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A B S T R A C T

Cardio-respiratory coupling is reflected as respiratory sinus arrhythmia (RSA) and inspiratory-related bursting of
sympathetic nerve activity. Inspiratory-related inhibitory and/or postinspiratory-related excitatory drive of car-
diac vagal motoneurons (CVMs) can generate RSA. Since respiratory oscillations may depend on synaptic inhi-
bition, we investigated the effects of blocking glycinergic neurotransmission (systemic and local application of the
glycine receptor (GlyR) antagonist, strychnine) on the expression of the respiratory motor pattern, RSA and
sympatho-respiratory coupling. We recorded heart-rate, phrenic, recurrent laryngeal and thoracic sympathetic
nerve activities (PNA, RLNA, t-SNA) in a working-heart-brainstem preparation of rats, and show that systemic
strychnine (50–200 nM) abolished RSA and triggered a shift of postinspiratory RLNA into inspiration, while t-SNA
remained unchanged. Bilateral strychnine microinjection into the ventrolateral medullary area containing CVMs
and laryngeal motoneurons (LMNs) of the nucleus ambiguus (NA/CVLM), the nucleus tractus solitarii, pre-
B€otzinger Complex, B€otzinger Complex or K€olliker-Fuse nuclei revealed that only NA/CVLM strychnine micro-
injections mimicked the effects of systemic application. In all other target nuclei, except the B€otzinger Complex,
GlyR-blockade attenuated the inspiratory-tachycardia of the RSA to a similar degree while evoking only a modest
change in respiratory motor patterning, without changing the timing of postinspiratory-RLNA, or t-SNA. Thus,
glycinergic inhibition at the motoneuronal level is involved in the generation of RSA and the separation of
inspiratory and postinspiratory bursting of LMNs. Within the distributed ponto-medullary respiratory pre-motor
network, local glycinergic inhibition contribute to the modulation of RSA tachycardia, respiratory frequency and
phase duration but, surprisingly it had no major role in the mediation of respiratory-sympathetic coupling.
1. Introduction

Respiration and cardiovascular function are coupled and such
coupling can be observed as respiratory modulation of heart rate (HR)
known as respiratory sinus arrhythmia (RSA) and respiratory bursting of
sympathetic motor outputs (Richter and Spyer, 1990). Oscillation be-
tween inspiratory-related inhibition (Gilbey et al., 1984; Iriuchijima and
Kumada, 1964; Kunze, 1972; McAllen and Spyer, 1978) and
postinspiratory-related excitatory drive (Farmer et al., 2016) of cardiac
vagal motor neurons (CVMs) is seen as the primary synaptic mechanism
that generates RSA. Sympatho-respiratory coupling is observed as an
inspiratory burst of sympathetic activity that can be recorded on sym-
pathetic nerves in situ and in vivo (Adrian et al., 1932; Dick et al., 2004;
Gilbey, 2007; Pickering and Paton, 2006; Pilowsky, 1995).

Recently, we have demonstrated that balanced excitation and
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m 11 February 2021; Accepted 1
evier B.V. This is an open access a
inhibition within the ventrolateral respiratory column, dorsal respiratory
group and pontine respiratory group is necessary for the expression of the
three-phase respiratorymotor pattern (Dhingra et al., 2019a). Further, by
mapping the distribution of local field potentials throughout a broad
region of the medulla and pons that contain the core elements of the
respiratory network, we were able to demonstrate that the transition
from inspiration to postinspiration simultaneously engaged an expansive
network that includes the ventrolateral respiratory column, dorsal and
pontine respiratory groups (Dhingra et al., 2020). Further, the formation
of the respiratory motor pattern depends on synaptic interactions be-
tween the medullary ventrolateral respiratory column and the pontine
respiratory groups (Jones and Dutschmann, 2016). More specifically, the
integrity of the pontine K€olliker-Fuse nuclei (KFn) is essential for gating
cranial nerve motor outputs and postinspiratory network activity and for
the timing of the inspiratory-postinspiratory phase transition
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(Dutschmann and Herbert, 2006; Dutschmann et al., 2021). Given the
reflection of the inspiratory to postinspiratory phase transition in
cardio-respiratory motor patterns, it is not surprising that previous
publications have shown that ponto-medullary transection abolishes the
RSA and the sympatho-respiratory coupling (Baekey et al., 2008).
Further, specific local inhibition of the KFn abolishes tonic and post-
inspiratory excitatory premotor drive to the CVMs that, consequently,
abolishes the postinspiratory bradycardia of RSA (Farmer et al., 2016). A
recent publication showed that optogenetic manipulation of inspiratory
rhythm generating circuit of the pre-B€otzinger complex (pre-B€otC) also
exerts profound effects on the expression of RSA and
sympatho-respiratory coupling (Menuet et al., 2020). Additional
anatomical and functional evidence is supporting the view that
cardio-respiratory interactions are mediated by a distributed network.
For instance, transneuronal labelling of the network driving the stellate
ganglion, the principal source of sympathetic activity driving the heart,
identified a distributed population of interneurons within the hypothal-
amus, pons, medulla and spinal cord (Jansen et al., 1995).

Given that cardio-respiratory modulation strongly reflects the
inspiratory-postinspiratory oscillation of reciprocally connected inspira-
tory and postinspiratory neurons (Richter, 1982; Rybak et al., 2004,
2007; Smith et al., 2007; Abdala et al., 2009; Shevtsova et al., 2014;
Marchenko et al., 2016) neurons, we hypothesized that fast synaptic
inhibition neurotransmission is not only required for the formation of the
sequential three-phase respiratory motor activity, but may also
contribute to generation of RSA and the coupling of respiratory and
sympathetic motor activities.

A glycine is a prominent fast inhibitory neurotransmitter and glycine
receptors (GlyR) and glycinergic neurons, are found throughout the
brainstem and spinal cord and are specifically located within known
cardio-respiratory areas (Manzke et al., 2010; Zafra et al., 1995). Glyci-
nergic neurotransmission has been shown to play important roles in the
regulation of central respiratory activity (Hayashi and Lipski 1992;
Gomeza et al., 2003; Bonngiani et al., 2010; Manzke et al., 2010; Richter
and Smith, 2014). In particular, systemic antagonism of glycinergic
neurotransmission was reported to cause a shift of the onset of post-
inspiratory motor bursting from early expiration to inspiration and
therefore a prominent role for the timely mediation of
inspiratory-postinspiratory phase oscillations (Busselberg et al., 2001a,
2001b, 2003; Dutschmann & Paton, 2002a, 2002b, 2002c; Ezure et al.,
2003; Shevtsova et al., 2014). Taken together, we hypothesize that gly-
cinergic inhibition plays an important role in the mediation of RSA and
sympatho-respiratory motor coupling.

To test this hypothesis, we compared the effects of systemic and local
blockade of GlyRs with the GlyR antagonist strychnine on the formation
of the respiratory motor pattern, RSA and sympatho-respiratory coupling
from simultaneous recordings of HR, phrenic, recurrent laryngeal and
thoracic sympathetic nerve activities (PNA, RLNA, t-SNA) in the in situ
working heart-brainstem preparation of rats.

2. Methods

2.1. Animals

Juvenile Sprague-Dawley rats of either sex (post-natal day 15–26,
weighing 40–70 g) were used (n ¼ 47). Animals were maintained on a
12-h light/dark cycle with laboratory chow and water available ad libi-
tum. All experiments were approved by the Florey Institute of Neuro-
science and Mental Health Animal Ethics Committee (18-055-FINMH)
and performed in accordance with the NHMRC Code of Practice for the
Use of Animals for Scientific Purposes.

2.2. In situ perfused brainstem preparation

Experiments were performed using the in situ working-heart brain-
stem preparation (WHBP) of rats. Basic procedures were performed in
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accordance with previously published studies (Dutschmann et al., 2000;
Paton, 1996). In short, rats were deeply anaesthetized via inhalation of
isoflurane (Zoetis, Sydney, Australia) until complete loss of the hindpaw
withdrawal reflex in response to noxious pinch. They were bisected
below the diaphragm, and immediately immersed in ice-cold Ringer’s
solution, skinned and decerebrated at the pre-collicular level. The cere-
bellum was removed for optimum visualization of the dorsal brainstem
surface. The preparation was eviscerated, leaving the heart intact. The
right thoracic phrenic nerve, the left recurrent laryngeal nerve and the
left thoracic sympathetic chain (at the level of T10) were isolated and cut
distally to record their efferent activities. The descending aorta was
cannulated and perfused retrogradely with carbogenated Ringer’s solu-
tion heated to 31 �C using a peristaltic pump (Watson & Marlow 505 S,
Falmouth, UK) in order to maintain the eupneic three-phase respiratory
motor pattern with constant respiratory drive, which was obtained at
flow rates of 18–22 ml/min, which yielded perfusion pressures between
40 and 70 mmHg.

The perfusate was an isosmotic Ringer’s solution (containing, in mM:
NaCl, 125.00; NaHCO3, 24.00; KCl, 3.00; CaCl2, 2.50; MgSO4, 1.25;
KH2PO4, 1.25; and glucose, 10.00) containing an oncotic agent (0.45%
sucrose), bubbled with carbogen (95% O2 and 5% CO2), pH 7.4 after
carbogenation, and filtered using a nylon screen (pore size 100 μm;
Millipore, Tullagreen, Ireland). After respiratory-related movements
commenced, a neuromuscular blocker (vecuronium bromide, 300 μg/
200 ml perfusate, Mylan, Brisbane, Australia) was added to the perfusate.
The eupneic respiratory pattern was obtained by stimulating the pe-
ripheral chemoreflex with a bolus injection of NaCN (100 μL, 0.1% w/v).

2.3. Nerve recordings

Activities of the phrenic (PNA) and the thoracic sympathetic nerve (t-
SNA) were recorded from cut proximal nerve ends using suction elec-
trodes. The vagal postinspiratory motor pattern was recorded from the
recurrent laryngeal nerve (RLNA) in order to preserve the connectivity
between CVMs and the heart. An additional electrode was used to record
the ECG to measure heart rate (HR). Signals were amplified (differential
amplifier DP-311, Warner instruments, Hamden, USA), band-pass
filtered from 100 Hz to 10 kHz, digitized (PowerLab/16SP ADInstru-
ments, Sydney Australia) and then viewed and recorded using LabChart
(version 7.0, ADInstruments).

2.4. Experimental protocols

Seven experimental groups were used to investigate the role of gly-
cinergic inhibition in respiratory pattern formation and, consequently,
the respiratory modulation in the RSA of the heart. In the first experi-
mental group, the glycine receptor antagonist strychnine was added
systemically to the perfusate (n¼ 7). After the preparation stabilized and
developed the characteristic three-phase respiratory pattern and
expressed a consistent RSA, a minimum of 10 min baseline period was
recorded. Then, a dose-response curve for systemic strychnine applica-
tion was measured by gradually increasing the systemic concentration to
50, 100 and 200 nM with a 10 min interval between strychnine admin-
istrations. In addition, to control the potential time-dependent changes of
the eupneic three-phase respiratory pattern, the pattern of thoracic
sympathetic nerve discharge or the strength of the RSA, we performed a
series of time control experiments (n ¼ 7). Representative recordings of
the time control illustrate that all recorded cardio-respiratory or
sympathetic-respiratory parameters remained unchanged throughout the
duration of the experimental protocols (Suppl. Fig. 1). In the remaining
five experimental groups, we measured the effects of local glycine re-
ceptor antagonism in each of five brainstem nuclei of the cardio-
respiratory pattern generating network.

Local bilateral microinjections of strychnine were performed using
triple-barrel borosilicate glass micropipettes, that also included a barrel
containing 10 mM L-glutamate used to functionally identify the target
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sites and a barrel containing Chicago sky blue dye (2% w/v) for post-hoc
histological verification of the microinjection sites. The volume was
controlled by viewing the movement of the meniscus through a binocular
microscope fitted with an eyepiece reticule.

Once the cardio-respiratory motor pattern of each preparation stabi-
lized, the pre-B€otC (n¼ 6), B€otC (n¼ 7), NTS (n¼ 7), KFn (n¼ 7) or NA/
CVLM (n ¼ 6) were initially functionally characterized by unilaterally
injecting glutamate (50 nl, 10 mM), which evoked a brief bradypneic
response in B€otC, NTS, KFn or NA/CVLM, whereas in preB€otC, a short
tachypnea was observed. In addition, glutamate microinjection in the
NA/CVLM also evoked a brief bradycardia. Following the initial func-
tional identification of the target site, bolus microinjections of strychnine
(40–50 nl, 300 μM) were performed via a multi-barreled micropipette. In
preliminary experiments with strychnine microinjection into the pre-
B€otC at concentrations of 50 and 200 μM, we did not observe any sig-
nificant response, whereas a 300 μM concentration induced distinctive
physiological responses. Therefore, this minimal 300 μM concentration
of strychnine (diluted in Ringer’s solution) was used for all strychnine
microinjections to avoid off-target effects of strychnine at high concen-
trations. Finally, Chicago sky blue dye was microinjected to label the
injection sites. This procedure was then repeated on the contralateral
side. The respiratory parameters and RSA were monitored for at least 10
min after the bilateral microinjections.

The injections into the pre-B€otC were performed at 1.4–1.5 mm
rostral to calamus scriptorius, 1.9 mm lateral to midline and 2.0 mm
ventral to the dorsal surface of medulla, whilst the injections into the
B€otC followed the same lateral and dorsal-ventral coordinates, but
1.7–1.9 mm rostral to calamus scriptorius. For the pontine KFn, the co-
ordinates were 0.2–0.5 mm caudal to the caudal end of inferior collicu-
lus, 2.0–2.5 mm lateral to midline and 1.0–1.2 mm ventral to the dorsal
surface. At the NTS, the bilateral injections were performed in two
different sites in order to cover the entire extent of intermediate and
caudal NTS. The coordinates for the first injection were 0.2–0.3 mm
rostral to calamus scriptorius and 0.3–0.4 mm lateral to midline, whilst the
second spot was at 0.2 mm caudal to calamus scriptorius and 0.2 mm
lateral to midline. For both injections, the depth was 0.4 mm ventral to
the dorsal surface of the medulla. Finally, we targeted the CVMs in caudal
NA with the following coordinates: 0.0–0.1 mm rostral to calamus scrip-
torius, 1.7–1.9 mm lateral to midline and 1.8–2.0 mm ventral to the
dorsal surface. The NA has a small surface area and it is inevitable that 60
nl strychnine microinjections will spread into the adjacent CVLM,
therefore we term theses injection sites NA/CVLM throughout the
remainder of the manuscript.

At the end of the experiments, the perfusion was stopped in order to
measure the electrical DC-noise level in t-SNA to subtract this offset in
further analysis.

2.5. Histological analyses of microinjection sites

At the end of the microinjection experiments, the brainstems were
removed and post-fixed in 4% paraformaldehyde for 3–5 days before
being transferred to 0.1 M phosphate buffered saline containing 20%
sucrose for 2 days. A cryostat (Leica Biosystems) was used to section the
brainstem (40 μm thickness). Sections were mounted and counterstained
with 1% Neutral Red (Sigma-Aldrich) to validate anatomical location of
injection sites. The locations of microinjections are documented in
schematic drawings of coronal sections (Fig. 7) and photographs (suppl.
Fig. 2).

2.6. Data analysis

Analysis of cardio-respiratory motor activities were performed in
Spike2 (Version 7.17, Cambridge Electronic Design, Cambridge, UK). All
analyses were performed in intervals containing 20 consecutive respi-
ratory cycles. For the assessment of systemic effects of strychnine on
cardio-respiratory patterning, the analyses were performed immediately
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before the application of the first dose of strychnine (baseline interval)
and 5 min after each additional application of strychnine (50, 100 and
200 nM) into the perfusate. To evaluate the changes in cardio-respiratory
patterning evoked by strychnine microinjection, the analyses were per-
formed in period immediately prior to the glutamate injection (baseline
interval) and at 1, 5 and 10 min following the completion of the bilateral
strychnine microinjection. For the time-control group, a baseline interval
was analyzed following the stabilization of the preparation. Since it was
needed an average of 5 min to complete the bilateral microinjections in
the experimental groups, for the control group the analyses were per-
formed at 6, 10 and 15 min after the baseline interval.

PNA, RLNA and t-SNA were first rectified and integrated (50 ms time
constant). The respiratory frequency (FR), duration of inspiration (TI) and
total respiratory cycle length (TTOT) were determined from the onset and
offset times of inspiration (inspiratory on-switch and off-switch) as re-
flected in the integrated PNA time series. The duration of the post-
inspiratory (TPI) and late-expiratory (TE2) phases were measured from
integrated RLNA. The TPI was calculated considering the time interval
from the inspiratory off-switch to the time when integrated RLNA
reached zero (e.g., the start of late-expiration). TE2 was the interval in
which the RLNA remained silent until the inspiratory on-switch of the
next respiratory cycle. Finally, we quantified the time between the
inspiratory off-switch and the onset of the RLNA-peak discharge (IOS to
PI peak) to detect potential a shift of postinspiratory discharge into the
inspiratory phase of respiratory motor cycle (e.g. Dutschmann and Paton,
2002a).

Heart rate (HR) was measured from the R-R interval between
consecutive ECG events. The magnitude of the RSA was quantified as the
peak-to-trough difference in HR within each respiratory cycle. These HR
changes were measured relative to the inspiratory off-switch (PNA burst
termination) to specifically quantify the inspiratory-related tachycardia
and the postinspiratory bradycardia of the RSA. The mean baseline heart
rate of the RSAmeasures was determined from the time point of cessation
of RLNA postinspiratory discharge (mid to late expiration) when HR has
a transient steady state. In addition, cycle-triggered averages of the RSA
and t-SNA were triggered from the inspiratory off-switch and used to
qualitatively analyze their patterns of cardio-respiratory coupling. The
instantaneous values of RSA, RLNA, PNA and t-SNA in each fraction of
the respiratory cycle were normalized to their mean values within the
interval analyzed.

Statistical tests were performed with one-way repeated measure
ANOVA followed by Student-Newman-Keuls post hoc test (SigmaPlot
version 11.0). P-values less than 0.05 were considered statistically sig-
nificant. All values are expressed as mean � SEM.

3. Results

At baseline, recordings of PNA, RLNA, HR and t-SNA displayed their
characteristic cardio-respiratory patterns in all groups (See Fig. 1-6Ai,
Bi): (i) an eupneic, three-phase respiratory motor pattern of ramping
inspiratory PNA, biphasic inspiratory (I) and postinspiratory (PI) RLNA
with the peak discharge occurring at the I-PI phase transition, (ii) a
robust RSA characterized by inspiratory-related tachycardia and
postinspiratory-related bradycardia, and (iii) an inspiratory bursting of t-
SNA.

3.1. Effects of systemic GlyR blockade on cardio-respiratory coupling

The effects of systemic application of 50 nM strychnine are illustrated
by original recordings and cycle trigger averages in Fig. 1Aii & 1Bii.
Systemic blockade of GlyRs (n ¼ 7 preparations) at a concentration of 50
nM strychnine significantly decreased the magnitude of the RSA without
any change in sympatho-respiratory coupling (Fig. 1Bii). In addition, 50
nM strychnine evoked a significant increase in FR and a significant
decrease in the TI, TPI and TTOT (Table 1). However, the eupneic three-
phase respiratory motor pattern (inspiration, post-inspiration and late-



Table 1
Summary of strychnine evoked changes in respiratory parameters.

Injection site FR(bpm) TI(s) TPI(s) TE2(s) TTOT(s)

baseline strychnine baseline Strychnine baseline strychnine baseline strychnine baseline strychnine

NA/CVLM 17.6 � 0.9 24.9 � 2.4** 0.8 � 0.1 0.5 � 0.0*** 2.0 � 0.1 1.3 � 0.1 0.8 � 0.2 0.9 � 0.3 3.5 � 0.2 2.7 � 0.3**
NTS 14.0 � 1.9 17.1 � 2.2** 0.9 � 0.1 0.8 � 0.1* 3.0 � 0.5 1.7 � 0.4** 0.8 � 0.2 1.3 � 0.2 4.8 � 0.5 3.8 � 0.4**
pre-B€otC 14.5 � 0.9 15.8 � 1.4 1.0 � 0.1 0.8 � 0.1* 2.4 � 0.3 2.3 � 0.3 0.9 � 0.1 0.8 � 0.1 4.2 � 0.2 4.0 � 0.3
B€otC 14.9 � 1.8 15.1 � 2.0 0.9 � 0.1 0.7 � 0.0** 2.7 � 0.4 2.8 � 0.7 1.3 � 0.3 1.1 � 0.1 4.9 � 0.7 4.6 � 0.7
KFn 12.0 � 0.9 13.7 � 1.1* 1.0 � 0.1 0.9 � 0.1 3.3 � 0.4 2.6 � 0.3* 1.1 � 0.3 1.0 � 0.2 5.4 � 0.4 4.5 � 0.4*
systemic (50 nM) 14.1 � 1.1 18.5 � 1.5** 1.0 � 0.1 0.8 � 0.0* 2.6 � 0.3 1.7 � 0.3*** 0.8 � 0.2 1.0 � 0.3 4.5 � 0.3 3.5 � 0.3***
systemic (100 nM 14.1 � 1.1 22.8 � 1.6*** 1.0 � 0.1 0.6 � 0.1** 2.6 � 0.3 1.5 � 0.3*** 0.8 � 0.2 0.8 � 0.2 4.5 � 0.3 2.9 � 0.2***
systemic (200 nM) 14.1 � 1.1 24.7 � 2.1*** 1.0 � 0.1 0.7 � 0.1* 2.6 � 0.3 1.4 � 0.3*** 0.8 � 0.2 0.6 � 0.1 4.5 � 0.3 2.6 � 0.3***
control (10 min) 15.6 � 1.1 16.2 � 1.4 0.8 � 0.1 0.8 � 0.1 2.1 � 0.3 2.1 � 0.3 1.2 � 0.2 1.1 � 0.1 4.0 � 0.3 3.9 � 0.4

Abbreviations: FR ¼ respiratory frequency; TI ¼ inspiratory phase duration; TPI ¼ postinspiratory phase duration; TE2 ¼ expiratory (stage 2) phase duration. B€otC ¼
B€otzinger complex, KFn ¼ K€olliker-Fuse nuclei, Na/CVLM, Nucleus ambiguus/caudal ventrolateral medulla, NTS ¼ nucleus of the solitary tract; pre-B€otC ¼ pre-
B€otzinger complex.
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expiration) was preserved. Increasing the systemic strychnine concen-
tration to 100 nM triggered a further decrease in the magnitude of RSA
without a change in the respiratory-coupled t-SNA pattern (Fig.1Aiii,
Biii). Administration of 100 nM strychnine further increased FR via re-
ductions in TI, TPI (Table 1). At the final strychnine concentration of 200
nM, the RSA was abolished. Further, the RLNA peak discharge was
shifted significantly from postinspiration at baseline to late-inspiration
after systemic strychnine administration (Fig. 1D) consistent with pre-
vious reports (Dutschmann & Paton, 2002a, 2002b, 2002c). At 200 nM
strychnine the t-SNA burst was shifted from inspiration to postinspiration
(Fig. 1Biii). However, this effect has only observed after highest does of
systemic strychnine and is not further discussed.

3.2. Effects of local GlyR blockade in the nucleus ambiguous/caudal
ventrolateral medulla (NA/CVLM)

To study the effects of GlyR antagonism at level of the CVMs, we
microinjected strychnine (300 μM) into the NA/CVLM region (n ¼ 6, see
Fig. 7A and suppl Fig.2). Five minutes after bilateral strychnine in-
jections, a clear effect on the expression of RSA in original recordings was
observed (Fig. 2A). The cycle-triggered averages in Fig. 2Bii illustrate the
significant reduction in the inspiratory tachycardia of the RSA (þ9 � 3
bpm vs. baseline þ34 � 13 bpm, p < 0.05; Fig. 2C) and postinspiratory
bradycardia of the RSA (�8� 7 bpm vs. baseline�27� 9 bpm, p< 0.05;
Fig. 2C). In addition to the effect on RSA, blockade of GlyRs in the NA/
CVLM triggered a significant change in the baseline respiratory rhythm
(Fig. 2A and B) that was characterized by a 41% increase in FR (p< 0.001;
Table 1) (þ41� 12%, p< 0.001; Table 1), a shortening in TI by 32% (p<
0.001; Table 1) and a decrease in TTOT by 24% (p < 0.01; Table 1). The
cycle-triggered averages of PNA and RLNA showed that the strychnine
injection into the NA/CVLM region triggered a shift in the peak discharge
of RLNA from post-inspiration to inspiration (Fig. 2A and B) as observed
after systemic application of 200 nM strychnine (see Fig.1Aiv, D). The
observed change in the RLNA discharge pattern was comparable to effect
observed previously (e.g. Dutschmann and Paton, 2002a) and thus in-
dicates a shift of postinspiratory activity into the inspiratory phase
determined by the simultaneously recorded PNA. Finally, systemic GlyR
blockade, strychninemicroinjections in the NA/CVLM did not change the
magnitude or timing of respiratory-related t-SNA bursts (Fig. 2A and B).

3.3. Effects of local GlyR blockade in the nucleus of the solitary tract
(NTS)

Five minutes after the bilateral strychnine microinjection in the NTS
(n ¼ 7; see Fig. 7B and suppl Fig.2), a substantial decrease in the
magnitude of the RSA was observed (Fig. 3A and B). This effect was due
to a significant decrease in the inspiratory-related tachycardia (þ5 � 1
bpm vs. baseline þ13 � 4 bpm, p < 0.05; Fig. 3C). The postinspiratory
bradycardia, however, was not significantly changed (�11 � 4 bpm vs.
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baseline �8 � 2 bpm; Fig. 3C). GlyR blockade in the NTS did not evoke
any change in the eupneic three-phase respiratory motor pattern in PNA
or RLNA (Fig. 3). It was observed an increase in FR by 24% (p < 0.01;
Table 1) and significant decreases in TPI by 42% (p< 0.01; Table 1), TI by
10% (p < 0.05; Table 1) and TTOT by 19% (p < 0.01; Table 1). Finally,
GlyR blockade in the NTS had no effect on sympatho-respiratory coupling
as seen in t-SNA (Fig. 3A and B).

3.4. Effects of local inhibition of GlyR in the pre-B€otzinger complex (pre-
B€otC)

We next evaluated the involvement of GlyR in the pre-B€otC (n¼ 6; see
Fig. 7C and suppl Fig.2) on the generation of the respiratory motor
pattern and cardio-respiratory coupling. Bilateral strychnine microin-
jection in the pre-B€otC evoked a modest decrease in the magnitude of
RSA (Fig. 4A–C). The decrease in the RSA was mediated by a significant
decrease in the inspiratory-related tachycardia (þ15 � 3 bpm vs. base-
line þ28 � 7 bpm, p < 0.05; Fig. 4C), while postinspiratory bradycardia
remained unchanged (�21 � 4 bpm vs. baseline �20 � 5 bpm; Fig. 4C).
Local GlyR blockade in the pre-B€otC did not evoke changes in either the
PNA or RLNA discharge patterns (Fig. 4A and B) or the timing of the
postinspiratory RLNA burst (Fig. 4D). Also, GlyR blockade in the pre-
B€otC had little effects on other respiratory parameters (Table 1) except a
small but significant decrease in TI by 15% (p < 0.05; Table 1).
Sympatho-respiratory coupling reflected in t-SNA was also not affected
by GlyR blockade in the pre-B€otC (Fig. 4A and B).

3.5. Effects of local inhibition of GlyR in the B€otzinger complex (B€otC)

Bilateral injections of strychnine in the B€otC (n ¼ 7; see Fig. 7D and
suppl Fig.2) did not evoke any relevant change in the expression of RSA
(Fig. 5C) and also did not evoke any significant changes in the respiratory
motor pattern, respiratory parameters or sympatho-respiratory coupling
(Fig. 5, Table 1).

3.6. Effects of local inhibition of GlyR in the K€olliker-Fuse nuclei (KFn)

The pontine KFn was identified as a brainstem area critical for the
generation of RSA (Farmer et al., 2016). GlyR blockade in the KFn trig-
gered a significant decrease in the magnitude of the RSA as illustrated in
representative traces and cycle triggered averages (Fig. 6A and B). The
change in RSA following strychnine microinjections into the KFn (n ¼ 7;
see Fig. 7E and suppl Fig.2) was due to a significant decrease in the
inspiratory-related tachycardia (þ11 � 2 bpm vs. baselineþ21 � 4 bpm,
p < 0.05; Fig. 6C). However, the postinspiratory bradycardia was not
significantly changed (�8 � 3 bpm vs. baseline �11 � 4 bpm; Fig. 6C).
GlyR blockade in the KFn did not change the three-phase respiratory
motor pattern expressed in PNA and RLNA (Fig. 6B) or the timing of the
RLNA-peak discharge in relation to PNA burst termination (Fig. 6D).



Fig. 1. Systemic strychnine abolishes the RSA. Raw and integrated (
R
) representative recordings of phrenic (PNA), recurrent laryngeal nerve (RLNA) and thoracic

sympathetic nerve (t-SNA) activities and heart rate (HR, red tracings) at baseline (Ai) and after systemic application of strychnine 50 nM (Aii), 100 nM (Aiii) and 200
nM (Aiv). Normalized (no time axis) cycle-triggered averages of PNA, RLNA, HR and t-SNA obtained at baseline (Bi) and after systemic strychnine 50 nM (Bii), 100 nM
(Biii) and 200 nM (Biv). The thick lines indicate the average activity of 7 in situ preparations, whereas the dotted lines indicate the individual values of each
preparation. The shaded grey areas indicate the inspiratory phase. Note the blunting in RSA and the change in the respiratory pattern induced by the glycinergic
antagonist. The magnitude of the RSA (Δ peak HR) was split in inspiratory tachycardia (red bars) and post-inspiratory bradycardia (black bars) (C). Both inspiratory
tachycardia and post-inspiratory bradycardia decrease progressively with increasing doses of strychnine. The time interval between the inspiratory off-switch (IOS)
and the RLN post-inspiratory peak also decreases with strychnine (D). The post-inspiratory peak shifts to late inspiration with strychnine 200 nM. Data are presented as
mean � SEM; n ¼ 7 preparations; *p < 0.05 vs. baseline; **p < 0.01 vs. baseline; ***p < 0.001 vs. baseline.
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Fig. 2. Strychnine in the NA/CVLM inhibits the RSA. Raw and integrated (
R
) representative recordings of phrenic (PNA), recurrent laryngeal nerve (RLNA) and

thoracic sympathetic nerve (t-SNA) activities and heart rate (HR, red tracings) during baseline (Ai) and 5 min after bilateral microinjection of strychnine in the NA/
CVLM (Aii). Normalized (no time axis) cycle-triggered averages of PNA, RLNA, HR and t-SNA obtained at baseline (Bi) and 5 min following the strychnine injection in
the NA/CVLM (Bii). The thick lines indicate the average activity of 6 in situ preparations, whereas the dotted lines indicate the individual values of each preparation.
The shaded grey areas indicate the inspiratory phase. Note the glycinergic antagonist almost abolishes the RSA. The magnitude of the RSA (Δ peak HR) was split in
inspiratory tachycardia (red bars) and post-inspiratory bradycardia (black bars) (C). Both inspiratory tachycardia and post-inspiratory bradycardia decrease 5 min after
the strychnine. The glycinergic antagonist in the NA/CVLM also induced a shift of the peak of the RLN from post-inspiration to late inspiration (D). Data are presented
as mean � SEM; n ¼ 7 preparations; *p < 0.05 vs. baseline.
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GlyR blockade in the KFn induced a significant increase in FR by 15% (p
< 0.05, Table 1) and a decrease of TPI by 20% (p < 0.05, Table 1) and
TTOT by 16% (p < 0.05, Table 1).

4. Discussion

Systemic application of strychnine triggered significant effects on
cardio-respiratory activity patterns. Blocking glycinergic neurotrans-
mission largely abolished the respiratory sinus arrhythmia (RSA). In
parallel, a shift of the postinspiratory peak discharge of the recurrent
laryngeal nerve into inspiration was observed. Strychnine
85
microinjections targeting the nucleus ambiguus and surrounding caudal
ventrolateral medulla oblongata (NA/CVLM) resembled the above
described effects of systemic glycine receptor GlyR blockade. However,
at level of the primary respiratory pattern generating pre-motoneuron
populations of the ponto-medullary respiratory network, local GlyR
blockade triggered subtle modulation of respiratory rate or changes in
respiratory phase duration, but had remarkably little effect on the timing
a sequential timing of postinspiratory motor bursting. Contrary, strych-
nine injected into the same pontomedullary pre-motor populations pro-
duced a consistent and fairly uniform attenuation of the inspiratory RSA
tachycardia (for details see below).



Fig. 3. Strychnine in the NTS inhibits the RSA. Raw and integrated (
R
) representative recordings of phrenic (PNA), recurrent laryngeal nerve (RLNA) and thoracic

sympathetic nerve (t-SNA) activities and heart rate (HR, red tracings) during baseline (Ai) and 5 min after bilateral microinjection of strychnine in the NTS (Aii).
Normalized (no time axis) cycle-triggered averages of PNA, RLNA, HR and t-SNA obtained at baseline (Bi) and 5 min following the strychnine injection in the NTS
(Bii). The thick lines indicate the average activity of 7 in situ preparations, whereas the dotted lines indicate the individual values of each preparation. The shaded grey
areas indicate the inspiratory phase. Note the glycinergic antagonist decreases the respiratory fluctuation of the HR. The magnitude of the RSA (Δ peak HR) was split in
inspiratory tachycardia (red bars) and post-inspiratory bradycardia (black bars) (C). The inspiratory tachycardia decreases whereas the post-inspiratory bradycardia
did not change 5 min after the strychnine in the NTS. The time interval between the inspiratory off-switch (IOS) and the RLN post-inspiratory (PI) peak did not change
after strychnine (D). Data are presented as mean � SEM; n ¼ 7 preparations; *p < 0.05 vs. baseline.
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In summary, the present study identified that: (i) inhibitory glyci-
nergic pre-motor drive during the inspiratory phase shapes the activity
patterns of cardiac vagal motoneurons (CVMs) and consequently RSA,
and (ii) glycinergic inhibition is involved in the local modulation of
respiratory frequency and phase duration and specifically controls the
inspiratory inhibition of postinspiratory laryngeal motoneurons (LMNs).
4.1. Central origins of cardio-respiratory coupling

Cardio-respiratory coupling, which underpins the integrative func-
tion of autonomic brainstem circuits to control vital mechanisms of
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oxygen uptake, pulmonary gas exchange and oxygen transport, is a major
research focus in the field of neurophysiology (Anrep et al., 1936;
Ben-Tal et al., 2012; Dick et al., 2009, 2014; Hayano et al., 1996). Pre-
vious research studies accumulate into the working hypothesis that the
oscillation in CVM activity between inhibition during inspiration (Gilbey
et al., 1984; Iriuchijima and Kumada, 1964; Kunze, 1972; McAllen and
Spyer, 1978) and excitation and/or disinhibition during postinspiration
(Farmer et al., 2016) are mechanisms that generate the RSA.

The present study aimed to identify sources of inspiratory CVM in-
hibition such as the NTS, pre-B€otC and KFn. Our investigations did not
identify a single source of CVM inhibition, but instead, local GlyR



Fig. 4. Strychnine in the pre-B€otC inhibits the RSA. Raw and integrated (
R
) representative recordings of phrenic (PNA), recurrent laryngeal nerve (RLNA) and

thoracic sympathetic nerve (t-SNA) activities and heart rate (HR, red tracings) during baseline (Ai) and 5 min after bilateral microinjection of strychnine in the pre-
B€otC (Aii). Normalized (no time axis) cycle-triggered averages of PNA, RLNA, HR and t-SNA obtained at baseline (Bi) and 5 min following the strychnine injection in
the pre-B€otC (Bii). The thick lines indicate the average activity of 6 in situ preparations, whereas the dotted lines indicate the individual values of each preparation. The
shaded grey areas indicate the inspiratory phase. Note the glycinergic antagonist slightly diminishes the RSA. The magnitude of the RSA (Δ peak HR) was split in
inspiratory tachycardia (red bars) and post-inspiratory bradycardia (black bars) (C). The inspiratory tachycardia decreases whereas the post-inspiratory bradycardia
remained unchanged 5 min after the strychnine in the pre-B€otC. The time interval between the inspiratory off-switch (IOS) and the RLN post-inspiratory (PI) peak did
not change after strychnine (D). Data are presented as mean � SEM; n ¼ 6 preparations; *p < 0.05 vs. baseline.
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blockade in any of these nuclei uniformly produced a fairly selective
attenuation of tachycardic component of the RSA. It is important to note
that GlyR blockade may rather disturb the local balance of synaptic
excitation and inhibition in the cardio-respiratory network, than it is
functionally disrupting reciprocal synaptic inhibition of antagonistic
cardio-respiratory neuron groups (see detailed discussion in 4.2). Thus,
local perturbation of the inhibitory-excitatory balance identifies that
inspiratory inhibition of CVMs is more likely determined by synaptic
interactions within a distributed brainstem network, instead by a single
source of input. Nevertheless, electrophysiological studies in vitro that
lack the functional readout of heart rate suggested that GABAergic, and
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to a lesser extend glycinergic inputs, to the CVMs during inspiration are
the main source of CVM inhibition (Sharp et al., 2014). Since in vitro
inspiratory activity in rhythmic slices is exclusively generated by the
pre-B€otzinger (pre-B€otC) complex (Smith et al., 1991; Feldman and Del
Negro, 2006), this brain circuit appears to be the designated source for a
GABAergic/glycinergic inhibition of CVMs. Our data now confirm that
glycinergic neurotransmission mediates CVM inhibition, since local
blockade of GlyR was sufficient to ablate inspiratory tachycardia and
consequently RSA at level of the NA. Moreover, systemic application or
local strychnine microinjection into the NA/CVLM did not trigger sig-
nificant changes in the baseline HR, suggesting that CVMs are not under



Fig. 5. Strychnine in the B€otC does not change the RSA. Raw and integrated (
R
) representative recordings of phrenic (PNA), recurrent laryngeal nerve (RLNA) and

thoracic sympathetic nerve (t-SNA) activities and heart rate (HR, red tracings) during baseline (Ai) and 5 min after bilateral microinjection of strychnine in the B€otC
(Aii). Normalized (no time axis) cycle-triggered averages of PNA, RLNA, HR and t-SNA obtained at baseline (Bi) and 5 min following the strychnine injection in the
B€otC (Bii). The thick lines indicate the average activity of 7 in situ preparations, whereas the dotted lines indicate the individual values of each preparation. The shaded
grey areas indicate the inspiratory phase. Note the RSA remains unchanged 5 min after the strychnine. The magnitude of the RSA (Δ peak HR) was split in inspiratory
tachycardia (red bars) and post-inspiratory bradycardia (black bars) (C). Both inspiratory tachycardia and post-inspiratory bradycardia remain unchanged following
strychnine microinjection in the B€otC. The time interval between the inspiratory off-switch (IOS) and the RLN post-inspiratory (PI) peak also did not change with
strychnine (D). Data are presented as mean � SEM; n ¼ 7 preparations.
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tonic glycinergic inhibition during intact network conditions. Thus, the
data of the present study suggest that glycinergic inspiratory neurons
modulate CVM activity. Inspiratory glycinergic neurons that could
mediate such effect were indeed specifically identified in the pre-B€otC
(Winter et al., 2009; Morgado-Valle et al., 2010). Further support for this
hypothesis is provided by a recent study that also suggested the pre-B€otC
as the source of CVM inhibition at intact network level (Menuet et al.,
2020). Menuet and colleagues elegantly demonstrated that neurons in
the pre-B€otC project to CVMs and either the photoinhibition or photo-
excitation of these neurons can modulate the magnitude of RSA. How-
ever, a major caveat of this study is that optogenetic manipulation of
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pre-B€otC neurons suppressed inspiration, but simultaneously activated
postinspiratory network activity (also see Ausborn et al., 2018). Thus,
optogenetic manipulation selectively modulated the bradycardic RSA
component via downstream elements of the cardio-respiratory network.
The potential sources of such downstream effects are most likely the
pontine K€olliker-Fuse nuclei (KFn). Indeed previously it was demon-
strated that RSA can be abolished after pharmacological inhibition of the
KFn (Farmer et al., 2016) and after ponto-medullary brainstem transec-
tions (Baekey et al., 2008). However, the underlying mechanism that
abolished RSA in these studies relates to the suppression of KFn mediated
excitatory postinspiratory drive to CVMs that generates the bradycardiac



Fig. 6. Strychnine in the KFn inhibits the RSA. Raw and integrated (
R
) representative recordings of phrenic (PNA), recurrent laryngeal nerve (RLNA) and thoracic

sympathetic nerve (t-SNA) activities and heart rate (HR, red tracings) during baseline (Ai) and 5 min after bilateral injection of strychnine in the KFn (Aii). Normalized
(no time axis) cycle-triggered averages of PNA, RLNA, HR and t-SNA obtained at baseline (Bi) and 5 min following the strychnine microinjection in the KFn (Bii). The
thick lines indicate the average activity of 7 in situ preparations, whereas the dotted lines indicate the individual values of each preparation. The shaded grey areas
indicate the inspiratory phase. Note the strychnine injection in the KFn induced a decrease in the RSA. The magnitude of the RSA (Δ peak HR) was split in inspiratory
tachycardia (red bars) and post-inspiratory bradycardia (black bars) (C). While the post-inspiratory bradycardia remained unchanged, the inspiratory tachycardia
decreases 5 min after the strychnine in the KFn. The time interval between the inspiratory off-switch (IOS) and the RLN post-inspiratory (PI) peak did not change after
strychnine (D). Data are presented as mean � SEM; n ¼ 7 preparations; *p < 0.05 vs. baseline.
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RSA component. The hypothesis that the KFn are a major source of
excitatory drive for CVMs is anatomically supported by the presence of
descending projections targeting the caudal NA (Song et al., 2012;
Yokota et al., 2015) and the fact the majority of the FoxP2-expressing
neurons that anatomically mark KFn core circuit (Stanic et al., 2018)
are glutamatergic (Geerling et al., 2017).

In summary, studies concerned with mediation of RSA suggest that
CVMs receive alternating inhibitory and excitatory drives during inspi-
ration and postinspiration to generate RSA. These alternating synaptic
drives may predominantly originate from the pre-B€otC and KFn respec-
tively. However, the final strength of these anatomically defined synaptic
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inputs to CVMs may be further determined by synaptic interactions
involving a glycinergic control local inhibitory-excitatory balance with a
distributed cardio-respiratory network.
4.2. Role of glycinergic neurotransmission in control of respiration

The organization of fast synaptic neurotransmission between recip-
rocally connected respiratory neuron populations is the foundation of
most contemporary half center oscillator-basedmodels for the generation
of three-phase respiratory motor pattern (see Richter, 1982; Rybak et al.,
2004 2007; Smith et al., 2007; Shevtsova et al., 2014; Marchenko et al.,



Fig. 7. Histologic location of the microinjection sites. Schematic drawings of coronal sections of the brainstem indicating the microinjection sites (grey circles) of
strychnine into the NA/CVLM (A), NTS (B), preB€otC (C), B€otC (D) and KFn (E).
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2016). Thus, according to theoretical and computational models
mentioned above fast synaptic glycinergic neurotransmission is poised
for an important role in generation and timing of respiratory phase os-
cillations. Experiments using systemic GlyR antagonism in perfused
brainstem preparations further promoted this working hypothesis by
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causing a shift of the onset of vagal postinspiratory motor bursts from the
early expiratory (postinspiratory) phase into inspiration (Busselberg
et al., 2001a, 2001b, 2003; Dutschmann and Paton, 2002c; Hayashi and
Lipski, 1992; Shevtsova et al., 2014). Moreover, absence of glycinergic
inhibition in knock-out mouse models led the animals to premature death
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linked to respiratory failure, further underpinning the importance of
glycinergic neurotransmission for the generation of eupneic respiration
(Busselberg et al., 2001a; Rahman et al., 2015).

The present data demonstrate, for the first time, that glycinergic in-
hibition is critical for postinspiratory motor pattern formation at the level
of the laryngeal motoneurons of the NA. Here local GlyR blockade trig-
gered the shift of the peak postinspiratory motor discharge from early
expiration to inspiration. Surprisingly, blocking glycinergic inhibition in
designated key nuclei of a distributed ponto-medullary pre-motor
network (e.g. NTS, pre-B€otC, B€otC and KFn) produced neuromodulatory
effects like increase in respiratory frequency and phase duration (see
Table 1), but did not shift the basic timing of the sequential motor
bursting (e.g. shifting postinspiratory activity). Since mono-synaptic
projections form the pre- B€otC to the overlapping pools of laryngeal
motor neurons and CVMs in the NA were recently demonstrated (Menuet
et al., 2020) we propose that blocking postsynaptic GLyR of post-
inspiratory laryngeal adductor motor neurons (LMN) shifts their
discharge onset of LMNs to inspiration. Otherwise local disruption of
glycinergic neurotransmission did not cause any changes in the burst
timing of sequential three-phase motor pattern. In line with results of the
present study are observations that glycinergic inhibition is shaping the
activity patterns of respiratory motor outputs, but has little role in
rhythmogenesis (Janczewski et al., 2013). Furthermore, Janczewski and
colleagues showed that blocking glycinergic inhibition has instead pro-
found effects on the mediation of respiratory reflexes such as the inhib-
itory Hering-Breuer Reflex. A recent study by Flor et al. showed the
glycinergic inhibition is involved in the generation of active expiratory
motor output in response to sensory stimuli like hypoxia or hypercapnia
(Flor et al., 2020). However, the present study was focused on the effect
of systemic or local blockade of glycinergic neurotransmission during the
stationary generation of respiratory cardio-sympathetic activity pattern
and the effects observed after local strychnine microinjections remain
underwhelming, compared to what was recently observed with a similar
experimental design that investigated the role GABAergic neurotrans-
mission in the same nuclei of the ponto-medullary pre-motor network
(Dhingra et al., 2019a, 2019b). Thus, in a broader context, the data of the
present study support an alternative model proposed previously by the
work of Edward Zuperku and colleagues. This model suggested that an
essential GABAergic gain control mechanism shapes the discharge
pattern of inspiratory and expiratory neurons types (Krolo et al., 2000;
Tonkovic-Capin et al., 2003; Zuperku and McCrimmon, 2002). and not
the synaptic oscillation between reciprocally inhibited neuron types. This
gain control mechanism matches the conclusion that GABAergic inhibi-
tion controls respiratory pattern formation by regulating the balance
between excitation and inhibition across the anatomically distributed
respiratory network (Dhingra et al., 2019a, 2019b).
4.3. The role of glycinergic inhibition in sympatho-respiratory coupling

The data of the present study suggest that glycinergic neurotrans-
mission is not involved in the timing or respiratory patterning of sym-
pathetic motor activity. Systemic and local strychnine application
consistently triggered significant modulations of cardio-respiratory
motor activities, but the simultaneously recorded activity of the
thoracic sympathetic chain remained unchanged regarding burst timing
or discharge amplitudes. The lack of significant effects after local or even
systematic blockade of GlyR is surprising, since effective strychnine
concentrations should have somehow affected a variety of brainstem
nuclei that connect to the sympathetic preganglionic neurons of the
intermediolateral cell column of thoracic spinal cord (Jansen et al.,
1995). We currently have now sound explanation for this phenomenon,
despite that glycinergic inhibition is not involved in the generation or
modulation of sympatho-respiratory coupling at stationary network
conditions but my come only into play during the processing of sensory
information (details see 4.2).
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4.4. Conclusion

The data of the present study suggest that glycinergic inhibition at the
motoneuronal level is involved in the generation of the inspiratory
tachycardia underlying RSA and the separation of inspiratory and post-
inspiratory bursting of LMNs. Within the distributed ponto-medullary
respiratory pre-motor network glycinergic inhibitions is selectively
involved in the modulation of the strength of pre-B€otC mediated inhib-
itory drive of CVM and consequently RSA generation. Surprisingly, gly-
cinergic inhibition appears to have no major contribution to respiratory
pattern generation or the mediation of respiratory-sympathetic coupling.
Therefore, the present study is challenging the common view that
reciprocal glycinergic inhibition is an underlying mechanism for the
respiratory pattern formation.
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