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ÀBSTRACT

Arachidonic acid (AA) is an essentiar unsaturated fatty acid,
esterified at the sn-z position of severar membrane

phospholipids. The liberated acid is the precursor of a range

of bioactíve compounds, correctivery known as eicosanoids

(e.9., prostaglandins, thrornboxanes, Ieukotrienes) which have

widespread reguratory roles in many physiorogicar processes.

There is growing evidence that AA itself may act as a second

messenger in many cerr types, independent of its conversion t.o

eicosanoid products. The present study hras undertaken to
examíne the potential regulatory role for AA in the muscarinic

agonist-coupred phosphoinositide pathway in mucus-secreting

rat submandibular gland acinar cells. The specific aims r¡rere

to (1) determine whether AA regulates phosphoinositide cycle
activity and estabrish the mechanism of the reguratory effectr.
(2) investigate the phosphoripid sources of endogenous AA and

( 3 ) to examine the agon j-st-stimulated routes of enzymat j-c

cleavage of phospholipids resurting in the release of AA.

The muscarinic agonist, carbachol, stimulated
phosphatidylinositol 4, S-bisphosphate ipr (4,5)p¿l hydrolysís
and the generation of inositol L,4,S-Erisphosphate

tr(1,4,5)P3l in rat subnandibular acinar ceIls. The carbachol--

induced r(1,4,5)P3 response v¡as ínhibited by pretreatment of
cells with AA. The AA inhibitory effect was not mediated by

prostaglandins or leukotrienes, ot the enzyme protein kinase



xiii
C (PKC). Inositol phospholipid turnover studies indicated that
AA may regulate the phosphoinositide response by inhibiting
one or both of PI 4-kinase and pI(4)p S-kinase in the
phosphoinositide cycIe. Thus, both pI kinases were

characterized in submandibular gland membranes. Enzyme kinetic
studies showed that AA significantly reduced vr"" varues but

had no effect on the apparent Km varues of pr 4-kinase and

PI (4) P S-kinase, for both phosphoinositide- and ATp

substrates. Therefore, it is proposed that AA regulates
phosphoinositide cycle activity in submandibular cerr-s by

acting as a non-competitive inhibitor of both pI kinases.

carbachor also stimulated phospholipase D (pLD) activity
in submandibular acinar ceIIs. This hras associated with the

elevation of free choline, phosphatidic acid (pA) and AÀ,

indicating that the pLD substrate $¡as phosphatidylcholine
(PC) . The carbachol response v/as inhibited by V73I22, a

blocker of PI(4,5)Pr-specific phospholipase C (pLC),

suggesting that PC-PLD cleavage \¡ras, at least in part,
secondary to agonist-coupled pI(4,5)pz-pl,C hydrolysis.
consistent with this, PLD was also activated by the phorbol

ester, TPA and the Ca2*-mobilizer, thapsigargin, two agents

that respectively mimic diacylglycerol (DAc) and I (I,4,5)p, in
the phosphoinositide effect. The caz* cherator, BAPTA/AM

abol-ished the thapsigargin-induced activation of pLD and

partially inhibited the carbachol-- and TpA-pLD responses. The

PKc inhibitor, Ro-31--Bzzo, also inhíbited the carbachol- and
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TPA-PLD responses, but had no effect on the thapsigargin-
induced enhancement of PLD. These results support the idea

that both the PKC-associated and caz*-mobilizing arms of the

PI(4,5)P,-PLC pathway are associated with pLD regulation.
Pretreatment of cell-s with the pA-phosphohydrolase blocker,
propranolol, significantly enhanced the carbachor-induced

erevatíon of PA, but decreased agonist-stinurated DAG and AA,

indicating that PC was the like1y source of AÀ,.

Therefore, it is concluded that, in rat submandibular

acinar cells, A.A, acts as a regulator of the phosphoinositide

cycle by non-competitive inhibition of both pr 4-kinase and

Pr(4)P S-kinase. Free AA is liberated from membrane

phospholipids by muscarinic agonist stirnulation. one route of
cleavage involves the activation of pc-specific pLD which is
secondary to the agonist-coupled pI (4, S) pz effect.
Phosphatidic acid, produced by Pc-pLD action, is further
metabolized to DAG from r¡¡hich free AA is released by DAG-

Iipase.
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Background

Introduction

Sal-iva plays essential- roles in rnaintaining the orgians and

tissues of the oral cavity, such as protection, buffering,
antimicrobial action and tooth integrity. It is also important

in the initial stage of digestíon including bolus formation

and starch digestion. Sal-iva consists of two principal

components, fluíd and macrornolecul-es, respectively derived

from bl-ood plasma and secretory granules of the salivary
glands. Three rnajor paired salivary glands, the parotid, the

submandibular (a1so called the submaxillary), and the

sublingual, are responsible for the bulk of sal-iva production.

In addition, various minor salivary glands are scattered in
the oral- mucous membranes. It has been estimated that in
humans the parotid and submandibular glands contríbute about

9OZ of the total saliva volume (Dawes , 1-978) .

Structure of the Rat Submandibular GLands

Sal-ivary glands are composed of a large number of secretory

units which consist of an acinus, âD intercal-ated duct, and a

striated duct (Fig. l-). Many secretory uníts converge on an

excretory duct which in turn opens into the oral cavity.
Sa1iva forms at the proximal end of the duct in pyramid-shaped
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acinar cells arranged in spherical col-lections called acini.
Salivary acini have been classified into three major types,

mucous-, serous- and seromucous cells (Munger, 1964). Mucous

secretion (mucin) is viscous and rich in glycoproteins,

whereas serous secretion is watery and rich in protein, but

contains no demonstrable porysaccharides. seromucous grands

contain both serous and mucous ceIls. The rat submandibular

grand is seromucous, consj-sting of mucous acinar cells with
some serous cells in the ducts (Scott and pease, j_959).

Another ceI1 type associated with the acini is the

myoepitheliar cell. These cell-s extend over the acini and

intercarated ducts in long filaments that have contractile
properties. Their contraction probably contributes to the

exocrine secretory response.

The aciní converge on intercalated ducts, which consist
of short cuboidal cells and are associated with myoepithelial
cell-s on their basal- surface. The intercalated ducts assemble

to form striated ducts, which are l-ined by tatl corumnar cells
with marked membrane interdigitations projecting towards

neighbouring celrs. The cytoprasrn in this region is packed

with mitochondria. The striated ducts are invorved in
resorption of erectrolytes, mainly sodium, urtimately making

the saliva hypotonic (Young and schögef, 1966). The striated
ducts empty into two-epitheliar celr-rayered excretory ducts

that extend from the gland mass to drain into the oral cavity.
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Control of Secretion in Rat Subnandibular clands

The rat submandíbular glands are innervated by the syrnpathetic

and parasympathetíc nervous systems and secretion is
controlled by both adrenergic and cholinergic
neurotransmítters (Schneyer et ã7., L97Z). The rat
submandibular acini are mucous, and these cel1s synthesize and

secrete high-nolecular-weight glycoproteins (mucins), that are

rich in carbohydrate, which comprises 7O-9SZ of dry weight
(Herp et a7., A979).

It has been well establ-ished that the major control
systern of mucin secretion in the rat subrnandibular glands is
the B-adrenergic/adenylate cyclase/cyclic adenosine 3t5t -
monophosphate (cAMP) signat transduction pathway (Bogart and

Picarelli, L978; Quissell and Barzen, l_980; Fleming et ãI.,
l-984). fn thís classical signal transduction system, the

interaction of a p-adrenergic agonist with its specific
surface receptor promotes the activation of a GTp bÍnding

regul-atory protein (G.), which in turn activates adenyrate

cyclase and increases the revel of cAMp in the cytosol. The

cAMP activates a cAMP-dependent protein kinase (pKA), which in
turn phosphorylates other enzymes to activate exocytosis in
the mucous submandibular cet1s. In addition to the ß-

adrenergic control, mucin secretion in response to other
classes of agonists has arso been described. Bogart and

Picarelli (L978) observed that c,,-adrenergic- and muscarinic
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cholinergíc-, âs well as B-adrenergic stimulation of
submandibular gland slices evoked mucín releaser âs

quantitated by sialic acid assay. However, using a radioactive
glucosamine labelling technique in dispersed cell-s, euissell
and Barzen ( l-980) reported that neither c.,-adrenergic nor

cholinergic stirnulation was able to cause mucin secretion, and

suggested that the activation of the p-adrenergic

receptor/cAMP pathway may be a prerequisite for the exocrine

response in submandibular glands. The disparate results from

these groups may be due to the methods they used, incr-uding

mucin assay techniques.

Fleming et a7. (l-983) developed a radioimmunoassay (RIA)

for rat submandibul-ar mucin, which is highly specific and

sensitive, and can measure picogram quantities of secreted

mucin. work in this laboratory (Flerning et ar., i,g94¡ L9B6¡

L987; ]-992) , using RrA and other methods, confirmed that the
p-adrenergic/cAMP pathway hras the major stimulation of the

submandibular mucin secretion (7oz of the totar mucin

secretion). However, a significant mucin release (more than

4oZ) could al-so be elicited when the cells h/ere stimulated
with other crass of agonists, such as carbachor (muscarinic),

methoxamine (o,,-adrenergic) , and substance p (tachykinin) . rt
$/as further demonstrated that al-l three agonists induced the

activation of phosphoinositide-specific phospholipase c (pÏ,c)

to stimurate the hydrolysis of phosphatidylinositor 4,s-
bisphosphate tPr(4,5)pzl (Freming et âr., 1-gB7 ). The receptor-
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mediated activation of phosphoinositide signal transduction

pathway leads to the generation of two important second

messengers, inositol L,4,S-trisphosphate tI(l-,4,5)P3J, which

mobilizes Ca2* from the endoplasmic reticulum (ER), and

diacylglycerol (DAG), which activates protein kinase C (pKC),

a ubiquitous enzyme that regulates many physiological

processes (Berridge, L987; Nishizuka, 1,992) in rnost cetl types

so far examined. Stirnulation of submandibular glands with the

PKC activators, tetradecanoylphorbol acetate (TpA) and

exogenous DAG also elevated mucin secretion up to 3OZ total
mucin (Fleming et a7., 1986). Therefore, it is suggested that
both the cAMP and phosphoinositide transduction pathways are

involved in regulating mucin secretion in the rat
submandibular gland cel-Is.



Inositol Phosphotipids and CelI Signalling

Inositol-containing phospholipids, collectívety called
phosphoinositides or polyphosphoinositídes (PPI) are unique

membrane phospholipids in that myo-inositol headgroup can be

phosphorylated. There are three najor PPI in eukaryotic cel_l_s:

phosphatidylinositol (PI), phosphatidylinositol 4-phosphate

tPI(4)Pl, and phosphatidylinositol 4,S-bisphosphate

[Pf (4,5)P2]. Although these lipids compríse less than l-Oå of

the total membrane phospholipids (Hokin, i-995) | they are

important sources of second messengers.

Interests in phosphoinositides and their roles in ce1l

functions r¡rere ínitiated from the landmark observations of
Mabel and Lowel-I Hokin, made in t-950's that treatment of
pancreas with cholinergic agonists stimulated an increase in
the incorporation of szP into PPI and phosphatidic acid (pA)

(Hokin and Hokin, l-953; 1-955; l-958). Progress was slow until
Michell (1-975) published a provocative review suggesting that
a breakdown product of PPI acted as a second messenger for
calcium entry into ceIIs. Subsequently, interest in this fiel_d

developed very rapidly to the point where ppf metabolism ís
one of the most investigated areas in cel-l biology.

The Phosphoinositide Cycle

As shown in Fig. 2, phosphoinositides are synthesized through
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several enzymatic reactions (for reviel¡Is, Berridge and Ïrvine,
1-989; Rana and Hokin, 1-990) . The cellular myo-inositol is
transferred to a cytidine diphosphate-DAG (CDP-DAG) by a myo-

inositol 3-phosphatidyì-transferase to synthesize PI. The newly

synthesized PI is sequentialty phosphorylated to PI(4)P and

then to PI(4r5)Pz by two membrane bound enzymes,

phosphatidylinositol 4-kinase (PI 4-kinase) and

phosphatidylinositol- 4-phosphate 5-kinase tPI (4)P S-kinasel,

respectively. As described, PI (4 ,S)Pz plays a central role in
signal transduction since the hormone-stimulated hydrolysis of

this compound by PLC Arenerates the two second messengers,

I(1r4t5)P3 and DAG. The released I(L,4r5)P¡ and DAG can act as

the cellular regulators (see bel-ow) , oy can be metabolized to
recycle into the so-called the phosphoinositide cycle (Fig.

2).

Inositol 1, 4, S-trísphosphate and diaeylgTycerol

The I(1,4,5)P3 may either be rapidJ_y dephosphorylated by a

specífic phosphatase (nay also be phosphorylated to inositol
1,3,4,S-tetrakisphosphate II (1,3,4,5)p4] by a specific kinase)

(Fig. 2), or diffuse through the cytoplasm to the specific
receptor proteins located on portions of the endoplasmic

reticul-um (ER) (Ross et ã7 . , 1989; Mignery et ã7., 1989;

Ferris and Snyder, 1,992). By binding to these specific
receptor proteins, I(1,4,5)P, is abl-e potently and selectively
to rnobilize sequestered CaZ* from ER stores, which plays
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diverse rores in many physiologicar processes in various celr
types (Berridge, 1987). Some of the I(L,4,5)ps can be further
phosphorylated (sears, L99z). Functions of the phosphoryrated

metabolites of I(I,4r5)Ps are not clear. Berridge and Irvine
(1989) suggested that f (1,3 ,4,5) Po night mediate a sl-ower and

more prolonged Ca2* response, and together wíth I(1r4,5)p3
stimulate ca2* entry in the ce11s.

Diacylglycerol, the other cleavagie product of the pLC-

PI(4,5)Pz hydrolysis, has at least three potential signalling
roles. First, by the action of DAG-kinase, it can be

phosphorylated to phosphatidic acid (pA), which appears to
have regulatory roles in such functions as DNA synthesis,

increase in cytosolic ca2* and smooth muscre contractíon
(reviewed by Thompson et ã7., l_993). Second, by a specific
DAG-Iipase it can be cleaved to rel-ease free arachid.onic acid
(AA), a precursor of eicosanoids (e.g., prostaglandins,

thromboxanes and leukotrienes). Some of the eicosanoids and AA

itserf may act as second messengers (see below). Third, it can

activate PKc, a central enzyme in signal transduction which

phosphorylates regulatory proteins and regurates physiorogical
functions in various ceII types. The DAG produced by receptor
activation, together with a phosphatidylserine (ps) cofactor
in the cytoplasmic harf of the plasma membrane, binds to the
PKc, thereby increasing the affinity of the enzyme for ca2* so

that the PKC becomes active at the usual- concentrations of ca2*

in the cytosor (Nishizuka, LgBB). rn many celrs, pKc may be
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activated by the cooperative or synergistic effect of DAG and

increased cytosolic Ca2*, brought about by I (A,4,5)P¡. To date,

the mammalian PKC family consísts of at least L2 isoforms

which are classified into three groups: the classical PKCs

(cPKC), which are Ca2*-dependent and include o, ßI, BII and y;

the novel PKCs (nPKC) , which are Ca2*-independent and incl-ude

6,¿|t,,|leandp,.andtheatypica1PKCs(aPKc)suchas<
and À (Nishizuka, 1,992: Hug and Sarre, 1993). These species

show variations in tissue expression, substrate specificity
and intracellular localizatÍon, which may explain functional-

diversities (Dekker and Parker, L994).

Regulation of the Phosphoinositiôe Cyc1e

The phosphoinositide cycle can be regulated at several sites
of enzymatic action in the cycle (Fig. Z) . Three important,

regulatory enzymes in the cycle are Pf 4-kinase, pl(4)p 5-

kinase and PLC as discussed below.

Phos phatidyl ínos íto 7 4 -kinase

PI 4-kinase phosphorylates Pf at D-4 position on the inositol
ring, producing PI (4) P. Endenmann et a7. (i,987 ) f irst
separated two types of PI 4-kinase from the bovj_ne brain.

These two enzymes have apparent sizes of 55 kDa and 230 kDa.

The 5S-kDa Pf 4-kinase has been characterized in the membranes

of several ceI1 types, including human red cells (Endenmann et
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â7., 1-987) | fibroblasts (lrlhitman et a7., L987), rat ]iver (Hou

et a7., l-988) , and A43l- ce11s (Walker et a7., l-988) . This

enzlrme is an integral membrane protei-n and requires detergent

for extraction from the membranes (Carpenter and Cantley,

1990). This form of PI 4-kinase has a K, of approximately 20-

l-00 ¡tNI for ATP and a Km of 20 ¡tNI for PI, is activated by

detergent, but inhibited by adenosine (Whitman et a7., L9B7 i
Hou et ã7., l-988; Carpenter and Cantley, 1990). Divalent

cations such as Mg?* and Mn2* support its activity but the

kinase is inhibited by high concentration of caz* (Walker et
ã7., 1-988; Mesaeli et ã7., l-991-; Pike, 1,992).

The other PI  -kinase is also a membrane-associated

protein, and appears to have different sizes (gO to 230 kDa)

in the various tissues studied, e.g.r gO kDa in rat brain
(Yamakawa and Takenawa, 1988), 200 kDa in bovine uterus (Li et
ã7., l-988), and 23O kDa in bovine brain (Endenmann et ãI.,
1987). Cornpared with the 55-kDa PI 4-kinase, this enzyme

exhibits higher K.n values for its substrates, ZSO-742 ¡lM for
ATP and about 115 trM for PI (Yarnakawa and Takenawa, 1-98g;

Pike, L992) | and is less sensitive to activation by detergent

or inhibition by adenosine (Endenmann et ãf., L7BT: Carpenter

and Cantley, 1990).

Regulation of PI 4-kinase actj-vity is poorly understood.

Analysis of the availabre data is dífficurt and complex since

several enzymes and factors are involved in the

phosphoinositide cycle I e.9., phosphatases, phospholipases,
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PI(4)P 5-kinase and availabitity of ATP and PI substrates

(Carpenter and Cantley, 1-990). Despite these complexities,

there are some data on enzyme regulation. High concentrations

of Ca2* (mM) and the kinase product PI(4)P inhibit PI 4-kinase

activity (Rana and MacDonald, l-986; Stubbs et â7 . , l-988 ) .

Adenosine inactivates the enzyme activity since it depletes

ATP in the ceII (lVhitnan et a7., Lg87). Taylor et a7. (l-984)

demonstrated that treatment of mouse thyrnocytes with the

phorbol ester, TPA, the calcium ionophore A231,87, ot
concanavalin A led to an increase in the level of PI(4)P.

Vüalker and Pike (L987) found an increase in the Pf 4-kinase

activity of membranes isolated from 4431- cel1s after treatment

of the cells with epiderrnal growth factor (EGF), suggesting

that the enzyme may be regulated by protein kinases or c

proteins. Hov¡everr Do evidence of the direct regulation of pI

4-kinase by a protein kinase or a G protein has been reported.

It has been suggested that Pf 4-kinase may be activated by

cAMP-dependent phosphorylation in several cell types such as

platelets (De Chaf foy de Courcel-l-es et ã1., 7986) and

erythrocytes (Giraud et a7., 1-988).

Phosphatídy7ínositol  -phosphate S-kinase

Pf(4)P 5-kinase phosphorylates PI(4)P at the D-5 position to
form PI (4 ,5)Pz, the substrate of PLC. The kinase is found in
both soluble and membrane-bound forms (Cochet and Chambaz,

1986) | and can be extracted from the membranes by high salt
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concentrations (Ling et a7., l-989) . The reported molecular

masses of the PI(4)P S-kinases range from 45 kDa to l_90 kDa

depending on cell type and assay technique (see review,

Carpenter and Cantley, 1990). This kinase has an apparent K,

for ATP of 2 ttNI (Downes and MacPhee, l-990) , and its activity
is Mgz*-dependent and requires nM levels of Ca2* (Lundberg et
a7., 1-986) .

The regulation of PI(4)P S-kinase is also poorly

established. The enzYme is activated by crpys in placental

membranes (urumow and wierand, 1-986) and rat brain membranes

(Snith and Chang, 1989) , suggesting regulatory role for a

heterotrimeric c protein. As with pr 4-kinase, polyamines

activate a Pr(a) 5 P-kinase, partially purified from rat brain
cells (Lundberg et a7., 1986). pike et ai. (i-990) found that
chemoattractants and leukotriene 84 activated the enzyme

associated with neutrophil membranes. pr(4)p s-kinase is arso

activated by its substrate, PI(4)p (Stubbs et a7., j-ggg) and

inhibíted by íts product, Pr(4,5)pz (Lundberg et ãr., r-986).

Phos phatidyT Ínos íto7 3 -kÍnase

Phosphatidylinositol 3-kinase (pr 3-kinase) is distinctíve in
that it phosphorylates Pr at the D-3 position of the inositol
ring to form phosphatidylinositol 3-phosphate tpl(3)pl
(Vfhitman et a7., l-988r. Auger et a7., i_989). Un1ike other types

of Pr kinase, Pr 3-kinase is inhibited by non-ionic detergents
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but not by adenosine (Whitman et a7., L987). This kinase has

been purified and shown to contain a l-l-O kDa (p110) catalytic
subunit and an 85 kDa (p85) regulatory subunit (Skotnik et

ã7., l-991; Hu et a7., 1-993). Pf 3-kinase accounts for only a

small percent of the total- PI kinase activity found in cells
(Majerus et a7., L99O), and utilizes PI, PI(4)P and PI(A,S)Pz

as substrates jn vitro (Carpenter et ãI., t-990) .

PI 3-kínase is associated with various growth factor
receptors, including platelet-derived growth factor (pDcF)

receptor and EGF receptor, which have intrinsic or associated

protein-tyrosine kinase activity (Cantley et aI., 1-99L¡

Stephens et a7., L993) . Association of PI 3-kinase with growth

factor receptors appears to be rnediated by a p85 regulatory
subunit which has two SH-z domains (Gout et a7., L992). SH-2

domains are known to bind to sequences containing
phosphorylated tyrosine residues (McGlade et a7., 1992). Thus,

the regulation of PI 3-kinase activity appears to be mediated

by the association of phosphotyrosine-containing proteins with

the p85 of PI 3-kinase, which in turn integrates the signals,
then activates the associated l-l-0 kDa catalytic subunit (pt-10)

(McGlade et a7., L992). One current model for activation of pf

3-kinase activity is that the SH-2 domains of pgs recognize

and bind to specific phosphotyrosine-containing sequences in
activated receptors, promoting the rerocation of the kinase to
the plasma membrane in close association with its substrates

(Kapeller and Cantley, 1-994). Stephens et a7. (i-991_) found
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that, in neutrophils, the stimulated PI 3-kinases rapidly
generated PI (3, 4)Pz and PI (3, 4,5)P3. These 3-phosphorylated

lipids are not hydrolyzed by any known PLC and are not

components of the conventional- phosphoinositide turnover
pathway (Majerus et a7., l-990; Cantley et ã7., L99L; Stephens

et ã7., i-993). The rapid appearance of Pf 3-kinase Iipid
products and their resistance to PLC-mediated hydrolysis
suggested that the 3-phosphoinositides themselves may act as

intracellular mediators (Kapeller and CantJ-ey, L994). However,

more work is required to elucidate the downstream targets of

the 3-phosphorylated inositol lipids and establish the clear
mechanisms of their functions in the ce1ls.

PhosphoTipase C

Another point of regulation of the phosphoinositide cycle is
the action of phospholipase C (PLC) which plays a crucial role
in generating l(Lt4,5)Ps and DAG via receptor-mediated

PI (4, 5)Pz hydrolysis as described.

There are at least l-6 isozymes of PLC that can be

classified into three types, PLC-ß, PLC-y and pLC-6 (Meldrurn

et â7., 199i-; Rhee and Choi, L992). Each type is a single
polypeptide protein from a single specific gene, and has a

different molecular weight; PLC-ß (1-50-154 kDa), pLC-y (L4S-

1-48 kDa) and PLC-6 (85-88 kDa). These isozymes have two

regíons of high (40-602) hornology that may be important in the

catalytic function of the PLC (Rhee I i-99L). pLC-y isoform
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contains the additional domains, SH-2 and SH-3, which are

homologous to conserved regions in the regulatory regions of
the src-encoded farnily of tyrosine kinases (Rhee and Choi,

Lee2) .

The structural differences of PLC iosforms and the

existence of numerous receptors to activate them suggest the

possibility of rnul-típIe regulatory systems of these enzymes

(Exton, L994a). The receptor-mediated regulation of PLC occurs

by two distinct mechanisms. PLC-ß is actívated by c proteins,

whereas PLC-y is activated by receptor-tyrosine kinases. The

PLC activated by muscarinic, c,-adrenergic and tachykinin
agonists in submandibular gland cells is pLC-ß (Flerning et
ã7., t987). All references to PLC in the body of this thesis
will thus refer to this form of the enzyme.

The idea that a G protei-n couples cell surface receptors

to the PLC hydrolysis of Pr has existed for more than a decade

(Cockcroft and Gomperts, l-985; Litosch et ã7., l_985). Evídence

for the involvement of pertussis toxin (pTX) - and cholera

toxin (crx) -insensitive c proteins in receptor-mediated

activation of PLC has been reported (Fain et â7 . , t_998 r-

Martin, 1989). c proteins that can stimulate pl,c have been

purified from the bovine brain (Pang and sternweis, i-990) and

rat liver (Taylor et a7., 1990). These proteins had morecurar

weights of 42-kDa and 43-kDa, and hrere not recognized by

antiserum to any of the known G protein a-subunits (Tayror et
ã7., l-990), indicating that they hrere novel G proteins, and
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designated oo and e, (Strathmann and Simon, l-990). These a-

subunits are nor¡/ known to be members of a nev/ farnily of G

proteins, the Go fanily. To date at least eight a-subunits of

Go proteins (oo, att-rc) which can activat,e PLc have been

identified (SÈernweis and Smrcka I 1992; Hepler and Gilman,

L992). Reconstitution experiments showed that oq and e,
specifícally activate PLC-P1 but not PLC-6 or PLC-y (Smrcka et

ã7. , l-991-) . Further experiments demonstrated that the members

of the Go family can interact with appropriate receptors and

function as the coupler in hormonal stimulation of pLC.

Reconstitution of purified Go with isolated muscarinic

receptors showed that M1 receptors r^rere much more efficient
stimulators of the protein than M2 receptors (Berstein et â7.,

L992). This finding is compatible to the linkage of M,, and M,

receptors to PTX-j-nsensitive and -sensitive pathways,

respectively (Sternweis and Smrcka I L992). Other members of Go

famíIy, e14,e1s, and d,tø can also stimulate pLC-ß activities
(Lee et a7., A992).

Although the stimulation of effectors by G proteins is
generally mediated by the activated o-subunits, Camps et aI.
(1992) reported that By-subunits purified from transducin (c.)

or brain activated PLC from HL6O human promyeolocytes and

neutrophils. sirnilar stimuratory effects of py-subunits on pLC

have been reported from several preparations such as turkey

erythrocytes (Boyer et ã7., L992)t bovine liver and brain
cel-Is (Blank et a7., t992) , and tipid vesicl-es (park et aI.,



20

l-993). These findings suggest that activation of pLC by pTX-

sensitive G proteins involves their ßy-complexes of G, and Go

(Exton, L994a).

PLC-y appears to be regulated by growth factor tyrosine
kinases. Porypeptide growth factors such as EGF and PDGF

mediate their actions by binding to and activating receptors

that possess intrinsic protein-tyrosine kinase (prK) activity
(ullrich and schlessinger, i-990). The earry cellurar events

induced by the binding of growth factors to these respective
receptors include receptor autophosphorylation at several

tyrosine residues and the stimuration of pLC activity (ullrich
and schressinger, 1-990). This activation of pLC appears to be

independent of G proteins and requires the intrinsic tyrosine
kinase activity (Hasegawa-sasaki et âr., r-9BB). studies in
intact cerrs have shown that EGF and PDGF ericit increased

tyrosine phosphorylation of pLC-y,, but not of pLC-91 or pLC-6

(Vfahl et a7., l-989; Meisenhel_der et al., l_989; Rhee and Choi,

L992). rn vitro phosphorylation experiments indicated that
three tyrosine residues (77Lt 793 and L2s4) on bovine pLC-y,

were highry phosphoryrated by the purified EGF receptor (Kim

et â7., l-990). Like the p85 of pI 3-kinase, pLC-y, has been

identified as a tyrosine phosphoryration substrate, and

contains two sH-2 and one sH-3 domains (vùahl et ãr., 1-989 ¡

Koch et a7., 1991-) .

Morecurar events that nay happen during the activation of
PLc-y1 by a growth factor receptor prK have been proposed
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(Rhee, L991-; Rhee and Choi, 1-992). the proposed model for PLC-

y1 activation is that the SH-2 domains of the cytosolic PLC-y,

bind to phosphotyrosine resj-due in activated receptor,

followed by the phosphorylation of PLC-y, tyrosine residues

77Lt 783, and L254 by the receptor kinase. Tyrosine

phosphorylation may induce conformational change in PLC-y1,

then promote the translocation of the enzyme from the cytosol

to the membrane where the PLC substrate, PI (4 ,5)Pz, is
Iocat.ed.

To date the mechanism for regulation of PLC-6 remains

unknown.
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Arachidonic Àcid

It is welI establíshed that the fatty acids of cel1ular
phospholipids are distributed asymmetrically on the glycerol
backbone. rn general, saturated fatty acids are esterified at
the sn-l- position, while unsaturated fatty acids are

frequently found at the sn-Z position. Under normal-

conditions, most fatty acids are stored as esterified forms in
gryceroripids. when cells are stimulated either chemicalÌy or

electrically, they are released from celrular phosphoripids by

the action of phospholipases (see belohr).

5, 8, 7L, L{-cis -eicosatetraenoic acid (2O:41o6) |

conventionally known as arachidonic acíd (AA), is one of the

most important unsaturated fatty acids because it is the
precursor of a range of extremery bioactive metabolites. For

exampre, AA can be converted to prostaglandins and

thromboxanes by cyclooxygenase; to leukotrienes, tipoxins, and

varíous hydroperoxy acids by lipoxygenase; to
epoxyeicosatrienoic acid by P-450. These AÀ metaborites, known

collectivery as eicosanoids have widespread regulatory rores
in many physiologícal processes of the cardiovascular, immune,

and reproductive systems and others (see reviews, samuelsson,

1983; Gerrard, 1984; Smith i-989; Shinizu and lrio1fe, l_990).

Recentry, there has been mounting evidence that AA itserf
plays a second messenger role in the signal transduction
mechanism that modurates key cerl regulators in various celr
types.
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Àrachidonic acid as a Signalling l*tolecule

Several main criteria that are necessary to define a molecule

as a second messenger have been suggested (Robinson et ãr.,
L97ar' Jones and Persaud, L993) z (1) its intracellular
concentration must be altered ín response to the prirnary
stimulus í (2) specific mechanisms must exist for its removal;
(3) inhibition of its degradation shourd mimic or potentiate
the physÍologicar response to the prirnary stimurus i (4) its
exogenous addition can mimic the physiological effects of the
primary stimurus. rn addition to the well known second

messengers such as cAMP, r(1,4,5)P, and DAG, evidence has been

increasing that AA may act as a second messenger by satisfying
the above mentioned criteria. Arachidonate may regulate pKc,

ion channels, phosphoinositide turn over and other biochemicat

effects associated with stimulus-response coupring mechanisms

by systems that are independent of its conversion into
eicosanoíd products (Naor, LggL; Jones and persaud, L993;

Graber et a7., 1,994) .

Reguratory efrects or arachidonic acÍd on proteín kinase c and

other kinases

McPhail et a7. (1-984) first reported that in human neutrophils
PKC courd be activated by AA. This effect was not reversed by

inhibitors of the cyclooxygenase (indornethacin) or
lipoxygenase (nordihydroguaiaretic acid; NDGA) synthetic
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pathr¡rays, indicating that ÀA and not a metabolíte was

responsible for the activation of pKC. Subsequently, AA

involvement in the modulation of the pKc activity has been

shown in a number of cell- types, including rat brain
(Sekiguchi et ã7., 1,987; Shinornura et â7., l-99i_), hypothalamus

(Naor et a7., 1-988), bovine aorta (DeII and Severson, 1_ggg) ,

human platelets (Fan et ã1., i-990) and pancreatic B-ceIIs
(Landt et a7., L992).

The mechanism of PKC activation by AA is not clear to
date. A synergistic action of AA and DAG to activate pKC has

been suggested (Shinonura et ã7., i_991_; Lester et aI., j_991_).

As described in the previous section, for pKC activation, DAG

increases the apparent affinity of pKc for ca¿*, thereby

activating the enzyme at micromorar ca2* concentrations
(Nishizuka, 1988). shinomura et a-2.. (J,ggL) and Lester et ar.
(1991-) suggested that AA promotes binding of DAG to pKc and

thereby acts as a enhancer molecule, synergising with DAG to
activate PKc at submicromolar caz* concentrations. one

characteristic of PKC is that with activation, the enzyme is
translocated from the cytosor to the membrane (Nj_shizuka,

l-986; Freming et ã7., 7992). rn rat hepatocytes, Diaz-Guerra

et al. (1991-) observed that AA induced a transrocation of pKC

to the prasma membranes and increased pKc activity. However,

sekiguchi et a7. (L987 ) and Naor et ar. (i-gBB) reported that
PKC purified from rat brain could be stimutated by AÀ in the
absence of DAc and phosphatidylserine. Recently Khan et aJ.
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(1992) found that AA activated preferentialty soluble o, B and

y isoforms of PKC, and they postulated that free AA could

activate soluble PKc, while DAG activated the membrane-bound

fraction of PKC after translocation. Since PKC-o, $ and y

isoenzymes are ca2*-dependent (Nishizuka, 7gg2), and since AA

can enhance the intracellular ca2* concentrations (see below),

it is also possible that AA activates PKc via cytosolic CaZ*

enhancement.

In addition to PKc, AA influences the activities of other

protein kinases. Speizer et a7. (1991-) found that AA inhibited

cAMP-dependent protein kinase (PKA) activity in S49 lymphoma

cells. AA is also reported to inhibj-t ca2*7calmodulin-dependent

protein kinase II activity extracted from rat brain cortex

(Piome11i et a7., l-989) and from pancreatic islets (Landt et

aI., L992)t but the mechanism of its inhibitory effect on

these enzymes is unknown.

Arachídoníc acid etfects on ion ehannels

ft has been shown that AA el-evated cytosolic caz*

concentrations in numerous ceI1 types, íncluding pancreatic

islets (reviewed by Jones and Persaud, 1993; Turk et ã7.,

l-993), human neutrophils (Nacchache et ã7., l-989), T and B

human lymphocytes (corado et a7., I99o), avían granulosa cells
(Hertelendy et ã7., L992) | ciliary ganglion cells (Khurana and

Bennett I L993) and rat submandibular glands (Flerning and

Mel1ow, 1995). In the majority of studies, AÀ T¡ras found to
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play the role of second messeng:er via the elevation of

intracellular ca2* levels by mobilizing caz* from intracellular

stores and/or by augrrnenting Caz* influx from the extracellular

space. For example, in pancreatic $-cells, AA increased

insulin secretion, which r^¡as mediated by the acid's

enhancement of cytosolic ca2* from both caz* influx and release

from the ER ca2* stores (Jones and Persaud, l-993; Turk et a7.,

l-993). Recent work in our laboratory (Flerning and MeIIow,

1995) showed that AÂ induced CaZ* mobil-ization from ER, to a

greater degree than that caused by optimal levels of

I (1, 4 t5)P3 or thapsigargin in mucous submandj-bular cells,

suggesting the existence of an AA-sensitive Ca2* pool in the

ER that is not responsive to the other two Caz*-mobilizing

agents. AA also provoked Ca2* inf lux from the extracell-ul-ar

space (Flerning and Mellow, l-995) . The elevated intracellular
Caz* concentrations by AA could be associated with the

modulation of several physiological functions of the

submandibular glands, including mucin secretion and protein

synthesis (Fleming and Mellow, l-995) .

Arachidonic acid also ínfl-uences the activities of other

ion channels such as K*-, Na*-, C1--, glutamate-gated-, 9ap

junction, and GABA-gated channels (revíewed by Ordway et aI.,
l-991-; Meves, 7994). However, the AA effect on ion channels is
variable and may cause activation or inhibition, depending on

the types of ion channels and ceII preparations (Meves I L994).

Even in the same preparation AA can have opposite effects on
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different K* channels, for example, in cardiac ventricular
cells AA activated ATP-insensitive and inhibited ATP-sensitive

K* channels (Kin and Duff , l-990).

The mechanism by which AA affects ion channels is not

clearly established. It has been suggested that some of the

effects of AA on ion channels are medíated by its ability to
perturb the order of the membrane lipids, a property known as

an increase in tmembrane ftuidity' (Klausner et ãI., 1980;

Anel et a7., 1-993). Béhé et a7. (L992) observed that in NGI_08-

l-5 neuroblastoma x gliorna hybrid cells, AA and other

unsaturated fatty acids increased membrane fJ_uidity, and

inhibited the kinetics of the M-current, a non-inactivating K*

current, whereas stearj-c acid (saturated) had no effect. The

result indicates that the AÀ effect on ion channers courd be

mediated at least in part by the increase in the membrane

fluidity by the fatty acid (Béhé et ã7., L992) . However,

correlations between fatty acid effects on membrane fluidity
and ion channers may be questionabte since most fruidity
measuring techniques reflect the bulk physicar properties

rather than the lipid confined to the channel proteín (Meves,

Lee4) .

Another possible mechanism by which AA affects ion

channels is the interaction of the acid with ion channel

proteins themselves. ordway et a7. (1991-) suggested that fatty
acid-binding sites may exist on ion channer protein like those

of albumin. Furthermore, Rich (J-993) indicated that the AA
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morecure hrith its hairpin structure is very flexible and

therefore more suited to interact directly with concave

protein surfaces, compared with other fatty acid molecul_es.

Arachídonic acíd efrects on phosphoinositíde turnover
rt is suggested that the phosphoinositide effect can be

regulated by AA. For example, exog'enous AÀ has been reported
to stimulate phosphoinositide hydrorysis and increases in
inositol- phosphates in several cerr types, including rat liver
mÍcrosomes (rrvine et ãf., ]-gTg), hurnan pracental cerls
(zeitler and Handswergey, i-995) and astrocytes (Murphy and

welk, ]-989). The AÀ, stimulatory effect on the phosphoinositide
effect was not secondary to ei-cosanoid synthesis (Zeitler and

Handswergey, l-985; Murphy and lrle1k, J.gBg). The positive effect
of AÀ on phosphoinositide hydrolysis may be mediated via the
acíd's activation of pI,c (rrvine et ã1., LgTg; zeitler and

Handswerger, 1985).

on the other hand, in rat pancreatic cel_ls, AA reduced

carbachol-stinurated r(r,4,5)p¡ Ievels (chaudhry et ãr., L9B7¡

L989; Maruyama, l-990). chaudhry et ar., (l_989) observed that
AA lowered Pr(4,s)pz revers and, in addition, depleted
cell-ular ATP levels in pancreatic cel_l_s. Thus, they suggested

that reduced Pr(4,s)pz courd resurt from a decreased

avail-ability of ATp as the donor of y phosphate in the
phosphorylation of pr to pr(4)p to pr (4,s)pz by the respective
enzymes Pf 4-kinase and pf(4)p S-kinase.
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In addition to the PLC-PI (4,S)Pz effect, AA inhibited
phospholipase A2 (PLA') purified from a macrophage line (Lister
et a7., 1988) and snake venom (Raghupathi and Franson, 1_992).

Higher concentrations of A-4. (4 nM), however, stimulated
phospholipase D (PLD) in rat brain microsomes (chalifour and

Kanfer I L982). There is growing evidence that agonists

stimulate the release of AÀ secondary to the pLC-pI (4,S)pz

effect, or via action of PLA, and/or phospholipase D (pLD) on

non-inositol phospholipids, and that l-iberated AA may act as

a feedback regulator of the phosphoinositide cycle and

phospholipases (Chaudhry et ã7., i-999; Raghupathi and Franson,

]-eez) .

sources and Regulation of Àrachidonic Acid Rerease from

I.tembrane Phospholipids

The phospholipases are a group of enzymes that hydrolyse
phospholipids. They are classified into four types depending

on their sites of attack on the phosphoripid molecules (Fig.
3). An enzyme that hydrolyses the acyl ester at the sn-1

position of phospholipids is a phospholipase 4,, (pLA1), and at
the sn-z positíon a phosphoripase A, (pLAz). A phosphoripase

that creaves the phosphodiester bond on the grycerol side is
a phosphoripase c (PLc) and on the base side a phospholipase

D (PLD) (Fis. 3 ) .
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C

C

Fig. 3. Hydrolysis of phospholipids by phospholipases.

R1 and R, fatty acids; X, polar head group.
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AA, esterified at the sn-2 position on the glycerol

backbone of the membrane phospholipids can be liberated
directly by PLA' or indirectly by other phospholipases

(Axelrod et ã7., l-988; Dennis et a7., 1991-). Mechanisms and

regulations of the phospholipases and other related enzymes

which liberate AA from membrane phospholipids follow.

Phospholipase A,, pathway

Phospholipase A1 (Pßr) cleaves the sn-1- ester bond of
phospholipids producing free fatty acids and 2-acyl-

Iysophospholipíds (2-LPL) (Fig. 3). Subsequently, AÀ-

containing 2-LPL can be hydrolysed by lysophospholipase Az

(LPLA') resul-ting in the generation of free .A.4,. Mammalian PLA,,

has been purified and described in the membranes and cytosolic
subcellular fractions in a number of cell types (Van den

Bosch, l-980; Waite, L987). Characteristics of the activity of

PLA, vary depending on source, and sometimes are not specific.
However, generally they are independent of Ca2* and

preferentíally hydrolyse phosphatidylethanolamine (PE) as a

substrate. To date, the protein structure of PLA,, has not been

elucidated, and the function of most PLAI is not clear. A

possible role ín remodeling the acyl group at the sn-l-

position of membrane phospholipids has been suggested (Waite,

re87).

Litt1e information is available on LpLAz, which

hydrolyses 2-LPL. Recently, Arthur and coworkers (Arthur,
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L989; Badiani et ã7. , L990; Badiani and Arthur | 1-991-)

described LPLA2 in the mitochondria and microsomes of guinea

pig heart. The enzyme does not require Ca2* for activity, and.

exhibits high specificity for 2-arachidonoyl- and 2-Iínoleoyl-
containing ethanolarnine glycerophospholipid (EGp) and chorine
glycerophospholipid (CGP) substrates over the 2-oleoyl- and 2-
palmitoyl-containing counterparts. These findings suggest that
the PLAI/LPLA' pathr¡ray may be involved in the generation of
free AA from ceIlular phospholipids. The regulation of the

PLAI/LPLA' path\^/ay to generate free AA is yet to be

characterized.

PhosphoTipase A, pathway

Phospholipases A2 (PLA') are enzymes that hydrolyse the sn-2

ester bond of phosphoripids generating free fatty acids and l--

acyl-lysophospholipids (I--LPL) (Fig. 3). The pLA2 can be

divided into two rnajor groups, secretory pLAz (spLA,; arso

known as extracelrurar PLA') and cyt,osolic pLAz (cplAr; arso

termed intracellular pLAz) .

The most studied mammalian pßz is the type I spLA,

abundant in pancreas (Verheij et â7. , i-991) . It is also
present in lung (sakata et a7., t-989) and kidney (Hanasaki and

Arita, ]-992). This enzyme is a single polypeptide chain of l_4

kDa stabílized by six disurfide bonds (Davidson and Dennis,

1990). Another sPLA, (type rr sPLA2) has been found in minute

amounts in extracellular fLuids, pratelets, placenta and other
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tissues (Kramer et ã7. , l-990; Seilhamer et ã7. , 1990) . The

type II enzyme is also a single protein with a molecular mass

of 14 kDa. ft has only about 37eo sequence homology with type

I, but contains the highly conserved amino acíd residues and

sequences characteristic of all sPLArs sequenced (Kramer et

a7., 1-990). This enzyme is found in several tissues such as

placenta, platelets and neutrophils (Mukherjee eü ã7., 1994).

Both types of mammalian sPLA, are active at neutral to
alkaline pH and require ca2* as a cofactor. Generally, other

divalent cations cannot be substituted for ca2* (Verheij et

a7., 1981-). In addition, both enzymes contain His and Asp at

the active site (Kramer I L993). Considering their involvement

in the AA generation from phospholipids, these phospholipases

do not exhibít any preference for specific fatty acid in the

sn-2 position of membrane phospholipids. However, they are

fairly selective toward the phospholipid class, in that they

favor EGP or serine glycerophospholipid (ScP) and only poorly

hydrolyze CGP (Kramer et a7., L989). Thus their contribution

to the release of AA remaíns to be established. Since they are

extracellular, and A.A, Ís rnainly associated with the inner

plasma membrane leaflet, their effects may be negligible.

Recent1y, several groups have characterized a cytosolic

Pßz (cPLA2) in a number of cel-l- types (reviewed by Glaser et

ã7., 1993; Kramer, L993; Mayer and Marshall, 1-993). Like the

14 kDa sPLA, this enzyme is active at neutral pH and CaZ*-

dependent. However, cPLA, is distinct from sPLA, in that: 1-)
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it exhibits preference for AA ín the sn-2 position of

phospholípíd substrates (Cordella-Miele et ã7., L993; Mayer

and Marshall | 1-993) | 2) it transl-ocates from the cytosolic to
the particulate fraction in high Ca2* conditions (Channon and

Les1ie, L990; Kramer et ã7., A99L), and 3) it does not contain

disutfide bonds (Mukherjee et â1., A994). Using cDNA cloning,

the primary structure of cPLA, has been elucidated from the

monoblast ceII line rJ937 (C]ark et â7., L99Lr' Sharp et ã7.,

l-991-) . The enzyme consists of 849 amino acids with molecular

mass of 85-l-1-O kDa, contains possible phosphorylation sites
for Ser/Thr and Tyr, and no apparent disulfide bonds. Southern

blot analysis of human genornic DNA indicates that cPLA, is
present as a single copy gene and that there are no additional

çtenes closely related to cPLA, (Clark et a7. , 1991) . The cPLA,

has no significant overall sequence homology with sPLA, or any

other proteins. However, it, contains a 45-amino acid domain

homologous with the ca?* binding domain of Caz*-dependent PKC

isoforms. An expressed fragment containing a caz*/lipid binding

domain has been shown to translocate to membranes in Ca2*-

dependent fashion (C1ark et a7., l-991-) . However, CaZ* does not

appear to be an essential cofactor for catalysis. Other

dívalent cations can be substituted for Ca2*, indicating that
caz* is required for interfacial assocíation with the membrane

but not for hydrolytic activity (Wijkander and Sundler, L992).

One of the irnportant aspects of the 85 kDa cPLA, is that
the enzyme prefers AA in sn-2 position of cellular
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phospholipids. I^Iith various substrates (vesicles, mixed

vesicles, mícelles, and E co7í), a clear preference for sn-2-

arachidonoyl- over sn-2-oIeoyI-phospholipid has been shown,

while sn-2-palmitoyl-phospholipid is a poor substrate (Clark

et a7. , l-990 ¡ Díez et a7. , L992) .

A group of Ca2*-independent cPLArs has been found in al1

organs tested, with the higher levels in heart, brain, lung

and liver (Pierik et a7., l-988). fn myocardial tissue, Hazen

et a7. (L997) isolated a 40 kDa isozyme which is CaZ*-

insensitíve and prefers s n- 2 - ar ach idony I -conta in ing
plasmalogen substrates, which possess an ether link on the C,,

carbon of the glyceror backbone. A considerable amount of AA

is esterified at the sn-z position of plasmalogens (Arthur, et
â7., 1985). Thus, plasmalogens may be a reservoir of AA ín
some ceIl types including heart and brain.

Regulation of phospholipase A,

rt appears that nultiple and compricated mechanisms of
regulation of PLArs for AÀ release exist due to rnultiple forms

of the enzyme in various ce1I types (Rose et aI., j_985; Rodorf

et ã7., l-991-). Three major factors in pLA2 regulation have

been investigated: G proteins, protein kinases, and

intracellular caZ* Ievels.

G protein regulation of pLAl independent of the pLC and

PKC pathways has been shown (Burch, L989; Axelrod, I99O¡

Murakami et ã7., 1993). For example, or-ad.renergic receptor
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activation of thyroid cell-s stimulates AA liberation via a G

protein without inosÍtol phosphate forrnation (Burch, l-989).

Bradykinin receptor stimulation also activates AA rel-ease in
fibroblast ce1ls that is independent of phosphoinositide

hydrolysis and is mediated by G proteins (Axe1rod, l-990). The

identíty of the G protein subunit involved in PLA, regulation

and the mechanisn by which G proteins activate these enzymes

are still unknown. It has been suggested that G,-like proteins

may regulate receptor-coupled PLA2, since in various ceII
types AA release is inhibited after treatment of cells with

PTX (Burch, 1-989). In the rod outer segrnents of the êyê, the

activation of PLA, has been associated with a G. protein, but

interestingly the gV subunit combination of the c protein
rather than the d. subunit vras involved in the activation
seguence (Axelrod et a7., 1-988) . Since many receptors that are

known to activate PLArs are also coupled to PLC, the

possibility exists that PPf breakdown products by pLC

stimulation rnay regulate Pße.

Phosphorylation of PLA', mediated by receptor-activated

kinases may be involved in the regulation of enzyme activity,
since it has the possible phosphorylation sites (Clark et a7.,

l-99L). The role of PKC in the regulation of cPLA, has been

demonstrated, although in many celIs activation of pKC is not

sufficient to induce l-iberation of AA from cellular
phospholipÍds (Mayer and Marshall-, L993). Activators of pKC

such as the phorbol ester, TPA and DAG increase the release of
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AA induced by agonists or Ca2* ionophore, whereas pKc

inhibitors or down-regul-ation of pKC by pretreatment of celrs
with TPA desensitize receptor-coupled A.A, release (Mayer and

Mashall, l-993). In addition to pKC, protein kinase A and

tyrosine kinase appear to be j-nvolved in the regulation of
PLA2 (üIightman et a7., 1,982; Bonventre et â1., i_990).

Recently, Lin et a7. ( i_993 ) and Nemenof f et aI . ( j_993 )

demonstrated that, in cHo and cos cells, cpLA, is a substrate
for mitogen-activated protein (MAp) kinase. MAp kinase-induced
phosphorylation of Ser-505, the rnajor site of cpLA,

phosphorylation by phorbol ester treatment, l_eads to
activation of the cPLArr and replacement of this resídue with
Ala abolishes phosphorylation and rnarkedry reduces agonist-
stimurated AA rel-ease from transfected cerrs (Lin et ãr.,
r_ee3 ) .

Cytosolic Ca2* levels have been suggested to pfay the
prirnary role in the regulation of intracellurar pLA2 (van den

Bosch, l-980). rn fact, the ca2* ionophore, A23rg7 can induce

maximar release of AÀ from membrane phospholipids, suggesting

that receptor activatj-on is not a prerequisite for activation
of PLA, (Graser et a7., l-993). rt is possible that activation
of PLA, may be secondary to receptor-mediated stimulation of
PLC leadÍng to the formation of I(1,4,5)ps that raises
intracellular caz* (possíbly together with pKC activation via
DAc). Extracellurar caz* concentrations also appear to regulate
PBz activity and AA liberation in some ceÌI types such as
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endothelial cells (Whattey et ã7., 1989) , C62B gliorna cells
(Brooks et a7., l-989), chinese hamster ovary cells (Fe1der et

a7., l-990) and MDCK-D1 cells (Insel et a7., 1991-). Since cPLA,

contains an N-terminal domaín that binds to membrane vesicles

in Caz*-dependent fashion (Clark et a7. , l-991-) , elevated

cytosolic free caz* mobilized from intracel-lular stores and/or

derived from extracellular source may cause translocation of

the enzyme to the membranes, to stimulate AA release from

membrane phospholipids.

Activity of PLA, in certain cells may be regulated by the

synergistic actions of rnultiple factors. For example, Lin et

al. (1-993) proposed a scheme for phosphorylation-dependent

regulation of cPLA, by G-protein and Ca2* in CHO cells. When

cells are stimulated by ligands, PLC is activated via a c

protein, leading to generation of I(1r 4t5)P3 and DAG, v¡hich

respectively ¡nobilize CaZ* and activate PKC. Elevated cytosolic
Ca2* causes the transl-ocation of cPLA, from the cytosol to the

membrane where phospholipid substrate is located (C1ark et

âI., l-991). PKC activates MAP-kinase, and the activated MAP-

kinase, in turn, phosphorylates cPLA, at Ser-505, causing an

increase in cPLA, activity (Lin et a7., l-993). Interestingly,
MAP-kinase can be also activated by certain G proteins (Alblas

et a7., l-993; lrfinitz et a7., l-993).

Several inhibitors of L4 kDa sPLA, have been identified
or designed (Mobilio and Marshall, l-989). These inhibitors of

l-4-kDa sPLA, do not block the activity of 85-kDa cPLA, (Mayer



39

and Marshall I L993). Recently, âD effectíve inhibitor of 85-

kDa cPLA, has also been reported (BarÈo1i et a7., L994).

Phospholipase C pathway

Phospholipase C (PLC) is a phosphodiesterase which hydrolyses

the glycerophosphate bond of phospholipids to generate DAG and

the water soluble head groups (Fig. 3). DAG can be cleaved to
AA by subsequent lipases, DAG-I-ipase and monoacylgtycerol

Iipase (MAG-Iipase) (Dixon and Hokin, L984; Konrad et ã7.,

1,994) .

As described in the earlier section, multiple isoforms of

PLC that catalyze PPI hydrolysis have been identified and

classified into 3 types, PLC-P,PLC-y and PLC-6. PLC ís
regulated by two basic mechanisms depending on isozymes; the

$-isozymes can be activated by c proteins of the Go farnily,

while the y-isozymes are regulated by the tyrosine kinase

activity intrinsic to the receptors for several growth

factors.

It is well est,ablished that Caz*-mobilizing agonists, such

as muscarinic- and a,,-adrenergic tigands activate pLC and

induce generation of I(L.A,S)P¡ and DAc in many cell types

including rat submandibular gland acinar ce1ls (Fleming et
ã7., i-987). The liberated DAG can be metabolized further in at
least two pathways. First, it can be phosphorylated to
phosphatidic acid (PA) by DAG-kinase. Second, DAG-tipase
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(possibly together with MAG-lipase) hydrolyses DAG to AA. The

mechanism for AA release by the PLC/DAG-lipase pathway v/as

proposed by two independent groups (Rittenhouse, L982; Majerus

et a7., 1984). In most cells more than 5Oå the released AA is

liberated from phosphoinositides, whíIe other phospholipids

(especially PC) contribute the remainder (Majerus et ã7.,

1-984). Since PPI mol-ecules contain AÄ at the sn-2 position,

the bulk of the DAc produced by PLC contains AA which is
subsequentty lÍberated by the sequential action of DAG- and

MAG-lipases.

Receptor-mediated release of AA by this pathway has been

demonstrated in various cell types, including platelets
(Rittenhouse, L982; Majerus et a7., l-984), pancreatic

ninilobules (Dixon and Hokin, L984) | neutrophils (Balsinde et
ã7. , l-991-) , alveolar macrophages (Errasfa , L99L), brain
(Stronsznajder and Samochocki, L991-; Sun, L992) , endothelial-

cells (Vühatley et a7., 1993) | and pancreatic istets (Konrad et

ã7., 1,994). In most of these studies, investigators labetled

the cells with [3u]aa or ¡14c1aa, then treated them with

agonists. They found increases in radioactive AA and DAG

release (sometirnes PA also) coupled with a reduction in the

leve1s of PPI, but no changes in the amounts of other

phospholipids.

fnhibition of AA generation in this pathway has been

reported. A specific inhibitor of PLC, TJ73L22 (L-{6-t Q7þ-3-
methoxyestra-1, 3, 5 ( l- 0 ) -trien- 1-7 -y1 ) amino I hexyl ) -lH-pyrrole-
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2,S-dione) has been found to block I(1,4,5)P3 production, Caz*

increase and AA release in a number of agonist-stimulated

ce1ls, such as human platelets (Bleasdale et ã7., L99O)l

erythroleukernia cells (Vüu et ã7. , L992) , thyroid cells (Wang

et aI., L994) | pancreatic acinar ce1ls (Willems et a7., L994)

and 9-TC3 cells (Chen and Hsu, l-995). In most studies, the

inactive analogue | ÍJ73343 (1-{6- I G7 ß-3-methoxyestra-

L,3 ,5 ( 1-0 ) -trien-L7 -yI) aninol hexy1 I-2 ,S-pyrrolidine-díone) had

no effects. Strosznajder and Samochocki (L992) also reported

that neomycin, a putative PLC inhibitor, significantly reduced

AA levels in carbachol-stinulated rat brain synaptoneurosomes.

Dixon and Hokin (1984) found that a specific inhibitor of

DAG- l ipase, RHC8 0 2 67 [ 1-, 6-bis- ( cyclohexyloxirninocarbonylamino ) -
hexanel inhibited AA levels in caerulein-stimulated pancreatic

minilobules with a corresponding increase j-n DAG

concentration. Recently, Konrad et ã7., (L994) demonstrat.ed

that the muscarinic agonist, carbachol increased

concentrations of free AA in pancreatic islets, and that this
carbachol-AA response was inhibited by RHC8O267 in a dose-

dependent manner. The blocker v¡as very specific to DAG-lipase,

and it did not affect other lipases including MAG-lipase

(Konrad et a7., L994).

PLC requires ca2* to hydrolyse PPI and an increase in free

Ca2* leads to a dose-dependent activation of the enzyme

(Eberhard and HoIz, l-988; Snith and lilaite, 1-992).
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PhosphoTípase D pathway

PLD cleaves the phosphate diester bond of phospholipids,

generating phosphatidic acid (PA) and the corresponding water-

soluble headgroup (Fig. 3). The PA can be metabolized by a PA

phosphohydrolase (PAP) to produce DAG, which in turn can be

hydrolysed by a DÀc lipase releasing AÀ as discussed in PLC

pathway.

The mammalian PLD was initially characterized by Kanfer

and co-workers in 1970s (Saito and Kanfer, 1,975). However, the

important role of the enzyme in ceII regulation has been

realized only fairly recently after observations that the

enzyme is involved in the generation of DAG, a PKC activator.
It has been suggested that many of the agonists which

stimulate Pf (4,5) Pz hydrolysis also promote

phosphatidylcholine (PC) hydrolysis in numerous ceI1 types

(revj-ewed by Billah and Anthes, 1-990; Exton | 1990). When cells
are treated with the agonists, e.g. carbachol and bradykinin,
the typical pattern is a biphasic increase in DAG, with an

initial, rapid and transient peak followed by a more slowly-
developing and sustained accumulation (Exton, i-990; Thompson

et a7., 7993¡ Zheng et a7., L994). The first peak represents

a low concentration of DAc, and is associated with increases

in I(1r4r5)P3 and cytosolic Ca2* leve1s. The second phase is
much greater and generated in pararrer with a similar amount

of choline and/or phosphocholine, indicating that the DAG is
released by PC hydrolysis (Exton, 1-990). Proof of pC breakdown
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has been supported by an analysis of mol-ecular species of DAG.

In a number of cells stimul-ated with agonists, DAG formed in
the first phase contains predominantly those fatty acids found

in the phosphoinositide pool, stearic- and arachidonic acids,

whereas the l-ater phase contains more saturated fatty acids,

typically found in PC (Kennerly, l-987 r. Pessin and Raben, 1989¡

Augert et a7., 1,989r' Horwitz, 1-99L; Thornpson et ã7., l_993).

The identification of phospholipases involved in pC

hydrolysis has been complicated, since breakdown products of
PC by PLC (DAc and phosphocholine) and by PLD (pA and choline)

are rapidly interconvertible through highly active, specific
kinases and phosphatases. It hras initially thought that pC

hydrolysis in response to agonists mainly resulted from

activation of PLA2 and PC-specific pLC since the products

observed were AA and DAG. Recently, however, growing evídence

indicates that the rnajor mechanism of the second DAG

generation from PC is the activation of pLD (for reviews,

Bil-lah and Anthes, 1-990; Exton, L99O; 1,994b). The recognition
that PLD is a major enzyme involved in PC hydrolysis came from

the following evidence. First, accumuration of pA frequently
preceded that of DAG (Trilivas and Brown, 1,989; Thompson et
âI., l-990; Exton, 1-994b). Second, more importantly, pLD has a

unique catalytic activity on Pc. rn the presence of arcohol

such as ethanol or butanol-, PLD catalyzes a

transphosphatidylation reaction that transfers the

phosphatidyl moiety to the alcoho1, forning a
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phosphatidylalcohol (Dawson, L967). No other enzyme can

catalyze this reacÈion. When cel1s are activated with agonists

in the presence of ethanol, phosphatídylethanol (PEt) is
formed (Kobayashi and Kanfer, 798'7; Billah and Anthes, l-990).

Because of the metabolic stability of PEt, this method has

been applied to measure PLD activity in various cell systerns

(for reviews, Bil1ah and Anthes | 1,990; Shuk1a and Halenda,

L99L; Thompson et â7., L993; Exton, L994b).

Regulation of phospholipase D

Compared with PLA. and PI-specific PLC, the mechanism of

agonist-stimulated PLD activity on PC hydrolysis has not been

clearly elucidated. One of the najor difficulties in this area

is that PLD has not been purifíed and fully characterized.

However, in many cases, it is suggested that PLD activation is
a downstream effect of the preliminary hydrolysís of pI (4,S)pz

by PLC, which produces two second messengers: DAG, a PKC

activator and I(1r4r5)Ps, a intracellular CaZ* mobilizer
(Cockcroft, 7992 r' Plevin et â7., L992; Exton , L994b¡

Guillemain and Rossignol, 1-994¡ Zheng et ã7., L994). In
support of this, phorbol- esters, PKC activators stimulate pLD

activity in most types of cel-Is so far examined suggesting

that the kinase plays an important rol-e in activation of the

enzlrme (for reviews, Exton I I99O¡ ]-994b¡ Billah and Anthes,

l-990; Shukla and Ha1enda, t99L¡ Thompson et ã7., l_993). In
addition, inhibitors of PKC such as K252a, H-7, staurosporine,
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Ro-31--8220 or sphingosine block the effects of agonists and

phorbol esters. Down-regulation of PKC by prolonged TPA

treatment has a sirnil-ar ef fect in various cell- types

(Martinson et ã7., l-990r'Reinhol-d et â7., L990; Cook et a7.,

i-991; Sadoshima and Izumo, L993; Thompson et ãf., !993; Exton,

1,994b¡ Plevin et ã7., 1994) . However, in many of these

studies, the inhibitors caused partial or no inhibition of PLD

activation by agonists even though they abolished or

substantially reduced the activation by phorbol esters

(Líscovitch and Amsterdam, i-989; Cook et a7., L99L; Kanoh et

a7., L992; Llahi and Fain 1992). These results indicate that
PKC-independent pathway for a agonist-induced PLD activation
rnay also operate in certain cell types.

It has been reported that activation of PLD is dependent

on Ca?* concentrations. PLD is stimulated by the Ca2*

ionophores, ionomycin and 423L87 in several cell- types (for
reviews, Billah and Anthes, L99O¡ Thornpson et ã7., 1993).

Chelators of extracell-ular Ca2* (EGTA) and intracellular caz*

(BAPTA/AM) inhibit the agonist-rnediated PLD activation in a

number of cell- types, including erythroleukemia cells (Wu et
ã7., L992), pulmonary artery endothel-ial cells (Natarajan and

Garcia, L993) and parotid acini (Guillernain and Rossignol,

L994). Furthermore, two inhibitors of PI(4,5)P'-PLC

hydrolysis, V73L22 and neomycin, reduced levels of I(L,4,S)p3,

Ca2* mobilization and PLD activation in agonist-stimutated-

erythroleukemia ceIls (Vüu et ã7., L99Z) and -pituitary
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gonadotrophs (Zheng et a7., 1,994). These findings indicate
that PLD can be activated by the receptor-mediat.ed rise in
Ca?* concentration, and support the proposal that the PLD

activation may be a downstream effect of PI(4r5)P'-PLC

hydrolysis in certain ceIIs. However, the cellular mechanism

of PLD activation by Ca2* has not been clearly established. Wu

et ã7., (1,992) suggested that elevated Ca2* may cause the

translocation of PLD from cytosol to membranes ¡ or that the

ion may bind directly to PLD, resulting in activation of the

enzyme. It is also possible that ca2* activates Caz*-dependent

PKC, which in turn stirnulates PLD as noted above.

There is some evidence that activation of PLD is mediated

by G-proteins. Addition of stabl-e GTP analogues such as GTpoS

to permeabilized celIs or plasma membranes caused the

activation of PLD (for reviews, Bi11ah and Anthes, L99O¡

Exton, 1-990; Cockcroftt L992; Thompson et ã7., t-993). Since in
many systems, PLD activation is secondary to the Pf (4,5)P'-PLC

effect, the Go protein coupled PI (4 ,5)Pz is a probable

effector. However, in HL60 cells metabolically inhibited by

neomycin, where PLC activation hras abolished, it r^/as still
possible to stimulate PLD activation with cTPyS (Geny and

Cockcroft, L992) | suggesting that a G-protein may be directly
involved in regulating PLD. lrlhether a novel G-protein,

discrete from Go fanily or a conventional heterotrimeric G-

protein is associated with PLD activation is yet to be

defined. Recent results suggest that a Iow-molecular-weight



47

GTP-binding protein, ADP-ribosyJ-ating factor (ARF) may also

activate PLD in HL60 cells (Brown et a7., L993; Cockcroft et

ã7., 1,994) and rat brain (Massenburg et ã7., L994) . Moss and

Vaughan (1993) reported that thís molecule can act as an ADP-

ribosylation factor for cholera toxin action on G.o. ARF has

been also involved in the regulation of vesicle protein
traf f icking (Rothrnan and Orci , 1-992; Khan et a7., L993 r. Moss

and Vaughan | 1-993). These findings suggest that ARF-PLD

activation may cause changes in the lipid composition of
membranes (Khan et a7., 1993).

Tyrosine phosphorylation appears to be involved ín PLD

activation. Receptors possessing intrinsic tyrosine kinase

actÍvity, such as those for EGF and PDGF can stimulate pLD in
fibroblasts (Ben-Av and Liscovitch, l-989; Fisher et a7., L99L;

Cook and $Iakelam I L992) . Pretreatment of fibroblasts with
tyrosine kÍnase inhibitors, such as Ac18 and ST63g, reduced

both tyrosine phosphorylation and PLD activity (Bourgoin and

Grinstein, L992; Cook and Vtakelam, L992) | while the

phosphoprotein phosphatase inhibitor, pervanadate, increased

tyrosine phosphorylation and PLD in fibroblasts (Bourgoin and

Grinstein, l-992) and neutrophils (Uings et ã7., 1-992). The

tyrosine phosphorylation-stimulated PLD activation was not

influenced by a DAG kinase inhibitor, R59Ol-22 (Bourgoin and

Grinstein, L992) or a PKC inhibitor, Ro-31--822O (Cook and

!'Iake1am, \992) , suggesting that this PLD activation vras not

dependent on PKC activation. However, the mechanism of the
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tyrosine kinase activity on PLD stimulation remaíns unknown.

Although membrane PC contains a lower percentage of

arachidonic acid at the sn-2 position than do PPIs (Ojima-

Uchiyama et a7., i-988), the lipid appears to be a potential

source of free ÀA since PC is the major phospholipid in ceII
membranes. As noted above, the simplest route of AA release is
its direct cleavage from the sn-2 position by a action of

PLA'. Another possible pathway of AA liberatíon is mediated by

sequential actions of PLD/PAP-/DAG-lipase. This pathway has

been described in mast cells (Lin et ã7., l-991-; Ishimoto et

ã7., L994) and endothelial cells (Mattila et ã7., 1-993). In

endothelial membranes, Mattila et a7. (l-993) found that
interferon-y (INF-y) stimul-ated AA release. AA liberation by

INF-y r¡¡as not nodif ied by blockers of the PLA' pathway

(bromophenacyl bronide) or the PLC pathway (neomycin).

However, the PAP inhibitor, propranolol, inhibited the release

of DAG and additional AA from PÀ derived from PC by PLD

hydrolysis. fshirnoto et a7. (L994) also reported that
treatment of mast cells with ionomycin stimulated AA release,

and that this effect was partially btocked by bromophenacyl

bromide. Addition of ethanol to the cells reduced the

ionomycin-AÄ response to 4OZ of control levels with the

elevation of PEt formation. Propranolol inhibíted AA

liberation, but increased PA accumul-ation in dose-dependent

manner (fshinoto et ã1., 1994). These results indicate that,
at least in part, AA liberation is rnediated by the PLD pathway

in certain ceII types.
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Aims of the Present Study

There is accumulating evidence that arachidonic acid may act

as a second messenger that regulates key cellular functions

including the phosphoinositide effect. Free AA can be

liberated from membrane phospholipids by the receptor-mediated

actj-ons of phospholipases and other enzymes. Recent results
suggest that PLD may be involved in the production of lipid
signalling molecules inctuding AÀ in a number of cell types.

Since nothing is known about the role of AA in signal
transduction in submandibular glands, the present study was

undertaken. The specific aims T¡/ere (1) to examine the

regulation of the phosphoinositíde cycle activity by AA and to
determíne the mechanism of action of its reguratory effects,
(2) to investi-gate the major membrane phospholipid sources of
AA and establish the agonist-coupled signalting pathways

leading to the release of the fatty acid.



CHAPTER II

REGUTJATION OF THE PHOSPHOINOSITIDE SIGNAL TRÀNSDUCTION

PATHWÀY BY ARACHIDONIC ACID IN RAT SUBUANDIBUI,AR ACINAR

CEITITSI

lFrom a published article: Chung HC, Ftening N (Lggz)
Arachidonic acid regulates the phosphoinositide signal
transductíon pathway in submandibular acinar cells. J Dent Res
7LzL462-L467.
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Abstract

Modulation of the phosphoinositide signal transduction pathway

by arachidonic acid (AA) in collagenase-dispersed rat
submandibular acinar cells vras investigated. The muscarinic

agonist, carbachol, stimulated PI(4,5)Pz hydrotysis and the

generation of I(7,4,5)Ps to five-fold the control leve1s. This

response T¡ras inhibited by 752 on pretreatment of cells with

AA. The AA inhibitory effect rn¡as not duplicated by a range of
prostaglandins and leukotrienes and r¡/as not reversed by

blockers of the cyclooxygenase and lipoxygenase synthetic
pathways, indicating that AA action r¡ras not mediated by

eicosanoid metabolites. Additional experíments confirmed that
the enzyme, protein kinase C, was also not a mediator of the

AA effect. Arachidonic acid did not affect the uptake of

radioactive inositol into acinar celIs, but it did inhibit the

incorporation of inositol into inositol phospholipids of the

phosphoinositide cycle. In studies on inositol phospholipid

turnover, AA alone reduced the level of PI(4r5)P, but not of

Pf(4)P or PI. Under conditions of phosphoinositide cycle

stimulation with carbachol, A-A significantly lowered PI(4,5)Pz

and PI(4)P but not PI. These findings suggest that arachidonic

acid may regulate the phosphoinositide response by inhibiting
the synthetic phase of the cycle at a locus distal to PI

generation.
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Introduction

Arachidonic acid (AA) is the precursor of a range of
metabolites (e.9. , prostaglandins, thromboxanes,

Ieukotrienes), known coll-ectively as eicosanoids. These have

widespread regulatory roles in many physiological processes of
the cardiovascul-ar, imnune, and reproductive systems and

others (Shimizu and Vüolfe, 1-990) . ft has recently become

apparent that not all actions of AA are mediated by its
eicosanoid products and that the acid itself may act as a

second messenger that modulates key cell regulators such as

cytosolic calcíum levels and ion channel activity (Tlrlolf et
ã7., 1986; Naccache et ã7., 1-989). The sources of liberaÈed AA

are membrane phospholipids, from which the acid may be

released directly by the action of phospholipase Az, or

indirectly, after initial hydrolysis of the tipíds by

phospholipase C (PLC) or phospholipase D (Axelrod et ãI.,
l-988; Dennis et a7., 1991-).

Earlier work in our laboratory (Flerning et ã1. , L9B7)

showed that calcium-nobilizing agonists, such as muscarinic-

and er-adrenergic ligands, regulated exocrine responses in
submandibular gland acinar cel_Is by stinulating the
phosphoinositide signal transduction pathway. These agents

activate PLC and cause the hydrolysis of phosphatidyrinositol

4,S-bisphosphate IPI(4,S)Pz¡ with the re]ease of the second

messençfer products inositol L, 4, E-Erisphosphate tI ( 1, 4,S)p3]
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and diacylglycerol (DAG). It has been demonstrated that the

phosphoinositide effect can be modul-ated by AÄ in a number of
cell types, including placental cells (Zeitler and Handvrerger,

l-985) and platelets (Fan et ã7., i-990). Since AA liberation
could be secondary to PLC actíon, it has been proposed that
the AÀ effect on phosphoinositide metabolism represents a

negative feedback regulatory mechanism (Chaudhry et ã7.,

1e8e).

Since nothing is known about the potential regulatory

actíons of AÀ on signal transduction in mucin-secreting

salivary glands, the present study r¡¡as undertaken to determine

whether the fatty acid might regulate the phosphoinositíde

response in rat submandibular acinar ce1Is.
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Materiats and nethods

Materials

Nembutal (Pentobarbital- sodiurn) \Áras supplied by Abbot Labs.

(Toronto, Ontario). Purifíed collagenase, CLSPA grade, hras

obtained from lalorthington (Freehold, NJ). Hank's Balanced Salt
Solution (HBSS), HEPES I 4- (2 -hydroxyethyl ) -1-
piperazineethanesulfonic acid¡ buffer and minimal essential

medium (MEM) amino acid T¡rere purchased from Gibco Canada Inc.
(Burlington, Ontario) . Myo-t2-3Hlinositol (t3Hlinosito1),

adenosine 5r -¡U-32P1-triphosphate ( t32plATp) and the protein

kinase C (PKC) assay kit were products of the Amersham Corp.

(Arlington Heights, IL). Arachidonic acid and other fatty
acids r¡tere provided by Nucheck Prep (Elysian, MN). BI^I755C (3-

amino-l- (-3 trif luromethyl phenyl) -2-pyrazoline) r¡ras a gift
from Burroughs lrÏelcome fnc. (Kirk1and, euebec). Ecolume

scintillation cocktail solution v/as obtained from ICN

Biomedicals Canada Ltd (Mississauga, Ontario). AII other

reagents hrere from Sigrma (St. Louis, MO).

Preparation of cells
Male Sprague-Dawley rats (250-300 g body weight) !ìrere

subjected to anaesthesia by an injection of Nembutal (l_OO

mg/kg body weight) and blood was draíned via the vena cava.

The submandibul-ar glands were removed, chopped into small

pieces and pooled, then the acinar cells were prepared by
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enzymatic dissocíation as described previously (Flerning et

ã7., L987). The fragTments hrere incubated at 37o C for 60 min

in L2.5 ml/rat of modified Ca2*-free HBSS, containing 5OO U

purified collagenase, 1-2.5 ng hyaluronidase, O.2å bovine serum

albumin (BSA) , 4.8 mM NaHCOrr 5 mM p-hydroxybutyrate, 5 mM

inosine, 0.5 mM adenine, 9 mM KCI. The cell suspensions hrere

supplemented with 2å MEM amino acids (by vo1), buffered to pH

7.2 with l-5 nM HEPES and maintaj-ned under atmospheric

conditions. The tissues were sheared mechanically by repeated

pipetíng at 15 min interval-s during the incubation and the

preparation was f iltered through a nylon mesh (32O ¡rrn) . The

resulting dispersed cel-ls were washed twíce in fresh culture
medium containing ca?* (1.3 nM) and resuspended at a

concentration of 80 mg r¡ret weight per mI for experimental

treatment.

Phosphoinositide hydrolysis studies

For radiolabelling, the cel-1:vol-ume ratio was increased to 300

mg cel-l wet weight/nI of culture nedium/1-7 pci myo-12-
3H1 inositol- and the preparations were incubated for 60 min at
37o C. The cells ÌÁrere washed once in fresh BSA-free culture
medium contaíning 5 mM inositol, twíce in BSA- and inositol-
free medium, then resuspended in 1- mI aliquots for
experimental treatment.

Cells hrere exposed to AÄ (1 nM l-00 þM, prepared at a

stock concentration of l-0 nM in ethanol-) for five min, then to
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carbachol (1-00 ¡lM) for an additional five min. Reactions were

termínated with a final concentration of tOZ ice-co1d

trichloroacetic acid (TCA). After centrifugation at 2,OOO g

for 20 min, the supernatant fluid was neutralized by 5 M NaOH,

and the water-solub1e, radiolabell-ed inositol phosphates \^rere

separated by anion exchange chromatography as follows (Fleming

et al., L987). The neutral-Ízed supernatant mixture v¡as loaded

on to a 1-.5 x L2 cm Econo-Pac column (Bio Rad) which contained

1.5 g of Bio Rad AG l-- XB resin (1-00-2OO mesh, formate form).

Free inositol and gtycerophosphoinositol were el-uted with l-5

mI of water and 20 mI of 5 nM disodiurn tetraborate/6O nM

sodium formate, respectively. Inositol 4-phosphate tI (4) pl ;
inositol 1-, 4-bisphosphate I I ( 1, 4)Pz] and I (L,4 ,5) p, were then

sequentially eluted with l-5 nl of the respective buffers, O.l-

M formic acid/O.2 M ammonium formate; 0.1 M formic acid/O.4 M

amrnonium formate; 0.i- M formic acid/l-.0 M ammonium forrnate.

Two ml samples of the eluate were combined with 1_0 ml_ Ecolume,

mixed vigorously, then counted t3Hl by Beckman LS SBO1 ß-

counter.

For determination whether AA nodifications of the

phosphoinosítide effect r^rere mediated by eicosanoid products,

two addítional series of experiments hrere carried out. In the

first, ceIls r¡rere incubated with prostaglandins of the Z-

series, oy leukotrienes, (1 nM l- pM) before carbachol

treatment. In the second series of experiments, cells $/ere

exposed to indomethacin (10 ttyl), a blocker of the
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cyclooxygenase (prostagJ-andin) pathway i or to
nordihydroguaiaretic acid (NDGA, 1-0 trM) , a blocker of the

Iipoxygenase (leukotriene) pathwayì oy to BW755C (10 ttln/r) , a

blocker of both pathways (Higgs and Vane, L983) for 1-O min,

then to AÀ, and carbachol as described above. The effects of

these treatments on I(l-r4r5)P3 levels hrere compared.

For comparison with the AÀ effect, the actions of the

following four saturated and unsaturated fatty acids on the

carbachol-I(Lt4 t5)P, response were assessed: stearic (1-8:0),

linoleic (LBz2ít6), arachidic (2OzO) and dihomo-y-linolenic
(20:3ô6).

Protein kinase C assay

It has been demonstrated that, in sone ceII types, arachidonic

acid stimulates the enzyme protein kinase C (Murakami and

Routtenberg, L985; DelI and Severson, L989r. Fan et a7., 1990).

Experiments v/ere therefore carried out to determine whether AA

modulation of the phosphoinositide effect, night be mediated by

PKC in submandibular cells.
PKC activation is characterized by the enzyme's

translocation from cytosol to membranes. We have shown that
phorbol ester activators deplete cytosolic- and enhance

membrane-bound PKC in submandibul-ar cel-Is (Flening et ã7. ,

1-992). Cytosolic PKC was therefore measured by using an assay

kit (Amersharn) with a high-affinity synthetic substrate. The

PKC activator was the phorbol ester , 1-2-O-
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tetradecanoylphorbol-l-3-acetate (TPA, 3 t¿M) and assay buffer

also contained the cofactors La-phosphatidyl-L-seríne (8 mo1

Z) and caz* (l-2 mM) in 50 mM Tris/Hc1.

Collagenase-dispersed cells r¡rere treated with fPA (3 pM)

or AA (l-oo t¿M) for 15 min at 37o C. The cells were then

centrifuged at 200 q for 30 s and the supernatant cul-ture

medium discarded. The ceII pellets were sonicated in ice-co1d

sample buffer (50 mM Tris/HCl, 5 mM EDTA, l-0 nM EGTA, O.3Z ß-

mercaptoethanol | 2 pq/mL leupeptin and 50 pg/ml

phenylmethylsulphonyl fluoride) for 7 s at 1-0? power (Microson

Ultrasonic cel-1 disrupter, XL 2005, a/8" microprobe; Heat

Systems Inc., Farmingdale, NY), then centrifuged at 151000 q

for 1-0 min at 40 C. The clear supernatant was diluted to t6 pg

cell protein/mI and assayed for PKC as the cytosolic solution.
Protein kinase C remaining in the cytosol was activated

in 25 ¡¿1 of activator buffer, containing fresh TPA, and 25 tt1-

¡32e1ate (0.25 pci) and incubated for 1-5 min at zso c. The

reaction vras hal-ted with l-OO ¡"tI acidic stop reagent. 32P-

phosphorylated substrate in L25 ¡.tI aliquots was localized on

binding papers which hrere washed three times in 52 acetic

acid. The papers vrere placed in vials urith 6 .5 mI

scintillation f luid and [32p] activity r¡ras measured by

scintillation counting.

Inositol incorporation and phosphoinositide turnover studies

The effect of A.A, on the uptake of inositol into submandibular
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cells was examined. Celts l¡Íere exposed to AA (l-00 pM) or left

as controls in medium containj-ng 17 ¡lCi nyo-P-3[linositol per

mI. Over a 60-min time course, 1-m1 samples r¡rere taken, washed

three times in phosphate-buffered saline and centrifuged at

2oo q for three min. Total inositol in the pellets rl'las

measured by scintillation counting.

In other experiments, the effect of AA on the

incorporation of inositol into phosphoinositides l¡ras examined.

Cells hrere labelled with myo-[2-3H]inositol as before for 60

min, in the presence or absence of AA. Samples l¡tere

precipitated with cold l-o? TcA, then washed once with l- mI of

5å TCA containing 1 mM EDTA, and once with 1 mI HrO. Lipid in

the precipitate was extracted twice with l-.5 nl of a mixture

of chloroform, methanol and HCl (1-00:1-00:l-, bY voI) and once

with l-.0 mI of a mixture of chloroform, methanol and HCl

(2oO:1-00:L, by vol). The three extracts hlere combined, and 1-.1

mI of o. l- N HCI and 1-.5 mI chl-orof orm r¡/ere added to produce a

biphasic separatíon. The organic (Iower) fraction conÈaining

phosphoinositides vtas dried under a stream of N2 and its

lipids deacylated to produce their water-soluble

glycerophosphoesters as follows (Creba et a7., 1-983).

The dried lipid extracts r¡/ere reconstituted in l- mI of

chloroform, then 0.2 ml of methanol and 0.2 ml of 1 M NaOH in

methanol/water (1-9:1-, by vo1) were added. The mixture was left

20 min at room temperature before the addition of l- mI of

chloroform, 0.6 ml of methanol and 0.6 m1 of water. The
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samples T¡rere mixed completely and centrifuged at I,OOO g for
l-0 min. Of the aqueous (upper) phase, 1- ml was collected and

neutralized with boric acid. The water-soluble glycerophospho

derivatives of PI, PI (4 ) P, and PI (4 ,5)Pz vrere separated

according to the method of Creba et a7. (l-983) with minor

modification.

The rnixture of deacylated phospholipids was loaded on to
an ion exchange chromatography column as described above.

After washing the column wÍth 20 mI of water,

glycerophosphatidylinositol (frorn PI) was el-uted with 20 ml of
5 nM disodium tetraborabe/O. 1-B M ammonium f ormate. The

glycerophospho derivatives of PI(4)P and pI(4,5)p, were then

sequentially eluted with 2O ml of the respect,ive buffers, O. j_

M formic acid/0.3 M ammonium formate and 0.1 M formic

acid/o.75 M ammonium formate. Three ml sampres of the eluates

vrere combined with 1-5 ml- Ecolume, míxed thoroughly, and

quanÈitated by t3gl counting in a Beckman LS sBOi- g-counter.

Experiments were also carried out to determine the effect
of AA in the presence or absence of carbachol, on the turnover

of phosphoinositides in cel1s laberled to equilibrium with

¡3tl1inositol. Cell-s hrere labelled f or 60 min with nyo-12-
3Hlinositol as above, then treated with AÀ (l-OO pM) alone for
five min, carbachol alone (t-00 ¡lM) for five mín or AÀ for five
min followed by carbachol- for five min. The cells were then

precipitated with TCA and the phosphoinositides deacylated and

quantified as above.
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rn all experiments, AA and ej-cosanoid derivatives v/ere

prepared as concentrated sorutions in ethanor. The ethanor

concentration in culture medium was never more than LZ, and

this vehicre was routinely added to contror preparations.

Statist,icaL analysis

Resurts r¡¡ere examined statistically by analysis of variance
and Duncan t s multiple rang'e test. val-ues of p <o . 05 h¡ere

considered significant.
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Results

Phosphoinositide hydrolysis studies

Carbachol stimulated the generation of I (L,4,5)P, to five-fold
the control level and of I(L,4)P. to 3.S-fold the control
leve1 in submandibular cells (Fí9. 4) . Preincubation of cells
with AA inhibited the carbachol-I(I,4,5)P, response to 252 of

its normal value (p

carbachol-induced leve1s of T(1,4)Pz vras also suggesÈed but

this was not statistically significant (p > 0.05). No changes

from control values of I(4)P hrere observed wíth any of the

treatments, and AA alone had no effect on inositol phosphates.

Inhibition of carbachol--induced I(l- ,4,5)P= was not observed at

AA concentrations l-ower than l-00 ¡tM. Assessment of ce11

viability by trypan blue exclusion confirmed that the AA

effect was not due to membrane disruption.

Treatment of cell-s with indornethacin, NDGA, or BV'I755C

before AA plus carbachol- exposure did not reverse the AA

inhibitory effect on carbachol-stimul-ated I (1, 4,5)p3 (Fig. 5) .

These blockers alone had no effect on phosphoinositide

hydrolysis (data not shown). Furthermore, prostaglandins A,
Dz, E, and Fro, and l-eukotrienes Bor Co and Do in concentrations

up to l- ¡lM did not mimic AA in reducing the carbachol-

I(1,4,5)P3 response (Fig. 6). Again, these agents alone had no

effect on inositol phosphate levels (data not shown).

fn studies with other fatty acids, the unsaturated
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Fig. 4. Effects of arachidonic acidr carbachol or a
conbínation of the two, on radiolabelled inositol phosphates
ín rat subnandibular acinar celIs.

Dispersed acinar ce1ls $tere incubated for 60 nin with nyo-12'
3Hl inositol then exposed to arachidonic acid (AA, 1-00 pM, f ive
rnin) or to carbachol (CARB, LOO þM, fíve rnin) or to AÀ (five
min) followed by carbachol (five nin). Inositol phosphates
were extracted and quantified by anion exchange chromatography
and scintillation counting as described in Materials and
methods. Values are means t SEM, n : 11, expressed as a
percentage of control leve1s. *p < 0.01- compared with control
response of l-00å. Typical average observed counts for
carbachol--treated samples in a single experiment were I(4)P,
1-5,9'75 dpm; I(1,4)P2r 8,758 dpn; and r(L,4,5)P3 3,683 dpn per
replicate containing 8 rng cel-l- protein.
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Fig. 5. Lack of effect of blockers of eÍcosanoid synthesis on
the arachidonic acid inhibition of carbachol-stimulated
I(1r4r5)P3 in rat submandibular acinar cells.

Cells v¡ere preincubated with indomethacin (INDO, 1O ¡.tM), NDGA
(10 pM) or BI^I755C (10 ¡,lM), for five min, then exposed to AA
plus carbachol or to carbachol alone (1-00å response, first
column) as in Fig. 4. Means + SEM, n:3. *p < 0.01- compared
with carbachol response.
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Fig. 6. r¡ack of effect of prostagrandins and reukotrienes ontbe carbachol-r (Lr415)P= response in rat submandiburar acínarcells.

cerls hrere exposed to a range of prostagrandins (pG) orleukotrienes (LT) (a1I 1 pM) for fíve nin, forlowed bycarbachol (100 ¡rM) for five min,. or to carbachol alone (firsL
corumn, l-00å response) for f ive rnin. r (1r 4, s) p3 revels $/ere
measured as in Fig. 4. Means t SEM, n u: 3. Lowerconcentrations of eicosanoíds (r- 100 nM) !,rere also withouteffect.
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species, y-1i-nolenic acid (2Oz3t:6) and linoleic acid (1,822tt6),

duplicated the AA effect by inhibiting carbachol-induced

I(1,4,5)P3 to 492 and 372 of the normal carbachol response,

respectively (Fig. 7). The saturated stearic (18:O)- and

arachidic (20:O) acids, however, did not reduce the carbachol-

f (1, 4,5)P3 response.

Protein kinase C activation

The phorbol ester, TPA, as a positive control, caused a

reduction of  Oeo in the cytosolic level of PKC (Fig. B),

consistent with the enzyme's activation/translocation to the

membrane compartmentr âs demonstrated in an earlier study in
our laboratory (Flerning et aI., L992). Arachídonic acid had no

effect on PKC activat.ion, indicating that its modulatíon of
the phosphoinosJ-tíde effect was not mediated by the enzyme.

Inositol incorporation and phosphoinositide turnover studies

Experiments on the uptake of radiolabelled inositol into
submandibular cells showed that equilibrium conditions ü¡ere

reached by 60 min and that AA had no effect on either the

magnitude or kinetics of uptake (Fig. 9).

Arachidoníc acid did, however, inhibit the incorporation
of ínositol into phosphoinositides (Fig. l-Or- Tab1e 1) . For

example, ât 40 and 60 min, the respective radiolabelled
PI(4,S)Pz levels in AA-exposed cells r¡rere 45 and 652 of the

corresponding control val-ues (Tabre l-) . ¡3H1inositol-laberred
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Fig. 7. Effect of saturated and unsaturated fatty acids on the
carbachol-I (Lr4rS)Ps response in rat submandÍbular acinar
celIs.

CeIIs r,rere exposed to saturated (20:O; 1-8:0) or unsaturated
(1-8:2¡ 2Oz3; 2Oz4 (AA)) fatty acids (l-00 pM) for five min,
followed by carbachol (1-00 pM) for five min; or to carbachol
alone (first column, l-003 response) for five min. f(1,4,5)Pj
h¡as quantified as in Fig. 4. Means + SEM, n:3. rrp
compared with carbachol response.
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flig. 8. Effect of the phorbol ester, TPA or arachidonic acid
in lowering the cytosolic content of protein kinase C (PKC) in
rat submandibular acinar cells.

cells were exposed to TPA (3 pM) or AA (100 pM) or left as
controls, for l-5 min. The cells hlere then washed and assayed
for PKC activity remaining in the cytosol by use of an assay
kit (Amersham) as described in Materials and methods. Means
t SEM, 11 : 4.:tp < O.O1 compared with control level-
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Fig. 9. Uptalce of inositol into dispersed rat submandibuLar
acinar celLs in the presence or absence of arachidonic acid.
Cetls r¡rere incubated with myo-[z-3H]inositol G7 ¡.rcilnl) in
the absence (o) or presence (a) of AA (l-OO pM) over a 60-
minute time course. One rnl aliquots were sampled at the times
indicated, the cell-s washed, and their total radiolabelled
inositol content (free inositol, phosphoinositides and
inositol- phosphaÈes) measured by scintillation counting. Means+ SEM of triplicate samples in a single experíment.
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Fig. 10. Incorporation of inositol into submandibular acinar
cell phosphoinositides in the presrence or absence of
arachidonic acid.

Ce1ls were incubated with myo-l2-3H]inositol (L7 ¡lcilm1) in
the absence (O) or presence (O) of AÀ (1OO pM) over a 60
minute time course. Phosphoinositides were localized in the
organic phase of a biphasic extract and deacylated to form
their water-soluble glycerophospho derivatives, which vrere
then separated by anion exchange chromatography as described
in Materials and methods. Values are Èhe averag:es of two
replicates from a single experiment that $¡as carried out four
times with the same result. The bars show the range of values
for each tirne point.
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Effect, of arachidonic
phosphoinositides over

Table 1

acid on the incorporation of inositoL into
60 minutes in rat submandibular acinar cells

î{yo-[2-3H] inositol J-n phosphoinositides
exposed to arachidonic acid, percent

l_n
of

cells
control

leveIs

Time (nin) PÏ Pr(4)P Pr (4 ,5)Pz

10

20

60

40

2L11

37+3
63+5

79 19
60+8

73+3

45 + 1-7

65+6

All values are significantry reduced compared with the
corresponding control response (p < 0.05).

Dispersed rat submandibular acinar cells hrere incubated with
myo-[2-tH]inositol (t7 pcilm1) in the presence or absence of AA
( i-oo pM) f or 60 min. Phosphoinositides hrere separated andquantified by scintillation counting as described in Uàterj-als and
methods. Values are means t SEM calculated from four separate
experiments with duplicate samples in each.
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inPI(4)P and Pf(4,5)Pz vrere not detected before 20 min

controls and 40 min in AA-treated ceIIs.
fn further studies, the effect of A.A, on phosphoinositide

turnover ïtas examined in cells prelabelled to equilibrium with

¡3Hi inositol and activated with carbachol to stimulate the

phosphoinositide cycle (Tab1e 2) . Carbachol reduced PI (4,5)Pz

levels to 492 of the control value but had no significant
effect on PI or PI(4)P. Pre-treatment of cells with AA before

carbachol, further reduced the PI(4rS)Pz response to 262 of

that in control-s. Cells treated with a combination of AA and

carbachol also displayed significantly lower levels of PI(4)P

than did those exposed to either AÄ or carbachol alone. AA

alone produced a small but significant (p < 0.05) reduction in
labelled PI(4,S)Pz but had no effect on PI or PI(4)P.
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Table 2

Effect of arachidonic acid, carbachol, or a
inositol phospholipids in rat submandibular

conbination of both on
acínar cells

PIyo- t 2-3Hl inositol in phosphoinositides,
percent of control levels

Treatment PI Pr(4)P Pr (4 ,5)Pz

Control

AA

Carbachol

AA + Carbachol

100

1,O7 t 9

88 17

89 14

1-00

85+8

86+5

59 t 9**

l_00

g1 t 5*

49 + 6*

26 + 6**

^significantly different from control, p < 0.05. *significantly
different, from carbachol response, p < O.O5

Dispersed rat submandibular acinar cells hrere labelled for 60
min with nlo-t2-3Hlinositol, then treated with AÀ (j-OO þM, five
nin), carbachor (1-oo lrV., fíve nin) or AA (five min) followed by
carbachol- (five rnin). Inositol phospholipids were extracted,
deacylated and quantified as described in Materials and methods.
Values are means * SEM, n : 3.
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DiscusEion

Previous r,¡ork in our laboratory showed that Ca2*-mobilizing

agonists of three classes activated the phosphoinositide

signal transduction pathway in rat subrnandibular acinar cells,
to cause hydrolysis of PI(4,5)Pz and generation of I(1,4,5)P3

(F1eming et a7., l-987). There ís growing evidence that
agonists may also stimulate the release of arachidonic acid

secondary to the PLC-PI(4 ,S)Pz effect, or vía phospholípase A,

hydrolysis of non-inositol- phospholipids, and that liberated
AÂ may act as a feedback regulator of the phosphoinositide

cycle (Irvine et ã7., L979; Zeitler and Handwerger, 1985;

Chaudhry et a7., 1-989; Murphy and hlelk, L989; Maruyama, 1990).

The nature of the AA regulatory response, hohrever, is not

consistent among different cell types. For example, AÀ has

been reported to stimulate phosphoinositide cycle activity in
placental ce1ls (Zeit1er and Handr¡rerger, 1-985), but to ínhibit
the phosphoinositide effect in pancreatic cells (Chaudhry et
â7., L987, L989; Maruyama, l-990).

In the present study, arachídonate had an inhibitory
effect on the phosphoinositide cycle under conditions of cycle

activation with carbachol. This finding is consistent with

those of Chaudhry et aI. (l-987) on pancreatic acini. However,

while these workers demonstrated a concentration-dependent

inhibitory response with AA, only an arachidonate

concentration of l-00 ¡¿M was ef fective in reducing
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phosphoinositides in the present study. This may reflect
dif f erent sensitivities to AA in the traro experimental models,

or indicate that AA was bound/inactivated by some component(s)

of the culture medium or ceII glycocalyx of the submandibular

preparations. Arachidonate reduced the carbachol-I(L,4,5)P3

response to about a quarter of its normal rnagnitude, but had

no effect on inositol phosphate leve1s in resting, non-

agonist-stimulated cel-ls (Fig. 4). Since AA is readíly
oxidized to its eicosanoid metabolites, which may act as

intracellul-ar second messenqers (Pione1li and Greengard, L99O¡

Shimizu and Wolfe, 7990) , the AA inhibition of carbachol-

induced I(1r4r5)P3 \^ras re-examined ín the presence of blockers

of the cyclooxygenase-prostaglandin pathway (indomethacin,

BúI755C) or of the lipoxygenase-Ieukotriene pathway (NDGA,

BW755C). None of these agents reversed the AÀ, inhibitory
effect (Fig. 5). Moreover, prostaglandins A.., Ez, Dz and Fzo,

and leukotrienes Bo, Co and D4 did not duplicate the AÀ effect
in lowering carbachol-enhanced I(1,,415)Ps levels. These

findings are consistent with earlier observations on

pancreatic cells (Chaudhry et ãI., 1989; Maruyama, 1-990) that
AÀ modulation of the phosphoinositide cycle is not mediated by

eicosanoids.

Another potential nediator of arachidonate action is the

enzyme, protein kinase C (PKC). Arachidonic acid activates PKC

purified from bovine aorta (DeIl and Severson, L989) and rat
brain (Murakani and Routtenbêr9, l-985) and also stimul-ates

enzlrme activity ín intact platelets (Fan et a7., 1990). It has
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been demonstrated that PKc, in turn, inhibits phosphoinositide

turnover in many cell types, inctuding neutrophils (Kato et
â7., 1-986) and insulinoma cells (Yarnatani et ã7., 1990). We

have previously found that PKC activation in rat submandíbular

cells, âs in many others, is characterized by a translocation
of enzyme from cytosol to membranes (Flening et ã7., L992).

In the present study, while the positive control, TpA, caused

a 4OZ reduction in cytosolic PKC, AÀ, had no effect on enzyme

translocation. This result suggests that A.A, effects on

phosphoinositide metabolism in the submandiburar model are

independent of PKC nediation, arthough arachidonate action on

kinase already bound to the plasma membrane cannot be rured

out.

Our findings that other unsaturated long-chain fatty
acids duplicated the inhibitory effect of AA on carbachol-

enhanced I(1,4,5)P3 are also compatible with the earlier
observations of chaudhry et a7. (l-989) on pancreatic celrs.
This suggests that the presence of unsaturated bonds, rather
than the absorute chain length of the fatty acidsr ilây be the

key factor in the I(L,4,5)pE inhibition effect. The

physiological significance of this is not obvious, since

little is known about the avairability of unsaturated fatty
acids other than arachidonate, their specific lipid sources

and their mechanisms of release. since both 18z266 and 20:3ô6

can act as precursors of AA, it is possibre that their effects
may be due to AA synthesis. The lack of effect of saturated
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fatty acids and the observation that cel1s continued to
exclude trypan blue after treatment confirned that the actíons

of AA and the other unsaturated species were not due to non-

specífic membrane perturbation by fatty acids.

The possíble site of regulation by AÀ was investigated in
experiments on inositol uptake and incorporation into
phosphoinositides and on phosphoinositide cycle turnover under

different conditions. In simple uptake studies, it was found

that AÀ had no effect on the total amount of ¡3Hlinosito1
entering the cel-ls over a time course that reached equilibrium
between 40 and 60 min (Fig. 9). However, the incorporation of
radioactive inositot into PI, PI(4)P and pf(4,5)p¿ üras

impaired in the presence of AA (Fig. i-O; Tab1e l-). This

finding suggested an overall inhibition of synthesis of
phosphoinositides but did not indicate the locus of
inhibition, sínce a block at any position in the cycle could

cause a reduction by feedback control. Turnover of
phosphoinositides r¡/as therefore examined in cells that had

been prelabelled to equilibriun with ¡3H1ínositol, then

exposed to carbachor to activate the phosphoinositide effect.
Arachidonate caused a significant decrease in pI (4 ,S)pz but

not PI(4)P or PI in cells inthe resting state (Table 2). When

cells v¡ere stimulated with carbachol in the absence of

arachidonate, PI(4,s)Pz levels decreased, consistent with the

agonist,s effect of increasing I(1,,4,5)ps (Fig. 4). However,

when both A.A, and carbachol r/üere present, the decrease in
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PI(4,S)Pz was significantly greater and a reduction of pI(4)p

levels was nor¡r also detected. This suggests that the AA effect
of depressing the carbachol-f (1,4,5)P, response was not due to
the acid's inhibition of phospholipase C (pI,c), since irnpaired

PLC activity would be expected to enhance, not lower,

PI(4,5)Pz leveIs. In light of the inositol incorporation
studies (Fig. 10), it is likeIy, therefore, that the AA effect
on the phosphoinositide cycle is exerted in the phospholÍpid

synthetic phase. Moreover, since no treatment 1owered pI

level-s (Table 2), we propose that the regulatory site lies
distal to Pf synthesis but proximal to pI(4,S)pz synthesis.

Chaudhry et a7. (1989) also showed that AA decreased

Pf (4,5)Pz level-s and, in addition, depleted cell ATp to 6Oå of
the normal value in pancreatic cel_Is. They proposed that
reduced Pr(4r5)Pz could therefore result from a decreased

avail-ability of ATP as the donor of y phosphate in the
phosphorylation of PI to PI(4)P and of pl(4)p to pI(4,5)p, by

the respective enzymes Pr 4-kinase and pr(4)p S-kinase. rt is
possible that such a mechanism may also operate in rat
submandibular acinar cell-s. However, a g,eneral reduction in
ATP levels wourd be expected to have widespread physiological
effects, involving kinases, on many synthetic pathways, unless

the targeted ATP were compartmentarized in a phosphoinositide-

specific pool.

Another potential mechanism for the AA reguratory effect
woul-d be Èhe fatty acid's direct inhibition of pr 4-kinase
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and/or PI(4)P S-kinase. We are currently investigating thís
possibilÍty by direct assay of the kinases extracted from

membranes of control and arachidonate-treat.ed cells and by

examining the effect of AÄ on the kinetics of purified kinase

activity in cell-free systems.

üle recently observed (unpublished) that agonists of two

different classes, carbachol (muscarínic cholinergic) and

methoxamine (a,,-adrenergic) , stimulated the liberation of
arachídonic acid in submandibular celIs, although the specific
phospholipid precursor has not been identified. EarIíer work

in our laboratory showed that the same agonists activated the

phosphoinositide effect in the model (Flening et a7., L9B7).

These findings, taken together with those of the present

study, suggest that stimulation of phosphoinositide hydrolysis
in submandibular cells is accompanied by a release of
arachidonic acid, which acts as a negative feedback inhibitor
of phosphoinositide cycle activity by regulating the synthesis

of inositol phospholipids.
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REGUI,ATION OF PHOSPHATIDYIJINOSITOIJ KTNASES BY ARÀCHIDONIC

ACID IN RAT SUBI'ÍANDIBULAR cLÀlID CELLSz

2From a published article: Chung HC, Flening N (l-995)
Regulation of phosphatidylinositol kinases by arachidonic acid
in rat submandibular gland cells. Eur J Physiol 429z789-796.
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Abstract

Phosphoinositide kinases hrere characterized in membrane

extracts of rat submandibular gland cells. Both

phosphatidylinositol (PI) 4-kinase and phosphatidylinositol-4-

phosphate IPI(4)P] S-kinase phosphorylated endogenous

substrates in reactions that hrere linear for up to five min,

r¡rere activated by Mgz* and showed maximal activity around

neutral pH. PI 4-kinase was stimulated by Triton X-l-00 at an

optimal concentration of O.222 but the detergent had an

ínhibitory effect on PI(4)P 5-kinase. Arachidonic acid (M) ,

at concentrations greater than 1-00 ¡.1M, inhibited the activity
of both enzymes in a dose-dependent manner. The inhibitory
effect was replicated by other unsaturated fatty acids, but

not by a saturated fatty acid, of the sn-20 series. The nature

of AA inhibition of the kinases T¡ras examined in enzyme kinetj-c

studies with exogenous phosphoinositide and adenosine 5r-
triphosphate (ATP) substrates. Lineweaver-Burk plots of PI 4-

kinase activity showed that AÀ had no effect on the apparent

K, for either PI or ATP, but that the fatty acid significantly
reduced Vmax (Pf ) fron 331- to I77 pmol.mg-1.min-l and Vmax (ATp)

f rom L7 3 to 59 pmol . mg-1 . min-1 . This inhibitory action r,iras

consistent on PI(4)P S-kinase kinetics, rarhere again, AA did

not, alter apparent K, values but lowered Vr"* for both pl(4)p

and ATP by around 50å. Since the combination of a reduced Vr.*

and an unchanged K,n indicates noncompetitive enzyme
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is proposed that AA regulates phosphoinositide

in submandibular gland cells by acting as a

inhíbitor of PI 4-kinase and PI(4)P S-kinase.
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Introduction

Agonists of several different classes (e.g., muscarinic, e.f
adrenergic, tachykinin) control exocrine responses in mucous

acinar cel-ls of the rat submandibular gland by stimurating
receptors coupled to the phosphoinositide signal transduction
pathway (Flening et ã7. , i-987 ¡ J.992) . Receptor occupation

activates phospholipase c, which cataryses the hydrolysis of
phosphatidylinositol- 4,5-bisphosphate ipI(4,S)pzl to release

inositol 1-,4 ,S-Erisphosphate tI (1 ,4 ,S)F3J and !,2-
díacylglycerol (DAG). These second messeng'ers respectivery
mobilize caz* from endoplasmic reticulum stores and activate
the enzyme protein kinase C (PKC), which, in turn, modulate

many physiological functions of the celr (Nishizuka, \gg2).
Pf(4,5)Pz is rich in arachidoníc acid (AA), the precursor of
a range of bioactive eicosanoid products, esterified at the

sn-2 position on the glycerol backbone (Dennis et aI., 1991_).

Free AA may be released from inositol- phospholipids directly
by phosphoripase A, (PLA2) action, or it rnay be cleaved from

the phosphoinositide breakdown products, DAG or phosphatidic

acid, after initial phosphoripid hydrolysis by phosphoripase

C (PLC) or phospholipase D (pLD) (Dennis et âI., Lggt¡

Liscovitch, 1992). rt has been shown that AA modifies the
phosphoinositide effect in severar cerl types, including
platelets (Fan et â7., 1-990), pancreatic acinar cell-s
(Chaudhry et â7., 1987 ) and placental_ ce11s (Zeitler and
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Handwerger, l-985). These observations have red to the proposal

that the phosphoinositide-derived AA may act as a negative

feedback regulator of the phosphoinositide cycle (chaudhry et
ã7. , l-987) .

Consistent with this suggestion, in an earlier study, wê

found that Al\ had an overall inhibitory effect on

phosphoinositide cycle turnover in carbachol-stimulated cells
of the rat submandibular glands (Chung and Fleming | L992).

More specifically, the fatty acid lowered levels of
phosphatidylinositol 4-phosphate tpI (4) pl and pI (4,s)pzt but

not of Pr in the activated cycle. Addítional observations

indicated that the AA effect was not mediated by pLC activity
(Chung and Fleming, 1-992) . Therefore, it r¡ras suggested that
the site of reguratory interaction was in the phosphoripid

synthetic phase of the cycre, distaJ- to phosphoinositide

synthesis. rt was further specurated that possíble targets for
AA inhibition vrere one or both of the kinases that regulate
the reactions which sequentiarly phosphorylate pr to pr(4)p to
PI (4 r 5) Pz , i.ê., the respective enzymes pI 4-kinase and pI (4) p

5-kinase.

The present study hlas undertaken to characterize these

kinase reactions more preciseJ-y in membrane preparations from

submandibular gland celIs and to examine the nature of the
potential AA inhibition of kinase activity. Enzyme kinetic
studies show that AA acts directly as a noncompetitive

inhibitor of both kinases and suggest that this is its
mechanism of action in regulation of the phosphoinositide

effect.
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ltaterials and nethods

Materials

Triton X-100 and a protein assay kit (bovine serum albumin

standard) were obtained from Bio-Rad Labs (Mississauga,

ontario) . HEPES l4' (2-hydroxyethyl) -l-piperazineethanesulfonic
acidl buf fer r¡ras a product of Gibco Canada (Burlington,
ontario) . Adenosine 5r-[y-32p]-triphosphate ( t52plATp, specific
activity 3,000 Cilnmol) was supplied by the Amersham

Corporation (Arlington Heights, IL). tlnositol-z-3H(N) l-
phosphatidylinosíto1-4-phosphate, i.e., ¡3H1ef (4) p, specific
activity z-Lo cilmmoI) hras provided by Du pont-New England

Nuclear ($Iilnington, DE). AA and other fatty acids were

obtained from Nucheck Prep (Elysian, MN). Kodak X-Omat AR X-

ray f ilm T¡/as supplied by Picker rnternational (Highrand

Heights, OH). HP-KF silica gel high performance thin layer
chromatography (TLC) plates were supplied by lrlhatman

rnternationar (Maidstone, Kent, uK) . phosphoinositide markers

for TLc and all other chemicars used h¡ere from sigrna (st.
Louis, MO).

Menbrane extraction

Membrane extracts of the poored submandiburar glands of two to
four male Sprague-DawJ-ey rats (250-3OO g body weight) were

prepared as described by Snith and Chang (j-999). AII
procedures urere carried out at 40 c. Briefty, the glands $rere
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chopped into smalI pieces and homogenized in a ground glass

homogenízer in 4 volumes of o.32 M sucrose in 10 nM HEPES

buffer, pH 7.4. The preparation was centrifuged at 2OO g for
l-0 min, the pellet re-homogenízed and again centrifuged at
2oo q for 10 rnin. The two supernatants hrere combined and

centrifuged at 48rooo q for 30 rnin. The resurting membrane-

rich pelIet was extracted with o.zeo Triton x-l-oo in a 0.25 M

sucrose/2s mM HEPES buffer pH 7.4 and centrífuged at 48,ooo g

for 30 min. The clear supernatant, usualry diluted tenford to
a final Triton x-l-oo concentration of o.o2z, üras used as a

source of both phosphoinositide kinases and endogenous

phosphoinositide substrates in subsequent studies on enzyme

activity. Extractions r¡rere freshly prepared f or each

experiment and standardized according to protein content,
measured by the method of Bradford (L976) (Bio-Rad kit, bovine

serum albumin standard) .

Assay of phosphaticlylinositol 4-kinase and

phosphaticlylinosíto1 4-phosphate 5-kinase

Enzyme activities r¡rere assayed by measuring the
phosphoryration of the substrates pr and pr(4)p to the
respective products Pr(4)P and Pr(4,5)p¿, which r¡rere

quantitated by the transfer of [32p] from radiolabelred ATp.

studies on the phosphorylation of both endogenously and

exogenously-added substrates r¡rere carried out. rn initiat
experiments, the kinase reactions were characterized for
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optinal conditions with respect to ATp, Mgcl, and Triton x-t-oo

concentrationsr âs wel-I as pH. Therefore, each of these

parameters hras varied in turn in the following assay procedure

(endogenous substrates) . Submandibular membrane extracts (l-OO

ttg protein) were preincubated for l-O min at 3Oo C in 90 p,I

buffer containing 40 mM HEPES, 3 mM dithiothreitor, j-o-50 mM

MgCIr' 2 mM ethylenebis(oxonitrilo)tetraacetate (EGTA) , o.02-
O.422 Triton X-1OO, pH 6.4-8.4 (Mesaeli et âj . , Agg2) . In
experiments investigating the effect of Triton x-1oo on enzyme

activity, 100 ¡tUr exogenous pr or pr(4)p v/ere added to the
assay rnixture to approximate the concentrations of these

substrates used in subsequent enzyme kinetics studies.
Phosphorylation was initiated by the additíon of 1_o ¡ll ¡32e1ate

( 0. 3 mM' a p'ci) . Pretiminary experiments showed that
phosphorylation reactions with endogenous substrates v/ere

linear for up to five rnin. Therefore, reactions r¡rere stopped

at three min by the addition of 1.5 mr of a mixture of
chloroform and methanol (1,:2, by vol) .

Phospholipids were extracted by the sequential addition
of 0.5 ml 2.4 N Hcl and 0.5 ml- chloroform. The mixture r¡¡as

centrifuged at l-,ooo g for l-o min to produce a sharp biphasic
separation and the lower (chloroform) phase removed. The upper

phase was re-extracted with l- ml- chroroform and the mixture
centrifuged again. The two lower phases hrere combined, washed

with 2 mI of a mixture of methanol and l- N Hcr (1-:1, by vor)
and centrifuged at l-rooo g. The rower phase was removed,
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evaporated under N2 and the phospholipid-containing residue

solubilized in 100 ¡11 of a mixture of chroroform, methanor and

water (75:25:2, by voI) . The samples were apptied to high
performance TLc plates which had been irnpregnated with j_z

potassium oxalate in methanol and water (223, by vo1) and

act,ivated at 11OoC for i- h (Mesae1i et ãI. , L992) .

chromatograms were developed at room temperature in a sorvent
system of chloroforn, acetone, methanol, acetic acid and water

(40:15:L321-228, by vol) as described by Jolres et ar. (1981-).

[32p] -l-aberl-ed phospholipid spots v/ere visualized by overnight
autoradiography on Kodak X-Onat AR X-ray film, and

radiorabelled Pr (4) P and Pr (4 ,5)pz $/ere identif ied by

comparison of their relative mobility to purified standard

markers [R, values, Pf (4)P : O.27; pI(4ts)pz: 0.19]. Labelled
phosphoinositides r¡rere scraped from the TLC prates, rnixed with
5 ml of Ecolume and quantitated by scintirlation counting as

described previously (Chung and Fleming, tgg?).

The effect of a range of concentrations of AA and other
saturated and unsaturated fatty acids of the sn-2o series on

the phosphoryration of endogenous pr and pr(4)p was examined

under the optimal conditions derived empiricarly as above. rn
these studies, the membrane extracts Ì^rere exposed to f atty
acid for five min before the initiation of phosphoryration by

the addition of ¡32e1are. Acids were solubilized in
dinethylsulfoxide (DMSO) which was routinely added to contrors
at the same concentration (never more than 0.5å).
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Radio1abelled phosphoinositides were extracted and quantitated
as described above.

Enz¡me kinetics
The nature of AA inhibition of Pf kinases was investigated ín
kinetic studies in which a range of concentrations of
exogenous phosphoinositide and ATp substrates ü/ere used.

Membrane preparations were preincubated with 2oo ¡LNI AA for
five min or left untreated as contrors. For the pr 4-kinase
assay, extracts in the same assay buffer as above, with the
Triton X-i-00 concentration adjusted to 0 .222, vrere rnixed with
concentrations of between o p,l{. and 4oo p,aI pr plus a near-
saturating fixed concentration of 3oo pM ¡32e1ate for three
min. Phosphorylation was again measured by radiolabelred
PI(4)P product formation. Data $¡ere corrected for the effects
of endogenous substrate by subtracting the val_ue obtaíned in
the absence of exogenous pr. Lineweaver-Burk plots vrere

constructed and the apparent K,n and Vr"* of pr 4-kinase for pr

calcurated. rn a second series of experiments, K, and. vru* for
ATP rÂrere similarly determined by using a range of ATp

concentrations (0.05-2 nM) and a fixed concentration of 1_oo ¡rM

PI in reaction nixtures.
The same approach was taken in studies on pr(4)p 5-

kinase. Km and. vr"* vrere again determined for pr(4)p tpr(4)p
concentration range o-l-oo ttvri ATp 300 ¡rMl and for ATp [ÀTp

0.05-2 rnM; Pr(4)p 100 ¡rMl in the presence or absence of AA. rn



these experiments Triton X-1-00 r¡/as

concentration of O . Oze" .

Statistical analysis

Results h/ere examined statistically

variance and means were compared by

test or the Student t-test. Values of

significant.

90

final

by two-way analysis of

Duncants rnultiple range

p <0.05 were considered

at
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Results

Characterization of phosphoinositide kinase reactions

Both phosphoinositide kinases phosphorylat,ed their endogenous

substrates to the correspondíng radiorabetred products in
submandibular ceIl membrane extracts r¡rhen incubated with

¡32e1are (Fig. 11). Reactions v/ere linear for up to five min.

In subsequent experiments, therefore, phosphorylations were

terminated after three min to ensure constant rate synthesis.

Preliminary experiments (not shown) confirmed thatr âs in
other systems (Co1lins and !{e11s, L983; Mesaeli et ã1., 1-gg2) |

both enzymes displayed maximal activity at pH 7.4. Assay

buffer systems hlere thus standardized to optimal conditions at
this pH.

Kinase dependence on Mg2* concentration vras also

investigated. A Mgz* content of 10 mM produced maximar activity
in both kinases (Fig. LZ). Higher MgZ* Ievels appeared to
inhibit PI 4-kinase but not PI(4)p 5-kinase.

since phosphoinositide kj-nases are detergent-sensitive
(Carpenter and Cantley, l-990; Pike, L992), the effect of a

range of concentrations of Triton x-l-00 on phosphorylation

reactions v/as tested. Preliminary observations vrith endogenous

substrate suggested that Pr 4-kinase activity v¡as enhanced by

Triton x-]-oo but that Pr(4)P S-kinase acLivity was depressed.

Thís was confirmed in additionar studies in which 100 ¡lmor of
exog'enous substrate, either PI or pI(4)p, was added to
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Membrane extracts in O.O2Z Triton X-1OO were incubated for up
to 20 min with [32p]ATP as described in Materials and methods.
Radiolabelled phosphoinositides were extracted wíth a mixture
of chloroform, methanol and HCl' separated by thin layer
chromatography (TLC) and quantitated by scintillation
counting. Values are means+ SnrI' n : 5.
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and the phosphorylation of endogenous substrates t¡as allowed
to proceed for three min. Radiolabelted phosphoinositides v¡ere
separated and quantitated as described for Fig. 11. Means +
SEM, n = 4.
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stimulate phosphorylation rates and amplify variatíons caused

by the detergent (Fig. 13). PI 4-kinase activity T¡ras maximal

at 0.222 Triton X-1-00 and remained so up to O.4Z detergent.

PI(4)P s-kinase activity was maximal at O.02å Triton X-i_00 but

was inhibited in a concentration-dependent manner by a higher

detergent content (Fig. 13). Therefore, in subsequent enzyme

kinetic studies with added exogenous substrates, pI 4-kinase

h/as assayed in buffer containing O.222 Triton X-1_OO, while

PI(4)P s-kinase r¡ras assayed in 0.02? detergent. In experiments

investigating the effect of fatty acids on kinase activity in
endogenous enzyme/ substrate preparations, Triton X-]_OO r¡ras

adjusted to a compromise value of O.L2Zr so that the

sequential phosphoryration reactions of both enzymes could be

foll-owed in the same experimental samples.

Effeets of arachidonic acid on phosphoinositide kinases

AA inhibited both Pf 4-kinase and PI(4)p S-kinase in a dose

dependent, manner (Fig. 14). The inhibitory effect on eiÈher

enzyme was not evident at AA concentrations of less than l_00

¡.rM and was rnaximal at the highest dose tested , i.e. 1 mM. For

comparison, the effects of other fatty acids (i_00 pM) of the

sn-2o series on kinase activity were examined. The saturated

species, arachidic acid (20:0) did not inhibit the enzymes but

three unsaturated acids, i.e. l1-eicosaenoic (20:l_) , Ll_,I4

eicosadienoic (2o.2) and 8-l-l--14 eicosatrienoic (homogarnma

linorenic, 2o¿3) aIt significantly reduced product formation
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Fig. 13. Effect of Triton X-loo concentration on PI 4-kinase
and PI(4) S-kinase activities in rat sulrmandibular gland
membranes.

Triton X-l-oo at the finat concentrations shown was added to
membrane preparations in the presence of [32p]ATP plus 1Oo pM
exogenous PI or Pf(4)P substrate. Phosphorytation reactions
r^¡ere allowed to proceed for three min. Radiolabelled
phosphoinositides were separated and quantitated as described
for Fig. 11. Means t SEM, n : 4.
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by both kinases (Fiq. 15).

Kinetic studies on phosphoinositide kinases

Lineweaver-Burk plots hrere constructed for both enzymes and

the effects of AA on K,n and vr"" for pr and pr(4)p substrates

and for ATP hrere deternined. For Pr 4-kinase, the K, value for
Pï was L67 t 23 pmol/l (mean + SEM) and for ATp it was 260 +

L7 p,moJ-/I (Fig. 16a,b). AÀ had no effect on these K, values,

but did significantly reduce vr"* for both pr (from 33i- + 25 to
L77 + 1-8 pmol.min-1.mg-1 protein) and ATp (fron 1-73 t 20 to 59

t 6 pmol.min-1.mg-1 protein) (Fig. i-6a,b) . This effect was

dupricated for Pr(4)P S-kinase. Again AA did not change the
Michaelis-Menten constants for pI(4)p or ATp, but
signíficantly lowered Vr"* for PI(4)p (6.5 t 0.6 to 3.5 + 0.3

pmol.min-1.mg-1 protein) and ATp (5.2 t O.4 to 2.7 + 0.3

pmol . min-1 . mg-1 protein) (Fig . L7 a,b) .
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Discussion

In earlier work we described an inhibitory effect of AA on

phosphoinositide cycle activity in rat subrnandibular gland

ceIIs and verif ied that this ef fect rrras not. mediated by

cyclooxygenase or lipoxygenase oxidation products

(prostaglandins or leukotrienes) (Chung and Flerning I L992) .

Levels of phosphoinositides were particularly depressed by the

acid in preparations that !ìrere treated with the Pl-coupled

muscarinic agonist, carbachol (Chung and Fleming I L992) . We

speculated that potential targets for AA action r¡rere the

kinases that regulate inositol phospholipid synthesis (Chung

and Flemíng, L992). In the present study we have characterized

the reactions of both PI 4-kinase and PI(4)P S-kinase in
membrane extracts of submandibul-ar glands, demonstrated a

direct inhibitory effect on each by AA and identified the

nature of the interaction between the fatty acid and enzyme.

As in other models (Mesaeli et a7., L992; Conway et a7.,

L993), the phosphoinositide kinases phosphorylated endogenous

substrate to the appropriate product upon the addition of

radiolabelled ATP. Character j-stics of enzyme action v/ere

consistent with those described for PI kinases in preparations

of rat sarcolemma (Mesaeli et a7., 1-992) | rat liver lysosomes

(Collins and lllells, l-983) and bovine adrenal medulla (Husebye

et â7., l-990). Both reactions r¡rere Mg2* dependent, v¡ith an

optirnal ion concentration of l-0 mM and both dísplayed maximaL
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activity around physiological pH.

Phosphoinositide kinases have been characterized by their
responses to nonionic detergent treatment. pI 4-kinase (type

2 PI kinase), which comprises up to 952 of total pI kinase

activity in cells (Pike, 1992) | is activated by detergent,

whereas PI 3-kinase (type 1 PI kinase), a species contributing
only around 2Z of total activity, is inhibited by detergent

(Carpenter and Cantley, \99O; Dohrnes and MacPhee, l_990r- pike,

L992). The type 1- enzyme phosphorylates the inositol ring at
the D-3 position to produce PI(3)p, which is not an

intermediate of the phosphoinositide cycle and is not

hydrolysed by phospholipase C (Downes and Macphee, L99O;

Carpenter and Cantley, L99O; Mesaelí et ã7., 1"992). Given the

relative abundance of type 2 over type t- pr kinase in cerrs
and our observation that Pr kinase examined in the present

study was activated by Tríton X-i-00, it is highly likely that
the species analyzed in submandibular extracts was pI 4-

kinase. This wourd be consistent with studies on pr kinase in
rat heart sarcolenma (Mesaeli et a7., L992) and rat pancreatic

acinar ceII membranes (Conway et a7., i-993), in which type z

enzyme activity predomi-nated in membrane extracts. our finding
that the PrP kinase activity examined in the present study was

lowered by Triton X-l-00 further indicates that the enzyme

under investigatíon was indeed the pr(4)p s-kinase species, as

the same enzyme was shown to be inhibíted by detergent in
cardiac membranes (Kasinathan et ã7., l-989; Wolf , j_990).
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AÀ, inhibited product formation from endogenous substrates

for both enzymes in a dose-dependent r¡tay. The fatty acid had

no effect at concentrations under 1-00 ¡.cM and showed a maximal

inhibitory effect for both kinases at l- mM. !,ihile effective
doses of AA appear to be non-physiological, high

concentrations of the acid must often be used ín vítro Èo

produce biological effects. This is probably a reflection of

its rapid acylation to membrane phospho- and neutral lipids,
non-specific binding to other membrane and cytosolic
components and oxidative degradation. Concentrations used in
the present work are of the same order as those required to
inhibit PI kinase in platelet membranes [500 pg/mI

(approximately 1.64 mM) l, (Kanoh et ã7., 1990) and a

ca?*fcalmodulin-dependent protein kinase II in rat brain cortex

[100 þM, (Pionelli et ãI., 1989) ]. Further studies with

unsaturated and saturated fatty acids of the sn-2O series

indicated that only the unsaturated species duplicated the AA

effect in inhibiting the phosphoinositide cycle kinases.

Although these studies hrere carried out in compromise

concentrations of Triton X-1-00, that were not optimal for
either enzyme, significant reductions in the activities of
both v/ere observed. This suggests that at l-east one double

bond, possibly involved in fatty acid-kinase binding, is a

requirement for inhibitory activity. These findings are

consistent wíth our earlier observatíons that unsaturated

fatty acids inhibit the phosphoinositide cycle in
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submandibul-ar gland cells (Chung and F1eming, L992) and with
those of Chaudhry et al. (L987 ), who first noted the effect in
pancreatic acini. Apart from A.A, the unsaturated sn-2O acids

examined are not present in cells in significant amounts, and

are simply used here as probes of the regulatory mechanism.

Additional experiments confirrned that AA inhibition of
PI(4)P and PI(4,5)Pz formation $ras not due to the fatty acid's
stimulation of the phosphomonoesterases catalyzing the reverse

reactions that convert PI(4,S)Pz to PI(4)P to PI in the cycIe.

Addition of up to 2OO tt[{ inositol--radiolabel-1ed pI (4,5) p, to
membrane extracts produced increased levels of pf(4)p and pI,

but AA did not further enhance this response (results not

shown).

The mechanism of the inhibitory action of AA on kinase

activity was further investigated by examining the effect of
AA on enzyme kinetics with respect to both inositol
phospholipid and ATP substrates. For pI 4-kinase, AA had no

effect on the apparent Km(Pr) but did significantly reduce

Vmax ( PI ) to about half the control value . Kínet j-cs lüere

modif ied in the same hray by AJ\ rerative to ATp hydrolysis.
Àgain K'(ATP) did not change, while Vmax(ATp) was lowered by AÂ

to around a third of normal. This effect of AA vras reproduced

in kinetic studies on PI(4)P S-kinase, where Vrr" for both

PI(4)P and ATP was significantly reduced, but the apparenÈ K,

value for these substrates remained unchanged. This

combínation of reduced Vr.* and unchanged K, is a cl-assical
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indicator of non-competitive enzyme inhibítion. Therefore, hre

propose that Al\ acts as a noncompetitive inhibitor of both PI

4-kinase and PI(4)P S-kinase and, thus, exerts its effect by

direct binding of these enzymes at a locus other than the

substrate binding site.
Kinetic analysis of enzymes acting on phospholipid

substrates in mixed micell-ar preparations can be complicated

by complex bínding behaviour at the water/lipid interface. For

example, âD enzyme may bind to a substrate molecule in the

micelle surface, or bind to the rnícelle non-specificalty,
leading to the phenomenon of substrate surface dilution (Deems

et a7., A975). An additional possibility is the two-stage

binding of enzyme to substrate in the dual phospholipid model

proposed for the action of PLA2 on phosphatidytcholine (PC) or

phosphatidylethanolamine (Hendrickson and Dennis, 1,984).

Binding characteristics may become increasingly complex with
variations in detergent, or fatty acid content of kinetic
assay buffers. Thus, in the present study, non-specific

effects of surface dilution, and fatty acid or detergent

concentration cannot be ruled out. HorÄrever, the

micellar/substrate binding behaviour of phosphoinositide

kinases, acting to add phosphate (j.e. P) groups to a po1ar,

hydrophilic inositol head group projecting into an aqueous

envíronment, may be somewhat simpler than that of a pLAz

targeted to an internalized fatty acid/glycerol ester bond in
a hydrophobic nilieu. Moreover, classical Lineweaver-Burk
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double reciprocal ptots hlere obtained under conditions where

AA and Triton X-100 were held constant for each kinase, and

only substrate concentrations were varied. we believe,

therefore, that the AÀ, effects on kinase activity are likely
to represent a true non-competitive enzyme inhibition. This

may not be the only mechanism of regulation of the

phosphoinositide cycle by AA. Chaudhry et a7. (L987; 1-988)

showed that AA inhibited PI(4,5)Pz synthesis in pancreatic

acinar cells and suggested that the fatty acid,s action night
be related to its demonstrated capacity to increase oxygen

consumption and/or deplete ATP IeveIs. We have confirned that
AA reduces ATP ín the submandibul-ar model and also acts as an

inhibitor of protein synthesis (Flerning and Mellow, 1995). AA

may therefore function as a regulator of different
physiological effects by a range of mechanisms that act

independently, or in concert.

Kinases of the phosphoinositide cycle are thought to be

regulated by several classes of bioactive molecules including

cyclic nucleotides, growth factors and cytokines (Carpenter

and Cantley, 1-990; Downes and MacPhee, l-990; Pike, L992). Some

of the proposed regulators such as PKC and GTP-binding c

regulatory proteins, are agents associated with the

phosphoinositide signal transduction pathway. Conway et a7

(L993) showed that PI 4-kinase in rat pancreatic acini was

stimulated by PKC, an enzyme activated by DAG, which is
produced on the hydrolysis of PI(4,5)P¿ by PLC. Therefore,
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they proposed a positive feedback regulation of PI 4-kinase by

PKc activated by the phosphoinositide breakdor¡¡n.

Phosphoinositides are rich in AA, esterified at the sn-2

position of the glycerol backbone. Modulation of the

phosphoinositide cycle by AÀ may then also represent a

feedback regulatory mechanism, as suggested by Chaudhry et a7.

(l-988) after observing an AÀ índuced inhibition of PI(4,S)Pz

synthesis in pancreatic cells. Such a mechanism would require

the cleavage of A.A, either directly from phosphoinositides, or

from a phosphoinositide hydrolysis product, such as DAG.

Direct, PlA2-catalysed rel-ease of AA from inositol
phospholipids has been demonstrated in pancreatic acinar cells

treated v¡ith Ae-tetrahydrocannabinol (Chaudhry et a1., l-988)

and in carbachol-stínulated fipid extracts of rat brain cortex

synapÈoneurosomes (Strosznajder and Samochocki, 1-992). A more

indirect route of AA release was proposed by Dixon and Hokin

(1984) who presented evidence that exposure of pancreatic

lobules to caerulein stimulated the PLC hydrolysis of

phosphoinositide to produce DAG as the source of liberated AA.

Non-inositol phospholipids, particularly PC, may also be

significant sources of regulatory AA. Agaín, AA may be

released from PC by the action of PLA', as described for the

muscarinic-agonist-induced insulin secretion pathway in
pancreatic islets (Konrad et al., L992) , or from PC

derivatives after initial hydrolysis of the phospholipid by

PC-specific PLC (Rubin et a7., 1992) or PLD (Exton, 1-990). PLD
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may not be directly coupled to agonist receptors, but may be

stimulated by the enzyme PKC, which, itself, is activated by

DAG generated in PLC phospholipid hydrolysis (Exton, l-990). In

earl-ier work we found that carbachol stimulated PLC cleavagTe

of Pf(4,5)P, in rat submandibular gland cells (Flening et a7.,

L987; Chung and F1eming, L992). We have recently found that

the same muscarinic agonist also elevates free AA in the model

(unpublished observation). The specific phospholipid source of

AA and its receptor-coupled enzymatic cleavage pathways remain

to be identified.
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Abstract

The characteristics of muscarinic cholinergic-induced

phospholipase D (PLD) activation and the involvement of the

enzyme in the release of arachidonic acid (AA) were examined

in rat submandibular acinar cells. Carbachol produced a dose-

response activation of PLD to around five fold control val-ues

at 1-00 pM agoníst concentration. This r¡ras associated with the

appearance of free cholíne, phosphatidic acid (PA) and

arachidonic acid, indicatÍng that the PLD substrate T¡ras

phosphatidylcholine (PC) . The carbachol response r¡¡as inhibited
by 60Z by tJ73I22, a blocker of phosphatidylinositol 4,5-
bisphosphate IPI(4,5)Pz]-specific phospholipase C (pLC),

suggesting that PC-PLD cleavage üras, at least in part,
secondary to agonist-coupled PI(4,5)P2-PLC hydroJ-ysis.

Consistent with this, PLD was also actÍvated to levets

comparable to those induced by carbachoÌ, by the phorbol

ester, TPA, and the Ca2*-mobilizer, thapsigargin, two agents

that respectively mimic the diacylglycerol (DAG) activatíon of
protein kinase C (PKC) and the I(1,,4,5)ps elevation of
cytosolic ca2* in the phosphoinositide effect. The ce1l

permeant Ca2* chelator, BAPTA/AM abolished the thapsigargin-
induced activation of PLD and inhibited the carbachol- and

TPA-PLD responses by 602. The PKC inhibitor, Ro-3a-922O, al_so

inhibited the carbachol- and TPA-PLD responses to a leve1 of

approxímately double control values, but had no effect on the
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thapsigargin induced elevation of PLD. A role for both the

PKC-associated and Caz*-mobilizing arms of the PI(4,5)P,-PLC

pathway in PLD regulation is suggested. Pretreatment of cells

with the PA-phosphohydrolase blocker, propranolol,

significantly enhanced the carbachol--induced elevation of PA,

but decreased agonist-stimulated DAG and AA, indicating that

PC u¡as the likely source of AA. $Ie therefore propose that, in

submandibular mucous acinar cel-Is, muscarinic activation of

PI(4,5)P'-PLC pathway regulates PC-PLD through both the PKC-

and caz*-rnobitizing arms of the phosphoinositide response, and

that diacytglycerol, derived from PC via phosphatidic acid, is
a source of free arachidonic acid.
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Introduction

Arachidonic acid (AA; 20:4a6) is an essentíal fatty acid

esterified at the sn-2 position of mernbrane phospholipids. It
is the precursor of a range of bioactive molecules,

collectively termed eicosanoids, including prostaglandins,

leukotrienes and thromboxanes. It is increasingly evident that
AA is an important signalling molecule in its own right, with

regulatory functions that are independent of its conversion to
eicosanoid metabolites (Graber et a7., 1994). In earlier work

on rat submandibular acinar ceIls, we found that AÀ inhibited
phosphoinositide cycle activity by a mechanism that was not

blocked by inhibitors of eicosanoid synthesis and h¡as not

duplicated by a range of prostaglandins and leukotrienes

(Chung and F1eming, 1,992). Subsequent enzyme kinetics studíes

on phosphoinositide cycle enzymes revealed that AA

significantly reduced Vru" but had no effect on the apparent K,

of phosphatidylinositol (PI) 4-kinase and phosphatidylinositol

4-phosphate tPI(4)Pl S-kinase, for both phosphoinositide- and

ATP substrates (Chung and Fleming, l-995). It was thus proposed

that arachÍdonate acts as a noncompetitive inhibitor of these

kinases in submandibular cells (Chung and Fleming, l-995).

Later studies on the same model showed that AA also regulated

protein synthesis, ATP levels, endoplasmic reticulum-Ca2*

efflux and mucin secretion (F1eming and Me11ow, L995), and

established a central- rol-e for the fatty acid as a muttipotent
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regulator of cell function.

The observation that the muscarinic agonist, carbachol,

stímulated AA release in subrnandibular cells (unpublished)

caused us to examine the possible phospholipid source of the

acid and the characteristics of its enzymatic cleavage

pathways. Preliminary studies showed that carbachol did not

stimulate the release of AA directly from phosphoinositides or

phosphatidylcholine (PC) by the direct action of phospholipase

Az acting at the sn-2 position (assessed by measuring the

appropriate lysophospho- derivatives). We therefore turned our

attention to a second pathway in which the initial step is the

agonist-coupled hydrolysis of PC by the enzyme, phospholipase

D (PLD) (Bi1lah and Anthes, t99O; Cockcroft, L992; Exton,

1-994b). This cleavage releases phosphatidic acid (PA), which

is converted to diacylglycerol (DAG), a potential source of AA

by phosphatidate phosphohydrolase (PAP) (Ishirnoto et a7.,

I994). Agonist stimulation of PC-PLD has been demonstrated in

a number of celI types including vascular smooth muscl-e cells
(P1evin et a7., L992; 1994), HL60 cells (Geny and Cockcroft,

1992) | Swiss 3T3 cells (Cook et ã7., L991) , neutrophils

(Cockcroft, 1-992) and parotid ceIls (GuiJ-lernain and Rossignol,

1,994). In many cases, PC-PLD activation appears to be a

secondary effect to the preliminary hydrolysis of

phosphatidylinositol 4,S-bisphosphate IPI(4,5)Pz] by a

PI(4,5)Pr-specific phospholipase C (PLC) (Cockcroft, 1"992¡

Exton, L994b; Plevin et a7., 1-992; GuiJ-lemain and Rossignol,
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1,994). In support of this, PLD can be stimulated by phorbol

ester probes, which mirnic PI(4,5)Pr-derived DAG in their

capacity to activate protein kinase C (PKC), and so, PKC is a

probable mediator of the PI(4,5)P,-PLC pathway regulation of

PC-PLD (Plevin et a7., 1-992¡ L994; Conricode et a7., L994). We

have previously established that rnuscarinic stimulation

activated the PI(4,5)Pz effect in submandibular cells (Flerning

et a7., L987 ¡ 1-989; Chung and F1eming, 1-992) , and showed that

PKC had a central role in the phosphoinositide regulatíon of

the exocrine response (Flerning et ã7., L992) . We r¡/ere

therefore prompted to undertake the present study on agonist-

coupled PLD activation in the submandibul-ar model, to examine

the possible involvement of the PI (4,5) P2-PLC pathway in this,

and to investigate the role of PC as a source of arachidonic

acid.

Evidence is presented that carbachol stinul-ates PC-PLD in
submandibular ce1ls, that enzyme activation is secondary to

the PI (4,5)P2-PLC effect, and that both the PKC-activating and

calcium-nobilizing arms of the phosphoinositide response are

involved in PLD regulation. It is further indicated that DAc,

derived from PC is a source of free arachidonate.
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Materials and methods

MateriaLs

15,6,8,9,LL,a2,l-4,L5-3Hlarachidonic acid ([3H]AA, specific

activity 2og Cilmmol), [nethyl-3Hlcholine chloride

( tsHl choline, specif ic activity 75.9 cilrunol) and nyo-12'
sHl inositol ( ¡3ttl inositot, specif ic activiiuy tl.8 cilmmol) were

products of the Amersham Corp. (Arlington Heights, IL). Silica

gel-coated thin layer chromatography plates vtere from V{hatman

International Ltd. (Maidstone, Kent, UK). The

phosphatidylethanol (PEt) standard hlas supplied by Avanti

Po1ar-lipids Inc. (Alabaster, AL). BAPTA/AM ( []-,2-bis-(o-
Aminophenoxy)-ethane-NrNrN'rN'-tetraacetic acid tetra-

(acetoxymethyl) -esterl and thapsigargin vtere provided by

Calbiochem (La Jolla, cA) . rJ73L22 (1-{6-l(t7ß-3-methoxyestra-

L,3 ,5 ( l-o) -trien-l-7-yI) aminol hexyl)-1-H-pyrrole-2, S-dione) was

obtained from Biomol Research Laboratories, Inc. (Plynouth

Meeting, PA) . Ro-3L-8220 (3-{1-[3-(amidinothio)propyl]-3-

indolyl I-4- ( 1--methyl-3-indolyl) -l-H-pyrrole 2 , 5-dione) hras a

gift from Roche Products Ltd. (Welwyn Garden CíÈy, Herts, W).

AII other chemical-s used $tere purchased from Sigirna (St. Louis,

Mo) .

Preparation and radiolabelling of cells

Acinar cells, prepared as described ín Chapter II, v¡ere

suspended in 6 nI of albunin-free culture medium, at a
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cell-:volume ratio of 200 ng wet weight per ml, and cell lipids
radiolabelled by incubation with 1-0 pCi of [3H]ae for 90 min.

Preparations r¡rere then washed in three changes of fresh

culture medium and resuspended in 1- rn1 aliquots containing 60

mg wet weight of cells for experimental treatment. In choline

rel-ease studies, 6 ml of cell suspension r¡/ere incubated for 60

min with l-O pci of ¡3H¡ choline, washed and resuspend.ed as

before. fn experiments on PL(4,S)Pz hydrolysis, cells v¡ere

radiolabelled with 1OO t¿Ci of ¡31t1 inositol, washed and

resuspended as described previously (Chung and F1eming.,

Leez) .

Exposure of dispersed cells to test substances

Optimal concentrations of agonist, probes and blockers r^/ere

establíshed in preliminary studies. In one series of

experiments, the effects of a range of concentrations (L ¡¿l,t -
1 mM) of carbachol on PC-PLD was examined. Cells labelled with

[3H]aa rì/ere preincubated with LZ ethanol for five min, then

incubated f or 10 rnin with carbachol. Controls were al-so

preincubated with ethanol, but r¡rere not treated with
carbachol. Reactions v/ere terminated by the addition of 3 mI

of a mixture of chloroforrn, methanol and HCI (1-OO:2OO=!, by

vol). CelI lipids $/ere extracted in the organic phase as

described previously (Chung and Fleming, L995) and pLD

actívity v/as measured by the transphosphat,idylation reaction

as described below. In other experiments, carbachol (l-OO pM) -
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induced release of chol-ine from ¡3ttlcholine labelled lipids

r¡ras measured over l-O min. In this case free labe1led choline

in the aqueous phase of chl-oroform and methanol extract after

agonist treatment was measured as described below.

In additional studies the effect of the PI(4,5)P.-PLC

blocker, U73122 (!\lu et ã7., 1992; lrlang et a7., L994) | or its

inactive analogue, tJ73343, on PLD activation was assessed.

Cel-ls \^rere exposed to l-O ¡lM U73L22 in a f inal concentration of

1,2 dirnethyl sulphoxide (DMSO) for 1-5 min then treated with

carbachol- as above. Controls included DMSO but no U73L22. PLD

activity h/as measured as before. The capacity of U73L22 to

inhibit Pr (4 ,5)P¿ hydrolysis over a 1o min period was measured

by its ef fect on the production of [3g] -r (L,4,5) Pj, t3Hl -
r ( 1,4 ) P, and [3H] -r (4 ) P in carbachol-treated cel1s prelabell-ed

with ¡3H1inositol. Inositol phosphates hlere extracted by

trichloroacetic acid precipitation, separated by anion

exchange chromatography and quantitated by scintíllation

counting as described before (Fleming et a7., L987).

In other experiments the effects of the phorbol ester,

TPA ( 1- Á¿M) , and the cytosolic ca2*-elevator, thapsigargin

(Gericke et a7., 1-993) (2 þM), on PLD activity v/ere compared

with the carbachol-PlD stirnulating effect. In these studies,

cells \^rere also pretreated with Ro-3 L-822O ( 10 ttM) , an

inhibitor of PKC activity (Nixon et ã7., L992), or BAPTA/AM

(l-oo tt}/-), a cell permeant ca2* chelator (Natarajan and Garcia,

L993) for 15 min, before treatment with carbachol, TPA or
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thapsigargin. TPA, thapsigargin, Ro-3L-8220 and BAPTA/AM v¡ere

sotubilized in 1å (final) DMSO, and this solvent was included

in controls at the same concentration. PLD activity was again

measured.

In a f j-nal- seríes of experiments, cell-s hrere

radiolabelled with t3Hlaa, preincubated in the presence or

absence of the PAP blocker, propranolol (Janal et a7., 1-991-)

(1-00 pM) for l-5 min, then treated with carbachol for l-0 min

and extracted with chloroform/methanol. ¡3H1-tanelled

phosphatidic acid, diacylglycerol and free AÀ, in the organic

phase r¡/ere separated by thin layer chromatography (TLC) and

quantitated by scintil-l-ation counting as described beIow.

Assays

PLD v/as assayed by measurinq the formation of

¡3Hsphosphatidylethanol (PEt) in the PlD-specific

transphosphatidylation reaction (Dawson, L967; Kobayashi and

Kanfer | 1-987). In this reaction, PEt is produced at the

expense of PA in the presence of ethanol. The extracted

organic phase of cells incubated with LZ ethanol vras dried

under N' resolubilized in 100 ¡11 of a mixture of chloroform,

methanol and HrO (75225:2, by voI) , and spotted on to silica
ge1 TLC plates which had been activated at l-l-0o C for t hour.

The chromatograms v/ere developed at room temperature in the

organic phase of ethyl acetate, 2,2,4-trimethyl pentane,

acetic acid and HzO (L3:2: 3 : 1-0, by voI) (Pfeilschifter and
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Merriweather I L993). Lipids r^rere visualized by iodine vapour,

and PEt identified by reference to a purified standard (Rt :

0.34). ¡3H1cnoline was measured in the aqueous phase of cell

extracts. The upper, aqueous phase v/as evaporated,

resol-ubilized in 50 ¡tJ- of 5OZ ethanol and applied to TLC

plates. The plates r¡rere developed in a solvent system of

methanol, 0. 5å NaCI and NH.OH ( 1-0: 1-0: 1-, by vol) (Martinson et

ã7., l-989). Radiol-abe1led choline was detected at R, = O.l-1.

¡3H1ea r¡/as measured in the organic phase of cell- extracts

by TLc (Rr : o.25) in the same solvent system used for PEt

(above). t3HlDAG and [3U]aa in the extracted organic phase were

separated by TLC in a solvent system of diethyl ether,

petroleum ether and acetic acid (50:50:1-, by vol, ernpirically
derived) (DAG Rr: O.27; AA Rf : 0.48).

In all cases, TlC-separated radiolabelled species were

scraped from the TLC plates and quantitated by scintil-tation
counting as described in chapter III.

Statistical analysis

The data hrere analyzed statistically by two-way analysis of

variance. Means r¡/ere compared by Duncants multiple range test
or the Student t-test. Values of p<0.05 h¡ere considered

significant.
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Results

Àctivation of phospholipase D by carbachol

Carbachol stimulated the activation of PLD, assessed by

¡3H1ent generation in the transphosphatidylation reaction, in

a concentration-dependent manner (Fig. 18). The maximal

response of approximately five fold control values was reached

at an agoníst concentration of 100 ttNI. The carbachol effect

was abolished by preincubation of submandibular cells with 10

pM atropine for l-0 min before treatment (data not shown). Over

the same l-0 min time period, carbachol also enhanced the

release of free ¡3Hictrotine to L6OZ control values (p < 0.05),

providing additional proof that the substrate for PLD action

was PC (Fig. l-8, inset). The difference in magnitude of the

carbachol elevation of PEt levels (47O2 control) and its

stimulation of free chol-ine (L6OZ control), is a probable

reflection of the relative stabilities of these products. PEt

is non-physiological and is not further metabolized in the

cell, whereas choline is rapidly incorporated into synthetic

pathways, incl-uding the resynthesis of PC.

Involvement of the phosphatidylinositol 4r5-bisphosphate-

phospholipase c hydrolysis pathway in phosphoLipase D

activation

The carbachol- activation of PLD vras re-examined under

conditions in which the hydrolysis of PI (a,5) Pz by PLC was
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Fig. 18. Effect of carbachol concentration on PIJD activation
(tfulPEt accunulatÍon) in rat submandibular acinar celIs.

¡3Hlarachidonic acid-Iabelled acinar ce1Is $/ere preincubated
with l-å ethanol for five min, then treated with carbachol for
1-O min. Radiolabelled PEt v/as extracted with a mixture of
chl-oroform, methanol and HCI, separated by TLC and quantitated
by scintillation counting as described in Materials and
methods. Values are means + SEM , n : 4. The average basal-
value for unstimulated controls was 655 d.p.n. [tH]pEt.
Inset: The effect of carbachol- on choline release in
submandibular cells. CeIIs prelabelted with ¡3H1cno1ine were
incubated with or without 1OO ¡tt{ carbachol for i-O min.
Radiolabelled choline tüas extracted, separated by TLC and
quantitated by scintillation counting as described in
Materials and methods. Values are means t SEM, n : 5.
"p . O.O5 compared with control va1ue.
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inhibited. Preincubation of cells with an optimal

concentration of the aminosteroid PLC inhibitor, TJ73L22 (1,0

pM) , for l-5 mi-n reduced the subsequent carbachol- activation of

PLD to 4OZ of the normal- stimulated value (Fig. 19). The

inactive analogue | 1173343 | had no effect on the carbachol

response (data not shown) . The inhibitory effect of TJ731-22 on

the PLC pathway was confirmed by measuring phosphoinositide

hydrolysis in ¡3H¡ inositol labelled cells exposed to a range

of concentrations of the blocker. V731,22, ât an opt,inal

concentration of 10 þM, inhibited the production of [5H] -
r(1,4,5)P3' [3H]-r(1 'A)Pz and tsHl-r(4)p by so| (Fig. a9,

inset) . These findings indicate that inhíbition of PI (4 ,S)pz-
PLC significantly reduces, but does not completely abolish the

carbachol- activation of PLD.

Possible regulation of PLD by both the DAG-PKC and the

Ca2*-mobilizing arms of the PLC pathway was investigated by

using appropriate probes and blockers. The phorbol ester, TpA,

a PKC activator, stimulated PLD to around seven fold control
values, a leve1 greater than that produced by carbachol (Fig.

20). It is like1y that this response reflects a sustained

action of the stabl-e TPA, compared with the more transient
effects of carbachol--induced metabolites (DAG/Ca2+) in enzyme

activation. The phorbol-1-2, l-3-didecanoate (4-a-pDD) , which

does not activate PKC, had no effect on PLD activity (data not

shown). The TPA el-evation of PLD activity was reduced to L6Z

of the normal phorbol ester response by the PKC inhibitor, Ro-



1,23

o
¡-r
{J
l<
o
O

be

+J
rIl
P-..

H¡å
crJ

900

700

500

300

100

t20
p
k

3oo
be

fi¿o
€-o

:\
\\ori\

\=n=u
-7 -6 -5 -4 -3
tog luzstzz), u

Carb
u73t22

+
Carb

Fig. 19. Tbe effect of V73L22, a phospholipase C inhibitor on
carbacbol-stimulated phospholipase D in rat submandibular
acinar cells.

Cell-s prelabelled with t3Hlae were preíncubated with or
without l-0 ¡tYÍ3\22 for 15 min, then treated with l-OO ¡tl{carbachol plus 1,2 ethanol for 10 min. Radio1abelled pEt was
separated and quantítated as described for Fig. 18. Values are
means I SEM, n : 4. The average basal value for unstimulated
controls was 61'2 d. p. n. ¡3u 1 nÈt. .p
carbachol response.

rnset.' The effect of v731-22 concentration on the carbachor-
induced production of inositor_ phosphates in submandibular
acini. cerl-s prerabelled with ¡5H1inositoI v¡ere preincubated
with or without 10 pM IJ73L22_for t-5 min, then exp_osed to l-00
p,t''t. carbachol f or i_o min. [rH] -r (l_,4,5) p3 ( v) , trHl-r (1- | 4)pz
(o), and t3nl-r(4)p(o), !,rere extracted "an'd'quântitat,ed 'bf
anion exchange chromatography and scintillation counting as
described in Materials and methods. Va1ues, ex¡rressed as a
percentage of the carbachol response for each inositol
phosphate, are means, n : 4. The SEMs (never more than I3Z),
are omitted for clarity. Average carbachor-stimulated values
y=e_Ie jltïi-r(L,4,5)_p3, ir¡o ¿.p.*.; [3H]-r(1,A)pz, 67s1 d.p.m.;
['H]-I(4)P, 1-331-2 d.p.m.
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Fig. 20. The effect of Ro-3L-822O, a protein kinase C (PKC)
inni¡itor on phosphotipase D in rat submandibular acinar
cel]-s.

Cel1s prelabelled with i3Hlaa t/ere preincubated in the
presence or absence of 10 ¡tltl Ro-31--822O (RO31-) for l-5 mín,
then treated with 100 pM carbachol, or 1 p,YI TPA, or 2 pþ7

thapsigargin (Thap) plus 1-? ethanol for l-O min. RadiolabèIled
PEt waè separated and quantitated as described for Fig. l-8.
Values are means t SEM, n : 4. The average basal-va1ue for
unstimuIatedcontro1swas7o6d.p.n.[5H]PEt..p<
cornpared with the corresponding carbachol or TPA response.
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33--8220. Carbachol activation of PLD was also inhibited by Ro-

3L-8220 to about the same absolute level- of approximately two

fold control- val-ues (Fig. 20) . Thapsigargin (2 þM) , an agent

that el-evates cytosolic ca2* by inhibition of influx-directed
endoplasmíc retícu1um Ca2*-ATPase, activated PLD to four fol-d

control- leve1s. This response was not inhibited by Ro-31-8220

(Fig. 20) . Taken together, these fíndings suggest that both

PKC and cytosolic Ca2*-levels regulate PLD in submandibular

cell-s. Additional experiments with the cetl perrneant Ca2*

chelator, BAPTA/AM, supported this idea. As expected,

preincubation of cell-s with 1-00 pM BAPTA/AM completely

inhibited the thapsigargin-induced activation of PLD (Fig.

2L). The chelator also inhibited the carbachol-PlD effect by

762 and the TPA-PLD effect by 622 (Fig.2L). This latter
observation most likeIy indicates a calcium-requirement of PKC

for full- functional activity, though TPA activation of PLD was

not completely blocked by BAPTA/AM treatment.

Carbachol-induced release of phosphatidylcholine metabolites

Carbachol- effects on the production of radiolabelled PA, DAG

and A.A, in ¡5H1aa-incubated cell-s were measured. The agonist

stimul-ated PA leveIs to around four times control values and

also produced smalIer, but statistically significant increases

in DAG [1-50 t 9 Z (mean t SEM) , of controls)] and AA lL44 t 8

Z (mean + SEM), of controls) I (both p < 0.05) (rig. 22). The

lower level-s of DAG and AA are again probably due to the rapid
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Fig. 2L. The effect of BAPTA/AI.Í, a cell-permeant Caz* cbelator
on phospholipase D in rat submandíbular acinar ce}ls.

CeIls prelabelled with [3H]ae $¡ere preincubated in the
presence or absence of 1-00 ¡rM BAPTA/AM (B/AM) for 15 mín, then
treated with l-00 ¡.rM carbachol, or l- ¡tl{ TPA, or 2 pYI
thapsigargin (Thap) plus l-å ethanol for 10 min. Radiolabelted
PEt hlas separated and quantitated as described for Fig.- 1-8.
Values are means t SEM, n = 4. The average basal value for
unstimu1atedcontro1swaS683d.p.m.[5H]PEt.'p<
compared with the corresponding carbachol, TPA, or
thapsigargin response.
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DAG

Fí9. 22. The effect of carbachol on production of phosphatidic
acid (PÀ), diacylglycerol (DÀc) and arachidonic acid (AA) in
rat submandibular acinar ce1ls.

Cells prelabelled with [3U]aa were incubated with or without
100 ¡lM carbachol for 1-O min. Radiolabelled PA, DAG and AÄ were
extracted with a mixture of chloroform, methanol and HCl,
separated by TLC and quantitated by scíntillation counting as
described in Materials and methods. Other preparations vJere
treated with 100 ¡^rM propranolol, a PAP inhibitor, for l-5 min
before carbachol exposure, and PA, DAG and AÀ measured as
before. Va1ues are means t SEM, n : 9. Propranolol alone had
no effect on control- values (not shown) . *p

with the controt value; **p < 0.05 cornpared witn the carbãchol
response.
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metabolism of these products. Preincubation of cell-s with 1-00

pM propranolol, an inhibitor of PAP, the enzyme that converts

PA to DAG, increased the carbachol-induced PA to six fold
contro1vaIues,butsignificant1yreducedDAGandAA(p<

0.05) (fig. 22). ft was noted that the total carbachol-induced

PA-[3H] d.p.n. gained by propranolol treatment (average l-2l-2

d.p.n. ) were equal to the combined total of those lost from

DAG and AA (average L289 d.p.n. ) on propranolol treatment

(Fig. 22). These results are compatibte with the idea that the

source of AA released by carbachol in submandibular glands is
DAG, derived from PA which is produced by the hydrolysis of PC

by PLD.
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Discussion

Activation of PLD hydrolysis of PC by a range of agonists has

been described in a number of cell types (for reviews, see

Bitlah and Anthes, 1-990¡ Cockcroft, 1-992; Thompson et â7.,

t993; Exton, 1994b). In many cases, there is evidence that
activation of PLD is secondary to the hydrolysis of
phosphoinositides by PLC. the Pf(4,5)P'-PLC signal

transduction pathway is characterized by the production of two

signalling molecules I(1,,4,5)Ps, which mobilizes Ca2* from

endoplasrnic reticulum stores, and DAG which stimulates the

enzyme PKC to regulate many cell- processes. This DAG effect is
ninicked by phorbol esters, which are thus commonly used as

probes of the DAG/PKC arm of the Pf(4,5)P'-PLC pathway

(Cockcroft, t992; Exton, 1,994b). PLD can be activated by

Pf(4,5)Pr-coupled agonists such as bombesin in Swiss 3T3 cells
(Cook et a7., 1-991-) and vasopressin in vascular smooth muscle

cells (Plevin et a7., 1-992) . Phorbol ester activation of PLD

has also been demonstrated in the same models as well as in
renal mesangial cells (Pfeilschifter and Merriweather, L993) ,

fibrobl-asts (Conricode et ã7., L992; t994) and others.

Muscarinic activation of PC-PLD has been reported in
astrocytoma cells (Martinson et â7., 1-989), Chinese hamster

lung fibrobl-asts (McKenzie et ã7., L992) and rat parotid gland

(GuiÌIemaín and Rossignol, 1,994). Cleavage of PC by PLD rnay be

the first stage in the rel-ease of free arachidonic acid
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(Matilla et aI., L993; Ishirnoto et ã1., t994) , a molecule with

regulatory functions on several- cel-l- processes (Graber et a7.,

L994) | incl-uding those of protein synthesis and secretion in

submandibular acinar cells (F1erning and Mellow, 1995).

We have dernonstrated in earlier work on the submandÍbu1ar

model that muscarinic stimulation activates the PI (4 ,S)Pz

pathway (Flening et a7., 1-987 r' Chung and Fleming, 1-992) | and

elevates free AA (unpublished). In the present study, wê

therefore sought to establish a link between these

observations by j-nvestigating whether the muscarinic agonist,

carbachol, activated PC-PLD in an AA release rnechanism, and

whether this hras secondary to the agonist-coupled PI (4 ,S)Pz

effect. PLD activation was assessed by the enzyme-specific

transphosphatidylation reaction in which the stable product,

PEt, is produced in the presence of ethanol (Exton, L994b).

Carbachol stimul-ated PEt production in a concentration-

dependent response and also elevated free choline, providing

additional evidence that PC was the substrate for PLD action.

The mediation of the PI(4,S)P'-PLC pathway was indicated by

the observation that treatment of cells with the PLC pathway

inhibitor 1J731-22, reduced the carbachol--PEt effect by 602. Our

results are thus consistent with those of others who found

that PLD activation \,,üas secondary to PI(4,5)Pz hydrolysis in
several- cel-I types (Cook et â7., L99L; Plevin et df ., 1-994¡

Guittenain and Rossignol, Lgg4; Exton, 1-gg4b). The bifurcating

PI(4,S)Pz pathway activates PKC and elevates cytosolic Ca2* and
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there is evidence that either or both of these signals can

regulate PLD activity. For example, Natarajan and Garcia

(l-993) found that both PKC and Ca2* activated PLD in bovine

pulmonary artery endothelium. Guillemain and Rossignol (L994)

showed that, in parotid acinar cells, muscarinic agonÍst

stimulation of PLD vras cal-cium-dependent, while phorbol ester

activation of the enzyme was calcium-independent.

In the present study v/e attempted to demonstrate the

nature of the PI (4 ,S)Pz pathway regulation of PLD by

manipulating cytosolic Ca2* levels and PKC activity. PLD was

activated by carbachol, TPA and the calcium mobilizer,

thapsigargin. The TPA effect v/as reduced by 842 by the PKC

inhibitor, Ro-31--8220, which also partially lowered the

carbachol response but had no effect on thapsigargin-índuced

PLD activity. These findings suggest that PKC and Caz* may both

regulate PLD in submandibular cell-s. Our finding that agonist-

stimulated PLD coul-d be only partially blocked by the PKC

inhibitor is consi-stenL with the observations of Cook et a7.

(l-991-) on Swiss 3T3 cel-l-s. In additional experiments in the

present study, the PLD activating effects of carbachol, TPA

and thapsigargin hrere examined in the presence of the Ca2*

chelator, BAPTA/AM. Pretreatment of cells with BAPTA/AM

abolished the thapsigargin response but only partially

inhibited both the carbachol- and TPA-PLD effects. Considering

the results of these Ro-31,-8220 and BAPTA/AM inhibition
experiments together, it is suggested that carbachol activates
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PLD by mechanisms involving both the PKc and. Ca2*-mobilizing

arms of the PI (4,5) P'-PLC pathraray. It is further indicated

that, while ca2* and PKC may act independently, a significant

component of the PKC effect is calcium dependent. The

involvement of calcium in the agoníst- or PKC-regulation of

PLD in different models is inconsistent. Pfeilschifter and

Merriweather (l-993) showed that, in renal mesangial ceIls,
elevation of cytosolic caz* by ionophore A231,87 or thapsigargín

produced a sma11 j-ncrease j-n PLD activation. However,

chelation of free Ca2* with Quin 2 did not lower the ATP- or

UTP-induced activation of PLD. Plevin et a7. (1992) | found

that the PI (4, 5) Pr-coupled agonist, vasopressin, stimulated

PLD activation in A1-0 vascular smooth muscle cetls by a

mechanism that \^ras completely blocked by Ro-3l--8220 treatment,

suggesting the absence of an independent stimulatory effect of

the Ca2*- teg of the PLC pathway, but not ruling out a PKC-

calcium dependency. The partial involvement of extracellular
calciurn in the vasopressin actj-vation of PLD, however, \^ras

reported in the same study. In parotíd celts, depletion of

extracellular calcium did not affect PLD activation by phorbol

esters, but inhibited PLD stimulation by receptor-linked

agonists (Guillemain and Rossígno1, L994).

In the present study, the indication that a component of

the PKC effect is calcium-dependent could reflect the

involvement of calcium-dependent and calcium-independent pKC

isoforms in PLD activation. In this respect, the Caz*-dependent
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isoform, PKC-o, has been inplicated in PLD stimulation in

Swiss 3T3 cells (E1dar et a7., L994), hamster lung fíbroblasts
(Conricode et ã7., L994) and Madin-Darby canine kidney cells
(Balboa et ã7., L994). In rat glomerular mesangial ceIls,
however, Pfeilschrifter and Merriweather (1993) reported that

PKC-c mediated the ATP and UTP activation of PLD. In a recent

study in our oT¡/n laboratory we showed, by using PKC-isoform

specific antibodies, that TPA activated both the a and e

isoforms, but that carbachol activated only PKC-e (Fleming and

Mellow, submitted for publication). In the present study, the

TPA activation of PLD vras greater than the carbachol

stirnulation of the enzyme, but both were reduced to the same

absolute leveI of activity by Ro-3L-8220, which is believed to

be a preferential- inhibitor of the PKC-o isoform (witkinson et

a7., l-993). ft is therefore an attractive speculation that the

PKC arm of the carbachol response may be associated with the

PKC-e isoform, while TPA may activate PLD via both PKC-a and

e isoforms. Since PKC-c is classified as a calcium independent

form of the enzyme, this idea is supported by residual PLD-

stimulating activíty in carbachol-- and TPA treated cells after
BAPTA/AM exposure.

The fact that carbachol activatíon of PLD could not be

completely blocked by U73L22 suggests that there are other,

PlC-independent, agonist-coupled routes which lead to its
activation. There is evidence that activation of the enzyme is
mediated by GTP-binding regulatory G proteins, díscrete from
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Go of the PI (4 ,5)Pz pathway (Cockcroft, L992,' Geny and

Cockcroft, 1-992r' Exton, 1-994b). For example, Geny and

Cockcroft (7992) found that in HL6O cells, GTP'S induced

sustained activation of PLD which hras not reduced by PKC

inhibition. Recent results suggest that ADP-ribosylating

factor (ARF), a member of the Iow-molecular-weight GTP-binding

protein farnily may also activate PLD (Cockcroft et ã7., 1-994¡

Exton, l-994b). These mechanisms are currently under

investigation in the submandibul-ar model.

Since PC is the major phospholipid in ceIl membranes it
is a potential source of arachidonate, the precursor of the

eicosanoids and an important regulatory molecule in its own

right. The sirnplest route of AA release is its direct cleavaqe

from the sn-2 position by phospholipase A, (PLA2) (Cockcroft,

L992). However, in unpublished studies we have not observed

agonist,-induced PI- or PC-PLA' activity in submandibular

cells. Another possible pathway is the cleavage of PC by PLD

to produce phosphatidic acid, which is metabolized by PA-

phosphohydrolase (PAP) to DAG, which is in turn hydrolysed by

DAG lipase to relea.se AA. This pathway has been described in
mast cells (Ishirnoto et ã1., L994) and endothelial cel1s

(Mattila et a7., L993) among others, and was investigated in
the present study. Carbachol- stimulated the release of PA to
around four times control- leve1s, and this vras accompanied by

smaller, but significant increases in DAG and AA. lr7hen cells
$/ere pretreated with propranolol, an inhibitor of PAP, the PA
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levels \^rere significantly increased and the DAG and AÀ levels
decreased. Moreover, the gain in P.A-[3H]-ÀÄ counts exactly

matched the total loss in DAc-t3Hl-aa plus t3Hl-aa counts.

These observations indicate that carbachol enhancement of AA

Ievels reflects the release of the fatty acid from DAG,

derived from PC.

fn summary, the present study provides evidence that in
submandibular acinar cells, muscarinic stimulatíon causes the

activation of PC-PLD via the PI (4,5) P'-PLC pathway, and that
both the protein kinase C- and Ca2*-mobilizing arms of the

pathway are involved in PLD regulation. Furthermore, the

phosphatidic acid produced by PC cleavage is converted to

diacylglycerol, which is a source of free arachidonate in the

cel-Is. This pathway of AA rel-ease is summarized in Fig. 23.

Since both carbachol (Fleming et ã7., L987) and AA (Flerning

and Me1low, l-995) stirnulate mucin release ín the model, it is
possible that the muscarinic-induced PLD pathway has a

coupling function in the exocrine response. Agonist activaLion

of PLD may also ptay a role in cholinergic stimulation of
fluid secretion in salivary glands, but this is not yet been

investigated. Earl-ier work in our laboratory showed that AA

occupies a central position as a signalling molecule in the

submandibular gIand, with a role in the regulation of protein

synthesÍs/secretion, phosphoinositide cycle activity, calcium

fluxes and ATP levels (Chung and Fleming, 1-992i L995; Fleming

and Me11ow, 1995). Control of PLD activity is now here

identified as an important factor in regulating the

availabifity of arachidonic acid.
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Fig. 23. Proposed pathway for muscarinic agonist-induced
rerease of Arachidonic acid from phosphatidylcholine in rat
subnandibular acinar cells.
see text for details. Abbreviatj-ons: A, muscarinic agonist; M,
muscarinic receptor; Pr (4 t5)P2 | phosphatidylinositor 4,5-
bisphosphate; f (1, 4,5)P3, inositol_ I,4,S-trisphosphate; DAG,
diacylglyceroli ER, endoprasmic reticulum; pKcr protein kinase
C; P9, phosphatidylcholine; pA, phosphatidic acid; AA,
arachidonic acid.
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CHAPTER V

CONCIJUDING REMARKS A}¡D FUTURE DIRECTIONS
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The studies described in this thesis hrere undertaken to
examine the rore of arachidonic acid in the reguration of
agonist-coupred signal transduction in rat submand.ibular

glands. our earry approaches focused on the phosphoinositide

cycle and the question specifically addressed was whether AA

regulated cycJ-e activity, and if so, whether this represented

a feedback control mechanism by the endogenous fatty acid

derived from phosphoinositides. our experiments confirmed that
AA did ínhibit the muscarinic agonist-stímurated.

phosphoinositide cycle and, furthermore, showed for the first
time that the mechanisrn of AA action was that of
noncompetitive inhibition of both pr 4-kinase and pr(4)p 5-

kinase in the synthetic phase of the cycle. Further studies
indicated, however, that membrane phosphoinositides were not
the probable phospholipid source of AA, at least via
phospholipase A, action, released by carbachol- treatment. our

attention therefore turned to a second possibre donor

phospholipid, phosphatidylcholine. strong evidence was

generated that a preriminary step in AA release vras the

carbachol-induced activation of pc-specific phosphoripase D.

rt was further shown that the phosphatidic acid generated by

this hydrorysis r^ras rapidly converted into diacylglycerol,
from which AA was cleaved by the enzyme DAG lípase. Additional
experiments revealed that the pc-plD reaction was second.ary to
the agonist-coupled hydrolysis of pr (4,s) p, and that both the

r(1,4,S)Pr/caz* and the DAc/PKc arms of the phosphoinositide
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effect were involved in PLD activation.
We thus propose that muscarinic stirnulation releases AÀ

that acts as a feedback inhibitor of phosphoinositide cycle
activity. Hor¡rever, this feedback is indirect, since AÀ, is not

derived from the phosphoinositides themselves, but from pc,

the hydrorysis of which is downstream to the ínitial
PI(4,5)P2-phospholipase C effect. A central regutatory role
for AA in a major sígnal transduction pathway in submandibular

gland cells is thus established, and a major phospholipid

source (PC) of free arachidonate ídentified. Our observation

that the carbachol activation of pc-pI,D could not be

completely blocked by inhibition of the phosphoinositide

effect, leads to the idea that muscarinic receptors may also
be coupled to PLD by alternative and more direct pathways that
are independent of the pI (4,5)p, effect.

rnvestigatÍon of such additional coupring pathï¡¡ays wirl
form the future work of this raboratory. one possible
mechanism is the direct linkage of the receptor to a putative
c reguratory protein (terrned G"i cockcroft, rgg2) which is
discrete from Go of the Pr(4,S)pz system, and Ís coupled to
PLD. Experiments with NaF- and guanine nucleotide activators
of G proteins, under conditions of Go inactívation are novr

under way. A second possible pathway is one invorvíng the ADp-

ribosylating factor (ARF). ARF belongs to a subfamily of the
ras superfarnily of smal-l-, monomeric, GTp-binding proteins that
are distinct from the heterotrimeric G reguratory proteins. A
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role for ARF in vesicle transport and membrane fusion has been

proposed, but onry recently has evidence been generated to
suggest that the protein may activate PLD (Brown et ar., 1993¡

Cockcroft et a7., 1,994 r. Massenburg et aI., j,994; Boman and

Kahn, L995). A possibre receptor-coupred ARF pathway reading

to PC creavage will thus be investigated in this laboratory by

using a range of techniques centered around a cell free ARF-

PLD activation assay.

Our experiments on the pI(4,5)p2-pC-pLD activation
sequence showed that the DAc arm of the phosphoinositide

ef fect stimul-ated PLD. PLD cleavage of pc to pA to DAG

therefore maintains DAG levels so that the possibility exists
that this pathway forms a posítive, reinforcement loop,
providing fresh DAG to sustain the pLD effect. rt is not known

whether PC-derived DAG can stirnutate pLD in the same rnray as

Pr(4,5)Pz-DAG, what the important fatty acid differences
between the species night be and whether they form different
metabolic pooIs. These pararneters will also be examined in the
submandiburar model-. such investigations should crarify the
centrar position of PLD and its mechanisms of activation in
the release of regulatory arachidonic acid.

other studies in this laboratory, outside the scope of
this thesis, have identífied severar- additionar important

functions of AA in the control of many key physiologicar
processes in submandibul-ar glands. A.A, inhibits nucleic acid-
and protein synthesis and ATp levers, but stimurates ca2*
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effrux from the endoplasmic reticurum and provokes mucin

secretion (Flerning and MeIlow, 1995). These findíngs, taken

together with those discussed above in the body of the thesis,
clearry establish a central- position for arachidonate as a

multipotent regulator of submandibular gland physiology. They

also provide the groundwork for more in-depth investigations
on the nature of ÀA regulatory effects on the varíous systems

examined, and the potential arachidonate-related interactions
between synthetic and secretory pathways in salivary glands.
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