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Cyclic GMP increases the rate of the calcium extrusion pump 
in intact human platelets but has no direct effect on the dense 

tubular calcium accumulation system 
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Sodium nitroprusside (SNP) and other agents that elevate cGMP levels arc known to inhibit the aggregation of human platelets. 
Published data suggest that cGMP attenuation of agonist-induccd Ca 2 ~ transients is involved in this effect. The present study 
shows that elevation of cGMP increases the rate of the Ca 2+ extrusion pump located in the plasma membrane (PM) but does not 
have a direct effect on the Ca "~+ accumulating pump of the dense tubules (DT). The study verifies that SNP can specifically 
elevate the cGMP level in the platelet. The kinet!cs of the Ca 2+ extrusion system were studied in situ in platelets overloaded 
with the cytoplasmic Ca 2+ indicator quin2 according to a published protocol developed in this laboratory. Elevation of eGMP by 
means of (10 /tM) SNP increased the V m of the Ca2+-ATPase pump by 63%, without affecting its K m (06-80 riM) or Hill 
coefficient (1.6-1.8), Dibutyryl-cGMP (Bt2-cGMP) , preincubated for 45 min at 1 raM, increased the V m by a factor of 2.2 + 0.4. 
The experiments did not give any indication that SNP or Bt2-cGMP change the rate of the Na+/Ca 2+ exchanger which makes a 
minor contribution to Ca 2 + extrusion in the studied [Ca 2 ÷ ]~  range. The rate constant for p~sslve leakage of Ca 2 + across the PM 
was increased by 32 + 4% by SNP and 90 + 34% by Btz-cGMP. The net result is that the free Ca 2+ in the cytoplasm ([Ca2+]ot) 
at 'rest' is lowered from control values of 112 nM to 89 nM or 80 riM, respectively. The kinetics of Ca 2+ uptake by the dense 
tubules were determined in situ using the fluorescence of ehlorotetracyeline (CTC) according to protocols developed iu this 
laboratory. Analysis showed that SNP and Bt2-cGMP had no effect on the V m or K m of the dense tubular pump, and did not 
affect the rate constant for passive leakage. The agents did decrease resting [Ca2+]at by 25% or 30%, respectively, but this result 
can be explained purely in terms of the reduced [Ca2+]cyt. The effects of eGMP (vs. cAMP) on the PM and DT pumps are closely 
correlated with reported effects of cGMP/cAMP induced phosphorylation of a protein of the molecular weight of the PM pump 
and a 22 kDa activator of the DT pump. Cyclic AMP increases the rate of both the PM and the DT pumps, whereas cGMP 
increases the rate of the PM pump only. in combination, treatment with maximally-effective doses of Bt~-cGMP and Bt2-cAMP 
had no greater effect on the PM pump than did either agent alone. 

Abbreviations: SNP. ~dium nitroprugside; PM, plasma membrane: ROC, receptor-operated channel; quin2, 2-[[2-[bis(carboxymethyl)amino]-5- 
methylphenox3,]methyl]-6-methoxy-8-lbis(carboxymcthyl)amino]qainoline; quln2/AM, tetraacetoxymethyl ester form of quirt2; V and V m, the 
veloci~*7 and maximal velocity (respectively) of the Ca 2 +-ATPase extrusion pump lc, cated in the plasma membrane; cAMP, adenosine 3' :5'-cyclic 
r.,onophosphate; cGMP, guanosine 3' :5'-cyclic monophosphate; Kin, the [Ca 2 ~ ]~t giving half-maximal rate of extrusion (V); n, Hill coefficient; 
dibutywl-cGMP (Bt2-cGMP), N2,2'.O-dibutyrylgeaausine 3':5'-cyclic monophosphate; dibutyryl-cAMP (Bt2-cAMd), NC',2'.O.dibntytyladeno - 
sine Y:5'-cyclic monophosphate; lCa 2+ ]~t, the free ('ionized') Ca 2+ concentration in the cytoplasm', [Ca 2+ ]~r !he free Ca 2+ erncentration in 
the dense tubular lumen; DT, dense tubules; [Ca 2÷ ],,, extraceflular Ca -'÷ concentration; CTC, chlorotetracyeline; IC50, concentration for 50% 
inhibition; EGTA, ethyleneglycol bis(/~-aminoethyl ether).N.N,N',N'-tetraacetie acid, Hepes, 4-(2-hydroxyethyl)-I-piperazineethanesulfonie 
acid; FIma x, fluorescence of Ca z÷ complexed form of quin2; FImln. fluorescence of uncomplexed form of quin2; kn~k, rate constant for passive 
leakage across the PM; ktin~.r, apparent bimoleeular rate constant for Ca 2+ extrusion via the Na*/Ca 2+ exchanger, equal to its I '  m/K m 
quotient); SR, sarcoplasmic reticuium; EDRF, endothelium-dependent relaxing factor; SL, sacrolemma; X, ratio of leak rate to V m of pump; 
Rc.rc, CTC ratio (proportional to [Ca 2+ ]at), ratio of CTC fluorescence amplitude of time-resolved Ca 2+ uptake phase to *instantaneous' 
amplitude. 
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Introduction 

The present study is the third in a series describing 
the effects of cyclic nucleotides on the Ca 2+ handling 
by the human platelet. The previous two studies [1,2] 
dealt with the effects of cAMP*, showing that it in- 
creases the Vm of the Ca '+ extrusion pump in the 
plasma membrane (PM), increases the rate of passive 
Ca ~+ leakage across the PM, and increases the V m of 
the Ca 2+ accumulating pump in the dense tubule. The 
effect of elevated cGMP levels on plate.let function is 
less well characterized. The present study reports simi- 
lar investigations with respect to cGMP. Our methods 
use the fluorescent indicator quin2 as a measure of the 
free Ca 2+ concentration in the platelet cytoplasm 
([Ca2+]c~t) and chlorotetracycline (CTC) as a measure 
of the free Ca 2+ concentration in the dense tubular 
lumen ([CaZ+]a,). 

It has been hypothesized that cGMP might act as a 
negative feedback inhibitor of agonist-induced platelet 
activation [3] as had previously been proposed to be 
the case in smooth muscle [4]. Additional evidcnce for 
this mechanism is found in in ritro studies of platelets 
added to vascular endothelial cells [5], in studies of 
human platelets transiting rabbit hearts [6] and in L'ivo 
studies in brain microvasculature [7]. Human platelets 
contain guanylate cyclase activity [8] and cGMP-depen- 
dent protein kinase activity [9]. The former can be 
stimulated with a variety of nitro compounds, including 
sodium nitroprusside (SNP). This has been demon- 
strated in both intact platelets [10,11] and in purified 
enzyme preparations [12,13]. Sodium nitroprusside is 
reported to selectively elevate platelet cGMP levels 
[10,11], although some controversy exists since recent 
studies [14,15] have reported that SNP elevated both 
cGMP and cAMP. The present study uses both SNP 
and the membrane-permeable dibutyryl-cGMP (Btz- 
cGMP) to elevate cGMP and probe its effects on Ca 2+ 
extrusion and sequestration. 

Sodium nitroprusside inhibits platelet aggregation 
[13,16,17]. It inhibits a large number of platelet reac- 
tions, including myosin light chain phosphory!ation and 
serotonin release [18], diacylglyceride formation and 40 
kDa protein phosphorylation [19], the elevation of 
[Ca2+]cyt in response to PAF [10], and aggregation in 
response to ADP [11,13] with ICs0'S of 0.09.-100/zM. 
Moreover, cGMP analogues have been shown to de- 
crease Ca: "-dependent arachidonic acid liberation af- 
ter collagen stimulat.ion [20] and thrombin [21]. 

Three studies have focussed on SNP effects of Ca 2+ 
mobilization: In the first study, the agent has been 
shown to decrease the production of 1,2-diacylglycerol 
[19], which is believed to be a corequisite with Ca 2~" for 
signaling the exocytotic release reaction [22,23]. In the 
second study, SNP was shown to decrease the throm- 
bin-induced elevation of [Ca :+ ]~1 [18]. The third study 
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Fig. I. Ca -~* handling systems of the platelet considered in the 
present study. The four processes considered are: (A) Ca :+ inlhlx, 
(B) Ca -~÷ exlrasion. (C) dense tubular Ca 2~ uptake and (D) Ca 2+ 
efflux from the dense tubule. These processes are carried out by 
receptor operated channels (ROC) and passive leak (AL the Ca z+- 
ATPase ¢xtrus;on pump and the Na+/Ca 2+ exchanger (B). 
Ca2+-accumulating ATPase pump of the dense tubule (C). and 
passive leakage and ROCs in the dense tubular membrane. 
Na+/Ca -'+ stoichiomctry of the exchanger has not yet been deter- 
mined in platelets, and is thus designated n. Stimulatol~' effecl~', of 
cGMP (denoted by zig-zag arrow) on the extrusion pump, and the 
passive leak in the plasma membrane are demonstrated in the 

present study. 

[10] showed that SNP can increase the rate of clear- 
ance of Ca 2+ from the cytoplasm of platelets stimu- 
lated with platelet activating factor (PAl=). As dis- 
cussed earlier [2,25], this type of result can be ex- 
plained as any one of a number of possible alterations 
of Ca 2+ pump and Ca 2+ permeability of the plasma 
membrane (PM) and dense tubules. The relationship 
between these pumps arid permeabilities is illustrated 
in Fig. 1. The present study will show that elevated 
cGMP increases the rates of Ca 2+ extrusion but docs 
not dire¢tly affect the rate of uptake by the dens¢ 
tubular system. 

A previous study from this laboratory [26] has de- 
scribed a protocol whereby the kinetics of the Ca z+ 
extrusion system in the plasma membrane (PM) can be 
characterized in situ. The method involves overloading 
the platelet with the fluoz:,sccnt Ca 2+ indicator quin2, 
increasing the free concentration of Ca z+ in the cyto- 
plasm ([Ca-" ]~t) using ionomycin, removing external 
Ca 2+ and recording the progress curve for active extru- 
sion. Application of this method showed that cAMP 
increases the V m of the extrusion pump by a factor of 



1.6-2.0 [25]. Another method developed in this labora- 
tory [26,27] makes use of the fluorescent indicator 
chlorotetracycline (CTC) to monitor the free Ca 2+ 
concentration in the dense tubules ([CaZ+]d,) in the 
intact platelet. Application of this method showed that 
cAMP increases the V m of the dense tubular pump by 
a factor of 1.42-1.56 [2]. That study showed that al: 
though stimulation ot the extrusion pump lowered 
[Ca2+]~, the stimulation of the dense tubular pump is 
able to overcome this effect and increase the resting 
[Ca2+]dt by 70-72%. The present study applies these 
methods to test the effects of cGMP on these two 
pumps and their interplay in conh'olling [Ca2+]cyt and 
[Ca2+]d,. 

Materials and Methods 

Materials 
Sodium nitroprusside was purchased from Sigma 

Chemical Co., St. Louis, MO. Monensin was a gift 
from Dr. B.C. Pressman. Sources for all other chemi- 
cals, reagents, assay kits, ionophores and inhibitors 
were as identified previously [2,24]. 

Preparation of platelet-rich plasma and washed platelet 
suspensions 

Platelet isolation is as described previously [27]. The 
platelets were resuspended in a nominally Ca 2+- and 
MgZ+-free Tyrode's solution ([Ca 2+] approx. 1 /~M) of 
the following composition (in mM): 138 NaCI/3 
KCI/10 glucose/2 NaHCO3/0.4 NaH2PO4/2.5 Hepes 
with the pH adjusted to 7.35. For fluorescence experi- 
ments, platelet suspensions were divided into two parts, 
one of which was loaded with quin2, the other being 
used for CTC studies. All experiments were completed 
within 4 hrs. of vcnipuncture. 

Fluorometry, protocols and quantitation 
Quin2 experimentation was carried out as described 

previously [24,25]. Platelets were incubated with 5 p.M 
quin2/AM for experiments on the resting [Ca2+]cyr 
The degree of quin2 loading was 0.82 + 0.23 mmol per 
.aer cell volume ('indicator' condition for quin2). For 
quantitative measurement of the kinetics of Ca 2+ ex- 
trusion [24] the platelets were deliberately overloaded 
by incubation with 20 pM ~luin2/AM, reaching quin2 
concentrations of 2.42 + 0.50 mmol per liter cell vol- 
ume ('overload' condition for quin2). All experiments 
were repeated at least five times. It was found that 1 
mM Bt2-cGMP produced a fluorescence artif~.et at the 
wavelengths used for quin2 experimentation. This was 
shown to be the result of a Stokes' shift. In the worst 
case (low degree of quin2 loading resulting from prein- 
cubation with 5 p.M quin2/AM). 1 mM Bt2-cGMP 
increased the apparent fluorescence by 32 5: 5% (mean 

+ S.D., n = 4). However, it did not alter the absolute 
range (Fm, , - Fml .)  of the quin2 fluorescence signal. 

Measurement of Ca 2+ uptake by the chlorotetracy- 
cline (CTC) technique has been previously described 
[2,25,27]. Protocols for measuring the V m and K m of 
the dense tubular pump were carried out as described 
for our recent experimentation with cAMP [2]. The 
logic of our protocols and methods of calculation are 
as described previously [2,24]. 

Radioimmtmoassay determinations of cGMP and cAMP 
l-ml aliquots of wash.ed platelets ((1.5-3.2). 10 x per 

ml) in acrylic cuvettes (Sarstedt) were placed in a 
thermostatically controlled cell holder at 37°C. Exter- 
ra l  Ca 2+ was set at 2 raM. Mixing was accomplished 
with a teflon magnetic 'flea' (600 rpm). For experi- 
ments evaluating the concentration of cGMP as a 
function of time after ionomycin or SNP addition, 3.5 
ml of washed platelet suspension was placed in a 
cuveitc and samples (0.8 ml) sequentially removed at 
the set time points. Quenching and assays were carried 
out as described previously [24]. Parallel aliquots were 
treated with SNP or forskolin for varying lengths of 
time and processed as above. Samples were stored at 
- 18°C prior to assay. 

Determination of  sodium nitroprusside concentration giv- 
ing maximal effect 

As will be described in the n,:xt section, treatment 
with sodium nitroprusside (SNP) gave rapid changes in 
[cGMP], and was thus the best means of elevating 
cGMP and studying its effects on Ca 2+ handling. Since 
its reported ICso values show considerable variation as 
a function of laboratory, and of reaction studied (cf. 
Introduction), it was necessary to determine the con- 
centration for maximal effect. This was based on the 
conccatration profile for inhibition of aggregation in- 
duced by 10/xM ADP. This concentration of ADP was 
chosen since it has been shown to result in maximal 
first-phase aggregation kinetics [28]. Fig. 2 presents a 
dose-response curve for SNP-induced inhibition of 
ADP-trig~,ered platelet aggregation. Half-maximal in- 
hibition of ADP-induced aggregation was achieved with 
1.3 + 0.2 /~M SNP. We chose 10 t tM for the SNP 
concentration in subsequent studies on Ca 2+ transport. 
This gave 98% inhibition of aggregation under the 
conditions of Fig. 2. 

Results 

Sodium nitroprusside selectively elecates platelet cGMF 
Loeb and Gear [29] found that SNP (1/.~M) elevated 

both cGMP and cAMP in human platelets soon after 
addition (time points < 60 s) while after 10 rain only 
cGMP remained elevated. We therefore examined 
cyclic nucleotide levels in response to SNP (10/~M) at 
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Fig. 2. Concentration dependence of inhibition of  platelet aggrega- 
tion by SNP. Aggregation ¢xperimepts were carried oot as described 
by Shanba~ et al. [28]. Diluted platelet-rich plasma (pRpl .  incu- 
bated with SNP or vehicle (Tyrode's sniufion) for ! rain was treated 
with 10 #M ADP and the extent of aggregation after 2 min (meas- 
ured ns % change in the transmission of 940 nm light) was recorded. 
The data are the mean of four experiments with error bars repre- 
sentingd: S.D. The solid line is the best fit described by the equation: 

% Inhibition ~ 1O0%. [SNP]/( 1.3 p. M = [SNPI). 

45 s and  10 rain a f t e r  addit ion.  Fig.  3 shows that  S N P  
elevates  c G M P  in ou r  prepara t ions .  Sod ium ni t roprus-  
side (10 / , tM)  ra ised c G M P  levels 6.8-fold ove r  control  
levels. T h e  values  are  in reasonable  a g r e e m e n t  with the  
r ange  of  publ ished values:  0 .5 -5  pmol  c G M P  pe r  109 
control  pla te le ts  and  7 .5-26  pmol  c G M P  pe r  109 
platelets  t r ea ted  with 10 / t M  S N P  [10,11,13,29]. W e  
found that  the  cyclic nucleot ide r ema ins  at the  e levated  
45-s value  f a r  10 rain wi thout  s ignif icant  change.  T h e  
da ta  show that  less e levat ion is observed  in quin2-over-  
loaded plate le ts  than  in sham- loaded  platelets.  Th i s  
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Fig. 3. Changes in platelet cGMP concentration as a function o f  t ime 
after addition of  10 ,~M SNP in the presence of 2 mM external Ca 2 ~. 
Platelets were el!her sham-ioArletl (liplCli box¢:~) Or loaded with tmio2 
at 3.04-0.5 mmol per liter cell volume (hatched boxes). The pre- 
sented data are the average of five experiments with error bars 
representing+S.D. The levels of cGMP in both sham-loaded and 
quin2-1oaded platelets were significantly different from control levels 
at all three time points following ~;NP ;;oatmeal (Student's t-test, 

P < 0,01). 
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Fig. 4. Effect of 10 ~tM SNP on the progress curve of uctive Ca 2÷ 
extrusion from quin2-overloaded platelets into a low ICa2+]o 
medium. The experiments were carried out according to the protocol 
described previously [24,25l, with platelets at 1.6.107 per ml and 
quin2 loading at 2.7 mmol per liter cell x'olu,~, c. At the high degree 
of quin2 loading the fluorescence decrease during the course of the 
extrusion process is a linear measure of the numbers of p.mol of 
Ca 2+ extruded per liter cell volume. A control experiment with 
chlorutetracycline (CTC) was carried out as described previously 
124,25] to verify that the ionomycin (I ;tM) effectively short-circuited 

dense tubular uptake. 

will be discussed in a la ter  section. Control  experi-  
men t s  showed that  10 # M  S N P  did  not significantly 
e levate  c A M P  levels. U n d e r  the  condi t ions  of  Fig. 3 
the  c A M P  concentra t ion r ema ined  at ;Zs control value  
of  2.2 + 1.8 pmol  pe r  109 olatelets  enot shown). Th i s  is 
cor robora ted  by the  f inding that  S N P  reduces  dense  
tubular  Ca  2+ leveb  (see below) whereas  c A M P  ele- 
va tes  t h e m  [2]. 

SNP increases the rate of the Ca-" + extrusion system 
Fig. 4 shows that  t r ea tment  with 10 p ,M S N P  in- 

crease~ the  rate  ,xf active Ca  2+ extrusion f rom the  
platelet  over  the  30 min  t ime course  o f  the  process.  

"~ °" I 
Control t mtn t5 rain 30 mJn 

13me after Additicm of IC.nomycin 
2 Fig. 5. Lack of effect of ionomycin and manipulations of [Ca + ]cyt on 

level of platelet cGMP. The opep boxes are for sham-loaded platelets; 
the: hatch©d hox¢~ arc for plmeicts ioad,~d wi;h quit,2 at 5.o mntoI 
per liter cell volume. The error bars in6;cate toe S.D. The samples 
((1.5-1.8)' l0 s platelets per ml) were treated exactly as in the proto- 
col of Fig. 3. Control: Platnlets exposed to 2 mM external Ca 2 + for 5 
min. I rain: Plamlets I rain after addition of ionomycln sampled 
immediately after EGTA addition. 15 mm and 30 min: Platelets 

treated as above and sampled at 15 or 3O min. 
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TABLE I 

Kinetic constants describing pump- and exchanger-mediated Ca: + extrusion front control and SNP.treated platelets 

Constant Value Unit 

V m extrusion pump (PM) 

K m extrusion pump (PM) 
n (I till coefficient) 

extrusio~l pump 
k linear N a ' / C a  :+ exchanger 

(Vra/gra ratio) 

70.7 _+ 3.2 109.5 + 2.4 p M min - i 
1.7 + 0.1 2.64- 0.1 nmol mg - t rain - i a 

664_+4.5 69.04.2.4 nM 

1.8±0.2 1.6±0.1 
19.65:2.2 21.7 + 1.5 min - t t, 
(4.8 4. O.5). 10 - '* (5.3 + 0.3 )- I 0 - 4 li~er mg - I rain - I a 

" Rate expressed per mg membrane protein. 
i, Corrected for a small (25%) ionomycin contribution (cf. Ref. 25). 

A similar  result  was  observed us ing 1 m M  Bt2-eGMP 
pre incubated  for 45 min  (see below). Fig. 5 shows that  
the  ionophore  addi t ion and manipula t ion of  [Ca2+]~t 
in the  above protocol do not a l ter  the  c G M P  concen-  
tration.  Th i s  is in ag reemen t  with the  f inding that  the  
ionophore  A23187 does  not affect  c G M P  levels in rat  
platelets  [30]. 

T h e  extrusion exper iment  of  Fig. 4 was r epea ted  
seven t imes  with seven prepara t ions  and  kinetics were  
de t e rmined  as  descr ibed previously [24,25]. Fig. 6 pre-  
sents  the  ra tes  of  the  extrusion system as a funct ion of  
[Ca2+]~t for the  SNP- t rea ted  and  control  condit ions.  
As  has  been  shown previously [24,25], the  rate  vs. 
[Ca2~']~ character is t ic  is composed  of  two contr ibu-  
tions, a saturable  one due to the  Ca2+-ATPase  in the  
PM which m a k e s  its full contr ibut ion for [ C a 2 + ] ~  ~< 400 
nM and  a l inear one due  to the Na  ~ /Ca  2+ exchanger  
which m a k e s  its largest  contr ibut ion for [Ca2+]~t > 400 
riM. T h e  f igure  shows that S N P  has  little effect  on the  
l inear componen t  but  has  a pronounced  effect  on the  
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Fig. 6. Effect of 10 ~.M SNP on the rate of Ca '÷ extrusion vs. 
[Ca:*]~ ch:.raeteristic. Data are the average (:t:S.E.) of seven 
experiments with five preparations, calculated as described previ- 
ously 124.25l. The left-hand ordinat(~ expresses the rates in /.Lmol 
Ca z* per liter cell volume per rain. The right.:~.6 ordinate ex- 

presses the rates in nmol Ca :+ per mg plalelet prolein per rain. 

saturable  componen t .  As  descr ibed previously [24,25], 
the  da ta  were  f i t ted with the  following equat ion:  

lCa" + l ~ ,  ~ 
V= V m. K~; 7 + [Ca "-+ ]Lt7 ~ k u.~..,.[Ca 2+ ]cyt (I)  

where  V is the  rate  of  Ca  z+ extrusion.  Vn, is the  
maximal  ra te  of  the  Ca  2+ pump,  K m is its Michael is  
cons tant  and  1.7 is its Hill coefficient.  T h e  cons tant  
kli . . . .  descr ibes  the  contr ibut ion of  the  N a + / C a  2+ 
exchanger  which is not  well resolved us ing quin2. A 
more  recent  study us ing the lower-affinity indicator  
rhod2 shows its contr ibut ion to also be saturable  with a 
Km be tween  2.3 and 6.7/,~M [31]. 

Fig. 6 shows that  S N P  increases  the  maximal  ra te  of  
the  Ca  2+ p u m p  ( V  m) by 63% but  has  no  effect  on the  
K m (approx.  69 nM). T h e r e  was  no discernible ef fec t  
on the  N a + / C a  z+ exchanger  (k,near). T h e  values  for 
the  best-fit  constants  are  g iven in Table  !. 

Effects" o f  dibutyryl-cGMP and added dtbutyryl-cAMP on 
extrusion pump 

T h e  effect  o f  S N P  to increase the  V m of  the  extru- 
sion p u m p  was conf i rmed by exper imenta t ion  with 

TABLE II 

Effect of Bt2.cAMP and Bt,-cGMP on the V,, of the Ca" ~ extrttsion 
pnmp hi tile plasma membrane 

Platelet suspensions were incubated with 1 mM of each cyclic nu- 
cleolid~: analog for 45 rain prior to running the efflux experiments. 
The maximum transport rates for the cyehe nueleotide-lreated sam- 
ples are reported as ratios relative to the control rates (average :1: S.D.. 
n = 3  or 4). 

Agent I/m ratio: agent/control 

Bt2-cGMP 2.2+0.4 
Bt ,-cAMP 2.0 + 0.6 ~ 
Bt z-cAMP + Bt z-cGMP 2.3 + 0.3 

+" ~ata fr.~+n ReL 2a 
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Fig. 7. Effect of SNP on [Ca 2+ let in resting platelets. A platelel 
sample with an +indicator' concentration of quirt2 (0.82 mmnl per 
liter cell volume) was suspended in a nominally Ca 2 +-free Tyrodes's 
solution and 2 mM Ca 2+ was added where indicated. Trace A: 
Control. Trace B: l0 p.M SNP added Concurrently with Ca m ++ Trace 

C: l0 pM tfiqP added 15 rain after Ca +'+. 

dibutyryl-cGMP (Bt,-cGMP),  preincubated for 45 min 
at 1 mM. Table 11 shows Bt2-cGMP increases the V m 
by a factor of  2.2. The experimentation gave no evi- 
dence of any change in K m. The table also shows that  
addition of  Bt2-cAMP together  with Bt2-cGMP does 
not elevate V m above its cGMP-stimulated value. 

ShIP and Bt 2-cAMP decrease resting [CaZ+]~y, 
Since SNP increases the V m of  the extrusion system, 

it is expected that  it would decrease the steady-state 
[Ca 2+ ] ~  level in resting platelets. Fig. 7 shows that  this 
is indeed the case. Identical [Ca2+]~t values are 
achieved when SNP is added before external Ca 2+ or 
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when SNP is added after steady state i~ achieved in 
untreated platelet,;. Fig. 7 shows that the effect of SNP 
is rapid. Depression of steady-state [Ca2+]cy~ was also 
observed for 1 mM Bt2-cGMP. The experimentation of 
Fig. 7 was carried out in parallel on at least six prepa- 
rations. Table 11 summarizes the data.  The reduction 
of [Ca~+].~t was 21% for SNP and 20% for Bt2cGMP. 

Et'idence for increase in It,,~.l< o f  the plasma membrane 
We performed calculations to determine whether  

reduction in [Ca 2+ Icy[ c+ould be explained completely by 
the increase in V m. The calculations made use of the 
method of analysis developed in the previous paper  for 
cAMP (Eqns. 2 -5 ,  Johansson ¢t al. [1]). The calcula- 
tions used experimental data on V m, K m (from the 
extrusion eximrime+qt) and [Ca2+]~ from the steady- 
state experiment to calculate the rate constant for 
Ca 2+ influx (kl+,~). The calculations, summarized in 
Table Ill ,  show that SNP and Bt2-cGMP increase kw+k 
32 =1: 4% and 90 + 34%, respectively. 

SNP causes the resting dense tubular Ca z + ([Ca z + In,) 
to be decreased 

Fig. 8 shows that SNP reduces dense tubular Ca 2+ 
uptake measured by CTC fluorescence Table IV sum- 
marizes the results obtained in a number of repetitions 
of this experiment with 5NP and Bt2-cGMP. The table 
shows that these agents decrease the resting concentra- 
tion of Ca 2+ in the dense tubules ([Ca2+|dt) by 24--26%. 
Following the method of analysis described in a previ- 
ous paper  [2], experimentation was carried out to de- 
termine whether  there was a direct  effect on the dense 
tubular  pump. 

cGMP does not increase the V,, o f  the dense tubular 
pump 

Fig. 9 presents initial rate data from the ionomycin 
challenge test, described previously [2]. At ! / tM iono- 
mycin [Ca2+]~t exceeds 800 nM and the dense tubular  
pump is saturated.  Fig. 9 shows that  the pump veloci- 
ties measured at elevated [Ca 2+ ]cyl in the pr~sem,¢ and 
absence of  10 ~tM SNP are identical within the experi- 

TABLE III 
Sodium nit/oprusside- and Btz-cGMP.induced changes in resting [Ca" + Icy[. Kinetics of the plasma mf~brane extrusion pump and kiosk 
Values of X ( = kl¢.k.[Ca 2+ ]o/Vm) are calculated from Eqns. 3 and 4 of Johansson et al. [24]. Values of klcal,[Ca 2+ ]o were calculated from V m 
and Eqn. 4 of Johansson et el. [24]. Values are given as mean + S.D. with 6 ~ n ~ 15. 

Condition [Ca 2 *" Icy, Km Vm X k icakiCu 2 ÷ ]o k It:.±+ / kl+.k, comml 
(.'-M) (nM) (pM/min) (p.mol/min) 

Control 112 66.4 70.7± 3.2 0.708 50.0 (I.0) 
SNP 89 60.0 109 ± 2.4 0.606 66.0 1.32=1:0.04 
Control " 100 69.0 73.0 ± 3.2 0+653 47+7 (1.0) 
BI2.cGMP 80 80.0 161 ±29 0.562 90.5 1.90+0.34 

" Control for Bt2-cGMP. 



TABLE IV 

Rate and extent of Ca 2 + uptake by the dense tubules in the presence and absence of cGMP 

cGMP was elevated in Ca2+-depleted platelets by preincubatlon in the cuvette with 10 ~M SNP 05 min) or I mM Bt:-cGMP 445 rain). CTC 410 
~.M). 4 p.M rotenone and 4 p.g/ml oligomycin were also present during the preincubation (15 rain). Then 2 mM Ca 2" was added to initiate 
dense tubular uptake which was monitored by CTC fluorescence. Where indicated, 500 nM ionomycin was added simultaneously. The initial rate 
(Vinitial) and CTC ratios (RcT(-) were determined. The table preseots the ratio of these quantities for the treated vs. control cases. The presented 
values are means for 5-8 paired experiments :l: S.D. 

[1011o] SNP-treated Bt 2-cGMP-treated 

(riM) VoaM P / V ~ , m  RCTC.cGMP/Rc.rc.con ' VcGM P / Vcon I RCTC.cGM p / Rc1.c.¢o m 
0 0.92+0.16 0.80 ~_ 0.20 0.92:k0.14 0.70+ 0.21 

500 0.97±0.22 ~ 1.00±0.19 0.97:!:0.25 a 1.00±0.24 

a Identical to Vm.cGMp / Vm.o, m ratio. 

A ~ ^stow 

-~'~ . . . . . . . .  ~ - 7 0 

~a 

. . . . . . . . . . . .  o 4 

¢ c~c ~ = 

B ~ 1 

~ a 

c~c ~ 6 min 
Fig. 8. Effect of SNP on the resting Ca ~+ level in tbc dense tubules 
indicated by CTC fluorescence. Curve A is a control. Curve B is 
SNP-treat~d. The experiment was carried out as described previously 
[2,66]. The platclet concctatration was 1.6.107 per ml. Concentrations 
of added agents were 10 #M CTC. l0 #M SNP and 2 mM Ca ~'+. 
The CTC ratio (Rcrc) is the ratio of lhc: amplitudes of the indicated 

slow aml fast pl'a'~es. 

mental  error. Thi~ demonstrates  that the Vm of  the 
dense tubular  pump is not affected by SNP. Fig. 10 
shows the absence of  a SNP effect on the maximal 
Ca 2+ uptake in the presence of  ionomycin. 

c G M P  does not change the K m o f  the dense tubular 

p u m p  
As described above, SNP and Bt2-cGMP decrease 

the value of  [CaZ+]dt ( R c r c )  observed in steady state in 
the absence of ionomycin. This  is expected from the 
lowering of  steady-state [Ca2+]dt. A previous study [2] 
showed how information on the Km of  the dense 

0 250 500 750 1000 

Fig. 9. Effect of ionomyein on the initial rate of Ca 2+ uptake by the 
dense tubules in the presence (triangles) and absence (dots) of 10 
.aM SNP. The procedure is identical to that described by Tap et al. 
(Ref. 2). Calcium-depleted platelets were incubated with 10 pM 
CTC, 4 pM rotenone and 4 #u/ml oligomycin for 15 rain. Calcium 
(2 mM) and ionomycin 4indicated concentration) were added simul- 
taneously and the initial rates of the slow phase of CTC fluorescence 
increase were determined. Parallel experiments with quin2 showed 

that 500 nM ionomycin elevates [Ca 2+ ]~ to 800--1000 nM, 

0.80 

O 
0,40 

o =so s60 7~o 1~oo 

(Ionomycln], nM 

Fig. 10. Effect of ionomycin on the maximal dense tubular Ca 2+ 
uptake (CTC ratio) in the presence (triangles} and absence (dots) of 

10 .aM SNP. The data are from the same experiments as in Fig. 9. 
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TABLE V 

Effect of SNP and BQ.cGMP oa kinetics of dense tubular Ca 2+ pt~t,~p toni k, ak 
[ Ca2+ ],-yl values are for the 'resting' state in the presence of 2 mM ¢ 'a 2+. The V~ val.Jes are calculated from the initial rate at lionel = 0.5 p.M as 
described in the text. The K m values are calculated as described in me text. [Ca 2 " ld+ is ~hu measured Rc-rt- value (cf. Figs. ? and 3. Ref. 2). X is 
the degree of saturation of the p,..np in steady state, calculated f-om Eqn. 3 of T~o ct al. [2] using the steady-state [Ca -'+ ]dl and Ke value. 
Rc-r(:.m, s (CTC units) is the experimemal value for 0.5 p.M ionomy~in or the theoretical value (R(-rc / X )  for no ionomycin, k l¢,k + i / Vm slaIKlS 
for (kle,k + k h,n,~|ono]/V m (rain-I), which is identical to X/Rcr. :. (Eqn. 6 of Ref. 2). When 0.5/zM ionomycin was present, k t¢ak / Vm (CTC 
units - t) was calculated, using k ton. = 0.34klc,k (P-M + i). Finally, A t~;,k (min - t) was calculated from the preceding column using the appropriate 
V m value. :t:values are standard deviations with 6 g  n < 15. 

[lono] [Ca-" + ]~, K~ I"~ [Ca: + ]d, X R(-rc.~,,, k ~,,k + + k ;~,k k~,k 
(p.M) (nM) (nM) (CTC units) Vm Vm (CTC unils) 

Control 0 i 12+ 15 I$0 1.55 0A0+0.07 0.340 1.17 - 0.85 1.31 
Control 0.5 ~800 180 1.55 1.514-0.1)7 1.00 1.51 0.66 0.56 0.87 
SNP 0 894-12 193 1.51 0.32±0.08 0.252 1.26 - 0.78 1.18 
SNP 0.5 >_.800 1~3 1.51 1.514-0.08 1.00 i.51 0.66 0.56 0.84 
Bt2-cGMP 0 804-8 193 1.51 0.284-0.07 0.255 1.24 - 0,80 1.21 
Bt2-cGMP 0.5 ~800 193 1.51 1.51 4-0.08 1.00 1.51 U.66 0.56 0.85 

t u b u l a r  p u m p  can be  obta ined f rom comparison of  
initial rales of  Ca 2+ uptake  into the dense  tubules  in 
the absence o f  ionomycin. Table  IV presents  da ta  on  
the effects of  SNP and Bt2-cOMP on the initial ra te  
( V =  d[Ca2+]dt /d t )  and maximal  Ca 2+ uptake  ( R c r c )  
obta ined in the absence and presence of  500 nM iono- 
mycin (Figs. 9 and 10). These  da ta  were  used to deter-  
mine  if the  K m value had changed  with c G M P ,  by the  
procedure  outl ined in the previous study (Eqns.  2 - 5  
and Table  II  of  Ref.  2). The  results a re  given in Table  
V. Briefly, Tab le  V shows little effect  of  SNP o r  
Bt2-cGMP on the  initial ra te  o f  dense tubular  uptake  
in the  absence of  ionomyc.;n. A Kn, o f  193 nM was 
calculated for the SNP- and  Bt2-cGMP-trea ted  cases, a 
result  which is not  significantly different  f lora the  
control value of  180 nM (Table  V). 

cGMP does not change the kteak o f  the dense tubulur 
membrane 

Table  V presents  fu.rther calculations m a d e  to deter-  
mine  whe ther  c G M P  had affected the  rate  o f  passive 
Ca 2+ leak across the dense tubular  membrane .  T h e  
calculations were  m a d e  as described previously for 

TABLE v I  

Comparison of cyclic nucleutide effects on pump kinetics and prot.,in 
phosphorylation 

Cyclic Plasma membrane Dense tubular 
nucteo- Ca -'÷ pump Ca-'* pump 
tide increased 130 kDa increased 22 kDa 

I'm phosph. I" m phosph. 

cGMP + + 0 O 
+ cAMP + + + 

" Data from R,ff. 48. They also reported phosphorylation of 100 kDa 
protein with ~ame pattern as 22 kDa protein. 

c A M P  (Eqn.  7, Tab le  I1, Ref. 2). Table  V shows no 
significant effect of  SNP or  Bt2-cGMP or. ktc,k. 

Discussion 

The  principal finding of  tile present  study is that  
c G M P  decreases  [Ca2+]~  by increasing the V m of  the  
Ca 2+ extrusion pump,  but  has  no direct effect on t im 
dense tubular  pump.  This  is in contrast  t, c A M P  which 
has been shown to st imulate both [2 *1]. ~ will he  
shown below, th.'+ correlates  well with published re-  
por ts  on  protein phosphorylation. The  next-most im- 
por tant  observation is that  the cGMP-induced  de-  
c rease  in [Ca2+],~ results in a decrease  in [Ca2+~ .  
This  serves as a basis fur .the s trong ant i -aggregatory 
effects of  cGMP.  

The pattern o f  cGMP / c A M P  effects (vs. non-effects) on 
the I'm values o f  the plasma membrane and dense tubu- 
lar Ca z+ pump correlates with the pattern o f  c G M P /  
cAMP-induced protein phosphorylation 

T h e  c G M P  results of  the  present  study, combined 
with the  c A M P  results o f  the  two companion studies 
[2,24], represent  a pat tern  o f  activation which corre-  
lates perfectly with da ta  on  cGMP-  and cAMP-st imu-  
lated phosphorylat ion of  proteins  of  correct  molecular  
weight  to he  pumps  o r  their  modulators .  The  correla- 
tion is summar ized  in Table  VI  and is explained below. 
As  we have noted  ear l ier  [24], Ca2÷-Mg2+-ATPase 
activity has  been  demons t ra ted  in the  platelet  p lasma 
m e m b r a n e  using both cytochemical [32], and m e m -  
brane  fractionatio:~ techniques [33-3(:]. Wa;dmann  e t  
al. (Ref.  9) demons t ra ted  that  a 150 kDa  platelet  
protein is phosphorylated by both cAMP-  and cGMP-  
dependen t  protein k inases  The  molecular  weight is 
correct  for .the protein to he the Ca 2+ extrusion p u m p  
of  the PM. A h h o u g h  the molecular  weight of  the  
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platelet PM Ca2+-Mg2+-ATPase has not been pub- 
lished, the related PM pumps in erythrocytes [37], 
heart [38], synaptic vesicles [39], and skeletal muscle 
[40] all have molecular weights i ,  the tgs-150 kDa 
range. An interesting finding of the present study is 
tha~ the activation effects of cGMP and cAMP are 
neither additive nor synergistic, suggesting that the 
phosph~rylation may be on the same site(s). 

The r~c, lecular weight of the platelet dense tubular 
Ca 2+ pt~mp is approx. 100 kDa [41] or 105 kDa [34]. 
This is in line with the general finding that the Ca '-+- 
Mg2+-ATPases of the internal membranes have lower 
molecular weights than those of the PIVl (cf. above 
cited references and Refs. 3g and 42). Furthermore the 
dense tubular Ca2+-Mg'-+-ATPase isolated from hu- 
man platelets by Dean [41] was found to be antigeni- 
cally similar, but not identical, to that of sarcopiasmic 
reticulum (SR). The analogy between the DT and SR 
is close with respect to the effects of regulatory phos- 
phorylation. As noted in the earlier study [2L the 
cardiac SR pump is stimulated by cAMP-dependent 
phospho,q,'lation of a 22 kDa protein named phospho- 
lamban [43,44] while the dense tubular pump is stimu- 
lated by cAMP-dependent phosphorylation of a 22 
kDa protein [45-47]. The cAMP/cGMP phosphoryla- 
tion pattern for this protein correlates perfectly with 
our findings on the V m of the dense tubular pump 
(Table VI): Elevation of cGMP does not cause phos- 
phorylation of the 22 kDa protein [48] and does not 
raise the V m of the DT pump (present study). Elevation 
of cAMP does cause phosphorylation of the 22 kDa 
protein [48] and does raise the V m of the DT pump [2]. 

cGMP also increases kh.ak for the plasma membrane 
The increase in V,n of the extrusion pump is par- 

tially compensated by an increase in the rate constant 
(kl¢,, k) for Ca '-+ leakage across the plasma membrane. 
A similar observation was made for cAMP [2]. We 
believe that leak is as tightly regulated as the pump 
against which it competes. By analogy to the mam- 
malian heart, the leak is probably a Ca '-+ channel 
whose activity is controlled by regulatory phosphoryla- 
tion [2,49,50]. If cGMP had not increased kl¢~k, the 
resting [Ca2+]~t would have been 41-60 nM (cf. Eqn. 
6. Ref~ 24) and resting [Ca'-+}az would have been very 
low. It is possible that such a large change would be 
overly inhibitory to activation. 

Effects o f  cGMP on Ca 2+ are clegrly anti-aggregatory 
The present findings are in keeping with the above- 

cited reports that elevated cGMP is anti-aggregatory, 
and indeed provide a sufficient explanation of these 
effects. Cyclic GMP lowers the resting [Ca'-+]~t before 
the platelet is stimulated. As is the case for cAMP [24], 
cGMP increases the I," m of the extrusion pump and 
lowers resting [Ca'-+]t~.t. This results in lowering the 

initial degree of saturation of the intrinsic cytoplasmic 
buffers and Ca 2+ transduction 'machinery'. This means 
that more Ca e+ must be introduced into the cytoplasm 
to activate the platelet, and that a correspondingly 
higher agonist concemration will be required for acti- 
vation. In contrast to cAMP, cGMP does not stimulate 
the dense tubular Ca 2+ pump. Without such compen- 
sation the resting [CaZ+]d~ is reduced 30%. Platelets 
with elevated cGMP have less stored Ca 2+ and will 
thus release less Ca 2+ to the cytoplasm for a given 
strength of signal to the dense tubular ROC. 

The above effects raise the requirement for the 
number of receptor operated channels to be opened 
(mean open time) to reach threshold values of [Ca2 + ]~.,t. 
This Would have the effect of increasing the size of the 
initial stimulus required to commit the platelets to 
aggregation. 

Cyclic GMP also exerts anti-aggregatory effects af- 
ter stimulation. 

It would seem that the signal to elevate c(_iMP can 
be associated with agonists as well as the antagonist, 
endothelial-dependent relaxing factor (EDRF; NO). 
Nimpf and associates [50] have shown that the platelet 
agonists thrombin, collagen and ADP all produce in- 
creases in platelet cGMP levels. This constitutes a 
negative feedback pathway (cf. Ref. 3). This is of 
interest since Ca 2+ elevation, alone, does not affect 
cGMP levels. This was observed with ionomycin in the 
present study and in with A23187 in rat platelets [30]. 

Whether produced by EDRF or by agonist, eleva- 
tion of cGMP will inhibit events which are known to 
follow Ca :~ mobilization. These include inhibition of 
myosin light chain phosphorylation and serotonin re- 
lease [52], inhibition of diacylglyceride formation and 
inhibition of 40 kDa protein phosphorylation [53]. Fur- 
thermore, cGMP decreases the duration of the Ca 2+ 
signal as has been demonstrated for activation with 
thrombin [52] and PAF [10]. The present results sug- 
gest that cGMP accomplishes this by increasing Ca 2+ 
extrusion. The present finding of increased V m of the 
extrusion pump is sufficient to explain the above-men- 
tioned effect on the Ca 2+ transient. We believe that 
the behavior of the Ca 2+ channels in the PM and DT 
(Processes A and D of Fig. 1) aRer activation are 
worthy of further study. We also believe that differen- 
tial effects of cAMP and cGMP on dense tubular 
uptake after stimulation are worthy of further study. 
The present results suggest that cGMP can not give 
increased dense tubular sequestration after activa*.ion 
whereas cAMP will. Thus cGMP may be a better 'Ca 2+ 
antagonist' than cAMF. 

It is of interest to consider combined effects of 
cGMP and cAMP. The present study of the Ca 2+ 
extrusion pump shows that when one cyclic nucleotide 
is present at maximally-effective concentration, the 
second nucleotide does not prt,duce an additional of- 



feet. T h e r e  is some  evidence of  syr,~i~inttt be tween  the 
two cyclic nucleot ides  in rabbit  platelets  [54]. Also, a 
c G M P - s t i m u l a t e d  c G M P / c A M P  phosphodies te rase  
has  been  isolated f rom human  platelets  [55], sug.~esting 
that  there  may be c i rcumstances  under  wh:'ch eleva- 
tions of  c G M P  concentra t ion can reduce elevat ions in 
c A M P  concentrat ion.  

Caution: Quin2 makes SNP less effectit'e in elet'ating 
IcGMt'l 

It  is necessary to discuss an impor tan t  methodologi-  
cal point:  quin2 decreases  the  SNP- induced  increase in 
[cGMP] relative to sham- loaded  platelets  (Fig.  3). Al- 
though the  p resen t  exper imenta t ion  showed that  
[cGMP]  was sufficiently e levated  to produce  maximal  
effects  on the  extrusion pump,  this could represent  a 
pitfall to exper imenta t ion  relying solely on S N P  to 
effect  changes  in [cGMP].  T h e  na ture  of  this inhibitory 
effect  is not  c lear  since guanylate  cyelase is not  de-  
scr ibed as be ing  a Ca2+-regulated enzyme [63]. It  is 
possible that  the  effect  is re la ted to  the  p ioposed  
~upper  (Cu 2+) r equ i remen t  of  the  soluble form o f  
guanyla te  cyelase [64]. Al though  thu affinity of  quin2 
for Cu 2+ has  not been  published,  the  quin2 ana logue  
E G T A  has  a format ion  cons tant  for Cu e+ which is 7 
o rde r s  of  m a g n i t u d e  g rea te r  than  that  for  Ca  2+ [65]. 

Comparison with cGMP effects in other excitable cell 
types 

In cardiac  muscle,  there  is evidence  for c G M P  ef-  
fects  on the  sa rco lemmal  (SL)  pump.  Church  and  Sen 
[56] r epor t ed  that  c G M P  decreased  Ca  2+ uptake  in 
can ine  card iac  s a rco lemma vesicles.  They  found  both a 
decrease  in the  V m and  an  increase  in the  K m. In 
porcine  card iac  sarcoplasmic  re t iculum (SR),  c G M P  
has  been  r epor t ed  to  decrease  the  K m for  Ca  2+ uptake  
f rom 0.4 ,aM to 0.2 p ,M [57]. 

Cyclic ~JMP clearly s t imula tes  the  Ca  2+ p u m p  in the  
SL of  smooth  muscle.  Th i s  has  been  demons t r a t ed  in 
s tudies  of  SL Ca2+-Mg2+-ATPase  activity in porcine  
smooth  muscle  [58-60]. It. is also sugges ted  in a s tudy 
of  Ca  2+ extrusion f rom quirt2 loaded ra t  smooth  mus-  
cle cells [61]. O n e  s tudy [62] repor ted  that  c G M P  
enhances  Ca  z + seques t ra t ion  by the  sarcoplasmic retic- 
u lum in saponin-permeabi l ized  ra t  vascular  smooth  
muscle  about  20%, a l though we cons ider  this result  
difficult to evaluate.  
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