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Cytosolic calcium iri platelet activation 

by T. J. Rink 
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Summary. Experiments with permeabi!ised platelets, and with intact platelets loaded with fluorescent Ca 2 +-indicators, over 
the past several years have greatly extended our knowledge and understanding of cytosolic Ca 2 + as a platelet activator and 
its interactions with other cytosolic regulators. This article outlines insights, gained from the use of  the fluorescent dyes, into 
maintenance and restoration of bXsal [Ca2+]~, mechanisms of receptor-mediated CaZ+-mobilisation and quantitation of 
[Ca z +] Uresponse relations in intact human platelets. 
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Introduction 

Ca z + was the first identified se~0nd rhessenger, established 
many years ago as a key trigger for contraction and secretory 
exocytosis. Subsequently Ca a + was fohnd to influence many 
other intracelhilar functions such as membrane transport, 
glycogenolysis, mitochondrial respirdtion and non-muscle 
motility. One of the main cytosolic target proteins, calmod- 
ulin, has been found in all eukaryoti~ cells and is a major 
protein in platelet cytosO1. Furthermore, calmodulin-depen- 
dent protein kinase is also present v~ith a wide variety of 
target proteins indifferent cell types. These findings point to 
a cytosolic regulator m! e for C~2~ in virtually all cellsi Evi- 
dence for a trigger role Of calcium was first found by micro- 
injection mainly into large stria[ed muhcle cells, and by find- 
ing that some cell responses could be ~abolished by removal 
of  external Ca z +. This latter man0eu~e  suggested a role for 
Ca-entry, but could have reflected a }equirement for Ca 2 + 
in surface membrane events of stlmulus-response coupling. 
Also, it became Clear from work with skeletal muscle that 
trigger calcium coUld come from a ra!~idly dischargeable in- 
ternal pool not readily influenced:by manipulation of exter- 
nal Ca 2 + 
By the late seventies there were four main pieces of  evidence 
for an important role~ for calciutn ih platelet activation. 
Platelets contain Calmodulin, and dalmodulin-dependent 
protein kinase; they undergo cell t~unctions such as secretory 
exocytosis that were widely thought to be triggered by Ca 2 +, 
platelet activation is associated with ah increased uptake of 
45Ca2 + (see for example Massini and Liischer 13), and per- 
haps most convincingly the calcium i0hophore A 23187 was 
able to activate platelet~ 3, z2. In 1980, Knight and Scrutton 9 
demonstrated secretory exocytosisin piatelets whose plasma 
membranes have been r~ndered se!ecti~ely permeable by ex- 
posure to high voltage discharge: Thes~ experiments showed 
that [Ca 2 +]~ in the range 1 - 1 0  gM was a sufficient stimulus 
for secretory exocytosis, Further work with this system has 
allowed analysis of the interaction between Ca z + and other 
messengers such as CAMP and activators of protein kinase-C 
in the intracellular control  of platelet function and has been 
the subject of a recent excellent review ~0. Shortly after this 
came the invention of fluorescent Ca ~ +-indicators 2s and a 

way of trapping them in the cytosol of intact cells zz, and the 
first measurements of [CaZ+]i in resting and activated 
platelets. In this article I shall focus on the measurement and 
manipulation of [Ca z +]~ in intact human platelets loaded 
with quin 2 and fura-2 and try to summarize the main new 
data and insights that this work has provided. 

Basal [Ca z +] ~ and restoration o f  resting levels 

For many years before direct measurements were possible it 
could be deduced that [Ca2+]i in resting platelets was in the 
sub-micromolar range, based on the Ca-sensitivities of 
calmodulin and Ca-activated proteases and phospholipases 
determined in cell fractions, and analogy with those giant 
cells in which measurement of [Ca 2 +]i by microinjected ae- 
quorin or microelectrodes had been possible. Direct mea- 
surements with intracellular quin 2 gives values near 100 nM, 
in line with resting levels determined by various methods in 
most other cell types examined. In the first quin 2 studies and 
in much subsequent work, correction has not been made for 
the error that arises from dye that has leaked into the exter- 
nal medium and which leads to an over-estimate of the value 
for [Ca 2 +]~ in calcium-containing medium. More careful re- 
cent measurements give values for resting [Ca2+]~ around 
70 nM for quin 2-loaded human platelets in physiological 
saline 24. Basal [Ca 2 + ] i is not significantly different over min- 
utes in cells in the presence of physiological levels of extracel- 
lular calcium or in medium containing no added calcium and 
1 mM EGTA. This implies that the resting membrane is very 
impermeable and that the basal leak and counter-balancing 
Ca-pumping are small in the resting state. One consequence 
of this is that inhibition of Ca-pumping could produce only 
a very slow elevation of [Ca/+]~ and is not therefore a plau- 
sible mechanism for triggering rapid events. The mechanism 
by which the steady state is maintained in the long term, i.e. 
by which the inevitable leak of calcium into the cell is coun- 
terbalanced by extrusion, is still contentious. Some authors 
contend that there is no Ca-ATPase in the surface mem- 
brane 4, 27; but a recent report z has identified a Ca-ATPase 
which the authors conclude is likely to be capable of  active 
transport of calcium across the surface membrane. Another 
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possible mode of Ca-transport across plasma membranes is 
Ca : Na exchange. We have found that complete replacement 
of Na by either choline or potassium has little effect of basal 
[Ca2+]i over the many tens of minutes 24 suggesting that 
Na :  Ca exchange is not important for Ca-transport in 
platelets at least over this time period. 
Many agonists can produce a rapid rise in [Ca2+]i into the 
micromolar range (see below) followed by return towards or 
to the basal level within minutes. This implies the existence 
of powerful mechanisms for removing Ca z + from the cytosol 
into internal pools or by extrusion across the plasma mem- 
brane. We have recently started to investigate the mecha- 
nisms for this Ca 2 +-remOval and find evidence, as we might 
have expected, for a component representing resequestration 
into the internally-dischargeable pool and a component re- 
presenting extrusion across the plasma membrane 19. In dye- 
loaded platelets following application of an agonist it is dif- 
ficult to disentangle the contributions due to falling calcium 
influx, falling internal release, internal sequestration, and 
extrusion. We have not yet found a way to specifically inves- 
tigate the internal resequestration process; a permeabilised 
platelet preparation would offer advantages for this type of 
analysis. We have been able to find a way to examine the 
extrusion mechanism by looking at cells treated with maxi- 
mal doses of Ca-ionophore to short circuit the uptake into 
internal stores 9. Under these conditions recovery of [Ca 2 +]i, 
or loss of 45Ca2+ into Ca-free medium is indicative of Ca- 
pumping across the plasma membrane. Following elevation 
of [Ca2+]~ with ionophore alone, restoration towards the 
basal level is very slow so that [Ca2+]i remains well above 
200 nM after 10 min at 37 ~ However, addition of either 
thrombin or phorbol ester following the ionomycin stimu- 
lates a more rapid return of [Ca2+]i to the resting level, and 
this is paralleled by an enhanced efflux of 45Ca2 +. Therefore 
we conclude that a natural agonist and a known activator of 
protein kinase-C can markedly stimulate plasma membrane 
Ca-pumping. We do not believe that Na : Ca exchange plays 
an important role in this process since complete removal of 
sodium and its replacement by N-methyl-D-glucamine has 
rather little effect under these experimental conditions on the 
fall of [Ca2+]i or the loss of 45Ca2+ (Sage and Rink, in 
preparation). 

Agonist evoked elevation of [Ca 2 +]i 

In physiological saline containing 1 mM Ca 2 +, many ago- 
nists are able to elevate [Ca 2+] reported by either quin 2 or 
fura-2 to approximately 1 ~tM 6, s, 20. These include platelet- 
activating factor, vasopressin, stable prostaglandin endoper- 
oxides, and ADP. In our hands, only thrombin is able reli- 
ably to raise [CaZ+]j well above i laM. For  none of these 
agonists is the endogenous production of prostaglandin en- 
doperoxides or thromboxane necessary, although the re- 
sponses are usually a little smaller in cells treated with block- 
ers of cyclooxygenase. With platelets loaded with relatively 
large, 1 -3  mM, amounts of quin2 there is a very marked 
diminution in the extent of the [Ca2+]i rise when the experi- 
ments are repeated in the absence of external calcium. This 
finding implies first, that there is a significant internally dis- 
chargeable pool, most probably in the dense tubular system, 
and second that under normal circumstances a significant 
component of the elevation of [Ca2+]~ is contributed by a 
triggered influx of Ca 2 + across the plasma membrane. When 
the experiments are repeated with much lower loadings of 
fura-2, which can be achieved while retaining adequate sig- 
nal to noise ratio because this dye is some 30 times more 
fluorescent than is quin 2, one sees much smaller differences 
between the extent of the [Ca2+]i rise in the presence and 
absence of external calcium 17. However, a statistically sig- 

nificant difference is still present and attributable to an influx 
component. 
We assume along with almost all other workers in this field 
that at least for the most part the internal realease is at- 
tributable to agonist-evoked hydrolysis of phosphatidylinos- 
itol bisphosphate with the production of 1,4,5 inositol 
trisphosphate and the ability of this substance to trigger 
calcium discharge from the dense tubular system 14. Because 
ADP is able to evoke a moderately large internal release of 
Ca 2 +, and has been found, at least in aspirin-treated human 
platelets, to be a very weak activator of phosphatidylinositol 
bisphosphate hydrolysis we have suggested that perhaps an 
additional internal messenger for Ca-discharge is at 
work 6, zs. This line of  reasoning is relatively tenuous and 
depends critically on detailed quantitative measurements of 
inositol trisphosphate and [Ca 2 +]i release in platelets stimu- 
lated by different ligands and it may turn out that inositol 
trisphosphate is indeed the major or even the only mecha- 
nism by which internal discharge is achieved. In recent work 
we have examined the kinetics of [Ca 2 § rises in fura-2-1oad- 
ed human platelets by means of stopped-flow fluores- 
cence 24.25. In the absence of external Ca 2 § all the ligands 
mentioned are able to cause a rise in measured [Ca 2 +]~ within 
0.25 s but also there appears to be an irreducible delay of 
about 200 ms before any signal is seen. Clearly this time is 
quite adequate for the binding of receptor to ligand and all 
the downstream events that lead to the interaction of inositol 
trisphosphate with its putative receptor on the dense tubular 
system. But, the data are also a challenge to the proponents 
of this generally accepted hypothesis to demonstrate that 
adequate amounts of inositol trisphosphate are indeed 
formed within 200 ms of ligand binding to its receptor. 
The mechanisms of agonist-evoked calcium entry have been 
more difficult to analyse, and there has even been some 
doubt as to the existence or importance of this process. Al- 
though the difference between the signals seen with quin 2 in 
the presence and absence of external calcium are most easily 
explained by the existence of activated Ca-entry, a possible 
alternative explanation has always been that external Ca 2 § 
is necessary for the adequate coupling of the receptor to the 
internal discharge mechanism. HaUam and I recently used 
the ability of Mn 2 § to quench the fluorescence of quin 2 to 
demonstrate that thrombin, platelet-activating factor and 
ADP all promoted an influx of Mn 2 § into quin 2-loaded 
human platelets and proposed that this was strong evidence 
for ligand-evoked entry of a divalent cation v; we assume 
that Mn z § was subverting routes more physiologically used 
by Ca 2 + ions. Mechanisms of agonist-evoked CaZ+-entry 
remain somewhat mysterious. We are now reasonably, 
though not absolutely, convinced that changes of platelet 
membrane potential play no role in the triggering in Ca 24_ 
entry. Perhaps the best evidence for this conclusion is that 
complete substitution of sodium by choline causes ligands 
such as thrombin and ADP to slightly hyperpolarise 
platelets, as assessed by the fluorescent probe dis-C 3-(5), as 
opposed to the usual small depolarisation that is seen in 
normal saline 15. Nonetheless, the elevation of [Ca 2 +]~ 
evoked by these ligands whether in the absence or the pres- 
ence of external Ca 2+ is not significantly diminished. We 
have not found that the organic 'Ca-antagonists'  such as 
nifedipine, diltiazem or verapamil have any significant effect 
on agonist-evoked elevation of [Ca 2 +]~ at the concentrations 
at which they severely suppress calcium currents through 
L-type voltage sensitive calcium channels 7. We did find, 
however, that certain transition metals e.g. Co 2+ and Li 2+ 
are relatively effective at blocking the rise in quin 2 fluores- 
cence in the presence of external calcium, suggesting that 
these transition metals are able to block receptor-operated 
Ca-entry 7. Our recent kinetic analysis has shown that the 
rise in fura-2 fluorescence examined by stopped-flow meth- 
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ods occurs some 40 -  50 ms earlier in the presence than in the 
absence of external Ca 2+ 25 suggesting that Ca-entry pre- 
cedes internal discharge and eliminating a variety of pro- 
posed mechanisms in which entry is in some way consequent 
upon the mechanisms that cause discharge or the internal 
discharge itself. With all agonists so far tested, other than 
ADP, there is always an irreducible lag of some 150 ms prior 
to the measureable elevation of fura-2 fluorescence provid- 
ing time for quite complex coupling mechanisms between the 
receptor and the Ca-entry process. With high concentrations 
of ADP the lag is reduced to less than the 20 ms dead time 
of our apparatus suggesting although not compellingly, 
more direct coupling of Ca-entry to this particular receptor. 
As yet there is no evidence linking inositol lipid hydrolysis to 
receptor-mediated Ca-entry in platelets. A finding that may 
implicate a G-Protein in this process is the slow elevation of 
fura-2 fluorescence evoked by a combination of 10 gM A13 + 
and 10 mM F -  
The ability of PGIz to inhibit platelet responses and by acti- 
vation of adenylate cyclase and elevation of cAMP is well 
documented. At least one major part of the inhibitory action 
of cAMP appears to be a suppression of both Ca-discharge 
from internal stores and Ca-entry across the plasma mem- 
brane. Elevation of cAMP by PGI  2 or forskolin inhibits the 
increase in quirt 2 fluorescence evoked by a variety of ago- 
nists. Where the cAMP-dependent phosphorylation is acting 
is not clear but one site is probably phospholipase-C 23. An- 
other interesting recent observation is that activation of 
protein kinase-C can lead to a somewhat slower but marked 
inhibition of calcium mobilisation in human platelets 11. 
This protein kinase is therefore both activating itself and 
synergistic with activator calcium, and also acts as a negative 
feedback regulator by this slower inhibitory effect. 

Imposed elevations of  [Ca z +]i 

I have indicated above the value of permeabilised platelets in 
allowing the investigator to set [Ca2+]i by means of known 
external buffered [Ca 2 +] and to vary other smaller molecular 
weight constituents that can equilibrate with the internal 
millieu of the permeabilised cells. However, there are a num- 
ber of responses that are not so easily measured or worked 
with in permeabilised cells and one cannot be sure that vital 
components of the small molecular weight composition of 
the cytosol have not been unknowingly changed during the 
process. We have used graded concentrations of calcium 
ionophore to impose essentially step changes in [Ca 2 +]~ with 
quin2- and fura-2-10aded platelets and then constructed 
[Ca2+]i/response curves for various monitored platelet re- 
sponses, with [Ca 2 +]i as the quasi-independent variable. The 
great advantage of this approach over simply applying calci- 
um ionophores and observing the responses is that one gets 
some quantitation of the level of the [Ca2 +]~ which one must 
achieve in order to elicit the desired response. One sees a 
gradation of responsiveness for various end-points with 
shape-change 26 and myosin phosphorylation 5 being the 
most sensitive, having apparent [Ca2+]~ thresholds of 
300 nM and complete activation by 800 nM to 1 gM. Aggre- 
gation appears to require [Ca2+]~ in the range 700 to 
900 nM 2o and secretory exocytosis 20, liberation of arachi- 
donate 18 and TxA 2 production need [Ca 2 +]i 16 in the micro- 
molar range. These values are those we have obtained in 
platelets not exposed to any activator other than Ca 2 +, so 
far as we could determine. It rapidly became clear that 
[Ca2+]i could synergise with other excitatory intracellular 
messengers such as diacylglycerol, so that one got substantial 
responses at levels of [Ca 2 +]i that were themselves quite inef- 
fective. We first detected this with stimulus-secretion cou- 
pling where diacylglycerol, or phorbol ester as a direct acti- 
vator of protein kinase-C, could elicit a substantial, if 

somewhat delayed and sluggish, secretory exocytosis while 
[Ca2+]~ remains at or below resting levels 21. Elevation of 
[Ca 2 +]i to 500 nM by Ca ionophore elicited shape-change 
but no secretion. Subsequent addition of diacylglycerol or 
phorbol ester produced no further rise in [Ca 2 +] ~, but there 
was a brisk and secretory response more like that seen with 
natural agonists, which can be presumed to produce both a 
rise in [CaZ§ and a supply of diacylglycerol to activate 
protein kinase-C. We also found other responses that natural 
agonists could evoke with [Ca2+]~ levels well below those 
needed when Ca ionophore, by-passing receptor mediated 
mechanisms and therefore presumably by-passing other 
signal pathways, was the stimulus. Shape-change and 
the phosphorylation of myosin light-chains could be 
evoked by thrombin or PAF while [CaZ+]~ remained below 
160 nM 5, 22. We have not yet identified the additional path- 
way that acts with or alongside Ca 2 § to produce these re- 
sponses. 
More recently we have found that collagen is able to elicit a 
substantial liberation of arachidonate, mainly from phos- 
phatidylcholine, while measured [Ca2+]i remains between 
100 and 115 nM 18. We have not yet elucidated this apparent- 
ly Ca-independent mechanism for the liberation of arachi- 
donate but this finding fits in with our earlier conclusions on 
the sequence of excitatory events following the binding of 
collagen to platelets. The initial event is stimulation of phos- 
pholipid hydrolysis, both phosphatidylinositol and phos- 
phatidylcholine, to form diacylglycerol and arachidonate. 
The diacylglycerol can promote a modest 'Ca-independent 
secretion'. In drug-free cells, the arachidonate is converted to 
YxA 2 which then acts at surface receptors to mobilise Ca 2 + 
and evoke a delayed rise of [Ca2+]~ 2o. 
This kind of analysis has exploited one of the major advan- 
tages of new technology, namely the ability to quantify the 
levels of calcium required for different responses under dif- 
ferent conditions. One then begins to see, not only what 
Ca 2+ can do when applied at elevated concentrations to 
broken systems, permeabilised cells or even to intact cells by 
means of ionophore, but also what [Ca2+]~ does do when it 
is part  of a complex activation cascade, evoked by the bind- 
ing of a natural ligand to its receptor, in concert with the 
many other excitatory messengers produced, for example by 
the hydrolysis of phosphoinositides. 

Conclusions 

The use of permeabilised platelet preparations, and particu- 
larly the exploitation of fluorescent calcium-indicator dyes 
that can be loaded into intact functioning platelets, have 
confirmed and substantially extended the earlier deductions 
of the importance of [Ca 2 +]i as a platelet regulator. Basal 
and [Ca 2 +]i levels have been measured, mechanisms for the 
maintenance for the resting state have begun to be investigat- 
ed. The processes by which the resting state is restored fol- 
lowing stimulation have been shown to have both a compo- 
nent of calcium extrusion and re-uptake into internal stores; 
the Ca-extrusion seems not to have an important component 
of Na : Ca exchange. A variety of agonists are able to elevate 
[Ca 2 +]i by both stimulated discharge of internal stores and 
Ca-entry across the plasma membrane. Recent experiments 
with relatively small amounts of the indicator dye fura-2, 
and hence relatively little added buffering capacity to the 
cytosol, have shown that internal discharge can be sufficient 
to raise [Ca 2 +]i into the micromolar level. This might raise 
the question why bother with Ca-influx at all. The reason 
seems to be that if one has powerful extrusion systems in the 
membrane to guard against potentially unwanted or danger- 
ous elevations in [Ca 2 +]i then any elevation of [Ca 2 +1~ even 
that evoked by internal discharge will have an automatic 
consequence of a substantial efflux of Ca 2 § from the cell. To 
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a v o i d  C a  2+ d e p l e t i o n  in r epea t ed ly  s t i m u l a t e d  cells, one  
t he r e fo re  needs  a n  ex t r a  in f lux  to  a c c o m p a n y  each  e l eva t i on  
o f  [Ca 2 + ] i. I n t e r n a l  d i s cha rge  o f  C a  2 + is very  likely, ma in ly ,  
i f  n o t  ent i re ly ,  t r iggered  by  1,4,5 inos i to l  t r i s p h o s p a t e .  S t im-  
u l a t e d  C a - e n t r y  seems  n o t  to  r equ i r e  changes  in m e m b r a n e  
p o t e n t i a l  a n d  m a y  invo lve  c o m p l e x  c o u p l i n g  p rocesses  in-  
c lud ing  l i nkage  t h r o u g h  G - p r o t e i n s .  [ C a 2 + ] i / r e s p o n s e  
curves  c an  be  c o n s t r u c t e d  by  p r o d u c i n g  s tep  e l eva t ions  
[Ca2+]~ w i t h  g r a d e d  doses  o f  C a - i o n o p h o r e s  a n d  s h o w  t h a t  
some  r e sponses  occu r  as c a l c ium  rises a b o v e  300 n M ,  shape -  
change ,  whi le  o t h e r s  e.g. s ec re to ry  exocytos i s  r equ i r e  [Ca 2 +]i 
in  the  m i c r o m o l a r  range .  C o m p a r i s o n  o f  r e sponses  e v o k e d  
b y  i o n o p h o r e s  w h i c h  b y - p a s s  r ecep ted  m e d i a t e d  s ignal  t r ans -  
d u c t i o n  a n d  t h o s e  e v o k e d  by  n a t u r a l  l i gands  ac t ing  t h r o u g h  
the  r ecep to r s ,  s h o w  t h a t  o t h e r  m e s s e n g e r  p a t h w a y s  can  syn-  
ergise w i t h  o r  ac t  a l t e rna t ive ly  to e leva ted  [Ca 2 +]i, t u r n i n g  
w h a t  m i g h t  h a v e  s e e m e d  like a s u b - t h r e s h o l d  e l eva t i on  o f  
[ Caz  +]i i n to  a ve ry  s ign i f i can t  c o m p o n e n t  o f  the  exc i t a to ry  
cascade .  
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