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retrotrapezoid nucleus (RTN) contains chemosensitive cells that distribute CO2-dependent excitatory drive to the respiratory network.
This drive facilitates the function of the respiratory central pattern
generator (rCPG) and increases sympathetic activity. It is also evidenced that during hypercapnia, the late-expiratory (late-E) oscillator
in the parafacial respiratory group (pFRG) is activated and determines
the emergence of active expiration. However, it remains unclear the
microcircuitry responsible for the distribution of the excitatory signals
to the pFRG and the rCPG in conditions of high CO2. Herein, we
hypothesized that excitatory inputs from chemosensitive neurons in
the RTN are necessary for the activation of late-E neurons in the
pFRG. Using the decerebrated in situ rat preparation, we found that
lesions of neurokinin-1 receptor-expressing neurons in the RTN
region with substance P-saporin conjugate suppressed the late-E
activity in abdominal nerves (AbNs) and sympathetic nerves (SNs)
and attenuated the increase in phrenic nerve (PN) activity induced by
hypercapnia. On the other hand, kynurenic acid (100 mM) injections
in the pFRG eliminated the late-E activity in AbN and thoracic SN but
did not modify PN response during hypercapnia. Iontophoretic injections of retrograde tracer into the pFRG of adult rats revealed labeled
phox2b-expressing neurons within the RTN. Our findings are supported by mathematical modeling of chemosensitive and late-E populations within the RTN and pFRG regions as two separate but
interacting populations in a way that the activation of the pFRG late-E
neurons during hypercapnia require glutamatergic inputs from the
RTN neurons that intrinsically detect changes in CO2/pH.
abdominal activity; hypercapnia; sympathetic activity; ventilation;
ventral medulla
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INTRODUCTION

Breathing is generated and coordinated by excitatory and
inhibitory circuits located in the brainstem (41, 42). Two
oscillators are suggested to be responsible for respiratory
rhythm and pattern generation (10). The first one is in the
Bötzinger/pre-Bötzinger complexes (BötC/pre-BötC) of the
ventral respiratory column (VRC), which is proposed to play a
major role in inspiratory pattern generation (45, 46, 52). A
second oscillator has been recently identified in the ventral
medullary surface (VMS) and suggested to modify the respiratory pattern in states of elevated respiratory drive (16). This
oscillator resides in the parafacial respiratory group (pFRG,
also named as lateral parafacial), situated rostral to the VRC
and ventrolateral to the facial nucleus, partially overlapped
with the retrotrapezoid nucleus (RTN) chemoreceptor neurons
located ventromedial to the facial nucleus (1, 14, 15).
In juvenile/adult animals, it has been described that the
conditional expiratory oscillator in the pFRG is recruited
mainly during metabolic challenges to increase pulmonary
ventilation (17, 20, 26). At resting conditions, the expiratory
neurons of the pFRG neurons are synaptically suppressed (9,
26, 38). In states of elevated inspired CO2 (hypercapnia) or low
inspired O2 (hypoxia), rhythmic oscillations emerge in the
pFRG, phase-locked to the late part of expiratory period
(late-E), which are necessary to elicit contractions of the
abdominal expiratory muscles through interactions with the
VRC (1, 6, 32, 43, 44). In conditions of hypercapnia (29) or
chronic hypoxia (30, 31, 56), the generation of late-E bursts in
the abdominal motor activity is also associated with the occurrence of additional expiratory-related bursts in sympathetic
nerve activity, suggesting that the presympathetic neurons of
the ventral medulla may also receive excitatory drive from the
pFRG expiratory oscillator (6, 29, 30).
Previous studies demonstrated that inhibition of the neurons
of the VMS region that express the transcription factor phox2b
eliminates the inspiratory and expiratory responses to hypercapnia (24, 44), raising the possibility that the pFRG expiratory
neurons might also express phox2b and be intrinsically sensitive to CO2/H⫹. There is also evidence indicating that the
activity of pFRG neurons is defined by synaptic inputs from
other respiratory compartments, including the pre-BötC (15)
and the dorsolateral pons (7, 18), as well as from peripheral
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chemoreceptors (6, 32) and pulmonary stretch receptors (20).
Recent theoretical and experimental studies indicate that inhibitory synapses to the pFRG play an important role in the pattern
formation of abdominal expiratory activity during hypercapnia
(9, 18, 26, 43). With respect to excitatory neurotransmission,
previous in silico studies predicted that CO2-dependent excitatory inputs from the RTN chemosensitive neurons could
provide a mechanism for pFRG expiratory neurons to overcome the inhibition originating in the VRC (26). This observation agrees with studies suggesting that the neurons of the
RTN and pFRG regions may be functionally distinct, although
partially overlapped (15). However, there is no functional and
anatomical evidence about the source and the involvement of
excitatory neurotransmission in the pFRG for the recruitment
of expiratory oscillator and the emergence of late-E bursts in
the abdominal activity during hypercapnia. The investigation
of these synaptic mechanisms is critical to understanding how
the expiratory oscillator is physiologically engaged and determines the changes in the respiratory pattern.
Here, we investigated whether the RTN chemosensitive and
the pFRG expiratory neurons may constitute functionally and
phenotypically distinct but synaptically interacting populations. To check this hypothesis, we performed lesions of
chemosensitive neurons of the RTN region using the saporin
toxin conjugated with substance P (SSP-SAP) (48, 51) and
evaluated the pattern of phrenic (PN), abdominal (AbN) and
sympathetic nerve (SN) activities during hypercapnia. Also, to
explore the contribution of excitatory neurotransmission to
activate the expiratory neurons, we assessed the effects of the
glutamatergic receptor antagonism in the pFRG region on the
hypercapnia-induced inspiratory, expiratory, and sympathetic
responses. Neuroanatomical studies were performed to gain
evidence about the existence of direct projections from the
RTN phox2b-expressing neurons to the pFRG region. Finally,
we simulated the experimental data obtained in SSP-SAPlesioned and glutamatergic receptor blockade conditions in a
computational model to elucidate and promulgate this mechanism for excitatory control over the emergence of activity in
the expiratory oscillator. Our data indicate that excitatory
(glutamatergic) inputs from phox2b-expressing neurons of the
RTN are necessary to stimulate the pFRG neurons in conditions of hypercapnia, but not during hypoxia, to generate late-E
bursts in abdominal and sympathetic activities in rats.
MATERIALS AND METHODS

Animals. Animal care and experimental protocols were reviewed
and approved by the Institutional Animal Care and Use Committee of
the University of São Paulo (protocol no. 07/2014) and São Paulo
State University (protocol nos. 18/2014; 31/2016). All experiments
were conducted using adult male Wistar rats weighing 270 –300 g (in
vivo anatomical experiments) or male Holtzman juvenile rats weighing 75– 80 g (in situ experiments) at the time of surgery.
Immunotoxin lesions. Surgical procedures were performed on juvenile rats anesthetized with an intraperitoneal injection of a mixture
of ketamine and xylazine (100 and 7 mg/kg of body wt, respectively).
Postsurgical protection against infection included intramuscular injections of two antibiotics (benzylpenicillin, 160,000 U/kg, and dihydrostreptomycin, 33.3 mg/kg). For selective chemical lesions of RTN
chemoreceptor neurons, the rats were fixed to a stereotaxic frame and
the coordinates used to locate the RTN (⫺2.1 and ⫺2.3 mm from
lambda; ⫾ 1.6 mm from midline; ⫺8.4 mm from the skull surface)
were based on the stereotaxic atlas for rats (40). The tip of a pipette,

connected to a Hamilton syringe, was inserted directly into the RTN
for two bilateral injections of saporin conjugate [Sar9, Met (O2)11]substance P (Advanced Targeting Systems, San Diego, CA) (0.6 ng in
100 nl of saline per side). Animals were allowed to survive 7–10 days
before they were used for physiological experiments. The bilateral
injections of toxin produced no observable behavioral effects, and
these rats gained weight normally. Based on a previous publication
(48, 51) and the present study, we did not notice any differences in
neuroanatomical or physiological experiments in animals that received IgG-saporin or saline in the RTN region. Thus, in the present
study, the sham-operated rats received injections of saline in the RTN
(0.15 M, 100 nl per side). The dose of SSP-SAP used in the present
study was selected based on previous experiments investigating the
respiratory effects of SSP-SAP administration in the RTN region (37,
48, 51, 54). In agreement with our previous studies (48, 51), the
selected dose created optimal lesion of the neurokinin-1 receptor
(NK1R)-expressing neurons of the RTN while preserving the integrity
of the cells that are immunoreactive to tyrosine hydroxylase (TH),
choline acetyltransferase (ChAT), and tryptophan hydroxylase in the
same region (data not shown in the present study).
In situ working heart-brainstem preparation. Naïve rats, or rats that
received injections of SSP-SAP in the RTN (7–10 days before the
experiments), were surgically prepared to obtain the in situ working
heart-brainstem preparations, as previously described (39, 56). The
animals were initially anesthetized with halothane (AstraZeneca, São
Paulo, Brazil) until the loss of the paw withdrawal reflex, transected
caudal to the diaphragm, submerged in a chilled Ringer solution,
comprised of (in mM) 125 NaCl, 24 NaHCO3, 3 KCl, 2.5 CaCl2, 1.25
MgSO4, 1.25 KH2PO4, and 10 dextrose, and decerebrated at the
precollicular level. In experiments involving injections of kynurenic
acid (Kyn) in the pFRG (see below), the preparations were placed
supine and the head fixed for exposure of the ventral surface of the
medulla. To this, the trachea, esophagus, and all muscles and connective tissues covering the basilar surface of the occipital bone were
removed, the basilar portion of the atlanto-occipital membrane was
cut, and the bone was carefully removed using a micro-Rongeur (D.L.
Micof, São Paulo, Brazil). Lungs were removed and then the preparations were transferred to a recording chamber. The descending aorta
was cannulated and perfused retrogradely using a roller pump (Watson-Marlow 502s, Cornwall, UK) via a double-lumen cannula. The
perfusate consisted of Ringer solution containing 1.25% polyethyleneglycol (an oncotic agent, Sigma, St. Louis, MO) and neuromuscular blocker (vecuronium bromide, 3– 4 g/ml, Cristália Produtos
Químicos Farmacêuticos, São Paulo, Brazil). The solution was gassed
continuously with 5% CO2-95% O2, warmed to 31–32°C, and filtered
using a nylon mesh (pore size 25 m, Millipore, Billirica, MA). The
perfusion pressure was maintained in the range of 50 –70 mmHg by
adjusting the rate flow to 21–25 ml/min and by adding vasopressin to
the perfusate (0.6 –1.2 nM, Sigma).
Nerve recording and data analyses. PN, AbN, and SN activities
were recorded simultaneously using bipolar glass suction electrodes
held in micromanipulators (Narishige, Tokyo, Japan). Left PN activity
was recorded from its central end, and its rhythmic ramping activity
was used to monitor preparation viability. An AbN was isolated from
the abdominal muscles on the right at thoracic–lumbar level (T12-L1),
cut distally, and recorded. The sympathetic activity was recorded from
the thoracic SN (tSN) chain at the level of T10 –T12. The signals were
amplified, band-pass filtered (0.1–3 kHz; Grass Technologies,
Middleton, WI), and acquired with an analog-to-digital converter
(CED 1401; Cambridge Electronic Design, Cambridge, UK) to a
computer using Spike2 software (version 7; Cambridge Electronic
Design) at a sampling rate of 5 kHz. At the end of the experiments, the
perfusion pump was turned off to determine the electrical noise (after
the death of the preparations).
The analyses were carried out on rectified and smoothed signals
(time constant of 50 ms) and performed offline using Spike 2 software
(version 7.1, CED) after noise subtraction. PN activity was evaluated
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by its burst frequency (burst per minute), amplitude (V), duration
(time of inspiration, s), and time interval (time of expiration, s). AbN
and tSN activities were determined as mean values of integrated
signals (V). Additionally, phrenic-triggered averages of AbN and
tSN were generated from 1 to 3 min epochs for analyses of burst
pattern across the respiratory cycle. In these averaged signals, the
respiratory cycle was divided into inspiration (insp, coincident with
PN burst of raw signal), postinspiration (post-I, initial 2/3 of expiratory phase), and late-E (reaming 1/3 of expiratory phase). Mean AbN
activity was calculated during late-E phase, whereas mean tSN activity was determined in each respiratory phase. Additionally, the amplitude of respiratory-related burst in tSN was calculated as the value
difference (V) between the lower “tonic” activity during expiration
and the peak activity during late-inspiration/beginning of postinspiration. Baseline PN, AbN, and tSN activities were expressed in raw
units. The maximal changes in the PN amplitude and AbN and tSN
mean activities induced by hypercapnia (see below) were calculated
as percentage values in relation to basal values immediately before the
stimulus. The changes in tSN and AbN activities elicited by KCN
were calculated as the percentage variations of the area under the
curve in relation to basal activities before stimulus. The changes in the
PN burst frequency and the time of inspiration and expiration were
expressed in their raw units. The perfusion pressure was also evaluated as the maximal variation during stimulus administration and
expressed as mmHg.
Hypercapnia and stimulation of peripheral chemoreceptors. After
stabilization and initial baseline recordings, the in situ preparations
were exposed to hypercapnia by raising the fractional concentration of
CO2 from 5 to 8 or 10% (balanced with O2) in the perfusate. In the
experiments with SSP-SAP rats, CO2 was increased to 10% for 5 min,
whereas for experiments with injections in the pFRG of naïve rats (see
below), CO2 was increased to 8% for 8 –10 min. The rationale to use
a lower level of CO2 in the latter group was to prevent possible
problems resulting from prolonged exposures (⬎5 min) to high
CO2/low pH. The hypercapnic effects peaked and reached steady-state
approximately after 3 min of exposure. The peripheral chemoreceptors were acutely stimulated in in situ preparations of control and
SSP-SAP rats with injections of KCN (0.05%, 50 l) into the
descending aorta via the perfusion cannula, as previously described
(8, 32).
Intraparenchymal injections in situ. The broad spectrum ionotropic
glutamatergic antagonist Kyn (100 mM in sterile saline pH 7.4) was
injected (Picospritzer III, Parker Hannifin) bilaterally in the pFRG of
in situ preparations through single-barrel glass pipettes (20-m tip
diameter). Injections were made according to the following coordinates: 0.5 mm caudal from trapezoid body, 1.7–1.8 mm lateral to
midline, and 50 m beneath the ventral surface. Injections were
performed during hypercapnia (during steady state), and the effects
were monitored for at least 5 min. The volume of each injection was
20 –30 nl, and the time apart of each injection was less than 60 s.
Injection sites were confirmed post hoc by the verification of the track
of the pipette in the pFRG region. A second hypercapnic stimulation
was applied 60 min after Kyn injections to verify the drug washout
and the recovery of the responses.
Anatomical experiments. Tracer injections were made in adult rats
anesthetized with a mixture of ketamine and xylazine (100 mg/kg ip
and 7 mg/kg ip, respectively). The surgery used standard aseptic
methods, and after that surgery, the rats were treated with the antibiotic ampicillin (100 mg/kg im) and analgesic ketorolac (0.6 mg/kg sc).
A group of three rats received iontophoresis injections (5-A positive
current pulses, 7-s duration every 7 s for 10 min) of the retrograde
tracer cholera toxin subunit b (CTb) (low salt, 1% in distilled water,
List Biological, Campbell, CA) into the lateral aspect of ventral
surface, reaching pFRG region, using a glass micropipette with an
internal tip diameter of 20 m. These injections were made using the
following coordinates: 2.6 –2.8 mm caudal to lambda, 2.6 –2.7 mm
lateral to midline, and 8.5– 8.6 mm below the dorsal surface of the
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brain., the animals were anesthetized and immediately perfusionfixed, as described below, 7 to 10 days after the CTb injection.
Histology. The rats were deeply anesthetized with pentobarbital
sodium (60 mg/kg ip), injected with heparin (500 U intracardially),
and finally perfused through the ascending aorta initially with 250 ml
of phosphate-buffered saline (pH 7.4) and then with 500 ml of 4%
phosphate-buffered paraformaldehyde (0.1 M, pH 7.4). The brains
were extracted, cryoprotected by overnight immersion in a 20%
sucrose solution in phosphate-buffered saline at 4°C, sectioned in the
coronal plane at 40 m on a sliding microtome, and stored in
cryoprotectant solution (20% glycerol plus 30% ethylene glycol in
50 mM phosphate buffer, pH 7.4) at ⫺20°C for up to 2 wk awaiting
histological processing. All histochemical procedures were done
using free-floating sections, according to previously described
protocols (4, 48).
The substance-P receptor (NK1R) was detected using a rabbit
anti-NK1R antibody (1:5,000, Sigma) raised against a synthetic peptide corresponding to the C-terminal of NK1R of rat origin (amino
acids 393– 407) followed by Alexa 488-donkey anti-rabbit (1:200,
Jackson Laboratories, West Grove, PA). Phox2b was detected using a
rabbit anti-phox2b antibody (1:800, gift from J.-F. Brunet, Ecole
Normale Supèrieure, Paris, France) followed by Cy3 donkey antirabbit IgG (1:200, Jackson). TH was detected using mouse anti-TH
(MAB318, 1:1,000; Millipore, Temecula, CA), followed by donkey
anti-mouse Alexa488 IgG (1:200; Jackson). ChAT was detected using
goat anti-ChAT (AB144P, 1:200; Millipore) followed by mouse
anti-goat Alexa488 IgG (1:200; Invitrogen, Carlsbad, CA). CTb was
detected using a goat anti-CTb antibody (1:2,000, List Biological)
followed by Alexa 488 donkey anti-goat IgG (1:200, Jackson). The
specificity of the antibodies has been validated previously (5, 51, 53).
Cell mapping, counting, and imaging. A conventional multifunction Zeiss Axioskop 2 microscope (Oberkochen, Germany) was used
for all observations. ImageJ software (https://imagej.nih.gov/ij/) was
used to count the various types of neuronal and receptors profile
within a defined area and merge the color channels in photographs in
the dual-labeling experiments. Section alignment between brains was
done relative to a reference section. To align sections around the
RTN/pFRG and the raphe pallidus/parapyramidal region level, the
most caudal section containing an identifiable cluster of facial motor
neurons was identified in each brain and assigned the level 11.6 mm
caudal to bregma (40). Levels rostral or caudal to this reference
section were determined by adding a distance corresponding to the
interval between sections multiplied by the number of intervening
sections. It was analyzed seven sections to the RTN/pFRG, seven
sections to C1 region, five sections to facial nucleus, nine sections to
dorsal motor nucleus of the vagus, and eight sections to nucleus
ambiguus. The same method was also used to identify the bregma
level of the BötC, the pre-BötC, and the rostral ventral respiratory
group (rVRG). The NK1R-ir was quantified by densitometric analysis. To this, images were taken through the region of interest from
both sides of the brainstem using the same exposure time. The area of
interest was outlined using the landmarks as follows. The RTN region
(bregma at ⫺11.6 mm) was defined by outlining from halfway down
the medial edge of the facial motor nucleus around the center of the
ventral edge of this nucleus and then perpendicular to the ventral
surface. The region continued medially along the ventral surface to the
medial edge of the pyramidal tract and closed with a diagonal to the
medial edge of the facial nucleus. Note that this region of the brain
thus defined encompassed not only the RTN but a large region medial
to it. This choice was made because RTN per se is not identifiable in
tissue reacted for standard NK1R immunochemistry because of the
extreme low level of immunoreactivity associated with the Phox2bexpressing neurons (35, 48, 51). Bötzinger region (bregma at ⫺11.8
mm), pre-Bötzinger region (bregma at ⫺12.6 mm), and rVRG
(bregma at ⫺13.3 mm) were defined by an oval area 350 m wide and
500 m long, with the top centered on the ventral edge of the
ambiguus. Using ImageJ software, the region was outlined, and the
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region of interest was segmented such that the segments were judged
to represent true immunostaining using the nucleus ambiguus as a
standard between sections. The area of pixels containing segments
was calculated by the software, and the data are represented as
percentage of control, with control as 100%. All files were exported to
the Canvas 9 software-drawing program for final modifications. Photographs were taken with a 12-bit color charge-coupled device camera
(CoolSnap, Roper Scientific, Tuscon, AZ; resolution 1,392 ⫻ 1,042
pixels).
Computational model. The computational model used in this study
was adapted from the model presented in Barnett et al. (6), including
the presympathetic circuitry described in Baekey et al. (3) and Molkov
et al. (29). These models are ultimately based on the functional spatial
architecture of the respiratory pattern generator originally published
by Smith et al. (45) and recently reviewed by Molkov et al. (27),
where the neurons were modeled using a Hodgkin-Huxley formalism.
In this computational framework, the respiratory rhythm is organized
by three principle inhibitory populations [the early-inspiratory population (early I) in the pre-BötC, the postinspiratory population (post-I)
in the BötC, and the augmenting-expiratory population (aug-E) in the
BötC] and the excitatory preinspiratory/inspiratory population (preI/I) in the pre-BötC. In addition to the respiratory central pattern
generator (rCPG), this model includes the expiratory oscillator of the
pFRG and presympathetic circuitry in the rostral ventrolateral medulla
(RVLM), which integrates phase-spanning input from the pons and
the medullary respiratory circuits as well as late-E input from the
conditional pFRG expiratory oscillator. In this model, the RVLM was
considered to provide the pattern for the sympathetic motor output
(description in Refs. 3 and 29). The excitatory drives and the corresponding source populations are indicated in Table 1. We identified
key model parameters to describe the mechanisms that we attributed
to the decrease in inspiratory activity and suppression of active
expiration during hypercapnia in the SSP-SAP lesion experiments and
the suppression of active expiration in Kyn injection experiments.
The RTN chemosensory neuron population projects into the rCPG,
and it is thought to provide a critical component of tonic drive to the
inspiratory and the E2 phase neurons of the CPG. In the present
model, the CO2-sensitive RTN drive projects to the pre-I/I (pre-BötC),
early-I (1) (pre-BötC), and aug-E (BötC) populations. We implemented modulation of the RTN drive by CO2 percentage by multiplying the RTN input by the factor f(CO2) ⫽ 1.3␣ tanh(CO2/7.2),
where the coefficient ␣ takes value 0.5 during simulations of the
SSP-SAP condition and 1 otherwise. Unless noted, simulations of
eucapnia take place at 5% CO2, and simulations of hypercapnia take
place at 10% CO2. We implemented Kyn injections in the model as
the removal of the excitatory projection from the RTN drive to late-E
(pFRG) (Fig. 10). This change does not impact simulations during
eucapnia since the late-E (pFRG) population is not active during
eucapnia.

Statistics. Statistical analyses were performed using Sigma Stat
(version 3.0; Jandel Corporation, Point Richmond, CA). Data are
reported as means ⫾ SE. The normal distribution of the data was
verified with Shapiro-Wilk normality test. Changes in baseline activity elicited by SSP-SAP lesions or Kyn injections in the RTN or pFRG
regions were compared using unpaired and paired Student’s t-tests,
respectively. Effects of SSP-SAP or Kyn injections on the responses to hypercapnia were compared using two-way ANOVA
and repeated-measure one-way ANOVA, respectively, followed by
Newman-Keuls posttest. Cell counting was analyzed using oneway ANOVA, followed by Newman-Keuls posttest. Significance
was set at P ⱕ 0.05. Graphs were generated using GraphPad Prism
(version 6, La Jolla, CA).
RESULTS

Substance P saporin toxin selectively destroys the chemically coded neurons of the RTN region. Substance P-immunoreactive receptors were abundant in the region of RTN (Fig.
1A), in agreement with previous studies (37, 48, 51). After
bilateral injections (7–10 days) of SSP-SAP (0.6 ng/100 nl)
into the RTN (n ⫽ 6), we evaluated the intensity of the
NK1R-ir within the VMS as well as in 3 consecutive segments
of the VRC: the BötC, the pre-BötC, and the rVRG. The 0.6
ng/site dose of SSP-SAP markedly reduced the NK1R-ir within
the RTN region, as well as medial to it, i.e., at raphe pallidus/
parapyramidal [Fig. 1, A, B, and G–I; lesion side: 15 ⫾ 6% of
control animals (n ⫽ 6); P ⫽ 0.032]. A small but significant
reduction was also noted within the BötC, the region of the
VRC closest to the RTN (Fig. 1, C, D, and I; lesion side:
43 ⫾ 4% of control animals; P ⫽ 0.041), compared with
controls. No changes of NK1R-ir were detected further caudally within the VRC [Fig. 1, E, F, and I; pre-BötC: 82 ⫾ 11%
of control animals (P ⫽ 0.0845); rVRG lesion side: 99 ⫾ 6%
of control animals (P ⫽ 0.32)].
To further assess the selectivity of the lesions, we analyzed
Phox2b/TH-ir and TH-ir within the ventrolateral medulla of
SSP-SAP-injected rats. Figure 2 is a representative example
from a rat that had received a bilateral injection of 0.6-ng dose
of SSP-SAP within the RTN region. Phox2b⫹/TH⫺ neurons
were considerably reduced by 63 ⫾ 0.06%, whereas no significant changes were found in the number of TH⫹ neurons (Fig.
2, A–G). We also noted that the fraction of catecholaminergic
neurons that expressed detectable levels of Phox2b was also
unaffected by the toxin (Fig. 2F). This observation indicates
that SSP-SAP selectively killed the Phox2b⫹/TH⫺ neurons and

Table 1. The excitatory drives and the corresponding source populations considered in the model
Target Population

Excitatory Drive [Synaptic Weight] or Source Population [weight of synaptic input from single neuron]

IE (pons)
RVLM
aug-E (BötC)
early-I (1) (pre-BötC)
early-I (2) (rVRG)
late-E (pFRG)
post-I (BötC)
post-I (e) (BötC)
pre-I/I (pre-BötC)
ramp-I (rVRG)

post-I [0.35]; ramp-I [0.2]
Drive VLM [1]; IE [0.05]; early-I (2) [⫺0.01]; late-E [0.03]a; post-I [⫺0.05]
Drive pons [1.2]b; drive RTN [1.5]b,c; early-I (1) [⫺0.135]; late-E [0.03]; post-I [⫺0.3]
Drive pons [0.6]b; drive RTN [1.5]b,c; drive raphe [0.5]; aug-E [⫺0.265]; post-I [⫺0.45]; pre-I/I [0.05]
Drive pons [2.5]; aug-E [⫺0.25]; post-I [⫺0.75]b
Drive RTN [0.24]b,c; early-I (1) [⫺0.05]; post-I [⫺0.0275]; pre-I/I [0.013]; late-E [0.024]
Drive pons [1.45]b; early-I (1) [⫺0.025]
Drive pons [0.8]; aug-E [⫺0.3]; early-I (1) [⫺0.2]
Drive RTN [0.22]b; drive pons [0.65]; drive raphe [0.15]; aug-E [⫺0.01]; post-I [⫺0.19]; pre-I/I [0.02]
Drive pons [2]; aug-E [⫺0.1]; early-I (2) [⫺0.3]; post-I [⫺2]; pre-I/I [0.12]

aug-E, augmenting-expiratory population; BötC, Bötzinger complex; IE, inspiratory-expiratory; pFRG, parafacial respiratory group; post-I, postinspiration;
pre-I/I, preinspiratory/inspiratory; RTN, retrotrapezoid nucleus; rostral ventrolateral medulla, RVLM; rVRG, rostral ventral respiratory group. aNot present in
Baekey et al. (3); bdifferent from Barnett et al. (7); cmust be multiplied by f共CO2兲 depending on CO2 partial pressure (see METHODS).
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Fig. 1. Selectivity of the lesions induced by saporin-substance P conjugate (SSP-SAP) injection within the retrotrapezoid nucleus (RTN) region. Representative photomicrographs of rats treated with saline (control; A, C, E, and
G) or SSP-SAP (B, D, F, and H). Neurokinin-1 receptor
(NK1R)-immunoreactivity (ir) at the RTN (A and B), BötC
(C and D), pre-BötC (E and F), and raphe pallidus/parapyramidal (RPa/Ppy) (G and H) levels. Analysis of the extent
of NK1R-ir (I) in the regions observed in A–F. NK1R-ir in
SSP-SAP group is expressed as a percentage of the immunoreactivity observed in the control group. Scale bar ⫽ 0.5
mm. *Different from control group, P ⬍ 0.05. 7, facial
motor nucleus; Amb, nucleus ambigus; BötC, Bötzinger
complex; py, pyramide tract.

the resistance of TH⫹ neurons to SSP-SAP is consistent with
previous observations (12, 51, 54).
We also systematically examined the effect of SSP-SAP on
specific types of neurons located in the immediate proximity of

RTN. Based on ChAT immunoreactivity, the toxin had no detectable effect on facial motor neurons (Fig. 3, A, B, and G). The
nucleus ambiguus, dorsal motor nucleus of the vagus and the
hipoglossal nucleus were also spared, presumably because of its
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Fig. 2. Substance P-saporin conjugate (SSP-SAP) in the retrotrapezoid nucleus (RTN) reduces phox2b⫹/tyrosine hydroxylase (TH)⫺ neurons. Representative
photomicrographs of the RTN of rats treated with saline (control; A–C) or SSP-SAP (D–F). In A and D, phox2b-immunoreactivity nuclei appear in red (Cy3),
in B and E, TH appears in green (Alexa 488), and in C and F, merge is shown in yellow. Group data (G). *Different from control group, P ⬍ 0.05. Scale
bar ⫽ 100 m. 7, facial motor nucleus.

physical distance from the SSP-SAP injection site rather than by
a lack of sensitivity to the toxin, given that the nucleus ambiguus
expresses extremely high levels of NK1Rs (Fig. 3, C–G).
Sympathetic and respiratory activities in SSP-SAP-lesioned
rats at rest, under hypercapnia, and during peripheral chemoreceptor stimulation. In this series of experiments, we investigated the effects of bilateral lesions of the NK1-expressing
neurons of the RTN region with SSP-SAP on the respiratory
and sympathetic activities under eucapnia (baseline), during
hypercapnia (10% CO2), and during the stimulation of
peripheral chemoreceptors with injections of KCN in the in
situ preparations. At baseline conditions (Fig. 4A), preparations of SSP-SAP-lesioned rats (n ⫽ 6) showed, compared
with controls (n ⫽ 6): 1) similar PN burst amplitude
(16.2 ⫾ 3.8 vs. saline: 14.1 ⫾ 3.1 V) and frequency (20 ⫾
3 vs. control: 17 ⫾ 2 burst/min; Fig. 4B) and 2) reduced

inspiratory time (0.714 ⫾ 0.044 vs. control: 0.885 ⫾ 0.031 s;
P ⫽ 0.0145; Fig. 4C) and similar expiratory time (2.66 ⫾ 0.35
vs. control: 2.90 ⫾ 0.34 s; Fig. 4D). With respect to the
sympathetic activity, both groups of in situ preparations
showed respiratory-related bursts in tSN that peaked during
late-inspiration/beginning of postinspiration (Fig. 4A).
However, the magnitude of inspiratory/postinspiratory burst
was smaller in SSP-SAP-lesioned rats compared with controls (4.4 ⫾ 1.2 vs. control: 11.2 ⫾ 2.3 V; P ⫽ 0.0273;
Fig. 4E). The in situ preparations with lesions of NK1positive neurons in the RTN region also exhibited lower
levels of mean tSN during post-I (5.2 ⫾ 1.3 vs. saline:
10.34 ⫾ 2.0 V; P ⫽ 0.05) and late-E phases (4.9 ⫾ 1.0 vs.
saline: 8.5 ⫾ 1.2; P ⫽ 0.05).
Under hypercapnia, the PN burst amplitude, but not the
frequency, of in situ preparations of the control group in-
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Fig. 3. Selectivity of the lesions induced by substance
P-saporin conjugate (SSP-SAP) in the retrotrapezoid nucleus (RTN) region. Choline acetyl-transferase immunoreactivity (ChAT-ir) of rats treated with saline (control; A, C,
and E) or SSP-SAP (B, D, and F) at facial motor nucleus (7)
(A and B), nucleus ambiguus (Amb) (C and D), or dorsal
motor nucleus of the vagus (DMV) and hypoglossal motor
nucleus (12) (E and F). Note that cholinergic neurons seem
unaffected by the toxin. Group data (G). Each column
represents the total number of cholinergic neurons. Scale
bar ⫽ 100 m.

creased in association with the emergence of high-amplitude
bursts in the AbN activity during late-E phase (Fig. 5, A–D;
P ⬍ 0.05). Hypercapnia also elevated the tSN levels during
inspiration/postinspiration as well as brought about novel
bursts during late-E phase, associated with the occurrence of
late-E bursts in AbN (Fig. 5, B, E, and F; P ⬍ 0.01). In the
SSP-SAP group, the respiratory and sympathetic reflex responses to hypercapnia were remarkably depressed. Specifi-

cally, we verified that 1) the increase in the PN burst amplitude
was abolished (⌬ ⫽ 2 ⫾ 3% vs. control: 15 ⫾ 4%; P ⫽
0.0325; Fig. 5, B and C), with no significant changes in PN
burst frequency (⌬ ⫽ ⫺2 ⫾ 2 vs. control: 3 ⫾ 2 burst/min), 2)
the amplitude of AbN late-E bursts decreased (⌬ ⫽ 15 ⫾ 8%
vs. control: 36 ⫾ 4%; P ⫽ 0.04; Fig. 5, B and D), 3) the
increase in tSN during inspiration/postinspiration was smaller,
albeit not statistically significant (⌬ ⫽ 16 ⫾ 8% vs. control:
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Fig. 4. Baseline respiratory and sympathetic activities of in situ rat preparations
with lesions of neurokinin-1 receptor-expressing neurons in the retrotrapezoid
nucleus (RTN). A: cycle-triggered averages of integrated (兰) phrenic nerve
(PN) and thoracic sympathetic nerve (tSN) activities of representative preparations that received injections of saline (control) or substance P-saporin
conjugate (SSP-SAP). The dotted lines delineate the respiratory phases: inspiration (insp), postinspiration (post-I), and late-expiration (late-E). B–E: average values of PN burst frequency, times of inspiration (Ti) and expiration (Te),
and respiratory-related burst of tSN observed during insp/post-I phases, respectively, of control (n ⫽ 6) and SSP-SAP groups (n ⫽ 6). *Different from
control group, P ⬍ 0.05.

39 ⫾ 7%; P ⫽ 0.0572; Fig. 5, B and E), and 4) the increase in
tSN activity during late-E was attenuated (⌬ ⫽ 13 ⫾ 7% vs.
control: 49 ⫾ 7%; P ⫽ 0.05; Fig. 5, B and F).
With respect to peripheral chemoreflex stimulation, injections of KCN accelerated PN burst frequency and increased
AbN and tSN activities of in situ preparations of control and

SSP-SAP rats (Fig. 6A). The magnitude of PN frequency
(⌬ ⫽ 30 ⫾ 4 vs. 25 ⫾ 4 burst/min, Fig. 6B), AbN (⌬ ⫽
185 ⫾ 30% vs. 189 ⫾ 42%, Fig. 6C), and tSN responses
(⌬ ⫽ 120 ⫾ 26% vs. 112 ⫾ 18%, Fig. 6D) was similar between groups. Noteworthy, during peripheral chemoreceptor
stimulation, late-E bursts were observed in the AbN activity of
SSP-SAP group (Fig. 6A) but were attenuated during the
exposure to hypercapnia (Fig. 5, B and D).
Effects of bilateral injection of Kyn in the pFRG on respiratory and sympathetic outflows. The next experiments were
designed to determine whether the activation of pFRG during
hypercapnia depends on glutamatergic synapses. Bilateral Kyn
injections were then performed in the pFRG (100 mM), and the
effects on hypercapnia-induced changes in PN, AbN, and tSN
activities of in situ preparations were evaluated (Fig. 7). With
respect to baseline parameters, the antagonism of glutamatergic receptors in the pFRG with Kyn microinjections did not
alter resting perfusion pressure (74 ⫾ 4 vs. before injections:
77 ⫾ 4 mmHg), PN burst frequency (27 ⫾ 4 vs. before injections: 21 ⫾ 2 burst/min), and amplitude (12.4 ⫾ 5.2 vs. before
injections: 12.6 ⫾ 4.4 V), AbN mean activity (5.8 ⫾ 0.5 vs.
before injections: 6.1 ⫾ 0.7 V), and tSN inspiratory/postinspiratory activity (17.3 ⫾ 4.3 vs. before injections: 15.2 ⫾ 3.8
V) of in situ preparations (n ⫽ 7).
The raise of the CO2 fractional concentration in the perfusate
to 8% increased the PN burst amplitude (139 ⫾ 23 vs. baseline
92 ⫾ 17 V; ⌬ ⫽ 43 ⫾ 11%; P ⫽ 0.0169; Figs. 7, A and B and
8A), reduced the PN burst frequency (16 ⫾ 1 vs. baseline:
23 ⫾ 1 burst/min, P ⫽ 0.0041; Figs. 7B and 8B), did not
produce significant changes in the inspiratory time (0.790 ⫾
0.034 vs. baseline: 0.852 ⫾ 0.044 s; Fig. 8C), prolonged the
expiratory time (3.121 ⫾ 0.260 vs. baseline: 1.832 ⫾ 0.183 s;
P ⫽ 0.0078, Fig. 8D), and evoked late-E bursts in the AbN
activity (6.8 ⫾ 0.7 vs. baseline 9.3 ⫾ 0.8; ⌬ ⫽ 29 ⫾ 7%; P ⫽
0.0298; Figs. 7, A and B and 8E). Hypercapnia also increased
the levels of SN activity during inspiration/postinspiration
(14.3 ⫾ 0.9 vs. baseline 12.6 ⫾ 0.9; ⌬ ⫽ 17 ⫾ 2%, P ⫽
0.0042; Figs. 7B and 9, A and B) and generated novel bursts in
the tSN during late-E phase (9.9 ⫾ 0.6 vs. baseline 12.8 ⫾ 1.2;
⌬ ⫽ 39 ⫾ 10%, P ⫽ 0.0412; Figs. 7B and 9, A–C). During
hypercapnia, a significant decrease in the perfusion pressure
was also noted (65 ⫾ 2 vs. baseline: 74 ⫾ 3mmHg; P ⫽
0.0029, Figs. 7, A and B and 9D).
Bilateral injections of Kyn in the pFRG region during
hypercapnia (Fig. 7A) slightly attenuated the increase in the PN
burst amplitude (⌬ ⫽ 38 ⫾ 17%, Figs. 7, A and B and 8A),
restored the PN burst frequency (22 ⫾ 2 burst/min; Figs. 7B
and 8B), decreased the inspiratory time (0.728 ⫾ 0.035 s; P ⫽
0.0228; Fig. 8C) and normalized the expiratory time (2.205 ⫾
0.264 s; Fig. 8D). Remarkably, the antagonism of glutamate
receptor in the pFRG region markedly reduced the late-E bursts
in AbN (⌬ ⫽ 4 ⫾ 6%; Figs. 7, A and B and 8E) and tSN
(⌬ ⫽ 14 ⫾ 11%; Figs. 7A and 9, A and C). No changes were
observed in the augmented tSN activity during inspiratory/
postinspiratory period (⌬ ⫽ 22 ⫾ 7%; P ⫽ 0.0489; Fig. 9, A
and B). Kyn injections in the pFRG region produced a further
reduction in the perfusion pressure (⌬ ⫽ 59 ⫾ 2 mmHg; P ⫽
0.0405; Figs. 7, A and B and 9D). All injection sites in the
pFRG region were located ventral to the caudal pole of the
facial nucleus (Fig. 8F), approximately between ⫺11.52 and
⫺11.78 mm relative to bregma (40). Complete recovery from
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Fig. 5. Respiratory and sympathetic reflex responses to hypercapnia of in situ rat preparations with lesions of neurokinin-1 receptor-expressing neurons in the
retrotrapezoid nucleus (RTN). A: raw and integrated (兰) recordings of the abdominal nerve (AbN), thoracic sympathetic nerve (tSN), and phrenic nerve (PN) from
representative preparations of control and saporin-substance P conjugate (SSP-SAP) groups, illustrating the responses to hypercapnia (10% CO2 for 5 min, gray
box). Note that the scales for AbN and tSN recordings from control and SSP-SAP in situ preparations are different. B: cycle-triggered averages of integrated
AbN, tSN, and PN activities of representative preparations of control and SSP-SAP groups, showing the pattern of activities during eucapnia (basal) and
hypercapnia (10% CO2). Note that hypercapnia evoked late-expiration (late-E) bursts in AbN and tSN in the control preparation, which is markedly depressed
in SSP-SAP preparation (arrows). C–F: average variations (⌬) of PN burst amplitude, AbN activity during late-E phase, tSN during inspiration/postinspiration,
and late-E, respectively, of control (n ⫽ 6) and SSP-SAP groups (n ⫽ 6). *Different from control group, P ⬍ 0.05.

the effects of bilateral injections of Kyn occurred within 60
min (responses in relation to baseline; ⌬PN freq: ⫺6 ⫾ 2
burst/min; ⌬PN amp: 26 ⫾ 8%; ⌬AbN late-E: 27 ⫾ 5%; ⌬tSN
insp/post-I: 20 ⫾ 4%; ⌬tSN late-E: 20 ⫾ 9%, P ⬍ 0.05).
The pFRG receives inputs from the RTN phox2b-positive
neurons. Three cases with a CTb injection in the pFRG were
analyzed to visualize retrograde labeling in the RTN region
(Fig. 10A). The distribution of representative CTb injections
centered on the pFRG of three rats is shown in Fig. 10E.
Phox2b-ir was used to identify the chemosensitive RTN neurons (Fig. 10C). RTN phox2b-expressing neurons with projections to the pFRG were labeled with CTb 7 to 10 days before
the analysis. To characterize the RTN neurons that project to
pFRG, a series of 40-m thick coronal slices were analyzed,
and cells were counted in 7 levels of RTN region (from ⫺10.16

to ⫺11.60 mm relative to Bregma) to include the lowest possible
amount of catecholaminergic neurons in the RVLM/C1 neurons.
A considerable number of retrogradely labeled neurons (CTb-ir)
was found in the RTN region (Fig. 10, A and F), particularly in the
VMS. Interestingly, as illustrated in Fig. 10, D and F, within the
RTN region, the majority of retrogradely CTb-labeled neurons
were immunoreactive for phox2b. We found from a total of
89 ⫾ 41 CTb-ir neurons, 83 ⫾ 38 phox2b-ir neurons that project
to pFRG region (Phox2b-ir/CTb-ir), representing 93% (Fig. 10F),
suggesting that chemically coded RTN cells project laterally to the
pFRG.
Modeling and simulations. The SSP-SAP and Kyn experiments were implemented in the framework of our computational model to provide a theoretical explanation of the excitatory mechanism required for the emergence of active expira-
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Fig. 6. Respiratory and sympathetic reflex
responses to stimulation of peripheral
chemoreceptors of in situ rat preparations
with lesions of neurokinin-1 receptor-expressing neurons in the retrotrapezoid nucleus (RTN). A: raw and integrated (兰) recordings of the abdominal nerve (AbN), thoracic sympathetic nerve (tSN), and phrenic
nerve (PN) from representative preparations
of control and saporin-substance P conjugate
(SSP-SAP) groups, illustrating the transient
responses to peripheral chemoreceptor stimulation (KCN, 0.05%, arrows). Note the
presence of late-expiration (late-E) bursts in
AbN activity of control and SSP-SAP preparations during peripheral chemoreceptor activation. B–D: average variations (⌬) of PN
burst frequency and mean AbN and tSN
activities, respectively, of control (n ⫽ 6)
and SSP-SAP groups (n ⫽ 6).

tion. Previously, we described central chemoreception as a
tonic CO2-sensitive drive originating from the RTN (26, 29),
and the emergence of active expiration during hypercapnia was
attributed to an increase in the magnitude of this drive to the
late-E population in the pFRG (Fig. 11). In the model, the
late-E (pFRG) population is under phase-spanning inhibitory
control from the rCPG (26, 43). During hypercapnia, an increase in CO2-sensitive RTN drive allows the late-E (pFRG)
population to reach activation threshold at the end of expiration, at which time inhibition from the decrementing post-I
(BötC) population becomes weak enough for the late-E population to activate. These late-E busts are visible in both the
AbN, whose pattern in the model is formed solely by a
projection from late-E (pFRG), and the tSN, whose pattern is
formed by the RVLM.
We attributed the suppression of late-E activity during hypercapnia observed in the SSP-SAP experiments and the Kyn
experiments to a perturbation of the RTN drive, and such
perturbations are formulated in the context of our computational model of the rCPG and the expiratory oscillator. The
SSP-SAP manipulation was implemented in the model as an
overall decrease in the CO2-sensitive RTN drive by 50% (see
METHODS) (Fig. 11). In the rCPG, this change affected both
the inspiratory pre-I/I (pre-BötC) and early-I (pre-BötC) populations as well as the expiratory aug-E (BötC) population in a
relatively balanced fashion. The Kyn manipulation was implemented in the model by eliminating the projection from RTN
to late-E (pFRG) (Fig. 11).

Decrease in balanced excitatory input from the RTN to the
rCPG decreases baseline inspiratory duration and amplitude
in motoneuron output. Our model reproduced the change to
inspiratory parameters of motoneuron output following RTN
neuron lesions with SSP-SAP (Fig. 12). In the present model,
the RTN lesion manipulation was designed to reduce drive to
both expiratory and inspiratory populations in a balanced
fashion: reduced drive to aug-E (BötC) prevents expiration
time from increasing substantially and reduced drive to earlyI/I (1) (pre-BötC) and pre-I/I (pre-BötC) allows the inspiratory
duration to shrink. In this way, the strong reduction of RTN
input to the CPG in the SSP-SAP simulation does not abolish
the three-phase rhythm. The results of these manipulations are
visible in the CPG activity and motoneuron output; both
inspiratory activity and aug-E bursts are diminished (Fig. 12).
The duration and amplitude of the PN burst is reduced, and the
amplitude of inspiratory component of tSN activity is reduced
(Fig. 12).
Active expiration is suppressed by reduction or removal of
the RTN drive to the pFRG. The model reproduced the suppression of active expiration observed during hypercapnia in
the SSP-SAP experiments. In all simulations, the CO2-sensitive RTN drive was increased from the respective baseline to
implement hypercapnia (see METHODS for details) and induce
the emergence of late-E activity characteristic to active expiration (Fig. 13). These late-E bursts are visible in both the AbN
and tSN outputs. In the control simulation of hypercapnia, an
increase in drive from the RTN allows the late-E (pFRG)
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Fig. 7. Respiratory and sympathetic reflex responses to hypercapnia after the antagonism of glutamatergic receptors in the parafacial respiratory group (pFRG).
A: recordings of perfusion pressure (PP) and raw and integrated (兰) activities of the abdominal nerve (AbN), thoracic sympathetic verve (tSN), and phrenic nerve
(PN) from a representative preparation, illustrating the effects of bilateral kynurenic acid (Kyn) injections in the pFRG region (arrows) on the respiratory and
sympathetic reflex responses to hypercapnia (8% CO2, gray box). B: expanded recordings from A, demonstrating the level of PP and the pattern of AbN, tSN,
and PN during eucapnia (basal), hypercapnia (8% CO2), and after the injections of Kyn in the pFRG (8% CO2 ⫹ Kyn). Note the emergence of late-expiration
bursts in AbN and tSN during hypercapnia (arrows), which were markedly attenuated after the antagonism of glutamatergic receptors in the pFRG.

population to reach threshold at the end of expiration, as
inhibition from post-I (BötC) is diminished over time. However, in simulations of the SSP-SAP experiments performed in
hypercapnia, where the RTN drive is substantially weakened,
the CO2 drive is not great enough during hypercapnia for the
late-E (pFRG) population to reach activation threshold. Also,
with the reduction of RTN drive, the inspiratory and sympathetic responses diminish (Fig. 13).
The model also reproduced the suppression of active expiration following the antagonism of glutamatergic neurotransmission with Kyn in the pFRG. In this simulation, there is no
manipulation to the RTN integrity or sensitivity of the RTN to
hypercapnia, but the projection from the RTN to the late-E
(pFRG) population is removed (Fig. 11). Here, the pFRG
population does not receive RTN drive during hypercapnia,

and there is no mechanism for it to overcome expiratory
inhibition from the rCPG (Fig. 13). Consequently, no late-E
activity is observed in the AbN and tSN outputs. In contrast,
the increase in PN amplitude and in the inspiratory-related
component of tSN is preserved (Fig. 13).
Apneic threshold is increased by reduction of the RTN drive.
Previous studies reported an increase in the apneic threshold in
animals subjected to lesions of NK1R-expressing neurons in
the RTN (51). This model also reproduces these previous
results (Fig. 14). We performed simulations in which the CO2
percentage was a linear function of time that swept the parameter space from extreme hypocapnia through eucapnia into
hypercapnia. In the control model, inspiratory bursts were
observed at the RTN drive value that corresponded to 1% CO2,
and regular respiratory activity was observed beginning at ~2%
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Fig. 8. Effects of glutamatergic receptor antagonism in the parafacial respiratory group (pFRG) on the respiratory responses to hypercapnia. Average values of
phrenic nerve (PN) burst amplitude (A) and frequency (B), times of inspiration (C) and expiration (D), and abdominal nerve (AbN) (E) late-expiration activity
of in situ rat preparations (n ⫽ 7) during eucapnia (basal), hypercapnia (8% CO2), and after the injections of Kyn in the retrotrapezoid nucleus (RTN) (8% CO2 ⫹
Kyn). *Different from basal values, P ⬍ 0.05. F: schematic drawing combined with a photomicrography of a coronal section from a representative in situ
preparation, illustrating the sites of injections (black dots) and pipette tracks (arrows) in the pFRG region. 7, facial nucleus; Rpa, raphe pallidus; sp5, spinal
trigeminal tract.

CO2. In this model, late-E abdominal bursts appeared at ~7%
CO2. In the SSP-SAP model, the RTN drive became sufficient
to initiate inspiratory bursts at ~2% CO2, but regular respiratory activity did not appear until ~4% CO2. Active expiration
did not appear in the SSP-SAP simulations, even at 10% CO2.
DISCUSSION

In conditions of elevated levels of inspired CO2, chemosensitive cells in the central nervous system are stimulated and
provide excitatory drive to rCPG and sympathetic nervous
system to generate respiratory and autonomic responses. Recent studies identified that during hypercapnia, expiration
transforms into an active process, with the generation of late-E
bursts in the abdominal motor activity (1, 29). The emergence
of active expiration during hypercapnia has been suggested as
an important step to increase pulmonary ventilation (28), as
well as to introduce novel respiratory-related discharge bursts
in the sympathetic activity (29). In the present study, we
present new physiological and neuroanatomical evidence that
supports the notion that the phox2b-expressing neurons of the
RTN region interact with the functionally distinct neurons of
the pFRG to provide the excitatory drive necessary for the
generation of active expiration and sympathoexcitation in rats.
SSP-SAP toxin destroys RTN chemosensitive cells and reduces baseline respiratory and sympathetic activities. Previous
studies demonstrated that the SSP-SAP selectively destroys

neurons that express NK1R and spares neurons that express
other types of substance P receptors (12, 37, 48, 51, 54).
Although very little NK1R-immunoreactivity associated with
neuronal cell bodies is visible in the RTN, some form of
neurokinin receptor is present on the surface of the phox2bpositive neurons because these cells are strongly activated by
substance P both in vitro and in vivo (35, 48). At the dose used
in the present study, we found that the SSP-SAP microinjections eliminated ~85% of NK1R-expressing neurons and ~63%
of phox2b-positive neurons in the RTN. Importantly, our
SSP-SAP microinjections did not cause lesions of cholinergic
neurons in the facial motor nucleus, nucleus ambiguus, dorsal
motor nucleus of the vagus, and hypoglossal motor nucleus.
Reductions in the NK1R immunoreactivity were also noted in
the pyramidal tract, which contains neurons that extend their
dendrites into the RTN region. However, studies demonstrated
that these neurons do not play a significant role in the responses
to hypercapnia (36). SSP-SAP microinjections in the RTN also
reduced the expression of NK1R in the BötC/RVLM region.
Previous studies reported that C1 neurons of RVLM express
NK1Rs and are responsive to substance P (21). There is also
evidence suggesting that part of expiratory neurons of the BötC
may express NK1R (11). Importantly, we verified that our
SSP-SAP microinjections in the RTN did not cause significant
reductions of C1 neurons (phox2b⫹/TH⫹). Based upon that,
we speculate that SSP-SAP microinjections in the RTN caused
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Fig. 9. Effects of glutamatergic receptor antagonism in the parafacial respiratory group (pFRG) on the pattern of sympathetic activity during hypercapnia. A:
cycle-triggered averages of integrated (兰) abdominal nerve (AbN), thoracic sympathetic nerve (tSN), and phrenic nerve (PN) activities of a representative
preparation, showing the tSN burst pattern during eucapnia (basal, A), hypercapnia (8% CO2), and after injections of kynurenic acid (Kyn) in the pFRG (8% CO2 ⫹
Kyn) of in situ preparations (n ⫽ 7). Note that hypercapnia amplified tSN during inspiratory/postinspiratory periods and introduced a novel burst during late-expiration
(late-E) phase (arrows). The latter was associated with the emergence of late-E bursts in abdominal activity (AbN). B–D: average values of tSN during
inspiratory/postinspiratory and late-E phases and of perfusion pressure (PP) respectively. *Different from basal, P ⬍ 0.05; #different from CO2, P ⬍ 0.05.

lesions of some non-C1 and expiratory neurons in the RVLM/
BötC region, which cannot be ruled out as an additional
mechanism contributing to the changes in respiratory and
sympathetic activities in SSP-SAP-lesioned rats. However,
different from our experiments, nonselective inhibition of the
BötC/RVLM region markedly depresses the respiratory rhythm
and attenuates the respiratory and sympathetic responses to a
peripheral chemoreceptor (23, 32). Therefore, despite of the
reduction of NK1R-ir in the BötC/RVLM region, we consider
that the observed changes in respiratory and sympathetic activities in SSP-SAP lesioned rats were mainly dependent on
reductions of phox2b-expressing neurons in the RTN region.
The in situ preparations of rats with lesions of NK1Rexpressing neurons in the RTN exhibited reduced phrenic burst
duration at resting eucapnic conditions. In adult unrestrained
awake rats, bilateral injections of SSP-SAP in the RTN diminished baseline tidal volume (37, 48). Therefore, we suggest that
the shorter inspiratory time may be a mechanism contributing
to reduced tidal volume observed in vivo after SSP-SAP
injections in the RTN. We proposed that these changes in
resting inspiratory activities produced by bilateral injections of
SSP-SAP into the RTN are likely due to the loss of the
phox2b-expressing neurons in this area, with consequent reductions of CO2-dependent excitatory drive to rCPG (24, 29).

In association with the reduced inspiratory activity, we identified that in situ preparations of SSP-SAP-lesioned rats exhibited lower baseline sympathetic activity and weaker respiratory-related bursts. There is evidence indicating that baseline
respiratory modulation of sympathetic activity is mainly determined by respiratory inputs to C1 neurons of RVLM (25, 33).
By the fact that our SSP-SAP microinjections in the RTN did
not cause lesions of C1 neurons in the RVLM, we suggested
that the reduced CO2 drive from RTN to rCPG also contributes
to depress the respiratory-related bursts in sympathetic activity.
These observations agree with our previous findings showing
that acute pharmacological inhibition of the RTN (with injections of GABAA receptor agonist) reduced phrenic and sympathetic activities (32, 50).
Retrotrapezoid chemosensitive neurons drive active expiration and expiratory-sympathetic coupling during hypercapnia.
Accumulating evidence supports the notion that the RTN
neurons are intrinsically sensitive to CO2/H⫹ (36, 55) and
necessary for the central chemoreception (19, 47, 50). In
adult rats, bilateral injections of SSP-SAP in the RTN
resulted in a significant reduction of the number of phox2b
neurons, accompanied by a large reduction of the sympathetic and ventilatory responses to hypercapnia (37, 48, 51).
Herein, we found that SSP-SAP microinjections in juvenile
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Fig. 10. Projections from retrotrapezoid nucleus (RTN) to parafacial respiratory group
(pFRG) revealed by retrograde tracer. A:
photomicrographies showing the typical injection site of the retrograde tracer cholera
toxin subunit b (CTb) in the pFRG region.
B–D: examples of neurons retrogradely labeled from the pFRG (CTb, B) and Phox2bimmunoreactivity (C) located in the RTN
and colocalized (D). B=–D=: higher magnification of the region outlined in B–D. E:
computer-generated plot of three injections
of CTb that were confined to the pFRG,
bregma level ⫺11.36 to ⫺11.12 mm, according to Paxinos and Watson (40). F: total
number of RTN neurons (n ⫽ 3) detected in
seven sections per brain (CTb and CTb ⫹
Phox2b neurons). Scales bar ⫽ 0.5 mm in A,
50 m in D, 10 m in D=, and 1 mm in E. 7,
facial motor nucleus; py, pyramide; sp5, spinal trigeminal tract.

rats elicited a significant reduction of phox2b⫹ neurons in
the RTN region (~63%) and greatly attenuated the increase
in phrenic burst amplitude elicited by high CO2 in the in situ
preparations, confirming previous observations. Additionally, we found that the expiratory response to hypercapnia
was markedly reduced after lesions of NK1R-positive neurons of the RTN. Considering that the recruitment of expiratory pumping muscles is an important mechanism to
enhance pulmonary ventilation, mainly contributing to increased tidal volume (17, 20), our data indicate that the
reduced ventilatory response to hypercapnia in SSP-SAPlesioned rats results from attenuation of both inspiratory and
expiratory motor activities. We also verified that in the
absence of anesthesia, the sympatho-excitatory response to
hypercapnia was attenuated in SSP-SAP-lesioned rats. This
reduction was associated with significant reductions of the
inspiratory- and expiratory-related components of sympathetic activity during hypercapnia. Taken together, our data
further support that chemosensitive neurons of the RTN play
a critical role in processing the inspiratory, expiratory, and
sympathetic adjustments under hypercapnia.
There is evidence showing that part of the pFRG neurons
also express NK1R (14). Studies performing viral injections
in the pFRG region to express the Gq-coupled HM3D

DREADD receptor in the NK1R-expressing neurons suggest
that the stimulation of NK1R-positive neurons of the pFRG
is able to increase both diaphragm and abdominal expiratory
activities (15). Although this previous study has not functionally characterized the pFRG neurons that express NK1R
(chemosensitive vs. expiratory), one might speculate that
the elimination of active expiration elicited by hypercapnia
in SSP-SAP-lesioned rats was consequent to lesions in some
of the pFRG expiratory neurons. However, we found that
stimulation of peripheral chemoreceptors in SSP-SAP-lesioned rats was able to rescue abdominal late-E activity,
which was significantly reduced during hypercapnia. These
findings indicate that the expiratory neurons of the pFRG
were not lesioned by the microinjections of SSP-SAP, and
their activation during hypercapnia was markedly attenuated
by the loss of NK1R-expressing chemosensitive neurons in
the RTN region.
Glutamatergic neurotransmission within the pFRG region is
necessary for the emergence of active expiration and sympathetic overactivity during hypercapnia. Previous studies by
Huckstepp and colleagues (14), using ubiquitous viral transfection approaches, demonstrated that activation of neurons
located ventromedial to the caudal pole of the facial nucleus,
corresponding to the region where the RTN phox2b⫹ neurons
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Fig. 11. Model connectivity diagram and manipulations.
Our model of the respiratory and sympathetic circuitry
includes structures in the pons, the ventral respiratory
column (VRC), the retrotrapezoid nucleus (RTN), and
the parafacial respiratory group (pFRG). Orange circles
and blue circles, respectively, represent excitatory and
inhibitory neuronal populations. Solid green triangles
represent sources of tonic drive. Orange and blue solid
arrows, respectively, represent excitatory and inhibitory
synaptic projections; solid green arrows indicate the
distribution of tonic drive. The details of tonic drive
distribution [e.g., from drive RTN, drive Pons, and drive
ventrolateral medulla (VLM)] can be found in Table 1.
Brown circles indicate motoneuron output. The included neural populations are the early inspiratory [early-I (1)] and preinspiratory/inspiratory (pre-I/I) populations of the pre-Bötzinger complex (pre-BötC), the
inhibitory postinspiratory (post-I), excitatory postinspiratory [post-I (e)], and the augmenting expiratory
(aug-E) populations of the BötC, the ramping inspiratory (ramp-I) and early inspiratory [early-I (2)] populations of the rostral ventral respiratory group (rVRG), the
inspiratory-expiratory phase spanning (IE) population
of the pons, the late expiratory (late-E) population of the
pFRG, and the presympathetic population of the rostral
VLM (RVLM). We have implemented experimental
manipulations in the model by updating certain model
parameters. For example, the galf-filled green triangle
indicates a source of tonic drive that is impaired to
reproduce saporin-substance P conjugate (SSP-SAP)
lesion experiments. Projections that have been removed
to simulate glutamatergic blockade are indicated as a
dashed line. AbN, abdominal nerve activity; CPG, central pattern generator; cVN, central vagus nerve activity;
HN, hypoglossal nerve activity; Kyn, kynurenic acid;
PN, phrenic nerve activity; tSN, thoracic sympathetic
nerve activity.

reside, stimulates both inspiratory and expiratory motor activities, whereas activation of neurons located lateral to the caudal
part of facial nucleus, corresponding to the pFRG, increases
mostly the abdominal expiratory activity. In our study, we
found that the antagonism of glutamatergic receptors in the
pFRG during hypercapnia markedly attenuated the late-E
bursts in the AbN and tSN activities but did not modify the PN
response as well as the inspiratory-related bursts in the tSN
activity. This pattern of response differs from the responses
obtained in rats that received SSP-SAP injections in the RTN,
in which all respiratory and sympathetic responses to hypercapnia were attenuated. These findings strongly support the
notion that the RTN and the pFRG are two functionally distinct
populations of neurons, i.e., one responsible for the detection
of CO2/H⫹ levels, presumably through intrinsic chemosensitive properties that are not affected by Kyn injections, and
another responsible for the generation of active expiration,
which requires glutamatergic neurotransmission to be recruited
during hypercapnia. Interestingly, our anatomical data demonstrate the existence of projections from phox2b neurons to the
pFRG region. We cannot rule out the possibility that some
retrogradely labeled phox2b neurons might have picked up the

dye by distal dendrites that reached the injection area. However, these anatomical data, in conjunction with our functional,
indicate for the first time that the RTN and pFRG neurons form
a microcircuitry where the RTN phox2b-positive neurons send
glutamatergic inputs to the pFRG and thus stimulate the late-E
neurons under high levels of CO2. These novel data help us
advance our understating of the neurochemical mechanisms
required to recruit the expiratory oscillator and generate the
pattern of active expiration under physiological stimulation.
In addition to active expiration, the glutamatergic neurotransmission in the pFRG region also contributes to the
sympathoexcitatory response to high CO2. It is suggested that
excitatory inputs from the RTN neurons to the presympathetic
neurons of the RVLM are a major drive to increase sympathetic outflow during hypercapnia (34, 49). However, our data
showing that microinjections of Kyn in the pFRG attenuated
the late-E bursts in tSN during high CO2, but not the amplification in the inspiratory-related burst, suggest that both RTN
and pFRG neurons may interact with RVLM neurons. In this
scenario, we propose that excitatory drive from the chemosensitive population may provide a tonic excitatory component to
the RVLM and contribute to amplify the overall sympathetic
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Fig. 12. Simulations of eucapnia control and saporin-substance P conjugate
(SSP-SAP) conditions. Motoneuron output for the phrenic nerve (PN), the
thoracic sympathetic nerve (tSN), and the abdominal nerve (AbN) are presented for the control simulation and the simulation of animals with SSP-SAP
retrotrapezoid nucleus (RTN) lesions. Select neuronal populations included are
the preinspiratory/inspiratory (pre-I/I) population of the pre-Bötzinger complex (pre-BötC), the postinspiratory and augmenting expiratory populations of
the BötC, the presympathetic population of the rostral ventrolateral medulla
(RVLM), and the late-expiratory (late-E) population of the parafacial respiratory group (pFRG).

activity, including the inspiratory/postinspiratory component,
whereas excitatory inputs from the pFRG, driven by the RTN,
are determinant to increase RVLM and sympathetic activities
specifically during late-E phase. Although additional experiments are still required to confirm anatomical connections
between the pFRG and the RVLM, previous studies have
evidenced an association between the recruitment of expiratory
neurons of the pFRG and the emergence of increased discharge
frequency of the RVLM presympathetic neurons during late
expiratory phase (30, 31), supporting our hypothesis. Importantly, by the fact that the elimination of late-E bursts in tSN
was accompanied by a reduction in the perfusion pressure of in
situ preparations, we propose that this expiratory-related burst
is functionally relevant and contributes to increased vascular
resistance during hypercapnia.

Fig. 14. In simulation, the control model is more sensitive to CO2 concentration. Motoneuron output for the phrenic nerve (PN) and the abdominal nerve
(AbN) are depicted for simulations with gradually increasing CO2 partial
pressure for the control model and the saporin-substance P conjugate (SSPSAP) lesion model. CO2 partial pressure is incremented in steps of 0.25% from
0% to 10%. Lightly shaded regions emphasize activity at 1%, 3%, 5%, 8%, and
10% CO2.

The theoretical model predicts the interactions among RTN/
pFRG, rCGP, and RVLM during hypercapnia. In simulation,
we demonstrated that an overall reduction in the output and
sensitivity to CO2 of the RTN was sufficient to reproduce the
absence of active expiration in lesion experiments. The experimental condition of lesioned NK1R-expressing chemosensitive neurons in the RTN was simulated in our model by
reducing CO2-dependent drive to other compartments by 50%.
This value best reproduced our experimental data obtained in
situ as well as the increase in apneic threshold reported in vivo
(51). In our experimental conditions, the NK1R immunoreactivity in SSP-SAP treated rats was reduced, on average, to 15%
that of control animals (Fig. 1). The apneic threshold in situ is
generally found between 1% and 3% perfusate CO2 (29),
which is ~40% of the eucapnic level. However, we found that
SSP-SAP-lesioned rats did not experience respiratory failure at
eucapnia despite the significantly reduced input from the RTN.
In the model, reductions in the RTN drive to levels comparable
to the change in immunoreactivity would substantially impair
the respiratory rhythm. Therefore, we speculate that there may
be other sources of excitatory drive in the RTN to the respi-

Fig. 13. Simulations of hypercapnia control, saporinsubstance P conjugate (SSP-SAP) and kynurenic acid
(Kyn) conditions. Motoneuron output for the phrenic
nerve (PN), the thoracic sympathetic nerve (tSN), and
the abdominal nerve (AbN) are presented for the control
simulation, the simulation of animals with SSP-SAP
retrotrapezoid nucleus (RTN) lesions, and the simulation of parafacial respiratory group (pFRG) Kyn injections. Select neuronal populations included are the preinspiratory/inspiratory (pre-I/I) population of the preBötzinger complex (pre-BötC), the postinspiratory and
augmenting expiratory populations of the BötC, the
presympathetic population of the rostral ventrolateral
medulla (RVLM), and the late-expiratory (late-E) population of the parafacial respiratory group (pFRG).
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ratory CPG that do not express NK1R and therefore are not
prone to SSP-SAP.
As a consequence of the reduction in the RTN drive to all
compartments (SSP-SAP simulations), 1) the inspiratory
motor output as well as the inspiratory-related burst amplitude in the sympathetic output decreased, and 2) active
expiration and the late-E sympathetic activity under hypercapnia were suppressed. Thus, the proposed connections in
the model successfully accommodated the experimental observations obtained from Kyn injections in the pFRG, by
reducing the excitatory RTN input to the pFRG. With this,
baseline and hypercapnia-induced inspiratory-related activity in the phrenic and sympathetic outputs were preserved,
whereas the late-E activity in the abdominal and sympathetic output was abolished. The model, therefore, qualitatively and quantitatively reproduces all experimental findings of the present study, thus substantiating the underlying
assumptions about RTN and pFRG circuit organization and
their role in the formation of abdominal and sympathetic
motor output during hypercapnia.
In our computational model, the RTN sends excitatory
input to inspiratory [early-I (pre-BötC) and pre-I/I (preBötC)] and expiratory populations [aug-E (BötC) and late-E
(pFRG)] to provide the CO2-dependent drive to breath, as
seen in vivo. In agreement with previous observations (2,
29), the respiratory-sympathetic coupling is suggested to be
generated through connections between the sympathetic
RVLM population with the VRC neurons and the phasespanning pontine neurons. With the elevation of the RTN
drive (to mimic hypercapnia condition), the respiratory and
sympathetic activities are enhanced due to excitation of
neuronal populations in the BötC, pre-BötC, and RVLM.
With respect to the late-E component, the RTN-pFRG interaction (verified experimentally in our present study) was
suggested to provide the necessary excitatory drive to the
late-E (pFRG) population that overcame the inhibition to the
pFRG [presumably from the post-I (BötC) and early-I (preBötC) populations] and generate the late-E discharges in the
abdominal activity. The emergence of the late-E (pFRG)
population also brought about late-E bursts in sympathetic
activity through interactions with the RVLM population. In
the model, we proposed a direct excitatory projection from
the pFRG to the RVLM. However, we cannot exclude the
possibility of indirect pathways, including through the neurons of the caudal ventrolateral medulla (22).
In aggregate, the perturbations of the input to the respiratory
CPG, the conditional expiratory oscillatory, and presympathetic circuitry serve to further validate the computational
framework that integrates existing data on the physiology of
brainstem respiratory circuitry and its interactions with essential homeostatic responses.
Summary and conclusions. In conclusion, our study supports the view that in the ventral surface of medulla, rostral
to the VRC, two groups of functionally distinct neurons
reside ventral to the facial nucleus (14). One of these
populations is the classical chemosensitive phox2b-positive
neurons of the RTN that intrinsically detect the levels of
CO2/H⫹ and provide excitatory drive to respiratory and
sympathetic neurons in the brainstem (13). The other is the
expiratory population of the pFRG, which comprises the
conditional expiratory oscillator (16). Our study provides,
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for the first time evidence that these two populations interact
in a way that glutamatergic inputs from the RTN to the
pFRG are necessary for the activation of the expiratory
neurons during hypercapnia, which is responsible for the
generation of active expiratory patterns and the emergence
of expiratory-related bursts in sympathetic activity. The
revealed RTN and pFRG microcircuitry helps us understand
the neural organization of the rCPG and the control of
respiratory and sympathetic responses in conditions of increased arterial CO2 content. Thereby, our findings have
potential implications for understanding the development of
cardiorespiratory dysfunctions, associated blood gas disturbances, and activation of chemoreceptors, as observed in
patients with heart failure, obstructive and central apneas,
chronic obstructive pulmonary disease, and others.
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