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Abstract The elevation of vascular smooth muscle tone
in the renal arteries during kidney transplantation and
nephron-sparing surgery plays a major role in postsur-
gical organ dysfunction. Therefore, a better under-
standing of the intracellular mechanisms of contraction
and relaxation is of fundamental interest to improve
urological treatment. The present study was designed to
investigate the complex intracellular system of cyclic
nucleotides involved in the regulation of smooth muscle
relaxation by using swine renal artery rings in the
Schuler organ bath. Phenylephrine (PE) induced dose-
dependent and fully reversible isometric contractions
with a threshold concentration of 10 nM and an EC50 of
804 nM. The receptor was identified as a1A-subtype by
the selective antagonist WB4101. Increasing the intra-
cellular concentration of cyclic 3’:5’-adenosine mono-
phosphate (cAMP) by dibutyryl-cAMP (5 mM) and
forskolin (5 lM) resulted in a decreased contractiltity of
48.0% and 76.3%, respectively. Elevation of the cyto-
solic content of cyclic 3’:5’-guanosine monophosphate
(cGMP) using dibutyryl-cGMP (1 mM), sodium nitro-
prusside (100 lM) and SIN-1 (100 lM) decreased the
average PE-induced contraction by 16.4%, 41.9% and
62.4%, respectively. The unselective phosphodiesterase
inhibitors theophylline (1 mM), papaverine (100 lM)
and IBMX (5 mM) reduced the PE-induced contraction
by 37.3%, 93.1% and 95.5%, respectively. Furthermore,
selective inhibition of phosphodiesterases by milrinone
(PDE3-selective) resulted in a decreased contractility by
1.3% (50 lM), 29.5% (100 lM) and 93.5% (5 mM),
and using rolipram (PDE4 selective), the PE-induced
contraction was inibited by 57.9% (50 lM) and 81.9%

(100 lM). The results suggest the involvement of cAMP
and cGMP in the relaxation of renal artery smooth
muscle cells. Moreover, phosphodiesterases, especially
PDE3 and PDE4, seem to play a critical role in the
regulation of renal artery smooth muscle tone.
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Introduction

A precise regulation of renal artery smooth muscle tone
is of great interest in the field of urological surgery [16;
Karsten and Eckert, manuscript submitted]. In order to
improve the postsurgical organ function, intracellular
mechanisms involved in arterial smooth muscle relax-
ation are the subject of current research.

The intracellular secondary messengers, the cyclic
nucleotides cyclic 3’:5’-adenosine monophosphate
(cAMP) and cyclic 3’:5’-guanosine monophosphate
(cGMP), are regulated by a complex system of different
enzymes including adenylyl cyclases (ACs), guanylyl
cyclases (GCs) and phosphodiesterases (PDEs) and play
a fundamental role in the regulation of multiple cellular
functions [19]. It is well established in e.g. myocardial
inotropy [38, 39], airway [42, 50, 51], gastrointestinal [33],
ureteral [28, 48, 49] and vascular smooth muscle relax-
ation [14, 26, 30, 42]. cAMP and cGMP are synthesized
from the respective nucleoside triphosphates, ATP and
GTP, by the membrane-integrated ACs and GCs (also in
soluble forms), respectively. Up to nine distinct forms of
ACs can be distinguished [6, 23], whereas four subtypes
of membrane-bound GCs (GC-A, -B, -C, -P) and one
soluble GC (GC-S-a1, -b1, -b2) have been described [6]. A
family of isoenzymes, the phosphodiesterases (PDEs),
hydrolyze the nucleotides into inactive monophosphates
(AMP and GMP) [10, 19]. Multiple isoforms of PDEs
can be distinguished according to their biochemical and
pharmacological properties. The cAMP and cGMP
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metabolism provides a sensitive mechanism for the pre-
cise regulation of cellular functions and is therefore of
interest for renal preservation [19]. PDEs are a heterog-
enous group of hydrolytic enzymes with their major
function being to regulate the intracellular cyclic nucle-
otide turnover by modulating the amplitude, duration,
and termination of the cyclic nucleotide secondary mes-
senger signals [4]. Eleven different PDE families have
already been described, representing only the initial level
of complexity [9, 19, 46]. They differ in their primary
structures, affinities for cAMP and cGMP, responses
to specific effectors, sensitivities to specific inhibitors,
mechanisms of regulation and tissue distribution [11, 12,
19, 34]. PDEs exhibit very different biochemical and
pharmacological properties [34]. PDEs play a role in e.g.
olfaction, atrial natriuretic peptide regulation of aldos-
terone, catecholamine secretion, cardiac calcium channel
control, platelet aggregation, insulin action, pulmonary
vascular resistance, visual transduction and regulation of
smooth muscle contractility [4, 19, 32, 45]. They are
regulated by intracellular cAMP and cGMP concentra-
tions, binding of Ca2+/calmodulin, phosphorylation
events, interaction with regulatory proteins, subcellular
localization, and alterations in protein levels [19]. As in
individual cells, differential expression of PDE isozymes
has been observed, and cell type-specific properties are
strongly suggested [4, 46], hence participating in the in-
tegration of multiple inputs into the complex modulation
and termination of cyclic nucleotide signals and
responses [12].

In summary, due to the remarkable complexity in
other components of the cyclic nucleotide signaling
systems (i.e. receptor families, ion channels, ACs, GCs,
G-proteins, etc.), the presence of multiple PDE isoen-
zymes and their differential expression and regulation
contribute to the control of cyclic nucleotide concen-
trations and their biological effects [12, 19, 34].

The purpose of the present study was to investigate
the involvement of the cyclic nucleotide secondary
messengers cAMP and cGMP and PDEs in the mecha-
nisms of renal vascular smooth muscle relaxation.

Materials and methods

Preparation of renal arteries

Swine kidneys were freshly obtained from the slaughterhouse and
transported in cold, calcium-free tyrode solution (140 mM NaCl,
5.4 mM KCl, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, pH
7.4 with NaOH) to the laboratory. There the organ was freed from
fat, decapsulated, and interlobar arteries prepared and removed
[16; Karsten and Eckert, manuscript submitted]. In order to detect
the arterial contractions responsible for the disturbance of renal
perfusion, arterial rings were dissected rather than using longitu-
dinal strips, i.e. the circumferential contraction was measured
rather than the longitudinal.

Organ bath experiments

The contractile properties of swine renal artery smooth muscle
rings were studied in the Schuler organ bath FMI IOA-5301

(Föhr Medical Instruments, Seeheim, Germany; Fig. 1). The pre-
tension was determined by establishing the corresponding length-
tension curve of the renal artery ring (not illustrated) [15, 16]. In
the present experiments, a pre-tension of 2 g was established,
which is in line with the observation in canine aorta and swine
renal artery [16, 22, 31]. Contractions were evoked by application
of the a1-adrenoceptor selective agonist phenylephrine (PE). In all
experiments isometric contractions of the tissue were registered on
a FMI GM-2 force displacement transducer (Föhr Medical In-
struments, Seeheim, Germany) and stored digitally on a Pentium
III computer.

Investigation of a-blockers. Three control contractions were
evoked (10 lM PE), and the mean contractility of each arterial ring
was quoted as 100%. Then the arterial rings were incubated for
20 min with the respective a-blocker non-cumulatively, i.e. a
washout period of 20 min was applied before increasing the drug
concentration. Dose-response curves of the a-blockers were ob-
tained by inducing another PE contraction (10 lM) after incuba-
tion and comparing the remaining contractility with the mean
contractility (100%).

Fig. 1 Photograph of the Schuler organ bath FMI IOA-5301. The
system consists of eight single organ bath units that enable
simultaneous measurements. A single organ bath chamber is
depicted to present the set-up: The arterial ring is placed inside
the perfused chamber inbetween two stainless high-grade steel
hooks, linked to the transducer. The output of the transducer is
connected to the amplifier. The pre-tension of the renal artery ring
is adjusted manually to 2 g at the pre-adjustment screw. The
circumferential contractions of the rings are registered and stored
digitally on a PC
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Investigation of other substances. Three control contractions were
evoked (10 lM PE), and the mean contractility of each arterial ring
was quoted as 100%. Then the arterial rings were incubated with
the respective substance in the respective concentration for 20 min.
Another PE contraction (10 lM) was induced, and the remaining
contractility of each arterial ring after incubation was compared to
the mean contractility (100%).

Results are expressed as mean values ± standard error of mean
(SEM), whereby the number of experiments and the SEM are
shown in the figures.

Drugs and solutions

Krebs-Henseleit solution was composed as follows: 118 mM NaCl,
24.9 mM NaHCO3, 4.7 mM KCl, 2.5 mM CaCl2, 1.6 mMMgSO4,
1.2 mM KH2PO4, 5.6 mM glucose, 1 mM sodium pyruvate, pH
7.4 with NaOH, temperature 37.0�C. The solution was aerated with
5% CO2 and 95% O2.

The following drugs were used: PE, HEPES, sodium pyruvate,
prazosin, urapidil, WB4101, forskolin, N6,2’-o-dibutyryl-cAMP
(dbcAMP), N2,2’-o-dibutyryl-cGMP (dbcGMP), sodium nitro-
prusside, 3-morpholinosydnonimine (SIN-1), theophylline, papa-
verine, 3-isobutyl-1-methylxanthine (IBMX), milrinone, rolipram
(all from Sigma-Aldrich, Deisenhofen, Germany), phenoxybenz-
amine (from Calbiochem-Novabiochem, Bad Soden, Germany).
All other chemicals were from Merck, Darmstadt, Germany.

Results

PE-induced contraction of renal artery
smooth muscle rings

PE was used as selective a1-adrenoceptor agonist. Ap-
plication of PE resulted in dose-dependent, fully re-
versible and reproducible contractions of arterial rings
without desensitization. Figure 2 depicts a representa-
tive time course of isometric contraction in response to
cumulatively increasing concentrations of PE. The
threshold concentration was 10 nM with maximal con-
tractions in the micromolar range. The peak contraction
was reached within 4.1 min (n=4). By establishing the
dose-response curve for the PE-induced contractions

(10–9 M to 10–4 M) (not illustrated), an EC50 concen-
tration of 804 nM was calculated [16; Karsten and
Eckert, manuscript submitted].

Characterization of renal artery a1-adrenoceptor

The adrenoceptor blockers phenoxybenzamine, prazo-
sin, urapidil, and WB4101 have been used to identify the
renal artery a1-adrenoceptor subtype [8, 16, 18, 53;
Karsten and Eckert, manuscript submutted]. The dose-
response curves were obtained non-cumulatively, i.e. the
next higher concentration was applied after several
washouts. The antagonists used fully suppressed the
contractions evoked by 10 lM PE at concentrations
higher than 10–5 M. By establishing the dose-response
curves for phenoxybenzamine, prazosin, urapidil and
WB4101 (not illustrated here), EC50 concentrations
of 2.46·10–8, 1.19·10–8, 2.43·10–7 and 6.11·10–9, re-
spectively, were calculated [16; Karsten and Eckert,
manuscript submitted]. The renal artery a1-adrenoceptor
was identified as a1A-subtype since WB4101, an a1A-se-
lective antagonist [36, 40, 53], showed the highest affinity.

Influence of increasing intracellular cAMP content on
PE-induced renal artery smooth muscle contraction

Renal artery rings were incubated with the following
substances in order to elevate the intracellular concen-
tration of the secondary messenger cAMP. dbcAMP, a
cAMP analogue able to permeate the cellular membrane
and to mediate cAMP effects inside cells [41], was used at
a concentration of 5 mM and depressed cellular con-
tractility by 48.0% (n=8, SEM=5.8%). Furthermore,
forskolin (known to directly stimulate adenylyl cyclase
and hence generate cAMP [13, 23, 24]) was applied in a
concentration of 5 lM and inhibited the PE-induced
contraction by 76.3% (n=8, SEM=5.5%) (Fig. 3).

Fig. 2 Time course of an original trace of renal artery smooth
muscle contraction in response to phenylephrine (PE). The arrows
indicate the time points of PE administration, and the respective
concentration is given

Fig. 3 Comparison of mean renal artery smooth muscle contrac-
tility decreased by maximal concentrations of N6,2’-o-dibutyryl-
cAMP (dbcAMP) and forskolin. Lower concentrations of the
agents produced smaller inhibitory effects. Concentrations, SEM
and number of experiments are given
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Influence of increasing intracellular cGMP content on
PE-induced renal artery smooth muscle contraction

The membrane permeable cGMP analogue dbcGMP
[52] at a concentration of 1 mM inhibited the PE-in-
duced contraction by 16.4% (n=8, SEM=13.8%).
Sodium nitroprusside and SIN-1 are both known to
generate NO extracellularly, which permeates the cellu-
lar membrane and directly stimulates the cytoplasmic
form of guanylyl cylcase (GC-S) [3, 23, 47]. Sodium
nitroprusside (100 lM) depressed the contractility by
41.9% (n=8, SEM=3.2%) and SIN-1 (100 lM) by
62.4% (n=8, SEM=9.1%) (Fig. 4).

Blockade of PDEs decreases PE-induced renal artery
smooth muscle contraction

To investigate the intracellular mechanisms further,
various PDE-inhibitors were tested. In different experi-
ments, the vascular rings were incubated with the un-
selective PDE-blockers theophylline, papaverine and
IBMX [4, 5, 7, 19]. Theophylline at a concentration of
1 mM depressed the contractility by 47.3% (n=8,
SEM=9.1%), papaverine (100 lM) inhibited the con-
traction by 93.1% (n=8, SEM=0.5%), and finally
IBMX (5 mM) reduced the PE-induced contractility of
the renal artery rings by 95.5% (n=8, SEM=0.5%)
(Fig. 5). The PDE subtype III-selective inhibitor milri-
none [1, 6, 19, 34] exerted depression of smooth muscle
contractility in a dose-dependent manner. At a concen-
tration of 50 lM, 1.3% inhibition (n=8, SEM=13.8%)
was observed. When applied in a concentration of
100 lM, contractility was inhibited by 28.5% (n=8,
SEM=14.8%), and with 5 mM, milrinone inhibited the
contraction by 93.3% (n=8, SEM=6.5%) (Fig. 6). The
PDE subtype IV-selective inhibitor rolipram [19, 34, 43]
exerted stronger effects. Primarily, no effect on smooth

muscle contractility was observed at a concentration of
10 lM. Application of 50 lM clearly reduced the PE-
induced contraction by 57.9% (n=8, SEM=6.8%), and
at a concentration of 100 lM, smooth muscle contrac-
tility was inhibited by 81.9% (n=8, SEM=4.8%)
(Fig. 7).

Discussion

The present study was designed to investigate the in-
volvement of cAMP, cGMP and PDEs in renal artery
smooth muscle relaxation. The precise regulation of the
intracellular amount of the secondary messengers
cAMP and cGMP plays an important role in many
physiological processes in different cellular functions.
Pharmacological intervention at the level of the cyclic
nucleotides is already established or has been pro-
posed in a number of different maladies, e.g. bronchial

Fig. 4 Comparison of mean renal artery smooth muscle contrac-
tility decreased by maximal concentrations of dbcGMP, nitroprus-
side and 3-morpholinosydnonimine (SIN-1). Lower concentrations
of the agents produced smaller inhibitory effects. Concentrations,
SEM and number of experiments are given

Fig. 5 Comparison of mean renal artery smooth muscle contractil-
ity decreased by maximal concentrations of unselective phospho-
diesterase (PDE)-inhibitors theophylline, papaverine and 3-
isobutyl-1-methylxanthine (IBMX). Lower concentrations of the
agents produced smaller inhibitory effects. Concentrations, SEM
and number of experiments are given

Fig. 6 Comparison of mean renal artery smooth muscle contrac-
tility decreased by the selective PDE III-inhibitor milrinone.
Concentrations, SEM and number of experiments are given
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asthma, refractory congestive heart failure, hyperten-
sion, urge incontinence, erectile dysfunction. However,
the treatment of postsurgical renal vasospasm at the
level of cyclic nucleotide regulation by selective drugs
could be a promising alternative and supplement to
present therapeutic strategies. Therefore, the cellular
mechanisms in renal myocytes have to be investigated
[2, 16, 25, 27, 44; Karsten and Eckert, manuscript
submitted].

The agonist PE induced dose-dependent, reversible
and reproducible contractions in renal artery myocytes
which were mediated by the a1-receptor, identified as
a1A-subtype based on the highest affinity of the selec-
tive antagonist WB4101. The determination of the
receptor subtype and the observed EC50 concentration
of PE are comparable with those in other studies [8, 16,
37; Karsten and Eckert, manuscript submitted] and in
accordance with radioligand binding studies performed
in rat renal artery where an a1A-subtype was predom-
inant [18]. The addition of selective a1-receptor-block-
ers to established conservation solutions in renal
transplantation could be an interesting possibility to
prevent the graft from undergoing surgically induced
vasospasm.

Pretreatment of the artery rings with forskolin, a di-
rect stimulator of adenylyl cyclase, and dbcAMP, a
membrane-permeable analogue of cAMP, lead to a de-
creased PE-induced contractility. These results confirm
the known effect of elevated intracellular cAMP that
leads to smooth muscle relaxation [17, 21, 32]. Although
there are no substances available yet that could be ap-
plied in a therapeutic way, increase of cAMP by selective
drugs could be an interesting possibility in the preven-
tion of renal vasospasm.

Application of dbcGMP, the membrane-permeable
analogue of cGMP, resulted in a decreased contractility,
indicating the vasodilating effect of cGMP [17, 21, 32] in
renal arteries. Furthermore, the use of the NO-donors
sodium nitroprusside and SIN-1 reduced the PE-induced

contractility remarkably. As NO is known to stimulate
cGMP formation by activation of soluble GC [6] and
exerted vasodilatatory properties in the kidney in other
studies [29], the NO/cGMP pathway also seems to be
involved in renal vasodilation in the present study,
which is in accordance with previous findings in ureteral
relaxation [28, 48, 49]. However, NO-induced cGMP
accumulation in the mouse bladder was found not to be
related to smooth muscle relaxation [20]. Since NO-do-
nors are already well established in the treatment of
other diseases (e.g. hypertension), the use of drugs in-
terfering with the NO/cGMP pathway may open a new
avenue in the prevention of renal vasospasm after
transplantation.

The use of unselective PDE-inhibitors resulted in a
clear reduction of PE-induced contractility of renal
artery rings. Hence, a general participation of PDEs in
renal vascular smooth muscle relaxation is proposed,
although the influence of distinct PDE-subfamilies
cannot be distinguished with unselective substances.
Since family-specific PDE-inhibitors, especially for
PDEs III and IV, have facilitated the understanding of
functions of individual PDEs in regulating specific
cyclic nucleotide-mediated processes such as the relax-
ation of vascular smooth muscle cells [12], milrinone
(PDE III-selective) and rolipram (PDE IV-selective)
were used to evaluate the role of PDE III and IV in the
mechanism of renal artery relaxation. Both substances
showed a dose-dependent reduction of vascular con-
tractility. While 50 lM and 100 lM milrinone only
induced minor reductions of contractility, inhibitition
was remarkable at a concentration of 5 mM. Rolipram
already showed a remarkable inhibition of PE-induced
contraction at a concentration of 50 lM, and inter-
estingly had a great effect at a concentration of
100 lM. Compared with milrinone and the unselective
inhibitors, rolipram seems to have a remarkably great
potency in inhibiting adrenergically induced contrac-
tions in these cells. Hence, the participation of PDEs
subtype III and, to a greater extent, subtype IV is
proposed in the mechanism of renal vascular smooth
muscle relaxation, which is in accordance with other
studies [6, 19] and with the findings in rat aortic
smooth muscle cells [35].

Due to their central role in smooth muscle tone reg-
ulation and the considerable variation of PDE isozymes
in terms of their distribution and functional importance
in certain tissues, PDEs have become an attractive target
for drug development. Length and magnitude of the
signal, the interactions of cAMP and cGMP with each
other and with other signalling pathways, and the types
of feedback regulation are all affected by the various
PDEs that are expressed [6]. As distinct PDEs regulate
specific cellular functions [46] and are involved in
smooth muscle tone regulation, a specific modulation of
individual PDE isoenzymes and of cAMP/cGMP me-
tabolism with therapeutic agents could open a new
avenue in pharmacological strategies of kidney preser-
vation.

Fig. 7 Comparison of mean renal artery smooth muscle contrac-
tility decreased by the selective PDE IV-inhibitor rolipram.
Concentrations, SEM and number of experiments are given

371



References

1. Alousi AA, Canter JM, Montenaro MJ, Fort DJ, Ferrari RA
(1983) Cardiotonic activity of milrinone, a new and potent
cardiac bipyridine, on the normal and failing heart of experi-
mental animals. J Cardiovasc Pharmacol 5: 792–803

2. Ar’Rajab A, Dawidson I, Fabia R (1996) Reperfusion injury.
New Horiz 4: 224–234

3. Azula F J, Alzola ES, Conde M, Trueba M, Macarulla JM,
Marino A (1996) Thrombin-stimulated phospholipase C
activity is inhibited without visible delay by a rapid increase
in the cyclic GMP levels induced by sodium nitroprusside.
Mol Pharmacol 50: 367–379

4. Beavo JA (1995) Cyclic nucleotide phosphodiesterases: func-
tional implications of multiple isoforms. Physiol Rev 75:
725–748

5. Beavo JA, Rogers NL, Crofford OB, Hardman JG, Sutherland
EW, Newman EV (1970) Effects of xanthine derivatives on
lipolysis and on adenosine 3’:5’-monophosphate phosphodi-
esterase activity. Mol Pharmacol 6: 597–603

6. Bentley JK, Beavo JA (1992) Regulation and function of cyclic
nucleotides. Curr Opin Cell Biol 4: 233–240

7. Bergstrand H, Kristoffersson J, Lundquist B, Schurmann A
(1977) Effects of antiallergic agents, compound 48/80, and
some reference inhibitors on the activity of partially purified
human lung tissue adenosine cyclic 3’:5’-monophosphate and
guanosine cyclic 3’:5’-monophosphate phosphodiesterases. Mol
Pharmacol 13: 38–43

8. Bylund DB, Eikenberg DC, Hieble JP, Langer SZ, Lefkowitz
RJ, Minneman KP, Molinoff PB, Ruffolo RR, Trendelenburg
U (1994) Fourth International Union of Pharmacology no-
menclature of adrenoceptors. Pharmacol Rev 46: 121–136

9. Conti M, Jin SL (1999) The molecular biology of cyclic nu-
cleotide phosphodiesterases. Prog Nucleic Acid Res Mol Biol
63: 1–38

10. Dal Piaz V, Giovannoni MP (2000) Phosphodiesterase 4 in-
hibitors, structurally unrelated to rolipram, as promising agents
for the treatment of asthma and other pathologies. Eur J Med
Chem 35: 463–480

11. Degerman E, Belfrage P, Manganiello VC (1996) cGMP-in-
hibited phospho-diesterases (PDE3 gene family). Biochem Soc
Trans 24: 1010–1014

12. Degerman E, Belfrage P, Manganiello VC (1997) Structure,
localization, and regulation of cGMP-inhibited phosphodiest-
erase (PDE3). J Biol Chem 272: 6823–6826

13. De Souza NJ, Dohadwalla AN, Reden J (1983) Forskolin: a
labdane diterpenoid with antihypertensive, positive inotropic,
platelet aggregation inhibitory, and adenylate cyclase activating
properties. Med Res Rev 3: 201–219

14. De Tejada IS (2000) Molecular mechanisms for the regulation
of penile smooth muscle contractility. Int J Impot Res 12: S34–
S38

15. Eckert RE, Schreier U, Drescher P, Madsen PO, Derout H,
Becht E, Steffens J, Ziegler M (1995) Regulation of prostatic
smooth muscle contractility by intracellular second messengers:
implications for the conservative treatment of benign prostatic
hyperplasia. Urol Int 54: 6–21

16. Eckert RE, Karsten AJ, Utz J, Ziegler M (2000) Regulation of
renal artery smooth muscle tone by alpha1-adrenoceptors: role
of voltage-gated calcium channels and intracellular calcium
stores. Urol Res 28: 122–127

17. Eckly-Michel A, Martin V, Lugnier C (1997) Involvement of
cyclic nucleotide-dependent protein kinases in cyclic AMP-
mediated vasorelaxation. Br J Pharmacol 122: 158–164

18. Elhawary AM, Pettinger WA, Wolff DW (1992) Subtype-se-
lective alpha1-adrenoceptor alkylation in the rat kidney and its
effect on the vascular pressure response. J Pharmacol Exp Ther
260: 709–713

19. Francis SH, Turko IV, Corbin JD (2000) Cyclic nucleotide
phosphodiesterases: relating structure and function. Prog Nu-
cleic Acid Res Mol Biol 65: 1–52

20. Fujiwara M, Andersson K, Persson K (2000) Nitric oxide-in-
duced cGMP accumulation in the mouse bladder is not related
to smooth muscle relaxation. Eur J Pharmacol 401: 241–250

21. Garay RP (2000) Cellular mechanisms of smooth muscle con-
traction. Rev Mal Respir 17: 531–533

22. Honda K, Nakagawa C, Terai M (1987) Further studies on
(±)-YM-12617, a potent and selective a1-adrenoceptor antag-
onist and its individual optical enantiomers. Naunyn-Schmi-
edeberg Arch Pharmacol 336: 295–302

23. Houslay MD, Milligan G (1997) Tailoring cAMP-signalling
responses through isoform multiplicity. Trends Biochem Sci 22:
217–224

24. Huang RD, Smith MF, Zahler WL (1982) Inhibition of fors-
kolin-activated adenylate cyclase by ethanol and other solvents.
J Cyclic Nucleotide Res 8: 385–394

25. Jacobi J, Schmieder RE (1998) Nephroprotection by antihy-
pertensive therapy. Basic Res Cardiol 93 [Suppl 2]: 109–119

26. Komas N, Lugnier C, Stoclet JC (1991) Endothelium-depen-
dent and independent relaxation of the rat aorta by cyclic
nucleotide phosphodiesterase inhibitors. Br J Pharmacol 104:
495–503

27. Koo DD, Welsh KI, Roake JA, Morris PJ, Fuggle SV (1998)
Ischemia/reperfusion injury in human kidney transplantation:
an immunohistochemical analysis of changes after reperfusion.
Am J Pathol 153: 557–566

28. Kuhn R, Uckert S, Stief CG, Truss MC, Lietz B, Bischoff E,
Schramm M, Jonas U (2000) Relaxation of human ureteral
smooth muscle in vitro by modulation of cyclic nucleotide-
dependent pathways. Urol Res 28: 110–115

29. Kurtz A, Gotz KH, Hamann M, Sandner P (2000) Mode of
nitric oxide action on the renal vasculature. Acta Physiol Scand
168: 41–45

30. Lincoln TM (1989) Cyclic CMP and mechanisms of vasodila-
tion. Pharmacol Ther 41: 479–484

31. Low AM, Darby PJ, Kwan CY, Daniel EE (1993) Effects of
thapsigargin and ryanodine on vascular contractility: cross-talk
between sarcoplasmic reticulum and plasmalemma. Eur J
Pharmacol 230: 53–62

32. Lugnier C, Keravis T, Eckly-Michel A (1999) Cross talk be-
tween NO and cyclic nucleotide phosphodiesterases in the
modulation of signal transduction in blood vessels. J Physiol
Pharmacol 50: 639–652

33. Makhlouf GM, Murthy KS (1997) Signal transduction in
gastrointestinal smooth muscle. Cell Signal 9: 269–276

34. Manganiello VC, Murata T, Taira M, Belfrage P, Degerman E
(1995) Diversity in cyclic nucleotide phosphodiesterase isoen-
zyme families. Arch Biochem Biophys 322: 1–13

35. Maurice DH (1998) Cyclic nucleotide-mediated regulation of
vascular smooth muscle cell cyclic nucleotide phosphodiest-
erase activity. Selective effect of cyclic AMP. Cell Biochem
Biophys 29: 35–47

36. Mironneau J, Macrez-Lepretre N (1995) Modulation of Ca2+

channels by alpha1A- and alpha2A-adrenoceptors in vascular
myocytes: involvement of different transduction pathways. Cell
Signal 7: 471–479

37. Nagao T, Vanhoutte PM (1993) Electrical and mechanical
changes during anoxic contractions of the isolated canine
basilar artery. J Cereb Blood Flow Metab 13: 498–502

38. Nicholson CD, Chaliss RAJ, Shahid M (1991) Differential
modulation of tissue function and therapeutic potential of
selective inhibitors of cyclic nucleotide phosphodiesterase
isoenzymes. Trends Pharmacol Sci 12: 19–22

39. Opie LH (1982) Role of cyclic nucleotides in heart metabolism.
Cardiovasc Res 16: 483–507

40. Piascik MT, Soltis EE, Piascik MM, Macmillan LB (1996)
Alpha-adrenoceptors and vascular regulation: molecular, phar-
macologic and clinical correlates. Pharmacol Ther 72: 215–241

41. Posternak T, Weimann G (1974) The preparation of acylated
derivatives of cyclic nucleotides. Methods Enzymol 38: 399–409

42. Rabe KF, Magnussen H, Dent G (1995) Theophylline and
selective PDE inhibitors as bronchodilators and smooth muscle
relaxants. Eur Respir J 8: 637–642

372



43. Reeves ML, Leigh BK, England PJ (1987) The identification
of a new cyclic nucleotide phosphodiesterase activity in hu-
man and guinea-pig cardiac ventricle. Implications for the
mechanism of action of selective phosphodiesterase inhibitors.
Biochem J 241: 535–541

44. Schmieder RE (1994) Nephroprotection by antihypertensive
agents. J Cardiovasc Pharmacol 24 [Suppl 2]: 55–64

45. Scholz H, Dieterich HA, Schmitz W (1991) Mechanism of
the positive inotropic effect of phosphodiesterase inhibitors.
Z Kardiol 80: 1–6

46. Soderling SH, Beavo JA (2000) Regulation of cAMP and
cGMP signaling: new phosphodiesterases and new functions.
Curr Opin Cell Biol 12: 174–179

47. Spiecker M, Darius H, Meyer J (1993) Synergistic platelet an-
tiaggregatory effects of the adenylate cyclase activator iloprost
and the guanylate cyclase activating agent SIN-1 in vivo.
Thromb Res 70: 405–415

48. Stief CG, Taher A, Truss M, Becker AJ, Schulz-Knappe P,
Meyer M, Uckert S, Forssmann WG, Jonas U (1995)
Phosphodiesterase isoenzymes in human ureteral smooth
muscle: identification, characterization, and functional effects

of various phosphodiesterase inhibitors in vitro. Urol Int 55:
183–189
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