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Influence of sodium conductances on platelet activation 
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The effects of extracelhdar Na + and tetrodotoxin on resting membr~e potentiai, c~'tosolic free Ca "+ levels and 
aggregation of btmmn #atelets have been studied. Neither the decrease in extracellalar Na+-concentration (from 140 
mmol/I to 0 mural/l) nor the addition of tetrodotoxin (10 -? to i0 -s tool/I) modified the platelet membrane 
potential Zero extracellular Na + concentration or the presence of tetrodotoxin in the medium inhibited platelet 
aggregattiom however, K+-depohrlzed #atelets showed an unchanged agg,/egation induced by ADP or thrombin in 
media with zero or low extraceUular Na + concentrations or in the presence of tetrodotoxin. Moreover, zero 
exwaeeUular Na + concentration or tetrodotoxin inhibited calcium mobilization in platelets during activation induced by 
thrombin. Hence, voltage.dependent activation linked to Na + influx appears to be necessary for ADP- and thrombin.in- 
dueed #atelet aggregation under control conditions. Mechanisms for the role of Na + conductances in platelet function 
are dlscussed. 

lntrodnction 

Human platelets suspended in pLysiological medium 
show a high resting membrane potential [121. It has 
been suggested that this membrane potential could 
modulate platelet activity [1--4]. Thh~ influence could be 
explained by changes of ionic conductances. The plate- 
let depolarization induced by ADP ,xid thrombin [5-9] 
is probably mediated by changes in the Na+-membrane 
conductances [6,10]. Moreover, Na + influx has been 
shown to be related to ADP-indueed platelet activity 
[10,11] In facL it has been suggeqed that Na + influx 
could be linked to Ca 2 + mobilization which plays a key 
role in platelet activity [10]. Recently, Na+/Ca 2+ and a 
Na+/H + exchange mechanisms have been shown to be 
related to platelet activity [12-14]. In order to study the 
role of Na + on platelet activation, we inv~tigated the 
effects of different extraceUular Na + concentrations 
([Na+]o) or tetrodotoxin concentrations on: (i) platelet 
membrane potential; (ii) ADP or thrombin-induced 
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platelet aggregation- and (iii) cytosolic free Ca:* changes 
during platelet activation. 

Materials and Methods 

Preparation ofplatelets. Platelets were prepared from 
freshly drawn human blood anticoagulated with 1/6 
vol. acid citrate/dextrose (ACD). Blood was centri- 
fuged at 700 x g for 10 min to obtain platelet-rich 
plasma (PRP). Platelets, obtained from PRP by centri* 
fugation for 15 min at 2000xg, were washed and 
resuspended in a standard medium containing (in mM): 
NaCI (140), KCI (5.41, 6H20- MgCI2 (1), Dextrose (10) 
and Hepes (10) (37°C. pH 7.4). In some experiments, 
all or part of the NaCi was replaced by choline chloride 
in order to obtain different [Na+]o (0 mmol/I, 0 x  
[Na+]; 35 mmol/l, 0.25 x [Na÷]; 70 retool/I, 0.50 x 
[Na+]; and 105 mmo~/I, 0.75 x [Na+]). in K+-induced 
depolarization experiments, platelet suspensions were 
performed substituting KC! for NaCI at the desired 
concentration (40 retool/I). Isotonicity was maintained 
at 294-304 mosmol/kg H20 and a pH value of 7.4. 
Platelets suspended in standard or high K + media were 
used after incubation with tetrodotoxin (Sigma Chem- 
ical Co., St. Louis, U.S.A.) at 3-10 -8. 3-10 -? and 
3- 10 -6 mol/I for 30 min at room temperature. 

Aggregation experiments. Aggregation was assessed at 
37°C with platelets suspended in the different media 
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using Born's method [15] and constant stirring at 1100 
rpm with a stirring bar (0.5 cm length). Aiiquots of  
platelet suspension (500 pl) were placed in silieonized 
glass cuvettes (diameter 0.8 cm) for use in a Chronolog 
400 Aggregometer equipped with a Yew Recorder. The 
platelet count was adjusted to 2.5- 10S/ml and 1 retool/1 
CaClz was added. In ADP-induced plalelet aggregation, 
0.5 mg /ml  fibrinogen (Kabi, Sweden) was added. Final 
concentrations of 5 pmol / l  ADP (Stago, Asni6res, 
France) and thrombin 0.1 U / m l  were used ;.n saline 
solution in a volume of 10 pl. Platelet aggregation was 
evahiated by measuring in each case the maximal de- 
flection obtained after 5 rain of  curve registration com- 
puted as a percentage of maximal aggregation. Statisti- 
cal analysis was performed using the Student's t-test for 
paired or unpaired data as appropriate. 

Measurement of membrane potential. Platelet mem- 
brane potential vaiues were determined using the fluo- 
rescent potentiometric probe 3,3'-dipropylthiadicarbo- 
cyanine (diS-C3(5)) Nippon Kankoh Kenkuysho Co. 
Ltd. Japan, according to the method described dsewbere 
[1,2]. Fluorescence measurements were made under the 
same conditions as those described above in a Kontron 
SFM-50 spectrofluorimeter equipped with a thermo- 
stated call holder (37 ° C) and a stirring device. 

Measurement of  cytosolic free Ca 2 ÷. The measure- 
ment of [Ca z+ ] was made using the fluorescent calcium 
indicator fura-2 according to Pollock et al. [16]. Washed 
platelets obtained as deseribod above were loaded by 
incubation with 1 txM fura-2 acetoxymethyl ester 
(Molecular Probes, Eugene, OR, U.S.A.) for 45 min at 
37°C.  Aspirin 200/.tM was added in the last 10 rain. 
The platelets were then spun down at 350 × g, 20 rain in 
the presence of 1 m g / m l  bovine serum albumin (BSA) 
(Calbiochem) and 2% ACD. The supernatant was dis- 
carded and platelets were suspended in the correspond- 
ing medium with no ACD nor BSA. The cell count was 
adjusted to 2 .5 - l0  s platelet/mi. Fura-2 fluorescence 
was measured at 37 °C  in a Kontron SFM-50 spectro- 
fluorimeter with 340 nm excitation and 500 nm emis- 
sion in the presence of 1 mM Ca 2+. Fura-2 measure- 
ments were ~so  made in the absence or in the presence 
of tetrodotoxin 3-10  -6 mol/I .  [Ca2+]i values moni- 
tored by the observed fluorescence ( F )  were calculated 
using the general formula 

[Ca-'* 1, = Kd{ F-Fmm)/( F ~  - F) 

A value of 224 nm was used for K,l [16]. Maximal 
fluorescence (Fm~x) was obtained by adding 0.05% 'Tri- 
ton X-100 to the cell suspension. Minimal fluorescence 
(F,~m) was obtained by adding a sufficient quantity of 
EGTA to be in excess of the Ca 2+ concentration, fol- 
lowed by adjustment of the pH with Tris base at 
approx. 8.5. The fluorescence recordings shown (Fig. 4) 
are representative of six replicate determinations within 

the same batch of cells repeated in five different experi- 
ments from different donors. 

Results 

Resting platelet membrane potential in physiological 
medium was estimated to be -63 .4  _+ 5.2 mY. This 
platelet membrane potential was not significantly mod- 
ified when [Na+]o was reduced by a factor of 0.75, 0.5, 

TABLE ! 

Effects of different [Na ÷ ]o, tetrodotoxin (TTX) and 40 mmol/I K~  
on platelet membrane potential (V~) 

V~ values are expressed as mean+ S.D., n =10 in all cases and were 
calculated as described in Refs. 2 and 3. 

Experimental coad/tious V,.,, 
Na" K" TTX Osmolarity * (mV) 
(mmol) (mmol) (mol/I) (mosmol/1) 

140 5.4 - 294-304 - 63.4 + 5.2 

105 5.4 - 295 -62.3::1:3.1 
70 5.4 - 301 - 602, + 3.0 
35 5.4 - 300 -64.3+2.1 
0 5.4 - ,304 -64 .2+3 .1  

140 5.4 3-10 -6 304 -60.2+3.2 
140 5A 3-10 -7 295 --61.3+2.2 
140 5.4 3- l0  - s 300 - 593 4- 3.4 

140 40.0 - 304 -40.64-4.6 

* Representative sample. 
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Fig. I. Effects of [Na+ ]o and tctrodotoxin on platclct aggregation 
induced by 5 taol ADP. Circles represent the percentage of aggre- 
gation versus different values of [Na ~" ]o in 5.4 mmol/I K%medium 
(O) and in 40 aanol/l  K* medium (®). Squares represent the per- 
centage of platelet aggrega,,ion versus tetrodntoxin fl'rx) concentra- 
tions in 5.4 mmol/I K* medium (D) and 40 mmol/1 K + medium (m). 

Each point represents the mean of five experiment~ + S.D. 
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Fi S. 2. EffccLs of [Na* ]0 and tctrodoto~dn on platclct aggregation 
induced by 0.1 U/rid thrombin. Ctrcles represent the percentage of 
aggregation versus diffenmt values of [Na+lo in 5.4 mmol/l K + 
medium (o) and in 40 mmol/i K + medium (e). Squares represent the 
percentage of platelet aggregation versus tetrodotoxin ('iWX) con- 
centrations ia 5.4 mmol/I K + medium (i-a) and in 40 retool/1 K + 
medium (m). Each point represents the mean of five experiments :L S.D. 

0.25 or 0. Also, the presence of tetrodotoxin, at every 
concentration used, did not modify the platelet mem- 
brane potentiat O's, hie I). 

0 x [Na+]o medium el/cited a significant inhibition 
( P  < 0.001) of platelet aggregation induced by either 
ADP (90% inhibition) or thrombin (75% inhibition). 
The percentage of  phtelet aggregation induced by ADP 
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Fig. 3. Representative ADP-induced aggregation traces obtained from 
platelets suspended in: (A) standard medium (140 mmolfl Na+, 5.4 
mmol/I  K ÷ ); (B} Na ÷ free medium (0 mmo|/q Na +, 5.4 mmol/ l  
K ÷ ); (C) high K* medium (140 mmol/I  Na*, 40 mmol/I  K ÷ ); (D) 
frce Na + and h~gh K + medium (0 mmol/!  Na. 40 mmol/I K ÷ ); (E) 
standard medium in the presence of 3-10 -0 mol/'l tetrodotoxin and 
(F} high K + medium in the presence of 3-10 -6 mol/I tetrodotoxin. 

ADP was used at a final concentration of 5 prnol/L 
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Fig. 4. Changes of intracellular Ca 2÷ concentration induced by 
thrombin (arrows) at final concentration of 0.1 U/ml  in normal 
saline. 0 x N a  + medium and in tetrodotoxin (TI'X) 3-10 -c' mol/I  
medium. The traces shown are from the same batch of cells and arc 

replicates of single representative recordings. 
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(Fig. 1) or thrombin ,(Fig. 2) versus [Na+lo, from 1 x 
[Na+]o to 0 × [Na+]o media are shown. 

Platelet aggregation was completely blocked at con- 
trol values of [K+]o with 0 × [Na+]o medium, but this 
inhibition was not observed in p!atelets previously de- 
polarized by 40 mmol/I  [K+]o (Figs. 1 and 2). In fact 
ADP- or thrombin-induced platelet aggregation in 40 
mmol / l  [K÷lo medium was enhanced at any [Na+]o 
used, although 40 mmol / l  [K+]o had ao effect on 
platelet aggregation in the absence of agonists. More- 
over, platelet aggregation in normal saline was inhibited 
by tetrodotoxin (3 .10 - s  to 3- 10 -6 tool/l) in a dose- 
dependent manner, but tetrodotoxin failed to inhibit the 
enhanced aggregating response observed in K+-de- 
polarized platelets (Figs. 1 and 2). Typical ADP-in- 
duced aggregation traces are shown in Fig. 3. Similar 
traces were obtained using 0.1 U/ ra l  thrombin. 

In control saline, thrombin at a final concentration 
of 0.1 U / m l  induced an increase of cytosol/c free Ca 2+ 
from a basal level of 95 +10  nM to 412+ 35 nM 
(mean + S.D., n = 6) (P  < 0.001). This increase in cyto- 
solic free Ca 2+ was inhibited by 65.4+ 8.3% (202 4- 15 
nM, P < 0.001) in 0 × [Na+]o medium and by 50.2 4- 
10.3% (253+21 nM, P<0.001)  in a medium con- 
taining tetrodotoxin (3-10 -6 tool/l). A single repre- 
sentative recording from the same batch of cells is 
shown in Fig. 4. 

Discussion 

ADP and thrombin induce changes of membrane 
potential during platelet activation, probably due to 
Na + influx [5-8]. Changes of extracellular [Na + ] or the 
presence of tetrodotoxin in the medium do not modify 
the resting platelet membrane potential. These results 
suggest that the resting platelet membrane potential is 
mainly dependent or, extraeellular [K +] and agree with 
those obtained by F~edhoff and Sonenberg [1]. 

It has been suggested that Na + fluxes could play a 
significant role in platclet activation [5,9,10]. Indeed, in 
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the experiments carried out under our exper/menml 
control cond/ti6m, the aggregation mechanism .seems to 
require the presence of exu'acellular Na* and a Na ÷ 
inf~ur~ since aggregation is ~ b i t e d  by low Na-  m~l~a 
or tetrodotoxin. In contrast, K+*depolarized platdets, 
which do not aggregate spontaneously, show a s/gn/fi- 
cantly enhanced aggregating response to ADP, adren- 

~|in: collagen and thrombin [2]: under these conditions. 
aggregation induced by ADP or thrombin is not m- 
[fibited by 0 x Na"  medium or tetrodotoxin suggesting 
that a voltage-dependent mechanism could be involv~ 
/n the early steps of platelet activation- Furthermore.. 
the /n.~bition of  the increase in cytosolic fr~: Ca 2+ 
during platdet activation in low [Na + ]o med/a or in the 
presence of  te~rodotoxin suggests that under our control 
conditions, Na + conduc,.ances are linked to Ca "-+ influx 
a n d / o r  mob/lization. 

Some mechan;~as can be proposed to explain the 
reta~ouship between Na"  conductance and cytosolic 
Ca 2÷ mobilization reported herein, namely an involve- 
merit of a Ca 2+ vohage-depemtent conductance a n d / o r  
a voltage senshive N a + / C a  2÷ or N a + / H  + exchange. I t  
has been shown that ADP and thrombin induce platelet 
membrane depolm4.zation, probably due to a Na + influx 
[5-10]. Furthermore, the fact that in our expefinmnts 
neither low [Na ~]o media nor tetrodomxin inhibited 
K +-depolarized platelet aggregation and that 40 mmol/l 
[K+]o potentiates phtelet  aggregation could suggest 
that pLatelet activation is voltage-dependent through 
some voltage-sensitive Ca 2+ conductance, as has been 
previously propo~d [2]. The depolarization by a high 
K + concentration would contribute to the inercas¢ or 
the basal cytosol/c free Ca2+ level or the Ca 2+ influx 
induced by plate.let agonists [17]. When platelet mem- 
brane depolarization is accomplished by high extracellu- 
lar K + concentrations, it seems likely that the role of  
Na  + influx to trigger p!atetet activation would be minor. 
Although some data [18] indicate that platelet depolari- 
zation inducod by high [K+]o does not increase cyto- 
sol/c free Ca ~+, Sage and Rink [19] recognize that a 
h/gh ¢xtra~llular K + concentration appears to interfere 
with the Ca ~+ influx mechanism. 

Another posmbility which would account for the 
observed relationship between Na + and Ca 2+ through a 
N a + / C a  z* exchange [l:L13], has been described - that 
platelet membrane depolarization seems to be linked to 
Na  + influx [6,10,20], incre=sing [Na+]i. This increase 
would induce a rise in cytosolic Ca2+ by a N a + / C a  2+ 
exchange mechanism. In favour of a functional role of  
N a + / C a  ~+ exchange in platclct activation, it has b ~ n  
described that ouaba/n, which increases intracellular 
Na + [21], is able to enhance ADP-induced platclet 
aggregation [2]. Furthermore, preliminary data obmincd 
ha our laboratory show that ouabain induces an incrcasc 
of basal cytosolic Ca ~+ in platclcts. These data and the 
enhanced aggregation of K+-depolarized platelets sus- 

pended in ~ ~]~h different [Na+]o suggest |hat  the 
proposed N a + / C a  2+ exchange could be voltage-semi- 
five. as has bean d~-'fibed in other cells [22]. 

On the ~ han~. S~fm't and Akkm'man have ob- 
taiaed inhibition of plat¢let activity by removal of  ¢~- 
tr'd~llular N a "  or by application of amilofide which 
blocks the d¢ctroganic Na + channds  [14]. Activation of  
a Na+/H + exchange was postulated as an explanation 
of  these results and was omasidered as a prerequisite for 
Ca 2+ mobi~/zal/on in bureau platelets. 

Tim rrmin conclusion from the present study is that 
under (mr control conditions Na + plays a rote in plate- 
let aggregation and Ca"+ mobilizadom Although differ- 
cnt  nl¢chan~grn.s could lll4~]~t¢ th~s¢ Na + effects, our 
~x.~ts provide a basis on ~ c h  to spoculate on the 
voltage dependence of  the ptatelet activation and ind/- 
cme the need m evMuate carefully the role of  Na + 
condtmmm:es in that mechnr,;~m. 
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