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The relationship between platelet calpain-activity and platelet procoagulant-activity was investigated by 
comparison of the time course of their generation after platelet stimulation by calcium ionophore A23187, or 
by the combined action of collagen and thrombin, or during exposure of platelets to the local anesthetics 
dibucaine or tetracaine. In addition, the Ca 2+ dose-response curves of both activities in intact platelets, 
obtained by stimulation with A23187 in the presence of Ca2+/HEDTA-buffers ,  were compared. Platelet 
procoagulant activity was determined by assaying for prothrombinase activity in the presence of saturating 
concentrations of factors Xa, Va, and prothrombin. Platelet calpain activity was monitored by the degrada- 
tion of its major substrates (filamin, talin, myosin) and the formation of their fragments as judged from 
protein patterns after gel electrophoresis. Platelet stimulation by A23187 resulted in a fast increase in 
prothrombinase activity, reaching its maximum level after about 20 seconds. Filamin and talin were 
completely hydrolysed within 15 s, and myosin was partly degraded between 15 and 30 s after platelet 
activation. When platelets were activated by collagen plus thrombin, prothrombinase activity was generated 
with a sigmoid time course, the steepest increase being observed between 1 and 2 min after platelet 
activation. Proteolysis of filamin and talin occurred between 0.5 and 1.5 min after platelet activation, while 
degradation of myosin became visible after 2 to 2.5 min. Dibucaine and tetracaine were both found to be 
potent stimulators of prothrombinase activity, with half-maximal activities obtained at 0.7 and 2.8 mM, 
respectively. Using suboptimal concentrations of both local anesthetics, it was found that the generation of 
prothrombinase activity closely paralleled that of calpain activity over a time course of 1 hour. Ca 2 + titration 
of intact platelets using A23187 and C a 2 + / H E D T A  buffers, revealed half-maximal response at about 15 
/xM free Ca 2+ for both calpain and prothrombinase activity. These findings strongly suggest a causal 
relationship between generation of a procoagulant platelet surface and calpain-mediated degradation of 
filamin, talin, and myosin. Since an increased procoagulant activity reflects an increased exposure of 
phosphatidylserine at the platelet outer surface, the present findings suggest that platelet cytoskeletal 
proteins are involved in the regulation of membrane lipid asymmetry. 

Correspondence: P.F.J. Verhallen, Department of Biochem- 
istry, University of Limburg, P.O. Box 616, 6200 MD 
Maastricht, The Netherlands. 

0005-2736/87/$03.50 c~ 1987 Elsevier Science Publishers B.V. (Biomedical Division) 



Introduction 

One of the responses that platelets display upon 
activation is the generation of a procoagulant 
surface at the outside of the plasma membrane 
[1-4]. This procoagulant surface greatly, enhances 
the rate of two important sequential reactions in 
the coagulation cascade: the activation of factor X 
by a complex of factor IXa and factor Villa, and 
the activation of prothrombin by a complex of 
factor Xa and factor Va (the prothrombinase com- 
plex) [4]. The major determinant of platelet pro- 
coagulant activity is the membrane phospholipid 
phosphatidylserine, which upon activation be- 
comes exposed at the outer surface of the platelet 
plasma membrane as a result of a transbilayer 
movement of phospholipids [4-6]. 

The agonist-pattern of platelet procoagulant ac- 
tivity [6] is different from any other platelet re- 
sponse: collagen is the only single physiological 
agonist able to significantly increase platelet pro- 
coagulant activity. Higher stimulation of platelet 
procoagulant activity is achieved by the combined 
action of collagen and thrombin. The most potent 
stimulator of platelet procoagulant activity, how- 
ever, is the calcium-ionophore A23187, indicative 
for the importance of increased cytosolic Ca 2÷ 
levels in this response. Investigation of the protein 
pattern from platelets activated by different 
agonists showed a strong correlation between the 
extent of expression of platelet procoagulant activ- 
ity and the extent of proteolysis of cytoskeletal 
proteins by calpain * [7]. 

In view of findings that interactions between 
membrane-skeletal proteins and anionic phos- 
pholipids may stabilize membrane lipid asymme- 
try in erythrocytes [8-12], it has been suggested 
that calpain-mediated degradation of cytoskeletal 
proteins may be a prerequisite for the loss of 

* The name calpain (EC 3.4.22.17) is used for the ubiquitous 
Ca2÷-dependent neutral thiol-protease [82], originally de- 
scribed in platelets by Phillips and Jakabova [24]. The 
platelet protein known as P235 is named talin, in accordance 
with the demonstrated similarity between P235 and talin 
[27,28]. The name filamin [83] is used for ABP (platelet 
actin-binding-protein, M r 250000), considering their identi- 
cal properties [25] and immunochemical cross-reactivity [84]. 
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membrane lipid asymmetry which occurs during 
the expression of platelet procoagulant activity [7]. 

In order to substantiate this suggestion, the 
correlation between stimulation of calpain-activity 
and stimulation of platelet procoagulant activity 
was further explored by investigation of their 
time-response relationship after platelet activation 
by collagen plus thrombin, by A23187, and by 
exposure of platelets to the local-anesthetics di- 
bucaine or tetracaine, which have been reported to 
activate platelet calpain [13-15]. Furthermore, the 
Ca 2+ response relationship of both activities was 
investigated, using Ca 2+ buffers and A23187 to 
equilibrate extra- and intra-cellular free Ca 2 +. 

Materials and Methods 

Blood coagulation factors Va, Xa, prothrombin 
and thrombin were isolated and purified accord- 
ing to Rosing et al. [16]. Collagen type I from 
equine tendon was obtained from Hormon Chemie 
(Munich, F.R.G.). The thrombin-specific chromo- 
genic substrate, $2238 (H-D-phenylalanyl-L- 
pipecolyl-L-arginine-p -- nitroanilide dihydrochlo- 
ride), was purchased from Kabi Diagnostica 
(Stockholm, Sweden). Dibucaine-HC1 and tetra- 
caine-HC1 were from ICN Pharmaceuticals (New 
York, U.S.A.) and from Sigma (St. Louis, U.S.A.), 
respectively. Ionophore A23187 was obtained from 
Calbiochem-Hoechst  (San Diego, U.S.A.). 
H E D T A  (N-hydroxyethylenediaminetr iacet ic  
acid) was purchased from Sigma (St. Louis, 
U.S.A.). Other (bio)chemicals were of the highest 
grade commercially available. 

Platelet isolation. Human platelets were isolated 
from freshly drawn blood as described previously 
[17]. Washed platelets were resuspended in a 
calcium-free buffer at pH 7.5, containing 10 mM 
Hepes (4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid), 136 mM NaC1, 2.7 mM KC1, 2 mM 
MgC12, 5 mM glucose and 0.1% fatty acid free 
human serum albumin (Hepes buffer). Platelet 
concentration was adjusted to approx. 108 m1-1, 
using a Coulter Counter. Platelet lysis was 
determined by measuring lactate dehydrogenase 
activity in a 12000 × g supernatant according to 
Wroblewski and La Due [18]. 

Assay of platelet procoagulant activity. Platelet 
procoagulant activity was determined essentially 
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as described by Rosing et al. [4], by assaying for 
prothrombinase activity under conditions at which 
the procoagulant surface is rate limiting. The as- 
say was carried out at 37°C in Hepes buffer 
under continuous stirring (300 rev . /min) .  To 
monitor the generation of prothrombinase activity 
after stimulation by collagen plus thrombin or 
A23187, factor Xa, factor Va, and CaCI 2 were 
added to prewarmed Hepes buffer 45 s before the 
start of the assay. 15 s later A23187 or collagen 
plus thrombin were added. Prothrombin was added 
15 s before the assay was started by addition of 
platelets. Final concentrations: factor Xa 3 nM, 
factor Va 6 nM, prothrombin 4/~M, CaC12 3 mM, 
A23187 1 /xM, collagen 10 /~g/ml, thrombin 4 
nM, platelets 5 . 1 0  6 m1-1. After various time-in- 
tervals, the prothrombin-activation was arrested 
by diluting an aliquot of the assay mixture into a 
cuvette containing a buffer composed of 50 mM 
Tris-HCl, 100 mM NaC1, 2 mM EDTA (pH 7.5). 
Thrombin activity was determined spectrophoto- 
metrically at 405 nm, after addition of chromo- 
genic substrate $2238 to a final concentration of 
150 I~M. The amount of thrombin formed was 
calculated from the change in absorbance per 
minute, using a calibration curve made with ac- 
tive-site titrated thrombin. 

The time-dependent effect of dibucaine and 
tetracaine on platelet procoagulant activity was 
followed by assaying a subsample for pro- 
thrombinase activity after dilution to 5 .  ]_0 6 

platelets per ml. Platelets were incubated with 
local anesthetics at a count of 1.]_08 m1-1. 
Thrombin formation was measured one minute 
after the addition of the subsample to the assay 
mixture containing factor Xa, factor Va, pro- 
thrombin, and CaC1 z in Hepes buffer, as described 
for collagen plus thrombin and A23187. 

Calcium titration of prothrombinase activity. All 
Ca2+-titrations were carried out at 37°C in a 
magnesium-free H E D T A / C a  2+ buffer (10 mM 
Hepes, 120 mM NaC1, 3 mM KC1, 5 mM glucose, 
30 mM HEDTA, various amounts of CaC12 (pH 
7.4)), at a platelet count of 2 .108 m1-1 and under 
cont inuous stirring. An apparen t  K a for 
H E D T A / C a  2+ of 1.9.10 - 6  M was determined 
under the same conditions as used for the C a  2+ 

titrations by computer-fitting of the titration curve, 
obtained when a Ca 2 + solution of known titer was 

titrated with a H E D T A  solution, using a Ca 2+- 
selective electrode and a recording automatic titra- 
tor (Radiometer, Copenhagen, Sweden; type 
F2110Ca and RTS-system, respectively). The free 
Ca 2+ concentration of the various Ca 2+ buffers 
was calculated using the apparent  K o for 
H E D T A / C a  2+, and was verified with the Ca 2+- 
selective electrode. It was found that the Ca 2+- 
buffering capacity of the employed H E D T A / C a  2 + 
buffer was sufficient to maintain applied extracell- 
ular free Ca 2+ concentrations when platelets were 
challenged with A23187, over the whole range of 
extracellular free Ca 2+. 

The C a  2 + dose-response relationship of platelet 
procoagulant activity was determined as follows: 1 
min after addition of 1 vol. platelets (suspended in 
50 mM Hepes buffer (pH 7.4) at 2 .109 ml 1) to 9 
vol. H E D T A / C a  2+ buffer, A23187 was added 
from a stock solution in DMSO to a final con- 
centration of 0.3 #M (final DMSO concentration: 
0.5%). Platelets were left to equilibrate with 
extracellular free Ca z+ for 5 min at 37°C under 
continuous stirring. Then formaldehyde was added 
to a final concentration of 300 mM. After 5 min a 
sample was taken and diluted into Hepes buffer 
containing 1% fatty acid-free human serum al- 
bumin and 3 mM Ca 2+ to a platelet count of 
5 • 1 0  6 ml-1. Prothrombinase activity was assayed 
by determination of the amount of thrombin 
formed in one minute, after the addition of factor 
Xa, factor Va, and prothrombin. 

The fixation of platelets after equilibration with 
the Ca 2+ buffer is necessary to prevent post- 
activation of procoagulant activity by 
A23187-mediated entry of Ca 2+, which has to be 
present at millimolar concentrations during the 
prothrombinase assay for functional binding of 
the prothrombinase complex to a procoagulant 
surface. It was found that residual formaldehyde, 
present during the prothrombinase assay, inhibited 
prothrombinase activity by some 50%. This inhibi- 
tion, however, was independent of the extent of 
prothrombinase activity itself, and independent of 
the free C a  2 concentration of the Ca 2+ buffer. 

Determination of calpain activity by gel electro- 
phoresis. For proper correlation of calpain activity 
with prothrombinase activity, the same batch of 
platelets was used for both determinations 
throughout  all experiments.  Genera t ion  of 
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calpain-activity after platelet stimulation by 
A23187 or collagen plus thrombin was monitored 
at a higher platelet count than used for the pro- 
thrombinase assay, for practical reasons. The pro- 
tein patterns were found not to be affected by the 
increased platelet count. 

At 37°C, under continuous stirring, washed 
human platelets were added to human serum al- 
bumin-free Hepes-buffer containing 3 mM CaC12 
and the stimulators. After various time-intervals 
calpain-activity was arrested by addition of an 
equal volume of Hepes buffer (pH 6.6) containing 
2 mM mersalylic acid, 2 mM phenylmethane- 
sulfonyl fluoride (PMSF), 2 mM benzamidine and 
20 mM EGTA. After collection of platelets by 
centrifugation at 5000 × g for 5 min in the pres- 
ence of 15% ACD (acid/ci t rate/dextrose:  180 
mM glucose, 80 mM trisodium citrate, 52 mM 
citric acid), gel samples were prepared by dissolv- 
ing the platelet pellet to a concentration of 2 .109 
m1-1 in sample buffer (62.5 mM Tris-HC1, 2% 
SDS, 10% glycerol, 3% mercaptoethanol, 0.005% 
bromophenol blue, 10 mM EGTA, 1 mM PMSF, 
1 mM benzamidine, 1 mM mersalylic acid). 
Routinely all samples were boiled for 5 min before 
application to the gel. Disc electrophoresis was 
performed according to Laemmli [19], using 6-12% 
gradient polyacrylamide slab gels with a 3% poly- 
acrylamide stacking gel. Gels were stained with 
Coomassie brilliant blue. 

Generation of calpain activity during incuba- 
tion of platelets (108 m1-1 in Hepes buffer) with 
dibucaine or tetracaine, was followed by arresting 
and processing subsamples taken after various time 
intervals, as described for A23187 and collagen 
plus thrombin. 

The effect of extracellular free Ca 2 ÷ concentra- 
tion on platelet calpain activity was determined by 
equilibration of washed platelets with various 
H E D T A / C a  2÷ buffers in the presence of 0.3/xM 
A23187, as described for the determination of 
prothrombinase activity. After 10 min platelets 
were arrested and processed as described for col- 
lagen plus thrombin. 

Results 

Generation of calpain activity and prothrombinase 
activity by A23187 

The Ca2+ionophore A23187, in the presence of 

extracellular Ca 2+, is a very potent stimulator of 
platelet procoagulant activity: within one minute 
full activity is already expressed [20]. In order to 
monitor the generation of prothrombinase activity 
on such a short time-scale, platelets were activated 
in the presence of all components of the pro- 
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Fig. 1. Generation of prothrombinase activity (A) and calpain 
activity (B) by A23187. (A) Generation of prothrombinase 
activity (o) was reconstructed from the time course of throm- 
bin formation (A) by determination of the slope of its tangent 
at different time points. Prothrombinase activity was assayed 
as described in the methods, with the exception that factor Xa 
and factor Va were present at 15 and 30 nM, respectively. (B) 
Washed human platelets, at 1.108 ml-1, were stimulated by 1 
~M A23187. Calpain activity is monitored after gel elec- 
trophoresis by the appearance of fragment 1 (from filamin and 
talin), fragment 2 (from myosin), fragment 3 (from filamin), 
and fragment 4 (from talin). The fragments are indicated at the 
right by numbered arrows. At the left the major cytoskeletal 
proteins are identified. The data shown are taken from a 

representative experiment. 
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thrombinase complex, and samples were taken 
every 5 s to determine the amount of thrombin 
formed. In this way a time course of thrombin 
formation was obtained which initially increases 
exponentially and then gradually develops into a 
straight line (Fig. 1A), reflecting the generation of 
prothrombinase activity to a constant level. Since 
this curve represents the time course of thrombin 
formation, the actual rate of thrombin formation 
(prothrombinase activity) at any time is reflected 
by the tangent of the curve at that time point. In 
this way the data were recalculated as pro- 
thrombinase activity relative to the final level (fig. 
1A). It was found that upon activation of platelets 
with A23187, prothrombinase activity is increased 
without any obvious delay and almost in a linear 
fashion, to reach its maximum level after about 20 
S. 

A complicating factor in the determination of 
prothrombinase activity on such short time scales, 
is the non-zero assembly time needed for the 
components of the prothrombinase complex to 
form a functional unit on the procoagulant surface. 
To overcome this problem, high concentrations of 
factor Xa and factor Va were applied (15 and 30 
nM, respectively). It was found that under these 
conditions the assembly-time was negligible. 

Platelet calpain activity was monitored by the 
degradation of its major substrates and the forma- 
tion of their fragments as judged from protein 
patterns obtained after polyacrylamide gel electro- 
phoresis of reduced protein samples. The major 
substrates of calpain are the cytoskeletal proteins 
filamin, talin, and myosin [7,13, 21-24]. The major 
degradation products are found at 190 kDa (frag- 
ment 1, derived from filamin [25,26] and talin 

Fig. 2. Generation of prothrombinase activity and calpain 
activity by the combined action of collagen plus thrombin. 
Development of prothrombinase activity and calpain activity 
was followed after platelet activation by collagen (10 p.g/ml)  
plus thrombin (4 nM), either in the presence of 3 mM  Ca 2+ 
(A, e ;  B), or after addition of 4 m M  Ca 2+ to platelets 
previously activated with collagen plus thrombin for 5 minutes 
in the presence of 1 m M  EGTA (A, m; C). The lane identified 
by control (C) refers to untreated platelets. Incubations for gel 
electrophoresis were performed at a platelet count of 5-107 
ml - ] .  Reference arrows aside the protein patterns are ex- 
plained in Fig. 1. The data shown are taken from a representa- 
tive experiment. Experimental details are outlined in Materials 

and Methods. 

[25,27-29]), at 135 kDa (fragment 2, originating 
from myosin [7,30,31]), at 93 kDa (fragment 3, 
coming from filamin [25,26]), and at 48 kDa (frag- 
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ment 4, produced from talin [25,27-29]). When 
platelets are activated by A23187 in the presence 
of 3raM extracellular Ca 2÷, calpain activity is 
already evident after about 10 s (Fig. 1B). Filamin 
and talin are most rapidly degraded the next 5 s, 
followed by proteolysis of myosin. 

When the generation of platelet procoagulant 
activity and calpain activity after stimulation by 
A23187 are compared, it is obvious that filamin 
and talin are completely degraded when half-max- 
imal prothrombinase activity is reached, while 
myosin degradation becomes apparent at maximal 
prothrombinase activity. 

Generation of calpain activity and prothrombinase 
activity by the combined action of collagen plus 
thrombin 

Upon stimulation of washed platelets by both 
collagen and thrombin in the presence of Ca 2÷ 
and the factors of the prothrombinase complex, 
platelet procoagulant activity developed slowly 
during the first minute, followed by a steep in- 
crease between 1 and 2 min after platelet stimula- 
tion, and gradually levelling off after 2 to 4 min 
(Fig. 2A). At this time scale the assembly time of 
the prothrombinase complex was not rate limiting. 

Development of calpain activity was judged by 
the appearance of fragment 1 and fragment 2 (Fig. 
2B). Most of fragment 1 was produced between 
0.5 and 1.5 min after platelet stimulation, while 
fragment 2 appeared only faintly at about 2 min. 
Clearly, the degradation of filamin and talin by 
calpain coincides with the initial phase of genera- 
tion of prothrombinase activity when platelets are 
stimulated by collagen plus thrombin. 

Previously we have shown that when platelets 
are challenged with collagen plus thrombin in the 
presence of EDTA, proteolysis of cytoskeletal pro- 
teins by calpain does not occur [7]. Based on this 
observation we investigated the generation of both 
calpain and procoagulant activity after the ad- 
dition of millimolar Ca 2÷ to platelets incubated 
with collagen plus thrombin for 5 min in the 
presence of 1 mM EGTA (Fig. 2A). It was found 
that immediately after the addition of Ca 2÷, the 
prothrombinase activity steeply increased to its 
maximum level in 1.5 min, while partial proteoly- 
sis of filamin and talin occurred during the first 20 
s after the addition of Ca 2÷ (Fig. 2C). 
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Fig. 3. Dose-dependent stimulation of prothrombinase activity 
by the local anesthetics dibucaine (O) or tetracaine (m). Plate- 
lets (5-10 6 m1-1) were challenged with the local anesthetics 
for 10 min before prothrombinase activity was determined 1 
min after addition of the components of the prothrombinase 

complex, as described in Materials and Methods. 

Generation of calpain activity and prothrombinase 
activity by local anesthetics 

To further explore the relationship between 
platelet calpain activity and procoagulant activity 
the local anesthetics dibucaine and tetracaine were 
employed. These agents seemed especially attrac- 
tive, since they were reported to activate calpain 
[13-15], while they inhibit platelet aggregation 
and secretion [32]. First, their ability to generate 
platelet procoagulant activity was investigated at 
various concentrations. It was found that both 
dibucaine and tetracaine were potent stimulators 
of prothrombinase activity (Fig. 3). Dibucaine was 
4-5-times more potent than tetracaine. Above 1 
mM dibucaine or 3.5 mM tetracaine, measure- 
ments became unreliable as a result of consider- 
able platelet lysis. Below these concentrations no 
significant lysis occurred. 

To compare the generation of calpain activity 
and procoagulant activity by the local anesthetics, 
platelets were incubated with a suboptimal dose of 
dibucaine or tetracaine. In the presence of 0.5 mM 
dibucaine, platelet prothrombin-converting activ- 
ity was raised to a maximum level within 45 min, 
with most of the increase after the first 10 min 
(Fig. 4A). When samples, taken from the same 
incubation, were investigated for calpain-activity 
(Fig. 4B), it was found that between 10 and 50 
min after the addition of dibucaine, cytoskeletal 
degradation develops to its maximum level. This 
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t ime course coincides  with that  of  the genera t ion  
of  p la te le t  p rocoagu lan t  act ivi ty  by  d ibucaine .  
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When  pla te le ts  were incuba ted  with 2 m M  tetra-  
caine,  a s imilar  cor re la t ion  as with d ibuca ine  was 
observed  be tween the genera t ion  of  ca lpa in  activ- 
i ty and  p r o t h r o m b i n a s e  activity,  on a t ime scale of 
one  hour  (not  shown). 

Incuba t ion  of  washed pla te le ts  with 1 m M  di- 
buca ine  for 10 minutes  in the presence of  1 m M  
E G T A  did  not  result  in inhib i t ion  of  pro-  
t h rombinase  act ivi ty  (not  shown), while cyto-  
skeletal  deg rada t ion  by  ca lpa in  was only mod-  
era te ly  inhibi ted,  in compar i son  to a s imilar  in- 
cuba t ion  in the presence of  1 m M  Ca 2 ÷ (Fig. 4C). 
W h e n  pla te le ts  were lysed by  sonica t ion  in the 
presence of  E G T A ,  subsequent  add i t ion  of 1 m M  
dibuca ine  d id  not  p roduce  any degrada t ion  of  
cy toskele ta l  p ro te ins  (not  shown). Therefore,  
ac t iva t ion  of  p la te le t  ca lpa in  by  local anesthet ics  
is not  dependen t  on extracel lular  Ca  2 +, and  is not  
a result  of direct  in te rac t ion  with calpain.  

Ca 2 + dose-response relationship of the stimulation 
of calpain activity and procoagulant activity 

To gain add i t iona l  suppor t  for a causal  rela- 
t ionship  be tween ca lpa in  act ivi ty  and p rocoagu-  
lant  activity,  the response  to the level of in t racel lu-  
lar  free Ca 2÷ of bo th  activit ies was examined  by  
s t imula t ion  of  washed pla te le ts  with A23187 (0.3 
/aM), in the presence of  C a 2 + / H E D T A  buffers  at 
var ious  free Ca z+ levels. 

The  dependence  on free Ca 2÷ of the genera t ion  
of  p la te le t  p rocoagu lan t  activity,  is shown in Fig. 
5A. It  was found that  p ro th rombinase  act ivi ty  
increased slowly upon  rais ing free Ca 2 ÷ f rom sub-  

Fig. 4. Generation of prothrombinase activity and calpain 
activity by dibucaine. The effect of dibucaine (0.5 mM) in the 
presence of 3 mM Ca 2+ on the development of pro- 
thrombinase activity and calpain activity is shown in panel A 
and panel B, respectively. Panel C shows the effect of 1 mM 
EGTA on the stimulation of calpain by 1 mM dibucaine for 10 
min (lane: + EGTA), in comparison with a similar stimulation 
in the presence of 1 mM Ca 2÷ (lane: +Ca 2+ ), and in com- 
parison with untreated platelets (control lane). The data shown 
are taken from a representative experiment. (A) Pro- 
tbrombinase activity was assayed after dilution to 5.106 pl/ml, 
as described in Materials and Methods. Untreated platelets 
retained a constant basal level of prothrombinase activity 
throughout the incubation-period. (B,C) Reference arrows aside 
the protein patterns are explained in Fig. 1. Samples for gel 
electrophoresis were prepared as outlined in Materials and 

Methods. 
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Fig. 5. Ca 2 + dose-response relationship of platelet prothrombinase activity (A) and calpain activity (B). Washed human platelets, at a 
concentration of 2-108 ml l, where challenged with 0.3 /~M A23187 in the presence of 30 mM HEDTA/Ca 2÷ buffer. Pro- 
thrombinase activity was determined after fixation with formaldehyde and dilution to 5-106 platelets per ml. Protein samples were 
prepared after arrest of calpain activity by addition of surplus EGTA and protease inhibitors. The data shown in (A) are the mean ot 
the three experiments. The data shown in (B) are taken from a representative experiment. Experimental details are described in 

Materials and Methods. 

micromolar levels. Between 5 and 30 /~M free 
Ca 2+, prothrombinase activity developed with a 
steep increase. Half-maximal activity was ob- 
tained at 15 /~M free Ca 2+. Beyond 30 ~tM free 
Ca 2+, prothrombinase activity gradually leveled 
off to reach maximal activity at 100 /tM free 
Ca 2 +. 

Investigation of calpain activity over the same 
range of free extracellular Ca 2+ levels (Fig. 5B), 
led to the following observations: (i) Hydrolysis of 
filamin and talin already starts at submicromolar 
levels of free Ca 2 + as evidenced by the appearance 
of fragment(s) 1 and fragment 3. Major degrada- 
tion of filamin and talin takes place going from 10 
to 20 /zM free Ca 2+, and between 20 to 25 /~M 
free Ca 2+ all filamin and talin are degraded. (ii) 
Hydrolys is  of heavy-chain  myosin  rapidly 
increases just above 10 /~M free Ca 2+, as judged 
f rom the appearance of fragment 2. Between 20 to 
30 /~M free Ca 2+ myosin degradation is com- 
pleted. (iii) In addition to the changes in the 
protein pattern with regard to the major cyto- 
skeletal proteins filamin, talin, and myosin, several 
other proteins are affected by CaZ+-dependent 
proteolysis. Noteworthy is the decrease in inten- 
sity of a protein band corresponding to the posi- 
tion of a-actinin (105 kDa), especially when free 
Ca 2+ is raised above a level of 20 #M. Other 

Ca2+-dependent changes in the protein pattern 
involving unidentified proteins are decreased 
bands corresponding to 170, 160, 130, 83, 75, 69, 
and 56 kDa, and new protein fragments at 140, 
135, 125, 120, and 90 kDa  (Fig. 5B). At all free 
Ca 2+ levels the extent of protein degradation ob- 
tained after 15 min exposure to A23187 did not 
differed from those obtained after 5 min treatment 
with ionophore. Platelet lysis was insignificant at 
all Ca 2+ concentrations. Generalizing, the most 
dramatic increase in Ca2+-dependent proteolysis 
of platelet proteins is observed between 15 and 25 
/LM free Ca 2+. This level is quite similar to that at 
which half maximal activity of prothrombinase is 
observed. 

Discussion 

The experiments presented in this study dem- 
onstrate that platelet calpain activity and pro- 
coagulant activity are closely related phenomena 
with regard to the time course of their develop- 
ment after stimulation of platelets with A23187 or 
collagen plus thrombin, or after exposure of 
platelets to the local anesthetics dibucaine or te- 
tracaine. This parallel generation covers a time 
scale ranging from less than half a minute to one 
hour. The similarity between the Ca 2 +-dependence 
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of prothrombinase activity and calpain activity 
further strengthens their relationship. 

The local anesthetics dibucaine and tetracaine 
appeared to be convenient agents to investigate 
the relationship between platelet procoagulant ac- 
tivity and calpain activity, since they were already 
known to stimulate calpain [13-15]. We found 
that local anesthetics are also able to stimulate 
platelet prothrombinase activity, supporting a 
finding by Peerschke [33] who used a clotting 
assay. The simultaneous stimulation of platelet 
prothrombinase activity and calpain activity by 
the local anesthetics strongly supports the notion 
that these two platelet processes are causally 
related. 

It is generally observed that local anesthetics 
are inhibitors of other platelet activation phenom- 
ena [32,34-37]. More specifically, it has been 
shown that they inhibit phospholipase A 2 [38,39] 
and protein kinase C [40,41]. Therefore, the use of 
local anesthetics implicates that many processes 
normally involved in platelet activation (protein 
phosphorylation, arachidonate metabolism, secre- 
tion, aggregation) are not obligatory involved in 
the expression of platelet procoagulant activity. In 
fact, these implications have already been deduced 
from earlier experiments [42,43]. 

The potent effect of Ca2+-ionophore A23187 
both on calpain activity and on prothrombinase 
activity, suggests that extracellular Ca 2+ may be 
required for both activities to develop. The role of 
extracellular Ca 2+ is also obvious from the dif- 
ference between the time course of development of 
prothrombinase activity of platelets triggered by 
collagen plus thrombin in the presence of Ca 2+, 
and of platelets to which Ca  2+ was  added after 
previous activation by collagen plus thrombin in 
the presence of EGTA. In the second situation 
prothrombinase activity steeply increased im- 
mediately after the addition of Ca 2+, while in the 
first situation such a steep increase is only ob- 
served after a lag phase of about 1 min. From 
these observations it is concluded that the entry of 
extracellular Ca 2+ is an obligatory step in the 
generation of platelet procoagulant activity by col- 
lagen plus thrombin, and that the influx of this 
extracellular Ca 2+ is enabled only after a delay of 
approximately 1 min. 

In contrast, the stimulatory effect of local 

anesthetics on calpain activity was independent of 
the presence of extracellular EGTA, and was not a 
result of direct activation of calpain. Therefore, 
Ca 2+ must have been released from intracellular 
sources, though influx of extracellular Ca 2+, if 
present, may also occur [33]. Most likely, this 
intracellular source is membrane-bound Ca 2+, or 
more specifically lipid-bound Ca 2+ being dis- 
placed by dibucaine or tetracaine [44 46]. 

Quantitative information about the levels of 
cytosolic free Ca 2+ can be obtained from the 
Ca2+-titrations of platelet calpain activity and 
procoagulant activity, which both display the 
major increase at 10 to 15 #M free extracellular 
Ca 2+. The reliability of this information is based 
on the assumption that 0.3/~M A23187 will effi- 
ciently and accurately equilibrate cytosolic free 
Ca 2+ with extracellular free Ca 2+. The validity of 
that assumption could not be assessed directly by 
measurements of the cytosolic level of free Ca 2+ 
by quin2 or Fura2, since the binding constants for 
C a  2+ of these fluorescent chelators do not allow 
accurate determination of free Ca 2 + levels greater 
than 1 or 2 micromolar [47-49]. Jy and Haynes 
[50] used a low concentration of A23187 (0.5/~M) 
and a C a / E G T A  buffer system to manipulate 
cytosolic free Ca  2+. Using quin2 they found that 
cytosolic free Ca 2 + reflected extracellular free Ca 2 + 
only in the range around the K a of quin2. In our 
experiments, accurate equilibration of cytosolic 
and extracellular free Ca 2+ is suggested by the 
abundant transport capacity of A23187 as docu- 
ment by the fast rise of calpain activity observed 
after addition of A23187 to platelets. In addition, 
half-maximal activity of calpain is observed at 
about 15 #M free Ca 2+, as estimated from the 
protein patterns. This value is in excellent agree- 
ment with values obtained with purified calpain-I. 

Platelets are known to contain two isomers of 
calpain, calpain-I which is active at micromolar 
levels of free Ca 2+ [22,25,51-54], and calpain-II 
which is active at millimolar levels of free Ca 2+ 
[22,26,55]. Halfmaximal activity of calpain-I is 
obtained at free C a  2+ levels ranging from 1 to 25 
micromolar. Our experiments with intact platelets 
revealed Ca2+-dependent cytoskeletal degradation 
with halfmaximal activity at about 15 ~M free 
Ca 2+ as estimated from the protein patterns, sup- 
porting the notion that Calpain-I is the major 
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calcium-dependent protease in human platelets 
[221. 

A peculiar finding, especially with regard to the 
C a  2 + titration of calpain activity in intact platelets 
is that degradation of cytoskeletal proteins stabi- 
lized within 5 min. It has been published that, 
upon stimulation, calpain is subject to autolysis of 
its heavy subunit [56], also in platelets [25], result- 
ing in a reduction in molecular weight of the 
catalytic subunit. In addition it was observed that 
upon exposure to free Ca 2+, platelet calpain be- 
comes very labile [53]. Therefore we assume that 
the termination of calpain activity in intact plate- 
lets within 5 min is due to autolysis, rendering 
calpain inactive. Another explanation could be 
that activated calpain becomes susceptible to in- 
hibition by its endogenous inhibitor, calpastatin 
[57], also present in platelets [52]. 

The Ca 2 + dependence of prothrombinase activ- 
ity would suggest that collagen plus thrombin 
raise cytosolic free Ca 2+ to 10-15/,M. Activation 
of platelets by thrombin has been observed to 
result in cytosolic free C a  2+ levels ranging from 1 
to 6/~M as reported by quin2 [58-62] and Fura2 
[63], or ranging from 7 to 12 /,M as reported by 
aequorin [60,61]. Activation of platelets by col- 
lagen has been shown to elevate cytosolic free 
Ca 2+ levels to about 2/*M as monitored by quin2 
[61], or to levels ranging from 3 to 7 /*M as 
reported by aequorin [61,64]. Studies with electri- 
cally permeabilized platelets indicated that Ca 2+- 
stimulated serotonin release is maximal at about 
10 /,M free C a  2+ [65,66]. Taking these sum- 
marized data into account, a level of 10 to 15/ ,M 
cytosolic free Ca 2+, resulting from stimulation of 
platelets by collagen plus thrombin, seems feasible 
considering the synergistic action of both potent 
platelet stimulators. 

The close relationship between calpain activity 
and prothrombinase activity with regard to time 
course of development as well as Ca 2+ require- 
ment is consistent with a previous study by Com- 
furius et al. [7]. They found the same order of 
potency for various platelet stimulators to evoke 
procoagulant activity and calpain-induced cyto- 
skeletal breakdown. Extensive studies have dem- 
onstrated that prothrombinase activity reflects the 
presence of phosphatidylserine at the outer surface 
of the platelet plasma membrane [4,6,43,67]. The 

present findings may therefore be interpreted as a 
relationship between exposure of phosphati- 
dylserine and cytoskeletal degradation by calpain. 

In erythrocytes a similar relationship between 
the loss of cytoskeletal integrity and the loss of 
asymmetric transbilayer distribution of phos- 
phatidylserine is amply documented [8-11,68-70]. 
The major cytoskeletal protein of erythrocytes, 
spectrin, is thought to interact with anionic phos- 
pholipids [71-73], contributing to the mainte- 
nance of their asymmetric transbilayer distribu- 
tion [12]. In addition, transbilayer reorientation of 
phosphatidylserine is thought to involve the for- 
mation of particular sites in the membrane, at 
which phosphatidylserine can take part in fast 
transbilayer movement, once released from bind- 
ing to spectrin [74,75]. A recent development with 
regard to the factors involved in regulation of 
transbilayer orientation of anionic phospholipids 
in erythrocytes, is the discovery of an ATP-depen- 
dent inward transport of these lipids [76-79]. 

In platelets, the regulation of transbilayer 
asymmetry of anionic phospholipids, in resting 
platelets as well as upon platelet activation, is 
poorly understood. As yet, interactions between 
the major platelet cytoskeletal proteins and anionic 
phospholipids have not been demonstrated di- 
rectly. Bearer et al. [80,81] showed that sub-mem- 
brane cytoskeletal structures change their ap- 
pearance with the same time course as the ap- 
pearance of anionic lipid at the platelet out surface, 
supporting the notion that in resting platelets in- 
teractions between structural proteins and anionic 
phospholipids play a role in the maintenance of 
transbilayer asymmetry of these lipids, analogous 
to erythrocytes. The experiments presented in this 
paper and in a previous one [7], show that de- 
gradation of cytoskeletal proteins by endogenous 
calpain could disturb these cytoskeleton-mem- 
brane interactions, contributing to a loss of mem- 
brane lipid asymmetry. This suggests a role for 
calpain in the regulation of the mechanisms by 
which phosphatidylserine becomes exposed at the 
outer platelet surface thus increasing the pro- 
coagulant activity of platelets. 
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