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1 Rat cultured aortic vascular smooth muscle cells (VSMC) express both cyclic GMP-inhibited cyclic
AMP phosphodiesterase (PDE3) and Ro 20-1724-inhibited cyclic AMP phosphodiesterase (PDE4)
activities. By utilizing either cilostamide, a PDE3-selective inhibitor, or Ro 20-1724, a PDE4-selective
inhibitor, PDE3 and PDE4 activities were shown to account for 15% and 55% of total VSMC cyclic
AMP phosphodiesterase (PDE) activity.

2 Treatment of VSMC with either forskolin or 8-bromo-cyclic AMP caused signi®cant concentration-
and time-dependent increases in total cellular cyclic AMP PDE activity. Using cilostamide or
Ro 20-1724, we demonstrated that both PDE3 and PDE4 activities were increased following forskolin
or 8-bromo-cyclic AMP treatment, with a relatively larger e�ect observed on PDE3 activity. The increase
in cyclic AMP PDE activity induced by forskolin or 8-bromo-cyclic AMP was inhibited by actinomycin
D or cycloheximide, demonstrating that new mRNA synthesis and protein synthesis were required. An
analogue of forskolin which does not activate adenylyl cyclase (1,9-dideoxyforskolin) or an analogue of
cyclic GMP (8-bromo-cyclic GMP) did not a�ect total cyclic AMP PDE activity.

3 Incubation of VSMC with 8-bromo-cyclic AMP for 16 h caused a marked rightward shift in the
concentration-response curves for both isoprenaline- and forskolin-mediated activation of adenylyl
cyclase. A role for up-regulated cyclic AMP PDE activity in this reduced potency is supported by our
observation that cyclic AMP PDE inhibitors (IBMX, cilostamide or Ro 20-1724) partially normalized
the e�ects of isoprenaline or forskolin in treated cells to those in untreated cells.

4 We conclude that VSMC cyclic AMP PDE activity is increased following long-term elevation of
cyclic AMP and that increases in PDE3 and PDE4 activities account for more than 70% of this e�ect.
Furthermore, we conclude that increases in cyclic AMP PDE activity contribute to the reduced potency
of isoprenaline or forskolin in treated VSMC. These results have implications for long-term use of cyclic
AMP PDE inhibitors as therapeutic agents.
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Introduction

A number of studies in vascular smooth muscle cells (VSMC)
have correlated increases in adenosine 3':5'-cyclic monopho-
sphate (cyclic AMP) or guanosine 3':5'-cyclic monophosphate
(cyclic GMP) with relaxation (Lincoln, 1989; Murray, 1990).
While the synthesis of cyclic AMP or cyclic GMP in cells is
catalyzed by the adenylyl or guanylyl cyclase enzymes, re-
spectively (McDonald & Murad, 1996; Sunahara et al., 1996),
the metabolic inactivation of these cyclic nucleotides is cata-
lyzed by cyclic nucleotide phosphodiesterases (PDE) (Beavo &
Reifsnyder, 1990). PDE are subdivided into seven distinct fa-
milies based on substrate selectivity, inhibitor sensitivity and
molecular sequence (Beavo & Reifsnyder, 1990; Bolger et al.,
1993; Manganiello et al., 1995).

In VSMC, a role for PDE3 and PDE4 families in regulating
cyclic AMP breakdown has been demonstrated (Lugnier et al.,
1986; Weishaar et al., 1986; Schoe�ter et al., 1987; Maurice et
al., 1991). Members of these two PDE families selectively hy-
drolyze cyclic AMP and several selective pharmacological in-
hibitors for each family are known (reviewed in Beavo &
Reifsnyder, 1990; Bolger et al., 1993; Manganiello et al., 1995).
Thus, inhibition of cyclic AMP breakdown by the selective
inhibitors of either PDE3 or PDE4 increases VSMC cyclic
AMP levels and relaxes vascular smooth muscle (Lugnier et
al., 1986; Weishaar et al., 1986; Schoe�ter et al., 1987; Maurice
et al., 1991; Bolger et al., 1993; Manganiello et al., 1995).

There are several mechanisms by which cells can regulate
cyclic AMP PDE activity. Within the PDE3 family, metabo-

lism of cyclic AMP is inhibited by cyclic GMP (Grant &
Colman, 1984; Manganiello et al., 1990). This e�ect of cyclic
GMP on cyclic AMP metabolism can have important func-
tional consequences in tissues in which PDE3 activity is an
important component of the overall cyclic AMP hydrolytic
activity (Maurice & Haslam, 1990a). The functional impor-
tance of PDE3 has been clearly demonstrated in blood plate-
lets and in some vascular and cardiac muscle (Maurice &
Haslam, 1990a,b; Maurice et al., 1991; Delpy et al., 1996). The
activities of certain isozymes of PDE3 and PDE4 are also
regulated via phosphorylation by protein kinases (Grant et al.,
1988; Sette et al., 1994; Alvarez et al., 1995; Rahn et al., 1996;
Sette & Conti, 1996).

Transcriptional regulation of members of the PDE3 and
PDE4 families has been described. PDE3B expression is in-
creased upon di�erentiation of 3T3-L1 ®broblasts to 3T3-L1
adipocytes (Elks et al., 1983). Transcriptional regulation of
PDE4 activity has been studied in Sertoli cells and most re-
cently in monocytes (Swinnen et al., 1989; Torphy et al., 1992;
1995; Verghese et al., 1995; Manning et al., 1996). Incubation
of these cells for several hours with activators of adenylyl cy-
clase, or with cyclic AMP analogues, was shown to increase
signi®cantly PDE4 activity and up-regulate selected variants of
PDE4. In Sertoli cells, prolonged elevation of intracellular
cyclic AMP increased the expression of selected PDE4D iso-
zymes (Swinnen et al., 1989), whereas in monocytes, these in-
cubations increased mRNA for PDE4A and PDE4B but
decreased mRNA for PDE4D (Torphy et al., 1992; 1995;
Verghese et al., 1995; Manning et al., 1996). Although PDE3
activity is present in these cell types, no change in PDE3 ac-
tivity was found in these studies.1Author for correspondence.
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The aim of the present study was to determine if prolonged
elevations in cyclic AMP could regulate the level of cyclic
AMP PDE activity in VSMC, and to investigate the e�ect of
this treatment on PDE3 and PDE4 activity. We incubated rat
cultured aortic VSMC for 4, 8 or 16 h with either (i) forskolin,
an activator of adenylyl cyclase, (ii) 1,9-dideoxyforskolin, a
structural analogue of forskolin which does not activate ade-
nylyl cyclase, (iii) 8-bromo-cyclic AMP or 8-bromo-cyclic
GMP, lipophilic analogues of cyclic AMP and cyclic GMP,
and then determined the cyclic AMP PDE activity in cell ly-
sates. To determine the PDE3 and PDE4 activity in these cell
lysates, the extent of inhibition of total cyclic AMP PDE ac-
tivity caused by either a PDE3-selective inhibitor (cilostamide,
1 mM), a PDE4-selective inhibitor (Ro 20-1724, 10 mM), or a
combination of these two agents was measured. In addition, to
assess the possible functional signi®cance of increased cyclic
AMP PDE activity, cyclic AMP levels were measured in re-
sponse to incubation with isoprenaline or forskolin, in control
and treated cells.

Methods

Cell culture

Primary cultures of rat aortic VSMC were a generous gift from
Dr S. Pang (Department of Anatomy and Cell Biology,
Queen's University) following isolation from rat aortae as
described previously (Pang & Venance, 1992). The identity of
the VSMC was con®rmed by a-actin staining. VSMC were
routinely cultured in Dulbecco's modi®ed Eagle's medium
(DMEM) supplemented with 10% calf serum, 8 mM HEPES
bu�er, 100 units ml71 penicillin and 100 mg ml71 streptomycin
at 378C in a 95% air-5% CO2 humidi®ed atmosphere. Cells
were passaged by washing once with Hanks' balanced salt
solution (HBSS) (without Ca2+ or Mg2+) treated with 1%
trypsin-ethylenediamine tetraacetic acid (EDTA) for 2 min to
detach cells and resuspended in growth medium. To maintain
cell stocks, 75 cm2 ¯asks were seeded with 106 cells and 20 ml
of medium per ¯ask. For all experiments, cells were used be-
tween passages 6 and 12.

Treatment of rat cultured aortic VSMC with
pharmacological agents

In our studies of cyclic AMP PDE activity, 36105 cells were
seeded in 25 cm2 ¯asks and the experiments initiated when
the cells reached con¯uence (3 ± 4 days). Culture medium was
removed and replaced with 5.0 ml of fresh culture medium
supplemented with either (i) forskolin (1.0 ± 100 mM), (ii) 1,9-
dideoxyforskolin (1.0 ± 100 mM), (iii) 8-bromo-cyclic AMP
(0.01 ± 1 mM), (iv) 8-bromo-cyclic GMP (0.01 ± 1 mM) or (v)
vehicle (0.1% dimethylsulphoxide, (DMSO)). After 4, 8 or
16 h, the treated cells were washed once with 6 ml of HBSS
(with Ca2+ and Mg2+) and harvested in 1 ml of lysis bu�er
containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 5 mM

benzamidine, 1 mM EDTA, 1 mM dithiothreitol (DTT),
0.1 mM phenylmethylsulphonyl ¯uoride (PMSF), 1 mM leu-
peptin and 1% Triton X-100. Cells were removed from the
¯ask by scraping. Cellular debris and unlyzed cells were re-
moved by centrifugation at 10 0006g for 5 min at 48C. The
10 0006g supernatants were transferred to microtubes and
stored at 48C until assayed for cyclic AMP PDE activity (see
below).

In experiments which determined VSMC cyclic AMP and
cyclic GMP levels, VSMC were seeded in 24 well plates in
0.5 ml culture medium at 56104 cells ml71. At con¯uence, the
cells were incubated overnight (16 h) with fresh culture med-
ium supplemented with 20 mCi ml71 [3H]-hypoxanthine and
either (i) forskolin (1 ± 100 mM), (ii) 1,9-dideoxyforskolin (1 ±
100 mM), (iii) 8-bromo-cyclic AMP (0.01 ± 1 mM), (iv) 8-bro-
mo-cyclic GMP (0.01 ± 1 mM) or (v) drug vehicle (0.1%
DMSO). As described previously, (Maurice et al., 1993), in-

cubation of cultured VSMC with [3H]-hypoxanthine allows
homogeneous labelling of both the ATP and GTP metabolic
pools. The presence of forskolin, or any other agent used in
these studies to increase cellular cyclic AMP, did not alter the
uptake of [3H]-hypoxanthine by the VSMC, a parameter which
is directly correlated to the speci®c activity of both the ATP
and GTP metabolic pools in these cells (Maurice et al., 1993).
Indeed, whether the VSMC were treated with drug or not, a
1% increase in cellular [3H]-cyclic AMP is equivalent to
260+38 pmol mg71 protein (Maurice et al., 1993).

Following this drug treatment and metabolic ATP and GTP
labelling, the VSMC were washed with HBSS (with Ca2+ and
Mg2+), covered with fresh HBSS (with Ca2+ and Mg2+) and
the temperature maintained at 378C throughout each experi-
ment. In these experiments, adenylyl cyclase was stimulated by
addition of either isoprenaline (0.1 nM± 10 mM) or forskolin
(0.1 ± 10 mM) to individual wells for 1 min. The reactions were
terminated by addition of 0.5 ml of 10% trichloroacetic acid.
Following addition of recovery markers, ([14C]-cyclic AMP
and [14C]-cyclic GMP (1000 d.p.m. each)), the cyclic nucleo-
tides were isolated and puri®ed by column chromatography on
alumina and Dowex 50 resin and quantitated by liquid scin-
tillation as described previously (Maurice et al., 1993). The
[3H]-cyclic AMP and [3H]-cyclic GMP present in individual
wells of VSMC is expressed as a percentage of the total 3H in
each well.

Assay of cyclic AMP phosphodiesterase activity

Cyclic nucleotide phosphodiesterase activity was assayed by a
modi®cation of the method of Davis & Daly (1979). Reac-
tions were carried out in a total volume of 100 ml containing
5 mmol Tris-HCl (pH 7.4), 0.5 mmol MgCl2, 10 nmol ethylene
glycol-bis-(b-aminoethyl ether)N,N,N',N'-tetraacetic acid
(EGTA) and 0.1 nmol [3H]-cyclic AMP containing 55 000 to
60 000 d.p.m. Following a preincubation period of 2 min at
308C, a sample of VSMC homogenate (5 mg of protein) was
added and the reaction allowed to proceed at 308C for
30 min. The reaction was terminated by addition of 50 ml of
0.5 M ice-cold EDTA (pH 7.4). Recovery marker (0.1 ml of
[14C]-AMP, 1800 d.p.m.) and 0.3 ml of N-2-hydroxyethyl pi-
perazine-N'-2-ethanesulphonic acid, (HEPES)-NaCl bu�er
(0.1 M NaCl, 0.1 M HEPES, pH 8.5) was added to each
sample before puri®cation of the product of the reaction,
[3H]-AMP. [3H]-AMP and [14C]-AMP were recovered by
chromatography by use of a polyacrylamide-boronate gel
column (A�-gel 601 Bio-Rad, 1 ml bed volume). Samples
were applied following prewashing of the columns with 8 ml
of HEPES-NaCl bu�er. After 4 additional washes of the
columns with 2 ml of HEPES-NaCl and equilibration of the
columns with 1 ml of 0.05 M Na-acetate (pH 4.8), the 5'
AMP was eluted with 4 ml of 0.05 M Na-acetate. The re-
covered [3H]-AMP was quanti®ed by liquid scintillation
counting, corrected for recovery of [14C]-AMP, normalized to
the total protein used in the assay and the total activity ex-
pressed as pmol min71 mg71 protein.

Protein assays

The total protein concentration of each sample was determined
by the BCA Protein Assay system from Pierce, according to
the manufacturer's methodology with bovine serum albumin
as the standard.

Statistical analysis

Data are presented as means+s.e.mean of at least three in-
dependent experiments. Within each experiment, values were
means from three individual determinations for each experi-
mental condition. Statistical di�erences between cyclic AMP
PDE activities or between cyclic AMP levels were determined
by Student's t test for either paired or unpaired samples with
P50.05 considered signi®cant.
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Materials

Tissue culture reagents (DMEM, calf serum, HEPES, peni-
cillin/streptomycin, HBSS, trypsin-EDTA) were from GIBCO
BRL (Ontario, Canada). Radioactive products were from
NEN Life Science Products (Massachusetts, U.S.A.) ([3H]-
hypoxanthine, [14C]-cyclic AMP, [3H]-cyclic AMP, [3H]-cyclic
GMP), Amersham Life Science (Ontario, Canada). ([14C]-
cyclic AMP) or Moravek Biochemicals (California, U.S.A.)
([14C]-cyclic GMP). Ro 20-1724 (4-[(3-butoxy-4-methoxy-
phenyl)methyl]-2-imidazolidinone) was from Calbiochem-
Novachem Corporation (Ontario, Canada) and isobutyl me-
thylxanthine (IBMX) was from the Aldrich Chemical Com-
pany (Ontario, Canada). Forskolin, 1,9-dideoxyforskolin, 8-
bromo-cyclic AMP and 8-bromo-cyclic GMP were from Re-
search Biochemicals International (Massachusetts, U.S.A.),
while isoprenaline, Tris-HCl, benzamidine, EDTA, EGTA,
DTT, PMSF, Triton X-100 and NaCl were from ICN Bio-
medicals Incorporated (Quebec, Canada). Leupeptin was from
Boehringer Mannheim (Quebec, Canada). A�-gel 601, Dowex
50 (200 ± 400 mesh), alumina and the column supports were
from BioRad (Ontario, Canada). The BCA protein assay and
bovine serum albumin were from Pierce (Ontario, Canada). All
other chemicals were of reagent grade and purchased from
Fisher Scienti®c (Ontario, Canada).

Results

Cyclic AMP PDE activity in rat cultured aortic VSMC

Total cyclic AMP PDE activity and the e�ects of selected
cyclic AMP PDE inhibitors on this activity, were determined in
primary cultures of rat aortic VSMC (Table 1). To de®ne
whether IBMX-insensitive cyclic AMP PDEs were present in
the VSMC, the fraction of total cyclic AMP PDE activity
which could be inhibited by this broad-spectrum PDE inhibi-
tor, was determined. Also, the % cyclic AMP PDE activity
attributable to PDE2, PDE3 or PDE4 was determined by use
of erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA, 10 mM), ci-
lostamide (1 mM) or Ro 20-1724 (10 mM), respectively. The
concentrations of IBMX and EHNA were taken from the lit-
erature (Beavo & Reifsnyder, 1990), while those for cilosta-
mide and Ro 20-1724 were determined to be selective with
partially puri®ed rat aortic PDE3 and PDE4, respectively
(unpublished observations). In our assays, the cyclic AMP
PDE activity remaining after inhibition with both cilostamide
and Ro 20-1724 was approximately 30% of the total (Table 1).
This cyclic AMP PDE activity was not inhibited by addition of
10 mM EHNA, or higher concentrations of either cilostamide
or Ro 20-1724, but was totally inhibited by incubation with
IBMX (Table 1).

E�ect of forskolin on cyclic AMP levels in rat cultured
aortic VSMC

Incubation of VSMC with 100 mM forskolin caused a marked
and sustained increase in cyclic AMP. Thus, [3H]-cyclic AMP
levels were increased from a basal level of 0.080+0.008% of
total 3H to 2.23+0.24% of total 3H in 5 min and further to
4.09+0.18% of total 3H in 30 min (mean+s.e.mean, n=3).
This high level of cyclic AMP was sustained for at least 6 h, the
longest time point studied.

E�ect of forskolin, 1,9-dideoxyforskolin, 8-bromo-cyclic
AMP or 8-bromo-cyclic GMP on cyclic AMP PDE
activity in rat cultured aortic VSMC

Figure 1 shows the e�ects of a 16 h incubation of VSMC
with forskolin, 8-bromo-cyclic AMP or 1,9-dideoxyforskolin.
Incubation of VSMC with either 10 mM or 100 mM forskolin
or with 1 mM 8-bromo-cyclic AMP caused marked increases

in total cyclic AMP PDE activity (Figure 1). However, in-
cubation with 10 mM or 100 mM 1,9-dideoxyforskolin (Figure
1), a structural analogue of forskolin which does not acti-
vate adenylyl cyclase, with 1 mM 8-bromo-cyclic GMP (data
not shown) or with 0.1% DMSO, the drug vehicle, did not
result in any change in VSMC cyclic AMP PDE activity
(Figure 1).

Inclusion of either 4 mM actinomycin D or 100 mM cyclo-
heximide during a 16 h incubation with 8-bromo-cyclic AMP
inhibited the increase in VSMC cyclic AMP PDE activity
caused by this agent (Table 2). Thus, de novo mRNA and
protein synthesis are necessary for 8-bromo-cyclic AMP-in-
duced up-regulation of cyclic AMP PDE activity in VSMC.
Incubation of VSMC with either actinomycin or cycloheximide
alone for 16 h did not signi®cantly alter the cyclic AMP PDE
activity.

Table 1 Inhibition of rat cultured aortic VSMC cyclic
AMP PDE activity

VSMC
Additions (pmol min71 mg71)

None (total activity)
Cilostamide (1 mM)
Ro 20-1724 (10 mM)
Cilostamide (1 mM)+
Ro 20-1724 (10 mM)
EHNA (10 mM)
IBMX (500 mM)

77.1+5.2 (n=16)
65.8+5.3* (n=16)
37.5+3.2* (n=16)
27.6+1.7*,** (n=16)

78.4+3.7 (n=4)
5.3+2.7* (n=3)

Activities are the mean+s.e.mean for several independent
determinations in rat cultured aortic VSMC. *P50.05 in
comparison to total cyclic AMP PDE activity; **P50.05 in
comparison to cyclic AMP PDE activity in the presence of
Ro 20-1724 or cilostamide alone.
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Figure 1 E�ect of forskolin, 8-bromo-cyclic AMP or 1,9-dideoxy-
forskolin on cyclic AMP-PDE activity in rat cultured aortic VSMC
homogenates. Basal cyclic AMP-PDE activity with 1 mM cyclic AMP
substrate is shown for untreated cells as well as in cells treated with
forskolin (FSK), 8-bromo-cyclic AMP (8-Br-cyclic AMP) or 1,9-
dideoxyforskolin (ddFSK) for 16 h. Results are expressed as the
mean+s.e.mean for three independent determinations. *P50.05
between untreated and treated cell homogenates.

Regulation of smooth muscle PDE3 and PDE4 235R.J. Rose et al



Time course of forskolin-or 8-bromo-cyclic AMP-
induced increases in rat cultured aortic VSMC cyclic
AMP PDE activity

Both forskolin (Figure 2a) and 8-bromo-cyclic AMP (Figure
2b) caused a time-dependent increase in VSMC cyclic AMP
PDE activity. While incubation of VSMC for 4 h with either
agent resulted in a small increase in cyclic AMP PDE activity,
in both cases total cyclic AMP PDE activity was more than
doubled after 16 h.

E�ects of forskolin or 8-bromo-cyclic AMP on rat
cultured aortic VSMC PDE3 and PDE4 activities

Tables 3 and 4 show the forskolin- or 8-bromo-cyclic AMP-
induced increases in total cyclic AMP PDE activity, respec-
tively, as well as the relative e�ects of these agents on VSMC
PDE3 and PDE4 activities. Following a 16 h incubation with
either 100 mM forskolin (Table 3) or 1 mM 8-bromo-cyclic
AMP (Table 4), the PDE3 component of the total activity was
signi®cantly increased. Indeed, PDE3 activity in treated
VSMC was roughly doubled following incubation with either
agent (Tables 3 and 4). Similarly, incubation of the cultured
VSMC with either forskolin or 8-bromo-cyclic AMP also in-
creased VSMC PDE4 activity. However, in contrast to the

e�ects of these treatments on PDE3 activity, the percentage of
the total cyclic AMP PDE activity due to PDE4 was not sig-
ni®cantly di�erent before and after treatment (Tables 3 and 4).
The time-dependence of the 8-bromo-cyclic AMP-induced in-
creases in PDE3 and PDE4 activities was also examined (Table
5). Although the amount of activity attributable to either
PDE3 or PDE4 was increased at the 8 and 16 h time points,
and PDE4 activity was increased linearly over this period, a
larger increase in PDE3 activity occurred between 4 and 8 h of
incubation. The cyclic AMP PDE activity not susceptible to
inhibition by cilostamide and Ro 20-1724, but inhibited by
IBMX, was also elevated following incubation with either
forskolin or 8-bromo-cyclic AMP (Tables 3 and 4). While this
residual activity was inhibited by more than 95% by IBMX in
both treated and control VSMC, EHNA was equally without
e�ect before or after treatment (Table 6). In parallel studies, we
have determined that the level of expression of several VSMC
cyclic AMP PDE are a�ected by prolonged incubations with
either forskolin or 8-bromo-cyclic AMP. Thus, both PDE3s
(PDE3A and PDE3B) as well as PDE4B and PDE4D are in-
creased upon incubation of rat cultured aortic VSMC with
agents that increase VSMC cyclic AMP (data not shown,
manuscripts in preparation).

E�ects of forskolin or 8-bromo-cyclic AMP on
isoprenaline- or forskolin-mediated increases in rat
cultured aortic VSMC cyclic AMP

In untreated VSMC, isoprenaline (0.1 nM± 1 mM; Figure 3), or
forskolin (1 mM±100 mM; not shown), caused concentration-
dependent increases in cyclic AMP which were potentiated by
the addition of IBMX, cilostamide or Ro 20-1724 (Figure 3).
In our experiments, all three cyclic AMP PDE inhibitors po-
tentiated the isoprenaline-induced increases in cyclic AMP at
all concentrations of isoprenaline tested (Figure 3). For ex-
ample, when tested with 10 nM isoprenaline, the e�ects of ci-
lostamide or Ro 20-1724 were consistent with PDE3 and
PDE4 representing roughly 15% and 55% of the IBMX-in-
hibitable cyclic AMP PDE present in these cells (Figure 3).

Both isoprenaline (Figure 3) or forskolin (not shown) were
much less potent in VSMC which had been incubated for 16 h
with 1 mM 8-bromo-cyclic AMP; as re¯ected by a large
rightward shift in the concentration-response curve (Figure 3).
For example, the increase in cyclic AMP caused by 1 mM iso-
prenaline in the treated VSMC was only 11% of the increase in

Table 2 E�ects of actinomycin or cycloheximide on 8-
bromo-cyclic AMP-mediated increases in rat cultured aortic
VSMC cyclic AMP PDE activity

Activity
Treatments (pmol min71 mg71)

None
Actinomycin (4 mM)
Cycloheximide (100 mM)
8-Bromo-cyclic AMP (1 mM)
8-Bromo-cyclic AMP (1 mM)+
actinomycin (4 mM)
8-Bromo-cyclic AMP (1 mM)+
cycloheximide (100 mM)

75.3+5.1
70.0+3.7
69.3+5.9
144.9+11.7*

68.4+5.0

73.1+4.8

Activities represent the mean+s.e.mean of three independent
determinations. *P50.05 in comparison to cyclic AMP PDE
activity in untreated rat cultured aortic VSMC.
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Figure 2 E�ect of 4, 8 and 16 h incubations with 100 mM forskolin (a), or 1 mM 8-bromo-cyclic AMP (b) on cyclic AMP PDE
activity in rat cultured aortic VSMC homogenates. Results are expressed as the mean+s.e.mean of three independent
determinations. *P50.05 between untreated and treated cell homogenates.
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control cells (Figure 3). Consistent with a role for upregulated
cyclic AMP PDE activity in the reduced potency of these
agents in the treated VSMC, the e�ects of the cyclic AMP PDE
inhibitors were more marked in the treated cells. For example,
addition of IBMX potentiated the e�ect of 10 nM isoprenaline

to a level approximately 3.3 fold larger in treated cells than was
achieved in the untreated VSMC (Figure 3). This increased
e�ectiveness of IBMX in treated VSMC was consistent with
the overall increase in cyclic AMP PDE activity in VSMC
following 8-bromo-cyclic AMP treatment (Tables 4 and 6).
Consistent with up-regulated PDE3 and PDE4 activities in 8-
bromo-cyclic AMP-treated VSMC, both cilostamide and Ro
20-1724, also potentiated the isoprenaline-induced increase in
cyclic AMP to a greater extent in treated cells than in control
cells (Figure 3). Indeed, both cilostamide and Ro 20-1724 in-
creased the 10 nM isoprenaline-induced increase in cyclic AMP
to levels 1.8 and 2.5 fold larger in treated VSMC than were
obtained in control untreated VSMC, respectively. Again,
these e�ects were consistent with the 8-bromo-cyclic AMP-
mediated increases in PDE3 and PDE4 activities observed in
treated VSMC (Tables 4 and 6).

Discussion

In this study, we describe the results of experiments which
begin to assess the e�ects of long-term treatment of VSMC
with agents that increase cyclic AMP on total cyclic AMP PDE

Table 3 E�ect of forskolin on cilostamide- and Ro 20-1724-inhibited cyclic AMP PDE activity in rat cultured aortic VSMC

Untreated Forskolin treated
Activity Inhibition Activity Inhibition

Addition (pmol min71 mg71) (%) (pmol min71 mg71) (%)

None
Cilostamide (1 mM)
Ro 20-1724 (10 mM)
Cilostamide (1 mM)+
Ro 20-1724 (10 mM)

74.0+5.4
66.6+4.6*
32.5+1.2*

24.8+1.5*,**

0 (basal)
10+2*
56+2*

66+1*,**

279.3+11.1
207.0+10.9*
118.5+11.6*

86.4+11.0*,**

0 (basal)
26+3*,***
58+3*

69+4*,**

Activities represent the mean+s.e.mean of three independent experiments. Inhibition of activity in the presence of 1 mM cilostamide
and/or 10 mM Ro 20-1724 is expressed as percentages of the basal value in the absence of the inhibitors. *P50.05 in comparison to
cyclic AMP PDE activity, or % inhibition, in the absence of PDE inhibitors: **P50.05 in comparison to cyclic AMP PDE activity, or
% inhibition, in the presence of either Ro 20-1724 or cilostamide alone; ***P50.05 in comparison to % inhibition in untreated cells.

Table 4 E�ect of 8-bromo-cyclic AMP on cilostamide- or Ro 20-1724-inhibited cyclic AMP PDE activity in rat cultured aortic VSMC

Untreated 8-Bromo-cyclic AMP treated
Activity Inhibition Activity Inhibition

Addition (pmol min71 mg71) (%) (pmol min71 mg71) (%)

None
Cilostamide (1 mM)
Ro 20-1724 (10 mM)
Cilostamide (1 mM)+
Ro 20-1724 (10 mM)

87.5+2.5
75.1+1.9*
38.8+1.6*

30.2+2.1*,***

0 (basal)
14+5*
56+4*

65+1*,***

203.7+7.0*
159.1+3.9*
86.1+3.3*

66.8+3.1*,***

0 (basal)
22+3*,**
58+3*

67+1*,***

Activities represent the mean+s.e.mean of three independent experiments. Inhibition of activity in the presence of 1 mM cilostamide
and/or 10 mM Ro 20-1724 is expressed as percentages of the basal value in the absence of the inhibitors. *P50.05 in comparison to
cyclic AMP PDE activity, or % inhibition, in the absence of PDE inhibitors: **P50.05 in comparison to cyclic AMP PDE activity, or
% inhibition, in the presence of either Ro 20-1724 or cilostamide alone; ***P50.05 in comparison to % inhibition in untreated cells.

Table 6 E�ect of EHNA or IBMX on total cyclic AMP
PDE activity in control and 8-bromo-cyclic AMP treated rat
cultured aortic VSMC

Untreated 8-Bromo-cyclic AMP
treated

Activity Activity
Addition (pmol min71mg71) (pmol min71 mg71)

None
EHNA (10 mM)
IBMX (500 mM)

81.2+3.1
78.4+3.7
5.3+2.7*

209.1+4.4*
212.3+7.4*
11.3+9.3*,**

Data represent the mean+s.e.mean of three independent
determinations. *P50.05 in comparison to cyclic AMP
activity in untreated VSMC. **P50.05 in comparison to
cyclic AMP PDE activity in 8-bromo-cyclic AMP treated
VSMC.

Table 5 Time-dependence of 8-bromo-cyclic AMP-induced increase in PDE3 and PDE4 activities in rat cultured aortic VSMC

Time PDE3 PDE4
(h) (pmol min71 mg71) (%) (pmol min71 mg71) (%)

0
4
8
16

14.1+1.1
19.6+3.3
36.5+2.2*
57.6+4.9*

14+2
18+2
25+3*
24+3*

66.8+2.9
70.9+5.8
90.6+4.3*
156.1+7.0*

67+3
65+3
62+5
65+5

Cyclic AMP PDE activity was 100.2+3.1, 109.1+4.9, 146.1+7.3 and 240.1+8.5 pmol min71 mg71 at 0, 4, 8 and 16 h, respectively.
Values represent changes in cilostamide- (PDE3) or Ro 20-1724- (PDE4) inhibited cyclic AMP PDE activity (pmol min71mg71) or %
inhibition of cyclic AMP PDE activity caused by cilostamide (PDE3) or Ro 20-1724 (PDE4) at each time point. *P50.05 in
comparison to cyclic AMP PDE activity at 0 h; **P50.05 in comparison to % inhibition in 0 h VSMC.
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activity and, more speci®cally, on the levels of PDE3 and
PDE4 activities. By use of selective pharmacological inhibitors,
(EHNA (PDE2), cilostamide (PDE3) or Ro 20-1724 (PDE4)),
homogenates of rat cultured aortic VSMC were shown to
contain both PDE3 and PDE4 activities, but not PDE2 ac-
tivity. Under our experimental conditions, PDE3 and PDE4
activities accounted for approximately 15% and 55% of the
total cyclic AMP PDE hydrolytic activity measured. The re-
maining cyclic AMP PDE activity (approximately 30%) in
VSMC homogenates was not inhibited by increasing the con-
centrations of either cilostamide or Ro 20-1724, or by EHNA,
but was totally inhibited by a non-speci®c PDE inhibitor,
IBMX. Experiments are presently underway to determine the
possibility that PDE1 or PDE5 participate in this cyclic AMP
hydrolysis. However, since our assay conditions do not involve
reconstitution with calmodulin, a role for PDE1 in our assays
is unlikely. In situ hydrolysis of cyclic AMP by PDE5 has
recently been demonstrated (Dickinson et al., 1997), but it was
not directly tested in our experiments.

We demonstrated that long-term incubation of the VSMC
with either forskolin, or 8-bromo-cyclic AMP, caused both a
time- and concentration-dependent increase in total cyclic
AMP PDE activity. The dependence of this e�ect on cyclic
AMP was tested by incubating rat cultured aortic VSMC with

1,9-dideoxyforskolin, an analogue of forskolin which does not
activate adenylyl cyclase, or with 8-bromo-cyclic GMP. No
increase in cyclic AMP PDE activity was detected when 1,9-
dideoxyforskolin or 8-bromo-cyclic GMP were used in our
experiments. With both forskolin- or 8-bromo-cyclic AMP,
total cyclic AMP PDE activity continued to increase for 16 h,
the longest time point studied. Since no signi®cant increase in
total cyclic AMP PDE activity was present following a 4 h
incubation with 8-bromo-cyclic AMP, the shortest time point
used in our studies, it is unlikely that increases in cyclic AMP
PDE activity in VSMC are related to direct cyclic AMP-de-
pendent protein kinase (PKA)-induced phosphorylation of the
VSMC cyclic AMP PDEs (Grant et al., 1988; Sette & Conti,
1996). However, a signi®cant increase in cyclic AMP PDE
activity had occurred by 4 h when VSMC were treated with
forskolin. We hypothesize that this di�erence is related to the
rate of increase in intracellular cyclic AMP, rather than to
di�erences in the mechanisms by which these agents increase
cyclic AMP PDE activity. This hypothesis is consistent with
the very rapid increase in cyclic AMP which occurs in VSMC
treated with forskolin (55 min), compared to the slower rate
of di�usion of 8-bromo-cyclic AMP into cells. Moreover,
cyclic AMP-dependent increases in cyclic AMP PDE activity
in the VSMC were completely inhibited by actinomycin D or
by cycloheximide, indicating that these increases were the re-
sult of synthesis of new mRNA and protein. In previously
published studies carried out with either Sertoli, U937 or
Mono Mac 6 cells (Torphy et al., 1995; Verghese et al., 1995;
Manning et al., 1996), a cyclic AMP-mediated up-regulation of
PDE4 activity was found following incubation of these cell
types with forskolin, or with membrane-permeable cyclic AMP
analogues. In our studies, we demonstrated that long-term
treatment of rat aortic VSMC with either forskolin or with 8-
bromo-cyclic AMP also increased VSMC PDE4 activity.
However, in contrast to results obtained in these other cell
types, both PDE4 and PDE3 activities were up-regulated by
cyclic AMP in VSMC. To our knowledge this is the ®rst time a
signi®cant increase in PDE3 activity has been shown following
pharmacological treatments which elevate cellular cyclic AMP
levels. Interestingly, although the amount of PDE4 activity in
VSMC was always more abundant than that for PDE3, the
e�ect of forskolin or 8-bromo-cyclic AMP were always rela-
tively more marked on PDE3 than PDE4 activity. Thus,
whereas the amount of PDE4 activity in control and 8-bromo-
cyclic AMP-treated VSMC was a constant percentage of the
total cyclic AMP PDE activity, roughly twice as much PDE3
activity was present in treated cells than in the untreated
controls. The molecular basis for the di�erent levels of up-
regulation for PDE3 and PDE4 activities in VSMC in response
to cyclic AMP is not known. However, in parallel studies in
our laboratory we have started to determine the expression
pattern of PDE3 and PDE4 isozymes in VSMC, and to de-
termine the e�ect of our treatment protocol on this expression.
In relation to this, we have shown previously that mRNA for
both PDE3A and PDE3B are present in vascular smooth
muscle tissue isolated from rat aorta (Maurice et al., 1995).
More recently, we have obtained evidence that both PDE3A
and PDE3B are expressed in rat cultured aortic VSMC and
that the level of expression of both are regulated by cyclic
AMP (manuscript in preparation). Also, we have identi®ed
PDE4A, PDE4B and PDE4D gene products in cultured
VSMC and have begun to assess the e�ect of cyclic AMP
generation on the regulation of the expression of these proteins
in these cells (manuscript in preparation).

As demonstrated in concentration-response studies, pre-
treatment of VSMC with forskolin or 8-bromo-cyclic AMP
decreased the potency of isoprenaline. Although it is clear that
other factors were also at work, our data are consistent with a
role for up-regulation of total cyclic AMP PDE activity in this
phenomenon. In order to assess the role of up-regulated cyclic
AMP PDE activity in the reduced responses to isoprenaline of
treated VSMC, we attempted to normalize the isoprenaline-
induced increases in cyclic AMP with inhibitors of cyclic AMP
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Figure 3 E�ect of 8-bromo-cyclic AMP pretreatment on potentia-
tion of isoprenaline-induced increases in cyclic AMP by PDE
inhibitors. (a) Cells were pretreated with 1 mM 8-bromo-cyclic
AMP for 16 h, challenged for 1 min with isoprenaline (0.1 nM to
1 mM) in the presence or absence of 500 mM IBMX and then cyclic
AMP levels were measured. (b) Cells were pretreated with 1 mM 8-
bromo-cyclic AMP for 16 h, challenged for 1 min with 10 nM
isoprenaline (Iso) in the presence or absence of 1 mM cilostamide,
10 mM Ro 20-1724 or 500 mM IBMX and then cyclic AMP levels
determined. Results are expressed as the mean+s.e.mean from three
independent determinations. *P50.05 in comparison to cyclic AMP
levels following a 1 min incubation of control VSMC with 10 nM
isoprenaline in the absence of other compounds. **P50.05 in
comparison to cyclic AMP levels following a 1 min incubation of
treated VSMC with 10 nM isoprenaline in the absence of other
compounds.
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PDE activity. For these studies, we used the broad spectrum
cyclic AMP PDE inhibitor, IBMX, as well as the PDE3 and
PDE4 selective agents, cilostamide and Ro 20-1724, respec-
tively. Thus, using each of these cyclic AMP PDE inhibitors,
we were able to reduce markedly the di�erences between iso-
prenaline-mediated increases in cyclic AMP in control and in
treated cells. In fact, inhibition of total cyclic AMP PDE ac-
tivity with IBMX resulted in a 3 fold larger potentiation of the
e�ects of isoprenaline in treated, as compared to control,
VSMC. Similarly, the e�ects of cilostamide and Ro 20-1724
were consistent with a role for both PDE3 and PDE4 up-
regulation in this phenomenon. Thus, while inhibition of
PDE3 or PDE4 activities in control VSMC increased isopre-
naline-induced accumulations of cyclic AMP, the e�ects of
either of these agents were consistently more marked in treated
cells. In fact, the e�ects of cilostamide or Ro 20-1724 on the
magnitude of the isoprenaline-induced increases in cyclic AMP
were found to correlate with the level of PDE3 or PDE4 ac-
tivity present in the VSMC. This was true both for control and
for 8-bromo-cyclic AMP-treated cells.

In our experiments, we estimate the fraction of the reduced
potency of isoprenaline which could not be reversed by inhi-
bition of cyclic AMP PDE activity at approximately 40%. In
this context, PKA-mediated phosphorylation of the VSMC b-
adrenoceptors, as well as post-receptor e�ects at either het-
erotrimeric GTP-binding proteins Gs or Gi, or at adenylyl
cyclase itself, will most likely have an important role. Although
a signi®cant amount of progress aimed at delineating the re-
lative importance of each of these potential sites of regulation
in the process of desensitization has been made recently by use
of heterologous expression systems (reviewed in Perkins et al.,
1991), the relative impact of each on desensitization in non-
transfected cells is more limited (Hausdor� et al., 1990; Bylund

et al., 1994). However, in studies with Sertoli cells, mononuc-
lear cells as well as adipocytes, combined e�ects of long-term
increases in cyclic AMP on both the synthesis and catabolism
of cyclic AMP similar to those presented here by us have been
described (Swinnen et al., 1989; Torphy et al., 1992; 1995;
Bousquet-MeÂ lou et al., 1995; Verghese et al., 1995; Manning et
al., 1996). In an attempt to assess directly the importance of
these events in VSMC, the role of changes in the cyclic AMP-
generating system in VSMC following treatment with either
forskolin or 8-bromo-cyclic AMP will be the subject of future
studies in our laboratory.

The physiological role of the phenomenon described here is
unknown. However, given the dynamic regulation of cyclic
AMP levels which occurs in response to hormones in most
tissues, it is reasonable to propose that cyclic AMP-mediated
expression of cyclic AMP PDEs might form part of normal
homeostatic mechanisms.

In conclusion, long-term treatments which elevate intracel-
lular levels of cyclic AMP cause an increase in cyclic AMP
PDE activity in rat cultured aortic VSMC. Although these
treatments increased total cyclic AMP PDE activity, a rela-
tively more marked e�ect was associated with PDE3. This
cyclic AMP-induced up-regulation of cyclic AMP PDE activ-
ity, in part, causes a reduced potency of activators of adenylyl
cyclase.

The authors are indebted to Dr S. Pang (Department of Anatomy
and Cell Biology, Queen's University, Kingston, Ontario) for
provision of rat aortic vascular smooth muscle cells. This work
was supported by the Heart and Stroke Foundation of Ontario.

References

ALVAREZ, R., SETTE, C., YANG, D., EGLEN, R., WILHELM, R.,

SHELTON, E.R. & CONTI, M. (1995). Activation and selective
inhibition of a cyclic-AMP-speci®c phosphodiesterase, PDE-
4D3. Mol. Pharmacol., 48, 616 ± 622.

BEAVO, J.A. & REIFSNYDER, D.H. (1990). Primary sequence of cyclic
nucleotide phosphodiesterase isozymes and the design of
selective inhibitors. Trends Pharmacol. Sci., 11, 150 ± 155.

BOLGER, G., MICHAELI, T., MARTINS, T., ST. JOHN, T., STEINER,

B., RODGERS, L., RIGGS, M., WIGLER, M. & FERGUSON, K.

(1993). A family of human phosphodiesterases homologous to
the dunce learning and memory gene product of Drosophila
melanogaster are potential targets for antidepressant drugs. Mol.
Cell. Biol., 13, 6558 ± 6571.

BOUSQUET-MEÂ LOU, A., GALITZKY, J., MORENO, C.M., BERLAN,

M. & LAFONTAN, M. (1995). Desensitization of b-adrenergic
responses in adipocytes involves receptor subtypes and cAMP
phosphodiesterase. Eur. J. Pharmacol., 289, 235 ± 247.

BYLUND, D.B., EIKENBERG, D.C., HIEBLE, J.P., LANGER, S.Z.,

LEFKOWITZ, R.J., MINNEMAN, K.P., MOLINOFF, P.B., RUFFO-

LO (JR), R.R. & TRENDELENBURG, U. (1994). International
union of pharmacology nomenclature of adrenoceptors. Phar-
macol. Rev., 46, 121 ± 136.

DAVIS, C.W. & DALY, J.W. (1979). A simple direct assay of 3', 5'-
cyclic nucleotide phosphodiesterase activity based on the use of
polyacrylamide-boronate a�nity gel chromatography. J. Cyclic
Nucleotide Res., 5, 65 ± 74.

DELPY, E., COSTE, H. & LE MONNIER DE GOUVILLE, A.-C. (1996).
E�ects of cyclic GMP elevation on isoprenaline-induced increase
in cyclic AMP and relaxation in rat aortic smooth muscle: role of
phosphodiesterase 3. Br. J. Pharmacol., 119, 471 ± 478.

DICKINSON, N.T., JANG, E.K. & HASLAM, R.J. (1997). Activation of
cGMP-stimulated phosphodiesterase by nitroprusside limits
cAMP accumulation in human platelets: e�ects on platelet
aggregation. Biochem. J., 323, 371 ± 377.

ELKS, M.L., MANGANIELLO, V.C. & VAUGHAN, M. (1983).
Hormone-sensitive particulate cAMP phosphodiesterase activity
in 3T3-L1 adipocytes. J. Biol. Chem., 258, 8582 ± 8587.

GRANT, P.G. & COLMAN, R.W. (1984). Puri®cation and character-
ization of a human platelet cyclic nucleotide phosphodiesterase.
Biochemistry, 23, 1801 ± 1807.

GRANT, P.G., MANNARINO, A.F. & COLMAN, R.W. (1988). cAMP-
mediated phosphorylation of the low Km cAMP phosphodies-
terase markedly stimulates its catalytic activity. Proc. Natl. Acad.
Sci. U.S.A., 85, 9071 ± 9075.

HAUSDORFF, W.P., CARON, M.G. & LEFKOWITZ, R.J. (1990).
Turning o� the signal: desensitization of b-adrenergic receptor
function. FASEB J., 4, 2881 ± 2889.

LINCOLN, T.M. (1989). Cyclic GMP and mechanisms of vasodila-
tion. Pharmacol. Ther., 41, 479 ± 502.

LUGNIER, C., SCHOEFFTER, P., LE BEC, A., STROUTHOU, E. &

STOCLET, J.C. (1986). Selective inhibition of cyclic nucleotide
phosphodiesterases of human, bovine and rat aorta. Biochem.
Pharmacol., 35, 1743 ± 1751.

MANGANIELLO, V.C., TAIRA, M., DEGERMAN, E. & BELFRAGE, P.

(1995). Type III cGMP-inhibited cyclic nucleotide phosphodies-
terases (PDE3 gene family). Cell. Signal., 7, 445 ± 455.

MANGANIELLO, V.C., TANEKA, T. &MURASHIMA, S. (1990). Cyclic
GMP-stimulated cyclic nucleotide phosphodiesterases. In Cyclic
Nucleotide Phosphodiesterases: Structure, Regulation and Drug
Action. ed. Beavo, J. & Houslay, M.D. pp. 61 ± 85. Chichester:
Wiley.

MANNING, C.D., MCLAUGHLIN, M.M., LIVI, G.P., CIESLINSKI, L.B.,

TORPHY, T.J. & BARNETTE, M.S. (1996). Prolonged beta
adrenoceptor stimulation up-regulates cAMP phosphodiesterase
activity in human monocytes by increasing mRNA and protein
for phosphodiesterases 4A and 4B. J. Pharmacol. Exp. Ther., 276,
810 ± 818.

MAURICE, D.H., CRANKSHAW, D. & HASLAM, R.J. (1991).
Synergistic actions of nitrovasodilators and isoprenaline on rat
aortic smooth muscle. Eur. J. Pharmacol., 192, 235 ± 242.

MAURICE, D.H. & HASLAM, R.J. (1990a). Molecular basis of the
synergistic inhibition of platelet function by nitrovasodilators
and activators of adenylate cyclase: Inhibition of cyclic AMP
breakdown by cyclic GMP. Mol. Pharmacol., 37, 671 ± 681.

Regulation of smooth muscle PDE3 and PDE4 239R.J. Rose et al



MAURICE, D.H. & HASLAM, R.J. (1990b). Nitroprusside enhances
isoprenaline-induced increases in cAMP in rat aortic smooth
muscle. Eur. J. Pharmacol., 191, 471 ± 475.

MAURICE, D.H., LEE, R.M.K.W. & HASLAM, R.J. (1993). Measure-
ment of both cyclic [3H]AMP and cyclic [3H]GMP in cultured
vascular smooth muscle cells labeled with [3H]hypoxanthine: Use
in studies of cardiovascular drugs. Anal. Biochem., 215, 110 ± 117.

MAURICE, D.H., SENIS, Y.A., LIU, H., GILES, A.R. & HORN, E.H.

(1995). Cell layer-speci®c expression of cyclic nucleotide
phosphodiesterases in rat arteries: Molecular cloning using
isolated cell layers from paraformaldehyde-®xed tissues. J.
Pharmacol. Toxicol. Meth., 34, 175 ± 185.

MCDONALD, L.J. & MURAD, F. (1996). Nitric oxide and cyclic GMP
signaling. Proc. Soc. Exp. Biol. Med., 211, 1 ± 6.

MURRAY, K.J. (1990). Cyclic AMP and mechanisms of vasodilation.
Pharmacol. Ther., 47, 329 ± 345.

PANG, S.C. & VENANCE, S.L. (1992). Cultured smooth muscle
approach in the study of hypertension. Can. J. Physiol.
Pharmacol., 70, 573 ± 579.

PERKINS, J.P., HAUSDORF, W.P. & LEFKOWITZ, R.J. (1991).
Mechanisms of ligand-induced desensitization of beta-adrenergic
receptors. In The b-adrenergic Receptors, ed. Perkins J.P.,
pp. 73 ± 87, NJ: Humana Press.

RAHN, T., ROÈ NNSTRAND, L., LEROY, M.-J., WERNSTEDT, C.,

TORNQVIST, H., MANGANIELLO, V.C., BELFRAGE, P. & DEGER-

MAN, E. (1996). Identi®cation of the site in the cGMP-inhibited
phosphodiesterase phosphorylated in adipocytes in response to
insulin and isoproternol. J. Biol. Chem., 271, 11575 ± 11580.

SCHOEFFTER, P., LUGNIER, C., DEMESY-WAELDELE, F. & STOC-

LET, J.C. (1987). Role of cyclic AMP- and cyclic GMP-
phosphodiesterases in the control of cyclic nucleotide levels and
smooth muscle tone in rat isolated aorta. A study with selective
inhibitors. Biochem. Pharmacol., 36, 3965 ± 3972.

SETTE, C. & CONTI, M. (1996). Phosphorylation and activation of a
cAMP-speci®c phosphodiesterase by the cAMP-dependent
protein kinase. Involvement of serine 54 in the enzyme activation.
J. Biol. Chem., 271, 16526 ± 16534.

SETTE, C., IONA, S. & CONTI, M. (1994). The short-term activation of
a rolipram sensitive, cAMP-speci®c phosphodiesterase by
thyroid-stimulating hormone in thyroid FRTL-5 cells is
mediated by a cAMP-dependent phosphorylation. J. Biol. Chem.,
269, 9245 ± 9252.

SUNAHARA, R.K., DESSAUER, C.W. & GILMAN, A.G. (1996).
Complexity and diversity of mammalian adenylyl cyclases. Annu.
Rev. Pharmacol. Toxicol., 36, 461 ± 480.

SWINNEN, J.V., JOSEPH, D.R. & CONTI, M. (1989). The mRNA
encoding a high a�nity cAMP phosphodiesterase is regulated by
hormones and cAMP. Proc. Natl. Acad. Sci. U.S.A., 86, 8197 ±
8201.

TORPHY, T.J., ZHOU, H.-L. & CIESLINSKI, L.B. (1992). Stimulation
of beta adrenoceptors in a human monocyte cell line (U937) up-
regulates cyclic AMP-speci®c phosphodiesterase activity. J.
Pharmacol. Exp. Ther., 263, 1195 ± 1205.

TORPHY, T.J., ZHOU, H.-L., FOLEY, J.J., SARAU, H.M., MANNING,

C.D. & BARNETTE, M.S. (1995). Salbutamol up-regulates PDE4
activity and induces a heterologous desensitization of U937 cells
to prostaglandin E2. J. Biol. Chem., 270, 23598 ± 23604.

VERGHESE, M.W., MCCONNELL, R.T., LENHARD, J.M., HAMA-

CHER, L. & JIN, S.-L.C. (1995). Regulation of distinct cyclic AMP-
speci®c phosphodiesterase (phosphodiesterase type 4) isozymes
in human monocytic cells. Mol. Pharmacol., 47, 1164 ± 1171.

WEISHAAR, R.E., BURROWS, S.D., KOBYLARZ, D.C., QUADE, M.M.

& EVANS, D.B. (1986). Multiple molecular forms of cyclic
nucleotide phosphodiesterase in cardiac and smooth muscle
and in platelets. Isolation, characterization, and e�ects of various
reference phosphodiesterase and cardiotonic agents. Biochem.
Pharmacol., 35, 787 ± 800.

(Received April 10, 1997
Revised June 9, 1997

Accepted June 13, 1997)

Regulation of smooth muscle PDE3 and PDE4240 R.J. Rose et al


