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� adrenoceptor (�AR) signaling is finely regulated to mediate the
sympathetic nervous system control of cardiovascular function. In
neonatal cardiac myocytes, �1AR activates the conventional Gs�
cAMP pathway, whereas �2AR sequentially activates both the Gs

and Gi pathways to regulate the myocyte contraction rate. Here,
we show that phosphodiesterase 4D (PDE4D) selectively impacts
signaling by �2AR in neonatal cardiac myocytes, while having little
or no effect on �1AR signaling. Although �2AR activation leads to
an increase in cAMP production, the cAMP generated does not
have access to the protein kinase A-dependent signaling pathways
by which the �1AR regulates the contraction rate. However, this
restricted access is lost in the presence of PDE4 inhibitors or after
ablation of PDE4D. These results not only suggest that PDE4D is an
integral component of the �2AR signaling complex, but also un-
derscore the critical role of subcellular cAMP regulation in the
complex control of receptor signaling. They also illustrate a mech-
anism for fine-tuned �AR subtype signaling specificity and inten-
sity in the cardiac system.

cAMP � heart � knockout

The � adrenoceptors (�ARs) play important roles in the
regulation of cardiovascular function by the sympathetic

nervous system. �ARs belong to the family of heptahelical
receptors that couple to G proteins to activate several effectors.
Cardiomyocytes express all three subtypes of �ARs: stimulation
of �1AR and �2AR leads to an increase in heart rate and
contractility, whereas stimulation of �3AR may have a negative
inotropic effect, but the role of this subtype has not been fully
defined (1). In most instances, �1ARs and �2ARs are coupled to
Gs, leading to stimulation of adenylyl cyclase, an elevation of
cAMP levels, and protein kinase A (PKA) activation. Once
activated, PKA phosphorylates several proteins important for
muscle contractility such as the L-type calcium channel and
phospholamban, thereby mediating the catecholamine effect on
cardiac performance (1). Experiments performed in mouse
neonatal cardiomyocytes suggest that the catecholamine-
dependent increase of cardiac contraction rate is regulated
predominantly by the activation of the cAMP pathways (2).

Despite the similarities between the cAMP signals elicited by
the �1ARs and �2ARs when expressed in fibroblasts (3), �1AR
is significantly more efficient than �2AR at increasing cardiac
contractility, suggesting that a more complex level of regulation
takes place in cardiomyocytes than in fibroblasts. An explanation
for the different effects of the two receptor subtypes may be that
�1AR activates the classic Gs�cAMP pathway, whereas �2AR
sequentially activates both the Gs and Gi pathways in cardiomy-
ocytes (2). In myocytes from �1AR knockout (KO) mice, �2AR
activation leads to Gs coupling with an initial increase in the rate
of contraction followed by a switch to Gi coupling and a
sustained decrease in the rate of contraction (2). This peculiar
behavior of �2AR can be explained in part by its subcellular
localization in a caveolin-enriched domain of the plasma mem-
brane and subsequent internalization upon agonist stimulation,
likely allowing its selective interaction with Gi protein (4–6).

Subtype-specific regulation of �AR signaling also may exist at
the level of cAMP degradation. The cAMP signal is terminated
via hydrolysis of the second messenger to 5� AMP. This inacti-
vation is catalyzed by a large multigenic superfamily of enzymes.
Of the 11 families of phosphodiesterases (PDEs) thus far iden-
tified, members of at least five families are expressed in heart: the
Ca2��calmodulin-dependent PDE1 family; the PDE2 family
comprising dual-specificity PDEs stimulated by cGMP; the
cGMP-inhibited cAMP PDE, PDE3 family; the cAMP-specific
PDE4 that is sensitive to rolipram inhibition (7); and the
cGMP-specific PDE5 (8). The isoforms belonging to the PDE3
and PDE4 families appear to play a critical role in the modu-
lation and compartmentation of the cAMP signal in heart of
different species (9, 10). In particular, the PDE4D3 isoform has
been shown to physically interact with the muscle-selective
PKA-anchoring protein and the PKA holoenzyme in rat heart
(11). Furthermore, it has been shown that PDE4Ds interact with
a large coil–coiled protein, myomegalin, and that both proteins
are localized to the Z-band and the T-tubules in close proximity
of myofibrils in cardiac and skeletal tissue (12). It has been
reported recently that during �2AR desensitization the cytoplas-
mic adaptor �-arrestin recruits the cAMP-specific PDE4D iso-
forms to the plasma membrane (13), where they may regulate
receptor coupling to G proteins (14). According to this model,
the binding of catecholamine to �2AR could induce an increase
of cAMP degradation in a localized subcellular compartment
near the receptor. This hypothesis would be in agreement with
data obtained from real-time imaging of cAMP signaling in rat
neonatal cardiac myocytes where the �-adrenergic stimulation
gives rise to a transient cAMP accumulation that appeared in
specific subcellular domains under the tight control of PDE
activity (15).

To examine the contribution of PDE4 isoforms to �1AR- and
�2AR-specific signaling in the heart, we have taken advantage of
an in vitro beating assay performed on cultured neonatal cardi-
omyocytes (2). Using cardiomyocytes from WT mice, as well as
from mice having disruptions in the genes encoding different
�ARs or the genes encoding the PDE4 isoforms, it has been
possible to study the integrated response to �AR and PDE4
modulation in beating cardiomyocytes and to identify the sub-
type-specific regulation of �2AR signaling by PDE4.

Methods
Measurement of Myocyte Contraction Rate. Spontaneously beating
neonatal cardiac myocytes were prepared from hearts of new-
born mouse pups (WT, �1AR-KO, �2AR-KO, PDE4A-KO,
PDE4B-KO, and PDE4D-KO) as described (2). The generation
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of PDE4A-KO, PDE4B-KO, and PDE4D-KO mice has been
described (16, 17). After preplating, the myocyte-enriched cells
were plated in 35-mm dishes for contraction rate studies and
12-well plates for measuring cAMP or PDE activity. Myocyte
cultures were maintained in DMEM containing 10% Nu serum,
10% bovine fetal serum, and 1� Gentamycin. The culture media
were changed every 24 h. Measurement of spontaneous con-
traction rate was carried out as described (5). Stimulation on
�ARs on mouse neonatal cardiac myocytes leads to a robust
increase in contraction rate with an average increase from �220
beats per min to �270 beats per min. In time-course experi-
ments, statistical significance between groups was analyzed with
two-way ANOVA with PRISM software (GraphPad, San Diego).

Drug Treatment. Neonatal myocytes were treated with the fol-
lowing inhibitors: rolipram (10 �M, gift of Schering A.G., Berlin)
or RS25344 (0.2 �M, gift of Roche Biosciences) as PDE4
inhibitors, Cilostamide (10 �M, gift of Otsuka Pharmaceuticals,
Rockville, MD) as a PDE3 inhibitor, or 3-isobutyl-1-
methylxanthine (100 �M, Sigma) as a nonselective PDE inhibitor
(18, 19). These agents were added together with isoproterenol
(10 �M; Sigma) and incubated at 37°C. For some contraction
assays, pertussis toxin (PTX, 0.75 �g�ml; Sigma) or the myris-
toylated PKA inhibitor (PKI) amide 14–22 (20 �M; EMD�
Calbiochem) was used with rolipram. PTX and PKI treatments
were carried out as described (2).

Measurement of cAMP Accumulation and PDE Activity. To measure
intracellular cAMP, myocytes were cultured in 12-well plates
(2.5 � 105 cells per well). Cells were rinsed three times with 1�
PBS before feeding with 1� DMEM with 0.5% fatty acid-free
BSA for 1 h. Cells then were stimulated with isoproterenol (10
�M) at 37°C for different times. In some wells, 10 �M rolipram
was added with isoproterenol. The assay was terminated by the
aspiration of the incubation buffer and the addition of 0.4 ml of
100% ice-cold ethanol with 0.1% trichloroacetic acid to each
well. The cell lysates then were collected. Aliquots were dried in
a spin vacuum, and cAMP in the residue was determined by using
a RIA (2).

The PDE activity of myocytes was determined as described
(20). Briefly, samples were assayed in a reaction mixture of 200
�l containing 40 mM Tris�HCl (pH 8.0), 10 mM MgCl2, 5 mM
�-mercaptoethanol, 1 �M cAMP, 0.75 mg�ml BSA, and 0.1 �Ci
of [3H]cAMP for 10 min at 33°C. The reaction was terminated
by adding 200 �l of 10 mM EDTA in 40 mM Tris�HCl (pH 8.0)
followed by heat inactivation in a boiling water bath for 1 min.
The PDE reaction product, 5� cAMP, then was hydrolyzed by
incubation of the assay mixture with 50 �g of Crotalus atrox snake

venom for 20 min at 33°C. The resulting adenosine was separated
by anion exchange chromatography using 1 ml of AG1-X8 resin
and counted by scintillation counting.

Results
PDE4 Is Involved in �AR-Mediated Contraction Rate Response in
Neonatal Cardiac Myocytes. Activation of �ARs expressed on
mouse neonatal cardiac myocytes leads to a robust increase in
contraction rate. In WT myocytes, the increase in contraction
rate that follows isoproterenol stimulation was further enhanced
by the PDE4-specific inhibitor RS25344 (Fig. 1A). Moreover, the
time-dependent return to the basal contraction rate was mark-
edly reduced when PDE4s were inhibited with RS25344. A
similar effect on the pattern on �-adrenergic-regulated contrac-
tion rate was observed in myocytes treated with rolipram,
another PDE4-specific inhibitor, or with the nonselective PDE
inhibitor 3-isobutyl-1-methylxanthine (Fig. 5, which is published
as supporting information on the PNAS web site). In contrast,
the isoproterenol-stimulated contraction rate was not affected
when WT myocytes were treated with the PDE3-specific inhib-
itor cilostamide (Fig. 1B). These data provide an indication that
PDE4s play an important role in the control of �-adrenergic-
regulated contraction rate in this in vitro cardiac model.

PDE4D has been implicated in �AR signaling in HEK293 cells
and rat myocytes (13, 14). In agreement with the effect of the
acute inhibition of PDE4s with RS25344, myocytes lacking
PDE4D (PDE4D-KO) responded to isoproterenol with an al-
tered pattern of contraction when compared with the WT
control. An increase in the maximum contraction rate was
followed by a sustained rate of contraction for up to 30 min (Fig.
2A). Inhibiting the remaining PDE4 activity in the PDE4D-KO
myocytes with rolipram did not have further effects on the
response (Fig. 2B), suggesting that PDE4D is the major PDE
regulating the �AR signaling that controls contraction rate. In
the same vein, myocytes lacking PDE4A (PDE4A-KO) or
PDE4B (PDE4B-KO) displayed an isoproterenol-stimulated
contraction rate similar to that of WT controls; inhibition of the
residual PDE4 activity in PDE4A-KO or PDE4B-KO myocytes
with rolipram led to further enhancement of the contraction rate
(Fig. 6, which is published as supporting information on the
PNAS web site).

�2AR Signaling Is Regulated by PDE4D Activity. �1AR and �2AR
activation have distinct effects on myocyte contraction rate (2).
We therefore analyzed the role of PDE4D in �AR subtype-
mediated signaling in cardiac myocytes isolated from �1AR-KO
or �2AR-KO mice. In �1AR-KO myocytes, �2AR-mediated
maximum response was greatly enhanced by PDE4-specific

Fig. 1. Inhibition of PDE4 affects �AR regulation of the contraction rate in cardiac myocytes. (A) Inhibiting PDE4 with RS25344 enhanced the increase in the
contraction rate after stimulation of �AR in WT myocytes. (B) Inhibiting PDE3 with cilostamide did not change the response in the contraction rate after
stimulation of �AR in WT myocytes. The data represent the mean � SE of experiments from at least three different myocyte preparations. *, P � 0.05; time course
significantly different by two-way ANOVA.

910 � www.pnas.org�cgi�doi�10.1073�pnas.0405263102 Xiang et al.



inhibitors, rolipram and RS25344, as well as by the nonselective
PDE inhibitor 3-isobutyl-1-methylxanthine (Fig. 2C and Fig. 7,
which is published as supporting information on the PNAS web
site). However, none of these drugs had a significant effect on the
contraction rate response mediated by isoproterenol stimulation
of �1AR in �2AR-KO myocytes (Figs. 2D and 7).

To rule out the possibility that the observed effects on �2AR
signaling by PDE4 inhibitors were caused by altered PDE4
expression in �1AR-KO myocytes, PDE activity was measured
on �1AR-KO, �2AR-KO, or WT myocytes. The total PDE
activity measured in cultured WT myocytes was �58.75 � 3.2
pmol�mg of protein per min (Table 1). Approximately 63% of
PDE activity was rolipram-sensitive, indicating the prevalence of
PDE4, whereas 28% of PDE activity was inhibited by cilosta-
mide, a PDE3-selective inhibitor. There was no appreciable
difference in PDE activities expressed in myocytes from WT,
�1AR-KO, or �2AR-KO mice (Table 1).

Inhibition of PDE4 Enhances cAMP Accumulation by both �1AR and
�2AR Activation in Cardiac Myocytes. Upon agonist activation,
�1AR and �2AR can couple to Gs protein, which leads to

activation of adenylyl cyclase and an increase in intracellular
cAMP. cAMP accumulation also is controlled by PDE activity.
To test the role of PDE4 in �AR-mediated cAMP accumulation
in cardiac myocytes, we measured cellular cAMP accumulation
in myocytes isolated from WT, �1AR-KO, and �2AR-KO mice
in the absence or presence of rolipram. WT myocytes displayed
a transient cellular cAMP accumulation that peaked at 2 min
after the addition of isoproterenol (Fig. 3A). Inhibiting PDE4
with rolipram greatly enhanced cAMP accumulation, and cAMP
levels remained constant for 10 min of stimulation (Fig. 3A).
Stimulation of the �AR subtypes in �1AR-KO or �2AR-KO
myocytes led to an intracellular cAMP accumulation similar to
that observed in WT myocytes, and inhibition of PDE4 with
rolipram further enhanced both �1AR- and �2AR-mediated
cAMP accumulation (Fig. 3B). The increase in cAMP in
�2AR-KO myocytes induced by isoproterenol in the presence of
rolipram remained elevated for at least 10 min (Fig. 8, which is
published as supporting information on the PNAS web site).
Conversely, incubation of �1AR-KO myocytes with isoprotere-
nol in the presence of rolipram produced an enhanced but
transient cAMP accumulation (Fig. 8), in good agreement with

Fig. 2. PDE4D is selectively involved in �2AR signaling for contraction rate response in cardiac myocytes. (A) PDE4D-KO myocytes display a higher contraction
rate response to isoproterenol stimulation than do WT myocytes. (B) Inhibition of the residual PDE4 activity in PDE4D-KO myocytes with rolipram does not alter
the contraction rate response to isoproterenol stimulation. (C) Inhibition of PDE4 activity enhances the contraction rate response to isoproterenol stimulation
in �1AR-KO myocytes. (D) Inhibition of PDE4 activity with rolipram does not alter the contraction rate response to isoproterenol stimulation in �2AR-KO myocytes.
The data represent the mean � SE of experiments from at least three different myocyte preparations. *, P � 0.05; time course found to be significantly different
by two-way ANOVA.

Table 1. PDE activity in myocytes from different KO strains

Activity WT, pmol�min � mg �1AR-KO, pmol�min � mg �2AR-KO, pmol�min � g

Total PDE activity 58.75 � 3.2 61.77 � 10.26 62.31 � 4.89
Rolipram-sensitive 37.05 � 3.48 39.47 � 5.95 37.13 � 4.56
PDE4 (62.78%) (64.13%) (60.57%)
Cilostamide-sensitive 16.59 � 3.21 15.93 � 1.62 15.77 � 2.72
PDE3 (27.95%) (26.4%) (24.97%)

Total myocyte PDE activity from cell lysates and rolipram-sensitive and cilostamide-sensitive activities were
measured as detailed in Methods. No differences were observed in PDE activities from different KO mouse strains.
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the contraction rate response measured under the same exper-
imental conditions (Fig. 4B).

Inhibiting PDE4 Leads to PKA-Dependent Signaling by the �2AR. Our
previous report (2) suggested that PKA does not play a role in
�2AR�Gs coupling or the �2AR-regulated contraction rate in
neonatal cardiac myocytes. Thus, in �1AR-KO myocytes, pre-
treatment with PKI did not significantly affect the contraction
rate increase by isoproterenol stimulation (Fig. 4A and ref. 2).
However, PKI completely reversed the changes in the contrac-

tion rate response observed upon PDE4 inhibition (Fig. 4B).
This finding indicates that inhibition of PDE4 evokes an aberrant
PKA-dependent component in �2AR signaling. Recent studies
suggest a role of PDE4D in �2AR coupling to the Gi pathway in
HEK293 cells and rat neonatal myocytes. We therefore tested
the effect of PDE4D inhibition by rolipram on �2AR signaling
through Gi in �1AR-KO myocytes. In control cells, pretreatment
with PTX, a selective Gi inactivator, significantly enhanced the
contraction rate increase by isoproterenol stimulation (Fig. 4C).
In comparison, in �1AR-KO myocytes treated with rolipram,

Fig. 3. Inhibition of PDE4 enhances the global cAMP level in response to isoproterenol in myocytes from different KO strains. (A) Stimulation of �AR induces
a transient cAMP accumulation that peaks at 2 min of isoproterenol treatment in WT myocytes. Inhibition of PDE4 activity significantly enhanced cAMP
accumulation and attenuated the degradation of cAMP. (B) The peak cAMP accumulation induced by either �1AR (Left) or �2AR (Right) activation at 2 min of
isoproterenol stimulation is further enhanced by the PDE4 inhibitor rolipram. Each point is the mean � SEM of at least three distinct experiments.

Fig. 4. Inhibition of PDE4 evokes an increase in the PKA-dependent contraction rate in �2AR-stimulated cardiac myocytes. (A) Effect of PKI on the contraction
rate of myocytes from �1AR-KO mice. (B) The effect of PKI on the contraction rate of myocytes from �1AR-KO mice after inhibiting PDE4 with rolipram. (C) Effect
of the Gi inhibitor PTX on the contraction rate of myocytes from �1AR-KO mice. (D) Effect of the Gi inhibitor PTX on the contraction rate of myocytes from �1AR-KO
mice after inhibiting PDE4 with rolipram. The data represent the mean � SE of experiments from at least three different myocyte preparations. *, P � 0.05; time
course found to be significantly different by two-way ANOVA.
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inhibition of Gi with PTX led to a further enhancement of
contraction rate in response to isoproterenol stimulation, dem-
onstrating that the �2AR coupling to Gi was not inhibited (Fig.
4D). Of interest, isoproterenol stimulation of �2ARs in
�1AR-KO myocytes treated with both PTX and rolipram pro-
duces a response similar in magnitude and duration to that
observed upon stimulation of �1ARs in �2AR-KO myocytes
(compare Figs. 2D and 4D). When cAMP was measured in
�1AR-KO myocytes treated with PTX and rolipram, the iso-
proterenol-stimulated cAMP accumulation was significantly
higher than that observed in the cells treated with rolipram alone
(Fig. 8).

Discussion
Although activated by the same ligands, �1 and �2 ARs play
distinct roles in adjusting the cardiac responses to sympathetic
activation. To fulfill these subtype-specific functions, receptor
signaling is fine-tuned by a complex array of control mechanisms
(21). The findings presented here demonstrate that PDE4D
selectively regulates signaling by the �2AR in neonatal cardiac
myocytes, while having little or no effect on �1AR signaling.
These data underscore the critical role of subcellular cAMP
regulation in the complex control of receptor signaling.

Our studies were performed in neonatal cardiac myocytes,
which beat spontaneously in culture. This is an excellent model
system for studying �1AR and �2AR subtype-specific signaling
in the context of a differentiated cell. We have reported previ-
ously (2) that �1ARs and �2ARs regulate the rate of spontaneous
myocyte contraction by different mechanisms. �1AR stimulation
leads to a robust PKA-dependent increase in contraction rate. In
contrast, stimulation of cardiac �2AR leads to a PKA-
independent increase followed by a Gi-mediated decrease in
contraction rate. This differential signaling of �1ARs and �2ARs
in cardiac myocytes led several investigators to propose the
existence of subtype-specific signaling domains that consist of
receptors, specific G proteins, effectors, regulatory proteins, and
scaffold proteins that assemble the signaling and regulatory
molecules in large signaling complexes (9). These macromolec-
ular complexes function in association with the cytoskeleton and
within discrete domains of membrane specialization (9, 22, 23).
The present results further support the existence of such signal-
ing domains and indicate an important role for PDE4 in defining
these domains. Although �2AR activation leads to an increase in
cAMP production, the cAMP generated does not have access to
the PKA-dependent signaling pathways by which the �1AR
regulates contraction rate. Rather, �2AR activation may lead to
an increase in contraction rate via activation of a cAMP-
sensitive, nonselective ion channel or through a direct interac-
tion of the receptor with L-type Ca channels (24, 25). This
restricted access is lost in the presence of PDE4D inhibitors or
when PDE4D is genetically inactivated. Indeed, in the absence
of PDE4D, �2AR signaling becomes sensitive to PKI inhibition.
The increase in contraction rate response observed in �1AR-KO
myocytes treated with rolipram may be explained by diffusion of
cAMP from the �2AR signaling compartment into the �1AR
signaling compartment or other compartments containing the
appropriate PKA-sensitive signaling molecules. These results
strongly suggest that PDE4D is an integral component of the
�2AR signaling complex, and that its activity is required to define
the �2AR signaling properties. Given the number of different G
protein-coupled receptors expressed in cardiac myocytes and the
array of signaling pathways they activate, it is likely that other
cardiac-expressed PDEs form complexes with receptors other
than the �ARs. Therefore, physically discrete pools of cAMP
may exist throughout the entire surface of these cells. Recent
studies have provided evidence that may explain the difference
in the efficacy of PDE4 inhibitors on �1AR and �2AR subtype
signaling in cardiac myocytes. In HEK293 cells overexpressing

human �2AR, activation of the receptor with isoproterenol
results in recruitment of PDE4D isoenzymes to the plasma
membrane. This recruitment is not observed in cells lacking
�-arrestin, a protein already implicated in receptor desensitiza-
tion (13). A �-arrestin–PDE4D complex is detectable in the
cytosol of the cell before stimulation; the activation-dependent
association of the �-arrestin–PDE4D complex with the receptors
localizes the PDE4D activity to the same microenvironment as
the activated adenylyl cyclase. In contrast to �2AR, activated
�1AR has a relatively low binding affinity for arrestin (26). Thus,
the �-arrestin–PDE4D complex may not be recruited efficiently
during �1AR stimulation, a property that would explain the
different sensitivity of �1AR and �2AR activation to PDE4
inhibition. Also consistent with this view is the finding that �2AR
stimulation of contraction is very transient, whereas �1AR
stimulation dissipates slowly. A difference in PDE4��-arrestin
recruitment may explain the differences in duration of responses
after �1AR and �2AR occupancy.

The above scenario, however, is not entirely sufficient to
explain all of the properties of the two �-adrenergic signaling
compartments. Whereas �2AR signaling is clearly affected by
PDE4 activity in cardiac myocytes from �1AR-KO mice, the
�1AR-regulated contraction rate in �2AR-KO mice is not af-
fected by inhibition of PDE4 activity (Fig. 2). This observation
is somewhat surprising given the fact that �1AR-induced cAMP
accumulation is increased after PDE4 inhibition. There are
several possible explanations for the lack of a rolipram response
in contraction rate in �2AR-KO myocytes despite a robust effect
on cAMP accumulation. (i) �1AR coupling to contraction rate
may become rapidly saturated by small local cAMP changes so
that no further increase in rate is observed when high and diffuse
cAMP levels accumulate in the �1AR signaling compartment
after PDE4 inhibition with rolipram. This scenario underscores
the fact that measurements of global cAMP levels in a cell do not
predict the effect on myocyte contraction rate. (ii) There is
possibly no diffusion of cAMP from the �1AR signaling com-
partment to the �2AR signaling compartment, even in the
presence of rolipram, i.e., these two compartments may be
physically sequestered (27, 28). Thus, the rolipram-sensitive
signaling observed in both WT and �1AR-KO myocytes may be
caused entirely by the extra cAMP generated in the �2AR
compartment and acting on signaling molecules within that or
adjacent compartments. (iii) �2AR coupling to the myocyte
contraction rate may be completely cAMP-independent, with
the stimulatory phase being mediated by direct receptor or G
protein coupling to an ion channel, a possibility suggested by
data in neurons where �2AR directly couples to L-type Ca2�

channels (25). Therefore, diffusion of cAMP from the �1AR into
the �2AR compartment as a result of PDE4D inhibition would
have no effect. (iv) The signaling molecules that couple �2AR
activation to an increase in contraction rate are absent in the
�2AR KO myocytes. This absence may be expected if the �2AR
forms the nodes for its signaling complex. Thus, in �2AR-KO
myocytes treated with rolipram, cAMP diffuses throughout the
cell, but there are no �2AR-associated signaling molecules upon
which to act. Although more work is required to distinguish
among the possibilities, the data strongly support the view that
PDE4D controls a functionally and perhaps physically discrete
pool of cAMP, possibly by acting as a barrier to diffusion of
cAMP out of the �2AR signaling compartment.

A complex array of PDE forms are expressed in heart, even
though marked species differences have been reported (29–31).
On the basis of their biochemical characterization and pharma-
cological profiling, the cGMP-inhibited PDE3s are thought to
play a major role in the control of myocardial contractility,
particularly in view of the marked inotropic effects of the PDE3
inhibitors amrinone and milrinone (32). PDE1, PDE2, and
PDE5 also have been detected in heart extract (29, 33). Our data
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indicate that PDE4D is the primary PDE associated with
�-adrenergic regulation of the mouse myocyte contraction rate.
This conclusion is based on the fact that PDE4D ablation
produces effects similar to inhibition of all PDE4s with rolipram
or RS25344. Furthermore, inhibition of all PDEs with 3-isobutyl-
1-methylxanthine does not produce additional effects. This
finding of a specialized function of PDE4D is reminiscent of data
suggesting PDE4D localization in the Z band where �-adrener-
gic receptors and L-type channels are localized. Interaction of
PDE4D with A kinase anchoring proteins or myomegalin may
serve to anchor this PDE in regions crucial for excitation
contraction coupling (12, 23, 34). Underscoring the physiological
relevance of our findings, ablation of PDE4D in mice has an
impact on cardiac function. Aging PDE4D homozygous null
develop a dilated cardiomyopathy and cardiac failure, associated
with increased phosphorylation of the ryanodine receptors
(unpublished data).� Our data suggest that a macromolecular
complex involving PDE4D in close proximity of the �2AR must
be present in these cardiomyocytes.

In summary, our findings provide insight into the physiological
role of �1ARs and �2ARs and the domains in which they
function. Our results also provide evidence that the function of
PDEs is highly specialized, such that only one of the several
PDEs expressed in cardiomyocytes impacts the �-adrenergic-
mediated contraction rate. It is likely that other receptors and
other PDEs are functionally interacting in these cells to control
different components of the contractile machinery. Thus, the
emerging picture is that subsets of cAMP-related components
are functionally coupled to create microdomains of signaling.
Understanding the properties of these domains will be critical for
new pharmacological strategies aimed at improving the perfor-
mance of the failing heart. The possibility also should be
considered that �1AR and�or �2AR microdomains are func-
tioning in cells other than cardiac myocytes, and that PDE4D
plays a role in establishing these compartments. In the same vein,
it is possible that some of the phenotypes observed upon PDE4D
ablation (35) are caused by the disruption of �1AR and�or �2AR
compartments.
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