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Although the existence of blood platelets had
been known for many years it was not until 1882
that Bizzozero (1) called attention to the role of
platelets in blood coagulation. Morawitz (2),
twenty years later, was among the first to con-
sider the specific chemical contribution of the
platelet to the clotting process.

Howell (3), in 1912, demonstrated the presence
of an unsaturated phosphatide ("kephalin") in
thromboplastic substances of tissue origin. Mills
(4), in 1927, showed cephalin to be present in
blood platelets, and the following year Haurowitz
and Sladek (5) published results of chemical analy-
sis of horse platelets, reporting a lipid content of 12
per cent of dry weight. The first convincing data
relating the cephalin content of platelets to ac-
celeration of coagulation were supplied by Char-
gaff, Bancroft and Stanley-Brown (6). These
workers also reported at that time what has re-
cently been emphasized again (7, 8): phosphatides
from other natural sources (soy bean, yeast) also
were capable of accelerating blood clotting in vitro.
Erickson, Williams, Avrin and Lee (9), confirmed
the results of Chargaff and associates relating to
platelet phospholipid content. Wallach, Surgenor
and Steele (10), identified phosphatidyl ethanol-
amine and phosphatidyl serine in human platelets.
Subsequently the presence of inositol phosphatide
was noted ( 11, 12).

Wooldridge, in 1886 (13), demonstrated a coagu-
lant effect of substances obtained from red cells by
both aqueous and lipid solvents. With small doses
of these extracts administered intravenously to
dogs, Wooldridge also observed a hypocoagulable

* These studies were supported by a contract with the
Research and Development Division, Office of the Surgeon
General, Department of the Army (DA-49-007-MD-632),
and a grant (H-4167) from the National Heart Institute,
Bethesda, Md.

state similar to that noted in animals infused with
thromboplastin (14-16). Much more recently a
number of investigators (11, 17-21), have again
demonstrated active coagulant substances in red
cell hemolysates or extracts. Further studies have
demonstrated that the coagulant activity resides in
a lipoprotein (22, 23) or a lipid (11). The exact
chemical nature of these thromboplastic substances
derived from platelets and red blood cells has been
the subject of much investigation since Wooldridge's
publication (13). That the primary coagulant
activity resides in the cephalin fraction was shown
by the work of a number of investigators (3, 24-
27) in the period between 1886 and 1930. In
1921, Zunz and LaBarre (28) demonstrated that
an excess of cephalin inhibited coagulation and
that lecithin, inactive alone (27), potentiated the
effects of cephalin in combination. Folch (29),
in 1942, demonstrated that brain cephalin is in
fact a mixture of phosphatidyl serine, phosphatidyl
ethanolamine, and inositol phosphatide. Since
then much effort has been directed toward the
identification of the specific phospholipid com-
pounds in platelets responsible for the platelet con-
tribution to coagulation. Results pertinent to this
problem have frequently been in disagreement.
O'Brien (30) called attention to the similarity in
coagulant activity of platelets and phosphatidyl
ethanolamine; Poole and Robinson (31, 32) sup-
ported the view that phosphatidyl ethanolamine
could accelerate thrombin generation in plasma,
but were unable to demonstrate this thrombin-
generating activity by phosphatidyl serine or leci-
thin. Barkhan, Newlands and Wild (33), work-
ing with Folch fractions of human brain, also
demonstrated clot-accelerating activity by phos-
phatidyl ethanolamine, and found phosphatidyl
serine to be inhibitory. Rapport (34), on the
other hand, using phosphatidyl serine obtained by
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Folch fractionation of brain lipids, reported that
addition of lecithin to phosphatidyl serine resulted
in acceleration of clotting. Biggs and Bidwell
(35) could not correlate the clotting activity of
Folch brain fractions with their phosphatidyl
ethanolamine content or with their content of any
other phospholipid compound. O'Brien (36) later
concluded that the clotting activity of one phos-
pholipid may be influenced by the presence of an-
other phospholipid, for he found coagulant activity
in a mixture of phosphatidyl serine with inositol
phosphatide, as well as in a mixtture with phos-
phatidyl ethanolamine.

A preliminary commuinication from this labora-
tory (11) reported that phosphatidyl serine dis-
played the mlost potent coagulant activity of all the
platelet or red cell phosphatides and that this ac-
tivity was much enhanced by the addition of leci-
tlhin. Coagulant activity was also demiionstrable in
mixtures of phosphatidvl ethanolamine and leci-
tlhin, or phosphatidyl etlhanolamine and sphingo-
mvelin. Phospholipids similarly isolated from hu-
mnan red blood cells had activity i(lentical to those
obtained from human platelets. Therriault, Nich-
ols and Jensen (37, 38), using brain phospholipid,
demonstrated marked coagulant activity of phos-
phatidyl serine and lecithin when mixed first in
chloroform solution, but no activity of either com-
pound alone. Marcus and Spaet (39) have also
recently confirmed the coagulant activity of phos-
plhatidyl serine obtained from human platelets.
Rouser, White and Schloredt (40, 41) have em-
phasized the importance of fatty acid unsaturation
in active coagulant phospholipids, and have con-
cluded that phosphatidic acid and phosphatidyl
ethanolamine are the active platelet phospholipids.
Turner, Silver, Tocantins and Holburn (42, 43)
have attributed an antithromboplastic activity to
phosphatidyl serine but, more recently, Barkhan,
Silver, daCosta and Tocantins (44) have reported
that phosphatidyl serine can act as an accelerator
or as an inhibitor of coagulation depending upon
the experimental conditions. This possibility had
been predicted by Wolf (45), based on observa-
tionls by Overman (46).

It is thus apparent that the role of platelet phos-
pholipids in coagulation has not been precisely de-
fined. Indeed, the lipid content of htumiian platelets
has not been accurately characterized or qjuanti-
fiedl. The development of miiore refine(l teclhniques

for characterizing phospholipids (47) and the
successful application of these techniques to red
cell lipids (48) suggested application of the same
methods to human platelet lipids. The present
studies have attempted to identify and quantify the
lipids of normal human platelets, to assess the role
of these platelet lipids in the in vitro coagulation
process, and to compare the effects of platelet lipids
and the red cell lipids in similar in vitro coagula-
tion systems.

MATERIALS ANDMETHODS

A. Isolation of platelets from whole blood. Blood was
obtained from normal adult volunteers; it was collected
by gravity flow into plastic bags containing 1.5 per cent
disodium dihydrogen ethylenediaminetetraacetate in 0.7
per cent NaCl,1 employing a plastic donor set.2 A pro-
portion of 9 volumes of blood to 1 volume of anticoagu-
lant was used. Forty ml aliquots were then gently de-
canted into silicone-coated3 glass tubes and these were
centrifuged at room temperature at 300 G for 15 min-
utes. All glassware used in collection and transfer of
platelet-containing plasma was similarly treated. All
glassware used in the coagulation studies was acid-
cleaned. The supernatant platelet-rich plasma was trans-
ferred by pipette to glass centrifuge tubes. Aliquots of
platelet-rich plasma were then taken for platelet and
white cell counting, and aliquots to be used in coagula-
tion studies were stored at 4° C in glass tubes. The
platelet-rich plasma thus obtained had fewer than 300
leukocytes per cu mm, and was completely free of red
cells. The platelet-rich plasma was then centrifuged at
2,000 G at 40 C. The supernatant platelet-poor plasma
thus obtained was decanted into other centrifuge tubes and
again centrifuged at 40 C for 30 minutes at 2,000 G.
This supernatant plasma had fewer than 1,000 platelets
per cu mm (49) and was considered to be "platelet-
poor." The sedimented platelets obtained after the first
2,000 G centrifugation were pooled and washed 3 times
with isotonic NaCl solution and resedimented by centri-
fugation at 40 C for 5 minutes at 900 G. The platelets
thus obtained were then subjected to lipid extraction and
analysis.

B. Extractiont, separation, and measurement of platelet
and red cell lipids. The methods used for the extraction,
separation, and quantification of the red cell lipids were
those previously employed (48). The chromatographic
methods of lipid separation have been described in detail
by Marinetti, Erbland and Kochen (47). The washed
platelets were extracted 3 times with 30 ml of chloroform-
methanol (1: 1)4; the platelet residue was separated by

1 EDTA Platelet Pack, Fenwal Laboratories, Inc.
2 Plexitron, Baxter Laboratories, Inc.
3 Dowex-Corning Fluid 200.
4 All solvents were Mallinckrodt, redistilled, reagent

grade.
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centrifugation and the supernatants were pooled and
evaporated to complete dryness under partial vacuum

with a nitrogen atmosphere. The residue of the pooled
supernatant was re-extracted with 30 ml of chloroform;
this extract was filtered through fritted glass, evaporated
to dryness and constant weight under partial vacuum and
a nitrogen atmosphere, and the lipids weighed. The en-

tire extraction procedure was carried out at 370 C. The
lipids were then dissolved in sufficieint beinzenie to achieve
a concentration of 5 to 10 mg per ml. Total lipid phos-
phorus, usinig the method of Berenblum and Chain (50)
was determined oIn aliquots of this solution. The total
cholesterol content was determined by the method of
Bloor (51). The phospholipids were separated on silicic
acid-impregnated paper in a solvent system consisting of
2,6-dimethyl heptanone-4, ni-butyl ether, acetic acid, and
water in the ratio of 20: 20: 22: 3.3. The chromatograms
were developed by ascending chromatography at 20° C for
16 hours. After drying, the individual lipid spots were

identified with rhodamine 6G under ultraviolet light; the
lipid phosphorus was eluted with 1 N HCl in methanol
at 64° C with mechanical shaking, aind the net amount
of phosphorus from each lipid spot was determined. Net
phosphorus recoveries ranged from 94 to 101 per cent of
the total phosphorus applied to the chromatogram.

Chromatographically-pure individual phospholipids were

obtained by partially separating the total lipid extract by
silicic acid column chromatography, as described by
Marinetti and associates. The fraction containing the de-
sired phospholipid was rechromatographed onl silicic
acid-impregnated paper which had been washed by de-
scending chromatography for 8 days. The washing was

performed successively with methanol, methanol: chloro-
form (1: 1), 0.01 N NH,OH, 0.5 per cent ethylenedia-
minetetraacetic acid (EDTA) and distilled water, and
xvas designed to remove any elutable impurities from the
paper. Multiple adjacent spots of origin were used in
applying the lipid to the paper. The chromatographic
strip ascendinig from a laterally placed spot was cut from
the paper bearing the multiple spots and stained with
rhodamine 6G dye. The stained strip was used to locate
the individual lipid which was then cut free. The un-

stained phospholipid was eluted from the paper, using
methanol: chloroform (4: 1) at 370 C during a 15 min-
ute period. The eluate was evaporated to dryness under
partial vacuum and nitrogen atmosphere. The dried elu-
ate was re-extracted with chloroform and rechromato-
graphed on a 1 g silicic acid column. Ten ml of chloro-
form, followed by 5 ml of 10 per cent methanol in chloro-
form was passed through the column to elute impurities
carried over from the paper. The remaining phospholipid
was then eluted with 10 ml of methanol.

The phospholipid separation was confirmed by paper

chromatography; a sufficient amount of lipid was chro-
matographed to exclude contamination of more than 3
per cent by phospholipids other than the one being iso-
lated. Phosphatidyl serine was obtained in amounts suffi-
cient to determine its phosphorus content by weight, which
\vas found to be 3.63 per cent. The phosphorus content

by weight of mixtures of ph-osphatidyl serinie and plhos-
phatidyl ethanolamine obtained directly from partial frac-
tionation of the total lipid mixture by column chromatog-
raphy ranged from 3.60 to 3.65 per cent. The weight of
lipid employed in subsequent coagulation studies was cal-
culated from the lipid phosphorus, assuming a phosphlorus
content of 3.63 per cent.

C. Coagyulatilon stoidies. The coagulant activity of the
various phospholipids was assayed by measuring the ef-
fect of the lipid on prothrombin conversion during plasma
clotting, and by measuring the effect of added lipids on
"thromboplastin generationi" employing a modificationi of
the test described by Biggs and Douglas (52). The ef-
fect of lipid on prothrombin conversion was tested in the
following manner. The specific prothrombin concen-
tration of the normiial platelet-poor p)lasma, prepared as
described above, was determnine(d by the modification of
the one-stage mlethod of Owren ( 53) as described by
Alexander (54). One mIl of platelet-poor plasma was al-
lowed to clot by addition of 0.2 ml of 0.025 MI CaCl.
One bour after clottiing, serum was obtained by centri-
fugationi at 900 G for 5 minutes. Tlle specific prothrombin
concentrationi of the serum obtained was determined and(
considered to l;e the control value. The lipid to be tested
was then emulsifie(d by stirring it in 1 mIl of platelet-poor
plasma with a glass rod for 1 miniute; this plasma was
then alloweed to clot by addition of 0.2 ml of 0.025 AI
CaCl2. Onle hour after clotting the serum was again
obtained, and the specific prothrombin concentratioin was
determined. Prothrombin contenit of the serum from
the untreated plasma and from the various lipid-plasma
test mixtures was expressed as percentage of the pro-
thrombin content of the original platelet-poor plasma.

The normal control thromboplastin generation test of
Biggs and Douglas (52) was carried out with platelets,
aluminum hy(droxide-treated plasma, and serum obtained
from the blood of normal volunteers. The test was then
performed omitting the normal platelet suspension, and
this was considered to be the "test control." The tests of
lipids were then performed, without the normal platelet
suspensioin, and with the lipid to be tested emulsified
with a glass stirring rod for 1 minute in aluminum hy-
droxide-treated plasma. The remainder of the test pro-
cedure was as outliie(d by Biggs and Douglas.

RESULTS

A. Lipid analyses of normtial platelets and red
cells. Table I summarizes the results of the
analyses of the lipids extracte(l from normal hu-
nman platelets and from normal human red cells.
The amount of each phospholipid was calculated
from its analytical phosphorus content, assutminlg
the phosphorus content of the lipids to be 3.7 per
cent. The platelet lipid analyses were performed
10 times on Iplatelets from 10 dlifferent normal sub-
jects. The re(d cell lipid analyses Nere carried out
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TABLE I

Avwerage composition of total cell lipid

Red blood
cell Platelet

Cholesterol 23 19
Phosphatidyl ethanolamine 17 17
Phosphatidyl serine 11 6
Lecithin 22 32
Sphingomyelin 16 13
Inositol phosphatide 3 5
Other lipids 8 8

more than 20 times; detailed results of these analy-
ses have been published elsewhere (48).

The similarity in composition of the lipids of
the red cells and of the platelets is apparent. The
proportion of phospholipid in each case is just less
than 70 per cent of the total lipids. The red cell
lipids contain significantly more phosphatidyl se-
rine, and less lecithin, than do the platelet lipids.
The lipids grouped into "others" include a small
amount of lyso-lecithin, glycolipids, traces of free
fatty acids, neutral fats, and cholesterol esters.

The lipids of human plasma have been studied
employing similar techniques, and will be re-
ported elsewhere (55). Wehave been unable to
identify any phosphatidyl serine in fasting normal
human plasma that had been gathered with care
to avoid red cell and platelet lysis while being ren-
dered cell- and platelet-free. Efforts to demon-
strate phosphatidyl serine in such plasma have in-
cluded in vivo P32-labeling of the plasma lipids, and
concentration of lipids from large volumes of
plasma.

Figure 1 is an autoradiograph of the chromato-
graphically separated phospholipids from the plate-
lets of a patient given P32. Figure 2 is a photo-
graph of the chromatographic separation of the
lipid extracted from normal red cells and from
normal platelets. The chromatographically pure
compounds present in the chromatograms in Fig-
ure 2 were obtained as described in Methods.

Approximately 1 mg of lipid was consistently
obtained from the platelets present in 10 ml sam-
ples of normal whole blood. This is approximately
seven times the quantity found by Marcus and
Spaet (39). This difference can best be attributed
to differences in techniques of collecting and proc-
essing the platelets. By performing platelet counts
(49) on the whole blood and on the platelet-rich

PHOSPHATIDYLETHANOLAMINE

PHOSPHATIDYLSERINE

LE CIT HI N

SPHINGOMYELIN

INOSITOL PHOSPHATIDE

FIG. 1. SEGMENT OF AUTORADIOGRAMOF CHROMATO-
GRAPHICALLY SEPARATED PLATELET PHOSPHOLIPID. The
platelets were labeled in vivo by administration of 5 mc of
P' to an adult male with polycythemia vera. The blood
from which the platelet lipid was extracted was with-
drawn seven days after the P32 administration; 500 lAg of
lipid was applied to the chromatogram.

plasma obtained from that whole blood, it was evi-
dent that approximately 80 per cent of the platelets
initially present in the whole blood were obtained
for the lipid extraction and analysis. Thus, ap-
proximately 1.25 mg of platelet lipid is actually
present in 10 ml of whole blood. By comparison,
the red cells of 10 ml of normal whole blood con-
tain approximately 26 mg of lipid.

B. In vitro effect of liPids on coagulation. Fig-
ure 3 summarizes the results of a typical series of
in vitro coagulation experiments. The serum de-
rived from the clotting of platelet-poor plasma
without added lipid contained 90 per cent of the
prothrombin initially present in the plasma.
Plasma to which 5 ug of complete platelet or red
cell lipid had been added yielded serum contain-
ing less than 15 per cent of the plasma prothrom-
bin. The clotting of platelet-rich plasma also
yielded serum containing about 15 per cent of the
prothrombin initially present in the plasma. Add-
ing 5 ug of phosphatidyl serine to platelet-poor
plasma resulted in serum containing only small
amounts of prothrombin. The platelets present in
1 ml of normal whole blood contain approximately
5 Mug of phosphatidyl serine. No other single lipid
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FIG. 2. CHRO-MATOGRAPHICSEPARATION OF PHOSP"HOLIPIDS. The fronit of the
chromatogram is at the top of the paper. Staininlg is with rhodamine 6G. Com-
pound(Is labele(d as pure are clhromatographically pure. The spot i(lelntified as
phosphiati(lic aci(ls is a miixture of polyglyceropllosl)hatides, which inctlu(le phos-
phati(lic aci(1s.

produced an eqtuivalent consutmiption of prothrom-
bin, even hen added to the test sy-stemi in amiiounts

approximating or exceeding their representation
in vivo. Lipid compounds not liste(d in Figure 3,
stuch as cholesterol and inositol phosphatide, failed
to result in any prothronmbin consumpltion in this
test system.

'Figure 4 illustrates typical tests of coml)inations
of lipids which, 'when testedl indixvidually, were

LIPID ADDED Pg/ML.
PLASMA

NONE 0

TOTAL EXTRACT 5.

PHOSPHATIDYL[ sn
SERINE 0.5

PHOSPHATIDYL
ETHANOLAMINE25.0

LECITHIN 25S

SPHINGOMYELIN25.0

10 20 30 40 50 60 70 80 90 00

PROTHROMBINCONCENTRATION
(PER CENT)

FIG. 3. SERUMPROTIEROMBINCONCENTRATION. The se-

rum was obtained one hour after the clotting of a recalci-
fied mixture of platelet-poor plasma andcl the indicated
lipid.

either inactive or less active than wvhen combined
with other lipids as indicate(l. All possible corn-
binations of the six major lipid compounds isolated
were teste(l employing a w\iide (quantitative range
both al)ove ain(l helow the normal in z'iz'o concen-
trations of these materials in the platelets of whole
blood. Results simiiilar to those illustrate(I in Fig-
ures 3 an(d 4 were obtained when lipids isolated
froml multiple samples of either platelets or red
cells were tested. For examlple, when three sepa-
rate highly ptirlne(l saml)les of phosphatidyl serine
derived from (lifferent lipid extracts were tested
for their ability to influence prothrombin consumlip-
tion, the range of residual serum prothrombin was
fronm 5 to 17 per cent. The residual serum lpro-
thrombin in simultaneous tests of all other platelet
phospholip)ids invarialy exceeded 70 per cent.

It is noteworthy that the combination of phos-
phatidy-l serine and lecithin, each in concentrationis
ineffective singl. wN-hen comiibined, equaled the ac-
tivity of 5 ,ug of the coml)lete lipid (Figure 3).
The quantities of phosphatidyl serine and lecithinl
listed in Figture 4 are those amiounts )resent in 5 /Uto
of complete l)latelet lipid extract. Thus, it is pos-
sible that the activity of the complete platelet lipid
can be explained by its conitent of phosphatidyl se-
rine an(d lecithin alone.

5

D

D
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Phosphatidyl ethanolamine and sphingomyelin,
each found to be inactive alone, clearly enhanced
prothrombin consumption when they were com-
bined. The amounts of these two lipids present in
5 ,ug of complete platelet lipid, when tested to-
gether, showed only minimal activity. Phos-
phatidyl ethanolamine and lecithin also exhibited
some activity when combined, but this was less
than the activity of the combination of phosphatidyl
ethanolamine and sphingomyelin. No other lipid
combinations demonstrated any activity in this
test system.

The coagulant activity of the lipids was also as-
sessed, employing our modification of the thrombo-
plastin generation test. Figure 5 illustrates repre-
sentative results. The control generating mixture
contained no lipid in the Al(OH)3-treated plasma.

Maximal activity was produced by the phospha-
tidyl serine-lecithin mixture. The amount of each
lipid used was equivalent to that present in 2 ug
of complete platelet lipid. It was repeatedly dem-
onstrated that phosphatidyl serine alone, of all the
individual lipids, would result in thromboplastic
activity when added to the generating mixture.
Phosphatidyl ethanolamine failed to perform in a
manner significantly different from the lipid-free
control in all instances.

Lipids obtained from red cells and platelets
were chemically modified in several ways and
their effect on prothrombin consumption was sub-
sequently tested. The alterations produced in
separate lipid samples were: 1) saturation of the

Pgoo
14 90LCso /
I.-to TO
4I

oi so10 50
0
Z 40 f
0
c 30

-201

4 5
TIME IN MINUTES

LIPID ADDED /ML.
PLASMA

NONE 0

PHOSPHATIDYL 05
SERINE a
LECITHIN 1.0

PHOSPHATIDYL 0.75ETHANOLAMINE
SPHINGOMYEUN075

PHOSPHATIDYL 50ETHANOLAMINEa 5.0

LECITHIN 5.0

10 20 30 40 50 60 70 80 90 100
PROTHROMBINCONCENTRATION

(PER CENT)

FIG. 4. SERUMPROTHROBNIBIN CONCENTRATION. The se-

rum was obtained one hour after the clotting of a re-
calcified mixture of platelet-poor plasma and the indi-
cated lipid combinations.

double bonds with hydrogen, 2) hydroxylation and
epoxylation of the fatty acid double bonds, and 3)
acylation of the free amino groups. Each'of these
changes rendered the lipids inactive in these test
systems, while the unmodified lipids produced
great activity when equivalent amounts were tested.

Several synthetic phospholipids were also tested.5
These were: 1) phosphatidyl seryl glycyl glycine,
an analog of phosphatidyl serine, in which two
molecules of glycine are present in a peptide link-
age at the usual position of the single serine mole-
cule; 2) dioleyl phosphatidyl ethanolamine, in
which both fatty acid groups are oleic acid; and 3)

5 Provided by Dr. E. Baer, Department of Biochemistrv
University of Toronto, Canada.

\0---* TOTAL EXTRACT
t _-t---0 AeT/ 2 119

PHOSPHATIDYL
SERINE 0.2

.0o/ S-B& LECITHIN
0.4M13

,PLATELET RICH

PHOSPHATIDYL
ETHANOLAMINE

5 A1
PLATELET FREE

FIG. 5. THROMBOPLASTINGENERATION. The test was modified from that
of Biggs and Douglas (52). The indicated lipids w-ere substituted for the
usual platelet suspension.
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distearyl phosphatidyl ethanolamine, in which
both fatty acids are stearic acid. None of the syn-
thetic lipids displayed any activity in this test
system.

DISCUSSION

The observations reported here confirm the pres-
ence of a variety of phosphatides including phos-
phatidyl ethanolamine, phosphatidyl serine, leci-
thin, sphingomyelin, and inositol phosphatide in
human platelets. Cholesterol constitutes a sig-
nificant portion of the platelet lipids, but only a
very small amount is present as cholesterol ester,
free fatty acids, neutral fat, or lysolecithin.

Of particular interest is the presence in platelets
of phosphatidyl serine, which appears to be uniquely
a cellular phospholipid. It has not been possible to
identify phosphatidyl serine by any method in
normal human plasma gathered with care to avoid
platelet or red cell lysis. Studies utilizing isotopic
labeled lipids (55) have also been unable to detect
phosphatidyl serine in cell-free plasma. Phos-
phatidyl ethanolamine, however, and each of the
other cellular lipids, can be identified in normal
cell-free human plasma. Axelrod, Reichenthal
and Brodie (56) have reported small amounts of
phosphatidyl serine in two samples of human
plasma, but they did not indicate whether the
plasma samples were first rendered cell- and plate-
let-free.

At least 100 pg of platelet lipid is present in 1
ml of normal human whole blood. Five ,ug of
platelet lipid furnishes, in vitro, sufficient coagu-
lant activity to generate maximally the thrombo-
plastin in 2.0 ml of reaction mixture (52) or to ac-
tivate the prothrombin in 1 ml of platelet-poor
plasma. It thus seems likely that there is normally
an excess of both plasma and platelet coagulant
factors.

Although there has been general agreement that
the platelet contribution to coagulation is at least
partly phospholipid- in nature (30-33, 35, 36, 39-
42, 44, 45), there has been no unanimity of opin-
ion as to whether this is a single lipid compound
(35). The data presented here suggest that one
phospholipid, phosphatidyl serine, is the most po-
tent phospholipid in the coagulation process. The
activity it possesses is potentiated by, but is not de-
pendent upon, lecithin. Thus, the same activity
attributed to 5 JLg of complete platelet lipid in the

prothrombin consumption or thromboplastin gen-
eration tests can be achieved by the use of a com-
bination of phosphatidyl serine and lecithin only,
equal to the amounts in the 5 ug of the complete
lipid. None of the other lipids, singly or in com-
bination as they are represented in the complete
lipid extract, demonstrated equivalent activity.
The potentiation by lecithin of the coagulant effect
of phosphatidyl serine has been reported by others
(34, 37-39). The data presented here, however,
differ from those reported by Therriault, Nichols
and Jensen (37, 38). They demonstrated a co-
agulant effect of phosphatidyl serine and lecithin,
but demonstrated no coagulant effect for phospha-
tidyl serine alone.

Phosphatidyl ethanolamine and sphingomyelin,
and to a lesser degree, phosphatidyl ethanolamine
and lecithin, potentiate the clotting mechanism as
measured in our test systems but require concen-
trations that greatly exceed those found in normal
human platelets.

The similarity in lipid content of human plate-
lets and red blood cells was shown in Table I.
Similarity in coagulant activity of the lipids was
also shown. Equal amounts of the complete lipid,
extracted from red cells or from platelets, demon-
strated equivalent activity in both the prothrombin
consumption and thromboplastin generation tests.
The separated lipids from platelets and red cells
also behaved similarly in the clotting tests. These
data cannot be construed, however, as evidence
for the identity of chemical composition of the
lipids obtained from platelets and from red cells.

The red cells of 1 ml of whole blood contain
enough lipid to activate the prothrombin of at
least 1,500 ml of normal plasma. Although it is
unlikely that all of this lipid in the red cells be-
comes available for thromboplastin formation upon
intravascular erythrocyte destruction, it is possible
that the lipid liberated by intravascular hemolysis
may be related to the bleeding (57) and clotting
(19, 58-61) disorders that frequently accompany
such processes.

The chemical characteristics that endow certain
of the phospholipids with coagulant activity and
deprive other phospholipids of this activity are not
known. The importance of unsaturation in active
lipids was first noted by Howell (3). McLean
(25) correlated the coagulant activity of lipids
with their degree of unsaturation. This concept
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has been emphasized more recently by Rouser,
White and Schloredt (40, 41) who also empha-
sized the importance of a free amino group on the
coagulant phospholipids. Our data suggest that
the degree of unsaturation alone is inadequate to
explain the coagulant activity of the active phos-
pholipids. When the active phospholipid com-

pounds were saturated with hydrogen without al-
tering free amino groups, all coagulant activity dis-
appeared. The saturated phospholipids are less
soluble than the unsaturated phospholipids, and
it might be reasoned that the loss of coagulant ac-

tivity is associated with phospholipid insolubility.
However, acylation of the free amino groups,

without altering the unsaturation, also completely
destroyed the coagulant effect of previously active
phospholipids. Acylation, it should be noted, does
not alter the phospholipid solubility. Thus, solu-
bility alone would not seem an adequate explana-
tion for differences in phospholipid coagulant
activity. The failure of the synthetic phosphatides
tested to denmonstrate coagulant activity is also
unexplained.

A number of investigators have utilized non-

polar solvents to combine various phosphatides in
vitro (34, 37, 38). Wehave not found it neces-

sary to employ a nonpolar solvent to produce ef-
fective combinations of lecithin and phosphatidyl
serine. The potentiating effect of lecithin occurs

if the phosphatides are combined and emulsified in
normal saline or in plasma. The phospholipids
used by some of these workers (34, 37, 38) were

obtained from animal brains. The phospholipids
used in our experiments were obtained from hu-
man platelets and red cells, and it is possible that
species differences account for some of the dif-
ferences in findings. The observations reported
here are difficult to reconcile with those reported
earlier (30-33, 40-43), in which a coagulant role
has been assigned to phosphatidyl ethanolamine
and an anticoagulant effect to phosphatidyl serine.

Species differences in chemical composition of
the phospholipids may exist. It seems wise to
compare results with this in mind. Within the
same species, tissue differences in chemical com-

position of the phospholipids may also occur. We
have felt that the phospholipids derived from blood
cells and platelets offered the best material for such
studies. The methods of separating and purifying
the phospholipids in such stutdies are of great

importance. Because of the powerful coagulant
effect of the active lipid materials, the Folch frac-
tionation technique (29) seems inadequate for lipid
separation for these purposes. Paper chromato-
graphic techniques seem to offer the best methods
currentlyavailable forresolvingphospholipid mix-
tures. Even with these methods, contamination
of one phospholipid with amounts of another suffi-
cient to obscure results in coagulation tests may oc-
cur. For example, contamination of less than 3
per cent of phosphatidyl serine in a phosphatidyl
ethanolamine preparation may not be detectable
by chromatographic techniques. If 20 ,ug of such a
contaminated phosphatidyl ethanolamine prepara-
tion is then tested for its coagulant effect, sufficient
phosphatidyl serine will be present to yield sub-
stantial coagulant activity.

Finally, methods of testing the various phos-
pholipids for this coagulant effect are of great
importance. It is well established that an ex-
cess of phospholipid can interfere with an earlv
phase of coagulation (28, 45). Accordingly, it
would seem wvise to test these phospholipids in
vitro within the range of their probable phvsio-
logical representation.

SUMMARYANDCONCLUSIONS

1. The phospholipids of human platelets have
been identified and measured, utilizing a refined
chromatographic technique. Platelet phospho-
lipids were found to be very similar to the phos-
pholipids of human red cells.

2. Within the limits of resolution of the chro-
matographic system, it is clear that only one phos-
pholipid, phosphatidyl serine, which is present in
both platelet and red cells, but not in plasma, was
able to substitute for the whole platelet lipid ex-
tract in the two in vitro coagulation systems used
in these studies.

3. The coagulant activity of phosphatidyl serine
was enhanced by the presence of lecithin.

4. Phosphatidyl ethanolamine, inactive alone in
the test system employed, displayed some coagu-
lant activity when combined with lecithin, and a
lesser activity when combined with sphingomyelin.

5. The coagulant activity of the complete plate-
let lipid extract could be reproduced by employing
only the amounts of phosphatidyl serine and leci-
thin contained in the whole lipid extract.
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