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Elevation of intracellular cAMP is shown to increase the rate (V) and maximal extent of Ca®* uptake by the dense tubules in
intact human platelets. Elevation of [CAMP] was by ion with the adenylate cyclase activator forskolin or
with dlbutyryl—cAMP (Bt;-cAMP). The frec conccnlrallon of Ca** in lhc dense tubular lumen ([Ca®*],) was mvmlurcd usmg
the ine (CTC) o in this The free Ca?
concentration ([Ca“‘ ) was monitored in parallcl cxperiments with quin2. Both [Ca®*),,, and {Ca®*],, were analyzed in terms
of competition bc\ween puinp and leak mechanisms in the plasma membrane (PM) and densc tubular membrane (DT). When
platelets are incubated in media with approx. 1 zM external Ca>*, [Ca®*],,, is approx. 50 nM and [Ca"],, is very low. When 2
mM external Ca** is added, lCa“*]m rises to approx. 100 nM and the process of dense tubular Ca®* uptake can be resolved.
Forskolin (10 £M) and Bt,-cAMP increase the rate of dense tubular Ca®* uptake (V) to 2.1 + 0.60 and 1.70 + 40 times control
values (respectively). The agents also increase the final [Ca®* ], to 1.70 + 0.21 and 1.72 + 0.60 times control values (respectively).
Titrations with ionomy<in (Iono) showed that the increase was due to an increase in the V,, of the dense tubular Ca*>* pump.
With [fono) = 500 nM, [Ca?*),,, was raised to > 1.0 xM and V,, of the dense tubular pump was clicited. (At [Iono] = 1.0 uM,
the final {Ca®*],, values were dcgraded 15% due to shunting of Ca** uptake.) Analysis showed that forskolin (10 M) and
Bt,-cAMP (1 mM) increase the V,, by a factors of 1.56 + 40 and 1.56 + 40, respectively. Analysis showed that ncither agent
changed the K, of the pump significanlly from its control value of 180 nM. Neither agent changed the rate constant for passive
leakage of Ca** across the DT membrane (1.7 min~').

Introduction increases the rate of Ca®* extrusion across the plasma

membrane (PM) by the Ca>*-ATPase pump. The pre-

The platelet is a Ca?*-activated cell which plays an
important role in blood coagularion. The present study
is the second in a series dealing with the effect of cyclic

sent studv reports the effects of CAMP on Ca?* uptake
by the dense tubules, the major internal storage site for
Ca** [2-4]. The dense tubules have a Ca?*-ATPase

nucleotides on Ca?* handling by the human platelet.

pump [4,5] enabling the accumulation of Ca®*. This
The previous study [1] showed that cyclic AMP (cAMP)

Ca®* can be released to the cytop upon stimul

cAMP, adenosine 3':5"cyclic PM, plasma membrane; ROC, reccptor-activated channel; [Ca"]q,. the free
Cionized’) Caz‘ colwemrmon in the cytoplasm; [Ca** ], the free Caz‘ concentration in the dense Inimlar Iumcnv DT, dense tubules; [C:x“ Je
jon; quin2, 2-{[2-{bi y
line; qumZ/AM. tetraacetosymethyl ester form of quin2; dibutyryl-cAMP (Bt;-cAMP), N' 6,.2"-0-di 37:5"-cyclic
CTC, bis(g- iyt ether)-N,N,N’,N". ic acid; Hepes, 4-(2 1-pi i
acid; Fly,,, of Ca?* form of quin2; Fl,, fluorescence of uncomplexed form of quin2; Ag,,

instantaneous CTC fluorescence change after Ca®* addition, Ay, time-resolved CTC fluorescence change after Ca?* addition; R, ‘CTC
Tatio’ = Ay, / Ay V and V,, the velocity and maximal velocity {respectively) of the Ca?*-ATPase pump located in the dense tubular
membrane; K., the [Ca?* 1., giving half-maximal rate of extrusion V), n, Hill coeflicieat: Kjcay Tate constant for Ca®* lcakage from the dense
tubular lumen; Kj,q,, apparcnt bi rate constant for i talyzed Ca* leakage across the dense tubular membrane;
Eqns, 3-5; X, ratio of leak rate to V,, of pump.
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tion. In the agonist-activated state [Ca“],,, is rapidly
elevated by the contributions of activated channcls in
the plasma membrane (PM) and in the dense tubular
membranes. Studies from this laboratory [6,7] have
shown that the levels of resting free cytoplasmic Ca?*
((Ca**],,) and densc tubular Ca®* ([Ca®*),,) are im-
portant determinants of the fate of platelets when
stimulated with agonists at marginal concentrations.

Cyclic AMP counters platelet activation [8-10). Ag-
gregometer studies have shown that it inhibits aggrega-
tion induced by ADP, cpinephrine, collagen and
lhromhm [11]). As described in thc prewous study [1],
experi ion with fluori ic has shown
that cAMP inhibits Ca®* ftransients resulting from
stimulation with thrombin or platelet activating factor.
The observed effects were inhibition of the rise in free

ic Ca2* ion ([Ca?*],,) or i

in the rate of return of [Ca“] to basal values [12-16).
Phosphodiesterase inhibitors, which elevate CAMP lev-
els, have been shown to reduce the ADP-induced in-
crease in [Ca o (171

The Ca®* with the ab ioned ago-
nists are th fves i letel d d with re-
spect to preportion of elevation of [Ca®*] |y arising
from mﬂux vs. dense tubular release. FunhermorE, the

t b ior of the cor ding pumps
and } Is is not well und . In iple these
h can be ized as a ination of

effects on four systems or processes illustrated in Fig.
1: (A) Ca®* influx, (B) Ca* extrusion, (C) Ca* se-
questration and (D) Ca®* release. Influx (A) and re-
lease (D) can be through passive leakage processes or
through receptor-operated channels {ROC). 1t is recog-
nized that in the resting platelet * the balance between
Processcs A and B determines [Ca®*], which in turn,
affects the rate of the dense tubular pump, which
affects [Ca®*],, (cf. Refs. 6 and 18). Studies with quin2,
a fluorescent indicator of [Ca**],,, have shown that
cAMP decreases the resting [Ca?*},,, {19,20]. In the
companion study {1], we showed that this is due to an
incrzase in Process B, incompletely countered by an
increase in Process A.

Studies of cAMP effects on the time course of
[Ca"]cyl during activation using quin2 have been inter-

* In this paper we will refer to the ‘resting platelet” as an unstima-
ated plateliet bathed in 2 mM Ca®' with time-invarian values of
{Ca®* ), and [Ca®* ]y, As we have noted carlier (Meihnds, Ref.
20) studies of single cells [79] indicate that this is correct for
resting platelets and for platelets treated with ionamycin. The
same study showed that oscillatory behavior could be provoked by
serotonin. We belicve that it will be necessary to exercise caution
in exlendlna the present methods and steady-state analysis to

platelets. or conditions which open Ca** chan-

nels.

Fig. 1. Ca®* handling systems of the platelet considered in the

present study. Stimulatory effects of cAMP (denoted by zig-zag

arrow) on the extrusion pump and passive leak in the plasma

were previously [1]. Sti effects on

the dense tubular pump are shown in the present study. ROC

denotes receptor-activated channel. Processes A-D are described in
the text.

preted as decreases in both Ca?* influx (Process A)
and in the release of Ca?* from the dense tubules
(Process D, Refs. 14 and 21). Thompson and Scrutton
[22] showed that elevated cAMP reduced the dense
tubular component of the Ca?* transient in response
to thrombin [22]. However, the studies did not differ-
entiate between effects on Processes C and D. Cyclic
AMP has also been shown to stimulate the return of
[Ca“]q, to basal levels following agonist-induced ele-
vations [14,15). In principle, that effect conld result
from changes in any one or combination of the four
processes.

The present communication reports direct monitor-
ing of cCAMP effects on dense tubular Ca?* handling in
the resting state. Owen and LeBreton [23] reported
that under resting conditions, PGE, and PGI, in-
creased what they termed ‘Ca®* binding’ indicated by
the fl signal of line (CTC). It
IS now known (3,18,24,25] that the CTC sxgnal in

with i ing free
in the dense tnbular lumen ([Ca“*],,,). suggasting thal
these prostaglandin effects were increased dense tubu-
lar uptake (Process C). However, a **Ca?’ swudy of
intact platelets {26] reported that 50 nM PGl, has no
effect on the size of either of two internal pools of



Ca?*. On the other hand, studies with isolated dense
tubular vesicles have shcwn that dense tubular Ca*
uptake is promoted by cAMP [27,28]. Considenny the
above, it would be useful to establish the effect of
cAMP on {Ca?*],, in the resting state, and to distin-
guish the direct effects of Processes (C) and (D) from
the indirect effects of Process (A) (and (B)).

In this communication, we report the effect of ele-
vated cAMP on dense tubufar Ca®* uptake measured
in situ using chlorotetracycline (CTC), a Ca’* sensitive
fluorescent probe which reports the free Ca?* concen-
tration in the dense tubular lumen [Ca*],, [29,30). We
use this method in junction with
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Measurement of dense tubular calcium with CTC

A number of publications from this laboratory
{24,25.29,33-34] have described how chlorotetracycline
(CTC) responds tuo Ca®* uptake and functions as a
measure of the frce Ca®* conrentration in the dense
tubular lumen ([Ca’*},). The publications describe
numerous conirols which have been carried out to
ensure the specificity of the measured signal for dense
tubular Ca**. Changes in intracellular Mg>* concen-
tration and pH do not play a significant role under our
experimental diti [29.35]. Mi dria and
storage make negligibl ibutions to CTC

the free Ca?* concentration in the cytoplasm ([Ca"’]m)
using quin2 [31,32] and using ionomycin as a tool to
manipulate the latter quantity. We show that cAMP
increases the V,, of the dcnse tubular pump.

Materials anii Methods

Forskolin, EGTA, Hepes, quin2, glucose and dibu-
tyryl-cAMP (Bt2-cAMP) were purchased from Sigma
Chemical Co, St. Louis, MO. Chlcrotetracycline (CTC)
was obtained from ICN Pharmaceutical, Cleveland,
OH lonomycin from Calbiochem, La Jolla, CA. The

cagents used in the p of Tyrode’s soluti

for short times (< 15 min) and sub-micro-
molar [Ca“]m values. Under conditions where the
above does not pertain, milwhondrial uptake can be
blocked with rotenone and oligomycin {36,37).

For the R\.nder 'S convemencc we repeat the follow-
ing infi itatiun of raics and
extents of densz tubular uptake using the CTC tech-
nique: Rapid phases of fluorescence increase ~userved
after addition of Ca®* (cf. Figs. 2 and 3) are ti.e result
of formation of Ca?*-CTC 1 and
binding of these to the external surface of the plasma
membrane (PM). The amplitude of the fast phase
(Ay,,) reflects the surface area of plasma membrane

and Triton X-100 were supplied by Mallinkrodt Inc.,
Paris, KY.

Plazelet isolation
Blood was drawn from normal donors into anti-
citrate d Washed were pre-
pared as described previously [24). Cells were resus-
pended and experiments were performed in a normally
Ca?*- and Mg?*-free Tyrode’s solution of the following
composition: 138 mM NaCl/3 mM KCi/10 mM glu-
cose/2 mM NaHCO,/2.5 mM Hepes with the pH
adjusted to 7.35. After isolation and storage at this iow
external Ca®* concentration ([Ca?*],), the platel

d for the | medium. The slow (time-re-
solved) process of fluorescence increase observed after
Ca®* addition is the result of the analogous proucsses
occurring in the densc tubular lumen as the result of
Ca’* accumulation. The amplitude of the slow phase
(Ag,.) is proportional to the free Ca>* concentration
within the dense tubulcs ([Ca?*],). The ratio of the
slow phase to fast phase ampiitudes is taken as Ry,
the *CTC ratio’ (cf. Ref. 18). The rate of dense tubular
uptake (V) is similarly normalized (V= {dFl/dr)/
Ag.)- We will refer to the normalized data as ‘CTC
umts’.

By the strength of the analogy with sarcoplasmic

slowly lose cytoplasmic and dense tubular Ca?* as they
approach a new steady-state governed pump vs. leak

P and el pic observations that
the dense tubules are electron-dense, it is likely that
they contain ins with relati high capacity and

rates. The cells have [Ca“lm of approx. 50 nM, have
minimal dense tubular Ca®*, and are therefore re-
ferred to as being Ca?*-depleted. When EGTA was
added to remove Ca?*, the EGTA was made slightly
alkaline to avoid acidification due to the liberated H*.

Fluorometry

A platelet concentration of 1.6 - 107 per ml was used
for all fluorometric experimentation. This was rou-
tinely measured turbidimetrically as an ODm,J,, =020
using a Beckman DB-G grating S

low affinity Ca?* binding similar to calsequestrin of
skeletal muscle [38]. The presence of this Ca®* binding
capacity does not affect our deductions about the cAMP
dependence of the rate (V) or Rcc values since these
are measured at the same [Ca®*], values. It is our
intention to relate the CTC units to mmol Ca>* per
liter dense tubular volume (or to pmol Ca** per liter
cell volume) in a future study.

and occasionally verified with a Bright-line hemacy-
tometer (American Optical). All fluorcscence meas-
urements were made with a Perkin-Elmer (Model
MPF-3L).

All data were expressed as ilic mean + S.D., except
where noted. Statistical analysis using Student’s r-test
were carried out with the aid of EPISTAT (copyright
Tracy L. Gustafson).
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Fig. 2. Typical experiment showing the effect of PGE, on the rate of
dense tubular Ca?* uptake in intact platelets as monitored with
CTC fluorescence. The experimentation used the standard protocol
of Jy and Haynes (Refs. 24 and 29). Washed Ca®*-depleted platelets
were introduced into the cuvette and 10 uM CTC was added.
Calcium (2 mM) was added where indicated. In one experiment
prostaglandin (1 M) added 1 min prior to the Ca®*, The other
experiment serves as the control. Quantitation of [Ca®* )y, is by
means of the *CTC ratio’ ( Reqe) which is calculated as A, / Ay
as illustrated in the figure. Initial rates calculated for the active Ca®*
uptake process are also normalized 10 Ap,. as described in

Methods.

Results

Fig. 2 shows that 1 uM PGE, increases the rate of
Ca®* uptake by the dense tubules in intact platelets.
This agent has been shown to stimulate adenylate
cyclase activity [10] (cf. Ref. 39) and has been shown to
inhibit thrombin-induced aggregation with an ICg, of
0.5-1.0 uM [16]. Further experimentation with 5 uM
PGE, (not shown) gave equal degrees of stimulation of
initial rate indicating that this agent had been titrated
to maximal effect. Fig. 3 shows that 1 mM Bt,-cAMP,
preincubated for 15 min, has the same effect. The

TABLE 1
Elecation of rate and extent of Ca®* uptake by cAMP

[P

CTC Fiuorescence

.

10 minutes
ca¥ ——
Fig. 3. Typical experiments showing the effect of Bt,-cAMP on the
rate of dense tubular Ca2* uptake in resting platelets as monitored
with CTC fluorescence. Experimentation using the standard protocol
of 3y and Haynes (Refs. 24 and 29). The platelets were preincubated
for 15 min with 4 4M rotenone and 4 g /ml oligomycin to eliminate
the possibility of mitochondrial uptake. Bt,-cAMP (1 mM) added 15
min prior to Ca?* (2 mM): Control experiments showed that Bt,-
cAMP did not perturb CTC fluorescence. Afier 15 min external

Ca** was removed by adding 2.7 mM EGTA.

dense tubular Ca?*-ATPase pump accumulates Ca?*
at a faster initial rate. Initial rates of Ca®* uptake
(Visiiat» CTC units /min) were measured for the first 10
s of ihe progress curve of the slow phase of CTC
The i extents of uptake
were measured at 15 min and were quantitated as the
‘CTC ratio’ (Rcrc) as described in the Methods and
illustrated in Fig. 3. Table I shows the results of
Bt,-cAMP for six itions of the ex-
periment of Fig. 3. The V“..h, is elevated by a factor of
1.70 £ 0.40 and the Rcqc is elevated by a factor of
1.72 £ 0.60. The expenmen!allon was repeated with 10
uM an of adenylate cyclase. Com-
parable elevations of ¥, and maximal Ca®* uptake
were observed (Table 1).
These increases in dense tubular Ca?* uptake cccur
despite the fact that cAMP has lowered [Ca“]w,.

CAMP was elevated in Ca*-depleted platelets by 15 min preincubation in the cuvette with 1 mM Bt 2-cAMP or 10 uM forskolin. CTC (10 zM),

4 uM rotenone and 4 pg/m! oligomycin were also present during the preincubation. Then 2 mM Ca* was added to i

jate dense tubular

uptake which was monitored by CTC fluorescence. Where indicated, 500 nM ionomycin was udded simultaneously. The initial rate (V) aad
CTC ratios (Rcyc) were determined. The table presents the ratio of these quantities for the treated vs. contro) cases. The presented values are

means for 5-8 paired experiments+S.D.

{iono} Bi,-cAMP-treated Forskolin-treated
(M
) Veame / Veom Rerecamp / Rereeom Veame / Veom Reveoame / Rere wm
2 1.70£0.40 1.7210.60 2.10+0.60 1.70£0.21
500 1421020 L17+0.14 1563040 * 1.17£0.40

* Identical 10 Vycamp / Voncom Fatio.



making Ca®* less available to the pump {1). In theory,
these effects could be due to an increased V,,, a
decreased K, or a combination of both. Below, we
show that the effect is due solely to elevation of V.

Determination of the V,, of the dense tubular Ca®*
pump by ionomycin titration

The companion paper [1] showed how the steady-
state [Ca“]m can be mathematically modelled as the
result of passive influx and the active extrusion pro-
cesses (cf. Eqns. 2 and 6, Ref. 1). The concept can be
similarly applied to the dense tubular uptake, in which
the rate of dense tubular uptake is modelled (cf. Fig. 1)
in terms of the sum of dense tubular Ca**-ATPase
pump action (Process C) and passive leaks (Process D).
The following equation will be used:

dICa* I _ 1Ca®* v
dr ™ (KL 10T 15T
— kil Ca®* Jar
= kionollono]-{Ca®* 1 [}

The rate is expressed in CTC units, the Ca®* concen-
trations are free Ca?* concentrations, the subscript dt
refers to the dense tubules and the exponent is the
experimentally-determined Hill coefficient of the dense
tubular pump [25). The constants &, and k,,, * are
rate constants for leakage of dense tubular Ca®* via
leakage pathways intrinsic to the dense tubnles, and via
ionomycin, respectively. In a study with d P
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Fig. 4. Effect of ionomycin on initial rate of dense tubular Ca*
uptake measured by CTC fluorescence in the presence and absence
of Bt;-cAMP. The initial rate is given as V = dF1/d¢ / A, Platelets
were incubated with 10 uM CTC, 4 pM rotenone and 4 ug/ml
oligomycin. After 15 min ionomycin was aldded at the indicated
concentration simultaneously with 2 mM Ca®* and the initial rates
were determined over the first 10 s of Ca®* uptake. Inhibitors (cf.
legend, Fig. 4) were used to ensure that mitochondrial uptake did
not contribute at the high {Ca?* ], values obtained. The presented
data are the awciage (+5.D.) of 6-8 experiments. Parallet experi-
ments with quir2 (not shown) gave ‘the [Ca?* L, values cited in
Results.
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meabilized platelets, we showed that the initial rate of
Ca®* uptake by the dense tubular pump has the
[Ca“’]m dependence given in the first term of Eqn. 1,
with a K, of 180 + 5 nM. The same study showed that
the maximal Ca®* uptake at steady state has a similar
dependence, which was fitted by the K, = 160 + 5 nM
and a Hill coefficient of 1.50 + 0.05. This was in line
with the maximal Ca’* uptake being the result of the
first two terms in Egn. 1, active uptake vs. passive
leakage (cf. Refs. 6 and 25).

The value of V,, was determined by repeating the
experiment of Flg. 3 at saturating [Caz*]m levels pro-
duced by titrating with i in in the p of 2
mM external Ca?*. lonomycin has the dual effect of
raising [Ca®*),,, and increasing Ca’* leakage from the
dense tubules. The first effect, which increases the first
term in Eqn. 1, occurs at low ionomycin concentra-
tions. The second effect, which results from increases
in the third term in the equation, requires higher

* The ionophore actually shows saturation kinetics with a X, of 7.7
mM [30] but the present simplification of a first-power depen-
dence does not introduce error into our calculations.

i i Flg 4 shows that the initial
rate of Caz‘ uptake (V,,,“,_,) increases with increasing
imal values.
Control experiments with quin2 showed that 250 nM
ionomycin results in [Ca”] of 800 nM and that 500
nM ionomycin results in [Ca’*] of >1000 nM. A
[Caz*]m in this range will saturate the dense tubular
Ca?* uptake system to 89-91%, given the K,, of 180
M [24,25]).
Referen: hat the above-described
behavior is the result of ionomycin effects on [Ca?*
in the first term of the equation. During the initial
phase of the uptake, {Ca?*},, is very low and the
second term does not infiuence d[Ca“]d /dt. The
observation of 2 plateau in Fig. 4 for ionomycin con-
centrations between 500 nM and 1000 nM indicates
that the third term is also without influence in the
initial phases cf the reaction.

CcAMP increases the V,, of the dense tubular pump

The values of V,;, in the plateau of Fig. 4 are
measures of the V, of the dense tubular pump. Fig. 4
shows that Bt,-cAMP increases the Vr by a factor of
1.42. We d the above
bating the platelets for 15 min with 10 uM fcrskolm
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Fig. 5. Effect of ioromycin on maximal extent of dense tubular Ca®*
uptake measured by CTC fluorescence in the presence and absence
of Bt;-cAMP. The maximal [C:~ " )y, in steady state is propartional
1o the ‘CTC ratio’ (Rrc) which is the ratio of the amplitude of the
slow phase tc that of the instantancous phase (A, / A of. Fig.
2) following Ca®* additon to p'atelcts (cf. Ref. 18). The data are
irom the same experiments as in Fig. 4.

rather than Btz-cAMP Forskolm increases lhe cAMP
ion in by cy-

koli ively. The calcul below will show
that these data set an upper limit on how much the K,
value could be changed. We note that the initial rate
measurement was made within 10 s of Ca2* addition.
Thus [Ca®*],, is low and the second term of Egn. 1
does not contribute. For the dense tubular pump oper-
ating unopposed by leakage we have:

ta
[Ca®* ki
Yo e 1 @
KL +[Ca?* 15!

‘We will define the quantity X by

ICa** Jon

v
Vo KL +[Ca* I

@)

The quantity X is defined as the degree of saturation
of the pump with cytopiasmic Ca’*. Defining the initial
value of dfCa®*],/dt as V., and using the sub-
scripts ‘cAMP’ and ‘control’ to refer to values obtamed
with and without of cAMP

and constructing ratios based on Eqn. 3 we get:

v

mcomro
Y Kt = Kioicist.comp [}
mcAMP

clase [40,41]. Forskolin was tested and found to in-
crease the V,, by a factor of 1.56 + 0.40. These resuits
are presented in Table 1.

Fig. 5 shows that the maximal exient of Ca?* uptake
in the steady-state ({Ca*],,,,,,) measured by the CTC
i0 (Rcrc) also displays a biphasic dependence on
the ionomycin concentration. The descending phase is
the result of partial short-circuit of the pump by jono-
mycin at high concentrations. This behavior is pre-
dicted by Egn. 1. The figure shows that Bt ,-cAMP also
increases Repe ([Ca”* gy ma) by a factor of 1.17 +0.14.
Experimentation with forskolin gave a 1.17 + 0.40-fold
increase. These data are also listed in Table I. The
maximal values of Rcqc are determined by competi-
tion between uptake and passive leakage. The decrease
in maximal extent at the highest ionomycin concentra-
tion is indicative of a small conmbuuon of the third
term of Eqn. 1 which will be i ! in

the ¥,y and V,, data from Table 1, and
calculating  Xipacome from {Ca?*1,, =50 nM and
Ky comeor = 180 nM gives X, i camp = 0.170. From this
we can readily calculate the K, using

Ko=Ca™ Jon (1= X)/X)/' )

which is obtained from rearrangement of Eqn. 3. Using
Eqn. 5 under the approximation that [Ca®*],, is con-
stant during the approx. 10 s required for the initial
rate measurement, we obtain K, .anp = 155 nM. For
iorskolin we obtain K, =140 nM. These represent
only a 14% or 22% decrease from the control value, a
difference which is probably insignificant. The values
are listed in Table II.

Use of 500 nM ionomycin does not seriously degrade the

a subsequent section.

CAMP does not zffzct the K, of the dense tubular pump

The data on maximal =xtent of Ca** uptake in the
absence of ionomy.in are sensitive to both ¥, K, and
[Ca?*],,. The initial rates of uptake arc ‘measured
immediately after addition of 2 mM Ca* to Cat*-de-
pleted platelets, and thus mzasure Ca®* uptake at
[Ca’ "), == 50 nM. Table I shows that these rates are
increased by factors of 1.70 and 2.1 by Bt,-cAMP and

1 extent of uptake

We will show that the 500 nM ionomycin used to
elicit the V,, did not degrade the pertormance of the
pump when measured at steady-state maximal uptake
(Rcyc values). Using the subscript SS to denote the
steady-state condition, and rearranging Eqn. 1, we ob-
tain:

(€8 Toss" Rrcu + Kimollonol) __ [Ca* Jr
Vi K& +1Cat* 1t

)



TABLE 11
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Effect of Bt,-cAMP and forskolin-treatment on kinetic values (K, Vy) of the dense whbilar pump and rate constunt (k.. ) for Ca®* leak across

the dense wibular membrane
[Ca®*],,

values are for the ‘resting’ state in the presence of 2 mM Ca?* [1]. The V,, values (CTC uni
at [lom’;ﬁ- 0.5 1M as described in the text. The K, values are calculated as described in the text. [Ca

/min) are calculated from the initial rate
“ o is the measured R-r- value (Fig. 4).

X is the degree of saturation of the pump in steady state, calculated from Eqn. 3 using steady state [Ca?* ), and K, value. Repemx (CTC

units) is the experimentzl value for 0.5 xM ionomycin or the theoretical value (Rip¢/X) for no ionomycin. Ky .y / Vi

stands for

(Kpeak + Kignollonol)/ V,, (min~ ') which is identical to X /R (Eqn. 6). Kicus1/ Vin (CTC units™ ') was calculated from Ky, / V. using

Kiono =034k, (M~ B, Finally, & ey (min~ ") was lated from the column using the V,, value,
e R M S & X Faom T R R
(M) (nM) {(nM) (CTC units) v, v, (min "'y

Control o 19 180 114 0.24 0359 0.67 - .50 L7i
Control 0.5 21000 180 114 0385 100 085 117 100 114
Bt2-cAMP 0 % 155 1.82 041 0.338 121 - 0.82 1.33
Bt2-cAMP 05 =1000 155 1.62 Lot 1.00 101 0.9 084 136
Forskolin 0 9% 140 1.78 041 0.370 m - 0.90 160
Forskolin 05 =1000 140 1.78 1.0t 1.00 L1t 0.90 077 137

At the 800-1000 nM [Czl“]wl values elicited by > 500
nM ionomycin, both sides of the equation equal 1.0.
From Fig. 5 we note that [Ca?*],, 5 declines 15% from'
its maximal value when [Iono] is raised from 500 nM to
1,000 nM. Thus Kign, 0.5 M = (100/85) = 1) Ky
=017  kyeqr OF Kigpo e 034 (uM™Y) k.. The maxi-
mal values of [Ca?* ]m in the control and cCAMP-treated
cases are affected equaily at 500 rM ionomycin. This
small correction will be applied in further calculations
of the kinetics in steady state (Table 11).

Marginal influence of cAMP on k.,

We can also make use of the data of Table I and
Eqn. 5 to show that k., is not substantially changed
by cAMP. Constructing a ratio from Eqn. 5 we obtain:
1Ca* Jaeame  Kicukcame  Vinconwor _ Xeasse. .
10 Tarcomros Kicakcomror Vinearte . Keamsat
‘We note that the first quotient in Eqn. 7 is the quotient
of the Rcpe values, that the third quotient is the

inverse of the ratio of the V,, values, and that the X
values are known from the [Ca?*],, and K, values.

TABLE 11

For the Bt,-cAMP treated case in the absence of
ionomycin, these values are 1.72, 1/1.42 and
0.338/0.359, respectively. This gives k. camp/
K teak.conrr = 0.78, OF a 22% decrease. A similar calcula-
tion for the forskolin-treated case gives k. .amp/
Keukconeor = 0.94, OF @ 6% decrease. These decreases,
which we judge insignificant, pertain to &, values
assessed at normal resting [Ca®*], values of 96 nM or
119 nM ard low levels of [Car*]‘|

We have calculated absolute values of k., using
Eqns. 3 and 6 and data in the presence and absence of
0.5 uM ionomycin. The values of k., are presented in
Table 11. The range of variation is only + 15% of the
mean value, with no systematic difference between
conirol, Bt ,-cAMP and forskolin.

Rate of loss of dense tubular Ca’* ajter removal of
external Ca®*

Fig. 3 also shows the progress curve for loss of dense
tubular Ca®** after removal of external Ca®* using
EGTA. The curves show that dense tubular Ca®* is
lost over a 10 min period in both the control and

Comparison of experimental and predicted rates of Ca** loss from the dense tubules one minute after Ca®* removal

Experimental Calculated
State —d[Ca?* )y, /dr [Ca?* oyt min® DT pump rate ke [Ca?* Iy, ~dCa?* )y, /dt
measured (CTC units/min) (CTC units/min) calculated
{CTC units/min) {CTC units /inin)
Controi 0.139£06.017 87 M 0.300 —-0.410 -0.110
Forskolin 02754 1.07 51aM 0.280 —-0.540 ~0.260

* Calculated from the extrusion pump kinetic data and cytoplasmic buffer capacity data given by Johansson and Haynes, (Ref. 30). From these
values, d{Ca?* |, /d¢ was —32 nM/min for the control case and —45 nM/min for the forskolin-treated case.
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Bt,-cAMP-| treated case. Similar results were seen with
lhe Table III the initial
rates cf Ca?* loss (—d[Ca2*],,/d¢ in CTC units) de-
termined for the first minute of the process averaged
over 6 expenmems The average rates are higher in the

differences in terms of the Ca®* requirements of the
resting and activated states.

Our studies have shown that the dense tubular pool
fills up more slowly than the cytoplasmic pool, after

introd of Ca**-depl into a Ca**

treated case. The addi ] present
calculations showing that this resuit is predicted by
Eqn. ! using the pump and leak parameters already
determined. The second column of data shows the
{Ca?*],, values at f=1 min calculated with a knowl-
edge of the properties of the extrusion pump located in
the PM. In the forskolin-treated case [Ca®* ], is lower
because the V,, of the PM extrusion pump is 1 d

di Also, the dense tubular pool is
depleted more slowly than the cytoplasmic pool when
external Ca®* is removed by EGTA. Our initial calcu-
lutions presented in Table III indicate that these phe-
nomena can be explained by the differential equations
describing the dense tubular pump and leak, together
with thc PM extrusion pump. The value of &, is not

The third column shows that this results in ‘ower rates
of transport by the dense tubular pump, despite the
higher ¥, for the forskolin-treated case. The next
column shows that the rate of leakage is larger in the
forskolin-treated case. This is due to the higker resting
[Ca®*], since the ki, value is actually slightly
smaller. The final column estimates the net rate of
decrease in [Ca®*], as the difference between the
pump rate and the leakage rate. We note that the
values are only a fraction of the actual leakage rate.
We further note that the calculated —d[Ca®*],/d¢
values are close to their experimental values, and that
larger values are d for the kolin-treated
case than for control. Qualitati b
theory and experiment for this rather complex phe-
nomenon can be taken as further validation of the
model. 1t is noted that the above model is amenable to
computer simulation.

Discussion

‘The present study has shown that the kinetic charac-
teristics of the Ca?*-accumulating ATPase pump of the
dense tubules can be determined in sifu. The study has
shown that the V, of the demsc tubular pump is
increased 1.42-1.56-fold by elevation of cAMP. The
study also corroborates our earlier measurement of
K, =180 nM and showed it to be essentially un-
changed by cAMP. As noted easlier {25), this K, value
is in good agreement with values for isolated dense
tubules [4]. It is important to note that the K, of the
dense tubular pump is twice as large as that of the
plasma membrane pump. This has important implica-
tions for the behavior of platclets at rest and after
activation. At rest with [Ca"’]wI = {16 nM, the plasma
membrane pump is working at approx. 63% of its V,,
[30] while zhe dense tubular pump is working at only
36% of its ¥, (cf. X values, Table 11). Thus the dense
tubufar pump has a greater rcserve. Similarly, in the
resting cell, the dense tubular Ca®* uptakes reach only
28-40% of their maximal achievable values (cf. [Ca?*],,
values, Table I1). It is important to understand these

iably by cAMP. The actual k., values
for the dense tubules (1.7 min~") are in reasonable
agreement with rates of leakage observed in isolated
dense tubules [42]. We beheve that the progress curve
for the CTC i g Ca?*
uptake by the dense tubule can be modelled in thls way
after d of the coritributions of low-affinity
Ca?* binding in the dense tubular lumen. It should
also be possible to calibrate CTC units in terms of
umol Ca?* per liter cytoplasmic volume.

cAMP increases [Ca**],, despite its lowering of
[Ca®*],

Cyclic AMP stimulates the extrusion pump in the
plasma membrane, decreasing [Cn”'] [1]. On the
other hand, cAMP increases the rate of the dense
tubular pump which accumulates Ca®*. The actions of
the two pumps can be regarded as competition be-
tween Ca’* extrusion and Ca®* accumulation. Since
cAMP stimulates both pumps, mere qualitative reason-
ing is inadequate to predict whether [Ca**],, should
be lowered or raised with cAMP treatment. Our exper-
iments show that Bt,-cAMP and forskolin increase
resting [Ca?*],, by a factor of 1.7. Our model predicts
this result from the [Ca?*),,, effect and V,, effect. Qur
model also shows how the CAMP effect can be under-
stood in terms of the mathematics of pump vs. leak for
the dense tubular and plasma membrane systems.

Biochemical basis for cAMP-induced increase in the V,,
of the dense tubular pump

Qur in situ study has shown that Bt,-cAMP and
forskolin increase the V,, of the dense tubular pump by
factors of 1.42 +0.20 and 1.56 + 0. 40 respectively. This
cor previous studies sh g that CAMP pro-
motes Ca®* transport in isolated veslcles of dense
tubular origin {27,28,43}. The study of Kaser-Glanz-
mann et al. [27] showed a 2.6-fold stimulation of ATP-
driven, oxalate-supporied **Ca®* uptake with 2 uM
cAMP in vesicles derived from platelet membranes.
Adunyah and Dean [4,28] demonstrated Ca®* uptake
in isolated internal piatelet membrane vesicles and
showed a 2-fold increase in Ca®* uptake by stimulation
with cAMP-dependent kinase. They further charac-
terized this as a ¥, effect [43], finding no change in




K., Two more recent studies must be noted as ger-
mane to this: White et al. [44] showed that the catalytic
subunit of cAMP-dependent protein kinase doubles
the rate of Ca?* uptake into platelet
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mary effects. The inhibition of inositol-lipid hydrolysis
[61-63] can be conﬂdered an anti-activation locus of
cAMP. The inositol  tri

However, the authors expressed some reservations since
they did not observe the expected behavior in experi-
ments designed to inhibit the catalytic subunit.
O'Rourke et al. [45] workmg in a similar system, dld
not find stimulation of Ca>* uptake with the

and 1,2-di play important roles in platelet

activation [64,65]. Inositol trisphosphate has been

shown to release Ca?* from dense tubules in isolated

preparations [66] and in permeabilized platelets [25}.

Diacylglycerol is thought to sensitize the platelet hy a
L5 Cd N o

subunit. The above-cited study notwithstanding, our in
situ rzsults are in excellent agreement with the results
of Adunyah et al. [43] in isolated dense tubules.

Cyclic AM"-dependent pmtem kinase has been
shown to ph ins of 240,
130, 50, 42 and 22 kDa [46] (see also Ref 47). The 22
kDa protein phosphorylation was described by Kaser-
Glanzmann et al. [27] and Fox et al. [48] in dense
tubular membranes. The above-cited studies of Adun-
yah and Dc:m [28] and Adunyah et al. [43] showed a
close the cAMP-d dent kinase
dependent phosphorylation of this protein and en-
hanced Ca’* transport. Tlley also shuwed that lhe
protein und a cal li

Another i locus of anti
c¢AMP is its inhibition of agonist-ind:
lipase A, activation {67}, leading to decreased release
of arachidonic acid. The latter leads to the formation
of thromboxane A, {68] which, in turn, contributes to
Ca?* mobilization.

As previously mentioned, cAMP causes the
phosphiorylation of a number of platelet proteins (22,
24, 30, 39, 50, 60 and 250 kDa; Ref. 47). Identification
of these protems and their functional roles is an area
of active i Cyclic AMP- phos-
phorylation of glycoprotein Ib beta [69] inhibits colla-
gen-mduced polymerization of actin a step invoived in

~ffects of
" "

rylation which is associated with a smaller stimulati

[70]. Aiso, cAMP increases the rate of loss

of transport [28,43). The 22 kDa protein has physico-
chemical similarities to phospholamban in skeletal
muscle sarcoplasmic reticulum [49]. However, it affects
its target differently than phospholamban. In the dense
tubule, the V,, of the pump is ircreased; in the cardiac
sarcoplasmic reticulum the K, of the pump is de-
creﬂsed [50,51]. Also antibodies raised against canine

hiamk did not with the human
platelet 22 kDa protein [43).

Pro-activation vs. anti-activation effects of cAMP miedi-
ated through Ca’*

Prostacyclin (PG1,), a short-lived eicosanoid pro-
duced by the vascular endothelium, functions as an
inhibitor of platelet aggregation (cf. Refs. 52 and 53). It
is a potent sti of platelet cyclase
[54,55]. 1t is 1 d that lin liber-
ated from vascular endothelial cells serves as a short-
range signal to inhibit platelet activation. This prosta-
cyclin-mediated effect has recently been demonstrated
in an in vitro system in which endothelial cells raised

of fibri binding capacity after stimulation with
platelet activating factor (PAF) [71].

Many of the above mechanisms may contribute to

the observed effects of cAMP to reduce the Ca®*

after sti ion with ists. The present
study and the companion study [1] identify two impor-
tant loci for CAMP effects on activation: The PM Ca?*
pump and the dense tubular Ca®* pump. As will be
shown below, the effect on the PM puup i5 anti-activa-
tion; the effect on the dense tubular pump is either
mildly pro-activation or difficult to evaluate. Both of
these effects must be considered in terms of the behav-
ior of the platelet before and after the moment of
activation with agonist.

The cAMP-induced increases the V,, of the extru-
sion pump is clearly anti-activation. It increases the
rate of Ca?* extrusion before and after challenge with
agonist. The reduction of resting [Ca®*1,, [1] works
against activation, since a larger amount of Ca?* must
be introduced into the cytoplasm by triggered influx or
dense tubular release to obtain the critical degree of
Ca occupatu)n and [Ca"']m After agonist challenge,

d rate of Ca®* extrusion will help to re-

In , the effect on the dense tubular Ca?*

the cAMP level in platelets and inhibited agg:

[56). The p 1 iti cyclase is dnce [Ca?*],, to non-activating levels.
thought to exist in basal, d and d itized

states [57]. It is in with a h pump is p

diesterase which is also considered to exist in two
states of activation [57] and which is subject to modula-
tion {58,59],

As discussed in the Introduction, cAMP is consid-
ered to be anti-aggregatory in platelets (cf. Ref. 60 for
review). Effects of CAMP on reactions prior to Ca®*
mobilization are inhibitory, and can be considered pri-

The V,, of the dense tubular
pump is increased to such an extent that it out-weights
the effect of reduction of [Ca?*],,,. Thus cAMP raises
the resting [Ca?*],, from 0.24 to 0. 41 CTC units (Table
11, Fig. 5); there is more dense tubular Ca?* to release
at the instant of stimulation. However, studies cited in
the Introduction showed that cAMP reduces the
amount of dense tubular Ca?* released by agonist
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stimulation, as deduced from the elevation of [Ca”L,,l
measured in the absence of ext I Ca?* (ab of

mal and plasma membrane pumps show significant

Ca?*influx). Coupling this information with our obser-
vation of elevated [Ca*],, suggests that cAMP down-
regulates the Ca?* release channel in the dense tubu-
lar b A study of IP,-induced Ca?* release in
saponin-p ized platel, thai this is the
case [72].

Considering the cAMP effect on the dense tubular
pump from the standpoint of dense tubular behavior
immediately after stimulation with agonist, the effect
should be anti-activation. The rate of removal by dense
tubular sequestration is increased. Indeed, the dense
tubular pump, which has a K, of 180 nM, works most
efficiently at [Caz*] values in the platelet-activating

homology [77,78] (cf. Table II Ref. 75). 1t will be a
significant to subtlc changes in
Ca®* affinity and its regula!mn in terms of the amino
acid sequence.
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range (> 400 nM, cf. Ref 25). However. if the nccumu-
lated Ca®* were later released in an

pulsatile manner, extra Ca?* accumulation would not
counter activation. As will be shown in the third paper
in this series {20}, cGMP increases the rate o. Ca?*
extrusion and does nor increase dense tubular Ca®*
sequestration. Quaatitative differences in the anti-
activation effects of these two cyclic nucleotides is thus
worthy of detailed study.

Comparison with cardiac and skeletal sarcoplasmic retic-
ulum pumps

We now have sufficient information on the charac-
teristics of the dense tubular Ca®*-ATPase pump to
allow comparison with the comparable pump in other
excitable cells. The rabbit skeletal sarcoplasmic reticu-
lum (SR) and the previously-discussed canine cardiac
SR are the best-studied examples of Ca®*-accumulat-
ing organeiles and their Ca**-ATPase pumps. The
human platelet dense tubular pump shares some fea-
tures of both. The dense tubular pump shares with the
cardiac SR the above-mentioned cAMP and calmod-
ulin-activation [43]. More importantly, the cAMP acti-
vation of the dense tubular pump results in an increase
in the V,, with no change in K . In cardiac SR, cAMP
activation results in only small changes in V,, and an
appreciable decrease in the K, {51,73). Furlhermore,
the K, of the dense tubular pump is much lower than
that of the cardiac SR pump. As noted above the K,
of the dense tubufar pump is 180 nM in essentially all
states. For the cardiac SR the K is 942 nM for the
basal state, 617 nM for the cAMP-activated state, 526
nM for the calmodulin-activated state, and 417 nM for
the dually-activated state [51). In terms of its K,,, the
dense tubular pump is closer to the rabbit skeletal SR
pumip, which has a K, of 73 nM [74] (cf. Table 111,
Ref, 75 for tabulation).

Recent molecular genetic i of the skele-
tal SR enzyme have identified amino acid residues
critical to the Ca®* affinity of the rabbit skeletal and
cardiac SR [76). S deduced for the
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