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Abstract

:

On the thirty-fifth anniversary of the first description of O2-sensitive K+ channels in the carotid body chemoreceptors O2 sensing remains a salient issue in the literature. Whereas much has been learned about this subject, important questions such as the identity of the specific K+ channel subtype(s) responsible for O2 sensing by chemoreceptors and the mechanism(s) by which their activities are altered by hypoxia have not yet been definitively answered. O2 sensing is a fundamental biological process necessary for the acute and chronic responses to varying environmental O2 levels which allow organisms to adapt to hypoxia. Whereas chronic responses depend on the modulation of hypoxia-inducible transcription factors which determine the expression of numerous genes encoding enzymes, transporters and growth factors, acute responses rely mainly on the dynamic modulation of ion channels by hypoxia, causing adaptive changes in cell excitability, contractility and secretory activity in specialized tissues. The most widely studied oxygen-sensitive ion channels are potassium channels, but oxygen sensing by members of both the calcium and sodium channel families has also been demonstrated. Given the explosion of information on this topic, in this review, we will focus on the mechanisms of physiological oxygen chemotransduction by PO2-dependent K+ channels, with particular emphasis on their function in carotid body chemoreceptor cells (CBCC) and pulmonary artery smooth muscle cells (PASMC), highlighting areas of consensus and controversy within the field. We will first describe the most well-established concepts, those reproduced in multiple laboratories, and then discuss selected observations or questions that remain unresolved, and that limit our progress in this field.
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1. Physiological Oxygen Sensing: The Carotid Body as an O2 Sensor


Complex aerobic organisms, such as mammals, must maintain adequate circulating O2 levels (PaO2) to ensure a sufficient supply of oxygen for their metabolic needs. To fulfill this homeostatic function, organisms possess strategically located specialized structures to monitor PaO2 and activate compensatory mechanisms which enable its stabilization. These mechanisms act mainly on the respiratory and circulatory apparatus to mediate enhanced ventilation and pulmonary O2 exchange, improved blood transport at the systemic level and optimal distribution at the tissue level. The structures responsible for these responses include: (i) the chemoreceptor cells of the carotid body (and to a lesser degree the aortic bodies), which in situations of hypoxia reflexively increase pulmonary ventilation and cardiac activity [1,2]; (ii) the vascular smooth muscle cells of the pulmonary arteries (PASMC), in which a vasoconstriction to hypoxia (hypoxic pulmonary vasoconstriction or HPV) in poorly ventilated areas produces a redistribution of pulmonary blood flow essential to match perfusion to ventilation, thus ensuring an improvement in pulmonary blood oxygenation and, therefore, PaO2 [3]; (iii) the neuroepithelial bodies of the pulmonary airways, which reflexively and together with the above contribute to optimal ventilation–perfusion adjustments [4]; and (iv) neonatal adrenal medullary chromaffin cells, which play a key role in the respiratory adaptation of the newborn to hypoxia associated with delivery and extrauterine life [5].



All these systems share a high sensitivity to hypoxia with a low threshold and high gain (i.e., they respond to moderate hypoxia), with a level of metabolic activity that progressively increases with the intensity of hypoxia. Each, through changes in excitability, contractility or secretory activity, promotes acute physiological responses, such as HPV and the hypoxic ventilatory response (HVR), which occur within seconds or minutes and enhance the supply of O2 to tissues.



Hyperventilation as a response to high-altitude hypoxia was appreciated by early high-altitude physiologist-expeditioners, although it was Gay-Lussac who first recorded the symptoms he suffered during his balloon flights to verify various aspects of the gas laws (1804). In 1868, the German physiologist Pflüger described the hyperventilation produced by breathing pure nitrogen [6], and in 1908, Boycott and Haldane described in detail the ventilatory effects of hypoxia of different intensities as hyperventilation with increased frequency and depth of respiratory movements, although it was not then known how the decrease in PaO2 could produce these effects [7].



In 1928, Fernando de Castro, a disciple of Cajal, discovered that the carotid body (CB), until then considered a sympathetic ganglion (ganglium minutum) or a gland (glandula carotica), was a sensory organ innervated by a sensory nerve: the carotid sinus nerve (CSN) or Hering’s nerve. De Castro also noticed the close relationship between the epithelioid cells of the CB (today called type I, glomus or chemoreceptor cells) and the blood capillaries on one hand and sensory nerve endings on the other. He proposed that the organ is specialized to detect changes in the chemical composition of the blood and that the epithelioid cells are the sensors [8]. In 1930, Corneille Heymans discovered that the hyperventilation caused by hypoxia was a reflex originating in the carotid sinus region. This discovery led to his being awarded the Nobel Prize in Physiology and Medicine in 1938, even though until at least 1936 he confused the carotid sinus with the carotid body [9].



CB chemoreceptors have an adaptive function since they detect the PaO2 and, upon its decrease, initiate reflexes aimed at increasing the pumping of air rich in O2 from the atmosphere to the alveoli. However, the mechanisms of CB function at the cellular level have been an enigma for many years. A multitude of hypotheses have arisen, including the “Metabolic hypothesis” of the Russian School of Physiology and the “Acid hypothesis” of Winder and the Oxford School, which emerged initially.



Of these, the one that achieved the widest dissemination was the metabolic hypothesis [10], which linked the chemoreception mechanism to the process of cellular respiration. Hypoxia, like metabolic poisons which act on the mitochondria and are strong stimulants of the CB, would act by reducing ATP levels in chemoreceptor cells. The fall in ATP would trigger neurotransmitter release by chemoreceptor cells, although the theory did not explain how this would occur. In support of this hypothesis, there is extensive evidence that the mitochondria in CBCC are specifically adapted for O2 sensing. Whereas in most tissues PO2 must be reduced to very low levels before O2 availability significantly limits respiration, the oxygen sensitivity of mitochondrial function in chemoreceptor cells, an intrinsic property of the Complex 4, appears to be abnormally high. Thus, even at relatively high PO2, electron flux through the respiratory chain would be diminished, thereby decreasing respiration and ATP synthesis in the CBCC. In these cells, mitochondrial depolarization and accumulation of NADH may occur with a relatively modest decline in PO2 to below 40–20 Torr, levels undetected in most other cell types, as first shown by Mills and Jobsis [11,12], who by spectrophotometric analysis correlated changes in NADH/NAD+ ratio with afferent nerve activity over a wide range of O2 levels describing the presence of both a high-affinity and a low-affinity cytochrome a3. These results were confirmed by Duchen and Biscoe [13,14], who found that the NADH/NAD ratio changed at a PO2 of nearly 60 mmHg and increased as hypoxic challenges became more severe [15]. In rat CBCC, Buckler and Turner obtained P50 values for the effects of oxygen on NADH, electron transport and cytochrome oxidase activity of 40, 5.4 and 2.6 mmHg, respectively [16]. These values are at least one order of magnitude greater than those reported in other tissues and are compatible with a role for mitochondrial metabolism in oxygen sensing. Furthermore, recent evidence suggests that chemoreceptor cells have a different mitochondrial gene expression signature that confers the intrinsically diminished oxygen sensitivity compared to that of other cells. Three atypical mitochondrial electron transport chain subunits, Ndufa4l2, Cox4i2 and Cox8b, are among the most specifically expressed genes in CBCC, highlighting their potential roles in mitochondria-mediated oxygen sensing [17,18]. Along these lines, conditional deletion of Cox4i2 in tyrosine-hydroxylase-positive cells (TH+) diminishes both the chemoreceptor cell and ventilatory response to hypoxia in the mouse [19].



In the late 1980s, several observations, including those from Constancio González’s group, led to the proposal known as the “Membrane model” as an alternative hypothesis. By means of biochemical and pharmacological studies, Almaraz et al. [20] demonstrated that depolarization of CB using high extracellular K+ induced Ca2+-dependent release of dopamine. Rocher et al. [21] found that veratridine, a voltage-dependent Na+ channel activator, induced dopamine release in a tetrodotoxin (TTX)-sensitive and Ca2+-dependent manner, and that hypoxia-induced release is inhibited by dihydropyridines, revealing for the first time the excitability of the chemoreceptor cells.



At the same time, in a collaboration between the laboratories of Prof. González in Valladolid and Prof. López-Barneo in Sevilla, the excitable nature of rabbit CBCC in primary culture was confirmed, and the first PO2-regulated ion channel was discovered: low PO2 produced a reversible inhibition of a transient K+ current of type IA [1,22]. The existence of hypoxia-sensitive K+ currents in the CB was quickly extended to all animal species studied including cat, rat and mouse. In the rat, the hypoxia-sensitive K+ current was ascribed to the high-conductance Ca2+-dependent K+ channel (BKCa) [23] and a K+ ‘leak’ current was shown to be due to TASK-1 channels [24,25]. These findings led to the “Membrane hypothesis” of chemotransduction [2], which proposes that the transduction process relies on K+ channels that are reversibly inhibited by hypoxia, thus triggering depolarization, activation of Na+ [26] and Ca2+ channels [27,28] and a resulting increase in intracellular Ca2+, which triggers the release of neurotransmitters to activate afferent chemosensory fibers of the CSN [29,30,31].



Although this general mechanism seems to be present in all O2-sensitive tissues [32,33], there are apparently species-, tissue- and developmental-stage-based differences in the identities of oxygen K+-sensitive channels (KO2). More than one type of KO2 may coexist in the same O2-sensing cells [4,34,35,36,37], suggesting that the full hypoxic response may require the concerted action of several types of channels [38,39]. Thus, the molecular identity of the hypoxia-sensitive K+ channels that are responsible for chemotransduction remains a subject of debate. In addition, the nature of the O2 sensor and the mechanisms it employs to modulate CBCC ion channel activities are not well defined.




2. Oxygen-Sensitive K+ Channels in the Carotid Body


Since the first report of the reversible inhibition by hypoxia of K+ channels in rabbit CBCC [1], identifying the hypoxia-sensitive K+ channels has been of paramount interest for the understanding of hypoxic transduction. K+ channels constitute the largest and most diverse family of ion channels. They are ubiquitously expressed in both excitable and non-excitable cells in all organisms, and their open probabilities can be regulated by voltage, Ca2+ and various neurotransmitters and second messengers. Studies of cloned K+ channels have revealed that they are hydrophobic protein complexes which generally consist of tetramers of transmembrane pore-forming α-subunits, each of which is bound to an accessory β-subunit which regulates channel kinetics and membrane trafficking [40,41].



Based on the topology and structure of the α-subunits, we can speak of three groups of O2-sensitive K+ channels (KO2) found in the CB. The first group, voltage-gated K+ channels (KV), are tetramers of 4 α-subunits, each having 6 α-helical transmembrane-spanning (TMS) units and a P-loop (6TM/1P), with the latter contributing to the formation of the channel pore in the assembled tetramer. The second group, to which the BKCa channel belongs, is a tetramer of subunits with 7 transmembrane segments and a P-loop (7TM/1P). A third group, which includes leak channels, possesses 4 transmembrane segments and two pore-forming domains (4TM/2P). Unlike the other groups that form tetramers, these channels are formed of dimers, which are not known to associate with specific β-subunits [42].



2.1. KV Channels and Oxygen Sensitivity in the Carotid Body


Twelve families (KV1.x–KV12.x) of KV channels have been identified in mammalian cells, each consisting of several different subfamilies with multiple isoforms (e.g., KV1.1–1.9, KV2.1–2.2, …, etc.; see [43]). KV5-6 and KV8-9 family subunits are electrically silent; they cannot assemble into channels by themselves but can form functional hetero-multimers with KV2.x subunits, thereby altering the kinetics of the KV2.x channel current [44]. Channel opening occurs when membrane depolarization causes a change in the configuration of the α-subunits due to the outward movement within the membrane of the S4 TMS units, which contain several positively charged arginine residues. KV α-subunits are associated with auxiliary subunits that protrude into the cytoplasm and modulate their activity; the first ones described, termed KVβ subunits [45,46], associate with KV1.x and KV4.x channels.



When talking about KV channels in hypoxic transduction, we cannot forget the regulatory β-subunits as they may be necessary for their coupling to the putative O2 sensor and could play a very important role in regulating the response [47,48]. The kinetic properties of the channel when only the α-subunit is expressed in a model system can be quite different from those observed in the cell in its natural state, which, however, are seen when the α- and the β-subunits are co-expressed [40,41]. KV channel structure and regulation by β-subunits are the subject of an excellent recent review by Abbott [49].



As mentioned above, the first hypoxia-sensitive K+ channel, a KV channel that is reversibly inhibited by decreasing PO2, was described in rabbit CBCC. It is a voltage-dependent inactivating current with kinetic properties typical of a delayed rectifier, with a macroscopic activation threshold close to −40 mV [1]. Detailed kinetic and pharmacological characterizations of KV currents in rabbit CB have been reported [50,51].



It can be a significant challenge to match native KV currents in intact cells with the KVα- and β-subunits forming the channels that mediate them. However, several K+ channel genes expressed in chemoreceptor cells have been identified, and some of them have been shown to behave as KO2 in heterologous expression systems. In rabbit CB, using dominant-negative constructs to block the expression of KV1 (shaker) and KV4 (shal) family channels, Perez-Garcia et al. [52] found that only adenoviral infections with KV4.xDN suppressed the transient KV current in CBCC and prevented hypoxia-induced depolarization, suggesting that native KO2 currents are carried mainly by channels of the KV4 subfamily. Immunological blockade of K+ channels with anti-KV4.3 further supported this conclusion [53]. In a detailed molecular study [54], the subunits identified in rabbit CBCC were KV3.4, KV4.1 and KV4.3, whereas in mouse CB, the subunits described belonged to the KV2 and KV3 families, specifically KV2.2, KV3.1, KV3.2 and KV3.3 [55]. However, it seems that in both species, not all the isoforms found represent the molecular correlate of the KO2 currents but may have other physiological functions [56]. Other KV α subunits that are reversibly inhibited by hypoxia when expressed in PASMCs or in heterologous systems are KV1.2, KV1.5, KV2.1, KV3.1b, KV4.2 and KV2.1/9.3 [57,58]. Of these, channels incorporating KV1.5 seem to be of predominant importance in O2 sensing in PASMCs (see Section 6).



The role of the KV channels as triggers of CB activity has been questioned. If the membrane potential (Em) is close to −55mV [28] and the KV activation threshold is close to −40 mV, this implies that the channel is not active at rest (in normoxia) and that its inhibition by hypoxia cannot initiate depolarization. However, it can be argued that: (i) at an Em of −55 mV, the probability of opening may be too low to be readily apparent, but nonetheless sufficient to depolarize the cells when further decreased due to the high membrane input resistance, or (ii) the cells possess spontaneous electrogenesis [59], making it possible for the K+ channel to be recruited and inhibited. Accordingly, there are data indicating that an O2-sensitive KV current in rabbit CBCC participates in setting the membrane potential and that, therefore, its inhibition could depolarize the cell [22,60]. In contrast, Wang and Kim [61] showed that KV in isolated rat CBCC were mostly closed at rest but became active when cells were depolarized in response to hypoxia and that this strongly limited the hypoxia-induced rise in [Ca2+]i. These findings suggest that KV channels, rather than mediating hypoxic activation of CBCC, provide a hyperpolarizing force, which limits the magnitude of the hypoxic response.




2.2. BKCa Channels and Oxygen Sensitivity in the Carotid Body


In the rat CBCC, the first PO2-sensitive current to be described was found to be due to the high-conductance BKCa channel [23], which is activated by both depolarization and a rise in [Ca2+]i. These have been described in a wide variety of tissues and cells, both excitable and non-excitable, including nerve cells, muscle cells, pituitary cells, chromaffin cells, and renal tubules among, others [62,63].



BKca channels consist of α-subunit tetramers with seven transmembrane domains (S0–S6) [64,65]. Segment S4 acts as a voltage sensor, and a region between segments S5 and S6 forms the selectivity filter and the channel pore [66]. In addition to the body or core formed by the transmembrane segments, BKCa channels have a very long carboxyl-terminal tail, which constitutes two-thirds of the protein and contains four hydrophobic segments (S7–S10) and several alternative splicing sites. There is a region between segments S9 and S10 with numerous negatively charged residues, mostly aspartate, which is highly conserved between species. This region is known as the “calcium bowl” and appears to be responsible for Ca2+ binding and channel activation by Ca2+ [67,68]. Regulatory β-subunits are also essential for BKCa activity since their co-expression with the channel α-subunit significantly alters the functional properties of the channel [64]. There are four types of β-subunits (β1–β4) with differential expression depending on the tissue [40]; the channel has been found to be much more sensitive to voltage and Ca2+ when α- and β-subunit types are transfected together than when only the one is transfected [69]. The structure and regulation of BKCa channels have recently been reviewed by Guntur et al. [70].



As shown by Peers’ group, BKCa channels in the rat CBCC are active at the resting Em, and their specific inhibition by hypoxia leads to membrane depolarization. The role of BKCa in the transduction of the hypoxic stimulus is supported on the basis that the BKCa blocker charybdotoxin (CHTX) depolarizes type I cells [71,72]. It has also been shown that the blockers iberiotoxin (IBTX) and tetraethylammonium (TEA), like hypoxia, evoke dopamine release in rat or mouse CB slice preparations [73]. The O2-modulation of BKCa in rat CBCC at the single channel level was characterized by Riesco-Fagundo et al. [74]. Its activity seems to be very much dependent on the recording configuration used; channel activity is low in inside-out patches (free of cytosolic factors) and high in vesicles studied using the perforated patch technique, which retain a small volume of cytosol [71].



However, the possibility that BKCa channels are involved in depolarization of CBCC seems counterintuitive, since in numerous cell types they are involved in processes in which Ca2+ signaling is coupled to hyperpolarization, rather than depolarization. In fact, BKCa channels play a particularly important role in neuronal signaling by facilitating repolarization after the action potential, thus contributing to the regulation of neurotransmitter release at the synaptic terminal [62]. In other cases, such as during smooth muscle contraction or exocytosis in secretory cells, the hyperpolarization induced by the activation of these channels is a negative feedback mechanism that contributes to terminate these processes by determining the closure of voltage-dependent Ca2+ channels [75].



In addition, many authors question whether a voltage- and calcium-dependent channel could be the trigger of CB activity. Its high conductance does not seem well suited to providing a background K+ flux for setting the membrane potential, and its reactivation by [Ca2+]i during hypoxic stimulation would tend to oppose depolarization. Furthermore, a large body of publications and experimental data from several laboratories argue against such a role. For example, Buckler [24,25] demonstrated that neither TEA nor CHTX modifies membrane potential, intracellular Ca2+ or the response to hypoxia. Lahiri et al. [76] and Donnelly et al. [77] similarly found that BKCa does not participate in either the intracellular Ca2+ increase produced by hypoxia or in the secretory response of CBCC. Gonzalez’s group also reported that neither TEA nor IBTX alters basal catecholamine release, intracellular Ca2+ or the hypoxia-induced secretory response [78]. These studies concluded that BKCa was not relevant for hypoxia transduction and/or that it possessed other undisclosed functions.



The contradictory findings and different proposed roles for BKCa and KV led Wang and Kim [61] to re-examine the role of these voltage-dependent K+ channels in basal excitability and in the generation of the hypoxic response in rat CBCC. They showed that TEA/4-AP had no effect on basal [Ca2+]i, suggesting that BKCa and KV were insufficiently active at rest to participate in initiating the hypoxic response. However, TEA/4-AP caused an increase in [Ca2+]i in chemoreceptor cells previously depolarized by high extracellular K+, indicating that BKCa and KV were basally open in these cells. These channels became active when cells depolarized in response to hypoxia and strongly limited the rise in [Ca2+]i. Furthermore, hypoxia had no effect on BKCa in cell-attached patches of fully depolarized cells with a resting Em of 0 mV, showing that activation of BKCa observed under hypoxia was due to cell depolarization. The authors proposed that the role of KV and BKCa channels is to limit the hypoxia response by opposing membrane depolarization and the opening of voltage-gated Ca2+ channels [61]. Since these findings contradicted previous observations in the literature [74,79], the authors argued that the BKCa current present in CBCC of various rat strains (i.e., Wistar vs. Sprague-Dale) might be modulated differently by hypoxia, possibly due to the expression of different BKCa isoforms or splice variants [61].



Notwithstanding these observations, as argued by Peers and Wyatt [80] and Lopez-Barneo [81] in support of a role for BKCa channels in O2 sensing in CBCC, there is a danger that the contribution of BKCa or KV channels to the physiological behavior of chemoreceptor cells may be underestimated by studies carried out using isolated cells or excised patches, since in the intact CB, these cells are closely packed with their neighbors within the glomus and may be electrically coupled [82] or subjected to autocrine and paracrine interactions, which could exert depolarizing influences and modify the cell resting potential or [Ca2+]i such that a fraction of KV or BKCa channels are open. Also, regardless of whether hypoxic inhibition of BKCa channels initiates depolarization in chemoreceptor cells, there can be no doubt that their inhibition would delay repolarization and thereby amplify and sustain the hypoxic response.



Diverse endogenous molecules, including heme, carbon monoxide (CO) and reactive oxygen/nitrogen species (ROS/RNS), have been reported to activate BKCa channels [83,84]. The association between BKCa and the heme provides an explanation for the direct modulation of the channel by both hypoxia and gaseous second messengers including CO and NO. Although these gases can use intracellular signaling pathways, they can also modulate BKCa channels in isolated membrane patches [74,85]. A study by Jaggar et al. [86] proposed the interesting hypothesis that CO can stimulate BKCa channels by altering its binding to the heme. In the absence of CO, the heme binds to BKCa, inhibiting its activity, whereas in the presence of CO, the interaction between the channel and the heme is weakened, and the tonic inhibition produced by the latter disappears, resulting in current activation.



The involvement of the interaction between CO, heme and BKCa in O2 sensing was proposed by Kemp’s group [87], who used two-dimensional electrophoresis and mass spectrometry studies to show that heme oxygenase-2 (HO-2), which is expressed in CBCC [88], co-precipitates with the BKCa α-subunit expressed in heterologous systems. The authors proposed that the association of BKCa with the heme group and HO-2 facilitates the production of CO in close proximity to the channel which favors channel modulation [87].



In the presence of O2 and using NADPH as a cofactor, HO catalyzes the degradation of the heme producing biliverdin, iron and CO. In hypoxia, CO production is slower than under normoxia because the breakdown of hemoglobin by HO which it depends upon requires O2. Given that CO (as well as O2) activates K+ channels, it was proposed that the response to hypoxia would be partly the result of a decrease in this CO-mediated activation [87]. This effect of hypoxia was verified in HEK-293 cells stably expressing BKCa channels. However, this does not explain the observation that hypoxia inhibits BKCa in isolated inside-out patches, because HO-2 needs the substrate (heme) and both O2 and NADPH as co-substrates to inhibit the channel, and none of these would be present in excised inside-out patches. Furthermore, hypoxia was able to cause a modest inhibition of BKCa channel activity even when HO-2 was inactive, suggesting the involvement of an additional mechanism. Additionally, Lopez-Barneo’s group demonstrated that O2 sensing by the mouse CB is largely unaffected by HO-2 knockouts [89]. This suggests that a major role for BKCa channels in CB chemotransduction may be restricted to the rat.



Interesting also was the observation made by McCartney et al. [90], who, in a heterologous system, described a highly conserved sequence within a cysteine-rich domain at the carboxy-terminal end of BKCa, that they termed STREX (stress-regulated exon), directly inhibited by hypoxia in excised membrane patches. They suggested that this motif is what confers the channel’s sensitivity to hypoxia and that variability in its expression due to alternative splicing is what gives rise to the plasticity of cellular responses to hypoxia in different tissues. The mechanism by which STREX renders the channel sensitive to hypoxia was not defined but was dependent upon the presence of a Cys–Ser–Cys motif and did not involve CO. The proposition was attractive, since STREX was the sensor, and therefore a membrane-limited mechanism in addition to HO-2 could contribute to hypoxic inhibition of these channels. However, Ross et al. [91] found that rat CBCC, a species in which BKCa is sensitive to hypoxia, does not express this variant of the channel.



Mark Evans and colleagues presented evidence for an additional mechanism for oxygen sensing and BKCa channels in rat chemoreceptor cells, involving AMP-activated protein kinase (AMPK) [92,93,94]. AMPK is activated by a rise in the cytosolic AMP/ATP ratio, acting as a tuned metabolic sensor. Given the low concentration of AMP under normal conditions relative to ATP concentration (very low AMP/ATP), a slight predominance of ATP degradation over ATP regeneration could markedly increase the AMP concentration and activate the enzyme. AMPK can phosphorylate a multitude of proteins, including the BKCa channel, which is inhibited by phosphorylation. However, subsequent work by Evans and co-workers [95,96] showed that whereas global knockout of AMPK α1 + α2 abolished the ventilatory response to hypoxia, the CB itself was still fully sensitive to hypoxia. This indicated that AMPK plays a crucial role in the response to hypoxia at sites downstream of the CB, probably in the brainstem, rather than in CBCC. Interestingly, they also presented evidence that knocking out Liver Kinase B1 (LKB1), which phosphorylates AMPK, severely depresses the hypoxic response in CBCC, but via an AMPK-independent mechanism, and speculated that LKB1 may act on the mitochondria in these cells to maintain ATP synthesis, a lack of which could impede O2 sensing through several mechanisms [96].



The activity of BKCa channels is regulated, not only by O2 and CO but also by hydrogen sulfide (H2S), which acts as an inhibitor of these channels, suggesting that integration of these signals may be crucial to the physiological response of the CB. The intracellular concentration of H2S depends on the balance between its enzymatic generation and its mitochondrial breakdown. Kenneth Olson, the originator of the concept that H2S is involved in O2 sensing, showed that hypoxia increased sulfide production by cell homogenates and suggests that a rise in cellular [sulfide] may act as an O2-sensing mechanism that occurs ubiquitously because hypoxia depresses the breakdown of H2S, without interfering with its ongoing synthesis [97,98]. Conversely, it has been proposed that hypoxia increases cellular sulfide production in CBCC through a mechanism involving CO [99]. According to this model, during normoxia, the enzyme HO-2 generates CO, but hypoxia inhibits its production. The decrease in CO leads to a decrease in protein kinase G-dependent phosphorylation of the enzyme cystathionine γ-lyase (CSE), which causes an increased production of H2S. Prabhakar’s group knocked out the enzyme responsible for generating H2S in mice, cystathionine-γ-lyase (CSE), and observed that this interfered with oxygen sensing in the CB [100] and, based on evidence that application of H2S blocks BKCa currents in CBCC [101,102], they proposed that an increased sulfide synthesis by CSE could account for hypoxia-induced inhibition of the BKCa current and CBCC activation.



This mechanism is brought into question by studies that have indicated that the pharmacological block of CSE and cystathionine-β-synthase (CBS), another important sulfide-generating enzyme, did not prevent the hypoxia-induced inhibition of the TASK current or the rise in [Ca2+]i in CBCC [103] and that knockout of HO-2 [89] and CSE [104] has no effect on acute oxygen sensing in the CB.



Importantly, however, H2S, which is thought to be present at very low concentrations within cells, exists in equilibrium with substantial amounts of other intracellular sulfur-containing species, including polysulfides and persulfides [105], which are mainly synthesized by sulfurtransferases such as cysteinyl tRNA synthetases (CARS) [106]. In a process analogous to that mediated by ROS, these reactive sulfur species (RSS) can alter protein function via cysteine sulfuration. This has led to the suggestion [107] that RSS rather than H2S may mediate O2 sensing. Moreover, sulfurtransferases can also directly sulfurate proteins and could therefore also have a signaling function [106]. Whereas it has been argued [108] that H2S is unlikely to be an O2 sensor in CBCC since its high membrane permeability would prevent it from reaching a cellular concentration sufficient to inhibit mitochondrial function, this would not be an issue if hypoxia was acting by increasing (RSS) or promoting direct enzyme-mediated sulfuration. Likewise, evidence that O2 sensing persists in CSE knockouts does not rule out a role for RSS, since they are generated by multiple enzymatic and non-enzymatic pathways [105]. Nevertheless, although it is not known whether RSS affect K+ channels in CBCC, both H2S and the polysulfide Na2S4 have been reported to greatly slow the inactivation of KV3.4 channels expressed in HEK 293T cells [109]. This suggests that H2S/RSS would be likely to depress rather than increase responsiveness to hypoxia if KV channels expressed in CBCC are similarly regulated.




2.3. K2P Channels and Oxygen Sensitivity in the Carotid Body


In 1997, Buckler presented evidence that TASK channels, which belong to the K2P channel family, play an important role in O2 sensing in CBCC [24,25]. K2P is another K+ channel family in which the α-subunits are made up of four transmembrane domains. They have two pores instead of the single pore formed by the other K+ channel families (hence the designation K2Pore) and exist as dimers in the membrane. They are voltage-and ligand-independent channels that are constitutively open, allowing them to generate leak or background currents. Eight different types of K2P have been cloned in rodents and humans and can be grouped according to their sensitivity to different stimuli, including TWIK-1 and TWIK-2 (Tandem of P domains in Weak Inward rectifier K+ channels), TREK-1, TREK-2 (TWIK Related K+ channels), TRAAK (TWIK Related Arachidonic Acid stimulated K+ channels, which are activated by polyunsaturated fatty acids and by distension), KCNK6 and KCNK7 (silent subunits), and finally the TASKs: TWIK related Acid-Sensitive K+ channels [110]. In addition to the two best known, TASK-1 and TASK-2, functional TASK-3 and TASK-4 channels and a fifth non-functional type, TASK-5, have been described in different tissues [111,112,113,114,115]; each K2P channel has its own expression pattern and each tissue its own combination of channels [110,116]. The structure, function and regulation of TASK and other K2P channels are described in a recent review by Sepulveda et al. [117].



Pharmacologically, TASK-1, TASK-2 and TASK-3 are insensitive to TEA and 4-AP, and although many drugs modify TASK activity, there is no specific activator or inhibitor of any of these channels. This complicates their functional analysis, although information about their roles in regulating the membrane potential can be gleaned by using the variety of semi-selective drugs available. For example, TASK-2 is inhibited by quinine, quinidine and clofilium. Zn2+ is a better inhibitor of TASK-1, which also appears to be blocked by quinidine, Ba2+ and low concentrations of the endocannabinoid anandamide [118]. TASK-1, TASK-2 and TASK-3 are inhibited by the local anesthetic lidocaine and bupivacaine [119] and are opened by volatile anesthetics such as halothane and isoflurane [120].



As previously mentioned, the voltage dependence of KV and BKCa currents creates a certain degree of uncertainty regarding their functionality: if the activation threshold of hypoxia-sensitive channels is close to −40mV and the resting membrane potential (Em) varies between −50 and −60mV, in normoxia these channels would be closed and, therefore, hypoxia would not be able to reduce their Po. In rat CBCC, Buckler’s experiments revealed the existence of a low-conductance O2-sensitive K+ leak current, which has very little voltage dependence, is reversibly inhibited by hypoxia and was responsible for the initial depolarization of the CBCC [24]. Although Buckler identified the channel that carries this current as TASK-1 by its biophysical properties [25,121], other channels of the same family, such as TASK-3 or TASK-1/TASK-3 dimers, seem to contribute to the current. Patch-clamp recordings with activators and inhibitors of TASK-type channels showed that, pharmacologically, the O2-sensitive background current of CBCC more closely resembles TASK-3, whereas the conductance and biophysical properties are closer to those of TASK-1 [122,123]. There is evidence that TASK-1 and TASK-3 channels can form heterodimers and can associate with other proteins that could alter their characteristics [124,125]. TASK-1/TASK-3 currents are sensitive to pH, which would also explain the CB response to acidosis. TASK-1/TASK-3 is also sensitive to metabolic poisons that activate CB such as cyanide and DNP [25,121] but resistant to the classical K+-channel inhibitors TEA and 4-AP [24]. In addition to TASK-1 and TASK-3, TASK-2, TASK-5, TREK-2 and TRAAK have been found in CB sections using immunohistochemical techniques [126].



Although gene deletion of TASK-3 in mice was reported to have no effect on the ventilatory response to hypoxia (HVR), deletion of the TASK-1 gene reduced the HVR and depressed the chemoafferent (CSN) response to hypoxia in vitro [127]. Double knockout of both TASK-1 and TASK-3 similarly reduced the ventilatory and chemoreceptor nerve responses to hypoxia but did not completely abolish them [127]. However, in studies performed on CB slices, constitutive deletion of TASK-3 and/or TASK-1 appeared to have little effect on Ca2+ signaling or neurosecretion in response to hypoxia [128]. One explanation for this apparent discrepancy is that the chronic loss of TASK1 and/or TASK3 is largely compensated for in some way. Interestingly, enzymatically dispersed Task1/Task3-null chemoreceptor cells have a relatively depolarized resting potential relative to controls, which could promote a compensatory involvement of KV or other ion channels in the hypoxic response [81,128]. However, the nature of any compensatory response that could maintain O2 sensing following TASK channel knockout in the glomus cells has not yet been defined.



It is important to note that the hypoxia sensitivity of these leak channels, which is evident in cell-attached recordings, is absent in inside-out excised patches, implying that their O2 sensitivity depends on some soluble cytoplasmic factor [74,121]. One cellular constituent that probably plays a key role in maintaining TASK channel activity is MgATP, because the addition of millimolar levels of ATP to the intracellular side of excised patches results in a rapid increase of channel activity [122,129]. Thus, although they are often referred to as oxygen-sensitive ion channels, there is no evidence that TASK channels are directly sensitive to oxygen.



Buckler proposed that TASK-type channels are constitutively open, and close with hypoxia and acidosis, and that these channels, and not KV or BKCa, are responsible for the CB depolarization and neurosecretion [123,130]. Buckler’s proposal provides a compelling explanation for how hypoxia activates CBCC, but other aspects such as the intrinsic sensitivity of the cell membrane to hypoxia remain to be resolved.



Finally, it is important to appreciate that the depolarization of any cell reflects a shift in the balance between Na+ influx and K+ efflux. In glomus cells, hypoxic inhibition of K+ efflux tilts the balance in favor of Na+ influx. It is widely thought that Na+ influx is via a voltage-independent background channel. A calcium-activated non-selective cation channel with a conductance of 20-pS has been described in isolated rat glomus cells and exhibits properties like those of Ca2+-activated monovalent cation channels such as TRPM4 and TRPM5 [131]. It is activated only during moderate-to-severe hypoxia (<5% O2) due to the necessary intracellular calcium elevation (via voltage-gated Ca2+ channels) and thus would contribute to positive feedback driving further membrane depolarization and Ca2+ influx. Thus, O2 sensing would involve both inhibition of an outward K+ current and activation of an inward Na+ current.





3. What We Know and What We Do Not about the Oxygen Sensors in Chemoreceptor Cells


Although it seems clear that O2-sensitive K+ channels are present in oxygen-sensing cells and explain the activation of CBCC, the question of paramount interest that has not yet been satisfactorily resolved is whether these channels act as direct sensors as opposed to effectors, that is, whether their inhibition by hypoxia requires intracellular element(s) that detect PO2 and transmit this information to the channel. Multiple oxygen sensors that link altered oxygen levels to the opening/closure of potassium channels have been proposed, yet the nature of this link remains controversial.



Most proposals for O2 sensing in the CB can be described by a conceptual framework in which the response of CBCC to hypoxia requires one or more O2 sensor(s) that act(s) through certain mediators to alter the function of specific effectors; these then cause CB depolarization and transmitter release. In the following sections, we discuss the O2 sensors and mediators proposed to link the K+ channel inhibition to a fall in PO2. This information is summarized in a simplified form in Figure 1.



As previously mentioned, there are two main groups of proposals. In one, oxygen sensing would be a process or property intrinsic to the plasma membrane of chemoreceptor cells that would require some cytoplasmic component intimately associated with it. In the other, the PO2 sensor would be some cytoplasmic or mitochondrial pathway enzyme whose product or products would act on certain K+ channels to inhibit them.



With regard to the first group of proposals, in the late 1980s, several researchers, including Constancio Gonzalez’s group, based on experimental observations and on theoretical considerations, proposed that the oxygen-sensing function resided in a hypothetical hemoprotein, located in the plasma membrane of chemoreceptor cells, which would detect PO2 as a degree of saturation, changing its conformation and allosterically transmitting this conformational change to certain K+ channels to regulate its probability of opening. This was based on their finding that CO, which they used as a tool since it binds specifically to reduced hemoproteins with accessible iron sites, could prevent and reverse the effect of hypoxia on the K+ channels. Supporting this argument, Ganfornina and Lopez-Barneo [132] demonstrated that hypoxia reduced the probability of K+ channel opening in isolated patches of glomus cells, and in whole-cell recordings of glomus cells, Lopez-Lopez and Gonzalez [51] showed that CO prevented or reversed hypoxia-induced inhibition of the K+ current by replacing O2 at the level of the sensing molecule. There are other observations in isolated inside-out patches where hypoxia decreased the opening probability of BKCa and CO reversed the effect [74,133]. The same occurs with O2-sensitive currents obtained in HEK cells by co-transfection of KVβ1.2 and KVα4.2 subunits [47], reaffirming the previous conclusion. These researchers concluded that CO binding to the O2 site would lead the sensor to adopt a configuration like that existing in normal PO2 situations with the channel open, preventing the inhibition of chemoreceptor discharge produced by hypoxia.



However, the fact that the channels that are inhibited by hypoxia in isolated patches are distinct from each other and that none of these channels possess consensus domains for O2 and CO binding [134] suggests that the channels are not themselves the sensors. Likewise, a hemoprotein that acts as a PO2 sensor and regulates channel activity has never been identified. On the other hand, evidence that heme itself can stimulate BKCa channel activity via a pathway dependent on CO (Section 2.2) suggests that O2 could indirectly regulate channel opening by influencing the activity of HO-2, although the contribution of this pathway to CBCC O2 sensing remains unclear.



Another proposed signaling mechanism linking hypoxia to ion channel function that has received much attention involves reactive oxygen species (ROS) as regulators of the probability of K+ channel opening. ROS are produced from a cascade of reactions that begin with superoxide production, which can be generated by mitochondrial respiration, xanthine oxidase, uncoupled NO synthase or via NADPH oxidase (NOX). Of all these mechanisms, the evidence suggests that changes in ROS production by NOX and/or the mitochondria are likely to be most important during hypoxia.



According to a hypothesis developed by Acker, the sensor would be a NOX analogous to that of phagocytic cells. This reduces molecular O2 with a single electron to form superoxide O2•− which is dismutated to H2O2, which modifies the activity of K+ channels by altering the ratio of -SH/-S-S- groups in the channels [135]. This hypothesis was based on the observation that an inhibitor of NOX, diphenyleneiodonium (DPI), activates CSN discharge and prevents the effect of hypoxia [136]. A decrease in PO2 would inhibit the enzyme, decreasing the production of O2− and H2O2, shifting the GSH/GSSG ratio, the main determinant of the redox potential of the cell, to a higher value and thereby changing the ratio of free sulfhydryl groups to disulfide bridges (ProtSH/ProtSSG) of the K+ channels and modifying their opening probability [137]. However, this model fails to explain what happens in the CB response to hypoxia. DPI, used at the same concentration as in [136], completely inhibited NADPH oxidase, but produced an effect less than one-third of that caused by hypoxia and totally abolished the effect of hypoxia. If DPI totally inhibited NADPH oxidase, it should produce a maximal response, and if it was not completely inhibited, the response to hypoxia should not be 100% blocked [138]. Moreover, an important problem with Acker’s study is that DPI has been shown to antagonize other flavin-containing enzymes, including Complex 1 and NOS, and also block K+ and Ca2+ channels [139].



Another experimental approach, carried out in the labs of Fidone in Salt Lake City and Gonzalez in Valladolid, involved the use of knockout (KO) for the p47phox subunit present in NOX-1 and -2. Previous experiments had used KO for the gp91phox subunit of the NOX-2 isoform present in macrophages, and no effect on chemoreceptor activity had been observed. Whereas the hypoxia-induced increase in ROS was absent in cells from mice lacking the p47phox subunit, these cells exhibited increased hypoxia-evoked changes in [Ca2+]i and K+ channel activity [140]. This suggests that, firstly, an NADPH oxidase is not the O2 sensor, since mice lacking p47phox were still responsive to hypoxia; and secondly, that hypoxia not only does not inhibit NADPH oxidase but activates it; and finally, that ROS derived from NADPH oxidase act as negative modulators of the hypoxic transduction cascade, since the response to hypoxia is enhanced in the knockouts [140,141]. Along similar lines, Gonzalez’s group has shown that neither oxidants nor reducing agents altered CB function [142,143], and O2-sensitive BKCa channels of rat glomus cells respond to PO2 changes independently of redox modification [74]. The issue of involvement of NOX in O2 sensing in the CB is further clouded by uncertainties regarding which NOX isoforms are expressed in mouse CBCC. Both Mkrtchian et al. [144] and Zhou et al. [17] have reported that mRNA for NOX4, but not NOX1 or NOX2, is present in CBCC from the widely used 657BL/6 mouse strain. In contrast, Yuan et al. [145] reported the presence of mRNA for NOX2 in mouse CB, although whether it was expressed in chemoreceptor cells was not determined.



The role of mitochondria in oxygen sensing has been extensively investigated, leading to a revival of the old “Metabolic hypothesis” of Anichkov and Belen’kii [10] by proposing mitochondrial function as a mechanism for oxygen sensing through changes in oxidative phosphorylation and energy metabolism. As oxidative phosphorylation is totally dependent on oxygen, mitochondria would be the true oxygen sensor. As above-described, the unique sensitivity of respiration to a small fall in PO2 exhibited by CBCC makes it feasible that the mitochondria in these cells can act as the O2 sensor, and this possibility is supported by evidence that their level of O2 sensitivity is comparable to that of background K+ currents, calcium signaling and neurosecretion in isolated chemoreceptor cells [28,60,122,129].



As a whole, the mitochondrial hypothesis seems remarkably robust. Observations supporting this hypothesis were that almost all inhibitors of oxidative phosphorylation, including uncouplers (DNP and FCCP), numerous electron transport inhibitors at Complex 1 (rotenone), Complex 3 (antimycin A, myxothiazol) and Complex 4 (cyanide, CO) and inhibitors of ATP synthase (oligomycin), are potent stimulants of the CB glomus cells [10,146,147,148,149]. The mechanisms of chemoreceptor activation by mitochondrial inhibitors appear to be identical to those of other chemostimuli, i.e., inhibition of background/TASK channel current, membrane depolarization, voltage-gated calcium entry and neurosecretion [149,150,151].



In a similar way, under conditions of severe hypoxia, the main physiological stimulus of the CB, mitochondrial oxidative phosphorylation, is reduced due to the limited availability of O2, the final electron acceptor of the mitochondrial electron transport chain (ETC). Varas et al. [129] presented evidence that the TASK current in CBCC is activated by MgATP, the concentration of which fell when cells were treated with metabolic inhibitors or exposed to hypoxia, presumably due to a decrease in mitochondrial ATP production. Thus, when hypoxia inhibits ATP production, the TASK channel closes and the cell depolarizes, leading to NT release. However, an ATP sensor or MgATP binding domain has not been identified in either TASK-1 or TASK-3, and how MgATP activates these channels is currently unknown. It has further been observed that the effects of metabolic inhibitors and hypoxia upon the background/TASK current are mutually exclusive, suggesting that both signaling pathways converge at the level of mitochondrial metabolism [151].



In addition to changes in cell energy status, other mitochondrial signaling mechanisms linking altered mitochondrial metabolism in hypoxia and CB activation have been proposed, including the local generation of mitochondrial ROS (mitoROS) [152,153], changes in redox status [16] and increases in lactate production [154]. All of them are supported by several key observations; for a recent and comprehensive review, see [155].



Chandel and Schumacker reported that hypoxia increased the production of ROS from O2 and H2O2 at the mitochondrial level (mitoROS model), proposing that the sensor would be the mitochondria and that the signal capable of modifying the activities of effectors such as HIF1α and phospholipase C would be this increase of ROS, and not their decrease, as previously proposed by Acker and others [156,157,158,159]. The idea that ROS can be generated in large quantities at Complex 1, following excessive production of succinate in Complex 2 and reverse electron transport (RET), has received significant attention due to its similarity to what happens in cardiac myocytes following ischemia–reperfusion [160], although the degree to which succinate accumulates during hypoxia (as opposed to ischemia) seems not to represent a high concentration in comparison with brain and adrenal medulla [152]. Results from Holmes’ laboratory suggest that succinate metabolism is important for ROS generation and CB stimulation during hypoxia but is not the sole mechanism. They propose an alternative mode of mitochondrial ROS production that is independent of succinate metabolism [161].



Gene expression analysis of mouse CBCC revealed atypical mitochondrial Complex 1 (MC1) and Complex 4 (MC4) subunits with relatively high mRNA levels of Ndufa4I2, Cox4i2 and Cox8b, the latter two coding for important cytochrome c oxidase proteins which have been proposed as the most likely oxygen sensor candidates [17,18]. Mice lacking NDUFS2 in tyrosine hydroxylase positive cells (TH+), one of the three essential subunits that contribute to the ubiquinone binding site in MC1, showed an absence of breathing stimulation by hypoxia and of hypoxia-evoked exocytosis and K+ channel inhibition in chemoreceptor cells [152]. Rotenone binds with high affinity to this site and prevents ubiquinione reduction. Similar results were obtained on conditional deletion of Cox4i2 in TH+ CBCC [19]. It has been proposed that compartmentalized, rapid and reversible ROS production and NADH accumulation in MC1 acting on ion channels confer chemoreceptor cell response to hypoxia [153]. The existence of O2-sensing microdomains could explain the hypoxic modulation of ion channel activity recorded in excised membrane patches, which may contain attached cytosolic organelles [162].



However, other evidence suggests that modulation of K+ channels by ROS does not occur in CBCC. It has been reported that the CB can still be excited under conditions of complete anoxia, when the generation of ROS would theoretically be zero [16,163]. These experiments instead point towards the existence of a signaling pathway activated upon inhibition of cytochrome c oxidase, which is independent of Complex 1, succinate metabolism and ROS generation [161]. Likewise, as described above, there is evidence that altering the oxidation potential of the GSH/GSSG redox couple, thought to reflect the overall cytoplasmic redox state, does not consistently affect CB activity [142,143].



An alternative hypothesis is based on the recent finding by Chang’s group, which suggests that hypoxia inhibits electron transport in CBCC mitochondria, ultimately causing glucose to form lactate. Lactate accumulates and activates the G-protein-coupled receptor Olfr 78, which by a yet undetermined mechanism causes the chemoreceptor cells to depolarize and release neurotransmitters [154]. For Olfr 78 to be involved in oxygen sensing, it needs to be placed in a microenvironment where it can rapidly signal to appropriate ion channels. Murine chemoreceptor cells express a high abundance of the gene-encoding olfactory receptor 78 (Olfr78), and Chang et al. [154] reported impaired carotid sensory nerve (CSN) and breathing response to hypoxia in Olfr78-null mice. However, Torres-Torrelo et al. [164] reported that Olfr78-null mice manifest unaltered breathing responses, as well as [Ca2+]i and transmitter secretion from CBCC in response to hypoxia and lactate. These findings questioned the role of Olfr78-lactate signaling in CB activation by hypoxia.



It has been proposed that the strong dependence of PO2 on aerobic glycolysis, unique to CBCC, may cause rapid lactate production in hypoxia and a consequent increase in its extracellular concentration and an acidic pH [165]. Because of this acidification, Bernadini et al. [166] proposed an additional lactate effect inhibiting pH-sensitive TASK channels. Although some studies have shown that lactate can depolarize chemoreceptor cells [167], to date, no one has investigated the effect of lactate on any type of K+ channels in CBCC. Bernardini’s proposal seems unlikely because inhibition of the TASK current by hypoxia was observed in a recording chamber with solution flowing through it, in which a change in extracellular pH would have been unlikely [24].



A recent study from Prabhakar’s lab [168] shows that hypoxia increases persulfidation of Cys240 of the Olfr78 in the CBCC, and this effect was absent in mice lacking Cth, which encodes CSE, a major H2S synthesizing enzyme in the CB. These results suggest that H2S through redox modification of Olfr78 participates in CB activation by hypoxia to regulate breathing. Since the hypoxia-induced rise in cellular [H2S] is proposed to be caused, at least in part, by inhibition of the mitochondrial electron transport chain [107], this mechanism represents another variant of the mitochondrial hypothesis.



In summary, we do not know the precise nature of the O2 sensor in the carotid body. Most of the mechanisms proposed focus on oxygen sensors that are not in the membrane but which ultimately act through membrane-located ion channels. Of the proposed O2 sensors within the CB, only mitochondria have been identified as having a unique phenotype compared to other O2-insensitive cell types [169], so potential interactions between mitochondria and the plasma membrane become critical for hypoxic signal transduction [170]. These authors argue that the physical arrangement of glomus cell organelles with their large nuclei favors the positioning of mitochondria proximal to the plasma membrane, an optimal position for interacting with K+ channels. If the mitochondria are indeed the O2 sensor, this raises the question of how hypoxia-induced changes in their activity are coupled to the inhibition of K+ channels. This subject is discussed in the next section.




4. Coupling Mechanisms between the Sensor and the K+ Channels


The lack of knowledge of the nature of the O2 sensor makes it difficult to search for the coupling mechanism between the sensor and the O2-sensitive K+ channels, which presumably constitute the first effectors of hypoxic detection activation. It has been proposed that if the sensor was a hemoprotein, the coupling mechanism could be an allosteric transmission of the conformational change from the sensor to the K+ channel upon saturation and desaturation. In the proposed models in which the sensor is an ROS-producing mechanism, the mitochondria or a NADPH oxidase, changes in the cytosolic levels of ROS could modulate channel activity through oxidative modification of thiol groups on α-subunits [171]. Alternatively, ROS could act indirectly by affecting the potential of the NAD(P)+/NAD(P)H redox couples, thereby altering KV channel kinetics via their regulatory β-subunits, which regulate the α-subunit by virtue of their oxidoreductase activity [172]. The latter concept is supported by evidence that K+ currents are only sensitive to hypoxia if they are expressed together with the β-regulatory subunits or if transfection is conducted on cell types already expressing β-subunits [47,48]. Although a role for β-subunits in acute O2 sensing in native CBCC has not been established, differences in the mRNA levels of α- and β-subunits of the BKCa channel have been observed in CB from normoventilating and hypoventilating animals [173], and Hartness et al. [174] found that chronic hypoxia, which sensitizes the response to acute hypoxia, results in increased expression and colocalization of specific hypoxia-sensitive K+ channel subunits.



Does O2 sensing in glomus cells involve mitochondrial ROS? The work of Chandel and Schumacker [175] consistently demonstrated in various cell types that acute hypoxia increases the production of ROS at the mitochondrial level. Lopez-Barneo’s group proposed a full mechanism of acute oxygen sensing that relies on the production of ROS by the CBCC mitochondria, specifically by Complex 1 of the ETC [149]. Recently, this group has provided more detail about these mechanisms, showing that hypoxic inhibition of mitochondrial electron transport resulted in increased ROS production and a reduction of mitochondrial Complex 1 by pyridine nucleotides [18,152]. According to their hypothesis, increased ROS production would change the redox state of membrane ion channels and modify their opening probability. This general mechanism fits with the idea that multiple ion channels are inhibited by hypoxia depending on the species analyzed and with the concept that when one oxygen-sensitive channel is eliminated (as in knockout mice), others become oxygen-sensitive [128]; ROS would allow this to happen.



However, there is substantial evidence that contradicts the role of increased ROS production in acute oxygen sensing: (i) inhibitors and uncouplers which interfere with mitochondrial function, some increase ROS production and some reduce ROS production but all examined consistently raised [Ca2+]i in isolated CBCC [151]; (ii) H2O2 applied at a high concentration did not raise [Ca2+]i in isolated CBCC, nor did it interfere with hypoxic rises of [Ca2+]i in CBCC [151]; (iii) acute hyperoxia, which leads to ROS formation in most cells [176], essentially silences CB output [2,177]; (iv) neither oxidizing nor reducing agents appear to modulate the ability of intact CB to release catecholamines in response to acute hypoxia [143,178]; (v) although hypoxia has been shown to produce a rise in ROS in CB slices, this effect was modest after exposure of slices to severe hypoxia for 1hr [179]; (vi) in anoxia, when the generation of ROS would be zero, CB can still be activated [16,163]; (vii) levels of hypoxia that strongly activate CB do not modify the GSH/GSSG ratio in the CB [178].



H2O2, the most important ROS with regard to cellular signaling probably does not act directly on reactive cysteines to modify protein function [180]. Instead, it works indirectly by oxidizing peroxiredoxins, thioredoxins and glutathione [181,182], which then cause the oxidative modifications of protein thiols (e.g., s-glutathionylation) which affect protein activity. In view of the importance of the GSH/GSSG ratio in determining the oxidation of reactive thiols on proteins, further evidence against a role for changes in cellular ROS production is that Sanz-Alfayate et al. [178] found that hypoxia had no effect on the redox potential of GSH/GSSG in CB from calf.



Along the same lines, in HEK cells transfected with K+ channel subunits of the Shaker, Shaker/1.2 and KV4.2/1.2 families, dithiothreitol (DTT) decreased the current of the three channel types, but hypoxia only inhibited the last one [47]. Furthermore, Riesco-Fagundo et al. [74] showed that DTT increases the opening probability of BKCa but hypoxia decreases it. Thus, the redox status of these channels does not seem to be involved in the initiation of the transduction cascade, although this does not exclude that it may play a modulatory role. Therefore, although it seems plausible that changes in ROS production and the resulting effects on cellular redox networks could modulate K+ channel kinetics, as these can be modified by reducing and oxidizing agents, the observations described above argue against this mechanism as being the primary determinant of K+ channel activity during hypoxia.



One point to consider is that much of this work has made use of oxidizing/reducing agents and ROS scavenging agents [151,183,184], and the extracellular application of these compounds may not accurately mimic/inhibit the rapid signaling that occurs in subcellular microenvironments.



Recently, submicron distance measurements between TASK channels and mitochondria have confirmed the existence of oxygen-sensing micro-domains that are conducive for the rapid diffusion of mitochondrial products (i.e., ROS, ATP) and propagation of heat [185]. These results have led to a new oxygen-sensing hypothesis suggesting that CBCC hypoxic signaling may be mediated by mitochondria-generated thermal transients in TASK-channel-containing micro-domains. By thermal imaging experiments, Wyatt’s group has demonstrated that mitochondrial thermogenesis is oxygen-dependent and mitochondrial inhibition significantly decreases intracellular temperatures in isolated rat CBCC. Perforated patch-clamp electrophysiological recordings of whole-cell resting membrane potentials demonstrated lowering bath temperature to induce consistent and reversible depolarization [185], compatible with TASK channel inhibition opening a new field for future research in CB oxygen sensing.




5. Concluding Remarks on O2 Sensing in the Carotid Body


Electrophysiological techniques helped to characterize the profile of O2-sensitive K+ channels present in CBCC, but it remains to be determined precisely which channels regulate the membrane potential, their possible role in the process of hypoxic transduction and the mechanisms by which hypoxia regulates the activity of these channels. Current models are based on either a heme protein capable of reversibly binding O2 or the production of ROS by NAD(P)H oxidases and/or mitochondria. We cannot exclude that multiple mechanisms, and perhaps other mechanisms not yet considered, can operate simultaneously. It is plausible that a sensor, or any other element of the transduction cascade, could be modified by changes in the levels of ROS in restricted compartments of the cells. Such a modification could enhance the effect of hypoxia or, on the contrary, slow down that effect through the opening/closure modification of K+ channels. A deeper understanding of the cellular mechanisms of O2 sensing will facilitate the development of new pharmacological tools effective in the treatment of diseases caused by localized deficits of O2.



In all studies mentioned here, there is an added difficulty that there is only one cell line that partially simulates the behavior of CBCC, and that investigation in the organ is complex due to its location and small size. Pheochromocytoma-derived cells (PC12) share the same embryonic origin, the neural crest, and several structural and neurochemical features with CBCC. In their response to hypoxia, PC12 cells depolarize by inhibition of a voltage-dependent K+ current [186]. Other cells that can be maintained in culture and respond to hypoxia are pulmonary artery smooth muscle cells (PASMC), responsible for hypoxic pulmonary vasoconstriction. In this context, it seems interesting to compare the mechanisms involved in this hypoxia-sensitive cell type, which are discussed in the following sections.




6. O2-Sensitive K+ Channels in the Pulmonary Vasculature


Hypoxic pulmonary vasoconstriction (HPV) is the acute and reversible constriction of the pulmonary vasculature, especially at the level of the small pulmonary arteries, caused by alveolar hypoxia. HPV is an adaptive response that acts to divert pulmonary blood flow from poorly ventilated regions of the lung to those that are more highly oxygenated, thereby optimizing the ventilation/perfusion ratio so as to minimize the effect of hypoxia on PaO2. HPV begins to develop when the PO2 falls below ~80 mmHg, and increases as hypoxia deepens, reaching a maximum amplitude at a PO2 of ~20 mmHg [58]. Constriction begins within seconds and is maintained indefinitely if re-oxygenation does not occur, eventually contributing to the development of pulmonary hypertension if alveolar hypoxia is sustained and widespread.



As described in the first part of this review, the response of CBCC to hypoxia depends mainly on K+ current inhibition, membrane depolarization and Ca2+ influx through voltage-gated Ca2+ channels. Although a similar pathway contributes to HPV, the response of PASMC to hypoxia is a much more complex affair, which involves a multiplicity of effectors. In addition to K+ channels, these include non-voltage-gated Ca2+ channels residing in the plasmalemma (TRP channels, Orai) or the membrane of the sarcoplasmic reticulum sarcoplasmic (RyR, IP3R), and also protein kinases (several PKC isoforms, src kinase, rho kinase) [58].



HPV, especially when evoked in vitro, often exhibits two phases. Phase 1 is typically a transient constriction that peaks within several minutes. This is followed by or superimposed upon a slowly developing constriction (Phase 2) which plateaus within several hours. Although the mechanisms underlying these two phases have not been systematically compared, the evidence available suggests that they are, at least in part, different [187,188]. This concept arises mainly from experiments carried out in isolated PA, in which the two phases are usually readily apparent (especially in rats and mice, which have been used for the bulk of investigations). With some exceptions (e.g., [189]), studies of HPV in isolated perfused lungs or in vivo have typically utilized shorter periods of hypoxia (5–15 min), so the information they provide is probably more relevant to Phase 1. A great deal of mechanistic insight has also been gleaned from the use of isolated (usually cultured) PASMC, but it is difficult to ascertain whether this information applies to Phase 1 or Phase 2.



Two further factors which complicate the interpretation of results are the use of multiple species and different levels of hypoxia in experiments. Also, HPV in isolated arteries or perfused lungs has usually been studied in the presence of a small pre-existing stimulus (“pre-tone”). Angiotensin 2 is generally used to create pre-tone in isolated perfused lungs, whereas vasoconstrictors such as PGF2a, U46619, phenylephrine or high K+ PSS have been used for this purpose in isolated PA. Pre-tone is used to amplify the response to hypoxia but is problematic because experimental interventions used to characterize the response to hypoxia may also affect the pre-tone stimulus, which then indirectly affects HPV. On the other hand, it seems likely that some kind of pre-tone exists in vivo, although its nature is unknown. The apparent complexity of HPV, plus these and other issues relating to variability in experimental design, helps to explain why, whereas work to date has established that hypoxia has numerous effects on PASMC which could potentially contribute to HPV, there is little agreement about the extent to which any of these effects actually do shape HPV.



This lack of consensus is embodied by the variety of proposals that have been put forth to explain how HPV arises. As with the response to hypoxia in the CB, the proposed pathways linking a fall in PO2 to HPV can be described according to the sensor/mediator/effector paradigm. Figure 2 presents a simplified overview of these schemes. The first of these, the Redox theory put forward by Stephen Archer, Kenneth Weir and colleagues in the early 1990s [33], proposes that hypoxia causes a fall in mitochondrial ROS production, leading to the closure of KV channels, cell depolarization, and Ca2+ influx through L-type voltage-gated Ca2+ channels (L-VGCC). In this case, HPV represents the loss of an ongoing normoxic vasodilating influence exerted by KV channels. Along similar lines, Michael Wolin and co-workers have developed a model (not shown in Figure 2) in which hypoxia causes a fall in ROS production by NOX, resulting ultimately in the decreased activity of protein kinase G that removes tonic normoxic vasodilation [190].



Paul Schumacker’s lab presented a contrasting scheme, often referred to as the Mitochondrial ROS theory, in which hypoxia increases mitochondrial ROS production [159]. It has also been suggested that the increase in ROS from the mitochondria may trigger additional ROS production by NOX, providing a stronger cytoplasmic oxidizing signal [191]. Shumacker and colleagues have not specified any downstream effectors linking the resulting increase in cytoplasmic [ROS] to contraction, but subsequent work by other groups has presented evidence that multiple pathways causing contraction in PASMC, some of which are shown in Figure 2, can be activated by ROS (see review by [58]).



A variety of other schemes have also been put forward which are somewhat less comprehensive. These include proposals that HPV is caused or promoted by activation of AMPK [91], the pentose phosphate pathway (PPP) [192], or by a rise in the intracellular concentration of hydrogen sulfide and/or reactive sulfur species (RSS) [98].



Regarding the role of K+ channels in O2 sensing, it can be seen that several of these proposals have incorporated K+ channels as effectors. The Redox theory has consistently placed a particular emphasis on the involvement of KV channels in HPV, and observations by Cogolludo et al. [193] and Sommer et al. [194] also link the increase in cytoplasmic H2O2 predicted by the Mitochondrial ROS theory to hypoxic regulation of KV channel opening. Evidence from the labs of Alison Gurney and Andrea Olschewski also indicates that KV7 (KCNQ) and TASK-1 channels, respectively, may play a role in O2 sensing in PASMC, although the O2 sensors and/or mediators would link to remain to be fully defined [195,196,197].



It is unlikely, however, that the inhibition of BKCa channels plays a significant role in acute HPV, at least in adults. BKCa channels do not contribute to the K+ current at potentials close to the resting Em in these cells [198], and blockers of this current have no effect on the resting Em or vascular tone in pulmonary arteries [199,200,201,202]. In contrast, the BKCa current helps to set the resting Em and is inhibited by hypoxia in PASMCs from fetal rats, so could potentially contribute to HPV in the fetus [203].



KV Channels and O2 Sensing in PASMC


Initial evidence that acute hypoxia caused membrane depolarization and depressed the K+ current in freshly isolated PASMC was presented by Joseph Hume’s laboratory [204]. Their study also showed that several K+ channel blockers caused PA constriction, consistent with the possibility that hypoxia-induced depression of the current and a resulting membrane depolarization leading to the opening of L-VGCC could cause HPV. This fits with earlier observations that blockers of L-VGCC inhibited HPV recorded in dog lungs [205] and that hypoxia depolarized SMC in isolated cat PA [206]. The K+ current in dog PASMCs was attenuated by the L-VGCC antagonist nisoldipine and the residual current in the presence of this blocker was not affected by hypoxia, suggesting that hypoxia was acting on a Ca2+-activated K+ current. However, subsequent work by Yuan et al. [207,208] showed that the Ca2+-activated K+ current in rat PASMC is small and that hypoxia was instead inhibiting a voltage-gated K+ channel current. Hume’s group later showed that the hypoxia-sensitive K+ current in dog PASMC was also a KV current, which was depressed by increases in [Ca2+]i [209].



Based on the findings of Post et al. [204] and on their earlier observations that HPV was associated with a fall in ROS levels in PASMC and was mimicked by application of proximally acting mitochondrial blockers and exogenous antioxidants, Weir and Archer [33] proposed the Redox theory (Figure 2), which views HPV as being caused by a hypoxia-induced fall in mitochondrial ROS production; this suppresses an ongoing activation of KV channels by ROS produced under normoxic conditions, resulting in channel inhibition, membrane depolarization and Ca2+ influx via L-VGCC. The importance of K+ channels as HPV effectors was supported by evidence that hypoxia inhibited the KV current in smooth muscle cells isolated from pulmonary but not systemic arteries, which tend to relax to hypoxia [204,208].



Evans et al. [210] soon reported that in addition to displaying typically delayed rectifier and rapidly inactivating voltage-gated K+ currents (IKV and IKA, respectively), rabbit PASMCs exhibited a non-inactivating K+ current with an activation threshold negative of −65 mV, indicating that it could contribute to setting the resting Em (which was ~−50mV in these cells). This current, which they christened IKN, could be distinguished from IKV and IKA because it was uniquely resistant to block by 10 mM quinine. Osipenko et al. [201] then showed that the depolarization of these cells by hypoxia (14 mmHg) was associated with inhibition of IKN but not IKV or IKA.



At about the same time, several laboratories began to carry out studies designed to establish the molecular identities of the hypoxia-sensitive KV channels in PASMC. Patel et al. [211] found that cultured rat PASMCs expressed several KV channel α-subunits, including KV2.1. Expression of KV2.1 in COS cells generated a hypoxia-sensitive current in ~20% of the cells. They also presented evidence that the PASMCs expressed an electrically silent α-subunit, KV9.3, which could form hetero-multimers with KV2.1. Co-expression of KV2.1 and KV9.3 generated a current that activated close to the PASMC resting potential and was hypoxia-sensitive in ~55% of COS cells. The authors proposed that the hypoxia sensitivity of these KV2.1-containing channels required the action of an endogenous kinase, accounting for the variable responsiveness. Based on the kinetic properties of the current in COS cells resulting from KV2.1/9.3 expression, they suggested that these channels might account for IKN (although this possibility was never confirmed).



Attention shifted to the role of KV1.5 in PASMC O2 sensing when Archer et al. [212] reported that antibodies against KV1.5 significantly depressed the KV current and abolished the attenuation of this current by hypoxia. Antibodies against KV2.1 also blocked the KV current and depolarized the cells. The authors suggested that HPV required the hypoxic inhibition of both channels.



The importance of channels incorporating KV1.5 α-subunits for O2 sensing in the pulmonary vasculature was additionally supported by the observation of Archer et al. [213] that HPV was significantly smaller in “swap” mice in which the KV1.5 subunit was replaced by KV1.1 [214] compared to wild-type controls. Archer et al. [189] presented evidence that antibodies to both KV1.5 and KV2.1 caused depolarization of isolated rat distal PA; these also demonstrated a much higher level of KV1.5 protein expression and a larger hypoxia-inhibitable KV current than conduit PA, which were less responsive to hypoxia.



Further evidence for the importance of KV1.5 in PASMC O2 sensing was provided by several papers from Jason Yuan’s laboratory. Platoshyn et al. [215] showed that overexpression of KV1.5 in PASMCs led to the expression of a 4-AP-sensitive KV current which was strongly suppressed by hypoxia. Intriguingly, the similar 4-AP-sensitive KV current, which developed in COS and mesenteric artery smooth muscle cells (MASMC) in which KV1.5 was overexpressed, was not diminished by hypoxia. This observation echoed a similar finding by Hulme et al. [216], who had found that the current caused by overexpressing KV1.5 in mouse L cells was also not affected by hypoxia. These results implied that the presence of some other co-factor or mediator unique to PASMCs was necessary to confer hypoxia sensitivity on KV1.5. This laboratory [217] later reported that the mRNA expression of KV1.5 varied between individual rat PASMC. The minority of cells had a relatively high expression of KV1.5, and this was associated with a KV current which was sensitive to hypoxia, whereas other cells had a lower expression of KV1.5 and KV currents which were not affected by hypoxia. The authors suggested that the gap junctions between the PASMCs could spread the depolarization induced by hypoxia in the KV1.5-rich PASMCs more widely through the arterial wall.



As described in Section 2.1, the role of KV channels in O2 sensing in CBCC has been questioned because the apparent threshold of activation of these channels is positive of the resting potential of these cells. Similar criticisms of the concept that such channels make a primary contribution to O2 sensing in PASMC have been raised [58], despite the substantial evidence that channels incorporating KV1.5 and possibly KV2.1 are involved in HPV. It is possible, for example, that inhibition of KV channels by hypoxia has evolved to prevent them from resisting the depolarization caused by the hypoxia-induced suppression of another K+ current which is responsible for setting the resting potential (i.e., IKN). Indeed, Gurney et al. [218] demonstrated that the K+ leak channel TASK-1 is expressed in rabbit PASMC and provided extensive evidence that it is partly responsible for IKN. Olschewski et al. [195] then reported that TASK-1 was expressed in cultured human PASMC and showed that it was inhibited by moderate hypoxia (30 mmHg). In addition, they found that siRNA knockdown of TASK-1 expression caused a significant depolarization of the resting potential, as well as decreasing the amplitude of IKN, and rendering it hypoxia-insensitive.



Gurney’s lab has also presented pharmacological evidence that both the resting potential in rat PASMC and the basal vascular tone of PA in isolated perfused lungs are regulated by KV7 (KCNQ) channels [197,219], with the KV7.4 isoform being the most important in this respect. The properties of these channels (very negative activation threshold, lack of inactivation) suggest that they also contribute to IKN and that they could be involved in O2 sensing, although this remains to be established.





7. How Does PO2 Regulate K+ Channels in PASMC?


7.1. Evidence for KV Channel Regulation by Cytoplasmic Redox State


The concept that hypoxia depresses plasmalemmal K+ channel opening by altering the production of ROS is consistent with findings that the mitochondria in PASMCs are located close to the cell membrane and that agents which affect the electron transport chain can affect K+ currents [220,221]. However, the effects of hypoxia on mitochondrial production of ROS, and of ROS on KV channels, are disputed.



According to the Redox theory as proposed by Weir and Archer [33], hypoxia inhibits PASMC KV channels by causing a fall in mitochondrial ROS production. This diminishes the cytoplasmic [ROS] (and/or shifts cytoplasmic redox couples to a more reduced state), thereby lessening KV channel opening. Recently, Archer’s group has presented evidence that the basal normoxic production of ROS which is depressed by hypoxia is dependent on the Complex 1 subunit Ndufs2 [222]. The mechanism for KV channel regulation proposed by the Redox theory is supported by reports showing that the amplitude of the KV current in PASMC was increased by oxidants such as diamide and H2O2 and decreased by reductants such as DTT and GSH [199,223,224,225,226,227,228].



In contrast, the Mitochondrial ROS theory developed by Paul Schumacker’s laboratory [159] proposes that hypoxia causes an increase in the production of ROS by PASMC mitochondria. The resulting rise in cytoplasmic [ROS] activates one or more effector pathways to cause HPV. Whereas Schumacker’s group has devoted little effort to investigating how the increase in ROS causes PASMC to contract, other labs that have accepted the premise that hypoxia increases cytoplasmic oxidant signaling have sought to determine which effectors are stimulated by ROS to cause HPV. Multiple effectors have been identified (see, e.g., [58,229]), including KV channels. For example, Perez-Vizcaino and co-workers reported that application of H2O2 and tert-butyl hydroperoxide (t-BOOH) depressed the KV current in freshly isolated rat PASMC [230] and, based on this and other observations [193,231,232,233], developed a model in which increased production of mitochondrial ROS due to hypoxia activates neutral sphingomyelinase, which they showed is more highly expressed in PASMC than in MASMC. This leads to the production of ceramide, which inhibits KV channel opening through a pathway involving protein kinase Cζ and the linker protein p62, which they propose is inhibiting the opening of KV1.5 channels by targeting KVb2.1 [234]. The authors showed that the protein expression of nSMase2 is high in rat PASMC but almost absent in smooth muscle cells from mesenteric arteries, thereby providing a potential explanation for why hypoxia-induced inhibition of the KV current is restricted to the pulmonary vasculature.



Sommer et al. [194] also found that the KV current in cultured mouse PASMC was similarly diminished by hypoxia and exogenous H2O2 and that this effect of hypoxia (but not H2O2) was smaller in a mouse model in which mitochondrial ROS production was lessened due to knockout of Cox4i2, a subunit of Complex 4. Corresponding differences in the effect of hypoxia and H2O2 on the resting Em in the wild-type and the Cox4i2−/− mice were noted.



In addition to these conflicting findings relating to KV channels, divergent effects of hypoxia on cellular ROS levels in PASMC have also been reported by different laboratories [194,222,235]. Other approaches to examining the role of ROS in HPV, including studies of the effects of electron transport chain blockers, antioxidants and pro-oxidants on HPV and pulmonary vascular tone, have similarly yielded inconsistent results (see [58,229]). Although Archer and colleagues have argued, with some justification, that their investigations supporting the Redox theory have generally been carried out under conditions that are more physiologically relevant than those often employed by advocates of the mitochondrial ROS theory [236], this has not always been the case, and the evidence supporting the mitochondrial ROS theory is currently more extensive than that favoring the Redox theory.



In general, the specific molecular mechanisms by which ROS and cell redox mechanisms regulate KV channels remain somewhat enigmatic. The stimulation of KV1.5 channels by oxidants observed in PASMCs in many studies is consistent with, for example, the increase in the current induced by H2O2 in cells overexpressing human α-KV1.5 reported by [237,238], although Duprat et al. [239] did not observe this effect with tert-butylhydroperoxide. Park et al. [240] showed that H2O2 increased the amplitude of the KV current in rat MASMC, and this was associated with the S-glutathionylation of KV2.1, but not KV1.2 or KV1.5. On the other hand, Svoboda et al. [241] showed that diamide oxidized a reactive cysteine (C581) on KV1.5 and that this was associated with internalization of the channel in atrial cells, leading to a decrease in the amplitude of the IKur (KV1.5-mediated) current. This effect of diamide on the current amplitude is consistent with the Mitochondrial ROS model. Nonetheless, there is presently no evidence that channel internalization plays a role in the hypoxia-induced effects on KV currents in PASMC, although KV1.5 has been shown to undergo rapid endocytosis when these cells are treated with 5-HT [232]. Also, Gamper et al. [242] found that several KV7 isoforms, including KV7.4, are activated by H2O2, an effect that was due to the oxidation of three contiguous cysteine residues in the S2–S3 linker region of the channel protein.



Multiple KVβ subunit isoforms are expressed in PASMC [48,243]. These subunits have been shown to act as oxidoreductases that bind NAD(P)H, using it to reduce various substrates, and thereby converting it to NAD(P)+. This changes the configuration of the β-subunit and therefore its interaction with the α-subunit, increasing the channel current. Thus, channel activity is sensitive to the redox state of the NAD(P)+: NAD(P)H couple [244].



For this reason, KVβ subunits initially seemed to provide an attractive potential mechanism for redox regulation of KV channels during HPV [48], especially with the demonstration by [47] that the co-expression of KV4.2 α-subunits and KVβ1.2 in HEK293 cells led to a development of a hypoxia-sensitive current, whereas the current due to expression of KV4.2 α-subunits in isolation was unaffected by hypoxia. Recent work from Nystoriak’s laboratory has demonstrated that both H2O2 and NAD(P)H increase the opening of KV1.x channels in systemic vascular SMC [245,246]. They presented evidence that NADH was having this effect via an action on KVβ2 subunits, whereas H2O2 stimulated the current through a KVβ2-independent mechanism. Intriguingly, however, the response to H2O2 was potentiated by NADH, and this effect was KVβ2-dependent. Evidence that PASMCs express KVβ2 [247] implies that they could also be regulated by the redox state of the NAD(P)H/NAD(P)+ couple. However, PASMCs also express KVβ1 subunits, which have been proposed to block the KVβ2-mediated effect of NAD(P)H [248].



Despite the early interest in β-subunits as regulators of KV currents in PASMCs, no detailed investigations of this mechanism were subsequently reported. However, Platoshyn et al. [215] showed that the expression of KVβ1.1, KVβ2.1 and KVβ3.1 was similar in pulmonary and mesenteric arteries, leading them to suggest that the specific hypoxia-sensitivity of PASMCs was not due to an effect of KVβ subunits. This conclusion was also consistent with their finding that mRNA for the KVβ2 subunit was abundant in HEK293 but negligibly expressed in COS cells, whereas the KV current due to the overexpression of KV1.5α was completely O2-insensitive in both types of cells. Nonetheless, this type of evidence is indirect at best, and the role of KVβ subunits in HPV remains unresolved.



Studies such as those carried by Svoboda et al. [241] and Raph et al. [246] indicate that redox regulation of KV1.5 channels can be exerted through multiple mechanisms targeting both α- and β-subunits and may include changes in channel function and membrane expression. This complexity could help explain observations showing that the effects of ROS on K+ current amplitude during changes in PO2 can vary in different types of cells [249,250]. Thus, it is apparent that an in-depth examination of the effect of cell redox on both α- and β-subunit-dependent regulation of channels incorporating KV1.5 in native PASMCs, including an investigation of their membrane trafficking, may be required to resolve the question of how their inhibition during HPV is being orchestrated by changes in ROS production.




7.2. Evidence for TASK-1 Channel Regulation by Cytoplasmic Redox State


There is conflicting evidence with regard to whether TASK currents are sensitive to ROS. TASK-1 channels expressed in CHO cells were found to be insensitive to the extracellular application of 5 mM H2O2 [251], a concentration which should raise the intracellular concentration into the micromolar range [252]. On the other hand, Lee et al. [253] demonstrated that NOX4, which was endogenously expressed in HEK293 cells, co-localized with TASK-1 when this was expressed in these cells. Hypoxia depressed the TASK-1 current, an effect which was reversed by the knockdown of endogenous NOX4 and potentiated by NOX4 overexpression. These results, which suggest that NOX4 is causing an inhibition of TASK-1 which is potentiated by hypoxia, are consistent with the idea that ROS release by NOX4 increases during hypoxia and suppresses the TASK-1 current. NOX4 is expressed in PASMC, so a similar mechanism might also be operative during HPV. However, arguing against this concept is the finding that NOX4 has a KM(O2) of ~135 mmHg [254,255], such that its ability to generate H2O2 is likely to have been severely compromised at the PO2 level (8 mmHg) at which its presence was seen by [253] to most strongly promote TASK-1 inhibition. Also, the observation that knocking out NOX4 had no effect on HPV in mice [256] provides strong, albeit indirect, evidence that it is not involved in inhibiting TASK-1, or indeed any type of K+ channel, during this response. Along similar lines, the knockout of p22phox, which is required for the function of NOX 1–4, did not affect the first phase of HPV [257], which is thought to be particularly dependent on K+ channel inhibition. In contrast, the second phase of HPV was attenuated in p22phox−/− animals, leading the authors to suggest that a ROS produced by a NOX isoform might activate rho kinase to cause Ca2+ sensitization, which is thought to contribute to the sustained response to hypoxia.




7.3. Other Factors Regulating PASMC K+ Currents during Hypoxia


Several mechanisms by which hypoxia can regulate PASMC K+ channels independently of ROS have also been described. For example, soon after their discovery that hypoxia depressed the K+ current in canine PASMCs, Hume’s laboratory presented evidence that this was due to the decreased opening of a 4-AP-sensitive (i.e., KV) channel with a conductance of 25 pS [209]. Their data indicated that this effect was caused by an increase in the intracellular Ca2+ concentration, associated with the release of Ca2+ from the sarcoplasmic reticulum. If this is indeed the mechanism by which the KV current is inhibited by hypoxia, it would imply that SR Ca2+ release, rather than KV channel opening, may be the key event in the effector pathway causing a rise in [Ca2+]i during HPV. The concept that SR Ca2+ release, probably associated with store-operated Ca2+ entry [258], plays an important role in HPV is well established [259]. These processes have been proposed to be due to increases in cellular ROS production [260,261,262], in which case this mechanism is potentially an effector pathway of the Mitochondrial ROS theory.



Mark Evans and colleagues have proposed that HPV is triggered by an increase in the PASMC [AMP]/[ATP] ratio. This results in the stimulation of AMPK and the resulting phosphorylation of HPV effector pathways. Although these remain to be fully defined, Moral-Sanz et al. [263] demonstrated that the inhibition of the KV1.5 current caused by hypoxia (~34 mmHg) in freshly isolated rat PASMCs was mimicked by applying three drugs that activate AMPK and also by dialyzing the cells with active AMPK heterotrimer. They also showed that AMPK purified from rat liver phosphorylated human recombinant KV1.5 protein. These results supported the idea that AMPK hypoxia-induced inhibition of KV1.5 occurs during hypoxia, although the kinetic effects on the current of blocking AMPK suggested that this might not be relevant to HPV. However, a later publication from this group, which established that AMPK was phosphorylating KV1.5 on serine 592 and 559, ref. [264] concluded that KV1.5 inhibition by AMPK was in fact crucial for HPV.



Jason Yuan and colleagues have published evidence that the plasmalemmal protein Notch, a key regulator of cell differentiation [265] which has been implicated in the development of pulmonary hypertension [266], may also play a role in HPV. This possibility is supported by evidence that the Notch antagonist N-[N-(3,5-diflurophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) depressed HPV in perfused mouse lung [266,267], whereas the Notch agonist Jag-1 increased pulmonary artery pressure. Another paper from this laboratory [268] reported that Jag-1 also attenuated the currents which resulted from the expression of KV1.5 and also KV1.2 in HEK293 cells. Taken together, these results suggested that hypoxia might also reduce the KV current in PASMC through a Notch-dependent mechanism, although this has yet to be demonstrated.



With regard to TASK channels, Nagaraj et al. [196] presented extensive evidence that the inhibition of the TASK-1 current in cultured human PASMC is dependent on its regulation by Src family tyrosine kinase (SrcTK). They showed that SrcTK is associated with and phosphorylates the TASK-1 channel under normoxic conditions, causing its activation and a corresponding increase in IKN. Hypoxia (~40 mmHg) caused the dephosphorylation of TASK-1 after about 15 min, and this was accompanied by the dissociation of TASK-1 from SrcTK, a decrease in IKN, and cell depolarization. The SrcTK inhibitor PP2 also increased the pulmonary artery pressure in isolated perfused mouse lung, thus mimicking the effect of hypoxia. Interestingly, SrcTK similarly regulated the KV and BKCa currents in PASMC. The authors [196] did not investigate the involvement of cell redox in the regulation of SrcTK or its effect on TASK-1. However, work by Greg Knock and co-workers has shown that hypoxia causes the phosphorylation and activation of SrcTK in rat PA [269] and that SrcTK in rat PASMC is activated by superoxide and H2O2 [270], findings which appear to conflict with those of Nagaraj et al. [196].



In summary, there is good evidence that both leak and voltage-gated K+ currents in PASMCs are diminished by hypoxia. The common inhibitory effect of hypoxia on these channels suggests that attenuation of both currents is required for PASMC depolarization during HPV, although it may be that their relative contributions to hypoxia-induced depolarization are species-dependent. The observations of Platoshyn et al. [217] provide strong evidence for the notion that channels incorporating KV1.5 channels are predominantly responsible for the PO2-dependent KV current, but the mechanism(s) by which their activity is depressed by hypoxia remain controversial. Nonetheless, each of the three schemes proposed to explain this (cytoplasmic oxidation, cytoplasmic reduction, increased AMP/ATP ratio) incorporate a common O2 sensor: the mitochondria. The mechanism by which hypoxia would inhibit SrcTK to attenuate the TASK-1 current has not been defined, and possible alternative pathways by which hypoxia could depress TASK-1 channel opening have not been identified in PASMCs. Observations that SrcTK in PASMC is stimulated rather than inhibited by hypoxia [269] also appear to conflict with the model proposed by Nagaraj et al. [196], although this might reflect species differences.





8. Concluding Remarks: O2 Sensing in CBCC versus PASMCs


Table 1 provides a brief outline of proposed O2 sensors and their downstream mediators which have been linked to K+ channel inhibition in CBCC and PASMCs.



Although the involvement of K+ channels in O2 sensing in CBCC and PASMCs has been mooted for more than three decades, despite substantial research, it is clear that in both cases what we know is far outweighed by what we do not know. To some extent, this is because proposed mechanisms have not yet been investigated sufficiently to establish their salience (e.g., the involvement of β-subunits in KV channel inhibition), but often it is difficult to draw firm conclusions because apparently conflicting results have been obtained. It is likely that this has arisen in part because of the use by experimenters of different species, preparations and experimental conditions. The employment of pharmacological agents with well-known off-target effects (e.g., DPI) has not helped matters.



With regard to K+ channels as effectors in O2 sensing pathways, at this point it seems incontrovertible that depolarization of both CBCC and PASMC by hypoxia is predominantly due to a decrease in the opening probability of K+ channels, although the involvement of non-selective cation channels remains a possibility. In addition, it is widely accepted that both CBCC and PASMC express several types of K+ currents which are inhibited by hypoxia. There is persuasive evidence that channels incorporating the KV1.5α subunit are largely responsible for the voltage-gated K+ channel component of depolarization in PASMCs, at least in mice and rats. In contrast, the identity(ies) of the voltage-gated K+ channel(s) which respond to hypoxia in CBCC are less well characterized and may vary between species; the strongest evidence is for the involvement of KV4.x channels in rabbit. It is also well established that hypoxia also attenuates the activity of BKCa and TASK channels, (most likely TASK1/3 heterodimers) in CBCC, and of TASK-1 channels in PASMC; however, a role for BKCa channels in HPV is unlikely.



As to O2 sensing, there is persuasive evidence that the mitochondria act as O2 sensors linked to K+ channel inhibition in both types of cells. There is an increasing body of evidence [19,153,194] that hypoxia acts on both CBCC and PASMC to cause the reduction of Coenzyme Q10 pool, resulting in an increase in mitochondrial ROS production, probably at complex 3, and that this is enabled by the high expression of the atypical cytochrome C oxidase subunit COX4i2in both types of cell [17,18]. This has been proposed by Pak et al. to be a “unifying” mechanism for O2 sensing [271]. However, there is also evidence against this concept for both types of cells [143,178,222], and several other sensor/mediator pathways which could link a decrease in mitochondrial respiration to K+ channel inhibition have been mooted.



In addition, a number of proposals for non-mitochondrial O2 sensors, for example involving the decreased production of CO by HO-2 and resulting effects on BKCa channels mediated through heme and H2S, respectively, have been made for CBCC, and the extent to which these various sensors contribute to the hypoxic response also remains to be established. In the case of PASMC, all of the proposed mechanisms for hypoxia-induced suppression of the KV current incorporate the mitochondria as the O2 sensor; a “membrane” model designed to explain K+ channel inhibition by hypoxia analogous to that proposed for CBCC has never arisen. In contrast, the suppression of TASK-1 channel opening mediated by its the displacement from SrcTK potentially constitutes a mechanism for PASMC depolarization which is independent of the mitochondria, although this remains to be established. Likewise, the relative importance of KV vs. TASK channels in causing hypoxic depolarization of these cells is undetermined.



There has been relatively little discussion of the possibility that multiple O2-sensing systems acting via K+ channels may coexist in PASMCs, although Wolin and colleagues have proposed that the response to hypoxia in these cells involves diverse effects on cell redox pathways acting through various effectors such as protein kinase G and Rho kinase [272]. In contrast, it has often been proposed that more than one mechanism of O2 sensing coexists in CBCC, and might be more or less important at different levels of hypoxia [155,170,273], and the recent study by Swiderska et al. [161] which presented evidence that increased succinate-dependent mitochondrial ROS production makes a significant but limited contribution to O2 sensing in rat CB represents a promising attempt to begin to establish the relative importance of the component mechanisms mediating the hypoxia response.



Looking ahead, the introduction over the past 10–15 years of greatly improved methods for measuring free pyridine nucleotide concentrations [274] and H2O2 and the redox poise of the GSH/GSSG couple in specific cell compartments [275,276,277], as well for pharmacologically manipulating of mitochondrial ROS production without interfering with respiration [182,278], represents an opportunity for the study of O2 sensing in CBCC and PASMC which currently remains underexploited. The more widespread use of these and other novel experimental approaches will hopefully cause a favorable shift in the balance between what we know and do not know about acute O2 sensing in the carotid body and the pulmonary circulation over the next decade.
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Figure 1. Schematic diagram summarizing the main proposed mechanisms of oxygen sensing and chemotransduction in the carotid body (CB). According to the “Membrane Model”, several oxygen-sensitive potassium channels (O2 sensitive KVO2, large conductance BKCa, and TASK) close in the CB chemoreceptor cells in response to hypoxia, as indicated by the reduction of channel activity by hypoxia in excised patches. This inhibition leads to membrane depolarization and the opening of voltage-gated Ca2+ channels. The ensuing influx of Ca2+ leads to neurotransmitter release (NT), which activates afferent fibers and signal propagation to the respiratory center. Another proposal is that hypoxia inhibits an NADPH oxidase, promoting changes in cytosolic ROS that directly affect K+ channel activity. Additionally, hypoxia could inhibit HO-2, which decreases CO and inhibits protein kinase G (PKG), causing an increase in CSE activity and elevated local production of H2S, which then inhibits K+ channels. According to the “Mitochondrial Hypothesis”, hypoxia inhibits mitochondrial electron transport, leading to activation of multiple signaling pathways: decreased ATP production, increased production of mitochondrial ROS, activation of AMP-activated protein kinase (AMPK), a rise in NADH, and a rise in lactate. Some of these pathways seem to directly (or indirectly) modify K+ channel activity and cause membrane depolarization. Hypoxia further leads to a higher lactate/pH level that potentiates the inhibition of TASK channels through acidosis or Olfr78 stimulation. BKCa, large conductance K channel; TASK, TWIK-related acid-sensitive K channel; KV, voltage dependent K channel(s). AMPK, AMP-activated kinase; HO-2, heme oxygenase-2; NOX, NADPH oxidase; ROS, reactive oxygen species; Olfr78, olfactory receptor 78; CSE, cystathionine-γ-lyase. 
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Figure 2. Flow/chart illustrating the proposed involvement of KV channels and other effector mechanisms in O2 sensing during hypoxic pulmonary vasoconstriction. The processes linking hypoxia to pulmonary artery contraction according to the Redox theory are indicated in red, whereas those proposed by, or consistent with, the Mitochondrial ROS theory are shown in blue. Processes shown in black relate to models based on the involvement of AMPK kinase, those in red relate to the proposal that hydrogen sulfide/RSS mediate HPV, and those in green depict the hypothesis that activation of the pentose phosphate pathway (PPP) promotes HPV (see references in the text). In the case of the Redox theory, a fall in PO2 causes a fall in mitochondrial ROS production primarily because less O2 is available to form superoxide as it reacts with electrons which are able to “escape” from the ETC before they reach Complex 4. This occurs during the sojourn of electrons at a dozen or more sites along the ETC, most prominently those within Complexes 1, 2 and 3, pyruvate dehydrogenase and α-ketoglutarate dehydrogenase [182], with the IcoQ site in Complex 1 being proposed by the Redox theory as being of primary importance. According to the Mitochondrial ROS model, hypoxia slows the ETC, effectively increasing the occupancy of electrons at sites within the coenzyme Q pool, from which they flow into the IIICoQ site in Complex 3 to escape and react with O2; superoxide production increases because the increased electron occupancy outweighs the relative lack of O2. Superoxide formed by this process is immediately converted by superoxide dismutase to H2O2, which can access the cytoplasm and directly or indirectly (via intermediates such as peroxiredoxins) cause oxidative modifications of protein thiols. All the effector pathways illustrated in the figure contain proteins that have been shown to be regulated via thiol oxidation, although the extent, nature and importance of such modulation during HPV remain imperfectly understood and controversial. 
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Table 1. A simplified summary of proposed O2 sensors and their downstream mediators and effectors which have been linked to the inhibition of K+ channels in CBCC and PASMC. As shown, for some of the proposed pathways, the sensor/mediator/K+ channel paradigm may not apply (e.g., for the regulation of BKCa channels by STREX), has not been fully defined (e.g., for hypoxia-induced induced inhibition of TASK 1), or is speculative (an effect of lactate on TASK channels).
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Cell Type

	
Sensor

	
Mediator

	
Effector K+ Channel

	
References






	
CBCC

	
Mitochondria/oxidative phosphorylation

	
↑ ROS and/or NADH

	
KV

	
[50,161]




	
↓ ATP

	
TASK 1/3

	
[129]




	
Thermal transients

	
TASK 1/3

	
[185]




	
↑ Lactate causes acidification

	
TASK 1/3(?)

	
[166]




	
↑ Lactate activates olfr 78

	
??

	
[154]




	
Heme-oxygenase 2

	
↓ CO binds to heme

	
BKCa

	
[86,87]




	
↓ CO causes ↑H2S

	
BKCa

	
[100,101,102]




	
NADPH oxidase

	
↓ ROS

	
??

	
[136]




	
Stress-regulated exon (STREX) causes channel closure via unknown mechanism

	
BKCa

	
[90]




	
O2 interacts directly with channel-associated site to inhibit it via unknown mechanism

	
KV, BKCa

	
[47,51,74,133]




	




	
PASMC

	
Mitochondria/oxidative phosphorylation

	
↓ ROS

	
KV1.5

	
[33,204,207]




	
↑ ROS

	
KV1.5

	
[193,194]




	
↑ AMP activates AMPK

	
KV1.5

	
[263,264]




	
??

	
↑ [Ca2+]cyt

	
KV

	
[209]




	
??

	
Inhibition of src family kinase

	
TASK 1

	
[195,196]




	
??

	
??

	
KV7

	
[197,219]
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