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Neurons in the Intermediate Reticular Nucleus Coordinate
Postinspiratory Activity, Swallowing, and Respiratory-
Sympathetic Coupling in the Rat
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Breathing results from sequential recruitment of muscles in the expiratory, inspiratory, and postinspiratory (post-I) phases of the
respiratory cycle. Here we investigate whether neurons in the medullary intermediate reticular nucleus (IRt) are components of a central
pattern generator (CPG) that generates post-I activity in laryngeal adductors and vasomotor sympathetic nerves and interacts with other
members of the central respiratory network to terminate inspiration. We first identified the region of the (male) rat IRt that contains the
highest density of lightly cholinergic neurons, many of which are glutamatergic, which aligns well with the putative postinspiratory
complex in the mouse (Anderson et al., 2016). Acute bilateral inhibition of this region reduced the amplitudes of post-I vagal and
sympathetic nerve activities. However, although associated with reduced expiratory duration and increased respiratory frequency, IRt
inhibition did not affect inspiratory duration or abolish the recruitment of post-I activity during acute hypoxemia as predicted. Rather
than representing an independent CPG for post-I activity, we hypothesized that IRt neurons may instead function as a relay that distrib-
utes post-I activity generated elsewhere, and wondered whether they could be a site of integration for para-respiratory CPGs that drive the
same outputs. Consistent with this idea, IRt inhibition blocked rhythmic motor and autonomic components of fictive swallow but not
swallow-related apnea. Our data support a role for IRt neurons in the transmission of post-I and swallowing activity to motor and
sympathetic outputs, but suggest that other mechanisms also contribute to the generation of post-I activity.
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Interactions between multiple coupled oscillators underlie a three-part respiratory cycle composed from inspiratory, postinspira-
tory (post-I), and late-expiratory phases. Central post-I activity terminates inspiration and activates laryngeal motoneurons. We
investigate whether neurons in the intermediate reticular nucleus (IRt) form the central pattern generator (CPG) responsible for
post-I activity. We confirm that IRt activity contributes to post-I motor and autonomic outputs, and find that IRt neurons are
necessary for activation of the same outputs during swallow, but that they are not required for termination of inspiration or
recruitment of post-I activity during hypoxemia. We conclude that this population may not represent a distinct CPG, but instead
may function as a premotor relay that integrates activity generated by diverse respiratory and nonrespiratory CPGs. j

ignificance Statement

Introduction
Breathing is a fundamental motor function controlled by groups
of spatially, functionally, and neurochemically compartmental-
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ized neurons in the brainstem and pons (for review, see Alheid
and McCrimmon, 2008; Feldman et al., 2013; Smith et al., 2013;
Del Negro et al., 2018). In quiet breathing (eupnea), respiratory
muscles are recruited in three distinct phases of activity: late-
expiration, inspiration, and postinspiration. The functions of the
expiratory and inspiratory phases are self-explanatory, but the
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physiological significance of the postinspiratory (post-I) phase is
less obvious; it is characterized by laryngeal adduction and con-
traction of the crural diaphragm, which act together to slow ex-
piratory airflow and may consequently facilitate gas exchange
(Dutschmann et al., 2014). Post-I activity also manifests in the
activity of sympathetic premotor neurons and is the dominant
component of respiratory-sympathetic coupling in rat splanch-
nic, renal, lumbar, and thoracic sympathetic outputs (Haselton
and Guyenet, 1989; Guyenet et al., 1990; Hibler et al., 1994; Mi-
yawaki et al., 1995; Simms et al., 2009; Moraes et al., 2013;
Menuet et al., 2017). It too is suggested as a way of optimizing gas
exchange by coordinating tissue perfusion with ventilation, and
of enhancing the dynamic ranges of both systems (Zoccal et al.,
2009; Simms et al., 2010; Dick et al., 2014).

The mechanisms responsible for generating respiratory post-I
activity are controversial. One view is that post-I depolarization
of laryngeal motoneurons reflects rebound from intense inhibi-
tion received during the late expiratory and inspiratory periods,
which originates in the Botzinger Complex (BotC) and pre-
Botzinger Complex (preBotC), respectively. In this model, excit-
atory drive to laryngeal motoneurons plays a minor role in the
generation of post-I activity (Dutschmann and Paton, 2002; Ono
et al., 2006; Rybak et al., 2007; Sun et al., 2008; Bautista et al.,
2010). However, this mechanism is unlikely to underlie post-I
activity in sympathetic premotor neurons in the rostral ventro-
lateral medulla (RVLM), which results from excitatory synaptic
input during the post-I period (Lipski et al., 1996; Moraes et al.,
2013) and is abolished by blockade of glutamatergic, but not
GABAergic or glycinergic, inputs (Guyenet et al., 1990; Miyawaki
et al., 2002). Furthermore, RVLM sympathetic premotor neu-
rons do not receive significant input from BotC neurons (Demp-
sey et al., 2017; Menuet et al., 2017), a major source of inhibitory
input to post-I laryngeal motoneurons (Jiang and Lipski, 1990;
Ono et al., 2006). So where does post-I excitatory drive come
from?

Anderson et al. (2016) recently challenged the “inhibitory re-
bound” model with the discovery of a group of excitatory cholin-
ergic interneurons in the mouse intermediate reticular nucleus
(IRt), which depolarize in the post-I period in a neonatal slice
preparation. In vivo stimulation of cholinergic or glutamatergic
neurons in this region, which they named the post-I complex
(PiCo), resulted in post-I-like activity in the cervical vagus nerve,
whereas inhibition reduced post-I activity. Based on these obser-
vations, they suggested that this cell group is the neural correlate
of post-I activity, and that its behavior is necessary and sufficient
for the generation of the post-I phase.

Here we investigated whether activity in the region described
by Anderson et al. (2016) also underlies the generation of post-I
sympathetic (and respiratory) activities in anesthetized, vagoto-
mized, and artificially ventilated rats. We first established the
presence of neurons in the rat IRt that correspond well neuroana-
tomically and phenotypically with the mouse PiCo. Subsequent
loss-of-function experiments suggested that activity in this region
contributes to eupneic post-1 activity, but not to the enhanced post-I
drive seen during acute hypoxemia. Consequently, we tested the
hypothesis that the population described by Anderson et al.
(2016) may not reflect the post-I central pattern generator (CPG)
per se, but instead represents a relay that coordinates drive from
multiple respiratory and nonrespiratory CPGs to common mo-
tor and autonomic outputs. In support of our hypothesis, we
found that, while IRt activity underlies the transmission of rhyth-
mic activity to laryngeal and sympathetic outputs, it does not
contribute to the apneic component of the swallow reflex.
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Materials and Methods

Ethics approval. Experiments were performed on adult ChAT-Cre mice of
either sex (The Jackson Laboratory, strain 006410) or male Lewis rats
(350—450 g; Animal Resource Centre, Perth, Western Australia, Austra-
lia), conducted in accordance with the Australian Code for the care and
use of animals for scientific purposes and approved by the Macquarie
University Animal Ethics Committee.

Anatomy experiments. Animals were killed with 150 mg/kg sodium
pentobarbitone intraperitoneally and immediately perfused transcardi-
ally with heparinized saline followed by 4% formaldehyde. Brains were
postfixed overnight and cut into 35 wm (mice) or 50 wm (rats) coronal
sections and every third (mice) or fourth (rats) section processed.

Sections from mice were visualized chromogenically using DAB pre-
cipitation. Briefly, sections were blocked with 50% EtoH (30 min), then
1% H,0, (peroxidase block, 30 min). Thereafter they were incubated
overnight in primary antibody (goat anti-ChAT, Merck Millipore, AB144P,
1:200), 0.05% merthiolate (T5125, Sigma-Aldrich) with 10% normal
horse serum (Jackson ImmunoResearch Laboratories), followed after
washing by overnight incubation in biotinylated donkey anti-goat anti-
body (1:500, Jackson ImmunoResearch Laboratories). The next day, sec-
tions were incubated for an hour with avidin-biotin complex (Vectastain
ABC Kit, PK-6100, Vector Laboratories). Nickel-conjugated DAB solu-
tion (SK-4100, Vector Laboratories) was added to develop black cyto-
plasmic staining. Sections were dehydrated and coverslipped with DPX
mounting media.

Sections from rats were processed with the same primary antibody
(1:800, 4872 h) but visualized with fluorescent secondary antibodies:
following incubation with primary antibodies, sections were washed 3 X
15 min in TPBS and incubated overnight in secondary antibody (donkey
anti-sheep IgG conjugated to AlexaFluor-555, 1:500, Invitrogen, #A-
21436/AB_2535857) with 2% normal horse serum, washed again, and
mounted on microscope slides in Vectorshield mounting medium (Vec-
tor Laboratories) and imaged using a Z3 epifluorescence microscope
(Carl Zeiss) or SP5 confocal (Carl Zeiss).

ChAT-immunoreactive (ChAT *) IRt neurons from 3 ChAT-cre mice
and 3 Lewis rats were mapped using a volumetric atlas as previously
described (Dempsey et al., 2017). In brief, montage images of sections
lying between the hypoglossal nucleus and the middle of the facial
nucleus were captured (10X/0.30 NA M27 objective lens), and la-
beled neurons were manually annotated. Sections from mice or rats
were aligned to the Allen or Waxholm (Papp et al., 2014) volumetric
brain atlases, respectively, using the QuickNII alignment tool (Bjerke et
al., 2018) (https://www.nitrc.org/projects/quicknii), transforming the
pixel coordinates of neurons identified in 2D images to 3D Cartesian
coordinates. For each mouse, the distribution of ChAT ¥ IRt neurons was
projected into 2D grayscale heat maps using a 5 voxel smoothing coefficient,
as described previously (Dempsey et al., 2017). Grayscale heat maps were
averaged between replicates before colorization in ImageJ and plotted onto
corresponding atlas sections. A 3D density mapping algorithm was used to
define the anatomical boundary that included 66% of the ChAT * IRt neu-
rons in the rat (Burguet and Andrey, 2014; Farmer et al., 2019).

Cholinergic IRt neurons from a separate group of Lewis rats were
examined for colocalization of ChAT immunoreactivity with vesicular
glutamate transporter 2 (VGluT2) mRNA revealed by ISH. A digoxigenin-
labeled cRNA probe for VGluT2 was synthesized from a cDNA template
(886 bp, GenBank reference NM_053427) and amplified using PCR primers
(lowercase) with T7 and Sp6 RNA polymerase promotors (uppercase):
forward, GGATCCATTTAGGTGACACTATAGAAGtcaatgaaatccaacgtcca;
reverse, GAATTCTAATACGACTCACTATAGGGAGAcaagagcacaggacac
caaa.

Following purification of the DNA template with gel extraction, anti-
sense riboprobes were in vitro transcribed (Epicenter Technologies) in-
corporating digoxigenin-11-UTP (Roche Applied Science) and validated
as previously described (Kumar et al., 2012). Brainstem sections were
incubated in prehybridization buffer (50% formamide, 100 pg/ml hep-
arin, 5 X SSC, pH 7.0, 1 X Denhardt’s solution, 250 ug/ml herring sperm
DNA, 100 pg/mlyeast tRNA, 5% dextran sulfate, 0.1% Tween 20, Sigma-
Aldrich, unless otherwise indicated) at 37°C (30 min), then 58°C (1 h)
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before hybridization with gentle agitation with riboprobe (1000 ng/ml)
at 58°C (1218 h). Sections were washed in 2 X SSC buffer with 0.1%
Tween 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 M NaCl, 0.1% Tween 20). The
tissue was then blocked in maleic acid buffer containing 2% Boehringer
blocking reagent (Roche Applied Science) and 10% normal horse serum.

Goat anti-ChAT (1:400) was added to the blocking buffer and incu-
bated at 4°C (48 h). Sections were washed in TBSm (100 mwm Tris-HCI,
150 mm NaCl, pH 7.4, 0.05% merthiolate, 3 X 30 min) and incubated
overnight with AlexaFluor-594 donkey anti-goat IgG secondary anti-
body (1:400, Jackson ImmunoResearch Laboratories, catalog #705-585-
147) with 1% normal horse serum. DIG-labeled neurons were revealed
by incubation in NTMT (0.1 m NaCl, 0.1 m Tris-HCl, pH 9.5, 0.1 m
MgCl,, 0.1% Tween 20, 2 mM tetramisole HCI) containing NBT (Roche
Applied Science) and BCIP salts (Roche Applied Science). The reaction
was stopped by washing (0.1 M Tris, 1 mm EDTA, pH 8.5,3 X 15 min) when
DIG labeling was intense with minimal background staining. No labeling
was seen when the sense probe was substituted for the antisense probe.

The proportion of ChAT ™ IRt neurons that contained VGIuT2 ISH
product was estimated from confocal scans that captured immunofluo-
rescence and brightfield channels (20X objective, 750 X 750 um, 1024 X
1024 pixels), taken with the center of the FOV positioned dorsomedial to
nucleus ambiguus at the same rostrocaudal level as the caudal pole of the
facial nucleus. ChAT * VGIuT2 " neurons were manually annotated in
two images from each of three experimental replicates.

Physiology experiments: general surgical preparation. Physiological ex-
periments were performed on Lewis rats initially anesthetized with a
bolus of 10% urethane (10% w/v in saline, 1.1-1.3 g/kg, i.p.) and supple-
mented with additional doses (130 mg, i.v.) as required. Depth of anes-
thesia was assessed by checking for absence of withdrawal and/or arterial
blood pressure (>10 mmHg) responses to paw pinch. The right femoral
artery and vein were cannulated, and tracheostomy was performed to
allow for mechanical ventilation with oxygen enriched room air (final
oxygen concentration >50%) such that arterial blood pCO, and pH were
maintained at 45-55 mmHg and 7.35-7.45, respectively, which were
measured by periodic analysis with a VetStat electrolyte and blood gas
analyzer (IDEXX). Where indicated, metabolic acidosis was treated with
5% sodium bicarbonate (0.2—0.5 ml, i.v., Merck). Core temperature was
measured with a rectal probe and maintained at ~37°C with a homeo-
thermic blanket (Harvard Apparatus). Animals were bilaterally vagoto-
mized to desynchronize central respiratory drive from afferent feedback
from lung stretch receptors and paralyzed (pancuronium bromide 0.4
mg, i.v., maintained at 0.2 mg/h). End-tidal CO, was measured contin-
uously (CapStar 100; CWE).

Nerve recording and stimulation. Rats were positioned nose-down in
a stereotaxic frame, and the left phrenic, vagus, and renal nerves were
dissected, tied, cut, and recorded using bipolar electrodes in warm min-
eral oil or silicon gel: phrenic nerve activity (PNA), vagal nerve activity
(VNA), and renal sympathetic nerve activity (rSNA), respectively). Neu-
rograms were amplified, bandpass filtered (100 —3 kHz, CWE), and
sampled at 5 kHz using a Power1401plus running Spike2 software (Cam-
bridge Electronic Design).

In a subset of experiments, the left superior laryngeal nerve (SLN) was
stimulated to induce fictive swallow. The nerve was isolated at the level of
the carotid bifurcation, cut, and mounted on bipolar stimulating elec-
trodes, and apneic threshold determined by stimulating at increasing
intensities (20 Hz, 0.2 ms pulses). In subsequent trials, the SLN was
stimulated at 1.5 times apneic threshold.

Brain microinjection. Neurons in the IRt were acutely inhibited by
bilateral pressure microinjections of the GABA, receptor agonist isogu-
vacine (10 mm, 20—40 nl) mixed with pontamine sky blue (~2%) or
fluorescent beads (Lumafluor, 1:2000 dilution). Microinjections were
made 1.6 mm lateral, 1.2—1.5 mm rostral to obex and 2.4-2.5 mm deep to
the brainstem surface. At the end of the experiments, rats were killed by
sodium pentobarbitone overdose, transcardially perfused, and prepared
for immunohistochemistry to confirm injection sites.

Data analysis and experimental protocols. Neurograms were rectified
and smoothed (7 = 50 ms: PNA and VNA, 100 ms: rSNA). The peak-to-
trough amplitude of PNA, and the post-I recruitment of VNA and rSNA,
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were quantified from phrenic-triggered waveform averages. Peak post-I
VNA and rSNA were measured with reference to their values at the onset
of the post-I period, which could be unambiguously identified from an
inflection in VNA that occurred at the end of the inspiratory period.

For quantification of effects of IRt inhibition on baseline respiratory
and cardiovascular parameters, phrenic-triggered waveform averages
were compiled from blocks of 10 respiratory cycles immediately before
(baseline) and 30 s after unilateral or bilateral isoguvacine injection. The
amplitudes of neurograms were normalized to baseline; other parame-
ters (mean arterial pressure, heart rate, expiratory/inspiratory duration
[Ty and T}, respectively], and respiratory frequency) were measured over
the same periods and analyzed without normalization. Significant effects
were identified using nonparametric one-way ANOVA (Friedman test),
followed, where indicated, by Dunn’s multiple-comparison test to iden-
tify significantly different pairings (GraphPad, Prism 8).

The effects of acute hypoxemia and hypercapnia were compared in a
separate cohort of animals. Following establishment of baseline record-
ings, animals were exposed to 1-2 min of acute hypercapnia or hypox-
emia; respiratory parameters were allowed to recover for ~20 min; then
gases were switched and the trial repeated so that each animal was ex-
posed to both hypercapnia and hypoxemia. Hypercapnia was induced by
ventilation with 5% CO, in 95% oxygen; hypoxemia by ventilation in
room air (i.e., 21%) (Saha et al., 2019). Initial experiments showed this
reduced arterial pO, from 494 * 11 to 60 £ 2 mmHg (n = 8). For
quantification of neural responses to hypercapnia or hypoxemia, data
were split into nine epochs of 10 respiratory cycles and phrenic-triggered
averages of PNA, VNA, and rSNA were generated for each epoch, with
the first beginning 10 cycles before gas administration. Measurements of
peak-to-trough PNA amplitude and post-I VNA and rSNA were normal-
ized such that the largest epoch measured in each animal became 100%.
The recruitment of nerve activities by hypercapnia versus hypoxemia
were compared using repeated-measures two-way ANOVA; differences
in activity evoked by each intervention were compared at each time point
with the uncorrected Fisher’s Least Significant Difference Test. Where
differences in the recruitment of neural activity by hypercapnia/hypoxia
were detected, their magnitudes were estimated by measuring area under
the curve (AUC) of each series (i.e., the total activity summed across all
epochs), compared between groups using paired ¢ test. Linear regression
was performed to compare the covariance of post-I rSNA with VNA
during hypercapnic and hypoxemic trials. r* values of responses to hy-
percapnic and hypoxemic trials were pooled between experiments and
compared using paired ¢ test.

For quantification of responses to acute hypoxemia before and after
bilateral IRt inhibition, PNA and post-I VNA and rSNA was measured as
described above (although the duration of trials was shortened such that
only 6 epochs were analyzed). After recovery from an initial hypoxemic
trial, bilateral injections of isoguvacine were made into the IRt and hy-
poxemia repeated. Data from each epoch were normalized and analyzed
as described above. In 3 cases, rSNA recordings were eliminated from
analysis because of drift in baseline post-I amplitude between trials (i.e.,
the value of post-1rSNA before the first hypoxemic trial was substantially
different from that measured after recovery from hypoxemia but before
IRt isoguvacine microinjection).

The effects of IRt inhibition on fictive swallow and swallow-related
apnea were assessed by comparing the number of clearly discernable
vagal and phrenic bursts, respectively, observed during SLN stimulation,
before and after unilateral isoguvacine injection. Statistically significant
differences in SLN-evoked activity were assessed using Wilcoxon
matched-pairs signed rank test. Autocorrelograms of rSNA and VNA
during SLN stimulation were generated using Spike2 software. All data
are presented as mean = SEM; the threshold for statistical significance
was set at p < 0.05.

Results

Distribution of ChAT-immunoreactive neurons in the
intermediate reticular nucleus

We first examined the distribution of ChAT * neurons in the
reticular formations of ChAT-cre mice and Lewis rats. A similar
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Figure 1.
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Distribution of ChAT-immunoreactive neurons in the IRt of the mouse and rat. A, High magnification of boxed region in A”: lightly immunoreactive neurons dorsomedial to nucleus

ambiguus in the ChAT-cre mouse. BT, Heatmap represents the epicenter of the ChAT * population in a 100- um-thick virtual coronal section superimposed onto the corresponding plate of the Allen
Brain Atlas (level 65 ofthe Common Coordinate Framework [CCF]). Average rostrocaudal distribution of ChAT ™ IRt neuronsin the mouse is shown in the heatmap in B2 and graphed to the same scale
attop. Dotted green line indicates the level of the caudal facial nucleus (cpVIl). €, ChATimmunofluorescence in the rat IRt (C’, inset). D1, Individual data from 3 rats (colored dots), with density maps
(yellow regions) that enclose 66% of neurons projected into volumetric atlas. D2, The rostrocaudal distribution of ChAT ™ IRt neurons in 3 rats using the same scheme described in B2.
E, Confocal/brightfield images illustrate colocalization of ChAT (E7) with VGIuT2 mRNA (E2) in the rat IRt. Closed triangles represent doubled-labeled ChAT * neurons. £, Pseudocolored merged
image of region indicated by blue box in E1, E2. Anatomical landmarks are nucleus ambiguus (NA), the facial nucleus (VII), inferior olive (Inf. 01.), and facial nerve (7n).

pattern was observed regardless of species: weakly, ChAT * neu-
rons were diffusely distributed within the IRt medial and dorsal
to nucleus ambiguus (Fig. 1). In the mouse, the epicenter lay
around Allen coordinates 180, 65, 70, corresponding to a position
150 um dorsal and 150 wm medial to nucleus ambiguus, ~150
um caudal to the facial nucleus (Fig. 1A, BI), with 50% of neu-
rons lying on average between 0 and 500 wm caudal to the facial
nucleus (Fig. 1B2; n = 3). In the Lewis rat, ChAT * neurons were
most densely aggregated 220 wm medial and 350 um dorsal to
nucleus ambiguus, slightly rostral to the caudal pole of the facial
nucleus (Fig. 1C,DI), with 50% of neurons lying between on
average 300 wm rostral and 460 wm caudal to the facial nucleus
(Fig. 1D2; n = 3). A density-mapped segmentation that enclosed
66% of labeled neurons spanned the IRt ~1500 wm in the ros-
trocaudal and 850 wm in the dorsoventral planes (Fig. 1D1I).
Within the core of this region, 62 = 5% of ChAT * IRt neurons
were also positive for VGluT2 mRNA (Fig. 1E; n = 3).

IRt inhibition reduces baseline post-I vagal and

sympathetic activities

Guided by the anatomical data presented in Figure 1, we in-
vestigated whether inhibition of the region of the IRt that

contained the highest density of ChAT ™ neurons diminished
eupneic post-I activity or any other respiratory or cardiovas-
cular parameters.

Bilateral inhibition of the IRt significantly inhibited the post-I
components of VNA (—65.3 = 9.2%, Dunn’s p = 0.0007) and
rSNA (—46.9 * 9.5%, Dunn’s p = 0.0016; Fig. 2). Effects were
immediate and recovered over 5-10 min. IRt inhibition was also
associated with a reduction in PNA (—10.5 = 3.2%, Dunn’s p =
0.015) and an increase in respiratory cycle frequency (42.6 * 1.2
vs49.5 £ 2.5bpm, Dunn’s p = 0.011, equivalenttoa0.18 == 0.05 s
reduction in respiratory cycle duration) due to a reduction in Ty
(0.87 = 0.04 vs 0.73 = 0.06 s, Dunn’s p = 0.0008), with no effect
on T} observed (0.52 = 0.01 vs 0.53 = 0.03 s, Friedman p = 0.4).
Bilateral IRt inhibition also evoked a small but significant effect
on heart rate (460 = 6 vs 456 = 7 bpm, Dunn’s p = 0.022) and no
significant effect on mean arterial pressure (62 * 5 vs 58 * 4
mmHg, Friedman p = 0.3) or mean rSNA (—0.8 * 2.2%, Fried-
man p = 0.19). We therefore conclude that the ongoing activity
of neurons in the IRt contributes to eupneic respiratory and sym-
pathetic post-I activities without exerting significant control on
other respiratory or cardiovascular parameters.
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IRtinhibition attenuates eupneic post-l activity. A, Experimental recording from urethane-anesthetized Lewis rat; bilateral microinjections of isoguvacine (isog) were made into the IRt.

B, Expanded view of boxed regions from A and corresponding phrenic-trigged averages in € show attenuated post-l VYNA and rSNA without significant effects on respiratory pattern. D, Histological
section showing representative injection site marked by fluorescent beads (red arrowhead). E, Composite images represent injection sites from multiple experiments mapped onto corresponding
coronal (left) and horizontal (right) atlas plates, color-coded to indicate effect of bilateral isoguvacine on post-I VNA. F, Pooled data indicate that bilateral IRt inhibition significantly reduces post-I
VNA, rSNA, and PNA, and increases respiratory frequency. Dunn’s post-test: ns, not significant; *p << 0.05; **p << 0.01; ***p < 0.001.

Post-I activity is stimulated by acute hypoxemia

We next compared the effects of hypercapnia and hypoxemia on
respiratory dynamics and post-I VNA and rSNA in urethane-
anesthetized vagotomized rats (Fig. 3). Hypercapnic and hypox-
emic trials maximally increased phrenic nerve amplitude over
similar time courses and to similar degrees (AUC 706 = 22 vs
690 * 21 a.u., respectively, n = 8, paired ¢ test p = 0.6), but
hypoxemia produced significantly more post-I activity in both
vagal and sympathetic outputs compared with hypercapnia (two-
way ANOVA interaction: VNA: Fg |,,) = 4.8, n = 8, p < 0.0001;
rSNA: Fg 115 = 27.8, n = 8, p < 0.0001, significantly different
time points indicated in Figure 3D). Measured by AUC, this effect
manifested as a 49 = 22% greater increase in post-I VNA (423 =
66 vs 541 * 44 a.u., n = 8, paired ¢ test p = 0.003) and 75 = 20%
greater increase in post-I rfSNA (287 * 27 vs 465 = 19a.u.,n = §,
paired t test p = 0.004) in response to hypoxemia compared with
hypercapnia. Interestingly, we also observed differences in the
relationship between post-I VNA and post-I rSNA under these
conditions: hypoxemia resulted in progressive recruitment of

both outputs, whereas hypercapnia resulted in recruitment of
post-I VNA only (Fig. 3C,D). This relationship was investigated
by linear regression of post-I rfSNA plotted against simultane-
ously recorded post-I VNA (Fig. 3E). During hypoxemic trials,
post-I VNA and post-I rSNA were coactivated (linear regression:
r? = 0.84 + 0.05, p = 0.002 * 0.001, n = 8); this effect was not
apparent during hypercapnia (r* = 0.26 = 0.09, p = 0.37 = 0.13).
We conclude that hypoxemia stimulates post-I activity with partic-
ular efficacy compared with hypercapnia, and that post-I activities in
laryngeal and autonomic outputs may be independently controlled
to some extent.

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

We next examined whether activity in the IRt is necessary for the
hypoxemic recruitment of post-I in vagal and sympathetic out-
puts (Fig. 4). Bilateral microinjection of isoguvacine selectively
reduced the magnitudes of post-I VNA and rSNA, but not PNA
responses to acute hypoxemia (two-way ANOVA isoguvacine:
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VNA: F, 1) = 18.99, n = 9, p = 0.0005; rSNA: F, 1, = 5.607,
n=06,p=0.039;PNA:F, s = 3.85,n=9,p = 0.067; Figure 4C)
but did not alter the gain of hypoxemic responses (two-way
ANOVA interaction: VNA: p = 0.56; tSNA: p = 0.07; PNA: p =
0.32), resulting in a rightwards shift in their stimulus-response
curves. Similarly, IRt inhibition reduced the AUC of post-I vagal
responses (343 = 35vs 176 * 22 a.u., paired rtest p = 0.0039, n =
9), but had no significant effect on the AUC of post-I rSNA
(305 *=24vs230 +28,p = 0.16,n = 6) or PNA (451 = 6vs416 =
17, p = 0.13). Thus, IRt inhibition does not completely block the
potent recruitment of post-I activity evoked by acute hypoxic
stimuli.

The IRt is a critical relay for fictive swallow
Under baseline conditions, supramaximal SLN stimulation
evoked apnea and gradual ramp activation of VNA superimposed
with rapid rhythmic bursts (“fictive swallows™: Fig. 5) as previ-
ously described (Sun etal., 2011).In 10 of 11 experiments, we also
detected swallow-locked oscillations in rSNA that were apparent
in swallow-triggered waveform averages (Fig. 5B) and nerve au-
tocorrelograms generated during SLN stimulation (Fig. 5C),
showing that, like eupneic post-1 activity, the output of the swal-
low CPG is transmitted to both motor and vasomotor outputs.
Ipsilateral IRt inhibition reduced the number of swallows
evoked during SLN stimulation from 7.5 = 0.8 to 1.0 * 0.4
(Wilcoxon p = 0.001; Fig. 5D) without blocking the apneic com-
ponent of the response (0.5 = 0.3 vs 0.8 = 0.3 phrenic bursts/
trial, Wilcoxon p = 0.69) or ramp activation of VNA. IRt
inhibition also abolished the rhythmic activities evident in rSNA
and VNA autocorrelograms. These findings indicate that IRt
neurons play a critical role in the transmission of rhythmic motor

and vasomotor components of fictive swallow, but do not medi-
ate the apneic component of the swallowing pattern.

Discussion

The rat medulla contains a population of lightly ChAT * neurons,
many of which are glutamatergic, which is diffusely scattered
through the IRt and most densely distributed immediately dor-
somedial to nucleus ambiguus at the level of the facial nucleus.
Consistent with previous surveys in the rat (Tago et al., 1989), we
failed to replicate the restricted clustering of ChAT neurons re-
ported to define the spatial extent of the mouse PiCo (e.g., Fig.
1B) (Anderson et al., 2016). A similar pattern of diffuse ChAT
immunoreactivity also predominated in our examination of the
mouse, and Allen Brain Atlas Experiments 252 (ChAT mRNA)
and 100138934 (Chat-IRES-Cre-neo;Ai32(RCL-ChR2(H134R)_
EYFP), EGFP mRNA). Nonetheless, under baseline conditions,
bilateral inhibition of this region robustly inhibited post-I vagal
and sympathetic nerve activities; it is unlikely that these effects
were mediated by direct inhibition of nearby sympathetic premo-
tor or vagal motoneurons, as mean rSNA and the inspiratory
component of VNA were unchanged. These findings suggest that
neurons in the region of the IRt that contains the highest density
of ChAT ™ neurons are closely involved in eupneic laryngeal and
vasomotor post-I activities.

IRt inhibition caused small reductions in PNA and T, result-
ing in increased respiratory frequency, but had no effect on T;.
This indicates that neurons in the IRt do not contribute to the
“inspiratory off-switch,” a barrage of post-I inhibition that ter-
minates activity in inspiratory neurons and truncates the inspira-
tory phase of the respiratory cycle (Richter, 1982; Rybak et al.,
2007). These effects contrast with those observed following loss-
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recruiting post-| activities in laryngeal motor and sympathetic premotor outputs via relay in the IRt. Excitatory post-I drive from the pons also activates inhibitory B6tC neurons that truncate
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of-function in the pons, B6tC, or nucleus of the solitary tract
(NTS), which also abolish post-I motor/autonomic outputs and
have variable effects on Ty but are associated with the deve-
lopment of an apneustic breathing pattern characterized by
prolonged T (Baekey et al., 2008, 2010; Burke et al., 2010; Costa-
Silva et al., 2010; Bautista and Dutschmann, 2016; Farmer et al.,
2016). The simplest explanation for this discrepancy is that the
post-I synaptic drive evident in respiratory pattern-generating
interneurons in the B6tC and preBstC does not originate in the
IRt: the pontine respiratory groups are strong candidate sources
(Dutschmann and Herbert, 2006; Dick et al., 2009).

Acute hypoxemia reduced arterial pO, to ~60 mmHg, equiv-
alent to levels observed in chronic obstructive pulmonary disease
or sleep apnea (Fletcher et al., 1987), and potently recruited
post-1 activity. As expected, bilateral IRt inhibition following
recovery from initial hypoxemic trials reduced baseline post-I
activity but did not significantly disrupt post-I recruitment by
subsequent hypoxemia. These findings suggest that IRt neurons
are not the only source of post-I drive to these outputs, and that
mechanisms that are relatively quiescent in eupnea may be re-
cruited under hypoxemia. Such hypoxia-sensitive post-I neurons
may reside elsewhere, or could simply be in parts of the IRt that lie
beyond the spread of the injections used in the current study. The
mapping of functionally identified post-I IRt neurons in vivo and
confirmation of their putative ChAT™ VGLUT2" phenotype
should be a priority for future investigations; we predict that neurons
responsible for generating post-I activity will be exquisitely sensitive
to low oxygen.

Although our data unambiguously support a role for IRt neu-
rons in the coordination of eupneic post-I motor/vasomotor ac-
tivities, it seems their participation is not necessarily necessary
(Yoshihara and Yoshihara, 2018) for the recruitment of post-I
activity during hypoxemia, and that their contribution is limited

to the motor/vasomotor, but not central, manifestations of post-I
activity. We wondered whether, instead of representing a distinct
CPG for post-I activity, neurons in the IRt may instead serve as a
premotor relay that transmits convergent input from closely co-
ordinated respiratory and nonrespiratory CPGs, such as swallow
(and perhaps sneeze and cough), which share common motor
outputs and are also recruited in the post-I period (Bartlett and
Leiter, 2011; Sun et al., 2011; Bautista and Dutschmann, 2014;
Dutschmann et al., 2014).

Unilateral IRt inhibition abolished the rhythmic vagal (and
previously unreported sympathetic) elements of fictive swallow
without disrupting apnea. This effect can be reliably attributed to
inhibition of IRt neurons and not nearby BotC neurons, many of
which are post-I neurons that become phasically active during
fictive swallow (Saito et al., 2003), as deliberate inhibition of B6tC
has the converse effect, blocking apnea but not swallow (Sun et
al., 2011). Thus, in addition to containing neurons that contrib-
ute to eupneic post-I activity in laryngeal and vasomotor nerves,
the IRt also contains neurons that transmit rhythmic swallow-
related activity to the same outputs. We argue that such neurons
likely represent a premotor output and not the swallowing CPG,
as the apneic component of the swallowing response persisted.

These observations accord well with the consensus model of
the swallowing CPG, in which stimulation of laryngeal sensory
fibers robustly activates neurons in a dorsal swallowing group
(DSG) adjacent to the NTS (for review, see Jean, 2001; Jean and
Dallaporta, 2013). The activation of this group is required for
both the apneic and motor components of swallow (Bautista and
Dutschmann, 2014), and it contains many neurons that burst in
phase with swallow and project to the IRt immediately dorsome-
dial to nucleus ambiguus (Kessler and Jean, 1985; Gestreau et al.,
1996; Sugiyama et al., 2011). This region contains the ventral
swallowing group, a population of neurons that also burst in
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phase with swallow but respond to orthodromic SLN stimulation
at longer latencies than DSG neurons and are therefore thought
to represent a downstream relay that transmits swallowing motor
patterns generated in the DSG to oropharyngeal outputs (Kessler
and Jean, 1985; Amri et al., 1990; Ezure et al., 1993; Umezaki et
al., 1998). The axonal trajectories of ventral swallowing neurons
suggest innervation of motor pools involved in the oropharyn-
geal phase of swallow (Amri and Car, 1988; Ezure et al., 1993;
Ono etal., 1998), and these findings are supported by connectomic
studies that show that rostral IRt neurons form monosynaptic con-
nections with motoneurons that innervate muscles involved in swal-
lowing, such as the tongue and masseter (Stanek et al., 2014), and
with RVLM sympathetic premotor neurons (Dempsey et al.,
2017), but not respiratory pump muscles, such as the diaphragm
(Wu et al., 2017). IRt neurons are therefore well placed to trans-
mit drive to motor/vasomotor outputs that exhibit both post-I
and swallowing activity.

Our data indicate that neurons in the IRt are involved in the
transmission of post-1 activity and are indispensable for the
transmission of swallowing motor patterns to the same outputs,
and so a key question for future investigation is whether post-I
and swallowing IRt neurons are distinct classes or whether over-
lapping populations of neurons participate in both functions.
The available evidence suggests that the former is more likely:
post-I activity is an ongoing phenomenon, and yet ventral swal-
lowing neurons are not generally spontaneously active (Kessler
and Jean, 1985; Ezure et al., 1993) and, when active, rarely exhibit
a post-I firing pattern (Ezure et al., 1993; Ono et al., 1998). How-
ever, it is not clear that there are any “nonswallowing” post-I
neurons in this region either; although plentiful in the B6tC, the
evidence for IRt neurons with the predicted post-I firing pattern
in vivo is largely anecdotal (Oku et al., 1994).

Our experimental design necessitated simultaneous access to
multiple motor and sensory nerves, which was only feasible in the
rat. Although post-I activity is highly conserved, and so the mech-
anisms that underlie its generation are presumably similar
between species, the configuration of respiratory-sympathetic
coupling varies considerably, with the post-I component domi-
nating in the rat but not the cat, pig, or human (Hébler et al.,
1994). Consequently, the potential contribution made by the IRt
to respiratory-sympathetic coupling in other species cannot be
extrapolated from the current study. When comparing our re-
sults to the excellent study by Anderson et al. (2016), a second
consideration is differences in the spread of microinjected drugs.
Our 20-40 nl isoguvacine injections probably influenced neu-
rons within ~350 um of the injection site (Burke et al., 2010).
This has the advantage that isoguvacine would not have encroached
into neighboring motor, sympathetic, or respiratory groups, but
probably only reached a subset of ChAT * neurons, which are
diffusely distributed within the IRt. In contrast, Anderson et al.
(2016) used 250 nl of somatostatin/DAMGO in the mouse, and
therefore would have silenced a much large fraction of putative
post-I neurons while risking off-target effects.

In conclusion, we are confident that IRt neurons are involved
in the transmission of post-I activity to laryngeal adductor and
vasomotor nerves. However, the absence of any significant effect
of IRt inhibition on T, undermines the notion that these neurons
are a critical component of a post-I CPG, whereas the finding that
IRt inhibition also blocks the motor/vasomotor components of
fictive swallow suggests involvement in a range of functions. As
such, conceptualizing this cell group as a static and functionally
dedicated post-I complex seems premature. One possibility is
that the IRt represents a site of integration for motor and auto-
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nomic components of diverse respiratory and para-respiratory
patterns, such as post-I and swallow, that are generated elsewhere
(e.g., post-I pontine neurons and the DSG respectively; Fig. 6).
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