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Abstract

Rhythmicity is a universal timing mechanism in the brain, and the rhythmogenic mechanisms are 

generally dynamic. This is illustrated for the neuronal control of breathing, a behavior that occurs 

as a one-, two-, or three-phase rhythm. Each breath is assembled stochastically, and increasing 

evidence suggests that each phase can be generated independently by a dedicated excitatory 

microcircuit. Within each microcircuit, rhythmicity emerges through three entangled mechanisms: 

(a) glutamatergic transmission, which is amplified by (b) intrinsic bursting and opposed by (c) 

concurrent inhibition. This rhythmogenic triangle is dynamically tuned by neuromodulators and 

other network interactions. The ability of coupled oscillators to reconfigure and recombine may 

allow breathing to remain robust yet plastic enough to conform to nonventilatory behaviors such as 

vocalization, swallowing, and coughing. Lessons learned from the respiratory network may 

translate to other highly dynamic and integrated rhythmic systems, if approached one breath at a 

time.

Keywords

breathing; microcircuits; coupled oscillators; rhythm generation; excitation/inhibition balance; 
synchronization

INTRODUCTION

Understanding how the brain generates behavior requires knowledge and integration of the 

underlying processes at the genetic, molecular, cellular, and network levels. Some behavioral 

models in invertebrates and vertebrates are particularly amenable to a rigorous analysis of 

these processes. For example, breathing in mammals can be considered a simple rhythmic 

behavior, whereby respiratory muscles move air into and out of the lungs. However, such 

focus on the stereotypic nature of breathing largely ignored that breathing is remarkably 

complex and dynamic. Breathing can occur in the form of a single, bi-, or triphasic rhythm, 

and it is multifunctional. Eupneic breathing, gasping, and sighing as well as vocalizations 

are functionally distinct breathing behaviors (Hernandez-Miranda et al. 2017, Ramirez 2014, 
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Subramanian et al. 2016). Moreover, breathing serves as a timing mechanism for behaviors 

such as sniffing (Rojas-Libano et al. 2014, Tsanov et al. 2014) and whisking (Deschenes et 

al. 2016, Kleinfeld et al. 2014) and is highly integrated with other functions of the central 

nervous system (CNS). Respiratory-related oscillations are found in the olfactory bulb 

(Jessberger et al. 2016, Kay & Lazzara 2010), locus coeruleus (Ballantyne et al. 2004), 

hippocampus (Dubois et al. 2016, Lockmann et al. 2016, Nguyen Chi et al. 2016), insula 

(Radna & MacLean 1981), amygdala (Masaoka et al. 2014, Zelano et al. 2016), and neo-

cortex (Zhong et al. 2017). The complexity and dynamic nature of breathing are also 

reflected in its underlying neuronal mechanisms (Feldman et al. 2013, Ramirez et al. 2012). 

As discussed here, breathing is assembled in a state-dependent and stochastic manner 

through interactions within and between different rhythmogenic microcircuits (Anderson & 

Ramirez 2017, Ramirez et al. 2016). These interactions depend on the evolutionary and 

developmental contexts of the organism, as well as the momentary metabolic, 

environmental, and behavioral demands.

Thus, although breathing was initially touted as a model for studying simple behaviors, there 

is no such thing as simple behavior (Hamood & Marder 2014). The cellular repertoire and 

connectivity that give rise to a single breath must be sufficiently complex to allow an opera 

singer to turn a breath into an emotionally packed operatic experience. In this review we 

focus on breathing as a model to unravel the dynamic complexity of brain rhythmicity, 

which constitutes a universal entity essential for synchronizing and coordinating neuronal 

activities and behaviors such as rhythmic motor behaviors (Katz 2016), sensory-motor 

processing (McCormick et al. 2015), learning, memory consolidation, and other higher brain 

functions (Buzsáki & Moser 2013,Buzsáki & Schomburg 2015, Cheron et al. 2016, 

Mendoza & Merchant 2014). Therefore, unraveling the mechanisms of breathing 

rhythmicity can reveal important generalizable insights into how the nervous system 

processes and integrates complex behavioral information.

BREATHING: THE DYNAMIC ASSEMBLY OF THREE DISTINCT PHASE 

MODULES

The process of breathing can be divided into three dynamically regulated phases (Richter & 

Smith 2014). In humans, but not all vertebrates (Jenkin & Milsom 2014), a breath begins by 

drawing air into the lungs during a phase called inspiration. To prolong gas exchange, 

inspiration is typically followed by postinspiration, an expiratory phase that slows the 

release of air through the activation of upper airway muscles (Dutschmann et al. 2014). 

Postinspiration is an active process, which is most evident during singing, when muscles can 

be rhythmically activated multiple times during the postinspiratory phase of a single 

respiratory cycle (Watson et al. 2012) (Figure 1a). This suggests that postinspiration can be 

independently rhythmic and not strictly dependent on a preceding inspiration. Under 

increased metabolic demand a third phase, active expiration, is recruited. During this phase, 

activation of internal intercostal and abdominal muscles forcefully expels air from the lungs. 

In some vertebrates the respiratory cycle can begin with active expiration (Jenkin et al. 

2017), and neonatal rats can generate cycles of active expiration even when inspiration is 
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suppressed by opioids (Janczewski & Feldman 2006). Thus, evidence suggests that all 

breathing phases can function independently.

Breathing phases can also reconfigure and synchronize to generate a single bi- or triphasic 

rhythm (Figure 1b). Postinspiratory activity joins inspiration during gasping (Ramirez et al. 

1998a, St-John 1998) and active expiration during coughing (Shannon et al. 2000). 

Moreover, there can be considerable stochasticity in breath-to-breath waveforms (Figure 1c). 

Thus, breathing is composed of three independent phase modules that are assembled and 

reconfigured in a cycle-to-cycle manner to orchestrate a behavior that can switch between 

one-, two-, and three-phase rhythms.

DEFINING THE SUBREGIONS OF THE VENTRAL RESPIRATORY COLUMN

The core circuits for respiratory rhythm generation are distributed along the medullary 

ventral respiratory column (VRC) (Figure 2) and often described in terms of functionally 

and chemically defined subregions (Alheid & McCrimmon 2008). These subregions include 

(from rostral to caudal) the retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG) 

(Guyenet et al. 2009, Huckstepp et al. 2015, Pearce et al. 1989), postinspiratory complex 

(PiCo) (Anderson et al. 2016), Bötzinger complex (BötC) (Schreihofer et al. 1999), 

preBötzinger complex (preBötC) (Schwarzacher et al. 2011, Smith et al. 1991), rostral 

ventral respiratory group, and caudal ventral respiratory group.

Some subdivisions of the VRC have also been included in the so-called compartmental 

model for respiratory rhythm generation (Smith et al. 2007, 2009, 2013). In this model, 

rhythmogenesis emerges through inhibitory interactions and the interdependence between 

three phases. For example, postinspiratory activity switches off inspiratory activity, and 

inhibitory rebound turns on postinspiratory activity. This presumed interdependence is not 

necessarily consistent with the behavior in which each respiratory phase can apparently 

function independently under certain conditions, or with recordings in vivo that show 

remarkable cycle-to-cycle variability specifically in postinspiratory neuronal activity (Orem 

& Trotter 1992). The compartmental model is also challenged by the repeated demonstration 

that neither rhythmogenesis, burst initiation, nor termination is abolished after blocking 

synaptic inhibition (Janczewski et al. 2013, Ramirez & Viemari 2005, Ramirez et al. 1996, 

Shao & Feldman 1997, Zanella et al. 2014). However, blocking synaptic inhibition is not the 

ideal approach for testing rhythmogenic inhibitory mechanisms (Marchenko et al. 2016), 

because a redundant network may simply switch from an inhibition-dependent to an 

inhibition-independent mode after inhibition is lost.

An alternative model, the triple oscillator hypothesis, proposes that each breathing phase is 

generated independently by excitatory microcircuits located in the preBötC, RTN/pFRG, and 

PiCo (Anderson & Ramirez 2017, Anderson et al. 2016, Huckstepp et al. 2016, Janczewski 

& Feldman 2006, Smith et al. 1991, Tan et al. 2008). Silencing the preBotC, PiCo, and 

lateral pFRG eliminates inspiration, postinspiration, and active expiration, respectively 

(Anderson et al. 2016, Silva et al. 2016, Tan et al. 2008). Each of these microcircuits can 

generate rhythmicity dependent on glutamatergic interactions (Anderson et al. 2016, Chen et 

al. 2013, Smith et al. 1991). In the preBötC, the critical glutamatergic neurons are 
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characterized by the homeobox gene Dbx1 (Bouvier et al. 2010, Gray et al. 2010, Picardo et 

al. 2013) (Figure 2a), and the PiCo is characterized by glutamatergic-cholinergic neurons 

(Anderson et al. 2016) (Figure 2b). Neurons within RTN/pFRG regions are associated with 

the transcription factor Phox2b (Figure 2c), but it is uncertain which of these neurons are 

rhythmogenic, chemosensitive, or both (Onimaru et al. 2009, Pagliardini et al. 2011, Silva et 

al. 2016).

It would be an oversimplification to imply that these microcircuits have well-defined 

borders. The preBötC contains several overlapping subpopulations of glutamatergic neurons 

(Cui et al. 2016; Feldman & Kam 2015; Gray et al. 2001; Hayes et al. 2017; Tan et al. 2008, 

2012; Yackle et al. 2017), and no one marker exclusively defines the preBötC (Feldman & 

Kam 2015). For example, Dbx1 neurons extend rostrally and caudally beyond the presumed 

preBötC (Gray et al.2010), and there is also a gradient from the more ventrally located 

rhythmogenic preBötC to the more dorsally located hypoglossal premotor Dbx1 neurons 

(Revill et al. 2015, Wang et al. 2014) (Figure 2a). Thus, neurons may gradually transition 

from more rhythmogenic to less rhythmogenic at its boundaries. Moreover, neurons located 

outside the presumed preBötC may become rhythmogenic under certain conditions, which is 

supported by several findings: Acute preBötC lesions abolish eupneic activity (Ramirez et 

al. 1998b, Tan et al. 2008, Wenninger et al. 2004) but not gasping (Ramirez et al. 1998b), 

eupneic breathing can recover if the preBötC is lesioned slowly (Forster et al. 2014, Krause 

et al. 2009), and the effect of lesioning the preBötC is dependent on the sleep state (McKay 

& Feldman 2008). Thus, the borders of the preBötC may be dynamically regulated in a 

behavior- and state-dependent fashion. These considerations suggest that the concept of 

discrete microcircuits is only a temporary framework that will evolve as we gain more 

detailed insights into their composition, boundaries, and dynamic regulation.

THE TRIANGLE OF RHYTHMOGENESIS

Although glutamatergic synaptic transmission is critical for rhythmogenesis, the respiratory 

network is heterogeneous (Figure 3a) and glutamatergic mechanisms never function alone. 

The degree of synchronization within the network depends on many factors, but at the core 

are three interwoven mechanisms: (a) glutamatergic transmission, which synchronizes 

respiratory neurons; (b) intrinsic bursting, which promotes synchronization; and (c) 

concurrent inhibition, which opposes synchronization and intrinsic bursting. Each 

component of this rhythmogenic triangle (Figure 3b) is dynamically regulated in a cycle-to-

cycle manner to control the regularity, frequency, activity onset and termination, and 

stochasticity of respiratory neurons.

The respiratory rhythm shows remarkable cycle-to-cycle fluctuations in the degree of 

synchronization and neuronal activation patterns (Carroll & Ramirez 2013, Carroll et al. 

2013, Eugenin et al. 2006, Harris et al. 2017, Lindsey et al. 1997, Mellen 2010, Mellen & 

Mishra 2010, Nieto-Posadas et al. 2014, Oke et al. 2015, Orem & Trotter 1992, Yackle et al. 

2017). Instead of clustering into discrete categories (Smith et al. 2007, 2009), respiratory 

neurons can show activities spanning different phases, and some neurons can be 

rhythmically active in wakefulness but not REM (rapid-eye movement) sleep (Orem & 

Trotter 1992). Within the preBötC, respiratory neurons exhibit varied discharge patterns 
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along a continuum, from strongly inspiratory, to weakly inspira-tory, to tonic spiking, to 

expiratory (Carroll & Ramirez 2013) (Figure 4a). Even neurons active during the same 

respiratory phase exhibit a wide variety of activation patterns, burst durations, mean firing 

rates, onset and offset times, and roundness of burst shapes (Figure 4b). Moreover, 

individual neurons can miss a cycle and exhibit a large cycle-to-cycle jitter in activity onset 

(Carroll & Ramirez 2013, Kam et al. 2013a, Nieto-Posadas et al. 2014, Yackle et al. 2017) 

(Figure 4c). The stochastic onset variability of preBötC neurons can be modeled by a 

network configuration of sparsely connected excitatory neurons (Carroll & Ramirez 2013) 

(Figure 5a), which necessitates that several hundred excitatory neurons are connected to 

consistently generate synchronized bursts at the population level (Carroll & Ramirez 2013).

Within the preBötC, synchronization is delayed during each cycle by concurrent inhibition, 

resulting in a preinspiratory, weakly synchronized ramp that transitions into a fully 

synchronized population burst (Figure 5b) (Kam et al. 2013a, Koch et al. 2011, Ramirez & 

Richter 1996, Ramirez et al. 2004). The transition from the weakly synchronized 

preinspiratory ramp to a fully synchronized population burst can be abrupt. Yet consecutive 

cycles can reach different degrees of synchronization, resulting in amplitude fluctuations of 

population bursts. Thus, full synchronization should not imply maximal synchronization, 

during which all inspiratory neurons are synchronized. Indeed, it is unlikely that a maximal 

synchronization state is ever reached during eupneic breathing, because much larger 

inspiratory population bursts can be generated during a sigh (Ramirez 2014).

Fluctuations in synchronization are not rare, and cycles of apparently weak synchronization 

can be seen not only in the isolated network but also in vivo (Morris et al. 2001, Orem & 

Trotter 1992). Conditions such as long-term facilitation can increase synchrony (Morris et 

al. 2001), whereas the probability of weak synchronization can increase after exposure to 

intermittent hypoxia (Garcia et al. 2016, Zanella et al. 2014), increased postnatal age 

(Ramirez et al. 1996), low K+ concentrations (Kam et al. 2013a,b), or decreased 

glutamatergic synaptic transmission (Harris et al. 2017). During some cycles, individual 

inspiratory neurons can fail to discharge or generate only a few action potentials (Figure 

5a,b), as first demonstrated by Ramirez & Richter (1996) (see also Carroll & Ramirez 2013, 

Harris et al. 2017). Cycles in which inspiratory neurons remain weakly synchronized have 

also been called burstlets (Cui et al. 2016; Kam et al. 2013a,b). Such cycles are 

characterized by low-amplitude bursts in integrated preBötC population activity that fail to 

transmit to respiratory motor output (Bacak et al. 2016; Carroll & Ramirez 2013; Garcia et 

al. 2016, 2017; Harris et al. 2017; Zanella et al. 2014).

It has been proposed (Kam et al. 2013a) that preinspiratory ramps, or burstlets, and fully 

synchronized population bursts serve fundamentally different functions. Burstlets are 

considered rhythmogenic, but population bursts are viewed as pattern formation (Cui et al. 

2016). This is an intriguing idea and the reader is referred to Kam et al. (2013b) for further 

explanation. While these two network states may indeed exert differential influences on 

rhythm and pattern formation, a strict separation is not possible. All rhythmogenic neurons 

that are activated during the preinspiratory ramp are also activated during the fully 

synchronized burst. Moreover, the same synaptic and intrinsic membrane properties that 

generate the ramp are also engaged during the burst, which inevitably influences the timing 
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of the next burst (see figure 2a,e in Kam et al. 2013a). Thus, we propose that the weakly and 

fully synchronized network states emerge through the same rhythmogenic process, in which 

concurrent inhibition delays a full synchronization, until a sufficient number of connected 

neurons trigger a snowball event that culminates in the fully synchronized state. An abrupt 

transition is promoted by the nonlinearity of intrinsic bursting properties (Figure 5b) 

(Ramirez & Richter 1996). At what point the preinspiratory ramp transitions into the 

population burst depends on the rhythmogenic triangle (i.e., the overall balance of synaptic 

inhibition, synaptic excitation, and excitability of intrinsic bursting) (Ramirez & Richter 

1996, Ramirez et al. 2004).

Transitioning from the weakly to the fully synchronized population burst is of great 

functional importance because failure to transition results in failure to transmit inspiratory 

activity from the preBötC to the hypoglossal nucleus (XII), causing a XII apnea (Garcia et 

al. 2016, Kam et al. 2013a, Ramirez & Richter 1996, Ramirez et al. 1996). This is 

particularly relevant in the context of obstructive sleep apnea (OSA). In order to vocalize, 

the human pharynx is flexible and prone to collapse. Collapse is prevented through the 

coordinated activation of the diaphragm and muscles that control the upper airway, such as 

the genioglossus (driven by the XII). Failure to activate the XII during inspiration allows 

negative pressure generated during contraction of the diaphragm to collapse the pharynx and 

obstruct the airway, the key symptom of OSA (Ramirez et al. 2013). Important aspects of 

this disease, including airway obstructions (Peng et al. 2017), can be studied in rodents 

intermittently exposed to hypoxia for several days (chronic intermittent hypoxia, CIH). 

Exposure to CIH significantly increases the number of failed transitions into fully 

synchronized population bursts. As a result, the inspiratory burst does not transmit from the 

preBötC to the XII (Garcia et al. 2016, Ramirez & Richter 1996, Ramirez et al. 1996), 

causing the XII apnea, which is a major contributor to OSA (Ramirez et al. 2013).

INTRINSIC BURSTING: AN IMPORTANT DYNAMIC, NONLINEAR 

MEMBRANE PROPERTY

As in many neuronal networks (Koch et al. 2011, Schwindt & Crill 1999, Stuart & Sakmann 

1995, van Drongelen et al. 2006), the synchronization of preBötC neurons is facilitated by 

intrinsic bursting properties. In the preBötC, a subset of neurons continue to burst in the 

absence of synaptic inputs; this bursting depends on two types of inward currents, the 

persistent sodium current (INaP) and the calcium-activated nonselective cation current 

(ICAN) (Figure 5c) (Peña et al. 2004, Thoby-Brisson & Ramirez 2001). Whereas ICAN 

seems to modulate primarily the burst shape and amplitude, INaP activation affects the 

frequency (Viemari & Ramirez 2006). But as discussed above, a strict functional separation 

of rhythm and pattern-generating mechanisms is probably an oversimplification.

Intrinsic bursting neurons are typically called pacemaker neurons, but this nomenclature has 

been the source of considerable confusion. Burstiness among inspiratory neurons ranges 

from weak, irregular bursting to strong, regular bursting (Carroll & Ramirez 2013). 

Although bursting properties can be sensitive to the blockade of either ICAN or INaP 

currents (Peña et al. 2004), there is considerable heterogeneity in peak inward and outward 
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current densities among inspiratory neurons. Bursting neurons tend to have higher current 

densities of INaP than nonbursting neurons do (Del Negro et al. 2002), but the current 

density of ICAN has not been systematically studied.

The large variability in the ratio of inward to outward currents is a fundamental neuronal 

property. Even in individually identified neurons of genetically identical animals, there is 

remarkable heterogeneity in the balance of different ionic currents and their conductances 

(Golowasch 2014; O’Leary et al. 2013, 2014; Rotstein et al. 2016; Swensen & Bean 2005; 

Temporal et al. 2012). Many solutions of cellular mechanisms with considerable animal-to-

animal variability can generate apparently identical rhythmic outputs, suggesting that 

parameter nonuniqueness is a fundamental mechanism of system robustness and versatility 

(Prinz 2017). Moreover, acute lesioning of a given conductance can lead to compensatory 

changes (Etheredge et al. 2007, Grashow et al. 2010, Haedo & Golowasch 2006, Koch et al. 

2013, O’Leary et al. 2013) that may operate even in a cycle-to-cycle manner (Olypher & 

Calabrese 2007, Rotstein et al. 2016). This finding calls into question the value of trying to 

identify one particular cellular mechanism that is essential for rhythmogenesis in a 

redundant and degenerative network (Mellen 2010).

A related yet different issue is whether pacemaker, or bursting, neurons actually pace the 

respiratory rhythm. Pacemaker neurons are generally more excitable. Thus, pacemaker 

neurons are more likely to lead a given cycle than nonbursting neurons are (Carroll & 

Ramirez 2013). Yet all neurons in the respiratory network are stochastically activated. 

Bursting or nonbursting neurons could lead a given cycle and contribute to the onset of 

events leading to a synchronized population burst (Carroll & Ramirez 2013). This is 

consistent with the observation that both bursting and nonbursting neurons are activated 

during the preinspiratory period (Cui et al. 2016, Feldman & Kam 2015, Kam et al. 2013a). 

Thus, the respiratory rhythm does not emerge through any one mechanism. Instead, each 

breath is assembled stochastically through the integration of various bursting properties as 

well as synchronizing and desynchronizing synaptic properties, as conceptualized in the 

triangle of rhythmogenesis (Figure 3b).

INTERDEPENDENCE BETWEEN INTRINSIC BURSTING AND NETWORK 

STATE: WHEN THE GOOD TURNS BAD

In the respiratory network, bursting neurons possess special membrane properties that allow 

them to burst even at physiological concentrations of potassium (Tryba & Ramirez 2004, 

Tryba et al. 2003), yet bursting properties are actively weakened by concurrent inhibition 

(Tryba et al. 2003) (Figure 6c). Thus, except for occasional ectopic bursts (Ramirez et al. 

2004), pacemaker neurons typically require glutamatergic excitatory input, neuromodulatory 

input, or removal of inhibitory input in order to burst. Any of these factors can change. 

Bursting can be induced by substance P (Peña & Ramirez 2004) or norepinephrine (NE) 

(Viemari & Ramirez 2006), which promotes synchronization and regularizes the respiratory 

rhythm. By contrast, strengthening synaptic inhibition by exposing the network to acute 

intermittent hypoxia (AIH) biases the network toward weakly synchronized cycles. 

Exposing the network to AIH and NE enhances bursting and inhibition concurrently, which 
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increases the gain of the fluctuations between failed and synchronized states and results in 

an increased amplitude irregularity (Zanella et al. 2014). Weakening bursting properties with 

riluzole, which blocks INaP (Peña et al. 2004), decreases the gain of fluctuations caused by 

CIH, which decreases amplitude irregularity (Garcia et al. 2017). This result is the opposite 

of the application of riluzole in control conditions (Peña et al. 2004). Thus, whether any 

aspect of the rhythmogenic triangle or a given neuromodulator stabilizes or destabilizes the 

rhythm depends on the network state (Zanella et al. 2014). This concept may help explain 

the state dependency of various respiratory disorders. Specifically, a neuromodulator that 

normally stabilizes the respiratory network may cause instability in pathological conditions 

associated with intermittent hypoxia. In Rett syndrome, for example, breathing irregularities 

occur during wakefulness (Viemari et al. 2005; Weese-Mayer et al. 2006, 2008), whereas 

OSA occurs primarily during REM sleep (Ramirez et al. 2013). Both states are characterized 

by elevated levels of excitatory neuromodulators, including NE.

CONCURRENT INHIBITION AND EXCITATION AND THE CONTROL OF 

SYNCHRONIZATION

Concurrent inhibition and excitation is a network property frequently found in the CNS 

(Chagnac-Amitai & Connors 1989, English et al. 2014, Kolind et al. 2012, Petersen et al. 

2014, Zheng & Raman 2011). In general terms, concurrent excitation and inhibition prevents 

excessive spiking and changes in membrane potential (Kolind et al. 2012, Shadlen & 

Newsome 1998, van Vreeswijk & Sompolinsky 1996), and it is a major contributor to 

stochasticity (Rudolph et al. 2005, Yarom & Hounsgaard 2011). This network mechanism is 

also critical for gain control (Brunel et al. 2001, Burkitt 2006, Chance et al. 2002, Destexhe 

et al. 2003), which is consistent with the role of inhibition in the respiratory network (Dogas 

et al. 1998). Concurrent excitation and inhibition arises from local connections within the 

preBötC (Figure 6a,b) (Harris et al. 2017, Morgado-Valle et al. 2010). In some respiratory 

neurons the strength of inhibition can outweigh the concurrent excitation, resulting in an 

expiratory discharge pattern (Figures 4a, 6c, 8a). But in most excitatory preBötC neurons 

this network configuration results in an augmenting inspiratory burst (Figure 6c). This 

augmenting shape, also called eupneic activity, is characteristic of the inspiratory pattern 

during normal breathing.

The network transitions from eupnea to gasping during severe hypoxia (Figure 7) (Lieske et 

al. 2000). This reconfiguration is associated with varied changes in the spiking activity of, 

and the interactions between, preBötC neurons (Figure 7b,c) (Nieto-Posadas et al. 2014), 

with a bias toward reduced synaptic inhibition (Figure 7d) both in vitro (Lieske et al. 2000) 

and in vivo (Richter et al. 1991). The loss of inhibition in hypoxia also results in a phase 

shift that turns expiratory neurons into inspiratory neurons (Figure 7e). Similar changes 

occur when blocking inhibition pharmacologically (Lieske et al. 2000). However, 

reconfiguration in hypoxia likely involves more than reduced inhibition (Peña et al. 2004), 

and reconfiguration within the preBötC constitutes only one aspect of a wider network 

reconfiguration that includes other microcircuits and afferent inputs to generate the emergent 

hypoxic response. These considerations are consistent with the broader concept that 

breathing is assembled from different, principally independent phase modules that can be 
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reconfigured and reassembled to generate different forms of breathing behaviors, such as 

eupnea and gasping (Figure 1b), but also behaviors closely associated or coordinated with 

breathing, such as coughing or swallowing (Pitts et al. 2012). Indeed, phase as an 

independent behavioral module also facilitates the ability of behaviors to reconfigure, 

another general principle (Earhart & Stein 2000, Frigon 2009, Jing et al. 2007, Li 2015, Liao 

& Fetcho 2008, Ramirez 1998, Soffe 1993, Weimann et al. 1991, White & Nusbaum 2011).

MULTIPLE, COUPLED MICROCIRCUITS ARE REQUIRED TO GENERATE A 

MULTIPHASE RHYTHM

Local inhibition exerts powerful control over synchronization and burst generation (Figure 

8). Increasing the strength or proportion of inhibitory neurons desynchronizes the respiratory 

rhythm, leading to increased variability and eventually to cessation of rhythmogenesis. Thus, 

there is a small parameter space in which rhythmogenesis can be maintained in the presence 

of inhibition. Inhibitory neurons incorporated within the network also lead to the emergence 

of neurons with an expiratory discharge pattern (Figure 8a) (Harris et al. 2017). However, 

there is also a limited window in which inhibition can support a discharge pattern that is not 

in phase with the main population rhythm, because network rhythmicity is lost if the 

percentage of expiratory neurons reaches ~20% (Figure 8b). It is estimated that 25–50% of 

preBötC neurons are inhibitory (Morgado-Valle et al. 2010, Winter et al. 2009), and multi-

array recordings from the preBötC indicate that approximately 9% of neurons are expiratory 

(Figure 4a) (Carroll & Ramirez 2013). Thus, as suggested by network models (Harris et al. 

2017), the preBötC operates on the edge of synchrony, which perhaps contributes to its 

remarkable flexibility. Indeed, this may be a general network phenomenon. In the neocortex, 

rhythmic up and down states are also characterized by concurrent inhibition and excitation 

(Shu et al. 2003), and neurons that discharge out of phase (i.e., during the down state) are 

rare but do exist (van Drongelen et al. 2003).

These considerations lead to the conclusion that local concurrent inhibition and excitation is 

not sufficient to allow a single microcircuit to generate a robust multiphase rhythm (Harris et 

al. 2017). This has important ramifications for rhythm generation in general and the 

organization of the respiratory network in particular. To generate more than one phase 

requires a variety of network mechanisms (Tupal et al. 2014), including long-range 

inhibition, that can establish the phase relationships between different excitatory 

microcircuits. As indicated by computational modeling, the balance between the strength of 

local versus long-range inhibition can determine the regularity of rhythmogenesis and the 

generation of different phases (Figure 9a) (Harris et al. 2017). Although this model tested 

the interactions between only two microcircuits, it is conceivable that long-range inhibitory 

interactions between three microcircuits may also generate a three-phase rhythm, as 

proposed by the triple oscillator hypothesis (Figure 9b) (Anderson & Ramirez 2017).

The concept of coupled oscillators is consistent with the organization of other rhythmogenic 

networks, such as the locomotor rhythm and circadian rhythms (Bywalez et al. 2012, 

Cangiano et al. 2012, Grillner & El Manira 2015, Im & Taghert 2010, Lee et al. 2009). This 

concept also explains many behavioral features of breathing (e.g., how a given phase can be 
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drastically weakened or strengthened in a cycle-to-cycle manner), because in contrast to 

existing network models, the generation of a given phase is not strictly dependent on the 

presence of another phase. Moreover, local concurrent inhibition and excitation can locally 

generate inspiration with eupneic characteristics independent from the influence of other 

breathing phases (Ramirez & Lieske 2003). A higher threshold for the activation of the 

pFRG network may explain why active expiration is recruited during high metabolic 

demands, and why it depends on the preBötC in older animals (Huckstepp et al. 2016). 

Indeed, the differential modulatory sensitivity of these oscillators (Anderson et al. 2016, Doi 

& Ramirez 2008) may allow the CNS to differentially activate or inhibit a given phase. 

Further, weakened long-range inhibitory interactions between oscillators might explain why 

postinspiration and expiration can overlap (McCrimmon et al. 2000), and may provide a 

conceptual framework to understand how the respiratory network reconfigures during 

nonventilatory behaviors such as coughing or swallowing (Segers et al. 2012). From an 

evolutionary perspective, it is conceivable that the CNS recruited and combined different 

microcircuits as breathing evolved from gill breathing in fish, to transitional gill and lung 

breathing in amphibians, to various distinct forms of breathing in reptiles and birds, and to 

diaphragmatic breathing in mammals (Ramirez et al. 2016).

Further experimental and computational studies are necessary to integrate these relatively 

novel concepts and to reconcile some of the fundamental differences between the triple 

oscillator hypothesis and compartmental models. For example, rhythmogenesis in the 

compartmental model emerges through inhibitory interactions driven by excitation from the 

pons. Therefore, unravelling the role of the pons will be instrumental in finding common 

ground in respiratory rhythm generation (Dutschmann et al. 2014). Often thought to be 

essential for the termination (off-switch) of inspiration, the pons may have various important 

roles in regulating, stabilizing, and shaping ongoing respiratory activity. Indeed, structures 

such as the pons may be critical for exerting stability and limiting the variability within the 

medullary networks (see, e.g., Dhingra et al. 2016, 2017). Disruption in these 

pontomedullary interactions may also be primarily responsible for the breathing 

disturbances in Rett syndrome (Abdala et al. 2016). The pons also influences other aspects 

of the respiratory rhythm, including the frequency of inspiratory and expiratory activities 

(Zuperku et al. 2017) and coordination with nonventilatory behaviors such as swallowing 

(Bonis et al. 2011).

CONCLUDING REMARKS

The apparent stereotypy of breathing inferred that the underlying mechanisms are simple. 

The discovery of the preBötC (Smith et al. 1991) fit this mindset, as it suggested that 

breathing emerges from one rhythmogenic kernel that is both sufficient and necessary for 

rhythmogenesis. The criterion of necessity also guided the search for one essential 

rhythmogenic mechanism. The hypothesis that this rhythmogenic mechanism is realized by 

pacemaker properties was rejected early on and replaced by ideas such as the group 

pacemaker hypothesis, the burstlet hypothesis, and the hypothesis that the rhythm emerges 

through inhibitory interactions, all of which are likely important contributors to respiratory 

rhythmogenesis. But the premise has to be reconsidered: Neither a single rhythmogenic 

mechanism, nor a single rhythmogenic network, is likely. Indeed, there is no simple 
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behavior, not even in the smallest invertebrate. As for breathing, it may temporarily seem 

stereotypic. But in a state-dependent manner breathing must be able to reconfigure and 

switch between one-, two-, and three-phase rhythms, and during vocalization it must serve 

our highest intellectual or artistic control. To cover this wide behavioral spectrum, each 

cycle emerges from a dynamic interplay between rhythmogenic and rhythmoinhibitory 

mechanisms that are targeted by numerous modulators and synaptic interactions between 

microcircuits distributed over numerous CNS regions. Although this review focused on the 

dynamic complexity observed at the neuronal network level, the striking variability and 

stochasticity may not automatically translate into variability at the motor output or 

behavioral level, as each level of integration has its own regulatory processes, as elegantly 

illustrated in the characterization of amplitude variability of transdiaphragmatic pressure 

(Medina-Martínez et al. 2015). As modern optogenetic and molecular tools increasingly 

allow us to bridge different levels of integration and to characterize the dynamic complexity 

of breathing in freely behaving animals, the field has reached an important turning point. We 

are gaining insights into the intriguing relationship between breathing, emotion, and 

attention (Burke et al. 2014, Li et al. 2016, Ramirez et al. 2012, Yackle et al. 2017). But this 

is just the beginning, as we still have only a limited mechanistic understanding of the link 

between the hippocampus, amygdala, insula, and respiratory rhythm generating networks.

This review provides a snapshot of our current understanding of the network interactions 

that characterize breathing. We are fully aware that models such as the triple oscillator 

hypothesis or the rhythmogenic triangle are still rooted in a reductionistic mindset. However, 

most progress in the field emerged from simplified hypotheses that could be challenged, 

overthrown, or built upon. Thus, we expect that the concepts discussed here will continue to 

be revised as we gain a better understanding of a neuronal network that is so intimately 

linked to life and all its complexity.

ACKNOWLEDGMENTS

We thank National Institute of Health grants P01 HL090554, R01 HL126523, and F32 HL134207 for funding these 
projects.

LITERATURE CITED

Abdala AP, Toward MA, Dutschmann M, Bissonnette JM, Paton JF. 2016 Deficiency of GABAergic 
synaptic inhibition in the Kölliker-Fuse area underlies respiratory dysrhythmia in a mouse model of 
Rett syndrome. J. Physiol 594:223–37 [PubMed: 26507912] 

Alheid GF, McCrimmon DR. 2008 The chemical neuroanatomy of breathing. Respir. Physiol. 
Neurobiol164:3–11 [PubMed: 18706532] 

Anderson TM, Garcia AJ 3rd, Baertsch NA, Pollak J, Bloom JC, et al. 2016 A novel excitatory 
network for the control of breathing. Nature 536:76–80 [PubMed: 27462817] 

Anderson TM, Ramirez JM. 2017 Respiratory rhythm generation: triple oscillator hypothesis. 
F1000Research 6:139 [PubMed: 28299192] 

Bacak BJ, Kim T, Smith JC, Rubin JE, Rybak IA. 2016 Mixed-mode oscillations and population 
bursting in the pre-Bötzinger complex. eLife 5:e13403 [PubMed: 26974345] 

Ballantyne D, Andrzejewski M, Muckenhoff K, Scheid P. 2004 Rhythms, synchrony and electrical 
coupling in the locus coeruleus. Respir. Physiol. Neurobiol 143:199–214 [PubMed: 15519556] 

Ramirez and Baertsch Page 11

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bonis JM, Neumueller SE, Marshall BD, Krause KL, Qian B, et al. 2011 The effects of lesions in the 
dorsolateral pons on the coordination of swallowing and breathing in awake goats. Respir. Physiol. 
Neurobiol 175:272–82 [PubMed: 21145433] 

Bouvier J, Thoby-Brisson M, Renier N, Dubreuil V, Ericson J, et al. 2010 Hindbrain interneurons and 
axon guidance signaling critical for breathing. Nat. Neurosci 13:1066–74 [PubMed: 20680010] 

Brunel N, Chance FS, Fourcaud N, Abbott LF. 2001 Effects of synaptic noise and filtering on the 
frequency response of spiking neurons. Phys. Rev. Lett 86:2186–89 [PubMed: 11289886] 

Burke PG, Abbott SB, Coates MB, Viar KE, Stornetta RL, Guyenet PG. 2014 Optogenetic stimulation 
of adrenergic C1 neurons causes sleep state-dependent cardiorespiratory stimulation and arousal 
with sighs in rats. Am. J. Respir. Crit. Care Med 190:1301–10 [PubMed: 25325789] 

Burkitt AN. 2006 A review of the integrate-and-fire neuron model: I. Homogeneous synaptic input. 
Biol. Cybern 95:1–19 [PubMed: 16622699] 

Buzsáki G, Moser EI. 2013 Memory, navigation and theta rhythm in the hippocampal-entorhinal 
system. Nat. Neurosci 16:130–38 [PubMed: 23354386] 

Buzsáki G, Schomburg EW. 2015 What does gamma coherence tell us about inter-regional neural 
communication? Nat. Neurosci 18:484–89 [PubMed: 25706474] 

Bywalez W, Menegazzi P, Rieger D, Schmid B, Helfrich-Förster C, Yoshii T. 2012 The dual-oscillator 
system of Drosophila melanogaster under natural-like temperature cycles. Chronobiol. Int 29:395–
407 [PubMed: 22489637] 

Cangiano L, Hill RH, Grillner S. 2012 The hemisegmental locomotor network revisited. Neuroscience 
210:33–37 [PubMed: 22433298] 

Carroll MS, Ramirez JM. 2013 Cycle-by-cycle assembly of respiratory network activity is dynamic 
and stochastic. J. Neurophysiol 109:296–305 [PubMed: 22993257] 

Carroll MS, Viemari JC, Ramirez JM. 2013 Patterns of inspiratory phase-dependent activity in the in 
vitro respiratory network. J. Neurophysiol 109:285–95 [PubMed: 23076109] 

Chagnac-Amitai Y, Connors BW. 1989 Synchronized excitation and inhibition driven by intrinsically 
bursting neurons in neocortex. J. Neurophysiol 62:1149–62 [PubMed: 2585046] 

Chance FS, Abbott LF, Reyes AD. 2002 Gain modulation from background synaptic input. Neuron 
35:773–82 [PubMed: 12194875] 

Chen L, Zhang J, Ding Y, Li H, Nie L, et al. 2013 KATP channels of parafacial respiratory group 
(pFRG) neurons are involved in H2S-mediated central inhibition of respiratory rhythm in 
medullary slices of neonatal rats. Brain Res 1527:141–48 [PubMed: 23850648] 

Cheron G, Márquez-Ruiz J, Dan B. 2016 Oscillations, timing, plasticity, and learning in the 
cerebellum. Cerebellum 15:122–38 [PubMed: 25808751] 

Cui Y, Kam K, Sherman D, Janczewski WA, Zheng Y, Feldman JL. 2016 Defining preBötzinger 
complex rhythm- and pattern-generating neural microcircuits in vivo. Neuron 91:602–14 
[PubMed: 27497222] 

Del Negro CA, Koshiya N, Butera RJ Jr., Smith JC. 2002 Persistent sodium current, membrane 
properties and bursting behavior of pre-Bötzinger complex inspiratory neurons in vitro. J. 
Neurophysiol 88:2242–50 [PubMed: 12424266] 

Deschenes M, Takatoh J, Kurnikova A, Moore JD, Demers M, et al. 2016 Inhibition, not excitation, 
drives rhythmic whisking. Neuron 90:374–87 [PubMed: 27041498] 

Destexhe A, Rudolph M, Pare D. 2003 The high-conductance state of neocortical neurons in vivo. Nat. 
Rev. Neurosci 4:739–51 [PubMed: 12951566] 

Dhingra RR, Dutschmann M, Dick TE. 2016 Blockade of dorsolateral pontine 5HT1A receptors 
destabilizes the respiratory rhythm in C57BL6/J wild-type mice. Respir. Physiol. Neurobiol 
226:110–14 [PubMed: 26840837] 

Dhingra RR, Dutschmann M, Galán RF, Dick TE. 2017 Kölliker-Fuse nuclei regulate respiratory 
rhythm variability via a gain-control mechanism. Am. J. Physiol. Regul. Integr. Comp. Physiol 
312:R172–88 [PubMed: 27974314] 

Dogas Z, Krolo M, Stuth EA, Tonkovic-Capin M, Hopp FA, et al. 1998 Differential effects of GABAA 
receptor antagonists in the control of respiratory neuronal discharge patterns. J. Neurophysiol 
80:2368–77 [PubMed: 9819249] 

Ramirez and Baertsch Page 12

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Doi A, Ramirez JM. 2008 Neuromodulation and the orchestration of the respiratory rhythm. Respir. 
Physiol. Neurobiol 164:96–104 [PubMed: 18602029] 

Dubois M, Chenivesse C, Raux M, Morales-Robles A, Nierat MC, et al. 2016 Neurophysiological 
evidence for a cortical contribution to the wakefulness-related drive to breathe explaining 
hypocapnia-resistant ventilation in humans. J. Neurosci 36:10673–82 [PubMed: 27733617] 

Dutschmann M, Jones SE, Subramanian HH, Stanic D, Bautista TG. 2014 The physiological 
significance of postinspiration in respiratory control. Prog. Brain Res 212:113–30 [PubMed: 
25194196] 

Earhart GM, Stein PS. 2000 Step, swim, and scratch motor patterns in the turtle. J. Neurophysiol 
84:2181–90 [PubMed: 11067964] 

English DF, Peyrache A, Stark E, Roux L, Vallentin D, et al. 2014 Excitation and inhibition compete to 
control spiking during hippocampal ripples: intracellular study in behaving mice. J. Neurosci 
34:16509–17 [PubMed: 25471587] 

Etheredge JA, Murchison D, Abbott LC, Griffith WH. 2007 Functional compensation by other voltage-
gated Ca2+ channels in mouse basal forebrain neurons with CaV2.1 mutations. Brain Res 
1140:105–19 [PubMed: 16364258] 

Eugenin J, Nicholls JG, Cohen LB, Muller KJ. 2006 Optical recording from respiratory pattern 
generator of fetal mouse brainstem reveals a distributed network. Neuroscience 137:1221–27 
[PubMed: 16361062] 

Feldman JL, Del Negro CA, Gray PA. 2013 Understanding the rhythm of breathing: so near, yet so far. 
Annu. Rev. Physiol 75:423–52 [PubMed: 23121137] 

Feldman JL, Kam K. 2015 Facing the challenge of mammalian neural microcircuits: Taking a few 
breaths may help. J. Physiol 593:3–23 [PubMed: 25556783] 

Forster H, Bonis J, Krause K, Wenninger J, Neumueller S, et al. 2014 Contributions of the pre-
Bötzinger complex and the Kölliker-Fuse nuclei to respiratory rhythm and pattern generation in 
awake and sleeping goats. Prog. Brain Res 209:73–89 [PubMed: 24746044] 

Frigon A 2009 Reconfiguration of the spinal interneuronal network during locomotion in vertebrates.J. 
Neurophysiol 101:2201–3 [PubMed: 19279156] 

Garcia AJ 3rd, Dashevskiy T, Khuu MA, Ramirez JM. 2017 Chronic intermittent hypoxia 
differentially impacts different states of inspiratory activity at the level of the preBötzinger 
complex. Front Physiol 8:571 [PubMed: 28936176] 

Garcia AJ 3rd, Zanella S, Dashevskiy T, Khan SA, Khuu MA, et al. 2016 Chronic intermittent hypoxia 
alters local respiratory circuit function at the level of the preBötzinger complex. Front. Neurosci 
10:4 [PubMed: 26869872] 

Golowasch J. 2014 Ionic current variability and functional stability in the nervous system. Bioscience 
64:570–80 [PubMed: 26069342] 

Grashow R, Brookings T, Marder E. 2010 Compensation for variable intrinsic neuronal excitability by 
circuit-synaptic interactions. J. Neurosci 30:9145–56 [PubMed: 20610748] 

Gray PA, Hayes JA, Ling GY, Llona I, Tupal S, et al. 2010 Developmental origin of preBötzinger 
complex respiratory neurons. J. Neurosci 30:14883–95 [PubMed: 21048147] 

Gray PA, Janczewski WA, Mellen N, McCrimmon DR, Feldman JL. 2001 Normal breathing requires 
preBötzinger complex neurokinin-1 receptor-expressing neurons. Nat. Neurosci 4:927–30 
[PubMed: 11528424] 

Grillner S, El Manira A. 2015 The intrinsic operation of the networks that make us locomote. Curr. 
Opin. Neurobiol 31:244–49 [PubMed: 25599926] 

Guyenet PG, Bayliss DA, Stornetta RL, Fortuna MG, Abbott SB, DePuy SD. 2009 Retrotrapezoid 
nucleus, respiratory chemosensitivity and breathing automaticity. Respir. Physiol. Neurobiol 
168:59–68 [PubMed: 19712903] 

Haedo RJ, Golowasch J. 2006 Ionic mechanism underlying recovery of rhythmic activity in adult 
isolated neurons. J. Neurophysiol 96:1860–76 [PubMed: 16807346] 

Hamood AW, Marder E. 2014 Animal-to-animal variability in neuromodulation and circuit function. 
Cold Spring Harb. Symp. Quant. Biol 79:21–28 [PubMed: 25876630] 

Ramirez and Baertsch Page 13

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Harris KD, Dashevskiy T, Mendoza J, Garcia AJ 3rd, Ramirez JM, Shea-Brown E. 2017 Different 
roles for inhibition in the rhythm-generating respiratory network. J. Neurophysiol 118:2070–88 
[PubMed: 28615332] 

Hayes JA, Kottick A, Picardo MCD, Halleran AD, Smith RD, et al. 2017 Transcriptome of neonatal 
preBötzinger complex neurones in Dbx1 reporter mice. Sci. Rep 7:8669 [PubMed: 28819234] 

Hernandez-Miranda LR, Ruffault PL, Bouvier JC, Murray AJ, Morin-Surun MP, et al. 2017 Genetic 
identification of a hindbrain nucleus essential for innate vocalization. PNAS 114:8095–100 
[PubMed: 28698373] 

Huckstepp RT, Cardoza KP, Henderson LE, Feldman JL. 2015 Role of parafacial nuclei in control of 
breathing in adult rats. J. Neurosci 35:1052–67 [PubMed: 25609622] 

Huckstepp RT, Henderson LE, Cardoza KP, Feldman JL. 2016 Interactions between respiratory 
oscillators in adult rats. eLife 5:e14203 [PubMed: 27300271] 

Im SH, Taghert PH. 2010 PDF receptor expression reveals direct interactions between circadian 
oscillators in Drosophila. J. Comp. Neurol 518:1925–45 [PubMed: 20394051] 

Janczewski WA, Feldman JL. 2006 Distinct rhythm generators for inspiration and expiration in the 
juvenile rat. J. Physiol 570:407–20 [PubMed: 16293645] 

Janczewski WA, Tashima A, Hsu P, Cui Y, Feldman JL. 2013 Role of inhibition in respiratory pattern 
generation. J. Neurosci 33:5454–65 [PubMed: 23536061] 

Jenkin SE, Milsom WK. 2014 Expiration: breathing’s other face. Prog. Brain Res 212:131–47 
[PubMed: 25194197] 

Jenkin SE, Milsom WK, Zoccal DB. 2017 The Kölliker-Fuse nucleus acts as a timekeeper for late-
expiratory abdominal activity. Neuroscience 348:63–72 [PubMed: 28188852] 

Jessberger J, Zhong W, Brankack J, Draguhn A. 2016 Olfactory bulb field potentials and respiration in 
sleep-wake states of mice. Neural Plast 2016:4570831 [PubMed: 27247803] 

Jing J, Vilim FS, Horn CC, Alexeeva V, Hatcher NG, et al. 2007 From hunger to satiety: 
reconfiguration of a feeding network by Aplysia neuropeptide Y. J. Neurosci 27:3490–502 
[PubMed: 17392465] 

Kam K, Worrell JW, Janczewski WA, Cui Y, Feldman JL. 2013a Distinct inspiratory rhythm and 
pattern generating mechanisms in the preBötzinger complex. J. Neurosci 33:9235–45 [PubMed: 
23719793] 

Kam K, Worrell JW, Ventalon C, Emiliani V, Feldman JL. 2013b Emergence of population bursts from 
simultaneous activation of small subsets of preBötzinger complex inspiratory neurons. J. Neurosci 
33:3332–38 [PubMed: 23426661] 

Katz PS. 2016 Evolution of central pattern generators and rhythmic behaviours. Philos. Trans. R. Soc. 
B 371:20150057

Kay LM, Lazzara P. 2010 How global are olfactory bulb oscillations? J. Neurophysiol 104:1768–73 
[PubMed: 20660428] 

Kleinfeld D, Moore JD, Wang F, Deschenes M. 2014 The brainstem oscillator for whisking and the 
case for breathing as the master clock for orofacial motor actions. Cold Spring Harb. Symp. Quant. 
Biol 79:29–39 [PubMed: 25876629] 

Koch H, Garcia AJ 3rd, Ramirez JM. 2011 Network reconfiguration and neuronal plasticity in rhythm-
generating networks. Integr. Comp. Biol 51:856–68 [PubMed: 21856733] 

Koch H, Zanella S, Elsen GE, Smith L, Doi A, et al. 2013 Stable respiratory activity requires both P/Q-
type and N-type voltage-gated calcium channels. J. Neurosci 33:3633–45 [PubMed: 23426690] 

Kolind J, Hounsgaard J, Berg RW. 2012 Opposing effects of intrinsic conductance and correlated 
synaptic input on Vm-fluctuations during network activity. Front. Comput. Neurosci 6:40 
[PubMed: 22783184] 

Kottick A, Martin CA, Del Negro CA. 2017 Fate mapping neurons and glia derived from Dbx1-
expressing progenitors in mouse preBötzinger complex. Physiol. Rep 5:e13300 [PubMed: 
28611151] 

Krause KL, Forster HV, Kiner T, Davis SE, Bonis JM, et al. 2009 Normal breathing pattern and arterial 
blood gases in awake and sleeping goats after near total destruction of the presumed pre-Bötzinger 
complex and the surrounding region. J. Appl. Physiol 106:605–19 [PubMed: 19095752] 

Ramirez and Baertsch Page 14

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lee ML, Swanson BE, de la Iglesia HO. 2009 Circadian timing of REM sleep is coupled to an 
oscillator within the dorsomedial suprachiasmatic nucleus. Curr. Biol 19:848–52 [PubMed: 
19375313] 

Li P, Janczewski WA, Yackle K, Kam K, Pagliardini S, et al. 2016 The peptidergic control circuit for 
sighing. Nature 530:293–97 [PubMed: 26855425] 

Li WC. 2015 Selective gating of neuronal activity by intrinsic properties in distinct motor rhythms. J. 
Neurosci 35:9799–810 [PubMed: 26156983] 

Liao JC, Fetcho JR. 2008 Shared versus specialized glycinergic spinal interneurons in axial motor 
circuits of larval zebrafish. J. Neurosci 28:12982–92 [PubMed: 19036991] 

Lieske SP, Thoby-Brisson M, Telgkamp P, Ramirez JM. 2000 Reconfiguration of the neural network 
controlling multiple breathing patterns: eupnea, sighs and gasps. Nat. Neurosci 3:600–7 [PubMed: 
10816317] 

Lindsey BG, Morris KF, Shannon R, Gerstein GL. 1997 Repeated patterns of distributed synchrony in 
neuronal assemblies. J. Neurophysiol 78:1714–19 [PubMed: 9310455] 

Lockmann AL, Laplagne DA, Leao RN, Tort AB. 2016 A respiration-coupled rhythm in the rat 
hippocampus independent of theta and slow oscillations. J. Neurosci 36:5338–52 [PubMed: 
27170130] 

Marchenko V, Koizumi H, Mosher B, Koshiya N, Tariq MF, et al. 2016 Perturbations of respiratory 
rhythm and pattern by disrupting synaptic inhibition within pre-Bötzinger and Bötzinger 
complexes. eNeuro 3:0011–16.2016

Masaoka Y, Izumizaki M, Homma I. 2014 Where is the rhythm generator for emotional breathing? 
Prog. Brain Res 209:367–77 [PubMed: 24746058] 

McCormick DA, McGinley MJ, Salkoff DB. 2015 Brain state dependent activity in the cortex and 
thalamus. Curr. Opin. Neurobiol 31:133–40 [PubMed: 25460069] 

McCrimmon DR, Ramirez JM, Alford S, Zuperku EJ. 2000 Unraveling the mechanism for respiratory 
rhythm generation. Bioessays 22:6–9 [PubMed: 10649284] 

McKay LC, Feldman JL. 2008 Unilateral ablation of pre-Bötzinger complex disrupts breathing during 
sleep but not wakefulness. Am. J. Respir. Crit. Care Med 178:89–95 [PubMed: 18420958] 

Medina-Martínez JS, Greising SM, Sieck GC, Mantilla CB. 2015 Semi-automated assessment of 
transdiaphragmatic pressure variability across motor behaviors. Respir. Physiol. Neurobiol 
215:73–81 [PubMed: 26003850] 

Mellen NM. 2010 Degeneracy as a substrate for respiratory regulation. Respir. Physiol. Neurobiol 
172:1–7 [PubMed: 20412870] 

Mellen NM, Mishra D. 2010 Functional anatomical evidence for respiratory rhythmogenic function of 
endogenous bursters in rat medulla. J. Neurosci 30:8383–92 [PubMed: 20573885] 

Mendoza G, Merchant H. 2014 Motor system evolution and the emergence of high cognitive functions. 
Prog. Neurobiol 122:73–93 [PubMed: 25224031] 

Morgado-Valle C, Baca SM, Feldman JL. 2010 Glycinergic pacemaker neurons in preBötzinger 
complex of neonatal mouse. J. Neurosci 30:3634–39 [PubMed: 20219997] 

Morris KF, Shannon R, Lindsey BG. 2001 Changes in cat medullary neurone firing rates and 
synchrony following induction of respiratory long-term facilitation. J. Physiol 532:483–97 
[PubMed: 11306666] 

Nguyen Chi V, Müller C, Wolfenstetter T, Yanovsky Y, Draguhn A, et al. 2016 Hippocampal 
respiration-driven rhythm distinct from theta oscillations in awake mice. J. Neurosci 36:162–77 
[PubMed: 26740658] 

Nieto-Posadas A, Flores-Martínez E, Lorea-Hernández JJ, Rivera-Angulo AJ, Pérez-Ortega JE, et al. 
2014Change in network connectivity during fictive-gasping generation in hypoxia: prevention by a 
metabolic intermediate. Front. Physiol 5:265 [PubMed: 25101002] 

Oke Y, Boiroux D, Miwakeichi F, Oku Y. 2015 Stochastic activation among inspiratory cells in the pre-
Bötzinger complex of the rat medulla revealed by Ca2+ imaging. Neurosci. Lett 595:12–17 
[PubMed: 25847152] 

O’Leary T, Williams AH, Caplan JS, Marder E. 2013 Correlations in ion channel expression emerge 
from homeostatic tuning rules. PNAS 110:E2645–54 [PubMed: 23798391] 

Ramirez and Baertsch Page 15

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



O’Leary T, Williams AH, Franci A, Marder E. 2014 Cell types, network homeostasis, and pathological 
compensation from a biologically plausible ion channel expression model. Neuron 82:809–21 
[PubMed: 24853940] 

Olypher AV, Calabrese RL. 2007 Using constraints on neuronal activity to reveal compensatory 
changes in neuronal parameters. J. Neurophysiol 98:3749–58 [PubMed: 17855581] 

Onimaru H, Ikeda K, Kawakami K. 2009 Phox2b, RTN/pFRG neurons and respiratory 
rhythmogenesis. Respir. Physiol. Neurobiol 168:13–18 [PubMed: 19712902] 

Orem J, Trotter RH. 1992 Postinspiratory neuronal activities during behavioral control, sleep, and 
wakefulness. J. Appl. Physiol 72:2369–77 [PubMed: 1629093] 

Pagliardini S, Janczewski WA, Tan W, Dickson CT, Deisseroth K, Feldman JL. 2011 Active expiration 
induced by excitation of ventral medulla in adult anesthetized rats. J. Neurosci 31:2895–905 
[PubMed: 21414911] 

Paton JF, Abdala AP, Koizumi H, Smith JC, St-John WM. 2006 Respiratory rhythm generation during 
gasping depends on persistent sodium current. Nat. Neurosci 9:311–13 [PubMed: 16474390] 

Pearce RA, Stornetta RL, Guyenet PG. 1989 Retrotrapezoid nucleus in the rat. Neurosci. Lett 
101:138–42 [PubMed: 2771161] 

Peña F, Parkis MA, Tryba AK, Ramirez JM. 2004 Differential contribution of pacemaker properties to 
the generation of respiratory rhythms during normoxia and hypoxia. Neuron 43:105–17 
[PubMed: 15233921] 

Peña F, Ramirez JM. 2004 Substance P-mediated modulation of pacemaker properties in the 
mammalian respiratory network. J. Neurosci 24:7549–56 [PubMed: 15329402] 

Peng YJ, Zhang X, Gridina A, Chupikova I, McCormick DL, et al. 2017 Complementary roles of 
gasotransmitters CO and H2S in sleep apnea. PNAS 114:1413–18 [PubMed: 28115703] 

Petersen PC, Vestergaard M, Jensen KH, Berg RW. 2014 Premotor spinal network with balanced 
excitation and inhibition during motor patterns has high resilience to structural division. J. 
Neurosci 34:2774–84 [PubMed: 24553920] 

Picardo MC, Weragalaarachchi KT, Akins VT, Del Negro CA. 2013 Physiological and morphological 
properties of Dbx1-derived respiratory neurons in the pre-Bötzinger complex of neonatal mice. J. 
Physiol 591:2687–703 [PubMed: 23459755] 

Pitts T, Morris K, Lindsey B, Davenport P, Poliacek I, Bolser D. 2012 Co-ordination of cough and 
swallow in vivo and in silico. Exp. Physiol 97:469–73 [PubMed: 22198014] 

Prinz AA. 2017 Degeneracy rules! J. Physiol 595:2409 [PubMed: 28177136] 

Radna RJ, MacLean PD. 1981 Vagal elicitation of respiratory-type and other unit responses in basal 
limbic structures of squirrel monkeys. Brain Res 213:45–61 [PubMed: 7237150] 

Ramirez JM. 1998 Reconfiguration of the respiratory network at the onset of locust flight. J. 
Neurophysiol 80:3137–47 [PubMed: 9862912] 

Ramirez JM. 2014 The integrative role of the sigh in psychology, physiology, pathology, and 
neurobiology. Prog. Brain Res 209:91–129 [PubMed: 24746045] 

Ramirez JM, Dashevskiy T, Marlin IA, Baertsch N. 2016 Microcircuits in respiratory rhythm 
generation: commonalities with other rhythm generating networks and evolutionary perspectives. 
Curr. Opin. Neurobiol 41:53–61 [PubMed: 27589601] 

Ramirez JM, Doi A, Garcia AJ 3rd, Elsen FP, Koch H, Wei AD. 2012 The cellular building blocks of 
breathing. Compr. Physiol 2:2683–731 [PubMed: 23720262] 

Ramirez JM, Garcia AJ 3rd, Anderson TM, Koschnitzky JE, Peng YJ, et al. 2013 Central and 
peripheral factors contributing to obstructive sleep apneas. Respir. Physiol. Neurobiol 189:344–
53 [PubMed: 23770311] 

Ramirez JM, Lieske SP. 2003 Commentary on the definition of eupnea and gasping. Respir. Physiol. 
Neurobiol 139:113–19 [PubMed: 14637318] 

Ramirez JM, Quellmalz UJ, Richter DW. 1996 Postnatal changes in the mammalian respiratory 
network as revealed by the transverse brainstem slice of mice. J. Physiol 491(Pt. 3):799–812 
[PubMed: 8815212] 

Ramirez JM, Quellmalz UJ, Wilken B, Richter DW. 1998a The hypoxic response of neurones within 
the in vitro mammalian respiratory network. J. Physiol 507(Pt. 2):571–82 [PubMed: 9518714] 

Ramirez and Baertsch Page 16

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ramirez JM, Richter DW. 1996 The neuronal mechanisms of respiratory rhythm generation. Curr. 
Opin. Neurobiol 6:817–25 [PubMed: 9000025] 

Ramirez JM, Schwarzacher SW, Pierrefiche O, Olivera BM, Richter DW. 1998b Selective lesioning of 
the cat pre-Bötzinger complex in vivo eliminates breathing but not gasping. J. Physiol 507(Pt. 3):
895–907 [PubMed: 9508848] 

Ramirez JM, Tryba AK, Peña F. 2004 Pacemaker neurons and neuronal networks: an integrative view. 
Curr. Opin. Neurobiol 14:665–74 [PubMed: 15582367] 

Ramirez JM, Viemari JC. 2005 Determinants of inspiratory activity. Respir. Physiol. Neurobiol 
147:145–57 [PubMed: 15964786] 

Revill AL, Vann NC, Akins VT, Kottick A, Gray PA, et al. 2015 Dbx1 precursor cells are a source of 
inspiratoryXII premotoneurons. eLife 4:e12301 [PubMed: 26687006] 

Richter DW, Bischoff A, Anders K, Bellingham M, Windhorst U. 1991 Response of the medullary 
respiratory network of the cat to hypoxia. J. Physiol 443:231–56 [PubMed: 1822528] 

Richter DW, Smith JC. 2014 Respiratory rhythm generation in vivo. Physiology 29:58–71 [PubMed: 
24382872] 

Rojas-Libano D, Frederick DE, Egaña JI, Kay LM. 2014 The olfactory bulb theta rhythm follows all 
frequencies of diaphragmatic respiration in the freely behaving rat. Front. Behav. Neurosci 8:214 
[PubMed: 24966821] 

Rotstein HG, Olarinre M, Golowasch J. 2016 Dynamic compensation mechanism gives rise to period 
and duty-cycle level sets in oscillatory neuronal models. J. Neurophysiol 116:2431–52 [PubMed: 
27559141] 

Rudolph M, Pelletier JG, Pare D, Destexhe A. 2005 Characterization of synaptic conductances and 
integrative properties during electrically induced EEG-activated states in neocortical neurons in 
vivo. J. Neurophysiol 94:2805–21 [PubMed: 16014785] 

Schreihofer AM, Stornetta RL, Guyenet PG. 1999 Evidence for glycinergic respiratory neurons: 
Bötzinger neurons express mRNA for glycinergic transporter 2. J. Comp. Neurol 407:583–97 
[PubMed: 10235646] 

Schwarzacher SW, Rüb U, Deller T. 2011 Neuroanatomical characteristics of the human pre-Bötzinger 
complex and its involvement in neurodegenerative brainstem diseases. Brain 134:24–35 
[PubMed: 21115469] 

Schwindt P, Crill W. 1999 Mechanisms underlying burst and regular spiking evoked by dendritic 
depolarization in layer 5 cortical pyramidal neurons. J. Neurophysiol 81:1341–54 [PubMed: 
10085360] 

Segers LS, Nuding SC, Vovk A, Pitts T, Baekey DM, et al. 2012 Discharge identity of medullary 
inspiratory neurons is altered during repetitive fictive cough. Front. Physiol 3:223 [PubMed: 
22754536] 

Shadlen MN, Newsome WT. 1998 The variable discharge of cortical neurons: implications for 
connectivity, computation, and information coding. J. Neurosci 18:3870–96 [PubMed: 9570816] 

Shannon R, Baekey DM, Morris KF, Li Z, Lindsey BG. 2000 Functional connectivity among 
ventrolateral medullary respiratory neurones and responses during fictive cough in the cat. J. 
Physiol 525(Pt. 1):207–24 [PubMed: 10811738] 

Shao XM, Feldman JL. 1997 Respiratory rhythm generation and synaptic inhibition of expiratory 
neurons in pre-Bötzinger complex: differential roles of glycinergic and GABAergic neural 
transmission. J. Neurophysiol 77:1853–60 [PubMed: 9114241] 

Shu Y, Hasenstaub A, McCormick DA. 2003 Turning on and off recurrent balanced cortical activity. 
Nature 423:288–93 [PubMed: 12748642] 

Silva JN, Tanabe FM, Moreira TS, Takakura AC. 2016 Neuroanatomical and physiological evidence 
that the retrotrapezoid nucleus/parafacial region regulates expiration in adult rats. Respir. Physiol. 
Neurobiol 227:9–22 [PubMed: 26900003] 

Smith JC, Abdala AP, Borgmann A, Rybak IA, Paton JF. 2013 Brainstem respiratory networks: 
building blocks and microcircuits. Trends Neurosci 36:152–62 [PubMed: 23254296] 

Smith JC, Abdala AP, Koizumi H, Rybak IA, Paton JF. 2007 Spatial and functional architecture of the 
mammalian brain stem respiratory network: a hierarchy of three oscillatory mechanisms. J. 
Neurophysiol 98:3370–87 [PubMed: 17913982] 

Ramirez and Baertsch Page 17

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Smith JC, Abdala AP, Rybak IA, Paton JF. 2009 Structural and functional architecture of respiratory 
networks in the mammalian brainstem. Philos. Trans. R. Soc. B 364:2577–87

Smith JC, Ellenberger HH, Ballanyi K, Richter DW, Feldman JL. 1991 Pre-Bötzinger complex: a 
brainstem region that may generate respiratory rhythm in mammals. Science 254:726–29 
[PubMed: 1683005] 

Soffe SR. 1993 Two distinct rhythmic motor patterns are driven by common premotor and motor 
neurons in a simple vertebrate spinal cord. J. Neurosci 13:4456–69 [PubMed: 8410198] 

St-John WM. 1998 Neurogenesis of patterns of automatic ventilatory activity. Prog. Neurobiol 56:97–
117 [PubMed: 9723132] 

Stornetta RL, Moreira TS, Takakura AC, Kang BJ, Chang DA, et al. 2006 Expression of Phox2b by 
brainstem neurons involved in chemosensory integration in the adult rat. J. Neurosci 26:10305–
14 [PubMed: 17021186] 

Stuart G, Sakmann B. 1995 Amplification of EPSPs by axosomatic sodium channels in neocortical 
pyramidal neurons. Neuron 15:1065–76 [PubMed: 7576650] 

Subramanian HH, Arun M, Silburn PA, Holstege G. 2016 Motor organization of positive and negative 
emotional vocalization in the cat midbrain periaqueductal gray. J. Comp. Neurol 524:1540–57 
[PubMed: 26235936] 

Swensen AM, Bean BP. 2005 Robustness of burst firing in dissociated Purkinje neurons with acute or 
long-term reductions in sodium conductance. J. Neurosci 25:3509–20 [PubMed: 15814781] 

Tan W, Janczewski WA, Yang P, Shao XM, Callaway EM, Feldman JL. 2008 Silencing preBötzinger 
complex somatostatin-expressing neurons induces persistent apnea in awake rat. Nat. Neurosci 
11:538–40 [PubMed: 18391943] 

Tan W, Sherman D, Turesson J, Shao XM, Janczewski WA, Feldman JL. 2012 Reelin demarcates a 
subset of pre-Bötzinger complex neurons in adult rat. J. Comp. Neurol 520:606–19 [PubMed: 
21858819] 

Temporal S, Desai M, Khorkova O, Varghese G, Dai A, et al. 2012 Neuromodulation independently 
determines correlated channel expression and conductance levels in motor neurons of the 
stomatogastric ganglion. J. Neurophysiol 107:718–27 [PubMed: 21994267] 

Thoby-Brisson M, Ramirez JM. 2001 Identification of two types of inspiratory pacemaker neurons in 
the isolated respiratory neural network of mice. J. Neurophysiol 86:104–12 [PubMed: 11431492] 

Tryba AK, Peña F, Ramirez JM. 2003 Stabilization of bursting in respiratory pacemaker neurons. J. 
Neurosci 23:3538–46 [PubMed: 12716963] 

Tryba AK, Ramirez JM. 2004 Background sodium current stabilizes bursting in respiratory pacemaker 
neurons. J. Neurobiol 60:481–89 [PubMed: 15307152] 

Tsanov M, Chah E, Reilly R, O’Mara SM. 2014 Respiratory cycle entrainment of septal neurons 
mediates the fast coupling of sniffing rate and hippocampal theta rhythm. Eur. J. Neurosci 
39:957–74 [PubMed: 24329896] 

Tupal S, Huang WH, Picardo MC, Ling GY, Del Negro CA, et al. 2014 Atoh1-dependent rhombic lip 
neurons are required for temporal delay between independent respiratory oscillators in embryonic 
mice. eLife 3:e02265 [PubMed: 24842997] 

van Drongelen W, Koch H, Elsen FP, Lee HC, Mrejeru A, et al. 2006 Role of persistent sodium current 
in bursting activity of mouse neocortical networks in vitro. J. Neurophysiol 96:2564–77 
[PubMed: 16870839] 

van Drongelen W, Koch H, Marcuccilli C, Peña F, Ramirez JM. 2003 Synchrony levels during evoked 
seizure-like bursts in mouse neocortical slices. J. Neurophysiol 90:1571–80 [PubMed: 12750417] 

van Vreeswijk C, Sompolinsky H. 1996 Chaos in neuronal networks with balanced excitatory and 
inhibitory activity. Science 274:1724–26 [PubMed: 8939866] 

Viemari JC, Ramirez JM. 2006 Norepinephrine differentially modulates different types of respiratory 
pacemaker and nonpacemaker neurons. J. Neurophysiol 95:2070–82 [PubMed: 16394066] 

Viemari JC, Roux JC, Tryba AK, Saywell V, Burnet H, et al. 2005 Mecp2 deficiency disrupts 
norepinephrine and respiratory systems in mice. J. Neurosci 25:11521–30 [PubMed: 16354910] 

Wang X, Hayes JA, Revill AL, Song H, Kottick A, et al. 2014 Laser ablation of Dbx1 neurons in the 
pre-Bötzinger complex stops inspiratory rhythm and impairs output in neonatal mice. eLife 
3:e03427 [PubMed: 25027440] 

Ramirez and Baertsch Page 18

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Watson AH, Williams C, James BV. 2012 Activity patterns in latissimus dorsi and sternocleidomastoid 
in classical singers. J. Voice 26:e95–105 [PubMed: 21724365] 

Weese-Mayer DE, Lieske SP, Boothby CM, Kenny AS, Bennett HL, Ramirez JM. 2008 Autonomic 
dys-regulation in young girls with Rett syndrome during nighttime in-home recordings. Pediatr. 
Pulmonol 43:1045–60 [PubMed: 18831533] 

Weese-Mayer DE, Lieske SP, Boothby CM, Kenny AS, Bennett HL, et al. 2006 Autonomic nervous 
system dysregulation: breathing and heart rate perturbation during wakefulness in young girls 
with Rett syndrome. Pediatr. Res 60:443–49 [PubMed: 16940240] 

Weimann JM, Meyrand P, Marder E. 1991 Neurons that form multiple pattern generators: 
identification and multiple activity patterns of gastric/pyloric neurons in the crab stomatogastric 
system. J. Neurophysiol 65:111–22 [PubMed: 1999725] 

Wenninger JM, Pan LG, Klum L, Leekley T, Bastastic J, et al. 2004 Large lesions in the pre-Bötzinger 
complex area eliminate eupneic respiratory rhythm in awake goats. J. Appl. Physiol 97:1629–36 
[PubMed: 15247161] 

White RS, Nusbaum MP. 2011 The same core rhythm generator underlies different rhythmic motor 
patterns. J. Neurosci 31:11484–94 [PubMed: 21832178] 

Winter SM, Fresemann J, Schnell C, Oku Y, Hirrlinger J, Hulsmann S. 2009 Glycinergic interneurons 
are functionally integrated into the inspiratory network of mouse medullary slices. Pflugers Arch 
458:459–69 [PubMed: 19238427] 

Yackle K, Schwarz LA, Kam K, Sorokin JM, Huguenard JR, et al. 2017 Breathing control center 
neurons that promote arousal in mice. Science 355:1411–15 [PubMed: 28360327] 

Yarom Y, Hounsgaard J. 2011 Voltage fluctuations in neurons: signal or noise? Physiol. Rev 91:917–
29 [PubMed: 21742791] 

Zanella S, Doi A, Garcia AJ 3rd, Elsen F, Kirsch S, et al. 2014 When norepinephrine becomes a driver 
of breathing irregularities: how intermittent hypoxia fundamentally alters the modulatory 
response of the respiratory network. J. Neurosci 34:36–50 [PubMed: 24381266] 

Zelano C, Jiang H, Zhou G, Arora N, Schuele S, et al. 2016 Nasal respiration entrains human limbic 
oscillations and modulates cognitive function. J. Neurosci 36:12448–67 [PubMed: 27927961] 

Zheng N, Raman IM. 2011 Prolonged postinhibitory rebound firing in the cerebellar nuclei mediated 
by group I metabotropic glutamate receptor potentiation of L-type calcium currents. J. Neurosci 
31:10283–92 [PubMed: 21753005] 

Zhong W, Ciatipis M, Wolfenstetter T, Jessberger J, Müller C, et al. 2017 Selective entrainment of 
gamma subbands by different slow network oscillations. PNAS 114:4519–24 [PubMed: 
28396398] 

Zuperku EJ, Stucke AG, Hopp FA, Stuth EA. 2017 Characteristics of breathing rate control mediated 
by a subregion within the pontine parabrachial complex. J. Neurophysiol 117:1030–42 [PubMed: 
27974449] 

Ramirez and Baertsch Page 19

Annu Rev Neurosci. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Respiratory phases can act independently, reconfigure, and exhibit stochasticity. (a) 

Respiratory-related electromyographic activity of the latissimus dorsi (LD) muscle during a 

single breath in a trained classical singer performing an exercise from “Una voce poco fa” 

from The Barber of Seville by Gioachino Rossini. Note the repeated bouts of LD activity 

during postinspiration (arrows in expanded view) that correlate with vibrato visible in the 

corresponding sonogram (figure adapted with permission from Watson et al. 2012). (b) 

Experiment from an in situ arterially perfused rat preparation showing recordings of activity 

from the phrenic (Ph) nerve, innervating the diaphragm; cervical vagal nerve (cVN), 

containing a branch that innervates laryngeal muscles; and hypoglossal (XII) nerve, 

innervating the tongue, under normoxic and hypoxic conditions. During normoxia, 

postinspiratory and preinspiratory activity are prominent in cVN and XII recordings, 

respectively (arrows). But activity in the cVN and XII becomes primarily inspiratory during 
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hypoxia, demonstrating the ability of the respiratory network to reconfigure from a three-

phase rhythm to a one-phase rhythm (figure adapted with permission from Paton et al. 

2006). (c) Plethysmography recording from an awake behaving mouse reveals stochasticity 

in breath waveforms.
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Figure 2. 
The ventral respiratory column (VRC) in the medulla provides the basis for respiratory 

rhythm generation. The VRC contains (from rostral to caudal) the retrotrapezoid nucleus/

parafacial respiratory group (RTN/pFRG), encompassing the ventral borders of the facial 

nucleus (VII); the postinspiratory complex (PiCo), caudal to VII and dorsomedial to the 

nucleus ambiguus (NA); the Bötzinger complex (BötC) and preBötzinger complex 

(preBötC), ventromedial to the NA; and the rostral and caudal ventral respiratory groups 

(rVRG and cVRG, respectively), dorsal to the lateral reticular nucleus (LRN). The borders 

of VRC compartments are indistinct. However, genetic and molecular markers that 

characterize the rhythmic regions of the VRC have been described. (a) In the preBötC, 

rhythmic excitatory neurons are derived from precursors that express the transcription factor 

Dbx1 during development (white arrowheads mark Dbx1 neurons colabeled with the 

neuron-specific AAV-hSYN-GFP). Neurons along the inter-reticular zone (IRt), including 

XII premotor neurons, and some glia (gray arrowheads), are also derived from Dbx1-

expressing cells (figure adapted from Kottick et al. 2017 with permission). (b) PiCo neurons 

are defined by coexpression of vesicular glutamate transporter 2 (Vglut2) and choline 
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acetyltransferase (ChAT). White arrows specify neurons containing nuclei expressing Cre 

(under control of the Vglut2 promoter) and ChAT within the surrounding cytoplasm (figure 

adapted from Anderson et al. 2016). (c) The RTN/pFRG contains neurons that express 

Phox2b but not tyrosine hydroxylase (TH) or ChAT (figure adapted from Stornetta et al. 

2006 with permission). Other abbreviations: AAV-hSYNGFP, adeno-associated virus-human 

synapsin 1-green fluorescent protein; DAPI, 4′,6-diamidino-2-phenylindole; ECu, external 

cuneate nucleus; icp, inferior cerebellar peduncle; IO, inferior olive; ml, medial lemniscus; 

MVe, medial vestibular nucleus; py, pyramidal tract; Sp5, spinal trigeminal tract; SpVe, 

spinal vestibular nucleus; XII, hypoglossal motor nucleus.
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Figure 3. 
Interactions in a heterogeneous network give rise to a rhythmogenic triangle. (a) The 

isolated preBöTc network contains excitatory and inhibitory neurons with varied degrees of 

burstiness. (b) Network synchrony is regulated by the rhythmogenic triangle: Glutamatergic 

synaptic transmission is essential for synchronization, intrinsic membrane bursting 

conductances enhance spiking and amplify synchronization, and concurrent inhibition 

opposes synchronization and increases variability. The balance of these components can be 

tuned to adapt breathing for specific behaviors and states by, for example, neuromodulation, 

sensory feedback, descending inputs, and plasticity; whereas pathology can disrupt this 

balance, leading to breathing disturbances that can be behavior- and state-dependent. 

Abbreviation: preBötC, preBötzinger complex.
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Figure 4. 
Respiratory rhythm-generating networks contain neurons with variable firing patterns and 

stochastic activity. (a) Multielectrode array recordings from the preBöTc (77 experiments 

with 918 units) reveal that most neurons are active in phase with inspiration. (b) Spike 

rasters of 11 simultaneously recorded inspiratory neurons over 150 respiratory cycles 

demonstrating substantial variability in the amount of spiking activity, phase modulation, 

burst onset, and burst shape and duration between neurons. Red arrow indicates preBötC 

population burst onset. Integrated spiking activity of each neuron is shown on the right. 

Panels a and b adapted from Carroll et al. 2013. (c) Intracellular recording of a single 

inspiratory neuron over 10 respiratory cycles illustrating the stochasticity of burst onset 

relative to preBötC population activity (red arrow). Abbreviation: preBötC, preBötzinger 

complex.
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Figure 5. 
Network connectivity and bursting properties influence stochasticity and the transition to a 

population burst. (a) Comparison between fully and sparsely connected preBötC models 

containing excitatory neurons and bursting currents. Sparse network connectivity reproduces 

the burst onset variability (arrows) characteristic of the preBöTc (see Figure 4b,c). Sparsity 

can also prohibit the network from fully synchronizing in some cycles, resulting in a weak 

population burst (arrow in integrated model activity). (b) Within the network, bursting 

currents amplify excitatory synaptic drive and facilitate transmission of preBötC population 

activity to motor output. The effect of bursting currents can be observed by comparing burst 

activity of a neuron under control conditions and in the presence of a slight hyperpolarizing 

current in which weak inspiratory activity is no longer able to translate synaptic drive into a 

burst (illustrated in the expanded overlay) and preBöTc activity is not successfully 

transmitted to XII motor output (left). The amplifying influence of bursting properties is also 

indicated by the ability to prematurely terminate an ongoing burst with a brief 

hyperpolarizing current pulse (right). Figures adapted with permission from Ramirez & 

Richter (1996). (c) The presence of persistent sodium current (INaP) and calcium-activated 

nonselective cation current (ICAN) gives rise to a gradient of burstiness among preBötC 

neurons. Some neurons, called intrinsic or endogenous bursting neurons, continue to burst in 

the absence of synaptic interactions. Abbreviations: preBötC, preBötzinger complex; XII, 

hypoglossal motor nucleus.
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Figure 6. 
Neurons receive concurrent excitation and inhibition from within the isolated preBötC, a 

critical feature regulating burst shape, phase, and excitability. (a) Voltage clamp recording 

from an inspiratory preBöTc neuron showing concurrent EPSCs (red) and IPSCs (blue) 

synchronized with integrated preBötC population activity (gray). (b) Activity of 

optogenetically identified excitatory Dbx1- and inhibitory Vgat-expressing neurons during 

preBötC population bursts. (c) Loss of synaptic inhibition transforms the augmenting burst 

shape of inspiratory preBötC neurons into a decrementing shape; expiratory neurons become 

inspiratory (red and blue arrows reflect the relative influence of excitatory and inhibitory 

synaptic inputs, respectively). With glutamatergic synaptic transmission blocked (CNQX), 

tonic activity in some inspiratory neurons is transformed into endogenous bursting (figure 

adapted from Tryba et al. 2003). Abbreviations: E, excitation; EPSCs, excitatory 

postsynaptic currents; I, inhibition; IPSCs, inhibitory postsynaptic currents; preBötC, 

preBotzinger complex.
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Figure 7. 
The preBötC network reconfigures in hypoxia. (a) Population activity in the isolated 

preBötC at baseline and during the transition to hypoxia. Fictive eupneic bursts transition to 

fictive gasping. Averaged eupnea (black) and gasping (red) burst waveforms illustrating 

changes in burst rise time and duration are shown on the right. (b) Multi-array recordings 

reveal that, although the average activity of the preBötC is reduced in hypoxia, individual 

respiratory elements have varied responses to hypoxia. Some exhibit increased mean firing 

rate, whereas others are completely suppressed (black dots). (c) Graphic representation of 

preBötC network configurations in normoxia and hypoxia. Respiratory elements are 

represented as circles with a diameter proportional to the number of functional connections 

as determined by cross-correlation analysis. Significant correlations are represented as 

connecting lines, with the weight of the line reflecting the strength of each connection. Note 

that reconfiguration of the network involves changes in the number and strength of the 
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connections between individual elements, but that the overall number of elements and 

connections within the network remains relatively unchanged (panels b and c adapted with 

permission from Nieto-Posadas et al. 2014). (d) Quantification of EPSCs and IPSCs from 

inspiratory preBötC neurons during the transition to hypoxia demonstrates that changes in 

activity are not evenly distributed among excitatory and inhibitory neurons. (e) Activity of 

an expiratory preBötC neuron during network reconfiguration in hypoxia. Note the loss of 

inhibition during inspiration (blue arrows), resulting in a phase transition from expiratory 

activity during fictive eupnea to inspiratory activity during fictive gasping. Asterisk indicates 

fictive sigh bursts. Abbreviations: EPSCs, excitatory postsynaptic currents; IPSCs, inhibitory 

postsynaptic currents; preBötC, preBötzinger complex.
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Figure 8. 
The preBötC operates on the edge of synchrony. (a) Representation of increasing amounts of 

heterogeneity included in preBöTc network models. (a, i) Schematic of a model preBötC 

examining the role of inhibitory neurons in rhythm generation. (a, ii) Integrated rhythmic 

model preBötC activity and spike rasters with an increasing fraction of inhibitory neurons. 

(a, iii) Represents the same network parameters shown in the middle panels of a,ii, 
demonstrating the emergence of neurons with expiratory activity. (b) As the fraction of 

inhibitory neurons and the sparsity of network connectivity increase, network synchrony is 

reduced and the percentage of neurons with expiratory activity increases to 20%, at which 

point synchrony is lost and the network is no longer rhythmic (figures adapted with 

permission from Harris et al. 2017). Note that approximately 25–50% of the neurons in the 

preBötC are inhibitory (Morgado-Valle et al. 2010, Winter et al. 2009) and approximately 
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10% of neurons are expiratory (see Figure 3) (Carroll et al. 2013), suggesting the preBötC 

operates near the edge of synchrony. Abbreviation: preBötC, preBötzinger complex.
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Figure 9. 
Coupled rhythmogenic networks are required to generate a multiphase breathing rhythm.(a, 
i) Computational model of two rhythmic networks, containing recurrent excitation and local 

inhibition, coupled by long-range inhibition. (a, ii) Comparison of simulated rhythmic 

activity in networks with strong local inhibition and weak long-range inhibition (top), and in 

networks with weak local inhibition and strong long-range inhibition (bottom) (figure 

adapted with permission from Harris et al. 2017). (b) Schematic representation of the triple 

oscillator hypothesis, in which the preBötC, PiCo, and, under high metabolic demand, RTN/

pFRG interact via mutually inhibitory and excitatory connections (connections indicated by 

dashed lines are speculative). Inhibition dominates under normal conditions, resulting in a 

multiphase rhythm; but like the rhythmogenic triangle, the balance of excitation and 

inhibition between oscillators can be shifted to facilitate phase reconfiguration such as 
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during hypoxia (see Figure 1b). Abbreviations: PiCo, postinspiratory complex; preBötC, 

preBötzinger complex; RTN/pFRG, retrotrapezoid nucleus/parafacial respiratory group.
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