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Abstract
In ventricular myocytes, activation of protein kinase A (PKA) by 3′-5′cyclic adenosine-
monophosphate (cAMP) increases the force of contraction by increasing L-type Ca2+ channel
currents (ICa) and sarcoplasmic reticulum (SR) Ca2+ release during excitation-contraction coupling.
Cyclic-nucleotide phosphodiesterases (PDEs) comprise a large family of enzymes whose role in the
cell is to regulate the spatial and temporal profile of cAMP signals by controlling the degradation of
this second messenger. At present, however, the molecular identity and functional roles of the PDEs
expressed in ventricular myocytes are incompletely understood. Here, we tested the hypothesis that
PDE8A plays a critical role in the modulation of at least one compartment of cAMP and hence PKA
activity during β-adrenergic receptor (βAR) activation in ventricular myocytes.

Consistent with this hypothesis, we found that PDE8A transcript and protein are expressed in
ventricular myocytes. Our data indicate that evoked [Ca2+]i transients and ICa increased to a much
larger extent in PDE8A null (PDE8A−/−) that in wild type (WT) myocytes during β-adrenergic
signaling activation. In addition, Ca2+ spark activity was higher in PDE8A−/− than in WT myocytes.

Our data indicate that PDE8A is a novel cardiac PDE that controls one or more pools of cAMP
implicated in regulation of Ca2+ movement through cardiomyocyte.
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INTRODUCTION
3′-5′cyclic adenosine-monophosphate (cAMP) is one of the most important second messengers
in the heart because it regulates many physiological and pathological processes such as cardiac
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contractility, relaxation, and the onset and progression of cardiac hypertrophy. Upon
stimulation of β-adrenergic receptors (βAR), increased cAMP via its main effector, protein
kinase A (PKA), influences the activity of several proteins involved in excitation-contraction
(EC) coupling, including the L-type Ca2+ channel, phospholamban (PLB) and phospholemman
(PLM), the ryanodine receptor (RyR) and Troponin I [1]. Effects of an increase in cAMP
include: increases in Ca2+ current (ICa) and sarcoplasmic reticulum (SR) Ca2+ uptake and
release, as well as desensitization of myofilaments to Ca2+.

The magnitude, duration, and spatial spread of cAMP signals are regulated by cyclic nucleotide
phosphodiesterases (PDEs). PDEs form a superfamily of 11 homologous gene-families that
have highly conserved C-terminal catalytic domains [2]. At present, members of at least four
families of cAMP-hydrolizing PDEs (PDE1, PDE2, PDE3 and PDE4) are known to be
expressed in ventricular myocytes[3]. All can catalyze the hydrolysis of cAMP, thus lowering
its concentration in the vicinity of its effector enzymes. However the mechanism of activation,
regulation, and subcellular localization differ between the isoforms [4,5]. Lack of
understanding of the localization and functional roles for each specific PDE expressed in the
heart, however, limits the general impact of this model. In particular, essentially nothing is
reported regarding the roles of PDE8 in cardiac functions. Here, we describe the expression of
the cAMP-specific PDE, PDE8A, in cardiac myocytes. Our data indicate that PDE8A transcript
and protein are expressed and catalytically active in ventricular myocytes, and that PDE8A
deletion potentiates cAMP/PKA elicited increases in ICa and SR Ca2+ release during β-
adrenergic stimulation.

METHODS
Mice

For a description on the generation of the PDE8A knock-out (PDE8A−/−) mouse line refer to
Vasta et al. 2006 (see Supplemental Material). For the experiments reported, age-matched
wild-type or littermate control mice and PDE8A−/− mice between 2 and 4 months of age were
used.

Real Time PCR
cDNA was prepared from total RNA from wild-type and PDE8A-null mouse ventricles or
isolated myocytes by using SuperScript III and Oligo dT (Invitrogen Corp., Carlsbad, CA).
Primers (IDT, Coralville, IA) for the different PDE isoforms, directed to the catalytic domain,
are listed in supplemental Table 1.

Ventricular Myocyte Dissociation
Isolated myocytes from adult mice were obtained using a standard retrograde perfusion as
previously described [6]. After dissociation, ventricular myocytes were maintained in solution
with 2mM Ca2+ at room temperature (25°C) until used. All experiments were performed at
room temperature.

β-Galactosidase Staining
Freshly frozen mouse hearts were embedded in Tissue-Tek OCT compound and then sectioned
on a cryostat at 20 μm per slice. Isolated myocytes were plated on laminin-coated coverslip
and allowed to attach for 1 hour. Cells or tissue sections were then fixed in 0.2% glutaraldehyde
solution, washed three times in PBS and then incubated at 37°C for 12-16 hours in X-Gal
Staining Solution (5mmol/L K4Fe(CN)6, 5mmol/L. K3Fe(CN)6, 2mmol/L MgCl2, 0.02%
NP40, 0.01% Deoxycholic Acid, 5mmol/L EGTA, 1mg/ml X-Gal in PBS 1X pH 7.4). Sections
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were then counterstained with Eosin and mounted in Permount mounting medium (Fisher
Scientific).

PDE8A Immunoprecipitation
Immunoprecipitation of PDE8A from mouse ventricles or isolated myocytes was performed
as previously reported[7]. Immunoprecipitate were then run on SDS-PAGE gels for immuno-
blot detection with a PDE8A-specific antibody (121-AP Fabgennix, Frisco, TX).

Electrophysiology
Ionic currents and membrane potentials were recorded using an Axopatch 200B patch-clamp
amplifier (Axon Instruments, Union City, CA). Signals were digitized and stored on a computer
running the pCLAMP 8 software suite (Axon Instruments, Union City, CA). Analysis of
electrophysiological records was performed using the CLAMPFIT module of pCLAMP 8. For
experiments measuring Ca2+ currents (ICa), cells were superfused with physiological saline
solution. After whole-cell voltage clamp was achieved, the superfusion solution was changed
to one containing (in mmol/L): 140 NaCl, 5 CsCl, 2 CaCl2, 1 MgCl2, 10 Glucose, 10 HEPES,
0.010 TTX. The pipette solution used in these experiments contained (in mmol/L) 130 CsCl,
10 TEA-Cl, 5 Mg-ATP and 10 HEPES. Identical solutions (without TTX) were used for
simultaneous recording of ICa and [Ca2+]i.

Field-stimulation
Field stimulation was performed via 2 platinum wires (0.5 cm separation) placed at the bottom
of the perfusion chamber. An IonOptix Myopacer (IonOptix Corp, Milton, MA, USA)
stimulator was used to deliver square voltage pulses (4 ms duration) with amplitude of 1.5X
threshold at a frequency of 1 Hz.

Ca2+ Measurements
We measured changes in [Ca2+]i in myocytes loaded with the membrane permeable
acetoxymethyl-ester form of Fluo-4 (Fluo-4 AM) or Fura-2 as previously described [8].

Confocal imaging of whole-cell [Ca2+]i and Ca2+ sparks was performed using a BioRad
Radiance 2000 confocal system (Cambridge, MA, USA) coupled to a Nikon TE300 inverted
microscope equipped with a Nikon 60X oil immersion lens (NA = 1.4). Images were analyzed
with custom software written in IDL language (Research Systems, Boulder, CO, USA).
Ca2+ sparks were identified using a computer algorithm similar to the one described by Cheng
et al. [9]. Ca2+ spark mass was calculated as described elsewhere [10]. The amplitude of the
[Ca2+]i transient evoked by the application of a Ca2+- and Na+-free (substituted with N-methyl-
D-glucamine) solution containing 20 mmol/L caffeine (via a picospritzer) was used as an
indicator of SR Ca2+ content [11].

Statistics
The GraphPad Prism software, version 4.0a, was used for statistical analysis. All values are
presented as mean ± SEM. To assess statistical significance comparison between groups,
genotypes and/or stimulation conditions was performed by using an unpaired Student’s t-test.
Non-significant (n.s.) differences are indicated by P-values greater than 0.05.

RESULTS and DISCUSSION
Although PDE8A is known to be expressed most highly in testis, its presence in several other
tissues, including heart, had been indicated by Northern Blot analysis in human and mouse
specimens [7,12,13]. Thus, we utilized several methods to determine if PDE8A transcript is
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expressed in ventricular myocytes. First we performed a quantitative real-time PCR profile for
all known cAMP hydrolyzing PDEs in whole mouse ventricle and also in isolated myocytes.
We found that, beside the most abundant PDE mRNAs for PDE2A and PDE1C, the PDE8A
mRNA level is similar to that of other important cardiac PDEs including PDE3A and PDE4B
(supplementary Fig.1).

Next, we used a mouse genetically engineered to lack PDE8A expression (see Methods section
and Vasta et al.[7] for details on the generation of PDE8A−/− mice). In these animals, the
PDE8A gene-targeting construct contains a LacZ-Neo cassette that replaces one of the catalytic
domain exons thus assuring loss of PDE8A catalytic activity. This cassette also contains a
nuclear localization signal that allows determination of PDE8A mRNA expression by
immunocytochemical visualization of nuclear β-Galactosidase staining. As shown in Figure
1, the nuclei of ventricular myocytes stained positive, indicating active transcription of the
PDE8A gene in these cells (Fig. 1Ai and 1Aii and Supplementary Fig.2).

Consistent with the transcript data above, using Western analysis we detected a protein with
the expected molecular weight of PDE8A (95 kDa) in immunopecipitates from protein extracts
obtained from either total ventricles or isolated ventricular myocytes. This 95 kDa protein co-
migrated with recombinant PDE8A and was missing in extracts from PDE8A−/− tissue (Figure
1B). We next measured PDE activity in ventricular PDE8A immunoprecipitates. As expected
for PDE8A, we found that the phosphodiesterase activity in this immunoprecipitate was
insensitive to a high dose (100μmol/L) of the PDE non-selective inhibitor 3-isobutyl-1-metyl-
xanthine (IBMX)(PDE8 is the only family of cAMP selective PDEs that is insensitive to
IBMX). Collectively, these data show that functional PDE8A protein is expressed in
cardiomyocytes.

Given the pivotal role of cAMP in modulating EC coupling, we investigated the possible
functional role of PDE8A in EC coupling in ventricular myocytes. To do this, we recorded
action potential-evoked [Ca2+]i in WT and PDE8A−/− ventricular myocytes loaded with the
Ca2+ indicator fluo-4 (Fig. 1D and 1E). The amplitude of the [Ca2+]i transient was similar in
WT and PDE8A−/− myocytes, indicating that under non stimulated basal conditions loss of
PDE8A activity has little affect on this process.

Next, we examined whether PDE8A modulates βAR signaling in ventricular myocytes.
[Ca2+]i transients were recorded in WT and PDE8A−/− cells before and after the application
of the βAR agonist isoproterenol (ISO; 1 to100 nmol/L). As expected, ISO increased the
amplitude of the evoked [Ca2+]i transient in WT myocytes. Note, however, that ISO increased
the [Ca2+]i transient to a larger extent in PDE8A−/− than in WT myocytes (Fig. 1D). As shown
in Fig. 1E, the difference in the transient fold increase over the basal becomes statistically
significant at 100 nmol/L ISO. Diastolic [Ca2+]i, assessed using the ratiometric indicator fura-2
(Supplementary Fig. 3), was similar in WT and PDE8A−/− myocytes. This rules out the
possibility that the larger systolic [Ca2+]i levels seen during βAR signaling in PDE8A−/−

myocytes than in WT cells were due differences in resting [Ca2+]i between these cells. Rather,
the data indicate that PDE8A is an important acute regulator of [Ca2+]i during βAR signaling
in ventricular myocytes. In agreement with this hypothesis, we found similar levels of cAMP
in WT and PDE8A−/− myocytes in the basal state, but the increase in cAMP after ISO was
higher in the PDE8A−/− myocytes, (Supplementary Fig. 4). However this was not accompanied
by a different level of global PKA activation, as assessed indirectly by measurement of PKA
substrate phosphorylation (Supplementary Fig. 5). This result likely suggests that PDE8A does
not regulate all compartment of cAMP in these cells.

We also investigated some of the possible mechanisms underlying the larger [Ca2+]i transients
seen in PDE8A−/− myocytes during EC coupling. L-type Ca2+ channels are known to be
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activated by PKA during βAR signaling [14]. Thus, we recorded ICa in WT and PDE8A−/−

myocytes before and after ISO (Fig. 2A). ICa was evoked by the application of 200 ms voltage
steps to voltages ranging from −30 to +60 mV from a holding potential of −40 mV. Under
control conditions (i.e. without ISO), ICa was similar in WT and PDE8A−/− myocytes at all
voltages examined (Fig.2A). Consistent with the [Ca2+]i data, application of ISO increased
ICa to a larger extent in PDE8A−/− than in WT myocytes. Thus, the data suggest that the
presence of PDE8A modulates [Ca2+]i, at least in part, by regulating ICa during βAR signaling.

To determine whether PDE8A might also modulate SR Ca2+ release in ventricular myocytes,
we recorded spontaneous Ca2+ sparks in WT and PDE8A−/− ventricular myocytes. Fig. 2Bi
shows representative Ca2+ sparks recording in these cells. Interestingly, Ca2+ spark frequency
was higher in PDE8A−/− than in WT cells (Fig. 2Bii). However, the amplitude and duration
were similar in WT and PDE8A−/− myocytes (Supplementary Fig 6). As reported in many
other studies, application of 100nmol/L ISO dramatically increased sparks frequency in WT
cells. However in PDE8A−/− myocytes this increase was not significantly greater (Fig. 2C).
Thus, absence of PDE8A appears to affect basal RyR activity in ventricular myocytes but not
ISO stimulated activity, likely due to the spontaneous rates already being increased in the
PDE8A−/− cells.

Because Ca2+ spark activity can be modulated by luminal Ca2+, we directly examined the SR
Ca2+ load in WT and PDE8A−/− myocytes (Fig. 2D). We found that SR Ca2+ load was similar
in WT and PDE8A−/− myocytes as might be expected from the fact that spark amplitude was
not different. When we re-measured SR Ca2+ load after WT and PDE8A cells were exposed
to 100μmol/L tetracaine to block Ca2+ sparks (i.e. leak), SR Ca2+ load increased to a larger
extent in PDE8A−/− than WT myocytes (Fig. 2D). This indirectly suggests that PDE8A−/−

myocytes might have a higher rate of SR refilling, which would compensates for the Ca2+ leak
through the RyR in the form of Ca2+ sparks, and maintain a normal level of SR Ca2+ loading.

In summary, the present study introduces a novel PDE, PDE8A, as a key modulator of cAMP
signaling in mouse cardiac myocytes. Removal of this enzyme causes leaky RyR channels and
potentiates cellular responses to β-adrenergic stimulation in the form of increased L-type ICa
and Ca2+ transients. We are currently investigating the molecular mechanism behind these
observations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PDE8A expression in cardiac tissue and effect its absence on Ca2+ transient. (A) PDE8A
immunohistochemistry detection in mouse ventricles. (Ai) PDE8A−/− ventricle section stained
for β-Gal activity. Lower left inset shows a section from a WT animal used as negative control.
(Aii) staining on an isolated WT and PDE8A−/− myocyte (see also supplementary Fig.2). Due
to the presence of a nuclear localization sequence (NLS) fused at the 3′ of the LacZ gene, β-
Gal activity is confined to the nucleus of PDE8A expressing cells. (B) Western Blot gels of
PDE8A immunoprecipitates (IP) and their supernatants (SN) from ventricle (V) or
cardiomyocytes (CM) from WT and PDE8A−/− animals. Recombinant PDE8A is used as
positive control (n=3). (C) PDE activity assay on IP in presence of 10nmol/L cAMP as substrate
and absence or presence of 100μmol/L IBMX (n=3). (D) Typical fluo-4 traces of Ca2+

transients at 2 mmol/L Ca2+ and 1.0-Hz field stimulation, in basal state and after 2 min of 100
nmol/L Isoproterenol (ISO) stimulation. (E) Statistics for Ca2+ transient peak amplitude fold
increase over basal at increasing concentration of ISO (n=31 to 51 cells from 5 to 6 hearts for
each group; * P<0.05 WT vs. 8A−/−).
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Figure 2.
Effects of lack of PDE8A on ISO-stimulated ICa and SR leak. (A) Average normalized ICa in
WT and 8A−/− myocytes before and after 100 nmol/L ISO stimulation (n=6 cells from 2 hearts
for each group; ***P<0.005). (B) Confocal line-scan images showing spontaneous Ca2+ sparks
in WT and 8A−/− cells and statistic on calculated spark frequency (n=42 to 56 cells from 5
hearts for each group; ***P<0.005 WT vs. 8A−/−). (C) Average spark frequency before and
after 2 minute exposure to 100 nmol/L Isoproterenol (ISO) (n=20 to 24 cells from 5 hearts for
each group; **P<0.01 WT basal vs. 8A−/− basal, *P<0.05 WT basal vs. WT ISO). (D) SR
loading measured by caffeine induced Ca2+ peak in resting cells and after 5 minutes of 100
μmol/L Tetracaine exposure (n=12 to 16 cells from 3 hearts for each group; *P<0.05 WT
+Tetracaine vs. 8A−/− +Tetracaine).
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