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of pulmonary hypertension and patent ductus
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Specialized tissues that sense acute changes in the local oxygen tension include type 1 cells of the carotid body, neuroepithelial
bodies in the lungs, and smooth muscle cells of the resistance pulmonary arteries and the ductus arteriosus (DA). Hypoxia
inhibits outward potassium current in carotid body type 1 cells, leading to depolarization and calcium entry through L-type
calcium channels. Increased intracellular calcium concentration ([Caþ þ ]i) leads to exocytosis of neurotransmitters, thus
stimulating the carotid sinus nerve and respiration. The same Kþ channel inhibition occurs with hypoxia in pulmonary artery
smooth muscle cells (PASMCs), causing contraction and providing part of the mechanism of hypoxic pulmonary
vasoconstriction (HPV). In the SMCs of the DA, the mechanism works in reverse. It is the shift from hypoxia to normoxia
that inhibits Kþ channels and causes normoxic ductal contraction. In both PA and DA, the contraction is augmented by release
of Caþ þ from the sarcoplasmic reticulum, entry of Caþ þ through store-operated channels (SOC) and by Caþ þ sensitization.
The same three ‘executive’ mechanisms are partly responsible for idiopathic pulmonary arterial hypertension (IPAH). While
vasoconstrictor mediators constrict both PA and DA and vasodilators dilate both vessels, only redox changes mimic oxygen by
having directly opposite effects on the Kþ channels, membrane potential, [Caþ þ ]i and tone in the PA and DA. There are
several different hypotheses as to how redox might alter tone, which remain to be resolved. However, understanding the
mechanism will facilitate drug development for pulmonary hypertension and patent DA.
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Introduction

In 1604, Joseph Acosta traversed a pass in the Andes and

wrote ‘I hold this place to be one of the highest parts of land

in the world, y I therefore persuade myself, that the

element of the air is there so subtle and delicate, as it is

not proportional with the breathing of man, which requires

a more gross and temperate air’ (West, 1981). He clearly

understood, about two centuries before the discovery of

oxygen, that the air high in the mountains was diminished

in something and consequently he was short of breath.

Other than being curious about the nature of breathlessness,

why should we care about the mechanisms by which the

body senses oxygen? At birth, directly related to the breath-

ing of air and the consequent increase in oxygen, the small

resistance PAs dilate and blood flow dramatically increases in

the lungs. In a diametrically opposite response to the

increase in oxygen, the ductus arteriosus (DA) contracts

and the switch from the foetal to the neonatal circulation

is established. Thus, the sensing of oxygen is critically

important in normal birth. In the foetus, the PAs and the

ductus are exposed to the same blood pressure and the same

low oxygen tension in the blood. Consequently, their

opposite response to increased oxygen is not the result of

different conditioning prior to that point; it is intrinsic to

the vessels. Perhaps we should try to understand the

mechanisms that are responsible for ‘normoxic pulmonary

vasodilatation’ (Weir, 1978), rather than think about hy-

poxic pulmonary vasoconstriction (HPV). Failure of the PAs

to relax and remodel at birth leads to pulmonary hyper-

tension and the condition known as persistent pulmonary

hypertension of the newborn, whereas failure of the ductus
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to contract results in patent DA. Both are serious neonatal

conditions with significant morbidity and mortality. The first

clues to the mechanisms underlying acute oxygen sensing

came from the study of the type I cells of the carotid body.

Carotid body

The carotid body lies at the bifurcation of the carotid arteries.

It senses the oxygen tension in the arterial blood and, if the

oxygen level drops, signals to the respiratory centre in the

brain by increasing traffic in the carotid sinus nerve, causing

a sensation of breathlessness. The cellular mechanism by

which hypoxia is detected in the type I, or glomus, cell of the

carotid body was first described 20 years ago (Lopez-Barneo

et al., 1988). The outward flow of potassium through voltage-

gated (Kv), Caþ þ -sensitive (KCa) and two-pore domain acid-

sensitive potassium channels is inhibited by hypoxia,

leading to membrane depolarization and Caþ þ entry

through L-type calcium channels (Ganfornina and Lopez-

Barneo, 1992; Wyatt et al., 1995b; Buckler, 1997). It is

important to note that the increase in [Caþ þ ]i, which

triggers the exocytosis of vesicles from within the type I cell,

does not occur in the absence of extracellular Caþ þ or

without membrane depolarization (Buckler and Vaughan-

Jones, 1994; Urena et al., 1994). The increase in [Caþ þ ]i is

proportional to the severity of hypoxia (Dasso et al., 2000).

The exocytosis causes the release of neurotransmitters, such

as ACh and ATP, which stimulate sensory nerve endings in

the carotid sinus nerve. This signalling mechanism, which

connects Kþ channel inhibition with increased respiration,

has been exploited pharmacologically. The respiratory

stimulant doxapram mimics hypoxia in that it inhibits both

Kv and KCa currents in type I cells (Peers, 1991).

Hypoxic pulmonary vasoconstriction: Kþ channels

In the adult, HPV fulfils the important function of matching

perfusion to ventilation in the lungs. If there is a localized

area of atelectasis, then alveolar collapse and the associated

hypoxia causes vasoconstriction in the small PAs that course

through the parenchyma. The HPV directs the desaturated

blood to better ventilated/oxygenated segments of the lung.

If HPV is inhibited, systemic arterial oxygen tension is

reduced, even in normal subjects (Hales and Westphal,

1978). Although it is clear that the endothelium produces

vasoconstrictor (such as endothelin and thromboxane A2)

and vasodilator (such as nitric oxide and prostacyclin)

substances, which modulate HPV, the pulmonary arterial

smooth muscle contracts to hypoxia in the absence of the

endothelium (Madden, 1992). This discussion focuses on the

mechanisms in the smooth muscle cell (SMC) that change in

response to acute changes in oxygen tension. Based on the

role of Kþ channel inhibition in insulin secretion in the

pancreatic islet cell, it was suggested that HPV might involve

Kþ channel inhibition in the SMCs of the small PAs (Archer

et al., 1986a). Insulin secretion is initiated by ATP-induced

blockade of KATP channels in the islet cells, whereas hypoxia

causes inhibition of other Kþ channels, such as the Kv, KCa

and two-pore domain acid-sensitive potassium channels, in

the pulmonary arterial SMCs (PASMCs) (Post et al., 1992;

Yuan et al., 1993; Cornfield et al., 1996; Gurney et al, 2003;

Olschewski et al., 2006). This, in turn, results in membrane

depolarization and Caþ þ entry through L-type calcium

channels, as in the carotid body type I cell. The two-pore

domain acid-sensitive potassium-1 channel carries a non-

inactivating background Kþ current that sets the resting

membrane potential in PASMCs (Gurney et al., 2003).

Hypoxic inhibition of this channel may cause sufficient

depolarization to bring the membrane potential into the

range where other Kþ channels, such as KCa and Kv, are

active (Gurney et al., 2003; Olschewski et al 2006; Gurney

and Manoury, 2008). It seems likely that there is a

maturational shift from oxygen sensitivity of the KCa

channels in the foetus to several Kv channels in the adult

PASMCs (Reeve et al., 1998; Michelakis et al., 2004). There is

also geographical localization of the channels, that is, Kv

channels predominate in the small resistance PAs and KCa

channels predominate in the conduit PAs (Archer et al.,

1996). Importantly, hypoxia does not inhibit Kþ current in

systemic arterial SMCs, such as renal or mesenteric (Post

et al., 1992; Yuan et al., 1993). In the PASMCs, the degree of

Kþ current inhibition and membrane depolarization is

proportional to the severity of hypoxia (Olschewski et al.,

2002). Hypoxia seems to act primarily on the Kv current in

rat PASMCs, as after inhibition by 4-aminopyridine (5 mM),

hypoxia does not reduce the current further (Figure 1). These

observations make it likely that Kþ channels play a role in

the mechanism underlying HPV.

The most important oxygen-sensitive Kv channels include

Kv 1.2, 1.5, 2.1, 3.1b and 9.3, as reviewed in Moudgil et al

(2005). Hypoxia inhibits Kv 1.5, which has been cloned from

human PAs (Archer et al., 2004b), and HPV is diminished in

mice that lack this channel (Archer et al., 2001). It is

interesting that not all PASMCs show the same response to

hypoxia in terms of inhibition of Kþ current or increase in

[Caþ þ ]i (Platoshyn et al., 2007). Using single-cell reverse

transcription-PCR, it was demonstrated that the level of

expression of Kv 1.5 correlates with the sensitivity of the

potassium current in the individual PASMC to hypoxia. This

paper also raises the important concept that there are

‘pacemaker’ PASMCs, responsive to hypoxia, which commu-

nicate with other PASMCs through their gap junctions.

Chronic hypoxia causes a decrease in mRNA and protein for

oxygen-sensitive Kv channels and this results in membrane

depolarization in PASMCs (Smirnov et al., 1994b; Osipenko

et al., 1998; Reeve et al., 2001). For Kv 1.2, 1.5 and 2.1, the

decrease in mRNA occurs within 6 h of the onset of hypoxia

(Hong et al., 2004). The decreased expression of Kþ channels

in chronic hypoxia reflects the activity of the transcription

factor hypoxia-inducing factor (HIF)-1a (Shimoda et al.,

2001). In concert with the decrease in oxygen-sensitive Kþ

channels, acute HPV is diminished in rats that have been

exposed to chronic hypoxia (McMurtry et al., 1978).

However, HPV can be restored by aerosol transfection of Kv

1.5, again underlining the role of Kv channels in this

mechanism (Pozeg et al., 2003).

Hypoxic pulmonary vasoconstriction: sarcoplasmic

reticulum/store-operated channel

Although most of the Caþ þ involved in HPV comes from

outside the PASMC, some is released from intracellular stores
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(Olschewski et al., 2002). The release of Caþ þ by hypoxia

from the sarcoplasmic reticulum (SR) was first reported in

1993 (Salvaterra and Goldman, 1993). Since that time,

evidence has been published for hypoxic release of Caþ þ

from both inositol triphosphate and ryanodine-sensitive SR

stores in PASMCs (Jabr et al., 1997; Dipp et al., 2001a; Morio

and McMurtry, 2002). The Caþ þ stores are repleted by

Caþ þ entry through store-operated (capacitative) Caþ þ

channels, and subsequent sequestration of the Caþ þ into

the SR by the Caþ þ -Mgþ þ -ATPase (Robertson et al., 2000b;

Wang et al., 2005; Weigand et al., 2005; Ng et al., 2005).

Blockers of capacitative Caþ þ entry prevent HPV at

concentrations that do not block the L-type Caþ þ channels

(Weigand et al., 2005). It is thought that transient receptor

potential (TRP) genes may code for the store-operated

channels (SOCs). Isolated mouse lungs that are deficient

in TRPC6 lack the modest acute HPV, which is demonstrated

in the wild-type lungs (Weissmann et al., 2006). From 1 h

of hypoxia onward, the pressor response is the same in

the wild-type and TRPC6-deficient mice. This suggests

that different mechanisms may play more important

roles at different times. Other TRP channels (TRPCs) may

also participate. As mentioned earlier for Kv channels, the

expression of TRPCs 1, 4 and 6 is greater in the SMCs of the

distal resistance PAs than in those of the conduit main PA

(Lu et al., 2008). The store-operated Caþ þ entry elicited by

hypoxia is also greater in the resistance PASMCs. Emptying

of the inositol triphosphate-sensitive Caþ þ stores in the SR

of rat PASMCs using cyclopiazonic acid (an inhibitor of

Caþ þ -Mgþ þ -ATPase) prevents the release of Caþ þ from

the SR by hypoxia (Platoshyn et al., 2007), again illustrating

the importance of this component of HPV. More discussions

on the mechanisms of capacitative Caþ þ entry and its role

in HPV are given in recent reviews (Ward et al., 2005; Putney,

2007).

Hypoxic pulmonary vasoconstriction: calcium sensitization

In addition to the two mechanisms outlined above, which

lead to an increase in [Caþ þ ]i in PASMCs during hypoxia,

there is a third player, Caþ þ sensitization. This mechanism

permits prolonged interaction of actin and myosin at any

given Caþ þ level. Contraction is initiated by phosphory-

lation of myosin light chain by myosin light-chain kinase

and dephosphorylation is mediated by myosin light-chain

phosphatase. As a result, vascular tone is modulated by the

balance between myosin light-chain kinase and phospha-

tase. In 1995, Robertson et al. (1995) pointed out that when

HPV is studied in small PAs, the force of contraction may

gradually increase while the [Caþ þ ] level remains constant.

Hypoxia increases the GTP-bound (active) form of the small

G-protein RhoA at the cell membrane of the PASMCs. This in

turn stimulates Rho kinase, which inhibits myosin light-

chain phosphatase, thereby prolonging phosphorylation of

the light chain and augmenting contraction (Wang et al.,

2001). As Rho kinase activation increases HPV (Ward et al.,

2004), therefore Rho kinase inhibition reduces it (Robertson

et al., 2000a; Fagan et al., 2004). In the fawn-hooded rat,

which develops spontaneous pulmonary hypertension,

activated RhoA is increased and, related to this, Rho kinase

inhibition largely prevents the development of pulmonary

hypertension (Nagaoka et al., 2006). After 4 weeks of

hypoxia, pulmonary hypertension is established in the

Sprague–Dawley rat model. Somewhat surprisingly, the

pulmonary hypertension can be nearly normalized by Rho

kinase inhibition (Nagaoka et al., 2005). This suggests that

Figure 1 Effects of hypoxia on whole-cell Kþ current in pulmonary artery smooth muscle cells. (a) 300 ms traces showing Kþ currents elicited
under normoxic conditions (control and recovery) and after a 4 min exposure to hypoxia, 3% O2. (b) Kþ current stimulated by a step
depolarization from �70 to 0 mV, showing that after inhibition by 4-aminopyridine, hypoxia (4 min at 3% O2) does not reduce the current
further. (c) Current–voltage plots of steady-state outward Kþ currents recorded under the same conditions as in (b). The current is normalized
to the maximum current measured during normoxia (measured current divided by maximum current at þ50 mV, I/I0). Data is shown as
means±s.e.mean. The figure is adapted and modified from reference Olschewski et al (2002), with permission.
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although remodelling of the small PAs has occurred by this

point, the pulmonary hypertension in this model is more a

product of vasoconstriction (Stenmark and McMurtry, 2005).

When the Rho kinase inhibitor is administered by inhala-

tion, the effect on the pulmonary circulation, relative to the

systemic, is specific.

Clinical significance of the HPV mechanisms

From the literature reviewed above, it is evident that there

are at least three components to the ‘executive’ side of the

mechanism of HPV: (1) Kþ channel inhibition, membrane

depolarization and Caþ þ entry through the L-type, voltage-

gated Caþ þ channels; (2) release of Caþ þ from the SR,

associated with repletion by capacitative Caþ þ entry

through SOCs; and (3) Caþ þ sensitization. Interestingly,

the pathophysiology of idiopathic pulmonary arterial hy-

pertension (IPAH) involves the same three pathways. In

PASMCs of patients with IPAH, expression of the channels Kv

1.5 and 2.1 is reduced, the membrane potential is depolar-

ized and cytosolic calcium is increased compared with

PASMCs of patients with secondary pulmonary hypertension

(Yuan et al., 1998a, b). Seventeen single-nucleotide poly-

morphisms of the gene coding Kv 1.5 have been identified in

IPAH patients (Remillard et al., 2007). However, it is not yet

clear whether these polymorphisms alter the function of the

channel. The anorectic drug fenfluramine has been shown to

increase the incidence of IPAH. Experimentally it causes

pulmonary vasoconstriction and inhibits potassium current

in PASMCs (Weir et al., 1996a; Perchenet et al., 2001). These

observations of a decrease in PASMC potassium current in

the aetiologic mechanism of pulmonary hypertension and

pulmonary vasoconstriction have led to studies of a possible

therapy. Overexpression of Kv 1.5 in PASMCs increases

potassium current, leading to hyperpolarization and more

apoptosis (Brevnova et al., 2004). Greater apoptosis would be

expected to reduce the number of PASMCs in the media of

the resistance PAs. In the chronic hypoxic model of

pulmonary hypertension in rats, inhalation of the gene for

Kv 1.5 reduces pulmonary vascular remodelling and hyper-

tension (Pozeg et al., 2003).

If lack of expression or function of Kv channels leads to

membrane depolarization and activation of the L-type Caþ þ

channels, then why are inhibitors of these Caþ þ channels

(for example, dihydropyridines, such as nifedipine) now

found to be successful in fewer than 20% of IPAH patients

(Rich and Brundage, 1987)? It could be that other compo-

nents of the executive mechanism become more important,

that remodelling becomes irreversible or that the lack of

expression of Kþ channels results in an increase in cytosolic

Kþ , which in turn inhibits apoptosis (Krick et al., 2001).

Inhibition of the L-type Caþ þ channel would not affect

the increase in cytosolic Kþ or prevent the membrane

depolarization, which may cause Caþ þ release from the SR,

unrelated to calcium entry (Ganitkevich and Isenberg, 1993;

Valle-Rodriguez et al., 2006).

The pathophysiology of IPAH, again mimicking HPV, also

involves increased expression/function of store-operated

Caþ þ channels (Yu et al., 2004). Although there are blockers

of store-operated Caþ þ channels that are used in animal

studies (2-APB and SKF96365), there are no specific blockers

in clinical use.

The third component of the executive mechanism of HPV

is Caþ þ sensitization, which depends on the activation of

RhoA/Rho kinase. Inhibition of Rho kinase by fasudil has

been reported to cause some acute pulmonary vasodilatation

in a group of patients with severe pulmonary hypertension

unresponsive to nifedipine or 100% oxygen (Fukumoto et al.,

2005). A clinical trial of the efficacy of fasudil in IPAH is

being conducted. As both HPV and IPAH affect only the

pulmonary circulation, perhaps it is not surprising that they

share these three executive mechanisms. Insights into the

pathophysiology of one increase our understanding of the

other.

Normoxic contraction of the ductus arteriosus

As stated earlier, the DA behaves exactly opposite to the

resistance PAs, in that it contracts during normoxia and

relaxes in hypoxia. As a consequence, failure of the DA to

close after birth is a much more common problem in

populations living at high altitude (Alzamora-Castro et al.,

1960). Normoxic contraction of the DA involves the same

three executive mechanisms as HPV. An increase in oxygen

tension from foetal to neonatal levels inhibits Kv channels

in the DASMCs, resulting in membrane depolarization

and Caþ þ entry through the L-type Caþ þ channels

(Tristani-Firouzi et al., 1996b; Michelakis et al., 2000), Failure

of the DA to close is common in premature infants and this

may be related to a decreased expression of oxygen-sensitive

Kv channels preterm (Thebaud et al., 2004). Transfection of

Kv 1.5 and 2.1 in the premature rabbit DA can restore oxygen

sensitivity.

In addition to the influx of Caþ þ into DASMCs stimulated

by membrane depolarization, Caþ þ is released from the SR

and repleted through store-operated Caþ þ channels (Hong

et al., 2006). Finally, as in HPV, normoxic contraction of the

DA is enhanced by Caþ þ sensitization (Hong et al., 2006;

Kajimoto et al., 2007). The main difference is that normoxia

increases RhoB in the DA, rather than the RhoA that is

increased in PA (Kajimoto et al., 2007). RhoB then increases

the activity of Rho kinase.

Dilator prostaglandins help to keep the DA open in the

foetus and the therapeutic use of indomethacin in the

neonate with a patent DA is designed to remove this dilator

influence. However, the normoxic DA contraction discussed

above occurs irrespective of the presence or absence of

prostaglandins or nitric oxide (Michelakis et al., 2000).

Oxygen sensing

If the mechanisms responsible for smooth muscle contrac-

tion in HPV and normoxic contraction of the DA are

virtually the same, why is the response to a change in

oxygen diametrically opposite? It might be thought that a

subtle difference in the a-subunit of a Kþ channel would

provide the explanation. However, when the same human Kv

1.5 gene is transfected into rat PA and mesenteric artery

SMCs, the whole-cell potassium current is only inhibited by

hypoxia in the PASMC and not in the mesenteric cells
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(Platoshyn et al., 2006). The conclusion is that there must be

signalling upstream to the potassium channel (and presum-

ably the SR/SOC and Rho kinase), which is specific for the

PA. This could be a different beta subunit of the potassium

channels in the PASMCs compared with the DASMCs, or

could be a switch between two potential signalling cascades.

A clue came from the observation that oxidants could cause

pulmonary vasodilatation (Weir and Will, 1982). This led to

the hypothesis that hypoxia would cause a change in the

redox status of the PASMC to a more reduced state and

inhibit the Kþ current, leading to membrane depolarization

and Caþ þ entry (Archer et al., 1986a). Subsequent observa-

tions supported this concept in the PA (Archer et al., 1993),

whereas in the DA, the redox gating of the Kþ current was

opposite, such that an oxidant stimulus would inhibit the

Kþ current (Reeve et al., 2001b). It is important to note that

vasoconstrictors, such as endothelin, phenylephrine or

prostaglandin F2a, contract both PA and DA, whereas

vasodilators, such as prostaglandins E1 and E2, dilate both.

Hypoxia is unusual in that it constricts the PA and dilates the

DA. Redox status has the same effect as changes in oxygen

tension; a reducing agent, such as dithiotreitol, will mimic

hypoxia as it inhibits Kþ current, depolarizes membrane

potential, increases cytosolic calcium in PASMCs and causes

PA constriction, whereas it has the opposite effects in

DASMCs and relaxes the DA (Olschewski et al., 2004).

Conversely, an oxidizing agent, such as dithionitrobenzoic

acid increases Kþ current in PASMCs and relaxes PAs, while

doing the opposite in the DA. In both vessels, a reducing

agent has the same effect as hypoxia and an oxidizing agent

as normoxia. Recently, it has been reported that the

oxidizing agent diamide also reduces capacitative Caþ þ

entry in the PA, again mimicking normoxia (Schach et al.,

2007).

The redox status of the SMCs is determined by the activity

of the mitochondria and enzymes (for example, NADPH

oxidase). The relevant components are the generation of

reactive oxygen species (ROS), such as superoxide anion and

hydrogen peroxide, and the ratios of redox couples. Hypoxia

increases the ratio of reduced to oxidized redox pairs

NAD(P)H/NAD(P) and glutathione (reduced, GSH)/glu-

tathione (oxidized, GSSG) in the lung (Chander et al.,

1980; Shigemori et al., 1996; Leach et al., 2001; Reeve et al.,

2001) and carotid body (Biscoe and Duchen, 1990). Using

the patch-clamp technique to study PASMCs, and to alter the

intracellular milieu, inclusion of GSH in the patch pipette

reduces the potassium current and inclusion of GSSG

increases it (Weir and Archer, 1995). An elegant experiment

reported by Tipparaju et al. (2005) illustrates the redox effect

of not only pyridine nucleotides but also the associated

b-subunits. When Kv 1.5 is expressed in COS-7 cells, the

current is not altered by inclusion of the oxidized pyridine

nucleotides, NAD or NADP, in the patch pipette. However, if

Kvb 1.3 is also transfected into the cell, then there is marked

inactivation of the Kþ current, which can be prevented by

inclusion of NAD or NADP. In single-channel studies, NAD

also increased the mean open time of the Kv 1.5 channel.

These reports illustrate how a change in redox status induced

by hypoxia might alter Kþ channel gating in PASMCs. A

more complex role for NAD and NADH has been proposed

for the release of Caþ þ from the SR, through an increase in

cADP-ribose (Dipp and Evans, 2001b; Wilson et al., 2001);

Evans et al., 2005).

Clearly, the generation of ROS is a determinant of the

cellular redox status. Given the large number of papers

focused on the specialized tissues that make up the body’s

‘homeostatic oxygen-sensing system’ (Weir et al., 2005), it

might be thought that there would be a consensus as to

whether ROS levels increase or decrease during physiological

hypoxia. Unfortunately, this is not the case as illustrated in a

recent Point:Counterpoint debate (Ward, 2006; Weir and

Archer, 2006). Additional papers have provided arguments

on both sides (Bonnet et al., 2006; Waypa et al., 2006; Wang

et al., 2007; Archer et al., 2008; Waypa and Schumacker,

2008). It seems likely that the opposite conclusions arise

from the use of different techniques for measuring ROS; the

study of cultured cells, vessels and isolated perfused lungs;

and differences in the severity and duration of hypoxia. In

addition to measurement of ROS per se, insight may be

gained by integrating changes in ROS with function (for

example, the pressure response to hypoxia in the isolated

lung or of Caþ þ in PASMCs); with signalling mechanisms

(for example, HIF1a, Kþ current or RhoA/Rho kinase

activity); with structure (for example, differences in mito-

chondrial morphology); with models of pulmonary hyper-

tension (for example, the fawn-hooded rat or chronic

hypoxia) and with treatment (for example, dichloroacetate

or antioxidant enzymes, such as catalase). One example is

illustrated by the fawn-hooded rat, which spontaneously

develops pulmonary hypertension. In this rat, even under

normoxic circumstances, the normal filamentous network of

mitochondria in the PASMCs is disrupted, there is loss of

electron transport chain complexes, especially complex 1,

and less ROS production (Bonnet et al., 2006). As a result,

there is increased activation of the transcription factor

HIF1a, normally increased by hypoxia, and decreased

expression of Kv 1.5 and decreased Kþ current. These

changes mimic the changes seen in the pulmonary

hypertension associated with chronic hypoxia and in IPAH.

The application of the oxidant t-butyl hydrogen peroxide

(cell permeable form of H2O2), inhibits HIF1a activation

and restores Kv 1.5 expression in fawn-hooded PASMCs.

Treatment of the fawn-hooded rats with dichloroacetate,

a mitochondrial pyruvate dehydrogenase kinase inhibitor

that would make the PASMCs more oxidized, reduces HIF1

activation and the spontaneous pulmonary hypertension

(Bonnet et al., 2006). These observations support the

conclusion that the fawn-hooded rat behaves as if it was in

a hypoxic environment. The effects in the fawn-hooded

model of t-butyl H2O2, which is also known to decrease acute

HPV (Weir and Will, 1982), and dichloroacetate, which has

also been shown to decrease chronic hypoxic pulmonary

hypertension (Michelakis et al., 2002c), strengthens the

concept that in the PASMC, hypoxia is signalled by a more

reduced environment.

In the DAMSCs, redox moves in the same direction with

hypoxia as in PASMCs, becoming more reduced (Michelakis

et al., 2002b; Kajimoto et al., 2007). An increase in oxygen

and a more oxidized DASMC leads to the inhibition of

Kþ current and membrane depolarization, an effect that is
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mimicked by extracellular t-butyl H2O2 (Michelakis et al.,

2002b) or intracellular H2O2 (Reeve et al., 2001b). The

normoxic inhibition of Kþ current can be prevented by

increasing intracellular catalase, indicating that the increase

in oxygen is signalled by an increase in endogenous H2O2.

The discussion so far has concerned the potential role of

redox changes in controlling Kþ channels and, to a lesser

extent, store-operated Caþ þ channels. The executive com-

ponent of both HPV and normoxic DA contraction has the

third element of Caþ þ sensitization, involving Rho kinase.

Both an increase in oxygen and the addition of H2O2 to

DASMCs have been shown to increase Rho kinase expression

and activity (Kajimoto et al., 2007). The implication is that

H2O2 might be a critical link in the signalling cascade

between a rise in oxygen and ductal contraction. This

conclusion is strengthened by the finding that the proximal

mitochondrial inhibitor rotenone, which, like hypoxia,

increases potassium current and relaxes the normoxic DA,

also like hypoxia, decreases H2O2 production in the DA

(Michelakis et al., 2002c). In PASMCs and PAs, it does exactly

the opposite (Archer et al., 1993; Michelakis et al., 2002a).

The papers cited above indicate that hypoxia, reducing

agents and mitochondrial inhibitors can cause inhibition of

potassium current, membrane depolarization and contrac-

tion of the PA. The same interventions cause an increase in

potassium current, membrane hyperpolarization and relaxa-

tion in the DA. Most of those who study oxygen sensing

would agree that a change in the redox status of the SMCs in

the PA and DA initiates the change in vascular tone. Exactly

what the redox signal may be and the subsequent signalling

sequence remains to be determined. When the mechanism is

defined, it will open the path for the development of new

treatments for pulmonary hypertension, patent DA and

perhaps for conditions such as sleep apnoea.
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