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Abstract

Objectives—Empiric treatment with milrinone, a phosphodiesterase 3 inhibitor (PDE3i), has
become increasingly common in patients with single ventricle heart disease of right ventricular
morphology (SRV); our objective was to characterize the myocardial response to PDES3i in the
pediatric population with SRV.

Study design—Cyclic adenosine monophosphate (CAMP) levels, phosphodiesterase (PDE)
activity, and phospholamban phosphorylation (pPLN) were determined in explanted human
ventricular myocardium from nonfailing pediatric donors (n=10) and pediatric patients
transplanted secondary to SRV. SRV subjects were further classified by PDE3i treatment (n=13
with PDE3i and n=12 without PDES3i).

Results—In comparison with nonfailing RV myocardium, cAMP levels are lower in patients
with SRV treated with PDE3i (p=0.021). Chronic PDE3i does not alter total PDE or PDE3 activity
in SRV myocardium. When compared with nonfailing RV myocardium, SRV myocardium (both
with and without PDE3i) demonstrates equivalent pPLN at the protein kinase A phosphorylation
site.

Conclusions—As evidenced by preserved pPLN, the molecular adaptation associated with
SRV differs significantly from that demonstrated in pediatric heart failure due to dilated
cardiomyopathy. These alterations support a pathophysiologically distinct mechanism of heart
failure in pediatric patients with SRV, which has direct implications regarding the presumed
response to PDES3i treatment in this population.
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Single ventricle congenital heart disease is a subset of heart defects characterized by a
univentricular circulation with persistent hypoxia, which is universally fatal without
intervention. Despite advances in surgical technique and perioperative care, the outcome for
single ventricle heart disease remains poor—, with only one-third of children surviving, free
from heart transplant, to age 14 years.

Progressive heart failure is both a common cause of death and indication for heart
transplantation in infants and children with single ventricle heart disease' . The dominant
ventricle in single ventricle heart disease can be of right ventricular (RV), left ventricular
(LV), or indeterminate morphology, and it is suggested that those with single ventricle heart
disease of RV morphology (SRV) have worse outcomes' . The RV in particular is at risk for
progressive failure secondary to the non-physiologic high afterload in SRV, as well as
intrinsic embryological and architectural differences between the RV and LV-. As a whole,
the RV is not well-suited to pump against sustained pressure overload, and the mechanisms
that help the RV adapt to high pressures ultimately lead to maladaptive remodeling, with RV
dilation and eventual failure. However, the molecular mechanisms underlying RV failure in
SRV are poorly understood, limiting the ability to identify effective therapies. Treatments for
LV failure are aimed at preventing or reversing pathologic remodeling; these therapies have
been applied to RV failure under the hypothesis that the same pathophysiological events
occur in LV and RV failure. However, given the significant differences between the LV and
RV, perhaps it is not surprising that the extrapolation of proven adult LV systolic heart
failure medications to the pediatric SRV population have demonstrated little benefit.
Specifically, angiotensin-converting enzyme inhibitors (ACEi) and beta-blockers (BB) have
been ineffective in preventing heart failure or even trended toward worsening heart failure in
the setting of SRV respectively: .

Management of SRV has included the empirical use of specific inhibitors targeting
phosphodiesterase (PDE) enzymes. PDEs regulate the amplitude, duration, and
compartmentalization of intracellular cyclic nucleotide signaling by hydrolyzing cyclic
adenosine monophosphate (CAMP) and/or cyclic guanosine monophosphate (cGMP).
Pharmacologic inhibition of select PDE enzymes has become an increasingly common
therapy for SRV and is often used in pediatric heart failure as a bridge to transplant;
specifically, inhibition of PDE3 (PDE3i) with milrinone is thought to augment contractility
through increasing intracellular cAMP. Classically, milrinone-mediated improvements in
contractility are attributed to the downstream effects of increased cCAMP through
phosphorylation of proteins that affect excitation/contraction coupling, including the
sarcoplasmic reticulum calcium ATPase 2 (SERCA)-regulatory protein phospholamban
(PLN). By de-inhibiting SERCA, increased protein kinase A (PKA)-mediated
phosphorylation of PLN (pPLN) accelerates calcium re-uptake into the sarcoplasmic
reticulum and increases sarcoplasmic reticulum calcium content, contributing to both
lusitropic and inotropic effects, respectively. We have previously demonstrated that PKA-
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mediated pPLN is increased in children with dilated cardiomyopathy (DCM) chronically
treated with PDE3i, and may contribute to increased contractility resulting in the sustained
clinical benefit of PDE3i treatment in that population. However, it is unlikely that the
molecular perturbations in SRV are akin to those in pediatric DCM; thus, given the
widespread clinical use our objective was to characterize the molecular response to PDE3i in
this unique population.

Methods

All subjects gave informed consent and donated their hearts to the Institutional Review
Board-approved Pediatric Cardiac Transplant Tissue Bank at the University of Colorado
Denver. Non-failing tissues were from pediatric (<18 years of age) organ donors with normal
heart function, whose hearts could not be placed for technical reasons (size or blood type
mismatch). Hearts from patients transplanted with single ventricle heart disease of RV
morphology were included in this study (single ventricle disease of LV or indeterminate
morphology were excluded). 2 groups of SRV patients were included: (1) patients with SRV
listed for transplant secondary to surgical palliation failure and (2) patients with SRV listed
for primary transplant that met predefined criteria. Surgical palliation failure included those
patients suffering from RV failure, protein losing enteropathy and/or plastic bronchitis.
Patients with SRV listed for primary transplant were included only if they were > 4 months
of age at the time of transplant and had signs and symptoms of heart failure, evidence of
ventricular dilation, hypertrophy or decreased cardiac function. Patients that were
transplanted primarily for SRV lacking these defined clinical characteristics of heart failure
were excluded. Patients with SRV were then categorized based on PDE3i treatment at the
time of transplant and all patients with SRV were compared with nonfailing RV controls. At
the time of cardiac transplantation (SRV group) or donation (nonfailing group), the heart
tissue was rapidly dissected in the operating room, flash frozen and stored at —80°C until
further use.

cAMP levels were measured by ELISA in the core facility at Children’s Hospital Colorado,
Aurora, CO using the R&D Parameter immunoassay kit (R&D Systems, Minneapolis, MN)
according to manufacturer’s recommendations.

Approximately 150 mg of myocardium was homogenized and separated into nuclear,
cytosolic and sarcoplasmic reticulum-enriched microsomal fractions by differential
sedimentation, as previously described.

cAMP-hydrolytic activity was quantified at 30°C by the two-step snake-venom method with
[BH]JCAMP (1 umol/L) as substrate (previously described).

Western blots were performed as described previously. Serine 16 (Ser16) PLN
phosphorylation (pPLN) (A010-12 - Badrilla) and total PLN (05-205 - Millipore) were
quantified on separate blots and normalized to GAPDH (Santa Cruz Biotechnology). Blots
were quantified using ImageJ version 1.46r.
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Statistical analyses

Results

Statistical analyses were performed using GraphPad Prism version 6.0c. Statistical
significance was set a priori at p<0.05. Normality of data was confirmed and when
appropriate, comparison of three normally distributed groups was conducted using one-way
ANOVA,; if the overall comparison reached significance, Tukey post hoc tests were
performed. Non-normally distributed data were analyzed using non-parametric testing
(Mann-Whitney or Kruskal-Wallis with Dunn’s multiple comparisons test). Comparisons of
nonfailing LV and RV were conducted using unpaired t-test (CAMP), paired t-tests (PDE
activity in RV and LV from the same patient) or Wilcoxon matched-pairs signed rank test
(pPLN). Linear regression was performed to evaluate for association between milrinone
treatment, duration of heart failure and dose of milrione and cCAMP levels, PDE activity and
PLN expression.

Subject characteristics and medications are listed in Table (available at www.jpeds.com).
Median age at tissue collection for pediatric nonfailing subjects was 8.0 years with an
interquartile range (IQR) of 8.9 years; for SRV subjects, 0.67 years with an IQR of 5.5
years; and, for SRV+ milrinone (SRV+M) subjects, 2.9 years with an IQR of 4.1 years. The
nonfailing group was significantly older than the SRV group (p=0.005), however the ages of
the SRV and SRV+M groups were similar. Mean duration of milrinone therapy was 139
days, with a median of 100 days (range 19-355 days). Duration of heart failure was
determined for all patients with SRV transplanted after palliation failure. There was no
significant difference in duration of heart failure between the SRV and the SRV+M groups.
The mean duration of heart failure for the SRV group was 1.56 years with a median of 0.84
years (range 0.15-5.73 years). The mean duration of heart failure for the SRV+M group was
0.76 years with a median of 0.7 years (range 0.05-2.35 years). The nonfailing subjects were
62% male, SRV subjects were 83% male, and SRV+M subjects were 62% male.

PDE activity and pPLN were quantified in the LV and RV of nonfailing pediatric controls to
determine if there was an effect of ventricular morphology. In both microsomal and cytosolic
fractions, total PDE activity, and PDE3 activity are similar in nonfailing LV and nonfailing
RV (Figure 1, A-D; available at www.jpeds.com). The percent PDE3 activity in the
microsomal fraction is higher than that of the cytosolic fraction in pediatric nonfailing LV
(microsomal 68.5% versus cytosolic 35.3%, p<0.0001; Figure 1, E and F). Of note, PDE3
activity in the nonfailing RV microsomal fraction is also higher than in the nonfailing RV
cytosolic fraction (microsomal 69.8% versus cytosolic 50.3%, p=0.002; Figures 1, E and F).
In the microsomal fraction, the percent PDE3 activity is equivalent between nonfailing LV
and nonfailing RV (p=0.802) and in the cytosolic fraction, the percent PDE3 is higher in the
nonfailing RV than nonfailing LV (p=0.0017; Figure 1, E and F). Additionally, the ratio of
pPLN at the PKA site to total PLN is similar between nonfailing LV and nonfailing RV
(p=0.69, n=7 per group) (Figure 2; available at www.jpeds.com).

Comparison of cCAMP levels between RV and LV in nonfailing pediatric patients suggests
that CAMP levels are lower in RV myocardium compared with that in LV (p=0.03, n=13 LV
and n=9 RV) (Figure 3, A; available at www.jpeds.com. Global myocardial CAMP levels are
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significantly lower in pediatric SRV despite milrinone treatment (p=0.021 between
nonfailing RV and SRV+M; Figure 3, B). There is a trend toward decreased CAMP in SRV
without milrinone treatment (p=0.095 between nonfailing RV and SRV) and no significant
difference between SRV with and without milrinone (p=0.99 between SRV and SRV+M).
There was no association between duration of SRV heart failure and cAMP levels.

Total PDE activity in the microsomal fraction is similar in nonfailing RV and SRV, and
unchanged in patients with SRV on chronic milrinone treatment (p=0.69). PDE3 activity in
the microsomal fraction is also comparable among the three groups (p=0.68) (Figure 4, A
and B; available at www.jpeds.com). Overall, percent PDE3 activity in the microsomal
fraction is equivalent (p=0.11; Figure 4, C). Total PDE activity in the cytosolic fraction is
not different between nonfailing RV, SRV, and SRV treated with milrinone (p=0.55; Figure
4, D). PDE3 activity in the cytosolic fraction is also similar among the three groups (p=0.25;
Figure 4, E). Lastly, percent PDE3 activity in the cytosolic fraction is also similar (p=0.59;
Figure 4, F). No association was found between duration of milrinone treatment and PDE
activity (total and PDE3) in the SRV+M group. There was no association between duration
of SRV heart failure and total PDE or PDE3 activity.

SRV myocardium has equivalent levels of total PLN when compared with nonfailing RV
myocardium (p=0.44) (Figure 5, A and B; available at www.jpeds.com). Notably, milrinone
treatment in patients with SRV does not significantly alter total PLN levels.

PLN phosphorylation at the serine 16 residue (PKA phosphorylation site) is equivalent
between patients with SRV and nonfailing RV (p=0.43) (Figure 5, C and D). Furthermore,
pPLN is not increased in subjects with SRV despite milrinone therapy and neither total PLN
nor pPLN correlate with duration of heart failure.

Discussion

Milrinone therapy has been extrapolated to the SRV population, and its chronic use is
intended to bridge children with SRV heart failure to oral heart failure therapy or to heart
transplantation. However, the effects of chronic PDE3i in pediatric SRV disease (or even
human RV myocardium in biventricular circulations) have not previously been well
described. In the context of the unique pathophysiology of heart failure in children with
SRV, we have demonstrated that the effects of chronic PDE3i therapy in patients with SRV
are largely distinct from those described in pediatric DCM, and present several novel
findings.

Despite significant differences in anatomy, myofiber architecture, embryology, and
physiology between the LV and RV, total cAMP-hydrolyzing PDE activity and PDE3
activities are similar in the LV and RV of nonfailing hearts. Importantly, CAMP-dependent
PPLN (Ser16) is also comparable between LV and RV myocardium despite lower baseline
levels of cCAMP in RV myocardium. Similar PDE activity and pPLN between LV and RV
myocardium suggest that in children with a normal biventricular circulation and cardiac
function, the mechanism of action and myocardial effects of PDE3i may be analogous in
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either ventricle. Furthermore, any differences in response to PDE3i in the SRV population
are unlikely to be fully attributable to inherent differences between LV and RV myocardium.

Our results support the hypothesis that SRV disease differs from other biventricular forms of
pediatric heart failure. Specifically, pPLN is not altered in SRV, and pPLN is decreased in
the myocardium of children (and adults) with DCM. Maintenance of pPLN despite
decreased global cAMP in SRV suggests that: (1) cAMP levels in the local, PLN-containing
compartment are unaltered in SRV; (2) preservation of PKA-mediated pPLN is not sufficient
to maintain cardiac contractility in SRV; and (3) unlike heart failure secondary to DCM,
different molecular perturbations dominate to produce heart failure in the pediatric SRV
population.

Decreased cAMP levels are a common and pathophysiologically important feature in both
pediatric and adult heart failure due to DCM, and provide the putative rationale for the
inotropic action of PDES3i. Prior analyses of cCAMP levels in SRV disease have demonstrated
similar levels of myocardial cCAMP between nonfailing RV and SV. The current study
focuses on SRV with heart failure (excluding patients with “compensated” disease) and
encompasses a larger number of subjects. Although cAMP levels in SRV are lower than
those of nonfailing RV (Figure 3, B), this represents a global assessment of cCAMP levels in
the myocardium and may not reflect physiologically significant changes in cAMP secondary
to the highly compartmentalized nature of this second messenger. Discrete pools of cCAMP
within the cell allow for small, local changes in cCAMP concentration to have considerable
impact on neighboring protein phosphorylation and activity. In other forms of heart failure,
not only is global cAMP decreased, but downstream PKA-mediated pPLN is also decreased,
implying that cAMP is reduced in the region of the PLN and SERCA compartment. PLN is
a key regulator of SERCA activity, and specifically, an increase in the ratio of
dephosphorylated PLN to SERCA (by overexpression of PLN, decreased PLN
phosphorylation, or decreased SERCA expression) decreases the apparent calcium affinity
of SERCA and contributes to contractile dysfunction: . Thus, the maintenance of pPLN in
SRV is in stark contrast to the decrease in pPLN seen in pediatric DCM and implies that the
mechanism of contractile dysfunction in SRV does not appear to be mediated by PLN
regulation of SERCA. The global decrease in cAMP in SRV likely has downstream effects
in other compartments, including the nucleus via cAMP-responsive element binding protein
(CREB), other domains in the sarcoplasmic reticulum organized around myocyte A- kinase
anchoring protein (MAKAP) including ryanodine receptors, and mitochondria that may be a
more dominant cause of contractile dysfunction in this population.

The lack of change in total PDE and PDE3 activity is similar to previous findings that PDE
activity in the pediatric and adult DCM myocardium is not significantly altered by heart
failure alone' . The unchanged total PDE cAMP-hydrolyzing activity in both the microsomal
and cytosolic compartments may suggest that the decrease in global CAMP levels is
secondary to reduced cAMP production as opposed to increased hydrolysis. Additionally,
the assessment of global cCAMP may be mostly reflective of CAMP levels in the cytosolic
compartment, where the majority of cAMP-hydrolyzing activity is performed by non-PDE3
isoforms. In adult left ventricular cardiomyocytes, PDE1 is the dominant PDE isoform in the
cytosol and the PDE1 family is uniquely activated by calcium/calmodulin. Further
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investigations of PDE activity in the presence of calcium/calmodulin, particularly in the
cytosolic fraction, may reveal some differences in PDE1 activity between nonfailing RV and
SRV that could contribute to a global decrease in cAMP levels.

Given the unique molecular perturbations leading to heart failure in patients with SRV, it is
not unexpected that chronic milrinone treatment does not increase cAMP and pPLN in SRV.
However, this is in stark contrast to the effects of chronic milrinone in the pediatric DCM
population, where PDE3i is associated with a significant increase in cCAMP and pPLN which
likely contributes to its robust inotropic benefit. Thus, the inotropic effect of milrinone in
SRV is unlikely to be secondary to cAMP effects on the PLN/SERCA compartment. It is
possible that clinical benefits seen with milrinone therapy in the SRV population may be
secondary to off-target effects (possibly on PDEs other than PDE3) within the myocardium
or non-myocardial effects on the pulmonary and systemic vasculature that are of principal
importance in SRV.

Our results have several implications: (1) unique regulation in SRV myocardium results in
preserved pPLN yet this does not prevent the development of clinical heart failure; (2) the
global decrease in cCAMP likely has downstream effects in other compartments; and (3) the
direct myocardial effects from PDE3i are different in SRV than in pediatric heart failure due
to DCM, which cannot be entirely attributable to differences in ventricular morphology.

There are several limitations to our study. First, all patients with SRV included in this study
required heart transplantation; nevertheless, heart failure symptoms at the time of heart
explant were varied and constituted a wide spectrum, as is common in this population. There
are certainly clinical distinctions between those patients with SRV with systolic RV
dysfunction and those that require transplant secondary to “Fontan failure” (ie, refractory
protein-losing enteropathy) or plastic bronchitis. However, clinically, milrinone is
empirically started in both types of SRV subjects; thus we sought to include both in our
investigations. Sub-analyses of only patients with SRV with systolic RV dysfunction did not
demonstrate any significant differences with regard to cAMP levels, PDE activity, or pPLN
based on milrinone treatment (data not shown). Nevertheless, given the small number of
patients, this type of sub-analysis is underpowered. Second, despite a non-statistically
significant difference between the ages of the SRV and SRV+M groups, there may be age-
related differences between the infant (<1 year) and pediatric (=1 year) myocardium that we
were underpowered to detect. In order to decrease the heterogeneity of the infant subjects,
only infants that could be considered failing (greater than 4 months of age at the time of
pulmonary artery banding or transplant, with evidence of RV hypertrophy and/or dilation)
were included. Third, the volume loading status of patients at various stages of surgical
palliation also provides another confounding factor. A greater number of patients in the SRV
+M group, when compared with the SRV group, had already reached Fontan completion,
with patients status post Fontan representing a decreased (or more “normal”) RV volume
load. Although volume load cannot be discounted, the RV is thought to adapt more
effectively to volume overload than to pressure overload, at least in the short-term. When
classified by stage of surgical palliation, no significant differences in cAMP, pPLN, or PDE
activity were present. Lastly, although our findings appear to support clinical observations,
tissue bank-based studies are cross-sectional and cannot establish causality.
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As evidenced by preserved PKA-mediated PLN phosphorylation, the molecular adaptation
associated with SRV differs significantly from that demonstrated in pediatric heart failure
due to DCM. These findings support a pathophysiologically distinct mechanism of heart
failure in pediatric SRV patients, which has direct implications regarding the putative
response to PDE3i treatment in this population.
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Abbreviations and Acronyms

cAMP cyclic adenosine monophosphate

DCM dilated cardiomyopathy

LV left ventricle

PDE phosphodiesterase

PDE3i phosphodiesterase 3 inhibition

PKA protein kinase A

pPLN phosphorylated phospholamban

RV right ventricle

SRV single ventricle heart disease of right ventricular morphology
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Figure 1.
Comparison of cAMP-hydrolyzing PDE activity profiles between nonfailing, pediatric left

and right ventricular myocardium. (A) Total PDE activity in the microsomal fraction. (B)
PDE3-specific activity in the microsomal fraction. (C) Total PDE activity in the cytosolic
fraction. (D) PDE3-specific activity in the cytosolic fraction. (E) Fraction of PDE3 activity
in the microsomal fraction. (F) Fraction of PDE3 activity in the cytosolic fraction. N=8 for
each group. PDE, phosphodiesterase; NF, nonfailing; LV, left ventricle; RV, right ventricle.
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Figure 2.
Phospholamban phosphorylation at the serine 16 residue in nonfailing, pediatric left and

right ventricular myocardium; representative Western blot (A) and quantitation (B) are
shown. GAPDH was used as a loading control. N=7 for each group. Ser16, serine 16
residue; pPLN, phospholamban phosphorylation; PLN, phospholamban; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; NF, nonfailing; LV, left ventricle; RV, right
ventricle.
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p<0.05

Relative cCAMP levels (quantitated by ELISA). (A) Comparison between pediatric NF LV,
nonfailing left ventricle (n=13) and NF RV, nonfailing right ventricle (n=9). (B) Comparison
between NF RV (n=8); SRV, single right ventricle (n=5); and SRV+M, single right ventricle
treated with milrinone (n=12). cAMP, cyclic adenosine monophosphate.
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Figure 4.
CAMP-hydrolyzing PDE activity in nonfailing pediatric right ventricle, SRV, and SRV

treated with milrinone. (A) Total PDE activity in the microsomal fraction. (B) PDE3-specific
activity in the microsomal fraction. (C) Fraction of PDE3 activity in the microsomal
fraction. (D) Total PDE activity in the cytosolic fraction. (E) PDE3-specific activity in the
cytosolic fraction. (F) Fraction of PDE3 activity in the cytosolic fraction. PDE,
phosphodiesterase; NF, nonfailing (n=9); SRV, single right ventricle (n=5); SRV+M, single
right ventricle treated with milrinone (n=13).
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Figure 5.

Total phospholamban (A and B) and phospholamban phosphorylation at the serine 16

SRV+M

residue (C and D) in nonfailing pediatric right ventricle and SRV; representative Western
blot and quantitation for each are shown. Horizontal lines in B and D represent population
medians; scatter plot and median shown due to non-normally distributed data. GAPDH was
used as a loading control. Ser16, serine 16 residue; pPLN, phospholamban phosphorylation;
PLN, phospholamban; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NF, nonfailing
(n=9); SRV, single right ventricle (n=11); SRV+M, single right ventricle treated with

milrinone (n=13).
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