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Abbreviations: 

BötC: Bötzinger region of the VRC 

cVRG: caudal ventral respiratory group (VRC segment that contains abdominal premotor 
neurons). 

DIA: depolarization-induced intracellular alkalization  

HCVR: hypercapnic ventilatory reflex (breathing stimulation elicited by hypercapnia) 

HVR: hypoxic ventilatory reflex (breathing stimulation caused by hypoxia) 

KF: kölliker-fuse nucleus 

PaCO2: partial pressure of CO2 in arterial blood 

pHa: arterial pH 

PreBötC: preBötzinger complex (VRC segment that contains the rhythmogenic kernel) 

RPG: respiratory pattern generator (network located in the ventrolateral medulla, the dorsal pons 
and the nucleus of the solitary tract, responsible for generating the various respiratory outflows) 

RTN: retrotrapezoid nucleus 

rVRG: rostral ventral respiratory group (VRC segment that contains phrenic premotor neurons) 

VRC: ventral respiratory column (portion of the RPG located in the ventrolateral medulla). 
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Abstract: 

We discuss recent evidence which suggests that the principal central respiratory 

chemoreceptors are located within the retrotrapezoid nucleus (RTN) and that RTN neurons are 

directly sensitive to [H+].   

RTN neurons are glutamatergic. In vitro, their activation by [H+] requires expression of a 

proton-activated GPCR (GPR4) and a proton-modulated potassium channel (TASK-2). These 

proteins are undetectable in astrocytes and the rest of the lower brainstem respiratory network. 

The pH response of RTN neurons is modulated by surrounding astrocytes but genetic deletion of 

RTN neurons or deletion of both GPR4 and TASK-2 virtually eliminates the central respiratory 

chemoreflex. Thus, although this reflex is regulated by innumerable brain pathways, it seems to 

operate predominantly by modulating the discharge rate of RTN neurons, and the activation of 

RTN neurons by hypercapnia may ultimately derive from their intrinsic pH sensitivity. 

RTN neurons increase lung ventilation by stimulating multiple aspects of breathing 

simultaneously.  They stimulate breathing about equally during quiet wake and non-REM sleep 

and to a lesser degree during REM sleep. The activity of RTN neurons is regulated by inhibitory 

feedback and by excitatory inputs, notably from the carotid bodies. The latter input operates 

during normo- or hypercapnia but fails to activate RTN neurons under hypocapnic conditions. 

RTN inhibition likely limits the degree of hyperventilation produced by hypobaric hypoxia. RTN 

neurons are also activated by inputs from serotonergic neurons and hypothalamic neurons. The 

absence of RTN neurons probably underlies the sleep apnea and lack of chemoreflex that 

characterize congenital central hypoventilation syndrome.  
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Introduction 

The homeostatic regulation of arterial PCO2 (PaCO2) relies on the respiratory 

chemoreflexes and several other neural mechanisms (for reviews see (Forster et al., 2012; Nattie, 

2012; Prabhakar, 2013; Guyenet, 2014)). The central respiratory chemoreflex refers to the 

breathing stimulation elicited by increases in brain PCO2. The peripheral chemoreflex is the 

stimulation of breathing elicited by activation of the carotid and aortic bodies, which respond to 

hypoxia in a pH-dependent manner and to select circulating factors (Kumar & Prabhakar, 2012).  

Despite dedicated investigations for well over a century (Haldane & Priestley, 1905), the 

central respiratory chemoreflex has revealed its secrets grudgingly. We know at present that this 

reflex is modulated by countless brain pathways and transmitters (Nattie, 2011). However, far 

less is known regarding the nature and location of the proton/CO2 sensor(s) that trigger(s) this 

reflex.  There is still disagreement as to which molecule or ion is detected (molecular CO2, 

protons, hydroxyl radicals, bicarbonate), further disagreement as to which types of brain cells 

(neurons or glia) express the cognate receptors and yet more uncertainty regarding how many 

brain regions contain CO2-sensitive cells (neurons or others) capable of stimulating breathing 

(the definition of a central respiratory chemoreceptor). Until the early 1980s, central respiratory 

chemoreceptors were thought to be neurons that detect [H+], directly or indirectly, and reside at 

the ventral surface of the medulla oblongata (Loeschcke, 1982; Eldridge et al., 1984). From the 

mid-1980s to the present time, the dominant view has been that respiratory chemoreception is an 

emergent property of the brain caused by widespread effects of CO2/H+ on elements within the 

respiratory pattern generator (RPG) and many of its inputs (Nattie, 2012; Teran et al., 2014). 

While the chemoreflex is undeniably regulated by a multitude of CNS neurons, recent work 

suggests that, as proposed by earlier investigators, central respiratory chemoreceptors encode 
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[H+] and reside predominantly at the ventral surface of the medulla oblongata, more specifically 

within the retrotrapezoid nucleus (RTN)(Goridis & Brunet, 2010; Guyenet, 2014; Ruffault et al., 

2015) (Figure 1A). The purpose of this review is to scrutinize the evidence that supports this 

claim.  

The main issues discussed in this review include how RTN is defined anatomically, 

which RTN neurons sense CO2, how they encode PCO2 and whether these neurons also respond 

to CNS hypoxia. We also examine what type of synaptic inputs RTN neurons receive, which 

aspects of breathing (inspiratory frequency and amplitude, airway patency, active expiration) 

they regulate and the state-dependence of their contribution to breathing. Finally, we briefly 

address how the properties of RTN neurons change during development and whether the 

respiratory signs of the congenital central hypoventilation syndrome, a polynucleotide repeat 

disease that affects the development of the brainstem, are caused by the absence of RTN 

neurons.   

The retrotrapezoid nucleus (RTN): what’s in a name? 

Ideally, a brain nucleus should be defined as a group of neurons that have the same 

developmental lineage and identical or at least closely related gene expression profiles, synaptic 

inputs and axonal projections. However, there are no metrics to help decide how “similar” 

neurons should be to qualify as a single nucleus. Single-neuron “transcriptomics” may soon 

clarify this basic neuroanatomical question. Until then, one should simply recall that nuclei, 

especially in the reticular core of the brain, may have to be redefined or further subdivided as 

knowledge of the properties of their constituent neurons accrues.   
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The term RTN originally described a region of the reticular formation located roughly 

below the facial motor nucleus (Figure 1A) which contains neurons with axonal projections to 

more caudal regions of the ventrolateral medulla (Smith et al., 1989). It is also used to describe a 

subset of neurons defined by their genetic lineage and located in the same region of the brain 

(Ruffault et al., 2015). Finally, we use the same name to describe a subset of non-

catecholaminergic neurons located in this region that express both Phox2b and Vglut2 (Figure 

1A, B & C). We refer to the above three definitions as “anatomical”, “genetic” and 

“histological”. 

Histological definition of RTN  

In rodents, Stornetta et al. (2006) have defined RTN as a collection of neurons that 

express both Vglut2 and Phox2b, are devoid of catecholaminergic biosynthetic enzymes, and 

reside below the facial motor nucleus (Figure 1C,D). Most of these neurons also express TASK-

2 and GPR4 (Gestreau et al., 2010; Wang et al., 2013a; Kumar et al., 2015). Rats have ~2000 

such neurons (Takakura et al., 2008); in mice there are ~ 800, which can be easily identified 

using a Phox2b-eGFP transgenic mouse strain (Lazarenko et al., 2009). Markers associated with 

glycinergic, GABAergic, cholinergic and serotonergic transmission are absent from the RTN 

neurons as defined above (Figure 1C) (Mulkey et al., 2004). Caudally, RTN neurons are 

intermingled with substantial numbers of “presympathetic” barosensitive neurons (mostly 

catecholaminergic) (Stornetta et al., 2006)(Figure 1B) and rostrally they are intermixed with the 

A5 group of noradrenergic neurons (Burke et al., 2015b). As shown in Figure 1D, RTN neurons 

are surrounded by GABAergic neurons and other types of glutamatergic neurons. 
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The following findings suggest that RTN neurons are a fairly homogeneous population.  

Virtually all the Phox2b+ neurons identified below the facial motor nucleus in a Phox2b-eGFP 

transgenic mouse are acid-activated, in slices (95%) or after complete isolation (80%) 

(Lazarenko et al., 2009; Wang et al., 2013b).  In rats, histologically defined RTN neurons 

innervate only four regions of the brain, all of which regulate breathing (Abbott et al., 2009; 

Bochorishvili et al., 2012)(Figure 2B). RTN neurons are also uniformly activated by serotonin, 

thyrotropin releasing hormone (TRH), substance P and orexin (Mulkey et al., 2007; Lazarenko et 

al., 2011).  

Some evidence for heterogeneity of the neuronal population defined here as RTN also 

exists.  For example, a subgroup (~ 45%) of RTN neurons express galanin in rats (Stornetta et 

al., 2009). Although all RTN neurons examined so far have some type of respiratory modulation 

(Figure 3C), this modulation comes in several patterns suggesting that RTN neurons receive 

inputs from several types of respiratory neurons (Guyenet et al., 2005).  It has also been 

suggested that a subtype of RTN neurons might contribute selectively to active (abdominal) 

expiration (Abdala et al., 2009b; Molkov et al., 2010). However, evidence that these late-

expiratory neurons possess the RTN phenotype (genetic and/or histological) is yet to be 

produced. Finally, as discussed later, the relative level of TASK-2 and GPR4 transcripts varies 

between RTN neurons (Wang et al., 2013a; Kumar et al., 2015).  

Genetic definition of RTN 

The name RTN has also been used in mice to define a group of neurons whose precursors 

originate from rhombomeres 3 or 5 (Egr-2-dependent lineage) and whose differentiation 

uniquely depends on the co-expression of  transcription factors Phox2b and Atoh-1 (Dubreuil et 
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al., 2008; Goridis & Brunet, 2010; Ramanantsoa et al., 2011; Ruffault et al., 2015). Genetically 

defined RTN (Atoh1+/Phox2b+) express Vglut2, reside predominantly but not exclusively under 

the facial motor nucleus, are acid-sensitive, non-catecholaminergic, express NK1 receptors, 

mediate the bulk of the chemoreflex in neonates and their number, in mice, has been estimated at 

around 600-800 in the late embryonic period, a figure that is very close to that of the 

Vglut2+/Phox2b+ non-catecholaminergic neurons, defined as RTN in a Phox2b-eGFP mouse 

(Lazarenko et al., 2009; Thoby-Brisson et al., 2009; Ramanantsoa et al., 2011; Ruffault et al., 

2015). Finally, both genetically and histologically defined RTN neurons activate breathing by 

releasing glutamate (Holloway et al., 2015; Ruffault et al., 2015). 

Summary and uncertainties  

The RTN was first defined anatomically as a segment of the reticular formation located 

under the facial motor nucleus, then histologically (non-catecholaminergic Vglut2+/Phox2b+ 

neurons located within the same region) and finally genetically (one of only two clusters of 

lower brainstem neurons whose development requires co-expression of Atoh-1 and Phox2b 

(Ruffault et al., 2015)). The first definition refers to an area of the reticular formation that 

contains numerous cell types, particularly towards its caudal, medial and lateral borders (Figure 

1D). The histological definition is much more restrictive, but this population of neurons is not 

totally homogeneous; individual cells contain variable levels of several transcripts (TASK-2, 

GPR4 and galanin) and the neurons display differences in synaptic inputs (respiratory 

modulation). There appears to be substantial overlap between genetically and histologically 

defined RTN neurons in mice but no direct evidence that these two populations are strictly 

identical. Finally, the existence of several functional subclasses of genetically or histologically 

defined RTN neurons is a distinct possibility. 
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RTN neurons drive the RPG by releasing glutamate 

Lesioning or inhibiting the RTN region reduces the phrenic nerve discharge at all levels 

of PaCO2 in anesthetized cats or rats whereas activation of this brain region, e.g. with glutamate, 

increases breathing (St John et al., 1989; Nattie et al., 1991; Nattie & Li, 1994). These early 

results demonstrated that the RTN region (anatomical definition) contains neurons whose 

activation drives the RPG. The following evidence indicates that the non-catecholaminergic, 

Phox2b+ neurons in the RTN (the putative central respiratory chemoreceptors) drive breathing by 

releasing glutamate. 

First, RTN neurons contain Vglut2 mRNA (Figure 1C), a diagnostic marker of 

glutamatergic transmission and their terminals contain Vglut2 immunoreactivity (Mulkey et al., 

2004; Dubreuil et al., 2008; Bochorishvili et al., 2012; Ruffault et al., 2015). Second, 

optogenetic activation of these neurons increases breathing in both anesthetized and conscious 

rodents (rats and mice)(Abbott et al., 2009; Abbott et al., 2011).  In these experiments, RTN 

neurons were transduced to express ChR2 using a lentiviral vector featuring the PRSx8 promoter 

(Hwang et al., 2001). PRSx8 is activated by Phox2b and drives transgene expression in both 

RTN and neighboring C1 catecholaminergic neurons when the lentiviral vector is accurately 

delivered below the facial motor nucleus (Abbott et al., 2009; Abbott et al., 2011). Destroying 

C1 catecholaminergic neurons selectively (in rats) has little effect on the breathing stimulation 

elicited by optogenetically activating the Phox2b+/Vglut2+ neurons located under the facial 

motonucleus (Abbott et al., 2009; Burke et al., 2015b). Third, in resting conscious rats, 

optogenetic inhibition of the same RTN neurons using the archaerhodopsin variant Arch-T 
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(Chow et al., 2010) inhibits breathing in direct proportion to arterial pH below a pH threshold of  

7.53 (Figure 3E) (Basting et al., 2015). Complete apnea can be produced by bilateral opto-

inhibition of RTN neurons in rats in which the carotid bodies are functionally inactivated by 

inhalation of pure O2  (Burke et al., 2015a). Fourth, after Vglut2 is deleted from RTN neurons, 

optogenetic activation of these neurons no longer stimulates breathing, including in adult 

conscious mice (Holloway et al., 2015; Ruffault et al., 2015). Finally, RTN terminals make 

ultrastructurally asymmetric synapses consistent with glutamatergic transmission (Bochorishvili 

et al., 2012).  

In summary, stimulation of RTN neurons activates breathing; inhibition has the opposite 

effect. RTN neurons synthesize Vglut2 and, in the absence of this vesicular transporter, their 

activation no longer stimulates breathing. This evidence demonstrates that RTN neurons 

stimulate breathing primarily by releasing glutamate.  

 

The activity of RTN neurons tracks PCO2, not ventilation  

Neurons activated by hypercapnia have been recorded in the RTN region for at least 25 

years (Connelly et al., 1990; Nattie et al., 1993; Bodineau et al., 2000; Mulkey et al., 2004). 

However, virtually all brainstem respiratory-related neurons – this population includes many 

neurons that regulate the autonomic nervous system - increase their firing rate with hypercapnia 

regardless of their role in the breathing network. Therefore, this property is weak evidence that 

such neurons serve as chemoreceptors. The fact that the discharge of RTN neurons tracks PCO2 

rather than lung ventilation, especially in the conscious state, is much more persuasive evidence.   
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 A substantial fraction of RTN neurons express c-Fos, a surrogate of neuronal activity 

(Sagar et al., 1988), in rats and mice exposed to hypercapnia (e.g. (Sato et al., 1992; Kumar et 

al., 2015; Wakai et al., 2015)). Preventing CO2-induced hyperventilation with morphine does not 

detectably reduce Fos expression in this region (Sato et al., 1992). Similarly, in anesthetized rats, 

i.v. morphine eliminates the phrenic outflow but has little effect on the discharge rate measured 

directly in single RTN neurons (Mulkey et al., 2004). Thus, the activity of RTN neurons is 

driven by PCO2 but not by the RPG. This interpretation is also supported by the fact that 

inhibiting the VRC with muscimol or by i.c.v. administration of kynurenic acid silences the RPG 

of anesthetized rats but reduces the sensitivity of RTN neurons to hypercapnia only minimally 

(Figure 3A,B)(Mulkey et al., 2004; Takakura et al., 2006). A discrepant finding should be 

mentioned: microinjection of small amounts of NMDA receptor antagonists into RTN 

(anatomical definition), even unilaterally, reduces the PND substantially in anesthetized rats 

(Nattie & Li, 1995). This result suggests that the activity of RTN neurons could be tonically 

driven by excitatory synaptic inputs from elsewhere.  However, two additional interpretations 

should be considered. First, the anatomically defined RTN region is very heterogeneous (Figure 

1D) and may contain neurons other than the chemoreceptors which also provide an important 

excitatory drive to the RPG. Alternatively, RTN neurons could be re-exciting each other via 

NMDA receptors. Such a mechanism could perhaps explain their higher CO2 sensitivity in vivo 

than in vitro. This issue is unresolved. 

The effect of hypocapnic hypoxia on the activity of RTN neurons in conscious rodents 

also illustrates that these neurons track PCO2 rather than the level of lung ventilation (Basting et 

al., 2015; Wakai et al., 2015). Wakai et al. (2015) showed that, in rats, hypercapnia causes Fos 

expression in RTN neurons whereas hypoxia (10% FiO2) does not, unless CO2 is added. More 
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detailed optogenetic evidence leads to the same conclusion (Basting et al., 2015): at rest, in 

conscious rats, RTN neurons are silent above pH 7.53 (respiratory alkalosis) and increasingly 

active as the plasma is acidified (Basting et al., 2015). Their firing rate, judged by how much 

breathing inhibition results from silencing these neurons optogenetically, is tightly correlated 

with plasma pH, not with ventilation (Basting et al., 2015) (Figure 3D,E).  

 In summary, under anesthesia, RTN neuron activation by CO2 occurs regardless of 

whether the RPG is active or silenced with drugs and, in conscious rats, the discharge of these 

neurons tracks arterial PCO2 (and pH) rather than the intensity of lung ventilation. Such behavior 

is very unusual for respiratory neurons. It is consistent with two non-mutually exclusive 

possibilities: RTN neurons encode local PCO2 (i.e. directly or via astrocytes) or RTN neurons are 

activated by CO2 via synaptic inputs from pH-responsive neurons.   

Whether and how RTN neurons encode pH/PCO2 is examined next. The following three 

mechanisms are under consideration at this time: a) CO2 activates RTN neurons directly via 

proton receptors; b) astrocytes are the “real” chemoreceptors, which detect CO2 and or protons, 

and activate RTN neurons by releasing ATP or some other gliotransmitter; and c) the CO2-

sensitivity of RTN neurons is mediated by excitatory synaptic inputs from a widely distributed 

system of chemosensory neurons.  

RTN neurons are intrinsically activated by protons. 

The earliest supportive evidence is that acidification of the ventral medullary surface or, 

more specifically, of the RTN region, increases resting breathing (Mitchell et al., 1963; 

Loeschcke, 1982; Li et al., 1999). The breathing stimulation elicited by these maneuvers was 

relatively modest (<30%) but this could have been because these methods do not acidify more 
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than a tiny fraction of the RTN neurons. In passing,  breathing is also mildly enhanced by 

acidifying many other brain regions with microdialysis: such observations and the fact that 

activating or inhibiting these regions biases (up or down) the respiratory chemoreflex are the key 

pieces of evidence supporting the distributed chemosensory theory (see (Nattie, 2012) for an 

exhaustive review of these results and (Guyenet, 2014) for alternative interpretations of this 

evidence). 

The next critical piece of evidence was that RTN neurons detect local changes in PCO2 or 

pH in slices. Most of the histologically defined RTN neurons (>95%) are activated by CO2 in 

neonatal rodent slices (Figure 4B,C) (Mulkey et al., 2004; Lazarenko et al., 2009). The CO2 

response is mediated by changes in [H+] and it is observed in the presence of blockers of 

glutamatergic, GABAergic and glycinergic ionotropic receptors and purinergic receptors. 

Therefore, it is not determined by synaptic inputs that operate via these classical transmitters 

(Mulkey et al., 2004; Lazarenko et al., 2009). Importantly, the CO2 response observed in slices 

persists essentially unchanged in 80% of these cells after acute isolation (Wang et al., 2013b). 

This result demonstrates that the pH-sensitivity of RTN neurons is at least in part an intrinsic 

property. Two objections can be levied against this evidence: neurons located elsewhere in the 

brain often respond to acidification in slices or after isolation, and the pH response of RTN 

neurons in slices or after isolation (0-3 Hz when extracellular pH is changed from 7.5. to 7.0) is 

weaker than their response in vivo (0-10 Hz when arterial pHa varies between 7.5 and 7.25). The 

use of immature neurons and the low temperature at which the in vitro recordings were made 

(typically room temperature) probably accounts for some of the discrepancy. Indeed, RTN 

neurons were found to respond with a greater dynamic range when studied at 35 ̊ C in rat 

neonatal slices (0-8 Hz, pH 7.5-6.9)(Guyenet et al., 2005). However, the notion that the intrinsic 



14 
 

 

pH sensitivity of RTN neurons is indeed critical to the operation of the respiratory chemoreflex 

is also supported by other, entirely different observations: first, two proteins that are expressed 

by RTN neurons and undetectable in glial cells are required for RTN neurons to encode changes 

in pH in vitro (TASK-2 and GPR4, Figure 4A,D,E,F); and, second, in the absence of these two 

putative proton sensors, the central chemoreflex of conscious mice is reduced by ~90% ((Reyes 

et al., 1998; Ludwig et al., 2003; Gestreau et al., 2010; Wang et al., 2013a; Kumar et al., 2015) 

and see updated data by N.N. Kumar and D.A. Bayliss illustrated in Figure  4G)).   

In RTN neurons, acidification inhibits a resting potassium conductance (Mulkey et al., 

2004; Onimaru et al., 2012). In about half these cells, this appears to be entirely mediated by the 

K2P channel TASK-2 (Reyes et al., 1998; Mulkey et al., 2004; Gestreau et al., 2010; Wang et al., 

2013a). In TASK-2-/- mice, the action potential discharge of this particular subset of RTN 

neurons is normal at pH 7.0 (~3 Hz, in vitro at room temperature) but it is no longer inhibited by 

alkalization above this level. In the CNS, TASK-2 seems to be exclusively expressed by neurons 

(Gestreau et al., 2010). Accordingly, there is no reason to assume that a glial defect could 

account for the CO2-insensitivity of RTN neurons in TASK-2-/- mice. Likewise, GPR4, a proton-

activated GPCR, is expressed at comparatively high levels selectively by RTN neurons but 

appears absent from surrounding astrocytes (Ludwig et al., 2003; Kumar et al., 2015). Figure 4F 

illustrates the remarkable co-localization of GPR4 and Phox2b transcripts in neurons of the RTN 

and the fact that these transcripts are no longer detectable in GPR4-/- mice. Both TASK-2 and 

GPR4 show pH-sensitive activity in a physiologically relevant range. For example, Figure 4D 

illustrates the strong pH-sensitivity of whole cell currents recorded from HEK293 cells 

expressing recombinant TASK-2, with significant current inhibition apparent between pH 7.5 

and pH 7.0 (unpublished data of Y. Shi and D.A. Bayliss; Kumar et al., 2015). Likewise, Figure 
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4E illustrates the effect of pH on cAMP production by HEK293 cells transfected with GPR4 

(unpublished data by M-G Ludwig). The accumulation of cAMP occurs with a pKa~7.4, and the 

magnitude of the response at pH 7.0 is nearly equal to that observed after activation of 

endogenous PGE2 receptors in those same cells.  By in situ hybridization, neither GPR4 and 

TASK-2 transcripts are detected in TH+ neurons, 95% of GPR4+  neurons located below the 

facial motor nucleus contain TASK-2 transcripts and 87% of TASK-2+ neurons within this 

region contain GPR4 ((Kumar et al., 2015) and unpublished results by NN Kumar).  When a 

more sensitive detection method is used (single-cell PCR), GPR4 and TASK-2 transcripts can be 

identified in virtually every RTN neuron (Wang et al., 2013a; Kumar et al., 2015). A 

conservative interpretation of the slight discrepancy between scPCR and ISH is that GPR4 and 

TASK-2 are expressed by most chemosensitive RTN neurons, but in varying amounts. The 

central respiratory chemoreflex (ventilatory response to hyperoxic hypercapnia) is reduced by 

~65% in GPR4-/- mice (Figure 4G); this reflex can be restored to normal by viral-mediated re-

expression of mouse GPR4 selectively into RTN neurons but it remains depressed when a 

mutated version of GPR4 that cannot interact with G-proteins (mGPR4(R117A) in Figure 4E) is 

re-introduced (Kumar et al., 2015). In mice, deletion of GPR4 or TASK-2 preserves the 

histological integrity of RTN neurons (numbers and appearance; unpublished results from N. N. 

Kumar) and produces a greater reduction of the respiratory chemoreflex than knocking out each 

gene individually. An update of these recently published results (Kumar et al., 2015), with a 

larger cohort of double knock-out mice (10 instead of 4), demonstrates that the central 

respiratory chemoreflex (ventilatory response to hyperoxic hypercapnia) is reduced by an 

average of 90% in GPR4-/-:TASK-2-/- mice vs. 65% in either TASK-2 or GPR4 single KO mice 

(Figure 4G). 
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In summary, both the central chemoreflex and the response of RTN neurons to acid 

require at least two putative proton detectors, GPR4 and TASK-2 that are co-expressed by these 

neurons but are undetectable, at least by hydridization histochemistry, in glial and other 

surrounding cells (endothelium, vascular smooth muscle cells). GPR4 and TASK-2 have a very 

restricted neuron distribution. Although both TASK-2 and GPR4 are expressed elsewhere in the 

brain, neither is present in the ventrolateral medulla caudal to RTN, i.e. within the VRC and co-

expression of these molecules outside RTN has not yet been observed (Gestreau et al., 2010; 

Kumar et al., 2015). Collectively, this evidence suggests that the central respiratory chemoreflex 

operates predominantly by modulating the discharge rate of RTN neurons and that the activation 

of RTN neurons by hypercapnia derives from the intrinsic pH sensitivity of these neurons. 

Finally, GPR4 and TASK-2 may represent two independent cellular mechanisms that converge 

to influence the pH sensitivity of individual RTN neurons and the integrative respiratory 

chemoreflex. 

The evidence has the following limitations. While TASK-2 conductance increases with 

alkalization through a broad range that encompasses physiological pH levels (Figure 4D) (Reyes 

et al., 1998), there is no definitive evidence that the intrinsic pH sensitivity of TASK-2 channels 

can fully account for their inhibition by extracellular acidification in RTN neurons. Like other 

K2P channels, TASK-2 channels may be G-protein modulated (Sepulveda et al., 2015) and could 

perhaps act as downstream effectors of other unidentified proton-activated receptor(s). This 

hypothetical proton receptor may not be GPR4, since GPR4 fails to couple to TASK-2 in 

HEK293 cells (Kumar et al., 2015), and because, in TASK-2-deleted mice, the residual (and 

presumably GPR4-mediated) pH-dependent regulation of RTN neurons occurs via inhibition of a 

distinct K conductance. Nonetheless, it remains possible that GPR4 signaling to TASK-2 might 
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require some specific mechanism present in RTN neurons but not in HEK293 cells, and that an 

alternative K+ channel substitutes for TASK-2 following its genetic deletion. Finally, although 

GPR4 is proton-activated, this receptor could conceivably have other, still unknown agonists.  

 

Astrocytes, the RTN and central respiratory chemoreception 

Acidification depolarizes a subset of ventral medullary astrocytes (Wenker et al., 2010), 

increases their intracellular calcium concentration and releases ATP from these cells (Gourine et 

al., 2010), possibly via exocytosis (Kasymov et al., 2013). Ultimately, ATP depolarizes nearby 

respiratory neurons, RTN included, via P2(X and/or Y) receptors (Gourine et al., 2010). This 

sequence of events summarizes the proposed contribution of astrocytes to central respiratory 

chemoreception according to Gourine and colleagues and is henceforth called the glial theory of 

central respiratory chemosensitivity (glial theory for short, Figure 5B). A variant of this theory 

posits that ATP exits astrocytes through connexin channels that open when carbamylated by 

molecular CO2 (Figure 5B)(Huckstepp et al., 2010; Meigh et al., 2013). The glial theory is 

supported by several additional pieces of evidence. First, breathing is increased by activating 

RTN astrocytes in anesthetized rats, optogenetically or with the metabolic poison fluorocitrate 

(Erlichman et al., 1998; Gourine et al., 2010). Second, the response of RTN neurons to high 

levels of CO2 in organotypic brain slices is reduced by MRS2179, a selective antagonist of ATP 

receptors (Gourine et al., 2010). Finally, astrocytes are less sensitive to CO2 in Mecp2 -/- mice, a 

model of Rett syndrome that also features a reduced hypercapnic chemoreflex, among other 

deficits (Garg et al., 2015; Turovsky et al., 2015).  Because acid-responsive astrocytes are 

present throughout the ventral medullary surface, ATP can activate most “respiratory” neurons, 
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and selected ATP receptor antagonists attenuate the effect of CO2 on preBötzinger complex 

inspiratory neurons in vivo, the glial theory of chemoreception further postulates that CO2/H+-

sensitive astrocytes activate respiratory neurons throughout the ventral respiratory column 

(Thomas & Spyer, 2000; Gourine & Kasparov, 2011). In this conception, RTN is viewed as one 

of many sites where CO2-sensitive astrocytes activate neurons to increase breathing. This 

interpretation is generally in line with the distributed chemosensitivity theory championed by 

Nattie and colleagues (Nattie, 2012), with a few notable discrepancies. First, high pH-sensitivity is 

a distinctive feature of astrocytes residing near the ventral medullary surface (Gourine et al., 2010); 

however, the respiratory chemoreceptors postulated by Nattie and many other investigators are 

located in the raphe, the hypothalamus, the nucleus of the solitary tract and the locus coeruleus. 

Second, the pH-sensitivity of serotonergic neurons, another prominent group of putative central 

respiratory chemoreceptors, is also attributed to their intrinsic pH sensitivity rather than to 

astrocytes because it persists after cell isolation (Hodges & Richerson, 2010). Further, neither the 

glial theory nor the distributed chemosensitivity theory seem to account for the following results: 

genetic lesions of RTN neurons eliminates the chemoreflex at birth while resting breathing 

persists (Ramanantsoa et al., 2011; Ruffault et al., 2015) and knocking out GPR4 and TASK-2, 

two molecules that are undetectable in the VRC outside RTN eliminates 90% of the central 

respiratory chemoreflex in adult mice (Fig. 4G; (Kumar et al., 2015)). These discrepancies need 

to be resolved.  

This disconnect could be quantitative. RTN neurons could indeed be responsible for the 

bulk of the reflex (90%)(Kumar et al., 2015) and the remainder could be distributed elsewhere. 

For technical reasons, the importance of RTN to the respiratory chemoreflex may have been 

greatly underestimated by proponents of the glial or the distributed chemosensitivity theories. 
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For example, the percentage of the reflex that can be attenuated by applying ATP receptor 

antagonists to the ventral medullary surface has been used to gauge the contribution of RTN to 

the chemoreflex (Gourine et al., 2005a). This calculated contribution (~ 25%) assumes a) that 

these drugs are selective, b) that they block the receptors entirely, c) that ATP mediates entirely 

the effect of CO2 and d) that these drugs do not reduce the reflex simply by causing vasodilation 

(CO2 wash-out). The contribution of RTN to the chemoreflex has also been estimated at around 

23%, based primarily on the breathing stimulation caused by focal acidification of RTN (Li & 

Nattie, 2002). However, as noted by the authors, the proportion of RTN neurons impacted by a 

dialysis probe cannot be determined and the 23% figure could be grossly underestimated.  

The apparent disconnect may also reflect our incomplete understanding of the exact role 

of astrocytes in the lower brainstem. One possibility is that astrocyte activation enhances the 

acidification of the extracellular space relative to arteriolar pH, thereby sharpening PCO2 

detection by RTN neurons (Figure 5A). This hypothesis is appealing given that presumed proton 

detectors (TASK-2 and GPR4), expressed by RTN neurons but undetectable in glia, are required 

for the ventilatory response to CO2 (Gestreau et al., 2010; Kumar et al., 2015). Astrocytes could 

boost extracellular pH via the mechanism called depolarization-induced alkalization (DIA). DIA 

refers to the alkalization of the glial cytoplasm caused by activation of an electrogenic sodium-

bicarbonate exchanger (Figure 5A) (Erlichman et al., 2004). The inward flux of bicarbonate 

responsible for DIA, pari passu, acidifies the extracellular space. Astrocyte activation by CO2 

(Wenker et al., 2010) or with ChR2 (Gourine et al., 2010) or consequent to astrocyte poisoning 

with fluorocitrate (Erlichman et al., 2004) could therefore activate or boost the chemoreflex by 

enhancing extracellular acidification. This mechanism could account for the role of astrocytes in 

chemoreception and explain why the effectiveness of P2 receptor antagonists on the CO2 
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response of RTN neurons is relatively modest in slices (25% reduction)(Wenker et al., 2012) and 

has not even been universally observed (Mulkey et al., 2004; Onimaru et al., 2012): the main 

function of ATP released by astrocytes could be to recruit more glial cells via P2 receptors to 

further acidify the extracellular space (via the DIA mechanism). Also, ChR2 is permeable to 

protons and acidifies the cytoplasm of glial cells; this acidification may cause the release of 

lactate and glutamate, which can depolarize surrounding neurons (Beppu et al., 2014; Tang et 

al., 2014). Finally, astrocytes could alter the activity of RTN neurons by regulating local blood 

flow (Figure 5C1, C2). Astrocytes are indeed capable of dynamic and, importantly, bidirectional 

regulation of local blood flow (Gordon et al., 2011). They also contribute to pressure flow 

regulation via a mechanism that involves TRPV4 channel activation and a rise in astrocytic 

calcium; this mechanism is also attenuated by ATP receptor blockade (Kim et al., 2015). Since 

ChR2 is calcium permeant (Nagel et al., 2003), optogenetic stimulation of astrocytes with this 

opsin could very well produce vasoconstriction (Figure 5C2). If so, the consequence would be 

local CO2 retention and acidification, RTN neuron activation and increased breathing. Finally, 

whilst deleting MeCP2 selectively from astrocytes in mice attenuates the respiratory chemoreflex 

(Garg et al., 2015), only the VT component was reduced. Such an effect could occur for 

numerous reasons unrelated to CO2 detection per se (e.g., developmental muscle weakness, 

reduced motor or premotor neuron performance, etc.). The frequency component of the reflex, 

which is the largest contributor to the changes in ventilation in mice and is largely mediated by 

RTN in this species (Holloway et al., 2015; Kumar et al., 2015) is unaffected by deleting MeCP2 

from astrocytes, or from neurons for that matter (Garg et al., 2015). The possibility that 

astrocytes mediate the effect of pH on the neurons that regulate the tidal volume but not on those 

that regulate breathing frequency cannot be excluded a priori but seems rather unlikely. 
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In summary, the notion that CO2-mediated astrocyte activation throughout the ventral 

respiratory column underlies the central respiratory chemoreflex fails to explain why this reflex 

depends to such a large degree on the integrity of RTN neurons (Ramanantsoa et al., 2011) or on 

the selective expression by these neurons of two putative proton receptors, GPR4 and TASK-2, 

which are undetectable in astrocytes and absent from the rest of the ventrolateral medulla 

(Gestreau et al., 2010; Kumar et al., 2015). The distributed theory of central chemoreception 

faces much the same issue. The fact that astrocytes have the potential to modulate the CO2-

response of RTN neurons is non-controversial but this evidence can be interpreted in several 

ways.  CO2-sensitive astrocytes could increase pH detection by RTN neurons by enhancing 

extracellular acidification or they could do so by releasing gliotransmitters. Alternately, 

astrocytes could modulate local blood flow and influence RTN neuron discharge by regulating 

local tissue PCO2. Such mechanisms are undoubtedly elicited when astrocytes are subject to 

severe depolarization (ChR2, fluorocitrate) but the extent to which these mechanisms contribute 

to pH detection under physiological conditions remains to be defined.  

RTN and the central hypoxic ventilatory response 

Brainstem oxygen sensors have been proposed to underlie the Cushing response, a 

sympathoactivation and rise in blood pressure elicited by cerebral ischemia and, possibly, to 

contribute to blood pressure regulation under ordinary circumstances (Reis et al., 1989; Sun & 

Reis, 1994, 1996; Reis et al., 1997; Paton et al., 2009; Teppema & Dahan, 2010). It is also 

possible that oxygen sensors located in the brainstem could mitigate the general depressant effect 

of hypoxia on neural circuits and help maintain or even increase breathing under hypoxia 

(Curran et al., 2000; Teppema & Dahan, 2010; Angelova et al., 2015). The notion that brainstem 

O2 sensors activate breathing originally derives from the observation that the hypoxic ventilatory 
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reflex (HVR) is only transiently abolished following excision of the carotid bodies and then 

recovers substantially (50-100%) in a matter of weeks (Martin-Body et al., 1986; Forster, 2003; 

Mouradian et al., 2012; Angelova et al., 2015). The degree of recovery is species-dependent, 

virtually non-existent in humans but essentially complete in rats (Swanson et al., 1978; Timmers 

et al., 2003; Teppema & Dahan, 2010). One interpretation of this species and time-dependent 

recovery is that certain mammals, rats especially, have a central hypoxic ventilatory reflex that 

slowly appears following carotid body denervation. A competing interpretation, which is not 

mutually exclusive, is that this reflex returns because new connections are established, in rats but 

not in man, by subsidiary peripheral chemoreceptors (ectopic glomus cells, aortic bodies or 

undefined and species-specific hypoxia-sensitive afferents). A contribution of the aortic bodies to 

the recovery of the hypoxic ventilatory reflex is supported by denervation experiments in goats 

and ponies but not in rats (for review: (Hodges & Forster, 2012)).  

A thorough discussion of the potential contribution of central O2 sensors to breathing is 

beyond the scope of this review. We will therefore limit our remarks to the known effects of 

hypoxia on RTN neurons and discuss whether there is any evidence that activation of these 

neurons could be contributing to a central hypoxic ventilatory reflex. This issue is of some 

theoretical importance given that lower brainstem astrocytes seem to be activated by both 

acidification and by hypoxia (Gourine, 2005; Gourine et al., 2005b; Gourine & Kasparov, 2011; 

Marina et al., 2015) and, as reviewed above, RTN neurons can be activated by surrounding 

astrocytes, presumably of the acid-sensitive variety. 

 RTN neurons are silenced in unanesthetized intact rats exposed to moderate hypoxia for 

up to 45 min (12% FiO2 i.e. PO2 present at 5000 meters elevation, causing PaO2 of ~43 mmHg, 

Figure 3E) (Basting et al., 2015). Furthermore, also unlike hypercapnia, exposure to 10% FiO2 
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for half an hour in freely breathing urethane-anesthetized rats fails to activate Fos in these 

neurons (Wakai et al., 2015). Thus, sustained hypocapnic hypoxia clearly does not activate RTN 

neurons in spontaneous breathing anesthetized or unanesthetized rats with intact carotid bodies. 

This lack of activation could be because the level of hypoxia was insufficient to activate 

astrocytes or because the hypothetical astrocyte-mediated hypoxic stimulation of RTN neurons 

could not overcome the alkalosis-related inhibition of these neurons. In anesthetized cats with the 

brain maintained approximately isocapnic by controlling end-expiratory CO2, hypoxia produces 

some acidification of the ventral medullary surface (Xu et al., 1992).    It is therefore 

theoretically possible that, on a background of normo or hypercapnia, CNS hypoxia might 

activate RTN by further acidifying the environment of these neurons. However, experiments also 

performed under approximately isocapnic conditions (ventilated rats anesthetized with 

chloralose-urethane or halothane) provided no evidence of a central stimulatory effect of hypoxia 

on RTN neurons. Specifically, hypoxic stimulation of RTN neurons (FiO2 12%) was eliminated 

by carotid body denervation, by inhibiting the ventrolateral medulla with muscimol (Takakura et 

al., 2006) or by blocking glutamate transmission in the lower brainstem (Figure 3A) (Mulkey et 

al., 2004). These hypoxia trials were brief. Conceivably, more severe and more sustained periods 

of hypoxia might be able to acidify the RTN region sufficiently to activate the chemosensory 

neurons therein. 

However, other experimental data support the opposite view, namely that hypoxia might 

inhibit RTN neurons (Gestreau et al., 2010).  These authors proposed that radical oxygen species 

(ROS) generated by hypoxia open TASK-2 channels in RTN neurons thereby triggering the 

respiratory frequency decline that develops during sustained severe hypoxia (FiO2 8-10%). The 

theory is compatible with our observations that RTN neurons are inhibited by hypocapnic 
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hypoxia in conscious rats (Basting et al., 2015) although we favor a simpler explanation, namely 

that hypoxia inhibits RTN neurons primarily via respiratory alkalosis (Figure 3B,E).  

In conclusion, the theory that CNS hypoxia is a physiological regulator of breathing in 

unanesthetized mammals is still under investigation and the phenomenon may only apply to 

rodents many weeks after carotid body denervation. Although all cells in the body respond to 

hypoxia, including astrocytes, a perennial problem is to determine what level of tissue hypoxia is 

required for such effects to occur. Some degree of breathing stimulation may be elicited by a 

direct effect of hypoxia on the preBötC (Solomon et al., 2000; Angelova et al., 2015) or 

elsewhere (Neubauer & Sunderram, 2004).  Some degree of breathing stimulation may also 

result from the direct or paracrine effect of hypoxia on lower brainstem catecholaminergic 

neurons (Sun, 1995; Roux et al., 2000; Teppema & Dahan, 2010; Marina et al., 2013; Burke et 

al., 2014). So far, there is no evidence that RTN neurons are directly activated by CNS hypoxia 

or contribute to the central hypoxic ventilatory reflex. 

 

How does RTN regulate breathing? 

The relative contribution of frequency and tidal volume to the central chemoreflex is 

species-specific. These details are beyond the scope of this review and we confine our present 

analysis to rodents. In quietly-resting unanesthetized rats and mice, hypercapnia has a powerful 

stimulatory effect on the breathing rate (Li & Nattie, 2002). This effect is observed under 

hyperoxic conditions and after carotid body denervation (e.g. (Kumar et al., 2015) for mice) and 

shows that, in intact unanesthetized rodents, central chemoreceptor stimulation clearly regulates 

breathing frequency.  Consistent with the presumed role of RTN in central chemoreception, 

selective optogenetic activation of these neurons likewise produces robust increases in breathing 
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frequency in rats (Burke et al., 2015b) and mice (Holloway et al., 2015). However, certain 

anesthetics such as urethane greatly attenuate the effects of hypercapnia on the breathing rate of 

freely breathing rats (Wakai et al., 2015) and RTN stimulation seems similarly ineffective at 

increasing the breathing rate in such preparations (Huckstepp et al., 2015). The inability to 

increase fR under these particular conditions may be because the animals are already 

hypercapnic at rest or secondary to some untoward effect of the anesthetic on the respiratory 

rhythm generator.  

In terms of circuitry, how RTN neurons regulate breathing remains the most difficult 

question to answer given the extraordinary complexity of the RPG (Molkov et al., 2014). Only 

two observations are firmly established at this time. First, as a group, RTN neurons have a very 

restricted projection pattern (Figure 2B). The targeted regions include the four subdivisions of 

the ventral respiratory column (Bötzinger region, preBötzinger complex, rostral and caudal 

ventral respiratory group) and the Kölliker-Fuse nucleus (Bochorishvili et al., 2012). These 

regions contain the core components of the respiratory pattern generator (Alheid & McCrimmon, 

2008; Smith et al., 2013; Molkov et al., 2014). RTN also targets the caudal NTS, which receives 

carotid body input and numerous cardiopulmonary afferents (Kubin et al., 2006). Finally, RTN 

also innervates the lateral parabrachial complex, which projects rostrally and mediates CO2-

induced arousal (Kaur et al., 2013). Second, consistent with this projection pattern, RTN neurons 

alter multiple breathing parameters in ways that cooperate to enhance alveolar ventilation 

(increased rate, increased inspiratory amplitude, reduced post-inspiratory expiratory flow and 

enhanced active expiration)(Marina et al., 2010; Abbott et al., 2011; Basting et al., 2015; Burke 

et al., 2015a).  
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An additional complexity stems from the fact that breathing frequency control by RTN 

varies in different preparations. Specifically, breathing frequency is exquisitely responsive to 

optogenetic stimulation or inhibition of RTN in conscious unstressed rats (resting fR of ~ 

70bpm) (Abbott et al., 2011; Basting et al., 2015) but poorly responsive to RTN inhibition in an 

arterially perfused preparation (Marina et al., 2010) and, as mentioned above, unresponsive to 

what appeared to have been RTN stimulation in urethane-anesthetized spontaneously breathing 

rats (Huckstepp et al., 2015). Even in unanesthetized unrestrained rats, the control of breathing 

frequency by RTN is selectively eliminated during REM sleep (Figure 6) (Burke et al., 2015a). 

These observations suggest that the control of breathing by RTN is subject to countless biases 

and gating mechanisms that can be triggered by factors as diverse as anesthesia, the type of 

preparation (especially the arterially perfused rodent) and, in conscious animals, their state of 

vigilance, emotional state and behavior. When the brainstem respiratory pattern is in 

autorhythmic mode (anesthetized and normocapnic rats, unanesthetized rodents that are quietly 

resting or in non-REM sleep), the respiratory rate is presumably generated internally by the 

preBötzinger complex (Feldman & Kam, 2015) and immediately adjacent portions of the VRC 

(Smith et al., 2013) but, during voluntary breathing or REM-sleep, the timing of each inspiration 

is likely imposed on this circuitry by external inputs (Richter & Smith, 2014). Under such 

conditions, the regulation of the respiratory frequency by chemoreceptors may be gated out so as 

not to interfere with the precise timing of the respiratory movements required for the selected 

behavior.  

Prenatally, RTN neurons are electrically coupled and fire synchronously, forming what 

has been called the embryonic parafacial oscillator (Thoby-Brisson et al., 2009; Ruffault et al., 

2015). This “inspiratory” oscillator is acid-activated and drives the preBötzinger oscillator at a 
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frequency greater than its intrinsic beating frequency in vitro. The assumption is that the 

coupling between these two oscillators occurs via “direct” glutamatergic projections from RTN 

to the preBötzinger complex, which then sends a predominantly inhibitory synchronizing 

feedback to the RTN (Thoby-Brisson et al., 2009). Monosynaptic excitatory inputs from RTN to 

the preBötzinger complex have indeed been documented ultrastructurally in adult rats 

(Bochorishvili et al., 2012) but the type of preBötzinger complex neurons targeted by RTN 

(“rhythmogenic” neuron, interneuron) is undefined. In addition, the breathing rate can be 

modulated by the other compartments of the ventral respiratory column and by the dorsolateral 

pons (Smith et al., 2013). All these areas also receive input from RTN and could also contribute 

to the regulation of the breathing rhythm by brain PCO2.  

The control of inspiratory amplitude by RTN is less dependent on the state of vigilance of 

the animal or the type of anesthetic (Burke et al., 2015a). This control is plausibly mediated by 

excitatory projections from RTN to inspiratory premotor neurons located in the rostral VRG but 

inspiratory amplitude could also be regulated via RTN projections to the dorsolateral pons, 

especially the Kölliker-Fuse nucleus (Bochorishvili et al., 2012; Damasceno et al., 2014). The 

regulation of early expiratory airflow by RTN could also operate via projections to the Kölliker-

Fuse nucleus or a subdivision of the lateral parabrachial complex (Dutschmann & Dick, 2012; 

Yokota et al., 2015). 

The control of active abdominal expiration by RTN neurons (Abdala et al., 2009a; 

Marina et al., 2010; Abbott et al., 2011) is presumably mediated by projections from these 

neurons to the nearby “oscillator for active expiration” (Janczewski & Feldman, 2006; 

Pagliardini et al., 2011; Huckstepp et al., 2015) and to expiratory premotor neurons located in 

the caudal VRG (Bochorishvili et al., 2012)(Figure 2B). An alternative possibility is that, at very 



28 
 

 

high levels of CO2, a subset of bona fide RTN neurons (Phox2b+/Vglut2+ and acid-sensitive) 

develops a late-expiratory discharge pattern and drives abdominal premotor neurons (Abdala et 

al., 2009a; Molkov et al., 2010). A few such late-E neurons have been recorded close to the 

ventral medullary surface in an arterially perfused rat preparation but their phenotype has not 

been identified. These late-E neurons could be downstream of RTN and belong to the oscillator 

for active expiration postulated by Feldman and colleagues (Figure 2B) (Pagliardini et al., 2011; 

Huckstepp et al., 2015). They could, however, be a subset of facial motoneurons. 

In summary, RTN controls multiple aspects of breathing via its connections to the four 

segments of the VRC, the NTS and the dorsolateral pons. The control of breathing frequency and 

active expiration by RTN is most labile and state-dependent. The neurons contacted by RTN 

need to be identified.  

Inhibitory inputs to RTN 

At the EM level the dendrites of RTN neurons are covered with conventional excitatory 

and inhibitory synapses (Lazarenko et al., 2009). These synaptic inputs are potentially just as 

important to breathing and CO2 homeostasis as the intrinsic pH-sensitivity of these neurons, 

likely contributing to the ability of so many brain regions to bias the central respiratory 

chemoreflex, either positively or negatively, (Nattie, 2011). Single-unit recordings in vivo and 

tract-tracing evidence have provided some limited information regarding the origin and potential 

role of these inputs.  

Under anesthesia, RTN neurons are unaffected by arterial baroreceptors (Mulkey et al., 

2004) but they receive numerous respiratory phasic inhibitory inputs which originate from the 

RPG and from pulmonary stretch receptors (Guyenet et al., 2005; Moreira et al., 2007; Takakura 
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et al., 2007)(Figure 2A). In vagotomized rats the inhibitory inputs from the RPG occur during 

early inspiration, post-inspiration and late expiration (Guyenet et al., 2005). They disappear 

when the PreBötzinger complex/rVRG is inhibited whereas the CO2-dependent activity of RTN 

neurons persists (Takakura et al., 2006). Thus, the respiratory modulation of RTN neurons, 

unlike their CO2 sensitivity, originates somewhere within the respiratory pattern generator. The 

strength of these inhibitory inputs increases with the degree of activation of the RPG and they 

seem to impose an upper limit to the discharge rate of RTN neurons as FiCO2 increases (Guyenet 

et al., 2005). This phenomenon may underlie the curvilinear and saturable relationship between 

the phrenic outflow and PaCO2 or brain ECF [H+] which is characteristic of vagotomized 

anesthetized preparations (Eldridge et al., 1984; Guyenet et al., 2005).  In conscious animals, the 

function of this inhibitory feedback could be to inhibit RTN neurons when the RPG is already 

highly active for reasons other than hypercapnia. Slowly adapting pulmonary receptors (SARs) 

also inhibit RTN neurons (Moreira et al., 2007), probably via GABAergic “pump cells” located 

in the ventrolateral portion of the nucleus of the solitary tract (Takakura et al., 2007)(Figure 2A). 

The function of this input is probably to reduce the excitatory drive to the RPG when the lungs 

are overinflated.  

Activation of RTN by the carotid bodies 

In normocapnic anesthetized rats RTN neurons are strongly activated by systemic 

hypoxia (Figure 3A) or by intravenously administered cyanide (Mulkey et al., 2004; Takakura et 

al., 2006). These effects are eliminated by carotid body denervation and thus synaptically 

mediated. RTN activation by hypoxia is also eliminated by blocking glutamatergic transmission 

in the brainstem, even as the effect of hypercapnia on these neurons is unaffected (Figure 3A,B) 

(Mulkey et al., 2004; Guyenet et al., 2005).  The pathway from the carotid bodies to RTN may 
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have a single relay in the nucleus solitary tract (Figure 2A) (Sapru, 1996; Takakura et al., 2006). 

The evidence summarized so far suggests that the carotid body input to RTN contributes to the 

activation of these neurons during normo- or hypercapnia and could contribute to the potentiative 

interactions between the carotid bodies and central chemoreceptors (Blain et al., 2010). 

However, in conscious rats subjected to hypocapnic hypoxia (FiO2: 12%, no CO2 added), 

the excitatory input from the carotid bodies is evidently insufficient to activate RTN neurons 

because optogenetic inhibition of RTN has no effect on breathing (Figure 3E) (Basting et al., 

2015). Breathing inhibition returns if hypoxia is more moderate (15% FiO2) or if either CO2 or 

acetazolamide is administered (Basting et al., 2015). Thus, in conscious rodents exposed to 

increasingly severe hypoxia, RTN inhibition by alkalosis progressively overrides the excitatory 

input from the carotid bodies (Basting et al., 2015). Since hypocapnic hypoxia stimulates 

breathing, the inevitable conclusion is that RTN is not an obligatory relay of the peripheral 

chemoreflex in conscious rats and peripheral chemoreceptors can activate breathing even when 

central chemoreceptors are inactivated by CNS alkalosis. This conclusion is consistent with 

previous observations made in the arterially perfused rat preparation which demonstrated that 

sustained peripheral chemoreceptor activation is sufficient to drive breathing, even in the 

presumed absence of central chemoreceptor stimulation (Fiamma et al., 2013). 

 

pH-independent modulation of RTN by serotonin and other sleep related modulators 

 RTN neurons are activated by serotonin; in vitro and in vivo this activation is pH-

independent and blocked by ketanserin, a broad spectrum serotonin receptor antagonist (Mulkey 

et al., 2007). A more detailed analysis suggests that serotonin activates RTN neurons by 
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modulating hyperpolarization-activated cyclic-nucleotide-gated (HCN) channels and KCNQ 

channels via 5-HT7 and 5-HT2 receptors, respectively (Hawryluk et al., 2012; Hawkins et al., 

2015).  

The potential implications of these findings are as follows. Inhibition of medullary raphe 

serotonergic neurons as well as natural sleep, a condition associated with reduced activity of the 

serotonergic neurons, are associated with reduced breathing and an attenuation of the 

chemoreflex (Jacobs & Azmitia, 1992; Brust et al., 2014; Burke et al., 2015a). A reduction of 

serotonin release within RTN should hyperpolarize these neurons, causing breathing reduction, 

and could raise the chemoreflex threshold by increasing the PCO2 level necessary for these 

neurons to discharge. However, given the profusion of serotonin inputs to other segments of the 

respiratory network, the well-described chemoreflex facilitation elicited by serotonergic neurons 

(Hodges & Richerson, 2010) is most likely a widely distributed effect that also occurs 

downstream from RTN, for example in the VRC and at the motoneuronal level where serotonin 

enhances excitability and responses to glutamate (Rasmussen & Aghajanian, 1990; Ptak et al., 

2009). Notably, various raphe-derived neuropeptides (SP, TRH) can also activate RTN neurons, 

cells within the RPG and respiratory motoneurons (e.g. (Rekling et al., 2000; Mulkey et al., 

2007; Doi & Ramirez, 2008; Ptak et al., 2009)  

Much the same can be said about orexin. Orexin activates RTN neurons (Lazarenko et 

al., 2011) and the activity of orexinergic neurons is also state-dependent (Lee et al., 2005). Like 

serotonin, orexin likely facilitates the chemoreflex during the waking state in part by activating 

RTN chemoreceptors (Li & Nattie, 2010). Neither serotonin, orexin or noradrenaline are released 

during REM sleep, the state when the chemoreflex is the weakest and the respiratory drive 

originating from RTN also the most reduced (Burke et al., 2015a).  
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In short, state-dependent regulation of breathing and the chemoreflex are likely mediated 

to some extent via changes in the release of serotonin and associated neuropeptides, orexin, and 

possibly noradrenaline, at the level of RTN. The known effects of serotonin and orexin on RTN 

neurons and those of pH seem purely additive. This characteristic suggests that the transmitters 

examined so far do not interfere with the chemosensitivity of RTN neurons per se, i.e. they do 

not modulate the cellular mechanism by which the neurons detect acidification. However the 

effects of these modulators should enhance breathing at any given level of PCO2 and, may 

facilitate the chemoreflex by enhancing the excitability of the respiratory neurons downstream of 

RTN. 

RTN also receives excitatory inputs that could be especially important in the context of 

exercise. This issue is considered next. 

 

Central respiratory chemoreceptors: potential contribution to the hyperpnea of exercise 

Textbooks and reviews assert that the carotid bodies and central respiratory 

chemoreceptors do not contribute to the hyperpnea of low to moderate exercise because neither 

arterial pH nor arterial PCO2 rise under such conditions, and thus the central respiratory 

chemoreceptors will not be activated (Forster et al., 2012). This argument rests on the 

increasingly dubious assumption that central respiratory chemoreceptors are cells whose activity 

is regulated solely by CO2 or pH.  

RTN receives excitatory input from the hypothalamus (Figure 2A) (Fortuna et al., 2009). 

These inputs originate in part from the orexinergic neurons (Dias et al., 2009; Lazarenko et al., 

2011). In conscious rats, orexinergic neurons discharge during active waking, when postural 
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muscle tone is high in association with movement, their discharge rate decreases during quiet 

waking in the absence of movement, and they virtually cease firing during sleep, when postural 

muscle tone is low or absent (Lee et al., 2005). Given these characteristics, orexinergic neurons 

are likely to contribute to the so-called waking drive to breathe or, perhaps, to the central 

command of exercise hyperpnea (Eldridge et al., 1981). Supporting the latter possibility, 

moderate dynamic exercise in rats causes Fos expression in about 20% of putative 

chemoreceptors (Phox2b+/TH- RTN neurons) (Barna et al., 2014). Additional evidence will be 

required to rule out stress as the cause of the Fos expression and to ascertain that the small 

minority of Phox2b+ RTN neurons that were activated by exercise are indeed CO2 sensitive.  

RTN activation by exercise could also be mediated by inputs from exercising muscles. 

The RTN region receives input from lamina I of the spinal cord, which relays cutaneous 

nociceptive inputs but also muscle metabotropic (type III and IV) primary afferents activated by 

contracting muscles (Figure 2A) (Craig, 1995; Kaufman, 2012).  RTN neurons are strongly 

activated by sciatic nerve stimulation (unpublished results of Kanbar and Guyenet). Finally, 

neonatal Phox2b-positive “pfRG” neurons receive input from the lumbar locomotor pattern 

generator and contribute to the synchronization of lumbar locomotor and phrenic outflows (Le 

Gal et al., 2014). These particular Phox2b-positive cells are a subset of RTN neurons that display 

a peculiar bursting pattern (pre/postinspiratory) in early neonatal brainstem preparations in vitro 

(Onimaru et al., 2014). This bursting pattern may reflect the persistence, during a brief postnatal 

period, of their prenatal group pacemaker properties (Thoby-Brisson et al., 2009; Ruffault et al., 

2015).  

A subset of serotonergic neurons may also function as central respiratory chemoreceptors 

(Brust et al., 2014). Given that in awake cats, serotonergic neuron activity correlates best with 
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tonic and repetitive motor activity (Jacobs et al., 2002), a case could also be made for the 

involvement of serotonergic chemoreceptors in the hyperpnea of exercise. 

In summary, RTN and other central respiratory chemoreceptors may contribute to the 

hyperpnea of exercise, not because of a rise in brain or arterial PCO2, but because these neurons 

could receive descending excitatory inputs related to central command and ascending inputs 

from the spinal cord related to exercising muscles. In addition, RTN activation by exercise could 

also result from an increase in carotid body afferent input (Prabhakar & Peng, 2004). The 

available evidence supports all these notions to some extent but is still insufficient to arrive at a 

firm conclusion.  

 

Is the congenital central hypoventilation syndrome (CCHS) caused by the absence of the 

RTN neurons? 

 The following evidence supports the hypothesis that CCHS results from the loss of the 

RTN neurons. CCHS is caused by Phox2b mutations (Amiel et al., 2003). The cardinal 

respiratory signs of CCHS are the absence of a hypercapnic ventilatory reflex and sleep-related 

central apneas (Weese-Mayer et al., 2010). RTN neurons mediate a large portion of this reflex in 

rodents (Kumar et al., 2015; Ruffault et al., 2015). RTN neurons fail to develop in transgenic 

mice that express a mutated form of Phox2b that cause a severe form of CCHS (Phox2b27/ala) 

(Dubreuil et al., 2009). These mice die of respiratory failure at birth as would infants with the 

same mutation were it not for artificial ventilation (Dubreuil et al., 2009). RTN has been 

tentatively identified in man (Rudzinski & Kapur, 2010). 
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 The following evidence suggests that the loss of RTN is necessary but perhaps not 

sufficient to explain the respiratory deficits of CCHS. Mice engineered to express the 27ala 

Phox2b mutation more selectively (i.e. exclusively by neurons of r3/r5 lineage or even more 

restrictively by RTN neurons) also have a greatly reduced hypercapnic ventilatory reflex but they 

survive (Ramanantsoa et al., 2011; Ruffault et al., 2015). An interpretative limitation of these 

conditional models is that the mutated gene may not have been expressed by all RTN neurons 

because of incomplete recombination of the floxed allele by the Cre recombinase. Finally, CCHS 

patients have the most severe apneas during non-REM sleep, are less severely affected during 

REM sleep and breathe normally while awake (Fleming et al., 1980; Huang et al., 2008). RTN is 

clearly more important to sustain breathing during non-REM than REM sleep in normal rats 

(Figure 5) (Burke et al., 2015a) but there is no evidence yet that mice with reduced numbers of 

RTN neurons have especially severe hypoventilation during non-REM sleep. CCHS patients also 

experience non-respiratory (e.g. cardiovascular) deficits that denote the existence of more 

widespread brainstem defects (Weese-Mayer et al., 2010). These additional deficits, which may 

include a reduced carotid body reflex and defects in brainstem catecholaminergic neurons could 

further reduce breathing during non-REM sleep.   

In conclusion, the respiratory signs of CCHS could well be caused in large part by the 

loss of RTN. The reason why RTN neurons are especially vulnerable to Phox2b mutations 

remains mysterious.  
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Summary  

 RTN neurons can be identified histologically in mice and rats as Phox2b+/Vglut2+ non-

catecholaminergic neurons located under the facial motor nucleus or they can be defined by 

intersectional genetics (transcription factors Phox2b, Atoh-1 and Egr-2). The two definitions 

identify largely similar, possibly identical neuronal populations.   

Histologically defined RTN neurons innervate exclusively the pontomedullary regions 

that harbor the RPG and/or process cardiopulmonary reflexes (NTS). RTN neurons increase 

breathing by releasing glutamate. Breathing stimulation occurs via at least four mechanisms: by 

increasing breathing rate and inspiratory amplitude, by triggering active expiration and by 

slowing airflow during early expiration. In unanesthetized rodents RTN neurons control 

breathing frequency when the RPG is in autorhythmic mode (anesthesia, quiet waking, non-REM 

sleep) but not when this network is presumed to be driven externally (voluntary control, REM 

sleep). RTN neurons regulate inspiratory amplitude even during REM sleep but trigger active 

expiration only during quiet waking. Breathing rate, inspiratory muscles, active expiration and 

airway patency could conceivably be regulated by different subsets of RTN neurons. The 

subnuclear organization of the RTN is unknown. 

In order to detect local changes in PCO2 RTN neurons must express a proton-modulated 

potassium channel, TASK-2, and a proton-activated GPCR, GPR4.  TASK-2 and GPR4 are 

expressed at relatively high levels by RTN neurons but are not detectable in astrocytes or 

elsewhere in the VRC. The central respiratory chemoreflex of conscious mice is reduced by 65% 

in single TASK-2-/- or GPR4-/- mice and by 90% in mice deleted for both genes suggesting that 

TASK-2 and GPR4 represent two at least partially independent pH-detection mechanisms. 
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Genetic lesions of RTN neurons eliminate the chemoreflex in neonatal mice and cause large 

deficits in adults. Thus, in mice, the hypercapnic ventilatory reflex relies to a very large extent on 

the ability of ~800 neurons (the RTN) to detect [H+] and activate the RPG.  

Phox2b is widely expressed in the lower brainstem but RTN neuron development in mice 

is particularly vulnerable to a mutation that causes a serious form of CCHS (Phox2b 27ala). These 

mice have a greatly reduced central respiratory chemoreflex, a hallmark of the human disease. 

RTN may also degenerate in CCHS but the histological evidence from human samples has not 

been produced. Based on current knowledge of the function of RTN in rodents, the congenital 

absence of RTN neurons in humans could account for the loss of the HCVR and could contribute 

to the hypoventilation or apnea during non-REM sleep; the cardiovascular, gastrointestinal and 

other deficits associated with CCHS are almost certainly unrelated to RTN.  

 Astrocyte activation/depolarization with fluorocitrate, ChR2, or with CO2 activates RTN 

neurons and stimulates breathing. Three mechanisms may be implicated. Astrocytic DIA may 

raise local proton concentrations to act on the proton receptors expressed by RTN neurons and 

thereby increase the apparent pH-sensitivity of respiratory chemoreflex. This hypothesis could 

reconcile two seemingly contradictory findings: the existence of acid-depolarized astrocytes 

throughout the ventral medulla and the very large contribution of RTN neurons to the 

chemoreflex; other respiratory neurons may simply lack the necessary receptors (TASK-2, 

GPR4) to experience this hypothetical astrocytic “pH boost”.  Serotonergic neurons, some of 

which also express GPR4 may be a special case. Other ways in which astrocytes could modify 

the chemoreflex include the release of gliotransmitters or blood flow reduction and local CO2 

accumulation. More work is clearly required to understand the extent to which astrocytes 
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contribute to central respiratory chemoreception and which mechanism is at play in intact 

conscious mammals.  

 Both hypercapnia and hypoxia activate astrocytes in vitro and both stimuli acidify the 

ventral medullary surface in anesthetized mammals. One would therefore have anticipated that 

hypoxia, like hypercapnia should be capable of activating RTN neurons. However, no such effect 

has been found so far. Hypoxia in vivo has no effect on the discharge of RTN neurons in rats 

with acutely denervated carotid bodies. In conscious rats RTN neurons are actually inhibited by 

up to 40 min of hypoxia (12% FiO2), presumably because of the overriding inhibitory effect of 

alkalosis on these neurons. Conceivably, under normo or hypercapnic conditions, severe hypoxia 

could further activate RTN neurons. However, TASK-2 activation by radical oxygen species 

may also contribute to their inhibition during severe hypoxia.  The postulated central hypoxic 

ventilatory reflex of carotid body-denervated rats may rely on neurons other than RTN, for 

example brainstem catecholaminergic neurons or the region of the preBötC. Alternately, 

breathing stimulation following carotid body excision could be caused by unidentified accessory 

peripheral chemoreceptors located in different peripheral sites in different mammals. 

 

Conclusions 

 RTN neurons are proton-activated glutamatergic neurons; they encode [H+] directly and, 

probably in cooperation with local astrocytes, they increase lung ventilation by stimulating 

multiple components of breathing simultaneously.  These characteristics are those expected of 

central respiratory chemoreceptors. The activity of RTN neurons is regulated by multiple 

inhibitory feedbacks and excitatory inputs, notably from the carotid bodies. RTN neurons drive 
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breathing about equally during quiet wake and non-REM sleep and to a lesser degree during 

REM sleep. They are probably essential for the homeostatic regulation of PaCO2 at rest in the 

waking state and during sleep. RTN neurons are silenced by hypocapnic hypoxia, which 

accounts for the limited degree of hyperventilation that can be achieved in rodents (mice 

especially) under even severe hypobaric hypoxia. RTN neurons are also activated by many types 

of inputs, including from serotonergic neurons. There is a hint of evidence that RTN neurons 

might be activated by exercise. Should this be confirmed, the dogma that central respiratory 

chemoreceptors do not participate in exercise hyperpnea might have to be revised.   

 

Figure legends 

Figure 1: Location and phenotype of RTN neurons 

A. Transverse section through the caudal end of the facial motor nucleus (FN, Sprague-Dawley 

adult rat; bregma -11.6mm; myelin stain; scale 500 µm). Box showing approximate location 

of retrotrapezoid nucleus. 

B. RTN identified as Phox2b-ir, non-catecholaminergic (TH-negative) neurons in a transverse 

section of medulla oblongata (bregma -11.6 mm; adult Sprague-Dawley rat; scale bar: 100 

µm). The C1 (adrenergic/glutamatergic) neurons also express Phox2b (after (Guyenet, 

2008)). 

C. Single-cell RT-PCR data showing presence of Phox2b and VGlut2 transcripts in GFP-

expressing neurons dissociated from the RTN of a Phox2b-eGFP mouse (lanes 1–6), 

including three pH-sensitive neurons examined after recording (lanes 4–6); the RTN neurons 

did not express TH, ChAT, or GAD1. Control experiments verified detection of the 
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following: TH (with Phox2b and VGlut2) in a C1 neuron (lane 7); ChAT (and Phox2b) in a 

facial motoneuron (lane 8); and GAD1 in a striatal medium spiny cell (lane 9).  GAPDH 

expression was seen in all cells, and negative controls for each PCR reaction included bath 

solution (lane 10) and water (lane 11) substituted for cell contents (from (Wang et al., 

2013b). 

D. Plots of glutamatergic (VGlut2-mRNA+) and GABAergic (GAD1mRNA+) neurons in a 

representative transverse section through the rat’s medulla oblongata (bregma level -11.4 

mm; calibration 500 µm). Box shows predominance of glutamatergic neurons in RTN. All 

Phox2b-ir neurons express VGlut2 (black circles); none contain GAD1. The Phox2b+ 

neurons, most of which are non-catecholaminergic at this coronal level are closely 

surrounded with Phox2b-negative glutamatergic neurons and Phox2b-negative GABAergic 

neurons (after (Stornetta et al., 2006)).  

 

Figure 2: Inputs and outputs of RTN neurons 

A. Main connections of RTN neurons (green, excitatory; magenta inhibitory). The RPG includes 

the ventral respiratory column (VRC) and the dorsolateral pons. The monosynaptic nature of 

the RTN inputs shown in this figure has not yet been confirmed by ultrastructural evidence. 

B. Parasagittal section through the rat’s brain (~1.8 mm lateral to the midline) illustrating the 

location of RTN neurons, their axonal projections and the putative function of each 

projection.  

Abbreviations: 5-HT, serotonin; Exp, active (abdominal) expiration; fR, breathing frequency; 

Insp, inspiration; KF, Kölliker-Fuse nucleus; lPBN, lateral parabrachial nuclei; LRt, lateral 
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reticular nucleus; NA, nucleus ambiguus; NTS, nucleus of the solitary tract; OAE, oscillator 

for active expiration; Pn, pontine nuclei; RPG, respiratory pattern generator; SARs, stretch-

activated receptors; SP, substance P; TRH, thyrotropin-releasing hormone; tz, trapezoid 

body; VRC, ventral respiratory column (incl. its four subdivisions, from rostral to caudal: 

Bötzinger, preBötzinger complex, rVRG and cVRG) 

 

Figure 3: RTN neurons encode PCO2 in vivo 

A. Single RTN neuron recorded in a halothane-anesthetized vagotomized rat. The neuron is 

activated by elevated CO2 (hypercapnia) and by hypoxia. The effect of hypoxia is selectively 

eliminated by administration of kynurenic acid (KYN, i.c.v.) to block glutamate transmission 

in the brainstem (from (Mulkey et al., 2004). 

B. Relationship between the discharge rate of RTN neurons (N=12) and arterial pH in 

halothane-anesthetized rats in which glutamatergic transmission was impaired (by KYN, 

i.c.v.).  

C. Respiratory modulation of an RTN neuron in a vagotomized halothane-anesthetized rat. The 

respiratory modulation was enhanced by hypercapnia (right panel). This particular neuron 

exhibits two periods of reduced firing probability per breathing cycle, one at the onset of 

inspiration, the other during post-inspiration (asterisks).  Top trace, averaged rectified 

phrenic nerve discharge (100 sweeps triggered on PND upstroke). Bottom trace: event 

triggered histogram of neuron action potentials (50 ms bins) (redrawn from (Guyenet et al., 

2005)). 
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D. Example of one RTN neuron transduced with ArchT (astrocytes, identified by the presence 

of glial fibrillary acid protein, GFAP, do not express the opsin).  

E. The reduction of breathing frequency caused by bilateral opto-inhibition of RTN neurons 

plotted as a function of arterial pH. Bilateral inhibition of archaerhodopsin (Arch-T)-

transduced RTN neurons decreases breathing frequency in proportion to plasma pH in 

conscious rats. Plasma pH was manipulated by lowering or increasing FiO2 (green symbols) 

or by combining various degrees of respiratory alkalosis on a background of metabolic 

acidosis by administering acetazolamide (red symbols). Adapted from (Basting et al., 2015). 

 

Figure 4: RTN neurons directly encode [H+] 

A. Molecular basis of the intrinsic proton sensitivity of RTN neurons (after (Kumar et al., 

2015). 

B. RTN neurons identified in a Phox2b-EGFP transgenic mouse (green cells). Two RTN 

neurons were filled with biotinamide after intracellular recording (orange).  

C. Right, example of pH-dependent firing rate of one RTN neuron recorded in a Phox2b-EGFP 

mouse brain slice (from (Lazarenko et al., 2009). 

D. Current elicited in a HEK293 cell transiently transfected with TASK-2. Note the large inward 

shift in holding current elicited by changing extracellular pH from neutral (7.5) to acid (7.0). 

E. Representative pH-dependent accumulation of cAMP in HEK293 cells transiently transfected 

with mGPR4 (red curve), by comparison to cell transfected with empty vector (black) or 

mGPR4(R117A), a signaling-deficient receptor mutant (green). The response is normalized 

to cAMP accumulation elicited in these cells by a saturating concentration of PGE2, which 

activates an endogenous receptor.  
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F. Left two panels show colocalization of Phox2b (top) and GPR4 transcripts (bottom) in RTN 

neurons in a wild-type mouse. The four panels on the right show an experiment performed in 

a GPR4 knock-out mouse. From top to bottom: Phox2b mRNA, TASK-2 mRNA, absence of 

GPR4 transcripts and merged image showing colocalization of Phox2b and TASK-2 

transcripts.  

G. Central respiratory chemoreflex (breathing stimulation elicited by hyperoxic hypercapnia) is 

reduced by 65% in TASK-2 and in GPR4 knock-out mice relative to control littermates (Ns 

provided in parentheses). GPR4-/-:TASK-2-/- mice deleted for both genes show 90% 

reduction (with sample size increased to N=10 double KO mice, from N=4 in the original 

publication (Kumar et al., 2015)). 

 

Figure 5: Possible role of astrocytes in the RTN 

 

A. Proton-depolarized astrocytes may enhance extracellular acidification via depolarization-

induced alkalization (DIA), thereby increasing the apparent sensitivity of RTN neurons to 

changes in PCO2. Kir, inwardly rectifying potassium channels; NBCe, sodium-bicarbonate 

exchanger (electrogenic). 

B. Glial theory of chemosensitivity. VMS astrocytes are depolarized by acid causing exocytosis 

of ATP and activation of RTN neurons via P2Y receptors (Gourine et al., 2010). An 

alternative view is that CO2 activates connexin26 directly, causing ATP release (Meigh et al., 

2013). 

C. Astrocyte-induced vasoconstriction. C1, TRPV4-mediated brain blood flow autoregulation 

by astrocytes. This mechanism is Ca++- and ATP-dependent (after (Kim et al., 2015)). C2, 
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hypothesis based on the mechanism described in C1: photoactivation of ChR2 expressed by 

astrocytes causes a rise in astrocytic intracellular [Ca++] and arteriolar constriction that 

propagates to other vessels via ATP release and recruitment of the astrocytic syncytium. 

Vasoconstriction slows CO2 removal, causing PCO2 to rise and activation of RTN neurons 

via [H+]. 

Figure 6: State-dependent control of breathing frequency by RTN 

A-C. Breathing frequency is reduced by bilateral optogenetic inhibition of RTN (ArchT method) 

during quiet resting (A) and non-REM sleep (B) but not during REM sleep (C). Excerpts are 

from the same rat.  

D. Summary diagram. Data (mean ± SE of 7 rats; star indicates P<0.01 from resting i.e. no laser 

light) from (Burke et al., 2015a). 

 

Abstract Figure 

Left: location and core function of the retrotrapezoid nucleus (RTN). RTN neurons reside at the 

ventral surface of the rostral medulla oblongata. Their axonal projections, depicted on a 

parasagittal section of the rodent lower brainstem, target principally the respiratory pattern 

generator (RPG) i.e. the network of lower brainstem neurons that orchestrate the contractions of 

inspiratory and expiratory muscles and regulate airway patency. RTN neurons are strongly 

stimulated by hypercapnia and their main known function is to adjust lung ventilation so as to 

maintain arterial PCO2 stable. This role is especially important during non-REM sleep and quiet 

waking.  
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Right: PCO2 detection by RTN. RTN neurons detect PCO2 primarily via changes in proton 

concentration. A recently uncovered mechanism relies on the expression by RTN neurons of a 

proton-operated GPCR (GPR4) and a proton-sensitive resting potassium conductance (TASK-2). 

Acidification also activates ventral medullary surface astrocytes. In response to this stimulus, 

their intracellular calcium concentration rises, causing the release of ATP which may directly 

activate RTN neurons via P2 receptors. Astrocytes may also activate RTN neurons by reducing 

local blood flow and causing tissue PCO2 to increase. Additional putative mechanisms by which 

astrocytes could facilitate pH detection by RTN neurons are discussed in the review but not 

represented in the figure.  
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