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1 Introduction

1.1 Hypoxic pulmonary vasoconstriction (HPV)

1.1.1 Physiological relevance

Hypoxic pulmonary vasoconstriction (HPV), also known as the von-Euler-Liljestrand-
mechanism, is an essential physiological response of the lung in order to match blood
perfusion to alveolar ventilation. It optimizes pulmonary gas exchange under conditions of
local alveolar hypoxia. Impairment of this mechanism during pathological situations in
pulmonary and systemic diseases (e.g. adult respiratory distress syndrome [ARDS] [1],
hepatopulmonary syndrome [2]) or during anesthesia [3], may result in insufficient arterial
blood oxygenation. Under conditions of chronic hypoxia, as it occurs at high altitude or during
respiratory diseases (e.g. chronic obstructive pulmonary disease [COPD], lung fibrosis)
generalized vasoconstriction of the pulmonary vasculature in combination with hypoxia-
induced vascular remodeling may lead to pulmonary hypertension with subsequent right
heart hypertrophy.

HPV is a highly conserved mechanism, present in most mammals [4-7], partially in reptiles
[8] and probably even in fish [9]. Although an increase in pulmonary arterial pressure (PAP)
in response to alveolar hypoxia was recognized over 100 years ago [10, 11], it was von Euler
and Liljestrand in 1946 who suggested [12], that ventilation-perfusion matching was the
purpose of this response. Subsequently HPV was demonstrated to be present in humans,
determined by a 50% increase in pulmonary arterial resistance to an alveolar pO, below 50
mmHg (~ 7 % O,) [13].

Despite the recognition of this mechanism decades ago, the underlying O, sensing and
signal transduction processes have not been fully resolved. Neither the O, sensing process
nor the exact pathway underlying HPV has been fully deciphered yet. As O, sensors
mitochondria, nicotinamide adenine dinucleotide (phosphate) oxidases (NAD[P]H oxidases)
and cytochrome P450 have been proposed. They are thought to communicate with the
effectors, which are different ion channels of the plasma membrane via redox state, reactive

oxygen species (ROS) or other mediators.
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Figure 1.1  Ventilation-perfusion matching

Under physiological conditions, alveoli are equally ventilated and perfused, so that the blood is
optimally oxygenated (A). During alveolar hypoxia less well oxygenated blood decreases total
oxygenation of systemic arterial blood (B). HPV provides for lower perfusion of badly ventilated areas,
thereby decreasing the amount of less well oxygenated blood in the systemic arterial blood (C).

1.1.2 Characteristics of HPV - effector and sensor cell type

HPV occurs within seconds and has been found in vivo and in explanted lungs of different
species to start at mild hypoxia, in rabbit lungs at alveolar O, concentrations < 10% (pO, < 75
mmHg) [5, 14]. It shows a sigmoidal stimulus-response relationship to different degrees of
alveolar hypoxia with an onset at 7-10% O, ( ~ pO, 50-75 mmHg) and half-maximal
response at 3-7% O, ( ~ pO, 25-50 mmHg) [5, 7].

Although there are divergent results regarding the influence of precapillary pO, on HPV, it is
commonly accepted that HPV is mainly determined by alveolar pO,. In studies in rabbits
neither retrograde nor anterograde perfusion of vessels with hypoxic buffer (3% O,, pO, 23
mmHg) with or without blood did influence vessel tone, whereas inhaled gas changes from
21-0% O, (pO, 158 to 0 mmHgq) resulted in a sigmoidal dose-response of HPV [5].

The precapillary smooth muscle cell layer of the resistance vessels with a size of 80-600 ym
depending on the species, which is located at the entrance of the acinus in close contact with
alveoli has been identified as the effector and sensor cell-type for HPV [15-18]. Less
importance was assigned to the conduit arteries, smaller, partially muscularized [15] and

postcapillary vessels [16-20].

In line with these studies, hypoxic exposure causes isolated pulmonary arterial smooth
muscle cells (PASMC) 1) to contract, 2) to increase their intracellular calcium concentration,
and 3) to decrease their plasma membrane potential difference. In contrast, smooth muscle
cells derived from isolated cerebral arteries and renal artery rings expand upon exposure to
hypoxia [21-23] and mesenteric arteries do not decrease their plasma membrane potential

difference in response to hypoxia [24].
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Hypoxia-induced responses in PASMC occur at O, levels below O, concentrations of 3-7%
O, (~ pO; 20-50 mmHg) [21, 25, 26]. The discrepancy to the hypoxic level initiating HPV in
isolated organs of 7-10 O, ( ~ pO, 50-75 mmHg) may be due to diffusion limitation of O, from
the alveoli to PASMC in precapillary vessel of the isolated organ or priming factors in the

isolated organ.

Factors modulating HPV include gender, local and circulating vasoactive substances, pH,
pCO, [27, 28] and red blood cells, but there was an early consensus that the mechanism

itself was independent from neural [29] or humoral [30, 31] triggers.

In contrast to the response in acute hypoxia, for sustained hypoxia, that lasts several minutes
to hours, a contribution of endothelial cells must also be taken into account [32, 33].
Sustained HPV may be a transitory state leading to chronic hypoxic alterations, like vascular

remodeling and chronic pulmonary hypertension.

1.1.3 Mechanism of HPV - effectors, mediators, sensors

The effector pathway is suggested to include L-type calcium channels, non-specific cation
channels (NSCC) and voltage-dependent potassium (K,) channels, whereas mitochondria
and NADPH oxidases are discussed as O, sensors. ROS, redox couples, and adenosine-

monophosphate-kinase (AMP kinase) are under investigation as mediators of HPV.

1.1.3.1 Effector pathway

The pathways leading to contraction of the PASMC converge in an intracellular calcium
increase and include the influx of extracellular calcium and probably release of intracellularly
stored calcium [34].

There is evidence that calcium influx from the extracellular space is achieved by both, L-type
calcium channels [35, 36] and NSCC. Consistent with this suggestion, inhibition of L-type
calcium channels only partially abolished HPV [37, 38], whereas inhibition of NSCC
completely inhibited HPV [39-41]. Hypoxic regulation of the L-type calcium channels may be
achieved by direct modulation via ROS or membrane depolarisation via potassium channels
(as stated very early [42-44]) and NSCCs.

Different types of potassium channels have been demonstrated to be involved in hypoxia-
associated membrane depolarization, particularly the K, channels, K,2.1, K,1.5, K,9.3 [45-
47], which have been suggested to initiate HPV. The concept of K, channels being directly

regulated by redox-changes has been proposed early [43]. The K, channels may be



Introduction 15

regulated by 1) reducing agents [48-51] like reduced glutathione (GSH) [52] 2) an associated
hemeprotein [24], 3) membrane depolarization, 4) phosphorylation by kinases [53], 5)
mitochondrial adenosine triphosphate (ATP) [54] or 6) calcium increase triggered by
intracellular calcium release from intracellular stores or via NSCCs [53]. This is consistent
with the observation, that the intracellular calcium increase induced by hypoxia has been
proposed to play an obligatory role in hypoxic inhibition of potassium currents [55, 56].
Furthermore, only partial inhibition of HPV in potassium channel knock-out animals suggests
that this may not be the sole mechanism of HPV [57].

Thus NSCCs may be key channels for hypoxic signaling as e.g. in the regulation of
potassium channels, of L-type calcium channels or the calcium level [41]. They consist of a
group of store-operated (SOCs) and receptor-operated calcium channels (ROCs), and their
molecular identity has been revealed as transient receptor potential (TRP) channels. The
ROCs can be activated by protein kinases and diacylglycerol (DAG). Recently it was
demonstrated that this mechanism is essential for acute HPV, occurring within seconds to
minutes, as TRPC6 knock-out mice have no HPV or hypoxia-induced intracellular calcium
increase or membrane depolarisation [58].

The SOCs play a role in capacitative calcium entry (CCE), a calcium influx from the
extracellular space that can be induced by emptying intracellular stores, and has been shown
to be activated in HPV [41, 59]. While CCE is a phenomenon observed in several types of
systemic arteries, its coupling to contraction appears to be of particular importance in
pulmonary arteries [60], but its exact impact on HPV has not yet been resolved, especially
due to the lack of specific experimental manipulation methods [41].

An initial release of calcium from intracellular stores was also suggested as a key trigger for
HPV as an hypoxia-induced increase in intracellular calcium even after removal of
extracellular calcium has been shown. The initial intracellular calcium increase was proposed
to originate from a calcium release from ryanodine-sensitive (RyR) calcium stores [61] with
calcium buffering of inositolphosphate 3 (IP3) sensitive stores [26, 62, 63]. Recently it was
shown, that hypoxia-induced calcium release and contraction was reduced in PASMC of
type-3 ryanodine receptors knock-out mice [64]. Debate continues regarding how they might
be regulated and if the observed increase of intracellularly released calcium may be
restricted to PASMC of non-resistance pulmonary arteries with a large diameter [58].
Ryanodine-sensitive receptor channels in other cell types are modulated by calcium [64],
redox-regulating systems [65], ROS [66, 67] and cyclic adenosine diphosphate (cADP)-
ribose [68], whereas IP; receptor channels are regulated via cyclic guanosine

monophosphate (cGMP) and reduced nicotinamide adenine dinucleotide (NADH) [69].
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Figure 1.2  Effector mechanisms of HPV

Intracellular calcium increase might be triggered by non-specific cation channels, L-type Ca™"-
channels and K,-channels. However, only genetical deletion of the TRP6 subtype of NSCC, results in
a complete inhibition of HPV (full line), in contrast to K, -channel deletion or L-type Ca*"-channel
inhibition (dashed line).

AMP: adenosine monophosphate, ATP: adenosine triphosphate, Ca®": calcium, cADP: cyclic
adenosine diphosphate, CCE: capacitative calcium entry, cGMP: cyclic guanosine monophosphate,
DAG: diacylglycerol, HPV: hypoxic pulmonary vasoconstriction, IP3: inositol triphosphate, K,: voltage
dependent potassium, k/o. knock-out, NADH: reduced nicotinamide adenine dinucleotide, NADPH:
reduced nicotinamide adenine dinucleotide phosphate, PK: protein kinase, ROC: receptor-operated
channel, ROS: reactive oxygen species, RyR: ryanodine receptor, SOC: store-operated channel, TRP:
transient receptor potential, Ay: plasma membrane potential.

1.1.3.2 Mediators: Reactive oxygen species (ROS) and redox state

As concluded from the above, one main modulator of the effector pathway could be the
cellular redox state and/or ROS. The overall redox state of the cell is determined by the
concentration of ROS and the availability of reducing equivalents, such as reduced/oxidized
nicotinamide adenine dinucleotide (phosphate) (NAD[P]JH/NADI[P]"), reduced/oxidized
glutathione (GSH/GSSG), and is compared to extracellularly rather reduced.
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ROS, possibly involved in O, sensing, include superoxide (O’), hydrogen peroxide (H,0,),
and reactive nitrogen species. Besides being highly toxic for the cell in high concentrations
and being regarded rather as by-products in O, metabolism, in low concentrations of the
pico- or low nanomolar ranges they now have been postulated to play a role as diffusible
mediators in intracellular signal transduction.

ROS interfere with cellular functions by modifying mainly heme or thiol redox-regulated
systems, including guanylate cyclase, cytochromes of the mitochondrial electron transport
system, cyclooxygenases, protein kinases like protein kinase C (PKC) and
calcium/potassium channels [70, 71]. Important ROS producing systems are NAD(P)H-
oxidases, mitochondria, nitric oxide (NO) synthases and cytochrome P450. Intracellular
balance of the ROS concentration is achieved by detoxification through catalase, superoxide
dismutases (SODs) and redox systems of the cell, like glutathione and NAD(P)H.

ROS concentration is therefore a result of the homeostasis between activation of ROS

producing systems, O, tension and ROS degrading processes.

Although there is wide consensus regarding the importance of ROS in O, sensing, two
opposing hypothesis are offered for ROS regulation during HPV: Whereas one concept
favors K, channel modification by a reduced level of ROS as trigger for contraction, another
concept proposes an increase in ROS during hypoxia originating from mitochondria or
NAD(P)H oxidases (for review see: [72-76]).

1.1.3.2.1 Application of oxidants and antioxidants

Application of oxidants and antioxidants was used to elucidate the reactivity of the pulmonary
vascular system with regard to HPV.

Based on studies with the relatively unspecific oxidizing agent diamide causing vasodilation
and inhibiting HPV in the isolated lungs [77, 78], a decrease of ROS in HPV was early
suggested [79]. In line with this finding, antioxidants contract normoxic pulmonary artery
vessel and inhibit potassium channels [48]. These results were challenged in isolated lungs
by studies with antioxidants and inhibitors of SOD that specifically inhibit HPV, but do not
induce vasoconstriction during normoxia, suggesting an increase of H,O, during hypoxia [80,
81]. In isolated pulmonary arteries increase of ROS by xanthine oxidase reaction during
normoxia was shown to cause contraction through activation of PKC [82]. Application of the
thiol-reducing agent dithiothreitol during the sustained phase of HPV reversed hypoxic
vasoconstriction, whereas the superoxide scavenger nitroblue tetrazolium prevented further
pulmonary vasoconstriction during the sustained phase of HPV, but did not reverse it [66].
Studies with exogenous H,0,, suggesting an increase of ROS during HPV, for example in

isolated pulmonary arteries [83], have to be judged critically with regard to rather multiple
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effects of H,O, in the cell and use of supra-physiologic dosages. In general the discrepancies
of the studies may result from the possibility that the applied agents reach only parts of the
vasoreactive pathways without necessarily affecting the physiologic pathway activated during

hypoxia.

Another study demonstrated that overexpression of glutathione peroxidase, cytosolic or
mitochondrial catalase attenuated the hypoxia-induced increase in ROS signaling and
intracellular calcium, whereas mitochondrial matrix-targeted Mn-SOD (which decreases
superoxide, but increases H,O,) augmented intracellular calcium [84]. This suggests that
superoxide production, leading to H,O, being released from mitochondria, contributes to the
hypoxia-induced increase in intracellular calcium.

In summary, detailed pharmacological interventions provided evidence for both an
upregulation as well as for a downregulation of superoxide, and subsequently H,O,, as the

underlying pathway of HPV.

1.1.3.2.2 Measurement of ROS

The lack of valid techniques for ROS measurement may be one reason for the opposing
results in investigations of their role in HPV [85]. Technical limitations of diff