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Key points summary:

e Pulmonary arterial hypertension (PAH) triggers right-ventricular (RV) hypertrophy and
left-ventricular (LV) atrophy, which progressively leads to heart failure.

e We designed experiments under conditions mimicking those encountered by the heart in
vivo that allowed us to investigate whether consequent structural and functional
remodelling of the ventricles affects their respective energy efficiencies.

o We found that peak work output was lower in RV trabeculae from PAH rats, due to reduced
extent and velocity of shortening. However, their suprabasal enthalpy was unaffected due
to increased activation heat, resulting in reduced suprabasal efficiency. There was no effect
of PAH on LV suprabasal efficiency.

e We conclude that the mechanism underlying the reduced energy efficiency of hypertrophied
RV tissues is attributable to the increased energy cost of Ca®* cycling, whereas atrophied LV

tissues still maintained normal mechano-energetic performance.

Abstract

Pulmonary arterial hypertension (PAH) greatly increases the afterload on the right ventricle (RV),
triggering RV hypertrophy, which progressively leads to RV failure. In contrast, the disease reduces
the passive filling pressure of the left ventricle (LV), resulting in LV atrophy. We investigated whether
these distinct structural and functional consequences to the ventricles affect their respective energy
efficiencies. We studied trabeculae isolated from both ventricles of Wistar rats with
monocrotaline-induced PAH and their respective Control groups. Trabeculae were mounted in a
calorimeter at 37 °C. While contracting at 5 Hz, they were subjected to stress-length work-loops over
a wide range of afterloads. They were subsequently required to undergo a series of isometric
contractions at various muscle lengths. In both protocols, stress production, length change, and
suprabasal heat output were simultaneously measured. We found that RV trabeculae from PAH rats
generated higher activation heat, but developed normal active stress. Their peak external work
output was lower due to reduced extent and velocity of shortening. Despite lower peak work output,

suprabasal enthalpy was unaffected, thereby rendering suprabasal efficiency lower. Crossbridge
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efficiency, however, was unaffected. In contrast, LV trabeculae from PAH rats maintained normal
mechano-energetic performance. Pulmonary arterial hypertension reduces the suprabasal energy
efficiency of hypertrophied right-ventricular tissues, as a consequence of the increased energy cost

for Ca®* cycling.

Introduction

Pulmonary arterial hypertension (PAH) is an incapacitating disease. If untreated, its mortality rate of
40 % (Sitbon et al., 2002; Humbert et al., 2010) three years post-diagnosis remains extreme. Death
results primarily from right heart failure (van Wolferen et al., 2007; Campo et al., 2010). This is
because the increased pulmonary vascular resistance and resulting elevated pulmonary artery
pressure impose a high afterload on the right ventricle (RV), inducing sustained pathological RV
hypertrophy, which ultimately leads to RV failure (Vonk-Noordegraaf et al., 2013). In addition to RV
structural remodelling, PAH patients suffer a constellation of RV systolic abnormalities: lower
ejection fraction (Gan et al., 2006; Rain et al., 2013), lower stroke volume (Marcus et al., 2001; Gan
et al., 2006; Schafer et al., 2009), and reduced peak systolic strain and strain rate (Li et al., 2013). A
comprehensive study by Wong et al. (2011) comparing two cohorts of PAH patients (NYHA Class Il
and Class lll), showed markedly reduced myocardial energy efficiency of the RV owing to increased

myocardial oxygen consumption.

A widely-studied rat model induces PAH by a single injection of monocrotaline (MCT). This agent
selectively damages the vascular endothelium of the lung, causing a series of RV pathological
changes that are consistent with those seen in PAH patients (Hardziyenka et al., 2011; Hardziyenka
et al., 2012). Using isolated RV papillary muscles obtained from such a PAH rat model, Wong et al.
(2010) showed increased oxygen consumption and hence reduced efficiency — results that are in
striking accord with those from their study of human patients (Wong et al., 2011). The consistency of
these findings between the animal and patient studies clearly implicates disturbance of energy

utilisation in the aetiology of PAH.

Nevertheless, the mechanism underlying RV energy disturbance in PAH remains unknown. This
uncertainty provides the primary aim of the present study. We hypothesise that the observed
energy disturbance in RV myocardium in PAH arises from a shift towards high energy costs of both

crossbridge cycling and Ca®* cycling. Our hypothesis stems from various lines of evidence: (i)

This article is protected by copyright. All rights reserved.



Accepted Article

disruption of the transverse tubular network (Xie et al., 2012), (ii) prolongation of the action
potential (Lee et al., 1997; Piao et al., 2010; Hardziyenka et al., 2012), (iii) prolongation of the Ca*
transient (Lamberts et al., 2007; Miura et al., 2011; Lookin et al., 2015), and (iv) decreased
expression of the sarcoplasmic reticular ATPase (Kogler et al., 2003; Hardziyenka et al., 2011; Hadri
et al., 2013). Experimental testing our hypothesis is designed to provide an explanation for the
reported decreased RV mitochondrial energy-producing ability (Redout et al., 2007; Daicho et al.,
2009; Wust et al., 2016) and the resulting myocardial contractile dysfunction observed in PAH RV

tissue preparations (Korstjens et al., 2002; Miura et al., 2011; Lookin et al., 2015).

A secondary aim of our study was to investigate whether energy disturbance also presents in the
myocardium of the left ventricle (LV) as a consequence of PAH. Over the past decade, the
importance of ‘ventricular interdependence’ (Hsia & Haddad, 2012; Naeije & Badagliacca, 2017) has
been demonstrated in the PAH disease setting. This high degree of ventricular interdependency
means that, as the RV undergoes hypertrophy, the septal constantly bows leftward. Thus LV diastolic
filling is greatly reduced, subsequently leading to LV atrophic remodelling (Vonk-Noordegraaf et al.,
2005; Gan et al., 2006; Marcus et al., 2008). A number of studies have reported several anomalies in
the LV myocardium during PAH. These include reduction of peak LV systolic pressure (Correia-Pinto
et al.,, 2009), prolongation of action potential (Hardziyenka et al., 2012), lower longitudinal
conduction velocity (Hardziyenka et al., 2012), and a shift of myosin heavy chain (MHC) profile from
the fast to the slow isoform (Lowes et al., 1997; Correia-Pinto et al., 2009). Nevertheless, whether
these contractile and ionic dysfunctions are associated with disturbed LV energy utilisation is
unknown. We hypothesise that PAH disturbs LV energy utilisation such that LV efficiency is also

reduced.

To test these two hypotheses, we have investigated energy efficiency using isolated trabeculae from
both ventricles of MCT-treated and Control rats. Different energy expenditure sources (crossbridge
and Ca”" cycling-related metabolism) were partitioned using two protocols: isometric pre-shortened
and afterloaded isotonic work-loops. We measured heat as a proxy of oxygen consumption, and
experiments were performed over a wide range of afterloads. We chose isolated cardiac trabeculae
because of the linear arrangement of their cardiomyocytes along the longitudinal axis, unlike the
multi-orientated fiber directions of the whole-heart. Unlike papillary muscles, trabeculae are
sufficiently thin to obviate the risk of hypoxia during high metabolic demand (Han et al., 2011),
which is an important factor to consider since we challenge them at high afterloads to mimic the

hypertensive condition.
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Methods

Ethical Approval
Experiments were conducted in accordance with protocols approved by the University of Auckland
Animal Ethics Committee (R1403) and conform to principles and regulations described in a Journal of

Physiology Editorial (Grundy, 2015).

Animal model

Male Wistar rats (300 g — 325 g) received either a single subcutaneous injection of monocrotaline
(MCT, Sigma Aldrich, 60 mg kg™) as the PAH group (n = 26) or an equivalent volume of saline as the
Control group (n = 20). Treated animals had ad libitum access to standard rat chow and water, and
experienced a 12 hr light/dark environment. They were weighed three times a week for the first
4 weeks, but daily thereafter for another 2 weeks. The latter frequency was necessary as we
observed that the MCT-treated rats began to show several phenotypical signs of RV failure, including
laboured respiration, lethargy, ruffled fur and lack of inquisitiveness, but most importantly, they
started to experience consecutive days of body weight loss (>15%, a criterion for end-stage RV
failure). A previous study from our laboratory has reported that the PAH rats, commencing at
Week 4 post-injection, show pronounced cardiac hemodynamic changes invivo. These include
decreased heart rate, decreased mean arterial blood pressure and, most importantly, a 3-fold

increase in RV systolic pressure (Han et al., 2017).

Muscle preparation

Not later than post-injection Week 6, each rat was deeply anaesthetised with isoflurane and
weighed before injecting with heparin (1000 IU kg™). Following cervical dislocation, the heart was
rapidly excised and plunged into cold Tyrode solution and immediately Langendorff-perfused with
oxygenated Tyrode solution (at room temperature), which contained (in mmol L™"): 130 NaCl, 6 KCl,
1 MgCl,, 0.5 NaH,P0O,, 0.3 CaCl,, 10 HEPES, 10 glucose and 20 2,3-butanedione monoxime (BDM)

with pH adjusted to 7.4 using Tris.

Under a dissecting microscope, intact trabeculae were dissected from the endocardial surfaces of
both left and right ventricles. A suitable trabecula, in terms of its geometrical uniformity and small
diameter to enhance diffusive oxygen supply, was transferred to a work-loop calorimeter (Taberner

et al.,, 2015) and mounted between two platinum hooks connected to a custom-built force
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transducer at the downstream end and a length motor at the upstream end. In the calorimeter, the
muscle was superfused with the same oxygenated Tyrode solution as used during dissection, except
at a higher concentration of CaCl, (1.5 mmol L) and in the absence of BDM. The superfusate was pH
Tris-adjusted to 7.4 at body temperature (37 °C). The rate of flow of Tyrode superfusate over the
muscle in the measurement chamber was electronically maintained at 0.55 uLs™ (Taberner et al.,
2017). This flow rate provides adequate oxygenation to the muscle (Han et al, 2011) while

maximising the thermal signal-to-noise ratio (Johnston et al., 2015).

Once mounted and superfused, the trabecula was electrically stimulated to contract at 3 Hz (via
platinum electrodes in the measurement chamber) for at least 1 hr before it was gradually stretched
to optimal length (L,; the length that maximises developed force). The length of the trabecula was
measured at L, in the calorimeter, as was its diameter in two orthogonal views via a 45° mirror, using
a microscope graticule. Since each studied trabecula resembled an ellipse in cross-section (Goo et
al., 2009), cross-sectional areas were calculated from the two orthogonal measurements of major

and minor diameters.

The force developed by the trabecula was determined by a laser interferometer system, using a
custom-made, low-compliance transducer, while its length was controlled using a motor under
software control. The rate of muscle suprabasal heat production was measured and quantified from
the difference in temperature between down-stream and up-stream thermopile arrays and the
flow-rate-dependent temperature sensitivity (Taberner et al., 2011). The entire calorimeter system
was then optically-isolated and thermally-insulated in an enclosure to ensure that the environmental

temperature was maintained at 37 °C.

Experimental protocols

A period of about 1 hour was required to gradually increase the temperature of the calorimeter to
37 °C, during which time muscle force and rate of suprabasal heat production both reached
steady-states. Experiments were performed with the trabecula contracting at 5 Hz to mimic the
physiological heart rate of the rat. Each trabecula was first required to contract isometrically, where
its length was servo-maintained using the upstream length motor. The trabecula was subsequently
required to undergo force-length work-loop contractions, preloaded at L,, at six different afterloads.
Each afterloaded work-loop reached a steady state of force and heat output after 2-3 min. The
muscle was returned to isometric contractions between each bout of work-loops to allow
comparison of the baselines of the rates of suprabasal heat production at different afterloads.

Isotonic work-loop contractions approximate the pressure-volume loops of the heart, thereby
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allowing measurements of stress-length work output, suprabasal enthalpy, and suprabasal

efficiency, as well as both the extent and velocity of contraction.

Upon completion of the work-loop protocol experiments, the trabecula was then required to
undergo a series of isometric contractions at different preloads, in which muscle length was
progressively reduced, in 5 steps, from L, to L,,;, (the length at which negligible macroscropic active
force was observed). Electrical stimulation was halted for 3 min between each length step transition

to provide baselines for zero force and zero active heat.

Post-experiment quantifications

The heat artifact resulting from the small cyclic movement (up to about 0.3 mm) of the upstream
hook (required to change muscle length during work-loop contractions) was quantified by oscillating
the hook at a frequency of 5 Hz at the extent of muscle shortening achieved at the lowest afterload
while the muscle was quiescent. A second heat artefact, resulting from electrical stimulation at 5 Hz,
was quantified in the absence of a muscle. Net muscle heat output was calculated by subtracting

these two artefactual sources of heat, which typically averaged at most 10 % of maximal active heat.

Upon completion of an experiment, the thickness of the ventricular free wall was measured using a
dissecting microscope graticule. Tibial length of the rat was measured, and the heart (including the

dissected trabeculae) and lungs dried in an oven at 60 °C for at least 24 hr prior to weighing.

Definitions

Measurements of force, length, and rate of heat output were acquired using LabVIEW software
(National Instruments, Austin, USA) and analysed offline using a custom-written MATLAB
(MathWorks, Natick, MA, USA) program. Force was converted to stress (kPa) by normalising to
muscle cross-sectional area. Twitch duration was quantified at 5 % and 50 % of peak active stress.
Twitch heat (k) m®) was calculated by dividing the steady-state rate of heat production by the
stimulus frequency (5 Hz) and normalizing it to muscle volume. Relative active stress is the ratio of
active stress, at which the muscle transitioned from isometric phase to isotonic shortening, to the
peak isometric active stress at L,. External work output (kJ m®) was calculated by integrating stress
as function of relative muscle length over the period of the twitch. Suprabasal enthalpy (k) m®) was
calculated as the sum of work and suprabasal heat. Suprabasal efficiency was defined as the ratio of
work to suprabasal enthalpy. Crossbridge efficiency was defined as the ratio of work to crossbridge
enthalpy (following subtraction of the activation heat from the suprabasal enthalpy). Relative extent

of shortening (%) was given by the distance that the muscle shortened during the isotonic phase at
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each afterloaded work-loop) normalised to L,. Velocity of shortening (s*) was calculated as the
maximal slope of the relative length-time trace during the isotonic phase of work-loop. Heat-stress
relations were fitted using linear regression for each muscle. Activation heat was defined as the
averaged heat-intercept of the heat-stress relations arising from the isometric contractions. Peak
‘shortening heat’ was calculated as the difference between the heat-intercepts from the work-loop

(shortening) and isometric (non-shortening) protocols.
Statistical Analyses

Measured variables were plotted as functions of either relative muscle length or stress (afterload).
Data were fitted using polynomial regression (up to third-order) and the regression lines were
averaged within groups using the ‘random coefficient model’ (a ‘Maximum Likelihood’ curve-fitting
technique advocated by Feldman (1988)) within PROC MIXED of the SAS software package (SAS
Institute Inc., Cary, NC, USA). For clarification, as illustrated in Figure 7A, there are 16 fitted
regression lines (thin lines) representing 16 Control LV trabeculae; the resulting average line (thick

line) is superimposed.

Suitable trabeculae could not always be found in both ventricles from the same heart. In Control
rats, 6 hearts each provided 1 LV and 1 RV trabeculae, 12 hearts each provided 1 trabecula from
either ventricle, and 3 hearts each provided 2 RV trabeculae. In MCT-treated rats, 9 hearts each
provided 1 LV and 1 RV trabeculae, 3 hearts each provided 1 LV and 2 RV trabeculae, 12 each hearts
provided 1 trabecula from either ventricle, and 2 hearts each provided 2 RV trabeculae. In

consequence, a nested design in which trabeculae were nested within hearts was adopted.

The significance of differences among regression lines, or peak mean values, of the four groups was
tested for the effect of PAH both between ventricles (LV versus RV) and within ventricles (Control
versus PAH) using a set of mutually orthogonal contrast vectors. For each variable, peak values
arising from each regression line were averaged (expressed as means * standard errors) and
superimposed on the resulting plot. Statistical significance of differences was declared when

P <0.05.
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Results

Morphological characteristics of the rats at sacrifice

PAH rats had lower body mass and tibial length than those of Control rats (Table 1). Lung dry mass
and heart dry mass were significantly higher in PAH rats. The latter cohort developed RV
hypertrophy and LV atrophy, as evident by the relative change of ventricular free wall thickness
when normalised to heart mass. As shown in Table 2, the average lengths, cross-sectional areas and

volumes of the LV and RV trabeculae were not different among groups.

Isometric contractions

Reduction of muscle length resulted in decreases of both steady-state active stress production and
suprabasal heat output (Figure 1). The average relations of active stress-length and heat-length from
either the LV (Figure 1D & E) or the RV (Figure 1G & H) trabeculae were not different between PAH
and Control groups. As shown in Figure 2, RV trabeculae from PAH animals showed prolonged twitch
duration and lower maximal rates of rise and fall of twitch stress, but no difference was detected in
the area under the twitch-time profile (stress-time integral, STI). In contrast, normal isometric twitch

kinetics obtained in the LV trabeculae.

Figure 3A shows steady-state twitch heat as a function of active stress arising from the two distinct
protocols: ‘work-loop’ and ‘pre-shortened isometric’ contractions. The slopes of both heat-stress
relations were lower for the PAH RV trabeculae (Figure 3D & E). The averaged heat-intercept of the
isometric heat-stress relation (an index of activation heat) of RV trabeculae from PAH rats was
significantly greater than that of their Control group, whereas no difference was detected in the LV
trabeculae (Figure 3F). There was no difference in the averaged peak shortening heat between

either groups or ventricles (Figure 3G).

Work-loop contractions

In Figure 5, work output, suprabasal enthalpy (work plus suprabasal heat) and suprabasal efficiency,
quantified from Figure 4, are plotted as functions of relative afterload. Peak work output was
significantly lower in RV trabeculae from PAH rats, despite there being no difference in suprabasal
enthalpy; hence, suprabasal efficiency was lower compared to that of the Control group. However,
when account was taken of the difference in activation heat (Figure 3E), crossbridge efficiency of RV
trabeculae was revealed to be not significantly different between groups. In contrast, the LV
trabeculae showed no difference in work, or in either suprabasal or crossbridge efficiency between

two groups. Both extent and velocity of shortening as functions of relative active stress (Figure 6)
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were significantly lower in the RV trabeculae from PAH rats compared with those of their respective
Control groups, whereas no difference between groups was detected in the LV trabeculae for either

relation.

Discussion

Overview We find that energy utilisation by trabeculae isolated from the hypertrophied RV in
end-stage right-ventricular failure induced by PAH is indeed disturbed. PAH RV trabeculae developed
the same active stress, but they have reduced extent and velocity of shortening. Thus their
production of peak external work was reduced. Since they released the same amount of suprabasal
enthalpy, their suprabasal efficiency was reduced. Whereas the component of myocardial efficiency
attributed to crossbridge shortening was maintained, the component apportioned to the
performance of stress-length work-loops was greatly reduced. Hence, their reduced suprabasal
efficiency was due to the increased energy cost of the Ca**-triggered activation process. Surprisingly,
despite the LV having undergone a period of atrophic remodelling, the ability of their trabeculae to

utilise energy, and hence their energy efficiency, was unaffected.

Energetics of the right-ventricular trabeculae in PAH This is the first study to have examined the
mechanoenergetic response of trabeculae in the PAH setting. We distinguished the energy used for
Ca®* cycling and that consumed by crossbridge cycling. Crossbridge cycling heat was further
partitioned into shortening and non-shortening (isometric) components (Pham et al., 2017a; Tran et
al., 2017). Separation of the energy demands of these two energy sinks clarifies the cellular
mechanisms underlying disturbed energy utilisation in hypertrophied RV myocardium. Studies of
human patients, and of the MCT-hypertensive rats, have provided ample evidence that the oxygen
consumption of the hypertrophied RV myocardium is higher. As work output is unchanged, RV
efficiency is thus lower in PAH (Wong et al., 2010; Wong et al., 2011). We extended these findings by
showing that the PAH RV trabeculae require greater thermal expenditure for the Ca**-triggered
activation of contractile events (Figure 3). This source of energy cost, coined ‘activation heat’ or ‘Ca**
cycling heat’, is indexed by the heat-intercept of the isometric heat-stress relation (Hill, 1949; Gibbs
et al., 1967; Loiselle & Gibbs, 1979; Pham et al., 2017b). It comprises the thermal accompaniment of

the hydrolysis of ATP by the sarcoplasmic reticular Ca**-ATPase (SERCA) and the sarcolemmal Na'-
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K'-ATPase, as well as the Na*/Ca®* exchanger (NCX) and the sarcolemmal Ca**-ATPase (Schramm et
al., 1994). We have recently shown that activation heat is independent of muscle length and hence
muscle stress (Pham et al., 2017b). The latter does not differ between PAH and Control trabeculae in
either ventricle (Figure 1B & C). Nevertheless, PAH RV trabeculae demonstrated greater thermal
expenditure associated with Ca**-triggered activation (Figure 3F). Our results align with literature
findings on studies of RV failure showing impaired SR Ca*" uptake (Endo et al., 2006) with higher

diastolic [Ca®*]; and larger Ca®* waves (Miura et al., 2011).

Suprabasal enthalpy consists of activation heat and crossbridge enthalpy. Our finding of similar
suprabasal enthalpy between RV groups (Figure 5F) cannot be directly compared with that of Wong
et al. because their measurements of oxygen consumption of the whole hearts (Wong et al., 2011)
as well as papillary muscles (Wong et al., 2010) necessarily included a basal component. These
somewhat disparate results could be reconciled if future measurements were to show a higher rate
of basal metabolism in the hypertrophic RV myocardium, possibly as a result of a higher rate of

protein turnover (Everett et al., 1977) in response to hypertrophy.

The lower peak work output of the PAH RV trabeculae does not stem from their inability to produce
contractile stress, as they show the same development of isometric active stress as the Control
group (Figure 1). Despite developing the same active stress, they reveal an increased passive
stress-length relation, consistent with increased fibrosis in the RV myocardium in PAH (Daicho et al.,
2009; Handoko et al., 2009). The PAH RV trabeculae also show prolonged twitch duration (Figure
2C), which has been attributed to prolongation of the action potential (Lee et al., 1997; Piao et al.,
2010; Hardziyenka et al., 2012), down-regulation of voltage gated K* channels (Piao et al., 2010) and
prolongation of the Ca* transient (Kuramochi et al., 1994; Xie et al., 2012; Lookin et al., 2015). We
note that comparable results of normal active stress production have been reported in isolated RV
trabeculae (Kogler et al., 2003) and papillary muscles (Wong et al., 2010) from the same animal
model under similar experimental conditions. However, previous studies have reported lower active
stress in RV trabeculae from PAH tissues (Korstjens et al., 2002; Miura et al., 2011; Lookin et al.,
2015), and higher active stress in isolated permeabilised cardiomyocytes of RV tissue from PAH
patients (Rain et al., 2013). Whether such discrepancies can be attributed to differences of protocol

or of experimental or environmental conditions awaits further exploration.

The failure of the PAH RV trabeculae to develop stress-length work as great as that of the Control
group can be attributed to their inability to shorten to the same extent. Their lower extent of

shortening arises from their reduced speed of shortening (Figure 6), consistent with the reported
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shift in the myosin heavy chain isoform from predominantly V; to Vs in the PAH model (Korstjens et
al., 2002; Kogler et al., 2003; Hardziyenka et al., 2011). Our findings of reduced extent and velocity of
shortening are likewise consistent with data from PAH patients, obtained using echocardiography,
showing reduced peak RV wall systolic strain and strain rate (Li et al., 2013). Thus, the above
comprehensive results extend previous observations by Wong et al. (2010), and imply that reduced
work output, and increased thermal costs of the Ca**-triggered activation of contractile events are

the main mechanisms underlying the reduction of suprabasal efficiency in PAH RV tissue.

Energetics of the left-ventricular trabeculae in PAH Our study has extended the investigation of
the consequences of PAH-induced RV hypertrophy to include the atrophied LV myocardium. The LV
myocardium in PAH, like the RV, also demonstrates a shift of MHC profile from the fast to the slow
isoforms (Lowes et al., 1997; Correia-Pinto et al., 2009). Despite these reported MHC shifts, we find
that the PAH LV trabeculae maintain both their extents and velocities of shortening. These results
are consistent with those seen in human patients where the maximal velocities of contractile
element shortening and circumferential fiber shortening are unaffected by chronic PAH

(Krayenbuehl et al., 1978).

We also find that PAH LV trabeculae are capable of developing normal stress (Figure 1), a result
which is in agreement with that reported by Kogler et al. (2003). Their normal stress as a function of
muscle length is associated with normal twitch kinetics (Figure 2). Hence, their work output is
normal, and concomitantly, their heat output is also normal. Hence, both their suprabasal and

crossbridge efficiencies remain normal (Figure 5).

Our null results of mechano-energetics changes in PAH LV trabeculae are somewhat unexpected.
Our MCT-treated rats clearly suffered LV atrophy, as confirmed by a decrease in their normalised LV
wall thickness (Table 1). Furthermore, in the same rat model (Kogler et al., 2003; Umar et al., 2012),
as well as in patients (Hardziyenka et al., 2011; Hardziyenka et al., 2012), LV atrophic remodelling is
manifested as impaired diastolic filling due to leftward interventricular septal bowing during
contraction (Gan et al., 2006). Electrophysiological alteration has also been shown to occur in the
atrophic LV of both PAH patients and rats (Hardziyenka et al., 2012). Despite these well-documented
in changes in both animal models and human patients, we saw negligible effects of PAH on LV

mechano-energetics.

Summary The null effect of PAH on crossbridge efficiency underscores our contention that the
reduction of suprabasal efficiency in RV trabeculae arises largely from increased energy costs of Ca**

cycling. The mechano-energetics of the LV myocardium remain preserved in PAH rats.
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Tables

Table 1. General characteristics of Control and MCT-treated PAH rats

Parameter Control (n = 20) PAH (n = 26)
Body mass (g) 471.2+£6.0 395.5+7.1 *
Tibial length (mm) 43.4+0.04 40.0+£0.03
Lung dry mass (g) 0.27+0.01 0.39+0.03
Lung dry mass/Body mass (%) 0.057 £ 0.001 0.101 + 0.008
Lung dry mass/Tibial length (g mm’™) 6.22 +0.15 9.15+0.59
Heart dry mass (g) 0.29+0.01 0.32+0.01
Heart dry mass/Body mass (%) 0.061 +0.001 0.081 +0.002
Heart dry mass/Tibial length (g mm™) 6.62 +0.15 7.45+0.19
LV wall thickness (mm) 3.58 +0.07 3.39+0.07
LV thickness/Heart dry mass (mm g™) 12.59+0.34 10.74 £0.30
RV wall thickness (mm) 1.52 +0.03 2.05+0.06
RV thickness/Heart dry mass (mm g 5.36+0.18 6.48 +0.21

Value are means % SE, *P < 0.05

This article is protected by copyright. All rights reserved.




Accepted Article

Table 2. Trabeculae dimensions of Control and MCT-treated PAH rats

LV trabeculae RV trabeculae
Parameter CON (n =16) PAH (n = 22) CON (n = 14) PAH (n = 21)
Length (mm) 3.44 £0.15 3.50+0.12 3.38+0.12 3.03+0.15
Cross-sectional area (mmz) 0.070 £0.015 0.080 £0.009 | 0.072 £0.009 0.075 £ 0.007
Volume (mm?) 0.24 +0.05 0.27 £ 0.03 0.25+0.03 0.22 +0.02

Values are means t SE; n, number of trabeculae.

Figure Legends

Figure 1: Results from the isometric pre-shortened protocol at 5 Hz. Typical experimental records of twitch stress (A) and
rate of heat production (B) of a representative trabecula at various lengths (b-f) below its optimal length (a), where the
insets depict single twitch, and where the dotted line segments were drawn to indicate the heat-rate baseline. The first
force twitch at each muscle length depicts the rested-state contraction after the pause of stimulation, indicating the
maximal post-rest potentiation of stress. Passive stress, active stress and active heat at steady state as functions of relative
muscle length (L/L,) for a single trabecula (C, F respectively) and for average relations of LV (D, G) and RV trabeculae (E, H)
from Control (thin lines) and PAH (thick lines) rats. Data were fitted using third-order polynomials (in panels C-H). Data
from panels C and F were obtained from an RV trabecula (length, 3.4 mm; cross-sectional area, 0.087 mmz). Mean = SEM
values at optimal length (L,). The star indicates P < 0.05 comparing the regression lines of PAH and Control groups.
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Figure 2: Temporal and kinetic characteristics of steady-state isometric twitches. Twitch duration at 5% (t;) and at 50%
(tso) Of peak stress, maximal rate of twitch stress development (+dS/dt, labelled ‘rise’) and relaxation (-dS/dt, labelled ‘fall’),
and stress-time integral (STI) as functions of active stress for a single trabecula (A, D, G) and for average LV (B, E, H) and RV
trabeculae (C, F, 1) from Control (thin lines) and PAH (thick lines) rats. Data were fitted using linear regressions in Panel A-F
and second-order polynomials in Panel G-I. The data in panel A, D, G were obtained from an RV trabecula (length, 3.8 mm;

cross-sectional area, 0.073 mmz). The star indicates P < 0.05 comparing the regression lines of PAH and Control groups.
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Figure 3: Twitch heat as functions of active stress for quantifying activation heat and shortening heat. (A) Linear
regression of heat-stress relations arising from work-loop (open circles, broken lines) and isometric (filled circles, solid line)
protocols for a representative trabecula and for the averages of LV trabeculae (B) and of RV trabeculae (C) from PAH (thick
lines) and Control (thin lines) groups. The averaged values of the slopes were estimated from the heat-stress relations
arising from both the isometric protocol (D) and the work-loop protocol (E). The averaged activation heat (Q,,

heat-intercepts of relations from the isometric protocol) was greater in the RV PAH group compared with their respective
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Control group (F), as indicated by the star. Peak shortening heat (peak Q,) was calculated as the difference between

heat-intercepts from work-loop and isometric protocols (G). Representative data (Panel A) were from an RV trabecula

(length, 3.8 mm; cross-sectional area, 0.073 mmz).
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Figure 4: Typical experimental records arising from the work-loop protocol at 5 Hz. (A) Twitch stress of a trabecula

undergoing progressively decreasing afterloaded work-loop contractions (b-g), bounded by return to isometric

contractions at L, (a). The first twitch illustrates the rested-state contraction immediately following the commencement of

electrical stimulation. (B) The corresponding rates of heat output, where the dotted line is drawn to signify the heat-rate

baseline. (C) Steady-state twitch stress profiles at various afterloads. (D) The corresponding steady-state muscle length
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trajectory during each of twitch in Panel C. (E) Parametric plots of the stress and length profiles shown in C and D, resulting

in stress-length work-loops. In all panels, data were obtained from an RV trabecula (length, 3.4 mm; cross-sectional area,

0.087 mm?).
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Figure 5: Energetics of afterloaded work-loop contractions at steady state. Data were fitted using second-order
polynomials for enthalpy panels and third-order polynomials for the other panels. The left-most panels (A, D and G) show
data from a single representative trabecula (length, 3.4 mm; cross-sectional area, 0.087 mm?) whereas the middle panels

(B, E and H) show averaged relations from the LV trabeculae and the right-most panels (C, F and I) show averaged relations
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of the RV trabeculae. The data (panels A, D, G) were obtained from a RV trabecula. The star indicates P < 0.05 comparing

the regression lines of PAH and Control groups.
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Figure 6: Shortening-related parameters arising from the work-loop protocol. Velocity of shortening and extent of

shortening as functions of relative active stress for a single representative trabecula (A, D) of length 2.9 mm and

cross-sectional area 0.035 mm?, and for average relations of LV (B, E) and of RV trabeculae (C, F) from Control and PAH

groups. SEM values were superimposed on the plots. The relations were lower for the RV PAH group compared with its

Control group (as indicated by the star).
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Figure 7: Variability of the data underlying Figure 5. Data were fitted using second-order polynomials for enthalpy panels

and third-order polynomials for the other panels. Each panel shows individual data points, trabecula-specific regression
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lines (LV-CON (n=16), LV-PAH (n=22), RV-CON (n=14), RV-PAH (n=21)), and the resulting averaged regression lines.

Means + SEMs of peak values were subsequently superimposed.
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