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Abstract

 

Phospholamban is the regulator of the cardiac sarcoplasmic

reticulum (SR) Ca

 

2

 

1

 

-ATPase activity and an important

modulator of basal contractility in the heart. To determine

whether all the SR Ca

 

2

 

1

 

-ATPase enzymes are subject to reg-

ulation by phospholamban in vivo, transgenic mice were

generated which overexpressed phospholamban in the

heart, driven by the cardiac-specific 

 

a

 

-myosin heavy chain

promoter. Quantitative immunoblotting revealed a twofold

increase in the phospholamban protein levels in transgenic

hearts compared to wild type littermate hearts. The trans-

genic mice showed no phenotypic alterations and no

changes in heart/body weight, heart/lung weight, and car-

diomyocyte size. Isolated unloaded cardiac myocytes from

transgenic mice exhibited diminished shortening fraction

(63%) and decreased rates of shortening (64%) and re-

lengthening (55%) compared to wild type (100%) cardiomy-

ocytes. The decreases in contractile parameters of trans-

genic cardiomyocytes reflected decreases in the amplitude

(83%) of the Ca

 

2

 

1

 

 signal and prolongation (131%) in the

time for decay of the Ca

 

2

 

1

 

 signal, which was associated with

a decrease in the apparent affinity of the SR Ca

 

2

 

1

 

-ATPase

for Ca

 

2

 

1

 

 (56%), compared to wild type (100%) cardiomyo-

cytes. In vivo analysis of left ventricular systolic function

using M mode and pulsed–wave Doppler echocardiography

revealed decreases in fractional shortening (79%) and the

normalized mean velocity of circumferential shortening

(67%) in transgenic mice compared to wild type (100%)

mice. The differences in contractile parameters and Ca

 

2

 

1

 

kinetics in transgenic cardiomyocytes and the depressed left

ventricular systolic function in transgenic mice were abol-

ished upon isoproterenol stimulation. These findings indi-

cate that a fraction of the Ca

 

2

 

1

 

-ATPases in native SR is not

under regulation by phospholamban. Expression of addi-

tional phospholamban molecules results in: (

 

a) 

 

inhibition of

SR Ca

 

2

 

1

 

 transport; (

 

b) 

 

decreases in systolic Ca

 

2

 

1

 

 levels and

contractile parameters in ventricular myocytes; and (

 

c) 

 

de-

pression of basal left ventricular systolic function in vivo.

 

 (J.

Clin. Invest. 

 

1996. 97:533–539.) Key words: transgenic 

 

•

 

phospholamban 

 

•

 

 overexpression 

 

•

 

 cardiomyocyte 

 

•

 

 left ven-

tricular function

 

Introduction

 

Sarcoplasmic reticulum (SR)

 

1

 

 is an internal membrane system,
which plays a critical role in the regulation of cytosolic Ca

 

2

 

1

 

concentrations and thus, excitation–contraction coupling in
muscle. Contraction is mediated through the release of Ca

 

2

 

1

 

from the SR, while relaxation involves the active re-uptake of
Ca

 

2

 

1

 

 into the SR lumen by a Ca

 

2

 

1

 

-ATPase. In cardiac muscle,
the SR Ca

 

2

 

1

 

-ATPase activity is under reversible regulation by
phospholamban. Dephosphorylated phospholamban inhibits
the affinity of the SR Ca

 

2

 

1

 

-ATPase for Ca

 

2

 

1

 

 and phosphoryla-
tion relieves the inhibitory effects (1, 2). In vitro studies have
shown that phospholamban can be phosphorylated at distinct
sites by cAMP-dependent, Ca

 

2

 

1

 

-calmodulin and Ca

 

2

 

1

 

-phos-
pholipid–dependent protein kinases (3–5). Each phosphoryla-
tion is associated with stimulation of SR Ca

 

2

 

1

 

-transport (6).
The stimulatory effects of phospholamban phosphorylation
can be reversed by a SR-associated protein phosphatase activ-
ity (7). Phospholamban has also been shown to be phosphory-
lated in vivo and the resulting stimulatory effects on SR Ca

 

2

 

1

 

transport have been suggested to be partially responsible for
the myocardial responses to 

 

b

 

-agonists (8–10).
Recently, the role of phospholamban in the regulation of

basal myocardial contractility has been elucidated through the
generation of a phospholamban-deficient mouse model (11).
Ablation of phospholamban was associated with significant in-
creases in intraventricular pressure and in the rates of contrac-
tion and relaxation, assessed in isolated work-performing
heart preparations (11). The elevated contractile parameters
in phospholamban-deficient hearts could not be further stimu-
lated with isoproterenol (11). These findings demonstrated
that phospholamban is a repressor of left ventricular basal con-
tractile parameters, and alterations in the levels of phospho-
lamban would be expected to result in alterations in myocar-
dial contractility. The critical determinant in these regulatory
processes appears to be the stoichiometric ratio of phospho-
lamban to the SR Ca

 

2

 

1

 

-ATPase, which modulates the affinity
of the SR Ca

 

2

 

1

 

 pump for Ca

 

2

 

1

 

. However, the molar stoichio-
metry of phospholamban/Ca

 

2

 

1

 

-ATPase in native SR is not
presently known. Ratios of 1:1 (12), 2:1 (13), and 0.2:1 (14)
have been reported for phospholamban/Ca

 

2

 

1

 

-ATPase, reflect-
ing the difficulties in assessing the levels of these two proteins
in SR membranes. Thus, it is not presently clear whether all
the Ca

 

2

 

1

 

 pumps in cardiac SR membranes are under reversible
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regulation by phospholamban or whether there exists a frac-
tion of “spare,” nonregulated Ca

 

2

 

1

 

-pumps. The present study
was designed to critically examine the stoichiometry of phos-
pholamban in vivo by overexpressing the protein in cardiac
muscle.

Cardiac specific overexpression of the phospholamban
gene in the mouse was achieved using the mouse 

 

a

 

-myosin
heavy chain (

 

a

 

-MHCp) gene promoter. This promoter drives
high levels of hormonally and developmentally regulated gene
expression and has been successfully used in overexpression
studies of adrenergic receptors in murine hearts (15, 16). Our
hypothesis was that a fraction of the SR Ca

 

2

 

1

 

 pumps is not un-
der regulation by phospholamban in native SR, and overex-
pression of phospholamban would be associated with inhibi-
tion of these pumps, resulting in decreased contractile param-
eters due to altered Ca

 

2

 

1

 

 kinetics. To test this hypothesis,
hearts from transgenic mice, which overexpressed phospho-
lamban, and wild type littermate mice were analyzed in paral-
lel at the molecular, biochemical and physiological levels. Our
findings indicate that phospholamban overexpression was as-
sociated with alterations in the affinity of SR Ca

 

2

 

1

 

 transport
for Ca

 

2

 

1

 

, which resulted in alterations in systolic free Ca

 

2

 

1

 

 lev-
els, cardiomyocyte mechanics and depressed left ventricular
systolic function.

 

Methods

 

Generation and identification of transgenic mice by pronuclear

injection.

 

A 603-bp fragment encompassing 13 bp of the 5

 

9

 

 untrans-
lated region, the entire phospholamban coding region and 434 bp of
the 3

 

9

 

 untranslated region of the mouse phospholamban cDNA, in-
cluding one of the endogenous polyadenylation signals (nucleotides

 

2

 

13 to 590 in reference 17), was generated using standard PCR medi-
ated methodology (flanked with SalI and NotI sites). This fragment
was ligated, along with a 250-bp NotI-HindIII fragment containing
the simian virus 40 (SV40) polyadenylation signal, into the SalI-HindIII
sites of the 5.5-kb mouse 

 

a

 

-MHC promoter, contained in pIBI 31
(18). The resulting construct contained the 

 

a

 

-MHC promoter, the en-
tire phospholamban coding region as defined above, and the SV40
polyadenylation signal sequence (see Fig. 1 

 

A

 

). The entire 6.4-kb
KpnI-HindIII fragment was purified from plasmid sequences and
used for microinjection of fertilized mouse eggs, which were subse-
quently implanted into pseudopregnant foster mothers (19).

Transgenic mice carrying the 

 

a

 

-MHC driven phospholamban
transgene were identified using PCR and Southern analyses of ge-
nomic DNA isolated from tail biopsies (20, 21). The copy number of
the transgene was determined relative to the endogenous phospho-
lamban gene (copy number 

 

5

 

 2), using a PhosphorImager and the
ImageQuant analysis system (Molecular Dynamics, Sunnyvale, CA).
Mice positive for the transgene were bred and transgene expression
was determined using Northern analysis (17, 22).

Quantitative immunoblotting of cardiac homogenates and mi-
crosomes enriched in SR membranes was carried out as previously
described (23). Phospholamban was detected using IgG fractionated
immune serum isolated from rabbits that had been injected with a
peptide corresponding to amino acids 1–25 of phospholamban (23).
The IgG fractionated immune serum was used at a dilution of 1:25.
The SR Ca

 

2

 

1

 

-ATPase was detected using a 1:500 concentration of an
IgG fraction of polyclonal antiserum (2). Briefly, hearts were homog-
enized at 4

 

8

 

C in buffer A composed of imidazole (10 mM, pH 7.0), su-
crose (300 mM), dithiothreitol (1 mM), sodium metabisulphite
(1 mM), and phenylmethylsulfonyl fluoride (0.3 mM). Isolation of
microsomal fractions enriched in SR membranes was achieved by dif-
ferential centrifugation of the cardiac homogenate. Homogenates
were centrifuged at 8,000 

 

g

 

 (20 min) and the pellets rehomogenized in

buffer A and centrifuged as above. The supernatants from the two
spins were combined, 4 M NaCl was added to a final concentration of
0.6 M, and centrifuged at 100,000 

 

g

 

 (60 min). The resulting pellet was
washed in buffer A and recentrifuged at 100,000 

 

g

 

 (60 min). The final
pellet was resuspended in buffer A and stored at 

 

2

 

80

 

8

 

C. Protein con-
centration was determined by the Bio-Rad method using either bo-
vine serum albumin or IgG as a standard. The yield of protein in the
final pellet was similar between wild type and transgenic hearts. A

 

35

 

S-labeled secondary anti rabbit antibody (2 

 

3

 

 10

 

5

 

 cpm/ml; Amer-
sham Corp., Arlington Heights, IL) was used to visualize the phos-
pholamban and SR Ca

 

2

 

1

 

-ATPase proteins, which were quantitated
using a PhosphorImager and the ImageQuant software.

 

Ventricular cardiomyocyte contractile parameters and calcium

transients.

 

Calcium tolerant mouse left ventricular myocytes from
12–13-wk-old mice were obtained as previously described (24) except
for the following modifications: isolated hearts were perfused with
low Ca

 

2

 

1

 

 (25 

 

m

 

M) Joklik medium containing 75 U/ml each of Wor-
thington collagenase type I and type II (Worthington Biochemical
Corp., Freehold, NJ). The enzyme perfusion was not followed by a
washout, but instead the heart was immediately removed from the
perfusion apparatus and minced in low Ca

 

2

 

1

 

 Joklik medium. For con-
tractile measurements, mycoyte length and width were determined
from videotaped images and calibrated with a micrometer.

For measurement of intracellular free Ca

 

2

 

1

 

 transients, half of the
cells from each heart were loaded with 14 

 

m

 

M Fura-2 AM at 37

 

8

 

C for
30 min in low Ca

 

2

 

1

 

 Joklik medium. After loading, cells were washed
and resuspended in oxygenated physiologic buffer consisting of NaCl
(132 mM), KCl (4.8 mM), MgCl

 

2

 

 (1.2 mM), glucose (5 mM), CaCl

 

2

 

(1.8 mM), and Hepes (10 mM, pH 7.2). Measurement of field-stimu-
lated myocyte contraction was performed as previously described
(25) except that the studies were performed at room temperature
(21

 

8

 

C). This lower temperature allowed the myocytes to be stable for
up to 2 h with constant pacing and this time factor was important for
the isoproterenol dose-response studies. Furthermore, the percent
shortening and the rate indices are comparable between the wild type
controls reported here and those in our previous study. The mechani-
cal results are reported for cells which were not loaded with Fura-2
AM, as the Ca

 

2

 

1

 

 indicator dye was found to attenuate by 20–25% my-
ocyte contractility (unpublished observations).

Intracellular-free Ca

 

2

 

1

 

 was monitored as the ratio of 340–380 nm
fluorescence of Fura-2 (emission wavelength 500 nm) using a photo
scan dual beam spectrofluoro-photometer (Photon Tech. Inc., Santa
Clara, CA) coupled via fiber optic cable to an Olympus IMT-2 UV
fluorescent microscope with UV transparent optics. Ca

 

2

 

1

 

 data are re-
ported as the 340/380 nm ratio, as prior studies have noted that high
mitochondrial fluorescence can adversely affect calculated Ca

 

2

 

1

 

 con-
centrations in Fura-2–loaded myocytes (25).

In some animals, the myocyte contractile and Ca

 

2

 

1

 

 responses to
isoproterenol were measured by sequential perfusion of 0, 1, 10, 30,
and 100 nM concentrations using a Harvard pump piggybacked into
the perfusion apparatus. All data were collected for 40 s per isopro-
terenol dose and an additional 2 min was permitted for equilibration
between dosage adjustments. With isoproterenol concentrations of
200 nM or greater there was an unacceptable incidence of spontane-
ous myocyte contraction and hyper-contracture.

 

In vivo echocardiographic measurement of cardiac function.

 

Echo-
cardiographic studies were performed in 12–13-wk-old mice weighing
28

 

6

 

5.1 g. The first group of mice (eight transgenic and seven wild
types) were anesthetized with 0.1 ml/mg of a mixture of 65% ket-
amine, 22% acepromazine, and 13% xylazine (at a concentration of
10 mg/ml). In order to obtain more physiological heart rates, a second
group of mice (seven transgenic and seven wild types) were lightly
anesthetized with 2.5% avertin (0.01 ml/g). In all instances, animals
were allowed to breathe spontaneously.

Two-dimensional targeted M-mode and color flow-directed pulsed
wave Doppler studies were performed with a 9 MHz imaging and a 5–7.5
MHz Doppler transducer (Interspec-ATL Apogee X-200) as previ-
ously described (26). Studies were performed at baseline and after
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the administration of 2.0 

 

m

 

g/g i.p. isoproterenol. M mode measure-
ments of end diastolic dimension (EDD) and end systolic dimension
(ESD) were made from original tracings, and Doppler measurements
of peak (Ao) and integrated (Ao

 

vti

 

) aortic velocities, acceleration
(AT), and ejection times (ET), were made from 1/2 inch videotapes.
Calculated variables included: left ventricular (LV) fractional short-
ening (FS 

 

5

 

 EDD-ESD/EDD), normalized mean velocity of circum-
ferential fiber shortening (V

 

cfc

 

 

 

5

 

 FS/ET) and mean aortic accelera-
tion (Acc 

 

5

 

 Ao/AT). The percent change from baseline of these
variables with isoproterenol administration was computed as: 100

 

3

 

(isoproterenol value 

 

2

 

 baseline value)/baseline value.

 

Calcium uptake assays.

 

Hearts from 12–13-wk-old mice were ex-
cised, rinsed in ice cold phosphate buffered saline, frozen in liquid ni-
trogen, and stored at 

 

2

 

80

 

8

 

C. The frozen hearts were homogenized at
4

 

8

 

C and Ca

 

2

 

1

 

 uptake measurements were performed as previously
described (11).

 

Statistical analysis.

 

Data are presented as mean

 

6

 

SE. The number
(

 

n

 

) of mice used is indicated. For the myocyte experiments, multiple
cells (at least three myocytes/heart) from individual hearts were
treated as replicate determinations and each animal was considered
as a single 

 

n.

 

 Statistical analysis was performed by 

 

t

 

 test between wild
type and transgenic mice.

 

Results

 

Generation of mice overexpressing phospholamban in the

heart.

 

The mouse 

 

a

 

-MHC gene promoter was used to direct

expression of mouse phospholamban cDNA in the heart. Five
transgenic lines were established and Southern blot analysis of
tail DNA indicated that the copy number of the transgene
ranged between two to nine copies per line. Transgene expres-
sion was assessed by Northern blot analysis of total cardiac
RNA from the five germ lines, using phospholamban cDNA as
a probe. The two major endogenous phospholamban tran-
scripts, migrating at 0.7 and 2.8 kb were detected in all lines
and three out of the five transgenic lines demonstrated intense
expression of an additional transcript migrating at 1.0 kb (Fig.
1 

 

B

 

). The transgenic origin of the 1.0-kb phospholamban tran-
script was confirmed by Northern blot analysis, using a syn-
thetic oligonucleotide (60 bases) probe containing 30 bases of
the 5

 

9

 

 untranslated region from the 

 

a

 

-MHC promoter and 30
bases of the 5

 

9

 

 region from the phospholamban cDNA. Two of
the transgenic lines (copy number: 2 and 3, respectively) repro-
duced efficiently and were propagated for further character-
ization.

To quantitate the levels of phospholamban protein expres-
sion, cardiac homogenates from transgenic, and wild type mice
were processed in parallel for Western blot analyses. Quantita-
tive immunoblotting revealed a twofold increase in the levels
of phospholamban in transgenic hearts compared to wild type
hearts (Fig. 2 

 

B

 

). To determine whether the overexpressed
phospholamban was incorporated in SR, microsomal prepara-
tions enriched in SR membranes were isolated from transgenic
and wild type hearts and studied in parallel with their respec-
tive homogenates. The levels of phospholamban and the rela-
tive ratio of phospholamban/SR Ca

 

2

 

1

 

 pump were twofold
higher (at each protein concentration loaded) in both the ho-
mogenates (Fig. 2 

 

C

 

) and the microsomes from transgenic
hearts compared to those present in wild type hearts, indicat-
ing that the overexpressed phospholamban was incorporated
in the SR membranes.

Figure 1. (A) Schematic representation of the a-MHCp–phospho-
lamban–SV-40 fusion gene used for the generation of transgenic mice 
overexpressing phospholamban. The hatched regions in the a-MHCp 
represent a-MHC exons 1, 2, and part of 3. (B) Northern blot analysis 
of total RNA (10 mg) from three transgenic lines (PLB 18, PLB 23, 
and PLB 34) and wild type (WT) littermates. The RNA was dena-
tured, electrophoresed on a 1.2% denaturing agarose gel containing 
2.2 M formaldehyde, blotted onto GeneScreen Plus membranes (Du-
pont NEN, Boston, MA), and probed with a 32P-labeled phospholam-
ban cDNA fragment. The blot was washed at room temperature for 5 
min in 0.53 SSC and 0.5% SDS, followed by washing at 608C for 1 h 
in 0.53 SSC, and 0.5% SDS. The endogenous mouse phospholamban 
transcripts migrate at 2.8 and 0.7 kb, while the transgenic mRNA mi-
grates at 1.0 kb.

Figure 2. Western blot of car-
diac homogenates (6.25, 10, 
and 15 mg) from transgenic 
mice and wild type (WT) litter-
mates. Total cardiac homoge-
nate protein was electrophore-
sed on a 10–20% gradient 
sodium dodecyl sulfate poly-
acrylamide gel, electroblotted 
onto a nitrocellulose mem-
brane (Schleicher & Schuell, 
Keene, NH) and (A) probed 
with a phospholamban poly-
clonal antibody followed by a 
35S-labeled anti–rabbit second-
ary antibody. (B) probed with a 
SR Ca21-ATPase polyclonal 
antibody followed by a
35S-labeled anti–rabbit second-
ary antibody. The phospholam-
ban and SR Ca21-ATPase pro-
tein levels were quantitated as 
described in Methods. (C) lev-
els of phospholamban protein 
in transgenic mice (n 5 3) com-
pared to wild type littermates 
expressed as the relative ratio 

of PLB/SR Ca21-ATPase, at each protein concentration loaded (6.25, 
10, and 15 mg). Values represent the mean6SE.
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Sarcoplasmic reticulum calcium uptake rates. The effects of
phospholamban overexpression on the initial rates of ATP de-
pendent, oxalate facilitated SR Ca21 uptake were assessed us-
ing cardiac homogenates. The conditions of the assay, which
restrict the uptake of Ca21 into the SR, have previously been
defined (27). Ca21 uptake rates by the homogenates of the
transgenic mouse hearts were significantly lower than those by
the wild type hearts. However, there was no significant change
in the maximum velocity of Ca21 uptake (Vmax) in the trans-
genic hearts compared to wild type hearts (Fig. 3). Analysis of
these data indicates that the EC50 of the SR Ca21-ATPase for
Ca21 was significantly higher in the transgenic hearts
(0.4860.04, n 5 4) compared to wild type hearts (0.2760.01,
n 5 3).

Contractile parameters in isolated cardiomyocytes. To de-
termine whether the decreased affinity of the SR Ca21 pump
for Ca21 upon phospholamban overexpression was associated
with alterations in contractile parameters, left ventricular myo-
cytes from transgenic and wild type hearts were isolated, paced
at 0.25 Hz and their mechanical properties were examined. Ta-
ble I shows the mechanical properties of myocytes from 12–13-
wk-old transgenic hearts and their littermate wild type hearts.
There were no alterations in either the cell length or cell width
of isolated cardiomyocytes upon phospholamban overexpres-
sion in the heart. However, the contractile parameters of trans-
genic cardiomyocytes were significantly depressed in compari-
son to those in wild type littermates. The extent of
cardiomyocyte shortening and the rates of shortening (1dL/
dt) and relengthening (2dL/dt) were each depressed by 37, 36,
and 45%, respectively, in the transgenic cardiomyocytes com-
pared to wild type cardiomyocytes.

Calcium transients in isolated cardiomyocytes. The ob-
served changes in contractile parameters suggested alterations
in the Ca21 kinetics of transgenic myocytes. Thus, cardiomyo-
cytes were loaded with Fura-2 AM and the phasic Ca21 signals
during pacing were examined (Fig. 4). In transgenic cardiomy-
ocytes, the amplitude of the Ca21 signal during systole was de-
pressed, and the time for decay of this signal, which represents
at least in part the uptake of Ca21 by SR, was prolonged com-

pared to wild type cardiomyocytes. Analyses of these data, ob-
tained in cardiomyocytes from multiple transgenic and wild
type hearts, indicated that the amplitude of the systolic Ca21

transient was lower and the time for 80% (T80%) decay of this
signal was significantly prolonged in transgenic cardiomyo-
cytes compared to wild type myocytes (Table I). However, the
level of diastolic free Ca21 concentration was similar between
transgenic and wild type cardiomyocytes, suggesting that al-
though the rate of SR Ca21 uptake was slower upon phospho-
lamban overexpression, the Ca21 capacity of the SR was not
altered.

Isoproterenol effects on contractile parameters and Ca21

transients in cardiomyocytes. Phospholamban has been postu-
lated to play a major role in the cardiac responses to b-agonist
stimulation (8–10). Thus, cardiomyocytes from transgenic and
wild type mice were subjected to incremental dosage of isopro-
terenol and their contractile and Ca21-signaling parameters
were measured. It is interesting to note that although the basal
rates of shortening (1dL/dt) and relengthening (2dL/dt) in
transgenic cardiomyocytes were significantly depressed, these
parameters could be stimulated by isoproterenol. The maxi-
mally stimulated contractile parameters, obtained at 0.1 mM

Figure 3. The effect of phospholamban overexpression on the affinity 
of the SR Ca21-ATPase for Ca21. The initial rates of Ca21 uptake by 
SR vesicles in mouse cardiac homogenates from transgenic (d, TG, n 5 
4) and wild type (s, WT, n 5 3) mice were assayed over a wide range 
of Ca21 concentrations. Data represent the mean6SE.

Table I. Contractile Parameters and Ca21 Transients in 
Isolated Unloaded and Fura-2–loaded Left Ventricular 
Cardiomyocytes from Transgenic Mice and Wild Type 
Littermates

Wild type Transgenic P value

Contractile parameters

Percentage Shortening 9.260.7 5.860.7 0.004

1dL/dt, mm/s 167616 106615 0.014

2dL/dt, mm/s 125614 69612 0.007

Calcium kinetics

Amplitude, 340/380 nm 0.7160.06 0.5960.04 0.08

T80%, s 0.5960.06 0.7760.04 0.017

Nine wild type hearts were used for the contractile parameters and Ca21

kinetics, while 11 and 10 transgenic hearts were used for the contractile

parameters and Ca21 kinetics, respectively. Values represent mean6SE

with P value assessed by t test between wild type and transgenic mice.

1dL/dt, rate of cell shortening.

2dL/dt, rate of cell relengthening.

T80%, time for 80% decay of the Ca21 signal.

Figure 4. Representative recording of the Ca21 transients in Fura-2–
loaded cardiomyocytes from wild type (WT) and transgenic (TG) 
mice paced at 0.25 Hz.
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isoproterenol, were similar between transgenic and wild type
cardiomyocytes (Fig. 5, A and B). Similarly, under maximal
isoproterenol stimulation, the amplitude of the systolic Ca21

transient, which represents the total free systolic Ca21, and the
rate of decay of this signal were similar between transgenic and
wild type cardiomyocytes (Fig. 6, A and B).

In vivo assessment of left ventricular systolic function in

mice. In order to determine whether the depressed mechani-
cal properties and altered Ca21 kinetics observed in isolated
cardiomyocytes from transgenic mice exhibited similar depres-
sion in left ventricular systolic function in vivo, M mode and
Doppler echocardiography was performed in transgenic and
wild type mice. Table II shows the parameters of left ventricu-
lar function, from 12–13-wk-old transgenic and wild type mice,
studied in parallel. The ESD (115%) was significantly higher
while the FS (21%) and Vcfc (33%) were significantly de-
pressed in transgenic mice as compared to wild type (100%)
mice. There was also a trend (P 5 0.09) towards lower mean
Acc in transgenic mice compared to wild type mice. However,

the heart rate, EDD, AoVTI, Ao, and the E/A ratio were simi-
lar between the two groups.

To determine the effects of isoproterenol on transgenic left
ventricular systolic function, mice were subjected to intraperi-
toneal administration of this b-adrenergic agonist and M mode
and Doppler measurements were repeated (Table II). Isopro-
terenol caused significant increases in heart rate, left ventricu-
lar FS, Vcfc, Ao, and Acc in both transgenic and wild type mice.
The percent increase in FS, Vcfc, and Acc were significantly
greater in transgenic than in wild type mice, consistent with the
increased levels of phospholamban in the overexpression
hearts. However, the relative increases in heart rate were simi-
lar between transgenic and wild type mice, suggesting that
phospholamban has little influence on sinus node activity.

Discussion

The present study demonstrates that phospholamban overex-
pression in the heart is associated with decreases in the affinity

Figure 5. Effects of incremental doses of isoproterenol on (A) rate of 
shortening (1dL/dt) and (B) rate of relengthening (2dL/dt) in un-
loaded cardiomyocytes from transgenic (d, TG) and wild type (s, 
WT) mice, paced at 0.25 Hz. Values represent the mean6SE. Control 
values were obtained using 9 WT and 11 TG hearts. Isoproterenol re-
sponses were obtained using 4 WT and 3 TG hearts. *P , 0.05.

Figure 6. Effects of incremental doses of isoproterenol on (A) ampli-
tude of the Ca21 signal and (B) time for 80% decline of this signal 
(T80%) in Fura-2–loaded cardiomyocytes from transgenic (d, TG) and 
wild type (s, WT) mice, paced at 0.25 Hz. Values represent the 
mean6SE. Control values were obtained using 9 WT and 10 TG 
hearts. Isoproterenol responses were obtained using 4 WT and 3 TG 
hearts. *P , 0.05.
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of the SR Ca21-ATPase for Ca21, which results in altered sys-
tolic Ca21 and contractile parameters of cardiomyocytes and
depressed left ventricular systolic function in vivo. This is the
first evidence indicating that a fraction of the Ca21 pumps in
cardiac SR is not under regulation by phospholamban, such
that expression of additional phospholamban molecules re-
sults in further modulation of this enzymatic activity and over-
all myocardial contractility.

The ability to assess Ca21 kinetics and contractile parame-
ters in isolated ventricular cardiomyocytes enabled us to link
biochemical alterations at the SR level with physiological al-
terations at the cellular level in transgenic hearts. Further-
more, the isolated cardiomyocytes provided a preparation de-
void of the effects of left ventricular chamber geometry, fiber
orientation, and the extracellular matrix for examining the
effects of phospholamban overexpression. The a-MHC pro-
moter, which is both developmentally and hormonally regu-
lated in vivo, was used to drive overexpression of phospholam-
ban in mouse hearts (18). Quantitative immunoblotting of
cardiac homogenates and microsomes enriched in SR mem-
branes from transgenic mice revealed a twofold increase in the
phospholamban protein levels compared to wild type litter-
mates. The relative ratio of phospholamban/SR Ca21-ATPase
was also twofold higher in the transgenic hearts compared to
wild type hearts, and this was associated with a decrease in the
overall Ca21 affinity of the SR transport system. These findings
together with our previous studies, in phospholamban defi-
cient mouse hearts (11) and in rat hearts at various thyroid
states (29) indicate that there is an inverse relationship be-
tween the phospholamban/Ca21-ATPase ratio and the affinity
of the Ca21 pump for Ca21. Although we cannot presently ex-
clude the possibility that the phospholamban regulatory effects
on SR Ca21 uptake in transgenic hearts may be mediated
through formation of Ca21-selective phospholamban channels,
our findings on modulation of only the affinity of the transport
system for Ca21 without any effects on its maximal velocity, ar-

gue that the observed regulation was mainly mediated through
modulation of the SR Ca21-ATPase activity.

The inhibitory effects of phospholamban overexpression,
observed in vitro, reflected physiological alterations assessed
in ventricular cardiomyocytes. Both the rate of the Ca21 signal
decline and the rate of relaxation were significantly prolonged
in isolated cardiomyocytes from transgenic hearts compared to
wild type hearts. Consistent with the increased inhibition of
SR Ca21 uptake rates and decreased levels of SR Ca21 avail-
able for contraction, the transgenic cardiomyocytes exhibited
decreases in the amplitude of the Ca21 signal and their extent
of shortening compared to wild type cardiomyocytes. These in-
hibitory effects of phospholamban overexpression, observed in
ventricular cardiomyocytes, are expected to be of even greater
magnitude in atrial cardiomyocytes. Murine atrial cardiomyo-
cytes have a lower phospholamban/SR Ca21-ATPase tran-
script abundance, which appears to be associated with en-
hancement of atrial basal contractile parameters, compared to
ventricular cardiomyocytes (28). Thus, overexpression of phos-
pholamban, driven by the a-MHC promoter, is expected to
result in similar levels of phospholamban in the two cardiac
compartments as suggested by our in situ hybridization studies
(unpublished observations), and may be associated with
greater inhibition of the basal contractile parameters in atrial
than ventricular tissues. Future studies, using muscle strips or
cardiomyocyte preparations from atrial and ventricular tissues
will provide evidence along these lines and further elucidate
the physiological role of phospholamban in the two cardiac
compartments.

An important question is whether depressed cardiomyo-
cyte function by phospholamban overexpression would trans-
late into decreased cardiac function in vivo. Thus, M mode and
pulsed–wave Doppler echocardiography was used to noninva-
sively assess left ventricular function in anesthetized transgenic
and age matched wild type mice (26). Basal left ventricular sys-
tolic function was significantly depressed in mice overexpress-
ing phospholamban, consistent with findings in isolated car-
diomyocytes. However, there were no changes in the diastolic
filling parameters (i.e., diastolic transmitral velocities, data not
shown), suggesting that either phospholamban does not modu-
late these parameters or that phospholamban effects are
masked by the multiple determinants of the early and late-
transmitral velocities (30).

Phospholamban has also been implicated as one of the key
phosphoproteins in mediating the contractile responses of the
heart to b-adrenergic stimulation (8–10). Thus, it was of spe-
cial interest to examine the effects of isoproterenol on the de-
pressed basal contractile parameters and Ca21 transients in
isolated left ventricular cardiomyocytes, as well as on the de-
pressed left ventricular systolic function in transgenic mice
overexpressing phospholamban, and compare them to the wild
type mice. At maximal isoproterenol stimulation, the contrac-
tile parameters and Ca21 kinetics in transgenic cardiomyocytes
were similar to those in wild type cardiomyocytes. Similarly, in
vivo, left ventricular systolic function, was similar in transgenic
and wild type mice following isoproterenol stimulation,
suggesting that the inhibitory effects of phospholamban over-
expression could be overcome, presumably, due to phosphor-
ylation of phospholamban. These findings suggest that phos-
pholamban is an important mediator of the heart’s responses
to b-adrenergic agonists and are consistent with our previous
studies in phospholamban deficient hearts, which exhibited

Table II. M Mode Echocardiographic and Doppler 
Measurements of Basal and Isoproterenol Stimulated, Left 
Ventricular Systolic Function in Transgenic and Wild
Type Mice

Wild type Transgenic

Pre Post Pre Post

EDD (mm) 3.860.1 3.060.1* 3.660.1 3.360.1*

ESD (mm) 2.060.1 1.0260.1* 2.360.1 1.260.01*

FS (%) 4461.6 6662.0* 3562.0‡ 6461.0*

Vcfc (circ-1) 6.260.5 11.560.6* 4.260.3‡ 10.460.5*

Ao (cm/sec) 71.263.4 88.664.7* 66.562.2 92.563.0*

AoVTI (cm) 3.160.2 3.060.1 3.360.2 3.660.2

HR (bpm) 292623 452618* 280625 431625*

Acc (m/sec2) 3764.0 6066.0* 2962.0 6664.0*

14 wild type mice and 15 transgenic mice were used for M mode

echocardiographic and Doppler measurements of left ventricular func-

tion at baseline (Pre) and after isoproterenol stimulation (Post). Values

represent mean6SE with P value assessed by t test between wild type

and transgenic mice.

*P , 0.05 vs. Pre Iso.
‡P , 0.05 vs. wild type.
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loss of b-agonist stimulation (11). However, it remains to be
determined whether phospholamban overexpression is associ-
ated with any alterations in the phosphorylation levels of
troponin I (31) and phospholemma (32), the two other key
regulatory phosphoproteins, which have been shown to con-
tribute to the stimulatory effects of b-agonists.

In summary, our findings indicate that a fraction of the SR
Ca21-ATPases is not subject to regulation by phospholamban
in the wild type mouse heart and overexpression of phospho-
lamban is associated with alterations in SR Ca21 transport
rates, systolic Ca21 levels and contractile parameters. These
results together with our previous studies in phospholamban
deficient hearts provide strong evidence for the functional sig-
nificance of phospholamban in the heart. Furthermore, the
generation of an animal model with increases in the relative ra-
tio of phospholamban/SR Ca21-ATPase, similar to previous
observations in hypertrophy (33) and heart failure (34), pro-
vides an attractive system for future studies designed to eluci-
date the significance of this altered stoichiometry under patho-
physiological conditions. However, it remains to be determined
whether compensatory mechanisms such as changes in Ca21-
cycling proteins, contractile proteins and proteins in the b-adren-
ergic signal transduction pathway have occurred as a result of
phospholamban overexpression in the transgenic hearts.

Acknowledgments

We wish to thank Dr. J. Robbins for providing clone 20 containing
the murine a-MHC promoter. We are also grateful to J. C. Neuman
in the Transgenic Core Facility of the University of Cincinnati, Col-
lege of Medicine (Cincinnati, OH) for pronuclear injections. We wish
to also thank Drs S. F. Khoury and Z. M. Khan for assistance with the
Echocardiography studies. 

This work was supported by National Institutes of Health grants
HL 26057, HL 22619, HL 49267, HL 07382, and HL52318.

References

1. Hicks, M. J., M. Shigekawa, and A. M. Katz. 1979. Mechanism by which
cyclic adenosine 39:59-monophosphate-dependent protein kinase stimulates cal-
cium transport in cardiac sarcoplasmic reticulum. Circ. Res. 44:384–391.

2. Kim, H. W., N. A. E. Steenaart, D. G. Ferguson, and E. G. Kranias. 1990.
Functional reconstitution of the cardiac sarcoplasmic reticulum Ca21-ATPase
with phospholamban in phospholipid vesicles. J. Biol. Chem. 265:1702–1709.

3. Kirchberger, M. A., M. Tada, and A. M. Katz. 1974. Adenosine 39:59:
monophosphate dependent protein kinase-catalyzed phosphorylation reaction
and its relationship to calcium-transport in cardiac sarcoplasmic reticulum. J.

Biol. Chem. 249:6166–6173.
4. LePeuch, C. L., J. Haiech, and J. G. Demaille. 1979. Concerted regula-

tion of cardiac sarcoplasmic reticulum calcium transport by cyclic adenosine
monophosphate-dependent and calcium-calmodulin-dependent phosphoryla-
tion. Biochemistry. 18:5150–5157.

5. Movsesian, M. A., M. Nishikawa, and R. S. Adelstein. 1984. Phosphoryla-
tion of phospholamban by calcium-activated phospholipid-dependent protein
kinase. J. Biol. Chem. 259:8029–8032.

6. Davis, B. A., I. Edes, R. C. Gupta, E. F. Young, H. W. Kim, N. A. E.
Steenart, G. Szymanska, and E. G. Kranias. 1990. The role of phospholamban
in the regulation of calcium transport by cardiac sarcoplasmic reticulum. Mol.

Cell. Biochem. 99:83–88.
7. Kranias, E. G. 1985. Regulation of Ca21 transport by phosphoprotein

phosphatase activity associated with cardiac sarcoplasmic reticulum. J. Biol.

Chem. 260:11006–11010.
8. Kranias, E. G., and R. J. Solaro. 1982. Phosphorylation of troponin I and

phospholamban during catecholamine stimulation of rabbit heart. Nature

(Lond.). 298:182–184.
9. Lindemann, J. P., L. R. Jones, D. R. Hathaway, B. G. Henry, and A. M.

Watanabe. 1983. b-Adrenergic stimulation of phospholamban phosphorylation
and Ca21-ATPase activity in guinea pig ventricles. J. Biol. Chem. 258:464–471.

10. Wegner, A. D., H. K. B. Simmerman, J. P. Lindemann, and L. R. Jones.

1989. Phospholamban phosphorylation in intact ventricles. J. Biol. Chem. 264:
11468–11474.

11. Luo, W., I. L. Grupp, J. Harrer, S. Ponniah, G. Grupp, J. J. Duffy, T.
Doetschman, and E. G. Kranias. 1994. Targeted ablation of the phospholamban
gene is associated with markedly enhanced myocardial contractility and loss of
b-agonist stimulation. Circ. Res. 75:401–409.

12. Tada, M., M. Inui, M. Yamada, M. A. Kadoma, T. Kuzuya, H. Abe, and
S. Kakiuchi. 1983. Effects of phospholamban phosphorylation catalyzed by ade-
nosine 39:59-monophosphate and calmodulin-dependent protein kinases on cal-
cium transport ATPase of cardiac sarcoplasmic reticulum. J. Mol. Cell. Cardiol.

15:335–346.
13. Colyer, J., and J. H. Wang. 1991. Dependence of cardiac sarcoplasmic

reticulum calcium pump activity on the phosphorylation status of phospholam-
ban. J. Biol. Chem. 266:17486–17493.

14. Louis, C. F., J. Turnquist, and B. Jarvis. 1987. Phospholamban stoichi-
ometry in canine cardiac muscle sarcoplasmic reticulum. Neurosci. Res. 12:937–
941.

15. Milano, C. A., L. F. Allen, H. A. Rockman, P. C. Dolber, T. R. McMinn,
K. R. Chien, T. D. Johnson, R. A. Bond, and R. J. Lefkowitz. 1994. Enhanced
myocardial function in transgenic mice overexpressing the beta 2-adrenergic re-
ceptor. Science (Wash. DC). 264:582–586.

16. Milano, C. A., P. C. Dolber, H. A. Rockman, R. A. Bond, M. E. Ven-
able, L. F. Allen, and R. J. Lefkowitz. 1994. Myocardial expression of a consti-
tutively active alpha 1B-adrenergic receptor in transgenic mice induces cardiac
hypertrophy. Proc. Natl. Acad. Sci. USA. 91:10109–10113.

17. Ganim, J., W. S. Luo, S. Ponniah, H. W. Kim, D. G. Ferguson, V. Kad-
ambi, J. Neumann, T. Doetschman, and E. G. Kranias. 1992. Mouse phospho-
lamban gene expression during development in vivo and in vitro. Circ. Res. 71:
1021–1030.

18. Subramaniam, A., W. K. Jones, J. Gulick, S. Wert, J. Neumann, and J.
Robbins. 1991. Tissue-specific regulation of the a-myosin heavy chain gene pro-
moter in transgenic mice. J. Biol. Chem. 266:24613–24620.

19. Hogan, B., F. Constantini, and E. Lacey. 1986. Manipulating the Mouse
Embryo. Cold Spring Harbor Laboratory, Cold Spring Harbor, New York.
332 pp.

20. Laird, P. W., A. Zijderveld, K. Linders, M. A. Rudnicki, A. Jaenisch,
and A. Berns. 1991. Simplified mammalian DNA isolation procedure. Nucleic

Acids Res. 19:4293–4295.
21. Walter, C. A., D. Nasr-Schirf, and V. J. Luna. 1989. Identification of

transgenic mice carrying the CAT gene with PCR amplification. Biotechniques.

7:1065–1067.
22. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isola-

tion by acid quanidium thiocyanate-phenol-chloroform extraction. Anal. Bio-

chem. 162:156–159.
23. Harrer, J. M., E. Kiss, and E. G. Kranias. 1995. Application of the im-

munoblot technique for quantitation of protein levels in cardiac homogenates.
Biotechniques. 18:995–997.

24. Dorn, II, G. W., J. Robbins, N. Ball, and R. A. Walsh. 1994. Myosin
heavy chain regulation and myocyte contractile depression after LV hypertro-
phy in aortic-banded mice. Am. J. Physiol. 267:H400–H405.

25. Williford, D. J., V. K. Sharma, M. Korth, and S. S. Sheu. 1990. Spatial
heterogeneity of intracellular Ca21 concentration in nonbeating guinea pig ven-
tricular myocytes. Circ. Res. 66:234–241.

26. Hoit, B. D., S. F. Khoury, E. G. Kranias, N. Ball, and R. A. Walsh. 1995.
In vivo echocardiographic detection of enhanced left ventricular function in
gene-targeted mice with phospholamban deficiency. Circ. Res. 77:632–637.

27. Solaro, R. J., and F. N. Briggs. 1974. Estimating the functional capabili-
ties of sarcoplasmic reticulum in cardiac muscle. Circ. Res. 34:531–540.

28. Koss, K. L., S. Ponniah, W. K. Jones, I. L. Grupp, and E. G. Kranias.
1995. Differential phospholamban gene expression in murine cardiac compart-
ment: molecular and physiological analyses. Circ. Res. 77:342–353.

29. Kiss, E., G. Jakab, E. G. Kranias, and I. Edes. 1994. Thyroid hormone-
induced alterations in phospholamban protein expression. Regulatory effects
on sarcoplasmic reticulum Ca21 transport and myocardial relaxation. Circ. Res.

75:245–251.
30. Lenihan, D. J., M. C. Gerson, B. D. Hoit, and R. A. Walsh. 1995. Mech-

anisms, diagnosis, and treatment of diastolic heart failure. Am. Heart J. 130:
153–156.

31. Garvey, J. L., E. G. Kranias, and R. J. Solaro. 1988. Phosphorylation of
C-protein, troponin I and phospholamban in isolated rabbit hearts. Biochem. J.

249:709–714.
32. Presti, C. F., L. R. Jones, and J. P. Lindemann. 1985. Isoproterenol-

induced phosphorylation of a 15-kilodalton sarcolemmal protein in intact myo-
cardium. J. Biol. Chem. 260:3860–3867.

33. Cory, C. R., R. W. Grange, and M. E. Houston. 1994. Role of sarcoplas-
mic reticulum in loss of load-sensitive relaxation in pressure overload cardiac
hypertrophy. Am. J. Physiol. 266:H68–H78.

34. Rockman, H. A., S. Ono, R. S. Ross, L. R. Jones, M. Karimi, V. Bhar-
gava, J. Ross, Jr., and K. R. Chien. 1994. Molecular and physiological alter-
ations in murine ventricular dysfunction. Proc. Natl. Acad. Sci. USA. 91:2694–
2698.


