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Background: Previously we have shown that PMCA4 interacts with nNOS.
Results: In PMCA4�/�mice, plasmamembrane-associated nNOSproteinwas delocalized to the cytosol with no change in total
nNOS protein.
Conclusion: The current study shows that PMCA4-nNOS complex modulates a spatially confined cyclic nucleotide microdo-
main at the plasma membrane.
Significance: Compartmentalization of the PMCA4-nNOS complex has a major role in regulating cardiac contractility.

Identification of the signaling pathways that regulate cyclic
nucleotide microdomains is essential to our understanding of
cardiac physiology and pathophysiology. Although there is
growing evidence that the plasmamembrane Ca2�/calmodulin-
dependent ATPase 4 (PMCA4) is a regulator of neuronal nitric-
oxide synthase, the physiological consequence of this regulation
is unclear.We therefore tested the hypothesis that PMCA4has a
key structural role in tethering neuronal nitric-oxide synthase
to a highly compartmentalized domain in the cardiac cell mem-
brane. This structural role has functional consequences on
cAMP and cGMP signaling in a PMCA4-governed microdo-
main, which ultimately regulates cardiac contractility. In vivo
contractility and calcium amplitude were increased in PMCA4
knock-out animals (PMCA4�/�) with no change in diastolic
relaxation or the rate of calcium decay, showing that PMCA4
has a function distinct from beat-to-beat calcium transport.
Surprisingly, in PMCA4�/�, over 36% of membrane-associated

neuronal nitric-oxide synthase (nNOS) protein and activity was
delocalized to the cytosol with no change in total nNOS protein,
resulting in a significant decrease inmicrodomain cGMP,which
in turn led to a significant elevation in local cAMP levels
through a decrease in PDE2 activity (measured by FRET-based
sensors). This resulted in increased L-type calcium channel
activity and ryanodine receptor phosphorylation and hence
increased contractility. In the heart, in addition to subsarcolem-
mal calcium transport, PMCA4 acts as a structural molecule
that maintains the spatial and functional integrity of the nNOS
signaling complex in a definedmicrodomain. This has profound
consequences for the regulation of local cyclic nucleotide and
hence cardiac �-adrenergic signaling.

The plasma membrane calcium pumps (PMCAs),6 which
eject Ca2� into the extracellular space (1, 2), have traditionally
been assigned only minor roles in the heart when compared
with proteins such as the sarcoplasmic reticulum calcium-AT-
Pase (SERCA), the ryanodine receptor, the sodium calcium
exchanger (3, 4), calsequestrin (5), and others (6). In sharp con-
trast, our studies have shown that the PMCA, in particular iso-
form 4, might serve functions not previously considered
(reviewed in Ref. 7). Originally, we (8) and others (9) showed

* This work was supported by the Medical Research Council (MRC) Interna-
tional Appointee Grant (G0200020), MRC Programme/Research Grants
(G0500025 and G0802004) (to L. N.), and a British Heart Foundation (BHF)
Project Grant (PG/05/082) (to D. O. and E. J. C.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Experimental Procedures, Table 1, and Figs. 1–5.

1 Both authors contributed equally to this work.
2 Supported by a BHF Intermediate Basic Science Research Fellowship

(FS/09/046).
3 Recipients of Egyptian Postgraduate Research Scholarships.
4 Both authors contributed equally to this work.
5 To whom correspondence should be addressed: Cardiovascular Medicine

Research Group, Manchester Academic Health Sciences Centre, University
of Manchester, Room 1, 302 Stopford Bldg., Oxford Rd., Manchester M13
9PT, United Kingdom. Tel.: 44-161-2751628; Fax: 44-161-2755669; E-mail.
Ludwig.Neyses@cmft.nhs.uk.

6 The abbreviations used are: PMCA, plasma membrane Ca2�/calmodulin-de-
pendent ATPase; SERCA, sarcoplasmic reticulum calcium-ATPase; NCX,
sodium calcium exchanger; RYR, ryanodine receptor; NOS, nitric-oxide syn-
thase; nNOS, neuronal nitric-oxide synthase; eNOS, endothelial nitric-ox-
ide synthase; L-NPA, N-propyl-L-arginine; PDE, phosphodiesterase; Epac,
cAMP-regulated guanine nucleotide exchange factor; NRCM, neonatal rat
cardiomyocytes; CAPON, carboxyl-terminal PDZ ligand of nNOS.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 48, pp. 41520 –41529, December 2, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

41520 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 48 • DECEMBER 2, 2011

http://www.jbc.org/cgi/content/full/M111.290411/DC1


that PMCA4 is localized to caveolae, i.e. core sites of cellular
signaling (10, 11). Furthermore,we have described that PMCA4
interacts with several signaling molecules such as Ras-associ-
ated factor 1A (RASSF1A) (12), calcineurin (13),�1-syntrophin
(14), and nNOS (15). The findings of a recent genome-wide
association study and other human studies have indicated that
PMCA4 is highly relevant to cardiac disease (16–18) and thus
underscore the necessity to fully elucidate the role of PMCA4 in
the heart.
A complete understanding of the role of PMCA4might help

to provide a solution to a classical conundrum in cardiac phys-
iology, i.e. how the cardiac cell uses calcium for signaling
against the background of very large swings in calcium concen-
tration during the excitation/contraction cycle (19). Essentially,
two hypotheses have been brought forward. Firstly, signaling
information is carried by “contractile” calcium. Alternatively,
two pools of calcium can be distinguished, one for contraction
and the other for signaling (19).
If it were possible to identify a calcium transporter that is

involved exclusively in signaling, but not in contraction/relax-
ation, this finding would strongly favor a model in which the
two functions of Ca2� can clearly be separated. Such a model
would also be key in facilitating the design of experiments to
directly demonstrate the separate calcium pools, e.g. through
cloning of calcium sensors attached to the transporter(s)
responsible for signaling.
We hypothesized that PMCA4, similarly to transient recep-

tor potential canonical channels (20) and inositol 1,4,5-triphos-
phate receptor (21), is such a calcium transporter, having an
exclusive role in signaling. We further hypothesized that
PMCA4 is essential for the tethering of nNOS to the cardiac
membrane. It has previously been shown that nNOS is localized
to both the sarcoplasmic reticulum and the cell membrane and
can shuttle between these compartments with functional con-
sequences in health and disease (22–24). However, the mecha-
nisms underlying the localization of nNOS to the plasmamem-
brane remained unknown. Here we show that PMCA4 is a key
protein in this process and that tethering of nNOS by PMCA4
has profound functional consequences on local cyclic nucleo-
tide signaling.

EXPERIMENTAL PROCEDURES

Animals—Our previously described PMCA4 germline null
mutant mice were used in the study (25). All animal experi-
ments were performed on adult mice (16–20 weeks old) in
accordance with the United Kingdom Animals (Scientific Pro-
cedures)Act 1986 andwere approved by theUniversity ofMan-
chester Ethics Committee. Adenoviral constructs, hemody-
namic analysis, confocal immunofluorescence, NOS activity
assay, isolation of neonatal and adult cardiomyocytes, determi-
nation of whole cell calcium transients, electrophysiology, sar-
coplasmic reticulum calcium contents, NCX current and fluo-
rescence resonance emission transfer (FRET) imaging for
phosphodiesterase (PDE) activity, assessment of S-nitrosyla-
tion, immunogold staining and electron microscopy, and PKA
activity assay are detailed in the supplemental methods.
Western Blotting—Animals were killed by cervical disloca-

tion, hearts were homogenized in radioimmune precipitation

buffer (1� PBS, 1% IGEPAL, 0.5% sodium deoxycholate, 0.1%
SDS, 20�MPMSF, 500 ng/ml leupeptin, 1�g/ml aprotinin, 500
ng/ml pepstatin), and protein content was determined using a
BCA protein assay reagent kit (Pierce). For immunoprecipita-
tion experiments, protein lysates (1 ml) were precleared by
incubation with 200 �l of protein G-agarose beads (Roche
Applied Science) and 5�l of anti-luciferase polyclonal antibody
(1 mg/ml, Promega) at 4 °C for 1 h. Beads were removed by
centrifugation at 1000 � g, and 500 �l of precleared extracts
were incubated overnight at 4 °Cwith either the anti-caveolin-3
monoclonal antibody (Abcam) or, as a control, an anti-lucifer-
ase polyclonal serum (Promega) and 40 �l of protein. Western
blotting was conducted by separating equal amounts of protein
on 8% polyacrylamide gels and electroblotting onto nitrocellu-
lose membrane using the recommended transfer buffer. Blots
were probed with antibodies selective for PMCA4 (JA9,
Abcam), PMCA1 (anti-PMCA1, Abcam), nNOS (anti-NOS-1,
Affinity BioReagents), eNOS (anti-eNOS, Abcam), L-type cal-
ciumchannels (anti-DHPR�2 subunit, Abcam), SERCA2 (anti-
SERCA2a, Affinity BioReagents), Na/K-ATPase (anti-Na/K-
ATPase, Santa Cruz Biotechnology), GAPDH (anti-GAPDH,
Abcam), RYR (anti-RYR, Abcam), Ser(P)-2808 RYR (Anti-RYR
phospho-Ser2808, Badrilla), NCX (anti-NCX, SWANT Inc.) or
�-tubulin (anti-�-tubulin, Calbiochem), and anti-mouse HRP
(Dako) or anti-rabbit HRP (Jackson ImmunoResearch Labora-
tories) were used as secondary antibodies. Immunocomplexes
were visualized using enhanced chemiluminescence according
to the manufacturer’s protocol (Amersham Biosciences) and
exposed to autoradiographic film (Eastman Kodak Co.).
Subcellular Fractionation and nNOS Activity Assay—Heart

tissue was fractionated into cytoplasmic and membrane frac-
tions using the S-PEK subcellular fractionation kit (Calbi-
ochem) following the manufacturer’s protocol. The separation
of compartments was validated (see Fig. 3A). Measurement of
nNOS activity and of cGMP and cAMP levels was carried out as
described previously (26).
Data Analysis and Statistics—Data are presented as mean �

S.E. Statistical analyses were carried out using the Student’s t
test or one-way analysis of variance, where appropriate, using
the SPSS statistical software. Values were considered signifi-
cantly different when p � 0.05.

RESULTS

PMCA4 Does Not Contribute to Global Calcium Removal—
To study the role of PMCA4 in the heart, we used ourmicewith
genetic ablation of the Pmca4 gene (PMCA4�/�) (25). The
absence of PMCA4 in total heart homogenates and cardiomyo-
cytes was confirmed byWestern blot (Fig. 1A) and immunoflu-
orescence (Fig. 1B), respectively. Ablation of PMCA4 did not
result in changes in the expression of other major calcium-
handling proteins such as SERCA2a, NCX, and L-type calcium
channels or in the expression of the other isoform of PMCA
expressed in the cardiomyocytes (PMCA1) (Fig. 1C). To deter-
mine the contribution of PMCA4 to the removal ofCa2�during
relaxation, PMCA4�/� cardiomyocytes were perfused with
Na�/Ca2�-free solution containing 10 mM caffeine (Fig. 1D).
Cardiomyocytes lacking PMCA4 showed a similar Ca2� decay
pattern to wild type (WT) cells (Fig. 1E; Ca2� decay rate (relax-
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ation time constant, �) of 0.57 � 0.04 ms in WT versus 0.52 �
0.06 ms in PMCA4�/� cells), suggesting that ablation of
PMCA4 did not modify the calcium decay rate during relax-
ation. These data confirmed that the contribution of PMCA4 to
diastolic calcium removal is minor.
PMCA4 Regulates Cardiac Contractility through an nNOS-

dependent Mechanism—We used a pressure-volume system to
investigate the role of PMCA4 in regulating cardiac contractil-
ity in vivo. Interestingly, ablation of PMCA4 resulted in
enhancement of contractility as indicated by dP/dtmax and end
systolic elastance (Ees), with no significant effect on relaxation
as indicated by the � values (Fig. 2A and supplemental Table 1,
p � 0.05, n � 9). This suggests that contrary to the classical
hypothesis that PMCA4 has a role in diastole, it regulates car-
diac function through alternative means because its ablation
enhances systolic function rather than impairing diastolic func-
tion. As PMCA4 forms a signaling complex with nNOS, a mol-
ecule previously described as a regulator of cardiac contractility
(26–29), we hypothesized that the changes in contractile func-
tionmight be due to the disruption of the PMCA4-nNOS com-
plex and subsequent alteration in nNOS activity. In agreement
with this idea, the selective nNOS inhibitor N�-propyl-L-argi-

nine (L-NPA, 1 mg/kg of body weight) caused a significant (p �
0.05) elevation in contractile function in WT mice, whereas in
PMCA4�/� mice, L-NPA had no effect on contractility (Fig.
2B). These results indicate the absence of inherent regulatory
activity of nNOS in PMCA4�/� mice. Subsequent injection of
N�-nitro L-arginine methyl ester (50 mg/kg of body weight) to
inhibit other NOS isoforms produced no further changes in
contractility (Fig. 2B).

Observations in isolated cardiomyocytes strongly supported
the in vivo data. PMCA4�/� cardiomyocytes showed a signifi-
cant increase in the amplitude of the Ca2� transient, with no
significant change in the rate of decay. Cardiomyocytes lacking
PMCA4 did not respond to specific nNOS inhibition (100 �M

N-5-(1-imino-3-butenyl)-L-ornithine, monohydrochloride)
(Fig. 2, C and D). These results strongly indicate that PMCA4
regulates cardiomyocyte contractility via modulation of nNOS.
Mechanisms of nNOS Regulation by PMCA4 and the Struc-

tural Role of PMCA4—Using overexpression models, we have
recently shown that PMCA4 binds to and negatively regulates
nNOS activity in the heart (26, 27). It was therefore unexpected
to also see reduced nNOS activity in PMCA4�/� mice. To
explain this finding, we hypothesized that PMCA4 acts as a
scaffolding molecule to tether nNOS to the plasma membrane
and that in the absence of PMCA4, nNOS would be released
from the sarcolemmal subcompartment. To address this
hypothesis, we fractionated heart extracts from PMCA4�/�

mice into membrane and cytoplasmic fractions. Detection of
specific membrane and cytoplasmic proteins in the respective
fractions confirmed successful fractionation (Fig. 3A). A signif-
icant reduction in nNOS activity in the membrane fraction of
PMCA4�/� cardiac tissue was observed (Fig. 3B). In the cyto-
plasmic fraction, nNOS activity was higher in PMCA4�/�

when compared with WT. There were no significant differ-
ences in the activity of other NOS isoforms at the membrane
and cytoplasm. In agreement with these findings, we also found
that the level of nNOS but not eNOS expression in the mem-
brane fraction was markedly reduced in PMCA4�/� hearts
when comparedwithWTcontrols (Fig. 3C), but with no overall
reduction in total nNOS expression. To confirm the loss of
PMCA4 specifically from the plasmamembrane, we conducted
a co-immunoprecipitation experiment. We precipitated heart
tissue lysate using anti-caveolin-3 (plasma membrane marker)
and then performed Western blot analysis to detect the nNOS
level. In knock-out mice, nNOS was not detected in the lysates
precipitatedwith anti caveolin-3 (Fig. 3D). Electronmicroscopy
with immunogold staining also supported the findings that
nNOS was translocated from the plasma membrane to the
cytoplasm in PMCA4�/� myocytes (Fig. 3E). We also analyzed
the localization of eNOS, the other NOS isoform, which is nor-
mally localized at the plasma membrane (22), in PMCA4�/�

mice. Contrary to nNOS, the plasma membrane localization of
eNOS was not affected by PMCA4 genetic deletion (supple-
mental Fig. 1B). Altogether our data demonstrate that PMCA4
has a structural role that involves tethering nNOS and not
eNOS to the plasma membrane of cardiomyocytes.
Downstream Effectors of the PMCA4-nNOS Complex Are

Activated in PMCA4�/� Mice—We further investigated the
regulatory actions of PMCA4 downstream of nNOS.We found

FIGURE 1. The absence of PMCA4 in the heart had no effect on global
calcium extrusion. A, Western blot showing PMCA4 deletion in cardiac tissue
from PMCA4�/� mice. B, immunostaining of isolated single cardiomyocytes
to verify efficiency of the deletion of PMCA4. Alexa Fluor 594 phalloidin was
used to stain the F-actin to identify cardiomyocytes. C, representative West-
ern blots to detect the expression of PMCA1, L-type calcium channel, SERCA2,
and NCX in heart extracts from PMCA4�/� mice. D, representative traces of
calcium decay following application of Na�/Ca2� free solution (to completely
inhibit the Na�/Ca2� exchanger) in the presence of 10 mM caffeine (to empty
the sarcoplasmic reticulum). E, quantification of the time constant of the Ca2�

decay (�) suggested that Ca2� efflux through PMCA is not impaired in the
PMCA4�/� cardiomyocytes, which indicates the negligible contribution of
PMCA4 to global calcium extrusion (n � 6).
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that the reduction of nNOS activity in the PMCA4�/� mem-
branes led to a significant decrease in cGMP levels, accompa-
nied by an elevation of cAMP levels. PKA activity and phospho-

rylation of ryanodine receptors at Ser-2808 were also elevated
(Fig. 4, A–D). Patch clamp experiments also showed that
PMCA4�/� myocytes displayed a significant elevation in the

FIGURE 2. PMCA4�/� mice modulate contractility through an nNOS-dependent mechanism in vivo and in isolated adult cardiomyocytes. A, represent-
ative pressure-volume loops for invasive hemodynamic analysis of PMCA4�/� mice; end systolic elastance (Ees), dP/dtmax, and � were used as measures for
cardiac contractility and relaxation, respectively. PMCA4�/� mice showed a significant increase in basal contractility when compared with their WT littermates
with no effect on the relaxation speed (n � 9, *, p � 0.05). B, changes in contractile function (dP/dtmax) following administration of the selective nNOS
antagonist (L-NPA, 1 mg/kg of body weight). L-NPA caused a significant elevation in dP/dtmax in WT mice but not in PMCA4�/� mice (n � 10, *, p � 0.05). L-NPA
also abolished the difference in contractile function between WT and PMCA4�/� mice. There was no further significant change upon subsequent administra-
tion of the total NOS inhibitor (N�-nitro L-arginine methyl ester (L-NAME), 50 mg/kg of body weight) in either group of mice. C, representative calcium transient
traces from isolated PMCA4�/� and WT myocytes loaded with Indo-1 dye showed higher calcium amplitude in PMCA4�/�; this phenotype was emulated in WT
myocytes treated with an nNOS-specific inhibitor (100 �M N5-(1-imino-3-butenyl)-L-ornithine, monohydrochloride). D, quantification of calcium transient
amplitude and time constant for calcium decay (�) (*, p � 0.05 versus WT, n � 10 –12 myocytes from 4 –5 independent animals in each group).
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L-type channel activity when comparedwith theirWT controls
(Fig. 4E). However, there were no significant changes in the
major parameters determining relaxation such asNCXcurrent,
sarcoplasmic reticulum calcium content, and phospholamban
phosphorylation or in the nitrosylation status of RYR receptors
(supplemental Figs. 2 and 3). In addition, there were no signif-
icant changes in the levels of guanylyl cyclase andprotein kinase

A expression (supplemental Fig. 1A). The increases in ryano-
dine receptor phosphorylation and L-type calcium channel
activity are likely the factors responsible for the elevated cal-
ciumamplitude and basal contractility in PMCA4�/�mice. It is
interesting to note that the other PMCA isoform expressed in
the heart (PMCA1) did not show any functional effect on nNOS
activity (supplemental Fig. 5).
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PMCA4-nNOS Complex Mediates Local Signaling—The
changes in cAMP and cGMP levels in total heart homogenate
were relatively small, which did not reflect the exact compart-
mentalized changes at the membrane. Therefore, we hypothe-
sized that PMCA4 is involved in the regulation of local nNOS
signaling at the membrane and hence regulates only local
cGMP and PDE2 (cGMP-activated cAMP phosphodiesterase)
(30) specifically in the vicinity of the plasmamembrane. To test
this idea, we used FRET-based cAMP sensors (Epac1camps)
(31) that are targeted either to the cytoplasm (cyt-Epac1camps)
or to the plasma membrane (mp-Epac1camps). We generated
adenoviruses expressing both types of Epac1camps and used
them to infect neonatal rat cardiomyocytes (NRCM) (Fig. 5A).
The FRET signal was then examined following treatment of

Epac1camps-expressing NRCMwith either isoform-specific or
pan-PDE inhibitors, thus reflecting the PDE activity (supple-
mental Fig. 4).

In NRCM lacking PMCA4 (using an shRNA system; Fig. 5B),
onlymembrane PDE2 activity was significantly reduced by 38%
when compared with control cells (n � 8, p � 0.05) (Fig. 5C).
Cytoplasmic PDE2 was not changed in PMCA4-deficient myo-
cytes, suggesting that PMCA4 regulates the local signal only in
the vicinity of the membrane. As expected, total PDE activity
was only decreased in the membrane compartment and not in
the cytoplasmic compartment of PMCA4-deficient cells. This
localized decrease in PDE2 activity at the membrane compart-
ment led to the localized increase in cAMP and hence PKA
activity. The membrane-compartmentalized elevation in PKA

FIGURE 3. nNOS activity and expression are reduced in the membrane fraction of PMCA4�/� hearts. A, Western blot analysis of cytoplasmic and
membrane fractions from WT cardiac tissue probed with antibodies against cytoplasmic (GAPDH) or membrane proteins (Na/K-ATPase and caveolin-3) to
confirm the purity of the cardiac membrane and cytoplasmic fractions. B, membrane-associated nNOS and total NOS activities were significantly reduced in
PMCA4�/� mice when compared with their WT littermates; however, activities of the other NOS isoforms (eNOS/ inducible NOS (iNOS)) were not changed. In
contrast, cytoplasmic nNOS and total NOS activity were elevated in PMCA4�/� mice when compared with controls (*, p � 0.05, n � 11). C and D, Western blots
showing nNOS (C) and eNOS (D) expression in the membrane fraction and total nNOS and eNOS expression in crude heart lysates from PMCA4�/� and WT
controls. The quantification of these blots showed a significant reduction only in membrane-associated nNOS in PMCA4�/� when compared with WT
littermates (n � 7, *, p � 0.05). �-Tub, �-tubulin. E, heart extracts were immunoprecipitated with anti-caveolin-3 (Cav) or anti-luciferase antibody (Luc) as a
negative control. Western blot of precipitated protein using anti-nNOS antibody showed that caveolin-bound nNOS (plasma membrane nNOS) was abolished
in PMCA4�/� hearts. Total protein (TP) from heart lysate was used as a positive control. F, representative electron micrographs of isolated adult cardiomyocytes
stained with immunogold-labeled antibody for nNOS showing the different localization of nNOS in the PMCA4�/� myocytes when compared with WT. These
micrographs showed the complete absence of nNOS from the plasma membrane (PM). Analysis of 60 fields (20 from each animal) in each group showed the
virtual absence of nNOS from the membrane and �50% increase in cytoplasmic nNOS in PMCA4�/� when compared with their WT littermates (n � 3 animals
in each group, *, p � 0.05).

FIGURE 4. Genetic ablation of PMCA4 modulates cyclic nucleotide levels and RYR and L-type channel activity. A, cGMP levels were significantly decreased
in total heart homogenates from PMCA4�/� mice when compared with their respective controls (n � 7, *, p � 0. 05). In B and C, however, cAMP levels (B) and
PKA activity (C) were significantly elevated in PMCA4�/� when compared with their WT littermates (n � 7, *, p � 0.05). D, RYR phosphorylation at Ser-2808 was
significantly elevated (n � 7, *, p � 0.05) in PMCA4�/�. E, to determine the L-type channel activity, patch-clamped cardiomyocytes were depolarized from a
holding potential of �40 mV to a family of 200-ms test potential pulses from �30 to �40 mV. A significant increase in L-type calcium current was noticed in
PMCA4�/� when compared with the WT cardiomyocytes, which is maximal at �10 mV (n � 12–15 cells in each group, *, p � 0.05). pF, picofarads.
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activity explains the increased phosphorylation of L-type cal-
ciumchannels andRYR. It is evident that RYR is located in close
proximity to the L-type calcium channel (32). This compart-
mentalized membrane increase in PKA activity did not diffuse
through the cytoplasm as it has no effect on PLB phosphoryla-
tion (supplemental Fig. 3C).

�-Adrenergic Contractile Response Was Reduced in PMCA4
Knock-outMice—The�-adrenergic signaling pathwayhas been
shown to be regulated by overexpression of the PMCA4 (27) as
well as by deletion of nNOS (29). To investigate whether
PMCA4 gene ablationwould result inmodification of the�-ad-
renergic pathway, we assessed the effect of isoproterenol stim-
ulation in PMCA4�/� cardiomyocytes as well as in whole ani-
mals. Although exhibiting increased basal contractility (Fig.
2A), PMCA4�/� mice also displayed a significantly attenuated
response to isoproterenol stimulation at a dose of 1.6 mg/kg of
body weight, as indicated by the change in dP/dtmax values (n�
8–10, p � 0.05) (Fig. 6A, right panel), resulting in both
PMCA4�/� and wild type mice reaching the same maximal
contractile response (Fig. 6A, left panel). In keeping with the in
vivo data, as a result of the high basal calcium transient ampli-
tude in the PMCA4�/� when compared with their WT litter-
mates, the change in calcium transient amplitude following iso-
proterenol administration (100 nM)was significantly reduced in
PMCA4�/� cardiomyocytes (Fig. 6, B and C). These data sug-
gest that the PMCA4-nNOS complex modifies the �-adrener-
gic induced-contractile response in cardiomyocytes and in vivo
as a result of higher basal contractility.

DISCUSSION

The key novel findings in this study are as follows. (i) PMCA4
plays a pivotal structural role inmyocardial signaling by tether-
ing nNOS to the subsarcolemmal space. (ii) Functionally, the
displacement of the sarcolemmal fraction of nNOS in
PMCA4�/� mice leads to an increase in contractility via alter-
ation of cyclic nucleotide levels and phosphodiesterase 2 activ-
ity in a microdomain defined by PMCA4. (iii) These alterations
in cyclic nucleotides lead to subsequent phosphorylation of the
ryanodine receptor and a significant increase in L-type calcium
channel activity. (iv) PMCA4 does not measurably contribute
to beat-to-beat regulation of diastolic calcium and hence
relaxation.
We had previously shown, in HEK293 cells (15) as well as in

transgenic animals overexpressing PMCA4 (26, 27), that
PMCA4 interacts with and regulates the calcium/calmodulin-
dependent enzyme nNOS. These proteins are linked together
via a PDZ domain in nNOS and a cognate ligand at the C-ter-
minal end of PMCA4. As PMCA4 depletes calcium in the vicin-
ity of nNOS, the latter produces less NO. Nitric oxide from
nNOS has been shown to be a key regulator of cardiac contrac-
tility (28, 29). By using a PMCA4 knock-outmodel in this study,
we revealed a novel and unexpected scaffolding role of PMCA4
in regulating nNOS function. In addition, it became clear that
the underlying mechanism involved compartmentalization of

FIGURE 5. PMCA4 modulates local signaling at the membrane. A, repre-
sentative images of NRCM infected with adenovirus expressing cytoplasmic
cAMP FRET sensor (cyt-Epac1camps) or a membrane-targeted version of
Epac1camps (MP-Epac1camps). B, Western blot showing the reduction of
PMCA4 level in NRCM infected with adenovirus shRNA to knock down
PMCA4. C, FRET technology was used to assess the spatial activity of each PDE
isoform in NRCM at the membrane (using mp-Epac1camps FRET sensor) as
well as in the cytoplasm (using cyt-Epac1camps FRET sensor). We found both
PDE2 and total PDE activities to be significantly reduced at the membrane
following PMCA4 knockdown, whereas cytoplasmic activity remained
unchanged (n � 8, *, p � 0.05). To assess PDE isoform activities, specific PDE
inhibitors were used as follows: 10 mM BAY-60-7550 for PDE2, 1 mM

Cilostamide for PDE3, 10 mM Rolipram for PDE4, and 500 mM isobutylmethyl-
xanthine for total PDE activity.
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FIGURE 6. Effect of isoproterenol stimulation in PMCA4�/� mice. A, dose response to isoproterenol following administration of 0. 025, 0.1, 0.4, and 1.6 mg/kg
of isoproterenol in PMCA4�/� and their WT littermates. The left panel shows absolute values for dP/dtmax, and the right panel shows changes in contractile
function (�dP/dtmax) in response to various doses of isoproterenol. The response to 1.6 mg/kg of isoproterenol injection was significantly attenuated in
PMCA4�/� mice when compared with their WT littermates (n � 10, *, p � 0.05). mg/kg BW, mg/kg of body weight. B, representative calcium transient traces
from isolated PMCA4�/� and WT myocytes at baseline and after stimulation with isoproterenol (Iso, 100 nM). C, quantification of the change in calcium transient
amplitude after isoproterenol (100 nM) perfusion indicated that PMCA4�/� cardiomyocytes showed a significantly reduced response to isoproterenol stimu-
lation (*, p � 0.05 versus WT, n � 10 –12 myocytes from 4 –5 independent animals in each group).
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cyclic nucleotide signaling around PMCA4 aswell as regulation
of the L-type calcium channel and the ryanodine receptor; this
was information that could not be gleaned by studying the
PMCA4 overexpression model (26, 27). Western blot and elec-
tronmicroscopic analyses clearly showed that in the absence of
PMCA4 protein, nNOS was translocated from the plasma
membrane to the cytoplasm. The reduction of nNOS enzy-
matic activity in the plasma membrane led to a decrease in
cGMP and a subsequent increase in cAMP, likely through
reduced activity of PDE2, a well known mechanism of mutual
cyclic nucleotide regulation (26, 30). Using a novel FRET-based
sensor, we were able to demonstrate that this signaling event
only occurred in the local plasma membrane microdomain.
This compartmentalized decrease in PDE2 activity led to a
membrane-localized increase in cAMP and PKA (33) and ulti-
mately to an increase in L-type calcium channel activity and in
ryanodine receptor phosphorylation: two key mechanisms of
positive inotropy at and very close to the membrane compart-
ment (32). This explains the phenotype of increased basal con-
tractility in PMCA4�/� mice.

Our PMCA4�/� model is only comparable in part with the
total nNOS�/� model (28). The elevated calcium amplitude in
PMCA4�/�was similar to that observed in isolated cardiomyo-
cytes from nNOS�/� mice (28, 34). However, nNOS�/� mice
showed a reduction in relaxation speed as well as in the rate of
Ca2� decay, which is not observed in our PMCA4�/� mice.
Cardiac nNOS is known to be localized to the plasma mem-
brane (35), sarcoplasmic reticulum (36, 37), and mitochondria
(38). The effects of NO have been shown to be dependent upon
the cellular localization of the generating enzyme (reviewed by
Hare and Stamler (39)). It is therefore likely that the difference
in relaxation and calcium decay between PMCA4�/� and
nNOS�/� mice is due to a difference in the cellular compart-
ments in which nNOS is depleted. In PMCA4�/�, only plasma
membrane-bound nNOS is decreased when compared with its
total ablation in nNOS�/� mice. In addition, it should be noted
that nNOS�/� is not a complete knock-out, with nNOS� still
being expressed in the mouse line (29).
Therefore, based on present and previous data from our

group and others, a picture emerges in which nNOS serves
radically different functions depending on its localization.
Indeed, based on our finding that PMCA4 forms a functional,
structural complex with nNOS, it becomes possible to specu-
late that an individual nNOS binding partner, such as PMCA4,
determines the function of the individual nNOSmolecule, even
within one membrane compartment. The role of PMCA4 to
regulate the function of nNOS is not limited to the heart and
has also been reported in vasculature (40, 41). However, it
appears that PMCA4-nNOS modulation is specific to the car-
diovascular system, where PMCA4 is mainly localized to cave-
olae (9, 42).
In addition to our present work on the physiological function

and the molecular mechanisms of PMCA4 action, there is a
growing body of evidence regarding involvement of the nNOS-
PMCA4 structural complex at the plasmamembrane in cardiac
disease. The complex is associated with other proteins such as
carboxyl-terminal PDZ ligand of nNOS (CAPON) (23) and
�1-syntrophin (43). Beigi et al. (23) have shown that during

myocardial infarction, the PMCA4-CAPON-nNOS complex is
enhanced, resulting in the enrichment of nNOS at the plasma
membrane. Crucially, recent human genome-wide association
studies found an association between an SNP in CAPON with
prolonged QT syndrome in humans and sudden death (17, 18).
The subsarcolemmal localization of nNOS is also vital in the
development of heart failure, as shown both in patients (44) and
in animal models (45). Whether nNOS translocation in disease
is associated with or caused by changes in PMCA4 expression
needs further clarification, but these findings clearly illustrate
the relevance of this structural complex in health and disease
and the need to unravel its exact role.
Overall, our current study demonstrates the novel and cru-

cial role of PMCA4 as a structural molecule in maintaining the
spatial and functional integrity of the nNOS signaling complex
in the plasma membrane in the heart. It also provides mecha-
nistic evidence for a central role for this complex in determin-
ing cardiac contractility, both in the basal and in the �-stimu-
lated state. On the other hand, PMCA4 clearly has no role in
beat-to-beat cardiac relaxation based on observations from our
knock-outmousemodel. Hence, PMCA4 acts both as a scaffold
for nNOS at the membrane and as a regulator that maintains
the local calcium level at optimal concentrations for nNOS
functionality. Therefore, PMCA4 is one of the calcium trans-
port proteins in the heart, in addition to transient receptor
potential canonical channels (20) and inositol 1,4,5-triphos-
phate receptor (21), that serves a role in signaling. It is a classi-
cal, but still open, question in cardiac physiology whether the
calcium pools that mediate contraction also mediate signaling
or whether these functions are separate. Although direct high-
resolution determination of local calcium pools in the heart is
not yet reliably possible, the existence of a protein, PMCA4,
that carries a calcium signaling function strongly suggests a
model of separate and spatially confined calcium pools that
subserve the two functions of calcium in the heart. Based on this
unique protein, itmay be possible in the future to clone calcium
sensors that are able to directly demonstrate the existence of
separate pools for contractile and signaling calcium.
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