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NO nitric oxide

NOS nitric oxide synthase

OoDQ 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one
PDE-5 phosphodiesterase-5

PGl, prostacyclin

PH pulmonary hypertension

Phe phenylephrine

RVH right ventricular hypertrophy
RVSP right ventricular systolic pressure
SNP sodium nitroprusside

VSMC vascular smooth muscle cell
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ABSTRACT

Pulmonary vasoreactivity could determine the responsiveness to vasodilators and in turn
the prognosis of pulmonary hypertension (PH). We hypothesized that pulmonary vasoreactivity
is impaired, and examined the underlying mechanisms, in the sugen-hypoxia rat model of
severe PH. Male Sprague-Dawley rats were injected with sugen (20 mg/kg sc) and exposed to
hypoxia (9% O,) for 3 weeks followed by 4 weeks in normoxia (Su/Hx), or treated with sugen
alone (Su) or hypoxia alone (Hx) or neither (Nx). After hemodynamic measurements, the heart
was assessed for right ventricular hypertrophy (Fulton’s Index), the pulmonary artery, aorta
and mesenteric arteries were isolated for vascular function studies, and contractile markers
were measured in pulmonary artery using quantitative PCR. Other rats were used for
morphometric analysis of pulmonary vascular remodeling. Right ventricular systolic pressure
and Fulton's Index were higher in Su/Hx vs Su, Hx and Nx rats. Pulmonary vascular
remodeling was more prominent in Su/Hx vs NXx rats. In pulmonary artery rings, contraction to
high KCI (96 mM) was less in Su/Hx vs Nx and Su, and phenylephrine-induced contraction
was reduced in Su/Hx vs Nx, Hx and Su. Acetylcholine (ACh)-induced relaxation was less in
Su/Hx vs Nx and Hx, suggesting reduced endothelium-dependent vasodilation. ACh relaxation
was inhibited by NOS and guanylate cyclase blockade in all groups, suggesting a role of the
NO-cGMP pathway. Nitrate/nitrite production in response to ACh was less in Su/Hx vs Nx,
supporting reduced endothelial NO production. Sodium nitroprusside (10® M) caused less
relaxation in Su/Hx vs Nx, Hx and Su, suggesting decreased responsiveness of vascular
smooth muscle (VSM) to vasodilators. Neither contraction nor relaxation differed in the aorta or
mesenteric arteries of all groups. PCR analysis showed decreased expression of contractile
markers in pulmonary artery of Su/Hx vs Nx. The reduced responsiveness to vasoconstrictors
and NO-mediated vasodilation in the pulmonary, but not systemic, vessels may be an
underlying mechanism of severe PH in Su/Hx rats, and appears to involve attenuation of the
NO relaxation pathway and a switch of pulmonary VSM cells to a synthetic less reactive

phenotype.
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INTRODUCTION

Pulmonary Hypertension (PH) is a heterogeneous clinical syndrome with poor prognosis.
PH involves vasoconstriction and progressive structural remodeling of the pulmonary arterioles
resulting in right ventricular hypertrophy and failure. However, the underlying pathogenetic
mechanisms of PH remain incompletely understood. Although both pulmonary
vasoconstriction and obliteration of the pulmonary arterioles contribute to increased pulmonary
vascular resistance, invasive hemodynamic studies have shown that only a small percentage
of patients have a reactive component (Tonelli et al., 2010). Despite this finding, all current
available treatments for PH act by inducing pulmonary vasodilation with a smaller effect on
structural remodeling. Accumulating evidence from studies in preclinical models of PH and in
human patients support that a phenotypic switch of pulmonary vascular smooth muscle cells
(VSMCs) from contractile to synthetic phenotype underlies, at least in part, the
pathophysiology of PH (Michelakis et al., 2002; McMurtry et al., 2004; McMurtry et al., 2005;
Bonnet et al., 2007; Li et al., 2009). Our previous studies have shown impaired
vasoconstriction and vascular relaxation in pulmonary arteries in the hypoxic and
monocrotaline-treated models of PH, and suggested a role of phenotypic switch in VSMCs in
the impaired pulmonary vascular responses (Mam et al., 2010). We have also shown that
induction of modest acidosis by treating the hypoxic and monocrotaline rats with ammonium
chloride (NH4CI) in vivo improves right ventricular systolic pressure and pulmonary vascular
responsiveness to both vasoconstrictors and vasodilators, supporting that reversing or halting
the VSMC phenotypic switch would improve pulmonary arterial function in PH (Christou et al.,
2012). Both the hypoxic and the monocrotaline models of PH have limitations and may not
fully recapitulate the human condition (Stenmark et al., 2009). In order to further advance the
VSMC phenotypic switch theory as a promising therapeutic target in PH, it is imperative to
determine that such mechanisms underlie the pulmonary arterial pathology in models that

more closely resemble the pathology in human PH.
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The sugen-hypoxia (Su/Hx) rat model of experimental PH was first described by
Taraseviciene-Stewart and co-workers, as a biologically more relevant model for human PAH.
This model more closely recapitulates the human pathology than other rodent models, partly
due to its progressive nature, formation of plexiform lesions, and ultimate lethality
(Taraseviciene-Stewart et al., 2001; Abe et al., 2010; de Raaf et al., 2014). Sugen 5416
(semaxanib) is an anti-neoplastic drug with tyrosine kinase inhibitor and vascular endothelial
growth factor receptor (VEGFR)-2 inhibitor properties (O'Farrell et al., 2004). Sugen 5416 in
combination with hypoxia in rats and mice sets off a cascade of events that lead to structural
remodeling of the pulmonary arterioles and progressively worsening hemodynamics and
plexiform lesions that are not seen in any other model of PH (Zhou et al., 2016; Aiello et al.,
2017). As such, this model is a useful tool to study the underlying pathogenetic mechanisms
and identify novel therapeutic targets. However, complete understanding of the underlying
pulmonary vascular dysfunction mechanisms of PH in this model is lacking. Understanding the
vascular mechanisms involved in the Su/Hx model of severe PH should help develop targeted
vascular protective therapies for this life-threatening disease. However, the changes in the
reactivity of the pulmonary arteries to vasoconstrictor and vasodilator stimuli and the
underlying mechanisms have not been systematically studied in this model. We designed the
present study to test the hypothesis that Su/Hx-induced PH involves specific abnormalities in
the pulmonary arterial responsiveness to vasoconstrictor and vasodilator stimuli, and to
examine the mechanisms underlying these abnormalities. We studied the hemodynamics and
vascular function in three separate vascular beds, the pulmonary artery, the aorta and
mesenteric arteries, isolated from Su/Hx rat model of severe PH, in order to determine: 1)
Whether the responsiveness of the pulmonary artery to vasoconstrictor or vasodilator stimuli is
impaired in severe PH, 2) Whether the impaired pulmonary arterial relaxation in severe PH
involve the endothelium-dependent NO-cGMP pathway, and 3) Whether the impaired
pulmonary arterial responsiveness to vasoconstrictors and vasodilators involve extensive

vascular remodeling and phenotypic switch in VSM cells.
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Materials and Methods
Animals and Exposures. Eight-week-old (200-250g) male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) were housed in the animal facility in 12 hr/12 hr light/dark
cycle, at 22+1°C ambient temperature and maintained on ad libitum normal Purina Rodent
Chow (Purina, St. Louis, MO) and tap water. After 2-3 days of acclimatization, animals were
injected with 20 mg/kg of Sugen 5416 subcutaneously (Sigma) or equal volume of vehicle
(DMSO) and either kept in normoxia or exposed to hypoxia at 9% O, inside a chamber where
O, was controlled to within a 0.2% range by an OxyCycler controller (BioSpherix, Redfield, NY)
as previously described (Mam et al., 2010; Christou et al., 2012). The controller injected
nitrogen into the chamber to maintain the appropriate FiO,, and ventilation was adjusted to
remove CO; so that it did not exceed 5,000 ppm (0.5%). We observed better ventilation of the
chamber with the higher flow of nitrogen needed to maintain O, at 9% as opposed to 10% and
therefore opted to use 9% for our studies. The duration of hypoxic exposure was 3 weeks,
followed by normoxia for 4 weeks. Normoxic rats breathed air for 7 weeks under otherwise
identical conditions. All measurements were taken and the animals were sacrificed 7 weeks
after the start of the experiment. Thus these treatments produced 4 animal groups, namely
normoxia (Nx), sugen alone (Su), hypoxia alone (Hx), and sugen+hypoxia (Su/Hx) (Fig. 1A).
All experimental procedures followed the guidelines of the American Physiological Society and
the National Institutes of Health, and were approved by the Institutional Animal Care and Use

Committee at the Brigham and Women Hospital.

Right and Left Ventricular Systolic Pressure (RVSP and LVSP) Measurements. Animals
were anesthetized with 3% isoflurane inhalation, intubated through a tracheostomy and
mechanically ventilated on a rodent ventilator (Harvard Apparatus, tidal volume 1ml/100g body
weight, 60 breaths per minute). A small transverse incision was made in the abdominal wall

and the diaphragm was exposed and opened. A 23-gauge butterfly needle with tubing
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attached to a pressure transducer was inserted in an open-chest approach first into the right
ventricle and then into the left ventricle and pressure measurements were recorded with
PowerLab monitoring hardware and software (ADInstruments, Colorado Springs, CO).
Animals with heart rates less than 300 beats per minute were considered over-anesthetized
and their RVSP and LVSP measurements were excluded. Mean RVSP and LVSP over the

first 10 stable heartbeats were recorded.

Tissue Isolation. Animals were anesthetized with isoflurane and while in deep anesthesia,
they were sacrificed by exsanguination and immediate harvesting of vital organs. In
euthanized rats, the thoracic cavity was opened, and the heart, lung, pulmonary arteries, and
thoracic aorta were rapidly excised. The abdominal cavity was then opened and the mesentery
and mesenteric arterial arcade were excised and placed in oxygenated Krebs solution. In
separate experiments, the lungs were perfused and inflated and harvested for histologic

analysis.

Right Ventricular Weight and Fulton’s Index. The heart was carefully dissected from
surrounding tissues, and both ventricles were isolated and weighed. The right ventricular wall
was carefully dissected and weighed, then the remaining left ventricular wall and ventricular
septum were weighed. Fulton’s Index was calculated as the ratio of right ventricular weight/(left

ventricular + septum weight).

Vascular Preparation. The right and left pulmonary artery, the thoracic aorta and 2" order
mesenteric arteries were carefully dissected and cleaned of connective tissue under
microscopic visualization, and cut into 3 mm-wide rings. For endothelium-intact segments
extreme care was taken to minimize injury to the endothelium. For endothelium-denuded
segments, the endothelium was removed by scraping the vessel interior five times around the

tip of forceps (for aorta and pulmonary artery) or around thin tungsten wire (for mesenteric
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artery). Different segments from each vascular bed were used for different experimental

protocols. The remainder of the vessels was used to measure nitrate/nitrite production.

Isometric Vascular Contraction/Relaxation. Vascular segments from the same rat were
suspended between two stainless-steel or tungsten wire hooks, one hook was fixed at the bottom
of a tissue bath and the other hook was connected to a Grass force transducer (FT03, Astro-Med
Inc., West Warwick, RI). Large caliber stainless-steel wires are more suitable for larger vessels
(aorta and pulmonary artery), while small caliber tungsten wire are more suitable for smaller
vessels with narrower diameter (mesenteric artery). Stainless-steel can not be stretched into
very thin wires, and large caliber tungsten wires are not malleable enough and easy to break.
Extra-lobar first branch right and left pulmonary arteries, thoracic aorta and mesenteric artery
segments were stretched under 1 g, 2 g or 0.5 g of resting tension, respectively, as determined
by preliminary tension-contraction curves to KCl. We compared the pulmonary arteries to the
aorta because of their close anatomical proximity. In order to compare the pulmonary arteries,
with their role in the control of pulmonary arterial pressure, to a more relevant systemic artery,
with a role in the control of the systemic arterial pressure, we also studied the mesenteric
arteries. The tissues were allowed to equilibrate for 45 min in a temperature controlled, water-
jacketed tissue bath, filled with 50 ml Krebs solution continuously bubbled with 95% O, 5% CO,
at 37°C. Our aim was to compare vascular function in three different vascular beds; the
pulmonary artery, the aorta and mesenteric artery, under the same conditions. Lower oxygen
concentration may affect the solution pH and cause acidosis, which will require further buffering in
order to adjust the solution to a more neutral pH. Therefore, to facilitate comparison and to
minimize potential confounding factors all vessels were treated in a similar fashion and studied in
95% O, 5% CO,. The changes in isometric contraction were recorded on a Grass polygraph
(Model 7D, Astro-Med).

After tissue equilibration, a control contraction in response to 96 mM KCI was elicited.

Once maximum KCI contraction was reached the tissue was rinsed with Krebs 3 times, 10 min
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each. Vascular segments were stimulated with increasing concentrations of phenylephrine
(Phe, 10 to 10™ M), concentration-contraction curves were constructed, and the maximal Phe
contraction and the pEDsy (-log M) were calculated. In other experiments, the tissues were
precontracted with submaximal Phe concentration (3x107 or 6x107 M), increasing
concentrations (10°to 10° M) of acetylcholine (ACh) were added and the % relaxation of Phe
contraction was measured. Parallel contraction and relaxation experiments were performed in
endothelium-intact vascular rings pretreated with the NOS inhibitor N”-nitro-L-arginine methyl
ester (L-NAME, 3x10® M) or the guanylate cyclase inhibitor 1H-[1,2,4]Oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ, 10° M) for 15 min. NO diffuses into VSM where it activates
guanylate cyclase, increases cGMP and promotes relaxation. L-NAME is a competitive
substrate that competes with L-arginine for binding with NOS, and because the endogenous
concentration of L-arginine is high, very high concentrations of L-NAME (3x10™ M) are needed
to block NOS and the NO-cGMP pathway. In contrast, ODQ directly inhibits guanylate cyclase
at much lower concentration (10° M) and could be more efficient in blocking the NO-cGMP
pathway. Phe contraction and ACh relaxation were also measured in endothelium-denuded
vessels. The endothelium was removed from blood vessels of the different animal groups
using the same experimental protocol. The endothelium was removed by rubbing the vessel
interior 5 times around the tip of sharp forceps. Complete removal of the endothelium was
verified by the absence of ACh-induced relaxation. Extreme care was taken to avoid damage
to the underlying smooth muscle layer. Any endothelium-denuded vessels that showed more
than 30% reduction in contraction to Phe or KCI compared to that in control endothelium-intact
vessels were removed from the study. In other experiments the relaxation to increasing
concentrations (10° to 10° M) of the exogenous NO donor sodium nitroprusside (SNP) was
measured in vascular rings precontracted with Phe in order to test the ability of VSM to
respond to vasodilators, Individual ACh and SNP concentration-relaxation curves were further
analyzed using non-linear regression, sigmoidal dose-response curves were fitted using the

least squares method, and ACh and SNP pEDs, were calculated.

10
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Nitrate/Nitrite (NOx) Production. Endothelium-intact aortic, pulmonary artery or mesenteric
arterial segments were incubated in normal Krebs for 30 min to measure basal NO production
then stimulated with ACh (107 to 10” M) for 30 min and the incubation solution was assayed
for the stable end product of NO, NO;" using Griess reagent (Promega, Madison, WI) (Crews

et al., 2000; Mazzuca et al., 2014).

Lung Histology and Morphometric Analysis. In a subset of experimental animals, the lungs
were perfused and inflated with cold 4% paraformaldehyde (PFA), excised, and fixed in 4%
PFA overnight at 4° C followed by paraffin embedding. Lung sections (6 um) were stained with
hematoxylin and eosin and examined with light microscopy by two independent investigators
(EJF and HC) in a blinded fashion. Images of the arterioles were captured with a microscope
digital camera system (Nikon) and analyzed using an image analysis program (ImageJ).
Arterioles of comparable size (50-100 um diameter) from the lungs of 5 different rats from each
experimental group were evaluated. The percent wall thickness was determined by dividing
the area occupied by the vessel wall by the total cross sectional area of the arteriole as
previously reported (Christou et al., 2000). This method accounts for uneven vessel wall

thickness and areas that have obliquely sectioned pulmonary arterioles.

Gene expression analysis. In a subset of experimental animals pulmonary arteries were
harvested for RNA isolation. The right and left pulmonary artery were carefully dissected as
distally as possible and cleaned of connective tissue. The pulmonary trunk was not used for
gene expression analysis. RNA was isolated using TRIzol reagent (Invitrogen Life
Technologies) and quantified using a NanoDrop 2000c spectrophotometer (NanoDrop
Technologies). Samples were treated with DNAse | (Sigma) to digest genomic DNA and
poly(A)" mRNA was transcribed to complementary DNA (cDNA) using SuperScript |l

(Invitrogen Life Technologies). Relative mRNA transcript levels were analyzed with a

11
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StepOnePlus RT-PCR cycler (Applied Biosystems) using iTaq Universal SYBR Green
Supermix (Biorad). Primers were designed across exon-exon junctions and specific for all
transcript variants where possible using nBLAST (NCBI) and PrimerQuest Tool (Integrated
DNA Technologies, IDT) (Table 1). Expression was analyzed with the AACt method. Ct values
of target genes were normalized to the mean expression of the reference genes Nupl33
(nucleoporin 133) and Gapdh using the equation ACt = Ctiaget — ((Ctnuprzs + Ctearpn)/2). Data

were expressed as relative mRNA expression (2724,

Solutions and Drugs. Krebs solution contained (in mM): NaCl 120, KCI 5.9, NaHCO; 25,
NaH,PO, 1.2, dextrose 11.5, CaCl, 2.5, MgCl, 1.2, at pH 7.4, and bubbled with 95% O, and 5%
CO.. High 96 mM KCI solution was prepared as Krebs solution with equimolar substitution of
NaCl with KCI. Stock solutions of Phe, ACh, L-NAME and SNP (10" M, Sigma, St. Louis, MO)
were prepared in distilled water. Stock solution of ODQ (10™ M) was prepared in DMSO. Final
concentration of DMSO in experimental solution was <0.1%. All other chemicals were of reagent

grade or better.

Statistical Analysis. Data from different groups were analyzed by ANOVA and presented
as means+SEM with “n” representing the number of rats per group. Hemodynamics, tissue
histology, and quantitative morphometry data were analyzed with ANOVA and Tukey’s
post hoc analysis. For vascular reactivity experiments, individual concentration-contraction
or concentration-relaxation curves were constructed, sigmoidal curves were fitted to the
data using the least squares method, and the pECsp values (-log ECsp, drug concentration
evoking half-maximal response) were measured using Prism (v.5.01; GraphPad Software,
San Diego, CA). Data were first analyzed using ANOVA with multiple classification criteria
[rat group (Nx vs. Su, Hx and Su/Hx), condition of vascular endothelium (denuded vs.

intact), vessel treatment (treated with L-NAME or ODQ vs. nontreated control tissues).

12
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When a statistical difference was observed, the data were further analyzed using
Bonferroni's post-hoc test for multiple comparisons. Student's unpaired t-test and Mann-
Whitney test for non-parametric analyses were used for comparison of two means.

Differences were considered statistically significant if P < 0.05.

RESULTS

Hemodynamic measurements

Hemodynamic measurements in the Su/Hx animals revealed significantly increased RVSP
at the 7 week time point, compared to Nx and Hx animals (Fig. 1B). Since prior publications
demonstrated that some animals develop PH after Su injection alone (without hypoxia) we
included this experimental group on our study design and found that Su animals had an
intermediate phenotype with significantly higher RVSP compared to Nx animals. However,
RVSP was significantly higher in Su/Hx compared to Su alone group. In contrast, LVSP, an
indicator of the blood pressure in the systemic circulation, was not significantly different among
the different experimental groups (Fig. 1C).

The Fulton's Index and RV/body weight ratio, indicators of RV hypertrophy, were
significantly higher in Su/Hx compared to Nx and Hx animals (Fig. 1D and 1E). The Su alone
animals had significantly higher Fulton’s index and RV/body weight ratio than Nx animals.
However, Fulton’s index and RV/body weight were significantly higher in the Su/Hx compared

to Su alone group.

Vascular Function Studies

In endothelium-intact pulmonary artery rings of control Nx rats, membrane depolarization
by 96 mM KCI caused significant contraction. The KCI-induced contraction was not different in
pulmonary arteries of Hx rats, slightly increased in Su rats and significantly reduced in Su/Hx
rats (Fig. 2A). In contrast, KCl-induced contraction was not significantly different in the aorta

or mesenteric arteries of the different groups of rats (Fig. 2B, 2C). To test if the reduction in
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pulmonary artery contraction in the Su/Hx group is due to the release of endothelium-derived
vasodilators, we examined the KCI response in endothelium denuded pulmonary artery.
Similar to the observation in endothelium-intact pulmonary arteries, KCI contraction remained
markedly reduced in endothelium-denuded vessels of Su/Hx compared to Nx and Su groups
(Fig. 2D), suggesting that the reduction in contraction is endothelium-independent and involves
reduction in the mechanisms of VSMC contraction. Interestingly, KCI contraction was also
significantly decreased in endothelium-denuded vessels of the Hx rats compared to NXx
controls (Fig. 2D). Previous studies have shown enhanced pressor response to endothelin-1 in
Hx rats (Adnot et al.,, 1991). It is likely that during Hx there is increased release of
endothelium-derived contracting factors such as endothelin-1, and that the contribution of
these endothelium-derived contracting factors is abolished in endothelium-denuded vessels,
resulting in a reduced contractile response. In contrast, KCI contraction was not different in
endothelium-denuded aorta or mesenteric artery of the different groups (Fig. 2E, 2F).

In pulmonary artery rings of Nx rats, the a-adrenergic agonist phenylephrine (Phe) caused
concentration-dependent contraction that reached a maximum at 10° M concentration (Fig.
3A). The Phe-induced contraction of pulmonary artery in g/mg was not different in Hx rats,
slightly enhanced in Su alone rats but significantly reduced in Su/Hx compared to Nx and Su
rats (Fig. 3A). In contrast, Phe contraction in g/mg was not different in the aorta or mesenteric
artery of the different groups (Fig. 3B, 3C). When Phe contraction was presented as % of max,
and the EDsy, was calculated, Phe appeared to be equally potent in the pulmonary arteries of
Nx, Hx and Su rats, but the Phe concentration-response curve was shifted to the right,
suggesting lower Phe potency in Su/Hx compared Nx, Hx, and Su rats (Fig. 3D). In contrast, in
the aorta and mesenteric arteries, the Phe-induced concentration-response curves and ED50
did not appear to be different among the different groups (Fig. 3E, 3F).

Because the Phe response varied in different vessels from the same group, we also
presented Phe contraction as % of control KCL contraction in the same vessel. Phe response

as % of control KCI contraction was reduced in pulmonary artery of Su/Hx compared to Nx,

14
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Hx, and Su rats (Fig. 3G). In contrast, the Phe contraction as % of control KCI contraction was
not significantly different inthe aorta or mesenteric artery of the different groups (Fig. 3H, 3I).

We tested the role of the endothelium in the reduced Phe contraction in the Su/Hx rats.
Pretreatment of pulmonary artery segments with the NOS inhibitor L-NAME (3x10™ M) or the
guanylate cyclase inhibitor ODQ for 15 min or endothelium removal showed a small but not
significant change in Phe contraction in Nx, Hx, Su, or Su/Hx rats (Fig. 4A, 4B, 4C, 4D). When
the Phe response was presented as % of maximum contraction, treatment with L-NAME or
ODQ did not significantly change the Phe response in Nx, Hx, or Su/Hx rats, while ODQ
significantly enhanced the Phe response in Su rats (Fig. 4E, 4F, 4G, 4H). Assuming that KCI
contraction is mainly due to Ca®* entry into vascular smooth muscle, then any enhancement of
Phe contraction relative to KCI contraction would suggest possible activation of Ca?*
sensitization pathways such as PKC or Rho kinase (Ringvold and Khalil, 2017). L-NAME and
ODQ slightly but significantly enhanced Phe contraction relative to KCI in Nx, but not Hx rats
(Fig. 41, 47). ODQ caused marked enhancement of Phe contraction relative to KCl in Su and
Su/Hx rats (Fig. 4K, 4L). The greater effects of ODQ vs L-NAME in enhancing Phe contraction
could be related to its direct inhibition of guanylate cyclase and greater efficiency in blocking
the NO-cGMP pathway.

Acetylcholine (ACh) caused concentration-dependent relaxation in Phe precontracted
pulmonary artery rings of Nx rats that reached a maximum at 10° M concentration. ACh-
induced pulmonary artery relaxation was not different in Hx rats, partially reduced in Su rats
and significantly reduced in Su/Hx compared to Nx and Hx rats (Fig. 5A), suggesting either
reduced production of, or decreased responsiveness to, endothelium-derived vasodilators
such as NO in the setting of experimental PH. In comparison, ACh relaxation was not
significantly different in Phe precontracted aorta and mesenteric artery rings of the different
groups of rats (Fig. 5B, 5C).

In pulmonary artery of Nx, Su, and Hx, the NOS inhibitor L-NAME, and the guanylate

cyclase inhibitor ODQ or endothelium-removal abolished ACh-induced relaxation, suggesting
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the involvement of endothelium-dependent NO-cGMP pathway (Fig. 6A, 6B, 6C)).
Pretreatment with L-NAME or ODQ or endothelium-removal also abolished the small ACh-
induced relaxation in pulmonary artery of Su/Hx rats (Fig. 6D), suggesting that the
vasorelaxation response to ACh in experimental PH is mediated by the NO-cGMP pathway.

In endothelium intact pulmonary artery segments ACh caused concentration-dependent
increases in nitrate-nitrite production that were reduced in Hx, Su and Su/Hx rats compared to
Nx rats (Fig. 7A). In contrast, nitrate/nitrite production in response to ACh was not significantly
altered in the aorta and mesenteric artery of the different groups (Fig. 7B, 7C).

In pulmonary artery segments precontracted with submaximal Phe concentration, the
exogenous NO donor sodium nitroprusside (SNP) caused concentration-dependent relaxation
that was not different in Hx or Su rats compared to Nx arts, but was significantly reduced in
Su/Hx rats compared to Nx, Hx and Su rats particularly at lower SNP concentrations (Fig. 8A),
suggesting decreased responsiveness of VSMCs to vasodilators. In comparison, SNP-induced
relaxation was not significantly different in the aorta or mesenteric artery of the different groups

(Fig. 8B, 8C).

Lung Histology, Morphometric Analysis and Pulmonary Artery Gene Expression
Analysis:

In lung tissue sections stained with hematoxylin and eosin, the % wall thickness of the
pulmonary arterioles was significantly greater in the Su/Hx group compared to the Nx group
(Fig. 9). Real time PCR analysis of Pulmonary Arteries harvested from our experimental
animals demonstrated significantly lower levels of a panel of contractile markers in the Su/Hx
group compared to the Nx group (Fig. 10). These markers are components of the VSMC
contractile apparatus and include alpha smooth muscle actin, calponin, myosin heavy chain,
smoothelin and transgelin(also known as SM22a). In contrast there was a trend for increased
MRNA of the synthetic or de-differentiation marker for VSMCs retinol binding protein-1 in the

Su/Hx compared to the Nx group.
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DISCUSSION

The major novel findings of our study in the Su/Hx rat model of severe PH are: 1)
decreased pulmonary artery contraction in response to Phe and KCI, 2) decreased relaxation
of pulmonary artery to ACh and SNP, 3) decreased pulmonary vascular production and
responsiveness to the NO-cGMP relaxation pathway, and 4) downregulation of contractile
markers in pulmonary arteries. These findings are specific to the pulmonary circulation and are
in the context of elevated RVSP, RVH and pulmonary vascular remodeling in this model.

Regulation of pulmonary vascular tone is achieved by the balance between
vasoconstrictor and vasodilator stimuli that are responsive to changing physiologic needs. A
pathologic shift in this balance is known to contribute to the development of PH in human
patients and in preclinical models of the disease (Gillespie et al., 1986; Adnot et al., 1991;
Fullerton et al., 1996; Geraci et al., 1999; Shimoda et al., 2000b; Hoshikawa et al., 2001; Ivy et
al., 2002; Fagan et al., 2004; Ambalavanan et al., 2005; Schermuly et al., 2005; Homma et al.,
2007). This knowledge has formed the basis of all current therapies that either enhance
vasodilator mechanisms such as the prostacyclin-cAMP pathway and the NO-cGMP pathway,
or inhibit vasoconstrictor mechanisms such as the endothelin and intracellular Ca** pathways
(Lee et al., 2008; Burger, 2009; Stehlik and Movsesian, 2009; Yin et al., 2009). However,
altered vascular tone is not always the predominant pathogenetic mechanism since many
patients have a “fixed” component in their disease and this, unfortunately, is not optimally
responsive to current vasodilator therapies. This “fixed” component is largely due to excessive
pulmonary vascular remodeling as a result of altered biology of various cell types at the
pulmonary vascular wall. Accumulating evidence in both human and animal studies supports
that pulmonary vascular smooth muscle cell phenotypic switch from a contractile to a synthetic
and proliferative phenotype is one of the underlying pathogenetic mechanisms in pulmonary
hypertension (Michelakis et al., 2002; McMurtry et al., 2004; McMurtry et al., 2005; Bonnet et

al., 2007; Li et al., 2009). This raises the exciting possibility for a novel therapeutic strategy
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aiming to restore a contractile pulmonary VSMC phenotype and reverse structural remodeling
which is likely to ameliorate vascular dysfunction and enhance responsiveness to vasodilator
therapies.

Since PH is a rare and heterogeneous disease, several animal models have been
developed that share many features of the human disease and provided insights into
pathogenetic mechanisms. We and others previously studied pulmonary vascular function in
the Hx, and monocrotaline (MCT) models of PH and found significant impairments in
pulmonary vascular responsiveness along with significant hemodynamic and structural
changes in the pulmonary circulation (Christou et al., 2000; Hoshikawa et al., 2003; Schermuly
et al., 2004; Arciniegas et al., 2007; Nozik-Grayck and Stenmark, 2007; Majka et al., 2008).
These changes were pulmonary vascular bed-specific since we did not find major effects in the
systemic circulation. The mechanisms for pulmonary vascular bed specificity in these animal
models may relate to differential sensitivity of pulmonary vascular cells due to their baseline
physiologic exposure to hypoxia or to differences in the way vascular cells from different beds
sense, signal and respond to adverse stimuli. In our prior studies, we found that these changes
can be targeted by therapeutic interventions that seem to restore a contractile pulmonary
vascular smooth muscle cell phenotype (Christou et al., 2012). The adult rat Su/Hx model of
severe PH was described by Taraseviciene-Stewart and coworkers (Taraseviciene-Stewart et
al., 2001) and is thought to more closely recapitulate the human condition because of the
similarities in pulmonary vascular pathology, its progressive nature, and its ultimate lethality. In
this model, despite the systemic administration of Su and the global effects of exposure to
hypoxia, the vascular pathology seems to be pulmonary vascular bed- specific. However, the
underlying changes in pulmonary vascular function in this model have not been previously
studied. Also, the effects on systemic vascular function in the Su/Hx model were not
previously described. We thus examined vascular reactivity in pulmonary and systemic

vessels to better understand the vascular mechanisms underlying PH in the Su/Hx model.
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Our hemodynamic measurements confirm that the Su/Hx rat model of PH is characterized
by more severe PH than that induced by hypoxia or sugen alone. Consistent with previous
reports (de Raaf et al., 2014), the RVSP was greater in Su/Hx compared to Nx, Hx or Su rats.
Also, the Fulton’s index and the RV/Body weight ratio, as measures of right ventricular
hypertrophy, were greater in Su/Hx compared to Nx, Hx and Su rats. These findings are
consistent with previous reports that demonstrate that hypoxia-induced pulmonary
hypertension is spontaneously reversible upon return to normoxia (de Raaf et al., 2014) and
that treatment with sugen alone is inconsistent in producing sustained PH likely because of
individual animal variability in susceptibility (Jiang et al., 2015). The combination of Su/Hx
produced a robust increase in all components of PH (RVSP, RVH and structural remodeling)
and thus support that this is a suitable model to examine the vascular mechanisms underlying
severe PH.

We measured the responses to the o-adrenergic receptor agonist Phe, a potent
vasoconstrictor (Leblais et al., 2004), and found that pulmonary artery contraction to Phe was
markedly reduced in Su/Hx compared to Nx rats. The reduction in Phe contraction of
pulmonary artery can not be attributed to Hx alone or Su alone because: 1) The pulmonary
artery contraction to Phe was not different in Hx compared to Nx rats. Previous studies have
suggested that a hallmark of hypoxic PH is an increase in vasomotor tone (Shimoda et al.,
2000a; Oka et al., 2007). For instance, chronic Hx may increase the production/activity of
vasoconstrictors such as endothelin-1 (ET-1) and angiotensin Il (Angll) in the lung (Shimoda et
al., 2000b) or induce direct effects on pulmonary VSMCs, modulating receptor population, ion
channel activity, K* current, membrane depolarization, elevation in cytosolic Ca** (Shimoda et
al., 2000b) or signal transduction pathways such as Rho kinase (Oka et al., 2007). We have
previously shown that Hx treatment for 2 weeks was sufficient to cause decreases in
pulmonary artery contraction to Phe (Christou et al., 2012) and this was consistent with
another report by Itoh at al in which ET-1-induced vasoconstriction of pulmonary artery strips

was reduced in the Hx rat model of PH (Itoh et al., 1999). The difference in the results of the
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various studies could be due to differences in the vasoconstrictive agonists used (Phe vs. ET-1
or Angll) or the vascular preparation used (pulmonary artery vs. isolated perfused lungs).
Also, our previous study was done immediately after two weeks of hypoxic exposure whereas
in the current study, we exposed animals to hypoxia for three weeks and allowed them to
recover for four weeks in normoxia. Our results are in agreement with previous studies in
which hemodynamic changes improve in the hypoxic model after the animals return to
normoxia (de Raaf et al., 2014). 2) The pulmonary artery contraction to Phe was slightly
increased in Su compared to Nx rats. This is consistent with reports that Su is a potent VEGF
receptor antagonist (O'Farrell et al., 2004), and is therefore expected to decrease vascular
relaxation and in turn enhance vascular contraction. 3) The pulmonary artery contraction to
Phe was significantly reduced in Su/Hx compared to Su alone rats, suggesting that combined
Su/Hx was necessary for the induction of the significant pulmonary pathology. 4) The changes
in Phe contraction appear to be specific to the pulmonary artery, as the Phe contraction in
other systemic arteries such as the aorta and mesenteric artery was not different among the
different groups of rats.

The interaction of Phe with a-adrenergic receptors is coupled to activation of GTP-binding
protein and various Ca?*-dependent and Ca**-independent mechanisms of VSM contraction
(Dallas and Khalil, 2003). The observed decrease in Phe contraction of pulmonary artery may
be partly due to changes in the sensitivity of a-adrenergic receptors or affinity to Phe because
the Phe EDsy was reduced in Su/Hx compared to Nx, Hx and Su rats. Also, the contraction of
pulmonary artery to membrane depolarization by high KCI, a receptor-independent response
that involves stimulation of Ca*" entry through voltage gated channels (Murphy et al., 2001;
Mazzuca et al., 2015), was reduced in Su/Hx compared to Nx rats, suggesting that the
reduced pulmonary vascular response could be partly due to decreased Ca* entry
mechanisms into VSMCs or other post-receptor mechanisms of VSMC contraction, and these
possibilities should be verified by measuring cytosolic Ca®* concentration and other contraction

mechanisms in pulmonary arterial smooth muscle cells in future experiments. Interestingly,
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when the Phe response was measured as % of control KCI contraction, the Phe response was
still reduced in Su/Hx compared with Nx, Hx, and Su rats. These observations suggest other
mechanisms that could reduce contraction in pulmonary VSMCs of the Su/Hx model of PH.
High KCI depolarizing solution affects the K™ gradient across the plasma membrane, and is
therefore expected to affect the outward movement of K™ ion and the activity of K channels.
Different types of K channels have been described in VSMCs, and whether the activity of K*
channels is altered in Su/Hx model remains to be examined. Our gene expression analysis in
isolated pulmonary arteries from Su/Hx animals supports that there is a pattern of de-
differentiation as assessed by decreased abundance of five contractile markers. This finding is
in agreement with prior studies that reported evidence of VSMC de-differentiation in other
models of PH as well as human PAH (Li et al., 2009; Xiao et al., 2013). Future studies should
examine if the changes in MRNA expression of contractile markers translate into changes in
protein levels using Western blot analysis.

We examined whether the impaired pulmonary vasoconstriction in Su/Hx rats could be
attributed to enhanced release of endothelium-derived relaxing factor (EDRF). The
endothelium is known to release nitric oxide (NO) (Busse and Fleming, 1999) prostacyclin
(Parkington et al., 2004) and endothelium-derived hyperpolarizing factors (EDHF) (Feletou and
Vanhoutte, 2006). NO is known to diffuse into VSMCs where it activates guanylate cyclase
and increase cGMP. cGMP in turn would promote relaxation by decreasing intracellular Ca®*
or reducing the Ca*" sensitivity of the contractile proteins. Our ACh experiments in Nx rats
demonstrate an intact endothelium-dependent relaxation of pulmonary artery that is abolished
by endothelium removal. Also, the observations that the NOS inhibitor L-NAME and guanylate
cyclase inhibitor ODQ blocked ACh relaxation in the pulmonary artery suggest a role of the
NO-cGMP relaxation pathway. The NO-cGMP pathway appears to be impaired in the
pulmonary artery of Su/Hx rats. This is supported by the following findings: 1) ACh-induced
relaxation was not different from Nx rats in pulmonary artery of Hx rats, partially reduced in Su

rats, and significantly reduced in Su/Hx rats compared to Nx and Hx rats. 2) The reduction in
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ACh relaxation in Su/Hx rats compared to other groups was specific to the pulmonary artery
and not observed in the aorta or mesenteric artery. 3) Blockade of NO production by L-NAME
enhanced Phe contraction as % of KCI in Nx rats but not Hx, Su and Su/Hx rats, suggesting
that the NO pathway is intact in Nx rats but impaired in Hx, Su and Su/Hx rats. 4) NO
production was reduced in pulmonary artery of Su/Hx compared to Nx rats, and the reduction
was not observed in the aorta or mesenteric artery.

Other alterations in the NO-cGMP pathway were also observed among the different
groups of rats. NO production was significantly reduced in pulmonary artery of Su alone rats.
This is consistent with the observed decrease in ACh relaxation in Su alone rats and could be
related to Su-induced blockade of the effects of VEGF and resulting endothelial cell
dysfunction. Also, NO production was reduced in pulmonary artery of Hx compared to Nx rats,
although ACh relaxation was not different between the two groups. This is likely because ACh
relaxation may also involve other pathways such as PGIl, and EDHF (Majed and Khalil, 2012;
Mazzuca et al., 2015) and these pathways may still be functional in the Hx rats and should be
examined in future studies. Also, despite the marked decrease in NO production which is
expected to cause a decrease in guanylate cyclase activity, ODQ caused significant
enhancement of Phe contraction as % of KCI in Su alone and Su/Hx rats. This could be partly
explained by possible compensatory increase in guanylate cyclase activity to rescue against
the marked decrease in NO in the Su and Su/Hx rats. Although we did not directly measure
Ca” sensitivity, assuming that KCI contraction is mainly due to Ca** influx (Murphy and Khalil,
2000) then the enhanced Phe contraction as a percentage of KCI contraction in ODQ treated
guanylate cyclase-blocked pulmonary artery of Su and Su/Hx rats is likely due to activation of
Ca**-sensitization pathways such as protein kinase C or Rho-kinase (Weigand et al., 2011)
and the contribution of these pathways to pulmonary artery contraction in the Su/Hx animal
models of PH should be further examined. The changes in Ca** sensitization pathways were
not observed in control non treated vessels because they were likely obscured by

compensatory increased guanylate cyclase activity, and only with blockade of guanylate
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cyclase the enhanced contraction mechanisms could be manifested. This is supported by

reports that cGMP reduces [Ca®"]

(Lincoln et al., 1990), and cGMP-dependent protein kinase
causes phosphorylation and inhibition of myosin light chain kinase and Ca®" sensitization
pathways (Salamanca and Khalil, 2005). Interestingly, Rho kinase has been suggested to play
a role in PH, and Rho kinase inhibitors have been effective as potential therapies in
experimental PH (Oka et al., 2008) Whether the changes in the Ca®* sensitization mechanisms
of VSM contraction are directly caused by Hx, Su or both is unclear and needs to be further
examined.

SNP is an exogenous NO donor that causes direct stimulation of guanylate cyclase and
increases in cGMP levels. In the present study, SNP-induced pulmonary artery relaxation was
not different in pulmonary artery of Hx or Su alone rats, but was significantly reduced in Su/Hx
rats. Also, the reduction in SNP relaxation in Su/Hx rats was specific to the pulmonary artery
and not observed in the aorta and mesenteric artery. These observations suggest that in
addition to the reduced NO production, the reduced pulmonary artery relaxation to SNP in
Su/Hx rats may be related to structural changes in the pulmonary vascular wall that lead to
decreased responsiveness of pulmonary VSMCs to vasodilators. Previous studies have shown
that ACh-induced relaxation in isolated perfused lung preparations is reduced in rats exposed
to Hx for 1 week and abolished after 3 weeks Hx exposure (Adnot et al., 1991). Other studies
have shown enhanced pressor response to ET-1 in Hx rats compared to controls with no
potentiation of the pressor response by EDRF antagonists (hydroquinone, methylene blue, and
pyrogallol). However, the endothelium-independent vasodilation by SNP was fully active in Hx
rats and it was concluded that Hx-induced PH is associated with a loss of EDRF activity in
pulmonary vessels (Adnot et al., 1991). On the other hand, our observation that both ACh- and
SNP-induced relaxation are reduced in pulmonary arteries of Su/Hx rats is similar to the
findings in the MCT model of progressive lung injury and PH where both endothelial-
dependent and endothelial-independent relaxation were reduced (Fullerton et al., 1996).

Taken together, these observations suggest that the decreased ACh- and SNP-induced
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relaxation in pulmonary artery of Su/Hx rats are due to reduced NO production as well as
structural changes in the pulmonary vascular wall that lead to decreased responsiveness of
pulmonary VSMCs to vasodilators. Other potential factors that could contribute to the observed
decreased responsiveness to SNP in the Su/Hx model may include increased
phosphodiesterase-5 (PDEDS) activity or decreased protein kinase G activity and this should be
examined in future studies. A prior report showed that maximal ACh-induced relaxation was
reduced in extralobar first-branch pulmonary artery rings of Su/Hx model in Fischer 344 rats
(Alzoubi et al., 2013). While the present study also showed impaired ACh relaxation in extralobar
pulmonary artery rings, it was conducted in a Su/Hx model in a different strain of rats (Sprague-
Dawley). Also, our study provided more in depth analysis of the ACh concentration-response
curve, the endothelium-dependent ACh response vs endothelium-independent SNP response, and
more mechanistic information regarding the role of NO-cGMP pathway and the sensitivity of this
pathway to inhibitors of NOS and guanylate cyclase (L-NAME and ODQ) and endothelium-
removal, as well as direct measurements of nitric oxide metabolites. Furthermore the present
study showed that the reduced endothelium-dependent and endothelium-independent relaxation
pathways were specific to the pulmonary artery of Su/Hx rats and were not observed in the aorta or
mesenteric artery. Thus the present study demonstrates impaired endothelium-dependent as
well as endothelium-independent pulmonary artery relaxation. It would be important to test
whether infusion of vasodilators in Su/Hx model in vivo affects pulmonary arterial pressure.
Interestingly, a recent study demonstrated that acute IV infusion of the vasodilator agent adenosine
caused a dose-dependent reduction in pulmonary artery pressure in anesthetized Wistar rats with
Su/Hx-induced PH (Iglarz et al., 2015), suggesting that at an earlier five week time point, there is a
reactive component of PH in this rat strain. Whether this reactive component of PH to vasodilators
could still be observed at a later seven week time point and in the Sprague-Dawley rat model of
Su.Hx remains to be investigated.

PH is associated with remodeling of the small pulmonary arteries, vascular cell

proliferation and obliteration of the pulmonary microvasculature (Pietra et al., 1989; Mitani et
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al., 2001; Budhiraja et al., 2004; Farber and Loscalzo, 2004). Some studies have shown that
chronic Hx is associated with increased proliferation and migration of VSMCs and a synthetic
pulmonary VSMC phenotype (Cooper and Beasley, 1999; Schultz et al., 2006; Chen and
Khalil, 2008). The “proliferative” or “synthetic’ VSMCs lose their ability to contract, partly due
to lack of contractile proteins like myosin. Our data support potential VSMC phenotypic switch
from a contractile to the synthetic phenotype in Su/Hx rats because: 1) Both Phe and KCI
contraction, were reduced in pulmonary artery of Su/Hx rats compared with Nx, Hx and Su
rats. 2) The vasodilator responses of pulmonary artery to both ACh and SNP were reduced in
Su/Hx compared with Nx and Hx rats. 3) Even after endothelium removal, the KCI contraction
was still reduced in Su/Hx compared to Nx and Su rats. 4) Histological analysis demonstrated
increased thickening of pulmonary arteriolar wall thickening in Su/Hx compared to Nx rats. 5)
Contractile markers were reduced in the pulmonary arteries of Su/Hx compared to Nx rats. A
prior study showed that the contraction to only one concentration of Phe (10° M) and KCI (80 mm)
was insignificantly enhanced in pulmonary artery of Su/HX model in Fischer 344 rats (Alzoubi et
al., 2013). This is different from the present findings that both Phe and KCI contraction were
significantly reduced in our Su/Hx model. The difference in the results could be related to
differences in the rat strain (Sprague-Dawley vs Fischer 344). Also, the present study examined
the full concentration-response curve to Phe rather than the response to only one Phe
concentration, thus demonstrating decreased sensitivity particularly to low Phe concentrations in
the pulmonary artery of Su/Hx rats. Additionally, the present study examined how the contractile
response to Phe could be modified by inhibitors of the NO-cGMP relaxation pathway and
endothelium removal. Most importantly, the present study showed that the reduced Phe and KCI
contraction were specific to the pulmonary artery of Su/Hx rats and were not observed in the aorta
or mesenteric artery. The differences in the findings make it important to further study the changes
in vascular function in other Su/Hx models in future studies. Nevertheless, the present study is the
first to describe in a comprehensive manner the full spectrum of vascular dysfunction in Su/Hx

Sprague-Dawley rats which extends beyond endothelial dysfunction. Our observed decrease in
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mechanical force to vasoconstrictor stimuli and decreased relaxation to vasodilator stimuli is a
novel finding and supports structural remodelling and stiffening of the pulmonary vascular wall.
Our findings suggest that in addition to endothelial dysfunction, there is impaired intrinsic VSMC
dysfunction and thus provide a novel target for potential therapies.

One limitation of the present study is that we used extra-lobar first branch pulmonary
arteries which may not reflect the entire pulmonary circulation particularly the intralobar
resistance vessels that are thought to play a greater role in the control of pulmonary vascular
resistance. Future studies should examine whether the observed reduced
contraction/relaxation in extra-lobar pulmonary arteries also occur in distal intralobar
resistance vessels. However, studies in more proximal vessels are also important for the
following reasons: 1. Small intralobular arteries take their vascular feed from the larger
extralobar conduit pulmonary arteries, and remodeling of the parent conduit arteries are
expected to affect the structural integrity and function of the smaller branches and downstream
vessels. 2. Thickening of the tunica media occurs at all levels of the arterial tree in the context
of pulmonary vascular remodeling (Pugliese et al., 2015). 3. Some authors have reported
gualitative similarities (and quantitative difference) in vasoactive responses between main and
intralobar pulmonary arteries in the setting of experimental Pulmonary Hypertension (Jeffery
and Wanstall, 2001), and 4. Functional changes in pulmonary vascular stiffness are
increasingly thought to be important in disease progression and were shown to be mainly due
to decreased compliance of larger vessels (Hunter et al., 2011). Given that there is increasing
appreciation of the contribution of proximal vascular stiffness to pulmonary vascular
impedance in the setting of PH (Lammers et al., 2008; Sanz et al., 2009) we believe it is
important to examine these responses in addition to the changes in the distal pulmonary
circulation in experimental PH. Nevertheless, the vasorelaxation effects may depend not only
on the size of the vessel but also on the vasodilator factors involved. While NO plays a greater
role in larger vessels, EDHF is more important in smaller vessels. There is a possibility that a

smaller pulmonary artery might show differences in vasorelaxation compared with the first
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branch, and therefore the vasorelaxation response in smaller branches are important and
should be examined in future investigations.

The present study focused on understanding the mechanisms underlying impaired
pulmonary vascular contractility in the Su/Hx model with the hope that improved understanding
of these mechanisms will provide the framework for future intervention studies to evaluate the
efficacy of novel agents aiming to restore a contractile pulmonary VSMC phenotype. In this
context, we found that endothelium-dependent relaxation was reduced in Su/Hx model of PH.
Endothelium-derived vasodilators include NO, PGIl, and EDHF. We observed that ACh-
induced relaxation of pulmonary artery was completely abolished by the NOS inhibitor L-
NAME and guanylate cyclase inhibitor ODQ, suggesting a major role of NO-cGMP pathway,
and likely a minimal role of PGI, or EDHF. While our studies suggest a relatively small role of
endothelium-derived PGl in the observed changes in pulmonary artery of Su/Hx, this does not
exclude the possibility of PGI, release from other vascular cells including VSMCs. Given the
favorable vascular effects of PGI, therapy in the management of PH, future studies should
further examine the levels of PGIl, and the blood pressure depressor and vasodilator

responsiveness to PGl in the Su/Hx model of PH.

Perspective

Studies in animal models of PH provide important information regarding the vascular and
molecular mechanisms underlying human PH. The present study demonstrates that severe
PH in the Su/Hx model is associated with reduced responsiveness of the pulmonary arterial
circulation to both vasoconstrictor and vasodilator stimuli. The specific reduction in the
pulmonary vascular responses in the setting of Su/Hx-induced PH may be explained by a
vascular bed-specific switch of VSMCs from a contractile to a synthetic phenotype, as well as
reduction in endothelium-dependent relaxation pathways. Our results may have important

clinical implications for PH as they suggest that therapeutic interventions targeting
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vasoconstriction may not produce the desired effects unless new approaches to improve the

responsiveness of the pulmonary circulation to vasoactive substances are developed.
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Legends for Figures

Fig. 1. Hemodynamic changes and right ventricular hypertrophy in the Sugen 5416/hypoxia
(Su/Hx) model of Pulmonary Hypertension (PH). Schematic representation of experimental
timeline (A). Animals were injected with Sugen (20mg/kg s.c.) or vehicle and either exposed to
3 weeks of hypoxia (9% O,) followed by 4 weeks of normoxia (21% O,) (Su/Hx and Hx) or kept
in normoxia for 7 weeks (Nx, Su). Right ventricular systolic pressure (RVSP) (B), left
ventricular systolic pressures (LVSP) (C), Right ventricular hypertrophy (RVH) assessed as the
weight of the right ventricle divided by the left ventricle and septum (Fulton’s Index, Fl; D) or as
the ratio of right ventricular weight to body weight (E). Data represent means+SEM, n= 7-17

rats. *P< 0.05.

Fig. 2. KCl-induced contraction in blood vessels of normoxia (Nx), hypoxia (Hx), sugen (SU)
and sugen+hypoxia (Su/Hx) rats. Pulmonary artery, aortic, and mesenteric artery rings from
Nx, Hx, Su, and Su/Hx rats were either intact (+Endo, A, B, C) or endothelium-denuded (-
Endo, D, E, F). The vascular rings were stimulated with KCI (96 mM) and the contraction in
gram/mg tissue weight was recorded. Data represent meanstSEM, n= 7-11. *P<0.05 vs Nx.

#P<0.05 vs Su.

Fig. 3. Phe-induced contraction in blood vessels of normoxia (Nx), hypoxia (Hx), sugen (Su)
and sugen+hypoxia (Su/Hx) rats. Pulmonary artery, aortic, and mesenteric artery rings from
Nx, Hx, Su, and Su/Hx rats were stimulated with increasing concentrations of Phe (10° to 10
M), the contractile response was measured and presented in gram/mg tissue (A, B, C), as %
of maximum Phe contraction (D, E, F), or as % of KCI contraction (G, H, I). Data represent

means+SEM, n=7-11. *P<0.05 vs Nx. TP<0.05 vs Hx. *P<0.05 vs Su.

39

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 6, 2017 as DOI: 10.1124/jpet.117.244798
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #244798

Fig. 4. Effect of endothelium removal or blockade of NO-cGMP pathway on Phe-induced
contraction of pulmonary artery. lIsolated pulmonary artery rings from normoxia (Nx), hypoxia
(Hx), sugen (Su) and sugen+hypoxia (Su/Hx) rats were either kept endothelium-intact (open
circles), pretreated with the NOS inhibitor L-NAME (3x10™ M) (closed circles) or the guanylate
cyclase inhibitor ODQ (10 M) (open triangles) for 15 min, or endothelium-denuded (closed
triangles). The vessels were stimulated with increasing concentrations of Phe, and the
contractile response was presented in grams/mg of tissue (A, B, C, D), as % of maximum Phe
contraction (E, F, G, H), or as % of control 96 mM KCI contraction (I, J, K, L). Data represent
means+SEM, n=7-11. *P<0.05, L-NAME treated vs. control non-treated vessels. * P<0.05,

ODQ-treated vs. control non-treated vessels.

Fig. 5. ACh-induced relaxation in blood vessels of normoxia (Nx), hypoxia (Hx), sugen (Su)
and sugen+hypoxia (Su/Hx) rats. Pulmonary artery (A), aortic (B), and mesenteric artery rings
(C) from Nx, Hx, Su, and Su/Hx rats were stimulated with submaximal concentration of Phe,
then stimulated with ACh (10°-10"° M) and the % relaxation of Phe contraction was measured.

Data represent means+SEM, n=7-11. *P<0.05 vs Nx. TP<0.05 vs Hx.

Fig. 6. Effect of endothelium removal or blockade of NO-cGMP pathway on ACh-induced
relaxation of pulmonary artery. lIsolated pulmonary artery rings from normoxia (Nx), hypoxia
(Hx), sugen (Su) and sugen+hypoxia (Su/Hx) rats were either kept endothelium-intact (open
circles), pretreated with the NOS inhibitor L-NAME (3x10™ M) (closed circles) or the guanylate
cyclase inhibitor ODQ (10™° M) (open triangles) for 15 min, or endothelium-denuded (closed
triangles). The vessels were stimulated with submaximal concentration of Phe, then stimulated
with ACh (10°-10° M) and the % relaxation of Phe contraction was measured. Data represent
meanszSEM, n=7-11. * P<0.05, vessels treated with L-NAME or ODQ or endothelium

denuded vs. control non-treated endothelium-intact vessels.
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Fig. 7. NO production in blood vessels of normoxia (Nx), hypoxia (Hx), sugen (Su) and
sugen+hypoxia (Su/Hx) rats. Pulmonary artery (A), aortic (B), and mesenteric artery rings (C)
from Nx, Hx, Su, and Su/Hx rats were stimulated with increasing concentrations of ACh and
nitrate/nitrite (NOx) production was measured. Data represent means+tSEM, n=7-11. *P<0.05

VS NX.

Fig. 8. SNP-induced relaxation in blood vessels of normoxia (Nx), hypoxia (Hx), sugen (Su)
and sugen+hypoxia (Su/Hx) rats. Endothelium-denuded pulmonary artery (A), aortic (B), and
mesenteric artery rings (C) from Nx, Hx, Su, and Su/Hx rats were precontracted with
submaximal concentration of Phe, then stimulated with SNP (10°-10™ M) and the % relaxation
of Phe contraction was measured. Data represent meanstSEM, n=7-11. *P<0.05 vs NXx.

TP<0.05 vs Hx. “P<0.05 vs Su.

Fig. 9. Pulmonary vascular remodeling in the Su/Hx-model of pulmonary hypertension.
Representative H&E stained peripheral lung sections from each experimental group (Nx, A;
Su/Hx, B). Pulmonary arterioles are indicated with arrowheads. Scale bar=50um. Quantitative
morphometric analysis of percentage wall thickness of pulmonary arterioles defined as the
area occupied by the vessel wall divided by the total cross sectional area of the arteriole (C).

Graph bars represent means+SEM of 30-52 vessels from 5 rats per group. *P< 0.05.

Fig. 10. Pulmonary artery smooth muscle cell de-differentiation in the Su/Hx-induced model of
PH. Expression of contractile (A-E) and synthetic (F) markers were analyzed in pulmonary
arteries of Nx and Su/Hx animals by RT-gPCR. All contractile markers are significantly
downregulated in Su/Hx animals. Definition of genes: smooth muscle alpha actin (Acta2, A);
calponinl (Cnnl, B); myosin heavy chain 11 (Myhl1l, C); smoothelin (Smtn, D); transgelin
(Tagln, E); retinol binding protein (Rbpl, F). Graph bars represent meanszSEM. N= 5-7 rats

per experimental group. *P< 0.05.

41

202 ‘02 |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 6, 2017 as DOI: 10.1124/jpet.117.244798
This article has not been copyedited and formatted. The final version may differ from this version.

Table 1. Primers for genes in quantitative real-time PCR

JPET #244798

Gene Species Accession No. Forward Primer Reverse Primer

Acta2 rat NM_031004.2 5'-CTGGACGTACAACTGGTATTG-3' 5-ATGAGGTAGTCGGTGAGAT-3'
Cnnl rat NM_031747.1 5'-CCAGCATGGCAAAGACAA-3' 5'-CTGTAGGCCAATGATGTTCC-3'
Gapdh rat NM_017008.4 5’-GACATGCCGCCTGGAGAAAC-3’ 5’-AGCCCAGGATGCCCTTTAGT-3'
Myh11 rat NM_001170600.1 5'-GCTACAAGATCGTGAAGACC-3' 5-GTGATGCTGCTGTCTTTCT-3'
Nup133 rat XM_008772670.2 5-GTCTTCGATACACAAGGAGAC-3' 5'-CTTCTGCTAACAGGGACATAC-3'
Rbpl rat NM_012733.4 5'-TTCACCTGGAGATGAGAGC-3' 5'-TCCTCGAGACCAAGGTTATC-3'
Smtn rat NM_001013049.2 5'-GAGAACTGGCTACACTCTCA-3' 5-AGTGTGGTCAACTCCTCTAC-3'
Tagin rat NM_031549.2 5-TTATGAAGAAAGCCCAGGAG-3' 5'-CTCTGTTGCTGCCCATTT-3'

Definition of genes: (a) Contractile markers: Acta2 (smooth muscle alpha 2 actin), Cnnl

(calponin 1), Gapdh (glyceraldehyde-3-phosphate dehydrogenase), Myh11l (myosin heavy

chain 11), Smtn (smoothelin), Tagln (transgelin, also known as SM22a); (b) Synthetic marker:

Rbp1l (retinol binding protein 1); (c) Housekeeping: Nup133 (nucleoporin 133).
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Fig. 2

KCIl-Induced Contraction
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Fig. 3

Phe-Induced Contraction
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Fig. 4
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Fig. 5

Endothelium-Dependent ACh-Induced Relaxation
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Fig. 6

Effect of Endothelium Blockade or Removal on ACh Relaxation of Pulmonary Artery
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Fig. 7
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Fig. 8

Endothelium-Independent Relaxation
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Fig. 10
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