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Abstract

The time course of the response to prolonged application of acetylcholine in mesenteric arteries from stroke-prone spontaneously
Ž . Ž . vhypertensive rats SHRSP and Wistar Kyoto rats WKY was compared. Only a relaxing response, which was blocked by N -nitro-L-

Ž . Ž y8 .arginine L-NOARG , was observed after the prolonged application of a low concentration of acetylcholine 10 M in both
Ž y5 .preparations; the response was impaired in SHRSP preparations. Prolonged application of a high concentration of acetylcholine 10 M

induced a second contractile response after a first relaxing response in SHRSP preparations under basal conditions and in WKY
preparations in the presence of L-NOARG. This contractile response was attenuated by indomethacin. In the presence of a combination of
apamin and charybdotoxin, the relaxing response to the high concentration of acetylcholine was reduced and a contractile response, which
was abolished by indomethacin, appeared. In the presence of all of these blockers, a contractile response, which was blocked by

Ž . Ž .cyclo D-a-aspartyl-L-propyl-D-valyl-L-leucyl-D-tryptophyl BQ-123 , was observed in preparations from WKY but not in preparations
from SHRSP. Results indicate that prolonged application of acetylcholine in rat mesenteric arteries induces the release of endothelium-de-
rived relaxing, contracting, hyperpolarizing factors and endothelin-1, and that the mode of action differs between preparations from WKY
and SHRSP. q 2001 Elsevier Science B.V. All rights reserved.

Ž . Ž . ŽKeywords: Mesenteric artery; Stroke-prone spontaneously hypertensive rat SHRSP ; EDNO Endothelium-derived nitric oxide ; EDCF endothelium-de-
. Ž .rived contracting factor ; EDHF endothelium-derived hyperpolarizing factor ; Time course

1. Introduction

The vascular endothelium releases a number of factors
that affect the contraction and relaxation of vascular smooth

Žmuscle Pearson and Vanhoutte, 1993; Vanhoutte, 1989;
.Furchgott and Vanhoutte, 1989 . These factors are classi-

fied into three groups, i.e. endothelium-derived relaxing
Ž . Ž .EDRF , contracting EDCF and hyperpolarizing factors
Ž .EDHF . The influence of these factors on the contraction
and relaxation of smooth muscle varies among different

Žtypes of blood vessels Pearson and Vanhoutte, 1993;
Vanhoutte et al., 1986; Vanhoutte, 1989; Nagao et al.,

.1992 .
The endothelium-dependent responses of resistance ar-

teries, especially the relaxing response, have been shown
to be impaired in the blood vessels of hypertensive ani-

Ž .mals, including spontaneously hypertensive rats SHR and
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Ž . Žstroke-prone SHR SHRSP Watt and Thurston, 1989;
Diederich et al., 1990; Fujii et al., 1992; Bennett et al.,

.1996; Sunano et al., 1999 . Various causes of these impair-
Žments, such as reduced release of EDRF Grunfeld et al.,

.1995; Hirata et al., 1996 , increased release of EDCF
ŽLuscher and Vanhoutte, 1986; Watt and Thurston, 1989;¨

. ŽDiederich et al., 1990 and reduced release of EDHF Fujii
.et al., 1992, 1993; Sunano et al., 1999 , have been pro-

posed. The magnitude of changes in the release of these
factors may influence the magnitude of the impairment of
endothelium-dependent relaxation of blood vessels.

In studies of the endothelium-dependent responses of
blood vessels, most experiments were performed by cumu-
lative application of agonists that stimulate the endothe-
lium. However, the involvement of factors may vary de-
pending on the time after application of the agonists, as
suggested by the time course experiments in other blood

Žvessels Rubanyi et al., 1985, 1987; Osugi et al., 1990; Ito
.et al., 1991; Fiscus et al., 1992; Parkington et al., 1993 .

In the present study, we examined the differences in the
time course of responses to various endothelium-derived
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factors between mesenteric resistance arteries from nor-
Ž .motensive Wistar Kyoto rats WKY and SHRSP by ob-

serving the effects of inhibitors of these factors.

2. Materials and methods

2.1. Experimental animals

SHRSP and WKY were used in the present study at the
age of 16 weeks. These rats were originally obtained from

ŽDr. Okamoto who generated these strains Okamoto et al.,
.1974 and were bred in our animal facility. All animal

experiments were performed in accordance with European
guidelines and were approved by the ethics committee of
our university. Animals were given free access to normal

Ž .rat chow SP, Funabashi, Japan and tap water in our
animal facility with a controlled room temperature of 22
8C, a humidity of 60% and a 12-h light–dark cycle. Blood
pressure was measured by the tail-cuff method. Prior to the
measurement, rats were warmed at 40 8C for 10 min to
facilitate precise measurement of blood pressure.

2.2. Preparations

The rats were killed by exsanguination from the vena
cava under anesthesia with CO gas. The mesenterium was2

excised from the abdomen and the second branch of the
superior mesenteric artery was dissected in modified Ty-
rode’s solution as described below. In the present study,
ring preparations with a width of 1.5 mm were used. In
about 10 preparations, the endothelium was removed by
perfusing the inner surface of the lumen with modified

wŽ .Tyrode’s solution containing 0.3% 3- 3-cholamidopropyl -
x Ž .dimethylammonio -1-propanesulfonate CHAPS for 2.5

min.

2.3. Solutions

The incubation medium used was a modified Tyrode’s
Ž .solution of the following composition mM : NaCl, 137;

KCl, 5.4; CaCl , 2.0; MgCl , 1.0; NaHCO , 11.9; NaH -2 2 3 2

PO , 0.4; and glucose, 5.6; equilibrated with a mixture of4

95% O and 5% CO . The modified Tyrode’s solution was2 2

kept at 37 8C, and the pH at this temperature was 7.3.
K-Tyrode’s solution was made by replacing all NaCl with
KCl, and solutions with elevated Kq were made by mixing
the Tyrode’s and K-Tyrode’s solutions at appropriate ra-
tios.

2.4. Measurement of tension

The contraction and relaxation of the preparations were
measured using an apparatus similar to that reported by

Ž .Mulvany and Halpern 1977 . The preparations were
mounted on the apparatus filled with modified Tyrode’s

solution with two tungsten wires 50 mm in diameter under
a stretching tension of 1 mN. Changes in tension were

Žmeasured with a tension transducer Shinkoh, Nagano,
. Ž .Japan . Changes in force are expressed in newtons N

Ž .calculated from tension changes g , taking 1 kg=9.8
mrs2s1 N.

The preparations were equilibrated in modified Tyrode’s
solution for at least 60 min and then subjected to two

q Ž .successive high-K 50 mM -induced contractions of 5
min in duration with an interval of 10 min. This procedure
was required to initiate a precontraction of constant ampli-
tude. After 30 min of equilibration, precontraction was
initiated by application of 5=10y6 M noradrenaline, in
the presence of calcium disodium ethylenediaminete-

Ž .traacetic acid EDTA, 26 mM , and after maximum pre-
contraction was obtained, acetylcholine was added. The
concentration of noradrenaline was chosen because this
concentration of the drug induced a sustained contraction
with an amplitude between 65–90% of the high-Kq-in-
duced maximum contraction under the respective condi-
tions. Although the amplitude of precontraction varied, the
concentration of the drug was fixed, so that the influence
of a changing concentration could be avoided. In the time
course experiment, acetylcholine was applied at 10y8 or
10y5 M. These concentrations of acetylcholine were deter-
mined from the results of a concentration–response experi-
ment, which showed relaxation and contractile responses
in all preparations from SHRSP under control conditions.
The responses to acetylcholine at low and high concentra-
tions did not vary greatly among rats. The preparations
from WKY showed only the relaxation response regardless
of the concentration of the drug, as shown in Figs. 1 and 2.
At the end of the experiments, preparations were relaxed
completely by adding 10y5 M verapamil and 10y4 M
papaverine, and all tension changes were measured from
this relaxed level.

In the present experiments, the involvement of endothe-
Ž .lium-derived nitric oxide EDNO , endothelium-derived

Ž .vasoconstrictor prostanoids EDCFs , endothelin and
EDHF in the response to acetylcholine was studied by
using specific inhibitors of synthesis or under conditions
that inhibited the action of the specific factor. Briefly, to
study the involvement of EDNO, 10y4 M Nv-nitro-L-

Ž .arginine L-NOARG was present throughout the experi-
ment, since the relaxation induced by EDRF in this prepa-
ration is mainly thought to be due to endothelium-derived

Ž .nitric oxide Sunano et al., 1999 . To study the involve-
ment of EDCFs, the experiments were performed in the

Ž y5 .presence of indomethacin 10 M , since EDCFs, espe-
cially those involved in the impairment of acetylcholine-in-
duced relaxation of the preparations from SHRSP, can be

Ž .blocked by indomethacin Sunano et al., 1999 . The in-
volvement of EDHF was studied by elevating the external
Kq concentration or by applying a combination of apamin
Ž y6 . Ž y7 .5=10 M and charybdotoxin 10 M , although
these procedures did not block the production of EDHF
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itself. In the experiments with an elevated Kq concentra-
tion, the concentration of noradrenaline, which was used to
initiate precontraction, was reduced so that a precontrac-
tion of the same amplitude as that observed with 5=10y6

M noradrenaline in normal Tyrode’s solution containing
5.4 mM Kq could be obtained. The effect of endothelin

Žwas examined by application of cyclo D-a-aspartyl-L-pro-
. Ž .pyl-D-valyl-L-leucyl-D-tryptophyl BQ-123 .

2.5. Drugs

wŽDrugs used in the present study were: 3- 3-cholami-
. x Ždopropyl dimethylammonio -1-propanesulfonate CHAPS,

.Sigma, St. Louis, MO, USA , noradrenaline bitartrate salt
Ž . ŽSigma , acetylcholine hydrochloride Wako, Osaka,

. v Ž .Japan , N -nitro-L-arginine L-NOARG, Sigma , indo-
Ž . Žmethacin Sigma , charybdotoxin Peptide Inst., Osaka,

. Ž . ŽJapan , apamin Sigma , cyclo D-a-aspartyl-L-propyl-D-
. Žvalyl-L-leucyl-D-tryptophyl BQ-123, Funakoshi, Tokyo,

. Ž .Japan , verapamil hydrochloride Wako , papaverine hy-
Ž .drochloride Wako and calcium disodium ethylenedi-

Ž .aminetetraacetate EDTA, Dojindo, Kumamoto, Japan .
Ž y3 .Stock solutions of indomethacin 10 M were made by

dissolving the drug in distilled water containing 5=10y3

M Na CO . CHAPS was dissolved in the modified Ty-2 3

rode’s solution to obtain a final concentration of 0.3%
Ž y3 .4.9=10 M . Other drugs were dissolved in distilled
water as stock solutions and added during the experiment
to 10 ml of incubation medium. The final volume of these
stock solutions was less than 100 ml, which did not
influence the responses of the preparation.

2.6. Statistics

The obtained values are expressed as means"SEM.
The values of body weight and systolic blood pressure
were analyzed by Student’s t-test. Concentration–response
and time course curves were analyzed by two-way analysis

Ž .of variance ANOVA followed by BonferronirDunn’s
post hoc test. P values less than 0.05 were considered
significant.

3. Results

3.1. Body weight and blood pressure of rats

Body weight of WKY and SHRSP at the age of 16
Ž .weeks was 364.3"3.5 g ns35 and 262.9"4.9 g

Ž .ns35 , respectively. The difference between the body
Ž .weight of WKY and SHRSP was significant P-0.001 .

Systolic blood pressure of WKY and SHRSP was 134.0
Ž . Ž ."0.9 mm Hg ns35 and 237.0"2.0 mm Hg ns35 ,

respectively. The blood pressure of SHRSP was signifi-
Ž .cantly higher than that of WKY P-0.001 .

3.2. Concentration–response curÕe for acetylcholine in
noradrenaline-precontracted preparations

In the mesenteric artery from WKY, which had been
contracted in the presence of 5=10y6 M noradrenaline,
the application of acetylcholine induced concentration-de-
pendent relaxation. The maximum relaxation was observed
at 10y4 M, and the magnitude of the relaxation was

Ž .95.9"0.9% ns12 of that of the precontraction. An
increase in the concentration of acetylcholine induced no

Ž .further changes in the magnitude of relaxation Fig. 1 . In
the mesenteric artery from SHRSP, low concentrations of
acetylcholine induced relaxation of noradrenaline-
precontracted preparations in a concentration-dependent

Ž .manner. The maximum relaxation 62.5"4.0%, ns12
was observed at 3=10y7 M, and acetylcholine concentra-

Žtions higher than this induced an increase in tension con-

Ž . Ž .Fig. 1. A Response to acetylcholine ACh in the mesenteric arteries
Ž . Ž .from WKY upper and SHRSP lower . The concentration of acetyl-

choline was increased cumulatively from 10y1 0 to 10y4 M, as indicated.
K80, NA and W indicate application of the solution containing 80 mM
Kq, 5=10y6 M noradrenaline and wash-out with normal Tyrode’s

Ž .solution, respectively. B Concentration–response curves for the action
of acetylcholine in the preparations from WKY and SHRSP. Values are
expressed as percentages of the precontraction induced by noradrenaline
Ž y6 .5=10 M , so that plus and minus values indicate relaxation and
contraction, respectively. Asterisks indicate significant differences from

Ž) ))the values obtained in the preparations from WKY , P-0.05. ,
.P-0.001 .
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Fig. 2. Time course of the responses to acetylcholine in preparations from WKY and SHRSP. Acetylcholine was applied at time 0 and time-dependent
Ž y6 .changes in the responses are expressed as percentages of the precontraction induced by noradrenaline 5=10 M , so that plus and minus values indicate

Ž . Ž .relaxation and contraction, respectively. A Typical traces of the responses to a low concentration of acetylcholine in the preparations from WKY upper
Ž . y8 Ž . Ž .and SHRSP lower . 10 M 10 nM acetylcholine was applied at the arrow. Other points are the same as those in Fig. 1. B Time course of the response

Ž y8 . Ž .to a low concentration of acetylcholine 10 M . C Typical traces of the responses to a high concentration of acetylcholine in the preparations from
Ž . Ž . y5 Ž . Ž .WKY upper and SHRSP lower . 10 M 10 mM acetylcholine was applied at the arrow. Other points are the same as those in Fig. 1. D Time course

Ž y5 .of the response to a high concentration of acetylcholine 10 M . Asterisks indicate significant differences from respective values obtained with the
Ž) )) .preparations from WKY , P-0.05. , P-0.001 .

Ž y4 . Ž .Fig. 3. Effects of L-NOARG on the time course of the responses to acetylcholine. L-NOARG 10 M was applied 10 min prior to A and B
Ž y8 . Ž .precontraction. Responses to a low concentration of acetylcholine 10 M of the preparations from WKY and SHRSP, C and D respectively.

Ž y5 .Responses to a high concentration of acetylcholine 10 M of the preparations from WKY and SHRSP, respectively. Asterisks indicate significant
Ž) )) .differences from respective values obtained in the absence of L-NOARG , P-0.05. , P-0.001 . Other conditions were the same as those described

in Fig. 2.
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Ž . Ž .Fig. 4. Effects of indomethacin on the time course of the response to a high concentration of acetylcholine. A Preparation from WKY. B Preparation
y5 Ž y5 .from SHRSP. Acetylcholine was applied at 10 M. Indomethacin Indo, 10 M was applied 30 min prior to precontraction. Asterisks indicate

Ž) )) .significant differences in respective values obtained in the absence of indomethacin , P-0.05. , P-0.001 . Other conditions were the same as those
described in Fig. 2.

.traction . Thus, the tension at an acetylcholine concentra-
y5 Ž .tion of 10 M was 108.8"5.9% ns12 of that of the

Ž .precontraction Fig. 1 . The rebound contraction seen at
higher concentrations of acetylcholine in the preparations
from SHRSP was abolished in the presence of indo-

Ž y5 .methacin 10 M , whereas no obvious effect of indo-
methacin was observed in the preparations from WKY
Ž .data not shown .

Ž .These responses relaxation and contraction of mesen-
teric arteries of both strains were abolished by the removal
of the endothelium; i.e. in preparations that had been
perfused with modified Tyrode’s solution containing

Ž .CHAPS 0.3% .

3.3. Time course of the response to acetylcholine

The responses to prolonged application of acetyl-
choline, especially those of preparations from SHRSP,
differed markedly at low and high concentrations of the

drug. In the following experiments, we examined the time
Ž y8course of the responses to low 10 M, low-acetylcho-

. Ž y5 .line and high 10 M, high-acetylcholine concentrations
of acetylcholine.

In the preparations from WKY, acetylcholine induced a
Ž .sustained tonic relaxation at both concentrations Fig. 2 .

In the preparations from SHRSP, however, the low acetyl-
choline concentration induced a tonic sustained relaxation
but the amplitude of the relaxation was markedly reduced
Ž Ž . Ž ..Fig. 2 A and B . Marked differences in the response
were observed when the high acetylcholine concentration
was applied to the preparations from SHRSP; i.e. a tripha-
sic response consisting of initial relaxation followed by a
second rebound contractile response, and then a third

Ž Ž . Ž ..relaxation response Fig. 2 C and D . Thus, the relax-
ations in response to both low and high acetylcholine
concentrations were markedly reduced in the preparations
from SHRSP as compared with those from WKY.

y5 Ž .Fig. 5. Effects of apamin plus charybdotoxin on the response to acetylcholine. Acetylcholine was applied at 10 M in this experiment. A Preparation
Ž . Ž y6 . Ž y7 .from WKY. B Preparation from SHRSP. Apamin 5=10 M and charybdotoxin ChTX, 10 M were applied 30 min prior to precontraction.

Ž) )) .Asterisks indicate significant differences between respective values obtained in the absence of apamin and charybdotoxin , P-0.05. , P-0.001 .
Other conditions were the same as those described in Fig. 2.
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Fig. 6. Effects of increasing Kq concentrations in the incubation medium on the time course of the response to acetylcholine in the presence of L-NOARG
Ž . Ž . Ž . y5and indomethacin Indo . A Preparation from WKY. B Preparation from SHRSP. Acetylcholine was applied at 10 M in this experiment. The

y6 Žconcentration of noradrenaline was adjusted to induce the same amplitude of precontraction, and was 5=10 M in controls in the presence of 5.4 mM
q. y6 q y6 qK , 2=10 M in the presence of 30 mM K and 10 M in the presence of 30 mM K . Asterisks indicate significant differences from respective

q Ž . Ž) )) .values obtained in the presence of a normal concentration of K L-NOARGq Indo , P-0.05. , P-0.001 . Other conditions were the same as
those described in Fig. 2.

Ž .Again, in the endothelium-removed CHAPS-treated
preparations from both WKY and SHRSP, acetylcholine at
both 10y8 and 10y5 M showed no effect.

3.4. Effects of drugs on the time course of the response to
acetylcholine

In the time course experiment, it was shown that the
relaxation in response to acetylcholine was reduced in the

y4 Ž .presence of 10 M L-NOARG Fig. 3 . The response to
the low acetylcholine concentration was abolished, leaving
the first small transient relaxation in the preparations from

Ž Ž . Ž ..both WKY and SHRSP Fig. 3 A and B . When the
high acetylcholine concentration was applied, a second
rebound contraction was observed in the preparations from

Ž Ž ..WKY Fig. 3 C . This rebound contraction was abolished
Ž y5 .by the application of indomethacin 10 M , as described

below. In the preparations from SHRSP, the relaxation
response was markedly attenuated and the response be-

Ž Ž ..came a sustained contraction Fig. 3 D .
Indomethacin showed no obvious effect on the acetyl-

choline-induced relaxation in the preparations from WKY

Ž Ž ..Fig. 4 A . In the preparations from SHRSP, the second
contractile response to the high acetylcholine concentration

Ž y5 .was abolished in the presence of indomethacin 10 M
Ž Ž ..and only the sustained relaxation was observed Fig. 4 B .

Ž y6 . Ž y7 .Apamin 5=10 M plus charybdotoxin 10 M
reversed the relaxation into a contraction in the early phase
of the response to the high acetylcholine concentration.
This response was followed by a slow relaxation in the

Ž Ž ..preparations from WKY Fig. 5 A . In the preparations
from SHRSP, the contraction in response to acetylcholine
in the presence of both drugs was greater, and was sus-
tained for more than 10 min, although a small tension

Ž Ž ..decline was observed Fig. 5 B . The tension development
induced by acetylcholine observed in the presence of
apamin plus charybdotoxin was markedly attenuated by

Ž Ž . Ž ..indomethacin Fig. 5 A and B .
The sustained relaxation in response to the high acetyl-

choline concentration in the presence of L-NOARG and
indomethacin was abolished by increasing the Kq concen-

Ž .tration in Tyrode’s solution in both preparations Fig. 6 .
Fig. 6 also shows that the contraction observed in the

Ž .Fig. 7. Effects of BQ-123 on the time course of the response to acetylcholine in the presence of L-NOARG, indomethacin Indo and apamin plus
Ž . y5 y5charybdotoxin ChTX . Response to 10 M acetylcholine. BQ-123 was applied at 10 M 30 min prior to precontraction. Asterisks indicate significant

Ž) )) .differences from respective values obtained in the absence of BQ-123 , P-0.05. , P-0.001 . Other conditions were the same as those described in
Fig. 2.
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preparations from WKY in the presence of L-NOARG
Ž Ž ..Fig. 3 A was abolished by indomethacin.

In the presence of L-NOARG, indomethacin and a
combination of apamin and charybdotoxin, the high acetyl-
choline concentration still caused contraction in the prepa-
rations from WKY. This contraction was blocked by the

Ž Ž ..application of BQ-123 Fig. 7 A . The contraction in-
duced by the high acetylcholine concentration under these
conditions was negligible in the preparations from SHRSP,

Ž Ž ..and so BQ-123 showed no obvious effect Fig.7 B . BQ-
123 at this concentration did not alter the basal tension or
the contraction induced by noradrenaline in either prepara-
tion.

4. Discussion

The concentration–response experiment showed that the
endothelium-dependent responses to acetylcholine were
different in preparations from WKY and SHRSP, as we

Ž .reported previously Sunano et al., 1999 . The impaired
relaxation at low acetylcholine concentrations and the re-
bound contraction at high acetylcholine concentrations in
preparations from SHRSP may be explained by a reduced

Ž . Žrelease of EDRF NO Grunfeld et al., 1995; Hirata et al.,
. Ž1996 and EDHF Fujii et al., 1992, 1993; Sunano et al.,
. Ž1999 , andror increased release of EDCF Luscher and¨

Vanhoutte, 1986; Watt and Thurston, 1989; Diederich et
.al., 1990 . Although considerable time passed after the

previous application of lower concentrations of acetyl-
choline in the cumulative concentration–response experi-
ments, time-dependent changes in the response to the drug
were not taken into consideration. Time-dependent changes
in the effects, especially when a high acetylcholine concen-

Žtration was applied, have been observed Rubanyi et al.,
1985, 1987; Ito et al., 1991; Osugi et al., 1990; Fiscus et

.al., 1992; Parkington et al., 1993 . Thus, it is considered
that differences, not only in the sensitivity to acetylcholine
but also in the time course of the release of the each factor,
should be taken into consideration when differences in
endothelium-dependent responses between WKY and
SHRSP blood vessels are discussed.

Although the concentration–response experiment
showed that high acetylcholine concentrations induced only
a contractile response in the preparations from SHRSP, as

Žhas been reported previously Watt and Thurston, 1989;
.Diederich et al., 1990 and as we also reported recently

Ž .Sunano et al., 1999 , it was shown in the present time
course experiment that the high acetylcholine concentra-
tion induced both relaxation and contraction in prepara-
tions from SHRSP, depending on the time after applica-
tion. A similar result was reported earlier for the aortae of

Ž .SHR Ito et al., 1991 , indicating that acetylcholine in-
Ž .duces the release of both relaxing EDRF and EDHF and

Ž .contracting factors EDCFs . In the preparations from
WKY, the release of EDCFs, if any, may be so small

under control conditions that it cannot be detected mechan-
ically.

The relaxation induced by the low acetylcholine con-
centration in preparations from both WKY and SHRSP
appears to be mediated mainly by EDNO, since it was

Žblocked by L-NOARG, an inhibitor of NO synthesis Ishii
.et al., 1990; Moore et al., 1990 . The remaining part of the

relaxation, especially that induced by the high acetyl-
choline concentration in the presence of L-NOARG, may
be explained by the action of EDHF, since it disappeared
in the presence of elevated extracellular Kq concentra-
tions, where the hyperpolarization of smooth muscle would

Žbe blocked Fujii et al., 1992; Chen and Suzuki, 1989;
.Chen et al., 1989 . Thus, the smaller relaxation in the

presence of L-NOARG in the preparations from SHRSP in
response to prolonged application of acetylcholine indi-
cates that the release of EDHF was reduced in these
preparations, as described below.

The second contraction phase of the response to the
high acetylcholine concentration observed in the prepara-
tions from SHRSP could be mediated by EDCFs, which is
thought to be a product of the arachidonic acid cascade,
since it was blocked by an inhibitor of the cyclooxygenase
pathway of the arachidonic acid cascade, indomethacin
Ž .Mizuno et al., 1982 . The inhibition of the second contrac-
tile response by indomethacin has also been demonstrated

Ž .in the aortae of SHR Ito et al., 1991 . Similarly, the
second contraction phase in the preparations from WKY
observed in the presence of L-NOARG could also be
mediated by the EDCFs. We have reported a similar result
in a concentration–response experiment showing that the
contraction of preparations observed at higher acetyl-
choline concentrations in the presence of L-NOARG was

Ž .blocked by indomethacin Sunano et al., 1999 . The inhibi-
tion of EDNO release may initiate EDCFs release or
remove the depression of the contraction induced by ED-
CFs; that is, EDNO inhibits the release or the action of
EDCFs. In the aortae of SHR, it has been reported that NO

Ž .inactivates EDCFs Auch-Schewlk et al., 1992 . Since
EDCFs released from the aortae of SHR have been shown
to be a product of the cyclooxygenase pathway of the

Ž .arachidonic acid cascade Luscher and Vanhoutte, 1986 , a¨
similar interaction may occur in the mesenteric artery of
SHRSP. In the present experiment, the release of EDNO in
the preparations from SHRSP was not markedly altered or
rather increased when the release of EDCFs was reduced,
since the relaxation in the presence of indomethacin was
not greatly reduced.

The relaxation induced by acetylcholine in the prepara-
tions from SHRSP observed in the time course experiment
was potentiated by indomethacin, as has previously been
reported in concentration–response experiments with

Žpreparations from SHR and SHRSP Luscher and Van-¨
houtte, 1986; Watt and Thurston, 1989; Sunano et al.,

.1999 . These observations indicate the involvement of
EDCFs in the impairment of relaxation in response to
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acetylcholine in the preparations from SHRSP. Larger
amounts of EDCFs would be released in the preparations
from SHRSP than in those from WKY, especially by high
acetylcholine concentrations under normal conditions, since
the drug induced the second contractile phase, in addition
to impairing the relaxation in these preparations. The
present results also indicate that both the impairment of
relaxation and the second contractile phase of the response
to acetylcholine, observed in the time course experiments,
were brought about by an increased release of EDCFs,
since the second phase disappeared and a relaxation of a
similar magnitude to that of preparations from WKY was
observed in preparations from SHRSP. In the preparations
from WKY, little or no amounts of EDCFs were released
in response to acetylcholine under normal conditions, where
NO release was not blocked.

It has been reported that the relaxation in response to
ŽEDHF in the rat hepatic artery Zygmunt and Hogestatt,¨ ¨

. Ž .1996 and guinea pig basilar artery Petersson et al., 1997
could be blocked by a combination of apamin and charyb-
dotoxin, which have been shown to block small and large
conductance Ca2q-activated Kq channels, respectively. The
acetylcholine-induced hyperpolarization of the rat mesen-
teric artery was also blocked by a combination of these

Ž .agents as described above Chen and Cheung, 1997 . We
recently observed in a concentration–response experiment
that the relaxation of the rat mesenteric artery, in response
to acetylcholine in the presence of L-NOARG and indo-
methacin, was also blocked by the application of a combi-

Ž .nation of apamin and charybdotoxin Sunano et al., 1999 .
In the present time course experiment, all phases of the
relaxation, in response to acetylcholine in both prepara-
tions from WKY and SHRSP, were reduced markedly in
the presence of a combination of apamin and charybdo-
toxin, indicating that the relaxation in response to acetyl-
choline was mediated mainly by EDHF. Although it has
been reported that EDNO induces hyperpolarization of the

Žsmooth muscle of guinea pig uterine artery Tare et al.,
.1990 , available reports concerning the rat mesenteric artery

agree in that acetylcholine-induced endothelium-dependent
hyperpolarization of the smooth muscle is unaffected by

Žthe NO synthase inhibitor, L-NOARG Ghisdal et al.,
1999; Chen and Cheung, 1997; Fukao et al., 1997; Bauer-

.saches et al., 1996; Fujii et al., 1992, 1993 . Thus, the
involvement of EDNO in the relaxation induced by acetyl-
choline via hyperpolarization may be excluded. The relax-
ation induced by acetylcholine, especially that of the third
phase of the response to acetylcholine observed in the

Ž .preparations from WKY Fig. 5 , is also partly mediated
by EDNO, since it was completely blocked by the addition

Ž Ž ..of L-NOARG Fig. 7 A . The observation that the effect
of the combination of apamin and charybdotoxin was
smaller in the preparations from SHRSP, as compared with
that in the preparations from WKY, indicated that the
release of EDHF was reduced in the preparations from

Ž .SHRSP. In support of this, Fujii et al. 1992, 1993

reported that the endothelium-dependent hyperpolarization
induced by acetylcholine was reduced in preparations from
SHR as compared with those from WKY.

The results of the time course experiments, showing
that there is a time lag in the release or the action of
EDNO, EDCFs and EDHF, should be emphasized. Both
EDNO and EDHF induced a sustained relaxation, although
they were involved in the first rapid and subsequent sus-
tained relaxation differently. EDCFs are released with a
delay relative to the release of EDNO and EDHF and the
release is transient, as indicated by the results of the time
course experiments for the second transient contraction in
SHRSP preparations and L-NOARG-treated WKY prepara-

Ž .tions the second contractile response .
In the present experiments with prolonged application

of acetylcholine, it was clearly shown that the response to
one factor was affected by other factors; such interactions
among factors have been suggested previously by Auch-

Ž . Ž .Schewlk et al. 1992 and Bauersaches et al. 1996 .
Differences in the interactions between mesenteric arteries
from normotensive and hypertensive rats have also been

Ž .suggested Randall and March, 1998 . However, further
detailed studies are required to elucidate the interactions
among these factors.

The acetylcholine-induced contraction of preparations
observed in the presence of L-NOARG, indomethacin and
a combination of apamin and charybdotoxin may be medi-
ated by the release of endothelin from the endothelium,
since no contraction was observed in endothelium-denuded

Žpreparations or in the presence of BQ-123 Ihara et al.,
.1992 . The smaller contraction induced by endothelin in

the preparations from SHRSP was in agreement with
Ž .results reported previously Touyz et al., 1995 .

In conclusion, the results of time course experiments
with the mesenteric arteries of rats showed that the release

Ž .of endothelium-derived factors EDNO, EDCFs and EDHF
is dependent not only on the concentration but also on the
time after application of acetylcholine. In the preparations
from SHRSP, the release of EDNO was not markedly
altered and the release of EDCFs was increased, while that
of EDHF was reduced. In addition, there were interactions
between these factors and the mode of the interactions was
altered in the preparations from SHRSP.
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