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A B S T R A C T   

Respiratory depression (RD) is the primary cause of death due to opioids. Opioids bind to mu (µ)-opioid receptors 
(MORs) encoded by the MOR gene Oprm1, widely expressed in the central and peripheral nervous systems 
including centers that modulate breathing. Respiratory centers are located throughout the brainstem. Experi-
ments with Oprm1-deleted knockout (KO) mice undertaken to determine which sites are necessary for the in-
duction of opioid-induced respiratory depression (OIRD) showed that the pre-Bötzinger complex (preBötC) and 
the pontine Kölliker-Fuse nucleus (KF) contribute equally to OIRD but RD was not totally eliminated. Morphine 
showed a differential influence on preBötC and KF neurons – low doses attenuated RD following deletion of 
MORs from preBötC neurons and an increase in apneas after high doses whereas deletion of MORs from KF 
neurons but not the preBötC attenuated RD at both high and low doses. In other KO mice studies, morphine 
administration after deletion of Oprm1 from both the preBötC and the KF/PBN neurons, led to the conclusion that 
both respiratory centres contribute to OIRD but the preBötC predominates. MOR-mediated post-synaptic acti-
vation of GIRK potassium channels has been implicated as a cause of OIRD. A complementary mechanism in the 
preBötC involving KCNQ potassium channels independent of MOR signaling has been described. Recent ex-
periments in rats showing that morphine depresses normal, but not gasping breathing, cast doubt on the belief 
that eupnea, sighs, and gasps, are under the control of preBötC neurons. Methadone, administered to alleviate 
symptoms of neonatal opioid withdrawal syndrome (NOWES), desensitized rats to OIRD. Protection lost between 
postnatal days 1 and 2 coincides with the preBötC becoming the dominant generator of respiratory rhythm. 
Neonatal antidepressant exposure syndrome (NADES) and serotonin toxicity (ST) show similarities including RD. 
Enzyme CYP2D6 involved in opioid detoxification is polymorphic. Individuals of different CYP2D6 genotype may 
show increased, decreased, or no enzyme activity, contributing to the variability of patient responses to different 
opioids and OIRD.   

Introduction 

While what has been called the ‘opioid epidemic’ continues, a further 
disturbing trend in recent years has been the three-times faster increase 
in deaths than the increase in the number of addicted individuals. 
Figures released by the US National Institutes of Health National 

Institute on Drug Abuse for 1999–2020 showed that national overdose 
deaths involving any opioid were, for example, 21,088 in 2010, 46,802 
in 2018, and 68,630 in 2020 (National Institute on Drug Abuse, 2022). 
In November 2021, data released by the US Centres for Disease Control 
and Prevention (CDC) revealed that the total number of drug overdose 
deaths in the US reached a record; in the period May 2020–April 2021 
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there were over 100,000 deaths, over 75,000 due to opioids and, of 
these, over 64,000 were due to synthetic opioids, particularly fentanyl 
(CDC Overdose Death Counts, 2022). 

The most serious of the many adverse effects of the administration of 
opioid analgesic drugs (Baldo, 2021) is respiratory depression (RD) 
which includes depression of respiratory rate, minute ventilation, 
alveolar-arterial gas exchange and respiratory responsiveness to hypoxia 
and hypercapnia. Opioid-induced respiratory depression (OIRD) occurs 
with an incidence of 0.5–2% (Dahan et al., 2010) and is the primary 
cause of death due to opioid analgesic drugs (OADs) in both drug addicts 
and overdose cases (Pattinson, 2008). Partly as a result of increased 
research funding to counter the opioid epidemic, for example, the NIH 
‘Helping to end addiction over the long-term program’, there has been 
an increase in grants to study the opioid overdose problem including a 
focus on OIRD. Although there remains much to learn about the devel-
opment of safer opioid pain therapies with reduced respiratory side ef-
fects (Montandon and Slutsky, 2019), considerable progress in adding to 
the understanding of the pathophysiology of OIRD has been made in the 
last few years. This progress is examined here. 

Respiratory centers are located throughout the brainstem. OADs 
exert their pharmacological actions via opioid G protein-coupled re-
ceptors (GPCRs). In mammals such as humans and rodents, the mu 
(µ)-opioid receptor (MOR), encoded by the MOR gene, Oprm1, is widely 
expressed in the central and peripheral nervous systems including cen-
tres that modulate breathing (Kirby and McQueen, 1986; Lonergan 
et al., 2003; Mansour et al., 1994). OADs bind to MORs triggering G 
protein signaling and modulation of ion channels to produce analgesia. 
Studies with knockout mice lacking the MOR gene Oprm1, demonstrated 
the absence of morphine antinociception at normal analgesic doses and 
the abolition of morphine-induced RD, (Kieffer, 1999; Matthes et al., 
1996; Sora et al., 1997) findings that implicated the MOR as the medi-
ator of the opioid-induced analgesia and RD. 

Mechanisms of opioid-induced apnea and respiratory depression 

Brainstem sites contributing to OIRD 

In experiments designed to study the neurological progression to 
opioid-induced apnea, in particular the involvement of the KF/PBN in 
opioid-induced apnea, Saunders and Levitt (2020) examined 3-phase 
respiratory motor output in a rat arterially perfused working heart- 
brainstem (half-rat) preparation. Systemic low doses of fentanyl 
slowed the respiratory rate to a 2-phase breathing pattern whereas high 
doses rapidly provoked apnea that could be reversed by naloxone. The 
selective MOR antagonist CTAP (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr- 
NH2) when used before (as in prevention) and after (as in reversal) direct 
bilateral microinjection of fentanyl into the KF/PBN, restored a phasic 
respiratory pattern at a rate similar to that recorded prior to fentanyl 
exposure. 

Over a period of many years, studies have demonstrated that mul-
tiple sites can independently exert a depressive effect on breathing 
(Cinelli et al., 2020; Kirby and McQueen, 1986; Montandon et al., 2011; 
Mustapic et al., 2010; Palkovic et al., 2020; Prkic et al., 2012) but doubts 
have remained about which site makes the more significant contribution 
for the induction of OIRD. Following early disagreements on the relative 
importance of the preBötC and KF/PBN in the induction of OIRD 
(Montandon and Horner, 2014; Lalley et al., 2014), recent experiments 
with remifentanil infusion in an in vivo decerebrate, hyperoxic rabbit 
model, showed that injection of naloxone into the KF/PBN increased the 
respiratory rate and prevented apnoea in most of the animals while 
subsequent injection of naloxone into the preBötC prevented apnoea in 
all of the animals. However, naloxone injection did not completely 
reverse RD and injection into the preBötC increased the respiratory rate 
in rabbits exposed to analgesic doses of remifentanil but not in animals 
given apneic doses (Palkovic et al., 2021). The authors interpreted the 
failure to fully reverse RD as a consequence of reduced respiratory drive 

sensitive to high doses of opioid resulting in reduced activity of the KF/ 
PBN and preBötC and a decrease in tidal volume. Relevant to these 
findings are recent experimental results of Varga et al. (2020) employing 
homozygous mice with selectively deleted MORs from either preBötC or 
KF neurones and challenged with morphine. Both site-specific and 
morphine dosage effects on respiration control were seen. At low dose 
(10 mg), morphine-induced RD was significantly attenuated after dele-
tion of MORS from either the preBötC or KF neurons, demonstrating an 
equal contribution to RD in a cumulative network effect. However, 
depression of respiratory rate was not eliminated by deletion of MORs 
from preBötC or KF neurons, a finding consistent with the observation 
that both the preBötC and KF each partially contribute to RD induced by 
clinical doses of remifentanil (Miller et al., 2017; Stucke et al., 2015). 
When the dose of morphine was increased to 30 mg/kg, deletion of 
MORs from the preBötC showed no effect on rate depression but ataxic 
breathing with apneas occurred. In contrast, deletion of MORs from the 
KF but not the preBötC, significantly attenuated respiratory rate 
depression and resulted in less apneic events in the breathing patterns at 
both low and high doses of morphine. The findings indicate that at low 
therapeutic doses of morphine, both the preBötC and KF contribute to 
respiratory rate depression and suggest that at higher doses, further 
depression of the respiratory rate occurs via inhibition of KF neurones as 
well as other brainstem respiratory nuclei (Varga et al., 2020). 

Other recent studies to elucidate mechanisms of OIRD with Oprm1 
genetically deleted knockout mice have had the aim of clarifying the 
question of which sites are necessary for the induction of OIRD. In first 
seeking a suitable model for OIRD, Bachmutsky et al. (2020) set out to 
measure quantitative breathing changes in awake behaving mice before 
and after administration of morphine. Morphine induced both a slower 
breathing rate and decrease in inspiratory airflow (Fig. 1a). In hyper-
capnic air, a trace of a single breath after saline injection (black) showed 
two phases, inspiration (Ti) and expiration (Te), each of about 50 msec. 
After injection of morphine (red), time Ti was significantly increased 
while following Te, a pause occurred (Fig. 1b, c) showing two changes to 
breathing, a decreased inspiratory airflow prolonging Ti, and Te, and a 
prolonged period with little or no airflow delaying the start of the next 
breath (Fig. 1d). These results demonstrated preservation of tidal vol-
ume by an increase in inspiration time during a decrease in opioid- 
induced inspiratory airflow. 

In view of the known differences of opinion concerning the 
involvement and/or relative importance of different brainstem sites in 
OIRD (Montandon and Horner, 2014; Lalley et al., 2014), Bachmutsky 
et al. (2020) next undertook experiments in which Oprm1 was geneti-
cally deleted from the preBötC and KF/PBN. In hypercapnia and after 
morphine administration, breathing in mice with Oprm1 deletion in the 
preBötC was less depressed compared to control but faster, peak inspi-
ratory flow was larger, and pauses were almost eliminated (Fig. 2a, b). 
This showed an improvement in OIRD, but rescue was not total. In 
comparison to mice with Oprm1 deletion from the preBötC, genetic 
deletion from the KF/PBN, induced a more moderate effect after 
morphine, seen as only slight increases in the respiratory rate and 
inspiratory airflow. In mice with Oprm1 deleted from both sites, 
breathing after morphine administration appeared to be almost identical 
to that observed in the saline control animals with breathing rate and 
inspiratory airflow depressed by about 20% compared to saline injected 
mice (Fig. 2c, d). The authors concluded that both respiratory centres 
contribute to OIRD but the preBötC predominates. Even with super- 
saturating doses of opioid, for example fentanyl 150 mg/ml, breathing 
remained resilient in mice with Oprm1 deletion from both the preBötC 
and the KF/PBN. Using Oprm1fl/fl floxed mice which possess loxP sites 
flanking exons 2–3 of the MOR (Oprm1) gene, RD resulted in Oprm1- 
positive floxed mice (Fig. 2e) but a normal breathing pattern was 
maintained in mice after Oprm1 deletion (Fig. 2f). In identifying the cells 
involved in depressing breathing, single cell transcriptome profiling of 
preBötC cells from postnatal day 0 mice showed that only 21 cells of 267 
(8%) presumed preBötC neurones expressed Oprm1 mRNA. About 50% 
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of the preBötC neurones expressing Oprm1 were glutamatergic neurones 
and approximately 140 of these were involved in depressing breathing. 
In turn, only about half, ~ 70, appeared to be necessary to rescue opioid- 
induced depression of the preBötC rhythm (Bachmutsky et al., 2020). 

With the aim of dissecting the cellular and network mechanisms of 
OIRD, Baertsch et al., (2021) developed an in silico model of OIRD 
employing transgenic mice and the application of optogenetics to 
Oprm1-expressing neurons together with electrophysiology and 
computational modelling approaches. Although the preBötC has both 
excitatory and inhibitory neurons that interact in the regulation of 
breathing frequency (Winter et al., 2009; Baertsch et al., 2018), the 

excitatory glutamatergic neurons are critical for rhythmogenesis and 
OIRD. From their results, the authors propose that MORs inhibit a subset 
of preBötC neurons expressing Oprm1, inhibition of the respiratory 
network is due to reduced pre-inspiratory spiking, and inhibition of 
excitatory synaptic transmission leads to disruption of the rhythmogenic 
network. 

Since OIRD can only be partially antagonized in the preBötC and KF/ 
PBN complex, the possible involvement of other sites has been suggested 
and anticipated. To investigate whether the caudal medullary raphe 
might contribute to OIRD, Palkovic et al. (2022) administered remi-
fentanil to ventilated, vagotomized, decerebrate rabbits at what was 

Fig. 1. Changes to breathing in mice during OIRD 
induced by injection of morphine. (a) Breathing 
airflow (mL/sec) in normoxia (21% O2, 0% CO2) 15 
min after injection of saline (black) or morphine (red). 
(b) Trace of the airflow from a single breath in hy-
percapnia after saline (black) and morphine (red) in-
jection. Two phases, inspiration Ti and expiration Te, 
are seen after saline (black) whereas after morphine 
(red), airflow is markedly reduced and a pause, or 
third phase, is seen. (c) Shows the inspiration Ti, and 
expiration Te, time lengths. (d) Diagrammatic repre-
sentation of morphine-induced change to a breath. 
The resultant decrease in respiratory rate is due to an 
extended inspiration time Ti and a pause phase which 
is extended to preserve tidal volume, TV. This results 
in breaths after morphine showing an approximately 
similar TV as seen with control breaths. Adapted from 
Bachmutsky I, Wei XP, Kish E et al (2020) Opioids 
depress breathing through two small brainstem sites. 
eLife 9:e52694 10.7554/eLife.52694, an open access 
article distributed under the terms of the Creative 
Commons Attribution License (CC BY 4.0).   
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called “analgesic”, “apneic”, and “very high” doses followed by 
naloxone microinjections into the preBötC, KF/PBN complex, and 
caudal medullary raphe. Complete reversal of RD was seen after anal-
gesic and apneic, but not after very high, doses of remifentanil while, in 
separate animals, injection of naloxone without remifentanil into the 
raphe, increased the respiratory rate. The authors concluded that OIRD 
results from a combined effect on the respiratory rhythm generator and 
respiratory drive (Palkovic et al., 2022). 

Neural mediation of OIRD 

Understanding and differentiating mechanisms involved in RD and 
the regulation of nociception will be necessary before opioid pain 
therapy can be made safe from OIRD. Montandon and Slutsky (2019) 
have pointed out that the preBötC and medullary raphe are not part of 
nociceptive descending pathways and may therefore offer a way to 
prevent OIRD without, at the same time, affecting analgesia. 

In the rat, preBötC glutamatergic neurones expressing the 

neurokinin-1 receptor (NK-1R; also known as tachykinin receptor 1, 
TACR1 or substance P receptor) are necessary for breathing; their 
deletion or depletion results in ataxic and sleep-disordered breathing 
and/or apnea (Gray et al., 2001; McKay et al., 2005; Tan et al., 2008). A 
subset of preBötC neurons coexpress NK-1R and somatostatin (Gray 
et al., 2010; Llona and Eugenín, 2005; Stornetta et al., 2003) while 
another subset expresses somatostatin (Stornetta et al., 2003). Inhibition 
of preBötC cells expressing somatostatin abolishes respiratory activity 
(Tan et al., 2008). With this background, recent research has focussed on 
preBötC neurons and their respiratory modulatory signal pathways. 

G protein-gated inwardly-rectifying potassium (K+) (GIRK) channels, 
found throughout the CNS, have been implicated in the modulation of 
thermal nociception and as a contributor to morphine analgesia (Bled-
nov et al., 2003; Ikeda et al., 2000; Marker et al., 2004). In an extension 
of the conclusion of Montandon et al. (2011) that that neurokinin-1 
receptor-expressing PreBötC neurons are selectively inhibited by opi-
oids, presumably via potassium channels (Gray et al., 1999), subsequent 
investigations by this group (Montandon et al., 2016b) with GIRK2 

Fig. 2. Plethysmography traces from breathing in mice (airflow in mL/sec) in hypercapnia after injection of saline or opioid into the preBötC before and after Oprm1 
deletion. (a) and (b). Unlike saline, the effect on breathing by morphine was clearly depressive. (c) and (d). After Oprm1 deletion from the preBötC and Kölliker-Fuse/ 
parabrachial nucleus (KF/PBN), breathing after morphine in mice subjected to double deletion appeared almost identical to breathing seen in control mice. (e) and 
(f). Traces from breathing of Oprm1fl/fl floxed mice in normoxia after injection of a super-saturating dose of fentanyl (150 mg/kg) showing RD in Oprm1-positive 
floxed mice but a normal breathing pattern in mice after Oprm1 deletion from the preBötC and KF/PBN. Adapted from Bachmutsky I, Wei XP, Kish E et al (2020) 
Opioids depress breathing through two small brainstem sites. eLife 9:e52694 https://doi.org/10.7554/eLife.52694, an open access article distributed under the terms 
of the Creative Commons Attribution License (CC BY 4.0). 
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knockout mice showed that OIRD induced by systemic administration of 
fentanyl substantially resulted from the opening of GIRK channels. 
Further investigations (Montandon et al., 2016a, 2016b) indicated that 
two separate preBötC neuronal circuits mediate respiratory rhythm and 
motor output – stimulation of respiratory rhythm and motor output by 
NK-1R-expressing neurones involves GIRK channels while inhibition of 
rhythm and motor output involves neurons expressing two somatostatin 
receptor subtypes. Knowledge of the somatostatin receptors remains 
limited (Tupal et al., 2014). Fig. 3 shows a speculative interpretation in 
schematic form of the molecular pathways regulating neuronal inhibi-
tion by MORs showing activation of GIRK channels and inhibition of 
voltage-gated Ca++and cAMP pathways (Fig. 3a) and opioid-induced 
inhibition of respiratory circuits producing RD by opening of GIRK 
channels (Fig. 3b) (Montandon and Slutsky, 2019). A strategy of specific 
pharmacological targeting of GIRK channel pathways to prevent or 
reverse drug-induced RD but not analgesia has been suggested (Lujan 
et al., 2014; Marker et al., 2004). 

The explanation implicating MOR-mediated post-synaptic activation 

of GIRK potassium channels should not be seen as the only cause of 
OIRD. From their studies of opioid action on medullary slices containing 
the preBötC, and in awake mice, Wei and Ramirez (2019) concluded that 
MOR-mediated GIRK activation “contributed only modestly to OIRD” 
but KCNQ potassium channels (Abbott, 2020) independent of MOR 
signaling are implicated as a modulator of OIRD. Evidence advanced to 
support these conclusion were results showing OIRD was mimicked by 
KCNQ-specific activators ICA69673 and retigabine (Fig. 4a, b) while the 
KCNQ-specific blockers chromanol 293B and XE991 reversed the 
rhythmic inspiratory bursts (Fig. 4c, d). In contrast, the GIRK-specific 
channel blocker tertiapin-Q failed to reverse MOR agonist DAMGO 
([D-Ala2, N-Me-Phe4, Gly-ol]-enkephalin)-induced OIRD and the GIRK 
activator ML297 failed to mimic OIRD (Fig. 4e, f). 

These conclusions were supported by results obtained using an in 
vitro OIRD model, namely, rhythmic inspiratory bursts recorded from 
mouse preBötC tissue slices. Opioids activate MORs at many synapses 
(Hjelmstad et al., 2013; Tao and Auerbach, 2005; Zhu and Pan, 2005). 
To investigate whether OIRD and KCNQ channels act at a pre- or post-
synaptic site, mice expressing the homeobox gene Dbx1 were utilized. 
Dbx1 is necessary for breathing during embryonic development and 
Dbx1-derived neurons are regarded as the core inspiratory rhythm 
generator. Injection of DAMGO significantly suppressed excitatory post- 
synaptic current frequency in Dbx1-expressing inspiratory interneurons 
but the KCNQ-specific blocker XE991 which is known to reverse 
morphine-induced OIRD, restored the frequency in about 70% of the 
neurons. Considered against the findings that the KCNQ-specific acti-
vator retigabine depressed respiratory frequency and the failure of the 
GIRK-specific activator ML297 to suppress morphine-induced OIRD, the 
results were interpreted as supporting a presynaptic mode of action by 
KCNQ potassium channels (Wei and Ramirez, 2019). 

Studies identifying the preBötC as the primary rhythm generator (Cui 
et al., 2016; Del Negro et al., 2018; Smith et al., 1991) and the para-
brachial complex (made up of the PBL, medial parabrachial, and KF 
nuclei) as a modulator of breathing (Navarrete-Opazo et al., 2020) in 
OIRD pathogenesis have been criticized for their use of pharmacological 
approaches that lack precise and localized targeting due to diffusion in 
situ and genetic methods that may lead to incomplete genetic deletion. 
With these potential difficulties in mind, Liu et al. (2021) employed 
contemporary cell type-specific tools with breathing monitoring in 
awake behaving mice to investigate the neural basis of opioid-induced 
respiratory depression and its rescue with a focus on the relationship 
between OIRD and intact PBLOprm1 neurons. 

While breathing rate and PBLOprm1 neuronal activity were found to 
be tightly correlated, administration of morphine depressed the respi-
ratory rate by about 50% and eliminated spontaneous fluctuations in 
breathing. Results indicated that PBLOprm1 neurons modulate respira-
tory rate and morphine suppresses both PBLOprm1 neuronal activity and 
the coupling of this activity with the respiratory rate. In relation to 
OIRD, the results were interpreted as showing that the genetically 
defined PBLOprm1 neurons are an important regulator of RD and opioid- 
induced inhibition of these neurons leads to RD while their activation 
via endogenous or GPCR signaling rescues OIRD in mice (Liu et al., 
2021). 

For a more detailed discussion of cellular, physiological and neural 
aspects of OIRD, see the recent extensive review by Ramirez et al., 
(2021). 

Eupnea, sighs, and gasps 

The control of breathing can be seen as two mechanisms that are not 
always separate and distinct, namely the generation of rhythm and 
pattern. In the former, rhythm generating mechanisms control breathing 
frequency in a one-, two-, or three-phase rhythm while regulation of 
tidal volume and activation of upper airway and respiratory muscles are 
considered pattern generation (Fogarty et al., 2018; Ramirez and 
Baertsch, 2018). The three phases of breathing, inspiration, 

Fig. 3. Proposed speculative pathways in opioid-induced activation of the G- 
protein-coupled MOR triggering of (a) activation of GIRK channels and inhi-
bition of voltage-gated Ca++and cAMP pathways and (b) opioid-induced inhi-
bition of respiratory circuits by opening of GIRK channels, inhibition of adenyl 
cyclase and recruitment of β-arrestin2. Shaded gray areas indicate pathways not 
known to be involved in opioid inhibition of the corresponding neuronal 
function. AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; 
βarr2, beta-arrestin2; Gαi, G-protein αi; Gβγ, G-protein βγ; GIRK, G-protein- 
gated inwardly rectifying potassium; RGS, regulators of G-protein signaling. 
Adapted from Montandon G, Slutsky AS. Solving the opioid crisis: Respiratory 
depression by opioids as critical endpoint. Chest 2019; 156: 653–8. Reproduced 
with permission from Elsevier. 
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postinspiration, and expiration, can be switched to a different breathing 
rhythm, for example, to gasping during hypoxia, a one-phase inspiratory 
rhythm (Ramirez and Baertsch, 2018; Wang et al., 1996). The processes 
of rhythm and pattern generation can be connected, for example, 
changing breathing rhythm can change its pattern and altering the 
pattern can change the breathing rhythm (Baertsch et al., 2018). 

Transformation of normal breathing into sighs or gasps, originally 
thought to be due to a eupneic center in the pons and a gasping center in 
the medulla, raises the question of which brainstem neural networks are 
involved (Del Negro et al., 2018; Feldman and Gray, 2000; Lieske et al., 
2000; St-John, 1998). Early studies using brainstem slices containing the 
preBötC, demonstrated breathing patterns similar to eupnea, sighs, and 

Fig. 4. Inspiratory rhythmic bursts recorded in an in vitro model of DAMGO-induced OIRD in mouse preBötC slices in the presence or absence of GIRK and KCNQ 
potassium channel activators and blockers. Inspiratory bursts mimicking OIRD following increasing doses of the KCNQ-specific activators (a) ICA69673 and (b) 
retigabine. Rescue from DAMGO-induced OIRD with increasing doses of the KCNQ-specific blockers (c) chromanol 293B and (d) XE991. Failure to rescue DAMGO- 
induced OIRD with increasing doses of the GIRK-specific blocker tertiapin-Q (e) and failure to mimic OIRD with increasing doses of the GIRK-specific activator 
ML297 (f). RTG, retigabine; TPQ, tertiapin-Q. From Wei AD, Ramirez J-M. Presynaptic mechanisms and KCNQ potassium channels modulate opioid depression of 
respiratory drive. Front. Physiol. 2019; 10: 1407. https://doi.org/10.3389/fphys.2019.01407, an open access article distributed under the terms of the Creative 
Commons Attribution License (CC BY 4.0). 

B.A. Baldo                                                                                                                                                                                                                                        

https://doi.org/10.3389/fphys.2019.01407


Current Research in Toxicology 3 (2022) 100078

7

gasps (Lieske et al., 2000); normal oxygenation generated rhythms 
similar to normal breathing and sighs, and anoxia produced gasping, 
facilitating autoresuscitation (Guntheroth and Kawabori, 1975). These 
findings led to the conclusion that the three patterns of breathing were 
each controlled by rhythm-generating neurons of the preBötC. In recent 
experiments on spontaneously breathing rats, Shoemaker et al. (2020) 
demonstrated that a clinically-relevant dose of morphine (3 mg/kg), 
significantly depressed normal breathing but did not affect gasping 
breathing (Fig. 5) suggesting to the authors two possible explanations. 
Firstly, neurons involved in opioid-induced depression of eupnea are 
distinct from those involved in gasping rhythm; since preBötC neurons 
are heterogeneous, gasping may be controlled by a subpopulation of 
neurons not sensitive to opioids. Secondly, the threshold for opioid- 
induced depression of respiration is higher for gasping breathing. 
Relevant to this explanation is the possibility that eupnea and gasping 
may be modulated by different ion channels or synaptic mechanisms 
(Viemari et al., 2011). In another possible mechanism, the inhibited 
preBötC neurons might receive upstream drive that is insensitive to 
opioids but able to promote the inspiratory activity needed for gasping. 
Whatever the mechanism, the results are difficult to reconcile with an 
explanation implicating a single population of preBötC neurons in the 
generation of both eupnea and gasping. 

The finding of a 20% increased mortality in the morphine-treated 
hypoxic rats and cardiovascular changes including decreased blood 
pressure (Fig. 5) led the authors to speculate that mortality in OIRD is a 
failure in breathing rhythm rather than RD and changes in vasomotor 
tone, hypotension, and possibly cardiac arrhythmia, may prevent res-
piratory autoresuscitation and the return of eupneic breathing (Shoe-
maker et al., 2020). 

Neonatal opioid withdrawal syndrome 

Opioid use during pregnancy is increasing (Epstein et al., 2013; 

Stover and Davis, 2015) and this, in turn, has led to increasing numbers 
of infants with neonatal opioid withdrawal syndrome (NOWS), also 
called neonatal abstinence syndrome (NAS), a dysfunction of the CNS 
and autonomic nervous and gastrointestinal systems (McQueen and 
Murphy-Oikonen 2016). The number of cases of NOWS has increased 
many-fold in the last decade with an incidence up to ~14 per 1000 in 
some groups (Winkelman et al., 2018). In 2019, the use of prescription 
opioids was self-reported by 6.5% of pregnant women in the US (Ko 
et al., 2020). 

Opioids cross the placenta and may suppress neonatal rhythmic 
respiratory activity (Hauser and Knapp, 2018) modulated by the 
preBötC in the medulla but the effects of opioids on maternal and 
neonatal respiratory circuits are inadequately investigated and the 
pathophysiology of NOWS remains poorly understood. Methadone, a 
standard treatment for maternal opioid dependence and administered to 
alleviate symptoms of NOWS (Bhavsar et al., 2018), was recently used 
by Hocker et al. (2021) to investigate early onset respiratory rhythmo-
genesis in the rat where NK1R-positive neurons in the area of the 
preBötC appear at gestational day(s) 12.5–13.5 (Pagliardini et al., 2003) 
and generation of respiratory rhythm and breathing begin on gestational 
day 17. From day 17, pregnant dams were injected daily with metha-
done or saline until postnatal (P) day 5 (P5) before neonatal assessment 
of baseline breathing and ventilatory responses by whole body pleth-
ysmography (Fig. 6). Over a 5-day postnatal period, neonates exposed to 
methadone showed an increase in apneas and destabilized breathing. 
Also, and surprisingly, desensitization to RD occurred – at P0 and P1, 
frequency of methadone-induced RD and tidal volume were blunted, 
although protection was rapidly lost or normalized between P1 and P2. 
(Fig. 6). The authors suggested that the loss of protection against OIRD 
was a result of its coincidence with the preBötC becoming the dominant 
generator of respiratory rhythm. The relevance of these results to 
humans remains to be determined but the findings may be important for 
the further understanding of NOWS and treatments for the alleviation of 

Fig. 5. Responses to transient anoxia during autoresuscitation in a pentobarbital anesthetized rat preinjected with a clinically-relevant dose of morphine (3 mg/kg) 
showing respiratory flow, FCO2 fraction, and arterial blood pressure waveforms. Left to right shows resting breathing in normal air (marked ‘eupnea’), followed by 
breathing anoxic air (100% nitrogen) during phase marked ‘anoxia’. Access to room air was restored at the onset of respiratory arrest. Eupnea, restored by gasping, 
was followed by a brief secondary apnea before the return of full eupneic breathing. During autoresuscitation, a profound cardiovascular response in the form of a 
marked fall in blood pressure occurred. Adapted and reproduced from Shoemaker, A., Steelman, K., Srbu, R., Bell, H.J., 2020. Disparity in the effect of morphine on 
eupnea and gasping in anesthetized spontaneous breathing adult rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 319, R526-540, with permission from the 
American Physiological Society. 
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its symptoms. 

Neonatal antidepressant exposure syndrome 

Anxiety, depression, and other psychiatric comorbidities occur in an 
estimated 25–45% of pregnant women with opioid use disorder who are 
most commonly treated with serotonin (5-hydroxytryptamine, 5-HT) 
reuptake inhibitors (SRIs) (Kaltenbach et al., 2012). In neonates, so- 
called neonatal antidepressant exposure syndrome (NADES) (Nordeng 
et al., 2001; Moses-Kolko et al., 2005), may occur following in utero 
exposure to selective serotonin reuptake inhibitors (SSRIs) and serotonin 
and norepinephrine reuptake inhibitors (SNRIs) during the last trimester 
of pregnancy. Exposed children display changes in motor development 
and movement control (Casper et al., 2003; Masiag et al., 2006) while in 
rats, signs and symptoms of neonates with NADES include CNS, motor, 
respiratory, and gastrointestinal effects (Moses-Kolko et al., 2005). In 
experiments on postnatal rats (days 8–21), Maciag et al. (2006) found 
that exposure to SSRIs led to a reduction in both tryptophan 
hydroxylase-2 (TPH2) (Matthes and Bader, 2018) in dorsal raphe and 
serotonin reuptake transporter protein (SERT) in cortex. Along with this, 
changes occurred in behavior including increased locomotor activity. It 
was concluded that SSRIs at an early age disrupt the normal maturation 
of the serotonin system causing lasting effects on behavior and 
serotonin-dependent neuronal processes. Importantly, up to 30% of 
human neonates with prenatal exposure to SRIs show an increased risk 
of RD. Adverse outcomes, including RD, were shown to be associated 
with SERT genotype SLC6A4 with reduced Apgar scores in neonates 
primarily due to reduced respiratory effort (Oberlander et al., 2008). In 
2004 the FDA issued a warning recommending that SSRIs administra-
tion be tapered off 7–10 days prior to delivery. An assessment of 700,000 

infants with antenatal exposure to SSRIs revealed neonates were more 
likely to experience RD and CNS-related symptoms (Einarson et al., 
2010). A recent case of RD in a neonate born to a mother on maximum 
dose sertraline provides a good example of the increased respiratory risk 
and consequences of the perinatal complications (Marchand et al., 
2021). 

In rodents, the presence of serotonin has been shown to be critical for 
eupnea and the generation of gasping and autoresuscitation in response 
to hypoxia (Cummings et al., 2011; Hodges et al., 2009). Early results 
obtained in vitro and in situ demonstrated that fictive gasping in mice 
was eliminated by 5-HT2A antagonists (Tryba et al., 2006) and endog-
enous activation of the 5-HT2A receptor is required for eupneic venti-
lation (Hodges et al., 2009; Peña and Ramirez, 2002; Ptak et al., 2009). 
Recently, in vivo results with tryptophan hydroxylase 2 KO (TPH2–/–) 
and wild-type mice, 5-HT2A and 5-HT1A agonists, and a 5-HT2A antag-
onist, also showed that both eupnea and gasping proceed via 5-HT2A 
receptors (Cummings, 2021). 

Similarities of neonatal antidepressant exposure syndrome and opioid- 
induced serotonin toxicity 

The central pool of serotonin is formed by TPH2-catalysed decar-
boxylation and hydroxylation of tryptophan (Gutknecht et al., 2008; 
Walther and Bader, 2003), an isoform expressed in raphe neurons in the 
brainstem (Saper, 2000). Serotonergic neurons in this region form a 
neurotransmitter system that affects most parts of the CNS. Depolari-
zation of the presynaptic axon releases 5-HT from storage in presynaptic 
vesicles into the synaptic cleft where it can bind to postsynaptic 5-HT 
receptors effecting neurotransmission. Control of 5-HT levels proceeds 
by a number of mechanisms including feedback loops, metabolizing 

Fig. 6. Maternal methadone (MM) desensitizes neonatal rats at postnatal (P) days P0 and P1 to methadone-induced respiratory depression. Ventilation was measured 
from P0 to P5 using whole body plethysmography. Hypoxic ventilatory responses were measured in neonates 1 h after injection of methadone 1 mg/kg i.p. At P0 and 
P1, frequency of methadone-induced RD and tidal volume were blunted compared to MN (maternal no injection) and MS (maternal saline injection) and MM ne-
onates at P2 also showed blunted RD frequency compared to MN at 40 min. Maternal methadone dosage MM, black circles; maternal no treatment MN, black squares; 
maternal saline dosage MS, gray triangles. P, postnatal day number. *MM p < 0.05 from MN; †MM p < 0.05 from MS. Adapted and reproduced from Hocker AD, 
Morrison NR, Selby ML et al (2021) Maternal methadone destabilizes neonatal breathing and desensitizes neonates to opioid-induced respiratory frequency 
depression. Front Physiol 12:604593. https://doi.org/10.3389/fphys.2021.604593, an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). 
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enzymes (e.g., monoamine oxidase A) and, in particular for the discus-
sion here, reuptake via the SERT (Fig. 7). SERT is a monoamine trans-
porter, recycling serotonin from the synaptic cleft to the presynaptic 
terminal (Murphy et al., 2008). Inhibition of SERT results in raised 
intrasynaptic and postsynaptic concentrations of serotonin that activate 
postsynaptic 5-HT receptors effecting neurotransmission and multiple 
downstream cognitive, motor, and autonomic functions. Postsynaptic 
receptors 5-HT1A and 5-HT2A have been implicated in serotonin 
toxicity/syndrome (ST) where they may act in concert (Arnt and Hyttel, 
1989; Scotton et al., 2019). In addition to the effects of opioids Baldo, 
2018, 2021; Baldo and Rose, 2020) commonly used drugs that inhibit 
serotonin reuptake include tricyclic antidepressants, cocaine, 3,4-meth-
ylenedioxymethamphetamine (MDMA, ecstasy), and importantly, SSRIs 
and SNRIs (Gillman, 2006; Gillman and Whyte, 2004; Scotton et al., 
2019). From the mechanistic perspective, given the increase in intra-
synaptic serotonin concentrations, postsynaptic 5-HT receptor stimula-
tion, and resultant receptor-mediated adverse effects in both ST and 
NADES, the latter might be seen as a condition analogous to ST e ( see 
also Oberlander et al., 2008) except for some difference in the overall 
spectra of resulting adverse events: clonus, agitation, irritability, dia-
phoresis, tremor, hyperreflexia, diarrhea, nausea, RD (in severe cases) 
and vomiting for ST and RD, hypoxia, tachypnea, jitteriness, irritability, 
tremors, diarrhea, nausea, vomiting and increased muscular and neu-
romotor tone for NADES. However, some of these signs in the two 
conditions are the same or similar, in particular, RD may occur in both 
conditions. Relevant to this hypothesis, and of particular interest here, 
are results of the recent prospective study of Bakhireva et al. (2022) 
showing the association in pregnant women of more severe NOWS with 

the use of SRIs. Thus, both mechanistically and clinically, NADES, and 
ST show some close similarities. 

The CYP2D6 phenotype, opioids, and opioid-induced respiratory 
depression 

The possible importance of genetic polymorphisms, in particular, the 
highly polymorphic cytochrome drug-metabolizing enzyme P450 
phenotype CYP2D6, needs to be recognized as a contributor to the in-
dividual variability of patient responses to opioids and the occurrence of 
OIRD since this polymorphism can be a major factor affecting drug 
detoxification, activation, and plasma concentration of some opioids. Of 
the more than 100 designated CYP2D6 allelic variants and subvariants, 
patients of different CYP2D6 genotype may show normal, increased, 
decreased, or no CYP2D6 enzyme activity. With, for example, tramadol, 
CYP2D6 converts this prodrug to the active metabolite O-desmethyl-
tramadol (M1) which has higher μ-opioid receptor affinity and is up to 
six times more potent as an analgesic. Examples of allelic variants pro-
ducing different enzyme functions are: normal function, CYP2D6*1 and 
CYP2D6*2; decreased function, CYP2D6*9 and CYP2D6*10; function 
absent, CYP2D6*3 and CYP2D6*4; and increased function, a duplication 
of alleles such as CYP2D6*1, CYP2D6*2, and CYP2D6*35. Patients 
showing reduced CYP2D6 activity are designated ‘intermediate metab-
olizers’, those showing no CYP2D6 activity are known as ‘poor metab-
olizers’, and the label ‘ultrarapid metabolizers’ is used for patients with 
increased enzyme activity. It follows that for patients with no, or 
decreased CYP2D6 activity, a standard dose of tramadol will not be fully 
converted to M1 and hence pain relief may be lessened. For ultrarapid 

Fig. 7. Diagrammatic representation of raised intra-
synaptic concentrations of serotonin (5-hydroxytryp-
tamine, 5-HT) and inhibition of reuptake of 5-HT by 
different serotonergic drugs. Serotonin, packaged into 
vesicles, is released by Ca++-dependent exocytosis 
into the synapse where it diffuses to its receptors on 
the post-synaptic neuron. Reuptake of the neuro-
transmitter into pre-synaptic nerve terminals is 
effected by serotonin transporter (SERT) which en-
sures and maintains low 5-HT plasma levels and is 
important for the rapid reuptake of the neurotrans-
mitter into pre-synaptic nerve terminals. Opioids, in 
particular, tramadol, dextromethorphan, pethidine, 
methadone, and tapentadol (but generally not 
morphine and other phenanthrenes), SRIs, and other 
serotonergic agents inhibit reuptake of serotonin by 
inhibiting SERT, thus increasing plasma and synaptic 
cleft serotonin concentrations available to bind and 
activate the post-synaptic 5-HT receptors. In the pre- 
synaptic neuron, serotonin is metabolized by mono-
amine oxidase (MAO) to 5-hydroxyindoleacetic acid 
(5-HIAA). Reproduced from Baldo, BA., Rose, MA., 
2020. The anaesthetist, opioid analgesic drugs, and 
serotonin toxicity: a mechanistic and clinical review. 
Br. J. Anaesth. 124, 44–62, with permission from 
Elsevier,   
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metabolizers, life-threatening effects after a standard dose can occur 
(Elkalioubie et al., 2011 30). A standard dose has been reported to 
induce RD due to an increased exposure to M1 in a patient with CYP2D6 
gene duplication (Stamer et al. 2008). Note that different ethnic groups 
show differences in incidences of enzyme function. In 2021, the FDA 
boxed warning for tramadol included interactions with drugs affecting 
cytochrome P450 isoenzymes with the specific requirement for “careful 
consideration of the effects of the parent drug, tramadol, and the active 
metabolite, M1”. The warning also covers the risk of life-threatening RD 
in infants of nursing mothers, children under 12 and, in some cases, 
those under 18. In addition, under the Warnings and Precautions for 
tramadol, the FDA states that individuals who are ultra-rapid metabo-
lizers should not use the drug (Deane and Kane, 2021; Tramadol. 
Highlights of prescribing information, 2021). 

Like tramadol, codeine is a prodrug that binds weakly to the μ-opioid 
receptor and exerts its analgesic action mainly by ~5–10% of the drug 
undergoing CYP2D6-catalysis to morphine. Consequently, the regula-
tory warnings and precautions issued for tramadol, also apply to co-
deine. Also, like tramadol, variant alleles of CYP2D6 in some individuals 
who are ultrarapid metabolizers, or poor metabolizers, lead to higher or 
lower percentage conversions, respectively to morphine (Eckhardt et al., 
1998). Ultrarapid metabolizers may have toxic concentrations of 
morphine even after low codeine doses (Gasche et al., 2004; Kirchheiner 
et al., 2007). 

Hydrocodone and oxycodone are also metabolized to more potent 
metabolites by CYP2D6 but the resultant effects on analgesia and 
toxicity remain to be fully determined (Crews et al., 2021; St Sauver 
et al., 2017). Methadone is metabolized to a small extent by CYP2D6 but 
individuals of CYP2D6 genotype appear to show little or no effect in 
relation to opioid dose, analgesia, or adverse reactions (Crews et al., 
2021). 

In CYP2D6 normal metabolizers, only about 5% of a given dose of 
hydrocodone is O-demethylated by the enzyme to hydromorphone 
(Cone et al., 1978), an opioid with a MOR affinity 100-fold higher than 
the parent (Volpe et al., 2011). However, with regard to analgesia, the 
relative contributions of parent and metabolite are not clear. In CYP2D6 
poor metabolizers, the mean plasma concentration of hydromorphone is 
only one-fifth that of normal metabolizers. It is not yet known whether 
this coincides with lesser analgesia and any adverse events (Otton et al., 
1993). 

Approximately 11% of a dose of oxycodone is demethylated by 
CPY2D6 to oxymorphone which has an affinity for the MOR 60-times 
that of oxycodone (Volpe et al., 2011). However, it appears that the 
parent drug is predominately responsible for pain relief (Klimas et al., 
2013). Data is conflicting on the relationship between CYP2D6 metab-
olizer phenotype and analgesic and toxic effects of oxycodone and more 
studies are needed to determine the effects and risks, if any. 

Concluding remarks 

Despite RD remaining the main cause of death due to opioid over-
dose, the underlying mechanisms leading to fatalities are still being 
worked out with significant knowledge gaps outstanding. The number 
and variety of animal models used in the study of OIRD, namely mice, 
rats, rabbits, cats, dogs, and goats has led to some confusing in-
terpretations and doubtful extrapolations to humans all of which has not 
helped in achieving consensus on the causes and prevention of OIRD. 
Even so, and as outlined here, considerable progress has been made 
principally by the application of combined pharmacological and genetic 
approaches together with electrophysiological recordings on tissue sli-
ces in vitro and whole-body plethysmography in vivo. Although multiple 
sites are involved in OIRD, the preBötC and KF/PBN are major con-
tributors to it with the former of prime importance if only because its 
inhibition leads to respiratory failure. Inhibition of KF and/or PBN 
neurons leads to significant RD and can lead to apnea. Note, however, 
removal of MORs from the preBötC only partially prevents OIRD. 

Ongoing OIRD research needs to be focussed on understanding neuro-
modulation involving opioids acting on rhythm-generating neurons at 
respiratory centers in the brainstem, particularly the preBötC where 
reduced synaptic glutamatergic transmission and rhythmogenic capac-
ities result in opioid-induced apnea. A consequence of the present gaps 
in our understanding of OIRD is that, with the exception of naloxone 
(which brings its own difficulties including its short elimination half-life 
and reversal of analgesia sometimes leading to acute withdrawal 
symptoms), there are currently limited treatment options for it and 
opioid addiction (Algera et al., 2019). Clearly, alternative targeted 
therapies for rescuing RD, preventing opioid overdose, and alleviating 
addiction are sorely needed. 

Although protection against OIRD after maternal administration of 
methadone is quickly lost in rats soon after birth when the preBötC 
becomes the primary rhythm generator (Hocker et al., 2021), it remains 
to be determined if the same is true in humans. Given the increasing 
number of neonates exposed to gestational opioids, further investigation 
of the effects of opioids on neurorespiratory disruption and developing 
respiratory circuits is warranted. In rats, symptoms of neonates with 
NADES include CNS and respiratory effects while in humans, NADES 
may result after in utero exposure to SRIs during the last trimester of 
pregnancy. Up to 30% of human neonates with prenatal exposure to SRIs 
show an increased risk of RD. Considering the increase in intrasynaptic 
serotonin concentrations, postsynaptic 5-HT receptor stimulation, 
resultant receptor-mediated adverse effects in both ST and NADES, and a 
similarity of some of the symptoms, the two conditions have some 
obvious similar mechanistic features. This hypothesis is reinforced by 
results showing an association in pregnant women of more severe NOWS 
with the use of SRIs. 

The demonstration by Shoemaker et al. (2020) that morphine de-
presses normal, but not gasping breathing in rats may indicate that an 
individual population of preBötC neurons is not involved in both eupnea 
and gasping and the underlying mechanisms of these two forms of 
breathing are therefore distinct. Further investigation should follow the 
finding of increased morphine-induced mortality due to hypoxemia even 
in the absence of gasping rhythm, since this suggests that opioid- related 
cardiovascular rather than opioid-related depression of eupnea, may be 
involved in cases of opioid overdose (Shoemaker et al., 2020). 
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complex neurokinin-1 receptor-expressing neurons mediate opioid-induced 
respiratory depression. J. Neurosci. 31, 292–1301. https://doi.org/10.1523/ 
JNEUROSCI.4611-10.2011. 

Montandon, G., Ren, J., Victoria, N.C., Liu, H., Wikman, K., Greer, J.J., et al., 2016b. G- 
protein-gated inwardly rectifying potassium channels modulate respiratory 
depression by opioids. Anesthesiology 124, 641–650. https://doi.org/10.1097/ 
ALN.0000000000000984. 

Montandon, G., Slutsky, A.S., 2019. Solving the opioid crisis. Respiratory depression by 
opioids as critical end point. Chest 156, 653–658. https://doi.org/10.1016/j. 
chest.2019.05.015. 

Moses-Kolko, E.L., Bogan, D., Perel, J., Bregar, A., Uhl, K., Levin, B., et al., 2005. 
Neonatal signs after late in utero exposure to serotonin reuptake inhibitors: literature 
review and implications for clinical application. JAMA 293, 2372–2383. https://doi. 
org/10.1001/jama.293.19.2372. 

Murphy, D.L., Fox, M.A., Timpano, K.R., Moya, P., Ren-Patterson, R., Andrews, A.M., 
2008. How the serotonin story is being rewritten by new gene-based discoveries 
principally related to SLC6A4, the serotonin transporter gene, which functions to 
influence all cellular serotonin systems. Neuropharmacology 55, 932–960. https:// 
doi.org/10.1016/j.neuropharm.2008.08.034. 

Mustapic, S., Radocaj, T., Sanchez, A., Dogas, Z., Stucke, A.G., Hopp, F.A., et al., 2010. 
Clinically relevant infusion rates of μ-opioid agonist remifentanil cause bradypnea in 
decerebrate dogs but not via direct effects in the pre-Bötzinger complex region. 
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