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ABSTRACT
Background: Opioid analgesics are widely used for treatment of acute, 
postoperative, and chronic pain. However, activation of opioid receptors can 
result in severe respiratory depression. There is an unmet clinical need to 
develop a pharmacologic therapy to counter opioid-induced respiratory 
depression without interfering with analgesia. Further, additional advances 
to confront accidental lethal overdose with the use of fentanyl and other 
opioids are needed. Here, the authors test the hypothesis that activation of 
nicotinic receptors expressed within respiratory rhythm–generating networks 
would counter opioid-induced respiratory depression without compromising 
analgesia.

Methods: Respiratory neural discharge was measured using in vitro brain-
stem–spinal cord and medullary slice rat preparations. In vivo, plethysmo-
graphic recording, nociception testing, and righting reflexes were used to 
examine respiratory ventilation, analgesia, and sedation, respectively.

Results: The administration of nicotine, selective α4β2 nicotinic receptor 
agonist A85380, but not α7 nicotinic receptor agonist PNU282987, reversed 
opioid-induced respiratory depression in neonatal pups in vitro and in vivo. In 
adult rats in vivo, administration of A85380 (0.03 mg/kg), but not PNU282987, 
provides a rapid and robust reversal of fentanyl-induced decrease in respira-
tory rate (93.4 ± 33.7% of control 3 min after A85380 vs. 31 ± 20.5% of 
control after vehicle, n = 8 each, P < 0.001), without marked side effects. 
The coadministration of A85380 (0.06 mg/kg) with fentanyl or remifentanil 
markedly reduced respiratory depression and apneas, and enhanced the fen-
tanyl-induced analgesia, as evidenced by increased paw withdrawal latency 
in Hargreaves plantar test (14.4 ± 2.8 s vs. vehicle: 11.3 ± 2.4 s, n = 8 each,  
P = 0.013) and decreased formalin-induced nocifensive duration (2.5 ± 
2.4 min vs. vehicle: 5.4 ± 2.7 min, n = 8 each, P = 0.029).

Conclusions: The novel strategy of targeting α4β2 nicotinic acetylcholine 
receptors has the potential for advancing pain control and reducing opioid- 
induced respiratory depression and overdose.
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

•	 Opioid-induced respiratory depression results in part from direct 
activation of μ-opioid receptors expressed in the inspiratory rhythm 
generator located in the ventrolateral medulla, the preBötzinger 
Complex

•	 Respiratory neurons within the medulla also express nicotinic ace-
tylcholine receptors, which are made up of five subunits, arranged 
symmetrically around a central pore

•	 Activation of the nicotinic acetylcholine receptor α4, α7, and β2 
subunits increases respiratory rhythm, whereas activation of the 
nicotinic acetylcholine receptor α4β2 or α7 subunits induces anal-
gesia in multiple forms of pain

What This Article Tells Us That Is New

•	 The nonselective nicotinic acetylcholine receptor agonist nicotine 
and the α4β2 nicotinic acetylcholine receptor agonist A85380, but 
not the α7 nicotinic acetylcholine receptor agonist PNU282987, 
reversed respiratory depression induced by activation of μ-opioid 
receptors in rats both in vitro and in vivo

•	 Coadministration of A85380 with fentanyl not only markedly 
reduced respiratory depression and apneas but also enhanced the 
fentanyl-induced analgesia

Respiratory depression and lethal overdose caused by 
fentanyl and other opioids is a major clinical and 

societal problem.1,2 Significant populations of patients 
experience respiratory depression when receiving opioids 
postoperatively that results in the challenge of meeting 
sufficient analgesia while maintaining adequate ventila-
tion. Patient-controlled analgesia for extended periods of 

pain relief is another critical area in which opioid-induced 
respiratory depression is a concern (i.e., hypoxemia or acci-
dental death). Naloxone and related opioid antagonists can 
counter opioid-induced respiratory depression in those 
patients but at the expense of losing the required analgesia. 
There is an unmet clinical need to develop a pharmacologic 
therapy to counter opioid-induced respiratory depression 
without interfering with analgesia. Finally, there is an epi-
demic of opioid-induced overdose; pharmacologic tools 
that could reduce the incidence will be a welcome and 
timely advancement.

Opioid receptors have been classified into four major 
types (μ,δ,κ, nociceptin/orphanin FQ peptide receptors), 
and it is activation of the μ-opioid receptor that causes the 
majority of both the opioid-induced respiratory depression 
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and analgesia.3–5 The respiratory depression results in part 
from direct activation of μ-opioid receptors expressed in 
the inspiratory rhythm generator located in the ventro-
lateral medulla, the preBötzinger Complex.6,7 Respiratory 
neurons within the medulla, including the preBötzinger 
Complex, also express nicotinic acetylcholine receptors. 
Nicotinic receptors are made up of five subunits, arranged 
symmetrically around a central pore.8 The medullary respi-
ratory networks express nicotinic acetylcholine receptor 
subunits α4, α7, and β2, and activation of these receptors 
increases respiratory rhythm.9–11 Further, α4β2 or α7 nico-
tinic acetylcholine receptor activation induces analgesia in 
multiple forms of acute, chronic, inflammatory, and neuro-
pathic pain12–17 and thus could work in concert with opi-
oids, perhaps reducing the opioid dose necessary to achieve 
analgesia. Thus, we hypothesized that administration of 
drugs that positively enhance the activity of specific popu-
lations of nicotinic acetylcholine receptors would counter 
opioid-induced respiratory depression without compro-
mising opioid-induced analgesia. Here we present data 
from in vitro and in vivo rat models to demonstrate that acti-
vation of α4β2 but not α7 containing nicotinic acetylcho-
line receptors reduces the severity, or provides a rapid and 
robust alleviation, of opioid-induced respiratory depression 
while enhancing the desired analgesia.

Materials and Methods
All experimental procedures were approved by the 
University of Alberta Faculty of Medicine Animal Welfare 
Committee (Edmonton, Alberta, Canada). Adult male and 
pregnant female Sprague–Dawley rats were purchased from 
Charles River Canada (Sherbrooke, Quebec, Canada).

Brainstem–Spinal Cord and Medullary Slice Neonatal 
Preparations

Neonatal (postnatal day 1 to 3) rats were anesthetized with 
metofane or isoflurane, decerebrated, and the brainstem–spi-
nal cord dissected as previously reported.18,19 The neuraxis 
was continuously perfused at 27° ± 1°C (5 ml/min; cham-
ber volume, 3 ml) with modified Krebs solution that con-
tained 128 mM NaCl, 3.0 mM KCl, 1.5 mM CaCl

2
, 1.0 mM 

MgCl
2
, 23.5 mM NaHCO

3
, 0.5 mM NaH

2
PO

4
, and 30 mM 

d-glucose equilibrated with 95% O
2
–5% CO

2
 (pH 7.4).

A single transverse slice containing the preBötzinger 
Complex and more caudal reticular formation regions was 
then cut (700 μm thick) from brainstem–spinal cord prepa-
rations18,19 perfused with a bathing solution identical to that 
used for brainstem–spinal cord preparation with the excep-
tion that the KCl concentration was increased to 9 mM to 
facilitate long-term generation of stable rhythm. Recordings 
were made with glass suction electrodes (A-M Systems, 
USA) placed over the fourth ventral cervical nerve roots of 
brainstem–spinal cord or hypoglossal nerve roots of med-
ullary slice preparations. Signals were amplified (×5000), 

band pass filtered (100 Hz to 5 kHz), rectified, integrated  
(τ = 25 ms), then saved to a computer via a Digidata 1322 
A/D board (sampling rate = 1 kHz) and data acquisition 
software AxoScope (Axon Instruments, USA). Baseline 
and threshold levels for bursts were set using Clampfit 
software. Bursts were then automatically detected so that 
area and frequency were measured. The inspiratory burst 
area (related to tidal volume in vivo) was calculated for the 
region of the burst that was above the baseline, as described 
in our previous study.20

Whole-body Plethysmographic Recordings

Measurements were performed in whole body, cylindrical 
transparent plexiglass plethysmographs that had one inflow 
and two outflow ports for the continuous delivery of fresh 
room air and removal of expired carbon dioxide.19,20 The 
plethysmograph volumes were 80 (inner diameter: 3.8 cm, 
length: 7 cm) and 2,000 (inner diameter: 10.1 cm, length: 
25 cm) ml for measures of respiratory parameters of neona-
tal and adult (390 to 460 g) rats with a flow rate of 80 ml/
min and 700 ml/min, respectively, delivered from com-
pressed air cannisters with the pressure being monitored 
using 0–200 ml/min and 0-1,000 ml/min gas regulators 
(Porter Instrument Company, USA). For newborns, the 
plethysmograph was contained within an infant incubator 
(Isolette, model C-86; Air-Shields/Dräger Medical, USA) 
to maintain the ambient temperature at the approximate 
nest temperature of 32°C. For adult infusion experiments, 
adult rats were anesthetized with 3% isoflurane in an induc-
tion chamber and maintained with 2% isoflurane anesthe-
sia during tail vein cannulation (P10 size tubing directly 
inserted in the lateral tail vein after the surgery exposure, 
with both veins cannulated if needed). The chamber had 
an additional port to allow exteriorization of the tail (port 
outlet sealed with the Play-Doh to minimize pressure 
leakage) for  IV drug infusion via an infusion pump (KD 
Scientific, USA). With the infusion approach, all drug deliv-
eries can be performed with continuous monitoring of 
plethysmographic recordings without physical handling of 
the animal. Pressure changes were detected with a pressure 
transducer (model DP 103; Validyne, USA), signal condi-
tioner (CD-15; Validyne), recorded with data acquisition 
software (Axoscope) via analog-digital board (Digidata 
1322A). Signals were high pass filtered (0.01 kHz), with 
a sampling rate at 1 kHz. Data was rectified, integrated  
(τ = 80 ms) with Labchart 8 (AD Instruments Inc., USA), 
then exported to Clampfit (Axon Instruments) for fur-
ther analysis. Baseline and threshold levels for bursts were 
set using Clampfit software. Bursts were then automatically 
detected so that frequency and tidal volume (calculated for 
the region of the burst that was above the baseline) were 
measured. A pulse oximeter (Norin 8600V, USA) was placed 
on the tail to monitor oxygen saturation (Sao

2
) levels and 

heart rate in adult rats. Body temperature was measured using 
a rectal probe (Dual thermometer; Fisher Scientific, Canada).
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It should be noted that our plethysmograph is effec-
tive for studying respiratory frequency (f

R
) and detection 

of apneas. An apnea is defined as the absence of airflow 
(pressure changes) for a period equivalent or greater than 
two complete respiratory cycles. Our whole-body plethys-
mographic system provided semiquantitative measurements 
of tidal volume (V

T
, ml/g) and minute ventilation (V

E
 = f

R
 

× V
T
: ml min−1 g−1), from which we report changes relative 

to the control state.19,21

Nociception Testing and Righting Reflex

Two nociceptive tests were performed: (1) Hargreaves plan-
tar test: Thermal nociception was measured with a plantar 
test apparatus (Ugo Basile, Comerio VA, Italy),19,21 consist-
ing of an infrared heat source (with heat setting at 70W) 
positioned directly beneath the hind paw, 20 mm below the 
plexiglass panel. When the rat perceived pain and withdrew 
its paw, the instrument automatically detected the with-
drawal latency to the nearest 0.1 s. The heat stimulus was 
automatically terminated if a withdrawal response was not 
observed within 20 s of its onset to avoid the tissue damage. 
(2) Formalin test: A dilute solution of formalin (50 μl, 1.5% 
formalin diluted in saline) was injected into the intraplan-
tar region of the right hind paw, followed by assessment 
of nocifensive behaviors (licking/lifting/flinching of the 
injected paw) in the second phase (20 to 40 min; reflecting 
inflammation) of the assay.22 A simple sum of time spent 
on licking/lifting is a recognized assessment of formalin- 
induced nocifensive behaviors.23

Sedation (loss of righting reflex) is defined as the rat’s 
inability to right itself into the prone position after the animal 
was placed supine.21 The duration of sedation was defined as 
the time interval from the beginning of fentanyl adminis-
tration to the recovery of righting reflex. Figure 1 provides 
a graphic outline of the experimental protocol for pre- 
administration of A85380 (0.06 mg/kg, neck subcutaneously) 

with fentanyl (20 μg/kg more than 400 s, IV infusion) and 
measures of nociception and righting reflex.

Pharmacologic Agents

Fentanyl citrate was from Sandoz (Boucherville, Canada); 
[D-Ala2,N-Me-Phe4,Gly5-ol]enkephalin (DAMGO) and 
2-hydroxypropyl-β-cyclodextran were from Sigma (Canada); 
(−)-nicotine (tartrate) was from Cayman Chemical (USA); 
other nicotinic acetylcholine receptor targeting drugs were 
from Tocris (USA). Dihydro-beta-erythroidine hydrobro-
mide (DHβE), A85380 dihydrochloride, and methyllycaco-
nitine citrate were dissolved in saline, and PNU282987 was 
dissolved in 33% 2-hydroxypropyl-β-cyclodextran 0.4% 
saline solution. The doses of nicotinic acetylcholine recep-
tor targeting agents were based on extensive literature with 
these compounds in rodent studies.11,13,16,24–26

Statistics

Data are expressed as mean ± SD (Sigmaplot 11 Systat 
Software Inc., USA). No statistical power calculation was 
conducted before the study. The sample size was based on 
our previous experience with these experimental protocols. 
Rats were randomly assigned to groups using block random-
ization sequence and tested in sequential order. Specifically, 
for two group (one dose drug vs. vehicle) comparisons, one 
of two rats (housed in the same cage) was randomly assigned 
to the vehicle group, with the other assigned to the drug 
treatment group. For comparison of three groups (vehicle 
and two doses of drug test), each of three animals was ran-
domly assigned to each group. We reported and analyzed all 
the data. Blind testing was used where one person adminis-
tered the drug and the second person ran nociception testing, 
rated behavior, and analyzed the data without knowledge of 
drug administration. Respiratory parameters were calculated 
over an average of 2 min in vitro recordings and 1 min of con-
tinuous recordings in vivo. The respiratory parameters fR, V

T
, 

Fig. 1.  Graphic outline of the experimental protocols to evaluate the effects of preadministration of A85380 or vehicle (saline) on fentanyl- 
induced respiratory depression, analgesia, and sedation. A85380 (0.06 mg/kg, neck, subcutaneously) or saline was administrated approx-
imately 2 min before fentanyl (20 μg/kg more than 400 s, intravenous infusion). (A) In one set of animals, the righting reflex testing started 
10 min after administration of fentanyl, and then the animal was removed from plethysmography for thermal nociception testing 40 min 
after administration of fentanyl. (B) In another set of animals, formalin was administered 10 min after administration of fentanyl. Nocifensive 
response was scored 30–50 min after administration of fentanyl. A85380, A85380 dihydrochloride.
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Fig. 2.  The effects of α4β2 and α7 nicotinic acetylcholine receptor targeting agents on respiratory rhythm generated by neonatal rat brain-
stem–spinal cord in vitro preparation (postnatal day 1 to 3). (A–C) Bath application of nicotine (600 nM, A) or A85380 (25 nM, B) markedly 
increased baseline respiratory frequency (fR) without effects on respiratory burst area. PNU282987 (30 μM, C) slightly increased baseline fR. 
(D–F) DAMGO (200 nM) suppressed fR and burst area (calculated for the region of the burst that was above the baseline), the effects were 
reversed by a subsequent application of nicotine (600 nM, D), A85380 (25 nM, E), but not by PNU282987 (30 μM, F). (G) Coadministration of 
DAMGO and α4β2 antagonist DHβE (400 nM) suppressed fR and burst area; the effects were no longer affected by a subsequent application 
of nicotine (600 nM). (H–J) Population data (mean and SD) showing the effects of nicotinic acetylcholine receptor agonists and antagonists on 
baseline fR (relative to control before nicotinic receptor drugs, H), DAMGO-induced respiratory depression (fR relative to control before DAMGO, 
I; burst area relative to control before DAMGO, J). *P < 0.05, **P < 0.01, ***P < 0.001, statistically significant difference; ns: P > 0.05, no 
significant difference; compared after versus before drug application (paired t test for application of one drug; using one-way repeated mea-
sures ANOVA followed by Holm–Sidak method for the sequential application of two drugs). n = 7 to 8 animals each group. DAMGO, D-Ala2, 
N-MePhe4, Gly-ol-enkephalin; DHβE, dihydro-beta-erythroidine hydrobromide; MLA, methyllycaconitine citrate; PNU, PNU282987.
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and V
E
 were reported as means relative to control values (i.e., 

before opioid administration). The nature of the hypothesis 
testing is two-tailed. We first ran the normality test (Shapiro-
Wilk) and equal variance test (Brown-Forsythe). For those 
data that failed either the normality test or equal variance 
test, nonparametric statistics (conducted with the Mann–
Whitney Rank Sum Test) were applied. For those data that 
passed both tests, parametric statistics were used with (1) 
paired t test for one group before and after one treatment; (2) 
independent t test for two groups (e.g., comparison of effects 
of A85380 vs. saline on the fentanyl-induced sedation); (3) 
ANOVA for multiple groups followed by multiple compar-
isons (conducted with the Holm-Sidak method). One-way 
ANOVA, one-way repeated measures ANOVA, and two-
way repeated measures ANOVA were used. For two-way 
repeated measures ANOVA, factors are between-subjects; for 
one-way repeated measures ANOVA, factors are within-sub-
jects. P < 0.05 is taken as statistically significant difference; 
n refers to the number of animals, with animal as the unit 
of analysis for statistical tests. The significance of changes in 
respiratory parameters in vitro by drug application was exam-
ined with paired t test for application of one drug, or one-
way repeated measures ANOVA followed by Holm–Sidak 
method for the sequential application of two drugs (figs. 2 
and 3). For in vivo fentanyl experiments, the significance of 
changes in f

R
, V

T
, V

E
, and Spo

2
 after treatment was compared 

by using two-way repeated measures ANOVA (drug × time; 
Holm–Sidak method; figs. 4, 5, and 6). The significance of 
changes in remifentanil-induced apneas and decrease in V

E
 

was compared by using one-way ANOVA (Holm-Sidak 
method) in three groups coadministrated with two doses of 
A85380 versus saline (fig. 7). The significance of changes in 
the nociceptive responses was compared by using one-way 
ANOVA (Holm-Sidak method) among saline-, fentanyl-, 
A85380-, and fentanyl with A85380–treated groups (fig. 8). 
The experiments were conducted between 10 am and 5 pm. 
Animals were euthanatized with an overdose of pentobarbital 
upon completion of experiments.

Results
Potentiation of Baseline Respiratory Rhythm and 
Alleviation of DAMGO-induced Respiratory Depression 
In Vitro via Activation of α4β2 Nicotinic Acetylcholine 
Receptors

We started the in vitro analyses by examining the effects of 
drug application to media bathing brainstem–spinal cord 
preparations that generate spontaneous inspiratory motor 
activity (fig.  2). Nicotine (600 nM, fig.  2A), a nonselec-
tive agonist of nicotinic acetylcholine receptor, caused an 
increase of baseline f

R
, at concentrations above 200 nM. 

The selective α4β2 nicotinic acetylcholine receptor agonist 
A85380 (25 nM, fig. 2B) increased baseline f

R
 at concen-

trations above 5 nM, whereas activation of the α7 nico-
tinic acetylcholine receptor with the agonist PNU282987 

(30 μM, fig. 2C) resulted in a very modest increase in f
R
. 

The μ-opioid receptor agonist DAMGO (200 nM) was 
used to induce respiratory depression in vitro. There was a 
clear reversal of DAMGO-induced respiratory depression 
(decrease in f

R
 and burst area) by subsequent application 

of nicotine (600 nM, fig. 2D) or A85380 (25 nM, fig. 2E), 
but not by PNU282987 (30 μM, fig.  2F). The effects of 
nicotine and A85380 on baseline and DAMGO-induced 
respiratory depression were blocked by pre-application 
of the α4β2 nicotinic acetylcholine receptor antagonist 
dihydro-β-erythroidine (400 nM, figs.  2, G and H), but 
not by the α7 nicotinic acetylcholine receptor antagonist 
methyllycaconitine (400 nM, fig.  2H). Consistent with a 
previous study,11 f

R
 was slower in the presence of Dihydro-

β-erythroidine (400 nM, fig.  2H) or methyllycaconitine 

Fig. 3.  The effects of A85380 on respiratory rhythm generated 
by the neonatal rat medullary slice preparations. (A) Bath applica-
tion of A85380 (25 nM) increased baseline respiratory frequency 
and decreased baseline respiratory burst area. (B) Bath applica-
tion of DAMGO (200 nM) suppressed respiratory frequency and 
burst area; the effects were reversed by a subsequent applica-
tion of A85380 (25 nM). (C) Population data (mean and SD). *P < 
0.05, **P < 0.01, ***P < 0.001, statistically significant difference, 
compared after versus before drug administration, with paired 
t test for application of one drug; one-way repeated measures 
ANOVA followed by Holm–Sidak method for the sequential appli-
cation of two drugs. n = 8 animals each group. DAMGO, D-Ala2, 
N-MePhe4, Gly-ol-enkephalin.
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Fig. 4.  Effects of α4β2 and α7 nicotinic acetylcholine receptor targeting agents on fentanyl-induced respiratory depression in newborn rats. 
(A–F) Representative whole-body plethysmographic recordings from six postnatal day 3 pups. All drugs tested were administered subcuta-
neously (sc) in the posterior neck region. Administration of fentanyl (35 μg/kg, subcutaneously, A–D) or coadministration with DHβE (6 mg/
kg, subcutaneously, E and F) caused a marked depression of respiratory frequency and a mild depression of tidal volume within 7 min after 
fentanyl administration. Subsequent administration of saline had no effect on fentanyl-induced respiratory depression (A). Nicotine (0.6 mg/
kg, subcutaneously, B) and A85380 (0.06 mg/kg, subcutaneously, C), but not PNU282987 (20 mg/kg, subcutaneously, D) reversed fentanyl- 
induced respiratory depression. However, neither nicotine (0.6 mg/kg, subcutaneously, E) nor A85380 (0.06 mg/kg, subcutaneously, F) had 
any effect on respiratory depression induced by fentanyl coadministrated with DHβE (6 mg/kg, subcutaneously). Respiratory variables were 
presented and measured before fentanyl administration (top traces), 7 min after fentanyl (middle traces), and 12 min after fentanyl adminis-
tration (bottom traces). (G–I) Population data (mean and SD) showing respiratory frequency (fR), tidal volume (VT), and minute ventilation (VE) 
at 12 min after fentanyl (4 to 5 min after administration of nicotinic acetylcholine receptor agonists and antagonists). Respiratory parameters 
were calculated over an average of 1 min of continuous recordings relative to control before fentanyl administration. *P < 0.05, **P < 0.01, 
***P < 0.001, statistically significant difference; ns: P > 0.05, no significant difference in compared groups, using two-way repeated measures 
ANOVA (Holm–Sidak method). DHβE, Dihydro-beta-erythroidine hydrobromide; HPCD, 2-hydroxypropyl-β-cyclodextran; PNU, PNU282987.
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Fig. 5.  A85380, but not PNU282987, reversed fentanyl-induced decrease of respiratory rate and oxygen saturation (Sao2) in adult rats. 
(A–D) Representative whole-body plethysmographic recordings from four adult rats. Administration of fentanyl (60 μg/kg over 20 min, intra-
venous [IV] infusion) caused a marked decrease of respiratory rate within 7 min of the infusion. The fentanyl-induced decrease of respiratory 
frequency was not affected by subsequent administration (IV) of saline (A), but was diminished by A85380 (0.03 mg/kg, IV, B). Subsequent 
administration of PNU282987 (10 mg/kg, IV, C) had no effect on fentanyl-induced decrease of respiratory depression. (D–F) Population data 
(mean and SD) showing the time course of changes of respiratory parameters (D: frequency, fR; E: minute ventilation: VE; relative to control 
before fentanyl administration) or arterial oxygen saturation (Spo2, F), with IV bolus injection of A85380 (0.01 mg/kg, or 0.03 mg/kg IV) or 
saline 7 min after starting fentanyl IV infusion. *P < 0.05, **P < 0.01, ***P < 0.001, statistically significant difference, using two-way repeated 
measures ANOVA (Holm–Sidak method). (G–I) Population data (mean and SD) showing the time course of changes of respiratory parameters 
(G: fR; H: VE; relative to control before fentanyl administration) or Spo2 (I), with IV bolus injection of PNU282987 (1 to 10 mg/kg), or HPCD 
7 min after starting fentanyl IV infusion. There is no significant difference between PNU282987- versus HPCD-treated groups, using two-way 
repeated measures ANOVA (Holm–Sidak method). HPCD, 2-hydroxypropyl-β-cyclodextran. n = 8, 8, and 6 animals each data point for fR, VE, 
and Spo2, respectively.
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(400 nM, fig. 2H), indicating tonic excitation of respiratory 
rhythm by endogenous activation of α4β2 and α7 nicotinic 
acetylcholine receptors. The above nicotinic acetylcholine 
receptor targeting agents had no significant effects on inspi-
ratory burst area (data not shown).

We then used the medullary slice preparation (fig.  3) 
that contains the preBötzinger Complex and a population 
of XII motoneurons that discharge during the inspiratory 
phase of the respiratory cycle.27 This allows for a more direct 
assessment of drug action at the level of the preBötzinger 
Complex. Bath application of A85380 (25 nM) increased 
f
R
, whereas PNU282987 (30 μM, data not shown) had no 

effect on baseline respiratory activity. DAMGO (200 nM) 
caused a suppression of f

R
 that was alleviated by A85380 

(25 nM), but not by PNU282987 (30 μM, data not shown).

Countering Fentanyl-induced Respiratory Depression In 
Vivo in Neonatal Rats by Activation of α4β2 Nicotinic 
Acetylcholine Receptors

The next stage was to examine these compounds in vivo 
(all drugs administered via neck subcutaneously) in rat 

pups of similar age as those used in vitro. Neither nico-
tine (0.3 to 0.6 mg/kg, subcutaneously), A85380 (0.03 to 
0.06 mg/kg, subcutaneously), PNU282987 (1 to 20 mg/
kg, subcutaneously) nor DHβE (6 mg/kg, subcutane-
ously) significantly altered baseline V

E
 (data not shown). 

Consistent with our previous studies,19 fentanyl (35 μg/
kg, subcutaneously) induced a marked decrease in f

R
 (basal 

f
R
: 123.4 ± 24.5 breaths/min), and minor decrease in V

T
, 

and the effects lasted for ~20 min. At ~7 min after admin-
istration of fentanyl, subsequent administration of vehi-
cle (saline: fig.  4A or 2-hydroxypropyl-β-cyclodextran) 
had no effect on respiratory depression. Nicotine (0.3 to 
0.6 mg/kg, subcutaneously, fig. 4B) and A85380 (0.03 to 
0.06 mg/kg, subcutaneously, fig.  4C) alleviated fentanyl- 
induced respiratory depression (decrease in f

R
, V

T
, V

E
) in 

a dose-dependent manner, whereas there was no reversal 
by PNU282987 (1 to 20 mg/kg, subcutaneously, fig. 4D). 
Coapplication of DHβE (6 mg/kg, subcutaneously) with 
fentanyl prevented the alleviation of fentanyl-induced 
respiratory depression by subsequent administration of 
nicotine (fig. 4E) or A85380 (fig. 4F). Population data are 
shown in fig. 4, G–I.

Fig. 6.  Preadministration of A85380 alleviates fentanyl-induced respiratory depression in adult rats. (A and B) Representative whole-body 
plethysmographic recordings from two adult rats. (A) Two minutes after saline administration (neck subcutaneously), administration of fen-
tanyl (20 μg/kg over 400 s, IV) caused a marked depression of respiratory frequency and minute ventilation. (B) Preadministration of A85380 
(0.06 mg/kg, subcutaneously) approximately 2 min before fentanyl administration reduced the fentanyl-induced decrease of respiratory fre-
quency. (C) Population data (mean and SD) showing respiratory frequency (fR) relative to control prior to fentanyl administration. **P < 0.01, 
statistically significant difference in two groups, using two-way repeated measures ANOVA (Holm–Sidak method). n = 16 animals each data 
point.
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Countering Fentanyl-induced Respiratory Depression 
In Vivo in Adult Rats by α4β2 Nicotinic Acetylcholine 
Receptor Agonists

We examined the effects of α4β2 and α7 nicotinic ace-
tylcholine receptor agonists to counter fentanyl-induced 
respiratory depression in adult rats in vivo. Fig.  5 shows 
representative plethysmographic recordings of adult rats 

breathing during a 20-min IV infusion of 60 μg/kg fentanyl. 
Similar to past studies,19,21 this paradigm caused a marked 
suppression of f

R
 (more than 50% decrease; basal f

R
: 87.8 ± 

11.2 breaths/min) in most rats within 7 min after fentanyl 
administration. Subsequent injection of vehicle (fig. 5A) 
did not change the course of fentanyl action. In contrast, 
subsequent injection of nicotine (0.1 to 0.3 mg/kg, IV,  
fig.  5B) reversed the fentanyl-induced f

R
 decrease and 

Fig. 7.  Coadministration of A85380 alleviates remifentanil-induced respiratory depression in adult rats. (A and B) Representative whole-
body plethysmographic recordings from two adult rats. A bolus of remifentanil (5 μg/kg IV bolus over 20 s, coadministrated with saline) 
caused marked apneas and decreased minute ventilation (VE) in the first minute (A). Coadministration of A85380 (0.06 mg/kg, IV) with 
remifentanil markedly reduced the remifentanil-induced apneas and decrease in VE (B). (C–E) Population data (mean and SD). *P < 0.05,  
***P < 0.001, statistically significant difference in compared groups, using one-way ANOVA (Holm–Sidak method). n = 8 animals each group.

Fig. 8.  A85380 induces basal analgesia and enhances fentanyl-induced analgesia in adult rats. (A) Effects of A85380 (0.06 mg/kg, neck 
subcutaneously) on paw withdrawal latency in response to thermal stimuli, measured at 42 min after A85380 or saline with or without 
subsequent fentanyl administration (20 μg/kg more than 400 s intravenous [IV] infusion). (B) Effects of A85380 administration (0.06 mg/kg, 
neck subcutaneously) on the time spent engaging in nociceptive behaviors (licking and lifting) 20 to 40 min after formalin administration, 
measured at 32 to 52 min after A85380 or saline with or without subsequent fentanyl administration (20 μg/kg more than 400 s IV infusion). 
*P < 0.05, **P < 0.01, ***P < 0.001, statistically significant difference in compared groups, using one-way ANOVA (Holm–Sidak method).  
n = 8 animals each group.
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the reversal lasted 5 to 10 min. Injection of A85380 (0.01 
to 0.03 mg/kg, IV, fig.  5C) dose-dependently reversed 
the fentanyl-induced f

R
 decrease and at the highest dose 

the reversal persisted beyond the duration of the fentanyl 
infusion. PNU282987 (1 to 10 mg/kg, IV, fig.  5D) had 
no effect on the fentanyl-induced respiratory depression. 
Population data showed the fentanyl-induced decrease in 
respiratory frequency, minute ventilation, and oxygen sat-
uration dose-dependently alleviated by subsequent admin-
istration of A85380 (fig. 5, E, F, and G, respectively), but 
not by subsequent administration of PNU282987 (fig. 5, 
H, I, and J, respectively). The reversal of fentanyl-induced 
decrease in f

R
 by A85380 (0.03 mg/kg, IV) was rapid 

(median onset of effect: 11.1 s, interquartile ranges: 7.6 s,  
n = 8) and comparable with the reversal caused by nalox-
one (0.3 mg/kg, median: 10.1 s, interquartile ranges: 8.6 s,  
n = 4, Mann–Whitney Rank Sum test, P = 0.683). Fentanyl-
induced decrease of body temperature at the end of the 
20-min infusion of 60 μg/kg fentanyl was not significantly 
different with saline (median: −1.1°C, interquartile ranges: 
−0.9°C, n = 6) or A85380 (median: −1.2°C, interquartile 
ranges: −0.8°C, n = 6, Mann–Whitney Rank Sum test,  
P = 0.589) treatments.

We then examined the effects of A85380 to prevent fen-
tanyl-induced decrease of f

R
 in adult rats. Vehicle (saline) 

or A85380 (0.06 mg/kg, neck subcutaneously) was injected 
2 min before fentanyl administration (20 μg/kg, 400 s IV 
infusion, fig.  6). It caused a marked f

R
 decrease in most 

vehicle treated animals. Administration of A85380 reduced 
the severity of fentanyl-induced respiratory depression. 
Note that the 0.06 mg/kg dose administered is approxi-
mately the EC

50
 based on previous rat studies of A85380.13,16 

Consistent with those studies, we did not observe behav-
ioral side effects.

Fentanyl also caused a decrease in V
T
 in vivo. Our previ-

ous study18 indicates that the reduced tidal volume is most 
likely in part attributable to decreased drive to respiratory 
motoneurons and a larger component results from fentan-
yl-induced muscle rigidity and rib cage stiffness. The rigid-
ity that occurs in rats is a well-documented phenomenon, 
possibly involving striatal μ-opioid receptors.28 A85380 did 
not appear to reduce the muscle rigidity and thus there is 
no reversal of V

T
 in adult rats. In contrast, in P3 pups, where 

fentanyl-induced muscle rigidity is much less severe, there 
was a reversal of the V

T
 depression (fig. 4) after nicotine or 

A85380.

Prevention of Remifentanil-induced Apnea In Vivo in 
Adult Rats by α4β2 Nicotinic Acetylcholine Receptor 
Agonist

The opioid remifentanil induces a particularly strong respi-
ratory depression that is short acting. It has proven to be 
more difficult to counter by either a low dose of nalox-
one29–31 or an ampakine (recent clinical trial).32 Thus, to 

further assess the potency of A85380 we tested it against 
remifentanil-induced respiratory depression (fig.  7). 
Coadministration of remifentanil (5 μg/kg more than 
20 s) and saline induced marked apneas and decreased V

E
 

during the first minute after injection and then recovered 
after 2 min. Coadministration of remifentanil (5 μg/kg, IV) 
and A85380 (0.03 to 0.06 mg/kg, IV) markedly reduced 
the incidence of apnea and reduced the depression of V

E
 

that normally occurred immediately after remifentanil 
injection.

Fentanyl-induced Sedation Alleviated in Adult Rats by 
α4β2 Nicotinic Acetylcholine Receptor Agonist

In addition to respiratory depression, unintended seda-
tion is another serious opioid-induced adverse event 
which contributes to patient morbidity and increased 
length of hospitalization.33 Although the underlying 
mechanisms are not fully understood, opioid-induced 
sedation is thought to involve the anticholinergic activity 
of opioids.34 Thus, we tested the hypothesis that activation 
of α4β2 by A85380 (0.06 mg/kg, subcutaneously) would 
reduce the sedation induced by fentanyl (20 μg/kg more 
than 400 s IV infusion). The sedation (loss of righting 
reflex) was modestly, but significantly, shortened in the 
A85380 (16.2 ± 3.6 min after fentanyl, n = 8, indepen-
dent t test, P = 0.039) versus vehicle treated group (20.5 
± 4.0 min, n = 8).

Fentanyl-induced Analgesia in Adult Rats Enhanced by 
α4β2 Nicotinic Acetylcholine Receptor Agonist

We assessed the effects of A85380 (0.06 mg/kg, subcu-
taneously) on baseline nociception in adult rats (fig.  8). 
First, we measured the paw withdrawal latency to thermal 
stimuli before and 42 min after A85380 or saline admin-
istration. There was a marked increase in paw withdrawal 
latency after treatment with A85380; whereas there was no 
change in the vehicle group. Second, we performed a for-
malin test that scored time spent engaging in nociceptive 
behaviors (licking plus lifting of injured paw) 20 to 40 min 
after formalin injection. Formalin was administrated 12 min 
after A85380 or saline. The A85380-treated group had a 
decreased nocifensive response relative to the saline group. 
A85380-induced basal analgesia in both tests was consistent 
with a previous study.13

We then assessed the effects of A85380 (0.06 mg/kg, 
subcutaneously, 2 min before fentanyl) on fentanyl (20 μg/
kg over 400s IV infusion)-induced analgesia in adult rats. 
Fentanyl administration (pretreatment with saline) induced 
marked analgesia as measured by the thermal and forma-
lin tests, whereas pretreatment of A85380 further increased 
fentanyl-induced analgesia in both tests (fig. 8). Collectively, 
these data indicate that fentanyl-induced analgesia was 
enhanced by A85380.
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Discussion

Activation of α4β2 Nicotinic Acetylcholine Receptor 
Rapidly Alleviates Opioid-induced Respiratory 
Depression

We have determined that the nonselective nicotinic ace-
tylcholine receptor agonist nicotine and α4β2 nicotinic 
acetylcholine receptor agonist A85380, but not the α7 nic-
otinic acetylcholine receptor agonist PNU282987, reverses 
respiratory depression induced by activation of μ-opioid 
receptors in vitro and in vivo. The effects of both nicotine 
and A85389 were blocked by the α4β2 nicotinic acetylcho-
line receptor specific antagonist DHβE. A85380 had a rapid 
onset of reversing fentanyl-induced respiratory depression. 
Further, coadministration (IV) of A85380 with remifentanil 
markedly reduced the potent respiratory depression. These 
results demonstrated that activation of α4β2 nicotinic ace-
tylcholine receptor alleviates opioid-induced respiratory 
depression. These results also pointed to an important role 
played by the medullary respiratory networks in the effects 
of αα4β2 nicotinic acetylcholine receptor agonists on alle-
viating opioid-induced respiratory depression. The conclu-
sion is supported by the fact that the medullary respiratory 
network expresses nicotinic acetylcholine receptor subunits 
α4 and β2 and activation of α4β2 receptors increases respi-
ratory rhythm.9–11 Additionally, α4β2 nicotinic acetylcho-
line receptors are present in the carotid bodies35,36 and they 
may be involved in the effects of nicotine and A85380 on 
opioid-induced respiratory depression in vivo, although 
that possibility was not addressed in this study. The relative 
timing of the onset of action of fentanyl, remifentanil, and 
A85380 were similar so that when delivered concomitantly 
there is the potential for minimizing the degree of respi-
ratory depression or apneas induced by opioids on their 
own. Also of importance is the fact that the effective dose 
for preventing or alleviating opioid-induced respiratory 
depression did not induce hyperventilation or obvious side 
effects. This is consistent with previous studies of A85380 
and other α4β2 agonists in rats12,13,16 and humans.37 The 
reason for the lack of effect of activating α4β2 nicotinic 
acetylcholine receptors on baseline breathing in vivo is 
unclear, but it may be attributable to the fact that nico-
tinic acetylcholine receptor agonists act presynaptically 
to enhance the release of both inhibitory and excitatory 
neurotransmitters released within brainstem respiratory 
nuclei38 and thus the net response is neutral under baseline 
conditions. In vitro, A85380 and nicotine did increase base-
line activity, but there is minimal tonic release of inhibitory 
neurotransmitters affecting respiratory rhythm in those 
neonatal preparations.39

Opioids suppress respiratory activity by presynaptic inhi-
bition of excitatory drive and direct hyperpolarization of 
preBötzinger Complex neurons.6,7,40–42 Electrophysiologic 
in vitro studies will be necessary to determine the mecha-
nisms by which activation of α4β2 nicotinic acetylcholine 

receptors alters the actions of opioids at the cellular and 
synaptic level.

Interestingly, a past study demonstrated that elevating the 
overall levels of acetylcholine by administration of anticho-
linesterases alleviated opioid-induced respiratory depression 
in rabbits.43 That more blunt approach leads to the broad 
activation of multiple classes of muscarinic and nicotinic 
acetylcholine receptors, but the results are consistent with 
our findings with selective α4β2 nicotinic acetylcholine 
receptor activation.

The timing of the onset of A85380 action in reversing 
respiratory depression in response to moderate to severe 
nonlethal doses of fentanyl was similar to naloxone. Both 
are water soluble and thus amenable to IV and intramus-
cular injection. The advantage of A85380 over naloxone 
in clinical settings would obviously be the maintenance 
of the desired analgesia and sedation when the respira-
tory depression would be deemed to be mild. In a res-
cue situation from an overdose in a nonclinical setting, 
loss of analgesia would not be a consideration. Naloxone 
administration provides a very potent reversal of respira-
tory depression and will be the primary course of action 
in a nonclinical setting. However, a potential advantage 
of A85380 versus naloxone could be the maintenance of 
sedation in cases where it would be deemed advantageous 
not to have the subject becoming fully alert and mobile 
immediately after injection of the rescue agent. Further, 
the half-life of naloxone is approximately 15 to 30 min 
and thus retainment of the subject beyond the initial 
arousal is required to ensure a second naloxone admin-
istration to guard against the return of opioid-induced 
respiratory depression.29–31 In comparison, the half-life of 
A85380 in humans is 7.2 h,44 and thus a single dose would 
be sufficient.

Activation of α4β2 Nicotinic Acetylcholine Receptor 
Enhances Opioid-induced Analgesia

The pain measurements demonstrated that, if anything, 
the analgesic effects of fentanyl were enhanced with 
coadministration of A85380 in two types of nociceptive 
tests. This is consistent with several studies showing that 
drugs that activate α4β2 nicotinic acetylcholine receptors 
also induce analgesia.12–16 A85380-induced acute thermal 
antinociception is mediated supraspinally via augmenta-
tion of descending inhibition to the spinal cord.13,16 This 
descending modulatory circuit is also an opioid-sensitive 
circuit40 and may be responsible for the additive antino-
ciceptive effects induced by the combination of fentanyl 
and A85380. Thus, drugs that target α4β2 nicotinic ace-
tylcholine receptors, when coadministered with opioids, 
could allow for relatively lower doses of opioid to achieve 
the desired analgesia. That in itself would tend to reduce 
respiratory depression and other side effects (e.g., sedation, 
constipation) in addition to the direct stimulatory actions 
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of A85380 on the respiratory network. These results 
pointed to important clinical potentials using coadminis-
tration of α4β2 nicotinic acetylcholine receptor agonist 
with opioid to minimize the degree of opioid-induced 
respiratory depression or apneas and to enhance desired 
analgesia.

Other Strategies of Countering Opioid-induced 
Respiratory Depression

There have been other pharmacologic approaches pro-
posed for countering opioid-induced respiratory depres-
sion. Preclinical data have indicated that activation of 
serotonin receptors can overcome opioid-induced respi-
ratory depression without loss of analgesia.45,46 We have 
also demonstrated the positive effects of a serotonergic 
receptor agonist against fentanyl-induced respiratory 
depression in a rat model but at the expense of inducing 
marked side effects.19 Those preclinical data were con-
sistent with clinical trials assessing serotonergic receptor 
agents against opioid-induced respiratory depression that 
have all shown a lack of positive effect at doses below 
those that cause serious side-effects.47,48 Golder et al.49 
have investigated the strategy of countering opioid- 
induced respiratory depression by pharmacologically 
blocking BK

Ca
-channels on carotid bodies and central 

nervous system neurons. That strategy induces hyperven-
tilation (largely resulting from increases in tidal volume) 
of baseline breathing in rats and humans that partially bal-
ances out hypoventilation associated with opioid-induced 
respiratory depression.49–51 A recent human study demon-
strated that esketamine significantly reduced respiratory 
depression induced by remifentanil without altering 
baseline breathing.52 The effective dose of esketamine was 
subanesthetic and induced psychomimetic side effects in 
a small minority of subjects. In contrast, racemic ketamine 
administration actually worsened respiratory depres-
sion induced by morphine in an earlier human study.53 
Our group has shown that ampakines, drugs that pos-
itively modulate AMPA (amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid) receptors, counter opioid-in-
duced respiratory depression in rodent models.18,20,21,54 
Those findings were supported in a Phase IIa clinical 
trial that showed the positive effect of an ampakine in 
humans exposed to modest levels of respiratory depres-
sion induced by alfentanil.49 However, an ampakine was 
not effective in reducing the rapid and more severe respi-
ratory depression induced by remifentanil bolus in a more 
recent Phase IIa clinical trial.32 More potent ampakines 
than those used in trials to date may be more effective if 
concerns about overexcitation of the central nervous sys-
tem are overcome.55 In addition, because of the solubility 
limitation of ampakines, only oral formulations are cur-
rently available for clinical trials, and they are associated 
with a delay in ampakines reaching plasma therapeutic 
levels. Preclinical work has started toward developing a 

water-soluble ampakine, and those data with CX1942 
showed partial reversal of opioid-induced respiratory 
depression within several minutes after administration in 
a goat model.56 Thus, the ampakine technology contin-
ues to warrant investigation but has not yet been demon-
strated to adequately fulfill the unmet clinical need of 
rapidly and effectively countering opioid-induced respi-
ratory depression without loss of analgesia.

Conclusion

We have demonstrated that activating α4β2 nicotinic ace-
tylcholine receptors reduces the severity, or provided a 
potent and rapid alleviation, of fentanyl-induced respiratory 
depression. Importantly, drugs of this class do not interfere 
with pain suppression, and in some cases enhance analgesia. 
This proof-of-principle preclinical study demonstrates the 
potent ability of A85380 (not developed for clinical use) 
to counter opioid-induced respiratory depression. Further 
screening of α4β2 nicotinic acetylcholine receptor targeting 
agents deemed suitable for clinical use should be performed 
to pick the most suitable candidates to move forward to 
clinical trials. This could include full agonists, partial ago-
nists, and positive allosteric modulators of α4β2 nicotinic 
acetylcholine receptors. Drugs from all three classes have 
been examined in preclinical and clinical trials of non–re-
spiratory-related functions involving α4β2 nicotinic ace-
tylcholine receptors (e.g., analgesia, cognition, smoking 
cessation). Further preclinical work will be required to 
determine the specific cellular and synaptic mechanisms of 
action of α4β2 nicotinic acetylcholine receptor targeting 
drugs in the presence of μ-opioid agonists.

In this study we focused on the synthetic opioid recep-
tor agonists fentanyl and remifentanil. These are power-
ful analgesics commonly used for acute and chronic pain. 
Fentanyl is also of particular concern in cases of accidental 
overdose. However, it is reasonable to assume that activa-
tion of α4β2 nicotinic acetylcholine receptors will also 
be effective at reducing respiratory depression induced by 
other drugs targeting μ-opioid receptors (e.g., morphine, 
oxycodone).
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