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1 By using fura-PE3 fluorometry and receptor-coupled permeabilization by o-toxin, the mechanism of
the bradykinin (BK)-induced contraction was determined in the rabbit saphenous vein (RSV). The
receptor subtype responsible for the BK-induced contraction of RSV was determined by means of a
pharmacological blocker study and reverse transcription polymerase chain reaction (RT-PCR).

2 In the presence of extracellular Ca®>" (1.25 mM), BK (107!'—=3 x 10~7 M) induced increases in both
the cytosolic Ca*" concentration ([Ca®'];) and force, in a concentration-dependent manner. Both the
release of Ca®" from the store site and the influx of extracellular Ca>* contribute to an increase in
[Ca®"]; induced by BK.

3 In the absence of extracellular Ca**, the application of 10~7 M BK induced transient elevations of
[Ca®*]; and force, both of which thereafter declined to the levels observed before the application of BK.
When extracellular Ca®" was replenished (1.25 mM), [Ca**]; and force increased to form a peak,
followed by a sustained elevation in the presence of BK. When an RSV strip was pretreated with 107> M
thapsigargin for 20 min, the BK-induced transient increases in both [Ca®*]; and force were markedly
inhibited.

4 These responses induced by BK were inhibited by Hoe 140 (D-Arg-[Hyp®, Thi’, D-Tic’, Oic?]
bradykinin), a highly specific bradykinin B, receptor antagonist, in a concentration-dependent manner.
In RT-PCR, B,-receptor mRNA was expressed in the smooth muscle of RSV.

5 The [Ca®"]-force relationships, which were determined by cumulative applications of extracellular
Ca*>" (0-5 mM) during 118 mM K "-depolarization, shifted to the upper left in the presence of BK, thus
indicating that BK induced a greater force than 118 mM K -depolarization for a given level of [Ca®"];.
6 In a-toxin-permeabilized preparations of RSV, application of 107 M BK after a steady state
contraction had been induced by a mixture of 5x 10~ M Ca®>*, 107*M GTP and 10~° M captopril
caused an additional force development at a constant [Ca”"];. However, treatment with 1 mM guanosine-
5'-0-(B-thiodiphosphate) (GDPBS) for 5 min before and during the application of BK (1077 M),
abolished this BK-induced additional contraction.

7 These results indicated that in RSV: (1) BK elicits vasoconstriction by increasing the Ca** influx
from the extracellular space, Ca’>" release from intracellular thapsigargin-sensitive storage sites and
increasing the Ca®" sensitivity of the contractile apparatus, (2) the BK-induced increase in Ca®*
sensitivity is mediated by G-protein, (3) the BK-induced contractions are mediated via B,-receptors and

(4) the smooth muscle cells express B,-receptor mRNA.
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Introduction

Bradykinin (BK) is a potent vasoactive peptide as well as a
mediator of pain, inflammation, fluid balance, vascular per-
meability and gastrointestinal function (Regoli & Barabe,
1980; Steranka et al., 1988 Roberts, 1989; Kingden-Milles,
1995). Since the application of BK in vivo induces vasodilata-
tion and hypotension in animals (Regoli & Barabe, 1980;
Browning et al., 1987; Regoli et al., 1989) and man (Bonner et
al., 1990; 1992; Dachman et al., 1993), the major role of BK on
vascular smooth muscle has been thought to be an en-
dothelium-dependent vasodilatation. Therefore, in relation to
vasorelaxation, the effects of BK on endothelial cells and ar-
terial strips with intact endothelium have been extensively in-
vestigated (Lambert er al., 1986; Mombouli et al., 1992;
Hecker et al., 1992; Nakashima et al., 1993; Freming et al.,
1994; Blatter et al., 1995). On the other hand, BK also induces
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contractions of venous preparations, such as the guinea-pig
anterior mesenteric vein (Gaudreau et al., 1981), the rat portal
vein (Regoli et al., 1994), the rabbit jugular vein (Calixto &
Medeiros, 1992), the rabbit vena cava (Nantel et al., 1991;
Regoli et al., 1994) and the rabbit mesenteric vein (Regoli et
al., 1977). The vasoconstrictive effect of BK on veins may play
an important physiological role in vivo, because an increase in
venous pressure may lead to an increase in vascular perme-
ability, that is efflux of the fluid from the blood vessels to tissue
(Whalley et al., 1987). However, the mechanisms for the BK-
induced contraction of the venous smooth muscle cells have
not yet been fully elucidated.

Although it is generally accepted that the contraction of the
smooth muscle is primarily regulated by [Ca®"]; (Kamm &
Stull, 1985), it has been shown that smooth muscle contractile
force does not depend on [Ca®"]; alone (Morgan & Morgan,
1984). It was found that agonist-stimulation of the smooth
muscle induced an increase in Ca’®" sensitivity of the con-
tractile apparatus (Nishimura et al., 1988; Kitazawa et al.,
1989; Kobayashi et al., 1989). It has also been shown that the
BK increases [Ca®"]; in the cultured vascular smooth muscle
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cells (Dixon et al., 1990; Briner et al., 1993). However, there
have been no previous studies which show the effects of BK on
the [Ca®*]; and Ca®" sensitivity of intact vascular smooth
muscle strips.

Regoli & Barabe (1980) suggested that BK and related ki-
nins may act on two different receptor subtypes, named B, and
B, (Regoli & Barabe, 1980). It has been postulated that B,
receptors are a constitutive type, while B, are an inducible type
of receptor (Regoli et al., 1978). The development of specific,
sequence-related peptide antagonists for B;- and B,-receptors
revealed that the contractions of the vascular smooth muscle
are mediated by both B,- and B,-subtypes. Recently, cDNA
cloning of B;-receptors was performed from the mRNA of the
rabbit aorta (MacNeil et al., 1995). However, the expression of
B,-receptors in vascular smooth muscle cells based on both
functional and molecular biological studies has not yet been
investigated, although the molecular cloning of B,-receptors
has already been done in man (Hess et al., 1992), rats
(McEachern et al., 1991), mice (Ma et al., 1994) and rabbits
(Bachrov et al., 1995).

In the present study, we investigated the mechanisms un-
derlying the BK-induced contraction of the rabbit saphenous
vein (RSV) by use of front-surface fluorometry with fura-PE3
and receptor-coupled permeabilization by a o-toxin. The re-
ceptor subtype responsible for the BK-induced contraction of
RSV was also determined based on both a pharmacological
blocker study and the expression of B,-receptor mRNA. In this
study, for the first time, we present evidence that BK acts on
B,-receptors and induces contraction by increasing [Ca>"]; and
the Ca®" sensitivity of the contractile apparatus through the
activation of G-protein in RSV.

Methods
Tissue preparation

The study protocol was approved by the Animal Care and
Committee of Research Institute of Angiocardiology, Fa-
culty of Medicine, Kyushu University. Japanese white rab-
bits (male, 16—20 weeks old, body weight 2.5—-3.0 kg) were
killed by sodium pentobarbitone (100 mg kg~', i.v.) and
then the lateral saphenous veins (RSV) were immediately
excised. The adventitia and fat were removed by dissection,
under a binocular microscope. The endothelial cells were
then removed by rubbing the intraluminal surface with a
cotton swab (Furchgott & Zawadzki, 1980). Medical pre-
parations were cut into approximately 1.5x3 mm circular
strips, 0.2 mm thick.

Fura-PE3 loading

The medial strips of RSV thus obtained were loaded with fura-
PE3 in the form of acetoxymethyl ester (fura-PE3/AM) by
incubation in Dulbecco’s modified Eagle’s medium containing
40 um fura-PE3/AM, 5% foetal bovine serum and 0.1%
Pluronic F-127 for 6 h at 37°C. Subsequently, the strips were
washed with physiological salt solution (PSS) containing
1.25mM Ca?' at 37°C to remove the dye from the extra-
cellular space and were then equilibrated in PSS for at least 1 h
before the initiation of measurements. The strips thus treated
showed a specific peak of the fluorescence emission spectrum
for fura-PE3 (500 nm) as well as a specific peak and valley of
the fluorescence excitation spectrum for fura-PE3, 340 nm and
380 nm, respectively, which were determined by a fluorescence
spectrophotometer (model 650-40, Hitachi, Tokyo, Japan).
Loading the vascular strips with fura-PE3 did not alter the
time course or the maximum levels of force development
during the 118 mM K*-induced depolarization (data not
shown), which suggested that no tissue damage occurred due
to any possible acidification of the cells, as a result of for-
maldehyde release on AM-ester hydrolysis (Tsien et al., 1982;
Rink & Pozzan, 1985).

Measurement of force

RSV strips were mounted vertically in a quartz organ bath,
and the isometric force development was measured by a force-
transducer (strain gauge TB-612T, Nihon Kohden, Japan).
During the 1 h equilibration period, the strips were stimulated
with 118 mM K™ every 15 min, and the resting load was in-
creased in a stepwise manner to obtain the maximal force de-
velopment. The resting load for the measurements, thus
obtained, was between 200 and 250 mg. The force develop-
ment was expressed as a percentage; the values in normal
(5.9 mMm K*) and 118 mM K PSS were assigned to be 0% and
100%, respectively.

Measurement of [Ca’" ],

Changes in the fluorescence intensity of the fura-PE3-Ca®*
complex were simultaneously monitored during the measure-
ment of the force, by use of front-surface fluorometry (Abe et
al., 1990; Hirano et al., 1991; Ushio-Fukai et al., 1993). The
fluorescence intensity was measured by a fluorometer, which
was specially designed for fura-2 fluorometry (CAM-OF-1). In
brief, the strips were illuminated by guiding the alternating
(400 Hz) 340 nm and 380 nm excitation light from a xenon
light source through quartz optic fibres arranged in a con-
centric inner circle (diameter=3 mm). The surface fluores-
cence of the strips was collected by glass optic fibres arranged
in an outer circle (diameter =7 mm) and introduced through a
500 nm band-pass filter (full width at half maximum trans-
mission =10 nm) into a photon-counting photomultiplier. The
data of 500 nm fluorescence intensities at 340 nm (F340) and
380 nm (F380) excitation, fluorescence ratio (F340/F380) and
force were stored in a Macintosh computer by a data acqui-
sition system (MacLab) with a sampling rate of 17 Hz. The
fluorescence ratio (F340/F380), which indicates [Ca®'];, was
expressed as a percentage, assigning the values in normal
(5.9 mMm K*) and 118 mm K* PSS to be 0% and 100%, re-
spectively, because these % values were stable during the time
course of measurements in the present study. For the de-
termination of the ECs, value of BK for the increase in [Ca®*];,
the absolute values of [Ca®"]; were determined in RSV strips in
a seperate experiment as described by Grynkiewicz et al.
(1985). The values of [Ca®>*]; at rest (0%) and during 118 mM
K *-depolarization (100%) obtained from 8 separate samples
were 181 +22 nM and 881 +98 nM, respectively.

Experimental protocols for the simultaneous
determination of [Ca’" |, and force in the BK-induced
contraction

All the measurements were performed at 37°C. Before each
measurement, the resting levels (0%) and the response levels
(100%) to 118 mMm K™ depolarization in PSS were recorded.
Ten minutes before the application of BK, 107° M captopril
was applied to prevent the degradation of BK by kininase II
(Regoli & Barabe, 1980).

Permeabilization by o-toxin

Permeabilization of RSV was performed as previously de-
scribed (Nishimura et al., 1988) with minor modifications.
Briefly, small rings from the segments of RSVs were dissected
and trimmed. Two tungsten wires were passed through the
lumen. One wire was fixed to the chamber while the other was
attached to a force transducer (U gage, Minebea Co. Ltd.,
Japan). Permeabilization was accomplished by incubating the
venous segments with Staphylococcal a-toxin (5000 unit ml~*,
Calbiochem, La Jolla, CA) for 60 min in a Ca®"-free cyto-
plasmic substitution solution (CSS) containing 2 mM EGTA.
The apparent binding constant used for the Ca>*-EGTA was
10°/M (Saida & Nonomura, 1978). After permeabilization, the
tissue specimens were stretched by a micromanipulator con-
nected to the force transducer, to the appropriate resting load
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which gave the maximum contraction by 107> M Ca®" con-
taining CSS solution. The force development in the a-toxin
permeabilized tissue was determined at room temperature.
Forces in Ca®*-free CSS containing 2 mM EGTA and those
induced by 107> M Ca?"* were designated to be 0 and 100%,
respectively.

Measurement of Br-receptor mRNA by reverse
transcription (RT) polymerase chain reaction (PCR)

Total RNA was isolated from the smooth muscle cells from
RSV according to the method described by Chomczynksi &
Sacchi (1987). To obtain the smooth muscle cells, care was
taken not to include either the endothelium or adventitia
during the tissue trimming, as shown in the tissue preparation
section. Contaminating genomic DNA, if any, was digested by
RNase free DNase. First-strand cDNA was synthesized with
the total RNA for the template. The total RNA (1 ug) was
incubated at 37°C with a mixture (total volume=20 ul) of
200 units of M-MLV reverse transcriptase, 1x RT buffer,
10 mm DTT, 0.5 mMm each dNTPs (dATP, dCTP, dTTP,
dGTP), 20 units of RNase inhibitor and 50 nM of antisense
primers. For the PCR amplification, an aliquot (1 ul) of RT
product was mixed with 0.5 unit of Taq DNA polymerase,
500 nM each of sense and antisense primers in a buffer con-
taining 20 mM Tris HCI (pH 8.3), 50 mM KCI, 1.5 mm MgCl,,
100 ug ml~"' BSA and 200 puM each of ANTPs in a 11 ul vo-
lume. The thermal cycle profile used in this study was (1) de-
naturing for 30 at 94°C, (2) annealing primers for 90 at 55°C
and (3) extending the primers for 30 at 72°C. PCR amplifica-
tion was performed for 45 cycles. The sequences of sense and
antisense primers were designed based on the published se-
quence for rabbit B,-receptors (Bachrov er al., 1995). Primers
for PCR were 5-TCA CCA TCG CCA ACC ACT TC-3'
(sense: 272-292) and 5'-GTA GCC CTC GTC TCG GTA GT-
3’ (antisense: 527—547), and primer for RT was 5-AGC CAG
CAC ACC ACG AAC AG-3 (antisense: 760—780). The ex-
pected size of the PCR product for B,-receptors was 275 bp. A
portion (10 ul) of the PCR mixture was electrophoresed in a
3% agarose gel in TAE buffer. The gel was stained with ethi-
dium bromide and then photographed.

Drugs and solutions

The physiological salt solution (PSS) was of the following
composition (in mM): NaCl 123, KCl 4.7, NaHCO; 15.5,
KH,PO, 1.2, MgCl, 1.2, CaCl, 1.25, and D-glucose 11.5. High
K™ PSS was identical to PSS, except for an equimolar sub-
stitution of KCI for NaCl. The Ca>"-free solution was iden-
tical to PSS, except for a substitution of 2 mM ethyleneglycol-
bis(P-aminoethylether)-N,N,N,N-tetraacetic acid (EGTA) for
1.25 mM CaCl,. All solutions were gassed with a mixture of
95% O, and 5% CO, (pH adjusted to 7.4 at 37°C).

The composition of the cytoplasmic substitution solution
(CSS) was (in mM): EGTA 10, K-methanesulphonate 100,
MgCl,, 3.38, Na,ATP 2.2, creatine phosphate 10, Tris maleate
(pH=6.8) 20, and the indicated concentration of free Ca".
Bradykinin (BK) was obtained from the Peptide Institute Co.
Ltd. (Osaka, Japan). Fura-PE3/AM was from the Texas
Fluorescence Laboratory (Austine, TX, U.S.A.). Pluronic F-
127 was from the BASF Co. (Parsippany, NJ, U.S.A.) Bovine
serum albumin (BSA) and thapsigargin were from Sigma (St.
Louis, MO, U.S.A.). Hoe 140 (p-Arg-[Hyp?, Thi’, D,-Tic’,
Oic®] bradykinin) was kindly donated by Hoechst AG
(Frankfurt, FRG). Captopril was kindly donated by the San-
kyo Co. (Tokyo, Japan). M-MLV (Moloney Murine Leukemia
Virus) reverse transcriptase, 5x RT buffer and 0.1 M DTT
(dithiothreitol) were from BRL (Gaithersburg, MD, U.S.A.).
Nusieve 3:1 agarose and dNTPs (dATP, dCTP, dTTP, dGTP)
were from TaKaRa (Kyoto, Japan). RNase inhibitor was
purchased form Toyobo (Osaka, Japan). Tag DNA poly-
merase was from Pharmacia Biotech (Uppsala, Sweden). RQ1
RNase-free DNase was from Promega (Madison, WI, U.S.A.).

Rsa I was purchased from Wako (Osaka, Japan). All other
chemicals were of the highest grade commercially available.
The oligonucleotides for primers were synthesized by Sawady
Technology (Tokyo, Japan).

Data analysis

All data for the simultaneous measurements of [Ca®"]; and
force were collected by a computerized data acquisition system
(MacLab, Analog Digital instruments, Castle Hill, Australia:
Macintosh, Apple Computer, Cupertino, CA, U.S.A.). The
data for the representative traces shown in this study were
directly printed from the computer to a laser printer (Laser-
Writer II NTX-J, Apple Computer). The measured values are
expressed as the means +s.e. (n=number of the experiments).
For each experiment, a strip from a different animal (n=5-9)
was used. For comparison, unpaired Student’s ¢ test was used
and P values of less than 0.05 were considered to be significant.
Statistical analysis of the [Ca®"]-force curves was carried out
by analysis of covariance.

Results

Effect of BK on [Ca’" ], and force in RSV strips in PSS

When the RSV strip was exposed to 1077 M BK in PSS, [Ca®*];
and force rose rapidly and reached a peak (the first phase) in
1-3 min, and then slowly declined, but remained at levels
higher than those prestimulation (the second phase). The BK
(1077 M)-induced increases in [Ca®*]; and force at the first
phase were 104 +3% and 1444+8% (n=06), respectively, while
those at the second phase (15 min after the application) were
80+8% ([Ca®"]) and 1154+ 11% (force: n=6) of those ob-
served during 118 mM K " -depolarization. As shown in Figure
1, cumulative applications of BK (107''-3x 1077 M) led to
step-wise, concentration-dependent (P <0.01, by an analysis of
variance, n=5) increases in [Ca®>"*]; and force. The ECs, values
for increases in [Ca®*]; and force were (2.4+1.5)x 10~° and
(1.740.5) x 10~°, respectively. There was no significant dif-
ference between these two values.

200 A~
- 1500
150 A
- 1000 §
, 100 - =
S 2
<) o
o - 500 =
S 500 4 Z
0 - -0
] 1 T 1 1 1
-11 -10 -9 -8 -7 -6
Concentration of BK (log [M])
Figure 1 The concentration-response curves for BK. BK (10~ ''-

3x1077M) induced increases in [Ca’']; (@) and force (M) in a
concentration-dependent manner. ECsy values for BK for the
increases in [Ca’’]; and force were (24+1.5)x10"°M and
(1.740.5)x 10 ° ™, respectively. Absolute values of [Ca?™) were
determined by using Grynkiewicz’s equation (1985). As shown in the
Methods, [Ca®*]; at rest (0%) and during 118 mm K " -depolarization
(100%) were 181 +22nM and 881498 nM, respectively. All values are
the means and vertical lines show s.e.mean (n=75).
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BK-induced Ca’" transients in Ca’"-free PSS and effect
of thapsigargin

As shown in Figure 2a, when the strip was exposed to Ca®*-
free PSS (Ca?*-free PSS containing 2 mM EGTA for 5 min,
and then, Ca®>"-free PSS, [Ca®"]; gradually decreased to reach
a new steady level after about 10 min. Application of 1077 M
BK during this steady state induced transient increases in
[Ca?"]; and force. This intracellular Ca”"-dependent elevation
of [Ca*"]; was considered to be caused by BK-activated Ca>"-
release from the store site. The subsequent restoration of ex-
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Figure 2 Representative recordings of the effects of BK on [Ca®"};
and force of RSV in Ca’"-free PSS. (a) Representative recordings of
[Ca®™]; (upper trace) and force (lower trace) during restoration of
extracellular Ca®" after exposure of RSV strips to Ca’>"-free PSS in
the presence of BK. Application of BK in the Ca’?"-free PSS induced
transient increases in [Ca’']; and force. The restoration of
extracellular Ca®>* in the presence of 107’M BK caused a rapid
elevation of [Ca®"]; and tension which thereafter gradually declined,
but remained at a sustained elevated level. (b) The effect of
thapsigargin (107°M) on the transient increases in [Ca>"]; (upper
trace) and force (lower trace) induced by BK (10~ M) in the absence
of extracellular Ca®>". Preincubation for 20min with thapsigargin
markedly inhibited the transient increases in [Ca®*]; and force
induced by BK in the absence of extracellular Ca".
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Figure 3 (a and b) The inhibitory effect of Hoel40 on [Ca’®"]; (a)
and force (b) at the steady state of the contraction induced by BK
(107"=3x107"M). Hoel40 (@, 0 M; W, 107" M A, 1077 Mm; W
10~® M) inhibited BK-induced increases in [Ca®>"]; and force in a
concentration-dependent manner. All values are the means and
vertical lines show s.e.mean (n=35). (c) Detection of Bj-receptor
mRNA in RSV by RT-PCR. PCR amplification for B,-receptors
were performed 45 cycles. The predicted size of the PCR
amplification products is shown on the left of the photograph. Lane
1 represents the PCR product for the By-receptor. Lane 2 represents
the DNA size marker (M;0X174/Hinc II digest). The size of each
band is shown on the right side of the photograph.
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Figure 4 Representative recordings of the changes in [Ca®"]; (upper
trace) and force (lower trace) induced by the cumulative applications
of extracellular Ca®>" (0—5mm) during 118 mm K " -depolarization in
the absence (a) and the presence of BK (b). The extracellular Ca>*
concentration ([Ca2*],) is shown in the lower panel. Both [Ca?™");
and force increased stepwise with elevations of [Ca®"],. The steady-
state [Ca’ " Ji-tension curves (c) in the absence (@) or presence of BK
(O) were constructed with the data obtained from 9 independent
experiments done in the same manner as in (a) and (b). The data

tracellular Ca®" to 1.25 mM in the presence of BK induced
rapid increases in [Ca®>"]; and force to form peaks and sub-
sequent sustained elevation. Since this sustained elevation of
[Ca?"]; was not observed during the restoration of extracellular
Ca’" in the absence of BK following the exposure of strips to
Ca*"-free PSS (data not shown), this extracellular Ca*"-de-
pendent elevation was thus considered to be caused by BK-
activated Ca’"-influx. When the vascular strip was treated
with 10> M thapsigargin for 20 min in PSS, [Ca®*]; gradually
increased to reach a steady state (46 +5.0%) without any force
development (Figure 2b). After the treatment with thapsi-
gargin, the BK-induced transient increases in [Ca®*]; and force
in the Ca?*-free PSS were markedly inhibited, as shown in
Figure 2b.

BK receptor characterization by using an antagonist and
RT-PCR

Hoel40, a new highly selective B, antagonist (Hock et al.,
1991; Rhaleb et al., 1992), inhibited the increases in [Ca’"];
(Figure 3a) and force (Figure 3b) induced by BK (10~!" M~
3x 1077 M) in a concentration-dependent manner (10™'° M—
1078 M) (P<0.05 for Hoel40, by a two way analysis of var-
iance, n=135). Hoel40 induced not only a rightward shift but
also a downward shift of the concentration-response curves.
As shown in Figure 3c, the B,-receptor bands of the expected
size (275 bp) could be detected by RT-PCR, by total RNA
prepared from smooth muscle of RSV and specific primers for
the rabbit B,-receptor. The PCR products for B,-receptors
from RSV could be digested by Rsa I into the fragments of the
predicted size in agarose gel electrophoresis (data not shown).

[Ca’" ] ~force relationship during contractions induced by
K

Figure 4a shows representative recordings of the changes in
[Ca®>"]; and force induced by cumulative applications of
external Ca?" (0-5 mM) during 118 mm K "-depolarization.
After the responses (100%) to 118 mM K™ -depolarization
had been recorded, the vascular strips were incubated in
Ca*"-free PSS containing 2 mmM EGTA for 10 min, followed
by a 5 min exposure to Ca’>"-free PSS without EGTA. Then
the solution was changed to a Ca*'-free 118 mM K*-de-
polarization solution and extracellular Ca** (0—5 mM) was
cumulatively applied. Both [Ca®?']; and the force increased
stepwise with elevations of the extracellular Ca®* con-
centration ([Ca®>"],). The fluorescence ratio increased from
—77+12% (at O M [Ca®'],; n=9) to 125+9% (at 5 mm
[Ca®"]s; n=9). The force increased from —19+4% to
128+9% (n=9). Figure 4b shows representative recordings
of the cumulative application of external Ca®" during
118 mm K *-depolarization in the presence of 10~' M BK.
The fluorescence ratio increased from —58+10% (at O M
[Ca®"]; n=9) to 106+5% (at 5mM [Ca*'],; n=9). The
force increased from —15+2% to 161+5% ([®=9). In
Figure 4c, the [Ca®"]-force relationships were plotted with
the data points obtained from the experiments carried out in
the same manner as described in Figure 4a and b. BK
(107 M) shifted the [Ca®"]-force curve to the upper left
(P<0.002, by analysis of covariance), indicating that BK
induces a greater force for the given levels of [Ca®"].

The effects of BK on the tension development in o-toxin-
permeabilized preparations

As shown in Figure 5a, application of 107 M BK, after a
steady state contraction had been induced by a mixture of

were obtained at the time that force reached the maximal level at
each application of extracellular Ca®". The vertical and horizontal
bars represent s.e.mean.
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5% 1077 M Ca®", 10~° M guanosine 5'-triphosphate (GTP) and
107¢ M captopril, caused additional force development at a
constant [Ca®"];. Treatment with 1 mM guanosine-5-O-(f-
thiodiphosphate) (GDPfS) for 5 min before and during the
application of BK (1077 M) abolished this BK-induced addi-
tional force development (Figure 5b).

Discussion

The major findings of the present study are (1) BK increases
the Ca®" sensitivity of the contractile apparatus, which is
mediated by the activation of G-protein, (2) BK elevates
[Ca**]; of RSV as a result of the Ca®* influx from the extra-
cellular space and Ca®" release from the intracellular store,
and (3) The receptors responsible for the BK-induced con-
traction of RSV are the B, subtype, determined by both the
pharmacological blocker study and RT-PCR.

The conclusion that BK increases the Ca®" sensitivity of the
contractile apparatus mediated by the activation of G-protein
in RSV was based on the following observations. As shown in
Figure 4, for a given steady-state level of [Ca®"];, force devel-
opment in the presence of BK was greater than that in the
absence of BK. In the receptor coupled permeabilized pre-
paration, BK enhanced the contraction at a given [Ca®"]; in the
presence of GTP, as shown in Figure 5a. The BK-induced
enhancement of force was blocked by the presence of GDPfS,
thus indicating the involvement of G protein in this increase in
the Ca®>" sensitivity (Figure 5b). The activation of G-protein is
one of the known mechanisms of increases in Ca®" sensitivity
of vascular smooth muscle (Nishimura et al., 1988; Kitazawa
et al., 1989; Kobayashi et al., 1989). Therefore, our present
data provide another example for the coupling of G protein
being involved in agonist (BK)-induced increases in Ca**
sensitivity of the contractile apparatus. The site of action of
GTP for the increase in Ca®" sensitivity of the contractile
apparatus of the smooth muscle is still unclear. It was initially
thought to be the heterotrimeric G protein coupled with the
receptors (Kitazawa et al., 1989). However, recent research has
indicated that small molecular weight G proteins, rho A p21,
might be involved in the increase in Ca’>" sensitivity of the
contractile apparatus. Hirata et al. (1992) showed that EDIN,
a specific inhibitor of rho A p21, inhibited the contraction
induced by GTPyS of permeabilized vascular smooth muscle
strips, and that this inhibition could be recovered by the ad-
dition of GTPyS-stimulated rho A p21. Therefore, the site of
action of GTP might be located on the large and/or small G
proteins.

The precise intracellular mechanism for the increase in Ca>”"
sensitivity of the contractile apparatus in smooth muscle is
currently unknown. At least two mechanisms have been pro-
posed with the permeabilized preparation; one is a myosin
light chain (MLC) phosphorylation dependent mechanism
(Kitazawa et al., 1991; Moreland et al., 1992) and the other is a
MLC phosphorylation-independent one (Moreland et al.,
1992). For the former mechanism, it has been proposed that
the increase in Ca>" sensitivity involves the inhibition of MLC
phosphatase (Kitazawa et al., 1991). Very recently, Kimura et
al. (1996) found that MLC phosphatase could be inhibited by
the activation of a small G protein, rho A p21, and subsequent
activation of rho associated kinase. It remains to be clarified as
to whether the BK-induced increases in Ca®" sensitivity might
involve these pathways.

In the presence of extracellular Ca®>*, BK-induced increases
in [Ca®**); and force in a concentration-dependent manner
(Figure 1). The elevation of [Ca**]; induced by BK consisted of
two components. The first phase was composed of extra-
cellular Ca?"-independent and dependent components, while
the second phase was exclusively extracellular Ca®*-depen-
dent, because the first phase became much smaller and tran-
sient and the second phase was abolished in the absence of
extracellular Ca*>* (Figure 2a). Therefore, the second phase
and part of the first phase of [Ca®"]; elevations were attributed

— 100 (%)
el (0
Captopril 10-5m
—
5x10-"™m 10-5m
b ] 100 (%)
-—d 50
5 min
‘ ——
BK 10-m — 0
R
GDPBS 10-m
—
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]
Captopril 10-5m
R | ]
[ca=i } |
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Figure 5 Effect of guanine nucleotides on the contractile responses
induced by BK in a-toxin-permeabilized RSV. (a) The application of
107 M BK in the presence of 107® M GTP induced contraction in
the highly buffered Ca?>* (5x1077 M buffered by 10mm EGTA)
solution. (b) pretreatment with Imm GDPSS abolished the
contraction induced by 1077 m BK. In (a) and (b), strips were
treated with 107 M captopril 10min before and during BK
application.
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to the influx of extracellular Ca®". The [Ca®"]; elevation in-
duced by 1077 M BK could be inhibited only partially by dil-
tiazem and verapamil (data not shown), thus indicating that
BK-induced Ca®" influx may be mainly through channels
other than voltage-operated Ca®>* channels. This speculation is
in good agreement with previous results obtained by other
investigators (Nantel ez al., 1991; Calixto & Medeiros, 1992).
However, the type of Ca®" channel activated by BK remains to
be clarified.

The extracellular Ca’"-independent component of the first
phase was possibly due to the release of Ca’" from the in-
tracellular store sites, presumably sarcoplasmic reticulum
(SR), because this component was abolished by thapsigargin,
an SR Ca’* pump inhibitor (Figure 2b). The present study
also showed that the response of RSV to BK is mediated by G
protein. These results are consistent with the idea that BK
receptor (B, subtype) signal transduction in RSV involves G
protein-mediated breakdown of phosphatidylinositol catalysed
by phospholipase C, as in the case of other Ca®>" mobilizing
receptors (Dixon et al., 1990; Calixto & Medeiros, 1992; Briner
et al., 1993). In addition, as shown in Figure 2b, treatment of
RSV strip with thapsigargin in PSS induced a gradual increase
in [Ca®"]; without any force development. This phenomenon
could be explained by the so-called ‘capacitative model’ theory,
in which the influx of extracellular Ca®" is controlled by the
filling state of intracellular Ca** stores (Putney, 1990). This
phenomenon was also documented in smooth muscle strips
(Uyama et al., 1993; Higuchi et al., 1996). The inability of the
SR Ca?* pump inhibitor, thapsigargin, to induce contraction
despite an increase in [Ca®"]; (46+5.0%) could be explained
by its inability to increase Ca®" sensitivity of the contractile
apparatus.

In the present study, we provide evidence that functioning
B,-receptors and their mRNA are present in smooth muscle
cells of RSV. As shown in Figure 3a and b, Hoel40, a

References

ABE, S., KANAIDE, H. & NAKAMURA, M. (1990). Front-surface
fluorometry with fura-2 and effects of nitroglycerin on cytosolic
calcium concentrations and on tension in the coronary artery of
the pig. Br. J. Pharmacol., 101, 545—552.

BACHROV, D.R., SAINT-JACQUES, E., LARRIVEE, J.R., LEVESQUE,
L.,RIOUX, F.,, DRAPEAU, G. & MARCEAU, F. (1995). Cloning and
pharmacological characterization of the rabbit bradykinin B,
receptor. J. Pharmacol. Exp. Ther., 275, 1623 —1630.

BLATTER, L.A., TAHA, Z., MASAROS, S., SHACKLOCK, P.S., WIER,
W.G. & MALINSKI, T. (1995). Simultaneous measurements of
Ca?* and nitric oxide in bradykinin-stimulated vascular en-
dothelial cells. Circ. Res., 76, 922—-924.

BONNER, G., PREIS, S., SCHUNK, U., WAGMANN, M., CHROSCH, R.
& TOUSSAINT, C. (1992). Effect of bradykinin on arteries and
veins in systemic and pulmonary circulation. J. Cardiovasc.
Pharmacol., 20, (Suppl. 9), S21-S27.

BONNER, G., PREIS, TOUSSAINT, C. & KAUFMANN, W. (1990).
Hemodynamic effects of bradykinin on systemic and pulmonary
circulation in healthy and hypertensive humans. J. Cardiovasc.
Pharmacol., 15, (Suppl. 6), S46—S56.

BRINER, V.A., TSAI, P. & SCHRIER, R.W. (1993). Bradykinin:
potential role for vascular constriction in the presence of
endothelial injury. Am. J. Physiol., 264, F322—-F327.

BROWNING, J.D., REEVES, P.G. & O’DELL, B.L. (1987). Zinc
deficiency in rats reduces the vasodilation response to bradykinin
and prostacyclin. J. Nutr., 117, 490—495.

CALIXTO, J.B. & MEDEIROS, Y.S. (1992). Effect of protein kinase C
and calcium on bradykinin-mediated contractions of rabbit
vessels. Hypertension, 19, 11-87-11-93.

CHOMCZYNSKI, P. & SACCHI, N. (1987). Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem., 162, 156—159.

DACHMAN, W.D., FORD, G.A., BLASCHKE, T.F. & HOFFMAN, B.B.
(1993). Mechanism of bradykinin-induced venodilation in hu-
mans. J. Cardiovasc. Pharmacol., 21, 241 —248.

potent selective antagonist of B,-receptors (Hock et al.,
1991), inhibited the BK-induced [Ca>"]; elevation and force
in RSV in a non-competitive manner. B,-receptor mRNA
was detected by RT-PCR, as shown in Figure 3c. Since it is
well known that the BK receptor of the vascular endothelial
cells is the B, subtype (Schini et al., 1990; Hock et al., 1991;
Hecker et al., 1992; Mombouli & Vanhoutte, 1992; Drum-
mond & Cocks, 1995), we paid special attention to remove
endothelial cells, as described in the Tissue preparation
section, in the present study. Ma et al. (1994) have already
obtained the expression of B,-receptor mRNA in the mouse
aorta and vein. However, they did not specify whether or
not they removed endothelial cells. We provide evidence for
the expression of both the functioning B,-receptors and their
mRNA in vascular smooth muscle cells.

In summary, the present study demonstrated that: BK eli-
cits vasoconstriction of RSV by (1) increasing Ca®" sensitivity
of the contractile apparatus and (2) elevating [Ca**]; as a result
of Ca’" influx from the extracellular space and Ca>" release
from intracellular thapsigargin-sensitive storage site. The in-
crease in the Ca®" sensitivity is mediated by G-protein. (3) BK-
induced contractions are mediated via B,-receptors and B,-
receptor mRNA is expressed in RSV smooth muscle cells.

We thank Mr Brian Quinn for critically reading the manuscript.
This study was supported in part by Grants-in-Aid for Develop-
mental Scientific Research (No. 06557045), for General Scientific
Research (No. 07407022, 07833008) and for Creative Basic
Research Studies of Intracellular Signaling Network from the
Ministry of Education, Science and Culture, Japan, and by Grants
from the Japan Research Foundation of Clinical Pharmacology and
the Kimura Memorial Heart Foundation Research Grant. We also
thank Ms K. Kajishima for her secretarial services.

DIXON, B.S., BRECKON, R., FORTUNE, J., VAVREK, R.J., STEWART,
J.M., MARZEC-CALVERT, R. & LINAS, S.L. (1990). Effects of
kinins on cultured arterial smooth muscle. Am. J. Physiol., 258,
C299-C308.

DRUMMOUND, G.R. & COCKS, T.M. (1995). Endothelium-depen-
dent relaxations mediated by inducible B, and constitutive B,
kinin receptors in the bovine isolated coronary artery. Br. J.
Pharmacol., 116, 2473 —2481.

FREMING, 1., HECKER, M. & BUSSE, R. (1994). Intracellular
alkalization induced by bradykinin sustains activation of the
constitutive nitric oxide synthase in endothelial cells. Circ. Res.,
74, 1220—1226.

FURCHGOTT, R.F. & ZAWADZKI, J.V. (1980). The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle by
acetylcholine. Nature, 299, 373—376.

GAUDREAU, P., BARABE, J., ST-PIERRE, S. & REGOLI, D. (1981).
Pharmacological studies of kinins in venous smooth muscles.
Can. J. Physiol. Pharmacol., 59, 371 —-379.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new
generation of Ca** indicators with greatly improved fluorescence
properties. J. Biol. Chem., 260, 3440 —3450.

HECKER, M., DAMBACHER, T. & BUSSE, R. (1992). Role of
endothelium-derived bradykinin in the control of vascular tone.
J. Cardiovasc. Pharmacol., 20, (Suppl. 9), S55—-S61.

HESS, J.F., BORKOWSKI, J.A., YOUNG, G.S., STRADER, C.D. &
RANSOM, R.W. (1992). Cloning and pharmacological character-
ization of a human bradykinin (BK-2) receptor. Biochem.
Biophys. Res. Commun., 184, 260 —268.

HIGUCHI, Y., NISHIMURA, J., KOBAYASHI, S. & KANAIDE, H.
(1996). CPA induces a sustained increase in [Ca*>*]; of endothelial
cells in situ and relaxes porcine coronary artery. Am. J. Physiol.,
270, H2038 —H2049.



378 D. Eguchi et al

Saphenous vein contraction induced by bradykinin

HIRANO, K., KANAIDE, H., ABE, S. & NAKAMURA, M. (1991).
Temporal changes in the calcium-force relation during hista-
mine-induced contractions of the strips of the coronary artery of
the pig. Br. J. Pharmacol., 102, 27—34.

HIRATA, K., KIKUCHI, A., SASAKI, T., KURODA, S., KAIBUCHIL, K.,
MATSUURA, Y., SEKI, H., SAIDA, K. & TAKAIL Y. (1992).
Involvement of rho p2l1 in the GTP-enhanced calcium ion
sensitivity of smooth muscle contraction. J. Biol Chem., 267,
8719-8722.

HOCK, F.J., WIRTH, K., ALBUS, U., LINZ, W., GERHARDS, H.J.,
WIEMER, G., HENKE, S., BREIPOHL, G., KONIG, W., KNOLLE, J.
& SCHOLKENS, B.A. (1991). Hoe 140 a new potent and long
acting bradykinin-antagonist: in vitro studies. Br. J. Pharmacol.,
102, 769—773.

KAMM, K.E. & STULL, J.T. (1985). The function of myosin and
myosin light chain kinase phospshorylation in smooth muscle.
Ann. Rev. Pharmacol. Toxicol., 25, 593 —620.

KIMURA, K., ITO, M., AMANO, M., CHIHARA, K., FUKATA, Y.,
NAKAFUKU, M., YAMAMORI, B., FENG, J., NAKANO, T.,
OKAWA, K., IWAMATSU, A. & KAIBUCHI, K. (1996). Regulation
of myosin phosphate by rho and rho-associated kinase (rho-
kinase). Science, 273, 245-248.

KINGDEN-MILLES, D. (1995). Effects of prostaglandin E2 on the
intensity of bradykinin-evoked pain from skin and veins of
humans. Eur. J. Pharmacol., 294, 491 —496.

KITAZAWA, T., KOBAYASHI, S., HORIUTI, K., SOMLYO, A.V. &
SOMLYO, A.P. (1989). Receptor-coupled, permeabilized smooth
muscle. Role of phosphatidylinositol cascade, G-proteins and
modulation of contractile response to Ca>*. J. Biol. Chem., 264,
5339-5342.

KITAZAWA, T., MASUO, M. & SOMLYO, A.P. (1991). G protein-
mediated inhibition of myosin light-chain phosphatase in
vascular smooth muscle. Proc. Natl. Acad. Sci. U.S.A., 88,
9307-9310.

KOBAYASHI, S., KITAZAWA, T., SOMLYO, A.V. & SOMLYO, A.P.,
(1989). Cytosolic heparin inhibits muscarinic and o-adrenergic
Ca?* release in smooth muscle: Physiological role of inositol, 1, 4,
S-triphosphate in pharmacomechanical coupling, J. Biol. Chem.,
264, 17997 —18004.

LAMBERT, T.L., KENT, R.S. & WHORTON, A.R. (1986). Bradykinin
stimulation of inositol polyphosphate production in porcine
aortic endothelial cells. J. Biol. Chem., 261, 15288 —15293.

MA, J.X., WANG, D.Z., CHAO, L. & CHAO, J. (1994). Cloning,
sequence analysis and expression of the gene encoding the mouse
bradykinin B, receptor. Gene, 149, 283 8.

MACNEIL, T., BIERRILO, K.K., MENKE, J.G. & HESS, J.F. (1995).
Cloning and pharmacological characterization of a rabbit
bradykinin B, receptor. Biochim. Biophys. Acta, 1264, 223 —-228.

MCEACHERN, A.E., SHELTON, E.R., BHAKTA, S., OBERNOLTE, R.,
BACH, C., ZUPPAN, P., FUJISAKI, J., ALDRICH, R.W. &
JARNAGIN, K. (1991). Expression cloning of a rat B2 bradykinin
receptor. Proc. Natl. Acad. Sci. U.S.A., 88, 7724 —7728.

MOMBOULL, J.V., ILLIANO, S., NAGAO, T., SCOTT-BURDEN, T. &
VANHOUTTE, P.M. (1992). Potentiation of endothelium-depen-
dent relaxations to bradykinin by angiotensin I converting
enzyme inhibitors in canine coronary artery involves both
endothelium-derived relaxing and hyperpolarizing factors. Circ.
Res., 71, 137—144.

MOMBOULI, J.V. & VANHOUTTE, P.M. (1992). Heterogeneity of
endothelium-dependent vasodilator effects of angiotensin-con-
verting enzyme inhibitors: Role of bradykinin generation during
ACE inhibition. J. Cardiovasc. Pharmacol., 20, (Suppl. 9), S74—
S83.

MORELAND, S., NISHIMURA, J., VAN BREEMEN, C., AHN, H.Y. &
MORELAND, R.S. (1992). Transient myosin phosphorylation at
constant Ca?>" during agonist activation of permeabilized
arteries. Am. J. Physiol., 263, C540—C544.

MORGAN, J.P. & MORGAN, K.G. (1984). Stimulus-specific patterns
of intracellular calcium levels in smooth muscle of ferret portal
vein. J. Physiol., 351, 155—167.

NAKASHIMA, M., MOMBOULIL, J.V., TAYLOR, A.A. & VANHOUTTE,
P.M. (1993). Endothelium-dependent hyperpolarization caused
by bradykinin in human coronay arteries. J. Clin. Invest., 92,
2867-2871.

NANTEL, F., ROUISSI, N., RHALEB, N.E., JUKIC, D. & REGOLI, D.
(1991). Pharmacological evaluation of the angiotensin, kinin,
and neurokinin receptors on the rabbit vena cava. J. Cardiovasc.
Pharmacol., 18, 398 —405.

NISHIMURA, J., KOLBER, M. & VAN BREEMEN, C. (1988).
Norepinephrine and GTP-y-S increase myofilament Ca?'-
sensitivity a-toxin permeabilized arterial smooth muscle. Bio-
chem. Biophys. Res. Commun., 157, 677 —685.

PUTNEY, J.W. JR. (1990). Capacitative calcium entry revisited. Cell
Calcium, 11, 611—-624.

REGOLI, D. & BARABE, J. (1980). Pharmacology of bradykinin and
related kinins. Pharmacol. Rev., 32, 1-46.

REGOLI, D., BARABE, J. & PARK, W.K. (1977). Receptors for
bradykinin in rabbit aortae. Can. J. Physiol. Pharmacol., 55,
855-867.

REGOLI, D., DRAPEAU, G., DION, S. & D’ORLEANS-JUSTE, P.
(1989). Receptors for substance P and related neurokinins.
Pharmacology, 38, 1—15.

REGOLI, D., GOBEIL, F., NGUYEN, Q.T., JUKIC, D., SEOANE, P.R.,
SALVINO, J.M. & SAWUTZ, D.G. (1994). Bradykinin receptor
types and B, subtypes. Life Sci., 55, 735-749.

REGOLI, D.,, MARCEAU, F. & BARABE, J. (1978). De novo formation
of vascular receptors for bradykinin. Can. J. Physiol. Pharmacol.,
56, 674—677.

RHALEB, N.E., ROUISSI, N., JUKIC, D., REGOLI, D., HENKE, S.,
BREIPOHL, G. & KNOLLE, J. (1992). Pharmacological character-
ization of a new highly potent B, recegtor antagonist (HOE 140:)
D-Arg-[Hyp®, Thi’, D-Tic’, Qic®] bradykinin). Eur. J.
Pharmacol., 210, 115-120.

RINK, T.J. & POZZAN, T. (1985). Using quin-2 in cell suspensions.
Cell Calcium, 6, 133 —145.

ROBERTS, R.A. (1989). Bradykinin receptors: characterization,
distribution and mechanisms of signal tranduction. Prog. Growth
Factor Res., 1, 237—-252.

SAIDA, K. & NONOMURA, Y. (1978). Characteristics of Ca>*- and
Mg>*- induced tension development in chemically skinned
smooth muscle fibres. J. Gen. Physiol., 72, 1—14.

SCHINI, V.B., BOULANGER, C., REGOLI, D. & VANHOUTTE, P.M.
(1990). Bradykinin stimulates the production of cGMP via
activation of B, kinin receptors in cultured porcine aortic
endothelial cells. J. Pharmacol. Exp. Ther., 252, 581-585.

STERANKA, L.R., MANNING, D.C., DEHAAS, C.J., FERKANY, J.W.,
BOROSKY, S.A., CONNOR, J.R., VAVREK, R.J., STEWART, J. M. &
SNYDER, S.H. (1988). Bradykinin as a pain mediator: receptors
are localized to sensory neurons, and antagonists have analgesic
actions. Proc. Natl. Acad. Sci. U.S.A., 85, 3245—-3249.

TSIEN, R.Y., POZZAN, T. & RINK, T.J. (1982). Calcium homeostasis
in intact lymphocytes: cytoplasmic free calcium monitored with a
new, intracellular trapped fluorescent indicator. J. Cell Biology,
94, 325-334.

USHIO-FUKAI, M., ABE, S., KOBAYASHI, S., NISHIMURA, J. &
KANAIDE, H. (1993). Effects of isoprenaline on cytosolic calcium
concentrations and on tension in the porcine coronary artery. J.
Physiol., 462, 679 —696.

UYAMA, Y., IMAIZUMI, Y. & WATANABE, M. (1993). Cyclopiazonic
acid, an inhibitor of Ca?*-ATPase in sarcoplasmic reticulum,
increases excitability in ileal smooth muscle. Br. J. Pharmacol.,
110, 565-572.

WHALLEY, E.T., NWATOR, I.A., STEWART, J.M. & VAVREK, R.J.
(1987). Analysis of the receptors mediating vascular actions of
bradykinin. Naunyn-Schmiedeberg’s Arch. Pharmacol., 336,
430-433.

(Received May 3,1996
Revised September 16, 1996
Accepted October 10, 1996 )



