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Abstract

The regulatory mechanism of thrombin receptor responsiveness in in situ endothelial cells was investigated by evaluating elevations of
2q Žw 2qx .cytosolic Ca concentration Ca in fura-2-loaded porcine aortic valvular strips. Once stimulated with thrombin, endothelial cellsi

Ž .did not respond to the second thrombin stimulation within 90 min. However, applying thrombin receptor activating peptide TRAP7 at
w 2qx15 min after the thrombin stimulation caused Ca elevation, which was smaller than that seen without preceding stimulation. After 90i

min, response to TRAP7 recovered to the control level. When stimulated with TRAP7, the subsequent responses to thrombin and TRAP7
were attenuated at 15 min, and fully recovered after 90 min. Staurosporine partially prevented the TRAP7-induced desensitization. The
recovery of responsiveness was inhibited completely by calyculin-A and partially by okadaic acid. Proteolysis and phosphorylation thus
play an important role in thrombin receptor desensitization in in situ endothelial cells. Both cleaved and uncleaved receptors were
desensitized through phosphorylation in part by staurosporine-sensitive kinase, and restored the responsiveness through dephosphorylation
by type 1 phosphatase. The mechanism of regulation of thrombin receptor activity in in situ endothelial cells differed from those reported
in cultured endothelial cells. We suggest that the cell-specific regulatory mechanism may be altered by culture conditions. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Thrombin, a serine protease, induces diverse biological
responses through its actions on specific receptors in a
wide variety of cells, including smooth muscle cells and

Ž .endothelial cells Shuman, 1986 . Molecular cloning of a
functional thrombin receptor revealed activation of throm-
bin receptor to be unique in that thrombin cleaves its
receptor’s amino-terminal exodomain, and unmasks a new
amino terminus, which then acts as a tethered ligand and

Ž .activates subsequent signal transduction Vu et al., 1991 .
Synthetic peptides corresponding to the new amino-termi-
nal region of thrombin-cleaved receptor mimic many, if

Žnot all, biological action of thrombin Tiruppathi et al.,
1992; Vouret-Craviari et al., 1992; Derian et al., 1995;

.Marsen et al., 1995 . These peptides are thus referred to as
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Ž .thrombin receptor-activating peptides TRAPs . Since the
activation of thrombin receptor by TRAPs is independent
of proteolysis, TRAPs are a unique tool for investigating
the regulation of thrombin receptor activity.

Thrombin receptor has been shown to be rapidly desen-
Ž .sitized following the stimulation Grand et al., 1996 .

Since not only thrombin but also TRAPs induce desensiti-
zation, both cleavage-dependent and independent mecha-
nisms are considered to contribute to the desensitization
Ž .Brass, 1992 . Thrombin receptor has been shown to be
rapidly internalized and disappear from the cell surface
Ž .Hoxie et al., 1993; Shapiro et al., 1996 , and also to be

Ž .rapidly phosphorylated Vouret-Craviari et al., 1995 .
Phosphorylation inhibits interaction of thrombin receptor
with G protein and also promotes receptor internalization,

Žboth of which can cause desensitization Grand et al.,
. Ž .1996; Shapiro et al., 1996 . The kinase s responsible for

desensitization remain to be identified. On the other hand,
when cells are kept unstimulated for a certain time after
the first stimulation, they recover their responsiveness to
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Ž .thrombin Brass, 1992; Grand et al., 1996 . It was sug-
gested that synthesis of a new receptor molecule or supply
of an intact receptor from the intracellular pool contributes

Ž .to the recovery of such intact receptors Brass, 1992 . The
recycling of the internalized receptor was shown to con-
tribute to the reappearance of the cleaved receptor on cell

Ž .surface Hoxie et al., 1993 . Dephosphorylation may also
restore the ability of receptor to interact with G protein.
However, the precise mechanisms of dephosphorylation

Ž .and responsible phosphatase s remain to be clarified.
One important aspect regarding thrombin receptor de-

sensitization is that the relative contribution of mecha-
nisms of desensitization and its recovery tends to vary with

Ž .the type of cell Brass, 1992; Woolkalis et al., 1995 . In
human umbilical vein endothelial cells, an intact receptor

Žbecame detectable on cell surface within 30 min Woolka-
.lis et al., 1995 . On the other hand, human magakaryoblas-

Ž .tic erythroleukemia HEL and human magakaryoblastic
Ž .tumor cell line CHRF-288 recovered their responsiveness

to TRAPs but not to thrombin within several hours after
Ž .desensitization by thrombin Brass, 1992 . We hypothesize

that the cell-specific mechanism may be involved in such
cell-specific manner of desensitization and recovery. The
mechanism of regulation regarding the thrombin receptor
activity in in situ endothelial cells thus remains to be
elucidated.

In the present study, we investigated the mechanisms of
regulation of thrombin receptor activity in in situ endothe-

w 2qxlial cells, by measuring the changes in Ca in responsei

to thrombin and TRAPs in fura-2-loaded strips of porcine
Ž .aortic valve Kanaide, 1998 . We found that in situ en-

dothelial cells never recovered their responsiveness to
thrombin within 90 min, in contrast to the findings on

Ž .cultured endothelial cells Woolkalis et al., 1995 . Further-
more, the effects of several kinase inhibitors on the desen-

Ž .sitization process were examined to characterize kinase s
responsible for the desensitization, and the effects of phos-
phatase inhibitors were also examined to identify the phos-
phatase responsible for the recovery.

2. Materials and methods

2.1. Materials

ŽThrombin bovine plasma, specific activity 1880 NIH
. Žunitsrmg , probenecid, U46619 a thromboxane A ana-2

logue; 9,11-Dideoxy-11a , 9a-epoxymethano-prosta-
.glandin F2a , calyculin-A, okadaic acid, wortmannin, H-7

Ž Ž . . Ž1- 5-Isoquinolinylsulfonyl -2-methylpiperazine , ML-9 1-
Ž .5-Chloronaphthalene-1-sulfonyl -1 H-hexahydro-1,4-

.diazepine and staurosporine were purchased from Sigma
Ž .St. Louis, MO, USA . The concentration of thrombin was
basically expressed as NIH unitsrml in this study. When
necessary, the molar concentration of thrombin was esti-

mated from units according to the conversion rate given by
Ž .manufacturer 10 nMf1 Urml . Sodium salt of ATP was

Ž .obtained from Boehringer Mannheim Germany . Y27632
ŽŽ . Ž . Ž . Ž .R - q -trans-N- 4-pyridyl -4- 1-aminoethyl -cyclohe-

.xanecarboxamide dihydrochloride, monohydrate was
Žkindly donated by Yoshitomi Pharmaceutical Osaka,

. Ž .Japan . Fura-2-acetoxymethyl ester fura-2rAM was ob-
Ž . wtained from Dojindo Kumamoto, Japan . TRAPs TRAP7

Ž . Ž .xSFLLRNP and TRAP14 SFLLRNPNDKYEPF were
Ž .purchased from Bachem Bubendorf, Switzerland . Fetal

Žbovine serum was obtained from Sanko Junyaku Tokyo,
. Ž .Japan . Dulbecco’s modified Eagle medium DMEM was

Ž .purchased from Gibco Grand Island, NY, USA . The
Ž .normal physiological salt solution PSS was composed of

123 NaCl, 4.7 KCl, 15.5 NaHCO , 1.2 KH PO , 1.23 2 4
Ž .MgCl , 1.25 CaCl and 11.5 D-glucose in mM and2 2

aerated with a mixture of 5% CO and 95% O , with2 2

resulting pH to be 7.4.

2.2. Tissue preparations

w 2qxFor the measurement of Ca of in situ endotheliali

cells, strips of porcine aortic valve were prepared as
Žpreviously described Kuroiwa et al., 1995; Mizuno et al.,

.1998 . Valvular strips for fura-2 fluorometry were approxi-
mately 3 mm=5 mm. For the simultaneous measurement

w 2qxof Ca and tension of smooth muscle, vascular stripsi

with an endothelium were prepared from the proximal part
of the left circumflex coronary arteries of porcine heart as

Žpreviously described Kuroiwa et al., 1995; Mizuno et al.,
.1998 . Vascular strips were approximately 1 mm=5 mm

Ž .=0.1 mm thickness .

[ 2 q]2.3. Measurement of Ca in in situ endothelial cellsi

Strips of aortic valve were loaded with fura-2 by incu-
bating in DMEM containing 50 mM fura-2rAM, 5% fetal
bovine serum and 1 mM probenecid for 90 min at 378C
Ž .Kuroiwa et al., 1995; Mizuno et al., 1998 . Probenecid

Žwas added to prevent any leakage of fluorescent dye Di
.Virgilio et al., 1989 . After loading with fura-2, the strips

were washed at least five times and equilibrated in normal
PSS for 1 h at room temperature. The strips were mounted
vertically in a quartz organ bath filled with normal PSS.

w 2qxChanges in Ca in endothelial cells of the valvulari

strips were monitored, using a front-surface fluorometer
CAM-OF-3 designed in collaboration with the Japan Spec-

Ž . Žtroscopic Tokyo, Japan , as described Kuroiwa et al.,
.1995; Mizuno et al., 1998 . Fluorometry was performed at

Ž258C to prevent the leakage of fluorescent dye Kuroiwa et
.al., 1995; Mizuno et al., 1998 . The fluorescence intensi-

Ž .ties 500 nm at 340 and 380 nm excitation and their ratio
were continuously monitored. The control response was
obtained by exposing the strip to 10 mM ATP for 1 min at

Žthe beginning of the experimental protocol Kuroiwa et al.,
.1995; Mizuno et al., 1998 . The fluorescence ratio was
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expressed as a percentage, assigning the values obtained in
normal PSS and with 10 mM ATP to be 0% and 100%,

w 2qxrespectively. The absolute values of Ca were esti-i

mated in separate measurements as previously described
Ž . w 2qxKanaide, 1998 , in which the Ca levels of valvulari

endothelial cells at 0% and 100% were determined to be
Ž .70.1"10 nM and 190"30 nM, respectively ns5 .

[ 2 q]2.4. Simultaneous measurement of Ca and tension ofi

smooth muscle in coronary arterial strips with endothelial
cells

The vascular strips with an endothelium were loaded
with fura-2 by incubating in DMEM containing 25 mM
fura-2rAM and 5% fetal bovine serum for 3 h at 378C
Ž .Kuroiwa et al., 1995; Mizuno et al., 1998 . The fura-2
loaded strips were equilibrated in normal PSS for 1 h at
room temperature. The strips were mounted vertically to a

Ž .force transducer TB-612T Nihon Koden, Japan in a
Ž .quartz organ bath 378C filled with normal PSS. Strips

were placed with the adventitial side of the strip facing to
the fiber optics for fluorometry. The resting tension was

w 2qxadjusted to 200 mg in normal PSS. The changes in Ca i

in the vascular strips were monitored, using a front-surface
fluorometer CAM-OF-3. Fluorescence ratio was continu-

w 2qxously monitored as an indicator of Ca . The responsei

of each strip to 118 mM Kq depolarization was recorded
as a control response before starting the experimental
protocols. The fluorescence ratio and tension development
were expressed as a percentage, assigning the values in

Ž q. qnormal PSS 5.9 mM K and 118 mM K PSS to be 0%
w 2qx Ž .and 100%, respectively. The Ca levels at rest 0%i

q Ž .and during 118 mM K depolarization 100% were 110
Ž . Ž"5.0 nM and 710"5.0 nM, respectively ns10 Hirano

.et al., 1990 . The fura-2 fluorescence of the vascular strip
with an endothelium originated exclusively from the
smooth muscle cells during measurement at 378C, while
the fluorescence of endothelial cells was, if any, only

Ž .negligible Kuroiwa et al., 1995 .

2.5. Data analysis

The data are the mean"S.E.M. of the number of
experiments as indicated. All values were statistically ana-
lyzed by the unpaired Student’s t-test and an analysis of

Ž .variance ANOVA . A P value of less than 0.05 was
considered to be statistically significant. The concentra-

Ž .tions for a half-maximal response EC or IC were50 50

determined by fitting the concentration–response curves
Žfitted to a four-parameter logistic model De Lean et al.,

.1978 . All data were collected at a sampling rate of 17 Hz
Žusing a computerized data acquisition system MacLab,

Analog Digital Instruments, Australia: Macintosh, Apple
.computer, USA .

3. Results

[ 2 q]3.1. Effects of thrombin, TRAP7 and TRAP14 on Ca i

in in situ endothelial cells

In aortic valvular strips, thrombin induced a rapid and
w 2qx Ž .transient increase in Ca Fig. 1A , in a concentra-i

tion-dependent manner within the range between 0.1 and

Fig. 1. The changes in cytosolic Ca2q concentrations induced by throm-
bin, TRAP14 and TRAP7 in in situ endothelial cells of the porcine aortic

Ž . w 2q xvalvular strips. A–C Representative recording of changes in Ca i
Ž . Ž .induced by 10 mM ATP and 6 Urml thrombin A , 10 mM TRAP14 B

Ž . Ž .and 30 mM TRAP7 C . D The concentration–response curve for the
w 2q x Ž . Ž .Ca transients induced by thrombin v , TRAP14 I and TRAP7i
Ž . Ž .` in in situ endothelial cells. The data are the mean"S.E.M. ns3–6 .
The fluorescence ratio was expressed as a percentage, assigning the levels
obtained in normal PSS and at the maximum elevation induced by 10 mM
ATP to be 0% and 100%, respectively.
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Ž . Ž10 Urml Fig. 1D . The maximum response 30.1"2.9%,
.ns6 was obtained with 6 Urml thrombin in normal PSS

Ž . ŽFig. 1D . EC of thrombin a concentration required to50
. Žinduce half-maximal response was 0.70"0.04 Urml n

. Ž . Žs4–9 . Similarly, TRAP14 Fig. 1B and TRAP7 Fig.
. w 2qx1C induced a rapid and transient increase in Ca in ai

Ž .concentration-dependent manner Fig. 1D . The maximum
Žresponse was obtained with 6 mM TRAP14 52.0"3.9%,

. Ž .ns5 and 30 mM TRAP7 85.1"2.6%, ns4 . EC of50
Ž .TRAP14 and TRAP7 were 1.1"0.4 mM ns3–8 and

Ž .9.4"0.5 mM ns3–6 , respectively. The order of po-

Ž . w 2qxtency the reciprocal of EC to induce Ca elevation50 i

was thrombin4TRAP14)TRAP7. The order of maxi-
w 2qxmal Ca elevation was TRAP7)TRAP14) thrombin.i

3.2. Thrombin-, TRAP7- and TRAP14-induced endothe-
lium-dependent relaxation in the porcine coronary arterial
strips

U46619 induced sustained contractions in the porcine
Ž .coronary arterial strips with an endothelium Fig. 2A .

w 2qxUpon exposure to 100 nM U46619, the Ca and ten-i

Ž .Fig. 2. The endothelium-dependent relaxations induced by thrombin, TRAP14 and TRAP7 in porcine coronary artery. A–C Representative recordings
Ž . Ž . Ž . w 2qxshowing the effect of thrombin THR; A , TRAP14 B and TRAP7 C on Ca and tension of smooth muscle in the coronary arterial strips with ani

endothelium, precontracted with 100 nM U46619. After recording the control response to 118 mM Kq depolarization, the strip was precontracted with 100
Ž . Ž . Ž . Ž .nM U46619. THR 5 Urml , TRAP14 6 mM and TRAP7 10 mM were applied 10 min after the application of U46619. D, E The

w 2qx Ž . Ž . Ž . Ž . Ž .concentration–response curves for the maximal decrease in Ca D and tension E induced by thrombin v , TRAP14 I and TRAP7 ` duringi
Ž .U46619-induced contraction. The data are the mean"S.E.M. ns4–8 . The fluorescence ratio and tension development were expressed as a percentage,

Ž q. qassigning the values in normal PSS 5.9 mM K and 118 mM K depolarization to be 0% and 100%, respectively.
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sion of smooth muscle increased rapidly and reached
w 2qxsteady state within 10 min. The sustained levels of Ca i

and tension at 10 min after the application of U46619 were
Ž .70.9"1.7% and 102.0"3.3% ns4 of those seen with

q Ž .118 mM K -depolarization Fig. 2D and E , respectively.
When 5 Urml thrombin was applied during the steady
state of contraction, an early transient relaxation and a
subsequent small sustained relaxation were both observed
Ž .Fig. 2A . The early transient relaxation was associated

w 2qxwith a transient decrease in Ca , while the sustainedi
w 2qxrelaxation was not associated with any apparent Ca i

w 2qxdecrease. The decreases in Ca and tension were con-i

centration-dependent, with IC of thrombin for the peak50
w 2qxdecrease in Ca and tension being 0.2"0.1 and 0.3"i
Ž . Ž .0.9 Urml nG4 Fig. 2D and E , respectively. These

values were similar to the EC values obtained for the50
w 2qxCa elevation in in situ endothelial cells. The maximali

w 2qx Ž . Ždecreases in Ca 13.9"5.9% and tension 36.8"i
.5.5% was obtained with 10 and 5 Urml thrombin, respec-

tively. These concentration values were also similar to
w 2qxthose required to induce a maximum Ca elevation ini

in situ endothelial cells.
Ž . Ž .Similarly, TRAP14 6 mM and TRAP7 10 mM caused

w 2qxan endothelium-dependent decrease in Ca and tensioni
Ž . w 2qxFig. 2B and C . The maximal decreases in Ca in-i

Ž . Žduced by TRAP14 20.6"3.4%; ns3 and TRAP7 11.7
."0.8%, ns3 were both obtained at 30 mM. The maxi-

Ž .mal relaxations induced by TRAP14 19.0"2.3%; ns3
Ž .and TRAP7 12.0"2.0%, ns3 were both observed at

w 2qx30 mM. IC of TRAP14 for inhibition of Ca and50 i
Ž .tension were 1.7"1.0 and 0.6"0.4 mM ns3–11 ,

respectively, and those of TRAP7 were 4.1"0.3 and
Ž .3.0"0.6 mM ns3–8 , respectively. The concentration

ranges for TRAPs to induce endothelium-dependent relax-
ations were thus similar to those required to induce the
w 2qxCa elevations in in situ endothelial cells. The orders ofi

Žpotency of the relaxing effects thrombin4TRAP14)
.TRAP7 correlated closely with those obtained for the

w 2qxeffect on Ca elevations in in situ endothelial cells. Asi

a result, the concentration of thrombin and TRAPs re-
w 2qxquired to induce Ca elevation in in situ endotheliali

cells were functionally relevant to endothelium-dependent
relaxation.

3.3. Desensitization and recoÕery of responsiÕeness to
thrombin and TRAP7

Using thrombin and TRAP7 as two different stimula-
tions to activate thrombin receptor, the mechanism of
desensitization of thrombin receptor was investigated in in
situ endthelial cells. To stimulate receptors, the concentra-
tion required to induce the maximal response was used; 6

Ž .Urml thrombin and 30 mM TRAP7 see Fig. 1D . Valvu-
lar strips were sequentially stimulated in various combina-
tions of thrombin and TRAP7 at two different intervals,

Ž .namely, 15 and 90 min Fig. 3 . The desensitization of

response to thrombin or TRAP7 was evaluated by compar-
w 2qxing the extent of Ca elevation induced by the secondi

stimulation to that obtained by the same stimulation with-
w 2qxout the preceding stimulation. The levels of Ca eleva-i

Ž .tion induced by thrombin 30.1"2.9%, ns9 or TRAP7
Ž .83.1"2.8%, ns18 15 min after the stimulation with 10

ŽmM ATP were the same as those 36.0"8.9% for throm-
.bin, ns4; 87.4"19.3% for TRAP7, ns4 obtained 90

Ž .min after the stimulation with ATP Fig. 3I, columns 1–4 .
As a result, the first stimulation by thrombin and TRAP7

w 2qxinduced the same Ca elevation as that observed duringi

90 min observation.
Once endothelial cells were stimulated with thrombin

for 3 min, the subsequent application of thrombin after 15
w 2qx Ž .or 90 min produced no Ca elevations Fig. 3A and B .i

w 2qxOn the other hand, TRAP7 induced a Ca elevation 15i
Ž .min after the first stimulation by thrombin Fig. 3C .

w 2qx ŽHowever, the level of the Ca elevation 46.3"3.5%,i
.ns3 was smaller than that observed without pretreatment

Ž .by thrombin Fig. 3I, column 7 . Earlier stimulation at 5
w 2qxand 10 min with TRAP7 induced more attenuated Ca i

elevation than that seen with 15 min interval. However, we
w 2qxpreviously observed that the Ca elevations in responsei

to the repetitive stimulations with 10 mM ATP became
lower when repetitions were performed at an interval

Ž .shorter than 15 min Aoki et al., 1991 . An interval of 15
min or longer was thus allowed to observe the consistent
full responses to the repetitive stimulations with ATP.
Thus, we used 15-min intervals between two sequential
stimulation with thrombin and TRAP7 as the shortest
interval in the present study. When TRAP7 was applied 90
min after the first stimulation by thrombin, the response

Ž .recovered to 69.4"13.9% ns5 . This level did not
significantly differ from that seen without pretreatment by

Ž .thrombin Fig. 3D and I, column 8 . On the other hand,
once endothelial cells were stimulated with TRAP7 for 3

Ž .min, the subsequent application of thrombin Fig. 3E or
Ž .TRAP7 Fig. 3G after 15 min induced smaller increases in

w 2qxCa than those observed without pretreatment withi
Ž . w 2qxTRAP7 Fig. 3I, columns 9, 11 . The levels of Ca i

elevation obtained with the second stimulations by throm-
Ž .bin and TRAP7 were 7.8"3.0% ns5 and 30.4"5.3%

Ž .ns4 , respectively. When applied 90 min after the first
stimulation with TRAP7, the response to thrombin and

Ž .TRAP7 recovered to 21.4"9.9% ns4 and 68.7"9.9%
Ž .ns4 , respectively. In addition, these levels did not

Ž .significantly P)0.05 differ from those seen without
Ž .pretreatment Fig. 3I, columns 10, 12 .

3.4. Effects of kinase inhibitors on the desensitization of
thrombin receptor

Since protein phosphorylation plays an important role in
Žthe desensitization of thrombin receptor Sibley et al.,

.1987; Ishii et al., 1994 , the effects of various kinase
inhibitors on the desensitization of thrombin receptor were
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Fig. 4. Effects of kinase inhibitors on the TRAP7-induced desensitization
of thrombin receptor in in situ endothelial cells of the porcine aortic

w 2q xvalve. Columns indicate the Ca level obtained with the first stimula-i

tion by 30 mM TRAP7 in the absence of kinase inhibitors and with the
second stimulation by TRAP7 with a 15 min interval after the first
stimulation by TRAP7, in the absence and presence of 10 mM stau-
rosporine, 30 mM H-7, 30 mM ML-9, 10 mM wortmannin and 10 mM
Y27632. Kinase inhibitors were applied just after the stimulation with 10
mM ATP and 14 min before the first TRAP7 stimulation. The fluores-
cence ratio was expressed as a percentage, assigning the levels obtained
in normal PSS and with 10 mM ATP to be 0% and 100%, respectively.

Ž . U Ž .All data are the mean"S.E.M. ns3–5 . Significantly P -0.05
different.

Ž .investigated in in situ endothelial cells Fig. 4 . The desen-
sitization of the receptor was induced by 30 mM TRAP7,
and evaluated by the response to the second stimulation by
30 mM TRAP7 15 min after the first stimulation. The
inhibitors used in the present study were staurosporine,

ŽH-7, ML-9, wortmannin, and Y27632 Rho-kinase in-
.hibitor . These kinase inhibitors were applied just after the

1 min stimulation with 10 mM ATP and 14 min before the
first stimulation by TRAP7. Treatment with these in-
hibitors had no effect on the response to the first TRAP7

Ž .stimulation data not shown . The response to the second
stimulation with TRAP7 at 15 min after the first stimula-

Ž .tion decreased to 30.4"5.3% ns4 in the absence of
Ž .kinase inhibitors Fig. 4, column 2 . Among the kinase

inhibitors examined, only staurosporine significantly inhib-
ited the receptor desensitization. The response to the sec-

ond TRAP7 in the presence of 10 mM staurosporine was
Ž .56.5"5.0% ns5; P-0.01 . However, this level was

significantly lower than that obtained with the first stimu-
Ž .lation Fig. 4, column 1 , thus, indicating the desensitiza-

tion not to be completely inhibited by staurosporine. On
the other hand, other inhibitors had no effects on the
receptor desensitization. The response to the second TRAP7

Ž .obtained in the presence of 30 mM H-7 20.5"2.5% , 30
Ž . ŽmM ML-9 21.2"5.6% , 10 mM wortmannin 28.9"

. Ž .2.1% and 10 mM Y27632 22.6"8.4% did not signifi-
cantly differ from that obtained without any inhibitors
Ž .Fig. 4, columns 4–7, respectively .

3.5. Effect of phosphatase inhibitors on the recoÕery of the
receptor responsiÕeness

Involvement of protein phosphatases in the recovery of
the desensitized receptor in in situ endothelial cells was
investigated by using phosphatase inhibitors calyculin-A

Ž .and okadaic acid Fig. 5A and B . In this protocol, throm-
bin receptor was desensitized by 30 mM TRAP7 and the
recovery of the responsiveness was evaluated by the re-
sponse to the second TRAP7 stimulation 90 min after the
first TRAP7 stimulation. Phosphatase inhibitors were ap-
plied 15 min after the first TRAP7 stimulation. In the

w 2qxabsence of phosphatase inhibitors, the extent of Ca i

elevation induced by the second stimulation with TRAP7
Ž . Ž .was 69.5"6.9% ns4 Fig. 5C, column 2 . In the

w 2qxpresence of 100 nM calyculin-A, the Ca elevationi

induced by the second stimulation was significantly inhib-
Ž . Ž .ited to 21.6"4.5% ns3 Fig. 5A and C, column 3 .

This level did not significantly differ from that obtained by
the second stimulation 15 min after the first stimulation
Ž .Fig. 5C, column 1 , thus indicating that treatment with
calyculin-A completely inhibited the recovery of respon-
siveness. Similarly, okadaic acid inhibited the recovery of

Ž . w 2qxthe response to TRAP7 Fig. 5B . The Ca elevationi

induced by the second stimulation in the presence of 1 mM
Ž .okadaic acid was inhibited to 40.2"2.6% P-0.01

Ž . Ž .ns6 Fig. 5C, column 4 . However, the level was
Ž .significantly P-0.05 higher than that obtained by the

Žsecond stimulation 15 min after the first stimulation Fig.
.5C . In contrast, the treatment with calyculin-A or okadaic

Ž .Fig. 3. Desensitization of thrombin receptor induced by thrombin and TRAP7 in endothelial cells in the in situ porcine aortic valve. A–H After recording
reference response to 10 mM ATP, in in situ endothelial cells were sequentially stimulated by 6 Urml thrombin and 30 mM TRAP7 in various

Ž . Ž .combinations. Two stimulations were separated by 15 min A, C, E, G or 90 min B, D, F, H interval of incubation in the normal PSS. A–D, cells were
Ž . Ž .first stimulated with thrombin for 3 min and secondarily by thrombin A, B or TRAP7 C, D . E–H, cells were first stimulated by TRAP7 and secondarily

Ž . Ž . Ž . w 2qxby thrombin E, F or TRAP7 G, H . I Summary of 4–6 independent measurements. Columns 1–4, the level of Ca elevation induced by the firsti

stimulation by thrombin and TRAP7 with 15 min and 90 min interval after recording the reference response to 10 mM ATP. Columns 5–12, the level of
w 2qxCa elevations induced by the second stimulation with thrombin or TRAP7 after the first stimulation by thrombin or TRAP7 with 15 min and 90 mini

interval between two stimulations. The fluorescence ratio was expressed as a percentage, assigning the level obtained in normal PSS and that at the
U Ž .maximum elevation induced by 10 mM ATP to be 0% and 100%, respectively. All data are the mean"S.E.M. Significantly P-0.05 different from

w 2qx Ž .the Ca elevation obtained with the same stimulation by the time-matched first application. n.s. no significant difference.i
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Fig. 5. Effects of phosphatase inhibitors on the recovery of the thrombin
Ž .receptor responsiveness from the TRAP7-induced desensitization. A, B

w 2q xRepresentative recordings of Ca elevation sequentially induced byi

10 mM ATP, 30 mM TRAP7 and 30 mM TRAP7 90 min after the first
Ž .stimulation of TRAP7, in the presence of 100 nM calyculin-A A and 1

Ž .mM okadaic acid B . Calyculin-A and okadaic acid were added 15 min
Ž .after the first stimulation and 75 min before the second stimulation. C

w 2q xSummary of 3–6 independent measurements. Columns 1 and 2, Ca i

elevation induced by the second stimulation with TRAP7 with 15 min
and 90 min interval after the first stimulation with TRAP7 in the absence

w 2q xof phosphatase inhibitors. Columns 3 and 4, Ca elevation induced byi

the second stimulation with TRAP7 with 90 min interval in the presence
of 100 nM calyculin-A and 1 mM okadaic acid. The fluorescence ratio
was expressed as a percentage, assigning the levels obtained in normal
PSS and with 10 mM ATP to be 0% and 100%, respectively. All data are
the mean"S.E.M. U P -0.05, UU P -0.01.

w 2qxacid had no effects on the Ca elevation induced by thei
Ž .first stimulation by TRAP7 data not shown .

4. Discussion

In the present study, we investigated the mechanism of
regulation of thrombin receptor activity in in situ endothe-

w 2qxlial cells, by examining the Ca elevation in responsei

to thrombin and TRAP. The major findings in this study
Ž .are as follows: 1 Thrombin receptor was rapidly desensi-

tized after both stimulations with thrombin and TRAP7;
Ž .2 The response to thrombin did not recover at all within
90 min after the first stimulation by thrombin, while the

Ž .response to TRAP7 fully recovered after 90 min; 3 The
thrombin receptor desensitized by TRAP7 fully recovered
its responsiveness to both thrombin and TRAP7 by 90

Ž .min; 4 Staurosporine partially inhibited the desensitiza-
Ž .tion of thrombin receptor; 5 Calyculin A completely

inhibited the recovery of thrombin receptor activity, while
okadaic acid partially inhibited the recovery process. These
findings suggest that thrombin receptor was thus desensi-
tized by two different mechanisms in in situ endothelial
cells; one is proteolytic cleavage-dependent mechanism
while the other is a phosphorylation-dependent mecha-
nism. Thrombin induced both mechanisms, while TRAP7
induced the latter mechanism. This is consistent with
previous reports in which thrombin receptor desensitiza-
tion was due to a combination of proteolysis and phospho-
rylation, while the recovery of response involves protein

Žsynthesis and dephosphorylation Brass, 1992; Woolkalis
.et al., 1995 .

Thrombin receptor activation was unique as a G protein
Ž .coupled receptor Vu et al., 1991 . Thrombin cleaves an

amino-terminus of its receptor and the resulting new
amino-terminus acts as a tethered ligand to activate throm-
bin receptor. As a result, the peptides corresponding to the

Ž .tethered ligand TRAPs mimicked the effect of thrombin
and activated the undigested receptor. In the present study,
the digested receptor underwent rapid desensitization and
cells never recovered responsiveness to thrombin. There is
a possibility that thrombin receptors were internalized and
disappeared from cell surface after stimulation by throm-
bin. However, since the response to TRAP7 fully recov-
ered after 90 min, it was suggested that no intact receptor
recovered but rather digested receptors that are no longer
desensitized to stimulation by TRAPs fully recovered. On
the other hand, the receptor activated by TRAP7 rapidly
lost its responsiveness to both thrombin and TRAP7. The
desensitized receptor also fully recovered its responsive-
ness to both thrombin and TRAP7 after 90 min, thus
indicating that the number of intact receptors fully recov-
ered by 90 min. These findings suggest that both digested
and undigested receptors were desensitized by the similar
mechanism. The inhibition of TRAP7-induced desensitiza-
tion by staurosporine and the complete inhibition of its
recovery by calyculin A thus suggested that phosphoryla-
tion and dephosphorylation play a major role in this desen-
sitization and its recovery.

In general, two different mechanisms underlies the rapid
desensitization of G protein-coupled receptor. The first
mechanism is the phosphorylation of receptor. Following
activation, the receptor is phosphorylated by kinases such
as G protein receptor kinases, cAMP-dependent kinase or

Ž .protein kinase C Lohse et al., 1992 . The phosphorylated
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receptors are subsequently recognized by an arrestin-like
protein which inhibit interaction of receptor with G pro-

Ž .teins Lohse et al., 1992 . The second mechanism is
internalization of receptor into intracellular compartments,
and thereby the receptor becomes inaccessible to its ligand.
The phosphorylation of receptors may trigger the internal-

Ž .ization of receptor Shapiro et al., 1996 . In the present
study, the activated thrombin receptor either digested or
undigested can be desensitized by these two mechanisms
in in situ endothelial cells. The phosphorylated receptors
may be retained on cell surface but incapable to induce
subsequent signal transduction. Since we did not directly
determine the number of thrombin receptor remained after
the stimulation, the involvement of receptor internalization
in in situ endothelial cells remains to be elucidated.

The involvement of internalization in receptor desensiti-
zation was clearly shown in cultured human umbilical vein
endothelial cells or human megakaryoblastic HEL cell line.
In these studies, the receptor molecules remaining on cell
surface after stimulation were directly determined by im-
munofluorescence staining with monoclonal anti-thrombin

Žreceptor antibodies Hoxie et al., 1993; Woolkalis et al.,
.1995 . In human umbilical vein endothelial cells, receptors

were rapidly cleared from cell surface by stimulation with
thrombin and intact receptors reappeared within 30 min
and recovered to 90% of the prestimulation level by 5 h
Ž .Woolkalis et al., 1995 . Since this rapid recovery of intact
receptor is not dependent on protein synthesis, the intact
receptors were suggested to be supplied from intracellular

Ž .receptor reservoir Woolkalis et al., 1995 . These findings
with cultured endothelial cells are distinct from our results
obtained with in situ endothelial cells. In in situ endothelial
cells, no intact receptor reappeared by 90 min. This is
rather similar to the findings observed with HEL cells. In
HEL cells, 90% of digested receptors were rapidly inter-
nalized and up to 40% of the cleaved receptors reappeared,

Žnone of which were reactivated by thrombin Hoxie et al.,
.1993 . Since the primary structure of the thrombin receptor

and activation mechanism of the receptor is apparently the
same in all cells, the thrombin receptor desensitization and
its recovery both appear to depend on the cell-specific
mechanisms. The present study therefore suggests that
such cell-specific mechanisms may alter during culture.

Controversy remains regarding kinase which phospho-
rylates and desensitizes the thrombin receptor. At least two
distinct types of protein kinases may be involved: the
second messenger-activated kinases and the second mes-
senger-independnt G protein-coupled receptor kinas
Ž .Inglese et al., 1993 . The kinases that were shown to be

Žactivated by thrombin receptor are protein kinase C Grand
. Žet al., 1996 , myosin light chain kinase Moy et al., 1996;

.Shasby et al., 1997; Majumdar et al., 1998 or a
cdc42r r ac1 Žp21 -activated serinerthreonine kinase Teo et al.,
.1995 . Among kinase inhibitors we tested, only stau-

rosporine inhibited the receptor desensitization induced by
TRAP7. Myosin light chain kinase inhibitors, ML-9 and

Ž .wortmannin Yano et al., 1993 had no effect. Protein
kinase C thus is considered to be one of the candidate

Ž .kinases. Yan et al. 1998 proposed that the protein kinase
C isoform is involved in the heterologous desensitizationb

of thrombin receptor. However, H-7, another inhibitor of
Ž .protein kinase C Hidaka et al., 1984 , had no effect in the

present study. Moreover, in line with the finding of a
Ž .previous report Brass, 1992 , staurosporine did not com-

pletely inhibit the desensitization induced by TRAP7, thus
suggesting that either other kinases are involved in the
desensitization or the responsible kinases are relatively
resistant to staurosporine. Recently, thrombin receptor has
been shown to couple with a novel family of trimeric G

Ž .proteins, G Aragay et al., 1995; Post et al., 1996 which12

activates small GTP-binding proteins such as Rho and Rac
Ž .Buhl et al., 1995; Collins et al., 1996 . RhoA was shown

Žto activate protein kinase and Rho-associated kinase Leung
et al., 1995; Teo et al., 1995; Amano et al., 1996; Ishizaki

.et al., 1996; Matsui et al., 1996; Watanabe et al., 1996 .
However, Y-27632, an inhibitor of Rho-associated kinase
Ž .Uehata et al., 1997 did not inhibit the receptor desensiti-
zation. On the other hand, G protein-coupled receptor
kinase, especially G protein-coupled receptor kinase 3 has
been reported to phosphorylate thrombin receptor co-ex-
pressed in Xenopus oocyte and inhibited the receptor

Ž .signaling Ishii et al., 1994 . The involvement of these
kinases, however, remains to be determined in in situ
endothelial cells.

There have been few reports on the phosphatases re-
sponsible for dephosphorylation and the reactivation of the
phosphorylated and desensitized thrombin receptor. Brass
Ž .1992 showed that calyculin-A and okadaic acid inhibited
the recovery of the thrombin receptor desensitization in
HEL cells, with calyculin-A being more effective. This
observation is consistent with our observation of in situ
endothelial cells. An important finding was the fact that
calyculin-A completely inhibited the recovery of desensi-
tized receptor, thus suggesting that serinerthreonine but
not tyrosine phosphorylation can account for the desensiti-
zation. Furthermore, 1 mM okadaic acid only partially
inhibited the desensitization, suggesting that type 1 protein
phosphatase is the major phosphatase responsible for de-
phosphorylation and the recovery of the desensitized re-
ceptors.

In conclusion, thrombin receptor is rapidly desensitized
in in situ endothelial cells, following the activation by both
thrombin and TRAP in the functionally relevant concentra-
tion ranges. Proteolysis and phosphorylation are the major
mechanisms of such desensitization. Both thrombin-cleaved

Ž .and TRAP-activated uncleaved receptors underwent the
phosphorylation-dependent desensitization. The phospho-
rylated receptors were dephosphorylated mainly by type 1

w 2qxphosphatase and fully recovered its ability to induce Ca i

elevation upon activation. The activation and desensitiza-
tion of thrombin receptor observed in in situ endothelial
cells are basically similar to those observed in HEL cell
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but apparently different from those seen with cultured
endothelial cells. Intact receptor recovered rapidly in cul-
tured endothelial cells, while it was not detected by 90 min
after thrombin stimulation in in situ endothelial cells. Since
the primary structure and activation mechanism of throm-
bin receptor is fundamentally the same in all cells, some
other cell-specific mechanism may be involved in such
cell-specific manner of desensitization and recovery, and
this cell-specific mechanism may be altered by culture
conditions.
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