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PreBötzinger Complex Neurokinin-1 Receptor-Expressing
Neurons Mediate Opioid-Induced Respiratory Depression
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The analgesic properties of the opium poppy Papever somniferum were first mentioned by Hippocrates around 400 BC, and opioid
analgesics remain the mainstay of pain management today. These drugs can cause the serious side-effect of respiratory depression that
can be lethal with overdose, however the critical brain sites and neurochemical identity of the neurons mediating this depression are
unknown. By locally manipulating neurotransmission in the adult rat, we identify the critical site of the medulla, the preBötzinger
complex, that mediates opioid-induced respiratory depression in vivo. Here we show that opioids at the preBötzinger complex cause
respiratory depression or fatal apnea, with anesthesia and deep-sleep being particularly vulnerable states for opioid-induced respiratory
depression. Importantly, we establish that the preBötzinger complex is fully responsible for respiratory rate suppression following
systemic administration of opioid analgesics. The site in the medulla most sensitive to opioids corresponds to a region expressing
neurokinin-1 receptors, and we show in rhythmically active brainstem section in vitro that neurokinin-1 receptor-expressing preBötz-
inger complex neurons are selectively inhibited by opioids. In summary, neurokinin-1 receptor-expressing preBötzinger complex neu-
rons constitute the critical site mediating opioid-induced respiratory rate depression, and the key therapeutic target for its prevention or
reversal.

Introduction
The analgesic properties of the opium poppy Papaver somniferum
has been recognized for centuries, and opioid analgesics remain
the mainstay of pain management today (Gutstein, 2001). The
most widely recognized and potentially fatal acute side-effect of
opioid analgesics is respiratory depression (Gutstein, 2001; Pat-
tinson, 2008), and this is of particular concern when opioid drugs
are abused (Gutstein, 2001; Hall et al., 2008). Enhanced suscep-
tibility to opioid-induced respiratory depression among a sub-
population of patients also limits the degree of analgesia that can
be provided (Agrò et al., 2004; Desrosiers, 2006). Yet despite this
serious problem, the key sites in the brain where opioid analgesics
act to suppress breathing have not been identified (Gutstein,
2001; Pattinson, 2008).

Rhythmic breathing is essential to life in mammals, and this
behavior is generated by a complex neuronal network in the
brainstem. Embedded in this network is the preBötzinger com-
plex (preBötC), a region of the medulla that plays an essential role
in generating the basic respiratory rhythm in vitro (Smith et al.,

1991; Gray et al., 1999) and in vivo (Gray et al., 2001; Tan et al.,
2008). Destruction of neurokinin-1 receptor (NK1R)-expressing
preBötC neurons leads to irregular breathing (Gray et al., 2001;
McKay et al., 2005), with this and other evidence suggesting that
preBötC neurons are essential for normal respiratory rhythm and
have the capacity to even abolish breathing in the intact conscious
organism (Tan et al., 2008). In neonatal rodents, NK1R and
�-opioid receptors are coexpressed in preBötC neurons, and ap-
plication of opioids to the preBötC slows respiratory rate in vitro
(Gray et al., 1999). Yet there are multiple sites in the intact brain,
including neurons of the respiratory network other than the pre-
BötC, that express �-opioid receptors (Xia and Haddad, 1991;
Gray et al., 1999; McCrimmon and Alheid, 2003), which when
activated by systemic administration of opioids could directly or
indirectly influence the respiratory network (Gray et al., 1999;
Lalley, 2003; Zhang et al., 2007). Nevertheless, the severely de-
pressed respiratory rate observed in the presence of opioid drugs
indicates a key effect on the site(s) generating respiratory rhythm.

Given that opioids depress respiratory rate in vitro (Gray et al.,
1999; Manzke et al., 2003), it has been suggested that the preBötC
mediates opioid-induced respiratory depression. However, the
critical role of the preBötC in mediating respiratory rate depres-
sion following systemic opioids has not been demonstrated. Here
we propose that NK1R-expressing preBötC neurons constitute
the critical site mediating opioid-induced respiratory rate depres-
sion. By manipulating neurotransmission in the medulla in vivo,
we show that opioids at the preBötC cause slowing of respiratory
rate, with anesthesia and deep-sleep being particularly vulnerable
states for this depression. This effect is due to the action of opioids
at a spatially restricted site corresponding to NK1R-expressing
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preBötC neurons. We then demonstrate that the preBötC fully
mediates respiratory rate depression following a clinically rel-
evant systemic administration of opioids. Furthermore, in
rhythmically active brainstem sections containing the pre-
BötC, stimulation of �-opioid receptors preferentially inhib-
its NK1R-expressing preBötC neurons that includes a
postsynaptic mechanism.

Materials and Methods
All procedures were performed in accordance with the recommenda-
tions of the Canadian Council on Animal Care, and were approved by the
University of Toronto Animal Care Committee, and the University of
Alberta Animal Welfare Committee.

In vivo modulation of the preBötC
Anesthetized preparations. To determine the effect of �-opioid receptor
stimulation at the preBötC on respiratory activities, we used reverse-
microdialysis to perfuse �-opioid receptor agonists into the preBötC of
anesthetized adult male Wistar rats (n � 21). The experimental proce-
dures were adapted from a previous study (Steenland et al., 2008). Rats
were anesthetized with isoflurane (2–2.5%) and tracheostomized. The
rats spontaneously breathed a 50%-oxygen gas mixture (balance nitro-
gen), and the femoral artery was catheterized for blood pressure mea-
surement. Core body temperature was monitored with a rectal probe and
maintained between 36.5 and 38°C (TC-1000 Temperature Controller,
CWE Inc.). Diaphragm and genioglossus muscle activities were recorded
using modified needle electrodes (Grass Technologies) and electrical sig-
nals were amplified and filtered (BMA-400 Bioamplifier, CWE Inc.). The
electrocardiogram was removed from the diaphragm signal using an
electronic blanker (SB-1, CWE Inc.). The moving-time averages of the
signals were also obtained (times constant � 100 ms, MA-821/RSP Mov-
ing Averager, CWE Inc.). Raw signals were recorded on a computer at a
sampling rate of 2000 Hz, whereas the moving-time averaged signals
were sampled at 200 Hz (Spike 2 software version 6, and Micro-1401,
Cambridge Electronic Design). Then, the rat was placed in the prone
position in a stereotaxic apparatus (model SAS-4100, ASI Instruments
Inc.) with blunt ear bars. To ensure consistent positioning between ani-
mals, the flat skull position was achieved with an alignment tool (model
944, Kopf Instruments). Using a dorsal approach, a microdialysis probe
(CMA11, Chromatography Sciences Company), continuously perfused
at 3 �l/min with freshly made artificial CSF (aCSF), was inserted into the
brainstem 2.0 mm dorsal to the preBötC, by placing the probe 12.2 mm
posterior, 2 mm lateral and 8.5 mm ventral to bregma. The composition
of the aCSF was (in mM): 125 NaCl, 3 KCl, 1 KH2PO4, 2 CaCl2, 1 MgSO4,
25 NaHCO3, and 30 glucose. The pH was adjusted at 7.4 by bubbling CO2

in the aCSF. The microdialysis probe was then progressively lowered into
the brainstem while recording all physiological variables, and was left
in place when genioglossus muscle activity decreased by �30% which
typically occurred with the probe � 10.5 mm ventral to bregma. With
experience derived from extensive preliminary experiments and ana-
tomical determinations, we note that this response is a good initial
marker of the appropriate depth of the probe before subsequent con-
firmation by postmortem histology.

Baseline levels of the physiological variables were recorded for at least
60 min. Following this control period, the �-opioid receptor agonists
[D-Ala 2, N-MePhe 4, Gly-ol]-enkephalin (DAMGO, 5 �M, Tocris Bio-
science) or fentanyl (fentanyl citrate, 100 �M, Sandoz Canada Inc.) were
then added to the aCSF for perfusion of the preBötC. The responses to
DAMGO (n � 9 rats) and fentanyl (n � 8 rats) were recorded for the next
30 – 60 min and were then followed by perfusion of the �-opioid receptor
antagonist naloxone (naloxone hydrochloride solution, 100 �M, Sandoz
Canada Inc.) in aCSF for another 30 min. In a separate set of experi-
ments, we also perfused a solution of 200 �M DAMGO into the preBötC
to determine whether this dose would abolish respiratory activity (n �
3). In the event of cessation of breathing, the rat was artificially ventilated
and naloxone (100 �M) was perfused into the preBötC until respiratory
activity resumed. The rat was then killed by overdose with isoflurane and
the brain was fixed with formalin, cut with cryostat at 50 �m, and stained

with neutral red for subsequent histology. Breath-by-breath measure-
ments of respiratory rate, inspiratory and expiratory durations, dia-
phragm and genioglossus muscle amplitudes were averaged over the last
5 min of microdialysis perfusion of the preBötC with aCSF, DAMGO or
fentanyl, and naloxone.

Freely behaving preparations. To determine the effects of �-opioid re-
ceptor stimulation at the preBötC on respiratory activity in conscious
adult rats across sleep–wake states, we perfused DAMGO bilaterally into
both preBötC in freely behaving male adult Wistar rats (n � 3). One week
before the experiments, sterile surgery was performed under isoflurane
anesthesia to implant the rats with electroencephalogram (EEG) and
postural (neck) muscle electrodes to identify sleep–wake states, and dia-
phragm and genioglossus electrodes for respiratory muscle recordings.
Two insulated, multistranded stainless steel wires (AS631, Cooner Wire)
were implanted bilaterally and directly into the genioglossus muscle and
secured with sutures and tissue glue. To record diaphragm activity, two
wires were sutured onto the costal diaphragm via an abdominal ap-
proach. Tests for the accurate placement of the genioglossus electrodes
and their function throughout the experiments included electromyo-
gram recordings during surgery and observing tongue movements in
response to electrical stimulation of the electrodes (Morrison et al.,
2003). The rat was placed in the prone position in the stereotaxic appa-
ratus (model SAS-4100) with blunt ear bars, and three holes were drilled
into the skull for the placement of the EEG electrodes. Two stainless steel
screws (size 0 – 80 � 1/16, Plastics One Inc.) were placed �2 mm to the
right and 2 mm anterior to bregma, and 2 mm to the left and 3 mm
posterior to bregma for EEG activity; the third electrode was placed 3 mm
to the left and 3 mm anterior to bregma. Insulated multistranded stain-
less steel wires were also sutured on the dorsal neck muscles to record the
electromyogram. Finally, two microdialysis guide cannulas (AG-X,
Eicom Corp.) were positioned 5.0 mm above the preBötC by placing
them 12.2 mm posterior, 2 mm either side and 5.5 mm ventral to bregma
with the guide cannulas secured in place with dental acrylic. Postsurgical
care consisted of a subcutaneous injection of an anti-inflammatory drug
(ketoprofen, 2 mg kg �1) and an analgesic (buprenorphine, 1 mg/kg).
The rats recovered for 1 week before experiment.

On the day of the experiment, the rat was transiently anesthetized
(isoflurane 2–2.5%) for the careful and accurate placement of the micro-
dialysis probes (CMA-11). The microdialysis probes were perfused with
aCSF at 3 �l/min, and were lowered slowly into the guides using the same
approach as in the anesthetized preparation, i.e., to ensure consistent
placements within and between preparations. These careful placements
also used the change in genioglossus muscle activity as the marker of
appropriate probe depth, and so also required an immobile animal as
spontaneous changes in motor activity in the behaving animal would
obscure the signal and preclude slow and progressive lowering of the
probe. Following placements of the microdialysis probes the rat was
connected to the recording apparatus which allowed electrophysiological
signals to be recorded while the rat moved freely in a Plexiglas bowl filled
with fresh bedding. The Plexiglas bowl was placed on a rotating turntable
(Raturn, BASi) which automatically adjusts its position when the rat
moves to avoid entanglements of the microdialysis tubing and recording
cable. After a recovery period from anesthesia of at least 120 min (with
the rat apparently behaving normally after �45 min), the EEG, neck and
diaphragm muscle activities were recorded for 30 min during bilateral
perfusion of aCSF into both preBötC. DAMGO (20 �M) was then added
to the perfusing solution for 90 min followed by perfusion of naloxone
(100 �M) into the preBötC for a further 90 min. Measurements started at
�11.00 and ended at �14.30. Data were amplified, filtered, moving-time
averaged and sampled as described in the anesthetized experiments. Re-
spiratory rate, diaphragm and neck muscle amplitudes were averaged
every 10 s time bin. EEG and neck muscle activities were also displayed
every 10 s to identify the prevailing sleep/wake states according to stan-
dard criteria (Morrison et al., 2003). EEG frequencies in the following
frequency bands: �2 (0.5–2 Hz), �1 (2– 4 Hz), � (4 –7.5 Hz), � (7.5–13.5
Hz), �1 (13.5–20 Hz), �2 (20 –30 Hz) were analyzed using Spike 2 soft-
ware. In addition, ratio of high to low frequencies (i.e., the �2/�1 ratio)
was calculated for each 10 s bin as an index of relative EEG activation.
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Values were averaged for each sleep–wake state occurring over the last 30
min of aCSF, DAMGO, and naloxone perfusions.

Construction of correlation maps
We constructed correlation maps to relate the location of the interven-
tion sites with the resultant effect on respiratory activity. The rationale
for the construction of correlation maps is that for a locus of effect of
opioids at any particular brainstem site, the latency for the drug to diffuse
through the tissue and to progressively change respiratory activity will
vary as a function of the distance of the probe from the effective site. We
first determined the locations of the intervention (perfusion) sites by
using anatomical markers and standard brain maps (Paxinos and
Watson, 1998) (see supplemental Table 1, available at www.jneurosci.org
as supplemental material for coordinates). To determine the anterior–
posterior coordinates, we used the caudal end of the facial nucleus as the
reference point which is located 11.6 mm posterior to bregma. The
dorsal-ventral and medial-lateral coordinates were defined using the nu-
cleus ambiguus and standard brain maps (Paxinos and Watson, 1998).
For each animal, we then calculated the latencies to a 10% change in
respiratory rate and genioglossus activity in response to fentanyl. For
every possible sets of coordinates within a 3-dimensional grid (resolution
50 �m) spanning from 11.0 to 13.0 mm caudal to bregma, we then
calculated the distances from the perfusion sites to the corresponding set
of coordinates (supplemental Fig. 1, supplemental Table 1, available at
www.jneurosci.org as supplemental material) and correlated these dis-
tances with the latencies for the effects on respiratory activities. Using
Matlab 12 software (MathWorks), the correlation coefficients (0 � r 2 �
1) were then calculated for every set of coordinates and plotted as color
pixels (blue to red) in standard brain maps (Paxinos and Watson, 1998).
To further identify the regions statistically most strongly associated with
the latency for a change in respiratory rate or genioglossus activity, the
locations of the “hot spot” regions were identified by replotting the cor-
relation coefficients with p � 0.05 and r 2 � 0.8.

Immunohistochemistry
We used NK1R immunohistochemistry to locate the preBötC from
brainstem sections (Gray et al., 2001) (n � 3 male adult Wistar rats) using
techniques previously described (Pagliardini et al., 2003). Following fix-
ation in 4% paraformaldehyde and cryoprotection in 30% sucrose, the
brains were frozen and cut in 50 �m sections. The antibodies used were
rabbit anti-NK1R (1:1000, AB-N04, Advanced Targeting Systems) and
donkey anti-rabbit immunoglobin G (1:100, Jackson ImmunoResearch
Laboratories). Sections were stained with a chromogen diaminobenzi-
dine solution and were mounted on slides, dried, and sealed with Cy-
toseal 280. Sections were digitized with a CCD camera (Infinity 1,
Olympus) and microscope (BX-41, Olympus).

Bilateral perfusion of the preBötC and systemic administration
of opioids
To determine whether the preBötC is the critical site where systemically
administered opioids act to depress respiratory rate, we administered, in
male adult rats, a single intravenous dose of fentanyl in the presence of
bilateral microdialysis perfusion into the preBötC of aCSF (control, n �
4) or naloxone (n � 9). The microdialysis probes were inserted 12.2 mm
posterior, 2 mm either side of, and 10.5 mm ventral to bregma as de-
scribed previously. After baseline recording for 30 min with perfusion of
aCSF into the preBötC, we then added naloxone (300 �M) to the perfus-
ing solution for 45 min, or maintained aCSF perfusion as the control. We
then injected fentanyl into the femoral vein at a dose of 1 �g/kg over 1
min, which produces a robust (�30%) suppression of respiratory rate.
As described previously (see section: Construction of correlation maps),
we also correlated the distances from the perfusion sites to each preBötC
with the capacity of naloxone at the preBötC to prevent the depression of
respiratory rate, genioglossus muscle activity and blood pressure by the
systemic intravenously administered opioids.

Medullary slice preparation and electrophysiology
Newborn male Sprague Dawley rats (postnatal days 1– 4) were anesthe-
tized by inhalation of isoflurane (2–3%), and the neuraxis was isolated in
artificial CSF (aCSF-in vitro) (in mM): 128 NaCl, 3 KCl, 1.5 CaCl2, 1

MgSO4, 23.5 NaHCO3, 0.5 NaH2PO4, and 30 D-glucose equilibrated with
95% O2-5% CO2 at room temperature. Rhythmically active medullary
slice preparations were produced as described previously (Smith et al.,
1991). A single transverse slice containing the preBötC complex was cut
(650 –750 �m thick) and transferred to a chamber containing aCSF-in
vitro. Tetramethylrhodamine-conjugated Substance P (0.5 �M, Alberta
Peptide Institute) or carboxytetramethylrhodamine-conjugated Sub-
stance P (0.5 �M, Invitrogen) were used to label NK1R-expressing neu-
rons for subsequent whole-cell patch-clamp recordings (Pagliardini et
al., 2005). Preincubation of sections with the NK1R antagonist RP67580
(10 �M, Tocris Bioscience) before exposure to conjugated Substance P
was performed to block receptor internalization. Recordings of popula-
tion inspiratory activity from hypoglossal nerve roots were made via
suction electrodes. Signals were amplified, filtered (0.3–3 kHz), rectified,
integrated, and recorded on a computer using a Digidata 1322A analog-
to-digital board and Axoscope software (Molecular Devices). NK1R-
expressing and non-NK1R-expressing neurons in the preBötC were
identified under epifluorescence using a CCD camera (ICD-47; Ike-
gami). Whole-cell patch recordings were then obtained from NK1R-
expressing and nonexpressing neurons. Input resistance was measured
by injecting small hyperpolarizing current pulses (0.5 s duration) and
recording the resultant change in membrane potential. All drugs were
made freshly from stock solution and bath applied. TTX (0.5–1 �M) and
DAMGO (0.5 �M) were purchased from Sigma.

Statistical analysis
For the anesthetized experiments with local perfusion of DAMGO or
fentanyl into the preBötC, we used a one-way repeated-measures
ANOVA design with post hoc Bonferroni t tests for comparison with the
aCSF controls. For the freely behaving experiments, we used a Kruskal–
Wallis ANOVA on Ranks with Dunn’s post hoc test for comparison with
the aCSF controls. Correlations were performed using the Spearman’s
Rank test. For experiments with intravenous injection of fentanyl and
aCSF versus naloxone at the preBötC, we used a two-way ANOVA with
one repeated-measure (before and after intravenous fentanyl) and post
hoc Bonferroni t tests for comparison with the aCSF controls. For the in
vitro experiments, we used z tests for comparison of NK1R versus non-
NK1R neurons, and Student’s paired t tests for comparing the changes in
input resistance after drug application. All values are reported as
means � SEM. Differences were considered significant if p � 0.05.

Results
Opioids at the preBötC depress breathing and cause
persistent apnea
To determine whether the site in the medulla responsible for the
generation of breathing in vivo (Gray et al., 2001; Tan et al., 2008)
is sensitive to opioid analgesics, we applied �-opioid receptor
agonists into the preBötC in isoflurane-anesthetized adult rats.
Continuous local unilateral application (Fig. 1A) of the synthetic
�-opioid receptor agonist DAMGO (5 �M) or fentanyl (100 �M)
into the preBötC caused sustained slowing of respiratory rate,
increased respiratory rate variability (ataxic breathing), and sup-
pressed tongue (genioglossus) muscle, but not diaphragm muscle
activation (Fig. 1B; supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). The significant reduc-
tions in respiratory rate with DAMGO (44.4 � 2.0 to 25.6 � 2.0
breaths � min�1, p � 0.0001, n � 9) were produced solely by
increased expiratory duration ( p � 0.0001, Fig. 1C), with no
changes in inspiratory duration ( p � 0.493). DAMGO at the
preBötC also increased respiratory rate variability (coefficient of
variation: 4.4 � 0.6 to 38.6 � 13.5%, p � 0.018), decreased ge-
nioglossus activity (0.58 � 0.12 to 0.15 � 0.12 arbitrary units, p �
0.022, n � 8) but did not affect the amplitude of diaphragm
activation (0.54 � 0.19 to 0.43 � 0.15 arbitrary units, p � 0.86).
The reduction in respiratory rate, increased respiratory rate vari-
ability, and prolonged expiratory duration were all reversed by
the perfusion of �-opioid receptor antagonist naloxone (100 �M)
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into the preBötC, i.e., the values with naloxone were returned to
levels indistinguishable from aCSF controls ( p � 0.089, p �
1.000, and p � 0.35, respectively, Fig. 1C). Such reversal of
opioid-induced respiratory depression was also observed when
naloxone was coapplied with DAMGO into the preBötC (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). In some animals, naloxone at the preBötC increased
genioglossus muscle amplitude to levels higher than aCSF con-
trols, but the mean increase was not significant for the group
( p � 0.075, aCSF versus naloxone). Heart rate and mean arterial
blood pressure were unaffected by DAMGO at the preBötC
(heart rate: 361 � 38 to 350 � 32, p � 0.070, n � 9, and mean
arterial blood pressure: 76.2 � 9.9 to 60.5 � 8.8 mmHg, p �
0.075, n � 4).

We then demonstrated that opioids at the preBötC at suffi-
cient concentration (DAMGO, 200 �M) can cause complete ces-
sation of breathing (Fig. 1D). Such respiratory arrest was
identified as complete cessation of diaphragm and tongue (genio-
glossus) muscle activities (mean latency for complete suppres-
sion of genioglossus and diaphragm activities was 3.5 � 1.3 and
3.8 � 1.4 min respectively, n � 3). Cessation of breathing was
reversed with artificial ventilation and perfusion of naloxone
(100 �M) into the preBötC in 24.0 � 3.1 min.

Opioids at the preBötC cause state-dependent
respiratory depression
To determine the functional capacity of opioids to suppress
breathing in conscious and freely behaving adult rats, we per-

Figure 1. Opioid receptor mechanisms at the preBötC modulate breathing in vivo. A, Schema and histological section showing unilateral location of the tip of the microdialysis probe (arrow) in
the medulla. B, Example showing that addition of 5 �M DAMGO to the aCSF perfusing the preBötC caused respiratory depression, effects that were reversed with naloxone. C, Group mean data (n �
9) for the effect of DAMGO (5 �M), and then the subsequent reversal of effects with naloxone (100 �M), on respiratory rate, duration of inspiration, duration of expiration, the amplitude of diaphragm
(Dia) muscle activation, the amplitude of genioglossus (GG) muscle activation, and respiratory rate variability. Error bars are SEM. D, DAMGO (200 �M) caused complete respiratory arrest in the
anesthetized adult rat. The animal was kept alive by artificial ventilation, and respiratory activity recovered after 30 min of perfusion with naloxone (100 �M). *p � 0.05, significant differences
compared with aCSF controls. na, Nucleus ambiguus; io, inferior olive.
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fused opioids into the preBötC while recording respiratory mus-
cle activity across sleep–wake states. Local bilateral application of
DAMGO (20 �M) to both preBötCs caused respiratory rate slow-
ing (Fig. 2A). In wakefulness, DAMGO decreased respiratory rate
(mean change � 20.6 � 2.6%, p � 0.01, n � 3, Figs. 2B, 3B). In
non-rapid-eye-movement (non-REM) sleep, DAMGO also de-
creased significantly respiratory rate (mean change � 33.0 �
2.6%, p � 0.001, n � 3, Figs. 2C, 3B), with these effects reversed
by naloxone at the preBötC (Figs. 2A,C, 3B). The magnitude of
this respiratory rate suppression with DAMGO was significantly
correlated ( p � 0.001, Fig. 3C) with the degree of cortical activa-
tion as quantified by EEG frequencies (ratio �2/�1), with this
suppression being most pronounced in state of deep non-REM
sleep characterized by a low �2/�1 ratio. DAMGO at the preBötC
did not significantly change the percentage of time spent in wake-
fulness or non-REM sleep (both p � 0.899).

Anatomical hotspots for opioid-induced
respiratory depression
To identify the opioid-sensitive “hotspot” regions for respiratory
depression, we constructed correlation maps that relate the loca-
tion of the intervention sites in the preBötC region with the re-
sultant effect on respiratory activity (Fig. 4; supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). The
rationale for the construction of correlation maps is that for a
locus of effect of opioids at any putative brainstem site, the la-
tency for the �-opioid receptor agonist fentanyl to diffuse
through the tissue and to progressively change respiratory rate or
genioglossus activity will vary as a function of the distance of the
intervention site from the effective site(s) (supplemental Table 1,
available at www.jneurosci.org as supplemental material). We

first demonstrate that perfusion of opioids within the preBötC
caused a faster decrease in respiratory rate whereas perfusion
further from the preBötC induced a slower decrease in respira-
tory rate; there was a significant relationship between distance
from preBötC to the intervention (microdialysis probe) site and
the latency for a drug effect (r 2 � 0.81, p � 0.001, n � 8, Fig. 4B).
For all the possible sites within the volume of brainstem sur-
rounding the preBötC (see Materials and Methods), construction
of three dimensional anatomical maps reveal “hotspot” regions
that are statistically highly correlated with the latencies for respi-
ratory rate and genioglossus suppression (Fig. 4C). The anatom-
ical region most strongly associated with respiratory rate slowing
corresponds to the preBötC as identified by NK1R expression
and in vitro electrophysiology (Smith et al., 1991; Gray et al.,
2001), and this is further examined in vitro below. We also deter-
mine that the anatomical regions for opioid-induced respiratory
slowing and suppression of genioglossus muscle activity originate
from distinct regions of medulla, with the latter region located
caudal, dorsal and medial to the preBötC (Fig. 4C,D; supplemen-
tal Fig. 1D–G, available at www.jneurosci.org as supplemental
material).

The preBötC mediates respiratory depression by systemically
administered opioids
Here, we show that the fentanyl-induced respiratory slowing was
prevented by local bilateral application of naloxone to the pre-
BötC. Intravenous infusion of fentanyl at a clinically relevant
dose (1 �g/kg over 1 min) produced a robust �30% reduction in
respiratory rate (Fig. 5A,C) in the presence of bilateral perfusion
of artificial CSF (control) at the preBötC (Fig. 6A), with this
respiratory slowing fully prevented by addition of naloxone to the

Figure 2. In vivo modulation of breathing by the �-opioid agonist DAMGO at the preBötC across sleep–wake states. A, Recordings of a whole experimental protocol with traces showing the
prevailing sleep–wake states, electroencephalogram (EEG) activity, integrated neck muscle activity, mean respiratory rate (derived from successive 10 s time-bins), instantaneous (breath-by-
breath) rate, and integrated diaphragm (Dia) muscle activity. The top line represents the time course for the continuous perfusion of the different drugs into the preBötC, with the dashed lines
showing the 30 min periods used to calculate the mean data used in Figure 3. Note the persistent suppression of respiratory rate during perfusion of DAMGO, which is especially apparent during
non-REM sleep, and the subsequent reversal of this rate depression by naloxone. B, C, DAMGO (20 �M) at the preBötC caused respiratory slowing in wakefulness (B) and non-REM sleep (C), with this
effect reversed by naloxone.
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fluid locally perfusing the preBötC (Fig. 5B,D). With aCSF at the
preBötC, intravenous application of fentanyl caused clear sup-
pression of respiratory rate (mean decrease � 37.5 � 5.1%, p �
0.007, n � 4), genioglossus muscle activity (mean decrease �
67.0 � 18.6%, p � 0.037, n � 4) and blood pressure (mean
decrease � 21.8 � 4.6%, p � 0.018, n � 4, Fig. 6B). With nalox-
one (300 �M) at the preBötC, the suppression of respiratory rate
following intravenous application of fentanyl (1 �g/kg over 1 min)

was fully prevented (n � 4, p � 0.001, Fig. 6B), whereas the suppres-
sion of genioglossus muscle activity and blood pressure still occurred
and were statistically unaffected by naloxone ( p � 0.371 and p �
0.121). A higher concentration of naloxone was used in this set of
experiments to minimize the chances of incomplete �-opioid recep-
tor blockade. Importantly, the data in Figures 5 and 6 also show that
despite all the potential sites in the CNS and the periphery where the
systemically administered fentanyl could potentially act to produce
this respiratory slowing, bilateral local application of naloxone to
only one critical site in the medulla prevented this respiratory rate
depression. Moreover, the ability to fully prevent the respiratory
slowing with local application of naloxone to the preBötC was sig-
nificantly related to the proximity of the perfusion sites to the pre-
BötC (r2 � 0.52, p � 0.028, n � 9, Fig. 6C; see supplemental Table 2,
available at www.jneurosci.org as supplemental material for addi-
tional information), such that with successful placement of perfu-
sion sites in both preBötC (as in Fig. 6A) the opioid-induced
respiratory rate suppression was fully blocked. As expected, such
significant relationships were not present for the genioglossus (r2 �
0.007, p � 0.83, n � 9, Fig. 6C) and blood pressure (r2 � 0.028, p �
0.66, n � 9) responses, which were unaffected by naloxone at the
preBötC. Blocking �-opioid receptors by bilateral perfusion of nal-
oxone alone at the preBötC did not significantly change respiratory
rate ( p � 0.125, n � 4) or genioglossus muscle activity ( p � 0.625,
n � 4).

NK1R-expressing preBötC neurons are opioid sensitive
NK1R-expressing preBötC neurons are essential to stable
breathing and generating respiratory rhythm (Gray et al.,
2001; McKay et al., 2005), and the opioid-sensitive site iden-
tified above corresponds to a region of the medulla expressing
NK1R (Fig. 4C). Accordingly, we determined whether NK1R-
expressing neurons are preferentially inhibited by DAMGO in
vitro. We made targeted whole-cell recordings from preBötC
neurons expressing NK1R identified following internalization
of tetramethylrhodamine-conjugated Substance P, the natural
ligand for NK1R, in medullary slice preparations expressing a
spontaneous respiratory rhythm (Pagliardini et al., 2005) (Fig.
7A). In NK1R-expressing neurons, the discharge patterns in re-
lation to the respiratory cycle were 67/141 (47.5%) inspiratory,
38/141 (27.0%) expiratory and 36/141 (25.5%) nonrespiratory.
The distribution of neuronal discharge patterns among non-
NK1R-expressing neurons in the region of the preBötC was 22/70
(31.4%) inspiratory, 14/70 (20%) expiratory and 34/70 (48.6%)
nonrespiratory. We randomly sampled from NK1R-expressing
and nonexpressing preBötC neurons, and found a marked differ-
ence in the electrophysiological responses to application of
DAMGO in these two populations. Bath application of DAMGO
(0.5 �M) caused the expected slowing of respiratory rate in this in
vitro preparation (Greer et al., 1995; Gray et al., 1999) (Fig. 7B). In
9 of 10 NK1R-expressing preBötC inspiratory neurons, DAMGO
caused membrane hyperpolarization (mean decrease in mem-
brane potential � 4.6 � 0.4 mV, n � 10, p � 0.001, Fig. 7B). In
eight non-NK1R-expressing inspiratory preBötC neurons, six
did not respond to DAMGO application and only two neurons
were hyperpolarized by DAMGO, and overall membrane poten-
tial was not significantly affected (mean change � 0.8 � 1.4 mV,
n � 8, Fig. 7C). In the presence of tetrodotoxin (1 �M), to isolate
preBötC neurons from any action potential driven synaptic
transmission, DAMGO hyperpolarized 6 of 7 NK1R-expressing
preBötC neurons (mean decrease in membrane potential �
4.1 � 0.9 mV) and decreased their input resistance (271 � 43 vs
223 � 26 M�, p � 0.041, Fig. 7D).

Figure 3. Bilateral microdialysis perfusion of the �-opioid receptor agonist DAMGO into the
preBötC of freely behaving adult rats. A, Bilateral sites of perfusion (tips of the microdialysis
probes indicated by the arrows) identified from a section of medulla at 12.3 mm posterior to
bregma. B, Group mean data for the effect of DAMGO (20 �M) at the preBötC on respiratory rate
and the amplitude of diaphragm muscle activation across states in conscious freely behaving
rats (n � 3). Error bars are SEM. The reversal of effects by bilateral application of the �-opioid
receptor antagonist naloxone (100 �M) is also shown. Note the significant depression of respi-
ratory rate but not diaphragm muscle amplitude by DAMGO at the preBötC. C, Significant rela-
tionship between the degree of opioid-induced respiratory rate depression and the depth of
sleep as indexed by the ratio of high (�2, 20 –30 Hz) to low (�1, 0.5–2 Hz) EEG frequencies.
*p � 0.05, values significantly different from aCSF.
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Discussion
Rhythmic breathing is essential to life in mammals. Accordingly,
identifying and defining the brain sites underlying the generation
of breathing, and their responses to commonly used drugs such as
opioid analgesics, is of fundamental importance to understand
respiratory depression. Although the critical function of the pre-
BötC in generating respiratory rhythm is well established in neo-
natal rodents in vitro (Smith et al., 1991; Gray et al., 1999), its role
in modulating rhythm in the adult organism in vivo has been
controversial (Richter and Spyer, 2001; Feldman and Del Negro,
2006). Here we first demonstrate that nondestructive reversible
manipulation of the preBötC by opioids at sufficient concentra-
tion (tested under anesthesia) can arrest respiratory rhythm,
abolish respiratory muscle activity and cause fatal apnea unless
reversed by naloxone. This finding is in agreement with data
showing that destruction or silencing of preBötC neurons in-
duces ataxic breathing or outright central apneas in freely behav-
ing adult rats (Gray et al., 2001; McKay et al., 2005; Tan et al.,
2008). Importantly, we also determine that the preBötC partici-
pates in the modulation of normal rhythmic breathing in vivo,

previously controversial, because opioids at the preBötC produce
reversible slowing of respiratory rate i.e., not ataxia or apnea as
occur with destruction or silencing of preBötC neurons (Gray et
al., 2001; McKay et al., 2005; Tan et al., 2008).

The present study is the first to describe and validate methods for
the manipulation of the preBötC region in a freely behaving mam-
mal and so has widespread implications for studies investigating the
role of this region in respiratory rhythmogenesis in vivo. Previous
attempts to modulate respiratory activity with application of opioids
to the preBötC in vivo have yielded contradictory results (Lonergan
et al., 2003; Krause et al., 2009), because either the preBötC neurons
were not identified by NK1R expression so making the locations of
intervention sites difficult to identify, or the use of an acute
microinjection of a single dose of opioids did not affect a
sufficient number of preBötC neurons. Here we show that
opioids were applied to the preBötC region expressing NK1R,
these NK1R-expressing preBötC neurons are selectively inhib-
ited by opioids in vitro, and this rate suppression effect is
recapitulated in vivo with anatomical and functional specific-
ities to the preBötC region expressing NK1R.

Figure 4. Identification of the brainstem sites affected by opioids. A, Site of microdialysis perfusion located in the preBötC region as identified by neurokinin-1 receptor (NK1R) expression (n �
3) and histology (n � 8). B, Correlations between distances from the preBötC (�12.3 mm posterior, 2.5 mm lateral, and 10.2 mm ventral to bregma) to each perfusion site, and the corresponding
latencies to a 10% decrease in respiratory rate (shown in red) or genioglossus (GG) muscle amplitude (blue). Note that the correlation between the perfusion sites and the corresponding latencies
for respiratory rate depression is high and statistically significant (red, r 2 � 0.81, p � 0.002), but for genioglossus activity the correlation is weak and not significant (blue, r 2 � 0.35, p � 0.164).
See supplemental Table 1, available at www.jneurosci.org as supplemental material for additional information. C, Such correlations were performed for all regions on the histological sections using
a 50 �m square grid, and the magnitude of these correlations are color coded. These correlation maps reveal “hot spots” for the region most strongly associated with opioid-induced respiratory rate
suppression, with this region corresponding to the preBötC. A similar approach for a 10% suppression of GG activity shows that a distinct region located dorsomedial and caudal to the preBötC was
most strongly associated with opioid-induced suppression of tongue muscle activity (supplemental Fig. 1 F, G, available at www.jneurosci.org as supplemental material). D, Three-dimensional
reconstruction showing only those regions with high correlations (r 2 � 0.8), with the regions associated with suppression of respiratory rate (blue) and GG activity (green) being nonoverlapping.
XIIn, Hypoglossal motor nucleus; io, inferior olive; na, nucleus ambiguus.

1298 • J. Neurosci., January 26, 2011 • 31(4):1292–1301 Montandon et al. • Opioid-Induced Respiratory Depression



Opioid drugs are in widespread clinical use for the management
of acute and chronic pain, especially after surgery when patients also
spend a significant time asleep (Gutstein, 2001). Here we show that
anesthesia and deep non-REM sleep are particularly vulnerable
states for respiratory rate depression when opioids are present at the
CNS sites responsible for the generation of breathing. This principle
of state-dependent respiratory depression fits with the concept that
wakefulness can provide a significant excitatory drive to the respira-
tory system which can compensate, at least in great part, for other-
wise outright defects in the expression of respiratory activity
(Phillipson and Bowes, 1986). For instance, cessation of breathing is
pronounced during non-REM sleep in congenital central hypoven-
tilation syndrome (Shea, 1997) and destruction of NK1R-expressing
preBötC neurons causes a progressive deterioration of breathing,
with this deterioration first appearing in sleep (McKay et al., 2005).

To overcome the spatial limitations inherent to the localized
pharmacological manipulation of selected neuronal groups, we de-
veloped a novel functional and anatomical approach to identify
the sites in the medulla most sensitive to the applied agents. Using
the capacity of opioids to diffuse through the tissue and progres-
sively induce specific physiological effect depending on physical
proximity, we found a unique site in the medulla that was the
most highly statistically associated with opioid-induced respira-
tory rate suppression, with this “hotspot” region overlapping
with the NK1R expression that identifies the preBötC anatomi-
cally (Gray et al., 2001), and with NK1R-expressing neurons in
this region being selectively inhibited by opioids in vitro (Fig. 7).
The anatomical specificity for the suppression of respiratory rate
by locally applied opioids is further supported by the absence of a
change in the amplitude of respiratory-related diaphragm activ-

ity (Figs. 1, 2), indicating that �-opioid
responsive phrenic premotor neurons in
the more caudal regions of the ventral re-
spiratory column (Lalley, 2003; Stucke et
al., 2008) are not appreciably affected by
the interventions at the preBötC.

We also identify a separate distinct site
of the medulla that was the most highly
statistically associated with opioid-induced
suppression of tongue muscle activity.
Therefore, in addition to the inhibitory ac-
tion of opioids at the hypoglossal motor
pool (Hajiha et al., 2009), we now identify a
region that is statistically highly associated
with opioid-induced suppression of tongue
muscle activity which corresponds to the
site of hypoglossal premotor neurons iden-
tified in neonates in vitro (Smith et al., 2007)
and the parahypoglossal nucleus in adults
(Tan et al., 2010). This region is located cau-
dal, dorsal and medial to the preBötC and is
innervated by preBötC neurons (Koizumi et
al., 2008; Tan et al., 2010) and projects to the
hypoglossal motor nucleus (Koizumi et al.,
2008). Identification of this opioid-
responsive region is significant because up-
per airway obstruction is a serious clinical
concern associated with administration of
opioid drugs during sleep and anesthesia
such that current recommendation is that
opioid drugs should only be administered if
the airway is under control (Kryger, 2000).

A major unanswered question in phys-
iology and medicine has been to identify the key site(s) in the
brain where opioid drugs act to suppress breathing and produce
fatal apnea. Although there are multiple sites in the brain that
express �-opioid receptors which when activated could directly
or indirectly influence the respiratory network (Xia and Haddad,
1991; Gray et al., 1999; Lalley, 2003; Manzke et al., 2003; Mc-
Crimmon and Alheid, 2003), here we demonstrate that the pre-
BötC can fully mediate respiratory rate depression following
systemic opioid administration because this rate depression was en-
tirely prevented by naloxone at the preBötC only, with the efficacy of
this prevention depending upon proximity of the intervention to the
preBötC (Fig. 6C; supplemental Table 2, available at www.jneurosci.
org as supplemental material). The specificity of the naloxone inter-
vention selectively preventing rate suppression is further supported
by the fact that the preBötC per se does not mediate opioid-induced
suppression of tongue muscle activity or blood pressure since these
suppressions persist despite naloxone at the preBötC; in agreement
with the separate opioid-sensitive site identified above and shown in
Figure 4. In two previous studies attempting to antagonize opioid-
sensitive preBötC neurons (Stucke et al., 2008; Mustapic et al., 2010),
it is not clear whether the interventions were targeted to the NK1R-
expressing region and whether single micro-injections affected a suf-
ficient number of neurons, so explaining the lack of prevention.

In the preBötC we also found inspiratory, expiratory, and
nonrespiratory neurons (Johnson et al., 1994; Pagliardini et al.,
2005) with a subpopulation expressing NK1R (Gray et al., 2001).
Here, we show that approximately half of the NK1R-expressing
preBötC neurons sampled were active during inspiration and
that these neurons were preferentially inhibited by opioids. A
recent report using in vitro preparations of rat medullary slice

Figure 5. The preBötC mediates opioid-induced respiratory rate suppression following systemic administration of fentanyl. A,
With aCSF at the preBötC, intravenous application of fentanyl (1 �g/kg over 1 min) caused suppression of respiratory rate,
genioglossus (GG) muscle activity and blood pressure. B, With naloxone at the preBötC, the suppression of respiratory rate
following intravenous application of fentanyl (1 �g/kg over 1 min) was fully prevented, whereas the suppression of GG muscle
activity and blood pressure still occurred. C, D, Tracings in a shorter time scale. Dia, diaphragm muscle amplitude.
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concluded that opioid-mediated suppression of preBötC activity
is mediated solely by presynaptic mechanisms (Ballanyi et al.,
2010). However, our data indicate significant postsynaptic
hyperpolarization mainly among NK1R-expressing preBötC
neurons. A postsynaptic, in addition to a previously described
presynaptic (Haji et al., 2003), action is consistent with immuno-
histochemical detection of �-opioid receptors on NK1R-
expressing preBötC neurons (Gray et al., 1999; Manzke et al.,

Figure 6. Prevention of opioid-induced respiratory depression by naloxone at the preBötC in
anesthetized rats (n�4). A, Schema and histological section showing location of probes (arrows) for
bilateral application of aCSF or naloxone into both preBötCs. B, Full prevention of fentanyl-induced
suppression of respiratory rate by naloxone (300 �M, filled circles compared with aCSF (control, open
circles). Diaphragm muscle amplitude was slightly, but not significantly, reduced by intravenous ad-
ministration of fentanyl. Naloxone at the preBötC failed to prevent the suppression of blood pressure
and genioglossus muscle activity produced by intravenous fentanyl. Data are means � SEM. C, Sig-
nificant correlation (r 2 � 0.52, p � 0.028) between degree of prevention of respiratory rate and
average distance from perfusion sites to preBötCs (�12.5 mm posterior, 2.5 mm either side of the
midline, and �10.2 mm ventral to bregma). These coordinates correspond to a region of high NK1R
expression. Genioglossus muscle suppression by opioids was not correlated with the average distance
from perfusion sites to preBötCs since naloxone did not prevent the suppression. supplemental Figure
2 (available at www.jneurosci.org as supplemental material) shows that respiratory rate depression
following intravenous opioids was not fully prevented even when one of the two naloxone perfusion
sites was at the preBötC, i.e., both are required and both mediate the suppression following systemic
opioid administration. * indicates when fentanyl significantly decreases activity ( p � 0.05, post hoc
Bonferroni t tests).

Figure 7. �-Opioid receptor-induced inhibition of neurokinin-1 receptor-expressing
(NK1R) inspiratory preBötC neurons in vitro. A, Whole-nerve recording from hypoglossal (XII)
rootlet and whole-cell intracellular recording of NK1R-expressing preBötC neurons (red fluores-
cent labeling from internalization of tetramethylrhodamine-conjugated Substance P). B, Ap-
plication of DAMGO (0.5 �M) to the bathing medium of the tissue slice decreased respiratory
rate (as shown by decreased frequency of respiratory bursts in the XII nerve rootlet). Simulta-
neous current-clamp recording of a NK1R-expressing preBötC neuron showed membrane hy-
perpolarization, and clear suppression of inspiratory depolarization such that the threshold for
action potential generation was not reached. C, Recordings of a non-NK1R-expressing preBötC
neuron showing its lack of response to bath application of the �-opioid receptor agonist
DAMGO (0.5 �M). D, DAMGO-induced membrane hyperpolarization persisted in the presence of
TTX (1 �M). na, Nucleus ambiguus; io, inferior olive, XIIn, hypoglossal motor nucleus; XII hypo-
glossal nerve rootlet.
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2003) and previous reports of DAMGO-induced membrane hy-
perpolarization of a nonidentified subset of preBötC neurons
(Gray et al., 1999; Takeda et al., 2001; Lorier et al., 2008). With the
additional in vitro data in this report, we identify the neurochem-
ical phenotype of the opioid-sensitive preBötC neurons. In fur-
ther support of this conclusion, in mice lacking the tachykinin 1
(tac1) gene encoding for the precursor protein of Substance P, the
natural ligand for NK1R, the severity of morphine-induced respi-
ratory depression is reduced compared with wild-type animals
(Bilkei-Gorzo et al., 2010).

In summary, this report establishes that NK1R-expressing
preBötC neurons constitute the critical site mediating opioid-
induced respiratory rate depression in vivo. In principle, these
findings are essential to develop new pharmacological ap-
proaches to prevent life-threatening respiratory depression, without
reducing the beneficial analgesic properties of opioid drugs, by a
strategy of targeted reactivation of NK1R-expressing preBötC
neurons.
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