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Inhibitory effects of brefeldin A, a membrane transport blocker, on
the bradykinin-induced hyperpolarization-mediated relaxation in
the porcine coronary artery
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1 To clucidate the mechanism of the relaxation mediated by endothelium-derived hyperpolarizing
factors (EDHFs), the effect of brefeldin A, a membrane transport blocker, on cytosolic Ca**
concentration ([Ca®*];) and tension was determined in the porcine coronary arterial strips. We also
examined the effect of brefeldin A on [Ca®*]; in the endothelial cells of the porcine aortic valve.
2 In the presence of 10 uM indomethacin and 30 uM NS-nitro-L-arginine (L-NOARG), both
bradykinin and substance P induced a transient decrease in [Ca’?*]; and tension in arterial strips
contracted with 100 nM U46619 (thromboxane A, analogue). A 6 h pre-treatment with 20 ugml~'
brefeldin A abolished the bradykinin-induced relaxation, while it had no effect on the substance P-
induced relaxation.
3 In the absence of indomethacin and L-NOARG, brefeldin A had no effect on the bradykinin-
induced relaxation during the contraction induced by U46619 or 118 mm K™.
4 The indomethacin/L-NOARG-resistant relaxation induced by bradykinin was completely inhibited
by 3 mM tetrabutylammonium (non-specific Ca®>* -activated K™ channel blocker), while that induced by
substance P was not inhibited by 3 mM tetrabutylammonium or 1 mM 4-aminopyridine (voltage-
dependent K" channels blocker) alone, but completely inhibited by their combination.
5 Brefeldin A had no effect on the [Ca®*]; elevation in endothelial cells induced by bradykinin or
substance P.
6 In conclusion, bradykinin produce EDHF in a brefeldin A-sensitive mechanism in the porcine
coronary artery. However, this mechanism is not active in a substance P-induced production of
EDHF, which thus suggests EDHF to be more than a single entity.
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Introduction

It is widely accepted that the endothelium-dependent
vasorelaxation is mediated by at least three factors;

oxygenase is mainly located on endothelial microsomal
membranes and synthesizes EETs from arachidonic acid in

prostaglandin I, (PGI,), nitric oxide (NO) and endothe-
lium-derived hyperpolarizing factor (EDHF). EDHF is
suggested to be involved in the NO/PGI,-independent
component of the endothelium-dependent relaxation (Van-
houtte & Shimokawa, 1989). However, it is still controversial
as to whether the endothelium-dependent hyperpolarization is
mediated by a soluble factor, i.e., EDHF or by direct
electrical transmission between endothelial cells and smooth
muscle cells (Kuhberger et al., 1994). Recent studies have
suggested that the cytochrome P450-derived arachidonic acid
metabolites, epoxyeicosatrienoic acids (EETs), are EDHF
(Feletou & Vanhoutte, 1999). Cytochrome P450 mono-
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a nicotinamide adenine dinucleotide phosphate-dependent
pathway (Feletou & Vanhoutte, 1996). Moreover, ananda-
mide, one of cannabinoides, and K* have also been
suggested to be the candidates of EDHF (Jarai et al., 1999;
Edwards et al., 1998). Controversy also remains regarding the
chemical nature of EDHF, and EDHF could be more than a
single entity (Feletou & Vanhoutte, 1999).

In eukaryotic cells, the intracellular membrane transport
plays a critical role in targeting membrane-bound proteins to
the appropriate organelle (Klionsky & Ohsumi, 1999).
Brefeldin A, a fungal metabolite, blocks the forward transport
between the endoplasmic reticulum and Golgi apparatus, and
causes an impaired distribution of the membrane proteins
(Klausner et al., 1992). This compound could thus serve as a
useful tool to investigate the involvement of cytochrome P450
in the production of EDHF in endothelial cells.
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In the present study, we investigated the involvement of
brefeldin A-sensitive membrane transport in the EDHF-
mediated endothelium-dependent relaxation. For this pur-
pose, we utilized surface fura-2-fluorimetry (Kanaide, 1999)
to simultaneously determine the effects of brefeldin A on the
cytosolic Ca?* concentrations ([Ca?"];) and tension of smooth
muscle cells in strips of the porcine coronary artery with an
intact endothelium. The endothelium-dependent relaxation
was induced by two agonists, bradykinin and substance P. To
evaluate the effect of brefeldin A on the EDHF-mediated
relaxation, the endothelium-dependent relaxation was exam-
ined in the presence of indomethacin and N%-nitro-L-arginine
(L-NOARG), which inhibit production of PGI, and NO,
respectively. We further investigated the effect of brefeldin A
on the Ca** signalling in in situ endothelial cells, using strips
of the porcine aortic valve.

Methods
Tissue preparation

Coronary arterial strips: Immediately after the animals, either
sex, had been slaughtered by an electric shock and subsequent
exsanguination, the left circumflex arteries were excised from
the porcine hearts, and brought to the laboratory in ice-cold
normal physiological salt solution (PSS). The arterial segments
2—-3 cm from the origin were used for the experiments. After
removing the adventitia, the segments were opened long-
itudinally, and then cut into circular strips (approximately
1 mm wide, 5 mm long, and 0.1 mm thick). Special care was
taken to avoid damaging the endothelium.

Aortic valvular strips: Pocine aortic valves were immedi-
ately isolated after slaughter and were brought to the
laboratory in ice-cold PSS. The valve leaflets were then cut
into strips in an axial direction (approximately 2 mm wide,
S mm long, and 0.18 mm thick) and used to monitor the
[Ca’>*); in the endothelial cells in situ. The centre of each
leaflet, corpus arantii, was not used. Special care was taken so
as not to touch their surface during the whole procedure of
preparation.

Fura-2 loading

The coronary arterial strips were loaded with Ca®" indicator
dye fura-2, by incubation in oxygenated (a mixture of 95% O,
and 5% CO,) Dulbecco’s modified Eagle’s medium (DMEM)
containing 25 uM fura-2/AM (an acetoxymethyl ester form of
fura-2) and 5% foetal bovine serum for 4 h at 37°C as
previously described (Hirano et al., 1990). The valvular strips
were loaded with fura-2 by incubation in oxygenated DMEM
containing 50 uM fura-2/AM, 1 mM probenecid (di virgilio et
al., 1989) and 5% foetal bovine serum for 90 min at 37°C (Aoki
et al., 1994). After loading with fura-2, both vascular and
valvular strips were washed to remove any dye in the
extracellular space, and equilibrated in normal PSS for at least
1 h before any measurements were begun.

Front-surface fluorimetry of arterial and valvular strips

Experiments on the arterial strips were carried out at 37°C as
previously described (Hirano et al., 1990). The fura-2-loaded

vascular strips were mounted vertically in a quartz organ
bath. Changes in the fluorescence intensity of the fura-2-Ca**
complex in smooth muscle cells were monitored with a front-
surface fluorimeter specifically designed for fura-2 fluorome-
try (CAM-OF2, Japan Spectroscopic Co., Tokyo, Japan).
The ratio of the fluorescence (500 nm) intensities at 340 nm
excitation to those at 380 nm excitation (ratio) was
monitored as an indication of [Ca®*],. Under the present
experimental conditions (37°C and without probenecid), the
fura-2 signals derived from the endothelial cells of the porcine
coronary artery were negligible and the signal was exclusively
derived from the smooth muscle cells (Kuroiwa et al., 1993).
The fluorescence ratio was expressed as a percentage,
assigning the value at rest and that at a sustained phase of
the U46619-induced pre-contraction to be 0% and 100%,
respectively, unless otherwise specified.

The fura-2 fluorimetry of the valvular strips was performed
similarly. However, experiments with the valvular strips were
carried out at 25°C in order to prevent any leakage of the
fluorescent dye (Aoki et al., 1994). Fluorescence-microscopic
observations revealed only the endothelial lining to be positive
for fura-2 fluorescence (Kuroiwa et al., 1993). The fluorescence
ratio was expressed as a percentage, while assigning the value at
rest and that at the peak level of [Ca®"]; increase induced by
10 um ATP to be 0% and 100%, respectively.

Measurement of tension development

The arterial strips, mounted vertically in a quartz organ bath
(5 ml), were connected to a force-transducer (TB-612T,
Nihon Koden, Japan). During the fura-2 equilibration
period, the strips were stimulated with 118 mm K* PSS
every 15 min and the resting tension was increased in a
stepwise manner. After equilibration, the resting tension was
adjusted to 2.94 mN. The responsiveness of each strip to
118 mm K* PSS was recorded before starting the experi-
mental protocol. The developed tension was expressed as a
percentage, while assigning the value at rest in the normal
PSS and that at the steady state of pre-contraction just before
the applications of the relaxants to be 0% and 100%,
respectively, unless otherwise specified. Fura-2-loaded arterial
strips induced a similar tension development to that observed
in the unloaded strips. As a result, loading the arterial strips
with fura-2, per se, did not affect the contractility (Hirano et
al., 1990).

Treatment of the arterial and valvular strips with
brefeldin A

In most measurements, the arterial and valvular strips were
treated with 20 ug ml~' brefeldin A in the normal PSS at
25°C after fura-2 loading. This concentration was selected
according to Bauersachs et al. (1997). The fura-2-loaded and
brefeldin A-treated strips were thereafter mounted in the
organ bath and equilibrated in the normal PSS as described
above, and then, the experimental protocol was started.
During the experimental protocol, the strips were no longer
exposed to brefeldin A. When the effect of 20 min treatment
with brefeldin A on the endothelium-dependent relaxation in
the arterial strips was determined, the fura-2-loaded strips
were mounted onto a force transducer and equilibrated in
the normal PSS, and then the experimental protocol was
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started. The strips were treated with 20 ug ml~' brefeldin A
20 min before and during the pre-contraction by 100 nM
U46619, and the effect of brefeldin A on the subsequent
relaxation induced by bradykinin and substance P was
determined.

Evaluation of the type of K channels involved in the
EDHF-mediated relaxations

The arterial strips were pre-contracted with 100 nM U46619
in the presence of 10 uM indomethacin and 30 uM L-
NOARG, and then the endothelium-dependent relaxations
were initiated by successive application of 100 nM bradykinin
and 10 nM substance P. Indomethacin and L-NOARG were
applied 10 min before initiating the pre-contraction. When
the effects of the K" channel blockers on these relaxation
were examined, the blockers were applied 10 min before the
initiation of the pre-contraction, namely at the same time
when indomethacin and L-NOARG were applied.

Drugs and solutions

The composition of normal PSS was as follows (mM): NaCl
123, KC1 4.7, NaHCO, 15.5, KH, PO, 1.2, MgCl, 1.2, CaCl,
1.25 and D-glucose 11.5. High K* PSS was prepared by
replacing NaCl with equimolar KCI. PSS was bubbled with a
mixture of 95% O, and 5% CO,, and the resulting pH was
7.4. Fura-2/AM was purchased from Dojindo Laboratories
(Kumamoto, Japan). Indomethacin was purchased from
Wako (Osaka, Japan) and L-NOARG was from the Aldrich
Chemical Company, Inc. (Milwaukee, WI, U.S.A.). Adeno-
sine 5'-triphosphate (ATP) was purchased from Boehringer
Mannheim GmBH (Germany). Brefeldin A, 4-aminopyridine
(4-AP), ionomycin, probenecid, glibenclamide, iberiotoxin,
apamin and tetrabutylammonium (TBA) were purchased
from Sigma (St. Louis, MO, U.S.A.). Bradykinin and
substance P were purchased from the Peptide Institute Inc.
(Osaka, Japan). U46619 (9,11-dideoxy-11a,9a-epoxymethano-
prostaglandin F2¢), a thromboxane A, analogue, was
purchased from Funakoshi (Tokyo, Japan).

Data analysis

The values are expressed as the mean +s.e.mean. The analysis
of variance (ANOVA) including a post hoc analysis
(Dunnett’s method) was used to determine statistical
significance. One strip obtained from one animal was used
for each experiment, therefore the number of experiments (n
value) indicates the number of animals. P values of less than
0.05 were considered to demonstrate a statistically significant
difference. All data were collected using a computerized data
acquisition system (MacLab; Analog Digital Instruments,
Australia, Macintosh; Apple Computer, U.S.A.).

Results

Effects of brefeldin A on the contractility of the arterial
Strips

In the porcine coronary artery with endothelium, both
118 mM K ™"-depolarization and 100 nM U46619 induced

sustained increases in [Ca®’’]; and tension, which were
sustained for more than 30 min (data not shown). The
developed tension induced by 118 mM K *-depolarization and
100 nMm U46619 were 13.30+1.10 mN and 10.66+1.32 mN
(n=17), respectively. The tension induced by 118 mm K*-
depolarization and 100 nM U46619 in the presence of 10 uM
indomethacin and 30 uM L-NOARG were 15.59+0.92 mN
and 13.00+0.88 mN (rn=32), respectively. A significant
enhancement of the developed tension was observed in the
presence of indomethacin and L-NOARG. When the levels of
tension at rest and those obtained during the sustained
contraction induced by 118 mM K™"-depolarization (with no
treatment) were assigned to be 0% and 100%, respectively,
the tension induced by 118 mM K™-depolarization in the
presence of 10 uM indomethacin and 30 uM L-NOARG was
136.2+3.8% (n=32). The extents of tension developed by
100 nM U46619 in the absence and presence of indomethacin
and L-NOARG were 68.4+7.6% (n=17) and 106.6+7.6%
(n=132), respectively. Therefore, the contractions induced by
118 mM K™-depolarization and 100 nM U46619 were both
significantly augmented by treatment with indomethacin and
L-NOARG. These findings were consistent with reports
suggesting the basal release of NO and/or PGI, from the
endothelium of vascular strips (Kuroiwa et al., 1995).

In the strips treated with brefeldin A, the extent of tension
induced by 118 mM K™-depolarization and 100 nm U46619
in the absence of indomethacin and L-NOARG was
15.074+0.41 mN and 12.33+1.02 mN (»=9), while those
obtained in the presence of 10 uM indomethacin and 30 um
L-NOARG were 16344+1.15mN and 13.74+1.02 mN
(n=15), respectively. There was no statistically significant
difference in the extent or in the time course of the developed
tension (data not shown) between brefeldin A-treated and
untreated strips. In the strips treated with brefeldin A,
indomethacin and L-NOARG also augmented the tension
development induced by 118 mM K *-depolarization (from
100% to 129.44+3.9%) and 100 nM U46619 (from
77.2+8.6% to 110.54+12.5%), while assigning the level of
tension at rest and that obtained during the sustained
contraction induced by 118 mMm K™-depolarization in the
absence of indomethacin and L-NOARG to be 0% and
100%, respectively. These findings suggest that brefeldin A
treatment per se had a negligible effect on the contractility of
smooth muscle and on the basal release of NO and PGI,
from endothelial cells.

Effects of brefeldin A on the endothelium-dependent
relaxations during the U466 19-induced contractions

In the present study, bradykinin and substance P were used
as agonists to induce endothelium-dependent relaxation in
porcine left circumflex coronary arterial strips as the
following reasons: both bradykinin and substance P showed
no direct effect on [Ca’']; and tension of smooth muscle
(data not shown), and both bradykinin and substance P
induced similar patterns of reduction in [Ca®*]; and tension
of smooth muscle in strips with endothelium. When
bradykinin (Figure la) or substance P (data not shown)
were applied during the sustained contraction induced by
100 nm U46619, [Ca®*]; and tension decreased to reach a
maximum reduction, and then gradually returned to
sustained levels which were slightly lower than those observed
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Figure 1 Effect of brefeldin A on bradykinin- and substance P-
induced relaxation during U46619-induced contraction in the porcine
coronary artery. (a) Representative recordings of the changes in
[Ca?*]; and tension induced by bradykinin (BK) during the
contraction induced by 100 nM U46619 in strips without brefeldin
A (BFA) pretreatment. (b and c) changes in [Ca’"]; and tension
induced by BK and substance P (SP) in the presence of 10 um
indomethacin (Ind) and 30 M NC-nitro-L-arginine (L-NOARG), in
strips without (b) and with (c) 6 h pretreatment of 20 ug ml~' BFA.
The levels of [Ca®"]; and tension obtained at rest and during the
sustained phase of the contraction induced by 100 nm U46619 just
before the application of the BK and SP were assigned to be 0% and
100%, respectively. The raw data traces are from the different
preparations of different individuals.

prior to the application of bradykinin or substance P. The
maximum reduction of [Ca®"]; and tension induced by
bradykinin and substance P were concentration-dependent
(Figure 2; controls).

To determine the presence of a EDHF-mediated relaxa-
tion, the relaxation was induced in the presence of 10 um
indomethacin and 30 uM L-NOARG, which completely
inhibit the production of PGI, and NO, respectively. In the
presence of 10 uM indomethacin and 30 uM L-NOARG, an
application of bradykinin (Figure 1b) or substance P also
induced rapid decreases of [Ca®*]; and tension. However, this
reduction was transient, and [Ca’"]; and tension rapidly
returned to control levels just prior to the application of
bradykinin or substance P. The time required for [Ca’>*]; and
tension to return to the control levels was significantly shorter
(P<0.05) than that observed in the absence of indomethacin
and L-NOARG. In both cases, [Ca®>*]; recovered faster than
tension (Figure 1). In addition, in the presence of both 10 uMm
indomethacin and 30 uM L-NOARG, the maximum reduction
of [Ca”"]; and tension induced by bradykinin and substance P
was concentration-dependent (Figure 2). The decreases in
tension were significantly attenuated by the treatment with
both 10 uM indomethacin and 30 uM L-NOARG (Figure 2).
In the presence of both 10 uM indomethacin and 30 uM L-
NOARG, when [Ca’']; and tension returned to the pre-
application levels during the application of bradykinin, an
additional application of substance P could still induce rapid
and transient decreases of [Ca>"]; and tension again (Figure
1b). The extent of these changes were similar to those without
bradykinin pretreatment. The permutation of the order of
applications of bradykinin and substance P had no effect on
the extent of changes in [Ca®>*]; and tension (data not shown),
indicating that there is no interference in the transient
relaxing effect between bradykinin and substance P.

As shown in Figure lc, the treatment of the strips with
20 ug ml~" brefeldin A for 6 h completely abolished the
relaxation induced by bradykinin in the presence of 10 um
indomethacin and 30 uM L-NOARG. However, the subse-
quent application of substance P induced a relaxation which
was not significantly different from that observed in the strips
untreated with brefeldin A (Figure 2d). On the other hand, in
the absence of indomethacin and L-NOARG, the 6h
treatment with brefeldin A had no significant effect on the
relaxation induced by bradykinin. Shorter treatment periods
(20 min to 4 h) to brefeldin A had no effect on the
bradykinin-induced relaxation either in the presence or
absence of indomethacin and L-NOARG (data not shown).
We therefore performed the 6 h treatment with brefeldin A in
the following experiments.

Figure 2 summarizes the effects of brefeldin A on the
concentration-dependent decreases in [Ca?']; and tension
induced by bradykinin and substance P. Without brefeldin A
treatment in the absence of indomethacin and L-NOARG,
bradykinin induced decreases in [Ca’*]; and tension in the
concentration range between 1 nM and 1 uM (Figure 2c;
control). The concentrations of bradykinin required to induce
the half maximal decrease (ICsq) in [Ca®"]; and tension were
155494 nM and 15.0+10.0 nMm (n=3-16), respectively,
thus suggesting that the decrease in tension at the maximum
was associated with the decrease in [Ca?"];. In the presence of
indomethacin and L-NOARG, the ICs, values for inhibition
of [Ca?"]; elevation and tension development were
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Figure 2 Effect of brefeldin A on the concentration-dependent relaxation induced by bradykinin and substance P. (a,b)
Representative traces of the changes in [Ca®*]; (upper traces) and tension (lower traces) induced by cumulative applications of
bradykinin (a) and substance P (b) during the 100 nm U46619-induced contraction in the absence of indomethacin and L-NOARG
in the control, brefeldin A-untreated strips of the porcine coronary artery. Three—five concentrations of bradykinin and substance P
were applied in one strip. (c,d) The concentration-response curves for the decrease in [Ca®*]; and tension induced by bradykinin (c)
and substance P (d) during the 100 nMm U46619-induced contractions were obtained in the absence (control) and the presence of
10 um indomethacin (Ind) and 30 um L-NOARG in the strips with no treatment by brefeldin A (BFA), and in the presence of 10 um
Ind and 30 uM L-NOARG in the strips treated with 20 ug ml~' BFA for 6 h. The levels of [Ca?*]; and tension obtained at rest and
during the sustained phase of the contraction induced by 100 nM U46619 just before the application of the bradykinin and
substance P were assigned to be 0% and 100%, respectively. The raw data traces are from the different preparations of different
individuals. The data are the mean+s.e.mean (n=3-21). * P<0.005, compared to the data obtained with Ind and L-NOARG in
the strips with no treatment by BFA.
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14.1+4.5 nM and 23.2+1.8 nM, respectively. The treatment
with 20 ug ml~' brefeldin A substantially abolished the
bradykinin-induced decreases in [Ca®*]; and tension in the
range of concentrations between 1 nM and 1 mM (Figure 2c).

Substance P induced relaxation in the concentration range
between 0.1 nM and 10 nM without treatment with brefeldin
A in the absence of indomethacin and L-NOARG (Figure 2d;
control). The ICsy in [Ca®>*]; and tension were 4.74+0.8 nMm
and 0.7+0.2 nM, respectively (n=4—16). The treatment with
indomethacin and L-NOARG significantly attenuated the
substance P-induced decreases in tension (IC50; 1.54+0.1 nM,
n=8-18) but had little effect on the decrease in [Ca®"];
(IC50; 5.441.0 nM, n=8-18). Treatment with brefeldin A
had no significant effect on the decrease of [Ca®*]; (IC50;
48+0.7nM, n=3-19) and tension (IC50; 1.6+0.2 nM)
induced by substance P in the presence of indomethacin
and L-NOARG (Figure 2d).

Effects of brefeldin A on the bradykinin-induced
relaxation during the contraction induced by high
K™ -depolarization

To examine the effects of brefeldin A on the endothelium-
dependent relaxations due to factors other than EDHF, the
relaxations induced by bradykinin and substance P were
evaluated during the contractions induced by 118 mm K*-
depolarization. It has been shown that high external K*
inhibits the membrane hyperpolarization induced by EDHF
(Feletou & Vanhoutte, 1999). Therefore, during the high K*-
induced contraction, the effects of EDHF on smooth muscle
can be eliminated, and the endothelium-dependent relaxation
is mainly due to either NO or PGI, (Kuroiwa et al., 1995).

During the 118 mM K™-induced contraction, bradykinin
induced a rapid, and then, sustained decrease in tension,
while there was no significant decrease in [Ca**]; (Figure 3a).
The treatment with 10 uM indomethacin alone had no effect
on this bradykinin-induced relaxation during the K-
depolarization (Figure 3b,f), while the combination of
10 uM indomethacin and 30 uM L-NOARG completely
inhibited the relaxation (Figure 3c,f). The administration of
30 uMm L-NOARG considered to be sufficient to block NO-
dependent relaxation. As a result, the bradykinin-induced
relaxation during the K*-depolarization was considered to be
dependent mainly on NO production. In the strips treated
with 20 pug ml~' brefeldin A, bradykinin induced a similar
relaxation to that seen in the strips untreated with brefeldin
A (Figure 3d). The extent of decreases in [Ca®"]; and tension
induced by 100 nM bradykinin were 88.7+4.5% and
63.4+10.7%, respectively (n=10; Figure 3f). This relaxation
was also completely abolished by treatment with indometha-
cin and L-NOARG in the brefeldin A-treated strips (Figure

3e,f).

Effects of brefeldin A on the [Ca’” ]; transients in the
endothelial cells in situ

To determine the intracellular mechanism mediating the
inhibition of bradykinin-induced EDHF-dependent relaxation
by brefeldin A, we examined the effects of brefeldin A on the
[Ca?*]; transients induced by bradykinin and substance P in
the endothelial cells. For this purpose, fura-2-loaded strips of
porcine aortic valve were used to monitor changes in [Ca®*];

in the endothelial cells in situ. Figure 4 shows the
representative recordings of the [Ca®*]; elevations induced
by 10 um ATP, 100 nM bradykinin and 10 nM substance P in
the absence (Figure 4a) and presence (Figure 4b) of 10 um
indomethacin and 30 uM L-NOARG. The extent of [Ca>"];
elevation induced by bradykinin and substance P were
120.6+5.9% (n=6) and 78.2+9.0% (n=9) of that obtained
with 10 um ATP (100%). In the strips treated with brefeldin
A for 6h, the extent of [Ca®*]; elevation induced by
bradykinin and substance P were 122.9+18.7% (n=28) and
86.54+8.8% (n=25), respectively (Figure 4c). These [Ca*"];
elevations observed in brefeldin A-treated strips did not differ
from those seen in the non-treated strips. The level of [Ca®"];
elevation induced by 10 uMm ATP was 11.0+2.4% of that
obtained with 10 uM ionomycin in the strips with 6 h
treatment by brefeldin A, and 12.1+2.1% in the strips
without treatment. Ionomycin is a Ca®>* ionophore and used
to induce a saturation of fura-2 fluorescence (Hirano er al.,
1990). The Ilevel of fluorescence ratio obtained with
ionomycin thus was considered to be the same regardless of
the treatment with brefeldin A. Therefore, there was no
significant difference in the response to ATP between
brefeldin A-treated and untreated strips.

Effects of brefeldin A on the bradykinin-increased [Ca®"];
elevation was further examined by evaluating concentration-
response curves (Figure 4d). In the absence of indomethacin
and L-NOARG, bradykinin (1-100 nM) induced an elevation
of the [Ca®"];, and the concentration required to induce a half
maximum elevation was 20.4+3.9 nM. The treatment with
indomethacin and L-NOARG had no effect on the
bradykinin-induced [Ca®*]; elevations in the entire concentra-
tion range examined (Figure 4d). The concentration-response
curve for the bradykinin-induced [Ca®"]; elevation obtained
in the strips treated with brefeldin A did not significantly
differ from those obtained in the strips without treatment
(Figure 4d).

Effects of K* channel blockers on the endothelium-
dependent L-NO ARG /indomethacin-resistant relaxations
during the U46619-induced contractions

To determine the type of K" channels involved in the
bradykinin- and substance P-induced EDHF-mediated re-
laxations, we examined the effect of various K* channel
blockers on the control relaxation as shown in Figure 1b. The
K™ channel blockers examined are 1 uM apamin (a blocker
of the small conductance Ca’*-activated K* channel), 1 uM
iberiotoxin (a blocker of the large conductance Ca®"-
activated K™ channel), 3 mM TBA (non-selective blocker of
the Ca?*-activated K* channel), 1 mM 4-AP (a blocker of the
voltage-dependent K" channel) and 1 uM glibenclamide (a
blocker of the ATP-sensitive K™ channel). The K* channel
blockers were applied 10 min prior to the pre-contraction by
100 nM U46619 in the presence of 10 uM indomethacin and
30 uM L-NOARG, and then the relaxations were induced by
successive application of 100 nM bradykinin and 10 nM
substance P. Apamin, iberiotoxin, and glibenclamide had
no significant effect on the decrease in [Ca®"]; and tension
induced by bradykinin and substance P (data not shown).
TBA and 4-AP had no effect on the resting tension, but the
resting [Ca®*]; progressively increased in the presence of
TBA. However, [Ca?*]; elevation induced by 100 nm U46619
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Figure 3 Effect of brefeldin A on the bradykinin-induced relaxation during 118 mM K *-depolarization. (a—e) Representative
recordings of the bradykinin-induced decreases in [Ca®*]; and tension during the contraction induced by 118 mm K " -depolarization
in the strips without (a—c) and with (d, e) 6 h pretreatment of 20 ug ml~" brefeldin A (BFA), either in the absence (a,d) or presence
of 10 um indomethacin (Ind) and/or 30 um L-NOARG (b,c.e). (f) Summary of five independent measurements for each protocol (a—
e). The maximum decreases in [Ca®*]; and tension induced by bradykinin were shown. The levels of [Ca®"]; and tension obtained at
rest and during the sustained phase of the contraction induced by 118 mm K™ just before the application of bradykinin were
assigned to be 0% and 100%, respectively. The raw data traces are from the different preparations of different individuals. The data
are the mean+s.e.mean. * Significantly different (P<0.05); NS, not significant, compared with the data obtained by protocol a.

in the presence of either TBA or 4-AP were similar to those TBA and 4-AP, n=3) (Figure 5a—c). 4-AP (1 mM) alone had
obtained in the absence of TBA and 4-AP (79.0+9.9%, no effect on the relaxations induced by bradykinin and
n=32 in the absence of TBA and 4-AP versus 68.8+6.8% in substance P (Figure S5a,d). TBA alone completely inhibited
the presence of TBA alone, n=21; 91.6+10.9% in the the bradykinin-induced decrease in [Ca?*]; and tension
presence of 4-AP alone, n=4; 73.7+5.0% in the presence of (Figure 5b). On the other hand, TBA only partially inhibited

British Journal of Pharmacology vol 134 (1)



Y. Ohnishi et al Brefeldin A inhibits bradykinin-induced relaxation 175
a. BFA(-) b. BFA (-}
. (%)
%’3 10 min 100 10 min
= =
0 0
o . . C ]
10 UMATP 100 nM BK 10 EM ind + 30 p'M L-NOARG |
10 nM SP 10 yM ATP 100 nM BK
10 nM SP
c. BFA(+) , d.
%o o,
:0‘3 10 min (%) -
— 140 | control
@ Ind (+), L-NOARG (+), BFA (-
- 120 - O Ind (+), L-NOARG (+), BFA (+)
& 100 |
S =
=4 & 80 -
§ 60 -
0 40
20 -
[ ] o -
10 uM Ind + 30 pM L-NOARG /. L L 1 1
O I ] /4

10 Y(MATP 100 nM BK
——— 1

10 nM SP

0 0.1 1 10 100 1000
Bradykinin (nM)

Figure 4 Effect of brefeldin A on [Ca®"]; of in situ endothelial cells of the porcine aortic valve. (a) Representative recordings of the
changes in [Ca®"]; induced by 10 um ATP, 100 nM bradykinin (BK) and 10 nm substance P (SP) in the strips without brefeldin A
(BFA) pretreatment. (b and c) changes in [Ca?"*]; induced by BK and SP in the presence of 10 um indomethacin (Ind) and 30 um
NC-nitro-L-arginine (L-NOARG), in strips without (b) and with (c) 6 h pretreatment of 20 ug ml~' BFA. The levels of [Ca®*]; at
rest and that at the peak response induced by 10 um ATP, were assigned to be 0% and 100%, respectively. (c) The concentration-
response curves for the BK-induced [Ca®*]; elevations in the absence and presence of 10 M Ind and 30 uM L-NOARG in the strips
with no treatment by BFA, and in the presence of 10 um Ind and 30 uM L-NOARG in the strips treated with BFA. The raw data
traces are from the different preparations of different individuals. The data are the mean +s.e.mean (n=3-14).

the substance P-induced decrease in [Ca®*];, while it had no
significant effect on decrease in tension (Figure 5b,d). The
permutation of the order of application of bradykinin and
substance P had no effect on the inhibitory effect of TBA
(data not shown). The combination of TBA and 4-AP
completely inhibited the substance P-induced decrease in
[Ca?*]; and tension (Figure 5b).

We also investigated the effect of 3 mM TBA on the [Ca*"];
transients induced by bradykinin in the endothelial cells in
situ. TBA had no effect on both the resting levels of [Ca®*]; in
endothelial cells and the [Ca?"]; elevations induced by 100 nM
bradykinin (155.0+18.7%, n=15) (data not shown).

Discussion

The most important finding in the present study is that
brefeldin A inhibits the production by bradykinin of
endothelium-derived relaxing factor, which is different from
NO or PGI,, in the porcine coronary artery. This finding is
consistent with those of a previous report (Bauersachs er al.,
1997). However, in the present study, we demonstrated that
brefeldin A had no effect on the NO/PGI,-independent
relaxation induced by substance P. The NO-mediated
relaxations induced by bradykinin and substance P were
resistant to brefeldin A as reported by Bauersachs er al.
(1997). Thus, it is suggested that the inhibitory effect of
brefeldin A was specific to the bradykinin-induced NO/PGI,-

independent relaxation, although the NO/PGI,-independent
relaxations induced by bradykinin and substance P were both
mediated mainly by hyperpolarization of smooth muscle,
because they were inhibited by elevating extracellular K
concentration or by K™* channel blockers. Therefore, we
suggest that the bradykinin-induced EDHF-mediated relaxa-
tion in the porcine coronary artery depends on a brefeldin A-
sensitive mechanism. Moreover, we suggest that the mechan-
ism of the substance P-induced EDHF-mediated relaxation
differs from that seen with bradykinin.

The sustained phase of the relaxations induced by
bradykinin and substance P was accompanied by a slight
decrease in [Ca®"];, and most of the sustained relaxation was
abolished by L-NOARG. On the other hand, the early
transient relaxations observed in the presence of indometha-
cin and L-NOARG were accompanied by decreases in
[Ca?*];, and these relaxations were inhibited by elevating
extracellular K™ concentration or K™ channel blockers.
These observations suggest that EDHF is involved in the
early transient phase of the bradykinin and substance P-
induced relaxations, and that the sustained phase is mainly
dependent on NO.

The sensitivity of the EDHF-mediated relaxation toward
various K* channel blockers differed with the type of vessel
and agonist used to induce relaxation, thus suggesting a
different type of K™ channel is involved in the different
EDHF-mediated relaxation in the different vessel (Triggle et
al., 1999). Nevertheless, many reports support the involve-
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Figure 5 Effect of tetrabutylammonium and 4-aminopyridine on the EDHF-mediated relaxation during U46619-induced
contraction in the porcine coronary artery. (a—c) Representative recordings of changes in [Ca?"]; and tension induced by
100 nM bradykinin (BK) and 10 nm substance P (SP) during the 100 nMm U46619-induced contraction in the presence of 10 um
indomethacin (Ind) and 30 uM L-NOARG, with 1 mm 4-aminopyridine (4-AP) (a), 3 mMm tetrabutylammonium (TBA) (b), and 4-AP
plus TBA (c). The control relaxations in the absence of K* channel blockers is as shown in Figure 1b. (d) The effect of 3 mm TBA
and 1 mM 4-AP on the maximum reduction of [Ca®*]; and tension induced by BK or SP. The levels of [Ca®"]; and tension obtained
at rest and during the sustained phase of the contractions induced by 100 nm U46619 just before the application of bradykinin and
substance P were assigned to be 0% and 100%, respectively. The raw data traces are from the different preparations of different
individuals. The data are the mean +s.e.mean. (n=3-21). NS, not significantly different.

ment of Ca®>*-activated K* channel in the EDHF-mediated
relaxations (Edwards & Weston, 1998; Feletou & Vanhoutte,
1999; Graier et al., 1996), and a small conductance type of
the Ca>"-activated K* channel was suggested to be involved
in the bradykinin-induced relaxation in the porcine coronary
artery (Cowan & Cohen, 1991; Hecker et al., 1994). In the
present study, the bradykinin-induced EDHF-mediated
relaxation was completely abolished by TBA, while iber-
iotoxin, apamin, glibenclamide or 4-AP alone had no effect.
As a result, we suggest that the major K" channel involved in
the bradykinin-induced EDHF-mediated relaxation was an
intermediate conductance Ca’®"-activated K* channel (La-
torre et al., 1989). It is unlikely that a large and small
conductance Ca?*-activated K* channels played a major
role. Regarding the complete inhibition by TBA of the

bradykinin-induced EDHF-mediated relaxation, there is a
possibility that TBA inhibited the action of bradykinin at the
receptor level in the endothelial cells (Colden-Stanfield et al.,
1990). However, this was not the case because TBA had no
effect on the [Ca**]; elevations induced by 100 nMm bradykinin
in the endothelial cells. On the other hand, the substance P-
induced EDHF-mediated relaxation showed different sensi-
tivity toward K™ channel blockers, and the voltage-
dependent K* channel in addition to the Ca®"-activated
K" channel was suggested to be involved. The most
important implication from these observations is that the
type of K" channel activated by bradykinin-induced EDHF
differs from that activated by substance P-induced EDHEF,
even in the same artery. Our observation further suggested
that the nature of the EDHF produced by bradykinin and
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thus the mechanism of production of the EDHF differed
from that obtained with substance P. These differences
between bradykinin and substance P may be related to the
difference in the sensitivity of the EDHF-mediated relaxation
toward brefeldin A.

The intracellular membrane transport plays a critical role
in targeting membrane-bound proteins such as secretary
proteins and microsomal proteins to appropriate locations
where they perform their physiological functions (Klionsky &
Ohsumi, 1999). Brefeldin A inhibits microtubule-dependent
vesicle transport from endoplasmic reticulum to Golgi
apparatus and intercisternal Golgi transport (Misumi et al.,
1986; Oda et al., 1987). Brefeldin A could thus cause an
impaired distribution of proteins in the secretary vesicle and
microsome (Chardin & McCormick, 1999). It is reported that
brefeldin A induces such reorganization of intracellular
organelle within two min in the cultured cells including
MDCK, rat hepatocytes and murine T cell hybridoma, and
that the effect of brefeldin A is reversible upon its removal
(Klausner et al., 1992). Bauersachs et al. (1997) demonstrated
that 90 min treatment with 35 umol 1™' (approximately
10 ug ml~") brefeldin A inhibited the bradykinin-induced
EDHF-mediated relaxation in the porcine coronary artery.
They also showed that 3 h washout of brefeldin A resulted in
the almost complete restoration of the relaxation. However,
in the present study, 6 h pre-treatment with brefeldin A was
required to inhibit the bradykinin-induced EDHF-mediated
relaxation, and this inhibitory effect was observed a few
hours after the removal of brefeldin A. These findings thus
suggest that not only the impaired distribution but also the
substantial decrease in the amount of any components
involved in EDHF production was required for inhibition
of the EDHF-mediated relaxation. The recovery of the
decreased components may not be achieved within a few
hours after removal of brefeldin A, even although the altered
organization of the intracellular organelle can be reversed.
The effect of 6 h pretreatment with brefeldin A, however, was
not considered to be due to non-specific effects, because NO-
mediated relaxation induced by bradykinin or substance P-
induced relaxation remained intact. Furthermore, we also
demonstrated that the signal transduction from the bradyki-
nin receptor to the Ca?" signal in endothelial cells of the
aortic valve remained intact after 6 h treatment with brefeldin
A. Accordingly, brefeldin A is considered to reduce the
enzyme(s) responsible for production of EDHF by bradyki-
nin.

Cytochrome P450 is located on endothelial microsomal
membranes (Abraham et al., 1985). Brefeldin A was shown to
cause impaired distribution and subsequent reduction of
cytochrome P450 (Bauersachs er al., 1997). Several reports
have suggested EDHF to be cytochrome P450 metabolites of
arachnidonic acid such as EETs (Dong et al., 1997,
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