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Abstract The respiratory pattern generator of mammals
is anatomically organized in lateral respiratory columns
(LRCs) within the brainstem. LRC compartments serve
specific functions in respiratory pattern and rhythm gen-
eration. While the caudal medullary reticular formation
(cMREF) has respiratory functions reportedly related to the
mediation of expulsive respiratory reflexes, it remains
unclear whether neurons of the cMRF functionally belong
to the LRC. In the present study we specifically investi-
gated the respiratory functions of the cMRF. Tract tracing
shows that the cMRF has substantial connectivity with key
compartments of the LRC, particularly the parafacial res-
piratory group and the Kolliker-Fuse nuclei. These neurons
have a loose topography and are located in the ventral and
dorsal cMRF. Systematic mapping of the cMRF with glu-
tamate stimulation revealed potent respiratory modulation
of the respiratory motor pattern from both dorsal and
ventral injection sites. Pharmacological inhibition of the
cMRF with the GABA-receptor agonist isoguvacine pro-
duced significant and robust changes to the baseline res-
piratory motor pattern (decreased laryngeal post-
inspiratory and abdominal expiratory motor activity,
delayed inspiratory off-switch and increased respiratory
frequency) after dorsal cMRF injection, while ventral
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injections had no effect. The present data indicate that the
ventral cMRF is not an integral part of the respiratory
pattern generator and merely serves as a relay for sensory
and/or higher command-related modulation of respiration.
On the contrary, the dorsal aspect of the cMRF clearly has
a functional role in respiratory pattern formation. These
findings revive the largely abandoned concept of a dorsal
respiratory group that contributes to the generation of the
respiratory motor pattern.

Keywords Respiratory pattern generation - Nucleus
retroambiguus - Modulation of breathing - Cough - Sneeze

Introduction

Two bilateral columns of neurons stretching from the
caudal ventrolateral medulla to the dorsolateral pons gen-
erate the mammalian breathing rhythm and respiratory
motor pattern. The bilateral lateral respiratory columns
(LRCs) are further subdivided into functionally (Smith
et al. 2013), genetically (Gray 2013) and anatomically
(Alheid et al. 2004) distinct compartments and sub-nuclei.
Synaptic interactions within or between compartments of
the LRC have specific roles in the generation of the
sequential three-phase respiratory motor pattern of inspi-
ration, post-inspiration (early expiration) and active expi-
ration. The pre-Botzinger complex (pre-BotC) initiates and
generates inspiration (Feldman et al. 2013; Ramirez et al.
2012; Smith et al. 1991), while the generation of the sub-
sequent post-inspiratory phase of the respiratory cycle
depends on the synaptic interaction between the pontine
Kolliker-Fuse nucleus (KF) and the medullary Botzinger
complex (Burke et al. 2010; Dutschmann and Dick 2012;
Dutschmann and Herbert 2006; Rybak et al. 2007; Smith
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et al. 2007). Active expiration, the last phase of the res-
piratory cycle, is always present centrally. However, its
expression at the peripheral motor level (e.g., iliohypgastric
nerve lumbar spinal cord) is variable (Abdala et al. 2009;
Bautista and Dutschmann 2015; lizuka and Fregosi 2007).
Abdominal expiratory activity in last third of the respira-
tory cycle is reported to occur under high metabolic
demand (e.g., exercise) or critical metabolic conditions
such as hypoxia or hypercapnia, but is also present in
baseline respiratory motor patterns of the perfused brain-
stem preparation (Abdala et al. 2009; Bautista and
Dutschmann 2015; Farmer et al. 2014; Zoccal et al. 2008).
The generation of late expiratory activity is associated with
the parafacial respiratory group and retrotrapezoid nucleus
pFRG/RTN of the caudal pons (Guyenet 2012; Janczewski
and Feldman 2006; Onimaru and Homma 2003).

The functions of the previously mentioned key areas of
the LRC are well established. However, nuclei of the most
caudal medullary reticular formation (cMRF), such as the
nucleus retroambiguus [NRA; (Olszewski 1954)] received
less research attention. The major function of the NRA is
seen in generation (Janczewski et al. 2002) and modulation
of active expiration (Boers et al. 2006; Merrill 1974;
Subramanian and Holstege 2009). Moreover, it is reported
that the NRA can facilitate a variety of expiratory-related
reflexes and behaviors such as coughing, sneezing, vom-
iting and also vocalization in which increased intra-ab-
dominal and or intrathoracic pressure is required (Cinelli
et al. 2012; Gestreau et al. 1997; Jakus et al. 1985; Miller
et al. 1987; Mutolo et al. 1985; Nonaka and Miller 1991;
Oku et al. 1994; Poliacek et al. 1985; Subramanian and
Holstege 2009; Sugiyama et al. 2010; Wallois et al. 1992).
Compared to other areas of the LRC the role of the cMRF
in respiratory rhythm generation and formation of the
three-phase motor pattern remains controversial. The
identification of the pre-BotC as the rhythmogenic kernel
(Smith et al. 1991) for respiration diminished the interest in
the function of the caudal medullary areas. The ventral
cMRF is often presented as part of LRC (Alheid et al.
2004; Rybak et al. 2007; Smith et al. 2013; Smith et al.
2009), however, its role in respiratory rhythm and pattern
generation has only been sporadically investigated (Jones
et al. 2012; McCrimmon et al. 2000a; Merrill 1970; Merrill
1974; Monnier et al. 2003; Oku et al. 2008). Another
reason for lack of research focus on these caudal areas is
due to the fact that rodents, as the main experimental
animal model for control of breathing, neither cough (Ohi
et al. 2004) nor vomit (Borison et al. 1981). Thus the
cMRF, including the NRA, appears to be less relevant for
respiratory control and modulation in these species.

In light of recent studies from our laboratory that sug-
gested potential rhythm promoting mechanisms of the
cMRF in rat (Jones et al. 2012), we systematically
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investigated its ascending synaptic connectivity with pri-
mary nuclei of the LRC and its respiratory functions. The
current study aimed to elucidate the role and contribution
of the cMRF in the generation of respiratory rhythm and or
the modulation of the respiratory motor pattern. Our data
show that the cMRF has significant connectivity with key
nuclei of LRC. Tract tracing experiments identify a dorsal
and ventral (overlapping with the NRA) cluster of projec-
tion neurons. Glutamate micro-stimulation of either aspect
of the cMRF triggered a variety of respiratory modulations,
while local circuitry inhibition revealed that only the dorsal
cluster of projection neurons has a role in the generation of
the basic respiratory motor pattern.

Materials and methods

Sprague—-Dawley rats were maintained on a 12 h light/dark
cycle with food and water available ad libitum. All
experiments followed protocols approved by the Florey
Institute of Neuroscience and Mental Health Animal Ethics
Committee (AEC 12-005), and performed in accordance
with the NHMRC Code of Practice for the Use of Animals
for Scientific Purposes.

Anesthesia for anatomical tract tracing experiments

Rats of either sex were used for the tracer experiments.
Animals were initially sedated with diazepam (5 mg/kg
im.) and anaesthetized 10 min later with ketamine
(100 mg/kg i.p.).

Tracer substances: Three different anatomical tracers
were used. All anterograde tracing experiments used 10 %
biotinylated dextran amine (NeuroTrace, Molecular
Probes, OR, USA) with injection volumes of 80 nL. Ret-
rograde tracing experiments were performed using 2 %
Fast Blue (Polysciences Inc, PA, USA) or Cholera toxin
subunit B (CTb) conjugated to Alexa Fluor 488 (1 mg/mL;
Invitrogen, OR, USA) with injection volumes of 80 nL. All
microinjections were performed using a calibrated
borosilicate glass micropipette and were pressure induced.

Anterograde tracer injections into cMRF

Rats were secured in stereotaxic apparatus (TSE Systems,
Bad Homburg, Germany) at interaural zero. A midline
incision was made from the occipital bone running 2 cm
caudal through the skin and superficial muscle layer. Deep
neck muscles were parted at the midline to expose the
cisterna magnum and the atlanto-occipital membrane was
cut away to expose the 4th ventricle at the level of the
obex. Positioning of the stereotaxic nose bar was adjusted
to flex the skull 90° downward from interaural zero,



Brain Struct Funct (2016) 221:4353-4368

4355

bringing the brainstem into the horizontal plane. Microin-
jections targeted into cMRF (n = 10) were made 1.1 mm
caudal to obex, 1.3 mm lateral to midline and 1.2 mm
ventral from the dorsal brain surface. Following the
microinjection, the micropipette remained in position for
10 min to minimize backflow. Injection volumes were
controlled via movement of the fluid meniscus along a
calibrated tube used for the pressure microinjections.

Retrograde tracer injection into selected compartments
of the LRC

Microinjections targeted into the VRG (n = 11) used the
same surgical approach as described for the NRA.
Microinjections were made at coordinates 1.2 mm caudal
to obex, 2 mm lateral to the midline and 3.2 mm ventral to
dorsal surface of the brain. The injecting micropipette was
angled 36° forward from vertical, facilitating access to
rostral areas of the medulla oblongata.

For retrograde tracer injection into the retrotrapezoid
nucleus/parafacial respiratory group (RTN/pFRG) and
Kolliker-Fuse (KF) nucleus, rats were secured in a stereo-
taxic apparatus at interaural zero and a midline incision was
made to expose the skull from bregma to lambda. A burr hole
was drilled through the skull and tracer injections into the
RTN/pFRG (n = 18) were made 6.5 mm caudal to bregma
and 2.1 mm lateral to midline. The pipette was angled 25°
backwards from vertical, and the final injections were made
11.2 mm ventral to the dorsal brain surface. KF injections
(n = 21) were made at 9.0 mm caudal to bregma, 2.5 mm
lateral to midline and 6.8 mm ventral to the dorsal brain
surface. Following all microinjections the micropipette
remained in position for 10 min to minimize backflow, and
removed at a rate of 1 mm/min.

Tissue processing

7-10 days after tracer injections, animals were anaes-
thetized with a terminal overdose of sodium pentobarbital
(90 mg/kg i.p.) and perfused transcardially with 100 ml
Tyrode’s buffer (pH 7.4), followed by 300 ml of 0.16 M
phosphate buffer (pH 7.35) containing 4 % paraformalde-
hyde and 0.2 % picric acid. The brain and spinal cord up to
cervical segment 2 were then dissected, post-fixed for
90 min and transferred to 0.1 M phosphate buffer (pH 7.4)
containing 10 % sucrose for 2 days. Brains were frozen
using compressed CO, and 40 um free-floating sections cut
serially using a cryostat (Leica Biosystems, IL, USA).
Anterograde tracer experiments: Sections were incu-
bated in 1.0 pg/ml avidin—horseradish peroxidase (Molec-
ular probes, Life technologies, OR, USA #N-7167)
overnight at 4 °C, washed in 0.1 M PBS and immersed in
diaminobenzidine (DAB) substrate (1:10, Roche

Diagnostics, Mannheim, Germany) for 30 min allowing
visualization of the tracer via a stable fade-resistant dark
brown reaction product. Sections were then counterstained
using 0.25 % cresyl violet (Sigma-Aldrich), rinsed in gra-
ded ethanol solutions, and coverslipped with DPX (Sigma-
Aldrich).

Retrograde tracer experiments: CTb was pre-conjugated
to Alexa Fluor 488 and was visible under fluorescence
microscopy. However, in order to enhance visibility of
retrogradely labeled soma additional immunohistochem-
istry was performed. For optimum visualization of CTb,
sections were incubated overnight at RT with a goat anti-
CTb antibody (1:10,000 List Biological Laboratories, CA,
USA) diluted in 0.1 M PBS containing 0.3 % Triton X-100
and 0.5 % BSA. Sections were then washed (0.1 M PBS,
3 x 20 min), blocked (5 % normal donkey serum in 0.1 M
PBS for 1 h), and incubated in donkey anti-goat-Alexa 488
(1:200, Jackson ImmunoResearch, PA, USA) for 2 h
before being washed, mounted onto gelatin coated slides,
and coverslipped with a fluorescent anti-fade mounting
medium (Fluoroshield, Sigma Aldrich, MO, USA). A
rabbit anti-tyrosine hydroxylase antibody (1:500, Pel-Freez
Biologicals, AR, USA; Code No. p40101-0) was added
together with CTb antibody, and visualized using donkey
anti-rabbit-Alexa 594 (1:200, Jackson ImmunoResearch).
Sections from animals that received fast blue injections
were coverslipped using the same mounting medium.

Data analysis: tract tracing

Ipsilateral counts of retrogradely labelled cell bodies were
made using Stereoinvestigator v7.0 software (MBF Bio-
science, VT, USA). Cell bodies were viewed using a
microscope and x63 oil objective (Leica Biosystems), and
every 6th section was examined. Neuronal plots of retro-
gradely labelled cells from representative microinjections
were made from photomicrographs taken using a x10
objective. The labeled somata were then superimposed
over schematic diagrams and represented as dots.

Anterograde labelling of nerve terminal fields was
assessed using semi-quantitative comparative analyses,
with the relative abundance of labelled nerve fibres,
boutons and varicosities evaluated on a five point scale:
(—) absence of labelled terminals; (4) very low density;
(+) low density; (++) moderate density; (+++) high
density. Assessment was comparative, and the illustrative
examples of different densities used for assessment are
included in Fig. 2.

Working heart brainstem preparation

Experiments were performed using the in situ perfused
brainstem-spinal cord preparation of juvenile Sprague—
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Dawley rats aged post-natal day 18-23 (n = 62). Basic
procedures were performed in accordance with previously
published studies (Paton 1996; Dutschmann et al. 2009). In
short, rats were deeply anaesthetized via inhalation of
isoflurane until complete loss of the hindpaw withdrawal
reflex in response to a noxious pinch. They were rapidly
bisected below the diaphragm and decerebrated at the pre-
collicular level. The cerebellum, occipital bone and atlas
bone were removed for optimum visualization of the dor-
sal, caudal brainstem surface. The right thoracic phrenic
nerve and right cervical vagus nerve were isolated and cut
distally. Additionally, in a subset of experiments, the ilio-
hypogastric branch of the abdominal nerve was isolated.
The descending aorta was cannulated and perfused retro-
gradely with carbogenated Ringer solution (31 °C) using a
peristaltic pump (Watson and Marlow, Stockholm, Swe-
den) in order to elicit a consistent eupneic respiratory
motor discharge, obtained at flow rates of 18-22 mL/min,
relating to a perfusion pressure of 40-70 mmHg.

Nerve recordings

Nerve activity was recorded from cut proximal nerve ends
using suction electrodes; signals were amplified (differen-
tial amplifier DP-311, Warner instruments, Hamden, USA),
band-pass filtered from 100 to 5 kHz, digitized (PowerLab/
16SP ADInstruments, Sydney Australia) and then viewed
and recorded on LabChart v7.0 software (ADInstruments).
Additional post hoc analysis included applying a high pass
digital filter at a cut off frequency of 20 Hz to stabilize the
baseline recording and eliminate movement artifacts.

Microinjections

Pressure-induced microinjections of 50 nL were performed
using calibrated borosilicate glass micropipettes.
Multi-barrel pipettes were used, including a barrel
containing Chicago sky blue (2 %) or rhodamine beads, a
barrel containing 10 mM L-glutamate, and a barrel con-
taining an inhibitory pharmacological agent 10 mM
isoguvacine (or 2 M glycine, or a 1:1 mixture of 10 mM
isoguvacine and 2 M glycine—detailed results not pre-
sented). Microinjections of glutamate were given in a 48
point grid. Injection coordinates were measured from obex,
a landmark clearly visible on the dorsal brainstem surface.
Injections were made 400 pm apart, with most rostro-
caudal coordinates at 0.8, 1.2, 1.6 and 2.0 mm caudal to
obex, lateral coordinates at 1.2, 1.6 and 2.0 mm lateral to
midline, and 0.6, 1.0, 1.4 and 1.8 mm ventral to the dorsal
surface. When a notable response was elicited at a stimu-
lation site, the site was marked with the Chicago sky blue
or rhodamine beads. A maximum of two injection sites
were marked per animal to ensure correct histological
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identification and verification of relevant sites. Marking
two injection sites per brainstem allowed retrospective
anatomical verification of injection sites within the pre-
designed grid and importantly the extrapolation of addi-
tional unmarked injection sites. This ensured an accurate
reconstruction of the injection grid and response topogra-
phy. Inhibitory microinjections (Isoguvacine/glycine) were
concentrated over stimulation sites prone to eliciting a
strong tachypneic or strong post-inspiratory modulatory
respiratory effect. Once injections were complete, brains
were removed and post-fixed in 4 % paraformaldehyde for
3 days before being transferred to 0.1 M phosphate buffer
containing 10 % sucrose for 2 days and 50 pm sections
sliced using a cryostat (Leica Biosystems). Sections were
mounted and counterstained with 1 % Neutral Red (Sigma-
Aldrich) in order to validate anatomical location of injec-
tion sites.

Data analyses

Analysis of respiratory motor activity was performed with
LabChart v7.0 software (ADInstruments, Dunedin, New
Zealand). In order to analyze respiratory motor pattern and
frequency changes in response to isoguvacine, respiratory
parameters including duration of inspiration (7;), post-in-
spiration (7p;) and total respiratory cycle duration (Ti)
were measured over a 60 s period before, and 2 min after,
effective drug injection. The same protocol was used for
the analysis of arterial chemoreceptor evoked respiratory
responses. In addition, we plotted the instantaneous T, to
illustrate the dynamic changes in respiratory frequency
(Fig. 8). Statistical tests were performed with paired Stu-
dent ¢ tests and a value of p < 0.05 was considered sta-

tistically significant. Values are expressed as the
mean + SEM.
Results

Ascending projection of the cMRF targeting
the lateral respiratory column of the brainstem

Injections (80 nL) of the anterograde tracer biotinylated
dextran amine were made into the cMRF 0.8-2 mm caudal
to obex. In 6/10 experiments the injection sites were
located in the ventral cMRF, overlapping with the NRA
(Fig. 1a, b, Exp. 32, 35, 82-84, 94). In all of these cases,
ascending terminal fields were observed across the entire
rostro-caudal extension of the brainstem LRC. The density
of labeled axon terminals (e.g. varicosities) in the medul-
lary aspects of the LRC showed a caudal-rostral gradient.
The caudal and rostral ventral respiratory group (VRG)
showed dense terminal fields (see Fig. 1c—e), while more
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Fig. 1 Color photomicrographs

of anterogradely labeled neuron #32
terminals following injection of #35
biotinylated dextran amine into #82
the ventral caudal reticular 483
formation overlapping with

nucleus retroambiguus.

Sections in the first and second “Bregma. Thegma #94

columns are counterstained with
cresyl-violet, and the last
column shows the same
anatomical area from an
adjacent section, without
counterstain. a Coronal section
of the caudal medulla at the
level of the pyramidal
decussation, a representative
example (experiment #83) of
injection site and spread of
biotinylated dextran amine
(brown) overlapping with
nucleus retroambiguus.
Location of additional injection
sites not photographed are
displayed in (b). Anterogradely
labeled neuronal axons,
terminals and boutons (brown)
ipsilateral to injection site were
seen in clusters in the: c—e
caudal ventral respiratory group
(c-VRC); f-h rostral ventral
respiratory group (r-VRC);

i—k parafacial respiratory group/
retrotrapezoid nucleus (pFRG/
RTN) and lateral aspects of the
facial motor nucleus (7); and in
I-n the Kolliker-Fuse nucleus
(KF)

rostral medullary nuclei such as the pre-B6tC and BotC
received less dense innervation from the cMRF. In addition
to medullary projections, dense terminals were detected in
pontine aspects of the LRC. The densest labeling was
observed at the caudal and rostral poles of the pontine
LRC. At the level of the caudal pons, dense terminals were
seen in the pFRG/RTN region (Fig. 1li-k). In the rostral
pons, specific and dense nerve terminals were seen in the
KF nucleus (Fig. 11-n). Terminal fields were also consis-
tently observed caudal and ventral to the KF nucleus in
areas that are defined as the inter-trigeminal region of the
LRC. Finally, the AS region, which is also part of the LRC,
contained a medium density of labeling. Across the n = 6
examples the relative proportions of observed terminal

fields were consistent, although mild variation in terminal
field density was observed between cases, likely due to
inevitable variation in injection spread and uptake at the
nucleus retroambiguus. The terminal fields observed within
the full extension of ponto-medullary LRC showed a strong
ipsilateral predominance. Contralateral terminals were seen
in all analyzed nuclei (see Fig. 2).

Terminal fields in brainstem motor nuclei and nuclei
outside the lateral respiratory column

In addition to the terminal fields in the LRC, respiratory

motor nuclei received innervation from the cMRF. The
densest innervation was observed in lateral columns of the

@ Springer
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A
Ipsilateral Contralateral
Medulla
VINTS + x LA
cNTS - - Example from pFRG/RTN
dmNTS -
Mo12 + *
cVRG +++ ++
r'VRG + t . ++
Pre-B6tC * * ‘ Example from pre-BotC
Bot + + .
Mo7 +++ + AT
Raphe - - ATy
Pons < #i"rq',':__ +
PRERS s
MoS * - 0 Example from rVRG
pFRG/RTN +++ R R |
KF +++
Midbrain
VvIPAG + - s
IPAG - -
dmPAG ¥ N Example from dmPAG

Fig. 2 a Table depicting ipsilateral and contralateral densities of
biotinylated dextran amine (BDA) labelled fibres, boutons and
varicosities following microinjection of BDA into the nucleus
retroambiguus. Density was evaluated on a five point scale: (—)
absence of labelled terminals; (4) very low density; (4+) low density;
(++4) moderate density; (+-++) high density. b 100 um? represen-
tative example images depicting each density level. Ventrolateral
nucleus of the solitary tract (VINTS), commissural nucleus of the
solitary tract (cNTS), dorsomedial nucleus of the solitary tract

facial motor nucleus (Fig. 1i) and the terminal fields within
VRG overlapped with the laryngeal motor neurons located
within the loose formation of the nucleus ambiguus (see
Fig. 1f). Innervation of the hypoglossal and trigeminal
motor nuclei, however, was modest. Low-density terminal
fields were also observed in the nucleus of the solitary tract
(NTS) but were restricted to the ventrolateral subnuclei. In
the midbrain, modest labeling was observed in the lateral
and ventrolateral columns of the periaqueductal gray.
Finally, no terminals were detected in the midline raphé
nuclei after anterograde tracer injection into the cMRF.

Retrograde labeling of cMRF neurons projecting
into selected nuclei of the LRC

Microinjections of the retrograde tracers fast blue or CTb
(80 nL) were made into the VRG (rn = 11), the pFRG/RTN
(n = 18) and the KF (n = 21) since these LRC target areas
showed the most dense terminal fields in the anterograde
tracing experiments. Photos of injection sites within the
VRG, pFRG/RTN and KF and the corresponding pools of
retrogradely labeled cells in the dorsal caudal medulla and
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(dmNTS), hypoglossal motor nucleus (Mo12), caudal ventral respi-
ratory group (cVRG), rostral ventral respiratory group (rVRG), pre-
Botzinger complex (pre-BotC), Botzinger complex (Bot), facial motor
nucleus (Mo7), trigeminal motor nucleus (Mo5), parafacial respira-
tory group/retrotrapezoid nucleus (pFRG/RTN), Kolliker Fuse
nucleus (KF), ventrolateral periaqueductal gray (vIPAG), lateral
periaqueductal gray (IPAG) and dorsomedial periaqueductal gray
(dmPAG)

NRA are illustrated in Fig. 3. Immunohistochemistry for
tyrosine hydroxylase shows that the retrogradely labeled
cells do not overlap with the noradrenergic Al and A2 cell
populations.

Detailed plots of the location and cell counts of retro-
gradely labeled cells at various levels of the caudal medulla
are shown in Figs. 4 and 5. Retrograde tracer injections
that were successfully delivered into all three target areas
showed a relatively uniform pattern of a ventral and dorsal
cluster of labeled neurons in the lateral caudal medulla,
illustrated in representative examples in Fig. 4. No specific
cell markers (e.g., developmental transcription factors,
neuropeptides) for these two clusters of neurons are cur-
rently identified and thus the clusters are characterized
merely on their anatomical location. Subsequent physiol-
ogy experiments (described later) strongly support the
notion of two distinct neuronal populations that have dif-
ferent respiratory function, although sharing common
ascending targets within the LRC. Additionally, irrespec-
tive of the target area all retrograde tracer injections also
labeled cells within the NTS, (see Fig. 4). In accordance
with the literature, NTS labeling was most dense following
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Fig. 3 Color photomicrographs of Fast-blue (FB) retrogradely
labeled neurons (blue) and tyrosine hydroxylase (TH) staining of
adrenergic Al and A2 cell populations (red) as anatomical landmarks.
Retrogradely labeled cells are imaged at two areas of interest, both at
the rostro-caudal level of the pyramidal decussation; the dorsal

retrograde tracer injection into the pFRG/RTN and KF
(Herbert et al. 1990; Rosin et al. 2006). Somata of pro-
jection neurons within the caudal nucleus of the spinal
trigeminal tract (Sp5) were also observed, but only after
injections into the KF, in accordance with previous litera-
ture (Feil and Herbert 1995).

Quantification of the dorsal and ventral (NRA) clusters
of retrogradely labeled neurons was performed in cases of
successful tracer injections (n = 4 for each of the three
target areas).

The number of retrogradely labeled projecting neurons
in the ventral cMRF, overlapping with the NRA, was
quantified from sections ranging from —15.48 to
—14.76 mm relative to Bregma (Paxinos and Watson
2007). The cMRF/NRA contained 226 £ 24, 223 4+ 19
and 165 £ 9 cell bodies following injections derived from
the KF, pFRG/RTN and VRG, respectively, and no sta-
tistical difference was found. Following a similar pattern,
the dorsal ¢cMRF contained 277 £+ 14, 283 £ 15 and
194 £ 29 cell bodies after injections into the KF, pFRG/

respiratory group, DRG (yellow circles) and nucleus retroambiguus,
NRA region (white circles) as labeled from tracer injections into a—c:
ventral respiratory group, VRC, d-f: parafacial respiratory group,
pFRG/RTN and g-i: Kolliker-Fuse nucleus, KF

RTN and VRG, respectively, with the numbers of cells
observed being statistically similar, see Fig. 5.

Mapping the caudal medulla for glutamate evoked
respiratory responses

Microinjections of L-glutamate (50 nL) into the cMRF were
performed in a total of 19 in situ preparations. We mapped the
c¢MRF with n = 379 discrete glutamate microinjections fol-
lowing a 48 point grid. Microinjections triggered modula-
tions in the respiratory pattern in n = 269/379 cases. The
majority of the respiratory changes were associated with
changes to the baseline respiratory frequency with n = 110
injections evoking tachypnea and n = 98 evoking a
bradypnea. A further n = 61 glutamate microinjections
evoked a brief modulation of respiratory motor pattern,
amplitude or abdominal nerve activation, without a concur-
rent modulation of the respiratory rate. Finally, n = 110
glutamate microinjections were ineffective, causing no res-
piratory modulation. The glutamate mapping did not uncover
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Fig. 4 Line drawings showing
the distribution of ipsilateral
retrogradely labeled neurons
(colored dots) following
injection of retrograde tracer
into: a ventral respiratory group
(VRC), b parafacial respiratory
group (pFRG/RTN), and

¢ Kolliker Fuse nucleus (KF).
The grey shaded area represents
the region of the reticular
formation pertaining to the
nucleus retroambiguus (NRA),
and the pale orange shading
marks the transitional region
from NRA to nucleus
ambiguous (Amb). The pale
green shaded area represents
the dorsal respiratory group
(DRG) distinct from the nucleus
of the solitary tract (NTS). Each
line drawing represents the
information of a 40 um coronal
brain section, with one dot
plotted per somata as viewed
under a x 10 objective. Every
6th section was analyzed
serially, with intervals of

240 pm. Levels caudal to
Bregma on the left hand side are
given as an approximate guide
relating to the Rat Brain Atlas
(Paxinos and Watson 2007)

a topographical organization of respiratory responses across
the rostral caudal axis (suppl. Figure 1) and respiratory
modulations were triggered from the dorsal reticular
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Level 1 Bregma:

-15.48 mm

Level 2 Bregma:

-15.24 mm

Level 3 Bregma
-15.00 mm

Level 4 Bregma:

-14.76 mm

Level 5 Bregma:

-14.52 mm

Level 6 Bregma:

-14.28 mm

Case #103
VRG injection
—Bregma - 12.84 mm

Case #76

PFRG injection
~Bregma -10.92 mm_

Case #108
KF injection
~Bregma -9.00 mm

formation as well as from the ventral NRA region. Figure 6
shows a variety of glutamate evoked respiratory modulations
from both dorsal and ventral injection sites. Figure 6a shows
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Fig. 5 Cell counts of retrogradely labeled somata in the nucleus
retroambiguus region (NRA) and dorsal respiratory group (DRG)
following retrograde tracer injections into the: a ventral respiratory
group (VRC); b parafacial respiratory group/retrotrapezoid nucleus
(pFRG/RTN); and ¢ Kolliker-Fuse nucleus (KF). Counts are plotted
against their rostro-caudal brain position [using (Paxinos and Watson

an evoked tachypneic response that involved a reduction in
Ti, transient increase in PNA amplitude and enhanced
abdominal expiratory activity in the iliohypogastric nerve
recordings (L1). In this example VNA was modulated dif-
ferentially. In the initial phase of the glutamate response,
post-inspiratory discharge was reduced while later, a pro-
nounced increase in both inspiratory and post-inspiratory
activity can be observed. Figure 6b shows an example were
glutamate evoked no change in PNA burst frequency but
reduced Ti and triggered a prominent activation of abdominal
expiratory activity during the expiratory intervals. Panels C
and D of Fig. 6 show examples of glutamate evoked pro-
longation of expiration. The expiratory lengthening was
usually associated with increased post-inspiratory activity in

Level caudal to bregma (mm)

2007) as a guide]. Counts were made in five animals per injection
target, with four injections hitting the target and one control injection
site, which did not overlap target nucleus (orange). Locations of
injection sites for each case are represented on the schematic
drawings on the left hand side

the VNA that was accompanied by pronounced activation of
abdominal expiratory activity in iliohypgastric nerve
recordings. Finally panels E and F illustrate brief glutamate
evoked respiratory events such as augmented breath (E) or
enhanced post-inspiratory and abdominal expiratory activi-
ties that did not reset the respiratory cycle (i.e. there was no
change in respiratory frequency) (F).

Changes in the baseline respiratory motor pattern
following pharmacological inhibition of the dorsal

and ventral cMRF

Sites at which robust respiratory modulation had been seen

in response to injection of glutamate subsequently received
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Fig. 6 Glutamate
microinjection into the caudal
medulla evoked a range of
respiratory modulations. Shown

M
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schematic presentation of o
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increase and activation of the
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in absence of change to
respiratory frequency. ¢ and
d Prolongation of expiration
associated with increase in Pi
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iliohypogastric nerve activation. glutamate
e Augmented breath with (10mM; 50n|)l
modest iliohypogastric
activation. f Augmented >
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=
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&
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small volumes (50 nL) of the GABA A receptor agonist
isoguvacine (n = 20 preparations).

Isoguvacine microinjections made ventrally, from 1.2 to
1.8 mm ventral to the dorsal surface of the brain (n = 15),
had no significant effects on the baseline respiratory motor
pattern or rate, despite the robust glutamate evoked respi-
ratory modulations that were observed at the same loci.
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The lack of effect on the baseline respiratory motor pattern
after NRA inhibition was further verified by n =2
microinjections of the inhibitory amino acid glycine (2 M)
or injection of a mix of 10 mM isoguvacine and 2 M
glycine (n = 5). Neither glycine nor the isoguvacine and
glycine mix evoked any change in the baseline motor
pattern or frequency of respiration.
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In order to elucidate a potential role of the dorsal cMRF
and NRA in the mediation of changes of respiratory motor
pattern during periods of increased chemical drive, we
analyzed the expression of the sodium cyanide (NaCN)
evoked arterial chemoreceptor before and after NRA
inhibition (n = 5 preparations). NRA inhibition had no
effect on the acute phase of the arterial chemoreceptor
reflex-mediated respiratory augmentation, or on the post-
stimulus period of enhanced late expiratory activity in the
iliohypogastric nerve recording (see Fig. 8).

Contrary, microinjections of isoguvacine made dorsal to
the NRA region, approximately 1.5 mm caudal to obex and
0.6—1.2 mm ventral to the dorsal brain surface (n = 13),
triggered a modest but consistent and significant modula-
tion of the baseline respiratory motor pattern. Ti increased
on average 18 % from 0.91 £ 0.06 to 1.08 &+ 0.06 s
(p = 0.004), while Tpi decreased on average by 32 % from
270 £03 to 1.9 £ 0.40 (p = 0.003). The overall respi-
ratory frequency increased on average 20 % from
153 £ 1.5bpm at baseline to 183 £ 1.9 bpm
(p = 0.009) following isoguvacine microinjection. In 7/13
preparations, iliohypogastric nerve (L1 see Fig. 7) dis-
charge could be analyzed because the recording had clear
expiratory activity during conditions of baseline respiration
in situ. In these experiments, isoguvacine injections
reduced in the amplitude of the late expiratory abdominal
nerve activity of on average 42.4 %, from a baseline of
220.3 £ 70.0 to 126.6 £ 35.0 uV (p < 0.05). In four out
of the seven preparations, low amplitude bursts during the
post-inspiratory phase (early expiration) were visible. In all
cases isoguvacine injection into the dorsal cMRF com-
pletely abolished the post-inspiratory activity of the ilio-
hypogastric nerve discharge (Fig. 7).

In additional experiments (n = 5) the effect of inhibi-
tion of the dorsal cMRF region on the expression of the
arterial chemoreflex were analyzed. As reported above, the
data show that isoguvacine microinjection into the dorsal
cMREF evoked a reduction in post-inspiratory activity and
iliohypogastric burst amplitude, as well as increased fre-
quency. However, inhibiting the dorsal cMRF had little
quantitative effect on the expression of arterial chemore-
ceptor reflex. We observed an enhanced respiratory aug-
mentation (i.e., more PNA bursts at higher frequencies than
baseline) phase of the chemoreflex following isoguvacine,
with the augmentation phase T\, decreasing 26 % from a
control of 2.2 & 0.3 sto 1.63 £ 0.18 s (p = 0.03). Plots of
normalized T\ that illustrate the dynamic change of res-
piratory frequency upon arterial chemoreceptor stimulation
show that the strength of the chemoreceptor reflex relative
to baseline remained unchanged. This suggests that the
increased augmentation following dorsal isoguvacine was a
consequence of an already elevated baseline respiratory
frequency rather than an acute change in the mediation of

the arterial chemoreceptor reflex. The activation of
abdominal expiratory activity remained unchanged during
both the initial augmentation of respiratory frequency and
in the post-stimulus period of enhanced expiratory
abdominal activity (Fig. 8), although baseline activity was
decreased, as previously reported. No significant modula-
tion to respiratory motor pattern, or modulation of the
chemoreceptor reflex was observed following isoguvacine
injection into the NRA.

Discussion

Traditionally the ponto-medullary lateral respiratory col-
umn (LRC) that controls the generation of the respiratory
motor pattern is thought to end approximately at the level
of the obex (Alheid et al. 2004; Dutschmann and Dick
2012; Feldman et al. 2013; McCrimmon et al. 2000b;
Smith et al. 1990). Nevertheless, a role for the nucleus
retroambiguus (NRA) and adjacent areas of the caudal
reticular formation in respiratory rhythm generation was
suggested in cat (Merrill 1970; Merrill 1974) as well as in
rat (Jones et al. 2012; Oku et al. 2008). In support of this
view, our anterograde tracing experiments reveal robust
ascending projections from the nucleus retroambiguus
(NRA) within the most caudal medullary reticular forma-
tion (cMRF) to the entire ponto-medullary LRC that could
serve respiratory function. Most significant terminal fields
were observed in the pontine Kolliker-Fuse nucleus (KF),
the parafacial respiratory group overlapping with retro-
trapezoid nucleus (pFRG/RTN) and rostral and caudal
ventral respiratory group (VRG). Projections to cranial
motor nuclei with respiratory functions were largely
restricted to the nucleus ambiguus that contains motor
neurons for laryngeal valving muscles (Bartlett 1986; Iscoe
et al. 1979) and facial motor neurons that innervate the
nares to modulate nasal airflow resistance (Dorfl 1985).

Subsequent retrograde tracing experiments targeting the
primary nuclei of the LRC that receive substantial inner-
vation from the NRA revealed the location of dorsal and
ventral clusters of ascending projection neurons within the
cMRF. Our data implies that the numbers of ascending
projection neurons were similar for both clusters. Chemical
stimulation of both neuron clusters triggered profound
modulation of the baseline respiratory motor pattern.
Similar to results seen in cat, the modulation of abdominal
expiratory activity recorded form the iliohypogastric nerve
that innervates the abdominal musculature (e.g., oblique
muscles) was particularly prominent. A novel finding of
this study is that, although both clusters have the same
ascending connectivity with nuclei of the LRC, only the
dorsal cluster has a function in the modulation of primary
respiratory motor pattern.
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Revival of a role for the dorsal respiratory group
(DRG) in the formation of the basic respiratory
motor pattern

The term DRG usually refers to a population of respiratory
neurons in the ventrolateral portion of NTS and was a
topical research area in the 1970s and 1980s when cat was
the main experimental model for studies of the neural
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control of breathing. The function of the DRG was based
on the presence of bulbospinal projection neurons that
target the phrenic motor nucleus as a prime motor output
for the vital inspiratory contraction of the diaphragm
(Berger 1977; Bianchi et al. 1995; Lipski and Merrill 1980;
Long and Duffin 1986). However, anatomical studies
identified much smaller numbers of bulbospinal projecting
DRG neurons in rat compared to bulbospinal neurons of
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the ventral respiratory group (Dobbins and Feldman 1994;
Yamada et al. 1988). Thus, a significant role of the DRG in
the neural control of breathing in rat was lacking important
anatomical substrates and its role was further questioned by
lesion experiments (Hilaire et al. 1990). Subsequently, the
DRG of rat received very little research focus.

A study published last year by our group put forward arole
for the DRG in respiratory pattern generation in rat, based on
the finding that pharmacological inhibition of the ventro-
lateral NTS caused a decrease in post-inspiratory motor
activity and a delay in the inspiratory off-switch (Bautista
and Dutschmann 2014). The study was conducted in the
inter-arterially perfused brainstem preparation (Paton 1996)
in which the lungs are removed and the preparation therefore

lacks any modulatory feedback from lung stretch receptors.
The effects of NTS inhibition therefore cannot be attributed
to the block of important regulatory reflex relays such as the
Hering-Breuer reflex (for review see Kubin et al. 2006).
While ascending projections of the ventrolateral NTS area
into the LRC are well documented (Herbert et al. 1990; Ter
Horst and Streefland 1994) the function of these projections
were usually associated with the processing of viscero-sen-
sory input (see Dutschmann and Dick 2012; Kubin et al.
2006). Our results show that inhibition of caudal DRG has no
qualitative effect on the expression of the arterial chemore-
ceptor reflex that is relayed in the neighboring commissural
NTS (Zhang and Mifflin 1993), further strengthening the
hypothesis that the observed effect on post-inspiration and
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abdominal expiratory activity are not related to sensory relay
mechanisms of the NTS.

Our previously published work together with the present
study, suggest that ascending DRG projections provide the
anatomical substrate for synaptic interactions that are
required for the formation of the primary respiratory motor
pattern. The observed changes in the synaptic drive of post-
inspiratory and abdominal expiratory motor output could
relate to synaptic interactions between the cMRF and the
pFRG/RTN and KF nuclei. The pFRG/RTN region was
identified as a key region for the generation of abdominal
expiratory activity (Abdala et al. 2009; Marina et al. 2010;
Molkov et al. 2010), while the KF is reported to gate the
post-inspiratory activity of the respiratory pattern generator
(Dutschmann and Herbert 2006; Song et al. 2012). Both
pFRG/RTN and KF areas have descending projections to
the cMRF with terminals innervating both the caudal DRG
as well as the NRA (Krukoff et al. 1993; Rosin et al. 2006;
Saper and Loewy 1980). The reciprocal connectivity
between these designated key areas is a critical anatomical
framework for pattern generation. However, the precise
nature of pattern-related synaptic interactions needs to be
further classified. Previous studies concerned with the
identification of respiratory activities report respiratory
single unit activities in the DRG of rat and seem to be
predominantly inspiratory (Ezure et al. 1988; Saether et al.
1987). However, our findings imply a primary role of the
DRG in the generation of expiratory motor activity (post-
inspiration and abdominal expiration). The fact that neural
activity of the DRG is reported to be predominantly
inspiratory is not a discrepancy since inspiratory neurons
are hypothesized to provide critical ascending synaptic
drive for the pontine-mediated phase transition from
inspiration to expiration [for details see (Morschel and
Dutschmann 2009)]. The DRG of the caudal medulla
oblongata and pontine respiratory group (e.g., the KF) in
rodents form a critical network for the generation, gating
and modulation of post-inspiratory laryngeal adductor
function (Dutschmann et al. 2014). An important extension
to this concept is that while the KF has little influence on
the generation of abdominal expiratory activity (Bautista
and Dutschmann 2015) the caudal DRG has a clear role in
driving abdominal expiratory motor output. An important
future challenge is to investigate how the DRG and KF
interact to control expiratory behaviors that require the
parallel activation of post-inspiratory and abdominal
expiratory activity.

Respiratory functions of the nucleus retroambiguus

According to current literature, predominantly studied in
cats, major afferent input to the NRA arises primarily
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from the periaqueductal gray (PAG) (Gerrits and Holstege
1996; Subramanian et al. 2008; Subramanian and Hol-
stege 2009), which functionally contributes to expulsive
reflexes and behaviors (Jakus et al. 1985; Miller et al.
1990; Umezaki et al. 1997). The commonality of these
behaviors is that they require the generation of intra-
thoracic or abdominal pressure and modulation of the
respiratory pattern. We found that glutamate stimulation
of the NRA triggered qualitatively similar respiratory
modulation as previously described in the cat (Subrama-
nian and Holstege 2009). Although species differences
regarding expulsive behaviors exist (e.g., rats do not
vomit or cough), the general role of the NRA in modu-
lating the basic breathing pattern and abdominal pressure
seems to be the same in both species.

In cat the NRA is seen to be a relay nucleus, con-
taining populations of pre-motor neurons that project
directly into various brainstem and spinal cord motor
populations, and distributing descending information
from the limbic system and PAG (Holstege 2014). The
descending projections from the NRA innervate motor
neurons residing in the thoracic and upper lumbar ventral
horn controlling expiratory intercostal muscles (Lipski
and Martin-Body 1987) and abdominal muscles (Hol-
stege 1987; Miller et al. 1987). Our data indicates that
the NRA has additional ascending projections into res-
piratory pre-motor areas of the LRC. Sources of afferent
input were not analyzed in this study, but it is likely that
NRA neurons have strong reciprocal connectivity with
the primary respiratory pattern generating circuitry of the
LRC since descending input to the NRA has been pre-
viously reported from the parabrachial nucleus including
the Kolliker-Fuse nucleus, retrotrapezoid nucleus and
Botzinger complex (Gerrits and Holstege 1996).

According to our pharmacological lesion experiments,
these projections appear to have no role in generation of the
basic respiratory motor pattern. A recent publication from
our laboratory showed the same result for the PAG.
Although profound modulation of respiration can be trig-
gered from the PAG, pharmacological inhibition had no
effect on the generation of the basic breathing pattern
(Farmer et al. 2014). Thus, descending limbic commands
that are mediated via the PAG-NRA pathway, adapt
breathing to behavior and emotion [see (Subramanian and
Holstege 2014)] but this pathway apparently has no role in
respiratory pattern generation.
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