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SUMMARY

The action of many agonists results in rapid production of sn-
1,2-diacylglycerol (DAG). Using platelets as a model system, we
previously identified a delayed phase of DAG accumulation that
is temporally associated with secondary aggregation and secre-
tion. In the present study, we examined the quantitative relation-
ship between this delayed DAG accumulation and platelet aggre-
gation and secretion. To quantitate the low levels of DAG in
platelets, we used the sensitive DAG kinase assay and simulita-
neously compared DAG levels with aggregation and ATP secre-
tion. In platelets stimulated by y-thrombin or collagen, there was
a dose response between concentration of agonist and DAG
accumulation. Significantly, a dose response was observed be-
tween DAG accumulation and extent of aggregation and secre-

tion in platelets stimulated by either agonist. A concentration of
either y-thrombin or collagen that caused secondary aggregation
and secretion was associated with DAG accumulation above 0.2
pmol of DAG/nmol of phospholipid. Subthreshold concentrations
of y-thrombin or collagen resulted in DAG levels less than 0.2
pmol/nmol of phospholipid. Thus, these data suggest that a
threshold level of DAG must be achieved for platelet activation
to occur. Moreover, secretion was blocked when DAG produc-
tion was blocked with aspirin or when protein kinase C was
inhibited with sphingosine. We conclude that endogenously
formed DAG plays a critical role in regulating secondary aggre-
gation and secretion and, therefore, represents an important
target for future antiplatelet agents.

DAG has emerged as a critical second messenger in the
activation of PKC (1, 2). There is, however, a paucity of studies
that attempt to establish quantitative relationships between
endogenous DAG levels and cellular responses. Such studies
are essential to determine the physiologic roles of DAG.

Because platelet stimulation is associated with DAG produc-
tion and PKC activation, it follows that the DAG/PKC path-
way may play an important role in some of the functional
responses of activated platelets. The activation of PKC by
exogenous DAG has been shown to act in synergy with calcium
ionophores to produce platelet secretion (3, 4). Inhibition of
platelet PKC with sphingosine had no effect on the early
agonist-stimulated response of platelet shape change but com-
pletely inhibited the later responses of secondary aggregation
and secretion (5). These experiments with exogenously applied
pharmacologic agents suggested that the DAG/PKC pathway
may play a necessary role in aggregation and secretion.

The observation that DAG production was rapid and tran-
sient (6) raised some question as to whether DAG was the
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second messenger regulating PKC-mediated aggregation and
secretion, especially at lower (and perhaps more physiologic)
concentrations of agonist, which result in a longer delay in the
development of secondary aggregation and secretion. However,
in recent studies in which we measured the kinetics of DAG
production in response to y-thrombin and collagen, we observed
delayed accumulation of DAG, which coincided with both PKC
activation and the biologic responses of secondary aggregation
and secretion (7).

Although these studies suggest a role for DAG in mediating
secondary aggregation, it has not yet been determined whether
endogenous DAG production can be quantitatively correlated
with biologic responses. Moreover, earlier studies on DAG
levels in platelets have primarily relied on metabolic labeling
of DAG with precursor arachidonic acid, thus possibly limiting
these studies to a subgroup of DAG molecular species. Because
of these considerations, we used an assay that measures total
mass of DAG to determine whether endogenous DAG produc-
tion in response to thrombin or collagen could be quantitatively
correlated with platelet aggregation and secretion.

Experimental Procedures
Materials

Purified human +y-thrombin was a gift of Dr. John W. Fenton II
(Division of Laboratories and Research, New York State Department

ABBREVIATIONS: DAG, sn-1,2-diacylglycerol; PKC, protein kinase C; Me.SO, dimethylisulfoxide; PGl,, prostaglandin I;; HEPES, 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid.
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of Health, Albany, NY). Collagen and luciferin-luciferase (Chrono-
lume) were obtained from Chrono-log Corporation. PGI;, aspirin,
sphingosine, ceramide, and Bacillus cereus phospholipase C were ob-
tained from Sigma. Aspirin, which was freshly prepared for each
experiment, was dissolved in Me;SO (final concentration of Me,SO
was 0.5%). Me;SO alone at these concentrations had no effect on
aggregation. 8-Octylglucoside was purchased from Calbiochem and
recrystallized. sn-1,2-Dioleoylglycerol (diolein) was prepared from 1,2-
dioleoyl-sn-glycerol-3-phophocholine (Avanti Polar Lipids) by phos-
pholipase C digestion (8) followed by extraction in ether; the final
diolein concentration was determined by ester analysis (9). DAG kinase
from Escherichia coli was a generous gift from Drs. Carson Loomis and
Robert Bell (Department of Biochemistry, Duke University, Durham,
NC). [v-*PJATP was purchased from New England Nuclear, and
sodium ATP from Pharmacia.

Methods

Preparation of platelets. Platelets were obtained from healthy
drug-free adults as described (10). Briefly, 90-135 ml of blood were
added to acid-citrate-dextrose, in a 9:1 ratio (v/v), and centrifuged to
obtain platelet-rich plasma. PGI; (5 ng/ml) was added to the platelet-
rich plasma, which was then centrifuged at 800 X g for 15 min. The
platelet pellet was then suspended in 5 ml of Tyrode-HEPES buffer
with 300 ng/ml PGI,. The platelet concentration was measured with a
Coulter counter and adjusted to 2.5 X 10°/ml with Tyrode-HEPES
buffer without PGI; and with 0.7% platelet-poor plasma. The platelet
suspension was then allowed to sit for 120 min, to allow resolution of
the inhibitory effects of the PGI,. In experiments with aspirin, platelets
were incubated with aspirin for at least 15 min (unless otherwise
indicated) at 25°.

Collagen and y-thrombin, a proteolyzed form of a-thrombin, were
used to correlate aggregation and secretion with the DAG response. v-
Thrombin binds to one of two putative thrombin receptors (11) and
induces platelets to aggregate, secrete, and undergo many of the bio-
chemical changes associated with a-thrombin stimulation. However,
v-thrombin does not initiate coagulation because it does not bind
fibrinogen (12). For these reasons, y-thrombin has been the agent of
choice to study thrombin activation of platelets in the presence of
serum components (5, 13).

Simultaneous measurements of aggregation, ATP secretion,
and DAG mass levels. The platelet suspension was placed in a 37°
water bath and stirred. Samples (0.8 ml, equal to 2 x 10® platelets) for
zero time points were placed in 3 ml of 1:2 (v/v) chloroform/methanol
for lipid extraction. The platelets were then stimulated with v-throm-
bin or collagen, and an aliquot was immediately placed in a Chrono-
log Lumi-Aggregometer. Aggregation was measured as percentage of
light transmission; ATP secretion was measured with luciferin-lucifer-
ase and expressed as nmol of ATP or as a percentage of full deflection
under standardized conditions. ATP secretion was measured at the
point at which it attained its maximum. The time at which maximum
secretion occurred varied inversely with the dose of agonist (range of
0.56-4.7 min with y-thrombin and 1.8-3.0 min with collagen). At the
indicated time points after stimulation, 0.8-ml aliquots of the platelet
suspension were placed in chloroform/methanol. In some experiments,
duplicate 0.8-ml platelet aliquots were obtained.

DAG mass measurements. Lipids were extracted by the method
of Bligh and Dyer (14), and the final organic phase was divided into
aliquots for measurement of total phospholipid phosphate (15, 16) and
DAG. The total mass of DAG in the lipid extracts was measured using
recombinant E. coli DAG kinase and [y-*P)ATP, as described (7, 17).
‘The specific activity of the ATP, which was always precisely measured
(18), ranged from 31,200 to 91,800 cpm/nmol. Conversion of diolein
standards was invariably linear, with a correlation coefficient that was
typically 0.999. This assay is superior to radiolabeling with arachidonic
acid because it is more sensitive and because it quantitates sn-1,2-
DAGs regardless of their fatty acid composition. The sensitivity of the
DAG kinase assay is particularly important when measuring base-line
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DAG levels in platelets, which are about 5-10-fold less than levels
found in other cells (17).

Data analysis. Data were analyzed using Lotus 1-2-3 (Lotus De-
velopment Corp.) and Excel (Microsoft Corp.) software.

Measurement of 40-kDa protein phosphorylation. Platelets
prepared as described above were labeled with [*?P]orthophosphate and
stimulated. Phosphorylation of the 40-kDa protein was measured 2
min after stimulation as described (19).

When platelets are stimulated with y-thrombin at a concen-
tration sufficient to produce aggregation and secretion, delayed
DAG accumulation occurs (7). If DAG accumulation is an
important mechanism for the regulation of secondary aggrega-
tion and secretion, then the magnitude of DAG accumulation
should correlate with the magnitude of aggregation and secre-
tion. The extent of DAG accumulation correlated with the
concentration of y-thrombin (Fig. 1). Aggregation, secretion,
and DAG accumulation were all of the highest magnitude when
platelets were stimulated with a high concentration of y-throm-
bin (50 nM) (Fig. 1A). At an intermediate concentration of +-
thrombin (8 nM), less DAG accumulation occurred, and this
correlated with a slower rate of aggregation and less secretion
(Fig. 1B). When platelets were stimulated with a low concen-
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Fig. 1. Correlation of aggregation, secretion, and DAG production with
dose of y-thrombin. Platelets were prepared as described in Experimental
Procedures and were warmed to 37° and stimed. They were then
stimulated with «-thrombin. Aggregation and secretion were measured
in a lumi-aggregometer by percentage of light transmission and ATP
secretion, respectively. Lipids were extracted for measurement of DAG
mass as described in Experimental Procedures. ADAG, change in DAG,
in pmol/nmol of total phospholipid (PL), from base-line (unstimulated)
levels. Base-line DAG/| leveis were 0.54 + 0.09 (A), 0.36 +
0.01 (B), and 0.50 + 0.08 (C) pmoi/nmol of phospholipid (mean +
standard deviation of duplicate determinations). These three independent
experiments are representative of three or more experiments.
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tration of y-thrombin (1.5 nM), which caused shape change
alone, minimal DAG production was observed, and secretion
did not occur (Fig. 1C).

The relationship between the concentration of y-thrombin
and DAG mass levels was further examined. Because the de-
layed phase of DAG accumulation in response to y-thrombin
most often occurred from 0.5 to 2.5 min after stimulation,
delayed DAG accumulation was calculated by averaging DAG
production over this interval. DAG accumulation correlated
with the concentration of y-thrombin (Fig. 2).

In turn, there was a prominent correlation between DAG
levels and both the magnitude of aggregation (Fig. 3A) and the
magnitude of secretion (Fig. 3B). Two interesting features
emerged from this analysis. First, there appeared to be a thresh-
old of DAG accumulation, above 0.2 pmol/nmol of phospho-
lipid, that was required for secondary aggregation and secretion
to occur (Fig. 3). Secondary aggregation and secretion occurred
in 12 of 14 experiments in which DAG accumulation was =0.2
pmol/nmol of phospholipid, whereas secondary aggregation and
secretion did not occur in any of the five experiments in which
DAG accumulation was <0.2 pmol/nmol of phospholipid. We
also examined DAG accumulation over an earlier time interval,
to determine whether there was a similar threshold of DAG
accumulation before the development of maximum aggregation.
When DAG accumulation was calculated by averaging DAG
production over 0.2 to 1 min, secondary aggregation and secre-
tion was associated with DAG accumulation of >0.2 pmol/nmol
of phospholipid in eight of 12 experiments, whereas, in four of
five experiments in which DAG accumulation was <0.2 pmol/
nmol of phospholipid, secretion did not occur (data not shown).
Therefore, subthreshold levels of agonist led to subthreshold
accumulation of DAG, no irreversible aggregation, and no se-
cretory response. Second, above the 0.2 pmol/nmol of phospho-
lipid threshold of DAG, a quantitative correlation between
aggregation, secretion, and DAG accumulation was observed,
which appeared to plateau at high DAG levels (Fig. 3).

To determine whether a similar quantitative relationship
existed in response to other platelet agonists, we also studied
the relationship between DAG accumulation, aggregation, and
secretion in platelets stimulated with collagen. A correlation
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Fig. 2. Relationship of y-thrombin dose to DAG accumulation. Platelets
were stimulated with the indicated dose of «-thrombin, and DAG pro-
duction above base-line, in pmol/nmol of phospholipid, was averaged
from 0.5 to 2.5 min after stimulation. Each symbol represents an inde-
pendent experiment.
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Fig. 3. A, Comelation of aggregation and DAG accumulation in y-
thrombin-stimulated platelets. Platelets were stimulated with y-thrombin,
and tion was measured by percentage of light transmission at 2
min after stimulation. B, Correlation of ATP secretion and DAG accu-
mulation in y-thrombin-stimulated platelets. Platelets were stimulated
with y-thrombin, and the maximum ATP secretion achieved was quanti-
tated as described in Experimental Procedures. DAG accumulation was
measured by averaging DAG production above base line from 0.5 to 2.5
min after stimulation. Each symbol represents an independent experi-
ment.

was observed between collagen dose and DAG accumulation
(Fig. 4). A sharp increase in DAG accumulation occurred when
collagen concentrations exceeded 0.2 ug/ml, such that collagen
concentrations below 0.2 ug/ml did not result in any significant
DAG accumulation (data not shown). Because DAG accumu-
lation in response to collagen most often occurred from 0.8 to
3 min after stimulation (7), DAG accumulation was measured
by averaging DAG production over base line from 0.8 to 3 min.
A steep dose-response curve was also observed when either
aggregation or secretion was compared with DAG accumulation
(Fig. 5). Again, irreversible aggregation and secretion occurred
when DAG accumulation exceeded 0.2 pmol/nmol of phospho-
lipid (Fig. 5). Thus, in either y-thrombin- or collagen-stimu-
lated platelets, secondary aggregation and secretion occurred
when DAG accumulation exceeded the same threshold of 0.2
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pmol/nmol of phospholipid, despite the fact that these different
agonists are thought to use different molecular mechanisms of
action (20, 21).

The crucial role of DAG production and PKC activation in
the induction of secondary aggregation and secretion is also
supported by studies using inhibitors. Aspirin, a cyclooxygenase
inhibitor, causes inhibition of DAG accumulation (10, 22),
probably by interrupting feedback effects of thromboxane A,
on phospholipase C (22). Aspirin inhibition of DAG production
in response to y-thrombin was associated with inhibition of 40-
kDa protein phosphorylation and secretion (Table 1). On the
other hand, sphingosine, which inhibits platelet PKC as meas-
ured by 40-kDa protein phosphorylation (5), also caused inhi-
bition of secretion, even though DAG production was not
inhibited (Table 1). Thus, secretion can be prevented by direct
inhibition of PKC activation (sphingosine) or by inhibition of
DAG accumulation above a threshold level (aspirin).

Discussion

The role of second messengers in mediating specific biologic
responses is difficult to establish. The biologic effects of exog-
enously applied second messengers or their inhibitors provide
important clues as to second messenger function. In addition,
it is important to compare quantitatively the mass of a second
messenger formed under physiologic conditions with biologic
responses. For example, cAMP production is associated with
inhibition of platelet aggregation and secretion (23, 24), but the
degree of platelet inhibition is not proportional to the level of
cAMP (25). Increases in free intracellular calcium have been
shown to be related to platelet aggregation and secretion (26,
27). However, these studies did not quantitatively relate the
magnitude of calcium increase to the magnitude of secretion.
Also, these studies showed that different agonists could produce
different biologic responses even though they increased the
intracellular calcium concentration to a similar extent (26, 27).
Therefore, these studies suggested that other second messen-
ger(s) may play an important role in mediating aggregation and
secretion.

Our studies provide evidence that DAG is this other second
messenger. We observed a quantitative relationship between
DAG accumulation, aggregation, and secretion. DAG accumu-
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Fig. 5. A, Correlation between DAG accumulation and platelet aggrega-
tion in collagen-stimulated platelets. B, Correlation between DAG accu-
mulation and platelet secretion in collagen-stimulated platelets. Platelets
were stimulated with collagen, and then aggregation at 3 min, ATP
secretion, and DAG mass were measured. DAG accumulation was
measured by averaging DAG production above base line from 0.8 to 3
min after stimulation. Each symbol represents an independent experi-
ment.

TABLE 1

EﬂmmmmmNHMM(ASA)MWmon
DAG accumulation, 40-kDa protein phosphoryiation, and

in platelets stimuiated by y-thrombin

Platelets were stimulated with y-thrombin in the absence or presence of the
indicated inhibitors, and average DAG mass in the accumulative phase, 40-kDa
protein phosphorylation, and secretion were measured as described in Experimen-
tal Procedures.

AiDaproten oo

Agent DAG phosphonyation
ppmolfnmol of phospholipid cpm
4 nM y-Thrombin 0.301 1349 +
8 nm y-Thrombin 0.398 1360 +
8 nm y-Thrombin + 5 mm 0.382 1170 +
ASA
4 nm y-Thrombin + 5 mm 0.080 493 -
ASA
8 nm y-Thrombin + 10 0.431 270 -
um sphingosine

lation above a threshold (0.2 pmol/nmol of phospholipid) was
quantitatively associated with secondary aggregation and se-
cretion, regardless of whether the agonist was «y-thrombin or
collagen (Figs. 3 and 5). In contrast, secondary aggregation in
response to collagen was found to occur at a concentration of
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intracellular calcium that was not associated with secondary
aggregation in thrombin-stimulated platelets (27). The direct
correlation between DAG accumulation and platelet biologic
responses provides additional evidence of the critical impor-
tance of the DAG/PKC pathway to platelet aggregation and
secretion. The major role of the DAG/PKC pathway is also
supported by experiments that demonstrated that aggregation
and secretion could be blocked by inhibition of either DAG
production or PKC activation (Table 1). This is consistent with
previous studies that demonstrated that the PKC inhibitor
sphingosine blocked secondary aggregation in response to a
variety of agonists (5) and that low doses of exogenous DAG
overcame aspirin inhibition of secondary aggregation (10).

There are several lines of evidence suggesting that activation
of the DAG/PKC pathway is specifically related to secondary
aggregation and secretion, rather than to other platelet re-
sponses. First, when DAG and phorbol esters are exogenously
added to platelets, they do not cause platelet shape change (4,
7, 10). Second, the greatest amount of DAG accumulation
occurs during secondary aggregation, rather than during shape
change (7). Third, despite the fact that sphingosine inhibits
secondary aggregation and secretion, it does not affect agonist-
induced shape change (5). Lastly, the ability of exogenous DAG
and phorbol ester to activate platelets is greatly potentiated by
low doses of calcium ionophores (3, 4), which induce both shape
change and an increase in free cytosolic calcium. This implies
that DAG/PKC mediation of secondary aggregation and secre-
tion requires some antecedent “priming” events that occur
independently of the DAG/PKC pathway. The lack of corre-
lation of DAG production and PKC activation with shape
change underscores the specificity of this pathway for second-
ary aggregation and secretion.

The central role of DAG in platelet biology has important
mechanistic and pharmacologic implications. First, the require-
ment for a threshold level of DAG accumulation for secondary
aggregation and secretion may allow platelets to discriminate
between subthreshold and suprathreshold concentrations of
agonist. Thus, a subthreshold concentration of agonist produces
only a subthreshold accumulation of DAG, which is unable to
mediate secondary aggregation, whereas a suprathreshold con-
centration of agonist induces DAG accumulation sufficient to
mediate secondary aggregation and secretion. Second, the ex-
istence of a final common pathway of platelet activation (DAG
accumulation and PKC activation) could facilitate synergy of
different platelet agonists. Thus, the combination of two dif-
ferent agonists that individually produce only subthreshold
amounts of DAG accumulation could produce an additive or
synergistic accumulation of DAG; this would then cause sec-
ondary aggregation and secretion. Third, the development of
inhibitors that affect the DAG/PKC pathway may lead to the
development of more potent platelet inhibitors. Because inap-
propriate platelet activation has been implicated in the etiology
of myocardial infarction (28) and stroke (29), the development
of drugs that modulate the DAG/PKC pathway may lead to
important advances in the treatment of these diseases.
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