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Abstract

:

The carotid body (CB), a neural-crest-derived organ and the main arterial chemoreceptor in mammals, is composed of clusters of cells called glomeruli. Each glomerulus contains neuron-like, O2-sensing glomus cells, which are innervated by sensory fibers of the petrosal ganglion and are located in close contact with a dense network of fenestrated capillaries. In response to hypoxia, glomus cells release transmitters to activate afferent fibers impinging on the respiratory and autonomic centers to induce hyperventilation and sympathetic activation. Glomus cells are embraced by interdigitating processes of sustentacular, glia-like, type II cells. The CB has an extraordinary structural plasticity, unusual for a neural tissue, as it can grow several folds its size in subjects exposed to sustained hypoxia (as for example in high altitude dwellers or in patients with cardiopulmonary diseases). CB growth in hypoxia is mainly due to the generation of new glomeruli and blood vessels. In recent years it has been shown that the adult CB contains a collection of quiescent multipotent stem cells, as well as immature progenitors committed to the neurogenic or the angiogenic lineages. Herein, we review the main properties of the different cell types in the CB germinal niche. We also summarize experimental data suggesting that O2-sensitive glomus cells are the master regulators of CB plasticity. Upon exposure to hypoxia, neurotransmitters and neuromodulators released by glomus cells act as paracrine signals that induce proliferation and differentiation of multipotent stem cells and progenitors, thus causing CB hypertrophy and an increased sensory output. Pharmacological modulation of glomus cell activity might constitute a useful clinical tool to fight pathologies associated with exaggerated sympathetic outflow due to CB overactivation.
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1. Introduction


The carotid body (CB), a paired organ located in the bifurcation of the carotid artery, is the main and prototypical polymodal arterial chemoreceptor in mammals. Despite its small size, the CB has relevant physiological functions due to its ability to detect changes in several physical and chemical parameters in the blood, such as pH, CO2 tension, glucose, lactate, temperature, and blood flow among others, to produce compensatory adaptive responses (see for a recent review [1]). An additional stimulus for CB activation of particular physiological relevance is the decrease in O2 tension in arterial blood (hypoxemia), a frequent condition faced by people who live at or travel to high altitudes and are thus exposed to low atmospheric air pressure and decreased O2 diffusion into the blood. CB activation is also critical to aid survival in patients with severe respiratory syndromes that cause a reduction of the O2 exchange capacity between the air and the pulmonary capillaries. A decline in arterial O2 tension is detected by CB O2-sensing cells, which rapidly (in few seconds) activate sensory fibers of the glossopharyngeal nerve impinging on neurons in the brainstem and autonomic centers to induce hyperventilation and increased heart rate. In this way, both O2 uptake and its distribution to the tissues are enhanced. Although there are other organs in the body acutely responding to hypoxia [2], activation of the CB is essential for organismal homeostasis because neurons in the respiratory center are insensitive to systemic changes in O2 tension. Indeed, bilateral removal of the CB in humans leaves individuals unaware of hypoxemia and with complete abolition of the hypoxic ventilatory response [3].



The CB parenchyma is organized into clusters of cells called glomeruli. Each glomerulus is considered an independent chemo-sensitive unit composed by four to eight neuron-like glomus cells, also called type I cells, which are richly innervated by sensory fibers of the petrosal ganglion and in close contact with a profuse network of fenestrated capillaries. Glomus cells are the O2-sensing elements in the CB; they contain abundant synaptic vesicles [4,5] with several neurotransmitters and neuropeptides (see below), which are rapidly released in response to hypoxia to activate the afferent sensory fibers. Glomus cells contain a broad variety of voltage- and ligand-gated ion channels, are electrically excitable, and can generate action potentials repetitively [6,7]. Hypoxia leads to glomus cell depolarization, extracellular Ca2+ influx and transmitter release due to modulation of O2-sensitive membrane ion channels [7,8,9,10,11]. Responsiveness to hypoxia is an intrinsic property of glomus cells, although it can be modulated by auto- and paracrine interactions within the glomerulus and by circulating agents such as cytokines or hormones (see [1]). The mechanisms underlying O2 sensing have remained elusive [12], although recent data strongly suggest that molecular specializations in glomus cell mitochondria confer upon them special sensitivity to hypoxia [13,14,15], with the generation of mitochondrial signals (NADH and reactive oxygen species) that modulate membrane ion channels [16,17]. In addition to the chemo-sensitive glomus cells, which are highly dopaminergic and can be easily identified using antibodies against tyrosine hydroxylase (TH), the CB glomeruli also contain a smaller number of type II, or sustentacular, cells with interdigitating processes that envelop glomus cells. Type II cells can be stained with antibodies against glial fibrillary acidic protein (GFAP), an intermediate filament commonly expressed in glial cells. Although type II cells were originally described as supportive cells, with little functional relevance, this view has completely changed in recent years (see below). Type II cells contribute to potentiation of the glomus cell-afferent sensory fiber synapse [18]. Moreover, type II cells, or a subpopulation of them, are tissue-specific adult multipotent stem cells that support CB structural plasticity [19]. In addition to the two main cell types, the CB contains intermediate progenitors, abundant macrophages, and fat cells.




2. The Carotid Body Germinal Niche


In parallel to its role in the acute detection of changes in blood O2 levels, the CB is essential for organismal adaptation to maintained hypoxemia, such as seen in high altitude residents [20,21,22], or in patients suffering chronic cardiopulmonary diseases [23,24]. In response to chronic hypoxia, the CB parenchyma grows several-fold its size, with a marked increase in the number of glomeruli, as well as a profuse angiogenesis [22,25] that facilitates irrigation of the newly generated chemoreceptor elements (Figure 1A,B). This process, which implies “neurogenesis” or production of new neuronal chemoreceptor cells, tunes the sensitivity of the organ to hypoxia, facilitating physiological reflex responses, such as the hypoxic ventilatory acclimatization [26,27].



CB growth in response to chronic sustained hypoxia is mainly due to activation of type II cells, which, as indicated above, are neural crest-derived, multipotent stem cells [19]. These cells contribute to both neurogenesis and angiogenesis by proliferating and differentiating into glomus and vascular cells, respectively [19,29,30]. CB stem cells (CBSCs) form clonal colonies (neurospheres) in culture (Figure 1C), where they recapitulate the formation of glomeruli with a core of nestin-positive progenitors and blebs of TH-positive cells (Figure 1D). These in vitro newly generated TH-positive cells resemble glomus cells in situ, as they express the characteristic voltage-gated ion channels and release neurotransmitters in response to hypoxia [19]. Cell fate-mapping experiments using transgenic mice (Figure 1E) strongly suggest that CB type II cells can differentiate into glomus (Figure 1F) and vascular cells, such as smooth muscle cells (Figure 1G). CB sustentacular cells achieve their germinal role by interchanging quiescent (GFAP-positive; Figure 1H) and proliferative (nestin-positive; Figure 1I) states, depending on the activity of the niche. Interestingly, although the structure of CB-derived neurospheres is similar in various species studied [31], the number of TH-positive cells in the blebs is much smaller in mice or humans than in the rat, suggesting that differentiation of type II cells into a glomus cell lineage may change according to animal species or environmental factors (see below). In addition to mature glomus cells and type II cells, the resting CB parenchyma also contains restricted progenitors belonging to either neuronal or vascular lineages. We have characterized a population of immature (TH-positive) neuronal cells or neuroblasts (nb in Figure 1J), present in the periphery of glomeruli, that have the capacity to proliferate and rapidly mature into new chemosensory glomus cells in response to hypoxia [32]. Similarly, we have also identified the presence of restricted vascular progenitors (vp in Figure 1J) that are resting in normoxia but rapidly proliferate and migrate towards blood vessels to contribute to angiogenesis in response to hypoxia [29,30,33]. A common anatomical feature shared by all these progenitor cells is their localization in the proximity of glomus cells. This structural disposition supports the hypothesis that glomus cells function as master regulators that, by means of the release of neurotransmitters, can modulate the activity of the various progenitors in the niche. In fact, we have shown that in vivo stabilization of HIFs by systemic administration of dimethyloxaloylglycine (DMOG), an inhibitor of prolyl-hydroxylases (PHDs), does not induce a CB cell proliferation similar to hypoxia (Figure 2A−C). This finding suggests that direct stabilization of HIFs in the hypoxic CB niche is not sufficient to get a full proliferative response, but rather some indirect signaling from glomus cells might be necessary. In agreement with this idea, experiments performed with neurospheres in vitro have shown that CB multipotent progenitor proliferation is insensitive to hypoxia (Figure 2D,E), even though these progenitor cells are able to increase dopaminergic differentiation in response to the lack of oxygen (Figure 2D−G). It has been reported that hypoxia-induced proliferation of some lineages in the CB niche, such as the immature neuronal lineage, is impaired in HIF2α-deficient mice [32,34], and that responsiveness of glomus cells to hypoxia is also strongly inhibited in this same mouse model [14]. Therefore, the available data suggest that the proliferative response of CB cells under hypoxia depends on the activation of O2-sensitive glomus cells and the release of paracrine mediators which activate neighboring stem cells and progenitors (see below). However, this response may be complemented with a direct action of hypoxia on progenitors of the various CB cell lineages [32].



As mentioned above, glomus cells form chemical synapses with sensory nerve endings of petrosal neurons (“chemosensory synapse”). They behave as presynaptic-like neurosecretory elements, containing a wide variety of neurotransmitters and modulators (ATP, adenosine, dopamine, histamine, serotonin, acetylcholine, erythropoietin, substance P, GABA, endothelin-1, or angiotensin II, among others) stored in secretory vesicles [11,36]. It is well established that ATP acts as the main neurotransmitter in the chemosensory synapse, operating through postsynaptic ionotropic (P2X2/3) purinergic receptors present in nerve endings [37,38]. However, the precise role of the majority of neuromodulators present in glomus cells is not completely known. Some transmitters seem to fine-tune chemosensory afferent signals [39,40,41], while others have an auto-inhibitory effect limiting glomus cell activation [42]. Given the exquisite sensitivity of glomus cells to lowering O2 tension, it is logical to suggest that they must play a fundamental role in the adaptive growth of the whole organ in response to hypoxia and that substances (neurotransmitters and neuromodulators) released by glomus cells regulate the activity of stem cells and progenitors in the CB germinal niche.




3. Neurotransmitter Modulation of Carotid Body Progenitor Cells


3.1. Carotid Body Multipotent Progenitors. Activation by Oxygen-Sensitive Glomus Cells


Anatomical studies describing the ultrastructural arrangement of type II cells, or CBSCs, embracing glomus cells have suggested a direct communication between the two cell types. Glomus cells contain multiple secretory vesicles placed in front of the stem cell membrane (Figure 3A−D). The close juxtaposition of both membranes, with a narrow cleft, resembles the structure of a chemical synapse (Figure 3D), in which substances released from glomus cells act on type II cells [35]. Among the several substances tested, we have found that endothelin-1 (ET-1) has a powerful action on the biology of CBSCs. ET-1, secreted by glomus cells in response to hypoxia [43], noticeably increases proliferation of CBSCs, as shown by neurosphere assays in culture (Figure 3E−H). Both mRNAs of type A and type B ET-1 receptors are expressed in the neurospheres and in the whole CB (Figure 3I). Immunohistochemical and cytochemical detection of these receptors allowed us to prove their expression in glomus cells, as well as in GFAP-positive and nestin-positive progenitor cells (Figure 3J−L). Finally, systemic administration of an ET-1 receptor blocker (Bosentan) to hypoxic rats resulted in a clear decrease in proliferation rate of CB cells (Figure 3M), demonstrating that ET-1 is crucial to trigger stem cell-dependent activation of CB growth. ET-1 mediates cell proliferation in several tissues [44], and is required for the correct specification and migration of neural crest progenitors [45,46]. Moreover, the ET-1 gene is a typical hypoxia-responsive gene [47], and possesses hypoxia regulatory elements on its promoter [48]. By using transgenic mice to specifically sort CB glomus cells, we have shown expression and induction of ET-1 mRNA by hypoxia [35]. Therefore, although endothelial cells also produce ET-1 under hypoxia, the close anatomical vicinity of glomus and type II cells suggest that they form an O2-sensitive “chemoproliferative synapse”, such that the swift detection of hypoxia by glomus cells induces ET-1 release which is essential for the activation of CBSCs.



ET-1 is not the only glomus cell-secreted factor that modulates type II cell activity. Type II cells are non-excitable and display only a small outward K+ current [49]. However, they are activated by ATP secreted from glomus cells acting through P2Y metabotropic receptors, which in turn provokes Ca2+ release from internal stores [50]. Acetylcholine, serotonin, and angiotensin II, all of them released by CB glomus cells, also increase cytosolic Ca2+ in type II cells, acting on metabotropic receptors [51,52]. Intriguingly, the activation of type II cells by ATP produces ATP release to the external medium through pannexin-1 channels, a type of gap junction hemichannel highly expressed in these cells [53,54]. Hence, CB type II cells seem to have a dual functional role regulated by transmitters released from glomus cells. ATP-induced ATP release from type II cells contribute to potentiate the “chemosensory synapse” [18], whereas by means of the “chemoproliferative synapse” type II cells are activated to proliferate and differentiate into several cells types sustaining CB growth.




3.2. Angiogenesis and Glomus Cell-Released Vascular Cytokines


Multipotent CBSCs not only give rise to new cells of neuronal lineage, but they also contribute to the strong angiogenic process that occurs in the CB during exposure to sustained hypoxia. CBSCs are able to differentiate into mesenchyme-like vascular cells, such as pericytes, smooth muscle, or even endothelial cells [29]. Based on the cell fate mapping approach previously used to study neurogenesis [19], we have demonstrated the contribution of sustentacular type II cells to the expansion of the CB endothelial cell compartment during hypoxia (Figure 4A,B) [29]. Our data suggest that one out of every three new endothelial cells formed under hypoxia is derived from CBSCs [29], indicating a relevant potential of CBSCs for endothelial differentiation. Interestingly, we have identified in the resting normoxic CB parenchyma a subpopulation of mesenchyme-restricted progenitors [30]. These cells express the cell surface marker CD10 (Figure 4C), are derived from GFAP-positive CBSCs (Figure 4D), and have lost the capacity to differentiate into the neuronal lineage in vitro (Figure 4E). Spheres obtained from these CD10-positive mesenchyme-restricted progenitors are larger than the ones obtained from multipotent cells, and display no signs of neuronal (TH-positive cell) differentiation (Figure 4(E1,E2)).



Proliferation of CB mesenchyme-restricted progenitors is sensitive to the presence of vascular cytokines. Treatment with ET-1 increases the proportion of CD10-positive cells within CB-derived neurospheres (Figure 4F) [30]. Moreover, differentiation of mesenchyme-restricted and multipotent progenitor cells into endothelial cells is clearly activated under the presence of ET-1, erythropoietin (EPO), adenosine (ADO), and others agents (Figure 4G). Among these signaling peptides, EPO seems to be particularly strong at activating mesenchymal differentiation (Figure 4H). The use of specific blocking antibodies, or intracellular signaling inhibitors, abrogates EPO-induced endothelial differentiation from CB progenitor cells (Figure 4H,I). Interestingly, we have shown that in addition to inducing proliferation, EPO is able to increase the migration capability of progenitor cells [33], suggesting an extra role when promoting angiogenesis. It is known that CB glomus cells produce important amounts of EPO, and its production is increased under a chronic hypoxic stimulus [55]. Hence, ET-1 and EPO are examples of vascular cytokines released by CB glomus cells that can activate proliferation of progenitors to direct their participation in angiogenesis.




3.3. Maturation of Carotid Body Neuroblasts in Response to Glomus Cell Activity


Several groups have shown that proliferation of TH-positive cells greatly contributes to the growth of the glomus cell pool during the first few days in hypoxia [34,56,57,58]. However, we have shown that mature glomus cells in the rat, and probably also in other species, are post-mitotic and that the early glomus cell expansion seen in hypoxia is due to proliferation and maturation of a population of TH-positive neuroblasts, which differentiate into O2-sensitive glomus cells [32]. CB neuroblasts express human natural killer-1 (HNK-1), a typical neural crest cell surface marker (Figure 5A), and in resting conditions they are preferentially located in the periphery of CB glomeruli [32]. CB neuroblasts are smaller in size than mature glomus cells, have fewer secretory vesicles, and do not seem to establish synapses with the afferent nerve fibers [32]. The differential structural characteristics of TH-positive CB neuroblasts and mature glomus cells agree with the features of the two types of glomus cells within the CB parenchyma described in early literature [5,59,60]. We have set up a method to sort viable glomus cells and neuroblasts by flow cytometry (Figure 5B), so that we could study and compare their differential functional properties [32]. By using time-lapse microscopy, we confirmed that immature neuroblasts have the capacity to divide once or twice in response to the hypoxic stimulus (Figure 5C,D), whereas we barely observed any cell division in the sorted mature glomus cell population. When looking at the cellular composition of the CB of normoxic and hypoxic rats by flow cytometry (Figure 5E), we showed that HNK-1-positive and mild TH-positive neuroblasts (mTH/HNK; green dots in Figure 5E) move towards the TH-positive HNK-1-negative mature glomus cell population (TH; red dots in Figure 5E) in response to hypoxia [32]. Increasing expression of the TH enzyme might contribute to maturation of neuroblasts by increasing the amount of catecholamines available, and hence the number and functionality of secretory vesicles. Our analyses have also indicated that immature neuroblasts are O2-insensitive and do not exhibit the characteristic rise in intracellular Ca2+ (Figure 5F) [11], or increase in NAD(P)H autofluorescence (Figure 5G) [17], induced by hypoxia in glomus cells. These data suggest that the adult CB contains a subpopulation of immature glomus cells that in resting conditions do not contribute to sensory transduction, but in response to sustained hypoxia can rapidly proliferate and differentiate into mature O2-sensitive glomus cells to increase the sensory output of the organ [32].



Although proliferation and maturation of HNK-1-positive CB neuroblasts is accelerated by hypoxia in vitro, we have tested whether these processes are also influenced by paracrine signals from hypoxic glomus cells. Adenosine, serotonin, dopamine, or GABA, did not have a noticeable effect on neuroblast proliferation or maturation, although these agents are known to modulate the “chemosensory synapse” [41,42,61,62,63]. However, a potent and reproducible effect was seen with ATP and acetylcholine (ACh), which are also well-known transmitters stored in glomus cells. Flow cytometry-sorted CB neuroblasts acutely responded with increased cytosolic calcium concentration to the application of purinergic agonists (ATP or UTP) or ACh, and this response was abrogated by the addition of a purinergic receptor blocker [32]. Analysis of the expression of purinergic receptors in HNK-1-positive cells by immunohistochemistry and PCR (Figure 5H,I) demonstrated the presence of ionotropic (P2X2/3-R) and metabotropic (P2Y12) receptors in CB neuroblasts. Moreover, incubation of HNK-1-positive neuroblasts for 48 h in hypoxia, ATP, UTP (a potent agonist of purinergic receptors), or ACh, increased in all cases the number of immature cells that became acutely O2-responsive (Figure 5J). These data suggest that agents released from glomus cells facilitate proliferation and differentiation of neuroblasts towards a mature, O2-sensing cell phenotype.





4. Concluding Remarks


The CB, the main arterial O2 sensing organ, has an impressive structural plasticity, uncommon for an organ of the adult peripheral nervous system, due to the presence of a collection of multipotent stem cells as well as committed progenitors of different cell lineages. Glomus cells, the O2 sensing elements in the CB, play a central role in modulating the activity of the various cell types in the CB germinal niche to generate adaptive responses to hypoxia. However, maladaptive CB overactivation (and the resulting exaggerated sympathetic outflow) is known to participate in the pathogenesis of numerous diseases, such as hypertension, chronic heart failure, sleep apnea, or some forms of chronic kidney disease, which are frequent in the human population [64,65]. The list of sympathetic over-activation-related human pathologies in which a potential role of CB has been suggested can be extended to diabetes, obesity, metabolic syndrome, obstructive pulmonary disease, and asthma [12,65,66,67]. In most of these illnesses, an expansion in the size of the CB, very likely associated to disease progression, has been described [66]. Preclinical studies have shown that CB resection or deafferentation improves the symptoms [68,69,70]. However, translation of this procedure to the clinical setting has numerous hurdles and limitations [69]. An alternative therapeutic strategy is the development of pharmacological tools that abrogate CB growth without fully abolishing the chemoreceptive function of glomus cells. In this regard it would be interesting to explore the action of drugs that modulate differentially the “chemosensory” and “chemoproliferative” synapses, or even can separately inhibit activation of neuronal and vascular progenitors.







Funding


This research was supported by the Spanish Ministry of Science and Innovation (SAF2012-39343 and SAF2016-74990-R to J.L.-B., and SAF2016-80412-P and PID2019-110817R to R.P.) and the European Research Council (ERC-ADGPRJ201502629 to J.L.-B., and ERC-STGCBSCS to R.P.).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ortega-Sáenz, P.; López-Barneo, J. Physiology of the Carotid Body: From Molecules to Disease. Annu. Rev. Physiol. 2020, 82, 127–149. [Google Scholar] [CrossRef] [PubMed]

	



Weir, E.K.; López-Barneo, J.; Buckler, K.J.; Archer, S.L. Acute oxygen-sensing mechanisms. N. Engl. J. Med. 2005, 353, 2042–2055. [Google Scholar] [CrossRef] [PubMed]

	



Timmers, H.J.; Wieling, W.; Karemaker, J.M.; Lenders, J.W. Denervation of carotid baro- and chemoreceptors in humans. J. Physiol. 2003, 553, 3–11. [Google Scholar] [CrossRef] [PubMed]

	



Biscoe, T.J.; Stehbens, W.E. Ultrastructure of the carotid body. J. Cell Biol. 1966, 30, 563–578. [Google Scholar] [CrossRef] [PubMed]

	



Hellström, S. Morphometric studies of dense-cored vesicles in type I cells of rat carotid body. J. Neurocytol. 1975, 4, 77–86. [Google Scholar] [CrossRef] [PubMed]

	



Duchen, M.R.; Caddy, K.W.; Kirby, G.C.; Patterson, D.L.; Ponte, J.; Biscoe, T.J. Biophysical studies of the cellular elements of the rabbit carotid body. Neuroscience 1988, 26, 291–311. [Google Scholar] [CrossRef]

	



López-Barneo, J.; López-López, J.R.; Ureña, J.; González, C. Chemotransduction in the carotid body: K+ current modulated by PO2 in type I chemoreceptor cells. Science 1988, 241, 580–582. [Google Scholar] [CrossRef] [PubMed]

	



Buckler, K.J.; Vaughan-Jones, R.D. Effects of hypoxia on membrane potential and intracellular calcium in rat neonatal carotid body type I cells. J. Physiol. 1994, 476, 423–428. [Google Scholar] [CrossRef]

	



Peers, C. Hypoxic suppression of K+ currents in type I carotid body cells: Selective effect on the Ca2(+)-activated K+ current. Neurosci. Lett. 1990, 119, 253–256. [Google Scholar] [CrossRef]

	



Stea, A.; Nurse, C.A. Whole-cell and perforated-patch recordings from O2-sensitive rat carotid body cells grown in short- and long-term culture. Pflug. Arch. 1991, 418, 93–101. [Google Scholar] [CrossRef]

	



Ureña, J.; Fernández-Chacón, R.; Benot, A.R.; Alvarez de Toledo, G.A.; López-Barneo, J. Hypoxia induces voltage-dependent Ca2+ entry and quantal dopamine secretion in carotid body glomus cells. Proc. Natl. Acad. Sci. USA 1994, 91, 10208–10211. [Google Scholar] [CrossRef]

	



López-Barneo, J.; Macías, D.; Platero-Luengo, A.; Ortega-Sáenz, P.; Pardal, R. Carotid body oxygen sensing and adaptation to hypoxia. Pflug. Arch. 2016, 468, 59–70. [Google Scholar] [CrossRef]

	



Gao, L.; Bonilla-Henao, V.; Garcia-Flores, P.; Arias-Mayenco, I.; Ortega-Saenz, P.; Lopez-Barneo, J. Gene expression analyses reveal metabolic specifications in acute O2-sensing chemoreceptor cells. J. Physiol. 2017, 595, 6091–6120. [Google Scholar] [CrossRef]

	



Moreno-Domínguez, A.; Ortega-Sáenz, P.; Gao, L.; Colinas, O.; García-Flores, P.; Bonilla-Henao, V.; Aragonés, J.; Hüttemann, M.; Grossman, L.I.; Weissmann, N.; et al. Acute O(2) sensing through HIF2α-dependent expression of atypical cytochrome oxidase subunits in arterial chemoreceptors. Sci. Signal. 2020, 13. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.; Matsunami, H. Lessons from single-cell transcriptome analysis of oxygen-sensing cells. Cell Tissue Res. 2017, 372, 403–415. [Google Scholar] [CrossRef]

	



Arias-Mayenco, I.; González-Rodríguez, P.; Torres-Torrelo, H.; Gao, L.; Fernández-Agüera, M.C.; Bonilla-Henao, V.; Ortega-Sáenz, P.; López-Barneo, J. Acute O(2) Sensing: Role of Coenzyme QH(2)/Q Ratio and Mitochondrial ROS Compartmentalization. Cell Metab. 2018, 28, 145–158.e4. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Agüera, M.C.; Gao, L.; González-Rodríguez, P.; Pintado, C.O.; Arias-Mayenco, I.; García-Flores, P.; García-Pergañeda, A.; Pascual, A.; Ortega-Sáenz, P.; López-Barneo, J. Oxygen Sensing by Arterial Chemoreceptors Depends on Mitochondrial Complex I Signaling. Cell Metab. 2015, 22, 825–837. [Google Scholar] [CrossRef]

	



Nurse, C.A. Synaptic and paracrine mechanisms at carotid body arterial chemoreceptors. J. Physiol. 2014, 592, 3419–3426. [Google Scholar] [CrossRef]

	



Pardal, R.; Ortega-Sáenz, P.; Durán, R.; López-Barneo, J. Glia-like stem cells sustain physiologic neurogenesis in the adult mammalian carotid body. Cell 2007, 131, 364–377. [Google Scholar] [CrossRef] [PubMed]

	



Arias-Stella, J.; Valcarcel, J. Chief cell hyperplasia in the human carotid body at high altitudes; physiologic and pathologic significance. Hum. Pathol. 1976, 7, 361–373. [Google Scholar] [CrossRef]

	



McGregor, K.H.; Gil, J.; Lahiri, S. A morphometric study of the carotid body in chronically hypoxic rats. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1984, 57, 1430–1438. [Google Scholar] [CrossRef]

	



Wang, Z.Y.; Bisgard, G.E. Chronic hypoxia-induced morphological and neurochemical changes in the carotid body. Microsc. Res. Tech. 2002, 59, 168–177. [Google Scholar] [CrossRef]

	



Edwards, C.; Heath, D.; Harris, P. The carotid body in emphysema and left ventricular hypertrophy. J. Pathol. 1971, 104, 1–13. [Google Scholar] [CrossRef]

	



Heath, D.; Smith, P.; Jago, R. Hyperplasia of the carotid body. J. Pathol. 1982, 138, 115–127. [Google Scholar] [CrossRef]

	



Pequignot, J.M.; Hellström, S.; Johansson, C. Intact and sympathectomized carotid bodies of long-term hypoxic rats: A morphometric ultrastructural study. J. Neurocytol. 1984, 13, 481–493. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, V.; Pequignot, J.M. Breathing at high altitude. Cell. Mol. Life Sci. 2009, 66, 3565–3573. [Google Scholar] [CrossRef]

	



Lopez-Barneo, J.; Pardal, R.; Ortega-Sáenz, P. Cellular mechanism of oxygen sensing. Annu. Rev. Physiol. 2001, 63, 259–287. [Google Scholar] [CrossRef]

	



Sobrino, V.; Annese, V.; Navarro-Guerrero, E.; Platero-Luengo, A.; Pardal, R. The carotid body: A physiologically relevant germinal niche in the adult peripheral nervous system. Cell. Mol. Life Sci. 2019, 76, 1027–1039. [Google Scholar] [CrossRef]

	



Annese, V.; Navarro-Guerrero, E.; Rodríguez-Prieto, I.; Pardal, R. Physiological Plasticity of Neural-Crest-Derived Stem Cells in the Adult Mammalian Carotid Body. Cell Rep. 2017, 19, 471–478. [Google Scholar] [CrossRef]

	



Navarro-Guerrero, E.; Platero-Luengo, A.; Linares-Clemente, P.; Cases, I.; López-Barneo, J.; Pardal, R. Gene Expression Profiling Supports the Neural Crest Origin of Adult Rodent Carotid Body Stem Cells and Identifies CD10 as a Marker for Mesectoderm-Committed Progenitors. Stem Cells 2016, 34, 1637–1650. [Google Scholar] [CrossRef] [PubMed]

	



Ortega-Saenz, P.; Pardal, R.; Levitsky, K.; Villadiego, J.; Munoz-Manchado, A.B.; Duran, R.; Bonilla-Henao, V.; Arias-Mayenco, I.; Sobrino, V.; Ordonez, A.; et al. Cellular properties and chemosensory responses of the human carotid body. J. Physiol. 2013, 591, 6157–6173. [Google Scholar] [CrossRef]

	



Sobrino, V.; González-Rodríguez, P.; Annese, V.; López-Barneo, J.; Pardal, R. Fast neurogenesis from carotid body quiescent neuroblasts accelerates adaptation to hypoxia. EMBO Rep. 2018, 19. [Google Scholar] [CrossRef]

	



Sobrino, V.; Annese, V.; Pardal, R. Progenitor Cell Heterogeneity in the Adult Carotid Body Germinal Niche. Adv. Exp. Med. Biol. 2019, 1123, 19–38. [Google Scholar] [CrossRef]

	



Fielding, J.W.; Hodson, E.J.; Cheng, X.; Ferguson, D.J.P.; Eckardt, L.; Adam, J.; Lip, P.; Maton-Howarth, M.; Ratnayaka, I.; Pugh, C.W.; et al. PHD2 inactivation in Type I cells drives HIF-2α-dependent multilineage hyperplasia and the formation of paraganglioma-like carotid bodies. J. Physiol. 2018, 596, 4393–4412. [Google Scholar] [CrossRef]

	



Platero-Luengo, A.; González-Granero, S.; Durán, R.; Díaz-Castro, B.; Piruat, J.I.; García-Verdugo, J.M.; Pardal, R.; López-Barneo, J. An O2-sensitive glomus cell-stem cell synapse induces carotid body growth in chronic hypoxia. Cell 2014, 156, 291–303. [Google Scholar] [CrossRef]

	



Pardal, R.; Ludewig, U.; Garcia-Hirschfeld, J.; Lopez-Barneo, J. Secretory responses of intact glomus cells in thin slices of rat carotid body to hypoxia and tetraethylammonium. Proc. Natl. Acad. Sci. USA 2000, 97, 2361–2366. [Google Scholar] [CrossRef]

	



Alcayaga, J.; Cerpa, V.; Retamal, M.; Arroyo, J.; Iturriaga, R.; Zapata, P. Adenosine triphosphate-induced peripheral nerve discharges generated from the cat petrosal ganglion in vitro. Neurosci. Lett. 2000, 282, 185–188. [Google Scholar] [CrossRef]

	



Zhang, M.; Zhong, H.; Vollmer, C.; Nurse, C.A. Co-release of ATP and ACh mediates hypoxic signalling at rat carotid body chemoreceptors. J. Physiol. 2000, 525 Pt 1, 143–158. [Google Scholar] [CrossRef]

	



Leonard, E.M.; Salman, S.; Nurse, C.A. Sensory Processing and Integration at the Carotid Body Tripartite Synapse: Neurotransmitter Functions and Effects of Chronic Hypoxia. Front. Physiol. 2018, 9, 225. [Google Scholar] [CrossRef]

	



Shirahata, M.; Balbir, A.; Otsubo, T.; Fitzgerald, R.S. Role of acetylcholine in neurotransmission of the carotid body. Respir. Physiol. Neurobiol. 2007, 157, 93–105. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Vollmer, C.; Nurse, C.A. Adenosine and dopamine oppositely modulate a hyperpolarization-activated current I(h) in chemosensory neurons of the rat carotid body in co-culture. J. Physiol. 2018, 596, 3101–3117. [Google Scholar] [CrossRef]

	



Benot, A.R.; López-Barneo, J. Feedback Inhibition of Ca2+ Currents by Dopamine in Glomus Cells of the Carotid Body. Eur. J. Neurosci. 1990, 2, 809–812. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; He, L.; Dinger, B.; Stensaas, L.; Fidone, S. Role of endothelin and endothelin A-type receptor in adaptation of the carotid body to chronic hypoxia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, L1314–L1323. [Google Scholar] [CrossRef]

	



Koyama, Y.; Michinaga, S. Regulations of astrocytic functions by endothelins: Roles in the pathophysiological responses of damaged brains. J. Pharmacol. Sci. 2012, 118, 401–407. [Google Scholar] [CrossRef]

	



Bonano, M.; Tríbulo, C.; De Calisto, J.; Marchant, L.; Sánchez, S.S.; Mayor, R.; Aybar, M.J. A new role for the Endothelin-1/Endothelin-A receptor signaling during early neural crest specification. Dev. Biol. 2008, 323, 114–129. [Google Scholar] [CrossRef]

	



Shin, M.K.; Levorse, J.M.; Ingram, R.S.; Tilghman, S.M. The temporal requirement for endothelin receptor-B signalling during neural crest development. Nature 1999, 402, 496–501. [Google Scholar] [CrossRef]

	



Elton, T.S.; Oparil, S.; Taylor, G.R.; Hicks, P.H.; Yang, R.H.; Jin, H.; Chen, Y.F. Normobaric hypoxia stimulates endothelin-1 gene expression in the rat. Am. J. Physiol. 1992, 263, R1260–R1264. [Google Scholar] [CrossRef]

	



Camenisch, G.; Stroka, D.M.; Gassmann, M.; Wenger, R.H. Attenuation of HIF-1 DNA-binding activity limits hypoxia-inducible endothelin-1 expression. Pflug. Arch. 2001, 443, 240–249. [Google Scholar] [CrossRef]

	



Ureña, J.; López-López, J.; González, C.; López-Barneo, J. Ionic currents in dispersed chemoreceptor cells of the mammalian carotid body. J. Gen. Physiol. 1989, 93, 979–999. [Google Scholar] [CrossRef]

	



Xu, J.; Tse, F.W.; Tse, A. ATP triggers intracellular Ca2+ release in type II cells of the rat carotid body. J. Physiol. 2003, 549, 739–747. [Google Scholar] [CrossRef]

	



Murali, S.; Zhang, M.; Nurse, C.A. Angiotensin II mobilizes intracellular calcium and activates pannexin-1 channels in rat carotid body type II cells via AT1 receptors. J. Physiol. 2014, 592, 4747–4762. [Google Scholar] [CrossRef]

	



Tse, A.; Yan, L.; Lee, A.K.; Tse, F.W. Autocrine and paracrine actions of ATP in rat carotid body. Can. J. Physiol. Pharmacol. 2012, 90, 705–711. [Google Scholar] [CrossRef]

	



Murali, S.; Nurse, C.A. Purinergic signalling mediates bidirectional crosstalk between chemoreceptor type I and glial-like type II cells of the rat carotid body. J. Physiol. 2016, 594, 391–406. [Google Scholar] [CrossRef]

	



Zhang, M.; Piskuric, N.A.; Vollmer, C.; Nurse, C.A. P2Y2 receptor activation opens pannexin-1 channels in rat carotid body type II cells: Potential role in amplifying the neurotransmitter ATP. J. Physiol. 2012, 590, 4335–4350. [Google Scholar] [CrossRef] [PubMed]

	



Lam, S.Y.; Tipoe, G.L.; Fung, M.L. Upregulation of erythropoietin and its receptor expression in the rat carotid body during chronic and intermittent hypoxia. Adv. Exp. Med. Biol. 2009, 648, 207–214. [Google Scholar] [CrossRef]

	



Chen, J.; He, L.; Liu, X.; Dinger, B.; Stensaas, L.; Fidone, S. Effect of the endothelin receptor antagonist bosentan on chronic hypoxia-induced morphological and physiological changes in rat carotid body. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 292, L1257–L1262. [Google Scholar] [CrossRef] [PubMed]

	



Paciga, M.; Vollmer, C.; Nurse, C. Role of ET-1 in hypoxia-induced mitosis of cultured rat carotid body chemoreceptors. Neuroreport 1999, 10, 3739–3744. [Google Scholar] [CrossRef]

	



Wang, Z.Y.; Olson, E.B., Jr.; Bjorling, D.E.; Mitchell, G.S.; Bisgard, G.E. Sustained hypoxia-induced proliferation of carotid body type I cells in rats. J. Appl. Physiol. 2008, 104, 803–808. [Google Scholar] [CrossRef]

	



Chen, I.L.; Yates, R.D. Two types of glomus cell in the rat carotid body as revealed by alpha-bungarotoxin binding. J. Neurocytol. 1984, 13, 281–302. [Google Scholar] [CrossRef]

	



McDonald, D.M.; Mitchell, R.A. The innervation of glomus cells, ganglion cells and blood vessels in the rat carotid body: A quantitative ultrastructural analysis. J. Neurocytol. 1975, 4, 177–230. [Google Scholar] [CrossRef]

	



Conde, S.V.; Monteiro, E.C.; Rigual, R.; Obeso, A.; Gonzalez, C. Hypoxic intensity: A determinant for the contribution of ATP and adenosine to the genesis of carotid body chemosensory activity. J. Appl. Physiol. 2012, 112, 2002–2010. [Google Scholar] [CrossRef]

	



Xu, F.; Xu, J.; Tse, F.W.; Tse, A. Adenosine stimulates depolarization and rise in cytoplasmic [Ca2+] in type I cells of rat carotid bodies. Am. J. Physiol. Cell Physiol. 2006, 290, C1592–C1598. [Google Scholar] [CrossRef]

	



Zhang, M.; Clarke, K.; Zhong, H.; Vollmer, C.; Nurse, C.A. Postsynaptic action of GABA in modulating sensory transmission in co-cultures of rat carotid body via GABA(A) receptors. J. Physiol. 2009, 587, 329–344. [Google Scholar] [CrossRef]

	



Gao, L.; Ortega-Sáenz, P.; García-Fernández, M.; González-Rodríguez, P.; Caballero-Eraso, C.; López-Barneo, J. Glucose sensing by carotid body glomus cells: Potential implications in disease. Front. Physiol. 2014, 5, 398. [Google Scholar] [CrossRef] [PubMed]

	



Paton, J.F.; Sobotka, P.A.; Fudim, M.; Engelman, Z.J.; Hart, E.C.; McBryde, F.D.; Abdala, A.P.; Marina, N.; Gourine, A.V.; Lobo, M.; et al. The carotid body as a therapeutic target for the treatment of sympathetically mediated diseases. Hypertension 2013, 61, 5–13. [Google Scholar] [CrossRef]

	



Cramer, J.A.; Wiggins, R.H.; Fudim, M.; Engelman, Z.J.; Sobotka, P.A.; Shah, L.M. Carotid body size on CTA: Correlation with comorbidities. Clin. Radiol. 2014, 69, e33–e36. [Google Scholar] [CrossRef]

	



McBryde, F.D.; Abdala, A.P.; Hendy, E.B.; Pijacka, W.; Marvar, P.; Moraes, D.J.; Sobotka, P.A.; Paton, J.F. The carotid body as a putative therapeutic target for the treatment of neurogenic hypertension. Nat. Commun. 2013, 4, 2395. [Google Scholar] [CrossRef] [PubMed]

	



Del Rio, R.; Marcus, N.J.; Schultz, H.D. Carotid chemoreceptor ablation improves survival in heart failure: Rescuing autonomic control of cardiorespiratory function. J. Am. Coll. Cardiol. 2013, 62, 2422–2430. [Google Scholar] [CrossRef]

	



Narkiewicz, K.; Ratcliffe, L.E.; Hart, E.C.; Briant, L.J.; Chrostowska, M.; Wolf, J.; Szyndler, A.; Hering, D.; Abdala, A.P.; Manghat, N.; et al. Unilateral Carotid Body Resection in Resistant Hypertension: A Safety and Feasibility Trial. JACC Basic Transl. Sci. 2016, 1, 313–324. [Google Scholar] [CrossRef]

	



Ribeiro, M.J.; Sacramento, J.F.; Gonzalez, C.; Guarino, M.P.; Monteiro, E.C.; Conde, S.V. Carotid body denervation prevents the development of insulin resistance and hypertension induced by hypercaloric diets. Diabetes 2013, 62, 2905–2916. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 21 08231 g001 550] 





Figure 1. Carotid body germinal niche. (A) Immunocytochemical analysis of carotid bodies (CBs) removed from control mice (left) or from mice exposed to chronic hypoxia (10% O2) (right). The panels show the typical growth of the tyrosine hydroxylase (TH)-positive glomus cell mass after 7 days of hypoxia, the incorporation of BrdU to proliferating cells, and subsequent labeling of their differentiated progeny (white arrowheads). Scale bar, 50 µm. (B) Confocal microscope image illustrating the colocalization of BrdU-positive nuclei surrounded of TH-positive cytoplasm. Scale bar, 10 µm. (C) Sequential photographs of the same colony illustrating the formation of a typical neurosphere from a single CB stem cell. Scale bar, 50 µm. (D) Immunohistochemical analysis of a neurosphere thin section, illustrating the presence of nestin-positive progenitors within the neurosphere core and TH-positive glomus cells within a bleb budding out the neurosphere. Scale bar, 50 µm. (E) Mouse model used to investigate the glial lineage of the CB progenitors giving rise to glomus cells. The carotid bodies of GFAP-cre/floxed LacZ transgenic mice were analyzed by immunohistochemistry to look for type II cell derivatives, which appear as LacZ-positive. (F) Merge image of an immunohistochemical detection of TH, BrdU, and DAPI, with X-gal staining indicating. The presence of blue precipitates (arrowheads), illustrates that the two newly formed BrdU-positive glomus cells within this glomerulus are derived from GFAP-positive type II cells. Scale bar, 10 µm. (G) Magnified images illustrating the colocalization of X-gal deposits on smooth muscle actin (SMA)-positive smooth muscle cells. Scale bar, 5 µm. (H,I) Examples of X-gal-positive (arrowheads) cells dispersed from the CB of GFAP-cre/floxed LacZ mice during the initial 6 days of exposure to hypoxia. Cells are X-gal-positive and GFAP-positive (in H) or X-gal-positive, BrdU-positive, and nestin-positive (in I). Scale bar, 10 µm. (J) Diagram representing the most relevant cell types present in an adult carotid body glomerulus. nb: neuroblast; gc: glomus cell; sc: sustentacular cell; vp: vascular progenitor; nf: nerve fiber; v: vessel. Panels A–I modified from [19] and panel J modified from [28]. 
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Figure 2. Effect of hypoxia on carotid body growth. (A) Quantification of the hematocrit in rats exposed to hypoxia (10% O2) or maintained in a normal atmosphere and treated with DMOG for 14 days, in comparison with normoxic rats. Note that inhibition of prolyl hydroxylases with DMOG increased the hematocrit, although to a lesser extent than hypoxia. (B) Quantitative PCR showing the induction of VEGF, a HIF-dependent gene, in the brain of rats exposed to normoxia, hypoxia, or treated with DMOG. (C) Quantification of the density of Ki67-positive cells within the CB parenchyma of rats exposed to normoxia (21% O2), hypoxia (10% O2), or DMOG (21% O2) for 3 days. DMOG did not increase cell proliferation in the CB despite the fact it induced HIF-dependent genes (3 rats per group). (D) Bright-field images of CB primary neurospheres cultured under normoxia (21% O2) or hypoxia (3% O2). Differentiating blebs of TH-positive cells are pseudo-colored in red in the insets. Scale bars: 100 µm (50 µm in insets). (E) Quantification of neurosphere core diameter in cultures grown at different levels of hypoxia (6 cultures for normoxia and hypoxia 3% O2, and 3 cultures for hypoxia 1% O2). (F,G) qPCR results showing relative expression of tyrosine hydroxylase (TH) and nestin in neurospheres at different levels of O2 tension. The expression of TH significantly increased under hypoxia, whereas nestin expression showed a non-significant variability (n = 7 cultures in normoxia and hypoxia 3% O2; 4 cultures for hypoxia 1% O2). Error bars are SEM. * p < 0.05; ** p < 0.01. Modified from [35]. 
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Figure 3. Carotid body multipotent stem cells and chemo-proliferative synapse. (A) Pseudocolored electron micrograph of a CB ultrathin section of a normoxic mice showing the close association of type II progenitor cells with glomus (type I) neuronal cells. Scale bar, 5 µm. (B) Pseudocolored electron micrograph illustrating the cellular elements surrounding a typical glomus cell within the CB parenchyma. Type II cells, and the type I vesicles facing them, appear in blue; type I cells, and the vesicles facing them, appear in red. Scale bar, 2 µm. (C) Quantification of the percentage of dense-core vesicles facing each of the different cellular elements surrounding a typical type I cell. (D) Electron micrograph of a CB slice, showing details of the contact area between type II and type I cells. Example of exocytotic vesicle apposed near the membrane is indicated with arrowhead. A bundle of intermediate filaments, characteristic of type II cells, is indicated by an asterisk. Scale bar, 2 µm. (E) Bright-field images of CB primary neurospheres showing the increase in their core diameter after 10 days of culture in the presence of ET-1. Differentiating blebs are pseudocolored in red. Scale bar, 100 µm. (F,G) Quantification of neurosphere-forming efficiency and neurosphere diameter from CB cultures (n = 4) treated with ET-1. (H) Quantification of nestin-positive staining within neurosphere sections from CB cultures (n = 3) treated with ET-1. (I) Non-quantitative PCR revealing mRNA expression of endothelin receptors A and B in whole CB neurospheres. (J) Confocal microscopy photographs of CB sections showing immunofluorescence detection of TH and endothelin receptors. Endothelin receptors A and B were both expressed in glomus cells (arrows). Scale bar, 50 µm. (K,L) Immunofluorescent detection of endothelin receptor B in GFAP-positive or nestin-positive cells dispersed from CB. Scales bars, 10 µm. (M) Quantification of BrdU-positive cells within CB sections of mice exposed to normoxia (Nx) or hypoxia (Hx) and treated systemically with (+B) or without Bosentan (five CBs per condition). Error bars represent SEM. * p < 0.05 and ** p < 0.01. Modified from [35]. 
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Figure 4. Carotid body progenitors of the mesenchymal lineage. (A) Confocal microscopy images from a CB section of a hypoxic GFAP-cre/floxed LacZ mouse, immunostained with an antibody against β-galactosidase (red) and stained with the endothelial marker GSA I (green). An endothelial cell (EC) derived from a GFAP-positive type II cell is pointed with an arrow. Scale bar, 10 µm. (B) Example of a GFAP-positive cell-derived CD31-positive EC, found in a CB cell dispersion from GFAP-cre/floxed LacZ mouse. Scale bar, 20 µm. (C) Dot-plot showing detection of CD10-positive cells in rat CB by flow cytometry. (D) Immunocytochemistry of dispersed CB cells from GFAP-cre/floxed LacZ transgenic mice to perform cell-fate mapping analyses to demonstrate that CD10-positive cells originate from CB multipotent cells. Scale bar, 10 µm. (E) Bright field pictures of neurospheres obtained in culture from CD10-positive FACS sorted cells. 1 and 2 show details of areas squared, with differentiated blebs pseudocolored in red. Insets in 1 and 2 show immunohistochemical images of CD10-negative (1) and CD10-positive (2) cell-derived neurosphere thin sections, stained for nestin (green) and TH (red). Scale bars, 50 µm. (F) FACS quantification of CD10-positive cells in dispersed neurospheres with and without ET-1 treatment. Error bars represent SEM *** p < 0.01. (G) Quantification graph indicating the average number of GSA-positive cells among total cells in different culture conditions. Error bars represent SEM. * p < 0.05 and ** p < 0.01; # p < 0.001, one-way ANOVA Newman–Keuls post hoc test compared to CTRL measurement. (n = 3 cultures). (H) Images displaying endothelial cell differentiation within adherent cultures of primary neurospheres in the presence of EPO, EPO combined with EPO neutralizing antibody, or EPOR inhibitor (AG490). Scale bar, 50 µm. (I) Quantification graph indicating the percentage of GSA I-positive cells in different culture conditions. Error bars represent SEM. * p < 0.05, one way ANOVA Newman–Keuls post hoc test compared to control measurement (white bar), and # p < 0.05, one way ANOVA Newman–Keuls post hoc test compared to EPO treated measurement (black bar) (n = 3 cultures). Panels A, B and G to H modified from [29], and panels C to F modified from [30]. 
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Figure 5. Carotid body neuroblasts. (A) Immunohistochemical analysis of CB from rats exposed to hypoxia for 48 h, illustrating the membrane expression of the glycoepitope HNK-1 in PHH3-positive proliferating CB neuronal (TH-positive) cells. Scale bar, 20 µm. (B) Left, FACS plot representing HNK-1 staining versus FL-2 channel autofluorescence, with sorting gates to enrich mature (TH; which are HNK-1-negative and autofluorescent) and immature (mTH/HNK; which are HNK-1-positive) CB glomus cells. Middle, TH expression in the different sorted cells, as revealed by intracellular staining of fixed cells, confirming the nature of different sorted populations. The percentages inside the plots refer to the proportion of cells within that particular side of the plot with regard to TH expression (n = 3 independent experiments with a total of 11 rats). Right, microscopy images of the different sorted cells, confirming their differential expression of the neuronal marker TH. Scale bar, 25 µm. (C) Time-lapse video microscopy imaging of TH-positive and mTH-positive/HNK-1-positive CB cells, sorted alive by flow cytometry (see B). After 48 h recording, most cell division activity was observed in the HNK-1-positive subpopulation. Scale bar, 25 µm. (D) Quantification of cell divisions observed after 48 h using time-lapse microscopy, confirming that proliferation is a feature of HNK-1-positive CB neuronal cells (n = 42 TH-positive and 42 mTH-positive/HNK-1-positive cells exposed to normoxia (Nx; n = 3 rats), and 96 TH-positive and 89 TH-positive/HNK-1-positive cells exposed to hypoxia (Hx; n = 5 rats)). Data in bar graph are represented as the sum of dividing cells among total cells studied. (E) Flow cytometry analysis of dispersed CB cells from normoxic (Nx) and 5 days hypoxic (Hx) rats, stained for TH and HNK-1. Note how mTH/HNK cells convert into TH (HNK-1-negative) mature glomus cells upon exposure to hypoxia. (F) Increases in intracellular calcium concentration in response to different stimuli, measured by changes in the fluorescence of the calcium indicator FURA-2. Note that unlike mature cells, CB neuroblasts (mTH/HNK) are insensitive to hypoxia although they respond to hypoglycemia (0 Gluc) or high potassium (40 K). (G) Monitoring of NAD(P)H autofluorescence generated by mitochondria in response to hypoxia in both mature glomus cells (TH) and neuroblasts (mTH/HNK). Note the absence of a response in neuroblasts. (H) Histological immunodetection of purinergic receptor P2X2 expression in CB neuroblasts (mTH-positive/HNK-1-positive). Scale bar, 25 µm. (I) RT-PCR detection of expression of different ionotropic and metabotropic purinergic receptors in both mature glomus cells (TH) and neuroblasts (mTH/HNK). (J) Increases in mitochondrial NAD(P)H in response to hypoxia in CB neuroblasts incubated with ATP (left up), UTP (right up) and Ach (left down), for 24-48 h, demonstrating maturation induced by purinergic and cholinergic signaling. The graph at the bottom right shows quantification of the percentage of cells responsive to hypoxia under the indicated conditions. Modified from [32]. 






Figure 5. Carotid body neuroblasts. (A) Immunohistochemical analysis of CB from rats exposed to hypoxia for 48 h, illustrating the membrane expression of the glycoepitope HNK-1 in PHH3-positive proliferating CB neuronal (TH-positive) cells. Scale bar, 20 µm. (B) Left, FACS plot representing HNK-1 staining versus FL-2 channel autofluorescence, with sorting gates to enrich mature (TH; which are HNK-1-negative and autofluorescent) and immature (mTH/HNK; which are HNK-1-positive) CB glomus cells. Middle, TH expression in the different sorted cells, as revealed by intracellular staining of fixed cells, confirming the nature of different sorted populations. The percentages inside the plots refer to the proportion of cells within that particular side of the plot with regard to TH expression (n = 3 independent experiments with a total of 11 rats). Right, microscopy images of the different sorted cells, confirming their differential expression of the neuronal marker TH. Scale bar, 25 µm. (C) Time-lapse video microscopy imaging of TH-positive and mTH-positive/HNK-1-positive CB cells, sorted alive by flow cytometry (see B). After 48 h recording, most cell division activity was observed in the HNK-1-positive subpopulation. Scale bar, 25 µm. (D) Quantification of cell divisions observed after 48 h using time-lapse microscopy, confirming that proliferation is a feature of HNK-1-positive CB neuronal cells (n = 42 TH-positive and 42 mTH-positive/HNK-1-positive cells exposed to normoxia (Nx; n = 3 rats), and 96 TH-positive and 89 TH-positive/HNK-1-positive cells exposed to hypoxia (Hx; n = 5 rats)). Data in bar graph are represented as the sum of dividing cells among total cells studied. (E) Flow cytometry analysis of dispersed CB cells from normoxic (Nx) and 5 days hypoxic (Hx) rats, stained for TH and HNK-1. Note how mTH/HNK cells convert into TH (HNK-1-negative) mature glomus cells upon exposure to hypoxia. (F) Increases in intracellular calcium concentration in response to different stimuli, measured by changes in the fluorescence of the calcium indicator FURA-2. Note that unlike mature cells, CB neuroblasts (mTH/HNK) are insensitive to hypoxia although they respond to hypoglycemia (0 Gluc) or high potassium (40 K). (G) Monitoring of NAD(P)H autofluorescence generated by mitochondria in response to hypoxia in both mature glomus cells (TH) and neuroblasts (mTH/HNK). Note the absence of a response in neuroblasts. (H) Histological immunodetection of purinergic receptor P2X2 expression in CB neuroblasts (mTH-positive/HNK-1-positive). Scale bar, 25 µm. (I) RT-PCR detection of expression of different ionotropic and metabotropic purinergic receptors in both mature glomus cells (TH) and neuroblasts (mTH/HNK). (J) Increases in mitochondrial NAD(P)H in response to hypoxia in CB neuroblasts incubated with ATP (left up), UTP (right up) and Ach (left down), for 24-48 h, demonstrating maturation induced by purinergic and cholinergic signaling. The graph at the bottom right shows quantification of the percentage of cells responsive to hypoxia under the indicated conditions. Modified from [32].
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