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1. Introduction
Volume overload (VO) results from increased preload on the heart, as occurs in regurgitant
mitral and aortic valves, or ventricular septal defect. Left ventricular (LV) VO is
characterized by eccentric hypertrophy with no change in wall thickness leading to an acute
increase in wall stress. Eccentric hypertrophy during VO progression is associated with
myocyte elongation via serial addition of sarcomeres and extracellular matrix degradation
[1]. Several therapeutic agents, including ACE inhibitors [2], remain ineffective in treating
VO induced heart failure (HF) owing to its distinct cardiac remodeling mechanisms. The
cellular mechanisms that lead to myocyte failure have been extensively studied in human
and animal models of pressure overload and myocardial infarction. Much less is known
about the molecular and cellular mechanisms that underlie VO-induced HF. Our lab and
others, using the aorto-caval fistula (ACF) rat model, have reported progressive LV pump
failure associated with decreased myocyte contractility [3, 4].

Alterations in Ca2+ homeostasis contribute to the contractile dysfunction in various HF
models. Changes in the expression and phosphorylation of a number of proteins involved in
excitation-contraction (EC) coupling have been observed, including the sarcoplasmic
reticulum (SR) ryanodine receptors (RyR), which are responsible for Ca2+-induced Ca2+
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release, the phospholamban/SR Ca2+-ATPase (SERCA2a) Ca2+ reuptake complex, the
plasmalemmal Na+/Ca2+ exchanger (NCX), myofilament proteins, as well as changes in β-
adrenergic receptor density and signaling. However, the cellular mechanisms responsible for
these changes in Ca2+ homeostasis are multifactorial. While some studies in human HF
suggested that myocardial dysfunction was associated with reduced expression of L-type
Ca2+ channels [5], others found a reduction in SERCA with an increase in NCX [6].
Previous studies in ACF-induced HF demonstrated decreased SERCA2a and RyR
expression associated with reduced myocyte contractility [3].

Desensitization of the β1-adrenergic receptor (β1-AR) pathway is a hallmark of chronic HF
[7] and leads to reduced intracellular calcium [Ca2+]i cycling, contractility and myocardial
energetics. The response of volume overloaded and failing myocytes to β1-AR agonists
under in vivo and in vitro conditions remains controversial. Dhalla’s group [8] reported
increased β1-AR density in ACF hearts during the decompensated phase of HF, while Ding
et al showed abrogated sarcomere shortening response to β-AR agonist at this stage [3].
However, neither study compared these results with measurements of in vivo LV functional
responses to dobutamine and provided a limited assessment of sarcomeric and Ca2+-binding
proteins. In this study, we examined the effects of chronic end-stage VO and β-AR
stimulation on LV structure and function as well as on isolated rat LV myocyte cellular and
functional responses.

2. Methods
2.1. Animals

Male Sprague-Dawley rats (Harlan) weighing 250–300g were housed in a temperature and
humidity controlled room using a 12h light/dark cycle and standard rat chow and water ad
libitum. All studies conformed to the principles of the National Institutes of Health “Guide
for the Care and Use of Laboratory Animals,” (NIH publication No. 85-12, revised 1996).
The protocol was approved by the Institutional Animal Care and Use Committee of The
Research Institute at Nationwide Children’s Hospital.

2.2. ACF surgery protocol
Cardiac volume overload was induced in rats under isoflurane anesthesia (2%) as described
previously. Briefly, a midline abdominal incision was made and the abdominal aorta and
inferior vena cava were exposed. An 18-g needle was inserted into the abdominal aorta and
advanced into the inferior vena cava through the common midwall, creating an ACF. The
needle was removed, and cyanoacrylate glue (Vetbond) was used to seal the aortic puncture.
Shunt patency was confirmed by visualization of mixture of bright red arterial blood in the
vena cava. The abdominal muscle and skin were closed using 5-0 chromic gut suture and
4-0 vicryl, respectively. Sham animals underwent similar procedure except no aortic
puncture was made.

2.3. Echocardiography
Transthoracic echocardiograms (n=10 per group) were performed using a Toshiba Xario
with a 12.5 mHz transducer under 1.5% isoflurane anesthesia, as described previously [9]. In
brief, isovolumetric relaxation and contraction times (IVRT and IVCT, respectively) and
aortic ejection time (ET) were obtained by pulsed wave Doppler at the mitral valve level. M-
mode images were obtained at the level of the papillary muscles to assess chamber
diameters in systole and diastole (LVDs and LVDd) and LV posterior wall thickness in
systole and diastole (PWTs and PWTd, respectively). The following indices were calculated:

% fractional shortening (%FS) = (LVDd-LVDs)/LVDdx100
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Eccentric dilation index = (2xPWTd)/LVDd

Tei index = (IVRT+IVCT)/ET

2.4. Surface ECG Measurement
Rats were anesthetized with 2% via nosecone and body temperature was maintained at 37°C
using a heat lamp. Lead II ECGs were recorded for 5 minutes with subcutaneous needle
electrodes and an Iworx data acquisition system sampling at 1 kHz. Labscribe software
(Iworx) was used for analysis of heart rate (HR), PR interval, QRS duration, QT interval,
and QTc (corrected for heart rate).

2.5. Measurement of LV hemodynamics
LV hemodynamics were assessed in vivo using pressure-volume (PV) analysis [9]. Briefly,
the rats were sedated with 3% isoflurane, intubated and were maintained under 2%
isoflurane anesthesia throughout the procedure. PV catheter was introduced in to the LV via
the right carotid artery. Following equilibration, baseline LV hemodynamic parameters were
acquired using 8–10 consecutive PV loops. An inferior vena caval occlusion was used to
measure changes in load-independent parameters, such as preload-recruitable stroke work
(PRSW) and end-systolic pressure volume relationships (ESPVR). iWorx Labscribe 2
acquisition and analysis software was used to analyze the data.

The following parameters were used to measure LV systolic and diastolic function: stroke
volume (SV), heart rate (HR), cardiac output (CO), percent ejection fraction (%EF),
maximum and minimum dp/dt, LV end-systolic and end-diastolic volume (ESV and EDV),
LV end-systolic and end-diastolic pressure (ESP and EDP), slope of the ESPVR, PRSW and
relaxation constant (Tau Weiss).

2.6. LV myocyte isolation
Following 21-weeks of ACF surgery, viable LV myocytes were isolated as previously
described [10]. Briefly, the heart was mounted on a Langendorff apparatus followed by
retrograde perfusion through the aorta with perfusion buffer for 4 min, and a subsequent
perfusion with buffer containing 12.5 µM CaCl20.14 mg/mL trypsin and 12 Wünsch units of
Liberase TH (Roche) for 10–12 min. The LV was separated from the digested heart and
myocytes were mechanically dispersed in perfusion buffer (containing 12.5 µM CaCl2 and
10% calf serum) and filtered. The isolated myocytes were then resuspended in increasing
concentrations of CaCl2 over 16 min to achieve a final concentration of 1 mM. Isolated
myocytes were plated on laminin coated cell-perfusion chambers in Minimal Essential
Medium (MEM) with Hanks’ salts and 2 mM L-glutamine (MEM), supplemented with 5%
calf serum, 2,3-butanedione monoxime and 100 U/mL penicillin-streptomycin. After 1-hour
incubation, plated myocytes were placed in culture medium (serum-free MEM with 0.1%
BSA and 100 U/mL Pencillin-streptomycin).

2.7. Measurement of contractility and Ca2+-transients in isolated LV myocytes
Contractility of the isolated LV myocytes was measured in myocytes within 2–3 hours of
initial plating by mounting cell-perfusion chambers on an inverted Olympus IX-71
microscope and perfusing at 37°C with Tyrode’s buffer. Isotonic sarcomere shortening was
measured using an IonOptix Myocam camera (IonOptix Corporation, Milton, MA).
Myocytes were perfused with Tyrode’s solution ± 100 nM isoproterenol (Iso) to study β-
adrenergic responsiveness. The following parameters were recorded: sarcomere peak
shortening normalized to resting sarcomere length (%PS,), maximal velocity of cell
shortening (+dL/dt) and maximal velocity of cell relengthening (−dL/dt,). Twitch duration
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was measured from the beginning of myocyte contraction to 90% of peak amplitude
(TP90%) and from peak amplitude to 90% relaxation (TR90%).

Ca2+ transients were measured by loading myocytes at room temperature with 0.5 µM
Fura-2A (Molecular Probes, Eugene, OR) for 20 min. Excess dye was washed with serum-
free MEM. After 20 mins, cells in MEM were washed with Tyrode’s buffer and myocytes
were field stimulated at 1 Hz. Fura-2A loaded cells were excited with 380±20 nm light
during field stimulation and single cell fluorescent emission was collected at 510±20 nm.
Immediately before and after field stimulation, myocytes were excited with 360±20 nm and
510 nm emissions were collected for ratiometric determinations.

Data were expressed as peak Ca2+ amplitude normalized to resting diastolic Ca2+ (bl% peak
h), area under systolic Ca2+ signal normalized to peak height, (AS/PK; representing Ca2+

available for contraction phase) and area under Ca2+ decay signal normalized to peak height,
(AD/PK; Ca2+ decay leading to relaxation). Maximum rates in rise of systolic Ca2+ and Ca2+

decay were derived from the Ca2+ recordings (±dV/dt). All measurements were analyzed
using Ionwizard data acquisition system (IonOptix).

2.8. Immunoblot analysis
LV mid-wall tissue lysates were prepared, as described [2]. Proteins (15 µg) were separated
by SDS-PAGE and transferred to PVDF membranes. Immunoblotting was performed with
antibodies against ryanodine receptor (RyR, 1:1,000, generous gift from Dr. Andrew
Marks), phospho-RyR Ser2808 (pRyR2808, 1:2,000, Abcam), phospholamban (PLB,
1:2,000, Millipore), phospho-PLB Ser16 (p-PLB, 1:2,000, Millipore), SERCA-2a (1:2,000,
Thermo), β-MHC, cardiac troponin I (cTnI, 1:2,000, Sigma), phospho-TnI Ser23/24 (p-
cTnI, 1:2,000, Cell Signaling), cardiac myosin binding protein-C (cMyBP-C) and phosphor-
specific cMyBP-C Ser273, Ser-282 and Ser-302 (1:2,000, [11]), connexin-43 (Cx-43),
phospho-Cx-43 Ser368 (pCx-43), N-cadherin (N-cad), Src, Zo-1 or ERK1/2 (1:5,000, Santa
Cruz). Relative band densities were analyzed using GelEval (v1.22 Frog Dance Software)
and were normalized to ERK1/2 loading controls.

2.9. Immunofluorescence microscopy
Immunofluorescence was performed as described [9]. Following antigen retrieval and
blocking with 10% goat serum, slides were incubated overnight at 4°C with a rabbit
polyclonal anti-Cx-43 (1:250, SantaCruz). For secondary labeling goat anti-rabbit Alexa-
Fluor 488 (1:500, Invitrogen, Carlsbad, CA) conjugated IgG was used and sections were
mounted and counter stained using Vectashield with DAPI (Vector Laboratories,
Burlingame, CA).

2.9. Statistical Analysis
Data are expressed as mean±SEM. Statistical analyses were performed using GraphPad
Prism V5.0 (GraphPad Software). Unpaired Student’s t-tests or one-way ANOVA, followed
by Bonferroni’s post-hoc test, were used to measure differences between groups. p<0.05 was
considered statistically significant.

3. Results
3.1. Chronic ACF-induced eccentric dilatation and LV remodeling

M-mode echocardiography demonstrated an increase in LV diameter while LV posterior
wall thickness (LVPWT) remained unchanged at 21wks following ACF (Figure 1). Figure
1A shows a representative M-mode view of the LV in sham and ACF at 21-weeks post-
surgery. ACF at 21 weeks was associated with an increase in LV diameter at systole and
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diastole (LVEDd and LVEDs, respectively). The ratio of (2xPWTd)/LVDD, an index of
eccentric dilatation, was significantly lower in ACF rats compared to sham rats (Figure 1C),
indicating eccentric hypertrophy (Table 1). In addition, increased HW/BW and LW/BW
ratios in the ACF rats (Table 2) suggested pathologic LV hypertrophy and pulmonary
congestion. Baseline echocardiography at the beginning of the study depicted no changes in
LV dimensions between sham and ACF groups (data not shown).

3.2. Chronic ACF modulated LV contractile function
Systolic function, assessed by echocardiography, showed a significant decline in %FS (29%)
in ACF rats (Figure 2A), indicating contractile dysfunction. ACF also induced abnormal
increases in the Doppler time intervals, IVCT and IVRT, with abbreviated ET resulting in an
elevated Tei index, an indicator of global LV dysfunction (Figure 2B). In order to better
understand the LV hemodynamics in VO-induced HF, we performed PV loop analysis. LV
hemodynamic parameters are presented in Table 2. As expected, ACF increased LV EDV
and ESV. Mean heart rate (HR) and mean arterial pressure (MAP) remained unchanged
compared to sham. LV EF reflected a marked, 27% decrease in ACF vs. sham. Despite a
significant ESV increase in ACF, ESP and dP/dtmax remained unchanged. SV was
significantly increased in ACF, confirming that ACF induced a high output HF (Table 2).
ESPVR was significantly decreased in ACF demonstrating marked systolic dysfunction
(Figure 2B). EDV was almost doubled at 21-wks post ACF (99% increase) relative to sham.
However, EDP and other diastolic relaxation parameters, Tau and dP/dtmin, did not differ
from sham levels (Table 2).

3.3. Effect of VO on cardiomyocyte function and Ca2+ transients
Representative sarcomere contractility recordings are shown in Figure 3A. Compared to
those of sham, a ~30% decrease in unloaded sarcomere peak shortening (%PS) was
observed in freshly isolated ACF myocytes that were field stimulated at 1 Hz. Compared to
sham, sarcomere shortening velocity (−dL/dt) and relaxation velocity (+dL/dt) were also
reduced in ACF myocytes by ~40% and ~20%, respectively (Figure 3A).

To gain further insight into changes in excitation-contraction coupling, we next compared
the amplitude and kinetics of the Ca2+ transient. Representative Ca2+ transients are shown in
Figure 3B. The mean peak amplitude of Ca2+ fluorescence was higher in ACF myocytes
compared to that of sham. This increase in Ca2+ peak amplitude in ACF was associated with
significantly increased rates of rise and decay. No changes in time to peak 90% (TP 90%)
and time to relaxation (TR 90%) were observed between sham and ACF myocytes (Table 3).
We also integrated the Ca2+ signals during systole and leading to diastole, each normalized
to peak amplitude (AS/PK and AD/PK, respectively, which account for the time course as
well as the shape of the signal. These indices give a more appropriate estimate of Ca2+

available to support contraction and relaxation [12]. These indices were not different
between sham and ACF suggesting that changes in peak amplitude were offset by increased
Ca2+ kinetics.

We next examined alterations in the expression of SR Ca2+ regulatory proteins (Figure 4A).
Western blot analysis indicated that the SR Ca2+ release channel RyR was down-regulated
~40%. However, RyR Ser-2808 phosphorylation was not different between groups, resulting
in net RyR hyper-phosphorylation (i.e pRyR/RyR) in ACF. We were unable to detect RyR
Ser-2815 phosphorylation in either sham or ACF at this time point. SERCA-2a, the SR
protein responsible for re-uptake of [Ca2+]i into the SR, was decreased by ~20% in ACF
compared to sham LV. Total PLB was decreased in ACF, but PLB Ser-16 phosphorylation
was slightly, but significantly increased in ACF, indicating a decreased inhibitory function
towards SERCA-2a. Collectively, these results suggest that ACF myocytes exhibit
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decreased contractility even though the mechanisms which regulate cytosolic Ca2+ during
the contractile phase would, on balance, suggest that Ca2+ availability is not compromised.

We next RT-PCR and/or western blot analysis to assess the expression of myofilament
proteins that regulate shortening kinetics or myofilament Ca2+ sensitivity, using (Figure 4B).
The ratio of β-MHC to α-MHC mRNA was significantly increased in ACF compared to
sham; this increase in the neonatal β-MHC isoform was confirmed at the protein level by
western blotting. This neonatal form of MHC is an energy conserving slow-twitch isoform
that has been shown to be overexpressed in several forms of HF in both humans and animals
[13, 14]. Titin isoform expression, as well as desmin, and α/β-crystallin were unaltered by
VO (data not shown). Cardiac TnI, a component of thin filament regulatory troponin
complex to which [Ca2+]i binds to initiate contraction, was decreased in ACF, while its
phosphorylation at Ser-23/24 was unchanged. No changes in TnT were detected between
sham and ACF (data not shown). Total MyBP-C protein levels were significantly
downregulated in ACF compared to Sham. We also observed decreased phosphorylation of
cMyBP-C at sites Ser-273, Ser-282 and Ser-302; however, when normalized to total
cMyBP-C there were no differences in the ratio of phosphorylated to total cMyBP-C
between sham and ACF.

3.4. In vivo and in vitro β-adrenergic responsiveness in VO
To further understand the mechanisms that underlie LV contractile dysfunction induced by
ACF, we measured in vivo and in vitro responses to β-adrenergic stimulation. Dobutamine
is commonly used clinically and experimentally to assess myocardial β-adrenergic
responsiveness, while isoproterenol when administered in vivo can cause arrythmogenic and
vascular side effects [15]. Therefore, in this study we followed the traditional dobutamine
stress echo protocol. Figure 5A shows in vivo LV functional responses to dobutamine
challenge as assessed by echocardiography. The positive chronotropic (increased HR) and
inotropic effects (increased %FS) to dobutamine observed in sham were significantly
attenuated in ACF. A similar response was observed in the LV hemodynamic measures,
%EF and dP/dtmax, with a low dose infusion of dobutamine (data not shown).

Since the in vivo cardiac performance is influenced by persistent increases in circulating
catecholamines in HF animals, we next challenged the isolated myocytes from these rats
with Iso, a non-specific β-adrenergic agonist. Interestingly, ACF myocytes showed
preserved responsiveness to Iso, as indicated by an 89% increase in %PS over baseline
compared to a 53% increase in sham myocytes (Figure 5B). To rule out possible differences
between effects of dobutamine use in vivo and Iso use in vitro, we performed a pilot study
using Iso infusion in vivo and found similar results compared to dobutamine infusion (data
not shown).

Iso caused an increase in [Ca2+]i amplitude in sham but the response was absent in ACF
myocytes. AS/PK was not different between sham and ACF in response to Iso (data not
shown). However, Ca2+ transient decay was faster after ISO as expected (i.e., smaller AD/
PK), and the response was similar in sham and ACF groups. Taken together, these results
suggest that the changes in in pRyR and pPLB levels in ACF LV resulted in a maximal
myocyte Ca2+ peak transient amplitude that could not be further augmented by Iso.

3.5. VO induced decreases in myocardial Cx-43 levels
We next compared β-adrenergic receptor (β-AR) expression and the organization and
composition of gap junctions between sham and ACF. There was a significant decrease in
β1-AR mRNA in ACF compared to sham tissue and no changes in β2-AR (Figure 6A). The
protein expression and localization of the gap junction protein Cx-43 and the intercalated
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disk proteins N-cadherin (N-Cad) or zona occluden-1 (ZO-1) were detected by
immunofluorescence and/or immunoblotting. Cx-43 expression was markedly diminished in
ACF LV despite preserved N-cad levels (Figure 6B). Furthermore, Cx-43 expression in
ACF LV lysates was decreased by ~55% compared to sham LV lysates. There was no
difference in ser-368 phosphorylation of Cx-43 between groups, resulting in increased levels
of pCx-43/total Cx-43. These changes in Cx-43 were associated with an increase in QT
interval (data not shown) and QTc as assessed by EKG (Figure 6B). No other significant
differences in QRS or PR interval were detected (data not shown).

We also measured the expression of proteins that modulate Cx-43 expression at the gap
junction (i.e., c-Src and ZO-1). c-Src is a tyrosine kinase involved in tyrosine
phosphorylation of Cx-43 in myocytes inducing pore closure and channel degradation, while
ZO-1 stabilizes Cx-43 in the gap junction. c-Src expression was increased, while ZO-1
levels were decreased in the LV of ACF rats (Figure 6C).

4. Discussion
In the present study we characterized LV structure and function, as well as isolated myocyte
excitation-contraction coupling, at end-stage VO HF. We show for the first time that isolated
cardiomyocytes in VO-induced HF remain responsive to β-adrenergic agonists, while the
LV myocardium displayed expected decreases in β-adrenergic responsiveness in vivo. The
key findings of this study are that end-stage VO results in: 1) a decline in LV systolic
function that was coincident with changes in LV myocyte contractility, 2) altered E-C
coupling dynamics with altered expression of [Ca2+]i handling proteins and myofilaments,
3) a decline in in vivo β-adrenergic responsiveness that, interestingly, was preserved in
isolated LV myocytes despite depressed basal cardiac myocyte contractility and 4)
decreased levels of Cx-43.

We recently characterized the pathophysiological progression of HF caused by ACF induced
VO [9]. Here, we show that end-stage VO-induced HF in this model was characterized by
dilated hearts with eccentric hypertrophy and no changes in LVPWT. The dilatation of the
LV correlated with eccentric myocyte hypertrophy (elongation of myocytes by addition of
sarcomeres in series) and extracellular matrix degradation [1]. A similar pattern of dilated
cardiomyopathy (DCM) is seen clinically in cases of anemia, mitral/aortic valve
regurgitation or non-restricted ventricular septal defects [1]. These structural changes
resulted in significantly elevated end-systolic and diastolic volumes leading to marked
systolic dysfunction. Despite the substantial increase in LV volumes, end-systolic and
diastolic filling pressures remained unchanged, likely due to the increased LV compliance.
Signs of pulmonary edema and ascites observed at this stage likely result from excessive
pre-load and signify HF symptoms and severe LV decompensation [16]. Reduced %FS
(Figure 2A) and a decrease in the slope of ESPVR (Figure 2B) indicate marked systolic
dysfunction. However, no evidence of diastolic dysfunction was observed.

In agreement with the in vivo data, isolated myocytes from ACF hearts exhibited reduced
cell contractility along with depressed maximal velocities of shortening and relaxation.
Based on various models of heart failure, these functional changes are likely, due to changes
either in Ca2+ homeostasis, myofilament isoform expression or Ca2+ sensitivity. Contrary to
what would be predicted by the mechanical data (whole hearts and isolated myocytes) Ca2+

transient in ACF myocytes, exhibited an increase in peak [Ca2+]i-amplitude with accelerated
[Ca2+]i kinetics. These changes in ACF myocytes were coincident with a ~20% decrease in
SERCA-2a protein levels, and increased Ser-16 phosphorylation of PLB and Ser-2808 of the
RyR, but no changes in NCX protein levels (data not shown). These phosphorylation
domains are major regulatory sites for protein kinase A (PKA). The small but significant
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reduction in SERCA-2a levels would be incongruent with accelerated decay of Ca2+

transients, however, increased in PLB phosphorylation observed may, in part, explain
enhanced Ca2+ kinetics [17], and suggest a net compensation of SERCA-2a function. The
fact that the myocyte pacing data at higher frequencies indicated no changes in Ca2+

relaxation kinetics (data not shown) further corroborates the compensated SERCA-2a
function. This is further confirmed by no change in SERCA-2a/PLB ratio between sham and
ACF. These findings are in contrary with those of Juric et al. 18] who found unaltered
SERCA levels but reduced phosphorylation levels of PLB after 28 wks of ACF induction in
rats. However, these discrepancies might be attributed to the difference in shunt size and
therefore a dissimilar temporal progression of HF. Our lab, along with several others,
observed an increased Ser-2808 phosphorylation of RyR relating to increased SR [Ca2+]i
leak in ACF myocytes [18–20]. Contrary to this, Juric et al observed an increase in the
protein levels of FKBP 12.6 that is thought to stabilize RyR in its conformation. The
mechanisms that underlie increased basal phosphorylation are unclear, but may reflect an
increase in PKA activity [21, 22] and/or a decrease in protein phosphatase-1 (PP1)
expression [17]. Recent evidence shows that Ser-2815 phosphorylation of RyR, a major
regulatory site for CAMKII, is enhanced by excessive β-adrenergic stimulation resulting
from chronic sympathoexcitation in chronic HF animals [23, 24]. However, we did not
detect any levels of Ser-2815 phosphorylation of RyR at this stage in either normal or failing
hearts. Taken together, the peak amplitude and kinetics of the Ca2+ transients appear to be
dissociated from impaired mechanical function, however, these data suggest that the
increased Ca2+ peak amplitude may be secondary to changes in phosphorylation-dependent
Ca2+ leak from the RyR [25, 26].

Increased RyR phosphorylation and reduced SERCA-2a could contribute to the observed
decreases in contractility rates (%PS, +dL/dt and −dL/dt) in ACF myocytes. To explore
these links, we determined the time courses and amplitude of [Ca2+]i transients during
electrically-evoked contractions. We calculated areas under the curve for systolic Ca2+ (AS/
PK) and diastolic Ca2+ decay (AD/PK) to provide an estimate of the total [Ca2+]i available
during the contraction and relaxation phases, respectively [12]. These calculations indicated
that the amount of available [Ca2+]i to the myofilaments during contraction or relaxation
phases remained unchanged in ACF as compared to sham. Furthermore, no changes were
noted in diastolic [Ca2+]i between groups. Collectively, these results suggest that impaired
[Ca2+]i handling is not the predominate cause of the observed decrease in myocyte
shortening in response to VO HF.

These results are distinct from those reported for other types of HF. For example, alterations
in [Ca2+]i cycling have been shown to underlie the contractile dysfunction in HF due to
pressure overload or myocardial infarction. In human and various animal models of HF,
diastolic calcium overload is a causative factor in the pathology of HF (7, 18). These
diastolic [Ca2+]i levels in HF typically arise from decreased removal of [Ca2+]i due to
depressed SERCA-2a activity, reduced expression/phosphorylation of PLB, and/or increased
NCX levels [27, 28]. Enhanced SR leak via hyperphosphorylated RyRs also amplified the
diastolic [Ca2+]i levels [29]. These factors collectively slow the [Ca2+]i clearing rate from
the cytoplasm.

To further understand the mechanisms for decreased contractility, we compared the
composition of myofilaments. Increased stretch (i.e. VO) initiates fetal re-programming of
genes resulting in changes in the isoform of contractile proteins, which has been associated
with decreased contractility in failing hearts [30]. The most characterized change is a shift in
the myosin heavy chain isoform from the high ATPase α-MHC to the slower, but more
energy efficient β-MHC isoform, which has been correlated with reduced contractility in
patients with DCM [13]. A similar switch in MHC isoform is also found in cardiac
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hypertrophy induced by myocardial infarction [31] and pressure overload [32, 33]. Increases
in β-MHC result in slower cross-bridge cycling and decreased contractile kinetics. The
decreased myocyte contractility and velocities of shortening and relaxation observed in ACF
may be ascribed to the increased neonatal β-MHC form of myosin heavy chain expressed in
the LV (Figure 7A).

Alterations in myofilament Ca2+ sensitivity also lead to contractile dysfunction. A number
of processes that regulate Ca2+ binding to troponin C, and the resultant de-inhibition of actin
and myosin interaction, alter myofilament Ca2+ sensitivity and force production. Under
physiological conditions, myofilament Ca2+ sensitivity changes from beat to beat in
response to ventricular filling causing changes in force production and accounts for the
Frank-Starling mechanism. However, long lasting changes in Ca2+ sensitivity occur via a
different mechanism involving PKA dependent phosphorylation of cTnI. Serine
phosphorylation of cTnI at sites 23/24 decreases Ca2+ sensitivity thereby contributing to
lusitropic response of β-adrenergic agonists [34, 35]. We observed a decrease in cTnI levels
in ACF myocardium, however, no changes in phosphorylation levels of cTnI were observed.
cMyBP-C, thick-filament accessory protein found in the A bands in myocardial sarcomeres
and maintains sarcomere integrity and contraction during adrenergic stimulation [36].
Changes in cMyBP-C phosphorylation serve as a key coordinating point for sarcomere
contraction by regulating cross-bridge formation. In particular hierarchal phosphorylation of
Ser-282 by ribosomal S6 kinase, PKA or CaMKII is prerequisite for further phosphorylation
at the Ser-273 and Ser-302 sites and is a key regulator of contractility and sarcomeric
organization [37]. On the other hand, dephosphorylation of cMyBP-C, which accelerates its
degradation, has been shown to be associated with the development of heart failure in
animals and humans [38–40]. In the present study, we show for the first time that cMyBP-C
protein levels were significantly decreased in volume overload induced heart failure in rats;
although we also observed an apparent decrease in phosphorylation at the Ser-273, 282 and
302 sites, there were no differences in the ratio of phosphorylated to total cMyBP-C between
Sham and ACF, suggesting that phosphorylation of cMyBP-C in ACF remained intact.
Decreases in cMyBP-C expression are associated with LV contractile dysfunction and
chamber dilation (Chen PP et al 2012), and cMyBP-C truncation mutations that cause
decreased sarcomeric incorporation have been linked to human hypertrophic
cardiomyopathy [41].

Collectively, the isolated myocyte data indicate a decreased contractility secondary to
myofilament alterations despite compensated [Ca2+]i homeostasis. The observed decrease in
contractile reserve of the myocardium in response to challenge with the β-AR agonist,
dobutamine, provides further evidence of LV contractile dysfunction in VO-induced HF.
Surprisingly, both sham and ACF myocytes elicited a typical inotropic response to Iso as
reflected by an increase in the amplitude and kinetics of cell shortening, despite reduced β1-
AR mRNA in ACF. Although we did not measure β-AR density at the protein level,
Dhalla’s group reported no changes in β2-AR density and variable changes in β1-AR, with a
~20% decrease at end-stage in this model [42, 43]. Given that Iso potentiated myocyte
fractional shortening in both sham and ACF mycoytes, and pilot studies showed that Iso
elicited the same increase in p-Ser23/24 cTnI (PKA phosphorylation site), the in vivo
responses are not likely accounted for only by a change in β1-AR protein. A similar
conclusion was drawn a number of years ago by Communal et al [44]. It should also be
recognized that isotonic contractions of cardiomyocytes do not always adequately reflect a
working heart. For example, in our study, the inotropic (and lusitropic) effects of Iso were
preserved in isolated myocytes but not in vivo.

On the contrary, Ding et al., showed that cardiomyocytes isolated from 10 week ACF rats
still exhibited abrogated contractile response to Iso due to reduced Ca2+ stores and
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decreased SERCA and RyR [3]. However, their study in non-failing hearts did not evaluate
the phosphorylation levels of RyR and PLB. Our data show that differences in
phosphorylated RyR receptor at baseline resulted in increased Ca2+ transient amplitude and
kinetics were not further potentiated by Iso (Δ7% in ACF versus Δ55% in Sham, Table 3).
Taken together these results suggest that increased basal phosphorylation of RyR offsets
decreases in the basal expression of SERCA-2a and RyR, and PLB phosphorylation was
sufficient to restore diastolic Ca2+ to basal levels and normalize the amount of Ca2+

available for subsequent contraction. However, in the face of β-AR stimulation, a different
scenario emerges in which PKA cannot further increase RyR and PLB phosphorylation, but
is able to increase contractility via phosphorylation of myofilament regulatory proteins. The
finding that basal phosphorylation of cTnI was unchanged between sham and ACF lends
support to this notion. Further studies are required to examine the balance between kinase
and phosphatase signaling domains in this VO model of chronic HF.

To further explore the discrepancy between the in vitro and in vivo responses to β-AR
stimulation in end-stage HF myocardium, we examined the expression of proteins involved
in electromechanical transmission via cell-cell coupling. Cx-43, a major gap junction protein
in the LV, was down-regulated in the ACF at the intercalated disc, while the tight junction
protein, N-cadherin remained unchanged. There was no evidence of Cx-43 lateralization.
Significant down-regulation and altered localization of Cx-43 from gap junction is observed
in several HF models [45–47]. We also studied proteins that play a role in stabilization or
degradation of Cx-43. ZO-1 is a membrane bound guanylate kinase that stabilizes Cx-43 at
the gap junction plaque through cytoskeletal anchoring. Disruption of ZO-1 leads to altered
stabilization of the gap junction plaque equilibrium between the two adjacent cells leading to
plaque internalization [48]. Increased tyrosine phosphorylation by c-Src tyrosine kinase
dissociates Cx-43/ZO-1 interaction, leading to inhibition of cell-cell communication in a
model of cardiomyopathy [49]. Upregulation of c-Src by VO may be contributing to the
observed loss of ZO-1 and subsequent loss of Cx-43 in the myocardium. These changes in
reduced Cx-43 expression and phosphorylation were associated with increased QTc. Recent
study shown the role of neuroglin-1β in restoring Cx-43 and reduction in QTc in a ACF
induced VO [50]. These changes can also result in diminished propagation of Ca2+ waves
[49] and may underlie reduced contractility and abrogated β-AR responsiveness seen in VO
HF. In human HF, a negative correlation has been observed between QTc and systolic
function of the heart [51]. Further studies are warranted to understand the role of connexins
in altered Ca2+ wave propagation in cardiac dysfunction in volume overload heart failure.

The results from the present study suggest that despite the presence of intact, intrinsic
myocyte contractile capacity, VO-induced HF results in reduced LV contractility due to
alterations in myofilament Ca2+ sensitivity and reduced cell-cell communication resulting
from altered protein turnover at the intercalated disc. Thus, these results suggest that
therapeutic agents that increase Ca2+ sensitivity and Cx-43 expression at the intercalated
disc may be possible targets for VO induced HF.
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Research highlights

• A decline in LV contractility in VO HF is coincident with that of LV myocytes

• [Ca2+]i levels were offset by EC coupling proteins with no net effect on function

• Changes in myofilament proteins contribute to reduced contractility in HF

• β-AR responsiveness was Decreased in vivo HF but preserved in isolated
myocytes

• Reduced connexin-43 contributes to altered basal and β-AR responsiveness in
VO HF
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Figure 1.
LV structural remodeling. (A) Representative M-mode images and (B) cumulative data for
LV end-systolic and end diastolic diameters (LVDs and LVDd, respectively). (C) Eccentric
dilatation index (2xPWTd/LVDd). ***p<0.001.
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Figure 2.
LV function. (A) %Fractional shortening; (B) Tei index; (C) Representative pressure-
volume loops and (D) slope of ESPVR. ***p<0.001.
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Figure 3.
Single cell shortening and Ca2+ transients in 21-wk Sham and ACF myocytes. (A) Top
panel: Representative sarcomere shortening in sham and ACF on the left, bar graph to the
right. Bottom panel: Velocity of shortening (+dL/dt) and relengthening (-dL/dt).
***p<0.001. (B) Top panel: Representative Ca2+ transients from sham and ACF myocytes
(left) and intracellular calcium amplitude (peak [Cai

2+]) in response to electrical stimulation
(right). **p<0.01. Bottom panel: Ca2+ transient, area under the curver for systolic phase
(AS/PK) and area under the curve for cytosolic Ca2+ decay (AD/PK) normalized to peak.
Data represent mean±SEM from 20–30 cells from 4–5 rats/group.
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Figure 4.
LV protein analyses. (A) E-C coupling proteins. Representative immunoblots (left) and
cumulative data (right) of RyR, phospho-RyR2808, SERCA-2a, PLB and phospho-PLB
Ser16 expression. (B) Myofilament proteins. Ratio of β-MHC to total MHC mRNA and
representative blots (left) and cumulative data (right) of β-MHC, TnI and phospho-TnI
Ser23/24, cMyBP-C, phospho-cMyBP-C (pSer273, p282 and p302) protein expression.
ERK1/2 was used as a lane loading control. (n=4–5 rats/group) *p<0.05, **P<0.01.
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Figure 5.
In vivo and in vitro β-adrenergic responsiveness. (A) In vivo response to dobutamine in
ACF versus sham. (B) In vitro responses Iso. Iso had decreased the area under the curve for
cytosolic Ca2+ decay phase (AD/PK) in both Sham and ACF groups. ***p<0.001.
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Figure 6.
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(A) β1 and β2-adrenoceptor mRNA expression. (B) Top Panel: Representative
photomicrographs of connexin-43 and N-cadherin staining. Bottom panel: Representative
immunoblots (left) and histograms (right) showing quantification of N-cad, Cx-43 and
phosphor-Cx43 Ser368. Note elongated QT interval in ACF animals. (B) Representative
immunoblots (left) and cumulative data (right) for Src and ZO-1, normalized to ERK1/2
expression. (n=4–5 rats/group) *p<0.05.
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Table 1

Echocardiographic parameters

Sham ACF

N 9 10

LVDd (mm) 8.68±0.14 13.4±0.16***

LVDs (mm) 5.13±0.12 9.42±0.28***

PWTd (mm) 1.54±0.05 1.61±0.05

PWTs (mm) 2.51±0.10 2.35±0.08

FS (%) 41±1 29±1***

Tei Index 0.33±0.01 0.50±0.02***

2xPWTd/LVDd 0.33±0.02 0.24±0.01**

E/A 1.16±0.03 1.23±0.05

LV echocardiography parameters in sham and ACF at 21weeks. LV diameter in diastole and systole (LVDd and LVDs, respectively); Posterior
wall thickness in diastole and systole (PWTd and PWTs, respectively); Percent fractional shortening (%FS); Eccentric dilatation index (2xPWTd/
LVDd); Mitral E/A ratio. Data are expressed as mean±SEM.

**
p<0.01,

***
p<0.001.
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Table 2

Left ventricular morphology and hemodynamic parameters

Sham ACF

N 5 5

HW/BW 2.33±0.10 4.57±0.29***

LW/BW 1.73±0.06 3.32±0.25***

HR (bpm) 311±17 319±16

MAP (mmHg) 110±3 101±4

SV (µl) 182.5±8 307±41*

EDV (µl) 299±11 642±55***

ESV (µl) 116±17 335±32***

EF (%) 65±4 47±4*

EDP (mmHg) 8±1 8±1

ESP (mmHg) 117±8 96±8

dP/dtmax 6978±828 8106±588

dP/dtmin 6858±367 5394±672

Tau (Weiss) 11±0.6 11±1

ESPVR 0.73±0.05 0.32±0.05***

PRSW (mmHg) 93±11 90±11

Left ventricular morphological and hemodynamic parameters. Heart failure indices: Heart weight/body weight (HW/BW) and Lung weight/body
weight (LW/BW). Hemodynamic parameters: Heart rate (HR; beats per minute); Mean arterial pressure (MAP); Stroke volume (SV); End diastolic
and systolic volumes (EDV and ESV, respectively); Percent ejection fraction (%EF); End diastolic and systolic pressures (EDP and ESP,
respectively); change in maximum rate of pressure rise and decline (dP/dtmax and dP/dtmin, respectively); relaxation constant (tau Weiss);

ventricular end systolic elastance (Ees); and Pre-recruitable stroke work (PRSW).

*
p<0.05,

**
p<0.01,

***
p<0.001.
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Table 3

Ca2+ kinetics

Sham ACF Sham+Iso ACF+Iso

+dV/dt 13.80±0.66 20.70±1.63** 37.32±3.63###
(170.43)

30.63±1.42###
(26.61)

TP 90% 0.04±0.01 0.04±0.002 0.038±0.003
(6.51)

0.028±0.001##
(−19.06)

Peak [Ca2+]i 26.7±0.9 34.6±2.1** 41.3±2.6
(54.78)

37.3±1. 9
(6.52)

TR 90% 0.50±0.02 0.52±0.02 0.34±0.01###
(−31.92)

0.38±0.01###
(−41.22)

−dV/dt −1.27±0.09 −1.62±0.11* −4.031±0.218###
(217.15)

−2.962±0.137###
(33.27)

Myocyte Ca2+ kinetics. Contraction velocity (+dV/dt, speed at which [Ca2+]i increases); time to peak 90% (TP 90%, time to 90% [Ca2+]i

elevation); peak amplitude (% change in [Ca2+]i during contraction); time to 90% relengthening (TR 90%, time to remove 90% [Ca2+]i towards

baseline); relaxation velocity (−dV/dt, speed at which [Ca2+]i declines). Numbers in parentheses indicate %increase in response to Iso.

*
p<0.05,

**
p<0.01 versus sham;

##
p<0.01,

###
p<0.001 vs. respective baseline.
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