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ABSTRACT—In guinea pig urinary bladder, the hyperosmotic 65 mM KCIl (H-65K*)- or carbachol (CCh)-
induced contraction was inhibited by an addition of papaverine in a concentration-dependent manner. The
cAMP content of the muscle in the presence of H-65K™* or CCh was increased by papaverine only at the higher
concentration of 100 uM, but ¢cGMP content was not affected by papaverine. Forskolin, compared with
papaverine, increased CAMP content in a concentration-dependent manner, and nitroprusside did not sig-
nificantly increase cGMP content. In a fura 2 loaded muscle, papaverine did not affect an increase of [Ca®*];
level by high K* or CCh. The increase of oxidized flavoprotein (FPox) fluorescence and muscle contraction in
the presence of H-65K* or CCh was decreased by papaverine (1 —100uM), and the increase of pyridine
nucleotide (PNred) fluorescence was not affected by papaverine. In summary, it was concluded that papaverine
induced relaxation by inhibiting mitochondrial respiration in guinea pig urinary bladder as well as ileum.
Moreover, it is proposed that the mechanism of papaverine-induced relaxation in the smooth muscle, which
shows predominantly a metabolic dependency on its contraction, is an inhibition of mitochondrial respiration.
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Papaverine, a non-selective smooth muscle relaxant, has
been utilized as vasodilator or bronchodilator and as a tool
to reveal a mechanism of relaxation in smooth muscle. On
the other hand, its mechanism of relaxation in smooth
muscle has been explained by the following three modes:
1) an intracellular accumulation of cAMP by inhibiting
phosphodiesterase (PDE) (1 —4), 2) an inhibition of mito-
chondrial respiration (5—8) and 3) effects on Ca** move-
ment (5, 9— 11). Although these different mechanisms have
been proposed by respective researchers, an effort to com-
pare and evaluate these three concepts in various smooth
muscles had been neglected up to the present. Recently, we
have suggested that papaverine inhibits smooth muscle
contraction mainly by the accumulation of cAMP and/or
¢GMP due to the inhibition of PDE in the rat aorta, but by
acts by inhibiting mitochondrial respiration in guinea pig
ileal smooth muscle, and that the relaxing mechanism of
papaverine shows an organ difference (12).

On the other hand, we have reported that high K*-in-
duced contractions in various smooth muscles were inhibit-
ed by adding metabolic inhibitors, by removing glucose or
by isosmotic substitution of K* for Na* in medium, and
we have suggested that there are three types of inhibition
by the high K*/Na*-deficient solution: 1) the inhibition is
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due to a swelling of the cell, as in rabbit aorta and guinea
pig trachea (type 1) (13, 14); 2) the inhibition is due to an
inhibition of glucose utilization resulting from Na™
deficiency in medium, as in guinea pig and rat urinary
bladders, guinea pig ileum and vas deferens (type 2) (13,
15, 16); 3) the inhibition is due to both the swelling and
the inhibition of glucose utilization, as in rabbit trachea,
guinea pig gall bladder, seminal vesicle and taenia coli
(type 3) (14, 17, 18).

The excitability of a membrane of a smooth muscle be-
longing to type 1, which does not generate an action poten-
tial even with stimulation under a physiological condition,
has been indicated to be low, and the dependency on oxyg-
en consumption for a tension development is low. A mus-
cle belonging to type 2 is one that generates an action
potential spontaneously. It shows spontaneous contraction
and dependency on oxygen consumption for developed
tension is high (19). The purpose of the present study is
to investigate the mechanism of the inhibitory effect of
papaverine in the guinea pig urinary bladder that is a type 2
muscle and shows predominantly a metabolic dependency
on smooth muscle contraction.

For this purpose, we examined inhibitory effects of
papaverine on high K*- or carbachol (CCh)-induced con-
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traction by measuring muscle tension, cAMP or ¢cGMP
content, intracellular Ca2* ([Ca?*}y) level, oxidized flavo-
protein as an indicator of mitochondrial respiration, and
reduced pyridine nucleotides as indicator of glycolytic
activity in the guinea pig urinary bladder.

MATERIALS AND METHODS

Muscle preparations and tension measurement

Male guinea pigs (Hartley strain, 300 — 400 g; Funabashi
Farm, Chiba) were bled after stunning, and then the
urinary bladder of each animal was quickly removed.
Trigunum vesicae, superficial tissue, fat and mucous layer
were removed. The strips of urinary bladder were about
10— 15 mm in length and 3 —5 mm in width. One end of
each strip was bound to a glass holder and the other end
was connected to a strain-gauge transducer (TB-611; Nihon
Kohden, Tokyo) with silk threads in an organ bath. The
muscle tension was isometrically recorded. The physiologi-
cal salt solution (PSS) used was a modified Tyrode’s solu-
tion (136.8 mM NacCl, 5.4 mM KCl, 2.5mM CaCl,, 1.0
mM MgCl,, 11.9 mM NaHCO; and 5.5 mM glucose). The
solution was aerated with 95% O, and 5% CO;, at 37°C,
pH 7.2. Hyperosmotic 65 mM K* (H-65K™) solution was
made by increasing the KCl concentration in the PSS. Isos-
motic 77 mM K* (Iso-77K*) solution was made by substi-
tuting an equimolar amount of K* for Na™ in the PSS.

Assay of cAMP or cGMP content

The cAMP or cGMP content in the urinary bladder was
measured by enzyme immunoassay. After incubation of
the muscles with papaverine, forskolin or nitroprusside for
10 min in the presence of H-65K* or CCh, the muscles
were rapidly frozen in liquid nitrogen and stored at — 80°C
until homogenized in trichloroacetic acid (6%, 0.4 ml).
The homogenate was centrifuged at 3000 x g for 15 min
and the supernatant was washed with water-saturated
diethylether (1.5 ml) three times; the cAMP and ¢cGMP
content was assayed by using an enzyme immunoassay sys-
tem (Amersham Pharmacia Biotech, Tokyo).

Simultaneous measurement of muscle contraction and
[Ca** J; level

The [Ca®’*]; level was measured simultaneously with
muscle contraction as reported previously (20). Muscle
strips were incubated with PSS containing 5 uM acetoxy-
methyl ester of fura 2 (fura 2/AM) for 3—4 h at room
temperature. Cremophol EL (0.02%), a non-cytotoxic de-
tergent, was also added to increase the solubility of fura
2/AM. One end of the muscle was pinned to the bottom of
the organ bath which was filled with PSS (8 ml), and the
other end was attached to the transducer with a silk thread.
The muscle strip kept horizontally in the organ bath was

alternately excited with light at 340 nm or 380 nm by
means of a rotating filter wheel, and emission at 500 nm
was measured through a band-pass filter with a fluorimeter
(CAF-100; Japan Spectroscopic, Tokyo).

Simultaneous measurement of a muscle contraction and
oxidized flavoproteins (FPox) or reduced pyridine nucleo-
tides (PNred) fluorescence

The fluorescence of FPox or PNred was measured simul-
taneously with muscle contraction as reported previously
(21). One end of the muscle was pinned to the bottom of
the organ bath, which was filled with 8 ml of PSS, and the
other end was attached to the transducer with a silk thread.
The muscle strip was excited with light at 450 nm and emis-
sion at 530 nm was measured by a fluorimeter (CAF-100)
to detect FPox, and it was excited with light at 340 nm and
emission at 470 nm was measured by the fluorimeter to
detect PNred fluorescence.

Chemicals

Chemicals used were papaverine, carbachol, forskolin
(Sigma, St. Louis, MO, USA), nitroprusside (Wako Pure
Chemical, Osaka), fura2/AM (Dojindo Laboratories,
Kumamoto) and cremophol EL (Nacalai Tesque, Kyoto).

Statistics
Values are expressed as means = S.E.M., and statistical
analyses were performed by Student’s 7-test.

RESULTS

Effects of papaverine on the high-K* - or CCh-induced con-
traction in guinea pig urinary bladder

The urinary bladder showed a phasic contraction, fol-
lowed by a tonic one, in each of the H-65K* solutions.
When the contractile response to H-65K ™ reached a steady
level, papaverine (0.3 —100uM) was added cumulatively.
Papaverine inhibited the H-65K *-induced contraction in a
concentration-dependent manner. Papaverine almost com-
pletely inhibited H-65K *-induced contractions at 100 uM.
The ICs value of papaverine for the H-65K *-induced con-
traction is 5.3 uM; and the sustained contractions by 10
UM CCh, a receptor agonist, was inhibited by the applica-
tion of papaverine in a concentration-dependent manner.
Papaverine almost completely inhibited the CCh-induced
contractions at 100 uM. The ICs, value of papaverine for
the CCh-induced contraction is 24.1 uM, which was a
somewhat low sensitivity compared with the ICsy of the
H-65K *-induced one (Figs. 1 and 2). Forskolin (0.3 — 100
UM), which increases cCAMP content by activating adenyl-
ate cyclase, inhibited the H-65K*- and CCh-induced con-
tractions, and the ICsy values were 4.3 uM and 7.8 uM,
respectively. Nitroprusside (0.1 —30uM), which increases
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Fig. 1. Effects of papaverine on hyperosmotically added 65 mM KCl
(H-65K*) (A)- and carbachol (CCh) (B)-induced increase in muscle
tension in guinea pig urinary bladder. After the response to H-65K*
or CCh reached a steady level, papaverine was added cumulatively.
Trace of a typical result from 6 experiments.
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Fig. 2. Effects of papaverine on a contraction induced by hyper-
osmotically added 65 mM KCl (H-65K*, @) or carbachol (10 uM,
---0---) in guinea pig urinary bladder. The maximum contraction in-
duced by H-65K* or CCh in the absence of papaverine was taken as
100%. Vertical bars indicate S.E.M.

c¢GMP content by activating guanylate cyclase, did not
affect the H-65K*- and CCh-induced contractions (data
not shown).

Effects of papaverine on cAMP and cGMP contents
Although papaverine (1 -30uM) did not increase the
cAMP content above the control in the presence of H-65K*
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Fig. 3. Effects of papaverine (A) and forskolin (B) on cAMP content
of the urinary bladder in the presence of H-65K* ([J) or 10 uM CCh
(l). *: Significant difference from each respective control with
P<0.05. Each point represents the mean of 4 experiments. Vertical
bars indicate S.E.M.

or CCh (10 uM), papaverine only at the higher concentra-
tion of 100 uM significantly increased cAMP content in the
both cases (Fig. 3A). Forskolin (3 and 10 uM) significantly
increased cCAMP content in the presence of H-65K*, and
forskolin at 1, 3 or 10uM also significantly increased
cAMP content in the presence of CCh (Fig. 3B). On the
other hand, papaverine (1 — 100 uM) did not affect cGMP
content in the presence of H-65K™ or CCh, respectively,
and nitroprusside (1, 3 and 10 uM) did not increase cGMP
content significantly (Fig. 4: A and B). Concerning the
relationship between the inhibition of the H-65K*- or
CCh-induced contraction and the increase in cAMP con-
tent in the presence of papaverine, papaverine at a concen-
tration inducing a medium-sized relaxation did not increase
cAMP content, though 100 uM papaverine that induced a
maximum relaxation significantly increased cAMP content.
However, papaverine at a concentration of 100 uM did not
significantly increase the cGMP content.
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Fig. 4. Effects of papaverine (A) and nitroprusside (B) on ¢cGMP
content in the presence of H-65K* ([J) or CCh (M). Each point
represents the mean of 4-—8 experiments. Vertical bars indicate
S.EM.

Effects of papaverine on the elevated [Ca’* ]; level and mus-
cle contraction

The effect of papaverine on a [Ca®*]; level was measured
simultaneously with muscle contraction, using a fluores-
cent Ca’* indicator, fura 2. Iso-77K* solution and CCh
(10 uM) induced an increase in [Ca?*]; level or muscle con-
traction, respectively. When the [Ca®*]; level and muscle
contraction induced by Iso-77K* or CCh reached a steady
level, addition of papaverine (1-—-30uM) decreased the
muscle contraction in a concentration-dependent manner.
However, papaverine did not change the [Ca®*}; level in
both cases, even at a concentration of 30 uM (Fig. 5).

Effect of papaverine on FPox fluorescence or PNred one
The effect of papaverine was investigated on FPox or
PNred fluorescence measured simultaneously with a muscle
contraction. When papaverine was cumulatively applied, it
inhibited the H-65K * -induced contraction and the increase
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Fig. 5. Effects of papaverine on isosmotically added 77 mM KCl
(Iso-77K*) (A)- and 10uM CCh (B)-induced increase in [Ca®*];
(F340/F380, upper trace) and muscle tension (lower trace) in guinea
pig urinary bladder. The increase in [Ca®*]; induced by Iso-77K* or
CCh before addition of papaverine was taken as 100%. After the
response to Iso-77K* or CCh reached a steady level, papaverine was
added. Trace of a typical result from 4 experiments.

in FPox fluorescence in a concentration-dependent manner
(Fig. 6A). CCh (10 uM) induced a transient contraction
followed by a sustained one. FPox fluorescence increased
before initiation of the contraction. Papaverine (1 —100
uM) inhibited both the CCh-induced contraction and the
stimulated FPox fluorescence in a concentration-dependent
manner (Fig. 6B). On the other hand, on the increase in
PNred fluorescence and muscle contraction by H-65K* or
CCh, papaverine inhibited the contraction but did not
affect the PNred fluorescence (data not shown).

DISCUSSION

Papaverine, a typical non-selective smooth muscle relax-
ant, can relax high-K* or agonist-induced contractions in
smooth muscles of various organs of many animal species.
In the present experiment, papaverine inhibited the
H-65K*- or CCh-induced contraction in a concentration-
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Fig. 6. Effects of papaverine on H-65K*(A)- and CCh (B)-induced
increase in oxidized flavoprotein (FPox) fluorescence (upper trace) and
muscle tension (lower trace) in guinea pig urinary bladder. The FPox
fluorescence induced by H-65K* or CCh before addition of papaver-
ine was taken as 100%. After the response to H-65K* or CCh reached
a steady level, papaverine was added. Trace of a typical result from 4
experiments.

dependent manner in guinea pig urinary bladder. The ICs,
for papaverine was 5.3 uM for the H-65K ™ -induced con-
traction and 24.1 uM for the CCh-induced contraction.
The difference of ICs, of papaverine between H-65K*-in-
duced contraction and CCh-induced one may be due to a
difference of metabolic dependency on them.

There are three mechanisms of relaxation by papaverine:
1) an intracellular cAMP accumulation, 2) inhibition of
cellular respiration and 3) effects on Ca’" movement.
Since Kukovetz and Péch (4) have reported that papaverine
induced relaxation of bovine coronary artery by inhibiting
PDE which hydrolyses cAMP or ¢cGMP, it has been shown
that there is a correlation between the relaxation and the
increase in cAMP or cGMP content elicited by papaverine
in vascular (12, 22), tracheal (23) and ureteral smooth mus-
cles (24). In the measurement of cAMP or ¢cGMP content
in the present paper, papaverine at a concentration lower

than 30 uM did not increase significantly the cAMP con-
tent above the control in the presence of H-65K* or CCh.
However, papaverine increased cCAMP content only at the
higher concentration of 100 M which induced a maximum
relaxation. A similar result was reported in guinea pig tae-
nia coli; that is, papaverine at the concentration of 30 uM,
which increases the cAMP content, induced a maximum
relaxation (25, 26). Moreover, papaverine did not sig-
nificantly increase the cGMP content even at a concentra-
tion of 100 uM. Forskolin, an adenylate cyclase activator,
increased the cAMP content of the muscle strips in the
presence of H-65K* or CCh in a concentration-dependent
manner. However, nitroprusside, a soluble guanylate
cyclase activator, did not increase the cGMP content. We
have observed that papaverine inhibited muscle contraction
mainly by the accumulation of cAMP and/or cGMP due
to the inhibition of PDE in rat aorta, but not in guinea pig
ileum (12). From these results, it is suggested that the relax-
ation induced by papaverine is not predominately related
to the accumulation of cAMP and/or cGMP due to the in-
hibition of PDE in the urinary bladder and the mechanism
of papaverine-induced relaxation in the urinary bladder is
similar to that in guinea pig ileum.

Papaverine has been shown to increase “*Ca efflux in tae-
nia coli (11) and to inhibit a Ba?* inward current in guinea
pig trachea (9). It seems that the decrease in [Ca®*]; by
papaverine is due to two modes of action: 1) papaverine
directly blocks Ca?" influx by the inhibition of voltage-
dependent Ca®* channels (5) and 2) papaverine increases
the level of cAMP and/or ¢cGMP as a result of inhibition
of PDE, and then indirectly decreases [Ca’*};. There are
several reports about the decreases in [Ca®*]; produced by
cAMP and cGMP (27 —29). In the present paper, high K*
or CCh induced a contraction with an increase in {Ca®*]; in
fura 2-loaded muscle. When the increased [Ca®*]; level and
muscle contraction induced by high K* or CCh reached a
steady level, an addition of papaverine decreased the mus-
cle contraction in a concentration-dependent manner, but
did not change the [Ca®*]; level. Moreover, in the B-escin-
permeabilized muscle, papaverine had no effect on Ca’*-
induced contraction (data not shown). These results sug-
gest that the relaxation induced by papaverine is not re-
lated either directly or indirectly, to Ca?* movements in
the urinary bladder.

Some reports investigated the possibility that the relax-
ing mechanism of papaverine is involved in the inhibition
of mitochondrial respiration (6—8, 30—32). Tsuda et al.
(6 —8) showed that papaverine inhibited high K*-induced
contraction and O, consumption in guinea pig taenia coli
and elucidated that papaverine inhibited mitochondrial
respiration by blocking the transduction of an electron be-
tween NADH and coenzyme Q and by inhibiting NADH,
NADHP-diaphorase. Further, Ishida and Takagi (30)
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demonstrated that papaverine decreased the content of
ATP and phosphocreatine in guinea pig taenia coli in a
concentration-dependent manner. On the other hand,
Ozaki et al. (21) reported that high K*-induced contraction
was accompanied by an increase in FPox fluorescence or
PNred fluorescence in guinea pig taenia coli. They suggest-
ed that the change in FPox fluorescence represented
mitochondrial respiration activity and that PNred fluores-
cence represented glycolysis activity. In the present experi-
ment, papaverine inhibited both the H-65K*- or CCh-in-
duced contraction and the increase in FPox fluorescence in
a concentration-dependent manner in the urinary bladder.
There was a positive correlation between the muscle con-
traction and the FPox fluorescence in the presence of
papaverine. Furthermore, there was a no correlation be-
tween muscle contraction and PNred fluorescence in the
presence of papaverine in it. Papaverine showed the same
results in guinea pig ileal longitudinal muscle (12). These
results suggest that papaverine inhibits smooth muscle con-
traction mainly by the inhibition of mitochondrial respi-
ration in guinea pig urinary bladder as well as guinea pig
ileum.

From these data, it is proposed that the relaxing mecha-
nism of papaverine on a smooth muscle such as guinea pig
urinary bladder or ileum, which shows high spontaneous
activity and high respiratory dependency on a tension de-
velopment, is mainly due to an inhibition of mitochondrial
respiration, and the mechanism in a muscle as rat aorta,
which shows no spontaneous activity and low respiratory
dependency of tension development, mainly involves the
inhibition of cAMP-PDE.
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