
www.elsevier.com/locate/ejphar

European Journal of Pharmacology 473 (2003) 65–70
Enzyme activities of the nitric oxide–cGMP pathway in corpus

cavernosum isolated from middle-aged rats

Naomi Hosogai*, Shoji Takakura, Toshitaka Manda, Seitaro Mutoh

Medicinal Biology Research Laboratories, Fujisawa Pharmaceutical Co., Ltd., 2-1-6, Kashima, Yodogawa-ku, Osaka 532-8514, Japan
Received 20 February 2003; received in revised form 23 May 2003; accepted 3 June 2003
Abstract

Cyclic guanosine-3V,5V-monophosphate (cGMP)-mediated mechanisms play an important role in vasodilation and blood pressure

regulation. We investigated basal activity of the nitric oxide (NO)–cGMP signal transduction pathway in corpus cavernosum from both

middle-aged and young rats, and the electrical field stimulation-induced relaxation in the organ was also evaluated. In middle-aged rats, nitric

oxide synthase (NOS) and cGMP-phosphodiesterase activities were significantly decreased; however, guanylate cyclase activity was similar.

cGMP concentration, a secondary messenger of NO, remained almost the same level as compared with young rats. These results suggest that

decrease in cGMP-phosphodiesterase activity is likely to account for the maintenance of cGMP concentration. In isolated corpus cavernosum

from middle-aged rats, electrical field stimulation-induced relaxation was partially impaired. These results suggest that downregulation of the

NOS and cGMP-phosphodiesterase activities are early events in the pathogenesis of erectile dysfunction.
D 2003 Elsevier B.V. All rights reserved.
Keywords: Phosphodiesterase; cGMP; Nitric oxide (NO) synthase; Guanylate cyclase; Corpus cavernosum
1. Introduction

Penile erection is a complex neurovascular process that

involves relaxation of the corpus cavernosum smooth mus-

cle (Andersson and Wagner, 1995). Relaxation of caver-

nosal smooth muscle leads to engorgement of blood in the

corpus cavernosum which results in an increase in intra-

cavernosal pressure and thus in tumescence. Many studies

have shown that nitric oxide (NO) released from cavernous

nerves and endothelium is a key factor for penile erection.

The NO–cGMP signaling pathway is thought to play a

critical role in regulation of corpus cavernosum response

(Ignarro et al., 1990; Kim et al., 1991; Burnett, 1997;

Gonzalez-Cadavid et al., 1999).

NO is formed from the conversion of L-arginine by nitric

oxide synthase (NOS), which exists in three isoforms:

neuronal (nNOS), endothelial (eNOS) and inducible

(iNOS). nNOS is expressed in penile neurons innervating

the corpus cavernosum (Burnett et al., 1992), and eNOS

protein expression has been identified primarily in both
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cavernosal smooth muscle and endothelium (Gonzalez et al.,

2001). Recent evidence indicates that iNOS is constitutively

expressed in penile cavernosal smooth muscle, although it is

generally believed to be expressed in cells exposed to

cytokines and up-regulated in pathophysiological conditions

(Burnett, 1995; Garban et al., 1995; Rajasekaran et al.,

1998; Podlasek et al., 2001). Neurally derived NO has been

established as a mediator of smooth muscle cell relaxation in

the penis, and it is thought that constitutive forms of NOS

work to mediate the erection (Burnett et al., 1996; Burnett,

1997; Bivalacqua et al., 2000; Hurt et al., 2002). Released

NO activates soluble guanylate cyclase, which catalyzes the

conversion of guanosine-5V-triphosphate (GTP) to the intra-

cellular second messenger cGMP in smooth muscle cells.

An increase in cGMP modulates cellular events, such as

relaxation of smooth muscle cells (Hobbs and Ignarro,

1996; Moro et al., 1996; Leitman et al., 1994). In general,

intracellular cGMP concentration is regulated by not only

soluble guanylate cyclase but also cGMP-phosphodiester-

ase, which hydrolyzes cGMP to 5V-GMP (Beavo, 1995;

Soderling and Beavo, 2000).

Erectile dysfunction is defined as the consistent inability

to achieve or maintain an erection sufficient for satisfactory

sexual performance (NIH Consensus Conference, 1993),
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and is considered to be a natural process of aging (Feldman

et al., 1994; Johannes et al., 2000). Studies have shown that

erectile dysfunction is caused by inadequate relaxation of

the corpus cavernosum with defect in NO production

(Burnett, 1997; Azadzoi et al., 1998). There is experimental

evidence for age-related erectile dysfunction and reduction

in NOS activity in the corpus cavernosum (Garban et al.,

1995; Bivalacqua et al., 2000). In a previous study, we

showed that electrical field stimulation-induced relaxation

was significantly decreased in corpus cavernosum isolated

from middle-aged rats; however, the degree of alteration

was small (Hosogai et al., 2001a). This result indicates that

development of the functional change had already begun in

the corpus cavernosum from middle-aged rat, namely these

rats were considered to be in the early stage of erectile

dysfunction, however, little is known about the change in

the NO–cGMP signaling pathway.

In the present study, we focused on the basal NO–

cGMP signaling pathway in corpus cavernosum from

middle-aged rats. We compared NOS, soluble guanylate

cyclase and phosphodiesterase activities plus cGMP con-

centration in corpus cavernosum isolated from middle-aged

rats to those in young rats. In addition, electrical field

stimulation-induced relaxation in isolated corporal smooth

muscle strips from both middle-aged and young rats was

examined.
2. Materials and methods

2.1. Animals

Young (2.5 months) and middle-aged (11–12 months)

male Sprague–Dawley rats were purchased from Charles

River Japan, and maintained under controlled light and

temperature conditions until use. The animals were fed

normal rat chow diet and had free access to water. The

average body weight of middle-aged rats was heavier than

that of young rats (middle-aged: 697.6F 35.3 g vs. young:

458.5F 18.6 g).

2.2. Biochemical assay

Rats were sacrificed by decapitation. Corpus cavernosum

was removed, two strips of smooth muscle were dissected

from each corpus cavernosum (Rajefer et al., 1992; Italiano

et al., 1994), then immediately frozen in liquid nitrogen and

stored at � 80 jC. Homogenates were prepared in 1 ml of

ice-cold 20 mM HEPES (pH 7.2) buffer containing 0.32 M

sucrose, 0.5 mM EDTA, 1 mM dithiothreitol and protease

inhibitors (3 AM leupeptin, 1 AM pepstatin A and 1 mM

phenylmethyl sulfonylfluoride), using a Polytron homoge-

nizerR. Cytosol fraction was separated from the particulate

fraction by centrifugation at 12,500� g for 60 min, at 4 jC.
Protein concentration in the cytosol was assayed with Bio-

Rad protein assay reagentR.
2.2.1. NOS activity

NOS activity was measured using the method of Lugg et

al. (1995) as NO formation determined by the conversion of

L-[3H]arginine to L-[3H]citrulline. The cytosol fraction was

passed through Dowex AG50WX-8 (Na+) resin to remove

endogenous arginine, and 50 Al aliquots were incubated for

60 min at 37 jC in the presence of 2 ACi/ml L-[3H]arginine,

2 mM NADPH, 0.45 mM CaCl2, 100 AM L-arginine and 10

Ag/ml calmodulin, with or without 2 mM N-nitro-L-arginine

methyl ester (L-NAME) or 5 mM EGTA. Non-specific NOS

activity was determined by L-NAME, an inhibitor of NOS,

and calcium independency, a feature of inducible NOS, was

ascertained by using EGTA, a chelator of calcium. After

elimination of residual L-[3H]arginine through the resin, L-

[3H]citrulline produced was measured with a scintillation

counter. Protein concentrations in the cytosol were assayed

with Bio-Rad protein assay reagentR. All values were

expressed per mg of protein. Ca2 +-dependent NOS (consti-

tutive NOS) activity was calculated from the difference

between the amount of L-[3H]citrulline formed in control

tubes and the amount formed in tubes incubated with

EGTA. iNOS activity was calculated from the difference

between the amount of L-[3H]citrulline formed in tubes

incubated with EGTA and the amount formed in tubes

incubated with EGTA plus L-NAME.

2.2.2. cGMP concentration

Cytosol fractions were acetylated, then cGMP levels

were measured using a cyclic GMP [125I] assay systemR
(Amersham International, IL, USA). The quantitative deter-

mination limit of this assay was 0.5 fmol. cGMP concen-

tration was expressed per milligram protein.

2.2.3. cGMP-phosphodiesterase activity

cGMP-phosphodiesterase activity was determined using

a modification of the two step radioisotope procedure

(Thompson and Appleman, 1971). The reaction mixture

(250 Al total volume) contained the cytosol fraction, 0.1 AM
[3H]cGMP, 30 mM MgCl2, 1 mM dithiothreitol and 2 mM

EGTA in 50 mM Tris–HCl (pH 8.0) buffer. The reaction

was initiated by the addition of [3H]cGMP and incubated in

a water bath for 10 min at 30 jC, then stopped by boiling at

100 jC for 1 min. The reaction mixtures were then incu-

bated with 2 mg/ml snake venom for 10 min at 30 jC to

hydrolyze GMP to guanine. After addition of anion ex-

changer to remove residual [3H]cGMP, the reaction mixture

was vortex-mixed and centrifuged at 800� g for 10 min.

The resulting supernatant was transferred to LumaplateR
and the [3H]5-mononucleotide formed by hydrolysis of

cyclic nucleotide was determined using a TopcounterR.

2.2.4. Soluble guanylate cyclase activity

Soluble guanylate cyclase activity was determined by the

method of Kimura et al. (1975). The reaction mixture

contained 50 mM Tris–HCl (pH 7.6), 0.5 mM isobutylme-

thylxanthine, 3.5 mM creatine phosphate, 2.5 units/tube



Fig. 1. NOS activity in corpus cavernosum from young and middle-aged

rats. cNOS activity; filled columns, iNOS activity; open columns. Each data

represents the meanF S.E. n= 5. *Significantly different between the two

groups, P< 0.05.

Fig. 3. cGMP-phosphodiesterase activity in corpus cavernosum from young

and middle-aged rats. n = 5. Each data represents the meanF S.E.

**Significantly different from young rats, P < 0.01.
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creatine phosphokinase and 50 Al of the cytosol fraction.

This mixture was preincubated for 10 min at 37 jC, and the

reaction of guanylate cyclase was initiated by addition of 4

mMMnCl2 and 1 mM GTP in a final volume of 100 Al, then
incubated for 15 min at 37 jC. The reaction was terminated

by addition of 0.9 ml of 50 mM sodium acetate buffer (pH

4.0) to prevent nonenzymatic formation of cGMP, and

heated at 90 jC for 3 min. cGMP amount was determined

using a radioimmunoassay kit (cGMP [125I] assay systemR,
Amersham International). Soluble guanylate cyclase activity

was expressed per milligram protein.

2.3. Functional experiments

2.3.1. Tissue preparation

The corpus cavernosum was removed according to the

same method described above and was immediately placed

in Krebs solution: 118 mM NaCl, 25 mM NaHCO3, 4.7 mM

KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 10 mM glucose

and 2.5 m CaCl2. One strips of smooth muscle were

dissected from each corpus cavernosum and mounted be-

tween two metal hooks in an organ bath chamber containing

25 ml of Krebs solution, maintained at 37 jC and bubbled

with a 95% O2 and 5% CO2 gas mixture. The isolated tissue

was stretched to a resting force of 0.1 g, and isometric

tension was recorded via a force–displacement transducer

using a recorder (Nihon Kohden, Japan). The tissue was

equilibrated for at least 1 h in this state. During this period,
Fig. 2. cGMP concentration in corpus cavernosum from young and middle-

aged rats. n= 5. Each data represents the meanF S.E. There was no

statistically significant difference between the two groups.
the tissue was washed with fresh solution every 15 min and

the tension was readjusted if necessary.

2.3.2. Electrical field stimulation-induced relaxation

Atropine (1 AM) and guanethidine (5 AM) were routinely

added to the bath to block muscarinic receptors and prevent

the release of norepinephrine, respectively, in the last 30 min

of the equilibration period in order to specify the relaxation

response by excitation of non-adrenergic, non-cholinergic

nerves. After the equilibration period, strips were contracted

with 100 AM norepinephrine. After norepinephrine contrac-

tile responses had stabilized, tissues were subjected to

electrical field stimulation-induced relaxation at 10 V (0.5

ms square wave pulse) using sequential frequencies of 1, 3, 5,

15, 30 and 40 Hz each delivered in 10 s trains. The percentage

of relaxation response after electrical field stimulation was

used as an index of corpus cavernosal responsiveness.

2.4. Drugs

Guanethidine, atropine, L-NAME, EGTA, dithiothreitol,

leupeptin, pepstatin A, phenylmethyl sulfonylfluoride,

L-arginine, NADPH, calmodulin, GTP, snake venom, iso-

butylmethylxanthine, creatine phosphate, creatine phospho-

kinase and sodium acetate were purchased from Sigma.

Norepinephrine was purchased from Sankyo. [3H]cGMP

and L-[3H]arginine were purchased from NEN Life Science

Products. All other chemicals were of the purest commer-

cially available grade.
Fig. 4. Soluble guanylate cyclase activity in corpus cavernosum from young

and middle-aged rats. n= 5. Each data represents the meanF S.E. There

was no statistically significant difference between the two groups.
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2.5. Statistics

All data were expressed as meanF S.E. Student’s t-test

was used to compare young and middle-aged groups.
3. Results

3.1. NOS, cGMP-phosphodiesterase and soluble guanylate

cyclase activities plus cGMP concentration in corpus

cavernosum

Total NOS activity in the corpus cavernosum isolated

from middle-aged rats was significantly lower than that

from young rats. cNOS activity decreased to 1/3 and iNOS

activity to 1/2 of values in young rats (cNOS activity;

young: 8.7F 2.5 pmol/min/mg protein vs. middle-aged:

2.8F 0.8 pmol/min/mg protein, iNOS activity; young rats:

1.4F 0.8 pmol/min/mg protein vs. middle-aged rats:

0.6F 0.2 pmol/min/mg protein; Fig. 1). cGMP concentra-

tion in the corpus cavernosum isolated from middle-aged

rats was slightly lower than that of young rats (young:

2.89F 0.6 pmol/mg protein vs. middle-aged: 2.06F 0.39

pmol/mg protein; Fig. 2). As shown in Fig. 3, the cGMP-

phosphodiesterase activity in the corpus cavernosum isolat-

ed from middle-aged rats was approximately half that from

young rats (young: 315.7F 79.2 pmol hydrolyzed cGMP/

min/mg protein vs. middle-aged: 177.4F 11.2 pmol hydro-

lyzed cGMP/min/mg protein; P < 0.01). There was no

significant difference in soluble guanylate cyclase activity

in the corpus cavernosum between the two groups (young:

9.0F 1.1 pmol /mg protein vs. middle-aged: 10.6F 1.54

pmol/mg protein; Fig. 4).

3.2. Electrical field stimulation-induced relaxation response

Isometric tension induced by 100 AM norepinephrine

was not significantly different between the two groups

(middle-aged: 0.14F 0.02 g vs. young: 0.17F 0.02 g). Both

young and middle-aged tissues required the same concen-

tration of papaverine (0.1 mM) to obtain full relaxation.
Fig. 5. Frequency– response curves to electrical field stimulation in corpus

cavernosum from young and middle-aged rats. Young rats (D, n= 10),

middle-aged rats (

b

, n= 8). Each data point represents the meanF S.E.

*: significantly different from young rats, P < 0.05.
Electrical field stimulation caused frequency-dependent re-

laxation in strips of the corpus cavernosum pre-contracted

with norepinephrine. The degree of relaxation response in

the corpus cavernosum isolated from middle-aged rats at 30

and 40 Hz was slightly but significantly smaller than that

from young rats (Fig. 5).
4. Discussion

We found the following alterations in basal activity of the

NO–cGMP pathway in corpus cavernosum from middle-

aged rats compared to young rats: (1) cGMP concentration

was only slightly reduced, despite a marked decrease in

NOS activity; (2) cGMP-phosphodiesterase activity de-

creased by half; however, soluble guanylate cyclase activity

was unchanged; and (3) NO-mediated relaxation of corpus

cavernosum was only partially decreased. These data show

that functional change was restricted, even though there

were reciprocal alterations in enzyme activities in the corpus

cavernosum from middle-aged rats.

In this study, both cNOS (nNOS and eNOS) and iNOS

activity was decreased in the corpus cavernosum from

middle-aged rats. Previous findings showed that the number

of NOS containing nerves was not significantly lower in

corpus cavernosum from intermediate (8.5 months)-aged

Sprague–Dawley rat (Carrier et al., 1997). Therefore, our

results might be attributed to decrease in both eNOS and

iNOS activities. Further investigation may provide addition-

al insight into the role of these isoenzymes in the corpus

cavernosum from middle-aged rats.

Interestingly, we observed that cGMP concentration in

corpus cavernosum isolated from middle-aged rats remained

almost the same level as that from young rats, despite a

marked decrease in the NOS activity in middle-aged rats.

Intracellular level of cGMP, a secondary messenger of NO,

is regulated by a balance between the rates of synthesis by

guanylate cyclase and the rates of hydrolytic breakdown to

GMP via cGMP-phosphodiesterase (Beavo, 1995; Soderl-

ing and Beavo, 2000). Two hypotheses are possible for

maintaining cGMP concentration, even when there is a

marked decrease in NOS activity. One is an increase in

synthesis of cGMP from NO, that is, an increase in soluble

guanylate cyclase activity. The other is a diminished degra-

dation of cGMP, that is a decrease in cGMP-phosphodies-

terase activity. There have been no reports studying

simultaneous changes in cGMP concentration, guanylate

cyclase activity and cGMP-phosphodiesterase activity in

corpus cavernosum from middle-aged rats. A novel finding

in the present study was that there was no difference in

soluble guanylate cyclase activity; however, cGMP-phos-

phodiesterase activity was significantly decreased in corpus

cavernosum isolated from middle-aged rats, suggesting that

it might contribute to the maintenance of cGMP concentra-

tion. It is thought that the maintained cGMP concentration is

brought about because decreases in NOS activity and
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cGMP-phosphodiesterase activity occurred simultaneously

in the corpus cavernosum isolated from middle-aged rats.

These data suggest the NO–cGMP signaling pathway was

impaired to a lesser extent, although NOS activity was

significantly decreased in corpus cavernosum from mid-

dle-aged rats.

Recent studies demonstrated an autoregulation mecha-

nism in the NO–cGMP pathway corresponding to a change

in NO production (Hussain et al., 2001; Kim et al., 2001;

Erandes et al., 2000). Decrease in NO level, induced by

exposure to NOS inhibitor or disrupting the NOS gene,

caused enhanced sensitivity to NO via an increase in

guanylate cyclase activity and/or cGMP-phosphodiesterase

activity (Hussain et al., 1999; Dowell et al., 1996; Hosogai

et al., 2001b). These previous reports showed that cGMP

concentration and guanylate cyclase activity increased,

whereas cGMP-phosphodiesterase activity decreased, under

conditions where NOS activity completely disappeared.

However, our study showed that NOS activity decreased

by 70%, cGMP concentration only slightly decreased,

soluble guanylate cyclase activity did not change and

cGMP-phosphodiesterase activity decreased by 50%. These

data indicate a possibility that enzyme activities (soluble

guanylate cyclase and phosphodiesterase) could change

with degrees of decrease in NOS activity, in other words,

there is reciprocal regulation of the NO–cGMP pathway.

The down-regulation of cGMP-phosphodiesterase activity

in corpus cavernosum from middle-aged rats probably

represents a counter-regulatory effect from a decrease in

NOS.

Electrical stimulation triggers a neurogenic response

exclusively (Ignarro et al., 1990), that is electrical field

stimulation-induced relaxation response is a standard and

suitable method for evaluation of corpus cavernosum func-

tions. Treatment with L-NAME, a NOS inhibitor, inhibited

electrical field stimulation-induced relaxation and this inhi-

bition was restored by addition of L-arginine (data not

shown), suggesting that electrical field stimulation-induced

relaxation is associated with the NO pathway. These result

consistent with previous report (Ballard et al., 1998). Under

these experimental conditions, electrical field stimulation-

induced relaxation response was partially decreased in

corpus cavernosum from middle-aged rats. This finding

was consistent with cGMP concentration in the corpus

cavernosum from middle-aged rats, although biochemical

analyses were performed in non-stimulated tissue. Because

the relaxation response was terminated in a few seconds, it

is impossible to measure enzyme activities during relaxa-

tion. Even though the enzyme activities and the cGMP

concentration were measured in non-stimulated tissue, they

may be predictors of the situation of NO–cGMP pathway

during electrical field stimulation. Aging is well known to

alter penile function and age-related decrease in erectile

function has been documented (Feldman et al., 1994;

Johannes et al., 2000). Our findings, that electrical field

stimulation-induced relaxation response was partially de-
creased in middle-aged rats, indicate that age-related func-

tional change of corpus cavernosum has begun but is not

developed completely in middle-aged rats. In addition, the

corpus cavernosum isolated from young and middle-aged

rats exhibited not only the same relaxation response to

papaverine but also the same contractile response to nor-

epinephrine, suggesting that there are no alteration in both

contractile and relaxation abilities in corpus cavernosum

from middle-aged rats. It is considered that the attenuated

relaxant response might be associated specifically with

alterations in the NO–cGMP pathway.

In summary, we have shown that basal cGMP concen-

tration was not markedly decreased in corpus cavernosum

isolated from middle-aged rats in which NOS activity was

significantly decreased. This result is likely to be caused by

decreased cGMP-phosphodiesterase activity. There seems to

exist a reciprocal mechanism to maintain cGMP concentra-

tion in corpus cavernosum from middle-aged rats. In addi-

tion, NO-mediated relaxation of corpus cavernosum was

only partially attenuated in middle-aged rats. Taken togeth-

er, these results suggest that downregulation of the NOS and

cGMP-phosphodiesterase activities are early events in the

pathogenesis of erectile dysfunction.
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