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Abstract
Background—The purpose of this study investigation was to characterize differential right atrial
(RA) and ventricular (RV) molecular changes in Ca2+-handling proteins consequent to RV
pressure overload and hypertrophy in two common, yet distinct models of pulmonary
hypertension, dehydromonocrotaline (DMCT) toxicity and pulmonary artery (PA) banding.

Materials and methods—Eighteen dogs underwent sternotomy with four groups: 1.) DMCT
toxicity (n=5), 2.) mild PA banding over 10 weeks to match the RV pressure rise with DMCT
(n=5), 3.) progressive PA banding to generate severe RV overload (n=4), and 4.) sternotomy only
(n=4).

Results—Right Ventricle: With DMCT, there was no change in sarcoplasmic reticulum Ca2+-
ATPase (SERCA) or phospholamban (PLB), but a trend to downregulation of phosphorylated
PLB at serine-16 (p(Ser-16)PLB) (P = 0.07). Similarly, with mild PA banding, there was no
change in SERCA or PLB, but p(Ser-16)PLB was downregulated by 74% (P < 0.001). With
severe PA banding, there was no change in PLB, but SERCA fell by 57% and p(Ser-16)PLB fell
by 67% (P < 0.001). Right Atrium: With DMCT, there were no significant changes. With both
mild and severe PA banding, p(Ser-16)PLB fell (P < 0.001), but SERCA and PLB did not change.

Conclusions—Perturbations in Ca2+-handling proteins depend on the degree of RV pressure
overload and the model used to mimic the RV effects of pulmonary hypertension and are similar,
but blunted, in the atrium compared to the ventricle.
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INTRODUCTION
The sarcoplasmic reticulum (SR) is an essential determinant of contraction and relaxation
via its ability to regulate intracellular calcium via release during contraction and
sequestration during relaxation. Calcium-handling proteins are key components of molecular
remodeling associated with increased cytosolic calcium due to impaired SR calcium
sequestration. The SR Ca2+-ATPase isoform 2a (SERCA2a) predominates in
cardiomyocytes and is a major protein involved in restoration of cytosolic calcium
concentration during relaxation and is an important determinant of cardiac contractility.1,2

Phospholamban (PLB) is the SR protein that regulates intracellular calcium homeostasis
through inhibition of SERCA2a activity (19, 43).3–5 Phosphorylation of PLB by protein
kinase A at serine-16 (Ser-16) or by Ca2+/calmodulin-dependent protein kinase at
threonine-17 (Thr-17) reverses inhibition of SERCA2a to augment SR calcium uptake.6–10

β-adrenergic receptor (AR) stimulation increases intracellular cAMP, promoting
phosphorylation of PLB at both Ser-16 and Thr-17 to preserve calcium transport.

Alterations in Ca2+-handling proteins have been identified as responsible for perturbations
in left ventricular (LV) function during pressure-induced hypertrophy and cardiac
failure11–14 with chronic activation of β-AR activity.15–17 In left-sided disease, SERCA2a
inhibition contributes to diastolic and systolic dysfunction in end-stage heart failure and
upregulation may improve function,18,19 but the impact of chronic pulmonary hypertension
(CPH) on right atrial (RA) and right ventricular (RV) Ca2+-handling proteins remains
unclear.3,20,21 Altered levels of SERCA2a and PLB have been found in monocrotaline-
treated rats, a model of CPH that produces a modest rise in RV pressure (RVP),22 but the
differential molecular adaptation in intracellular calcium homeostasis as CPH progresses
from mild to severe have not been well defined.23,24 Larsen and associates demonstrated no
change in PLB or SERCA2a, but significant downregulation of phosphorylated PLB (pPLB)
at Ser-16 in the right and left ventricle of chronically hypoxic mice,25 which they theorized
might be the consequence of reduced β-AR signaling. Paradoxically though, Bogaard and
associates later demonstrated that β-AR blockade could reverse negative RV remodeling
with CPH.15

The purpose of the current investigation was to characterize RA and RV molecular
adaptation to varying degrees of RV pressure overload in canines using two common, yet
distinct models of CPH, dehydromonocrotaline (DMCT) toxicity 26–32 and pulmonary artery
(PA) banding. 3,33–35 The differential impact of these models on right heart molecular
changes in Ca2+-handling proteins consequent to RV pressure overload and hypertrophy has
not been simultaneously assessed. Our hypothesis was that perturbations in intracellular
Ca2+-handling will manifest during chronic RV pressure overload with an unfavorable shift
in the PLB:SERCA2a complex that depends on the degree of overload, but is independent of
the mechanism of injury. In addition, directionally similar but blunted changes will manifest
in the right atrium compared to the ventricle, consistent with previous studies from our
laboratory and others demonstrating relatively preserved RA function to compensate for
chronic RV pressure overload.34,36–38

MATERIALS AND METHODS
All animals received humane care in compliance with the “Principles of Laboratory Animal
Care” formulated by the National Society for Medical Research and the “Guide for the Care
and Use of Laboratory Animals” prepared by the National Academy of Sciences and
published by the National Institutes of Health. This study was approved by the Washington
University School of Medicine Animal Studies Committee and conducted according to
Washington University policy.
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Four groups of animals were studied: 1.) Toxic injury RV overload with DMCT (n = 5); 2.)
Mild RV overload with PA banding to match the RVP rise following DMCT (n = 5); 3.)
Severe RV overload with progressive PA banding to 70 to 90 mmHg (n = 4); and 4.) Sham
group with placement of PA band and no RVP manipulation (n = 4).

Dehydromonocrotaline Synthesis
Dehydromonocrotaline, a well-known pulmonary endothelial toxin that causes progressive
pulmonary injury, vascular remodeling, and smooth muscle hypertrophy, was used to induce
CPH. Commercially available monocrotaline (Sigma-Aldrich, St. Louis, MO) was converted
to toxic, bioactive DMCT as previously described (canines lack liver cytochrome oxidase to
convert monocrotaline to the toxic form).39 Purity of product was confirmed using nuclear
magnetic resonance analysis.

Initial Surgical Preparation
Eighteen adult dogs (18–23 kg) were anesthetized with propofol (5–7 mg/kg), intubated, and
ventilated using isoflurane (1.5–2.5%, tidal volume 10 mL/kg). After groin arterial
cannulation with a fluid filled catheter to monitor arterial pressure, a warm-air cycled
inflatable blanket was placed over the abdomen and lower extremities to maintain body
temperature within normal limits (continuously monitored via rectal temperature probe).
Canines were monitored throughout the procedure via arterial line cannulation, ECG leads,
continuous pulse oximetery, and frequent arterial blood gases. Supplemental oxygen was
administered as necessary to ensure adequate PaO2 levels. Micromanometer-tipped pressure
catheters (MPC-500, Millar Instruments, Inc., Houston, TX) were calibrated in a 25°C water
bath for 30 minutes.

Median sternotomy was performed, leaving the pericardium intact to maintain normal RA
and RV restraint, except for small incisions to permit instrumentation of the heart.36 A 1-cm
incision was made in the pericardium over the anterior RV free wall, and a 5-Fr pressure
catheter was introduced through a pursestring suture. A 12-mm ultrasonic flow probe (T206
Flowmeter, Transonic Systems; Ithaca, NY) was placed around the aorta to measure cardiac
output. Two additional 1-cm incisions were made in the pericardium over the RA and left
atrial (LA) appendage to measure RA pressure (RAP) and LA pressure (LAP). Baseline
hemodynamic data were recorded during steady-state conditions in duplicate during
suspended ventilation. During each data acquisition run, ECG, RAP, LAP, RVP, and aortic
flow were acquired at 200 Hz and processed using custom-designed computer software. The
RVP signal was differentiated with respect to time to calculate maximum systolic pressure
rise (dP/dtMAX) and maximum diastolic pressure decline (dP/dtMIN).

Following baseline data collection, the RV micromanometer was replaced with an
indwelling 5-Fr fluid-filled pressure catheter (Access Technologies, Skokie, IL), and an
inflatable silastic band (16mm diameter, Access Technologies) was secured around the main
PA. The other catheters and flow probe were removed. The PA band and RVP catheter were
tunneled through the chest wall, connected to reservoirs, and buried in a subcutaneous
pocket. Five animals underwent RA infusion of DMCT (prepared within 24 hours of use) at
3 mg/kg dissolved in 0.1 mL//kg of dimethylformamide (solvent) to produce toxic
pulmonary injury (DMCT group).28 The sham group received saline placebo. The sternum
was closed, and the animals were recovered for 7 to 10 days before any further intervention.

Subsequent Data Acquisition and Tissue Extraction
Animals underwent weekly interrogation of the RVP catheter while they were conscious and
comfortable at rest. The DMCT and Sham groups had no interventions other than RVP
monitoring. In the mild and severe PA banding groups, approximately one week after the
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initial operation, progressive inflation of the PA band was initiated in a stepwise manner to
create either mild or severe RVP overload.34,35,37,38,40 To generate severe RV pressure
overload, inflation of the PA band was performed weekly (0.3 to 0.5 mL), increasing RVP
by 10 to 20 mmHg until systolic RVP reached 70 to 90 mmHg (conscious state) during the
first four weeks. Pressure overload was then maintained for an additional six weeks at goal
pressure. To create mild RV pressure overload, PA band inflation was performed to match
the pressure elevation curves from the DMCT group (as such, it was necessary to complete
all DMCT animals before initiating the mild PA band group). The target RVP for mild PA
banding was elevation to 35 mmHg by week 2 and 40 mmHg by week 4, then maintaining
inflation for an additional 6 weeks at goal pressure. Occasionally, when intermittent or
permanent catheter thrombosis precluded adequate RVP measurement, two-dimensional
echocardiography was performed to quantify RVP. Echocardiography was also performed at
baseline and at 10 weeks in all animals to quantify RV and LV mass using Simpson’s rule,
assuming myocardial tissue density of 1.05 gm/mL.41 Midventricular RV free wall thickness
and cross sectional area were also measured to yield fractional area shortening (to quantify
contractility) and end-systolic RV wall stress = (RVP × RV internal diameter)/(2 × wall
thickness) × 1.332 (k×dynes/cm2).

After 10 weeks (76 ± 16 days), animals were anesthetized as described above and underwent
redo sternotomy. Micromanometer-tipped catheters and a flow probe were again inserted,
and hemodynamic data were acquired in duplicate during suspended ventilation. Following
data collection, the azygous vein and vena cavae were ligated, and the right inferior
pulmonary vein and inferior vena cava were expeditiously vented before aortic cross-
clamping and infusion of 400 mL Lactated Ringer’s with potassium chloride into the aortic
root to arrest the heart. Frozen Lactated Ringer’s slush was placed in the chest to further
expedite arrest and tissue preservation. Following arrest, 100 mL of Lactated Ringer’s with
1 mL protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) was infused for protein
preservation. The heart was excised, the right atrium and ventricle were each divided into 5
horizontal sections and cut into 1 cm vertical intervals, then snap frozen in liquid nitrogen
and stored at −80°C.

Protein Immunoblot Analysis
To prepare extracts, flash frozen samples were pulverized, homogenized in tissue extraction
reagent (TPER, Pierce Chemical Co., Rockford, IL) containing a protease inhibitor cocktail
(Thermo Scientific, Inc., Waltham, MA) and phosphatase inhibitor cocktail (Sigma-Aldrich,
Saint Louis, MO) and sonicated. Protein content was measured using the Coomassie Plus
(Pierce) assay, and 10–30 μg aliquots of protein were resolved by SDS-PAGE on 4–12%
NuPage Bis-Tris gradient gels using a MOPS buffer system and SeeBlue Plus2 as the
standard (Invitrogen, Carlsbad, CA) or 8% or 15% gels using SDS-Tris buffer and run
against a Color Plus prestained broad range protein marker (New England BioLabs, Inc.,
Ipswich, MA). Resolved proteins were then transferred electrophoretically to nitrocellulose
membranes (Invitrogen) and blocked in 2% bovine serum albumin, 3% nonfat dry milk in
Tris-buffered saline–0.1% Tween 20. The membranes were incubated for either two hour at
room temperature or 16 hours overnight at 4°C using antibodies directed against SERCA2a
(product #MA3-919, Thermo Scientific/Pierce Biotechnology, Rockford, IL), PLB (product
#ab2865, Abcam Inc., Cambridge, MA), and p(Ser-16)PLB (product # sc-12963-R) and
p(Thr-17)PLB (product #sc-17024-R, Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Three ten-lane gels were required for each antibody to analyze all 18 animals. Protein bands
were visualized using Western Lightning Plus-ECL (PerkinElmer Inc, Waltham, MA). The
membranes were stripped and reblotted with specific antibodies against glucose-6-phosphate
dehydrogenase (GAPDH, product #10R-G109A, Fitzgerald Intl, Concord, MA), which
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served as loading control. The resulting blots were digitized and quantified by densitometric
analysis with Adobe Photoshop.

Statistical Analysis
All continuous data are reported as mean ± standard deviation. Ventricular mass and steady-
state hemodynamic data obtained during baseline and at 10 weeks (average five beats in
duplicate) were compared using two-way repeated measures analysis of variance (ANOVA)
and Fisher’s protected least significant difference (LSD) test. Calcium-handling protein data,
which was obtained only at the terminal study, were compared using one-way ANOVA and
Fischer’s LSD test. Linear regression analysis was calculated with 95% confidence intervals.
Statistical analyses were performed using SigmaStat (2.03 SPSS Inc., Chicago, IL).
Differences were considered significant at a level of P < 0.05.

RESULTS
Creation of chronic RV pressure overload

Figure 1 summarizes mean weekly systolic RVP for all four groups measured in a
conscious, spontaneously breathing state. There was persistent elevation of RVP beyond
week three in the DMCT and PA band groups but not the Sham group, with the most
substantial rise with severe PA banding. In all RVP overload groups, increased pressure
resulted in RV hypertrophy (increased RV mass) versus Sham (Figure 2A). RV mass
normalized to body weight (mg/kg) increased by 30% in DMCT (1.60 ± 0.48 to 2.08 ± 0.69,
P = 0.04), 50% in mild PA banding (1.50 ± 0.31 to 2.24 ± 0.59, P = 0.01), and 69% in severe
PA banding (1.16 ± 0.23 to 1.95 ± 0.40, P = 0.02). There was no significant change in RV
mass in the Sham group (1.46 ± 0.48 to 1.75 ± 0.67, P = 0.34) and no change in LV mass in
any group (P > 0.18 for all) (Figure 2B).

Hemodynamics changes
Table 1 summarizes the steady-state hemodynamic data in all four groups. Baseline data
were pooled in Table 1 for ease of presentation, but statistical analyses were performed
using group-specific baselines. These data were obtained in an open-chest, closed-
pericardium, anesthetized state at Baseline and at 10 weeks. In the Sham group, there was no
change in maximum RVP (P = 0.88), mean RAP (P = 0.19), mean LAP (P = 0.54) or cardiac
output (P = 0.76). In the severe PA band group, RVP rose by 97% (P < 0.001), RAP rose by
63% (P = 0.001), but LAP (P = 0.21) and CO (P = 0.68) did not change. Similarly, right-
sided pressures rose with DMCT and mild PA banding, but to a lesser degree than with
severe PA banding. There was no significant change in RV force generation or diastolic
recoil rate as quantified by RV dP/dtMAX and RV dP/dtMIN in any group (P = 0.10 and P =
0.19, respectively). There was a significant increase in RV free wall thickness with mild (P
= 0.03) and severe (P = 0.02) PA banding but no change with DMCT (P = 0.52) or sham (P
= 0.89). There was no change in RV fractional area shortening in any group (P > 0.52 for
all), but while end-systolic RV wall stress did not change in sham (P = 0.87), DCMT (P =
0.54), or mild PA banding (P = 0.18), it more than doubled in the severe PA band group (P =
0.005).

Right ventricular Ca2+-handling proteins
Table 2 summarizes changes in RV Ca2+-handling proteins normalized to the sham-operated
control group. In the right ventricle, with DMCT, there was no change in SERCA2a (P =
0.50) or PLB (P = 0.42). Similarly, with mild PA band, there was no significant change in
SERCA2a (P = 0.25) or PLB (P = 0.33). With severe PA band, there was no change in PLB
(P = 0.33) but SERCA2a fell by 67% (P < 0.004). Figure 3 illustrates Western blot analysis
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for SERCA2a and PLB. RV SERCA2a fell with severe PA band, but RV PLB did not
change in any RVP overload group (Table 2). The RV PLB:SERCA2a protein ratio was
significantly elevated in severe PA band (P = 0.01) but not DMCT or mild PA band (Figure
4). Plotting RV PLB:SERCA2a protein ratio against the corresponding systolic RVP
(anesthetized, open-chest) of all 18 animals indicated a moderate correlation (r = 0.65, r2 =
0.42, P = 0.004) between the ratio of Ca2+-handling proteins and pressure loading
(PLB:SERCA2a = −0.22 + (0.47 × RVP)) (Figure 5).

Examining site-specific phosphorylation of PLB in the right ventricle, with DMCT, there
was a trend toward reduced p(Ser-16)PLB (P = 0.07) (Table 2). With PA band,
p(Ser-16)PLB fell in both the mild and severe groups by 74% (P < 0.001) and 67% (P <
0.001), respectively. There was a significant decline in the p(Ser-16)PLB:PLB protein ratio
from sham (1.02 ± 0.22) in all three groups: DMCT fell to 0.69 ± 0.24 (P = 0.05), mild PA
band fell to 0.32 ± 0.46 (P = 0.03), and severe PA band fell to 0.39 ± 0.29 (P = 0.01). With
both mild and severe PA band, phosphorylation of PLB also fell at the Thr-17 amino acid
residues by 37% (P = 0.05) and 30% (P = 0.02), respectively. Figure 6 demonstrates
Western blot analysis of site-specific phosphorylation of PLB at Ser-17 and Thr-17. Figure 7
demonstrates a tendency for pPLB to fall at both Ser-16 and Thr-17 in all three RVP
overload groups.

Right atrial Ca2+-handling proteins
Table 2 summarizes changes in RA Ca2+-handling proteins normalized to the sham operated
control group. In the right atrium, changes in Ca2+-handling proteins were blunted compared
to the right ventricle in all RVP overload groups. There was no significant change in RA
SERCA2a (P = 0.68) or PLB (P = 0.31) in any group, and the RA PLB:SERCA2a protein
ratio, unlike in the right ventricle, remained near unity in all groups (P = 0.96) (Figure 4).

Examining site-specific phosphorylation of PLB in the right atrium, with DMCT, pPLB did
not significantly change at Ser-16 (P = 0.41) or Thr-17 (P = 0.40) (Table 2). With mild PA
band, RA pPLB fell by 60% at Ser-16 (P < 0.001) but did not change at Thr-17 (P = 0.59).
With severe PA band, RA pPLB fell by 63% at Ser-16 compared to control (P < 0.001) and
by 42% at Thr-17 (P = 0.04). Figure 8 demonstrates a fall in p(Ser-16)PLB with mild and
severe PA band, but a fall in p(Thr-17)PLB in only the severe PA band group.

DISCUSSION
In the current report, we found differential changes in Ca2+-handling proteins depending on
the degree of RV overload and heterogeneity between right heart chambers. In the right
ventricle, PLB did not change, SERCA2a fell only with severe PA banding, but PLB
phosphorylation was downregulated in most groups. In the right atrium, changes in Ca2+-
handling proteins were blunted, but diminished PLB phosphorylation was present with both
mild and severe PA banding.

Previous investigators have demonstrated that severe compensated hypertrophy and cardiac
failure secondary to pressure overload is accompanied by a large fall in SERCA mRNA and
proteins.1,42,43 Diminished SERCA is associated with diminished calcium uptake, but with
acute pressure overload, SERCA can be upregulated. In a rat model of LV hypertrophy
(aortic constriction), at day 1, SERCA was 60–80% higher than normal, at day 5, SERCA
levels were at baseline, but at 1 month, SERCA had fallen by 40–60%.1 The early rise in
SERCA may be a reflection of nonspecific global stimulation of the cardiac genome in acute
stress, while late changes may represent a compensatory response to prolonged
overload.21,44 In the current report, we did not assess Ca2+-handling proteins during acute
PA hypertension, but with mild CPH, there was no change in SERCA or PLB levels. In
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contrast, with severe PA banding, SERCA levels fell by 67%, consistent with the 60%
decline in the aortic constriction model of Anger and colleagues,1 and there was a similar
directional change in the right atrium but to a lesser degree.

Gupta and associates found that PA banding has an adverse impact on the expression of
Ca2+-handling proteins in the right atrium.3 Following 10 weeks of PA banding in rabbits
producing a 30% rise in RA weight, RA SERCA fell by 55% but PLB and pPLB did not
change. In the current report, there was no change in RA SERCA2a or PLB in canines, but
there was a substantial decrease in pPLB and there was no loss of contractile function.
Previous hemodynamic studies from our laboratory have demonstrated enhanced RA and
RV elastance with PA banding, but a fall in RV diastolic compliance and RV
circumferential and minimum principal strain.34,37 Verhaert and colleagues also noted
diminished RV strain in decompensated heart failure.45 In the current report, both the right
atrium and ventricles were affected, but to varying degrees. There was downregulation of
SERCA2a in the ventricle only, while pPLB fell in both chambers. The current finding of a
decline in p(Ser-16)PLB and p(Thr-17)PLB suggests a similar directional change in
PLB:SERCA2a coupling (an increase in this relationship impairs calcium transport), as the
result of diminished reversal of PLB inhibition.

Larsen and associates found that chronic alveolar hypoxia induced hypophosphorylation of
PLB at Ser-16, thought secondary to diminished β-AR signaling.25 The Virginia
Commonwealth University group has also done extensive experimentation with a combined
hypoxia and vascular endothelial growth factor (VEGF) receptor blockade model to produce
CPH.15,46,47 Their work has demonstrated that while β-AR blockade with Caredilol did not
alter the morphology or the pulmonary vessels or RV afterload, it increased protein kinase G
activity and improved RV function with RV fetal gene reactivation.15 They later went on to
identify the molecular signature of RV failure in CPH with loss of genes promoting cell
growth, impairment of angiogenic capillary maintenance and elevated glycolytic enzymes,
with a phenotypic negative RV remodeling response that was attenuated by tumor
suppressor p53 gene.46,47

Early in the development of CPH, contractility is preserved, potentially at the expense of
diastolic relaxation. Muller and coauthors found that diastolic function was impaired in CPH
but, in transgenic rats with SERCA overexpression, relaxation was preserved and directly
related to SERCA concentration.13 In the current report, there was a modest, but potentially
interesting correlation between the PLB:SERCA2a ratio and the degree of RV pressure
loading. As systolic RVP increased, the PLB:SERCA2a complex favored PLB
dephosphorylation. Muller’s study did not address the potentially maladaptive decline in
pPLB that we identified with higher degrees of RV overload in the current report. We
hypothesize that the PLB:SERCA2a complex and PLB phosphorylation are at the center of
the RA and RV response to chronic overload, such that overexpression or underexpression
of either component of the ratio will modulate the negative response.

Weber and co-investigators investigated the mechanism responsible for diminished
phosphorylation of PLB in acute LV ischemia by examining the balance between reduced
phosphorylation and increased dephosphorylation.9 They noted no change in enzyme
activity and concluded that in myocardial stunning, decreased intracellular cAMP,
consequent to a fall in β-AR density or enhanced degradation of cAMP, represents the initial
event leading to altered Ca2+-handling, impaired relaxation, and contractile dysfunction. In
the current report, we identified similar changes in PLB site-specific phosphorylation with a
fall in p(Ser-16)PLB and p(Thr-17)PLB during both mild and severe RV overload. Future
studies will be necessary to investigate potential mechanisms which include: decreased β-
AR density/function or decreased adenyl cyclase activity, increased cAMP degradation,
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diminished protein kinase A activity (less phosphorylation of PLB at Ser-16) and diminished
Ca2+/calmodulin-dependent protein kinase II activity (less phosphorylation of PLB at
Thr-17), or increased phosphatase activity.9

Based on the findings of the current report, our working hypothesis for future studies is that
enhanced Ca2+-handling (i.e., SERCA overexpression) can partially rescue the right heart,
whereas a decrease in SERCA at baseline will aggravate the negative impact of CPH on RA
and RV mechanics. Although heart failure is associated with a reduction in SERCA activity
and calcium uptake, attempts to reverse these negative changes have demonstrated only
transient improvements in function. Molina and colleagues demonstrated that adenovirus-
mediated SERCA gene transfer and β-AR kinase 1 inhibitor enhanced RV Ca2+-handling
and improved contractility in an aortic constriction model of biventricular failure, although
the beneficial changes were, for the most part, transient.16,17 In addition, these changes may
have been upstream changes secondary to diminished phenotypic severity of LV
dysfunction; i.e., intracoronary β-AR kinase 1 inhibitor in LV overload improved LV
function and, as a consequence, improved RV function. The present data provide evidence
for alterations of calcium homeostasis in RV pressure overload. Decreased SERCA and
decreased phosphorylation of PLB may contribute to impaired relaxation and diastolic
dysfunction that has been demonstrated in previous functional studies.28,34 It has been our
contention that the right atrium plays a compensatory role during RV pressure overload to
maintain RV filling with blunted negative changes compared to the ventricle.34,37

Potential limitations
In this study, we used two models that mimic CPH at the hemodynamic level (chronic RV
pressure overload with PA banding) and cellular level in the pulmonary vasculature
(chemically-induced CPH with DMCT toxicity). We feel, as others have suggested, that
both models are relevant to CPH and each has specific advantages.30,33,48 Neuroendocrine
factors are not sufficient to alter RV molecular mechanics in CPH, rather enhanced
biomechanical loading conditions are necessary to induce the hypertrophic RV phenotype
typical of chronic, severe pulmonary vasoconstrictive disorders.33 While chronic RV
pressure overload does not mimic CPH in the lungs, the functional, biomechanical, and
molecular consequences on the right heart are clinically relevant to both primary and
secondary CPH in humans, and a substantial degree of CPH with RV dysfunction can be
achieved. In contrast, toxic exposure more directly mimics the pulmonary vascular changes
seen in primary pulmonary hypertension; however, the degree of CPH in canines is
relatively modest and generally does not produce clinical RHF in large animals and is not
ideal to mimic human forms of severe plexogenic CPH, which is our ultimate translational
goal.31,32 We feel strongly that this combined approach creates a fertile opportunity to
evaluate the biomechanical and molecular mechanisms of CPH, RV dysfunction, and its
treatment. The models of RV dysfunction in the current study do not produce severe RV
failure to the degree seen with combined hypoxia and vascular endothelial growth factor
(VEGF) receptor blockade.15,30,46,47,49,50 The more angioproliferative model can induce
severe RV failure that mimics human RV failure and has yielded important clinical results in
small animals. However, the hypoxia methods are impractical in the large animal models
necessary to perform right atrial strain and function analyses which have been a part of our
overall investigation during the last decade,34,36–38,40 but we plan to consider their use in
future studies involving mechanistic investigation of PLB site-specific phosphorylation and
molecular interventions.

Another potential limitation is that the relatively small number of animals used in each
group could have resulted in a type I error. However, the findings were quite consistent
between animals, and we feel that the statistics were sufficient to support the conclusions.
As such, it would not have been cost-effective to include more animals. In addition, ideally
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animals would have been placed in one of the study groups randomly, but the DMCT
animals were all completed before the PA banding groups were initiated. While our
laboratory was very familiar with the anticipated weekly pressure rise with severe PA
banding, we had to perform the DMCT studies first to allow pressure elevation matching in
the mild PA banding group. Furthermore, baseline and terminal hemodynamic
measurements were made in open-chest, anesthetized animals, which is a limitation in that it
can impact chamber pressures, but we were careful to leave the pericardium intact, which
we have previously shown is most important factor for right heart measurements.36 Finally,
our study investigated the upstream changes in RA and RV molecular mechanisms, rather
than addressing the primary inciting events that occur in the pulmonary vasculature as others
have done.30,44,50

In summary, the current study demonstrated that perturbations in Ca2+-handling proteins
depend on the degree of RV pressure overload and the model used to mimic the RV effects
of pulmonary hypertension and are similar, but blunted, in the right atrium compared to the
right ventricle. Right heart dysfunction that occurs with CPH, whether due to RV pressure
overload or toxic exposure, is associated with diminished SERCA2a expression and PLB
dephosphorylation. Measures to increase SERCA2a or augment phosphorylation of PLB
may ameliorate detrimental pathologic changes and augment the compensatory RA response
to chronic RV pressure overload.
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Figure 1.
Average weekly systolic right ventricular (RV) pressure measurements in the Sham (lower
solid line, solid circle), dehydromonocrotaline (DMCT) (dotted line, open circle), mild
pulmonary artery (PA) band (dashed line, solid square), and severe PA band (upper sold
line, open square) groups. Error bars depict standard error of the mean at each time point.
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Figure 2.
A.) Right ventricular (RV) and B.) left ventricular (LV) mass normalized to baseline (white
bars) and after 10 weeks (dark bars) in sham, dehydromonocrotaline (DMCT), mild
pulmonary artery (PA) band, and severe PA band groups (mean ± one standard error, * P <
0.05 versus baseline).
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Figure 3.
Western blotting of right ventricular (RV) sarcoplasmic reticulum Ca2+-ATPase (SERCA2a)
and phospholamban (PLB) in sham, dehydromonocrotaline (DMCT), and mild and severe
pulmonary artery (PA) band groups. These gels includes two typical dogs from each group.
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Figure 4.
The right ventricular (RV) PLB:SERCA2a protein ratio (normalized to GAPDH) increased
with severe pulmonary artery (PA) band compared to sham operated controls, but there was
no change with dehydromonocrotaline (DMCT) or mild PA band. The right atrial (RA)
PLB:SERCA2a protein ratio did not change in any group. *P < 0.05.
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Figure 5.
Correlation of right ventricular (RV) PLB:SERCA2a protein ratio to systolic RV pressure
measured in anesthetized, open-chest, closed-pericardium state. All 18 animals were
included in this analysis, including sham (solid circles), dehydromonocrotaline (DMCT,
open circles), mild pulmonary artery (PA) banding (solid squares), and severe PA banding
(open squares). The solid line represents the predicted values from the linear regression
PLB:SERCA2a = −0.22 + (0.47 × RVP), and the dashed lines represent 95% confidence
intervals.
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Figure 6.
Western blotting of right ventricular (RV) phosphorylation of phospholamban at amino acid
serine-16 (p(Ser-16)PLB) and threonine-17 (p(Thr-17)PLB) in sham, dehydromonocrotaline
(DMCT), and mild and severe pulmonary artery (PA) band groups. These gels includes two
typical dogs from each group.
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Figure 7.
Amino acid site-specific right ventricular (RV) phosphorylated phospholamban (pPLB).
There was a tendency for pPLB to fall at both serine-16 and threonine-17 in the
dehydromonocrotaline (DMCT) and mild and severe pulmonary artery (PA) band groups.
*P < 0.05.
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Figure 8.
Amino acid site-specific right atrial (RA) phosphorylated phospholamban (pPLB). There
was a significant decline in RA pPLB at serine-16 in the pulmonary artery (PA) band groups
and at threonine-17 in the severe PA band group, but there was no significant change in the
dehydromonocrotaline (DMCT) group. *P < 0.05.
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TABLE 2

Impact of dehydromonocrotaline (DMCT) toxicity and mild and severe pulmonary artery (PA) banding on
right ventricular and right atrial calcium-handling proteins

Sham (n=4) DMCT (n=5) Mild PA Band (n=5) Severe PA Band (n=4)

Right Ventricle:

SERCA2a 1.00 ± 0.18 1.04 ± 0.09 0.78 ± 0.30 0.43 ± 0.18*

PLB 1.00 ± 0.10 1.19 ± 0.41 0.82 ± 0.19 0.84 ± 0.28

pPLB at serine-16 1.00 ± 0.16 0.82 ± 0.19 0.26 ± 0.30* 0.33 ± 0.20*

pPLB at threonine-17 1.00 ± 0.22 0.78 ± 0.32 0.63 ± 0.17* 0.70 ± 0.25*

Right Atrium:

SERCA2a 1.00 ± 0.14 1.14 ± 0.10 1.07 ± 0.23 0.81 ± 0.26

PLB 1.00 ± 0.18 1.00 ± 0.07 0.97 ± 0.24 0.72 ± 0.28

pPLB at serine-16 1.00 ± 0.23 0.88 ± 0.44 0.40 ± 0.39* 0.37 ± 0.34*

pPLB at threonine-17 1.00 ± 0.39 1.17 ± 0.22 0.90 ± 0.17 0.58 ± 0.29*

PLB, phospholamban; pPLB, phosphorylated PLB; SERCA2a, sarcoplasmic reticulum Ca2+-ATPase. Data are mean ± standard deviation
normalized to GAPDH and Sham group.

*
P < 0.05 versus Sham (ANOVA, Fisher’s LSD test).
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