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Latent neural population dynamics underlie 1 

normal and disrupted breathing 2 

Abstract 3 

Breathing is a vital rhythmic motor behavior incessant from the first to our last breath. Increasingly refined anatomical, 4 

physiological, and genetic methods identified critical neuronal structures for breathing in a rostro-caudally aligned 5 

column of discrete functional nuclei with distinct neuron types that constitute the Ventral Respiratory Column (VRC)1–6 

9. However, the concept of such compartmentalized organization must be reconciled with the considerable neuronal 7 

heterogeneity distributed along the entire VRC. Using Neuropixel probes10 we record simultaneously from hundreds 8 

of neurons across the entire VRC in anesthetized, but otherwise intact, freely breathing mice. Combined with 9 

optogenetic tagging techniques11,12, and 3D histological reconstruction13 we create a functional, anatomic, and genetic 10 

map of over 13,000 neurons in the VRC with single-unit and millisecond resolution. By applying recent neural 11 

population analyses14,15 we uncover that a highly constrained rotational latent dynamical mode governs normal 12 

breathing. Our data reveal that the offset of inspiration forms an attractor that resets the respiratory rhythm, suggesting 13 

that the respiratory cycle begins not at the onset of an inspiration, but its cessation. These trajectories are sensitive to 14 

metabolic and pharmacological manipulations. Opioid administration alters the latent timing, while hypoxia-induced 15 

gasping results in a discrete reconfiguration from rotational to ballistic dynamics. These data provide a novel look at 16 

an old problem. They conceptualize the constitutive components of respiratory neural activity not as being composed 17 

of the average activity of homogenous genetic cell-classes or single nuclei, but of the underlying low dimensional 18 

neural activity patterns (neural modes) which may be distributed across cells of a given genotype and/or anatomical 19 

location.  20 

Main 21 

Breathing is traditionally described as a procession through three discrete phases (inspiration, post-inspiration, and 22 

expiration). These phases are thought to emerge through the interactions between functionally defined regions of the 23 

brainstem16–20. Principal among these rhythmogenic “kernels” is the inspiratory preBötzinger Complex (preBötC)19. 24 

While there is ample evidence for functionally specialized regions, it is recognized that breathing in-vivo involves 25 

coordinated activity of neural populations distributed throughout the VRC8. Here we use Neuropixels to assess the 26 

dynamic activity patterns of the wider, intact respiratory network. By recording from all respiratory brainstem regions 27 

simultaneously, we show that these neural populations evolve along a continuous low-dimensional trajectory, rather 28 

than through a discrete sequence of phases. The underlying single neuron activity patterns continuously tile the 29 

respiratory cycle. These data suggest that the rhythmic neural dynamics that govern breathing are emergent at a 30 

distributed network level, rather than the consequence of interactions between discrete rhythmogenic kernels.  31 

High resolution mapping of functionally, anatomically, and genetically identified neurons in the 32 

respiratory brainstem 33 

Neuropixel probes10 were inserted along the rostrocaudal axis of the VRC of 30 urethane anesthetized mice to record 34 

single unit activity from the entire VRC simultaneously (Fig. 1a). Across all animals, we recorded 13,336 single 35 

neurons in 116 separate recordings (average 3.8 recordings per animal, 115 neurons per recording). Fluorescent DiI 36 

was used to identify the probe insertion locations in post-hoc histological analyses (Fig. 1b). In addition, we use opto-37 

tagging11 to identify the genotype of a subset of recorded neurons (Extended Data Fig. 1). We recorded 340/2504 38 

(13.5%) Vglut2+; 269/2866(9.4%) ChAT+; 590/5774(13.6%) Vgat2+; and 566/2192 (25.8%) Dbx1+ neurons. 39 

Breathing was monitored with diaphragm electromyogram (EMG) and nasal pressure recordings.  40 

An example recording of 128 simultaneously recorded neurons is shown in Fig. 1c, along with integrated diaphragm 41 

and nasal pressure traces for 4 breaths. Single neurons exhibit various breath averaged activity patterns (Fig. 1d). Since 42 

respiratory rate and inspiratory durations vary over time and across animals, we map each breath to phase (𝜙𝜙, Extended 43 

Data Fig. 2) such that the onset of inspiration occurs at 𝜙𝜙 = 0, inspiratory bursts have 0 ≤ 𝜙𝜙 ≤ 𝜋𝜋, and inter burst 44 
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intervals have −𝜋𝜋 < 𝜙𝜙 < 0. We then quantify each neuron’s activity as a function of this normalized phase (Fig. 1e-45 

h). The phase-averaged and max rate normalized activities of all neurons with significant respiratory coherence 46 

smoothly tile the respiratory cycle (Fig. 1f). Notably, there is sequential recruitment of neurons during progression of 47 

the inspiratory (I) phase. While the inspiratory and expiratory phases recruit largely non-overlapping neural 48 

populations, the boundary from inspiration to expiration is straddled by many neurons, while few neurons straddle the 49 

inspiration to expiration transition. Thus, the onset of inspiration is a gradual, continuous neural process while the 50 

offset of inspiration is a discrete transition.  51 

Individual neurons are parameterized by coherence with respiration (i.e., respiratory tuning strength), and phase lag 52 

(i.e., phase of breathing cycle in which the neuron is most active). We compute the lower bound on coherence (𝐶𝐶𝑙𝑙𝑙𝑙) 53 

and the phase lag with Chronux21. Neurons with 𝐶𝐶𝑙𝑙𝑙𝑙 > 0.1 were categorized to be phasic, and any neuron with 𝐶𝐶𝑙𝑙𝑙𝑙 ≤54 

0.1 to be tonic; this categorization is used throughout. Slightly less than half of all recorded neurons showed evidence 55 

of respiratory coherence (6,062 of 13,336, 45%), and phasic neurons were more likely to be inspiratory (3,445 of 56 

6,062; 57%) (Fig. 1g,h).  57 

The ability to record from thousands of respiratory neurons affords data-driven methods for identifying groups of 58 

neurons that exhibit similar phase aligned activity (i.e., functional cell classes). Classical studies identify several 59 

discrete cell classes (e.g., pre-inspiratory and post-inspiratory neurons)6. However, no universally accepted, 60 

quantitative classification exists. Here, unsupervised clustering methods fail to identify discrete functional classes, 61 

indicating a continuous population of respiratory neurons in the VRC (Extended Data Figs. 3,4). 62 

We next determined the anatomical location of each single neuron by reconstructing the 3D location of the fluorescent 63 

probe track with respect to the AllenCCF, and identifying location of the channel on which the neuron’s spike shape 64 

was largest. Inspiratory and expiratory neurons were found continuously distributed throughout the VRC in all 3 65 

spatial dimensions (Fig .1i, Extended Data Fig. 5). As expected, phasic neurons were found along the VRC while tonic 66 

neurons were more widely spatially distributed at the anatomical boundaries of the VRC (Supplementary Video 1). In 67 

all locations, inspiratory neurons were more numerous than expiratory neurons. Expiratory neurons were more likely, 68 

but not exclusively, to be found in the rostral VRC just caudal to the facial nucleus (VII). 69 

We next assessed the functional and anatomical distribution of genetically identified neurons. Neurons of all genetic 70 

identities and functional properties are found widely distributed throughout the VRC, suggesting a distributed, 71 

heterogenous architecture of the respiratory brainstem (Fig. 1j-l). However, biases are apparent in some genetic 72 

populations. Vgat+ and Dbx1+ neurons are more strongly respiratory tuned. Vgat+ neurons over-represent expiratory 73 

phase, and inhibitory, expiratory neurons tend to be, but are not exclusively, found in the rostral VRC (i.e., Bötzinger 74 

Complex, BötC). Dbx1+ neurons over represent the inspiratory phase and these inspiratory neurons are found more 75 

caudally in the VRC. Detailed anatomical, functional, and genotypic distributions are shown in Extended Data Fig. 76 

5,6.  77 

We conclude that the prevailing view of a compartmentalized respiratory network is shaped by classical experimental 78 

approaches that are inherently biased, since individual anatomical regions or specific genetic populations are recorded 79 

and/or manipulated. The unbiased and comprehensive approach employed here reveals that the functional, anatomical, 80 

and genetic diversity of neurons across the VRC is not a collective of discrete nuclear regions. Rather, the control of 81 

breathing arises out of a complex and continuous population of neurons that operate in concert.  82 

Respiratory neural populations evolve through constrained low-dimensional neural trajectories 83 

that target the offset of inspiration 84 

Recording of simultaneous neural activity allows for the quantification of low-dimensional, coordinated activity 85 

patterns across the population of recorded neurons, sometimes referred to as a neural manifold14,22 or latents (See 86 

Extended Data Fig. 11). We first use principal components analysis (PCA) to decompose the high dimensional activity 87 

of all recorded neurons (Fig. 2ab) into a 10-dimensional representation. Low dimensional neural activity evolves 88 

through a constrained rotational trajectory in the principal component (PC) space, and the location along that trajectory 89 

is highly correlated with the respiratory phase (Fig. 2cd, Supplementary Videos 2,3). These trajectories show 90 

conserved temporal evolution such that the trajectory is fastest (i.e., the population activity changes most quickly), 91 



3 

 

during the inspiration-off/expiration-on transition (Fig. 2c). We then compute the average trajectory across all 92 

recordings (Fig. 2e-i) by first re-ordering the PCs by their respiratory coherence, and then normalizing the time-domain 93 

to phase. PC1 exhibits pre-inspiratory and inspiratory activity, PC2 augments during inspiration and peaks at the offset 94 

of inspiration, and PC3,4 peak at both onset and offset of inspiration. Both trajectory speed (which quantifies rate of 95 

change of neural state) and distance to mean trajectory (which quantifies the breath to breath variability of neural 96 

state) are maximal prior to offset of inspiration, and minimal just after offset of inspiration (Fig. 2f,i). This suggests 97 

that the peak of inspiration represents an unstable region of the latent space, and the offset of inspiration resembles an 98 

attractive “target”. This low-dimensional landscape is conserved across recordings and animals and represents a 99 

fundamental organizing structure to the respiratory neural network. 100 

This PCA analysis inherently treats all points in time as independent and does not incorporate temporal dynamics of 101 

the neural activity. Therefore, we estimate latent linear dynamics from the high-dimensional observations (i.e., the 102 

activity of the recorded neural population) using a recently developed recurrent switching linear dynamical system 103 

(rSLDS)15. This model allows for multiple sets of dynamical systems to govern the latent evolution (switching); the 104 

dynamics to be employed at any one point in time are determined by the current latent state (recurrent). 105 

We fit 2-state, 2-dimensional rSLDS (see methods) to reveal the latent dynamics of the neural population (Fig. 2j-v, 106 

Extended Data Fig. 7). We then simulated the population dynamics by supplying the dynamics matrices as inferred 107 

from the experimental data and visualized by the flow fields in Fig. 2j,p. Lastly, we use support vector regression to 108 

predict the diaphragm activity from the two-dimensional latent state. We found that the dynamics fit from a recording 109 

can either be "regenerative" (Fig. 2j-o), in that the dynamics alone are sufficient to recreate oscillatory latent state 110 

evolution and subsequent rhythmic simulated diaphragm activity (Fig. 2m), or non-regenerative (Fig. 2p-u). In the 111 

non-regenerative case, simulations could not produce oscillations or rhythmic diaphragm activity, despite oscillations 112 

in the observed latent state (Fig. 2pq). If a model is non-regenerative, it means that the neural population sampled is 113 

not sufficient to generate oscillatory latent patterns. Models with only 1 state (K=1, i.e., not switching15) could never 114 

be regenerative (Extended Data Fig. 7b), but rather formed decaying spirals; and models with three states were scarcely 115 

more likely to be regenerative than models with two states (n=35/116 regenerative for K=2, 37/116 regenerative for 116 

K=3; Extended Data Fig. 7b). This indicates that the neural activity driving inspiration and expiration can be described 117 

by two sets of linear dynamics. 118 

We then investigate the eigenvalues of the dynamics matrices (2 pairs per model, 1 pair for each state) as inferred by 119 

the rSLDS models. The two inferred states are clearly restricted to either the inspiratory or expiratory phase of the 120 

breath. That is, the neural population follows one set of dynamics during inspiration, and another during expiration.  121 

For the regenerative recordings, the dynamics were strikingly similar across recordings (Fig. 2n,o, Extended Data Fig. 122 

7c); the inspiratory dynamics were rotational (imaginary eigenvalues≠0), while the expiratory dynamics were 123 

decaying and non-rotational (positive real eigenvalues<1, imaginary eigenvalues=0). Non-regenerative recordings 124 

showed no clear patterns in eigenvalues across recordings and states (Fig. 2t,u, Extended Data Fig. 7d).  125 

Importantly, whether the recording was regenerative or not depended on the anatomical location of the recording (Fig. 126 

2v, Extended Data Fig. 7e-g). If the recording was restricted to the center of the VRC, it was likely to be regenerative. 127 

We re-fit and re-simulated all the regenerative recordings but systematically removed subsets of the population along 128 

the rostro-caudal extent of the recording. Models with access to the caudal or rostral extremes of the VRC were less 129 

likely to be regenerative than those with access to the middle sections (Fig. 2v). Subsets were most likely to be 130 

regenerative if neurons from the caudal boundary of VII to the caudal boundary of the NA were included. Thus, in 131 

order to observe the full rhythmic state of the respiratory neural network, one must incorporate activity from the entire 132 

VRC. 133 

Consistent with the distributed nature of the respiratory network as reveled by the comprehensive population 134 

recordings, we conclude that the entire VRC is governed by highly constrained low-dimensional dynamics. This low-135 

dimensional structure is conserved across individual animals, but only observable if a sufficient population of the 136 

VRC is sampled. 137 
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Opioids alter timing, but not latent structure, of neural population activity 138 

Opioid overdose leads to opioid induced respiratory depression, a major cause of death in North America23,24. We 139 

administer a single dose of morphine (150mg/kg, 4 VgatCre;Ai32 mice, 2 Dbx1Cre;Ai32 mice) to investigate network-140 

wide neural reconfiguration during opioid induced respiratory depression (OIRD). Respiratory rate decreased by an 141 

average of 21% (± 9% S.D), and inspiratory duration increased by an average of 105% (± 22% S.D) (Extended Data 142 

Fig. 8a-c). An example raster of 175 simultaneously recorded neurons and associated diaphragm activity is shown 143 

before and after morphine administration (Fig. 3a). Gas supplied was 100% O2. 144 

Morphine does not unilaterally reduce the firing rate of neurons, but instead induces coordinated changes across the 145 

entire population of VRC neurons (Fig. 3b-e). The duration of spiking in individual neurons was increased and spike 146 

rates changed for most neurons, but the phasic patterns were preserved (Fig. 3bc, Extended Data Fig. 8gh). Inspiratory, 147 

expiratory, and tonic neurons all show variable changes in firing rate after morphine administration (Fig. 3de). 148 

However, on average, expiratory neurons have reduced firing rate in morphine, inspiratory neurons are unchanged, 149 

and tonic neurons have increased firing rates (Fig. 3de, Extended Data Fig. 8f). Of the 1,497 neurons recorded after 150 

morphine administration, 56 were identified as Vgat+ and 31 as Dbx1+. Both Vgat+ and Dbx1+ expiratory neurons 151 

were de-recruited, and the Vgat+ tonic neurons were recruited (Extended Data 8i-k).  152 

The PC trajectories of the neural population are qualitatively similar between control and morphine administration 153 

(Fig. 3f), and the relationship between location in the PC space and breathing phase is conserved (Fig. 3gh), indicating 154 

that the underlying latent structure of the population remains largely unchanged. The inspiration-off attractor is 155 

preserved during opioid administration (Fig. 3g-j). However, morphine slows the evolution of the trajectory through 156 

PC space (Fig. 3h-j, Supplementary Video 4). This slowing occurs at most phases of the respiratory cycle, but most 157 

dramatically during the second half of the inspiratory burst (Fig. 3ij). By examining the breath aligned averages of the 158 

PCs we see that morphine slows the latent temporal evolution of the PCs, but the phasic relationship between these 159 

PCs is largely unchanged (Extended Data Fig. 8de). Morphine thus slows the temporal evolution of the VRC 160 

population, particularly during burst execution, but does not alter the low-dimensional structure indicative of the 161 

correlations between neural activities, at the level of both populations and single neurons.  162 

Sighs and gasps exhibit altered low-dimensional population dynamics 163 

Sighs and gasps are important mechanisms associated with autoresucitation in reponse to hypoxia25. Here, we 164 

investigate the neural population dynamics during these distinct breathing behaviors that are known to involve 165 

reconfiguration of the respiratory network25–28. A sigh is exemplified by increased diaphragmatic activation, and a 166 

prolonged period of apnea after the sigh (post-sigh apnea, Extended Data Fig. 9c). In this experimental preparation 167 

we can evoke sighs by presenting room air (21% O2) instead of 100% O2 (Extended Data Fig. 9ab). Sighs show 168 

pronounced neural recruitment of inspiratory neurons throughout the VRC, with concomitant de-recruitment of 169 

expiratory neurons (Fig. 4a-c, Extended Data Fig. 9f-h). We did not find evidence for a significant population of “sigh-170 

only” neurons which are active during sigh, but not during eupnea (Extended Data Fig. 9i).  171 

Examination of the low-dimensional trajectories of eupnea and sighs shows that sigh trajectories overlap with eupnea, 172 

exhibit an augmented excursion during the inspiratory phase, and target the same post-inspiratory attractor point that 173 

was observed during eupnea (Fig. 4d Extended Data Fig. 9de, Supplementary Video 2). The trajectories of the 174 

subsequent breath after the sigh out the same shape as a eupnea in the PC space, but with smaller radii, indicating the 175 

neural population is incompletely recruited in the breaths following a sigh. The recovery to normal eupnea after a sigh 176 

takes several breaths (Extended Data Fig. 9d), suggesting that sighs may disrupt the respiratory network. 177 

Under severely hypoxic conditions, the respiratory network generates auto-resuscitative gasps28,29. During gasping, 178 

breaths become punctuated large amplitude events with long inter-gasp intervals, larger diaphragmatic activity, and 179 

recruitment of more auxiliary inspiratory muscles (Fig. 4e)28. Neural activity across the VRC is reduced dramatically 180 

(Fig. 4g, Extended Data Fig. 10bc), and inspiration related activity is restricted to occur during diaphragmatic activity. 181 

Inspiratory, expiratory, and tonic neurons of all genotypes are de-recruited (Fig. 4fg, Extended Data Fig. 10bc,h). 182 

Activity during the inter-burst interval is reduced across the population as evidenced by an increase in respiratory 183 

tuning strength (Extended Data Fig. 10fg). Many normally expiratory neurons become active during inspiration during 184 

gasping (Extended Data Fig. 10de).  185 
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The rotational dynamics and inspiratory-off attractor observed during eupnea are lost during gasping. Instead, the low-186 

dimensional trajectories reconfigure to exhibit ballistic dynamics. During gasping, the population is constrained to a 187 

stable point between gasp efforts, and each gasp is characterized by a quick and symmetric excursion from this stable 188 

point towards an “unstable” gasp point and back (Fig. 4h, Supplementary Video 5). Pre- and post- inspiratory 189 

population activity is lost and the neural population evolves through the low-dimensional space only during the gasp 190 

effort (Extended Data Fig. 10i-k). Further, the transition from eupnea into gasping is smooth, characterized by a 191 

progressive “shrinking” of the rotational trajectories (Extended Data Fig. 10l). 192 

Discussion 193 

A growing body of work conceptualizes low-dimensional population activity, or neural modes, as the building blocks 194 

of neural circuits30,31. Here, we show that this framework well applies to the brainstem circuits controlling breathing. 195 

The VRC population evolves through constrained trajectories on a low-dimensional manifold of neural activity space 196 

that are stable across animals. These trajectories target an “inspiratory-off” attractor. Such an attractor expands the 197 

well-described phenomenon of an inspiratory off-switch6,32,33 to the behavior of the entire VRC. 198 

We further show that opioid induced respiratory depression (OIRD), sighing, and gasping, invoke a complex and 199 

diverse reconfiguration of single neuron activity patterns, but simple, intuitive behaviors at the level of population 200 

structure. OIRD exhibits what may be conceptualized as a “frictional” effect on neural trajectories in which trajectories 201 

evolve more slowly through the same neural population space. Sighs manifest as an augmented trajectory in the neural 202 

space exclusively during the inspiratory phase (a breath and a bump), while gasps reconfigure the dynamical 203 

trajectories into ballistic efforts.  204 

The low-dimensional population analyses presented here is a fundamental departure from prior studies which attempt 205 

to define discrete centers that are responsible for different aspects of respiration. Previous approaches target specific 206 

functionally, anatomically or genetically defined populations through various tools such as neuromodulation, 207 

optogenetics, or guided single electrode recordings. These experiments can all have reproducible and predictable 208 

alterations of respiratory behavior, implying a mapping between anatomy or genetic neural identity and control of 209 

respiration16,34–41. An explanation that reconciles these reports with the distributed respiratory network described here 210 

is that classically defined nuclei of the VRC are comprised of biased, but not homogenous, interacting populations.  211 

Few other reports have described the population neural dynamics associated with behaviors so stereotyped as 212 

breathing42,43. The consistency of low-dimensional structures across animals seen here, and the striking similarity to 213 

the neural rotations in the spinal cord described by Lindén et al. suggest that stereotypical behaviors may be governed 214 

by fundamental neural dynamics that are similar across motor behaviors or even species. The low-dimensional 215 

structure of the population neuronal dynamics is in stark contrast to the drastic differences in the biological substrate 216 

responsible for the generation and reconfiguration of rhythmic behaviors.  217 

Methods 218 

Animals 219 

All procedures were approved by the Seattle Children's Research Institute Institutional Animal Care and Use 220 

Committee. Both male and female homozygous Vglut2Cre (Jax# 028863), VgatCre (Jax# 016962), ChATCre (Jax# 221 

031661), and Dbx1CreERT2 (Donated by Dr. Del Negro College of William and Mary, VA) mice were crossed with 222 

homozygous Ai32 mice (Jax# 012569) which contain a flox-STOP-flox sequence fused to channelrhodopsin (ChR2) 223 

and enhanced yellow fluorescent protein (EYFP) at the Rosa26 locus. Thus, offspring expressed channelrhodopsin 224 

and EYFP only in the neurons that expressed the promoter for the Cre driver. In Dbx1CreERT2 animals, tamoxifen 225 

(24mg/kg IP) was injected at E10.5 to target neurons of the preBötC44.  226 

in-vivo surgical preparation and data acquisition 227 

Anesthesia was induced in 3% isoflurane and urethane (150g/kg) was administered IP; animals were then removed 228 

from isoflurane. Animals were placed on a temperature regulating heating bed (Kent Scientific) and maintained at 229 

37C° for the remainder of the experiment. Two fine (0.005 in. diameter) stainless steel wire EMGs (AM-systems) 230 

were inserted into the right diaphragm. The EMG signal was amplified (10,000x) and filtered (100 Hz to 5kHz) (AM-231 



6 

 

systems 1700) before being digitized at 10kHz (NI PXIe-8381). Ear bars were used to affix the head in a stereotactic 232 

frame. The skin overlying the scalp and neck musculature was removed and the skull surface cleared (Extended Data 233 

Fig. 1). The neck musculature was removed to expose the occipital bone, dural surface just ventral to the cerebellum, 234 

and the first cervical vertebra. The skull was then leveled such that bregma and lambda lie in the horizontal plane. A 235 

custom titanium headplate was then affixed to the skull surface with UV cure dental cement. The animal was removed 236 

from the stereotactic frame and re-positioned in a headfixing frame to allow for access to the nostrils while maintaining 237 

stereotactic level. A custom 3D printed nosecone which allowed for nasal pressure measurement as well as gas 238 

presentation was placed on the nose of the animal. 100% O2 was then supplied to the mouse. We then carefully 239 

removed the dura overlying the left caudal surface of the brainstem with a #11 scalpel, taking care not to damage 240 

underlying brain tissue or vasculature. A single Neuropixel probe (IMEC) was dipped in DiI (Thermofisher #V22885) 241 

and then placed in a motorized manipulator (Sutter MPC-325) positioned caudal to the animal. The probe holder was 242 

placed in the horizontal plane, with the probe tip toward the animal. We then find what we term the "skull apex" point 243 

(Extended Data Fig. 1), the point at the midline of the suture between the intraparietal and the occipital bone. We then 244 

target the VRC at 1.25mm lateral, 4.8mm ventral to this point. The probe is advanced to touch the caudal surface of 245 

the brainstem and the rostro-caudal position is recorded. The probe is then advanced 4mm into the brainstem at a rate 246 

of approximately 1mm/min. The probe settles for ≥ 15 minutes before recording begins. Neural and EMG data are 247 

acquired with SpikeGLX. Gas presentation was controlled by electrical solenoid valves (Beduan) connected to a single 248 

flowmeter (Cole Parmer). Input pressures were calibrated so that all gasses were presented at 150ml/min. Timing of 249 

solenoid valves and laser pulses (see Optical Tagging) were controlled by a Teensy 3.2 microcontroller. In some 250 

recordings, a single dose of morphine (150mg/kg) was administered IP following a baseline recording period (3-5min) 251 

and the optical tagging protocol. After recording, the probe is retracted, and repositioned approximately 100𝜇𝜇m away 252 

in either the medio-lateral or dorso-ventral axis before another insertion and recording procedure. The probe is not 253 

redipped in DiI between each insertion. Following all recordings, the probe is extracted and placed in 1% Terg-a-zyme 254 

(Sigma-Aldrich #Z273287) overnight. The animal is perfused with saline and 4% paraformaldehyde, and the brain is 255 

removed for histological processing. 256 

Optical tagging 257 

During recording, a Cobalt 473nm laser is attached to a 600𝜇𝜇m diameter 0.22NA fiber optic with a cleaved end 258 

(Doric). Fiber power measured at the tip was 50-70mW; high power and large fiber diameter was used to increase the 259 

likelihood of evoking spiking in rostrally located neurons that are far from the caudal surface of the brainstem. The 260 

fiber optic was placed just caudal to the brainstem surface. To perform optical tagging, 75 sequential 10ms laser pulses 261 

with a 1.5ms duration sigmoidal on-ramp and off-ramp and a 3 second delay between each pulse was presented to the 262 

caudal surface of the brainstem (Extended Data Fig. 1). This causes light-evoked spiking in neurons that express 263 

ChR2. This stimulation can directly alter respiratory activity and so periods of opto-tagging are not used in analyses. 264 

Positively tagged neurons are determined using the Stimulus Associated Latency Test (SALT11). Neurons with a 265 

SALT p<0.0001 were considered positively tagged. 266 

Data processing and spike sorting 267 

The action potential band (acquired at 30 kHz) Neuropixels data were filtered (CatGT global demux), and spikes were 268 

extracted and sorted using Kilosort3 (see Table 1 for KS3 parameters). Putative single units were then quality sorted 269 

using the ecephys pipeline12. Double counted spikes were removed. All clusters were saved for potential reanalysis. 270 

Only units that were classified by the ecephys pipeline as not "noise" units, had ISI violations <2, amplitude cutoff 271 

<0.1, and a presence ratio>0.9, and were also labeled as "good" by KS3 were retained for analysis. This restrictive 272 

filtering potentially missed viable single units, but likely rejected most false positive units12.  273 

Raw diaphragm EMG data (acquired at 10kHz) was processed offline using custom software. First, the 274 

electrocardiogram (EKG) signal was removed, the signal was bandpass filtered between 300-5000Hz, rectified, a 275 

50ms median filter was applied, and the signal was downsampled to 1kHz. The amplitude of the diaphragm signal 276 

was then normalized by dividing by the standard deviation. Diaphragm bursts were detected using the scipy 277 

"find_peaks" function. 278 
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Probe localization 279 

Prior to inserting the probes into the caudal brainstem, they are dipped 5 times, for 5 seconds each dip, in DiI 280 

(Thermofisher #V22885), a red fluorescent dye, to mark the probe track. After the final recording of the procedure, 281 

the animal is euthanized, perfused with PBS, followed by 4% paraformaldehyde (PFA), and the brain is removed. The 282 

brain is fixed overnight in 4% PFA, 15% sucrose for 24 hours, and finally 30% sucrose. The brain is embedded in 283 

embedding medium (NEG-50) and frozen at -80C°. 25𝜇𝜇m coronal sections are collected, and imaged on an Olympus 284 

BX61VS slide scanner at 4x magnification. We then use SHARP-Track13 to downsample and manually transform 285 

each image to match a corresponding section of the Allen CCF. The red fluorescent probe tracks were identified in 286 

the registered slices and reconstructed in 3D atlas space. Special care was taken to accurately identify the probe tip 287 

position (i.e., the most rostral slice that DiI staining could be observed) to accurately reconstruct the rostro-caudal 288 

positioning of the probe, and the respective channels. We then visualized the activity of the probe alongside the 289 

extracted anatomical location to fine tune the rostrocaudal position of the probe. 290 

Phase computation and phasic responses 291 

Phase (𝜙𝜙) is defined here from –𝜋𝜋 to 𝜋𝜋 to normalize breaths across time and animals. We set the onset of each breath 292 

to 𝜙𝜙 = 0 and offset of each breath to 𝜙𝜙 = 𝜋𝜋. We then linearly interpolate a value of 𝜙𝜙 for each time sample between 293 

onset and offset. We set the sample immediately following breath offset to 𝜙𝜙 = −𝜋𝜋, and linearly interpolate the 294 

samples until the next breath onset on the interval [–𝜋𝜋, 0). Phasic responses of individual neurons is computed 295 

as:
𝑃𝑃�𝜙𝜙∣∣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �𝑃𝑃(𝜙𝜙)

 . See Extended Data Fig. 2 for details. 296 

Functional class decomposition 297 

Each neuron's phasic response was first calculated as in "Phase computation and phasic responses", with 100 equal 298 

sized bins on [−𝜋𝜋,𝜋𝜋). The phasic response was normalized by dividing by the maximum spike rate for each neuron. 299 

We then use the scikit-learn implementation of Non-negative Matrx Factorization (NMF) to compute the low-rank 300 

components that comprise the phasic responses. We set the 𝑙𝑙1 𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟 = 1 and 𝛼𝛼 = 1 to impose a sparsity penalty on 301 

the components such that the components found resemble single neural firing patterns. We vary the number of 302 

components from 1-15. 303 

The participation ratio (PR) measures how spread a d-dimensional vector's components are along all dimensions. The 304 

PR is defined: 305 

𝑃𝑃𝑃𝑃 =  
∑ 𝑟𝑟𝑖𝑖4𝑖𝑖

(∑ 𝑟𝑟𝑖𝑖2𝑖𝑖 )2 306 

A PR of one indicates a vector has all zero entries except for 1, and a PR of 
1𝑑𝑑 indicates that all the entries of a vector 307 

are equal.  308 

Low dimensional population analyses 309 

To compute the PCA decompositions of the populations, we first convert the spike times into a normalized, smooth 310 

spike rate by binning the spike rates into 5ms bins, smooth the bins with a Gaussian kernel with 𝜎𝜎 = 10𝑚𝑚𝑠𝑠, and take 311 

the square root transform. The smoothed spike rates forms a matrix of size [# bins x # neurons] which is passed to the 312 

PCA. We fit PCA on data obtained during 100% O2 presentation, and apply that PCA decomposition to the entire 313 

recording. For all analyses, we keep only the first 10 principal components.  314 

In addition to PCA, we also fit recurrent switching linear dynamical systems model (rSLDS)15 See: 315 

https://github.com/lindermanlab/ssm for detailed examples and explanations. Briefly, these models consist of 𝐾𝐾 linear 316 

dynamical systems of the form: 317 𝑥𝑥𝑡𝑡 = 𝐴𝐴𝑥𝑥𝑡𝑡−1 + 𝑏𝑏 + 𝑤𝑤𝑡𝑡 318 

where 𝑥𝑥𝑡𝑡 is the low-dimensional continuous state vector of the system at time 𝑟𝑟, 𝐴𝐴 is the matrix that specifies the 319 

continuous state update at each time step, 𝑏𝑏 is a bias vector, and 𝑤𝑤 is a noise term. 𝑥𝑥𝑡𝑡 and 𝑏𝑏 have dimension 𝐷𝐷, and 𝐴𝐴 320 
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is a [𝐷𝐷 × 𝐷𝐷] matrix. In the rSLDS, there are 𝐾𝐾 number of 𝐴𝐴 matrices and 𝑏𝑏 vectors, one for each discrete state 𝑠𝑠, 321 

which we refer to as 𝐴𝐴𝑘𝑘 and 𝑏𝑏𝑘𝑘. When the system is in discrete state 𝑠𝑠, the continuous state is now updated as:  322 𝑥𝑥𝑡𝑡 = 𝐴𝐴𝑘𝑘𝑥𝑥𝑡𝑡−1 + 𝑏𝑏𝑘𝑘 +𝑤𝑤𝑘𝑘,𝑡𝑡 323 

In comparison with a switching linear dynamical system (SLDS) in which the transition between the discrete states 324 

(𝑠𝑠) is only dependent on the previous discrete state, switches between states in the rSLDS are dependent on the value 325 

of the continuous state 𝑥𝑥𝑡𝑡. In other words, , the low-dimensional representation of neural activity will affect the 326 

probability of being in a discrete state. More precisely, the probability of the current discrete state 𝑧𝑧𝑡𝑡 transitioning 327 

from discrete state 𝑗𝑗 to discrete state 𝑠𝑠 is given by: 328 𝑠𝑠(𝑧𝑧𝑡𝑡 = 𝑠𝑠|𝑧𝑧𝑡𝑡−1 = 𝑗𝑗, 𝑥𝑥𝑡𝑡−1) ∝ exp(𝑙𝑙𝑟𝑟𝑙𝑙(𝑃𝑃𝑖𝑖𝑇𝑇𝑥𝑥𝑡𝑡−1)) 329 𝑃𝑃𝑖𝑖 is a vector that weights the previous state 𝑥𝑥𝑡𝑡−1. 330 

We fit the rSLDS models with the number of discrete states 𝐾𝐾 = 2 and the dimensionality of the continuous state 𝐷𝐷 =331 

2. We use an isotropic Gaussian noise model for the dynamics. We employ a Poission emissions model so that the 332 

mapping between the continuous state 𝑥𝑥𝑡𝑡 and the estimated neural activity 𝑦𝑦𝑡𝑡 (where 𝑦𝑦𝑡𝑡 is a vector of spike counts of 333 

length # neurons at time bin 𝑟𝑟) is a Generalized Linear Model with a Poisson distribution. We pass the spike counts in 334 

10ms bins for all neurons during 100% O2 presentation as the inputs to fit the rSLDS model.  335 

This fits two matrices 𝐴𝐴 and bias vectors 𝑏𝑏—one for each of the 𝐾𝐾 states—as well as defines the transition dynamics 336 

between these two dynamical systems. 𝐴𝐴 and 𝑏𝑏 define the flow fields in Fig. 2. We then supply an initial 𝑥𝑥�0 to generate 337 

simulated continuous states forward in time 𝑥𝑥�𝑡𝑡 that depend only on the fit dynamics. We set the noise term 𝑤𝑤 to zero 338 

after the observation that including a 𝑤𝑤 term resulted in simulated states that were far more variable than the observed 339 

states, and that states simulated with omission of the 𝑤𝑤 resembled the observed states. Lastly, we perform support 340 

vector regression (scikit-learn) to generate a mapping from the observed states 𝑥𝑥𝑡𝑡 to the observed integrated diaphragm 341 

activity. We then apply that mapping to the simulated continuous states 𝑥𝑥�𝑡𝑡 to generate a simulated diaphragm activity. 342 

The generative models either evoked a simulated diaphragm activity that exhibited periodicity and resembled normal 343 

diaphragm activity (Extended Data Fig. 7, regenerative), or did not generate periodic activity (non-regenerative). This 344 

distinction was clear, and no qualitatively in-between types of simulated diaphragm activity was observed. We tested 345 

whether a piecewise dynamical system with 𝐾𝐾 = 2 discrete states was necessary and sufficient to result in a generative 346 

model capable of simulating diaphragm activity by fitting models with 𝐾𝐾 = 1 and 𝐾𝐾 = 3 respectively (Extended Data 347 

Fig. 8).  348 

Sigh and gasp detection 349 

Sighs were detected by first computing the area under the curve (AUC) of the integrated diaphragm signal for each 350 

breath. We then compute the rolling median absolute deviance (MAD) with a centered 51 breath window. This gave, 351 

for each breath, the MAD of the 25 previous and 25 following breaths. Breaths for which the AUC of the integrated 352 

diaphragm was greater than 7 times the surrounding MAD were identified as sighs. 353 

Periods of gasping were detected only during hypoxia presentation by first computing the interburst interval (IBI) for 354 

each breath. We smooth the IBI with a centered median filter with window length = 7 breaths. If the smoothed IBI 355 

exceeded 1s, a gasping period is determined to begin. The gasping period was deemed over if the smoothed IBI became 356 

shorter than 0.85s.  357 

Data Analysis 358 

All analyses were performed with custom python and Matlab code available upon request. 359 
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Figures 461 

Figure 1 462 

463 

Large scale recording to characterize respiration. (a) Schematic of recording technique. Neuropixel probe (detail in 464 

inset, gray boxes are active sites) is inserted into the VRC of the left medulla of urethane anesthetized mice. (b) 465 

Example coronal section showing cross sections of recording tracks (red) from 5 sequential VRC recordings. (c) (top) 466 

Raster of 128 neurons with corresponding nasal airflow (salmon) and integrated diaphragm muscle EMG (gray) over 467 

1.5 seconds. (d) Diaphragm onset aligned PSTH for 3 neurons (red: inspiratory, blue: expiratory, gray: tonic). (e) 468 

Phasic tuning curves of the 3 example neurons in (d). Radial axis is spike rate normalized to maximal spike rate, 469 

angular axis is phase of breath; Breath onset is 0, breath offset is 𝜋𝜋. (f) Phase aligned, maximum normalized responses 470 

of all respiratory cells recorded across all recordings (n=6,062). Responses are duplicated in both axis directions to 471 

visualize phasic boundaries (g) Angular histogram of preferred phase of all respiratory neurons. (h) distribution of the 472 

lower bound of coherence for all cells recorded (n=13,336) (i) Marginal density distributions of all inspiratory (red), 473 

expiratory (blue) and tonic (gray) neurons in all three anatomical axes. (j) Location and respiratory characteristics of 474 

all positively tagged, phasic neurons. Expiratory neurons are shown on the left hemisphere, inspiratory neurons on the 475 

right. Dot saturation indicates the coherence of that neuron (darker neurons are more coherent). (k) Angular histograms 476 

of preferred phase for all phasic, positively tagged neurons. Angular axis is preferred phase lag (i.e., when in a breath 477 
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the neuron is active), and radial axis is number of neurons with a preferred phase lag. (l) Distributions of lower bound 478 

of coherence for all positively tagged neurons. Black vertical line is median, dashed vertical line is 75th percentile. 479 

Figure 2 480 

 481 

Low dimensional dynamics underlie respiratory neural activity. (a) Example integrated diaphragm (top), raster 482 

(middle) for 249 simultaneously recorded neurons, and four leading principal components (bottom; green, orange, 483 

purple, pink, respectively) that decompose the neural activity. (b) Breath-aligned average PCs from (a) Mean 484 

diaphragm activity is shaded gray region. PC colors as in (a). (c) Projection of the neural population into the space of 485 

the leading three PCs for 1,100 seconds of recording time. Each dot is the leading three PCs in a 5ms time bin. Color 486 

represents the instantaneous temporal derivative of the trajectory through the PC space. (d) as in (c), but color 487 

represents breath phase. Inspiration onset occurs where dots are white; offset occurs where dots transition from red to 488 

blue. (e) Phase aligned average of the first four PCs averaged across all recordings. Zero and 2𝜋𝜋 are breath onset, 𝜋𝜋 489 

and 3𝜋𝜋 are breath offset. PC color as in (a). Shaded region is mean ± S.E.M. (f) Angular plot of trajectory speed 490 

(radial axis) as a function of breathing phase (angular axis) for all recordings. Individual recordings in black, mean 491 

across recordings in red. Top half of circle is inspiration, bottom half is inter-breath interval. Minimum speed across 492 

all recordings is shown with a marker. (g) Average PC trajectory across all recordings colored by phase as in (c). (h) 493 

same as (g) colored by phase. Each dot is a 
𝜋𝜋50 radian bin. (i) For each recording, mean trajectory through the PC space 494 

was computed. Then, for each breath, at each phase bin, the Euclidean distance to that mean trajectory was computed. 495 

Distance to mean trajectory was then averaged across each breath and recording. High distance to the mean trajectory 496 

indicates high breath-to-breath variability at that phase of the breath. (j) rSLDS models offer an alternative 497 
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dimensionality reduction with dynamics. The observed trajectory through the 2D latent space is shown as dots, color 498 

as in (d), 5ms time bins. The inferred 2-state dynamical system is shown as the flow field arrows. Red arrows indicate 499 

state 1 dynamics, Blue arrows indicate state 2 dynamics. The state that governs the evolution of the latent trajectory 500 

is determined by the current value of the latent. (k) Observed diaphragm activity (black) and the two latent variables 501 

(green, orange) over ~1s. (l) The inferred dynamics (flow fields identical to j) are used to simulate evolution through 502 

the latent space. Gray dots indicate simulated latent variables. (m) as in (k) for simulated latent evolution. (n) Inferred 503 

latent dynamics were clearly active during inspiration of expiration. Eigenvalues for inspiratory and (o) expiratory 504 

dynamics matrices are shown. (p-u) as (j-o) for recordings that did not simulate rhythmic diaphragm activity. (v) 505 

regenerative rSLDS models were given access only to rostro-caudally restricted subsets of recorded neurons. Vertical 506 

yellow dashed lines indicate borders of the four anatomical subsets imposed. Pie charts indicate percentage of 507 

recordings that maintain regenerative capability (purple) with indicated subsets. Bottom row includes only one subset, 508 

top row includes neurons of two neighboring subsets indicated by dark yellow horizontal lines. 509 

  510 
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Figure 3 511 

 512 

Opioids causing temporal, but not phasic, restructuring of respiratory neural activity. For all panels, gray is control, 513 

orange is morphine. (a) Example rasters and diaphragm activity before (left) and after (right) IP administration of 514 

150mg/kg morphine. (b) Breath onset and (c) phase aligned average activity of three representative neurons in control 515 

and after morphine administration. Top half of circle is inspiration, bottom half is inter-breath interval. (d) Firing rates 516 

of inspiratory (red,n=386), expiratory (blue,n=217) and tonic (black,n=894) neurons before (x-axis) and after (y-axis) 517 

morphine administration. (e) Distribution of firing rate ratios (control/morphine) for each functional cell type. Center 518 

box is median ± 1st quartile, further boxes represent ascending quartiles. (f) Average population trajectory through PC 519 

space in control and morphine for recording in (a). Circular marker indicates breath onset. (g) Overlay of population 520 

trajectories for 100s in control (left) and morphine (right). Each dot is a 5ms time bin. Color indicates respiratory 521 

phase. (h) Same as (g) with dots colored by trajectory speed (arbitrary units). (i) Angular plot of trajectory speed 522 

(radial axis) as a function of breathing phase (angular axis) for all recordings. Control is black, morphine is orange. 523 

Individual recordings are thin traces, mean across all recordings are thick traces. (j) Average speed during inspiratory 524 

phase (red) or expiratory phase (blue) in control vs morphine (2 sided paired t-test). Individual recordings are thin 525 

traces, means are thick traces. Trajectory speed units are arbitrary.  526 
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Figure 4 527 

 528 

Sighs are excursions of the latent neural trajectory while gasps collapse the latent rotation to ballistic dynamics. (a) 529 

Example spike raster and diaphragm activity before and after a sigh. (b) Breath onset aligned average activity of two 530 

example neurons. Top neuron is recruited and bottom neuron is de-recruited during the sigh. (c) Firing rates of all 531 

neurons recorded in (a) for eupnea (x-axis) and sighs (y-axis). Each dot is a recorded neuron. Color indicates preferred 532 

phase of firing during eupnea: inspiratory (red), expiratory(blue) or tonic (gray). (d) Population trajectories through 533 

PC space for the recording in (a) for eupnea (gray), sighs (purple), and the breath after a sigh (black). Single breaths 534 

are thin traces, average breaths are thick traces. (e) Example spike raster and diaphragm activity during a period of 535 

gasping. Recording is different than in (a). (f) Breath onset aligned average activity of two example neurons. Top 536 

neuron is recruited and bottom neuron is de-recruited during gasping. (g) Firing rates of all neurons recorded in (e) 537 

for eupnea (x-axis) and gasps (y-axis). Each dot is a neuron as in (c). (h) Population trajectories through PC space for 538 

the recording in (e) for eupnea (gray), gasps (brown). 539 
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