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ABSTRACT

Phospholipids are the principal structural components of the biological
membrane. Changes in the content and composition of the membrane phospholipids
have profound effects on activities of membrane bound proteins. In addition, the
conduction of electrical signals across the membrane in the heart appears to be

dependent on the appropriate composition of the cardiac membrane phospholipids.

Part 1. Effect of vasopressin on choline uptake and phosphatidylcholine
biosynthesis in rat cardiac myocytes.

Phosphatidylcholine is a major component of membrane phospholipids in
the heart. In the heart, the CDP-choline pathway accounts for over 90% of
phosphatidylcholine biosynthesis. Although the biosynthetic pathway of
phosphatidylcholine is known, its control mechanisms remain unclear.

Recently, many hormones have been shown to regulate phosphatidyicholine
biosynthesis. Steroid hormones such as glucocorticoids and diethylstillbestro] have
been shown to enhance the synthesis of phosphatidylcholine in fetal and rooster
lungs. Others, such as noradrenaline and vasopressin have been reported to inhibit
phosphatidylcholine biosynthesis in lung and liver. The inhibitory effect induced
by vasopressin is believed to be a result of the reduction of CTP:phosphocholine
cytidylyltransferase activity. Although vasopressin has been shown to inhibit

phosphatidylcholine biosynthesis in lung and liver, its effect in the heart remains
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unestablished.

The purpose of this study was to investigate the effect of vasopressin on
phosphatidylcholine biosynthesis in rat cardiac myocytes. The initial approach was
to determine the effect of vasopressin on choline uptake. Vasopressin caused a
biphasic effect on choline uptake. Choline uptake was enhanced (25%) by a low
vasopressin concentration (0.2 puM), but was attenuated (19%) by a higher
vasopressin concentration (1.0 puM). The second approach was to examine the
effect of the hormone on phosphatidylcholine biosynthesis by measuring the
incorporation of labelled choline into the phosphatidylcholine. Results revealed that
vasopressin regulated phosphatidylcholine biosynthesis in a biphasic manner. The
mechanism of the observed biphasic response was explored by assaying the
phosphatidylcholine biosynthetic enzymes in the CDP-choline pathway. It was
found that the regulation of phosphatidylcholine biosynthesis induced by
vasopressin was at the step catalyzed by CTP:phosphocholine cytidylyltransferase.
At lower concentrations of vasopressin (0.05-0.2 pM), a general increase in
CTP:phosphocholine cytidylyltransferase activity was observed which resulted in
an enhanced conversion of phosphocholine to phosphatidylcholine via the
CDP:choline pathway. At higher vasopressin concentrations (0.3-1.0 pM), a
decrease in the activity of cytidylyltransferase was detected, which was caused by
the translocation of the enzyme from the microsomal to the cytosolic fraction. In

view of the fact that phospholipid biosynthesis in rat hepatocytes is inhibited by
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vasopressin at all concentrations, the biphasic modulation of phosphatidylcholine
biosynthesis in rat cardiac myocytes illustrates the diverse effects of this hormone

in different mammalian tissues.

Part 2: Modulation of phosphatidylinositol biosynthetic enzymes by methyl
lidocaine in 1solated hamster hearts.

A number of amphiphilic compounds have been shown to exhibit regulatory
effects on the biosynthesis of phospholipids in mammalian tissues. Methyl
lidocaine, an experimental antiarrhythmic drug synthesized by Astra
Pharmaceuticals, is a stable amphiphilic compound with local anaesthetic
properties. In an earlier study, the de novo biosynthesis of phosphatidylinositol
(PI) in hamster hearts was shown to be enhanced by methyl lidocaine. However,
the mechanism involved in the increased biosynthesis of PI by methyl lidocaine
was not clarified. In the present study, the mechanism for the modulation of PI
biosynthesis by methyl lidocaine in the hamster heart was investigated.

The effect of methyl lidocaine on enzymes involved in the biosynthesis of
Pl in the heart was examined. Perfusion of the hamster heart with labelled methyl
lidocaine showed that two-thirds of the radioactivity associated with the heart was
bound extracellularly and was exchangable with unlabelled methyl lidocaine. The
remainder of the radioactivity was taken up by the cardiac cell and recovered in

subcellular fractions as methyl lidocaine. The direct action of methyl lidocaine was



studied by its presence in enzyme assays, whereas the indirect action of the drug
was studied on enzyme activities in the heart after methyl lidocaine perfusion.
CTP:phosphatidic acid cytidylyltransferase, a rate-limiting enzyme in PI
biosynthesis, was stimulated by methyl lidocaine in a direct manner. Kinetic studies
revealed that methyl lidocaine caused a change in the affinity between the enzyme
and phosphatidic acid and resulted in the enhancement of the reaction.
Alternatively, acyl-CoA lysophosphatidic acid acyltransferase, another key enzyme
for PI biosynthesis, was not activated by the presence of methyl lidocaine.
However, the enzyme activity was stimulated in hearts perfused with methyl
lidocaine. The enhancement of the acyltransferase by methy! lidocaine perfusion
was found to be mediated via the adenylate cyclase cascade with the elevation of
the cAMP level. The stimulation of protein kinase A activity by cAMP resulted in
the phosphorylation and activation of the acyltransferase. Interestingly, the activity
of protein kinase C was not stimulated by methyl lidocaine perfusion. We conclude
that the enhancement of PI biosynthesis by methyl lidocaine was resulted from the
direct activation of the cytidylyltransferase, as well as the phosphorylation and

subsequent activation of the acyltransferase.
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Introduction

I. The Biological Membrane

1. Membrane Structure and Function

In the eucaryotic cell, the shape of the cell is defined by the plasma
membrane and the organelles are defined by the intracellular membrane system.
The integrity of the biological membrane is crucial to cellular functions. Beyond
its structural role as a protective barrier, the biological membrane also plays an
important role in mediating many intracellular events. In this section, the structure
and function of the biological membrane will be discussed.

The plasma membrane defines the geographical limits of the cell (Alberts
et al. 1994). It separates the cell from its environment. The plasma membrane also
acts as a highly selective barrier which contains pumps and gates so that the
cellular electrochemical gradients can be maintained (Walter and Gutknecht 1986;
Sweadner and Goldin 1980). Furthermore, the plasma membrane contains
numerous transport systems made up of proteins which allow the entrance of
nutrients and permit the removal of waste and metabolites (Stein 1986). In
addition, the membrane participates in endocytosis, exocytosis, and pinocytosis
(Alberts et al. 1994). The membrane also functions with respect to the transmission
of cell signals. Hydrolysis of membrane lipids produces second messengers which

elicit a wide variety of cellular responses (Liscovitch and Cantley 1994).



Eucaryotic cells contain a set of internal membranes that form boundaries
for organelles including the Golgi apparatus, endoplasmic recticulum, mitochondria
and perixosomes. Each subcellular organelle has its own local environment which
is designed to carry out certain specific function(s). For example, mitochondria is
an ATP generator, whereas endoplasmic recticulum serves as a reservoir for
intracellular Ca*".

Despite the diverse functional and structural differences between membranes,
they share some common features (Cullis and Hope 1991). First, all biological
membranes in eucaryotic cells have a sheet-like structure which is only a few
molecules thick. This structure forms closed boundaries between compartments of
different composition. Second, lipids and proteins are the major component of all
biological membranes. The weight ratio of protein to lipid, however, varies
according to the cell type; generally, the ratio is between 1:4 to 4:1. The biological
membrane usually contains a small amount of carbohydrate which is associated
with the lipid or the protein moiety. Third, most membrane lipids are amphipathic
in nature. These lipids form a closed bimolecular layer in aqueous media which is
impermeable to any polar molecules. This bimolecular layer is also known as the
membrane bilayer. Fourth, membrane lipids and proteins are distributed
asymmetrically across the membrane surfaces. Finally, the bimolecular layers of
membranes have a fluid-like property which allows lipid and protein molecules to

diffuse freely in the plane of the membrane (Cullis and Hope 1991; Singer and



Nicolson 1972),

2. Membrane Lipids

By definition, lipids are insoluble in water but are highly soluble in organic
solvents such as chloroform. Apart from its biological role as a major component
of the membrane, lipids are also important as biological fuels and precursors for
signal molecules such as steroid hormones and eicosanoids. There are three groups
of membrane lipids: phospholipids, glycolipids, and cholesterols (Cullis and Hope
1991).

Phospholipids are the most abundant lipids in all biological membranes
(White 1973). In eucaryotic cells, phospholipids can be derived from glycerol or
sphingosine. Phospholipids derived from glycerol are known as phosphoglycerides,
whereas phospholipids derived from sphingosine are known as sphingomyelin.

Fig.l depicts the structure of a phosphoglyceride which consists of a
glycerol backbone. The hydroxyl groups of the glycerol backbone at sn-1 and sn-2
are esterified to carboxyl groups of two fatty acids, whereas the hydroxyl group at
sn-3 is esterified to a phosphate. The resulting compound is called phosphatidic
acid. The phosphorylated group of phosphatidic acid is esterified to the hydroxyl
group of one of the following alcohols: choline, serine, ethanolamine, glycerol, and
inositol  which forms phosphatidylcholine, phosphatidylserine,

phosphatidylethanolamine, phosphatidylglycerol, and phosphatidylinositol (Fig. 2).
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The base portion of phosphoglycerides is regarded as the polar head group,
whereas the two fatty acid chains are regarded as the nonpolar hydrophobic tails.
The fatty acid chain usually contains an even number of carbon atoms, ranging
from 14 to 24. A large proportion of fatty acids have 16 and 18 carbon chains.
These acyl chains are unbranched but can be saturated (no double bond) or
unsaturated (with one or more double bond(s)). In general, the acyl chain at the sn-
I position is usually saturated, whereas the chain at the sn-2 is usually unsaturated.
The degree of unsaturation of the acyl chain plays an important role in the
regulation of membrane fluidity (Cullis and Hope 1991).

As mentioned earlier, phospholipids can be derived from glycerol as well
as sphingosine. Shingomyelin is the only major phospholipid found in membranes
that 1s derived from sphingosine (Sweeley 1991). In sphingomyelin (Fig. 3), the
primary hydroxyl group of sphingosine is esterified to phosphocholine, whereas
the amino group of the sphingosine backbone is associated with a fatty acid chain
by an amide bond. Both sphingosine and phosphoglyceride contain polar head
groups and nonpolar hydrophobic tails.

Glycolipid is a sugar-containing lipid which is structurally similar to
sphingomyelin. The simpliest form of glycolipid is cerebroside (Fig. 3), which
contains one sugar residue, either galactose or glucose. Ganglioside is another form
of glycolipid which contains a branched chain of as many as seven sugar residues

(Sweeley and Siddiqui 1977; Hakomori 1983). Glycolipids play a major role in
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cell-cell adhesion and recognition (Sweeley 1991).

Cholesterol is the third type of lipid present in biological membranes. As
shown in Fig. 4, it contains a bulky steroid moiety with a hydroxyl group that may
interact with the polar head group of phospholipids, whereas the hydrocarbon tail
interacts with the nonpolar core of the membrane bilayer. Cholesterol is a key
modulator of membrane fluidity. It prevents crystallization of fatty acid chains by

fitting between them (Bloch 1991).

3. Membrane Proteins

Membrane lipids form compartments and permeability barriers, whereas
membrane proteins carry out most membrane processes. As mentioned in the
preceding section, the protein content in the plasma membrane varies according to
the cell type. For example, myelin, a special membrane which serves as an
insulator around the nerve fiber, has a protein content of 18%. The inner
membranes of mitochondria and chloroplast which serve as energy transducers
have a protein content of up to 75%. Membrane proteins are believed to be
associated with the lipid bilayer in five different ways (Alberts et al. 1994),

Fig. 5 depicts different interactions between membrane proteins and the lipid
bilayer. Most transmembrane proteins are believed to extend across the bilayer as
a single alpha (a) helix (A) or as multiple alpha () helices (B); some of these

single-pass and multipass proteins have a covalently attached fatty acid chain
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inserted in the cytoplasmic monolayer. Removal of these transmembrane proteins
from the bilayer usually requires the use of detergents or organic solvents. On the
other hand, some membrane proteins are attached to the bilayer via a covalent
interaction with a fatty acid chain located in the cytoplasmic side of the bilayer
(C), whereas some other membrane proteins contain an oligosaccharide which is
linked to a phospholipid molecule in the outer leaflet of the membrane bilayer (D).
Peripheral proteins either on the inner or outer leaflet of the bilayer (E,F) are
attached to the membrane by noncovalent interactions with transmembrane
proteins. Peripheral proteins can be easily solublized by increasing the ionic
strength of the environment by adding salts or changing the pH (Alberts ef al.

1994)

4. Membrane Carbohydrates

Membranes of eucaryotic cells usually have a small carbohydrate content
ranging from 2% to 10% (Alberts ef al. 1994). In glycolipids, sugar residues are
linked to the hydroxyl group of the sphingosine backbone. In glycoproteins, sugars
are linked to the oxygen atom in the side chain of threonine or serine (O-linkage)
or to the amide nitrogen atom in the side chain of asparagine (N-linked). The
distribution of these carbohydrate groups in membranes can be readily detected by
specific labelling techniques using lectins, a plant protein which has a high affinity

for specific sugar residues. It was found that sugar residues of membrane
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glycolipids and glycoproteins are always located on the extracellular side of
membranes (Alberts et al. 1994).

The carbohydrate groups in glycoproteins serve to orient glycoproteins in
membranes and to maintain the asymmetric character of biological membranes.
Since sugar residues are highly hydrophilic, both glycoproteins and glycolipids
prefer to be located near the aqueous surface rather than in the hydrophobic core.
Carbohydrates on cell surfaces are believed to have a fundamental role in
membrane phenomena such as cell-cell adhesion, cell-cell recognition, modulation

of receptor activity, antigenic specificity, and regulation of growth (Sweeley 1991).

5. Membrane Asymmetry

The components of the biological membrane are distributed asymmetrically
(Cullis and Hope 1991). The outer and inner leaflets of the membrane bilayer have
different lipid and protein compositions. Membrane proteins have a unique
orientation because they can be synthesized and inserted into the membrane in an
asymmetric manner. Asymmetric distribution of membrane proteins is essential to
maintain the regular cellular function. For example, the Na'/K' pump, which
functions to maintain the electrochemical gradient, is located asymmetrically such
that K* is continuously pumped into the cell, whereas Na* is pumped outside the
cell (Sweadner and Goldin 1980). Lipids are also distributed asymmetrically. For

example, phosphatidylcholine is preferentially located in the outer leaflet of the
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bilayer, whereas phosphatidylethanolamine and phosphatidylserine are located in

the inner leaflet (Chap ef al. 1977, Rothman and Lenard 1977).

6. Fluid Mosaic Model of Plasma Membrane

The present concept of membrane structure can be interpreted by the fluid
mosaic model proposed by Singer and Nicholson in 1972. Fig. 6 shows the
topography of membrane proteins, lipids, and carbohydrates in the fluid mosaic
model of a typical eucaryotic plasma membrane. Membrane exists as a
phospholipid bilayer of 60 - 100 Angstroms in thickness. Phospholipids constitute
about 50% of the mass of mammalian cell membranes. The ability of
phospholipids to form the bilayer organization is a result of their amphipathic
character, i.e. phospholipids contain a polar region (hydrophilic) and a non-polar
region (hydrophobic). It is thermodynamically favourable when the polar regions
orient towards the aqueous phase and the non-polar regions are sequestered from
water. Phospholipids which are arranged in a bimolecular layer play two important
roles as: 1) a permeablility barrier, and 2) a solvent for integral membrane proteins.
In addition, the fluid property of lipids allows membrane proteins to diffuse
laterally in the bilayer plane. A membrane protein can diffuse through a distance
of several microns in approximately one minute. The lateral mobility depends on
the size and charge of the protein. Transverse movement which refers to the flip-

flop movement of membrane lipids and proteins, however, is not observed,
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indicating that the asymmetry of membranes can be preserved (Singer and Nicolson

1972).

I The de novo biosynthesis of phosphatidylinositol and phosphatidylcholine

1. Introduction

The backbone of phosphoglycerides such as phosphatidylcholine and
phosphatidylinositol are derived from glycerol. There are at least 25 enzymes
involved in the biosynthesis of phosphoglycerides. Most of these enzymes are
membrane bound and contain transmembrane domains which interact with the
hydrophobic core of the membrane bilayer. In addition, some of these enzymes
simultaneously act with the lipid-soluble substrates as well as water soluble
compounds. Owing to the difficulty in solubilizing these membrane bound
enzymes, many of their kinetic parameters have not yet been identified. In
biological membranes, about 80% of phospholipids are present as zwitterionic
phospholipids: phosphatidylcholine, phosphatidylethanolamine, sphingomyelin,
choline-containing and ethanolamine-containing plasmalogens. The remaining 20%
of phospholipids are present as acidic phospholipids at pH 7: phosphatidylserine,
phosphatidylglycerol, cardiolipin, and PI. The composition of phospholipid species
in the membrane varies between tissues and animal species. However, it is believed

that the compositional differences are greater between tissues than between animal
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species (White 1973). Fig. 7 shows the pathways for the de novo biosynthesis of
phosphatidylcholine and PI. In most tissues, choline-containing lipids such as
phosphatidylcholine, sphingomyelin, and choline plasmalogen represent 40-60% of
the total membrane phospholipid content. Among these choline-containing lipids,
phosphatidylcholine is the most abundant. Although the final step for the
biosynthesis of phosphatidylcholine takes place in the endoplasmic recticulum,
phosphatidylcholine is found in the plasma membrane and other subcellular
locations. The cellular distribution of phosphatidylcholine is believed to be
achieved by co-transport of lipids with excreted proteins from the endoplasmic

recticulum to other subcellular membranes (Esko and Raetz 1983).

2. sn-Glycerol-3-phosphate

sn-Glycerol-3-phosphate is the precursor for the de novo biosynthesis of all
phosphoglycerides. The plasma membrane is freely permeable to glycerol but not
sn-glycerol-3-phosphate. When glycerol is taken up by the cell, it is readily
converted into sn-glycerol-3-phosphate through the action of glycerol kinase. The
kinase is a cytosolic enzyme which contains two subunits, and its activity varies
greatly between tissues and species. In the rat heart, there is very little glycerol
kinase activity (Robinson and Newsholme 1967). In the rat liver, glycerol kinase
accounts for the synthesis of up to 20% of the total sn-glycerol-3-phosphate pool

(Esko and Raetz 1983). In the chinese hamster ovary cell, no phosphorylation of
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glycerol takes place due to the absence of the kinase (Esko and Raetz 1983).
Alternatively, the formation of sn-glycerol-3-phosphate can be achieved via the

reduction of dihydroxyacetone phosphate (Brindley 1991).

3. I-Acyl-sn-glycerol-3-phosphate (Lysophosphatidic acid)
sn-Glycerol-3-phosphate undergoes an acylation reaction to form 1-acyl-sa-
glycerol-3-phosphate. This reaction is catalyzed by sn-glycerol-3-phosphate
acyltransferase. The enzyme is believed to be a rate-limiting enzyme in the
biosynthesis of phosphatidic acid since the enzyme exhibits by far the lowest
specific activity in the pathway (Soling ef al. 1989). It is regulated by a fatty acid
binding protein and Ca*". Two isozymes have been identified; one of which is in
the microsomal and the other in the mitochondrial fractions. The two enzymes
respond differently to heat treatment and magnesium activation (Bell and Coleman
1980). The exact physiological function of the mitochondrial isozyme remains
unclear (Brindley 1991). In the liver, the microsomal isozyme has ten times higher
specific activity than the mitochondrial enzyme (Van Den Bosch 1974). In terms
of acyl specificity, the rat mitochondrial isozyme demonstrates a preference for the
transfer of saturated acyl-CoA over unsaturated acyl-CoA. Conversely, the
microsomal isozyme displays no selectivity for the acyl species. Furthermore, the
mitochondrial isozyme has lower Km values for the substrates than the microsomal

isozyme. Alternatively, acyl-sn-glycerol-3-phosphate can be formed by the
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acylation of dihydroxyacetone-phosphate and the subsequent reduction of acyl-
dihydroxylacetone-phosphate (Hajra and Agranoff 1968). The acylation reaction
catalyzed by dihydroxylacetone-phosphate acyltransferase appears to be a second
catalytic function of sn-glycerol-3-phosphate acyltransferase. Dihydroxyacetone-
phosphate acyltransferase and sn-gly cerol-3-phosphate acyltransferase have virtually
identical pH dependencies, acyl-CoA chain length dependencies, thermolabilities,
Km and Ki values, and susceptibilities to N-ethylmaleimide, trypsin, and
detergents. Interestingly, sm-glycerol-3-phosphate is a competitive inhibitor of
dihydroxylacetone-phosphate acyltransferase; whereas sn-glycerol-3-phosphate
acyltransferase is competitively inhibited by dihydroxylacetone-phosphate

(Schlossman and Bell 1976).

4. Phosphatidic acid

The next step in the biosynthesis of phospholipids is the subsequent
acylation of 1-acyl-sn-glycerol-3-phosphate to phosphatidic acid. Phosphatidic acid
is the key intermediate for the biosynthesis of all phospholipids. The acylation
reaction of 1-acyl-sn-glycerol-3-phosphate is accomplished through the action of
acyl CoA:lysophosphatidic acid acyltransferase. This enzyme is distinct from 2-
acyl-sn-glycerol-3-phosphate acyltransferase and 1-acyl-glycerophosphocholine
acyltransferase based on their differences in substrate specificity (Yamashita ef al.

1973; Miki et al. 1977). Acyl CoA:lysophosphatidic acid acyltransferase is present
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in rat liver microsomes and has an optimal pH at 7. In the rat liver, the
acyltransferase demonstrates high substrate selectivity for monoenoic acyl-CoA and
dienoic acyl-CoA. In addition, the enzyme activity is dramatically induced five to
eight times during perinatal development (Coleman and Haynes 1983). In vitro
studies reveal that the acyltransferase obtained in the microsome from guinea pig
cerebellum is activated by protein kinase A and calmodulin-dependent protein

kinase (S¢ling et al. 1989).

5. CDP-diacylglycerol

The formation of CDP-diacylglycerol is accomplished through a reaction
between phosphatidic acid and cytidine triphosphate. This reaction is catalyzed by
CTP:phosphatidic acid cytidylyltransferase. Since CDP-diacylglycerol represents
a very small amount of the total lipid pool, the cytidylyltransferase is believed to
be a rate-limiting enzyme for the biosynthesis of acidic phospholipids. The enzyme
has an absolute requirement for Mg”™". In the eucaryotic cell, CTP:phosphatidic acid
cytidylyltransferase is found in both the microsomal and the mitochondrial fractions
(Esko and Raetz 1983). In vitro studies show that direct addition of GTP results
in a four-fold increase in the microsomal cytidylyltransferase activity. Fluoride
blocks the GTP-stimulation, whereas ATP directly inhibits the enzyme activity. The
physiological importance of the activation and inhibition of the enzyme by GTP

and ATP, however, remain to be established (Liteplo and Shribney 1980).
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Furthermore, the enzyme has limited specificity for the acyl composition of
phosphatidic acid which may explain why the acyl composition of CDP-
diacylglycerol is very similar to that of phosphatidic acid (Carter and Kennedy

1966).

6. Phosphatidylinositol

PI is formed through the condensation of CDP-diacylglycerol and myo-
inositol. The latter substrate is derived from glucose. The condensation process 1s
catalyzed by PI synthase. Similar to CDP:phosphatidic acid cytidylyltransferase, the
PI synthase displays little acyl specificity, which may explain why the acyl
composition of newly synthesized PI contains mainly monoenoic and dienoic
species of fatty acids. These newly synthesized PI undergoes a deacylation-
reacylation process which functions to remodel the acyl composition of PI (Esko
and Raetz 1983). After remodelling, PI contains abundant polyenoic fatty acid
species at the sn-2 position.

Successive phosphorylation of PI produces PI-4,5-bisphosphate which is an
important molecule involved in the transduction of biological signals across the
membrane. The hydrolysis of P1-4,5-bisphosphate generates two second messengers
upon agonist stimulation: namely diacylglycerol and inositol-1,4,5-triphosphate
(Berridge and Irvine 1989). Inositol 1,4,5-triphosphate causes an increase in the

intracellular Ca® level. Ca®™ together with diacylglycerol cause the activation of
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protein kinase C which in turn cause the phosphorylation of different intracellular

proteins, leading to a wide variety of cellular responses.

7. Phosphatidylcholine

Phosphatidylcholine was first identified in the egg yolk in 1847 by Gobley.
Hence, phosphatidylcholine was originally named lecithin after the Greek lekithos
for egg yolk. Diakonow and Strecker in 1868 reported that lecithin contained two
fatty acids linked to the first two hydroxy! groups of the glycerol backone, whereas
a choline was attached to the third hydroxyl group (Vance 1991).

The physiological importance of phosphatidylcholine was first implicated by
Eagle in 1955 who found that cells growing in a medium depleted of choline
would result in subsequent cell death. It is now known that phosphatidylcholine is
an important component in lung surfactant which prevents collapse of the alveoli
while air is propelled during respiration (Klaus er al 1961). In addition,
phosphatidylcholine is a major component of lipoproteins which regulate the
movement of lipids into and out of specific target tissues (Davis 1991).

Three separate routes for the de novo biosynthesis of phosphatidylcholine
have been established: a) CDP-choline pathway, b) Methylation pathway, and c)
the Base-exchange pathway. The CDP-choline pathway is the major route for
phosphatidylcholine biosynthesis in the heart, whereas the other two pathways are

minor (Fig. 8). (Zelinski 1980; Ansell and Spanner 1982).
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a) CDP-choline pathway

The pathway was first elucidated by Kennedy who found that CTP is
required for the biosynthesis of phosphatidylcholine (Kennedy 1962). As depicted
in Fig. 8, choline is first taken up by the cell through a specific transport system.
Once choline enters the cell, it is readily phophorylated by choline kinase to form
phosphocholine. Phosphocholine then reacts with CTP to generate CDP-choline.
This reaction is catalyzed by CTP:phosphocholine cytidylyltransferase which is the
rate-limiting enzyme in this pathway. The final product, phosphatidylcholine, is
formed by the condensation of CDP-choline and diacylglycerol through the action
of CDP-choline:1,2-diacylglycerol cholinephosphotransferase. The uptake of
choline has been shown to occur via two transport systems. The first system is a
sodium-dependent system with a high affinity for choline (Km < 5 pM). The second
system is sodium-independent with a low affinity for choline (Km > 30uM) (Sung
and Johnstone 1965). The high affinity system, which is associated with
acetylcholine biosynthesis, is only observed in the cholinergic cell, whereas the
sodium-independent system is observed in most mammalian tissues. Cardiac cells
appear to contain only the sodium-independent choline uptake system (Hatch and
Choy 1986). In the liver, choline taken up by the cell has two fates. Choline is
either phosphorylated to form phosphocholine or oxidized to form betaine which
serves as a methyl group donar for methionine biosynthesis (Pelech and Vance

1984). In the heart, choline is utilized for the biosynthesis of phosphatidylcholine
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(Zelinski et al. 1980).

Unlike many other lipid biosynthetic enzymes, choline kinase is present in
the cytosol (Ishidate and Nakazawa 1992). The kinase has an absolute requirement
for Mg® and ATP. The Km value of this enzyme for choline varies between
tissues. In the brain, the Km for choline is 2.6 mM, whereas in the lung, the Km
is 44 pM. This enzyme reaches its optimal activity at pH between 9 and 10, and
the activity is greatly inhibited by Ca®".

CTP:phosphocholine cytidylyltransferase is present in both the cytosolic and
microsomal fractions (Schneider 1963). The intracellular level of its catalytic
product, CDP-choline, is very low suggesting that phosphocholine is rapidly
transferred to phosphatidylcholine and that the cytidylyltransferase is a rate-limiting
enzyme in the CDP-choline pathway (Zelinski er al. 1980). The enzyme was
purified to homogeneity in rat liver by Feldman and Weinhold in 1987. It is a
heterodimer with two non-identical subunits having a molecular weight of 45 and
38 KDa respectively. The 45 KDa subunit contains catalytic activity, whereas the
actual function of the 38KDa subunit has not been identified. In the liver, the
enzyme has an absolute requirement for Mg** with Km values of 0.17 mM and 0.3
mM for phosphocholine and CTP, respectively. The pH optimum of the enzyme
is between 6 and 7. It is postulated that the activity of cytidylyltransferase in
mammalian cells is enhanced by translocation of inactive enzyme from the

cytosolic pool to the endoplasmic recticulum where it is activated by certain
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phospholipids (Fig. 9) (Vance and Pelech 1984). The translocation mechanism is
believed to be regulated by a phosphorylation/dephosphorylation reaction, Recently,
the enzyme activity has been found to be localized in the nucleus of several cell
types (Wang et al. 1993).

CDP-choline:1,2-diacylglycerol cholinephosphotransferase cataly zesthe final
step of the CDP-choline pathway. The highest activity of the enzyme is found in
the smooth and rough endoplasmic recticulum, suggesting that phosphatidylcholine
is synthesized locally in the endoplasmic recticulum (Cornell 1992). The enzyme
is an integral membrane protein, and the active site is located in the cytosolic
domain of the enzyme. Furthermore, the transferase displays high preference for
diacylglycerol species with palmitic acid at the sn-1 and linoleic acid at the sn-2
positions of the glycerol moiety (Sarzala and Van Golde 1976). The enzyme is
distinctfrom CDP-ethanolamine:1,2-diacylglycerolethanolaminephosphotransferase
based on differences in ionic charge, pH optima and heat stabilities (O and Choy

1990).

b) Methylation pathway

The first evidence which showed the existence of this pathway was given
by Stetten in 1941. In his study, ["*N]choline was obtained from rats fed with
[*Nlethanolamine, indicating that ethanolamine might be modified to choline by

a stepwise methylation reaction (Vance 1991). In bovine adrenal medulla, two
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methyltransferases were isolated (Hirata ef al. 1978) which were later found to be
widely distributed in other tissues. These two methyltransferases require S-
adenosyl-L-methionine as the methyl group donar and are believed to display
different substrate specificity. The first methyltransferase is responsible for the
transfer of a methyl group from S-adenosyl-L-methionine to
phosphatidylethanolamine. The second methyltransferase plays a role in the
subsequent methylation reactions which convert
phosphatidylmonomethylethanolamine into phosphatidylcholine. The first
methyltransferase has an optimum pH at 6.5, has an absolute requirement for Mg*,
and a low Km for S-adenosyl-L-methionine (1.4 puM). Alternatively, the second
methyltransferase does not require Mg? for activation, has an optimum pH at 10,
and has a high Km for S-adenosyl-L-methionine (Hirata ef al, 1978). The
methylation pathway only reflects a minor contribution for the biosynthesis of
phosphatidylcholine in the heart. The formation of phosphatidylcholine by this
pathway is of significance only in the liver which accounts for about 20-40% total
phosphatidylcholine synthesis (Vance 1990). The enzyme in rat liver has been
purified to homogeneity and has a molecular weight of 18.3 kDa as determined by
SDS-polyacrylamide gel electrophoresis (Ridgway and Vance 1992). Interestingly,
the purified enzyme displays high pH optimum and has the ability to catalyze the
three sucessive transmethylation reactions. Recently, a c¢DNA for

phosphatidylethanolamine N-methyltransferase from a rat liver cDNA library has
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been cloned and expressed in several cell lines. The calculated molecular mass of
the enzyme is 22.3 kDa, which is equivalent to that of the pure enzyme isolated

from rat liver (Cui ef al. 1993),

c) Base-exchange reaction

The base-exchange reaction only accounts for a very minor contribution for
the net synthesis of phosphatidylcholine. The mechanism of this reaction involves
an exchange of free choline with the phosphatidylethanolamine head group. This
exchange reaction is catalyzed by a base-exchange enzyme. The enzyme has an
absolute requirement for Ca® and has an optimum pH at 7. The major contribution
of this reaction is to remodel phospholipids that are newly synthesized in the cell
(Kanfer 1989). Two base exchange enzymes have been identified in the
mammalian cell (Tijburg ef al. 1989). The first enzyme is responsible for an
exchange reaction between serine and phosphatidylcholine or
phosphatidylethanolamine. The second system is exclusive for the exchange of
ethanolamine with other phospholipids, and the enzyme is located on the

cytoplasmic side of the endoplasmic recticulum (Bell er al. 1981).

III. Signal Transduction

1. Introduction: hormonal effects
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In the mammalian system, communication between organs is a very
important mechanism for maintaining physiological homeostasis. One way of
facilitating this communication is through the use of biochemical messengers
known as hormones. Hormones are made in specific tissues and are released to the
blood circulation. The secreted hormone is transported by the blood stream to the
target organ, and the hormone carries out its action by altering the activity of the
target organ. The effect of a hormone is initiated by binding to a specific cellular
receptor located either on the outer leaflet of the plasma membrane or
intracellularly. Such a binding elicits a profound effect on cellular functions,

As shown in Table 1, hormones are classified according to their specific
mechanisms of action, the second messenger generated, and the type of membrane
receptors (Granner 1990). In general, there are two distinct classes of hormones.
One class refers to hormones which are lipid soluble, whereas another class refers

hormones which are water soluble.

2. Hormones: mechanisms of action

a) All lipophilic hormones, except thyroid hormones, are derived from
cholesterol and are collectively known as steroid hormones. Hormones of this class
are permeable to the plasma membrane bilayer, and they bind to their specific
intracellular receptors in the cytoplasm. Upon binding, the hormone-receptor

complex undergoes a dimerization process followed by a phosphorylation reaction.
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Table 1: Classification of hormones (Granner 1990)

Classification of hormones by mechanism of action.

Group 1. Hormones that bind 1o intraceliular receplors

Estrogens Calcitrigl {1,25{0H],-D,)

Glucocorticoids Androgens o
Mineralocorticoids Thyroid hormones (T, and T,}
Progestins

Group Il. Hormones that bind to cell surdace
A. The second messenger Is cAMP.

Adrenocodicotropic hommone {ACTH)

receplocs

Parathyroid hommoae (PTH)

Angiotensin il Opinids
Antidiuretic hormone (ADH) Acetyicholine
Follicle-stimulating hormone {FSH) Glucagon

Human chorionic gonadotropin {hCG)

a-Adrenergic calecholamines

Lipotropin {LPH)

Corlicotropin-releasing hormone (CRH)

Luteinizing hormone (LH)

Calditonin

Melanocyte-stimulating hormone {MSH)

Somatostatin

Thyroid-stimulating hormone {TSH}

B-Adrenergic catecholamines

- The second messenger is cGMP.

Atrial natruretic facior (ANF) |

o,-Adrenergic calecholamines

. The second messenger is calcium or phosphatidylinositides {(or both):

Acetylcholine {muscarinic)

Cholecystokinin Oxytocin
Gastrin Gonadotropin-releasing hormone {GnFiH)
Substance P

Angiolensin If

Thyrotropin-releasing hormone (TRH)

Vasopressin

The intracellular messenger is unknown:

Chorionic somatomammotropin {CS)

Growth hormone (GH)

Nerve growth tactor (NGF}

insulin

Epidermal growth factor {(EGF)

insutinfike growth factocs {IGF-I. IGF-1f)

Fibroblast growth factor (FGF)

Prolactin (PRL}

Platelet-derived growth factor
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Subsequently, this dimeric complex migrates to the nucleus where it binds to the
hormone response elements of the chromatin. This interaction results in a change
in gene expression and transcription (Granner 1990).

b) Another class of hormones are those which are water-soluble. These
hormones do not cross the membrane bilayer but are able to alter cellular activities
through a process known as signal transduction. Signal transduction is initiated by
the binding of the hormone to its specific membrane receptor. Such a binding
results in the formation of second messengers which initiates a series of
intracellular events. Second messengers such as cAMP, Ca*, cGMP,
diacylglycerol, and inositol-1,4,5-trisphosphate have been studied extensively.
There is growing evidence which shows that membane lipids serve as a major
source of second messengers upon hormonal stimulation (Liscovitch and Cantley
1994).

Receptor molecules that span the membrane bilayer seven times allow
signals to be transmitted to G-proteins. G-protein is named because of its
association with the guanine nucleotide. G-protein consists of three protein
subunits: alpha (a), beta (), and gamma (7). The alpha subunit possesses GTPase
activity and contains a guanine nucleotide binding site. Beta and gamma subunits
do not display any guanine nucleotide binding activity and are believed to associate
with each other as a complex (Gilman 1987). Adrenergic receptors refer to a family

of receptors which have a strong interaction with G-proteins. Four adrenoceptor

31



family members (al, a2, B1, B2) have been identified according to their specific
actions in response to agonists/hormones (Hardie 1991a).

As shown in Fig. 10, the binding of an agonist to an adrenergic receptor
results in the activation of the receptor. The activated receptor induces an exchange
of GTP for GDP on the alpha subunit and dissociation of alpha from the beta-
gamma dimer. The GTP-bound alpha subunit diffuses laterally in the plane of the
membrane bilayer where it interacts with various effector molecules such as
adenylate cyclase or phospholipase C. The interaction induces a transient activation
of the effector. After a short period of time, the GTP molecule is hydrolyzed into
GDP by the GTPase in the alpha subunit, resulting in the inactivation of the
subunit. The inactivated alpha subunit looses its association with the effector and
finally reassociates with the beta-gamma complex (Gilman 1987).

In general, the activation of adrenergic receptor triggers one of the following
two G-protein mediated signal transduction cascades: namely adenylate cyclase
cascade, and the phosphoinositide cascade (Linder and Gilman 1992; Granner

1990).

3. Adenylate Cyclase Cascade
As shown in Fig. 10, adenylate cyclase cascade is initiated by the activation
of adenylate cyclase in response to beta(f)1-adrenergic activation (Schramm and

Selinger 1984). Adenylate cyclase which converts ATP into cAMP is a membrane
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bound enzyme located in the inner leaflet of the plasma membrane bilayer. cAMP
is hydrolyzed by cAMP-specific phosphodiesterase. In addition, the elevated level
of cAMP results in the activation of protein kinase A. Protein kinase A, a
serine/theorine kinase, is a tetramer containing two catalytic (C) and two regulatory
(R) subunits. The regulatory subunits keep the enzyme inactive by blocking the
access of substrates to the catalytic site. cAMP binds to the regulatory subunit of
protein kinase A, resulting in a conformation change of the subunit. As a result,
the regulatory subunit is dissociated from the catalytic subunit. The active catalytic
subunit phosphorylates various cellular proteins and enzymes, leading to different
intracellular responses. Recently, the role of cAMP and protein kinase A in
regulating gene transcription and cell proliferation have been implicated (Roesler
et al. 1988; Dumont et al. 1989). The classical example of the adenylate cyclase
cascade 1s the breakdown of glycogen by glucagon when the glucose level in the
body is low. In liver, glucagon activates protein kinase A through the adenylate
cyclase cascade. The activation of protein kinase A in turn phosphorylates and
activates glycogen phosphorylase which is an enzyme responsible for the

breakdown of glycogen into glucose (Palasi ef al. 1971).

4, Phosphoinositide Cascade
The binding of an agonist to an alpha(ct)l-adrenergic receptor triggers

another signal transduction cascade, namely phosphoinositide cascade (Berridge
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1987). As depicted in Fig. 11, the activation of a receptor coupled G-protein
activates a phosphatidylinositol-4,5-bisphosphate specific phospholipase C. The
activated phospholipase in turn hydrolyzes the membrane phosphatidylinositol-4,5-
bisphosphate, resulting in the formation of diacylglycerol and inositol-1,4,5-
trisphosphate (Berridge and Irvine 1989). Inositol-1,4,5-trisphosphate is a potent
Ca® mobilizer which stimulates the release of Ca? from the endoplasmic
recticulum into the cytosol. Diacylglycerol is an activator of protein kinase C.
Protein kinase C, a serine/theorine kinase, is localized in both the microsome and
the cytosol. The cytosolic form is believed to be the inactive form, whereas the
microsomal form is the active form. Inositol 1,4, 5-trisphosphate and diacylglycerol
act synergistically to modulate protein kinase C. The kinase requires diacylglycerol
for activation and Ca® for translocation from the cytosolic to the microsomal
compartment (Nishizuka 1992). Phosphatidylserine has been shown to cause direct

activation of the kinase (Bell and Burns 1991).

IV. Vasopressin

1. Characteristics of Vasopressin
Figure 12 depicts the amino acid sequence of vasopressin. Vasopressin is
a peptide hormone consisting of nine amino acids with cysteine residue at position

one and six forming a disulfide bridge. It is synthesized in the supraoptic nucleus
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and is transported to nerve endings in the posterior pituitary gland, where it is
released into the circulation upon stimulation. The hormone is released by
numerous factors, for example, its release may be caused by an increase in plasma
osmalarity, emotional stress, or chemicals such as nicotine and morphine (Landau
1986; Hardie 1991b).

As mentioned in the signal transduction section, stimulation of the beta(f)1-
adrenergic receptor results in the activation of adenylate cyclase, whereas activation
of an alpha(a)1-adrenoceptor leads to the stimulation of phosphatidylinositol-4,5-
bisphosphate specific phospholipase C. Interestingly, vasopressin is an agonist
which exhibits dual binding activities to the «l- and Bl1- adrenergic receptors
(Hays 1990; Morel et al. 1992).

In the kidney, during condition of dehydration, vasopressin concentration
increases in the circulation. Vasopressin carries out its anti-diuretic action by
binding to the V2 receptors located in the collecting duct and the ascending limb
of Henle's loop (Hays 1990). V2 receptor which is a member of the B1 -adrenergic
receptor family is coupled to adenylate cyclase. Activation of adenylate cyclase
results in the production of cAMP. The elevated level of cAMP activates protein
kinase A which in turns initiates a series of cellular events, leading to an increase
in the luminal membrane permeability. The increase in permeability results in the
reabsorption of water in the collecting duct.

In the cardiovascular tissue, vasopressin exerts its effect on vasoconstriction
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by decreasing coronary blood flow and increasing pulmonary arterial pressure
(Hays 1990). This effect is mediated through the V1 receptor. V1 receptor which
15 a member of the al-adrenergic receptor family is tightly coupled to
phosphatidylinositol-4,5-bisphosphate specific phospholipase C. Activation of the
phospholipase results in the hydrolysis of phosphatidylinositol-4,5-bisphosphate and
the subsequent release of inositol-1,4,5-trisphosphate and diacylglycerol. The
increase in diacylglycerol level causes the activation of protein kinase C, and the
kinase is believed to play an essential role in causing vasoconstriction. Recently,
the cDNA of the V1 receptor in the liver has been cloned (Morel ef al. 1992). The
cDNA reveals that the receptor protein contains seven putative transmembrane
domains and a cytoplasmic loop in the C-terminal. The transmembrane domain has
structure similar to bacterial rhodopsin and other G-protein coupled receptors.
Furthermore, the receptor may be regulated by phosphorylation since the

cytoplasmic loop contains several potential phosphorylation sites,

2. Effects of Hormones on Phosphatidylcholine Metabolism

Steroid hormones such as estrogen and glucorcorticoids have been shown
to enhance phosphatidylcholine biosynthesis in lung. In rooster lung, estrogen
enhanced phosphatidylcholine biosynthesis is a result of the activation of choline
kinase (Vigo and Vance 1981). Alternatively, in fetal rabbit lung, the enhancement

of phosphatidyicholine biosynthesis by estrogen is due to the stimulation of
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CTP:phosphocholine cytidylyltransferase (Chu and Rooney 1985). In rooster lung,
glucocorticoids induce phosphatidylcholine biosynthesis by increasing the
biosynthesis of CTP:phosphocholine cytidylyltransferase (Rooney ef al. 1986; Post
1987).

In contrast to estrogen and glucocorticoids, noradrenaline and vasopressin
have been shown to inhibit phosphatidylcholine biosynthesis. Noradrenaline
suppresses phosphatidylcholine biosynthesis by inhibiting CTP:phosphocholine
cytidylyltransferase (Haagsman ef al. 1984). Similiar to noradrenaline, vasopressin
also inhibits phosphatidylcholine biosynthesis by reducing the activity of
CTP:phosphocholine cytidylyltransferase in rat hepatocytes (Tijburg ef al. 1987).
In  addition, vasopressin lowers the CDP-choline:1,2-diacylglycerol
cholinephosphotransferase activity by increasing the intracellular Ca®* concentration
(Alemany e al. 1982). Although vasopressin appears to inhibit phosphatidylcholine
biosynthesis in tissues such as liver and lung, its role in the regulation of

phosphatidylcholine biosynthesis in the heart remains unclear.

V. Methyl lidocaine

1. Introduction: Methyl Lidocaine
Methyl lidocaine is an experimental antiarrhythmic drug with local

anesthetic property. Most local anesthetics contain a tertiary nitrogen atom which
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exists either as a charged ammonium ion or an uncharged amine, depending on the
pH state of the solution. The charged form is believed to carry out active
pharmacological action, whereas the uncharged form is the inert form. As depicted
in Fig. 13, methyl lidocaine is an amphiphilic compound and has an external
methyl group which covalently binds to the tertiary nitrogen atom, thus giving rise
to a permanent positive charge. This experimental drug has a structure which is
very similar to lidocaine. Methy! lidocaine was developed by Astra Pharmaceuticals
to examine whether the charged group has a role in the antiarrhythmic action of

lidocaine.

2. Antiarrhythmic Actions

The clinical effectiveness between lidocaine and methyl lidocaine has been
compared. Despite the successful clinical application of lidocaine, the drug carries
two major drawbacks. Lidocaine is rapidly metabolized; therefore, continuous
intravenous administration is required to maintain its concentration in the
circulation. In addition, the metabolites of lidocaine may elicit certain toxic effects
which lead to the impairment of the central nervous system (Smith and Duce
1971). In contrast, methyl lidocaine does not display any side effect and is found
to be an effective antiarrhythmic agent (Gillis e al. 1973; Kniffen ef al. 1974). A
study conducted by Patterson ef al. in 1988 showed that methy! lidocaine is a more

effective depressant than lidocaine in terms of the ability to depress conduction in
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ischemically injured myocardium.

3. Methyl lidocaine and Lipid Biosynthesis

Many amphiphilic compounds have been shown to regulate lipid metabolism
in mammalian tissues (Kanfer and McCartney 1993; Yada and Nakazawa 1986).
Methyl lidocaine also exerts a profound effect on lipid metabolism. An earlier
study showed that perfusion of hamster hearts with labelled glycerol in the
presence of methyl lidocaine resulted in a pronounced increase in the total uptake
of labelling in the organic fraction. Such an increase was attributed to an increase
in the labelling of diacylglycerol, triacylglycerol, and PI. These earlier findings
indicate that methyl lidocaine may have the ability to enhance the biosynthesis of

neutral lipids and acidic phospholipids (Tardi et al. 1992).
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MATERIALS AND METHODS
1. Materials

1. Experimental Animals

Male Sprague Dawley rats (250 * 40g) of either sex were used during the
course of experimental study. Rats were obtained from Charles River Canada Inc.
(St. Constante, Quebec) and were maintained on the Agway rodent chow (Agway
Inc., Syracuse, N.Y.), and tap water ad libitum, in a light- and temperature

controlled room.

Syrian golden hamsters (120 + 20g) of either sex were used during the
studies. The animals were obtained from Charles River Canada Inc. (St. Constante,
Quebec). Hamsters were maintained on the Agway rodent diet RMH 3000 (Agway
Inc., Syracuse, N.Y.), and tap water ad lbitum, in a light- and temperature

controlled room.

2. Chemicals

Phospho[methyl-"“C]choline, ~CDP[methyl-'*C]choline, [nrosyl-’H] arginine
vasopressin, and the reagents for the determination of cAMP level and protein

kinase C activity were obtained from Amersham Canada Ltd (Qakville, Ontario).
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[methyl-*H] Choline, [y-**P)-ATP (30 Ci/mmol), oieoyi-l-[“C]—Coenzyme A(56.0
mCi/mmol) and [5-°H]-CTP (24 Ci/mmol), and [U-*H}-methy! lidocaine were
obtained from New England Nuclear Division of Dupont (Mississauga, Ontario).
Arginine-vasopressin and ATP-y-S were purchased from Boehringer Mannheim
Canada Ltd (Laval, Quebec). [d(Ch,),, D-Tyr(OEt)? Val*, Cit*]-Vasopressin was
obtained from Peninsula Laboratories Inc. (Belmont, California). Minimal essential
medium (Joklik modified), Medium 199, Dulbecco's phosphate buffered saline,
phosphocholine, choline, cytidine 5'-diphosphocholine, ATP, CTP, hyaluronidase,
EDTA, EGTA, oleoyi-CoA, ADP, PMSF, benzamidine, B-glycerol-3-phosphate,
NaF, IBMX, Tris[hydroxyymethylJaminomethane, DTT, Triton X-100, db-cAMP,
bovine serum albumin, and the catalytic subunit of protein kinase A (from bovine
heart) were purchased from Sigma Chemical Co. (St. Louis, Missouri). Collagenase
(Class 2) was obtgined from Worthington Biochemical Co. (Frechold, New Jersey).
Phosphatidylcholine (pig liver), 1,2-diacylglycerol (pig liver), lysophosphatidic
acid, and phosphatidic acid were products of Doosan Serdary Research
Laboratories (London, Ontario). Sephadex G-25 (fine) gel filtration media was
obtained from Pharmacia Fine Chemicals (Uppsala, Sweden). Methyl lidocaine was
a gift from Astra Pharmaceutical Products (Mississauga, Ontario, Canada). P81
papers were obtained from Whatman (Clifton, NJ, USA). SQ 22536 (adenylate
cyclase inhibitor) was the product of Calbiochem Co. (Windsor, Ontario, Canada).

Glacial acetic acid, MgCl,, and tlc. plates (Redi plate silica gel G25) were
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purchased from Fisher Scientific (Winnipeg, Manitoba, Canada). Kemptide and PKI
(specific protein kinase A inhibitor) were obtained from Bachem Inc. (Torrance,
CA, USA) All other chemicals and solvents were of reagent grade and obtained

from the Canlab Division of Baxter Co. (Mississauga, Ontario, Canada).

I1. Methods

1. Preparation of Buffer Solutions for Rat Myocyte Isolation

Buffer A contained MEM-Jokliks modified buffer preparation (11g/1), 60
mM taurine, 2 mM DL-carnitine, 1.0 mM adenosine, 3.4 mM magnesium chloride,
50 mM sodium bicarbonate, 0.1 mM octanoic acid, 8 mM glutamate, 15 mM
glucose, penicillin (0.1 g/) and streptomycin (0.1 g/l ). Buffer B contains 0.1 mM
calcium chloride dissolved in Buffer A. Buffer C contains Medium 199 preparation
(5.8g/), 2 mM L-glutamine, 2.2 g/l sodium bicarbonate, penicillin (0.1 g/I) and
streptomycin (0.1 g/1). All solutions were sterilized by 0.22 um Falcon 7150 bottle
top filters. All buffers were maintained at 37°C and saturated with 95% oxygen/5%
CO, prior to rat heart perfusions. Buffer B containing collagenase and

hyaluronidase were saturated with 95% oxygen/5% CO, (aerated for 30 min).

2. Isolation of Rat Cardiac Myocytes

Isolation of myocytes was performed according to the method of Langer ef
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al. (Langer et al. 1987). In brief, the rat was sacrificed by decapitation and the
heart was removed. The isolated heart was perfused in the Langendorff mode with
Buffer A for 5 min at a flow rate of 9.5 ml/min. Susequently, the heart was further
perfused in Buffer B containing 4 mg/m! collagenase and 2 mg/ml hyaluronidase
at a flow rate of 9.5 ml/min. The perfusate was recycled over the course of the
perfusion. Perfusion was terminated when the heart was completely digested. The
digested heart was placed in a culture dish containing Buffer B. The myocytes
were dislodged from the heart tissue by gentle shaking. The cell suspension was
transferred to a culture tube. Buffer B was added to bring the volume to 50 ml.
Myocytes were sedimented by gravitation, and the supernatant containing dead
cells and non-myocardial cells were removed. Cells were suspended in Buffer B
to a total volume of 15 ml and then transferred to a 100 mm petri-dish. The dish
containing myocytes was incubated for 30 min in an incubator at 37°C. Susequent
to incubation, 5 ml of Buffer C was added to the cells followed by 15 min
incubation. After incubation, the myocytes were transferred to a 50 ml polystyrene
tube where they were washed twice with Buffer C. After the second wash, 10 ml
of Buffer C containing 5% fetal bovine serum was added and the cell suspension
was distributed in even aliquots to ten culture dishes containing 1 ml Buffer C
supplemented with 5% fetal bovine serum. Incubation for 30 min was required to
allow attachment of myocytes to the dishes. Myocytes are rod-shaped cells which

exhibit contractibility. Myocyte viablilty was monitored by trypan blue exclusion.
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3. Perfusion of the isolated hamster hearts
a) Preparation of Krebs-Henseleit Buffer
Krebs-Henseleit Buffer (1 L) contained 100 m! of solution A (containing
70.1 g/l sodium chloride, 21.0 g/l sodium bicarbonate, and 9.91 g/l dextrose), 10
ml of solution B (containing 3.55 g/100 ml potassium chloride, 2.94 g/100 ml
magnesium sulfate, and 1.63 g/100 ml sodium phosphate, monobasic), 5 ml of
solution C (containing 3.73 g/100 ml calcium chloride, dihydrate), and 885 ml of
water. Kreb-Henseleit Buffer was prepared fresh and was aerated with 95% 0,/5%
CO, for 30 min prior to perfusion.
b) Perfusion of isolated hamster hearts
The hamsters were sacrificed by decapitation and the hearts were removed.
The isolated hamster hearts were first perfused at 37°C in the Langendorff mode
with Krebs-Henseleit Buffer for 10 min in order to remove the remaining blood in
the hearts. The isolated hamster heart was then perfused with Kreb-Henseleit buffer
in the presence or absence of 0.5 mg/ml methyl lidocaine. After perfusion, 5 ml
of Krebs-Henseleit buffer was forced through the canula, followed by 5 ml of air.
The heart was cut open, blotted dry, and homogenized in the appropriate buffer as

indicated.
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4. Determination of Choline Uptake and Analysis of Choline-containing
Metabolites from Myocytes

The i1solated rat myocytes in growth medium were incubated in 60 mm
petri-dishes for 15 min. The medium was removed and 2 ml of Buffer C- 10 pM
[*H]-choline (0.15 mCi/umol) was added and the cell was incubated from 0 - 120
min. Subsequently, the medium was removed and the myocytes were washed twice
with 2 ml Dulbecco's phosphate buffered saline. Methanol {1 ml) was added into
each dish and the cells were scraped using a rubber policeman. The cell suspension
was transferred to a silianized test tube. The dish was rinsed with an additional 1
ml methanol. Chloroform (2 ml) was added to the methanol wash which contains
the cell suspension. The cell samples were subsequently centrifuged at 500 x g and
the supernatant was transferred to another tube. The cell pellet was rewashed with
2 ml of chloroform/methanol (1:1, by vol). The supernatants were pooled to a total
volume of 6 ml. A 2 ml aliquot from each tube was taken for the determination of
total choline uptake.

Phase separation of the chloroform/methanol extract was initiated by the
addition of water and chloroform to form a chloroform/methanol/water mixture in
a ratio of 4:2:3. The mixture was centrifuged at 500 x g for 5 min. After
centrifugation, the organic phase was removed and the solvent was evaporated
under nitrogen. Phospholipids in the nitrogen dried sample were resuspended in

200 pl chloroform and were applied on a silica G-25 t.l.c. plate. The t.l.c. plate
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was developed in a solvent system containing chloroform/methanol/water/acetic
acid (70:30:4:2, by vol). Pig liver phosphatidylcholine was used as a standard. The
phosphatidylcholine fraction after tl.c. was visualized by exposing the plate to
todine vapour.

The solvent in the aqueous phase obtained after phase separation was
removed and the residue was dissolved in 200 pl distilled water. The [°H]-choline-
containing metabolites were separated by t.l.c. using a solvent system containing
methanol/0.6% sodium chloride/ ammonium hydroxide (50:50:5, by vol). Different
choline-containing compounds such as CDP-choline and phosphocholine were used
as standards. The location of the radioactive metabolites on tl.c. was detected
using a Bioscan System 200 Imaging Scanner. The fractions of silica gel
containing specific radiolabelled choline-containing metabolites were transferred
to scintillation vials. One millilitre of distilled water, 50 ul of acetic acid, and 10
ml of scintillation fluid were added to each vial. Radioactivity was determined by

scintillation counting using channels ratio calibration method.

5. Enzyme Assays

a) Choline kinase
Choline kinase was assayed by determining the conversion of [methyl-

*H]choline to phosphocholine (Ishidate and Nakazawa 1992). The reaction mixture
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contained 0.1 M Tris-HCI (pH 8.5), 10 mM magnesium chloride, 10 mM ATP,
0.25 mM [merhyl-"H]choline iodide and enzyme preparation to a final volume of
0.5 ml. The reaction was initiated by the additon of [methyl-*H]choline. The
reaction mixture was incubated at 37 °C for 20 min. The reaction was terminated
by placing the assay tubes in a boiling water bath for 2 min. The assay mixtures
were subsequently centrifuged at 5000 x g for 10 min. An aliquot of the
supernatant (250 ul) was applied to a Dowex AG 1-X8 (OH-) column (0.5 x 2
cm). The column was washed with 2.5 ml of 5 mM choline chloride followed by
6 ml of water. 0.5 ml of 1.0 M NaOH and 1.5 ml of 0.1 M NaOH were collected
in scintillation vials. Acetic acid (0.1 ml) and 10 ml of Ecolite(+) were added to
the fractions. Radioactivity associated with phosphocholine was determine by liquid

scintillation counting.

b) CTP:phosphocholine cytidylyltransferase

CTP:phosphocholine cytidylyltransferase activity was determined by the
conversion of phospho[methyl-'*C]choline to CDP-choline (Vance ef al. 1981). The
reaction mixture contained 100 mM Tris-succinate (pH 7.5), 12 mM magnesium
acetate, 2.5 mM CTP, 1.0 mM phospho[methyl-'*C]choline and enzyme preparation
to a final volume of 100 pl. The reaction was initiated by the addition of labelled
phosphocholine and carried out at 37°C for 20 min. The reaction was terminated

by placing assay tubes in a boiling water bath for 2 min. The samples were
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centrifuged at 5000 x g for 10 min. An aliquot of supernatant was then applied to
a tlc. plate (silica G-25). The labelled CDP-choline was separated from the
labelled substrate by tlc. with a solvent system containing CH,O0H/0.6%
NaCl/NH,0H (10:10:1, by vol). The radioactivity of the CDP-choline fraction was
identified using a Bioscan System 200 Imaging Scanner. Silica gel containing the
labelled product was removed and placed in scintillation vials containing water (1

ml), acetic acid (50 ul), and Ecolite(+) scintillation cocktail (10 ml).

¢) CDP-choline:1,2-diacylglyerol cholinephosphotransferase
CDP-choline:1,2-diacylglycerol cholinephosphotransferase activity was
determined by the conversion of CDP-[methyl-'*C]choline to phosphatidylcholine
(O and Choy 1990). The reaction mixture contained 100 mM Tris-HCI (pH 8.5),
10 mM magnesium chloride, ] mM EDTA, 0.4 mM CDP-[methyl-'*C]choline, 1.0
mM diacylglycerol and enzyme preparation to a final volume of 1.0 ml. The
reaction was initiated by the addition of the labelled substrate and carried out at 37
°C for 20 min. The reaction was terminated by the addition of 3 mL
chloroform/methanol (2:1, by vol) to the mixture. Water (0.5 ml) was added to
cause phase separation. The lower phase containing labelled phosphatidylcholine
was washed twice with 40% methanol. An aliquot was taken for the determination

of radioactivity.
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d) CTP:phosphatidic acid cytidylyltransferase

The assay mixture contained 50mM Tris/maleate (pH 6.5), 20 mM MgCL,
15 mM Triton X-100, 0.5 mM phosphatidic acid, 0.2 mg of protein and 1.0 mM
[5-*H]-CTP (10,000 dpm/nmol) (Kelley and Carman 1987). The reaction was
initiated by the addition of the enzyme protein into the assay mixture. The assay
mixture was incubated at 37°C for 15 min and the reaction was terminated by the
addition of 2.5 ml of 0.1 M HCI in methanol. After cooling, 5 ml chloroform was
added to the mixture. The chloroform/methanol mixture was washed three times
with 10 mL 2 M MgCl, (Belendiuk ef al. 1978). CDP-diacylglycerol in the organic
phase was separated by t.l.c. with a solvent containing chloroform/methanol/ acetic
acid/ water (25:14:2:4, by vol). The radioactivity in the CDP-diacylglycerol

fraction was determined by scintillation counting.

e) Acyl-CoA:lysophosphatidic acid acyltransferase assay

The assay mixture contained 100 mM Tris/HCI (pH 7.5), 0.2 mM 1-
palmitoyl-sn-glycerol-3-phosphate, 90 mM sucrose, 1 mg/ml bovine serum
albumin, 1 mM DTT, 40 uM [1-"*CJoleoyl-CoA (4,000 dpm/nmol) and 0.2 mg of
protein in a final volume of 0.5 ml (Batenburg ef al. 1986). The reaction was
initiated by placing the enzyme protein into the assay mixture. The mixture was
incubated at 30°C for 30 min. The reaction was terminated by the addition of 3 ml

chloroform/methanol (2:1, by vol). Water was then added to the mixture to cause
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phase separation, and the labelled phosphatidic acid in the organic phase was
isolated by t.l.c. with a solvent system containing chloroform/methanol/ammonium
hydroxide/water (70:30:4:2, by vol). The phosphatidic acid fraction was visualized
by exposure to iodine vapour and the radioactivity in the fraction was determined

by scintillation counting.

f) Acyl-CoA:glycerol-3-phosphate acyltranserase

The activity of acyl-CoA:glycerol-3-phosphate acyltransferase was
determined by the formation of the labelled lysophosphatidic acid with [1-'*C]-
oleoyl-CoA as substrate (Batenburg ef al. 1986). The reaction mixture contained
100 mM Tris-HCI (pH 7.5), 1.5 mM glycerol-3-phosphate, 90 mM sucrose, 1
mg/ml bovine serum albumin, 1 mM DTT, 40 puM [1-'*CJoleoyl-CoA (4000
dpm/nmol) and 0.1 - 0.2 mg of homogenate protein in a volume of 0.5 ml. The
reaction was initiated by the addition of 3 ml of chloroform:methano! (2:1, by vol).
Water was added to cause phase separation, and the labelled lysophosphatidic acid
in the organic phase was isolated by t.lc. with a solvent system containing
chloroform:methanol:ammonia hydroxide: water (70:30:4:2, by wvol). The
lysophosphatidic acid fraction was visualized by iodine vapour and the
radioactivity was determined. The amount of radioactivity associated with the
lysophosphatidic acid fraction was used to determine the activity of acyl-

CoA glycerol-3-phosphate acyltransferase.
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g) Phosphatidylinositol synthase

The activity of phosphatidylinositol synthase was determined by the
formation of labelled phosphatidylinositol with myo[*H]-inositol as substrate (Tardi -
et al. 1992). The reaction mixture contained 100 mM Tris-HC! (pH 7.5), 1 mM
EGTA, 3 mM MgCl,, 3 mM MnCl,, 0.2% Triton X-100, 5 mM CDP-dipalmitoyl
glycerol and 5 mM myo-[’Hlinositol. The reaction was carried out at 37°C for 30
min and was terminated by the addition of 1 ml chloroform: methanol:
concentrated HC] (100:100:1, by vol) and 0.4 mL of 0.9% KCI. The mixtures were
centrifuged at 2000 x g for 5 min and the labelled phoéphatidylinositol in the
organic phase was analyzed by t.l.c. with a solvent system containing chloroform:
methanol: acetic acid: water (50:30:8:4, by vol). The phosphatidylinositol fraction
was visualized by todine vapour staining and the radioactivity in the fraction was
determined by scintillation counting. The radioactivity associated with the
phosphatidylinositol fraction was used to determine the activity of the

phosphatidylinositol synthase.

h) Protein kinase A and protein kinase C

The protein kinase A assay is adapted from the procedure of Corbin and
Reimann (Corbin and Reimann 1974). The hamster heart after perfusion was
homogenized in a buffer containing 50 mM Tris/HCl, 5 mM EDTA, 10 mM

EGTA, 0.3% (w/v) B-mercaptoethanol, 10 mM benzamidine, 50 pg/ml PMSF, 100
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mM B-glycerol-3-phosphate, 0.1 pg/ml IBMX, 2 mM DTT and 20 mM NaF. 8-
glycerol-3-phosphate was added to prevent cAMP from being hydrolysed by the
phosphodiesterase, whereas_NaF was used as a phosphatase inhibitor and IBMX
was employed as a cAMP-phosphodiesterase inhibitor. Equal volumes of 50 mM
potassium phosphate buffer (pH 6.8), 4.24 mM Kemptide (specific substrate for
protein kinase A), and Mg[y-"P]JATP (25 uCi/umol) containing 1 mM ATP and
18 mM magnesium acetate were mixed to a total volume of 50 pl. The reaction
was initiated by adding 20 pl of enzyme (5 pg) to the mixture. A reaction without
enzyme was employed as the blank. The reaction mixture was incubated at 30°C
for 20 min, and the reaction was terminated by spotting the sample onto the p81
paper. The paper was immersed in a 5% acetic acid solution. The paper was then
washed three timés and the protein kinase A activity was determined by the
amount of phosphorylated kemptide bound to the paper. In the control experiment,
2 uM of PKI (a protein kinase A inhibitor) was added to determine the amount of
phosphorylation due to other endogenous kinases.

The protein kinase C assay was a modification of the method of Hannun et
al. (Hannun ef al. 1985) and was carried out with the aid of an enzyme assay kit
(Amersham). The reaction mixture consisted of 50 mM Tris/HCI (pH 7.5), 12 mM
calctum acetate, L-a-phosphatidyl-L-serine, 24 pg/ml phorbol 12-myristate 13-
acetate, 0.9 mM of a specific peptide for protein kinase C, 30 mM DTT and 0.05%

(w/v) sodium azide in a total volume of 25 pl. Microsomal or cytosolic fraction
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(50 pg protein) in a volume of 25 ul was added to the mixture, followed by the
addition of 25 ul of magnesium/ATP buffer containing 50 mM Tris/HCI (pH 7.5),
150 puM {y-*P]ATP (66.6uCi/pmol), 45 mM magnesium acetate and 0.05% (w/v)
sodium azide. The blank for the assay was represented by a reaction without
enzyme. The reaction was carried out at 25°C for 15 min, and terminated with 100
ul of a stopping solution. The reaction mixture was spotted on the binding paper.
The paper was washed three times with 15 ml of a 5% acetic acid solution.
Subsequently, the paper was washed in 95% ethanol for 5 min, dried and the
radioactivity determined. Protein kinase C activity was calculated from the

phosphorylated peptide bound to the paper.

6. Binding and uptake of methyl lidocaine in hamster hearts

Isolated hamster hearts were perfused with Krebs-Henseleit buffer (pH 7.4)
containing 0.01-0.1 mg/ml [*H]methyl lidocaine (1pCi/nmol) for a 30 min period.
In some experiments, hearts were perfused (chase) for another 30 min with 1
mg/ml unlabelled methyl lidocaine. After perfusion, hearts were homogenized and
subcellular fractions were prepared. The radioactivity obtained in each subcellular

fraction was determined by liquid-scintillation spectroscopy.

7. The pool size of cAMP

The pool size of cAMP in hamster heart was determined with the aid of a
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kit from Amersham. Subsequent to perfusion, hamster hearts were immediately
placed in liquid N,. The frozen hearts were weighed and homogenized in 95%
ethanol. The homogenate was centrifuged at 1,000 x g for 10 min. The supernatant,
containing ¢cAMP, was dried under a stream of N, and assayed according to the
procedure described in the cAMP assay kit. Briefly, the dried sample was
resuspended in 50 mM Tris/HCI (pH 7.5) and 4 mM EDTA. The assay mixture
contained 4.5 nM [8-’H]cAMP (27.8 nCi/nmol), cAMP binding protein and protein
sample in a volume ratio of 1:2:1. A standard curve ranging from 0-6 pmoles of
cAMP was prepared. The reaction mixture was incubated at 4°C for 2 h.
Separation of the protein bound cAMP from the unbound nucleotide was achieved
by adsorption of the free nucleotide onto 100 ul of coated charcoal, followed by
centrifugation at 12,000 x g for 2 min at 4°C. The resulting supernatant was taken
and the radioactivity determined. The amount of cAMP present in the sample was

calculated from the cAMP standard curve.

8. Subcellular Fractionation.

a) Microsomal and cytosolic fractions were obtained by differential
ultracentrifugation. Myocytes were suspended in 10 mM Tris-HCI (pH 7.4), 0.25
M sucrose, 1 mM EDTA and homogenized in a glass douncer. Myocyte disruption
after homogenization was verified by observation under a light microscope. The

cellular suspension was centrifuged at 20,000 x g for 10 min and the supernatant
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obtained was centrifuged at 100,000 x g for 60 min. The supernatant (cytosol) was
collected and the precipitate (microsomal pellet) was resuspended in the
homogenizing buffer.

b) The hamster heart was homogenized in a buffer containing 025 M
sucrose and 10 mM Tris/HCl (pH 7.5) at 4°C to give a crude homogenate. The
homogenate was centrifuged at 100 x g for 10 min. The pellet is the connective
tissue, unbroken cells, and other cell debris, whereas the supernatant refers to the
post-nuclear fraction. Subcellular fractions were prepared from the post-nuclear
fractions by differential centrifugation as previously described (Zelinski ef al
1980). In brief, the post-nuclear fraction was centrifuged at 100,000 x g for 60
min. The resulting supernatant formed the cytosolic fraction, whereas the pellet was
the microsomal fraction. The microsomal pellet was resuspended in 0.25 M

sucrose/10 mM Tris-HCI (pH 7.4) buffer using a Dounce homogenizer.

9. Protein Determination

The protein content in each fraction was determined by the modified method
of Lowry ef al. in 1951. Standards containing 0, 10, 20, 40, 80, and 160 ug of
bovine serum albumin were prepared as standards. The sample/standard was
digested with 1.5 ml of 0.66 M NaOH for three hours at 37°C. Subsequently, 1.5
ml of reagent A (containing 1 ml of 2% CuSO,, 1 ml of 4% Na-K tartrate, and 33

ml of 13% Na,CO,) was added to the sample/standard. The reaction was allowed
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to sit for 10 min and 0.5 ml of 1 M Folin's reagent was then added. The mixture

was incubated for 30 min and the absorbance was determined at 625 nm.

10. Statistical determination

Student's t test was used for all statistical analysis. The level of significance was

defined as P < 0.05.
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Results

Part 1. Effect of vasopressin on choline uptake and phosphatidylcholine

biosynthesis in rat cardiac myocytes

1. Effect of Vasopressin on Choline Uptake

The effect of vasopressin on the choline uptake in rat cardiac myocytes was
studied. Isolated myocytes were incubated in medium containing 10 uM [methyl-
*H]choline in the absence or presence of 0.2 or 1.0 uM arginine-vasopressin from
0 to 120 min. Subsequent to incubation, myocytes were homogenized and the
uptake of labelled choline was determined in the homogenate. Fig. 14 shows the
time course for labelled choline uptake. The uptake of labelled choline was linear
for up to 60 min in both the arginine-vasopressin-treated and the control cells.
Choline uptake appeared to reach the maximum at about 80 min. Interestingly, 0.2
and 1.0 pM arginine-vasopressin induced different effects on labelled choline
uptake. Myocytes treated with 0.2 uM arginine-vasopressin exhibited a higher total
choline uptake (25%) than the control cells throughout the time course. In contrast,
cells treated with 1.0 pM arginine-vasopressin displayed a reduction of choline
uptake (19%) as compared to the control cells.

In order to further investigate the effect of arginine-vasopressin on the total

choline uptake, myocytes were incubated in medium containing 10 uM [methyl-
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Figure 14: Time course study on labelled choline uptake in rat cardiac
myocytes. Myocytes were incubated in medium containing 10 UM [methyl-
*H]choline in the presence of 0.2 () or 1.0 UM (&) arginine-vasopressin for up to
120 min. The control (o) referred to incubation in the absence of arginine-
vasopressin. After the indicated time points, myocytes were homogenized and the
uptake of labelled choline was determined in the homogenate. Each point
represents the mean value of four determinations from two separate experiments,

and the vertical bar represents the SD.

62



*H]choline in the presence of various concentrations of arginine-vasopressin,

ranging from 0.05 to 1.0 uM. As depicted in Table 2, an enhancement of choline

uptake was observed in myocytes treated with lower concentrations of arginine-

vasopressin (0.05 - 0.3 uM). In contrast, higher concentrations of vasopressin (0.4 -
1.0 uM}) resulted in an attenuation of choline uptake.

The mechanism of action of arginine-vasopressin was explored by using a
Vl-vasopressin antagonist, [d(Ch,),, D-Tyr(OEty>, Val*, Cit*]-vasopressin. The
rationale of this study is based on the notion that the modulation of choline uptake
by vaopressin is mediated through the V1- vasopressin receptor in the myocyte. In
this study, myocytes were incubated in growth medium containing 10 uM [methyl-
*H]choline and 0.1 uM V1-receptor antagonist in the presence of 0.2 or 1.0 pM
arginine-vasopressin. As shown in Table 2, the enhancement of choline uptake
induced by 0.2 uM arginine-vasopressin was totally abolished in myocytes treated
with the arginine-vasopressin antagonist. The attenuation of choline uptake caused
by 1.0 uM arginine-vasopressin was also abrogated in the presence of the V1-
antagonist (data not shown). These results indicate that arginine-vasopressin

regulates choline uptake in cardiac myocytes through the V1-receptor.
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Table 2: Effect of arginine-vasopressin on choline uptake in rat cardiac.
myocytes Myocytes were incubated with 10 uM [methy!-*H]choline for 60 min in
the absence or presence of different concentrations of arginine-vasopressin, ranging
from 0.05-1.00 pM. After incubation, the total choline uptake was determined.

Each set of values represents the mean + SD (number of experiments).

Arginine-vasopressin {uM) Total choline uptake

dpm/pg protein

Control 274 + 8 (5)
0.05 301 £ 10 (5)*
0.10 304 + 14 (3)*
0.20 343 + 10 (5)*
0.30 324 + 15 (3)*
0.40 229 +3 (3)*
0.50 323 £ 19 (3)*
1.0 223 + 21 (4)*
0.1 uM V1- antagonist 267 + 8 (8)

0.1 uM V1- antagonist + 0.2 uM arginine-vasopressin 287 + 3 (3)

*P< 0.05
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2. Effect of Vasopressin on the Incorporation of Choline into Phosphatidyicholine.

As shown in the preceding section, choline uptake was modulated by
vasopressin In a biphasic manner. Lower doses of vasopressin (0.05 - 0.3 pM)
enhanced choline uptake, whereas higher doses of vasopressin (0.4 -1.0 uM) reduced
choline uptake. It is plausible that the modulation of choline uptake by vasopressin
may affect phosphatidylcholine biosynthesis. Therefore, the effect of vasopressin
on the de novo biosynthesis of phosphatidylcholine was investigated. Myocytes
were incubated in growth medium containing 10 pM [methyi->H]choline in the
presence or absence of various concentrations of arginine-vasopressin (0.05 - 0.1
puM) for 60 min. Phosphatidylcholine biosynthesis was determined by the
incorporation of labelled choline into phosphatidylcholine.

Table 3 shows that the effect of vasopressin on the incorporation of labelled
choline into phosphatidylcholine was biphasic in cardiac myocytes. Lower
concentrations of vasopressin (0.05 - 0.3 uM) caused an increase in the labelling
of phosphatidylicholine. Alternatively, higher vasopressin concentrations (0.04 - 0.]
ptM) resulted in a reduction of the labelling of phosphatidylcholine. Furthermore,
the vasopressin response was totally abolished when the cells were treated with 0.1
pM vasopressin antagonist, suggesting that V1-vasopressin receptor was involved
in the regulation of phosphatidylcholine biosynthesis. Taken together, it appears
that vasopressin induces a biphasic effect on both the choline uptake and the

incorporation of labelling into phosphatidylcholine, with a transition occuring
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between 0.3 - 0.4 uM vasopressin. It can be argued that the change in choline
uptake by vasopressin might lead to the change in the incorporation of the labelled
choline into phosphatidylcholine. However, it does not seem to be the case since
the change in the labelling of phosphatidylcholine was not proportional to the
change in labelled choline uptake. Based on this finding, we postulate that
vasopressin may not only play a role in modulating choline uptake, but it may also
have the ability to regulate phosphatidy!choline biosynthesis via the CDP-choline

pathway.
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Table 3: Effect of arginine-vasopressin on the incorporation of Iabelled choline
into phosphatidylcholine in rat cardiac myocytes. Myocytes were incubated in
medium containing 10 pM [methyl-3H]choline for 60 min in the absence or
presence of different concentrations of vasopressin, ranging from 0.05-1.00 uM.
After incubation, the incorporation of labelled choline into phosphatidylcholine was

determined. Each set of values represents the mean + SD (number of experiments).

Arginine-vasopressin (M) Total choline uptake

dpm/ug protein

Control 68 3 (8)
0.05 79 £ 3 (8)*
0.10 82 + 3 (3)*
0.20 97 £ 11 (6)*
0.30 73 £ 9 (3)
0.40 58 + 8 (3)*
0.50 60 + 2 (3)*
1.0 41 + 4 (9)*
0.1 uM V1- antagonist 68 +4 (3)

0.1 uM V1- antagonist + 0.2 M arginine-vasopressin -~ 74 £ 6 (4)

*P< 0.05
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3. Effect of Vasopressin on Phosphatidylcholine Biosynthesis

The effects of vasopressin on (1) the incorporation of labelled choline into
choline-containing metabolites, and (2) the activities of the biosynthetic enzymes
in the CDP-choline pathway were investigated. Since 0.2 uM and 1.0 uM of
vasopressin were shown to induce the most pronouced effect on the incorporation of
labelled choline into phosphatidylcholine, these concentrations were used throughout
the study.

The effect of vasopressin on the incorporation of labelled choline into choline-
containing metabolites in the CDP-choline pathway was first examined. Myocytes were
incubated with medium containing 10 uM [methyl-*H]choline for 60 min in the absence
or presence of 0.2 or 1.0 pM arginine-vasopressin. After incubation, myocytes
were placed in a chloroform/methano!l mixture to extract phospholipids, followed
by phase separation in a system containing chloroform: methanol: water (4:2:3 by
vol). The radiolabelled choline associated with the choline-containing metabolites
in the aqueous phase were separated by t.l.c. with a solvent system containing
methanol: 0.6% sodium chloride: 57% ammonium hydroxide (50:50:5 by vol). As
shown in Table 4, 0.2 pM vasopressin induced an increase in labelled choline
(24%) which coincided with the increase in the choline uptake as shown previously
in Table 2. However, the increase in the labelling of phosphocholine (15%) was
less than that shown in choline uptake. Vasopressin at 0.2 pM displayed no effect

on the labelling of CDP-choline. The presence of 1.0 uM vasopressin caused a
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reduction in the labelled choline (22%) but did not provoke any change in the
labelling of phosphocholine and CDP-choline,

The disproportionate increase in the labellings between choline and
phosphocholine by vasopressin (0.2 puM) provides additional evidence which
suggests that vasopressin may play a role in the regulation of the CDP-choline
pathway.

In order to further elucidate the role of vasopressin in the modulation of
phosphatidycholine biosynthesis, the activities of phosphatidylcholine biosynthetic
enzymes were determined. The biosynthetic enzymes in the CDP-choline pathway
are choline kinase, CTP-phosphocholine cytidylyltransferase, and
cholinephosphotransferase. In one set of experiments, 0.2 or 1.0 tM vasopressin
was added directly to the microsomal fraction obtained from myocytes followed
by assaying the enzyme activities. Results indicated that vasopressin did not exhibit
any direct effect on the activities of the three enzymes (data not shown). In another
set of experiments, myocytes were first incubated with growth medium in the
presence or absence of 0.2 or 1.0 pM vasopressin for 60 min. After incubation, the
homogenate obtained from the myocytes was used for the determination of enzyme
activities. As shown in Table 5, myocytes incubated with 0.2 or 1.0 puM
vasopressin  did not alter the activities of choline kinase and
cholinephosphotransferase. However, incubation with 0.2 uM vasopressin caused

a pronounced increase (95%) in the CTP:phosphocholine cytidylyltransferase

69



activity as compared to the control. In contrast, the activity of the
cytidylyltransferase was dramatically reduced (54%) in the vasopressin (1.0 pM)
treated cells.

The regulation of CTP:phosphocholine cytidylyltransferase by vasopressin
was further investigated. Myocytes were incubated in the presence of 0.2 or 1.0
UM vasopressin for 60 min followed by subcellular fractionation. Myocytes
incubated in the absence of vasopressin were employed as the control. The
cytidylyltransferase activity was determined in both the cytosolic and microsomal
fractions. Table 6 shows that myocytes incubated with 0.2 pM vasopressin caused
an increase in the activity of the cytidylyltransferase in both the microsomal (47%)
and cytosolic fractions (70%) as compared to the control. Incubation of myocytes
with 1.0 uM vasopressin resulted in a reduction of the cytidylytransferase activity
in the microsomal fraction (17%) with a corresponding enhancement of the enzyme

activity in the cytosolic fraction (90%).
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Table 4: Effect of arginine-vasopressin on the incorporation of labelled choline
into choline-containing metabolites in rat cardiac myocytes. Myocytes were
incubated in medium containing 10 pM [methyl-*H]choline for 60 min in the
presence of 0.2 or 1.0 uM arginine-vasopressin. The control referred to incubation
in the absence of vasopressin. After incubation, the incorporation of labelled
choline into choline-containing metabolites was determined. Each set of values

represents the mean + SD (number of experiments).

Arginine- Choline Phosphocholine CDP-choline

vasopressin (UM)

dpm/pg protein

Control 53 £ 3 (6) 163 £ 9 (4) 8.8 + 2.9 (6)
0.2 66 % 4 (6)* 187 + 14 (5)* 94 + 1.8 (3)
1.0 41 = 11 (13)* 152+ 7 (3) 6.8 + 2.6 (9)
*P< 0.05
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Table 5: Effect of arginine-vasopressin on the activities of phosphatidylcholine
biosynthetic enzymes in rat cardiac myocytes. Myocytes were incubated in
medium containing 0.2 or 1.0 uM arginine-vasopressin. The control referred to
incubation in the absence of arginine-vasopressin. After incubation, cell lysates
were obtained and the activities of phosphatidylcholine biosynthetic enzymes were

determined. Each set of values represents the mean + SD (number of experiments).

Arginine- Choline Kinase CTP:phosphocholine  Cholinephosphotransferase
Vasopressin cyfidylyltransferase
(uM)

nmol/min/mg protein

Control 0.018 + 0.003 (4) 0.254 £ 0.035 (8) 0.116 £ 0.012 (8)
02 0.018 + 0.005 (3) 0.495 + 0.065 (5)* 0.119 = 0.008 (5)
1.0 0.015 + 0.002 (3) 0.118 + 0.017 (4)* 0.124 + 0.007 (5)
*P < 0.05
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Table 6: Effect of arginine-vasopressin on the activity of CTP:phosphocholine
cytidylyltransferase in microsomal and cytosolic fractions in rat cardiac
myocytes. Myocytes were incubated in the presence of 0.2 or 1.0 uM arginine-
vasopressin. The control referred to incubation in the absence of arginine-
vasopressin. After incubation, cell lysates were obtained followed by subceliular
fractionation. Activities of CTP:phosphocholine cytidylyltransferase were assayed
in the microsomal and the cytosolic fractions. Each set of values represents the

mean * SD (number of experiments).

Arginine-vasopressin CTP:phosphocholine cytidylyltransferase

(1M)

Microsomal Cytosol

nmol/min/mg protein

Control 0.415 £ 0.073 (4) 0.319 £ 0.086 (3)
0.2 0.612 + 0.071 (3)* 0.543 + 0.048 (3)*
1.0 0.169 + 0.029 (3)* 0.605 * 0.041 (3)*
*P < 0.05
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Results

Part 2: Modulation of phosphatidylinositol biosynthetic enzymes by methyl

lidocaine in isolated hamster hearts

1. The Binding and Uptake of Methy! Lidocaine in Hamster Hearts

The binding and uptake of methyl lidocaine in the isolated heart were
investigated. In the first set of experiments, hamster hearts were perfused with
0.01-0.10 mg/ml ["H]methy! lidocaine for 30 min. After perfusion, hearts were
washed and homogenized in a buffer containing 0.25 M sucrose - 10 mM Tris/HCI
(pH 7.5). The radioactivity in the homogenate was determined to obtain the total
binding and uptake of labelled methyl lidocaine during perfusion (Table 7). In
another set of experiments, heart were perfused with 0.01-0.10 mg/ml [*H]methy!
lidocaine for 30 min and then perfused with 1.0 mg/ml unlabelled methy! lidocaine
(chase) for another 30 min. The chase was designed to remove the labelled methyl
lidocaine that was bound but not taken up by the heart. After perfusion, hearts
were homogenized in 0.25 M sucrose - 10 mM Tris/HCI (pH 7.5) and subcellular
fractions were obtained by differential centrifugation. The radioactivities in the
homogenate as well as in each subcellular fraction were determined. As shown in
Table 7, the retention (binding and uptake) of the labelled material in the perfused

heart appeared to reach a maximum at 0.02 mg/ml methyl lidocaine. However, the
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majority of the radioactivity retained in the heart was removed during the chase
period, indicating that a large proportion of the labelled methyl lidocaine was
bound but not taken up by the heart. The radiocactivity taken up by the heart was
quantitatively recovered in the nuclear, mitochondrial, microsomal and cytosolic
fractions. Analysis of the radioactivity in these subcellular fractions by tl.c.
indicates that the vast majority (9242%) remained as methyl lidocaine. The
maximum amount of uptake was achieved at 0.02 mg/m! methyl lidocaine. Higher
concentrations of methyl lidocaine (up to 0.10 mg/ml) in the perfusate did not

cause any significant increase the amount of uptake.
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Table 7. The binding and uptake of H}methyl lidocaine in hamster hearts.
In experiment A, isolated hamster hearts were perfused with 0.01-0.10 mg/ml
[PH]methyl lidocaine (1pCi/nmol) for 30 min. In experiment B, hearts were
perfused (chase) for another 30 min with 1 mg/ml methyl lidocaine. The
radioactivity in the homogenate and in each subcellular fraction were determined.
Each set of values represents the mean + SD from four separate experiments in A

and three separate experiments in B.

Methyl lidocaine (mg/ml)

0.01 0.02 0.05 0.10

Experiment A (nmol/g wet weight)

Total binding and uptake 203 +16 31.0%£27 303+31 300+39

Experiment B (nmol/g wet weight)
Total uptake 6.7+1.0 96+ 09 101 +12 95+14

(% distribution)

Nuclei and mitochondrial 49 + 5 47 + 8 - -
Cytosolic 317 33+£5 - -
Microsomal 107 10+5 - -.
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2. The Effect of Methyl Lidocaine Perfusion on Enzymes for the Biosynthesis of
Phosphatidylinositol

Since the majority of [*H]methyl lidocaine retained by the heart was bound
extracellularly in a reversible manner, it was not clear if such binding might affect
the activities of the enzymes for the de novo biosynthesis of phosphatidylinositol.
Hence, the hamster heart was perfused for 30 min in Krebs-Henseleit buffer
containing 0.5 mg/ml methy! lidocaine (Tardi ef al. 1992). After perfusion, the
heart was homogenized in 0.25 M sucrose - 10 mM Tris/HC] (pH 7.5), and the
postnuclear fraction was obtained from the homogenate by centrifugation. The
activities of the enzymes for PI biosynthesis were determined in the postnuclear
fraction and the results are depicted in Table 8. The binding of methy! lidocaine
did not change the activity of the acyl-CoA:glycerol-3-phosphate acyltransferase,
CTP:phosphatidic acid cytidylyltransferase or phosphatidylinositol synthase.
However, the activity of acyl-CoA:lysophosphatidic acid acyltransferase was
increased by 45% as compared to the control. The activation of acyl-
CoA:lysophosphatidic acid acyltransferase by methyl lidocaine perfusion could not
be reproduced by the direct addition of methyl lidocaine into the cell-free system
(Tardi ef al. 1992). These findings suggest that the acyltransferase was activated

by methyl lidocaine through an indirect mechanism.
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Table 8. Effect of methyl lidocaine perfusion on PI biosynthetic enzymes.

Hamster hearts were perfused for 30 min with or without 0.5 mg/ml methyl
lidocaine. Hearts were homogenized after perfusion and postmitochondrial
fractions from homogenates were prepared by centrifugation. Enzyme activities
were assayed as described in Materials and Methods. Each set of values represent

the mean * SD of three separate experiments.

Enzymes Control Perfusion with

methyl lidocaine

{nmol/h/mg protein)

Acyl-CoA:glycerol-3-P
acyltransferase 6.14 + 1.20 584 +1.52

Acyl-CoA:lysophosphatidic
acid acyltransferase 0.65 +0.14 095+ 0.11*

CTP:phosphatidic acid
cytidylyltransferase 0.65+0.09 0.61 +£ 0.10

Phosphatidylinositol synthase 0.10 + 0.03 0.11 + 0.01

* P < 0.05 when compared with the control
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3. Mechanism for the Activation of Acyl-CoA:lysophosphatidic Acid
Acyltransferase

The activation of acyl-CoA:lysophosphatidic acid acyltransferase by
reversible phosphorylation was explored. In an initial set of experiments, the
postnuclear fraction obtained from the hamster heart was incubated with 100 uM
ATP for 30 min in the presence of NaF and PMSF. After incubation, the
acyltransferase activity in the postnuclear fraction was determined and compared
with the control (without ATP). The effect of ATP-y-S (nonhydrolyzable ATP
analogue), ADP, or CTP on the enzyme activity was also examined.

As shown in Table 9, the activity of the acyltransferase was significantly
elevated (14% as compared to control} in the presence of ATP. However, ATP-y-
S, ADP or CTP did not produce any detectable effect on the enzyme activity. In
order to demonstrate that the effect of ATP was not mediated via adenylate
cyclase, SQ22536 was added to the assay (Tamaoki e al. 1993). Co-incubation
with ATP and SQ22536 did not diminish the effect of activation. Our data indicate
that ATP, but not its subsequent metabolite, was an important factor for the
activation of the acyltransferase, and suggest that the enzyme may be regulated via
a phosphorylation-dephosphorylation mechanism.

The ability of methyl lidocaine to cause the phosphorylation of the acyl-
CoA:lysophosphatidic acid acyltransferase was explored. Since the

phosphorylation of the acyltransferase could arise from the activation of protein
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kinase A and/or protein kinase C, the effect of methyl lidocaine perfusion on both
protein kinases was examined. Hamster hearts were perfused with 0.5 mg/ml
methyl lidocaine for 30 min and were homogenized after perfusion. The
microsomal and cytosolic fractions were obtained for the determination of protein
kinase A and protein kinase C activities. Our result shows that protein kinase A
activity was enhanced by methyl lidocaine perfusion. The activities of protein
kinase C in the cytosolic and microsomal fractions were not affected by the same
treatment, indicating no translocation of the kinase took place (Table 10). In order
to confirm that the activation of acyl-CoA:lysophosphatidic acid acyltransferase
could be facilitated by the enhancement of protein kinase A activity, the
postnuclear fraction obtained from the homogenate was incubated with 100 units
of protein kinase A catalytic subunit. After incubation, the acyltransferase activity
was determined. Our result shows that the incubation with protein kinase A
catalytic subunit produced a pronouced increase (91%) in the acyltransferase
activity. Enzyme activity obtained after protein kinase A incubation was 1.23 +
0.26 nmol/h/mg protein, whereas the control was 0.65 * 0.15 nmol/h/mg protein.

The mechanism for the enhancement of protein kinase A activity by methy!
lidocaine perfusion was examined. Since protein kinase A activity is modulated
by cAMP, the pool size of cAMP in the perfused hamster heart was determined.
Table 11 shows that the level of cAMP was greatly elevated in the hamster heart

after a 5 min perfusion with 0.5 mg/ml methyl lidocaine, and its level remained
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elevated even after 30 min of perfusion.

The involvement of adenylate cylcase in the activation of acyl
CoA:lysophosphatidic acid acyltransferase was studied. Hamster hearts were
perfused with 0.5 mg/ml methyl lidocaine and 0.25 mM SQ22536 (an adenylate
cyclase inhibitor) (Gilman 1987). The presence of SQ22536 completely abolished
the elevation of the cAMP level and the enhancement of acyl
CoA.lysophosphatidic acid acyltransferase activity (data not shown). Our results
suggest that adenylate cyclase is involved in the activation of the acyltransferase
by methyl lidocaine perfusion.

The ability of elevated cAMP levels to modulate protein kinase A activity
in the heart was examined. The protein kinase A activity in the hamster heart
cytosol was found to be significantly elevated by the exogenous addition of 20-100
pmol/ml cAMP, and maximum activation of the enzyme activity was achieved at
80 pmol/ml cAMP (Table 12). Interestingly, the addition of 20-100 pmol/m] cAMP
to the cytosol of the hamster heart perfused with methyl lidocaine failed to elicit
any significant increase in protein kinase A activity. It is plausible that the elevated
level of cAMP in the heart generated by methyl lidocaine perfusion had already
produced maximum activation of the protein kinase A activity. Hence, the activity

of the enzyme could not be further stimulated by the addition of exogenous cAMP.
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Table 9. Effect of ATP on acyl-CoA: lyosphosphatidic acid acyltransferase
activity.

The hamster heart was homogenized in a buffer containing 10 mM Tris/HCI (pH
7.5)- 0.25 M sucrose- 20 mM NaF- 2 mM DTT- 50 pg/mL PMSF- 4 mM MgCl,.
The postnuclear fraction was incubated with the designated nucleotides (0.1 mM)
for 30 min at 37° C prior to the assay of acyltransferase activity. Each set of

values represents the mean + SD of four separate experiments.

Preincubation Acyl-CoA:lysophosphatidic

with acid acyltransferase

(nmol/h/mg protein)

Controls 0.65 £ 0.03
ATP 0.74 £ 0.02*
ATP + SQ22536 (1.25 mM) 0.81 £ 0.05%
ATP-y-8 0.66 £+ 0.04
ADP 0.60 £ 0.04
CTP 0.58 £ 0.04

* P < 0.05 when compared with controls
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Table 10. Effect of methyi lidocaine on protein kinase A and protein kinase
C activities.

Hamster hearts were perfused for 30 min with or without 0.5 mg/ml methyl
lidocaine. Hearts were homogenized after perfusion and the microsomal and
cytosolic fractions were obtained from homogenates. Protein kinase A and C
activities were assayed as described in Materials and Methods. Each set of values

represents the mean + SD of three separate experiments.

Control Methy! lidocaine perfusion

(pmol/min/mg protein)
Protein kinase C
Cytosolic 5.50 + 0.65 5.16 £ 024

Microsomal 425+ 030 4,00 + 0.60

Protein kinase A

Cytosolic 125 + 14 215 + 30%*

* P < 0.05 when compared with the control
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Table 11. Effect of methyl lidocaine on the pool size of cAMP
Hamster hearts were perfused with or without 0.5 mg/ml methy! lidocaine for 5 or
30 min. Subsequent to perfusion, the cAMP levels were determined. Each set of

values represents the mean + SD of three separate experiments.

Perfusion Time cAMP levels (pmol/g wet weight)
Control Methyl lidocaine

5 min 440 + 15 767 + 58*

30 min 406 £ 30 602 + 4%

¥ P < 0.05 when compared with the control
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Table 12. Effect of exogenous addition of cAMP on protein kinase A activity

in hamster heart cytosol.

Hamster hearts were perfused for 30 min with or without 0.5 mg/ml methyl

lidocaine. The heart was homogenized after perfusion and the cytosolic fraction

was obtained from the homogenate. Protein kinase A activity was assayed in the

presence of cAMP. Each set of values represents the mean of two separate

experiments.

cAMP added (nM)

Protein kinase A activity (pmol/min/mg protein)

Control Methyl lidocaine Perfusion
0 125 178
20 155 175
40 173 186
80 187 187
100 189 183
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4. The Activation of Acyl-CoA:lysophosphatidic Acid Acyltransferase Activity by
db-cAMP

The ability of db-cAMP to activate acyl-CoA:lysophosphatidic acid
acyltransferase was studied. db-cAMP mimics the action of cAMP and is
transported across the membrane during perfusion (Posternak and Weiman 1974).
Hence, the hamster heart was perfused with 1 mM db-cAMP for 30 min and the
activities of protein kinase A and acyl-CoA:lysophosphatidic acid acyltransferase
in the heart were determined after perfusion. As shown in Table 13, both enzyme
activities in the heart were enhanced by db-cAMP. Taken together with the data
obtained in preceding sections, it appears that methyl lidocaine caused the
generation of cAMP which stimﬁlated the activity of protein kinase A and resulted
in the phosphorylation and activation of acyl-CoA:lysophosphatidic acid

acyltransferase.
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Table 13. Effect of db-cAMP on the activities of acyl-CoA:lysophosphatidic

acid acyltransferase and protein kinase A in hamster hearts.

Hamster hearts were perfused with 1 mM db-cAMP for 30 min. After perfusion,

the heart was homogenized and the postnuclear fraction was obtained for the

determination of enzyme activities. Each set of values represents the mean + SD

of three separate experiments.

Enzyme Control db-cAMP
Protein kinase A 10i£ 5 175 + 30%
(pmol/min/mg protein)

Acyl-CoA:lyosphosphatidic

acid acyltransferase 0.61 + 0.06 0.84 + 0.09*

(nmol/h/mg protein)

* P < 0.05 when compared with the control
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5. The Direct Effect of Methyl Lidocaine on Enzymes for the Biosynthesis of

Phosphatidylinositol

The direct effect of methyl lidocaine on enzymes in the de novo biosynthesis
of PI was investigated. As shown in our previous study (Tardi et al. 1992), the
presence of methyl lidocaine in the assay mixture did not have any effect on the
activities of acyl-CoA:glycero-3-phosphate acyltransferase, acyl-
CoA:lysophosphatidic acid acyltransferase and phosphatidylinositol synthase.
However, methyl lidocaine in the assay mixture caused the activation of
CTP:phosphatidic acid cytidylyltransferase. These results were confirmed in the
present study, and kinetic studies were carried out to examine the activation of the
CTP:phosphatidic acid cytidylyltransferase. The enzyme in the microsomal fraction
was assayed at different phosphatidic acid (0.01-0.10 mM) and CTP (0.05-0.50
mM) concentrations in the presence of 0.5 or 1.0 mg/ml methyl lidocaine.
Subsequently, enzyme activities vs coricentrations of one substrate were plotted in
a double reciprocal manner. As shown in Fig. 15, the Km for phosphatidic acid
was changed in the presence of methyl lidocaine, but the Km for CTP was not
affected by the same treatment. We conclude that methy! lidocaine caused the
activation of CTP:phosphatidic acid cytidylyltransferase by increasing the affinity
between the enzyme and phosphatidic acid, but not the affinity between the

enzyme and CTP.
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Fig. 15 - Double reciprocal plot of hamster heart CTP:phosphatidic acid
cytidylyltransferase activities vs substrate concentrations.

CTP: phosphatidic acid cytidylyliransferase in the microsomal fraction of the hamster
heart was assayed in the absence or presence of 0.5 or 1.0 mg/ml methyl lidocaine at
different substrate concentrations. In experiment A, the assay mixture contained 0.05-0.5
mM [PH]CTP (10,000 dpm/nmol), 0.5 mM phosphatidic acid, and 0.3 mg enzyme
protein. In experiment B, the assay mixture contained 0.01-0.10 mM phosphatidic acid,
1.0 mM [*H]CTP, and 0.3 mg enzyme protein. A double reciprocal plot on the enzyme
activity vs substrate concentration was obtained from each set of studies. The symbols
represent: (y) incubation with 1.0 mg/mL methy! lidocaine, ) incubation with 0.5 mg/mL.

methyl lidocaine, and (@) incubation without methyl lidocaine {control).
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Discussion

Part 1: Effect of arginine-vasopressin on choline uptake and phosphatidylcholine

biosynthesis in rat cardiac myocytes

It 1s clear from this study that arginine-vasopressin modulates the de novo
biosynthesis of phosphatidylcholine in a biphasic manner in isolated cardiac
myocytes. Phosphatidylcholine biosynthesis is regulated by vasopressin at the
levels of (1) choline uptake, and (2} the CTP:phosphocholine cytidylyltransferase
activity.

The regulation of choline uptake is a plausible mechanism for the control
of phosphatidylcholine biosynthesis. In the heart, choline is taken up through a low
affinity Na'-dependent uptake system and its transport appears to follow the
Michaelis-Menton type of kinetics (Zelinski 1980). Choline uptake has been shown
to be inhibited by ethanclamine and other choline analogs (Diamond and Kennedy
1969; Zelinski and Choy 1984). In addition, the regulation of choline uptake by
amino acids in hamster hearts has been implicated (FHatch and Choy 1986, Chan
et al. 1992). This study is the first to show that a hormone, vasopressin, has the
ability to modulate choline uptake.

The regulation of choline uptake by vasopressin seems to be specific. Our

findings illustrate that the effect of choline uptake is attenuated by a vasopressin
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antagonist. Additional evidence shows that oxytocin, a peptide hormone which has
a similar amino acid structure as vasopressin, fails to elicit such a response (Man
1992). Our results indicate that the regulation of choline uptake by vasopressin is
biphasic; hence, it is unlikely that choline uptake is regulated through a direct
interaction between vasopressin and the choline transport site. However, the
mechanism(s) for the regulation of choline uptake by vasopressin remain
undefined.

It 1s intriguing to note that vasopressin at lower concentration (0.2 pM)
results in a disproportionate increase in choline uptake and the incorporation of
labelled choline into phosphatidylcholine. It appears that vasopressin (0.2 pM) may
have the ability to alter the CDP-choline pathway. Therefore, the effects of
vasopressin on (1) the incorporation of labelled choline into choline-containing
metabolites and (2) the activities of phosphatidylcholine biosynthetic enzymes in
the CDP-choline pathway were investigated. Our results reveal that the regulation
of CDP-choline pathway by vasopressin (0.2 pM) is at the step catalyzed by
CTP:phosphocholine cytidylyltransferase, the rate-limiting enzyme in the pathway.

CTP:phosphocholine cytidylyltransferase is present in both the microsomal
and cytosolic fractions, The cytosolic form is believed to be the inactive form,
whereas the microsomal form is believed to be the active form. Translocation of
the cytidylyltransferase between subcellular compartments by a reversible

phosphorylation process is regarded as an important mechanism for the modulation
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of the enzyme activity (Pelech and Vance 1984). Our result shows that vasopressin
at lower concentration (0.2 uM) causes an enhancement of the cytidylyltransferase
activity in both fractions, suggesting that vasopressin may play a role in either the
activation of the enzyme or the biosynthesis of the cytidylyltransferase.
Alternatively, higher concentration of vasopressin (1.0 uM) results in an
increase in the cytidylyltransferase activity in the cytosolic fraction with a
corresponding reduction of the enzyme activity in the microsomal fraction.
Although the mechanism for the regulation of the cytidylyltransferase remains
unclear, it appears that the enzyme is translocated from the microsome to the
cytosol. Since the reduction of phosphatidylcholine biosynthesis by vasopressin
(1.0 uM) is abrogated in the presence of the V1- vasopressin antagonist, it is
plausible that the translocation of CTP:phosphocholine cytidylyltransferase is
mediated through a protein kinase cascade as a result of V1- receptor activation.
We hypothesize that V1- receptor triggers the phosphoinositide cascade which
results in the hydrolysis of phosphatidylinositol-4,5-bisphosphate and the
subsequent release of inositol-1,4,5-trisphosphate and diacylglycerol. The formation
of diaycylglycerol activates protein kinase C which in turn phosphorylates
CTP:phosphocholine cytidylyltransferase, resulting in its translocation from the
microsome to the cytosol. The reduction of the microsomal enzyme activity may
contribute to the reduction of phosphatidylcholine biosynthesis. Further work will

be needed to support this hypothesis.
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One intriguing aspect of this study is the bisphasic effect of vasopressin on
phosphatidylcholine biosynthesis. The mechanism(s) involved in the biphasic
response remains unidentified. It is, however, possible that the V1- vasopressin
receptor can elicit dual actions in response to different concentrations of
vasopressin. Recently, the ability of a G-protein coupled receptor to produce dual
second messengers has been identified (Thompson 1992; Chabre et al. 1992). For
example, it has been reported that a calcitonin receptor has the ability to trigger
two second messenger pathways, with different ligand concentrations eliciting the
two responses. In addition, the alpha(a)2-adrenergic receptor has recently been
reported to provoke the activation of phospholipase C together with the inhibition
of adenylate cyclase (Cotecchia ef al. 1990). Hence, we postulate the V1-receptor
may be coupled to two different G-proteins associated with two different signal
transduction cascades. This postulation may explain the biphasic action of
Vasopressin.

The biphasic effect of vasopressin on choline uptake and
phosphatidylcholine biosynthesis emphasizes the diverse effect of the hormone on
different tissues. In isolated rat hepatocytes, vasopressin does not display the
biphasic effect as observed in cardiac myocytes (Tijburg et al 1987). In
hepatocytes, vasopressin exhibits no effect on choline uptake, but inhibits the
incorporation of labelled choline into phosphatidylcholine. The mechanism for the

reduction of phosphatidylcholine biosynthesis appears to be at the

93



cytidyiy}transferase level in both hepatocytes and cardiac myocytes.

This study provides additional evidence that a hormone can regulate
membrane phospholipid biosynthesis. Studies of phospholipid biosynthesis using
other hormones having known myocardial-membrane receptors would enable us to
further understand the mechanisms for the regulation of choline uptake and
CTP:phosphocholine cytidylyliransferase.

It was once thought that hydrolysis of inositol phospholipids by
phospholipase C was the only mechanism to link external stimuli to intraceltular
events through the activation of protein kinase C. There is growing evidence which
shows that hydrolysis of phosphatidyicholine by phospholipase A,, phospholipase
C, and phospholipase D, can generate second messengers which participate in cell
signalling. The phosphatidylcholine-derived second messengers such as arachidonic
acid, diacylglycerol, phosphatidic acid, and lysophosphatidylcholine have been
shown to enhance and prolong the activation of protein kinase C. Such prolonged
activation of protein kinase C is important for long-term cellular responses such as
cell proliferation and differentiation. In recognition of the recent report which
shows that vasopressin has an ability to induce phosphatidylchoiine turnover in
smooth muscle cell line (Grillone er al 1988), a future study would be to
investigate the effect of vasopressin on prolonged activation of protein kinase C.
Specifically, our laboratory is interested in addressing the regulation of

phosphatidylcholine specific phospholipase A,, C, or D by vasopressin.
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The current understanding on the regulation of the metabolism of other
phospholipids is limited. In rat hepatocytes, glucagon and noradrenalin have been
reported to mediate the enhancement of phosphatidylethanolamine biosynthesis
(Geelen et al. 1978; Haagsman ef al. 1984). However, the regulation of
phosphatidylethanolamine by hormones in the heart have not been documented.
Hence, the effect of wvasopressin on ethanolamine uptake and
phosphatidylethanolamine biosynthesis is also an interesting subject for future

study.
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DISCUSSION

Part 2: Modulation of phosphatidylinositol biosynthetic enzymes by methyl

lidocaine in isolated hamster hearts

Methyl lidocaine is an amphiphilic local anaesthetic which has been
employed as an experimental anti-arrhythmic drug. It has a methyl group
covalently attached to the amino nitrogen of the lidocaine moiety, which causes the
molecule to display a permanent cationic charge (Tardi ef al. 1992; Patterson ef al.
1988). Presumably, the permanent charge does not affect its binding to the
membrane, but may reduce its uptake and subsequent metabolism when compared
with lidocaine. In this study we demonstrated that the majority of the labelled
methyl lidocaine retained by the heart during perfusion was bound extracellularly
and was exchangable with the non-labelled methyl lidocaine. The binding and the
uptake of methyl lidocaine appear to be saturable. Although the mode of methyl
lidocaine binding to the heart remains unclear, the uptake of methyl lidocaine
appears to be carrier mediated (Stein 1986). The portion of methyl lidocaine taken
up by the cardiac cell was not actively metabolised, and over 90% was recovered
in the subcellular fractions in its original form.

It 1s clear that a positive effect on the adenylate cyclase cascade similar to

that of B-adrenergic agonists (Gilman 1987; Tang and Gilman 1992) was produced
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by methyl lidocaine. The activation of adenylate cyclase by methyl lidocaine was
first indicated by an increase in cAMP level, and the notion was supported by the
ability of SQ22536 (an adenylate cyclase inhibitor) to suppress the increase in
cAMP production. The stimulation of protein kinase A activity by the increase in
cAMP was detected in a cell free system as well as in the perfused heart with db-
cAMP. Finally, the activation of the acyl-CoA :lysophosphatidic acid acyltransferase
by phosphorylation was demonstrated by the incubation of the postnuclear fraction
with ATP, and more directly, by the addition of the protein kinase A catalytic
subunit to the postnuclear fraction. The activation of phospholipid biosynthetic
enzymes via this mechanism by [B-adrenergic agonists has been well documented.
For example, the activation of acyl-CoA:glycerol-3-phosphate acyltransferase by
epinephrine has been reported (Sooranna and Saggerson 1976). The activation of
acyl-CoA:lysophosphatidic acid acyltransferase by isoproterenol has been shown
to be mediated via the adenylate cyclase pathway with the elevation of cAMP and
the activation of protein kinase A in guinea pig parotid gland lobules (Séling ef al.
1989). Alternatively, we are the first to show that the activation of acyl-
CoA:lysophosphatidic acid acyltransferase by methyl lidocaine is mediated via the
adenylate cyclase cascade. It is tempting for us to speculate that the binding of
methyl lidocaine to a receptor is essential in order to elicit its effect on the
adenylate cyclase pathway for the enhanced production of cAMP and the

subsequent activation of the acyl-CoA:lysophosphatidic acid acyltransferase.
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However, the possibility of methyl lidocaine to exert a direct effect on the
activation of adenylate cyclase has not been ruled out.

In view that acyl-CoA:lysophosphatidic acid acyltransferase is responsible
for the de novo synthesis of PI, it is logical to surmise that the activation of acyl-
CoA:lysophosphatidic acid acyltransferase should be mediated via the hydrolysis
of phosphatidylinositol bisphosphate and the subsequent enhancement of protein
kinase C activity (Exton 1990). This does not seem to be the case since protein
kinase C activity in the heart was not activated by methyl lidocaine perfusion. The
inability to produce a secondary response via the hydrolysis of the
phosphatidylinositol biphosphate suggest that the action of methyl lidocaine is
specific and may be limited to the modulation of the adenylate cyclase cascade in
the hamster heart.

Since a significant amount of methyl lidocaine is taken up by the cardiac
- cells, the direct activation CTP:phosphatidic acid cytidylyltransferase represents an
additional mechanism for the modulation of PI biosynthesis. However, the exact
contribution of this mechanism for the enhancement of PI biosynthesis remains
undefined. This 1s because CTP:phosphatidic acid cytidylyltransferase is a
microsomal enzyme, and the availability of the endogenous methyl! lidocaine to the
microsomal system is not known. Interestingly, the presence of methyl lidocaine
caused a change in the affinity between the enzyme and phosphatidic acid which

was not observed in the presence of lidocaine (Wong et al. 1994). 1t is clear that
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the presence of a methyl group in lidocaine would greatly alter its biological
property and enable it to play an important role in the direct modulation of PI
biosynthesis.

One might have expected that the activity of glycerol-3-phosphate
acyltransferase would be affected by methyl lidocaine since the enzyme is believed
to be another key enzyme in the PI biosynthetic pathway. In addition, the
acyltransferase activity has been reported to be inhibited by protein kinase A
(Heathers ef al. 1985). However, the modulation of the enzyme by protein kinase
A could not be reproduced by Rider and Saggerson (Rider and Saggerson 1983)
which is in line with our findings.

Beyond the modulation of PI biosynthesis, methyl lidocaine has also been
shown to stimulate the biosynthesis of neutral lipids such as diacylglycerol and
triacylglycerol. We have shown in a preliminary study that the acyl-
CoA.:diacylglycerol acyltransferaée is also activated by methyl lidocaine perfusion.
In a separate study, the enzyme was found to be regulated by phosphorylation
(Rodriguez ef al. 1992). It is possible that the mediation of the adenylate cyclase
cascade is a common mechanism by which methyl lidocaine exerts its modulation

on lipid biosynthesis in the hamster heart.

9%



References

Alberts, B, Bray, D., Lewis, J.,, Raff, M., Roberts, K., and Watson, J.D. (1994)
Membrane structure

In Molecular Biology of The Cell, Third edition, Garland Publishing, Inc. New
York & London pp. 477-506

Alemany, S., Varela, 1., and Mata, J M. (1982)

Inhibition of phosphatidylcholine synthesis by vasopressin and angiotensin in rat
hepatocytes.

Biochem. J. 208, 453-457

Ansell, G B. and Spanner, S. (1982)

Phosphatidylserine, phosphatidylethanolamine and phosphatidylcholine

In Phospholipids. Edited by J.N. Hawthorne and G.B. Ansell, Elsevier Biochemical
Press, Amsterdam. pp.13-17

Batenburg, J. I, den Breejen, J. N, Yost, R. W., Haagsman, H. P. and van Golde,
L. M. G. (1986)

Glycerol-3-phosphate acylation in microsomes of type II cells isolated from adult
rat lungs.

Biochim. Biophys. Acta 878, 301-309

Belendiuk, G., Mangnall, D., Tung, B., Westley, J. and Getz, G.S. (1978)
CTP-phosphatidic acid cytidylytransferase from Saccharomyces cerevisiae.
J. Biol. Chem. 253, 4555-4565

Bell, RM. and Burns, D.J. (1991) Lipid activation of protein kinase C.
J. Biol. Chem. 266, 4661-4664

Bell, R.M. and Coleman, R.A. (1980) Enzymes of glycerolipid synthesis in
eukaryotes. Ann. Rev. Biochem. 49, 459-487

Bell, RM,, Ballas, .M., and Coleman, R.A. (1981)
Lipid topogenesis.
J. Lipid Res. 22, 391-403

Berridge, M.J. (1987)

Inositol-trisphosphate and diacylglycerol: two interesting second messengers
Ann. Rev. Biochem. 56, 159-193

100



Berridge, M.J. and Irvine, R F. (1989)
Inositol phosphates and cell signalling.
Nature 341, 197-205

Bloch K. (1991)

Cholesterol: evolution of structure and function.

In Biochemistry of Lipids, Lipoproteins and Membranes. Edited by D.E. Vance and
J. Vance. Elsevier Science Publishing Co., NY, U.S.A. pp. 363-381

Brindley, D.N. (1991)

Metabolism of triacylglycerols.

In Biochemistry of Lipids, Lipoproteins and Membranes. Edited by D.E. Vance and
J. Vance. Elsevier Science Publishing Co., NY, US.A. pp. 171-201

Carter, J.R. and Kennedy, E.P. (1966)
Enzymatic synthesis of cytidine diphosphate diglyceride.
J. Lipid Res. 7, 678-683

Chabre, O., Conklin, BR., Lin, HY,, Lodish, HF., Wilson, E., Ives, HE.,
Catanzariti, L., Hemmings, B.A., and Bourne, HR. (1992)
A recombinant calcitonin receptor independently stimulates 3'5'- cyclic adenosine

monophosphate and Ca*/inositol phosphate signalling pathways.
Mol. Endocrin. 6, 551-556

Chan, M, O, K, Man, A.S, and Choy, P.C. (1992)

The effect of amino acid on choline uptake and phosphatidylcholine biosynthesis
in mammalian hearts.

Lipids 27, 466-469

Chap, HJ,, Zwaal, RF.A,, and Van Deenan, LLM. (1977)

Action of highly purified phospholipases on blood platelets: evidence for an
asymmetric distribution of phospholipids in the surface membrane.

Biochim. Biophys. Acta 467, 146-164

Chu, A.J. and Rooney, S.A. (1985)

Stimulation of cholinephosphate cytidylyltransferase activity by estrogen in fetal
rabbit lung 1s mediated by phospholipids.

Biochim. Biophys. Acta 834, 346-352

101



Coleman, R.A. and Haynes, E.B. (1983)

Selective changes in microsomal enzymes of triacylglycerol and
phosphatidylcholine synthesis in fetal and postnatal rat liver.

J. Biol. Chem. 258, 450-456

Corbin, J. D. and Reimann, E. M. (1974)
Assay of cyclic AMP-dependent protein kinases.
Meth. Enzymol. 38, 287-290

Cornell, R.B. (1992)
Cholinephosphotransferase from mammalian sources.
Meth. Enzymol. 209, 267-272

Cotecchia, S., Kobilka, B.K., Daniel, KW, Nolan, R.D., Lapetina, E.Y., Carpm,
M.G,, Lefkowitz, R.J., and Ramachandran, J. (1990)
Mulitiple second messenger pathways of alpha- adrenergic receptor subtypes

expressed in eukaryotic cells.
J. Biol. Chem. 265, 63-69

Cui, Z,, Vance, J.E,, Chen, M.H.,, Voelker, D.R., and Vance, D.E. (1994)
Cloning and expression of a novel phosphatidylethanolamine N-methyltransferase.
A specific biochemical and cytological marker for a unique membrane fraction in

rat liver.
J. Biol. Chem. 268, 16655-16663

Cullis, P.R. and Hope, M.J. (1991)

Physical properties and functional roles of lipids in membranes.

In Biochemistry of Lipids, Lipoproteins and Membranes. Edited by D E. Vance and
J. Vance. Elsevier Science Publishing Co., NY, U.S.A. pp. 25-72

Davis R. (1991)

Lipoprotein structure and secretion.

In Biochemistry of Lipids, Lipoproteins and Membranes. Edited by D.E. Vance and
J. Vance. Elsevier Science Publishing Co., NY, US.A. pp. 403-424

Diakanow, C. (1868)
Zbl. Med. Wiss. 2, 434-435

Diamond, I. and Kennedy, E.P. (1969) Carrier- mediated transport of choline into

synaptic nerve endings.
J. Biol. Chem. 244, 3258-3263

102



Dumont, J.E. Jauniaux, J-C, and Roger, P.P. (1989)
The cyclic AMP-mediated stimulation of cell proliferation.
TIBS 14, 67-71

Esko, J.D. and Raetz, C.R. (1983)
Synthesis of phospholipids in animal cells.
In The Enzymes, Academic Press Inc., New York pp. 207-253

Evan, R M. (1988)
The steroid and thyroid hormone receptor superfamily.
Science 240, 889-895

Exton, J.H. (1990)
Signalling through phosphatidylcholine breakdown.
J. Biol. Chem. 265, 1-4

Feldman, D.A. and Weinhold, P.A. (1987)

CTP:phosphorylcholine cytidylytransferase from rat liver: isolation and
characterization of the catalytic subunit.

J. Biol. Chem. 262, 9075-9081

Geelen, M.JH., Groener, JEM., DeHass, C.GM., Wisserhof, T.A., and Van
Golde, LM.G. (1978)

Influence of insulin and glucagon on the synthesis of glycerolipids in rat
hepatocytes. FEBS Lett. 90, 57-60

Gillis, R.A,, Levine, F.H, Thibodeaux, H., Raines, A., and Standaert, F.G. (1973)
Comparison of methyl lidocaine and lidocaine on arrhythmia produced by coronary
occlusion in the dog.

Circulation 47, 697-703

Gilman, A. G. (1987) G proteins: transducers of receptor- generated signals.
Ann, Rev. Biochem. 56, 615-649

Gobley, M. (1850)
J. Pharm. Clin. (Paris) 17, 401-417

Granner, D.K. (1990)

Hormone action.

In Harper's Biochemistry. Edited by R.K. Murray, P.A. Mayes, D.K. Granner, and
V.W. Rodwell. Appleton and Lange, Toronto. pp. 467-477

103



Grillone, L.R., Clark, M.A., Godfrey, R W, Stassen, F., and Crooke, S.T. (1988)
Vasopressin induces V1 receptors to activate phosphatidylinositol- and
phosphatidylcholine- specific phospholipase C and stimulates the release of
arachidonic acid by at least two pathways in the smooth muscle cell line, A-10.
J. Biol. Chem. 263, 2658-2663

Haagsman, H.P., Van den Heuvel, JM,, Van Golde, LM.G., and Geelen, M.J.H.
(1984)
Synthesis of phosphatidylcholine in rat hepatocytes. Possible regulation by

norepinephrine via an a- adrenergic mechanism.
J. Biol. Chem. 259, 11273-11278

Hajra, A.K. and Agranoff, B.W. (1968)
Acyl-dihydroxyacetone-phosphate: characterization of a *2P-labeled lipid from

guinea pig liver mitochondria.
J. Biol. Chem. 243, 1617-1622

Hardie, D.G. (1991a)
Cell surface receptors- analysis and identification
In Biochemical messengers. Chapman & Hall, NY pp.109-145

Hardie, D.G. (1991b)
The first messengers- hormones, neurotransmitters and local mediators.
In Biochemical messengers. Chapman & Hall, NY pp.21-43

Hakomori, S. (1983)

Chemistry of glycosphingolipids.

In Sphingolipid Biochemistry. Edited by JN. Kanfer and S. Hakomori. Plenum,
NY pp. 1-164

Hannun, Y. A, Loomis, C. R. and Bell, R. M. (1985)

Activation of protein kinase C by Triton X-100 mixed micelles containing
diacylglycerol and phosphatidylserine.

J. Biol. Chem. 260, 10039-10043

Hatch, G.M. and Choy, P.C. (1986)

Enhancement of choline uptake by glycine in hamster heart
Biochim. Biophys. Acta 884, 259-264

104



Hays, R.M. (1990)

Agents affecting the renal conservation of water.

In Goodman and Gilmon's the Pharmacological Basis of Therapeutics. Edited by
A.G. Gilman, TW. Rall, AS. Niew, and P. Taylor. Pergamon Press, Toronto,
Ontario pp. 732-742

Heathers, G.P., Muhtaseb, A.L N, and Brunt, R.V. {1985)
The effect of adrenergic agents on the activities of glycerol-3-phosphate

acyltransferase and triglyceride lipase in the isolated perfused rat heart.
J. Mol. Cell. Cardiol. 17, 785-796

Hirata, F., Viveros, O.H, Diliberto Jr., E.J., and Axelrod, J. (1978)

Identification and properties of two methyltransferases in conversion of
phosphatidylethanolamine to phosphatidylcholine

Proc. Natl. Acad. Sci. 75, 1718-1721

Ishidate, K. and Nakazawa, Y. (1992)
Choline/Ethanolamine kinase from rat kidney
Meth. Enzymol. 209, 121-134

Kanfer, J.N. (1989)

Phospholipase D and the base exchange enzyme.

In Phosphatidylcholine Metabolism. Edited by D.E. Vance. CRC press, Boca
Rotan, FL, pp. 65-86

Kanfer, J. N. and McCartney, D. G. (1993)

Modulation of the serine base exchange enzyme activity of rat brain membranes
by amphiphilic cations and amphiphilic anions.

J. Neurochem. 60, 1228-1235

Kelley, M. J. and Carman, G. M. (1987)

Purification and characterization of CDP-diacylglycerol synthase from
Saccharomyces cerevisiae.

J. Biol. Chem. 262, 14563-14570

Kennedy, E.P. (1962)

The metabolism and function of complex lipids.
Harvey Lect. 57, 143-171

105



Klaus, M.H,, Clements, J.A., and Havel, R.J. (1961)
Composition of surface active material isolated from beef lung.
Proc. Natl. Acad. Sct. 47, 1858-1859

Kniffen, F.J,, Lomas, T.E., Nobel-Allen, N.L., and Lucchesi, B.R. (1974)

The comparative antiarrhythmic actions of lidocaine and its quarternary derivative
methy! lidocaine.

Circulation 49, 264-271

Landau, S.1. (1986)
In International Dictionary of Medicine and Biology, Vol 3. John Wiley and Sons
Publishing Co. NY pp. 3101

Langer, G.A., Frank, I.S,, Rich, T.L., and Orner, F.B. (1987)
Calcium exchange, structure, and function in cultured adult myocardial cells.
Am. J. Physiol. 252 (Heart Circ. Physiol. 21): H314-H324

Linder, M.E. and Gilman, A.G. (1992)
G proteins.
Sci. Amer. 267, 56-65

Liscovitch, M. and Cantley, L. C. (1994)
Lipid Second Messengers.
Cell 77, 329-334

Liteplo, R.G. and Sribney, M. (1980)

The stimulation of rat liver microsomal CTP: phosphatidic acid cytidylytransferase
activiy by guanosine triphosphate.

Biochim. Biophys. Acta 619, 660-668

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. (1951)
Protein measurement with the folin phenol reagent.
J. Biol. Chem. 193, 265-275

Man, A.S. {1992)

Hormone and amino acid regulation of phosphatidylcholine biosynthesis.

M Sc. thesis, Department of Biochemistry and Molecular Biology, University of
Manitoba pp. 66-70

106



Miki, Y., Hosaka, K., Yamashita, S., Handa, H. and Numa, S. (1977)
Acyl-acceptor specificities of 1-acylglycerolphosphate acyltransferase and 1I-
acylglycerophosphorylcholine acyltransferase resolved from rat liver microsomes.
Eur. J. Biochem. 81, 433-441

Morel, A., O'Carroll, A M., Brownstein, M.J., and Lolait, S.J. (1992)

Cloning and characterization of a vasopressin V2 receptor and possible link to
nephrogenic diabetes insipidus.

Nature 356, 523-526

Nishizuka, Y. (1992)
Intracellular signalling by hydrolysis of phospholipids and activation of protein
kinase C. Science 258, 607-612

O.X. and Choy, P.C. (1990)

Solubilization and partial purification of cholinephosphotransferase in hamster
tissues.

Lipids 25, 122-124

Palasi, C.V,, Larner, J., and Shen, L.C. (1971)

Glycogen metabolism and the mechanism of action of cAMP.

In cAMP and Cell Function. Edited by G.A. Robison, G.G. Nahas, and L. Triner.
Annals of the New York Academy of Sciences 185, 74-84

Patterson, E., Gibson, J K., and Lucchesi, B.R. (1988)

Antiarrhythmic and arrythmogenic actions of methyl lidocaine during the recovery
phase after canine myocardial infraction.

Pharmacology 36, 73-83

Pelech, S.L. and Vance, D.E. (1984)
Regulation of phosphatidylcholine biosynthesis.
Biochim. Biophys. Acta 779, 217-251

Post, M. (1987)

Maternal administration of dexamethasone stimulates choline-phosphate
cytidylyltransferase in fetal type II cells.

Biochem. J. 241, 291-296

Posternak, T. and Weiman G. (1974)

The preparation of acylated derivatives of cyclic nucleotides.
Meth. Enzymol. 38, 399-409

107



Rider, M. H. and Saggerson, E.D. (1983)

Regulation by noradrenaline of the mitochondrial and microsomal forms of glycerol
phosphate acyltransferase in rat adipocytes.

Biochem. J. 214, 247-255

Ridgway, N.D. and Vance, D.E. (1992)
Phosphatidylethanolamine N-methyltransferase from rat liver.
Meth. Enzymol. 209, 366-374

Robinson, J. and Newsholme, E.A. (1967)
Glycerol kinase activities in rat heart and adipose tissue.
Biochem. J. 104, 2C-4C

Rodriguez, M.A., Dias C. and Lau, T.E. (1992)
Reversible ATP-dependent inactivation of adipose diacylglycerol acyltransferase.
Lipids 27, 577-581

Roesler, W.J., Vandenbark, G.R., and Hanson, R W. (1988)
Cyclic AMP and the induction of eukaryotic gene transcription.
J. Biol. Chem. 263, 9063-9066

Rooney, S.A., Dynia, DW_, Smart, D.A,, Chu A.J,, Ingleson, L.D., Wilson, CM.,
and Gross, 1. (1986)

Glucocorticoid stimulation of choline-phosphate cytidylytransferase activity in fetal
rat lung: receptor response relationships.

Biochim. Biophys. Acta 888, 208-216

Rothman, 1.E., and Lenard, J. (1977)
Membrane asymmetry: the nature of membrane asymmetry provides clues to the

puzzle of how membranes are assembled
Science 195, 743-753

Sarzala, M.G. and Van Golde, LM.G. (1976)

Selective utlilization of endogenous unsaturated phosphatidylcholines and
diacylglycerols by cholinephosphotransferase of mouse lung microsomes.
Biochim. Biophys. Acta 441, 423-432

Schneider, W.C. (1963)

Intracellular distribution of enzymes: enzymatic synthesis of deoxycytidine
diphosphate choline and lecithin in rat liver.

J. Biol. Chem. 238, 3572-3578

108



Schlossman, D.M. and Bell, R.M. (1976)
Triacylglycerol synthesis in isolated fat cells: evidence that the sn-glycerol-3-
phosphate and dihydroxylacetone-phosphate acyltransferase activities are dual

catalytic functions of a single microsomal enzyme.
J. Biol. Chem. 251, 5738-5744

Schramm, M. and Selinger, Z. (1984)
Messenger transmission: receptor controlled adenylate cyclase system.
Science 225, 1350-1356

Singer, S.J. and Nicolson, G.L. (1972)
The fluid mosaic model of the structure of cell membranes,
Science 175, 720-731

Smith, E.R. and Duce, BR. (1971)

The acute antiarrhythmic and toxic effects in mice and dogs of 2-ethylamino-2',6'-
acetoxylidine (L-86), a metabolite of lidocaine.

J. Pharmacol. Exp. Ther. 179, 580-585

Séling, H. D., Fest, W., Schmidt, T., Esselmann, H. and Bachmann, V. (1989)
Signal transmission in exocrine cells is associated with rapid activity changes of

acyltransferase and diacylglycerol kinase due to reversible phosphorylation.
J. Biol. Chem. 264, 10643-10648

Sooranna, S.R. and Saggerson, E.D. (1976)

Interactions of insulin and adrenaline with glycerol phosphate acylation processes
in fat-cells from rat.

FEBS Lett. 64, 36-39

Stein, W. D. (1986)
In Transport and Diffusion Across Cell Membranes, Academic Press, USA

Strecker, A. (1868)
Ann. Chem. Pharm. 148, 77-90

Sung, C.P. and Johnstone, R.M. (1965)

Evidence for active transport of choline in rat kidney cortex slices.
Can. J. Biochem. 43, 1111-1118

109



Sweadner, K.J. and Goldin, S.M. (1980)

Active transport of sodium and potassium ions: mechanism, function and
regulation.

N. Engl. J. Med. 302, 777-783

Sweeley, C.C. (1991)

Sphingolipids.

In Biochemistry of Lipids, Lipoproteins and Membranes. Edited by D.E. Vance and
J. Vance. Elsevier Science Publishing Co., NY, US.A. pp. 327-360

Sweeley, C.C. and Siddiqui, B. (1977)

Chemistry of mammalian glycolipids.

In The Glycoprotein, Vol. 1. Edited by M.L. Horowitz and W. Pigman. Academic
Press, NY pp. 459-540

Tamaoki, J., Chiyotani, A., Takeyama, K., Yamauchi, F., Tagaya, E. and Konno,
K. (1993)

Relaxation and inhibition of contractile response to electrical field stimulation by
beraprost sodium in canine airway smooth muscles.

Prostaglandins 45, 363-373

Tang, W. J. and Gilman, A. G. (1992)
Adenlyl cyclases.
Cell 70, 869-872

Tardi, P.G., Man, R. Y. K. and Choy, P. C. (1992)

The effect of methyl-lidocaine on the biosynthesis of phospholipids de novo in the
isolated hamster heart.

Biochem. J. 285, 161-166

Thompson, E.B. (1992)
Single receptor, dual second messengers.
Molec. Endocrinology 6, 551-556

Tijburg, L.B.M., Schuurmans, E.A.J M., Geelen, M.JH., amd Van Golde, LM.G.
(1987) Stimulation of phosphatidylethanolamine synthesis in isolated rat
hepatocytes by phobol 12-myristate 13- acetate Biochim.

Biophys. Acta 919, 49-57

110



Tyburg, L.B.M,, Geelen, M.J.H., and Van Golde, L M.G. (1989)

Regulation of the biosynthesis of triacylglycerol, phosphatidylcholine and
phosphatidylethanolamine in the liver Biochim.

Biophys. Acta 1004, 1-19

Van Den Bosh, H,, Van Golde, LM.G., Eibl, H., and Van Deenen, L.L M. (1967)
The acylation of 1-acylglycerol-3-phosphorylcholines by rat liver microsomes.
Biochim. Biophys. Acta 144, 613-623

Vance, D.E. (1991)

Phospholipid metabolism and cell signalling in eucaryotes

In Biochemistry of Lipids, Lipoproteins and Membranes. Edited by D.E. Vance and
J. Vance. Elsevier Science Publishing Co., NY, US.A. pp. 205-238

Vance, D.E. (1990)

Phosphatidylcholine Metabolism: masochistic enzymology, metabolic regulation,
and lipoprotein assembly

Biochem. Cell Biol. 68, 1151-1165

Vance, D.E,, Pelech, S.L. and Choy, P.C. (1981)
CTP:phosphocholine cytidylyltransferase from rat liver.
Meth. Enzymol., 71, 576-581

Vigo, C. and Vance, D.E. (1981)

Effect of diethylstiboestrol on phosphatidyicholine biosynthesis and choline
metabolism in the liver of roosters.

Biochem. J. 200, 321-326

Walter, A. and Gutknecht, J. (1986)
Permeability of small nonelectrolytes through lipid bilayer membranes.
J. Membr. Biol. 90, 207-217

Wang, Y., Sweitzer, T.D., Weinhold, P.A., and Kent, C. (1993)
Nuclear localization of soluble CTP:phsophocholine cytidylyltransferase.
J. Biol. Chem. 268, 5899-5904

White, D.A. (1973)

The phospholipid composition of mammalian tissues.

/n Form and Function of Phospholipids (Ansell, G.B., Hawthorne, I.N., and
Dawson, R M.C,, eds.) Elsevier Scientific Publishing Co., Amsterdam. pp. 441-482

111



Wong, J.T., Man, R.Y K. and Choy, P.C. (1994)
The effect of lidocaine on de novo phospholipid biosynthesis in the isolated
hamster heart. Lipids 29, 391-396

Yada, R., Ide, H. and Nakazawa, Y. (1986)
In vitro effects of chlorpromazine on glycerol-3-phosphate acyltransferase and 1-

acylglycerol-3-phosphate acyltransferase in rat liver microsomes Biochem.
Pharmacol. 35, 4083-4087

Yamamoto, K.R. (1985)
Steroid receptor regulated transcription of specific genes and gene networds.
Annu. Rev. Genet. 19, 209-252

Yamashita, S., Hosaka, K., and Numa, S. (1973)

Acyl-donar specificities of partially purified 1-acylglycerophosphate acyltransferase,
2-acylglycerophosphate  acyltransferase and 1-acylglycerophosphorylcholine
acyltransferase from rat liver microsomes.

Eur. J. Biochem. 38, 25-31

Zelinski, T.A,, Savard, J.D., Man, R. Y K,, and Choy, P.C. (1980)
Phosphatidylcholine biosynthesis in isolated hamster hearts.
J. Biol. Chem. 255, 11423-11428

Zelinski, T.A. and Choy, P.C. (1984)

Ethanolamine inhibits choline uptake in the isolated hamster heart Biochem.
Biophys. Acta 794, 326-332

112



