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Nitroglycerine- and isoprenaline-induced
vasodilatation: assessment from the actions of cyclic
nucleotides
Takeo Itoh, Yuichi Kanmura, Hirosi Kuriyama & Toshiyuki Sasaguri
Department of Pharmacology, Faculty of Medicine, Kyushu University, Fukuoka 812, Japan

I To investigate the vasodilator actions of nitroglycerine and isoprenaline, the effects of these agents,
dibutyryl cyclic AMP (db cyclic AMP) and 8-bromo cyclic GMP (8-Br cyclic GMP) on intact muscle
tissue, and of cyclic AMP and cyclic GMP on skinned muscle of the rabbit mesenteric artery were
investigated.
2 In porcine coronary artery, nitroglycerine (> 0.1 M) increased the production of cyclic GMP with
no change in the amount of cyclic AMP, while isoprenaline (> 0.1 tM) significantly increased the
production of cyclic AMP with no change in the amount of cyclic GMP.
3 In the rabbit mesenteric artery, nitroglycerine or isoprenaline inhibited the tonic component of the
39mM [K].-induced contraction to a greater extent than the phasic component. Nitroglycerine and 8-
Br cyclic GMP showed a stronger inhibitory action on the K-induced contraction than did isoprenaline
and db cyclic AMP.
4 The sources of Ca utilized for the generation of contraction by noradrenaline and caffeine were
estimated to be the same as those determined from the amplitudes of contractions evoked in Ca-free
solution by various concentrations of noradrenaline or caffeine.
5 In intact muscle tissues, the effects of nitroglycerine or 8-Br cyclic GMP on the amount ofCa stored
in cells were estimated from the caffeine-induced contraction in Ca-free solution. Both agents inhibited
the contractions due to a reduction in the amount of Ca in the cells. When the effects of isoprenaline or
db cyclic AMP were observed, both agents inhibited the caffeine-induced contraction but the
accumulation of Ca into cells was greater than the control.
6 In saponin skinned muscles, the pCa-tension relationship in the presence of cyclic AMP and cyclic
AMP-dependent protein kinase (cyclic AMP-PK) shifted to the right and to a lower level in
comparison with the control. Applications of cyclic GMP with cyclic GMP-dependent protein kinase
(cyclic GMP PK) also inhibited the contraction induced by low concentrations of Ca.
7 In skinned muscles, cyclic AMP exhibited dual actions on Ca store sites, i.e. in the presence of high
concentrations of Ca or prolonged superfusion of Ca, cyclic AMP reduced the amount of Ca due to
activation of the Ca-induced Ca release mechanism by excess accumulation of Ca. On the other hand,
cyclic GMP consistently inhibited the amplitude of the caffeine-induced contraction due to a reduction
in the amount of Ca in the store sites.
8 These results indicate that nitroglycerine and isoprenaline increase the amount of cyclic GMP and
cyclic AMP, respectively. The main effect of cyclic GMP is activation of Ca extrusion, thus reducing
the amount of Ca stored in the cell, while the main effect of cyclic AMP is to increase the amount of Ca
stored in the cell. Both cyclic AMP with cyclic AMP-PK and cyclic GMP with cyclic GMP-PK inhibit
the phosphorylation of myosin. Consequently both cyclic nucleotides reduce the free Ca in the
myoplasm and promote relaxation, but by different mechanisms.

Introduction

Nitroglycerine does not affect the membrane potential guinea-pig and rabbit mesenteric arteries. Further-
and resistance in either smooth muscle cells of the pig, more, this agent does not modify neuromuscular
dog and rabbit coronary arteries, or in those of the transmission in the pig and guinea-pig mesenteric
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arteries. However, nitroglycerine consistently inhibits
the contractions evoked by displacement of the mem-
brane potential, action potentials, and by excess
concentrations of [K]0, noradrenaline or acetylcholine
in the above mesenteric and coronary arteries.
Nitroglycerine does not inhibit the phosphorylation of
myosin for triggering the contraction, or the release of
Ca from store sites in skinned muscle tissues, but it
does reduce 'the amount of stored Ca. Also, it
accelerates the Ca efflux from single cell pellets in the
presence of stimulant agonists (Ito et al., 1980a,b;
1981a,b; Itoh et al., 1983b).
Organic nitrate compounds including nitro-

glycerine, isosorbite dinitrate, nicorandil and sodium
nitroprusside increase the amount of cyclic GMP
produced in various vascular smooth muscle tissues
(Schultz et al., 1977; Kukovetz et al., 1979; Axelsson et
al., 1981; Gruetter et al., 1981; Endoh & Taira, 1983).
On the other hand, isoprenaline activates P-adreno-
ceptors and produces cyclic AMP. Administration of
cyclic AMP- and cyclic AMP-dependent protein kin-
ase (cyclic AMP-PK; A-kinase) inhibits phosphoryla-
tion of myosin (Adelstein & Eisenberg, 1980; Itoh et
al., 1982), and increases Ca uptake into the Ca storage
site (microsomal fractions) (Webb & Bhalla, 1976;
Nishikori et al., 1977; Bhalla et al., 1978; Thorens &
Haeusler, 1978; Brockbank & England, 1980). Furth-
ermore, cyclic AMP possesses the ability to activate
the Ca-induced Ca release mechanism due to excess
accumulation of Ca into the storage site (Itoh et al.,
198 lb; 1982), and it activates the Ca-pump at the
sarcolemma (Gopinath & Vincenzi, 1977; Caroni &
Carafoli, 1981; Colca et al., 1983).

If the action of nitroglycerine or isoprenaline is
dependent on the production of cyclic GMP or cyclic
AMP, nitroglycerine and 8-bromo cyclic GMP (8-Br
cyclic GMP) or isoprenaline and dibutyryl cyclicAMP
(db cyclic AMP) may have the same mechanism of
vasodilatation. In this paper we have attempted to
clarify the mechanism of nitroglycerine-induced
vasodilatation, in relation to the synthesis and func-
tions of cyclic GMP. For investigations on the intact
muscle tissue, 8-Br cyclic GMP was used, and for
skinned muscles, cyclic GMP was used. Actions of
isoprenaline, cyclicAMP and db cyclicAMP were also
studied and compared to those ofnitroglycerine, cyclic
GMP and 8-Br cyclic GMP.

Methods

Albino rabbits of either sex (2-3kg) were given
sodium pentobarbitone 40mgkg-' i.v. and exsan-

guinatep. The mesentery in the jejunal region was
immediately placed in a dissecting chamber filled with
Krebs solution. The mesenteric artery was carefully
excised under a binocular microscope.
The composition of the Krebs solution was as

follows (mM): Na+ 137.4, K+ 5.9, Mg2" 1.2, Ca2+ 2.5,
HCO3 15.5, H2PO4- 1.2, Cl- 134.0, glucose 11.5. It
was aerated with 97% 02 plus 3% CO2 and the pH was
adjusted to 7.3. High-[K]0 solution was prepared by
replacing NaCl with KCI, isosmotically.

Recordings ofmechanical activity

Mechanical responses were measured by attaching a
circular strip of the mesenteric artery (0.05-0.1 mm in
width and 0.3 mm in length) to a strain gauge (U-
gauge, Shinko, Tokyo). The tissue was superfused in
an organ bath (0.9 ml) filled with Krebs solution.
Solutions containing drugs of modified ionic concen-
trations were added to the bath during simultaneous
water pump aspiration ofthe solution already present.
The test solutions could be added in only a few
seconds.

Skinned tissues were obtained using saponin accor-
ding to the method described elsewhere (Itoh et al.,
1981a,b). After a K-induced contraction of an intact
muscle had been recorded, the bathing solution was
replaced with a relaxing solution containing 130mM
K-methanesulphonate (KMs), 20mM Tris maleate,
5mMMg(Ms)2, 5mM ATP (1OmM Na as Na2 ATP)
and 4mM ethyleneglycol-bis-(P-aminoethylether)-
N,N,N,',N'-tetra acetic acid (EGTA) at pH 6.8. The
tissue was left for 20 min in the relaxing solution
containing 25 fg ml-' saponin and was washed again
with the same solution and left until the tension
became constant at about zero level. Immediately
before the addition of a Ca-containing solution, the
preparation was again superfused with the relaxing
solution. To investigate the effects of various drugs on
the Ca receptor of contractile proteins, the pCa-ten-
sion curve was observed in the presence or absence of
drugs. Various Ca concentrations were prepared by
adding appropriate amounts of Ca(Ms)2 to EGTA.
The apparent binding constant of EGTA for Ca was
taken to be 106 mol-' at pH 6.8 at 25°C (Itoh et al.,
1981a). The pH of the relaxing and various Ca
solutions was kept at 6.8 by isosmotically replacing the
appropriate amount of KMs with KOH.

Assay ofcyclicAMP and cyclic GMP

Smooth muscle tissues excised from porcine coronary
arteries were prepared in cold Krebs solution, under a
binocular microscope. Dissected tissues, weighing
50-100 mg wet wt. (80mg in most preparations), were
mounted in an organ bath without any load. Tissue
kept at 37°C for 60 min in the aerated Krebs solution
served as the control. To observe the effects of
isoprenaline or nitroglycerine on the cyclic AMP or
cyclic GMP content, various concentrations of these
agents were added for the final 3 min of the 60 min
incubation period (Itoh et al., 1982).
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After 60 min incubation, the tissue was frozen with
nitrogen and homogenized in 6% trichloroacetic acid.
The levels of cyclic AMP and cyclic GMP in the
extracts were measured using a radioimmunoassay kit
(Yamasa Shoyu: Honma et al., 1977).

Drugs

Chemicals used in the present experiments were caf-
feine (NE Wako Pure Chemical Industries, Osaka,
Japan), saponin (ICN Pharmaceuticals. Inc.,
Cleveland, Ohio), noradrenaline HCI (Sigma
Chemical Co., St. Louis, MO), isoprenaline (Tokyo
Kasei Kogyo Co., Tokyo, Japan), prazosin (Pfizer
Pharmaceutical Co., Basel, Switzerland), guanethi-
dine (Tokyo Kasei Kogyo Co.), nitroglycerine (water
soluble type: Nihon-Kayaku Co., Tokyo, Japan),

dibutyryl cyclic AMP (db cyclic AMP; Sigma), 8-
bromo cyclic GMP (8-Br cyclic GMP; Sigma), cyclic
AMP-dependent protein kinase (cyclic AMP-PK;
P5511, Sigma) and ethyleneglycol-bis- (P-aminoeth-
ylether) N,N,N',N'- tetra acetic acid (EGTA; Dozin
Laboratories, Kumamoto, Japan). Cyclic GMP-de-
pendent protein kinase (cyclic GMP-PK; Nakasawa &
Sano, 1975) was kindly provided by Prof. H. Hidaka
and Dr M. Inagaki, Mie University, Japan.
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Figure 1 Effects of nitroglycerine and isoprenaline on the production of cyclic AMP (open columns) and cyclic GMP
(hatched columns) in the porcine coronary artery. Each column represents the mean of a number of preparations
(shown by number in parentheses) and vertical lines show s.d. Significantly different from the control, *P <0.05;
**P<0.0l.
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Statistics

The results were expressed as the mean value ± s.d.
(n = number of observations), and statistical signifi-
cance was assessed using either Student's t test for
paired observations or that for unpaired observations
between two drugs. P values of less than 0.05 were
considered to be significant.

Results

Effects ofisoprenaline and nitroglycerine on the
production ofcyclic AMP and cyclic GMP

Figure 1 shows the effects ofvarious concentrations of
isoprenaline or nitroglycerine on the production of
cyclic AMP and cyclic GMP in the porcine coronary

a

10mg

NG 1-5M 10min

10 mg

mg

8-Br cAMP 0.3 mM

Control NG 10-5M 8-BR cGMP
n 1 mMA

0.3 mM

mM 10 min

1.0 mM

mg

v. 99111

Control Isop 106 M db cAMP 0.3 mM
0.1 mr.M

I a I A

1.0 mM 2 min

20 mg

2 min
Figure 2 Effects of nitroglycerine (NG), 8-bromo cyclic GMP (8-Br cGMP), isoprenaline (Isop) and dibutyryl cyclic
AMP (db cAMP) on contractions induced by 39 mM [K]0 in the rabbit mesenteric artery. Guanethidine (1 t4M) and
prazosin (I jAM) were present throughout experiments to prevent the release ofnoradrenaline from nerve terminals and
the activation of a-adrenoceptors, respectively. (a) Effects of the above agents on K-induced contractions (2 min
administration of 39 mM [K]O every 5 min). {b) Effects of various agents on the shape of the K-induced contractions
(39mM [K]O). The agents were administered 3 min before the addition of 39mM [K]O.

b
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artery after 3 min incubation. In comparison to the
control, nitroglycerine consistently increased the
amount of cyclic GMP in concentrations greater than
0.1 M (P< 0.05) with no change in the production of
cyclic AMP (P>0.05). Administration of isopren-
aline (more than 0.1 gM) markedly increased the
concentration of cyclic AMP (P<0.01) with no
change in the level of cyclic GMP (P>0.05). these
results indicate that nitroglycerine and isoprenaline
selectively increased the concentrations ofcyclic GMP
and cyclic AMP, respectively.

Effects ofnitroglycerine, isoprenaline and cyclic
nucleotides on the K-induced contraction

Figure 2a shows the effects of nitroglycerine, isopren-
aline, 8-Br cyclic GMP and db cyclic AMP on the
39mM [K[O-induced contraction in rabbit mesenteric
artery. Excess concentrations of [KJO were successively
added for 2 min every 5 min. Guanethidine (I tIM) was
present in the solution throughout the experiment to
prevent the effect ofnoradrenaline released from nerve

terminals by depolarization. When high concentra-
tions ofisoprenaline were tested against the K-induced
contraction, I pM prazosin was present to prevent the
activation of a-adrenoceptors. Nitroglycerine (10 pM)
and isoprenaline (I pM) reduced the amplitude of the
K-induced contraction within a few minutes.
However, with 8-Br cyclic GMP and db cyclic AMP
more than 10 min was required to give a steady level of
inhibition of the contraction. The K-induced contrac-
tion consisted of phasic and tonic components (Figure
2b). Following 5 min superfusion with nitroglycerine,
isoprenaline, 8-Br cyclic GMP or db cyclic AMP,
39mM [K]> was administerd. When either 8-Br cyclic
GMP or db cyclic AMP, in concentrations over
0.1 mM, was administered, both phasic and tonic
components of the K-induced contraction were in-
hibited dose-dependently. However, the inhibition
induced by db cyclic AMP was less than that seen with
8-Br cyclic GMP, i.e. a 10 times higher concentration
ofdb cyclic AMP was required to give the same extent
of inhibition as that observed with 8-Br cyclic GMP
(0.1 mM cyclic GMP vs I mM db cyclic AMP in Figure
2).

Effects ofcaffeine or noradrenaline on Ca storage in
smooth muscle cells ofthe mesenteric artery

The following experiments were done to assess the
effects of nitroglycerine, isoprenaline or cyclic
nucleotides on the Ca storage site used to elicit the
caffeine- or noradrenaline-induced contractions
evoked in the Ca-free 2mM EGTA-containing solu-
tion. After depletion ofCa from the store by repeated
administration of 20mM caffeine in Ca-free solution,
2.5 mM Ca was added for 20 min (1st procedure), the

tissue was then superfused with Ca-free 2mM EGTA-
containing solution for 10min (2nd procedure), and
subsequently, various concentrations of caffeine were
administered as the conditioning stimulus (3rd
procedure). Finally after 5 min superfusion with Ca-
free solution, 20mM caffeine was again added in Ca-
free solution as the test stimulus (4th procedure). With
the addition of I mM caffeine as the conditioning
stimulus, a contraction was evoked, and 20 mM caf-
feine subsequently administered as the test stimulus
produced a small contraction (Figure 3al). Increased
concentrations of caffeine administered as the con-
ditioning stimulus proportionally reduced the
amplitude of the contraction subsequently evoked by
the test administration of caffeine but enhanced, in a
dose-dependent manner, the amplitude and the rates
of rise and fall ofthe contraction (Figure 3b). Figure 3c
shows the responses of smooth muscle cells to caffeine
(20 mM) given as the test stimulus following condition-
ing treatments with various concentrations ofcaffeine.
When concentrations of caffeine given as the con-
ditioning stimulus were increased to 5 mM or beyond,
the test stimulus did not produce a contraction.
When 0.1 tLM noradrenaline was the conditioning

stimulus, a small contraction was evoked. Increased
concentrations of noradrenaline enlarged the contrac-
tion dose-dependently. As a consequence, the
amplitude of the resulting caffeine-induced contrac-
tion, evoked by the test stimulus, was proportionally
reduced (Figure 3d). These results indicate that
noradrenaline and caffeine release Ca from the same
storage site in smooth muscle cells. The noradrenaline-
induced contraction evoked in Ca-free solution ceased
with the addition of prazosin (1 pM). The shape of the
contractions evoked by caffeine or noradrenaline as
the conditioning stimulus were compared (Figure 3e).
The rates of rise and fall of the contractions were faster
for the caffeine-induced contraction than those
observed for the noradrenaline-induced contraction.

Effects ofnitroglycerine, isoprenaline or cyclic
nucleotides on Ca storage in intact muscle cells

The effects of nitroglycerine, isoprenaline or cyclic
nucleotides on the caffeine-induced contraction
evoked in Ca-free 2mM EGTA-containing solution
were observed. When 10gM nitroglycerine with
2.5 mM Ca was applied for 20 min during the 1st
procedure, the amplitude of the caffeine-induced
contraction evoked by the conditioning stimulation
was reduced (0.81 ± 0.12 times the control, n = 5;
P <0.05). When I tiM isoprenaline plus 2.5mM Ca
was administered, the amplitude of the caffeine-in-
duced contraction was slightly enlarged (1.12 ± 0.8
times the control, n = 5; P < 0.05). On the addition of
8-Br cyclic GMP (0.1 mM) with Ca, the amplitude of
the contraction was reduced (0.75 ± 0.14 times, n = 5;
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Figure 3 (a) Responses of smooth muscle cells of the rabbit mesenteric artery to caffeine in Ca-free solution
containing 2mM EGTA. After depletion of stored Ca by repeated administration of caffeine (20 mM), 2.5 mm Ca was
given for 20 min (1st procedure), then the tissue was rinsed with Ca-free solution containing 2mM EGTA for Omin
(2nd procedure) and various concentrations of caffeine were subsequently administered (1 mM- 20 mM) for 2 min (3rd
procedure; conditioning stimulus). After the addition of various concentrations of caffeine in Ca-free solution, 20mM
caffeine was again added (4th procedure; test stimulus). (b) Traces ofcontractions evoked by various concentrations of
caffeine (as the conditioning stimulus). (1) 1 mm, (2) 2 mM, (3) 4 mm, (4) 10mm and (5) 20mm caffeine. (c) Amplitudes
of contraction evoked by 20 mm caffeine (as the test stimulus) following treatment with various concentrations of
caffeine (conditioning stimulus). Horizontal scale indicates the concentration of caffeine administered during the
conditioning stimulation and vertical scale indicates the amplitude of the contraction evoked by the test stimulation
with caffeine. The amplitude of contraction evoked by the test stimulation without the addition of a conditioning
stimulus was normalized as 1.0. Vertical lines indicate s.d., n = 4-6. (d) Responses ofsmooth muscle cells of the rabbit
mesenteric artery to noradrenaline (NA; conditioning stimulus) and to subsequently administered caffeine (test
stimulus; 20 mM) in Ca-free solution containing 2 mm EGTA. Concentration of NA varied from 0.1 M to 10 gM. (e)
Actual traces of the mechanical response evoked by 1OgM noradrenaline (I) or 20 mm caffeine (2) as conditioning
stimuli. Two records obtained in successive experiments were superimposed.
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Figure 4 (A) Effects of nitroglycerine (NG; 10-5 M or 8-bromo cyclic GMP (8-Br cGMP; 0.3 mM) on caffeine- or

noradrenaline (NA)-induced contractions in Ca-free solution containing 2 mM EGTA (rabbit mesenteric artery).
Experimental procedures were the same as those described in Figure 3a. Nitroglycerine or 8-bromo cyclic GMP were

added during the 2nd and 3rd procedures. As the conditioning stimulus, either 2 mm caffeine (a) or 10 pM noradrenaline
(b) was applied and as the test stimulus 20 mm caffeine was applied (a and b). (B) Changes in the shape of the
contraction evoked by caffeine, 20 mM (a,b) and 2 mM (c,d), or noradreraline, 10-5M (e,), with nitroglycerine or 8-
bromo cyclic GMP present during procedures 2 - 3 (see text and legend to Figure 3). Experimental procedures were the
same as those described in (A). Intervals between drug additions were 40 min. Contractions evoked before and during
the administration ofthe above agents were superimposed. (a) Control (1), + nitroglycerine 10- 5 M (2); (b) control (1),
+ 8-Br cyclic GMP 0.3 mM (2), 1 mM (3); (c) control (1), + nitroglycerine IO-I M (2); (d) control (1), + 8-Br cyclic
GMP 0.3mM (2); (e) control (1), + nitroglycerine 10- M (2),2 x 10-5M (3); (0 control (1), + 8-Br cyclicGMP 0.1 mm
(2), 0.3 mM (3), 1 mM (4). Dotted lines indicate the level of resting tension.
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P< 0.05 compared to the control; P > 0.1, compared
to that observed in the presence of nitroglycerine), but
db cyclic AMP (0.1 mM) enhanced the amplitude
(1.21 ± 0.11 times, n = 5; P<0.02, compared to the
control; P>0.1, compared to that observed in the
presence of isoprenaline).
With the addition of 10 tiM nitroglycerine during the

2nd and 3rd procedures, the resulting caffeine-induced
contractions evoked by the conditioning and test
stimulations were reduced (Figure 4A al vs a2; con-
ditioning and test responses were 0.81 ± 0.10 times the
control (PL< 0.01) and 0.68 ± 0.16 times the control
(P <0.01, respectively). The contractions evoked by
conditioning and test stimulations were both nor-
malized as 1.0. Much the same response was observed
on the addition of0.3 mm 8-Br cyclicGMP (condition-
ing responses: 0.74 ± 0.19 times the control, P< 0.05
and P> 0. 1, compared to that observed in the
presence of nitroglycerine; test response: 0.39 ± 0.8
times the control, P < 0.001 and P <0.05, compared

a

Control

to that observed in the presence of nitroglycerine.
Figure 4Aa3). With the addition of IOgM noradren-
aline as the conditioning stimulus, the amplitude ofthe
caffeine-induced (test) contraction was consistently
reduced by pretreatment with 1OuM nitroglycerine or
0.3 mM 8-Br cyclic GMP during the 2nd and 3rd
procedures (conditioning and test responses;
0.81 ± 0.10 times (P< 0.02) and 0.77 ± 0.14 times the
control (P< 0.05), respectively, n = 5; Figure 4Ab3).

Figure 4B shows the effects of nitroglycerine or 8-Br
cyclic GMP on the shapes of the contraction evoked
by caffeine or noradrenaline administered as the
conditioning stimulus in the Ca-free solution. When
either nitroglycerine (10 gM) or 8-Br cyclic GMP
(0.3-1.0 M) was added during the 2nd and 3rd
procedures, the peak amplitudes of both the 20mM
and 2 mM caffeine-induced contractions were reduced
with no change in the rising phase ofcontractions. As a
consequence, the time to reach the peak amplitude and
the duration of contraction were reduced (Figure 4B

d
Control

e
10 M ISO

b
106 M Iso

c

0.3 mM db-cAMP
f
0.3 mm db-cAMP

110 mg 110 mg

.4 P. 10 min . 10 min
I 2.5 mM Ca l r 2.5 mM Ca I

Ca free Ca free

2 mM 20 mM 10-5 M 10 min
Caffeine Caffeine NA Caffeine

Figure 5 Effects of isoprenaline or dibutyryl cyclic AMP on the caffeine- or noradrenaline (NA)-induced contraction
in Ca-free solution containing 2 mm EGTA. Experimental procedures were the same as those described in Figure 3a.
Isoprenaline (Iso) or dibutyryl cyclic AMP (db-cAMP) were added during the 2nd and 3rd procedures. As the
conditioning stimulus 2 mm caffeine (a -c) or 10IAM noradrenaline (d -f) was given and as the test stimulus 20 mM
caffeine was applied.
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rabbit mesenteric artery. (a) Control; before skinning the tissue, 128 mM K was added. After skinning with 25 jg ml-'
saponin for 20 min, concentrations ofCa from 0.3 1M were added cumulatively; (1) 0.3 1tM Ca, (2) 1 juM Ca, (3) 3 gAM (4)
10 gAM Ca. (b) Effects of 50 jiM cyclic AMP with 50 yg ml-' cyclic AMP-PK on the Ca-induced contraction. (c) Effects
of50 JAM cyclicGMP with 1.0 ttg ml- cyclic GMP-PK on the Ca-induced contraction. Relaxation; the tissue was rinsed
with the relaxing solution (ionic composition described in Methods). (d and e) Effects of cyclic AMP with cyclic AMP-
PK or cyclic GMP with cyclic GMP-PK on the pCa-tension relationship observed in skinned muscle tissues of the
rabbit mesenteric artery. (d) Effects of 1 jAM cyclic GMP with 1.0 jg ml-' cyclic GMP-PK (0) on the Ca-induced
contraction; (0) control. (e) Effects of 50 pM cyclic AMP with 501pgml-' cyclic AMP (0) on the Ca-induced
contraction; (0) control. Experimental procedures were the same as those described above (a -c). The amplitude ofthe
128mM [K]O-induced contractions was normalized as 1.0, and amplitudes of Ca-induced contractions evoked in
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vertical lines indicate s.d. (n = 3-6).
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a-d). When 10 JAM or 20 IJM nitroglycerine or
0.1 mM-I mM 8-Br cyclic GMP were tested against
the 10JlM noradrenaline-induced contraction, the
peak amplitude and the rate of fall of the 10 JAM
noradrenaline-induced contraction and the time re-
quired to reach the peak amplitude were also reduced
(e and f).

Using the same experimental procedures, either
1 JM isoprenaline or 0.3 mM db cyclic AMP was
administered during the 2nd and 3rd procedures. With
the administration of 2mM caffeine as the condition-
ing stimulus, amplitudes of contractions were slightly
reduced (0.84 ± 0.08 times the control for isopren-
aline, P < 0.02; and 0.91 ± 0.05 times the control for
db cyclic AMP, P < 0.02; n = 5), but the subsequently
applied test stimulus (20mM caffeine) gave a greater
contraction (Figure 5,a vs b or c; 1.24 ± 0.13 times the
control for isoprenaline, P <0.02; and 1.35 ± 0.14
times for db cyclic AMP, P <0.01; n = 5). Isopren-
aline (1 pM) or db cyclic AMP (0.3 mM) added during
the 2nd and 3rd procedures reduced the amplitude of
the contraction evoked when 10 JAM noradrenaline was
used as the conditioning stimulus (0.84 ± 0.18 times
for isoprenaline, P <0.05; and 0.64 ± 0.20 times the
control for db cyclic AMP, P < 0.05; n = 5). However,
the resulting contraction evoked by the test stimulus
(20mM caffeine) was enhanced in comparison to that
observed in the control (1.38 ± 0.14 times after
isoprenaline and 1.51 ± 0.16 times after db cyclic
AMP, P<0.01; n = 5 (d vs e or f).

Effects ofcyclic AMP and cyclic GMP on contractile
proteins and accumulation of Ca into storage sites in
skinnedmuscles
Before the addition of saponin 25 tLg ml1 ' for 20 min,
128 mM [K]0 ws applied to evoke a contraction. After
skinning, various concentrations of free Ca, ranging
between 0.3 JM and 10 JLM were applied cumulatively
(Figure 6A a-c). In the presence of 0.3 JAM Ca, a
contraction was evoked and 3 LM Ca produced a
larger contraction than that observed after the addi-
tion of 128 mM [K]0 to the intact tissue (a). When
50JAM cyclic AMP with 50plgml-' cyclic AMP-PK
were present throughout the experiments, the Ca-
induced contraction was markedly inhibited, i.e.
0.3pM Ca did not produce a contraction and the
amplitude of the contraction induced by 3 JAM Ca was
smaller than that evoked by 128 mM [K]o (b). When
50 JAM cyclic GMP with ltg ml-' cyclic GMP-PK
were applied to the tissue, the amplitude of the
contraction induced by 0.3 JAM Ca was slightly
reduced, but that induced by I JAM Ca was inhibited to
a, lesser extent than that observed following the
administration of cyclic AMP with cyclic AMP-PK
(c).

Figure 6 (d and e) shows the pCa-tension relation-
ship observed in the presence of cyclic GMP (with
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I fg ml-' cyclic GMP-PK) or cyclic AMP (with
50pgml-' cyclic AMP-PK). The amplitude of the
contraction evoked by 128 mM K in the intact tissue
was normalized as 1.0. Administration of I lpM cyclic
GMP with 1 pg ml' cyclic GMP-PK reduced the
amplitude of the contraction evoked by Ca at
concentrations below 1 pM (P < 0.01, compared to the
control; Figure 6d). When 50 pM cyclic AMP and
50 pig ml-' cyclic AMP-PK were applied
simultaneously, the contractions to concentrations of
Ca ranging between 0.1 pM and 10 pM were
consistently inhibited (P <0.01 compared to the
control; Figure 6e).
To observe the effects of cyclic AMP or cyclic GMP

on the accumulation of Ca into the storage site, the
amount ofCa stored in the cell was estimated from the
amplitude of the caffeine-induced contraction follow-
ing treatment of skinned muscles with Ca. After
skinning the tissue, 1 pM Ca was added for 30 s and the
tissue was then rinsed for 3 min with the relaxing
solution containing 0.1 mM EGTA. Subsequently,
20mm caffeine was added so that the amount of Ca
could be estimated from the amplitude of the contrac-
tion. When cyclic AMP 0.1IM was administered
before and during the addition of I pM Ca for 1 min,
the resulting caffeine-induced contraction was slightly
enlarged (Figure 7a), whereas, the amplitude of the
caffeine-contraction was reduced in the presence of
cyclic GMP 0.1 pM (Figure 7d).

Table I summarizes the effects of cyclic AMP and
cyclic GMP on the Ca- and caffeine-induced contrac-

a

Control

tions in skinned muscles. Following the addition of
1 pM Ca for 2 min, the amplitude of the contraction
was taken as 100%. When either 1 pM cyclic AMP or
cyclic GMP was administered before and during the
addition of Ca for 1 min, the resulting contractions
inducedbyCa Ilmwere99.1 ± 1.5% (P>0.l,n = 5)
or 95.2 ± 4.3% of the control (P = 0.05, n = 3),
respectively. With the addition of I pM cyclic AMP
and cyclic AMP-PK (50 pg ml-'), the contraction to
Ca was reduced and with the addition of cyclic GMP
and cyclic GMP-PK (1.0 pg ml-') it was reduced to a
value smaller than the contraction observed after
cyclic GMP alone (Table 1). These results indicate that
cyclic nucleotides have only a slight effect on the Ca-
induced contraction in the absence of protein kinases
(Table lA). The effects of cyclic AMP or cyclic GMP
on Ca accumulation were, therefore, estimated from
the amplitude of caffeine-contraction in the absence of
cyclic AMP-PK or cyclic GMP-PK. As shown in
Table 1 B, cyclic AMP (0.1 pM and 1 pM) increased the
amplitude of the caffeine-induced contraction after a
30 s incubation with Ca, whereas after a 120 s incuba-
tion with Ca, 0.1 M cyclic AMP did not, but I pM
cyclic AMP did, reduce the amplitude of the caffeine-
induced contraction. On the other hand, cyclic GMP
(0.1 pM and 1 pM; 30 and 120 s Ca incubation) consis-
tently inhibited the amplitude of the caffeine-induced
contraction.

These results indicate that cyclic AMP increases the
accumulation of Ca into the storage site, yet when the
amounts of Ca in the store are increased by longer

b
10-7 M cyclic AMP

5 mg

.4 30 ~~~~~~~~1min

104 M EGTA

10 mM caffeine

d
10-7 cyclic GMP

...Al l~<, 5 mg

Jm 109 M EGTA 1 min
10o M

Ca 10 mM caffeine

Figure 7 Effects ofcyclic AMP or cyclic GMP on caffeine-induced contractions in skinned muscle tissues of the rabbit
mesenteric artery. Before and during the administraon of 1 iM Ca for 30 s, either 0.1 M cyclic AMP or cyclic GMP was
given for I min. After a 3 min rinse with relaxing solution (containing 0.1 mm EGTA), 10 mm caffeine was added. (a)
Control; (b) administration of cyclic AMP (0.1 M). (c) Control; (d) administration of cyclic GMP (0.1 M).
Administration of cyclic nucleotides are indicated by arrows.

c

Control

10C M
Ca
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periods of administration or higher concentrations of
Ca, cyclic AMP reduces the amount of stored Ca. On
the other hand, cyclic GMP consistently reduces the
amount of Ca stored in the cell.

Discussion

Roles of cyclic AMP and cyclic AMP-dependent
protein kinase in relation to the action ofisoprenaline

Since the noradrenaline-induced response in Ca-free
solution modified the contraction subsequently
evoked by caffeine, the sources of Ca producing the
contractions to noradrenaline and caffeine are proba-
bly the same. However, caffeine appeared to release
Ca more rapidly than noradrenaline as estimated from
the shapes of the responses. It has already been shown
that caffeine accelerates Ca extrusion from the cell
more than noradrenaline. Neither noradrenaline nor

caffeine itself modified the contraction evoked by Ca
in skinned muscles, whereas caffeine did, but
noradrenaline did not, release Ca from the storage site
in skinned muscles (Itoh et al. 1982; 1983a,b).
Noradrenaline activates the adrenoceptors distributed
on the surface membrane and may produce a substrate
through the phosphatidylinositol cascade, thus caus-
ing the release of Ca from storage sites (Mitchell,
1975).

In vascular smooth muscles, cyclic AMP con-

tributes to the muscle relaxation through two different
mechanisms; one is through stimulation of the Ca
pump at the sarcolemmal membrane (Ca extrusion)
and sarcoplasmic reticulum (Ca accumulation), and
the other is through inhibition of phosphorylation of
myosin light chain kinase. However, no consistent
results have been obtained concerning the Ca trans-
port mechanism at the sarcolemmal membrane, i.e. Ca
uptake was increased by cyclic AMP and cyclic AMP-
PK into the sarcolemma-enriched fraction extracted
from smooth muscle cells (Webb & Bhalla, 1976;
Nishikori et al. 1977; Thorens & Haeusler, 1978;
Bhalla et al., 1978; Brockbank & England, 1980). On
the other hand, negative results on the action of these
agents have also been reported (Allen, 1977; Sands &
Mascali, 1978; Kreye & Schlicker, 1980). The in-
hibitory action of cyclic AMP and cyclic AMP-PK on

myosin light chain kinase is, however, generally accep-
ted (Adelstein & Eisenberg, 1980). Recently, Suematsu
et al. (1984) demonstrated that Ca extrusion in the
sarcolemma-rich fraction extracted from aortae was

accelerated by the addition of cyclic GMP with cyclic
GMP-PK or cyclic AMP with cyclic AMP-PK in the
presence of ATP, while Ca accumulation into the
sarcoplasmic reticulum-rich fraction was only
accelerated by cyclic AMP with cyclic AMP-PK but
not by cyclic GMP with cyclic GMP-PK.

In skinned muscles, administration of free Ca

increased the amount of Ca stored in the cell.
However, excess accumulation of Ca into the storage
sites activates the Ca-induced Ca release mechanism,
thereby reducing the amount of Ca stored in the cell
(Itoh et al. 1982). In the present experiments, in order
to observe the effects of cyclic AMP on the Ca store
in skinned muscles, the amount of Ca stored in cells
was estimated from the amplitude of the caffeine-
induced contraction. Since cyclic AMP-PK inhibited
the phosphorylation of myosin, cyclic AMP was
applied in the absence of cyclic AMP-PK, i.e. 30s
incubation ofCa in the presence of cyclic AMP gave a
greater increase in the amount of Ca, as estimated
from the amplitude of the caffeine-induced contrac-
tion in skinned muscles, than in the absence of cyclic
AMP, whereas 120 s incubation of Ca in the presence
of cyclic AMP gave a greater reduction in the amount
ofCa stored in cells than in the absence ofcyclic AMP.
Therefore, cyclic AMP, in relation to the action of
isoprenaline, inhibited the phosphorylation of the
myosin light chain kinase and accelerated both the Ca
accumulation into the store site and also Ca transport
through the sarcolemmal membrane.

In contractile proteins, after complex formation of
Ca with calmodulin, the effects of cyclic AMP and
cyclic AMP-PK on the phosphorylation ofmyosin are
less pronounced (Conti & Adelstein, 1981). On the
other hand, in intact muscle tissues, isoprenaline is
more effective against the tonic component than the
phasic component of the K-induced contraction (i.e.
isoprenaline is more effective after Ca has bound with
calmodulin). Thus the main action of isoprenaline is
postulated to be due to uptake ofCa into the store site
and partly due to Ca extrusion from cells, in addition
to inhibition of phosphorylaton of myosin.

Roles ofcyclic GMP and cyclic GMP-dependent protein
kinase in relation to the action of nitroglycerine

Cyclic GMP accelerates Ca transport at the sarcolem-
mal membrane in various smooth muscles (aorta: Ives
et al., 1980; Rapoport et al., 1982; Suematsu et al.,
1984; trachea: Hogaboom et al., 1982). In the present
experiments, with the addition of cyclic GMP plus
cyclic GMP-PK, the pCa-tension relationship was
inhibited at concentrations of pCa below 6, while
cyclic AMP-PK, with cyclic AMP consistently in-
hibited the pCa-tension relationship at any given
concentration of Ca below pCa 5.

In order to observe the effects of cyclic GMP on the
Ca storage site, cyclic GMP was applied in the absence
of cyclic GMP-PK to skinned muscle tissues, thus
eliminating its inhibitory actions on the
phosphorylation of myosin. Cyclic GMP consistently
reduced the amount of Ca stored in skinned muscles,
relative to the control amounts, after the
administration of any given concentration of Ca.
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When the effects of cyclic GMP were considered in
relation to the actions of nitroglycerine, cyclic GMP
with cyclic GMP-PK inhibited the contraction
induced by low concentrations ofCa (below 1 pM) and
reduced the amount of Ca stored in the cell. In intact
muscle cells (isolated single cell pellets in Ca-free
solution), nitroglycerine significantly accelerated the
Ca extrusion in the presence of vasoconstrictor agents
(Itoh et al., 1983b). When nitroglycerine or 8-Br cyclic
GMP was applied together with Ca to intact muscle
tissues the resulting contractions induced by caffeine
in Ca-free solution, by both conditioning and test
stimuli, were consistently reduced (Figure 4A). These
responses differed from those evoked by isoprenaline
or db cyclic AMP, i.e. the amount ofCa stored in cells
was reduced by nitroglycerine or 8-Br cyclic GMP.
The main action of cyclic GMP seems to be
acceleration of Ca extrusion at the sarcolemmal
membrane. From the results obtained from intact
muscle tissues and sarcolemma-rich fractions, it may
be deduced that the acceleration of Ca extrusion by
cyclic GMP plus cyclic GMP-PK or nitroglycerine
reduces the amounts of Ca stored and free Ca in the
myoplasm.
The minimum requirement of cyclic AMP or cyclic

GMP for the regulation of Ca stored in cells under
physiological conditions is not yet clarified. However,

if cyclic nucleotides play an important role in the
relaxant actions of nitroglycerine or isoprenaline, the
amount of stored Ca as regulated by the cyclic
nucleotides may indicate the major difference in
actions of both agents.
Not only does nitroglycerine, but also high concen-

trations of stimulants (acetylcholine, histamine and
others), increase the mount of cyclic GMP (Bar, 1984;
Hardman, 1981). However, nitroglycerine relaxes the
tissue whereas the above agonists produce contrac-
tions. If the main action of nitroglycerine is the
production of cyclic GMP, and cyclic GMP primarily
accelerates Ca extrusion, then nitroglycerine would
reduce the free Ca and Ca stored in the cell, thus
relaxing the tissue. On the other hand, while acetyl-
choline and the other agonists increase the amount of
free Ca, simultaneously increased concentrations of
cyclic GMP may activate Ca extrusion, thus prevent-
ing the damage to cells caused by excess concentra-
tions of Ca.
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Ohara for reading the manuscript. Radioimmunoassay kits
for cyclic nucleotides were kindly provided by Yamasa Shoyu
Co. Ltd, Japan.

References

ADELSTEIN, R.S. & EISENBERG, E. (1980). Regulation and
kinetics of the actin-myosin-ATP interaction. Ann. Rev.
Biochem., 49, 921-956.

ALLEN, J.C. (1977). Ca' '-binding properties ofcanine aortic
microsomes: lack of effect of c-AMP. Blood Vessels, 14,
91-104.

AXELSSON, K.L., ANDERSSON, R.C.G. & WIKBERG, J.E.S.
(1981). Correlation between vascular smooth muscle
relaxation and increase in cyclic GMP induced by some
organic nitro esters. Acta Pharmac. Tox., 49, 270-276.

BAR, H.P. (1974). Cyclic nucleotides and smooth muscle. Adv.
cycl. Nucleotide Research, 4, 195-237.

BHALLA, P.C., WEBB, R.C., SINGH, D. & BROCK, T. (1978).
Role of cyclic AMP in rat aortic microsomal phos-
phorylation and calcium uptake. Am. J. Physiol., 234,
H508-H514.

BROCKBANK, K.J. & ENGLAND, P.J. (1980). A rapid method
for the preparation of sarcolemmal vesicles from rat
aorta, and the stimulation of calcium uptake into the
vesicles by cyclic AMP-dependent protein kinase.
F.E.B.S. Letts., 122, 67-71.

CARONI, P. & CARAFOLI, E. (1981). The Ca2"-pumping
ATPase of heart sarcolemma characterization, cal-
modulin dependence, and partial purification. J. biol.
Chem., 256, 3263-3270.

COLCA, J.R., KOTAGAL, N., LACY, P.E. & McDANIEL, M.E.
(1983). Comparison of the properties of active Ca2+
transport by the islet-cell endoplasmic reticulum and
plasma membrane. Biochim. biophys. Acta, 729, 176-184.

CONTI, M.A. & ADELSTEIN, R.S. (1981). The relationship

between calmodulin binding and phosphorylation of
smooth muscle myosin kinase by the catalytic submit of
3':5' cAMP-dependent protein kinade. J. biol. Chem.,
256, 3178-3181.

ENDOH, M. & TAIRA, N. (1983). Relationship between
relaxation and cyclic GMP formation caused by nicoran-
dil in canine mesenteric artery. Naunyn-Schmiedebergs
Arch. Pharmac., 322, 319-321.

GOPINATH, R.M. & VINCENZI, F.F. (1977). Phosphodies-
terase protein activator mimics red blood cell cytoplasmic
activator of(Ca2+-Mg2+ ) ATPase. Biochim. biophys. Res.
Commun., 77, 1203-1209.

GRUETTER, C.A., GRUETTER, D.Y., LYON, J.E., KADOW-
TIZ, P.J. & IGNARRO, P.J. (1981). Relationship between
cyclic guanosine 3': 5'-monophosphate formation and
relaxation of coronary arterial smooth muscle by
glycerytrinitrate, nitroprusside, nitrite and nitric oxide:
effect ofmethylene blue and methemoglobin. J. Pharmac.
exp. Ther., 219, 181-186.

HARDMAN, J.G. (1981). Cyclic nucleotides and smooth
muscle contraction: some conceptual and experimental
considerations. In Smooth Muscle: an Assessment of
Current Knowledge, ed. Bulbring, E., Brading, A.F.,
Jones, A.W. & Tomit, T. pp. 249-262. London: Edward
Arnold Press.

HOGABOOM, G.K., EMLER, C.A., BUTCHER, F.R. & FED-
MAN, J.S. (1982). Concerted phosphorylation ofendogen-
ous tracheal smooth muscle membrane proteins by Ca2 ,
calmodulin-, cyclic GMP- and cyclic AMP-dependent
protein kinases. F.E.B.S. LETTS., 139, 309-312.



406 T. ITOH et al.

HONMA, M., SATOH, T., TAKESAWA, T. & UI, M. (1977). An
ultrasensitive method for the simultaneous determination
of cyclic AMP and cyclic GMP in small volume samples
from blood and tissue. Biochem. Med., 18, 257-273.

ITO, Y., KITAMURA, K. & KURIYAMA, H. (1980a). Actions
of nitroglycerine on the membrane and mechanical
properties of smooth muscles of the coronary artery of
the pig. Br. J Pharmac., 70, 197-204.

ITO, Y., KITAMURA, K. & KURIYAMA, H. (1980b).
Nitroglycerine and catecholamine actions on smooth
muscle cells of the canine coronary artery. J. Physiol.,
309, 171-184.

ITOH, T., FURUKAWA, K.; KAJIWARA, M., KITAMURA, K.,
SUZUKI, H., ITO, Y. & KURIYAMA, H. (198 la). Effects of
2-nicotinamidoethyl nitrate on smooth muscle cells and
on adrenergic transmission in the guinea-pig and porcine
mesenteric arteries. J. Pharmac. exp. Ther., 218, 260- 270.

ITOH, T., IZUMI, H. & KURIYAMA, H. (1982). Mechanisms of
relaxation induced by activation of,-adrenoceptors in
smooth muscle cells of the guinea-pig mesenteric artery.
J. Physiol., 326, 475-493.

ITOH, T., KURIYAMA, H. & SUZUKI, H. (1981b). Excitation-
contraction coupling in smooth muscle cells of the
guinea-pig mesenteric artery. J. Physiol., 321, 513-535.

ITOH, T., KURIYAMA, H. & SUZUKI, H. (1983a). Differences
and similarities in the noradrenaline- and caffeine-in-
duced mechanical responses in the rabbit mesenteric
artery. J. Physiol., 337, 609-629.

ITOH, T., KURIYAMA, H. & UENO, H. (1983b). Mechanisms
of the nitroglycerine-induced vasodilation in vascular
smooth muscles of the rabbit and pig. J. Physiol., 343,
233-252.

IVES, H.E., CASNELLIE, J.E., GREENGARD, P. & JAMIESON,
J.D. (1980). Subcellular localization of cyclic GMP-de-
pendent protein kinase and its substrates in vascular
smooth muscle. J. biol. chem., 255, 3777-3785.

KREYE, V.A.W. & SCHLICKER, E. (1980). Effects of
vasodilator drugs, alkaline phosphatase, and cyclic
AMP-dependent protein kinase on the 45calcium uptake
of sarcolemmal microsomes from human umbilical
arteries. Br. J. Pharmac., 70, 537-544.

KUKOVETZ, W.R., HALZMANN, S., WURM, A. & POCH, G.
(1979). Evidence for cyclic GMP-mediated relaxant
effects of nitro-compounds in coronary smooth muscle.
Naunyn-Schmiedebergs Arch. Pharmac., 310, 129-138.

MICHELL, R.H. (1975). Inositol phospholipids and cell
surface receptor function. Biochim. biophys. Acta, 415,
81-147.

NAKASAWA, K. & SANO, M. (1975). Partical purification and
properties of guanosine 3': 5'-monophosphate-dependent
protein kinase from pig lung. J. biol. Chem., 250,
7415-7419.

NISHIKORI, K., TAKENAKA, T. & MAENO, H. (1977).
Stimulation of microsomal calcium uptake and protein
phosphorylation by adenosine cyclic 3':5'-monophos-
phate in rat uterus. Molec. Pharmac., 13, 671-678.

RAPOPORT, R.M., DRAZNIN, M.B. & MURAD, F. (1982).
Sodium nitroprusside-induced protein phosphorylation
in intact rat aorta is mimicked by 8-bromo cyclic GMP.
Proc. natn. Acad. Sci. U.S.A., 79, 6470-6474.

SANDS, H. & MASCALI, J. (1978). Effects of cyclic AMP and
of protein kinase on the calcium uptake by various
tracheal smooth muscle organelles. Arch. int. Pharmac.
Th&r., 236, 180-191.

SCHULTZ, K.D., SCHULTZ, K. & SCHULTZ, J. (1977). Sodium
nitroprusside and other smooth muscle relaxants increase
cyclic GMP levels in rat ductus deferens. Nature, 265,
750-751.

SUEMATSU, E., HIRATA, M. & KURIYAMA, H. (1984).
Effects of cAMP- and cGMP-dependent protein kinase
and calmodulin on Ca2+ uptake by highly purified
sarcolemmal vesicles of vascular smooth muscles. Bio-
chim. biophys. Acta, 773, 83-90.

THORENS, S. & HAEUSLER, G. (1978). Effects of adenosine
3': 5'-monophosphate and guanosine 3': 5'-monophos-
phate on calcium uptake and phosphorylation in mem-
brane fractions of vascular smooth muscle. Biochim.
biophys. Acta, 512, 415-428.

WEBB, R.C. & BHALLA, R.C. (1976). Calcium sequestration
by subcellular fractions isolated from vascular smooth
muscle: effect of cyclic nucleotides and prostaglandins. J.
mol. cell. Cardiol., 8, 145-157.

(Received June 7, 1984.
Revised August 24, 1984.

Accepted October 5, 1984.)


