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Fentanyl elicits profound disturbances in ventilatory control processes in humans
and experimental animals. The traditional viewpoint with respect to fentanyl-
induced respiratory depression is that once the effects on the frequency of
breathing (Freq), tidal volume (TV), and minute ventilation (MV = Freq × TV) are
resolved, then depression of breathing is no longer a concern. The results of the
present study challenge this concept with findings, as they reveal that while the
apparent inhibitory effects of fentanyl (75 μg/kg, IV) on Freq, TV, and MV in adult
male rats were fully resolved within 15 min, many other fentanyl-induced
responses were in full effect, including opposing effects on respiratory timing
parameters. For example, although the effects on Freq were resolved at 15 min,
inspiratory duration (Ti) and end inspiratory pause (EIP) were elevated, whereas
expiratory duration (Te) and end expiratory pause (EEP) were diminished. Since
the effects of fentanyl on TV had subsided fully at 15 min, it would be expected
that the administration of an opioid receptor (OR) antagonist would haveminimal
effects if the effects of fentanyl on this and other parameters had resolved. We
now report that the intravenous injection of a 1.0 mg/kg dose of the peripherally
restricted OR antagonist, methyl-naloxone (naloxone methiodide, NLXmi), did
not elicit arousal but elicited some relatively minor changes in Freq, TV, MV, Te,
and EEP but pronounced changes in Ti and EIP. In contrast, the injection of a
2.5 mg/kg dose of NLXmi elicited pronounced arousal and dramatic changes in
many variables, including Freq, TV, and MV, which were not associated with
increases in non-apneic breathing events such as apneas. The two compelling
conclusions from this study are as follows: 1) the blockade of central ORs
produced by the 2.5 mg/kg dose of NLXmi elicits pronounced increases in
Freq, TV, and MV in rats in which the effects of fentanyl had apparently
resolved, and 2) it is apparent that fentanyl had induced the activation of two
systems with counter-balancing effects on Freq and TV: one being an opioid
receptor inhibitory system and the other being a non-OR excitatory system.

KEYWORDS

fentanyl, breathing, opioid receptors, naloxone methiodide, rats

OPEN ACCESS

EDITED BY

Timothy E. Albertson,
UC Davis Medical Center, United States

REVIEWED BY

Yeon Sun Lee,
Calviri Inc, United States
Saadet Inan,
Temple University, United States
Hubert Forster,
Medical College of Wisconsin, United States

*CORRESPONDENCE

Stephen J. Lewis,
sjl78@case.edu

†PRESENT ADDRESS

Santhosh M. Baby,
Translational Sciences
Treatment Discovery, Galvani Bioelectronics,
Inc., Collegeville, Pennsylvania, United States
James N. Bates,
Atelerix Life Sciences Inc., Charlottesville,
Virginia, United States

RECEIVED 02 February 2024
ACCEPTED 08 March 2024
PUBLISHED 18 April 2024

CITATION

Baby SM, May WJ, Getsy PM, Coffee GA,
Nakashe T, Bates JN, Levine A and Lewis SJ
(2024), Fentanyl activates opposing opioid and
non-opioid receptor systems that
control breathing.
Front. Pharmacol. 15:1381073.
doi: 10.3389/fphar.2024.1381073

COPYRIGHT

© 2024 Baby, May, Getsy, Coffee, Nakashe,
Bates, Levine and Lewis. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 18 April 2024
DOI 10.3389/fphar.2024.1381073

https://www.frontiersin.org/articles/10.3389/fphar.2024.1381073/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1381073/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1381073/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1381073&domain=pdf&date_stamp=2024-04-18
mailto:sjl78@case.edu
mailto:sjl78@case.edu
https://doi.org/10.3389/fphar.2024.1381073
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1381073


Introduction

The high-potency μ-opioid receptor agonist, fentanyl, is an
important clinical analgesic that has adverse side effects,
including ventilatory depression and the development of
hyperalgesia (enhanced pain perception) upon repeated
administration (Scholz et al., 1996; Suzuki and El-Haddad, 2017;
Armenian et al., 2018; Tyler and Guarnieri, 2023). In addition,
although the systemic injection of fentanyl causes profound
analgesia in rats, it also exerts adverse effects on ventilatory
parameters, the alveolar–arterial (A-a) gradient (index of alveolar
gas exchange), and arterial blood–gas chemistry (Henderson et al.,
2014; Baby et al., 2021; Jenkins et al., 2021; Getsy et al., 2022a; Getsy
et al., 2022b; Seckler et al., 2022; Marchette et al., 2023). The roles of
μ-, δ-, and κ-opioid receptors (Trescott et al., 2008; Valentino and
Volkow, 2018), cell-signaling/molecular mechanisms (Al-Hasani
and Bruchas, 2011; Shang and Filizola, 2015), and multiple sites
of action of opioids (May et al., 1989; Lalley, 2003; Vadivelu et al.,
2011; Henderson et al., 2013; 2014; Baby et al., 2018; Birdsong and
Williams, 2020; Rossi and Bodnar, 2021) have been extensively
studied. With regard to in vivo pharmacological approaches, the
acute systemic administration of centrally acting opioid receptor
antagonists such as naloxone and peripherally restricted antagonists
such as methyl-naloxone (naloxone methiodide, NLXmi) has
provided important evidence pertaining to the central and
peripheral sites involved in mediating the actions of opioids
(Lewanowitsch and Irvine, 2002; 2003; Lewanowitsch et al., 2006;
Leppert, 2010; Yamamoto and Sugimoto, 2010; Mori et al., 2013;
Henderson et al., 2014; Belltall et al., 2022).

We have reported that the ventilatory responses that occur
during exposure to hypoxic or hypoxic–hypercapnic gas
challenges were markedly attenuated in freely-moving adult male
rats in which baseline ventilatory parameters had recovered from the
adverse effects of morphine injected intravenously 90 min earlier
(May et al., 2013a,b). These findings suggested that although
baseline ventilation returned to normal values, the cell-signaling
pathways activated by morphine or its major metabolites, including
morphine-3 glucuronide in rats (Ekblom et al., 1993; Baker and
Ratka, 2002; Blomqvist et al., 2020), are still active and prevented full
recruitment and activation of central and peripheral pathways that
mediate the ventilatory responses to these gas challenges (May et al.,
2013a,b; Baby et al., 2023). Moreover, while the systemic
administration of morphine-6-glucuronide, the major morphine
metabolite in humans (Hanna et al., 1991; Peat et al., 1991;
Christrup, 1997), did not alter baseline ventilation in healthy
human volunteers, it strongly suppressed ventilatory responses to
a hypercapnic gas challenge (Peat et al., 1991). The question that
arises is what sort of latent ventilatory control system is present and
active without disturbing baseline ventilation but is able to blunt
ventilatory responses to hypoxic and hypercapnic challenges? One
hypothesis that came to mind was that opioids such as morphine
and fentanyl and/or their metabolites may elicit counter-balancing
excitatory and inhibitory systems in the brain (and perhaps
peripheral structures such as the carotid bodies) such that
baseline ventilatory parameters appear normal. It would follow
that selectively disturbing one of these excitatory or inhibitory
systems at a time when baseline ventilatory parameters appear to
have recovered from the opioid will elicit pronounced changes in

ventilation. We hypothesize that the inhibitory system is driven by
μ-opioid receptors and that the injection of an opioid receptor
antagonist will elicit a pronounced ventilatory response.

The major goal of this study was to determine whether the
putative excitatory ventilatory system activated by fentanyl resides
within the periphery and/or central nervous system. To this end, we
employed a dose of NLXmi (1.0 mg/kg, IV) that our evidence
suggests does not enter the brain in sufficient amounts to
effectively block μ-opioid receptors and a higher dose (2.5 mg/kg,
IV) that does. The major experimental objectives were to 1) inject a
dose of fentanyl (75 μg/kg, IV) that causes prompt sedation (loss of
righting reflex) and substantial changes in ventilatory parameters in
male Sprague Dawley rats, 2) determine when frequency of
breathing (Freq), tidal volume (TV), and minute ventilation
(MV) had fully recovered (as the generally accepted parameters
describing the effects of drugs on ventilation, and 3) at this time,
inject a dose of NLXmi (1.0 mg/kg, IV) that does not arouse these
fentanyl-injected rats (suggestive of restriction to the periphery) or a
dose of NLXmi (2.5 mg/kg, IV) that causes a pronounced arousal
(restoration of the righting reflex suggestive of significant central
penetration).

Methods

Permissions, rats, and surgical procedures

All studies were carried out in accordance with the NIH Guide
for Care and Use of Laboratory Animals (NIH Publication No. 80-
23) revised in 2011 and in compliance with the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines (https://
arriveguidelines.org/). All protocols involving rats were approved by
the Animal Care and Use Committees of Galleon Pharmaceuticals,
Case Western Reserve University, and the University of Virginia.
Adult male and female Sprague Dawley rats (10–12 weeks of age)
were purchased from Harlan Industries (Madison, WI,
United States) and were given 5 days to recover from
transportation. The rats received jugular vein catheters under
2%–3% isoflurane anesthesia (May et al., 2013a; May et al.,
2013b; Henderson et al., 2013; Henderson et al., 2014) and given
4 days to recover from surgery before use. All venous catheters were
flushed with 0.3 mL of phosphate-buffered saline (0.1 M, pH 7.4)
3–4 h before starting the protocols. Plethysmography recording
sessions were performed by an investigator who did not know
whether they were injecting a vehicle or the 1.0 or 2.5 mg/kg
doses of NLXmi. Fentanyl citrate powder and naloxone
methiodide (NLXmi, N-methylnaloxonium iodide) powder
(product number: N12P; PubChem Substance ID: 24897480; CAS
number: 93302-47-7) were purchased from Sigma-Aldrich (St. Louis,
MO, United States) and dissolved in normal saline just before use.
Data files resulting from each study were collated and analyzed by
another investigator in the group. Note that each rat was involved in
only one protocol and was not re-used in any other study. Figures
and diagrams describing the plethysmography set-up are found at
the Data Sciences International site at https://www.datasci.com/
products/buxco-respiratory-products. All studies were conducted
in a quiet room with a relative humidity of 49% ± 2% and a
temperature of 21.4°C ± 0.2 C.
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Sedation as determined by the modified
righting reflex test

This study evaluated the effects of injections of vehicle and NLXmi
on the duration of the effects of fentanyl on the modified righting reflex
test. Each rat was placed in an open container to evaluate the loss of
reflex. The administration of fentanyl caused the rats to assume
numerous types of postures, including being motionless, sprawled
out on their stomach on the chamber floor, lying motionless on
their side, and splayed out on their stomach with the head up
against the chamber wall. The duration of the fentanyl sedation was
taken as the time to full recovery of the righting reflex (i.e., when rats
attained andmaintained a normal posture on all four legs) following the
injections of vehicle or NLXmi (Gaston et al., 2021; Getsy et al., 2022c;
Getsy et al., 2022d; Getsy et al., 2022e; Lewis et al., 2022).Male rats: one
group (304 ± 2 g in body weight, n = 9) received an injection of fentanyl
(75 μg/kg, IV), followed by an injection of vehicle (saline) after 15 min.
A second group (302 ± 2 g in body weight, n = 9) received fentanyl
(75 μg/kg, IV), followed by an injection of NLXmi (1.0 mg/kg, IV) after
15 min. A third group (303 ± 2 g in body weight, n = 9) received
fentanyl (75 μg/kg, IV), followed an injection of NLXmi (2.5 mg/kg, IV)
after 15 min. Female rats: one group (279 ± 2 g in body weight, n = 9)
received an injection of fentanyl (75 μg/kg, IV), followed by an injection
of vehicle (saline) after 15 min. A second group (281 ± 2 g in body
weight, n = 9) received fentanyl (75 μg/kg, IV), followed by an injection
of NLXmi (1.0 mg/kg, IV) after 15 min. A third group (278 ± 2 g in
body weight, n = 9) received fentanyl (75 μg/kg, IV), followed by an
injection of NLXmi (2.5 mg/kg, IV) after 15 min.

Protocols for whole-body plethysmography
measurement of ventilatory parameters

Ventilatory parameters were recorded continuously in the
unrestrained, freely-moving rats using a whole-body plethysmography
system (PLY3223;Data Sciences International, St. Paul, MN), as detailed
previously (Jenkins et al., 2021; Getsy et al., 2022a; Getsy et al., 2022b;
Seckler et al., 2022; Seckler et al., 2023). The directly recorded and derived
parameters are defined in Supplemental Table S1. The ventilatory
parameters and abbreviations are as follows: frequency of breathing
(Freq), tidal volume (TV), minute ventilation (MV), inspiratory time
(Ti), expiratory time (Te), Ti/Te, end inspiratory pause (EIP), end
expiratory pause (EEP), peak inspiratory flow (PIF), peak expiratory
flow (PEF), PIF/PEF, expiratory flow at 50% expired TV (EF50),
relaxation time (RT), expiratory delay (Te-RT), inspiratory drive
(InspD, TV/Ti), expiratory drive (ExpD, TV/Te), non-eupneic
breathing index (NEBI, % of non-eupneic breathing events per each
epoch), and NEBI corrected for Freq (NEBI/Freq). A diagram adapted
from Lomask (2006) illustrating the relationships between some
recorded parameters is shown in Supplemental Figure S1. On the
day of study, each rat was placed in a plethysmography chamber and
allowed 60 min to acclimatize for resting (baseline, pre) ventilatory
parameter values to be defined. Two sets of studies were conducted.
Study 1: Three groups of rats (n = 6 per group) received an injection of
vehicle (1.0 mL/kg, IV), and after 15 min, one group (304 ± 3 g in body
weight) received an injection of vehicle (saline), a second group (302 ±
3 g) received an injection of NLXmi (1.0 mg/kg, IV), and a third group
(305± 3 g) received an injection of the higher dose ofNLXmi (2.5 mg/kg,

IV). Study 2:Three groups of rats (n = 4 per group) received an injection
of fentanyl (75 μg/kg, IV), and after 15min, one group (301 ± 2 g in body
weight) was injectedwith vehicle (saline), a second group (299 ± 2 g) was
injected with NLXmi (1.0 mg/kg, IV), and a third group (302 ± 2 g) was
injected with the higher dose of NLXmi (2.5 mg/kg, IV). Study 3: Three
groups of female rats (n = 4 per group) received an injection of fentanyl
(75 μg/kg, IV), and after 15 min, one group (280 ± 2 g in body weight)
was injectedwith vehicle (saline), a second group (279 ± 2 g)was injected
with NLXmi (1.0 mg/kg, IV), and a third group (277 ± 2 g in body
weight) was injected with the higher dose of NLXmi (2.5 mg/kg, IV).
Ventilatory parameters were recorded for another 60 min. FinePointe
(DSI) software constantly corrected digitized values originating from
actual waveforms for alterations in chamber humidity and chamber
temperature. Pressure changes associated with respiratory waveforms
were then converted to volumes (e.g., TV, PIF, PEF, and EF50) using the
algorithms of Epstein and Epstein (1978) and Epstein et al. (1980).
Factoring in chamber humidity and temperature, cycle analyzers filtered
the acquired signals, and FinePointe algorithms generated an array of
box flow data that identified a waveform segment as an acceptable
breath. From that data vector, the minimum andmaximum values were
determined. Flows at this point were “box flow” signals, and from this
array, theminimumandmaximumbox flow values weremultiplied by a
compensation factor provided by the selected algorithm (Epstein and
Epstein, 1978; Epstein et al., 1980), producing TV, PIF, and PEF values
used to determine NEBI (Getsy et al., 2014).

Data analyses

All data are presented as the mean ± SEM and were analyzed using
one-way and two-wayANOVAandBonferroni corrections formultiple
comparisons between means using the error mean square terms
generated using the ANOVA analyses (Getsy et al., 2023a; Getsy
et al., 2023b). A p < 0.05 value was the initial level of significance
that was modified according to the number of between-mean
comparisons (Getsy et al., 2023a; Getsy et al., 2023b). The modified
t-statistic for two groups, for instance, is t = (mean group 1 → mean
group 2)/[s × (1/n1 + 1/n2)

1/2], where s2 represents the mean square
within groups term from the ANOVA and n1 and n2 are the number of
rats in each group being compared. Statistics were performed using
GraphPad Prism (version 9.5.1) software (GraphPad Software, Inc., La
Jolla, CA). F- and P-statistics related to the summary data are provided
in the relevant figure legends and tables.

Results

Behavioral responses inmale and female rats

The injection of fentanyl (75 μg/kg, IV) elicited prompt sedation
(loss of righting reflex) in the three groups of male rats and the three
groups of female rats. As shown in Figure 1, the time to recovery of the
righting reflex following the subsequent injection of vehicle or
1.0 mg/kg dose of NLXmi was similar to one another (p > 0.05) in
themale and female rats. In contrast, the duration of the righting time in
the 2.5 mg/kg NLXmi-treated male and female rats was substantially
shorter than that in the other two respective treatment groups (p <
0.05 for both comparisons.
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Frequency of breathing, tidal volume, and
minute ventilation in male rats

As shown in Figure 2, the injections of vehicle or NLXmi
(1.0 mg/kg, IV) elicited minor changes in Freq (Panel A), TV
(Panel B), and MV (Panel C) in rats that had received injections
of vehicle (no behavioral responses resulted from the NLXmi
injections). As shown in Figure 3, the injection of fentanyl
(75 μg/kg, IV) elicited pronounced decreases in Freq (Panel A),
TV (Panel B), and MV (Panel C) that had fully resolved within
10–12 min. The subsequent injection of vehicle or NLXmi
(1.0 mg/kg, IV) at 15 min post-fentanyl did not elicit immediate
responses, whereas the injection of NLXmi at 2.5 mg/kg elicited a
prompt increase in Freq of approximately 10 min in duration and a
prompt and sustained increase in TV. The changes in Freq and TV
resulted in a prompt increase in MV of approximately 25–30 min in
duration. Note that the minor degree of variability in baseline (pre-
fentanyl) levels of Freq and TV that resulted in a consistent level of
MV is to be expected when recording values from freely-moving rats
(Henderson et al., 2013; 2014; Gaston et al., 2020; Getsy et al., 2014;
Gaston et al., 2021; Jenkins et al., 2021; Getsy et al., 2022a; Getsy
et al., 2022b; Getsy et al., 2022c; Getsy et al., 2022d; Getsy et al.,
2022e; Lewis et al., 2022; Seckler et al., 2022).

Inspiratory time, expiratory time, Ti/Te, EIP,
and EEP in male rats

As shown in Figure 4, the injection of fentanyl elicited an immediate
and sustained increase in Ti (Panel A) and a prompt increase in Te of
less than 10 min in duration (Panel B). As shown in Panel C, these
changes resulted in a biphasic change in the respiratory ratio (Ti/Te,
initial decrease and then a sustained increase). The subsequent injection
of vehicle did not elicit immediate responses, whereas the injection of
NLXmi at 1.0 or 2.5 mg/kg elicited prompt decreases in Ti and Te of
approximately 20 min in duration, with the elevated Ti/Te ratios slightly
more decreased by the 2.5 mg/kg dose.

End inspiratory pause and end expiratory
pause in male rats

As shown in Figure 5, fentanyl elicited a sustained increase in
EIP (Panel A) and a prompt increase in EEP that had dipped below
pre-levels by 15 min (Panel B). The subsequent injection of vehicle
did not elicit immediate responses, whereas the injection of NLXmi
at 1.0 or 2.5 mg/kg elicited prompt decreases in the elevated levels of
EIP for 35–40 min. Neither dose of NLXmi affected EEP, which
remained depressed throughout the post-fentanyl recording period.

Peak inspiratory flow, peak expiratory flow,
PIF/PEF, and EF50 in male rats

As shown in Figure 6, fentanyl elicited a sustained decrease in
PIF (Panel A), a decrease in PEF of 6–8 min in duration (Panel B), a
sustained decrease in PIF/PEF (Panel C), and a decrease in EF50
(Panel D) that returned to above pre-fentanyl levels after
10–12 min. The subsequent injection of NLXmi (1.0 mg/kg, IV)
elicited relatively minor and short-lived increases in PIF, PEF, and
PIF/PEF but not EF50. The injection of the 2.5 mg/kg dose of NLXmi
elicited an immediate and substantial increase in PIF of 15–20 min
in duration, a large and sustained increase in PEF of over 60 min in
duration, an increase in PIF/PEF for approximately 5 min, and a
substantial increase in EF50 of approximately 20 min in duration.

Relaxation time and expiratory
time–relaxation time in male rats

As shown in Figure 7, fentanyl elicited a sustained decrease in RT
(Panel A) and a substantial increase in Te-RT (expiratory delay) of
approximately 10 min in duration (Panel B). The injection of 1.0 and
2.5 mg/kg doses of NLXmi elicited minor and short-lived decreases in
RT and minor changes in expiratory time–relaxation time (Te-RT).

Inspiratory drive and expiratory drive in
male rats

As shown in Figure 8, fentanyl elicited a sustained decrease in
inspiratory drive (TV/Ti) (Panel A) and a substantial decrease in
expiratory drive (TV/Te) (Panel B) of approximately 10 min in
duration, with the levels at 15 min being above pre-injection levels.
The subsequent injection of the 1.0 mg/kg dose of NLXmi elicited
minor and short-lived decreases in TV/Ti and TV/Te. The subsequent
injection of the 2.5 mg/kg dose of NLXmi elicited pronounced increases
in TV/Ti and TV/Te of approximately 30 min in duration.

Non-eupneic breathing index and NEBI/Freq
in male rats

As shown in Figure 9, fentanyl elicited substantial increases in
NEBI (Panel A) and NEBI/Freq (Panel B) of approximately 5 min
in duration. Subsequent injections of the 1.0 or 2.5 mg/kg doses of
NLXmi elicited negligible changes in NEBI or NEBI/Freq.

FIGURE 1
Time to recovery of the righting reflex following the bolus
injection of vehicle (saline) and subsequent injection of vehicle or
NLXmi (1.0 or 2.5 mg/kg, IV) in male and female rats. There were nine
rats in each group. The data are presented as the mean ± SEM.
*p < 0.05, significant Pre-values. †p < 0.05, NLXmi 2.5 versus NLXmi 1.0
or vehicle. ANOVA statistics for males: F2,24 = 34.5; p < 0.0001.
ANOVA statistics for females: F2,24 = 48.5; p < 0.0001.
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Summary of the effects of fentanyl on
ventilation in male rats

The values for each recorded/calculated respiratory parameter
(expressed as % change from pre) at the 15-min time-point following
the injection of fentanyl (75 μg/kg, IV) in the three treatment groups are
summarized in Figure 10. As can be seen in Panel A, the decreases in
Freq, TV, and MV elicited by fentanyl had fully subsided at the 15-min
time-point. However, the apparent lack of effect of fentanyl on Freq at
the 15-min time-point was certainly misleading in that Ti and EIP were
elevated, whereas Te and EEP were decreased at this time-point.

Accordingly, it is evident that the effects of fentanyl (or metabolites)
on inspiratory–expiratory timing mechanisms are still in effect.
Moreover, as shown in Panel B, the fentanyl-induced changes in PIF
(but not PEF or EF50), relaxation time,NEBI, andNEBI/Freqwere still in
effect with the decreases in inspiratory drive (TV/Ti) and increases in
expiratory drive (ExpD, TV/Te), resulting mostly from respective
changes in Ti and Te. The cumulative responses (% change from
pre-values) recorded over the 15-min period following the injection
of fentanyl (75 μg/kg, IV) in rats that were to receive subsequent
injections of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) are
summarized in Supplemental Figure S3. The values reinforce the

FIGURE 2
Frequency of breathing (Panel A), tidal volume (Panel B), and minute ventilation (Panel C) before (Pre) and after the injection of vehicle (saline) and
subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) in male rats. There were six rats in each group. The data are presented as the mean ± SEM.

Frontiers in Pharmacology frontiersin.org05

Baby et al. 10.3389/fphar.2024.1381073

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1381073


above descriptions of the effects of fentanyl, noting pronounced
decreases in Freq, TV, MV, RT, PIF, PIF/PEF, inspiratory drive, and
expiratory drive that were associated with pronounced increases in Ti,
Te, EIP, EEP, Ti-RT, NEBI, and NEBI/Freq.

Summary of the effects of NLXmi on
ventilation in male rats

The cumulative responses (expressed as % change from pre-
values) recorded over the 10-min period after the injection of vehicle

or NLXmi (1.0 or 2.5 mg/kg, IV) in rats that received a prior
injection of fentanyl (75 μg/kg, IV) are summarized in Figure 11.
As shown in Panel A, the 1.0 mg/kg dose of NLXmi elicited a minor
increase in MV (i.e., a greater increase than in vehicle-injected rats),
whereas it substantially diminished the increase in EIP observed in
the vehicle-treated rats. As shown in Panel B, the 1.0 mg/kg dose of
NLXmi diminished the decrease in PIF seen in vehicle-treated rats
and produced a relatively robust increase in expiratory drive (ExpD,
TV/Te). In contrast, the 2.5 mg/kg dose of NLXmi elicited
pronounced effects on Freq, TV, MV, Ti, Te, and EIP but not on
Ti/Te or EEP (Panel A) and on PIF, PEF, PIF/PEF, EF50, relaxation

FIGURE 3
Frequency of breathing (Panel A), tidal volume (Panel B), and minute ventilation (Panel C) before (Pre) and after the injection of fentanyl (75 μg/kg,
IV) and subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) in male rats. There were four rats in each group. The data are presented as the
mean ± SEM.
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time, inspiratory drive (InspD, TV/Ti), expiratory drive (ExpD, TV/
Te), NEBI, and NEBI/Freq but not on relaxation time or Te-
RT (Panel B).

Summary of the ventilatory responses in
female rats

As summarized in Panel A of Supplemental Figure S4, there
were no between-group differences in the declines observed in Freq,

TV, andMV elicited by the injection of fentanyl (75 μg/kg, IV) in the
female rats that would subsequently receive vehicle or NLXmi (1.0 or
2.5 mg/kg, IV) (p > 0.05 for all comparisons). As summarized in
Panel B, the effects of fentanyl had fully resolved by 15 min after
injection (p > 0.05 for all comparisons). As shown in Figure 12, the
injection of fentanyl (75 μg/kg, IV) elicited pronounced decreases in
Freq (Panel A), TV (Panel B), andMV (Panel C) in the three groups
of female rats that had fully resolved within 10–12 min. The
subsequent administration of vehicle or NLXmi (1.0 mg/kg, IV)
at the 15-min post-fentanyl time-point did not elicit immediate

FIGURE 4
Inspiratory time (Ti) (Panel A), expiratory time (Te) (Panel B), and Ti/Te (Panel C) before (Pre) and after the injection of fentanyl (75 μg/kg, IV) and
subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) inmale rats. Therewere four rats in each group. The data are presented as themean± SEM.
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changes in Freq, TV, or MV. In contrast, the injection of the
2.5 mg/kg dose of NLXmi elicited a prompt increase in Freq of
approximately 10 min in duration and a prompt and sustained
increase in TV. The changes in Freq and TV resulted in a
prompt increase in MV of approximately 25–30 min in duration.
Panel D summarizes the total cumulative responses recorded over
the 10-min period following the injection vehicle or NLXmi (1.0 or
2.5 mg/kg, IV) in female rats that received a prior injection of
fentanyl (75 μg/kg, IV). As can be seen, only the 2.5 mg/kg dose
of NLXmi elicited significant responses.

Discussion

NLXmi-induced reversal of fentanyl-
induced sedation

The lack of effect of the 1.0 and 2.5 mg/kg doses of NLXmi on
resting ventilatory parameters and the behaviors of vehicle-treated
rats (no visible signs of arousal, for example) are consistent with
previous findings and suggest that central opioidergic systems
potentially accessed by NLXmi are not tonically active
(Lewanowitsch and Irvine, 2002; 2003; Lewanowitsch et al., 2006;
Leppert, 2010; Yamamoto and Sugimoto, 2010; Mori et al., 2013;

Henderson et al., 2014; Belltall et al., 2022). The finding that the
1.0 mg/kg dose of NLXmi did not cause arousal in the fentanyl-
injected rats is most likely because insufficient amounts of the opioid
receptor antagonist reached key areas in the brain. However, the
distinct arousal elicited by the 2.5 mg/kg dose of NLXmi in the
fentanyl-injected rats (reversal of sedation evidenced by restoration
of the righting reflex) certainly suggests that this systemic dose
provided sufficient amounts of NLXmi to be centrally active. The
question arises as to whether this arousal is directly linked to the
observed ventilatory responses that will be addressed below. The two
processes may not be linked since the injection of the 2.5 mg/kg dose
of NLXmi caused pronounced ventilatory responses in fentanyl-
treated rats, whereas these ventilatory responses were not associated
with increases in either NEBI or NEBI/Freq, which are hallmarks of
ventilatory instability (Getsy et al., 2014; Gaston et al., 2021; Getsy
et al., 2022c; Getsy et al., 2022d; Getsy et al., 2022e; Lewis et al.,
2022). More specifically, it appeared that the 2.5 mg/kg dose of
NLXmi merely restored the behavioral status of the fentanyl-treated
rats but caused unexpectedly dramatic changes in ventilation, which
suggests the existence of an inhibitory opioid receptor system in
ventilatory control pathways. As stated, the 2.5 mg/kg dose of
NLXmi elicited minor responses in naïve rats. As such, the
observed increase in Freq, TV, and MV elicited by the 2.5 mg/kg
of NLXmi in the fentanyl-treated rats is likely due to the direct

FIGURE 5
End inspiratory pause (Panel A) and end expiratory pause (Panel B) before (Pre) and after the injection of fentanyl (75 μg/kg, IV) and subsequent
injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) in male rats. There were four rats in each group. The data are presented as the mean ± SEM.
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antagonism of opioid receptors rather than because of unexplained
side effects of NLXmi.

Ventilatory responses elicited by fentanyl

The usual analysis of the effects of drugs on breathing relies
upon the recording of Freq, TV, and MV (multiplicative index of
Freq and TV). The reporting of Ti and Te and respiratory quotient
(Ti/Te) is much less frequent, despite their obvious importance to
understanding how inspiratory and expiratory networks are affected
by drugs. Moreover, the reporting of EIP and EEP is rare, even
though these parameters provide key information as to how drugs
such as opioids affect predominantly brainstem mechanisms
controlling pauses between inspiration and expiration (Getsy
et al., 2014; Gaston et al., 2021; Getsy et al., 2022c; d,e; Lewis
et al., 2022). Many other key parameters, such as inspiratory and
expiratory drives, PIF, PEF, EF50, relaxation time, expiratory delay
(Te-RT), and NEBI, are similarly underused parameters of value to
the understanding of respiratory physiology and the effects of drugs
and disease processes on ventilatory processes. Our laboratory has
described the effects of a variety of challenges, including opioid
administration, on the above parameters to provide a more
comprehensive understanding of the mechanisms of action of
opioids and the processes by which a series of novel drugs affect
opioid-induced respiratory depression (OIRD) (Henderson et al.,
2013; 2014; Gaston et al., 2020; Getsy et al., 2014; Gaston et al., 2021;
Jenkins et al., 2021; Getsy et al., 2022a; Getsy et al., 2022b; Getsy
et al., 2022c; Getsy et al., 2022d; Getsy et al., 2022e; Lewis et al., 2022;
Seckler et al., 2022).

The present study shows that the injection of fentanyl
(75 μg/kg, IV) caused pronounced decreases in Freq, TV, and
MV that had fully resolved within 15 min. However, it was
evident that fentanyl was still having important effects on
ventilatory processes at this and later time-points. To begin
with, the findings that Ti and EIP were increased whereas Te
and EEP were decreased at 15 min demonstrate that monitoring
Freq alone is an inadequate index of the effects of fentanyl. The
mechanisms by which fentanyl differentially affects inspiratory
and expiratory parameters are multi-factorial (Getsy et al., 2014;
2022a; b; Henderson et al., 2014; Jenkins et al., 2021) and need
further investigation, especially in studies designed to develop
drugs that may combat the unwanted effects of fentanyl
(i.e., increases in Ti and EIP) as opposed to potentially
beneficial effects (e.g., shortening of Te and EEP). Although the
effects of fentanyl on TV had resolved within 15 min, other
volume-related parameters were still altered at this time. For
example, PIF was markedly depressed, whereas PEF and EF50
were slightly augmented, which again highlights the differential
effects of fentanyl on inspiration and expiration. Further
highlighting the excitatory effects of fentanyl on expiratory
processes, it was evident that the opioid markedly diminished
relaxation time (decay of expiration to 36% maximum), an effect
that was fully evident at the 15 min post-injection time. This
suggests that fentanyl actively enhances what is usually a
passive expulsion of air (Getsy et al., 2014; Henderson et al.,
2014). As a result of the differential magnitude of the
reductions in Te and relaxation time, expiratory delay (Te-RT,
see Supplemental Figure S1) was actually increased initially by
fentanyl, whereas the respiratory delay was back to pre-fentanyl

FIGURE 6
Peak inspiratory flow (PIF) (Panel A), peak expiratory flow (PEF) (Panel B), PIF/PEF (Panel C), and expiratory flow at 50% expired tidal volume (EF50)
(Panel D) before (Pre) and after the injection of fentanyl (75 μg/kg, IV) and subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) in male rats.
There were four rats in each group. The data are presented as the mean ± SEM.
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levels at 15 min. As such, the time taken following the completion
of relaxation time (active expulsion of air) to when inspiration
takes place is lengthened for several minutes by fentanyl. As a
result of the changes in TV, Ti, and Te, it was evident that fentanyl
elicited pronounced decreases in inspiratory drive (TV/Ti) and
expiratory drive (TV/Te). However, inspiratory drive was still
depressed at 15 min post-fentanyl, whereas expiratory drive was
elevated at this time (both changes due to increases in Ti and
decreases in Te since TV was back to pre-injection values). Finally,
as expected (Getsy et al., 2014; 2022a; b; Henderson et al., 2014;
Jenkins et al., 2021), the injection of fentanyl caused a pronounced
increase in NEBI and NEBI/Freq that persisted for approximately
5 min. The ability of fentanyl to destabilize breathing is a vital
effect of this opioid and consists of increases in both the number
and duration of apneas and disordered breathing events (Getsy
et al., 2014). Our previous evidence that the effects of 25–75 μg/kg
doses of fentanyl on arterial blood–gas chemistry (pH, pCO2, and
pO2 sO2) and alveolar gas exchange (alveolar–arterial gradient)
had fully resolved upon the recovery of tidal volume in freely-
moving male rats (Henderson et al., 2014; Jenkins et al., 2021)
suggests that the two putative counter-balancing systems activated
by fentanyl have together caused a “normalization” of arterial
blood–gas chemistry.

Ventilatory effects of NLXmi

The administration of NLXmi elicits minor observable changes in
behavior and cardiorespiratory parameters in naïve rats and mice,
whereas it exerts important effects on the analgesic, behavioral, and
cardiorespiratory effects of opioids, including fentanyl (Lewanowitsch
and Irvine, 2002; 2003; Lewanowitsch et al., 2006; Leppert, 2010;
Yamamoto and Sugimoto, 2010; Mori et al., 2013; Henderson et al.,
2014; Belltall et al., 2022). Although the available evidence suggests that
NLXmi is peripherally restricted, this evidence stems from behavioral/
pharmacological studies, and it should be noted that there is no direct
evidence as to the blood–brain penetrability of NLXmi and, therefore,
the amounts of the drug that enter the brain (Leppert, 2010; Henderson
et al., 2014). As mentioned, the injection of the 1.0 mg/kg dose of
NLXmi did not arouse the fentanyl-treated rats when given at 15 min
post-fentanyl administration but had some important effects on some
ventilatory parameters. More specifically, this lower dose of NLXmi
elicited no or minor effects on Freq, TV, MV, Te, Ti/Te, EEP, EF50,
relaxation time, expiratory delay (Te-RT), NEBI, and NEBI/Freq. In
contrast, the 1.0 mg/kg dose of NLXmi caused immediate decreases in
Ti and EIP (that were both elevated by fentanyl) and immediate
increases in PIF and inspiratory drive (that were both decreased by
fentanyl) while also increasing PEF (values at pre-fentanyl injection

FIGURE 7
Relaxation time (Panel A) and expiratory time–relaxation Time (Te-RT) (Panel B) before (Pre) and after the injection of fentanyl (75 μg/kg, IV) and
subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) inmale rats. Therewere four rats in each group. The data are presented as themean± SEM.
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levels). Since this dose of NLXmi did not arouse the rats, it is possible
that these effects of NLXmi are due to actions in the periphery
(Henderson et al., 2014), although this cannot be affirmed. A major
set of findings was that the 2.5 mg/kg dose of NLXmi elicits prompt and
sustained arousal of the sedative effects of fentanyl and some
pronounced effects on ventilatory parameters. It would, therefore,
seem possible that, despite evidence that NLXmi is peripherally
restricted (Lewanowitsch and Irvine, 2002; Lewanowitsch and Irvine,
2003; Lewanowitsch et al., 2006; Leppert, 2010; Yamamoto and
Sugimoto, 2010; Mori et al., 2013; Henderson et al., 2014; Belltall
et al., 2022), the injection of the 2.5 mg/kg dose allows enough NLXmi
to cross the blood–brain barrier to be functionally effective in relevant
brain structures. Alternatively, the higher dose of NLXmimay be able to
exert its effects via sites such as the area postrema and anteroventral
region of the third ventricle that are devoid of a blood–brain barrier
(Johnson andGross, 1993; Lewis et al., 1999). Our findingsmay prompt
studies to provide direct evidence regarding the possible penetration of
systemically injected NLXmi into deep brain structures. The
administration of 2.5 mg/kg NLXmi elicited substantial increases in
Freq, TV, andMVwhen administered at 15 min post-fentanyl, a time in
which resting values had returned to pre-fentanyl levels. The ability of
NLXmi to elicit a substantial and long-lasting increase in TV speaks in
particular to our concept that fentanyl had recruited two active counter-
balancing pathways controlling breathing, one being depressant and

involving opioid receptors, and the other (as yet unidentified) being
excitatory and uncovered after the blockade of opioid receptors. The
ability of the 2.5 mg/kg dose of NLXmi to produce robust increases in
Freq would not be expected on the basis that resting Freq had recovered
from fentanyl but would be expected when considering that fentanyl
was still affecting both Ti and Te. Taking the changes in TV, Ti, and Te
into account, it was evident that the higher dose of NLXmi elicited
substantial increases in inspiratory drive (TV/Ti) from a decreased
fentanyl-induced baseline and expiratory drive (TV/Te) from a
fentanyl-induced increase in baseline. As such, it is clear that the
blockade of an on-going opioid receptor-dependent ventilatory
depressant pathway (most likely in the brain) unveils the existence
of a remarkably effective excitatory pathway that is somehow triggered
by fentanyl via the direct pharmacological action of the opioids or
indirectly from the induced hypoxemia, for example.

The disparate effects of the higher dose of NLXmi on EIP and EEP
are informative in that NLXmi elicited a dramatic decrease in the
elevated levels of EIP caused by fentanyl, whereas itminimally affected
EEP, which was depressed by fentanyl. It would seem evident that
opioid receptors play dramatically different roles in the control of EIP
and EEP and, therefore, in the switching of inspiratory to expiratory
events and vice versa. Consistent with the observed effects of NLXmi
on TV, the injection of the higher dose of NLXmi elicited substantial
increases in PIF (from a fentanyl-induced depression at baseline) and

FIGURE 8
Inspiratory drive (tidal volume/inspiratory time, TV/Ti) (Panel A) and expiratory drive (tidal volume/expiratory time, TV/Te) (Panel B) before (Pre) and
after the injection of fentanyl (75 μg/kg, IV) and subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) in male rats. There were four rats in each
group. The data are presented as the mean ± SEM.
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in PEF and EF50 (from fentanyl-induced increases at baseline). It
would appear that the activities of the counter-balancing systems
result in a substantial depression of PIF and a lesser enhancement of
PEF and EF50. Regardless, blocking the opioid receptor inhibitory
system results in the expression of the excitatory system that drives
robust increases in PIF, PEF, and EF50. The finding that the higher
dose of NLXmi did not affect fentanyl-induced decreases in relaxation
time is problematic for the idea that fentanyl acts only via activation of
opioid (predominantly) μ-receptors (Comer and Cahill, 2019; Moss
et al., 2020; Vo et al., 2021; Kelly et al., 2023). Indeed, fentanyl interacts
directly with an array of K+-channels (Lee et al., 1995; Montandon
et al., 2016; Tschirhart et al., 2019; Tschirhart and Zhang, 2020), has
high affinity for α1A and α1B adrenoceptors and dopamine D4.4 and
D1 receptors, and blocks vesicular monoamine transporter 2
(Torralva et al., 2020). Moreover, remifentanil directly activates
human glutamatergic N-methyl-D-aspartate (NMDA) receptors
expressed in Xenopus laevis oocytes (Hahnenkamp et al., 2004).
Whether these functional proteins are integral to the activity of the
excitatory pathway unveiled by NLXmi remains to be established. It
follows that the relatively equivalent changes in Te and relaxation time
elicited by the 2.5 mg/kg dose of NLXmi resulted in minimal changes
in expiratory delay (Te-RT). Finally, the lack of effect of the higher

dose of NLXmi on the suppression of NEBI and NEBI/Freq induced
by fentanyl (i.e., the synthetic opioid unexpectedly diminished the
occurrence of non-eupneic breathing events) again points to the
possibility that these effects of fentanyl do not involve opioid
receptors susceptible to blockade by NLXmi. The relative roles of
μ-, δ-, and κ-opioid receptors in the pharmacological actions of
NLXmi have been addressed, and the available evidence shows
that it has a much higher affinity/efficacy for μ-opioid receptors
than δ- and κ-opioid receptors, with the order of potency being
μ- > δ- > κ-opioid receptors (Lewanowitsch and Irvine, 2003; Leppert,
2010). As such, we tentatively suggest that the ability of the higher
dose of NLXmi to elicit its effects primarily involves the blockade of
central μ-opioid receptors.

Study limitations

An important conclusion from this study is that fentanyl
appeared to have induced two on-going counter-balancing
systems that control breathing: one inhibitory and one excitatory.
The ability of fentanyl to elicit excitatory effects on breathing has
been recently demonstrated in unanesthetized female goats. The

FIGURE 9
Non-eupneic breathing index (Panel A) and NEBI/frequency of breathing (Panel B) before (Pre) and after the injection of fentanyl (75 μg/kg, IV) and
subsequent injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV) inmale rats. Therewere four rats in each group. The data are presented as themean± SEM.
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stimulatory effects of fentanyl on breathing were associated with an
increased rate of rise of the diaphragmmuscle activity and increased
activation of upper airway, intercostal, and abdominal muscles
(Neumueller et al., 2023). On the basis of the effects of the
higher dose of NLXmi, it appears that one is an opioid receptor-
dependent inhibitory system. Future studies need to provide more
information as to where in the brain this inhibitory system is located
and whether μ- and or δ-opioid receptors, which are the primary
targets for NLXmi (Henderson et al., 2014), are integral to the
system. An important limitation of this study is that we have not
provided evidence regarding the nature of the excitatory system. On
the basis of their potential involvement, we are determining whether
NMDA receptors (Hoffmann et al., 2003) or S-nitrosothiols (Getsy
et al., 2022b; Getsy et al., 2022f) are integral components of the
excitatory system. Key evidence supporting these future studies is
that the co-administration of NMDA receptor antagonists
(ketamine and dextromethorphan) increases opioid-induced
respiratory depression (Hoffmann et al., 2003) and that the
endogenous S-nitrosothiol, S-nitroso-L-cysteine, stereoselectively
blunts the adverse effects of fentanyl (Getsy et al., 2022b) and
morphine (Getsy et al., 2022a) on breathing and arterial
blood–gas chemistry. A limitation of our study pertains to the
doses of NLXmi used. It would seem imperative to determine
whether higher doses (e.g., 5 or 10 mg/kg) elicit even greater

responses than the 1.0 or 2.5 mg/kg doses used here. Moreover,
since opioids exert qualitatively and quantitatively different effects
on ventilatory systems in female subjects than in male subjects
(Dahan et al., 1998; Hosseini et al., 2011), it is important to
determine whether there is a sex-dependent difference in the
ability of fentanyl to recruit the inhibitory and excitatory
systems. Another limitation is that these studies were
performed using a single opioid at a single dose. The drug and
dose were chosen to produce a profound respiratory depression
with a duration short enough to avoid mortality and allow full
spontaneous recovery of minute ventilation. If the non-opioid
receptor response is induced by fentanyl binding to another
receptor with different ligand binding determinants, then an
opioid with a dissimilar chemical structure, like morphine,
might produce a different response; however, if the response is
triggered by a physiological response to fentanyl binding, such as
hypoxemia, or a biochemical response, such as the activation of β-
arrestin, then the response is more likely to be similar.

Conclusion

Since fentanyl is a widely used in-hospital opioid and is
playing a major role in the current opioid crisis (van der Schier

FIGURE 10
Ventilatory parameters (expressed as % change from Pre-values) [panels (A,B)] at the 15-min time-point following the injection of fentanyl (75 μg/kg,
IV) in male rats that subsequently received an injection of vehicle or NLXmi (1.0 or 2.5 mg/kg, IV). There were four rats in each group. The data are
presented as themean ± SEM. *p < 0.05, significant change fromPre-values. Therewere no between-group differences for any parameter (p > 0.05 for all
comparisons). ANOVA statistics: Freq: F(2,9) = 0.29 and p = 0.756; TV: F(2,9) = 0.49 and p = 0.628; MV: F(2,9) = 0.14 and p = 0.875; Ti: F(2,9) = 0.21 and
p = 0.817; Te: F(2,9) = 0.01 and p = 0.989; Ti/Te: F(2,9) = 0.12 and p = 0.890; EIP: F(2,9) = 4.68 and p = 0.040; EEP: F(2,9) = 0.05 and p = 0.953; PIF: F(2,9) =
0.79 and p=0.484; PEF: F(2,9) = 0.23 and p=0.796; PIF/PEF: F(2,9) = 0.28 and p=0.760; EF50: F(2,9) = 0.20 and p=0.827; RT: F(2,9) = 5.18 and p=0.032; Te-
RT: F(2,9) = 0.07 and p=0.935; InspD: F(2,9) = 0.65 and p=0.546; ExpD: F(2,9) = 0.16 and p=0.852; NEBI: F(2,9) = 2.56 and p= 0.132; NEBI/F: F(2,9) = 2.12 and
p = 0.177.
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et al., 2014; Algera et al., 2019; Imam et al., 2020; Arendt, 2021),
it is vital to quickly determine the full efficacy profile of NLXmi
and other opioid antagonists with respect to overcoming opioid-
induced respiratory depression. In therapeutic and recreational
use, fentanyl is often co-administered with other drugs, and if
these drugs interact with the induced excitatory system, then the
combined respiratory depression may be more than additive and
harder to reverse. The first conclusion from these studies is that
simply analyzing the effects of fentanyl on Freq, TV, and MV is
inadequate for addressing the full profile of fentanyl actions on
breathing. Clear examples are that whereas Freq had returned to
pre-fentanyl levels at 15 min, Ti and EIP were increased and Te
and EEP were reduced. Measuring Freq alone would lead to the
false conclusion that the effects of fentanyl on respiratory timing
had subsided, whereas monitoring the other parameters would
give a clearer picture of the mechanism of action of fentanyl on
respiratory networks in the central and peripheral nervous
systems. The second conclusion from these studies is that the
injection of the higher dose of NLXmi did not elicit behavioral or
ventilatory responses in vehicle-injected rats, whereas the
injection of NLXmi elicited dramatic increases in TV in
fentanyl-injected rats at a time that resting TV had returned
to pre-fentanyl levels. This suggests that fentanyl has induced
on-going counter-balancing systems controlling TV and that the
blockade of the μ-opioid receptor-dependent inhibitory system

unveils the excitatory system. The ability of the higher dose of
NLXmi to reverse on-going effects on an array of parameters,
such as PIF, also strongly implicates the role of opioid receptor-
dependent pathways in the respiratory depressant effects of
fentanyl. The inability of NLXmi to reverse many of the
effects of fentanyl raises the possibility that this synthetic
opioid recruits non-opioid receptor-dependent processes that
stimulate breathing. It must be stated that the ability of the
higher dose of NLXmi to elicit its ventilatory responses may
involve actions on opioidergic systems within brain regions
(i.e., sites within the brainstem) that are not necessarily
accessed/affected by fentanyl. Again, these actions of the
higher doses of NLXmi are likely to be within the brain, as
the lower dose elicited only minimal responses. The ability of
fentanyl to both excite and inhibit ventilatory parameters
suggests that the activation of μ-opioid receptors triggers
central pathways that subserve the activation and suppression
of breathing, respectively (Neumueller et al., 2023). Our on-
going studies are finding that a 1.0 mg/kg dose of naloxone,
naloxonazine, or naltrexone elicits very similar behavioral (e.g.,
reversal of sedation) and ventilatory responses in fentanyl-
treated male and female rats to those produced by the
2.5 mg/kg dose of NLXmi. The data from these centrally
penetrant opioid receptor antagonists support the contention
that the actions of the 2.5 mg/kg dose of NLXmi may be due to

FIGURE 11
Cumulative responses (expressed as % change from Pre-values) [panels (A,B)] recorded over the 10-min period following the injection vehicle or
NLXmi (1.0 or 2.5 mg/kg, IV) in male rats that received a prior injection of fentanyl (75 μg/kg, IV). There were four rats in each group. The data are
presented as themean ± SEM. *p < 0.05, significant change from Pre-values. †p < 0.05, NLXmi 1.0 or 2.5 versus vehicle. ‡p < 0.05, NLXmi 2.5 versus NLXmi
1.0. ANOVA statistics: Freq: F(2,9) = 63.9 and p=0.000; TV: F(2,9) = 4.6 and p=0.042; MV: F(2,9) = 65.0 and p= 0.000; Ti: F(2,9) = 9.3 and p=0.007; Te:
F(2,9) = 15.6 and p = 0.001; Ti/Te: F(2,9) = 1.9 and p = 0.203; EIP: F(2,9) = 23.8 and p = 0.000; EEP: F(2,9) = 1.9 and p = 0.207; PIF: F(2,9) = 27.4 and p = 0.000;
PEF: F(2,9) = 11.0 and p = 0.004; PIF/PEF: F(2,9) = 1.0 and p = 0.398; EF50: F(2,9) = 9.2 and p = 0.007; RT: F(2,9) = 6.3 and p = 0.020; Te-RT: F(2,9) = 1.2 and p =
0.358; InspD: F(2,9) = 34.4 and p = 0.000; ExpD: F(2,9) = 11.2 and p = 0.004; NEBI: F(2,9) = 7.8 and p = 0.011; NEBI/F: F(2,9) = 4.1 and p = 0.550.
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central penetration. Moreover, they suggest that the 1.0 mg/kg
dose of NLXmi caused changes to the actions of fentanyl by
acting at peripheral sites of action since this dose did not
arouse the rats.
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