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Abstract

Phase I of the hypoxic pulmonary vasoconstriction (HPV) response begins upon transition to hypoxia and
involves an increase in cytosolic calcium ([Ca*'];). Phase II develops during prolonged hypoxia and involves
increases in constriction without further increases in [Ca'];, suggesting an increase in Ca®" sensitivity. Pro-
longed hypoxia activates RhoA and RhoA kinase, which may increase Ca* sensitivity, but the mechanism is
unknown. We previously found that reactive oxygen species (ROS) trigger Phase 1. We therefore asked whether
ROS generation during prolonged hypoxia activates RhoA in PA smooth muscle cells (PASMCs) and endothelial
cells (PAECs) during Phase II. By using a cytosolic redox sensor, RoOGFP, we detected increased oxidant signaling
in prolonged hypoxia in PASMCs (29.8 =1.3% to 39.8 £1.4%) and PAECs (25.9 +2.1% to 43.7.9 £ 3.5%), which
was reversed on the return to normoxia and was attenuated with EUK-134 in both cell types. RhoA activity
increased in PASMCs and PAECs during prolonged hypoxia (6.4 +1.2-fold and 5.8 & 1.6-fold) and with exog-
enous H,O; (4.1- and 2.3-fold, respectively). However, abrogation of the ROS signal in PASMCs or PAECs with
EUK-134 or anoxia failed to attenuate the increased RhoA activity. Thus, the ROS signal is sustained during
prolonged hypoxia in PASMCs and PAECs, and this is sufficient but not required for RhoA activation. Antioxid.

Redox Signal. 12, 603-610.

Introduction

NITIALLY DESCRIBED IN 1946 by von Euler and colleagues

(20), hypoxic pulmonary vasoconstriction (HPV) is a
physiologic response to low alveolar oxygen tension that
improves lung gas exchange by redistributing blood flow
away from poorly ventilated areas. HPV is a biphasic re-
sponse in which Phase I (acute hypoxia) begins within sec-
onds of a hypoxic challenge, lasts for several minutes, and
involves an initial transient constriction due to a hypoxia-
induced increase in cytosolic calcium concentration. Phase II
occurs during prolonged hypoxia and lasts for hours to days if
the hypoxic challenge is maintained. Phase II also involves
hypoxia-induced increases in [Ca%"];, but progressive in-
creases in contraction occur without further increases in
[Ca"];, suggesting that calcium sensitivity is augmented.

Recent studies indicate that RhoA, a small GTPase, and its
downstream effector, RhoA kinase, play an important role in
calcium sensitization and sustained contraction of vascular
smooth muscle cells (5, 15, 19). The RhoA switch operates by

alternating between an active, GTP-bound state and an in-
active, GDP-bound state. The GTP-bound RhoA state trans-
locates to the plasma membrane, where it activates RhoA
kinase. RhoA kinase appears to increase calcium sensitivity by
inactivating myosin light chain phosphatase through phos-
phorylation of its myosin-binding subunit. Because vascular
smooth muscle tone is regulated by the balance between
myosin light-chain kinase and myosin light-chain phospha-
tase activity, inactivation of myosin light-chain phosphatase
by RhoA kinase could augment pulmonary artery constric-
tion without a significant increase in [Ca®']; (14, 15, 19).
Prolonged hypoxia has been shown to activate RhoA and
subsequently RhoA kinase activity (1, 13), but the mecha-
nisms by which RhoA is activated during hypoxia are not
established. Endogenous endothelin-1 (ET-1) and serotonin
have been shown to contribute to sustained activation of
RhoA kinase in chronically hypoxic hypertensive rat pulmo-
nary arteries (8). In distal rat pulmonary arteries, evidence
indicates that Src-family kinases maybe involved in the acti-
vation of RhoA kinase during hypoxia (10). Additionally,
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superoxide has been shown to mediate the ET-1-mediated
increases in RhoA activity in pulmonary arteries from
chronically hypoxic rats (9). However, the role of ROS pro-
duction during prolonged hypoxia on the activation of RhoA
activity has not been established.

Although ROS signaling during acute hypoxia has been the
subject of numerous investigations, little investigation has
been undertaken into the nature and action of the ROS signal
during prolonged hypoxia. We previously showed that an
increased ROS signal is required for Phase I of the HPV re-
sponse (22-24). In this study, we investigate the nature of the
ROS signal during prolonged hypoxia in pulmonary artery
smooth muscle cells (PASMCs) and pulmonary artery endo-
thelial cells (PAECs) by using RoGFP, a novel ratiometric
protein sensor of redox dynamics. We hypothesize that a
continued increase in ROS signaling during prolonged hyp-
oxia subsequently activates RhoA, thereby initiating increases
in Ca®" sensitivity during Phase IT HPV.

Materials and Methods
Pharmacologic agents

EUK-134, a chemical antioxidant, was obtained from Cay-
man Chemicals Co. (Ann Arbor, MI) and dissolved in DMSO
(final concentration of DMSO,<0.1%) to make 1 M stock so-
lution. EUK-134 is a salen-manganese complex that has been
modified to increase its catalase activity while retaining su-
peroxide dismutase (SOD) activity. pL-Dithiothreitol (DTT),
tert-butyl hydroperoxide (tBH), thrombin, and bovine heparin
were obtained from Sigma-Aldrich (St. Louis, MO). Stock
solutions of DTT and tBH (1 M) were stored at —20°C. All
stock solutions were thawed on the day of the experiment.

RoGFP redox sensor

RoGFP is a ratiometric protein sensor of thiol redox status.
The RoGFP probe was created by the substitution of cysteines
at surface-exposed residues of a green fluorescent protein at
positions enabling disulfide bond formation and thus con-
ferring redox sensitivity (3, 6). RoGFP exhibits two emission
maxima whose relative amplitudes depend on the redox
status of a pair of cysteine thiols, providing a ratiometric
measurement of the redox status that is independent of pro-
tein concentration, photobleaching, and variations in excita-
tion intensity. The RoGFP ¢cDNA was generated from the
eGFP-N; expression vector (Invitrogen, Carlsbad, CA), and
the resulting construct was used to generate a recombinant
adenoviral vector to facilitate transduction of primary cells
(ViraQuest, North Liberty, IA). PASMCs were infected with
five plaque-forming units (PFU) per cell, whereas PAECs
were infected with 10 PFU per cell. Experiments were carried
out ~36h after initial infection to allow RoGFP expression.

RoGFP fluorescence images were obtained with a 40x
1.3 n.a. oil-immersion objective. RoGFP protein was excited at
400 and 450 nm, whereas fluorescence images were acquired
at 517nm by using a cooled CCD camera (Cascade 650,
Photometrics, Tucson, AZ) controlled by Metamorph or
Metafluor software (Molecular Devices, Downingtown, PA).
RoGFP images at the two excitation wavelengths were di-
vided to yield a ratiometric image, and responses of individ-
ual cells were monitored by defining regions of interest.
Oxidation/reduction of the regulatory thiol groups in RoGFP
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is fully reversible, allowing calibration of the ratios obtained
during the experiment. Calibration was performed at the end
of the experiment by treatment with DTT (1 mM, to reduce
dithiols fully) followed by tBH (1 mM, to oxidize thiols fully).
Oxidation of the protein during the experiment was then
determined from the following equation:

RoGFP oxidation (%) = 100* [1‘(R‘RtBH)/RDTT‘RtBH]

where R is the experimentally measured ratio, Regyy is the ratio
obtained on complete oxidation by using tBH, and Rprr is the
ratio obtained on complete reduction of the sensor by using
DTT.

Pulmonary microvessel smooth muscle
and endothelial cell isolation

All animal studies were approved by the Northwestern
University Institutional Animal Care and Use Committee.
PASMCs were isolated from adult Sprague-Dawley rats
(Harlan Sprague Dawley, Indianapolis, IN) by using a mod-
ification of the method of Marshall ef al. (11). Freshly excised
rat heart and lungs were rinsed with PBS containing penicillin
and streptomycin (1%). The right ventricle was cannulated,
and the pulmonary vasculature was flushed with the PBS
solution (30hairsp;ml). By use of the pulmonary artery can-
nula, growth medium 199 (M199, 30 ml) containing HEPES
(25mM) along with penicillin and streptomycin (1%) plus
low-melting-point agarose (0.5%) and iron particles (0.5%)
was flushed through the pulmonary vasculature. The iron
particles were too large to pass through the capillaries;
therefore, only the arteries were filled with the agarose and
iron particles. The airways were filled via the trachea with
M199 (15ml) containing low-melting-point agarose (1%)
without iron. The lungs were placed in cold PBS to cause the
agarose to solidify. After 10 min, the lobes were dissected free
and finely minced in a Petri dish. Lung fragments were then
resuspended and washed (3 times) with PBS by use of a
magnet to retain the iron-containing fragments. The iron-
containing pieces were resuspended in M199 (25ml) con-
taining collagenase (80U/ml) and incubated at 37°C for
30-60 min. To remove extravascular tissue, fragments were
first drawn through a 15-gauge needle and subsequently
through an 18-gauge needle. The iron-containing fragments
then were washed (3 times) with M199 containing FBS (5%)
and drained. The resulting fragments were placed in a T-75
flask and resuspended in M199 containing FBS (5%). The T-75
flasks were incubated at 37°C with CO, (5%) in air for 4 or
5 days, during which time the myocytes were observed to
migrate and adhere.

After 4 or 5 days, the media and iron-containing particles
were transferred to a new flask containing fresh media. The
adherent myocytes continued to propagate until the cells
were 50% confluent. Cells were confirmed to be pulmonary
artery myocytes through fluorescent staining for smooth
muscle actin.

PAECs were isolated in a fashion similar to the PASMC
isolation. After lung isolation from adult Sprague-Dawley
rats (described earlier), lobes were finely chopped in a Petri
dish, and lung fragments were resuspended and washed
(3 times) with PBS by using a magnet to retain the iron-
containing fragments. The iron-containing pieces were re-
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suspended in F-12 Kaighn’s modification (25ml) containing
collagenase (80 U/ml) and incubated at 37°C for 30-60 min.
To remove extravascular tissue, fragments were first drawn
through a 15-gauge needle and subsequently through an
18-gauge needle. The iron-containing fragments then were
washed (3 times) with F-12 Kaighn’s modification containing
FBS (5%) and drained. The resulting fragments were placed in
a T-75 flask and resuspended in F-12 Kaighn’s modification
containing FBS (5%), 50 mg heparin, and 15mg endothelial
cell growth supplement (Calbiochem, Gibbstown, NJ). The
T-75 flasks were incubated at 37°C with CO, (5%) for 4 or 5
days, during which time the endothelial cells (distinguished
from smooth muscle cells by morphology) were observed to
migrate and adhere. After 4 or 5 days, the clusters of endo-
thelial cells were removed by using a 1,000-ul pipette and
placed in a new T-75 flask with new media. The adherent
endothelial cells continued to propagate. Cells were con-
firmed to be PAECs through immunofluorescence staining for
N-cadherin and by their distinct morphology.

Measurement of ROS signal during prolonged hypoxia

Primary culture rat PASMCs (passage 2-8) and PAECs
(passage 2—4) were seeded on collagen-coated glass coverslips
(Fisher 25CIR-2, Fisher Scientific, Pittsburgh, PA) at a density
of 150,000 cells per coverslip. Cells were given 24h to ad-
here and then were infected with recombinant adenovirus
expressing cytosolic targeted RoGFP. The following day,
coverslips were placed in an environmentally controlled in-
cubator (Coy Laboratory Products, Inc., Grass Lake, MI) and
exposed to hypoxia (1.5% O,, 5% CO,, balance N) for 24 h.
After 24h of hypoxia, the coverslips containing cells were
transferred to a flow-through chamber that permitted study of
the cells on an inverted microscope under controlled O,
concentrations. The flow-through chamber was then mounted
on a heated platform of an inverted microscope (Nikon, Inc.,
Melville, NY), and cells were superfused with a buffered salt
solution (NaCl 117mM, KCl 4.0mM, NaHCO; 22mM,
MgSO, 0.76 mM, NaH,PO, 1.0mM, CaCl, 1.21mM, and
glucose 5.6mM) that was previously equilibrated with a
hypoxic gas mixture (1.5% O,, 5% CO,, balance N,) in a water-
jacketed glass equilibration column (Radnotti Glass Technol-
ogy, Inc., Monrovia, CA) mounted above the microscope
stage. Cells were superfused with buffered solutions at
1ml/min, as ratiometric images of ROGFP were obtained to
assess oxidant stress. After ~10min of hypoxic superfusion,
the gas bubbling the perfusate was changed to normoxia (21%
O,, 5% CO,, balance N,) as the data collection continued.
Changes in the redox status of the cell with reversal of hypoxia
were then evaluated for 20 min. Finally, the RoGFP sensor
was calibrated by reducing the protein with DTT and then
oxidizing it with tBH.

In some experiments, ROS were scavenged by treating
PASMCs with EUK-134 (7 uM) during hypoxia 1 h before
initiation of RoGFP redox measurements. This concentration
of EUK-134 was determined from initial studies exploring the
dose dependence of its effects. In PAECs, EUK-134 (10 uM,,
also determined from dose-dependence studies) was added
during the hypoxia treatment while the RoGFP oxidation
status was being measured. Cells were then returned to nor-
moxia as RoGFP images were acquired in the continued
presence of EUK-134.
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RhoA activity

Primary culture rat PASMCs (from passage 2 through 8)
and PAECs (from passage 2 through 4) were grown to ~80%
confluence on 10-cm tissue-culture dishes (~ 750,000 cells per
dish). Cells were serum starved for 24 h before the initiation of
the experiment. Cells were placed either in the hypoxia incu-
bator (1.5% O,, 5% CO,, balance N5) or in an anoxic chamber
using an O,-scavenging system (Anoxic Bugbox, 0% O, 5%
CO,, 5% H,, balance Nj; Ruskinn Technology Ltd., Bridgend,
U.K)) for 24h. The anoxic chamber was used to deprive the
cells completely of O,, a necessary substrate for superoxide
formation, to prevent any ROS generation. Thrombin (100U,
administered 20 min before RhoA assay) served as a positive
control for RhoA activity. Hydrogen peroxide (H,O,, 25 uM
for PASMCs, 50 uM for PAECs, administered as a bolus every
15min for 1h) served as acute oxidant treatment. In experi-
ments to attenuate RhoA activity with antioxidant EUK-134,
cells were treated with EUK-134 (7 uM every 3 or 6h for 24h
before RhoA assay). Cell medium was replaced during each
EUK-134 treatment with new media previously equilibrated to
the experimental oxygen environment.

RhoA activity was determined by using the RhoA Activa-
tion Assay Biochem Kit (Cytoskeleton Inc., Denver, Co). The
assay uses the Rho-binding domain (RBD) of the Rho effector
protein, Rhotekin. The RBD motif has been shown to bind
specifically to the active GTP-bound form of RhoA. The
Rhotekin-RBD protein supplied in the kit contains Rhotekin
residues 7 to 89 and is in the form of a GST fusion protein,
which allows “pull-down” of Rhotekin-RBD/Rho-GTP com-
plex with glutathione affinity beads. Active RhoA is normal-
ized to the total RhoA by Western blot analysis (RhoA
monoclonal antibody, Cytoskeleton, anti-mouse secondary
antibody; Cell Signaling Technology, Danvers, MA). For cells
under hypoxic or anoxic conditions, collection of cell lysates
was performed in the respective environmental boxes without
exposure to alterations in O, concentration.

Statistical analysis

Analysis of variance (ANOVA) was used to establish sta-
tistical significance, and the Newman—Keuls or Student’s ¢ test
post hoc tests were used to explore specific differences. To
control for differences in the hypoxic responses of cultured
pulmonary smooth muscle and endothelial cells, experimen-
tal studies and control experiments were always carried out
on the same day. Significant differences were established at
p < 0.05. Data were analyzed by using the mean values of all
the cells during a given experiment. Data reported are mean
values + standard error of mean.

Results

Prolonged hypoxia increases cytosolic oxidation
in pulmonary artery smooth muscle
and endothelial cells

To assess the effects of prolonged hypoxia (1.5% O, for 24 h)
on cellular redox status, PASMCs and PAECs were trans-
duced with a recombinant adenovirus expressing RoGFP in
the cytosol. Incubation under hypoxia significantly increased
RoGFP oxidation in PASMCs compared with normoxic con-
trols (from 29.8 £+ 1.3% to 39.8 + 1.4%), indicating a shift of the
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hypoxia (n =92) compared with normoxic controls (1 =92).
On restoration of normoxia (1=92), the hypoxia-induced
oxidation of RoGFP was reversed within 20 min. Values are
expressed as mean =+ SEM. *p <0.05 relative to normoxia.
*p <0.05 relative to hypoxia.

redox status of the cytosol to a more oxidized state (Fig. 1).
When the same hypoxic PASMCs were then superfused with
normoxic solution (21% O5), a rapid and significant reversal of
the hypoxia-induced RoGFP oxidation was observed, with
the cells returning to near-normoxic levels (30.5+1.2% oxi-
dized) within 20min. The increased RoGFP oxidation seen
during prolonged hypoxia in PASMCs was significantly at-
tenuated by the antioxidant EUK-134 (7 uM; 23.44+1.2%,
Fig. 2), indicating that ROS were involved in the hypoxia-
induced oxidation.

A similar pattern of redox response to prolonged hypoxia
was observed in PAECs. After 24h of hypoxic incubation, a
significant increase in RoGFP oxidation was detected com-
pared with normoxic controls (from 25.9 +2.1% to 43.7 £ 3.5%
oxidized), indicating a shift of the redox status of the PAECs
cytosol to a more-oxidized state (Fig. 3). When the same
PAECs exposed to prolonged hypoxia were then superfused
with normoxic solution, a significant reversal of the hypoxia-
induced increase in RoGFP oxidation to near-normoxic levels
was observed (27.8 +3.3% oxidized) over a 20-min period.
The antioxidant EUK-134 (10 uM) tended to attenuate the
hypoxia-induced increase RoGFP oxidation in PAECs
(35.9 +3.0%; Fig. 4), but this did not reach statistical signifi-
cance. Thus, despite the higher dose, EUK-134 was less ef-

FIG. 3. RoGFP oxidation in PAECs exposed to 24h of
hypoxia (n =35) compared with normoxic controls (1 =43).
On restoration of normoxia (1n=35), the hypoxia-induced
oxidation of RoGFP was reversed within 20 min. Values are
expressed as mean & SEM. *p < 0.05 relative to normoxia.

fective in attenuating the hypoxia-induced oxidant stress in
PAECs compared with PASMCs.

Prolonged hypoxia and acute exposure to exogenous
oxidants activate RhoA in PASMCs and PAECs

We then assessed the effects of prolonged hypoxia (1.5% O,
for 24h) and exogenous oxidants on RhoA activity in
PASMCs. After 24 h of hypoxia, a significant increase in RhoA
activity was detected compared with normoxic controls
(6.4 £1.2-fold increase over normoxia; Fig. 5). Exogenous
oxidant treatment (25 uM H,O, every 15min for 1h) also eli-
cited a significant increase in RhoA activity (4.1 +0.9-fold
over normoxia), indicating that ROS are capable of inducing
RhoA activation in PASMCs.

In PAECs, after 24h of hypoxia, a significant increase in
RhoA activity was detected compared with normoxic controls
(5.8 £1.6-fold over normoxia; Fig. 6). Short-term treatment
with exogenous oxidants (50 uM H,O, every 15min for 1h),
also tended to increase RhoA activity (2.3-fold increase over
normoxia), indicating that ROS are capable of activating
RhoA in PAECs. Finally, thrombin treatment induced a sig-
nificant increase in RhoA activation in PAECs.

FIG. 2. Effects of the antioxidant EUK-134 on RoGFP
oxidation in response to hypoxia (24h) (n=10) and after
return to normoxia (20min) (n=32) compared with nor-
moxia (n=10) in PASMCs. Values are expressed as mean
+SEM. *p < 0.05 relative to hypoxia.
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FIG. 4. Effects of the antioxidant EUK-134 on RoGFP
oxidation in response to hypoxia (24h) (n=32) and after
return to normoxia (20min) (n=32) compared with nor-
moxia (n=17) in PAECs. Values are expressed as mean
+SEM. *p<0.05 relative to normoxia. *p <0.05 relative to
hypoxia.
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FIG. 5. RhoA activity in normoxic PASMCs (n=14)
compared with PASMCs exposed to 24h of hypoxia
(n=19), or normoxic with acute exogenous ROS treatment
(25 uM H202 every 15min for 1h) (n=17). Treatment with
the antioxidant EUK-134 (n=16) or with complete anoxia
(n=7) did not significantly attenuate RhoA activity. Values
are expressed as mean + SEM. *p < 0.05 relative to normoxia.

Abrogation of ROS signaling does not attenuate RhoA
activity in PASMCs or PAECs

To assess whether an ROS signal is required for RhoA ac-
tivation, PASMCs were incubated under prolonged hypoxia
(1.5% O, for 24h) while treated with antioxidant EUK-134
(7 uM every 3 or 6 h for 24 h). The hypoxia-induced increase in
RhoA activity was not significantly attenuated with antioxi-
dant treatment compared with hypoxic controls (4 4 0.9-fold
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increase over normoxia; Fig. 5). Although EUK-134 effectively
decreased the hypoxia-induced RoGFP oxidation response in
PASMCs (Fig. 2), it was conceivable to us that ROS could still
be involved in the hypoxia-induced activation of RhoA. To
prevent ROS generation more completely, studies were
repeated under conditions of complete anoxia, in which the
absence of O, would abolish all superoxide generation.
However, preventing the ROS signal by incubating PASMCs
in an anoxic chamber did not prevent the activation of RhoA
(6.9 £ 2.6-fold increase over normoxia). These findings indi-
cate that the ROS signal is sufficient but not required for RhoA
activation in hypoxic PASMCs.

To assess the requirement of ROS for RhoA activation in
PAECs, cells were incubated overnight under anoxic condi-
tions, and cell lysates were collected for analysis of RhoA
activity. As shown in Fig. 7, anoxia triggered a significant
increase in RhoA activity, yet ROS production under those
conditions could not have occurred. These findings indicate
that ROS signals are not required for the activation of RhoA
under low-oxygen conditions, although ROS are sufficient to
trigger activation under normoxia (Fig. 6).

Discussion

This study extends prior work demonstrating that hypoxia
increases oxidant signaling in the cytosol of cultured
PASMCs. By using a ratiometric redox protein sensor, RoGFP,
we show a continued cytosolic oxidative shift during pro-
longed hypoxia. This hypoxia-induced oxidation was re-
versed on restoration of normoxic conditions. Additionally,
we showed that the antioxidant EUK-134 attenuated the
hypoxia-induced increase in cytosolic oxidation. EUK-134, a
catalase and SOD mimetic (18), acts by converting H,O, to
water and O, and superoxide to H;O, and O,, indicating that
the hypoxia-induced oxidation was mediated by superoxide
or H,O, or both. This study therefore extends our previous
work (22-24) by showing that the ROS signal generated
during the Phase I component of HPV is not transient, but
rather is sustained over a 24-h period.
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FIG. 6. RhoA activity in PAECs exposed to 24h of nor- FIG.7. RhoA activity in PAECs exposed to 24 h of anoxia,

moxia (n=7), 24h of hypoxia (n=>5), or with acute exo-
genous ROS treatment (H,O,, 50 uM, every 15min for 1h)
(n=1>5) or exogenous thrombin (1 =6). Values are expressed
as mean + SEM. *p < 0.05 relative to normoxia.

in comparison to normoxic controls (1 =4 each). Western
blot data of activated and total RhoA for each experiment
also are shown. Values are expressed as mean 3 SEM.
*p < 0.05 relative to normoxia.
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Yang et al. (27) also detected an increase in ROS during
hypoxia in porcine PAECs by using dihydrodichloro-
fluorescein (DCF) to measure ROS. However, the validity of
DCEF responses has been challenged because this compound
lacks specificity and it requires peroxidase activity (7). The
present study used a ratiometric redox sensor that is revers-
ible and can therefore be calibrated, thereby eliminating
problems arising from nonuniform cell uptake, autooxida-
tion, and peroxidase-dependent responses associated with
DCEF (17). By using RoGFP, we also detected increases in ox-
idation in PAECs during prolonged hypoxia. In both cell
types, a dynamic reversal of the hypoxia-induced oxidation
was observed on returning to normoxic conditions, indicating
that prolonged hypoxia must be associated with a continuous
increase in ROS generation, lasting at least 24 h.

The duration of the increased ROS signal in hypoxia has
been questioned by Mehta et al. (12), who reported finding a
decreased ROS signal in human cultured PASMCs exposed to
hypoxia for longer than 1h. However, we find a continued
hypoxia-induced increase in ROS signaling in PASMCs and
PAECs during 24 h of hypoxia. In the studies by Mehta et al.
(12), DCF, dihydroethidium, and Amplex Red were used for
ROS measurement. Those tools all possess problems with lack
of specificity or organelle accumulation, which may explain
the discrepant results.

Chronic hypoxia has been shown to activate RhoA in
PASMCs (1, 13). Jerrnigan et al. (9) demonstrated that
RhoA/RhoA kinase signaling in response to ET-1 is ROS
mediated in small, endothelium-disrupted pulmonary ar-
teries isolated from chronically hypoxic rats (hypobaric
chamber at 380 mm Hg for 4 weeks) with pulmonary hyper-
tension. RhoA activity in those vessels was attenuated by the
superoxide-scavenger tiron, implicating superoxide as a me-
diator of ET-1-mediated RhoA activation. Knock et al. (10)
found that Rho kinase activation (as assessed by ROCK-2
translocation) in rat pulmonary arteries could be initiated by
LY83583, a superoxide anion generator. Superoxide scaven-
gers inhibited that response, but brief exposure to H,O,
(30 uM) did not elicit a significant increase in Rho kinase ac-
tivation, leading them to conclude that RhoA is activated se-
lectively by superoxide but not by HOs.

Our data show that hypoxia activates RhoA, but our results
are not consistent with the finding by Knock et al. (10) that
H,0; is not capable of activating Rho kinase. We found that
PASMCs treated with H,O, can elicit a significant increase in
RhoA activity compared with controls. One possible expla-
nation for this discrepancy relates to the methods they used to
administer the H,O,. This molecule has a short half-life and is
metabolized very quickly when administered to cells in the
presence of fetal bovine serum (unpublished observation),
which contains significant catalase activity. We treated
PASMCs in serum-free media with 25 uM H,O, every 15 min
for 1h, and then harvested cells for RhoA activity analysis.
This protocol yielded significant increases in RhoA activity in
our study, thus indicating that H,O; is sufficient to activate
RhoA.

Given the previous evidence that superoxide can activate
ROCK-2 translocation, and in view of our own finding that
H,0, treatment is sufficient to activate RhoA, we sought to
block RhoA activation by using an antioxidant that scav-
enges both H,O, and superoxide. EUK-134 was chosen be-
cause it possesses both superoxide dismutase and catalase
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activities and has been reported to inhibit oxidant-mediated
cell signaling (18). Nevertheless, at concentrations that did
not produce toxicity, treatment with this compound did not
abolish hypoxia-induced oxidation of RoGFP, nor did it
prevent the hypoxia-induced RhoA activation. To provide a
more definitive test of the hypothesis, we therefore used
complete anoxia to prevent ROS formation by removing
molecular oxygen as a potential substrate for superoxide
generation. This approach was previously shown to abolish
ROS-mediated signaling in hypoxia (2), but this, too, failed to
prevent the activation of RhoA during prolonged incuba-
tion. These findings indicate that ROS are sufficient, but not
required, for RhoA activation in PASMCs and PAECs. One
possibility is that AMP-activated protein kinase (AMPK),
which becomes activated during hypoxia (4), may provide
a redundant mechanism leading to phosphorylation of Rho
kinase. However, the ability of AMPK to phosphorylate
RhoA has not been established.

Although RhoA activation in PASMCs has been implicated
in calcium sensitization during prolonged hypoxia, the con-
sequences of hypoxia-induced RhoA activation in PAEC have
not been described. Our studies indicate that the increase in
ROS signaling seen in PASMCs during prolonged hypoxia
also occurs in PAECs, and that hypoxia and ROS also activate
RhoA in those cells. It therefore appears that oxidant signals
and RhoA activation contribute to the hypoxic response in the
pulmonary circulation through multiple pathways in both
smooth muscle and endothelial cells.

The present study adds to the mounting body of evidence
linking increases in ROS signaling to the activation of hypoxic
pulmonary vasoconstriction (21). Our previous work impli-
cates mitochondria as the source of the immediate increase in
ROS signaling during hypoxia (25), but other evidence also
points to the involvement of ROS derived from p47""**-
dependent NADPH oxidase systems in mediating the in-
crease in [Ca®]; in pulmonary artery cells during hypoxia
(26). Recent studies suggest that mitochondrial ROS signals in
hypoxia may amplify ROS signaling in PASMCs through the
activation of PKCe, leading to the engagement of NADPH
oxidase in the pulmonary artery (16). Thus, early mitochon-
drial ROS signals may trigger the initial activation of PKCe,
which then results in a feed-forward amplification of ROS
signaling through the activation of NADPH oxidases. This
ROS-mediated ROS signaling may then contribute to the
sustained oxidant signaling we observed during prolonged
hypoxia in the present study.

In summary, our study demonstrates that the ROS signal-
ing induced during hypoxia in PASMCs and PAECs is sus-
tained over a 24-h period. By using a novel redox-sensitive
ratiometric sensor, our data support the hypothesis that in-
creases in ROS signaling contribute to the HPV response in
pulmonary vascular cells. Hypoxia and exogenous H,O,
trigger the activation of RhoA in PASMCs and PAECs, but the
ROS signals are not required for that response. Further studies
are required to elucidate alternative pathways for RhoA ac-
tivation during hypoxia.
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Abbreviations Used

ANOVA = analyses of variance

DCF = dihydrodichlorofluorescein

DTT = pr-dithiothreitol

FBS = fetal bovine serum
PA =pulmonary artery
PAECs = pulmonary artery endothelial cells

PASMCs = pulmonary artery smooth muscle cells

ROS =reactive oxygen species

tBH = tert-butyl hydroperoxide
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