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ABSTRACT Recent studies indicate that members of
the multidrug-resistance protein (MRP) family belong-
ing to ATP binding cassette type C (ABCC) membrane
proteins extrude cyclic nucleotides from various cell
types. This study aimed to determine whether MRP
proteins regulate cardiac cAMP homeostasis. Here, we
demonstrate that MRP4 is the predominant isoform
present at the plasma membrane of cardiacmyocytes
and that it mediates the efflux of cAMP in these cells.
MRP4-deficient mice displayed enhanced cardiac myo-
cyte cAMP formation, contractility, and cardiac hyper-
trophy at 9 mo of age, an effect that was compensated
transiently by increased phosphodiesterase expression
at young age. These findings suggest that cAMP extru-
sion via MRP4 acts together with phosphodiesterases to
control cAMP levels in cardiac myocytes.—Sassi, Y.,
Abi-Gerges, A., Fauconnier, J., Mougenot, N., Reiken,
S., Haghighi, K., Kranias, E. G., Marks, A. R., Lacam-
pagne, A., Engelhardt, S., Hatem, S. N., Lompre, A.-M.,
Hulot, J. S. Regulation of cAMP homeostasis by the
efflux protein MRP4 in cardiac myocytes. FASEB J. 26,
1009–1017 (2012). www.fasebj.org
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Cyclic adenosine 3�-5�-monophosphate (cAMP) is a
second messenger that mediates the physiological
effects of Gs-coupled receptors. In the heart, sympa-
thetic activation leads to stimulation of �-adrenergic
receptors, which results in the activation of adenylylcy-
clases and a rapid increase in cardiac myocyte cAMP.
The increase in cAMP activates protein kinase A (PKA),
which phosphorylates key proteins involved in excita-
tion-contraction (EC) coupling, such as L-type calcium
(Ca2�) channels, phospholamban, ryanodine receptors
(RyRs), and troponin I (1). PKA-dependent increases
in the inward Ca2�current and Ca2�release and re-
uptake by the sarcoplasmic reticulum (SR) result in
positive inotropic and lusitropic effects. cAMP also
activates hyperpolarization-activated cyclic nucleotide
(HCN) channels, which regulate heart rate, and the
guanine exchange factor (GEF) exchange proteins
directly activated by cAMP (EPACs), which have been
suggested to mediate some of the prohypertrophic
effects of �-adrenergic stimulation (2–4). It is now well
established that cyclic nucleotides are spatially compart-
mentalized to enable selective activation of cellular
functions and to differentiate signals from many differ-
ent receptors coupled to cyclic nucleotide signaling
pathways. Compartmentalized signaling has been espe-
cially well characterized for cAMP (5, 6). To date,
several underlying mechanisms have been identified,
including restricted synthesis of cAMP by specific local-
ization of adenylyl cyclases in cells (7, 8); localization of
PKA in specific subcellular regions via A-kinase anchor-
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ing proteins (AKAPs; ref. 9); and limiting diffusion of
cAMP from its site of generation within the cell by
localized degradation, primarily via phosphodiesterases
(PDEs; ref. 10). In noncardiac cells, intracellular cyclic
nucleotide levels are also regulated by an active trans-
membrane efflux from the cytosol (11, 12). Within the
large superfamily of ATP-binding cassette type C
(ABCC) transporters, two members of the subfamily of
multidrug-resistance proteins (MRPs), MRP4 and
MRP5 (also known as ABCC4 and ABCC5) have been
shown to transport cyclic nucleotides and to be ex-
pressed in the heart (11–14). Evidence also indicates
nucleotide efflux from cardiac myocytes, but the un-
derlying mechanism remains elusive (15–17). We have
recently demonstrated that MRP4 acts as an endoge-
nous regulator of intracellular cyclic nucleotide levels
in vascular smooth muscle cells and plays a role in
human and rat smooth muscle cell proliferation (18,
19). However, the role of MRP4-mediated cyclic nucleo-
tide efflux in cardiac myocytes remains unknown. The
present study was undertaken to examine whether MRP
proteins control cAMP homeostasis in cardiacmyocytes.
We show that MRP4 is present at the plasma membrane
of cardiac myocytes and that it regulates intracellular
cAMP levels in vitro and in vivo. These findings reveal
MRP4-mediated efflux as an important mechanism for
regulation of cAMP signaling in cardiac myocytes.

MATERIALS AND METHODS

Animal models

MRP4�/� mice were originally generated in the John Schuetz
laboratory (St. Jude Children’s Research Hospital, Memphis,
TN, USA; ref. 20) and repeatedly back-crossed to Friend virus
B-type (FVB) mice to �99% FVB (21). Generation of HCN2-
cAMPs transgenic mice has been described previously (22).
HCN2-cAMPs mice were crossbred with WT or MRP4�/�

mice.

Quantitative real-time PCR

Total RNA was prepared with RNeasy Mini kits (Invitrogen, Carls-
bad, CA, USA), and 1 �g was reverse-transcribed using a standard
protocol. Gene-specific primers were used to amplify mRNA by
quantitative PCR on an Mx4000 apparatus (Stratagene, La Jolla,
CA, USA) using the Qiagen SYBR Green Master Mix (Qiagen,
Valencia, CA, USA). The specificity of each primer set was moni-
tored by analyzing the dissociation curve. The sample volume was
25 �l, containing 1� SYBR Green PCR master mix, 400 nM
gene-specific primers, and 5 �l template. The following primer
sequences were used for real-time PCR analysis: GAPDH, sense
5�-TGGCAAAGTGGAGATTGTTG-3� and antisense 5�-CATTAT-
CGGCCTTGACTGTG-3�; PDE1A, sense 5�-GATTGGGTTCCAT-
GTTGCTG-3� and antisense 5�-ATCCACAGCTGAGAGCGAGT-3�;
PDE1C, sense 5�-AAGCTGAACAAGGCACAACC-3� and antisense
5�-CTTTGGAGTTCTTCCCACGA-3�; PDE3A, sense 5�-
CTCGGCTTGCCCATAAGTC-3� and antisense 5�-CCGCAGAGT-
CATAGGAGTGG-3�; PDE3B, sense 5�-AAACGATCGCCTCTTG-
GTCT-3� and antisense 5�-CCCAGGGTTGCTTCTTCATC-3�;
PDE4A, sense 5�-CATTGGAGGTTCCAGGATTG-3� and antisense
5�-TCTGGCCTTTGACCTTTGAC-3�; PDE4B, sense 5�-GGATGA-
GAGGAGCAGGGACT-3� and antisense 5�-TGCTGCT-
GAAATAGCTGTGG-3�; PDE4D, sense 5�-GGACCGGATAATG-

GAGGAGT-3� and antisense 5�-TCCCAGAGTGGATGAACGA-3�;
PDE5A, sense 5�-TGTAGCTCAGGCCATCAACA-3� and antisense
5�-TACCACAGAATGCCAGGTAGG-3�; ANF, sense 5�-
TTTCAAGAACCTGCTAGACCAC-3� and antisense 5�-
CCCTGCTTCCTCAGTCTGCT-3�.

Western blot analysis and immunofluorescence

For immunofluorescence, the following antibodies were used:
anti-MRP4 (23), anti-MRP5 (sc-5781, 1:100; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, USA;), or anti-alpha-actinin
(A7811, 1:500; Sigma-Aldrich, St. Louis, MO, USA) and
visualized by Alexa Fluor 546 or Alexa Fluor 488 secondary
antibodies (Invitrogen). Protein extraction was performed in
a buffer containing protease and phosphatase inhibitors
(Sigma-Aldrich), and Western blotting was performed as
described previously (24). The anti-MRP4 antibody (M4I-80)
was from Abcam (ab15598, 1:400; Abcam, Cambridge, MA,
USA). Other antibodies included anti-calsequestrin (ABR
PA-913, 1:2500; Affinity Bioreagents, Golden, CO, USA);
PDE3A antibody, kindly provided by Dr. Chen Yan (Univer-
sity of Rochester, Rochester, NY, USA); and PDE4A5 antibody
(PD4–151AP, 1:1000; Fabgennix, Frisco, TX, USA). To mea-
sure RyR phosphorylation, the following protocol was used.
Mouse hearts were isotonically lysed in 2.0 ml of a buffer
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 20 mM
NaF, 1.0 mM Na3VO4, and protease and phosphatase inhibi-
tors (Roche Applied Science, Indianapolis, IN, USA). An
anti-RyR antibody (4 �g 5029 Ab) was used to immunopre-
cipitate RyR2 from 500 �g of heart homogenate. These
samples were incubated with antibody in 0.5 ml of a modified
RIPA buffer (50 mM Tris-HCl, pH 7.4; 0.9% NaCl; 5.0 mM
NaF; 1.0 mM Na3VO4; 1% Triton- X100, and protease
inhibitors) for 1 h at 4°C. The immune complexes were
incubated with protein A Sepharose beads (Sigma) at 4°C for
1 h, and the beads were washed 3 times with buffer. Proteins
were separated on 6% SDS-PAGE and transferred onto nitro-
cellulose membranes for 1 h at 200 mA (SemiDry transfer
blot, Bio-Rad, Hercules, CA, USA). Immunoblots were devel-
oped using antibodies against total RyR2 (1:2000; Affinity
Bioreagents), PKA-phosphorylated RyR (P2808, 1:5000;
A.R.M. laboratory) CaMKII-phosphorylated RyR (P2814,
1:5000; A.R.M. laboratory). Immunoblots were developed
using the Odyssey infrared imaging system (Li-Cor Biosys-
tems, Lincoln, NE, USA) and infrared-labeled secondary
antibodies or the ECL� detection system (GE Healthcare,
Waukesha, WI, USA).

Membrane microdomain separation

The membrane fractions were separated as described previ-
ously (25). Briefly, frozen atria were homogenized in 2 ml
TNE solution (20 mM Tris, 150 mM NaCl, and 1 mM EDTA,
pH 7.4) containing protease inhibitor cocktail (Roche Ap-
plied Science). The homogenate was centrifuged at 1000 g for
5 min at 4°C. The pellet was resuspended in extraction buffer,
rehomogenized, and centrifuged again at 1000 g for 5 min at
4°C. This latter step was repeated 3 times to enhance protein
extraction efficiency. All supernatants, corresponding to the
total protein fraction, were pooled, and Triton X-100 was
added to 1% final concentration. All steps were performed at
4°C; at this temperature, lipid rafts are insoluble in 1% Triton
X-100. After 30 min incubation on ice, the protein concen-
tration was determined using a Bio-Rad protein assay. Sucrose
solution (80%, 2 ml) was placed in a SW41 centrifuge tube
(Beckman Coulter, Fullerton, CA, USA); 2 ml of the total
protein (�20 mg) was placed on the sucrose solution, and the
preparation was mixed with a vortex for 30 s. Sucrose (35%,
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4 ml) was gently poured onto the mixture, followed by
sucrose (5%, 4 ml). The gradient was then centrifuged for
18 h at 178,300 g and 4°C, without braking. Fractions of 1 ml
were collected from the top to the bottom of the centrifuge
tube (12 fractions). Each sample fraction was sonicated, its
protein concentration was measured, and the same protein
quantity was loaded into each lane of 12.5% polyacrylamide-
SDS gels.

Adult ventricular myocyte culture and infection

Adult rat and mouse ventricular myocytes were isolated and
cultured as described previously (26, 27). The adenoviruses
have been described previously (18). Adult rat ventricular
myocytes were infected with Ad-shMRP4 or Ad-sh Luciferase
scrambled (shScr) at a MOI of 300 for 72 h.

Measurement of intracellular Ca2�and Ca2�sparks

Ventricular myocytes were loaded for 30 min at room tem-
perature with Fluo-4 AM (5 �M; Molecular Probes, Eugene,
OR, USA). Cells were then field-stimulated at 1 Hz with a 1- to
2-ms current pulse delivered via 2 platinum electrodes.
Changes in Fluo-4 fluorescence were recorded using an
LSM510 Meta Zeiss confocal microscope (�63 water-immer-
sion objective, NA 1.2; Carl Zeiss, Oberkochen, Germany).
Measurements were performed in line-scan mode (1.5 ms/
line), and scanning was performed along the long axis of the
cell. An excitation wavelength of 488 nm was used, and
emitted light was collected through a 505-nm long-pass filter.
The laser intensity used (3–6% of the maximum) had no
noticeable deleterious effect on the fluorescence signal or on
cell function over the time course of the experiment. To
enable comparisons between cells, the change in fluores-
cence (	F) was divided by the fluorescence detected imme-
diately before the 0.5 Hz stimulation pulse (F0). The SR Ca2�

content was assessed by measuring the amplitude of cytosolic
Ca2� transients induced by the rapid application of caffeine
(10 mM). Cardiac myocyte contractility and Ca2� transient
were also measured after treatment for 5 min with 1 �M of
cilostamide (Tocris Bioscience, Ellisville, MO, USA).

Measurement of cardiac parameters

Noninvasive measurements of left ventricular dimensions
were evaluated under isoflurane anesthesia using echocar-
diography-Doppler (Vivid 7 Dimension/Vivid 7 PRO; GE
Medical Systems) with a probe emitting ultrasound at 9–14
MHz. The 2-dimensionally guided time-motion mode record-
ing of the left ventricle provided the following measurements:
diastolic and systolic septum and posterior wall thicknesses,
internal end-diastolic and end-systolic diameters, ejection
fraction, and fractional shortening of left ventricular diame-
ter. Each set of measurements was obtained from the same
cardiac cycle. At least 3 sets of measurements were obtained
from 3 cardiac cycles. The Doppler measurements evaluated
mitral and aortic Doppler. ECG measurements were per-
formed in wild-type (WT) and knockout male mice at 3 mo of
age. Three-lead ECGs were recorded with 25-gauge subcuta-
neous electrodes on a computer using an analog-digital
converter (IOX 2.4.2.6; EMKA Technologies, Falls Church,
VA, USA) for monitoring and later analysis. Recordings were
filtered between 0.5 and 250 Hz, and a stable signal was
reliably obtained before proceeding. See Supplemental Data
for more details.

cAMP assay

cAMP was measured in culture supernatants and lysates of
isolated adult rat ventricular myocytes by specific competitive
enzyme immunoassay (cAMP [3H] Assay system; GE Health-
care) as recommended by the manufacturer. Myocytes were
infected for 3 d with Ad-shMRP4 or Ad-shScr. cAMP was also
measured in cardiac myocytes after treatment with forskolin
(10 �M, 1 h; Sigma Aldrich). Samples (200 �l) were added to
10 ml of scintillation fluid and counted on a scintillation
counter. After construction of a standard curve, cAMP levels
(pmol/pg protein) were determined directly.

Fluorescence resonance energy transfer (FRET)
measurement

After cardiac myocyte isolation and calcium adaptation, the
cells were seeded on laminin-coated coverslips. Glass cover-
slips with adherent cells were transferred to the experimental
chamber in buffer A (137 mM NaCl, 5.4 mM KCl, 2 mM
CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH 7.3) and images
were captured every 3 s on a Zeiss Axio Observer inverted
microscope equipped with an oil-immersion �40 objective,
polychrome IV light source (Till Photonics, Planegg, Ger-
many), and an Evolve-EM512 digital camera (Visitron Sys-
tems, Puchheim, Germany). FRET was monitored using Meta-
Fluor software (Visitron Systems) as the emission ratio at
535 
 20 and 480 
 15 nm upon excitation at 436 
 10 nm.
The imaging data were analyzed by MetaMorph 7.0 (Visitron
Systems) and Origin (Microcal, Amherst, MA, USA) software,
corrected for spillover of CFP into the 535-nm channel, direct
YFP excitation, and acceptor photobleaching to give a cor-
rected YFP/CFP ratio. To study agonist-induced changes in
FRET, cells were continuously superfused with buffer A plus
isoproterenol (iso), with or without 3-isobutyl-1-methylxan-
thine (IBMX; Sigma).

Statistics

All quantitative data are reported as means 
 se. ECG data
are expressed as means 
 sd. Statistical analysis was per-
formed with the Prism 3 software package (GraphPad, San
Diego, CA, USA). One-way ANOVA was used to compare each
parameter. Post hoc t test comparisons were performed to
identify which group differences accounted for significant
overall ANOVA results. Comparisons between ECG record-
ings were performed using Student’s t test. Values of P � 0.05
were considered significantly different.

RESULTS

MRP4 regulates cAMP homeostasis in cardiac
myocytes

MRP4, MRP5, and MRP8 have been reported to export
cyclic nucleotides in several cell types (11–14), but
MRP8 was not detected in the heart (28).Using immu-
nofluorescence and Western blot analysis, we found
MRP4 to be the predominant isoform expressed in the
mammalian heart (Fig. 1 and Supplemental Fig. S1).
MRP4 is localized to the plasma membrane of both
atrial and ventricular human myocytes (Fig. 1A). Inter-
estingly, MRP4 appeared to be expressed in caveolin-
containing fractions from rat atrial myocytes, cellular
compartments previously shown to be enriched in
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signaling molecules (Fig. 1B). In agreement with an
earlier study, we found robust expression of MRP5
when analyzing lysates of whole ventricular myocar-
dium (29). In contrast to MRP4, MRP5 localized to the
intimal layer of vessels but not cardiac myocytes (Sup-
plemental Fig. S1).

We initially determined the function of MRP4 in
cardiac myocytes by manipulating MRP4 expression
and measuring intracellular and extracellular cAMP
concentrations in transfected cells (Fig. 1C, D). MRP4
knockdown was carried out in adult rat ventricular
myocytes and was achieved by adenoviral expression of
a short-hairpin RNA directed against MRP4 (Ad-shMRP4;
Fig. 1C). An adenovirus encoding for a scrambled shRNA
was used as control. Silencing MRP4 resulted in a signifi-
cant increase in intracellular cAMP levels in forskolin-
stimulated (10 �M, 1 h) isolated cardiac myocytes, while it
suppressed cAMP accumulation in the culture medium
(Fig. 1D). These results indicate that MRP4 is expressed in
cardiac myocytes and extrudes forskolin-induced cAMP
from cardiomyocytes.

MRP4-deficient mice develop age-dependent cardiac
hypertrophy

We next questioned whether MRP4 plays a role in
cardiac homeostasis in vivo and searched for a potential
cardiac phenotype of mice deficient in MRP4 (Mrp4�/�).
The generation of mice with targeted disruption of the
gene encoding MRP4 has been reported before (20),
but cardiac function was not studied. Western blot
analysis of cardiac lysates from Mrp4�/� animals con-

firmed a complete absence of the MRP4 protein in
these animals (Fig. 2A). At 3 mo of age, Mrp4�/� mice
appeared to have normal cardiac morphology without
significant differences in cardiac mass (Fig. 2B), iso-
lated ventricular myocyte surface area (Fig. 2C), and
echocardiographic parameters (Fig. 2D), as compared
to WT controls. By 9 mo of age, Mrp4�/� mice devel-
oped cardiac hypertrophy, with significant increases in
heart weight (Fig. 2B), cardiomyocyte size (Fig. 2C),
thickness of the left ventricular wall and interventricu-
lar septum (Fig. 2D), and fractional shortening (Fig. 2E).
In addition, we analyzed atrial natriuretic factor (ANF)
gene expression profile in older mice. Messenger RNA
expression of ANF was increased in the myocardium of
aging Mrp4�/� mice (Fig. 2F).These data indicate a
critical role for MRP4 in aging cardiac myocytes in vivo
and prompted an assessment to determine whether cAMP
homeostasis is altered in Mrp4�/� mice.

Enhanced cAMP and contractility in 9-mo-old
MRP4-deficient mice

To directly determine cAMP formation in living aging
cardiac myocytes from Mrp4�/�mice, we used a trans-
genic mouse line with cardiomyocyte-specific expres-
sion of a FRET-based cAMP sensor. We had previously
reported the generation of this mouse model express-
ing HCN2-cAMPs, a cAMP sensor that exhibits a sensi-
tivity range optimized for the high cAMP concentra-
tions found in adult cardiac myocytes (22). Using this
mouse line, we generated double-transgenic mice defi-
cient in MRP4 and heterozygous for the cAMP reporter

Figure 1. MRP4 expression and function in the heart. A) Immunodetection of MRP4 in human heart. MRP4 (red) is found on
the plasma membrane of human cardiac myocytes in both atria and ventricles, whereas �-actinin (green) is present in the Z line.
Scale bars 
 10 �m. B) Western blot of membrane fractions from rat atrial myocytes separated on sucrose gradient. Membrane
was hybridized to MRP4 antibody (top panel) and to caveolin 3 antibody (bottom panel). C) Representative immunoblot
showing a decrease in MRP4 expression. Adult rat ventricular myocytes were infected with either Ad-shScr or Ad-shMRP4 for 3 d
(n
5). D) Intracellular (left panel) and extracellular (right panel) cAMP levels in ventricular cardiac myocytes treated with
either Ad-shScr or Ad-shMRP4 for 3 d. Cells (200,000/condition) were plated and treated with forskolin (10 �M, 1 h) or the
solvent for 1 h. cAMP levels are expressed as picomoles per microgram of protein. Experiments were performed 3 times in
triplicate, * P� 0.05; **P � 0.01.
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(Mrp4�/� � myh6-HCN2-cAMPs�/�; Fig. 3A). We then
analyzed camp production on a nonselective �-adren-
ergic stimulation in cardiac myocytes isolated from
9-mo-old WT and Mrp4�/�mice. Activation of �-adren-
ergic receptors by iso (1 nM) induced an increase in
intracellular cAMP levels that was significantly higher in
cardiac myocytes isolated from 9-mo-old Mrp4�/� com-
pared to WT mice (Fig. 3B, C). In contrast, no differ-
ence was found in 3-mo-old mice (Supplemental Fig.
S2A). To determine whether these differences in cAMP
formation would transduce into downstream signaling,
we assessed cardiac myocyte cell shortening as well as
Ca2� transients in the presence or absence of iso.
Similar to cAMP recordings, no differences were found
in cell shortening (Supplemental Fig. S2B) or Ca2�

homeostasis (Supplemental Fig. S2C) between WT and
Mrp4�/� 3-mo-old mice. In 9-mo-old animals with the
absence of iso, despite an unchanged Ca2� transient
amplitude (	F/F0; Fig. 3E, F), the rate of rise (	F F0

�1

ms�1) and rate of decay (�) of the transient were lower
in Mrp4�/� than in WT mice (Fig. 3E, F), indicating
slower Ca2� release and faster reuptake and/or in-
creased extrusion by the Na-Ca exchanger. These alter-
ations resulted in a nonsignificant decrease in SR load
(5.68
0.17 in WT vs. 5.07
0.35 in Mrp4�/�cells). Of
note, 9 of 32 cells from MRP4�/� mice and 1 of 29 from
WT displayed Ca2� waves, which reflects the presence
of delayed release after depolarization. Consistent with
a slower release, the Ca2� spark frequency was in-
creased in 9-mo-old mice, whereas the amplitude 	F/F0

was decreased (Supplemental Fig. S3A). Interestingly,
the RyRs were hyperphosphorylated on Ser2808 (PKA
site) but not on Ser2814 (Ca/calmodulin kinase site) in

9-mo-old mice (Supplemental Fig. S3B). However, the
stimulatory effect of iso was more pronounced in
Mrp4�/� than in WT mice (Fig. 3F).

PDEs transiently compensate for the lack of MRP4 in
3-mo-old mice

Since the 3-mo-old mice did not display any phenotype,
we thought that the absence of MRP4 could be com-
pensated by other key molecules involved in cAMP
homeostasis, such as adenylyl cyclases and PDEs. Ad-
enylyl cyclase (AC5 and AC6) expression was un-
changed (data not shown), but we detected significant
alterations in PDE expression. Indeed, among the 8
PDE isoforms whose expression was analyzed by quan-
titative real-time PCR in left ventricular myocardium
from 3-mo-old animals, we found 2 (PDE3A and
PDE4A) that were significantly increased in hearts from
Mrp4�/� compared to WT animals (Fig. 4A). This
increase in gene expression was paralleled by a signifi-
cant increase of PDE3A protein levels, as determined by
Western blotting (Fig. 4B). The increase in PDE expres-
sion was transient in nature and was essentially abol-
ished in 9-mo-old animals (Fig. 4B). PDE4A5 protein
level was unchanged (100
10.3 vs. 110.4
13.3, P
NS
in WT and Mrp4�/� mice, respectively), but we cannot
exclude an alteration in expression of other PDE
isoforms. To determine whether the transient increase
in PDE expression was the critical factor compensating
for the loss of MRP4, we assessed cAMP formation and
downstream effects in the presence of a PDE inhibitor,
IBMX (300 �M), in myocytes isolated from 3-mo-old

Figure 2. MRP4-deficient mice develop age-dependent cardiac hypertrophy. A) Western blot showing the presence of MRP4 in
the heart of WT mice and its absence in Mrp4�/� mice. B) Histology after hematoxylin/eosin labeling and heart weight to tibia
length (HW/TL) ratio of hearts from 3- and 9-mo-old Mrp4�/� and WT mice (n
6–10). C) Ventricular myocyte area from 3-
and 9-mo-old WT and Mrp4�/� mice, showing cardiac hypertrophy in 9-mo-old Mrp4�/� mouse hearts, compared to
age-matched WT (n
3–5). D) Echocardiography parameters showing the left ventricular posterior wall (LVPW) and
interventricular septum (IVS) thickness of hearts from 3- and 9-mo-old Mrp4�/� and WT mice (n
4–6/group).
E) Echocardiography evaluation of left ventricular fractional shortening in 9-mo-old Mrp4�/� mice compared to age-matched
WT (n
4–6/group). F) Real-time PCR analysis of ANF gene expression in the ventricular myocardium of 9-mo-old WT and
Mrp4�/� mice (n
4–6). Scale bars 
 1 mm (B); 100 �m (C). *P � 0.05; ***P � 0.001.
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mice. Application of IBMX led to a significant increase
in cAMP formation in sensor-transgenic cardiomyo-
cytes isolated from Mrp4�/� as compared to control
cells (Fig. 4C). Likewise, PDE inhibition revealed
marked increase in cell shortening and modulation in
Ca2� cycling, as reflected by increased Ca2� transient
amplitude and decreased rate of rise and rate of decay
(Fig. 4D, E). In addition, we examined the effects of
PDE inhibition on heart rate as an alternative cAMP-
regulated cardiac parameter. Again, Mrp4�/� mice (3
mo old) had similar heart rates as WT controls in the
absence of a PDE inhibitor. Injection of a PDE3 inhib-
itor (milrinone) led to a dose-dependent increase of
the heart rate that was significantly higher in Mrp4�/�

compared to WT mice (Supplemental Fig. S4). Taken
together, these results indicate that MRP4 acts with
PDE as a key regulator of cardiac cAMP homeostasis.

DISCUSSION

Stimulation of cardiac �-adrenergic receptors by adren-
aline and noradrenaline represents the major way to

increase cardiac performance. Both agonists bind to
and activate �1- and �2-adrenergic Gs-coupled recep-
tors that mediate the rapid formation of the second
messenger cAMP through the activation of adenylyl
cyclase. This rise in intracellular cAMP determines the
function of key cellular target proteins, such as cAMP-
regulated channels, Ca2� handling, EC coupling, and
gene expression. cAMP level is delimited by intricate
mechanisms of subcellular compartmentalization of its
formation and degradation. The degradation is carried
out through enzymatic hydrolysis by the large family of
PDEs (30, 31). Our study provides evidence that extru-
sion of cAMP into the extracellular space represents an
additional important mechanism that delimits cardiac
myocyte cAMP concentrations.

Our data suggest that cAMP degradation and extrusion
are tightly interconnected. Young mice deficient in MRP4
displayed a marked up-regulation of PDE expression and
activity that compensated for the impairment of cAMP
extrusion, as indicated by the significant changes in cAMP
formation and effects observed after PDE inhibition.
Currently, we do not know the underlying mechanism
that mediates enhanced transcription of PDE3 messenger

Figure 3. Enhanced cAMP and contrac-
tility in 9-mo-old MRP4-deficient mice.
A) Design of FRET study. B) Cardiac
myocytes isolated from the hearts of
9-mo-old WT and Mrp4�/�mice overex-
pressing the HCN2-cAMPs FRET sensor
were stimulated by 1 nM of iso. Left
panel: fluorescent microscopy of freshly
isolated adult cardiac myocytes from
9-mo-old WT and Mrp4�/� mice. Ratio-
metric images reflect changes in cAMP
at different times of the recordings.
Right panel: measurement of the
changes in cAMP-FRET ratios in cardiac
myocytes from 9-mo-old WT and
Mrp4�/� mice after whole-cell stimula-
tion with iso (1 nM). C) Mean of repre-
sentative experiments performed in
8–18 cells (3–6 mice) as described in B,
**P � 0.001. D) Cell shortening of
isolated ventricular myocytes from
9-mo-old WT and Mrp4�/� mice mea-
sured in the basal conditions. At least 20
cells/group (3–5 mice). *P � 0.05. E)

Representative traces of Ca2� transient of isolated ventricular myocytes from 9-mo-old WT and Mrp4�/� mice, measured
in the basal condition. F) Ca2� transient of isolated ventricular myocytes from 9-mo-old WT and Mrp4�/� mice, measured
in the basal condition or in the presence of iso (100 nM): decay tau (left panel), rate of rise (middle panel), and peak Ca2�

transient (right panel). Experiments were performed in 30–40 cells (3–6 mice). #P � 0.05 vs. �iso; *P � 0.05 Mrp4�/�

vs. WT.
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RNA. It is tempting to speculate that cAMP leads to an
activation of the PDE3 promoter, as the PDE3 promoter
contains PKA consensus sites that are highly conserved
(32). Similar negative feedback regulation through cyclic
nucleotides has been described for other members of the
PDE protein family, such as PDE4 and PDE5 (32).

Why would this compensatory mechanism that pre-
vents the overflow of cAMP progressively disappear
once a critical stage of cardiac hypertrophy has been
reached (i.e., �9 mo in MRP4-deficient mice)? Previous
studies have investigated changes in PDE expression
and activity during cardiac hypertrophy but with con-
tradictory observations. Several studies reported a
down-regulation of PDE3 as a response to cardiac
hypertrophy (33, 34), possibly mediated through the
transcriptional repressor ICER (33), but others found
no differences in PDE3 activity (35, 36). Because we did
not observe a down-regulation of PDE3 in hypertrophic
MRP4-deficient mice, we hypothesized that the hyper-
trophy-induced down-regulation of PDE3 previously
reported by others was compensated by the transient
up-regulation observed at earlier stages. Currently, we
do not know whether the compensatory mechanism
that prevents the overflow of cAMP progressively disap-
pears once a critical stage of cardiac hypertrophy has
been reached (i.e., �9 mo in MRP4-deficient mice) or
whether the cardiac hypertrophy induces a down-regu-
lation of the PDEs.

A recent study showed that ANF regulates the extrusion
of cAMP in the pancreas through MRP4 (37). Increased
ANF expression is a hallmark of cardiac hypertrophy and
was observed in 9-mo-old mice. Thus, if ANF also activates
MRP4 in the hypertrophic heart, the WT mice would be

protected from the deleterious effect of cAMP, but this
protective effect would be absent in MRP4�/� mice. This
finding may be another reason for the decreased cardiac
performance in older MRP4�/� mice. Interestingly,
MRP4�/� mice are hypercontractile. The increase in cell
shortening and in fractional shortening observed despite
minor changes in SR Ca2� load and in Ca2� peak
amplitude could be explained by an increase in myofila-
ment Ca2� sensitivity. EPAC could be the mediator of this
effect, as shown recently (38).

Another interesting finding relates to the observation
that MRP4 silencing did not affect basal cAMP concen-
trations but solely conditions of enhanced cAMP for-
mation (22). This may be due to the distinct localiza-
tion of MRP4. In atrial myocytes, as seen in smooth
muscle cells, MRP4 is localized in caveolin-enriched
membrane fractions that host signaling complexes
(39). MRP4 has been reported to interact with other
proteins via a consensus PDZ domain-binding motif at
its C terminus and thereby participate in the formation
of signalosomes (40). For instance, in gut cells, MRP4
interacts with the CFTR Cl� channel via a MAGUK
protein to regulate the concentration of cAMP at the
intracellular mouth of the nucleotide gated channel
(41). Further studies designed to determine the role of
MRP4 in the compartmentalization of cAMP-depen-
dent signaling in cardiac myocytes and its conse-
quences for the regulation of cAMP targets appear
warranted. However, it has been suggested that prosta-
glandin E2, another substrate of MRP4 (42), can in-
duce cardiac hypertrophy by a mechanism indepen-
dent of cAMP and involving the epidermal growth
factor receptor transactivation (43). Even if our results

Figure 4. PDEs are up-regulated and compensate for loss of MRP4 in mice. A) Quantification of mRNA levels of various PDEs
by real-time PCR in total cardiac extracts from 3-mo-old mice; n 
 5/group in triplicate. B) Quantification of PDE3A protein
by Western blot in total cardiac extracts from 3- and 9-mo-old mice (n
5). C) cAMP dynamics and quantification of the changes
in cAMP-FRET ratios in cardiacmyocytes from 3-mo-old WT and Mrp4�/� mice after whole-cell stimulation with iso (1 nM) in
combination with the nonselective PDE inhibitor IBMX (300 �M). Representative ratiometric images and experiments after
iso�IBMX treatment of 7–18 cells (4–6 mice). D, E) Cell shortening (D) and Ca2� transient parameters (E) of isolated
ventricular myocytes from 3-mo-old WT and Mrp4�/� mice measured in the presence of cilostamide (1 �M; 16–24 cells, 3
mice/group). *P � 0.05; **P � 0.001.
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indicate significant influence of MRP4 on cAMP ho-
meostasis, we cannot exclude that the observed changes
in cardiac phenotype were also induced by additional
contribution of other MRP4 endogenous substrates.
This would deserve further investigations.

In addition to its important role in physiology, the
cAMP signaling pathway has been identified as a major
disease pathway in myocardial disease. Enhanced sym-
pathetic activation has been found to occur in many
patients with myocardial disease and to contribute to
the progression of the disease. This finding is sup-
ported by data obtained from animal models where
enhanced �-adrenergic signaling, per se, was sufficient
to induce cardiac failure (44–46). Consequently, �-re-
ceptor antagonists have been tested in clinical trials
and have evolved as one of the most efficient treat-
ment options in cardiac failure (47). In contrast,
interventions that enhance intracellular cAMP (such
as �-agonists or pharmacological PDE inhibition)
generally yielded a transient increase in cardiac
performance, followed by progressive worsening of
cardiac structure and function (48 –50). Activators of
cardiomyocyte MRP4 may represent a possible ther-
apeutic opportunity to interfere with the detrimental
consequences of the use of positive inotropic agents
currently in clinical use. However, this may lead to
unwanted side effects on other tissues, such as hyper-
proliferation of vascular smooth muscle (18, 19) and
hematopoietic cells (51). This study describes a new
pathway for the regulation of cAMP homeostasis in car-
diac myocytes. MRP4 extrudes cAMP from cardiac myo-
cytes and thus controls the activity of several key func-
tional properties of the heart.
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