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Selective lesion of retrotrapezoid Phox2b-expressing
neurons raises the apnoeic threshold in rats
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Injection of the neurotoxin saporin–substance P (SSP-SAP) into the retrotrapezoid nucleus

(RTN) attenuates the central chemoreflex in rats. Here we ask whether these deficits are caused

by the destruction of a specific type of interneuron that expresses the transcription factor

Phox2b and is non-catecholaminergic (Phox2b+TH−). We show that RTN contains around

2100 Phox2b+TH− cells. Injections of SSP-SAP into RTN destroyed Phox2b+TH− neurons

but spared facial motoneurons, catecholaminergic and serotonergic neurons and the ventral

respiratory column caudal to the facial motor nucleus. Two weeks after SSP-SAP, the apnoeic

threshold measured under anaesthesia was unchanged when fewer than 57% of the Phox2b+TH−

neurons were destroyed. However, destruction of 70 ± 3.5% of these cells was associated with a

dramatic rise of the apnoeic threshold (from 5.6 to 7.9% end-expiratory PCO2
). In anaesthetized

rats with unilateral lesions of around 70% of the Phox2b+TH− neurons, acute inhibition of the

contralateral intact RTN with muscimol instantly eliminated phrenic nerve discharge (PND)

but normal PND could usually be elicited by strong peripheral chemoreceptor stimulation

(8/12 rats). Muscimol had no effect in rats with an intact contralateral RTN. In conclusion, the

destruction of the Phox2b+TH− neurons is a plausible cause of the respiratory deficits caused

by injection of SSP-SAP into RTN. Two weeks after toxin injection, 70% of these cells must be

killed to cause a severe attenuation of the central chemoreflex under anaesthesia. The loss of

an even greater percentage of these cells would presumably be required to produce significant

breathing deficits in the awake state.
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The retrotrapezoid nucleus (RTN) contributes to an
unknown extent to the central chemoreflex (the activation
of breathing by elevation of CNS PCO2

) (Feldman et al.
2003; Nattie & Li, 2008). Neurophysiological and genetic
evidence suggests that the RTN neurons involved in
this reflex are a group of chemosensitive glutamatergic
interneurons that express the transcription factor Phox2b
and lack tyrosine-hydroxylase (henceforth called RTN
Phox2b+TH− neurons) (Amiel et al. 2003; Weese-Mayer
et al. 2005; Stornetta et al. 2006; Mulkey et al. 2007b;
Dubreuil et al. 2008).

Participation in the chemoreflex may be only one aspect
of the role of the Phox2b+TH− neurons in breathing. Acute
bilateral inhibition of RTN neurons under anaesthesia
eliminates breathing, an effect that is not reversed by
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raising CO2 (Takakura et al. 2006). The genetic deletion of
the Phox2b+TH− neurons produces a dramatic reduction
of the resting level of breathing in addition to the loss of the
chemoreflex (Dubreuil et al. 2008). These results suggest
that the level of activity of the Phox2b+TH− neurons
of RTN could be defining the intensity of involuntary
breathing. This hypothesis is compatible with the known
integrative properties of the Phox2b+TH− neurons in
vivo. Indeed these acid-sensitive excitatory cells are also
powerfully activated by inputs from peripheral chemo-
receptors and from the raphe, and their activity is regulated
by inputs from the lungs (Takakura et al. 2006; Moreira
et al. 2007; Guyenet et al. 2008).

However, the idea that involuntary breathing is defined
to a very large extent by the excitatory drive that the central
pattern generator receives from RTN is only supported
by work performed in anaesthetized or neonate rats
(Takakura et al. 2006; Dubreuil et al. 2008). In adult rats,
chronic bilateral lesions of the RTN region performed with
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a saporin-containing toxin attenuate breathing at rest and
the activation of breathing by hypercapnia to a similarly
modest degree but such lesions do not compromise the
survival of the animals (Nattie & Li, 2002; Nattie et al.
2004). The authors’ interpretation was that the RTN is only
one of many sources of pH-regulated excitatory drive to the
central respiratory pattern generator of the adult, therefore
its elimination is relatively inconsequential (Feldman et al.
2003; Nattie & Li, 2006). However, the contribution of the
RTN to breathing in the awake state could have been greatly
underestimated by these authors if the lesions that they
produced had only involved a small portion of the nucleus.
This second interpretation should be considered because
these authors had no marker to identify the relevant RTN
neurons (Nattie & Li, 2002; Nattie et al. 2004).

The first objective of the present study was to determine
the precise anatomical boundaries of the cluster of
Phox2b+TH− neurons that seem to be critical with
respect to respiratory control. The second objective was to
determine whether these cells are effectively and selectively
destroyed by a saporin–substance P conjugate (SSP-SAP).
The third objective was to determine whether the central
chemoreflex is impaired by these lesions in proportion to
the degree of destruction of the Phox2b+TH− neurons.

We show here that the Phox2b+TH− neurons are the
predominant neuronal type in the rat RTN and that this
nucleus contains about 2100 such neurons spread over
a distance of close to 2 mm. We demonstrate that the
Phox2b+TH− neurons of the RTN are indeed destroyed
by SSP-SAP and that the breathing deficit correlates with
the percentage loss of these cells. We also suggest that at
least 70% of these cells must be eliminated for the apnoea
threshold to be substantially elevated under anaesthesia.
We conclude that the full contribution of RTN neurons to
breathing in unanaesthetized adults is yet to be determined
and that this assessment will require the elimination of a
much higher proportion of the Phox2b+TH− cells than we
were able to achieve in the present study.

Methods

The experiments were performed on 51 male Sprague–
Dawley rats (Taconic; Germantown, NY, USA) weighing
250–350 g. Procedures were in accordance with NIH
Animal Care and Use Guidelines and were approved
by the University of Virginia’s Animal Care and Use
Committee.

Injections of toxin into the retrotrapezoid nucleus

The injections of toxin ([Sar9,Met(O2)11]-substance P,
SSP-SAP (Advanced Targeting Systems, San Diego, CA,
USA) were made while the rats were anaesthetized with
a mixture of ketamine (75 mg kg−1), xylazine (5 mg kg−1)

and acepromazine (1 mg kg−1) administered i.m. Surgery
used standard aseptic methods, and after surgery, the rats
were treated with the antibiotic ampicillin (100 mg kg−1)
and the analgesic ketorolac (0.6 mg kg−1, s.c.). The saporin
conjugate was administered into the RTN by pressure
injection using glass pipettes with an external tip diameter
of 25 μm. These glass pipettes also allowed recordings of
field potentials, which were used to direct the electrode
tip to the desired sites under the facial motor nucleus.
Depending on the experiments, the rats received one
injection of toxin into the left RTN, two injections
placed symmetrically in the RTN on each side or two
pairs of injections placed symmetrically on each side.
Each injection was 30 nl. Single injections (unilateral or
bilateral) were placed 200 μm below the lower edge of the
facial motor nucleus, 1.6–1.9 mm lateral to the midline
and 200 μm rostral to the caudal end of the facial motor
nucleus. For dual bilateral injections, the first injection
was placed at the above described site and the second
injection was placed 400 μm rostral to the first one, also
200 μm below the facial motor nucleus. Animals were
maintained for 2 weeks before they were used in physio-
logical experiments. The toxin produced no observable
behavioural or respiratory effects, regardless of dosage.

The range of doses of SSP-SAP used in the present
study (0.15, 0.3 and 0.6 ng (30 nl)−1) was selected based on
previous experience of the effect of SSP-SAP injected into
the pre-Bötzinger complex (Wang et al. 2002).

Physiology

General anaesthesia was induced with 5% halothane in
100% oxygen. The rats received a tracheostomy. Artificial
ventilation with 1.4–1.5% halothane in 100% oxygen
was maintained throughout the surgery. The surgical
procedures (femoral artery and vein cannulation, bladder
cannulation to ease urination, bilateral vagotomy, phrenic
nerve dissection) have been previously described (Guyenet
et al. 2005; Moreira et al. 2006; Takakura et al. 2006).
In 11 rats both carotid sinus nerves were cut. Upon
completion of surgical procedures, halothane was replaced
by a mixture of urethane (0.5 g kg−1) and α-chloralose
(60 mg kg−1) administered slowly intravenously (i.v.).
Rectal temperature was monitored and maintained at
37◦C. End-tidal CO2 was monitored throughout the
experiment with a capnometer (Columbus Instruments,
OH, USA). After injection of the i.v. anaesthetic, the
adequacy of anaesthesia was monitored during a 30 min
stabilization period by testing for absence of withdrawal
response, lack of arterial pressure (AP) change and
lack of change in PND rate or amplitude to firm toe
pinch. After these criteria were satisfied, the muscle
relaxant pancuronium was administered at the initial
dose of 1 mg kg−1

i.v. and the adequacy of anaesthesia
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was thereafter gauged solely by the lack of increase
in AP and PND rate or amplitude to firm toe pinch.
Approximately hourly supplements of one-third of the
initial dose of urethane and chloralose were needed to
satisfy these criteria during the course of the recording
period (3–4 h). In each rat, the steady-state relationship
between integrated PND and end-expiratory CO2 was
determined at the beginning of the experiment and before
administration of any supplemental anaesthetic dose in
order to minimize the possible impact of the anaesthetic
level on these measurements.

All analog data were stored on a computer via a
micro1401 digitizer from Cambridge Electronics Design
(CED, Cambridge, UK) and were processed off-line
using version 5 of the Spike 2 software (CED) as
described before (Guyenet et al. 2005; Takakura et al.
2006). Processing included PND ‘integration’ (iPND)
consisting of rectification and smoothing (τ : 0.015 s) and
determination of the total phrenic nerve discharge per
unit of time (neural minute × volume, mvPND). mvPND
was determined by averaging iPND over 50 consecutive
seconds and normalizing the result by assigning a
value of 0 to the dependent variable recorded at low
levels of end-expiratory CO2 (below the central apnoeic
threshold) and a value of 1 at the highest level of
PCO2

investigated (between 9.5 and 10%). Stimulation of
carotid chemoreceptors was done with bolus injections
of NaCN (50 μg kg−1, i.v.) or by switching the breathing
mixture from 100% O2 to 10–15% O2 balanced with
N2 for 30 s using an electronic valve. Evidence that the
hypoxic stimulus activated neurons via stimulation of
carotid chemoreceptors has been previously demonstrated
(denervation of these receptors eliminated the excitatory
effect of the hypoxic stimulus on PND and the activity of
hypoxia-responsive RTN neurons (Takakura et al. 2006).

Pharmacological treatments

Muscimol (Sigma Chemical Co.; 1.75 mm in sterile saline
pH 7.4) was pressure injected (30 nl) unilaterally through
single-barrelled glass pipettes (20 μm tip diameter). The
muscimol solution contained a 5% dilution of fluorescent
latex microbeads (Lumafluor, New City, NY, USA) for later
histological identification of the injection sites (Moreira
et al. 2006). These injections were made below the facial
motor nucleus under electrophysiological guidance as
described above (200 μm below the ventral boundary
of the facial nucleus, 1.6–1.9 mm lateral to the midline,
between Bregma −11.6 and −11.2 mm).

Histology

The rats were deeply anaesthetized with an overdose
of urethane (1.8 g kg−1, i.v.) then injected with heparin

(500 units, intracardially) and finally perfused through
the ascending aorta with 150 ml of phosphate-buffered
saline (pH 7.4) followed by 4% phosphate-buffered (0.1 m;
pH 7.4) paraformaldehyde (Electron Microscopy Sciences,
Fort Washington, PA, USA). The brain was removed and
stored in the perfusion fixative for 24–48 h at 4◦C. Series
of coronal sections (30 μm) from the brain were cut
using a vibrating microtome and stored in cryoprotectant
solution at −20◦C for up to 2 weeks (20% glycerol
plus 30% ethylene glycol in 50 mm phosphate buffer,
pH 7.4) awaiting histological processing. All histochemical
procedures were done using free-floating sections
according to previously described protocols (Kang et al.
2007). Tyrosine hydroxylase was detected with a mouse
antibody (1 : 2000, Chemicon, Temecula) and Phox2b
with a rabbit antibody (1 : 800, gift from J.-F. Brunet,
Ecole Normale Supérieure, Paris, France). These primary
antibodies were detected by incubation with appropriate
secondary antibodies tagged with fluorescent reporters
to reveal TH (goat anti-mouse Alexa 488, Invitrogen,
Carlsbad, CA, USA) and Phox2b (donkey anti-rabbit
Cy3, Jackson, West Grove, PA, USA). The substance P
receptor (neurokinin 1 receptor, NK1R) was detected
using a rabbit NK1R antibody (1 : 5000, Sigma-Aldrich,
Saint Louis, MO, USA) raised against a synthetic peptide
corresponding to the C-terminal of NK1R of rat origin
(amino acids 393–407). Biotinylated donkey anti-rabbit
(1 : 500, Jackson) followed by the ABC kit (Vector,
Burlingame, CA, USA) and subsequent colourization with
3-3′-di-aminobenzidine (DAB). Choline acetyltransferase
(ChAT) was detected with a goat anti-ChAT antibody
(1 : 50, Chemicon, raised against human placental ChAT)
and revealed with either a fluorescence method using
donkey anti-goat Cy3 (1 : 200, Jackson) or the DAB
colorimetric method using biotinylated donkey anti-goat
(1 : 500, Jackson) and subsequent colourization with DAB.
A mouse monoclonal antibody raised against mouse
neuronal nuclei (NeuN) 1 : 1000, Chemicon was used as a
non-specific neuronal marker and detected with donkey
anti-mouse Alexa 488 (1 : 200, Invitrogen). Serotonergic
neurons were identified with a mouse monoclonal anti-
body against tryptophan hydroxylase (recombinant rabbit
protein) (1 : 1000, Sigma) detected with goat anti-mouse
IgG3 Alexa 488 (1 : 200, Invitrogen). The specificity of the
antibodies has been validated previously (Wang et al. 2002;
Kang et al. 2007).

Cell mapping, cell counting and imaging

Cells were counted using a computer-assisted mapping
technique based on the Neurolucida software as previously
described (Stornetta & Guyenet, 1999). The Neuro-
lucida files were exported to the NeuroExplorer software
(MicroBrightfield, Colchester, VT, USA) to count the

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



2978 A. C. Takakura and others J Physiol 586.12

various types of neuronal profiles within a defined area
of the reticular formation. When appropriate a selection
of the Neurolucida files were also exported to the Canvas 9
software drawing program (ACD Systems of America,
Miami, FL, USA) for final modifications.

Section alignment between brains was done relative to a
reference section. To align sections around the RTN 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 (Bregma
−11.6 mm) according to the atlas of Paxinos & Watson
(1998). 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.

Images were captured with a SensiCam QE 12-bit
CCD camera (resolution 1376 × 1040 pixels, Cooke Corp.,
Auburn Hills, MI, USA). IPLab software (Scanalytics,
Rockville, MD, USA) was used for merging of colour
channels in photographs of dual labelling experiments.

The neuroanatomical nomenclature is after Paxinos &
Watson (1998).

Densitometric analysis of NK1R immunoreactivity

This analysis was conducted in order to assess the regional
specificity of the lesions produced by injecting SSP-SAP
into the RTN. Images were taken through the region of
interest from both sides of the unilateral lesion cases using
the same exposure time. The area of interest was outlined
using the landmarks as follows. RTN region: at approx.
Bregma −11.6 mm, the area was defined by outlining
from halfway down the medial edge of the facial motor
nucleus around the centre 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 (see
Fig. 3A and B). 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 immuno-
chemistry because of the extremely low level of immuno-
reactivity associated with the Phox2b-expressing neurons
(Mulkey et al. 2007a). Bötzinger region: at approx. Bregma
−11.8 mm, the region was defined by an oval 350 μm wide
and 500 μm long, the top centred on the ventral edge of
the ambiguus (Fig. 3C). Pre-Bötzinger region: at approx.
Bregma −12.6 mm, the region was defined by an oval
350 μm wide and 500 μm long with the top centred on
the ventral edge of the ambiguus (Fig. 3D). Rostral ventral
respiratory group (rVRG): at approx. Bregma −13.3 mm,
the region was defined by an oval 350 μm wide and 500 μm
long with the top centred on the ventral edge of the

ambiguus. Using IPLab software (version 3.6, Scanalytics,
Rockville, MD, USA) the region was outlined and the
region of interest was segmented such that the segments
were judged to represent true immunostaining using the
nucleus ambiguus as a standard between sections (see Fig. 1
in the online Supplemental material). The area of pixels
containing segments was calculated by the software and the
data are represented as percentage of control, with control
as 100%.

Statistics

Statistical analysis was done with Sigma Stat version
3.0 or 3.1 (Jandel Corporation, Point Richmond, CA,
USA). Data are reported as means ± standard error
of the mean. One-way parametric ANOVA followed
by all pair-wise multiple comparisons (Holm–Sidak
method) was used to compare multiple independent
treatment groups. Repeated measures (RM) experiments
involving more than two measures were analysed by
one- or two-way RM ANOVA followed by all pair-wise
comparisons (Newman–Keuls method). Significance was
set at P < 0.05.

Results

Distribution of the Phox2b+TH− neurons located
in the subfacial region of the rostral ventrolateral
medulla

In the rostral ventrolateral medulla, Phox2b+TH−

neurons formed a distinctive cluster of very super-
ficial cells that were recognizable by their small,
oblong and intensely Phox2b-immunoreactive nuclei
(Fig. 1Aa–d). These cells were also easily distinguished
from the overlying facial motor neurons the nuclei
of which are circular, substantially larger and much
less intensely Phox2b-immunoreactive in the adult
(Fig. 1Aa). Phox2b+TH− neurons with oblong and
intensely Phox2b-immunoreactive (Phox2b-ir) nuclei
were spread out over roughly 2 mm rostrocaudally, from
around 400 μm caudal to the facial motor nucleus (Bregma
−12.0 mm) to the rostral end of the facial motor nucleus
(Bregma −10.0 mm). Because all the Phox2b-ir neurons
within this region have very similarly shaped nuclei and
form a continous cell group, we considered that all of
them belong to the retrotrapezoid nucleus. Caudally, RTN
Phox2b+TH− neurons were in a ventrolateral location
relative to the TH+ C1 cell group with minimal overlap
of the two cell types (Fig. 1Ab and d). As described
before, most C1 cells also expressed Phox2b (Fig. 1Ab–d)
(Stornetta et al. 2006). The Phox2b+TH− neurons of
the RTN formed two clusters of uneven size. A large
and previously described cluster of Phox2b+TH− neurons
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Figure 1. RTN in adult rats
A, photomicrographs of the RTN at two different coronal levels. Phox2b-ir nuclei appear in red (Cy3 fluorescence)
and tyrosine hydroxylase (TH) in green (Alexa 488 fluorescence). Aa and Ac depict the rostral cluster of Phox2b+TH−
neurons at two magnifications (tz, trapezoid body; 7, facial motonucleus). Ab and Ad show the much larger caudal
cluster, also at two magnifications. Ae shows that all the NeuN-immunoreactive neurons located in this field except
two (indicated by arrowheads) express Phox2b. Af shows the small cluster of Phox2b-negative neurons located at
the lateral edge of RTN next to the spinal trigeminal tract (Sp5). B, rostrocaudal distribution of the Phox2b+TH−
neurons. Cell counts were obtained from a one-in-three series of 30 μm-thick coronal sections from 6 intact
rats. Section alignment was done using as reference the coronal section closest to the caudal end of the facial
motor nucleus in each brain (this level is indicated in the choline acetyl-transferase-stained section shown in Cc.
The ordinate indicates the number of neurons detected on both sides. Ca–c are coronal sections immunostained
for choline acetyl-transferase. Da–c are computer-assisted plots of the location of three types of cells identified in
sections reacted for NeuN and Phox2b. Facial motoneurons were identified by their large size and weakly Phox2b-ir
nuclei. The black triangles represent all the NeuN-ir neuronal nuclei that do not belong to the other two neuronal
categories. The red circles indicate both C1 cells and the presumed chemoreceptors. The calibration bar in Aa
represents 100 μm in panels Aa, Ab and Af . This bar represents 50 μm in Ac, Ad and Ae. Bregma levels are
according to the atlas of Paxinos & Watson (1998). VMS = ventral medullary surface
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(Stornetta et al. 2006) is centred at the caudal end of
the facial motor nucleus (Bregma −11.6 mm; Fig. 1Ab,
B and Cc). A second cluster of Phox2b+TH− neurons is
centred approximately at Bregma −10.4 mm below the
facial motor nucleus and just above the medial tip of the
trapezoid body (Fig. 1Aa and c, B and Ca). The region
located between these two clusters contained many fewer
Phox2b+TH− cells, sometimes no more than 2–5 cells
per side and most of these neurons were located at the
ventral surface of the medulla within the marginal layer
(Fig. 1Db). In this intermediate region, the dendrites of the
facial motoneurons occupy virtually all the space located
between their cell bodies and the ventral medullary surface
(Fig. 1Cb and Db). The rostrocaudal distribution of the
Phox2b+TH− cells that reside under the facial motor
nucleus is shown in Fig. 1B (average of 6 rats). The total
number of nuclei found in every third section was 868 ± 29
per rat. The Abercrombie correction (Abercrombie, 1946;
Williams & Rakic, 1988) was used to obtain an estimate
of the total number of Phox2b+TH− neurons of the RTN.
The correction factor was based on the average diameter
of the nucleus in the coronal plane (7 ± 0.2 μm) and the

Figure 2. SSP-SAP destroys Phox2b+TH− neurons selectively
A, computer-assisted plot of the Phox2b+TH− neurons and C1
neurons (TH+) present in a single 3 μm-thick coronal brain section
from a rat that had received a single 0.6 ng dose of SSP-SAP on the left
side of the brain (Bregma level around −11.6 mm). Note the selective
loss of the Phox2b+TH− neurons on the side with the lesion. B and C,
group data. Each column represents the total number of neurons of a
given type present in 9 consecutive 30 μm-thick coronal sections
separated by 180 μm. The middle section was as close as possible to
Bregma −11.6 mm. RPa = raphe pallidus, py = pyramidal tract.

section thickness measured at 30 μm without dehydration.
The nuclei of the Phox2b+TH− neurons are oval with the
long axis in the coronal plane; therefore their rostrocaudal
dimension should be roughly the same as the length of the
shorter axis in the coronal plane. Based on these values and
assumptions, the total calculated number of Phox2b+TH−

cells was 2112 ± 71 neurons per brain (n = 6).
In three rats, a one-in-six series of coronal sections was

reacted for simultaneous detection of the pan-neuronal
marker NeuN and Phox2b. This experiment was done to
determine whether the region located below the facial
motor nucleus contains neurons that do not express
Phox2b. As shown in Fig. 1Ae and Da–c, NeuN-ir neurons
devoid of a Phox2b-ir nucleus were extremely rare in this
region except at its lateral margin where a small cluster
of 1–5 Phox2b-negative neurons per section was generally
present in close proximity of the ventral surface just medial
to spinal trigeminal tract (Fig. 1Af , and Db and c). Because
the medial edge of the RTN overlaps with a region of the
medulla that has a very high neuronal density (Fig. 1Da–c)
the exact border of the nucleus is difficult to define. For
this reason, we did not attempt to quantify the proportion
of Phox2b-negative neurons located within this nucleus.
However, inspection of 12 representative sections from
three rats (examples in Fig. 1D) suggests that the region
located under the lateral two-thirds of the facial motor
nucleus has a very low neuronal density and that over 90%
of the NeuN-positive neurons present in this region have
intensely Phox2b-ir cell bodies with a shape characteristic
of RTN neurons.

SSP-SAP destroys selectively the Phox2b+TH−

neurons of RTN

SSP-SAP (single 30 nl microinjection containing 0.15, 0.3
or 0.6 ng of toxin; MW 33 000) was administered into the
left RTN in three groups of rats in order to determine
the most effective dose of toxin and the specificity of the
lesion. Phox2b and TH immunoreactivities were examined
within the RTN region in all the SSP-SAP-injected rats
to assess the effect of the toxin on the Phox2b+TH−

neurons and on the nearby catecholaminergic neurons.
Phox2b+TH− and TH+ neurons with or without Phox2b
were plotted and counted in nine coronal sections per
rat. Each section was 180 μm apart and the mid-section
was selected to coincide with the caudal end of the facial
motor nucleus. Figure 2A is a representative plot from a
rat that had received a 0.6 ng dose of SSP-SAP on the
left side. Phox2b+TH− neurons were absent from the left
side but the number of TH+ neurons was approximately
the same on both sides. Group data (Fig. 2B and C)
indicated that the 0.15 ng dose of toxin was ineffective
and the 0.3 ng dose marginally effective (no statistical
difference by ANOVA). The 0.6 ng dose of toxin reduced
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the number of Phox2b+TH− neurons counted in the nine
sections by 85 ± 3% without significant decrease in the
number of TH+ neurons (Fig. 2B and C). The fraction
of catecholaminergic neurons that expressed detectable
levels of Phox2b was also unaffected by the toxin (Fig. 2A
and B). This observation indicates that 0.6 ng of SSP-SAP
selectively killed the Phox2b+TH− neurons. The resistance
of TH+ neurons to SSP-SAP is consistent with previous
observations (Gray et al. 2001; Wang et al. 2002).

To further assess the selectivity of the lesions, we
systematically examined the intensity of the NK1R
immunoreactivity present within four consecutive
segments of the ventral respiratory column namely the
RTN, the Bötzinger region (BötC), the pre-Bötzinger
complex (preBötC) and the rostral ventral respiratory
group (rVRG). The 0.15 ng dose of SSP-SAP produced no
detectable lesion in any region (the RTN level is shown in
Fig. 3Aa and b, and E). The 0.3 ng dose produced a small
reduction in NK1R immunoreactivity in the RTN region
which failed to reach statistical significance at the group
level (Fig. 3E). The rats that received 0.6 ng SSP-SAP had
extensive unilateral reductions of NK1R immunoreactivity
within the RTN region and medial to it (Fig. 3Ba and b, and
E; lesion side: 10 ± 4% of contralateral side) and a small
but significant reduction within the BötC, the region of the
ventral respiratory column closest to RTN (Fig. 3Ca and b,

Figure 3. Effect of SSP-SAP on NK1 receptor immunoreactivity
Aa and b, injection of 0.15 ng of SSP-SAP into the left RTN (a) produced no effect on NK1R immunoreactivity
(b control side; coronal sections at Bregma −11.6 mm). Ba and b, injection of 0.6 ng of SSP-SAP into the left RTN
virtually eliminated NK1R immunoreactivity (Ba). The opposite side (Bb) was intact. Ca and b, injection of 0.6 ng of
SSP-SAP into the left RTN slightly reduced NK1R immunoreactivity in the Bötzinger region identified by the ellipse
(Ca). The opposite side (Cb) was intact. Da and b, injection of 0.6 ng of SSP-SAP into the left RTN had no effect at
the level of the pre-Bötzinger complex identified by the ellipse (Da injected side; Db opposite side). E, analysis of the
extent of NK1R immunoreactivity in the regions outlined by the dotted lines in Aa–Db. NK1R immunoreactivity on
the side with the lesion is expressed as percentage control of the immunoreactivity on the intact side. ∗ Statistical
difference from the control side by RM ANOVA. Lin = nucleus linearis.

and E; lesion side: 67 ± 9% of control side; P < 0.05). No
change of NK1R immunoreactivity was detected further
caudally within the ventral respiratory column (Fig. 3Da
and b, and E; preBötC lesion side: 101 ± 8% of control
side, not significant (n.s.); rVRG lesion side: 111 ± 8% of
control side, n.s.).

To further assess the selectivity of the toxin we examined
the effect of 0.6 ng SSP-SAP on specific types of neurons
located in the immediate proximity of RTN. Based on
choline-acetyltransferase (ChAT) immunoreactivity, the
toxin had no detectable effect on facial motor neurons nor
on the small ChAT-ir neurons located between RTN and
the edge of the pyramidal tract (Fig. 2 in Supplemental
material). The nucleus ambiguus was also spared, pre-
sumably because of its physical distance from the SSP-SAP
injection site rather than by a lack of sensitivity to the
toxin given that this nucleus expresses extremely high levels
of NK1Rs (Fig. 3A, B and C). Based on the examination
of sections stained with an antibody against tryptophan
hydroxylase, 0.6 ng SSP-SAP had no obvious effect either
on the serotonergic neurons, including those located
closest to RTN, i.e. at the lateral edge of the pyramids
(Fig. 2 in Supplemental material). However, the toxin did
destroy a group of large and strongly NK1R-ir neurons also
located at the lateral edge of the pyramidal tract (Fig. 3Ba
and b). As noted by previous investigators, these neurons
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Figure 4. Muscimol injection into the intact RTN eliminates phrenic nerve discharge (PND) in rats with
a contralateral lesion
A, relationship between iPND and end-expiratory CO2 at steady state (rat with injection of ineffective dose of
SSP-SAP, 0.15 ng). B, relationship between mvPND and end-expiratory CO2 at steady state in groups of rats
treated with 0.15 ng (n = 9), 0.3 ng (n = 8) or 0.6 ng SSP-SAP (n = 14). Note that none of the lesions caused
a significant rise in the apnoeic threshold. C, injection of muscimol (52 pmol (30 nl)−1) into the right RTN of a
rat injected 2 weeks previously with 0.6 ng SSP-SAP in the left RTN eliminated PND instantly. PND with normal
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have dendrites that extend well into the RTN region
(Nattie et al. 2004). The destruction of these dendrites
by SSP-SAP probably accounts for a large percentage of
the overall decrease in NK1R immunoreactivity caused by
SSP-SAP within the RTN region since, as noted before, the
NK1R immunoreactivity associated with the cell bodies
of the Phox2b-expressing RTN neurons is extremely weak
(Mulkey et al. 2007a).

Effects of unilateral destruction of the RTN neurons
on PND and central respiratory chemosensitivity

Prior to histology, the three groups of rats described in the
previous paragraph were also subjected to physiological
experiments under anaesthesia. We first determined
whether the steady-state relationship between PND and
end-expiratory CO2 was altered in these rats and found
no change regardless of the toxin dose (Fig. 4A and B).
A slight increase in CO2 threshold may have occurred at
the highest toxin dose (0.6 ng, Fig. 4B) but the difference
was not statistically significant. Because the 0.6 ng dose of
toxin destroyed 85% of the caudal cluster of Phox2b+TH−

neurons on one side but left the rostral cluster intact,
it can be estimated that the side with the lesion still
contained approximately 32% of its normal complement
of Phox2b+TH− neurons and that two-thirds of the total
number of Phox2b+TH− neurons of the RTN were still
intact in these rats.

Next, we determined the effects of silencing the right
intact RTN with muscimol (1.75 mm, 30 nl) on PND at rest
and during hypercapnia (up to 10% end-expiratory CO2).
The ‘muscimol test’ was performed in rats that had been
treated 2 weeks before with, respectively, 0.15 (n = 9), 0.3
(n = 8) or 0.6 ng SSP-SAP (n = 14) on the left side. The tips
of the muscimol-containing pipettes were inserted under
electrophysiological guidance, typically 250 μm below the
facial motor nucleus and 200 μm rostral to the caudal end
of this nucleus to target the caudal cluster of Phox2b+TH−

neurons. The accuracy of the injection sites was verified
post hoc by examining the location of the fluorescent
microbeads incorporated into the injected solution. In
the 0.6 ng group (n = 12) muscimol injections placed
accurately into the surviving RTN eliminated resting PND

characteristics could be transiently restored by peripheral chemoreceptor stimulation (a, cyanide; b, brief hypoxia).
PND could not be restored by increasing end-expiratory CO2 up to 10% (right portion of recording). D, injection
of the same amount of muscimol (52 pmol (30 nl)−1) into the right RTN of a rat injected 2 weeks previously with
0.15 ng SSP-SAP in the left RTN produced no effect. E, example of a muscimol injection centred in the caudal cluster
of Phox2b+TH− neurons (left, Phox2b immunoreactivity, Cy3; right, fluorescein-tagged microbeads delineating the
area that was exposed to muscimol). This injection site produced the effect shown in C. F, summary of muscimol
injection sites performed in groups of rats treated on the left side with 0.6 ng of SSP-SAP (top section), 0.3 ng
(middle section) and 0.15 ng of toxin (lower section). G, group data showing the effect of muscimol on resting
PND in the three groups of rats with toxin injections. PND normalization (1 arbitrary unit) represents the maximum
PND activity registered during steady state at 10% end-expiratory CO2 in pure oxygen (∗P < 0.05 by RM ANOVA).
H, effect of muscimol on resting blood pressure in the 0.6 ng treatment group.

(example in Fig. 4C). The inhibition was instantaneous
when muscimol was injected accurately into the RTN as
judged by the coincidence between the fluorescent micro-
beads and the cluster of Phox2b+TH− neurons (9 of
14 cases; Fig. 4E). This site and the other eight accurate
muscimol placements are depicted by black circles in
Fig. 4F . PND inhibition was delayed by 1–3 min when
muscimol was injected slightly medial to the RTN (3 out of
14 rats; black and white circles in Fig. 4F). In each of these
12 cases PND inhibition was complete and, in all but two,
PND could not be restored by elevating end-expiratory
CO2 up to 10% (e.g. Fig. 4A). PND inhibition lasted for a
minimum of 1 h (not illustrated). The two cases in which
some PND could be restored by raising CO2 corresponded
to an injection of muscimol placed slightly medial to RTN
(2 of the 3 cases identified by black and white circles in
Fig. 4F , upper section). However, in most cases (8/12,
including 6 of the 10 cases in which PND could not
be reactivated to any extent by hypercapnia) phasic and
apparently normal PND could be transiently elicited by
stimulating peripheral chemoreceptors with hypoxia or
intravenous cyanide (Fig. 4C, insets a and b). Thus, in
most instances in which a muscimol injection eventually
eliminated resting PND (8/12 rats), we obtained evidence
that the respiratory oscillator was still functional because
phasic and seemingly normal PND could be elicited by
stimulating peripheral chemoreceptors with hypoxia or
cyanide. In 2 of the 14 rats with a 0.6 ng SSP-SAP lesion
of the contralaleral RTN, muscimol injection into the side
without a lesion had no effect on inspiratory activity. Upon
histological inspection, the muscimol injection sites were
found at the lateral edge of the pyramidal tract about
700 μm medial relative to the centre of RTN (open circles
in Fig. 4F , upper section).

In rats treated with 0.15 ng SSP-SAP (n = 8), a unilateral
injection of muscimol into the RTN on the side contra-
lateral to the toxin injection site had no effect on resting
PND in any of the rats (Fig. 4D and G) although the
injection sites were properly placed (Fig. 4F , lower section,
open circles). In the 0.3 ng group (n = 8), unilateral
muscimol injection into RTN on the side contralateral to
the SSP-SAP injection generally had no effect on resting
PND either (Fig. 4F , middle section, open circles) except in
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Table 1. Summary of the experiments performed in rats subjected to unilateral injections of
SSP-SAP into RTN

Phasic PND
inducible by

SSP–SAP n Resting PND No PND at PND recovery hypoxia or
(dose) (rats) reduced rest at 10% CO2 cyanide

0.6 ng 12 0 12 2 8
0.3 ng 8 1 0 8 8
0.15 ng 9 0 0 9 9

At rest, end-expiratory CO2 was set at 6.5–7%, the level at which the phrenic nerve discharge
(PND) reached 50–75% of its maximum amplitude. Columns 3–6 summarize the effects
produced by a single injection of muscimol into the RTN on the side contralateral to a lesion
produced by injecting SSP-SAP at each of the three doses indicated in column 1.

one case (black and white circle in Fig. 4F). In this animal,
resting PND was only partially reduced by muscimol and
PND could be further activated by hypercapnia (10%). On
average, a muscimol injection placed into or very close to
the intact RTN eliminated resting PND only in the group
of rats treated with the 0.6 ng dose of toxin (12/14 rats).
For added clarity, Table 1 summarizes the outcome of
the muscimol experiments done in the three groups of
rats.

The muscimol injections also slightly reduced blood
pressure (BP). The BP reduction was slightly greater in
the 0.6 ng SSP-SAP group (123 ± 3 mmHg after muscimol
from a resting value of 144 ± 3 mmHg) than in the other
two groups (0.3 ng group: 133 ± 4 mmHg after muscimol
from a resting value of 144 ± 5 mmHg; 0.15 ng group:
129 ± 3 mmHg after muscimol from a resting value of
136 ± 2 mmHg). The BP drop observed in the 0.6 ng group
was significantly greater than that observed in the other
two groups (P < 0.05 by ANOVA). Resting blood pressures
were statistically the same in all groups and muscimol
produced the same hypotension in the groups treated with
the two lowest doses of toxin.

Impairment of central chemoreflex correlates with
loss of Phox2b+TH− neurons after bilateral lesions
of RTN with SSP-SAP

In one group of six rats 0.6 ng SSP-SAP was injected on each
side of the brain into the RTN at the level of the caudal
end of the facial motor nucleus (Bregma −11.6 mm). A
second group of rats (n = 11) received two injections of
0.6 ng SSP-SAP on each side of the brain (total of four
injections). The caudalmost injections were also aimed at
Bregma −11.6 mm under the facial motor nucleus and the
others were placed 400 μm rostral to the first ones, also
under the facial motor nucleus. All the animals survived
the procedure without apparent harm and grew at a normal
rate. Two weeks later, the animals were anaesthetized and

the central chemoreflex was determined by testing the
relationship between PND and end-expiratory CO2 at
steady state as shown in Fig. 5. The apnoeic threshold
was quantified and compared to that of 19 control rats.
The control population included the previously described
rats treated unilaterally with an ineffective dose of toxin
(0.15 ng or 0.3 ng; n = 16) and three rats that had been
injected bilaterally at two sites with saline instead of
SSP-SAP. The former group had intact carotid sinus nerves
and these nerves were cut in the latter three rats. The
presence or absence of the carotid sinus nerves had no
effect on the apnoeic CO2 threshold presumably because
the balance of respiratory gases consisted of pure oxygen.
The residual number of Phox2b+TH− neurons present
throughout the entire length of the RTN was determined
in the rats with toxin injections and was compared to the
cell counts from six control rats (3 uninjected rats and 3
rats injected bilaterally with saline).

The apnoeic threshold of the rats that had received
two injections of toxin on each side (n = 11) was
markedly elevated relative to the control rats (7.9 ± 0.3%
end-expiratory CO2 versus 5.6 ± 0.2%, P < 0.05; Fig. 5B,
C and D). In this group of rats, the number of surviving
RTN Phox2b+TH− neurons was 30 ± 3.5% of control
(range 15–54%; n = 10, one rat was not processed for
histology for technical reasons). The apnoeic threshold of
the rats that had received only one injection of SSP-SAP
per side was slightly higher than that of the control group
(6.4 ± 0.3% end-expiratory CO2 versus 5.6 ± 0.2%), but
the difference was not statistically significant by ANOVA
(Fig. 5D). In this second group the number of surviving
RTN Phox2b+TH− neurons was 43 ± 3% of control (range
35–55%; n = 6). This percentage was significantly greater
than in the rats that had receive two injections of toxin
per side (P = 0.027 by t test). In addition the apnoeic
threshold was inversely correlated with the number of
surviving Phox2b+TH− neurons when both groups of
lesioned rats (the two-injection and the four-injection
groups) were considered together (n = 15 cells; Fig. 5E).
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The relationship between the elevation of the apnoeic
threshold and the loss of the Phox2b+TH− neurons was
non-linear as suggested by a comparison of the two
bilaterally lesioned groups with the unlesioned control
(Fig. 5D). In all cases, including the group that had received
four injections, the rostral cluster of Phox2b+TH− neurons
was spared (Fig. 6).

Discussion

This study updates the anatomical boundaries of a
group of Phox2b+TH− neurons suspected to underlie
the stimulatory role of the RTN in breathing. We show
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Figure 5. Effect of bilateral injections of SSP-SAP into the RTN on the central chemoreflex
A, relationship between PND and end-expiratory CO2 in a control rat 2 weeks after bilateral injection of saline. The
apnoeic threshold is 5.2%. B, same experiment in a different rat 2 weeks after bilateral treatment with 2 × 0.6 ng
of SSP-SAP. The apnoeic threshold is 7.9%. PND above the apnoeic threshold appears normal. C, relationship
between mvPND and end-expiratory CO2 in controls (n = 19) and in 11 rats treated bilaterally with 2 × 0.6 ng of
SSP-SAP causing the destruction of 70% of the Phox2b+TH− neurons of RTN. One arbitrary unit represents the
highest value of mvPND registered at steady state with end-expiratory CO2 set at 9.5–10%. ∗ Statistical significance
by RM ANOVA (P < 0.05). D, effect of graded lesions of the Phox2b+TH− neurons of the RTN on the apnoeic
threshold measured as shown in A and B. ∗ Statistically significant difference from the other two groups by ANOVA
(P < 0.05). E, correlation between apnoeic threshold and percentage Phox2b+TH− neurons remaining (10 rats with
2 injections of toxin on each side and 6 rats with one injection on each side). The F, r2 and probability values of
the linear regression are indicated in the figure.

that these neurons are selectively but not specifically
destroyed when the toxin SSP-SAP is injected in their
midst. We also show that the acute inhibition or the
chronic loss of the Phox2b+TH− cells causes a sub-
stantial elevation of the apnoeic threshold. These results
extend previous evidence that the RTN region up-regulates
breathing and the central chemoreflex. Consistent with
the known cellular properties of Phox2b+TH− neurons
and with recent evidence that the genetic deletion of
these cells eliminates the chemoreflex at birth, the present
results suggest that these RTN neurons contribute a
CO2-modulated excitatory drive to the breathing network
that may be essential for CO2 stability in vivo.
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Updating the definition of the RTN

Brain nuclei are defined as collections of neurons that
share specific anatomical or biochemical characteristics
and are located within a defined and limited region of
the brain. Applying these general principles we updated
our previous definition of the RTN to include a large
rostral extension of this structure. The present definition
of RTN neurons is based on anatomical considerations,
specifically the small usually oblong shape of the nucleus
of these cells, their intense Phox2b immunoreactivity
and the absence of tyrosine hydroxylase. These criteria

Figure 6. Effect of bilateral injections of SSP-SAP on RTN neurons
The top row of photomicrographs is from a control rat that received 4 injections of saline. The lower row is from
a rat that received two injections of 0.6 ng SSP-SAP in the RTN on each side. The left column demonstrates the
almost complete loss of the Phox2b+ nuclei (Cy3 immunofluorescence) at the level of the caudal cluster of the RTN
(Bregma level −11.6 mm). The middle panels show the C1 neurons present in the same fields (TH immunoreactivity,
Alexa 488). Note that most of the few remaining Phox2b+ nuclei belong to C1 neurons. The right column shows
that the rostral cluster of Phox2b+ neurons was still intact in the toxin-treated RTN. Calibration bar in top left panel
(100 μm) applies to all panels. The graph at the bottom compares the distribution of the Phox2b+TH− neurons
throughout the RTN in 11 rats with bilateral lesions (grey) to the cell distribution found in 6 control rats (re-plot of
the graph already shown in Fig. 1). The arrows indicate where the two injections of 0.6 ng of SSP-SAP were placed
on each side.

clearly distinguish these cells from the neighbouring
C1 adrenergic neurons and from the overlying facial
motoneurons. Every Phox2b-ir cell nucleus contained
the neuronal specific marker NeuN demonstrating that,
within this region, Phox2b is expressed exclusively by
neurons.

We have previously shown that the caudal portion of
the RTN contains neurons that are strongly activated
by CO2 and that these neurons are Phox2b+TH− and
glutamatergic (Stornetta et al. 2006). We have also
demonstrated that neurons selected from this region of

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.12 NK1 receptors in RTN 2987

the brain in slices on the basis of their acid-sensitivity have
the same biochemical characteristics (Mulkey et al. 2007b).
Based on this and other considerations we have proposed
that the Phox2b+TH− neurons are central respiratory
chemoreceptors.

Judging from the present study, we would argue that,
in the adult rat, there are very few neurons under the
lateral two-thirds of the facial motor nucleus besides the
Phox2b+TH− ones and a very small group of neurons
located at the medial margin of the trigeminal tract
(Fig. 1Af , and Db and c). A possible loophole in this
reasoning would be that the region located under the lateral
two-thirds of the facial motor nucleus contains a sub-
stantial group of neurons that we missed because they do
not express the antigen recognized by the NeuN antibody.
Although such neurons exist elsewhere (Purkinje neurons,
mitral cells and photoreceptors), this interpretation is
unlikely because inspection of sections stained with cresyl
violet confirm the impression that the region that lies
under the facial motor nucleus is extremely neuronally
poor.

Other investigators have postulated that the lateral and
anterior subfacial region contains rhythmogenic neurons
implicated in the generation of inspiratory or expiratory
activity (Onimaru & Homma, 2003; Onimaru et al.
2006; Feldman & Del Negro, 2006). These neurons are
called the parafacial respiratory group or pfRG. Until
the biochemical signatures of the pfRG neurons are
revealed, it will be difficult to establish their relation
with the RTN neurons that we have defined as chemo-
receptors in the adult but the present study suggests
several possibilities. Although we have demonstrated that
the CO2/pH-sensitive neurons of the RTN region are
Phox2b+TH−, we have not proven the converse. It is
therefore possible that a subset of the Phox2b+TH−

neurons have pfRG-like discharge characteristics in the
neonate brainstem in vitro, the preparation in which
such cells have been recorded (Onimaru & Homma,
2003). It is also conceivable that the pfRG neurons
migrate laterally during the early postnatal period to
become the lateral group of superficial Phox2b-negative
neurons identified here. Finally, it is also possible that the
properties and or connectivity of the caudal and rostral
clusters of Phox2b+TH− neurons might be different. For
example, the rostral cluster might conceivably play a pre-
ferential role in regulating expiratory activity (Janczewski
& Feldman, 2006; Feldman & Del Negro, 2006; Taccola
et al. 2007) whereas the caudal cluster might regulate
inspiratory activity preferentially (Onimaru & Homma,
2003). However, given the highly speculative nature of
these possibilities, in the rest of the discussion, we will
assume that the properties and role of the Phox2b+TH−

cells are the same everywhere and that these properties
are those that have already been identified in vivo and in
vitro in the adult rat (Mulkey et al. 2004; Guyenet et al.
2008).

Deficits caused by RTN lesions or by injecting
muscimol in RTN: comparison with previous studies

Under our experimental conditions, unilateral injection of
muscimol into the RTN produced no effect on the PND. In
awake rats, application of muscimol with a dialysis probe
into a similar region decreased tidal volume (V T) slightly
although ventilation (V̇E) was only transiently reduced due
to an increase in breathing frequency (Nattie & Li, 2000).
We can only speculate on the origin of this, somewhat
minor, discrepancy between these results and ours. One
possible explanation is that we applied muscimol directly
to the region that contains the Phox2b+TH− cells using
fine-tipped pipettes and electrophysiological coordinates
whereas Nattie & Li used a dialysis probe which may have
delivered the drug to a slightly different set of neuronal
targets because of its large size. Another obvious difference
is that our rats were anaesthetized. Finally, muscimol
produced a tendency towards hypothermia and reduced
oxygen consumption in the Nattie & Li study (Nattie & Li,
2000) which could have accounted for the slight reduction
in V T that was observed (Mortola & Frappell, 2000).

More serious discrepancies come to mind when one
considers that unilateral lesions of the RTN using DC
current or an excitoxin (kainic acid, ibotenic acid) produce
large decreases in phrenic nerve activity and its response to
CO2 in anaesthetized cats and rats (Nattie et al. 1991; Nattie
& Li, 1994). Several reasons can be proposed. With regard
to the effects of electrical lesions, consideration should be
given to the fibres of passage. The RTN region is a major
highway for axons linking the ventral respiratory group
and the NTS on one hand and the parabrachial region on
the other (e.g. Ezure et al. 2003; Alheid et al. 2004; Takakura
et al. 2006, 2007). Interruption of these connections could
have contributed to the effect produced by lesioning the
RTN region. As for the excitotoxins, which are powerful
glutamate receptor agonists, they produce depolarizing
blockade at the site of injection and persistent neuronal
stimulation further away. The effect of such drugs is very
difficult to interpret since a steady-state condition is never
obtained during the course of an acute experiment and
the extent of the damage cannot be assessed histologically
before 1 or 2 days. We speculate that unilateral injection of
excitotoxin into the RTN region inhibits the phrenic nerve
discharge by several mechanisms including depolarization
blockade of some of the RTN neurons and activation of
adjacent structures such as the Bötzinger or A5 regions
which contain neurons that inhibit breathing (Monnier
et al. 2003; Rybak et al. 2004; Hilaire et al. 2004).

The destruction of the Phox2b+TH− neurons may
account for the respiratory deficits caused by
injection of SSP-SAP into the RTN

SSP-SAP is a ribosome-inactivating toxin that has been
designed to enter cells primarily by internalization of the
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agonist-liganded substance P receptor (Wiley & Kline,
2000). Although, in the RTN, very little NK1R immuno-
reactivity is visibly associated with the cell bodies of the
Phox2b+TH− neurons, some form of neurokinin receptor
is clearly present on the surface of these neurons because
they are strongly activated by substance P both in vivo and
in vitro (Mulkey et al. 2007a). The destruction of RTN
Phox2b+TH− neurons by SSP-SAP is presumably due to
the presence of these receptors.

The fact that the Phox2b+TH− cells are destroyed
by SSP-SAP is necessary evidence that the loss of these
neurons could be responsible for the respiratory deficits
identified in this and previous studies in which the
toxin was injected in the RTN (Nattie & Li, 2002).
This interpretation is reinforced by the existence of a
correlation between the increase in apnoeic threshold
and the percentage loss of the Phox2b+TH− cells. We
cannot exclude the possibility that the respiratory deficits
caused by injecting SSP-SAP into the RTN could have
also resulted from the destruction of cells other than
the Phox2b+TH− neurons but several reasons reduce the
plausibility of this interpretation. First, while not specific,
the toxin exhibited distinct selectivity. For example, the
nearby catecholaminergic and serotonergic neurons were
unaffected and the facial and ambigual motor neurons
that reside just dorsal to the RTN were also essentially
intact. Importantly, our densitometry analysis indicated
that NK1R-expressing neurons located within the ventral
respiratory column at the level of the pre-Bötzinger
complex and caudal to this level were intact. Selectivity
does not mean specificity, however. We found evidence
of neuronal damage at the rostral end of the Bötzinger
region and in the parapyramidal region medial to the RTN
where a group of highly NK1R-ir neurons was consistently
destroyed (Fig. 3). However, we also obtained evidence that
the collateral damage present in these regions is unlikely
to account for the respiratory deficits that we observed.

Damage to the Bötzinger region is unlikely to explain
the rise in the apnoeic threshold because the magnitude
of this rise was greatly increased by injecting SSP-SAP
into additional sites located at least 600 μm rostral to
the Bötzinger region. These additional lesions raised the
kill rate of the Phox2b+TH− neurons by another 13% on
average without increasing the damage caused by the toxin
at the level of the Bötzinger region. Because the rostral
cluster of Phox2b+TH− neurons was still intact in the
animals subjected to such quadruple lesions, it can be safely
assumed that the toxin does little or no damage at a distance
of more than a few hundred micrometres from the centre
of the injection.

Damage to the parapyramidal region is also unlikely
to have accounted for the respiratory effects of SSP-SAP
as suggested by the muscimol experiments. Indeed, in
rats with lesions of the left RTN, contralateral muscimol
injection into the parapyramidal region produced no effect

on respiration (Fig. 4) whereas muscimol injections placed
accurately among the Phox2b+TH− neurons caused
instant phrenic apnoea (Fig. 4). Thus, there is no evidence
that the parapyramidal region plays a significant role in
the central chemoreflex, at least under our experimental
conditions.

Unilateral injection of muscimol into the RTN on the
side contralateral to an SSP-SAP lesion produced a far
greater reduction of the chemoreflex than chronic bilateral
lesions of up to 70% of the Phox2b+TH− neurons. A
muscimol injection placed into the centre of the caudal
cluster of Phox2b+TH− neurons is likely to have inhibited
a large majority of these cells on the intact side while the
SSP-SAP lesion had destroyed about 65% of the cells on
the contralateral side in these rats. Therefore, on average,
the percentage of impaired Phox2b+TH− neurons should
have been approximately equal with both protocols. The
fact that chronic lesions produce less intense deficits than
the acute inhibition of about the same proportion of the
cells could have several explanations. The most likely is
that, after chronic lesions, the surviving Phox2b+TH−

cells develop new connections that make them more
effective. Another explanation, also implying some form of
plasticity, is that central chemoreceptors located elsewhere
compensate for the loss of the RTN neurons.

In brief, SSP-SAP destroyed the RTN Phox2b+TH−

neurons with considerable though incomplete selectivity.
The collateral damage present in the Bötzinger region and
in the rostral parapyramidal region is unlikely to account
for the respiratory deficits caused by injection of SSP-SAP
directly into the RTN. The results suggest that the chemo-
reflex attenuation produced by chronic bilateral injections
of SSP-SAP into the RTN is likely to be due to the loss
of the Phox2b+TH− neurons in this area. The central
apnoea caused by unilateral injection of muscimol into
RTN on the side contralateral to an SSP-SAP lesion is also
probably related to the inhibition of a large fraction of the
Phox2b+TH− neurons.

Interpreting the breathing deficits caused by SSP-SAP

Unlike plethysmographic measurements, the neural
equivalent of the minute × volume (we referred to this as
mvPND) is not readily comparable across groups of rats
because PND is a multiunit activity that is not measured
in absolute terms. Therefore, in all rats in which CO2

induces some PND, the relationship between PND and
end-expiratory CO2 converges at the same level of one
arbitrary unit at high levels of CO2 (Fig. 5C), even if the
‘real’ maximum PND was considerably lower at saturation
in the lesioned rats. This inevitable normalization also
impacts on the slope of the relationship between PND and
end-expiratory CO2, which therefore cannot be directly
compared between groups either. The only dependent
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variable that could be measured in an unbiased way in
the present experiment was the apnoeic threshold. This
value was increased by a robust amount in the rats with the
most extensive lesions of the Phox2b+TH− cells. Does this
change mean that the central chemoreflex was attenuated?
If one defines the central chemoreflex as the percentage
increase in PND caused by a given increment of CO2

without consideration for the apnoeic threshold, one could
conclude that the SSP-SAP lesions that we made did not
change the sensitivity of this reflex. If one defines the
chemoreflex as the increase in PND caused by a given
increment of CO2 above the apnoeic threshold of the
control rats, one would conclude that the lesions had a
very large depressant effect on the chemoreflex.

The study most directly comparable to ours is that of
Nattie & Li (2002) in which rats were examined while awake
2 weeks after bilateral injection of a very similar toxin
into the RTN region (substance P–saporin). These animals
had a decreased ventilation at rest, an increased arterial
PCO2

at rest and a lesser degree of ventilatory stimulation
when they were exposed to CO2 and these effects were
not state dependent. These results are consistent with the
partial destruction of a group of neurons that contributes
at all times a pH-sensitive drive to breathe and this
interpretation is in perfect register with the physiological
properties of the Phox2b+TH− cells (e.g. Rosin et al. 2006;
Takakura et al. 2006; Guyenet et al. 2008). If RTN neurons
contribute a significant portion of the pH-dependent drive
to breathe, a partial lesion of these cells would be expected
to raise the apnoeic threshold under anaesthesia because,
under such conditions, breathing is predominantly driven
by CO2 as opposed to feed-forward influences from supra-
pontine structures and the integrity of RTN is required
for CO2 to be able to drive breathing (Takakura et al.
2006). Two weeks after the RTN lesions Nattie & Li (2002)
found a relatively modest reduction in the ventilatory
increase (�V̇E) caused by CO2. In fact this increase was,
percentage-wise, at most equivalent to the percentage
reduction of the resting ventilation, V̇E, which raises the
same issue as to whether these lesions lower the drive to
breathe or the chemoreflex. As indicated above, our data
cannot strictly evaluate the change in chemoreflex slope
and the increased slope of the relationship between PND
and end-expiratory CO2 that we show in Fig. 5 does not
necessarily indicate that the chemoreflex of the lesioned
rats was facilitated. Thus, we see no discrepancy between
our results obtained under anaesthesia and those of Nattie
& Li (2002) in awake rats and we propose that, given what
is known of the cellular properties of the Phox2b+TH−

neurons, the results of both studies can be explained very
satisfactorily by the theory that RTN neurons contribute
a pH-modulated excitatory drive to the central pattern
generator and that, in both studies this cell population
was only partially lesioned.

How important are the Phox2b+TH− neurons of RTN
for breathing automaticity and CO2 homeostasis
in the adult?

The selective loss of a large portion of the RTN Phox2b+

neurons in the mouse is the possible cause of a total absence
of respiratory response to CO2 at birth, which results in
asphyxia and death (Dubreuil et al. 2008). One inter-
pretation of these results is that, at least during the neonatal
period, the pH-regulated excitatory drive that the central
pattern generator receives from the Phox2b+ neurons of
RTN defines both breathing intensity and its stimulation
by arterial PCO2

.
The present experiments are insufficient to prove the

validity of this theory in the case of the adult but
they suggest that the hypothesis is viable and should
be explored further. Indeed, a large increase in apnoeic
threshold was produced in our rat model by destroying
a comparable percentage of RTN Phox2b+TH− neurons
than in the genetic model of Dubreuil et al. (2008).
Dubreuil and colleagues, however, measured the number
of neurons that coexpress Phox2b and VGLUT2. This
population includes the C1 neurons (Stornetta et al.
2002, 2006), the number of which is unaffected by
the Phox2b mutation (Dubreuil et al. 2008). The pre-
sence of many C1 neurons in the RTN may have lead
these authors to underestimate the percentage loss of the
putative chemorecetors i.e. the Phox2b+TH− neurons.
In our model, the relationship between the apnoeic
threshold and the kill rate of the Phox2b+TH− neurons
was clearly non-linear. The loss of up to 57% of these
cells had a very modest effect on the apnoeic threshold
whereas a large elevation of this threshold resulted from
increasing the kill rate to around 70%. The fact that a
high kill rate would be required to produce symptoms is
expected. Parkinson’s disease becomes symptomatic only
with the loss of about 80% of the dopaminergic neurons
(Schulz & Falkenburger, 2004) and the destruction of
well over 80% of the C1 neurons is required to produce
chronic hypotension and a cohort of associated auto-
nomic deficits (Madden et al. 2006). The loss of the
RTN Phox2b+TH− neurons that was produced in the
present study (70%) was therefore still comparatively
light by these standards. This fact plausibly accounts
for the survivability of these lesions and suggests that a
higher kill rate of the RTN Phox2b+TH− neurons may
have respiratory consequences in the adult that are as
serious as in the genetic model of Dubreuil et al. (2008),
namely severe apnoea and perhaps death. However, the
performance of such experiments in the adult raises ethical
concerns and, for this reason, they were not attempted.
A different methodology will have to be implemented to
determine how critical the RTN is to breathing in adult
rodents.
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Summary and conclusions

The RTN of the adult rat contains around 2100
Phox2b+TH− neurons spread out over 2 mm in the
rostrocaudal direction. These neurons are destroyed with
considerable though imperfect selectivity by injecting
the toxin SSP-SAP in their midst. The breathing
deficit produced by destroying the RTN region with
SSP-SAP correlates with the percentage destruction of
the Phox2b+TH− neurons and could therefore be due to
the loss of these particular neurons. The results of these
present experiments are consistent with the notion that the
RTN contributes an important pH-regulated excitatory
drive to the respiratory pattern generator (Nattie & Li,
2002) and that the Phox2b+TH− neurons are responsible
for this aspect of the function of this nucleus.
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