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Cholinergic modulation of the parafacial respiratory group
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Key points

Neuroscience

o This study investigates the effects of cholinergic transmission on the expiratory oscillator, the
parafacial respiratory group (pFRG) in urethane anaesthetized adult rats.

® Jocalinhibition of the acetyl cholinesterase enzyme induced activation of expiratory abdominal
muscles and active expiration.

e Local application of the cholinomimetic carbachol elicited recruitment of late expiratory
neurons, expiratory abdominal muscle activity and active expiration. This effect was
antagonized by local application of the muscarinic antagonists scopolamine, J104129 and
4DAMP.

e We observed distinct physiological responses between the more medial chemosensitive region
of the retrotrapezoid nucleus and the more lateral region of pFRG.

o These results support the hypothesis that pFRG is under cholinergic neuromodulation and the
region surrounding the facial nucleus contains a group of neurons with distinct physiological
roles.

Abstract Active inspiration and expiration are opposing respiratory phases generated by two
separate oscillators in the brainstem: inspiration driven by a neuronal network located in the
preBotzinger complex (preBotC) and expiration driven by a neuronal network located in the
parafacial respiratory group (pFRG). While continuous activity of the preB6tC is necessary for
maintaining ventilation, the pFRG behaves as a conditional expiratory oscillator, being silent
in resting conditions and becoming rhythmically active in the presence of increased respiratory
drive (e.g. hypoxia, hypercapnia, exercise and through release of inhibition). Recent evidence
from our laboratory suggests that expiratory activity in the principal expiratory pump muscles,
the abdominals, is modulated in a state-dependent fashion, frequently occurring during periods
of REM sleep. We hypothesized that acetylcholine, a neurotransmitter released in wakefulness
and REM sleep by mesopontine structures, contributes to the activation of pFRG neurons and
thus acts to promote the recruitment of expiratory abdominal muscle activity. We investigated
the stimulatory effect of cholinergic neurotransmission on pFRG activity and recruitment
of active expiration in vivo under anaesthesia. We demonstrate that local application of the
acetylcholinesterase inhibitor physostigmine into the pFRG potentiated expiratory activity.
Furthermore, local application of the cholinomimetic carbachol into the pFRG activated late
expiratory neurons and induced long lasting rhythmic active expiration. This effect was completely
abolished by pre-application of the muscarinic antagonist scopolamine, and more selective
M3 antagonists 4DAMP and J104129. We conclude that cholinergic muscarinic transmission
contributes to excitation of pFRG neurons and promotes both active recruitment of abdominal
muscles and active expiratory flow.
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Introduction

Breathing is an essential behaviour for mammalian life
controlled by neuronal networks located in the brainstem
(Feldman et al. 2013). The region of the preBotzinger
complex (preBotC) in the ventral medulla contains
rhythmogenic neurons responsible for inspiratory rhythm
generation (Smith et al. 1991; Feldman et al. 2013)
while rostral to the preBotC, the region of the parafacial
respiratory group (pFRG) has been proposed to be critical
for expiratory rhythm generation (Janczewski et al. 2002;
Janczewski & Feldman, 2006; Pagliardini et al. 2011;
Huckstepp et al. 2015, 2016). In adult rodents, the pFRG
acts as a conditional expiratory oscillator, being silent
in resting conditions but rhythmically active during the
expiratory phase in response to release of inhibition or
direct stimulation (Pagliardini et al. 2011; Huckstepp
et al. 2016). Through projections to premotoneurons
in the caudal ventral respiratory group (or nucleus
retroambiguus), the pFRG sends rhythmic excitatory drive
to the main expiratory motoneurons and muscles, the
abdominals (ABD), which then force air out of the lungs
beyond their resting level (i.e. active expiration) to thereby
facilitate the subsequent inspiratory phase and promote
ventilation (Janczewski & Feldman, 2006; Pagliardini et al.
2011). Compelling evidence has shown that this pathway
exists in mammals and that it is able to generate an
excitatory rhythmic drive to low thoracic and lumbar
motoneurons and eventually excite abdominal muscles
(Boers et al. 2006; Janczewski & Feldman, 2006; Giraudin
et al. 2008).

Partially overlapping with the adjacent and more
ventro-medial chemosensitive region of the retrotrapezoid
nucleus (RTN) (Guyenet & Bayliss, 2015), recent evidence
suggests that the pFRG, which lies mostly lateral to the
facial nucleus, is likely to be distinct from RTN neurons
since respiratory responses to selective activation and
inactivation of the two areas are different (Abbott et al.
2009, 2011; Pagliardini et al. 2011; Huckstepp et al. 2015).
Further, the activity of RTN neurons is state-dependent,
with a contribution to tidal volume unaffected by sleep
states, and little contribution to respiratory frequency
and active expiration observed in rapid eye movement
(REM) sleep compared to more potent respiratory effects

observed in wakefulness and non-REM sleep (Burke et al.
2015).

We recently reported that recruitment of expiratory
ABD muscle activity in adult rats frequently occurs during
periods of REM in natural sleep and in REM-like states
under urethane anaesthesia (Pagliardini et al. 2012, 2013;
Andrews & Pagliardini, 2015). Moreover, this recruitment
leads to increased respiratory stability and increased tidal
volume and minute ventilation (Andrews & Pagliardini,
2015). Currently, the source of rhythmic excitatory drive
to ABD muscles in REM sleep is unknown. Given the
proposed role of pFRG neurons in promoting expiratory
activity in ABD muscles, in generating active expiration
(Janczewski & Feldman, 2006; Pagliardini et al. 2011),
and in interacting with preBotC to pace respiratory
rhythms (Mellen et al. 2003; Janczewski & Feldman,
2006; Pagliardini et al. 2011; Huckstepp et al. 2016), one
possibility is that pFRG neurons become rhythmically
active during REM sleep (either through release of
inhibition (Pagliardini et al. 2011) or through incoming
excitatory inputs) to provide an excitatory rhythmic drive
to ABD muscles.

In this study, we tested the hypothesis that cholinergic
transmission, which is potentiated in periods of REM
sleep in the reticular formation from its ascending and
descending sources in the brainstem (Kodama et al
1992), is involved in the modulation of pFRG neurons
and generation of active expiratory activity in urethane
anaesthetized rats.

Immunohistological results suggest that the pFRG
region contains cholinergic fibres and terminals. In
addition, local application of the acetylcholinesterase
enzyme inhibitor physostigmine promoted recruitment
of ABDpg activity as well as an increase in tidal volume
and minute ventilation. Similarly, local application of
the cholinomimetic agent carbachol (CCh) into the
PFRG induced potent recruitment of ABDpyg activity,
expiratory flow, and an increase in both tidal volume
and minute ventilation. The effects induced by CCh
were completely inhibited by pre-application of the
muscarinic antagonist scopolamine (SCOP) and strongly
inhibited by more selective M3 muscarinic antagonists
4-diphenylacetoxy- N-methylpiperidine methiodide
(4DAMP) and J104129.
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Within the same region of the ventral surface of the
medulla, chemosensitive neurons of the RTN have been
identified and characterized (Guyenet & Bayliss, 2015).
Currently, it is still debated if expiratory rhythmogenic
pFRG neurons represent a separate neuronal group from
the more chemosensitive neurons in RTN. In order to
further distinguish between respiratory responses elicited
by the medial and lateral regions surrounding the facial
nucleus (i.e. lateral pFRG vs. medial RTN) we tested
respiratory effects induced by local application of CCh
in the two areas. While both regions produced active
recruitment of ABD muscles, we observed a difference in
the resulting respiratory frequency response between the
two sites, further supporting the hypothesis of a distinct
respiratory function for the medial and lateral parafacial
regions.

In summary, these results demonstrate that cholinergic
muscarinic transmission contributes to excitation of pFRG
neurons and promotes active recruitment of ABDgyg
activity and active expiratory flow, thereby acting as a
potential mechanism by which state-dependent control
during REM could take place.

Methods
Ethical approval

Animal handling and experimental protocols were
approved by the Health Science Animal Policy and Welfare
Committee of the University of Alberta according to the
guidelines established by the Canadian Council on Animal
Care, and they are in compliance with the guidelines of The
Journal of Physiology (Grundy, 2015).

Immunohistochemistry

Immunohistochemistry was performed according to pre-
viously published protocols (Pagliardini et al. 2003,
2011). Eight adult male rats were anaesthetized with
urethane (1P, 2 g kg™') and transcardially perfused
with 4% paraformaldehyde dissolved in phosphate buffer
(PB). The brains were collected, post-fixed, and 50 um
brainstem transverse sections were cut with a VI1000
vibrating blade microtome (Leica, Wetzlar, Germany).
Free-floating sections were rinsed in phosphate-buffered
saline (PBS) and incubated with 10% normal donkey
antiserum (NDS) and 0.3% Triton X-100 for 60 min
to reduce non-specific staining and increase antibody
penetration. Sections were then incubated overnight
with primary antibodies diluted in PBS containing
1% NDS and 0.3% Triton X-100. The following day,
sections were washed in PBS, incubated with the
specific secondary antibodies conjugated to the fluorescent
probes (Cy3-conjugated anti-goat; Cy2/Cy5-conjugated
anti-mouse; Jackson ImmunoResearch Laboratories, West
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Grove, PA, USA) diluted in 1% NDS and PBS for
2 h. Sections were further washed in PBS, mounted
and coverslipped with Fluorsave mounting medium
(Calbiochem, Billerica, MA, USA). The primary anti-
bodies used for this study detected the following proteins:
neuronal nuclear marker (NeuN; raised in mouse; Milli-
pore, 1:500), vesicular acetylcholine transporter (VChaT;
raised in in goat; Millipore, 1:1000), choline acetyl trans-
ferase (ChAT; raised in goat; Millipore, 1:500). Slides were
then observed under a LSM512 Zeiss confocal microscope.
Images of the pFRG, the RTN and the adjacent facial
nucleus were acquired, exported as TIFF files and arranged
to prepare final figures.

Acute experimental procedures

A total of 71 adult male Sprague—Dawley rats (280-350 g)
were used for acute experiments. Rats were initially
anaesthetized in isofluorane (2% in air) while the
femoral vein was cannulated and urethane (1.5 g (kg
body weight)™!) was gradually delivered to induce
permanent and irreversible anaesthesia. Additional doses
of anaesthesia were delivered as necessary to maintain a
surgical plane of anaesthesia. The trachea was cannulated
and respiratory flow was detected with a flow head
connected to a transducer (GM Instruments, Kilwinning,
UK). Coupled EMG wire electrodes (CoonerWire,
Chatsworth, CA, USA) were inserted into the genioglossal
(GG), oblique abdominal (ABD) and diaphragm (DIA)
muscles. Wires were connected to amplifiers (AM Systems,
Carlsborg, WA, USA) and activity was sampled at 2 kHz
(Powerlab 16/30; ADInstruments, Colorado Springs, CO,
USA). Rats were vagotomized by resecting a portion
of the vagus nerve (2 mm) at the mid-cervical level
and body temperature was kept constant at 37 £ 1°C
with a servo-controlled heating pad (Harvard Apparatus,
Holliston, MA, USA). In order to reduce tracheal secretion,
scopolamine 3-methylbromide (0.1 ml per 100 g) was
often injected subcutaneously at the beginning of the
experiment.

In rats where EEG activity was monitored,
Teflon-coated stainless steel wires (AM-Systems, Inc.,
Carlsborg, WA, USA) were implanted in the neocortex
(nCTX) and hippocampal formation (HPC) according
to the following coordinates relative to bregma: nCTX:
anterior-posterior (AP): 4+2.5; mediolateral (ML): —1.2;
dorsoventral (DV): —1.5 to —2.0 mm. HPC: AP,
—3.3; ML, —2.4; DV, —2.5 to —3.0 mm). Electro-
des were then fixed to the skull by jeweler’s screws
and dental acrylic. Anaesthetized and instrumented rats
were then positioned on the stereotaxic frame with
bregma 5 mm below lambda. Physostigmine (PHYSO,
5 mM, 200 nl), carbachol (CCh, 1-10 mm, 50-100 nl),
scopolamine (SCOP; 10 mm, 200 nl), pirenzepine (PZ;
1-10 mwm, 100 nl), 4-diphenylacetoxy-N-methylpiperidine
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methiodide (4DAMP; 1 mm, 100 nl), J104129 (1-10 mM,
100 nl), AF-DX-116 (1 mm, 100 nl) and hexametonium
bromide (HEX; 1-10 mm, 100 nl) diluted in Hepes buffer
(Gourine et al. 2010) were pressure injected through a
sharp glass electrode (30 wm tip diameter) into the pFRG.
Fluorescent beads (200 nm diameter, 0.1-1%, Invitrogen,
Carlsbad, CA, USA) were added to the injected solution
to locate the injection site. Stereotaxic coordinates for
injections into the pFRG were (in mm) AP, +1.8, ML,
+2.5 and DV, —3.4-3.5 relative to the obex. Stereotaxic
coordinates for injections into the RTN were (in mm) AP,
+1.8-2.1, ML, 1.8 and DV, —3.5-3.6 relative to the obex.
Control experiments were performed by injecting Hepes
buffer (vehicle; 50—200 nl) solution in the same locations.

Unit recordings

In eight experiments we recorded multi-unit activity
within the pFRG after local application of CCh.
Anaesthetized rats positioned on the stereotaxic frame
received a bilateral microinjection of CCh (10 mw,
200 nl); once active recruitment of expiratory ABD muscle
activity was observed, a 12 mS2 tungsten electrode (AM
Systems) was connected with a One Axis IVM Scientifica
micromanipulator and units were recorded at stereotaxic
coordinates (in mm) 1.8 rostral, 2.4-2.5 lateral and 3.4-3.5
ventral to the obex. Localization of the electrode was
confirmed by histological examination of post-fixed tissue.

Histology

At the end of each experiment, rats were transcardially
perfused with 4% paraformaldehyde dissolved in PB.
The brains were collected, post-fixed, and 50 um
thick serial transverse sections were either directly
mounted on slides and coverslipped for detection of
fluorescent beads (i.e. injection site) or counterstained
with thionine for identification of brainstem cyto-
architecture. Slides were coverslipped and observed under
a Leica DM5500B fluorescence microscope to locate
injection sites. Images were acquired with Metamorph
(Molecular Devices, Sunnyvale, CA, USA) program,
exported as TIFF files and arranged to identify rostro-
caudal and mediolateral coordinates of injection sites,
electrode placement (referenced to the Paxinos rat brain
atlas), and to prepare final figures.

Data analysis

Signals from EMG electrodes were amplified at x 10,000,
filtered between 300 Hz and 1 kHz. Field potential activity
from nCTX and HPC was amplified at x 1,000, and filtered
between 0.1 Hz and 500 Hz. Data were sampled at 2 kHz
with a PowerLab 16/35 acquisition system. Field Unit
activity was amplified at x 10,000, filtered between 100 Hz
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and 10 kHz, and sampled at 10 kHz. Data were then
analysed using LabChart7 Pro (ADInstruments), Excel
2013 and Origin 9 (OriginLab Corp., Northampton, MA,
USA) software. The absolute value of EMG signals was
digitally rectified and integrated with a time constant of
0.08 s to calculate peak amplitude. Baseline activity was
averaged over 5 min before druginjection and normalized.
Respiratory changes upon drugs application are indicated
as percentage change compared to baseline values. The
respiratory airflow signal was used to calculate respiratory
rate, tidal volume and minute ventilation. Tidal volume
was obtained by integration of airflow amplitude and
converted to millilitres of air by comparison with a
five-point calibration curve (0.5-5 ml range). Statistical
significance of respiratory changes before and during drug
injection was tested with Student’s paired ¢ test, with
threshold for significance set at 0.05. Effects of muscarinic
antagonists on ABDgyg recruitment were evaluated by
comparing ABDgyg peak amplitude activity following
CCh injection and subsequent combined CCh and
muscarinic antagonist injections in addition to comparing
combined CCh and muscarinic antagonist injections with
CCh repeated measures, as illustrated in figure 7D. For
experiments that compared medial and lateral injections,
changes in physiological parameters were compared to
pre-injection values and data are reported as percentage
change in both conditions. Data are reported as mean =+
standard error of the mean.

Results

Cholinergic innervation is present in, and localized
to, the pFRG region

In order to investigate the presence of endogenous
cholinergic innervation in the region of the pFRG, coronal
brainstem sections were immunolabelled for choline
acetyltransferase (ChAT) and vesicular acetylcholine
transporter (VChaT), two markers that respectively
identify cholinergic fibres and terminals in the region
surrounding the facial nucleus (Fig. 1). Labelling of fibres
and cholinergic terminals was observed lateral to the
caudal edge of the facial nucleus, at the level of the injection
sites depicted in Figs 5 and 8. Figure 1 displays expression
of VChaT positive presynaptic terminals in the region
surrounding the caudal tip of the facial nucleus, both
medial (the region corresponding to the chemosensitive
area of the RTN) and lateral to the facial nucleus (the
region corresponding to the pFRG) (Pagliardini et al
2011; Huckstepp et al. 2015). Within the pFRG, we
observed several VChaT positive puncta in close contact
with neurons located lateral to the caudal tip of the facial
nucleus (Fig. 1D), the site of injection of CCh and putative
location of the pFRG (Pagliardini et al. 2011; Huckstepp
et al. 2015). Within RTN we were also able to identify

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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several VChaT positive puncta (Fig. 1B). More rostrally
(> 400 um from the caudal tip of the facial nucleus),
staining for ChAT and VChaT was limited to the area of
the facial nucleus in the ventral brainstem. These results
support the hypothesis that cholinergic innervation is pre-
sent in this area and may influence pFRG activity.

Inhibition of endogenous acetylcholinesterases in
the pFRG increases abdominal expiratory activity

We then tested the hypothesis that endogenous acetyl-
choline (ACh) affects rhythmic activity of pFRG neurons
and consequently promotes expiratory modulated activity
of ABD muscles. We locally applied an inhibitor of
the acetylcholinesterase enzyme (physostigmine, PHYSO,
5 mMm, 200 nl) that blocks degradation of ACh and
therefore progressively increases endogenous ACh levels
within the pFRG. Bilateral local PHYSO application into
the pFRG gradually increased tonic ABDgy activity until
it maximally developed within 2.0 & 0.6 min and lasted for
13.2 £ 0.5 min (n = 8; Fig. 2A). In addition to potentiating
expiratory ABDpyg activity (202 £ 58% increase in
expiration compared to ABDgy activity during the pre-
ceding inspiration, P = 6.3 x 107% n = 8; 285 & 115%
increase in expiration compared to pre-injection values,
P = 0.019; n = 8), peak inspiratory [DIAgyc activity
increased by 26.0 & 17.2% (P = 6.8 x 107% n = 8),
peak [ GG activity increased by 64.8 £ 46.2% (P = 0.021;
n = 5), and tidal volume increased by 22.8 £+ 5.5%
(P=5.5 x 10™*; n= 8; Fig. 2C) compared to pre-injection
values. In four experiments potentiation of inspiratory
EMG activity shortly preceded recruitment of ABD
activity, while in the remaining experiments, potentiation
in the investigated muscles occurred at the same time.
Respiratory frequency decreased from 51.2 + 3.3 to
44.4 + 2.3 breaths per minute (bpm; P=1.7 x 10%; n=28)
compared to control. As a consequence, minute ventilation
was only marginally increased (49.2 & 5.1%; P = 0.043;
n = 8). In 6 out of 8§ experiments, PHYSO-induced
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ABDgyg recruitment was sufficient to generated active
expiration (i.e. negative deflection in airflow in late
expiration; Fig. 2B).

In order to verify that ABD activation was not
dependent on a potential brain activation state, we
recorded hippocampal/cortical EEG activity in a subset of
animals (n= 6; Fig. 3A and B). Infusions of PHYSO did not
alter ongoing spontaneous brain alternations, but onset of
ABD recruitment occurred most frequently with onset of
the activated state (Fig. 3B). Furthermore, the occurrence
of ABD recruitment outlasted the ongoing alternations
into activated (theta) states by an average of 2.0 &= 0.8 min
(n = 6; Fig. 3A). These results indicate that the effects
on ABD activity were dependent on local inhibition of
degradation of ACh within the pFRG occurring at the
onset or during an activated state and not on the induction
of a generalized activated brain state.

Activation of cholinergic receptors in pFRG recruits
abdominal expiratory activity and active expiration

We tested the hypothesis that cholinergic neuro-
transmission is involved in the recruitment of rhythmic
activation of the expiratory oscillator in the pFRG. Local
bilateral application of carbachol (CCh, 10 mm, 100 nl)
into the pFRG generated strong recruitment of active
expiration (n = 11; Fig. 4A). The cholinergic agonist
CCh induced an initial activation of tonic expiratory
activity in the ABD muscles (46.3 & 12.6 s delay from the
first CCh injection), promptly followed by recruitment of
potent phasic expiratory activity upon bilateral injection
that lasted for 14.92 + 1.93 min (n = 11). During this
time, respiratory frequency decreased from 49.3 + 1.5
to 41.6 £ 2.1 bpm (P = 3 x 107° n = 11), peak
inspiratory | DIAgyg activity increased by 46.8 & 20.3%
(P=0.01; n = 11) and peak |GG activity increased by
109.7 £35.7% (P=7.9 x 10~* n=11;Fig. 4C). Integrated
ABDgyg activity before CCh injection displayed either a
tonic activity through the respiratory cycle (n = 8) or

-.

Figure 1. Distribution of cholinergic terminals in the parafacial area

A, low magnification image of the parafacial area immunoreacted for NeuN (blue) and VChaT (red). Boxes in A
indicate the areas where images corresponding to the retrotrapezoid nucleus (B), facial nucles (C) and pFRG (D)
have been acquired. Note the presence of fine VChaT positive puncta in both pFRG and RTN areas. Calibration

bars: A: 500 um, B-D: 50 pum.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Figure 2. Local application of physostigmine (PHYSO, 5 mm, 200 nl) in pFRG induces long lasting ABD
recruitment and active expiration
A, long trace recordings of [DIAgvc, JGGevg and [ABDgvg, respiratory airflow and tidal volume (Vr) during
local bilateral application of PHYSO (black arrows indicate time of injections on the two sides of the ventro-
lateral medulla). B, details of respiratory traces before (left) and after PHYSO application (centre and right). Note
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a weak expiratory modulated activity (n = 3). In both
cases, ABDgyg activity increased during inspiration by
21.2 % 8.9% compared to pre-injection values (P = 0.02;
n = 11) and activity during expiration displayed a peak
in late expiration that was 176 & 33% larger compared to
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progressive activation of expiratory modulated ABDgwmg activity. C, single experiment data (grey) and averaged
data (black) on the effect of bilateral application of PHYSO on [DIAema, JGGeme and [ABDgme, breaths per
minute (bpm) and tidal volume (V7). EMG and tidal volume data are normalized (n) to control values (CTR) and
asterisks indicate statistical significance (P < 0.05) relative to pre-injection CTR values.
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Figure 3. Local application of physostigmine (PHYSO, 5 mm, 200 nl) in pFRG does not affect spontaneous
brain state alternations

A, long trace recordings of ABDgma, |ABDgwmg, respiratory airflow, hippocampal activity (HPC) and its power
spectrogram during local bilateral application of PHYSO (grey lines indicate time of injections on the two sides of
the ventrolateral medulla) during activated state (high power at 4 Hz frequency). Note lack of effect in spontaneous
brain state alternation and the persistence of expiratory activity with brain state changes. B, long trace recordings
of ABDema, JABDemg, respiratory airflow, cortical activity (CTX) and its power spectrogram during local bilateral
application of PHYSO during deactivated state (high power at 1 Hz frequency). Note lack of effect in spontaneous
brain state alternation and the onset of expiratory activity occurring with activated states (i.e., low power in the
CTX 1 Hz frequency range).
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Figure 4. Local application of carbachol (CCh, 10 mm, 100 nl) in pFRG induces long lasting ABD
recruitment and active expiration
A, effect of bilateral application of CCh on [DIAgme, JGGems and [ABDgve, respiratory airflow, tidal volume
(Vr), and respiratory rate (bpm). Black arrows indicate time of injections. B, details of respiratory traces before
(left), following the first (unilateral, centre) and second (bilateral, right) CCh injections into the pFRG of urethane
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anaesthetized rats. Note progressive activation of expiratory modulated ABDgwg activity following CCh injection.
C, single experiment (grey) and averaged data results (black) on the effect of bilateral application of CCh on
JDIAemG, [GGevc and [ABDgwmg, breaths per minute (bpm) and tidal volume (V7). Respiratory muscle EMGs and
tidal volume data are normalized to control and asterisks indicate statistical significance (P < 0.05) relative to

pre-injection control values.

after their activation (5/11). As a consequence of pFRG
activation by CCh, tidal volume increased by 29.4+ 6.7%
(P=1.3 x 107*; n=9) and minute ventilation increased
by 9.9 43.0% (P=9 x 107%; n=9). A strong recruitment
of ABDgyc activity and active expiration was consistently
observed when injection was positioned around the lateral
caudal tip of the facial nucleus. Injection sites are indicated
in Fig. 5.

Furthermore, similar to PHYSO experiments, infusions
of CCh into the pFRG did not significantly alter ongoing
spontaneous brain alternations (n = 6) and occurrence
of ABD recruitment was not associated with brain state
alternations.

Activation of late expiratory activity neurons within
PFRG during carbachol stimulation

In eight experiments we recorded multi-unit activity from
the region of pFRG upon local microinjection of CCh and
recruitment of active expiration. In this region we were
able to identify expiratory modulated neurons (n = 8 in

+200/+400 pm
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0/ —200 pm

-200/ —400 pm

-400/ -600 pm

Figure 5. Effective CCh injection sites are localized in the pFRG
area

Representative sections of adult rat brainstem indicating CCh
injection sites in the pFRG of urethane anaesthetized rats that
promoted recruitment of ABD activity and active expiration
(modified from Paxinos and Watson, 1998); 0 um corresponds to
the caudal tip of facial nucleus (VII). Each symbol represents an
injection site and lines connect the two injection sites performed in
each experiment (n = 10). NA: nucleus ambiguus.
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8 rats), inspiratory neurons (n = 5), and tonic neurons
(n = 10). In addition, after CCh application into the
PFRG, we identified units with a clear discharge during
late expiration (n = 11 in 8 rats; Fig. 6A); these units were
in phase with the peak of ABDgyg activity and became
silent upon waning of the CCh-induced expiratory effect.
These results suggest that neurons with a late expiratory
phenotype are localized within the pFRG region, they are
silent in resting conditions, but are likely to be activated
by local CCh application (Fig. 6B).

Activation of pFRG is antagonized by scopolamine
and M3 receptor antagonists

We further tested the hypothesis that the cholinergic effect
on pFRG neurons is mediated by muscarinic receptors
by determining if application of muscarinic antagonists
blocks CCh-induced recruitment of ABDgy activity and
active expiration. In seven experiments, after confirmation
that CCh injections (10 mm, 100 nl) into the pFRG
successfully induced active expiration and a complete
washout of the CCh effect (~60 min), we bilaterally
injected scopolamine (SCOP, 10 mm 200 nl) shortly
followed by a second CCh injection (~5 min; Fig. 7A).
SCOP, a wide spectrum muscarinic receptor antagonist,
completely blocked CCh-induced recruitment of ABDgy
activity (P = 0.3), changes in DIAgyg activity (P = 0.99),
GGgyg activity (P = 0.91), tidal volume (P = 0.3) and
respiratory frequency (P = 0.3; n = 7; Fig. 7B). Inter-
estingly, prior to SCOP injection, three out of seven
rats displayed weak expiratory related activity (Fig. 7A)
that was eliminated by injection of SCOP in the pFRG.
Application of CCh within 5 min from SCOP application
did not induce expiratory ABDpyg activity or active
expiration or cause any significant respiratory change.

Recovery from SCOP injection (i.e. CCh-induced
ABDgyG activation) was tested at 1 and 2 h after injection
and active expiration was successfully observed only after
2 h from SCOP injection (n = 3/3; Fig. 7A). Verification
of injection sites was performed by identification of
fluorescent beads added to the drug and vehicle solutions
(534 red beads for CCh injections and 488 green beads for
SCOP injection) as displayed in Fig. 7C.

To further identify the muscarinic receptor sub-
type involved in the CCh-induced generation of
active expiration, we co-applied CCh with a variety
of antagonists having different profiles of affinity
for the M1, M2 and M3 receptors. In particular,
we used pirenzepine (PZ: M1 > M3), AF-DXI116
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(M2) as well as 4-diphenylacetoxy- N-methylpiperidine
methiodide (4DAMP) and J104129 (M3 > M1). For
each, we compared the responses obtained after a first
application of CCh (10 mm, 100 nl) alone to those with a
subsequent (repeated) application of CCh combined with
each antagonist (Fig. 7D). To ensure that any decreases
reported were not simply due to receptor desensitization,
we conducted control experiments in which we made
repeated applications of CCh and compared the effects of
antagonists to the average decrease. Repeated applications
of CCh alone into pFRG evoked an ABDgyg response
that was 86.0 £+ 4.0% of its initial response (n = 6;
P=19.0 x 107°). The M2 selective antagonist AF-DX116
displayed a small but significant reduction in blocking
ABD recruitment compared to the initial maximal
response (75.7 & 3.8%; P = 4 x 107°; n = 4) but no
significant change compared to repeated CCh application
(P =0.11). 4DAMP, an antagonist that is more selective
for M3 and M1 but has very low affinity for M2 receptors,
was able to reduce ABD recruitment to 35.6 £ 11.5%
(P=0.006; n = 4) of the initial maximal response, and to
41.2 &+ 7.2% of the response to a repeated application of
CCh (P = 9.5 x 107°). The results suggest that M1/M3
subtypes are likely to be involved in the CCh-induced ABD
recruitment.

Application of a more selective M3 antagonist, J104129,
at equimolar concentrations was able to reduce ABD
recruitment to 36.2 £ 5.3% (P=10.001; n = 4) of the initial
maximal response and to 42.0 £ 7.4% of the repeated
application of CCh (P=1.1 x 10~*). Injection of the more
selective M1 antagonist PZ reduced ABD recruitment only
t0 70.5 = 11.9% (P = 0.045; n = 4) of the initial maximal
response but showed no significant change compared to a
repeated CCh application (P = 0.18). When a 10-fold
higher concentration of PZ was tested (10 mm), ABD
recruitment was reduced to 32.3 + 12.2% (P=5.7 x 1073;
n = 4) of the initial maximal response. Given the similar
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K; 0fJ104129 and PZ for human M1 receptors (K; = 19 nm
and 16 nM, respectively) and the reduced selectivity of PZ
for M1 versus M3 compared to J104129, we attribute the
high-dose effect of PZ to inhibition of M3 receptors.

Notwithstanding the limitation of these experiments
due to lack of highly specific muscarinic agonists and
antagonists currently available, we conclude that M3
receptors are the most likely receptor subtype responsible
for CCh-induced generation of active expiration.

To exclude possible contributions of nicotinic receptors
to CCh within the pFRG, we also applied a wide spectrum
nicotinic receptor antagonist, hexametonium bromide
(HEX), into the pFRG. Co-application of both 1 mm and
10 mm HEX did not affect ABD recruitment compared
to the initial maximal response (P = 0.3 and P = 0.25,
respectively; n = 4). These results suggest that nicotinic
receptors have no effect on pFRG activation and ABD
recruitment.

CCh response in the medial and lateral regions
surrounding the facial nucleus

Previous work has shown that the chemosensitive area
medial and ventral to the facial nucleus, corresponding
to the RTN, displays an excitatory response to local
application of cholinergic agonists (Dev & Loeschcke,
1979; Nattie & Li, 1990). An ongoing issue in respiratory
neurophysiology is related to the identity of pFRG neurons
and the possibility of their being a distinct class of
respiratory neurons from the adjacent RTN neurons.

In order to further test the hypothesis that regions
medial and lateral to the ventral surface of the facial
nucleus correspond to functionally different structures
involved in respiratory control, namely RTN (medially)
and pFRG (laterally), we injected a smaller volume and
a lower concentration of CCh (50 nl, 1 mm) at 1.8 and
2.5 mm from the midline, with the objective of identifying

1 sec

Figure 6. Late expiratory neurons are located at the site of CCh injection during recruitment of active

expiration

Multiunit activity recorded at injection site, integrated (black) and raw (grey) DIAgme and ABDgwig activity recorded
during expression of active expiration induced by local microinjection of CCh into the pFRG. A, long trace recording;

B, detail of multiunit activity across two respiratory events.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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local differences in the physiological response to CCh
between the two areas (Fig. 8A). CCh injection in the
lateral pFRG caused respiratory rate depression compared
to pre-injection values (—27.1 4 3.1%; P = 7.7 x 1076;
n=11; pre-injection values were compared to the maximal
respiratory frequency response following injection). On
the other hand, CCh injections medial to the facial nucleus
increased the respiratory rate by 21.0 & 5.2% compared
to pre-injection values (P = 7.2 x 107% n = 11). The
change in respiratory rate response between medial and
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lateral injections was significant (P = 3.9 x 107°%). CCh
injections increased peak inspiratory [DIAgyc activity
in both lateral (+41.6 £ 12.1%; P = 0.002) and medial
(+19.2 £ 5.6%; P = 0.003) injection sites. In addition,
upon CCh injection tidal volume (V7) was increased in
both lateral (+28.3 + 4.9%; P = 3.9 x 10~*) and medial
(+12.8 & 2.7%; P = 3.0 x 10~*) injection sites as well
as minute ventilation (4+11.0 & 4. 8%, P = 0.01 in lateral
injections; +20.6 &£ 5.0, P = 0.001 in medial injections).
Again, comparison between lateral and medial injections
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Figure 7. Scopolamine blocks CCh induced recruitment of ABDgyg and active expiration

A, details of traces from [DIAgvc, [ABDemg, respiratory flow and tidal volume (V) before and after first CCh
injection (left), before and after SCOP and CCh (centre), and CCh injection after the recovery period (right). B,
effect of bilateral application of SCOP followed by CCh injection on normalized [DIAgwc and [ABDemg, bpm and
normalized tidal volume (V7). Note lack of significant changes on respiratory parameters (P > 0.05) after SCOP
and CCh injection relative to pre-injection control values (grey, individual experiments; black, averaged data). C,
images taken from a transverse section at the caudal tip of the facial nucleus counterstained with thionine (a) and
illustrating multiple injection sites for CCh (b) and injection site for SCOP (c); d illustrate proximity of injections
of the two drugs (SCOP, green; CCh, red). D, effects of the muscarinic antagonists AF-DX116, PZ, J104129 and
4DAMP on CCh-induced ABDgnmg activity. Data are reported as relative to initial (first injection) CCh-induced
contraction of ABD muscles calculated in the first 5 min post-injection. Significant changes relative to second CCh
injection are indicated with an asterisk. Calibration bar Ca—c: 200 um; Cd: 100 um. NA, nucleus ambiguus; VII,

facial nucleus.
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indicated significant differences in the ratio of change for
Vi (P = 5.9 x 107%) and minute ventilation (P = 0.03)
but no significant difference in change of [ DIAgyg peak
amplitude (P = 0.06) between the two sites (Fig. 8B).

In seven out of eleven experiments local bilateral
application of 1 mm CCh into the lateral pFRG gene-
rated strong recruitment of abdominal muscles. In
the remaining four experiments, although we observed
respiratory rate depression and changes in tidal volume,
excitation was not sufficient to induce ABDgyg
recruitment and active expiration. Overall, ABDgyg
activity increased by 22.0 £ 11.5% (P = 0.04; n = 11)
during inspiration and by 113.6 =+ 42.9% during
expiration compared to pre-injection values (P = 0.01;
n=11).

In four out of the eleven experiments, medial
injections increased [ABDgy activity, while in the
remaining seven experiments ABDgyg did not display
significant recruitment. Overall, ABDgyg activity was not
significantly increased during inspiration (+6.0 % 5.1%;
P =0.13; n=11) or during expiration (4+46.1 + 30.9%;
P = 0.08; n = 11) compared to pre-injection values.
Figure 8A indicates the core location of the injection sites
for these experiments and summarizes the comparison
between medial and lateral injections. The region of spread
of the fluorescent beads injected with the drug solution
was ~250 pum in diameter, at 2.5 mm from the mid-
line, with the rostrocaudal extent of the injection ranging
from 50 &£ 9.53 um caudal of the caudal tip of the facial
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nucleus to 227.28 &+ 26.42 pum rostral of the caudal tip of
the FN. No overlap between the two injection sites was
observed.

Discussion

This study investigated the effect of cholinergic receptor
activation on pFRG activity and consequent generation
of expiratory ABDgyg activity and active expiration.
We demonstrated that cholinergic fibres and terminals
are present in the area surrounding the facial nucleus
and that stimulation of cholinergic receptors (by
either CCh or PHYSO local application) activated late
expiratory pFRG neurons, potentiated respiration and
promoted generation of long lasting active expiration.
This effect was not associated with a generalized brain
state activation. In addition, we demonstrated that
this effect could be blocked by local application of
the wide spectrum muscarinic antagonist SCOP and
was strongly depressed by M3-preferring muscarinic
receptor antagonists. Further, we demonstrated a distinct
respiratory response between CCh injection in the region
medial to the facial nucleus (corresponding to the pre-
viously identified RIN chemosensitive neurons) and
the region lateral to the facial nucleus (corresponding
to the key expiratory rhythm generating area of the
pFRG), further supporting the hypothesis that two
specific regions are responsible for distinct respiratory
function.
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Figure 8. Local application of carbachol (CCh, 1 mm, 50-100 nl) in the region lateral or medial to the
facial nucleus induces different respiratory responses

A, representative sections of adult rat brainstem (modified from Paxinos and Watson, 1998) indicating location
of medial and lateral injection sites along the rostro-caudal axis. O corresponds to the caudal tip of facial nucleus
(VII). Each symbol represents an injection site. Open circles identify injections sites where strong abdominal muscle
recruitment was observed. Crosses indicate injection sites that did not elicit ABD recruitment. B, summary plots
indicating changes in respiratory rate (bpm), peak [DIAgmc and [ABDgme activity, and tidal volume (V) (relative
to pre-injection values (grey, individual experiments; black, averaged data). Connecting lines indicate differential
responses across sites in the same rat. *Significant change upon CCh injection compared to pre-injection values;
**significant changes between lateral and medial injections (P < 0.05). n.s., not significant.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society



J Physiol 595.4

Acetylcholine has been implicated in several aspects
of the neural control of respiration, such as respiratory
frequency and motor output (Burton et al. 1994; Shao &
Feldman, 2009), state-dependent modulation of breathing
(Kubin & Fenik, 2004), and central and peripheral chemo-
sensitivity, being an important neurotransmitter in the
carotid bodies (Nurse, 2010) and having a stimulatory
effect on central chemoreceptors (Dev & Loeschcke,
1979; Fukuda & Loeschcke, 1979; Loeschcke, 1982;
Gillis et al. 1988; Nattie & Li, 1990; Sobrinho et al
2016). Anatomical evidence also suggests that cholinergic
innervation is present in the brainstem reticular formation
with the majority of cholinergic inputs deriving from the
pontine structures of the pedunculopontine tegmental
nucleus and the laterodorsal tegmental nucleus (Woolf &
Butcher, 1989; Jones, 1990; Woolf, 1991; Yeomans, 2012).
An additional source of cholinergic innervation derives
from local cholinergic neurons present in the reticular
formation (Jones, 1990; Woolf, 1991). Stimulation of
mesopontine structures elicits multiple and diverse
respiratory responses with occurrence of apnoeas, tachy-
pnoea, EMG depression or activation depending on the
site of stimulation within these structures (Topchiy et al.
2010). In addition activation of some of the descending
projections to the oral pontine nucleus and subceruleus
reproduce theta rhythms and muscles atonia observed
during REM sleep with diverse respiratory and cortical
effects depending on the site of stimulation (Kubin
& Fenik, 2004), thus suggesting a complex role of
mesopontine structures on respiratory modulation across
brain states.

Consistent with this idea, we could identify labelling
of cholinergic fibres in the pFRG region and the pre-
sence of several cholinergic terminals in neurons located
lateral to the facial nucleus (the target area of our
PFRG microinjections), as demonstrated by our immuno-
histochemical data. We conclude that cholinergic fibres
run and send synaptic contact to neurons located in the
PFRG area. The source of this cholinergic innervation is
currently unknown.

Recent evidence from our laboratory shows that
spontaneous recruitment of ABDgyg activity often occurs
during REM sleep and REM-like states under urethane
anaesthesia (Pagliardini et al. 2012; Andrews & Pagliardini,
2015). During REM epochs, expiratory ABDgyg
recruitment is associated with reduced respiratory
variability and an increased tidal volume and minute
ventilation compared to respiratory events preceding
ABDgyg recruitment. We therefore hypothesized that
cholinergic neurotransmission, which is particularly active
during REM sleep (McCarley, 2007; Boucetta et al. 2014)
and REM-like sleep states under urethane anaesthesia
(Boucetta & Jones, 2009), may be involved in the
recruitment of expiratory ABD muscles through release
of acetylcholine in the pFRG region, a key site for
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providing rhythmic excitatory drive to expiratory muscles.
Consistent with this idea, local application of CCh into
the pFRG induced strong and long lasting recruitment of
active expiration associated with a decrease in breathing
rate, activation of ABDgyg muscles, and consequent
increase in tidal volume and minute ventilation. Blocking
of acetylcholinesterase activity by means of PHYSO
promoted gradual recruitment of ABD muscle activity
until active expiration was fully developed, suggesting
that an increase in endogenous ACh concentration in
the pFRG is sufficient to generate active expiration. In
conjunction with recruitment of active expiration, we
also observed potentiation of DIA and GG inspiratory
activity, which may be promoted by a stimulatory effect of
PFRG neurons on preB6tC or inspiratory premotoneurons
(Pagliardini efal. 2011), even before full active expiration is
developed.

We further tested the hypothesis that muscarinic
receptors are involved in this pathway and were able
to block CCh-mediated respiratory response by local
pre-application of the muscarinic receptor antagonist
SCOP. Scopolamine application did not affect ongoing
ventilatory properties, similar to the observed effects
of local inhibition of pFRG neurons in the resting
condition (Huckstepp et al. 2015). Interestingly, when
expiratory related ABDgyg activity was present prior
to SCOP injection, this activity was reduced by SCOP,
demonstrating that endogenous release of acetylcholine
possibly influences expiratory modulated activity in pFRG
of urethane anaesthetized rats. Scopolamine successfully
blocked response to CCh until the drug washed out and
the CCh-mediated response was consequently recovered.
Even though we cannot exclude a contribution of nicotinic
neurotransmission to pFRG modulation, our results with
scopolamine strongly support a muscarinic mechanism
for CCh-mediated pFRG activation. To further test for
specific subtype of muscarinic receptors involved in the
CCh-mediated pFRG activation, we used more selective
antagonists for blocking M1, M2 and M3 receptor sub-
types since they have been reported to be present in the
respiratory networks in the medulla (Nattie & Li, 1990;
Mallios et al. 1995; Muere et al. 2015): our results suggest
that activation of pFRG by CCh is most likely to be
mediated by M3 muscarinic receptors.

Itisinteresting to observe that the excitatory cholinergic
effect on expiratory ABD motoneurons is distinct from
what was observed in genioglossus and postural muscles
when either cholinergic neurotransmission is locally
modulated (Grace et al. 2013) or PPT area is locally
stimulated with CCh in an animal model of sleep (Kubin &
Fenik, 2004). While both phenomena also occur in natural
sleep (i.e. genioglossus and postural muscle activity are
depressed; reviewed in Chase & Morales, 1990; ABD
muscles are activated; Andrews & Pagliardini, 2015), the
mechanisms through which they occur may be different.
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It is well known that the majority of postural muscles
are depressed during REM sleep. This may be due to
active inhibition promoted by either GABA or glycine
(Peever, 2011) or by active inhibitory mechanisms that
may use acetylcholine as the major neurotransmitter
(Grace et al. 2013). Despite this general inhibition, other
muscles either maintain their activity (diaphragm) or
are activated during periods of REM sleep. We propose
that ABD muscles, at least in rodents, are recruited
during periods of REM sleep and this activation may be
mediated by cholinergic transmission at the level of the
expiratory oscillator, the pFRG. Activation of the oscillator,
located in the pFRG, is likely to have activated pre-
motoneurons in the caudal ventral respiratory group (or
nucleus retroambiguus) that eventually send a rhythmic
excitatory drive to the abdominal motoneurons located
in low thoracic, high lumbar levels of the spinal cord
(Janczewski et al. 2002; Boers et al. 2006; Janczewski &
Feldman, 2006; Giraudin et al. 2008; Huckstepp et al.
2016).

Recent data support the hypothesis that pFRG neurons
located lateral to the facial nucleus in the ventral
medulla are important for expiratory rhythm generation
and are functionally distinct from the more medially
located chemosensitive RTN neurons (Abbott et al.
2011; Pagliardini et al. 2011; Huckstepp et al. 2015).
Local optogenetic stimulation or release of inhibition
within this region activates pFRG neurons with a late
expiratory activity and promote recruitment of ABDgyg
activity and active expiration (Pagliardini ef al. 2011).
Further, optogenetic stimulation of pFRG neurons affects
breathing rhythms by resetting ongoing inspiratory
activity (Pagliardini etal. 2011). Distinct respiratory effects
were obtained when the more medial Phox2b-expressing
chemosensitive RTN neurons were stimulated (Abbott
etal. 2011).

Furthermore, acute silencing of either the lateral pFRG
region or the medial RTN region in both the resting
condition and under an increased respiratory drive (hypo-
xia or hypercapnia) induced distinct respiratory responses
(Huckstepp et al. 2015). The different respiratory
responses to neuronal inhibition support the hypothesis
that the medial (i.e. RTN) and lateral (i.e. pFRG) parafacial
region have a distinct role in respiratory control. Our
current results provide further evidence for this hypothesis
by demonstrating that cholinergic stimulation of the two
sites (medial and lateral) elicits distinct responses in
respiratory frequency, tidal volume and ABD recruitment.
In this set of experiments we used smaller volumes and
lower CCh concentration, in order to avoid spread of drug
into the site of comparison and to better evaluate the site
of injection. It is therefore not surprising that not all of
the experiments provided an intense response in terms of
ABDgyG recruitment, as the excitation was potentially not
sufficient to drive the activity of the expiratory oscillatory
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network. In this regard, we observed some ABDgyg
recruitment upon medial injections; this may be due to
(i) unwanted spread of the druglateral to the facial nucleus,
(ii) the presence of some expiratory oscillator neurons in
the medial region, or (iii) more likely, indirect activation
of pFRG neurons via RTN activation. We believe that the
latter hypothesis is most likely since previous work has
demonstrated the important role of Phox2b-expressing
chemosensitive RTN neurons in providing a tonic drive
to both inspiratory and expiratory activity (Abbott ef al.
2009; Marina et al. 2010; Abbott et al. 2011). Nonetheless,
changes in respiratory frequency upon CCh injections are
indicative of a differential response to CCh for the two
sites. The depression in breathing occurring upon lateral
(pFRG) injection is consistent with the reported effects
occurring upon release of inhibition with GABAergic and
glycinergic antagonists and consequent activation of pFRG
neurons (Pagliardini et al. 2011; Huckstepp et al. 2015).
The cellular and network mechanisms associated with a
reduced respiratory rate during ongoing pFRG activation
are not yet clear. One possibility is that pFRG neurons
interact with preBotC neurons to reduce respiratory rate.
On the other hand, the small but significant increase in
respiratory rate upon CCh injection is likely to be driven by
the preBotC through excitation provided by RTN neurons
(Abbott et al. 2009, 2011).

We conclude that cholinergic innervation is present in
the pFRG area, and likely to act through muscarininc
receptors that depolarize and activate rhythmic pFRG
neurons. The source of cholinergic innervation is currently
unknown. Pedunculopontine tegmental and laterodorsal
tegmental nuclei are the most likely candidates since they
contain cholinergic neurons, are active in REM epochs
and have been shown to project to the reticular formation
(Woolf & Butcher, 1989; Jones, 1990). Pre- or post-
synaptic muscarinic receptors may be involved in the
process as cholinergic fibres and terminals are present in
the area of pFRG. Further studies will be necessary to
investigate the presence of direct cholinergic projections
to pFRG neurons in order to determine the correlation
between REM active structures, rhythmic activation of
PFRG neurons, and expression of active recruitment of
expiratory ABD muscles.
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