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SUMMARY

The calmodulin antagonist trifluoperazine inhibited platelet aggregation and the secretion
of calcium and ATP from the dense granules and N-acetylglucosaminidase from lyso-
somes. The inhibition of aggregation and secretion occurred concurrently but could also
be demonstrated independently of each other and in the absence of any effect on stimulus-
induced platelet shape change. All platelet-stimulating agents tested were antagonized,
i.e., thrombin, trypsin, collagen, epinephrine, A23187, melittin, thimerosal, and arachi-
donic acid. Previous studies [Walenga, R. W., E. E. Opas, and M. B. Feinstein, JJ. Biol.
Chem. 256:12523-12528 (1981)] showed that trifluoperazine can block thrombin-induced
release of arachidonic acid from phosphatidyl choline and thromboxane formation without
inhibiting breakdown of phosphatidyl inositol or the formation of phosphatidic acid.
Despite a lack of effect of trifluoperazine on the metabolism of exogenous arachidonic
acid, both arachidonic acid- and prostaglandin Hi;-induced aggregation and secretion were
antagonized. Trifluoperazine could also completely suppress thrombin-induced phos-
phorylation of platelet proteins, notably the M, 20,000 myosin light-chain and an M,
47,000 protein. The effect on the latter may be due to inhibition of the Ca?**-dependent,
phospholipid-activated, protein kinase C, whereas the effects on myosin phosphorylation
can be attributed to inhibition of calmodulin-dependent myosin light-chain kinase.
Similarities in the process of activation of protein kinase C and calmodulin-dependent
enzymes may account for their common susceptibility to the same class of inhibitors.
Using chlortetracycline as a fluorescent probe for intracellular membrane-bound calcium,
it was found that stimulation of platelets releases Ca®* intracellularly prior to secretion
and protein phosphorylation. Trifluoperazine acted to uncouple activation from secretion:
at low concentrations the drug inhibited secretion, although intracellular Ca’* release
was either not affected or actually markedly speeded up by the drug. Higher concentra-
tions of trifluoperazine partially inhibited later stages of calciuin release and almost
totally blocked secretion. These data provide supporting evidence for the involvement of
calmodulin in mediating certain effects of calcium in platelets, but they also suggest that
other calmodulin-independent processes are also targets for trifluoperazine.

INTRODUCTION

Calcium serves as a second messenger or modulator
linking the stimulation of cell surface receptors to intra-
cellular control of enzymes involved in certain aspects of
carbohydrate, lipid, and cyclic nucleotide metabolism.
Calcium is also an important regulator of cellular func-
tions such as excitability, membrane permeability and
ion transport, contraction, motility, and exocytosis. The
calcium-binding protein calmodulin serves as an intra-
cellular receptor for Ca’** and mediates the stimulation
of many calcium-dependent enzymes, e.g., cyclic nucleo-
tide phosphodiesterase, brain adenylate cyclase, red cell
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membrane (Ca’* + Mg?**)-ATPase, phosphorylase b ki-
nase, membrane protein kinases, myosin light-chain ki-
nase, and phospholipase A: (1).

Calmodulin is present in platelets, and it is a reasonable
assumption that it may mediate some of the Ca**-depen-
dent responses of platelets to stimulation, such as aggre-
gation, release of products stored in various secretory
organelles, production of free arachidonic acid by lipo-
lytic action on phospholipids, and activation of contrac-
tile proteins. Calmodulin is a required cofactor of platelet
myosin light-chain kinase, which, like its counterpart in
smooth muscle, is responsible for Ca’**-dependent phos-
phorylation of the M, 20,000 myosin light-chain that is
necessary for actin-activated ATPase activity and force
generation (2). Platelet phospholipase A;, which is in-
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volved in the release of arachidonic acid from certain
phospholipids, has also been reported to be stimulated
by calmodulin in membrane preparations (3).

The experiments reported in this paper represent an
assessment of the possible involvement of calmodulin in
the responses of intact platelets to aggregating agents.
The approach has been to study the effects of trifluoper-
azine, a potent inhibitor of calmodulin, on various aspects
of the platelet’s reactions to stimulation. Trifluoperazine
forms a ternary complex with calmodulin-Ca®* that pre-
vents calmodulin from activating its target enzymes (4).
In this way, trifluoperazine and other inhibitors of cal-
modulin can inhibit smooth muscle contraction by pre-
venting myosin light-chain phosphorylation (5). Inhibi-
tion of platelet aggregation (6-9), thrombin-induced se-
cretion of serotonin (7), and arachidonic acid mobiliza-
tion (8, 9) by trifluoperazine have recently been reported.

MATERIALS AND METHODS

Human platelet concentrates containing CPDA-1 (an
anticoagulant solution comprised of citrate, phosphate,
dextrose, and adenine) were purchased from the Con-
necticut American Red Cross Blood Center and used
within 12 hr after being obtained from the donor. The
platelets were kept at 20-24° on a rotator until used. For
experiments involving measurements of aggregation or
secretion the platelet-rich plasma was diluted as required
into a buffered salt solution containing 25 mm Tris-HCI,
137 mm NaCl, 54 mM KCl, 1.0 mM CaCl;, and 0.2%
dextrose to a final pH of 7.4 or 8.0. When washed platelets
were used they were prepared as previously described
(10) and then resuspended finally in the solution de-
scribed above. Platelet aggregation was measured pho-
tometrically in a Chronolog aggregometer. Each batch of
platelets was tested prior to an experiment for its ability
to produce malonyldialdehyde and for the rate and mag-
nitude of secretion and aggregation in response to test
doses of thrombin and collagen. Only platelets giving
suitable control responses were used.

N-Acetylglucosaminidase secretion. Platelet suspen-
sions containing 2.0 mg of platelet protein per milliliter
were incubated at 37° or 21° at pH 7.4 or 8.0. Samples
(0.5 ml) were withdrawn at intervals after addition of a
stimulating agent and added to test tubes in an ice bath.
After centrifugation for 30 sec in an Eppendorff centri-
fuge (8000 X g), 0.2-ml aliquots of the supernatant solu-
tion were added to 0.8 ml of 2 mM p-nitrophenyl-N-
acetyl-B-p-glucosaminide in 0.05 M sodium citrate (pH
4.3) and incubated with mixing for 1 hr at 37° (11). The
reaction was stopped by the addition of 1.0 ml of 0.4 M
glycine (pH 10.5). The absorbance of released p-nitro-
phenol was measured in a Gilford spectrophotometer at
420 On}m. The molar absorbance of p-nitrophenol is 1.62
X 10%

Calcium secretion. Platelet suspensions (1.0 mg of
platelet protein per milliliter) were incubated at 37° or
21° at pH 7.4 or 8.0. At suitable times after addition of a
stimulating agent, 1.0-ml aliquots were added to tubes
containing 0.15 ml of ice-cold 9% paraformaldehyde and
2 mM EDTA. After centrifugation in an Eppendorff
centrifuge the supernatants were analyzed for calcium by
atomic absorbance spectroscopy as previously described
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(10). A continuous measurement of the secretion of cal-
cium was attained by using a calcium electrode (12).
Trifluoperazine did not affect the response of the elec-
trode to additions of Ca’* standards into platelet suspen-
sions.

Simultaneous measurement of Ca’* secretion and the
release of intracellular Ca®*. CTC' fluorescence was
employed as probe to measure membrane-bound calcium
as previously described (12). Platelets concentrated in
their own plasma (20-30 mg of platelet protein per mil-
liliter) were incubated with 10-50 um CTC for about 30
min at 21-22°. Samples were diluted with 1.0 ml of
buffered saline solution and centrifuged for 15 sec in an
Eppendorf microcentrifuge. The diluted plasma was re-
moved by aspiration, and the platelets were resuspended
in a CTC-free buffered saline solution to a concentration
of about 120-380 ug of platelet protein per milliliter. The
secretion of calcium and the CTC fluorescence in plate-
lets were measured simultaneously in a Perkin Elmer
MPF2 fluorometer. The sample compartment contained
a cuvette into which a Ca®* electrode (Radiometer
F2112Ca) and an Ag/AgCl reference electrode were
placed. Rapid mixing was provided by a powerful mag-
netic stirrer. The electrodes were connected to a Radi-
ometer 25 pH meter whose output was led to a strip
chart recorder. The electrode response was calibrated by
adding known amounts of standard Ca®* solutions to
platelet suspensions with a Hamilton syringe through a
small opening in the cover of the sample chamber of the
fluorometer. The medium initially contained 50-100 um
Ca®*, which enables a rapid response of the Ca®* elec-
trode. Fluorescence excitation was at 390 nm and the
emission at 90° was measured at 530 nm. By using low
concentrations of cells and a 430-nm emission cutoff
filter, the contribution of light scattering to the fluores-
cence signal was kept negligible. The fluorescence
method can detect changes in binding of Ca’?* to mem-
branes when the free Ca’* is in the micromolar range.
The over-all response time of the instrument, including
mixing, for both Ca®* activity measurements and CTC
fluorescence was such that for both signals at least 90%
of maximal response was attained within 1.0 sec.

Simultaneous measurement of platelet aggregation
and ATP secretion. Secretion of ATP and platelet ag-
gregation were measured at the same time in a Lumiag-
gregometer (Chronolog Corporation, Havertown, Pa.) as
described by Feinman et al. (13). Luciferin-luciferase
reagent (Chrono-Lume, Chronolog Corporation) was
added to platelet suspensions to detect ATP secretion by
light emission with a highly sensitive photomultiplier
tube. The MgSO in this reagent brought the Mg>* con-
centration to 2.0 mM in each assay tube. The presence of
Mg?* did not affect the responses to trifluoperazine when
secretion was measured by the other methods described
above. Aggregation was measured by light transmittance
in the infrared region. Platelet suspensions (0.45 ml) were
kept at 31° or 37° and stirred with a Teflon-coated
magnetic stir bar at 1000 rpm.

! The abbreviations used are: CTC, chlortetracycline; SDS, sodium
dodecyl sulfate; PGH,, prostaglandin H,; EGTA, ethylene glycol bis(8-
aminoethyl ether)-N,N,N’,N -tetraacetic acid; LCz, myosin light-chain
M., 20,000.
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Protein phosphorylation. Washed platelets were sus-
pended in 10 ml of medium containing 25 mm Tris-HCl
(pH 7.4), 137 mM NaCl, 5.4 mMm KCl, and 0.2% dextrose.
The platelets were loaded with PO, for 40-60 min at a
final specific activity of 0.1 mCi/ml at room temperature.
Isoboplc equilibrium between intracellular phosphate and
ATP is attained with a 30-min pulse labeling with **PO,
(14). After this incubation the platelets were washed to
remove extracellular radioactive phosphate and sus-
pended at a concentration of 1 mg of platelet protein per
milliliter in the buffered saline solution described above
containing 1.0 mM CaCl; plus or minus trifluoperazine at
either 50 uM or 100 uM. After incubation at 37° for 5 min
the platelets were stimulated by addition of thrombin
(1.0 unit/ml). Reactions were stopped at various times
with an SDS-dithiothreitol solution yielding final concen-
trations of 1.1% and 50 mm, respectively, and heated
immediately for 2 min at 100°. Proteins were separated
by electrophoresis on 12% polyacrylamide, discontinuous
pH, 1% SDS gels. The molecular weight standards were
as follows: phosphorylase b, M, 94,000; bovine serum
albumin, M, 68,000; glutamic dehydrogenase, M, 53,000;
aldolase, M, 40,000; lactic dehydrogenase, M, 36,000; soy-
bean trypsin inhibitor, M, 21,000; and cytochrome ¢, M,
11,700. The incorporation of **POQ; into specific proteins
was analyzed by autoradiography of dried slab gel plates
on Kodak X-Omat R film and densitometry of the de-
veloped X-ray film (15).

The sources of materials used in this study were as
follows: thrombin, 3000 units/mg of protein (Sigma
Chemical Company, St. Louis, Mo., or Calbiochem, San
Diego, Calif.), trypsin (Sigma Chemical Company), luci-
ferin-luciferase reagent (Chronolog or Calbiochem), ara-
chidonic acid (Sigma Chemical Company or NuChek-
Prep, Elysian, Minn.), [**C]Jarachidonic acid and [*P]
phosphoric acid (Amersham, Arlington Heights, Il1.). Tri-
fluoperazine and trifluoperazine sulfoxide were kindly
donated by Dr. Harry Green, of Smith Kline & French
Laboratories (Philadelphia, Pa.).

RESULTS

Effect of trifluoperazine on platelet aggregation. In
platelets obtained from more than 40 different donors,
trifluoperazine effectively antagonized platelet aggrega-
tion produced by a wide variety of aggregating agents,
such as collagen, thrombin, trypsin, epinephrine, the bee
venom polypeptide melittin, and ionophore A23187. In
addition, aggregation induced by exogenous arachidonic
acid or PGH; was also inhibited by trifluoperazine (Fig.
1). Trifluoperazine sulfoxide was ineffective. For all ag-
gregating agents the degree of inhibition of aggregation
was a function of the concentration of trifluoperazine,
but the effectiveness of trifluoperazine was also inversely
proportional to the stimulus strength (i.e., concentration
of aggregating agent). For example, as shown by repre-
sentative experiments in Fig. 1, 12.5 um trifluoperazine
completely blocked second-phase aggregation produced
by 1.6 uM A23187, but it required 50 uM trifluoperazine to
produce a comparable inhibition of 3.2 umM A23187. Higher
concentrations of trifluoperazine (100 uM) actually de-
creased the first phase of aggregation. Aggregation in-
duced by epinephrine, collagen, and arachidonic acid

could be completely suppressed by trifluoperazine (Fig.
1). Other factors also affected the response to trifluoper-
azine, such as the ratio of drug to protein present and
the temperature. The drug was less effective when the
concentration of platelets or plasma was increased. Tri-
fluoperazine was also more effective at 21° and 31° than
at 37°. Platelet shape change induced by thrombin was
not affected by concentrations of trifluoperazine that
inhibited aggregation (Fig. 2A). Trifluoperazine by itself
induced some shape change, but this could be avoided
by adding the drug gradually at 5- to 10-uM increments
over a period of about 5 min. The onset of the antiaggre-
gating action of trifluoperazine was very rapid (Fig. 2B).
Unlike agents which increase intracellular cyclic AMP
(e.g., prostaglandins E, and I.), trifluoperazine, at con-
centrations which blocked aggregation, did not cause
substantial disaggregation of platelets when it was added
after maximal aggregation had occurred.

Effects of trifluoperazine on secretion. Secretion was
assessed by measuring the release of calcium and N-
acetylglucosaminidase. In platelets obtained from eight
different donors, trifluoperazine (but not trifluoperazine
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F16. 1. Effects of trifluoperazine (TFP) on platelet aggregation
due to A23187, collagen (COLL.), epinephrine, and arachidonic acid
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c TFP Ca?*

F16. 2. Effects of trifluoperazine (TFP) on thrombin (Thr)-induced shape change and aggregation

A. Upper records: shape change (upward deflection) induced by thrombin (0.05 unit/ml) added at arrows. The first record is the control
response; the second record was obtained in platelets pretreated (2 min) with 50 um TFP.

B. Aggregation induced by thrombin (0.4 unit/ml): a, control; b, TFP was added at a concentration of 50 uM in the bath (at arrow) after shape
change had occurred and aggregation had commenced. Broken lines show extrapolated slopes of transmittance changes. Numbers refer to the
relative slopes with control a set at 1.0. The sharp downward deflection at the end of trace b is due to clotting.

C. Platelet suspensions in incubation medium containing 2 mmM EGTA to prevent aggregation. Shape change occurs after the addition of
thrombin (0.4 unit/ml); ATP secretion was measured simultaneously. After 1 min, calcium (2.0 mM final concentration) was added to permit
aggregation to occur. In one tube TFP (50 uM final concentration) was added 30 sec prior to calcium. Platelet concentrates (50 ul) were added to
0.45 ml of Tris-buffered salt solution at pH 8.0 to give a final platelet concentration of 1.55 X 10° cells/ml. Temperature was 37°.

sulfoxide) inhibited both the rate and extent of secretion
of calcium (measured by atomic absorbance) and N-
acetylglucosaminidase. The initial rate of secretion was
reduced even when the total amount of calcium or en-
zyme released was not affected (Fig. 3). Trifluoperazine
was a considerably more effective inhibitor of secretion
(as well as aggregation) at pH 8.0 than at pH 7.4 probably
because its uptake into the cell increases as the pH
approaches the pK, of the drug, which is about 8.1. With
the use of the Ca** electrode, which affords the advantage
of a continuous record of the secretory process, the initial
exponential rate of secretion was always reduced more
drastically than the total yield (Fig. 4). As the trifluoper-
azine concentration was raised, the total amount of cal-
cium secreted was progressively decreased and could
even be totally suppressed. Trifluoperazine was able to
inhibit secretion induced by any of the stimulating agents
that were used, i.e., collagen, thrombin, trypsin, A23187,
arachidonic acid, PGH;, thimerosal, and the bee venom
peptide melittin.

Simultaneous measurements of secretion and aggre-
gation: effects of trifluoperazine. When aggregation and
secretion of ATP were measured simultaneously in plate-
lets from 20 donors it was observed that trifluoperazine
inhibited both processes concomitantly. This effect was
noted with all of the aggregating agents studied, although
at times one process was affected to a somewhat greater
degree than the other. Figure 5 shows representative
experiments in which thrombin, collagen, or arachidonic
acid was the stimulating agent. It was usual for aggrega-
tion induced by thrombin to be somewhat more suscep-
tible to inhibition by trifluoperazine than secretion of

ATP. This is in accord with the findings of White and
Raynor (7), who measured the effect of trifluoperazine
on total serotonin secretion. However, trifluoperazine
could inhibit the rate of ATP secretion at concentrations
which did not affect the total amount of ATP released
(Fig. 5). Arachidonic acid-induced aggregation and ATP
release were also inhibited by trifluoperazine (Fig. 5).
This effect is especially significant since the metabolism
of free arachidonic acid is not affected by trifluoperazine
(16).

Since the processes of secretion and aggregation in the
platelet tend to enhance each other, we explored the
effects of trifluoperazine on each process independently.
In one set of experiments, aggregation induced by throm-
bin in platelets from three different donors was prevented
by chelating extracellular calcium with EGTA. Secretion
still occurred under these conditions and it was inhibited
by trifluoperazine. When secretion was permitted to oc-
cur as above and the medium was then recalcified after
1 min to permit aggregation to occur, the addition of
trifluoperazine just prior to calcium strongly inhibited
the ensuing aggregation (Fig. 2C). It should be noted that
trifluoperazine was added at a time when the bulk of the
secretion and the release of arachidonic acid from phos-
pholipids had already occurred (see representative ex-
periments in Fig. 2C). Therefore trifluoperazine was able
to inhibit platelet aggregation and secretion, each inde-
pendently of the other.

Effect of trifluoperazine on release of intracellular
membrane calcium and secretion. Chlortetracycline is a
fluorescent probe for membrane-bound divalent cations
and has been used to measure translocation of Ca®* in
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F1G. 3. Effects of trifluoperazine (TFP) on secretion of N-acetylglucosaminidase and calcium from washed platelets at pH 7.4 and 8.0

The stimulus in these experiments was 0.2 uM trypein. Similar results were obtained with thrombin. TFP was added 5 min prior to trypsin. N-
Acetylglucosaminidase activity was measured by the formation of p-nitrophenol from p-nitrophenyl-N-acetyl-8-p-glucosaminide. A 1.0 M solution
of p-nitrophenol at pH 10.5 has an absorbance of 1.62 X 10* at 420 nm. Calcium released into the medium was measured per milligram of platelet

protein by atomic absorbance spectroscopy.

intact cells (17, 18), platelets (19), and isolated sarco-
plasmic reticulum membranes (20). Using a method de-
veloped in our laboratory for the continuous measure-
ment of CTC fluorescence and secretion simultaneously
it was shown that a fall in fluorescence commenced
almost immediately upon addition of thrombin or trypsin
to platelets, and several seconds prior to the onset of
secretion as measured with an extracellular Ca’* elec-
trode (12). Furthermore, the CTC fluorescence signal
was substantial before secretion had even commenced
and was often completed when secretion was only 50% or
less of maximum. According to this and other evidence,
it was concluded (12) that CTC fluorescence was signal-

ling a very early event in platelet activation—probably
the release of intracellular Ca®>*—which then triggered
the ensuing biochemical reactions leading to aggregation,
secretion, and mobilization of arachidonic acid. This
method was used to determine whether trifluoperazine
interfered with the release of activator Ca’*, which might
account for its actions on secretion and aggregation. On
the contrary, in platelets from 10 different donors it was
found that at concentrations which significantly inhibited
secretion, trifluoperazine either had no effect on the CTC
signal, or in fact usually increased the initial rate at
which intracellular Ca®* was released, with little or no
effect on extent of release (Fig. 6). In experiments carried
out at pH 8.0 with relatively low concentrations of
washed platelets, the more rapid release of intracellular

calcium at 10 uM trifluoperazine was sometimes associ-

_ated with a slightly earlier onset of secretion; however,

the initial rate of secretion soon slowed drastically and
the total amount of calcium released into the medium
was reduced, e.g., by 33% in Fig. 6. At somewhat hlgher
concentrations of trifluoperazine (10-20 um), the magni-

tude of the stimulus-induced fall in CTC fluorescence
was unchanged or only slightly reduced and the signal of
the rate of release of intracellular calcium was either
significantly faster or unaffected; but both the rate and
extent of secretion were inhibited by about 50-70% (Fig.
6). Thus, under these conditions trifluoperazine appeared
to inhibit secretion at a step beyond the initial stage of
Ca®* mobilization. At concentrations of trifluoperazine
above 30-50 uM the initial rate of intracellular calcium
release (CTC fluorescence) was normal, but the magni-
tude was reduced by about 50%. In this case secretion
was affected even more severely, being reduced by at
least 75-95% (Fig. 6).

Effect of trifluoperazine on protein phosphorylation.
Stimulation of washed platelets, prelabeled with ¥PO,,
by thrombin increased the **P content of polypeptides
from 2- to 6-fold in several regions of the SDS-polyacryl-
amide gels (16 experiments). The most prominent phos-
phorylated polypeptides were of the following apparent
molecular weights (X 10%): 20, 47, 71.5, 93.5, 123 and 130
(Figs. 7 and 8). The M, 20,000 polypeptlde migrated
identically with myosin LCx purified in our laboratory.
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F1G. 4. Inhibition of calcium secretion from washed platelets by trifluoperazine (TFP)

Upper record shows calcium electrode response to stimulation of platelets by trypsin at concentrations of 8-200 nM. The calibration response
of the electrode to additions of Ca®* standards to the platelet suspension (unstimulated) is also shown. Lower record: inhibition of trypein-
induced secretion of calcium. The platelet concentration was 1.0 mg of platelet protein per milliliter of incubation medium, at pH 8.0 (10° platelets

equal 1.8 £ 0.2 (SE) mg of protein). Temperature was 21°.

Incorporation of *P into LCx has been shown to be due
to net synthesis of the phosphorylated polypeptide rather
than increased turnover of an existing pool of phos-
phorylated myosin (21). The M, 47,000 polypeptide ex-
hibited the most striking increase in P content upon
stimulation with thrombin (Figs. 7 and 8). After the
addition of thrombin a lag period of about 5 sec was
observed prior to the onset of secretion. Very little pro-
tein phosphorylation occurred during this lag period.
Ninety per cent or more of the ¥P incorporation into the
M, 47,000 polypeptide occurred between 5 and 60 sec
after addition of thrombin (Fig. 8). The time course for
phosphorylation of the M, 20,000 polypeptide was similar,
although it was not extensively studied.

Trifluoperazine (50-100 uM) inhibited the phosphory-
lation of all polypeptide species (Fig. 7 and 8); however,
the effect on the M, 47,000 polypeptide was often the

most pronounced. Inhibition of thrombin-induced **P
incorporation into proteins was usually complete at a
trifluoperazine concentration of 100 um (Fig. 7). The
degree of inhibition of protein phosphorylation by tri-
fluoperazine was enhanced as the concentration of the
drug relative to the cell protein concentration increased.

DISCUSSION

The underlying assumption in these studies was that
trifluoperazine might be employed as a specific antago-
nist of calmodulin to probe the role that this modulator
protein plays in platelet function. This appeared to be a
reasonable approach since investigations conducted in
other types of cells have established that certain calmod-
ulin-dependent enzymatic reactions can be inhibited by
this drug in intact cells (5).
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F1G. 5. Inhibition of ATP secretion and aggregation by trifluoperazine (TFP)

Platelet concentrates in plasma were diluted into medium at pH 7.4 to a concentration of 2 % 10° cells/ml.

A and B. Stimulation of platelets by thrombin at 31° and 37°. Upper traces show aggregation and lower traces are simultaneous measurements
of ATP secretion in the Lumiaggregometer. The gain of the amplifier for ATP detection was 2 times greater in the experiments at 31° than at 37°.

TFP was added 2 min prior to thrombin (0.4 unit/ml).

C and D. Aggregation and ATP secretion induced by collagen and arachidonic acid in diluted platelet concentrates at pH 7.4 and 37°.

Our experiments presented previously (9) and in this
paper, and those of Kindness et al. (6), Rao et al. (8),
and White and Raynor (7), demonstrate that trifluoper-
azine is a powerful inhibitor of platelet aggregation. We
have shown that aggregation can be inhibited without
interference with shape change and even after normal
secretion and arachidonic acid metabolism have been
allowed to occur. Furthermore, trifluoperazine, which
was previously shown to inhibit the secretion of serotonin
(7), can also inhibit the release of Ca’* and ATP, which
are constituents of the dense granules, as well as the
secretion of a constituent of lysosomes, N-acetylglucos-
aminidase. Secretion occurring when aggregation is pre-
vented by the presence of EGTA can also be inhibited
by trifluoperazine. Thus, secretion and aggregation can
be inhibited by trifluoperazine totally independently of
each other. Trifluoperazine antagonized all of the plate-

let-stimulating agents that were employed, i.e., thrombin,
trypsin, collagen, epinephrine, A23187, thimerosal, mel-
litin, PGH,, and arachidonic acid. This suggests that
trifluoperazine acts on essential biochemical pathways
leading to secretion and aggregation that are common for
all stimuli. The two biochemical responses believed to
involve calmodulin that we have investigated are the
mobilization of arachidonic acid and protein phosphory-
lation.

The mobilization of arachidonic acid from phospho-
lipid may occur by at least three pathways (22): (a) via
phospholipase A; cleavage of phospholipids (especially
phosphatidylcholine and phosphatidylethanolamine); (b)
through hydrolysis of phosphatidylinositol to diglyceride
by a phosphatidylinositol-specific phospholipase C, fol-
lowed by the conversion of that product to free arachi-
donic acid by diglyceride lipase; or (c) through release of
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F1G. 6. Simultaneous measurements of calcium secretion (Ca**
electrode) and release of intracellular calcium (CTC fluorescence)

Stimulation of platelets causes a fall in fluorescence, but the signal
is shown as an upward deflection for ease of comparison with the
electrode trace. The trypein concentration was 0.2 uM; temperature 21°;
pH 8.0. Upper record: enhanced rate of intracellular Ca** release in the
presence of trifluoperazine (TFP) was accompanied by decreased total
secretion of calcium. Lower record: a, control; b, +10 ua TFP; ¢, +50
uM TFP. Open arrow shows time of onset of secretion. Secretion was
inhibited 50% by 10 um TFP, although the initial rate of intracellular
Ca®* release (CTC fluorescence) was increased 3-fold. At 50 uma TFP
the early time course of the CTC signal was normal but the magnitude
was reduced by about 50%, whereas secretion rate and extent was
inhibited by 80%.

arachidonic acid from phosphatidic acid by a phospholi-
pase A; active at neutral pH and low Ca’* concentration
(23). Phospholipase A; activity in isolated platelet mem-
branes has been reported to be stimulated by calmodulin
(3), whereas no role for the calcium-dependent regulatory
protein has as yet been demonstrated for any of the other
enzymes. Our recent findings (16) are consistent with the
possible involvement of calmodulin in phospholipase A
function in the intact cell in response to thrombin. Tri-
fluoperazine (25-100 uM) produced a dose-dependent in-
hibition of both thrombin-induced loss of phosphatidyl-
choline and the formation of arachidonic acid metabo-
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lites. At 100 um trifluoperazine, both the breakdown of
phosphatidylcholine and the formation of arachidonic
acid metabolites were inhibited 90-95%, but the metab-
olism of exogenous arachidonic acid to thromboxane B,
and hydroxy acids was unaffected (16). Therefore pros-
taglandin endoperoxide synthetase, thromboxane syn-
thetase, and 12-lipoxygenase were unaffected by the drug.
The phospholipase C-mediated hydrolysis of phosphati-
dylinositol and subsequent generation of phosphatidic
acid was not prevented by trifluoperazine, and at concen-
trations of trifluoperazine between 10 and 50 puM the
extent of phosphatidylinositol breakdown and the
amount phosphatidic acid produced were actually in-
creased (16). These effects of low concentrations of tri-
fluoperazine may be associated with the increased rate
of mobilization of membrane Ca?* detected with CTC
fluorescence, as shown in this paper. Although trifluo-
perazine did not affect the metabolism of free arachidonic
acid, it did block secretion and aggregation induced by
PGH:; or arachidonic acid. Therefore the responses to
arachidonic acid and its metabolites, like those of other
platelet-aggregating agents, appears to be expressed
through essential calmodulin-dependent reactions as well
as other mechanisms, such as calmodulin-independent
protein kinases that are also susceptible to the drug (see
below).

The second biochemical action of trifluoperazine we
have observed is an inhibition of protein phosphoryla-
tion. One type of protein kinase activity that is affected
by stimulation of platelets with thrombin, collagen, and
A23187 (21) is the highly specific calmodulin-Ca?*-depen-
dent myosin LCx kinase. The ability of the calmodulin
antagonist trifluoperazine to inhibit myosin phosphory-
lation in intact platelets further substantiates the in-
volvement of calmodulin in this reaction in intact cells.
The concentrations of trifluoperazine that inhibit this
reaction in platelets are comparable to those which an-
tagonize calmodulin-dependent phosphorylation of myo-
sin LCy in smooth muscle. Another calmodulin antago-
nist, N-(6-aminohexyl)-5-chloro-1-naphthalene sulfon-
amide (W-7), has recently been shown to inhibit throm-
bin-induced phosphorylation of myosin LC2 (24). Myosin
phosphorylation appears to proceed along a somewhat
earlier time course than does secretion (3) and may be
necessary but not sufficient for secretion to occur. It
should be noted that intracellular Ca®* release measured
by CTC fluorescence occurs along a time course that
precedes protein phosphorylation as well as secretion.

Another protein whose phosphorylation is greatly in-
creased in stimulated platelets is an M, 40,000-41,000
polypeptide identified by Lyons and Atherton (15). This
protein has a molecular weight of 47,170 as determined
by sucrose density gradient centrifugation and a molec-
ular weight of 49,000 as determined by gel filtration, and
has been differentiated from actin, tubulin, and the Type
II regulatory subunit of cyclic AMP-dependent protein
kinase (15). Our results are in accord with those of
Haslam et al. (25), who reported that the major phos-
phorylated protein (other than M, 20,000) in stimulated
platelets had an apparent molecular weight of 47,000 on
SDS-polyacrylamide gels. The variations in results from
one laboratory to another on the relative molecular
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Fi16. 7. Thrombin-induced phosphorylation of platelet proteins

3P incorporation was determined as described under Materials and Methods. Platelet proteins were separated by SDS-polyacrylamide gel
electrophoresis and the gels were exposed to X-ray film. The records shown are the densitometer tracings of the X-ray film.

A. Control platelets and platelets stimulated with thrombin (1.0 unit/ml) (shaded area).

B. Control and thrombin-stimulated platelets and thrombin-stimulated plus 50 uM trifluoperazine (TFP) (shaded area).

C. Inhibition of thrombin-induced incorporation of **P-phosphate into platelet proteins by TFP. Densitometric trace of X-ray film of
electrophoresis gel shows positions of major phosphorylated polypeptides (a-g). The apparent molecular weights (X 10°) are as follows: a, 20; b,
47; ¢, 71.5; d, 93.5; e, 123; and £, 130. The upper trace is the response to thrombin (1 unit/ml). The lower trace is that from platelets pretreated
with 100 uM TFP 2 min before thrombin. The latter response was almost exactly the same as the control (no thrombin added), which is not shown

for the sake of clarity. TFP, Trifluoperazine.

weight of this polypeptide appear to be due to the vari-
able migration of this polypeptide in the different gel
systems that have been employed (15). In our experi-
ments, phosphorylation of the M, 47,000 polypeptide was
increased 3- to 6-fold by stimulation with thrombin and
occurred mainly during the time span of 5-60 sec after
stimulation. The thrombin-induced phosphorylation of
M, 47,000 was strongly inhibited by trifluoperazine. In-
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w
o
w
20K 02
60— s E
x
15~ <420
s
Hi0
05 15 25 306 75
SECONDS
F1G. 8. Time course of thrombin-induced phosphorylation of M,
20,000 and 47,000 platelet proteins

The densitometer traces show the level of radioactivity 5 sec, 15 sec,
and 60 sec after the addition of thrombin (1 unit/ml). The phosphory-
lation of the M, 47,000 polypeptide (47K) is plotted as the increase in
radioactivity above the controls as a function of time after addition of
thrombin.

deed, that reaction appeared to be somewhat more sus-
ceptible to the drug than the phosphorylation of the
myosin light-chain.

The phosphorylation of this protein may be due to a
phospholipid- and Ca®*-dependent protein kinase that is
widely distributed in animal cells, including platelets, and
is known as protein kinase C (26). It catalyzed the phos-
phorylation of an M, 40,000 polypeptide in sonicated
platelets (27). The sensitivity of this enzyme to Ca’* is
considerably enhanced by unsaturated diacylglycerol
that can be released from phosphatidylinositol by the
enzyme phospholipase C in stimulated platelets. It is
therefore conceivable that protein kinase C is activated
in the platelet as a result of the combined effects of Ca®*
mobilization and the breakdown of phosphatidylinositol
initiated by thrombin. Although protein kinase C is not
a calmodulin-dependent enzyme it can be inhibited by
dibucaine, chlorpromazine (27), and trifluoperazine (26),
all of which are also calmodulin-antagonists (4, 28). The
drugs antagonize this enzyme apparently by competing
with the phospholipid activator. In view of these facts
the inhibition by trifluoperazine of stimulus-induced
phosphorylation of platelet proteins, other than LCq,
cannot be attributed solely to an effect on calmodulin-
dependent protein kinases. The absolute specificity of
trifluoperazine as a calmodulin antagonist is therefore
doubtful, and its use as a probe of the involvement of
calmodulin in physiological processes must be assessed
with caution. However, it should be noted that there are
striking similarities between protein kinase C and some
calmodulin-dependent enzymes which may account for
their susceptibility to inhibition by the same types of
drugs (26-28). Both types of enzymes normally have a
common dependence on Ca®*, and several calmodulin-
dependent enzymes, as well as protein kinase C, can also
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be activated by phospholipids (29, 30). Activation of
phosphodiesterase by phospholipid was inhibited by a
phenothiazine, which is also a calmodulin antagonist (30).
These findings suggest that similar chemical factors are
involved in the interaction of these drugs with both
phospholipids and calmodulin. Hydrophobic interactions
are likely to play an important role.

Since the activities of all calmodulin-dependent en-
zymes, as well as protein kinase C and phospholipases A;
and C, require Ca®* it was imperative to determine
whether trifluoperazine affected cellular processes by
limiting the mobilization of calcium. Our findings indicate
that trifluoperazine can inhibit secretion in the platelet
without interfering with stimulus-induced release of in-
tracellular Ca?*. In fact, low concentrations of trifluoper-
azine increased the rate of release of intracellular mem-
brane Ca®* by protease stimulants (i.e., thrombin and
trypsin), yet the rate and extent of secretion were mark-
edly reduced. Therefore, as in neutrophils (31), trifluo-
perazine acts to uncouple the secretion response from
the initial stages of activation. However, high concentra-
tions of trifluoperazine can reduce the magnitude of
intracellular calcium release. The changes in CTC fluo-
rescence appear to represent at least two stages of cal-
cium release (9): an early, rapid release not inhibited by
trifluoperazine, and a later stage that can be suppressed
by the drug. It is possible that defective Ca?* mobilization
is a secondary consequence of the effects of trifluopera-
zine on lipid metabolism (16) or protein phosphorylation.
Alternatively, a primary interference with the release of
intracellular Ca’* may account for some of the effects of
the drug on protein phosphorylation and lipid metabo-
lism. Cause and effect may be difficult to sort out com-
pletely because it is likely that calcium mobilization and
some Ca’*-dependent reactions are linked together in a
feedback loop. Indeed, calcium mobilization due to Ca®*-
activated enzymes provides a plaumble mechanism for

so-called “Ca**-induced calcium release.”
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