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Dynamic Rhythmogenic Network States Drive Differential
Opioid Responses in the In Vitro Respiratory Network

Nicholas J. Burgraff,1 Nicholas E. Bush,1 Jan M. Ramirez,1,2,3 and Nathan A. Baertsch1,2
1Center for Integrative Brain Research, Seattle Children’s Research Institute, Seattle, Washington 98101, 2Departments of Pediatrics, University of
Washington, Seattle, Washington 98195, and 3Neurological Surgery, University of Washington, Seattle, Washington 98195

Death from opioid overdose is typically caused by opioid-induced respiratory depression (OIRD). A particularly dangerous
characteristic of OIRD is its apparent unpredictability. The respiratory consequences of opioids can be surprisingly inconsis-
tent, even within the same individual. Despite significant clinical implications, most studies have focused on average dose–r
esponses rather than individual variation, and there remains little insight into the etiology of this apparent unpredictability.
The preBötzinger complex (preBötC) in the ventral medulla is an important site for generating the respiratory rhythm and
OIRD. Here, using male and female C57-Bl6 mice in vitro, we demonstrate that the preBötC can assume different network
states depending on the excitability of the preBötC and the intrinsic membrane properties of preBötC neurons. These net-
work states predict the functional consequences of opioids in the preBötC, and depending on network state, respiratory
rhythmogenesis can be either stabilized or suppressed by opioids. We hypothesize that the dynamic nature of preBötC rhyth-
mogenic properties, required to endow breathing with remarkable flexibility, also plays a key role in the dangerous unpre-
dictability of OIRD.
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Significance Statement

Opioids can cause unpredictable, life-threatening suppression of breathing. This apparent unpredictability makes clinical
management of opioids difficult while also making it challenging to define the underlying mechanisms of OIRD. Here, we
find in brainstem slices that the preBötC, an opioid-sensitive subregion of the brainstem, has an optimal configuration of cel-
lular and network properties that results in a maximally stable breathing rhythm. These properties are dynamic, and the state
of each individual preBötC network relative to the optimal configuration of the network predicts how vulnerable rhythmogen-
esis is to the effects of opioids. These insights establish a framework for understanding how endogenous and exogenous mod-
ulation of the rhythmogenic state of the preBötC can increase or decrease the risk of OIRD.

Introduction
The use of opioids remains a mainstay for the clinical manage-
ment of pain (McQuay, 1999; Niscola et al., 2006; Kuehn, 2007;
Dowell et al., 2013). Yet, despite the analgesic utility, opioids
pose a major risk with overdose often resulting in death (Rudd et
al., 2016; Scholl et al., 2018; Seth et al., 2018). According to the
Centers for Disease Control and Prevention, currently ;130 U.S
citizens die every day from opioid overdose, a rate of death six
times that of 20 years ago. Opioid-induced respiratory depression
(OIRD) is the most common cause of death associated with

opioid use. An important contributor to the high mortality rate
is the apparent unpredictable response of the respiratory network
to opioids. The respiratory consequences of opioid use can vary
substantially between individuals and can also be surprisingly
inconsistent even within the same individual (Cherny et al.,
2001; Dahan et al., 2013; Fleming et al., 2015). However, it is not
clear where this variability originates, and the mechanisms that
underlie this dangerous feature of OIRD remain elusive.

Multiple interacting regions throughout the brain and brain-
stem can contribute to OIRD (Gruhzit, 1957; Hurlé et al., 1982,
1983; Keifer et al., 1992; Ballanyi et al., 1997; Wojciechowski et
al., 2007; Montandon et al., 2011; Prkic et al., 2012; Zhang et al.,
2012; Lalley et al., 2014; Stucke et al., 2015). Yet, discrete nuclei
involved in the control of breathing play prominent roles (Varga
et al., 2019, 2020; Bachmutsky et al., 2020). Within the brain-
stem, rhythmic respiratory activity is produced and shaped
through interactions between a distributed network located
bilaterally along the ventrolateral medulla (Baekey et al., 2004;
Baertsch et al., 2019) and certain areas within the pons (Levitt
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et al., 2015; Saunders and Levitt, 2020). Of particular impor-
tance is the opioid-sensitive preBötzinger complex (preBötC),
which produces periodic inspiratory activity fundamental to mam-
malian breathing. Perturbing this region in vivo can result in respi-
ratory failure and fatal apnea (Wenninger et al., 2004), and when
isolated in vitro, the preBötC remains sufficient for rhythmogene-
sis (Smith et al., 1991; Ramirez et al., 1998; Gray et al., 2001;
Wenninger et al., 2004). The duration between inspiratory bursts
is the primary determinant of breathing frequency and becomes
dramatically prolonged during OIRD (Ramirez et al., 2021). The
interval between inspirations is influenced by a gradual increase in
excitation among preBötC neurons that eventually synchronize to
produce a population burst (Kam et al., 2013; Baertsch and
Ramirez, 2019). Implicated in this process are network-based
mechanisms involving synaptic interactions between intercon-
nected excitatory and inhibitory neurons, as well as intrinsic-based
mechanisms within the preBötC involving burst-promoting
inward cation currents such as the persistent sodium current
(INaP; Rekling and Feldman, 1998; Del Negro et al., 2005, 2008;
Ramirez and Baertsch, 2018b). The contributions of these inter-
twined mechanisms are not static, but can be dynamically tuned,
for example, by changes in excitability and neuromodulatory
inputs (Tryba et al., 2006), to endow breathing with the flexibility
and adaptability required to meet ever changing metabolic and be-
havioral demands (Ramirez and Baertsch, 2018a).

Here, we test the hypothesis that the dynamic nature of
these rhythmogenic properties plays a key role in the unpre-
dictability of OIRD. We find that the ability of opioids to sup-
press rhythmogenesis in vitro varies significantly between
individual preBötC networks, and that the excitability of a
given network is predictive of its individual response to opioid
exposure. Furthermore, we demonstrate that modulation of
either network excitability or the activity of INaP within any
individual network in vitro can alter susceptibility to OIRD.
The concept that the respiratory network can assume different
rhythmogenic states in vitro with different sensitivity to OIRD
may provide a novel framework for improving the predictabil-
ity of OIRD and inspire new strategies for prevention and re-
versal of OIRD.

Materials and Methods
Animals. All experiments were performed on male and female neo-

natal [postnatal (P)4–P12] C57-Bl6 mice bred at Seattle Children’s
Research Institute in accordance with Seattle Children’s Research
Institute Animal Care and Use Committee and National Institutes of
Health guidelines. Mice were group housed and given access to food
and water ad libitum. Light/dark cycles were maintained at 12 h each
and temperature controlled at 226 1°C.

In vitro medullary slice preparation and recording. Horizontal med-
ullary slices containing the ventral respiratory column were obtained
and prepared from neonatal mice between P4 and P12, as described pre-
viously (Baertsch et al., 2019). Briefly, whole brainstems were dissected,
and the dorsal surface glued onto an agar block cut at ;15° angle. The
brainstem was sectioned at 200mm stepwise in the transverse plane until
prominence of the facial nerves (VII) were visualized. The block was
then reoriented to position the ventral surface upward with the rostral
surface adjacent to the vibratome blade. The blade was manually aligned
flush with ventral surface on rostral end of the tissue. Following blade
alignment, a single 850mm section was obtained to generate the horizon-
tal slice. The horizontal slice contains the ventral respiratory column
extending from the spinal cord to the prominence of the facial nerve.
However, the dorsal aspects of the brainstem and areas rostral to the fa-
cial nerve are omitted. Nuclei within the ventral aspects of the medulla
are preserved such as the ventrolateral medulla and the preinspiratory

complex. Dissection and tissue sectioning occurred in ice-cold artificial
(a)CSF with an osmolarity between 305 and 312 mOsm, containing the
following (in mM): 118 NaCl, 3.0 KCL, 25 NaHCO3, 1 MgCL2, 1.5 CaCl2,
30 D-glucose) equilibrated with carbogen (95% O2, 5% CO2); pH
remained 7.46 0.05 when equilibrated with carbogen.

Slices were placed in a recording chamber with circulating aCSF (15
ml/min) warmed to 30°C for subsequent study. The aCSF [K1] was var-
ied between 3 and 14 mM in accordance with each experimental condi-
tion. At least 10min was allowed between each stepwise increase in
[K1]. Extracellular neuronal population recordings were obtained at the
preBötC, as described previously (Baertsch et al., 2019). Briefly, the
preBötC within horizontal slices can be located one-half to three-fourths
of the distance between the midline and lateral edge of the slice at the
level of the rostral end of central canal opening on an ;850 mm brain-
stem slice. Extracellular neuronal population activity was recorded using
glass suction pipettes (tip resistance,1 MV) filled with aCSF positioned
on the surface of the slice. Signals were recorded at 10 kHz through an
AC Differential Amplifier (A-M Systems), amplified by 10 K, bandpass
filtered between 300Hz and 5 kHz, rectified, integrated, digitized
(Digidata 1550A, Molecular Devices), acquired in pClamp software
(Molecular Devices), and analyzed post hoc with Clampfit software. For
drug application, drugs were bath applied sequentially in 10min
intervals.

Analysis and statistics. To quantify the variability of neuronal burst-
ing we define the irregularity score (IRS) as follows:

IRSðxnÞ ¼ 100 �
����
xn � xn�1

xn�1

����; (1)

and stability (S) was then calculated as follows:

S ¼ 1
N � 1

XN

n¼2

1

IRSðYnÞ � IRSðtonn � toffn�1Þ
: (2)

Extracellular neuronal population recordings were analyzed burst to
burst from the integrated population signal. Bursting characteristic
measurements represent the last 2 min within a 10min window follow-
ing either bath application of K1 or drug. Bursting characteristics were
normalized to appropriate control periods for each set of conditions. Xn

represents the peak amplitude or interburst interval of the nth burst, and
Xn�1 as peak amplitude or interburst interval of the preceding burst. For
extracellular population recordings, we calculate the burst stability with
Equations 1 and 2, with Yn as the peak burst amplitude, tonn as the time
of population burst onset, and toffn�1 as the time of the prior burst offset.
Burst stability represents a quantitative value of how similar a successive
set of inspiratory burst cycles are as a function of peak burst amplitude
and the interburst interval.

Burst stability was measured independently for each K1 concentra-
tion and then normalized by the maximal stability. Normal distribution
of data was assessed with a D’Agostino–Pearson normality test before
statistical assessment. Differences in bursting characteristics, IRS, and
stability between control and drug-applied conditions were determined
by a paired t test, one-way repeated-measures ANOVA, or two-way
repeated-measures ANOVA, with statistical significance representing
p, 0.05.

Spike train correlations were computed using the spike time tiling
coefficient (Cutts and Eglen, 2014) with dt ¼ 5ms:

All statistics throughout the study were computed using GraphPad
Prism.

Neuropixels recordings. In three slices, high-density Neuropixels
probes (Imec; Jun et al., 2017) were used to simultaneously record many
single neurons. The Neuropixels probes have been described in detail
previously (Jun et al., 2017). Briefly, they consist of 384 recordings sites
packed along a 70 mm � 4 mm probe with a pitch of 20 mm, allowing
for simultaneous, extracellular recording of many single neurons.
Horizontal slices were prepared as above. An extracellular population re-
cording was first obtained to determine the approximate location of the
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preBötzinger complex as evidenced by rhyth-
mic population bursting in 8 mM K1 aCSF. A
single Neuropixels probe was inserted contral-
aterally to the population electrode, at approxi-
mately a 45° angle to the horizontal surface of
the brain slice through the preBötzinger com-
plex. About 100 of the 384 available channels
were in contact with the brain tissue during
recordings. aCSF [K1] was then reduced to 3
mM before recording began. Recordings from
Neuropixels probe and the integrated contralat-
eral population recording were acquired with
SpikeGLX (release 20200520; https://billkarsh.
github.io/SpikeGLX). Neuropixels probes were
set to action potential gain = 500, local field
potential gain = 250, recorded from bank 0,
and an external reference was soldered to a
silver wire and submerged in the slice bath.
Neuropixels traces were filtered first with a
local common average reference filter, and
spikes were sorted off-line with Kilosort2
(Steinmetz et al., 2021) to obtain spike times
of simultaneously recorded, putative single
neurons.

Results
Variation in the susceptibility to OIRD
within the inspiratory rhythm
generating network in vitro
Because systemic morphine has been shown
to have variable effects on the breathing
rhythm, we examined whether this variabili-
ty is preserved in horizontal brainstem
slice preparations containing the respira-
tory rhythm generating network (Fig.
1A). Horizontal slice preparations pre-
serve the ventral respiratory column ros-
trocaudally, including the autonomously
rhythmic preBötC as well as neurons
rostral to the preBötC that may also con-
tribute to rhythmogenesis (Baertsch et
al., 2019). Yet, horizontal slices exclude
other sources of respiratory control, for
example, chemosensory and mechano-
sensory inputs from areas such as the nu-
cleus tractus solitarius and the carotid
bodies that can regulate breathing pattern.
Neuronal population activity was recorded
from the preBötC under control conditions

Figure 1. The functional consequences of opioids in the preBötC are variable in vitro. A, Horizontal brainstem slice prepa-
rations were used to compare the effects of opioids on the inspiratory rhythm across different preBötC networks. Integrated
population bursts represent fictive inspiratory activity. B, C, Horizontal slices showed a wide range of responses to bath appli-
cation of 50–200 nM DAMGO with some slices silenced by 50 nM DAMGO (bottom), whereas others showed little to no
response up to 200 nM (top). C, Despite the variation in individual responses, the mean effect was a dose-dependent decrease

/

in burst frequency with increasing doses of DAMGO. D, E,
The IRS of the interburst interval (D) and peak amplitude (E)
across successive population bursts increased in some slices
and decreased in others following bath application of
DAMGO from 50 to 200 nM DAMGO. F, Changes in rhythm
stability following DAMGO application similarly showed vari-
ation across slices with some slices increasing stability, and
others decreasing stability with subsequent DAMGO applica-
tion. Left, Graphs show means 6 SE. Middle, Graphs show
median, interquartile rage, and minimum/maximum. Right,
Graphs show individual replicates. **,***p , 0.05, signifi-
cantly different from control value. Repeated-measures
mixed-model analysis with Sidak’s multiple comparisons was
used to determine significant differences across doses.
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in 8 mM [K1] aCSF before and after increasing doses of the syn-
thetic m-opioid receptor agonist [D-Ala2, N-MePhe4, Gly-ol]-en-
kephalin (DAMGO). As expected from previous reports (Mellen et
al., 2003; Montandon et al., 2011; Wei and Ramirez, 2019), we
found a mean depression of the respiratory rhythm following 50–
200 nM DAMGO administration (�20 6 14% from control at 50
nM, �446 12% at 100 nM, and �606 10% at 200 nM, p, 0.001,
F = 20.6, n = 28, df = 27; Fig. 1B,C). Yet, across individual slice
preparations, changes in population burst frequency elicited
by DAMGO were highly variable. In some slices, the inspira-
tory rhythm was completely suppressed at 50 nM DAMGO,
whereas in others the rhythm remained relatively unperturbed
by DAMGO concentrations as high as 200 nM (Fig. 1C).
Similar variable responses were observed for both the inter-
burst-interval irregularity (p = 0.01, F = 4.7, N = 28, df = 27)
and burst amplitude irregularity (p = 0.12, F = 2.1, N = 28,
df = 27; Fig. 1D,E), as well as the overall stability (p = 0.35, F =
1.1, N = 28, df = 27; Eqs. 1, 2) of the rhythm, which increased
in some, but decreased in others, following DAMGO adminis-
tration (Fig. 1F). These results demonstrate that the net sup-
pressive effect of DAMGO on the frequency and regularity of
the inspiratory rhythm involves a wide range of individual
responses.

Peak stability of the inspiratory rhythm occurs at variable
levels of network excitability
When assessing preBötC population activity, transverse brain-
stem slices are routinely exposed to elevated extracellular [K1]

(8–9 mM) to boost network excitability ensuring they are consis-
tently rhythmically active (Smith et al., 1991; Del Negro et al.,
2009). However, it is known that transverse brainstem slice prep-
arations can also generate rhythmic activity at 3 mM extracellular
[K1] (Tryba et al., 2003; Ruangkittisakul et al., 2006, 2008).
Because transverse slices contain a relatively small portion of the
ventral respiratory network, it is hypothesized that only slices
that accurately capture the entire preBötC are rhythmic at 3 mM

extracellular [K1] (Ruangkittisakul et al., 2008). However, to our
surprise we found that despite containing the entire preBötC,
many horizontal slices also fail to produce a population rhythm
at 3 mM [K1]. Indeed, similar to transverse slices, the specific
amount of aCSF [K1] required to induce population bursting
was variable among individual horizontal slices; 24% were rhyth-
mic at 3 mM [K1] (n = 7/29), 10% required 5 mM [K1] (n =
3/29), 17% required 6.5 mM [K1] (n = 5/29), and 48% of horizontal
slices required aCSF [K1] to be raised to 8 mM before the inspira-
tory rhythm emerged (n = 14/29; Fig. 2A). Unexpectedly, we
found that on initiation of rhythmic population bursting, fur-
ther increases in aCSF [K1] could cause either an increase or
decrease in the regularity of the rhythm (Fig. 2B). Based on
this finding, we hypothesized that each individual slice has an
optimal level of aCSF [K1], depending on its intrinsic excit-
ability, that produces a rhythmogenic state of maximum sta-
bility (stabilitymax). Consequently, in some slices, increasing
aCSF [K1] drives the network rhythm toward stabilitymax,
making the rhythm less irregular, whereas in others, increas-
ing aCSF [K1] elevates excitability beyond stabilitymax, mak-
ing the rhythm more irregular. To test this hypothesis further,

Figure 2. Peak stability occurs at variable levels of network excitability. A, The level of aCSF [K1] needed to elicit bursting within the preBötC is variable among slices. Forty-eight percent
of slices required 8 mM [K1] to elicit network-wide bursting, whereas 17% required 6.5 mM, 10% required 5 mM, and 24% required 3 mM. B, Representative tracings from preBötC population
recordings following stepwise increases in aCSF [K1] from 3 to 8 mM. Top, Tracing shows a rhythm that increases stability as aCSF [K1] is increased. Middle, Tracing shows a rhythm that
increases and then decreasing stability in response to increased aCSF [K1]. Bottom, Tracing shows a rhythm that is destabilized by increasing aCSF [K1]. The point of maximum stability (stabi-
litymax) is noted for each example. C, Following alignment of stabilitymax for each rhythm, levels of aCSF [K1] before reaching peak stability show lower rhythm stability, whereas increases in
aCSF [K1] beyond stabilitymax result in decreasing rhythm stability. Averaging across slices results in a stability curve, where increasing aCSF [K1] initially increases rhythm stability followed by
a decrease in stability as aCSF [K1] is further increased.

9922 • J. Neurosci., December 1, 2021 • 41(48):9919–9931 Burgraff et al. · Respiratory Network States Drive OIRD Responses



we evaluated the stability of the inspiratory rhythm (Eqs. 1, 2)
as aCSF [K1] was incrementally raised from 3 to 14 mM (Fig.
2C). The level of aCSF [K1] required for the preBötC to pro-
duce the most stable rhythm varied across individual slices
and was unpredictable (Fig. 2B). However, consistent with our
hypothesis, when aligned by stabilitymax (level of extracellular
K1 that produced the highest stability value), changes in sta-
bility in response to changes in aCSF [K1] were predictable,
following a positive-skew-type bell curve (Fig. 2C). Along this
curve, increasing [K1] initially resulted in an increase in
rhythm stability from 5 6 4% to 30 6 9% stabilitymax. After
stabilitymax was reached, further 2 mM stepwise increases in
[K1] decreased stability by �40 6 7%, �55 6 7%, �52 6 9%,
and �71 6 9% (%stabilitymax; Fig. 2C). Thus, these results
suggest that perturbations to network activity have highly
variable effects on rhythmogenesis depending on whether the
network state is underexcited or overexcited relative to
stabilitymax.

To assess the extracellular spiking activity of single neurons as
the population rhythm emerges, stabilizes, and destabilizes, we
simultaneously recorded with high-density Neuropixels probes
between 33 and 72 single units in three slices (n = 138 neurons
total) as we increased the aCSF [K1] from 3 mM to 14 mM (Fig.
3). This allowed us to investigate the dynamics of the neural pop-
ulation with single neuron resolution. As expected (Fig. 2), we
found that as [K1] was increased, stability increased initially and
then decreased (Fig. 3C). Raster plots from a recording of 72
simultaneously recorded neurons are shown in Figure 3A for 5
mM, 8 mM, and 14 mM aCSF [K1]. Neurons recorded included
both burst-modulated neurons (bursting), and neurons that fire
tonically throughout the burst cycle (tonic; Fig. 3B). We found
that, as [K1] increased and stability decreased (Fig. 3C), spiking
activity became less concentrated during the burst phase of the
rhythm (Fig. 3B,C,D). Bursting neurons fired less robustly with a
decrease in the number of action potentials throughout the burst,
whereas tonic neurons became more active across all phases of
the rhythm (Fig. 3B,D). To examine how temporal synchrony
among neurons evolves as the rhythm emerges and destabilizes
in response to increasing network excitability, we computed pair-
wise correlations between all bursting and tonic neurons (Fig.
3E). Bursting neurons exhibited a peak in temporal correlations
that corresponded to stabilitymax ([K1] = 6.5 mM; Fig. 3). As
aCSF [K1] was elevated further and the rhythm destabilized,
bursting neurons became less correlated, consistent with a
decrease in synchrony among bursting neurons. Interestingly, a
subpopulation of tonic neurons exhibited high correlations
before the emergence of population bursting. However, these
correlations decreased as [K1] increased, despite higher overall
firing rates of these neurons. Together, our results demonstrate
that burst stability is characterized by high-frequency spiking
and correlation among bursting neurons, and reduced stability at
high aCSF [K1] is concomitant with derecruitment of burst-
related neurons and higher levels of decorrelated activity among
the tonic population.

Rhythmogenic state relative to stabilitymax predicts
susceptibility to OIRD
Next, we tested whether the trajectory of network stability in
response to changing excitability could predict the response of
the inspiratory network to opioids. Inspiratory rhythms were
recorded from horizontal slices while aCSF [K1] was increased
from 3 to 8 mM followed by application of 50–200 nM DAMGO.
Inspiratory rhythms that became stabler in response to

increasing aCSF [K1] and were near or below stabilitymax in
8 mM [K1] (n = 13/22) were highly responsive to DAMGO,
which decreased rhythm stability (�966 5%), and silenced (n =
11/13), or nearly silenced (n = 2/13), rhythmic activity at a con-
centration of 200 nM (�93 6 12% change in burst frequency;
Fig. 4A,C,E,F). In contrast, inspiratory rhythms that reached sta-
bilitymax at aCSF [K1] lower than 8 mM and started to become
destabilized in 8 mM [K1] (Fig. 4B,D) showed minimal changes
in burst frequency following DAMGO application (n = 9/22; Fig.
4E,F). Among these rhythms, inspiratory burst frequency was
only modestly suppressed (�32 6 11% in 200 nM DAMGO),
and none were silenced (n = 0/9; Fig. 4E,F). Importantly, in these
unresponsive rhythms, DAMGO increased the stability of the
rhythm (1726 24% in 200 nM DAMGO; Fig. 4B,D), suggesting
that DAMGO drove the network toward stabilitymax, making the
rhythm more robust rather than causing a dissociation of net-
work activity.

Attenuation of INaP destabilizes the inspiratory rhythm and
increases susceptibility to OIRD
As indicated by our Neuropixels recordings, increased stability
was associated with increased spiking during bursts and
increased correlation among bursting neurons. The persistent
INaP is well known to promote bursting among respiratory neu-
rons (Ramirez et al., 2004), and computational models predict
that the robustness of the preBötC network is related to the pro-
portion of cells within the rhythmogenic network that exhibit
INaP-dependent bursting (Purvis et al., 2007). Therefore, we
hypothesized that attenuation of INaP would destabilize network
activity and render the rhythm more responsive to DAMGO.
To test this, we bath applied INaP blockers to horizontal brain-
stem slices in 8 mM [K1] aCSF, before increasing doses of
DAMGO from 50 to 200 nM. Following bath application of
4,9-Anhydrotetrodotoxin (ATTX; 400 nM), a specific blocker
of voltage-gated Na1 currents carried by the NaV1.6 channel
(Ptak et al., 2005), the stability of rhythmic bursting decreased
by �65 6 9% (p = 0.04, t = 2.6, n = 7, df = 6; Fig. 5 A,B,C,D),
with the greatest effect on burst amplitude irregularity (Fig.
5C). NaV1.6 is not the only carrier of an INaP current; however,
the activation threshold for NaV1.6 is much lower compared
with other NaV channels. Thus, it likely plays a prominent
role in carrying a persistent Na1 current within the network.
We also used riluzole, a less specific but more commonly used
blocker of INaP-dependent bursting within the preBötC (Del
Negro et al., 2002; Ptak et al., 2005; Viemari and Ramirez,
2006). Bath-applied riluzole (20 mM) resulted in a 20 6 13%
decrease in stability (p = 0.03, t = 3.8, n = 4, df = 3; Fig. 5A,D),
with the most pronounced effect on burst frequency irregular-
ity (Fig. 5C) with less of an effect on burst amplitude irregular-
ity. The reason for the differential effects of ATTX and
riluzole on amplitude and frequency is unknown, however dif-
ferences in pharmacological specificity may contribute. In
addition to destabilizing the rhythm, application of either
ATTX or riluzole significantly increased the susceptibility of
all slices to respiratory depression induced by DAMGO. In the
presence of ATTX or riluzole, DAMGO had a significantly
greater suppressive effect on inspiratory frequency compared
with controls (p = 0.007, F = 7.0 and p = 0.001; F = 5.0 for
ATTX (n = 7) and riluzole (n = 4), respectively; Fig. 5E) and a
higher proportion of rhythms were silenced completely (Fig.
5F). These results suggest that the activity INaP within the
preBötC promotes stable rhythmic bursting, which protects
against the depressant effects from DAMGO.
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Figure 3. Changes in rhythm stability are associated with a trade-off between bursting and tonic spiking activity. A, Rasters of 72 simultaneously recorded single units at 5, 8, and 14 mM

[K1]. Black trace is integrated contralateral population recording. Each row is a single neuron, and each dot is a recorded spike. Rows are ordered by recording depth. Cells highlighted
in orange represent the tonic and bursting cell examples in B. B, Burst aligned spiking at each K1 concentration for a bursting (top) and tonic (middle) neuron (highlighted in A).
Traces are average spikes/s over 10 min recordings for each K1 level, binned at 250 ms. Pooled spiking activity across all neurons is shown (bottom) in gray, where y-axis is spikes/s/
neuron. Shaded regions are 6 SE. Burst spiking decreases and tonic spiking increases as K1 increases; nbursts = (9,25,39,45,40) for K1 = (6.5,8,10,12,14) mM. C, Top, Ratio of burst

9924 • J. Neurosci., December 1, 2021 • 41(48):9919–9931 Burgraff et al. · Respiratory Network States Drive OIRD Responses



Potentiation of INaP reduces the susceptibility to OIRD
Our finding that the respiratory consequences of DAMGO are
exaggerated following attenuation of INaP suggests that this neu-
ronal property plays a protective role against OIRD. Thus, we
next assessed whether potentiating INaP within brainstem slices
could prevent or reverse OIRD by bath applying veratridine (400
nM), which slows the inactivation voltage-dependent Na1 chan-
nels, before or after application of 200 nM DAMGO. Following
DAMGO application in the absence of veratridine, burst fre-
quency was suppressed by �81 6 10% (p , 0.001, F = 26.5 n =
7, df = 6; Fig. 6A,B). However, veratridine application partially
recovered the inspiratory rhythm, and burst frequency returned
to 59 6 6% of control (Fig. 6A,B). Recovered rhythms following
veratridine application tended to display large amplitude and
area burst characteristics, consistent with preventing Na1 chan-
nel inactivation (Fig. 6A). Notably, there was a linear correlation
between the magnitude of DAMGO suppression and the ability
of veratridine to reverse OIRD; rhythms with the greatest sup-
pression of burst frequency in DAMGO showed the greatest
recovery following veratridine application (p = 0.01, R2 = 0.74,
n = 7, df = 6; Fig. 6C). Following DAMGO suppression, the
rhythms displayed a decrease in stability (p = 0.06, t = 3.2, n = 7,
df = 6). However, veratridine application increased rhythm sta-
bility which coincided with partial recovery of the bursting (Fig.
6D; p = 0.04, t = 3.4, n = 7, df = 6).

To amplify INaP-dependent bursting and test for a protective
role in OIRD, 400 nM veratridine was applied in 3 mM [K1]
aCSF before DAMGO administration. Veratridine application
resulted in stimulation of bursting with the production of large
amplitude and area bursts, similar to bursts recorded following
veratridine-induced recovery from OIRD (Fig. 6D). Subsequent
bath application of 200 nM DAMGO resulted in a reduction of
burst frequency. However, importantly, this reduction was sig-
nificantly less compared with control conditions in 8 mM [K1]
(only �371 11% vs �811 10%, p = 0.04, t = 2.6, n = 7, df = 6;
Fig. 6E). Further, in the presence of veratridine no rhythms were
silenced by DAMGO (Fig. 6E). Collectively, these results support
a protective role of INaP-dependent bursting against OIRD.

Discussion
Variation in the susceptibility to OIRD greatly enhances the risk
of an opioid overdose and has been a major contributor to the
current opioid crisis. Our study provides a mechanistic frame-
work for understanding this unpredictability. Although it is well
established that the preBötC is critical for breathing (Smith et al.,
1991; Ramirez et al., 1998; Wenninger et al., 2004) and produces
a rhythm that is intrinsically responsive to opioids, exhibiting a
dose-dependent frequency decrease on average (Mellen et al.,
2003; Sun et al., 2019; Wei and Ramirez, 2019), we demonstrate
that the network response to opioids varies. Indeed, we find that
the preBötC network in vitro exhibits remarkable variability in
opioid responsiveness (Fig. 1C), a property often overlooked.

This variability is reminiscent of the variability observed clini-
cally and is the source of considerable confusion in numerous
animal studies in vivo (Dahan et al., 2005; Lewanowitsch et al.,
2006; Ren et al., 2006, 2015; Levran et al., 2013; Langer et al.,
2017a,b; Wei and Ramirez, 2019). Our results not only provide a
conceptual explanation for the variation in the susceptibility to
OIRD but also provide insights into the underlying mechanisms.
Targeting these cellular mechanisms may open new therapeutic
avenues for treating OIRD.

The preBötC comprises an estimated ;800–1000 sparsely
connected glutamatergic neurons representing the minimal cir-
cuitry necessary to produce the inspiratory rhythm (Smith et al.,
1991; Feldman et al., 2013; Del Negro et al., 2018). Rhythm
emerges within this circuit through excitatory synaptic interac-
tions and intrinsic membrane properties that control synchrony
and stability in the network (Purvis et al., 2007; Phillips and
Rubin, 2019). Individual preBötC neurons express varied
amounts of the bursting currents ICAN and INaP (Thoby-Brisson
and Ramirez, 2000, 2001; Tryba et al., 2003, 2008; Peña et al.,
2004; Peña and Ramirez, 2004; Del Negro et al., 2005). In some
neurons that express high densities of these currents, bursting
can continue intrinsically in the absence of synaptic interactions
(autorhythmic bursting neurons). In many other neurons, excita-
tory synaptic inputs are important for the activation of these
bursting currents. This contribution of synaptic mechanisms to
rhythmogenesis, called the group-pacemaker hypothesis, posits
that spiking activity among highly interconnected excitatory
neurons cause a buildup of excitation that culminates in a subse-
quent population burst (Rekling and Feldman, 1998; Rekling et
al., 2000; Del Negro and Hayes, 2008). This network-based
mechanism is dependent on spiking activity between preBötC
bursts, and in some cases, the dynamics of these excitatory syn-
aptic interactions may be sufficient to drive rhythmogenesis in
the absence of intrinsic bursting properties (Rubin et al., 2009).
However, in the functional preBötC network these intrinsic- and
network-based mechanisms are intimately intertwined, and
rhythmogenesis depends on both intrinsic bursting properties
and excitatory synaptic activity in the network (Ramirez and
Baertsch, 2018b).

Importantly, these mechanisms are dynamic, and different
neuromodulatory and metabolic conditions, such as hypoxia,
can bias rhythmogenesis toward intrinsic- or network-based
mechanisms (Peña et al., 2004; Peña and Ramirez, 2004;
Baertsch and Ramirez, 2019). Activity patterns within the net-
work, however, do not seem to segregate into two distinct states.
Indeed, we find that the preBötC generates a robust, stable
rhythm within a narrow unimodal excitability window because
rhythmogenesis becomes unstable if excitability is too low or too
high. In contrast to the activity of single neurons that can transi-
tion from distinct quiescent to bursting to tonic phenotypes
depending on their persistent sodium conductance (gNaP) and
membrane potential (VM; Phillips and Rubin, 2019), the rhyth-
mogenic state of the network is determined by the constellation
of activity phenotypes at any given time and operates along a
spectrum of states as the ratios of quiescent, bursting, and tonic
neurons change. As suggested by our data, the constellation of
neuronal firing phenotypes and corresponding network stability
(Fig. 3) can be dynamically modulated by the amount of general
network excitation and INaP-dependent bursting (Purvis et al.,
2007; Rybak et al., 2014; Phillips and Rubin, 2019). Indeed, our
multiunit recordings indicate that the profile of neuronal spiking
within the preBötC changes throughout different levels of net-
work excitation and network stability, leading to the important

/

firing rate (500 ms after burst onset) to interburst firing rate (1 s before burst onset)
pooled across all neurons, as a function of K1. Middle, Burst frequency increases, and
burst stability decreases (bottom) as [K1] increases. D, Burst aligned peristimulus time
histograms of spike rate for each recorded neuron (rows), at each K1 concentration.
Neurons are ordered by decreasing burst-related firing rate as observed at K1 =
6.5 mM. Spike rates are normalized by the maximal firing rate of each neuron. E, Top,
Pairwise correlations between bursting and tonic (bottom) neurons for each K1 level.
Neurons are clustered by Ward linkage at 6.5 mM K1 (bursters) or 3 mM (tonic).
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conclusion that the preBötC network can shift states while main-
taining rhythmogenesis.

In vitro, some preBötC slices produce bursting at low levels of
excitability (3 mM [K1] aCSF), whereas other slices require

excitability to be higher (8 mM [K1] aCSF; Fig. 2; Tryba et al.,
2003; Ruangkittisakul et al., 2008). The mechanisms that deter-
mine which slices are capable of producing bursting under con-
ditions of low extrinsic excitability are largely unknown. Many

Figure 4. PreBötC excitability relative to stabilitymax predicts DAMGO sensitivity. Stability of preBötC bursting was assessed while increasing aCSF [K1] from 3 to 8 mM, followed by DAMGO
application. A–F, Representative recordings and quantified peak amplitude and stability over the course of aCSF [K1] and DAMGO administration. Rhythms that increased stability with increas-
ing aCSF [K1] (A, C; N = 13) exhibited significantly greater susceptibility to OIRD (E, F) compared with rhythms that decreased stability with increasing aCSF [K1] (B, D; N = 9). Rhythms that
increased stability with increasing aCSF [K1] became destabilized following DAMGO application (A, C), whereas rhythms decreasing stability with increasing aCSF [K1] became stabilized follow-
ing DAMGO (B, D); *p, 0.05. Differences in the effect of DAMGO between preBötC networks that increased versus decreased rhythm stability during increasing aCSF [K1] were assessed with
a repeated-measures mixed-effect analysis with Sidak’s multiple comparisons.
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factors may contribute, including the pre-
cise anatomic plane where the slice is cut
(Ruangkittisakul et al., 2008), slice thick-
ness, sparsity of synaptic connectivity
within the network (Carroll et al., 2013;
Carroll and Ramirez, 2013), the extent of
the respiratory network preserved in the
preparation, and neuromodulatory state
(Doi and Ramirez, 2008). Studies model-
ing the preBötC in silico have demon-
strated that the number of INaP-dependent
autorhythmic neurons within the network
regulates the robustness of bursting from
the preBötC, which may influence the
level of network excitability required to
initiate population-wide bursting (Purvis
et al., 2007). For example, increasing the
proportion of autorhythmic neurons within
the network increases the input and output
ranges of bursting from the network (Purvis
et al., 2007). Because INaP is regulated by neu-
romodulation (Peña et al., 2004; Tryba and
Ramirez, 2004), differences in the endoge-
nous neuromodulatory state may explain, at
least in part, why some slices burst in low
extracellular [K1], whereas other require
higher [K1].

As excitability increases in the preBötC,
activity phenotypes of individual neurons
change, modulating the stability of the emer-
gent network rhythm (Fig. 3). This is likely
true for both excitatory and inhibitory neu-
rons within the network; however, discerning
the different responses among these neurons
requires further study. Nonetheless, the sta-
bility of the rhythm reaches a maximum
when the network is composed of an
optimal balance of activity phenotypes.
As shown by our Neuropixels record-
ings, maximum stability is associated
with increased spike frequencies during
bursts and higher correlations among
bursting neurons (Fig. 3). If excitability
continues to increase, tonic activity
within the network begins to dominate,
destabilizing the rhythm. Thus, within
any given slice preparation, changes in
excitability (e.g., via aCSF [K1]) cause a
bell-shaped response in rhythm stability
(Fig. 2C). Determining where on this
stability curve rhythmogenesis occurs is
important for predicting how an individ-
ual network will respond when network
excitability is perturbed. Integrating these
in vitro findings with in vivo models
will be important to fully understand the
relationships among breathing pattern,
the rhythmogenic state of the respiratory
network, and the response to OIRD. For
example, respiratory networks in vivo
receive multiple neuromodulatory inputs
from regions throughout the CNS such as
the pontine respiratory group (Yang and

Figure 5. INaP attenuation destabilizes the inspiratory rhythm and increases the severity of OIRD. A, Representative population
recordings before and after bath application of the NaV1.6 inhibitor, ATTX, or riluzole, followed by subsequent bath application of
DAMGO. B, Representative quantified rhythm stability following bath application of ATTX. C, Peak amplitude and frequency Poincaré
plots demonstrating increases in amplitude and frequency irregularity following ATTX (400 nM) or riluzole (20mM) application, respec-
tively. D, Mean (left) and individual (right) changes in rhythm stability following application of ATTX (red) or riluzole (blue). E, Mean
burst frequency responses to stepwise increases in [DAMGO] following control conditions (gray) or pretreatment with either 400 nM
ATTX (top, red) or 20 mM riluzole (bottom, blue). Brainstem slices pretreated with ATTX or riluzole displayed greater depression in
burst frequency following DAMGO application, compared with control values. F, Probability that the inspiratory burst rhythm was
silenced following stepwise increases in [DAMGO] during control conditions (gray), or following pretreatment with 400 nM ATTX (top,
red) or 20 mM riluzole (bottom, blue); *p, 0.05, significantly different from mean control values. Differences in stability assessed
with paired two-tailed t test. Differences in DAMGO sensitivity between control and pretreated conditions assessed as two-way
repeated-measures ANOVA with Sidak’s multiple comparisons test (condition and [DAMGO] as factors).
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Feldman, 2018), which may also regulate the state of the respi-
ratory rhythm generating network and alter the likelihood of
OIRD, for example, through changes in excitatory input.

Furthermore, our unexpected finding that opioids can stabi-
lize inspiratory bursts in vitro in some rhythmogenic states may
point to a role for endogenousm-opioid receptor signaling in the
preBötC. Whether this stabilizing effect exists in vivo is
unknown. However, under natural conditions endorphins are

presumably released when the organism and the respiratory net-
work is in a heightened excitatory state. Based on our findings in
vitro, we speculate that under such conditions, in addition to
reducing the sensation of pain, the release of endorphins may
also stabilize breathing. In this context, expression of m-opioid
receptors on neurons critical for breathing may be evolutionarily
advantageous. This may also provide a mechanistic basis for why
opioids are beneficial if given for the treatment of dyspnea or

Figure 6. Slowing Na1 channel inactivation can protect against and partially reverse OIRD. A, Representative preBötC population recording demonstrating cessation of bursting following
200 nM DAMGO application and partial recovery with Veratridine (400 nM). B, Mean burst frequency (left) and individual replicates (right) following bath application of 200 nM DAMGO and sub-
sequent application of 400 nM Veratridine. C, Linear regression analysis shows a correlation between burst frequency recovery with veratridine and the magnitude of frequency suppression fol-
lowing 200 nM DAMGO. D, Following DAMGO administration, suppression of bursting coincided with reduced stability of the rhythm (p = 0.06). Four hundred micromolars Veratridine partially
recovered the rhythm and resulted in an increase in rhythm stability (p, 0.05). E, Application of 400 nM Veratridine in 3 mM [K1] aCSF elicits rhythmic bursting from the preBötC that is sig-
nificantly less sensitive to suppression by 200 nM DAMGO. F, Population burst frequency decreases following 200 nM DAMGO in the presence of 400 nM Veratridine; however, the magnitude of
suppression is significantly less compared with frequency suppression following 200 nM DAMGO in control conditions with 8 mM [K1] aCSF; *p , 0.05, significantly different from control;
#p, 0.05, significantly different from 200 nM [DAMGO]. Differences in burst frequency and stability (B, D) assessed as one-way repeated-measures ANOVA with Sidak’s multiple comparisons
test. F, Differences in burst frequency following DAMGO in control and Veratridine pretreated conditions assessed as unpaired two-tailed t test.
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panic attacks (Muers, 2002; Gallagher, 2011). In contrast, in
most clinical situations, opioids are given exogenously, in-
dependent of the network state. Indeed, in the context of
obstructive sleep apnea (Nagappa et al., 2017; Cozowicz et
al., 2018), the presence of contraindicated drugs such as
benzodiazepines (Boon et al., 2020), and during anesthesia
(Gupta et al., 2018), opioids may be more likely to destabi-
lize or stop breathing because the respiratory network is in
a state of reduced excitability. Accordingly, treatments that
promote the respiratory network to shift rightward along
the stability curve may confer a state of rhythmogenesis
that is less susceptible to OIRD. Increasing the contribution
of INaP within the respiratory network may be one such
mechanism. Indeed, we find this dynamic network property
is critical for regulating the functional consequences of
opioids as amplifying or inhibiting INaP-dependent bursting
mechanisms enhances or decreases the severity of OIRD,
respectively (Figs. 5, 6). However, modulation of INaP is
likely one of many mechanisms that plays a role in regulat-
ing the rhythmogenic state of the respiratory network.
Thus, further research aimed at understanding such mecha-
nisms will be an important next step to better predict and
prevent OIRD.

In summary, variation in the susceptibility to OIRD
within and among individuals greatly increases the risk of
opioid use, with no dose being considered safe. To mitigate
these risks, it will be important to develop strategies to pro-
tect respiratory rhythmogenesis from the effects of opioids.
Our experiments in vitro indicate that the susceptibility to
OIRD is not a static property but is determined by the state
of the respiratory rhythm generating network. The milieu
of factors determining the basal state of rhythmogenesis,
and consequent opioid response will require future studies
to be fully understood. However, the evidence provided
here suggests that the activity of INaP and the level of net-
work excitability play important roles. Further investiga-
tions of these factors are regulated, and whether other
critical networks exhibit similar state dependencies will be
key to better predict why and when some individuals are at
high risk for OIRD.
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