J Appl Physiol 124: 1244–1253, 2018.
First published January 25, 2018; doi:10.1152/japplphysiol.00725.2017.

RESEARCH ARTICLE

Organ-level right ventricular dysfunction with preserved Frank-Starling
mechanism in a mouse model of pulmonary arterial hypertension
X Zhijie Wang,1,4 Jitandrakumar R. Patel,2 David A. Schreier,1 Timothy A. Hacker,3 Richard L. Moss,2
and Naomi C. Chesler1,3
1

Department of Biomedical Engineering, University of Wisconsin-Madison, Madison, Wisconsin; 2Department of Cell and
Regenerative Biology, University of Wisconsin-Madison, Madison, Wisconsin; 3Department of Medicine, University of
Wisconsin-Madison, Madison, Wisconsin; and 4Department of Mechanical Engineering, Colorado State University, Fort
Collins, Colorado
Submitted 9 August 2017; accepted in final form 22 January 2018

Wang Z, Patel JR, Schreier DA, Hacker TA, Moss RL, Chesler
NC. Organ-level right ventricular dysfunction with preserved FrankStarling mechanism in a mouse model of pulmonary arterial hypertension. J Appl Physiol 124: 1244 –1253, 2018. First published January 25, 2018; doi:10.1152/japplphysiol.00725.2017.—Pulmonary arterial hypertension (PAH) is a rapidly fatal disease in which mortality
is due to right ventricular (RV) failure. It is unclear whether RV
dysfunction initiates at the organ level or the subcellular level or both.
We hypothesized that chronic pressure overload-induced RV dysfunction begins at the organ level with preserved Frank-Starling mechanism in myocytes. To test this hypothesis, we induced PAH with
Sugen ⫹ hypoxia (HySu) in mice and measured RV whole organ and
subcellular functional changes by in vivo pressure-volume measurements and in vitro trabeculae length-tension measurements, respectively, at multiple time points for up to 56 days. We observed
progressive changes in RV function at the organ level: in contrast to
early PAH (14-day HySu), in late PAH (56-day HySu) ejection
fraction and ventricular-vascular coupling were decreased. At the
subcellular level, direct measurements of myofilament contraction
showed that RV contractile force was similarly increased at any stage
of PAH development. Moreover, cross-bridge kinetics were not
changed and length dependence of force development (Frank-Starling
relation) were not different from baseline in any PAH group. Histological examinations confirmed increased cardiomyocyte cross-sectional area and decreased von Willebrand factor expression in RVs
with PAH. In summary, RV dysfunction developed at the organ level
with preserved Frank-Starling mechanism in myofilaments, and these
results provide novel insight into the development of RV dysfunction,
which is critical to understanding the mechanisms of RV failure.
NEW & NOTEWORTHY A multiscale investigation of pulmonary
artery pressure overload in mice showed time-dependent organ-level
right ventricular (RV) dysfunction with preserved Frank-Starling
relations in myofilaments. Our findings provide novel insight into the
development of RV dysfunction, which is critical to understanding
mechanisms of RV failure.
hypertrophy; myocyte morphology; right heart failure; skinned trabeculae; ventricular-vascular coupling
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INTRODUCTION

Pulmonary hypertension (PH) is a complex disorder that
manifests as abnormally high blood pressure in the pulmonary
vasculature. The World Health Organization (WHO) has classified the disease into five categories: Group I, pulmonary
arterial hypertension (PAH) resulting from increased pulmonary vascular resistance; Group II, PH associated with left
heart disease; Group III, PH associated with lung diseases
and/or hypoxemia; Group IV, PH due to chronic thrombotic
and/or embolic disease; and Group V, other miscellaneous
causes (29). PAH is the most severe form of PH due to its rapid
progression to right ventricular failure (RVF) (48). In the
lungs, it is manifested as marked arterial remodeling and
occlusion, mostly at the small distal arterioles, as well as
mechanical stiffening of both proximal and distal pulmonary
arteries (50). Left untreated, the estimated median survival of
PAH is 2.8 years (17). Treatment strategies for PAH focus on
reversing or reducing pulmonary vascular remodeling. However, even with modern therapy, PAH patients eventually
develop RVF and the clinical outcomes are poor (47, 48). The
mechanisms that underlie RV dysfunction and failure remain
poorly understood.
A variety of tools have been developed to measure ventricular function at different scales (i.e., from the organ level to the
subcellular level). The gold standard for assessment of ventricular performance at the organ level is in vivo pressure-volume
(PV) measurement, which has been performed in the RV of
patients (22, 31) and of rodent models of disease (1–3, 7, 41).
At the cellular or subcellular level, a common approach for
studying ventricular biomechanical performance is via lengthtension relationships of isolated myocytes or trabeculae. This
approach has been used in a limited number of studies investigating RV functional changes in response to PAH in human
subjects (36), neonatal calves (49), and rats (8, 23, 35). Although these reports provide pioneering data about the changes
in RV myofilaments in response to pressure overload, discrepant findings have been published such as the changes in Ca2⫹
sensitivity of myocardial force: a decrease in Ca2⫹ sensitivity
is found in hypoxic neonatal calves RVs (49) whereas no
change in Ca2⫹ sensitivity is reported by others in PAH patient
RVs or rat RVs (8, 23, 36).
Moreover, none of the previous studies have investigated
temporal changes in RV function due to chronic pressure
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overload at both the organ level and the subcellular level.
Therefore, it is unknown whether RV impairment originates at
the organ level or the subcellular level or both simultaneously,
leading to limited insight into the mechanisms of RV failure.
In the present study, we hypothesized that chronic pressure
overload due to PAH initiates RV dysfunction at the organ
level with preserved Frank-Starling mechanism in myofilaments. To test this hypothesis, we adapted a recently established mouse PAH model, by which PAH is induced by the
combined exposure to chronic hypoxia and weekly injection of
Sugen (HySu), a vascular endothelial growth factor (VEGF)
receptor inhibitor (4). We extended the HySu treatment from 2
wk to 8 wk and then characterized RV function at both whole
organ and subcellular levels at different time points. Cellular
and molecular changes in RVs were examined by histology and
immunohistochemistry. Our main finding is that chronic pressure overload caused RV dysfunction at the organ level with
preserved Frank-Starling relations at the subcellular level.
MATERIALS AND METHODS

Animal preparation for in vivo hemodynamic measurements. Male
C57BL6/J mice were obtained from Jackson Laboratory (Bar Harbor,
ME); female mice were not used to reduce variability due to sex
differences (26). Mice were assigned into one of four groups for
exposure to 0 (N ⫽ 9), 14 (N ⫽ 9), 28 (N ⫽ 8), or 56 (N ⫽ 8) days
of normobaric hypoxia (10% oxygen); animals exposed to hypoxia
were also treated weekly with Sugen (SU5416, Sigma) at a dose of 20
mg/kg via intraperitoneal (ip) injection. The 0-day, normoxia control
group was housed in room air; these animals were treated weekly with
(N ⫽ 5) or without (N ⫽ 4) vehicle [i.e., carboxymethyl cellulose
sodium (CMC) solution: 0.5% (wt/vol) CMC, 0.9% (wt/vol) sodium
chloride, 0.4% (vol/vol) polysorbate 80, 0.9% (vol/vol) benzyl alcohol
in deionized water] for 3 wk. We did not observe any differences
between the nontreated and 3-wk CMC-treated controls. All mice
were 10 –14 wk of age at the time of euthanasia to minimize the
effects of aging. As a consequence, mice were 6 wk old at the start of
the 56-day exposure, 8 wk old at the start of the other HySu
exposures, and 10 wk old at the start of the normoxic (control)
exposures. The University of Wisconsin Institutional Animal Care and
Use Committee approved all procedures.
Anesthesia, ventilation, and ventricular exposure. For in vivo
pressure-volume (PV) measurements, mice were anesthetized with
urethane solution (1,000 –1,200 mg/kg body wt ip), intubated, and
placed on a ventilator (Harvard Apparatus, Holliston, MA) using a
tidal volume of ~225 l room air at a respiratory rate of ~125
breaths/min. They were then placed supine on a heated pad to
maintain body temperature at 38 –39°C. A ventral midline skin incision was made and the thoracic cavity was entered through the
sternum. The chest wall and lungs were carefully retracted to expose
the RV. Hydroxyethylstarch (~24 g) (6%; 2 mg/g body wt) was
injected intravenously to restore vascular volumes (39).
Instrumentation and in vivo hemodynamic measurements. The left
carotid artery was cannulated with a 1.2-F catheter with a pressure
transducer at the tip (Scisense, London, Ontario, Canada) and advanced into the ascending aorta to measure systemic blood pressure.
Subsequently, the RV apex was localized and a 1.2-F admittance
pressure-volume (PV) catheter (Scisense) was introduced using a
20-gauge needle leaving the pericardium intact. After instrumentation
was established and initial PV measurements were obtained, the
inferior vena cava was isolated and briefly occluded to obtain alterations in venous return for determination of end-systolic PV relations
(i.e., ESPVR). This vena cava occlusion (VCO) was limited to a few
seconds in duration to avoid reflex responses. VCO was performed at
least three times. The magnitude and phase of the electrical admit-
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tance as well as the RV pressure were continuously recorded at 1,000
Hz and analyzed on commercially available software (Notocord
Systems, Croissy Sur Seine, France) as previously reported (39, 41).
After the in vivo measurements, animals were euthanized by
exsanguination under anesthesia and then RV free wall, left ventricle
(LV) free wall, and septum tissue were harvested and weighed. RV
hypertrophy was assessed by the Fulton index as the weight ratio of
RV and (LV ⫹ septum). Hematocrit was obtained immediately after
euthanasia.
Hemodynamic data analysis. The pressure and volume signals were
recorded and at least 10 consecutive cardiac cycles free of extra
systolic beats were selected and used for the analysis. Standard
hemodynamic variables including heart rate (HR), RV peak systolic
pressure (RVSP), total pulmonary vascular resistance (TPVR, estimated as RVSP/cardiac output) and common RV function parameters
such as stroke volume (SV), stroke work (SW, estimated as the area
within the PV loop), ejection fraction (EF), cardiac output (CO),
chamber compliance (⌬V/⌬P), and effective arterial elastance (Ea)
were exported by Notocord or calculated thereafter. RV contractile
function was quantified in three ways: the slope of the ESPVR (Ees),
preload-recruitable stroke work (PRSW), and dP/dtmax. RV diastolic
function was further measured by dP/dtmin, end-diastolic volume
(EDV), relaxation factor , and the slope of the end-diastolic pressurevolume relations (EDPVR). Finally, the RV-pulmonary vascular interaction was evaluated by ventricular-vascular coupling (VVC), a
well-accepted parameter for RV function assessment in animal and
clinical studies (16, 21, 42), as the ratio of Ees to Ea.
Preparation of skinned RV trabeculae. An additional 27 C57BL6
male mice were used for subcellular measurements of RV function.
Mice were exposed to hypoxia for 0, 14, 28, or 56 days. Those
exposed to hypoxia were also intraperitoneally injected with SU5416
wkly. The 0-day normoxia control mice were intraperitoneally injected with CMC vehicle for 8 wk to match the 56-day HySu animals.
After euthanasia and tissue preparation, the total number of skinned
RV trabeculae measurements was: n ⫽ 6 for 0-day HySu, n ⫽ 10 for
14-day HySu, n ⫽ 12 for 28-day HySu, and n ⫽ 7 for 56-day HySu.
RV trabeculae were isolated as described previously (33). All
solutions were in micromoles per liter. Briefly, the hearts were
removed from mice anesthetized with inhaled isoflurane and then
pinned down to the dissecting dish filled with modified Ringer
solution (120 NaCl, 19 NaHCO3, 1.2 Na2HPO4, 1.2 MgSO4, 5 KCl,
1 CaCl2, 10 glucose; pH 7.4) preequilibrated with 95% O2-5% CO2.
The RVs were cut open and exposed to fresh Ringer solution containing 20 mM 2,3-butanedione monoxime (BDM) for 20 min (2 ⫻
solution change). The RV trabeculae were then dissected free, tied to
sticks to hold muscle length fixed, and transferred to relaxing solution
[100 KCl, 20 imidazole, 7 MgCl2, 2 EGTA, 4 ATP, 0.25 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 0.04 leupeptin, and 0.01 E64; pH 7.0; 4°C] containing 1% Triton X-100. After
skinning overnight, the trabeculae were washed in relaxing solution
(~1 h) and stored at ⫺20°C in relaxing solution containing glycerol
(50:50 vol/vol).
Length-tension experimental solutions, apparatus, and protocols.
Solution compositions (pCa 9.0, preactivating solution, and pCa 4.5)
used for mechanical measurements were calculated as previously
reported (33). A range of Ca2⫹ activating solutions (pCa 6.3–5.4)
were prepared by mixing solutions of pCa 9.0 and pCa 4.5.
On the day of an experiment, skinned trabeculae were washed in
relaxing solution for 30 min before cutting them free from the sticks
and trimming their ends. The trimmed trabeculae were then transferred to a stainless steel experimental chamber containing pCa 9.0
solution. The ends of each trabecula were attached to the arms of a
motor (model 312B, Aurora Scientific) and force transducer (model
403, Aurora Scientific). The chamber assembly was then placed on the
stage of an inverted microscope (Olympus) fitted with a 40⫻ objective and a CCTV camera (model WV-BL600, Panasonic). Images
were acquired using an AGP 4X/2X graphics card and associated
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software (ATI Technologies) and were used to assess mean sarcomere
length (SL) during the course of each experiment. Changes in force
and motor position were sampled (16-bit resolution, DAP5216a,
Microstar Laboratories) at 2.0 kHz and saved using SLControl software developed in this laboratory (http://www.slcontrol.com).
Passive force, Ca2⫹ activated force and apparent rate of force
redevelopment (ktr) were first measured at SL of 2.0 m and then at
2.2 m. Briefly, the skinned trabeculae were stretched to a mean SL
of 2.0 m in pCa 9.0 solution. After measuring length and width, the
preparations were transferred first to preactivating solution, then to
Ca2⫹ activating solution, and finally back to pCa 9.0 solution. Once in
Ca2⫹ activated solution, steady-state force and the apparent rate
constant of force redevelopment (ktr) were measured simultaneously
using the modified multistep protocol developed by Brenner and
Eisenberg (33). That is, after force reached a steady level in pCa
9.0 – 4.5, the length was rapidly reduced by ~20%, held for 14 ms, and
then restretched back to its original length. As a result of restretch,
there was an initial transient increase, followed by a decrease in force
(seen as a spike in the force trace) and subsequent slow recovery of
force nearing the initial steady-state level. The ktr is the rate constant
of force redevelopment after the spike. The drop in force recorded in
solution of pCa 9.0 was taken as passive force and was therefore
subtracted from the drop in total force at each pCa to yield Ca2⫹
activated force (P). The protocol was repeated to establish active
force-pCa and ktr-pCa/relative active force at SL of 2.2 m.
RV trabeculae data analysis. Cross-sectional areas of skinned
trabeculae were calculated assuming that the trabeculae are cylindrical
and using the widths measured from video images. Each Ca2⫹
activated force (P) at pCa between 6.4 and 5.4 was expressed as a
fraction of the maximum Ca2⫹ activated force (Po) developed by
the same preparations at pCa 4.5, i.e., P/Po. To determine the Ca2⫹
sensitivity of isometric force (pCa50), force-pCa data were fitted
with the Hill equation: P/Po ⫽ [Ca2⫹]n/(kn ⫹ [Ca2⫹]n), where n is
the slope (nH; Hill coefficient) and k is the Ca2⫹ concentration for
half-maximal activation (pCa50). ktr was determined by linear
transformation of the half-time of force recovery [ktr ⫽ -ln
0.5 ⫻ (t1/2)⫺1] (33).
RV histology and immunohistochemistry. In additional groups of
mice exposed to HySu for 0, 14, and 56 days (N ⫽ 4 per group), RV
tissues were harvested, fixed in 10% formalin, paraffin embedded, and
longitudinally sectioned for histology analysis. H&E stain was performed to examine the cardiomyocyte morphology, and immunohistochemistry was performed to examine the RV capillary rarefaction
and RV calcium handling capability. Briefly, sections were deparaffinized, rehydrated, heated in pH 6.0 citrate solution (10 mM citric
acid, 0.05% Tween 20) to induce epitope retrieval, and incubated with
0.3% H2O2 to inactivate endogenous peroxidase. Sections were then
blocked with 10% goat serum (Sigma, St. Louis, MO), stained with
rabbit polyclonal anti-human von Willebrand factor (vWF) (1:100,
ab7356, previously Chemicon International and now MilliporeSigma,
Temecula, CA), and visualized with Signal Stain Boost IHC Detection
Reagent (Cell Signaling Technology, Beverly, MA) and DAB substrate kit (8059, Cell Signaling, Danvers, MA). Finally, slides were
counterstained with hematoxylin.
Images were captured using an inverted microscope (TE-2000 –5,
Nikon, Melville, NY) and analyzed using MetaVue (Optical Analysis
Systems, Nashua, NH). The cardiomyocyte morphology was measured by 1) the cell area under the cross-section orientation and 2) the
cardiomyocyte width (or diameter) under the longitudinal orientation
at positions presenting substantial length of uniform width (44). For
each animal, 5–10 regions were selected and averaged to derive the
myocyte cross-sectional area (CSA) or width. For immunostaining
images, the positive staining area (i.e., the brown color) was identified
by color thresholding in a representative field. This area was then
divided by the entire vessel area to calculate the area percentage of
vWF expression. All histology analyses were done by an individual

observer blinded to the condition/group of the histology slides during
the quantification.
Statistical analysis. Statistical analysis of in vivo hemodynamics
was performed using a one-way ANOVA with Tukey HSD test for
exposure groups or generalized least squares with multiple comparisons for exposure. Data analysis was conducted using the R software
version 2.5.1 (R Foundation for Statistical Computing, Vienna, Austria). For the RV trabeculae analysis, either paired or unpaired t-tests
were used. All P values were two-sided, and P ⬍ 0.05 was taken as
statistically significant. All values are presented as means ⫾ SE.
RESULTS

Progression of PAH. RVSP increased progressively as HySu
exposure time increased up to 28 days (control group ⫽ 0-day
HySu) and then plateaued (P ⬍ 0.05, Fig. 1A). The increase in
RVSP tracked the increases in total PVR (see Table 2, P ⬍
0.05) and Ea (P ⬍ 0.05, Fig. 1B).
RV hypertrophy was significant in early PAH and did not
further advance in later PAH (see RV mass and Fulton index in
Table 1, P ⬍ 0.05). Mice in all HySu exposure groups had
increased hematocrit (Table 1, P ⬍ 0.05) as expected. We did
not observe significant changes in mean aortic pressure (MAP)
in early PAH groups; there was a small but significant increase
in MAP in the 56-day HySu group (Table 1). No LV hypertrophy was present in any PAH group compared with control.
RV function at organ level. We quantified organ-level RV
contractile function by PRSW (Table 2), dP/dtmax, and Ees
(ESPVR) (Fig. 1, C and D). As measured by the first two
parameters, RV contractility increased at an early stage (14day HySu) and then plateaued. In contrast, the preload independent contractility (Ees) increased initially (at 14- and 28-day
HySu) and then returned to control levels (at 56-day HySu)
(Fig. 1D).
We also measured parameters that are typically used to
evaluate overall heart function in vivo: EF and SV. With the
progression of PAH, EF gradually decreased and the reduction
reached significance at the 56-day point (Fig. 1E, P ⬍ 0.05).
We observed a trend of reduction in SV but no changes were
statistically significant (Table 1). There were no significant
changes in either heart rate (Table 1) or CO (Table 2).
The ventricular-vascular coupling (VVC), computed as Ees/
Ea, is a useful functional index to capture the ability of the RV
to supply blood flow to the pulmonary circulation against a
given arterial afterload (42). This parameter assesses the organorgan interaction of the entire RV-pulmonary vasculature system. We found that VVC was maintained in early, mild PAH
(14-day HySu) and fell with later, more severe PAH (56-day
HySu, P ⬍ 0.05, Fig. 1F) due to the persistent increase in
arterial afterload (Ea) with control-level RV contractility (Ees).
To assess RV diastolic function, we measured RV chamber
wall compliance, end-diastolic volume (EDV), dP/dtmin, relaxation factor (), and the end-diastolic pressure-volume relationship (EDPVR) (see Table 2). We observed a significant decrease in RV chamber compliance since early PAH (P ⬍ 0.05),
suggesting RV wall stiffening occurred in all stages of PAH.
RV EDV increased significantly in the 56-day HySu group
(P ⬍ 0.05), indicating the RV dilation at late PAH. dP/dtmin
was markedly reduced at early PAH and continued decreasing
with increased HySu exposure duration (P ⬍ 0.05). There was
a significant decrease in , a preload-independent measure of
isovolumic relaxation, with early PAH, but  returned toward
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Fig. 1. Changes in RV systolic pressure (A), total arterial afterload Ea (B), dP/dtmax (C), Ees (D), ejection fraction (E), and ventricular-vascular coupling (Ees/Ea)
(F) after 14-, 28- and 56-day HySu exposure. *P ⬍ 0.05 vs. normoxia. †P ⬍ 0.05 vs. 14-day HySu. N ⫽ 8 –9 per group.

control levels in the 28-HySu and 56-day HySu groups (P ⬍
0.05). Finally, we did not observe significant changes in the
EDPVR in any PAH group.
RV function at subcellular level. The passive force generated
by RV trabeculae at different sarcomere lengths (SL) was
measured, and the SL-dependent changes in passive force were
identical in all groups. At SL 2.0 m, passive force measured
in all PAH trabeculae was similar to the control, and at longer
SLs, the passive force was elevated in all PAH trabeculae and
Table 1. Changes in whole body parameters after 14-, 28and 56-day HySu exposure
Normoxia

14-day HySu 28-day HySu 56-day HySu

RV mass, mg
20 ⫾ 1
31 ⫾ 2*
34 ⫾ 2*
32 ⫾ 2*
LV⫹ septum mass, mg 78.3 ⫾ 2.2 77.8 ⫾ 4.3
78.9 ⫾ 4.5
74.0 ⫾ 4.6
BW, g
25.3 ⫾ 0.6 23.2 ⫾ 0.4
24.1 ⫾ 0.6
24.4 ⫾ 0.7
Fulton index, mg/mg
0.26 ⫾ 0.01 0.40 ⫾ 0.02* 0.44 ⫾ 0.03* 0.43 ⫾ 0.01*
Hct, %
46 ⫾ 1.1
75 ⫾ 2.2*
61 ⫾ 0.4*
69 ⫾ 1.0*
HR, beats/min
552 ⫾ 16
597 ⫾ 17
597 ⫾ 17
602 ⫾ 14
MAP, mmHg
53 ⫾ 5
55 ⫾ 3
55 ⫾ 1
72 ⫾ 3*†#

Results are presented as means ⫾ SE; n ⫽ 8⫺9 per group. RV, right
ventricle; LV, left ventricle; S, septum; BW, body weight; Hct, hematocrit.
*P ⬍ 0.05 vs. Normoxia. †P ⬍ 0.05 vs. 14-day HySu. #P ⬍ 0.05 vs. 28-day
HySu.

there was no difference in PAH groups (Fig. 2A). Detailed
results are presented in Table 3.
Next, we examined the maximal Ca2⫹-activated force at
different SL. All PAH groups showed significantly elevated
activated force at every SL except for the 56-day HySu group
at SL 2.2 m (Table 3). When trabeculae were stretched from
SL 2.0 to 2.2 m, there was a significant increase in maximum
Ca2⫹-activated force in both control and PAH trabeculae
(Table 3). Thus SL-dependent increases in maximum Ca2⫹activated force were evident and similar in all groups of
trabeculae.
We also examined Ca2⫹ sensitivity of force (pCa50) in the
RV trabeculae. The time-dependent changes in pCa50 were
different from those observed in passive or maximal Ca2⫹activated forces. Interestingly, pCa50 was significantly higher
in 14-day HySu trabeculae compared with control trabeculae,
and this increase was absent in 28- and 56-day HySu trabeculae
(Fig. 2B). When stretched from SL 2.0 to 2.2 m, the pCa50
values increased in all four groups of trabeculae. Thus SLdependent increases in Ca2⫹ sensitivity of force were evident
and similar in all groups of trabeculae.
Finally, at both SLs, the Hill coefficient (nH) and the apparent rate of maximum force redevelopment (ktr) were similar in
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Table 2. Changes in pulmonary and RV hemodynamics after 14-, 28- and 56-day HySu exposure
⫺1

Total PVR, mmHg·ml ·min
PRSW, mmHg
RV EDV, l
RVEDP, mmHg
RV compliance, l/mmHg
, ms
dP/dtmin, mmHg/s
RV ESV, l
SV, l
CO, ml/min
EDPVR, mmHg/l

Normoxia

14-day HySu

28-day HySu

56-day HySu

3.3 ⫾ 0.3
19 ⫾ 1
24 ⫾ 1
0.8 ⫾ 0.1
0.53 ⫾ 0.03
5.7 ⫾ 0.5
1,657 ⫾ 213
9.8 ⫾ 0.6
14.7 ⫾ 1.0
8.1 ⫾ 0.6
0.08 ⫾ 0.01

4.5 ⫾ 0.5
28 ⫾ 3
26 ⫾ 3
1.2 ⫾ 0.1
0.36 ⫾ 0.04*
3.1 ⫾ 0.6*
2,630 ⫾ 195*
12.4 ⫾ 2.6
14.9 ⫾ 1.4
8.9 ⫾ 0.9
0.08 ⫾ 0.01

5.6 ⫾ 0.3*
26 ⫾ 1
30 ⫾ 1
1.4 ⫾ 0.2*
0.30 ⫾ 0.01*
5.0 ⫾ 0.3
3,525 ⫾ 161*†
16.5 ⫾ 1.3
13.4 ⫾ 0.7
8.0 ⫾ 0.5
0.09 ⫾ 0.01

5.8 ⫾ 0.3*
27 ⫾ 2
35 ⫾ 2*
1.1 ⫾ 0.1
0.29 ⫾ 0.01*
5.3 ⫾ 0.5†
3,480 ⫾ 138*†
21.2 ⫾ 2.3
13.4 ⫾ 0.7
8.0 ⫾ 0.4
0.07 ⫾ 0.01

Results are presented as means ⫾ SE; n ⫽ 8⫺9 per group. PVR, pulmonary vascular resistance; PRSW, preload recruitable stroke work; RV EDV, RV
end-diastolic volume; RVEDP, RV end-diastolic pressure (RVEDP, mmHg), , relaxation factor; RV ESV, RV end-systolic volume; SV, stroke volume; CO,
cardiac output; EDPVR, end-diastolic pressure-volume relationship. *P ⬍ 0.05 vs. Normoxia. †P ⬍ 0.05 vs. 14-day HySu.

PAH and control trabeculae, and all PAH trabeculae redeveloped maximum force at similar rates as control (Table 3).
When stretched from SL 2.0 to 2.2 m, there were a decrease
in nH values and a small but insignificant decrease in ktr in all
four groups of trabeculae.
Morphological and biological changes in RV cardiomyocyte.
Because we found some differences in RV function between
early- and late-PAH groups, we further investigated the structural changes in these RVs as well as the control RVs (i.e.,
normoxia, 14-day HySu and 56-day HySu groups). We examined the cardiomyocyte morphology with 2 different orientations. In the cross-sectional orientation, the RV myocyte CSA
was increased similarly at both early and late PAH (Fig. 3,
A–D; P ⬍ 0.05). In contrast, with the longitudinal orientation,
the RV myocyte width was increased only in late PAH (Fig. 3,
E–H; P ⬍ 0.05). In addition, qualitatively, the cell alignment
was well-organized in control and early PAH and became
disorganized (loss of parallel striation and increased waviness)
in late PAH (Fig. 3, E–G). These morphological changes
indicated that the hypertrophy index of myocyte width, not
myocyte CSA, is distinct in RV of late PAH from RV of early
PAH.
We further measured the expression of vWF in blood vessels
in these RVs. As vWF is routinely expressed by healthy

In the present study, we examined the temporal changes in
RV structure and function at the organ level and subcellular
level using a mouse model of PAH that displays many of the
hallmarks of the human disease (4). The main finding is that
the initiation of RV dysfunction due to chronic pressure overload was accompanied by no impairment of the Frank-Starling
mechanism in the myofilaments. Specifically, we found that
with pressure overload: 1) RV EF decreases and RV contractility becomes uncoupled from the afterload (i.e., VVC decreases) in late PAH, indicating RV dysfunction; 2) in both
early and late PAH, RV trabeculae passive force increases and
RV wall compliance decreases, suggesting that ventricular
stiffening is universally present during the progression of RV
dysfunction; 3) in all PAH groups, the Frank-Starling mechanism is preserved in cardiac trabeculae; 4) myocyte CSA was
increased and RV vWF expression was decreased since early
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A 15

endothelial cells, the amount of vWF expression is a good
indicator of coronary artery perfusion in RVs (54, 56). As
shown in Fig. 3, I and J, both early and late PAH had similarly
decreased vWF expression in RVs (P ⬍ 0.05). Thus coronary
perfusion is likely impaired early in PAH development.
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Fig. 2. Changes in SL-dependent changes in passive force (A) and Ca2⫹ sensitivity of force (pCa50) (B) in skinned RV trabeculae. The measurements were done
in skinned normoxia (n ⫽ 6), 14-day HySu (n ⫽ 10), 28-day HySu (n ⫽ 12), and 56-day HySu (n ⫽ 7) RV trabeculae. *P ⬍ 0.05 vs. SL ⫽ 2.0 m in the same
trabeculae. †P ⬍ 0.05 vs. normoxia at the same SL.
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Table 3. Summary of SL-dependent changes in mechanical properties of skinned RV trabeculae
SL, m

Passive Force, mN/mm2

2.0
2.2

1.49 ⫾ 0.15
3.40 ⫾ 0.28*

2.0
2.2

1.52 ⫾ 0.11
4.26 ⫾ 0.22*#

2.0
2.2

1.91 ⫾ 0.18
5.26 ⫾ 0.24*#

2.0
2.2

1.69 ⫾ 0.22
5.04 ⫾ 0.36*#

Maximum Ca2⫹ Activated
Force, mN/mm2

Hill Coefficient, nH

Normoxia (6/6)
2.42 ⫾ 0.04
2.40 ⫾ 0.04
14-day HySu (10/7)
34.32 ⫾ 1.54#
2.50 ⫾ 0.08
45.88 ⫾ 2.16*#
2.42 ⫾ 0.06*
28-day HySu (12/7)
34.91 ⫾ 2.49#
2.35 ⫾ 0.03
46.75 ⫾ 2.98*#
2.26 ⫾ 0.02*
56-day HySu (7/7)
33.16 ⫾ 2.75#
2.41 ⫾ 0.08
44.12 ⫾ 5.07*
2.34 ⫾ 0.05
25.52 ⫾ 1.28
35.23 ⫾ 2.78*

Ca2⫹ Sensitivity of
Force, pCa50

Maximum Rate of Force
Redevelopment, (ktr), s⫺1

5.73 ⫾ 0.01
5.78 ⫾ 0.01*

32.82 ⫾ 2.11
31.46 ⫾ 2.11

5.76 ⫾ 0.01#
5.82 ⫾ 0.01*#

31.52 ⫾ 0.74
29.83 ⫾ 0.85

5.74 ⫾ 0.01
5.80 ⫾ 0.01*

33.41 ⫾ 1.50
32.70 ⫾ 1.31

5.71 ⫾ 0.01
5.78 ⫾ 0.01*

31.83 ⫾ 1.57
31.21 ⫾ 1.77

All values are expressed as means ⫾ SE, with the no. of skinned RV trabeculae/mice hearts given in parentheses. *Significantly different from values recorded
at SL ⫽ 2.0 m. #Significantly different from values recorded at the same SL in normoxia trabeculae.

PAH, suggesting cell enlargement and impaired myocardial
perfusion contribute to the organ hypertrophy and dysfunction;
and 5) myocyte width was increased only in late PAH, suggesting increased myocyte width rather than increased CSA is
a morphological signature of RV dysfunction.
The cause of death in severe PAH is typically RV failure.
However, RV failure is a complex process and our current
understanding of RVF is at a preliminary stage, largely shaped
by the literature on left ventricle (LV) failure (5, 30, 37). It has
become increasingly clear that, due to the differences in embryologic origin, anatomy, and function, the pathologies of the
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two chambers are quite distinct (9). Indeed, a unique feature of
RVF secondary to PAH is its reversibility after lung transplant
(13). This suggests that the RV maladaptation is recoverable
and probably due to different mechanisms at the organ level
and the cellular level.
The development of pressure overload-induced RV dysfunction, which ultimately leads to RV failure, is poorly understood. A recent consensus concerning right heart failure defines
it as “a clinical syndrome due to an alteration of structure
and/or function of right heart circulatory system that leads to
sub-optimal delivery of blood flow (high or low) to the pul-
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Fig. 3. Morphological and molecular changes in RVs. A–C: representative histology images of cross-section orientation of myocytes from normoxia, 14-day, and
56-day HySu groups. D: myocyte cross-sectional area changes in these RVs. E–G: representative histology images of longitudinal orientation of myocytes from
Normoxia, 14-day, and 56-day HySu groups. H: myocyte width changes in these RVs. I: representative histological images of RVs stained for vWF expression
(brown color) in Normoxia, 14-day, and 56-day HySu groups. Arrows indicates blood vessels found in RV tissues. J: vWF expression level changes in these
RVs. *P ⬍ 0.05 vs. normoxia. †P ⬍ 0.05 vs. 14-day HySu. N ⫽ 4 per group. Scale bar, 50 m.
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monary circulation and/or elevated venous pressures—at rest
or with exercise” (30). Due to a lack of clinical definition of
RV failure with cut-off values for functional parameters (e.g.,
in RV EF or CO), prior studies include heterogeneous phenotypes of RV structure and function at different time points,
severity, and species (3, 4, 8, 36, 39, 41, 49). Moreover, most
studies examine RV function at either the organ level or
cellular level but not both. To date, the present study is the first
to investigate the development of RV dysfunction, in a timedependent manner, at both the organ level and myocyte level.
Transition from RV function to dysfunction at whole organ
level. We observed continuous PAH progression as evidenced by the monotonically increasing total PVR, arterial
afterload (Ea), RVSP, PRSW, dP/dtmax, and dP/dtmin; and,
with the persistent pressure overload, the RV chamber
dilated and EF decreased significantly, which are often
observed in failing RV (48).
The progression of RV dysfunction was more pronounced in
the changes in ventricular-vascular coupling (VVC; Ees/Ea). In
early PAH (up to 14-day HySu), preload-independent RV
contractility measured by ESPVR (Ees) increased to match the
increased arterial afterload, and as a result, VVC was maintained (Fig. 1). This increased contractile function was accompanied by an increase in RV mass (see Fulton index in Table
1) and no increase in RV chamber size (see RV EDV in Table
2). Thus overall, organ function was preserved. From 28-day
HySu to 56-day HySu, which is late PAH, ESPVR was not able
to match the continuously increased afterload, and VVC started
to drop with the reduction being significant in the 56-day HySu
group (Fig. 1). In this most severe PAH group, RV mass did
not further increase compared with early PAH, EF was significantly decreased, and RV chamber volume was significantly
increased. Thus the organ function was impaired.
Absence of impairment in Frank-Starling relations at subcellular level despite RV dysfunction at whole organ level.
Whereas we observed time-dependent changes in RV function
at the whole organ level, the investigation of RV trabeculae
revealed different time-dependent cellular changes. More importantly, at all time points, the SL-dependent changes in RV
trabeculae mechanical properties in PAH were similar to
healthy controls, indicating that the Frank-Starling mechanism
was preserved in PAH RVs.
Ca2⫹ sensitivity of force (pCa50) was higher than in control
trabeculae only in the 14-day HySu trabeculae (Fig. 2B, P ⬍
0.05) and then started to decrease at later time points (Fig. 2B).
Changes in myofilament calcium sensitivity is a primary cause
of reduced contractile performance of the heart although disparate results have been found between rodent studies and
human studies, i.e., high Ca2⫹ sensitivity is found in human
failing LVs but low Ca2⫹ sensitivity is found in some animal
failing LVs (28). Thus in LV failure, both increased and
decreased Ca2⫹ sensitivity have been reported (27, 28, 46).
Inconsistent reports of changes in Ca2⫹ sensitivity are similarly
found in RV failure research. A decrease in pCa50 has been
found in hypoxic neonatal calves RVs (49), but no change in
Ca2⫹ sensitivity is reported in PAH patient RVs (36), monocrotaline-induced failing rat RVs (tested near physiological
frequency) (23) or in pulmonary arterial banding (PAB) rat
RVs (8). Thus changes in pCa50 are variable and may be
dependent on the stage or severity of the heart failure or
experimental procedures adopted (including the choice of con-

trols) or animal model used. More interestingly, our results
concerning the time-dependent changes in pCa50 agree with the
hypothesis of de Tombe (28) that heart failure is associated
with early increase in myofilament Ca2⫹ sensitivity that reverts
to decreased Ca2⫹ sensitivity at end-stage heart failure.
SL-dependent increases in passive force, maximum Ca2⫹activated force, and Ca2⫹ sensitivity of force were observed in
all RV trabeculae, confirming prior reports in healthy rat
trabeculae (19, 33), healthy mouse trabeculae and myocytes (6,
20, 24), healthy bovine and porcine ventricular strips (6, 10,
43), healthy human ventricular myocytes (6, 45), as well as
ventricles with pulmonary pressure overload from a variety of
species [in rat (8), calf (49) and human (36)]. Previous in vitro
studies on failing human LVs have yielded conflicting results:
whereas some reported the Frank–Starling mechanism to be
abolished (40), others showed that the length-tension relationship is preserved (52). In contrast, the findings on RVs with
pressure overload are very clear as all studies report a preserved Frank-Starling mechanism (8, 36, 49), including our
own data.
At SL ⬎2.0 m, the passive force measured in all PAH
trabeculae was significantly higher than that of the normoxia
trabeculae (Fig. 2A, P ⬍ 0.05), and there were no further timeor severity-dependent changes in passive force. This initial
increase in passive force was also reported in PAH patients
with diastolic dysfunction defined as increased EDPVR (36).
The increased length-dependent passive force, as a significant
cellular change in the PAH trabeculae, could affect the
organ-level pressure-volume relationships and right heart
hemodynamics. Here we did not observe significant changes
in EDPVR or ; however, there was a significant reduction
in RV chamber compliance, RV dilation, and increase in
dP/dtmin (Table 2, P ⬍ 0.05). These changes suggest a
stiffened ventricular wall and enlarged chamber with increased rate of isovolumic relaxation (dP/dtmin).
Since titin and collagen predominantly contribute to passive
force in myocardium (15, 35, 53), the increase in passive force
in PAH trabeculae may be due to changes in either titin isoform
type/phosphorylation state or collagen isoform type/content or
both. Here we did not examine the titin in mouse RVs, but we
have previously reported an increased collagen accumulation
in the RVs of the same mouse PAH model (51), which suggests
that the elevated passive force may be due to changes in
collagen expression and subsequent fibrosis.
Cellular and molecular changes associated with RV
dysfunction. In addition to the functional changes, we examined the structural changes in these RVs via histology and
immunohistochemistry. Cardiomyocyte morphology is an important indicator of cardiac hypertrophy and the commonly
examined parameters include myocyte CSA, length, width, and
volume (36, 38). Here we observed a similar degree of CSA
increase (~40%) in 14-day and 56-day HySu RVs. Since the
same changes were observed in RV mass increase (Table 1),
our results demonstrate that CSA enlargement contributes to
the organ-level hypertrophy. Moreover, neither the RV mass
nor the myocyte CSA further increased in late PAH when RV
dysfunction occurred, which is consistent with prior findings
that myocyte CSA does not increase with transition to failure
in LVs in either hypertensive (11, 32) or myocardial infarction
subjects (12, 55). The exact subcellular changes during myocyte CSA enlargement are unclear, and it is unknown how
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these changes contribute to the development of RV dysfunction.
In contrast, the myocyte width measurement showed a
significant increase in dysfunctional RVs from late PAH, and
there was no increase in RVs from early PAH. Therefore,
myocyte width may be a useful morphological marker for RV
dysfunction. Although myocyte lengthening is associated with
heart failure in LVs (11), it is challenging to measure in
histological thin sections of tissue. This first report of the RV
myocyte morphology change in dysfunctional RVs suggests
myocyte width rather than CSA could be used as a simply
measured cellular signature of RV dysfunction.
At the molecular level, the vWF expression, which measures
endothelial cell function in coronary vessels, was reduced in
RVs of both early and late PAH. These data suggest that
impaired myocardial perfusion may be an additional key factor
underlying the progression of RV dysfunction. Abnormal coronary circulation such as decreased vascular density (34) or
RV ischemia (14) has been reported in failing human RVs.
Moreover, an miRNA-126 treatment designed to improve RV
vascular density has been shown to reverse RV failure in a rat
model of PAH (14). This evidence not only suggests an
important role of myocardial perfusion in RV dysfunction
progression but also indicates that myocyte impairment may be
limited (e.g., with preserved Frank-Starling mechanism) so that
the RV dysfunction/failure is reversible (13).
RV dysfunction and failure: understanding of mechanisms.
Presently there is no clear clinical definition of RV failure,
probably due to the lack of detailed cellular and molecular
mechanisms to explain RVF (47, 48). At the physiological
level, RV failure has been identified by reduction in CO, SV,
and/or EF, RV wall dilation, or decrease in contractility or
VVC. But not all of these parameters are able to consistently
predict RV failure: in some cases RV contractility increases as
an adaptive response but SV or CO decreases, fulfilling a
definition of failure (25); in other cases, the failing RV has
reduced EF and diastolic dysfunction yet preserved CO (36). A
recent study on sex differences in PAH patients suggests EF
may be a more sensitive parameter for disease progression than
CO (18). Therefore, it is necessary to understand the progression of RV dysfunction (and ultimately RV failure) to better
care for patients.
In our late-PAH group (56-day HySu), we observed significant decreases in VVC and EF accompanied by RV chamber
dilatation (EDV increase), and these data strongly indicate RV
dysfunction. However, none of the PAH groups showed decreased SV or CO, which suggests a lack of established RV
failure. Therefore, our experimental study captured the initiation of RV dysfunction, not an end-stage RV failure, due to
chronic pressure overload. More importantly, the simultaneous
examination of functional changes at whole organ and subcellular levels reveals time-dependent functional changes at the
whole organ level accompanied by preserved Frank-Starling
mechanism at the myocyte level.
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