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Contribution of nitric oxide and Kq channel activation to vasorelaxation
of isolated rat aorta induced by procaine
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Abstract

The endothelium-dependent and -independent relaxant effect of procaine was examined in isolated rat aortic rings. Procaine induced
q Ž .relaxation of arteries precontracted with phenylephrine or with 60 mM K in a concentration-dependent manner 0.01–3 mM . Procaine

Ž . Ž . 2q1 mM inhibited the transient contraction induced by caffeine 10 mM in Ca -free Krebs solution. Removal of the endothelium caused
G Ž . Ga rightward shift of the concentration-response curve for procaine. N -Nitro-L-arginine L-NNA, 10–100 mM , N -nitro-L-arginine

Ž . Ž .methyl ester L-NAME, 100 mM and methylene blue 1–10 mM significantly attenuated the procaine-induced relaxation without
Ž . Ž .affecting the maximal response. L-Arginine 1 mM partially but significantly antagonized the effect of L-NAME 100 mM . Pretreatment

Ž . Ž .of endothelium-intact aortic rings with procaine 1 mM or with acetylcholine 10 mM significantly elevated the tissue contents of cyclic
Ž .GMP and this increase was inhibited in the presence of 100 mM L-NNA. Tetrapentylammonium ions 1–3 mM reduced the

Ž .procaine-induced relaxation in both endothelium-intact and -denuded arteries. Tetrapentylammonium ions 3 mM did not affect the
q Ž .procaine-induced relaxation of 60 mM K -contracted arteries. Tetraethylammonium ions 3 mM inhibited the procaine-induced

Ž . Ž . Ž . Ž .relaxation. In contrast, iberiotoxin 100 nM , glibenclamide 3 mM , 4-aminopyridine 3 mM and indomethacin 10 mM had no effect.
These results indicate that the procaine-induced relaxation may be mediated through multiple mechanisms. A substantial portion of the
procaine-induced relaxation in rat aorta was caused by nitric oxide but not by other endothelium-derived factors. The activation of
tetrapentylammonium- and tetraethylammonium-sensitive Kq channels contributes in part to the procaine-induced vasorelaxation.
Besides, procaine may directly inhibit both external Ca2q entry and internal Ca2q release in aortic smooth muscle cells. q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Procaine, a local anaesthetic, is known for its inhibitory
action on Kq channel activators in smooth muscle cells of

Ž .rabbit pulmonary artery Ito et al., 1977 , rabbit mesenteric
Ž . Žartery Wilson et al., 1988 , guinea-pig bladder Fujii et
. Žal., 1990 and pig coronary artery Cowan and Cohen,

.1992 . Depolarization of the cell membrane of guinea-pig
Ž .mesenteric artery Itoh et al., 1981 and porcine coronary

Ž .artery Itoh et al., 1982 by procaine is probably through
inhibition of Kq channels. Procaine was also shown to

Žreduce muscle tension in dog coronary artery Imai et al.,
. Ž .1984 , rabbit intestine Ahn and Karaki, 1988 , and rat vas
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Ž .deferens Khoyi et al., 1993; Huang, 1995 .The muscle
relaxant effect of procaine may be caused by its inhibitory

2q 2q Žaction on Ca -induced Ca release Endo, 1977; Itoh et
.al., 1982; Khoyi et al., 1993; Huang, 1995 because pro-

caine abolishes the transient contractile response of smooth
2q Žmuscle to caffeine in a Ca -free solution Itoh et al.,

.1981; Imai et al., 1984; Ahn and Karaki, 1988 . In addi-
tion, non-selective inhibition of Ca2q influx was also
shown for the procaine-induced relaxation of arteries pre-

q Žcontracted with high-K solution Imai et al., 1984; Ahn
.and Karaki, 1988 . Both endothelium and membrane po-

tential are important in the regulation of vascular tone
ŽFeletou and Vanhoutte, 1988; Moncada et al., 1991;

.Nelson and Quayle, 1995 . However, a possible role of
factors derived from the endothelium and Kq channel
activation in procaine-induced relaxation in arteries has not
been explored.

0014-2999r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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In the present study, a number of pharmacological
agents previously known to inhibit endothelium-dependent
vasorelaxation and various vascular Kq channels were
examined for their effects on the relaxant action of pro-
caine in rat isolated aortic rings. The results indicated that

Ž . qboth nitric oxide NOrcyclic GMP and activation of K
channels contribute towards procaine-induced relaxation in
rat isolated aortic rings. Besides, procaine could interfere
directly with extracellular Ca2q influx and intracellular
Ca2q release.

2. Materials and methods

2.1. Tissue preparation

Ž .Male Sprague–Dawley rats 250–300 g were killed by
cervical dislocation. The thoracic segment of the aorta was
dissected out and cut into rings 3 mm in length. The
preparation was then transferred to a 10-ml organ bath
filled with Krebs solution, and bubbled with a mixture of
95% O and 5% CO . The aortic rings were mounted2 2

between two L-shaped stainless-steel hooks. One of the
hooks was mounted at the bottom of the bath while the
other was connected to a FT03 force-displacement trans-

Ž . Ž .ducer Grass Instruments . Krebs solution contained mM :
119 NaCl, 4.7 KCl, 2.5 CaCl , 1 MgCl , 25 NaHCO ,1.22 2 3

KH PO , 11 D-glucose, 0.2 ascorbic acid. A basal tension2 4

of 1.5 g was applied in all experiments. All experiments
were performed at 37"18C.

2.2. Effects of nitric oxide synthesis inhibitors and K q

channel blockers on procaine-induced relaxation

Twenty minutes after being set up in organ baths, the
preparations were first contracted with a single concentra-

Žtion of phenylephrine 0.3 mM, an approximate EC80
.concentration to test their contractile responses after which

time they were rinsed several times in normal Krebs
solution to restore the initial tension. The basal tone was
always monitored and adjusted to 1.5 g. After a 60-min
equilibration period, sustained contraction of aortic rings
with intact endothelium in response to 0.3 mM phenyl-
ephrine or of rings without endothelium to 0.1 mM phenyl-
ephrine was obtained, and procaine was applied cumula-
tively to induce concentration-dependent relaxation. In ex-
periments testing possible roles of endothelium-derived
vasoactive factors, aortic rings were first exposed to the

Ž G Ž .inhibitor 10–100 mM N -nitro-L-arginine L-NNA , 100
G Ž .mM N -nitro-L-arginine methyl ester L-NAME , 1–10

mM methylene blue, 10 mM indomethacin, 3 mM gliben-
clamide, 100 nM iberiotoxin, 3 mM tetraethylammonium,

.1–3 mM tetrapentylammonium or 3 mM 4-aminopyridine
for 30 min before they were contracted with phenylephrine
to establish a steady tone, procaine was then added cumu-

Ž .latively 0.01–10 mM . The effect of the vehicle was also
tested. In some experiments the endothelium was mechani-

cally disrupted by rubbing the lumen of the artery with
plastic tubing. Successful removal of the endothelium was
demonstrated by the lack of a relaxant response of the

Ž .preparation to acetylcholine 3 mM at the beginning of
each experiment. The removal of endothelium was also
evaluated and confirmed by light microscopy of the histo-
logical sections of aorta. Since pretreatment with some
inhibitors of nitric oxide activity and Kq channels could

Ž .increase the amplitude of phenylephrine 0.3 mM -induced
contraction, 0.1 mM phenylephrine was used to induce a
similar amplitude of muscle tension in different groups. In
some experiments, the effect of L-NNA on sodium nitro-
prusside-induced relaxation and the effect of tetrapenty-
lammonium on forskolin-induced relaxation were also ex-
amined.

2.3. Effect of procaine on contraction induced by high K q

In another set of experiments, a sustained contraction of
both endothelium-intact and -denuded arteries in response
to 60 mM Kq was obtained and procaine was applied

Ž .cumulatively 0.01–10 mM . In some experiments, te-
Ž .trapentylammonium 3 mM was tested on procaine-in-

duced relaxation of arteries precontracted with 60 mM Kq.
In experiments using high-Kq solution, Naq in the bathing
medium was replaced by an equimolar concentration of
Kq to maintain a constant ion strength.

2.4. Effect of procaine on intracellular Ca2 q-mediated
contraction

The tissues were exposed to a Ca2q-free solution con-
taining 0.3 mM Na -EGTA and washed with this solution2

twice and left for 15 min before application of caffeine.
The tissues were then washed twice with normal Krebs

Ž 2qsolution 30-min contact time for Ca refilling of the
. 2qintracellular stores and then twice with Ca -free solution

Ž .15-min contact time . The second contractile response as
a time control contraction evoked by caffeine was tested in

Žthe absence and presence of 1 mM procaine 15-min
.contact time . The ratio of the second contraction to the

first contraction in a Ca2q-free solution was 107"9.8%
Ž .ns5 for 10 mM caffeine.

2.5. Cyclic GMP assay

After 60-min equilibration under an initial tension of
1.5 g at 378C, the arterial tissues were first incubated with
phenylephrine for 10 min, then with 1 mM procaine for 10
min in the absence and presence of L-NNA. At the end of
the reaction, arterial rings were rapidly frozen in liquid
nitrogen and stored at y708C until homogenization in 0.5
ml of ice-cold 6% trichloroacetic acid, using a glass ho-
mogenizer. The homogenate was centrifuged at 2000=g
for 10 min at 48C. The supernatant was extracted three
times with three volumes of diethyl ether before lyophili-
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Fig. 1. Representative traces showing the relaxant effect of procaine in
Ž .phenylephrine Phe -contracted rat isolated aortic rings with endothelium

Ž . Ž . Ž .a and without endothelium b . c Concentration-effect curves for the
relaxant effect of procaine in aortic rings precontracted with phenyl-

Ž .ephrine `, ns8 with endothelium; v, ns14, without endothelium or
q Žwith 60 mM K I, ns9 with endothelium; B, ns7, without

.endothelium . Results are means"S.E.M. of n experiments.

zation. Cyclic GMP was assayed by radioimmunoassay
w125 x Žwith a I cyclic GMP RIA kit DuPont, Wilmington,
.DE, USA . The tissue residue was dissolved in 2 M NaOH

and the protein content was determined using a protein
Ž .assay kit Sigma, St. Louis, MO, USA with bovine serum

albumin as the standard. The concentration of cyclic GMP
is presented as pmolrmg protein.

2.6. Drugs

The following drugs were used: phenylephrine hydro-
chloride, acetylcholine hydrochloride, procaine, indo-
methacin, glibenclamide, L-arginine, tetraethylammonium
chloride, caffeine, 4-minopyridine, sodium nitroprusside,

Ž . Gnifedipine Sigma ; L-NNA, L-NAME, N -nitro-D-
Žarginine, methylene blue, iberiotoxin, forskolin Research

.Biochemical, Natick, MA, USA ; tetrapentylammonium
Ž .bromide Aldrich Chem., St. Louis, MO, USA . Gliben-

clamide, forskolin, indomethacin and nifedipine were dis-
solved in dimethyl sulfoxide. Other drugs were dissolved
in distilled water and further dilution was made with Krebs
solution.

2.7. Analysis of data

Relaxant responses to procaine in the absence and
presence of various inhibitors were expressed as percent-
ages of the phenylephrine-induced contraction. IC values50
Ž .concentration producing half-maximal relaxation were
calculated by non-linear regression analysis of the concen-
tration-relaxation curves using all the data points. Data are
presented as means"S.E.M. of n experiments. Statistical
analysis of results was performed with Student’s unpaired
t-test. A probability value of P-0.05 was regarded as
significant.

Ž .Fig. 2. Traces showing the representative records for procaine-induced relaxation in endothelium-intact aortic rings for the control a , in the presence of
Ž . Ž .100 mM L-NAME b and in the presence of 1 mM L-arginine plus 100 mM L-NAME c . Tissues were incubated with L-NAME for 30 min prior to

Ž . Ž .application of phenylephrine Phe and L-arginine was added 10 min before application of L-NAME. d The log contraction-response curves for different
Žtreatments `, ns7 in the presence of endothelium; v, ns5 for 100 mM L-NAME; I, ns5 in 1 mM L-arginine; B, ns5 in L-arginine plus

.L-NAME . Results are means"S.E.M. of n experiments.
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3. Results

3.1. Relaxant response to procaine

Phenylephrine caused a sustained increase of tension in
Žrat isolated thoracic aorta 6.96"0.5 mN, ns27, by 0.3

mM phenylephrine, with endothelium, and 8.37"0.9 mN,
.ns14, by 0.1 mM phenylephrine, without endothelium .

Representative traces in Fig. 1 show that cumulative addi-
tion of procaine reduced the phenylephrine-evoked con-
traction in a concentration-related manner. Procaine caused

Ž .full relaxation in both endothelium-intact Fig. 1a and
Ž .-denuded arteries Fig. 1b , but a higher concentration of

procaine was needed to cause complete relaxation in the
Ž .endothelium-denuded artery Fig. 1c . IC values for the50

Ž .relaxant effect of procaine were 0.21"0.01 mM ns8
Ž .and 1.33"0.16 mM ns14 in endothelium-intact and

Ž .-denuded tissues, respectively Fig. 1c . Similarly, pro-
caine also concentration dependently relaxed the artery
precontracted with 60 mM Kq and the relaxant effect of
procaine was greater in arteries with endothelium than in

Ž .those without endothelium Fig. 1c . The IC values were50
Ž . Ž .1.88"0.15 mM ns9 and 3.44"0.22 mM ns7 in

Žendothelium-intact and -denuded tissues, respectively Fig.
.1c . It is evident that procaine was less effective against

the high-Kq-induced contraction in rat aorta. The contrac-
tile response to 60 mM Kq was abolished by 10 nM

Ž . 2q Žnifedipine ns4 or in Ca -free Krebs solution contain-
. Žing 0.3 mM Na -EGTA, ns4 , whereas caffeine 102

. ŽmM induced a transient increase of muscle tension 1.1"
.0.2 mN, ns5 and procaine at 1 mM inhibited the

Ž .caffeine-induced response by approximately 45% ns4 .

3.2. Effects of inhibitors of nitric oxide actiÕity

Since procaine caused both endothelium-dependent and
-independent relaxation in rat aorta, attempts were made to
examine the possible involvement of endothelium-derived
factors in the vascular response to procaine. Traces in Fig.
2b show that pretreatment of endothelium-intact rings with

Ž .L-NAME 100 mM markedly reduced the procaine-in-
duced relaxant response without affecting the maximal

Ž .response, while L-arginine 1 mM alone did not influence
Ž .the procaine-induced relaxation Fig. 2d but it partially

Ž .reversed the inhibitory effect of L-NAME Fig. 2c and d .
Ž .Pretreatment with L-NNA 10–100 mM also significantly

Ž .inhibited the procaine-induced relaxation Table 1 . In
G Žcontrast to L-NNA, its enantiomer N -nitro-D-arginine D-

.NNA, 100 mM did not affect the relaxant response to
Ž .procaine Table 1 . L-NNA at 100 mM completely inhib-

ited the endothelium-dependent relaxation induced by
Ž .acetylcholine ns5, data not shown while it had no

effect on the relaxant response to sodium nitroprusside
ŽIC : 10.4"0.5 nM for control and 10.2"0.8 nM in the50

.presence of L-NNA, ns5 in each case . Besides, methy-
Ž .lene blue 1–10 mM induced a significant rightward shift

Table 1
Effects of various inhibitors on procaine-mediated relaxation

Ž .Treatment IC mM n50

Control 0.21"0.01 10
aŽ .L-NNA 10 mM 1.23"0.14 6
aŽ .L-NNA 100 mM 1.89"0.07 6

Ž .D-NNA 100 mM 0.22"0.02 6
Control 0.21"0.01 10

aŽ .MB 1 mM 1.01"0.05 6
aŽ .MB 10 mM 2.43"0.37 6

Control 0.22"0.02 6
Ž .IBX 100 nM 0.21"0.02 5
Ž .4-AP 3 mM 0.32"0.04 6
Ž .Glib 3 mM 0.28"0.04 5

Ž .Indomethacin 10 mM 0.19"0.02 5

Ža .Significant difference P -0.05 between the control and treatment
groups is indicated.

of the concentration-relaxation curves for procaine in en-
dothelium-intact preparations without affecting the maxi-

Ž .mum response Table 1 .

3.3. Effect of K q channel blockers on procaine-induced
relaxation

The reduced potency of procaine to relax the high-Kq-
contracted arteries indicates that activation of Kq channels
may also be involved. Various inhibitors of Kq channels

Ž .Fig. 3. a Log concentration-effect response curves for the relaxant effect
Ž .of procaine in endothelium-intact aortic rings in the absence `, ns7

Ž q .and presence of 3 mM tetraethylammonium TEA , v, ns5 . Log
concentration-effect curves for the relaxant effect of procaine in endothe-

Ž . Ž .lium-intact b and endothelium-denuded c aortic rings in the absence
Ž . Ž q . Ž`, ns14 and presence of tetrapentylammonium TPA v, ns6

q . Ž .for 1 mM and B, ns6 for 3 mM TPA . d Log concentration-effect
response curves for the relaxant effect of procaine in 60 mM Kq-con-

Ž .tracted endothelium-intact arteries in the control `, ns6 and in the
q Ž . q qpresence of 3 mM TPA v, ns5 . TPA or TEA was applied to

the bath 30 min before addition of phenylephrine. Results are means"

S.E.M. of n experiments.
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were examined for their possible inhibitory actions on
procaine-mediated relaxation. Pretreatment of tissues with

Ž .tetraethylammonium 3 mM inhibited the procaine-in-
Ž . Žduced relaxation Fig. 3a . Tetrapentylammonium 1–3

.mM , another quaternary ammonium agent also attenuated
the procaine-induced relaxation in both endothelium-intact
Ž . Ž .Fig. 3b and -denuded arteries Fig. 3c . However, te-

Ž .trapentylammonium 3 mM did not alter the relaxant
q Žeffect of procaine in 60 mM K -contracted arteries IC :50

1.58"0.15 mM for control and 1.37"0.13 mM for te-
trapentylammonium, ns5 in each case, P)0.05, Fig.
.3d . In contrast, the procaine-induced relaxant response

Ž .was unaffected by iberiotoxin 100 nM, ns5 , gliben-
Ž . Ž .clamide 3 mM, ns5 or 4-aminopyridine 3 mM, ns6

Ž .Table 1 . In addition, exposure of tissues to 10 mM
indomethacin did not affect the procaine-induced relaxant

Ž .response in endothelium-intact arteries ns5, Table 1 .
Ž .Tetrapentylammonium 3 mM did not change the relax-

Žation induced by forskolin IC : 36.3"6.1 nM for con-50

trol and 46.7"7.4 nM for tetrapentylammonium, ns5 in
.each case, P)0.05 .

3.4. Effect of procaine on tissues cyclic GMP content

Fig. 4 shows that the tissue content of cyclic GMP was
significantly increased from the control value after the
endothelium-intact aortic rings were exposed to 1 mM

Ž .procaine ns5 for 10 min or to 10 mM acetylcholine
Ž .ns4 for 5 min. Pretreatment of tissues with 100 mM
L-NNA markedly reduced the cyclic GMP level that had

Ž .been increased by either procaine or acetylcholine Fig. 4 .

Ž .Fig. 4. Effects of 1 mM procaine 10-min contact time and 10 mM
Ž .acetylcholine ACh, 5 min contact time on the content of cyclic GMP in

Žendothelium-intact aortic rings contracted with phenylephrine Phe, 0.3 or
.0.1 mM in the absence and presence of 100 mM L-NNA. Tissues were

exposed to L-NNA for 30 min before addition of 0.1 mM phenylephrine
Ž .20-min contact time Data are means"S.E.M. from 4–5 experiments.
Ž .) P -0.01 Students’ t-test .

4. Discussion

Procaine induced a concentration-dependent relaxation
of rat isolated aortic rings with a functional endothelium.
Removal of the endothelium partially, but significantly,
reduced the relaxation induced by procaine at submaximal
concentrations, while the exogenous nitric oxide donor,
sodium nitroprusside, induced a nitric oxiderendothe-
lium-independent relaxation which was insensitive to L-
NNA. These results suggest that procaine-induced relax-
ation involves endothelium-dependent and -independent
mechanisms. Pretreatment of endothelium-intact tissues
with L-NNA, L-NAME, or methylene blue, which are
inhibitors of endothelium-derived relaxing factors, attenu-
ated the procaine-induced relaxation to the same as with
endothelium-denuded arteries. Neither D-NNA, an inactive
form of L-NNA, nor indomethacin, an inhibitor of prosta-
cyclin formation, affected the relaxant response to pro-
caine. In addition, pretreatment with L-arginine, the nitric
oxide precursor, partially reversed the inhibitory effect of
L-NAME on the procaine-induced relaxation. These results
indicate that nitric oxide produced by the endothelium was
primarily responsible for the endothelium-dependent relax-
ation induced by procaine. Nitric oxide released from the
endothelium has been shown to diffuse into the underlying
vascular smooth muscle and to stimulate cyclic GMP
accumulation which mediates the nitric oxide-dependent

Ž .relaxation Ignarro et al., 1984 . The present study showed
that the tissue content of cyclic GMP in endothelium-intact
aortic rings increased in response to 1 mM procaine or to
10 mM acetylcholine, and that this increase was signifi-
cantly suppressed by pretreatment with L-NNA. These
findings support the hypothesis that the procaine-induced
endothelium-dependent relaxation is partially mediated by
nitric oxide production. However, it remains to be eluci-
dated how procaine would elicit nitric oxide release from
the endothelium.

2q q Ž .In aortic smooth muscle cells, Ca -activated K K Ca

channels may contribute to maintenance of the membrane
Ž .potential Shoemaker and Worrel, 1991 , which plays an

Žimportant role in the regulation of vascular tone Nelson
.and Quayle, 1995 . Charybdotoxin-sensitive K channelsCa

were found to be activated in association with myogenic
Žtone in pressurized rabbit cerebral arteries Brayden and

.Nelson, 1992 , indicating that modulation of K channelCa

activity may be an important mechanism that controls the
level of arterial tone. In many instances, the vasorelaxation
induced by membrane hyperpolarization of arterial smooth
muscle is caused by an increase in Kq permeability. In the
present study, when contractions of similar size induced by
60 mM Kq or by phenylephrine, the former were less
strongly inhibited by procaine. The procaine-induced aortic
relaxation was inhibited by tetraethylammonium or te-
trapentylammonium. These two quaternary ammonium
agents are putative blockers of arterial K channels and aCa

concentration of 1.49 mM was needed for tetrapentylam-
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monium ions to cause 50% reduction of the mean unitary
Žcurrent of K channels in rat mesenteric artery LangtonCa

.et al., 1991 . However, iberiotoxin, a more potent blocker
of large-conductance K channels in vascular smoothCa

Ž .muscle Brayden and Nelson, 1992 , had no effect on
procaine-induced relaxation, indicating that activation of
K channels may not be involved in the relaxant responseCa

to procaine in the present preparations. In arteries con-
tracted with 60 mM Kq, the relaxation induced by pro-

Ž .caine was not affected by tetrapentylammonium 3 mM
while this concentration significantly reduced the relaxant
effect of procaine at submaximal concentrations on the
phenylephrine-induced contraction in normal Kq-contain-
ing solution. In contrast, the procaine-induced relaxation
was unaffected by glibenclamide or 4-aminopyridine.
Glibenclamide had been demonstrated to inhibit the activ-

q Žity of arterial ATP-sensitive K channels Standen et al.,
. q1989 , while 4-aminopyridine, the voltage-sensitive K

channel blocker, attenuated b -adrenoceptor-mediated re-1
Ž .laxation in rat aortic rings Satake et al., 1996 . These

results indicate that neither glibenclamide- nor 4-amino-
pyridine-sensitive Kq channels contributed to the relaxant
response to procaine in rat aorta. The inhibitory effects of
tetraethylammonium and tetrapentylammonium on the pro-
caine-induced relaxation contrast with the reported block-
ing activity of Kq channels by procaine. For example,
procaine reduced the vasodilator response to cromakalim

Ž .in rabbit mesenteric artery Wilson et al., 1988 and in the
Ž .rat perfused heart Fulton et al., 1994 . In non-vascular

smooth muscle of the guinea-pig bladder, procaine pro-
longed the falling phase of the action potential and abol-
ished the cromakalim-mediated membrane hyperpolariza-

q Ž .tion, K efflux and relaxation Fujii et al., 1990 . These
findings indicate that procaine may have multiple sites of
action that depend on the type of smooth muscle and
pharmacological treatment used. Nevertheless, further elec-
trophysiological study is needed to confirm the possible
activator effect of procaine on the Kq channels in arterial
smooth muscle cells.

Nitric oxide was shown to activate charybdotoxin-sensi-
Ž .tive K channels either directly Archer et al., 1994Ca

Žandror through cyclic GMP-dependent mechanisms Ro-
.bertson et al., 1993 . Tetraethylammonium and tetrapenty-

lammonium attenuated the relaxation induced by nitric
Ž .oxide donors in the same preparation Huang, 1998 . In

order to test whether the tetrapentylammonium-sensitive
component of procaine-induced relaxation was induced by
nitric oxide, the effects of quaternary ammonium com-
pounds were examined in endothelium-denuded arteries. It
was found that tetrapentylammonium was still able to
attenuate the procaine-induced relaxation, which suggests
that procaine may have a direct stimulatory effect on Kq

channels in arterial smooth muscle.
The present results also showed that procaine concentra-

tion dependently reduced the sustained contraction induced
by 60 mM Kq in rat aortic rings. This finding is in

agreement with a previous report for dog coronary artery
Ž . 2qImai et al., 1984 . Similarly, the voltage-sensitive Ca
channel blocker, nifedipine completely abolished the high-
Kq response. This indicates that procaine may inhibit
Ca2q influx through the plasma membrane of smooth

Žmuscle cells as proposed earlier for blood vessels Imai et
.al., 1984; Ahn and Karaki, 1988 , but this effect may be

non-selective since procaine also inhibited Naq and Kq

Žinflux into human isolated saphenous vein Wali et al.,
.1987 . In non-vascular smooth muscle cells, procaine was

2q Žfound to suppress the Ca current Zholos et al., 1991;
.Yoshino et al., 1996 . It has been demonstrated that pro-

caine inhibits the Ca2q-induced Ca2q release from intra-
cellular stores in both vascular and non-vascular prepara-

Žtions Endo, 1977; Itoh et al., 1982; Khoyi et al., 1993;
.Huang, 1995 . Procaine inhibited the noradrenaline-elicited

45 Ž 2q .Ca efflux as indication of intracellular Ca release in
Ž .rabbit aorta and intestine Ahn and Karaki, 1988 and

abolished the noradrenaline-induced increase in both phos-
phatidylinositol turnover and 45Ca efflux in rat vas defer-

Ž .ens Khoyi et al., 1993 . Also, in the present study, the
caffeine-induced transient contractile response was re-
duced by procaine in the absence of extracellular Ca2q.
Caffeine was shown to release Ca2q from the sarcoplasmic
reticulum by enhancing the Ca2q-induced Ca2q release
Ž .Itoh et al., 1981 . The present results do not suggest that
procaine inhibits Ca2q influx as the mechanism initiating
the inhibition of the Ca2q-induced Ca2q release process.
Instead, procaine may interfere directly with the caffeine-

2q Žsensitive Ca release Antoniu et al., 1985; Zahradnikova
.and Palade, 1993; Garcia and Schneider, 1995 . Since

procaine at higher concentrations still induced full relax-
ation in the presence of various inhibitors, it appears that
various vasorelaxant mechanisms could be recruited to
mediate relaxation when a higher concentration of pro-
caine was used.

Taken together, the current results show a multiplicity
of the vascular response to procaine in rat isolated aortic
rings. Procaine-induced relaxation comprises both endothe-
lium-dependent and -independent components. The mecha-
nism underlying the procaine-induced endothelium-depen-
dent relaxation is likely through the endothelial nitric
oxide release and cyclic GMP accumulation in arterial
smooth muscle. Procaine-induced endothelium-indepen-
dent relaxation may be partially mediated through the
activation of Kq channels which are sensitive to inhibition
by tetraethylammonium and tetrapentylammonium, and
partly through inhibition of nifedipine-sensitive Ca2q in-
flux orrand intracellular Ca2q release.
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