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Pulmonary arterial hypertension (PAH) alters the geometries of both ventricles of the heart. While the right ventricle (RV) hypertrophies, the left ventricle (LV) atrophies. Multiple lines of clinical and experimental evidence lead us to hypothesize that the impaired stroke volume and systolic pressure of the LV are a direct consequence of the effect of pressure overload in the RV, and that atrophy in the LV plays only a minor role. In this study, we tested this hypothesis by examining the mechanoenergetic response of the atrophied LV to RV hypertrophy in rats treated with monocrotaline. Experiments were performed across multiple-scales: the whole-heart in vivo and ex vivo, and its trabeculae in vitro. Under the in vivo state where the RV was pressure-overloaded, we measured reduced systemic blood pressure and LV ventricular pressure. In contrast, under both ex vivo and in vitro conditions, where the effect of RV pressure overload was circumvented, we found that LV was capable of developing normal systolic pressure and stress. Nevertheless, LV atrophy played a minor role in that LV stroke volume remained lower, thereby contributing to lower LV mechanical work output. Concomitantly lower oxygen consumption and change of enthalpy were observed, and hence LV energy efficiency was unchanged. Our internally consistent findings between working-heart and trabecula experiments explain the rapid improvement of LV systolic function observed in patients with chronic pulmonary hypertension following surgical relief of RV pressure overload.
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INTRODUCTION

In pulmonary arterial hypertension (PAH), the increased pulmonary vascular resistance and pulmonary artery pressure impose pressure overload on the right ventricle (RV). The increased workload of the RV then initiates RV hypertrophy, and sustained hypertrophy subsequently leads to right-ventricular failure (RVF). PAH is not solely limited to dysfunction in the RV, however. In fact, the left ventricle (LV) suffers geometrical and functional alterations as well. There is a high degree of “ventricular interdependence” (Hsia and Haddad, 2012; Meyer, 2014) as the ventricles share the septum and compete for the limited and non-compliant pericardial space. Thus, RV hypertrophy causes the septum to bow leftwards (Stool et al., 1974; Louie et al., 1986; Marcus et al., 2001; Gan et al., 2006; Hardziyenka et al., 2011), reducing LV diastolic loading and prompting the LV to reduce in mass and in cavity size, and hence to undergo atrophic remodeling (Hardziyenka et al., 2011; Meyer, 2014). One universal finding consistent with LV atrophic remodeling is that the LV is “under-filled.” This is demonstrated in RVF patients where the LV filling rate (Louie et al., 1986; Marcus et al., 2001) and stroke volume are reduced (Marcus et al., 2001; Gan et al., 2006; Hardziyenka et al., 2011, 2012). This is also observed in experimental data obtained from a widely-studied rat model of pulmonary hypertensive RVF induced by a single injection of monocrotaline, which damages the pulmonary vascular cell linings (Hardziyenka et al., 2011, 2012). Using the same rat model, LV systolic pressure was shown to be reduced (Akhavein et al., 2007; Correia-Pinto et al., 2009; Hadi et al., 2011; Fontoura et al., 2014).

Nevertheless, it remains unclear whether LV systolic impairment is a direct mechanical effect of the pressure-overloaded and hypertrophic RV impinging on the septum wall or a longer-term atrophic structural remodeling response. We hypothesize that LV systolic impairment is largely due to the acute effect of RV hypertrophy-induced reduction in diastolic filling whereas the chronic response of structural remodeling plays only a minor role. This hypothesis stems from three supporting lines of evidence. First, LV mechanical function returns to normal upon relief of RV pressure overload. In patients with chronic thromboembolic pulmonary hypertension following pulmonary endarterectomy (Dittrich et al., 1989; Menzel et al., 2000; Hardziyenka et al., 2011; Mauritz et al., 2012), and, in patients with pulmonary stenosis (Lurz et al., 2009) following percutaneous pulmonary valve implantation, LV systolic and diastolic functions have been shown to be improved and even normalized. Normalization was achieved in relatively short periods - within 2 weeks (Menzel et al., 2000) or even within 1 week (Dittrich et al., 1989) after relieving the RV from pressure overload. Second is evidence from LV muscle strips dissected from the monocrotaline-treated rat. Dissected LV muscle strips have been completely freed from the effect of RV pressure overload. Their developed stress was reported to be normal (Kögler et al., 2003), suggesting that the intrinsic mechanical function of the LV myocardium is not affected by PAH. Third, evidence arises from examination of histological data which showed normal collagen content (Honda et al., 1992; Ishikawa et al., 1992; Hardziyenka et al., 2012) and absence of tissue fibrosis (Lourenço et al., 2006; Fowler et al., 2015) in LV myocardial samples dissected from RVF hearts.

To test our hypothesis, we studied the LV of the monocrotaline-induced PAH rat heart in the presence or absence of the effect of RV pressure overload on the LV. Experiments were performed across multiple-scales: the whole heart in vivo and ex vivo, and its trabeculae in vitro.

MATERIALS AND METHODS

Experiments were conducted in accordance with protocols approved by The University of Auckland Animal Ethics Committee.

Animal Preparation

Male Wistar rats (9-10 weeks old, 300-325 g) were divided into two groups. The RVF group received a single subcutaneous injection of monocrotaline (60 mg/kg), whereas the Control group received a comparable volume of saline vehicle. Rats were weighed three times a week up to Week 5 and daily thereafter as the RVF cohort was expected to show signs of right-heart failure: dyspnea, consecutive days of weight loss, and piloerection. Either upon showing these signs, or at Week 6, the RVF rats were used for energetics experiments, along with an age-matched animal from the Control group.

Longitudinal Measurements of in Vivo Hemodynamics

A separate group of Wistar rats underwent surgery for measurement of arterial blood pressure. Detailed surgical procedures have been published previously (Guild et al., 2015). Briefly, under isofluorane anesthesia, a telemetric catheter (TRM54P, Millar Inc, Houston, TX) was placed in the abdominal aorta, and secured with tissue adhesive and a mesh patch. The body of the telemeter was placed inside the abdomen and secured to the ventral wall. Rats were given prophylactic antibiotics and analgesia before and following surgery. They were individually housed in a standard rat cage placed on a TR180 SmartPad (Millar Inc, Houston, TX) which acted as a wireless battery charger and receiver. Arterial pressure signals were recorded in LabVIEW, sampled at 500 Hz and the averages of the derived heart rates and mean arterial, systolic, and diastolic blood pressures saved every 2 s. The implanted rats were given at least 1 week to recover from the surgery, following which a further week of baseline recording was performed before they were administered either monocrotoline (RVF group) or an equivalent volume of saline via subcutaneous injection (Control group). Monitoring continued for 6 weeks post-injection. In total, continuous recordings were achieved in 8 RVF and 6 Control rats.

In Vivo Measurements of Ventricular Pressures at Sacrifice

Approximately 6 weeks post-injection, all implanted rats were anesthetized using isoflurane (2% in oxygen), intubated and ventilated. Arterial pressure and heart rate were monitored throughout via the implanted telemeter. Incisions were made in the chest and diaphragm to allow insertion of a pressure-volume catheter (SPR-838, Millar Inc) into the left ventricle, and a second pressure-volume catheter (model SPR-869, Millar Inc) into the right ventricle. Simultaneous measurement was not possible due to interference between the two catheters. Hence, the order of ventricular recordings was randomized. Data were acquired for computer analysis using the LabChart 7 software system (Powerlab, ADInstruments).

Ex Vivo Working-Heart Experiments

Each rat was deeply anesthetized with isoflurane, and its body mass measured prior to injection with heparin (1,000 IU/kg). Following cervical dislocation, the heart (and lungs) were excised and plunged into chilled Tyrode solution. The aorta was immediately cannulated for Langendorff perfusion at 70 mmHg with oxygenated Tyrode solution at room temperature. The solution contained, in mmol L−1, 130 NaCl, 6 KCl, 1 MgCl2, 1.5 CaCl2, 0.5 NaH2PO4, 10 Hepes and 10 glucose, and was pH adjusted to 7.4 using Tris.

While submerged under Tyrode solution, all vessels of the continuously-perfused heart were ligated, except for the pulmonary artery and one of the pulmonary veins, both of which were cannulated. Oxygen sensors, with their associated temperature probes, were inserted into the aortic cannula (to reside just distal to the coronary ostia) and the pulmonary artery to measure the partial pressure of oxygen in solution before and after flowing through the coronary vasculature. Flow probes, connected to flow meters, measured the rates of aortic and coronary outflow. The fully-cannulated heart was then attached to the working-heart rig (Goo et al., 2013, 2014b; Loiselle et al., 2014) and enclosed by a water-jacketed glass chamber equilibrated to 37°C. Intrinsic heart rate was measured, followed by external pacing at 5 Hz, by placing a stimulus electrode at the sinoatrial node. A pressure-volume catheter was inserted into the left ventricle via the pulmonary vein cannula.

Perfusion was then switched to working-heart mode. The left ventricle was subjected to a fixed preload of 17 mmHg while 8-10 different afterloads were presented in random order, ranging from 30 mmHg (at which point the coronary flow was near zero) to maximal (typically 100 mmHg, at which point the aortic flow was near zero). LV afterload was altered by changing the height of the aortic tubing (Goo et al., 2013, 2014a,b; Loiselle et al., 2014). To remove the effect of RV pressure overload, RV afterload was fixed at a low value (10 mmHg) and no Tyrode solution was allowed to flow into the RV except the coronary effluent from the LV via the coronary sinus. Mechanical work output of the heart, consisting of the sum of contributions from both ventricles, was normalized to heart wet mass. LV work was calculated by multiplying LV afterload (aortic pressure) and LV stroke volume (estimated from the sum of aortic and coronary effluent), whereas RV work was calculated by multiplying RV afterload and RV stroke volume (consisting of the coronary effluent only). RV work contributed, on average, 5% of the total work output of the heart, for both rat groups. Oxygen consumption of the heart, expressed per wet mass, was calculated from the product of coronary flow, the arterio-venous difference in partial pressure of oxygen and the solubility of oxygen in saline. Oxygen consumption was corrected for the trans-epicardial loss of oxygen (on average, 1%) across the epicardial surface to the surrounding air (Goo et al., 2013; Han et al., 2014a). Efficiency was calculated as the ratio of mechanical work output to the energetic equivalent of oxygen consumption.

In Vitro Trabecula Experiments

Immediately following the whole-heart experiments, the heart was detached from its cannulae, and perfused with Tyrode solution containing 20 mmol L−1 butanedione monoxime (BDM) and low Ca2+ (0.3 mmol L−1). Submerged under the same solution, trabeculae were excised from the left ventricle. A geometrically-suitable trabecula was transferred to, and mounted in, a work-loop calorimeter (Taberner et al., 2011). A total of 14 Control trabeculae and 20 RVF trabeculae were studied. There were no differences in the dimensions of either length (3.44 ± 0.17 mm and 3.51 ± 0.13 mm) or cross-sectional area (0.062 ± 0.011 mm2 and 0.078 ± 0.009 mm2), as calculated from two orthogonal estimates of diameters (minor axis: 253 ± 25 μm and 274 ± 14 μm; major axis: 283 ± 23 μm and 345 ± 23 μm).

In the calorimeter, with improved thermal resolution for experiments at body temperature (Johnston et al., 2015; Taberner et al., 2015), the trabecula was superfused with the same Tyrode solution as had been used for the working-heart-−1.5 mmol L−1 [Ca2+]o but without BDM. The ends of the trabecula were held by platinum hooks for length control (upstream) and force measurement (downstream). The heat output of the trabecula was estimated from the flow rate-dependent temperature sensitivity and the increase in temperature of the superfusate as measured by the upstream and downstream arrays of thermopiles. Superfusate flow rate was electronically maintained at 0.55 μL s−1 for optimal thermal sensitivity (Johnston et al., 2015) and negligible risk of inducing an hypoxic core (Han et al., 2011). The trabecula was stimulated via platinum electrodes to contract at 4 Hz. It was then gradually stretched to optimal length (Lo) to achieve maximal active force development. The entire calorimeter system was then optically-isolated and thermally-insulated in its enclosure. By controlled heating of the vibration-isolated optical table on which the entire calorimeter system was mounted, the temperature within the enclosure was electronically maintained at 37°C.

Firstly, the trabecula contracted isometrically while its force, length, and rate of suprabasal heat production were simultaneously measured. Upon reaching steady states of isometric force and heat-rate, it was then subjected to work-loop contractions at a user-specified afterload and reaching steady state before switching back to isometric contraction. This procedure was repeated for six afterloads, ranging from maximal (isometric force) down to passive force. The stimulus was then halted, allowing force to return to its passive level and heat to return to suprabasal baseline. Secondly, stimulation was recommenced and the trabecula was again subjected to isometric contractions, but with its length progressively reduced in six steps from Lo to minimal length where developed force was near zero. Stimulus was halted between these length steps. Muscle stress was quantified by dividing force by cross-sectional area, whereas muscle length was expressed relative to Lo. Muscle heat output was corrected for the thermal artifacts resulting from electrical stimulation (on average, 5%), quantified at the end of an experiment with the trabecula removed from the calorimeter. Muscle work was calculated by integrating stress as a function of relative muscle length over the entire period of the twitch. Change of enthalpy was given by the sum of work and suprabasal heat, and suprabasal efficiency was taken as the ratio of work to change of enthalpy (Han et al., 2012).

Statistical Analyses

Data from each heart or trabecula were fitted using polynomial regression up to the 3rd order. The resulting regression lines were averaged within groups using the Random Coefficient Model within Proc Mixed in the SAS statistical package, and tested for the statistical significance of differences between groups (P < 0.05). Graphical and tabulated values were expressed as mean ± standard error (SE), and for the latter, ANOVA was used to test for differences. In each plot, the means ± SEs were superimposed to demonstrate the greatest data variability.

RESULTS

In Vivo Heart Rate and Blood Pressures

The heart rates and blood pressures of control and RVF animals were similar and remained relatively constant until approximately day 30 post-injection. After this time point, the in vivo heart rate of the RVF rats began to rise over a period of a week, before falling back again. This was accompanied by a sustained reduction of pulse pressure, systolic and diastolic blood pressures, and mean arterial pressure (Figure 1).
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FIGURE 1. Mean ± SE in vivo heart rate and blood pressures of control and right-ventricular failing rats as functions of time. Day 0 indicates injection of either monocrotaline or saline vehicle, following a week of baseline recording. At Day 28, significant differences (*P < 0.05) between RVF rats (n = 8) and Control rats (n = 6) begin to be evident in heart rate (A), pulse pressure (B), and blood pressures (C,D).



In Vivo Heart Rate and Ventricular Pressure at Sacrifice

At the end of Week-6 post-injection, the in vivo heart rate was lower in the RVF rats (Figure 2A). They developed pulmonary hypertension, as evident by their greater right-ventricular systolic pressure (Figure 2B), associated with increased rates of rise (Figure 2C) and fall (Figure 2D) of pressure. The RVF rats showed lower left-ventricular systolic pressure (with lower rates of rise and fall), consistent with atrophic remodeling.
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FIGURE 2. Mean ± SE in vivo heart rates and pressure of the ventricles of control and right-ventricular failing rats at Week 6. Data obtained from the right ventricle (4 Control and 5 RVF rats) and the left ventricle (5 Control and 7 RVF rats). Significant differences (*P < 0.05) between rat groups were observed in heart rate (A), systolic ventricular pressure (B), and the rates of rise (C) and fall (D) of ventricular pressure.



Development of Pulmonary Hypertension

At sacrifice, the RVF rats showed clear signs of PAH with increased lung wet mass and heart wet mass (Table 1). The right ventricle had hypertrophied, as evident by an increase in both wall thickness and mass. In contrast, the left ventricle had atrophied, as evidenced by reduced wall thickness and mass.


Table 1. Morphometric characteristics of Control and RVF rats at sacrifice.
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Energetics of the Heart ex Vivo

In total, 13 Control hearts and 21 RVF hearts were studied in the working-heart rig. The RVF hearts had a lower ex vivo heart rate (2.8 ± 0.1 Hz vs. 3.8 ± 0.1 Hz). To accommodate this difference in ex vivo heart rate, both groups of hearts were externally paced at 5 Hz. The amplitudes and the rates of pressure developed within the left ventricle were not different between groups (Figures 3A,B), but the duration of pressure developed was greater in the RVF rats, particularly at high afterloads (Figure 3C). Both aortic and coronary outflows, as well as their sum, which denotes stroke volume, were lower in the RVF rats (Figures 3D,E). The lower stroke volume in the RVF rats gave rise to reduced mechanical work output (Figure 4A), along with a proportional reduction of oxygen consumption (Figure 4B), hence total efficiency was not different to that of Control rats (Figure 4C).
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FIGURE 3. Mechanics and hemodynamics of ex vivo left ventricles of hearts of control and right-ventricular failing rats. There were no statistically significant differences of the average regression lines between the control hearts (thin lines) and the RVF hearts (thick lines) in the pressures (A) or in the maximal rates (dP/dt) of rise and fall of twitch stress (B). However, as indicated by the asterisks, RVF hearts had greater average twitch durations (C), and reduced aortic and coronary flows (D), as well as reduced stroke volumes (E). Developed pressure is the difference between systolic and diastolic pressure. Twitch duration is quantified at 95% and 50% of peak systolic pressure. Stroke volume is the sum of aortic and coronary flow rates. All insets display representative data set obtained from a single representative heart.
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FIGURE 4. Energetics of ex vivo left ventricles of hearts from control and right-ventricular failing rats. The two rat groups have the same total efficiency over a wide range of afterloads (C), given that the average reduction in mechanical work (A) in the RVF hearts was offset by a comparable reduction in total oxygen consumption (B). Asterisks indicate statistical significant differences between groups. All insets display data obtained from the same representative heart as shown in Figure 3.



Energetics of the Trabeculae in Vitro

Under the isometric protocol, there was no difference in energetics between RVF trabeculae and Control trabeculae, as functions of muscle length. Likewise there were no differences in twitch characteristics, in terms of amplitude (Figures 5A,B), duration (Figure 5D) or rates of rise and fall of stress (Figure 5E). The suprabasal heat output, either as a function of length (Figure 5C) or of active stress (Figure 5F), also did not differ between groups. Neither were the heat-intercepts of the heat-stress relations under either isometric or work-loop protocols different between groups. In Figure 5F, the slopes of the heat-stress relations under the work-loop protocol (broken lines) were lower in the RVF group.
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FIGURE 5. Energetics of in vitro left-ventricular trabeculae contracting isometrically. Active stress (B) is the difference between total stress and passive stress (A). It, and heat output (C), as functions of relative length, were not different between the control (thin lines) and RVF trabeculae (thick lines). Likewise, no difference between groups was seen in twitch duration (D) or rates of rise and fall of the twitch (dS/dt) (E). Suprabasal heat as a function of active stress was also not different between groups (F). The dotted lines in (F) (and dotted circles in its inset) represent the heat-stress relations from the work-loop (shortening) protocol, showing a lower slope in the RVF group vs. the Control group (as indicated by the asterisk). All insets display data obtained from a representative trabecula.



Under variably-afterloaded work-loop contractions (Figure 6), the RVF trabeculae showed no differences in the extent of shortening (the width of the loop) or in the velocity of shortening with respect to the Control trabeculae (Figure 7). Given that the stress production and the widths of the work-loop were not different between groups, mechanical work output (the area of the loop) was not significantly different (Figure 8A). However, change of enthalpy was significantly lower in the RVF trabeculae (Figure 8B). Suprabasal efficiency did not differ between groups (Figure 8C).
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FIGURE 6. A representative experimental record of a single trabecula undergoing work-loop contractions. Stimulation started at the time indicated by the first arrow and halted at the second arrow. The trabecula underwent a series of work-loop contractions at 6 different afterloads (labeled “WL-1” and “WL-6”) until steady-state (~2 min) before and after an isometric contraction (labeled “Isom”), where its stress production (A), suprabasal heat output (B), and length change (not shown) were simultaneously recorded. Steady-state work-loops resulted from plotting stress as a function of length (C). The inset in (C) shows the steady-state twitch-time profiles (upper panel) and corresponding length changes (lower panel), where the open circles indicate the maximal slopes during the shortening phase and are an index of velocity of shortening.
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FIGURE 7. Shortening of in vitro left-ventricular trabeculae during work-loop contractions. Extent of shortening (A) (calculated as the widths of the loops in Figure 6C) and maximal velocity during shortening (B) (calculated as the maximal slope of length change during the isotonic shortening phase of the loop; see the inset of Figure 6C) were not different between the control trabeculae (thin lines) and the RVF trabeculae (thick lines). The insets display data obtained from a representative trabecula.
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FIGURE 8. Energetics of in vitro left-ventricular trabeculae performing work-loop contractions. As functions of relative afterload, work output (A) (equivalent to the area of the loop in Figure 6C) was not statistically different between groups (P = 0.2090) but change of enthalpy (B) (the sum of work and suprabasal heat output) was lower in the RVF trabeculae (thick lines) than in the Control trabeculae (thin lines), as indicated by the asterisk. Suprabasal efficiency was not different between groups (C). All insets show data set obtained from a representative trabecula.



DISCUSSION

To our knowledge, this study represents the first to have investigated the energetic performance of the LV in PAH-induced RV failure across three physiological scales: the in vivo heart, the ex vivo working-heart and in vitro trabeculae. Our in vivo experiments clearly demonstrated LV atrophic remodeling, as evidenced by reduced ventricular mass and wall thickness (Table 1), as well as a sustained reduction of systemic blood pressure (Figure 1) in RVF rats. The in vivo experiments also revealed LV systolic dysfunction, as evidenced by a lower ventricular pressure (Figure 2). Our ex vivo and in vitro experiments allowed removal of the effect of pressure overload of the RV on LV. These experiments revealed that the LV was capable of developing systolic pressure as high as that of the healthy heart (Figure 3). Likewise, the LV trabeculae in vitro were able to develop a normal stress (Figure 5). In both cases, LV energy efficiency was unaffected (Figures 4, 8). These results show that reduced LV systolic pressure can be restored immediately by removing the effect of RV pressure overload and that the effect of LV atrophic remodeling is limited to reducing the LV stroke volume.

Heart Rates in Vivo and ex Vivo

Commencing at Week 4 post-injection of monocrotaline, the RVF rat showed reduced LV workload, as evidenced by the reductions of both pulse and mean arterial pressures (Figure 1). These reductions in systemic blood pressures were associated with a temporary elevation of heart rate, which was observed in all RVF rats. Increased heart rate in PAH has been observed in human patients (Marcus et al., 2001; Gan et al., 2006; Hardziyenka et al., 2011; Manders et al., 2014) where it is seen to vary with the severity of hypertension (Wong et al., 2011), as well as in monocrotaline rats 4-week post-injection (Sanyal et al., 2012).

We interpret the increase in heart rate as a reflex response of the sympathetic nervous system (Sanyal et al., 2012). An increase in heart rate is necessary to compensate for the drop in LV stroke volume (Marcus et al., 2001; Gan et al., 2006; Hardziyenka et al., 2011; Manders et al., 2014) in order to maintain cardiac output (Stool et al., 1974). Our results show that this reflex response was only transient as heart rate rose in Week 5 but fell during Week 6, despite a sustained drop in systemic blood pressure. These results may explain, in terms of progression of the disease, why some studies show no effect of PAH on heart rate in the human patient (Krayenbuehl et al., 1978) and in the monocrotaline rat (Wong et al., 2011).

At Week 6 post-injection, we measured a 30% lower in vivo heart rate in the deeply anesthetized RVF rats relative to Control (Figure 2A), consistent with the results of Correia-Pinto et al. (2009) at the same time point of progression of PAH. Our results from anesthetized rats are at odds with those measured in conscious rats at the same time point (Figure 1). Not only was the heart rate lower in the anesthetized state in both groups, the heart rate was also lower in the anesthetized RVF rats. These findings may reflect a synchronous effect of attenuation of sympathetic drive and elevation of parasympathetic nerve activity in the anesthetized state, and this synchronous effect appears to be more pronounced in the RVF rat. We also saw a comparable 30% lower ex vivo heart rate in the RVF hearts compared with the Control hearts when mounted in the working-heart rig.

Pressure and Stress Development

The RVF rats had a lower in vivo heart rate (200 vs. 300 beats/min). Their RV developed greater systolic pressure along with greater dP/dt rise and fall (Figure 2). These findings are in accord with many (Falcão-Pires et al., 2009; Wang et al., 2011) but not all (Hessel et al., 2006) studies of the monocrotaline-treated rat. Conversely, in the LV, systolic pressure was reduced and was accompanied by reduced rates of ±dP/dt, results that are consistent with previous studies using the same animal model (Akhavein et al., 2007; Correia-Pinto et al., 2009; Hadi et al., 2011; Fontoura et al., 2014).

In our ex vivo working-heart experiments, we externally paced hearts to beat at 5 Hz for both rat groups. The RV workload was set to be negligible compared with that of the LV. Under these conditions, the LV of the RVF heart was able to generate the same systolic pressure and ±dP/dt as the control heart across a range of afterloads (Figure 3). Likewise, both groups of trabeculae in vitro, contracting at 4 Hz, were capable of developing the same stress (S) and ±dS/dt across a range of active stress (Figure 5). These findings suggest that, upon being freed from the effects of RV pressure overload, the LV of the RVF rat is able of developing normal ventricular pressure and tissue stress. These results are consistent with those of Kögler et al. (2003), studying the same rat model, where their ventricular muscle strip preparations were stimulated at a range of frequencies (1–7 Hz).

For a given pressure or stress, twitch duration was greater in the atrophied LV of the RVF heart (Figure 3C), but its prolongation was much less in LV trabeculae (Figure 5D). Prolongation of twitch duration of the atrophied LV is a feature consistently reported in the literature using the monocrotaline rat model (Lourenço et al., 2006; Correia-Pinto et al., 2009; Falcão-Pires et al., 2009), as well as in the hypertrophied LV myocardium induced by diabetes (Han et al., 2014c) and systemic hypertension (Han et al., 2014b). This effect is linked to electrical abnormalities, specifically, prolongation of the action potential, in both monocrotaline-treated rats (Benoist et al., 2011; Hardziyenka et al., 2012) and human patients (Louie et al., 1986; Hardziyenka et al., 2012). Prolongation of action potential has been attributed to a reduction of the voltage-gated transient outward K+ current (Benoist et al., 2011; Hardziyenka et al., 2012).

Stroke Volume and Shortening

Reduced LV stroke volume has been consistently reported in the literature using the same animal model (Hardziyenka et al., 2012) as well as in PAH patients (Marcus et al., 2001; Gan et al., 2006). Those results were both obtained in the presence of RV pressure overload. In our ex vivo working-heart experiments, the RV afterload was set relatively low to diminish its effect on LV hemodynamic performance. We observed normalization of LV pressure but not LV stroke volume. Ex vivo RVF hearts discharged reduced aortic and coronary flows (Figure 3). These reductions mean that LV stroke volume (the sum of both aortic and coronary outflows), and hence cardiac output, are reduced. Our explanation for this finding resides largely in structural remodeling in both ventricles and, to a lesser extent, in the prolongation of LV twitch duration in the RVF heart (Figure 3C). Both groups of hearts were stimulated to beat at the same rate, and hence a prolongation of twitch duration dictates an abbreviation of the diastolic filling duration. Given its inherently reduced rate of LV diastolic filling (Marcus et al., 2001; Hardziyenka et al., 2011), coupled with reduced diastolic period, the RVF hearts thus have a lower LV stroke volume.

The shift of myosin heavy chain (MHC) from the fast to the slow isoforms could also explain our findings of prolongation of twitch duration. Several histological studies show a positive effect of monocrotaline on the percentage of the beta isoform of the MHC protein (Ishikawa et al., 1992; Correia-Pinto et al., 2009) in rat homogenized LV tissues, or a negative effect on the expression of alpha-MHC isoform in the LV of in situ hybridized rat heart sections (Hardziyenka et al., 2011). Despite these documented isoenzymatic shifts of MHC from the fast toward the slow isoforms, we found no significant change in the stress-velocity relationship of the LV trabeculae dissected from the RVF heart (Figure 7B). We are unaware of any study that has quantified velocity of shortening in the rat LV tissue of monocrotaline-induced PAH, but note that the peak velocity of contractile element shortening, as well as the mean velocity of LV circumferential fiber shortening, remain unchanged in chronic PAH human patients (Krayenbuehl et al., 1978).

In our experiments, we quantified the active deformation of LV trabeculae dissected from RVF hearts as the maximum extent of shortening in work-loop contractions. Our data showed no change in the extent of shortening between the two groups (Figure 7A), suggesting that the intrinsic contractile properties of LV tissues from RVF hearts, revealed in the absence of RV pressure overload, are unaffected. These results are consistent with the experiments performed by Stool et al. (1974) where acutely decreasing PAH in canine hearts increased LV strain. Our results are also supported by studies showing negligible effects of PAH on either collagen content (Honda et al., 1992; Ishikawa et al., 1992; Hardziyenka et al., 2012) or extent of fibrosis (Lourenço et al., 2006; Fowler et al., 2015) of LV tissues, although several studies have shown a positive effect (Lamberts et al., 2007; Hadi et al., 2011).

Maintenance of Energy Efficiency

Despite removal of the effect of RV pressure overload, the work density of the LV remained lower in RVF hearts (Figure 4). Their lower work density arises from reduced aortic and coronary flows, and hence stroke volume. We attribute this to the atrophic response, which reduced the mass of the LV. The reduction in work density is accompanied by a concomitantly lower total oxygen consumption such that total energy efficiency of the RVF heart remained unchanged at a peak value around 12%. Our peak total efficiency value is consistent with those reported by Neely et al. (1967) who developed the first working rat heart preparation, the technique of which has largely been replicated in this study. With a relatively small RV work output, the isolated working rat heart preparation is specifically designed for assessing the LV energetic performance. Given the relatively large LV mass to heart mass ratio for our Control hearts (0.69 vs. 0.19 RV; Table 1), it is reasonable to normalize LV work output and heart oxygen consumption to the entire heart mass, as done by Neely et al. (1967), as well as by Han et al. in the study of LV hypertrophy (Han et al., 2014a, 2015). In contrast, the LV mass to heart mass ratio of the RVF hearts was reduced to 0.51, and that of RV was increased to 0.35 (Table 1). Given the larger RV mass of the RVF hearts, it is nevertheless still appropriate to normalize total work and oxygen consumption to the entire whole-heart mass for three reasons. First, we obtained consistent results between isolated LV trabeculae (Figure 8), and whole-hearts (Figure 4). Second, we obtained no differences between the two groups in work and oxygen consumption without normalization. Third, we also obtained no differences between the two groups in work and oxygen consumption with normalization to LV mass alone (results not shown).

The heat-stress relation (Figure 5F) arising from the isometric protocol provides an estimate of the stress-independent activation heat (Pham et al., 2017), and its difference to that of the work-loop protocol yields a measure of crossbridge shortening heat (Tran et al., 2017). The lower oxygen consumption and enthalpy output in the LV of the RVF group is not due to the heat of activation, as indicated by an absence of difference between groups in the heat-intercept of the isometric heat-stress relation. Instead, the lower oxygen consumption and enthalpy output arises from a lower heat output from the hydrolysis of ATP by cycling crossbridges particularly during shortening and at high active stresses, as the work-loop heat-stress relation is lower in the LV trabeculae of the RVF group.

CONCLUSIONS

In PAH, the atrophied LV is capable of immediately regaining normal pressure and stress development upon relief of the effects of the pressure overloaded RV. However, the effects of reduced geometry of the atrophied LV remained: reduced LV stroke volume and, hence, stroke work density, as well as reduced oxygen consumption or heat output. Collectively, these findings suggest that reduced LV systolic pressure in vivo is largely due to the mechanical interference of RV pressure overload, whereas the reduced LV stroke work is a consequence of LV atrophic remodeling. Nevertheless, the atrophied LV maintains its energy efficiency, at both whole-heart and tissue levels. Our results explain the outcome of a rapid improvement of LV systolic function observed in patients with chronic pulmonary hypertension following surgical relief of RV pressure overload.
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