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Vasopressin elevation of Na*/H™ exchange is inhibited
by genistein in human blood platelets
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The regulation of intraccllular Na* and pH; in human blood platelets is known to be controlled by the function of the Na* /H?
exchanger. The phosphorylation state of the Na*/H* exchanger which determines the exchanger activity in human blood
platelets is regulated by the activities of protein kinases and protein phosphatases. Observations in this study indicate that
argininc vasopressin (AVP) that interacts with a V, receptor, activates the Na*/7H* exchange in human blood platelets through
a genistein-inhibited mechanism. The AVP-activated Na*/H™* exchange is probably not regulated by protein kinase C (PKC),
since this activation is not inhibited by staurosporine. The multiple ways in which platelet Na*/H* exchange can be modulated
may indicate the critical role played by this exchanger in the homeostasis control of pH, in human blcod platelets.

Introduction

The Na*/H™ exchanger plays a major role in the
control of pH; and other cell functions [1,2]. In human
blood piatelets, agonists such as thrombin and arginine
vasopressin (AVP) are found to regulate the pH; in
addition to other platelets specific functions [3-7).
Using a specific antibody, it was demonstrated in
CCL39 and A431 epithelial cells that Na*/H™* ex-
change is operated by a phosphorylated transmem-
branc glycoprotein of 110 kDa [8], as was also detected
recently in human blood platelets [9]. Modulation of
the Na* /7H™ exchange activity in human blood platelets
by thrombin, phorbol 12-myristate 13-acetate (PMA),
dihexanoyl glycerol, staurosporine and okadaic acid, a
protein phosphatase 1 and 2A inhibitor, indicate that
the phosphorylation state of the exchanger is related to
its activity and is controlled by the balance of protein
kinase C (PKC) [9-11] and protein phosphatases [9,10]
activities.

The physiological effects of AVP have been demon-
strated both in vivo and in vitro [12], to be mediated by
two functional AVP receptors, V, and V, [13]. The V,
receptor was detected in human blood plateiets, liver
cells, vascular smooth muscle cells and fibroblasts [14].
The binding of AVP to the V, receptor activates PKC

Correspondence to: Y. Granot, Department of Life Sciences, Ben-
Gurion University of the Negev, Beer-Sheva, 84105, Israel.

activity through a phosphatidylinositol-specific phos-
pholipase C, GTP-binding proteins and a Ca?*-media-
ted biochemical cascade [14,15]. V, receptor activates
GTP-binding proteins which regulate adenylate cyclase
activity, which in turn increases in kidney tubuli the
cAMP-dependent Na* and H,O reabsorption [16].
This V, type AVP receptor was not found in human
blood platelets.

AVP has been shown to act synergistically with
insulin to induce mitogenic effects in 3T3 fibroblasts
[17], and to activate c-myc expression in human fibro-
blasts [18]. Recent observations demonstrate that AVP
induces the phosphorylation of 38-44 kDa protein(s)
on tyrosine residues through the V, receptor in human
blood platelets [19] and in vascular smooth muscle cells
[20]. In addition, the tyrosine phosphorylation of sev-
eral proteins with molecular weight higher than 38-44
kDa was induced by AVP, bombesin, angiotensin Il
and endothelin in several cell types [21-23]. In line
with these observations, it was interesting to test
whether AVP affects the Na*/H™* exchange in human
blood platelets due to tyrosine phosphorylation of pro-
tein(s). In this study we show that, like PMA {7,9,10],
AVP stimulates the Na*/H™ exchange in human blood
platelets [7], as was also demonstrated in mesangial
cells [24,25]. But, anlike the PMA-induced Na*/H*
exchange, the AVP-induced one is: (1) inhibited by the
tyrosine kinase inhibitor genistein [26], and (2) less
sensitive than the PMA-induced one to staurosporine,
a potent and relatively specific PKC inhibitor. Thus,
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the AVP-induced Na*/H* exchange in human blood
platelets is regulated by a genistein-sensitive, yet
unidentified mechanism that does not involve PKC
mediation.

Materials and Methods

Chemicals and solutions. Albumin (bovine from frac-
tion V), hirudin, probenecid, Na propionate, AVP,
staurosporine and PMA were obtained from Sigma.
2',7'-Bis(carboxyethyl)-5,6-carboxyfluorescein
(BCECF) acetoxymethyl ester was obtained from
Molecular Probes. Genistcin was obtained from Ind-
ofine (NJ). V, [desGly(NH ;)d(CH ,);Tyr (M) AVP"]
and V, [desGly(NH ,)d(CH ,){[p-lie? lle*JAVP] recep-
tor antagonists were kindly provided by Dr. M. Man-
ning, Medical College of Ohio. Scpharosc 2B was
purchased from Pharmacia and [*Plphosphoric acid
(20 mCi/ml) was obtained from Rotem.

Acid-citrate-dextrose solution was composed of 65
mM citric acid, 11 mM glucose and 85 mM trisodium
citrate. The standard Na* medium contained, in mM:
140 NaCl, 5§ KCl, 0.42 NaH,PO,, 10 glucose and 20
Hepes (pH 7.35). The NaCl-Na propionate solution
contained, in mM: 80 NaCl, 60 Na propionate, 5 KCI, 1
CaCl,, 1 MgCl,, 10 glucose and 20 Hepes (pH 7.35).
The osmolarity of all media was adjusted to 285 + 2
mosM with distilled water or NaCl solution. Stock
solution of probenecid (0.1 M) was prepared in ethanol,
while stock solutions of BCECF acetoxymethyl ester
(2.5 mg/ml), PMA (1.6 mM), staurosporine (0.5 mM)
and genistein (20 mM), were prepared in dimethylsulf-
oxide (DMSO). Stock solution of AVP (20 mM) was
prepared in 10 mM Na acctate (pH 4.0).

Preparation of platelet suspension. Venous blood was
drawn frcm healthy volunteers, aged 25-50 years, who
had not received any medication during the previous
14 days. The blood was anticoagulated with acid-
citrate-dextrose at a volume ratio of blood/ anti-
coagulant of 6: 1. Platelet-rich plasma was obtained by
centrifugation at 120 X g for 10 min and had a pH of
6.5 £ 0.1. For the spectrofluorimetric measurements of
pH changes, the platelets were first loaded in the dark
with the parent acetoxymethyl ester (3 uM, final) for
30 min and were then gel-filtered through a Sepharose
2B column (10 X 0.76 cm). The solution used to equili-
brate the column and to elute the platelets was the
standard Na* medium described above but modified
by adding albumin (1 mg/mi) and adjusting the pH to
6.8. The suspension of BCECF-loaded platelets was
supplemented with CaCl, (1 mM), MgCl, (I mM),
hirudin (0.01 unit/ml) and probenecid (0.2 mM).
Probenecid ( p-{dipropylsulfamoyl]benzoic acid) blocks
organic anion transporters that remove fluorescent dyes
from the cytoplasmic matrix [27]. We found that the
use of probenccid (0.2 mM) cuts down the leak of

BCECF from platelets by about 3-fold. All fluorimetric
measurements were conducted within 50 min after the
preparation of dye-loaded platelets, with a maximal
dye leak of 7.5 + 0.4% (n = 29).

Determination of cytoplasmic pH changes. Changes
in cytoplasmic pH were determined as described [28].
Fluorescence was measured in a Jasco FP-770 spectro-
fluorimeter with wavelength settings at 495 and 525 nm
for excitation and emission using 5 and 10 nm slits,
respectively. For measuring the Na*/H™ exchange, an
aliquot (10-20 ul) of the gel-filtered platelets loaded
with BCECF, was mixed with 1.8 ml of the NaCl-Na
propionate solution ((2-3) - 107 platelets /ml). AVP was
added to the assay medium after dilution to the appro-
priate concentrations in the column elution solution.
All other tested compounds were added to the assay
medium dissolved in 1.8 ul DMSO, prior to the addi-
tion of the platelets. DMSO up to (0.2% did not change
the control values. Fluorimetric tracings were recorded
for 90 s, starting within <3 s of adding the platelets.
At termination, 9 ul of 10% Triton X-100 was added
and calibration of pH vs. fluorescence was performed
with increments of 3-( N-morpholino)propanesulfonic
acid as titrant. The pH was monitored in the cuvette by
GK2401C combined electrode, connected to lon 83 lon
meter (Radiometer, Copenhagen), with a resolution of
0.001 pH unit. A predetermined factor was used to
correct for the red shift of the intracellular dye. The
calibration of pH;, the Na*/H™ exchange rate and the
pH; set point were determined as described [28]. The
Na*/H"* exchange rate is the ApH, of the alkaliniza-
tion process per 95 s at pH; 7.

Determination of PKC in human blood platelets.
Platelet-rich plasma was supplemented with prosta-
glandin E, (2.8 xM) and centrifuged at 1500 X g for 10
min. The platelets were resuspended (about (8-9) - 10*
cells/ml) in: 140 mM NaCl, § mM KCl, 10 mM glu-
cose, 20 mM Hepes (pH 6.8), 1 mg /ml albumin and
were incubated for 90 min at 37°C in the presence of
0.1 mCi [**Plphosphoric acid. After incubation, the
platelets were gel-filtered, as described above. After 2
min stimulation at 37°C with agonists, cells were imme-
diately mixed with an equal volume of 2 X concen-
trated lysis buffer and frozen in liquid aitrogen (1 X
lysis buffer: 10% glycerol, 25 mM NaCl, 50 mM NaF,
10 mM Na pyrophosphate, 2 mM Na,vVO,, 20 mM
p-nitrophenyl phosphate, 25 mM Tris-HCl (pH 7.4)).
The platelets’ lysates were mixed with 1/4 volume of
5 x sample buffer followed by heating at 100°C for 5
min (1 X sample buffer: 3% SDS, 0.0015% bromophe-
nol blue, 5% 2-mercaptoethanol, 11% glycerol, 70 mM
Tris-HCl (pH 6.8)). The samples were subjected to
11% SDS-PAGE [29] and the 42 kDa protein band in
each sample was identified by autoradiography, using
Agfa RP2 X-ray films and DuPont lightning-Plus inten-
sifying screens. Radioctivity in the corresponding pro-
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Fig. 1. Rate of alkalinizaticn of BCECF-labeled platelets following

acidification, in NaCl-Na propionate solution, as affected by 510 7

M PMA or 10 ® M AVP. Tracings of a single experiment represen-
tative of at least ten additional experiments.,

tein band was determined using liquid scintillation
spectometry. Additional quantitation was obtained by
scanning the films and integrating the peaks using
ImageQuant Personal Densitometer, Molecular Dy-
namics. The two systems gave similar results,

Resuilts and Discussion

AVP enhances Na*/H*  exchange in human blood
platelets

When blood platelets are suspended in NaCl-Na
propionate solution (pH 7.35), a rapid intracellular
acidification takes place (<3 s) to pH 6.83 +0.02,
followed by a slower alkalinization process. This pro-
cess represents Na'/H* exchange, based on full de-
pendency on external Na® and high sensitivity to
amiloride and its potent analogues [28,30]. If the NaCl-
Na propionate solution contains AVP (107 °M) or PMA
(51077 M), the platelets respond by an increased rate
of Na*/H"* exchange, as shown in Fig. 1. At these
concentrations AVP and PMA did not change the
buffering capacity. The values obtained, remained in
the range of 21.4 + 1.0 mM (pH unit) ™! (n = 4), as was
measured by the addition of 5 mM NH ,Cl according to
previous procedure for human blood platelets [31]. Fig.
2 depicts the concentration-dependency of the AVP
effect. Saturation is apparent at 107 7-10"° M AVP,
when the Na*/H* exchange rate is approximately
doubled, while half-maximal effect is attained at 3-
10~® M AVP. Intriguingly, a similar pattern of concen-
tration dependence was found for the impact of AVP
on tyrosine phosphorylation of 38 kDa protein in hu-
man blood platelets [19], and 40-44 kDa proteins in
vascular smooth muscle cells [20]. As shown in Table 1,
the AVP effect is mediated through « V, receptor,
since only the V,-receptor specific antagonist [32] de-
creased significantly the AVP-elevated Na*/H™* ex-
change rate and pH ;-set point. These observations are
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Fig. 2. Effect of AVP in the concentration range 107-10"° M on
the rate of BCECF-labeled platelet alkalinization following acidifica-
tion in NaCl-Na propionate solution. The data presented are aver-
ages of three experiments, each in duplicate measurements. The bars
indicate S.E. and the star (*) indicates statistical differences at
P < 0.08 according to Student’s ¢ test.

in concert with the V, receptor existence in human
blood pla- ets [14).

The AVP effect is inhibited by genistein

As PMA is known to activate PKC [33), and since
AVP may affect both PKC [14,15}, and the phospho-
rylation of various proteins on tyrosine residues [19-23],
we compared the effect of genistein on Na*/H* ex-
change which had been stimulated by AVP or FMA.
Genistein was selected for the comparison, since this
isoflavone is a relatively specific tyrosine kinase in-
hibitor [26], even though it interacts with the ATP
binding site in the catalytic domains of tyrosine kinases
that share a high degree of conserved concensus se-
quence with serine /threonine kinases [34)]. In addition
to the Na®™/H™ exchange rate, we also examined, for
this comparison, its effect on pH, set point, which
reflects regulation of the exchanger by phosphorylation
and dephosphorylation [9,28].

Table 11 shows that both AVP and PMA increase
markedly the exchange rate and cause an alkaline shift

TABLT |

The effect of V, and V, antagonists on AVP-elerated Na* /H *
exchange rate and pH, set-point

Values presented are the means+ S.E. for three different experi-
ments. The concentration of the V; and V, antagonists used was
10-7 M. At this concentration both antagonists did not affect the
control values. *** P <0.001, ** P <0.01, * P <0.05; n.s.. not sig-
nificant.

Treatment Rate (X 107) pH, set-point Statistical
comparison

1. Control 16.6 + 1.7 7.28 +0.02
2.AVP, 107" M 317+ 1.3 *%* 7454002 *** s, treatment |
3L AVP+V,

antagonist 198432 %% 7.33+0.04" vs. treatment 2
4. AVP+V,

antagonist 26.6+ 3.6 (n.5.) 7.42+0.01 (ns.) vs. treatment 2
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Fig. 3. Genistein-selective and -concentration dependent inhibition

of the stimulation of platelet alkalinization rate by 10-7 M PMA

(solid cycles) or 10°7 M AVP (open cycles). Representative of two
experiments, each in duplicate measurements.

of the pH, set point (treatment 2 and 3, respectively).
Genistein, at 7.5 - 107% M, nearly abolishes the impact
of AVP (treatment 5), but it is sclectively innocuous
toward the impact of PMA (treatment 6), and toward
the control platelets (trcatment 4). The dose-depend-
ency of genistein in affecting differentially the stimula-
tion of Na*/H™* exchange rate by AVP and PMA (Fig.
3), indicates its high potency and selectivity. While the
PMA stimulation was not affected by genistein at the
concentrations indicated in the figure, almost complete
inhibition of the AVP stimulation was apparent at
7.5-107% M, and the concentration for half-maximal
inhibition was 4+ 10~ M. A similar inhibitory potency
of flavones has been reported for the inhibition of the
specific tyrosine kinase activity of purified pp60¥™*"
[35), preparations of EGF and insulin reccptors [26].
This is the first demonstration that AVP dependent
and associated tyrosine phospnorylation mediates ele-
vation of Na*/H* cxchange rate and pH, set point in
human blood platelets. Furthermore. the AVP-induced
Na*/H™ exchange is relatively less affected by increas-
ing concentrations (10~°~10"7 M) of staurosporine, a
potent and relatively specific inhibitor for PKC [36,37],
compared with the PMA-induced Na*/H"* exchange
(Fig. 4).

Genistein was found to inhibit only slightly the PKC
activity isolated from rabbit kidneys, 1Cg, > 100 pM,
with Histone H1 as a substrate [26]. On the other hand,

TABLE 11

NN"K \
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% of control
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Fig. 4. Staurosporine-selective and. -concentration dependent inhibi-

tion of the stimulation of platelet alkalinization rate by 1077 M

PMA (solid cycles) or 107* M AVP (open cycles). Representative of
three experiments, cach in duplicate measurements,

an additional study demonstrates the inhibitory effect
of this isoflavone on PKC prepared from hog brain,
ICs, = 15 uM, using the same protein substrate [38].
We therefore investigated, in the experiments illus-
trated in Fig. 5, the cffect of genistein (20 wM) on PKC
activity in intact human blood platelets. The phospho-
rylation of 42 kDa protein, a major substrate for PKC
in human blood platelets [39,40], is markedly induced
by 0.2 oM PMA (lanc 2). This phosphorylation is
inhibited by 0.5 uM staurosporine (lane 3), but not by
20 uM genistein (lane 4). On the other hand, the
phosphorylation of the 42 kDa protein by 0.1 uM AVP
(lanc 6), is very low (~ 7% from the PMA trcatment).
Nevertheless, this low level of AVP dependent phos-
phorylation of the 42 kDa protein is inhibited by stau-
rosporine (lane 7), but is not altered by genistein (lane
8). These observations confirm the differential in-
hibitory effect of staurosporine and genistein on the
PKC activity in human blood platelets. Preliminary
cxperiments revealed that the doses of genistein and
DMSO used in this study did not affect the binding of
AVP to its surface receptor in human blood platelets
or in vascular smooth muscle cells (data not shown).
Thus, it is likely that AVP affects the Na*/H*
exchange in human blood platelets by tyrosine
phosphorylation mediated pathway that is inhibited by
genistein. This yet unidentified pathway may phospho-
rylate the Na*/H™ exchanger, either directly or indi-

The effect of genistein on AVP- and PMA-clevated Na* /H * exchange rate and pH, set-point

Values presented are means+S.E. *** P <0.001: ** P <0,01;: * P <0.95: ns.. not significant,

Trcatiment {a)

Rate (x 10%) pH, set-point Statistical
comparison

1. Control (7) 22.7+25 7.26+0.01

2.AVP 10°* M (5) 471 +£3.8 ¥** 7.43+£0.02 *** vs. treatment |
I PMAS 10" M (&) 548433 k¥ 7.61 40,04 *** vs. treatment |
4. Genistein, 7.5-107% M (5) 246+27(ns.) 7.32+£0.02 (ns.) vs. treatment |
5. AVP + genistein (4) 215421 %* 7.34+0.03 * vs. treatment 2
6. PMA + genistein (3) 51.5+ 1.8 (ns.) 7.76 +0.1 (n.s.) vs. treatment 3




292 2009 434 2232 316 419 270 392 cpm in ppd2

-pp42

1 2 3 4 5 6 7 8

Fig. 5. PMA (2:10°7 M, lanes 2-4), and AVP (10”7 M, lanes 6-8)

dependent phosphorylation of pp 42 kDa protein, a major PRC

substrate in human blood platelets. Autoradiogram of a SDS-PAGE

on which *?P-radiolabeled platelets proteins were separated. Control

(lanes 1 and 5). staurosporine 51077 M (lanes 3 and 7) or genistein
2-10~% M (lanes 4 and 8) treated platelets.

rectly. This suggestion is supported by several observa-
tions. First: AVP leads to phosphorylation of platelet
38 kDa protein(s) on tyrosine residues [19]. Second: the
potency of genistein in inhibiting the AVP effect (Ta-
ble 11 and Fig. 3) is similar to its effect on other
tyrosine kinases [26]. Third: like PMA, AVP leads to a
significant alkaline shift of the pH; set point, as well as
to an enhanced exchange rate (Table I1). These expres-
sions are attributable to phosphorylation of the
Na*/H* exchanger. But, unlike PMA, the possible
phosphorylation of the Na*/H* exchanger due to the
AVP action through V, receptor is probably not medi-
ated by PKC (Figs. 4 and 5), although previous studies
have shown that activation of V, receptor mediates
PKC activity [14,15].

On the basis of the data presenied in this study, the
following conclusions may be drawn: (1) Stimulation of
platelet Na*/H"* exchange by PMA does not necessar-
ily involve tyrosine kinase activity. (2) V, receptor-
mediated stimulation of the Na*/H™* cxchange by
AVP apparently involves tyrosine kinase activity. The
multiple forms in which the Na*/H™ exchanger can be
regulated may reflect the critical role played by the
exchanger in the homeostasis of pH; in human blood
platelets. The characteristics of the AVP-dependent
tyrosine phosphorylation event associated with the
stimulation of the Na*/H™* exchange in human blood
platelets are under further study.
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