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ABSTRACT

To determine the properties of the cAMP-specific, rolipram-
sensitive phosphodiesterases (CAMP-PDEs) that are expressed
in different organs, monoclonal and polyclonal antibodies were
raised against different epitopes present in the cAMP-PDE
sequences. Of the several antibodies generated against pep-
tides and fusion proteins, one monoclonal and four polyclonal
antibodies recognized both the native cAMP-PDEs as well as
the denatured proteins on Western immunoblot analysis. An
immunoprecipitation assay demonstrated that these antibodies
recognized the recombinant rat PDE4A, PDE4B, and PDE4D
proteins with different avidity. The polyclonal antibody K118
and the monoclonal M3S1 were most specific for rat PDE4B
and PDE4D forms, respectively, whereas the AC55 antiserum
displayed the highest affinity for PDE4A forms. This selectivity
was confirmed by Western blot analysis using recombinant rat
PDE4A, PDE4B, and PDE4D proteins expressed in a heterolo-
gous system. These antibodies were used to characterize the
cAMP-PDEs expressed in the rat brain. An immunoblot of
extract of cortex and cerebellum demonstrated that at least
seven different polypeptides specifically cross-reacted with the

different antibodies, indicating that multiple cAMP-PDEs are
expressed in this tissue. On the basis of cross-reactivity with
PDE4D but not PDE4A or PDE4B antibodies, 93- and 105-kDa
PDE4D species were detected in the cortex and cerebellum
extract. These forms are different from the 68-kDa PDE4D form
expressed in endocrine cells after hormonal stimulation. Al-
though the 93-kDa form was recovered in both the soluble and
particulate fractions, the 105-kDa polypeptide was mostly par-
ticulate in the cortex and cerebellum extracts. PDE4B forms of
90-87 kDa were recovered in both soluble and particulate
compartments of the brain extract. These forms were different
from the previously identified PDE4A variants of 110 and 75
kDa. These data demonstrate that the presence of multiple
cAMP-PDE genes is translated into cAMP-PDE proteins of
different sizes and distinct immunological properties and that
multiple variants derived from these cAMP-PDE genes are ex-
pressed in different regions of the brain and different subcellu-
lar compartments. These immunological tools will be useful to
identify different cAMP-PDE forms expressed in organs tar-
geted for pharmacological intervention with PDE4 inhibitors.

The high affinity, cAMP-specific phosphodiesterases [type
4 according to the nomenclature proposed by Beavo et al.
(1994)] are a class of enzymes with similar kinetic properties
that are inhibited by the antidepressant rolipram and struc-
turally related compounds. Although the presence of these
forms has long been recognized, their distinctive properties
are becoming evident only recently (Conti et al., 1995b).
Early attempts to purify these forms have been hampered by
their low abundance and instability (Conti and Swinnen,
1990). The molecular mass attributed to this group of en-
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zymes ranges between 29 and 89 kDa (Conti and Swinnen,
1990). The definition of the exact properties and site of ex-
pression of these forms is made difficult by the presence of
nonlinear kinetics and by contaminating ¢cGMP hydrolytic
activity (Strada et al., 1989).

Cloning of the rat cDNAs that encode cAMP-PDEs (Coli-
celli et al., 1989; Davis et al., 1989; Swinnen et al., 1989) has
provided a first indication for the presence of at least four
different PDE4 genes in the rat. Despite an early report
indicating the presence of only one cAMP-PDE gene in the
humans (Livi et al., 1990), more recent findings (Bolger et al.,
1993; Obernolte et al., 1993) point to the conclusion that four
genes are present in this species and therefore is not a pecu-

ABBREVIATIONS: PDE, phosphodiesterase; GST, glutathione-S-transferase; ELISA, enzyme-linked immunosorbent assay; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N',N’'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; BSA, bovine serum albumin; TBS-T, Tris-buffered saline-Tween 20.
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liarity of rodents. The partial structure of two of the rat genes
has been characterized recently (Monaco et al., 1994). These
findings provide an explanation of the wide variety of phys-
icochemical properties attributed to these cAMP-PDEs.
Northern blot analysis or reverse transcription-polymerase
chain reaction of different tissues has established that not all
genes are expressed at all times and that different cells
express a different set of cAMP-PDE forms. In the rat testis,
for instance, somatic cells express predominantly PDE4D
and PDE4B mRNAs (Swinnen et al., 1989) and germ cells
express preferentially PDE4C and PDE4A mRNAs (Welch et
al., 1992). In the rat brain, transcripts have been detected
corresponding to PDE4A, PDE4B, and PDE4D but not to
PDEA4C (Bolger et al., 1994, Davis et al., 1989; Engels et al.,
1995; Iwahashi et al., 1996; Swinnen et al., 1989). Despite the
established presence of multiple genes and of cognate mR-
NAs, it remains unclear whether different cAMP-PDE pro-
teins are in fact expressed in a cell. An example would be our
current understanding of PDE4 expression in inflammatory
cells in which PDE4A, PDE4B, and PDE4D mRNAs have
been detected (Engels et al., 1994; Torphy et al., 1992; Vergh-
ese et al., 1995), but little information is available on the
cAMP-PDE proteins expressed. This occurs because no clear-
cut biochemical criteria are available to identify and classify
the cAMP-PDE variant proteins expressed in the different
organs.

In view of the difficulty of using a biochemical approach to
separate and characterize the different cAMP-PDE forms, we
developed an immunological strategy to identify the cAMP-
PDE forms expressed in any given tissue. Using a panel of
nonselective and form-selective antibodies, we demonstrate
that apparently homogeneous cAMP-PDE preparations are a
mixture of forms derived from different genes and that dif-
ferent variants are derived from each gene.

Experimental Procedures

Materials. Waymouth 752/1 medium, gentamycin, and horse se-
rum were purchased from GIBCO (Grand Island, NY). Crotalus atrox
snake venom was purchased from Sigma Chemical (St. Louis, MO).
Pansorbin cells were purchased from Calbiochem (San Diego, CA).
Immobilon was from Millipore (Bedford, MA). [2,8-°H]cAMP (20-50
Ci/mmol) and '?*I/protein A were purchased from DuPont-New En-
gland Nuclear (Boston, MA). AG 1-X8 resin was purchased from
BioRad (Richmond, CA). ECL Western blot detection kit was pur-
chased from Amersham (Arlington Heights, IL). Rolipram (4-[3-(bu-
toxy-4-methoxybenzyl)-2-imidazolidone]) was provided by Syntex
(Palo Alto, CA). Except where otherwise designated, all other chem-
icals were the purest grade available and were provided by Sigma.

Selection of the epitopes and preparation of the antigens.
Comparison of the deduced sequences of the four cAMP-PDEs indi-
cated that the sequences are similar except for the amino- and
carboxyl-terminal regions (Conti et al., 1991; Conti and Swinnen,
1990). Several peptides were synthesized on the basis of the rat
PDE4D1 sequences residue (Conti et al., 1991). Peptide 2224 corre-
sponds to residue 105-126 of PDE4D1 (accession number U09455), a
region that is homologous in the four different cAMP-PDEs. Rat
PDE4A differs in one residue (Asn57 of RD1; accession number
M26715), and rat PDE4B differs in two residues (Asn102 and Asp103
of rat PDE4; accession number M25347). The same epitope is present
in the human cAMP-PDEs (Bolger et al., 1993; Obernolte et al.,
1993). This peptide was injected into several rabbits (Conti et al.,
1995a). The antisera from rabbits K111 and K116 were used for the
current study. To generate antibodies that would discriminate

among PDE4A, PDE4B, and PDE4D, the carboxyl-terminal region
was used (Fig. 1). The BamHI/EcoRI fragments were prepared from
the 3’ end of rat PDE4D1, PDE4B, and PDE4A1 ¢cDNAs and were
subcloned in the bacterial expression vector pGEX-3X in-frame with
the GST coding sequence (Crowl et al., 1985). Expression of these
constructs in E. coli produces a protein that is the result of fusion of
the coding region of the GST and the carboxyl-terminal portion of rat
PDE4D, rat PDE4B, and rat PDE4A. These fusion proteins were
isolated on a single-step affinity chromatography on glutathione-
Sepharose according to the manufacturer’s recommendations (Phar-
macia). The GST-rat PDE4B and GST-rat PDE4A proteins were
used to generate polyclonal antibodies in rabbits, whereas the GST-
rat PDE4D protein was used to generate monoclonal antibodies.
Eight-week-old female BALB/c mice were immunized by an intra-
peritoneal injection of 20 ug of GST-PDE4D in Freund’s adjuvant
followed by three injections at 4-week intervals with the same dose of
antigen. Three days after the fourth injection, the splenocytes were
fused with P3X63Ag8NS1 murine myeloma cells according to stan-
dard procedures; 1.0 X 10 splenocytes were mixed with 2 X 10°
myeloma cells in 50% polyethylene glycol (PEG 1500; Boehringer-
Mannheim) in RPMI 1640 medium. After fusion, cells were seeded
onto 96-well microtiter plates (model 3598; Costar, Cambridge, MA).
A first screening for the presence of antibodies reacting with the
immunizing antigen was performed with an ELISA using GST-PDE
fusion protein. Hybridoma-secreting antibodies specific for rat
PDE4D were cloned by limiting dilution and injected intraperitone-
ally into 8-week-old female BALB/c mice primed with Pristane (Al-
drich Europe, Berse, Belgium) to produce ascitic fluid. The hybrid-
oma isotype was determined by ELISA (Boehringer-Mannheim). The
M3S1 antibody used in the current report was an IgG1 isotype. The
titers of the antisera and monoclonal antibodies were determined by
ELISA using the fusion proteins, purified GST, or partially purified
recombinant PDEs as antigens.

Cell culture. MA-10 cells, a cell line derived from a Leydig cell
tumor, were generously provided by Dr. Mario Ascoli (see Ascoli,
1981). Cells were routinely cultured in Waymouth medium supple-
mented with 20 mM HEPES and 15% horse serum as reported
previously (Conti et al., 1995a). Cells were cultured in 75-cm flasks
(Corning Glassworks, Corning, NY) at 37° in an atmosphere of 95%
air/6% CO, in a humidified incubator. MA-10 cells were seeded onto
90-mm dishes (Corning) in Waymouth medium supplemented with
15% serum. After 24 hr, cells were transfected with 10-20 ug of
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Fig. 1. Primary structure of rat PDE4A, PDE4B, and PDE4D and loca-
tion of the epitopes used to generate monoclonal and polyclonal antibod-
ies. [, primary structure of the proteins; B, highly conserved catalytic
domain; B, domains outside the catalytic domain conserved in the three
sequences. Double-headed arrows, region corresponding to peptides or
fusion proteins used to generate the antibodies.



pCMV5-rat PDE4D1, pCMV5-rat PDE4B2, or pCMV5-rat PDE4A1
plasmids as described in detail previously (Swinnen et al., 1991)
using the CaPO, method (Graham and van der Eb, 1973). Primary
Sertoli cell cultures were prepared and maintained as reported pre-
viously (Conti et al., 1982).

Preparation of cell extracts. At 24 hr after transfection, cells
were harvested in homogenization buffer consisting of 20 mm
TrissHCL, pH 8.0, 1 mMm EDTA, 0.2 mMm EGTA, 50 mm NaF, 10 mMm
sodium pyrophosphate, 50 mM benzamidine, 0.5 pug/ml leupeptin, 0.7
pg/ml pepstatin, 4 pg/ml aprotinin, 10 pwg/ml soybean trypsin inhib-
itor, and 2 mM phenylmethylsulfonyl fluoride. Cells were homoge-
nized and centrifuged for 10 min at 14,000 X g. Both the homoge-
nates and soluble extracts were used for PDE assay. In some
experiments, soluble extracts were subjected to immunoprecipitation
with the different antibodies. PDE4 proteins were expressed in Sf9
insect cells using the baculovirus expression system, and cell ex-
tracts were prepared as described previously (Sette and Conti, 1996).

Preparation of brain and heart extracts. The brain was re-
moved rapidly from cervically transected adult rats, and the cerebel-
lum and cortex were isolated, weighed, rinsed, and then homoge-
nized at 4° in a buffer containing 250 mM sucrose, 20 mMm Tris-HCI,
pH 7.8, 1 mm EGTA, 10 mMm MgCl,, 10 mM 2-mercaptoethanol, 1 um
microcystin, 50 mM benzamidine, 0.5 ug/ml leupeptin, 0.7 ug/ml
pepstatin, 4 ug/ml aprotinin, 10 mg/ml soybean trypsin inhibitor,
and 2 mM phenylmethylsulfonyl fluoride. After centrifugation at
20,000 X g for 30 min, the supernatant was set aside as the soluble
fraction. The pellet was washed twice and then extracted according
to the procedure of Penman (He et al., 1990) as modified by Ndubuka
et al. (1993) with a solution containing 250 mM sucrose, 10 mM
piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.8, 0.1 m NaCl, 3 mm
MgCl,, 1 mm EGTA, 2 mg/ml aprotinin, 2 pg/ml leupeptin, 2 ug/ml
pepstatin, and 1% Triton X-100. After incubation for 10 min at 4° and
centrifugation at 20,000 X g, a Triton-extracted fraction was ob-
tained. The pellet was washed twice and then resuspended in a
solution containing 10 mm Tris-HClL, pH 7.4, 10 mM NaCl, 3 mMm
MgCl,, 1% Tween-20, and 0.5% sodium deoxycholate. After this step,
a deoxycholate-extracted fraction (mean * standard deviation) was
obtained. Finally, the pellet was washed twice and then resuspended
in a RIPA buffer without SDS (consisting of 150 mm NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 50 mm Tris-HCI, pH 7.5, 25
mM benzamidine, 0.5 ug/ml leupeptin, 0.7 pg/ml pepstatin, 2 pg/ml
aprotinin, 5 mg/ml trypsin soybean inhibitor, 2 mM phenylmethyl-
sulfonyl fluoride, 50 mM NaF, and 1 uM microcystin). An aliquot was
removed for the assay of the PDE activity, and SDS was added to the
remaining extract to a final concentration of 0.1%, yielding an RIPA-
extracted fraction. Heart extracts were prepared in a similar
manner.

Immunoprecipitation. The soluble or solubulized extracts from
MA-10 cells or brain tissue were immunoprecipitated using antibod-
ies immobilized on fixed Staphylococcus aureus cells (Pansorbin) or
Protein G-Sepharose. Pansorbin was used for the polyclonal anti-
cAMP-PDE antiserum K116, AC55, or K118, and Protein G-Sepha-
rose was used for the monoclonal anti-cAMP-PDE3 M3S1. When not
specified, the polyclonal and monoclonal antibodies were used at a
1:30 or 1:100 dilution. Adsorption of the antibody to the insoluble
substrate followed the procedure described by MacPhee et al. (1988)
with minor modifications (Conti et al., 1995a). Extracts were incu-
bated with antibodies immobilized to Pansorbin and Protein
G-Sepharose for 1.5 hr at 4° by gentle mixing. At the end of the
incubation, the samples were centrifuged at 14,000 X g in an Ep-
pendorf centrifuge for 5 min. The supernatants containing nonad-
sorbed PDE were removed and saved for the PDE assay. The pellets
were washed three times with phosphate-buffered saline and 0.1%
BSA. After the last centrifugation, pellets were resuspended in the
same buffer, and an aliquot was used for the PDE assay. Adsorbed
proteins were then eluted with 1% SDS in phosphate-buffered saline
and diluted to a final concentration of 1X sample buffer (see below)
for Western blot analyses. To determine the specificity of the immu-

Cyclic AMP-Specific Phosphodiesterases in Rat Brain 25

noprecipitation, several controls were performed. Nonspecific ad-
sorption was monitored by incubating identical amounts of extracts
with the immobilized immune or preimmune serum or with a com-
parable concentration of BSA (1 mg/ml). Additional control experi-
ments were performed by using Pansorbin preadsorbed to K116
antiserum preincubated with the immunogenic peptide 2224 (5 ug/
ml). These different controls gave comparable results. For the mono-
clonal antibody, Protein G-Sepharose preincubated with 0.1% BSA
was used as a control. The PDE activity was measured in both the
resuspended pellets and the supernatants of the immunoprecipita-
tion.

Western blot analysis. Immunoprecipitated samples were pre-
pared in 1X sample buffer [62.5 mMm Tris-Cl, pH 6.8, 10% glycerol, 2%
(w/v) SDS, 0.7 M 2-mercaptoethanol, and 0.0025% (w/v) bromphenol
blue]. The samples were boiled for 5 min and subjected to electro-
phoresis on an 8% SDS-polyacrylamide gel. The proteins were then
blotted onto an Immobilon membrane followed by blocking of the
membrane in TBS solution (20 mMm Tris-HCI, pH 7.6, 14 mMm NaCl)
containing 5% BSA and 0.1% Tween 20. After several washes, the
membrane was incubated with the primary antibody in TBS-T (20
mM Tris'HCI, pH 7.6, and 14 mM NaCl with 0.1% Tween 20). Because
of the high background obtained with the K118 antiserum, this was
used routinely in the presence of 1 ug/ml recombinant GST. After a
90-min incubation, the membrane was washed in TBS-T followed by
a 1-hr incubation with either ?°I-protein A (Amersham) or peroxi-
dase-linked anti-rabbit or anti-mouse IgG. After several washes with
TBS-T, the membrane was exposed to XAR-5 X-ray film (Kodak,
Rochester, NY) or incubated for 1 min with the ECL detection re-
agents (Amersham) and exposed to XAR-5 X-ray film for 5-60 sec
(Kodak) to detect the peroxidase-conjugated secondary antibodies.
To control for the specificity of the immunoreactive bands, the anti-
bodies were preadsorbed with the corresponding peptide or fusion
protein.

PDE assay. PDE activity was measured using 1 uM cAMP as a
substrate, according to the method of Thompson and Appleman
(1971). Samples were assayed in a total volume of 200 pl of reaction
mixture including 40 mM Tris-Cl, pH 8.0, 10 mm MgCl,, 1.25 mM
2-mercaptoethanol, 0.1 mg/ml BSA, and 1 uM [PH]cAMP (~0.1 uCi/
tube). In some experiments, 10 uM rolipram (final concentration) was
added to the reaction mixture. After incubation at 34° for 5—~15 min,
the reaction was terminated by the addition of an equal volume of 40
mM Tris-Cl, pH 7.5, containing 10 mm EDTA, followed by heat
denaturation for exactly 1 min at 100°. Fifty micrograms of Crotalus
atrox snake venom was added to each reaction tube, and the incu-
bation was continued at 34° for 20 min. The reaction products were
separated by anion-exchange chromatography on AG1-X8 resin, and
the amount of radiolabeled adenosine collected was quantified by
scintillation counting. Protein concentrations of the samples were
measured according to the method of Bradford (1976).

Ion exchange chromatography. The soluble fractions from
brain extract, Sertoli cells, or MA-10 cells were prepared as described
above and then applied to a high pressure liquid chromatography
DEAE ion exchange column. The column was preequilibrated with
200 mM Na-acetate, pH 6.5, buffer containing 50 mm NaF, 1 mm
EDTA, 0.2 mMm EGTA, 5 mM B-mercaptoethanol, 0.5 ug/ml leupeptin,
0.7 pg/ml pepstatin, and 2 mM phenylmethylsulfonyl fluoride. After
application of the sample and extensive washing with the starting
buffer, bound protein was eluted with a linear gradient (200—750 mm
acetate; running time, 30 min at 1 ml/min). Fractions of 1 ml were
collected. Fractions containing the highest activity were stored at
—20° after the addition of ethylene glycol to a final concentration of
33%.

Results

Characterization of the anti-cAMP-PDE polyclonal
and monoclonal antibodies. Polyclonal and monoclonal
antibodies against peptides and fusion proteins have been
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generated according to the strategies described. A summary
of the epitopes used to generate the different antibodies is
reported in Fig. 1.

To evaluate the properties and specificity of the antisera
and monoclonal antibodies, recombinant PDE4 proteins were
expressed in eukaryotic cells. Because no full-length PDE4C
cDNAs were available, the cross-reactivity of the antisera
against this PDE form could not be assessed; however, tran-
scripts corresponding to this form have been detected in the
rat kidney (Swinnen et al., 1989), rat meiotic germ cells
(Welch et al., 1992), and a rat thyroid cell line (FRTL-5) but
not in the rat brain (Bolger et al., 1994; Engels et al., 1995;
Iwahashi et al., 1996; Swinnen et al., 1989), Sertoli cells
(Swinnen et al., 1991), or MA-10 cells (Swinnen JV and Conti
M, unpublished observations). Therefore, interpretation of
the current data would not be affected by cross-reactivity
with PDE4C.

Transient transfection of these constructs produced a large
increase in the PDE activity present in the homogenate (Ta-
ble 1). The increase in activity was inhibited 95-98% by 10
puM rolipram (data not shown). This indicated that the recom-
binant PDE activity represented >90% of the PDE activity of
the unfractionated soluble extracts. For this reason, the re-
combinant PDE proteins were not purified further, and crude
soluble extracts were used directly for the immunoprecipita-
tion assay. A representative immunoprecipitation with the
K116 antiserum is reported in Fig. 2. The amount of PDE
activity recovered in the pellet of the immunoprecipitation
was proportional to the amount of antiserum used, and a
commensurate decrease was observed in activity recovered in
the supernatant of the immunoprecipitation. Furthermore,
the immunoprecipitation of the cAMP-PDE activity was
blocked by preadsorption of the antiserum to the appropriate
immunogen, and background PDE activity could be immuno-
precipitated when a preimmune serum (Fig. 2) or BSA (data
not shown) was used. The antibodies tested did not recognize
a recombinant or native CaM-PDE, a cGMP-stimulated PDE
from rat brain, or a ¢cGI-PDE partially purified from HL60
cells (data not shown). The ED;, value of an antibody mea-
sured with this immunoprecipitation was dependent on the
amount of Pansorbin used (data not shown) but independent
of the amount of PDE antigen added to the assay (data not
shown). All of the following experiments were performed
using similar concentrations of antigen and fixed concentra-
tions of Pansorbin. In several instances, it was noticed that
the activity recovered in the immunoprecipitated pellet ex-
ceeded that measured in the extract before precipitation.
Although activation of the cAMP-PDE on binding to the

TABLE 1
Expression of rat PDE2, rat PDE3, and rat PDE4 in MA-10 cells

MA-10 cells were transfected with 10—15 pg of plasmid according to the CaPO,
method. Mock-transfected cells received no plasmid. Experiments done using the
vector only gave results identical to those with mock transfection. Cells were har-
vested 24 hr after transfection, and PDE activity in the homogenate was measured.
Each value is the mean * standard error of at least three transfections performed on
different days.

Form transfected PDE activity

pmol/min/mg of protein

Mock-transfected cells 23.2+1.2
Rat PDE4A 529.01 + 249
Rat PDE4B 719.62 = 40

Rat PDE4D 1549.0 = 572
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Fig. 2. Immunoprecipitation of the recombinant rat PDE3 by the K116
antibody: specificity of the immunoprecipitation. Aliquots of MA-10 cells
expressing recombinant PDE4D3 were incubated with Pansorbin alone,
Pansorbin preadsorbed with increasing concentrations of the K116 anti-
body, increasing concentration of the K116 antibody preadsorbed to pep-
tide 2224 (5 pg/ml), or 1:10-1000 dilutions of preimmune serum. After
immunoadsorption, pellets and supernatant were separated according to
the procedure described in Experimental Procedures, and PDE activity
recovered was measured. Points, mean of three observations.

immunoglobulin cannot be excluded, it is possible that the
binding of the immunoglobulin to the PDE molecule causes a
stabilization of the PDE activity by rendering the PDE pro-
tein inaccessible to proteases or phosphatases.

Comparison of the efficiency of the five antibodies in im-
munoprecipitating the three recombinant proteins demon-
strates that these antibodies recognized the cAMP-PDEs to
different extents (Fig. 3). Antisera K111 and K116 raised
against peptide recognized all three recombinant proteins,
albeit with different avidity. On the other hand, antiserum
K118 preferentially immunoprecipitated the recombinant
PDE4B and could not immunoprecipitate significant activity
of PDE4A or PDE4D at a 1:10 dilution. The AC55 antiserum
generated against the PDE4A carboxyl-terminal sequence
preferentially immunoprecipitated PDE4A but not PDE4B or
PDEA4D. One of the several monoclonal antibodies generated,
M3S1, efficiently immunoprecipitated PDE4D but not
PDE4A or PDE4B (Fig. 3).

The cross-reactivity of the five antibodies with the PDE4
proteins was tested further by Western blot analysis with the
recombinant proteins (Fig. 4). Soluble extracts from MA-10
cells transfected with the three PDE4 ¢cDNAs were immuno-
precipitated with K116 antibody as described above (see Ex-
perimental Procedures). Comparable immunoprecipitated
activities were analyzed by Western blot analysis. The K116
and K111 antisera recognized all three recombinant proteins
(Fig. 4). K116 cross-reacted with the recombinant PDE4B
only when present in large amounts, and K111 reacted
weakly with the PDE4A protein. As expected from the im-
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Fig. 3. Comparison of the potency of the K111, K116, AC55, and K118
polyclonal and monoclonal M3S1 antibodies in immunoprecipitating dif-
ferent recombinant cAMP-PDEs. The recombinant rat PDE4A, PDE4B,
and PDE4D cAMP-PDEs were partially purified by DEAE-ion exchange
chromatography. Comparable amounts of recombinant PDE activity were
incubated in the absence or presence of increasing antibody concentra-
tion. Bound and free enzymes were separated and assayed as described in
Experimental Procedures. Data are expressed as a percentage of the
activity added in the immunoprecipitation assay.

¢ PDE4A

munoprecipitation data, M3S1 recognized PDE4D but not
PDE4A or PDE4B (Fig. 4). AC55 recognized PDE4A but not
PDE4B or PDE4C. Conversely, K118 recognized the recom-
binant PDE4B but not rat PDE4D or rat PDE4A. Under
these experimental conditions, only K111 recognized the
MA-10 cell endogenous protein of 108—110 kDa. On the basis
of these data, it was concluded that different antibodies had
different properties, with AC55, K118, and M3S1 being suf-
ficiently selective for PDE4A, PDE4B, and PDE4D, respec-
tively.

Because most of the epitopes recognized are present in the
carboxyl-terminal domain of the different PDEs, the antibod-
ies described cross-reacted equally well with the long PDE
variants (Conti et al., 1995b) derived from the three genes
(Fig. 5). Furthermore, no appreciable difference was observed
in the cross-reactivity with cAMP-PDEs from rat and human
species (data not shown).

Immunoprecipitation and characterization of the cAMP-
PDEs from brain soluble extracts

Crude soluble extracts were prepared from rat brain, and
the cAMP-PDE polypeptides were identified directly by im-
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munoprecipitation and Western blot analysis using the
above-described antibodies (Fig. 6A). In some instances, the
rat Sertoli cell extracts containing a 68-kDa PDE4D (Conti et
al., 1995a) were used as a control. Three immunoreactive
polypeptides of 110, 98, and 93 kDa were observed from the
immunoprecipitation and immunoblots of soluble rat brain
extracts using a K116-nonselective antibody (Fig. 6A). The
110-kDa polypeptide cross-reacted with the AC55 antibody,
whereas the 92-kDa polypeptide cross-reacted with the M3S1
antibody (Fig. 6A). The identity of the third band is less
certain even though in several experiments it cross-reacted
with the PDE4A-antibody. When the PDE4A-selective anti-
body was used for the Western blot, immunoreactivity of a
75-kDa polypeptide was observed in some but not all soluble
preparations of brain (Fig. 6A). Similarly, a 105-kDa immu-
noreactive peptide was observed with M3S1 monoclonal an-
tibody (Fig. 6A). An 83-92-kDa doublet could be immunopre-
cipitated from rat brain extracts with either K116 or K118
antibodies, but it cross-reacted only with K118 in the West-
ern blot analysis (Fig. 6A). Confirming our previous observa-
tion, a polypeptide of 67-68 kDa was detected from the
immunoprecipitation of the Sertoli cell extracts (data not
shown). No signal in this molecular weight range was ob-
served in the rat brain extracts (Fig. 6A) (Conti et al., 1995a).

Although immunoprecipitated by the nonselective PDE4
antibody (K116), the observed 83-92-kDa doublet cross-re-
acted in a Western blot analysis only with the PDE4B-selec-
tive antibody. Two additional experiments were performed
with proteins derived from the PDE4B gene to confirm the
identity of these polypeptides. The above-characterized anti-
bodies were used to determine whether the immunoreactive
doublet coeluted with the cAMP-PDE after high performance
liquid chromatography/DEAE ion exchange chromatography
(Fig. 6B). When the fractions of rolipram-sensitive PDE ac-
tivity were analyzed by Western blotting, the doublet of
83-92 kDa as well as a faint 64-kDa band was present with
the PDE4B-selective antibody, K118. The immunoreactivity
of the 64-kDa polypeptide could not be blocked by preadsorp-
tion of the antibody, suggesting it most likely is a nonspecific
band. When different fractions of the DEAE chromatography
were tested in a Western blot, it was found to be a good
correlation between the intensity of the immunoreactive
bands and PDE activity (data not shown).

Because several different polypeptides migrated in the 83—
92-kDa region of the gel with brain extract, we tested heart
extract to determine whether the identity of the PDE4B
polypeptide could be distinguished clearly in a tissue in
which other PDE4 proteins are expressed at low levels. Im-
munoblot analysis of heart soluble extracts with K118 dem-
onstrated the presence of only the 90-92-kDa polypeptide,
not the 83-kDa polypeptide. Although efficiently immunopre-
cipitated by K116, this polypeptide cross-reacted very weakly
with the K116 antibody in Western blot analysis (Fig. 6C).
More importantly, no additional polypeptides cross-reacted
with K116 in that region of the gel (Fig. 6C). Finally, the
polypeptides immunoprecipitated by the PDE4B-specific
K118 antibody did not cross-react with the PDE4D-specific
M3S1 antibody (data not shown). Thus, the 90-92-kDa
polypeptide is the product of the PDE4B gene and not the
result of cross-reactivity of the antibody with PDE4A and
PDE4D proteins.
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Fig. 5. Western blot analysis of the recombinant short and long forms
derived from the PDE4A, PDE4B, and PDE4D genes. Long and short
forms of PDE4A, PDE4B, and PDE4D were generated by expression in
MA-10 or insect cells. Approximately 5-10 ng of recombinant PDE pro-
tein was loaded onto each lane. The recombinant proteins were immuno-
detected by Western blot using the primary antibody (bottom). The mo-
lecular mass of the immunoreactive proteins was calculated by
comparing their mobility with the following protein standards: myosin
heavy chain (250 kDa), phosphorylase B (97.5 kDa), BSA (68 kDa), and
ovalbumin (45 kDa). Shown is an experiment representative of the five
performed.

Distribution of the cAMP-PDEs in the soluble and
particulate compartments

As mentioned above, two additional immunoreactive
polypeptides of 75 and 105 kDa were sometimes observed in
the brain soluble extracts with PDE4A- and PDE4D-selective
antibodies, respectively. A possible explanation for this vari-
ability is that the 75- and 105-kDa polypeptides are particu-
late proteins that are sometimes recovered in the soluble
extracts. It has been reported that a substantial amount of
cAMP-PDE activity is present in the particulate fraction of
the brain (Thompson and Appleman, 1971). This was con-
firmed by measuring the rolipram-sensitive PDE activity in
soluble and particulate fractions of cortex and cerebellum
homogenates (data not shown). To further test this hypoth-

Fig. 4. Western blot analysis of the
recombinant cAMP-PDEs expressed
in MA-10 cells using K111, K116,
K118, AC55, and monoclonal M3S1
antibodies. The ¢DNAs coding for
the short forms of PDE4A, PDE4D,
and PDE4B were subcloned into
pCMV5 vectors and transfected by
the CaPO, method into MA-10 cells.
Cytosol from mock-transfected cells
or cells transfected with rat
PDE4A1, PDE4D1/2, and PDE4B2
expression vectors was immunopre-
cipitated with antibody K116 (1:30
dilution) and separated by SDS-
PAGE. Replicate blots were incu-
bated with antibody K116, K111,
AC55, M3S1, and K118 at a dilution
of 1:100. The primary antibody was
visualized using peroxidase-linked
secondary antibodies, and enzyme
activity was visualized by chemilu-
minescence. Exposure time was ad-
justed to the intensity of the signal
and varied between 5 and 30 sec.

PDE4A
PDE4D
PDE4B
Mock

PDE4A
PDE4D
PDE4B

M3S1 K118

esis, the subcellular localization of the different PDE4 forms
was determined. The particulate fraction from cortex and
cerebellum were extracted sequentially according to the
method of Penman (He et al., 1990), and the fractions ob-
tained were analyzed by immunoprecipitation and immuno-
blot with the different available antibodies. These studies are
reported in Fig. 7. In confirmation of previous reports
(McPhee et al., 1995; Shakur et al., 1995), the PDE4A-selec-
tive antibody identified a 110-kDa polypeptide in the soluble
and particulate fractions of the cortex, and a 75-kDa polypep-
tide was detected almost exclusively in the particulate frac-
tion in both the cortex and cerebellum extracts. Two PDE4B
species of 90-92 and 83 kDa were present in the particulate
fraction, but in the cerebellum only the 90-92-kDa polypep-
tide could be identified. The 93-kDa polypeptide cross-react-
ing with the PDE4D antibody was recovered more in the
particulate than in the soluble fraction. More importantly,
the 105-kDa polypeptide cross-reacting with the PDE4D an-
tibody was recovered almost exclusively in the particulate
fraction of the homogenate of both the cortex and cerebellum
extracts (Fig. 7). That this polypeptide is a PDE4 was sup-
ported by the observation that this form is immunoprecipi-
tated with either nonselective or PDE4D-selective antibodies
and cross-reacted with the nonselective PDE4D (K116) anti-
body (data not shown). The recovery of the polypeptides in
the particulate fraction is not an artifact of the homogeniza-
tion because the cytosolic LDH enzyme was recovered pre-
dominantly in the soluble fraction (data not shown).

Discussion

The cloning of cDNAs for the cAMP-PDEs from a different
species has demonstrated that four genes, encoding closely
related proteins, are present in mammals (Conti et al.,
1995b). Despite many reports identifying different mRNAs
expressed in any given tissue (Bolger et al., 1994; Engels et
al., 1994, 1995; Iwahashi et al., 1996; Swinnen et al., 1989;
Torphy et al., 1992; Verghese et al., 1995), little information
is available on whether this multiplicity of genes is trans-
lated in the presence of multiple proteins with similar cata-
lytic properties. The data reported herein demonstrate the
presence of several PDE4 proteins of different molecular
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Fig. 6. Comparison of the cAMP-
PDEs expressed in the rat brain and
heart extracts. A, Soluble extracts
from freshly excised brain tissue were
immunoprecipitated with nonselec-
tive (K116) or PDE4B-selective
(K118) or PDE4A-selective (AC55)
antibodies. The antibody used for the
immunoprecipitation is reported (top
of each lane). To control for the spec-
ificity of the immunoprecipitation,
the primary antibody was substituted
with BSA or a preimmune serum
when available. The immunoprecipi-
tated proteins were separated on

SDS-PAGE. After transfer, immuno-

AC55 M3S1 blots were performed using the pri-

T mary antibody reported (bottom). B,

DEAE-peak Immunoprecipitation The ¢AMP-PDE activity present in

Heart Heart Brain

brain soluble extracts was purified
partially by ion exchange chromatog-
raphy. An aliquot of the fraction con-
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masses and distinct immunological properties expressed in
the rat brain. Furthermore, our data indicate the presence of
different variants derived from each gene.

Our immunoblotting studies have identified at least seven
different polypeptides of 67-110 kDa that are recognized
specifically by the different antibodies used. A summary of
the different forms identified is given in Table 2. The conclu-
sion that these polypeptides correspond to cAMP-PDEs is
supported by several findings. These polypeptides are recog-
nized specifically by two antibodies raised against different
epitopes in an immunoprecipitation assay and coelute with
the rolipram-sensitive cAMP-PDE activity on DEAE ion ex-
change chromatography. Most polypeptides also were recog-

[k116 Pre [K116Pre.| [K116 Pre.|

taining the highest rolipram-sensi-
tive activity was fractionated by SDS-
PAGE, followed by immunoblot with
the K118 antibody. As a control, com-
parable blots were used for immuno-
staining with K118 preadsorbed to a
GST-PDEA4B fusion protein (1 pg/ml).
C, Soluble extracts were prepared
from brain and heart tissue as de-
scribed in Experimental Procedures.
PDE activity was immunoprecipi-
tated with antibody K118 or K116 or
an identical concentration of preim-
mune serum and separated on SDS-
PAGE. Brain extract was used as a
control. Western blot analysis was
performed with antibody K118 or
K116.

Ki18 K116 K118

nized by two different antibodies in Western blot analysis,
confirming that two cAMP-PDE epitopes are present in these
proteins. In addition, in most instances, the migration of the
immunoreactive polypeptide on SDS-PAGE was identical to
the migration of a corresponding recombinant protein. Fi-
nally, several reports have shown that the PDE4A, PDE4B,
and PDE4D genes are expressed to different extents in dif-
ferent brain regions (Bolger et al., 1994; Engels et al., 1995;
Iwahashi et al., 1996). The expression of any given protein
form correlated well with the expression of the corresponding
mRNA species.

In agreement with previous observations (Cherry and
Davis, 1995; McPhee et al., 1995; Shakur et al., 1995), it was
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Fig. 7. Subcellular localization of cAMP-PDEs in the soluble and particulate fraction of cortex (left) and cerebellum (right). The soluble (S),
Triton-extracted (7', deoxycholate-extracted (mean * standard deviation), and RIPA-extracted (P) fractions were collected as described in Experi-
mental Procedures. The samples were immunoprecipitated either with a PDE4-, PDE4A-, or PDE4B-specific antibody and were subsequently blotted
with a PDE4D-, PDE4A-, or PDE4B-specific antibody, respectively. Immunoprecipitation with normal rabbit serum or BSA served as the control (con)
lanes.

TABLE 2
Summary of the properties of the recombinant and native cAMP-PDEs derived from rat brain and Sertoli cell
Brain Sertoli cell
PDE form Recombinant AB
mRNA Protein mRNA Protein
kDa

PDE4A1 75 + 75 + 0.8 K116/AC55 - -
PDE4A5 110 + 110 £ 1.1 K116/AC55 -
PDE4A? ? ? 99 + 2.3 K116/AC55 ? ?
PDE4B1 92 + 91 + 2.8 K116/K118 - -
PDE4B2 71 +/— ? K118 + ND
PDE4B? ? ? 83 +1.2 K118 ? ?
PDE4D1 73 - - K116/M3S1 + ?
PDE4D2 67 - - K116/M3S1 + 68 +0.5
PDE4D3 93 + 93 =15 K116/M3S1 - -
PDE4D4 105 N.D. 105 = 0.8 K116/M3S1 N.D. -

N.D., not determined.

found that two predominant PDE4A forms are expressed in  protein is recovered in both the soluble and particulate frac-
the rat brain. These correspond to the 75-kDa PDE4A1 and tion (McPhee et al., 1995). Several observations indicated
the 110-kDa PDE4A5 variants derived from the PDE4A that the unique amino terminus of PDE4A1 might contain a
gene. It was also confirmed that the 75-kDa PDE4A1 protein signal for membrane compartmentalization (Houslay, 1996;
is recovered mostly in the particulate fraction of brain ex- Shakur et al., 1993).

tracts (Shakur et al., 1995), whereas the 110-kDa PDE4A5 Our data show that proteins of 93 and 105 kDa from brain



extracts are recognized by the nonselective and the PDE4D-
selective antibodies, whereas the polypeptide with similar
immunological properties derived from the Sertoli cell has a
molecular mass of 67-68 kDa (Conti et al., 1995a). This
finding confirms that at least three proteins of different sizes
are derived from the PDE4D gene. The conclusion is sup-
ported by the finding that the 5’ end of the Sertoli cell and
brain PDE4D mRNAs are different (Monaco et al., 1994). The
5’ end of the PDE4D3 RNA expressed in rat brain has been
isolated and sequenced, confirming our hypothesis (Bolger et
al., 1994; Sette et al., 1994). Transfection of a PDE4D3 ¢cDNA
produces the appearance of a band of 93 kDa that migrates in
a manner identical to that of the brain cAMP-PDE (Sette et
al., 1994). Several cDNAs with distinct 5’ sequences have
been isolated from human brain (Bolger et al., 1993) and rat
and mouse libraries (Jin SLC and Conti M, manuscript in
preparation); this PDE4D4 mRNA variant likely encodes the
105-kDa polypeptide identified in the particulate fraction of
cortex and cerebellum extracts. Therefore, we can conclude
that at least three cAMP-PDE proteins are derived from the
rat PDE4D gene: one protein is expressed in the Sertoli cell
with a molecular mass of 67-68 kDa (PDE4D2), and two
proteins of 93 kDa (PDE4D3) and 105 kDa (PDE4D4) are
expressed in the brain. The production of proteins of different
sizes is due to the presence of different promoters: one active
in the Sertoli cell and the others active in the brain (Conti et
al., 1995b). Interestingly, both the 93- and 105-kDa proteins
were recovered mostly or exclusively in the particulate frac-
tion of the cortex and cerebellum homogenates, suggesting
that these forms may be targeted to insoluble subcellular
structures. Because substantial amounts of PDE4D3, but
only traces of PDE4D4, were recovered in the soluble frac-
tion, it is possible that the two proteins are present in two
distinct compartments or the physical interaction with these
structures is different. Regardless of the exact location and
mechanism of the targeting of PDED3 and PDE4D4, our
finding is at odds with a recent report (McPhee et al., 1995)
indicating that PDE4D products are exclusively soluble pro-
teins. At present, the reason for these different conclusions is
unknown.

Puzzling findings were obtained with the rat PDE4B-se-
lective antibodies. These antibodies recognize recombinant
PDE4B of 72 and 90-92 kDa and efficiently immunoprecipi-
tate them. We documented the presence of two immunoreac-
tive species of 90-92 and 83 kDa in the soluble and particu-
late fractions of cortex and cerebellum. These species can be
immunoprecipitated from crude extracts with two antibodies
against two different epitopes of the PDE4 molecule. Because
they share two epitopes with the PDE4, it is highly unlikely
that these polypeptides are proteins other than cAMP-PDE.
Although the PDE4B-selective antibody recognized both
polypeptides with high affinity, only the polypeptide of 90-92
kDa was weakly recognized by the K116 antibody in Western
blot analysis. The 90—-92-kDa species was the only polypep-
tide recognized by the two antibodies in rat heart extracts.
Furthermore, the 90-92-kDa polypeptide had the same mo-
bility of the recombinant PDE4B1 protein and coeluted with
the rolipram-sensitive PDE activity. On the basis of these
findings, we hypothesize that the 90-92-kDa polypeptide
corresponds to the PDE4B1 variant. Although further exper-
iments are necessary to exclude the possibility that the 83-
kDa polypeptide is a product of degradation of the 90-92-kDa

Cyclic AMP-Specific Phosphodiesterases in Rat Brain 31

polypeptides, our findings suggest that this protein is a novel
splicing variant derived from the PDE4B gene. Under our
experimental conditions, only trace amounts of the 71-kDa
PDE4B2 were observed in the brain suggesting that this
“short” variant is not expressed widely in neuronal cells. This
would be consistent with our reverse transcription-polymer-
ase chain reaction data indicating that no PDE4B2 mRNA
can be detected in rat brain (Monaco et al., 1994). However,
RNase protection analysis with a PDE4B2-specific probe de-
tected expression of this form in several brain regions (Bolger
et al., 1994). The reason for these conflicting results is un-
clear. Our antibodies did not detect the PDE4B 64-kDa spe-
cies described by Lobban et al. (1994), which according to the
authors corresponds to the DPD form (Colicelli et al., 1989).
It should be pointed out that DPD is a truncated cDNA,
encoding only a portion of PDE4B1 open reading frame.

In conclusion, the immunological data reported demon-
strate that different cAMP-PDE proteins are expressed in
different cells or tissues (as summarized in Table 2). Further-
more, a cAMP-PDE gene can produce at least two isoforms
with distinct immunological and physicochemical properties,
as demonstrated for the PDE4A, PDE4B, and PDE4D genes.
Because heterogeneity of the 5’ end of the corresponding
mRNA has been demonstrated for the four cAMP-PDEs, we
must conclude that these mRNA are translated in distinct
cAMP-PDEs. This conclusion is also supported by the com-
parison of the molecular masses of recombinant and native
cAMP-PDEs (Table 2). The antibodies that we generated can
be used to determine the repertoire of cAMP-PDEs expressed
in each individual cell. These tools will be useful to design
pharmacological approaches to manipulate cAMP levels
through the inhibition of a specific cAMP-PDE. They also will
be useful in determining the physiological significance of the
large number of cAMP-PDE forms expressed in mammals.
Together with the multiplicity of regulation (Conti et al.,
1995b), the distinct subcellular localization of different PDE4
forms may explain the existence of different variants.

Acknowledgments

We are grateful to Caren Spencer for editorial assistance in prep-
aration of the manuscript.

References

Ascoli M (1981) Clonal cell lines responding to hCG. Endocrinology 108:88—-95.

Beavo JA, Conti M, and Heaslip RJ (1994) Multiple cyclic nucleotide phosphodies-
terases. Mol Pharmacol 46:399—405.

Bolger G, Michaeli T, Martins T, St. John T, Steiner B, Rodgers L, Riggs M, Wigler
M, and 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.

Bolger GB, Rodgers L, and Riggs M (1994) Differential CNS expression of alternative
mRNA isoforms of the mammalian genes encoding cAMP-specific phosphodiester-
ases. Gene 149:237-244.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248-254.

Cherry JA and Davis RL (1995) A mouse homolog of dunce, a gene important for
learning and memory in Drosophila, is preferentially expressed in olfactory recep-
tor neurons. J Neurobiol 28:102-113.

Colicelli J, Birchmeier C, Michaeli T, O'Neill K, Riggs M, and Wigler M (1989)
Isolation and characterization of a mammalian gene encoding a high-affinity
cAMP phosphodiesterase. Proc Natl Acad Sci USA 86:3599-3603.

Conti M, Iona S, Cuomo M, Swinnen JV, Odeh J, and Svoboda ME (1995a) Charac-
terization of a hormone-inducible, high-affinity adenosine 3’,5'-cyclic monophos-
phate phosphodiesterase from the rat Sertoli cell. Biochemistry 34:7979-7987.

Conti M, Jin SLC, Monaco L, Repaske DR, and Swinnen JV (1991) Hormonal
regulation of cyclic nucleotide phosphodiesterases. Endocr Rev 12:218-234.

Conti M, Nemoz G, Sette C, and Vicini E (1995b) Recent progress in understanding
the hormonal regulation of phosphodiesterases. Endocr Rev 16:370—389.

Conti M and Swinnen JV (1990) Structure and function of the rolipram-sensitive, low
K., cyclic AMP phosphodiesterases: a family of highly related enzymes, in Cyclic



32 lonaetal.

Nucleotide Phosphodiesterases: Structure, Regulation and Drug Action (Beavo J
and Houslay MD, eds) pp 243-266, Wiley, New York.

Conti M, Toscano MV, Petrelli L, Geremia R, and Stefanini M (1982) Regulation by
follicle-stimulating hormone and dibutyryl cAMP of a phosphodiesterase isoen-
zyme of the Sertoli cell. Endocrinology 110:1189-1196.

Crowl R, Seamans C, Lomedico P, and McAndrew S (1985) Versatile expression
vectors for high-level synthesis of cloned gene products in Escherichia coli. Gene
38:31-38.

Davis RL, Takayasu H, Eberwine M, and Myres J (1989) Cloning and characteriza-
tion of mammalian homologs of the Drosophila dunce+ gene. Proc Natl Acad Sci
USA 86:3604-3608.

Engels P, Abdel’Al S, Hulley P, and Lubbert H (1995) Brain distribution of four rat
homologues of the Drosophila dunce cAMP phosphodiesterase. J Neurosci Res
41:169-178.

Engels P, Fichtel K, and Lubbert H (1994) Expression and regulation of human and
rat phosphodiesterase type IV isogenes. FEBS Lett 350:291-295.

Graham FL and van der Eb AJ (1973) Transformation of rat cells by DNA of human
adenovirus 5. Virology 54:536-539.

He DC, Nickerson JA, and Penman S (1990) Core filaments of the nuclear matrix.
J Cell Biol 110:569-580.

Houslay MD (1996) The N-terminal alternately spliced regions of PDE4A cAMP-
specific phosphodiesterases determine intracellular targeting and regulation of
catalytic activity. Biochem Soc Trans 24:980-986.

Iwahashi Y, Furuyama T, Tano Y, Ishimoto I, Shimomura Y, and Inagaki S (1996)
Differential distribution of mRNA encoding cAMP-specific phosphodiesterase iso-
forms in the rat brain. Mol Brain Res 38:14-24.

Livi GP, Kmetz P, McHale MM, Cieslinski LB, Sathe GM, Taylor DP, Davis RL,
Torphy TJ, and Balcarek JM (1990) Cloning and expression of cDNA for a human
low-K,,, rolipram-sensitive cyclic AMP phosphodiesterase. Mol Cell Biol 10:2678—
2686.

Lobban M, Shakur Y, Beattie J, and Houslay MD (1994) Identification of two splice
variant forms of type-IVB cyclic AMP phosphodiesterase, DPD (rPDE-IVB1) and
PDE-4 (rPDE-IVB2) in brain: selective localization in membrane and cytosolic
compartments and differential expression in various brain regions. Biochem J
304:399-406.

MacPhee CH, Reifsnyder DH, Moore TA, Lerea KM, and Beavo JA (1988) Phosphor-
ylation results in activation of a cAMP phosphodiesterase in human platelets.
JJ Biol Chem 263:10353-10358.

McPhee I, Pooley L, Lobban M, Bolger G, and Houslay MD Sr. (1995) Identification,
characterization and regional distribution in brain of RPDE-6 (RNPDE4A5), a
novel splice variant of the PDE4A cyclic AMP phosphodiesterase family. Biochem
J 310:965-974.

Monaco L, Vicini E, and Conti M (1994) Structure of two rat genes coding for closely
related rolipram-sensitive cAMP-phosphodiesterases. J Biol Chem 269:347-357.

Ndubuka C, Li Y, and Rubin CS (1993) Expression of a kinase anchor protein 75

depletes type II cAMP-dependent protein kinases from the cytoplasm and seques-
ters the kinases in a particulate pool. J Biol Chem 268:7621-7624.

Obernolte R, Bhakta S, Alvarez R, Bach C, Zuppan P, Mulkins M, Jarnagin K, and
Shelton ER (1993) The ¢cDNA of a human lymphocyte cyclic-:AMP phosphodiester-
ase (PDE IV) reveals a multigene family. Gene 129:239-247.

Sette C and Conti M (1996) Phosphorylation and activation of a cAMP-specific
phosphodiesterase by the cAMP-dependent protein kinase; involvement of serine
54 in the enzyme activation. J Biol Chem 271:16526-16534.

Sette C, Vicini E, and Conti M (1994) The rat PDE3/IVd phosphodiesterase gene
codes for multiple proteins differentially activated by cAMP-dependent protein
kinase. J Biol Chem 269:18271-18274.

Shakur Y, Pryde JG, and Houslay MD (1993) Engineered deletion of the unique
N-terminal domain of the cyclic AMP-specific phosphodiesterase RD1 prevents
plasma membrane association and the attainment of enhanced thermostability
without altering its sensitivity to inhibition by rolipram. Biochem J 292:677—686.

Shakur Y, Wilson M, Pooley L, Lobban M, Griffiths SL, Campbell AM, Beattie J,
Daly C, and Houslay MD (1995) Identification and characterization of the type-
IVA cyclic AMP-specific phosphodiesterase RD1 as a membrane-bound protein
expressed in cerebellum. Biochem J 306:801-809.

Strada SdJ, Kithas PA, Whalin ME, and Thompson WJ (1989) Molecular properties of
cyclic nucleotide phosphodiesterase isozymes. Adv Exp Med Biol 255:409—423.
Swinnen JV, Joseph DR, and Conti M (1989) Molecular cloning of rat homologues of
the Drosophila melanogaster dunce cAMP phosphodiesterase: evidence for a fam-

ily of genes. Proc Natl Acad Sci USA 86:5325-5329.

Swinnen JV, Tsikalas KE, and Conti M (1991) Properties and hormonal regulation
of two structurally related cAMP phosphodiesterases from the rat Sertoli cell.
o/ Biol Chem 266:18370-183717.

Thompson WJ and Appleman MM (1971) Multiple cyclic nucleotide phosphodiester-
ase activities in rat brain. Biochemistry 10:311-316.

Torphy TdJ, Zhou HL, and Cieslinski LB (1992) Stimulation of beta adrenoceptors in
a human monocyte cell line (U937) up-regulates cyclic AMP-specific phosphodies-
terase activity. J Pharmacol Exp Ther 263:1195-1205.

Verghese MW, McConnell RT, Lenhard JM, Hamacher L, and Jin SLC (1995)
Regulation of distinct cyclic AMP-specific phosphodiesterase (phosphodiesterase
type 4) isozymes in human monocytic cells. Mol Pharmacol 47:1164-1171.

Welch JE, Swinnen JV, O’Brien DA, Eddy EM, and Conti M (1992) Unique adenosine
3',5" cyclic monophosphate phosphodiesterase messenger ribonucleic acids in rat
spermatogenic cells: evidence for differential gene expression during spermatogen-
esis. Biol Reprod 46:1027-1033.

Send reprint requests to: Marco Conti, M.D., Stanford University Medical
Center, 300 Pasteur Drive, Room A344, Stanford, CA 94305-5317. E-mail:
marco.conti@forsythe.stanford.edu




