Mechanisms and control", pp.L69-r72. Eds: R.M. case, J.M. Lingard
and J.A. Young. Manchester Un'iversity press.

Rose, 8., and Loewensteìn, w.R. (1975). permeability of ceìì junction
depends on local cytoplasmic calcium act'ivity. Nature 254, 250-252.

Rothman, S.S., and Brooks, F.P. (1965), Pancreatic secretion in uity,o in
'c'l-free', 'c02-free' and low Na- environment. Am. J. physiol . z0g,
790-796

Rothman, S.s., and Brooks, F.P. (1965), Pancreatic secretion in uitz,o in'cl-free', 'cO2-free' and low Na* environment. Am. J. physiol. zog,
790-796.

Rothman, S.S. ( 1975) .
7 47-753.

Protein transport by the pancreas. Science 190,

Rothman , S.S . , and l¡li I ki ng ,. H. ( 1978) . Di fferenti al rates of di ges ti ve
enzyme transport in the presence of cholecystokinin-pancreõzymin.
J. Biol. Chem. 253, 3543-3549.

Rubin, R.P., Feinsteih, M.8., Jaanus, S.D., and Paimre, M. (1967).
Inhibition of catecholamine secretion and calcium exchange'in
perfused_cat adrenal glands by tetracaine and magnesium. J.
Pharmacol. Exp. Ther. 155, 463-41I.

Rubin, R.P., Sink, 1.E., and Freer,_R.J. (1981). 0n the relationship
between formylmethionyl-leucyl-phenyraì anine stimulation of
arachidony.l phosphatidylinositoì turnover and ìysosomal enzyme
secretion by rabbit neutrophils. Mol. pharmacor. 19, 3r-37-.

t



Rubin, R.P., Keììy, K,l-., Halenda, S.P., and Laychock, S.G. (1992).
Arachidonic-acid metabolism in rat pancreatic acinar òells--
calcium mediated stimulation of the lipoxygenase system.
Prostag'landi ns 24, 179- 193.

Rubin, R.P., Godfreyl P.P., Chapman,4., and Putney, J.W. Jr. (1984).
Secretagogue-induced formation of inositol phosphates in rat
exocrine pancreas : Implications for a messenger role for inositol
tri sphosphate. B'iochem. J. 219 , 655-659.

Rudick, J., Gonda? M., Rosenberg, I.R., Chapman, lvl.L., Dreiling, D.A.,
and Janov',i l?, H. D. ( 1973) . Effects of a beta-adrenergi ð receptor
stimulant (isoproterenol ) on pancreatic exocrine secrãtion.
Surgery 74,338-343.

Rutten, hl.J., De Pont, J.J.H.H.M., and Bonting, S.
cycìase in the rat pancreas : Properties an
hormones. Biochim. Biophys. Acta. 274, Z0I

Saito, 4., l^lilliams, J.A., and Kanno, T. (1990). Fotentiation of
cholecystokinin-induced exocrine secretion by both exogenous and
endogenous insulin in isolated and perfused rat pancreãta.
J. Clin. Invest. 65, 777-lBZ.

sakamoto, c., Goldfine, I.D., and l^lilliams, J.A. (1994). The somatos-
tat'in receptor on isolated pancreatic acinar celì p'lasnra membranes
Identification of subunit structure and direct regulation by
cholecystokinin. J. Biol. Chem. ZS9, 9623-9627. -

Salmon, D.M., and Honeyman, T.W. (1980). proposed mechanism of
cholinergic action in smooth muscle. Nature 284, 344-345.

Salway, J.G. , Kai , M. , and Hawthorne, J.N. ( 1967). Triphosphoinositide
phosphomonoesterase activity in nerve cell bodies, neurogìia and
subcellular fractions from whole rat brain. J. Neurocheñ 14,
1013- 1024.

Sankaran, H.; Goldfine, I,D., Deveney, C.!,J., Wong, K-y., and l^Jilliams,
J.A. (1980). Binding of chotêcysrokinin [ó frigh-affiniry
receptors on isolated rat pancreatic acini. J. Biol. chém. zss,
1849- 1853.

, Baiìey, 4., Licko, V., and Williams, J.A.
of cholecystokinin receptor binding to

cal functions in pancreatic acini. Am. J.
57.

396.

L. (1972) . Adenyl ate
d s ti mul at'i on by
-2t3.

Sankaran, H., Goldfine, I.
( 1982). Relationsh
regulation of biolo
Physi o1. 2.!2, c250-

Sastry,_?.9., and Hokin, L.E. (1966). studies on the role of phospho-
lipids in phagocytosis. J. Biol. Chem. 241, 3354-3361.'

Savion, N., and Sel!nger, Z. (1978). Morphologica] changes in rat
pancreatic slices associated with inhibition of eñzyme secretion
Þf_trig! concentrations of secretagogues. J. Cell giol. 76,
467-482

D.
ip
si
G2



397.

Schatzman, R.C., lrlise, 8.C., ârìd Kuo, J.F. (1981). Phospholipid-
sensitive calcí.um-dependen! portein kinase : Inhibitioir uy
antipsychotic drugs. Bioclrem. Biophys. !ìes. commun .99,669-617.

scheele, G.4., and Palade, G.E. (1975). Studies on the guinea-pig
pancreas : Parallel discharge of exocrine enzyme ãctivitieõ.J. Biol. Chem. 250, 2660-2670.

Scheele, G.A. (1980). Biosynthesis, segregation and secretion of
exportable_protejns by the exocrine pancreas. Am. J. physiol.
238, c467-c477.

Schramm, M., and .Se'l.inger, Z. (1984). Message transmiss jon : Receptor
controlled adeny'late cycìase system. Science 225, 1350-1356.

Schulman, (1982). _cal ci um-dependent protein phosphorylation. In:
"Handbook of Pharmaco'logy", vo1 .58, pp .4zs-470. - 

Eds: J.A.
Nathanson and J.l^l. Kebabian. Springer-Ver'lag, Berlin.

Schulz, I. (I97I). Influence of bicarbonate-C02 and glycodìazine buffer
on the secretion of the isolated êat's pañcreasl -pflügers 

Arch.
329, 283-306.

Schulz, I. (1975). The role of extracellular Ca2+ and cyclic nucleotides
i!_!r,. mechanism of enzyme secretion from the cat pancreas.
Pfìugers Arch. 360, 165-181.

schulz, I., and ullrich, K.J. (1978). Transport processes in the exocrine
pancreas. In: "lrlembrane Transport in Biolo9V", Vol.4A, pp.g11_g52,
Eds: G. Giebisch, D.c. Tosteson and H.H. usõing. Springei^-verlag,
Berl i n.

Schul z, -I. ( 1980 a) . Bi carbonate transport i n the exocri ne pancreas.
Ann. N.Y. Acad. Sci. 341, 191-209.

Schulz, I. (1980-b). Messenger role of calcium in function of pancreatic
acinar cells. Am. J. Physiol. 239, G335-G347

schulz, I., and Stolze, H.H. (1980). The exocrine pancreas : The roleof secretagogues, cyclic nucleotides, and caicium in enzyme
secretion. Ann. Rev. Physiol. 42, IZ7-LS6

Schu'lz, I. , Kimurl,^T:r Wakasugi, .Hr,^Haase, l¡J., and Kribben, A. (19g1).
Analysis of Caz+ fluxes and Ca2+ pools in pancreatic ácini. pirÍ1.
Trans. R. Soc. Lond. B. 296, 105-113.

scott, T.w. , Mi l.l!, s.c. , and Freinkeì, N. ( 1968). The mechanism of
thyrotrophin action in relation to lip'id metabolism in thyroidtissue. B'iochem. J. 109, 325-332.

scratcherd, T., case, R.M., and Smith, P.A. (1925). A sensitive method
for the bioìogical assayof secretin and substances with 'secre.tin-like' activi!y in tissues and biological fluids. Scand. J.
Gastroenterol. 10, 821-828.



398.

Scratcherd, T., Hutson, D., and Case, R.M. (1981). Ionic transport
mechanisms underlying fluid secretion by the pancreas. phil.
Trans. R. Soc. Lond. B. 296, 767-L78.

Scratcherd, T., and Hutson, D. (1982). The role of chloride in pancreatic
secretion. In: "Electrolyte and t¡later Transport Across êastro-
intestinal Epithelia", pp.61-69. Eds: R.M. Case, A. Garner,
L.A. Turnberg and J.A. Young. Raven Press, New york.

Seamon, K.8., Padgett, W., and Daly, J.W. (1981). Forskolin : Unique
diterpene activator of adenyìate cyclase in membranes and intactcells. Proc. Natl. Acad. Sci. USA 78, 3363-3367.

Seeman, P.S. (1972). The membrane actions of anaesthetics and
tranqu'ilizers. Pharmacol. Rev. 24, 583-655.

Seì'inger, 2., Naim, E., and Lasser, M. (1970). ATp-dependent calcium
uptake by m'icrosomal preparations from rat parot'id and sub-
maxil lary g'lands. Biochim. Biophys. Acta . 203, 326-334.

Seìinger,7., Batzri, S., Eimerl, S., and Schramm, M. (1973). Calcium
and energy requirements for K+ release mediated by the epinephrine
o-receptor in rat parotid slices. J.Biol. Chem. 246, 369-37?.

Seìinger, 2., timerì, S., Savior, N., and Schramm, M. (I914). A Ca2+
ionophore (A23I87 ) stimulating hormone and neurotransmitter action
in the rat parotid and pancreas glands. In: "secretory Mechanisms
in Exocrine Glands", pp.68-78. Eds: N.A. Thorn and 0.H. petersen.
Munskgaard, Copenhagen.

Seow, F., and Young, J.A. (1984). The secretory mechanjsms of rat
pancreatic acini. Proc. Aust. Physiol. Pharmacol. Soc. 15, 159P.

Seow, F., Christie, J.4., and Young, J.A. (1984). Effect of'loop'
diuretics on rat pancreatic acinar secretion. Proc. Aust. Physiol.
Pharmacol. Soc. 15, 158P.

Serhan, C.N., Fridovich, J., Goetzl, E.J., Dunham,
(1982). Leukotriene Ba and phosphatidic aci
ionophores. J. Biol. Chem. 257, 4146-4752.

P.B
da

., and Weissman, G.
re calcium

seybo'ld, J., Bieger, hl., and Kern, H.F. (1975) . Studies on intracel lular
transport of secretory proteins in the rat exoc¡ine pancreas. II.,
Inhibition by antimicrobubular agents. Virchows Archiv. A. Pathol.
Anat. Histol. 368, 309-327.

Sewell, l^1.4., and Young, J.A. (1975). secretion of electro'lytes by the
pancreas of the anaesthetized rat. J. Physiol. (Lond.) 252,
379-376

2^lvl.A., and .,,le'lls, W.l¡1. (1984 a ). Subceìlular incorporation of
32P into phosphoinositides and other phospholipids in isolated
hepatocytes. J. Biol. Chem. 259, 7659-7665.

Seyfred



399.

Seyfred, M.4., and t¡lells, lrl.W. (1984 b). Subcellular site and mechanism
of vasopressin-stimulated hydroìysis of phosphoinositides in rat
hepatocytes. J. Biol. Chem. 259, 7666-7612.

Shaw, J.0, , ( 1981) . Effects of extracel I ular Ca2+ and the i ntracel I ul ar
cazt antagonist B-(NlN-Diethyl amino) octyl-3,4,5-trimethoxy-
benzoate on rabbit platelet conversion of arachidonic acid into
thromboxane. Prostagìandins 21, 5ll-Slg.

Shears, S.B., and Kirk, c.J. (1984). Determination of m'itochondrial
calcium content in hepatocytes by a rapid cel lular-fract'ionation
techn'ique : o-adrenergic agonists do not mobiIize mitochondrial
Ca2+. Biochem. J. 2Ig, 383-389.

Sheltawy, 4., Brammer, M., and Borrill, D. (Ig7Z). Subcellular
distribution_of tri phosphoinosi tide phosphomonoesterase i n guinea-
pig brain. Biochem. J. I28, 579-586.

Sìeghart, W., Theoharides, T.C., Alper, S.1., Douglas, LJ.t¡J., and
Greengard, P. ( 1978) . cal c'i um-dependent piotei n phosphorylation
during secretion by exocytosis in mast cells. Nature 275, 329-331.

Siekevitz, P., and Palade, G.E. (1960). A cytochemical study on the
pancreas of the gujnea-pig. V. rn uiuo incorporation of leucine-I-l+C into the chymotrypsinogen of various cell fractions.
J. Biophys. Biochem. Cytol. 7, 619-630.

Singer, M.V., Solomon, T.E., and Grossman, M.I. ( tggO). Effect of
atropine on secretion from intact and transpìanted pancreas in
dog. Am. J. Physiol. 238, GL8-G22.

Singer, M.V., Solomon, T.E., Rammert, H., Caspary, F.
Goebell, H., and Grossman, M.I. (1981). Effec
panÇreatic responses to HCI and secretin. Am.
G376-G380.

,Nto
J.

iebel
f atr

Phys

,
ne on
.240,

, [^l

opj
iol

Singh, M. (1980). Effect of g'lucagon on digestive enzyme synthesis,
transport and secretin in mouse pancreatic acinar ceils.J. Physiol. (Lond.) 300, 307-322.

singh, M._(1982). Role of cyclic adenosine monophosphate in amy'lase
release from dissociated rat pancreatic acini. J. Physiô1. (Lond.)
331,547-555.

Singh, J. (1984). Effects of acetylcholine and caerulein on 86Rb+ efflux
in the mouse pancreas : Evidence for a sodium-potassium-chloride
cotransport system. Biochim. Biophys. Acta. l7S, 77-gS.

Sjöstrand, F.S. , and Hanzon, U. ( 195a a). lvlembrane structures of
cytop]asm and mitochondria in exocrine cells of mouse pancreas as
revealed by high resolution electron microscopy. Exp.'cell Res. z,
393-414.

sjõstrand, F.s., and Hanzon, u.(1954 b). ultrastructure of Golgi apparatusof exocrine cells of mouse pancreas. Exp. cell Res. 7,-4rs-42g.



400

Stenson, l'J.F., and Parker, C.l^J. (1979). Metabolism of arachidonic acidin ìonophore-sti.mulated neutrophils. J. Clin. Invest. 64, 1457'
1465.

smith, c.0., and wells, ld.w. (1983). phosphorylation of rat liver
nuclear envelopes. II. chracterization of in uitz,o lìpid
phosphorylation. J. Biol. Chem. ZSB, 9368-9373.

Smith, P.4., and Ç?t...R.M. (1975). Effects of cholera toxin on cyclic
adenosine-3', 5'-monophosphate concentration and secretory
processes in exocrine pancreas. Biochim. Biophys. Acta. 3gg,
277-290

snedecor, G.l^1. , anq cochran, w.G. (1980). Factorial Experìments. In:
"Statistical Methods", pp.298-330, Seventh editibn. Iowa state
University Press, Iowa, USA.

Snook, J.T. (1971). Dietary regu'lation of pancreat'ic enzymes in the
rat with emphasis on carbohydrate. Am. J. Physiol. 22I, 1383-1387.

söting, H.D., ald unger, K.0. (rg72). The role of insulin in regu'lation
of o-amy'lase synthesis in the rat pancreas. Eur. J. clin. Invest.2, r9g-2l2.

stark, R.J., and 0'Doherty, J. (1982). Effect of ionophore A231g7 on
cytoso'lic Ca2+ and enzyme secretion. Am. J. Physi ol. 243, C196-C199.

Steer, M.1., and Glazer, G. ( 1976). parallel secretion of digestive
enzymes by the in uitz,o rabbit pancreas. Am. J. phys'ioi. z31,
1860- 1865.

Steer, M.1., and_Manabe, T. (1979). Choìecystokinin-pancreozymin induces
the parallel discharge of digestive enzymes from the in uitro
rabbit pancreas. J. Biol. Chem. 254, TZZï-7ZZT.

stening, q.F-, and Grossman, M.I. (1969). Gastrin-related peptides as. 
stimulants_of pancreatic and gastric secretion. Am.'J. physioì.
?I7, 262-266.

stenson, w.F., Nickells, M.w., and Atkinson, J.p. (19g1). Metabolism of
exogenous arachidonic acid in ionophore-stimulated neutrophi'ls.
Prostaglandins 27, 675-689.

stenson, w.F., and Lobos, E. (1982). Metabolism of arachidonic acid by
pancreatìc acini : Relation to amylase secretion. Am. J. Physió1.
242, c493-c497.

Stephenson, R.P. (1956). A modification of receptor theory. Br. J.
Pharmacol. 11, 379-393.

Stock, c., Launay, J.F., Grenier, J.F., and Bauduirì, H. (1979). pancreatic
acinar cell changes induced by caeru'lein, vinblasùine, deuterium
oxide, and cytochalasin B ín uitro. Lab. Invest. 3g, Ls7-L64.

Stolze, H., and Schu'lz, I. (1980). -Effect of atropine, ouabain, antimycin
A, and 423187 on 'trigger çuz+ pool' in exocrine pancreas. Am.-J.
Physioì . 238, G338-c348.



401.

Stanley, f.E,r_and t^Jilliams, S.G. (1969). Use of the Liquid
Scint'illation Spectrometer for determining adenosi.ne triphosphate
by the Luciferase enzyme. Anal. Biochem. Zg, 381-392.

streb, H., and Schulz, I. (1983). Reguìation of cytosolic free ca2+
concentration in acinar cells of rat pancreas. Am. J. physiol.
245, G347-c357.

Streb, H., Irvine, R.F., Berridge, M.J., and Schulz, I. (1993). Release
of Ca2+ from a non-mitocñondrial intracellular stòre ìñ pancreatic
acinar cells by'inositol-1,4,5-trisphosphate. Nature 306, 67-69.

Stuhne-Sekalec, 1., and stanacev, N.Z. (1977). Translocation of sp.in-
label led radioactive lip'ids from isolated guinea-pig ì'iver
microsomal to m'itochondrial membranes. can. J. Bioðhem. 55,
1 159- 1 165 .

Stuhne-Sekalec, 1., and Stanacev, N.Z. (1979). B'iosynthesis, utilization
and translocation of endogenous isomeric spin-labelled radioactive
cytidinediphosphodiglycerides from isolated guinea-pi g I iver
microsomal to mitochondrial membranes. Can. J. Biochem. 51,
1019-1025.

Suematsu, E., Hirata, M., Hashimoto, T., and Kuriyama, H. (1984).
Inositoì 1,4,5-trisphosphate "eleases ca2+ from intraceilular
store sites in skinned singìe cells of porcine coronary artery.
Biochem. Biophys. Res. Commun, 120, 481-48s

Susini, C., Esùeve, J.P., Bommelaer, G., Vaysse, N., Ribet, A. (1979).
Inhibition of exocrine pancreatic secretion by somatostatin iñ
dogs . Di ges t'i on 18, 384- 399 .

Svoboda, M:, Robberecht, P., Camus, J., Deschodt-Lanckman, M., Christophe,.]. ( 1976). Subcell ul ar distribution and response to gástro
intestinal hormones of adenylate cyclase in rat pancreas. Eur. J.
Biochem. 69, 185-193.

swanson, L H. , and Sol omon, A. K. ( 1975) . Mi cropuncture analysi s of the
cellular mechanisms of electroìyte secretion by the in uítz,o
rabbit pancreas. J. Gen. Physiol. 65, ZZ-45.

Taguchi,. R.,. and Ikezawa, H. (1978). Phosphatidy'linositor-specific
phospholipase c from cLost,idíun nouyi rype A. Arch.'Biochim.
Biophys. 186, 196-201.

Takai, Y., Kishimoto, 4., Inoue, M., and Nishizuka, Y. (Ig7l). Studies
on a cyclic nucleotide-independent protein kinase and its
proenzyme in mammalian tissues. I. Purification and characteriza-
tion of an active enzyme from bovine cerebellum. J. Biol. chem.
252, 7603-7609.

Takai, Y., Kishimoto,4., Kikkawa, V., Mori, T., and Nishizuka, y.
(f979 a). Unsaturated díacy'lgìycerol as q possible mesÁenger for
the activation of calcium-activated phosphoiipid dependent-protein
kinase system. Biochêm. Biophys. Res. commun. 91, rzrg-rzz4.



Takai, Y., Kishimoto,.A., Iwasa, Y., Kawahara, y., Mori, T., and
Nishizuka, Y. (1979 b). calcium-dependent activátioÁ or a
multifunctional protein kinase by membrane phospholipids.
J. Biol. Chem. 254, 3692-3695.

Takenawa, T., and Egawa, K. (1977). cDp-diglyceride : Inositol
transferase from rat liver. purificãtion and properties.
J. Biol. Chem. 252, 5419-5423.

Tartakoff, 4.M., Jamieson, J.D., Scheeler G.A., and palade, G.E. (1975).
Studies on the pancreas of the guinea-p'ig: paralleí proceÀsing'
and discharge of exocrine proteins. J. Biol. chem. zso, 267r--
?677.

Tatemoto, K., and Mutt, u. (1980). Isolation of two novel candidate
hormones using a chemical method for finding natural'ly occurring
po'lypepti des . Nature -285 , 4I7 -4I8.

Tennes, K.A. , anq Roberts, M.L. ( 1991) . Agonist-stimulated breakdown
of nryo(z-3ï)inositol-labelled phospñatidyì inositol in mousepancreas. Aust. J. Exp. Biol. Med. Sci. 59, 791-901.

Tennes, K.4., and Roberts, M.L. (1982). The role of calcium in agonist-
stimulated hydrolysis of phosphatidylinositoì in mouse pancreas.
Biochim. Biophys. Acta. lI9, Z3g-243.

Tennes, K.4., Kennedy, J.4., and Roberts, M.L. (1993). Inhibition of
agonist-induced hydroìysis of phosphatidylinositol and muscarinic
receptor bindilg b.y the calcium antagonist g-(N,N-diethylamino)-
ogtyì -3,4,5-trimethoxybenzoate-HCl. (TMB-g). Biochem.- pharmaiol .32, 2II6-2IL8.

Tennes, K.4., and Roberts, M.L. (1994). The contribution of inositol
excha¡9e to agoni¡t-stimulated breakdown of ntyo(2-3H)inositol-
labelìed phosphatidy] inositol in mouse exocri-ne'pancieas. Aust.J. Exp. Biol. Med. Sci. 62, 303-308.

Ter Schegget, J., Van.den Bosch, H., Van Baak, M.A., Hosteiler, K.y.,
and vorst, P. (1971). The synthesis and utiìization of dcDp-
4tgYlceride by a mitochondrial fraction from rat liver. Biochim.
Biophys. Acta. 239, 234-242.

Thomas, 4.P., Marks, J.S., Coll, K.E., and tJilliamson, J.R.
Quantitation and early kinetics of inositol lipid cha
by vasopressin in isolated and cultured hepatocytes.
Chem. 258, 57L6-5725.

Thomas, 4.P., Alexander, J., and wil liamson, J.R. (1984). Relationsh.ip
between inositol poìyphosphate production and the increase of
cytosolic free Ca2+ induced by vasopressin in isotated hepatocytes.J. Biol. Chem. 259, 5574-5584

Thompson, l1l., gn4 Dawson, R.M.c. (196a a). The hydrolysis of triphos-
phoinosítide by extracts of rat brain. Bióchem-. J.91, 23'3.236.

( 1eB3 )
nges i
J. Bi

402.

n¿uce¿
ol .



403

Thompson, ld., and Dawson, R.M.C. (1964 b). The triphosphoinositide
phosphodiesterase of brain tissue. Biochem.'J. þ1, z3l.-24s.

To]bert, {,E,M.,_!'ll,itg, 4.C., Aspry, K., Cutts, J., and Fain, J.N.(1980). Stimulation by vasópresiin and a-cátecholamiñes ofphosphatidyìinositol formation in isolated rat liver
parenchymal cells. J. Biol. Chem. 255, 1939- 1944.

Träublê, H. ( 1976). Membrane Electrostatics. In: ,,structure of
Biologica'l Membranes", pp.509-550. Eds: s. Abrahamsson andI. Pascher. Plenum Press, New york and London.

Trifaró, J,M. (1969). Phosphoìipid rnetabolism and adrenal medullaryactivity. The effect of acetylcholine on tissue uptake and
incorporation of orthophosphate-32p into nucleotidäs and
phospho'lip'ids of bovine adrenar meduila. Mol. pharmacol. 5,
382- 39 3.

Tsien, R.Y., Pozzan, T., and R'ink, T.J. (199?). T-celì mitogens causeearly changes in cytoplasmic free ca2+ and membrane põtentialin ìymphocytes. Nature Zg5, 68-7I.

Tyson, c-4., van de Zande, H., and Green, D.E. (1976). phosphoìipids
as ionophores. J. Biol. Chem. Z5I, 1326-133?..

ueda, N., and Petersen, 0.H. (1971). The dependence of caerulein-
evoked pancreatic fluid secretion on the extracellular calcium
concentration. Pflügers Arch. 3lO, 179-193.

Ueda, N., Suzuki, Y.,Okamura, K., and Namiki, M. (1990). Dibutyryl
cyclic GMP inhibits caerulein - but not Ach- , bombesin- or
secretin-evoked fluid secret'ion in the perfused rat pancreas.In: "Biology of Normal and Cancerous Exocrine Pancräatic Cells',,pp.55-60. Eds: R.A. Ribet, L. pradayro'l and C. Susini.
Elsevier/North Holland : Amsterdam.

uhlemann, E,R., Rottman, 4.J., ang Gardner, J.D. (rglg). Actions ofpeptides isolated from amphibian skin on ariy'¡asä reléãsé trom
dispersed pancreatic acini. Am. J. physiol-. 236, Eslr-E576.

Valverdes, I:, Vandermeers, 4., Anjaneyula, R., and Malaisse, l,l.J.(19-79). Calmodulin activation ór a¿enyiate cycìase iñ pancreaticislets. Science 206, 225-ZZl

van den Bosch, H. (1980). Intracelrular phosphoìipases A. Biochim.
Biophys. Acta. 604, 19l-246

Vandermeers, A. , Vandermeers-Pi ret, Þ1. C.
Delforge, 4., and Christophe, J.
protein activator of guanosine 3'
in bovine and rat pancreas. Eur.

Rathe, J., Kutzner, R.,
L977). A calcium dependent
4' -monophosphate phosphodiesterase
J. Biochem. 81, 379-386.



404

Vandermeers, A. ,
Dehaye, J
Puri fi cat
novel pep
from Gi I a

Vandermeers-Piret, M-C., Robberecht, p., Waelbroeck, M.,
:P., Winand, J., and Christophê, J. (1994).
]9n of.q. ngygl pancreatic secretory factor (pSF) and a
tide with vIP- and secretin-like properties'(heiodermin)
monster venom. FEBS Lett. 166 , 273-276.

sse,anyV N., Bastic, |\|l.J.,.Pascal , J.P., l4artinel , C., Fourtanier, G.,
d Ribet, A. (L977). Effects of catecholaminés and their
hibitors on the isolated canìne pancreas. Gastroenterology 72,
1-718.

an
in
7T

Voìpi, M., Naccache, P.H., and Sha'afi., R.I. (1990). Arachidonate
metabolite(s) increase the permeability of the pìasma membraneof the neutrophils to calcium. Biochem. Biohpyi. Res. commun.
92, I23I-I237.

l^lagneF, H., Lissau, 4., Holzl, J., and Horhammer, L. (1962). The
incorporation of 32P into the inositol phosphatides of rat brain.J. Lipid Res.3, I7l-I80.

Wakasugi,^I., Stolze, H., Haase, W., and Schu'lz, I. (lgg1). Effect ofLaz'on secretagogue-induced Ca2+ fluxes in rat isolated pancreatìc
acÍnar cells. Am. J. Physiol. 240, GZgl-G2gg.

Wakasugi,. Hl Kimura, T:, Haase, hl., Kribben, 4., Kaufman, R., and
Schulz, I. (1982). calcium uptake into acini from rat pancreas
Evidence for intracellular ATP-dependent calcium sequestration.J. Membr. Biol. 65,205-220.

l¡lallace, M.4., Randazzo, P., Li, S-y., and Fain, J. (1992). Direct
stimulation of phosphatidyìinositol degradation by addition of
vas opress i! to puri fi ed rat I i ver p'l asma membranei . Endocri no1ogy
111, 341-343.

l¡lallace, M.4., Poggioli, J., Giraud, F., and C'laret, M. (1993).
Nonpi nephri ne-i nduced I oss of phosphati dy'l i nos i toi trorir i sol atedrat liver plasma membrane. FEBS Lett. 156, Z3g-243.

l^lalsh, J.H., Lamers, c.8., and valenzuera, J.E. (1992). cholecystokinin-
octapeptide-like immunoreactivity'in human plasma. Gastroentero'logy
82, 438-444.

lrlassarman, P.M., ukena, T.E., Josefowigz, w.J., and Karnovsky, M.J. (rg77).
Colchicine inhibits phosphatidylinositol turnoverindiróed by'lymphocytes by concanavol i n. Nature 265 , 74I-742.

watson, S.P., and_Downes., c.P. (1983). Substance p induced hydroìysis
of i nosi tol phos phol ! ni {s i n gui nea-pi g i 'leum and rat Írypot-hal amus .
Eur. J. Pharmacol. 93, 245-253.

hleiss, G.B. (1974). cellular pharmaco'logy of lanthanum. Ann. Rev.
Pharmacol . 14, 343-354.

[,'leiss, S.J., and Putney, J.l,l. Jr. (1981). The relationship of phosphatidyl-
inositol turnover to receptors and calcium ion chanñels in rät
parotid acinar cells. Biochem. J. 194, 463-46g.



tdeiss, s.J. , l4cKinney, J.s. , and putnev, J.l,,l. Jr. (1992). Receptor-
mediated net breakdown of phosphat'idy'linosito'l +,S-Ulsphbsphate
in parotid acinar cells. Biochem. J. 206, 555-560.

t¡lhittam, R., wheeler, K.P., Blake, A. (1964). 0ligomycin and active
transport reactions in cell membranes. Nature- za3, 7zo-724.

wieneke, A.A. , and l,loodin, A.M. (1967). The po'lyphosphoinosi tjde contentof the 'leukocyte, erythrocyte and macrophage. Bi ochern. J. 105,
1039 - 1045

405.

ogues
c

tiill'iams, J.$., and Lee, M. (r974). pancreatic acinar cells : use of
a ca'' 'ionophore to separate enzyme release from the earlier
steps in stimulus secretion coupìing. Biochem. Biophys. Res.
Commun. 60, 542-548.

J.4., Korc, M., and Dormer, R.L. (1979). Action of secretag
a.neur_preparation of functionally intac ., iso'lated pancreatíni. Am. J. Physioì. 235, ESIT-E524.

Llilliams,_J.4. (tgzs a). Na+ dependence of in uitto pancreatic amylaserelease. Am. J. Physiol. 229, 1023-1026.

T^lilliams, J.A. (1975 b). An ín uitto evaluation of possible cholinergic
and adrenergic receptors affecting pancreatic amylase secretioñ.
Proc. Soc. Exp. Biol. Med. 150, 513-516.

l,lilliams, J.4., and chandler, D.E. (1975). ca2+ and pancreatic amy'laserelease. Am. J. Physiol. 229, IlZg-I732.

t^lilìiams, J.4., and Lee, M. (1986). Microtubules and pancreatic amylase
release by mouse pancreas in uitno. J. cell Biol. 71, 795-g-06.

l^lilliams, J.4., cary, P., and lrloffatt, B. (1976). Effects of ions on
!!nvìase release by dissociated pancreatic acinar cells. Am. J.
Phys'iol . 231 , 7562- 1567.

l,lilliams, J.A., Poulsen, J.4., and Lee, M. (1977). Effects of membrane
stabilizers on pancreatic amylase rerease. J. Membr. Bìol. 33,
185-196

l^Jilli s,
on
acl

arn

t^liìliams, J.A._(1980). _Regulation of pancreatic acinar cell function byintracellular calcium. Am. J. Physioì . Z3B, GZ6g-GZ7g.

l^lilliams, J.4., Sankaran, H., Korc, M., and Goldfine, I.D. (19g1).
Receptors for cholecystokinin and insulin in isolated pancreat.ic
acini : Hormonal control of secretion and metabolism. 'Fed. proc.
40, 2497-2502.

h,illiams, J.4., Sankaran, H., Roach, E., and Goldfine, I
Quant'itative electron microscope audoradiographs
cho'lecystoki ni n i n pancreati c aci ni . Am. j. phys
G296.

.D
of
io

. (1982 a).I25¡
1. 243, c29r-



406.

l,lilliams, J.4., Bailey, 4., Preissler, [ul. , and Goldfine'
Insul'in regul ati on of sugar-transport 'in isol ated
acini from diabetic mìce. Diabetes 3I, 674-682.

r.D. (1e82 b).
pancreat'ic

l,lise,8.C., Glass, D.8., Jen Chou, C-H., Raynor, R.L., Katoh' N.,- 
Schátzman, R.C. , Turner, B'S. , Kibber, P..F. , and Kuo, J.F. (1982).
Phospholipid-sensitive Ca2+-dependent protein kinase from heart.
II. Substrate spec'ificity and inhibit'ion by various agents.
J. Biol. Chem. 257, 8489-8495.

l¡Jizemann, V., Schulz, I., and Simon, B. (1973). SH-groups on the
surface of pancreas cells involved'in secretin st'imulation and

91 ucose-medi ated secretion. Biochim. Biophys. Acta. 307, 366-371.

W'izemann, V. , |¡Jeppler, P., and Mahrt, R. (1974). Effect of g'lucagon
and insulin on the isolated exocrine pancreas. Digestion l!,
432-435.

Wooten, pî.t^l., and l,Jrenn, R.W. (1984). Phorbol ester induces intracellular
translocation of phosphoìipid/Cazï-dependent protein kinase and
s timul ates amy'lase secret'i on i n i sol ated pancreati c aci ni . FEBS

Lett. 17I, 183-186.

Wrenn, R.W., Katoh, N., Schatzman, R.C., and Kuo, J.F. (1981). Inhibition
by phenothi azi ne anti psychot'i c drugs of cal ci um-dependent
phosphorylation of cerebral cortex prote'ins regulated by phospho-'lipid or calmodulin. Life Sci. 29,725-733.

[,Jrenn, R.W. (1983). Phosphol'ip'id-sensitive calcium-dependent protein
kinase and its endogenous substrate proteins in rat pancreatic
acinar cells. Life Scj . 32, ?385-2392.

l^lrenn, R.!¡J. (1984). Phosphorylation of a pancreatic zymogen granule
membrane protein by endogenous calcium/phospho'lipid-dependent
protein kinase. Biochim. Biophys. Acta. 775, L-6-

Wrenn, R.W., and I'Jooten, M.hl. (1984). Dual calcium-dependent protein
phos phoryl ati on systems 'in pancreas and thei r di f ferenti a'l
regul ati on by po'lymi x B. Li fe Sci . 35 , 267 -276.

Yeì'len, G. (1982). Single Ca2+-activated non-selective cation channels
in neuroblastoma. Nature 296, 357-359.

co, G.8., and Feinstein, M.B. (1984). Cytopìasmic Ca2+ in pìateìets
is control'led by cyclic AMP : Antagonism beüveen stimulators and
inhibitors of adeny'late cyclase. Biochem. Biophys. Res. Commun.

120,579-585.

Zavoi




