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Platelet abnormalities and the pathophysiology of essential hypertension 
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Summary. The mechanisms whereby intracellular calcium concentration is controlled are briefly reviewed. With the current 
knowledge of both calcium homeostasis and the function and properties of cellular Ca 2 § proteins/signal transduction 
systems, a dysfunction of cellular calcium metabolism is considered in relation to the pathogenesis of hypertension. Although 
the enhanced peripheral vascular resistance characteristic of hypertension is ultimately a function of Ca 2 § availability for 
smooth muscle cell contraction, the platelet possesses many parallel biochemical and physiological proper4ie~. Therefore, we 
have utilized the platelet as the cell-model for investigating the role of Ca 2 § in hypertension disorders. An overview of 
CaZ+-linked platelet processes altered in essential hypertension is presented, and an attempt is made to integrate these 
multiple aberrations in a fundamental membrane lesion. 
Key words. Platelets; intracellular calcium concentration; essential hypertension; cyclic nucleotides.  

Regulation of cellular Ca2+-concentrations 

Calcium is a fundamental regulator of cellular function. An 
understanding of the general principles of cellular Ca 2 +-reg- 
ulation is crucial to the pathophysiology of hypertension and 
its effective treatment because the heart, adrenal glomeru- 
losa, neural synapses, juxtaglomerular apparatus, platelets 
and smooth muscle cells use Ca 2 + as a positive intracellular 
messenger. 
Intracellular calcium concentrations ([Ca 2 +]~) are regulated 
by a complex array of transport mechanisms at various 
membrane and intracellular locations. The entry of Ca 2 + 
from the extracellular space is mediated by voltage sensitive 
Ca 2 +-channels and other putative mechanisms including re- 
lease of Ca 2 + bound to membrane surfaces, entry through 
receptor-mediated channels, or nondefined passive leaks 
across the membrane. Ca 2 + is also released from internal 
endoplasmic reticulum and from mitochondria. In resting 
cells, [Ca 2 +]~ is maintained at ~ 10-7 M which is consider- 
ably lower than millimolar extracellular free Ca 2 +. In stimu- 
lated cells [Ca 2 +]i does not generally exceed 10-5 M. There- 
fore, under both conditions, internal calcium levels are 
necessarily maintained by the action of active transport 
mechanisms that remove Ca 2 + from the cytosol, including 
the plasma membrane ATP-dependent CaZ+-pump, the 
plasma membrane Na + - C a  2 +-exchanger, the endoplasmic 
reticulum ATP-dependent Ca 2 +-pump and the mitochon- 
dria Ca 2 +-pump. The net result of the operation of all these 
Ca 2 +-translocating mechanisms is the imbalance of Ca 2 +- 
concentrations within the cells, which are therefore primed 
for CaZ+-signaling events to permit a rapid and large in- 
crease in cytosolic Ca 2 + 14, 36 

Essential hypertension, platelets and calcium 

In the pathophysiology of essential hypertension several fac- 
tors have been proposed including enhanced sympathetic 
nervous system activity, reduced renin-angiotensin-aldos- 
terone axis endocrine control, dietary salt and genetic fac- 
tor(s). Direct clinical corollaries for an integrative contribu- 
tory role for Ca 2+ in the pathophysiology of essential 
hypertension are that patients with essential hypertension 
(EHT) exhibit excess calcium-influx-dependent vasocon- 

striction, and that blood pressure in these patients is normal- 
ized following therapy with calcium antagonists 6' 7, 31. A 
key characteristic of essential hypertension is elevated pe- 
ripheral vascular resistance, which is ultimately mediated by 
enhanced vascular contractility. An altered state of vascular 
reactivity can result from alterations in either cellular calci- 
um metabolism or the sensitivity of response elements to the 
actions of Ca z +. Investigations in search of support for the 
hypothesis that perturbation of calcium metabolism is a fun- 
damental lesion in essential hypertension have been carried 
out on a wide variety of tissue and cell types including my- 
ocardium, smooth muscle, erythrocytes, adipocytes, hepato- 
cytes, synaptosomes and platelets in both human and animal 

15 34 35 41 models of hypertension , ' ' . 
A specific role for platelets in the pathophysiology of hyper- 
tension should be considered since these cells are mediators 
of  thrombotic complications, vectors for vascular tone and 
promoters of atherosclerosis. There are many similarities 
between platelets and smooth muscle cells. Both platelets 
and smooth muscle cells have an adenylate cyclase system 
that can be activated by adrenaline via alpha-2 adrenocep- 
tors and inhibited by prostaglandins with attendant changes 
in calcium 11. Calcium can be selectively stimulated via an- 
giotensin II receptors so and calcium entry can be blocked by 
slow calcium channel inhibitors 37. There are similar calci- 
um-dependent contractile systems and similar pools for reg- 
ulation of intracellular calcium (the dense tubular system in 
platelets and the sarcoplasmic reticulum in smooth muscle 
cells) 36. There are comparable calcium-dependent physio- 
logical functions: shape change, aggregation and secretion in 
platelets and contraction in smooth muscle cells. Hormone 
receptor activation leads to parallel alterations in the clinical 
setting of essential hypertension: increased sensitivity, shape 
change and aggregation of platelets and increased vascular 
resistance of resistance vessels. These corollaries together 
with easy clinical accessibility and preparative cellular ho- 
mogeneity of platelets focused our investigations on the hu- 
man platelet as a model reflecting events occurring in smooth 
muscle cells. 
It is the purpose of this paper to present a summary of 
present findings with respect to cellular CaZ+-handling in 
platelets from patients with essential hypertension in search 
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System Directional alteration Consequence 

Cytosolic free calcium 
Membrane potential 
(Ca 2 *-calmodulin)-dependent ATPase 

Hormone (receptor) sensitivity 
Phosphoinositide metabolism 

Adenylate cyclase 

Increased l i - ,  3 
Decreased 39 

Capacity increased but activation potential 
decreased 38 
Inc reased  40 

Phosphoinositide compositional equilibrium 
shifted towards polyphosphoinositide formation lo 
Activity ratio (stimulated/basal) increased 4~ 

Cell activation promoted 
C a  2 +- inf lux  increased 
Compensatory but inefficient stimulated 
Ca z +-extrusion 
Potentiation of stimulation 
Potential for internal Ca2+-release increased; 
modification of membrane-associated processes 
Compensatory 

A brief summary of our findings with respect to EHT and disorders of platelet systems which involve Ca 2 + is presented. The directional nature of 
alterations is indicated, and other than proposed compensatory mechanisms, all modifications are considered to facilitate platelet shape change, 
aggregation and secretion. Similar abnormalities may contribute to the enhancing of smooth muscle contraction in EHT. 

of support for the hypothesis 15, 34, 35, 41 that a generalized 
membrane defect is the common denominator underlying 
multiple Ca2+-associated abnormalities in hypertension. 
Our own specific observations are summarized in the table. 

Cytosolic free calcium concentrations 

Intracellular calcium content has been demonstrated to be 
elevated in platelets, erythrocytes and lymphocytes from 
patients with EHT s, 12, 15, 34, 3s, ~1, 46 A correlation be- 
tween platelet [Ca 2 +]i and blood pressure has also been es- 
tablished 12. Normalization of platelet [Ca2+]i occurs fol- 
lowing antihypertensive therapy 13, Whatever the underlying 
mechanism, it is not entirely corrected by antihypertensive 
therapy since platelets from treated EHT still exhibit an am- 
plified stimulated [Ca 2 +]i response relative to control sub- 
jects la. These data imply an intrinsic cellular defect and 
possible disturbed mechanisms including membrane Ca 2 +- 
binding, Ca 2 +-influx, hormone-receptor transduction cou- 
pling, univalent cation transport and Ca 2 +-efflux/sequestra- 
t i o n  15, 34,35,41. 

Membrane Ca 2 +-binding and Ca 2 +-influx 

Calcium binds to various components of the cell membrane 
including anionic phospholipids and proteins. Altered calci- 
um handling is suggested by decreased Ca 2 +-binding to the 
inner and outer surface of plasma membranes of erythro- 
cytes, adipocytes and hepatocytes 15, 34, 3 s, 41 perhaps due to 
a reduction in the number of Ca 2 +-binding sites (as opposed 
to an affinity alteration)9. Defective calcium binding has 
been proposed to favor depolarization with consequent acti- 
vation of potential operated calcium channels 41. Whilst 
studies on the function of potential dependent Ca 2 +-chan- 
nels in hypertension are scarce, available data for synapto- 
somes and platelets of SHR 2z' 23 and platelets of EHT 39 
indicate partial depolarization of plasma membranes. Such 
an abnormality could give rise to an increased basal Ca 2+- 
influx and hence increased [Ca 2 +]i- 

Protein Ca 2 +-binding and Ca 2 +-efflux 

Cytoplasmic divalent cation-binding substances have 
also been considered in the pathogenesis of hyperten- 
sion is, 34, 3s, 41, but most of them (e.g. glycerophosphates, 
nucleotides and inorganic phosphate) are characterized by 
kD values that are 2 -3  orders of magnitude larger than the 
range of possible changes in [Ca 2 +]~. Rather, focus has been 
on the highly selective Ca2+-binding proteins (k n 10 -6 
10 -8 M) such as calmodulin, which plays a central role in 
the Ca2+-dependent regulation of eukaryotic cells 44. In 
EHT, a modification of interaction between calmodulin and 
its target proteins has been proposed 3< 3s. Of the many 

target proteins, the plasma membrane CaZ+-ATPase is of 
major interest because of its critical role in maintaining 
Ca 2 +-homeostasis via the promotion of Ca 2 +-effiux 8. The 
findings with respect to thisefflux system in hypertension are 
somewhat discrepant with reports of increased, decreased or 

3 24- 33 35 38 4-5 2 +  unaltered activities . . . . .  . The regulation of Ca - 
ATPase, however, is complex, and in addition to Ca 2 + and 
calmodulin other factors such as membrane hydrophobicity, 
acidic phospholipids, polyphosphoinositides and proteolysis 
can modulate Ca z +-efflux activity 8, 3s. 

Phosphoinositide metabolism 

Phosphoinositides may influence not only the plasma mem- 
brane but also internal membranes. Stimulated Ca z +-release 
from large stores in the endoplasmic reticulum is believed 
to be mediated by inositol 1,4,5 trisphosphate, a product 
of hormone activated phosphoinositide hydroly- 
sis 1, 26, 28, 29, 43. Phosphoinositide metabolism is also impli- 
cated in the regulation of Ca 2 +-influx/efflux via the plasma 
membrane, membrane fluidity, membrane CaZ+-binding 
and membrane Ca2+-ATPase and adenylate cyclase activi- 
ties a. 19, 26, 28, 43. Alpha-l-adrenoceptors are directly cou- 
pled to phosphoinositide turnover (as are vasopressin and 
angiotensin II receptors) while alpha-2-adrenoceptors are 
coupled to adenylate cyclase inhibition 29. Post-receptor 
stimulus coupling cascades are not mutually exclusive, and 
pivotal integrated cellular control is mediated via a triangle 
of second messengers, namely Ca 2 +, cyclic AMP and inosi- 
tol 1,4,5 trisphosphate. Available evidence from studies on 
erythrocytes and platelets in animal and human models of 
hypertension < 1< 20, 21, 2s point to the involvement of the 
phosphoinositides. Similar investigations on smooth muscle 
cells, which exhibit many more blood pressure regulating 
hormone receptors than the platelets or erythrocytes, are 
necessary. The relationship between alterations in phospho- 
inositide metabolism and membrane-associated biochemical 
processes requires definition in order to assign causative or 
consequential roles in the pathogenesis of hypertension. 

C a  2 + and cyclic nucleotides 

Cyclic nucleotides are involved in the regulation of heart 
contractility, vascular smooth muscle tone, release and ac- 
tion of catecholamines and control of renin secretion a2. 
Most functions are regulated (either synergistically or antag- 
onistically) by Ca z+ and cyclic AMP 34. Accordingly, the 
finding of several anomalies in cyclic nucleotide metabolism 
in SHR and EHT is not surprising 2.18, 4o although many of 
the findings are qualitatively discrepant. 
Of particular interest is adenylate cyclase, a membrane- 
bound enzyme, which regulates the synthesis of cyclic AMP 
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via s t imula tory  (N~) or  inh ib i tory  (Ni) guanine  nucleotide-  
b inding  prote ins  17. N~ is regulated by  prote in  kinase C, 
a Ca2+-act ivated  diacylglycerol-modulated enzyme 19'42 
Adenyla te  cyclase can  also be act ivated by ca lmodul in  and  
low concent ra t ions  of  Ca  z + ( ~  0.8 g M )  in many  cells includ- 
ing platelets and  smoo th  muscle;  h igher  CaZ+-concent ra  - 
t ions are inhib i tory  ~ v, 2v. Cyclic A M P  in tu rn  m ay  influence 
[Ca2+]i by p romot ing  Ca2+-eff lux/sequest ra t ion 31'36. 
Thus,  derangements  in ei ther  phosphoinos i t ide ,  Ca  2+ and/  
or cyclic A M P  metabo l i sm m ay  be expected to have pro-  
found  and  mani fo ld  effects on  cell funct ion.  

Concluding  r emarks  

In the pas t  few years our  studies on  a l tera t ions  in calcium 
and  cyclic nucleot ide metabo l i sm in E H T  have been con-  
fined to platelets. The complexities of  b o t h  cellular Ca  2 +- 
cont ro l  and  coord ina ted  second messenger regula t ion of  cel- 
lular  funct ion make  it difficult to assign causat ive or 
consequent ia l  roles to deranged  platelet  Ca  z +-linked pro-  
cesses in the pa thophys io logy  of  essential hypertension.  Nev-  
ertheless, our  studies suppor t  an  under ly ing m e m b r a n e  
pa tho logy  as being causat ive since all the above  described 
derangements  - potent ia l ,  Ca  2 +-ATPase,  h o r m o n e  respon-  
siveness, adenylate  cyclase and  even cytosolic [Ca 2 +]i con- 
cent ra t ions  - are membrane-assoc ia ted  systems. Modif ica-  
t ions of  phosphoinos i t ide  metabo l i sm m ay  be a key factor  
account ing  for the mult i faceted m e m b r a n e  abnormal i t ies  as- 
sociated wi th  essential hyper tension.  The studies need to be 
extended to the s m o o t h  muscle cell i tself to determine 
whe ther  similar abnormal i t ies  are present  in the vascula ture  
and  re levant  to elevated per ipheral  vascular  resistance in 
hyper tension.  
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Cytosolic calcium iri platelet activation 
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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. 
Key words. Calcium; platelet; sec6nd messenger. 

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 


