.

METABOLISM OF PHOSPHOLIPIDS IN PLATELETS IN RESPONSE TQ STIMULI

N. LIN LEUNG

A Thesis
Submitted tc the School of Graduate Studies
in partial Fulfillment of the Requirements

for the Degree
Doctor of Philosophy
McMaster University

November 1978



|
!

“- DOCTOR OF PHILOSOPHY. (1978) ' " McMASTER UNIVERSITY
' (Medical Sciences) 7 . ‘ Hamilton, Ontario

TITLE: . Metabolism of Phospholipids in Platelets in
Response to Stimuli :

AUTHOR: . N. Lig Leung - .
SUPERVISOR: . Professor J.F. Mustard
NUMBER OF PAGES: xix, 284

it



e —————— - — o=

: ABSTRACT

Platelet aggregation plays an important reole in both the formatidn
of a hemoaﬁatic plug and in the generation of a thrﬁmbus. Tﬁe mechanism
of‘plateiet aggregation has not been fully elgcidaéed. It is conceivable
tha; changes in the synthesis, breakdown or rate of turnover of some
of the constituents of the.pla:elet membfane may be impartant iq'the
mechanisms of aggregation. Recent experimental evidence in other
mammaliah tissues has implicated the closed circle convefsion between
MPI and PA as part of the membrane recepto;—effector'interac:ion proccss.-
aﬁd a'possibie role of TPI-DPI interconvefaion in the regulation of membrane
‘permeab;lity toward Na4 and K+. Platelets have been recognized to be a useful
. model for-these studies because of its abundance in phosphoinositides and
easiness ;f obtaipihg pure platelet suspensions. Previous studies showed
that_addition of ADP to 32P-labeled washed platelets caused an 1lncrease in
"radiocactivity in PA in 2 sec, DPI in }0 Bec and MPT in 2-3 min. TPI-DPI
interconversion was suspected but consistent changes in 32P—radionctivity
in TPI was not detected. Similar changes were cobserved in platelets in
response to thrombin stimulation.' In none of the~studiés in other tissues
all the metabolic pathways for inositol iipids were studied simultanecously.
The aims of the present experiments were to investigate TPLI-DP1L
interconversion and MPl metabeolism during platelet aggregation and the
release reaction caused by ADP, ionophore A23,187 and thrombin. Since
these stimull are considered to act on platelets by'diffurent mechanisns,

théir effects on the platelet phosphoinositide metabolism were compdred.

Furthermore, experiments were carried out with unstimulated platelecs

1ii
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labeled with ;ZPO4 to find out if there were differences in the patterns of
32?06 incorporation into the major platelet phospholipids (PC, PE, PS)
under in vitro and in vivo conditions, as claimed by former investigators.

Using impfoved methods for sepatition.of phosphoinositides, it

vas found Fhat th&lﬁattern of 32?-1ncorporation into the major phospholipids

in platelet suspension was similar to that of in vivo platelets when the
ipcubytion ;as carried out for many hours. Therefore, the phosphate
moie:& in all phospholipids turm oveE; but the phosphate in the major
ph&spholipids turn over much more slowly than that in the phosphoinositides.
During ADP-induced platelet aggregation, hydrolysis of TPI to DPI
was measurable at 60 sec, with a loss of 32?04. lac—arachidonic acid and
3H-iﬁositol from TPI. This hydrolysis was abolished by AMP, an inhibitor
of ADP-induced aggregation. Resynthesis of TPI occurred during platelet
deaggregation, with the 32?04 radiocactivity of this compound being
restored to the control level; with A23,187-induced aggregation and
Télease, hydrolysis of TPI did not occur. While there was a significant
amount of MPIL cénverted into PA, the majority of MPI appeared to be
hydrolysed to fatty acid and lyso MPI. Using platelets labelled with
laC—arachidonic acid, 3H-glycerol, 3H-inosit01. 32POa“and phosphorus assay,
it was found ' that thrombin caused a decrease in TPI (-5.64 1 '1.55%,
P < 0.005) as early as 9 sec when platelet shape change was ma;imal.
P-content was also decreased. Resynthesis of.TPI was measﬁrable at
60 sec. Most of the MPI was metabolised via the 1,2-diacylglycerol

pathway. The the amount of PA was increased. A small amount of the

MPI was converted to polyphosphoinositides or lyso MPL and free fatty acid.

iv



These experiments have shown a close relationship between changes in -

phosphoinositide ma:abolism and platelet aggregation and the release
' : {

reac:ion.'

These principal changes are: (1) increased TPI- DPI

interconversion; (2) increased conversion of MPI.to 1l,2-diacylglycerol

PA and MPI; (3) with the release reaction conversion of MPI' to lysé MH

and free fatty acids.

—
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PART I. Platelets - Gﬁneral Review

Platelets are discolid annucleated cell-like enticies in the_blood"

q
circularion. They are formed from the ﬁegﬁkaryocytes in che bene @Arrow
(Behnke, 1965). The use of 32P-diisopropylfluorophosphonate
(Leeksma and Cohen, 1956; Muatard et al., 1966) and 51CrOA technique
(Gérdner, 1366) has shown that human platelets have a life spanof about
ten days and.a half life approximately 3.7 days. The nermal turnover
rate of platelets is about 3.5 x 107/ml/day in man (Harker and Finch,
1969).

The normal platelets are about 2 uM in diameter. The most striking
feature .of platelet structure as revealed by electromicrograph is the
pfegence of electron dense storage granules and the less dense lysosomal
granules. The dense granules mainly contain S-hydfoxytryptamine
(Pletscher and DaPrada, 1968), adenine nucleotides ADP and ATP (Pletscher
et al., 1969), pyrophosphate {(Silcox eg al., 1973), calcium and magnesium
(Berneils et al., 1969). Platelet antiplasmin made available during the release
reaction has also been considered as a component of these granules
(Joist et al., 1976). Lysosomal granules contain potassium (Lages et al.,
1975), chemotactic factor (Weksler and Coupal, 1973), cationic protein
(Nachman et al., 1970), fibrinogen {(Day et al., 1975) and many hydrolytic
enzymes including 8-galactosidase, B8-glucuronidase, 2-arabinosidase,
N—qcefyl- B -D-glucosaminidase and acid phosphatase (Holmsen et al., 1969;

Day and Holmsen, 1969).
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In addition, platelets contain mitochondria which enable
platelets to carry out aerpbic respiration. Electron micrographs ha§e
revealed a surface-conmected canalicular system possibly derived °
from the in-folding of megakaryoéyte membranes. There is also a
dense tubular s;stem of wmknown origin that could possibly ye the
site for reversible calcium storaﬁe in similarity to the sarcoplasmic
reticulum in muscle cells.

Platelets play a major role in hemostasis and thrOmb;sis:
The subject has been aextensively reviewed by a number of authors
{Marcus and Zucker, 1965; Mustard and Packham, 1970; Brinkhous et al.,
1971; Holmsen, 1972; Mustard, 1976). Platelets are actively involved
in almost all responses of blood to injury (Mustard and Packham,
1970, 1971). For instance, they respond to the injury of endothelium
of blood vessels (Jdrgensen.l97l; Moore, 1974; Mustard and Packham, °
1975), and to immunclogical and inflammatory reactions (Pfeuller and
Luscher, 1972; Zucker, 1974). They also 1interact with various
artificial surfaces (Salzman, 1971 a,b,c; Berger and Salzman, 1974;
Nossel, 1975) and phagocytose foreign particles in the blood circulation
{(Mustard and Packham, 1968).

Platelets exhibit a wide variety of cellular regctions. This
versatility, combined with the ready accessibility of platelets as
a homogenecus population of intact cel%s, makes themlone of the most
investigated tissues for a large spectrum of cellular functions in the

last ten vyears.
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1. . Membrane Properties of Platelets

Shape change, aégregatian or the release reaction of platelets
in resﬁonse to aggregating Stimnli manifest the dynamic interactions
between stimuli and the membrane surfgcé components. An understanding
of the mechanisms of these functional changes is dependent on a thorough
mowledge of the organizatiom of the platelet plasma membrane and its
assoclated strupgures. Although this has not been feasible at the
present time, many ceported plaielet reactions toward stimuli can be
appreciated in the light of the Fluid Mosaic Model of cell membrane
proposed by Singer and Nicolson (1972) a few ye;rs ago.

In essence, the model states that the matrix of cell membranes
is mainly composed of phospholipid and cholesterol. The lipid molecules
are organized into a fluid bilayer configuration, with theif polar
head groups facing the aqueous phase, and the fatrty acyl chains
-sequestered from the aqueous phase aﬁd stabilized by an apolar envirooment.
The fluidity of the membrane depends on the presence of cholesterol and
temperature which influences the packing and the stiffness of the fatty
acid residues. bepending on the temperature, lipid molecules of the
same species may flock together to form iélands (crystalline phase)
which trap or exclude prétein molecules.

Protein moléculer are mainly globulér. They may.be associated
gith the lipid bilayer loosely as soluble particles or they may span
the matrix to form integral proteins that cannot be readily separated

from the membrane, yet are accessible to chemical and enzymatic
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modification at either membrane surface (Bretscher, 1971 a,b,c;

'ﬁorrison eﬁ al., 1974; Cabantchlk et al.: 1975). These pfotein
molecules are structurall§ amphip;thic or asymetric with regards to
‘their hydrophilic and hydrophobic portions of their structure '
(Segrest et al., 1973; Strittmatter et al., 1972).

There are . carbohydrate residues complexed with some
of the membrane protein or lipid molecules. Such residues are located
only on the outer membrané surface. The feature of this model is that
the membrane components are capable of lateral mohility. Lipid molecules
in;er-mi; freely in the horizontal plane but they flip-flop very slowly
Setween the bllayers. ‘This is important in the preservation of
 ésymmecry in the membrane._ Chemical labelling techniques (Bretscher,
1972) and enzymatic hydrolysis of phospholipids (Verkleij et al., 1973;
‘Waah et al., 1973) have demonstrated that in the human erythrocyte:
membrane, phosphatidylethanolamine and-phosphatidylserine are predominant
in the inner half of the bilayer whiié sphingomyelin and phosphatidyl-
choline in the outer half.

Protein molecules-alsdiundg?go lateral movement which is
testrained by several mechanisms..rfhus integral proteins do not tumble
from one side of the membrane to the other at an appréciable rate.
Fur;hermore, the display of surface receptors 1ln some cells is non—
random (Nicolson and Yamaglmachi, 1974). Platelet membranes consist
of 80% phospholipids and 20X cholesterol of the total lipids (Marcus

et al., 1969). They are formed from the membrane fragments of



megakaryocytes. The organization of platelet membrane. components is
therefore likely similar to that of other mammalian cells. Using a
chemical probe trinitrobenzene sulfonate, Shick and associates (1976)
found that most of the platelet phosphatidylethanolamine and all
phosphatidylserine are located in the inpmer leaflet of the bilayer.
In addition, the glfcoproteins on platelet surface are rich in sialic
acid which may play a role in the sﬁrﬁival.of platelets in the

c¢irculation (Greenberg et al., 1976).

2. Membrane restraints on lateral mobility imn platelets

and in other cells . ,

(1) Planar assoclation of membrane components - glycoproteins
The fluid mosaic model suggests that grouping of membrane

proteins at specific locations to form cell junctions, or the interwindingl
of the carbohydrate residués between glycoproteins or glycolipid
molecules, can impede lateral mpbiliﬁy of membrane components. The
laﬁter could be of great importance in platelet function.

There have been approximately twenty types of proteins found in
platelet membrane (Nurden and Caen, 1976; Jamieson and Smith, 1976;
Mills and Macfarlane, 1976). The presence of surface glycocalyx has
been demonstrated with special staining techniques such as ruthenium
red. The three major types of glycoproteins separated by polyacrylamide
gel electrophoresis have been classified as type I, II and III (Nachman

and Ferris, 1972; Phillips, 1972). Type II glycoprotein was further



resolved into two components designed as IJa and IIb (Jenkins et'ai;;
1976). However, none of the glycopfotein has beén identified as
_receptor for any specific stimulus of platelets.
Owing to therlarge number of side chains and combinations

among monosaccharides (about ten of them are common in membrane
structures), glycoproteins confer antigenicity to cells. For examplé,
glycophorin in red cell membrane begrs receptors for the Slood gr&ups.
MN, ABO and influenza virusez (Marchesi and Andrews, 1971), or
componeﬁt IIT bears receptors for conc;navalin A (Findlay, 1974).
These structures have seen implicated in celi—cell recogn%tion and
adhesion. Fﬁrthérmore, glycoprotein aggregating factors have been
isolated from the éuspending medium of, retinal‘cells Qnd ée:ebral
lobe cells (Balsaﬁq and Lilien, 1975). Thé.specificity.of the
terminal sugar in the éé;bqhydfafelchain is critical for this cellular
antigenicity since SV 40 tpansforméd 3T3 cells adhere to galactose
derivatised sephadex beads and form nuclei These cells will not
respond to sephadex beads coatéd with glucose or N-acetyl-D-glucosamine
(Chipowsk& e; al., 1973). The enzyme-substrate complex formation
during the transfer of a galactose unit from platelet membrane surface
components to the incomplete galactosyl hydroxylysine groups of collagen
by the galactosyi‘transferase has been proposed as a mechanism for
platelet adhesion to collagen (Jamieson, 1974). The enzyme was claimed
to be present on the membrane suffacg (Jamiésod-eé al;, 1971). However,

this hypothesis has been challenged by the finﬁings that ﬁlaﬁe;ets



adhere to collagen lacking galactosyllysine groups (Jaffe and o
Deykin,ri974), and also to the collagen treated with perioﬁate (Puett
et al., 1973). Cazenave et al. (1975) repofted that UDP-galactose is
not an efficient inhibitor pf platelet-collagen adhesion. A possible
role of glycoproteins in platelet membrane comes froﬁ the study of
plateiets in patients with thrombasthenia (Glanzmann's disease),

von Willebrand's disease,,anﬂ Bernard-Soulier syndrome (Tschopp et al.,
1976; Nurden and Caeﬁ, 1976)-. ‘?latélets from patients with-the
Benrard-Soulier syndrome wﬁich have reduced content of glycoprotein

I (Nurden and C;en, 1975) have been deéonstrated to adhere less
effectively to spbeﬁdotﬁéiiuﬁ (Weiss ét él;, 1974). By contrast,
pla:eléts from thrombastheniﬁ patiencs which lack glycoprotein II
(Nurden and Caen, i974) show normal interactipn with subendothelium;
i.e. normal adhesion, although there is no subsequent aggregation of

these platelets.

A Protein-lipid membrane domains

Integral protein molecules may be associated with each
other via their_hydrophobic portions embedded in the hydrophobic |
region of ﬁhe lipid bilayer, thus hinderiqg their own movement. Cell
membrane contains a considerable amount of cholesterol (20-40%). The:
presence of this lipid, diavlent cations such as calcium and long
chain fatty acid residues determine the fluidity of cell membrane and

the formation of a mixture of fluid and solid domains at physiological



temperatures (Bretscher, 1975). It has been found that high concentration
of‘cholesterol and sphingolipids which have loug chain acyl residues
and low content of polywmsaturated fatty acids rendeé myelin -
membrane more rigid and ordered than synaptbsomal plasma membrane or
erythrocyte membranes (Boggs and Moscarello, 1978). In the fluid
phase cholesterol reducés laterszl molecular separation and bilayer °
fluidity, while in soiid phase cholesterol incfeases,lateral molecular
spacing thereby making the bilayer more fluid (Demel et al., 1967;
Hanh, 1974; Marsh and Smith, 1973). Iemperatu?e influences the
stiffness of acyl residues in the bilayer. This modification in lipid
phase fluidity could determiﬁe more favorable or lesé favorable ‘protein-
lipid interactions which in turn would result in selective sequestration
or exclusion of proteins to specffic domains. If proteins were
sequestered into solid domains, their ‘lateral mobility would be limited
to that of the domain. And if excluded from extensive solid domains,
their display would be confined to those areas of fluid lipid
{(Nicolson, 1976).

In addition to the above long range interaction between
lipids and proteins, there is direct interaction between these two
compounds contributing to the restr;iﬁt of membrane mebility.
Electrostatic interaction between tﬁe basic protein and the charged ‘
head groups of lipid molecules has been demonstrated in myelin

membrane (Boggs and Moscarello, 1978). This interaction leads to some

portion of the peripheral proteins penetrating into theAhydrocarbon

T
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region of éhe_bilé;er;thus dis;upting the 1lipid packing. With 1lipid
vesicles, this type of interaction causes an increase in vesicle

permeability to”glucose (Gouid, 1972) and sodium (Papahadjopoulos et al.,
1975); as weil as a decréa;e in lipid phase-transition temperaturé.

On the other hand, hydroﬂhobic proteins that span acros; the membrane
argﬂgbvalentiy attached to the fatty acyl residues in the hydrophobic
region, thus immobilizing a layer of lipid molecules. This interaction.
excludes cholesterol fram its bound;ry layer possibly because the steroid
is too rigid to ;onform to thé irregular surface of the protein molecule
(Boggs and Moséarello, 1978). Hydrophobic proteins seem to interact ‘
electrostatically with acidic lipids as well, perhaps not to the same
extent ﬁs bagic proteins do. Although related evidence has not been
directly Aemonstréted in platelets, the effect of temperatures on tﬂe

ability of platelets to aggregate is well established. Platelets

~aggregate optimally at 37°C and much less effectively at 4%c..

»

-+

(411) Peripheral membrane restraint

.

The peripheral membrane proteins lie predominantly or
completely outside the integral membrane zone formed by the lipid
bilayer (Nicolsom, 1976), or they may exist as a-helices on membrane
surface with their N-terminals partially dipving into the hydrocarbon
region of the bilayer (Boggs and Moscarelle, 1978). These peripheral
proteins are stabilized by interacting with integral membrane components,

by ionic or hydrogen bonds and other interactioms. The bes example
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was shown in human red cells in which the sPeéprin'ﬁnleculesuform a
peripheral lattice across large portiomns of thé inner membrane

~ (Nicolson and Singer, 1971). Arrangement such as thig may be.

present in platelets.: A membrane prbteiﬁ (Mol.‘ﬁt; 190,000) without
proteclytic acti%ity and being released into the medium from
thrombin-stimilated platelets or phytohemagglutinin-treated piatelets.
was:reported by Baenziger et al. (1971). The protein is released into
the mwedium from platelets in a form that is indistinguishable from
that present in the untreated platelets (Baenziger et al., 1972). This
protein therefore may solely.be of structural importance to platelets.
Peripheral proteins of this nature may link gpecific cgyponentq or

an array of different components and impede their lateral mobility.

(iv) Membrane-associated (cytoskeletal) restraints

The three basic types of cytoskeletal components which are at. .

r

times associated.with cell membranes are the microfilaments{’thick
filaments (myosin-like) and microtubuléds. All three have been
identified in platelets. They differ from peripheral membrane
components in being transient in nature, in their requiremént of ATP
for mainténance and in their sensitivity to drugs which disrupt their
organizaglon. | ‘
‘Microfilaments contain actin, ATP and divalent cations,
calcium or magnesium. They exist as double‘helical filamentous

structures, - They form arrow heads with meromyosin in vitro in the
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presence of KCl and“HgCl2 (Bettex-Galland et al., 1972). The tﬂick
filaments (meromyosin).cqntains ATPase. In platelets; they consist
of 2 heavy chains (M.W. 200,000) and 2 pairs of light chains (M.W.
20,000 and 17,000 fespectively) (Adelstein et al., 1975; Daniel and
Adelstein, 1976). The actomyosin system (formerly called.throﬁbqsthenin)
makes up approxiﬁately 15% of élatelet protein. It is not visible in
resting platelets and becomes apparent in swollen platelets oé platelet
aggregates (Bettex-Galland and Luscher, .1965).The microfilaments aré ad-
herent to the inner ﬁlatelet membrane surface and are considered to
play a roig in shape change and pseudopod formation of blatelets.-
Cytochalasin B which disrupts microfilament organization an@ blocks
contractile activity in many cells (Wrenn and Wessells, 1970;
Spﬁdich, 1973) maintainsplatelets in-disc shape (White,.1971).
Micréfiiaments may be involved in platelet secretion activities.
Activafion of the_contractile system is thought to be brought about
by the increase in intracellular calcium ion concentration (Massini
and Luscher, 1976). The calcium ions may be released from the dense
tubular system which anatomically resembles the sarcoplasmic
reticulum in muscle cells, or calcium ions may influx through the
plasma membrane during stimulation of platelets. ‘

Microtubules are polymeric complexes of the protein tubulin.
Tubulin dimers assemble to form fhe microtuﬁular structure. The
assembly and disassembly of microtubules arelsensitive to temperature,
Ca2+ concentration, pll, pressure and certain alkaloids (Nicolson, 1976).
Low temperatures and high Ca2+ concentrations faver

depolymerization of microtubules to tubulin
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subunits (Olms;eé and Borisy, 1973; Weisenberg, 1972; Allison, 1973)..
~This could partially explain the disappearance of microtubules
during the ﬁlatelgt release reaction whep intracellular caléium ion
éoncéntration is_raised. |

Although microtubules are not contractile proteins, they are

essential to the trans-membrane control mechanism of man§ cellu}ar
activities as these.m;; be the structures that ‘join peripheral

components to cytoplasmic components. Thus, microtubule transformation s
are.implicaiéd in éeliular secretion and pseuqopod formacion or pr;;esses
involved in cell-adhesion go substrate (Nicolson, 1976). Many of

these cellular activities can be disrupted by the presence of colchicine.

Low concentration of this aikalbid, however, does not modify response

of platelets to thrombin (Détwiler et al., 19275).

ER Response of platelets to aggregatingﬁétimuli

The éssential feature of platelet function is their
response to various stimull, for instance, ADP, collagen, thrombin
and ionophofé A23,187. Despite the diversified nature of these
stimsli, the response of the platelet consists of the same sequence
of events: rapid shape change, from a éircular disc to a spiny sphere.
Depending'upon the nature and the concentration of the stimulus,
shape change of platelets may be followed by aggregation and/or
release of the contents of the storage granules. The'uniformity of

this response led Luscher and Massini (1975) to suggest that all
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primary effects on the platelet surface'either_lead to the same
alteration of membrane sfructurés, or always activate -the same
'secona messenger' system which gould be-hyclic AMP or movément of
Ca2+ ions or both., The ability of platelets to aggregate and
release granule contents enable them to participate in hemostasis,

or formation of thrombi and many other biological functions.

(1) ?latélet response to ADP

Iﬁ-che early sixties, Gaarder et al. (1961) -
identified ADP-from broken red cells as the substance that_induces
plﬁtelets to aggregaté; Later, Haslam (1964) postulated release of-
ADP from platelets as the mechanism of thrombin-induced platelet
aggregation. Since platelets contain higher concentrationsof ADP
than most other mammalian tissues, the revelatlon of the mechanism
of ADP-induced platelet aggregation becomes very important in the
prevéntion of ﬁhromboembolic diseases. Investigation into this topic
has been advanced considerably by the development of photometric
monitoring of platelet éggregation (Born, 1962; O'Brien, 1962),
preparation of responsiﬁé washed platelets with enzyme apyrase
{Ardlie et al.; 1971) and various methods for isclation and separation
of membrane proteihs by electrophoresis.

ADP is present in at least two ccmpariments in ;}atelets.- ADP
in the dense granules is referred to as the releasable pool which is

metabolically inactive and is extruded from the platelets during the



release reaction (Holmsen et ai.,.1969; Ireland, 1967). ADP-in the
cytoplasm or memhrane fractions'and mitochondria represents the metabolic
pool which turngbfer rapidly as indicated by a rapid incorporation of
precursorsk(32P—orthéphosphoric écid, laC*adenine or 14C-adenosine)
into this nucleotide (Holmsen et al., 1969). The'uucleoti&és in the
releasable pool are not as inert as it was believed, however, because
Reimers and colleagues (1975) observed incorporation of 32P—orthophosPhoric
acid and 14C—adenosine,into the granule nucléotides upon prolonged
incubation of platelets with the isotopes! They postulated that the
iso%opes enter the granules fwom the cytoplasmic pool as ATP.

The response of plﬁtelets to ADP is very much like other excitable
cells. Depending on the experimental conditions and species‘of
platelets, AD? may cause only platelet shape change, shape change and
aggregation, or shape change, aggregation and the release reaction.
ADP stimulated washed platelets without the‘release reaction normally
deaggregate spontaneously following maximum aggregation. Shortly after
deaggregation they exhibit a pericd of refract;riness during which
further addition of ADP does not elicit new response. Platelets
will aggregéte again if ADP is added to the suspension after the

refractory period. In general, low concentration of ADP (e.g. 10-8 M)

cause only platelet shape change which does not require the presence
=

of exogenous Ca2 . High concentration of ADP induce platelet

aggregation of human plactelets suspended in a medium with

no added calcium. ADP added to human platelets in citrated platelert-rich

plasma causes aggregation and the release reaction, but no release reaction



takes place -with human platelets :Ln hirudin platelet-rich plasma or
when washed platelets are suspended in a calcium containing medium
(Mustafd, 1975). Platelets of rabbits or pigs require exogenous Ca2+
for aggregation to occur, while human platelets require no external
Ca2+ (Mustard et al., 1975). ADP-induced platelet‘agg;egatiou needs
fibrinogen (Mustard and Packham, 1970). Responsiweness of washed
plateletrs is best maintained-in the presence of enzymes such as
apyrase that degrade ADP (E.C. 3.6.1.5) (Ardlie et al., 1971). The
pH of suspending medium influences platelet response Lo ADP; the most

desirable value is between pH 7-8 (McLean and Velosb, 1967).

There are several theories on ADP-induced platelet aggregatiom,
each with inconclusive experimental evidence. Gaarder and Laland
(1964) suggested that ADP attaches to the platelet surface. The negative
charges of the ADP molecules on separate platelets are bridged by the
divalent calcium cation. This hypothesis fails to account for other
effects of ADP or for aggregation induced by other agents.

ADP could alsc act as a competitive inhibitor of ATPases
present on the external surface of the platelet mcmbrane, whose activity
is assumed to be nécessar& for maintaining platelets in the nonadhesive
state. Different types of ATPase has been proposed to serve as target
for ADP (Salzman et al., 1966; Mason and Saba, 1969; Moake et al., 1970).

Salzman and associates (1966) and Chamber et al. (1967) proposed

that the ecto-ATPase on platelet surface that'is inhibited by ADP 1is
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similar, if not identical, to thrombosthenin (actomyosin) of
platelets. The proposal was questioned on the ground that (1)
an external source of substrate for ecto-ATPase is uﬁlikely; (2)
there is very lit;le conversion of 14C-A’I‘P by washed rabbit platelets
(Packham et al., 1969); (3) the hypothesis does not account for
deaggregation when concentration of ADP is more then adequate to induée
aggregation (Mustard and Packham, 1970}.
Mason and Saba (1969) and Moake and associates (1970) proposed that the
Na+, K+—ATPase was a target for ADP. However, Mills and Hacfg:lané (1978&)
maintained that ADP has not been shown to inhibit the ﬁa+, K+—ATPase
in intact plételets and ouabain, a known inhibitor_ of the enzyme,
doe§ not cause platelet aggregation. Therefore, if ADP acts by
regul;ting a membrane enzyme it must do so through a specific
regulat#ng site in the membrane rather than by simple product
inhtbition of the enzyme.
Siﬁce ADP-platelet interaction inéicates a remarkable degree
:of”structural specificity, for instance, small changes in the purine
’riﬁg other than in the 2-positign of ADP cause marked reduction of
activity (Gaarder et al., 1961), many investigators believe in the
presence of. ADP receptor% on platelet surface. Nachman and Ferris
(1974) investigated the nature of ADP-receptor and came up with lO5
binding sites per platelet. It was observed that divalent cation
was needed and binding was inhibited by sulphydryl reagents and
2-chloro adenosine, to a lesser extent by ATP and AMP, and not at

4ll by PGE Isolated membrane vesicles bind ADP. The process is

1
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reversible a@d temperature.dependent.'FurthErmore, exposure of the

isolated membrane to trypsin, chymotrypsin or pronase inhibited
14 |

C-ADP uptake. A soluble protein prepared from frozen-thawed
washed platelets aé;ears to possess similaf characteristics as the
ADP receptor of intact platelets. But it has not been possible
tc; relate these findings to any previously described membrane enzyme
syétems (Machman, 1973).

A recent theory brings forward the possibility that ADP
acts as a phosphate acceptor apd that phosphorylation of the exogenous
ADP could be mediated by thé enzyme nucleotide diéhosphate kinase -
(NDPK, E.C. 2-7.4.6) (Mustard et al., 1975). The essence of this
hypothesis is that NDPK phOSphorflates external ADP by drawing ATP
from the inside of the plasma membrane, thus decreasing the amount of
ATP available to adenylate cyclase and the thrombosthenin-associated
ATPase. The activities of both of these enzymes are pfesumably
important in maintaining the disc shape of platelets (Salzman et al.,
1966; Zieve and Greenough, 1969). In agreement with the concept of
transmembrane ﬁhosphorylacion, laC—ADP added to washed rabbit
platelets is rapidly phosphorylated to lAC-—AIP‘in the medium and this
conversion is enhanced by adding unlabelled ATP to the suspension
{(Guccione et al., 1971). Furthermore, 32? ~ATP 1is formed in the medium -
after addition of ADP to the 32P—labelled platelets (Mustard et al.,
1975}. The enzymé, if it“is NDPK, is highly specific. It phosphorylates

14C =CDP and 14C -GDP less rapidly and its inhibitors AMP and PGEl
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also. inhibits platelet aggregatiom. " Adenosine monophosphate possibly .

exerts its“actiom syvgampeti:ive inhibition; while‘PGﬁl possib}y ~

. .. acts by stimulafing synthesis of -cAMP, thus diverting‘theksubétrate

" ATP away from NDPK. L

(i1) Thrombin and the platelet release reactiom

Thrombin ig one of the most p;werful activators of
p;atelets in hemostasis. Loc;l for@gfion of minute amounts of
th;omhiniby the-extrinsic pathway as 1in endoth?lial injury might be
importané in hemostasis (Nemerson and Pitlick;f1972). Minute -
amounts of thrombin might also induce plateleg\aggrega;ion and the
release reaction and could be involved in generation of
thr;mbii .

Thrqﬁbin is a proteolytic enzyme of the active sefiﬁg class

(E.C. 3.4.21.5) (Magnusson, 1971). It néfmally hydrolyses the pebtide'
bond betweeg the arginyl and lysyl residues in polypeptides and to a
. certain.extent behqves like crypsin.- iCS activity is‘irreversiblyrihhibited
oy agents~ such - as DFP,.PMSF and TLCK (Millg and Macfarlane,

1976)5. Thrombin also has esterolytic activity against substrates such

—as TAMe, BAMe (Cole et al., 1967). The enzyme catalyses thé sflitting

of fibrinopeptide A and B from'fibrinogen; The fibrin thus formed

polymerize and plateletsreadily adhere to this polymerizing fibrin



(Nieéiarowski et al., ié725; b;t not to fibrinogen or fulf&
polymerized fibrin in which the thrombin has.been neutralized:
(Eovig et al., 1968) Besides fibrinogen,‘thrombin hydrolyses a
numher -of proteins isolaCed from platelets, including fibrinogen
(Ganguly,(lQ?Z), platelet factor XIII (Risselbach and Wagner, 966),
 the'contractile protein thrombosthenin M (Cohen et al., i§63),
but none of these has been shoﬁn to be hydrolysed in inﬁﬁét: “
pléteLetS during aggregation and release (Majerus et al.,?1976)n
._ At low concentration), thrombin only induces pldtele; shape
chiange. At high concentrations, it causes aggregétion_and the
release rgaétion. The reiease reactioﬁ occurs with exérusion.;f_
.contents from both:of the amine granules and the a-granules. The
_subs;ances released by thrombin from the amine granules include
5- hydroxytryptamine AuP ATP, calgium,‘berphosphéte and:antiplasmin.
The compounds released from the a—granules include acid ﬁydrolases,
_potassium, fibrinogen, permeability factor and ch;motactic factor, bac-
ter}cidal factor_ﬁnd platelet factor 4 1is uncertain (Holmsen, 1973).
Throqbin_is capable of causing many metabolic chahges in
platelets, It induces a burst of oxygen consumption (Hussain and
Newcombe, l9§4) whith was attributed to a rapid oxygenmation of
;ggdéenously-released afachidonic acid by thrombin (Pickett and
Cohen, 1976)\ There is a reduction,pf metabolic.ATP céntené due
to hydrolysis by AlPase or-con§er;ion of ATf to IMP and hypoxanthine

(Holmsen, 1975). Thrombin also causes a rapid generation of
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eﬁdwero:_:id_es and prostaglandiﬁ d.eriirativ;as' (I__iémtierg et al., ;974?,'
* phosphorylation ot_E:ébrane propein; and hydralysis of glycoProteiﬁs, .
(Phillips and Agin, 1974). ' Platele; qefébolism is aé;elérated
as demonstrated by increased ﬁpfake pf'glucbsé and increased 1act;te
' productiom. | |
Platelets deéfé;uiated ﬁith thfoﬁbin and recovered pro?erlf.
retain their sensitivity t6 ADP, ionophore.A2§,187‘(Kinlough—Rathbone
et al., 1975). The platelets which remaiped aftgrrrepeéted thromgin i
treatment and loss of theilr granule cqntents had a:survivéi time in

the circulation that was' not significantly different from that of

unstimulated platelets (Reimers,_thesié, 1976).

(ii1) Mechanism of thrombin-induced plaﬁelet aggregation

and the release reaction

The mechanism of che thrombineinduced plate}ei release
reaction is not clear. It is-Iikél§ Eﬁat the excitation-secretion
coupling process resembles that in other secretory cells inclu&ing
mast cells, chromaffin cells of the adrenal medglla and symaptic
nerve endings (Stormorken, 1969). The procedure possibly involves
depola;ization of the plasma membr#ne which triggers the release.of~
Ca2+ ion from inside of ﬁhe cell of inf-lux'of'Ca2+ from the
extratellular medium. In an uiknown'mannér, ;hié calcium causes

the fusion between granular and the plasma membranes, leading to

extrusion of the granule contents. The granule membrane is retained



by tﬁe placeleis."ln nerve endings, the membrane is reu;ilizea in .- .
pacf,.aléi.qg' of meurotransmitters. - - ) -
- lfhe release reaqtion of theﬁamine gran;leé.ané-of the
a granules'apﬁgrenﬁiy is govefned by a sépérate-mechapism (Hoimsgn, -
J1975). The evidence-being_tﬂat highe?lthrombin con;egération is
required to-triggerAthe release ;éaction frop,c:-granuleQ; and ¥
material from amine granules is released more rapidly than from
o-granules (Holmsen and Day, 1970). Furthermor;; aspirin which inhibits
thrdmboxane A, -mediated release reaction of amine granules does not

- -

inhibit the reﬁease reaction of a -granules (Musférd and Packham,

1970). .

‘Sevg}ai mechanisms have been suggested for thrombin-induced
plateiet aggregation. " The eﬁrliest theory was that the aggregation
was ﬁédiated.by the ADP released from storage grahules (Grette,
1962; Haslam, 1964). : Synergism between thrombin and ADP was
observed by Packham and colleagues (1973). They showed that addition
of low concentrations of thrombin which causes only shape change1and
ADP which éauseﬁmode;até aggregation to washeq platelets would
fesult in egtensive aggregation and the release reaction.

Aﬁo;her“theory concerns the generation of endoperoxides

2

These prostaglandin precursors arise from the oxidation of arachidonic

and thromboxane A, during thrombin-induced platelet aggregation.’

acid by platelet cyclooxygenase and the arachidonic acid is cleaved

from the membrane phospholipids (Hamberg et al., 1973, 1974, 1975;
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Flower and Blackwell, 1$76). .Thropboxane A2 is an extrémely potent
platelet aggregating agent. This pathway may only play a minor role
in the mechanism of thrombin-induced platelet functional changes as
indomethacin, a non—steroidal anti-inflammatory drug and a potent
cyclooxygenase inhibitor, does not abolish platelet aggregation or
the release reaction caused by thrombin (Kinlough-Rathbone et al.,
1977), nor does it abolish the synergistic effect of low concentrations
of thrombin (shaﬁe éhange only) and ADP (Kinlough-Rathbone et al.,
1977). f

It was observed thaF thrombin-induced platelet aggregation is
not inhibited by creatinine phosphate/creatinine phosphokinaée
(CP/CPK) which converts released ADP to ATP (Kinlough-Rathbone et al.,
1977). Thus it appears that thrombin induces platelet shape
change, aggregation and release by at least three pathways: released
ADP, the formation of prostaglandin endoperoxides and thromboxane AZ’
and at least one other pathway which is independent of these two
pathways (Packham et al., 1977; Kinlough-Rathbone et él., 1977).

These three pathways may act synergistiéally with each other to enhance

aggregation and the release reaction.

(iv) Thrombin receptors of platelets

From the earlier desc:iption of the properties of
thrombin, it is obvious that there exists a specific receptor-

thrombin interaction as the initiating step for all the observed
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.plateiet response ‘-t'ol ‘tt'u'ombin.. Currently, not much ia;. knowu about
the nature of this receptor.

Two schools of opiqion prevall regarding the mechanism of
thrombin-receptor interaction. One theory proposed that the
-proteolytic activit§ of thrombin is the basis for its action on
platelets. The proposed membrane substrates for thrombin include
fibrinogen (Ardlie et al., 1970); thrombosthenin proteins or
glycoprateins; each without substantial evidence. The role-of
thrombosthenin as substrat; for thrombin remains controversial. Some
investigators (Booyse et al., 1972; Cohen et al., 1969) proposed
muyosin component as the substrate; while other investigators
(Adelstein et al., 1972; Muszbek, 1976; Weber and Olsson, 1974)
regard actin as the substrate.

On exposure of platelets to thrombin, a glycoprotein (Mol.
Wt. 118,000) was earlier reported to have lost from platelets
(Phillips and Agin, 1974). The timing of observation (30 min) and
the concentration of thrombin (10 u/ml) was too high to be regarded
as bearing a meaningful relationship to the physiological effect of
thrombin on platelets (Majerus et al., 1976). Recently, Phillips
and Agin (1977) treated platelet surface glycoproteins by galactose
oxidase with subsequent 3H—sodium borohydride reduction. They found
that the amount of‘Elatelet glycoprotein V (Mol. WF. 89,000) was
greatly reduced, and a glycopeptide hydrolytic product (apparently

Mol. Wt. 70,000) was released inte the soluble fractiom.

L]



Additional evidence of the proteolytic action of thrombin‘
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- on platelets is that trypsin treatment of platelets {under conditions

wiﬁhbut platelet aggregation and release reactiou)'feduces the
binding capacity for thrombin and renders platelets unresponsive :
to the stimuli (Gaﬁguly, 1977). Yet neuraminidase treatment of
platelets enhances their response to thrombin, presumably the
removal of sialic acid residues helps to expose the receptors.

Another theory proposed that thrombin would be acting like
a hormone. Its binding to the receptor without bond cleavage may
cause a distortion of platelet membrane, resulting in fumctional
changes of.platelets.

Kinetic studies have shown that the prospective receptor
is substrate specifié. These are two populatioms of receptors,
several hundreds per platelet of the low affinity-binding ones and
approximately 50,000 per platelet of the high affiniting-binding
receptors. (Majerus et al., 1976; Detwiler et al., 1975; Workman
et al., 1977). Binding of thrombin to the receptors involves no
turnover of thrombin as will be expected of a hydrolytic enzyme
(Majerus et al., 1976; Detwiler et al., l§75). Negative binding

cooperativity similar to the one between the binding of glucagon

or insulin to thelr receptors was sﬁggested by Majerus et al. (1976)

but not by other investigators. -Chemical deactivation with

%

diisopropyl fluorophosphate or alteration of the serine or histidine

residues in the active site of thrombin does -not influence thrombin

binding to platelets. Acetylation of thrombin with the enzyme
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retaining esterase activity, or chemical modification of a single
tryptophan rgsidue at or near the biﬁding site of thrombin,diminishes
the high affinity binding capacity considerably with some loss of
p.latelet"telease reaction. It was.thus concluded that the high-
affinity-and low-affinitf hinding sites on .the platelets are far
apart. The high affinity binding site is believed to be involved in the
initiation of the release reaction and aggregation (Workman et al.,

1977).

&, Role of calcium and cyclic aucleotides in platelet

function

Although little is known about how the message of
gtimulus-receptor jnteraction on cell surface;is‘transmitted for
various platelet responses, it is likely that some of the 'second
messengers' known to function in cellular regulatory proceéses in
other tissues are involved. The principal candidates of the
'second messenger’' are caleium ions and cyclic AMP. Their actiouns
in cell functions may be independent or interrelated.

The calcium ions mediating the contractile or secretory
activities of many tissues are dependent on an external source.
For instance, the release Ofneurotransmitterfrom the presynaptic
nerve endings (Hutter and Kostial, 1954), catecholamines from
chromaffin granules (Douglas and Rubin, 1961) and potassium from

parotid slices (Selinger et al., 1974). In skeletal and smooth muscle
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cells, Ca2+ is relgased into.cycoplasm from the sarqoplqsmic reticulum.
In cardiac muscle, Ca2+ required for the contractile activity comes
from both outside the cells, the tramnsverse tubglar'Qﬁstem:au&‘the
sarcoplasmic reticulum {(Guytoen, 1976).. The requirement: and sour;esiof
Céz+ for platélet function 1s very comﬁlgﬁ. Aggregation of rabbit
platelets requires the presence of exoéenogs CaZ+ while exogeuoﬁs calciua o
1s not necessary for human platelec aggregation. With human platelet shape
changeand the releﬁée reaétion can occur in the absence of extefnal'

'Ca2+ (Kinlough-Rathbone et al., 1975; Feirman and Detwiler, 1975): -

while with rabbit platelet external calcium is necessary for the release reacti

The intracellular binding sites of C$2+ in platelets have not been
defined. The so—called demse tubular system may be bne of the source
since.it bear anatomical resemblance to the sarcoplasmic reticglum

of skeleﬁal muscle (White, 1972b). Another possible source of Ca2+
not mentioned in the literature on platelet research

phospholipids. The acidic phospholipids were shown to bind much more
calcium than the proteins do in the cell membrane (Anghileri, 1972).
In contrast, the dense granules in human platelets, although rich in

-+
calcium are not considered to be a source of Ca2+ in the Ca2 -

by
mediated platelet function since the contents of the dense granules are thought

to bedirectly extruded to the external environment during the release

reaction (Murer and Holme, 1970).

The mechanism of.Ca2+ as a mediator of platelet response to
aggregating stimuli is not known. Presumably, it involves the
release of Caz+ from the inner surface of membrane binding sites
upon interaction of stimulus and membrame receptors. This calcium

then induces further release of calcium from the dense tubular system
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_or‘;n,incréased membrane permeability fo? exbgenous:éalcium.
-;The fise_of cytqélasmic Ca2+ concenpration activatesa number.of -
Caz+—dependent biochemicai reactions. These inc%ude the activation
r/{of actomyosin ATPase,de901ymerizatioﬁ of microtubules, activation of ;
'g;ycogeﬁolysis and ﬁhospholipase A2 and increased phosphorylation
.of~specific proteiﬂh (Haslam et al., 1978). Activation of phospholipase
A2 wouid incre;se'the release of free arachidonic acid from
-phosﬁholipids in the membrame. fhe arachidonic acid is converted to
" endoperoxides and thromboxane AZ which stimulate further-release '
of Ca2+_fr6m thg dense tubular system, Calcium also activates
gﬁanylate cyclase and increase the production of c;clic GMP (Haslam
et al., 1978).
' Cyclic AMP is formed from ATP by the enzyme adenylate
cygla;e and cAMP 1is degraded to AMP by phosphodiesterase. Exogenous.
cAMP and its mbre cell-penetrating anélogue dibugyryl cAMP inhibit
both aggregafion and the release reaction of platelets (Mills and .
-émith, 1971). The common inhibitory agonists prostaglandin El,
adenosine and o -adrenergic agonists and the commoﬁ phOSphodiestérase
inﬁibitors such as caffeine have been shown to exert thelr effects
by increasing platelet cyclic AMP concentrations (Mills and
Macfarlane, 1974; Tateson et al., 1977). Inhibition of adenylate
cyclase with deoxyadenosine therefore abolishes the inhibitory
effect of PGE1 on platelet aggregation induced by ADP (Haslam
et al., 1978). Furthermore, combined use of PGEl and cyclic AMP

phosphodiesterase inhibitors appear to be more effective in
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inhibiting aggregation induced by ADP or collagen than the use of
PGEl alone.
It has been suggested that a decrease in the couceﬁtration
of cAMP below that normally present in circulating platelets may
favor platelet éggregatien (Salzman and Levime, 1971). There is '
however, no convincing evidence that aggregation is linked to a decrease
in cAMP and that cAMP can be_lqwered under hasalAconditigns (Haslam,
1675) although aégregating agents such as ADP oradrenalime can lower
cAMP if its basal level has been previocusly eievated (Haslam, 1973).
The detailed mechanisms by which cAMP exerts its effect |
are not known. Measurements of changes in the phosphorylation of
proteins in intact platelets labeled with 32P-orthophosphate have showm
that -PGE1 selectively i;Lreases the phosphorylation of a 24,000 dalton
polypeptide ﬁresent in a microsomal fraction that can actively take
up Ca2+ ions (Haslam et al., 1978). Booyse and associates (1976)
demonstréCed_in platelets a cAMP-dependent protein kinase apd cAMP-
indepen@ent kinase which can phosphorylate several membrane proteins.
In addition, Kaser-Glanzmann andvcaworkers (19775 showed that cAMP
can increase the ATP-dependent uptake of Caz+ ions by é microsomal
fraction. It is also known that cAMP increases the uptake of calcium
inte the sarcoplasmic reticulug of cardiac and s;ooth muscle cells
(Mquin and LaKaia, 1974). It is th;s possibie that many of the

effects of increased cAMP levels on aspects of platelet function

mayrresult from the rapid reuptake of Ca2+ ions released into the
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platelet cytosol by aggregating agents, with cénsequent inhibition
of Ca2+—dependent reactions (Haslam-et al., 1973).

The role of cyclic GMP in msmmalian tissues remaims largely
unknown. Stgdies on the effects of ADP, collagen, arachidonic
acid and other agents have shown that increases in platelet cGMP
correlate with the extent of platelet aggregation and not with the
release of 5-HT. Furthermore, EDTA which blocks platelet aggregation
and change in cGMP induced by"collagenrdoes not inhibit the release
reaction. Hasl;ﬁ and associates (1978) therefore suggest that
contact between membranes of aggrégating platelets is necessary for
the physiologicgi activation of_guanylate cyclase in intact platelets
and that increases in platelet cGMP may be an effect rather than a -
potential cause of aggregation. In addition, a muscle relaxant SNP
which elevates cGMP level in smooth‘muscle (Schultz et al., 1977)
is found to inhibit platelet aggregation and increasesthe concentration
of cGMP, suggesting a role as a feedback inﬁibitor of" this cyclic

nucleotide (Haslam et al., 1978).



PART II. Phospholipids

Phospholipids are ublquitous and_essential coﬁponents'of cell
membranes. The amount of phospholipids in'biolbgical membrane; is
approximately 40-80% éf'the dried ﬁeight of total lipid; ‘The
proportions of phospholipids aée relatiVE1§ high in mammﬁlién.cell'
‘membrane preparationsbut vary appreciably from cne type of membrane
to another and also vary among the types of tissues. It was suggested
praviously thgc biosynthesis of phospholipids is locaiized in the
microsomal fractionm and the products are then shuffled to different
locations within the cell. Recently, however, these is evidence
suggesting compartmentalization of phospholipid blosynthesis (Soto
et al., 1977}. |

Phospholipids have iﬁ common that they contain a phosphate
group and at least one fatty acid molecule and ome alcohol. Depending
on the naturé of .the alcohol they can be grouped as glycerol phospholipids
-and sphingophospholipids. This thesis project is confined to glycerol
phospholipids and therefore only the metabolism of this group of
phospholipids would be discussed. The most widely studied members
of this éroup include phosphatidylcholine (PC), phosphatidylethanolamine
(PE}, ph;sphatidylSeriﬁe (PS), monophosphoinositide (MPI)},
diphosphoinoéitide (DPI), triphosphoinositide (TPI), phoéphatidic acid
(PA) and diphosphatidylglycerol (DPG). In platelets, PC is the most
uabundant, followed by PE, SPH and PS. The rest of phospholipids make
up less than 10Z of total lipid phosphorus. Depending on the nature

of the substituent polar head groups and the fatrey acias, there are
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1.  Biosynthesis

‘almost infinite varieties of phospholipids. For exanple, milk fat

.

alone contains about 95 different phosphatidylcholine species
(Gurr and James, 1971). The structures of diacylglycerol phospholipids

are shown in Figure 1. It can be seen from these structures that -

' phosphblipids are differently Eharge&. All of rhem bear negative

" charges except PC which is electrically ﬁeutral. PA and the °

phosphoinositides are extremely acidic lipids because of ‘their free
phosphate p;ieties and the thSphoinositides are very polar‘molecu;es
owing to the hydroxyl groups en the inositol residue. The aciditj

and poiarity of‘phospho;ipids influence their imteraction Fith proteins

and divalent catiomns in the membrane.

The de nove synthesis of phOSphOlipidS begins with esterification

of 3-Sn-glycerol phosphate by activated long chain fatty acids to form

1,2-diacyl-3-Sn-glycerol phosphate (phosphatidic acid)(Kornberg and

Pricer, 1953). This is the parent molecule of all the glycerol
phospholipid family and as such it does not ordinarily accumulate in
tissues by carefhlly regulated process. The coenzyme A derivetives of

fatty acid arise either by de novo synthesis from acetate within the .

cell or. by the action of microsomal and mitochcndrial enzymes which

couple free fatty acid with coenzyme A in an ATP-requiring reaction
4 ; - _
(Lippel et al., 1970). 3—Sn-Glyce$gi phosphate is supplied by glycolysis

of glucose which in turn is made abundant by thg breakdown of
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;arbohydracés. PA éaﬁ glsa p;;synthesized by phosphorylatioﬁ of
monoacylglycerol to ljéo—PA followed ﬁy'este;ificatiﬁn withifatty
écyl.COA. Alternatively, monoacylglycerol is first esterified and
then phosphorylated Another pathgay for ?A-synthegis invplves
esterification of dihydrox}acetone fﬁosphaﬁe with fa:t{ acyl-CoA.
All these three pathqays, however, play ouly-ﬁinor }ales.in_the
maintenance of PA quantity in the cell (Thompson, 1973)

Presently known pathways for the biosynthesis of varioég
ﬁglycerophospholipids are shown in Figure ‘2. Cytidine-contaiging
coenzyme play a-gameral rbie in these reaction patterns. Thé coéﬁzyme
15 involved in the de nove generation of the monophosphate diester
linkage and such a Eequirement has been unequivocally demonstratgd
in the bi;synthesis of PE, PC, MPI, phosphatidylglycerol and
sphingomyelin. The first evidence for the enzymatic formation of
lcytidine diphosphate diacylglycerol was reported by Agranoff and
colleagues (1958) who found conversion of labeled cytidine monophosphate
into a chloroform-soluble product {(CDP-diacylglycerol) in the presence
of a particulate enzyme from kidney. Latef experiments by Paulus and
Kennedy (1958) showed that CDP-diacylglycerol reacts with inositol
to yield MPI. Phosphorylation of MPI yields DPI and further TPI,

By using 32P-labeled 3-Sn-glycerol phosphate, they also demonstrated
that the phosphate moiety of this compound remains with the glycerol

backbone throughout the formation of PA to CDP-diacylglycerol and

subsequently appears in MPI. By a similar pathway, phosphatidylglycerol

e

/
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CDP~diacylglycerol which is the precurser of -

~13 formed froﬁ. ‘
diphoé;hatid}lglycerol.' The lattér'is a major phoséhoiipid-sﬁecies
qf thé-innerimitochon&:iallmembrane and?bhcterial membrane lipid;;

" Formation of PS in bacteria is also mediated by CDP-diacylglycerol.
PS can then unqefgo-geéafﬁo;ylacion to form PE which is further
methyléted to form .PC.  Im animal”tiséues.however, PE synthesis
begins with phosphorylation of ethanolamine ﬁy the action of
ethanolamine kinase, with ATP being ;ﬁe phosphate donor. The
phosphoethanolamine_rgacts-with cytidine triphosphate to yield
cytidine diphosphoethanoclamine. The reaction is catalysed by the
phosphoethanolamine cytidy;transferase. In the last steplthe cytidine
monophosphate moiety of CDP-ethanolamine is cleaved and the
phosphoethanolamine is transferred to 1,2-diacylglycerol to form
PE (Kennedy, 1956). Biosynthesis of PC in mammalian tissues follows
twélpathways. A pathway similar to that of PE synthesis is
demonstrated in the nervous system (Rosgiter et al., 1957), kidney
and other tissues. In this pathway cholipe is activated instead of

ethanolamine. Kornberg and Pricer (1932) demonstrated that

phosphorylcholine labeled with both 32PO4 and 14C on treatment with

an enzyme preparation would yileld PC in thch 32?04 and l‘QC remain
in the same proportion as the phosphorylcholine precursor. This
indicates that phosphorylcholine molecule is incorporated into PC

as an entity. The alternate pathway for PC synthesis is by stepwise

methylation of PE, S-adenosylmethionine being the methyl donor
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L

(Bremer and Greemberg, 1961). This pathway is important only in

the liver.and contributes a considerable amount of plasma PC to the
circulation. g

Platelets have the enéyme system for de novo synthesis of
fatty acids and chain.elqngation. They are also -capable of de novo
synthesis.of phospholipids. Deykin and Desser (1968) observed active
incorporation of lhc-l-acetate infﬁ the free f;tty acids and PC of
platelets in both buffexr and plaéma systems. There was also
inéorporation of 14C-;l—palmitic acid into phospholipids. The activity
of acetyl-coenzyme A carboxylase which converts écetyl—CoA and C02
to.malonyl~CoA was high in human platelet exﬁracca (Majerus et al.,
1969). Lewls and Majerus (1969) observed iﬁcorporation of radioactive
glycerol into élatelet phospholipids, indicating de novo syuthesisf
Platelets posséss phosphatidate phosphatase which catalyses
conversion of PA to 1,2-diacylglycercl for the synthesis of PC and PE
(Call and Williams, 1973). They also have enzymes\CTP: diacylglycero-
phosphate-cytidyl transferase (Call and Williams, 1970) aﬁd Cbp-
diacylglycerol-mycoinositol phosphatidyl transferase (Lucas et al.,
1970) to mediate the synthesis of MPI. Recently, Kaulen and
Gross (1976) reported activity of_specific kinases that phosphorylate

MPT to DPI and DPI to TPI in human platelets.

2. Metabolism of major phospholipids

The life span of phospholipids in the cell is knowm to be



38 ' ACYLATION - DEACYLATION .

S i o
. CH,0K OCR, 9 GHIOCR,
H | 0 T—= HOCH ? p— R:CO(i.‘H ?
CH,0POX ca,oul’o-x : cH,OTO-X
. o o-
PHOSPHOLIPASE C TYPE REACTION. C 2
. ‘ ? ,
A
R;COCH O _ ?ﬁHﬂCm .
éu,ogox R,COCH —x
3 CH,0H
PHOSPHOLIPASE D TYPE REACTION
; .o
. @ GH:OCR, ' o fmo&m
Rﬁoﬁ" e -_— R,COCH O + choline
CH:OFI'—fl-'Hx CH,0—F—0-
.0 CH, &
“NICH,),
BASE EXCHANGE
o] e
1 1
0 CH,OCR, 0 CH:OCR,
. RLOCH © _ R,COCH 9
serine + =905 4 + eth
CH.OPOCH; . CH;0POCH: ethanolamine
b &n, -0 gHCoO"
ILH, *NH,

Figure 3(a). Major metabolic pathways of phospholipids.



v

39

shorter than most other structural components.  Isotopic stpdieé have
shown that the half-lives of various phospholipids of adult rat brain
range from 12.5 days in MPI to 40 days in sphingomyelin (Thomﬁson,
1973). Unlike the metabolic turnover of proteins which is an all-
or-nothing process, phospholipid molecules can have part of their
structural compcnents reneéed, leaving the other part intact. The
types of reactions include agyla;ion and deacylation, formation énd

cléavage of the phosphediesterase \linkage between the phosphate and

cleavage of the glycerol—phosphaﬁigester linkage, formation and
the base, as well as modification of the base. The specificity and
subcellular distribution of the enzymes involved in these reactions
are extremely complex. In general, there are various types of
phospholipases to éleave the molecular linkages and transferase for
bond formations. |

Deacylation of intact phospholipids at the 1- or the 2-position
yields free fatty acid and lysophospholipid (Figure ﬁ(a)). The reaction
is carried out by phospholipase Al and Az respectively and phospholipase
B attracks at both positions. These enzymes are ubiquitous. Some have
been prepared from various snake venoms, pancreatic juice (De Haas
et al., 1968), arterial tissue (Eisenberg et al., 1968), heart muscle =~
(Weglicki et al., 1971) and liver (Waitz and van Deenen, 1967). Most
of the phospholipase Az\enzymes are Caz+—dependent and enzymes prepared

from different species exhibit preferential hydrolysis of substrates.

For example, the snake venom preparations deacylate lecithin readily
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while pancreatic phospholipase A2 rapidiy gttacks very acidic
phospholipids.sucﬁ as PA, MPI and cardiolipin, and hydrolysesl
lecithin slowly regardless of chain length or degree of saturation
of the fatty acid (De Haas et al., 1968). In spleen slices and
platelets labeled with 14C-arachidonic acid and stimulated with
appropriate agents, there was formation of free arachidonic acid
and radioactive prostaglandin derivatives or intermediates,
indicating the activation of Rhospholipase AZ in the tissues
(Flower and Blackwell, 1976; Bills et al., 1976).

Acylation of lysophospholipids to form diacylphospholipids
requires the acyl-CoA-phospholipid acyltransferases. These enzymes
are highly selective in the type of fatty acids they transfer and
there is a marked specificity for esterifying saturated fatty acids
at the l-hydroxyl position and unsaturated fatty acids at the
2-hydroxyl position (Reitz et al., 1968; Van Den Bosch et al., 1968).
For instance, the specificity of the microsomal ljver enzyme in
transferring the test acyl-CoA to l-acyllyso phosphafidylcholine
follows the order of oleate > linoleate > palmitate ) stearate.
Contrary to this, the same enzyme preparation transfers stearate
or palmitate to the Cl—position of 2-acyllyso-phosphatidylcholine
more efficiently than oleate or linoleate (Van Den Bosch et al.,
1968). Thus the selectivity of the enzyme depends strictly upon

the position of the hydroxyl group to be acylated and not being

influenced by the nature of the acid attached to the other position
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.of the lysophdsphatidate, regulting in predominantly unsaturated .
fatty acids in the C,-position and saturated fétty acids at ;he Cl—
position %mamalian phospholipids.

Exchange of fatty acyl groups also occurs between two lyso _
phospholipid mol-ecules “to yield diécylphosi:hol d and glycerophosphate
derivative, or between a diaéylphosyholipid and a cholesterol molecule
to form cholesterol ester and lyso-phospholipid. The latter
reaction is ar importaamt source for cholesterol ester in the plasma
(Glomset, 1968). Platelets are capablé'of direct acylation of
plasma lysophosphatidylcholine with free fatty acid and take in this
product to replenish their diacylphosphatidylcholine Tcompartment"
(Elsbach et al., 1971). This process is not affected by ADP or
thrombin. 'However, in the presence of polystyrene particles,
platelets iﬁgest them and demonstrate increased formationm of
glycerophosphorylcholine and phosphatidylcholine from
lysophosphati&ylcholine.

Cleavage of the phosphate-glycerol linkages of phospholipids
yields diacylglycerol and a phosphate base, ph;sphorylcholine‘in the
case of phosphatidylcholine. The reactions are catalysed by
phospholipase C. Under proper conditions, the same enzyme preparation
attacks phosphatidylcholine, phosphatidylethanolamine and sphinge-
myelin. Most data concerning phospholipase C comes from the studies .
of enzymes of bacterial §rigin.Activities of these enzymes are not

well studied in animal tissues as Interpretation are often complicated

by the concurrent action of other phospholipases in the systems under
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ex;mination. .Phospholipase C preparations - obtained from iliver
cell lysosomes (Fowler, 1969) and brain (Gatt, 1970) show

no dependence on Ca2+ for full activity. The liver preparation:

is mu;h more actiﬁe toward sphingomyelin than PC, On the other

ﬁand, phospholipaseAC occurring in intestinal mucosa and other

amimal tissues, attacking only phosphatidylinositol and di- and
triphosphoinositides is dependent upon the presenée of Ca2+ for
activity (Atherton and Hawthorne, 1968). Formation of the phosphate-
glycerol linkages oécur in the synthesis of PE and PC. as mentioned
previously, ‘

“ Platelets contain no detectable endogenous phospholipase C
activity and treatment of platelets with phospholipase C from
Bacillus cereus leads to a loss of 45% of total phospholipids without
triggering the release reaction (Otnaess and Holm, 1976). These
phospholipase C-treated platelets respond to ADP or thrombin. On
the other hand, phospholipase C of clostridium perfringens or
clostridium welchii induces aggregation and the release reaction of
platelets (Otnaess and Holm, 1976; Chap and Douste—Blézy, 1974).

Cleavage of the phosphate—base linkages yields phosphatidic
acid and a base. The enzymes catalysing these reactions are the
phospholipases D. However, attempts to isolate phospholipase;'D
in animal cells have been met with little success although they are
presegt in abundance in higher plants? The base exchange processes

among PC, PE and PS belong to this type of reactions which account

for a considerable amount of intracellular lipid modification. The
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base exchange activity is particularly pronounced in the absence of
de novo phosphoiipid synthesis (Wiliiams and Bygrave, 1970).

Modification of the 5833 in phospholipids is exemplified by
the decarboxy1ation of PS to form PE (in bacteria), the mefhylation -
of PE_to PC or the phosphorylation of MPI to become polyphoépho}nositidés.

The latter reactions will be discussed in the next paragraph.

3. Metabolism of phosphatidic acid and phosphoinositides

Phosphatidic acid and the phosphoinositides comprise less than
127 of total pho;pholipids in the cell membrane. Since PA is an
intermediate in the synthesis of all other glycerophospholipids,
it does not accumulate in the tissue and is usually less than 1% of
the total lipid phosphorus. Monophosphoinositide (MPI) makes up
3-10% of 1lipid phosphorus (Hawthorne and Kemp, 1964). Diphosphoinositide
(DPI) and triphosphoinositide (TPI) are each approximately 10-25%7 of
the amount of MPI (Ditlmer and Douglous, 1969). These minor
phospholipids distinguish themselves from other phospholipids in being
extremely acidic and have high affinity for divalent cations (Kerr
et al., 1964; Eichberg and Dawson, 1965; Hendrickson and Reinertsen,
1971). In addition, the monoesterified phosphate groups on the
polyphosphoinositides (DPI and TPI) interact strongly with proteins
(Dawson, 1965) and a variety of amphiphilic cations such as alkylamines,
local anesthetics and phenothiazine tranquilizers (Seeman, 1972).

The inositol phospholipids are also unlike other phospholipids in
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that Ehey are very rich in arach;donié acid and stearic acid which
érg esterified to the Cp- and Cy-position respectively (Baker ana
Thompson, 1972). Phosphatidic acid on the other hand is rich in
palmitic and olei; acld with little arachidonate.
| Studieg on the‘metabolism of PA and the phosphoinositides
.began with the observation by Hokin and Hokin (;953) that 32? and
3.zP-orthophosphate was incorporated more rapidly into PA and the
ﬁﬁosphoinositides than into other phospholipids, particularly when
the tisgues we;e stimulated with acetyl;holine. Since their
observations, numerous experiments have been conducted with an ever
expanding list of stimuli and of respomnsive tissues to find out the
biological roles of these phospholipids. )

When 32P—orthophosphate i1s injected into animals or when
tissues are incubated with this isotope, MPI, DPI and TPI are
rapidly labeled with 32?04 and in a few hours, the specific
radicactivity of these inositol lipids exhibits an order of TPI > DPL
> MPI (Dawson, 1969; Sheltawy and Dawson, 1969; Yagihara and Hawthorne,
1972). The specific radioactivity of PA is also very high, whereas
the specific radiocactivity of major phospholipids remains low.
These changes have been observed in various tissues including the
heart, liver (Ts'ao and Cormatzer, 1967), red cells (Hokin and Hokin,
1964), kidney (Anrade and Huggins, 1964) and brain slices (Humphrey
et al., 1969).

The monoesterified phosphates of DPI and TPI in brain slices
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reached a higher specific radiocactivity than tﬁe diesterified
phosphate on incubation with 32P—orthophosphate (Ellis.and

Hawthorne, 1962; Saunders and Bellou, 1966). This was further proven
by experiments in which the monoes;erified phosqhateé were hydrolysed
with alkaline phosphatase from red cells ﬁreviously incubated with
(7-329) ATP for am hour. The results show that over 90Z of the
radicactivity incorp‘orated into DPI and TPI reside in the
monoesterified phosphates (Hokin and Hokin; 1964), It is thus

clear that enzymes Involved in the turnover of monoesterified
-phosphates of the polyphosphoinositides have very high activity.

It was later shown that TPI phosphomonoesterase which hydrolyses
the phosphate groups from TPI has an activity almést as high as the
acetylcholine esterase in brain tissues (Kai and Hawthorne, 1969).

The high rate of labelling of the phosphate group of PA
is likely a result of the combined action of phosphatidate phosphatase
and diacylglycerol kinase. ‘The activity of both.of these enzyme is |
very high in red cell and brain tissue (Hokin and Hokin, 1963;
Lapetina and Hawthorne, 1971} Schact and Agranoff, 1974).
Incorporation of 32?04 into MPI in unstimulated Eissues is due
to a cyclical conversion as shown in Figure 3(b). Since 3H-glycer01

is also incorporated into MPI (Hokin, L.E., 1959), some degree of

de novo synthesis is indicated. 1In- clicyl event, MPI is

degraded by MPI phosphodiesterase to form 1,2-dlacylglycercl. The

PA and the 32P—

1

latter is phosphorylated by (v -322) ATP to fqz
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labelling- remains with the intermediates and subsequently appears
in the newly syntheaized HPI molecule. During. this conversion,

) the diacylglycerol backbone is conserved (Eokin-Neaverson, 1974)

»

Current 1nterest in PA and phosphoinositide metabolism of
tissues in respcnse to stimuli focuses on2types of reactions, -
namely the degradation of MPI and the interconversion betweeﬁ/g;;\\ i
and TPI. B

It has been observed in many tissues treated wfth_acetylcholiﬁe,
salivary glands in respomse to adreneline, anterior pituitary exppsed
to corticotroﬁhic-;eleasing faetof.or pancreozymin-treated pancreas
én increased rate ofIBzPoa incorporacion‘iﬁto MPI and oftee alseo
.igt;.PA.' The ehanges occur within a few minutes after the applicaﬁapn .
of e stimules‘and persists for as long as the stimulds is applied.

The only common link between the isotope incorporation among the
various tissues in response to different stimuli is that rapid
incorporation of 32?04 into PA and MPI occurs only when the stimuli
exert their effects on their taeget cells through interaction with
receptor sites on cell surface, rather tham by enterieé and directly
affecting intracellular processes in a manner analogous to steroid
hormones ﬁHichell,.1975). Thus thie changé of metabolism in PA

and MPI exhibits some kind of specificity which is further illustrated
by the observecion that the only affected lipids are PA and the

phosphoinositides. Initially it was not shown whether the increased

labelling was due to enhanced synthesis of MPI de novo or to an
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: increased rate of turnover of e_cellular pool of MPI of essentially

changed size. Soon, however, the Hokins (1958) demonstrated that

in  cerebral cortex the enhanced incorporatiou of 2P-orthophosphate

and of labelled inositol into MPI was not accompanied by increased
incorporation of labelled glycerol, indicating that the phosphoryl-

inositol portiocn of the molecule was being renewed as a response to

‘stimulation but that the diacylglycerol backbone of the molecule was

~

confirmed the impressfion that the process under study did not involve

an increase in synthesis of MPI de novo. Studies on many other tissues

including lymphocytes (Fisher and Mueller, 1971), pancreas (Miller

and Dawson, ‘1972) and polymorphonuclear leukocytes (Tou and
Stjernholm, 1974) also conform to the same pattern Prelimina;y
evidence for a phosphodiesteratic cleavage of MPI in acetficholine—
stimulated brain homogenate and a closed-cycle turnover of MPI
pmediated by the formation of PA was first provided by Durell and
Carland (1969). Recemntly, a decrease in the amount of MPI was
measured in stimulated lymphocytes (Allan and Michell, 1974) and in
acetylcholine—treated rat pancreas (Hokin—Neﬁerson, 1974).
Concurrently, a several fold increase in the amount of 1,2-diacyl-

glycerol, a product of phosphodiesteratic cleavage of phospholipids,

was reported in red cells. treated with ionophore A23,187 and

acetylcholine~stimulated rat pancreas (Allan et al., 1976;

Banschbach et al,, 1374). The concept of the closed-circle metabolism
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of MPT is considerably atrengthéned'by the findings of a selective
decrease in sgtearic acid.and arachidonate from MPT and a stoichiometric
increase in these fatty acids in PA of the acetylchoiiﬁe stimulated
rat pancreas as well as a reversal éf these changes when an
-acq:ylcholine antagonist w;s added to the medium (Geisom et al.,
1976). '

" In summary, therefore, a closed ecycle of reactions seems to
be operating, at least in the majority of affected tissues. This
cycle of reactions‘éhares two reactions with the synthesis of MPI de
novo,‘ﬁut the cleavage of the head group from MPI and the diacyl-
glycerol kinase—catalyseé synthesils of PA are metabolic coﬂversions
which appear to participate only in this cycle reaction Sequence.

The increase in 32P-labelling in MPI in stimulated tissues is therefore
secondary to the phosphodiesteratic cleavage of MPI and 32?04 is
incorpofated into the newly synth?sized MPI molecules during the
phosphorylation of-l,z—diacylglycerol to PA.. Some of the enzymes
involved in these cyclical react.gs such as 1,2-diacylglycerol

kinase (Kaulen and Gross, 1976), CTP: phosﬁhatidate, CMP transferase
(Call and Williams, 1970) and cytidine diphoqphat; diécylglycerol:
myoinositol, phosphatidyl transferase (Lucas et al., 1970) have been
shown in platelets in the membrane-tound fractions. Increased
incorporation of 32P—orthophosphate into PA and phosphoinositides

have been observed in platelets following ADP or thrombin stimulation

(Lloyd et al., 1973; Kaulen and Gross, 1976). However, the mechanisms

-

&N



50

behind these changes” in PA and MPI were not defined'in these
experiments. -

Another pathway of degrﬁdation of MPI is mediated by
phospholipaée A2 withﬂfﬁe‘formation of free fatty acid and lyso MPI
(Figure 3b). Formati;:\Ef'lyso MPT was first defected in pigeon
pancreas in response to aﬁetyl—or carbamylcholine (Keenan and Hokin,
19625} Investigatioﬁ into this area is of interest because the
arachidonic acid cleaved from MPI or other phospholipids in stimulated
tissues wmay become the precursor for prostaglandin synthesis. It has
been established that some intermediates of the prostaglandin
pathway such as the endoperoxides_and the thromboxane AZ are'potent-
platelet aggregating aEents (Hamberg et al., 1975). Lloss of 146-
arachidonic acid from MPI of th;ombinﬂséimulgted platelets was
measured b; several investigators (Bills et al., 1976; Rittenhouse-
Simmons et al., 1976).

" It is also possible that MPI is phosphorylated to form the
polyphosphoinositide; in tissues in response to stimﬁli. However,
such occurrence has n;ver been reported in literature.

<
The proposals of involvement of DPI a;i TPI interconversion
in the generation and propagation of action potentials in stimulated
neurons began with the observation of rapid turmover of DPI and TPIL
in nerve trunks (Sheltawyand Dawson, 1969; White and Larrabee, 1973}.
The key features of all of the.proposals hafe been that TPI has very

high affinity for Ca2+'and this affinity is lost by 60% when TPI is

~
R 8



51

converted to DPI (Hendrickson and Reinéptsen, 1971). The
inter;onversion of inositol lipids might therefore change thé quantity
of Ca2+ bound to specific sites on nerve membrane. It was tomsidered
that these changes might be synonymous with the modulation ;f
membrane-bound Caz+ levels which electrophysiological expefiments
indicate are involved in éhe opening and closing of Na+ and K+
"gates" and thus in the generation and/or propagation of action
potentials. |

Tﬁe loss of 32P-labelling in TPI was first reported by
Birnberger et al. (1971) in lobster nerves after long incubations
and brﬂg;E;iectrical stimulation. White and Larrabee (1973) reported
a speclfic decrease in the labelling of T%I in rat vagus nerve
after electrical stimulation for 3 hours. Before their‘observations,
information on the changes in TPi in tissueé in response to
stimulation was either lacking or controversizl. For examples,
despite many attempts in the past to alter the labelling of DPI and
TPI by the addition of acetylcholine to media_bathing brain slices
(Palmer and Rossiter, 1965; Hokin, 1969, 1970), sympathetic or vagal
ganglia (Hokin, 1965), synaptosomes (Yagihara and Hawthorme, 1972)
no significant changes have been found. By contrast Schacht and
Agrafioff (1972) observed a decrease in the labelling of polyphosphoino-
sitides with 32P—orthophos.;phate in guinea pig brain cortex subfractions
infﬁbaﬁed with acetylcholine; But thesé decreases in labelling
were regarded as non-specific by these authors as tﬁey'did not respond

\
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. to the effect of an acetylcholine antagonist. ,Kqﬁleﬁ and Gross (1976i

‘rep;rted.anﬁlhcrease in 32P-labeiling in human plﬁtg}éts following
thrombin stimulation,_but Lloyd et al. t1973)'c6u1d.not find.ccnsisteut
chgnées in TPI in platelets aggregated by ADP. in the last year,
hydrqusis of TPI was confirmed by several investiéééors: A decrease
in TPI éontent concurrent to an increase in the permeability toward
K+ was measured in crab nerve fibers depolarized by acetylcholine

(Tret'jaket al,, 1977). Abdel-Latif et al. (1977) reported a decié#se
in the content as well as 32?—1abelling in TPI of rabbit iris muscle
treated with acetylcholine and defined this TPI effect being the
consequence of the interaction between acetylchoiine and the
mﬁscarinic receptors ;nd not the nicotinic receptors.of the smooth
muscle. The same authors (Abdel-Latif et al., 1978) observed similar
changes in TPI in sympathetically denervated rabbit iris muscle and
indicated that such change§ are mediated through qo—adrenergic
receptors and not through B-receptors.

The distribug%?n of the enzymes involved in DPI and TPI
interconversion in'tﬂ%}cells is worthy of attention. Unlike most
other phospholipidfﬁetabolism enzymes, TPI monophosphate hydrolase
and DPI kinase are #rimarily soluble enzymes, although in some tissues
these enzymes are also membrane-bound {Kai et ali., 1966; Cooper et al.,
1976). The distribution of these enzymes strongly suggests that

these inositol phospholipids mainly reside on the inner surface of

cell membrane. This proposal is further supported by the observation
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that phosphorylation of the phosphoinositides is insignificant when

32

. external (Y-"°P ) ATP serves as a precursor to the sealed erythrocyte

ghosts (Redman, 1972).

4. ‘Biological significanece of phospholipids

_Phospholipids are essential for the structure of all
biological membranes. The presence of lipophilic and hydrophilie
groups make these molecules highly suitable for interfaces. The
hydrocarbon chains present an apolar barrier by lipid-lipid interaction
and in addition they interact with the hydrophobic region of membrane
proteins. The polar head groups allow electrostatic interaction
between lipids and proteins, binding of cations and formation of
ternary complexes. The role of phospholipid bilayer in the simplest
sense, 1s therefore to protect the cell interior. This idea is
based upon the observation that artificial phospholipid bilayers
are impermeable to ioms and to other water-soluble compounds r
(Papahadjopoules, D.,. 1973). The phospholipid molecules in some
biological membranes are so closely packed that intact erythrocytes

are not susceptible to pure phospholipase A, attack regardless of

k)

2
the source of the enzymes while phospholipids of erythrocyte ghosts

or resealed chosts ﬁreviously swollen and lysed are readily
hydrolysed. (Zwaal et al., '1973). Similarly, mycoplasma hominis, an
organism that lacks a cell wall, is not ingested and killed by

intact granulocytes and its phospholipids are not broken down unless
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the packing of these wmolecules is altered by treatment with détergent
(Elsbach, 1972). The integrity of the protective phospholipid
bilayer in cell membranes is.assured'by the actiﬁe turnover of the
phospholipid moleculés. This is particularly crucial to the well-
being of the rapidly circulating blood elementslsuch as platelets

and lymphocytes.

The -primary role‘of phospholipids, appears to be, however, uot so muc!
their being structufal componénts as they are in membrane functiom.
These include their roles in the selective countrol of the movements
of ions and various solutes, packaging and translocation of
macromolecules, or grouping and orientation of vectorially-directed
enzyme systems in the membrane. These functioms of phdSpho}ipids
are influenced by the composition and the membrane distribution
of phospﬁolipids as well as the p?otein-phospholipid interaction.
These factors in turn determine the fluidity and the mobility of

proteins in the membrane.

(1) = Effect of phospholipid composition ou”"—;embrane function

« Ihe ccmposition of phospholipids.may_influencé membrane
permeability in several ways. For instance, by the closeness of
molecular packing and b& activation of the enzymes participating in
membrane transport. Essentiali&, substitution of long chain eor
saturated fatty acids with short chain or umsaturated. fatty acids
in phospholipids causes expan8ion of phospholipid membrane (Van

Deenen et al., 1962). Modification of the polar head group with

rry.
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unchanged acyl glycerol back bone of phospholipids tay similarly
alter the assembly of phospholipids and affect thé osmotic
fragility of biological meﬁbranes. The above situations are
illustrated by the following examples. Mycoplasma laidlawii Ean
incorporate into their membrane phospholipids large amounts of
saturated fatty acids (up to 80%) (Razin et al., 1966). Dependiné
on the particular fatty acid accumulated and the growth temperature,
this organism may change from.filamentous to rounded swollen
étructﬁres which cease to grow and lyse. Tyé great variation of

* acyl substitueﬁts in phospholipids is alsc important in the
wmaintenance of membrane fluldity over a wide‘range of temperatures.
The fluid state of membranesmakes morphological changes such as
pseudopod formation possible in phagocytosing cells. In general,
each type of acyl chain has its own phase transition temperature
below which the fatty acid molecule exhibits stiffness, and
unsaturated fatty acids have lower transition temperatures than

the saturated ones.

The effgct of modification of the polar head group of
phospholipids on membrane permeability is observed in.gram—
positive bacteria such as staphylococcus aureus (Heast et al.,
1972). The major phospholipids in these bacteria are phosphatidyl-
glycerol and lysylphosphatidylglycerol. The two lipids have the
same fatty acid composition. Phosphatidylglycerol, however, has-a

negatively charged head group, is more bulky and prevents close packing
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of the acyl chains. Membrane composed mainly of phosphatidyl-
glycerol exhibits cation'selectivityl Lysylphosphatidylglycerol
however, is positively charged and anion selective. It-was found

that valinomycin is highly active as a monovalent cation carrier
through the bacterial membrane enriche& wiﬁh phosphatidylglycerol. 1In
contrast, the lonophore appears to be immobilized with a lysyl-
pﬁosphatidylglyéero1—fich bilayer in the same kind of bacteria.

The relationship between membrane permeability and phospholipid
composition is further complicatéd by the complex interaction between
phospholipids énd membrane proteins. It has been observed that
incorporation of proteins into artificial phospholipid bilayersgreatly
increases the permeability of the latter. ﬁuring the reconstitution of
the sodium pump (Tanaka and Sakamoto, 1969) and calcium pump
t{Warren and Metcalfe, 1978) it was found that phospholipids are required
for the activity of (Na+vKt)-ATPase and Caz+-ATPase. Warren and
Metcalfe (1978) ;eported that unsaturated phospholipids and a mixture
of tﬁo phospholipids are the best for Ca2+ influx and retention., When
dipalmitoylphosphatidylchqline7is tested, uptake of Ca2+ is not
gfficient as measured by‘Ca2+/AIP ratio. The inferpretation is that
the saturated acyl chains are too rigid in the membrane. For
phbspholipids with different head groups, zwitterionic phospholipids
appear to support a higner activity of the enzyme than phospholipids
with a net negative charge. Dioleoylphosphatidic acid which has two

2+
negative charges support even lower activity of the Ca -ATPase.
: >



Intgrconver&ion between TPI and DPI as .previously discussed
is another example that alteration of‘phospholipid composition may
change thé pérmeability of membrane toward monovalent cations. ‘
Hydrolysis of TPI with concurrent release of bound Ca2+ by the -
appropriate enzymeé may modify the chgrgé of the sodium'channels
" in the membrane (Hendrickson and Reinertsen, 1971). It has been
observed in erythrocyte ghosts that the amount of Caz+‘bound to the
membrane is in proportion to the amount of polyphosphoinositiﬁes

present in the membrame (Buckley and Hawthorne, 1972).

(41) Effect of phospholipid distribution on membrane fumction

Asymmetry of plasma membrane composition has always been
suspected. Yet evidence for asymmetric distribution of phospholipids
in cell membranes has only been revealed recently. It 1s now
established that in eukaryotic cells the choline-containing
phospholipids are preferentially localized in the outer leaflet of
the bilayer (70 and 80% for PC and sphingomyelin respectively)
while MPI, PS and PA are concentrated in the inner leaflet (Verkleij
et al., 1973; Renooj et al., 1976; Emmelot and Van Hoven, 1975;
Kahlenberg et al., 1974). The distribution of PE.is also asymmetric,
with approximately 70Z in the inner leaflet (Bretscher, 1972;

Haest and Deuticke, 1976). Similar distributi&n of phospholipids
has been found in human platelets {Shick, 1976). The major phospﬁo-
lipids of the endoplasmlc reticulum have a distribution opposdite to

that in the plasma membrane (Depierre and Dallner, 1975). The



58

asymmetry of phospholipid distributioq in mepbranes may be
contrqlled by éome unknown inner proteins (Tanaka and Ohnishi, 1976).
In addition, the flip-flop rates of phospholipid molecules between
theainner and outer leaflet are rather slow. It was estimated in
the erythrocyte membranes that the half-time for flip-flop is .

a matter of days °C (Rothman and Dawidowicz, 1975). The

asymetric distributiqn of phospholipids in cell membranes results

in a difference of microviscosity in the inner and outer leaflets,
with the outer leaflet éppatently more rigid than the inner omne
(Tanaka and Ohnishi, 1976). Although more rapid, phosph;lipid
molecules in the outer leaflet participate in the exchange reactions
with phospholipid molecules in the environment. In contrast,
phospholipid molecules in the immer leaflet do not undergo similar
exchange reactions (Rothmau and Dawidowicz, 1975).

The behaviour of phospholipids in the membrane is also
influenced by the presence of cholesterol as mentioned previously.
The amount of cholesterol in the bilayer (presumably the outer
leaflet) can be increased to such an extent that the killing power
of a malignant cell is markedly inhibited (Inbar and Shinitzky, 1974).

Another bilological significance of asymmetric distribution
of membrane phospholipids is their influence on the orientation
of membrane-bound enzymes. For instance, enzymes such as 5'-

+
nucleotidase, Ca2 -ATPase, cholinesterase have their catalytic sites

facing the external surface while enzymes adenylate cyclase, MPIL



kinasé, Na*, K+;AIPase and glyceraldehyde-3-phosphate dehydrogenase
have catalytic site; at the cytoplasmic surface (Trams, 1977).

In ﬁddition to’the roles mentioned above, phospholiﬁids
an& their metabolic products have highly divers;fied properties.
For instance lysophosphﬁlipids which are products of the action
of phospholipases A on diacylphospholipids are powerful 1yti; agents.
Addition of lysocompounds promptly causes lysis of mammalian cells.

Formation of lysophosphelipids in the cell membrane during

stimulation of secretory cells has been proposed to be a mechanism

leading to fusion of granules to the plasma membranes (Lucy, 1970).
Free arachidonic acid cleaved from phospholipids by phospholipase A2
may become the precursor of prostaglapdins. The latter have a broad
spectrum of biological influenceson cellular functioms an& have been
impliiftéd in various inflammatory processes. In platelets, free
arachidonic acid may be converted to endoperoxides and thromboxane Az

which are potent platelet aggregating agents (Hamberg et al., 1975).

1,2-Diacylglycerol, a product of phospholipase C dction, accumulate

in red cells treated with ionophore A23,187. The formation of this
lipid is considered to be rela;ed to érythrgéyte transformation .
from disc shape to spherocyte (Allan et al., 1975). Diphospho-
inositide may be involved in arsenate trénsport in yeast {Cerbon,
1970). Secretion of proteins by yeast and of lipoproteins by

liver depend upon adequate supply of inositol (Matile, 1966;

Yagi and Lotaki, 1969).



Furthermore, 1,2—cyclic phosphate inositol formed from phospho-
diesteratic cleavage of phosphoinositides was proposed to be
a cyclic AMP-like mediator of cellular response to stimuld

(Michell, 1975).



PART III. Aims of Study

Lewis and Majerus (1969) incubated washed human plateléts
with isotopically labelled glﬁcerol.and demonstrated thae platelets
synthesized Ehe major phospholipid classes de novo. Bills and
coworkers (1976) observed that approximately 75Z of the lac—arachidonic
acid incorpora;gd into platelet phospholipids.were found in PC, PE

" and PS‘follcwipg 1 h incubation of plateléts witﬁ the isotope.

However,, when washed platelets wére incubated with'BZP-orthophosphate,

almost all‘the'radioactivity in phospholipids was located in PA and

the phosphg&positides and none of the major phospholipids w;s

significantly labelled (Cohen et al.; 1971; Lloyd et al., 1972).

In contrast, all major phospholipids of platelets were labelled if
B%wnmﬁmwuewsmﬂudhummwﬂjmmaMmhor
therapeutically given to humars (Cohen et al., 1971; Lloyd et al.,

1972). 6ohen (Cohen et al., 1971) and Marcus (1972) could not account
for the differences in the in vitro and in vivo observations and
suggested different pathways of 32?04-incorporation under these two condition
In viéw of the frequency with which washed platelets are used for
various biochemical investigétions, it is pertinent to determine
whether membrane phospholigig metabolism in washed platelets behave
differently from platelets in the circulation.

Whén platelets labelled with 32P-or£hophosphate were stimulated
by A§timuli such as ADP; thromhin or collagen, increased

32? content in PA and DPY was detectable seconds after the addition

-
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of the stimuli. Increase in 32?-1abe111ng in MPI occurred in 2 to 3

min:' Increase in 32P—labellipg in TPI was measured with thrombin
stiﬁulated plateleﬁs (Kaulen and Gross, 1976) while Lloyd and
coworkers (1973) could not find consistent changes in 32P-labelling
in TPI of platelets in response to ADP. In addition, Kaulen and Grossl
(1976) could not detect changes in 14C—glycerol in PA and MPI 2 mint
after thrombin tredtment of platelets and reported insignificant
incorporation of this isotopé into the polyphosphoinositide. On the
other hand, loss of 1ac-arachidonic acid from MPI was reported in
platelets treated with thrombin or ionophore 423,187 (Bills et al.,
1976; Rittenhouse-Simmons et al., 1977). In view «f the importance

of MPI as a source for thé-precursor of prostaglandin synthesis and

as a source for diacylglycerol which is implicated in fusion and

shape change of erythrocytes (Allan et ai., 1976), it is of interest
to clarify the above conflicting observations and to map out a pathway
for MPI metabolism in plateiets in response to stimuli. Furthermore,
interconversion of DPI and TPI has always been of theoretical interest
in their possible involvement in the reguiation of membrane
permeability in excitable cells. Experié;ntal evidence for the
hypothesis, however, has been scarce. . Since platelets coantain a high
concentration of these polyphosphoinositides and pure preparations

of platelets are readily available, it.is of interest to
inves;igéte whether interconversion of TPI and DPI occurs during

- .
platelet aggregation and to determine if the changes are primarily
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' {involved in aggregation or secondary.to this process.

The existing evidence has shown that
ADB,:éhrumbin and the divalemt cation icnophore 2 ,187 cause
platelet‘qggregation by diffgrent pathways. Althonghréhe:éuhseqﬁent
manifestations of platelet response are the same, that is,

'platelets undergo shape change, aggregation and/or release react .
Thrombin and ADP appear to cause platelet aggregation via interactjom
with the appropriate receptors on the platelet surface, while A23,187
apggiently activatesthe aggregation machinery by directly. transporting
calcium into piatelets or by mobilizinglgalcium f;om the intracellular
binding sites (Nachman, - 1975; Majerus et al., 1976; Feinman and
Detwiler, 1976) It is therefore reasonable to expect that the '
metabolism of PA and phosphoinositides which are among the earliest
detectable biochemical changes among mammalian tissues in response to
stimuli would dgyonstrate differences in platelets treated with ADP,
\thromhin or the ionophore.

Immediate aims of th; study were to:
(L) _ Determine whether incorporation of 32P-orthopho ate
intp major phospholipids occurs in unstimulated washed
platelet;. | ’ |
(2) In§e§¥igate whether hydrolysis of TPI occurs in platelets
within the firs ﬁipuce of ADP stimulation, and whether
intércouversion befweén DPI and TPI obcursfﬁuring platelet
deaggregation and whether these changes can be abolished

by an inhibitor of ADP-induced platelet aggregation.
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-(3)

(4)

o
Determine whe;her cheréfare differences in PA and
phoaphoinbsitide_me:abolism in platelets ;n response to
ADP asd iemophore 423,187 within the first minure of
stimulation.
Study the different pathways of MPI metabolism and
change in DPI and TPI in thrombin-stimulated platelets.

These changes were compared with those occurring in

\ - .
response to ADP and the ilonophore AZ3,187.
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MATERTALS AND METHODS
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A, MATERIALS
. -~
1. Phospholipids used as Reference Standards for Thin Layer
H
Chromatography ¥

All éhospholipid standards were purchased from Suﬁelco, Inc.,
Pennsylvania, or from Sedary Research Lgboratories Inc.; London,
Ontario. These standards were high purity lipids, containing negligible
, trace contaminants as revealed by thin layer chromatography.
Phospholipids were stored at -20°C either as the powdef or as a
solution in benzene, or methanol-chloroform (2:1 v/v). Précautions
- were taken so that no silica gel particles were introduced into the

lipid samples and the containers were flushed with nitrogen gas before

storage. -
The phospholipid standards include:
(a) MPI-(pig liver)
(b) ' PG (phosphatidylglycerol, bacterial)
(c) PA (egg lecithin)
(d) PS (bovine brain)
(e) PE (pig liver)
(£) PC tboviue brain)
(g) . SPH (bovine brain)
(h) LPE (lysophosphatidyl ethanolamine, pié liver)
(i) DPI and TPI. These were a gift from Dr. K.M.W. Keough,

Department of Biochemistry, University of Toronto, Ontario, Canada.

&) LPC (lysophosphatidylcholine, bovine brain)
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2. Neutral lipid

1,2-Diacylglycerides (pig liver lecithin, Sedary Research

Laboratories Inc., Cntarig).

3. Radioactive C cals
1) 32P-orthd£;;;§hate (32P04 ) free of carrier POA wvas

purchased as a s tution in 0.1 N HC1 from New England Nuclear, Bosfon,
Massachusetts. It was diluted by a factor of 10 with distilled

water before use. HCl was used for storage of 32?0& because it has
been shown that this inhibits the polymerizégion of PO4 to pyrophosphate

and other polyphosphates (Zelenay and Pasternak, 1966).

p

(1i) myo— E-SH(Nl -inositol (specific activity 17.4 Ci/mmol)
was obtained as a solution in 60%Z (v/v) ethanol from New England

Nuclear, Boston, Massachusetts.

(1ii) 2-3H(N) -glycerol (specific activity 6.35 mCi/mmol)

was obtained as an aqueous solutlon from New England Nuclear, Bostonm,
Massachusetts. - ////
(iv) 1-140 -arachidonic acid (specific activity 61 wCi/mmole) was

obtained as a solution in benzene from New England Nuclear, Bostom,

Massachusetts. !

£

4, Potato apyrase (E.C. 3.6.1.5). This was prepared from potatoes

by the method of Molnar and Lorand (1961) modified byjdialysing the
final material against 0.9% NaCl (Mustard et al., 1972). The solutiom

wag stored at -ZOOC.
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S. Solutions used for wash . suspending platelets.

(1) CF Tyrodes. This Tyrodes buffer contained 0.1X% glucose, b
0.35 g/100 ml albumin (fraction V, Pentex, Miles Laboratories,

2+

Kankakee, Illinois), 2 x 10-3M Mgz+ and no Ca~ . EGTA (0.2 x lO_BM) was

added to this medium.
(11) Tyrodes Albumin Solution. The suspending medium was Tyrodes

buffer, pH 7.35, containing 0.35 g/100 ml albumin, 0.1% glucose,’
2 x 10_3M Ca2+ and 1 x 10-3H Mg2+. As suggested by Ardlie (Ardlie
et al., 1971), small amounts of pbtato apyrase were added to the
suspending medium, such that 1.8 nmole ATP/min/ug protein and 300
nmole ADP/min/ug protein were degraded (Reimers, 1977).

For rabbit platelets, the osmolarity of the washing and

suspending solutions was 280 milliosmcles per litre. The same washing

and suspending solutions were used for human platelets.

6. Solutions added as Test Substances to Platelet Suspensions

(1) Modified Tyrodes solution. This was Tyrodes buffer modified

2+ 2+ -
to contain no Ca or Mg lons. Most of the test substances were

dissolved in this solution and this solution was also used as a control.

(1i) ADP and AMP purchased as the sodium salts from Sigma Company,
. Loulg, Migsourl, were dissolved in medified Tyrodes sclution and

buffered to pH 7.35.

(11i) Thrombin. Crude bovine thrombin purchased from Parke-Davis,

Detroit, Michigan was dissolved in modified Tyrodes solution.

L)
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(iv) CaCl, was 0.2 M in distilled water.

—=2

). Ethylenéglycoltetraacetic acid (EGTA)'purchased from

Koch-Light Laboratories Limited, Colnbrook, Bucks, England was

.

prepared as a 0.1M solution in deionized distilled water and then

2

diluted to 5'x 10 ° M with modified Tyrodes buffer.

(vi) Fibrinogen was lyophilized human fibrinogen (Grade L) from
Kabi Stockholm, Sweden. This was  prepared i

as a 4% solution and treated with diisoprop ylfluorophosphate (DFP)

for 60 minutes at 37°C. The final concentration of DFP was 10-'3 M.

(vii) lonophore A23,187(M.W. 523) was a gift from Eli Lilly Company,

Indianapolis, Indiana. A23,187 was dissolved in dimethylsulfoxide

(DMSQ) .
»”

7. ATP wag purchased as sodium salt from Sigma Company, St. Louis,
Missourl and was dissolved in modified Tyrodes buffer before used as a

marker in paper electrophoresis of nucleotides.

8. Compounds used in the preparation of thrombin-degranulated
platelets.
(1) PGEl {prostaglandin gi) was a gift from Upjohn Company,

Kalamazoo, Michigan. It wasqsrepared as a stock solution (2.9 x 10-'3 M)
in 952 (v/v) ethanol (0.1 ml/mg) and 0.02% Na2C03 solution (0.9 ml/mg).
This was stored at -29°C. Dilutions of the stock solution were made

with modified Tyrodes solution.
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\'_(/11) Pig plasmin (4.17 NE/mg, Batch 74-21) was from Novo Fabrik,

Copenhagen, Denmark.

(1iii) TAMe (p-tosyl-L-arginine methylester (HCl) was obtained

from Mann Research Labs., Inc., New York 6, New York.

(iv) " Hepes (N-2-hydroxy-ethyl-piperazine-N'-2-ethane-sulfonic acid)

was from Sigma Chemical Company, St. Louis, Missouri.

(v) Heparin was from Connaught Laboratories, Toromteo, Ontario,

Canada.

{(vi) Sova bean tfypsin inhibitor (SBTI)} was obtained from Sigma

. Chemical Company, St, Louls, Missouri.

9. Organic solvents. These were reagent grade and were
distilled before use. -»
10. Silica gel H was purchased from E. Merck, Darmstadt,

Germany, and silica gel G (with binder) was distributed by

. Brinkman Instrument Limited, Rgxdale, Ontario, Canada.
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E. METHODS

Experiﬁent A. In vitro and in vivo Incorporation of 32P—

orthophosphate into Platelet Phospholipids.

1. Preparation of Platelet Suspensions

Rabbit or human platelet suspensions were prepared by the
method of Ardlie et al. (1970) and Mustard et al. (1972) with some
modifications.. Blood was collected into acid citrate dextrose
{6 vols. of blood to 1 vgl. of anticoagulant) (Aster and Jandl, 1964).
The blood was cencrifug::\gt room temperature for 15 minutes at 190 x g.
Platelet-rich plasma (PRP) was obtained and centrifuged for 15 minutes
at 190 x g to remove red cells. The platelet-rich plasma (PRP) was
then centrifuged at room temperature for 15 minutes at 2500 x g.

The platelets obtained from PRP were washed at room temperature in a
calcium-free and phoaphate—ﬁree modified Tyrdde solution (pH 6.2)
containing 0.35% albumin and 0.01% EGTA (ethylene glycol bis
(B-aminoethylether)-N-Nl—tetraacetic acid). After centrifugation at
1200 x g for 10 minutes, the.platelets were resuspended in a phosphate-
free modified Tyrode solution containing O.BSi‘albumin (pH 7.35) and
apyrase (10ul/ml). (The enzyme apyrase degrades adenosine diphosphate
(ADP) and adenosine triphosphate FAIP) that may possibly leék from
platelets to adenosine monophosphate (AMP), thereby preventing the
platelets from becoming refractory to aggregating stimuli. The activity
of apyrase was such that it caused the hydrolysis of 18 nmole/ATP/min/

ug protein and 300 nmole ADP/min/ug of protein (Reimers, 1977).

L}
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The flatelet,suspension was incubated for 60 min at 37°¢ with

56—60 uCi of carrier-free 32?04 per ml. Aliquoté of the platelet
suspension were subjected to lipid extraction at 15 min, 50 min,
and.60 min., Tyrode-albumin solution containing unlabelled phosphate
(8.3 x 10-'3 ﬂ) was added to tﬁe suspensgion at the end of the iabelling
period., The suspension was then centrifuged at 1200_x g for 10 min. |
The platelets were wagshed once more in a calciumfree modified Tyrode
solution'containing 0.35% albumin and resuspendéd in Tyrodg;albumin
solution containgng apyrase. The platelet count of the final

suspension was adjusted to be between 0.8 x 106 and 1.2 x 106/mm3 for

rabbit platelets and between 3 x 10° and 6 x 105/mm350r human platelets.

The platelet suspensions were kept at 370C throughout the experiment.
Every six hours, the platelets were transferred to fresh medium to
eliminate the lactic acid produced by the platelets and to renew the
glucose supply for the platelets. Throughout the exper;mental period,
the pH of the sﬁspension was maintained at 7.35 with a 5% CO_-air

2

mixture in the atmosphere above the platelet suspension. Aliquots of

the platelet suspension were subjected to lipid extraction at hourly

intervals. In order to rule out the possibility of 32P—incorporation
as a consequence of bacterial growth over these prolonged imcubation
hours, in some experiments all the used materials were sterilized by
heat and the solutions sterilized by filtration through[fT;embrane‘
filter (Millipore pore size 0.22 u) . and the bacterial groﬁﬁh was
monitored by bacterial culture of the platelet suspension on horse

blood agar petri dispes.

N
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2. Animal Studies

Rabbit platelets obtained from six rabbits were labelled with

32?04 in vitro as described above. Approximately 8.8 % 10°

of the
labelled platelets 'in ?.5 ml of platelet suspending medium was injected
intravencusly into each of seven rabbitg whose total number of platelets
had been estimated on the basis of the peripheral blood platelet count
and on the assumption that the,bloo? volume is about 58 ml per kg
(Reimers et al., 1973). The dilution factor was calculateﬁ'for each

animal, which was the fraction of the number of infused platelets over

" the sum of platelets of the recipient rabbit and the infused platelets.

The labelled platelets accounted for about 10-15% of the total number
of platelets in the host rabbit. Using th; dilution factor, the amount
of phosphorus in the individual phospholipids (obtained by phosphorus
- H
Assay, see below) of the infused platelets can be computed. The carotid

arteries of recipient rabbits were cannulated at different times and

platelet suspensions were prepared from their blood and subjected to

lipid extraction. Assuming that the 32P-labelled platelets were
completely mixed with those of the host rabbit in the circulation,
that the labelled platelets and the recipient rabbit's ﬁwn platelets
were removed from the circulation at the same rate, and thét the
average survival time of rabbit platelets is 4 days (Reimers,’ H.-J.,
Personal Communication), we estimated the fraction of 32P-labelled

platelets lost from the circulation during the experimental period

and determined that 13 of the infused platelets was lost per hour.

N
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A tabbit—exsanguinated 34 hou;s after‘platelet injection would thus

have 662 of the infused platelets left. This correction factor
together with the dilution factor were applied.to the qq?ntitative
analysis of the platelet phospholipids. Although it is realized that

a number of assumptions have had to be made in making these rcalculations,
the values obtained do allow examination of the changes among the

different phospholipids. ’

3. "Lipid extraction

Lipids were extracted ffom the platelets by a modification of
the method of Bligh and Dyer (1959). For the extraction of DPI an}ST?I,
the extracting solvent consisted oﬁ chloroform, methanol, 10 N HCl and
butylated hydroxytoluene in a ratic of 125:250:20:0:9 (v/v/v/v). Butyl;ced
hydfoxytoluene was ;sed as an antioxidant. The extracting solvent
\ilz ml) was added to Z.jrﬁi of platelet suspension and thoroughly

mixed for 30 sec. The one phase mixture was immediately,
!

séparated'into 2 phases by addition of 3.75 ml CHC1l, and 3.75 ml of H,0.

3 2
The mixture was mixed for 1 minute and centrifuged for 3 minutes at '
1000 r.p.m. in a Soval II Centrifuge. The CHCl, lower phase was
transferred to another test tube. Each aliquot of the platelet
suspension was extracted four times and the chloroform extract of
lipids was made up to 5 ml. For the extraction of PC, PE, PS, SPH, MPI
and PA, aneutral solvent was used. The solvent consists of CHCl3:
CHBOH:hydroxybutylated toluene (125:250:0.9 v/v/v). The solvent

(9 ml) was added to 2.4 ol of platelet suspension and mixed
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" for two hours and was mixed
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for 1 mdhute. ‘Thefmixture‘was kept in darkness at room temperature
. for 30 sec every. half an hour.
In order to separate the one phase mixture into 2 pheses, 3ml of
ch}oroform‘and 3ml of 2 M KCl solution vere added and mixed. ‘ The
mixture was centrifuged and the CHCl3 phase was transferred to another
test tube. The aqueous phase was further extracted with 2.ml of CHCl

3
three times. The CHCl3 extract was evaporated in nitrogen to dryness_

.and redissolved in.CHCl3 immediately. The final volume of_CHCl3 extract

was made up to 5 ml.in a volumetric flask. ' . C -

4, Thin layer chromatography

Method 1 is a modification (L}oyd et al., 1972) of the methods.
of Gonzalez-Sastre and Folch-Pi £1963) and is”a one dimensional thin
layer chromatography technique dame on 1% potassium‘oxa;ate‘silica H
plates using‘a mixture of chloroform, methanol, 28% ammonia.end water
(25:25:4:5.25 v/v/v/v/) as solvent. The humidity was between 40 - 50%.
After the solvent front reach the top, the TLC plate was further

developed for another 20 min. This method was used to separate

P
triphosphoinositide (TPI) and diphosphoimositide (DPI)} from other
lipids (Figure 4). e ’ -

. Method 2 is a two dimensional thin layer chroﬁétﬁEraphy method -
using magnesium acetate plates (0.5 gm of magheoium acetate and

27 gu silica H ;n”?l ml water). This is a modification of the method
4

-desoribed‘by_Rouser et al. -970? The plates were activated at

v ; L4

L X}



17

Cy PA

MP S~

Psf-‘»‘ <

selvemt 2 ——
-

I'4 ? PC.

& con

solvant 1 —-—’ ‘

W

Tigure 5(a). Two dimensional thin laver chromatography using magnesium

acetate plate. First solvent was chloroform, methanol and 28% armmonia

(&&:35&5 v/v/v). Second solvent was a mixture of chloroform, methanel,

acetone, acetic acid and water (195:97.5:78:65:19.5 viv/iviviv).
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.

120°t'£or 20 minutes before use.- The Tic plates.ﬁontaining the lipid
-anple were fifsi run in a solvent of chloroform, methanol and 28%

- acmonia (44:35:5 v/vlv);ﬂhen the solvent reached the top, thg plate

vas allowed to develop another half hour, The plate'waé tﬁen.dried..

in a current of nitrogen and rerun in an acidic’ solvent cqnsisting of
chloroform, mathanoi; acetone, acetic acid and water (195:97.5:78:65:19.5
v/v/v)in a direction perpendicular to the first one.. Humidity was
regulated between 40-50X. By this method, phosphatidic acid (PA),
phoaghacidylinoéitol (MPY), phosphatidylserine (PS), phosphatidylcholine
(PC), sphingomyelin (SPH), iysophosphatidylcholi;; (LPC), lysophgsphatidyl-
ethanolamine and phosphatidylethanolamine were separated from one

another (Figureé\e(a)‘and 5(b). The separated phospholipid§ were

scraped directly into vials and their radiocactivity decarmined by

liquid scintillation counting: Individual phospholipids were identified

by running authentic standards, using Dittmer-Leséer staining (Kates,
1972), ninhydrin staining (Kates, 1972), Dragendo® staining (Kates,

1972), iodine staining and autoradiography.

3. Ligquid scintillation counting

Individual phospholipids were scr;ped from the TLC plates
and transferred inte scintillation vials. The scintillatien fluid
contained 2 ml absolute alcohol and 10 ml of scintillator solition
composed of 5 g of 2,5-diphenyloxazole and 0.3 g of 2,2-1-phenylenebis-
{5-phenyloxazole) in 1 litre of toluene. Radiocactivity (cpm) of

individual phospholipids was corrected for decay that had occurred
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between the day of incorporaticon and the day of counting the
. . ‘ : ;-
samples. . .

6. Phosphorus assay ‘ *

Phospholipida aaparatéd by thi; layer chromatography were
scraped into test tubes free of phoaphat;.. Phoapholipida us,d for
pho;phords assays. vere obtained from samples containing three times
as many pla:elets as other samples used for the study of 32P-radioactivity.‘
Phosphorus wvas assayed by the nethod’&j Rouser et al. (1970)}. PA,
HPI DPI and TPI were aaanyed by the "small spot method"; PC and

other major phospholipids were assayed by the "big ‘spot method"

(Rouser et al., 1970).

7. —1d;;very of phospholipids

Phospholipid standards PC..PE. PS, PA and HPI‘obcained
Efom Suepeico (Pennsylvania, U.5.A.) were checked for purity by thin
layer chromatography before being used for the recovery study. A
known amount of pho;pholipid was spotted on TLC plates and scraped
into test tubes for phosphorus assay. Equal amounts of phospholipid
solution mixed with platelet suspending medium weresubjected to the
Sligh and Dyer extraction procedure, followed by thin layer
chromatographic separation. The spot was then scraped and assayed
for phosphorus. The experimeht was carried out in triplicate .
The percentages recovered were MPI - 63 + 3; PC - 89 + 5; PE - 80 - 6;

PS - 84 ¢+ 5; PA - 61 £ 3. The recovery study of DPI and TPI carried
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out by Lloyd (1972 :heaia) of :his laboratory uaing an acidified
Bligh and Dyer lolution showed thnt the percentage recovery for DPI
and TPI was 93 * 6 and 76 * B respectively. This method is the most
effective mathod available for ext;ac:ion of péiyphosphoinositides
(Lang et‘al.. 1977). The recovery atudyHof DPI 'and TPI was also
carried out by preparing 32P—labe11ed DPI and fPI from the platelets.
A knﬁun amount of 32P-labeling of DPI or-?PI was spotted on TLC .
plates and acraped for radioacfivity counting in‘liquid scintillation

vials. An equal amouﬁ: of DPI or TPl was added to unlabelled platelet -
suspension and aubjected to lipid‘extractidn. The presence of .platelets

wvas to minimize theé: loas of 3zP—labeled DPI or TPI since the quantity

of these labeled lipids was vefy small, The lipids were then separatéd

by TLC method 1. and the radioactivity was counted. The ﬁerce;tage

recovery of TPI or DPI was DPI - 76 £ 6; TPI - 70 * 8. Using the 32?-1abelling
method, the percentage recovery of PA or MPI was MPI - 62 * 4

PA - 65 * 7. The relatively low recovery of DPI and TPI by the second

method could be due to some breakdown of these lipids during preparation

of the radicactive material. The increased recovery of PE and PA
compared to that of Lloyd (Lloyd, thesis, 1972} could be due ro the
use of a neutral extractin% solvent in these studies. It has been
found that the use of an acidic extracting eolvent caused extensive‘
breakdown of PE to lyso PE. Phosphatidylethanolamipe and phosphatidic
acid in mammalian cell membranes contain considerable amounts of

-
plasmalogen (White, 1973) species and they are sensitive to acid

degradation.
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Experiment B. - Changes of Isotopic Labeling in Phosphatidic Acid
‘ Aﬁd Phosphoinoaitides of Rabbit Platelets 7

in Regponie to ADP.

"1, " Preparation of platelat suspension.

: _Plat‘elet suspension labelled with 32?04 were prepared in the

nnna‘way as. in Experiment A. The final suspension contained 1.5 x 1 06

plateletalmm3. Some pia:qlet suspensions were labelled with 1-lac-_
arachidonic acid (0.4 uCi/ml), Zgﬂ—inoaitol (20 uCi/ml) or 2—3H-

glycerol {20 uCi/ml). Uptake of these isotopes into placelecs in one hour was
10-20% for “*c-arachidonic acid and glycerol, less than 1% for 34-1nositol and.
approximately 10X for 3ZP-orthophosphate. Methods were similar to the

preparation of 32P-labelled platelets except that the waahinglsolutiona contain
unlabelled phosphate.

2. Incorporation of 32?0, into TPI of platelets.

During the one hour incubation with 32P-orthoPhosphate,
aliquots of platelet suspension were subjected to lipid extraction
at 15 min, 30 min and 60 min. The remaining platelets were washed
and resuspended {n Tyrode-albumin solution (pH 7.35, 37°C) containing
uélabeled phosphate (8.3 mM). Aliquots of this suspension were
subjected to lipid extraction at various times up to 6 h after the
addition of 32?04‘ After the phospholipids were separated by thin
layer chromatography, the phosphorus content in TPI was assayed by the
small spot method of Rouser et al, (1970). The reactivity in the TFI

samples was counted and the specific radicactivities were calculated.
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3. Incarpgfation of 32?6‘ into adenosine triphnnphat; of platelets

32?04 incorporation into ATP b§ the platelets was examined.
At 1, 3, S and 11 h aliquots of platelet suspension (0.2 ml) were
mixed with perchloric acid (70%, 0.3 ml, 0°C,710 min). Potassium o™
citrate solution (27X, 0.2 ml) and methyl orange (1 drop) were added.
The azﬁ—iabeled &denine-nucleo:idea were separated from each other ;nd
from inorganic phoaphate by low voltage paper chromatography for 16 h |
;c 6°C. Hith'citraté buffer (0.12 M, pH 4.78) (Reimara'eé.al.. 1975).
..The aeparaﬁed compounds were then counted for radicactivity,
Aliquots of 0.5 ml platelet suspension were also taken.at tﬁeae ﬁime
intervals for the assay of platelet ATP cogtent‘by the lucifarin-
luciferase method (Holmsen et al., 1972). The specific radicactivity
of ATP ;t thease time intervals was calculated. These calculations
were based on the total ATP content of the platelets aince it has been
shown elsewhere (Reimers et al., 1975) that the metabolic and atorage.

pools of ATP slowly equilibrate over long incubation periocds.

4{a). Aggregation studies

Concentrations of”all chemical agents are expressed as final
concentrations throughout this thesis except when specified. Samples
(2.3 ml) of the platelet suspension were placed in siliconized cuvettes
and stirred in Payton aggregometers (Payton Co., Rexdale, OntaPno) for
1 min at 37°C. One control sample and one ADP sample were run simul-
taneously in aggregometera.r One hundred microliters of ADP dissolved
in Tyrode's solution was added to the platelets suspension. Tyrocde

solution was added to the control sample. The concentrations of ADP given



-

in the tlbics and figures are the final concentrations in‘the pln;ile:
suspension. The samples were subjected to'lipid “
extraction at the same time by emptying the contents of the cuvettes
‘directly into B ml portions of the e;traétink solvent (see "Excfacciog
of Phospholipids”). Each cuvette was rinsed twice with i ml portién;“
of the extracting solvent. Lipid extraction was carrisd out at 7, 20,
45 or 60 sec and 2.5, 10, 20 or 30 min after the addition of ADP or
Tyrode solution. The extent of platelet aggregation was dacarmiued by
rac&fding,the changes in light transmission through :;e stirred
suspension. Samples of 20 or 30 min were iiirred in the aggregomaters
for the first 10 min and the last 3 min.

During the short time interval studies, three to seven pairs of
lsamples (control and stim:laced plateleis) at each time (7,20,45 and
ﬁd.sec) yer; pr;pared in each experiment. The experiment was repeated
at least three times on different days so ﬁhat a total of)9720 palrs of
samples at each time interval was obtained.

In some experiments ADP was added to give a final concentration
of 4 uM. Three minutes or 30 min afterwards, an equal amount of ADP
was added; The effect of a aecon§ addicion of ADP-qn TPI labelling
was studied. The platelef suspensions were subjected to lipid extraction
1.5 min after the second addition of ADP. Control experiments were
done in which modified Tyrode solution replaced the ADP solution. The

<

30 min samples were stirred in the aggregometer for the first 10 min

and the last J min. In each experiment, four sets of sampléé for the
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3 min studies and four seta of samples for the 30 min studies were — - ---

e,

" prepared. .EBach ;xperimen: was repéiced at least three times.

4(b). Inhibition of ADP-induced platelet aggregation by AMP

To examine whether the changes in PA and phosphoinositide

" metabolism is related to platelet aggregation, AMP which is a specific
inhibitor of ADP effects Hﬁa added to 32?-1abelled platel?t suﬁpensio;
1 }1n before addition of ADP. Four studies with stimuli Tyrode,
Tyrode; Tytoda, ADP; AMP; Tyrode; AMP, ADP were run simultaneously

in the aggregometers. The platelets were subjected to lipid
ex-raction 1 min after the addition of the second agent, The
experimnnt_uaa repeated 3 times, each containing 5-7 pairs of samples.

Concentration of ADP was 0.9 yM. Concentration of AMP wasﬁo.l mM.

5. Lipid extraction and thin layer chromatography

See Experiment A.

6. Liquid scintillation counting

The scintillation fluid used was the same as Iin Experiment A.
The separated phospholipids were scraped into scintillahion vials.
Extra silica gel was added when necessary so that control and experimental

samples contained the same amount of silica to minimize differences in

quenching.

7. . Statistical analysis

The astatistical analysis of the experimental data was based on

AN
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using :hé;?rgpértiap;t.(pc:nhntagn) éh;ﬁsgl of 32P-13b£iiing in
individual phospholipids as compared to the contrqlnlamplc rather
than éc:ugl di!fgrencei. Logarithms of the originil data | |
(count;“paf minute) ;nre taken and the differences of the
é;;raaponding pairs of logged daca wa;e then analysed, using
analysis of variance procedures. Since in some experiments the
magnitude of the variation within an experiment or a group increased
with the aean livel of the percentage changes, the.probipm_of .
chang;i in the magnitude 6f_the variation wasw;voided,by taﬁing
the logarithms of the original data. The overall mean and
standard error for the percentage changés'were estimated-taking
into consideration the possible sistemic variatidn from experiment

to experiment. The accuracy of the mean was indicated by the 95X

confidence interval for the true value,

Experiment C.  Comparison of Changes in Isotopically Labelled

Phoasphatidic Acid and the Phosphoinositides of

Platelet in Response to Ionophore A23,187 and

AP
1. Preparatisn of platelet-suspension and thrombin-degranulated
platelets .
Platelet suspensions labelled with 32?0 was prepared in the

4
same way as in Experiment A. Platelets labelled with l-lac-arachidonic

acid was prepared similarly except that the platelets were first washed
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in Tyrode solution containing phonphate. .1--'l C-arachidonic acid

o

.- <

~. (0 4 uCilml) was added to the secoad washing solution of Tyrode
;albumin and incubated with the platelets for 1 h.

. . In experiments requiring thrombin degranulated platelets,
tha:32P0a-labélled platelet suspensions-were divided into two equal
parts and kept at 37?9. One p;rt ﬁaa_treat;q with‘thromhin (0.45
uni:siml) to degranul;te the platelets. The concentrations of all
chemicals referred to the final concentration. Tyrode-was added cg
the other part as control and was later treated in the same way.as
’the'thrombin degranulated platelets. After 1 min, aliquots- of icﬁ\\\\j
suspensions were measured for the amount of nucleotide released at 259 nm
as an indicgtor of the release reaction. ‘

At tﬁis time, plasmin (0.025%) was added to goth-the control and
thrombin treated platelets. PGEl'(louH)lwas added at the same time.
PGEl restored the disc shape of the platelets and prevented plaam%n
from causing the release reaction (Niewlarowski et al;. 1973).
Plasmin‘éigested the fibrin formed during the treatment of platelfts
with thrombin. Platelets were incubated with PGEi and plasmin for.
30 min. TAMe (1 mM) aéd soya bean trypsin inhibitor (0.025%) were
then added. The platelets were centrifuged at 1,206 x g-aﬁd
resuapended in fresh, Falciumrfree Tyrode albumin containing heparin
(50 units/ml) and "heparin\cofactor" (100 ul1 of rabbit serum/ml
suspension) to neutralise a;& thrombin left in the suspending medium.
The suspensions were centrifuged at 1,200 x g and the platelets were

resuspended in Tyrode albumin solution containing apyrase and 5 mM Hepes
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to maintain a pH of 7.3. The platelet count was adjusted to
10%/m>, Non-degranulated washed rabbit platelets labelled with

14C-arachidonic acid (0.4 uCi/ml) were prepared as in Experiment B.

2. égg;qggtion.atudies o | ; .

. Duplicate samples of 1.5 ml of thrombin-degranulated plitqlets
and duplicate samﬁles of 1.5 ml of non-thrombin treated platelets were
placed in a cuvette in the aggregometer at the same time. Ten m£:::I1ce:
of A23,187:dissolved in DMSO (6. x 10"7 M £inal) wes’ added to one
thrombin-degranulated sample and to ;ne non-thrombin degranulated
sample. Tyrode.solution was added to tée remaining two samples as
control. fhe platelet suspénaions were gubjecceﬂ to lipid analysié
10 sec and at 60 sec after the addition of A25,187 or Tyrode.

To study the effect of A23,187 on 1—¥4C-arach1don1; acid
labelled phoséholipidu-of non—-thrombin degranulqteq platelets in t;e
presence or absence of calcium, calcium chloride aoiution (6.6 x 10”3H)
or .Tyrode was added to 1.5 ml of platelet suspension. A23,187

(6.7 x 10”7

M final) was added 30 sec later. The suspgnsion.was

subjected to lipid extrhction‘ﬁo sec after addition of the ilonophore.
A time study of.ncn-thrombin treated‘piatelets labelled with

1—1ac-arachidonic acid was carried out similarly. A23,187-

(6.7 x 107 'M) was added to 1.5 ml of platelet suspension placed in

the aggregometer. At the same time, Tyipde was added to the control

sample. The platelet suspensions were subjected to lipid extraction
¢

at 10, 30 and 60 sec. Five pairs of samples were prepared for each -

-



time interval. The experiment was repeated twice.
¢ .-_’. .
In some experiments, platelet suspensions were treated with

S A23,187 at two concentrations (0.6 uM and 1.2 uM) for-3 ﬁin and‘then,i

_subjected to phosphorus analysis. ) L B :
3. Eitractigk-cf}phospholipids and analysis
See Experiment B. | - R

, Experiment D, Early Degradation of Monophosphoinositide -~

and Triphosphoinositide of Platelets in Response -

Thrombin Stimulation.

1. . Labeling platelets with isotopes

4.
way as in Experiment A. Platelets labeled with radioactive glycerol,

Rabbit platelets labeled with 32?0 was prepared in the same °

arachidonic acid or inositol were prepared with the method as in

Experiment C. The concentracions of isotopes added to the incubation

medium wereZ-;H-glycerol (20 wCi/ml), 1- AC—araghidonic acid

(0.4 uCi/ml) or 2-SH-inositol (20 uCi/ml).

: To'obtain some idea"of the distributioms of Garious isotopes

o in platelet lipids at the time of aggregation studies, platelet

suapensions labelled with the individual isotOpes were subjected to

lipid extraction 3 h after the initial addition of the isotopes to

-

the platelet suspension,

—ry -



2. . Aggregation studies | .

Aliquots of 1.5 ml platelet suspension (platelet count

1.5 x loﬁlnnE) were placed in the aggregometer simultaneously.

After 1 min of stirr 0.1 wl of bovine thrombin (0.33 units/ml

final) was added to the sample and Tyrode was added to the control.
The platelet suspensions were subjected to lipid extractiom at.

9, 30, and 60 sec after the addition of thrombin, unless stated

" otherwise. At 9 sec, plateléts attained maximm shape change.

In some experiments, low concentrations of thrombin
(0.01 U/ml) was used. This concentration of thrombin caused only
platelet shape change. The platelet suspensions were subjected to

lipid extraction 9 sec or 5 min after addition of thrombin.

-

3. Extraction and Separation of Lipids

See Experiment A.
Free fatty acids, diacylglycerol and tricylglycerocl were
separated by one-dimensional TLC with silica G plates. The solvent

was chloroform, acetone and methanol (96:4:1 v/v/v).

4. Phosphorus Assay

See Experiment A.
In an attempt to measure the differences in the quantities
of PA, MPI, DPI and TPI between the thrombin stimulated samples and

the control samples 9 sec or 1 min after the addition of thrombin,

90
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large amounts of platelets were reéquired. Usually, the platelets
obtained from the bloed of 8 to 11 rabbits were pooled. Aliquots of

2.3 ml platelet suspensions (platelet count 2.2 x 105/mm3) were

used for the aggregation studies. Higher concentration of :hrdmbin

(0.41 unit/ml) was required to bring about the saﬁ; extent of aggreéation
as measured by the aggrégameter tracing. After the phospholipids were
‘extracted and separated by TLC, three spots were combined to make one

~ sample for phosphorus assay. Thus the amount of phospholipid in

each sample was obtained from approximately 1.6 x 1010 platelets, or
approximately the amount of platelgts from thé blood obtained from one
rabbit.;hThe experiments were repeated three times for the 9 sec and the
60 sec studies eachiconsisting of 4 or 5 pairs of samples. The quantities
of }ﬁOSpholipids were corrected for recovery for the calculation

of specific radioactivity. The percentage recovery for PA, MPL, DPL

and TPI used for calculating of specific radicactivities were taken

as 65, 62, 76 and 707 respectively.
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c. - COMMENTS ON METHODS '_ -
1. Extraction of Phospholipids from Platelets ’

The greatest éifficulties encountered in the experiments with
phosphatidic acid and phosphoinositides are their scarcity in cell
membranes and their highly acidic nature that renders them to bind
strongly to proceins; divalent cations and even glasswares. Divalent
cation—bound‘pPIyphosphoinositides are insoluble in the normal
chloroform ahd wethanol extracting solvents used for éﬁé extraction
of many other lipids. Eﬁ;thermore, polypﬁosphoinoéitides are unstable.
Postmortem TPI degr;dation was invariably reported in many tissues
(Dawson and Eichberg, 1965). Thus in the early part of this pr;ject,
effort was devoted to the 'improvement ?f extraction methods, récovery\
and the separation of these lipidsxby thin layer chromatography.
Several investigators had quantitated phospholipids in platelets.
Their results as well as thése from the ypresent experiments, regarding
the pefcentagg distribution of the individual phospholipids, phosphatidic
acid and of the phosphoinositides are presented in Table 1 and 2.

Several methods were used for the extraction of DPI and TPI.
One of them was based on the Folch method (Folch et al., 1957);
mod{fied by Dittmer and Douglas (1969) and further by Lloyd ;nd
Associates (1972). The method involved lyophilizing the platelet samples,
“sonication of the residue 'in CHC1.:CH.OH (2:1), and further

3773

resuspending the residue in a similar solvent contai&Eng hydrochlorie
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-acid. Partitioning of the lipids was carried out with a sélvent
containing-chloroforn. methanol, hydrochloric acid and sodium
chloride, Acetone was omitted in the modified method as this éolveﬁc
caused breakdown of TPI. Lyophilization of platelet samples is
rather time consuming. The number of samples that can be prepared
per experiment is limited and the reproducibiiity for these minor
phospholipids is low.

The Bligh and Dyer method (1959) involves suspending the
platelets in a one phaae-ﬁixture of chloroform, methanol, and water
in a ratio of 1:2:0.8 (v/v/v). After a mixing period of about 2 h,
more chloroform and water is added to change the volumetric ratio to
1:1:0.9. The mixture becomes two phases. The lipids stay in ;he
chloroform pﬂase (lower layer). This method was used in the
extraction of the major phospholipid;. PA and MPI in the present project.
It was found that 1ysopho§pholipids, particularly lyso MPI remain in
the aqueous phase. The Bligh and Dyer method is simple in operation
and time saving compared to the Folch method. By using the 50 ml
round bottom centrifuge tubes, up to eighty to one hundred samples
were prepared routinely in ‘the present experiments. Cohen and
Associates (Cohen et al., 1971) reported the use of §DTA-KC1 solution
for the water component of the Bligh and Dyer p;ocedﬁfe. Presumably
EDTA chelates the divalent cations and frees triphosphoinositide from
cell membrane while KC1 increases the polarity of the water phase

and drives the polar lipids into the chloroform phase. We tried this

5 |
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method but without much success for some unknown reason. ‘Lloyd and
'nasocigtes (19725 modiXied the Bligh and Dyer method (1959) and the
method by Palmer and Béssiter (1965) by including 0.5 N HCI (finai
cancentratiog) in tHe extracting solvent. This solvent produces a

clear solutiaﬁ on ng with platelet suspen;ion. This concentration
of acid is apparently neceasary for a thorough aolubilizaéion of the
membrane proteins as the use of 0.2 N HC1l did nét dissolve the
platelecé completely. The amount of DPI and TPI recovered with 0.2 N
HC1 was lower and not as reproducible. Lloyd's method (1972) is
convenient as platelet samples can be poured directly into the

round bottom centrifuge tubes containing the -.acidified solvent and the
platelet reactions are stopped almost instantly; Large quantity of
samples can be prepared. The effectiveness of this method (use of
acidified Bligh and Dyer solvent) was confirmed recently by Lang

et al. (1977). But the acid component destroys plasmalogen
phospholipids. Phosphatidylethanolamine and phoéphatidic acid are
particularly vulnerable. Large amounts of lyso-PE is produced in

the acid extraction procedure. This could account for the lower yield
of PE in Lloyd's experiments (thesis 1972). Thus neutral ;olvent of

the Bligh and Dyer method was used for the extraction of lipids other
than DPI and TPI. It 18 not known how much DPI and TPI was destroyed

by this acid solvent. Since DPI and TPI are pfoduced by phosphorylation
of MPI and MPI contains little plasmalogenic specieé, it is reasonable

to believe that the acid extraction procedure may not affect the

yeild of these polyphosphoinositides to any considerable extent. The
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posfi?le deatruction of these phospholipids by a;id‘was minimized

=

by partitioning the lipids into the chloroform and aqueoué phases

immgdiately following mixing the one phase mixture.

2, .Sgpafation oftphospholipids by thin layer chroﬁa:ograghi

The use of chloroform and methaﬁgl mixture for lipid k
extraction from tissues and the development of thin layer chromacograﬁhy'
methods using silica gel for separation of lipids have been the
revolutionary steps in phosphoiipid research. Yet no one method of
TLC;reported in literatures is capable of separating all the major
ph;spholipids, PA and the phoapholnositides. Poor separation of MPI
from PS has been the major difficﬁlty in the investigations on the
metabolism of these lipids. Of a large number of two dimensional TLC
methods tried in the présent projects, the method reported by Rouser
and Associlates (1972) using magnesium acetate salt with silica gel H
for TLC plate preparation appears to give the cleanest separation
among PC, PE,‘PS,.SpH, MPI, PA and lyso PE. DPI and TPI remain close
to the origin. However, clean separation of phospholipids by TLC
depends on many factors, even 1f the same solvent is used. Humidity
is one of the most influential factors, not only humidity in the air,
but also humidity in the solvents and In the plates. Temperature also
affects the outcome to a great deal. For these reasons and also others,
the solvents used by Rouser (1970) was modified for the present

experiments. It was also found that overrunning the plate in the

ammonia sclvent for half an hour enhanced separation between PS and MPI.



Chramntographic leparation of TPI and DPI was based on the
method of Gonznles-Sactre and Folch-Pi (1968). Overrunning thg plates
for 15 min enhanced separation of DPI from adjacent lipids. The

separatidn, however, was exceedingly sensitive to humidity and

i .
‘camperature. Separation was most successful in the Hinter time and

troublesome in the summer when humidity and room temperatures were
high. It was fortunate that in the last part of the project -a
humidity control room became available soc that accurate determinations

of the phosphorus amount of DPI and TPl were possible as a result of

clean TLC separation of these lipids,



CHAPTER THREE

- Experiment A

In Vitro and In Vivo Incorporation of ~ P-Orthophoaphate

into Platelet Phospholipids

99
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1. Introduction

.The essential feature of platelet function is their resﬁonsiveneiﬁ
to aggregating stimuli which cause them to change shape, aggregaté or
to release their granule contents. This responsiveness demonstrates
the pliancy of platelet qepbrane, which 18 determined to a large extent
by the composition and fluid bilayer cbnfiéuration of ﬁhospholipida.
While in circulationm, plat;léts are subjected to the wear and tear °
-actisn of the dynamics‘of'blood flow. Platelets respond to this
continuous sérqu by having an active metabolism, thus to maintain the
integrity of the membrane. Platelets have ;n eff&cieng enzyme system
that enable them to incorporate labeled acetate into éhospholipids;
ceramide, free fatty acids, triglyceride and cholesterol (Deykin and
Desser, 1968; Andreoli, 1970; Okuma et al., 1971a and 1971b). The
acetate is Incorporated into fatty acids by both de novo synthesis
(Hennes et al., 1966) and by chain elongation. Platelets also synthetise
glycerophosphelipids de novo for they can incorporate labeled glycerol
into the glycerol moiety of phospholipids (Lewis and Majerus, 1969).
In addition, they incorporate 32?04 and labélled fatty acids'(Firkin and
Williams, 1961; Deykin and Desser, 1968). The fatty acids may be utilized
as substrates for energy production (Donabedian and Nemerson, 1971).

Until apyrase was used in washed platelet
suspensions (Ardlie et al., 1971) investigation of phoapﬂolipid metabolism

in platelets was carried out by infusing the radiocactive isotopes into

the blood circulation of animals or by incubating platelets in platelet-
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rich iiapna with the isotope for brief periods. The ?nzync apyrase
degrades ADP leaked from platelets -thereby maintaining the’
responsiveness and disc shape of plaéélets (Ardlie et al., 1971)and
allowing experiments usinguvuhed plateiecs to last for many
hours. A number of investigators reportgd incorpﬁraéion of 32?0& into
phosphatidylcholine, phosphatidﬁlethanola;ine and phosphatidylserine of
'plateiets harvested from:animaig.infused with H332P0& (Lloyd‘e:Aal.,E.
1972; Cohen et al., 1971), but they were not able to find 32P-labelling
in these phospholipids when platelets were labelled in vitro with 32?0&.
The only phospholipids that have been reported to be labeled in vitro
with.szPOA are phosphatidic acid and the phosphoinosi;ides. Cohen et al.
(1971) and Marcus (1972) could not explain this diffe;encé between
in vivo and in vitro labelling. Marcus (1972) suggested that tﬁe in
vivo labelling of the major phospholipids of platelets probably occurs
during the formation of megakaryocytes in the bone marrow, In view of
the popularity of using washed platelets for various biochemical and
functiénai studies which now may be carried out over prolonéed periods,
it is pertinent to find out if there is indeed a difference between
in vitro and in vivo behaviour of 32?0& incorporation into the membrane
phospholipids of platelets, or whether this difference simply reflects
) the difference in the turnover rates of the various phospholipias. :
The following experiments were done to examine these
possibilities. The incorporationpof 32?06 inte the méjor phospholipids
2

of platelets was compared with the incorporétfon of 3 POA into the

phosphoinositides in vivo and during prolonged incubation in vitro.
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LOG APECIFIC RADIOACTIVITY (CPMug OF PHOBPHORUS)

Figure 6. Incorporation of . zPOA into phospholipids of rabbit platelets

expressed as the logarithm of spacific radioactivity vs, time. Placalets
were labelled for 1 h and washed once before being suspended £ﬁ'a medium
containing unlabelled POQ. The valuea~ahoun at 1 h are the values before
the platelets Her; waghed at ﬁhe time indicated by the arraﬁ. Subsequent
v;lues (after the Arrow) vere obtained after the platelets had been
resuspended in a medium containing unlabelled PO%. The results are from
one of three experiments that give similar results. Each value

represents the mean of 3 samples.
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Changes in Specific Radioactivity of Phospholipids-‘:

(a) In vitro
| Washed rabbit platelets were incubated with 32?0 for ome hour

at 37°C. At the end of the labelling period approximately 24Z of the

added 32?04 had been incorporated into the platelets, and 4-5% of the

incorporated radioactivity was found in the phospholipid fraotion.

TPI, DPI and PA had a greater specific radioactivity tham PC, PE or -

PS (Figure. 6). TPI had the highest specific radiocactivity. When the

platelets were washed aud resuspended in Tyrode-aioumin solotion ‘
containdng unlabelled phosphate,-the specific radiocactivity of TPI and
DPL doclined progressively over 24 hours. The pattern of incorporation
‘of 32Poa'into MPI was different foom that into the poly-phosphoinositides
%n that the specific radioactivity of MPI increased and reached a plateau

32?

7 hours after the labelling of the platelets with The specific

| Oh.
radiocactivity of the phosphate in the major pﬁospholipids (PC, PE and PS) )
increased gradually over the 24 houo incubation oeriod. Aftor one hour “%
of incubation, the speoific radiocactivity of TPI was 80 times that of MPI.

However, after 24 hours of incubation, the difference between the

specific radioaotiiity of TPI and MPI was small. The specific

radicactivity of PC at one hour was negligible, and at 24 hours it was

-

about half that of MPI. The specific radioactivity of PE increased mor
slowly than that of PC. Although the increases in specific radioactivity‘,
in PS was not as great as that in PC or PE, it continued to increase

over the 24 hour period; . : .fﬂ L
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LOG BRECIFIC RADIOACTIVITY (CPM/ug OF PHOBPHORUB!) o

Figure 7. Incorporation of 32?04 into human platelets. Experimental

conditions were the same as specified for Figure 6. The results are from

one of two experiments that gave simllar results. Each value represents

N

the mean of 3 sahples. . -
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A similar pattern of chsné;; of specific radioactivity was observed

?ith washed human plaﬁelets (Figure 7).

(b) In vivo
Rabbit platelets were labelled for 1 hour by incubatiom with
32P04. They were then washed, resuspended and infused into rabbits.

Blood samples were taken at intervals up to 35 hours. When platelets

-

v {
were collected 4 hours after their infusion (6 hours after the beginning

of labelling), the specific radio;ctivities of the phosphorus of the
phosphoinositides wert; much higher than those of thermajor phospholipids
(Figure 8). The pattern of change in the specifié radioactivities of

all the phospholipids was.similar to that found in the gg_giggé ‘
experiments. That is, the specific radioactivities of the phosphorus

of TPI and DPI decreased after the labelling period, whereas the specific
radioactivities of PC and PE increased. In co;trast to the in vitro
experiments, the Specifié Fadioactivity of the phosphorus of MPL

appeared to decline by 16 hours. By 35 hours, the specific radioactivit%eé
of the phosphorus of TPI, DPIL and MPI and PC were similar. At this time,

the specific radioactivity of the phosphorus of PE appeared to be about

1/3 that of MPI (Figure 8).

Changes in the Total Radioactivity of Individual Phospholipids

During Prolonged Incubation in Vitro

Since the amounts of the phosphoinositides and the major

phospholipids in platelets are different, the specific radioactivities
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i

LOG SPECIFIC RADIOACTIVITY(CF{“LUQ OF PHOBPHORUS) .

Figure 8. 32?04 incorporation into phospholipids of rabbit platelets
labelled in vitro with 32?0 and infused intravenously inte 7 rabbits.

4

The first set of samples was prepared from the platelet suspension 1 h

after addition of 32?0 The subsequent samples were taken after the

32

4
P—labeiled platelets had been infused into rabbits; the samples were

prepared from blood harvested at the times indicated. The values have

been corrected as described in the "Methods" section. Incorporation

of 32?0 into PS was not studied in this experiment. Each value

4

represents a separate animal.
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% RADIOAC.TIVITV OF TOTAL PHOSPHOLIPIDS

Figure 9. In vitro incorporation of 32?0& into individual phospholipids

of rabbit platelets expressed as the percentage of total radioactivity

’
of all the phospholipids vs. time. The data are averages of three
experiments. Standard deviations are not shown to aveld complexity in

the figures. The sum of the radioacti&ity in TPI, DPI, MPI, PA, PC, PE and

PS at each time interval was taken as 100%. The percentage of

radicactivity in PS was too low to be showm.
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JAL PHOSPHOLIPIDS

% RADIOACTIVITY OF TOTA

Figure 10. In vitro incorporation of’gzPOa into individual phospholipids
of human platelets expressed as the percentage of the total radiocactivity

in all ‘the phospholipids vs. til—ne (see caption of Figure 9).
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Figure 1l. POA incorporation into phospholipids of rabbit platelets
expressed as percentage of total radioactivity of all the phospholipids
which included MPI, DPI, TPI, PA, PC, PE, SPH and LPC. Each point
represents the percentage of the radioactivity in the phospholipids
from ome rabbit. The procedure is described in the legend of Figure 8.
(Radicactivity of total phospholipids in a single sample at 1 h was
approximately 1.2 x 106 cpm) .

»
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of their phosphorus do not reflect the actual amounts of 32POA
incorporated into the major phospholipids. Therefore, we plotted

the amounts of 32?0& incorporated into the individual phospholipids

of rabbit platelets (Figure 9) and human platelets (Figure 10),
expreéaed as percentages of the total radibact;vity in the phospholipids
at‘each time, With rabbit platelets, PC contained less than 1X of the
total radioactivity in the phospholipids 1 hour after the addition of
32PO4 but had more than 40% after 24 hours of incubation. The
radioactivity in PE increased from about 1% of the total rﬁdiéactivity

4
at 24 hours. Over the same period of time, PS showed Iittle change

in the phospholipids 1 hour after the addition of 320, 1o about 8% T)

(less than 1% in 24 hours). In contrast, TPI which had 72% of the
rﬁdioactivit& af 1 hour,lgad only 15Z of the phospholipid radiocactivity
at 24 hours. DPI radicactivity also fell extensively.

Figure 10 shows similar results obtained in 3 experiments in which

human platelets were used.
When rabbit platelets labelled with 32?04 in vitro were infused
into rabbits, more than 40%Z of the total radioactivity in phospholipids

was In PC after 35 hours, whereas less than 10% of the total radiocactivity

was in DPI and TPI (Figure 11).

3. Discussion _ .

The experimental results illustrate the rates of incorporation

of 32PO4 into various platelet phospholipids over prolonged incubation
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in terms of changes in the specific radioactivity and of the percentage
distribution of 3??04 in the lfpids. Although no attempts have been
made to study the dynamics of 32?04 incorporation, several salient
points have .emerged from thege studies.

‘Polyphosphoinositiées (BPI and TPI) have exc;edingly high
rates of phosphate metabolism (Figures 1-3). These phosphoinositides
conétitute less than 2% of platelet phospholipids, yet ﬁossess over
90% of total phospholipid 32‘}?04 ane hour following incubation of

platelets with 32?0

4" The phosphate metabolism of these lipids is
very sensitive to the changes in the cellular phosphate concentration.
This is illustrated by the rapid fall in their specific radiocactivities

and 32?04 percentages once unlabelled phosphate was added to the .

platelets lahbelled with 32PO4 in a phogphate-free medium. Furthermore,
although MPI is the immediate precursor of DPI and TPI, the rapid
phosphate incorporation into these lipids has little to do with de nove
synthesis from MPI. 1f de novo synthesis takes place, specific
radiocactivity of MPI would be higher than that of DPI and TPI and the
specific radicactivicy éurve of MPI would be declining and cross the
peaks of those of DPI and TPI once 32PO4 was withdrawn from the medium.
This has not happened and the results therefore indirectly demonstrate
the presence of a very active DPI or TPI phosphomonoesterase in the
platelets and that most of the 32PO4 incorporated into DPI and TPI

regsidesin the moncesterified phosphate moileties. This has been

demonstrated in red cell ghosts labelled with tY-BzP)ATP (Hokin and Hokin,
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1964). TPI phosphomonoesterase has been shown in various mammalian
tissues (Salway et al., 1967; Sheltawy ét-al., 1972). It is primarily
a solublé eniyme. The e;tremely.rapid turnover of the monoesterified'
phosphates of DPI and TPI implies the ready accessibility of the polar
head gfoups of these lipids to the phoaphombnoestera;e, thus adding
support to the concept that these phospholipids afe‘predomigencly located
in the inner cell membrane (Verkleij et al., 1973). -
Rapid incorporation of 32?04 also occurs with MPI. Yet unlike

the polyphosphoinositides, dilution of the 32?04 pool in platelets with

32

of. PO& into MPI. Since incSF¥poration of 32P0a into MPI has to be

mediated by the phosphorylation of diacylglycerol with (Y-SZP)ATP to

unlabelled phosphate had‘ggﬁisz?iate effect on the incorporation course .

form' PA, which is later converted to MPI, it is expected that the
specific radiocactivity of PA to be higher than that of MPI. The
cénsiatently lower specific radiocactivity of PA than MPI in these
experiments could be a consequence of compartmentalization of PA
metabolism in platelets. It is possible that only a small pool of PA is
metabolically active to serve as a precursor of MPI. The specific
radioactivity of this PA could thus be much higher than the observed
value. TIn addition, MPI could be derived from DPI. Rapid incorperation
of 32an into phosphatidic acid and phosphoinositides under resting
conditions and an increased 32?04 incorporation upon stimulation has been

observed in brain (Dawson, 1954), nerve tissue (White et al., 1974),

pancreas (Hokin and Hokin, 1955), red cells (Hokin and Hokin, 1964;
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Karnovsky and Wallach, 1961; Fisher and Huéller, 1971), kidney
(Andrade and Higgins, 1964), pineal gland (Eichberg et al., 1973)
and platelets (Cohen et al., 1971). This active turnover of inositol
phoapholipids support the possible-}ole in specialized cell functions
such as synaptic trgnsmissiqn in nerves (Larrabee and Leicht, 1965)
and to a2 more general role qf transport across cell membranes and
secretion from cells (Hokin, 1969). .

Unlike the previous studies in which 32POA incorporation inteo
major phospholipids of platelets has been claimed to occur only in wvivo
(Lloyd eﬁ al., 1972; Cohen eé al., 1971; Marcus, 1972), our studies omn

.32P04 incorporation into platelet phospholipids demons;rate that washed
platelets incorporate 32?04 in vitro into PC, PE and PS when long
incubation times are used. The results of the in vitrc incubation
studies were confirmed by the in vivo experiments, since platelets
infused into rabbits 1mmediétély after labelling gave similar results.
Like PA and inositol phospholipids, the specific radicactivities of
éhese lipids eﬁentually leveled off fifteen to twenty hours following
the pulse labelling, indicating that the metabolism of 32?04 in platelets
had reached a steady state. ‘The differences in the values of specific
radiocactivities of the individual phospholipids at this time possibly
reflect the divergence of substrate affinity and substrate availability
in the phosphate metabolizing enzymes. This is in agreement with the

observation of asymetric d%ﬁtributions of phospholipids in cell

membranes (Verkleij et al.,\1973) and the variation in the susceptibility
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to hydrolytic enzymes of phospholipids with differeat fatty acid
composition or diffefént head é:oups'CZwaal et al.,'1973). Much of the
infbrmation fegarding the dynamig interplay between cellular enzymes
and membrape phospholipids, however, remains unknown. Firkin and
Williams (1961) reported radicactivity in autoradiograms in positions
representing PC, PS and PE of platelet phospholipids labelled with
32?04.§or 6 houfs.ig vitro, they did not comment on these findings,
and later investigators do not appear to have been aware of them.
Prolonged incubation in vitfo has also demonstrated incofporation of
32PO4 into the major phospholipids in pineal glands (Eichberg et al.,
1973) and SV 40 tragaformea mouse cells (Marggraf et al., 1972).
Marinetti and coworkers (1957) have‘also noticed a difference in
32P—labe111ng of liver tissues under in vivo and in vitro conditioms.
~In vitro studies with lac-acetate and lAC-glycerél have
demonstrated ready labelling of the major phospholipids of platelets
(Deykin, 1973; Lewis and Majerus, 1969). As in the present 32?9&
experimenté, PC incorporates the largest amount of radiocactilvity
among Ehe major phospholipids. The 1l‘C-m:et:.aAte incorporation probably
repreéents the synthesis of new fatty acids which are incorporated into
the phospholipids. The amount of 32PO4 1ncofporated within 1 hour
into PC in the present investigation is comparable to the amount of
14C—-l,3 -glycerol radioactivity incorporated into PC as found by Lewis
and Majerus (1969). Since l“C—1,3 -glycerol can be incorporated into

phospholipids only by de novo synthesis, it is likely that 32P0&
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incorporated into PC in vitro in our experiments alsc represents
dé novo synthesis of the molecule. N

. In contrast to previous suggés;ions (Cohen et al., 1971;
Marcus,_l972), these eﬁperiments demnnstratQ\:ng platelets do not lose
their éapacity to turn over the phosphates in the major phospholipids
after tg;y“have separated from the megakgryocytesi These experiments
further demonstraté that MPI has a higher rate of phosphate turnover than
the other major phospholipids. All this evidence is in keeping with the
onervatiqns that the phosphates in the inositol phospholipid; have a
very high rate of turnover in comparison to the phosphate of PC, PE
and PS. The turnover of the phosphate groups in the inositol phospho-
lipids is probably an important aspect of membrane function and the
rapid increase in turnover when platelets are stimulated by ADP or
thrombin indicates ﬁhat they are involved in the platelet response to

these agents (Lloyd et al., 1972; Lloyd and Mustard, 1974).
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‘'CHAPTER FOUR

W

Experiment B . \

Changes of Isotopic Labellings of Phosphatidic Acid and Phosphoinosicideé

of Rabbit Platelets in Response to ADP

T
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1. . Intfoduction

Ll

Myo-inositol is present in both plant and animal tissues and-
in eukaryocytes is incorporated principally into phosphoinositides -

(Hawthorne and Kemp, 1964). These inositol lipids.comprise-less than

102 of the total phospholipids in cell membranes and appear to be
involved in cell functions such as tranéﬁission of actioh potentials
along nerves (Héwthorne and Kai, 1970; Dawsom, 1969), membrane transport
of ions (Hawthérne and Kai, 1970) and secretion of proteius-(Hokin,ll969).
, ‘ ‘Much of-tﬁe work on phosphoinositides has been dome with brain
tissue (Hawthorne and Kai; 1970), nerves (White and Larrabee, 1973).
and synaptosomes (Schacht and Agranoff, 1972). Enhanced turnover of
the phosphoryl moiety of mnnophosphoinositide (MPI) has been observed
in responsé to a variety of stimuli such as acetylcholine (Redman and
Hokin, 1964) and electrical stimulation (White and Larabee, 1973).
Michell (19?5) has ;ecently poin:éd out that platelets may be useful for
studying the metabolism of phosphoinositides. Lloyd and associates (1973a)
reported that ADP-induced platelet shape change was associated with

2

' -increased incorporation of 3 PO, into phosphatidic acid (PA). This

change was observed as early as 2 sec after the addition to ADP to a

suspension of washed rabbit platelets. Increased 32?04 incorporation
into diphosphoinositide (DPI) was observed at 30 sec (Lloyd et al., 1973
a,b). Similar changes in MPI were not detectedhuntil.Z-B min

-after the addition of ADP, when platelet aggregation was already well

underway (Lloyd et al., 1973). 1In the initial studies of changes in
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32P—iabelling of triphﬁsphoinositide (TPI) following thg addition of
ADP, consisten; changaa\in-IPI werg_noﬁ demonstrated (Lloyd et al.,
1973;; 1973b). - | '

The possibility that TPI‘hydrblysis mediates chaq‘ps in:

menmbrane permeability in nerve excitation was suggested by Hawthorne

i and Kai (1970). Eendrickson “and Reinertsen (1971) prOposed that since

TPI has a higher affinity for calcium than does DPI, interconversion

between DPI and TPI might modify calciumxbinding in membranes leading

,N

to changes in sodium and potassium permeability. Hydrolysis of TPI
has pniy.fecently been observed in aceéylcholine—stimulated crab nerve
(TrEt'jaﬁet al., 1977) and rabbit iris smooth muscle (AbdeléLatif BRI

‘et al., 1977). Significant loss of TPI was observed at least 10 min

after additional acetylcholine. )

Interaction of ADP with its receptors om the platelet surface

-

and the s;bsgquent chgdges in platelet shape indicate alteration in the
membfang permeahility”ﬁf platelets., The lack of changeé in thé‘BzP—
Jabekling 4in maipf‘membrane phosph&lipids (e.g. phosphatidylcholine, ;l
phosphatidylethanolamine and phosphatidylserine) during ADP-induced
platelet aggregation (Lloyd et al., 1975b) emphasizes the importance
of investigating‘the effect of ADP on the possible change of
‘ pho;phoinositides particularly TPI in the first 60 sec of platelet
response tditﬁis stimulus.

The specific objeétives of the present studies were to examine

whether changes of radioactive isotope contents in TPI occurred during

. . -
‘\:’ . ”~

a ) - g oy
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TABLE ITI. INCORPORATION OF -2P-ORTHOPHOSPEATE INTO
PHOSPHOLIPIDS. ;
Specific Radic *
Phospholipid pecific icactivity
. cpm/ug phosphorus
TPL T 735,000
DPI 1 410,000
K -

d PA . 100,000
MPT | 32,000

+

.k
The values represent the average specific radio-
" "_activities from 4 samples in a typical experiment of
\§ Co . . phospholipids in the rabbit platelets after 1 h

2
labelling.

L=



120

ADP-induced platelet aggregatidﬁ usiné yaqped rabbit platelets

] labelled with 32P-orthophospha.te, 14C;arachidonic.acid, 2—140-31§cerol
and myo—BH;inositol. In addition, we investigated whether these

changes were influencéd by adenosine monOphospﬁate, an inhibitor of
ADf—induced platelet aggregation. .After ADP-induced aggregation,
platelets deaggregaté'and restore - their disc shape. The present
experiments also studied the change of 32P-labelling in PA and the

indsitol phospholipids during this recovery period.

2. Results

Incorporation of 32?0, into triphosphoinositide and ATP-

| Incubation <;f washed rabbit platelets.for 1 ﬁ_our with
32Poa-orthophosphate résulted in the rapid labelling of TPI, DPI and,
to a lesser extent, PA aﬁd MPI (Table III). Among these lipids the
phospﬁorus in TPI had the greatest specific radicactivity. This
deélined after the platelets had ﬁeen resuspended in a medium containing
unlabelled -phosphate (Figure 12). Therefore, in all experiments, the
experimental samples and the corresponding control samples were Tun
simultaneously. Thé specific radiocactivity of ATP also declined after

the removal of extermal 32?04, but remained several hundred fold higher

=

than that of TPI (Figure 13).

Aggregation studies within 60 sec

‘addition of 31 WM ADP to the suspension of washed platelets
labeled with 32P-orthophosphate caused the platelets to change éhape

and to aggregate (Figure 14). ADP does not cause release reaction of



"

SPECIFIC RADIOACTIVITY
cPMx10-8, ug PHOSPHORUS

Figure 12. Changes in specific radioactivity of the phospﬁorus in TPI
of rabbit platelets during the one hour labelling with 32P0q and the
rapid decline in specific radiocactivity of phosphorus in this lipid
after the platelets had been resuspended in a medium containing
unlabelled phosphate at the time indicated by tbe arrow. The data

represent the average of 3 samples.
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Figure 13. Incorporation =f 32?04 into ATP and TPI of rabbit platelets

expressed as specific radloactivity (logarithm) vs. time. Platelets

were wéshed and resuspended in medium containing unlabelled phosphate

after 2 h incubation with 32?04 as indicated by the arrow. The data

represent the mean of 3 samples.
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L

Figure 14. Changes in light transmission during ADP-induced platelet
shape change and aggregation (top) and changes in 32P-contenEJ}$ TP1
of platelets during'ADP-induced platelet agéregation (bottom). The
L]
32

final concentration of ADP was 31 uM. The amount of ~"PO iq'TPI in the

4
control samples was taken as 100Z (the dotted horizontal line) and the
amount of 32?04.1n TPI in the stimulated platelets was expressed as a
percentage of this control value. The data were calculated as mean-t S.E.
of 9-20 pairs of samples froﬁ at least three experiments at each time
interval. A 5-7% decrease in.32P-content.in TP1 represented 2000-7000

cpm in different experiments. The 32P—ccmtent in TPI at 60 s was

significantly less than for the controls (p < 0.01).
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. Figure 15. Changes in 32p content in PA, MPI, DPI AND TPI during

ADP-induced platelet aggregation. The final concentration of ADP was

31 yM. Data are presented in the same way as in Figure 14, In a

representative experiment; the average amounts of 32P-labelling in TPI,

., DPI, MPI and PA of the control samples were 41891, 35859,l15389 and

2990 cpm, respectively. Significance of the difference (P values)

between untreated platelets and platelets treated with ADP:-

7 sec 20 sec 45 sec 60 sec
PA <0.001  <0.001  <0.001  <0.001
MPI NS <0.05 NS NS
DPI <0.001  <0.05 <0.001  <0.801
TPI NS NS NS <0.01
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Fig&;é 16. Changes iﬁ l-lAC-arachidonic acid in PA, DPI, MPI and TPI
during ADP-induced platelet aggregation. The final concentration of

ADP was 31 uM. Data are presented in the same way as in Figure 14.

Data at each time intervai were calculated as mean * S.E.M. of 10 pairs
of gamples from two experiments.that yvield similar results. In a
represenCapivé'expgriment, the average amount of 1—14C-arachidonic acid
in PA, MPI, DPI and TPI of the control samples were 192, 11712, 1555 and
1736 dpm, respeétively. Significance of the difference (P values)

between untreated plaﬁelets and platelets treated with ADP:- A

. 10 sec 30 sec 60 sec
Pﬁ\\ ' <0.01 <0.01 <0.005
WL, ' NS NS <0.02
DPI NS ~ <0.001 <0.001

TPL NS NS <0.001

NS = not significant
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Figure 17, Changes in 2—3E-ino§itol labelling ip MPI, DPI and TPI in
platelets in response to ADP. The concentration of ADP was 31 uM.

Data are presented in the same way as in Figure.l4. Data at each time
ipterval were calculated as mean * S.E.M. of 10 samples from two
experiments. In a representative experiment, the averége amounts of
radiocactivity in MPI, DPY and TPI of the controi-;amples yefé 5029i, 6986
and 7626 dpm respectively. 'Signifiéance of the difference (P values)

between untreated platelets and platelets. treated with ADP:-

10 sec - 30 sec 60 sec
MPI NS <(,025 <0.05
DPI - <0.05 - <0.01 <0.001
TPL NS - NS * <0.001
A/
NS & not significant ' . . ’

130



131

o —

' -,

™

20

10 -
- r.{mures

NOISSINSNVNL LHOK)

|

!

1

i |
O ® ©
O o o0
=

104 |-
102 +

ALIAILOVOIOVY dpp
T %

e 18.

Fi



(%}

-

-3 - ~

ggg 8. The aggregometer tracing of platelet aggregation and
deaggregatian is 1llustrated in the upper diagram. The lower diagram
shawa changes in the 32P-content in TPI during platelet aggregation

and deaggregation after the addition of ADP (10 uM). Data are

' pfeaented in the same way as in Figure l4. The data were calculated

as mean *+-S.E.M. of 10-20 pairs of samplés from at least three .‘
experiments at each time interval. The mean 32P—content in TPI at 2.5
min was significantly less than for the control (P<0%95). At*lﬁ, 20

and 30 min the 3ZR_-contents in TPI were not significantly different

from the coatrols.

- e
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| washed rabbit platelets (Packham et al., 1971). The mean values;6f=
32Pélabellingu(c§m) of TPI 7 and 20 sec after the addition of AD;
were not significantly differentlffoé the mean yaiﬁésffor the control
platelets. Héweyef; 60 sec aftef the addition'bf:ADP, the amount of
,32P0.4 in the_fPI was signifiéantly decreased in plateléts treated witﬁ
ADP compared to the control platelets (Figure 14); . ' .

In contrast to TPI, the labelling of the DPI inéreased
significantly as early as 7 sec after the addition of ADP (Figure 15).
This was the earliest time after the addition of ADP Ehaé we attempted
to extraét the lipids. The labelling of DPL rémained elevatea‘ughtg
60 sec. There were no consistént chénges in the 32P--labelling of MPI
within 1 min of the additiog of ADP. The labelling in PA increased to
more than twigé the value sf the control. Changes in the laC—arachidonic
aci@ 1abéiling in PA and phospﬁoinositides 60 sec‘following the additiom
of ADP -are shown in Figur? 16, There was a moderate increase in |
radioactivity in PA and DPI and a small but significant decrease in MPI
and TPI by 60 sec. Similar changes were obs?rved in the 2—3H—inositol
labelling of MPI, DPT and TPI (Figute 17). In'piatelecs labelled with

AC-glycerol, there was a 48 % 1.2Z increase in radioactivity in PA
and a 4 * 0.1Z7 decrease in MPI 60 .sec following ADP stimula?ion, with

a significance of P < 0.001 and P < 0.05 respectively.

Aggregation studies between Z.Slmin to 30 min

The change in 1abe111n§’5§ﬁfPflafter prolonged incubation with

ADP 18 shown in Figure 18. There was a significant decrease in the
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figgge 19. Changes in the 32P-cont:eqt-in PA, DPI and MPI during .
platelet aggregation andldeaggregation after addition of ADP: The
concentration of ADP was\lO uM, Data are presented in the same way

as in Figure 1l4. Data were calculated as mean * S.E.M. of 10-20 pairs
of gsamples from at least three experiments. The péobébilities for
differenée (¢ valuea)‘in mean 32PO‘ radioactivity between-the control

&4
and the stimﬁlated platelets for PA, MPI and DPI are as follows:-

2.5 min 10 min 20 min 30 min

PA .<0.001  <0.05 <0.05 - NS
MWPT 1 <0.05 <0.001  <0.001  <0.001
‘  DPI . <0.001 NS NS NS .

NS = not significant
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labelling of TPL 2.5 ﬁin after the addition of ADP (lOuH)/a’time at
which the platelets were completely aggregated. However, at 10 min-
after exposure to ADP the platelets had deaggregated énd the labélling
of TPI was no longer significantly different from that of the control
plateietsj The 32P—content in DPI and PA, which had increased during
platelet aggregation, decreased in association with platelet
' deaggregation fFigure 19). The 32P-qontent of PA approached that of
the control sample 10 min after the addition.of ADP. By 10.min the (|
platelets had.degggregated, and by 30 min they had returned to their
disé shape. At 10, 20 and 30xmin the PPI v&lues-were not significantly
different from the control v;lues. In platelets labelled with lﬁc-
glycero;, ﬁhe net changes of radicactivity iﬂ PA and MPI of the

stimulated plaﬁelets 20 min after the addition of ADP were 3 * 3 and

-2 + 2 ¥ respectively, statistically indistinguishable from the countrol

values. ’ /ﬁ\\

Aggregation studies in which ADP was added to platelet

suspensions 30 min after the first ADP addition

A second adfiition of ADP to the platelets 3 min after the first
addition of ADP when they had partially deaggregated caused slight
aggregation of the platelets but no further decrease in the 32P—labelling
of TPI (Table IV). The labelling of BPI and PA did not increase
significantly after the second addition of ADP. However, when the second

addition of ADP was made 30 min after the first addition of ADP (when

platelets had deaggregated and had regained their disc sﬁape), a decrease
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in‘32P-contant in TPI occurred (Ta£1e IV)., Addition of ADP 30 min

after the first addition caused an increase of 32P+labelling in DPI and
PA. The %2P—content in MPI continued to rise during the 30 min followiﬁg
the first addition of ADP and r%Fained elevated after a second exposure.

to ADP. ' | .

Inhibition of platelet agg;egétion by AMP

The results are shown in Tablé V. AMP (0.7 oM) inhibited ADP-
induced platelet aggregation, but itseif had‘nolefré;t on the 32P-labelling
in PA or thé;phosphoinositides._ In these studies, ADP (0.9 pM) caused
changes in 32F-labelling.in the phosphoiipids similar to that described
above. The decrease of 32P-labelling in TPI and the increase of 32?-

content in PA and DPI was abolished by AMP.

3.. Digcussion
Our results show a relationship between the decline in
32P-labelling of TPI and the aggregation of platelets after the
addition of ADP; the gaximum decrease of radioactivis; in TPI was
observed ;hen platelet aggregationjfeached its maximum. Labelling in
TPI increased as soon as placelé;-deaggregation commenced and returned:
to prestimg}ation levels between 10 and 30 min after exposure to ADP.
The decrease of 32P-labelling in TPI is unlikely to be caused
by a depletion of the precursor pool(y-32P)AIP for the phoéphates on the

inositol ring of TPI; platelets have an abundant source of metabolic

ATP, the specific activity of which 1s several hundred-fold greater
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than the specific activity of.TPI for the duration of the experiment.
Furtherﬁnre, it has been dgmonstrated by Lloyd et ;l. (1972) that
there are no significant chaﬁges in the specific activity of ATP in
platelets aggregated by ADP. The obsé¥vation over a prolonggd period .
showed that the decrease in 32P—labelling in TPI is reverted during;deaggregation
indicates that there is an available sourcé of (Y-32P)AIP.
In other cells, the metabolism of the wmoncesterified phoséhates
of TPI has been shown to. involve the enzymes TPI phosphomonoesterase
(Keough and Thompson, 1970) and DPI kinase (Kai et al., 1968). Since
most of the 32P-incorporated into TPI resides in the monoesterified
phosphates of this lipid (Hokin and Hokin, 1964), small changes in
32P--labelling in TPI could therefore represent the net effect of
degradation and synthesis of TPI by-thesefenzymes. (Platelets do
contain DPI kinase (Kaulen and Gross, 1976); the presence of TPI
phosphomonoesterase has not yet been de rated directly). The
decline of 32?-1abelling in TPI during AD duced platelet
aggregation could thus be due either to{ inhibition of phosphorylation
of DPI dr to enhancement of hydrolysis of TPI. ;Inhibition of
phosphorylation of DPI caused by ADP with unaltered TPI hydrolysis
would result in a decrease in the labelling of TPI in the ADP-treated
sample. Alternatively, enhanced hydrolyéis of TPL caused by ADP
without a change in phosphorylation of DPI wogld also result in a

decrease in 32P--labelling of TPI. Hydrolysis of TPI could also be

caused by increased activity of polyphosphoinositide phosphodiesterase
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(Thompson and Dawson, 1964), which leads to a release of diglyceride
and a decrease in 2F--labelling in TPI. The results from the present
experiments do not distinguish these possible mechanisms.

It is also possible that ADP causes é simultanecus acceleratiom
of phosphorylation of DPIL and' hydrolysis of TPI. If this were the
case, it seems likely that thé 32P—contenc of TPI in the ADP-treated
platelets would not be significantly different from the control during
the time course of these experiments. The hydrolysis of TPI in the
first 60 sec aftér ADP addition to platelets was confirmed by a
si;ilar decrease in the 14C—arachidonic acid gna 3H—1nositol labelling
in this phospholipid. The loss in the radiocactivity of various
isotopes frbm TPI during platelet aggregagion_most likely represents
hydrolysis of TPI to DPI and that return of 32P—labelling'to
prestimulation level in TPI during platelet deaggregation reflects
conversion of DPI back to TPI. The increase iﬁ the labelling of

32?0

4 lac-arachidonic acid and 3H—inositol in DPI during ADP-induced
platelet aggregation and the return of 32P-labelling of DPI toward
prestimulation level during platelet deaégregation are compatible with
this hypothesis. Although the enzyme TP1 phosphomonoesterase has nog
been directly demonstrated in platelets, it was shown to be a very
active enzyme in many mammalian tissues (Michell, 1975). Kaulen and
Gross (1976) demonstrated the presence of DPI kinase in platelets.

Although synthesis of DPI from MPI is possible during ADP-induced

platelet aggregation, the decrease in labellings of 1[‘C—gljrcerol,
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AC-arachidon:l,c acid and 3H-:Lnositol in MPI argue against this possibility.
It may seem strange that the 32P-labelling in MPI did not £all as did

the labelling with other isotopes during ADP-induced aggregation. This
paradbx can be explained by the cyclical conversion of MPI. It has
been shown in many mammalian tissués that MPI undergoes phosphodiesteratic’
cleavage to form 1,2-diacylglycerol upon stimulation (Michell, 1975).
. This compound is then phosphorylated to.PA with ATP. PA is further

converted toc MPI with the formation of CDP-diacylglycerol as an inter-
mediate. During this cyclical conversion, the diacylg;ycerol

ba?kbone of MPI is conservéd, but its phosphgte moiety can be

renewed, possibly by 32?04 from (7—32P)AIP. In this way, the 32?— )

,‘Q

labell;ng in MPI is sustained; However, the decrease.in lI‘C—AA a;d 3H—inosit:ol
ipotopic labelling in ﬁPI was limiced, indicating that phosphodiesteratic
.;*_vage 'is not a major reaction during ADP-induced platelet aggregation.

In contrasé, TPI and DPI interconversion appears to be a major reaction

during ADP~-induced platelet aggregation. Experimental evidence of

DﬁI to TPI interconversion in stimulated mammalian tissue was first
-

provided by Torda (1972). Reéently, hydrolysis of TPI was also
demonstrated in electrically or acetyléholine—stimulated crab nerves
(Tret'jaket al., 1977) and in rabbit iris smooth muscle (Abdel-Latif
et al., 1977).

AMP i3 a specific inhibitor of ADP-induced platelet aggregation.
It inhibits platelet aggregation by a competitive mechanism (Mus;ard‘
and Packham, 1970). AMP not only inhibited the decrease in 32?-

labelling of TPI in response to ADP stimulation, it slightly increased

the content of this isotope in TPI. AMP also abolished the rise in
. Y 4



&

144

32P—content in DPI. These findings indiéage a relationship between

TPI degradation and the functional changes of platelets. The changes
32

.in P labelling of PA was also inhibited by AMP, further

substantiating a close relationship of PA and phosphoinositide
metabolism and platelet aggregatiom.

When plateleta are refractory to ADP, the relationship between
DPI and TPI may be altered. For some time after the'initial addition
of ADP the deaggregated platelets either did not aggregate’ or aggregated
poqply to further ADP stimulation (refractory period). During this
period the 32P~1abelling in DPI and TPI returned toward the eontrol
values. Stimulation with ADP during pﬁis period did not cause any
further changes in MPI, DPI, TPI or PA.‘ When the platelets had reg;ieed
their disc shape and their responsiveness to ADP, a decrease in 32?—';
labelling of lPI and an increase in 32P-lapelllng of DPI and PA could

again be elicited. Thus, the loss of refractoriness of platelets

is associated with restoration of 32P-labelling irn TPI, DPI and PA

towards their prescimuletion values. This indicated that returning

of inositol phospholipid and PA metabolisa to control levels is part
of the restoration of platelet sensitivit} to ADP. ~ -

The changes in the phosphoinositides labelled with isotopes
in the present experiments are comparatively less thae the changes
observed in’ other mamalian tissues (TreC'j;k ec al. 1977; Abdel-Latif
et al., 1977; Jones and chhell, 1974; Hokin-Neaverson, 1974).

In these latter experiments, however, tissues were incubated with the
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appropriete'stimulus for at least 10 min to 1 hour. In the present
experiments the data were collected within 1 min following addition
of ADP. The differences in the experimental planning and in the.
magnitude of changes in phosphoinositides between these experiments
and those of other investigators reflect the fundamental differences
between platelets .and oqher*(ifsues in their response to stimuli and the types
of stimuli used. Since in experiments with ;hrombin(Chapter 6)we observed‘mnch
larger and rapid changes in the radioactivity of isotopes in PA and
the phosphoinositides, the smaller changes in these lipids in the ADP-stimulate
platelets could also be due to the nature of ADP as a less potent stimulus.

Platelets possess a highly fluid membrane. They demonstrate
visible shape’ change 7-9 -sec after the addition of ADP and attain
maximum aggregetion in approximately 1 min. It is possible that the
extremely acidic phOSphoinositidESand phosphatidic acid are located on

the inner surface of theplatelet membrane (Shick et al., 1976) and

‘ distributed mainly around the Na+/K+ or Ce2+ channels. Hfdrolysis

]

of TPI oith concurrent release of bound Ca2+ could therefore change

¥ the charge properties of these channels. Thus the amount of TPI
hydrolyoed need pot be very large before membrane permeability is

+ altered comsiderably, accorcing to Hendrickson and Reineftsen (1971).
In addition, Diamond and Wright (1569) indicated that pore charge was
of greater importance than pore aize in the control of selective cation

permeability in a biological system, Thus, it is possible that the

changes in PA and inositol phospholipids in the present studies,
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althoﬁgh small, rmay be élosely Telated to the alteration of membrane

permeability during platelet aégregation induced by agents such
as ADP. : |
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Experiment C

“Comparison of Changes in Isotopically Labelled Phosphatidic Acid

" and Phosphoinositides of Platelets in Response to Ionophore A23,187 and

~ .
ADP ’
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1. N Introduction

o Tn a medium containing Caz+ the divalent cation ionophore
A23,187 causes contraction of rabbit aorta (Pressman, 1973), elevation
of the.rest;ng potential and twitching temsion of rat diaphragm

(Levy et al., 1973), and uncoupling of oxidative phosphorylation in

*!‘

mitochondria (Reed and Lardy, 1972) X S
The compound also elicits the release reaction from a variety of

secretor} cells, including the adrenal medulla (Bicci et al., 1973),

‘rat neurohypothysis (Nordmann'and Currell, 1975), parotid slices

(Selingér et al., 1974) and panéreatic a and g cells (Wollheim et al.,

1975; Wil%iams and .Lee, 1974). In human plateléts it has been shown that QEEEQ

2+ but the release

A23,187-induced aggregation requires the presence of.Cé
reaction can take place in the presence or absence of Ca24 {Feinman and
Detwiler,‘1975; White et al., 1974),. frevious studies have been shown
that the ionophore can induce platelet aggregation independent of the
" release qf ADP as well as independent of the formation of endoperoxides
or thrombéxaﬁe A2 (Packham et al., 1977).

A23,187 also .causes changes in membrane lipids. Allan and.
agsociates ﬁ1976) using human erythrocytes found that the incorporation
of 32PO4 into‘phosphatidié acid was enhanced and that the amount of
membrane diécylglycerol was also increased by five to seven fold following
incuba£10n of human erythrocytes with the compound for 1 hour. )
On the other hand, 32?-1abelling decreased in TPI and DPI in the A23,1.87—

treated erythrocytes (Lang et al., 1977). In platelets labelled
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~with radicactive arachidonic acid, A23,187 caused a rapid formation

of free arachidonic acid and a2 corresponding loss in this fatty acid

from phospholipids, indicating activation of phospholipase~A2 in

‘::)platelets (Pickett et al., 1977). Significant loss of arachidonic

acid occcurred in phosphatidylcholine, phosphatidylethanolamine and
monophosphdinositide. ' Plasmalogen phosphatidylethanolamine was the
only phospholipid shown to have gained a significant amohnt\of
rgdioactivity (Rittenhouse—-Simmons and Deykin, 1977). Thrombin-treated
platelets demonstrated similar changes in these phOSpholiﬁids
(RittenhouSﬁIg;mmons et al.; 19}6, 1977; Bills et al., 1976). .

-fhe mechanism(s) involved in platelet aggregation is not ?et
clearly defined. Despite the diversified nature of the stimuli, the
manifestativns of functional changes in platelets remain the same, i.e.
shape change and aggregation or the release reaction, depending upon
the conditionsrof the experiments. However, the pathways for A23,187-
induced platelet aggregation would seem to be different from that for
éggregatiom induced by thrombin or ADP. The latter two stimuli are

considered to interact with specific receptors on the platelet surface,

- causing changes in membrane strictures and/or activation of a 'second

messenger' system (Detwiler et al., 1973). JTonophore 423,187 on the
other hand canréause platelet aggregation by carrying divalent c;tions
directly across the membrane and/or by mobilization of Ca2+ from
intracelluiar b;nding'sités (Reed and Lardy, 1972; Pressman, 1973;

Friedman and Detwiler, 1975). It was previously observed that AMP,

? {



a specific’ inhi itor of ADP-induced platelet aggregation had no effect
on the action of A23,187 and that dibutyryl cyclic AMP which abolishes
the effect of thrombin = had no effeét.on the reaction to A23,187.

N With these differences in mind it is r;asongble to expect
that variations of phospholipid metabolism may be present gérly in the

résponse of q&ifelets to stimuli and that experimental observations

obtained subsequent to these initial changes might, therefore, fail to

‘detect such differences. This is probably also true of the experiments

using other mammalian tissues which do not show fupctional changei:f;
readily as thosé detected in plateleté. Therefore, despite the
similarity in the functional changes of platelets and the. reported
changes in platelet phospholipids in response to various stimuli, we
have decided to examine the metabq;ism of phosphat;dic acid and the
phosphoinositides early in the dinteraction between'ﬁlgteléts and
A23,187. InQE?dition, we compared these éhanges to'those\elicited by
ADP described in the previous experiments. The present experiments
were carried out with washed rabbit platelet suspension labelled with
32?04 or lac—arachidonic ;cid. Thrombin-degradulated platelets were

used in some of the experiments.

150

2. Results <:\

Table VIia shows that MPI, DPL and TPI of unstimulated normal

platelets had similar 14C-arac‘nidonic acid specific radioactivity and

that their specific radiocactivity values were many fold higher than

14

that of PA. When platelets labeled with ~“C-arachidonic acid were
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. TABLE VIa. SPECIFIC ﬁADIDACTIVITY OF 1 C-ARACHIDONIC ACID

IN PA AND THE PHOSPHOINOSITIDES OF UNSITMULATED WASHED IR

' RABBIT PLATELETS.

Specific Radioactivity

Phospholipids dpm/nmole (mean + S.E.M.)
VP 994 + 22
. |
TPI i 1182 + 54

The data represent the average values of five samp@ﬁs.
Platelets were incbbated with l—lac-arachidonic acid for
an hour, washed.once in calcium free Tyrode solution and

resuspended in Tyrode albumin solution with C42+.

~
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;timulated wiih A23,187,‘che labelling was sisni}icaqtiy inéreased in‘
PA, DPI and -TPI at 30 seé'and 60 sec. In contrast, ﬁfi%demonstraced
" a loss of laC-radioactivicy-(Figure 20).
When MPL wa;)assayed for phosphorug, there was a significant
loss of the phospholipid 3 ﬁin afrer the addition of the ionophore
at concentrations of 0.6 uM and 1.2 uM A23,187 (Table VIb).
v There was no initilal rapid rise in 32P-labelling in PA and
no decrease of radicactivity im TPI in both the thrombip-degranulated
. and the non-degranulated platelets (Figure él);f Degranulated platelets
were used to avoid the effect of the releasd substances such as ADP on phosphc
metabolism. At 60 sec, there was a2 significant increase in 32P-labelling
' in PA, DPI and TPI in both norﬁal and chragbinﬂdegranulated platelets,

L}

but for DPI the percentage change waé'greater in the non-degranulaced

& | platelets. -
With rabbic placelets, A23,187 caused aggregation‘and the
_ release (80X of 3H—serotonin) in cthe presence of calcium, -The ionophore
’ﬁ?<ii:3315 not cause aggreéation in the absence of C:snz"+ 60 sec after the .
addicion of the ionophore (Figure 22). The amount of 14C~arachidonic
id in PA, DPI and TPI was higher in platelets stimulated with A23,187
in the presence of calcium than in its absence (Table VII). The

radioactivity in MPI, was lower in platelets in the presence of external

calcium (Table VII).

3. Discussion
Gomparison of the effect of A23,187 and ADP on platelet
phosphatidic acid and phosphoinositide metabolism within the first

60 sec'ﬁége brought forth the following cbservations.
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Figure 20. Changes in l—lac-arachidonic acid labelling in rabbit

platelets in respomse to A23,187 (6.7 x 10-7

M). The percentage changes
(mean * S.E.M.) were obtained from two experiments, each containing

.5 pairs of samples. The P values derived from paired-t-test are as

follows:
G ’ 10 sec 30 sec 60 gec
: S PA NS+ <0.001  <0.001
- WPI _ NS <0.001 ° <0.001
1 NS 0.025  <0.001
‘ \' I - NS <0.005  <0.025

NS = nSE'significant
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Figgge Zl. Changes in 32Pélabeling in PA and phosphoinositides in’

j resPon;g to A23.187‘(6.7 :'._21:0-7 H).in throﬁbin;degranulated platelets (1.);
and non—dggranulated~platelets (‘.,G)). The‘percentége (wean * S.E.M.) AP
fg; the“thrombin—degraﬁﬁlgted platelets were oﬁtained from 28-33 pairs |

. oflsamples of‘éix experiments, using the degranulated ‘platelets as
controlé. For ﬁhe n&nigﬁgtanulaged platelets, 14-18 pairs of samples
from four exp;riments wé;e used for the calculations, using non-
degfanulaged platelets as controlsl The P values &erived from

paired-t-test are as follows:

) Thrombin~degranulated platelets Non-degranulated platelets
’ 10 sec 60 sec | 10 sec 60 sec
'PA <0.005 <0.001 <0.005 <0.001
MPT NS <0.001 - NS <0.005
DPI - NS <0.001 <0.02 <0.005 b
TPI" NS | <0.001 hS . <0.001

NS = not significant

" »
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Figure 22. Aggregometer tracing of A23,187-induced platelet changes

7 )

in the presence and absence of external Caz+, (a) A23,187 (6.7 x 19
induced shape change, aggfegatiop in the presence of CaCl2 (6.6 x 10_3 M).
{b) Without Caz+, A23,187 caused shape change without aggregation of

platelets.
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TABLE VIb. REDUCTION OF MPI IN PLATELETS IN RESPONSE TO A23,187.

-

MPI nmoles/10° platelets -
(mean + S.E.M.) .
- Length of

*k
* stimulation P values
A23,187 " Control (min)
Experiment A 8.80 + 0.32 9.89 + 0.32 3 <0.025"

Experiméent B - 7.76 + 0.32 9,89 & 0.32 3 <0.001

‘The data were obtained from phosphorug‘assay of MPI of 7 pairs of samples

in 3 experiments. The amount of phosphorus was corrected for recovery and

Q.platelets . *

converted to nmoles/10

* ' o
Concentration of A23,187 in Experiment A was 0.6 y¥ and that in Experiment B
was 1.2 yM. The platelet suspensions treated with A23,187 of these 2
J .
concentrations were run simultaneously with one control suspension to which

~

Tyrode was added.

Rk .
P values were calculated by the 2-tailed-paired-t-test on the-A23,187~

stimulated samples and the controils.
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L In conttaat to ADP, treatment of 'platelet? wich the ionophore caused
- . - 14 - .

. ‘an increase in .32P-1.abellin8 as well as = 'C-arachidonic acid im TPI .

'-,.-..‘duriri’g tfie. fitst Gﬁ s"ec. Soth aggregating agents caused increased

-

N

A

isotope labellings in DPI.’

- In conﬁrast to ADP, A23,187 caused a small increase in 31?

laballing of PA in both normal and thrombin—degranulated platelets without
signi.ficant change in 14C—arachidonic acid-labelling at 10 sec.
Also, ADP caused a more rapid increase in lac-arachidonié acid labelf2ng

. of PA than did ADP -even though both .agents ind;:;re aggregation at about .
. the same -time, ) Increase in 32? lahelling of PA Jwas detected
as. early as 2 sec aft:er €he' addition .of ADP by previous
:anestigators (I.loyd et .al., 1973) Sixty seconds following
addition of the ionophore the" ZP— and ll’C-arachidonic acid labelling -
“in PA of the stﬂulate.d pla.telets increased to three times that of

unsr.imulated pla‘lets. At this time, however, radioactivity of PA

1abelled with 32}"0 4 and MC—arachidonic acid ‘of the ADP—aggregated

platelets_pad dec:_lined;(Fig. 15, 16
. Ionophore 1-12‘3,187 causod _a' sigt_ific&nt decrease i:; 321='— and
I['C-argg:}lidonic acid -iabe}ling in MPI ar.&O-sec ;Msay‘fo; the amount
" of phosphorus in HP{ 3 min after‘additi‘on of the Ezno;:ho}:e showed a

co{a.side.rable reductioa in this phoap‘nolipid . In cbntraot 60 sec

1

Y following addition of ADP to a platelet auépension, r_here was no significant

change in the . 32P-labelling in HPI and only a small decreass in

1
AC-ardchidonic .acid a.ng H—inom’pl in this lipid
p. A .

Y

P 1]
[ *
.
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ITipn tissues stimulated with appropriate ’a‘gent's,-

MPI can undergo three pathways of metabolism: a phospholiﬁaée c Eype .
cleavage to form diacylglycerol conversion to DPI and TPI or i
hydrolysis by phospholipase Az_fo yield free fatty acid and lyso MPI. ‘

It is possible that all three of these pathways were stimulated in

A23,187-treated platelets, with each patlivay leading to a loss of MPIL.

Phosphodiesteratic cleavage of MPI is suggested by a moderate _
B : : N
increase in rYC-arachidonic acid in PA, a phospholipid with l"c- ~
arachidonic acid specific radioactivity many times lower than chat of

the phosphoinositides. This pathway appeared to occur more slowly than

when ADP was used as the aggregating¥agenc, Furthermore, unlike ADP,

"A23‘187 apparently did not cause as much conversion of PA to MPI

|
mediated by CDP—diacylglycerol formation since in contrast to ADP-

stimulation during the first minute thke 21-" labelling in MPI significautly

declined even at 30 sec, The moderate increase in 32P—labeliing in PA

. may, therefore, re t some stimulation of the phosphatidate

phosphoﬁydrolase‘ diacylglycerol kinase activities. It couid also be .
interpreted that the amount of 1,2-diacylglycerol formed from the

phosphodiesteratic-cleavage of MPI in thé ionophore-treated platelets

. was offligited extent in the first 60 sec. Evidence for phosphodiesteratic

cleavagg of MPT in stimulated mammalian tissues was first provided by

Durwell and Garland (1969) in acetylgholine—stimulatgd brain homogenate

and-wha‘fﬁrther-substantiated by the studies of HoKin-Neaverson (1974)

andi her asaocidtes_(Geison et al:, 1976) with pancreas as well as by .

ey
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\l - a
Jones: and Michell (1974) working with parotid gland fragments.

The increased 1abelling of DPI agggggéiin platelets ‘
prelabelled with_32P0& and 14._arachidonic acid may indlcate synthesis
‘fram.MPI, The failure to demonstrate a fall in radioactiviﬁy in TPI
'may iﬁ&icate that the ionophore does not ;ause increased hydrolysis
of TPI.or that the increased hfdrolysis is offset by the increased
synthesis from DPI. It'is ﬁossible that the divalent cation
ionophore by either mobilizing internal calg%um or by transpofting
“caleium ions directly into the cell, does not ;equire hydrolysis of
TPI ﬁo ffee mgmbrang.éalcium in these reactions.

Although in the present experimenﬁs measurements of the
Formation of free arachidonic acid and lyso MPI were not carried out,
there are reasons to believe that dht;vation of phospholipase Az of
" platelet membrane is.anrimgﬁriant cause for the ionophore-induéed
loss of igotopic labelling and the loss of phosphorus from the MPI
fraccion; Pickett and associates (1977) reported that %?3,187 caused
the release' of fivé gimﬁg more arachidonic acid from placelets than
did ;hrombin'af concentrations whicﬁ produce a maximum stimulation of
02 consumpcion. Significant loss of arachidonic acid occurred in MPI
of A23, 187 ctreated platelets (Rittenhouse—Simmons and Deykin 1977)

Alchough ADP éoeq not cause the release reaction of washed

rabbit platelets (Packham et al., 1971) and ionophore does, the

observed differences in the incorporation of isotopes into PA, MPI
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.andHTPI by th;se two agents are 1ikeL§not due to the effect of releééed ADP
The rationale being that the changes in 32P-labe11ng in these -
phospholipids induced by the ionophore were similar in the thrombin-
degranulated and non-degfanulated platélets. The latter platelets

have no releasable ADP (Kinlough-Rathbone et al., 1975).

The differences could be related towthe mechanisms of platelet
aggregation induced by these agents. ADP is considered to cause
platelet aggregaﬁion by a primary mechanis; by_interaction with
specific receptoré on the ﬁlatelet surface (Musta;d et al., 1975). The
nature of the receptors has not been clearly defimed. IE has been shown
that interaction of ADP and platelets caused influx of ﬁa+ int; the plate-
lets (Feinberg et al., 1977). This is comﬁatible with the recent ;
observation of hydrolysis of TPL in association with increased K+
permeability in acetylcholine—stimui;ted crab nerve (iretﬁak et al.,1977)\

~

A number of invescigators have suggested interconversion of TPI and DPI
way l regulate of membrane permeability toward monovalent cations
(Hawthorﬁe, 1970; Hendrickson and Reinertsen, 1971).

Ionophore A23,187, on the other hand, is considered to cause platelet
aggregation by at least 3 mechanisms - the release reactiom, formation of
prostaglandin endoperoxides and thromboxane A., and an unknown mechanism(s).The
firsc twé reactions may occur secondary to OF concurrent with che third
mechanism (Packham et ﬁl., 1977). This third mechanism is possibly

due to disruption of membrane organization by the ionophore molecules

-

'..'.
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as they move the C32+ from intracellular sg?uctures. The ioss of MPI
| from stimulated platelets in the present experiments is compatible |
with a secondary role of A23,187-induced endOpgpdxide formation in

the mechanism of platelet aggregation caused by this agent,

'secondary’ in the sense that the precursor of endoperoxides which are
potent platelet aggrégation agents, is formed from MPIlafter activation
of phospholipase A2 by Ca2+ ei;her released from the intracéllular
binding sites or transported iﬁto platelets by the ionophore.
Hydrolysis of MPI, however, may occur very early in the aggregation

process.

The importance of Caz+ in the activation of phospholipase Az may

|
4

be iliuscrated by the present observation that loss of }ac—radioactivity
lac-ar;chidonic acid 1abelléd MPI of rabbit platelets was greater in the

© presence than in the abgence of externél calcium. Although Pickett

and associates {1977) reported that greater amounts of 14C-arachidonic acid
were lost from huma; platelet phospholipids with 523,187 in i?e absence

of external CaZ+ than in its preséncé, it does not exclude the

importance of Ca2+ in the activation of platelet phospholipase Az.
Kinlouéh—Rathbone and associates (1976) also demo;;trated that in the
abgsence of external Caz+, human platelets underwent serniiggLse

Al

aggregation in response to ADP and second phase aggregation did not

occur in the presence of da2+. Furthermore, indomethac@n whiqqiabblished the



second phaée aggregation induced by ADP also inhibited loss of 14C—arach1d6nic acid'.'
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from MPI (ﬁnpublished observations). What these experiments have

illustrated is that human platelets require external Ca2+ for membrane

a

stabilization. Removal of Ca2+ from one side of the}memb;ane may

generate a membrane potantial across the membrane aga render it less’
stafle, as has been documented wifh phospholipid bilayers by-
Papahadjopoulos (1973). Theée changes may favor the‘exposure.of
éubstrates fo.phosphalipasé AZ' Thgr?fore, when fhe ionophore
mpleéules make their way across the platelet membrane, causing further
disruption of membrane architegture, gnq thé release of Caz+ from thé
intracellular binding sites (Feinman‘énd Detwiler, 1974; White et al.,
1974): the membrane phoépholipase Az would be réédily activated by

the free Ca?+. The role of Caz+.in the activation of platelet
phospholipas; Az, depolymerization of microtubu;éﬁydnd activation of
actomyosin @TPuasé have recently been summarized by Haslam-aﬁd " . -

Associates (1978). . 7 - ) -



13
- - . B ._‘7,.__ ‘ﬁ-_-;‘_ - -
s T
-~ — o ’
. e 1 -
: . ¥
- . . . - . -
- .
- . .
7 »
. } . ‘ A
Y
1
.

CHAPTER SIX

Experiment D

* -

Early Degradation of Monophosphoinositide and Triphosphoinositide of

i . | Platelets in Response to Thrombin Stimulation
166 . &
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1. Inrroduction

Thrombin is a strong activator of platelets -L
in haemostasiz. It induces aggregation and the release reaction of

platelets. At low concentrations,thrombin causeé only shape change.

2.

At high conceﬁtrations,thrombin induces the release reaction of human
platelets in the absence of calcium without the omset of platelet
aggregation (Kinlough-Rathbone et al., 1975).

In adﬁition,,thrombin influences the metabolism of platelet

 phospholipids during platelet aggregation and release. It enhances

the incorporation of 32?04 into PA, DPI and TPI 10 sec after addition

of thrombin to washed human platelets prelabelled with 32?

OA’ and into
MPI in 1-2 min (Kaulen and Gross, 1976). Thrombin also prevents
incorporation of 3H-glycerol into phosphatidylcholine and phosphatidyl-

ethanolamine, indiéating inhibition of de novo synthesis or a net loss

of these phospholipids (Lewls and Majerus, 1969). This is consistent
- with the recent findings that thrombin causes a decrease in lhc-

arachidonic acid content from several major phq;pho&ibi&é of platelets,

fncluding PC, PE and MPT (Bill et al., 19763 Rittenhouse-Simmons et al.,
1976). Furthermore, lac-arach;donic acid is‘transferred to plasmalogen _
ghosphatidyiethanolamine during thrombin-induced platelet aggregation
(Rittenhouse-Simmons et all,.1976); In these studies, however, thel
metabolrc relarionship among the various phospholipids was not studiéd.

‘ . v

Furthérmore, thé’appargnt differences in the requnsé of platelet

MPI metabolism to thrqmbin in terms of 32?04 and lac-arachidqnié,aciﬂ
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incorporation‘requires same\clarificatian:

It has been observed in other‘mhmmaliaq tissueé that there are
three pathways for M@i metabolism. MPI can be degraded to form 1,2-
diacyl-glycerol (Durell and Garlaﬁd, 1969;‘Hokin-Neé%erson, 1974;
Jones and Michell, i975) and ino;itol-l,Z-cyclic phosphate (Michell

and Lapitina,\197i) as a result of the action of MPI phosphodiesterase.

. 1,2~Diacylglycerol is rapidly bhosphorylated to form PA which in turn,
- can be converted té MPI through an intermediate CDP-diacylglycerol.

It is also pessible for MPI to be phosphorylated with ATP by specific

kinééés.to form DPI and TPI. There are also specific hydrolytic enzymes
that can-convert TPI to DPI and DPIrto MPI (Dawson and Thémpson, 1964).
Furthermore, as a result of phospholipase Az'activity, MPI may release
a fa;ty acid and ¥brm lyso-MPI. Thus far, the possibility that‘gll
three pathways could oqﬁur simultaneously in sgimulated tissues haslnot
been reported.

We have in our previous experiments cbserved t:l?t ADP did not

. [ 4
cause the release reaction of washed.rabbit platelets, while thrombin

H - .
did. Moreover, ionophore A23,187 and thrombin appear to cause platelet
aggregation and the release reaction by different pathways (Luscher

and Massini, 1975). This has raised the quégtiOn if thrombin elicits a-

pattern of phosphoinositide metabolism different from the other two

.platelet_aggregacing agents. Moreover, do all three pathways mentioned

for MPI mefabpliam'OPerate during thrombin-induced plateleﬁ aggfegation
. .. . y .
and release reaction? And if this occurs, which pathway may predominate?

t
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- TABLE VITI. DISTRLBUTION OF RADIOACTIVITY OF 32po,, 1-!4C-ARACHIDONIC ACID, 2-3H-GLYCEROL.AND

2-34-INOSITOL IN PLATELET PHOSPHOLIPIDS.

LSOTOPES " PA MPI ' DPI TP PC PE PS FFA DG 06 .

v A '

PP * | . R ;
2pg, S 31 7.2 22.8"% saof 1M L7 0™t - - -
: ) " * ' AN, 4 .
) . ’ : ’ . by . : ./
1-Y¥%carachi-  0.27%* 14.2** 2™ 2,68 . Car.9**. T27.7%% 2% L™ o005t 1.0
déonic acid Y *
. e ,

2-34oglycerol 3.0 115" 4.0* 3.0%% 49 18.9%* | 0.76***  0.17**  o.6* 7.8%*
2-3-tnositol - 79.5% 114 T oM - - I I

* S.E.M.<4%, ** S.E.M. between 4-7% , *%k 5 E.M. between 10-207

The data represent Z digtribution of radioactive isotopes in lipids approximately 3 hours after the addition of the

.

isotopes to the platelet m:mvmsmnosm.,mumvmnmn»on of 32p_1abeled platelets was carried out by tmmr»mw.nrm platelets

obtained from platelet-rich plasma in a nmwnwsslmnmm. uromnrmnmlmumm e<uomm|mpv=5»= golition . The vwmnmumnm were

v

then wnncvmnma with uww|onn=o|v=omv=mnm in a phosphate-free medium nonnmpawsm calcium for an hour mua was again .
_tmmrmm in a calcium-free and phosphate-free medium before nmm:mvmzapnm in the munmu medium. Preparation of platelets
labeled with Hlpbnnmumnr»mozwn mnﬁm 2~ u:nmwwnmnow or Nluzlwsomwnow smnm_nmnnﬁmn out similarly, mnnmvn nrmn the smmﬁm cc

tained ::wmvmwwmmlwromvrmnm.ﬂrmnnmwomnnw<wn< of individual anwmm was mnvﬂmmmma as umnnmnnwmm of the total Hﬁvwal

wocsmnmnwomnnﬁ<wn<.H:mnwnmzmnmocnmpsmamnoamwxmmavwmm. SRR . ,

P : '

FFA= free fatty acid, DG = diacylglycerol, Hn”\wwvmnwwmwwnmnow. o .

e . A
0 ‘ . : : : : . .

-
e A
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The present experiments are designed to answer these questions
by measuring the changes in platelet PA and phosphoinositides labelled.
with different isotopic precursors as well as by phosphorus analysis
of these phospholipids after thrombin stimulation. In addition,
emphasis : W€§~ - placed on the biochemical reactions of PA and
phosphoinositides during the first 9 sec of thrombin Stimulation for

the reason-that the events occurring in the first few seconds are the

most pertinent to the mechanism of platelet aggregation in response to

thrombin.

2. Results

Table VIII shows the distributions of various isotopes in lipids
of stimulated platelets approximately 3 h after the addition of the v

lsotopes to platelet suspension, a time when the aggregation studies

were conducted. With 32PO4 as precursor, 95X of radioactivity jp lipids ﬁas

located in PA and the phosphoinositides; a negligible amount of 32?04
was found iﬁ the ﬁajor phospholipids. However, PC and PE together
comprised 70% or more of total 1aC—arachidonic acid ot 3H—glycerol
radioactivity. Although the amount of MPT in platelets is only.l/g)that
of ?C,xthe amount of isotopes incorporated into'MPI'(léz of the 14C—

arachidonic acid and 11X of the 3H—g1ycer01)was between 1/2 - 1/4 that

éncorporated into PC. In addition, MPI constitutes about 6#5 the

inositol phospholipids yet it incorporated about 80%-of" the 3H—inositol

Thus, all components in the MPI molecule turn over quickly. Indeed,

MPI has e'specific radioactivity in 14C—arachidonic acid gwice as-high as

-
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TABLE IX, 1-“C-ARACHIDONIC ACID LABELING IN ' THE MAJOR PHOSPHOLIPIDS

AND DI~ AND TRI-ACYLGLYCEROL OF RABBIT 'PLATELETS BEFORE AND AFTER

. EXPOSURE TO THROMBIN. . .

: _ -
TOTAL RADIOACTIVITY dpm/107 platelets - | -~
W LIPIDS ~ . : P VALUE.
. CONTROL . -~ THROMBIN ‘
: ) ..—.. k .y . . Y

PC . 33923 =~ 837 . 31209 % 440 - <90.001
B ’ . ) * . L]
_ PE 19601 ¥ 516 - . 18620 t 431 - <40.05 .

PS 1450 ¥ 45 1493 * 38 N.S.

DG . 38ty . . 198 14 _ - <o0.001

16 : | 711 ¥ 16 : . 675 ¥ 17 _ N.S,

171

The valuea in this table represent the mean ¥ S.E.M. of five samples from a typical experiment. Three

«

experiments were nmnmouarn with comparable results.
The concentration of thrombin was 0.33 u/ml and the duration of stimulation was 60 sec. B

Abbreviations: PC = phosphatidylcholine, PE |.v:omvrwnwmwwmnrnﬂowwahzm. PS = phosphatidylserine, DG = e

1,2-diacylglycerol, TG = triacylglycerol.

- 3 .
» .

+ %
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:ﬁat in PC (approximately 1000 vs 500 dpmjnmoie). The specific
radioactivity of MPI is shown in Tsble XII and that of PC was calculated
Vfrom the radioactivity E%cwn in Table IX and the ﬁhosphqrus assey of
PC (about 81 nmole/lO platelets) |

. The reeults also demonstrated a low tontent of ac-araehidonic
acid in PA, di- and triacylglycerol and a "u more extensive .
ineorpora!ion of 3H—glycerol into these 1ipids (Table VIII). PS had the least
active metabolism since it incorporated negligible amounts of various
isotopes. The synthesis of PS by the base exchange.reactions of PC
or PE couIﬂLtherefore be a very slow process in platelets. .

Figure 23 shows the aggregometer tracing of thrombineinduced

platelet shape change, aggregation and the release reaction. Maxionm

shape ehange took plece witliin 9 sec of thrombin addition. At this

‘a
time, there was & significant increase in the 1&

C-erachidonie acid

in PA and a eignificant'deereaae in 14C-erachidonic acid in MPI

(Figure 24). No significant.changes in DPI and TPI and other phospholipids

neutral 1ipids were observed at this time. During the first 1 mim, |

large quantities of 14c-aracpidonic aei& became interporated into PA enda.
the radicactivity in diacylglycerol increased 500Z. " There was a

: eignificant increase in radioacti ty iﬁ DPI eqd‘TPI.(Figﬁre_za);

There was also a seal} but signifi loss in lac-érachidonie acid

from PC and PE 60 secfollowing thrombin stimulation but there was

no significant change in ttiaeylgly;erol (Table IX). With 3H—

glycerol-labelled platelets a significant increase in radioactivity

-

- ’
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Fig. 24  Changes in 1-*4c—arachidonic acid 1abeliég in PA and -
phosphoinositides during. thrombin( 0.33 u/ml )-induced platelet
aggregation and the release reaction. The amount of radioactivity

o
in the control:gamples was taken as 100Z. The amount of radio-
‘activity in the phospholipid of the stimulated samples was expressed
'as a percentage of the radioactivity‘in the corresponding control
sample. The\data (hean + S;E.H.) for each gipe interval were calculated
from 10-15 pairs of samples of three experiments. The statistical

significance( P value ) between the stimulated samples and the control

samples derived from the paired difference test is as follows :

9 sec 30 sec 60 sec
PA | < 0.001 < 0.001 ‘ < 0.001
MPI < 0.005 < 0.001 - . < 0.001
DPI N.S. N.S. < 0.005
TP1 N.S. ' N.S. | < 0.001

N.S. = not significant.
The distribution of radiocactivity in PA and the phoesphoinositides

of the control samples in a typical experiment is shown in Table 12.
The average net % increase in laC-arachidonic acid labelling in

1,2-diacylglycerol at 60 sec was 422 + 37% (P < 0.001).
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assécia:ed with PA and a decrease iq”ﬂPI radioactivity wéfe 6bserve&'

.at 30 sec (Figure 25). These changes, éogether with a 75% increase .

in radioac;tvity with diacylglycerol are statistically significant

at 30 sec. ‘At 60 sec, there was a significant increase in 3H4glycerolgad1§activit}
in PA, DPI and TPI. The 3H—glycerol radiocactivity of MPI was still

significantly decreased at 60 sec. .Sigpificant changes were not

observed in PC, PE or PS during the 60 s;c perioed.

In 3H—inositol-labelled platelets, a significant fall in.HPI
labelling was found at 30 sec (Figure 26). At 60 sec there was a
further fall in 3H-inositol with MPI. The amount of increase in
radioactivity with DPI and TPI was signifiéant at 1 min.

Nine seconds after the addition of thrombin to platelets, an
increase iniazR-ra;ioéctivity in PA and a significant decrease in TPI
were observed (Figure 27). At 60 sec, PA had accumulated an amount
of 32? phosphate twelve-fold that of the control. The labelling in
TPI and DPI were also significantly above the control value. The
32P-labelling in MPI was increased but was not significantly different
from the values for the control samples.

Phosphorus analysis performed on platelet TPI and DPI 9 sec
after thrombin addition demonstrated a significant fall in TPI
concéntraticn (-8%) arnd a corresponding rise in DPI (+6%) (Table X).
At 60 sec there were significant increases in the concentrations of
PA (130%), DPI (33%) and TPI (13%). In contrast, there was a 16%

decrease in the concentration of MPI (Table XI).
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. Figure 25. Chang;s in 2—3E—glycer01 labeling-in PA and phdSphoinositéﬂgég;Jﬁ'ﬁ“"'f;—
R . ) - /—/— -
during -thrombin €0.33 u/ml)-induced platelet aggregation and the relea3e
reaction. Data are presented in a way explained in Figure 24. Data
(mean * S.E.M.) for each time interval were calculated fgom'lQ—IS pairs
of samples of fhree experiments. P values calculated from the paired-

differeﬁce—test are as follows:

9 sec 30 sec 60 sec oL~
PA NS . <0.001  <0.001
MPT NS <0,001  <0.00L
DPI + NS NS <0.005 '
TPI NS . NS <0.05

NS = not significant

The distribution of radioactivity in PA and the phbsphoinbsitides of the
control samples in a typical experiment is shown in Table 13. The average .
net Iincrease in 3H-gLycerol radioactivicy-in 1,2-diacylglycerol at 30 sec

was 75 * 10 (p< 0.01).
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Figure 26. Changes in myo*2—3ﬁ-inosito1 labelling in the phosphoinositides
during thrombin (0.33 dlml)—ihduéed\platelet aggregation and the

release reaction. Data represent mean

S.ElH._of 10 samples from two

éxperinenés, each with 5-pairs of samples. Data are presented in the

same way as described in Figure 24. P values are calculated by the

bairea—difference—test:-

MPI

DPI

NS = not significant

9 sec 30 sec 60 sec
- NS <0.02 <0.001
NS NS <0.005
NS NS <0.001

The distribution of radiocactivity in.the individual phosphoinositides

of the control samples in a typical experiment is showm in Table 1l4.
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Fig. 27. Changes in 32P—1abeling in PA and phosﬁhoinositides during

thrombin(0.33u/ml)-1nduced plataiet-aggregptiqn and the release

‘reaction. Data are presented in the same way as in Fig. 24. Data for

MPI; DPI and TPI at 9 sec were calculated from 30 pairs of samples
~

of four expéLinents. Other data were calculated from 10-15 pairs of

hsamples'of three experiments. P values calculated by the paired-

" difference-test are shown as following :

9 sec : 60 sec

PA - <0.0h .< 0.001

MPT N.S. , N.S.
" pPT N.S. <0.025
. TP1 <0.025 <0.001

N.S. = not significant.
The distribution of radioactivi;y/in PA and the phosphoinositides

of the control samples in a typical experiment is shown in Table 15.
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‘To examine the metabolic relationship of PA and the
phosphbinosit%desvupon thrombin séimulatian‘of platelets, the actual
amounts of radioactivity and the specific radioactivities of these
lipidg in the controls and stimulated samples were compared 60 sec
after thrombiﬁ stimulation. With ldc—arachidonic_acid labelled plateiets
the specific activity of PA before thrombin stimulation was one sixtch
that for the inositol phospholipids (Table XII). Following
thrombin stimulation, the specific activity in PA approached that in -
MPI, which was significantly diminished from itg pre-stimulation value,
The decrease in specific activity of DPI was not significant but the
increase in specific activity of TPI was significant.

With 3H-glycerol, the radicactivity of PA was 90% gréacer
than before thrombin stimulation, but its specific radicactivity became
much smaller (Table XIII). Although there was a.significant decrease
in the radicactivity of 3H—glycerol with MPI following thrombin
treétment, there was no decrease in its specific radiocactivity. The
specific radioactivity of TPI and DPI was not significantly changed.,

Although thrombin stimulation of 3H—inositol labelled
platelets caused a decrease in labelling of MPI it did not cause a
significant decrease in ‘the specific radiocactivity of MPI. The
specific activity of DPI was significantly decreased and the specific
activity of TPI was not significantly increased (Table XIV).

’ Thrombin caused a 12-fold increase in 32?--labelling in PA,

a small increase in DPI and TPI and no significant change in MPI.
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Fig.28, Metabolic pathways of phosphatidic acid and phosphoinesitides.
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" The specific radioactivity of PA, MPI, DPIL and TPI were all increased
(Table XV).

Low concentration of thrombin which caused only platelet
shape change induced no significant change in the 32P—labelling in
_ any of the phospholipids at 9 sec (Table XVI). Yet at 5 min,
it caused significaht increase in the radioactivity in PA, MPI,
DPI and a significant loss of 32?0 from TPI.‘ This low concentration

4

of thrombin caused only 3% reclease reaction in 5 min in laC—scrutunin labellvd

platelets.

3. Discussion

t
The following discussion is based on the metabelic pathways

-

of PA and phosphoinositides summarized in Figure 28.

The present results have shown a significant decrease in the

o

32P—labelling of TPI and an increase in DPI 9 sec after thrombin

stimulation of platelets. These_chanées were accompanied by a
reduction in the amount of TPl and an increase in DPI as demonstrated
by the phosphorus assay experiments. These changes in TPI were only
transient. As platelet aggregation and the release reaction
proceeded, the amount of TPI increased at 60 sec, which was
accompanied by a rise in the radicactivity of 32?04, 3H—glycerol,
3H—inositol and lAC~arachidonic acid. The observations at 9 sec of
TPI changes are consistent with the hypothesis that hydrolysis of

TPI to DPI is closely related to che response of

platelets to thrombin. This is further supported by

the observaction that TPI hydrolysis persisted in platelers which
L

'

/
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w

only underwent shdpe change during t£e treatment with lbw:&oncentrationg
of thrombin.- possibility of TPI hydrolysis with concurrent
release of Ca”\ and alteration of pore'size.énd pore chafge has, been
proposed as a régulatory mechanism for m;mbrane permeability changes
toward Na+/K+ (Hendrickson and Reinerféen, 1971). Tﬁe recent‘finding;
of éarly Na+ influx into platelets during ADf-induced platelet
aggregation by Feinberg and ;ssociatés (1977) is consistent with this
possible role of TPI-DPI inter.onversion in platelet ghape change.
Hendrickson and Reinerésen_(lQTl) also estimated.that the hydrolysis
of TPI would not need to be extensive to affect membrane
permeabilicy espeéially if the enzymes or the polyphosphoinositide
were located near sucﬁ channels. The relationship of TPI hydrolysis
"and membrane depolarization was recently demonstrated in crab nerve
fibers in response to acetylcholine (Tretjak et al., 1977). |
Another way by which TPI hydrolysis could mediate plateleﬁ
shape change 1s by releasing 632+ from the membrane. This Ca2+-k\§¥ B
ted wich che

might initiate the activity of the contractile proteins associa

membrane in platelets and activate phospholipase A, to bring abour

2
the shape change. The importance of Ca2+ in the initiation of
activity in platelet contractile proteins has been well established
{(Gerrard et al., 1977). It has also been shown that TPI has very
high affinity for Ca2+ and M32+ and that hydroiysis of TPL to DPI

reduces this affinity by 602 (Hendrickson and Reinertsen, 1971).
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- The present experiments have also demonstrated a reduction in

o : E ~
the amount of MPI during thrombin-induced platelet aggregation nd

the release reaction, which was accompanied by a loss of radioactivity‘

1 .
of Ac-arachidonic acid, 3H-—glycerol and 3H-inositol. The decrease g,

-

14 . .
Fp? C-arachidonic acld was detectable at 9 sec, as well as in %ﬂ-‘ '

glycerol and 3H-inqsipol at 30 sec. It is possible for MPI to be

metaboiised by any one of the three pathways outlined in Figgre 28
during thrombin-induced functicnal changes of platelets.” Conversion
of MPI to DPI and TPI is indicated by an inérease_in the amount of
DPI and TPI, as well as by an increase of radioact%vity in 32?0&,
3H-glycerol, 3H—inositol and l&C—arachidonic acid in these two lipids.
Thus in contrast to the previous findings by Kaulen and Géoss (1976),
there ié net synthesis of DPI and TPI during thrombin stimulation of
platelets. This accuﬁulation of polyphosphoinositides could be the
result - of compensatory activities of platelets in response to ‘the
earlier hydrolysis of TPI during platelet shape change. The
significant increase in the specific radioactivity of 32P—lab'elled
DPI and TPIL possibly reflects the enhanced turnover' of the monoesterified
phosphates in these molecules. The enzymes responsible for the
phosphorylation of MPI to DPI and further to TPI, namely the MPI
‘kinase and DPI kinase, have been‘shown to be present in platelets
(Kaulen and Gross, 1976). The causes for the differences observed
in the present experiments and that by Kaulen and Gross (1976) was

not clear. It could be a consequence of different methods for

platelet preparatiom.
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Phosphatidic acid of platelets has little amount of arachidonic

acid but it nas a highly efficient system for the turnover of its

v

glycerol and phosphate moietiés, as demonstrated by the distribution
of isotopes in this phospholipid {TabiéVIIILPhosphoinésitides on the
other hand, are rich in arachidonic acid (Baker and Thompson, 1972;
‘Marcus et al., 1969) and have the highest specific radiocactivity in

AC-arachidonic_hcid. However, the glycerol moiety of these lipids turns
over ‘slowly with a specifig\radioac:ivity of 3Hfgljcerol much
lower than that in PA. During ﬁhrombin-induced platelét aggregation
Iand the release reaction, the lac—arachidonic acid labelling in PA
and in 1,2-diacylglycercl increased many times agd the 5pccific
~radiocactivity of 146-arachiddnic acid in PA increased to chat of MPI
(Table IX and XII). At the same -time, the specific radicactivity

of 3H—glycerol in PA decreased considerably despite a moderate géin
in the labelling of this isotope. This evidence 1is consistent
with the pfogosal thatlphqsphodiesterase-Eleavage of MPI occurred in
thrombin stimulated platelets, and that the diacylglycerocl backbone
of this)phosphoinesitide was conserved during its conversion to PA.
'There was further conversion of PA to MPI via the formation of
an intermediate, cytidine-diacylglycerol phosphate. Tﬁis cyclic
conversion ia.indicated by an increase in the specific radiocactivity

of 32PO4 ﬁn MPI. This paradoxical finding of an increase in the
specific radioactivity and total radioactivity of 32?0 in MPI on

4

the one hand, and a loss in the amount as well as the labelling of
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.J____éﬂ-inosiggﬁl;3H-3lycerol and 1AC-arachidonic acid of this phospholipid

f

on the other can be explained as follows. In the experiments wjth
32?0&’ the precursor ('y—32P)ATP had a specific ;adioactivitj éé;ergl
thousand-fold higher than that of PA. This abundance of 32P;prgcursor
with a higher specific radiocactivity than in PA led to a five-fold
increase in 32P-3pecific‘radioactivity of PA by ﬁhosphorylation of
1,2-diacylglycerol in the thrombin-stimilated platelets. Thus, one
would expect that MPI newly synthesizeé from PA would have a much
higher specific radiocactivity than MPI which is broken down tb 1,2-
diacylglycerol. The balance between the resynthesis of small amounts
of high specific radioactivity‘MPI and the breakdown of larger amounts
of low specific radicactivity MPI, coula lead to a net accumulation
of counts in the MPI fraction and an increage in ;pecific radicactivity.
It is not likely that phospholipids other, than MPI would be a
major source for the observed chan;es in PA during the first 60 sec

of throwbim stimulation of platelets. Although there was some '

decrease 1in the 1I'C-.ar::tc:hidr.)rd.c acid radioactivity in PC and PE,

it is important to note that the specific radicactivity for PC and PE

was less than 50% of that of MPI. The lack of changes in 3H—glycerol
or lAC*arachidonic acid 1labelling of triacylglycerol during the

60 sec period of observation would argue agains= this lipid being a
gsource for PA. Finally, a fall in the specific radiocactivity of
3H—glycerol in PA served as ! evidence against de névo synthesis of
this phospholipid. Cyclic conversions between MPI and PA has been
postulated by Hokin-Neaverson and associates (1976; Geison et al.,

1976) working with mouse pancreas. They found a selective increase



in stearic acid an& arachidonic acid in PA with®a stoichiometric
ioss of these fatty acids from MPI dufing acetylcholine stimulation
of the pancreas. Ihe changes were reversed following addition of
acetylcholine antagomist. Phosphodtesterasg cleavage of MPI of
mammalian tissues in response to stimulation was however éirst
proposed by Durell and Garland (1969), and the formation.of 1,2-
diacylglycerol.as the intermediate of this conversion was observed
by a number of investigators (Jonmes and Michell, 1974; Banschbach
et al., 1974). - ‘

Although it is possible that-MPI could be transformed to lyso
MPI and free arachidonic acid, we were unable to quantiﬁate the
amount of lyso-MPI formed in these experiments. If one postulates
that Ehe lac-arachidonic acid and 3H—glycerol in MPI can be
incorporated into PA through 1,2-diacylglycercl as a result of thrombin
stimulation, it would be estimated that about 60% of the MPI that was
lost, appeared in PA., From the increase in DPI and TPI at 60 sec, it
is possible to‘calculate that approximate;y 20-30% of the MPI lpst was
used in the synthesis of DPI and fPI. It could be concluded that
about 20% of the 14C-arachidonic acid lost from MPI could be the
result’of its being converted to lysg—MPI and free arachidonic acid

by the activation of phospholipase A, and its effects on MPI. These

2
observations suggest that individuals studying léC-ara?hidonic acid
loss from phospholipids must not assume that a decrease in the laC—

arachidonic acid in a phospholipid necessarily indicates cleavage of
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arachidonic acid from the phospholipiﬁ:since the phosphodiesterase
could cleave the phosphate group leading to the formation of
1l,2-dlacylglycerol.

The role of the changes in MPI and PA during thrombin-induced
aggregation and releasé are not clear but these data do.demonstrate
that these changes are associated with the very early responses of
platelets to thrombin. Itlcan be inferred from the experiment with
other mammalian tissues that myo-inositol-1l,2-cyclic phosphaté
formed from phosphodiesteratic cleavage of MPI could be a cyclic-AMP-
like mediator of cellular responses to stimuli (Michell and Lapetina,
1972). 1,2-Diacylglycerol might accumulate in cell mémbrané and

\uﬁotentiate shape change. The free arachidonic acid ;leaved from
MPI consequent to activation of phospholipase A2 is a precursor for
prostaglandin synthesis (Bills et al., 1976). Some intermediates of
thesg oxygenated products, namely the endoperoxides and thromboxane
AZ' are extremely powerful aggregating agents (Hamberg'et al., 1973).

We have previously .demonstrated that ADP-treatment of platelets
has little effect on MPI breakdown during ADP-induced platelet
aggregation and that A23,187 does not cause ner hydrolysis of TPI.
Thrombin, hbwever, brings forth both of these changes. These findings
thus substantiaté other studies that there are fundamental differences

in the interaction of platelets with varigus aggregating agents.
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I. Turnover of phospholipids in unstimulated platelets.

All ﬁolecular components are periodically repienishéd, both in
growing and non-growing cells. Platelets do not have a aucleus. They
nevertheless undergo active metabolic reactions.

Analysis of phospholipid composition in this project and by
other investigators (Marcus et al.,'1969; Lewis and Majerus, 1969;
Lloyd et al., 1972) has demonstrated PC to be the most abundant
phospholipid in platelets, followed by PE, spﬁingomyelin and PS.
Phosphatidic acid and the phosphoinos%tides make up less than 10Z of
total lipid phosphorus. The quantiEy Bf DPI and TPI is however, as
high és that in the brain.

The incorporation studies with various isotopic precursors
have reyealed that some ﬁhospholipid species turn over components slower
than the others. In addition, some parts-of a given molecule are
renewed more frequently than other parts. In general, PS has the
lowest replacement rates of all its components among glycerol phospho-
lipids, including its glycerol backbone, fatty acids and the phosphate
molety. In contrast, PA and phosphoinositides have very high replacement
rates of all components, particularly their phosphates. Some components
in PC and Pﬁ turn over very fast as indicated by rapid incorporation of
1aC-arachidonic acid and 3H—glycerol into these lipids. On the other
hand, the phosphate group in PC and PE turn over rather slowly. The
variations in the turnover rates of phospholipids éan be explained on
the basis of metabolic pathways, chemical nature and their distribution

in platelet membrane.



) - | - . - 201

1. Incorporation of 32P—orthophosphate -

Amnng all ;phospholipids 1nvestigated PA and the phosphoinositides
have the highest incorporation rates of 32?04. This is because 2PO
can be incorporated into "these phospholipids by 3 different pathways -
de novo synthesis, cyclical interconversion of phosphoinositides
mediated by PA formation, and interconversion of phosphbinositides
(Figure 3b). In these pathways as well as ‘those of major phospholipids,
any 32?0& appearing in the phospholipids 1s donated by ('y—32P)AIP which
hés a much higher specific radioactivity than that of PA and the inositol
phospholig}ds.

The de novo pathway in which glycerophosphate is acylated to

32

form PA accounts for some of the diesterified PO4 in the phosphoinositides

and some of the 32P—radioactivity in PA. Most Af the 32P-radioactivity

located in the diesterified phosphate of the inositol lipids however,
appear to be the consequence of cyclical inte.COnversion. In this
pathway, a phospholipase C type enzyme (s) spgcific for the inositol
phospholipids attacks the glycerol-phosphate bond of the m;lecules to
yield 1,2-diacylglycerol. The latter may then be phosphorylated with
( Y—32P)ATP to form PA which is further congérted_to MPi, mediated by
the formation of CDP-diacylglycerol. MPI may be phosphorylated to DPI
and TPI. In the above two pathways, the only common reactions are the
conversion of PA to CDP-diacylglycerol and the reaction of CDP-
diacylglycerol with inositol to form MPI.

Interconversions between the phosphofnositides account for most

of the 32P-radioactivity in DPI and TPI. These two phospholipids
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possessed over 90Z of the total lipid 32?04 in platelets ome hour
follc;ing addition Af 32P—orthophosphaté to the platelet suspensions.
it waé doqumented by Hokin and Hokin (1964) that over 80% of 32?— '
radicactivity in DPI and TPI of erythrocytes labeled with (1--32P)AIP
resided in the monoesterified phosphates of these lipids. Similarly,
most of the 32P-radioactivity in PA is Incorporated by interconversion
between PA and 1,2-diacylglycerol. Except for TPI phosphﬁmonoesterase
and the phosphodiesterase, all other enzymes involved in the above
reactions havé been demonstrated in platelets (p. 49), and all enzymes’
involved ﬂave been shown in other animai tissues. Among them, TPI
phosphomonoesterase, DPI kinase, PA phosphohydrolase and diacylglycerol
kinase have been demonstrated to have extremely high activities.

The scarcity of 32P—-labelling in the major phospholipids is
mainly attributed to their biosynthetic pathways (Figure 2). To start
with, ;he phosphate in these phospholipids does not come from PA
despite PA being the parent compound for all phospholipids. The
32?04 in PC (PE) comes from ﬁhosphorylation of choline (ethanclamine)
with ( Y—BZP)ATP which is a much slowgr process than incorporation of
32?04 into MPIL mediated by fapid_interconversion between PA and
diacylglycerol. PA only provides the 1,2-diacylglycerol portion of the
PC (PE)-molecules. Furthermore, topographical studies on wembrane
phospholipid distribution in platelets (Sﬁick et al., 1976) showed that

most of the platelet PC is located on the outer leaflet of the lipid

bilayer, almost all PS is hidden in the inner leaflet and PE is mainly



203

found in the inner surface. .This distribution pattern is similar to the
one in eryth#ocytes (Zwaal et al., 1973). It is therefore possible

that the pblar head groups of PC molecule facing the aqueous eﬁvifonqent
are less accessible to ;nzyme action. This hypoihesis is consistent
with-a recent finding by van Deenen's group (Renvoij et al., 1976)

who reported that incorporation ofa;adiqgctive fatty acids into
phOSpholipiQS of erythrocytes occurred predominantly at the inside of

the membrane. By studying the exchange reactions 05'32P—labelled PC
moleculés between the outer and inner leaflet of rat erythrocyte membrane,
they estimated the half time for flip-flop of PC molecules from the

outer Jleaflet to the inner‘leaflet ;o be 4-4.5 hours, a value much
shorter than that of previous investigators who studied flip-flop

rates of phospholipids wirH liposomes (McNamee and McConnell, 1973;

Smith and Green, lgfk). We therefore‘propose that gccumulation of

k3

32?04 in PC of washed platelets was achieved by incorporation of 32?0&

into the PC molecules present on the inner leaflet. These molecules

then flip-flop to‘thé outer leaflet. This process is slow and

our observation tﬁat incorporation 05‘32}?04 into PC of wasﬁed platelets
became significant approximately 4-6 hours after the pulse labelling

is compatible to the half time for flip-flop of PC molecules in

erythrocyte membrane calculated by Ranovif et al., (1976).

Since some PE is located in the outer leaflet of platelet
membraﬁe (Shick et al., 1976) the slow incorporation of 32?0& into PE
may be attributed to causes similar” to that of PC. In additiom, the

last reaction in the biosynthesis of PE
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ﬁiacylglyce;ol + CDP - ethanolamine — " PE + CMP
is far less-reversihle éhan that of the PC reaétion (Thompson, Jr., 1973).
This reduces the chaﬁce of 32?04 turnover in PE molecules. Furthefmore,
since platelet PE is rich in plasmalqgens (Broekman et. al., 1976)
which are relatively resistant to enzymic degradatibn and therefore
have a very slow turnover of the phosphate group, and since we did not
separate plasmalogen PE and diacyl PE, the observed 32?0 4 incorporation
into platelet PE in the present e;periments was therefore sl&wer than
that of PC which is rich in the diacyl species.

Incorporation of 32PO4 into PS is the slowest among glycerol
phospholipids. This is'because in mammalian tissues PS is synthesized
by the base exchange reaction of serine with PE and there is little
free serine available in unstimulated platélets. Furthermore, PS
molecuies are readily decarboxﬁlated to form PE. It is thus not
surprising that PS was the only glycerophospholipid species which
exhibited the slowest rates of incorporation of all the isotopes

employed in the present experiments.

It thus becomes clear that the major reasonrn for previous invesci-
gators (Cohen et al., 1971; Lloyd et al., 1972) to observe 32P0‘,+ incor-
poration into the major phospholipids of platelets many hours fellowing
intravenous infusion of 32? orthophosphate into human or animals but not
following one or two hours incubation of washed platelets with 32O—ortho—
phosphate, was the rather slow turnover rates of the phosphates in PC, PE
and PS; In the present experiments longer incubation hours were allowed

for cthe in vitro experiments before harvesting the platelets. Thus che

phosphate groups of all phospholipids turn over in platelects in vitro,

204

L}
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some more rapldly than others. This is because in the in viverxperimentS{

32

the major phospholipids of platelets derive their P—radioaétivity

mostly from megakaryocytes in the bone m%fgpw, as'well as by exchangiﬁg

the phosﬁhqlipid molecules in the outer leaflet of platelet membrane _

with the 32?-1abellgd phospholipid molecules in the plas;a (Joist et al.,1976).
Such plasma phospholipids were not available for exchange with washed platelets
From the éboﬁe discussion on phosphate turnover in platelet phospgolipids,

iz has become obvious'that the major factcr‘contributing to the obsgrved.
discrepancy of 32P-incorporation into the major plafelet phospholipids

under in vive and in vitro conditions was the longer incubation hours

allowed for the in vivo experiments before harvesting the platelets in
comparison to the in vitro experiments. Thus the phosphate groups of all
phospholipids turn over, some more rapidly than the others.

-

2. Incorporation of 3H--glycerol. {

‘Incorporation of 3H—glycerol into platelet phospholipids
represeﬁts de novo synthesis (Lewis and Majerus; 1969). Comparisoﬁ
between the percentage distribution of lipid phosphorus (Table I) and
the percentage‘distribuiion of 3H—glycerol (Table VIII) in various
platelet phosphelipids has revealed that phospholipids were synthesized
at different rates. For éxample, the amount of PC, PE, PS and MPI were
approximately in the proportions of 8:6:2:1. Yet tﬁe ratios of their
3H—glycerol content were close to 4:1.6:0.1:1. These data indicate
that biosynthesis of MPI was approximately twice as rapid as PC, four
times as fapid as PE and many times more rapidly than PS. This

A
variation in the rates of phospholipid biosynthesis 1is compatible with

Py
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the knowledge that enzymes of phospholipid metabolism exhibit preferential
substrate specificity (Dawsom, 1973). The data also support the
' compartmentation' hypothesis of phospholipid biosynthesis (Soto et al.,

1977).

3. Incorporation of laC—arachidonic acid.

The reéults of l‘!‘C--:eu:achic:lonic; acid incorporaﬁion expe;iments
(Table VIII) show that PC, PE -and the phosphoihitides possess an
abundance of this fatty acid, Hoﬁever, the phosphoinositides have much
higher turnover rates of arachidonate than the others and over 80% of
their C-2 position fatty acid is arachidonate (Baker and Thompson,

1972; Marcus et al., 1969). In contrast, PA contained negligible
\ .

N

amounts of laC-radioactivity. This is much lower than one would expecf
from PA being'the precursor of all phospholipids, less to mention its
being th; precursor of the arachidonate-rich phosphoinositides. There
are two possible exﬁlanations to account for this discrepancy. One
is based on the deacylation-reacylation cycle independent ;f the
biosynthesis pathway. Another is based on selective conversion into
phosphoinositides of certain PA molecules that have arachidonace.
Acylation of l-acyl lyso MPI with pigeon pancreatic microsomes
was first reported by Keen;n and Hokin (1964, 1962). They also showed
that the acyl transferase had a preference of oleoyl-CoA over the
sifurated palmitoyl-CoA. Laker, Baker and Thompson (1972) reported a

“highly selective acylation enzyme system in rat brain microsomes that
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preferentially transfer arachidonoyl-CoA tﬁ l-acyl lyso MPI 2 to 5 times
more effectively than it transferéllinoleoyl-, 1inolé§;yl- or
elcosatrienoyl-CoA. They also oPserved that incorporation of
arachidonoyl group into MPI proceeded at 2 to 3 times the rate for PC.
This value is consistent with our finding that the lah—arachidonic
acid‘;;ecific radiocactivity of MPI was approximately twice that of PC
within a few hours of pulée labelling of platelets. Since it was
previously shown withlrat liver in wvivo or with liver slices‘§$éf
radioactiv;;y from lac-glycerql, 32P—orthophosphate or 3H—inositol
appeared gore.rapidly in the moncenoic and dienocic species of MPI than
in the te%raneoic speqies (Holub and Kuksis, 1972, Holub and Kusis,
1971), it could mean that during the biosynthesis of MPI, the newly
formed molecules would have the same fatty acid compositions as that of
PA. The high concentration of arachidonic acid in MPI could then be'
achieved by desaturagion reactions of the monoenoic and dienoic species
and by the deacylation-reacylation process. Judging from the rapid
incorporation of laC-arachidonic acid into platelet MPI, DPI and TPI,
the deacylation-reacylation reaction appears to be a highly important
reaction in the reg;lation of the major molecular speciles of platelet
phosphoinositides.

Another mechanism by which phosphoinositides enrich their
arachidonaté content is\mediated by selective conversion of arachidongfe-

containing phospholipid molecules into phosphoinositides. Selection

can take place at the level of CTP: diacylglycerophosphate cytidyl
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A traanerase(sj or at the level of CDP-diacylglycerol:inositol

piosphatidyl ﬁransferase(s). The fo;mer enzyme catalyses the
conversion of PA to CDP-diacylglycerol while the latter converts
CDP-diacflgiycerol to MPIT Thompson and MacDonald (1975) found

the fatty aﬁid compositions of beef liver CDP-diacylglycerol

gimilar to that of MPI, characterized by a high level of stearate and
of arachidonate. ‘It is thus possible that some .selective process
takes place at the CTP-diacylgiyceroghosPhate cytidil transferase

level.

The blological significance of diversity in phosﬁholipid
compositions has been discussed previously {p.53 ). Although the question
why certain lipidsare feplaced more rapidly than others remains to be
discovered, it can be safely said that the turnover process provides
the platelets with means of introducing structural changes, thereby
to modify its membrane properties to meet changing environmental conditioms.
An example of interest is that PC molecules which are predominantly
located on the outer leaflet of platelet membrane and constantly sugject
to the wear-and-tear motion of blood flow, are capable'of renewing

their components through a slow yet steady flip-flop process..
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II. Phosphatidic acid and phosphoinositide metabolism in platelets

in response to stimuli.

The rapid metabolism of phosphatidic acid and phosphoinositide

in mammalian tissues and their possible roles in the cellular responses
to stiﬁuli have been a topic of intensive investigatioﬁ‘in thé last
twenty years. The relationship between these phospholipi cﬁanges and
the biological responses such as secretory function or impylse conduction
remaing umclear. Platelets are one of the few mammalian tissues which
are suitable candidates for these studies because of availability as
pure preparations, richness in these minor phospholipids and readily
measurable'morphological and physiological changes. Therefore, the
importapce of phoéphoinositide metabdlism in relation to platelet
aggregation in response to stimuli depends on whether the changes are
ﬁrimarily involved in agéregation or secondary to this process.

It means whether the detectable changes in the phosphoinositides occur
rapidly enough after the addition of aggregating agents to be possibly
primarily involved in the mechanism of aégregation, as well as whether
the changes can be meaningfully associated with some biological
phenomena connected to platelet functioys. Although[thereape only
minute amounts of PA and phosphoinositides in platelets,_stu&y of the
possible changes in these lipids of stimulated platelets as compareq

to their cﬁntrols was facilitated by the improved methods on sample

collection, thin-layer chromatography separations developed earlier

in the present project.
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Previous reports on the metabolism of PA and phosphoinositides
in platelets treated with aggregation stimuli mentioned rapid increase
. of 32 P—labelling in PA with ADP, thrombin or collagen (Lloyd et al.
1973, 1974; Kaulen and Gross, 1976). Some of the changes were detected
within 10 seconds. The labelling of DPI
was ' also rapidly elevated by - ADP and
thrombin. Ka;len and Gross (1976) reported an increase in BZP-iabelling
in TPI by thrombin but Lloyd and associates (1973) could not find
consistent changes in TPI of ADP-stimulated pl;telets. Both investigators ob-
served gnincrease in 3ZP—label'ling in MPI with ADP or thrombin and
agreed that the changes were not significant until 1 to 2 min after
additrion of stimulus. In addition, Kaulen and Gross (1976) reported
that with'lac-glycerol "phosphoinositides other than MPI were
labelled and no changizcof thishisotope were observed in any of these
phosphelipids during the 4 min of thrombin stimulation. These authors
therefore concluded that phosphoinositides with rapid incorporation of
phosphate groups were #ot as rapidly synthesized de novo and only the
phosphorylating reactions were stimulated by thrombin. Lloyd and
associates (1973) also considered that the increase in labelling of
BZPOQ in PA and the inositides did not involve quaﬁtitative changes
in these phospholipids. Ir contrast, the present experiments have not
only demonstrated much earlier changes in the concentrations as well as
isotopic labelling of TPI and MPI, but have also distinguished the
different patterns of phospholipid metaﬁolism induced by ADP, thrombin

as well as ionophore A23,187. Furthermore, we compared the

(-
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relative éredoﬁi;ance of ;he metabolic pathways of PA and of a;l
phosphoinogitides in thrombin-induced platelet aggregation and the
.release reactiom.

-The moSst distinctivg features of the presént data are the
identification of TPI-DPI interconveréionlas well as hydrolysis of MPI
in ﬁlatelets in response to stimuli. Interconversion beﬁween TPI and DPI
occurrgd wich ADP and thrombin, but was not detected during the f;g%g;gg
stages of aggregation with A23,187. On che ocher hand, hydrolysis of "MPI
took place extensively wich A23,187 ané thrombin, but only to a small
extent with ADP. These observations suggest differences in the nature of
response of platelets to these ;timuli and are compatible with the
current knowledge that ADP and A23,187 appear to cause platelet
aggregation by different mechanisms while thrombin shares some common

*

pathways with both reagents.

"1, ADP-induced TPI-DPI interconversion and platelet ADP-receptors.

Degradation of TPI to DPI occurred during ADP-induced platelet
aggregation as indicated by significant decreases in 32P-labelling,
14 arachidonic acid and “H-inositol labelling in TPI at 60 sec,
and a gain of these isotopes in DPI (Figure 14—17): Conversion of
DPI back to TPI happened during platelet deaggregation and restoration
of their disc shape. During this peried, 32P—labelling of DPI and

TPI returned to the prestimulation levels (Figures 18,19).
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The only proposed mechanism by which ADP causes aggregation of

washed platelets is a primary mechanism which involves interaction

between stimulus and the receptor molecule on platelet surface.

The nature of ADP receptors has not be;n fully defined (p. 14).

Hﬁwever, regardless of the true identity of the ADP receptors, if
TPI-DPI interconversion is to play a role in this primary mechanism,
either the lipids or the enzymes metabolising these lipids must

be spatially associated with the ADP-receptors Y] Fhat any conformational
or functional changes imposed on the receptors by ADP would initiate
TPI-DPI interconversion. Torda (1972) once proposed TPI
phosphomonoesterase as the acetylcholine receptor in the post synaptic
membrane of nerve cells and further attempted to characterise the
receptor nature of this enzyme. In platelets, however, TPIL S
phosphomonoesterase is unlikely to be a receptor for aggregating
agents. The reason being that many agents that cause TPI hydrolysis
and also platelet aggregation by stimulus-receptor interaction may

have very different molecular structures. On the other hand, -
evidence from experiments with platelets and other mammalian tissues

support a close spatial relationship between polyphosphoinositides

and membrane receptors., For example, the polyvhosphoinositides are
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extremely‘acidic and polar lipi&g, and interact strongly with proteins
and calcium (Hendrickson, 19695. The interaction with proteins is so
strong that strong acidic 1lipid solvent is required for extracting them
‘from cell membranes. It wﬁs recently shown that all TPI and DPI in
human erythrocyte membrane could be recovered from a proteolipid
fraction that was enriched in PS, MPI and PE, but did not contain
sphingomyelin and PC. This trace amount of DPI and TPI contained all
of the phospholipid 32P—radioactivity (Redman, 1972). LaTorre and
associates (1970) isolated from the electric tissue of fishes a
proteclipid that appeared to pdssess receptor abilities in that it
bound (+)-tubocurarine, 5-HT and atropine. In rabbit iris smooth
muscle, the acetylcholine-stimulated breakdown of TPI is considered

to be mediated through muscarinic receptors since the breakdown is
inhibited by atropine but not by tubocurarine. Furthérmore, only

muscarinic agonists, but not nicotinic agonists, were found to induce

an acetylcholine-stimulated breakdown of TPI {Abdel-Latif et al., 1977).

In addition, Abdel-Latif and coworkers (1978) repdfted TPL degradation

mediated through a-adrenergic receptors but not B-receptors in the

norepinephrine-stimulated rabbit iris smooth muscle. In platelets,

we observed that TPI-DPI interconversion was inhibited bv AMP, a
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gpecific inhibitor that abolishes ADP-induced platelef shape change

and aggregation. Association of polyphosphoinositides with recepgor
could be such that the phospholipid molecules are located omn the

inner surface of the platelets. The supportive evidence being that
enzymes involved in the metabolism of TPI and DPI are mainly located

on the cytoplasmic surface of erythrocytes (Garrett and Redman, 1975)
and that polyphosphoinositides of ﬁhe impermeable inside-out

erythrocyte vesicles are labelled with (Y-—BZP)ATP. Whereas DPI and TPI

of the impermeable right-side out vesicles are not labelled.

2. Thrombin-induced TPI-DPI interconversion and platelet thrombin-

T.’ECEECOI'S .

Degradation of TPI occurred much faster with thrombin. Decreases
of concentration as well as 32P—labelling in TPI were detected 9 sec
following addition of thrombin, a time when platelet shape change was
maximum. The 32P—labelling and concentration of DPI increased
éccordingly (Table X and Figure 27). However, degradation of TPI
was reversed once aggregation and the release reaction commenced.
Synthesis of TPI mediated by DPI formation became substantial at 60 sec.

The radicactivity of 32?04’ 3H—glycerol, lac-arachidonic acid and
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3H—iﬁositol as well as the concentrations of these lipids significéntlj
increased.P These observations therefore illustrate a close time

. .
relationship between TPI-DPI interconversion and the response of

platelets to thrombin. -

L

Y
.-

hThrombin causeslaggreggtibﬁ associated with release of ADP
as well as prostaglandin endOperoxide-formation (Willis et al., 1974).
The ADP which is released from the granules aﬁgments the aggregaﬁion
response to thrombin, and the éndOperoxides themselves also cause
aggregation and further release of ADP. Neither the aggregation and
ADP-release i#duced by high concentration of thrombin can b; inhibited
by CP/EPK and inﬁémethacin, singly or in combination. In addition,

the combined use of PGEl with caffeine, CP/CPK, indomethacin and EGTA abol-

ishes aggregation and the release reaction of washed rabbit

plaﬁeléts but not the‘;hape change' induced by thrombin. These
observations }ed'P;bkham and colleagues (1977) to conclude that a third
mechanism is }ikely in operation through which thrombin can cause
platelet aggf;gation and the release reaction. Since thrombin is a
large peptide which cannot go across membrane as ionophore A23,187
molecules do and there have been strong e#idence for thrombin-receptor
4nteraction on platelet surface (Detwiler et al., 1975; Majerus et al.,
1976), it is reasonable to expect that the primary pathway by whic;

thrombin initiates biochemical changes in platelets is mediated by

interaction with the thrombin receptors. Therefore, if the TPIL
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degradation observed during the thrombin-induced platelet shape change
is to play a role in this mechanism, the polyphosphoinositide molecules
must be located within the structural domain of the thrombin receptors,

‘a situwation similar to the ome ﬁroposed for the receptors of ADP.

3. Metabolism of MPI and response of platelets to A23,187 and

thrombin.

The present dat# on metabolism of MPI have revealed that both
thrombin and ionophore A23,187 caused sulstantial loss of platelet MPI.
But the major biochemical pathways contributing to the MPI loss appear
to be different for these two stimuli. It has been mentioned previously
(p. 46) that MPI can be metabolised by 3 different pathways -
‘ph03phodiesteratic cleavage of the compound to yield 1,2-diacylglycerol,
cleavage by phospholipase Az to form lyso-MPI and free fatty acid,
and phosphorylation of MPI to DPI and TPI.

With thrombin the decreases in MPI concentration and labelling
of 1aC4arachidonic acid, 3H-g1ycerol and 3H—iﬁositol (Table XI, Figures
24-26) were mainly attributed tolthe phosphodiesteratic cleavage @athway, which
accounted for 60% Qé.the amount of MPI cthat disappeared from MPI fraction
60 sec following addition of thrombin to platelet suspensions. The
computation of these data is explained in page 197. This resulted in
a many-fold in;rease in the labellings.of lac—arachidonic acid,
32

POA and 3H-glycerbi labelling in PA as well as several-fold increase in

lac-arachidonic acid in 1,2-diacylglycerol (Table IX). The concentration
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of P; was also significantly increased at 60 sec. Hydrolysis by.
phospholipase A, also contributed to some loss of MPI, but to a much
smaller extent. fhosphorylation of MPI to DPI and TPI occurred to
approximately the same extent as cleavage of MPI by phogpholipase Az.

Each pathway accounted for approximately 20% of the isotopic labellings
(lac—arachidonic acid, 3H—glycerol and 3H—inositol) as well as 20%

1ipid phosphorus lost from MPI 60 sec following addition of thrombin to
platelet suspensions. We have therefore c;ncluded that phosphodiesteratic
_cleavage is the predominant péthway to account for the loss in MPI during

the first 60 sec in thrombin—stimulated platelets.,

Ionophore A23,187 caused éignificant loss of lac-arachidonic
acid and 32P-labelling as well as concentration of MPI. But the increase
in 32P—labelling aﬁd lac-arachidonic acid in PA was much smaller and
slower than that of thrombin-treated platelets. It‘therefore appears
that cleavage of MPI by‘phOSpholipase AZ to form free fatty acid and
lyso-MPL is the predominant pathway of MPI metabolism in the first
60 sec of A23,187 reaction. Although we did not measure these products,
jonophore A23,187-induced formafion of free arachidonic acid and
prostaglandin endoperoxide derivatives has been well documented by
others (Pickett et al., 1977; Rittenhouse-Simmons et al., 1977).

Pickett and associates (1977) reported that five times more arachidonic

acid were lost from phospholipids in A23,187-treated platelets than in

S

Lthe thrombin-treated platelets at stimulus concentrations which

.
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caused maximum oxygen consumption with ionophore—treaﬁed platelets,
S.ynthesis of DPI and TPI was significant but resynthesis of MPI from PA
appeared to'be inhibiced, resulting in a rapid loss of 32P-labe11ing
from MPI (Figure 21). Loss of 3ZP-labelling from MPI did not occur

with ADP or thrombin-treated platelets.

It is generally accepted that A23,187 and thrombin cause
platelet aggregation and the release reaction by some.common mechanisms
(ADP release and prostaglandin endoperoxide formation) as well as by a
third mechanism(s) which‘ﬁi?fbe common to each of the reagents
(Packham et al., 1977). A23,187 does not act by interaction with
surface receptors on platelets; rather, it acts by transporting Ca2+
into platelets and/or by causing redistribution of internmal platelet
. calcium (White et al., 1974; Feinman and Detwiler, 1974). Therefore, the
third mechanism(s) by which A23,187 causes platelet aggregation may be
related to its ability to mebilize calcium. Since phospholipase A2 is
dependent on Ca2+ for activation (De Haas et al., 1968}, degradation
of MPI by phospholipase A2 may therefore be subsequent to the calecium-

mobilizing activity of the ionophore. This reaction is possibly made
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by the more favorable exposure of suﬁstrate molecules to phospholipase
A2 as a result of disruption of phospholipid matrix packing when th;
A23,187 molecules pass to and fro across the membrane. Disruption
of membrane phospholipid packing by A23,187 presumably stems from the
rather large size molecules of the ionophore oligopeptide and the
hyarophobicity of the extermal surface of the cage-like iﬁnophore
molecules. This hydrophobicity may allow the A23,187 molecules to
interact strongly with the membranme cholesterol molecules, causing
aggregate formatioﬁ in the membrane. Supportive evidence comes from the
demonstration of ultrastructural alterations (formation of aggregates
of wmembrane-assoclated particles and craters on the iqner fracture
face induced by amphotericin B in the plasma membrane of a fungus by
freeze-etch elecgron microscopy (Nozawa et al., 1974). Amphotericin B
is also an antibiotic ionophore which increase membrane permeability
toward cations (Paphadjopoulos, 1973). Similarly, phosphodiesteratic
cleavage by the Ca2+—dependent MPI phosphodiesterase is enhanced
(Lapetina and Michell, 1973; Quinn, 1975). ’

The amount of Mﬂl in platelet membranes,although small, 1is
many times more than TPL and DPI. It 1s conceivable that distribution
of MPI is not as restricted as the polyphosphoinositides and some MPI
is associated with certain surface receptors of platelets. In this
way, interaction of thrombin and receptor would influence phosphoinaéitide
metabolism in a way similar to that described for TPI-DPI interconversion.

However, the exact nature of the interaction between thrombin and
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platelet surface components is not known. It can be certain that
the type of stimulus-receptor interaction with thrombin is not the
same as that with ADP because after all thrombin is a well
characterized pr;ceolyﬁic enzyme. The much more extensive
phosphodiesteratic hydrolysis of placelet MPI with thrombin as
stimulus compared to that with ADP or A23,187 may possibly reflect
this difference. Phosphodiesteratic cleavage of MPI in association
with membrane receptors was described in a number.of tiSSu;S
(Michell, 1975). The acetylcholine-stimulated cyclical.conversion
of MPI in peripheral tissues is considered to be mediated by
mpscarinic receptors as this response 1s inhibited by atropine

and not by tubocurafine. Phosphodiesteratic cleavage of MPI

associated with other receptors in response to various stimuli

has been summarized by Michell (1975).
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4, ~ Biological significance of MPI hydrolysis and TPI-DPI inter-

conversion in platelet shape change and aggregation.

The roles .MPI hydrolysis anci TPI-DPI interconversion
can be discussed in terms of the properties of products derived
from cleavage of the phosphoinositides, the effect of the reaction
proper on platelet membrane, as well as the pos#ibility of TPI as
a source of Caz+ which serves as second messenger in many cellular

functions.

(a) Products of MPI hydrolysis.

The most extensively documented product of MPI hydrolysis is
the free arachidonic acid. MPI has been known as a rich source of
arachidonate (Marcus et al., 1969). The arachidonic acid cleaved from

MPI may be immediately converted to prostaglandin endoperoxides and &a§
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thromboxane A2 by platelet cyclo—oxﬁgenase. These products are some
of the most potent platelet—aggregating agents (Hamberg et al., 1974;
Smith et al., 1575).

Another product of phospholipase A2 activity is lyso-MPI, a
very powerfu; lytic agent. Involvement of lysophospholipids in the
fusion of erythrocytes or fusion of fibroblasts with erythrocytes to
form polykaryocytes was demonstrated by Poole and colleagues (1970).
Presumably the lyso-compounds create phase separation in the ceil
membrane, converting the biléyer molecular arrangement of phospholipid
molecules into micellar aggregates at certain locations (Lucy, 1970).
Similar mechanisusmay.be responsible for granule-plasma membrane
fusion in secretory cells (Lucy, 1970). It is thus possible that
formation of lyso-MPI assists in the release reacfion of platelets.

Diacylglycerol and phosphorylinositol formation was observed
in A23,187-stimulated human erythrocytes and acetylcholine-treated
mouse pancreas (Allan and Michell, 1975; Banschbach et al., 1974).
Accumulation of.diacylglycerol in the A23,187-treated erythrocytes
has been cited as the cause for the transformation of disc-shaped
efythrocytes into echinocyte (Allan andyichell, 1975). This is
probably due to the generation of an imbalance of the amphipathic
forces as a result of the removal of £he polar phosphorylinositol
moliety from MPI, In addition, greater than 50% of the phosphorylinositol
group cleaved from MPI is present as myoinositoi-l,z—cyclic phosphate,

the rest as inositol-l-phosphate. The cyclic compound has been
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suggested by Michell and Lapetina (1972) to act as an intracellular
second messenger for ‘those stimuli which provoke enhanced MPI

turnover. However, evidence for this hypothesis has been inconclusive.
In platelets, the extensiveness of diacylglycerol production from
phosphodiesteratic cleavage of MPI during thrombin-induced platelet
aggregationlang thé release reaction almost surely reflects a special
response of platelets to this stimulus. At the present, however, the

role of these products in plat=lets is totally unknown.

(b) TPI-DPI interconversion and platelet membrane fluidity

and permeabilicy.

Phosphoinositides, especially TPI, complex readily

with divalent metal ions such as Ca2+ and M32+ (Hendfickson and
Fullington, 1965). In the absence of divalent metal ions these lipids
are largely water soluble but become water insoluble upon the addition
of megal ioni; Phosphoinositides complex readily with a variety of
proteins forming in most cases water soluble complexes in the absence
of divalent metal ions and water-insoluble complexes in the presence

of these ions (Hendrickson, 1969). The calcium bound to the acidic
phospholipids has considerable ability to restrict the motion of their
fatty acids in the membrane as indicated by the spin-label}ing technique

(Schnepel et al., 1974). 1In addition, PS and PA molecules in a PS-PA
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or‘PArPC lipid mixture that contains minor quantity of,aﬁionic
phospholipids laterally condense into independent arrays if Ca2+

is present (Ohunishi and Ito, 1974; Ito and Ohnishi, 1974).
Furthermore, if divalent catjions are presented to only one side of

an anionic model membrané, a membrane potential is generated which is
dependent on the cglcium'concentration (Papahadjopoulos, 1972). From
this information, it can be inferred that removal oflCa2+ from
the'inner_platglet membrane subsequent to degradation of phosphoinositides
would increase the solublility of membrane iipids and the motion of
their acyl chains, thereby increasing membrane fluidity. It would )
also create instability in the membrane.

Permeability of cell membrane is influenced by environmental
factors such as pH, temperature and the presence of Ca2+.. It is
therefore not surprising to find that the moncesterified phosphates
of.TPI bind Ca2+ most stronély at physiological pH (Joo and Can,
1967) and that the permeability of cell membrane is at its minimum

-

at the same pH values (Papahadjopoulos, 1973). During cellular

excitarion, TPI may be hydrolysed to DPI with release of the bound
2+ -
Ca” ', thus altering the permeability of cell membrane (page 193).

Definite experimental evidence was provided by Tret'jak and
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associﬁtes (1977).. They reported a decrease of TPI content 5 min
after.acetylcholine treatment of crab nerve fibers. The loss of TPIL
was accompanied by a simultaneous efflux of 32?04 as well as efflux

of Ca2+ from the nerve fibers and a deléyed efflux of K+. On the
other hand, we observed significant hydrolysis of TPI at 60 sec in
ADP-stimulated platelets and at 9 sec in thrombin-stimulated platelets.
A close time relationship between TPI-DPI interconversion and membrane
permeability control toward Na+ is indicated by the recent finding

by Feinberg and associates (1977). They observed that ahdition of ADP
to plate%et—rich plasma resulted in platelet aggregation and a rapid
rise (within seconds) in 22Na+—radioactivity within the platelets, which
was not accompanied by Increased influx of 36Cl into platelets.
Furthermore, they reported that 300 sec after addition of ADP, the
increase of 22Na+ in the platelets diminished toward control levels.
This was also the time when we observed deaggregation of washed

rabbit platelets previously aggregated by ADP, as well as the time
when the 32PO4 labellings in TPI and DPI returned toward their

prestimulation values,

~



(¢) Role of TPI as source of Cazt ions.

The role of Ca2+ in cellular response is widely recognized.
The secretory activities of many tissués, including mast cells,
parotid gland, chromaffin cells do not occur unless C§2+ is present
in the medium. Similarly, platelets do not aggregate in a medium
lacking caZt. However, unlike other tissues, human platelets only undergo
release reaction even in the absence of external Ca2+ if they are
lstimulated with the appfopriate‘aggreéacion agents such as thrombin
and ionophore A23,187. This observation with the latter agént
have led a number of investigators to suggest that A23,187 acts by
mobilization of internal calcium.from intracellular binding sites
(White et al., 1974; Feinman and Detwiler, 1974, 1975; Kinlougﬁ;
Rathbone et al., 1975). These Caz+—binding sites in platelets
however, have never been clearly defined. In view of the previous
discussion on the properties of polyphosphoinositides, it is possible
that TPI of platelet membrane takes part in the regulation of intra-
cellular Ca2+ concentrations., Further evidence are that phospholipids
bind many times more Ca2+ than membrane proteins do {(Anghileri, 1972},
Definite evidence that polyphosphoinositides control the binding
of Ca2+ to the erythrocyte memﬁrane ﬁas been obtained bf Buckley
and Hawtho;ne (1972). The tightly bound Ca2+ increased iﬁ 1:1 molar
ratio with polyéhosphoinositide monophosphate. The activity éf the
Caz+-activated adenosine triphosphate was also higher than in normal
membranes. In addition, the bound Ca2+ is readily released throﬁgh

hydrolysis of TPI to DPI. The reaction is catalysed by TPI-

'
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phosphomonoesterase which in fresh brain has an activity
almost as high as that of acetylcholinesterase (Kai and Hawthorme,
1969). Furthermore, the activity of this enzyme is independent of
Ca2+ (Dawson and Thomﬁson, 1964). ’

Therefore, taking into consideration the scheme on the roles
of Ca2+ in platelet functions as summarized by Haslam and assoclates
(1978), the roles of TPI-DPIL intércbnversion and MPI hydrolysis in
platelet aggregation can be envisaged as follows: interaction
of stimulus with membrane.receptor molecules triggers hydrolysis of
TPI to DPI with concurrent release of Ca2+ and opening of Na+ channels.
Influx of Na+ causes depolarization of.mambrane. Meanwhile,- the free
Ca2+ wouid interact with several cellular systems, including the -
dense tubular system to release more Caz+, activation of the membrane
phosphorylase kinases, depolymerization of microtubules and activation
of acto-myosin ATPase. The latter two changes.possibly mediate
immediate shape change and aggregation of platelets. The free Ca2+
also activates phospholipase A2 and the MPI phosphodiesterase to yield
diacylglycerol, inositol-1,2-cyclic phosphate, lyso MPI, and free
arachidonic acid which may be converted to prostaglandin endoperoxides
and thromboxane Az. ?hese products further enhance aggregation and
the release reaction. Although in the scheme described by Haslam
and coworkers (1978) dense tubular~System (White, 1972b) was
suggested as a storage place for Ca2+ in platelets (Feinstein et al.,

5

1976) because of its anatomical resemblance to the sarcoplasmic

reticulum system in muscle cells, it should be noted that TPI may
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provide the Caz+;binding sites for these membranes as well.

The. present project has therefore shown that phosphoinositide
metagolic reactions are among the earliest detectable biochemical
changes in platelets in response to stimuli. The very early
hydrolysis of TPI during thrombin-induced platelet shape change, and
the proposed roles of TPI in the regulation of ﬁemhrane permeability
and as a source of free Ca2+ possibly qualify TPI hydrolysis as part
of the primary mechanism of plateiet aggregation. On the other

hand, although some of the changes of hydrolysis of MPI could be

-detected very early in the thrombin-stimulated platelets, hydrolysis

of MPI ié likely to occur subsequent to the release of Caz+ by TPIL

:
degradation. Synthesis of TPI during platelet deaggregation following
ADP-stimulation, and during thrombin or A23,187-induced platelet
aggregation and the release reaction, as well as resynthesis of MPI
mediated by the cyclical conversion may represent the repair mechanisms
of platelets to compensate for the loss of these phospholipids. The
roles pf PA accumulation, except for its being the precursor for
all phospholipids, remains unknown. The only thing can be said about
the increase in concentration as well as isotopic labellings in this
phosphoglyceride of platelets in response to stimuli is that theée

increases must be secondary to the phosphodiesteratic cleavage of MPI.
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aimtof these studies were to determine whether phosphate

turnover pf phospholipids in platelets occu:s-ﬁith different patterms

-~

under in vitro and in vivo conditions. It was also intended to g

determine whether changes in synthesis or breakdown of PA and the

phospbpinositides had a role in platelet aggregatiom, changes in

platelet shape and the release reaction. The following

contributions to knowledge were made:

(1)

(2)

A two dimensional thin-layer chromatography method was
developed to give satisfactory separétiou among éb, Ps,
MPI, PE, PA, lyso PE and sphingomyelin.

It was found that the major phosphdlipids (PC, PE, PS)
of platelets labelled for one hour with 32P-orthophosphate,
followed by in vitro iﬁcubation incorporated significant
amouynts of 32P-labelling into ail ﬁhospholipids afte¥
4-6 hours. The incorporation pattern was comparable

to the one in which 32P—labelled'platelets were infused
back into the circulation of rabbits. Therefore, there
is no difference in the ability of washed platelets to
incorporate 32Pﬁ4 into the major phospholipids compared

to platelets in vivo. Thus, the phosphate moilety of

all cell phospholipids turn ov ut that of the major

phospholipids turn over more slowly.



(3)

(4)
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The glycerol, acyl chains and phosphate components in

any giwven phospholipid species of platelets turn over

 at different rﬁtes, which could be explained in terms

of metabolic pathways and the as;ﬁmetric distribution

- of these lipids in platelet membranes.

The patterns:of metabolism of PA and the phosphoinosgitides

differ in platelets in response to ADP, thrombin and

_ionophore A23,187. This is compatible with the gemerally

accepted differences in the mechanisms of platelet
aggregation caused by these stimuli. The major metabolic
pathway in ADP-induced aggregagion of washed platelets was
TPI-DPI interconversion. Hydrolysis of TPI to DPI was
observed during platelet aggregation as indicated by a
loss of 32P, 3H-linositol‘and 3H—glycerol in TPI and a
gaiﬁ.of these isstopes in DPI.' Resynthesis of TPI from

DPI occurred during platelet deaggregation as the 32?

labelling in these inositol lipids returned to their
prestimulation levels. Hydrolysis of TPL was abolished
with AMP, a specific agent that inhibited ADP-induced
shﬁpe change and aggregation of platelets. Some time-
after platelet deaggregation, platelets were refractory
to fﬁrther addiﬁion of ADP. ADP added at this time
caused.%ittle or very weak platelet aggregation and

the 3:ZP(Z) 4 in TPT did not change further. However, ADP



(5).

(&)
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adﬂed to platelets which hadicompletely restored

their disc shape and sensitivity to ADP, vouid induce‘
TPI hydrolysis again. These studies demonstrated a
close relationéhip Eetween TPI-DPI.iﬁterconversion and
platelet aggregation as well as the importance of

TPI in platelet membrane semsitivity to ADP.

Thrombin also caused hydrolysis of TPI to DPI, as early

as 9 sec when platelet shape change was at 2 maximum.

Both the concentrations and isotopic labellings of these

lipids changed. There was no hydrolysis of TPI

demonstra table in A23,187-treated platelets. It is
thus possible that TPI-DPI interconversion is associated
with stimulus~receptor interaction, which occurs with

ADP and thrombin, but not with A23,187.

‘Both thrombin and A23,187 caused substantial loss of

MPI from platelets. Very little loss of MPI occurred
in ADP-induced platelet aggregation. The major pathways
contributing to-the loss of MPI however, was different
with thrombin and A23,187. With thrombin, phospho-
diesteratic_cleavagé was the main cause while activation

of phospholipase A, appeared to be the most important

2
cause for A23,187—induced loss of the MPI fraction.

Both stimuli caused conversion of MPI to DPI and TPI,
megsurable by concentrations as well as changes in che
distriﬁutioﬁiof radicactivicty in platelets iabelled with
14 3 3 32

C-arachidonic acid, "H-glycerol, "H-inositol or POA.
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Phosphodiesteratic cleavage 1n.throﬁbin-aggregated
platelets is possibly related to the stimulus-receptor
interaction mechanism, while the effects of A23,187 is
likely associated with its directly transporting

calcium into the platelets and/or mobilizing intracellular

calcium. From the close time relationships between the

" changes in PA and phosphoinositide metabolism and the

functional changes in platelets (shape change, aggregatieﬁ
and the release reaction), as well as based on the current
knowledge and ﬁypothesis on the properties apd roles of
phosphoinositides in cell membranes, it is‘conceivable that
TPI may be an important source of Caz+ for platelet
functions and that TPI-DPI interconversion may be part

of the primary mechanism in platelet aggregation. On

the other hand, the Caz+-dependent nature of the

enzymes involved in MPI hydrolysis suggests that both
phosphodiesteratic cleavagé of MPI and phospholipase A2
actfiétion for hydrolysis of MPI to lyso MPI and free
arachidounic acid must occur subsequent to the Ca2+

release and membrane permeability changes following TPI
hydrolysis, although tﬁe products of MPI degradation

may play an important role in the enhancement of .

platelet aggregation and the reiease reaction. Furthermore,

it was concluded that resynthesis of TPI during
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deaggregation of platelets previously aggregated by-ADP,
or during thrombin and A23,187-induced platelet changes
as well as resynthesis of MPI mediated by thrombin of

PA was secondary to platelet aggregation. Similarly,

the 32?-1abelling in PA observed by previous investigators
in thrombin and ADP induced platelet aggregation must be
interpreted as secondary to the phosphodiesteratic
cleavage of MPI. We have therefore, demonstrated that

net synthesis and breakdown of PA and the phosphoinositides

occur in platelets in response to aggregation agents,
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