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One of the defining properties of �2-adrenergic receptor
(�2AR) signaling is the transient and rapidly reversed accumu-
lation of cAMP. Here we have investigated the contribution of
different PDE4 proteins to the generation of this transient
response. To this aim, mouse embryonic fibroblasts deficient in
PDE4A, PDE4B, or PDE4D were generated, and the regulation
of PDEactivity, the accumulation of cAMP, andCREBphospho-
rylation in response to isoproterenol were monitored. Ablation
of PDE4D, but not PDE4A or PDE4B, had a major effect on the
�-agonist-inducedPDEactivation,with only aminimal increase
in PDE activity being retained in PDE4D knock-out (KO) cells.
Accumulation of cAMP was markedly enhanced, and the kinet-
ics of cAMP accumulation were altered in their properties in
PDE4DKO but not PDE4BKO cells. Modest effects were
observed in PDE4AKO mouse embryonic fibroblasts. The
return to basal levels of both cAMP accumulation and CREB
phosphorylation was greatly delayed in the PDE4DKO cells,
suggesting that PDE4D is critical for dissipation of the �2AR
stimulus. This effect of PDE4D ablation was in large part due to
inactivation of a negative feedbackmechanism consisting of the
PKA-mediated activation of PDE4D in response to elevated
cAMP levels, as indicated by experiments using the cAMP-de-
pendent protein kinase inhibitors H89 and PKI. Finally, PDE4D
ablation affected the kinetics of �2AR desensitization as well as
the interaction of the receptor with G�i. These findings demon-
strate that PDE4Dplays amajor role in shaping the�2AR signal.

By transducing the action of catecholamines into changes in
intracellular cAMP levels, �-adrenergic receptors (�ARs)2 play
a critical role in cellular homeostasis (1, 2). Occupancy of the

�2-adrenergic receptor (�2AR), the prototype G protein-cou-
pled receptor, promotes GDP/GTP exchange in G�s trans-
ducer proteins, which then activate adenylyl cyclases to synthe-
size cAMP. Although the interaction with G�s is the primary
outcome of receptor occupancy, �2AR also stimulates several
other signaling cascades through interaction with G�i and
other effectors (3).
Stimulation of cAMP accumulation by �2AR is usually tran-

sient because numerous feedback regulations are activated to
finely tune the cAMP signal in intensity, time, and its propaga-
tion through the intracellular space. Occupancy of the �2AR
causes rapid phosphorylation of the receptor by different
kinases, with PKA- andGRK-mediated phosphorylation having
been the most widely studied in terms of their effects. These
phosphorylations directly modulate receptor coupling to G
proteins but also constitute a signal for the recruitment of addi-
tional proteins involved in receptor signaling and trafficking of
the receptor in and out of the plasma membrane (3). At low
concentrations of agonist, PKA phosphorylation of the unoc-
cupied or occupied �2AR causes uncoupling fromG�s and het-
erologous desensitization, as documented by the reduced abil-
ity of the phosphorylated receptor to stimulate GDP/GTP
exchange inG�s (4). In addition, it has been reported that�2AR
phosphorylation at the PKA site promotes coupling to the
inhibitory G�i protein through several direct and indirect
mechanisms (3). Indeed, regions of the third intracellular loop
of �2AR have some affinity for G�i, and the phosphorylated
receptor shows increased affinity for G�i in reconstitution sys-
tems (3, 4). At higher concentrations of ligand, GRK-mediated
phosphorylation of the occupied receptor increases the affinity
of the receptor for the scaffold protein �-arrestin, which pre-
cludes the interaction with G proteins and promotes receptor
internalization via binding to ADP-ribosylation factors (ARFs),
dynamin, and clathrin-coated pits (5). The sequestration and
trafficking of the receptor through these endocytic vesicles has
several functions including resensitization of the receptor.
These mechanisms are essential for cell signaling and homeo-
stasis as documented by the phenotypes of �-arrestin null mice
(3, 6, 7).
In addition to the modulation of receptor-G protein interac-

tions and receptor internalization, other mechanisms are likely
to be involved in defining the�2AR signal in a cell. An emerging
concept is that the properties of �-adrenergic signals are
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shaped by the presence of a large array of cyclic nucleotide
phosphodiesterases (PDEs) (8–10). These enzymes compose a
superfamily of proteins thatmediate cyclic nucleotide degrada-
tion.More than 20 genes are present in themammalian genome
and are subdivided into 11 PDE families on the basis of
sequence homology, substrate specificity, and inhibitor sensi-
tivity (10). In addition, most PDE genes are expressed as multi-
ple variants through the use of different promoters or alterna-
tive splicing, generating up to 100 individual PDE proteins,
which implies a complex array of functions for these enzymes.
PDE4s were initially identified pharmacologically by their

sensitivity to the inhibitor rolipram. The four genes composing
this family, PDE4A, PDE4B, PDE4C, and PDE4D, are widely
expressed and are amajor component of the cAMPdegradation
machinery inmost cells (11). Ablation of three of the four PDE4
genes (PDE4A, PDE4B, and PDE4D) results in numerous phe-
notypes, underscoring the importance of these enzymes in cell
homeostasis (12). PDE4s share the property of being rapidly
phosphorylated and activated by PKA as part of a negative feed-
back loop regulating cAMP levels during hormone action (11).
The function of this regulation has been addressed indirectly by
pharmacological manipulation (13), but no information is
available onhowa cell responds to�2ARagonists in the absence
of this feedback loop. The impact of this regulation has been
explored in the present study using a genetic approach.
In line with the idea that PDEs contribute to the compart-

mentalization of signaling,many PDEs showunique subcellular
distributions due to the formation of protein-protein or pro-
tein-lipid interactions (11, 14). Most of the PDEs form com-
plexes with components of cAMP signaling distal to the recep-
tor, such as the formation of complexes with PKA through
binding to A-kinase-anchoring proteins (AKAPs) (15, 16).
However, others become associated with the G protein-cou-
pled receptors themselves (17–19). PDE4s have been shown to
regulate several aspects of �2AR and cAMP signaling by being
recruited to the receptor in association with �-arrestin. PDE4
recruitment has important effects on the properties of the sig-
nal emanating from the receptor as indicated by its effects on
PKA activity (18). More recently, it has been proposed that
PDE4D recruitment to the receptor in complex with �-arrestin
serves to negatively modulate the �2AR “switch” from G�s sig-
naling to G�i-mediated responses (17). According to this view,
�2AR occupancy causes local activation of PKA, which in turn
phosphorylates the receptor. This phosphorylation promotes
the switch in �2AR coupling from G�s to G�i and then activa-
tion of other kinases, such as the tyrosine kinase Src, as well as
other pathways such as Raf/Erk. It has been reported that
PDE4D down-regulation with small interfering RNAs or over-
expression of an inactive PDE4D functioning as a dominant
negative causes enhanced phosphorylation of the �2AR as well
as increased activation of Erk; both events are consistent with
an increased switching from G�s to G�i. However, the regula-
tions occurring after receptor occupancy may be even more
complex, because it has recently been proposed that some of
the events linking Erk and �2AR are independent of PKA acti-
vation but dependent on �-arrestin recruitment (20).
Here we have investigated the role of different PDE4 sub-

types in �2AR signaling using mouse embryonic fibroblasts

(MEFs) deficient in single PDE4 genes. This approach allows us
to monitor the effects of PDE4 ablation on the endogenous
�2AR without overexpression of receptors or PDEs. Our data
demonstrate that PKA-mediated phosphorylation and activa-
tion of PDE4D is a major determinant in the control of cAMP
accumulation after �2AR stimulation. PDE4D, but not PDE4A
or PDE4B, is also involved in defining the time course of �2AR
uncoupling and desensitization. Surprisingly, we found that
PDE4D ablation disrupts desensitization and �2AR coupling to
G�i rather than enhancing it.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (catalog
No. 11965), fetal bovine serum, penicillin/streptomycin
stock solution, 0.25% trypsin-EDTA solution, and L-gluta-
mine were obtained from Invitrogen. (�)-isoproterenol (1-
(3�,4�-dihydroxyphenyl)-2-isopropylaminoethanol hemisul-
fate salt), ICI118551 ((�)-1-[2,3-(dihydro-7-methyl-1H-
inden-4-yl)oxy]-3-[(1-methylethyl)amino]-2-butanol hydro-
chloride), CGP20712A ((�)-2-hydroxy-5-[2-[[2-hydroxy-3-[4-[1-
methyl-4-(trifluoromethyl)-1H-imidazol-2-yl]phenoxy]propyl]
amino]ethoxy]-benzamide methanesulfonate salt), cilostamide
(N-cyclohexyl-N-methyl-4-(1,2-dihydro-2-oxo-6-quinolyloxy)-
butyramide), rolipram (4-[3-(cyclopentyloxy)-4-methoxyphenyl]-
2-pyrrolidinone), IBMX (3-isobutyl-1-methylxanthine), milri-
none (1,6-dihydro-2-methyl-6-oxo-(3,4�-bipyridine)-5-carboni-
trile), and Crotalus atrox snake venom were purchased from
Sigma. The PKA inhibitor H89 (N-[2-(p-bromocinnamylamino)-
ethyl]-5-isoquinolinesulfonamide dihydrochloride) was from
Calbiochem.
Generation of MEF Cell Lines—The generation of mice defi-

cient in PDE4A, PDE4B, and PDE4D has been described previ-
ously (21–23). For the present study, the PDE4 null alleles were
transferred to a pure C57Bl/6 background by backcrossing het-
erozygousmice ofmixed C57Bl/6-129/Ola background over 13
generations. To deriveMEF cells, embryos were retrieved from
pregnant females 13.5 days post-coitum. The brain and internal
organs of the embryos were removed, and the remaining car-
casses were minced and incubated with 0.25% trypsin-EDTA
for 10 min at 37 °C. Complete medium (consisting of Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 5 mM L-glutamine, 30 �g/ml penicillin, and 100
�g/ml streptomycin) was added to the cell suspensions, and
cells were disaggregated by up-and-down pipetting. Large tis-
sue clumps, which settled to the bottom of the tube during a
1-min incubation at room temperature, were removed. The
remaining cell suspensions were then transferred onto cell cul-
ture dishes. Fibroblasts were grown at 37 °C under a 5% CO2
atmosphere to confluence. Cells were replated, grown to
80–90% confluence, and then harvested and frozen in liquid
nitrogen at 4� 106 cells/ml in completemedium supplemented
with 10% DMSO and 15% fetal bovine serum.
Cell Culture and Harvest—For experiments, 1-ml aliquots of

MEFs were thawed, and cells were grown on 10-cm cell culture
plates to 80–90% confluence. The cells were then replated into
6-well culture dishes at a density of 2 � 10 5 cells/well. After
overnight culture, cells were serum-starved inDulbecco’smod-
ified Eagle’s medium supplemented with 5 mM L-glutamine, 30
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�g/ml penicillin, 100 �g/ml streptomycin, and 25 mM HEPES
for 16 h before cell treatment and harvest. Cells were pretreated
for 5 min with rolipram (10 �M), IBMX (1 mM) or H89 (10 �M)
as indicated and were then stimulated with isoproterenol (ISO,
10 �M) for different times while cell culture plates were resting
in a 37 °C water bath. For restimulation experiments (Fig. 11)
cells were washed four times with prewarmed phosphate-buff-
ered saline (PBS) between treatments. For measurement of
PDE activity, MEFs were lysed in 50 mM Tris/HCl (pH 7.4)
containing 150 mM NaCl, 5% glycerol, 1 mM EDTA, 0.2 mM

EGTA, 10 mM NaF, 100 mM Na4P2O7, 1 mM Na3VO4, 1.4 mM

�-mercaptoethanol, 0.5% Triton X-100, 100 nM okadaic acid,
and complete protease inhibitor tablets (Roche Diagnostics).
Cell lysates were centrifuged at 14,000 � g, and supernatants
were either used directly for PDE assay or first subjected to
immunoprecipitation (IP) as described below.
Measurement of cAMP Accumulation—After the appropri-

ate treatment, the cell culture medium was aspirated and the
reactions terminated by addition of 0.8 ml of 95% ice-cold eth-
anol containing 0.1% trichloroacetic acid to each well. After a
30-min incubation of the plates on ice, the trichloroacetic acid
solution containing cAMP was collected. The cell protein that
remained on the cell culture plates was dissolved in 300 �l of 1
N NaOH/well, and this solution was used for determination of
protein content as described below. The cAMP-containing tri-
chloroacetic acid solutions were dried in a spin vacuum and
reconstituted in 500 �l of PBS, and cAMP concentrations were
determined using a radioimmunoassay (RIA) as described pre-
viously (24).
PDE Assay—PDE activity was measured according to the

method of Thompson and Appleman (25) and as described in
detail previously (26). In brief, samples were assayed in a reac-
tion mixture of 200 �l (containing 40 mM Tris-HCl (pH 8.0), 1
mM MgCl2, 1.4 mM �-mercaptoethanol, 1 �M cAMP, 0.75
mg/ml bovine serum albumin, and 0.1�Ci of [3H]cAMP) for 30
min at 33 °C. The reaction was terminated by heat inactivation
in a boiling water bath for 1 min. The PDE reaction product
5�-AMP was then hydrolyzed by incubating the assay mixture
with 50 �g ofC. atrox snake venom for 20min at 33 °C, and the
resulting adenosine was separated by anion exchange chroma-
tography using 1ml of AG1-X8 resin (Bio-Rad) and quantitated
by scintillation counting.
Antibodies and IP—Rabbit anti-PDE4D3, anti-PDE4D5, anti-

PDE4D9, PAN-PDE4A (AC55), and PAN-PDE4B (K118)
antibodies, as well as the mouse PAN-PDE4D (M3S1) anti-
body, have been described previously (27). For immunopre-
cipitations, these antibodies were coupled to 25 �l of protein
G-Sepharose and incubated with the respective cell extracts
for 2 h at 4 °C, after which pellets were washed three times
with cell lysis buffer and the resulting IP pellets subjected to
SDS-PAGE and Western blotting or used for measurement
of PDE activity as described above.
Design of a PDE4D Adenoviral Vector—Cloning of the open

reading frame of the rat PDE4D variants PDE4D2, PDE4D5,
andPDE4D9has beendescribed previously (19, 27). In the pres-
ent study, these constructs were subcloned into the pAd/CMV/
V5-DEST vector to generate an adenovirus encoding a C-ter-

minally Myc-tagged PDE4D5 using the ViraPower adenoviral
expression system (Invitrogen).
Protein Assay—Protein concentrations were measured by

the method of Lowry et al. (28) using bovine serum albumin as
the standard.
Data Analysis—Experimental data of cAMP accumulation

were fitted using single or double exponential decay equations
using theGraphPad Prism program (GraphPad Inc., SanDiego,
CA). Statistical significance was determined with Student’s t
test or ANOVA, as indicated, using the Prism software.

RESULTS

Generation of MEFs Deficient in Different PDE4 Subtypes—
MEFs deficient in the PDE4 subtypes, PDE4A, PDE4B, and
PDE4D, were generated bymating heterozygous PDE4mice on
a pure C57Bl/6 background. Wild type and homozygous
PDE4KO cells were derived from embryos of the same preg-
nancy; thus, PDE4KO and wild type MEFs are considered con-
genic except for the targeted locus. Indeed, cells of the same
genotype prepared from different embryos produced compara-
ble results. In the same vein, wild type cells from the different
PDE4 knock-out lines behaved in a similar fashion. Thus, data
from different wild type lines were pooled. In all experiments
performed, cells were used within four passages. At these early
passages, these MEFs express �-adrenergic receptors at levels
sufficient to produce a 20-fold increase in cAMP concentration
after a 2-min exposure to 10 �M ISO (see for instance supple-
mental Fig. 1). The �2AR is the predominant �-adrenergic
receptor subtype expressed in MEFs, as cAMP elevation in
response to ISO is blocked by a �2AR antagonist (ICI118551) but
not by a �1AR antagonist (CGP20712A) (supplemental Fig. 1).
PDEExpression Pattern inMEFs—Todefine the repertoire of

PDEs present in MEFs, PDE activity assays were performed on
cell extracts in the presence of specific PDE inhibitors or after
IP with PDE4 subtype-selective antibodies. PDE4 and PDE3 are
the major PDE families expressed in these cells, contributing
�60 and 30% of the total PDE activity, respectively (Fig. 1A). Of
the four PDE4 genes present in the mouse genome, PDE4D is
the major form expressed in these MEFs, accounting for about
25% of the overall PDE activity, whereas PDE4A and PDE4B
each account for �10–15% of the activity (Fig. 1B). To date, at
least nine different PDE4D variants (PDE4D1–PDE4D9) have
been described. The PDE activity immunoprecipitated with
PDE4D5 and PDE4D9 antibodies (Fig. 1C) accounted for the
PDE4D activity expressed in these MEFs (Fig. 1B), indicating
that PDE4D5 and -9 are the major, if not the only, PDE4D
variants expressed. PDE4D3 and PDE4D8 are expressed at low
levels (Fig. 1C). Western blot analysis of MEF extracts using a
PAN-PDE4D antibody (Fig. 1C) revealed a predominant band
migrating at �90 kDa, corresponding to variants PDE4D3, -8,
and -9, and a weaker band at �100 kDa, corresponding to the
migration of PDE4D5 and -7 (27). Thus, this PDE4D immuno-
reactive pattern is consistent with the predominant expression
of PDE4D9 and lower expression level of PDE4D5 as deter-
mined by IP in Fig. 1C.
To confirm the identity of the PDEs expressed in MEFs and

to determine whether compensation occurs after individual
PDE4 gene ablation, the activity of PDE4 subtypes was meas-
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ured in PDE4KO and matching wild type MEFs. The activity
corresponding to the disrupted gene in each of the PDE4KO
cell lines could not be detected. Other than the loss of the activ-
ity corresponding to the ablated gene, the knock-outMEFs dis-
played a similar PDE4 activity pattern compared with that of
theirmatchedwild type cells, indicating that compensatory up-
regulation of the remaining PDE4 genes does not occur (Fig. 2).

�2AR-dependent Activation of PDE4 in MEFs—Elevated
cAMP levels resulting from �2AR stimulation promote the
PKA-mediated phosphorylation and activation of PDE4, a
ubiquitous negative feedback loop involved in cAMP homeo-
stasis (11, 14, 29). To define which PDE4 subtypes are activated
upon �-adrenergic signaling in MEFs, PDE activity was moni-
tored at different times after treatment with ISO (Fig. 3A).Wild
type MEFs displayed a rapid, ISO-dependent PDE4 activation,
with an approximate 2-fold increase over basal activity within
the first 30 s of stimulation, a time course overlapping that
reported for�2AR phosphorylation (30, 31). PDE4 activity con-
tinued to increase up until 5min, reaching a plateau at about 2.5
times the basal activity. In contrast, in MEFs deficient in
PDE4D only a small response to ISO stimulation could be
detected (Fig. 3A). Consistent with this finding, immunopre-
cipitated PDE4Dactivity increased significantly in response to a
5-min ISO treatment (Fig. 3B). PDE4A activity was also ele-
vated, whereas PDE4B activity did not change in response to
ISO. Both the PDE4D variants PDE4D5 and -9 contributed to
the ISO-dependent increase in PDE4D activity in wild type
MEFs (Fig. 3B). The activity of PDEs other than PDE4 was not
affected by ISO treatment (data not shown). Thus, together
with a moderate overall decrease in basal PDE activity,
PDE4DKO cells display minimal PDE activation upon ISO
treatment.
Global cAMPAccumulation in Cells Deficient in theDifferent

PDE4 Subtypes—To determine the effects of PDE4 subtype
ablation on cAMP signaling, cAMP accumulation in response
to ISO was followed for up to 10 min (Fig. 4). Exposure to ISO
rapidly stimulated cAMPaccumulation inwild typeMEFs, with
a transient maximum reached at 1 min (see Fig. 4B) and cAMP
levels rapidly declining thereafter. PDE4B inactivation pro-
duced no changes in cAMP accumulation, whereas a small but
significant increase in cAMP accumulation was observed in
PDE4AKO MEFs (Fig. 4A). Conversely, PDE4D ablation had
dramatic effects. The time course of �2AR-dependent cAMP
accumulation in PDE4DKOMEFs was altered in three distinct
properties. The maximal cAMP accumulated was increased
(cAMPmaxWT� 255� 56; cAMPmax PDE4DKO� 900� 130
pmol/mg protein), and the half-time required to reach themax-
imum (tmax1⁄2) was delayed (30–45 s in WT to 90–100 s in the
PDE4DKO). Finally, the rate of return to basal levels was
decreased (tdecay1⁄2WT� 2.8min; tdecay1⁄2PDE4DKO� 4.3min).
Indeed, even after a 20-min incubation with the agonist, cAMP
levels in PDE4DKO cells were still higher than those in wild
type cells at any time point (Fig. 7A). Thus, PDE4D, but not
PDE4B, ablation has a major impact on the shape of the �2AR-
induced cAMP transients. PDE4A had a minor effect. It should
be noted that PDE4B was not activated by PKA in response to
ISO treatment, whereas PDE4D and PDE4A were activated
(Fig. 3). Thus, the impact of the different PDE4 subtypes on
cAMP accumulation is proportional to the degree of their acti-
vation by PKA. Inhibition of PDE3 activity in MEFs using the
PDE3-selective inhibitor cilostamide had no significant effect
on cAMP accumulation elicited by ISO (Fig. 4C). Although
contributing to overall cAMPhydrolysis under basal conditions
to the same extent as PDE4D (�30%; see Fig. 1A), the PDE3
family of enzymes does not affect�2-AR signaling in thismodel.
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FIGURE 1. PDE expression pattern in MEF cells. A, PDE activity in detergent
extracts prepared from wild type MEFs was measured in the absence or pres-
ence of the PDE4-selective inhibitor rolipram and the PDE3-selective inhibitor
milrinone to determine the contribution of PDE4 and PDE3 to the overall PDE
activity, respectively. B and C, detergent extracts prepared from wild type
MEFs were subjected to immunoprecipitation with PDE4 subtype-selective
(B) or PDE4D variant-selective antibodies (C). The PDE activity recovered in
the IP pellets was corrected for the amount of protein used as IP input. All data
represent means � S.E. of at least three experiments. C, inset, 50 �g of deter-
gent extract prepared from wild type and PDE4DKO MEFs was separated on
SDS-PAGE and probed in Western blotting using �-PAN-PDE4D (Icos4D)
antibody.
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Isoproterenol-dependent Phosphorylation of CREB in PDE4KO
MEFs—Next, we determined whether the altered pattern of
cAMP accumulation in PDE4KO MEFs is reflected in similar
changes in the activation of downstream targets of cAMP sig-
naling in wild type and PDE4KO cells. The PKA-mediated
phosphorylation of the cAMP response element-binding pro-
tein (CREB) was used as a read-out (32). The magnitude of
ISO-dependent PKA phosphorylation of CREB (Ser-133) in
PDE4DKOMEFs was significantly altered compared with wild
type controls (Fig. 5A), and CREB phosphorylation closely fol-
lows the pattern of cAMP accumulation, with increased but
delayed maximal stimulation and a delayed return to basal lev-

els compared with wild type controls. Also consistent with the
pattern of cAMP accumulation is the observation that PDE4A
ablation had amodest effect, and inactivation of PDE4B had no
effect on the level of CREB phosphorylation (Fig. 5, A–C).
These results indicate that the altered cAMP accumulation
caused by PDE4D ablation is reflected in changes of down-
stream effectors.
Intrinsic cAMP-generating Capacity Is Unchanged in

PDE4DKO MEFs—Whereas cAMP accumulation in response
to ISO is markedly affected, basal cAMP levels in PDE4DKO
and wild type MEFs were identical (WT � 11.99 � 0.81;
PDE4DKO � 11.48 � 0.84 pmol cAMP/mg protein; Fig. 6A),
suggesting that PDE4D did not contribute appreciably to basal
cAMP hydrolysis. Moreover, ISO-induced cAMP accumula-
tion was similar in wild type and PDE4DKO MEFs when
assayed in the presence of the PDE4-selective inhibitor rolip-
ram (WT� 2396.4� 389.4; PDE4DKO� 2252.8� 332.1 pmol
cAMP/mg protein; Fig. 6B). Collectively, these findings suggest
that all components of the signaling pathway, such as �-adre-
nergic receptors, G proteins, and adenylyl cyclases, were pres-

PDE4A PDE4B PDE4D
0

5

10

15

20
Wild Type
PDE4DKO

PD
E 

A
ct

iv
ity

(p
m

ol
/m

in
/m

g 
ex

tra
ct

)

PDE4A PDE4B PDE4D
0

5

10

15

20
Wild Type
PDE4BKO

PD
E 

A
ct

iv
ity

(p
m

ol
/m

in
/m

g 
ex

tra
ct

)

PDE4A PDE4B PDE4D
0

5

10

15

20

PDE4AKO
Wild Type

PD
E 

A
ct

iv
ity

(p
m

ol
/m

in
/m

g 
ex

tra
ct

)

A

B

C

FIGURE 2. Expression of PDE4 subtypes in PDE4KO MEFs. Detergent
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subtype-selective antibodies. The PDE activity recovered in IP pellets, cor-
rected for the amount of protein used as IP input, is reported.
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FIGURE 3. Isoproterenol-dependent activation of PDE4 in MEFs. A, quies-
cent wild type and PDE4DKO MEFs were treated with 10 �M ISO for the times
indicated on the abscissa. Cells were then lysed, and PDE activity in the result-
ing detergent extracts was determined in the presence or absence of rolip-
ram. The graph depicts the rolipram-sensitive PDE4 activity. Data represent
the means � S.E. of three experiments. B, detergent extracts prepared from
wild type MEFs treated for 5 min with or without 10 �M ISO were subjected to
immunoprecipitation using subtype-selective PDE4 or splice form-selective
PDE4D antibodies. Shown is the PDE activity recovered in immunoprecipi-
tates corrected for the amount of protein used as IP input. All data represent
means � S.E. of the three experiments performed. The statistical significance
of ISO-induced PDE activation was determined using Student’s t test. ***, p �
0.001; **, p � 0.01; n.s., not significant.
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ent at similar levels and function properly in the two cell lines.
Thus, therewere nomajor compensatory events induced by the
absence of PDE4D that might have altered �2AR signaling per
se. This possibility was further verified with a rescue experi-
ment in which an exogenous PDE4D was reintroduced in
PDE4DKO cells. Infection of PDE4DKOMEFs with an adeno-
virus encoding the PDE4D splice form, PDE4D5, reduced
cAMPaccumulation to levels similar to those inwild typeMEFs
(Fig. 7A). Although maximal cAMP accumulation (cAMPmax)
and the rate of return to basal cAMP levels (tdecay1⁄2) returned to
wild type levels, the time required to reach maximum accumu-
lation (tmax1⁄2) still appeared to be slightly delayed. When over-
expressed in PDE4DKOMEFs, both PDE4D5 and PDE4D9, the
two splice forms that are expressed endogenously in wild type
MEFs, as well as PDE4D2, a short form that lacks the PKA
consensus site, reduced ISO-dependent cAMP accumulation
(Fig. 7B). However, PDE4D5 and PDE4D9 were significantly
more efficient than PDE4D2 at reducing cAMP transients.
The Effect of PKA on cAMP Accumulation Is Lost in

PDE4DKO MEFs—In view of the above data, the marked
increase in cAMP accumulation in the PDE4DKO MEFs may
have been caused by the loss of PDE4 activation during �2AR
signaling as well as the overall decrease in PDE activity. In an
alternative strategy to define the impact of PKA-mediated PDE
activation on cAMP accumulation in MEFs, cells were pre-
treated with or without the PKA inhibitor H89 and then stim-
ulated with ISO (Fig. 8,A andC). Inhibition of PKA in wild type
MEFs elicited a rapid and prolonged increase in cAMP accu-
mulation compared with untreated controls (Fig. 8A). The
increase was detected immediately, and maximal cAMP accu-
mulation in H89-treated cells was 4–6-fold that of untreated
MEFs. Conversely, in PDE4DKOMEFs, PKA inhibition had no
effect on cAMP accumulation during the first 3 min of ISO
treatment, and a significant difference in H89-treated versus
untreated cells was not seen until 10 min after the addition of
ISO (Fig. 8C). Notice that PKA inhibition also caused a delay in
the time required to reachmaximum cAMP levels, in a manner
similar to that observed with PDE4D inactivation. Overexpres-
sion of the PKA inhibitor peptide, PKI, also had an effect com-
parable to H89 in wild type cells and no significant effect on
PDE4DKO cells (Fig. 8,B andD). The effects of H89 and PKI on
ISO-induced cAMP transients in wild type and PDE4DKOcells
strongly suggest that PKA-mediated activation of PDE4D is a
major determinant of the pattern of cAMP accumulation in
response to �-adrenergic stimulation.
Desensitization and Coupling of �2AR to G�i Is Disrupted in

PDE4DKO MEFs—Receptor desensitization is the result of a
complex set of changes that include the phosphorylation of the
�2AR by PKA and/or GRKs, recruitment of �-arrestins, and
receptor sequestration, all mechanisms contributing to uncou-
pling of the receptor from G�s (33). We proposed previously
that PKA-mediated phosphorylation and activation of PDE4 is
an additional component that contributes, togetherwith recep-
tor uncoupling and internalization, to the overall “cell desensi-
tization” process (34). To further investigate how �2AR desen-
sitization develops in the absence of PDE4D, wild type and
PDE4DKOMEFs were preincubated with ISO for 15 min, after
which the cells were washed and then rechallenged a second

0.0 2.5 5.0 7.5 10.0
0

250

500

750

1000 Wild Type
PDE4AKO
PDE4BKO
PDE4DKO

Time (min)

In
tr

ac
el

lu
la

r [
cA

M
P]

(p
m

ol
/m

g 
pr

ot
ei

n)

A

B

C

0 1 2 3 4 5 6
0

250

500

750

1000

1250

1500 Wild Type
PDE4DKO

Time (min)

In
tr

ac
el

lu
la

r [
cA

M
P]

(p
m

ol
/m

g 
pr

ot
ei

n)

0.0 2.5 5.0 7.5 10.0
0

50

100

150

200

250
- Cilostamide
+ Cilostamide

Time (min)

In
tr

ac
el

lu
la

r [
cA

M
P]

(p
m

ol
/m

g 
pr

ot
ei

n)

FIGURE 4. Effect of PDE inactivation on cAMP accumulation in MEFs.
A, MEFs deficient in PDE4A, PDE4B, or PDE4D as well as matched wild type
controls were incubated for the indicated times with 10 �M ISO. The cell cul-
ture medium was then aspirated and incubations terminated by the addition
of 0.1% trichloroacetic acid in 95% ethanol. Cyclic AMP concentration in the
resulting extracts was measured by RIA. A representative experiment of the
three performed is reported. Inactivation of PDE4A and PDE4D resulted in
significant changes in cAMP accumulation (p � 0.001; two-way ANOVA),
whereas ablation of PDE4B had no effect (p � 0.05). B, the graph reports the
mean � S.E. of five separate experiments measuring cAMP accumulation in
wild type and PDE4DKO MEFs. C, wild type MEFs were pretreated for 5 min
with or without the PDE3-selective inhibitor cilostamide (10 �M). Cells were
then stimulated with 10 �M ISO for the times indicated, after which the incu-
bations were terminated and cAMP concentrations were determined by RIA.
The graph reports the mean � S.E. of three separate experiments.
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time with ISO (Fig. 9). As shown previously, the initial incuba-
tion of PDE4DKOMEFs with ISO resulted in a 3–4-fold higher
increase in cAMP accumulation compared with that of wild
type cells. A short washing step restored intracellular cAMP
back to basal levels (Fig. 9A). Restimulation of both wild type
and PDE4DKOMEFs with ISO produced a second cAMP tran-
sient; however, cAMP accumulation did not reach the levels of
the first stimulation. Thus, both cell types displayed a desensi-
tized response (Fig. 9B). Upon restimulation, wild type MEFs
accumulated cAMP to levels that were only 28 � 4% compared
with that of the original stimulation, whereas PDE4DKO cells
responded to the second stimulation with an increase of intra-
cellular cAMP that was 62 � 7% compared with the original
stimulation. Thus, ablation of PDE4D results in a reduced�2AR
desensitization in MEFs.
A proposed model for a rapid �2AR desensitization suggests

that PKA phosphorylation of the receptor uncouples the �2AR
from its initial signaling throughG�s and promotes the sequen-
tial coupling to G�i (3, 35). In addition, PDE4D recruited to the
�2AR by �-arrestin has been implicated in controlling the
switch fromG�s toG�i signaling (17). To determine the impact
of G�i coupling in MEFs deficient in PDE4D, MEFs were
treated overnight with or without pertussis toxin (PTX), which
inhibits G�i signaling. Cells were then stimulated with ISO and
monitored for cAMP accumulation (Fig. 10). PTX pretreat-

ment caused a 2-fold increase in
cAMP accumulation in wild type
MEFs, presumably because of the
inhibition of G�i coupling (Fig.
10A). Surprisingly, PDE4DKO MEFs
were insensitive to G�i inhibition
(Fig. 10B). The different sensitivity
to the toxin is not due to altered pro-
tein expression of G�s and G�i or to
an effect of PTX treatment on PKA-
mediated PDE4D activation,
because expression levels of the two
G proteins were identical in wild
type and PDE4DKO cells (Fig. 10, C
andD) and ISO-induced PDE4 acti-
vation was unaffected by PTX treat-
ment (Fig. 10E).
To better dissect the dynamics

of �2AR uncoupling in PDE4DKO
cells, MEFs were preincubated for
different times with ISO, and then
rapidly washed four times over a
period of 2 min. This short period
of washing was not expected to
produce substantial resensitiza-
tion of the receptor, as PKA and
GRK phosphorylation are essen-
tially unchanged 2 min after
removal of the agonist (36). Dur-
ing the last wash, a high concen-
tration of the nonselective PDE
inhibitor IBMX (1 mM) was added
to completely block all PDE activ-

ity in the cells. Finally, the cells were restimulated with sat-
urating concentrations of ISO for 2 min (see scheme in Fig.
11A). As cAMP hydrolysis by PDEs is prevented, cAMP syn-
thesis is linear over a period of 2–3 min (data not shown).
Thus, this assay measures the rate of cAMP synthesis and
reflects Vmax of �2AR-mediated activation of adenylyl
cyclase. This approach of measuring cAMP synthesis in an
intact cell has an advantage over cell-free cyclase assays,
because it avoids possible artifacts due to membrane prepa-
ration. In wild type MEFs (Fig. 11B), the response to ISO
decreased in a time-dependent manner with two discernible
phases: an initial fast component (t1⁄2 � 0.5 min when data are
fitted using a two-phase exponential decay equation) and a sub-
sequent slower phase (t1⁄2 � 5min). This time course is compat-
ible with published data on the time course of �2AR receptor
phosphorylation and desensitization (30, 31). The time course
of desensitization in PDE4DKO cells was significantly differ-
ent (p � 0.001, ANOVA) from that of wild type controls,
with the fast component being difficult to detect. Thus, data
from PDE4DKO cells could only be fitted with a one-phase
exponential model of decay. Because desensitization in
PDE4DKO cells proceeds with a slow time course,
PDE4DKO cells responded significantly better than wild
type cells even after prolonged preincubation with ISO (see
Fig. 11). Again, this difference was not due to reduced cAMP

Time (min)     0      1    3      5    10    20

Wild Type

PDE4DKO

IB: -P(S133)-CREB

PDE4BKO

0 5 10 15 20
0.0

2.5

5.0

7.5

10.0

12.5 Wild Type
PDE4DKO

p<0.0001

Time (min)

CR
EB

 P
ho

sp
ho

ry
la

tio
n

(a
rb

itr
ar

y 
un

its
)

PDE4AKO

0 5 10 15 20
0.0

2.5

5.0

7.5

10.0 Wild Type
PDE4BKO

Time (min)

CR
EB

 P
ho

sp
ho

ry
la

tio
n

(a
rb

itr
ar

y 
un

its
)

p>0.05

0 5 10 15 20
0.0

2.5

5.0

7.5

10.0 Wild Type
PDE4AKO

Time (min)

C
RE

B
 P

ho
sp

ho
ry

la
tio

n
(a

rb
itr

ar
y 

un
its

)

p<0.001

A B

C D

α

FIGURE 5. Isoproterenol-dependent phosphorylation of CREB at Ser-133 in PDE4KO MEFs. MEFs deficient
in PDE4A, PDE4B, or PDE4D as well as wild type controls were incubated with 10 �M ISO for the indicated times
and then harvested in SDS sample buffer. Equal amounts of cell extract were separated on SDS-PAGE, and
Western blot analysis that was performed using �-phospho-CREB(Ser-133) and �-CREB antibodies to probe the
level of CREB phosphorylation and CREB protein expression, respectively. A, shown are representative pCREB
blots for experiments performed using the different MEFs. B–D, the graphs depict the quantification of the time
course of CREB(Ser-133) phosphorylation in each of the different MEFs. All data represent means � S.E. of three
experiments performed. Statistical significance was determined by two-way ANOVA.
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hydrolysis in PDE4DKO cells during the second stimulation,
as the experimental design removed any impact of PDEs by
its use of high concentrations of IBMX, which inhibited PDE
activity more than 90%. Conversely, the slower �2AR desen-
sitization was likely due to the absence of PDE4D activity
during the first preincubation. Indeed, acute inhibition of
PDE4 during pretreatment with the PDE4-selective inhibitor
rolipram caused a similar delay in the time course of �2AR
desensitization compared with PDE4D ablation (see supple-

mental Fig. 2). Notice also that PTX preincubation, although
increasing the maximal �2AR-stimulated cAMP levels, did
not affect the time course of desensitization in wild type
MEFs (data not shown), suggesting that the G�s/G�i switch
is not a primary component of desensitization in these cells.

DISCUSSION

It is well established that catecholamine binding to the �2AR
produces a rapid but transient increase in cAMP in a variety of
cells ranging from neurons to cardiomyocytes and airway
smooth muscle cells. The transient nature of this response is
thought to be physiologically relevant (37) and is a distinctive
property of the �2AR compared with cognate receptors such as
the �1AR, which generate longer lasting cAMP signals (38, 39).
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FIGURE 6. Intrinsic cAMP signaling capacity is not affected in PDE4DKO
MEFs. A, the basal intracellular cAMP concentration in wild type and
PDE4DKO MEFs in all experiments performed is reported. The horizontal lines
represent the average of at least 14 separate experiments. cAMP levels in wild
type and PDE4DKO cells are not significantly different (p � 0.05; Student’s t
test). B, PDE4DKO and matched wild type MEFs were pretreated for 5 min with
10 �M rolipram. Cells were then stimulated with 10 �M ISO for the indicated
times, after which the incubations were terminated and cAMP concentrations
were determined by RIA. Treatment with rolipram elevates cAMP accumula-
tion in both wild type and PDE4DKO MEFs (compare panel B with Fig. 4A). In
the presence of rolipram, the genetic inactivation of PDE4D has no effect on
ISO-induced cAMP accumulation compared with wild type controls (p � 0.05,
two-way ANOVA).
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FIGURE 7. Expression of exogenous PDE4D rescues the phenotype of
PDE4DKO MEFs. A, PDE4DKO MEFs were infected with adenoviruses encod-
ing a Myc-tagged PDE4D5 or the green fluorescent protein as a control at a
multiplicity of infection of 20 for 36 h. Cells were then stimulated with 10 �M

ISO for the indicated times, and cAMP concentrations were measured by RIA.
Data represent the means � S.E. of three experiments and are compared with
the cAMP accumulation of uninfected wild type cells. The inset reports a West-
ern blot of extracts prepared from PDE4DWT MEFs, PDE4DKO MEFs, and
PDE4DKO cells infected with the PDE4D5 adenovirus using an anti-PDE4 anti-
body. Similar amounts of protein extract were loaded in all lanes. B, wild type,
PDE4DKO, and PDE4DKO MEFs infected with adenoviruses encoding
PDE4D5, PDE4D9, or PDE4D2 were stimulated with 10 �M ISO for 5 min. Incu-
bations were then terminated, and cAMP concentrations were measured by
RIA. Cyclic AMP accumulation in the presence of exogenous PDE4Ds is com-
pared at different levels of overexpression; at each point the three PDE4D
splice forms are expressed at similar amounts as determined by Western blot-
ting (see inset). Data represent the means � S.E. of three experiments (4D2
and 4D5) or the average and range of two experiments (4D9).
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The mechanisms underlying this transient response have been
studied extensively and are thought to include the rapid phos-
phorylation of the receptor by different kinases, including PKA
and GRK, and the binding of adaptor molecules such as �-ar-
restins, promoting the uncoupling and desensitization of the
receptor as well as its sequential coupling to G�i. Here we have
demonstrated that PDE4D, and to a lesser extent PDE4A phos-
phorylation, is an additional component responsible for shap-
ing and controlling the transient nature of the cAMP signal
produced by �2AR stimulation. Ablation of PDE4D expression
in MEFs causes a major change in the kinetics of the �2AR
cAMP response, most notably a profound delay of signal dissi-
pation, i.e. return of cAMP to basal level. Given the findings that
PDE4D is rapidly phosphorylated and activated by PKA upon
�-adrenergic stimulation, that little PDE activation is left after
ablation of the PDE4D gene, and that the effects of PKA inhibi-
tion on cAMP kinetics aremarginal in PDE4DKO cells, we pro-
pose that the PKA-mediated activation of PDE4D is an impor-

tant feedback regulation contributing to the transient nature of
the�2AR response and represents amajor adaptivemechanism
required for physiological �2AR signaling. Both the increase in
maximal cAMPaccumulation and the delayed time to reach the
transient steady state of cAMP accumulation have been pre-
dicted as a consequence of PDE inactivation by mathematical
modeling (40–42).
Except for the loss of the PDE targeted by genetic inactiva-

tion, the expression and activity of other PDEs were similar in
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FIGURE 8. Effect of PKA on �2-adrenergic cAMP signals is blunted in
PDE4DKO MEFs. A and C, wild type (A) and PDE4DKO (C) MEFs were pre-
treated with the PKA inhibitor H89 (10 �M) or vehicle (DMSO) for 15 min. Cells
were then stimulated with 10 �M ISO for the indicated times. Incubations
were terminated by the addition of 0.1% trichloroacetic acid in 95% ethanol
and intracellular cAMP was measured by RIA. Data shown represent means �
S.E. of three experiments. PKA inhibition with H89 has a greater effect on
cAMP accumulation in wild type MEFs (**, p � 0.001; two-way ANOVA) com-
pared with PDE4DKO cells (*, p � 0.05). B and D, wild type (B) and PDE4DKO
(D) MEFs infected with an adenovirus encoding the protein kinase A inhibitor
peptide (�PKI) or with green fluorescent protein as a control (	PKI) were
stimulated for 3 min with 10 �M ISO. Incubations were then terminated, and
intracellular cAMP was measured by RIA. Data shown represent means � S.E.
of three experiments. Statistical significance was determined using Student’s
t test. ***, p � 0.001; n.s., not significant.
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FIGURE 9. �2AR desensitization is altered in the absence of PDE4D. A and
B, wild type and PDE4DKO MEFs were stimulated with 10 �M ISO for the
indicated times. A separate group of cells were incubated with ISO for 15 min
and were then quickly washed four times with PBS and restimulated for the
indicated times with 10 �M ISO. All incubations were terminated by the addi-
tion of 0.1% trichloroacetic acid in 95% ethanol, and cAMP concentrations
were measured by RIA. Data reported are the means � S.E. of three to six
experiments. B, maximal cAMP accumulation during the second ISO stimula-
tion is compared with that during the initial ISO stimulation. Statistical signif-
icance between cAMP accumulation in wild type and PDE4DKO MEFs was
determined using Student’s t test. *, p � 0.05.
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all PDE4KO cells. More importantly, basal cAMP levels were
comparable under the culture conditions used, and maximal
responses to ISO in the presence of PDE4-selective or nonse-
lective PDE inhibitors were identical in wild type and
PDE4DKO cells. These data suggest that the overall signal
transductionmachinery is comparable in the different cell lines
and that there are no compensatory adjustments following
PDE4D ablation that affect expression of �2AR, G�s, G�i, or
adenylyl cyclases. Thus, these genetically engineeredMEFs can
be used as a model in which the role of different PDEs in �-ad-
renergic signaling or other signaling pathways can be studied.

Consistent with this view, reintro-
duction of exogenous PDE4D in
PDE4DKO MEFs produces an
almost complete rescue of the phe-
notype (Fig. 7), confirming that the
primary cause of the observed dif-
ferences is the absence of PDE4D.
When expressed at similar levels,
PDE4D5 and -9, the two PDE4D
splice forms expressed endog-
enously in wild typeMEFs, aremore
efficient in reducing ISO-induced
cAMP accumulation in PDE4DKO
MEFs compared with PDE4D2 (Fig.
7B). This difference may be due to
PKA activation of PDE4D5 and -9,
whereas PDE4D2 lacks the PKA
phosphorylation site, once more
emphasizing the importance of the
PKA-mediated PDE4 activation as a
negative feedback mechanism con-
trolling cAMP transients. Alterna-
tively, PDE4D5 andPDE4D9may be
tethered to the �2AR macromolec-
ular signaling complex, whereas
PDE4D2 is not; hence the difference
in their efficiency in regulating
�2-adrenergic cAMP signals.
It should be noted that absence of

major compensation is not always
the outcome of PDE4D removal, as
we have shown previously that
PDE4D ablation in lung fibroblasts
is associated with enhanced cAMP
accumulation (similar to the MEFs
shownhere) but alsowith a substan-
tial down-regulation of the �2AR in
vivo (43). The different phenotype
in lung fibroblasts is likely because
these cells are exposed to cat-
echolamines in vivo and the ablation
of PDE4D causes a chronic, prostag-
landin E receptor or �AR-driven
increase in cAMP, hence the down-
regulation of the �ARs. This com-
pensation does not seem to occur in
proliferating MEFs in culture, most

likely because catecholamines are absent from the culture
medium and paracrine signals are probably minimized during
the exponential growth phase. Adifferent set of adaptive changes
has been also observed after PDE4D ablation in granulosa cells
of the ovary (44). Responses to LH (luteinizing hormone) are
blunted after PDE4D ablation likely because of the constitutive
uncoupling of the LH receptors from G�s and cyclase. Thus,
each cell may adapt to ablation of PDE4D differently by reset-
ting the function of distinct components of cAMP signaling.
That PDE4B ablation has no significant effect on �2AR sig-

naling measured either as cAMP accumulation or CREB phos-
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FIGURE 10. �2AR coupling to G�i is impaired in PDE4DKO MEFs. A and B, after a 16-h pretreatment with 100
ng/ml PTX, wild type (A) and PDE4DKO (B) MEFs were stimulated with 10 �M ISO for the indicated times.
Incubations were then terminated, and intracellular cAMP was determined by RIA. All data represent the
means � S.E. of three independent experiments. Statistical significance was determined with two-way ANOVA.
C and D, similar amounts of detergent extracts from wild type and PDE4DKO MEFs were separated on SDS-
PAGE. The expression level of G�s and G�i proteins was determined by Western blotting, and the signal
intensities were subsequently quantified (D). E, after a 16-h pretreatment with 100 ng/ml PTX, wild type MEFs
were stimulated with 10 �M ISO for 5 min. At the end of the incubation, cells were lysed and PDE activity was
measured in the presence or absence of 10 �M rolipram. The change in PDE4 activity, which is defined as the
PDE activity inhibited by rolipram, is reported. Data shown in D and E represent the means � S.E. of three
independent experiments. Statistical analysis was performed using Student’s t test. n.s., not significant.
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phorylation strongly suggests that PDE4B isoforms are not
involved in the control of �2AR signaling. The observation that
down-regulation of PDE4B does not affect the PKA-mediated
phosphorylation of �2AR in HEK293 cells (45) is consistent with
our data. In the same vein, in vivo analysis of the phenotype of
PDE4-deficientmicehas led to the conclusion that PDE4Bbut not
PDE4D is involved in the control of Toll-like receptor signaling
and tumor necrosis factor-� production by inflammatory cells

(12). Taken together, these genetic manipulations suggest that
PDE4B functions in a manner distinct from PDE4D in cellular
signaling. Thus, the role of PDE4B inMEFs is yet to be defined,
begging the question of why PDE4B is expressed in these cells
and with which signaling pathway it is involved. Similarly,
PDE3 isoenzymes are not involved in regulating �2AR re-
sponses in these cells.
Ablation of PDE4Dcauses sustained cAMP levels for up to 20

min after addition of the �-adrenergic agonist (Fig. 7). This
indicates that PDE4D contributes to generating the transient
response and strongly suggests that cAMP-hydrolysis by
PDE4D, in particular the increased rate of cAMP hydrolysis
following phosphorylation of PDE4D by PKA, is an important
component of dissipation of the �2AR cAMP signal and, in
extension, of �2AR desensitization. Indeed, the second �2AR
response after prestimulation with ISO is less affected in cells
deficient in PDE4D (Fig. 9). Therefore, we propose that PDE4D
is a component of the �2AR desensitization machinery. The
relative contribution of PDE4D and, for instance, �-arrestin
recruitment on �2AR signaling can be deduced by comparing
the effect of ablation of these two components on cAMP accu-
mulation after ISO stimulation. PDE4D ablation causes an
average 5-fold increase in cAMP accumulation after 5 min,
whereas �-arrestin ablation leads to a 2–3-fold increase in
cAMP (7). Thus, the two mechanisms limiting �2AR signals
have a comparable impact on the overall �2AR signaling.

A more detailed analysis of the desensitization time course
suggests that desensitization still occurs in PDE4DKO MEFs
but at a significantly slower rate than in wild type control cells.
In addition, we observed a decrease in the sensitivity of the
�2AR response to PTX treatment, suggesting that �2AR signal-
ing through G�i per se may be altered after PDE4D ablation.
This apparent decrease in �2AR interaction with G�i may
account for part of the increased response in the PDE4DKO
MEFs, even though PTX pretreatment does not affect the time
course of desensitization in wild type cells. Thus, unlike other
cell types where the G�s/G�i switch plays a prominent role in
the dissipation of the �2AR signal, this was not the case in these
MEFs. The biochemical basis for the decreased uncoupling after
PDE4Dablation is unclear at present andmaybe the consequence
of alteredmacromolecular signaling complexes. Regardless of the
exact mechanism, PDE4D appears to limit �2AR signals in two
ways: a direct effect due to cAMPhydrolysis and an indirect action
by affecting other mechanisms of desensitization.
The delay in �2AR desensitization shown here in PDE4DKO

MEFs is somewhat surprising, as it has been reported previ-
ously that down-regulation of PDE4D using antisense nucleo-
tides inHEK293-�2AR cells or co-expression of dominant-neg-
ative PDE4D constructs together with the �2AR in rat
cardiomyocytes promotes increased PKA phosphorylation of
the �2AR, thus resulting in an accelerated switch from G�s to
G�i signaling measured as the rate of Erk1/2 activation (17).
One would expect that if this increased �2AR coupling to G�i
played a major role, an accelerated cAMP decay should have
been observed in MEFs deficient in PDE4D. On the contrary,
overall cAMP accumulation is stabilized in the MEF model,
desensitization is slowed, and PTX effects are decreased after
PDE4D ablation. Taken together, these findings strongly sug-
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gest that, if PDE4D does promote or accelerate �2AR coupling
to G�i, this has a minimal impact on the overall �2AR signal in
our model. Possible explanations that reconcile the divergent
conclusions include the inherent differences in the properties
of the cell lines used. An additional explanation for the diver-
gent results may lie in different behavior of the endogenous
�2AR (in MEFs) compared with the exogenous green fluores-
cent protein-tagged receptor expressed in HEK293-�2AR cells.
Receptor overexpression may have altered the stochiometry of
the components participating in �2AR signaling and skewed
toward G�i regulation while minimizing other mechanisms.
Indeed, inagreementwithour findings inMEFs, recentworkusing
nativeHEK293 cells suggests that knock-down of PDE4D, but not
PDE4B, limits rather than enhances �2AR desensitization (46).

We have previously observed a loss of PTX efficacy on �2AR
signaling in a model of cultured neonatal cardiomyocytes (39).
The rate of spontaneous contraction of these cells responds to
�2-adrenergic stimulation in a biphasic manner. An initial
increase is followed by a reduction of contraction rate below
basal levels, the latter being driven by �2AR signaling through
G�i. Whereas PTX blocks the down-regulation of contraction
rate in wild type cells, PTX treatment had a reduced effect after
inhibition of PDE4 with rolipram. We previously assumed that
in these contraction assays, the overall increase in cAMP due to
PDE4D ablation becomes predominant (i.e. through activation
of downstream targets of cAMP such as the activation of Ca2�

channels) andmaymask the G�s/G�i switch in �2AR signaling.
However, the reduced �2AR coupling to G�i observed in
PDE4DKOMEFs in the present study opens the possibility that
limited signaling through G�i may have also contribute to the
altered�2-adrenergic response in rolipram-treated cardiomyo-
cytes. Protein expression levels ofG�s andG�i were the same in
wild type and PDE4DKO MEFs (Fig. 10, C and D); thus, a
decrease in G�i expression is not the cause of the limited G�i
coupling in the PDE4DKO. In view of the numerous PDE4D
protein-protein interactions that have been reported, it is pos-
sible that ablation of PDE4D disrupts the function of these sig-
naling complexes and, indirectly, G�i coupling. An interaction
of a PDEwith aGprotein has been established for the retina and
is reported in frog ventricular myocytes (40).
In summary, our data demonstrate that of the different PDE

isoenzymes expressed, PDE4D is the major form contributing
to the shape of �2AR signals inMEFs. Although present, PDE3,
PDE4A, and PDE4B did not impact substantially the �2AR-de-
pendent response. PDE4D functions at different levels during
the�2AR signal. Because of its activation by PKA, it controls the
maximal response and the time in which cAMP accumulates in
the cell. More importantly, PDE4D plays a major role in the
dissipation of the �2AR signal, directly and indirectly, by con-
trolling the receptor coupling toG proteins. Although the exact
mechanisms need to be elucidated further, we conclude that
PDE4D regulation is amajor component of cell desensitization.
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Note Added in Proof—During the revision of thismanuscript, a study
consistent with a critical role of PDE in �2-adrenergic signaling was
published (Violin, J. D., DiPilato, L. M., Yildirim, N., Elston, T. C.,
Zhang, J., and Lefkowitz, R. J. (2008) J. Biol. Chem. 283, 2949–2961).
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