
  Introduction 
 Phospholemman (PLM) is the product of a single copy gene 
encoding a 15-kDa sarcolemmal protein abundantly expressed in 
heart.  1   PLM belongs to a family of small (30- to 130- amino acid) 
single membrane-spanning proteins involved in ion transport 
regulation. In 2000, Sweadner and Rael named this family 
“FXYD,” aft er a conserved signature sequence in the N-terminus.  2   
As a family, FXYD members are found predominantly in tissues 
that are involved in solute and fl uid transport (kidney, colon, 
mammary gland, pancreas, prostate, liver, lung, and placenta) or 
that are electrically excitable (heart, skeletal muscle, and nervous 
system). Th is is consistent with their function as regulators of ion 
transporters and/or channel activity.  3–7       At least 5 of 10 known 
FXYD proteins including PLM modulate the function of Na + -K + -
ATPase (NKA), each with distinct eff ects, allowing for tissue- and 
site-specifi c regulation. In mammalian cardiac myocytes, PLM 
regulates the activities of both NKA and the cardiac Na + /Ca 2+  
exchanger (NCX1).  8–13       

 PLM possesses multiple phosphorylation sites, including 
consensus sites for protein kinases (PKs) A and C, myotonic 
dystrophy kinase, and never-in-mitosis A kinase.  14–16       In the heart, 
PLM is the major sarcolemmal substrate for PKA and PKC.  1,17   PLM 
is phosphorylated at Ser68 by PKA and at both Ser68 and Ser63 
by PKC.  15   Phosphorylation of PLM by PKA or PKC relieves its 
inhibition of NKA by increasing Na +  affi  nity  18–20       or V max ,  9,19–21       while 
simultaneously inhibiting NCX1.  22   Isoproterenol has no eff ect on 
NKA activity in PLM-knockout (KO) cardiac myocytes.  18,20       

 In response to pacing (2 Hz) and β-adrenergic stimulation, 
PLM-KO cardiac myocytes exhibit monotonic increases in [Na + ] i  
whereas wild-type (WT) myocytes show a time-dependent 
decline in [Na + ] i .  20   Th is is due to enhancement of NKA activity 
in WT but not PLM-KO myocytes. In addition, on cessation of 
pacing, PLM-KO myocytes treated with β-adrenergic agonists 
have increased spontaneous [Ca 2+ ] i  transients and contractions.  23   
 In vivo , in response to isoproterenol stimulation, +dP/dt reaches 

maximum in 1–2 minutes followed by decline in WT but not 
PLM-KO hearts.  20     In addition, expressing the phosphomimetic 
PLM S68E mutant (inhibits NCX1 but not NKA)  20  ,  24   in PLM-KO 
hearts resulted in higher +dP/dt in response to isoproterenol when 
compared to PLM-KO hearts expressing green fl uorescent protein, 
suggesting NCX1 inhibition by phosphorylated PLM results in 
enhancement of cardiac contractility.  25   Th ese observations suggest 
that PLM, when phosphorylated at serine68 under catecholamine 
stress, minimizes risks of arrhythmogenesis but preserves cardiac 
contractility. Th erefore, regulation of PLM expression and its 
phosphorylation may be important for protection against stress-
induced arrhythmia. We hypothesized that this mechanism may 
be of particular importance post–myocardial infarction (MI). 

 In 2000, Sehl et al. reported that PLM mRNA increases 
twofold as early as 3 days aft er MI in the rat and remains elevated 
for at least 2 weeks.  26   In adult rat ventricles, PLM protein levels are 
elevated fourfold 7 days post-MI.  9   Th is study was undertaken to 
evaluate the role of PLM on contractility and survival in ischemic 
cardiomyopathy, using WT and PLM-KO mice generated in our 
lab  8  ,  27   for both  in vivo  and  in vitro  studies.   

 Methods  

 Generation of PLM-defi cient mice and animal care 
 A mouse line defi cient in PLM was generated by replacing exons 
3–5 of the PLM gene with lacZ and neomycin resistance genes, 
as described in detail previously.  8   A panel of informative mapped 
microsatellite loci was used to generate congenic animals on the 
C57BL/6 genetic background using a “speed congenic” strategy. 
C57BL/6 animals with an unmodifi ed PLM gene were used as 
controls. 

 WT and PLM-KO cohorts used for this study were age 
and sex matched. Only male animals were used, the mean age 
being 16 weeks. Mice were housed in a vivarium supervised by 
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WT-MI but not in PLM-KO-MI myocytes. Despite improved myocardial and myocyte performance, PLM-KO mice demonstrated reduced 
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the Department of Comparative Medicine at the University of 
Virginia Health Sciences Center. Standard care was provided 
to all mice used for experiments. All protocols applied to the 
mice in this study were approved and supervised by Institutional 
Animal Care and Use Committees at the University of Virginia, 
the Pennsylvania State University College of Medicine, and the 
Th omas Jeff erson University.   

 Induction of MI 
 Mice were anesthetized by pentobarbital (100 mg/kg i.p.) and body 
temperature was maintained at 37°C. Electrocardiographic (ECG) 
leads were attached to the limbs. Aft er endotracheal intubation, 
mice were ventilated with 100% oxygen. Th e heart was exposed 
through an incision between the left  third and fourth ribs and the left  
anterior descending artery was identifi ed and ligated. Myocardial 
ischemia was confi rmed by blanching of the myocardium and 
ECG changes of ST segment elevation. Buprenorphine was given 
subcutaneously for postoperative analgesia. Sham operations were 
identical except that the coronary artery was not ligated.   

 Echocardiography 
 Th ree weeks aft er sham or MI surgery, mice were anesthetized 
with isofl urane (1.5–3%) and oxygen (97–98.5%) via facemask. 
Animals were placed supine on a heating pad to maintain body 
temperature and their limbs were attached to electrodes. Hair on 
the chest was depilated and prewarmed aquasonic gel applied to 
the precordium. Transthoracic echocardiography was performed 
using a Vevo770 ultrasound system (Visualsonics, Toronto, 
Canada) equipped with a 35-MHz probe. Two-dimensional 
images were obtained by gating to the ECG to trigger signal 
acquisition (ECG-based Kilohertz Visualization, EKV). Two-
dimensional parasternal long-axis and short-axis images were 
acquired and stored as digital loops. Th e parasternal long-axis 
view was used for calculation of left  ventricular (LV) ejection 
fraction (EF), LV fractional area of contraction (FAC), LV end 
systolic volume (LVVs), and LV end-diastolic volume (LVVd). 
Th e system soft ware uses a formula based on cylindrical hemi-
elliptoid model to measure volumes (volume = 4π/3 × LV 
area/2[LV area/π(LV major/2]). It further uses LVVs and LVVds 
to calculate EF and FAC. Th e parasternal short-axis images at the 
apex, mid-ventricle, and base of the LV were used to calculate 
a wall motion score index. A 16-segment model based on that 
described by the American Society of Echocardiography was used 
to compute the score     (  Figure 1  ). According to this model, the apex 
is divided into four segments, and the mid-ventricle and the base 
of the ventricle into six segments each. Wall motion is scored as 

1 = Normal, 2 = Hypokinetic, 3 = Akinetic, 4 = Dyskinetic, and 
5 = Aneurysmal. Th e ratio of the sum of all wall motion scores 
to all segments scored was calculated.   

 Histopathological analysis 
 Animals were weighed and euthanized by CO 2  overdose on day 
21 aft er MI. Aft er excision, hearts were rinsed in phosphate-
buffered saline (PBS), weighed, fixed in 10% zinc formalin 
overnight, and embedded in paraffi  n. Sections (3 μm) were cut 
transversely approximately every 1 mm from the apex to the base 
of the heart, and stained with Masson’s trichrome stain to identify 
the infarcted myocardium. Th e infarct region was measured at 
three levels (apex, mid, and base) using Imagepro Plus soft ware. 
Infarct size was expressed as the percent of the total summed LV 
circumferential length represented by the summed infarct size.   

 Isolation of adult murine cardiac myocytes 
 Postinfarction myocytes were isolated from the septum and LV free 
wall of WT and PLM-KO mice as described by Zhou et al.  28   and 
modifi ed by us.  20  ,  24   ,   27   Infarct scar and the area in sham-operated 
hearts corresponding to infarct scar in post-MI hearts were 
excised before fi nal enzymatic digestion step. Myocytes were 
used within 2–8 hours of isolation.   

 Myocyte shortening measurements 
 Myocytes adherent to coverslips were bathed in 0.6 mL of air- and 
temperature-equilibrated (37ºC), N-2-hydroxyethylpiperazine-
N-2-ethanesulfonic acid (HEPES)-buff ered (20 mM, pH 7.4) 
medium 199 containing 0.6, 1.8 or 5.0 mM [Ca 2+ ] o .   Measurements 
of myocyte contraction (1 Hz) were performed as previously 
described.20,24,27   

 [Ca 2+ ] i  transient measurements 
 Myocytes were exposed to 0.67 μM of fura-2 AM for 15 minutes 
at 37ºC. Fura-2 loaded myocytes were fi eld-stimulated to contract 
(1 Hz, 37ºC) in medium 199 containing 0.6, 1.8, or 5.0 mM 
[Ca 2+ ] o  [Ca 2+ ] i  transient measurements, daily calibration of fura-2 
fl uorescent signals, and [Ca 2+ ] i  transient analyses were performed 
as previously described.  20,24,27         

 NCX1 current (I NaCa ) measurements 
 Whole cell patch-clamp recordings were performed at 30ºC as 
previously described.  12  ,  20   ,   27   Briefl y, fi re-polished pipettes with 
resistances of 0.8–1.4 M when fi lled with standard internal 
solution were used. Pipettes were fi lled with a buff ered Ca 2+  
solution containing (in mM) 100 Cs +  glutamate, 7.25 Na-HEPES, 

  Figure 1 .    A 16-segment model used for calculation of the wall motion score index. Long-axis (left panel) and short-axis (right three panels) views at the level of apex, mid-
ventricle and basal-ventricle were obtained. (A = Anterior; AL = Anterolateral; IL = Inferolateral; I = Inferior; IS = Inferoseptal; AS = Anteroseptal).    
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1 MgCl 2 , 12.75 HEPES, 2.5 Na 2 ATP, 10 EGTA, and 6 CaCl 2 ; 
pH 7.2. Free Ca 2+  in the pipette solution was  approximately 
205 nM, determined fl uorimetrically with fura-2. Myocytes were 
bathed in an external solution containing (in mM) 130 NaCl, 
5 CsCl, 1.2 MgSO 4 , 1.2 NaH 2 PO 4 , 5 CaCl 2 , 10 HEPES, 10 Na + -
HEPES, and 10 glucose; pH 7.4. Verapamil (1 μM), ouabain 
(1 mM), and nifl umic acid (10 μM) were used to block L-type 
Ca 2+ , Na + -K + -ATPase, and Cl −  currents, respectively. K +  currents 
were minimized by Cs +  substitution for K +  in both pipette and 
external solutions. Aft er break-in, membrane potential was held 
at the theoretical reversal potential (–73 mV) of I NaCa  for 5 minutes 
before onset of voltage ramp. Th is precaution minimized ion 
fl uxes through NCX1 before the voltage ramp and allowed [Na + ] i  
and [Ca 2+ ] i  to equilibrate with those present in pipette solution. 
A descending voltage ramp (from +100 to –120 mV; 500 mV/s) 
followed by an ascending voltage ramp (from –120 to +100mV; 
500 mV/s) was applied, and repeated aft er addition of 1mM CdCl 2  
to the external solution. Currents (fi ltered at 1 kHz, digitized at 
2 kHz) were derived from measurements during the descending 
voltage ramp. I NaCa  was defi ned as the diff erence current measured 
in the absence and presence of Cd 2+ , and normalized to whole 
cell capacitance ( C  m ) to facilitate comparison of I NaCa  between WT 
and PLM-KO myocytes. Our ionic conditions were biased toward 
measurement of reverse Na + /Ca 2+  exchange (outward current).   

 PLM immunoblotting 
 Left  ventricles were excised, rinsed in ice-cold PBS, and cut into 
small pieces. For MI hearts, the infarct scar was excised prior to 
tissue homogenization. For sham hearts, the area corresponding 
to the scar in infarct hearts was excised and discarded. 
Approximately, 60 mg of tissue were suspended in 700 μL of ice-
cold lysis buff er containing (in mM) 50 Tris (pH 8.0), 150 NaCl, 1 
Na +  orthovanadate, 1 phenylmethylsulfonyl fl uoride (PMSF), 100 
NaF, 1 ethyleneglycol bis(2-aminoethylether)-N,N,N,N-tetracetic 
acid (EGTA), and 0.5% NP40. A protease inhibitor cocktail tablet 
(Penzberg, Germany) was also added to 10 mL of lysis buff er. Th e 
tissue was homogenized with a glass dounce homogenizer (15–20 
strokes), placed on ice for 15 minutes, before centrifugation at 
20,800 g for 10 minutes at 4ºC. Th e supernatant was snap-frozen 
with dry ice-ethanol and stored at –80ºC.   

 Proteins in heart homogenates were subjected to 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing (5% β-mercaptoethanol) conditions. 
The fractionated proteins were transferred onto ImmunBlot 
polyvinylidene difl uoride (PVDF) membranes. Primary antibodies 
used for unphosphorylated PLM were polyclonal antibody C2 
(1:10,000) and for PLM phosphorylated at Ser68 polyclonal antibody 
CP68 (1:1,000). Secondary antibodies used were donkey anti-rabbit 

IgG (Amersham; Piscataway, NJ, USA). Immunoreactive proteins 
were detected with an enhanced chemiluminescence Western 
blotting system. Protein band signal intensities were quantitated 
by scanning autoradiograms of the blots with a phosphorimager 
(Molecular Dynamics; Sunnyvale, CA, USA).   

 Statistics 
 All results are expressed as means ± SE. For analysis of a 
parameter (e.g., maximal contraction amplitude) as functions of 
group (WT-sham, WT-MI, PLM-KO-MI) and [Ca 2+ ] o , two-way 
ANOVA was used to determine statistical signifi cance. Two-way 
ANOVA was also used to analyze I NaCa  as a function of group and 
membrane voltage. For analysis of PLM abundance, membrane 
capacitance, and echocardiographic indices, one-way ANOVA 
was used. A commercial soft ware package (JMP version 4.05; 
SAS Institute, Cary, NC, USA) was used. In all analyses,  p  < 0.05 
was taken to be statistically signifi cant.    

 Results  

 Eff ects of PLM-KO and MI on heart weight and myocyte size 
 Th ere were no diff erences in body weight between WT and 
PLM-KO mice ( Table 1 ; group eff ect,  p  = 0.86), regardless of 
whether the mice had undergone sham or MI operation ( Table 1 ; 
MI eff ect,  p  = 0.98). Heart weight, heart weight/body weight, and 
heart weight/tibial length were not diff erent between WT and 
PLM-KO mice ( Table 1 ; group eff ect,  p  = 0.76, 0.71, and 0.20, 
respectively). Induction of MI signifi cantly increased heart weight, 
heart weight/body weight, and heart weight/tibial length in both 
WT and PLM-KO mice ( Table 1 ; MI eff ect,  p  < 0.0001 for all three 
parameters). Lack of signifi cant group × MI interaction eff ect 
indicates that MI did not result in larger increases in PLM-KO 
heart weights ( p  = 0.76), and heart weights normalized to body 
weights ( p  = 0.59) or tibial lengths ( p  = 0.91). 

 Whole cell capacitance ( C  m ), a measure of myocyte surface 
area and therefore an estimate of cell size, was not diff erent 
between WT and PLM-KO myocytes ( Table 1 ;  p  = 0.11). Induction 
of MI caused signifi cant increases in  C  m  in both WT and PLM-KO 
myocytes ( Table 1 ;  p  < 0.002). Post-MI, myocytes isolated from 
PLM-KO hearts were signifi cantly larger than those isolated from 
WT hearts ( Table 1 ;  p  < 0.025).   

 Eff ects of PLM-KO and MI on survival and  in vivo  cardiac 
function 
 WT mice suff ered  approximately 30% mortality at 3 weeks post-
MI (  Figure 2  ), consistent with the peri-infarct mortality reported 
for this strain of mouse.  29   By contrast, mortality was  approximately 
50% in PLM-KO mice post-MI (  Figure 2  ). Interestingly, WT 

WT-sham WT-MI KO-sham KO-MI

Body Weight (BW) (g) 28.4 ± 1.2 (7) 27.8 ± 0.8 (16) 27.7 ± 0.5 (16) 28.3 ± 0.4 (15)

Heart Weight (HW) (mg) 149 ± 10 183 ± 4a 146 ± 5 183 ± 5a

HW/BW (mg/g) 5.23 ± 0.20 6.64 ± 0.18a 5.26 ± 0.10 6.46 ± 0.13a

HW/Tibial Length (mg/mm) 67.5 ± 2.4 82.6 ± 0.9a 63.2 ± 1.3 78.9 ± 3.3a

Cm, pF 150 ± 5 (29) 187 ± 7a (17) 166 ± 8 (27) 214 ± 9a,b (10)

Values are means ± SE; numbers in parentheses are numbers of observations.
ap < 0.002 (WT-sham vs. WT-MI or KO-sham vs. KO-MI); bp < 0.025 (WT-MI vs. KO-MI).

   Table 1     Effects of PLM knockout and MI on heart weight and  C  m .     
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animals that underwent sham operation had no mortality but 
PLM-KO-sham mice suff ered  approximately 16% mortality. Th is 
suggests that PLM-defi cient mice did not tolerate surgical stress 
well. Infarct sizes were not signifi cantly diff erent between the two 
groups (  Figure 3  ,  p  = 0.21). Th is observation indicates that larger 
infarct size leading to severe heart failure is unlikely to account for 
the increased mortality observed in PLM-KO-MI animals. 

 As a group, PLM-KO mice had signifi cantly higher EFs and 
FAC, and lower LVVs when compared to WT mice ( Table 2 ), 

regardless of whether they had suff ered MI (group eff ect,  p  < 0.01). 
Induction of MI signifi cantly lowered the EF and FAC and increased 
LVVs and LVVd in both WT and PLM-KO hearts (MI eff ect,  p  < 
0.02). Post-MI, EF, FAC, and LVVs were signifi cantly ( p  < 0.01) 
higher whereas wall motion abnormalities were signifi cantly less in 
PLM-KO hearts when compared to WT hearts ( p  < 0.004).   

 Eff ects of PLM-KO and MI on myocyte contraction 
 Our previous studies  30   demonstrated that when extracellular 
Ca 2+  concentration ([Ca 2+ ] o ) was varied to manipulate the 
thermodynamic driving force for NCX1, myocytes isolated from 
rat hearts 3 weeks post-MI displayed steady-state contraction 
amplitudes that were higher at 0.6, similar at 1.8 and lower at 
5.0 mM [Ca 2+ ] o  when compared to myocytes isolated from sham-
operated rats. Th is observation is consistent with suppressed NCX1 
activity in post-MI rat myocytes.  31   In WT mice, myocytes that have 
survived a moderate size (30–35%) infarct also shortened more 
at 0.6, similarly at 1.8 and less at 5.0 mM [Ca 2+ ] o  when compared 
to WT-sham myocytes (  Figure 4  ;  Table 3 ). Two-way ANOVA 
showed absence of group ( p  = 0.66) but strong group × [Ca 2+ ] o  ( p  < 
0.012) interaction eff ects, indicating that manipulating [Ca 2+ ] o  had 
diff erent eff ects on cell shortening between WT-sham and WT-MI 

myocytes. Similarly, strong group × 
[Ca 2+ ] o  interaction effects were 
observed for maximal shortening ( p  
< 0.005) and maximal relengthening 
velocities ( p  < 0.009). 

 Compared to WT-MI myocytes, 
myocytes isolated from PLM-KO 
hearts 3 weeks post-MI shortened 
signifi cantly less at 0.6 and more 
at 5.0 mM [Ca 2+ ] o  (  Figure 4  ;  Table 
3 ; group × [Ca 2+ ] o  eff ect,  p  < 0.02). 
Maximal shortening ( p  < 0.018) 
and relengthening ( p  < 0.014) 
velocities were also lower at 0.6 
but higher at 5.0 mM [Ca 2+ ] o  in 
PLM-KO-MI when compared 
to WT-MI myocytes ( Table 3 ). It 
appears as if the deleterious eff ects 
of MI on myocyte contractility were 
ameliorated by the absence of PLM. 
Indeed, comparing PLM-KO-MI 
with WT-sham myocytes, there 
were no diff erences in contraction 

  Figure 2 .    Survival in PLM defi cient and WT animals after 3 weeks of sham or MI 
operation.    

  Figure 3     (A) Representative image of trichrome Masson staining of infarcted left ventricle from WT and PLM-KO mice show-
ing fi brosis of infarcted myocardium (photographed at 10X magnifi cation. (B) Comparison of infarct size between PLM-KO 
and WT mice ( p  = 0.21).    

WT-sham WT-MI KO-sham KO-MI

EF (%) 64.2 ± 4.4 20.8 ± 1.7a 73.4 ± 5.5b 42.4 ± 4.6a,b

FAC (%) 42.8 ± 3.9 11.8 ± 1.7a 53.8 ± 5.8b 26.7 ± 3.6a,b

LVVs 21.1 ± 2.8 80.7 ± 10.6a 15.3 ± 4.4b 38.2 ± 6.1a,b

LVVd 58.2 ± 1.8 101.4 ± 12.3a 54.0 ± 6.2 65.5 ± 7.3a

WM 
score

1.0 2.16 ± 0.08a 1.0 1.63 ± 0.09a,b

Values are means ± SE; sham groups: n = 5; MI groups: n = 9.
EF = ejection fraction; FAC = fractional area contraction; LVVs = left ventricular end-
systolic volume; LVVd = left ventricular end-diastolic volume; WM = wall motion.
ap < 0.0001 (WT-sham vs. WT-MI or KO-sham vs. KO-MI); bp < 0.01 (WT-sham vs. 
KO-sham or WT-MI vs. KO-MI).

Table 2     Effects of PLM knockout and MI on  in vivo  cardiac function.   
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amplitude ( p  = 0.54), maximal shortening ( p  = 0.31), and 
relengthening ( p  = 0.58) velocities.   

 Eff ects of PLM-KO and MI on [Ca 2+ ] i  transients 
 Compared to WT-MI myocytes, systolic [Ca 2+ ] i  was lower at 0.6, 
not diff erent at 1.8, and higher at 5.0 mM [Ca 2+ ] o  in PLM-KO-MI 
myocytes ( Table 4 ). This conclusion is supported by strong 
group × [Ca 2+ ] o  interaction eff ect ( p  < 0.0001). Across the range 
of [Ca 2+ ] o  examined, there were no differences in diastolic 
[Ca 2+ ] i  between WT-MI and PLM-KO-MI myocytes ( p  = 
0.3). Th erefore, it is to be expected that the [Ca 2+ ] i  transient 
amplitudes would be lower at 0.6 and higher at 5.0 mM [Ca 2+ ] o  
in PLM-KO-MI myocytes. Indeed, this is the case as refl ected by 
the percent increase in fura-2 fl uorescence intensity ratio ( Table 4 ; 
group × [Ca 2+ ] o  interaction eff ect,  p  < 0.0001), an estimate of [Ca 2+ ] i  
transient amplitude that is independent of fura-2 fl uorescence 
calibration procedures. 

 Th e  t  1/2  of [Ca 2+ ] i  decline, an estimate of rate of SR Ca 2+  uptake,  32   
was similar between WT-MI and PLM-KO-MI myocytes.   

 Eff ects of PLM-KO and MI on Na + /Ca 2+  exchange current (I NaCa ) 
 We and others have previously demonstrated that post-MI, NCX1 
activity is depressed in rat cardiac myocytes.  31  ,  33   In addition, 
myocyte contraction abnormalities post-MI can be rescued by 
overexpression of NCX1.  34   PLM is known to inhibit the activity 
of NCX1 in the heart.  10   We therefore tested the hypothesis that 
the salutatory eff ects of PLM defi ciency on post-MI contractility 

and [Ca 2+ ] i  homeostasis are due to relief of inhibition of NCX1 by 
PLM. In agreement with our previous fi ndings on rat myocytes,  31   
I NaCa  was signifi cantly (group × voltage eff ect,  p  < 0.0001) lower in 
WT-MI when compared to WT-sham myocytes (  Figure 5  ). PLM 
defi ciency signifi cantly ( p  < 0.0001) increased I NaCa  in post-MI 
myocytes when compared to WT-MI myocytes.   

 Effects of PLM-KO and MI on PLM expression and 
phosphorylation 
 In contrast to previous reports that PLM was increased in rat 
hearts 1 week post-MI,  9  ,  26   we observed signifi cant ( p  < 0.05) 

  Figure 4     Myocytes contractility of WT-sham, WT-MI, and KO-MI under different extra-
cellular Ca 2+  concentration ([Ca 2+ ] o ). Isolated myocytes were paced (1 Hz) to contract 
at 37°C and [Ca 2+ ] o  of 0.6 (A–C), 1.8 (D–F) or 5.0 mM (G–I). Shown are steady-state 
paced twitches from myocytes harvested from WT-sham  ( A, D, G ) , WT-MI  ( B, E, H )  
and WT-KO  ( C, F, I )  hearts. Composite results are summarized in  Table 3 .    

[Ca2+]o WT-sham WT-MI KO-MI

Maximal contraction amplitude (% of resting cell length)

0.6 2.19 ± 0.15 (18) 2.74 ± 0.26a (22) 2.21 ± 0.18 (31)

1.8 5.57 ± 0.36 (17) 5.62 ± 0.25  (29) 5.38 ± 0.29 (31)

5.0 9.99 ± 0.43 (22) 8.45 ± 0.40a (27) 9.54 ± 0.53 (38)

Maximal shortening velocity (cell length/s)

0.6 0.30 ± 0.05 0.52 ± 0.05a 0.42 ± 0.03

1.8 0.86 ± 0.07 0.86 ± 0.05 0.87 ± 0.06

5.0 1.51 ± 0.08 1.25 ± 0.07a 1.46 ± 0.09

Maximal relengthening velocity (cell length/s)

0.6 0.21 ± 0.03 0.35 ± 0.04a 0.30 ± 0.03

1.8 0.67 ± 0.08 0.70 ± 0.06 0.69 ± 0.05

5.0 1.29 ± 0.08 1.02 ± 0.07a 1.28 ± 0.09

Values are means ± SE; numbers in parentheses are pooled numbers of myocytes 
from three WT-sham, four WT-MI, or six PLM-KO-MI hearts. There are no differences 
in the measured parameters between WT-sham and PLM-KO-MI myocytes.
ap < 0.02 (WT-MI vs. WT-sham).

   Table 3     Effects of PLM knockout and MI on myocyte contractility.   

[Ca2+]o WT-MI KO-MI

Systolic [Ca2+]i (nM)

0.6 175 ± 6 (30) 152 ± 4a (20)

1.8 252 ± 9 (30) 266 ± 9 (26)

5.0 307 ± 11 (34) 379 ± 16a (30)

Diastolic [Ca2+]i (nM)

0.6 87 ± 5 89 ± 4

1.8 110 ± 5 119 ± 5

5.0 123 ± 5 117 ± 6

Increase in fl uorescence intensity ratio (%)

0.6 18.7 ± 0.7 13.5 ± 0.8a

1.8 26.1 ± 0.7 26.4 ± 1.2

5.0 30.9 ± 0.8 42.8 ± 1.4a

t1/2 of [Ca2+]i decline (ms)

0.6 206 ± 8 217 ± 15

1.8 161 ± 8 169 ± 9

5.0 154 ± 6 132 ± 7

Values are means ± SE; numbers in parentheses are pooled number of myocytes 
from fi ve WT-MI and fi ve PLM-KO-MI hearts.
ap < 0.0001.

   Table 4     Effects of PLM knockout and MI on [Ca 2+ ] i  transients.   
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reduction of unphosphorylated PLM in 3-week post-MI (21.2 ± 
3.4 arbitrary units;  n  = 7) compared to sham (41.2 ± 4.0 arbitrary 
units;  n  = 9) mouse hearts. PLM phosphorylated at Ser68 was 
signifi cantly ( p  < 0.05) increased in post-MI (61.5 ± 13.1 arbitrary 
units;  n  = 7) compared to sham (31.4 ± 1.8 arbitrary units;  n  = 6). 
As expected, we could not detect any PLM in PLM-KO hearts.    

 Discussion 
 Under resting conditions, baseline [Na + ] i ,  18  ,  20   cardiac output and 
myocyte contraction (1.8 mM [Ca 2+ ] o , 1–2 Hz)  20  ,  27   are similar 
between WT and PLM-KO hearts. Th erefore, PLM is functionally 
quiescent in resting myocytes. When animals are under stress with 
high catecholamine levels, PLM is phosphorylated at serine68. 
Phosphorylated PLM relieves its tonic inhibition on NKA, 
thereby minimizing Na +  and Ca 2+  overload in cardiac cells.  20  ,  23   
Simultaneously, phosphorylated PLM, via its action on NCX1,  22   
preserves inotropy.  25   Th ese considerations led to the concept that 
PLM is a cardiac stress protein, i.e., its functional signifi cance 
is manifest only when the animal or myocyte is under duress.  35   
To test this hypothesis, we induced MI in WT and PLM-KO 
mice to evaluate whether the absence of PLM is benefi cial or 
detrimental. Th e major fi nding is that while PLM defi ciency 
resulted in enhanced EF and myocyte contractility and improved 
[Ca 2+ ] i  homeostasis post-MI, absence of PLM was detrimental to 
whole animal survival post-MI. Viewed in this context, the stress 
protein PLM needed to be present post-MI to minimize risks of 
sudden death, at the cost of reduced inotropy. 

 Our MI mouse model exhibited many of the pathological 
changes observed in post-MI myocytes of other species. For 
example, as we have observed in the rat,  36   post-MI murine 
myocytes were hypertrophied, as evidenced by increases in 
heart weight/body weight ratio and whole cell capacitance. Th e 
contractile phenotype observed in post-MI mouse myocytes 
was also similar to that seen in rat myocytes.  30   Similar to post-

MI rabbit  37   and rat  31   cardiac myocytes, I NaCa  
was depressed in mouse myocytes 3 weeks 
post-MI. In contrast to the increase in PLM 
mRNA and protein levels following MI in 
rat hearts,  9  ,  26   we observed a decrease in PLM 
expression, accompanied by an increase 
in the fraction of phosphorylated PLM in 
murine hearts 3 weeks post-MI. Increased 
phosphorylation accompanied by decreased 
expression of PLM was also observed in a 
rabbit heart failure model.  38   Increased 
fractional phosphorylation of PLM post-MI 
may account for the decreased I NaCa  observed 
in WT-MI myocytes. 

 In cardiac myocytes, there are three major 
ion transport systems that regulate [Ca 2+ ] i . 
MI is not known to grossly distort L-type Ca 2+  
currents.  39   Th erefore, it appears unlikely that 
changes in L-type Ca 2+  channels mediate the 
improvement in contractility in PLM-KO-MI 
myocytes. Post-MI, sarcoplasmic reticulum 
(SR) Ca 2+  uptake activity, as refl ected by  t  1/2  
of [Ca 2+ ] i  decline,  32   was not diff erent between 
WT-MI and PLM-KO-MI myocytes. 
Th erefore, improvement in cardiac function 
in PLM-KO myocytes post-MI was unlikely 
due to increased SR Ca 2+  uptake activity. Th e 

role of increased SR Ca 2+  leak in mediating reduced contractility in 
heart failure remains controversial.    40  ,  41   We did not detect increased 
SR Ca 2+  leak in post-MI rat myocytes.  32   NCX1 activity, however, 
was clearly enhanced in PLM-KO-MI myocytes when compared 
to WT-MI myocytes and likely accounted for the improvement 
in cardiac contractility based on the following considerations. 
First, the pattern of contractile and [Ca 2+ ] i  transient abnormalities 
observed in post-MI myocytes (higher at 0.6, not diff erent at 1.8, 
but lower at 5.0 mM [Ca 2+ ] o ) mimicked that in normal rat myocytes 
in which NCX1 was downregulated by antisense,  42   and was exactly 
the opposite to that found in NCX1 overexpressed myocytes.  43   
Second, contractile abnormalities in post-MI myocytes could be 
rescued by NCX1 overexpression.  45   Th ird, NCX1 was shown to 
contribute signifi cantly to maintenance of contractile function 
and [Ca 2+ ] i  transients in failing human ventricular myocytes.  44–46       
Fourth, in animal models, heterozygous transgenic overexpression 
of NCX1 in mice has been demonstrated to attenuate ischemic and 
hypoxic contractile dysfunction  in vitro   47   and to improve post-MI 
myocardial function  in vivo .  48   Mechanistically, the elevated [Na + ] i  
and prolonged action potential duration in post-MI myocytes  49   
would favor Ca 2+  infl ux via NCX1 operating in the reverse mode, 
thereby directly contributing to SR Ca 2+  fi lling  50   and improved 
myocyte contractility. 

 It has been reported that increased fi brosis is present in PLM-
KO compared to WT hearts.  20   A possible explanation for the 
improved cardiac performance in PLM-KO-MI compared to WT-
MI hearts is that the increased fi brosis in noninfarct tissue reduces 
functional expansion of the infarct and accounts for better  in vivo  
indices of LV function. Although this hypothesis is attractive, it 
fails to account for the improvement in contractility and [Ca 2+ ] i  
homeostasis in PLM-KO-MI compared to WT-MI myocytes. 

 Despite improved pump performance in PLM-KO mice 
post-MI, perioperative survival was clearly decreased when 
compared to WT-MI mice. Th e lifespan of PLM-KO mice is 

  Figure 5     Current–voltage relationships of Na + /Ca 2+  exchange current (I NaCa ) in WT-MI and KO-MI myocytes. I NaCa  
was measured at 5mM [Ca 2+ ] o  and 30°C with a descending–ascending voltage-ramp protocol as described in 
“Methods.” Free [Ca 2+ ] in the Ca 2+ -buffered pipette solution was 205 nM. Holding potential was at the calculated 
reversal potential of I NaCa  (–73 mV) under our experimental conditions. There were 7 WT-sham (open circles), 10 
WT-MI (fi lled circles), and 10 KO-MI (open squares). Errors bars are not drawn if they fall within the boundaries 
of the symbol. Two-way ANOVA indicates signifi cantly lower I NaCa  in WT-MI when compared to WT-sham (group,  
p  < 0.0001; group × voltage interaction,  p  < 0.0001) or to KO-MI myocytes (group,  p  < 0.0001; group × voltage 
interaction,  p  < 0.0001). I NaCa  magnitudes are higher in KO-MI when compared to WT-sham myocytes (group,  
p  < 0.002; group × voltage interaction,  p  < 0.002).    
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not diff erent than that of WT mice.  8   Under high catecholamine 
states, relief of inhibition of NKA by PLM attenuates cellular Na +  
and Ca 2+  overload and minimizes risks of arrhythmogenesis.  20  ,  23   
Loss of regulation of NKA in PLM-KO-MI myocytes would 
lead to inexorable increases in [Na + ] i ,  20,23       resulting in increased 
spontaneous activity and perhaps sudden death. In addition, both 
MI  49   and PLM defi ciency,  27   each by itself, can cause prolongation 
of action potential duration which is known to engender increased 
arrhythmias. If the eff ects of MI and PLM defi ciency are additive 
in terms of action potential prolongation, then increased risk 
of sudden death is to be expected. Another explanation is that 
increased forward Na + /Ca 2+  exchange to pump Ca 2+  out during 
diastole may result in more aft er-depolarization in PLM-KO-MI 
myocytes, resulting in increased arrhythmogenesis. Increased 
NCX1 activity in a rabbit model of heart failure has been suggested 
to be pathogenic in arrhythmogenesis.  51   Finally, increased fi brosis 
in PLM-KO hearts,  20   especially if near the border zone, may 
engender a greater propensity for reentrant arrhythmias resulting 
in increased mortality. 

 In our present and previous studies,  31  ,  52   we observed that I NaCa  
was decreased in post-MI rodent myocytes. In post-MI rabbit 
myocytes, I NaCa  was also decreased, although NCX1 protein levels 
were increased.  37   To provide a balanced view, however, we wish 
to note that in some animal models, I NaCa  was increased rather 
than decreased post-MI.  53  ,  54   In other models of nonischemic heart 
failure including human end-stage cardiomyopathy, NCX1 was 
either decreased, unchanged, or increased.  55   Th e reasons why 
NCX1 was decreased in some models of heart failure but increased 
in others are not obvious, but may relate to diff erent experimental 
models (e.g., post-MI vs. rapid pacing vs. valvular defects), 
species diff erences (rat vs. rabbit), presence or absence of overt 
heart failure, and diff erent stages of disease at which myocyte 
function was examined. In addition, with few exceptions,  9  ,  38   levels 
of PLM or its fractional phosphorylation were not evaluated in 
experimental heart failure models. Diff erences in PLM expression 
or its phosphorylation may account for the apparent discrepancies 
in NCX1 activity in diff erent models of heart failure. 

 Th ere are some limitations to this study. Th e fi rst is that 
unlike PLM-KO mice of mixed genetic background,  8   PLM-KO 
mice backcrossed to a pure congenic C57BL/6 background had 
similar resting EF and cardiac output when compared to their 
WT littermates.  20  ,  56   In this study, KO-sham mice had higher EF 
and FAC when compared to WT-sham mice. Th is diff erence may 
be due to residual stress of the open chest operation. Higher 
catecholamine levels would result in higher +dP/dt in PLM-
KO mice in the postoperative period.  20   Th e second apparent 
discrepancy is that while inhibition of NCX1 by PLM-S68E 
mutant expressed in PLM-KO hearts resulted in enhancement 
of contractility,  25   our present data suggest that enhanced NCX1 
activity largely accounted for the improvement in cardiac and 
myocyte contractility in PLM-KO-MI hearts as compared to WT-
MI hearts. We submit, however, that there is no discrepancy. 
In WT myocytes and PLM-KO myocytes expressing PLM-
S68E mutant, action potential duration is quite brief and [Na + ] i  
relatively low.  25   Th ese prevailing conditions favor Ca 2+  effl  ux by 
forward Na + /Ca 2+  exchange during an excitation–contraction 
(EC) cycle. Th erefore, inhibition of NCX1 by phosphorylated 
PLM would result in less Ca 2+  effl  ux and increased inotropy. Post-
MI, action potential duration is prolonged  49   and [Na + ] i  is higher: 
both conditions favor Ca 2+  infl ux by reverse Na + /Ca 2+  exchange. 
Enhanced NCX1 activity in PLM-KO-MI myocytes would be 

expected to increased SR Ca 2+  fi lling during an EC cycle and 
contribute to improved contractility. 

 In summary, genetically engineered PLM deficiency 
resulted in increased postoperative mortality, but enhanced 
cardiac performance in survivors of surgically induced MI. 
Improved cardiac and myocyte contractility in PLM-defi cient 
mice postinfarction was likely due to changes in cellular Ca 2+  
homeostasis mediated by enhanced Na + /Ca 2+  exchange activity. 
Higher mortality in PLM-defi cient mice postinfarction may be 
due to lack of regulation of NKA activity by PLM, and prolonged 
action potential duration. We suggest both Na + /Ca 2+  exchange and 
NKA activities need to be exquisitely regulated aft er infarction to 
balance the deleterious eff ects of increased arrhythmogenesis and 
the benefi cial eff ects of enhanced myocyte contractility.  
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