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Studies in our laboratory over the past few yea.rs have established an important

role for membrane inositol phospholipids in stimulus-secretion coupling in dispersed

rat submandibular gland acini. The present study was undertaken to determine whether

other classes of glycerophospholipids or prostaglandins (PGs), the cyclooxygenase

metabolites of the phospholipid component, arachidonic acid (AA), may also be

involved in the mucosecretory response in the model. Collagenase-dispersed rat

submandibular acinar cells were incubated with exogenous prostaglandins and mucin

release was estimated by radioimmunoassay. Prostaglandin Fr, (PGF stimulated the

dose-dependent secretion of mucin to a maximum of 54.4 + 3.8Vo Qvleart + SE) of the

intracellula¡ total at a concentration of 1 x 106 M over 40 min. Prostaglandin E,

(PGEJ elicited a response of 32.1 + 6.2Vo and PGD, a response of 40.2 + 1.8Vo at 7

x 10-s M, compared with 16.0 + 4.8Vo in unstimulated control cells.

ABSTRACT

These findings led to further studies on the potential role of endogenous

prostaglandins in the secretory response. The prostaglandin precursor, arachidonic acid

(104 M) provoked the release of 29.2 + 3.2Vo mucin from acinar cells. Additional

experiments on the effect of endogenous AA, liberated from membrane lipids by the

enzymatic probe phospholipase A, €LAJ, showed that a secretory response of 33.4

Vo total mucin was elicited by 10 U/ml PLA, (purified from bee venom, Sigma) over

40 min. In other experiments, cells were labelled with radioactive arachidonic acid,

treated with phospholipase Ar, then their lipid components were extracted and

separated by thin layer chromatography GLC). These preparations demonstrated a

v11l



reduction in phospholipids. A corresponding increase was noted in diglycerides and

triglycerides, as weil as in PGD, and PGE''+ PGA, levels.

Preincubation of the Íaf. acinar cells with the cyclooxygenase inhibitor,

indomethacin, did not block, but consistently increased the AA-induced secretory

response. Radiolabelling/TlC experiments however, did conf,rrm pa-rtial inhibition of

prostaglandin synthesis by indomethacin. This led to investigation of the hypothesis

that the lipoxygenase - and not the cyclooxygenase pathway of eicosanoid synthesis

might be involved in the secretory response. It was found that exogenous leukotriene

84 (LTB4) stimulated mucin secretion in a dose-dependent way to a maximum of 47.2

+ 5.l%o at 1 x 10-6 M. In studies on the possible role of endogenous LTs in secretion,

the dual cyclooxygenaseflipoxygenase inhibitor BW755C had no effect on AA-induced

mucin release, but inhibited prostaglandin and LTB. generation to 43Vo and 38Vo

respectively. It was therefore concluded that AA-induced secretion was not mediated

by LTB. action.

The mucosecretagogues carbachol, methoxamine and substance P did not stimulate

release of arachidonic acid, as evidenced by a lack of generation of arachidonic acid

metabolites or the acid's incorporation into other lipids. Isoproterenol was also found

to be without effect on generation of arachidonic acid metabolites or its incorporation

into cell lipid components. It was therefore concluded that the mucosecretagogues'

action on rat submandibular acinar cells was independent of arachidonic acid

metabolism.



1.1.

1.1.1.

Background

In the rat, the parotid, the submandibular, and the sublingual glands are present in

pairs, and constitute the major salivary glands. These major glands consist of masses

of glandular tissue, the parenchyma, and considerable amounts of areolar connective

tissue, the stroma. The connective tissue encloses each gland in a fibrous capsule,

from which numerous septa pass into the interior to divide the gland into lobes, which

are then subdivided into lobules. The parotid is usually most superficially placed and

diffuse. In most species it is a seromucous gland and the major exocrine product is

amylase. The submandibular gland is compact and rich in mucous cells. The

sublingual gland, the smallest of the three, is found embedded in the submandibular

gland. The salivary glands are composed of secretory endpieces, a system of

intralobular ducts, and extralobular or secretory ducts. The secretory endpieces and the

intralobular ducts comprise the secretory unit. Cells of the secretory endpieces are

pyramidal in shape and a¡e aranged around a central lumen to form compact units

called acini. Secretory capillaries, which are fine intercellular canals are continuous

with the lumen, and are present at the interphase between adjacent acinar cells. Each

acinus is bound by a distinct basement membrane (I-eeson, 1961).

Structure of salivary glands

1. INTRODUCTION

The acini lead into a branching system of intercalated ducts, which are continuous

with innalobular or striated ducts. Intalobular ducts empty into an extralobular, or

excretory duct, which in turn opens into the oral cavity. The submandibular glands

1



have an additional duct, the granular convoluted tubule (GCT) distal to the intercalated

duct. Cells lining the GCT synthesize and release a mixture of proteolytic enzymes,

including kallikrein (Fleming et al., 1984). Thus submandibular glands have two

different cell types able to store and secrete protein, the acinar cells and the granular

convoluted tubule cells. Secretory acinar cells have been classified into three main

types - mucous cells whose secretions are viscous and rich in mucopolysaccharides;

serous cells, which secrete a "watery" product containing no demonstrable

polysaccharides in the secretory granules (Munger, 7964) and mixed (seromucous)

cells consisting of both serous and mucous acini. The submandibular gland is a

mixed gland in the human, but predominantly mucous in the rat.

The submandibular glands in the rat are innervated by the parasympathetic and the

sympathetic branches of the autonomic nervous system ffoung 7978), so that both

cholinergic and adrenergic neurotransmitters control the exocrine secretory response

in the rat submandibular acini.

t.t.2.

As described above, submandibular glands consist of a specialized collection of cells

organtzed for the purpose of producing and secreting macromolecules, such as

enz)¡rnes and mucus. Mucus is a complex mixture of water, salts and macromolecules,

specifically amylase, proteolytic enzymes and mucus glycoprotein (mucin). Secretion

of mucus va¡ies according to the degree of stimulation the glands receive, mainly

through the nervous system supplying them. Salivary gland secretion is a complex

process, requiring many stages to link exocrine cell stimulation to the subsequent

2
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release of enzymes or mucin. Work in this laboratory has concentrated mainly on the

mechanisms and control of salivary mucin secretion in a well developed in vitro

model, the collagenase-dispersed mucous acini of rat submandibular gland (Fleming

et al., 1980, 1,982, 1983, 1.984, 1986, 1987). Central to these studies has been the

development and use of a highly specific and sensitive radioimmunoassay S.IA) for

the measurement of nanogram quantities of secreted mucin in the model @leming et

al., 798'7; Laniyonu et al., 1988). The assay provides an ideal tool for assessing

secretagogue activity of neurotansmitters, hormones and drugs. Furthermore, the use

of this in vitro system permits investigation of the direct action of such agents on

target cells and precludes the possibility of secondary effects which may be observed

in studies on intact animals.

The preliminary phase of stimulus-secretion coupling, that of signal transduction,

in which stimulation of cell surface receptors is linked by membrane-associated events,

to the generation of intacellular second messengers, is of particular interest to the

laboratory. It has been well established that mucin secretion in the rat submandibular

model is mainly under padrenergic control in a coupling system that operates via the

adenylate cyclase/cyclic AMP second messenger pathway @leming et al., 1984, 1986).

Work in this laboratory has demonstrated that lesser but significant mucosecretory

responses can be elicited in the model by agonists of three classes (alpha,-adrenergic,

muscarinic, peptidergic) associated with intracellular Ca2* mobilization @eming et al.,

1987). These observations led to investigation of the possible function of membrane

inositol phospholipids in the stimulus-secretion coupling pathways activated by these

secretagogues.



1.1.3.

Over the past few years, it has become increasingly evident that plasma membrane

inositol phospholipids play a cenftal role in the signal transduction mechanism of Ca2*-

mobilizing agents in many cell types, exocrine and other @erridge, 7984, 7987;

Abdel-Latif 1986; Berridge & kvine, 7984; Michell, 1983). It is now widely accepted

that receptor occupation leads to activation of the enzyme phospholipase C, which

catalyses the rapid hydrolysis of a specifîc target polyphosphoinositide,

phosphatidylinositol 4,5-bisphosphate (PIP). The hydrolysis products, inositol 1,4,5-

trisphosphate (IPr) and diacylglycerol (DG) then respectively cause the intacellular

release of Ca2* from endoplasmic reticulum stores, and activate the specif,rc calcium-

, phospholipid-dependent enzyme protein kinase C. This kinase and a discrete IPr-

Ca2* activated kinase, control as yet undefined protein phosphorylation reactions which

lead to physiological responses. IP, is enzymatically dephosphorylated through three

stages to yield inositol which recombines with the DG breakdown product, cytidine

diphosphodiacylglycerol, in the phosphoinositide @I) cycle. Phosphorylation of PI

regenerates PIP, as lipase C subsÍate. The phosphoinositide effect has been observed

in stimulus-response coupling in exocrine cells of the parotid gland (Irvine et al.,

7984; Taylor et aI., 1986) and the pancreas (Putney et aI., 1983; Rubin, 1984).

Inositol phospholipids and signal transduction

In the rat submandibular model, studies in this laboratory showed that Ca2*-

mobilizing agonists hydrolysed PIP, to release IP, @leming er ar., 1987). The same

study also found that exogenous IP, stimulated mucin secretion in the model, as well

as mobilized asCa2* from non-mitochondrial stores in electro-permeabilized SM cells

in cytosolic medium (Fleming et a1., 1988). In addition, by using phorbol ester probes

4



to activate protein kinase C, work in this laboratory demonstrated that the DG-

associated pathway was also involved in the mucosecretory response (Fleming et al.,

1986), confirming the bifurcating nature of the PPI effect. Finally, in srudies with GTP

analogs investigations indicated that receptor occupation was linked to lipase C

activation by a GTP-binding G type regulatory protein that is discrete from the G,

regulatory protein of the adenylate cyclase/cAMP complex (Fleming et al., 1938).

This work established an important central role for inositol phospholipids in

stimulus-secretion coupling in submandibular mucous acinar cells. It prompted

consideration of whether the other classes of glycerophospholipids

phosphotidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), or

their metabolites, might be involved in the secretory response. This pointed to an

investigation of eicosanoids. Eicosanoid is the collective term covering a range of

products of the oxidative metabolism of arachidonic acid (AA), a C 2O essential fatty

acid commonly found esterified in the 2-position of the phospholipid. glycerol

backbone. These products include prostaglandins, thromboxane, prostacyclin,

leukotrienes and other hydroxy acids. Of these the prostaglandins have been subjected.

to the most intense study. Eicosanoids have a broad spectrum of effects on many

tissues including exocrine glands. It was hoped that studies on their potential role in

stimulus secretion coupling would lead to a more complete understanding of the

overall function of membrane phospholipids in salivary mucin secretion.



L.2.

Prostaglandins (PGs) are bioactive, oxygenated metabolites of arachidonic acid. They

were discovered in human semen by Goldblatt in 1935 (Goldblatt, 1935). Originally

PGs were thought to be produced in the prostrate gland and were therefore named

prostaglandins (von Euler, 1936). The chief effects of PGs observed at the time were

vaso-dilation and strong contraction of smooth muscle (Goldblatt, 1935; von Euler,

1936). Other biological effects observed were increased peristalsis and uterine

contraction in vivo and in vitro; and decreased blood pressure in the rabbit, cat and

dog (von Euler, 1936). After these initial findings, research in the field remained fairly

dormant until the chemical structures of prostaglandins were determined in the 1960's

(Bergsfrom et al., 1968). Around the same time the biosynthesis of the prostaglandins

from their precursors was elucidated independently by two researchers (Van Dorp et

al., 7964; Bergstrom et al., 1968).

Prostaglandins

t.2.1.

This project concentrated on prostaglandins of the biologically active 2-series which

are synthesized from arachidonic acid (AA; 20:4w6), an essential 2O-carbon fatty acid

with four unsaturated bonds. Arachidonate is the precursor of a series of oxygenated

products, collectively termed ecosanoids (Corey et al., 1980; Marcus 1984). These

products which are synthesized on demand and not stored, include prostaglandins,

thromboxane, prostacyclin, leukotrienes and other hydroxy acids. Arachidonic acid is

a common component of cell membrane phospholipids, normally incorporated at the

2-position of the glycerol backbone (Fig. 1). Arachidonate is released from cell

C,

Prostaglandin synthesis



PHOSPHOLIPASE

AA-

l
I
I

/#

Fig. 1. Arachidonic acid is cleaved from the 2-position of membrane phospholipids

by the enzyme phospholipase Ar.

X - alcohol (serine, choline, ethanolamine, inositol)

P - phosphate group



membrane phospholipids by phospholipase Ar. Mechanisms controlling the

activation of lipase A, ue presently unclear, though the enzyme may be coupled to

cell receptor occupation (Waite, 1985; Van den Bosch, 1980; Rubin er al., 1982;

kvine, 7982). AA may also be liberated from polyphosphoinositides by the sequential

actions of phospholipase C and diglyceride lipase (Dixon and Hokin, 1984). Released

arachidonate can be processed in several ways (Marcus, 1984). It may leave the cell

and become available for metabolism by another cell or it may be bound by plasma

albumin. Most importantly in mammalian tissues, liberated AA can be oxygenated

by two major pathways, conúolled by the action of the specific enzymes,

cyclooxygenase and lipoxygenase (Fig. 2). Arachidonate is converted by

cyclooxygenase to the unstable endoperoxide intermediate prostaglandin G, (PGGJ,

which can be rapidly metabolized either spontaneously or by way of a peroxidase to

prostaglandin I{, @GHJ.

Endoperoxides have a halflife of only about five minutes at 370C, and are further

converted into prostaglandin E eGÐ, D, (PGDJ, Fr{ (PGF,*), prostacyclin (pGI)

and thromboxane (TXAJ by the appropriate enzymes shown in Fig. 3 (Gerrard, 1985).

Specif,rc endoperoxide isomerases can convert PGH, to PGD, and PGEz. PGE, may

then undergo dehydration to PGA2 and isomerization to PGB'. In the plasma of some

species, an enzyme isomerizes PGAz to PGC2. A reductase converts PGH2 to PGR<

Prostacyclin synthase converts PGI! to PGI'. PGI, is unstable under physiological

conditions, hydrolyzing to a stable compound, 6-keto-PGFu(6-k-PGFr). Thromboxane

A, (TXAJ is produced from PGH2, by the enzyme thromboxane synthase. TXA, is

an unstable compound, and is hydrolyzed nonenzymatically to thromboxane B, (TXBJ

(Gerrard, 1985; Konturek & Pawlik, 1986). The prostaglandins a¡e fast-acting, potent

B



Ceil membrane phospholipids

tipase a2 |
I

Arachidonic acid
,rt \

Cyclo-oxyg "nut" ,,.' \ t-;po"ygcn¡se
,/\./\

Cyclic endoperoxíde Hydroperoxy ETE

,/l\
Prostacyclîn I Thromboxane

Prostaglandins

Fig. 2. Arachidonic acid can be oxygenated by cyclooxygenase to prostaglandins,

prostacyclin and thromboxane; or by lipoxygenase to leukotrienes.

(Reprinted from Main, (1988), with modifications.)
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Fig. 3. The principal active biological products of prostaglandin synthase

(Reprinted from Gerrard, (1985), with modifications.)
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molecules that are not stored within cells, but rather synthesized on d.emand, and have

a short half-life. They may act as intracellular messengers or may leave the cell of

origin to act at a different but local site.

An alternate route of metabolism in some cells is the lipoxygenase pathway which

converts arachidonic acid to hydroperoxy acids (FIPETEs) and leukotrienes (LTs) fig.
4) (Taylor & Morris, 1983; Borgeat er al., 19g5; Konturek & pawliþ 19s6). AA is
converted by the action of 5-lipoxygenase via the hyd.roperoxy acid intermediate 5-

HPETE, to leukotriene d GT,\). This unstable species is further metabolized

enzymatically to leukotriene B4 (LTB4) or Co, Do and Eo (see Fig. 4. Fu et al., 19gg;

Needleman et aI., 1986; Marcus, 1984; Irvine, 1982). Like the prostaglandins, the

leukotrienes are a class of compounds with a range of biological actions. Leukotriene

Bo plays an important role in the inflammatory response by controlling leukocyte

degranulation, adhesion and chemotaxis (Samuelsson, 1983). Leukotrienes Co, D and

Eo are the major components of slow-reacting substance of anaphylaxis, a poænt

bronchoconstrictor and mucus secretagogue (Leikauf et al., 19g6).

Not all arachidonic acid metabolites are formed in every tissue when arachidonic

acid is released. Eicosanoid synthesis may be selective in different tissues and under

different kinds of stimulation. Atl cells contain phospholipids as well as

cyclooxygenase and lipoxygenase. Most tissues a¡e able to synthesize prostaglandin

endoperoxides from free arachidonic acid, but the factors controlling further

metaboiism of these initial metabolites have not been defined. Certain tissues (lung,

spleen, gastrointestinal tract, thyroid, and adrenals) are able to synthesize the whole

11
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Fig. 4. The main active biological products of the lipoxygenase enzyme.

5-I{ETE - 5-hydroxy-6,8,11,l4-eicosatetraenoic acid

5-I{PETE - 5-hydroperoxy-6,8,11,14-eicosatetraenoic acid

12-I{ETE - 12-hydroxy-5,8,10,14-eicosatetraenoic acid

12-FIPETE - 12-hydroperoxy-5,8,10,l4-eicosatetraenoic acid

15-Ì{ETE - 15-hydroxy-5,8,11,13-eicosatetraenoic acid

1S-HPETE - 15-hydroperoxy-5,8,11,13-eicosatetraenoic acid.

LTA4 - leukotriene Ao

LTB4 - leukotriene Bo

LTC. - leukotriene C"

LTD4 - ieukotriene Do

LTE4 - leukotriene Eo

&
LTC.

15-IIPETE

LTD4

I

LtE

15-ITETE
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range of products, whereas other tissues predominantly produce PGD2 (mast cells),

PGE, (seminal vesicles), PGI, (vessel wall) or TXA, (platelets).

It has been established that in most tissues the synthesis of eicosanoids is limited

by the availability of free arachidonic acid- Generally, the liberation of arachidonate

from phospholipids is regarded as the rate-limiting step. The polyunsarurated fatty acid

is liberated in many tissues by the action of PLA', which is readily activated by

physiological, pathological and mechanical stimuli (Main, 1988; Crawford, 1933).

Cleavage of phospholipids by the action of PLA, however, not only generates free

fatty acids, but also lysophosphatides. Lysophosphatides may be reacylated to reform

phospholipids by acyl transferases. In some cells reacylation matches or exceeds the

activity of the phospholipases, and may therefore control the cellular levels of free

fatty acids. The free fatty acid level in a tissue thus represents a balance between the

liberation of the acid by hydrolysis and its reesterification into complex lipids Qrvine,

7982; Goppelt-Struebe et al., 1986).

Corticosteroids appea-r to reduce prostaglandin biosynthesis by reducing the

availability of substrate arachidonic acid to the cyclooxygenase. These

antiinflammatory steroids may operate by inducing the synthesis and release of

lipocortin, a putative phospholipase A, inhibitor (Main, 1988; vane, 1987: Konrurek

& Pawlik, 1986), which prevents the release of arachidonic acid.

Prostaglandin biosynthesis may also be inhibited by aspirin and related non-

steroidal anti-inflammatory drugs (NSAIDs) like indomerhacin, which inhibit

cyclooxygenase (Main, i988), and prevent the production of PG endoperoxides
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(Gerrard, 1985; Konturek & Pawlik, 1986). A review by Flower (1974) concluded that

most of the NSAIDs block the initial stages of the synthase reaction in a "competitive

- reversible" fashion. He suggested that they exerted this effect by combining slowly

with a site which, although not the substate site, is sufficiently close to reduce the

catalytic activity of the enzyme in a time-dependent fashion. Since, the NSAIDs are

competitive inhibitors, substrate concentation of the reaction mixture has an important

influence on the apparent drug potency. From their studies, Flower and his colleagues,

(1974) found that in bovine seminal vesicles, at the substrate concentration of 0.02

mM, the ICr, €GÐ of indomethacin was 4/(NL However, it was noted that the

sensitivity of cyclooxygenase to NSAIDs varies from tissue to tissue.

Nordihydroguiaretic acid (ItlDGA), eicosa 5,8,11,14-tetraynoic acid @TYA) and

3-amino-1-[m-(trifluoromethyl)-phenyl]-2-pyrazoline (BW755C) are some of the agenrs

that inhibit lipoxygenase and cyclooxygenase activity (Beckman & Nystuen, 1988;

smith et al., 1985; Higgs & vane, 1983; vane, 1987). The activiry of acetylenic

analogues like ETYA was explained by competition of these agents with the natural

substrate. The mechanism of action of NDGA is not clear but it is believed that it

could be attributed to antioxidant or reducing properties of the drug. BW755C is a

stuctural analogue of phenidone, and is known to inhibit cyclooxygenase and

lipoxygenase activity (Higgs & Vane, 1983).

In some tissues, low concentrations of free arachidonic acid initiate oxygenation

reactions. In other cells, stimuli are required to give rise to eicosanoid generation.
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r.2.2.

Prostaglandins are present in picogram amounts in tissues (Watkins, 1982). They

display a broad range of physiological effects which differ from species to species,

and from organ to organ. Some have directly opposing action in many systems, and

prostanoid-mediated control of cellular, tissue, or organ functions reflects the

interactions between different prostaglandins, leukotrienes and thromboxane Ar.

Physiological role of prostaglandins

Prostaglandins play a role in the contol of such physiological processes as

vasodilation and vasoconstriction (Iftdowitz et aI., 1976), regulation of body

temperature (Milton & V/endlandt, 1970), reproduction (Goldberg & Ramwell, 1915:

Horton & Poyser, 7976), inflammation (Vane, 1976), autonomic neurotransmission

(Siggins et al., l97l) and cardiovascular, gastrointestinal and renal function (I{onturek

& Pawlik, 1986; Main, 1988; Lee, 1974). PGs also maintain the pancrearic vascular

bed in a dilated state (Homma & Malik, 1982) and stimulate renin release from mouse

renal cortex in vitro (Lin et al., 1981). Hindawi's goup suggested a role for PGs in

inducing adrenal steroidogenesis (Hindawi et al., 1985).

PGE2 stimulates the contracúon of rat stomach strips and causes relaxation of

rabbit coeliac arteries and bovine coronary arteries (Vane, 1983). PGE' is a vasodilator

and inhibits gastric acid secretion, while PGFZ( has little effect on acid secretion and

is a vasoconstrictor (l\4ain, 1988). E series PGs relax bronchial muscle and, like F

series PGs, produce strong contractions of the uterine muscle (Konturek & Pawlik,

1986). PGF2- also elicits contraction of both rat stomach strips and rabbit coeliac

afteries ffane, 1983), and that of the longitudinal intestinal muscle (Main, 1988). In



general, F series PGs contract various types of smooth muscle, including those of the

bronchopulmonary system, gastrointestinal tract and uterus (Konturek & Pawlik, 1986).

PGD2 is a bronchoconstrictor, vasoconstrictor and an inhibitor of human platelet

aggregation (Wasserman, 19'17; Schror, 1978; Mills &. McFarlane, 1974).

Prostaglandins may exert their effects by a variety of mechanisms, including the

modulation of cyclic nucleotide activity and the regulation of cytosolic C** levels or

phosphorylation reactions.

I.2.3.

The organs of the gastrointestinal (GI) tract, and especially the stomach have a

relatively high concentration of prostaglandins, and many pharmacological actions of

prostaglandins have been demonstrated (Cohen, 1987; Robert & Ruwart, 7g8Z).

Prostaglandins have been shown to alter intestinal secretion and gastric acid secretion,

both in vitro and in vivo. Some prostaglandins may have secretagogue activity in

exocrine cells of the gasrointestinal tract where they cause mucin secretion (Mangeat

et al., 1982; Tao & 'wilson, 1984; Bersimbaev er al., 1985). Main (19gg), and. Lam

(1987) indicate that prostaglandins also stimulate bicarbonare and enhance the pH

gradient across the gasftic mucosa, suggesting a protective role for endogenous

prostaglandins in the GI Íact. Exogenous prostaglandins, have been demonstrated. to

prevent mucosal lesions of the stomach and intestine. They also reduce damage to the

liver and pancreas Q(onturek & Pawlik, 1986). In the mouse pancreas it has been

shown that concentration of 3-10 nM prostaglandins provoke significant stimulation

of amylase secretion (Marshall, 1980). In other studies on rat pancreatic cells, Morgan

& Pek (1984), monitored the levels of PGE, as an index of biosynthetic activity in the

I6
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cyclooxygenase pathway of AA metabolism and noted that exogenous AA stimulated

an increase in PGE,. It has been demonstrated that eicosanoids are synthesized by the

pancreatic islet and by transformedfcells, and that PGE, and l2-HPETE, respectively,

negatively and positively modulate glucose-induced insulin secretion @oberrson,

1988). Marom et al., (198i) showed that addition of exogenous PGF2{ PGD', PGA2,

at concentrations of 1x10t M, to human airways cultures, increased mucus release.

However, in the same study PGq inhibited mucus secretion. Another study on human

airway cuitures showed that PGFr A at a concentration of 1x10-6 M, significantly

increased mucus ouq)ut, while PGE, did not stimulate secretion ßich et al., 1984).

These results are supported by the fact that when applied to explants of human

bronchi, PGE, usually causes relaxation; PGFrcauses contraction @ich et al., 1934).

r.2.4.

Several studies have been carried out on the role of prostaglandins in salivary gland

physiology. However, these have concentrated on the PG effects on salivary flow or

electrolyte content, rather than on the release of exocrine secretory macromolecules

such as amylase, proteases or mucin. Otsuka et al. (1980) demonstrated that PGA2

inhibited Ca2*-ATPase activity in microsomes of the rat submandibular gland, while

other prostaglandins tested had no effect. Yu et al. (1982) found that PGE,, but not

PGFZ{, induced a slow flow of rat parotid saliva which had a lower Na*, K* and Caz*

content than that evoked by alpha- and beta-adrenergic secretagogues. In the same

study PGEr had no effect on the submandibular gland. Hahn and Patil (1974) found

that intravenous injection of PGFr.into dogs produced dose-dependent increases in

salivation that were blocked by atropine. This and subsequent studies by Corrado &

I1
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Grellet (1976), suggested a possible interaction of PG and cholinergic mechanisms in

controlling salivary flow. The Martinez group, however, observed that PGE, caused

reductions in acetylcholine-induced flow from all three major salivary glands (parotid,

submandibular and sublingual) in the rat and found an increase in the Na*

concentration of these salivas (Vo et al., 1983). Later work by Yu (1986) indicated

that PGE,, PGE2 and PGF'*, decreased the flow produced by parasympathetic nerve

stimulation in both parotid and submandibular gtands. The Na*, K* and Ca'* content

was reduced in parotid saliva whereas in submandibular secretions, K* and Ca2* were

elevated by prostaglandins. In vivo experiments with the canine trachea demonstrated

that arachidonic acid caused enhanced mucus secretion, and this was partially blocked

by indomethacin (Johnson & McNee, 1984). A recent study by Bradbury and

McPherson (1987) suggested that PGE, at high concentrations mobilized radiolabelled

mucins from rat submandibular acini but that PGFr*had no effect.

At present, therefore, the role of prostaglandins in exocrine gland secretion,

particularly in salivary glands, is poorly defined and our understand.ing of control of

the synthesis and of mode of action is incomplete. The overall objective of this study

was to characterize the role of prostaglandins in mucin secretion in submandibular

glands. The initial approach, 'was to examine the action of exogenous prostaglandins

on the secretory response. Subsequent studies focused on the potential involvement

et of endogenous eicosanoids in controlling mucin secretion and addressed some basic

questions on the mechanisms of the early stages of possible eicosanoid-associated

responses. For example, which specific prostaglandins (or other eicosanoids) might be

involved in the secretory response, which specifîc phospholipids serve as arachidonic

acid donors and whether mucosecretagogues of different classes stimulate eicosanoid

synthesis in the experimental model.

1B



2.r.

l5l-Protein A and [5,6,8,9,17,12,14,I5jH]-arachidonic acid were obtained. from

Amersham, Oakviile, Ontario, Canada- Prostaglandins Er, Fr4, Dz and Ar,

phospholipid standards, diacylglycerol, triglyceride were obtained from Serdary

Research Labs, London, Ontario. Arachidonic acid, indomethacin, phospholipase Ar,

leukotriene Bo, bovine serum albumin fraction V, carbachol, substance P,

isoproterenol, hyaluronidase type 1-S, were purchased from Sigma Chemical

Company, St. Louis, MO; collagenase from Cooper Biomedical, Mississauga, Ontario,

Canada; Ready Solv-EP from Beckman, Irvine, California; K5 Silica Gel TLC plates

from Whatman, New Jersey. BV/755C was a grft from Wellcome Research

Laboratories, Kent, England. Methoxamine was a gift from Burroughs V/ellcome Inc.,

Kirkland, Quebec, Canada. Organic solvents for extraction and chromatography were

the purest grades available from Fisher Chemical Company.

Materials

2 MATERIALS AND METHODS

)J

The experimental model used was the collagenase-dispersed acinar cell preparation

of rat submandibular(SM) gland fleming et al., 1980). The submandibula¡ glands of

2-4 maJe Sprague-Dawley rats weighing from 200 to 250 g were removed, chopped

into small pieces and pooled. The fragments were incubated at 370C for 60 min in

50 ml of modified Hank's Balanced Salt Solution (HBSS) containing 2000 U purif,red

collagenase, CLSPA grade and25 mg hyaluronidase (type 1-S). Mechanical shearing
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forces were applied to the tissue by repeated pipetting at 75 min intervals and the

preparation was filtered through a 3207m nylon mesh. The resulting dispersed cell

population contained 70-75 7o rnucous acini and 14-71 7o serous cells of the granular

convoluted tubule. The cells were washed twice then resuspended in I{BSS

supplemented with MEM amino acids, 0.2Vo bovine serum albumin, smili/ f -

hydroxybutyrate, 5mM inosine, 0.5mM adenine and 4.8 mM NaHCOr. Suspensions

were buffered to pH 7.3 with 15 mM F{EPES and maintained at 3'70C under

atmospheric conditions in a gyrotary water bath shaker. Cells were suspended in the

constant ratio of 3 ml culture medium per gland equivalent and normally divided into

1 ml aliquots fo¡ experimental treatment. Cell viability of over 90Vo was confirmed

by trypan blue exclusion.

2.3.

Experiments were carried out to charactenze the role of eicosanoids in exocrine

secretion in the rat submandibular gland model under carefully contolled in vino

conditions. This model has been in use in this laboratory for some time and has been

well charactenzed with respect to the mechanism of action of adrenergic, cholinergic

and peptidergic agonists on the secretory response (Fleming et al., 1984, 1936).

Moreover a specific and sensitive radioimmunoassay (RIA) capable of detecting as

little as 5 nanograms of secreted mucin has been developed in this laboratory

fleming et al., 1983). This RIA played a central role in our experimental approach

by permitting evaluation of eicosanoid-associated actions on a major physiological

response of the submandibular gland - that of mucin secretion.

Mucin secretion studies

20



2.3.1.

Experiments were carried out to determine the involvement of PGs in the

mucosecretory response in the submandibular gland model. PGq, PGF2ú PGD, and

PGA2 in a range of concenûations (1 x 10-e M to 1 x 10 s M) were incubated for 40

minutes with the dispersed cells. Cuiture medium was sampled at time 0 and after the

incubation period, and analyzed for released mucin by RIA (Fleming et al., 1983;

see Assay methods below). In all experiments, total cell mucin at time 0 was assayed

and released mucin expressed as a percentage of this value.

Prostaglandins

2.3.2.

The mucosecretory response to arachidonic acid, the eicosanoid precursor was

examined. SM cells were incubated with exogenous arachidonic acid in a range of

concentrations (1 x 10-8 M to 1 x 10a M) for 40 min. Just prior to the experiment,

the cells were washed, then resuspended in culture medium free of bovine serum

albumin (Rubin et a1., 7982). Albumin binds arachidonic acid, and may prevent its

potential actions in the culture system (Irvine, 1982; Duval et al., 1986).

Arachidonic acid

The ability of aspirin-like drugs to inhibit release of prostaglandins is generally

accepted- The order of decreasing potency lvas found by Flower (1974) to be

meclofenamic acid > indomethacin > oxyphenbutazone > aspirin. Meclofenamate is

considered a dual inhibitor of the 5Jipoxygenase and cyclooxygenase pathways of the

arachidonic acid cascade (Boctor et al., 1986). In this study it was decided to use

indomethacin, which is an established blocker of PG synthesis (Birkle &. Bazan,7984;
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Marom et aI., 1981), and inhibits the cyclooxygenase enzyme. The arachidonate

stimulation experiments were thus repeated with cells preincubated for 10 min with

indomethacin (5 x 106 M). This concentration was found to be optimally effective in

several other studies (Marshall et al., 1980; Flower, 1974).

BW755C is a potent dual cyclooxygenase and lipoxygenase inhibitor (Beckman

& Nystuen, 1988; Vane, 1987; Rao et al., 1987). In some experiments, cells were

preincubated with BW755C (1 x 10-5 M) for 10 min, before stimulation with

arachidonic acid for 40 min.

2.3.3.

The bulk of a¡achidonate in mammalian cells is esterif,red in the fatty acyl chains of

glycero-phospholipids, almost exclusively in the 2-acyl position. It is now generally

accepted that phospholipases are responsible for connolling free arachidonate ievels.

V/ith the exception of phosphatidylinositol the major route of phospholipid degradation

in mammals is by deacylation catalyzed by phospholipase A, (rvine, 1982). The

enzpe phospholipase A, cleaves AA from the glycerol-2 position of phospholipids,

making it available for eicosanoid synthesis. The effects of different concentrations

(0.01-10 units/ml), of exogenous phospholipase A, (purified from bee venom; Sigma)

on secretion, were examined over a 40 min time course.

Phospholipase A,
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2.3.4.

Dispersed cells were exposed

Bo(1 xLûeMto1x106
discussed above.

Leukotriene Bo

2.4.

By using precursor 3H-arachidonic acid radiolabelling techniques, followed by

subsequent separation of lipid components by thin layer chromatography(TlC),

labelling profiles of phospholipids, prostaglandins, leukoffiene Bo and the neutral lipids

were examined. This approach was used to indicate whether a specific membrane

phospholipid or phospholipids were the preferred substrate for the donation of

arachidonic acid precursor for eicosanoid synthesis in the experimental model. An

attempt was also made to determine if specific PGs and LTs were synthesized on

stimulation with mucosecretagogue agonists of several different classes, and to

quantitate these metabolites of radiolabelled AA.

to a range of concentrations of exogenous leukotriene

M) for 40 min, and secreted mucin was assayed as

Radiolabelling studies

2.4.r. Kinetics of 3H-arachidonic acid incorporation into submandibular

acinar cells.

Cells were dispersed, washed, resuspended and I.7 VCil ml 3H-arachidonic acid was

added to the cells. 1 ml samples were taken over a 60 min time course. For each

sample, radioactive lipids were extracted, isolated and counted as described below.

Total prostaglandins, total phospholipids, phosphatidic acid, diglyceride, triglyceride
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and free arachidonic acid were estimated, and an incorporation profile for each

species obtained over the time course.

2.4.2.

Dispersed cells were incubated for a period of 60 minutes with I.7 T.Cilml 
3H-

a¡achidonic acid. Following incubation, lipids \¡/ere extracted by the modified Bligh

and Dyer method ÇKates, 1986; Bligh & Dyer, 1959; see Assay methods below),

separated by TLC and estimated by scintillation counting (see Assay methods). Data

were analyzed to determine percent distribution of 3H-arachidonic acid into

prostaglandins, phospholipids and neutral lipids.

Distribution of 3H-arachidonic acid in the rat submandibular cells.

2.4.3.

Cells were incubated for a period of 60 min with 1.7 /Cilml3H-arachidonic acid.

They were then washed and incubated in the presence or absence of PLA, at a

concentration of 10 U/ml, a dose found to be optimally effective in the mucin

secretion study. Samples were taken at time 0 and 10 minutes. Radioactive lipids were

exÍacted and separated as described below. Individual prostaglandins, total

phospholipids, phosphatidic acid, diglyceride, triglyceride and free arachidonic acid

were quantitated by scintillation counting.

Phospholipase A,

1/1
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2.4.4.

Dispersed cells

indomethacin (1

Proposed inhibitors of cyclooxygenase and lipoxygenase.

arachidonic acid (1.7 Tcilml). Samples were taken at úme 0 and 60 minutes.

Similarly, cells were preincubated with the

inhibitor BW755C (1 x 10-5 M) for 20 min,

acid for 60 min. Radioactive lioids were

described earlier.

were preincubated for 20 min

x 10-5 M). The cells were then

2.4.5.

Agonists of at least 3 classes exert their secretagogue effect by mobilizing calcium

ions from intracellular stores - alpha,-adrenergic (methoxamine), muscarinic-

cholinergic (carbachol) and peptidergic (substance P). V/ork in this laboratory, has

shown that such agonists transduce signals across the plasma membrane via the

hydrolysis of phosphoinositides and the generation of second messengers, inositol

trisphosphate (IPr) and diacylglycerol (DG) @eming et al., 1984, 1987). The present

experiments investigated whether such agonists exerted some of their effects via

stimulation of eicosanoid synthesis. The doses used for the agonists were those shown

to be optimal for producing a secretory response in previous work in this laboratory.

with the cyclooxygenase inhibitor

incubated for 60 minutes with 3H-

Agonists of mucin secretion

dual cyclooxygenase and lipoxygenase

and then incubated with 3H-arachidonic

extracted, separated and estimated as

Dispersed celis were prelabelled with 3H-arachidonic acid for 60 min. Cells were

washed, resuspended and exposed to various agonists - methoxamine (alpha,-

adrenergic, 1 x 10' M), carbachol (muscarinic - cholinergic, 1 x 10' IrÐ, substance
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P (peptidergic, 1 x 10-i M) and isoproterenol @eta adrenergic, 1 x 10-6 M) for 5

min. Radioactive lipids were extracted and individual lipid classes were isolated by

TLC and quantitated by scintillation counting.

in all experiments, untreated samples served as controls.

)<

2.5.1.

A.ssay methods

Solid Phase Radioimmunoassay

Rat submandibular acinar cell mucin was quantitated by a solid phase

radioimmunoassay as described previously (Fleming et al., 1983). Anti-mucin antibody

was produced by rabbits after inoculation with purified submandibular gland mucus

glycoprotein @leming et al., 1982). The RIA technique is carried out on plastic

microtitre plates, utilizes tãI-Protein A in place of a second antibody, and can detect

as little as 5 ng mucin protein per 50y' sample. In the present study, the assay was

performed on cell homogenate supernatant. Each sample of medium was assayed at

several dilutions (x 64 to x 512) and always produced a linear response with a slope

parallel to the standard curve.The assay procedure and production of a standard curve

is summarized in Table 1. Purifred rat submandibular mucin@SM) antigen was

adsorbed to the wells of piastic microtitre plates. Bovine serum albumin@SA) was

then added to occupy remaining binding sites on the plastic. Mucin concentration in

cell homogenate supernatants was assayed, by pre-incubation of these solutions with

Ab. The degree of Ag-Ab binding in the pre-incubation tubes was proportional to the

relative concentration of Ag in the mixture (step 2). Free Ab remaining in the

mixture was subsequently bound to immobllized RSM in the wells (step 3) and
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Table 1. Summary of procedure for solid phase radioimmunoassay
of rat submandibular acinar cells

(1) Coat wells of microútre plate with mucin (Ag) (protein
content 75 ng) in 507-l PBS
Incubate for 2 h at room temp.
Aspirate
Wash x3 with PBS
Fill wells with 20 per cent BSA in PBS
Incubate for t h at room temp.
Aspirate
Wash x3 with PBS

(2) Prepare a series of pre-incubation test tubes containing
antiserum (Ab) at a constant final dilution of 1:5000
(650 ng serum proteiry'5O7r,l PBS), plus RSM (Ag) in a
final concentralion range of 0-150 ng/50/-l
Incubate for 2 h at room temp.

(3) Transfer 50 /l replicates from each pre-incubation tube
to wells of microtitre plate
Incubate for 18 h at 4" C
Aspirate
Wash x3 with PBS

(4) Add 50¡t-l [rãI]-Protein A (25,000 counts/min) to each well
Incubate for 3 h at room temp.
Aspirate
Wash x3 with PBS
Cover plate with adhesive plastic and cut out each well

(5) Measure counts/min 1ãI bound to each well in gamma counter

(6) Calculate B/Bo for each experimental sample and determine
its mucin content from standard curve

(Reprinted from Fleming et al., (1983)).
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quantitated (steps 4 and 5) with ¡'ãIl-Protein A (65 - 80 mCi/mg). Standard. curves

therefore relate inversely the concentration of mucin in pre-incubation tubes (abscissa,

log scale) to the t5I bound to the wells (ordinate). The counts/min corresponding to

the maximum binding (i.e. BJ were determined from pre-incubation samples

containing Ab but no Ag. Due to the short half-life of tãI (60 days) rhe inter-assay

variaúon in Bo was approximately 6000 - 17,000 counts/min. Thus to normalize

results, Bo in each experiment was assigned a value of 1.0 and the counts/min bound

after pre-incubation of Ab with each Ag dilution were expressed by the formula BlBo

x 100 (i.e. B/Bo percent). Non-specific binding was determined in each experiment

from pre-incubation mixtures containing no Ab and was never more than 7 per cent

of Bo.

) <)

By using 3H-arachidonic acid radiolabelling techniques, followed by subsequent

separation of lipid components by thin layer chromatography, attempts were made to

label precursor phospholipids and arachidonate-derived metabolites includ"ing pGs and

leukotriene 8,.

Thin Layer Chromatography

3H-Arachidonic acid. (1.7 ¡+Cilml), was incubated with cells for a period of up to

60 minutes. The cells were washed, divided into 1 ml aliquots and. incubated with

va¡ious pharmacologic agents for up to 10 min. Enzyme inhibitors, where indicated,

were added 5-2O minutes prior to arachidonate and drug add.ition. Following

incubation, cells and medium were extracted by the modified procedure of Bligh and

Dyer, (I(ates, 1986). The exÍaction procedure is summarized in Fig. 5. Schacht
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3H-1abe11ed dispersed acinar cellq in 1 ml culture medium
¿

Add 3.75 ml chloroform:methanol (L:2 v/v)
Keep for 30 min.
Centrifuge
Decant

Pellet
+

Add 4.75 ml chloroform:
methanol:O.2N HCt
(1:2:0.8 v/v)
Sonicate
Centrifuge
Decant

I

Add 2.5'rnl chloroform
Vortex
Add 2.5 ml d. water
Vortex
Centrif.rge

Org*iC- pt *" eq*-ous phase

r ¿T
[1] Count LAOzd sample 3.0 ml samþle for analysis Store remainder

for total dpm I

¿

^dd 
200zd 0.2N methanolic

ammonium hydroxide
Add 1.25 ml benzene

----¿----.-1 IPeitet Supemalänt fluid-rPooled ùpematant fluid

fiuid

4.45 ml organi{phase for analysis

tzl 3.45 ml for TLC of t3l 1.0 ml for TLC of
TG / PGs ILTB*t / PA ÆLs

Spot
Scrape

Fig: !. Extraction procedure for rat submandibular acinar cells by the modifîed Bligh
and Dyer technique.
Sample [] was counted for total dpm. Samples numbered [2] and [3] were sponed on TLC
plates and developed under conditions shown in Fig. 6.

Count Elute PLs
Dry
Spot
Scrape
Count

DG/AA
I

Dry
Spot
Scrape
Count
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(1981) observed that extraction of tissues with neutral chlorofoÍn-methanol mixtures,

routinely used for phospholipid analysis, prevented recovery of polyphosphoinositides

quantitatively; washing of lipid extracts by partitioning against ,water resulted in a loss

of these lipids into the aqueous phase. The modified Bligh and Dyer extraction was

based on the partitioning of homogenized tissues between an organic and an acidic

aqueous phase. Acidic conditions were necessary for complete removal of

polyphosphoinositides from the tissues and to prevent their loss into the aqueous

phase. After extraction, the organic exfacts for each sample were pooled, and aliquots

of a 1001¡l were taken in a glass scintillation vial for counting total radioactivity in

each sample @ig. 6). The 10Vl sample was dried on a hot plate and 5 drops of

acetic acid were added to the vial to prevent quenching due to chloroform solvent,

while counting. A second aliquot of approximately 3 ml was taken for analysis of

PGs, TG, LTB4, PA and total phospholipids. A third aliquot of 1 ml was taken for

analysis of AA and DG (see Fig. 6). The samples were evaporated to dryness under

nitrogen gas. The residue was redissoived in chloroform:methanol (2:l v/v), followed

by two washings with the same solvent, and separation of the lipid components was

achieved by thin layer chromatography (TLC) on heat activated K5 Silica Gel TLC

plates, 20 x 20 cms. Each TLC plate was activated for t hour at 1100C and cooled

for approximately thirty minutes in a desiccator, where it was stored until needed. The

samples were spotted on to the TLC plate with a Pasteur pipette. Small volumes of

sample were spotted at a time, and dried with a hairdryer between each application.

Thirty micrograms each of purified standa¡ds were added to each sample channel as

carriers. The purified standards were also run on separate channels for identification

purposes.
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Fig. 6. Thin layer chromatographic separation
submandibular acinar cells.

(See Methods for references on solvent systems).

TG - triglycerides

DG - diglycerides

PLs - phospholipids

PA - phosphatidic acid

AA - arachidonic acid

LTB4 - leukotriene Bo

Az - prostaglandin A,

Dz - prostaglandin D,

Ez - prostaglandin E,

Fr^ - prostaglandn Fr*

PE - phosphatidylethanolamine

PC - phosphatidylcholine

PS - phosphatidylserine

PI - phosphatidylinositol

PIP -phosphatidylinositol4-phosphate

PIP, - phosphatidylinositol 4,5-bisphosphate

SM - sphingomyelin

of the lipid components of rat
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The second aliquot was analyzed by developing the plate (in unequilibrated tanks)

twice in the same direction @ubin et al., 1982) , to separate prostaglandins 82, F2¿,

D, and Ar. Solvent I was chloroform:methanol (90:1 v/v) run for the full length of the

plate and air dried. Arachidonic acid and triglyceride were visualized by exposure to

iodine vapor and identified by co-chromatography with known standards (Fig. 7).

Solvent II was the organic phase of ethyl acetate:'water:iso-octane:acetic acid

(66:60:30:12 vlv) run only partially, to approximately two cms less than the

tiglyceride migration distance. This gave a separation of individual prostaglandins,

triglyceride, Ieukotriene Bo, phosphatidic acid and total phospholipids @ig. 8).

Arachidonic acid and diglyceride co-migrated on the TLC plate.

To separate individual phospholipids, the zone on this TLC plate corresponding

to total phospholipids was eluted with chloroform:methanol:water:acetic acid

(50:39:10:1 v/v) (Arvidson, 1968). Each spot was extracted 3 times with 4 volumes

of the solvent. To pooled organic extract, O.9Vo KCI was added, @r. G. Arthur, Dept.

of Biochemistry, University of Manitoba, personal communication) to enhance biphasic

separation. An aliquot of 100¡f was taken for scintillation counting, for estimation of

total phospholipids. The organic phase was evaporated to dryness under nitrogen gas,

the residue redissolved in chlorofonn:methanol (2:1 v/v), and spotted on a TLC plate.

Separation of individual phospholipids - phosphatidylethanolamine,

phosphatidylcholine, sphingomyelin, phosphatidylserine, phosphatidylinositol,

phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate, was

achieved with the solvent system, chloroform:methanol:20Vo aeueous methylamine

(60:36:10 v/v) (Gertler and Friesen, 1986; Shukla and Hanahan,7982) fig. 9). The

JJ



Fig. 7. Thin layer chromatogram of different reference lipids.

Reference lipids were spotted on the activated silica gel plate. The plate was

developed for its full length in an unequilibrated tank, in solvent system I of a two-

solvent system. Solvent system I was : chloroform:acetic acid (90:1 v/v). Reference

lipids were visualized by exposure to iodine vapor, and triglyceride and arachidonic

acid were identified. This solvent system produced a preliminary separation of neutral

lipids. Reference lipids: triglyceride CfG); diglyceride (DG); arachidonic acid (AA);

prostaglandin A, (A); prostaglandin D, (DJ; prostaglandin E, @); prostaglandin F*

(Frr); phosphatidic acid (PA); phospholipids (PLs).
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Fig. 8. Thin tayer chromatogram of lipids extracted from rat submandibular
cells.

Lipids were extracted from SM cells by the modified Bligh and Dyer method (Kates,

1986), evaporated to dryness under nitrogen gas, and the residue was redissolved in

chloroform : methanol (2:1 v/v), as described in Assay Methods. Samples were

spotted on to the thin layer chromatography plate, and reference lipids were added as

carriers. The plate was developed (in an unequilibrated tank) twice in the same

direction (Rubin et aI., 1982), to separate prostaglandins, as described in Methods.

Solvent system l:chloroform:acetic acid (90:1 v/v) (see Fig. 7).

Solvent system II: ethyl acetate:water:isooctane:acetic acid (66:60:30:12 v/v). Neutral

lipids were identified after development in solvent system I, as described in the

procedure followed for reference lipids (see Fig. 7). Solvent system II was run only

partially, to approximately two cms less than the triglyceride migration distance.

Lipids were separated, and detected by iodine vapor. Reference lipids: triglyceride

(TG); diglyceride @G); arachidonic acid (AA); prostaglandin A, (A); prostaglandin

D, @J; prostaglandin E, @); prostaglandin Fr* (Fra); phosphatidic acid (PA);

phospholipids (PLs); samples A - H were extracted organic phase components from

rat submandibular cells.
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Fig. 9. Thin layer chromatogram of phospholipids extracted from rat
submandibular cells.

Lipids were exffacted from SM cells by the modified Bligh and Dyer method (Kates,

1986), evaporated to dryness under nitrogen gas, and the residue was redissolved in

chloroform : methanol (2:t v/v), as described in Assay Methods. Samples were

spotted on to the thin layer chromatography plate for the separation of prostaglandins

and developed as described in Assay Methods. The zone corresponding to total

phospholipids on the plate was scraped and eluted in chloroform : methanol :

water:acetic acid (50:39:10:1 vlv; Arvidson, 1968), as described in Assay Methods.

Developing solvent used for separation of phospholipids was chloroform:methanol:

20Vo aqueous methylamine (60:36:10 v/v; Gertler & Friesen, 1986). Phospholipids

were identif,ied by exposure to iodine vapour - phosphatidylethanolamine (PE),

phosphatidylcholine (PC), sphingomyelin (SlvÐ, phosphaúdylserine (PS),

phosphatidylinositol (PI), phosphatidylinositol 4-phosphate (PIP) and

phosphatidylinositol 4,5-bisphosphate @IPJ. Samples A - H were extracted organic

phase components from rat submandibula¡ cells. Individual phospholipids were scraped

from the plate and 3H-arachidonic acid content was measured by scintillation counting.
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chromatogram was developed in an unlined tank which was allowed to saturate with

mobile phase for 30 min before the plate was placed in it.

A third aliquot of the sample was analyzed by monodimensional TLC (Reed and

Eling, 1986), for separation of arachidonic acid and diglyceride, . The TLC plate

was developed for 10 cms in hexane: diethylether: methanol: acetic acid (85:20:2:2

vlv), ur dried and rerun the full length of the plate in the same solvent system @ig.

10).

The chromatograms were allowed to dry in air, until the solvent had evaporated.

Separated components were then visualizedby exposure to iodine vapor, and identified

by cochromatography with known standards. Deionized water was sprayed on the

silica gel to aid in the scraping of individual components into scintillation vials

containing rcOA water and 5 ml Ready-Solv EP. The 3H-arachidonic acid content

of samples was determined by liquid scintillation counting.
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Fig. 10. Chromatographic separation of rat submandibular cell neutral lipids.

Lipids were extacted from SM cells by the modihed Bligh and Dyer method (Kates,

1986), evaporated to dryness under nitrogen gas, and the residue was redissolved in

chloroform:methanol (2:7 vlv), as described in Assay Methods. Samples were spotted

on to the thin layer chromatography plate, and reference lipids were added as carriers.

The plate was developed twice in the same direction, as described in Assay Methods.

The solvent system used was hexane:diethyl ether:methanol:acetic acid (85:20:2:2 vlv)

ßeed & Eling, 1986). Diglyceride @G) and arachidonic acid (AA) were identified

by iodine vapor. Samples A - H were extracted organic phase components from rat

submandibular cells.
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3.1

3.1.1.

Prostaglandins

An attempt Tvas made to ascertain whether exogenous PGs could affect the

mucosecretory response of the SM cells. Mucin secretion, measured by RIA, was

súmulated in a dose-dependent way by exogenous PGs of the 2 series, over a 40 min

time course (Fig. 11).The PGE' response varied from24.4 + 2.6Vo (mean + SEM)

at a concentration of 1 x 10-7 M, to 32.r + 6.2vo at 1 x 10-s M. PGFr"{ elicited. a

response ranging from 25.2 + 2.97o at a concentration of 1 x 10-e M ß 54.4 + 3.8Vo

at 1 x 10-6 M. PGD2 produced a dose-dependent secretion, ranging from 22.5 + 2.6Vo

at a concentration of L x 10-e M þ 40.2 + 1.8vo at 1 x 10-s M Fig. 11). The average

control value for untreated cells was 16.0 + 4.8Vo.

Effect of prostaglandins on mucin release

3 RESULTS

3.2

3.2.T"

Arachidonic acid

The secretory response of acinar cells to exogenous arachidonic acid, was examined.

A mucosecretory response was stimulated by arachidonic acid, the eicosanoid

precursor, overadoserangeof 1x 10-8M - 1x 104M, to amaximum of 29.2+

3.2Vo fotal mucin (Fig. 12), and was significantly greater than the control release of

14.0 + 2.0Vo at all concentrations tested.

43
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Fig. 11. Effects of a range of concentrations of three prostaglandins on mucin
secretion in rat submandibular acinar cells.

Mucin release was expressed as a percentage of the timeo intracellular content, from

rat submandibular gland cells in 40 minutes.

Ez - prostglandin E
Fzo\ - prostaglandin Fr-a

Dz - prostaglandin D,

C - release of mucin from unstimulated controls

Values are means + SE, n = 3
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Fig. .12- Pffect- of a range of concentrations of exogenous arachidonic acid on
mucin release in rat submandibular acinar cells.

Submandibular cells were incubated with arachidonate (10-8 - 104 M) for 40 minutes.

Released mucin was quantitated by RIA, and expressed as a percentage of intracellula¡

mucin at timeo. Values a¡e Mea¡s + SE, n = Z.

C - mucin released from unstimulated controls
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Figure 13 illustrates the incorporation kinetics of 3H-arachidonic acid by the various

lipid components in the rat acinar cell preparation. The incorporation of 3H-

arachidonic acid into phospholipids, triglycerides, diglycerides and prostagiandins in

SM cells was investigated over a 60 min time course. Incorporation of radiolabelled

AA increased in PLs and TGs as a function of time, with maximal incorporation

obtained after 40-60 min of incubation. Conversely, maximal incorporation of label

in PGs was observed at 5-10 min, and had decreased by 40-60 min of incubation.

Incorporation of 3H-fu{ into PA, did not change, and free arachidonic acid levels

remained the same throuehout.

Kinetics of 3H-arachidonic acid incorporation by the SM cells.

3.2.3.

Experiments demonstrated that prostaglandins and their precursor arachidonic acid,

stimulated mucin release in dispersed SM cells. This prompted an examination of the

metabolism of AA in the SM cells, to determine if the SM cells were capable of

synthesizing prostaglandins and at the same time to survey the distribution of

radiolabelled AA in the cell lipids. Distribution of 3H-arachidonic acid into various

lipids alter a 60 min incubation period, is summa¡izedin Table 2.The neutral lipids

accounted for 4l.6vo of the radioactive label, with the TG fraction representing

43.5Vo of the total radioactivity in the lipid extracts, and the DG fraction accounting

for 3.6Vo. Approximately 48.9Vo of incorpo¡ated AA was in phospholipids; 0.6 Vo in

phosphatidic acid; 2.9Vo in prostaglandins. Only about O.5Vo of the total AA remained

unincorporated as the free acid. Radiolabelling experiments with 3H-arachidonic acid

46
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Fig. 13. fncorporation of [3H]-Arachidonic acid into various lipids of rat
submandibular gland cells over a 60 min time course.

Dispersed rat submandibular gland cells were incubated with l3llj-Arachidonic acid

(1.1¡{ílml) for 60 minutes. 1 ml samples were taken at0,2,5, 10 minutes and every

10 minutes thereafter for 60 minutes. Cell lipids were extracted by the modified Bligh

and Dyer technique (I(ates, 1986), separated by thin layer chromatography, and

radioactivity was measured by scintillation counting.

TG - triglycerides

DG - diglycerides

PA - phosphatidic acid

PLs - phospholipids

PGs - prostaglandins
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Table 2. Distribution of 3H-arachidonic acid
gland cells.

Lipid

NEUTRAL LIPIDS

Triglycerides

Diglycerides

Arachidonic acid

PROSTAGLANDINS

Prostaglandin E, * A,

Prostaglandin D,

Prostaglandin Fr<

in lipids of rat submandibular

Vo total dpm

TOTAL PHOSPHOLIPIDS

PHOSPHATIDIC ACID

(41.6)

43.5

3.6

0.5

Dispersed rat submandibular cells were labelled with [3H]-arachidonic acid. (I.7*

Cilml) for 60 minutes (see Methods). The lipid components were exrracted by the

modified Bligh and Dyer technique (Kares, 1986), separated by thin layer

chromatography, and radioactivity was measured by scintillation counting, as

described in Assay Methods. The values for prostaglandins may not reflect those at

peak production. The values are means of duplicate incubations and are expressed as

a percentage of the total dpm.
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2.2
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thus confirmed that AA was readily taken up by SM cells and widely incorporated

into several lipid species, including PGs.

3.3.

In most tissues, the synthesis of prostaglandins is limited by the availablility of their

common precursor, free arachidonic acid, which must be liberated from esterif,red

stores in complex lipids (Irvine, 1982). Experiments v/ere designed to examine the

action of phospholipase A, which cleaves AA from the glycerol-2 position of

phospholipids. Mucin secretion, and the changes in levels of the various lipid

components in the cells, were investigated.

Effect of phospholipase A,

3.3.1"

Exogenous PLA2 provoked

concentration of 0.1 units/ml

Effect of phospholipase A, on mucin release

3.3.2"

a

to

dose-response ranging from 79.5Vo mucin, at a.

33.4Vo mucin at 10 units/ml trig. 1a).

In a further series of experiments, cells labelled with 3H-arachidonic acid, were

treated with PLA, at a concentration of 10 units/ml. The enzyme was used as a probe

to release phospholipid-bound AA. Analysis of total lipid extracts revealed changes

in radioactivity in the various lipid components in PLA, - treated cells @ig. 15). The

49

Effect of phospholipase A, on distribution of lipids in SM cells.



z
o
!-
tU
cc
C)
tu
U)

z
O
l

òs

30

20

t0

Fig. 14. Effect of_ a range of concentrations of phospholipase A, on mucin
secretion in rat submandibular acinar cells"

Rat acinar cells were incubated with phospholipase A, þurif,red from bee venom; 0.1

U/ml - 10 U/ml) for 40 minutes. Released mucin was estimated. by RIA, and

expressed as a percentage of intracellular mucin at timeo.

C - release of mucin from unstimulated confols
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Fig. 15. Effect of bee venom phospholipase A, on the distribution of [3H]-
arachidonic acid in rat submandibular cell lipids.

Dispersed rat submandibular gland cells were prelabelled with 3H-arachidonic acid

(Amersham, Canada, 1,.7¡<i per gland equivalent per ml suspension; specific activity

683 mCi/mg) for 60 min at 370 C in modified Hanks BSS (see Methods). The

preparations were washed and resuspended in culture medium containing 207<,M

unlabelled arachidonate, then exposed to 10 U/ml phospholipase Ar. Controls were left

untreated. Cell lipids were extracted by a modified Bligh and Dyer technique, as

described in Assay Methods, at time 0 and 10 min, separated by thin layer

chromatography and quantitated by scintillation counting. Values are means of

triplicate treaünents from the same experiment.

c - 3H-arachidonic acid in the following lipid components in untreated control

cells

o - 3H-arachidonic acid in the following lipid components in phospholipase A,

treated cells

TG - triglycerides

DG - diglycerides

PLs - phospholipids

PA - phosphatidic acid

AA - arachidonic acid

PGE, - prostaglandin $
PGA' - prostaglandin A,

PGD' - prostaglandin D,

PGF,,( - prostaglandin Fr..
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changes in distributíon of 3H-arachidonic acid were evident at 5 minutes and enhanced

by 10 minutes. PLA2- treated cells demonstrated a reduction in AA-labelled PLs, as

well as increases in DG, TG, AA, PGE + PGA, and PGD'. The decrease ín

phospholipids corresponded to the increase in PGs, DG, TG - 477o of radioactivity

lost from PLS over 10 min in PlAr-treated cells was recovered in TG,2.9Vo in AA,

33Vo in DG and 27Vo in PGs.

3.4.

Results described earlier demonsÍated an arachidonic acid-induced mucin release.

Radiolabelling studies confirmed incorporation of labelled AA inro phospholipids and

into AA metabolites including prostaglandins. Experiments were canied out with the

cyclooxygenase inhibitor, indomethacin @irkle &Bazan,1984) to determine whether

the AA secretory effect was related to PG synthesis.

Effect of indomethacin on arachidonic acid-induced secretion of mucin

53



3.4.L.

The effect of cycloooxygenase inhibitor, indomethacin on AA-induced mucin

secretion was investigated by studying the action of 5 x 10{ M indomethacin on the

secretion of mucin caused by the optimally-effective concenfation of 1 x 10-a M AA.

Arachidonic acid-induced mucin release was not inhibited by preincubation with

indomethacin, but was additively increased to 41.8 + 7 "7 Vo total mucin (Table 3).

Mucin secretion studÍes

3.4.2.

In additional experiments, the effect of indomethacin on prostaglandin generation was

determined by the radiolabelling technique described earlier. SM cells were

preincubated with the cyclooxygenase inhibitor indomethacin, 1 x 10-s M, for 20

minutes, and the cells were then exposed to 3H-arachidonic acid (7.77Cilml) for 60

min. To normalize results the inhibitory effects of indomethacin on prostaglandin

synthesis were expressed as percentages of control values. Cells treated with

indomethacin decreased prostaglandin synthesis to 84.7 Vo of contol. PGE, + PGA,

was partially inhibited to 87 Vo, PGD2 to 76Vo and PGF^ was reduced to 84 Vo Gig"

16). These studies therefore, indicated that indomethacin plus arachidonic acid elevated

mucin release, and indomethacin only partially inhibited generation of prostagiandins.

Effect of indomethacin on eicosanoid production
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Table 3. Effect of indomethacin on the arachidonic acid-induced secretion
of mucin by rat submandibular cells.

ConÍol

Arachidonic acid

Arachidonic acid

+ Indomethacin

Indomethacin

Dose

Dispersed RSM cells were preincubated with indomethacin (5 x 1O6 M) for 10

minutes, as described in Assay Methods. Cells were then incubated with arachidonic

acid (1 x 104 M) for 40 minutes. Released mucin was quantitated by RIA and

expressed as a percentage of intracellular mucin at timeo. Values are means + SE, n

-3.

1x104 M

1x104 M

5x10{ M

5x10-6 M

Vo mucin release

l4.O + 2.0

29.9 + 3.2

47.8 + 7.7

22.O + 0.1
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Fig. 16.-Eff_ect of the cyclo_oxygenase inhibitor indomethacin, on the synthesis of
prostaglandins in rat submandibular cells.

Dispersed rat submandibular gland cells were preincubated with indomethacin at a

concentration of 1 x 10-5 M, for 20 minutes. Cells were then incubated with 3H-
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INDOMETHACTN 10¡rM

a¡achidonic acid (Amersham, Canada, 1.77Ci per gland equivalent per ml suspension;

specific activity 683 mCVmg) for 60 minutes at 370 C in modifred Hanks BSS (see

Methods). Lipids were extracted by the modified Bligh and Dyer technique (Kates,

1986), as described in Assay Methods, at time 0 and 60 min, separated by thin layer

chromatography and prostaglandins were quantitated by scintillaúon counting (see

Methods). Results are from three observations, and are expressed. as means + S.D.
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3.5.L. Effect of exogenous leukotrienes on mucÍn release

LeukotrÍene 84

Contrary to expectation, the cylclooxygenase inhibitor indomethacin, elevated mucin

release and additively increased the AA-induced response (Table 3). At the same

time, indomethacin decreased prostaglandin synthesis (Fig. 16). This suggested that

the arachidonic acid mucosecretagogue effect might be mediated via the

lipoxygenaseÂeukotriene pathway rather than the prostaglandin route of arachidonic

acid metabolism. This hypothesis caused us to examine the leukotriene effect on

mucin secretion. LTB4 stimulated the dose-dependent ¡elease of mucin in the

submandibular model to a maximum of 47.2 + 5.LVo at a concentration of 1 x 10-6 M

trig. 17). Additional experiments \ryere car¡ied out to examine the possible

involvement of endogenously synthesized leukotrienes in the secretory response.

1<" fncorporation kinetics of 3H-arachidonic acid by LTB4 in the rat

acinar cells

The incorporation of 3H-arachidonic acid (1..7 ¡tcilml) into LTB. in SM cells, was

investigated over a 60 min time course. It was established earlier that steady state

conditions for the incorporation of 3H-arachidonic acid into cell lipids, were obtained

foilowing 40-60 min of incubation. Maximal incorporation of label in LTB' was

observed at 5-10 min, and had decreased by 40-60 min of incubation Grg. 18).
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Fig. 17. Effect of a range of concentrations of leukotriene Bo on mucin secretion
from rat submandibular gland cells.

Submandibular cells were incubated with Leukotriene Bo ('1 x 10-t0 - 1 x 10{ M ) for

40 minutes. Released mucin was estimated by the RIA technique as described in

Methods, and expressed as a percentage of intracellular mucin at timeo. Values are

Means+SE,n=4.

C - mucin released from unstimulated controls
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Fig. 18. Incorporation of [3H]-Arachidonic acid into LTB4 in rat submandibular
gland cells over a 60 min time course.

Dispersed rat submandibular gland cells were prelabelled with 3H-Arachidonic acid

(I.7fCilml) for 60 minutes. 1 ml samples were taken at 0, 2,5, 10 minutes and every

10 minutes thereafter for 60 minutes. Cell lipids were extracted by the modified Bligh

and Dyer technique (I(ates, 1986), LTB4 was separated by thin layer chromatography,

and its radioactive arachidonic acid content was measured by scintillation counting.

20
T¡ME (min)

40 óo

59



3.6.

BW755C has been shown to prevent the synthesis of prostaglandins and leukotrienes

(rliggs & vane, 1983; Rask-Madsen, 1987), by inhibition of cyclooxygenase and

lipoxygenase. This study examined the effect of BV/755C on mucin release, and

attempted to relate this effect to variations in the levels of eicosanoids.

Effect of BW755C

3.6.1.

Experiments were designed to determine if BV/755C in a range of concentrations (1

x 10-6 - 3 x 10-s NrÐ, inhibited mucin release stimulated by 10" M a¡achidonic acid.

Results indicated that BW755C had no effect on mucin release elicited by

arachidonic acid (Fig. 19). BW755C alone also did not affect mucin secretion in the

model.

Effect of BW755C on arachidonic acid-stimulated release of mucin

3.6.2"

SM cells were preincubated with the dual cyclooxygenase and lipoxygenase inhibitor

BW755C (1 x 10-5 M) for 20 min and incubated. with 3H-arachidonic acid for 60 min.

Eicosanoids were extracted, isolated and estimated as described in Methods.

Eicosanoid levels in cells treated with BW755C were expressed as percentages of

control values. Cells teated with BW755C at a concentration of 1 x 10-5 M,

decreased prostaglandin synthesis to 43Vo and leukotriene synthesis to 38 Vo @ig. 20).

Effect of BW755C on eicosanoid production
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Fig. 19. Effect of a range of concentrations of B\il755C on the arachidonic acid-
induced secretory response from rat submandibular gland cells.

Submandibular cells were preincubated with BW755C (1 x 105 - 3 x 10-5 M) for 10

minutes. Cells were then incubated with the optimally effective concentration of 1

x 10' M arachidonic acid, for 40 minutes. Release of mucin was estimated by the

RIA technique as described in Methods, and expressed as a percentage of intracellular

mucin at time 0. Values are Means + SE, n = 4.

C - mucin released from unstimulated controls

AA - mucin released fròm cells treated with 10a M arachidonic acid.

5

-LOG [M] BWTssC

BW755C

+AA

BW755C

- mucin released from cells treated with a range of concentrations of

BW755C + arachidonic acid (1 x 10' I\4)

- mucin released from cells treated with a range of concentrations of

BW755C alone
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Fig. 20._Effect of_indomethacin and BW755C, on the synthesis of prostaglandins
and leukotriene Bo in rat submandibular cells.

Dispersed rat submandibular gland cells were preincubated with BV/755C or

indomethacin at a concentration of 1 x 10-5 M, for 20 minutes. Cells were then
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incubated with 3H-arachidonic acid (Amersham, Canada, l.j¡tti per gland equivalent
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per ml suspension; specific activity 683 mCVmg) for 60 minutes at 370 C in modified

Hanks BSS (see Methods). Lipids were extracted by the modified Bligh and Dyer

technique (Kates, 1986), as described in Assay Methods, at time 0 and 60 min, and.

separated by thin layer chromatography. Prostaglandins and leukotriene Bo were

quantitated by scintillation counting (see Methods). Results are from three

observations, and are expressed as means + S.D.
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3.7. stimulation of arachidonic acid metabolism by mucosecretagogue

agonists

Earlier work in this laboratory established that mucin secretion by rat submandibular

cells is mainly under p-adrenergic conrol @leming et al., 7984,1987). Subsequent

studies showed that a lesser but significant secretory fesponse could be elicited by

agonists of three different classes associated with Ca2*-mobilization - carbachol

(muscarinic cholinergic), methoxamine (alpha,-adrenergic) and substance P

þeptidergic/neurokinin) @eming et al., 7987). It was also confirmed that these

agonists showed a common mechanism of signal transduction, involving the hydrolysis

of PIP, to liberate the second messengers IP, and DG @eming et al., 1987). Since

these are breakdown products of membrane phospholipids we speculated that Ca2*-

mobilizing agonists might also release additional tipid-derived metabolites with a

potential second messenger function, specifically those of arachidonic acid- There is

evidence that in other exocrine tissues such as pancreas (Marshall et al., 1980, 1981)

carbachol treatment stimulated arachidonic acid release and prostaglandin synthesis.

The experiments discussed above on the effects of eicosanoid inhibitors on

prostaglandin and leukotriene synthesis, and on the a¡achidonate-induced secretory

response, suggested that the arachidonic acid effect was not mediated by either the

cyclooxygenase or lipoxygenase pathway. However, for the sake of completeness it

was decided to examine the effect of Ca2*-associated secretagogues on the liberation

and distribution of labelled arachidonic acid amongst the cells lipid components. It

was reasoned that such an approach would provide confirmatory evidence on the lack

of involvement of prostaglandins or leukonienes in the exocrine response and also

reveal whether any other arachidonic acid-containing lipid was enhanced on agonist
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treatment. Any such lipid would be a candidate for further invesúgation in the

arachidonic acid mucosecretory response.

3.7.1.

3.7.1.L. Effect of carbachotr

Effects of calcium-mobilizing agonists

Dispersed SM cells labelled with 3H-arachidonic 
acid, (1.7r{i/ml) for 60 minutes, were

Íeated with carbachol (1 x 104 M) for 5 minures (see Methods). Lipids were

exffacted, separated by thin layer chromatography, and quantitated by scintillation

counting, as described in Assay Methods. The muscarinic-cholinergic agonist

carbachol, did not stimulate major changes in arachidonic acid distribution in the lipid

components of 3H-AA labelled rat acinar cells. A small reduction in the level of

phosphatidylcholine was observed, associated with an increase in triglycerides (Table

4).

3.7.1.2" Effect of methoxamine

Again, SM cells were labelled with 3H-arachidonic acid (l.7r4i/ml) for 60 minures,

then treated with methoxamine for 5 minutes, as described in Methods. Methoxamine

treatment (1 x 104 M) did not cause enhanced arachidonic acid levels or alter the

distribution of arachidonic acid amongsr the lipids of the cells (Table 5).
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Table 4. fncorporation of 3H-arachidonic acid into lipids of rat
submandibular gland cells treated with carbachol.

Lipid

Triglycerides

Diglycerides

Arachidonic acid

Prostaglandins

Leukotriene Bo

Phosphatidic acid

Phospholipids

Phosphaúdyl
ethanolamine

Phosphatidylcholine

Phosphatidlyserine

Sphingomyelin

Phosphoinosiúdes

PI

PIP

PIP,

Control

1.14 + 1

32+ 5

85+ 8

55+ 9

9+ 0.4

7+ 1

227+ 1

78+ 5

dpm (x10-3)

Carbachol
1 x 10'M

733+ 2

38+ 4

79+ 6

41 + 3

5+ 1

6+ 0.1

194+ 5

83+ 4

59+ 5

15+ 1

19+ 3

18+ 1

14 + 0.8

3+ 0.5

0.8 + 0.08

89+

73+

25+

22+

77+

4+

1.45 +

Dispersed RSM cells were labelled with [3Fl]-arachidonic acid (1.77-Cilml) for 60

mínutes, followed by treatment with carbachol (1 x 104 M) for 5 minutes (see

Methods). The lipid components were separated by thin layer chromatography, and

radioactivity measured as described in Assay methods. The results are expressed as

Mean+S.D.,n=3.

6s
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1

2

0.3

0.1

0.1

0.3



tablg 5._Incorporation of 3[I-arachidonic acid into lipids of rat submandibular
gland cells treated with methoxamine.

Lipid

Triglycerides

Diglycerides

Arachidonic acid

Prostaglandins

Leukotriene Bo

Phosphatidic acid

Phospholipids

Phosphatidyl
ethanolamine

Phosphatidylcholine

Phosphatidylserine

Sphingomyelin

Phosphoinositides

PI

PIP

PIP,

Control

6+

5+

27+

3+

1+

63+

17+

16+

8+

11 +

15+

9+

5+

2+

dpm (x10-3)

0.6

1

1

a
J

0.4

2

10

2

0.01

1

1

11

0.8

0.1

0

Methoxamine
1 x 10aM

2 + 0.03

8+ 0.5

5+ 0.2

19 + 0.2

2+ 0.1

6+ 2

54+ 7

14+ 2

15+ 2

7+ 1

9+ 1

13+ 2

7+ 1

4+ O.7

2+ 0.3

Dispersed RSM cells labelled with [3Ffl-arachidonic acid (1.7 ¡.{i/ml) for 60 min (see

Methods), were then exposed to methoxamine (1 x 10a M), for 5 min. The lipid

components were separated by thin layer chromatography, and radioactivity measured

as described in Assay methods. Values are Means + S.D., n = 3.
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3.7.1.3" Effect of substance p

Dispersed rat sM cells were incubated with 3H-arachidonic 
acid, (r.7 74i/ml), as

described in Methods, and then treated with peptid.ergic substance p (Sp; 1 x 10-7 M),

for 5 minutes. Lipids were extracted, separated and estimated as described earlier.

Analysis of these lipids, indicated no stimulation of arachidonic acid liberation. As

with the other Caz* mobilizing agonists, there were no changes in any of the other

lipid components examined (Table 6).

3.7.2"

SM cells incubated with radiolabelled arachidonic acid (I.7¡Adml) were exposed ro

isoproterenol, (IPR; 1 x 106 M), for 5 minutes. Isoproterenol treatment did not

enhance arachidonic acid release or cause changes in the other cell lipids (table Z).

Effect of the É-âdrenergic agonist - isoproterenol
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T"¡lg 6..Incorporation of 3H-arachidonic acid into lipids of rat submandibulargland cells treated with substance p.

Lipid

Triglycerides

Diglycerides

Arachidonic acid

Prostaglandins

Leukotriene Bo

Phosphatidic acid

Phospholipids

Phosphatidyl
ethanolamine

Phosphatidylcholine

Phosphatidylserine

Sphingomyelin

Phosphoinositides

PI

PIP

PIP,

2+

6+

5+

26+

3+

7+

63+

17+

16+

8+

11 +

15+

9+

5+

2+

dpm (x10-3)

0.6

1

1

aJ

0.1

2

10

2

0.01

1

1

1

0.8

0.1

0

Substance P
1x10-7M

2+ 0.2

9+ 2

4+ 1

19+ 1

3+ 0.1

5+ 1

59+ 1

17+ 1

15 + 0.4

8+ 1

10 + 0.1

13+ 1

7+ 0.4

4+ 0.5

1+ 0.1

Dispersed RSM cells labelled with [3H]-arachidonic acid (I.7¡erlml) for 60 min (see

Methods), were then exposed to substance p (Sp; 1 x 10-z M), for 5 min. The lipid

components were separated by thin layer chromatography, a¡d. radioactivity measured

as described in Assay methods. The results are expressed as Means + S.D., n = 3.
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Table 7" Incorporation
gland cells treated with

Lipid

Triglycerides

Diglycerides

Arachidonic acid

Prostaglandins

Leukotriene Bo

Phosphatidic acid

Phospholipids

Phosphatidyl
ethanolamine

Phosphatidylcholine

Phosphatidlyserine

Sphingomyelin

Phosphoinositides

PI

PIP

PIP,

of 'H-arachidonic acÍd
isoproterenol.

Control

174 +

32+

85+

55+

9+
'7t

228 +

18+

89+

73+

25+

22+

17+

4+

1.45 +

into lipids of rat submandibular

dpm (x10-3)

21

5

8

8

0.4

1

1

5

5

1

2

0.3

0.1

0.1

0.3

Isoproterenol
1x10aM

84+ 9

38+ 4

84+ 1

54+ 3

5+ 0.2

6+ 0.4

230+ 1

78+ 4

85+ 5

76+ 2

31+ 11

20+ 1

15 + 0.8

4+ 0

1.13 + 0.08

Dispersed RSM cells labeiled with [3H]-arachidonic acid. (r.77cilml) for 60 min (see

Methods), were then exposed to substance p (Sp; 1 x 10 ? M), for 5 min. The lipid

components were separated by thin layer chromatography, and radioactivity measured

as described in Assay methods. The results a-re expressed as Means + S.D., n = 3.
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In exocrine secreúon studies, Bradbury and McPherson (1987), showed that PGE,

increased mucin release in the rat submandibular gland, whereas PGFZ( had no effect

on the secretory response. Marom et al. (1981) demonsnated that mucus secretion

from human airways in vitro was increased by addition of PGF'* and PGD, but

inhibited by PGE'. Another study found that PGF,* significantly increased mucin

output in human bronchi in vitro, whereas PGE had no significant effect @ich et al.,

1984). Marshall et al. (1980) found that PGE', PGD2 and PGFr. stimulated amylase

secreúon in the mouse pancreas. On the other hand, Chauvelot et al. (7979)

demonstrated that PGE2 and PGF'. dd not affect amylase secretion from rat

pancreatic cells. Current knowledge on the role of prostaglandins in controlling

exocrine secretory responses is therefore limited. Findings in the present study

demonstrated that exogenous prostaglandins of the 2 series - PGE', PGF'.. and pGD,

significantly stimulated mucin secretion by rat submandibular cells. This effect elicited

by prostaglandins suggested the existence of cell surface prostaglandin receptors in

rat submandibular acinar cells. Given the interest of our group in intracellular coupling

mechanisms we wondered whether intacellular prostaglandins might also play a role

in secretion. The hypothesis that these arachidonic acid metabolites might also act as

intracellular second messengers was therefore considered, and the effect of

endogenously produced prostaglandins on mucin secretion was examined.

4 DISCUSSION

In most tissues, arachidonic acid is the precursor of the naturally occuring

prostaglandins. To test the effect of arachidonic acid metabolites on mucin secretion,

arachidonic acid was added to the rat submandibula¡ cells. The acid elicited a
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significant dose-related increase in mucin secretion. Bradbury and McPherson (19S7)

showed that similar doses of arachidonic acid did not increase mucin secretion in the

rat submandibular gland. This discrepancy in findings may reflect the greater

specificity and accuracy of RIA for mucin quantitation than the glucosamine-labelling

technique used by Bradbury and McPherson. Our observations a¡e consistent with

those of other studies where arachidonic acid stimulated secretion from human

airways (Marom et al., 1981). It also stimulated secretion from GI! cells, cloned

from the rat pitituary gland (I(olesnick et al., 1984); pancrearic pcells O4etz et al.,

7987); prairie dog gallbladder explants (LaMont et al., 1983); and mouse pancreas

(Marshall et al., 1980).

The large doses of exogenous arachidonic acid used to elicit a secretory response

in these studies may not represent a true physiological condition. Additional evidence

was therefore sought on the effect of endogenous arachidonic acid, liberated from

membrane lipids, on the secretory response. Here, the approach was to prelabel cells

with 3H-arachidonic acid to permit its inco¡poration into many lipid species, then to

use the enzymatic probe, phospholipase A, (PLAJ, to liberate esterified arachidonic

acid from the glycerol-2 position of parent phospholipids @c, pE, ps, pI). It was

demonstrated that PLA' stimulated the secretion of submandibular mucin in a dose-

dependent way. In parallel TLC studies it was further shown that PLA, treatment

caused a reduction in radiolabelled phosphotipids with a corresponding increase in

diglycerides and triglycerides, as well as in PGD, and PGE,, plus the E, metabolic

breakdowm product, PGA2 (Flower, 1974). Values for PGE, and A, were combined

in these and subsequent experiments. Triglycerides and diglycerides were highly

labelled with 3H-arachidonic acid- It is generally accepted that these species are nor
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donors of arachidonate for eicosanoid synthetic pathways, but rather function as AA-

storage lipids, continuously undergoing acylation-deacylation reactions.

These findings conf,rrmed that endogenous arachidonic acid, released from

phospholipid precursors, was capable of stimulating mucin secretion in the

submandibular model, and also revealed that arachidonic acid liberation resulted in

enhanced intracellular levels of prostaglandins. Taken together, these results led us to

propose and test the working hypothesis that the arachidonic acid mucosecretagogue

effect was mediated by stimulation of the cyclooxygenase oxidation pathway, to

cause increased synthesis of prostaglandins, which then activated a secretory response.

There is evidence that prostaglandins regulate secretion in different exocrine cell

models. For example, in their work with mouse pancreas, Marshall et al. (1980)

demonstrated that at 3 and 10nM, PGD, stimulated amylase secretion submaximally.

At 3nM but not 10nM, PGFL( stimulated amylase secretion. PGE2 (3-10nM) elicited

secretory responses similar to those caused by the maximally effective concentrations

of carbachol or arachidonic acid. In experiments ',¡/ith human lung explants, Marom

et al. (1981) found evidence that PGA,, PGD, and PGF'* significantly increased

mucous glycoprotein release at a concentration of 1 x 104 M, but PGE, significantly

reduced mucus secretion. Other workers showed that fifty percent inhibition of mucin

synthesis was attained by use of indomethacin, while 6-keto-PGF* release was 66Vo

inhibited by 10-? M indomethacin (LaMont et al., 1983). In stud.ies on rat pancreatic

ceils, Chauvelot et aJ. (1979) showed that prostaglandins had no effect on exocrine

secretion. Much work has been done on the gastrointestinal tract, and workers

demonstrated that prostaglandins, specificalty PGE, stimulated mucus and bicarbonate

secretion and inhibited gastric acid secreúon (l\4ain, 1988).

t2



At present, however, little is known about the potential role of prostaglandins in

controlling secretion in a mucous cell model. An attempt was therefore made to link

the arachidonic acid-induced mucosecretory response to cyclooxygenase

activity/prostaglandin synthesis in submandibular cells, by use of the cyclooxygenase

blocker indomethacin. This compound is a widely used and proven inhibitor of

prostaglandin synthesis (Gerrard, 1985; Birkle &. Bazan,1985; Marshall et al., 1981;

Iwatsuki et al., 1988). A review by Flower (1914) concluded. rhat indomethacin

blocked the initial stages of the cyclooxygenase reaction in a "competitive-reversible"

manner, by combining with a site close to the substrate site, thus preventing the

production of prostaglandin endoperoxides. Indomethacin has been effective in

blocking prostaglandin synthesis and prostaglandin associated metabolic responses in

other secretory ússues. For example, LaMont et al. (1933) found. that incubation of

práirie dog gall bladder explants with indomethacin, decreased prostagland.in release

and inhibited mucin secretion from the gallbladder epithelial cells. Indomethacin

blocked arachidonic acid-stimulated secretion of amylase in mouse pancreatic cells

O4arshall et al., 1980), providing evidence that prostaglandins were involved. in the

exocrine response in this model. However, in the present study indomethacin did

not inhibit, but consistently increased the AA-induced secretory response. At the

same time radiolabelling/TlC experiments showed that indomethacin partially

inhibited prostaglandin synthesis. Subsequent experiments carried out by others in this

laboratory confirmed that these indomethacin effects were duplicated by a second

cyclooxygenase inhibitor, aspirin (N.Fleming, personal communication).

Arachidonic acid-induced mucin release in the presence of indomethacin indicated

that the exocrine response was independent of the cyclooxygenaseÆG synthetic
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pathway. It is possible that inhibition of cyclooxygenase diverts arachidonic acid into

the leukotriene pathway. Higgs and Vane (1983) showed that concentrations of

indomethacin which completely blocked cyclooxygenase, increased production of 12-

I{PETE or 5-HPETE in platelets or leukocytes. Hamberg and Samuelsson (197a)

observed that thrombin-induced aggregation in platelets released large amounts of

FIETE and HHT, and that preincubation of platelets with indomethacin or aspirin

inhibited HHT synthesis but increased the release of FIETE about three-fold. They

suggested that treatment of the platelets with aspirin or indomethacin blocked the

cyclooxygenase pathway and diverted arachidonic acid into the lipoxygenase pathway.

In the same study, treatment of the platelets with the dual cycclooxygenase and

lipoxygenase inhibitor ETYA, reduced AA metabolism by both pathways. Iwatsuki et

al. (1988) attempted to correlate pancreatic exocrine secretion and prostaglandin

levels in dogs. Their studies showed that indomethacin inhibited secretin-induced

prostaglandin synthesis, but did not inhibit secretin-induced pancreatic secretion. Work

in other labs, showed that SRS-A (a mixture of leukot¡ienes involved in

immunohypersensitivity reactions) released from the lung was increased by arachidonic

acid, and that this effect was enhanced by indomethacin but completely inhibited by

ETYA @iper et al., 7979; Walker, 1973). In their studies with rat neutrophils Myers

and Siegel (1983) found that at doses which inhibited cyclooxygenase acriviry,

indomethacin stimulated arachidonic acid metabolism in the lipoxygenase pathway.

Konturek and Pawlik (1986), stated that lipoxygenase derivatives were direct inhibitors

of the cyclooxygenase pathway, which suggested the existence of a negative feedback

relationship between the two pathways.
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In the present investigation, treatment of rat acinar cells with indomethacin plus

arachidonic acid resulted in an enhanced secretory response, coupled with a partial

inhibition of prostaglandin synthesis. These results suggested either a diversion of

arachidonic acid into the lipoxygenase path"vay or a possible mucosecretagogue

action of arachidonic acid via some alternative pathway. This rationale led us to

examine the effect of the lipoxygenase derivatives, leukotrienes, on mucin secretion

in rat submandibular cells. Leukotriene Bo stimulated mucin release in a dose-

dependent way. Subsequent studies in the laboratory demonstrated that leukotrienes

Co, D and Eo also elicited a secretory response (N.Fleming, personal communication).

This mucosecretory effect of leukotrienes suggested the existence of cell surface

leukotriene receptors in rat submandibular acinar cells. However, given our interest

in eicosanoid synthesis and secretion we considered the hypothesis that these

arachidonic acid metabolites might also act as intracellular second messengers. The

possible involvement of endogenous leukotrienes in the secretory response was

therefore examined. In these studies, the use of the inhibitor of both the

cyclooxygenase and lipoxygenase pathways of arachidonic acid oxidation, BW755C,

played a central role. Higgs et al. (1979) found that BW755C simultaneously inhibited

cyclooxygenase and 5Jipoxygenase in platelet homogenates. In their studies with

platelets, Smith et al. (1985) found that the formation of 12-FIETE, HHT and

thromboxane B, was inhibited in a concentration-dependent manner, by the inhibitor.

BW755C also inhibited the cyclooxygenase and lipoxygenase pathways of a¡achidonic

acid metabolism in rat neutrophils (Myers & Siegel, 1983).

In the present study, BW755C significantly reduced the synthesis of both

prostaglandins and leukotriene Bo in rat submandibular cells. However, BV/755C did
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not inhibit the mucosecretory response caused by arachidonic acid in the experimental

model. These findíngs confirmed our earlier observations that prostaglandins did not

mediate the arachidonic acid-induced release of mucin, and further ind.icated that the

biologically potent leukotriene Bo also was not involved in the arachidonate response.

The arachidonic acid secretagogue effect in submandibular cells may therefore be

independent of prostaglandin or leukotriene synthesis or may be associated with

some other eicosanoid product not measured in this study (leukotriene Ao, Co, Do or

Eo; prostacyclin, thromboxane or other hydroxy acids).

Other studies have shown that exogenous arachidonic acid stimulated secretion

from several cell types in which the lipoxygenase and cyclooxygenase pathways were

not implicated (Burgoyne et al., 1987). Kolesnick et al. (1984) showed rhat exogenous

arachidonic acid mobilized Ca2* and stimulated prolactin secretion from GH, cells, a

cloned strain of rat pituitary tumor cells, independent of eicosanoid pathways. Zeitler

et aI. (1985) showed that the effect of arachidonate on secretion from placental cells

was independent of both the cyclooxygenase and the lipoxygenase pathways, and

might be associated with the activation of phospholipase C.

Studies from this laboratory, established that mucin secretion in the rat

submandibular cells is chiefly under þ-adrenergic control @leming er al., Igg4,

1986). More recent work in this laboratory confirmed that calcium-mobilizing agonists

of different classes - muscarinic (carbachol), alpha,-adrenergic (methoxamine) and

peptidergic (substance P) elicited a secretory response in submandibular acinar cells

@leming et aI., 1984, 1987). It was also shown that these calcium-mobilizing

agonists shared a common mechanism of signal ffansduction involving
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phosphoinositide hydrolysis, and liberation of the second messengers diacylglycerol

@G) and inositol trisphosphate (IPr). Our experimental results demonstrated rhat

arachidonic acid-induced mucin release was independent of cyclooxygenase or

lipoxygenase (at least, LTB4) metabolism and suggested a potential second messenger

role for a¡achidonic acid. In view of our findings, an attempt was made to establish

whether any of the agonists coupled to inositol lipid tumover and mucin secretion

were similarly involved in regulating arachidonic acid metabolism in submandibular

acinar cells.

In their work on the mouse pancreas, Marshall et al. (1980) found that carbachol

stimulated amylase release, and showed that secretion was inhibited by

cyclooxygenase inhibitors. In later work Marshall et al. (1981) provided evidence that

arachidonic acid released on stimulation of phosphoinositide hydrolysis, by the

sequential actions of phospholipase C and diglyceride lipase, was metabolized to

prostaglandins specifically PGE, and concluded that PGB played a role in stimulus-

secretion coupling in the mouse pancreas. Consistent with these f,rndings, Hokin and

his group found that on stimulation of pancreatic secretion by caerulein, PI

hydrolysisis was associated with the formation of phosphatidic acid, diglyceride,

arachidonic acid glycerol and inositol and/or inositol phosphares @ixon & Hokin,

1984). Radiolabelling studies showed that agonist-stimulated loss in labeled PI was

accounted for by increases in labelled PA, DG, TG, free AA and glycerol. It was also

found that the agonist stimulated PGE2 and PGF'". In another study, carbachol was

found to súmulate PGE, release in the isolated perfused rat stomach (Mogard et al,

1986). Chauvelot et al. (1979) found that carbachol stimulated secretion in the rar

pancreas, but showed that the cyclooxygenase inhibitor, indomethacin had no effect
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on stimulated enzyme release. In the same study, they also found that cells

preincubated with taC-arachidonic acid and then stimulated with carbachol did not

synthesize arachidonic acid metabolites. Pearce et al. (1987) showed that although

carbachol produced large increases in inositol phosphates in astrocyte-enriched cultures

of the rat cerebral cortex, it had no effect on the liberation of arachidonic acid from

'oC-arachidonic acid labelled cultures. Thus, there is no consistency in findings on the

effects of agonists on arachidonate associated pathways in different tissues and

amongst different laboratories.

Arachidonic acid may exist to only a very limited extent in free unesterified form

in cells. Therefore, efforts were made to examine distribution of labelled arachidonic

acid in the cell lipid components. Arachidonic acid-containing lipids and breakdown

products were monitored. Levels of triglyceride were also examined, since they serve

as storage lipids for arachidonic acid . Since AA is liberated from phospholipids,

individual phospholipids were monitored for decrease in radioactivity indicating

arachidonic acid release.

Our own studies with carbachol demonstrated that rat acinar cells labelled with
3H-arachidonic acid and exposed to the muscarinic cholinergic agonist carbachol did

not show major changes in arachidonic acid distribution in their lipid components.

However, the limited experimental data available indicated a possible carbachol-

induced depletion of arachidonic acid from phospholipids (especially

phosphatidylcholine) and an enhancement of triglycerides. This would be comparible

with a transient and unknown effect of liberated arachidonic acid followed by its

reacylation into triglycerides.
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In the present study, stimulation of labelled rat SM cells with substance P, showed

that SP was without effect on the liberation of 3H-arachidonic acid from

phospholipids or the redistribution of arachidonic acid among lipid species, which

indicated that there was no link between SP-mediated mucin secretion and arachidonic

acid release. Hartung et al. (1988), found that substance P evoked release of PGE and

thromboxane (tXB) in rat asÍocytes. Astocytes have a role in iniúating immune

response, and it is known that prostanoids regulate immune responses, suggesting a

second messenger role for these arachidonic acid oxidation products.

In experiments with 3H-arachidonic acidlabelled rat acinar cells, stimulation with

methoxamine (alpha,-adrenergic), again caused no change in arachidonic acid release.

This suggested that mucosecretagogue action of this calcium-mobilizing agonist was

not coupled to arachidonic acid liberation.

Studies in this laboratory have established that mucin secretion in the rat

submandibular gland cells is mainly under p-adrenergic stimulation which operates

via the adenylate cyclase/cAMP pathway. However, the p -adrenergic agonist,

isoproterenol did not stimulate arachidonic release. The mucosecretory response of

isoproterenol cannot therefore be linked to arachidonic acid generation in the

experimental model.

These agonist studies showed that although the rat submandibular gland cells

incorporated radiolabelled arachidonic acid into celt lipid components, there was no

indicaúon that the secretory response caused by substance P, methoxamine and

isoproterenol involved the actions of liberated endogenous arachidonic acid. Ca¡bachol
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may cause arachidonate mobilization but the data from this study are limited in this

respect and the potential actions of released arachidonic acid are not clear.

Znitler et aI. (1985) suggested that arachidonic acid mighr have a role in the

regulation of placental polypeptide hormone release, which could be associated with

activation of phospholipase C, since exogenous a¡achidonic acid resulted in inositol

phosphate production in their system. Another study showed that stimulation of human

neutrophils induced an increase in membrane-associated protein kinase C and that

arachidonic acid activated or, at higher concentrations, inhibited protein kinase C

(McPhail et al., 1984). These authors concluded that the ability of arachidonare ro

acúvate and regulate protein kinase C suggested an important role for arachidonic acid

in receptor function and cellular regulation. Metz et al. (1937) proposed that

arachidonic acid was a critical coupling signal in normal islets of Langerhans. Their

studies provided evidence that exogenous arachidonic acid stimulated insulin release

in Ca2* free medium. The effect of arachidonic acid on insulin release was totally

resistant to blockade by NDGA, BW755C and indomethacin, consistent with our

findings on the lack of inhibitor action on mucin release in the present study. Wolf

et al. (1986) showed that AA stimulated calcium release from intracellular srores in

digitonin-permeabilized pancreatic islets. This Ca2* efflux was not observed with 12-

IüTE, the predominant arachidonic acid metabolite in the pancreatic islets.

Indomethacin and BV/755C at doses that suppressed islet biosynthesis of PGE, and

12-HETE did not influence arachidonic acid-induced Caz* release from the

endoplasmic reticulum. These authors also showed that an increase in intracellular Ca2*

stimulated insulin release" Gerzer et al. (1986) demonstrated that arachidonic acid

did not have to be metabolized in order to activate guanylate cyclase. Arachidonic
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acid activated guanylate cyclase, purified from bovine lung, by up to six fold, and

added lipoxygenase did not enhance activation. This suggested that AA could have an

important role as a regulator of guanylate cyclase activity/ccMP synthesis in intact

cells. In their study on the effect of fatty acid modulation on plasma membrane

physical properties and enzyme activities, Poon et al. (1981) found that arachidonic

acid stimulated adenylate cyclase. These separate studies provide evidence that

arachidonate may control cyclic nucleotide levels (cAMP and/or cGMP) to regulate

physiological responses in the cell. Burgoyne (1987) concluded that these findings

indicated the possible existence of a novel second messenger regulating exoc¡rtosis,

and suggested that this messenger might be arachidonic acid or one of its metabolites.

In the present study, exogenous arachidonic acid stimulated mucin secretion in

dispersed rat submandibular acini, but this effect was probably not mediated through

the lipoxygenase or cyclooxygenase pathways, as evidenced by the lack of effect of

indomethacin and BV/755C on arachidonic acid-induced secretory response. Both

inhibitors reduced eicosanoid synthesis in the model. The Ca2*-mobilizing agonists

examined, elicited no major change in arachidonic acid incorporation into lipids or in

the overall distribution of arachidonate amongst lipid classes. Earlier studies in this

laboratory showed that the Ca2*-mobilizing agonists shared a common mechanism of

signal transduction involving phosphoinositide hydrolysis and the liberation of the

second messengers @G) and inositol trisphosphate (IPr) (Fleming et al., 1984, 7987).

In their studies on the mouse pancreas, Marshall et al. (1980, 1981) found that the

predominant source of arachidonic acid was phosphatidylinositol. Phosphatidylinositol

in animal tissues is mainly (up to 807o) of the 1-stearoyl-2-arachidonyl type (Dixon

& Hokin, 1984). It is possible that arachidonic acid from phosphatidylinositol could
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be involved in the secretory response in our model. The formation of diglyceride,

catalyzed by phospholipase C acting on phosphatidylinositol followed by diglyceride

lipase action on diglyceride, could provide a source of arachidonic acid. The

synthesis of phosphatidic acid, activated by sequential actions of phospholipase C

and diglyceride kinase on phosphoinositides, followed by breakdown of the acid due

to phosphatidic acid-specific phospholipase Ar, could also provide an arachidonic acid

source.

The involvement of arachidonic acid in the mucosecretory response and its

mechanism of action are not clearly understood at present. The present study

represents preliminary work in the a¡ea and, by ruling out the mediation of the

prostaglandin -, and probably the leukotriene pathway of arachidonic acid metabolism,

sets the groundwork for future, in-depth investigations on the precise role of

arachidonate in regulating mucin secretion in salivary glands.
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