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Expression of cyclic GMP-inhibited phosphodiesterases 3A and 3B
(PDE3A and PDE3B) in rat tissues: Differential subcellular
localization and regulated expression by cyclic AMP

'H. Liu & "**D.H. Maurice

Departments of 'Pharmacology & Toxicology and *Pathology, Queen’s University, Kingston, Ontario, Canada, K7L 3N6

1 A combination of pharmacological, molecular biological and biochemical approaches were used to
investigate the differential expression of two cyclic GMP-inhibited cyclic nucleotide phosphodiesterase
genes (PDE3A and PDE3B) in the rat.

2 RT-PCR using PDE3A- or PDE3B-specific oligonucleotide primers allowed amplification of
products encoding PDE3A (508 bp) or PDE3B (499 bp) sequences from several rat tissues (heart, aorta,
liver, kidney and epididymal fat), from primary cultures of aortic vascular smooth muscle cells (VSMC)
as well as from an SV40 large T-antigen immortalized aortic VSMC line.

3 Immunoblotting experiments with PDE3-selective antisera allowed the detection of both PDE3A and
PDE3B immunoreactive proteins in several rat tissues, including tissues of the cardiovascular system, in
primary cultures of aortic VSMC and in an SV40 large T-antigen immortalized aortic VSMC line. In all
cases, PDE3A was expressed as a 120 kDa protein which was only detected in the cytosolic fraction.
PDE3B was expressed as a 135 kDa protein and its expression was limited to the particulate fraction of
all tissues and cells studied.

4 Prolonged incubation of cultured aortic VSMC with agents that increase VSMC cyclic AMP
(forskolin or 8-bromo-cyclic AMP) produced marked time-dependent increases in PDE3 activity which
correlated with increases in PDE3A and PDE3B RT—PCR signals and a marked increase in particulate
PDE3 activity and PDE3B protein.

5 The physiological, pharmacological and biochemical implications of these findings are discussed
based on previous reports of the effects of PDE3 inhibitors in the cardiovascular system and the
relevance of our findings are presented in the context of the development of PDE3A and/or PDE3B-

selective pharmacological agents.
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Introduction

Cyclic AMP and cyclic GMP are ubiquitous second
messengers which regulate multiple functions in cells (Lincoln,
1989; Murray, 1990; Sunahara et al., 1996; Mcdonald &
Murad, 1996). Recently, an important role for cyclic
nucleotide phosphodiesterases (PDE), the enzymes that
catalyse the hydrolysis of the 3’-5" phosphodiester bond of
cyclic nucleotides and terminate cyclic nucleotide-mediated
signalling, has been elaborated for several tissues (Loughney &
Ferguson, 1996; Polson & Strada, 1996). To date, there are no
fewer than ten distinct PDE families, with each identified on
the basis of molecular sequence, substrate selectivity, modes of
regulation and sensitivity to specific inhibitors (Bolger et al.,
1993; Beavo, 1995; Conti et al., 1995; Manganiello et al.,1995a,
b; Loughney & Ferguson, 1996; Degerman et al., 1997; Fisher
et al., 1998; Soderling et al., 1998). In addition, each PDE
family comprises multiple genes that can each yield several
distinct gene products through alternate splicing, or the use of
alternate promoters. Most mammalian tissues express mem-
bers of multiple PDE families, and selected tissues can express
several variants of individual families (Bolger et al., 1993;
Beavo, 1995; Conti et al., 1995; Manganiello et al., 1995a,b;
Loughney & Ferguson, 1996; Degerman et al., 1997).
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Phosphodiesterase 3 (PDE3), also called the cyclic GMP-
inhibited phosphodiesterase, has been purified from many
sources including platelets (Grant & Colman, 1984), heart
(Harrison et al., 1986), liver (Pyne et al., 1987), adipose tissue
(Rahn et al., 1996) and vascular smooth muscle cells (VSMC)
(Lindgren et al., 1991; Rascon et al., 1992), though usually as a
proteolytic fragment of the intact enzyme. More recently,
molecular cloning studies have revealed that two distinct genes
encode PDE3 activity (Meacci et al., 1992; Taira et al., 1993;
Kasuya et al., 1995). Cloning of human and rat cDNAs for
both these genes, HPDE3A or RPDE3A, (PDE3A) and
HPDE3B or RPDE3B (PDE3B), reveals that they encode
proteins with identical predicted structural organizations and
highly homologous, though not identical, catalytic domains.
Though cDNAs for both PDE3A and PDE3B predict 120
125 kDa proteins (Meacci et al., 1992; Taira et al., 1993),
enzymes with molecular masses of 130—135 kDa or 105-
110 kDa are identified in particulate, and cytosolic fractions of
tissues that express PDE3 activity (Grant & Colman, 1984;
Harrison et al., 1986; Lindgren et al., 1991; Rascon et al., 1992;
Smith ez al., 1993; Rahn et al., 1996). Expressions of full length
recombinant PDE3A, or PDE3B, in heterologous expression
systems, yield enzymes with very similar Kkinetics, though
PDE3A has been shown to be more sensitive to inhibition by
cyclic GMP, than PDE3B (Leroy et al., 1996).

PDE3 activity represents a substantial percentage of total
cyclic AMP PDE activity in tissues such as heart, blood vessels
and platelets and pharmacological inhibitors of PDE3 activity
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such as milrinone or cilostamide are potent positive inotropes,
vasodilators and inhibitors of platelet aggregation (reviewed in
Bolger et al., 1993; Beavo, 1995; Conti et al., 1995;
Manganiello et al., 1995a,b; Loughney & Ferguson, 1996;
Degerman et al., 1997). Since PDE3A was initially cloned from
human heart this PDE3 is often referred to as the ‘cardiac’
PDE3 (Meacci et al., 1992). Similarly, since PDE3B was
initially cloned from adipose tissue, this enzyme is referred to
as the ‘adipose’ PDE3 (Taira et al., 1993). Although initial
evidence from Northern blotting and in situ hybridization
suggested that tissue selective expression of these two gene
products might be a defining characteristic for these genes,
more recent studies have cast some doubt on this (Maurice et
al., 1995; Lobbert et al., 1996). Based on our earlier work
(Maurice et al., 1995), and more recent evidence of the
presence of mRNA for PDE3B in hepatocytic and T cell lines
(Murata et al., 1996; Ekholm et al., 1997), we chose to
investigate if both PDE3A and PDE3B were expressed in
several rat tissues with a particular focus on cardiovascular
tissues. Our approach involved using a combination of
strategies including selective pharmacological inhibition of
PDES3 activity, RT—PCR and immunoblotting with PDE3-
specific antisera.

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 aortaec as
described previously (Pang & Venance, 1992) and were
cultured as described (Rose et al., 1997). Primary rat aortic
VSMC immortalized with SV40 large T-antigen were obtained
from Dr J.J. Castellot, Tufts University and maintained in
culture as described previously (Caleb et al., 1996).

Treatment of cultured aortic VSMC with
pharmacological agents

At confluence (3—4 days), culture media was removed and
replaced with 1 or 5 ml of fresh culture media supplemented
with either (i) forskolin (1—100 uMm), (ii) 8-bromo-cyclic AMP
(0.1-1 mM), or (iii) vehicle (0.1% dimethylsulphoxide,
(DMSO)). After 4, 8 or 16 h, cells were harvested in 1 ml of
lysis buffer containing 50 mM Tris-HCl (pH 7.4), 5 mMm
MgCl,, 5 mM benzamidine, 1 mM EDTA, 1 mM dithiothreitol
(DTT), 0.1 mM phenylmethylsulphonyl fluoride (PMSF),
1 ug ml~' leupeptin and 1% Triton X-100. A 3000x g
supernatant of the cell lysate was transferred to microtubes
and stored at 4°C, or frozen at —70°C, until needed. In
experiments in which cytosolic (100,000 x g supernatant) and
particulate (100,000 x g pellet) fractions were prepared, Triton
X-100 was omitted from the lysis buffer.

Assay of cyclic AMP phosphodiesterase activity

Cyclic nucleotide phosphodiesterase activity was assayed by a
modification of the method of Davis & Daly (1979), as
described previously (Rose et al., 1997), using 1 uM [*H]-cyclic
AMP as substrate. The product of the reaction (FH]-5° AMP)
was purified and quantified by liquid scintillation counting
following correction for recovery of an internal standard (1200
d.p.m. of ['*C]-5 AMP) and normalized to the total protein
used in the assay. PDE3 activity was determined using 1 uM

cilostamide, a concentration of this PDE3 inhibitor shown
previously to specifically inhibit PDE3 activity in these tissues
(Rose et al., 1997). Protein concentrations of samples were
determined using the BCA Protein Assay system from Pierce,
according to the manufacturer’s methodology using bovine
serum albumin as standard.

Reverse transcription-polymerase chain reaction

Rat tissues were harvested from sodium pentobarbital
anaesthetized male Wistar rats (250-350 g body weight;
Charles River) and pulverized in liquid nitrogen, while
cultured rat aortic VSMC were processed directly from the
tissue culture flasks. In both cases RNA was purified using the
TRIzol Reagent. First strand cDNA was generated from 10 ug
of total RNA using oligo(dT),s to prime reverse transcription
(SuperScript Moloney murine leukaemia virus (MMLV)
reverse transcriptase). Amplification was routinely performed
using Taqg DNA polymerase on 1/100th of the first strand
reaction and 20 pmol each of selective PDE3A or PDE3B
sense and antisense oligonucleotide primer pairs (Table 1).
Conditions for PCR were 30 s at 95°C, 30 s at 58°C and 1 min
at 72°C for 35 cycles (for non-quantitative amplification of
either PDE3A or PDE3B), or for 18 cycles (PDE3A) or 28
cycles (PDE3B) for amplification within the linear range for
each product. The number of PCR cycles which allowed linear
amplification of PDE3A and PDE3B were determined
empirically for each cDNA preparation. PCR products were
separated by electrophoresis on 1.5% agarose gels, visualized
with ethidium bromide under u.v. light and purified using
Geneclean. Each analysis was repeated at least three times with
RNA isolated from separate animals or cultures of VSMC.
PCR products were sequenced as described previously
(Maurice et al., 1995).

Immunoblotting

Two rabbit polyclonal PDE3 antisera were used in these
studies. One of these antisera was raised against purified
human platelet PDE3, a cell type which expresses a cytosolic
PDE3 previously shown to be PDE3A. The second antisera
was raised against a bacterially expressed fusion protein
containing a carboxyl-terminal region of a recently cloned
mouse PDE3B and the glutathione-binding region of
glutathione-S-transferase (Zhao et al., 1997). For immunoblot-
ting, samples (rat tissue homogenates (3000 x g supernatant),
tissue homogenate subcellular fractions (100,000 x g cytosolic
or particulate fractions), cultured rat aortic VSMC homo-
genates (3000 x g supernatant) or 3T3-L1 cell homogenates
(3000 x g supernatant) were generated by homogenization in a
buffer consisting of 20 mM Tris-HCI (pH 7.5), 1 mMm MgCl,,
0.1 mM EGTA, 5 mM benzamidine, 1 ug ml~! aprotinin and
1 ug ml~! leupeptin and centrifugation. In some experiments,
medial and adventitial cell layers of the rat aorta were isolated
(Pang & Venance, 1992) and processed independently. Samples
(5—40 ug) were subjected to SDS—PAGE 7.5-10% poly-
acrylamide gels at 100V. Following electrophoresis, proteins
were transferred to nitrocellulose membranes and the
membranes blocked by incubation with TBST (20 mm
TrisHCI, pH 7.5, 100 mM NaCl, 0.1% Tween-20) supplemen-
ted with 5% powdered Nonfat milk, or 3% gelatin, overnight.
Blots were incubated with an appropriate dilution of primary
antibody (polyclonal anti-platelet PDE3, 1:1000; polyclonal
anti-PDE3B-GST fusion protein, 1:5000) for 2 h and rinsed
three times with TBST. Rinsed blots were incubated with horse
radish peroxidase conjugated goat anti-rabbit IgG (1:3000
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dilution) for 2 h, rinsed with TBST and immunoreactivity was
detected by chemiluminescence as per manufacturers’ recom-
mendations. Immunoreactive proteins detected by immuno-
blot were quantitated by scanning densitometry using Corel
Photo-Paint 7.0 Software as per manufacturers recommenda-
tions and the most abundant protein on each blot analysed was
arbitrarily given a relative intensity score of 1.0.

3T3-L1 preadipocyte differentiation

The 3T3-L1 preadipocytic cell line was obtained from
American Type Tissue Culture Collection (CCL92.1). Differ-
entiation of 3T3-L1 preadipocytes to 3T3-L1-adipocytes was
achieved as previously reported (Raptis et al., 1997). Briefly,
approximately 1000 cells were seeded into each well of a 24-
well Linbro plate in 10% FCS. At confluence, defined as high
cell density with extensive cell-to-cell contacts, cultures were
treated with differentiation medium containing insulin and
dexamethasone. Lipid droplets which were indicative of
differentiation appeared approximately 10 days later. Lipid
droplets were visualized using Oil Red-O staining (Lu et al.,
1990).

Statistical analysis

Cyclic nucleotide phosphodiesterase activity data are
presented as mean +standard error of the mean (s.e.mean)
of at least three independent experiments. Within each
experiment, values were means from at least three individual
determinations for each experimental condition. The
quantification of the abundance of immunodetected PDE3A
or PDE3B is presented as relative optical densities (Rel. Int.)
of representative immunoblots. All immunoblot analysis of
rat tissue homogenates, or cells, were carried out at least
three times on independent tissue extracts or cell homo-
genates. Statistical differences between cyclic AMP PDE
activities were determined using the Student’s r-test for
either paired or unpaired samples with P<0.05 considered
significant.

Materials

Tissue culture reagents (DMEM, calf serum, HEPES,
penicillin/streptomycin, HBSS, trypsin-EDTA), SuperScript
reverse transcriptase, TRIzol Reagent and Taq DNA
polymerase were from GIBCO BRL, Ontario, Canada.
Radioactive products were from NEN Life Science Products,
Massachusetts, U.S.A., (["*C]-cyclic AMP, [*H]-cyclic AMP).
Isobutyl methylxanthine (IBMX) was from the Aldrich
Chemical Company, Ontario, Canada. Forskolin, 8-bromo-
cyclic AMP and cilostamide were from Research Biochemicals
International, Massachusetts, U.S.A., while Tris-HCI, benza-
midine, EDTA, EGTA, DTT, PMSF, Triton X-100 and NaCl
were from ICN Biomedicals Incorporated, Quebec, Canada.

Leupeptin was from Boehringer Mannheim, Quebec, Canada.
Affi-gel 601, column supports and nitrocellulose blotting paper
were from BioRad, Ontario, Canada. The BCA protein assay
and bovine serum albumin were from Pierce, Ontario, Canada.
Renaissance Western Blot Chemiluminescence Reagent Plus
was from NEN Life Sciences. All other chemicals were of
reagent grade and purchased from Fisher Scientific, Ontario,
Canada.

Results

Steady state levels of PDE3A and PDE3B mRNA in rat
tissues and cultured cells

PDE3A and PDE3B expression was investigated by RT—-PCR
using PDE3A or PDE3B specific primers (Table 1), and
oligo(dT) reverse-transcribed RNA isolated from several rat
tissues, or from cultured rat aortic VSMC. Following 35 cycles
of amplification, PCR products encoding PDE3A (508 bp) or
PDE3B (499 bp) sequences were readily amplified from all rat
tissues studied. As was the case with RNA isolated from rat
tissues, RT—PCR with RNA isolated from primary rat aortic
VSMC cultures (Figure 1c) or from an SV40 large T-antigen
immortalized rat aortic VSMC cell line (TEX-18) (not shown)
resulted in the amplification of both PDE3A and PDE3B PCR
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Figure 1 RT-PCR amplification of PDE3A and PDE3B in rat
tissues and cultured aortic VSMC. PCR reactions were carried out as
described in Methods. Briefly, PCR reactions with an aliquot (1 ul)
of the first strand reactions of RNA isolated from selected rat tissues
(a), or cultured rat aortic VSMC (c), were carried out using 20 pmol
of both sense and antisense oligonucleotide primers (Table 1) for
PDE3A or PDE3B (a, ¢c) or GAPDH (b). PCR products from 100 ul
reactions for PDE3A (15 ul), PDE3B (50 ul) or GAPDH (2 ul) were
electrophoretically resolved on 2% agarose gels and ethidium
bromide staining viewed using u.v. light.

Table 1 Primers used for RT—PCR of RNA from rat aortic VSMC and rat tissues

¢DNA (GenBank accession number)

Primer Pairs®

Nucleotides

Rat PDE3A 5'-CCGAATTCCCTTATCATAACAGAATCCACGCCACT-3' 22482274
(U38179) 5'-GGGAATTCGTGTTTCTTCAGGTCAGTAGCC-3 2718-2739
Rat PDE3B 5'-CCGAATTCTATCACAATCGTGTGCATGCCACAGA-3 2216-2241
(Z222867) 5'-CCGAATTCTTTGAGATCTGTAGCAAGGATTGC-3' 2674—2698
Rat GADPH 5'-GTTGCCATCAACGACCCCTT-3' 115-134
(M17701) 5'-AGCATCAAAGGTGGAGGAATG-3' 895-915

#Underlined nucleotides are designed for introducing an EcoRI site in the PCR products.
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products. Reactions carried out using RNA that had not been
reverse transcribed yielded no products (Figure 1, (—RT)) and
sequencing of the PDE3A and PDE3B RT-PCR generated
products showed that they were identical to the previously
published sequences for rat PDE3A and PDE3B (Table 2)
(Meacci et al., 1992; Taira et al., 1993; Maurice et al., 1995).
Results similar to those shown in Figure 1 were obtained using
RNA isolated from tissues harvested from six separate rats and
from five separate aortic VSMC cultures.

PDE3B —> s
PDE3A— >

Figure 2 Reactivity of PDE3A and PDE3A/3B antisera with yeast-
expressed human recombinant PDE3A and PDE3B. Lysates of yeast
expressing human PDE3A (1 ug), or PDE3B (1 ug), were electro-
phoretically resolved, transfered to nitrocellulose membranes and
blotted with either the anti-PDE3A antisera (1:1000) or the anti-
PDE3A/3B antisera (1:5000) and goat anti-rabbit IgG. Immunor-
eactive proteins were detected by chemiluminescence (see Methods).

<« PDE3A

Steady state levels of PDE3A and PDE3B protein in rat
tissues and cultured cells

The PDE3A and PDE3B RT-PCR data was consistent with a
broad tissue distribution of both PDE3A and PDE3B in rat
tissues and cultures of aortic VSMC. In order to further test
this hypothesis, immunoblotting studies with PDE3 antisera
were carried out. One of these, anti-PDE3A, was raised against
purified human platelet PDE3, a cell type known to express a
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Figure 3 Immunoblot analysis of PDE3A in rat tissues. Homo-
genates (10 pug of protein) of various rat tissues were resolved
electrophoretically, transfered to nitrocellulose and blotted using anti-
PDE3A antisera at a 1:1000 dilution, goat anti-rabbit IgG, and
immunoreactive proteins were detected by chemiluminescence (see
Methods). Total cyclic AMP PDE activity was determined using
1 um [*H]-cyclic AMP as substrate and PDE3 activity taken as the
amount of cyclic AMP PDE activity inhibited by 1 um cilostamide
(see Methods). Immunoblots were quantitated by scanning densi-
tomety using Corel Photo-Paint 7.0 and the most prominant
immunoreactive band designated a relative intensity score of 1.0
(see Methods).

Table 2 Sequences of PDE3A and PDE3B PCR-amplified products from rat aortic VSMC

Rat PDE3A

CCGAATTCCCTTATCATAACAGAATCCACGCCACTGATGTTTTGCACGCCGTGTGGTA
TCTCACAACACAGCCGATTCCTGGCCTCCCGAGTGTGATTGGTGATCACGGCTCGG
CAAGTGACTCTGATTCTGACAGTGGGTTTACACACGGACACATGGGATATGTGTTTT
CCAAAGCGTATCATGTGCCAGATGACAAATATGGATGCCTGTCTGGAAATATTCCA
GCCCTGGAGTTGATGGCCCTGTATGTTGCTGCAGCCATGCATGACTACGATCACCCA
GGAAGGACAAATGCTTTCCTGGTTGCCACTAGCGCCCCTCAGGCCGTGCTGTACAATG
ACCGTTCCGTTCTGGAGAACCATCACGCAGCTGCAGCCTGGAATCTCTTCATGTCCCG
GCCGGAGTATAACTTCTTAGTTAACCTGGACCATGTGGAATTTAAGCACTTCCGA
TTCCTAGTCATTGAAGCAATTCTGGCTACTGACCTGAAGAAACACGAATTCCC

Rat PDE3B

CCGAATTCTATCACAATCGTGTGCATGCCACAGATGTCCTACATGCTGTTTGGTATT
TGACAACACGACCAATTCCTGGCTTACAGCAGCTCCATAATAACCATGAAACAGAAA
CCAAAGCAGATTCAGATGCTAGACTTAGTTCTGGACAGATTGCTTACCTTTCTTCGAA
GAGTTGCTGTATTCCAGATAAGAGTTATGGCTGCCTGTCTTCAAACATTCCTGCGTTA
GAACTGATGGCTTTATATGTGGCAGCTGCCATGCACGATTATGATCACCCAGGAAGA
ACAAATGCATTCCTAGTGGCTACAAATGCACCTCAGGCAGTTTTATACAATGACAGA
TCTGTTCTAGAAAATCATCATGCCGCATCAGCGTGGAATCTGTATCTTTCTCGCCCAG
AATACAACTTCCTCCTTAACCTTGATCACATGGAATTCAAGCGTTTTCGATTTTTAGT

CATAGAAGCAATCCTTGCTACAGATCTCAAAGAATTCGG

RT-PCR products were obtained from total RNA isolated from cultured rat aortic VSMC as described in Methods. Engineered EcoRI

sites are underlined.
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cytosolic PDE3A, while the other, anti-PDE3A/3B, was raised
against a carboxyl-terminal portion of a recently cloned mouse
PDE3B. The specificity of these antisera was tested by
immunoblotting against lysates of yeast expressing either
recombinant human PDE3A or PDE3B (Figure 2). In these
experiments the anti-PDE3A antisera reacted strongly and
specifically with the yeast expressed recombinant human
PDE3A, but not with yeast-expressed recombinant PDE3B,
while the second, anti-PDE3A/3B, reacted strongly with both
yeast-expressed recombinant human PDE3A and PDE3B
(Figure 2).

Immunoblots of 10 ug of various rat tissue homogenates
with the anti-PDE3A-selective antisera allowed the identifica-
tion of a 120 kDa PDE3A in several rat tissues including heart,
aorta, aortic medial and adventitial layers, mesenteric artery as
well as in cultured rat aortic VSMC, but not in epididymal fat
(Figure 3). Although proteins smaller than the 120 kDa
PDE3A were detected on some immunoblots, this antisera
did not detect immunoreactive proteins larger than 120 kDa in
any tissue or cell type studied. When equivalent amounts of
homogenate from these tissues were blotted, densitometric
analysis revealed that the 120 kDa PDE3A was most abundant
in heart, with this tissue expressing twice the amount detected
in aorta (Figure 3). This finding is consistent with the relative
amount of PDE3 activity present in these two tissues (Table 3).
Immunoblotting of subcellular fractions of cultured aortic
VSMC homogenates demonstrated that the 120 kDa PDE3A
was entirely cytosolic (Figure 4), with no anti-PDE3A
immunoreactivity detected in the 100,000 x g pellet (Figure
4). Similar results were obtained when cytosolic and
particulate fractions of aorta or heart were immunoblotted
with the anti-PDE3A antisera (not shown).

Immunoblots of rat tissues and of cultured VSMC with the
anti-PDE3A/3B antisera allowed detection of two immunor-
eactive proteins with molecular weights of 120 kDa and
135 kDa, respectively (Figure 5). Binding of the anti-
PDE3A/3B antibody with both proteins was efficiently
competed by addition of the antigen, PDE3B-GST, but not
by addition of an equivalent amount of another bacterially
expressed GST fusion protein, cdc42-GST (Figure 6). Based on
tissue expression, electrophoretic mobility and subcellular
distribution, the 120 kDa protein detected with this antisera
was indistinguishable from the 120 kDa PDE3A detected with
the anti-PDE3A-selective antibody. Thus, the protein was
expressed in heart, platelets, aorta and aortic VSMC (Figure 5)
with roughly equivalent amounts detected in platelets and
aorta. Subcellular fractionation of homogenates of aortic
VSMC (Figure 5) or aorta (Figure 4) showed that both

Table 3 Total cyclic AMP PDE and PDE3 activity of rat
aorta and heart

cyclic AMP PDE activity
(nmol min~")

Tissue No addition 1 um cilostamide
Aorta

3000 x g supernatant 7.7+13 3.8+04
100,000 x g supernatant 6.34+0.7 3.1+0.5
100,000 x g pellet 0.6+0.0 0.24+0.0
Heart

3000 x g supernatant 11.84+1.9 5.940.9
100,000 x g supernatant 11.4+2.7 6.2+1.0
100,000 x g pellet 0.3+0.0 0.1+0.0

Values are mean +s.d. of four experiments. Each was carried
out in triplicate with identical amounts of fractional protein.
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Figure 4 Subcellular expression of PDE3A in cultured rat aortic
VSMC. Equal amounts (10 pug) of VSMC lysates (3000 x g super-
natant), isolated cytosolic (100,000 x g supernatant), or particulate
(100,000 x g pellet) fractions were electrophoretically resolved,
transfered to nitrocellulose membranes and blotted with anti-PDE3A
antisera (1:1000), goat-anti-rabbit IgG and immunoreactive proteins
detected by chemiluminescence (see Methods). Total cyclic AMP
PDE activity was determined using 1 um [*H]-cyclic AMP as
substrate and PDE3 activity taken as the amount of cyclic AMP
PDE activity inhibited by 1 um cilostamide (see Methods). Immuno-
blots were quantitated by scanning densitomety using Corel Photo-
Paint 7.0 and the most prominant immunoreactive band designated a
relative intensity score of 1.0 (see Methods).
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Figure 5 Immunoblot analysis of PDE3A and PDE3B expression in
rat tissues and cultured rat aortic VSMC. Homogenates (3000 x g
supernatant) or resolved subcellular fractions of several rat tissues or
of rat aortic VSMC were electrophoretically resolved, transfered to
nitrocellulose, blotted sequentially with anti-PDE3A/3B (1:5000) and
goat-anti-rabbit IgG and immunoreactive proteins detected by
chemiluminescence as per manufacturer’s recomendations (see
Methods). Total cyclic AMP PDE activity was determined using
1 uM [*H]-cyclic AMP as substrate and PDE3 activity taken as the
amount of cyclic AMP PDE activity inhibited by 1 um cilostamide
(see Methods). Immunoblots were quantitated by scanning densi-
tomety using Corel Photo-Paint 7.0 and the most prominant
immunoreactive band for PDE3A, or PDE3B, designated a relative
intensity score of 1.0 respectively (see Methods).
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120 kDa proteins were exclusively cytosolic. Similarly, based
on tissue expression, electrophoretic mobility and subcellular
distribution, the 135 kDa immunoreactive protein was shown
to be PDE3B. Thus, this protein was highly expressed in
epididymal fat and differentiated 3T3-L1 adipocytes (Elks et
al., 1983) (Figure 7a), but not in platelets or 3T3-L1
preadipocytes (Figure 5 and 7a), cell types known not to
express PDE3B. In addition, immunoblotting of cytosolic and
particulate fractions of epididymal fat (Figure 7b) or aortic
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Figure 6 Specificity of PDE3A/3B antisera. Homogenates (3000 x g
supernatant) of rat epididymal fat or of rat aorta were electro-
phoretically resolved, transfered to nitrocellulose. Prior to addition to
the nitrocellulose membranes, anti-PDE3A/3B antisera (1:5000) was
preincubated with 200 ng of either purified recombinant cdc42-GST,
or purified recombinant PDE3B-GST. Following this pre-incubation
step, anti-PDE3A/3B antisera was incubated with nitrocellulose
membranes and immunoreactive proteins detected using goat-anti-
rabbit IgG and chemiluminescence (see Methods).
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Figure 7 Up-regulation of PDE3B expressing during 3T3-LI
preadipocytic differentiation (a) and subcellular distribution of
epididymal fat PDE3B. (a) Homogenates (3000 x g supernatant) of
3T3-L1 preadipocytes and 3T3-L1 adipocytes, or of epididymal fat,
were electrophoretically resolved, transfered to nitrocellulose, blotted
sequentially with anti-PDE3A/3B (1:5000) and goat-anti-rabbit 1gG
and immunoreactive proteins detected by chemiluminescence as per
manufacturer’s recommendations (see Methods). (b) An epididymal
fat lysate was fractionated and the cytosolic (100,000 x g supernatant)
and particulate (100,000 x g pellet) fractions individually resolved
electrophoretically, blotted to nitrocellulose and probed as described
in (a).

VSMC homogenates (Figure 5) showed the 135 kDa protein to
be exclusively particulate.

In tissues expressing both the 120 kDa PDE3A and the
135 kDa PDE3B (epididymal fat, aorta, cultured aortic
VSMC, heart), marked difference in the relative amounts of
these two proteins were observed (for example see Figure 5).
Thus, densitometric analysis of seven immunoblots of rat
tissues and cell lines demonstrated that whereas epididymal fat
contained 12 times more of the particulate 135 kDa PDE3B
than the cytosolic 120 kDa PDE3A, rat aorta expressed ten
times more of the cytosolic 120 kDa PDE3A than the
particulate 135 kDa PDE3B. Again, consistent with the
identification of the cytosolic 120 kDa protein as PDE3A and
the particulate 135 kDa protein as PDE3B, these ratios of
cytosolic and particulate PDE3 expression are consistent with
the relative abundance of PDE3 activities present in these
fractions in rat aorta (Table 3) and epididymal fat (Degerman
et al., 1997). The amount of particulate PDE3B expressed in
aorta and in cultured VSMC were roughly equal.

Effects of forskolin or 8-bromo-cyclic AMP on PDE3
activity and expression in VSMC

In order to assess the potential relevance of the co-expression
of both PDE3A and PDE3B in VSMC we studied the effects of
prolonged incubations of cultured rat aortic VSMC with cyclic
AMP-elevating agents, a treatment protocol which we have
shown previously increases cyclic AMP PDE activity in these
cells (Rose et al., 1997). In addition, since results of
immunoblotting studies indicated that PDE3A was the
cytosolic PDE3 and that PDE3B was the particulate PDE3
in VSMC, we further studied the effect of these treatments on
PDE3 activity and expression in these two subcellular
fractions. While prolonged incubations (4—16 h) of cultured
rat aortic VSMC with forskolin, an activator of adenylyl
cyclases, or with §-bromo-cyclic AMP, a lipophilic analogue of
cyclic AMP, increased total cyclic AMP PDE activity (Figure
8a) and total PDE3 activity (Figure 8b), this treatment had
markedly different effects on cytosolic and particulate PDE3
activities (Figure 8b). Indeed, in these experiments cytosolic
PDE3 decreased during the first 8 h of incubation and then
increased during the subsequent 8 h of incubation (Figure 8),
whereas particulate PDE3 activity increased linearly in a time-
dependent fashion. Thus, in the five experiments in which it
was measured, cytosolic PDE3 activity in cells treated with 8-
bromo-cyclic AMP was shown to have decrease to 20+ 12% of
initial values after 8 h and then to increase to approximately
140+22% of initial values after 16 h. In contrast to the
biphasic effects observed when cytosolic PDE3 activity was
measured, incubation of VSMC with either forskolin or 8-
bromo-cyclic AMP caused a linear time-dependent increase in
particulate PDE3 activity which was maximal at the 16 h time
point. Thus, in the five experiments in which it was measured
treatment of VSMC with 8-bromo-cyclic AMP for 16 h caused
a 800+55% increase in particulate PDE3 activity when
compared to control untreated cells.

In order to determine if the changes in PDE3 activity
observed in these two subcellular fractions resulted from
differential effects of cyclic AMP on PDE3A and PDE3B,
changes in the steady state levels of PDE3A or PDE3B were
determined. Results of immunoblots of homogenates of
control or treated VSMC showed that expression of PDE3A
and PDE3B were differentially affected by increasing VSMC
cyclic AMP. Thus, when homogenates of VSMC incubated
with cyclic AMP-elevating agents for 8§ h were probed with the
PDE3A/3B antisera, PDE3A (120 kDa) was decreased in
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VSMC, while PDE3B (135 kDa) was increased (Figure 9). At
16 h, the amount of PDE3A expressed in VSMC were seen to
have returned to basal levels while those of PDE3B were still
increased relative to basal (Figure 10). In order to unequi-
vocally discriminate between the effects of cyclic AMP-
elevating agents on PDE3A and PDE3B expression in VSMC,
identical samples of control and treated VSMC were
electrophoretically resolved on the same SDS—PAGE gel and
subsequently probed with either the PDE3A-selective antibody
or the PDE3A/3B antibody (Figure 10). Since the PDE3A
antibody used reacted strongly with a single protein of
120 kDa in control and forskolin-treated VSMC homogenates,
which after 16 h had not changed relative to basal, the
135 kDa protein identified in these samples when probed with
the PDE3A/3B antisera, and which was elevated by cyclic
AMP, cannot be attributed to a species of PDE3A expressed in
these cells. In the five experiments in which it was measured,
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Figure 8 8-bromo-cyclic AMP-mediated increases in cyclic AMP
PDE and PDES3 activity in cultured rat aortic VSMC. Confluent rat
aortic VSMC were incubated with fresh culture media supplemented
with 1 mmM 8-bromo-cyclic AMP for 4, 8, or 16 h. At the end of this
incubation, VSMC were rinsed with HBSS and subsequently lysed in
ice cold lysis buffer supplemented with 1% Triton X-100 (see
Methods). 3000 xg VSMC supernatants of VSMC lysates were
centrifuged for 1 h at 100,000 x g and cytosolic (supernatant) and
particulate (pellet) fractions were separated and cyclic AMP PDE
activities measured using 1 um [*H]-cyclic AMP as substrate (see
Methods). Values are total cyclic AMP PDE (a) or PDE3 (b)
activities and PDE3 activity was determined using 1 um cilostamide
for PDE3 inhibition. Values represent mean+s.e.mean of three
experiments, each was carried out in triplicate.

levels of PDE3A detected in immunoblots of VSMC treated
for 8 h with 8-bromo-cyclic AMP were shown to be 67+20%
lower than those found in control untreated cells, while
PDE3A levels after incubation for 16 h with this agent were
not different from control untreated cells, 1104+22%. In
contrast, in the five experiments in which it was measured,
levels of PDE3B immunoreactive protein were significantly
elevated from basal values at all time points studied (for
example Figure 9). Thus, incubation of VSMC with 10 um
forskolin for 16 h caused a 600+ 60% increase in VSMC
particulate PDE3B. Consistent with an increased expression of
PDE3A and PDE3B underpinning the increased levels of these
proteins at 16 h, 302+ 58% and 280+ 39% more PDE3A and
PDE3B PCR products were obtained when RNA was isolated
from forskolin, or 8-bromo-cyclic AMP, than from control. In
addition, we have demonstrated previously that the effects of
prolonged treatment with either forskolin or 8-bromo-cyclic
AMP are inhibited by actinomycin D and cycloheximide (Rose
et al., 1997). Similar results were obtained when 8-bromo-
cyclic AMP was used to elevate cyclic AMP (Figure 11).
Although PDE3A immunoreactivity detected in cells incu-
bated with cyclic AMP-elevating agents was decreased at the
8 h time point in our studies, the amount of PDE3A PCR
product obtained from cells treated for 8 h was slightly
elevated (50+20%) when compared to control.
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Figure 9 Different changes in PDE3A and PDE3B levels following
treatment with forskolin for 8 h. Homogenates (3000 x g) of cultured
aortic VSMC incubated with saline (Control) or 1 mM 8-bromo-
cyclic AMP for 8 h were electrophorectically resolved, transfered to a
nitrocellulose membrane and blotted with anti-PDE3A/3B (1:5000),
goat-anti-rabbit IgG and immunoreactive bands detected by
chemiluminescence as per manufacturer’s recommendations (see
Methods). Total cyclic AMP PDE activity was determined using
1 uM [*H]-cyclic AMP as substrate and PDE3 activity taken as the
amount of cyclic AMP PDE activity inhibited by 1 um cilostamide
(see Methods). Immunoblots were quantitated by scanning densi-
tomety using Corel Photo-Paint 7.0 and the most prominant
immunoreactive band designated a relative intensity score of 1.0
(see Methods).
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Discussion

Prior research has suggested that PDE3A is expressed in most
tissues of the cardiovascular system, whereas PDE3B
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Figure 10 Regulated expression of PDE3A and PDE3B by forskolin
in rat cultured aortic VSMC. Cultured rat aortic VSMC were
incubated with forskolin (10 um) for 16 h. Following this treatment,
homogenates (3000 x g supernatant) were prepared. Aliquot of
control and forskolin-treated homogenates were loaded in duplicate
lanes on the same gel, electrophoretically resolved and transferred to
a nitrocellulose membrane. The membrane was cut into two parts
after transfer such that each blot contained material from control and
treated cells. One blot was incubated with anti-PDE3A/3B antibody
and the other with anti-PDE3A antibody. Immunoreactive bands
were detected by chemiluminescence as per manufacturers recom-
mendations (see Methods).
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Figure 11 Effects of 8-bromo-cyclic AMP or forskolin on steady
state mRNA levels of PDE3A and PDE3B in cultured rat aortic
VSMC. Cultured rat aortic VSMC were incubated with 8-bromo-
cyclic AMP (1 mm) or forskolin (10 um) for 16 h and RT-PCR
reactions for PDE3A, PDE3B (a) or GAPDH (b) were carried out as
described in Methods. The number of PCR cycles which allowed for
linear amplification of PDE3A (18 cycles) or PDE3B (28 cycles) with
the primers described in Table 1 were determined empirically. PCR
products for PDE3A (15 ul), PDE3B (50 pl) or GAPDH (1 ul) were
separated on 2% agarose gels and ethidium bromide staining
visualized under u.v. light. Relative intensity of PDE3A and PDE3B
PCR products was determined by scanning densitometry (see
Methods). Fold increase compared to control is indicated.

expression is limited to fat and perhaps certain hepatocytic
and lymphoid cell lines (Murata et al., 1996; Ekholm et al.,
1997; Degerman et al., 1997). In this study we have used a
combination of molecular biological, biochemical and phar-
macological approaches to examine PDE3 expression in
several rat tissues with an emphasis on cardiovascular tissues.
The data presented in this manuscript is consistent with the
hypothesis that products of the PDE3A and the PDE3B genes
are both expressed in several tissues of the rat including liver,
kidney, epididymal fat, heart, aorta, and cultured aortic
VSMC. In addition, our data demonstrates that the products
of these two PDE3 genes are expressed in different subcellular
fractions and that they are differentially expressed in response
to increases in cellular cyclic AMP. First, PCR products for
both PDE3A and PDE3B were readily amplified from RNA
isolated from a host of rat tissues and from isolated rat aortic
VSMC cultures. The formal possibility that the PDE3B PCR
products obtained from rat tissues were derived from
adipocytes present in the isolates was addressed using primary
cultures of aortic VSMC as well as an extensively characterized
SV40 large T-antigen immortalized rat aortic VSMC cell line
(TEX-18) (Caleb et al., 1996). Since adipocytes are not present
in cultures of rat aortic VSMC (Pang & Venance, 1992) and
that the SV40 large T-antigen immortalized aortic cell line used
was clonal, amplification of PDE3A and PDE3B RNA from
these sources establishes that PDE3A and PDE3B mRNA is
present in VSMC. Moreover, amplification of both PDE3A
and PDE3B mRNA from the clonal VSMC cell line
demonstrates that individual smooth muscle cells can express
both these gene products. Consistent with previous reports,
and the RT—PCR data, using a PDE3A-selective antisera a
120 kDa PDE3A was detected in homogenates of heart,
platelet and blood vessels (aorta and mesenteric artery), with
heart expressing significantly more of this enzyme than aorta, a
result consistent with the amount of PDE3 activity detected in
these two tissues. When the medial and adventitial layers of the
aorta were assayed individually, PDE3A was detected in both,
a result consistent with a broad level of expression of this
protein in blood vessel-derived cell types (Maurice et al., 1995).
Although the cDNA encoding PDE3A predicts a membrane
associated protein, and overexpression of PDE3A in fibro-
blasts results in a predominantly particulate enzyme (Leroy et
al., 1996), in our experiments PDE3A was only detected in the
cytosolic fractions of all tissues studied. Consistent with our
results, PDE3A purified from platelets, heart or VSMC were
all obtained from the cytosolic fractions of these tissues
(reviewed in Manganiello et al., 1996). The molecular basis for
this difference in subcellular localization of ‘endogenous’
PDE3A and the expressed recombinant protein is at present
unknown. In a previous study (Smith ez al., 1993), a PDE3
antiserum was used to immunoprecipitate 116 kDa and
135 kDa proteins from the cytosolic and particulate fractions,
respectively, of human, canine, rabbit and guinea-pig
myocardial tissues. Although the authors of this earlier report
suggested that these proteins represented differentially
processed versions of PDE3A, based on our results we would
suggest that the cytosolic protein identified was PDE3A while
the 135 kDa particulate protein was more likely PDE3B. In
our experiments immunoblot analysis of more than 20 ug of
epididymal fat allowed the detection of small amounts of
PDE3A in this tissue. Since no PDE3A was detected when
pure cultures of 3T3-L1 adipocytes were blotted, this result
was consistent with the presence of blood vessels in the
epididymal fat used in our studies. A similar result has been
reported previously (Taira ez al., 1993). In our studies, PDE3B
was detected in epididymal fat, heart, aorta, aortic VSMC and
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3T3-L1 adipocytes, but not in platelets or undifferentiated
3T3-L1 preadipocytes. Using several criteria, the PDE3B
detected in heart, aorta and cultured aortic VSMC was
indistinguishable from the protein expressed in adipocytes.
Thus, both proteins had identical mobility on SDS—PAGE
and each was expressed exclusively in the particulate fractions
of every tissue examined. Also, the amount of PDE3B detected
in each tissue was correlated with the amount of particulate
PDE3 activity measured in these tissues.

Although the presence of PDE3 activities in both the
cytosolic and particulate fractions of VSMC was consistent
with previous reports (reviewed in Degerman et al., 1997), the
presence of PDE3B in the particulate fraction of tissues of the
cardiovascular system, and the more marked effect of
prolonged increases in cyclic AMP on this PDE3, is entirely
novel. Previous reports have documented that long-term
incubations of Sertoli cells, or of cells involved in immune
reactions (for example U937, Mono Mac6 or Jurkat cells) with
activators of adenylyl cyclase, such as forskolin, or with
lipophilic analogues of cyclic AMP, increases PDE4 activity
(Verghese et al., 1995; Manning et al., 1996; Erdogan &
Houslay, 1997). Recently, we and others reported that
prolonged incubations of rat aortic VSMC or Jurkat T-cells
with cyclic AMP elevating agents caused marked changes in
both PDE3 and PDE4 activities (Erdogan & Houslay, 1997;
Rose et al.,, 1997). Although changes in PDE3 activity
accounted for more than half of the total increase of cyclic
AMP PDE activity in Jurkat T cells, the PDE3 gene product(s)
expressed in these cells, and the variants involved in the
increased activity, were not reported in the studies of Erdogan
(1997). Similarly, incubation of human erythroleukemia
(HEL) cells with forskolin for 24 h has also been reported to
increase PDE3 activity in these cells (Sheth ef al., 1997). The
cytosolic PDE3 expressed in HEL cells has been shown to be
PDE3A, and presumably this gene product is that regulated by
cyclic AMP, although this has not formally been tested.
Results reported here show that the PDE3A and PDE3B
expressed in VSMC are differentially regulated in response to
prolonged increases in cyclic AMP. Studies to determine the
molecular basis of these differences are underway in our
laboratory. Although the mechanism which accounts for the
differences are not yet clear, the fact that prolonged increases
in cyclic AMP in VSMC had a more marked effect on PDE3B
in these cells is clearly relevant to cyclic AMP-mediated
functions of these cells. In this context, several previous
reports, including our own (Rose et al., 1997), have shown that
cyclic AMP-mediated up-regulation of cyclic AMP PDE in
cells results in heterologous desensitization of these cells to
activators of adenylyl cyclase (Torphy et al., 1995; Verghese et

References

BEAVO, J.A. (1995). Cyclic nucleotide phosphodiesterases: functional
implications of multiple isoforms. Physiol. Rev., 75, 725—748.
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.

CALEB, B.L., HARDENBROOK, M., CHERINGTON, V. & CASTELLOT
JR, JJ. (1996). Isolation of vascular smooth muscle cell cultures
with altered responsiveness to the antiproliferative effect of
heparin. J. Cellular Physiol., 167, 185-195.

CONTI, M., NEMOZ, G., SETTE, C. & VICINI, E. (1995). Recent
progress in understanding the hormonal regulation of phospho-
diesterases. Endocr. Rev., 16, 370—389.

al., 1995; Manning et al., 1996). Previously, we showed that
increased PDE3 activity played an important role in the cyclic
AMP-mediated desensitization of VSMC to the cyclic AMP
elevating effects of isoproterenol (Rose et al., 1997). Given that
only modest changes in PDE3A expression occurred in VSMC
under these conditions, it is perhaps reasonable to conclude
that up-regulated PDE3B could be responsible for the PDE3
involvement in cyclic AMP-mediated desensitization. Since
selective inhibitors of PDE3A, or PDE3B, are not available
this assumption is not yet easily tested.

Although the generality of our findings concerning
expression of PDE3B in cardiovascular tissues and the
expression of this enzyme in the particulate fraction of these
tissues, to other blood vessels or to other species will have to
await further studies, some of the implications of our findings
are clear. Thus, our data raises the interesting possibility that
PDE3B, in addition to PDE3A, might be involved in
mediating effects of PDE3 inhibitors in the cardiovascular
system. An important fact in this context is the conclusion of
earlier work in which a strong correlation between inhibition
of particulate PDE3, and positive inotropic or vasorelaxant
potential of PDE3 inhibitors, was shown (reviewed in Polson
& Strada, 1996). Regrettably, the absence of specific PDE3A
and PDE3B selective agents render this hypothesis untestable
at the present time.

In conclusion, our data is consistent with expression of both
PDE3A and PDE3B in several rat tissues. Moreover, our data
shows that these two PDE3s are expressed in separate
subcellular fractions with PDE3A accounting for all of the
cytosolic PDE3 activity and PDE3B for all of the PDE3
activity present in the particulate fraction. The physiological,
pharmacological and biochemical relevance of our findings is
amplified by the fact that PDE3B, and to a lesser extent
PDE3A, expressions were markedly increased following
prolonged increases in VSMC cyclic AMP.

We are grateful to Dr S. Pang (Department of Anatomy & Cell
Biology, Queen’s University) and Dr John Castellot (Department of
Anatomy and Cellular Biology, Tufts University) for providing rat
aortic VSMC cultures. We are also grateful to Dr V.C. Manganiello
(NIH, Bethesda) and Drs A.Z. Zhao and J.A. Beavo (Department of
Pharmacology, University of Washington) for providing the PDE3
antisera used in these studies. We wish to thank Drs S. Wolda and
K. Ferguson of ICOS Corp. for providing the yeast expressed
PDE3A and PDE3B and Dr Leda Raptis (Department of
Microbiology and Immunology, Queen’s University) for her help
with the 3T3-L1 preadipocyte differentiation experiments. D.H.M is
a PMAC-HRF/MRC Research Career Scientist in the Health
Sciences. This work was supported by the Heart & Stroke
Foundation of Ontario. Grant T-3671.

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

DEGERMAN, E., BELFRAGE, P. & MANGANIELLO, V.C. (1997).
Structure, localization, and regulation of cyclic GMP-inhibited
phosphodiesterase (PDE3). J. Biol. Chem., 272, 6823 —6826.

EKHOLM, D., HEMMER, B., GAO, G., VERGELLI, M., MARTIN, R. &
MANGANIELLO, V.C. (1997). Differential expression of cyclic
nucleotide phosphodiesterase 3 and 4 activities in human T cell
clones specific for myelin basic protein. J. Immunology, 20, 1529.

ELKS, M.L., MANGANIELLO, V.C. & VAUGHAN, M. (1983).
Hormone-sensitive particulate cyclic AMP phosphodiesterase
activity in 3T3-L1 adipocytes. Regulation of responsiveness by
dexamethasone. J. Biol. Chem., 258, 8582 —8587.



1510 H. Liu & D.H. Maurice

PDE3A and PDE3B in VSMC

ERDOGAN, S. & HOUSLAY, M.D. (1997). Challenge of human Jurkat
T-cells with the adenylate cyclase activator forskolin elicits major
changes in cyclic AMP phosphodiesterase (PDE) expression by
up-regulating PDE3 and inducing PDE4D1 and PDE4D?2 splice
variants as well as down-regulating a novel PDE4A splice
variant. Biochem. J., 321, 165—-175.

FISHER, D.A., SMITH, J.F., PILLAR, J.S., DENIS, S.H. & CHENG, J.B.
(1998). Isolation and characterization of PDE8A, a novel human
cyclic AMP-specific phosphodiesterase. Biochem. Biophys. Res.
Commun., 246, 570—577.

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

HARRISON, S.A., REIFSNYDER, D.H., GALLIS, B., CADD, G.G. &
BEAVO, J.A. (1986). Isolation and characterization of bovine
cardiac muscle cyclic GMP-inhibited phosphodiesterase: a
receptor for new cardiotonic drugs. Mol. Pharmacol., 29, 506 —
514.

KASUYA, J., GOKO, H. & FUJITA-YAMAGUCH]I, Y. (1995). Multiple
transcripts for the human cardiac form of the cyclic GMP-
inhibited cyclic AMP phosphodiesterase. J. Biol. Chem., 270,
14305-14312.

LEROY, M.-J., DEGERMAN, E., TAIRA, M., MURATA, T., WANG, L.-
H., MOVSESIAN, M., MEACCI, E. & MANGANIELLO, V.C. (1996).
Characterization of two recombinant PDE3 (cyclic GMP-
inhibited cyclic nucleotide phosphodiesterase) isoforms, RcGIP1
and HcGIP2, expressed in NIH 3006 murine fibroblasts and Sf9
insect cells. Biochemistry, 35, 10194—10202.

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

LINDGREN, S., RASCON, A., ANDERSSON, K.-E., MANGANIELLO,
V.C. & DEGERMAN, E. (1991). Selective inhibition of cyclic GMP-
inhibited and cyclic GMP-noninhibited cyclic nucleotide phos-
phodiesterases and relaxation of rat aorta. Biochem. Pharmacol.,
42, 545—-552.

LOBBERT, R.W., WINTERPACHT, A., SEIPEL, B. & ZABEL, B.U.
(1996). Molecular cloning and chromosomal assignment of the
human homologue of the rat cyclic GMP-inhibited phospho-
diesterase 1 (PDE3A)—a gene involved in fat metabolism located
at 11p 15.1. Genomics, 37, 211—-218.

LOUGHNEY, K. & FERGUSON, K. (1996). Identification and
quantification of PDE isoenzymes and subtypes by molecular
biological methods. In The Handbook of Immunopharmacology:
Phosphodiesterase Inhibitors, ed. Schudt, C., Dent, G. & Rabe,
K.F. Academic Press, Harcourt Brace and Company.

LU, Y., RAPTIS, L., ANDERSON, S., CORBLEY, M.J.,, ZHOU, Y.C.,
PROSS, H. & HALIOTIS, T. (1990). Ras modulates commitment
and maturation of 10T1/2 fibroblasts to adipocytes. Biochem.
Cell. Biol., 70, 1249 —1257.

MANGANIELLO, V.C., DEGERMAN, E., TAIRA, M., KONO, T. &
BELFRAGE, P. (1996). Current Topic in Cellular Regulation. 34,
pp. 63—100, New York: Academic Press.

MANGANIELLO, V.C., MURATA, T., TAIRA, M., BELFRAGE, P. &
DEGERMAN, E. (1995a). Diversity in cyclic nucleotide phospho-
diesterase isoenzyme families. Arch. Biochem. Biophys., 322, 1—
13.

MANGANIELLO, V.C., TAIRA, M., DEGERMAN, E. & BELFRAGE, P.
(1995b). Type III cyclic GMP-inhibited cyclic nucleotide
phosphodiesterases (PDE3 gene family). Cell. Signal., 7, 445—
455.

MANNING, C.D., MCLAUGHLIN, M.M., L1VI, G.P., CIESLINSKI, L.B.,
TORPHY, T.J. & BARNETTE, M.S. (1996). Prolonged beta
adrenoceptor stimulation up-regulates cyclic AMP phosphodies-
terase activity in human monocytes by increasing mRNA and
protein for phosphodiesterases 4A and 4B. J. Pharmacol. Exp.
Ther., 276, 810—818.

MAURICE, D.H., SENIS, Y.A., LIU, H., GILES, A.R. & HORN, E.H.
(1995). Cell layer-specific expression of cyclic nucleotide
phosphodiesterases in rat arteries: molecular cloning using
isolated cell layers from paraformaldehyde-fixed 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.

MEACCI, E., TAIRA, M., MOOS, JR M., SMITH, C.J., MOVSESIAN,
M.A., DEGERMAN, E., BELFRAGE, P. & MANGANIELLO, V.C.
(1992). Molecular cloning and expression of human myocardial
cyclic GMP-inhibited cyclic AMP phosphodiesterase. Proc. Natl.
Acad. Sci. U.S.A., 89, 3721 -3725.

MURATA, T., TAIRA, M. & MANGANIELLO, V.C. (1996). Differential
expression of cyclic GMP-inhibited cyclic nucleotide phospho-
diesterases in human hepatoma cell lines. FEBS Letters, 390, 29 —
33.

MURRAY, K.J. (1990). Cyclic AMP and mechanisms of vasodilation.
Pharmac. 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.

POLSON, J.B. & STRADA, S.J. (1996). Cyclic nucleotide phosphodies-
terases and vascular smooth muscle. Annu. Rev. Pharmacol.
Toxicol., 36, 403 —427.

PYNE, N.J.,, COOPER, M.E. & HOUSLAY, M.D. (1987). The insulin-
and glucagon-stimulated ‘dense-vesicle’ high-affinity cyclic AMP
phosphodiesterase from rat liver. Purification, characterization
and inhibitor sensitivity. Biochem. J., 242, 33-42.

RAHN, T., RONNSTRANS, L., LEROY, M-J., WERNSTEDT, C.,
TORNQVIST, H., MANGANIELLO, V.C., BELFRAGE, P. & DEGER-
MAN, E. (1996). Identification of the site in the cyclic GMP-
inhibited phosphodiesterase phosphorylated in adipocytes in
response to insulin and isoproterenol. J. Biol. Chem., 271,
11575-11580.

RAPTIS, L., YANG, J., BROWNELL, H., LAI, J., PRESTON, T.,
CORBLEY, M.J., NARSIMHAN, R.P. & HALIOTIS, T. (1997).
Ras(leu61) blocks differentiation of transformable 3T3 L1 and
C3H10T1/2-derived preadipocytes in a dose- and time-dependent
manner. Cell Growth & Differentiation, 8, 11-21.

RASCON, A., LINDGREN, S., STAVENOW, L., BELFRAGE, P,
ANDERSSON, K.-E., MANGANIELLO, V.C. & DEGERMAN, E.
(1992). Purification and properties of the cyclic GMP-inhibited
cyclic AMP phosphodiesterase from bovine aortic smooth
muscle. Biochim. Biophys. Acta., 1134, 149 —156.

ROSE, R.J., LIU, H., PALMER, D. & MAURICE, D.H. (1997). Cyclic
AMP-mediated regulation of vascular smooth muscle cell cyclic
AMP phosphodiesterase activity. Br. J. Pharmacol., 122, 233 —
240.

SHETH, S.B., BRENNAN, K.J., BIRADAVOLU, R. & COLEMAN, R.W.
(1997). Isolation and regulation of the cyclic GMP-inhibited
cyclic AMP phosphodiesterase in human erythroleukemia cells.
Thromb. Haemostas., 77, 155—-162.

SMITH, C.J., KRALL, J., MANGANIELLO, V.C. & MOVSESIAN, M.A.
(1993). Cytosolic and sarcoplasmic reticulum-associated low K,
cyclic GMP-inhibited cyclic AMP phosphodiesterase in mamma-
lian myocardium. Biochem. Biophys. Res. Comm., 190, 516—521.

SOLDERLING, S.H., BAYUGA, S.J. & BEAVO, J.A. (1998). Identifica-
tion and characterization of a novel family of cyclic nucleotide
phosphodiesterase. J. Biol. Chem., 273, 15553 —15558.

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

TAIRA, M., HOCKMAN, S.C., CALVO, J.C., TAIRA, M., BELFRAGE, P.
& MANGANIELLO, V.C. (1993). Molecular cloning of the rat
adipocyte hormone-sensitive cyclic GMP-inhibited cyclic nucleo-
tide phosphodiesterase. J. Biol. Chem., 268, 18573 —18579.

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. Implications for the therapeutic use of beta-
adrenoceptor agonists. 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-
specific phosphodiesterase (phosphodiesterase type 4) isozymes
in human monocytic cells. Mol. Pharmacol., 47, 1164—1171.

ZHAO, A.Z., ZHAO, H., TEAGUE, J., FUJIMOTO, W. & BEAVO, J.A.
(1997). Attenuation of insulin secretion by insulin-like growth
factor 1 is mediated through activation of phosphodiesterase 3B.
Proc. Natl. Acad. Sci. U.S.A., 94, 3223 -3228.

(Received July 14, 1998
Revised August 8, 1998
Accepted September 14, 1998)



H. Liu & D.H. Maurice PDE3A and PDE3B in VSMC 1511




