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Effects of activation of protein kinase C on the agonist-induced
stimulation and inhibition of cyclic AMP formation in intact

human platelets

Kimberley A. WILLIAMS, Wanda MURPHY and Richard J. HASLAM
Department of Pathology, McMaster University, Hamilton, Ontario, Canada L8N 3Z5

Jakobs, Bauer & Watanabe [(1985) Eur. J. Biochem. 151, 425-430] reported that treatment of platelets with
phorbol 12-myristate 13-acetate (PMA) prevented GTP- and agonist-induced inhibition of adenylate cyclase
in membranes from the platelets. This was attributed to the phosphorylation of the inhibitory guanine
nucleotide-binding protein (G;) by protein kinase C. In the present study, the effects of PMA on cyclic
[CHJAMP formation and protein phosphorylation were studied in intact human platelets labelled with
[*H]adenine and [3?P]P;. Incubation mixtures contained indomethacin to block prostaglandin synthesis,
phosphocreatine and creatine kinase to remove ADP released from the platelets, and 3-isobutyl-1-
methylxanthine to inhibit cyclic AMP phosphodiesterases. Under these conditions, PMA partially inhibited
the initial formation of cyclic [PHJAMP induced by prostaglandin E, (PGE,), but later enhanced cyclic
[BHJAMP accumulation by blocking the slow decrease in activation of adenylate cyclase that follows
addition of PGE,. PMA had more marked and exclusively inhibitory effects on cyclic [P HJAMP formation
induced by prostaglandin D, and also inhibited the action of forskolin. Adrenaline, high thrombin
concentrations and, in the absence of phosphocreatine and creatine kinase, ADP inhibited cyclic [P HJAMP
formation induced by PGE,. The actions of adrenaline and thrombin were attenuated by PMA, but that
of ADP was little affected, suggesting differences in the mechanisms by which these agonists inhibit
adenylate cyclase. sn-1,2-Dioctanoylglycerol (diC,) had effects similar to those of PMA. The actions of
increasing concentrations of PMA or diC; on the modulation of cyclic [P(HJAMP formation by PGE, or
adrenaline correlated with intracellular protein kinase C activity, as determined by 32P incorporation into
the 47 kDa substrate of the enzyme. Parallel increases in phosphorylation of 20 kDa and 39-41 kDa
proteins were also observed. Platelet-activating factor, [Arg®]vasopressin and low thrombin concentrations,
all of which inhibit adenylate cyclase in isolated platelet membranes, did not affect cyclic [FHJAMP
formation in intact platelets. However, the activation of protein kinase C by these agonists was insufficient
to account for their failure to inhibit cyclic [P HJAMP formation. Moreover, high thrombin concentrations
simultaneously activated protein kinase C and inhibited cyclic [PHJAMP formation. The results show that,
in the intact platelet, the predominant effects of activation of protein kinase C on adenylate cyclase activity

are inhibitory, suggesting actions additional to inactivation of G;.

INTRODUCTION

Aggregation and degranulation of platelets by physio-
logical stimuli are mediated by specific receptors that
generate one or more of several intracellular signals. In
this regard, the agonist-induced hydrolysis of membrane
phosphatidylinositol 4,5-bisphosphate by phospholipase
C, to yield diacylglycerol, which activates protein kinase
C, and inositol 1,4,5-trisphosphate, which releases Ca2?*
ions from the endoplasmic reticulum into the cytosol, is
of particular importance [1,2]. In the platelet, diacyl-
glycerol and Ca?* ions can act either independently or
synergistically to promote platelet aggregation and
degranulation [1,3]. Agonists that have been shown to
stimulate phosphoinositide hydrolysis include thrombin,
PAF, AVP and stable analogues of prostaglandin
endoperoxides [4,5]. Other agonists, notably ADP [5,6]
and adrenaline [5,7], do not directly activate phospho-

lipase C. ADP does, however, stimulate the entry of
extracellular Ca?* ions [8], and both ADP and
adrenaline may enhance Na*/H* exchange [9]. In
addition, both ADP and adrenaline can inhibit adenylate
cyclase in intact platelets [10] and in platelet membrane
preparations [11,12], though this effect plays no role in
mediating platelet responses and serves only to restrict
the inhibition of platelet function by activators of
adenylate cyclase, such as PGE, [10,13]. Although AVP
[14], PAF [15] and prostaglandin endoperoxide analogues
[16] inhibit the adenylate cyclase activity of isolated
platelet membranes, they do not affect cyclic AMP
formation in intact human platelets under conditions in
which effects of released ADP are excluded [14,17,18]. In
discussion of these phenomena [17], we have noted an
apparent correlation between the ability of agonists to
activate phospholipase C and their relative failure to
inhibit adenylate cyclase in intact human platelets.

Abbreviations used: PAF, synthetic platelet-activating factor, 1-O-octadecyl-2-O-acetyl-sn-glycero-3-phosphocholine; AVP, [Arg®]vasopressin;
PGE,, prostaglandin E, ; PGD,, prostaglandin D, ; IBMX, 3-isobutyl-1-methylxanthine; PMA, phorbol 12-myristate 13-acetate; 4a-PDD, 4a-phorbol
12,13-didecanoate; diCg, sn-1,2-dioctanoylglycerol; DMSO, dimethyl sulphoxide.
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However, thrombin, which inhibits the adenylate cyclase
activity of platelet membranes [19], has been reported to
decrease cyclic AMP formation in intact platelets [20].

Activation of protein kinase C may not only promote
cell responses, but may also exert negative-feedback
effects on signal transduction [21,22]. The tumour
promoter, PMA, which stimulates protein kinase C by
substituting for diacylglycerol [23], has been particularly
valuable in studies of these effects. Thus preincubation
with PMA has been found to block the activation of
phospholipase C in a wide variety of cells, including
platelets [24-26]. PMA has also been shown either to
inhibit [27-31] or to enhance [31-34] hormone-activated
adenylate cyclase, the precise effect depending on the cell
and agonist studied. Decreases in cyclic AMP formation
in the presence of PMA have been observed in intact
platelets [35,36], but were attributed to the release of
ADP [36]. In contrast, Jakobs et al. [34], using
membranes from control and PMA-treated platelets,
found that, in the presence of GTP, PMA enhanced the
activation of adenylate cyclase by PGE, and diminished
inhibition of the enzyme by adrenaline. Both effects were
attributed to impairment of signal transduction by the
inhibitory guanine-nucleotide-binding protein, G;, the
a-subunit of which was phosphorylated by protein
kinase C [37]. Jakobs et al. [34] suggested that this action
of protein kinase C may explain why agonists that
activate phospholipase C may not inhibit adenylate
cyclase in intact platelets. In the present work, we sought
to validate this hypothesis by studying the relationship
between activation of protein kinase C and cyclic AMP
formation in intact human platelets. However, the
results differed substantially from those predicted from
experiments with isolated membrane preparations [34].
Some of our findings have been published in a
preliminary form [38].

EXPERIMENTAL

Materials

[2,8-3H]Adenine (40 Ci/mmol) was from ICN Radio-
chemicals (Irvine, CA, U.S.A.). Cyclic [8-1*CJAMP
(50 mCi/mmol) and carrier-free [*P]P; were from New
England Nuclear Canada Ltd. (Lachine, Que., Canada).
ADP, (—)-adrenaline (+)-bitartrate, AVP, indometh-
acin, phosphocreatine (disodium salt), creatine kinase,
IBMX, PMA, 4a-PDD, phorbol, heparin, Hepes, bovine
serum albumin (fraction V) and neutral alumina (WN3)
were from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
Forskolin was from Behring Diagnostics (San Diego,
CA, US.A) and diC; from Avanti Polar Lipids
(Birmingham, AL, U.S.A.). Dowex 50 resin (AG
50W-X8, 200-400 mesh, H* form) was from Bio-Rad
Laboratories (Canada) Ltd. (Mississauga, Ont.,
Canada), and Ready-Solv HP/b scintillant was from
Beckman Instruments (Toronto, Ont., Canada). Mat-
erials used in SDS/polyacrylamide-gel electrophoresis
were from sources listed elsewhere [39]. Potato apyrase
was prepared as described in [40]. The following were
generously given: PGE, and PGD, by Dr. J. Pike of
the Upjohn Co. (Kalamazoo, MI, U.S.A.), synthetic
PAF(1-O-octadecyl-2-O-acetyl-sn-glycero-3-phospho-
choline) by Dr. H. R. Baumgartner of F. Hoffmann-
La Roche and Co. (Basel, Switzerland), human
a-thrombin (2700 units/mg) by Dr. J. W. Fenton II of
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New York State Department of Health (Albany, NY,
U.S.A.), and (—)-propranolol by I.C.I. (Macclesfield,
U.K)).

Preparation of washed human platelets labelled with
[°*H]adenine alone or with both [*H]adenine and [*?P]P;

Washed platelets were prepared by a modification of
the method of Mustard et al. [41]. Venous blood was
collected into 37 ml of ACD anticoagulant [42] to give a
final volume of 250 ml. The citrated blood was
centrifuged at 160 g,, for 15 min at room temperature
to give platelet-rich plasma. This was repeated and the
pooled material was centrifuged at 1300 g, for 15 min.
After removal of residual red and white cells, the
platelets in the pellet were resuspended in 40 ml of
Tyrode’s solution supplemented with 5 mM-Hepes (ad-
justed to pH 7.35 with NaOH), 0.35%, bovine serum
albumin, 60 ug of apyrase/ml and 50 units of heparin/ml
and incubated for 20 min at 37 °C. This suspension was
centrifuged at 1100 g,, for 10 min at 37 °C, and the
pellet (2x 104 x 10'° platelets) was resuspended in
20ml of the same medium without heparin but
containing 2 uM-[*H]adenine (10 Ci/mmol). After in-
cubation for 90 min at 37 °C, the platelets were then
centrifuged as before and finally resuspended at
3 x 10%-5 x 108/ml in Tyrode’s solution containing 5 mm-
Hepes (pH 7.35), 0.359, bovine serum albumin and only
6 ug of apyrase/ml. The last prevents stimulation of the
platelets by traces of ADP that may be released during
storage of the suspension, but does not block the
immediate effects of addition of higher (micromolar)
concentrations of ADP.

Platelets were labelled with both [*H]adenine and
[>2P]P; by a modification of the above method. For
incubation with 2 uM-[*H]adenine, the platelets were
suspended in 10 ml of phosphate-free Tyrode’s solution
supplemented with Hepes buffer, bovine serum albumin
and apyrase as before, and were incubated for 30 min at
37°C. After centrifugation of the platelets and their
resuspension in 8 ml of the same phosphate-free medium,
they were incubated for 60 min at 37 °C with 2 mCi of
carrier-free [*?P]P;. The platelets were then centrifuged,
washed once more in medium containing phosphate and
finally resuspended at 3 x 10%-5 x 10®/ml in albumin-free
Tyrode’s solution containing phosphate, Hepes buffer
and 6 ug of apyrase/ml.

Incubation of labelled platelets

Experiments were carried out about 30 min after final
resuspension of the platelets. Samples of platelet
suspension (409 xl) containing 1.2 x 108-2.0 x 108 plate-
lets were mixed with 10 xl of 0.154 M-NaCl containing
500 xM-indomethacin, 10 xl of 100 mM-phosphocreatine
and 10 ul of 0.154 M-NaCl containing 5000 units of
creatine kinase/ml, and were incubated for S min at
37 °C. Then 1 gl of DMSO or of phorbol ester or diC,
dissolved in DMSO was added to each experimental
sample. After a further period of incubation at 37 °C
(usually 1 min), 20 gl of 0.154 M-NaCl containing any
activators and/or inhibitors of adenylate cyclase was
added with 40 ul of 0.154 M-NaCl containing 12.5 mMm-
IBMX. Incubations were stopped, usually 0.5 min later,
by addition of 1 ml of 309 or 159 (w/v) trichloroacetic
acid. The lower concentration was used when platelet
protein was analysed by SDS/polyacrylamide-gel electro-
phoresis. The total incubation volume before addition of
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Fig. 1. Effects of PMA on the increases in platelet cyclic
[FHJAMP caused by PGE, in the absence and presence of
IBMX

Platelets labelled with [*H]adenine were first incubated for
5 min with indomethacin, phosphocreatine and creatine
kinase and then for 1 min with DMSO (open symbols) or
1 uM-PMA (solid symbols) (see the Experimental section).
Basal cyclic [*HJAMP at this time is shown (], l). Cyclic
[*HJAMP formation was then initiated by addition of
either 0.2 uM-PGE, (O, @) or 0.2uM-PGE, and
1 mM-IBMX (A, A). Incubations were terminated after
a further 0.25, 0.5, 1, 2 or 4 min. In some samples,
1 mM-IBMX was added 2 min after 0.2 uM-PGE, and
incubation was continued for 0.25, 0.5, 1 or 2 min (V/, V).
All incubations were performed in triplicate; values are
means +S.E.M.

trichloroacetic acid was 500 xl and, unless stated
otherwise, contained 10 #M-indomethacin, 2 mM-phos-
phocreatine, 100 units of creatine kinase/ml and 0.2%
DMSO, as well as any other additions. In a few
experiments, incubation mixtures were stirred in a
Payton Aggregometer (Scarborough, Ont., Canada) to
record platelet shape change and aggregation.

Isolation and measurement of platelet cyclic [THJAMP

After addition of trichloroacetic acid, cyclic [*CJAMP
(1000 or 2000 d.p.m.) was added to all the samples to
monitor the recovery of cyclic [PH]JAMP. Labelled cyclic
AMP in the supernatant from each sample was isolated
by chromatography on alumina and Dowex 50 resin [43].
The final eluates were freeze-dried and counted for 3H,
14C and, when present, 3P in mixtures containing 0.5 ml
of water and 8 ml of HP/b scintillant. Results were
corrected for background radioactivity and for channel
cross-over of 4C and 3?P. The counting efficiency of 3H
was 179, and that of *C was 529/ . After correction for
recovery of cyclic [1*CJAMP, the cyclic [PH]JAMP found
was expressed as a percentage of the total 3H in the
platelets present in the experimental samples. This was
determined by counting the *H in samples of platelet
suspension and of suspending medium obtained by
centrifugation. About 95% of the *H in platelet
suspensions was intracellular. Unexpectedly, cyclic AMP
isolated from 32P-labelled platelets contained 32P,
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implying significant labelling of platelet ATP in the
a-position. Cyclic [33PJAMP was proportional to cyclic
[PHJAMP, but only the latter was used in this study.

Measurement of protein phosphorylation in intact
platelets

The protein precipitated by trichloroacetic acid from
experimental samples containing 32P-labelled platelets
was dissolved in electrophoresis sample buffer [44]. After
neutralization of residual acid, the samples were heated
at 100 °C for 3 min. Equal amounts of protein from the
experimental samples (about 50 xg) were analysed by
SDS/polyacrylamide-slab-gel electrophoresis, with 139,
(w/v) acrylamide in the separating gel [39]. Labelled
polypeptides were located by autoradiography, and
selected polypeptides were cut from the dried gels and
counted for Cerenkov radiation [45]. The M, values
assigned to 32P-labelled polypeptides are either those
determined previously [45] or were determined from the
latter by interpolation.

Statistics

Incubations were performed in triplicate in each
experiment. Tables and Figures are derived from single
experiments and give mean values+S.E. of the mean,
difference or quotient, as appropriate. The effects
described were obtained in at least three separate
experiments, and statistical information indicating the
variation encountered is given in the text. Qualitatively
similar changes in cyclic [PHJAMP formation were
observed in singly or doubly labelled platelet prep-
arations. However, the statistics presented are derived
from only one or the other type of preparation, as
indicated. The significance of changes was evaluated by
two-sided unpaired or paired ¢ tests.

RESULTS

Effects of PMA and analogues on the agonist-induced
stimulation of cyclic FHJAMP formation

Experiments were carried out in the presence of
indomethacin, to prevent the formation of prostaglandins
or thromboxane A, and of phosphocreatine and
creatine kinase, to remove any ADP released from the
platelets. These precautions were necessary to ensure that
changes in platelet cyclic [P(HJAMP formation were due
solely to direct effects of the added compounds. Under
these conditions, treatment of platelets labelled with
[*H]adenine alone with 1 uM-PMA for 1 min decreased
their basal content of cyclic [PH]JAMP (0.038 +0.002%, of
platelet 3H) by 18+19, (mean values +S.E.M., eight
expts.). The initial rate of accumulation of cyclic
[BHJAMP induced by addition of both PGE, and IBMX
was also diminished (Fig. 1). Thus PMA inhibited the
accumulation of cyclic [PHJAMP observed after 15 s by
24439, (mean+S.E.M., five expts.) and that observed
after 30 s by 16+ 39, (mean +5s.E.M., eight expts.). Cyclic
[EHJAMP accumulation in the presence of IBMX was
linear for about 30s and reflects the endogenous
adenylate cyclase activity of the intact platelet [43]. At
later times, cyclic [PHJAMP increased more slowly and,
after 1 min, the inhibitory effect of PMA was replaced by
stimulation (Fig. 1). In the absence of IBMX, PGE,
increased platelet cyclic [P HJAMP to a maximum after
about 30 s, and the amount then declined to about 409/
of this value after 2 min. PMA inhibited both the initial
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Fig. 2. Effects of PMA on the increases in platelet cyclic [FHJAMP caused by PGD, and by forskolin in the absence and presence of
IBMX

Samples of a suspension of platelets labelled with [*H]adenine were first incubated for 5 min with indomethacin, phosphocreatine
and creatine kinase and then for 1 min with DMSO (open symbols) or 1 uM-PMA (closed symbols) (see the Experimental
section). Basal cyclic [PHJAMP at this time is shown (0, B). Cyclic [PHJAMP formation was then initiated by the following
additions: (a) 0.2 uM-PGD, (O, @) or 0.2 uM-PGD, and 1 mM-IBMX (A, A); (b) 20 uM-forskolin (O, @) or 20 um-forskolin
and 1 mM-IBMX (A, A). Incubations were terminated after 0.25, 0.5, 1 or 2 min. All incubations were performed in triplicate;
values are means +S.E.M.

Table 1. Effects of PMA on the formation of cyclic [PTHJAMP induced by PGE, and on the inhibition of this reaction by adrenaline
and by ADP

Samples of a suspension of platelets labelled with [*H}adenine were incubated for 5 min with indomethacin in the absence or
presence of phosphocreatine (PC) and creatine kinase (CK) (see the Experimental section) and then for a further 1 min with
DMSO, 1 uM-PMA, 1 pm-phorbol or 1 uM-4a-PDD, as indicated. Cyclic [PFHJAMP formation was then initiated by addition
of 0.2 uM-PGE, and 1 mM-IBMX with or without 5 uM-adrenaline or 10 uM-ADP. Propranolol (10 xM) was included with
adrenaline. The incubations were terminated after 0.5 min by addition of trichloroacetic acid. All incubations were performed
in triplicate. The basal value for platelet cyclic [FHJAMP was subtracted in calculation of increases (means+s.E. of the
difference). Percentage inhibitions of cyclic [P HJAMP formation by adrenaline or ADP are given (means =+ s.E. of the quotient).

Additions with Inhibition of
Initial additions PGE, and IBMX Increase in cyclic [FTHJAMP
cyclic PHJAMP formation
0 min 5 min 6 min (% of total platelet 3H) %)
Indomethacin DMSO None 1.266+0.022 -
Adrenaline 0.196+0.011 84+1
ADP 0.301+0.011 76+1
PMA None 0.718 +0.062 -
Adrenaline 0.465+0.014 35+6
ADP 0.235+0.014 67+3
Indomethacin DMSO None 1.33340.013 -
+PC+CK Adrenaline 0.190+0.002 86+1
ADP 1.162+0.018 13+2
PMA None 0.899 +0.032 -
Adrenaline 0.586+0.017 35+3
Phorbol None 1.302+0.060 -
Adrenaline 0.188 +0.002 86+1
4a-PDD None 1.282+0.049 -
Adrenaline 0.177+0.004 86+1
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Fig. 3. Effect of the period of preincubation with PMA on the
increases in platelet cyclic PHJAMP caused by PGE,
added without or with adrenaline

Samples of a suspension of platelets labelled with
[*H]adenine were first incubated for 5 min with indo-
methacin, phosphocreatine and creatine kinase (see the
Experimental section). After addition of DMSO (open
symbols) or 100 nM-PMA (closed symbols), the samples
were incubated for a further 0, 0.5, 1.5 or 5 min before
cyclic PHJAMP formation was initiated by addition of
0.2 uM-PGE, with 1| mM-IBMX (O, @) or of 0.2 uM-PGE,,
5 pM-adrenaline and 10 gM-propranolol with 1 mM-IBMX
(A, A). Incubations were stopped after 0.5 min by
addition of trichloroacetic acid. All were performed in
triplicate. The basal values for cyclic PHJAMP found in the
absence of IBMX, PGE, or adrenaline at each time point
are subtracted from all values shown (means +S5.E. of the
difference).

increase in cyclic [PHJAMP and the spontaneous
decrease, so that after 1 min the amount of cyclic
[EHJAMP was again higher in the presence of PMA than
in its absence (Fig. 1). Measurement of initial rates of
cyclic [PHJAMP accumulation in the presence of IBMX
indicated that platelet adenylate cyclase activity de-
creased markedly during the 2 min after exposure of
control platelets to PGE,, but did not change from the
initial inhibited value in platelets that had been
preincubated with 1 uM-PMA (Fig. 1). Thus PMA had
two actions on the activation of platelet adenylate
cyclase of PGE,, namely an inhibitory effect detectable
immediately after addition of PGE,, and an apparent
stimulatory effect attributable to suppression of the
normal decrease in the response to PGE,. Similar
experiments on the activation of adenylate cyclase in
intact platelets by PGD,, which showed little decrease in
incubations of up to 2 min, demonstrated that PMA
exerted potent purely inhibitory effects on cyclic
[EBH]JAMP accumulation (Fig. 2a). With forskolin, which
showed a different, more progressive, pattern of cyclic
[FHJAMP accumulation, PMA caused a moderate
inhibition at all incubation times (Fig. 2b).

Whereas addition of both phosphocreatine and
creatine kinase almost abolished the inhibition of PGE,-
induced cyclic [PHJAMP formation by 10 zuM-ADP,
these additions had only a small effect on the inhibitory
action of PMA, which therefore cannot be attributed to
the release of platelet ADP (Table 1). In further support
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of this view, the inhibitory action of PMA was observed
when the compound was added with PGE,; and was
optimal when added only 30s before PGE, (Fig. 3).
Inhibition of cyclic [PHJAMP formation by PMA was
structurally specific and was not seen with phorbol or
4a-PDD (Table 1). DiC,, on the other hand, which
reproduces many of the effects of PMA on platelets [46],
inhibited cyclic [PHJAMP formation induced by addition
of PGE, and IBMX (Fig. 4). Thus, in doubly labelled
platelet preparations, 40 gM-diC, inhibited cyclic
[FHJAMP formation by 28499, (meanzs.E.M., four
expts.), whereas 100 nM-PMA inhibited by 25149,
mean +S.E.M., eight expts.). In contrast, low diC,
concentrations caused a weak but significant stimulation
of cyclic PHJAMP formation (19+69%, at 1 uM, four
expts.; P < 0.05, paired ¢ test) that was rarely seen with
PMA.

Effects of PMA and analogues on the agonist-induced
inhibition of cyclic [PTHJAMP formation

Preincubation of platelets with 10 nM—1 uM-PMA
diminished the a-adrenergic inhibition by adrenaline of
the cyclic [P HJAMP accumulation caused by addition of
PGE, with IBMX (Table 1, Figs. 3 and 4). This was only
partly due to inhibition of the action of PGE, by PMA,
as cyclic [P HJAMP formation was considerably greater in
the presence of PMA, when adrenaline was added. The
latter effect of PMA, which was optimal after about
1.5 min, developed more slowly than its action on
PGE,-induced cyclic [P HJAMP formation (Fig. 3). In
four experiments with singly labelled platelets, the
inhibition of PGE,-induced cyclic [P HJAMP formation
by 5 uM-adrenaline decreased from 79+39 to 22+59%
(mean values +s.E.M.) after preincubation of the platelets
with 1 uM-PMA for 1 min. Both the inhibitory action of
adrenaline and the suppression of its effects by PMA
were unaffected by phosphocreatine and creatine kinase,
indicating that release of platelet ADP played no role in
these phenomena (Table 1). Neither phorbol nor 4a-PDD
added at 1 uM had any effect on the inhibition of cyclic
[*HJAMP formation by adrenaline (Table 1), but
preincubation of the platelets with 4-40 gM-diC; had
effects similar to those of 1-100 nM-PMA (Fig. 4). Higher
diC, concentrations had non-specific inhibitory effects on
cyclic [PHJAMP formation (Fig. 4). Adrenaline also
inhibited cyclic [PHJAMP accumulation in platelets
caused by addition of forskolin with IBMX; this effect,
too, was attenuated by PMA (Table 2).

In the absence of phosphocreatine and creatine kinase,
addition of 10 uM-ADP was almost as effective as
5 pM-adrenaline in inhibiting PGE,-induced cyclic
[*HJAMP formation (Table 1). However, preincubation
of the platelets with 1 uM-PMA for 1 min had only a
small effect on this action of ADP, decreasing the
inhibitionfrom 72+ 49/ to 59 + 6%, (mean values +S.E.M.)
in three experiments identical with that shown in Table
1. Although this effect was statistically significant
(P < 0.05, paired ¢ test), PMA appeared to act mainly by
inhibiting the action of PGE,, rather than that of ADP.

High concentrations of thrombin (2-5 units/ml)
decreased the PGE,;-induced accumulation of cyclic
[BHJAMP in platelets incubated with indomethacin,
phosphocreatine and creatine kinase, indicating that
thrombin itself inhibited platelet adenylate cyclase
activity (Table 2). This effect was also attenuated by
preincubation of the platelets with PMA, though not as
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Fig. 4. Effects of different concentrations of PMA (a) and of diC; (b) on the increases in platelet cyclic PTHJAMP caused by PGE,

" added without or with adrenaline

Washed platelets were labelled by incubation with both [*H]Jadenine and [**P]P;, as described in the Experimental section.
Samples were incubated for 5 min with indomethacin, phosphocreatine and creatine kinase, and then for 1 min with DMSO
(open symbols) or the indicated concentrations of PMA or diC;, (solid symbols). Cyclic [FHJAMP formation was then initiated
by addition of 0.2 uM-PGE, with 1 mM-IBMX (O, @) or of 0.2 uM-PGE,, 5 uM-adrenaline and 10 uM-propranolol with
1 mM-IBMX (A, A). Incubations were stopped after 0.5 min by addition of trichloroacetic acid. All were carried out in
triplicate. The basal value for cyclic [PHJAMP was subtracted in calculation of the increases shown (means+Ss.E. of the

difference).

J

effectively as was the action of adrenaline. Thus
preincubation of doubly labelled platelets with
100 nM-PMA for 1 min decreased the inhibition of cyclic
[*HJAMP formation by 2 units of thrombin/ml from
644 5% to 40+ 6%, (mean values+S.E.M., three expts.),
whereas under the same conditions the inhibitory effect
of adrenaline decreased from 67439 to 29+49%, (mean
values +S.E.M., seven expts.). In contrast, lower con-
centrations of thrombin (0.2 unit/ml) and high con-
centrations of PAF (1 uM) or AVP (0.4 xM) had no effect
on the accumulation of cyclic [PHJAMP caused by
addition of PGE, and IBMX, in either the absence or the
presence of PMA (Table 2). Similarly, AVP did not affect
cyclic [FHJAMP formation induced by forskolin. These
negative results were obtained despite the fact that the
same platelets responded to low thrombin, PAF or AVP
with a change in shape and some aggregation, when
stirred in incubation mixtures containing indomethacin,
phosphocreatine and creatine kinase, but no PGE, or
IBMX.

Relationships between the effects of PMA, diC,; and
physiological stimuli on protein kinase C and their
effects on cyclic PTHJAMP formation

Treatment of 32P-labelled platelets with either PMA or
diC, caused major increases in 2P incorporation into
protein P47 (the principal substrate of protein kinase C
in platelets [1,39]), into myosin light-chain isoforms
(P20a,b) and into polypeptides of 3941 kDa designated
P39-41 (Fig. 5). The last normally migrated as a doublet,
but were compressed into a single band in gels from
incubation mixtures containing creatine kinase (Fig. 5).
These phosphorylation reactions were detected with

10 nM-PMA or 4 uM-diC; and were maximal with
1 uM-PMA or 100 uM-diC,. With the higher con-
centrations of PMA or diC,, increased labelling of many
minor polypeptides was also detected (Fig. 5). Phorbol
had none of these effects. Addition of PGE, and IBMX
1 min after PMA or diC; did not modify the above
phosphorylation reactions during the additional 30 s
required for measurement of cyclic [PHJAMP formation
(Fig. 5, Table 2). Incorporation of 32P into protein P47
was utilized as the most sensitive means of quantifying
the endogenous activity of protein kinase C in the
platelets. Within the error of measurement, the labelling
of the other substrates noted above was proportional to
that of P47.

The relationships between the activation of protein
kinase C and changes in cyclic [PHJAMP formation were
investigated in platelets labelled with both [*H]adenine
and [*?P]P;. On addition of increasing concentrations of
PMA, a reciprocal relationship was observed between
the incorporation of 3P into protein P47 and the
inhibition by adrenaline of PGE,-induced cyclic
[*HJAMP formation (Fig. 6a). As described above, the
latter effect consisted of two components (see Fig. 4);
both showed the same relationship to the phosphoryl-
ation of protein P47. Similar results were obtained in
platelets treated with 440 uM-diC, (Fig. 6b). These
findings are consistent with the view that the major
effects of both PMA and diC; on platelet adenylate
cyclase are mediated by protein kinase C.

To determine whether activation of protein kinase C
by physiological agonists was sufficient to affect cyclic
[BHJAMP formation, both were studied in the same
platelets and were compared with the actions of PMA
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Table 2. Effects of different aggregating agents on the increases in platelet cyclic [PTHJAMP caused by PGE, or by forskolin in the

absence and presence of PMA

Washed platelets were labelled by incubation with both [*H]Jadenine and [*2P]P;. Samples were first incubated for 5 min with
indomethacin, phosphocreatine and creatine kinase, followed by 1 min with DMSO or 100 nM-PMA (see the Experimental
section). Cyclic [PHJAMP formation was then initiated by addition of 0.2 xuM-PGE, with 1 mM-IBMX or of 20 uM-forskolin with
1 mM-IBMX at the same time as the aggregating agents indicated. Propranolol (10 #M) was included with adrenaline. After
0.5 min, the incubations were stopped with trichloroacetic acid and cyclic PHJAMP was determined. All incubations were
performed in triplicate. The basal value for cyclic [PHJAMP was subtracted in calculation of the increases shown (means +S.E.
of the difference). The percentage inhibitions of cyclic [FHJAMP formation by the aggregating agents are given (means+S.E.
of the quotient). Significant effects are indicated (*P < 0.05; **, P < 0.01, unpaired ¢ test).

Inhibition
Additions Increase in of cyclic [PHJAMP
cyclic [P HJAMP formation
5 min 6 min (% of total platelet *H) @)
DMSO PGE, +IBMX 0.7294+0.020 -
PGE, +IBMX+PAF (1 um) 0.763+0.017 —4+4
PGE, +IBMX+AVP (0.4 uMm) 0.73440.022 —1+4
PGE, + IBMX + thrombin (0.2 unit/ml) 0.659+0.022 10+4
PGE, + IBMX + thrombin (2 units/ml) 0.24140.017 67 +2**
PGE, +IBMX + thrombin (5 units/ml) 0.191+0.003 T4+ 1**
PGE, + IBMX +adrenaline (5 uM) 0.28940.023 60+ 3**
Forskolin + IBMX 0.840+0.009 -
Forskolin+ IBMX + AVP (0.4 um) 0.823+0.032 2+4
Forskolin + IBMX + adrenaline (5 xM) 0.417+0.007 504 1**
PMA PGE, +IBMX 0.585+0.027 -
PGE, +IBMX+PAF (1 uM) 0.662+0.011 —13+6
PGE, +IBMX+AVP (0.4 um) 0.565+0.035 3+7
PGE, + IBMX + thrombin (0.2 unit/ml) 0.614+0.015 —-5+5
PGE, + IBMX + thrombin (2 units/ml) 0.337+0.027 42 4 5**
PGE, + IBMX + thrombin (5 units/ml) 0.35140.021 401-4**
PGE, + IBMX + adrenaline (5 uM) 0.465+0.022 21+ 5*
Forskolin + IBMX 0.614+0.034 -
Forskolin+IBMX+AVP (0.4 um) 0.530+0.021 1446
Forskolin + IBMX + adrenaline (5 xM) 0.458+0.014 25+ 5*

(Tables 2 and 3). In the absence of PGE, and IBMX,
optimal concentrations of PAF or AVP or a low
concentration of thrombin (0.2 unit/ml) caused sig-
nificant increases in the phosphorylation of protein P47
and of the myosin light-chain isoforms (P20a,b), but
these effects were much smaller than observed with high
thrombin concentrations (2-5 units/ml), which also
induced detectable increases in the phosphorylation of
P39-41 (Fig. 7, Table 3). Adrenaline, on the other hand,
did not affect protein phosphorylation in this system. At
100 nM, PMA had effects similar to those of high
thrombin concentrations on the phosphorylation of P47
and P39-41, but was less effective with P20a,b (Fig. 7),
presumably because thrombin stimulates phosphoryl-
ation of the latter by both myosin light-chain kinase
and protein kinase C [47]. PMA (100 nm) and thrombin
(2 units/ml) did not have additive effects on the
phosphorylation of P47 (results not shown). Of particular
interest was the observation that 10 nM-PMA, which
had only relatively small effects on cyclic [P HJAMP
formation in the presence or absence of adrenaline (Fig.
4a), caused an appreciably greater phosphorylation of
P47 than did PAF, AVP or low thrombin (Fig. 7). This
suggests that the latter agonists would be unlikely to
modify platelet adenylate cyclase activity by activation of
protein kinase C, even in the absence of PGE, and
IBMX. When PGE, and IBMX were present, as was
essential for measurement of changes in cyclic P HJAMP
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formation, no significant phosphorylation of protein P47
was detected after addition of PAF, AVP or low
thrombin, and that caused by high thrombin con-
centrations was partly inhibited (Table 3). A similar
experiment in which platelets were incubated with these
agonists for 6 s or 12 s revealed no evidence for even a
transient activation of protein kinase C. Forskolin and
IBMX also blocked the phosphorylation of P47 induced
by AVP (Table 3). Thus, the failure of PAF, AVP and
low thrombin to inhibit cyclic [PHJAMP formation in
intact platelets cannot be accounted for by an activation
of protein kinase C.

DISCUSSION

The predominant effects of PMA on cyclic [P HJAMP
formation in intact platelets were inhibitory, though the
extent of inhibition varied with the activator of
adenylate cyclase used. As the initial linear rates of cyclic
[EHJAMP accumulation immediately after addition of
IBMX were measured, these effects must reflect an
inhibition of adenylate cyclase rather than an activation
of cyclic AMP phosphodiesterase. Inhibition by PMA of
cyclic AMP formation induced by PGE, [35] or by
prostacyclin or forskolin [36] has been observed
previously, but in the latter study was largely prevented
by apyrase, suggesting that it was mediated by the
secretion of ADP from the platelet dense granules.
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Fig. 5. Effects of different concentrations of PMA and diC; on the phosphorylation of polypeptides in washed platelets

P20a,b =3

K. A. Williams, W. Murphy and R. J. Haslam

:1;;:

This autoradiograph is from the experiment described in Fig. 4. Washed labelled platelets were incubated for 1 min with DMSO,
diCg; or PMA, and then for 0.5 min with 0.2 uM-PGE, and 1 mm-IBMX. Protein was precipitated with trichloroacetic acid,
dissolved in electrophoresis sample buffer and analysed by SDS/polyacrylamide-gel electrophoresis. Lanes are for the following
treatments: (@) DMSO; (b) 0.4 uM-diCq; (c) 1.0 uM-diCy; (d) 4 uM-diCy; () 10 uM-diCg; (f) 40 uM-diCy; (g) 100 uM-diCy; ()
0.4 nM-PMA; (i) 1.0 nM-PMA;; (j) 10 nM-PMA; (k) 100 nM-PMA; (/) 1 uM-PMA; (m) 100 nM-phorbol.
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Fig. 6. Relationship between the activation of protein kinase C and inhibition of cyclic [’HJAMP formation by adrenaline in platelets
preincubated with PMA (a) or diC, (§)

The percentage inhibition of cyclic [FHJAMP formation by 5 uM-adrenaline was calculated for the controls with DMSO ()
and for each concentration of PMA or diC,; added (@) in the experiment shown in Fig. 4, and the corresponding values for
the 32P incorporated into P47 (O, @) were determined as an index of the activation of protein kinase C in the same platelets.
Values are means +S.E. from triplicate incubations.

1987



Protein kinase C and cyclic AMP formation in platelets

P39-41 —3

P20a,b =

Fig. 7. Comparison of the effects of different aggregating agents
and PMA on the phosphorylation of polypeptides in
washed human platelets in the absence of PGE, and
IBMX

Platelets labelled with both [*H]adenine and [**P]P; were
incubated for 5 min with indomethacin, phosphocreatine
and creatine kinase, followed by 1 min with DMSO or
PMA, as described in the Experimental section. Aggre-
gating agents were then added and the incubations were
terminated after 0.5 min by addition of trichloroacetic
acid. Precipitated protein was analysed by SDS/poly-
acrylamide-gel electrophoresis, and an autoradiograph of
the dried gel is shown. Lanes are for the following
treatments: (a) DMSO; (b) 1 uM-PAF; (c) 0.4 um-AVP;
(d) 0.2 unit of thrombin/ml; (e) 2 units of thrombin/ml;
(f) 5 units of thrombin/ml; (g) 5 uM-adrenaline (with
10 uM-propranolol); (k) 10 nMm-PMA; (i) 100 nM-PMA.

However, in the present study, a role for ADP in the
inhibition of adenylate cyclase by PMA was excluded by
addition of sufficient phosphocreatine and creatine
kinase to decrease the inhibitory effect of a high
concentration of exogenous ADP to a very low value.
Moreover, in a separate investigation in which the
platelet dense granules were labelled with S-hydroxy-
[**C]tryptamine, no *C was secreted in response to
PMA under the present incubation conditions (R.J.
Haslam & M. M. L. Davidson, unpublished work). The
discrepancy between our results and the earlier study [36]
may be accounted for by major differences in the
experimental conditions: Ashby et al. [36] preincubated
platelets with PMA for 10 min rather than 1 min,
allowing much more time for secretion of ADP, and then
incubated the platelets for a further 5 min with
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prostacyclin or forskolin in the absence of any inhibitor
of cyclic AMP phosphodiesterase.

Our observation that PMA inhibited adenylate cyclase
in intact platelets is difficult to reconcile with the
enhanced responsiveness of the enzyme to PGE, or
forskolin in the presence of GTP, demonstrated by
Jakobs et al. [34] in membranes isolated from PMA-
treated platelets. These workers attributed the effects
they obtained to suppression of the inhibitory action of
GTP, as a result of phosphorylation of the «;-subunit of
G; by protein kinase C [37,48]. As treatment of platelets
with PMA did not block the inhibition of membrane
adenylate cyclase by a stable GTP analogue, phos-
phorylation of «; may normally enhance its GTPase
activity and facilitate its reassociation with the inhibi-
tory Sy-subunit [49]. Such a mechanism could lead to an
increase, but not a decrease, in hormone-stimulated
cyclic AMP formation, as has been observed in S49
lymphoma cells [33,50]. It follows that, in intact
platelets, G; probably does not exert the tonic inhibitory
effect on adenylate cyclase observed in isolated mem-
branes and that PMA is likely to inhibit cyclic AMP
formation by effects on components of the adenylate
cyclase system other than G;. Inhibition of the action of
forskolin by PMA suggests that the latter affects the
function of the catalytic subunit of adenylate cyclase or
the stimulatory guanine-nucleotide-binding protein, G,
which is required for an optimal forskolin effect [51]. The
same mechanism could account for the initial inhibition
of the effect of PGE,, but the more potent action of PMA
on the activation of adenylate cyclase by PGD, suggests
an additional effect, perhaps at the receptor level, as
reported for the p-adrenergic receptor in various cell
types [29,30]. The failure of Jakobs ez al. [34,37,48] to
detect any inhibitory effects of PMA or protein kinase C
on the adenylate cyclase activities of isolated platelet
membranes could reflect selective dephosphorylation of
protein kinase C substrates, loss of unidentified soluble
factors or a dominant effect of phosphorylation of G;.

The transient peak in platelet cyclic AMP content
observed after addition of PGE, is a well-documented
phenomenon (e.g. [10]). This effect is not observed with
PGD, [52] or prostacyclin (W. Murphy & R. J. Haslam,
unpublished work), and is therefore agonist-specific and
independent of cyclic AMP formation. Previous work
[10] and measurements of the initial rates of cyclic
[BHJAMP accumulation in the presence of IBMX in this
study suggest that the activation of adenylate cyclase
rapidly falls after addition of PGE,. PMA blocked this
decrease in adenylate cyclase activity in addition to
inhibiting the immediate activation of the enzyme by
PGE,. The net effect at later incubation times was an
increase in cyclic [P HJAMP formation. Somewhat similar
observations have been made in hepatocytes, in which
PMA blocked both the activation of adenylate cyclase by
glucagon and glucagon desensitization [28,53]. Although
there is no evidence that PGE, can act on a second
receptor to stimulate protein kinase C, as reported for
glucagon [54], it is conceivable that a second receptor
inhibits adenylate cyclase by another mechanism.

In contrast with the effects of PMA on the activation
of adenylate cyclase in intact platelets, the attenuation of
the inhibitory effects of adrenaline and thrombin is
entirely consistent with previous observations on isolated
membranes [34,48], and may be accounted for by the
phosphorylation of the a;-subunit of G;. However, the
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Table 3. Effects of different aggregating agents and of PMA on the activation of protein kinase C in intact human platelets in the

absence and presence of increased cyclic AMP

These results are from the same experiment as that reported in Table 2, in which further details are given. Platelet protein was
analysed by SDS/polyacrylamide-gel electrophoresis and the 32P incorporated into P47 determined, as a measure of the
activation of protein kinase C. Values are means +5.E.M. from three separate incubations. The percentage increases in 2P in
P47 relative to the control with no additions other than DMSO are also given (means +S.E. of the quotient). Significant effects

are indicated (*P < 0.05; **P < 0.01, unpaired ¢ test).

Additions Increase in
32P in P47 32P in P47
5 min 6 min (c.p.m./sample) %)
DMSO None 212+17 -
PAF (1 uMm) 373430 76 +20%*
AVP (0.4 um) 319419 S1+15*
Thrombin (0.2 unit/ml) 454416 114+ 19%*
Thrombin (2 units/ml) 644+ 14 204 +25%*
Thrombin (5 units/ml) 700+ 66 230+41**
Adrenaline (5 uM) 227+31 7+17
PGE, + IBMX 178+ 15 —16+10
PGE, + IBMX +PAF (1 um) 221429 4+16
PGE, +IBMX+AVP (0.4 um) 212+23 0+13
PGE, + IBMX + thrombin (0.2 unit/ml) 247422 17+14
PGE, +IBMX + thrombin (2 units/ml) 578 +51 173 433**
PGE, + IBMX + thrombin (5 units/ml) 537+50 153431**
PGE, +IBMX + adrenaline (5 uM) 202+14 —5+10
Forskolin + IBMX 184+18 —13+11
Forskolin + IBMX + AVP (0.4 uM) 225427 6+15
Forskolin + IBMX + adrenaline (5 xM) 192+7 —9+8
PMA None 759427 2584+ 31**
PGE, +IBMX 684412 223426**
Forskolin + IBMX 576+ 44 172 4+30**

relative failure of PMA to block the inhibition of cyclic
[CH]JAMP formation caused by ADP is anomalous. The
inhibition of platelet membrane adenylate cyclase by
ADP has been shown to be GTP-dependent [11,55], but
the effect of pertussis toxin on this is unknown. Our
results suggest that the mechanism of inhibition of
platelet adenylate cyclase by ADP may differ from that
utilized by adrenaline.

The effects of PMA on both the stimulation of cyclic
AMP formation by PGE, and the inhibition of this by
adrenaline were reproduced by diC,, but not by the
biologically inactive PMA analogues, phorbol and
4a-PDD. Moreover, a close relationship was found
between these effects and the phosphorylation of the
47 kDa substrate of protein kinase C (P47). These
observations indicate that protein kinase C mediates
these actions of PMA, though there is no reason to
believe that P47 itself affects adenylate cyclase activity.
Studies on the effects of PM A on protein phosphorylation
in intact *?P-labelled platelets have identified many other
substrates of protein kinase C, including myosin light
chain [47] and various transmembrane glycoproteins
[56,57]. In the present study, we have noted major
increases in 3P incorporation into at least two
polypeptides in the 39-41 kDa range (P39-41). These
may include the 41 kDa a;-subunit of Gj;, which is
phosphorylated on incubation of platelet membranes
with protein kinase C [37]. In contrast with the above
findings, the weak stimulation of cyclic [PHJAMP
formation by diC, concentrations below those causing
inhibition was not associated with phosphorylation of

platelet proteins and is unlikely to be mediated by
protein kinase C. Ashby et al. [36] observed a more
marked stimulation of cyclic AMP formation by
1-oleoyl-2-acetylglycerol, which may represent the same
phenomenon.

The results confirm our previous observations that
AVP and PAF, which inhibit adenylate cyclase in
isolated platelet membranes, do not do so in intact
platelets [14,17]. However, the explanation of these
findings offered by Jakobs et al. [34], namely that these
agonists activate protein kinase C, and thus impair signal
transduction by G;, is not supported by our results. Thus
these agonists were only weak activators of protein
kinase C under experimental conditions that prevented
the formation or action of secondary mediators, such as
thromboxane A, and ADP. Moreover, in the presence of
PGE,, which is necessary for detection of any inhibition
of cyclic AMP formation, AVP and PAF were unable to
activate protein kinase C at all. This reflects the
well-documented inhibition of phospholipase C acti-
vation by agents that increase platelet cyclic AMP [1].
More complex results were obtained with thrombin. A
low concentration (0.2 unit/ml) that causes an optimal
GTP-dependent inhibition of adenylate cyclase in
membrane preparations [19] behaved identically with
AVP and PAF and did not inhibit cyclic [PTHJAMP
formation in intact platelets or activate protein kinase C
in the presence of PGE,. Higher thrombin concentrations
both inhibited cyclic P HJAMP formation and activated
protein kinase C. Our results suggest that this inhibition
of adenylate cyclase could consist of two components.
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First, thrombin may exert a direct effect through G; [19],
though this may be partially inhibited by the simul-
taneous activation of protein kinase C [37], and second,
thrombin may inhibit adenylate cyclase through protein
kinase C. This would explain why PMA was less effective
in blocking inhibition caused by thrombin than that
caused by adrenaline.

We have previously noted that many agonists that
activate platelet phospholipase C seem unable to inhibit
adenylate cyclase in intact human platelets, despite their
ability to do so in membrane preparations [17]. The
present results show that this generalization breaks down
in the case of high, though not low, thrombin
concentrations, suggesting that the strength of the
stimulus may be an important factor in determining the
effector system that is activated. In a study by McGowan
& Detwiler [20], this difference was not observed, but
chymotrypsin treatment of platelets was found to block
the inhibition of cyclic AMP formation by thrombin, but
not the activation of phospholipase C or protein kinase
C. Moreover, y-thrombin exerted the same effects as we
obtained with low concentrations of a-thrombin. As
discussed previously [17], at least two explanations of our
results and of the similar findings of McGowan &
Detwiler [20] are possible. Distinct receptor subtypes
could mediate the stimulation of phospholipase C and
inhibition of adenylate cyclase, as suggested for thrombin
[20], in which case a mechanism must exist for the
selective inactivation of the latter pathway in intact
platelets. Alternatively, a single receptor type could
interact preferentially with the adenylate cyclase effector
system in isolated membranes and with the phospholipase
C effector system in the intact cells. There is increasing
support for the view that different guanine-nucleotide-
binding proteins mediate the inhibition of adenylate
cyclase and activation of phospholipase C in platelets
[58-60], but little compelling evidence for distinct
receptor subtypes that could mediate these effects
[14,17,20]. We therefore propose that, in the intact
platelet, the receptors for PAF, AVP and thrombin may
interact preferentially with the G-protein that activates
phospholipase C and that only when large numbers of
receptors are occupied by a full agonist is G; also
activated. This hypothesis is consistent with our present
observations and could explain why high thrombin
concentrations, but neither low concentrations nor
y-thrombin, can inhibit adenylate cyclase in intact
human platelets. This view is also supported by the
finding that PAF does inhibit adenylate cyclase in intact
rabbit platelets [61], which possess many more PAF
receptors than do human platelets [62].

This work was supported by a grant (MT-5626) from the
Medical Research Council of Canada.
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