FULL PAPER Pharmacology

PDE4 and PDES regulate cyclic nucleotide contents and relaxing effects on carbachol-
induced contraction in the bovine abomasum
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aBsTRACT. The effects of various selective phosphodiesterase (PDE) inhibitors on carbachol (CCh)-induced contraction in the bovine ab-
omasum were investigated. Various selective PDE inhibitors, vinpocetine (type 1), erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA, type 2),
milrinone (type 3), Ro20-1724 (type 4), vardenafil (type 5), BRL-50481 (type 7) and BAY73-6691 (type 9), inhibited CCh-induced contrac-
tions in a concentration-dependent manner. Among the PDE inhibitors, Ro20-1724 and vardenafil induced more relaxation than the other
inhibitors based on the data for the ICs, or maximum relaxation. In smooth muscle of the bovine abomasum, we showed the expression of
PDEA4B, 4C, 4D and 5 by RT-PCR analysis. In the presence of CCh, R020-1724 increased the cAMP content, but not the cGMP content. By
contrast, vardenafil increased the cGMP content, but not the cAMP content. These results suggest that Ro20-1724-induced relaxation was
correlated with cAMP and that vardenafil-induced relaxation was correlated with cGMP in the bovine abomasum. In conclusion, PDE4 and
PDES are the enzymes involved in regulation of the relaxation associated with cAMP and cGMP, respectively, in the bovine abomasum.
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Cyclic adenosine monophosphate (cAMP) and cyclic
guanosine monophosphate (cGMP) are important second
messengers and have been associated with smooth muscle
relaxation [7]. cAMP is synthesized by adenylyl cyclase,
cGMP is synthesized by guanylyl cyclase, and both are
degraded by phosphodiesterase (PDE). Currently, PDEs are
classified into 11 families [3], and selective PDE inhibitors
have been developed [5]. It has been reported that the relax-
ation induced by these selective PDE (type 1 to 5) inhibitors
is involved in the increases in cAMP and/or cGMP contents
in vascular [17], tracheal [19], urinary [18, 23], gastrointes-
tinal [1, 12—14, 22] and iris smooth muscle [26]. However,
to our knowledge, there have been few reports showing the
effects of selective PDE7 and/or PDE9 inhibitors in smooth
muscle contractions.

In cattle, the function of the abomasums, but not the fore-
stomach, is similar to that of the stomach of the nonruminant.
The motility of the gastrointestinal (GI) tract, including the
abomasums in cattle, is controlled by the autonomic nervous
system [4, 9]. It is well known that the motility of the GI
tract, except for the sphincter muscle, is stimulated by vagal
cholinergic nerves and depressed by adrenergic nerves in
mammalians. However, it has been reported that the expres-
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sion of mRNA of adrenergic receptors in the bovine GI tract
was low [15]. On the other hand, the presence of nitrergic
neurons in bovine GI tract has been shown by histochemical
and immunofluorescence techniques [24]. However, to our
knowledge, there are few reports to investigate the effects of
adrenergic agonist and/or nitrergic agents on the motility of
the bovine abomasums by pharmacological techniques.

Displacement of the abomasum is a common disease in
dairy cattle. Impaired abomasal motility and an increased
accumulation of gas are prerequisites for displacement
of the abomasum in dairy cattle. Predisposing factors are
breed, age, milk yield, genetics, nutrition, stress, metabolic
disorders and neuronal disorders [8]. At the present time, the
basic principle is not still known.

To date, the effect of various PDE inhibitors on muscle
contraction has not yet been evaluated in bovine abomasal
smooth muscle. To show the effects of various PDE in-
hibitors on the contraction of abomasal smooth muscle, it
is thought to clear to the regulation of muscle tension by
cAMP and/or cGMP which changes by PDE isozymes on
physiological condition, but also pathophysiological condi-
tion, such as abomasums displacement.

In the present study, we used selective PDE (types 1-5, 7
and 9) inhibitors to examine the effects of carbachol-induced
contractions of the smooth muscles in the bovine aboma-
sums. In addition, we also investigated the expression of
PDE4 and PDES isoforms in smooth muscles of the bovine
abomasums and the changes in cAMP and ¢cGMP contents
caused by Ro20-1724 (type 4) and vardenafil (type 5).
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MATERIALS AND METHODS

Muscle preparations and tension measurement. Aboma-
sums from adult bovine of either sex were obtained from
a local abattoir. The mucosal layers were removed by cut-
ting with fine scissors, and smooth muscle tissues were
isolated from the fundic region. Circular muscle strips were
incubated with physiological salt solution (PSS) containing
(in mM) 136.8 NaCl, 5.4 KCl, 2.5 CaCl,, 1.0 MgCl,, 23.8
NaHCOj; and 5.6 glucose. The PSS was aerated with 95%
0, and 5% CO, to adjust the pH to 7.4 at 37°C. Muscle ten-
sion was recorded isometrically. One end of each strip was
bound to a glass holder, and the other end was connected by
a silk thread to a strain-gauge transducer (TB-611T; Nihon
Kohden, Tokyo, Japan) in an organ bath containing PSS
with a resting tension of 2 g. The muscle strips were equili-
brated for 30 min to obtain stable contractility induced by
hyperosmotic addition of 65 mM KCI. When the contractile
response induced by 1 #M carbachol (CCh) reached a steady
level about 15-20 min after addition to a muscle strip, vin-
pocetine (type 1), EHNA (type 2), milrinone (type 3), Ro20-
1724 (type 4), vardenafil (type 5), BRL-50481 (type 7) or
BAY736691 (type 9) was added cumulatively.

RT-PCR analysis: Total RNA was subsequently extracted
from the tissues or cells with TRIzol (Invitrogen Japan,
Tokyo, Japan), and then, the cells were precipitated with
isopropanol and suspended to a concentration of 1 ug/ul
in RNase-free distilled water. RT-PCR was performed to
evaluate the expression of PDEs. Briefly, first-strand cDNA
was synthesized with random 6-mer oligonucleotide primers
and PrimeScript Rtase (Takara Bio, Tokyo, Japan) at 30°C
for 10 min, 42°C for 30 min, 95°C for 5 min and 4°C for
5 min. PCR amplification using TaKaRa Ex Taq (Takara
Bio) was conducted in the presence of the oligonucleotide
primers listed in Table 1. The PCR samples were amplified
with 36 cycles at 94°C for 30 sec, 55°C for 45 sec and 72°C
for 30 sec in a thermal cycler (Takara PCR Thermal Cycler
MP, Takara Bio). The PCR products in each cycle were
separated electrophoretically on a 2% agarose gel containing
0.1% ethidium bromide. FAS-III ultraviolet transilluminator
(Toyobo, Tokyo, Japan) was used for visualizing the fluores-
cent bands.

Assay of ¢cGMP and cAMP contents: The ¢cGMP and
cAMP contents in the muscle strips were measured by
enzyme immunoassay. After incubation of the strips with
R020-1724 or vardenafil for 10 min in the presence of carba-
chol (1 uM), the strips were rapidly frozen in liquid nitrogen

and stored at —80°C until homogenized in 6% trichloroacetic
acid (0.4 m/). The homogenate was centrifuged at 3,000 x g
for 15 min, and the supernatant was washed with 1.5 m/ of
water-saturated dietyl ether four times; the cGMP and cAMP
contents of the strips were assayed by using an enzyme im-
munoassay kit (GE Healthcare, Buckinghamshire, U.K.).
The cGMP and cAMP contents were expressed as picomoles
per gram wet weight of tissue.

Chemicals: The chemicals used in the present study were
forskolin, sodium nitroprusside (SNP), milrinone, BAY73-
6691, carbachol (Sigma-Aldrich, St. Louis, MO, U.S.A.),
vinpocetine, erythro-9-(2-hydroxy-3-nonyl) adenine-HCl
(EHNA), BRL-50481 (BIOMOL Research Laboratories,
Plymouth Meeting, PA, U.S.A.), Ro20-1724 (LC Laborato-
ries, Woburn, MA, U.S.A.) and vardenafil (LKT Laborato-
ries, St. Paul, MN, U.S.A.).

Statistics: Values are expressed as the mean £ SEM, and
ICs, values (the concentration producing 50% relaxation)
were determined by linear regression analysis. Statistical
analyses were performed with the Student’s #-test.

RESULTS

Effects of various selective PDE inhibitors on CCh-in-
duced contraction: When a contractile response induced by
1 uM CCh reached a steady level about 15-20 min after ap-
plication, each PDE inhibitor was added cumulatively. Vin-
pocetine (type 1), EHNA (type 2), milrinone (type 3), Ro20-
1724 (type 4), vardenafil (type 5), BRL-50481 (type 7) and
BAY73-6691 (type 9) inhibited the CCh-induced contraction
in a concentration-dependent manner (Fig. 1). The ICs, and
maximum relaxation values for CCh-induced contraction are
presented in Table 2. The rank order of the ICs, values was
R020-1724 >vardenafil >milrinone >EHNA >vinpocetine
>BAY73-6691 >BRL-50481. Moreover, the rank order of
maximum relaxation was vardenafil >EHNA >milrinone,
R020-1724, BAY73-6691 > BRL-50481 >vinpocetine.

Forskolin, an adenylyl cyclase activator, or SNP, a soluble
guanylyl cyclase activator, inhibited the CCh-induced con-
traction in a concentration-dependent manner (data not
shown). The ICj, values for forskolin and SNP were 12.9
(10-15.8 uM) and 0.3 (0.2-0.5 uM) uM, respectively.

Expression of PDE4 and 5 in smooth muscle of the bovine
abomasum: Semquantitative RT-PCR analysis using specific
primers for several bovine PDE genes was performed in
smooth muscle strips of the bovine abomasum to check for
the expression of PDE4 (A, B, C and D) and PDES. Positive

Reverse primer sequence (5" — 3')

TAGGAGACAGGGCAGGGATG
ATTCCTCCATGATTCGGTCTGT
AGCATCAGTAGGTAGGTGGCAAG
CACAAACGAAAGGCATGGAA

Table 1.  Primer sequences used in the present study
Target gene Forward primer sequence (5" — 3')
PDE4a TGCGGAGGTGGAGATAGAGG
PDE4b CAAGTTCCGGTGTTCTTCTCCT
PDE4c TTCAAGGTGGCAGAGCTAAGTG
PDE4d TGGATGAGCAGGTGGAAGAG
PDES CATACACACAAACACACACACACAC

GAPDH TTGTGATGGGCGTGAACC

TCTACCAGAAGCCAGAGAGAACAA
CCCTCCACGATGCCAAA




PDE4 AND PDES5 IN THE BOVINE ABOMASUM 17

100
80
& 60
c
)
g -@-Vinpocetine
S 40 | AEHNA
- Milrinone
—-Ro20-1724
20 | -O-Vardenafil
—/~BRL-50481
<+BAY73-6691
0.03 0.1 0.3 1 3 10 30 100
Concentration (4 M)
Fig. 1. Effects of vinpocetine, EHNA, milrinone, R020-1724, var-

denafil, BRL-50481 and BAY73-6691 on the contraction induced
by 1 uM carbachol (CCh) in the bovine abomasum. Preparations
were precontracted with CCh, and then, the agents were added
cumulatively. The maximum contractions induced by 1 uM CCh
in the absence of the agents were taken as 100%. Each point repre-
sents the mean of 4-6 preparations. Vertical bars indicate the SEM.

controls were performed using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Fig. 2). Bovine abomasal smooth
muscle expresses PDE4B, PDE4C, PDE4D and PDES. Re-
garding PDES, two products with different sizes of PDES
were amplified, indicating the existence of two splice vari-
ants (Fig. 2).

Effects of Ro20-1724 and vardenafil on cGMP and cAMP
contents: In the presence of CCh (1 uM), Ro20-1724 (10
and 100 4M) increased the cAMP content in a concentration-
dependent manner (Fig. 3A), but did not affect the cGMP
content (data not shown). By contrast, vardenafil (30 and
100 uM) increased the cGMP content (Fig. 3B), but did not
affect the cAMP content (data not shown).

DISCUSSION

Physiological abomasal contractions are regulated by
second messengers, such as calcium ion, cAMP and cGMP.
In the bovine abomasum, forskolin and SNP inhibited the
muscarinic agonist carbachol (CCh)-induced contraction in
a concentration-dependent manner. These results suggest
that the cAMP/adenyl cyclase pathway and cGMP/guanylyl
cyclase pathway are both involved in the relaxation of bo-
vine abomasal smooth muscle. Therefore, we examined the
effects of selective PDE inhibitors on CCh-induced contrac-
tion to confirm the role of cAMP and cGMP in mediation of
abomasal contractions.

PDE regulates the intracellular concentrations of cAMP
and ¢cGMP and is classified into 11 families [3]. Moreover,
the PDE1-5 isozymes have selective inhibitors [5], and

4A 4B 4C 4D

5 GAPDH

PDE

Fig. 2. Representative expression analysis of different phospho-
diesterase (PDE) subtypes. Reverse transcriptase PCR analysis
was performed using bovine abomasal smooth muscle. The PCR
products were analyzed on 2.0% agarose gel, and pictures of the
ethidium bromide-stained gels are shown. The PCR primers used
for this analysis are described in Materials and Methods.

Table 2.  ICs, and maximum relaxation values for various selective
PDE inhibitors in the bovine abomasum treated with 1 uM carba-
chol

Agent 1Cs0 (uM) re?f)?;lir(l)lrlll r(I;A)) n
Vinpocetine (type 1) >100 48.0+12.1 4
EHNA (type 2) 25.0 (15.8-31.6) 80.6 £4.3 6
Milrinone (type 3) 8.4 (4.5-16.0) 76.7+6.3 5
Ro020-1724 (type 4) 4.3 (2.5-7.9) 73.9+4.5 5
Vardenafil (type 5) 10.0 (7.9-12.6) 89.6 4.2 4
BRL-50481 (type 7) 79.0 (63.1-100.0) 58.4+2.0 4

BAY73-6691 (type 9)  25.0 (20.0-32.0) 76.8 3.8 4

Numbers in parentheses indicate 95% confidence limits. The maximum
relaxation represents the resting tension after washing and was consid-
ered to be 100%.

selective inhibitors for PDE7 and 9 have also been made
recently and commercialized. It has been shown that the
potency of the relaxation induced by these PDE inhibitors
differed in many smooth muscles including gastrointestinal
smooth muscles [1, 12—14, 22]. Therefore, we investigated
the effects of selective PDE inhibitors for PDE1-5, 7 or 9
on CCh-induced contractions of the smooth muscles in the
bovine abomasum.

It has been reported that selective inhibitors for PDE1-5
inhibited agonist-induced contraction dose-dependently,
that rolipram (type 4) was most effective in the guinea pig
trachea [19] and that zaprinast (type 5) was most effective in
the rat urinary bladder [18] and porcine iris sphincter muscle
[26]. On the other hand, selective inhibitors for PDE1-5 also
inhibited agonist-induced contraction dose-dependently in
gastrointestinal smooth muscle, zaprinast (type 5) was most
effective in the guinea pig taenia coli [13] and ileum [12],
and Ro020-1724 (type 4) was most effective in the guinea
pig gall bladder [14]. In the present study, selective PDE
inhibitors inhibited CCh-induced contraction in the bovine
abomasum, dose-dependently, and R020-1724 (type 4) and
vardenafil (type 5) were more effective than the other PDE
inhibitors. Since the rank order of inhibitory potency was
different by organ, it is suggest that the characterization of
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Fig. 3. The effects of Ro20-1724 (A) and vardenafil (B) on the
cAMP or cGMP contents of the bovine abomasum. Preparations
were precontracted with 1 4M CCh and were then treated with the
agents for 10 min. The control was treated with vehicle instead
of the PDE inhibitors. Each point represents the mean of 4-5 ex-
periments. Vertical bars indicate the SEM. * and **: Significant
difference from each respective control, with P<0.05 and P<0.01,
respectively.

PDE isozymes differs by organ. Moreover, it is clear that
the types 4 and 5 inhibitors were more potent than the other
types of inhibitors in bovine abomasum.

It is well known that PDEA4 is specific for the hydrolysis of
cAMP [2]. Moreover, it is now recognized that there are four
genes (PDE4A-PDE4D) that make up the PDE4 family, and
PDEA4 is expressed in a plethora of tissues and cell types and
plays a role in a large number of physiological processes.
In the present study, we showed the expression of PDE 4B,
4C and 4D in bovine abomasal smooth muscles by RT-PCR
methods. It has been reported that rolipram (type 4) potently
relaxed electrical field stimulation-induced contraction in
the cat gastric fundus [1]. R020-1724 inhibited CCh-induced
contraction in the bovine abomasum (in the present study)
and guinea pig gall bladder [14] potently, but poorly in the
guinea pig ileum [12] and taenia coli [13]. These data sug-
gested that the functional distributions of PDE4 isozymes of
gastrointestinal smooth muscles differ by organ.

In our study, the relaxation effect of vardenafil was more
potent than those of the other cGMP-related PDE inhibitors,
and vardenafil increased the cGMP content. These data are
consistent with the report that vardenafil also inhibited phen-

ylephrine-induced contraction in the rat aorta and resulted
in an increase in cGMP content [21]. Moreover, zaprinast, a
PDES inhibitor, relaxed the guinea pig taenia coli and ileum
the increases in cGMP content [12, 13]. In the present study,
we showed the expression of PDES in bovine abomasal
smooth muscles by RT-PCR methods. The data suggested
that the PDES isozymes have an important role in regulation
of motility in gastrointestinal smooth muscles.

PDE7 is a cAMP-specific enzyme, and two PDE genes
(PDE7A and B) have been identified. PDE7A is expressed
in a number of cell types including muscle cells [3]. In
the trachea of ovalbumin-sensitized guinea pig, but not in
healthy guinea pig trachea, BRL-50481 inhibited histamine-
induced contraction [16]. Moreover, the inhibitory effects of
BRL-50481 were poor than those of the other PDE inhibi-
tors we used for bovine abomasal smooth muscles. Thus, it
is probable that the PDE7 expression in smooth muscle is
increased by inflammatory disease, but in normal condition,
the expression of PDE7 is poor and modifies smooth muscle
tension less potently than the other PDEs in various tissues
including the bovine abomasum.

PDE9 has the highest affinity for cGMP and is similar
to PDES [3]. PDE9A is the only isoform identified, and
PDE 9A is expressed in all tissues, except the blood in
mammals [11, 20]. Similar manner of expression was de-
tected for PDE9A and PDES mRNAs in the mouse corpus
cavernosum; however, BAY 73-6691 on its own did not
relax the mouse corpus cavernosum or alter sildenafil (type
5)-induced relaxation [6]. In bovine abomasums, we did not
compare expression of PDES and 9; however, the ICs, for
CCh-induced contraction of BAY73-6691 is 2.5 times lower
than that of vardenafil. BAY 73-6691 preferentially inhibits
PDE9 more than PDE 5, over 77 times. [25]. These data raise
the possibility that the PDE9 is expressed in smooth muscles
including the bovine abomasum. However, we infer that the
regulation of normal smooth muscle contraction performed
by PDE9 may be less than that of PDES in bovine aboma-
sum.

It has been reported that the contraction of preparations
originating from the abomasal antrum of a healthy cow
evoked by electrical stimulation was inhibited by left dis-
placed abomasum (LDA), right displaced abomasum (RDA)
or abomasal volvulus (AD). These inhibitions were reversed
in the presence of L-NAME [10]. These data imply that the
expression of nitric oxide (NO)-cGMP signals, including
the expression of PDEs, may increase in the abomasum of
LDA, RDA or AV. However, we have no data indicating the
changes in expression of PDEs in the bovine abomasum
affected by these condition. A further study is involvement
of the changes in the expression of PDEs in the bovine dis-
placed abomasum.

In conclusion, selective PDE inhibitors inhibited CCh-
induced contraction in the bovine abomasum. Among the
PDE inhibitors, R0o20-1724 and vardenafil induced more
relaxation than the other inhibitors according to the data for
the ICs, and maximum relaxation. Moreover, the results sug-
gest that R020-1724-induced relaxation was correlated with
cAMP and that vardenafil-induced relaxation was correlated
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with ¢cGMP in the bovine abomasum. PDE4 and PDES5 are
the enzymes involved in the regulation of relaxation as-
sociated with cAMP and cGMP, respectively, in the bovine
abomasum.

ACKNOWLEDGMENT. This work was supported in part
by the Academic Frontier Project for Private Universities
of the Ministry of Education, Culture, Sports, Science and
Technology of Japan (2005-2009).

REFERENCES

1.

10.

11.

12.

13.

Barbier, A. J. and Lefebvre, R. A. 1995. Relaxant influence of
phosphodiesterase inhibitors in the cat gastric fundus. Eur. J.
Pharmacol. 276: 41-47. [Medline] [CrossRef]

Beavo, J. A. 1995. Cyclic nucleotide phosphodiesterase:
functional implications of multiple isoforms. Physiol. Rev. 75:
725-748. [Medline]

Bender, A. T. and Beavo, J. A. 2006. Cyclic nucleotide phos-
phodiesterases: molecular regulation to clinical use. Pharmacol.
Rev. 58: 488-520. [Medline] [CrossRef]

Bornstein, J. C., Costa, M. and Grider, J. R. 2004. Enteric motor
and interneuronal circuits controlling motility. Neurogastroen-
terol. Motil. 16: 34-38. [Medline] [CrossRef]

Boswell-Smith, V., Spina, D. and Page, C. P. 2006. Phosphodies-
terase inhibitors. Br: J. Pharmacol. 147: S252-S257. [Medline]
[CrossRef]

da Silva, F. H., Pereira, M. N., Franco-Penteado, C. F., De Nucci,
G., Antunes, E. and Claudino, M. A. 2013. Phosphodiesterase-9
(PDEDY) inhibition with BAY 73-6691 increases corpus caverno-
sum relaxations mediated by nitric oxide-cyclic GMP pathway
in mice. /nt. J. Impot. Res. 25: 69-73. [Medline] [CrossRef]
Diamond, J. 1978. Role of cyclic nucleotides in control of
smooth muscle contraction. pp. 327-340. In: Advances in Cyclic
Nucleotide Research, vol.9 (George, W. J. and Ignarro, L. J.
eds.), Raven Press, New York.

Doll, K., Sickinger, M. and Seeger, T. 2009. New aspects in
the pathogenesis of abomasal displacement. Vet. J. 181: 90-96.
[Medline] [CrossRef]

Furness, J. B. 2000. Types of neurons in the enteric nervous
system. J. Auton. Nerv. Syst. 81: 87-96. [Medline] [CrossRef]
Geishauser, T., Reiche, D. and Schemann, M. 1998. In vitro
motility disorders associated with displaced abomasum in
dairy cows. Neurogastroenterol. Motil. 10: 395-401. [Medline]
[CrossRef]

Guipponi, M., Scott, H. S., Kudoh, J., Kawasaki, K., Shibuya,
K., Shintani, A., Asakawa, S., Chen, H., Lalioti, M. D., Rossier,
C., Minoshima, S., Shimizu, N. and Antonarakis, S. E. 1998.
Identification and characterization of a novel cyclic nucleotide
phosphodiesterase gene (PDE9A) that maps to 21q22.3: alter-
native splicing of mRNA transcripts, genomic structure and
sequence. Hum. Genet. 103: 386-392. [Medline] [CrossRef]
Kaneda, T., Shimizu, K., Nakajyo, S. and Urakawa, N. 1997. Ef-
fects of various selective phosphodiesterase inhibitors on muscle
contractility in guinea pig ileal longitudinal smooth muscle. Jpn.
J. Pharmacol. 75: 77-85. [Medline] [CrossRef]

Kaneda, T., Shimizu, K., Urakawa, N. and Nakajyo, S. 2004.
Effects of various selective phosphodiesterase inhibitors on
carbachol-induced contraction and cyclic nucleotide contents in

20.

21.

22.

23.

24.

25.

26.

guinea pig taenia coli. J. Vet. Med. Sci. 66: 1047-1052. [Med-
line] [CrossRef]

Kaneda, T., Watanabe, A., Shimizu, K., Urakawa, N. and Na-
kajyo, S. 2005. Effects of various selective phosphodiesterase
inhibitors on carbachol-induced contraction and cyclic nucleo-
tide contents in the guinea pig gall bladder. J. Vet. Med. Sci. 67:
659-665. [Medline] [CrossRef]

Meylan, M., Georgieva, T. M., Reist, M., Blum, J. W., Martig,
J., Georgiev, 1. V. and Steiner, A. 2004. Distribution of mRNA
that codes for 5-hydroxytryptamine receptor subtypes in the gas-
trointestinal tract of dairy cows. Am. J. Vet. Res. 65: 1151-1158.
[Medline] [CrossRef]

Mokry, J., Joskova, M., Mokra, D., Christensen, I. and Nosalova,
G. 2013. Effects of selective inhibition of PDE4 and PDE7 on
airway reactivity and cough in healthy and ovalbumin-sensitized
guinea pigs. Adv. Exp. Med. Biol. 756: 57-64. [Medline] [Cross-
Ref]

Polson, J. B. and Strada, S. J. 1996. Cyclic nucleotide phospho-
diesterases and vascular smooth muscle. Annu. Rev. Pharmacol.
Toxicol. 36: 403—427. [Medline] [CrossRef]

Qiu, Y., Kraft, P, Craig, E. C., Liu, X. and Haynes-Johnson,
D. 2001. Identification and functional study of phosphodiester-
ases in rat urinary bladder. Urol. Res. 29: 388-392. [Medline]
[CrossRef]

Raeburn, D. and Advenier, C. 1995. Isoenzyme-selective cyclic
nucleotide phosphodiesterase inhibitors: Effects on airways
smooth muscle. Int. J. Biochem. Cell Biol. 27: 29-37. [Medline]
[CrossRef]

Rentero, C., Monfort, A. and Puigdomenech, P. 2003. Identifica-
tion and distribution of different mRNA variants produced by
differential splicing in the human phosphodiesterase 9A gene.
Biochem. Biophys. Res. Commun. 301: 686—692. [Medline]
[CrossRef]

Teixeira, C. E., Priviero, F. B. and Webb, R. C. 2006. Differential
effects of the phosphodiesterase type 5 inhibitors sildenafil, var-
denafil, and tadalafil in rat aorta. J. Pharmacol. Exp. Ther. 316:
654—661. [Medline] [CrossRef]

Tomkinson, A. and Raeburn, D. 1996. The effect of isoenzyme-
selective PDE inhibitors on methacholine-induced contraction
of guinea-pig and rat ileum. Br. J. Pharmacol. 118: 2131-2139.
[Medline] [CrossRef]

Truss, M. C., Uckert, S., Stief, C. G., Kuczyk, M., Schulz-
Knappe, P., Forssmann, W.G. and Jonas, U. 1996. Effects of
various phosphodiesterase-inhibitors, forskolin, and sodium
nitroprusside on porcine detrusor smooth muscle tonic responses
to muscarinergic stimulation and cyclic nucleotide levels in vi-
tro. Neurourol. Urodyn. 15: 59-70. [Medline] [CrossRef]
Vittoria, A., Costagliola, A., Carrese, E., Mayer, B. and Cecio,
A. 2000. Nitric oxide-containing neurons in the bovine gut, with
special reference to their relationship with VIP and galanin.
Arch. Histol. Cytol. 63: 357-368. [Medline] [CrossRef]
Wunder, F., Tersteegen, A., Rebmann, A., Erb, C., Fahring, T.
and Hendrix, M. 2005. Characterization of the first potent and
selective PDE9 inhibitor using a cGMP reporter cell line. Mol.
Pharmacol. 68: 1775-1781. [Medline]

Yogo, T., Kaneda, T., Nezu, Y., Harada, Y., Hara, Y., Tagawa,
M., Urakawa, N. and Shimizu, K. 2009. Effects of various
selective phosphodiesterase inhibitors on relaxation and cyclic
nucleotide contents in porcine iris sphincter. J. Vet. Med. Sci. 71:
1449-1453. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/7540140?dopt=Abstract
http://dx.doi.org/10.1016/0014-2999(95)00009-A
http://www.ncbi.nlm.nih.gov/pubmed/7480160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16968949?dopt=Abstract
http://dx.doi.org/10.1124/pr.58.3.5
http://www.ncbi.nlm.nih.gov/pubmed/15066002?dopt=Abstract
http://dx.doi.org/10.1111/j.1743-3150.2004.00472.x
http://www.ncbi.nlm.nih.gov/pubmed/16402111?dopt=Abstract
http://dx.doi.org/10.1038/sj.bjp.0706495
http://www.ncbi.nlm.nih.gov/pubmed/23034509?dopt=Abstract
http://dx.doi.org/10.1038/ijir.2012.35
http://www.ncbi.nlm.nih.gov/pubmed/18397836?dopt=Abstract
http://dx.doi.org/10.1016/j.tvjl.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/10869706?dopt=Abstract
http://dx.doi.org/10.1016/S0165-1838(00)00127-2
http://www.ncbi.nlm.nih.gov/pubmed/9805315?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2982.1998.00119.x
http://www.ncbi.nlm.nih.gov/pubmed/9856478?dopt=Abstract
http://dx.doi.org/10.1007/s004390050838
http://www.ncbi.nlm.nih.gov/pubmed/9334888?dopt=Abstract
http://dx.doi.org/10.1254/jjp.75.77
http://www.ncbi.nlm.nih.gov/pubmed/15472466?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472466?dopt=Abstract
http://dx.doi.org/10.1292/jvms.66.1047
http://www.ncbi.nlm.nih.gov/pubmed/16082113?dopt=Abstract
http://dx.doi.org/10.1292/jvms.67.659
http://www.ncbi.nlm.nih.gov/pubmed/15334851?dopt=Abstract
http://dx.doi.org/10.2460/ajvr.2004.65.1151
http://www.ncbi.nlm.nih.gov/pubmed/22836619?dopt=Abstract
http://dx.doi.org/10.1007/978-94-007-4549-0_8
http://dx.doi.org/10.1007/978-94-007-4549-0_8
http://www.ncbi.nlm.nih.gov/pubmed/8725396?dopt=Abstract
http://dx.doi.org/10.1146/annurev.pa.36.040196.002155
http://www.ncbi.nlm.nih.gov/pubmed/11828991?dopt=Abstract
http://dx.doi.org/10.1007/s00240-001-0221-6
http://www.ncbi.nlm.nih.gov/pubmed/7757880?dopt=Abstract
http://dx.doi.org/10.1016/1357-2725(94)00060-3
http://www.ncbi.nlm.nih.gov/pubmed/12565835?dopt=Abstract
http://dx.doi.org/10.1016/S0006-291X(03)00021-4
http://www.ncbi.nlm.nih.gov/pubmed/16204472?dopt=Abstract
http://dx.doi.org/10.1124/jpet.105.092544
http://www.ncbi.nlm.nih.gov/pubmed/8864552?dopt=Abstract
http://dx.doi.org/10.1111/j.1476-5381.1996.tb15653.x
http://www.ncbi.nlm.nih.gov/pubmed/8696357?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1520-6777(1996)15:1<59::AID-NAU6>3.0.CO;2-E
http://www.ncbi.nlm.nih.gov/pubmed/11073067?dopt=Abstract
http://dx.doi.org/10.1679/aohc.63.357
http://www.ncbi.nlm.nih.gov/pubmed/16150925?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19959894?dopt=Abstract
http://dx.doi.org/10.1292/jvms.001449

