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Abstract
Phospholemman (PLM) is a small sarcolemmal protein that modulates the activities of Na+/K+-
ATPase and the Na+/Ca2+ exchanger (NCX), thus contributing to the maintenance of intracellular
Na+ and Ca2+ homeostasis. We characterized the expression and subcellular localization of PLM,
NCX and the Na+/K+-ATPase α1-subunit during perinatal development. Western blotting
demonstrates that PLM (15 kD), NCX (120 kD) and Na+/K+-ATPase alpha-1 (~100 kD) proteins
are all more than 2-fold higher in ventricular membrane fractions from newborn rabbit hearts (1–4
day old) compared to adult hearts. Our immunocytochemistry data demonstrate that PLM, NCX and
Na+/K+-ATPase are all expressed at the sarcolemma of newborn ventricular myocytes. Taken
together, our data indicate that PLM, NCX and Na+/K+-ATPase alpha-1 proteins have similar
developmental expression patterns in rabbit ventricular myocardium. Thus, PLM may have an
important regulatory role in maintaining cardiac Na+ and Ca2+ homeostasis during perinatal
maturation.
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1. Introduction
Mechanisms underlying developmental changes in cardiac excitation-contraction (EC)
coupling and regulation of contractile function remain incompletely defined. The Na+/Ca2+

exchanger (NCX) plays an essential role in EC coupling in the immature heart since Ca2+

movement through NCX is sufficient to sustain contraction and relaxation in neonatal rabbit
myocytes [1,2]. The Na+/K+ pump is responsible for Na+ extrusion from the cells and
alterations in Na+/K+ pump function causes changes in the intracellular Na+ activity [3], which
in turn affects intracellular Ca2+ and contractility [4]. Since NCX activity depends on
transmembrane gradients of Na+ and Ca2+, its activity is strictly linked to that of the Na+/K+
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pump. Thus, alterations in the activities of either the Na+/K+ pump or NCX activity will affect
the cardiac contractile function in the developing heart (possibly even more so than in the adult,
due to the intimate role of NCX in immature Ca2+ homeostasis).

Phospholemman (PLM) is a small (72 amino acids) phosphoprotein with a single
transmembrane domain and an apparent molecular mass of approximately 15-kDa. Infrared
spectroscopy of proteoliposomes shows that PLM peptide is completely α-helical and inserts
into lipid membranes in a trans-bilayer fashion, forming a tetramer [5]. Although identified
several years ago [6,7], the functional role of PLM remains obscure. PLM belongs to the FXYD
family of proteins that also includes the Na+/K+-ATPase γ subunit [3,8–10]. Functionally, PLM
modifies the Na+ and K+ affinities of both α1 and α2 subunits of Na+/K+-ATPase when
expressed in Xenopus oocytes. In cardiac and skeletal muscle, PLM physically associates with
the Na+/K+-ATPase α1 subunit, which is the major Na+/K+-ATPase α isoform transcript
expressed during cardiac development [11]. PLM regulates NKA in a manner analogous to
phospholamban regulation of SR Ca2+-ATPase (i.e., inhibition that is relieved by PLM
phosphorylation) [12,13]. However, PLM also associates with native NCX1 in rat cardiac
myocytes [14,15] by binding to an intracellular loop of the cardiac NCX1, where it appears to
act as a repressor of NCX activity [16,17]. Thus, two principal proteins involved in regulation
of Ca2+ homeostasis (and thus EC coupling) in the immature heart may be under direct control
of PLM. It is therefore important to know whether PLM expression parallels that of NCX1 and
the Na+/K+-ATPase α1 subunit during perinatal development.

2. Methods
2.1 Isolation of membrane fractions from rabbit hearts

Membrane fractions were isolated from the hearts (left ventricles) of New Zealand White
rabbits in the following age groups: 1 to 4-day old (neonatal), 9 to 10-day old (juvenile) or
more than 150-day-old (adult). For the neonatal and juvenile age groups either sex was used,
whereas male adult rabbits were used. Following pentobarbital overdose (60 mg/kg body
weight and 500 IU/kg heparin; intraperitoneally in 1–10 days old rabbits; intravenously in
adults), hearts were rapidly excised and washed in ice-cold phosphate buffer saline (PBS) at
4°C. Crude membrane fractions were isolated according to Pond et al. [18] with slight
modifications. In brief, the heart was minced and homogenized in 10 volumes of ice cold TE
homogenization buffer containing (in mM) 5 Tris-HCl pH 7.4, 1 EDTA and cocktail of protease
inhibitors (Sigma) and Phenylmethanesulfonylfluoride (PMSF) using a Polytron homogenizer.
The homogenate was centrifuged at 1000g for 10 minutes to remove nuclei and debris, and the
supernatant removed. The pellet was rehomogenised in 7 volumes of homogenization buffer
using a hand-held motorized Dounce homogenizer and centrifuged again at 1,000g for 10
minutes. Thereafter the supernatants were combined and centrifuged again at 27,000g for 45
minutes. The supernatant was discarded and the pellet was resuspended in TE containing
600mM KI and incubated in ice for 15 minutes. The resuspended pellet was centrifuged at
27,000g for 15 minutes; the resulting pellet was resuspended in TE and re-centrifuged at
27,000g. This step was repeated twice to remove any residual KI. The final pellet was
resuspended in TNE containing (in mM) 50 Tris-HCl pH 7.4, 150 NaCl, 1 EDTA and cocktail
of protease inhibitors and PMSF and stored at −80°C.

2.2 Western Blotting
Clarified precipitates of membrane fractions were separated by denaturing SDS-PAGE (8%
polyacrylamide for NCX and Na+/K+-ATPase, and 15% for PLM) and transferred to PVDF
membranes. The PVDF membrane was dried and stained with Sypro Ruby protein gel stain
(Molecular Probes) and visualized using a 300 nm UV trans-illuminator to verify equal protein
loading in various lanes. The blot was destained (150 mM Tris, 20% methanol, pH 8.8 for 10
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minutes) and exposed to a blocking solution (100 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5%
Tween-20 and 5% non-fat dry milk) overnight. The blot was exposed to primary antibody in
the same solution for 1 hour (room temperature) followed by a secondary HRP-conjugated
antibody (anti-mouse or anti-rabbit) for 1 hour. Signal was detected by chemiluminescence
(Pierce). Multiple exposures were made to ensure that data were obtained within the linear
range of the X-ray film. Blots were scanned using a transilluminator and the band intensity
was quantified by measuring density of the band using image processing and analysis program
Image J.

2.3 Immunocytochemistry
Ventricular myocytes (isolated using a standard enzyme perfusion technique) [19] were
allowed to settle on coverslips for 30 minutes. After washing the cells with phosphate-buffered
saline (PBS) cells were fixed with cold methanol for 5 minutes at −20°C. The cells were
permeabilized with 1% Triton X-100 (15 min at room temperature). Following washing with
PBS (2 x 5 minutes), non-specific antigenicity was blocked with 5% serum (goat or donkey)
in PBS (2 x 10 minutes) and cells were subsequently incubated with primary antibodies (1 hour
at room temperature), washed (3x5 min with PBS) and then incubated with secondary
antibodies for 45 minutes. Cells were then washed (4x 10 min in PBS) and mounted on slides.
These slides were imaged using a Leica PS2 confocal microscope equipped with an Argon 488
nm gas laser and Helium Neon lasers (543 and 633 lines) Images were obtained using an
emission pin hole of 1.5 AE with 63x oil objective.

2.4 Antibodies
Antibodies were raised to a PLM C-terminal peptide (residues 57–70) and affinity purified
similar to that previously described [20]. Monoclonal anti-NCX antibodies were from Affinity
Bioreagents and the anti-α1 Na+/K+-ATPase subunit antibody was from Upstate cell signaling
solutions. Secondary antibodies used were Cy3 conjugated goat anti-rabbit IgG, FITC
conjugated goat anti-mouse IgM and Cy2 conjugated donkey anti-mouse IgG. All the
secondary antibodies were used in 1:300 dilution (Jackson Immuno Research).

2.5 Statistical Analysis
For comparative purposes, Western blot band intensities of neonatal and juvenile groups were
expressed relative to the adult heart sample obtained in the same blot. Results are presented as
mean±S.E.M. and were analyzed using one-way ANOVA. Multiple comparisons were made
against the adult heart protein values using the Dunnet’s t-test. A value of p<0.05 was
considered significant.

3. Results and Discussion
Immunoblotting was performed to determine the relative expression levels of NCX1, PLM and
Na+/K+-ATPase α1 subunit during perinatal development in the rabbit heart (Fig. 1). We found
strong expression of all three proteins in the newborn (1–2 day) rabbit hearts. Each of the
proteins were expressed at lower levels at later states of maturity (protein loading in the
different lanes was similar; Fig 1A). Lower levels were observed even at 9–11 days after birth,
suggesting that down regulation of protein expression is rapid and occurs within a week after
birth in the rabbit. Our data are consistent with previous reports, demonstrating NCX1 (the
major NCX isoform expressed in the heart) to be downregulated postnatally in the rabbit, rat,
mouse and human heart [21–23]. The α1 Na+/K+-ATPase subunit is the major catalytic subunit
during development and is also downregulated after birth in the rat heart [24]. We demonstrate
the Na+/K+-ATPase α1 subunit similarly to be downregulated in the developing rabbit heart
(we have not been able to examine the expression levels of other Na+/K+-ATPase α subunits
since suitable antibodies could not be obtained). A novel aspect of our data is our demonstration
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that PLM expression parallels that of NCX1 and Na+/K+-ATPase α1 subunits during perinatal
development. Since PLM associates with both of these proteins and can regulate their function,
[11,14,25] our data are in support of the concept that PLM is likely to be an important
contributor to Na+ and Ca2+ homeostasis in the developing heart.

We next examined the subcellular localization of PLM, NCX1 and Na+/K+-ATPase α1 subunits
in ventricular myocytes enzymatically isolated from rabbit hearts. Immunocytochemistry
reveals expression of PLM, NCX1 and Na+/K+-ATPase α1 subunits in the sarcolemma of
newborn (1–2 days) ventricular myocytes (Fig 2). In adult myocytes, all three proteins have a
similar pattern of expression in the sarcolemma as well as in a sarcomeric striated distribution
throughout the cell (the latter probably reflects their expression in the t-tubular network). The
similarity in expression patterns of two of these proteins (PLM and NCX1) is demonstrated
by their co-localization in a co-staining experiment (Fig 2A). The fact that PLM has a
subcellular expression pattern similar to that of NCX1 and Na+/K+-ATPase α1 subunits yields
morphological support to previous reports demonstrating this phosphoprotein to associate with
these two important membrane transporters [11,14,15,25,26].

Based on the literature and our studies, interaction between PLM and NCX/Na/K pump may
have many physiological implications in immature hearts. NCX1 is crucial for triggering
contractions and modulating contractile strength in immature rabbit cardiac myocytes [1,2,
27]. The literature suggests that PLM inhibits NCX1 activity [16]. It is possible that under
basal conditions PLM negatively modulates Ca2+ influx and inotropic response. Moreover,
PLM has a number of PKA/PKC phosphorylation sites. Phosphorylation of PLM may play an
important role in cardiac contractility in immature hearts as it has been demonstrated in cultured
neonatal ventricular myocytes, that elevated intracellular Ca2+ and signaling through α- and
β-adrenergic receptors coordinately regulates the expression of the α1c-subunit of the L-type
calcium channel and the Na/Ca exchanger by activating PKA and PKC pathways [28,29]. The
absence of NKA stimulation in PLM-KO mouse suggests that PKC dependent effects on the
pump are mediated primarily by PLM, rather than direct NKA phosphorylation. Additionally,
PKC and PKA appear to have additive effects on NKA function [30].

In summary, we demonstrate that PLM expression levels during perinatal development parallel
that of NCX1 and Na+/K+-ATPase α1 subunits; two transporter proteins that are known to be
regulated by PLM. Our data raises the possibility that PLM is intimately involved in regulation
of Na+ and Ca2+ homeostasis (and thus, regulation of contractile activity) and that this
regulation could be of particular importance in the immature heart when all three proteins are
highly expressed.
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Figure 1.
Developmental expression of PLM, NCX and α1 subunit of Na+/K+-ATPase in rabbit heart.
Membrane fractions were isolated (see method section for details) from Newborn (1–4 day
old), 9–11 day old and adult rabbit hearts and run on an 8% gel for NCX and Na+/K+-ATPase,
and on a 15% gel for PLM. (A) Sypro Ruby protein blot stain was used to detect the amount
of proteins in each lane. 25 μg of protein was loaded in each lane. (B) Protein expression of
PLM, NCX and α1 subunit of Na+/K+-ATPase in newborn rabbit is at least 3 fold higher than
in adults. (C) Bar graph showing the protein expression of α1 subunit of Na+/K+-ATPase (n=3),
NCX (n=5) and PLM (n=5) during different developmental stages of rabbit heart by using
image processing and analysis program Image J. The values were normalized to the respective
adult values as 1 in each group.
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Figure 2.
Immunofluorescence localization of PLM, NCX and α1 subunit of Na+/K+-ATPase in newborn
and adult rabbit heart. PLM was visualized by using Cy3 conjugated goat anti-rabbit IgG, NCX
by using FITC conjugated goat anti-mouse IgM and α1 subunit of Na+/K+-ATPase by using
Cy2 conjugated donkey anti-mouse IgG. All the secondary antibodies were used in 1:300
dilution. (A) Newborn and (B) Adult rabbit myocytes stained with NCX (green) and PLM (red)
reveal strong expression of these proteins in the sarcolemma in newborns whereas in the
sarcolemma and z-lines in the adult. Co-staining demonstrates a co-localization pattern in
neonatal as well as adult rabbit heart. (C) Staining with α-1 antibody shows a sarcolemmal
staining pattern in newborns whereas in adult rabbit ventricular myocytes, we find sarcolemmal
and z-line staining.
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