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Abstract: Changes in voltage-gated K+ (Kv) channel function contribute to the pathogenesis

of pulmonary hypertension. Yet the mechanisms underlying Kv channel impairments in

the pulmonary circulation remain unclear. We tested the hypothesis that reactive oxygen

species (ROSs) contribute to the Kv channel dysfunction that develops in resistance-level

pulmonary arteries (PRAs) of piglets exposed to chronic in vivo hypoxia. Piglets were raised

in either room air (control) or hypoxia for 3 or 10 days. To evaluate Kv channel function, re-

sponses to the Kv channel antagonist 4-aminopyridine (4-AP) were measured in cannulated

PRAs. To assess the influence of ROSs, PRAs were treated with the ROS-removing agent

M40403 (which dismutates superoxide to hydrogen peroxide), plus polyethylene glycol cata-

lase (which converts hydrogen peroxide to water). Responses to 4-AP were diminished in

PRAs from both groups of hypoxic piglets. ROS-removing agents had no impact on 4-AP

responses in PRAs from piglets exposed to 3 days of hypoxia but significantly increased the

response to 4-AP in PRAs from piglets exposed to 10 days of hypoxia. Kv channel function

is impaired in PRAs of piglets exposed to 3 or 10 days of in vivo hypoxia. ROSs contribute

to Kv channel dysfunction in PRAs from piglets exposed to hypoxia for 10 days but are not

involved with the Kv channel dysfunction that develops within 3 days of exposure to hyp-

oxia. Therapies to remove ROSs might improve Kv channel function and thereby ameliorate

the progression, but not the onset, of pulmonary hypertension in chronically hypoxic new-

born piglets.
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INTRODUCTION

Potassium (K+) channels play an essential role in reg-

ulating vascular tone and the resting membrane po-

tential (Em) of smooth muscle cells.1-3 A number of

functionally distinguishable K+ channels, including

voltage-gated K+ (Kv) channels, KCNQ channels (a

subfamily of Kv channels), adenosine triphosphate

(ATP)-sensitive K+ (KATP) channels, two-pore domain

K+ channels, and large-conductance Ca2+-activated K+

(BKCa) channels, have been identified in pulmonary

artery smooth muscle cells (PASMCs).3-9 Which K+

channel contributes most to resting Em in PASMCs

remains controversial. However, current evidence

suggests that Kv channels are involved in regulating

the resting Em in adult PASMCs.3,4,7,9 Moreover, al-

though changes in other K+ channels may also con-

tribute,5,6,8 there is substantial evidence that changes

in Kv channel function and/or expression, along with

a concomitant influence on Em, contribute to the ele-

vated pulmonary vascular tone found in adults with

pulmonary hypertension.10-12 For example, Kv chan-

nel function and expression are altered in PASMCs

of adult rats with chronic hypoxia–induced pulmo-

nary hypertension and in PASMCs of adult humans

with either primary pulmonary hypertension or

anorexigen-induced pulmonary hypertension.13-18

Although the number of studies are few, Kv chan-

nel dysfunction and altered PASMCmembrane prop-

erties have also been reported in newborn-animal

models of pulmonary hypertension.19,20 In particular,

we previously showed that Kv channel function was

impaired concomitant with depolarization of PASMC

Em when newborn pigs were exposed to chronic hyp-

oxia for 3 days.19 However, the mechanisms underly-

ing Kv channel impairments in either newborn- or

adult-animal models of pulmonary hypertension re-

main unclear. Reactive oxygen species (ROSs) have

been shown to inhibit Kv channel function.21-29 Of

interest, we have previously provided evidence that

ROSs30 may contribute to the pulmonary hyperten-

sion that develops when newborn piglets are exposed

to chronic hypoxia. The major purpose of this study

was to test the hypothesis that ROSs play a role in the

Kv channel dysfunction that develops in resistance-

level pulmonary arteries (PRAs) of piglets exposed to

in vivo chronic hypoxia. We have previously shown

that pulmonary hypertension worsens when hypoxic

exposure is extended from 3 to 10 days.31 Therefore,

we also performed studies to test the hypothesis that

the contribution of ROSs to Kv channel dysfunction

would be greater with 10 days than with 3 days of

exposure to in vivo chronic hypoxia.

METHODS

Animals

Newborn pigs were obtained from the vendor on day

of life 2 and raised in a hypoxic, normobaric environ-

ment until either day of life 5 (3 days of hypoxia) or

day of life 12 (10 days of hypoxia), following our pre-

viously described methods.19,30 Normobaric hypoxia

was produced by delivering compressed air and N2 to

a chamber so that oxygen content was maintained at

10%–11%O2 (PO2: 60–72 Torr). CO2 was maintained

at 3–6 Torr by absorption with soda lime. The cham-

ber was opened twice each day for cleaning and to

weigh the animals. The animals were fed ad libi-

tum with an artificial sow milk replacer from a feed-

ing device attached to the chamber. Normoxic, age-

matched control animals were either 5 or 12 days old

when obtained from the vendor and were studied on

the day of arrival, i.e., at the same postnatal ages as

the hypoxic piglets. We have previously found no dif-

ferences in vascular responses between piglets raised

in a room-air environment and piglets raised on a

farm. Hereafter the piglets are referred to as the 3-day

exposure group (piglets raised in hypoxia for 3 days

and comparable-age control piglets) and the 10-day ex-

posure group (piglets raised in hypoxia for 10 days

and comparable-age control piglets).

On the day of study, the piglets were preanes-

thetized with acepromazine (2 mg/kg intramuscu-

larly [im]) and ketamine (10mg/kg im) and then anes-

thetized with pentobarbital (30 mg/kg intravenously

[iv]). All animals were given heparin (1,000 IU/kg iv)

and then exsanguinated. The thorax was opened, and

the lungs were removed and placed in cold (4˚C)
physiological saline solution (PSS) until use. The PSS

had the following composition (in mM): Na+, 141; K+,

4.7; Cl−, 125; Ca2+, 2.5; Mg2+, 0.72; H2PO4−, 1.7;

HCO3−, 25; and glucose, 11. All procedures involving

animals adhered to the National Institutes of Health

guidelines for the use of experimental animals and

were approved by the Institutional Animal Care and
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Use Committee at Vanderbilt University School of

Medicine.

Cannulated-artery preparation

Immediately prior to use, segments of 100–300-μm
diameter pulmonary arteries were dissected from a

lung lobe. The system used to study cannulated arter-

ies has been described in detail previously.32 The exte-

rior of the artery was suffused with PSS from a

reservoir at 37˚C and aerated with a gas mixture con-

taining 21% O2, 5% CO2, and 74% N2. The arterial

lumen was filled from a syringe containing PSS, aer-

ated with the same gas mixture as the reservoir, and

connected to the cannula with polyethylene tubing.

Gas concentrations and pH in all solutions weremon-

itored with a blood gas analyzer. Inflow pressure was

adjusted by changing the height of the reservoir.

The artery was observed continuously with a video

system containing a color camera (Hitachi VCC151)

and a color television monitor. Vessel diameters were

measured with a videoscaler (FORA IV).

All arteries were equilibrated for 30–60 minutes

at transmural pressures that approximated in vivo

pressures previously measured in normoxic and hyp-

oxic piglets:31 control arteries were equilibrated at a

transmural pressure of 11 mmHg, and the hypoxic

arteries were equilibrated at a transmural pressure

of 18 mmHg. Following equilibration and establish-

ment of basal tone, all arteries were tested for viabil-

ity by contraction to U46619 (10−8 M). The presence

of a functional endothelium was determined in con-

trol arteries by dilation of the vessel to acetylcholine

(ACh, 10−6 M; average dilation: 10%� 3%). We previ-

ously found that although hypoxic arteries con-

stricted to ACh, they did dilate to the calcium iono-

phore A23187 (10−6 M; average dilation: 6%� 2% ),32

which also requires the endothelium for its function

as a dilator. Therefore, changes in vessel diameter to

A23187 were used to check for a functional endothe-

lium in hypoxic arteries.

Smooth muscle cell membrane potential (SMC Em)

determination

We previously found that SMC Em is more depo-

larized (less negative) in PRAs of hypoxic than in

those of normoxic control piglets of the 3-day expo-

sure group.19 For this study, we wanted to determine

the effect on SMC Em of a longer, 10-day exposure

to in vivo hypoxia. With our previously published

methods, arteries from some control and hypoxic pig-

lets of the 10-day exposure group were cannulated,

pressurized, and equilibrated as described above.

SMCs were impaled with microelectrodes filled with

3 M KCl and having impedances between 40 and

90 MΩ. Each microelectrode was connected to a high-

impedance biological amplifier (Dagan) that was at-

tached to a digital data acquisition system (PowerLab,

ADI Instruments). By means of a micromanipulator,

the electrode was advanced into an SMC from the

adventitial side of the artery. Criteria for a successful

impalement included an abrupt drop in potential to

a new steady state value that is maintained for a

minimum of 20 seconds and returns to the original

baseline value when the microelectrode is removed

from the SMC. Multiple successful impalements of

at least three vascular SMCs were averaged for a sin-

gle artery.

We also evaluated the influence of transmural

pressure on SMC Em. To do this, we measured SMC

Em in some control arteries that were pressurized to

the transmural pressure used for hypoxic arteries,

18 mmHg, and in some hypoxic arteries that were

pressurized to the transmural pressure used for con-

trol arteries, 11 mmHg. To assess the influence of

the endothelium, SMC Em was measured in some

arteries from control and hypoxic piglets after the

endothelium was disrupted with air infusion. Effec-

tive functional disruption of the endothelium was ver-

ified by loss of relaxation to A23187. To evaluate the

influence of Kv channels on SMC Em, in some other

control and hypoxic arteries, we measured SMC Em

before and 20–30 minutes after adding the Kv chan-

nel antagonist 4-aminopyridine (4-AP, 10−3 M) to the

reservoir.

We also performed studies to determine whether

ROS-removing agents might restore the SMC Em

measured in hypoxic arteries to levels similar to those

measured in control arteries. SMC Emwas measured

before and 20–30 minutes after adding to the res-

ervoir either (1) a combination of a cell-permeable

superoxide dismutase mimetic, M40403 (3 μg/mL),

which dismutates superoxide to hydrogen peroxide

(H2O2), and a cell-permeable H2O2-decomposing en-

zyme, polyethylene glycol-catalase (PEG-CAT, 250 U),
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or (2) apocynin (APO, 10−6 M) to inhibit NADPH oxi-

dase (NOX), a potential enzymatic source of ROSs.

Cannulated-artery protocols to assess Kv channel

function

To evaluate the effect of in vivo chronic hypoxia on Kv

channel function, we measured changes in vessel di-

ameter in response to pharmacologic blockade with

the Kv channel antagonist 4-AP, 10−5 to 10−3 M, in

PRAs from control and hypoxic piglets. The influence

of the endothelium on 4-AP responses was assessed

in PRAs after disruption of the endothelium with air

infusion. Functional disruption of the endothelium

was assessed as loss of relaxation to the calcium iono-

phore A23187. To assess the influence from ROSs

on Kv channel function, a combination of M40403

(3 μg/mL) and PEG-CAT (250 U) was added to the

reservoir and allowed to circulate for 20 minutes, af-

ter which changes in vessel diameter to cumulative

doses of 4-AP were measured. To evaluate the influ-

ence of NOX, an enzymatic source of ROSs, on 4-AP

responses, we measured changes in vessel diameter

to 4-AP after adding the NOX inhibitor APO (10−6 M)

to the reservoir. To assess whether exogenous ROSs

might convert 4-AP responses in control arteries to lev-

els similar to those in hypoxic arteries, we measured

responses to 4-AP after adding the ROS generator men-

adione (10−5 M)33,34 to the reservoir of control arteries.

Cannulated-artery protocols to assess other K+

channel function

The influence of chronic hypoxia on another K+

channel family, KATP channels, was assessed by

pharmacologic activation with levcromakalim. For

these studies, vessel tone was elevated by 40%–50%

with either U46619 or endothelin-1 prior to measure-

ment of changes in vessel diameter in response to

levcromakalim, 10−9 to 10−5 M.

Vessel viability was tested at the completion of all

cannulated-artery studies by addition of U-46619. In

some studies, vessel responses to the vehicle used for

solubilization of each agent were evaluated.

Immunoblot analyses of Kv1.2, Kv1.5, and Kv2.1

Pulmonary arteries (20–500-μm diameter) were dis-

sected from lungs of control and hypoxic piglets, fro-

zen in liquid nitrogen, and stored at −80˚C until use

for immunoblot analysis.

For each protein, we performed preliminary stud-

ies with different amounts of total protein in order to

determine the dynamic range of the immunoblot

analysis. An amount of protein within the dynamic

range of the immunoblot analysis for that protein (for

Kv1.2 and Kv1.5 analyses we used 20-μg protein

samples, and for Kv2.1 analysis we used 50-μg protein
samples) was then used to compare protein abun-

dance between homogenates of small pulmonary ar-

teries from control and hypoxic piglets as follows.

Frozen samples of small pulmonary arteries (20–

500-μm diameter) from control and hypoxic piglets

were crushed under liquid N2 in a prechilled mortar

and pestle into a fine powder, transferred to a tube

containing homogenate buffer, and then sonicated

with three 15-second pulses; care was taken not to

foam the sample. The supernatant was centrifuged,

and the protein concentration was determined by

protein assay (Bradford). With our previously de-

scribed methods, supernatants were applied to tris-

glycine precast 8% polyacrylamide gels (Novex) so

that equal amounts of protein were loaded. Electro-

phoresis was carried out, and the proteins were trans-

ferred from the gel to a nitrocellulose membrane

(Novex). The membrane was incubated for 1 hour

at room temperature in phosophate-buffered saline

(PBS) containing 10% nonfat dried milk and 0.1%

Tween-20 to block nonspecific protein binding. To

detect the protein of interest, the nitrocellulose mem-

brane was incubated overnight at 4˚C with the pri-

mary antibody (Kv1.2, 1 ∶ 500 from Upstate; Kv1.5

and Kv2.1, 1 ∶ 500 from Alomone) diluted in PBS

containing 0.1% Tween-20 and 1% nonfat dried milk

(carrier buffer), followed by incubation for 1 hour

at room temperature with a horseradish peroxidise-

conjugated secondary antibody (Zymed) diluted in

the carrier buffer. To visualize the antibody, the mem-

branes were developed using enhanced chemilumi-

nescence reagents (ECL, Amersham), and the chemi-

luminescent signal was captured on x-ray film (ECL

Hyperfilm, Kodak). Similar procedures were followed

to reprobe the membranes for β smooth muscle actin

(Sigma). The bands for each protein were quantified

via densitometry.
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Statistics

Data are presented as means ± SEM. An unpaired t
test or ANOVA with post hoc multiple-comparison

test was used to compare data between groups as ap-

propriate; P < 0:05was considered significant.

Materials

Concentrations for each drug listed in cannulated-

artery protocols are expressed as final molar concen-

trations in the vessel bath. The 4-AP, PEG-CAT, and

menadione were obtained from Sigma Chemical

and were solubilized, respectively, in water and pH ti-

trated to 7.4 with 12 N HCl, distilled water, and etha-

nol (EtOH). The M40403 was a generous gift from

Activbiotics (Lexington, MA) and was solubilized in

26-mM NaHCO3 buffer. The apocynin was from

EMD Biosciences and was solubilized in dimethyl

sulfoxide (DMSO). The A23187 and U46619 were

from Biomol and were solubilized, respectively, in

DMSO and EtOH. The levcromakalim was from

Tocris and was solubilized in DMSO.

RESULTS

PASMCs are depolarized after 10 days of exposure

to in vivo hypoxia

As shown in Table 1, regardless of transmural pres-

sure, PASMC Em measurements in PRAs from

piglets exposed to 10 days of hypoxia were less nega-

tive (depolarized) than those in PRAs from piglets

exposed to 10 days of normoxia. These differences

in PASMC Em between PRAs isolated after 10 days

of normoxic versus hypoxic exposure (Table 1) mir-

rored the differences in PASMC Em measured in

PRAs from piglets exposed to 3 days of normoxia

(�51� 0:4 mV) versus 3 days of hypoxia (�46�
0:5 mV) in our previous study.19 Moreover, findings

of PASMC Em in arteries from piglets exposed to

10 days of either normoxia or hypoxia were similar

for air-infused and intact vessels (for normoxic, con-

trol arteries, PASMC Em was �51� 0:8 and �50�
1:7 mV for intact [n ¼ 7] and air-infused [n ¼ 7] ar-
teries, respectively; for hypoxic arteries, PASMC Em

was �47� 1:5 and �47:7� 2:1 mV for intact [n ¼ 5]
and air-infused [n ¼ 5 ] arteries, respectively). Thus,
neither the presence of the endothelium nor differing

transmural pressures explain differences in PASMC

Em between control and hypoxic arteries. Further-

more, PASMC Em measurements in hypoxic PRAs

were not significantly changed by treatment with

ROS-removing agents: PASMC Em was �49� 1,
�46� 1, and�49� 2mV, respectively, for untreated

arteries (n ¼ 10), M40403+PEG-CAT-treated arteries

(n ¼ 5), and apocynin-treated arteries (n ¼ 5).

Kv channels are dysfunctional after 10 days

of exposure to in vivo hypoxia

Pharmacological blockade of Kv channels with 4-AP

affected the Em of control arteries more than that

of the hypoxic arteries. Specifically, as shown in Fig-

ure 1A, the Em of the control arteries depolarized

(became more positive) by 15:0� 1:9 mV (from

�54:2� 1:2 to �39:3� 1:4 mV; n ¼ 13) with 4-AP

(10−3 M), whereas the Em of the hypoxic arteries

depolarized only 5:9� 1:3 mV (from �48:0� 1:1 to

�42:8� 1:7 mV, n ¼ 11) with 4-AP (10−3 M). These

findings support Kv channel dysfunction in the PRAs

of piglets exposed to 10 days of hypoxia.

Also supportive of Kv channel dysfunction, PRAs

from piglets exposed to 10 days of hypoxia constricted

less with 4-AP than did PRAs from comparable-

age normoxic, control piglets (Fig. 1B). Of note, 4-AP
responses were also lower in air-embolized PRAs

from hypoxic arteries than in those from normoxic

arteries (Fig. 1B), indicative that PASMCs and not

Table 1. Membrane potential (Em) determinations in
100–300-μm-diameter pulmonary arteries of normoxic
and hypoxic piglets from the 10-day exposure group
measured at transmural pressures of 11 and 18 mmHg

Group

Transmural
pressure,
mmHg n

Mean Em ±
SEM, mV

10-day normoxic 11 23 −55 ± 1

10-day normoxic 18 5 −58 ± 1.5

10-day hypoxic 11 6 −51 ± 0.8a

10-day hypoxic 18 18 −49 ± 1a

a Significantly different (P < 0:05) from normoxic piglets at both 11

and 18 mmHg.

Pulmonary Circulation Volume 3 Number 3 September 2013 | 555



endothelial cells are the cellular source of Kv dysfunc-

tion.

ROSs contribute to Kv dysfunction after 10 days

of exposure to in vivo hypoxia

Treatments to remove ROSs and to inhibit NOX, a

potential enzymatic source of ROSs, increased the

constrictor response to 4-AP in PRAs from piglets of

the 10-day hypoxic exposure group (Fig. 2). In con-

trast, treatments to remove ROSs and to inhibit NOX

had inhibitory effects on the constrictor response to

4-AP in PRAs from comparable-age normoxic, con-

trol piglets (Fig. 2). Moreover, addition of the ROS

generator menadione reduced constriction to 4-AP in

normoxic, control arteries from the 10-day exposure

group (Fig. 3). Thus, exogenous ROSs impair Kv chan-

nel function in control PRAs, and ROS-removing

agents improve Kv channel function in PRAs fol-

lowing exposure to hypoxia for 10 days.

ROSs do not contribute to Kv dysfunction after

3 days of exposure to in vivo hypoxia

We previously showed that functional activity of Kv

channels was lower in PRAs of piglets exposed to

3 days of hypoxia than in those of comparable-age

normoxic piglets.19 Based on our findings with PRAs

from the 10-day group, we wanted to determine

whether ROSs might contribute to Kv dysfunction in

Figure 1. A, 4-aminopyridine (4-AP; 10−3 M)-induced change in

membrane potential (Em) for arteries from normoxic (n ¼ 13 ) and

hypoxic (n ¼ 11 ) piglets from the 10-day exposure group. An asterisk

indicates significant difference from normoxia (P < 0:05 ). B, 4-AP-

induced changes in diameter for endothelium-intact and air-infused

arteries from normoxic and hypoxic piglets from the 10-day exposure

group (for normoxic arteries, n ¼ 39 intact arteries and n ¼ 24 air-

infused arteries; for hypoxic arteries, n ¼ 32 intact arteries and n ¼ 15
air-infused arteries). An asterisk indicates significant difference from

normoxic intact arteries, and a plus sign (B ) indicates significant differ-

ence from normoxic air-infused arteries (P < 0:05 ). In both panels,

values are mean ± SEM.

Figure 2. A, Effect of treatment with the superoxide dismutase mi-

metic M40403 and the H2O2-decomposing agent polyethylene glycol

catalase (PEG-CAT) on responses to 4-aminopyridine (4-AP) in arteries

from normoxic and hypoxic piglets of the 10-day exposure group (for

normoxic arteries: n ¼ 39 untreated arteries and n ¼ 12 M40403+PEG-

CAT-treated arteries; for hypoxic arteries: n ¼ 32 untreated arteries and

n ¼ 15 M40403+PEG-CAT-treated arteries). B, Effect of treatment with

the NADPH oxidase inhibitor apocynin on responses to 4-AP in arter-

ies from normoxic and hypoxic piglets of the 10-day exposure group

(for normoxic arteries: n ¼ 13 untreated arteries and n ¼ 12 apocynin-

treated arteries; for hypoxic arteries: n ¼ 12 for untreated arteries and

n ¼ 11 apocynin treated arteries). In both panels, values are mean ±

SEM, an asterisk indicates a significant difference from untreated

normoxic arteries, and a plus sign indicates a significant difference

from untreated hypoxic arteries (P < 0:05).
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PRAs from piglets exposed to a shorter, 3-day dura-

tion of in vivo hypoxia. Unlike the longer duration of

hypoxia (Fig. 2), treatments to remove ROSs or to

inhibit NOX had no impact on constrictor responses

to 4-AP in pulmonary arteries of piglets exposed to

hypoxia for only 3 days (Fig. 4). Findings for control

PRAs (Fig. 4) were similar to those from the older age

group of piglets (Fig. 2).

Selective Kv channel proteins are downregulated

after 10 days of exposure to in vivo hypoxia

ROS removal did not completely restore to control

levels the Kv channel function in PRAs of piglets ex-

posed to 10 days of hypoxia (Fig. 2A). We therefore

investigated whether expression of Kv channels was

reduced during the 10-day exposure to hypoxia. Im-

munoblot analyses for Kv1.2, Kv1.5, and Kv2.1 α sub-

units in small pulmonary artery homogenates from

control and hypoxic piglets of the 10-day exposure

group are shown in Figure 5. As determined by densi-

tometry, Kv1.2 expression was decreased in pulmo-

nary arteries from hypoxic piglets (Fig. 5A), while
expression levels of Kv1.5 and Kv2.1 were similar for

hypoxic and control pulmonary arteries (Figs. 5B and

5C, respectively).

KATP channel function is preserved following 3 or

10 days of exposure to in vivo hypoxia

We explored the possibility that in addition to altera-

tions in Kv channel expression and function, expo-

sure to in vivo hypoxia might impair the function of

other K+ channels. As shown in Figure 6, diameters

of both control and hypoxic arteries from both 3- and

10-day exposure groups responded similarly to the

KATP channel agonist levcromakalim.

DISCUSSION

In this study, we show that PASMCs are depolarized

and that 4-AP-sensitive K+ channel function is di-

minished in PRAs of newborn piglets exposed to in

vivo hypoxia for 10 days. We previously reported sim-

ilar abnormalities in PASMC membrane properties

in PRAs from piglets exposed to in vivo hypoxia for

3 days.19 Thus, our new findings support and extend
Figure 3. Effect of treatment with the ROS generator menadione

on responses to 4-aminopyridine (4-AP) in arteries from normoxic pig-

lets of the 10-day exposure group (n ¼ 12 untreated arteries and n ¼ 11
menadione-treated arteries). All values are mean ± SEM. An asterisk

indicates a significant difference from untreated arteries (P < 0:05).

Figure 4. A, Effect of treatment with the superoxide dismutase mi-

metic M40403 and the H2O2-decomposing agent polyethylene glycol

catalase (PEG-CAT) on responses to 4-aminopyridine (4-AP) in arteries

from normoxic and hypoxic piglets of the 3-day exposure group (for

normoxic arteries: n ¼ 19 untreated arteries and n ¼ 10 M40403+PEG-

CAT-treated arteries; for hypoxic arteries: n ¼ 14 untreated arteries and

n ¼ 10 M40403+PEG-CAT-treated arteries). B, Effect of treatment with

the NADPH oxidase inhibitor apocynin on responses to 4-AP in arter-

ies from normoxic and hypoxic piglets of the 3-day exposure group (for

normoxic arteries: n ¼ 26 untreated arteries and n ¼ 8 apocynin-

treated arteries; for hypoxic arteries: n ¼ 24 for untreated arteries and

n ¼ 7 apocynin-treated arteries). In both panels, all values are mean ±

SEM, and an asterisk indicates a significant difference from untreated

normoxic arteries (P < 0:05).
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the link between impairments in Kv channel function

and the pathogenesis of chronic hypoxia–induced pul-

monary hypertension in a newborn-animal model.

Important new findings in this study are that ROSs

contribute to the K+ channel dysfunction that occurs

after the longer 10-day exposure to in vivo hypoxia,

whereas ROSs do not play a prominent role in the

K+ channel dysfunction that develops within 3 days

of exposure to in vivo hypoxia. Taken together, these

findings indicate that ROS-removing agents may im-

prove 4-AP- dependent K+ channel function in the

pulmonary circulation at more progressive, but not

earlier, stages of pulmonary hypertension.

We are not the first to provide evidence that ROSs

contribute to K+ channel dysfunction.20,25,28,35,36

More than 10 years ago, ROSs were shown to contrib-

ute to K+ channel dysfunction in the systemic circu-

lation.25,35,36 More recently, two studies provided

evidence that ROSs contribute to K+ channel dysfunc-

tion in the pulmonary circulation.20,28 Specifically, in

a fetal ductal-ligation lamb model of persistent pul-

monary hypertension of the newborn (PPHN), the O2

scavenger tiron was shown to improve both Kv cur-

rents and 4-AP-dependent K+ channel responses in

pulmonary arteries from PPHN lambs.20 In a series

of studies evaluating the effect of in vitro hypoxia, in-

vestigators found that PASMCs cultured for 72 hours

under hypoxic conditions exhibited reductions in Kv

channel currents that were restored by treatments

to remove NOX-derived ROSs.28 We add to the lit-

erature and are the first to show that the ability of

ROS-removing agents to improve 4-AP-dependent K+

channel function in the pulmonary circulation is de-

pendent on the length of in vivo exposure to chronic

hypoxia and the stage of pulmonary hypertension.

The mechanisms by which ROSs impair K+ chan-

nel function are not yet clear. One possibility is that

ROSs directly interact with and modify Kv channel-

Figure 5. A, Immunoblot results

and corresponding densitometry for

Kv1.2 α subunit protein relative to β ac-

tin in pulmonary arteries from normo-

xic and hypoxic piglets of the 10-day

exposure group. The plus sign denotes

positive control (rat brain). An asterisk

indicates a significant different from

normoxic piglets (P < 0:05). B, Immu-

noblot results and corresponding den-

sitometry for Kv1.5 α subunit protein

relative to β actin in pulmonary arter-

ies from normoxic and hypoxic piglets

of the 10-day exposure group. C, Immu-

noblot results and corresponding den-

sitometry for Kv2.1 α subunit protein

relative to β actin in pulmonary arter-

ies from normoxic and hypoxic piglets

of the 10-day exposure group. The plus

sign denotes positive control (rat brain).

In all panels, all values aremean ± SEM.
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gating properties via the oxidation of amino acid resi-

dues within the channel.23,24,37 Another possibility is

that ROSs interact with nitric oxide (NO) to form

peroxynitrite, which, in turn, causes nitration and

functional impairment of Kv channel proteins.24 In

addition to promoting nitration, NO has been shown

to inhibit Kv channel current by S-nitrosylation.38 It

should also be noted that Kv channel function is in-

hibited by elevated cytosolic calcium levels.39,40 Hence,

the ability to trigger intracellular calcium release

could be another mechanism by which ROSs con-

tribute to impaired Kv channel function.41,42 Rele-

vant to this in our study ROS-removing agents did

not restore the PASMC Em of hypoxic arteries to

control levels. Thus, our findings are consistent with

the possibility that ROSs, rather than being an influ-

ence on PASMC Em, alter Kv-mediated vascular con-

traction via changes in Ca2+ sensitization.

Phosphorylation of channel molecules also regu-

lates membrane channel activity.43-45 ROSs could

indirectly affect Kv channel protein function by me-

diating changes in phosphatases and kinases that

in turn modulate phosphorylation of channel pro-

teins.11,26,46 For example, activation of protein kinase

C (PKC) by H2O2 has been shown to underlie Kv

channel inhibition.47,48 Along this line, PKC has been

shown to be activated in the pulmonary vasculature

of chronically hypoxic newborn piglets.49 It is possi-

ble that during progressive exposure to chronic hyp-

oxia, specific PKC isozymes are activated by ROSs

and contribute to Kv channel dysfunction.

The sources of ROSs that impair Kv channel func-

tion merit discussion. Our findings with the phar-

macologic NOX inhibitor apocynin suggest that NOX-

family enzymes could be one source of ROSs that

contributes to inhibition of Kv channel function. Fur-

ther supportive of a role for NOX-derived ROSs, an-

other group of investigators found that both apocy-

nin and NOX4 silencing RNA reversed the decrease

in Kv current that occurred in PASMCs cultured

under hypoxic conditions for 72 hours.28 The mito-

chondrial electron transport chain is another possi-

ble source of ROSs.48 Indeed, mitochondria-derived

ROSs have been shown to activate NOX and create

a positive-feedback mechanism that augments intra-

cellular ROS generation.48 A role for mitochondria-

derived ROSs in modulating K+ channels is supported

by studies showing that knockdown of mitochon-

drial superoxide dismutase downregulates Kv1.5 chan-

nel protein expression in PASMCs from normal

rats.50

It is of interest that we found that when exposed to

an ROS-generating agent, PRAs from normoxic pig-

lets exhibited evidence of K+ channel dysfunction. Yet

our findings also suggest that endogenous ROSs are

important for 4-AP-sensitive Kv channel function in

normoxic PRAs. The mechanism underlying this ap-

parent differential modulation of Kv channels by en-

dogenous and exogenous ROSs is not known. How-

ever, ROSs have been shown to both activate21,51,52

and inhibit22,46 Kv channels. Moreover, although they

contribute to disease processes, ROSs also serve as

physiologically significant signaling molecules un-

der normal, nondiseased conditions.53,54 The precise

mechanisms underlying the change in role of ROSs

Figure 6. A, Levcromakalim-induced changes in diameter in arteries

with elevated tone from normoxic (n ¼ 11) and hypoxic (n ¼ 7) piglets of
the 3-day exposure group. B, Levochromakalin-induced changes in diame-

ter in arteries with elevated tone from normoxic (n ¼ 6 ) and hypoxic

(n ¼ 5) piglets of the 10-day exposure group. In both panels, all values are

mean ± SEM.
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from facilitating normal intracellular signaling to

mediating detrimental effects are not yet understood.

Another finding in this study is that ROS removal

did not completely restore Kv channel function in

PRAs from the hypoxic piglets. Therefore, othermech-

anisms of Kv impairment must also be involved. Both

our findings and those of others support a contribu-

tion from reduced Kv channel expression.13,14,16,17,19

Which Kv channels are reduced by hypoxia appears

to differ, depending on the species studied as well as

the duration and type (in vitro vs. in vivo) of hypoxic

exposure.13,14,16,17,19 We evaluated protein expression

of Kv1.2, Kv1.5, and Kv2.1 because homo- or het-

erotetramers composed of these ion channels have

been identified as being oxygen sensitive and having

a role in physiological responses of PASMC to hyp-

oxia.55 The potential lack of specificity of available

antibodies must be considered in interpretation of

Kv channel protein expression findings. In addition,

although other channels may also be oxygen sensi-

tive, lack of available antibodies for swine precluded

our ability to evaluate all of them. Others have shown

that transcriptional regulation of K+ channel expres-

sion in chronic hypoxia in adult animals and in adult

humans with pulmonary arterial hypertension in-

volves hypoxia-inducible factor (HIF).56,57 In fact, the

reduction in Kv channel expression in PASMCs of

chronically hypoxic rats and mice is the result of

HIF-1-dependent induction of endothelin-1.58 Some

K+ channels appear to be regulated by translational

control rather than by changes in transcription or de-

gradation changes.59

Other non-ROS-mediated mechanisms of K+ chan-

nel dysfunction include abnormalities in Kv channel

trafficking/cell surface expression60-62 and modula-

tion of Kv channel activity63-65 by modification of di-

sulfide bridges in the channel protein.66 Cellular

localization of mitochondria, as well as mitochondria-

dependent changes in intracellular Mg2+ and ATP

concentrations, has also been shown to modulate Kv

channel function.67,68 The role of these mechanisms

in the K+ channel dysfunction found in our neonatal

model of chronic hypoxia–induced pulmonary hyper-

tension has yet to be explored.

There are some important therapeutic implica-

tions from our findings. Restoration of Kv channels

has been shown to ameliorate pulmonary hyperten-

sion.13 Treatments that remove ROSs have also been

shown to prevent or cause regression of pulmonary

hypertension in adult-animal models.50 Our findings

raise the possibility that ROS-removing agents might

improve Kv channel function and thereby prevent the

progression, but perhaps not the initial stages, of

chronic hypoxia–induced pulmonary hypertension

in newborns. Indeed, supportive of a role for ROS

removal as a treatment strategy during progression

of hypoxia-induced pulmonary hypertension, we re-

cently found that NOX1 expression and superoxide

production are greater in PRAs of piglets exposed to

10 days of hypoxia than in those of piglets exposed to

3 days.69 Of note, our findings that ROSs are impor-

tant in Kv channel function in normoxic vessels in-

dicates that extreme caution should be used when

considering ROS-removing therapies. Moreover, it is

important to consider that the effectiveness of dila-

tor therapies can be affected by alterations in down-

stream mechanisms, including activation of specific

K+ channels that mediate their response. Thus, our

finding of preserved KATP channel function in the

face of impaired Kv function has important implica-

tions for designing therapies to lower pulmonary vas-

cular resistance in infants with pulmonary hyperten-

sion associated with chronic hypoxia.

In summary, the findings in this study continue to

support the growing body of evidence that changes in

Kv channel function and concomitant alterations in

PASMC Em contribute to the pathogenesis of pro-

gressive pulmonary hypertension, particularly in con-

ditions associated with chronic hypoxia.10-12,19,20 Our

work has potential clinical relevance. Rather than a

preventive, prophylactic approach, treatments for pro-

gressive, neonatal pulmonary hypertension are often

initiated late in the disease process, typically after

a diagnosis of right heart dysfunction and cor pul-

monale is made. With this in mind, the therapeutic

implications of our findings about the effect of ROS

removal on Kv channel function merit further study

in in vivo models of progressive neonatal pulmonary

hypertension. Our findings suggest that once the di-

agnosis is made, ROS-removing agents could be used

to improve Kv function and ameliorate the progressive

development of pulmonary hypertension in infants

suffering from conditions associated with chronic or

intermittent periods of hypoxia. This possibility war-
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rants future investigation, as it could provide a much-

needed, novel approach to improving outcomes for an

understudied patient population in desperate need of

effective therapies.
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Hashimoto K, Dyck JRB, et al. O2 sensing in the human

ductus arteriosus: regulation of voltage-gated K+ channels in

smooth muscle cells by a mitochondrial redox sensor. Circ

Res 2002;91:478–486.

28. Mittal M, Gu XQ, Pak O, Pamenter ME, Haag D, Fuchs

DB, Schermuly RT, et al. Hypoxia induces Kv channel cur-

rent inhibition by increased NADPH oxidase-derived reac-

tive oxygen species. Free Radic Biol Med 2012;52:1033–

1042.

29. Park MK, Bae YM, Lee SH, Ho W, Earm YE. Modulation

of voltage-dependent K+ by redox potential in pulmonary

and ear arterial smooth muscle cells of the rabbit. Pflueg

Arch Eur J Physiol 1997;434:764–771.

30. Dennis KE, Aschner JL, Milatovic D, Schmidt JW, Aschner

M, Kaplowitz MR, Zhang Y, Fike CD. NADPH oxidases and

reactive oxygen species at different stages of chronic hypoxia-

induced pulmonary hypertension in newborns. Am J Physiol

2009;297:L596–L607.

31. Fike CD, Kaplowitz MR. Chronic hypoxia alters nitric oxide-

dependent pulmonary vascular responses in lungs of new-

born pigs. J Appl Physiol 1996;81:2078–2087.

32. Fike CD, Pfister SL, Kaplowitz MR, Madden JA. Cyclo-

oxygenase contracting factors and altered pulmonary vascu-

lar responses in chronically hypoxic newborn piglets. J Appl

Physiol 2002;92:67–74.

33. Criddle DN, Gillies S, Baumgartner-Wilson HK, Jaffar M,

Chinje EC, Passmore S, Chvanov M, et al. Menadione-

induced reactive oxygen species generation via redox cycling

promotes apoptosis of murine pancreatic acinar cells. J Biol

Chem 2006;281:40485–40492.

34. Sampath V, Radish AC, Eis AL, Broniowska K, Hogg N,

Konduri GG. Attenuation of lipopolysaccharide-induced oxi-

dative stress and apoptosis in fetal pulmonary artery endothe-

lial cells by hypoxia. Free Radic Biol Med 2009;46:663–671.

35. Erdos B, Simandle SA, Snipes JA, Miller AW, Busija DW.

Postassium channel dysfunction in cerebral arteries of insulin-

resistant rats is mediated by reactive oxygen species. Stroke

2004;35:964–969.

36. Liu Y, Gutterman DD. Oxidative stress and potassium chan-

nel function. Clin Exp Pharmacol Physiol 2002;29:305–311.

37. Ciorba MA, Heinemann SH, Weissbach H, Brot N, Hoshi

T. Regulation of voltage-dependent K+ channels by methio-

nine oxidation: effect of nitric oxide and vitamin C. FEBS

Lett 1999;442:48–52.
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