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Abstract 37 

Breathing results from sequential recruitment of muscles in the expiratory, inspiratory, and post-inspiratory 38 

(post-I) phases of the respiratory cycle. Here we investigate whether neurons in the medullary intermediate 39 

reticular nucleus (IRt) are components of a central pattern generator (CPG) that generates post-I activity in 40 

laryngeal adductors and vasomotor sympathetic nerves and interacts with other members of the central 41 

respiratory network to terminate inspiration. We first identified the region of the (male) rat IRt that contains 42 

the highest density of lightly cholinergic neurons, many of which are glutamatergic, which aligns well with 43 

the putative post-inspiratory complex in the mouse (PiCo: Anderson et al. (2016). Nature 536, 76-80). Acute 44 

bilateral inhibition of this region reduced the amplitudes of post-I vagal and sympathetic nerve activities. 45 

However, although associated with reduced expiratory duration and increased respiratory frequency, IRt 46 

inhibition did not affect inspiratory duration or abolish the recruitment of post-I activity during acute 47 

hypoxemia as predicted. Rather than representing an independent CPG for post-I activity, we hypothesized 48 

that IRt neurons may instead function as a relay that distributes post-I activity generated elsewhere, and 49 

wondered if they could be a site of integration for para-respiratory CPGs that drive the same outputs. 50 

Consistent with this idea, IRt inhibition blocked rhythmic motor and autonomic components of fictive 51 

swallow but not swallow-related apnea. Our data support a role for IRt neurons in the transmission of post-I 52 

and swallowing activity to motor and sympathetic outputs, but suggest that other mechanisms also 53 

contribute to the generation of post-I activity.  54 
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Significance Statement (120 words) 55 

Interactions between multiple coupled oscillators underlie a three-part respiratory cycle composed from 56 

inspiratory, post-inspiratory (post-I), and late-expiratory phases. Central post-I activity terminates inspiration 57 

and activates laryngeal motoneurons. We investigate whether neurons in the intermediate reticular nucleus (IRt) form 58 

the central pattern generator (CPG) responsible for post-I activity. We confirm that IRt activity contributes to post-I 59 

motor and autonomic outputs and find that IRt neurons are necessary for activation of the same outputs during 60 

swallow, but that they are not required for termination of inspiration or recruitment of post-I activity during 61 

hypoxemia. We conclude that this population may not represent a distinct CPG, but instead may function as a 62 

premotor relay that integrates activity generated by diverse respiratory and non-respiratory CPGs. 63 
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Introduction 64 

Breathing is a fundamental motor function controlled by groups of spatially, functionally, and 65 

neurochemically compartmentalized neurons in the brainstem and pons (reviewed by Alheid and 66 

McCrimmon, 2008; Feldman et al., 2013; Smith et al., 2013; Del Negro et al., 2018). In quiet breathing 67 

(eupnea), respiratory muscles are recruited in three distinct phases of activity: late-expiration, inspiration, 68 

and post-inspiration. The functions of the expiratory and inspiratory phases are self-explanatory, but the 69 

physiological significance of the post-inspiratory (post-I) phase is less obvious; it is characterized by 70 

laryngeal adduction and contraction of the crural diaphragm, which act together to slow expiratory airflow 71 

and may consequently facilitate gas exchange (Dutschmann et al., 2014). Post-I activity also manifests in the 72 

activity of sympathetic premotor neurons and is the dominant component of respiratory-sympathetic 73 

coupling in rat splanchnic, renal, lumbar and thoracic sympathetic outputs (Haselton and Guyenet, 1989; 74 

Guyenet et al., 1990; Habler et al., 1994; Miyawaki et al., 1995; Simms et al., 2009; Moraes et al., 2013; 75 

Menuet et al., 2017). It too is suggested as a way of optimizing gas exchange by coordinating tissue 76 

perfusion with ventilation, and of enhancing the dynamic ranges of both systems (Zoccal et al., 2009; Simms 77 

et al., 2010; Dick et al., 2014). 78 

The mechanisms responsible for generating respiratory post-I activity are controversial. One view is that 79 

post-I depolarization of laryngeal motoneurons reflects rebound from intense inhibition received during the 80 

late expiratory and inspiratory periods, which originates in the Bötzinger Complex (BötC) and pre-Bötzinger 81 

Complex (preBötC) respectively. In this model, excitatory drive to laryngeal motoneurons plays a minor role 82 

in the generation of post-I activity (Dutschmann and Paton, 2002; Ono et al., 2006; Rybak et al., 2007; Sun 83 

et al., 2008; Bautista et al., 2010). However, this mechanism is unlikely to underlie post-I activity in 84 

sympathetic premotor neurons in the rostral ventrolateral medulla (RVLM), which results from excitatory 85 

synaptic input during the post-I period (Lipski et al., 1996; Moraes et al., 2013) and is abolished by blockade 86 

of glutamatergic, but not GABAergic or glycinergic, inputs (Guyenet et al., 1990; Miyawaki et al., 2002). 87 

Furthermore, RVLM sympathetic premotor neurons do not receive significant input from BötC neurons 88 
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(Dempsey et al., 2017; Menuet et al., 2017), a major source of inhibitory input to post-I laryngeal 89 

motoneurons (Jiang and Lipski, 1990; Ono et al., 2006). So where does post-I excitatory drive come from? 90 

Anderson et al. (2016) recently challenged the “inhibitory rebound” model with the discovery of a group of 91 

excitatory cholinergic interneurons in the mouse intermediate reticular nucleus (IRt), which depolarize in the 92 

post-I period in a neonatal slice preparation. In-vivo stimulation of cholinergic or glutamatergic neurons in 93 

this region, which they named the post-inspiratory complex (PiCo), resulted in post-I-like activity in the 94 

cervical vagus nerve, whereas inhibition reduced post-I activity. Based on these observations they suggested 95 

that this cell group is the neural correlate of post-I activity, and that its behavior is necessary and sufficient 96 

for the generation of the post-I phase. 97 

Here we investigated whether activity in the region described by Anderson et al. (2016) also underlies the 98 

generation of post-I sympathetic (and respiratory) activities in anaesthetized, vagotomized and artificially 99 

ventilated rats. We first established the presence of neurons in the rat IRt that correspond well 100 

neuroanatomically and phenotypically with the mouse PiCo. Subsequent loss-of-function experiments 101 

suggested that activity in this region contributes to eupneic post-I activity, but not to the enhanced post-I 102 

drive seen during acute hypoxemia. Consequently, we tested the hypothesis that the population described by 103 

Anderson et al. (2016) may not reflect the post-I central pattern generator (CPG) per se, but instead 104 

represents a relay that co-ordinates drive from multiple respiratory and non-respiratory CPGs to common 105 

motor and autonomic outputs. In support of our hypothesis we found that, while IRt activity underlies the 106 

transmission of rhythmic activity to laryngeal and sympathetic outputs, it does not contribute to the apneic 107 

component of the swallow reflex.  108 
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Materials & Methods 109 

Ethics approval 110 

Experiments were performed on adult ChAT-Cre mice of either sex (The Jackson Laboratory, strain 111 

006410) or male Lewis rats (350–450 g; Animal Resource Centre, Perth WA, Australia), were conducted in 112 

accordance with the Australian Code for the care and use of animals for scientific purposes, and were 113 

approved by Macquarie University Animal Ethics Committee. 114 

Anatomy experiments 115 

Animals were killed with 150 mg/kg sodium pentobarbitone i.p. and immediately perfused transcardially 116 

with heparinized saline followed by 4% formaldehyde. Brains were post-fixed overnight and cut into 35 μm 117 

(mice) or 50 μm (rats) coronal sections and every third (mice) or fourth (rats) section processed. 118 

Sections from mice were visualized chromogenically using 3,3'-diaminobenzidine (DAB) precipitation. 119 

Briefly, sections were blocked with 50% EtoH (30 min), then 1% H2O2 (peroxidase block, 30 min). 120 

Thereafter they were incubated overnight in primary antibody (goat anti-ChAT, MerckMillipore AB144P, 121 

1:200), 0.05% merthiolate (T5125, Sigma, USA) with 10% normal horse serum (Jackson ImmunoResearch, 122 

West Grove, PA, USA), followed after washing by overnight incubation in biotinylated donkey anti-goat 123 

antibody(1:500, Jackson Immunoresearch). The next day sections were incubated for an hour with Avidin-124 

Biotin Complex (Vectastain ABC Kit, PK-6100, Vector Laboratories, USA). Nickel-conjugated DAB 125 

solution (SK-4100, Vector Laboratories, USA) was added to develop black cytoplasmic staining. Sections 126 

were dehydrated and coverslipped with DPX mounting media. 127 

Sections from rats were processed with the same primary antibody (1:800, 48-72 hours) but visualized with 128 

fluorescent secondary antibodies: following incubation with primary antibodies sections were washed 3x 15 129 

minute in TPBS and incubated overnight in secondary antibody (donkey anti-sheep IgG conjugated to Alexa 130 

Fluor 555, 1:500, Molecular Probes, USA #A-21436/AB_2535857) with 2% normal horse serum, washed 131 

again, and mounted on microscope slides in Vectorshield mounting medium (Vector Laboratories, 132 

Burlingame, CA) and imaged using a Zeiss Z3 epifluorescence microscope or Leica SP5 confocal. 133 
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ChAT-immunoreactive (ChAT+) IRt neurons from three ChAT-cre mice and three Lewis rats were mapped 134 

using a volumetric atlas as previously described (Dempsey et al., 2017). In brief, montage images of sections 135 

lying between the hypoglossal nucleus and the middle of the facial nucleus were captured (10x/0.30 NA 136 

M27 objective lens) and labelled neurons were manually annotated. Sections from mice or rats were aligned 137 

to the Allen or Waxholm (Papp et al., 2014) volumetric brain atlases respectively using the QuickNII 138 

alignment tool (Bjerke et al., 2018: https://www.nitrc.org/projects/quicknii), transforming the pixel co-139 

ordinates of neurons identified in 2D images to 3D Cartesian co-ordinates. For each mouse the distribution 140 

of ChAT+ IRt neurons was projected into 2D greyscale heat maps using a 5 voxel smoothing coefficient, as 141 

described previously (Dempsey et al., 2017). Greyscale heat maps were averaged between replicates before 142 

colorization in ImageJ and plotted onto corresponding atlas sections. A 3D density mapping algorithm was 143 

used to define the anatomical boundary that included 66% of the ChAT+ IRt neurons in the rat (Burguet and 144 

Andrey, 2014; Farmer et al., 2019). 145 

Cholinergic IRt neurons from a separate group of Lewis rats were examined for colocalization of ChAT 146 

immunoreactivity with vesicular glutamate transporter 2 (VGluT2) mRNA revealed by in situ hybridization 147 

(ISH). A digoxigenin-labelled cRNA probe for VGluT2 was synthesized from a cDNA template (886bp, 148 

Genebank reference NM_053427) and amplified using PCR primers (lower case) with T7 and Sp6 RNA 149 

polymerase promotors (upper case): (F:GGATCCATTTAGGTGACACTATAGAAGtcaatgaaatccaacgtcca; 150 

R: GAATTCTAATACGACTCACTATAGGGAGAcaagagcacaggacaccaaa).  151 

Following purification of the DNA template with gel extraction, antisense riboprobes were in vitro 152 

transcribed (Epicentre Technologies, Madison, WI) incorporating digoxigenin-11-UTP (Roche Applied 153 

Science) and validated as previously described (Kumar et al., 2012). Brainstem sections were incubated in 154 

pre-hybridization buffer (50% formamide, 100 μg/ml heparin, 5 x SSC, pH 7.0, 1 x Denhardt’s solution, 250 155 

μg/ml herring sperm DNA, 100 μg/ml yeast tRNA, 5% dextran sulphate, 0.1% Tween-20, Sigma, Australia 156 

unless otherwise indicated) at 37 oC (30 minutes), then 58 oC (1 h) before hybridization with gentle agitation 157 

with riboprobe (1000 ng/ml) at 58 oC (12-18 h). Sections were washed in 2 x SSC buffer with 0.1% Tween-158 

20, followed by 0.2 x SSC buffer with 0.1% Tween-20, and then maleic acid buffer (0.1 M maleic acid, 0.15 159 
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M NaCl, 0.1% Tween-20). The tissue was then blocked in maleic acid buffer containing 2% Boehringer 160 

blocking reagent (Roche Applied Science, Manheim, Germany) and 10% normal horse serum. 161 

Goat anti-ChAT (1:400) was added to the blocking buffer and incubated at 4 oC (48 h). Sections were 162 

washed in TBSm (100 mM Tris–HCl, 150mM NaCl, pH 7.4, 0.05% merthiolate, 3 x 30 min) and incubated 163 

overnight with AlexaFluor-594 donkey anti-goat IgG secondary antibody (1:400, Jackson Immunoresearch 164 

cat# 705-585-147) with 1% normal horse serum. DIG-labelled neurons were revealed by incubation in 165 

NTMT (0.1 M NaCl, 0.1 M Tris-HCl pH 9.5, 0.1 M MgCl2, 0.1% Tween-20, 2 mM tetramisole HCl) 166 

containing nitro blue tetrazolium (Roche Applied Science) and 5-bromo-4-chloro-3-indolyl phosphate salts 167 

(Roche Applied Science). The reaction was stopped by washing (0.1M Tris, 1 mM EDTA, pH 8.5, 3 x 15 168 

min) when DIG-labelling was intense with minimal background staining. No labelling was seen when the 169 

sense probe was substituted for the anti-sense probe. 170 

The proportion of ChAT+ IRt neurons that contained VGluT2 ISH product was estimated from confocal 171 

scans that captured immunofluorescence and brightfield channels (20x objective, 750 x 750 μm, 1024 x 172 

1024 pixels), taken with the center of the field of view positioned dorsomedial to nucleus ambiguus at the 173 

same rostrocaudal level as the caudal pole of the facial nucleus. ChAT+ VGluT2+ neurons were manually 174 

annotated in two images from each of three experimental replicates. 175 

Physiology experiments: general surgical preparation 176 

Physiological experiments were performed on Lewis rats initially anaesthetized with a bolus of 10% 177 

urethane (10% w/v in saline, 1.1–1.3 g / kg i.p.) and supplemented with additional doses (130 mg i.v.) as 178 

required. Depth of anesthesia was assessed by checking for absence of withdrawal and/or arterial blood 179 

pressure (>10 mmHg) responses to paw pinch. The right femoral artery and vein were cannulated and 180 

tracheostomy was performed to allow for mechanical ventilation with oxygen enriched room air (final 181 

oxygen concentration >50%) such that arterial blood pCO2 and pH were maintained at 45-55 mmHg/7.35-182 

7.45 respectively, which were measured by periodic analysis with a VetStat electrolyte and blood gas 183 

analyzer (IDEXX, Westbrook, ME, USA). Where indicated metabolic acidosis was treated with 5% sodium 184 

bicarbonate (0.2-0.5 ml, i.v., Merck, Australia). Core temperature was measured with a rectal probe and 185 
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maintained at ∼37 oC with a homeothermic blanket (Harvard Apparatus, Holliston, MA, USA). Animals 186 

were bilaterally vagotomised to desynchronize central respiratory drive from afferent feedback from lung 187 

stretch receptors and paralyzed (pancuronium bromide 0.4 mg i.v. maintained at 0.2 mg/hr). End-tidal CO2 188 

was measured continuously (CapStar 100; CWE Inc., Ardmore PA, USA). 189 

Nerve recording and stimulation 190 

Rats were positioned nose-down in a stereotaxic frame and the left phrenic, vagus and renal nerves were 191 

dissected, tied, cut and recorded using bipolar electrodes in warm mineral oil or silicon gel (PNA, VNA & 192 

rSNA, respectively). Neurograms were amplified, band-pass filtered (100 –3 kHz, CWE Inc.) and sampled 193 

at 5 kHz using a Power1401plus running Spike2 software (Cambridge Electronic Design, Cambridge, UK). 194 

In a subset of experiment the left superior laryngeal nerve (SLN) was stimulated to induce fictive swallow. 195 

The nerve was isolated at the level of the carotid bifurcation, cut, and mounted on bipolar stimulating 196 

electrodes, and apneic threshold determined by stimulating at increasing intensities (20 Hz, 0.2 ms pulses). 197 

In subsequent trials the SLN was stimulated at 1.5 times apneic threshold. 198 

Brain microinjection 199 

Neurons in the IRt were acutely inhibited by bilateral pressure microinjections of the GABAA receptor 200 

agonist isoguvacine (10 mM, 20-40 nl) mixed with pontamine sky blue (~2%) or fluorescent beads 201 

(Lumafluor, USA, 1:2000 dilution). Microinjections were made 1.6 mm lateral, 1.2 - 1.5 mm rostral to obex 202 

and 2.4 - 2.5 mm deep to the brainstem surface. At the end of experiments rats were killed by sodium 203 

pentobarbitone overdose, transcardially perfused, and prepared for immunohistochemistry to confirm 204 

injection sites. 205 

Data analysis and experimental protocols 206 

Neurograms were rectified and smoothed (τ = 50 ms: PNA & VNA, 100 ms: rSNA). The peak-to-trough 207 

amplitude of PNA, and the post-I recruitment of VNA and rSNA, were quantified from phrenic-triggered 208 

waveform averages. Peak post-I VNA and rSNA were measured with reference to their values at the onset of 209 

the post-I period, which could be unambiguously identified from an inflection in VNA that occurred at the 210 

end of the inspiratory period. 211 
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For quantification of effects of IRt inhibition on baseline respiratory and cardiovascular parameters, phrenic- 212 

triggered waveform averages were compiled from blocks of 10 respiratory cycles immediately before 213 

(baseline) and 30 seconds after unilateral or bilateral isoguvacine injection. The amplitudes of neurograms 214 

were normalized to baseline; other parameters (mean arterial pressure (MAP), heart rate, 215 

expiratory/inspiratory duration (TE/ TI respectively) and respiratory frequency were measured over the same 216 

periods and analyzed without normalization. Significant effects were identified using non-parametric one-217 

way ANOVA (Friedman test), followed where indicated by Dunn’s multiple comparison test to identify 218 

significantly different pairings (Graphpad Prism 8). 219 

The effects of acute hypoxemia and hypercapnia were compared in a separate cohort of animals. Following 220 

establishment of baseline recordings, animals were exposed to 1-2 minutes of acute hypercapnia or 221 

hypoxemia; respiratory parameters were allowed to recover for approximately 20 minutes, then gases 222 

switched and the trial repeated so that each animal was exposed to both hypercapnia and hypoxemia. 223 

Hypercapnia was induced by ventilation with 5% CO2 in 95% oxygen; hypoxemia by ventilation in room air 224 

(i.e. 21%, Saha et al., 2019); initial experiments showed this reduced arterial pO2 from 494 ± 11 to 60 ± 2 225 

mmHg (n = 8). For quantification of neural responses to hypercapnia or hypoxemia data were split into nine 226 

epochs of 10 respiratory cycles and phrenic-triggered averages of PNA, VNA and rSNA were generated for 227 

each epoch, with the first beginning 10 cycles prior to gas administration. Measurements of peak-to-trough 228 

PNA amplitude and post-I VNA and rSNA were normalized such that the largest epoch measured in each 229 

animal became 100%. The recruitment of nerve activities by hypercapnia vs. hypoxemia were compared 230 

using repeated measures two-way ANOVA; differences in activity evoked by each intervention were 231 

compared at each timepoint with the uncorrected Fisher’s Least Significant Difference test. Where 232 

differences in the recruitment of neural activity by hypercapnia/hypoxia were detected, their magnitudes 233 

were estimated by measuring area under the curve (AUC) of each series (i.e. the total activity summed 234 

across all epochs), compared between groups using paired t-test. Linear regression was performed to 235 

compare the covariance of post-I rSNA with VNA during hypercapnic and hypoxemic trials. r2 values of 236 

responses to hypercapnic and hypoxemic trials were pooled between experiments and compared using 237 

paired t-test. 238 
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For quantification of responses to acute hypoxemia before and after bilateral IRt inhibition, PNA and post-I 239 

VNA and rSNA was measured as described above (although the duration of trials was shortened such that 240 

only 6 epochs were analyzed). After recovery from an initial hypoxemic trial, bilateral injections of 241 

isoguvacine were made into the IRt and hypoxemia repeated. Data from each epoch were normalized and 242 

analyzed as described above. In three cases rSNA recordings were eliminated from analysis because of drift 243 

in baseline post-I amplitude between trials (i.e. the value of post-I rSNA prior to the first hypoxemic trial 244 

was substantially different from that measured after recovery from hypoxemia but prior to IRt isoguvacine 245 

microinjection). 246 

The effects of IRt inhibition on fictive swallow and swallow-related apnea was assessed by comparing the 247 

number of clearly discernable vagal and phrenic bursts, respectively, observed during SLN stimulation, 248 

before and after unilateral isoguvacine injection. Statistically significant differences in SLN-evoked activity 249 

were assessed using Wilcoxon matched-pairs signed rank test. Autocorrelograms of rSNA and VNA during 250 

SLN stimulation were generated using Spike2 software. All data are presented as mean  SEM; the 251 

threshold for statistical significance was set at P < 0.05.  252 
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Results 253 

Distribution of ChAT-immunoreactive neurons in the intermediate reticular nucleus 254 

We first examined the distribution of ChAT+ neurons in the reticular formations of ChAT-cre mice and 255 

Lewis rats. A similar pattern was observed irrespective of species: weakly ChAT+ neurons were diffusely 256 

distributed within the IRt medial and dorsal to nucleus ambiguus (Figure 1). In the mouse the epicenter lay 257 

around Allen co-ordinates 180, 65, 70, corresponding to a position 150 μm dorsal and 150 μm medial to 258 

nucleus ambiguus, about 150 μm caudal to the facial nucleus (Figure 1A & B1), with 50% of neurons lying 259 

on average between 0 and 500 μm caudal to the facial nucleus (Figure 1B2, n = 3). In the Lewis rat ChAT+ 260 

neurons were most densely aggregated 220 μm medial and 350 μm dorsal to nucleus ambiguus, slightly 261 

rostral to the caudal pole of the facial nucleus (Figure 1C & D1), with 50% of neurons lying between on 262 

average 300 μm rostral and 460 μm caudal to the the facial nucleus (Figure 1D2, n = 3). A density-mapped 263 

segmentation that enclosed 66% of labelled neurons spanned the IRt approximately 1500 μm in the 264 

rostrocaudal and 850 μm in the dorsoventral planes (Figure 1D1). Within the core of this region 62 ± 5% of 265 

ChAT+ IRt neurons were also positive for VGluT2 mRNA (Figure 1E, n = 3). 266 

IRt inhibition reduces baseline post-I vagal and sympathetic activities 267 

Guided by the anatomical data presented in Figure 1, we investigated whether inhibition of the region of the 268 

IRt that contained the highest density of ChAT+ neurons diminished eupneic post-I activity or any other 269 

respiratory or cardiovascular parameters. 270 

Bilateral inhibition of the IRt significantly inhibited the post-I components of VNA (-65.3 ± 9.2%, Dunn’s P 271 

= 0.0007) and rSNA (-46.9 ± 9.5%, Dunn’s P = 0.0016, Figure 2). Effects were immediate and recovered 272 

over 5-10 minutes. IRt inhibition was also associated with a reduction in PNA (-10.5 ± 3.2%, Dunn’s P = 273 

0.015) and an increase in respiratory cycle frequency (42.6 ± 1.2 vs. 49.5 ± 2.5 bpm, Dunn’s P = 0.011, 274 

equivalent to a 0.18 ± 0.05 s reduction in respiratory cycle duration) due to a reduction in TE (0.87 ± 0.04 vs. 275 

0.73 ± 0.06 s, Dunn’s P = 0.0008), with no effect on TI observed (0.52 ± 0.01 vs. 0.53 ± 0.03 s, Friedman P 276 

= 0.4). Bilateral IRt inhibition also evoked a small but significant effect on heart rate (460 ± 6 vs. 456 ± 7 277 

bpm, Dunn’s P = 0.022) and no significant effect on MAP (62 ± 5 vs. 58 ± 4 mmHg, Friedman P = 0.3) or 278 
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mean rSNA (-0.8 ± 2.2%, Friedman P = 0.19). We therefore conclude that the ongoing activity of neurons in 279 

the IRt contributes to eupneic respiratory and sympathetic post-I activities without exerting significant 280 

control on other respiratory or cardiovascular parameters. 281 

Post-I activity is stimulated by acute hypoxemia 282 

We next compared the effects of hypercapnia and hypoxemia on respiratory dynamics and post-I VNA and 283 

rSNA in urethane-anaesthetized vagotomized rats (Figure 3). Hypercapnic and hypoxemic trials maximally 284 

increased phrenic nerve amplitude over similar time courses and to similar degrees (AUC 706 ± 22 vs. 690 ± 285 

21 a.u. respectively, n = 8, Paired t-test P = 0.6), but hypoxemia produced significantly more post-I activity 286 

in both vagal and sympathetic outputs compared to hypercapnia (2-way ANOVA interaction: VNA: F (8, 287 

112) = 4.8, n = 8, P<0.0001; rSNA: F (8, 112) = 27.8, n = 8, P<0.0001, significantly different timepoints 288 

indicated in Figure 3D). Measured by AUC, this effect manifested as a 49 ± 22% greater increase in post-I 289 

VNA (423 ± 66 vs. 541 ± 44 a.u., n = 8, Paired t-test P = 0.003) and 75 ± 20% greater increase in post-I 290 

rSNA (287 ± 27 vs. 465 ±19 a.u., n = 8, Paired t-test P = 0.004) in response to hypoxemia compared to 291 

hypercapnia. Interestingly, we also observed differences in the relationship between post-I VNA and post-I 292 

rSNA under these conditions: hypoxemia resulted in progressive recruitment of both outputs, whereas 293 

hypercapnia resulted in recruitment of post-I VNA only (Figure 3C & D). This relationship was investigated 294 

by linear regression of post-I rSNA plotted against simultaneously recorded post-I VNA (Figure 3E). During 295 

hypoxemic trials post-I VNA and post-I rSNA were coactivated (linear regression: r2: 0.84 ± 0.05, P: 0.002 296 

± 0.001, n = 8); this effect was not apparent during hypercapnia (r2: 0.26 ± 0.09, P: 0.37 ± 0.13). We 297 

conclude that hypoxemia stimulates post-I activity with particular efficacy compared to hypercapnia, and 298 

that post-I activities in laryngeal and autonomic outputs may be independently controlled to some extent. 299 

Post-I responses to acute hypoxemia persist following inhibition of the IRt 300 

We next examined whether activity in the IRt is necessary for the hypoxemic recruitment of post-I in vagal 301 

and sympathetic outputs (Figure 4). Bilateral microinjection of isoguvacine selectively reduced the 302 

magnitudes of post-I VNA and rSNA, but not PNA responses to acute hypoxemia (2-way ANOVA 303 

isoguvacine: VNA: F (1, 16) = 18.99, n = 9, P = 0.0005; rSNA: F (1, 10) = 5.607, n = 6, P = 0.039; PNA: F 304 

(1, 16) = 3.85, n = 9, P = 0.067, Figure 4C) but did not alter the gain of hypoxemic responses (2-way 305 
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ANOVA interaction: VNA: P = 0.56; rSNA: P = 0.07; PNA: P = 0.32), resulting in a rightwards shift in 306 

their stimulus-response curves. Similarly, IRt inhibition reduced the AUC of post-I vagal responses (343 ± 307 

35 vs. 176 ± 22 a.u., Paired t-test P = 0.0039, n = 9), but had no significant effect on the AUC of post-I 308 

rSNA (305 ± 24 vs. 230 ± 28, P = 0.16, n = 6) or PNA (451 ± 6 vs. 416 ± 17, P = 0.13). Thus IRt inhibition 309 

does not completely block the potent recruitment of post-I activity evoked by acute hypoxic stimuli. 310 

The IRt is a critical relay for fictive swallow 311 

Under baseline conditions, supramaximal SLN stimulation evoked apnea and gradual ramp-activation of 312 

VNA superimposed with rapid rhythmic bursts (‘fictive swallows’: Figure 5) as previously described (Sun et 313 

al., 2011). In 10/11 experiments we also detected swallow-locked oscillations in rSNA that were apparent in 314 

swallow-triggered waveform averages (Figure 5B) and nerve autocorrelograms generated during SLN 315 

stimulation (Figure 5C), showing that, like eupneic post-I activity, the output of the swallow CPG is 316 

transmitted to both motor and vasomotor outputs. 317 

Ipsilateral IRt inhibition reduced the number of swallows evoked during SLN stimulation from 7.5 ± 0.8 to 318 

1.0 ± 0.4 (Wilcoxon P = 0.001, Figure 5D) without blocking the apneic component of the response (0.5 ± 319 

0.3 vs. 0.8 ± 0.3 phrenic bursts/trial, Wilcoxon P = 0.69) or ramp activation of VNA. IRt inhibition also 320 

abolished the rhythmic activities evident in rSNA and VNA autocorrelograms. These findings indicate that 321 

IRt neurons play a critical role in the transmission of rhythmic motor and vasomotor components of fictive 322 

swallow, but do not mediate the apneic component of the swallowing pattern. 323 

  324 
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Discussion (1500 words Maximum) 325 

The rat medulla contains a population of lightly ChAT+ neurons, many of which are glutamatergic, which is 326 

diffusely scattered through the IRt and most densely distributed immediately dorsomedial to nucleus 327 

ambiguus at the level of the facial nucleus. Consistent with previous surveys in the rat (Tago et al., 1989), 328 

we failed to replicate the restricted clustering of ChAT neurons reported to define the spatial extent of the 329 

mouse PiCo (e.g. Figure 1B, Anderson et al., 2016). A similar pattern of diffuse ChAT immunoreactivity 330 

also predominated in our examination of the mouse (and Allen Brain Atlas experiments 252 (ChAT mRNA) 331 

& 100138934 (Chat-IRES-Cre-neo;Ai32(RCL-ChR2(H134R)_EYFP), EGFP mRNA )). Nonetheless, under 332 

baseline conditions bilateral inhibition of this region robustly inhibited post-I vagal and sympathetic nerve 333 

activities; it is unlikely that these effects were mediated by direct inhibition of nearby sympathetic premotor 334 

or vagal motoneurons, as mean rSNA and the inspiratory component of VNA were unchanged. These 335 

findings suggest that neurons in the region of the IRt that contains the highest density of ChAT+ neurons are 336 

closely involved in eupneic laryngeal and vasomotor post-I activities. 337 

IRt inhibition caused small reductions in PNA and TE, resulting in increased respiratory frequency, but had 338 

no effect on TI. This indicates that neurons in the IRt do not contribute to the ‘inspiratory off-switch’, a 339 

barrage of post-I inhibition that terminates activity in inspiratory neurons and truncates the inspiratory phase 340 

of the respiratory cycle (Richter, 1982; Rybak et al., 2007). These effects contrast with those observed 341 

following loss-of-function in the pons, BötC, or nucleus of the solitary tract (NTS), which also abolish post-I 342 

motor/autonomic outputs and have variable effects on TE, but are associated with the development of an 343 

apneustic breathing pattern characterized by prolonged TI (Baekey et al., 2008; Baekey et al., 2010; Burke et 344 

al., 2010; Costa-Silva et al., 2010; Bautista and Dutschmann, 2015; Farmer et al., 2016). The simplest 345 

explanation for this discrepancy is that the post-I synaptic drive evident in respiratory pattern generating 346 

interneurons in the BötC and preBötC does not originate in the IRt: the pontine respiratory groups are strong 347 

candidate sources (Dutschmann and Herbert, 2006; Dick et al., 2009). 348 

Acute hypoxemia reduced arterial pO2 to ~60 mmHg, equivalent to levels observed in chronic obstructive 349 

pulmonary disease or sleep apnea (Fletcher et al., 1987), and potently recruited post-I activity. As expected, 350 
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bilateral IRt inhibition following recovery from initial hypoxemic trials reduced baseline post-I activity, but 351 

did not significantly disrupt post-I recruitment by subsequent hypoxemia. These findings suggest that IRt 352 

neurons are not the only source of post-I drive to these outputs, and that mechanisms that are relatively 353 

quiescent in eupnea may be recruited under hypoxemia. Such hypoxia-sensitive post-I neurons may reside 354 

elsewhere, or could simply be in parts of the IRt that lie beyond the spread of the injections used in the 355 

current study. The mapping of functionally identified post-I IRt neurons in vivo and confirmation of their 356 

putative ChAT+ VGLUT2+ phenotype should be a priority for future investigations; we predict that neurons 357 

responsible for generating post-I activity will be exquisitely sensitive to low oxygen. 358 

Although our data unambiguously support a role for IRt neurons in the co-ordination of eupneic post-I 359 

motor/vasomotor activities, it seems their participation is not necessarily necessary (Yoshihara and 360 

Yoshihara, 2018) for the recruitment of post-I activity during hypoxemia, and that their contribution is 361 

limited to the motor/vasomotor, but not central, manifestations of post-I activity. We wondered whether 362 

instead of representing a distinct CPG for post-I activity, neurons in the IRt may instead serve as a premotor 363 

relay that transmits convergent input from closely coordinated respiratory and non-respiratory CPGs such as 364 

swallow (and perhaps sneeze and cough), which share common motor outputs and are also recruited in the 365 

post-I period (Bartlett and Leiter, 2011; Sun et al., 2011; Bautista and Dutschmann, 2014; Dutschmann et 366 

al., 2014). 367 

Unilateral IRt inhibition abolished the rhythmic vagal (and previously unreported sympathetic) elements of 368 

fictive swallow without disrupting apnea. This effect can be reliably attributed to inhibition of IRt neurons 369 

and not nearby BötC neurons, many of which are post-I neurons that become phasically active during fictive 370 

swallow (Saito et al., 2003), as deliberate inhibition of BötC has the converse effect, blocking apnea but not 371 

swallow (Sun et al., 2011). Thus, in addition to containing neurons that contribute to eupneic post-I activity 372 

in laryngeal and vasomotor nerves, the IRt also contains neurons that transmit rhythmic swallow-related 373 

activity to the same outputs. We argue that such neurons likely represent a premotor output and not the 374 

swallowing CPG, as the apneic component of the swallowing response persisted. 375 
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These observations accord well with the consensus model of the swallowing CPG, in which stimulation of 376 

laryngeal sensory fibers robustly activates neurons in a dorsal swallowing group (DSG) adjacent to the NTS 377 

(reviewed by Jean, 2001; Jean and Dallaporta, 2013). The activation of this group is required for both the 378 

apneic and motor components of swallow (Bautista and Dutschmann, 2014), and it contains many neurons 379 

that burst in phase with swallow and project to the IRt immediately dorsomedial to nucleus ambiguus 380 

(Kessler and Jean, 1985; Gestreau et al., 1996; Sugiyama et al., 2011). This region contains the ventral 381 

swallowing group, a population of neurons that also burst in phase with swallow but which respond to 382 

orthodromic SLN stimulation at longer latencies than DSG neurons and are therefore thought to represent a 383 

downstream relay that transmits swallowing motor patterns generated in the DSG to oropharyngeal outputs 384 

(Kessler and Jean, 1985; Amri et al., 1990; Ezure et al., 1993; Umezaki et al., 1998). The axonal trajectories 385 

of ventral swallowing neurons suggest innervation of motor pools involved in the oropharyngeal phase of 386 

swallow (Amri and Car, 1988; Ezure et al., 1993; Ono et al., 1998), and these findings are supported by 387 

connectomic studies that show that rostral IRt neurons form monosynaptic connections with motoneurons 388 

that innervate muscles involved in swallowing, such as the tongue and masseter (Stanek et al., 2014), and 389 

with RVLM sympathetic premotor neurons (Dempsey et al., 2017), but not respiratory pump muscles such 390 

as the diaphragm (Wu et al., 2017). IRt neurons are therefore well-placed to transmit drive to 391 

motor/vasomotor outputs that exhibit both post-I and swallowing activity. 392 

Our data indicate that neurons in the IRt are involved in the transmission of post-I activity and are 393 

indispensable for the transmission of swallowing motor patterns to the same outputs, and so a key question 394 

for future investigation is whether post-I and swallowing IRt neurons are distinct classes, or whether 395 

overlapping populations of neurons participate in both functions. The available evidence suggest the former 396 

is more likely – post-I activity is an ongoing phenomenon, and yet ventral swallowing neurons are not 397 

generally spontaneously active (Kessler and Jean, 1985; Ezure et al., 1993) and, when active, rarely exhibit a 398 

post-I firing pattern (Ezure et al., 1993; Ono et al., 1998). However, it is not clear that there are any ‘non-399 

swallowing’ post-I neurons in this region either; although plentiful in the BötC, the evidence for IRt neurons 400 

with the predicted post-I firing pattern in vivo is largely anecdotal (Oku et al., 1994). 401 
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Our experimental design necessitated simultaneous access to multiple motor and sensory nerves, which was 402 

only feasible in the rat. Although post-I activity is highly conserved, and so the mechanisms that underlie its 403 

generation are presumably similar between species, the configuration of respiratory-sympathetic coupling 404 

varies considerably, with the post-I component dominating in the rat but not the cat, pig or human (Habler et 405 

al., 1994). Consequently, the potential contribution made by the IRt to respiratory-sympathetic coupling in 406 

other species cannot be extrapolated from the current study. When comparing our results to the excellent 407 

study by Anderson et al. (2016), a second consideration is differences in the spread of microinjected drugs. 408 

Our 20-40 nl isoguvacine injections probably influenced neurons within ~350 μm of the injection site 409 

(Burke et al., 2010). This has the advantage that isoguvacine would not have encroached into neighboring 410 

motor, sympathetic or respiratory groups, but probably only reached a subset of ChAT+ neurons, which are 411 

diffusely distributed within the IRt. In contrast, Anderson et al. (2016) used 250 nl of somatostatin/DAMGO 412 

in the mouse, and therefore would have silenced a much large fraction of putative post-inspiratory neurons 413 

while risking off-target effects. 414 

In conclusion, we are confident that IRt neurons are involved in the transmission of post-I activity to 415 

laryngeal adductor and vasomotor nerves. However, the absence of any significant effect of IRt inhibition on 416 

TI undermines the notion that these neurons are a critical component of a post-I CPG, while the finding that 417 

IRt inhibition also blocks the motor/vasomotor components of fictive swallow suggest involvement in a 418 

range of functions. As such, conceptualizing this cell group as a static and functionally dedicated post-419 

inspiratory complex seems premature. One possibility is that the IRt represents a site of integration for 420 

motor and autonomic components of diverse respiratory and para-respiratory patterns, such as post-I and 421 

swallow, that are generated elsewhere (e.g. post-I pontine neurons and the dorsal swallowing group 422 

respectively, Figure 6).  423 
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Figure Legends 567 

Figure 1: Distribution of choline acetyltransferase (ChAT) immunoreactive neurons in the intermediate 568 
reticular nucleus (IRt) of the mouse and rat. Panel A (high magnification of boxed region in A’) illustrates 569 
lightly immunoreactive neurons dorsomedial to nucleus ambiguus in the ChAT-cre mouse. Heatmap in B1 570 
shows the epicenter of the ChAT+ population in a 100 μm thick virtual coronal section superimposed onto 571 
the corresponding plate of the Allen Brain Atlas (level 65 of the Common Co-ordinate Framework, CCF). 572 
Average rostrocaudal distribution of ChAT+ IRt neurons in the mouse is shown in the heatmap in panel B2 573 
and graphed to the same scale in the upper panel. Dotted green line indicates the level of the caudal facial 574 
nucleus (cpVII). Panel C shows ChAT immunofluorescence in the rat IRt (inset in C’). Panel D1 shows 575 
individual data from 3 rats (colored dots), with density maps (yellow regions) that enclose 66% of neurons 576 
projected into volumetric atlas. D2 shows the rostrocaudal distribution of ChAT+ IRt neurons in three rats 577 
using the same scheme described in B2. E. Confocal/brightfield images illustrate colocalization of ChAT 578 
(E1) with VGluT2 mRNA (E2, doubled-labelled ChAT+ neurons are denoted by closed triangles) in the rat 579 
IRt. E’ contains pseudocolored merged image of region indicated by blue box in E1&2. Anatomical 580 
landmarks are nucleus ambiguus (NA), the facial nucleus (VII), inferior olive (Inf. Ol.) and facial nerve (7n) 581 

Figure 2: IRt inhibition attenuates eupneic post-I activity. A. Experimental recording from urethane-582 
anaesthetized Lewis rat; bilateral microinjections of isoguvacine (isog) were made into the IRt. B. Expanded 583 
view of boxed regions from Panel A, and corresponding phrenic-trigged averages in Panel C, show 584 
attenuated post-I VNA and rSNA without significant effects on respiratory pattern. D. Histological section 585 
showing representative injection site marked by fluorescent beads (red arrowhead); composite images (E) 586 
show injection sites from multiple experiments mapped onto corresponding coronal (left panel) and 587 
horizontal (right panel) atlas plates, color-coded to indicate effect of bilateral isoguvacine on post-I VNA. F. 588 
Pooled data indicate that bilateral IRt inhibition significantly reduces post-I VNA, rSNA and PNA, and 589 
increases respiratory frequency. Dunn’s post-test: ns: not significant; *: P<0.05; **: P<0.01; ***: P<0.001.  590 

Figure 3: Hypoxemia and hypercapnia differentially activate post-I activities. A. Recording from urethane-591 
anaesthetized Lewis rat illustrating increases in phrenic (PNA), post-I vagal (VNA) and post-I renal 592 
sympathetic (rSNA) nerve activities in response to acute hypercapnia and hypoxemia. B. Phrenic-triggered 593 
waveform averages were used to quantify respiratory-related nerve activities; respiratory phases are 594 
indicated by colored rectangles (Insp: inspiratory; E2: late expiratory). Quantified parameters are indicated 595 
by double-headed arrows. C. Both stimuli progressively recruited PNA, but post-I VNA and rSNA were 596 
differentially activated by hypoxemia; phrenic-triggered averages correspond to color-coded epochs 597 
indicated in Panel A. D. Pooled data compare hypercapnic and hypoxemic recruitment of PNA, VNA and 598 
rSNA. Significant pairings were identified using Fisher’s Least Significant Difference Test. E. Linear 599 
regression shows parallel recruitment of rSNA with VNA during hypoxemic trials (r2: 0.84 ± 0.05, P = 600 
0.002, red lines), but not hypercapnic trials (P>0.3, blue lines). Individual trials shown in light red or blue; 601 
average responses in bold. *: P<0.05; **: P<0.01; ****: P<0.0001 602 

Figure 4 Hypoxemic recruitment of post-I activity persists after IRt inhibition. A. Urethane-anesthetized rats 603 
were exposed to brief hypoxemia. Following recovery of respiratory parameters bilateral microinjections of 604 
isoguvacine were made into the IRt and rats re-exposed to hypoxemia. B. Phrenic-triggered waveform 605 
averages from the same experiment showing rSNA, VNA and PNA responses to acute hypoxemia before 606 
(left) and after (right) bilateral IRt inhibition. C. Pooled data indicate that IRt inhibition reduces but does not 607 
block hypoxemic recruitment of post-I VNA or rSNA and exerts no significant effect on PNA. Significant 608 
pairings were identified using Fisher’s Least Significant Difference Test. *: P<0.05; **: P<0.01; ***: 609 
P<0.001, ****: P<0.0001. 610 
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Figure 5 IRt activity is required for co-ordination of fictive swallow. A. Under baseline conditions (gray 611 
trace) electrical stimulation of the superior laryngeal nerve (SLN) evoked apnea and rhythmic vagal nerve 612 
activity (fictive swallows, orange circles). B. Swallow-triggered averages of rSNA and (C) rSNA 613 
autocorrelograms reveal swallow-related activity. Inhibition of the ipsilateral IRt reduced the number of 614 
fictive swallows (Panel A, blue trace; pooled data in Panel D: significant differences identified using 615 
Wilcoxon matched-pairs signed rank test) and disrupted swallow-locked rSNA activity (Panel C, blue trace) 616 
without inhibiting the apneic component of the response to SLN stimulation. ***: P<0.001. 617 

Figure 6 Simplified schematic diagram illustrating potential integration of IRt with respiratory and 618 
swallowing network components. A. During eupnea post-I timing originates in the pons, recruiting post-I 619 
activities in laryngeal motor and sympathetic premotor outputs via relay in the IRt. Excitatory post-I drive 620 
from the pons also activates inhibitory BötC neurons that truncate inspiration, the so-called ‘inspiratory off-621 
switch’. B. Stimulation of laryngeal afferent fibers in the SLN excites second order NTS neurons that trigger 622 
swallow via activation of the DSG. DSG activation results in powerful recruitment of BötC neurons, 623 
arresting respiratory rhythm, and activation of the ventral swallowing group located in the IRt, which 624 
transmits rhythmic swallow-related activity to respiratory and sympathetic outputs. Excitatory components 625 
are depicted by bright green; inhibitory connections by magenta, and inactive components by pastel green. 626 
Output neurons are depicted by yellow triangles. SLN: superior laryngeal nerve; NTS: nucleus of the 627 
solitary tract; DSG: dorsal swallowing group; BötC: Bötzinger Complex; preBötC: pre-Bötzinger complex; 628 
Symp. Premotor: RVLM sympathetic premotor neurons; Resp. Premotor: respiratory premotor circuits in the 629 
rostral and caudal ventral respiratory groups. 630 














