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Abstract

Chronic pulmonary hypertension in infancy and childhood is characterized by a fixed and 

progressive increase in pulmonary arterial pressure and resistance, pulmonary arterial remodeling, 

and right ventricular hypertrophy and systolic dysfunction. These abnormalities are replicated in 

neonatal rats chronically exposed to hypoxia from birth in which increased activity of Rho-kinase 

(ROCK) is critical to injury, as evidenced by preventive effects of ROCK inhibitors. Our objective 

in the present study was to examine the reversing effects of a late or rescue approach to treatment 

with a ROCK inhibitor on the pulmonary and cardiac manifestations of established chronic 

hypoxic pulmonary hypertension. Rat pups were exposed to air or hypoxia (13% O2) from 

postnatal day 1 and were treated with Y-27632 (15 mg/kg) or saline vehicle by twice daily 

subcutaneous injection commencing on day 14, for up to 7 days. Treatment with Y-27632 

significantly attenuated right ventricular hypertrophy, reversed arterial wall remodeling, and 

completely normalized right ventricular systolic function in hypoxia-exposed animals. Reversal of 

arterial wall remodeling was accompanied by increased apoptosis and attenuated content of 

endothelin (ET)-1 and ETA receptors. Treatment of primary cultured juvenile rat pulmonary artery 

smooth muscle cells with Y-27632 attenuated serum-stimulated ROCK activity and proliferation 

and increased apoptosis. Smooth muscle apoptosis was also induced by short interfering RNA-

mediated knockdown of ROCK-II, but not of ROCK-I. We conclude that sustained rescue 

treatment with a ROCK inhibitor reversed both the hemodynamic and structural abnormalities of 
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chronic hypoxic pulmonary hypertension in juvenile rats and normalized right ventricular systolic 

function. Attenuated expression and activity of ET-1 and its A-type receptor on pulmonary arterial 

smooth muscle was a likely contributor to the stimulatory effects of ROCK inhibition on 

apoptosis. In addition, our data suggest that ROCK-II may be dominant in enhancing survival of 

pulmonary arterial smooth muscle.
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Chronic pulmonary hypertension (PHT) is a rare but debilitating and fatal disease in infants 

and children, most frequently observed in the settings of severe bronchopulmonary dysplasia 

(46, 60), congenital diaphragmatic hernia (39), structural heart diseases with increased 

pulmonary blood flow (18, 48), and persistent PHT of the newborn (41). Current efforts to 

treat chronic PHT in this population are hampered by frequent nonresponsiveness to 

currently available pulmonary vasodilators and a rapid (when compared with adults) 

progression toward end-stage pathology, characterized by severe vascular remodeling and 

right ventricular (RV) dysfunction (8, 17, 63). Despite an expanding range of therapeutic 

options (3, 63), newer treatments may not lead to sustained improvements in symptoms or to 

an overall increase in longevity (63); therefore, the prognosis for this condition remains 

poor.

Activation of the small GTPase, RhoA, and its effector protein, Rho-kinase (ROCK) (36, 

57), are strongly implicated as a key pathway regulating pulmonary vascular tone and 

smooth muscle phenotype. ROCK activation leads to Ca++ sensitization and thereby 

contraction of smooth muscle through phosphorylation of myosin regulatory light chain 

(MLC) (12, 56). This appreciation has led to the experimental use of ROCK-specific kinase 

inhibitors, among which include Y-27632 (21) and fasudil (53), as therapeutic vasodilators. 

In adult models, these agents have been reported to inhibit sustained pulmonary 

vasoconstriction in response to acute and chronic hypoxia (11, 50), vaso-occlusive PHT 

(45), and infusion of a variety of vasoconstrictors acting upon G protein-coupled receptors, 

including endothelin (ET)-1 (5, 54, 64). Furthermore, pilot data in humans have confirmed 

that ROCK inhibitors are equal or superior to existing pulmonary vasodilators in both adults 

(20, 42) and children (33).

Our group has previously shown that the RhoA/ROCK pathway is activated in pulmonary 

arteries of neonatal rats with hypoxia- or bleomycin-induced PHT (38). In both models, a 

single bolus of ROCK inhibitor (Y-27632 or fasudil) completely normalized pulmonary 

vascular resistance (PVR) (38). We subsequently reported that sustained ROCK inhibition 

from birth prevented chronic hypoxia-induced vascular remodeling, through inhibitory 

effects on arterial wall smooth muscle proliferation (68), suggesting that ROCK may 

regulate, at the transcriptional level, the expression of key mediators leading to pulmonary 

vascular remodeling (37, 44).

The aim of the present study was to determine whether prolonged rescue treatment with a 

ROCK inhibitor (i.e., sustained treatment commenced after chronic PHT is already 
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established) would lead to sustained pulmonary vasodilatation, reversal of vascular 

remodeling, and restoration of RV function in chronic hypoxia-exposed juvenile rats. In the 

newborn rat, ET-1 functions not only as a potent vasoconstrictor but also as a survival factor 

for pulmonary artery smooth muscle cells (PASMCs), through its effects on the ETA 

receptor (22). We therefore hypothesized that any reversing effects of ROCK inhibition on 

pulmonary arterial (PA) wall remodeling, presumably through enhanced smooth muscle 

apoptosis, would be accompanied by attenuated ET-1 and/or ETA receptor expression. 

Finally, given the importance of right heart function to survival in chronic PHT (6), we 

examined the effects of sustained ROCK inhibition on diminished RV systolic performance, 

which we previously determined to be unaffected by a single bolus dose of ROCK inhibitor 

(38).

MATERIALS AND METHODS

Materials

Y-27632 and fasudil (HA-1077) were from Alexis Biochemicals (San Diego, CA) and LC 

Laboratories (Woburn, MA), respectively. Phos-tag acrylamide was from Nard Institute 

(Amagasaki City, Hyogo, Japan). Cell Death Detection ELISA and dUTP TUNEL assay kits 

were from Roche (Laval, Québec, Canada). Bromodeoxyuridine (BrdU) cell proliferation 

colorimetric assay kits were from Exalpha Biologicals (Shirley, MA). WST-8 colorimetric 

assay kits were from Cayman Chemical (Ann Arbor, MI). DMEM, trypsin, and heat-

inactivated FBS were from Gibco (Burlington, Ontario, Canada). Avidin-biotin-peroxidase 

complex immunohistochemistry kits, 6-diamino-2′-phenylindole aqueous mounting 

medium, and 3,3′ diaminobenzidine staining kits were from Vector Laboratories 

(Burlingame, CA). Weigert’s resorcin-fuchsin stain was from Rowley Biochemical 

(Danvers, MA). GAPDH (Catalog No. sc-25778), MLC (Catalog No. sc-15370), ROCK-I 

(Catalog No. sc-17794), cleaved ROCK-I (Catalog No. sc-52953), and goat anti-rabbit and -

mouse IgG-biotin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-

ROCK-II (Catalog No. 610624) was from BD Biosciences (Mississauga, Ontario, Canada). 

Anti-α-smooth muscle actin (Catalog No. MS-113-PI) and prepro-ET-1 (Catalog No. 

MA3-005) were from Thermo Fisher Scientific (Ottawa, Ontario, Canada). Anti-ETA 

receptor (Catalog No. NBP1-00818) was from Novus Biologicals (Littleton, CO). 

Antiphosphorylated Thr850 myosin phosphatase target (MYPT)-1 (Catalog No. 36-003) and 

pan-MYPT-1 (Catalog No. 07-672) were from Upstate/Millipore (Billerica, MA). Anti-

cleaved caspase-3 (Catalog No. 9661) and goat anti-rabbit and anti-mouse immunoglobulin 

(IgG)-peroxidase antibodies were from Cell Signaling Technology (Beverly, MA). 

Predesigned rat short-interfering RNAs (siRNAs) were purchased from Ambion/Applied 

Biosystems (Austin, TX). Custom primers for quantitative RT-PCR (qRT-PCR) were from 

Integrated DNA Technologies (Skokie, IL). Unless otherwise specified, all other chemicals 

and reagents were from Sigma Aldrich (Oakville, Ontario, Canada).

Animal exposures and interventions

All procedures involving animals were performed in accordance with the standards of the 

Canadian Council on Animal Care and were approved by the Animal Care Committee of the 

Sunnybrook Research Institute. Timed-pregnant Sprague-Dawley rats (150–200 g) were 
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purchased from Taconic Farms (Germantown, NY). Each litter was nursed in either air (21% 

O2) or hypoxia (13% O2), from postnatal day 1, for up to 21 days, as previously described in 

detail (28). From day 14, pups received Y-27632 [15 mg/kg; 3 mg/ml suspended in 0.9% 

(wt/vol) saline vehicle = 5 μl/g body wt] or an equivalent volume of vehicle alone by twice 

daily subcutaneous injection for either 2 (to day 16 of life) or 7 (to day 21 of life) days. 

Doses of 15 mg/kg Y-27632 or 30 mg/kg (but not 15 mg/kg) fasudil were previously shown 

to normalize PVR in pups exposed to acute or chronic hypoxia (38). In preliminary dose 

response studies (15 or 30 mg/kg ip twice daily), we compared the effects of Y-27632 and 

fasudil, commencing on day 14. No mortality resulted from 15 mg/kg Y-27632; however, 

treatment with 15 mg/kg fasudil led to ~30% mortality, all during the first 2 days of 

treatment. Death was preceded by a rapid onset of gray pallor and decreased activity, within 

minutes of injection, which we interpreted as signs of hypotensive shock. Treatment with 30 

mg/kg of either drug led to increased mortality, with fasudil causing a higher rate than 

Y-27632 (~90% vs. ~ 40%, also predominantly within the first 2 days of treatment; data not 

shown). These effects are consistent with a known lack of pulmonary selectivity of ROCK 

inhibitors, leading to parallel systemic hypotension (7). We elected to employ Y-27632 for 

the present studies due to an inability to completely inhibit ROCK activity in the lung 

without causing excess mortality with fasudil (data not shown); however, we acknowledge 

that fasudil remains the only ROCK inhibitor to have thus far been tested in humans (20, 

33). A twice daily dosing regimen was undertaken based upon in vivo work by others 

suggesting that vasodilatory activity of Y-27632 in adult rats lasts 6–12 h following a single 

enteral dose (42).

Equal litter sizes (10–12 pups) and sex distribution were maintained throughout the exposure 

period. Food and water were available ad libitum. Dams were exchanged daily between 

paired air and hypoxia chambers to prevent any maternal toxicity and consequent nutritional 

effects on the pups. At the end of each exposure period, pups were euthanized either by 

exsanguination after anesthesia or by pentobarbital sodium overdose. Except for a subset of 

animals in which the longevity of effects on pulmonary hemodynamics was examined, all 

animals received the last dose of Y-27632 within 1 h of euthanization.

Cardiac ventricular weights

RV hypertrophy (RVH) was quantified by measuring the RV to left ventricle and septum (LV 

+ S) weight ratio (Fulton index), as previously described (25).

Two-dimensional echocardiography-derived measurements of pulmonary hemodynamics

Pulmonary hemodynamics were evaluated noninvasively using two-dimensional 

echocardiography and Doppler ultrasound (Vivid 7 cardiac ultrasound system and I13L 

linear probe; GE Medical Systems, Milwaukee, WI), as previously described in detail (38). 

Animals were anesthetized with ketamine-xylazine and spontaneously breathing room air at 

the time of the study. For estimation of PVR, a short-axis view at the level of the aortic valve 

was obtained and the pulmonary artery identified by color flow Doppler. The PA 

acceleration time (PAAT) was measured as the time from the onset of systolic flow to peak 

pulmonary outflow velocity, and the RV ejection time (RVET) was measured as the time 

from onset to completion of systolic pulmonary flow. PVR was estimated using the formula: 
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[1/(PAAT/RVET)] (38). Pulmonary artery systolic pressure (PASP) was calculated using the 

formula: PASP = 137.2 − (3.3 × PAAT) (27). For estimation of RV stroke volume, the PA 

diameter was measured by color flow Doppler at the hinge-point of the pulmonary valve 

leaflets. From the same Doppler interrogation of the pulmonary artery used to measure 

PAAT and RVET, RV output was calculated using the formula: (PA diameter/2)2 × 3.14 × PA 

velocity time integral × heart rate (beats/min). PA velocity time integral was measured by 

tracing the leading edge of the velocity time graph from the onset to completion of systolic 

pulmonary flow. RV output (in ml/min) was corrected for body weight to derive a RV 

performance index (in ml·min−1·kg−1). LV systolic performance was estimated from the 

parasternal short-axis view by calculating the shortening fraction according to the formula: 

[(LV end-diastolic diameter − LV systolic diameter)]/LV end-diastolic diameter × 100.

Measurement of RV systolic pressure

Rat pups were anesthetized with ketamine-xylazine, tracheotomized, and placed on a 

volume-controlled intermittent positive-pressure ventilator (Model 687; Harvard Apparatus, 

Holliston, MA) set at 90 breaths/min, 10 ml/kg tidal volume, and FiO2 0.21. The thorax was 

opened and the ventral portion of the ribcage was removed, after which a 23-gauge saline-

filled needle attached to a pressure transducer was inserted into the RV lumen. Pressure was 

captured by computer using Labchart software (version 5.1; AD Instruments, Colorado 

Springs, CO), and the highest stable RV systolic pressure (RVSP) was recorded for each 

animal.

Measurement of systemic blood pressure

Systemic blood pressure was noninvasively measured in anesthetized day 21 rat pups using a 

tail cuff Doppler device (LE5002; Harvard Apparatus) at baseline and 15 min after treatment 

with intraperitoneal Y-27632, 15 mg/kg fasudil, or an equivalent volume of saline vehicle. 

Because of technical limitations of the device in smaller animals, reliable recordings were 

only possible in pups weighing >50 g, which precluded successful measurements in animals 

chronically exposed to hypoxia for 21 days, due to resultant growth restriction.

Histological studies

Lungs from four animals from each group (2 from each of 2 separate litters) were air-

inflated and perfusion-fixed at constant pressure, embedded in paraffin, sectioned, and 

immunostained for α-smooth muscle actin, as previously described in detail (25). For 

assessment of percent arterial medial wall thickness (MWT), pulmonary arterioles (ranging 

from 20 to 100 μm external diameter), identified by the presence of both inner and outer 

elastic lamina using Weigert’s resorcin-fuchsin stain (Rowley Biochemical, Danvers, MA), 

were digitally captured (Pixera Penguin 600CL; San Jose, CA) and measured by an observer 

blinded to group identity, as previously described in detail (28). Mean external diameter 

(taken as the outer elastic lamina) was calculated from measurements of round and ovoid 

vessels in two perpendicular planes to account for any irregularities in vessel shape, while 

excluding vessels that were cut tangentially (>3-fold difference in MWT between 

perpendicular planes). Percent MWT was calculated using the formula: ([2 × MWT]/mean 

external diameter) × 100.
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qRT-PCR

RNA was extracted (Absolutely RNA Miniprep Kit; Agilent/Stratagene, La Jolla, CA) and 

reverse transcribed (Affinity-Script; Agilent) from lung tissue samples stored in RNALater 

(Applied Biosystems, Streetsville, Ontario, Canada). qRT-PCR was performed on a 

Stratagene MX3000P qPCR system using SYBR Green qPCR Master Mix (SA Biosciences, 

Frederick, MD). Cycling conditions were 95°C for 10 min followed by 40 cycles of 95°C for 

15 s and 60°C for 60 s. A standard curve for each primer set was run, using a rat lung cDNA 

standard (Agilent), to ensure that reaction efficiency was equivalent to primers for the 

housekeeping gene, β-actin, the expression of which was determined in preliminary 

experiments to be unaffected by the experimental conditions. Following each standard curve 

reaction, molecular weight standards (O’GeneRuler; Fermentas, Burlington, Ontario, 

Canada) and PCR products underwent DNA gel electrophoresis to confirm the presence of a 

single product of predicted length. Primer sequences are listed in Table 1. A dissociation 

(melt) curve and a no-template control were run for each set of samples to exclude 

nonspecific product formation and reaction contamination. Samples were run in duplicate, 

and expression of the gene of interest was normalized to β-actin. Fold or fraction change in 

expression relative to calibrator (air-exposed vehicle-treated) samples was calculated by the 

2−ΔΔct method using Stratagene MxPro software (version 4.01).

Assessment of proliferation, apoptosis, and viability of PASMCs

Primary PASMC-enriched cultures (identified by their characteristic hill-and-valley 

morphology and positive immunostaining for calponin) were obtained from explants of 

pooled intrapulmonary arteries from day 14 Sprague-Dawley rat pups, as previously 

reported in detail (22). Cells were passaged by trypsinization using 0.05% (wt/vol) trypsin/

EDTA and centrifugation at 300 g for 5 min, followed by reseeding in 96-well plates. For 

examination of effects of Y-27632, equal numbers (1 × 105) of passages 3–5 cells, 

suspended in DMEM + 10% (vol/vol) FBS, were seeded per well, allowed to attach, and 

grown to subconfluence (~70%), after which they were serum starved for 24 h in DMEM 

+ 0.1% (vol/vol) FBS. Before assays of ROCK activity, proliferation, apoptosis, and cell 

survival, 6 wells/group were treated with DMEM + 0.1% (vol/vol) FBS (negative control 

group), DMEM + 10% (vol/vol) FBS (positive control group for assessment of ROCK 

activity, cell proliferation, and viability), DMEM + 10% (vol/vol) FBS and various 

concentrations of Y-27632 (0.1, 1, or 10 μM), or DMEM + 10% (vol/vol) FBS and paclitaxel 

(10 μM; positive control group for apoptosis assay). Treatments were for 24 h at a gas phase 

of 74% N2-21% O2-5% CO2. All assays were performed in duplicate on cells derived from a 

different litter to ensure reproducibility of results. Proliferation (BrdU incorporation; 

Exalpha Biologicals), apoptosis (single-stranded DNA; Roche), and viability (WST-8; 

Cayman) were assayed using commercially available colorimetric kits, according to the 

manufacturer’s instructions. The latter assay utilizes color change of a nontoxic tetrazolium-

like compound as a reflection of live cell number.

siRNA-mediated gene knockdown

Passages 3–5 PASMCs were suspended (1.5 × 105/ml) in electroporation buffer (Ambion) 

containing 50 nM negative control (Catalog No. AM4611), ROCK I (Catalog No. 4390771; 
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ID No. s135694), or ROCK II (Catalog No. 4390771; ID No. s130059) Silencer Select 

siRNAs, and electroporated (BTX ECM 830; Harvard Apparatus) using a single 100 μS 

pulse at 1.5 kV/cm, after which they were added to a 10-fold excess of DMEM + 15% (vol/

vol) FBS [medium changed for DMEM + 25% (vol/vol) FBS after 24 h] and allowed to 

attach. Efficacy in knockdown and absence of significant cytotoxicity under these 

electroporation conditions was established in preliminary experiments using prevalidated rat 

GAPDH positive control siRNA (Ambion, Catalog No. AM4624). After 48 h, cells were 

collected for RNA purification, reverse transcription, and qRT-PCR to confirm gene 

knockdown, as described above, or apoptosis was quantified using a plate-based assay 

(Roche).

Western blot analyses

Third or fourth generation intrapulmonary arteries were dissected from four litters per group 

(the pooled vessels of 2 animals from each litter representing 1 sample). PA tissue or 

PASMCs were lysed in RIPA buffer with protease [Protease Inhibitor Cocktail Set I (Catalog 

No. 539131); Calbiochem, San Diego, CA] and phosphatase [Phosphatase Inhibitor Cocktail 

Set 2 (Catalog No. P5726); Sigma] inhibitors and sonicated on ice at 40W for 30 s. Protein 

samples (50 μg/lane) were boiled in Laemmli buffer, fractionated by SDS-PAGE on 4–20% 

gradient Tris-glycine gels, transferred to polyvinylidene difluoride membranes, and blotted, 

as previously described (23). Dilutions of primary antisera were 1:750 for anti-ETA receptor 

(50 kDa), 1:1,000 for cleaved caspase-3 (17 kDa), phospho- and pan-MYPT-1 (80 kDa) and 

cleaved ROCK-I (130 kDa), 1:2,000 for ROCK-I (150 kDa) and ROCK-II (160 kDa), 

1:3,000 for prepro-ET-1 (24 kDa), and 1:5,000 for GAPDH (37 kDa). Phospho- and pan-

MYPT-1, cleaved ROCK-I, and ROCK-I and -II content were examined in PA tissue 

collected on day 21. Prepro-ET-1, ETA receptor, and cleaved caspase-3 protein contents 

were examined in pulmonary arteries collected on day 16. The earlier time point was 

arbitrarily chosen based on preliminary data indicating that changes in markers of apoptosis 

were not evident on day 21. Protein bands were identified using enhanced chemiluminescent 

substrate (Immobilon; Millipore) and exposure of blots to Blue Film (CL-XPosure; Pierce/

Thermo Fisher Scientific). Bands were quantified by digital densitometry of nonsaturated 

radiographs with the background density removed (ImageJ; National Institutes of Health, 

Bethesda, MD). Differences in protein loading were compensated for by reblotting for 

GAPDH, the expression of which we have previously shown to be unaffected by chronic 

exposure to hypoxia (24, 28). MLC phosphorylation, as a marker of ROCK activity, was 

quantified by Phos-tag acrylamide SDS-PAGE (31) at day 21, as previously described (68). 

Following electrophoresis and transfer, membranes were blotted with anti-MLC at a dilution 

of 1:1,000, yielding two bands with Phos-tag (an upper band representing phosphorylated 

and a lower band representing unphosphorylated MLC) and only one band (20 kDa) when 

Phos-tag was omitted from the resolving gel (68). Density of the upper band was expressed 

as a ratio of the combined densities of both upper and lower bands.

In situ examination of apoptosis

Day 16 lung tissue was snap frozen in optimum cutting temperature (OCT) compound, as 

previously described (22), and then cut by cryostat into 12-μm sections, which were 

mounted and stored at −80°C until analysis. Apoptotic nuclei were labeled using a 
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commercially available fluorescein TUNEL enzymatic assay kit (Roche) and imaged using 

an epifluorescent microscope (Zeiss Axioskop, Oberkochen, Germany) with appropriate 

filter sets.

Data presentation and analysis

All values are expressed as means ± SE. Statistical significance (P < 0.05) was determined 

by one-way ANOVA followed by pairwise multiple comparisons using the Tukey test, where 

three or more groups were compared, and by unpaired t-test or Mann-Whitney rank sum test, 

where two groups were compared (SigmaPlot 11.0; Systat software, San Jose, CA).

RESULTS

Body and lung weights

Exposure to hypoxia for 21 days significantly decreased body weight relative to air-exposed 

controls (43.7 ± 0.8 g vs. 51.4 ± 1.0 g; P < 0.001, n = 12 animals/group). Treatment with 

Y-27632 from days 14 to 21 did not alter body weights in either air-exposed (49.7 ± 0.8 g) or 

hypoxia-exposed (40.9 ± 0.6 g) animals (P > 0.05 compared with respective controls, n = 12 

animals/group). Exposure to hypoxia also led to significantly decreased lung weight relative 

to air-exposed controls (716 ± 16 mg vs. 822 ± 23 mg; P < 0.001, n = 12 animals/group). 

Treatment with Y-27632 did not change lung weights in either air-exposed (810 ± 32 mg) or 

hypoxia-exposed (732 ± 24 mg) animals (P > 0.05 compared with respective controls, n = 12 

animals/group).

RVSP, pulmonary hemodynamics, systemic blood pressure, and left ventricular 
contractility

Exposure to hypoxia for 21 days led to persistently increased PVR (Fig. 1A), PASP (Fig. 

1B), RVSP (Fig. 1C), and decreased RV performance index (Fig. 1D) when examined in 

room air. Treatment of hypoxia-exposed animals with Y-27632 from days 14 to 21 (within 1 

h of the last dose; <1 h) normalized PVR (Fig. 1A), significantly attenuated PASP (Fig. 1B) 

and RVSP (Fig. 1C), and restored RV performance index to normal levels (Fig. 1D). RV 

performance index values remained normalized when examined 12–18 h (>12 h) after the 

last dose of Y-27632 (Fig. 1D) in contrast with improvements in PVR (Fig. 1A), PASP (Fig. 

1B), and RVSP (Fig. 1C), which were not sustained. Since heart rate did not differ between 

groups (P = 0.9, by ANOVA; data not shown), RV stroke volume was the main variable, 

which accounted for differences in RV performance index. When compared with baseline, 

mean systemic blood pressure was significantly (P < 0.05, by t-test) decreased by treatment 

with either Y-27632 (−32 ± 3%; n = 5) or fasudil (−31 ± 2%; n = 4), whereas an equivalent 

volume of saline vehicle had no effect (+2 ± 0.3%; P = 0.9, n = 5). Neither exposure to 

hypoxia nor treatment with Y-27632 led to any significant changes in LV systolic 

performance (P = 0.2, by ANOVA; data not shown).

Structural changes of PHT

Exposure to hypoxia for 21 days led to significant RVH (Fig. 2A), increased MWT (Fig. 

2B), and decreased luminal area (Fig. 2C) in pulmonary resistance arteries, consistent with 

inward remodeling causing partial luminal obstruction. Treatment of hypoxia-exposed 
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animals with Y-27632 from days 14 to 21 significantly attenuated RVH (Fig. 2A), and 

normalized percent MWT (Fig. 2B). Interestingly, percentage MWT in air-exposed animals 

was also significantly decreased by treatment with Y-27632 (Fig. 2B). Relative changes in 

PA smooth muscle mass and MWT between groups are further illustrated by medium-power 

images of α-smooth muscle actin immunostaining of lung tissue (Fig. 2C) and high-power 

images of Hart’s elastin-stained small pulmonary arteries (Fig. 2D).

ROCK activity and content in pulmonary arteries

Exposure to hypoxia for 21 days increased ROCK activity, as quantified by increased MLC 

phosphorylation ratio (Fig. 3A) and phosphorylated MYPT-1 content (Fig. 3B). Both were 

completely normalized by treatment with Y-27632 (Fig. 3, A and B). Neither exposure to 

hypoxia nor treatment with Y-27632 caused any significant changes in ROCK-I (Fig. 3C), 

ROCK-II (Fig. 3D), or cleaved ROCK-I (data not shown) content.

Lung expression and PA content of prepro-ET-1 and ET receptors

As shown in Table 2, whole lung mRNA expression of prepro-ET-1 and ETA or ETB 

receptors were quantified following treatment with either vehicle or Y-27632 for 2 days (day 
16). Exposure to hypoxia from days 1 to 16 led to significantly increased ET-1 expression, 

with no significant changes in expression of either ETA or ETB receptors. Treatment of 

hypoxia-exposed animals with Y-27632 normalized ET-1 expression. Expression of ETA 

(but not ETB) receptor was significantly decreased in both air- and hypoxia-exposed animals 

by Y-27632 (Table 2). Western blot analyses of PA prepro-ET-1 (Fig. 4A) or ETA receptor 

(Fig. 4B) demonstrated increased content in vehicle-treated hypoxia-exposed animals, 

relative to air controls. Treatment with Y-27632 normalized both prepro-ET-1 and ETA 

receptor content in hypoxia-exposed animals. Furthermore, ETA receptor content was 

significantly decreased in air-exposed Y-27632 animals, relative to vehicle-treated controls 

(Fig. 4B).

Effects of Y-27632 on markers of apoptosis in pulmonary arteries

Representative in situ TUNEL staining is shown in Fig. 5A, demonstrating the presence of 

TUNEL-positive nuclei on the vascular walls of both air- and hypoxia-exposed animals 

treated with Y-27632, not evident in animals treated with vehicle. As shown in Fig. 5B, 

treatment with Y-27632 greatly increased cleaved caspase-3 content in both air- and 

hypoxia-exposed groups, relative to vehicle-treated controls (Fig. 5B).

Effects of Y-27632 on proliferation, apoptosis, and viability in primary cultured PASMCs

ROCK activity was increased in serum-stimulated PASMCs and completely suppressed by 

treatment with 10 μM Y-27632, as indicated by changes in Thr850 phosphorylation of the 

ROCK target, MYPT-1 (Fig. 6A). Treatment of PASMCs with Y-27632 (0.1, 1.0, or 10 μM) 

completely attenuated serum-induced proliferation (Fig. 6B), whereas 10 μM Y-27632 

significantly increased apoptosis (Fig. 6C). These changes were paralleled by reduced cell 

viability with increasing doses of Y-27632 (Fig. 6D).
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Effects of siRNA-mediated knockdown of ROCK isoforms on apoptosis in primary cultured 
PASMCs

When compared with negative control (scrambled) siRNA, which had no significant effect 

on ROCK-I or -II isoform expression compared with cells electroporated without siRNA (P 
> 0.05; data not shown), effective knockdown was achieved with ROCK-I or -II-specific 

siRNAs (Fig. 7A). PASMC apoptosis was greatly increased by knockdown of ROCK-II, 

whereas knockdown of ROCK-I had no effect (Fig. 7B).

DISCUSSION

Our main findings were that sustained rescue treatment with Y-27632 reversed arterial wall 

remodeling, decreased RVH, and restored RV systolic function in chronic hypoxia-exposed 

juvenile rats. Reversing effects on vascular remodeling of another ROCK inhibitor, fasudil, 

have been previously reported in adult rats with monocrotaline-induced chronic PHT (1, 40). 

To our knowledge, this is the first study to examine the reversing effects of ROCK inhibition 

on vascular remodeling in the immature animal, which may be more resistant to reversal 

than adults (8, 17, 29, 30, 47, 52, 62) and the first to document normalized RV function as a 

consequence of sustained rescue treatment with a ROCK inhibitor. Our observation that 

sustained reduction of PVR and of RVSP were dependent upon ongoing inhibition of ROCK 

activity with Y-27632 are further in keeping with ROCK-mediated pulmonary 

vasoconstriction being the main determinant of raised pulmonary vascular pressure and 

resistance secondary to chronic hypoxia (38, 58).

Compensated right heart function is the main determinant of longevity in chronic PHT (6). 

Since ROCK is highly expressed in myocardium (35) and the RhoA/ROCK pathway is 

known to be an important mediator of the hypertrophic responses of cardiomyocytes (67), it 

was conceivable that ROCK inhibition could have adversely affected function of the normal 

or remodeled RV. Our observations were that ROCK inhibition decreased RVH and 

completely normalized RV output, while having no adverse effects on LV contractility or on 

RV function in normal (air-exposed) animals. These findings suggest that ROCK inhibitors 

have potential to improve survival in chronic PHT and add to previously identified beneficial 

effects of ROCK inhibition on LV dysfunction secondary to ischemia-reperfusion injury 

(16), chronic hypertension (32), and diabetes (34). Interestingly, beneficial effects of 

sustained treatment with Y-27632 on RV output remained present in the face of raised 

pulmonary vascular pressure and resistance, raising the possibility that this effect may have 

been contributed to by factors other than decreased pressure load or acute changes in ROCK 

activity within the heart. Downstream mediators of ROCK, which may account for such 

improvements in RV function, remain unknown and await exploration in future studies.

We observed that ROCK inhibition led to attenuated serum-induced proliferation in vitro and 

increased apoptosis of PA smooth muscle both in vitro and in vivo. Stimulatory effects on 

PA smooth muscle apoptosis secondary to Y-27632 were observed in both air- and hypoxia-

exposed groups, leading to significant reductions in thickness of the medial arterial wall. 

Increased apoptosis appeared to be selective for pulmonary arteries, since total lung weight 

was not affected by treatment and TUNEL-positive nuclei in the proximal and distal airways 

were not obviously increased by Y-27632 (data not shown). These findings are consistent 

Xu et al. Page 10

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2016 December 08.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



with previous work demonstrating proapoptotic effects of ROCK inhibitors on vascular 

smooth muscle (2) and either no effect, or antiapoptotic effects, on other cell types (55). 

Currently available ROCK inhibitors are not isoform-specific (9); therefore, it was not 

possible to determine the relative contribution of each isoform to ROCK-mediated effects in 

vivo. However, using siRNA-mediated inhibition of gene function in vitro, we derived the 

new insight that ROCK-II may be the dominant isoform accounting for ROCK-mediated 

effects on PASMC survival.

Activation of the ETA receptor is known to be critical to chronic hypoxia-induced vascular 

remodeling in the neonatal mouse (4) and rat (28) and appears to be an important mediator 

of chronic PHT in human infants (10, 51). We therefore examined changes in prepro-ET-1 

and ETA receptor content in pulmonary arteries and found that upregulated content in 

hypoxia-exposed animals was completely attenuated by treatment with Y-27632. ETA 

receptor was also decreased in air-exposed animals by Y-27632. In previous work, we have 

reported that ET-1 is a potent survival factor (but not a mitogen) for neonatal rat PASMCs 

(22). We also observed that ETA receptor blockade increased neonatal rat PASMC apoptosis 

(22). Therefore, we speculate that changes in expression pattern of the ET-1/ETA receptor 

axis may have contributed toward increased apoptosis secondary to treatment with Y-27632, 

in both air- and hypoxia-exposed animals. In addition, earlier work has shown that ROCK 

mediates PASMC production of ET-1 (66), suggesting that a feed-forward autocrine/

paracrine loop between ROCK and ET-1 may exist in juvenile rat PASMCs, potentially 

leading to amplified effects on their growth and survival. Attenuation of ET-1-induced 

antiapoptotic effects is likely to be one, but not the only, mechanism by which ROCK 

inhibition may reverse remodeling. Another possible pathway to be explored is augmented 

nitric oxide (NO)-cGMP signaling (2, 13, 26), which may also regulate smooth muscle 

growth and survival (61). Indeed, reciprocal interactions between the RhoA/ROCK, NO-

cGMP, and ET-1 pathways are suggested by reported benefits of augmented NO-cGMP or 

attenuated ET-1 signaling on pulmonary vascular injury in experimental animals, which have 

been attributed, at least in part, to inhibitory effects on the RhoA/ROCK pathway (15, 19, 

40, 43, 49).

An adverse consequence of systemically administered Y-27632, also reported in adult rats 

(7), was parallel dilation of the systemic vasculature, leading to systemic hypotension. 

Systemic effects have been limited, in adult rats, by direct delivery of ROCK inhibitor to the 

lung (42). Despite significant effects on systemic blood pressure, we observed no adverse 

effects on somatic growth, in contrast with previously reported effects of ROCK inhibitors 

when administered from birth (68). Interestingly, although Y-27632 is a more potent ROCK 

inhibitor than fasudil (9), effects on systemic blood pressure were equivalent, suggesting that 

inhibition of other kinases (59) or another off-target effect may have contributed to 

hypotension and increased mortality secondary to fasudil. Newer kinase inhibitors (e.g., 
H-1152) with greater specificity toward ROCK than either Y-27632 or fasudil are available 

and have been successfully employed in short-term in vivo studies (34), although their 

comparative effects on pulmonary and systemic vascular resistance and longer term effects 

have yet to be examined. Furthermore, although ROCK inhibitors are highly effective at 

normalizing pulmonary vascular pressure and resistance in multiple experimental models, 
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other experimental therapies [e.g., stimulators/activators of soluble guanylate cyclase (14, 

65)] appear to be equally efficacious.

Chronic PHT in early life is caused by an heterogeneous group of disorders with multiple 

factors contributing to pathogenesis, including inflammation, increased pulmonary blood 

flow, and pulmonary vascular hypoplasia, which the present model does not replicate (38). 

Therefore, our observations require confirmation in neonatal models where such factors are 

contributory. In addition, further studies are required to determine whether reversal of 

vascular remodeling confers any benefit upon pulmonary hemodynamics in the longer term 

and whether beneficial effects on RV function last well beyond the treatment period.
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Fig. 1. 
Inverse pulmonary arterial acceleration time (PAAT)/right ventricular ejection time (RVET) 

ratio, as a measure of pulmonary vascular resistance (PVR; A); estimated pulmonary arterial 

systolic pressure (PASP; B); right ventricular systolic pressure (RVSP; C); and right 

ventricular performance index (RVI; D), as a weight-indexed measure of right ventricular 

systolic function. Pups were exposed from postnatal days 1 to 21 to 21% O2 (air; white bars) 

or 13% O2 (hypoxia; black bars) while receiving twice daily subcutaneous injections of 

0.9% saline vehicle (vehicle) or 15 mg/kg Y-27632 in 0.9% saline from days 14 to 21. 

Studies were performed within 1 h (<1 h) or 12–18 h (>12 h) from the last dose of Y-27632. 

Values represent means ± SE for 6–12 animals per group. *P < 0.05, by ANOVA, compared 

with respective air-exposed group; #P < 0.001, by ANOVA, compared with respective air-

exposed group.
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Fig. 2. 
Structural changes of chronic pulmonary hypertension. Right ventricle (RV)/left ventricle + 

septum (LV + S) dry weight ratios as a marker of RV hypertrophy (n = 7 to 8 animals/group; 

A) and percent (%) arterial medial wall thickness (n = 4 animals/group; B) are shown. 

Values represent means ± SE. Pups were exposed from postnatal days 1 to 21 to 21% O2 

(air; white bars) or 13% O2 (hypoxia; black bars) while receiving twice daily subcutaneous 

injections of 0.9% saline vehicle (vehicle) or 15 mg/kg Y-27632 in 0.9% saline from days 14 
to 21. *P < 0.05, by ANOVA, compared with all other groups; #P < 0.05, by ANOVA, 

compared with air-exposed vehicle-treated group. Representative photomicrographs of α-

smooth muscle actin immunohistochemistry (brown stain; bar length = 50 μm; C) or Hart’s 

elastin stain (dark brown inner and outer elastic laminae delineating the medial vascular 

wall; bar length = 10 μm; D) demonstrating increased pulmonary arterial wall smooth 

muscle and medial wall thickening in hypoxia-exposed vehicle-treated animals (hypoxia 

vehicle), which was largely reversed by treatment with Y-27632 (hypoxia Y-27632), are 

shown.
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Fig. 3. 
Rho-kinase (ROCK) activity and content. Western blot analyses of myosin regulatory light 

chain (MLC) phosphorylation (A) and phosphorylated-to-pan myosin phosphatase target 

(MYPT)-1 ratio (B), as markers of ROCK activity, and ROCK-I (C) or ROCK-II (D) content 

in pulmonary arteries are shown. Pups were exposed from postnatal days 1 to 21 to 21% O2 

(air; white bars) or 13% O2 (hypoxia; black bars) while receiving twice daily subcutaneous 

injections of 0.9% saline vehicle (vehicle) or 15 mg/kg Y-27632 in 0.9% saline from days 14 
to 21. Values represent means ± SE of 4 samples derived from 8 animals per group. *P < 

0.05, by ANOVA, compared with all other groups. Representative immunoblots are shown 

below each graph. For MLC, arrows highlight the upper (phosphorylated) and lower 

(unphosphorylated) bands, which were resolved by Phos-tag gel electrophoresis.
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Fig. 4. 
Prepro-endothelin (ET)-1 and ETA receptor content. Western blot analyses of pulmonary 

arterial prepro-ET-1 (A) or ETA receptor content (B) in either air-exposed or 13% O2-

exposed (white bars) animals following twice daily subcutaneous injections of 0.9% saline 

vehicle (vehicle) or 15 mg/kg Y-27632 in 0.9% saline from days 14 to 16 are shown. Values 

represent means ± SE of 4 samples derived from 8 animals per group. *P < 0.05, by 

ANOVA, compared with all other groups; #P < 0.05, by ANOVA, compared with air-

exposed vehicle-treated group. Representative immunoblots are shown in the right panels.
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Fig. 5. 
Effects of Y-27632 on apoptosis in intrapulmonary arteries (PAs). A: representative 

photomicrographs of fluorescein TUNEL staining on frozen lung sections. Pups were 

exposed from postnatal days 1 to 16 to 21% O2 (air) or 13% O2 (hypoxia) while receiving 

twice daily subcutaneous injections of 0.9% saline vehicle (vehicle) or 15 mg/kg Y-27632 in 

0.9% saline from days 14 to 16. TUNEL-positive (green fluorescent) nuclei were evident in 

Y-27632-treated animals (greater in hypoxia- than air-exposed animals), which were not 

observed in vehicle-treated controls. Bar length = 50 μm. B: Western blot analyses of 

cleaved caspase-3, as a marker of apoptosis. Pups were exposed from postnatal days 1 to 16 
to 21% O2 (air; white bars) or 13% O2 (hypoxia; black bars) while receiving twice daily 

subcutaneous injections of 0.9% saline vehicle (vehicle) or 15 mg/kg Y-27632 in 0.9% 

saline from days 14 to 16. Values represent means ± SE of 4 samples derived from 8 animals 

per group. *P < 0.01, by ANOVA, compared with respective vehicle-treated groups. 

Representative immunoblots are shown in the right panel.
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Fig. 6. 
Effects of Y-27632 on proliferation, apoptosis, and viability in primary cultured pulmonary 

artery smooth muscle cells (PASMCs). Analyses of Thr850 phosphorylated MYPT-1, by 

Western blot, as a marker of ROCK activity (n = 3 samples derived from 6 wells/group; 

immunoblot shown below; A), proliferation (B), apoptosis (C), and viability (n = 6 wells/

group; D) in primary cultured PASMCs are shown. Values represent means ± SE. Cells were 

treated with DMEM + 0.1% (vol/vol) FBS (negative control; white bars), DMEM + 10% 

(vol/vol) FBS (positive control for A, B, and D; black bars), DMEM + 10% (vol/vol) FBS 

+ 10 μM paclitaxel (positive control for C; black bar), or DMEM + 10% (vol/vol) FBS + 

Y-27632 (dark gray bars with concentrations indicated). *P < 0.05, by ANOVA, compared 

with all other groups; #P < 0.05, by ANOVA, compared with negative control group.
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Fig. 7. 
Effects of short-interfering RNA (siRNA) knockdown on ROCK isoform expression and 

apoptosis in primary cultured PASMCs. ROCK-I or -II isoform expression (A), quantified 

by quantitative PCR, and apoptosis in PASMCs cultured from days 1 to 14 neonatal rats 

electroporated with control (scrambled) siRNA (white bars; B) or siRNAs designed to 

knockdown ROCK-I (gray bars) or ROCK-II (black bars) are shown. Values represent means 

± SE for 4 samples or 6 wells per group. *P < 0.05, by unpaired t-test, compared with 

control group; #P < 0.01, by Mann-Whitney rank sum test, compared with control group.
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Table 1

Rat primer sequences for quantitative RT-PCR

Gene Reference Sequence Accession 
Number Forward, 5′-3′ Reverse, 5′-3′

β-Actin NM_031144 CTGGGTATGGAATCCTGTGG TAGAGCCACCAATCCACACA

Prepro-endothelin-1 NM_012548 CGTCCCGTATGGACTAGGAA GTGAGCACACTGGCATCTGT

Endothelin type A receptor NM_012550 CATGCCTCTGTTGCTGTTGT TGGTTCTGCTCCTGGTTCTT

Endothelin type B receptor NM_017333 CCCTGAAGCCATAGGTTTTG TGCATGAAGGCTGTTTTCTG

Rho-kinase-I NM_031098 CGACCTGTAACCCAAGGAGA GGCCTTTGTGATTCTGGAAA

Rho-kinase-II NM_013022 CGCAGCTCCAGGCCTTGCAT TCCGCACAGGCAACGACAGC
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Table 2

Effects of hypoxia and/or treatment with Y-27632 on mRNA expression of prepro-endothelin-1 and 

endothelin-1 receptors

Gene Hypoxia
Air +
Y-27632

Hypoxia +
Y-27632

Prepro-endothelin-1 2.12 ± 0.35* 1.05 ± 0.37 0.70 ± 0.27

Endothelin type A receptor 1.15 ± 0.17 0.42 ± 0.18* 0.36 ± 0.18*

Endothelin type B receptor 0.87 ± 0.16 1.03 ± 0.17 0.46 ± 0.20

Values are means ± SE of 4 samples per group, relative to control (air-exposed vehicle-treated) group, which was assigned a value of 1.

*
P < 0.05, by ANOVA, compared with control.
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