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Na* /H * exchange and aggregation of human platelets activated by ADP:
the exchange is not required for aggregation
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Isolated human blood platelets, loaded with the pH-sensitive fluorescence dye 2’,7’-bis(carboxyethyl)-5,6-
carboxyfluorescein show cytoplasmic alkalinization upon stimulation with thrombin but acidification with
ADP stimulation. In both cases a Na* /H * exchange is activated. This can be revealed by sensitivity of the
induced pH changes to amiloride and to 5-N-(3-aminophenyl)amiloride (APA), known inhibitors of the
Na*/H™* exchanger, and by a dependence on sodium in the external medium. ADP-induced platelet
aggregation is not affected by omission of sodium from the external medium. Furthermore, aggregation is
barely inhibited (less than 10%) by amiloride or APA at concentrations up to 50 pM while the K, values in
affecting the Na*/H™* exchange are 59 and 1.6 gM for amiloride and APA, respectively. Platelet
aggregation is inhibited by amiloride or APA at concentrations higher than 50 uM, but this inhibition is
apparently due to a secondary effect of the agents. It is concluded that platelet aggregation induced by ADP
is not dependent on activation of Na* /H ™ exchange.

Introduction

Na*/H™* exchange is present in human blood
platelets. This exchange system appears to play a
significant role in platelet functions, as illustrated
by many studies. (a) The exchanger is consider-
ably activated when the cytoplasm is acidified
[1,2]. This behavior apparently reflects its role in
intracellular pH (pH;) homeostasis [3] and is
probably determined by a pH;-sensitive allosteric
activator or ‘modifier’ site [4,5]. (b) Activation of
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Na*/H™" exchange is observed in platelets stimu-
lated by thrombin [3,6-9], epinephrine [10,11],
Ca?* ionophore A23187 [12] as well as by a
phorbol ester and a diacylglycerol [13,8]. Recently
it has been noted that Na*/H™* exchange is
activated in osmotically swollen platelets [14].
Suppression of Na*/H™* exchange either by re-
moval of extracellular Na* or by application of
amiloride is reported to inhibit shape change,
secretion of granule contents and aggregation
[6,12,15,16). (c) Activation of Na*/H™* exchange
is reported to function in Ca?* mobilization in
platelets: both an increase in intracellular pH; and
an increase in intracellular inositol 1,4,5-tris-
phosphate (IP,) are simultaneously required for
Ca?* mobilization [9,17). (d) The Na*/H* ex-
change regulates receptor-mediated phospholipase
A, activation in platelets [18]. Furthermore,
Na*/H™* exchange appears to selectively mod-
ulate arachidonic acid mobilization in response to
‘weak agonists’ (ADP, epinephrine and thrombin
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at low concentration) which subsequently effects
vigorous aggregation and dense granule secretion
[19]. (e) The activity of the exchange is correlated
with the clinical manifestations of hypertension
[20}.

The objective of the present study is to examine
the relationship between activation of platelets by
ADP and the Na*/H™ exchange. Specifically, our
question is: does ADP lead to activation of
Na*/H"* exchange in platelets, as observed for
other inducers? No direct evidence for the activa-
tion of platelet Na*/H™* exchange by ADP has
thus far been presented, but such activation could
account for the observation that stimulation of
platelets by ADP results in an uptake of Na* ions
[21,22). If Na*/H™ exchange is activated our sub-
sequent question is: does this exchange play a role
in platelet aggregation induced by ADP?

Part of this study has been presented in an
abstract form [23].

Materials and Methods

Reagents

Propionic acid, monensin, albumin (bovine, es-
sentially fatty acid-free, from fraction V albumin),
nigericin and ADP were from Sigma. 2',7’-Bis-
carboxyethyl)-5,6-carboxyfluorescein (BCECF)
acetoxymethyl ester was from Molecular Probes.
Amiloride was from Merck, Sharp and Dohme,
5-N-(3-aminophenyl)amiloride (APA) [24] was a
gift from Dr. D. Cassel. Fibrinogen (human, 97%
clottable) was from Cutter, Berkeley, CA. Heparin
(Thromboliquine) was from Organon, Oss, Hol-
land. Bovine thrombin from Parke-Davis, Detroit,
MI was used in this study. The same results were
obtained with highly purified human thrombin
(99.5%, from Dr. J.W. Fenton II).

Solutions

Acid-citrate-dextrose solution (buffer 1) was
composed of 65 mM citric acid, 11 mM glucose
and 85 mM trisodium citrate. The standard NaCl
medium contained (in mM): 140 NaCl, 5 KC],
0.42 NaH,PO,, 1 MgCl,, 10 glucose and 20 Hepes
(pH 7.35). KCl- and N-methylglucamine - HCI
media were prepared by isoosmotic replacement
of NaCl by the indicated salts. N-Methylgluca-
mine - HC1 was prepared by titrating N-

methyl-D-glucamine to neutrality with HCL
Sodium propionate solution contained (in mM):
140 sodium propionate, 1 KCl, 1 CaCl,, 1 MgCl,,
10 glucose and 20 Hepes (pH 6.5). The osmolarity
of all media was adjusted to 290 mosM with
distilled water or the major salt. Stock solutions of
nigericin (1 mM) and BCECF acetoxymethyl ester
(1 mg/ml) were prepared in ethanol and in di-
methylsulfoxide, respectively. Determination of
sodium in the media were performed with a Corn-
ing Flame photometer.

Preparation of platelet suspension

Venous blood was drawn from healthy volun-
teers, aged 25-58 years, who had been without
medication the previous 10 days. The blood was
anticoagulated with buffer 1 at a volume ratio of
blood: anticoagulant of 6:1. Platelet-rich plasma
was obtained by centrifugation at 120 X g for 10
min and had a pH of 6.5. Heparin (50 U/ml) was
added and the platelets were loaded with the
probe BCECF by incubation of platelet-rich
plasma with the parent acetoxymethyl ester (0.7
pg/ml=0.87 uM, final) for 30 min at 22-23°C,
The platelets were then gel-filtered through a Sep-
harose 2B column (6 cm X 0.76 cm). The solution
used to equilibrate the column and to elute the
platelets was the NaCl medium or, where speci-
fied, the N-methylglucamine medium described
above, but modified as follows: MgCl, was
omitted, albumin (1 mg/ml) and heparin (50
U/ml) were added and the pH was adjusted to
6.8.

Determination of cytoplasmic pH changes

Changes in cytoplasmic pH were determined
essentially as described earlier [2,25]. Fluorescence
was measured in a FP-770 Jasco spectrofluorome-
ter with wavelength setting of 495 and 525 nm for
excitation and emission, respectively, using 5 and
10 nm slits, respectively. The assay mixture for
measurements of pH; changes in BCECF-loaded
platelets was composed of the NaCl medium, un-
less otherwise noted, fortified with 1 mM CaCl,, 1
mM MgCl, and 1 mg/ml albumin. The measure-
ments were performed at 22-23°C in a plastic
cuvette using 4-6-107 platelets/ml and a total
volume of 1.8 ml with continuous stirring.
Fibrinogen (200 pg/ml) was also added when



ADP was used as an inducer, unless stated other-
wise. Calibration of the pH versus fluorescence
was performed according to Thomas et al. [26], in
the standard medium free of sodium but contain-
ing 100 mM KCl and 40 mM N-methylglucamine
with 1.6 pM nigericin, and 200 pM amiloride,
using Mops as titrant. The leak of BCECF [25] in
the first hour, during which the experiments were
done, amounted to 15%. The pH,; of untreated
gel-filtered platelets was 7.32 (S.E. = 0.02, n=38),
similarly to an earlier report [2]). The data are
presented as changes in pH.

Determination of Na* /H ™ exchange by cell sizing

The activity of the Na*/H™ exchanger was
measured indirectly as changes in platelet volume
in acid-loaded cells, using sodium propionate, es-
sentially as described previously [1,2]. Volume
measurements were conducted by electronic siz-
ing, using a Coulter counter model ZM with a
Channelyzer 256. Orifice diameter was 70 pm. An
aliquot of the platelet suspension was diluted to
120000 platelets per ml of the medium. The mean
cell volume was calculated from the volume distri-
bution curves using polystyrene latex beads for
calibration. Measurements were conducted at
22-23°C in triplicates. Volume determinations
for each platelet sample were taken at 10-30 s
intervals. The Na*/H* exchange rates were
calculated from the initial linear rate of swelling in
sodium propionate medium. The small passive
swelling component (5 to 10% increment over
isotonic value) due to penetration of propionic
acid was determined in sodium propionate medium
containing 200 pM amiloride to prevent Na*/H™*
exchange. This value was subtracted from all the
determinations.

Assay of aggregation

Platelet aggregation was followed by recording
light transmission through a stirred platelet sus-
pension in an aggregometer (Chronolog) cuvette at
37°C in a final volume of 0.45 ml. The platelet
preparation (platelet-rich plasma or gel-filtered
platelets) and the media used were as specified in
Results. Aggregation was measured as the per-
centage change in light transmission through the
platelet suspension with 0% defined as the lowest
point of the curve after addition of the aggregat-
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ing agent and 100% defined as maximal transmis-
sion through a clear solution.

Because of the decay of the platelet functions
with time all the results reported here were per-
formed within the first hour after the preparation
of the platelets. When a comparison of an inducer
or an inhibitor of platelet activity was investi-
gated, time-paired experiments were performed
for the same reason.

Results

ADP- and thrombin-induced changes in platelet pH

pH changes in the cytoplasm of human plate-
lets can be followed by recording the fluorescent
signal of platelets loaded with the pH-sensitive
dye BCECF [2,3,9]. We have used this technique
to investigate the effect of ADP and thrombin on
cytoplasmic pH of human platelets. Traces A and
C (solid line) of Fig. 1 illustrate in two platelet
samples that the addition of 10 uM ADP caused
an immediate decrease in fluorescence showing
that the cytoplasm became more acidic, rather
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Fig. 1. ADP- and thrombin-induced changes in platelet pH.
Examples are given of the changes in cytoplasmic pH by
recording the fluorescence signal from BCECF-loaded plate-
lets. The pH changes are induced by 10 uM ADP or 0.1 U/ml
of thrombin added to the platelet suspensions at the time
indicated by the arrows. The dashed lines in C and D show the
effect of APA. In the traces marked a, APA (20 uM) was
added after the pH changes inititated by thei nducers had
levelled off; in traces marked b, APA (20 pM) was added to
the platelet suspension one minute prior to the inducer. The
ordinates give the changes in intraplatelet pH, a negative value
indicating an acidification.
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than the alkalinization expected on stimulation of
Na*/H* exchange. This acidification reached its
maximal value in about one minute. In the follow-
ing minute the pH became stable at the low value
or started to return towards the original value.
This finding is in apparent contrast to the pH
changes induced by thrombin as described by
Zavoico et al. [3] and Siffert and Akkerman [9]
who have reported that thrombin induces an al-
kalinization due to an activation of the Na*/H™
exchange. The absence of ADP-induced alkalini-
zation found in our experiments might be due to a
loss of Na* /H™* exchange activity during the pre-
paration of the platelets or because ADP, in con-
trast to other inducers of aggregation, does not
activate the Na* /H* exchanger. To test the first
possibility the effect of thrombin on pH, changes
was studied in the same platelet preparations as
used for the ADP experiments. Fig. 1 B and D
(solid line) show that as noted in previous reports
[3,9] thrombin-stimulated platelets responded by
cytoplasmic alkalinization. As illustrated, this al-
kalinization either started immediatley or it fol-
lowed an initial acidification, which was of vari-
able extent and duration.

The described pH changes were obtained in
nominally bicarbonate free solutions. The addition
of 10 mM bicarbonate to the platelet suspensions
30 minutes before ADP or thrombin, to ensure
equilibration of HCO; /CO,, did not alter the
pattern of the described pH changes. In some of
the experiments, however, the presence of bi-
carbonate dampened the changes in pH about
20% (not shown).

ADP-induced acidification in the presence of inhibi-
tors of Na* /H™ exchange

To examine the possibility that activation of
the exchanger by ADP was masked by the initial
acidification, we followed ADP-induced changes
in pH, in the presence of inhibitors of the Na* /H™
exchange mechanism. Amiloride and aminophen-
ylamiloride (APA), a more potent derivative, were
used for this purpose. These compounds alone did
not cause noticeable changes in pH;. Trace Cb in
Fig. 1 (dashed line) shows that when APA was
added to the platelet suspension one minute be-
fore ADP the decrease in pH; was substantially
greater. When APA was added to the platelet

suspension after the ADP-induced decline in pH;
had levelled off (trace Ca), a further, immediate
acidification was initiated. These findings indicate
that ADP activates the Na*/H™ exchanger but
that its expression is masked by the initial acidifi-
cation process and thus a net alkalinization is not
observed, as is the case with thrombin. Fig. 1 D
(dashed lines) show the effect of APA in throm-
bin-stimulated platelets. APA prevented the
alkalinization when added prior to thrombin (trace
b) and it caused a drop in pH; when added to the
medium after the thrombin-induced alkalinization
had levelled off (trace a). The activation of the
Na'*/H* exchange appears to be greater with
thrombin than with ADP, so that net alkaliniza-
tion is observed.

Some variability in the ADP response is evident
from the two examples given in Fig. 1. Table 1
summarizes the results obtained with ADP in 11
paired experiments with and without APA. In all
experiments ADP initiated a cytoplasmic acidifi-
cation which averaged 0.05 pH units after 1
minute. The presence of APA caused a further
decline in pH in all assays averaging about 0.03
pH units, (termed ApH). Both the ADP-induced
acidification and the increment in acidification
that is APA-inhibitable are statistically significant
(P < 0.005). APA was used in the following con-
centrations: 4.4, 10, 20 and 44 uM. Because of a
rather big interindividual scatter in the ADP-in-
duced acidification in platelets from different
donors the data do not allow a calculation of a

TABLE 1

INTRAPLATELET pH CHANGES INDUCED BY 10 pM
ADP IN THE ABSENCE AND PRESENCE OF APA IN
THE MEDIUM

Negative values indicate an acidification of the platelet cyto-
plasm.

APA ADP-induced pH change (mean+ S.E., n =11)
(uM) 1 min 2 min

0 —0.054+0.011 2 —0.051+0.010 ®
4-44 —0.080+0.014 —-0.09340.016

ApH 0.026 +0.004 ® 0.042+0.016 °

2 p < (.005, compared to pH values prior to the addition of
ADP.
b P <0.005.



dose-dependent relation between the APA con-
centration and ApH. Amiloride at 200 uM caused
a similar extended drop in pH; (P < 0.005).
Additional indication that ADP induces a
Na*t/H" exchange was apparent in experiments
conducted in N-methylglucamine medium. Under
such conditions, ADP caused a two to three times
greater acidification than that observed in sodium
containing medium with APA (results not shown).

Na* /H" exchange and platelet aggregation

Siffert et al. [27]) observed that amiloride in-
hibits ADP-induced aggregation of platelet-rich
plasma. The results shown in Fig. 2 appear to
support this observation, as evaluated by several
characteristics of aggregation measurement: rate
(slope of the aggregation curve), extent (total
change in light transmission within 4 minutes) and
size of aggregates (magnitude of the oscillations).
The shape change, however, was not affected by
the amiloride treatment.

It is unlikely, however, that the sensitivity of
aggregation to amiloride, as presented in Fig. 2,
indicates the involvement of Na*/H™ exchange in
aggregation for several reasons. Fig. 3 shows that

Fig. 2. Effect of amiloride on ADP-induced aggregation.
Platelets (2.2-10"/ml) suspended in sodium media were
incubated with amiloride (the concentration is indicated at the
right side of each trace) for 5 min at 37° C before the addition
of 10 uM ADP. The ordinate is the change in light transmis-
sion (LT) as defined in Materials and Methods. The experi-
ment shown was one of three performed with platelet-rich
plasma. Similar results were also obtained with gel-filtered
platelets.
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Fig. 3. ADP-induced aggregation in the presence of inhibitors
of Na*/H* exchange. Aggregation, induced by 10 yM ADP,
was determined by the change in light transmission 4 min after
the addition of ADP. The control values (without added inhibi-
tor) were taken as 100%. The results were compiled from four
platelet preparations from three donors. Three preparations
were obtained as described in Materials and Methods. In one
preparation the platelet-rich plasma was obtained from blood
anticoagulated with 3.8% (w/v) trisodium citrate with a volume
ratio of blood/anticoagulant of 9:1. All experiments were
performed in sodium medium and the number of platelets was:
platelet-rich plasma 2.2-107/ml, gel-filtered platelets 7- 107/ml.
Symbols used: Amiloride/platelet-rich plasma, O; amiloride/
gel-filtered platelets, ®; APA /platelet-rich plasma, a; APA/
gel-filtered platelets, a.
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Fig. 4. Inhibitory effect of amiloride and APA on Na*/H*
exchange. Dixon plot showing the inhibitory effect of amiloride
and APA on the Na*/H™ exchange measured by the cell sizing
technique [2,44]. V is calculated as the slope of the initial
linear rate of swelling in sodium propionate medium (pH 6.5).
[1] is the concentration of the inhibitors. Lines were fitted by
least squares method and the K; for amiloride and APA was in
this experiment determined to be 5.8 pM and 1.8 pM, respec-
tively, with a correlation coefficient for both lines of 0.99.
Representative of three similar experiments performed with
platelet-rich plasma.
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Fig. 5. Effect of APA on ADP-induced aggregation. Gel-filtered

platelets (7-107/ml) were incubated at 37°C with or without

20 pM APA for 5 min prior to the addition of ADP (arrow).
Ordinate as in Fig. 2.

ADP-induced aggregation was affected similarly
by amiloride and APA, when either platelet-rich
plasma or gel-filtered platelets were tested. Fur-
thermore, the effective concentrations of these
Nat/H* exchange inhibitors required to inhibit

Nat NMG

— 2min—

Fig. 6. ADP-induced aggregation in sodium- and N-methyl-

glucamine media (NMG). Platelets were gel-filtered in N-

methylglucamine medium and assayed at 7.3-107/ml in either

sodium (106 mM) or N-methylglucamine medium ([Naj,= 0.3

mM). 10 oM ADP was added (arrows). Ordinate as described

in Fig. 2. Similar results were obtained in three additional
experiments.

aggregation were found to be above 50 pM. Fig. 4
shows that much lower concentrations were
required to inhibit the Na*/H* exchange rate of
these platelets and that the two inhibitors clearly
differed in potency: The K, values determined
from a Dixon plot [28] were 5.9 + 0.2 (S.D.) and
1.6 +£ 0.2 (S.D.) gM for amiloride and APA, re-
spectively, as tested by the cell sizing technique
(n=3).

Fig. 5 shows that APA in the concentration of
20 pM, that is over 10 times the K, value for
inhibition of Na*/H™ exchange, did not change
either the rate or the extent of aggregation nor the
size of the aggregates when 10, 3 or 1 uM ADP
was added (trace with 1 uM ADP not shown).

If Na*/H™ exchange plays a role in platelet
aggregation, the aggregation should be dependent
on external sodium. To test this possibility plate-
lets were gel-filtered in N-methylglucamine
medium and then assayed for aggregation in either
sodium- or N-methylglucamine-containing media.
Fig. 6 shows that a similar aggregation pattern
was obtained in sodium medium ([Naj], = 106 mM)
and in N-methylglucamine medium ([Na],=0.3
mM).

Discussion

A major finding of this study is that ADP
activates Na*/H™* exchange in human platelets
but the exchange activated by ADP is not ex-
pressed by a net cytoplasmic alkalinization due to
an overriding intracellular acidification. The
activation of the exchange by ADP is revealed by
the inhibitory effect of amiloride and its more
potent analog APA and by the dependence of pH;
changes on external sodium.

The pH,; changes in platelets following the
stimulation by thrombin and ADP seem to be
different: thrombin induces an acidification that is
brief and transient followed by a sustained
alkalinization (Fig. 1B) as already reported {3]. In
contrast, ADP induces primarily a sustained
acidification (Fig. 1A), but a tendency for a rever-
sal towards the initial pH; was also observed (Fig.
1C). Biphasic pH; changes have been observed in
other cell systems, for example in vascular smooth
muscle cells in which an activation of the Na* /H*



exchange by angiotensin II is responsible for the
alkalinization phase [29,30].

Thrombin and ADP are known to differ in
other actions on platelets. (a) The association be-
tween myosin and F-actin does not occur when
platelets are stimulated with thrombin [31). (b)
Unlike thrombin, ADP causes very little release of
the content of platelet granules in a Ca®*-contain-
ing medium [32]. (¢) Thrombin increases the
turnover of phosphoinositides and stimulates the
formation of IP,, [33-35], but the effect of ADP
on the formation of IP; is controversial [36-40].
(d) The coupling mechanism for Ca’* entry into
platelets induced by ADP and thrombin is differ-
ent [41,42]. The differences between thrombin and
ADP presented in this study further stress the
distinction between these two platelet activators.

The acidification could result from several
sources. A major source of protons may be associ-
ated with glucose 6-phosphate metabolism such as
glycolysis and glucose monophosphate shunt.
Activation of platelets with ADP is known to be
associated with a marked enhancement of energy
metabolism [43,44]. Another possible source relates
to Ca?*-dependent reactions, such as increased
myosin ATPase activity, as suggested for the
acidification induced by thrombin [3]). Calcium
mobilisation has been reported to be associated
with intracellular acidification in cultured vascular
smooth muscle cells [45].

While the activation of platelet Na*/H* ex-
change by ADP has not been directly demon-
strated earlier, several studies indicate that such
an activation indeed occurs. (a) Epinephrine was
shown to activate Na*/H™* exchange in platelets
[10,11]. Yet, ADP is required for epinephrine-in-
duced platelet activation [46]. (b) Na*/H™ ex-
change appears to be dependent upon the binding
of fibrinogen to glycoprotein IIb /IIIa, therefore it
was suggested that the operation of this exchange
should also be a function of ADP binding [11]. (¢)
Activation of platelet with ADP is associated with
uptake of sodium ions [21,22]. In order to estab-
lish the relationship between this uptake and the
operation of Na*/H™" exchange, it would be of
interest to verify whether the uptake is sensitive to
amiloride and its potent analogs.

The present study deals with the relationships
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between Na*/H™ exchange and aggregation in
platelets activated by ADP. Platelet aggregation
has been linked under certain conditions to the
operation of Na*/H" exchanger [6,9,15,27,47].
However, several lines of evidence support our
conclusion that Na*/H™ exchange is not required
for ADP-induced platelet aggregation. (a) A dif-
ferential dependence of aggregation and the ex-
change on external Na: while the K, for [Na], in
Na*/H"* exchange is 75 to 90 mM [2], aggregation
is not affected by reduction of [Na], from 100
mM to 0.3 mM (Fig. 6). (b) A differential sensitiv-
ity of the two processes to amiloride and APA:
aggregation and Na*/H* exchange are 50%
inhibited by APA at vastly different concentra-
tions: 200 and 1.6 pM, respectively. The corre-
sponding values for amiloride are: 200 and 5.9
pM. Siffert et al. [27] concluded that the con-
centration of amiloride required to inhibit platelet
aggregation is compatible with an inhibitory ac-
tion on the Na*/H* exchange system. Yet they
show about 50% inhibition of ADP-induced aggre-
gation by 50 pM amiloride, but this concentration
is 8-fold higher than the K; for the exchange (Fig.
4). Furthermore, while amiloride and APA inhibit
aggregation similarly, they differ markedly in
inhibition of Na*/H™* exchange. It appears that
the inhibition of aggregation at relatively high
concentrations of amiloride and APA is due to a
secondary effect, unrelated to Na*/H™ exchange.
() pH; does not seem to be critical for platelet
aggregation, since the aggregation is not impaired
by treatments (nigericin) that cause a substantial
cytoplasmic acidification [3,48).

Sweat et al. [9] reported that arachidonic acid
release from platelets that were stimulated by epi-
nephrine, ADP or very low concentrations of
thrombin was inhibited in Na*-free media and by
the presence of amiloride analogs. Shape change
and aggregation that was independent of
arachidonic acid metabolism was unaffected by
the amiloride analog. Thus it may be concluded
that the Na®/H™* exchange activity is required for
arachidonic acid metabolism and thereby may play
a secondary role in release-related aggregation.
The present study supports the conclusion that the
operation of Na*/H™* exchange is not obligatory
for primary platelet aggregation induced by ADP.



432
Acknowledgements

This research was supported by The Fund for
Basic Research Administered by The Israel
Academy of Sciences and Humanities. We wish to
thank to Oelbaum family, Barrie and Amelia Rose
and Toby and Jeoy Tanenbaum, all from Toronto,
Canada, for their respective generous aid. A.
Rothstein’s research was supported by a grant
(MT 4665) from the Medical Research Council,
Canada. This study was conducted while J. Funder
was on leave from the Department of General
Physiology and Biophysics, The Medical Faculty,
Copenhagen University, Copenhagen, Denmark.

References

1 Grinstein, S., Goetz, J.D., Furuya, W., Rothstein, A. and
Gelfand, EW, (1984) Am. J. Physiol. 247, C293-C298.

2 Livne, A., Grinstein, S. and Rothstein, A. (1988) Thromb.
Haemost. in press.

3 Zavoico, G.B., Cragoe, E.J., Jr. and Feinstein, M.B. (1986)
J. Biol. Chem, 261, 13160-13167.

4 Aronson, P.S. (1985) Annu. Rev. Physiol. 47, 545-560.

5 Seifter, J.L. and Aronson, P.S. (1986) J. Clin. Invest. 78,
859-864.

6 Horn, W.C. and Simons, E.R. (1978) Thromb. Res. 13,
599-607.

7 Siffert, W., Fox, G., Miickenhoff, K. and Scheid, P. (1984)
FEBS Lett. 172, 272-274.

8 Siffert, W., Siffert, G. and Scheid, P. (1987) Biochem. J.
241, 301-303.

9 Siffert, W. and Akkerman, JW.N. (1987) Nature 325,
456-458.

10 Sweatt, J.D., Blair, LA., Cragoe, EJ. and Limbird, L.E.
(1986) J. Biol. Chem. 261, 8660-8666.

11 Banga, H.S,, Simons, E.R., Brass, L.F. and Rittenhouse,
S.E. (1986) Proc. Natl. Acad. Sci. USA 83, 9197-9201.

12 Siffert, W., Miickenhoff, K. and Scheid, P. (1984) 125,
1123-1128.

13 Siffert, W. and Scheid, P. (1986) Biochem. Biophys. Res.
Commun. 141, 13-19.

14 Livne, A., Grinstein, S. and Rothstein, A. (1987) J. Cell
Physiol. 131, 354-363.

15 Connolly, T.M. and Limbird, L.E. (1983) Proc. Natl. Acad.
Sci. USA 80, 5320-5324.

16 Leven, R.M., Gonnella, P.A., Reeber, M.J. and Nachmias,
V.T. (1983) Thromb. Haemostas. 49, 230-234.

17 Siffert, W., Siffert, G., Scheid, P., Riemens, T., Gorter, G.
and Akkermann, JW.N. (1987) FEBS Lett. 212, 123-126.

18 Sweatt, J.D., Connolly, TM., Cragoe, E.J. and Limbird,
L.E. (1986) J. Biol. Chem. 261, 8667-8673.

19 Sweatt, J.D., Johnson, S.L., Cragoe, E.J. and Limbird, L.E.
(1985) J. Biol. Chem. 260, 12910-12919.

20 Livne, A., Veitch, R., Grinstein, S., Balfe, JW., Marquez,
A., Rothstein, A. (1987) Lancet 1, 533-536.

21 Feinberg, H., Sandler, W.C,, Scorer, M., Le Breton, G.C.,
Grossman, B. and Born, G.V.R. (1977) Biochim. Biophys.
Acta 470, 317-324.

22 Sandler, W.C., Le Breton, G.C. and Feinberg, H. (1980)
Biochim. Biophys. Acta 600, 448455,

23 Livne, A. and Funder, J. (1988) in Comparative Biochem-
istry and Physiology (Skadhauge, E. and Gomme, J., eds.),
Pergamon Press, New York, Abstract, in press.

24 Cassel, D, Cragoe, E.J., Jr. and Rotman, M. (1987) J. Biol.
Chem. 262, 4587-4591.

25 Grinstein, S., Cohen, S., Goetz-Smith, J.D. and Doxon, S.J.
(1988) Methods Enzymol., in press.

26 Thomas, J.A., Buchbaum, R.N., Zimniak, A. and Racker,
E. (1979) Biochemistry 18, 2210-2218.

27 Siffert, W., Gengenbach, S. and Scheid, P. (1986) Thromb.
Res. 44, 235-240.

28 Dixon, D. and Webb, E.C. (1964) Enzymes, 2nd Edn.
Academic Press, New York.

29 Berk, B.C.,, Aronow, M.S., Brock, T.A., Cragoe, E., Jr,,
Gimbrone, M.A,, Jr. and Alexander, R.W. (1987) J. Biol.
Chem. 262, 5057-5064.

30 Hatori, N., Fine, B.P., Nakamura, A., Cragoe, E., Jr. and
Aviv, A. (1987) J. Biol. Chem. 262, 5073-5078.

31 Fox, JE.B. and Phillips, D.R. (1982) J. Biol. Chem. 257,
4120-4126.

32 Packham, M.A. and Mustard, J.F. (1984) in Blood Platelet
Function and Medicinal Chemistry (Lasslo, A., ed.), pp-
61-128, Elsevier, New York.

33 Billah, M.M. and Lapetina, E.G. (1982) J. Biol. Chem. 257,
12705-12708.

34 Imai, A., Nakashima, S. and Nozawa, Y. (1983) Biochem.
Biophys. Res. Commun. 110, 108-115.

35 Rittenhouse, S.E. and Sasson, J.P. (1985) J. Biol. Chem.
260, 8657-8660.

36 Daniel, J.L., Dangelmaier, C.A., Selak, M. and Smith, J.B.
(1986) FEBS Lett. 206, 299-~303.

37 McNicol, A. and Macintyre, D.E. (1987) Thromb.
Haemostas. 58, 465.

38 Maclntyre, D.E., Pollock, W.K., Shaw, A M., Bushfield,
M., MacMillan, L.J. and McNicol, A. (1985) in Advances
in Experimental Medicine and Biology, Vol. 192, Mecha-
nisms of Stimulus-Response Coupling in Platelets (West-
wick, J., Scully, M.F., Maclntyre, D.E., Kakkar, V.V, eds.)
pp- 127144, Plenum Press, New York and London.

39 Fisher, G.J., Bakshian, S. and Baldassare, J.J. (1985) Bio-
chem. Biophys. Res. Commun. 129, 958-964.

40 Vickers, J.D., Kinlough-Rathbore, R.L. and Mustard, J.F.
(1986) Biochem. J. 237, 327-332.

41 Sage, S.0. and Rink, T.J. (1986) Biochem. Biophys. Res.
Commun. 136, 1124-1129.

42 Rink, T.J. (1987) Thromb. Haemostas. 58, 538.

43 Akkerman, JJW.N. and Verhoeven, A.J.M. (1986) in Plate-
let Responses and Metabolism (Holmsen, H., ed.) Vol. 3,
pp. 69-99, CRC Press, Boca Raton.

44 Holmsen, H. (1987) Biochemsitry of the Platelets: Energy
metabolism in Hemostasis and Thrombosis. Basic Princi-
ples and Clinical Practice 2nd Edn. (Colman, R.W., Hirsh,
J., Marcler, V.J. and Salzman, EW., eds.), pp. 101-109,
J.B. Lippincott, Philadelphia.



433

45 Berk, B.C,, Brock, T.A., Gimbrone, M.A., Jr. and Alexander, 47 Motulsky, H.J. and Insel, P.A. (1983) J. Biol. Chem. 258,
R.W. (1987) J. Biol. Chem. 262, 5065-5072. 3913-3919.

46 Figures, W.R., Scearce, L.M., Wachtfogel, Y., Chem. J, 48 Feinstein, M.B., Henderson, E.G. and Sha’afi, R.I. (1977)
Colman, R.F. and Colman, R.W. (1985) J. Biol. Chem. 261, Biochim. Biophys. Acta 468, 284-295.

5981-5986.



