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The effect of cAMP on active Ca 2 + extrusion across the plasma membrane of intact human platelets was studi~ d using quirt2, a 
fluorlmetric indicator of free Ca 2+ in the cytoplasmic compartment ([Ca2+]c,p). Elevations of cAMP were achieved by incubation 
with dibuty~l-cAMP or by fogskolio, which was found to selectively elevate cAMP without affecting cGMP levels. Progress 
cowcs of Ca -'~ extrusion from quin2-overloaded platelets were measured. The rate vs. [CaZ+]cy t characteristic was calculated as 
previously described (Johansson, J.S. and Haynes, D.H. ( 19~ ) J .  Mcmbr. Biol. 104,147-163). Forskolin, at a maximally effective 
concentration of 10 p.M, was shown to stimulate Ca 2+ extrusion by increasing by a factor of 1.6 3:0.5 the i '  m of a saturable 
component, previously identified with a Ca2+-Mg2+-ATPase located in the plasma membrane. Neither the K m (80 nM) or Hill 
coefficient (1.7 3: 0.3) of the Ca2+-ATPase was affected. Forskolin had no effect on the linear, non-saturable component of 

2 2 extrusion (previously identified wRh a Na+/Ca  + exchanger) over the [Ca +]c~t range examined (5(~-1500 nM). Dibuty~l-cAMP 
(Btz-cAMP, 1 raM) stimulated the Ca2+-Mg2+-ATPase component of Ca z+ extrusion by a f.~:tor of 2.03:0.6. Sepm'xte 
experiments showed that 10 p.M forskolin reduces the resting iCaZ+]~ from H2 nM to 96 nM. Mathematical analysis showed 
that this can be accounted fo~ by the above-mentioned increase in V m of the pump, countered by a 37-74% increase in the rate 
constant for passive Ca z+ leakage across the plasma membrane. The res,dts su~as t  two mechani.~ms by which prostacydin-in- 
dnced elevation of cAMP inhibits platelet aggregation: (a) lowering of resting [Ca~+]c~t and (b) increasing the rate of Ca 2+ 
extrusion after the initial influx or triggered release event. 

Abbreviations: [Ca-'+ ]cyt, the free ('ionized')Ca 2+ concentration in 
the cytoplasm; [Ca2+]o, extracellular Ca 2+ concentration; quin2. 
2-[[2-[bis(carboxymet hyl)amino]-5-methylphenoxy]methyl]-6-methoxy- 
8-[bis(carboxymethyl)amino]quinolioe; quin2/AM, tetraacetoxy- 
metl,yl ester form of quin2; I /and V m, the velocity and maximal 
velocity (respectively) of the Ca-' +-ATPase extrusion pump located in 
the plasma membrane; cAMP. adenosine 3':5'-cyclic roooophos- 
phate; cGMP, guanosine 3':5'-cyclic monophosphate; Btz-cAMP, 
N6.2'-O-dibutyryladenosioe 3':$'-cyclic monophosphate; CTC. 
chiorotetracycline; PM, plasma membrane; ROC, receptor-operated 
channel; K m, the [Ca2+]cyt giving half-maximal rate of extrusion 
(I/); PGEI, prostaglandin -~1; EGTA, ethyleneglycol bis(~- 
aminocthyl ether).N,N,N',N'-tetraacetic acid; Hopes, 4-(2-hydruxy- 
ethyD-I-piperazineethanesulfonic acid; klcak, rate constant for pas- 
sive leakage across the PM; kl,nc,r, apparent bimolecular rate con- 
stant for Ca 2+ extrusion via the Na+/Ca 2+ exchanger, equal to its 
V, , /K m quotient); X. see Eqn. 4; FIm~, fluorescence of Ca z* 
complased form of quin2; Flint n, fluorescence of the uncomplased 
form of quio2. 

Correspondence: D.H. Haynes, Department of PharmacoioID', Uni- 
versity ni Miami School of Medicine, P.O. Box 016-189, Miami, Ft. 
33101, USA. 

ln t rodnct ion 

The  blood plateict  is a Ca2+-activated cell which 
plays an  important  role in blood coagulation. Elevation 
o f  the  Ca 2+ concentrat ion in ,.'gs cytoplasm is a neces- 
sary and  sufficient event  in its activation [1,2] which 
involves a shape  change and e::ocytotic processes lead- 
ing to aggregat ion [3-6].  The  resting platelet  maintains  
a cytoplasmic free Ca 2+ concentrat ion ([Ca2+]~t) in 
the 100 nM range  [7,S]. This  resting [Ca2+]c~ is deter-  
m ined  by the  balance be tween  passtve Ca 2+ influx and  
active Ca  2+ extrusion across the p lasma m e m b r a n e  (cf. 
Ref.  9). The  present  pape r  is the first in a series 
deal ing with the effects o f  cyclic nucleoticles on platelet  
Ca  2+ handling. I t  will show that  e levated c A M P  in- 
creases  the rate  o f  Ca ~+ extrusion. 

The  Ca 2+ handling systems of  the platelet a re  
schemat ized  in Fig. 1. T h e  events  in platelet activation 
and  Ca 2+ movemen t s  therein will be  described in the  
companion pape r  [10]. In the resting state [Ca2+]c~ is 
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Fig. I. Schematic representation of the Ca 2. influx (A) and extru- 
sion (B) systems determining ICa 2+ I~t in the human platelet platelet 
at rest. The opened channel represenls the pagsive Ca 2+ leak. The 
closed channel represents a receptor-operated channel (ROC). Ar- 
rows indicate direction of ion movement. The n value or Na+/Ca 2+ 
stoiehiometry of the Ha+/Ca 2+ exchanger has not yet been deter- 
mined. The zig-zag arrows indicale loci of stimulation with cAMP 
(demonstrated in the present study). For the sake of simplicity, the 

dense tubular system is not represented. 

determined by the balance between passive leak and 
active extrusion processes across the plasma membrane 
(PM). The platelet PM has a cadmium-sensitive, vera- 
pamil-insensitive passive Ca 2+ permeability (cf. Ref. 
11). Passive influx is opposed by an active extrusion 
system. Evidence supporting the presence of plas- 
malemmal Ca2+-Mg2+-ATPase [9,12-15] and a 
Na+/Ca 2+ exchanger [9,16-18] activities has been 
published. In the resting state, [Ca2*]~, is determined 
by the balance of the influx and active extrusion path- 
ways [7,9,11]. The dense tubular system is the major 
internal storage site for Ca 2+ [739]. The dense tubules 
have a Ce,2+-ATPase pump [19,20] enabling the accu- 
mulation of Ca 2+ which is released to the cytoplasm 
upon stimulation. Through the above mechanisms the 
dense tubules are capable of influencing [Ca2*]~t tran- 
siently. By design of the present study, the dense tubu- 
lar Ca 2+ uptake is eliminated by the shunting action of 
1.0 /zM ionomycin * and by the short duration of 
exposure to elevated [Ca2+]~. Thus the activity of the 
Ca 2+ extrusion system of the plasma membrane can be 
studied directly by the rate of decrease of quin2 fluo- 
rescence. 

* 1.0/.~M ionomycin does not contribute to the extrusion process at 
[ Ca2+ ]o~ values of < 1.5 tiM because (cf. Johansson and Haynes, 
1988 [9]) the latter is 4 order!; of magnitude lower than its K m for 
Ca 2. (7.7 raM). 

Cyclic nucleotides have been advanced as serving 
important modulatory functions in platelets [3,21]. The 
anti-aggregatory me,'hanisms of cAMP have received 
most attention. A physiological stimulus for elevation 
of cAMP is prostacyclin, which has been shown to 
decrease platelet aggregation. Prostacyclin is secreted 
by the capillary endothelium. The effects of elevated 
platelet cAMP include (a) the inhibition of agonist-in- 
duced phospholipase A2 activation [22], (b) reduction 
of inositol-lipid hydrolysis [23], (c) decrease in inoskol 
1,4,5-trisphosphate (IP 3) stimulated Ca 2+ release [24] 
and (d) reduction of [Ca 2 + ] ~  elevations after stimulua- 
tior. [25]. The latter are based on behavior of agonist- 
induced Ca 2+ transients involving changes in Ca 2+ 
influx and dense tubular Ca 2+ release [26-30]. Eleva- 
tion of cAMP causes a slight decrease in resting 
[Ca2+],.~t [31]. The present communication will show 
that cAMP stimulates the extrusion pump and that this 
is an important factor underlying the above observa- 
tions. 

In the present study we use a r~'eently-developed 
method to characterize extrusion of Ca 2+ across the 
plasma membrane [9]. The method involves overload- 
ing the cytoplasm with quin2 to levels of approx. 3 
mmol per liter cell volume (3 mM) such that its Ca 2+ 
buffer capacity is much larger than the Ca 2+ buffer 
capacity intrinsic to the cytoplasm. Under this quin2- 
overloaded condition, the quin2 fluorescence is a linear 
measure of the number of mmol of Ca 2÷ entering or 
leaving the cytoplasm [9]. The method enabies the 
measurement of the absolute rate of active Ca 2+ extru- 
sion (via a Ca2+-ATPase pump and a Na+ /Ca  2+ ex- 
changer) as a function of [CaZ+]~,. The previous study 
[9] showed that the pump has a Vm of 98 ± 8 ~mol  
Ca2+/liter cell volume/rain, a K m of 80 ± 10 nM, and 
a Hill coefficient of 1.7 + 0.3. For [Ca2+]~t < 400 nM, 
the pump makes a much larger contribution to extru- 
sion than does the Na+ /Ca  2+ exchanger. In the.pre- 
sent communication we show that elevated cAMP pro- 
motes Ca 2+ extrusion across the plasma membrane by 
increasing the maximum rate (V m) of the Ca2+-ATPase 
pump. 

Part of this work has appeared in abstract form [32]. 

Materials and Methods 

Materials 
Forskolin, prostaglandin Ej (PGEI), EGTA, Hepes, 

quin2/AM, quin2, glucose, and dibutyryl-cAMP (Bt 2- 
cAMP) were purchased from Sigma Chemical Co., St. 
Louis, MO. Chlorotetracycline (CTC) was obtained 
from ICN Pharmaceuticals, Cleveland, OH, ionomycin 
from Calbiochem, La Jolla, CA. Reagents used in the 
preparation of Tyrode's solution were supplied by 
Mallinkrodt Inc., Paris, KY. Radiaimmunoassay kits 
for cAMP and cGMP were obtained from Amersham 



Corporation, Arlington Heights, IL, and Ecolume n 
scintillation cocktail from ICN Biomedicals, Irvine, CA. 

Platelet isolation 
Platelets were i~olated from whole blood as de- 

scribed previously [11]. The medium for resuspension 
and for all presented experimentation was a nominally 
Ca 2+- and Mg2+-free Tyrode's solution ([Ca 2+] = 1 
p.M) of the following composition: 138 mM NaCI/3 
mM KCI/10 mM glucose/2 mM NaHCO3/04 mM 
NaH2PO4/2.5 mM Hepes with the pH adjusted to 
7.3.5. The platelets lose Ca 2+ as they approach a new 
steady state with this low external Ca 2+ concentration 
([Ca2+]o). The cells are therefore referred ta as being 
Ca 2 +-depleted at the end of the isolation procedure. 
All experimentation was completed within 4 h of 
venipuncture. 

Fluorometry 
All fluorescence measurements were made with a 

Perkin-Elmer (Model MPF-3L) fluorometer. The wave- 
lengths and filters used, stirring mechanism and pre- 
cautions taken against possible artifacts have all been 
described [11]. A platelet concentration of 1.6.107 per 
ml was used for all fiuorometric experimentation. This 
was routinely measured turbidimetrically as an 
OD6~onm ffi 0.20 using a Beckman DB-G grating 
spectrophotometer and was occasionally verified with a 
Bright-Line hemacytometer (American Optical). 

Use o f  quin2 to measure the average [Ca 2 +]~y, and 
absolute rate o f  Ca z + extrusion 

The theory and methods underlying the use of quin2 
for studying Ca 2+ extrusion from the platelct have 
been detailed in a previous publication [9]. Platelets 
are incubated with 20/~M quin2/AM (achieJing intra- 
cellular dye concentrations of approx. 3 mmol per liter 
cell volume) to ensure that the fluorophore represents 
the major cytoplasmic Ca 2+ buffer (ouin2 'overload' 
condition). In the presence of 2 mM external Ca 2+ 
([Ca2+]o), the addition of 1 /tM ionomycin results in 
rapid flooding of the cytoplasm with Ca 2+. Upon satu- 
ration of the cytoplasmic dye, EGTA (2.7 raM) is 
added to reduce [Ca2+] o to approx. 100 nM. Then 
active extrusion of Ca 2+ from the cytoplasm is mea- 
sured as a function of time. Experimentation with 
chlorotetracycline fluoresence showed that the internal 
storage sites are unable to take up Ca 2+ in the pres- 
ence of this concentration of ionomycin during the 
brief exposure to high [ C a  2": ]~.  Thus the dense tubules 
do not contribute significantly to the observed decrease 
in [Ca2+].t (cf. Fig. 5 Ref. 9 and Fig. 3 of the present 
study). When EGTA is used for Ca z+ removal, the 
EOTA stock solution is made slightly alkaline in order 

to maintain neutral pH after the H* liberation accom- 
panying Ca 2 + complexation. 

Wc have noted that quirt2 m,:asures the arerage 
[Ca2+],vt in the cytoplasm, in the present and compan- 
ion papers [10,33], calculations of [Ca2*]~, in the rest- 
ing platelets assume that the individual platelets are in 
steady state. Agonist-induced oscillatory behavior has 
been described for a number of cell types including 
fibroblasts, parietal cells, and hepatooytes [34-37]. Re- 
cent study on single immobilized platelets showed that 
serotonin can provoke oscillatory behavior but that 
ionomycin or aluminum fluoride (putative stimulator of 
G-proteins) does not [38]. Since the Ca 2+ manipula- 
tions of the present and companion papers [10,391 were 
accomplished with the use of ionomycin, it is unlikely 
that oscillatory behavior is evoked. The findings of 
Nishio et al. (cf. Ref. 38) do suggest that it will be 
necessary to exercise caution in applying the present 
methods and steady-state analysis (see below) to ago- 
nist-stimulated platelets, or to conditions which open 
Ca 2 ~ channels. 

Use o f  chlorotetracycline to monitor Ca z + uptake by the 
dense tubules 

The principles and methods underlying the use of 
chlorotetracycline ( c r c )  to follow real-time Ca 2÷ se- 
questration by the dense tubules in human platelets 
have been published [7,11]. Mitochondrial and granule 
contributions are negligible, and intracellular Mg 2+ 
and pH shifts do not play a significant role [7,40]. 

Cyclic nucleotide radioimmunoassays 
Washed sham-loaded and quin2-1oaded platelet sus- 

pensions at concentrations of (1.3-1.6)× l0 s cells per 
ml were placed in plastic cuvett~s inside a thermostati- 
cally-controlled cell holder at 37~C and stirred continu- 
ously at 600 rpm with a teflon-coated magnetic 'flea'. 
The [Ca2+]o was set at 2 mM for 5 min and a control 
sample (0.8 ml) removed and processed for cyclic nu- 
cleotide extraction. Forskolin (!0/~M) was then added 
and subsequent 0.8-ml aliqouts were removed at 45 s, 
15 rain and 30 rain and processed. Cyclic nucleotides 
were isolated as described by Loeb and Gear (cf. Ref. 
41). Aliquots were added to test tubes containing 0.089 
ml of I M HCI (final HC! concentration = 0.1 M) at 
0°C. The mixture was then put through three cycles of 
freezing (on solid CO 2) and thawing to disrupt the 
membranes. This procedure has been described as 
being effective for halting cyclic nucleotide metabolism 
and allowing their extraction from the cytopl.~.=~ ,'41]. 
Cyclic nucleotides were then separated from inem- 
branes and proteins by centrifugation at 12e.,~ rpm 
(17210 x g '  ,or l,, rain. The pH of the resulting solu- 
tion was adjusted to 7.5 + 0.5 with 1 M NaOH. Sam- 
pies were stored a t  - 18°C prior to assay. 
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Curve fitting and statistics 
Best  fit  curves  were  produced  using A S Y S T A N T  

(Macmil lan  Software Company) .  All da ta  are  expressed 
as the  m e a n  ± S.D., except  where  noted.  Statistical 
analyses us ing Student ' s  t-test were  carr ied out  with 
the  aid o f  E P I S T A T  (copyright  Tracy  L. Gustafson) .  

Results  

Forskolin increases the rate o f  Ca 2 + extrusion 
Forskolin is a d i te rpene  that  increases  c A M P  by 

direct  s t imulat ion of  the  catalytic suhunit  o f  adenylate  
cyelase (cf. Ref .  42). Fig. 2 shows a typical pai r  o f  
progress  curves  for active Ca  2+ extrusion f rom quin2- 
over loaded platelets,  compar ing  the  effect  o f  forskolin 
p re t r ea tmen t  with control. The  cytoplasmic quin2 (at 
3.6 m m o l / l i t e r  cell vo lume)  is first sa tura ted  with Ca  2 + 
by addi t ion of  ionomycin in the  presence  of  2 m M  
external  Ca  2+. Next. Ca  2+ influx is hal ted by E G T A  
addit ion,  and the  progress  curve for active extrusion is 
measured .  The  decrease  in f luorescence is proport ional  
to the  n u m b e r s  of  Ca  z+ extruded.  T h e  non-l inear  scale 
on the  left side of  the  f igure  gives the  f ree  cytoplasmic 
Ca  2+ concentrat ion ( [Ca2+]~)  at which the  extrusion 
occurred,  lonomycin does  not  have sufficient  Ca  2+ 
affinity to m a k e  a contr ibut ion to the  efflux of  Ca  2+ 
f rom the  cytoplasm at sub-mieromolar  concent ra t ions  
[9]. T h e  r eade r  is re fe r red  to a previous  pape r  [9] for  
o ther  detai ls  o f  the  method ,  its val idat ion and controls.  
Fig.  2 show,, that  p r e t r ea tmen t  with 10/ . tM forskolin 1 
min  pr ior  to the  Ca  2+ and ionomycin increases  the  ra te  
of  extrusion. Exper iments  using 100 / t M  forskolin 
showed no additional increase over  that  seen  with 10 
/zM (data  ,:o; shown). 
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Fig. 2. Standard Ca 2+ extrusion protocol comparing control and 
forskolin-truated platelcts. Washed platelet suspensions (at a con- 
centration of 1,6. l0 T cells per ml), loaded with 20 p.M quin2/AM to 
give a quirt2 concentration of 3.6 mmol per liter cell volume. Forskolin 
(10 p.M) added I rain prior to the initiation of the trace: 2 mM Ca 2+ 
and l /~M ionomycin were added where indicated..Addition of 
EGTA (2.7 raM) decreases lCa2+ ]o to approx. 100 nM and allows 
Ca 2+ extrusion to occur unopposed by Ca 2+ influx. The y axis is 
linear with quin2 fluorescence; the non-lineal ~eale indicates the 

corresponding [Ca 2+ ]cyl values. 
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Fig. 3. Typical CTC experiment showing that l pM ionomycin 
eliminates dense tubular Ca 2+ uptake after removal of external 
Ca ~+. The effect is seen by comparing Panel B with Panel A after 
EGTA addition. The experiment was conducted in parallel with the 
experiment of Fig. 2, using the same platelet preparation. Chlorote- 
tracycline (10/~M) was added to Caa+-depleted washed platelets (at 
a concentration of 1.6.10 7 per ml) at t ~ 0 and then 2 mM Ca 2+ 
together with 10/.*M forskolin, followed by I /~M ionomyein (panel 
B omy) and 2.7 mM EGTA as indicated. The interpretation of the 
CTC signal has been described at length in previous publications 
17,9,11]. Briefly, the slow phase of increase following addition of l0 
pM CTC represents the equilibration of the neutral uncomplexed 
form of the probe between the various platelet compartments. The 
initial rapid phase of fluorescence increase after addition of 2 mM 
Ca z+ is due mainly to binding of Ca2+-CTC complexes to the 
external leaflet of the plasma membrane bilayer. The subsequent 
slow phase of fluorescence increase reflects active Ca 2 ÷ uptake from 
the cytoplasm by the dense tubules [7]. The addition of EGTA to 
complex external Ca 2+ immediately and completely removes the 
component due the CaZ+-CTC complexes on the external leaflet and 
halts further influx of Ca z÷ to the cytoplasm. In the absence of 
ionomycin (Panel A), the dense tubules continue to accumulate 
Ca z+ until the Ca 2+ extrusion pump of the plasma membrane has 
cleared the cytoplasm. In the presence of ionomycin (Panel B). the 
dense tubular Ca 2÷ pump is effectively short-circuited and no Ca 2+ 

is accumulated during the EGTA phase [9], 

Fig, 3 p resen t s  a necessary control  exper iment  (cf, 
Ref .  9) conf i rming  that  1 p.M ionomycin was  sufficient  
to shunt  the  dense  tubular  Ca z+ uptake  in forskolin- 
t rea ted  platelets,  such that  the  organel le  can not con- 



t r ibute to the process of  Ca 2+ removal monitored in 
Fig. 2. Dense tubular  Ca 2+ uptake is indicated by the 
time-resolved increase in chlorotetracycline (CTC) flu- 
orescence after Ca 2 + addi t ion [7,9,11 ]. The CTC exper- 
iment  in Fig. 3 shows that  in the presence of  1 p M  
ionomycin (Trace B), the dense tubules are incapabie 
of  accumulat ing Ca 2+ after the E G T A  addEion, 
whereas in absence of  ionomycin (Trace A)  they are. 

Forskolin effect is due to an increase in V,, o f  the 
Ca 2 +-ATPase p u m p  

We have previously shown how the true kinetics of  
Ca z+ extnlsion can be calculated from the rate of  
decrease in quin2 fluorescence at different [Ca2+]cyt 
values along the progress curve of  Fig. 2 using knowl- 

edge o f  the Ca 2+ buffer  capacity of  quin2 relative to  
the intrinsic cytoplasmic Ca 2+ binding e lements  [9]. 
Fig. 4 shows the c~lcula!ed absolute rates of  Ca 2+ 
extrusion from the control  and forskolin-treated 
plmelets.  The  data  were f i t ted with the following func- 
tion: 

[Ca 2÷ l~, 2 
V =  V. • ~ + kti~ar.[Ca + ]~ ( I)  

m K~+[Ca +]ot 

which expresses the observed rate of  extrusion as the 
sum of  a saturable component (identif ied with a Ca 2+- 
Mg2+-ATPase) and a linear one (identif ied with a 
Na+/Ca2+exchanger) over the range o f  [Ca2+]cyt stud- 
ied (50-1500 nM).  The Vm, K m and n are the maxi- 
mum velocity o f  Ca 2+ transport, Michaelis constant 
and Hi l l  coefficient, respectively, ot  the saturable com- 
ponent o f  extrusion. The rate constant klinea, describes 
the function o f  the Na+ /Ca  2+ exchanger, which is 
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Fig. 4. Effect of for~kolin on the rate of Ca 2 + extrusion vs. [Ca 2 ~ }t~ 
characteristic. Solid circles and open circles ace rate data obtained 
with forskolin-treated (10/tM) and platelets, respectively. Error bars 
are S.E. The d~ta are the average of four experiments with three 
preparations. The rates of fluorescence change were measured from 
the slopes of Fig. 2 (and its repetitions) at the indicated [Ca 2+ L~ 
values. The rates of fluorescence change were c"nverted in:o aI~.,o- 
lute numbers of Ca z+ removed from the cytoplasm per minute, 
using the measured intracellulat q'_,in7 concentration (3.44-0.3 mmol 
per liter cell volume). The results contain a small ( ~ 25%) correclion 
for the contribution of the intrinsic Ca 2+ buffer concentratioll (730 
p,M. as determined in Johaasson and Haynes, ReL 9). The left-hand 
ordinate expresses the rates in p.mol Ca 2+ per liter of cell volume 
per min. The right-hand ordinate expresses the rates in nmoi per mg 
platelet membrane prote;n Igr rain, calculated as described in Jo- 
hansson and Haynes (Ref. 9). The [Ca2+L-~ = 1500 nM data are 

significantly different at P < 0.04. 

poorly resolved in experimentat ion with quin2. Table 1 
presents values of  the kinetic constants for the Ca 2+ 

pump and the exchanger in the control  and forskolin- 
t reated platelets. Table 1 shows that  forskolin treat- 
ment  resulted in a 1.6-fold increase in the V m of  the 
saturable component  o f  the extrusion system. No sis- 

TABLE I 

Kinetic constants describing pump. and exchanger.mediated Ca z + extrusion from control and forskolin.treated IRatelet; 

Constant Value Unit 

control forskolin-treated 

V m extrusion pump 1234-9 a 195 4-16 a /tM min- I 
(246 4- 74) ¢ 

3.04-0.2 4.64-0.4 nmol rag- t rain- 1 a 
K m extrusion pump 80 80 nM 

(79) d 
n (Hill coefficient) 

extrusion pump 1.7+0.3 1.7+0.4 
kunea r Na+/Ca 2+ exchanger 16+ 9 16+ 16 mio- J b 

( I" m / K m ratio) (3.9 + 2,2). 10 - 4 ( 3 . 9  + 3 . 9 ) -  l 0 - 4 l i t e r  m s  - t m i n  - i I 

a Given as a rate per ms membrane protein (cL ReL 9). 
b Corrected for a small (25%) ionomycio contribution (cf. ReL 9). 
c Result for 1 mM Bt2-cAMP, n - 4. Washed platelet suspensions loaded with 20 p,M qain2/AM were diluted to 1.6- l0 v cells per ml in plastic 

covenas and treated with i mM Bt2-cAMP for 45 mio prior to experimentation. Experiments demonstrated that I mM BI2-cAMP (a) showed 
no intrinsic fluorescence at the wavelengths used to monitor quin2 and (b) was without direct effect on the fluorescence of cell-free quin2-Ca 2+ 
suspensions. 

d Calculated using steady-state [Ca 2+ ]~I.cAMP values for fomkolin and Btz-cAMP, using Eqn. 6 according to the steady-state method as 
described in the text. 
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Fig. 5. Changes in plalelet cAMP concentrations as a function of 
time following forskolin (10 p.M) addition. Platelets were eiti~er 
sham-loaded (open boxes) or loaded with 20/.I,M quin2/AM (hatched 
boxes). Data are presented as the means of three experiments with 
error bars indicating S.D. The levels of cAMP in both sham-loaded 
and quin2-1oaded platelets are significantly different from levels at 
15 and 30 rain following forskolin addition. Experiments (not shown) 
revealed that quin2 present in the platelet lysate following cyclic 
nucleotide extraction did no~ interfele with the cAMP radioim- 
munoassay. The data can be compared with values obtained in the 
absence (Fig. 3, Refs. 30, 41 and 61) and in the presence [27,63] of 

the pbosphodiesterase inhibitors. 

nificant changes  in the  values  for Kin, Hill coeff icient  
o r  klinear w e r c  d e t e c t e d .  

Effect of  forskolin on cyclic nucleotide levels 
Cyclic nucleotide m e a s u r e m e n t s  were  m a d e  to show 

that  the  forskoEn effect  on the  Ca  2+ extrusion p u m p  is 
due to e levated  cAMP.  Fig. 5 shows the  effect  o f  
forskolin (10 p.M) on the  c A M P  concentra t ion in rest- 
ing platelets  at selected t ime  points. Forskolin addi t ion 
in the  presence  of  2 m M  [Ca 2 ÷ ],, was  found to increase 
c A M P  about  5-fold compared  to res t ing  levels both for 
sham-loaded  and quin2-1oaded platelets.  T h e  concen- 
trat ions of  c A M P  at 15 and 30 min are significantly 
di f ferent  f rom their  control  values  ( P  < 0.004 and  P < 
0.05, respectively). T h e  c A M P  levels in the  quin2- 
loaded platelets  were  significantly lower than in sham-  
l o a d e d  platelet~, 

Fig. 6 shows that forskolin (10 / . tM)  does  not affect  
platelet  cGMP levels ( P > O . 6 ) . / T h i s  observat ion is 
impor tant  since a companion  pape r  [33] will show that 
c G M P  is also capable of  increasing the V m of  the  
pump.  Fig. 7 shows that  the C a : + / i o n o m y c i n / E G T A  
maneuve r s  used dur ing  the efflux protocol (Fig. 2) d id  
not affect  c A M P  concent ra t ions  in sham- loaded  
platelets.  

1 mM Bt2-c,4MP gives comparable increases of the V,, of 
the Ca 2 + extrusion pump 

T h e  obsewat ion  that  quirt2 suppresses  res t ing and  
forskolin-induced c A M P  levels m a d e  it desirable to 
obtain  an additional check that  10 p,M forskolin had 
elicited a maximal  effect  on the Ca  :+ extrusion pump.  
Thus  the exper imenta t ion  of  Fig. 2 was repea ted  with 

0.60 

o o Control 4S ~ |S  m~n 

Time after FOtskOIin Addition 

Fig. 6. Lack of effect of forskolin addition on platel(:t cGMP levels. 
Washed platelet suspensions ((2.6-3.2). In s cells per mD not loaded 
with quirt2 were incubated with 2 mM [Ca2+lc. After 5 rain, the 
samples were removed. Forskolin (10 p,M) was then added and 
further samples taken after 45 s and 15 rain. Data are presented as 
the means of four experiments with error bars indicating S.D. There 

is no significant difference between any of the data sets (P > 0.60). 

pre incubat ion with 1 m M  dibutyry l -cAMP (Bt 2-cAMP), 
a m e m b r a n e - p e r m e a b l e  c A M P  analogue.  T h e  choice of  
concentra t ion was  based  on our  f inding that  5 o r  10 
min  pre incubat ion with 1 m M  Bt2-cAMP is suff icient  
to abolish aggrega t ion  in platelet-r ich p lasma  in re-  
sponse  to IP p.M A D P  (cf. Figs. 3 - 8  o f  Ref .  43). 
P r e t r ea tmen t  of  platelets  with Bt2-eAMP was  found to 
increase the  rate  o f  c learance  of  Ca  ~+ f rom the  cyto- 
p lasm of  platelets  unde r  the  condit ions of  the  s t andard  
extrusion protocol.  At  [ C a a + ] ~  = 400 n M  the Ca  2+- 
A T P a s e  componen t  expresses  its V,, and  is responsible  
for the  major i ty  (approx.  90%)  o f  Ca  a+ ext rus ion ' (cf .  
Fig. 13, Ref .  9 and  Fig. 4, this  paper) .  A t  this [cae+]~t ,  
I m M  Bte -cAMP was  found  to increase the  ra te  o f  
Ca  2+ extrusion by a factor  o f  2.0 + 0 . 6  (n  = 4). Th i s  
result ,  which was statistically significant  at P < 0.04, is 
en te red  in Table  I. 81 ~! T T 

I 
Contro~ 1 ro4n 15 rain 

Time an l r  /~dltkm of IonomycLn 

Fig. 7. Lack of effect of Ca :+ transient on cAMP concentrations. 
Tbe experiment wa~ cur~i~d out with sham-loaded platelets under 
conditions chosen to match those of Fig. 2. Washed platelets (I.3' 
10s/roll were exposed to 2 mM 0 ;  2+ for 5 rain, at which time 
samples were removed. Then I ~M ionomycin was added and 
samples were removed at the indicated times. EGTA (2.7 mM) as 
added I rain after the ionomycin. Data are presented as means of 

four cxperimems -I- S.D. 



( 
ca2 • 

/ 
i 

BI2 -cAMP 
n,+.llnc.) 

• 15o  

12s  

too 

5 0  
2S  

150 B t 2 - c A M P  

' 12S f 

-+oo + ~ , r , . ,  

l S  l 
C I 2 "  

5 r a i n  

Fig. 8. Effect of Bt 2-cAMP on resting [Ca 2+ l~t- a platelet sample was loaded with quio2 at an 'indicator concentration" (10 pM quio2/AM) and 
was suspended in a nominally C~2+-free Tyrode" ~olution. Where indicated, 2 mM Ca 2÷ was added to the suspension. In Trace B. ;he sample 
was preineubated with l mM Bt2-cAMP 15 rain b ~0re the Ca 2" addition. Trace A is a control. Trace C is the control with the addition of I mM 

Bt 2-cAMP where indicated. 

Bt 2-cAMP decreases resting [Ca z +]~. 
Fig. 8 shows that  preincubat ion with ~ i 2-cAMP low- 

ers  the rest ing [Ca2+]~ ,  in a g r e e m e n t  ,sith previous 
findings [31]. In the  depic ted  experimel t it was low- 
e red  f rom a value o f  119 nM to 96 :LlVl. Identical  
results were  obta ined for 10 p,M forsko i~m. These  re- 
sults are  predic ted  f rom the  compet i t io t  between the 
extrusion process and  passive influx t :ig. 1). The  
[Ca2+]+t dependence  o f  the  rate  ( V )  o f  the  extrusion 
p u m p  is given by Eqn. 1. W e  have  sho~+tt that  this is 
opposed by a cadminm-sensi t ivc,  verap~mtil-insensitive 
passive leak in the  p lasma m e m h r a n e  [11]. In the 
presence  of  external  Ca 2+, it opposes  ~he extrusion 
process  to the  extent  of  kleak" [Ca2+]o, *.vhere kleak is 
the rate  constant  for leakage across the m e m b r a n e  and  
[Ca2+]o is the external  Ca 2+ concentrat ion.  When  the 
extrusion and influx processes achieve :;teady stale, as  
in the p la teau  phase  o f  Fig. 8, we have+' 

lCa 2 + |~,l z 
ki. k' [ Ca2 + ]o = I~ • - -  ~ + kli.c.r' [C:, + ]m+, (2) 

+. m K~ +lea  '+ l+, 

For  [Ca2+ ]c,~ values  less than  400 nM we can neglect 
the t e rm involving klinear ( the N a + / C a  2+ exchanger).  
Substituting 1.7 for n and rear ranging gives: 

kl©ak-[ Cn~ + ]o ICe z ÷ ]~,7 
|/,. ~ KLT+ lCa2+ ]l~l 7 (3) 

We define X by 

A" = (k , . k - [  Ca2 + )o)v~ (4) 

This  variable is the rate of  Ca 2+ influx relative to 
the  V m of  the pump.  It  is also a measure  of  the p u m p  
rate  relative to its V m. By compar ing  X values for  the  
cAMP-s t imula ted  and  contro! cases with the corre-  
sponding V m values  it is possible to de te rmine  whe the r  
kleak is a l tered by cAMP.  Specifically, 

hlcak.cAMp / klcak.mntrol = ( XcAMp / Xcomml)'( Vm.cAMP / Vm.~tm~) 

(5) 

TABLE II 

Forskolin- and Bt2-induced changes in resting 1Ca2 + ]¢, and kleak 
Values of kjeak[Ca + ]o were calculated from V m and Eqn. 4. Values of X are calculate¢~ from Eqns. 3 and ~.+ 2 

Condition [Ca 2 + ]w, Km Vm X kl .k[Ca 2 + ]o k~.k/kr~.k.~,, '~ 
(riM) (nM) (/.t M/rain)  (~mol /min)  

Control 119 80 123± 9 0.663 81.5 (I.O) 
Forskolin 96 80 195 + 16 0.577 l 12.5 1.37 :t: 0. I l 
Bt 2-cAMP 96 80 246 + 74 0.577 141.9 1.74 + 0.52 
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Table 1I presents the results of this calculation, 
showing that kj~,, k is increased 37 4- 11% and 74 _+ 52% 
by forskolin and Bt-'-cAMP. respectively. In the future 
we will refer to the above system of computation as 
steady-state analysis of pump vs. leak competition. 

Discussion 

Cyclic A M P  increases the V,,, o f  the Ca 2 + extrasion 
pump  Or tire PM 

The principal finding of the study is that agents that 
elevate intracellular cAMP levels stimulate Ca -'÷- 
ATPase pump mt~diated Ca -'+ extrusion from the 
platelet. The effect was seen with both forskoiin and 
Bt2-cAMP. Kinetic analysis shows that the increased 
extrusion rate is due to an increase ill the V~. of a 
saturable component  identified with Ca-'+-Mg -'+- 
ATPase activity. The presence of Ca2+-Mg2+-ATPase 
activity in the plasma membrane of platelets has been 
demonstrated both cytochemically [12] and by the use 
of membrane fractionation techniques [13-15,44]. 
Moreover, Waldmann et al. (Ref  '~5) demonstrated 
cAMP-mediated phosphorylation of a 130 kDa ,a~m- 
brane protein in platelets. This molecular weight is 
typical for Ca -'+ extrusion pumps located in the plasma 
membranes [46,47]. Thus our results are fully consis- 
tent with a protein kinase A mediated phosphorylation 
of the pump or a pump-associated protein. 

The present results show that elevated cAMP in- 
creases the V,~ of the Ca -'+ extrusion pump by a factor 
of 1.6 (forskolin) to 2.0 (Btz-cAMP). No change was 
observed in the K m or Hill coefficient of the Ca -'+- 
Mg2+-ATPase. This is very reasonable in terms of our 
knowledge of Ca -'+ extrusion pumps in other  systems. 
For example, in the cardiac sarcolemma Ca-'+-Mg 2+- 
ATPase, cAMP has been shown to increase the V m but 
to have no effect on the K m [46,48,49]. In bovine 
cardiac sarcolemma, cAMP-stimulated protein kinase 
increases the V m of the Ca -'+ extrusion pump by a 
factor of 1.8-2.4 [50]. The K~ of that  pump (63 + 1.7 
nM) is close to the observed value for the platelet PM 
Ca-'+-ATPase (80 nM; Ref. 9; present study). However, 
the bovine cardiac sarcolemmal pump requires calmod- 
ulin to achieve such high affinity [49,50]. The experi- 
mentation in the present communication does not give 
any evidence for activation of the platelet PM pump by 
calmodulin. 

Our  study did not reveal a cAMP effect on the the 
linear, non-saturable component of extrusion, identi- 
fied with Na+/Ca- '+-exchange activity. However, this 
negative finding should be considered preliminary since 
the quin2 method does no~ permit the exchanger to be 
studied with excellent resolution. More recently we 
have repeated the Ca -'+ extrusion prc~tocol using the 
lower-affinity dye rhod-2, achieving better resolution of 
the exchanger [18]. That  study showed that the ex- 

changer  is saturable with respect to [Ca2+]cyt, with a 
K m of 2.3-6.7 p.M and a V m 1.6-2.7-times that of the 
extrusion pump. Our  preliminary finding of no cAMP 
effect on the exchanger in the present study is in 
agreement with results from heart  and a number of 
tissues [51]. 

c A M P  effects on resting [Ca-" + ]~l 
In the resting state the balance between the passive 

leakage and active extrusion by the Ca 2+ pump results 
in an average resting [Ca2+]~1 of 119 nM. The govern- 
ing equation is 

, 111.7 
/ kl..k'[Ca "÷ 1, 

[Ca ;+ l,','. = K . "" . . . . . . . . . .  - 
" [ vo-  1,,~,,,,.tc.-" l,, ] (*)  

which is valid for klc,k. [CaZ+],, < I'm and for the 
absence of a substantial contribution from the ex- 
changer  [9]. The equation summarizes the steady-state 
analysis made in the previous section (Eqns. 3-5) .  It 
predicts that increases in kl~,k will raise [CaZ+]~t and 
increases in V m will lower it. The active extrusion 
experimentation (Fig. 2) has shown that elevated cAMP 
increases the V m of the Ca 2 .  extrusion pump by a 
factor of 1.6-2.0. The steady-state analysis also shows 
that elevation of [cAMP] increases the rate constant of 
the pas.iive leak by 37_+ 11% to 7 4 + 5 2 % .  The in- 
creased leak does not fully compensate for the in- 
creased extrusion, and the resting [Ca2+]~t is lowered 
to 96 riM. Eqn. 6 predicts that if k~¢,, k had not been 
increased, [CaZ+]~v, would have been lowered to 52 -58  
nM. It is possible that  lowering [Ca2+],vt to such an 
extent would impair platelet activation, it  is of intereat 
that elevation of cAMP increases PM Ca 2+ channel 
activity in mammalian heart  [52] by the mechanism of  
channel recruitment [53]. 

Anti-actit,o,io, ot.tects o f  c A M P  on Ca" + handling 
Prostacyt,, ~)GI2) is a short-lived eicosanoid which 

is produced ' the vascular endothelium and which 
functions as a ,  inhibitor of platelet aggregation (cf. 
Refs. 54 and 55). It is a potent stimulator of plate!et 
adenylate cyclase [56,57]. In the Introduction, we ci)ed 
studies showing that elevated cAMP inhibits I'i;ospho- 
lipase A 2 activation, inosito,-lipi,J hydrolysis, IP 3- 
stimulated Ca -'+ release and Ca 2` t ,ansients after 
stimulation. The cAMP dependent  activation of the 
PM Ca 2+ pump works against platelet activation in 
three different ways: Firstly, the lowering of [Ca-'+],vt 
(from 119 nM to 96 nM) means that an agonist (col- 
lagen, ADP or thrombin) must produce a larger influx 
or release of Ca ~-+ in order  to bring [Ca2+],v t to its 
threshold level for activation. Thus a higher agonist 
concentration will be required for activation. Secondly, 
lowering [Ca2+]~w will decrease the resting level Ca 2+ 



in the  dense  tubules  which serve as the releasable 
Ca  ;z+ store. However .  the  companion  paper  [10] will 
show that  this effect  is ou tweighed  by a direct  ef fects  o f  
c A M P  on the  dense  tubular  pump.  "i'hirdly, an in- 
c reased  V m of  the  extrusion p u m p  would also be ex- 
pected to reduce the  size of  the [Ca2+]cyl t ransicnt  
af ter  s t imulat ion with an agonist .  This  is undoubtedly  
an impor tan t  factor  in the  observat ion that  the  P G !  2 
reduces  the  ampl i tude  and  durat ion of  thrombin-  
s t imula ted  [Ca2+]cyt t rans ients  [58]. Interact ion on this 
level will be cons idered  more  closely in the  companion  
s tudies  [ 10.39]. 

Possible influence of /Ca 2 + ],.y, on [cAMP/ 
In the  p resence  of  3.6 m M  quin2, the  forskolin-in- 

duced increase  in c A M P  was  inhibited by 4 0 - 5 0 % .  
Th i s  observat ion is worthy o f  fur ther  study. I f  the  
effect  proves  to be Ca2+-specifie, it may  be  of  conse-  
quence  to the  platclet  mechan i sm.  Adenyla te  cyclasc is 
descr ibed as  be ing  Ca  2 +-calmodulin s t imula ted  in s o m e  
t issues but not  in o thers  [59]. Calmodul in  s t imulat ion 
of  the  adenylate  cyclase of  h u m a n  platelets  has  been  
repor ted  [60]. Interest ingly,  we observed no  change  in 
[cAMP] with the  large changes  in [Ca2+]wt induced in 
the  C a 2 + / i o n o m y c i n / E G T A  m a n e u v e r s  of  the  experi-  
men t  of  Fig. 2 (cf. Fig.  7). U n d e r  this  condi t ion [Ca 2 +]cyt 
was  in the  i .0 -1 .5  p, mol r ange  for ~< I 1 / 2  rain and  
was  r e tu rned  to the  ~< 400 nM range  within 4 - 5  rain. It  
would  thus  a p p e a r  that  our  , ;xper imentat ion did  not 
evoke a Ca2+-calmodulin dependen t  s t imulat ion o f  
adenylate  k inase  at  these  concent ra t ions  and  t imes  of  
exposure.  T h e  quin2 over load condi t ion migh t  work  
agains t  such an  effect .  Al though  the  buf fe r ing  effect  o f  
quin2 does  not change  the  average  res t ing [Ca2+]c~t 
(Table  I,  Re( .  9), h igh quin2 concent ra t ions  mus t  be 
cons idered  capable  o f  suppress ing  spon taneous  and  
localized Ca  2+ transients .  It  would be of  interest  to 
test  for effects  o f  mic romola r  [Ca2+]cvt on  c A M P  co:x- 
cent ra t ions  at longer  exposure  t imes.  
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