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Abstract

2q qŽ .We investigated the functional relevance of large conductance voltage-dependent and Ca -sensitive K MaxiK channels in
Ž .vasoactive intestinal peptide VIP -induced relaxation of rat mesenteric artery. VIP, which is known to increase cAMP levels, produced a

concentration-dependent relaxation in endothelium-denuded arteries. Iberiotoxin, a MaxiK channel blocker, greatly diminished the
Ž .VIP-induced relaxation. In a similar manner, a significant portion of the relaxant response to dibutyryl-cAMP DBcAMP , a

membrane-permeable analog of cAMP, was inhibited by iberiotoxin. These results suggest that activation of MaxiK channels significantly
contributes to the relaxant response of rat mesenteric artery to VIP, possibly via cAMP-mediated pathways. q 1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Ž .Vasoactive intestinal peptide VIP , a 28-amino acid
neuropeptide which was first isolated from porcine small

Ž .intestine Said and Mutt, 1970 , exerts various biological
functions including modulation of neurotransmission, im-
mune response and vascular relaxation. VIP causes an
endothelium-independent relaxation in cat cerebral artery
Ž .Duckles and Said, 1982; Lee et al., 1984 , dog carotid

Ž . Žartery D’Orleans-Juste et al., 1985 , bovine Itoh et al.,
. Ž .1990 and porcine Kawasaki et al., 1997 coronary arter-

Ž .ies and rat mesenteric artery Tanaka et al., 1997 . In
contrast, VIP causes an endothelium-dependent relaxation

Ž .in rat aorta Davies and Williams, 1984 , bovine intrapul-
Ž .monary artery Ignarro et al., 1987 and rabbit mesenteric

Ž .artery Hattori et al., 1992 . Endothelium-independent vas-
cular relaxation produced by VIP is associated with vascu-
lar smooth muscle cell membrane hyperpolarization, which
is in part attributed to the activation of ATP-sensitive Kq

Ž . Ž .K channels Standen et al., 1989 .ATP
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In addition to K channels, large conductance volt-ATP
2q q Ž .age-dependent and Ca -sensitive K MaxiK channels

are present in vascular smooth muscle cells and play an
important role in the regulation of their contraction and

Žrelaxation Nelson and Quayle, 1995; Kaczorowski et al.,
.1996; Standen and Quayle, 1998; Toro et al., 1998 .

MaxiK channels are abundant invascular smooth muscle
and are target proteins for cyclic nucleotide-dependent
protein kinases such as cAMP-dependent protein kinase
Ž . ŽA-kinase Scornik et al., 1993; Kaczorowski et al., 1996;

.Standen and Quayle, 1998; Toro et al., 1998 . Since VIP
elevates cytosolic concentrations of cAMP via activation

Žof adenylate cyclase Edvinsson et al., 1985; Itoh et al.,
1985; Ganz et al., 1986; Ignarro et al., 1987; Tanaka et al.,

.1997 , it is possible that activation of MaxiK channels is
involved in VIP-induced vascular relaxation. In the present
study, we investigated whether MaxiK channel activation
contributes to VIP-induced functional relaxation of rat
mesenteric artery.

2. Materials and methods

Male Wistar rats were housed under controlled condi-
Žtions temperature 218C–228C, relative air humidity 50%
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."5% . Food and water were available ad libitum to all
animals. This study was conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals of
Toho University School of Pharmaceutical Sciences, which
is accredited by the Ministry of Education, Science, Sports
and Culture, Japan.

2.1. Preparations

Ž .Male Wistar rats 200–300 g were anesthetized with
Ž .pentobarbital sodium 30 mgrkg, i.v. and exsanguinated

by bleeding from the carotid arteries. A section of intestine
between the pylorus and colon and its network of supply-
ing blood vessels were isolated and placed in normal

Ž .Tyrode’s solution of the following composition mM :
NaCl, 158.3; KCl, 4.0; CaCl , 2.0; MgCl , 1.05;2 2

NaH PO , 0.42; NaHCO , 10.0 and glucose, 5.6. A supe-2 4 3

rior mesenteric artery with an average outer diameter of
500–700 mm was isolated. The arteries were cleared of
connective tissue under a dissection microscope and cut

Žinto ring segments approximately 1-mm long 0.2 mg in
.wet weight . Endothelium was removed by rubbing the

intimal surface gently with cotton strings.

2.2. Tension measurements

Experimental details on contraction and relaxation of rat
mesenteric arterial preparations were given in earlier publi-

Ž .cations Tanaka et al., 1997 . Mesenteric rings were
Ž .mounted using stainless steel hooks 100 mm in diameter

under an optimal resting tension of 750 mg in a 4-ml organ
Žbath Micro Tissue Organ Bath: MTOB-1, Labo Support,

. ŽSuita-City, Japan containing a bathing solution Tyrode’s
. Ž .solution . Isotonic high KCl 80 mM Tyrode’s solution

was prepared by replacing the NaCl by an equimolar
amount of KCl. The solution was continuously gassed with
a 95% O –5% CO mixture and maintained at a pH of2 2

7.35 at 35.0"0.58C. The mesenteric artery in the organ
bath was allowed to equilibrate for 1.5 h under the resting
tension before the experiments were started. Isometric

Žtension measured with a force transducer UL-10GR,
.Mineber, Tokyo, Japan was amplified with a minipoly-

Žgraph Signal Conditioner: Model MSC-1, Labo Support,
.Suita-City, Japan and recorded on a pen-writing recorder

Ž .Model SS-250F, Sekonic, Tokyo, Japan . Before the ex-
periments started, the contractility of the artery was as-
sessed by exposing it to 80 mM KCl Tyrode’s solution.
The absence of endothelial cells was ascertained by the

Ž y5 .elimination of acetylcholine 10 M -induced relaxation
in endothelium-denuded rings preconstricted with phenyl-

Ž y6 .ephrine 3=10 M . After confirmation of the absence
of the endothelium, the bath solution was exchanged with
a fresh one, and the rings were left to re-equilibrate for 30
min before the experiments started. Iberiotoxin was ap-
plied to the bath solution 10–20 min before the addition of

Ž .VIP or dibutyryl-cAMP DBcAMP .

2.3. Drugs

ŽThe drugs used were VIP Peptide Institute, Osaka,
. Ž . ŽJapan , dibutyryl cAMP DBcAMP BioLog life Science

.Institute, La Jolla, CA, USA , L-phenylephrine hydrochlo-
Ž .ride Sigma, St. Louis, MO, USA. , acetylcholine chloride

Ž . ŽDaiichi, Tokyo, Japan , phentolamine mesylate Ciba-
Ž . .Geigy Japan , Takarazuka-City, Hyogo, Japan , diltiazem

Žhydrochloride, papaverine hydrochloride Wako, Tokyo,
. w x w xJapan , 1 H- 1,2,4 -oxadiazolo- 4,3-a -quinoxalin-1-one

Ž . Ž .ODQ Biomol, Plymouth Meeting, PA, USA . Stock
solutions, except DBcAMP and ODQ, were prepared in
distilled water. DBcAMP was dissolved in 100% ethanol
to make a stock solution of 10y2 M. ODQ was dissolved
in 100% dimethylsulfoxide to make a stock solution of
10y2 M.

2.4. Data collection and analysis

Data were collected and analyzed using a
Ž .MacLabr400e and Charte Version 3.5 software

Ž .ADInstruments Japan, Tokyo, Japan .
The percentage of relaxation was calculated by consid-

ering 0% relaxation the maximum tension level obtained
with phenylephrine and 100% relaxation the full recovery
to basal tension before application of phenylephrine. Data
were plotted as a function of drug concentration and fitted
to the equation:

EsE =AnHr EC nH qAnHŽ .max 50

where E is the % relaxation at a given drug concentration,
E is the maximal relaxation, A is the concentration ofmax

the drug, n is the slope function and EC is the effectiveH 50
Ždrug concentration that produces a 50% response Parker

.and Waud, 1971 . Curve fitting was carried out using
Ž . ŽGraphPad Prisme version 2.01 GraphPad Software, San
.Diego, CA, USA . The EC values were converted to50

logarithmic values for statistical analysis.
The data are presented as mean values"S.E.M. and n

refers to the number of experiments. The significance of
the difference between mean values was evaluated by
unpaired Student’s t-test and unpaired Student’s t-test with
Welch’s correction, if necessary. P values less than 0.05
were considered statistically significant.

3. Results

Phenylephrine at a concentration of 3=10y6 M pro-
duced a sustained contraction in de-endothelialized rat

Ž y9 y6 .mesenteric artery. VIP 10 to 10 M produced a
concentration-dependent relaxation of the precontracted

Ž .vessel Fig. 1a, upper panel . Consistent with a role of
cAMP, the VIP-induced relaxation was insensitive to the

Ž y5 .guanylyl cyclase inhibitor ODQ 10 M, ns4 . VIP did
not produce any further relaxation at concentrations over
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Fig. 1. Inhibitory effects of iberiotoxin on the vasoactive intestinal
Ž . Ž .peptide VIP -induced relaxation of rat mesenteric artery. a Mesenteric

Ž y6 . Žarteries were precontracted with phenylephrine 3=10 M line under
.traces . VIP was cumulatively applied to the bath solution. Iberiotoxin

Ž y8 . Ž5=10 M was applied 10–20 min before the addition of VIP closed
. Ž . Ž y8 .square lower panel . Iberiotoxin 5=10 M , when applied during the

relaxation induced by VIP, partly restored the peptide-induced relaxation
Ž .upper panel . Numbers correspond to the negative logarithm of VIP

Ž y8 . Žconcentration. IbTX: iberiotoxin 5=10 M ; Phen: phentolamine 3=
y6 . Ž .10 M . b Concentration–response relationships for VIP-induced re-

laxation in the absence and presence of iberiotoxin. Vascular relaxation is
expressed as % inhibition against the phenylephrine-induced contraction.

Ž .Data are mean values"S.E.M. ns5 . Significant difference from con-
Ž . Ž .trol values: a P -0.05; b P -0.01.

10y6 M. The relaxation produced by 10y6 M VIP gradu-
ally recovered after it reached its maximum level. In
contrast to the vasorelaxant effect of VIP, acetylcholine
Ž y5 .10 M -induced relaxation was abolished in this en-

Ž .dothelium-denuded preparation data not shown .
In comparison with the relaxant response in the absence

of iberiotoxin, VIP-induced relaxation was reduced in the
Ž .presence of the toxin Fig. 1a, lower panel . Iberiotoxin

Ž y8 .5=10 M was applied to the bathing solution 10–20
Žmin before the cumulative application of VIP marked

.with a closed square in Fig. 1a, lower panel . The inhibi-
tion of VIP-induced relaxation by iberiotoxin was quanti-
fied as the change in the concentration–response relation-

Ž .ship in Fig. 1b. In the absence of iberiotoxin open circles ,
the estimated maximum relaxation in response to VIP was

Ž .93.8"2.3% ns5 , whereas in the presence of iberi-
Ž . Ž .otoxin filled circles it diminished to 48.3"16.6% ns5

Ž .P-0.05 . The concentration of VIP required to induce
Ž .50% relaxation pEC remained practically the same;50

Ž .values were 7.47"0.03 ns5 in the absence and 7.11"
Ž . Ž .0.51 ns5 in the presence of iberiotoxin P)0.05 .

The substantial inhibition of mesenteric artery relax-
ation induced by iberiotoxin was also obtained when the
membrane-permeable cAMP analog, dibutyryl cAMP, was

Ž . Ž y4 .used to induce relaxation Fig. 2a . DBcAMP 10 M

Ž .Fig. 2. a Typical traces showing the inhibitory effects of iberiotoxin
Ž .IbTX on the relaxant response to DBcAMP in rat mesenteric artery.

Ž y6 . ŽArteries were precontracted with phenylephrine 3=10 M line under
. Ž y8traces . DBcAMP was applied to the bath solution. Iberiotoxin 5=10

.M was applied to the bath solution 10–20 min before the addition of
Ž . Ž y8 .DBcAMP closed square . Iberiotoxin 5=10 M , when applied during

the relaxation induced by DBcAMP, partly restored the relaxation in-
Ž .duced by the cAMP analog upper panel . Numbers are the negative

Ž y8 .logarithm of DBcAMP concentration. IbTX: iberiotoxin 5=10 M ;
Ž y6 . Ž .Phen: phentolamine 3=10 M . b Concentration–response relation-

ships for diltiazem-induced relaxation of rat mesenteric artery in the
Ž y8 .absence and presence of iberiotoxin 5=10 M . Vascular relaxation is

expressed as in Fig. 1 as % inhibition against phenylephrine-induced
Ž .contraction. Data are mean values"S.E.M. ns4 .
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relaxed the mesenteric artery precontracted with phenyl-
Ž .ephrine by 85.2"6.9% ns3 in the absence of iberi-

Ž .otoxin Fig. 2a, upper panel . In contrast, the relaxant
response to 10y4 M DBcAMP was reduced by about 70%

Ž . Ž .to 25.3"1.8% ns3 P-0.01 in the presence of
Ž y8 . Ž .iberiotoxin 5=10 M Fig. 2a, lower panel .

Ž y8 .Iberiotoxin 5=10 M did not affect the relaxation
induced by phentolamine, an a-adrenoceptor antagonist
Ž .Figs. 1 and 2 . In the absence of iberiotoxin, the relax-
ation of phenylephrine-contracted artery in response to

Ž y6 . Ž .phentolamine 3=10 M was 104.3"2.0% ns5 ,
Ž . Ž .and it was 103.8"1.5% ns4 P)0.05 in the pres-

Ž y8 .ence of iberiotoxin 5=10 M . Furthermore, iberi-
otoxin did not affect the vascular relaxation induced by a
calcium channel blocker, diltiazem. This lack of effect is
clear from the concentration–response relationships, which

Ž .were almost identical in the absence open circles and
Ž . Ž .presence filled circles of iberiotoxin Fig. 2b . The pEC50

value and estimated maximum responses to diltiazem were
Ž .6.89"0.07 and 97.9"4.0% ns4 in the absence iberi-

Ž .otoxin, and 6.82"0.09 and 93.2"5.1% ns4 in the
Ž .presence of iberiotoxin P)0.05 for each .

We also compared VIP-induced relaxation of mesen-
teric artery in preparations precontracted with phenyl-

Ž y6 . Ž .ephrine 3=10 M vs. high 80 mM KCl solution. In
depolarizing solution with high KCl, VIP-induced relax-
ation was strongly suppressed. For instance, the maximum

Ž y6 .relaxant response to VIP 10 M was inhibited from
Ž . Ž .93.2"1.2% to 29.6"1.8% ns4 for each P-0.01 .

These findings indicate that VIP-induced relaxation of rat
mesenteric artery is largely mediated via activation of
Kqchannels in vascular smooth muscle cells, and are
consistent with a significant role of iberiotoxin-sensitive

Ž .MaxiK channels Fig. 1 .

4. Discussion

Iberiotoxin is thought to be a selective MaxiK channel
blocker that does not show any appreciable effects on

q Ž .other K channels Galvez et al., 1990 . Therefore, at
present, this toxin is the best pharmacological tool to
determine whether vascular relaxations in response to bio-
logically active substances are mediated via activation of
toxin-sensitive MaxiK channels. In the present study, we
showed that vascular relaxations induced by both phento-
lamine and diltiazem were not affected by iberiotoxin at a
concentration of 5=10y8 M, which significantly dimin-
ished the relaxant responses to VIP and DBcAMP. These
results indicate that the inhibition by iberiotoxin of VIP-
and DBcAMP-induced relaxation in the rat mesenteric
artery is not attributable to non-specific actions of this
toxin, but is due to its ability to block MaxiK channels.

Vascular relaxation induced by VIP has been shown to
be accompanied by a decrease in cytosolic Ca2qconcentra-

Žw 2qx . Žtion Ca in rat mesenteric artery Tanaka et al.,cyt

. Ž .1997 and porcine coronary artery Kawasaki et al., 1997 .
The present findings suggest that the VIP-induced decrease

w 2qxin Ca can be partly ascribed to the closure ofcyt

voltage-gated Ca2qchannels following the activation of
MaxiK channels. VIP-stimulated activation of MaxiK
channels would enhance Kqefflux, leading to smooth mus-
cle membrane hyperpolarization which limits Ca2qinflux
through voltage-gated Ca2qchannels, thus decreasing
w 2qxCa and inducing vascular relaxation.cyt

The mechanism by which VIP receptor stimulation
causes activation of MaxiK channels still remains to be
elucidated. VIP elevates intracellular cAMP levels via
activation of adenylate cyclase in a variety of tissues

Žincluding vascular smooth muscles Edvinsson et al., 1985;
Itoh et al., 1985; Ganz et al., 1986; Ignarro et al., 1987;

.Tanaka et al., 1997 . In rat mesenteric artery, we showed
that VIP elevates the cAMP content in a concentration-de-

Ž .pendent manner Tanaka et al., 1997 . Intracellular cAMP
increased by VIP may activate in turn the protein kinase

Ž .dependent on this nucleotide A-kinase . A-kinase has
been shown to activate MaxiK channels in non-vascular
Ž .Kume et al., 1989; Meera et al., 1995 and vascular
Ž .Scornik et al., 1993 smooth muscles through phosphory-
lation of the channel or closely associated proteins. Thus,
cAMP elevation with the subsequent activation of A-kinase
may mediate the activation of MaxiK channels, leading to
the relaxant response of mesenteric artery to VIP. This
idea can be supported by our present finding that dibutyryl
cAMP-induced relaxation was largely inhibited by iberi-
otoxin. Mechanisms independent of A-kinase-mediated
channel phosphorylation are also possible for the activa-

Ž .tion of MaxiK channels by VIP: a direct regulation of
Ž . Ž .MaxiK channels by G proteins Scornik et al., 1993 ; b

channel activation due to the A-kinase-triggered increase
in Ca2qspark frequency through ryanodine-sensitive

2q Ž . Ž .Ca release channels Porter et al., 1998 ; andror c
Žactivation of cGMP kinase by cAMP Lincoln and Corn-

.well, 1993 . To confirm further that the cAMPrA-kinase
cascade is responsible for the activation of MaxiK chan-
nels by VIP, it would be necessary to perform electrophys-
iological studies using isolated smooth muscle cells from
rat mesenteric artery and specific inhibitors of A-kinase.

The VIP-induced relaxation of rat mesenteric artery
recovered spontaneously after reaching its maximum level
Ž .see Fig. 1a . A similar recovery phenomenon was also

Žobserved when a single dose of VIP was applied 3=
y8 y6 .10 –10 M . Full recovery of VIP-induced relaxation

was attained within 20–30 min following the maximum
vasorelaxant level. A similar spontaneous recovery of
VIP-induced relaxation was also observed in porcine coro-

Ž .nary artery Kawasaki et al., 1997 . One possible explana-
tion for this phenomenon may be the degradation of VIP
by endogenous proteases in these vascular beds. The fol-

Ž .lowing observations support this hypothesis: 1 heloder-
Žmin, a VIP-related peptide Hoshino et al., 1984; Vander-

.meers et al., 1984 with a Pro–Pro–Pro sequence that
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Žstabilizes the active core of the peptide Naruse et al.,
.1986 exhibits a relatively sustained vasorelaxant action

Ž . Ž .Tanaka et al., 1997 ; 2 because the relaxation induced
by DBcAMP was not transient but relatively sustained
Ž .Fig. 2a , the spontaneous recovery after VIP-induced re-
laxation may be attributed to an event before accumulation

Ž .of intracellular cAMP; and 3 the recovery phenomenon
was also observed in the presence of a phosphatase in-

Ž y8 . Ž .hibitor, okadaic acid 10 M ns4 , ruling out an
enhanced phosphatase activity that could reverse A-
kinase-dependent phosphorylation of MaxiK channels or
other proteins.

Although there is general consensus that VIP induces an
Ž .increase in cAMP content, Chakder and Rattan 1993

showed that in anal sphincter muscle a high concentration
Ž y6 .of VIP 10 M induced a similar increase in both cAMP

and cGMP levels. This seems not to be the case in rat
Ž y5 .mesenteric artery since ODQ 10 M , an inhibitor of

guanylate cyclase, did not prevent VIP-induced relaxation,
whereas it does inhibit NO-induced relaxation that in-
volves cGMP production.

We previously showed that VIP relaxes rat mesenteric
artery partly through the activation of K channelsATP
Ž .Tanaka et al., 1997 . The present findings show that in
addition to K channels, iberiotoxin-sensitive MaxiKATP

channels significantly contribute to VIP-induced endothe-
lium-independent relaxation of rat mesenteric artery.
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