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Abstract

Objective—Myocardial angiogenesis is presumed to play a role in right ventricular (RV)
adaptation to pulmonary hypertension (PH), though definitive evidence and functional correlations
are lacking. We aimed to use definitive methods to correlate RV angiogenesis, hypertrophy, and
function in a murine PH model.

Methods—Mice were exposed to chronic hypoxia for 21 days to induce PH (CH-PH) and RV
remodeling. We used unbiased stereology and flow cytometry to quantify angiogenesis and
myocyte hypertrophy, and pressure-volume loops to measure RV function.

Results—Within 7 days, RV-specific increases in total capillary length (10576+2574 cm vs.
682241379 cm; P = 0.02), surface area (10+3.3 cm? vs. 4.9+1.5 cm?; P = 0.01), and volume
(0.0013+0.0005 cm? vs. 0.0006+0.0001 cm3; P = 0.02) were observed, and RV endothelial cell
proliferation increased nearly 10-fold. Continued exposure led to progressive RV hypertrophy
without additional angiogenesis. RV function was preserved, but activation of hypoxia-dependent
gene expression was observed in both ventricles after 21 days.

Conclusions—Early RV remodeling in CH-PH is associated with RV angiogenesis and
preserved RV function. Continued CH-PH is associated with RV hypertrophy but not
angiogenesis, leading to biventricular activation of hypoxia-dependent gene expression.
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Introduction

Pulmonary hypertension (PH) is a serious complication of chronic cardiac and pulmonary
disease. In some cases, subsequent right ventricular (RV) pressure overload can lead to RV
failure and premature death. Indeed, RV dysfunction is a principal determinant of functional
capacity and prognosis in PH, regardless of etiology [8, 16, 30]. The chronicity of PH allows
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time for adaptive RV remodeling, characterized primarily by concentric hypertrophy with
preserved RV function [22].

Current understanding of the mechanisms regulating adaptive RV remodeling in PH is
incomplete. Hypertrophy of individual cardiac myocytes (CM), accompanied by obligate
reorganization of the extracellular matrix is well accepted [3, 15]. In addition, RV-specific
changes in myocyte gene expression (reversion to a “fetal gene program”) [31] and
transition to “glycolytic” metabolism (increased reliance on glucose as a substrate, increased
glycolysis, reduced glucose oxidation) have been described [1]. As the metabolic demands
of the anabolic myocardium increase, commensurate increases in myocardial perfusion are
necessary. Angiogenesis has been convincingly demonstrated in animal models of left
ventricular (LV) hypertrophy [27], however, the role of angiogenesis in RV adaptive
remodeling is less clear.

Animal models of chronic hypoxia-induced PH (CH-PH) cause adaptive RV remodeling,
with changes in RV capillary density (capillaries/mm?2) reported in some studies [13] but not
others [21, 29]. Importantly, the methods used to quantify angiogenesis have intrinsic
limitations that have led to variable interpretation. Relative growth of cardiac myocytes has
been inconsistently considered in these assessments, and non-random sampling methods
promote unintentional bias due to the complexity of the three-dimensional microvascular
architecture. In PH models associated with RV failure (e.g., monocrotaline, MCT; VEGF
receptor antagonist SU5416 combined with CH; Su/CH), reduced capillary density in the
failing RV myocardium has been described [4, 21], suggesting an important association
between the RV microcirculation and ventricular function. However, similar methodological
issues exist in these studies, and the relationship between microvascular supply and RV
contractility has not been explicitly explored.

In the present study, we tested the hypothesis that coordinate RV angiogenesis and myocyte
hypertrophy occur during adaptive RV remodeling in a murine model of CH-PH, leading to
preserved RV function. We combined unbiased stereological morphometric analyses and
flow cytometry to measure angiogenesis in an effort to address some of the technical
limitations of previous studies.

Murine model of chronic-hypoxic pulmonary hypertension

Adult male C57 BL/6 mice (Jackson Laboratories; Bar Harbor, ME), aged 8-10 weeks, were
exposed to normobaric hypoxia (10% O», balance nitrogen) for up to three weeks. Mice
were housed in a ventilated plexiglass chamber, and nitrogen was added through a regulator
(Pro-Ox 110; Biospherix; Lacona, NY) to maintain the O, concentration of ambient air in
the chamber at 10%. Excess CO, was removed with soda lime. The chamber was opened
twice weekly for cage changes. Food and water were available ad libitum. RV remodeling
(hypertrophy) was quantified by measuring the mass ratio of the RV free wall to the LV and
septum (Fulton Index). Pulmonary vascular remodeling was assessed semi-quantitatively in
formalin-fixed, paraffin-embedded lung sections. Sections were stained with a monoclonal
anti-human smooth muscle actin antibody (DAKO; Carpinteria, CA). The percentage of
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visible vessels < 100 pm in diameter with full (continuous ring of SM-actin staining), partial
(incomplete ring of SM-actin staining), and no (no SM-Actin staining) muscularization was
determined in a blinded fashion from 6 randomly selected 10X fields per animal (5 animals/
group). In total, greater than 300 vessels were counted per treatment condition. Venous
blood hematocrit was measured following centrifugation in microcapillary tubes to assess
hypoxia-induced polycythemia. For some experiments, mice were injected intraperitoneally
with 60 mg/kg pimonidazole-HCI (Hypoxyprobe-1; Hypoxyprobe Inc.; Burlington, MA)
one hour prior to harvesting tissue for assessment of tissue hypoxia. Pimonidazole-adducts
were semi-quantitatively assessed by western blot given the higher sensitivity of this
detection method (compared with immunohistochemistry), as previously reported [24].

Quantification of right ventricular angiogenesis

RV angiogenesis was quantified using stereological methods to estimate total RV capillary
length, surface area, and volume. Mice were anesthetized with intraperitoneal pentobarbital
(60 mg/kg). Heparin (0.1 mL of 0.05 U/uL) was injected into the vena cava and allowed to
circulate for 2-3 minutes. The heart was arrested in diastole by injection of saturated
potassium chloride into the vena cava, and mice were exsanguinated. Hearts were removed
and preserved by immersion fixation in 10% formalin. Following removal of the atria and
great vessels, the RV free wall was dissected from the septum and LV, and both ventricles
were weighed. RV mass was converted to a reference volume by dividing by the density of
muscle tissue (1.06 g/cm?3), as previously reported [5, 6, 32]. The RV was cut into 8-10
blocks of approximately 2 mm x 2 mm. Four blocks were chosen by systematic uniform
random sampling; these were pre-embedded in spherical agarose molds to generate isotropic
uniform random (IUR) sections in paraffin according to the isector method [19]. IUR
sections on glass slides were de-paraffinized using xylene and a graded ethanol series, and
stained with fluorophore-conjugated probes specific for endothelial cell glycoproteins
(isolectin 1B4; Molecular Probes) and myocyte plasma membrane glycoproteins (wheat
germ agglutinin; Molecular Probes), as previously described [14]. Digital images were
obtained from ten 60-X fields per section, and stereological endpoints reflecting capillary
length (profiles), surface (intersections), and volume (points) were quantified in a blinded
manner using freely available software [28]. Counts were converted to tissue densities using
the following equations:

1. length density = 2*Q/Ap * Pry
2. surface density = 2*I/Lp * Pry
3. volume density = XPcap/>Pry

Where Q = the number of capillary profiles counted, Ap = area represented by a probe point,
Prv = the number of points hitting the RV, | = the number of capillary intersections with
line probes, Lp = the length of a line probe, and P¢,, = the number of points hitting
capillaries. Individual densities were then converted to total capillary length, surface, and
volume by multiplying by the reference volume for each animal.

The number of animals, IUR sections, and images quantified for each experiment was
determined by estimating the contribution of methodological error (versus true biological
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variability) to the observed coefficient of variability for pilot experiments including 5
animals, 4 tissue blocks/animal, and 10 fields/ block. In this assessment, the contribution of
methodological variability was <50% of the observed coefficient of variability for all
measures, indicating that this approach was methodologically adequate [18].

Flow Cytometry

Mice exposed to normoxia or CH for 1 or 3-weeks were anesthetized with pentobarbital,
exsanguinated, and hearts were removed for preparation of single cell suspensions. The RV
free wall was dissected from the LV and septum. Both fractions were minced and incubated
in RPMI media containing 0.25% collagenase | (Worthington Biochemical Corporation;
Lakewood, NJ) and 0.05% DNase | (Sigma-Aldrich; Saint Louis, MO) for 45 minutes at 37
degrees. Suspensions were triturated through an 18-g needle and filtered through a 70 um
mesh prior to staining. Single cell suspensions were stained with the LIVE/DEAD Fixable
Blue Cell Dead Stain Kit (Life Technologies; Grand Island, NY) and a Pacific Blue
conjugated anti-mouse CD31 monoclonal antibody (Biolegend, Inc.; San Diego, CA) prior
to fixation and permeabilization with the Foxp3/Transcription Factor Staining Buffer Set
(eBiosicence, Inc.; San Diego, CA). Fixed and permeabilized single cell suspensions were
subsequently stained with a PE-conjugated anti-human Ki-67 antibody (recognizes mouse
Ki-67; BD Pharmingen; San Jose, CA). Matching isotype control antibodies were included
for each stain. Right and left ventricular cell suspension were then subjected to flow
cytometry using a FACSAria cell sorter and analyzer (BD Biosciences), and data were
analyzed using FlowJo software (v. 7.6.5; Ashland, OR). The percentage of live, CD31*
cells staining positively for Ki-67 was used as a measure of endothelial cell proliferation.

Measurement of RV hemodynamics

Mice were anesthetized with intraperitoneal pentobarbital (60 mg/kg) and mechanically
ventilated with the following parameters: tidal volume = 10 ml/kg; rate = 160
breaths*min~1). Temperature was maintained at 37° C (+0.4°) using a heating pad
controlled by a proportional-integral-derivative temperature control unit (Doccol; Sharon,
MA). The apex of the heart was exposed by diaphragmotomy, and a 1.2F P-V catheter
(Transonic Systems, Inc.; Ithaca, NY) was inserted into the RV. Instantaneous pressure and
electrical conductance signals were obtained and recorded on a PowerLab data acquisition
system (ADInstruments, Inc.; Colorado Springs, CO), and the conductance signal was
converted to a volume estimate using a proprietary algorithm through the ADVantage
pressure-volume control unit (Transonic). The stroke volume estimate (25 L) used in this
algorithm was consistent with previous reports in the literature [20], and was confirmed via
direct measurement of cardiac output at the ascending aorta using a 1.5 mm perivascular
flow probe (Transonic, Inc.). After loops were generated from anesthetized animals in the
steady state, we measured pressure-volume loops during inferior vena cava occlusion
through manual compression. Data were recorded and analyzed using LabChart 7 software
(ADInstruments, Inc.).

Measurement of RV protein and RNA expression

RV free wall and LV/septal specimens were flash-frozen immediately after euthanasia for
measurement of protein and RNA expression. Tissue homogenates were prepared in RIPA
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Lysis and Extraction Buffer (protein; Thermo Fisher Scientific, Inc.; Rockford, IL) or Trizol
Reagent (RNA; Thermo Fisher Scientific, Inc.) using the Bullet Blender Homogenizer cell
disrupter (Next Advance, Inc.; Averill Park, NY). Protein lysates were used for ELISA
(mouse VEGF Quantikine ELISA, R&D Systems; Minneapolis, MN) or western blotting
using commercially available antibodies directed against pimonidazole adducts

(PADb2627 ;Hypoxyprobe, Inc.; Burlington, MA) or hsp90 (Cell Signaling Technologies;
Beverly, MA). Image J software (NIH) was used to quantify band density. Total RNA was
further extracted with chloroform, precipitated with isopropanol, and washed with ethanol
prior to purification with the RNeasy kit (QIAgen; Germantown, MD). Purified RNA was
used to generate cDNA using the RT2 First Strand system (QIAgen). Quantitative PCR was
performed using primers specific for mouse VEGFa (forward =
TGTGCGCAGACAGTGCTCCA; reverse = AGCCTGGGACCACTTGGCAT), VEGFb
(forward = AAAGGAGAGTGCTGTGAAGCCAGA; reverse =
TGGAAAGCAGCTTGTCACTTTCGC), and hsp90 (forward =
TCGGCTTTCCCGTCAAGATGCC; reverse = AGAAGGGTCCGTCAGGCTCTCA),
generated using the Primer-BLAST program freely available through the National Center for
Biotechnology Information website (www.nchi.nlm.nih.gov). Relative changes in gene
expression were quantified using REST 2009 (QIAgen), with significant changes quantified
using a pairwise reallocation randomization test. Global expression profiles of hypoxia-
dependent gene expression were measured by quantitative PCR using the Mouse Hypoxia
Signaling Pathway PCR array (QIAgen), and relative changes in gene expression were
quantified using the AAC; method via RT2 Profiler PCR Array Data Analysis software
(version 3.5; QlAgen).

Statistical Analysis

Results

Comparison of means between two groups was made using an unpaired t-test, with Welch’s
correction in the setting of unequal variances, as appropriate. Comparison of means between
control groups and CH-exposed groups at multiple time points was made using one-way
ANOVA, with post-hoc testing corrected for multiple comparisons using Dunnett’s test. In
experiments where time represented a second variable, two-way ANOVA was used to
compare differences between group means. Comparison of proportions of muscularized and
non-muscularized pulmonary vessels was made via Pearson’s chi-square test. A two-tailed P
value < 0.05 was considered statistically significant in all experiments. Statistical analyses
were performed using GraphPad Prism software (v 6.04; GraphPad Software, Inc.; La Jolla,
CA).

Chronic hypoxia induces progressive RV hypertrophy

RV-specific hypertrophy (RVH) is a well-described response to chronic hypoxia in mice,
and is routinely quantified as the ratio of RV mass to LV/septal mass (Fulton index) or as
the ratio of RV mass to body mass. As shown in Figure 1A, Fulton index is significantly
increased after 7 days of exposure to CH, with further increases in RVH noted after 21 days
of CH. RVH measured by RV mass/body mass ratio was similarly increased after 1 and 3
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weeks of CH, though CH significantly reduced time-dependent body weight gain (Table 1).
CH exposure did not increase LV/septal mass at any time point (Table 1).

CH-induced RVH has classically been associated with muscular remodeling of small (< 100
pum) pulmonary arteries. In our studies, significantly increased proportions of partially- and
fully-muscularized small pulmonary vessels were observed after 1 week of CH, as
anticipated (P < 0.0001; Fig. 1B).

Effects of CH-PH on myocardial angiogenesis

We used unbiased stereological methods to estimate the total capillary length, surface area,
volume, and CM volume in mouse RV and LV/S under normoxic and CH conditions. Figure
2A shows representative images of IUR sections, stained for endothelial cells (IB4) and CM
membranes (WGA). As shown in Figure 2B, 7 days of CH was associated with a 25%
increase in RV CM volume. The increase in RV CM volume was proportional to the
observed 29 % increase in RV volume (Vgy, Table 2). Significant increases in estimated RV
capillary length (55%), surface area (110%), and volume (117%) were observed after 7 days
of CH (Figure 2C and Table 2). There was no increase in measured LV/S volume or
estimated LV CM volume, capillary length, capillary surface area, or capillary volume after
1 week of CH (Figure 3).

After 21 days of CH-PH, we also observed significant increases in estimated RV CM
volume, capillary length, capillary surface area, and capillary volume (Table 2). When
compared to estimates obtained after 7 days of CH (by 2-way ANOVA), the effects of CH
on microcirculatory or myocyte parameters were not further altered by 21 days of CH (Table
2). Similarly, changes in stereological parameters were not observed in mouse LV/S after 21
days of CH (Table S1).

Relative growth of RV CM and capillaries in CH-PH

The relationship between CM growth (hypertrophy) and myocardial perfusion is complex.
CH-PH has the potential to regulate CM hypertrophy, myocardial angiogenesis, and
myocardial blood flow independently. We compared relative changes in capillary
stereological parameters induced by CH-PH to changes in CM volume. In the RV, total
capillary length, surface, and volume each demonstrated robust, positive correlations with
CM volume (Table 3). In the LV, there was no correlation between CM volume and any
microcirculatory parameter measured. We subsequently used linear regression of
logarithmically transformed data to calculate an index of relative growth (allometry
coefficient, a) between each capillary parameter and CM volume.

Proportionate growth (isometry) would theoretically be reflected by an allometry coefficient
a=1, with values of a > 1 reflecting proportionately higher growth rates in capillary
parameters. As shown in Figure 4, capillary length, surface, and volume each demonstrated
allometry coefficients significantly greater than 1, suggesting that CH-PH induced increases
in each capillary parameter exceeds CH-PH induced increases in CM volume. When
compared against one another, the allometry coefficients were not significantly different (P
= 0.34), suggesting statistically similar rates of relative growth among all microcirculatory
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parameters (when compared with CM volume). Similar analyses were not performed in the
LV, given any lack of association between CM volume and capillary indices (Table 3).

CH-PH induced increases in RV capillary length are associated with RV endothelial cell
proliferation

To confirm that observed increases in RV capillary length were the result of sprouting
angiogenesis (as opposed to recruitment of non-distended capillaries), we measured
myocardial endothelial cell (EC) proliferation in RV and LV/S single cell suspensions. EC
proliferation is required for sprouting angiogenesis, and we hypothesized that increased
capillary length would be associated with EC proliferation in this model. We used flow
cytometry to identify viable CD31" cells, and quantified the percentage of these cells
staining positively for the proliferation marker Ki-67. Consistent with our stereological
analyses, we observed a robust (~10 fold) increase in RV CD31* cell proliferation after 7
days of CH, but not after 21 days of CH (Figure 5). No significant change in LV/S CD31*
cell proliferation was noted at either time point. These findings confirm an RV-specific
increase in EC proliferation in response to CH-PH, and are temporally consistent with
observed changes in RV capillary length (increased by 7 days, plateaued at 21 days) noted
above (Table 2).

CH-PH associated hemodynamic changes

Simultaneous measures of RV pressure and volume throughout the cardiac cycle, made at
rest and during inferior vena cava (IVVC) occlusion, were used to assess RV hemodynamics
(Table 4) during CH-PH induced RV remodeling to assess the relationship between RV
angiogenesis and RV function. Measurements were obtained under similar levels of
sedation, and temperature was strictly controlled in each group, as reflected by the consistent
heart rates. CH-PH caused significant increases in RV end-systolic pressure (ESP) after 7
days, with no further increases after 21 days. Increased RV pressure was associated with a
modest increase in effective arterial elastance (Eg; reflecting total RV afterload) after 7 days
of CH-PH, though this increase did not quite meet statistical significance. Stroke volume
and cardiac output were preserved after 7 and 21 days of CH-PH. RV end-diastolic pressure
(EDP) was increased after 21 days of CH-PH, though end-diastolic volume (EDV) did not
change significantly.

Systolic function did not change dramatically with CH-PH. While there were significant
increases in dP/dty,x and stroke work, load-independent measures of RV contractility (end-
systolic elastance, preload recruitable stroke work, dP/dty,x-EDV relationship) did not
change with CH-PH. These findings suggest that RV contractility was preserved, but did not
increase during RV remodeling in this model. Importantly, RV-PA coupling (as reflected by
the ratio of end-systolic elastance to effective arterial elastance; Eqs/E;) was preserved.
Effects on lusitropy were conflicting, with CH-PH induced increases in dP/dt,, (load-
dependent measure of isovolumic relaxation), but no change in Tau (preload-independent
measure of isovolumic relaxation).
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CH-PH associated RV remodeling is associated with late ventricular tissue hypoxia

Mice exposed to CH developed tissue-specific hypoxic adaptations within 1 week, as
evidenced by significant increases in hematocrit (Figure 6C). RV tissue hypoxia could
similarly provide a stimulus for myocardial angiogenesis in the CH-PH model. We
measured RV tissue hypoxia and VEGF expression to determine whether these factors were
associated with, and potentially regulators of, RV angiogenesis in the CH-PH model.

Tissue hypoxia was assessed by pimonidazole staining and measurement of hypoxia-
inducible gene expression. Pimonidazole forms adducts with proteins and amino acids when
tissue partial pressure of O, falls below 10 mm Hg; these adducts are detectable via Western
blot. As shown in Figure 6, RV pimonidazole adduct (PAb2627) staining did not increase
significantly during the first week of CH-PH. Instead, RV pimonidazole adduct formation
was significantly reduced after 7 days of CH-PH when compared to normoxic mice. LV
pimonidazole staining did not change during the first week of CH-PH. Pimonidazole adduct
formation was increased in both ventricles after 21 days of CH-PH (hot shown).

We subsequently used microarray-based quantitative PCR to measure changes in hypoxia-
regulated gene expression in RV and LV homogenates from mice exposed CH-PH for 7 or
21 days. In the RV (Table 5), only one (ler3; immediate early response-3) of 85 possible
genes was up-regulated in mice exposed to CH-PH for 1 week. However, robust increases in
hypoxic gene expression were noted in RV samples after 3 weeks of CH-PH. In total,
expression of 34 of 85 possible genes was significantly altered when compared to normoxic
RV. Of these, 17 (Table 5) were up-regulated > 1.5 fold. Three of these genes were uniquely
up-regulated by CH in the RV: cyclin G2 (Ccng2), lactate dehydrogenase A (Ldha), and
mitogen-activated protein kinase kinase kinase 1 (Map3k1). In the LV, hypoxia-dependent
gene expression was not significantly altered after 7 days of CH-PH (Table S2). The
eukaryotic translation initiation factor 4E binding protein 1 (Eif4ebpl) and plasminogen
activator, urokinase (Plau) were significantly down-regulated in LV homogenates after 7
days of CH. After 21 days of CH, however, LV expression of 25 of 85 possible genes was
significantly altered when compared to normoxic LV, and 16 of these were up-regulated >
1.5-fold (Table S2). Four of these, Ankyrin repeat domain 37 (Ankrd37), coagulation factor
111 (F3), heme oxygenase 1 (Hmox1), and solute carrier family 16, member 3 (3c16a3),
were uniquely up-regulated in CH LV.

We subsequently measured RV and serum VEGF expression to determine whether this
classical pro-angiogenic growth factor was upregulated during CH-PH induced RV
angiogenesis. Quantitative PCR demonstrated no significant change in VEGF-a or VEGF-f
RNA during the first 21 days of RV remodeling (Figure 7A). Similarly, ELISA
demonstrated no increase in RV VEGF protein expression after 7 days of CH-PH; however,
RV VEGF was significantly increased at the 21 day time point (Figure 7B), temporally
consistent with microarray data demonstrating hypoxic gene activation at this time point.
There were trends towards increased serum levels of VEGF after 7 and 21 days of CH-PH,
though these differences did not reach statistical significance (Figure 7C).
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Discussion

Using a murine model of chronic hypoxic pulmonary hypertension, we have demonstrated
that myocardial angiogenesis is an early, RV-specific process in adaptive remodeling. In this
study, RV angiogenesis was defined by increases in total capillary length and concomitant
RV endothelial cell proliferation. These adaptations were accompanied by increased RV
capillary surface area and volume, suggesting increased area for tissue diffusion and
increased RV blood volume, respectively. RV microvascular adaptations and RV myocyte
hypertrophy were tightly associated, while there was no association between capillary
parameters and myocyte volume in the LV. Interestingly, continued exposure to CH led to
progressive RVH without continued RV angiogenesis, ultimately resulting in activation of
hypoxia-dependent gene expression in both ventricles. Importantly, RV function (including
RV-PA coupling) was preserved throughout.

By combining unbiased stereology and evidence of concomitant RV EC proliferation, we
believe this study provides the strongest evidence to date of RV angiogenesis in an animal
model of PH. Previous studies have relied primarily on simple counting of capillary profiles
in 2-D tissue sections [4, 13, 21, 29], which may lead to underestimation of effective
capillary length and surface area [11] (due to the complex three-dimensional structure of the
reticular capillary network) and unintentional sampling bias (due to intrinsic variability in
capillary density within the myocardium [11, 12]). Previous reports have also been difficult
to interpret and inconsistent, with variable reports of unchanged [21, 29] or increased [13]
capillary density in the same model (CH-PH). Furthermore, the endpoints obtained using
stereological methods are more intuitive, and provide significantly more information for
structure-function relationships, with many well-validated endpoints described for cardiac
physiology (as recently reviewed [18]). Despite these benefits, stereological methods are
slowly being incorporated into studies focused on the myocardial vascular supply, and most
of the available information is limited to the LV (reviewed in [17]). Importantly, our
estimates of LV CM volume, LV capillary length, and LV capillary surface area are
consistent with those recently reported for C57 BL/6 mice [9, 10], extending this burgeoning
literature.

More recently, advanced methods (including three-dimensional reconstruction of confocal
images after fluorescent lectin perfusion) were used to demonstrate a potential early increase
in RV microvasculature (as quantified by increased fluorescence), followed by late
normalization as failure ensued in the MCT model [26]. Similar methods were used to
demonstrate a late decline in RV microvascular “volume” and capillary density in the Su/CH
model of pulmonary hypertension [4]. While these approaches addressed some of the
considerations regarding anisotropy and complexity of the RV microvasculature, they
remain subject to unintentional bias due to non-random sampling methods. However, these
studies, combined with our current observations, strongly suggest that myocardial
angiogenesis is an important early component of RV adaptation to PH.

Endothelial cell activation and proliferation are necessary for sprouting angiogenesis.
Therefore demonstration of active RV endothelial cell proliferation in this model,
temporally consistent with increases in RV capillary length, is highly consistent with

Microcirculation. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kolb et al.

Page 10

sprouting angiogenesis as the mechanism for early microvascular growth. Importantly, the
establishment of this cellular marker (EC proliferation) provides a temporal framework for
future studies aimed at understanding the molecular regulators and physiological stimuli for
RV angiogenesis during adaptive remodeling. In the CH-PH model, relevant pro-angiogenic
mediators should be activated during the first week of exposure to CH-PH. As an example,
we measured RV VEGF mRNA and protein expression during the first week of adaptive
remodeling. Surprisingly, we observed no statistically significant increase in early RV
VEGF mRNA or protein expression (though there was a modest, nearly significant increase
in VEGFa mRNA at 1 day). Previous studies have demonstrated VEGF to be a potential
regulator of myocardial angiogenesis in PH and other models of pressure-overload induced
myocardial remodeling [4, 23, 25], and our data do not exclude VEGF as a regulator of early
angiogenesis in CH-PH (as VEGF receptor levels/activation were not measured). Additional
mechanistic studies, focused on VEGF receptor expression/phosphorylation and other pro-
angiogenic growth factors (e.g., fibroblast growth factor, placenta growth factor) known to
regulate VEGF-independent angiogenesis [7] are clearly warranted. We believe the present
study provides the critical methodological and temporal framework to explore these
important questions.

This study also reports allometry coefficients for the relationships between RV
microvascular growth and RV CM volume. Although we would not argue that the reported
coefficients represent absolute numerical relationships between microvascular growth and
myocyte growth (due to small sample sizes), we hypothesize that this approach will allow
quantification of relative RV angiogenesis between PH models or when regulators of
angiogenesis or hypertrophy are experimentally manipulated in a PH model. Allometric
coefficients mathematically describe the scaling relationships between biological traits or
physiological processes, and have been used in previous studies of comparative tissue
angiogenesis [33]. In our studies, all microcirculatory parameters increased at a rate
exceeding CM growth, but did not differ significantly from each other. These results suggest
that angiogenesis (increased capillary length) and increased blood flow (increased volume
and surface area) are likely both important early RV circulatory adaptations to PH.

Functionally, early RV angiogenesis (1 week) was associated with preserved RV function
and protection from tissue hypoxia in this model. Surprisingly, continued hypertrophy
without concomitant angiogenesis was observed, and was associated with activation of
hypoxic gene expression in both ventricles after 3 weeks of CH-PH. Many of the induced
genes regulate glycolytic metabolism. The consequences of glycolytic metabolism in RV
remodeling are unclear, with several lines of evidence suggesting that this seemingly
adaptive change may in fact be detrimental (reviewed in [22]).The mechanisms leading to
uncoupling of RV angiogenesis and myocyte hypertrophy in this model warrant further
investigation, and may include inhibition of pro-angiogenic signals and/or up-regulation of
angiostatic mediators.

There are several limitations to our study. Primarily, these studies are descriptive, and do not
define angiogenesis as necessary or sufficient for adaptive RV remodeling. However, we
feel these findings provide essential information by establishing a model and methodological
structure for future mechanistic studies. We have also used the CH-PH model, which has
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been criticized as poorly representative of human PAH due to its mild phenotype with only
modest pulmonary vascular remodeling and lack of progression to RV failure. However, we
feel that preservation of RV function is a strength when testing hypotheses regarding basic
mechanisms of early, adaptive remodeling. Candidate regulatory proteins can subsequently
be assessed in more robust models of PH associated with RV failure to clarify their roles in
maintenance of myocardial compensation. As an example, quantification of early
angiogenesis in the MCT or Su/CH model will allow clarification of whether or not
previously described “capillary rarefaction” is indeed an intrinsic EC loss or a failure of
early angiogenesis. We also focused on two unique time points for the stereological and
flow cytometry studies. However, these time points were sufficient to generate a temporal
framework for RV angiogenesis in CH-PH, and exploration of additional time points would
be too labor intensive to justify. We did not use CD45 staining to exclude CD31*/CD45*
leukocytes from our analysis of EC proliferation in these experiments. However, we have
included CD45 staining in similar experiments and found that a CD31*/CD45* population is
consistently undetectable in the RV after one or three weeks of CH-PH (not shown).
Moreover, as observed increases in CD31* cell proliferation were temporally and regionally
consistent with stereologically measured increases in capillary length, and as the observed
percentage of CD31* cells in RV homogenates in these experiments was consistent with the
previously reported percentage of endothelial cells in adult murine myocardium [2], we
believe the use of CD31 staining is a reasonably specific marker for EC in this study.
Finally, we did not measure additional markers of anaerobic metabolism/glycolysis in this
study. These critical mechanistic correlates of the current observations are the subject of
ongoing studies.

In summary, we have used a novel combination of unbiased stereological methods and flow
cytometry to establish RV angiogenesis as an early event in a murine PH model of adaptive
remodeling. We think these findings represent a critical first step in clarifying the
physiologic and molecular events that coordinate the complex process of myocardial
vascular remodeling during pulmonary hypertension.
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Figure 1. Chronic hypoxia induces progressive RVH
In (A), RVH is measured as the ratio of RV mass to LV + septum mass at each time point.

Mean and standard deviation are shown at each time point, with normoxic data pooled from
all experiments. Replicate numbers as outlined in Table 1. P value is for ANOVA; **** = p
< 0.0001 between CH and control, ® = P < 0.01 between 21 days and 7 days (corrected for
multiple comparisons). In (B), the proportion of small pulmonary vessels (< 100 pm) that
are non- (NM), partially- (PM), or fully-muscularized (FM) are shown in mice exposed to
normoxia or chronic hypoxia for 1 week. At least 340 vessels were counted per treatment
condition. P value is for differences among groups via x2.
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Figure 2. Chronic hypoxia induces early RV angiogenesis
In (A), representative images of RV isotropic uniform random (IUR) sections stained with

markers specific for endothelial cell glycoproteins (isolectin IB,4) and myocyte plasma

membrane glycoproteins (wheat germ agglutinin; WGA) are shown. I1B4 stains endothelial

Norm

cells of capillaries and larger resistance vessels, though only the former were quantified. Bar
=10 pym. Images were used for stereological assessment in animals exposed to normoxia
(Norm) and chronic hypoxia (CH) for 7 days. In (B), RV volume and RV CM volume
increase with CH. As shown in (C), RV capillary length, surface area, and luminal volume
are significantly increased after 7 days of CH. P-values are for Student’s t-test.
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Figure 3. LV angiogenesis does not occur during CH-PH induced RV remodeling
In (A), representative images of LV/septum stained with markers specific for endothelial

cell glycoproteins (isolectin 1B4) and myocyte plasma membrane glycoproteins (wheat germ
agglutinin; WGA\) are shown. 1B, stains endothelial cells of capillaries and larger resistance
vessels (arrow), though only the former were quantified. Bar = 10 pm. Images were used for
stereological assessment in animals exposed to normoxia (Norm) and chronic hypoxia (CH)
for 1 —3 weeks. There was no change in LV cardiomyocyte volume (B), total LV capillary
length, surface area, or lumen volume (C) after 1 week of normoxia (open bars) or chronic
hypoxia (filled bars); 3 week data are not shown. Results obtained from 5 animals/group. P-
values are for Student’s t-test.
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Figure 4. RV microvascular remodeling exceeds RV cardiomyocyte growth
The relationship between RV capillary length (A), surface area (B), or lumen volume (C)

and RV cardiac myocyte volume is shown by linear regression; the slope of each line (a =
allometry coefficient) represent an estimate of the relative growth, with a slope of 1.0
demonstrating isometry. When compared against one another, the allometry coefficients
were not significantly different (P = 0.34), suggesting similar rates of relative growth among
all microvascular parameters (when compared with CM volume).
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Figure 5. RV angiogenesis is associated with early, RV-specific endothelial cell proliferation
In (A), the percentage CD31* cells staining positively for Ki-67 in RV and LV/septal

preparations are shown after 7 or 21 days of normoxia or CH (n = 6 animals/group). In (B),
representative scatter plots from RV samples harvested after 7 days of normoxia (Norm) or
hypoxia (CH 7d) are shown. All live cells are shown, with CD31%/Ki-67" cells highlighted
by the black circle, and CD31*/Ki-67* cells highlighted in the red circle. **** = P < 0.0001;
NS = not-significant.
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Figure 6. RV tissue hypoxia is a late event in CH-PH induced remodeling
During the first week of CH-PH, semi-quantitative assessment of western blotting showed

no evidence of RV or LV tissue hypoxia, as measured by pimonidazole adduct formation
(A). In the RV, pimonidazole adduct formation was reduced after 7 days of CH-PH. A
representative western blot, showing two animals from each group, is shown in (B). One
week was sufficient to generate hypoxia-dependent changes in function of other organs, as
evidenced by significant increases in hematocrit (C). P-value in (A) is for ANOVA. * =P <
0.05; *** = P < 0.001; **** = P < 0.0001, corrected for multiple comparisons.
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Figure 7. Chronic hypoxia induced RV angiogenesis is not associated with increased VEGF
expression

In (A), quantitative PCR demonstrates no change in RV expression of VEGFa or VEGFf

RNA (n=4-6 animals/group). In (B), ELISA demonstrates no change in RV VEGF protein
expression after 7 days, but increased RV VEGF after 21 days of CH (n = 5 animals/group).
Serum VEGF levels were not significantly increased after 7 or 21 days (n = 8 animals/

group).
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Table 2

Temporal course for RV angiogenesis and remodeling during CH-PH.

Exp. 7 days 21 days ANOVA
Norm 6822+1379 8289+1513
Lcap (cM) P=0.75
CH 10576+£2574 12689+3102
Seap (cM? Norm 4.9+15 6.5+1.3
e (07 P=0.99
CH 10+3.3 12+1.7
Vesp (cm3) | Norm | 0.0006£0.0001 | 0.0009+0.0002
P =0.86
CH 0.0013+0.0005 | 0.0016+0.0003
Vinyo (cm3) | Norm | 0.0124#0.001 | 0.013+0.002
P=0.88
CH 0.015+0.001 0.016+0.002
Vgy (cm?) | Norm | 0.014+0.002 | 0.015+0.002
P=0.82
CH 0.018+0.002 0.019+0.002

Data are reported as mean + standard deviation for 5 animals per group. P-values are for 2-way ANOVA, comparing effects of hypoxia and time
on each parameter. L¢cap = total capillary length; Scap = total capillary surface area; Vcap = total capillary lumen volume; Vmyo = total myocyte

volume; VRV = total RV volume.
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Table 3

Correlations between myocardial capillary growth and CM growth.

Lcap Scap Vcap

RVinyof, (P) 0.76 0.79 077
(0.00009) | (0.00008) | (0.00004)

LVimyol, (P) 0.23 0.40 0.28

(0.34) (0.08) (0.23)

Pearson correlation coefficients (r) and P-values are presented for each capillary parameter analyzed and CM volume in the RV (RVmyo) and LV

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny
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(LVmyo)- Lcap = total capillary length; Scap = total capillary surface area; Vcap = total capillary lumen volume.
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