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The Nitric Oxide-cGMP Pathway Does Not Play an Essential
Role in β-Adrenoceptor-Mediated Smooth Muscle Direct
Relaxation in the Rat Thoracic Aorta
Shunsuke Shiina Rikako Ui Tomoka Endo
Keisuke Obara Daisuke Chino and Yoshio Tanaka＊
Department of Chemical Pharmacology, Faculty of Pharmaceutical Sciences, Toho University

ABSTRACT
Background: The smooth muscles of blood vessels express relaxant β-adrenoceptor, which functions as a
negative feed-back system against α1-adrenoceptor-mediated contraction. Although β-adrenoceptormediated vascular smooth relaxation is generally thought to be triggered through a cyclic adenosine monophosphate (cAMP)-dependent pathway, a recent report has suggested a principal role for the nitric oxide
(NO)-cyclic guanosine monophosphate (cGMP) pathway. Thus, in this study, we examined whether the NOcGMP pathway played an essential role in β-adrenoceptor-mediated smooth muscle direct relaxation in the
rat thoracic aorta.
Methods: The effects of an NO synthase inhibitor (L-NNA) or a soluble guanylyl cyclase inhibitor (ODQ) on
the relaxation responses to β-adrenoceptor agonists were examined in endothelium-denuded rat thoracic
aortas. The effects of β-adrenoceptor agonists on arterial cGMP content were also examined.
Results: Both L-NNA and ODQ potently suppressed acetylcholine (ACh)-induced, endothelium-dependent
relaxation. ODQ also largely suppressed endothelium-independent relaxation induced by an NO donor ((±)(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide [NOR3]). However, relaxation of the endotheliumdenuded aortas in response to the β-adrenoceptor agonists isoprenaline, salbutamol, isoprenaline or CGP12177A in the presence of propranolol, or noradrenaline was not substantially reduced by L-NNA or ODQ.
Neither isoprenaline nor noradrenaline affected arterial cGMP content, whereas NOR3 caused an approximately 30-fold increase in cGMP content.
Conclusions: Our findings suggested that the NO-cGMP pathway had an insignificant effect on
endothelium-independent smooth muscle direct relaxation in the rat thoracic aorta in response to βadrenoceptor agonists of any subtype (β1, β2, or β3).
Toho J Med 2 (3): 95―105, 2016
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Blood vessels constrict when the sympathetic nervous

blood vessel smooth muscles contain large amounts of con-

system is activated. This can be explained by the fact that

strictor α (α1)-adrenoceptor, which is stimulated by adrena-
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line and noradrenaline to cause blood vessel smooth mus-

relaxation is essential, most reports have indicated that

cle contraction. However, blood vessel smooth muscles

NO is produced in and released from endothelial cells

also contain relaxant β-adrenoceptors.１，２） In general, the

when stimulated with β-adrenoceptor agonists.３，１９） In con-

density of β-adrenoceptors is lower than that of constrictor

trast to this perception, a recent study has suggested that

α1-adrenoceptors. Therefore, stimulation by adrenaline or

the

noradrenaline usually causes blood vessel constriction

mediated relaxation in the rat thoracic aorta is the NO-

rather than relaxation. In contrast, when blood vessel

cyclic guanosine monophosphate (cGMP) pathway, rather

smooth muscle α1-adrenoceptors are inhibited or not acti-

than the cAMP-PKA pathway.２０） This idea is fascinating,

vated, blood vessel smooth muscle relaxation, which re-

and suggests the presence of a new intracellular signal

flects the stimulation of β-adrenoceptors, can be detected.

pathway that is activated by β-adrenoceptor stimulation.

Therefore, it is reasonable to speculate that the physiologi-

However, pharmacological data in support of the indispen-

cal role of β-adrenoceptors is substantial; they function as a

sability of the NO-cGMP pathway in β-adrenoceptor-

negative feedback system to suppress α1-adrenoceptor-

mediated vascular relaxation are not necessarily satisfac-

mediated contractions triggered by adrenaline or norad-

tory. Furthermore, the reproducibility of such data should

３）

primary

pathway

underlying

β 2-adrenoceptor-

be cautiously assessed by various research groups to ver-

renaline.

At present, β-adrenoceptors are subdivided into three

ify the physiological significance of the NO-cGMP pathway

subtypes: β1, β2, and β3.４―６） Since the classification by Lands

in relation to vasorelaxation in response to β-adrenoceptor

et al in 1967, β2 has been considered the predominant sub-

agonists.

７）

type. However, several reports have indicated a primary

Therefore, the present pharmacological study was car-

role for β1- rather than β2-adrenoceptors in some blood ves-

ried out to determine whether the NO-cGMP pathway was

Moreover, some blood vessel

involved in rat thoracic aortic relaxation caused by β-

smooth muscles also contain β3-adrenoceptors,３，５，１１―１４） the

adrenoceptor agonists. The present findings were unable

３，
８―１１）

sel smooth muscles.

１５）

Our

to verify the NO-cGMP pathway as a substantial signal

unpublished observations also suggest that in the rat tho-

transduction route for triggering smooth muscle direct re-

racic aorta, the relaxant response to isoprenaline is medi-

laxation mediated by the stimulation of any β-adreno-

ated through both propranolol (Prop)-sensitive and Prop-

ceptor subtype (β1, β2, or β3) in a rat conduit artery.

presence of which was first discovered in fat cells.

insensitive β-adrenoceptors that may include the β3 sub-

Materials and Methods

type.
With regard to the intracellular mechanisms responsible

Animals

for β-adrenoceptor-mediated smooth muscle relaxation,

Male Wistar rats (8 ― 9 weeks old, 180 ― 230 g; Sankyo

the cyclic adenosine monophosphate (cAMP)-protein

Labo Service Corp., Inc., Tokyo, Japan) were housed under

kinase A (PKA) pathway is generally recognized as the

controlled conditions (lights on: 8 a.m., light off: 8 p.m.; tem-

most critical route.１６） This presumption is reasonable con-

perature: 20 ― 22℃; relative air humidity, 50%±5%). Food

sidering that the β-adrenoceptor subtypes (β1, β2, and β3)

and water were available to all animals ad lib., and only

are classified as Gs protein-coupled receptors.４―６） However,

healthy rats were used for experiments. This study was

in addition to cAMP-dependent pathways, including the

approved by the Toho University Animal Care and User

cAMP-PKA pathway, cAMP-independent pathways have

Committee (approval number: 15-51-294, accredited on

also been suggested to have important roles in β-

May 22, 2015; approval number: 16-52-294, accredited on

adrenoceptor-mediated relaxation of smooth muscles, in-

May 16, 2016) and conducted in accordance with the User

３，
５，
１７）

cluding blood vessel muscles.

In contrast, some reports have also suggested a substan-

Guidelines of the Laboratory Animal Center of the Faculty
of Pharmaceutical Sciences, Toho University.

tial role for nitric oxide (NO) in β-adrenoceptor-mediated

Preparation of aortic vascular beds

blood vessel relaxation.３，１８）The degree of regulation by NO

The rats were anesthetized with pentobarbital sodium

seems to vary depending on the blood vessel type; thus,

(30 mg/kg, intra-peritoneal [i.p.]) or isoflurane (inhalation)

NO does not mediate all types of blood vessel relaxation in

and exsanguinated from a carotid artery. A section of the

response to β-adrenoceptor agonists.３） Furthermore, even

thoracic aorta between the aortic arch and the diaphragm

if the role of NO in β-adrenoceptor-mediated blood vessel

was then quickly removed and immersed in a modified
Toho Journal of Medicine・September 2016
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Krebs-Henseleit solution containing 118 mM NaCl, 4.75

（25）９７

cin.

mM KCl, 2.54 mM CaCl2, 1.20 mM MgSO4, 1.19 mM NaH2

Assessment of the effects of NO-cGMP pathway

PO4, 25 mM NaHCO3, and 11 mM D-(＋)-glucose. The aorta

inhibitors on relaxation responses

was cleaned of loosely adhering fat and connective tissue

After the aortic preparation had been contracted 2 ― 3

under a dissecting microscope, and cut into spinal seg-

times with 10−7 M Phe, as described above, and had been

ments approximately 2 mm in width and 20 mm in length.

fully recovered by washing with a fresh bath solution, the

Special care was taken not to damage the intimal surface

preparation was again contracted using 10−7 M Phe. For

of the arteries when endothelium-intact preparations were

recording noradrenaline (NA)-induced relaxation, the con-

used to record endothelium-dependent relaxation in re-

traction was produced by 10−5 M Phe instead of 10−7 M.

sponse to acetylcholine (ACh). Endothelium-free prepara-

When the Phe (10−7 or 10−5 M)-induced contraction

tions were produced by gently rubbing the intimal surface

reached a steady-state level, which usually occurred 20 ―

with filter paper. When the relaxant responses to NA

30 min after the application of Phe, all muscle relaxants

were examined, the region close to the diaphragm was

( ACh,

used for recordings.

hexenamide [NOR3], and β-adrenoceptor agonists) were

( ± ) - ( E ) -4-ethyl-2- [ ( E ) -hydroxyimino ] -5-nitro-3-

Recording of isometric tension changes

cumulatively applied to the bath solution to determine

The spiral aortic segments were then mounted under

their concentration-response relationships, which were re-

an optimal resting tension of 1.0 g in a 20-mL organ bath

garded as their control responses. For the relaxant re-

containing the modified Krebs-Henseleit solution (de-

sponses induced by ACh, NOR3, and β-adrenoceptor ago-

scribed above) aerated with 95% O2 and 5% CO2, and main-

nists, with the exception of NA, similar procedures were

tained at 35.0±0.5℃ (pH = 7.4). Tension changes in the

employed with the corresponding preparations in the

muscle preparation were isometrically measured using a

presence of an NO synthase (NOS) inhibitor, NG-nitro-L-

force-displacement transducer (TB-612T; Nihon Kohden

arginine (L-NNA), or a soluble guanylyl cyclase inhibitor

Corp., Tokyo, Japan) connected to an amplifier (AP-621G;

(1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one

Nihon Kohden Corp.) and recorded on a Windows PC

second responses in the presence of these inhibitors were

through an A/D converter (PowerLab/4sp; ADInstru-

compared with the control responses (the first responses).

ments Japan Inc., Nagoya, Japan) and associated software

In the case of NA, the relaxant responses in the absence or

(LabChart 7 for Windows; ADInstruments Japan Inc.).

presence of any inhibitor (L-NNA or ODQ) were recorded

[ODQ]);

the

Spiral preparations were equilibrated for 60 ― 90 min

with different preparations; this was because a high con-

prior to the first phenylephrine (Phe)-induced contraction,

centration of Phe (10−5 M) was used for NA relaxation, and

during which time the modified Krebs-Henseleit solution

therefore, recordings were difficult to repeat with the

was exchanged every 20 min with a fresh solution. After

same preparation. L-NNA (3 × 10−5 M) or ODQ (10−5 M)

the equilibration period, the aortic preparation was con-

was applied to the bath solution 40 min (for L-NNA) or 90

tracted 2 ― 3 times with 10−7 M Phe to confirm that the

min (for ODQ) before cumulative application of muscle re-

preparation generated a normal level of contraction. At

laxants; L-NNA and ODQ were applied 20 and 70 min be-

the first Phe-induced contraction, the preparation was

fore

−5

challenged with ACh (10 M) to verify the functional pres-

stimulation

adrenoceptor

with

Phe,

antagonists

respectively.
or

uptake

When

β-

inhibitors

ence of the endothelium. An aortic preparation in which

(desipramine, 3 × 10 M; deoxycorticosterone, 10−5 M)

ACh-induced relaxation was not observed was regarded

were used, they were applied to the bath solution 40 ― 50

as an endothelium-denuded preparation. In contrast, an

min before cumulative application of β-adrenoceptor ago-

−5

−7

aortic preparation in which ACh (10 M)-induced relaxa-

nists (20 min before stimulation with Phe).

tion exceeded 75% of the Phe-induced contraction was re-

Determination of tissue cGMP content

garded as an endothelium-preserved preparation. With re-

Spiral segments (2 mm in width and 20 mm in length)

gard to calculation of the degree of ACh-induced relaxa-

were prepared from a 15-mm-long segment of thoracic

tion, the tension level before the application of ACh was

aorta, as described for similar tension recording studies. In

considered 0% relaxation, and that before the application

this series of experiments, the endothelium was removed

of Phe was considered 100% relaxation. Every experiment

with a filter paper. Each preparation was incubated in an

was carried out in the presence of 3 × 10
Vol. 2 No. 3
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M indometha-

organ bath containing normal Tyrodeʼs solution (20 mL)
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containing 158.3 mM NaCl, 4.0 mM KCl, 2.0 mM CaCl2, 1.05

dissolved in 100% dimethyl sulfoxide (DMSO) to produce

mM MgCl2, 0.42 mM NaH2PO4, 10.0 mM NaHCO3, and 5.6

stock solutions of 10−2 M and 10−3 M, respectively. Atenolol

mM D-(＋)-glucose, which was continuously aerated with

was dissolved in 0.1 N HCl to produce a stock solution of

95% O2 and 5% CO2 and maintained at 35.0±0.5℃ (pH =

10−2 M. Deoxycorticosterone and indomethacin were dis-

7.4). After a 60-min incubation, the artery segments were

solved in 100% ethanol to produce a stock solution of 10−2

exposed to isoprenaline (10

−6

M), noradrenaline (10

−4

M), or

M. All other drugs were prepared as aqueous solutions

−7

NOR3 (10 M) for 5 min. At the end of the protocol, tissues

and diluted with distilled water. Final DMSO concentra-

were rapidly frozen in liquid N2 to terminate the reaction.

tions in the bath medium did not exceed 0.1%. Drugs were

The frozen arteries were crushed using a frozen cell

added directly to the organ bath and expressed in molar

crusher

concentration (M) in the bath medium.

apparatus

(Cryo-Press;

Microtec

Co.,

Ltd.,

Funabashi, Japan), and the obtained crushed powders

Data analysis

were mixed in 6% trichloroacetic acid (TCA) solution con-

The extent of relaxation induced by ACh, NOR3, and β-

−4

taining 3-isobutyl-1-methylxanthine (IBMX; 5 × 10 M; a

adrenoceptor agonists (isoprenaline, salbutamol, (±)-CGP

phosphodiesterase inhibitor) for 30 s using a vortex mixer.

12177A, and noradrenaline) was calculated with respect to

The suspension was left for 60 min at 4℃ and then centri-

the basal tension (100% relaxation) before the application

fuged at 2000 × g for 15 min at 4℃. The supernatant frac-

of Phe (10−7 or 10−5 M) and the steady-state tension level

tions and tissue pellets were used for the measurement of

before the application of each relaxant, including β-

cGMP and protein content, respectively. The cGMP in the

adrenoceptor agonists (0% relaxation).

supernatant was extracted four times with water-

The potencies of the vasorelaxants were expressed as

saturated ether to remove TCA under acidic conditions

pD2 (pEC50) values (the negative logarithm of the effective

(HCl) and then lyophilized. The amount of cGMP was

agonist concentration that produces a response that is 50%

measured using an enzyme-immunoassay system (cGMP,

of the maximum response). Data were plotted as a function

Biotrak

of the vasorelaxant concentration and fitted to the equa-

EIA System; GE Healthcare UK, Buckingham-

shire, UK). Tissue pellets were dissolved in 1 mL of 1 M
NaOH for protein determination by the bicinchoninic acid
(BCA) method using a Pierce

BCA Protein Assay Kit

tion:

E=Emax×AnH/(EC50nH+AnH)

(Thermo Fisher Scientific Inc., Waltham, MA, USA). The

where E is the % relaxation at a given concentration, Emax is

cGMP content was expressed as picomoles per milligram

the maximum response, A is the agonist (relaxant) concentration, nH is the slope function, and EC50 is the effective ag-

of sample protein (pmol/mg protein).
Drugs

onist concentration that produced a 50% response. The

The following drugs were used in the present study:

curve-fitting was carried out using GraphPad Prism Ver-

(−)-phenylephrine hydrochloride, salbutamol hemisulfate,

sion 4.00 (GraphPad Software, Inc., San Diego, CA, USA).

(−)-isoproterenol

The EC50 values were converted to logarithmic values

propranolol

hydrochloride

hydrochloride,

(isoprenaline),

(±)-atenolol,

(±)-

(±)-[4-[3-[(1,1-

(pD2, -logEC50) for statistical analysis.

dimethylethyl) amino]-2-hydroxypropoxy]-1,3-dihydro-2H-

Data are presented as mean±SEM, and n refers to the

benzimidazol-2-one] hydrochloride ((±)-CGP12177A), L-

number of preparations. The probability (p) of the differ-

NNA, desipramine hydrochloride, deoxycorticosterone

ence between two sets of values being due to chance was

acetate, and indomethacin (Sigma-Aldrich Co., St. Louis,

evaluated with GraphPad Prism Version 4.00 by paired or

MO, USA); (±)-1-[2,3-(dihydro-7-methyl-1H-inden-4-yl) oxy]-

unpaired t-tests, unpaired t-tests with Welchʼs correction if

3-[(1-methylethyl) amino]-2-butanol hydrochloride (ICI-

necessary, and one-way analysis of variance (ANOVA) fol-

118551), and ODQ (Tocris Bioscience, Ellisville, MO, USA);

lowed by Dunnettʼs multiple comparison tests. Differences

acetylcholine chloride (Daiichi Sankyo Co. Ltd., Tokyo, Ja-

with a p value of less than 0.05 were considered statisti-

pan); (R)-(−)-noradrenaline hydrogen tartrate monohy-

cally significant.

drate (Wako Pure Chemical Industries, Ltd., Osaka, Japan);
and NOR3 (Dojindo Laboratories, Kamimashiki, Japan). All

Results

other chemicals used in the present study were commer-

Fig. 1 shows the effects of the NOS inhibitor L-NNA and

cially available and of reagent grade. ODQ and NOR3 were

the soluble guanylyl cyclase inhibitor ODQ on ACh- and
Toho Journal of Medicine・September 2016
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Fig. 1 Effects of NO-cGMP pathway inhibitors on endothelium-dependent relaxation
induced by ACh or endothelium-independent relaxation induced by NOR3 in spiral
preparations of rat thoracic aortas pre-contracted with phenylephrine (Phe). Rat aortas
with (A, B) or without (C, D) functional endothelium were pre-contracted with Phe
(10−7 M), and ACh (A, B) or NOR3 (C, D) was cumulatively applied to the bath solution.
L-NNA (3×10−5 M) or ODQ (10−5 M) was applied 20 min or 70 min before stimulation
with Phe, respectively. Vascular relaxation is expressed as a percentage reversal of the
Phe-induced sustained tension development just before applying ACh or NOR3. Data
are mean±SEM of n＝5 (A, B), or n＝6 (C, D) preparations for each. Significant difference from control values: ＊p＜0.05, ＊＊p＜0.01.
NO: nitric oxide, cGMP: cyclic guanosine monophosphate, ACh: acetylcholine, NOR3:
(±)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide, L-NNA: NG-nitro-L-arginine,
ODQ: 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one, SEM: standard error of the mean

or

isoprenaline- and salbutamol (a β2 adrenoceptor agonist)-

7

endothelium-denuded aortas pre-contracted with Phe (10

induced relaxation in endothelium-denuded aortas pre-

M). Both L-NNA (3 × 10−5 M) (Fig. 1A) and ODQ (105 M)

contracted with Phe (107 M). Relaxation induced by iso-

(Fig. 1B) almost completely abolished ACh-induced,

prenaline (Fig. 2A, B) or salbutamol (Fig. 2C, D) was not

endothelium-dependent relaxation. However, endothelium-

significantly affected by either L-NNA (3

NOR3-induced

relaxation

in

endothelium-intact

independent relaxation induced by an NO donor (NOR3)
was not affected by L-NNA (3

5

105 M) (Fig. 2A,

5

C) or ODQ (10 M) (Fig. 2B, D).

10 M) (Fig. 1C), but was

Fig. 3 shows the effects of L-NNA or ODQ on relaxation

nearly abolished by ODQ (105 M) (Fig. 1D). These findings

induced by isoprenaline or CGP-12177A (a β3 partial ago-

clearly showed that the activity of NOS was inhibited by L-

nist) in the presence of propranolol (107 M). Isoprenaline-

NNA and that the activity of soluble guanylyl cyclase was

induced relaxation in the presence of propranolol (10−7 M)

inhibited by ODQ.

was not affected by either L-NNA (3 × 10−5 M) (Fig. 3A) or

Fig. 2 shows the effects of L-NNA and ODQ on
Vol. 2 No. 3

ODQ (105 M) (Fig. 3B). Relaxation induced by CGP-12177A
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Fig. 2 Effects of NO-cGMP pathway inhibitors on endothelium-independent relaxation
induced by isoprenaline or salbutamol in spiral preparations of rat thoracic aortas precontracted with phenylephrine (Phe). Rat aortas without functional endothelium were
pre-contracted with Phe (10−7 M), and isoprenaline (A, B) or salbutamol (C, D) was cumulatively applied to the bath solution. L-NNA (3×10−5 M) (A, C) or ODQ (10−5 M) (B, D)
was applied 20 min or 70 min before stimulation with Phe, respectively. Data are mean
±SEM of n＝6 (A, B, C, D) preparations for each.
NO: nitric oxide, cGMP: cyclic guanosine monophosphate, L-NNA: NG-nitro-L-arginine,
ODQ: 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one, SEM: standard error of the mean

in the presence of propranolol (107 M) was also not af−5

fected by either L-NNA (3 × 10 M) (Fig. 3C) or ODQ (10

5

M) (Fig. 3D).

Fig. 5 shows the effects of L-NNA or ODQ on the relaxation induced by NA in the combined presence of an uptake
1 inhibitor, desipramine (3

107 M), and an uptake 2 in-

Fig. 4A，4B show relaxation induced by noradrenaline

hibitor, deoxycorticosterone (10−5 M). Even in the presence

(NA) and the effects of β-adrenoceptor antagonists. In this

of these uptake inhibitors, NA-induced relaxation was still

series of experiments, the endothelium-denuded prepara-

potentiated significantly by L-NNA (3 × 10−5 M) (Fig. 5A)

tion was pre-contracted with 105 M Phe to record the NA-

or ODQ (105 M) (Fig. 5B).

induced relaxant component and to mask the contractile

Fig. 6 shows the effects of isoprenaline and NA on tissue

component due to NA. NA-induced relaxation was

cGMP content. Neither isoprenaline (106 M) nor NA (10−4

strongly inhibited by propranolol (10−7 M) (Fig. 4A) or the

M) significantly increased cGMP content. In contrast,

β1-adrenoceptor antagonist atenolol (106 M) (Fig. 4B). NA-

NOR3 (10−7 M) increased cGMP content from 0.009±0.0004

induced relaxation was not reduced by either L-NNA (3

pmol/mg protein to 0.279±0.030 pmol/mg protein (n = 4

5

5

10 M) (Fig. 4C) or ODQ (10 M) (Fig. 4D). Instead, NA-

for each, **p ＜ 0.01), producing a 31.0-fold increase.

induced relaxation was slightly potentiated by both LNNA (3

105 M) (Fig. 4C) and ODQ (105 M) (Fig. 4D).
Toho Journal of Medicine・September 2016
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Fig. 3 Effects of NO-cGMP pathway inhibitors on endothelium-independent relaxation
induced by isoprenaline (A, B) or CGP-12177A (C, D) in the presence of propranolol in
spiral preparations of rat thoracic aortas pre-contracted with Phe. Rat aortas without
functional endothelium were pre-contracted with Phe (10−7 M), and isoprenaline (A, B)
or CGP-12177A (C, D) was cumulatively applied to the bath solution in the presence of
propranolol (10−7 M), which was applied 20 min before stimulation with Phe. L-NNA (3
×10−5 M) or ODQ (10−5 M) was applied 20 min or 70 min before stimulation with Phe,
respectively. Data are mean±SEM of n＝6 (A, B, C, D) preparations for each.
NO: nitric oxide, cGMP: cyclic guanosine monophosphate, Phe: phenylephrine, L-NNA:
NG-nitro-L-arginine, ODQ: 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one, SEM: standard error of the mean

Discussion

adenylyl cyclase (SQ22536); relaxation of endotheliumdenuded preparations by salbutamol is significantly inhib-

The present study aimed to pharmacologically deter-

ited by an NO synthase inhibitor, NG-nitro-L-arginine-

mine whether the NO-cGMP pathway significantly con-

methyl ester (L-NAME); L-NAME inhibits isoprenaline-

tributed to β-adrenoceptor-mediated smooth muscle direct

induced relaxation more than endothelium removal; and

arterial relaxation. We designed this study because Flacco

the expression of eNOS is high in endothelium prepara-

２０）

et al.

proposed that the NO-cGMP pathway, rather than

tions and aortic smooth muscle cells.２０） However, it is un-

the cAMP pathway, had a significant role in β2-

clear

adrenoceptor-mediated relaxation in both endothelium-

isoprenaline-induced relaxation are generated in the aortic

preserved and endothelium-denuded rat thoracic aortas.

smooth muscle, in the endothelium, or in both sites, be-

The primary experimental evidence to support their pro-

cause

posal is as follows: aortic relaxation in response to iso-

endothelium-intact or endothelium-denuded preparations.

prenaline is significantly diminished by an inhibitor of sol-

The effects of ODQ on relaxation in response to subtype-

uble guanylyl cyclase (ODQ), but not by an inhibitor of

specific β-adrenoceptor agonists were also not examined
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whether

it

is

the

inhibitory

unknown

effects

whether

the

of

ODQ

authors

on

used
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Fig. 4 Effects of β-adrenoceptor antagonists (A, B) or NO-cGMP pathway inhibitors (C,
D) on endothelium-independent relaxation induced by noradrenaline (NA) in spiral
preparations of rat thoracic aortas pre-contracted with Phe. Rat aortas without functional endothelium were pre-contracted with Phe (10−5 M), and NA was cumulatively
applied to the bath solution. β-Adrenoceptor antagonists or NO-cGMP pathway inhibitors were applied at the following times before stimulation with Phe: propranolol (10−7
M) (A), 20 min; atenolol (10−6 M) (B), 20 min; L-NNA (3×10−5 M) (C), 20 min; and ODQ
(10−5 M) (D), 70 min. Data are mean±SEM for n＝4 (A, B, C, D) preparations for each.
Significant difference from control values: ＊p＜0.05 and ＊＊p＜0.01.
NO: nitric oxide, cGMP: cyclic guanosine monophosphate, L-NNA: NG-nitro-L-arginine,
ODQ: 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one, Phe: phenylephrine, SEM: standard
error of the mean

by Flacco et al. Thus, even if the NO-cGMP pathway is

(Fig. 2A, B), salbutamol (a selective β2-adrenoceptor ago-

coupled with the activation of β-adrenoceptors in the aor-

nist) (Fig. 2C, D), isoprenaline (which acts as a selective β3-

tic smooth muscle, the significance of its contribution to

adrenoceptor agonist in the presence of propranolol) (Fig.

smooth muscle direct aortic functional relaxation is am-

3A, B); CGP-12177A (a partial β3-adrenoceptor agonist) (Fig.

biguous.

3C, D), and NA (a selective β1-adrenoceptor agonist) (Fig. 4

Therefore, in the present study, to elucidate the possible

C, D). In addition, neither isoprenaline (106 M) nor NA (10−4

role of the NO-cGMP pathway in β-adrenoceptor-mediated

M), which should cause maximal relaxation, significantly

smooth muscle direct arterial relaxation, the effects of L-

increased tissue cGMP content, whereas NOR3 (10−7 M)

NNA and ODQ on the relaxant response to β-

produced an approximate 30-fold increase compared with

adrenoceptor agonists were investigated in endothelium-

the control (Fig. 6). These findings indicated that the NO-

denuded rat thoracic aortas. However, L-NNA (3 × 10

−5

cGMP pathway did not have an essential role in β-

M) and ODQ (10−5 M) did not suppress relaxation induced

adrenoceptor-mediated smooth muscle direct blood vessel

by isoprenaline (a non-selective β-adrenoceptor agonist)

relaxation, although it may play an important role in
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Fig. 5 Effects of NO-cGMP pathway inhibitors on endothelium-independent relaxation
induced by noradrenaline (NA) in the combined presence of uptake inhibitors in spiral
preparations of rat thoracic aortas pre-contracted with Phe. Rat aortas without functional endothelium were pre-contracted with Phe (10−5 M), and NA was cumulatively
applied to the bath solution in the combined presence of desipramine (3×10−7 M) and
deoxycorticosterone (10−5 M), which were applied 20 min before stimulation with Phe.
L-NNA (3×10−5 M) (A) or ODQ (10−5 M) (B) were applied 20 min or 70 min before stimulation with Phe, respectively. Data are mean±SEM for n＝4 (A, B) preparations for
each. Significant difference from control values: ＊p＜0.05 and ＊＊p＜0.01.
NO: nitric oxide, cGMP: cyclic guanosine monophosphate, L-NNA: NG-nitro-L-arginine,
ODQ: 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one, Phe: phenylephrine, SEM: standard error of the mean
0.4

endothelium-dependent relaxation.
Cyclic GMP
(pmol/mg protein)
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At present, we cannot provide a clear explanation for
the difference between our results and those of Flacco et
al.２０） The sizes and the ages of the rats used differed be-

0.2

tween the two studies. Although aging has not been
shown to affect the endothelium-dependency of βadrenoceptor-mediated relaxation in rat thoracic aortas, it

0.1

reduces the contribution of the β-adrenoceptor-mediated
cAMP-PKA pathway while increasing that of potassium
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Fig. 6 Effects of β-adrenoceptor agonists
and NOR3 on tissue cGMP content. Basal
cGMP content (control) was not significantly
increased by isoprenaline (ISO, 10−6 M) or
noradrenaline (NA, 10−4 M) whereas it was
profoundly increased by NOR3 (10−7 M).
Data are mean±SEM of n＝4 experiments
(in duplicates). ＊＊p＜0.01 significant differences from control (one-way ANOVA followed by Dunnettʼs multiple comparison
test).
NOR3: (±)-(E)-4-ethyl-2-[(E)-hydroxyimino]5-nitro-3-hexenamide, cGMP: cyclic guanosine
monophosphate, SEM: standard error of the
mean, ANOVA: analysis of variance
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channels.２１） Therefore, we investigated this by selecting
rats aged 17 weeks (about 300 g) rather than those aged 8
weeks (about 200 g); however, no significant differences
were observed. The arterial preparation method or the experimental protocol used may have differed between our
experiment and that of Flacco et al, but we were unable to
identify definitive differences to explain the discrepancies
in the results. Thus, the causes of these differences require
further examination.
A plausible alternative explanation for our results is as
follows: stimulation of vascular smooth β-adrenoceptors
may activate NO-cGMP pathways, which contribute to the
relaxant response of this muscle. However, if these NOcGMP pathways simultaneously suppress β-adrenoceptormediated relaxation through some route, the expected in-

１０４（32）
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the

NNA/ODQ) on β-adrenoceptor-mediated relaxation are

adrenoceptor-mediated relaxation) is strongly mediated by

apparently undetectable. However, this explanation can be

cAMP-dependent pathways, potentiation of the relaxant

ruled out because significant elevation of tissue cGMP con-

response by L-NNA/ODQ could be explained by possible

tent by isoprenaline (10

−6

−4

M) or NA (10 M) was not de-

assumption

that

NA-induced

relaxation

( β 1-

hibitory effects of the NO-cGMP pathway inhibitors (L-

mediation through PDE II. However, under the present
experimental conditions, NA did not significantly increase

tected.
When we carefully assessed the effects of L-NNA and

tissue cGMP content. Therefore, even if the contribution of

ODQ on NA-induced relaxation, we noticed that NA-

PDE II is significant, this type of PDE may be activated

induced relaxation was potentiated in the presence of L-

conventionally by small amounts of cGMP without being

NNA (Fig. 4C) or ODQ (Fig. 4D). Because the potentiating

stimulated by β-adrenoceptor agonists. Another explana-

effects of L-NNA or ODQ on NA-induced relaxation were

tion, which should be examined further, is that significant

also observable in the combined presence of desipramine

elevation of tissue cGMP could be induced by NA in the

7

10 M) and deoxycorticosterone

(an uptake 1 inhibitor; 3

(an uptake 2 inhibitor; 10−5 M) (Fig. 5), the possibility that

presence of PDE inhibitors in tissue medium.
Signaling pathways

that

regulate

β-adrenoceptor-

potentiation of NA-induced relaxation by L-NNA or ODQ

mediated blood vessel relaxation independently of tissue

was mediated through inhibition by these inhibitors of NA

cAMP contents seem to be physiologically significant and

uptake systems could be ruled out. Furthermore, the po-

have attracted a lot of attention. Because β-adrenoceptors

tentiating effects of L-NNA or ODQ on NA-induced relaxa-

are classified as Gs protein-coupled receptors, it is reason-

tion were not affected by clorgiline (a selective MAOA in-

able to speculate that some mechanisms relying heavily on

hibitor; 10 M) or Ro 41-0960 (a COMT inhibitor; 10 M)

the elevation of tissue cAMP content participate in β-

(data not shown). Thus, the effects of these inhibitors (L-

adrenoceptor-mediated blood vessel relaxation.３） However,

NNA or ODQ) on some metabolite systems of NA could

blood vessel relaxation induced by β3-adrenoceptor１７） or IP

also be ruled out. Some universal rules that cannot be ig-

receptor２５） is caused in part by tissue cAMP-independent

nored may underlie this phenomenon for the following rea-

as well as cAMP-dependent mechanisms. Accordingly, we

sons: 1) the potentiating effects of L-NNA/ODQ on NA-

are currently investigating the relationship between the

induced relaxation in rat aortas were relatively noticeable;

elevation of tissue cAMP content and the relaxant re-

2) ostensible potentiation in the presence of L-NNA or

sponse to every β-adrenoceptor subtype in rat aortas in or-

ODQ was also observable in adrenaline-induced relaxation

der to determine the role of cAMP-independent mecha-

(data not shown); and 3) relaxation induced by both iso-

nisms in relaxation. In particular, voltage-dependent K+

prenaline (Fig. 2B) and CGP-12177A (Fig. 3D) was also po-

channels may partly account for cAMP-independent

5

−5

5

tentiated by ODQ (10 M), although statistically significant

mechanisms, and we are further examining this possibility

differences were not detected in the limited number of

in our ongoing studies.

samples investigated.
One plausible explanation for this phenomenon is the
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mediation of cGMP-stimulated phosphodiesterases (PDEs),

Research (C) (23590116 to YT) from the Japan Society for the Promo-

including type II PDE (PDE II).２２―２４） PDE II is activated by

tion of Science (JSPS). Shunsuke Shiina is financially supported in

cGMP, and its selective inhibitors are expected to alleviate
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pulmonary hypertension because they cause dilatation of
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degradation of cyclic mononucleotides (cAMP and cGMP)
is

promoted,

which

causes

suppression

of

cyclic

mononucleotide-mediated relaxation. In contrast, cyclic
mononucleotide-mediated relaxation is expected to be potentiated by NO-cGMP pathway inhibitors such as L-NNA
or ODQ, because they inhibit PDE II activity. If we make
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