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ABSTRACT
Opioid use disorder affects over 2 million Americans with an
increasing number of deaths due to overdose from the synthetic
opioid fentanyl and its analogs. The Food and Drug Administration–
approved opioid receptor antagonist naloxone (e.g., Narcan) is
used currently to treat overdose; however, a short duration of
action limits its clinical utility. Methocinnamox (MCAM) is a long-
lasting opioid receptor antagonist that may reverse and prevent
the ventilatory-depressant effects of fentanyl. This study com-
pared the ability of naloxone (0.0001–10 mg/kg) and MCAM
(0.0001–10 mg/kg) to reverse and prevent ventilatory depres-
sion by fentanyl and compared the duration of action of MCAM
intravenously and subcutaneously in two procedures: ventilation
and warm-water tail withdrawal. In male Sprague-Dawley rats
(N = 8), fentanyl (0.0032–0.178 mg/kg, i.v.) decreased minute
volume in a dose- and time-dependent manner with a dose of
0.178 mg/kg decreasing VE to less than 40% of control. MCAM
and naloxone reversed the ventilatory-depressant effects of
0.178 mg/kg fentanyl in a dose-related manner. The day after
antagonist administration, MCAM but not naloxone attenuated
the ventilatory-depressant effects of fentanyl. The duration of

action of MCAM lasted up to 3 days and at least 2 weeks after
intravenous and subcutaneous administration, respectively.
MCAM attenuated the antinociceptive effects of fentanyl, with
antagonism lasting up to 5 days and more than 2 weeks after
intravenous and subcutaneous administration, respectively.
Reversal and prolonged antagonism by MCAM might provide
an effective treatment option for the opioid crisis, particularly
toxicity from fentanyl and related highly potent analogs.

SIGNIFICANCE STATEMENT
This study demonstrates that like naloxone, methocinnamox
(MCAM) reverses the ventilatory-depressant effects of fen-
tanyl in a time- and dose-related manner. However, unlike
naloxone, the duration of action of MCAM was greater than
2 weeks when administered subcutaneously and up to 5 days
when administered intravenously. These data suggest that
MCAM might be particularly useful for rescuing individuals
from opioid overdose, including fentanyl overdose, as well as
protecting against the reemergence of ventilatory depression
(renarconization).

Introduction
The Centers for Disease Control and Prevention estimate

that drug overdose deaths in the United States increased
4.6% in 2019 to nearly 71,000, including more than 50,000
deaths from opioids. The opioid epidemic appears to have
worsened during the current pandemic, and the economic
burden of the opioid epidemic in the United States is expected
to exceed $500 billion in the near future (https://cdc.gov).
Opioid overdose results from ventilatory depression through
the activation of m-opioid receptors within the central nervous
system and neuromuscular components of the chest wall
and diaphragm (Dahan et al., 2010). Fentanyl is a potent,

high-efficacy synthetic opioid receptor agonist that suppresses
ventilation, often leading to overdose and death (Henderson
et al., 2014). There were 142,557 emergency department visits
reported in 45US states between July and September 2017 for
patients of unintentional, nonfatal overdose who survived to
be discharged from a medical facility (Vivolo-Kantor et al.,
2018; Weiner et al., 2020). Of the 2000 opioid-related deaths
that occurred in the US state of Massachusetts, one in five
patients who were initially rescued from overdose and sub-
sequently discharged died from an opioid overdose within
a month of discharge. One in five patients who died from
overdose in the 1st month did so in the first 2 days after
discharge. These deaths occurred despite the availability,
broad distribution, and use of the opioid receptor antagonist
naloxone (Weiner et al., 2020).
Naloxone, the only Food and Drug Administration–approved

medication available to treat opioid overdose, is adminis-
tered by intramuscular, intravenous, and intranasal routes
(Loimer et al., 1994). Recent reports suggest that nalox-
one may be less effective at reversing ventilatory depres-
sion caused by synthetic opioids (e.g., fentanyl) compared
with its ability to reverse ventilatory depression by heroin

This work was supported by National Institutes of Health National Institute
on Drug Abuse [Grants R01-DA05018 and R01-DA048417] (to C.P.F.), the
Welch Foundation [Grant AQ-0039] (to C.P.F.), and T32 Training Program
[Grant T32DA031115] (to C.P.F.). All funding sources had no involvement
beyond financial support of this study. The content is solely the responsibility
of the authors and does not represent the official views of National Institutes of
Health or National Institute on Drug Abuse.

Disclosure/Conflict of Interest: C.P.F. is coholder of a provisional US patent
for MCAM

https://doi.org/10.1124/jpet.120.000387.

ABBREVIATIONS: f, ventilatory frequency; MCAM, methocinnamox; VE, minute volume; VT, tidal volume.
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(Schumann et al., 2008; Peterson et al., 2016; Somerville et al.,
2017; Rzasa Lynn and Galinkin, 2018). Patients that over-
dose can require multiple doses of intranasal naloxone, and in
extreme cases of overdose, naloxone is given by intravenous
infusion to rapidly reverse and prevent ventilatory depression
(Sutter et al., 2017; Bell et al., 2019). Despite the effective-
ness of naloxone, its therapeutic utility is limited by a short
duration action, which is about 1 hour in humans (Kaufman
et al., 1981).
Methocinnamox (MCAM) is a long-lasting m-opioid re-

ceptor antagonist (Lewis et al., 1988; Broadbear et al., 2000;
Peckham et al., 2005). In nonhuman primates, doses of
MCAM that antagonize self-administration of opioids do
not affect responding maintained by cocaine or maintained
by food or alter cardiovascular function, suggesting that
MCAM might not have significant adverse effects (Wermel-
ing, 2015; Maguire et al., 2019). The interaction of MCAM
with m-opioid receptors is selective and long-lasting with
antagonist effects evident for days after acute administra-
tion (Broadbear et al., 2000; Gerak et al., 2019b; Maguire
et al., 2019). Sustained antagonism of heroin-induced ven-
tilatory depression by MCAM has been reported (Gerak
et al., 2019a); however, the ability of MCAM to reverse and/
or prevent fentanyl-induced ventilatory depression has not
been reported.
Fentanyl decreases drive in ventilation and a mechanical

resistance to breathing, which can lead to death by overdose
(Burns et al., 2016); death can occur within minutes, poten-
tially before remedial action can be taken, which is in part
because of the high lipophilicity and rapid onset of fentanyl
(Dahan et al., 2005; Gill et al., 2019). An effective, long-acting
opioid receptor antagonist might be useful for reversing and
providing sustained protection from fentanyl-induced venti-
latory depression, thereby reducing the risk of postrescue
renarconization (Sutter et al., 2017; Han et al., 2019;Moss and
Carlo, 2019).
This study compared the ability of MCAM and naloxone to

reverse and protect against the ventilatory-depressant effects
of fentanyl in rats. Because the duration of action observed in
this study when MCAM was administered intravenously was
less than reported previously (Gerak et al., 2019b) for MCAM
administered subcutaneously, antagonism by MCAM after
intravenous and subcutaneous administration was compared
directly. The duration of action of 10 mg/kg MCAM adminis-
tered intravenously or subcutaneously was compared by
measuring the ventilatory-depressant effects of fentanyl at
various times after MCAM was administered. To compare
directly with the previous study that reported a very long
duration of action for subcutaneous MCAM in antagonizing
antinociceptive effects of morphine, intravenous MCAM was
also studied for its ability to antagonize the antinociceptive
effects of fentanyl. This study extends an ongoing character-
ization of MCAM to ventilatory-depressant effects of another
m-opioid receptor agonist, fentanyl, including a direct compar-
ison of different routes of administration.

Materials and Methods
Subjects

Sixteen adult male Sprague-Dawley rats (initially weighing
250–300 g) were purchased from Envigo Inc. (Livermore, CA). Rats

were maintained under a 14-hour light/10-hour dark cycle with
experiments conducted during the light cycle. Rats were housed
individually in a colony room maintained at 25 6 1°C. Subjects had
free access to food and water in the home cage and were habituated to
the experimental conditions and handled for 5–7 days prior to
beginning the experiments. All animals used in these studies were
maintained in accordance with the Institutional Animal Care andUse
Committee at The University of Texas Health Science Center at San
Antonio and the guidelines of the Committee on Care and Use of
Laboratory Animal Resources, National Research Council [Depart-
ment of Health, Education and Welfare, publication No. (National
Institutes of Health) 85-23, revised 2011].

Drugs

Fentanyl hydrochloride (Drug Supply Program, National Institute
on Drug Abuse, Rockville, MD) was dissolved in normal saline and
administered intravenously in a volume of 0.5 ml/kg b.wt. MCAM
hydrochloride (Syncom, Groningen, Netherlands) and naloxone hy-
drochloride (Drug Supply Program,National Institute on Drug Abuse,
Rockville,MD) were dissolved in a vehicle of 10%w/v b-cyclodextrin in
saline and administered intravenously or subcutaneously as described
in Materials and Methods.

Surgery

Briefly, a chronic indwelling catheter (CNC-3H-30-6/6.5; Access
Technologies, Skokie, IL) was implanted in the left femoral vein of rats
anesthetized with 2% isoflurane as described previously (Minervini
et al., 2019). The catheter was attached to a 22-G access port
(VAB95BS; Instech Laboratories Inc.) anchored in a subcutaneous
pocket. Immediately after surgery, rats received subcutaneous injec-
tions of 0.5ml penicillin (300,000U/ml) and 1.0mg/kgmeloxicam; rats
were allowed 5 days to recover before resuming sessions. Catheters
were flushed with 0.5 ml heparinized saline (100 U/ml) on non-
experimental days and with 0.5 ml of sterile saline before drug
infusions. If a catheter failed, a new catheter was implanted in the
right femoral or jugular vein.

Whole-Body Plethysmography

Prior to testing drugs, rats were habituated to the whole-body
plethysmography chambers (BuxcoElectronics, Inc.,Wilmington, NC)
located inside sound-attenuating enclosed cubicles. There was a con-
tinuous flow of fresh air (2.2 l/min) through the chambers, and
experiments were conducted at room temperature (23–25°C). Fen-
tanyl was delivered from 5- or 10-ml syringes mounted in a syringe
pump (PHM-100; Med Associates, Fairfax, VT) that was connected to
and controlled by a PC computer operatingMED-PC IV software (Med
Associates). Prior to and after each intravenous drug infusion,
catheters were flushed with sterile saline. Ventilation was recorded
by changes in chamber pressure as detected by a signal transducer
and then amplified and digitized by FinePointe software (DSI, St.
Paul, MN). Software calculated the ventilatory frequency (f), tidal
volume (VT), andminute volume (VE = f�VT). The average ventilatory
frequency (breaths per minute), tidal volume (milliliter per breath),
andminute volume (milliliter perminute)were calculated for each rat.

Procedures

Fentanyl-Induced Ventilatory Depression. Ventilation was
recorded for 20 minutes prior to (i.e., baseline) and 20 minutes after
an acute intravenous infusion of fentanyl with different doses (0.0032–
0.178 mg/kg) administered on different days in a randomized manner
(Fig. 1). Doses were administered no more often than every 3rd day;
saline was administered the day before drug tests to redetermine
individual control values. A dose of 0.178 mg/kg fentanyl reliably
decreased ventilation to at least 40% of control and was selected for
subsequent reversal and prevention studies.
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Reversal and Prevention of Fentanyl-Induced Ventilatory
Depression. To test the ability of naloxone andMCAM to reverse the
ventilatory-depressant effects of 0.178mg/kg fentanyl, an intravenous
infusion of naloxone (0.0001–10 mg/kg) or MCAM (0.0001–10 mg/kg)
was administered 5 minutes after intravenous infusion of fentanyl
with ventilation recorded for an additional 15 minutes. Dose-response
curves were generated by taking the first 5-minute average of VE after
antagonist or vehicle. To test the ability of MCAM and naloxone to
prevent fentanyl-induced ventilatory depression after the initial
reversal, rats were challenged with a single dose of fentanyl
(0.178 mg/kg) 1 day after ventilatory depression was reversed with
MCAM or naloxone; on those test days, rats received intravenous
fentanyl and, 5 minutes later, intravenous vehicle. Fentanyl was
tested 1 and 3 days after reversal with MCAM (0.1–10 mg/kg) and
1 day after reversal with naloxone (10 mg/kg) (i.e., when the effect of
0.178 mg/kg fentanyl was not different in rats treated with MCAM or
naloxone compared with effects of that dose of fentanyl under control
conditions).

Prevention of Fentanyl-Induced Ventilatory Depression by
Intravenous and Subcutaneous Routes. The duration of action of
intravenous MCAM in the reversal experiment was less than the
duration of action reported previously for subcutaneous MCAM in an
antinociception study (Gerak et al., 2019b); consequently, intravenous
and subcutaneous MCAM were compared for antagonism of the
ventilatory-depressant effects of fentanyl. It is not practical to conduct
a reversal experiment with subcutaneous MCAM because of the need
to break the seal of the respiration chamber to administer the
injection. At least 21 days separated tests with MCAM and sub-
sequent antagonism tests with MCAM or naloxone. Thus, on different

occasions MCAM was administered intravenously or subcutaneously
1 day prior to beginning tests with 0.178 mg/kg fentanyl i.v. The effect
of fentanyl on ventilation was scheduled to be determined 1, 3, 6, 13,
and 21 days after MCAM. Testing ended when ventilatory depression
by this dose of fentanyl was not different from the effects of this dose
under control conditions (i.e., no antagonist). After day 6, control
ventilation (i.e., no fentanyl was administered) was assessed every
3 days.

Warm-Water Tail Withdrawal. Two water baths (EW-14576-00;
Cole-Parmer, Vernon Hills, IL) were maintained at constant temper-
atures (40 or 50°C) throughout the experiment, and a stopwatch was
used to measure the latency for rats to remove their tails from water
maintained at each temperature.

Procedure

Experiments began by determining baseline latencies for two
temperatures with the lower portion of the tail placed in the water
baths. The remainder of the session was divided into 30-minute cycles
with the order of the presentation of the different temperatures
randomized as described elsewhere (Gerak et al., 2019b). In some
sessions, only vehicle was administered for all cycles. In other
sessions, a fentanyl dose-effect curve was determined, with saline
administered in the first cycle and fentanyl administered in sub-
sequent cycles and with the cumulative dose (0.01, 0.032, and
0.1 mg/kg) increasing in one-half–log increments across cycles.
Fentanyl dose-effect curves were redetermined 1, 5, and 21 days after
rats received an acute intravenous infusion of 10 mg/kg MCAM i.v.
(i.e., testing ended when tail-withdrawal latency with a cumulative
dose of 0.1 mg/kg fentanyl was not different from the tail-withdrawal
latency of that dose of fentanyl under control conditions). Vehicle tests
were conducted periodically (every 3 days) to ensure stable baseline
latencies and continued habituation to handling.

Data Analyses

Graphs were constructed, and analyses were conducted with
GraphPad Prism version 8.4.1 for Mac (GraphPad Software, La Jolla,
CA,). A power analysis was used (a = 0.05, 80% power) to determine
the number of animals needed to detect a shift of at least 2 fold
(G*Power version 3.1.9.6). These studies included only males and did
not investigate possible sex difference. Significance was set at
P , 0.05.

Plethysmography. Data are expressed as the mean 6 1 S.E.M.
for eight rats. Differences between treatment and control were
evaluated using two-way ANOVA or multiple t tests followed by the
Bonferroni-Dunn test.

Warm-Water Tail Withdrawal. Tail-withdrawal latencies were
converted to a percentage of the maximum possible effect (15 seconds)
as follows: [(test latency 2 control latency)/(15 seconds 2 control
latency)] � 100% and then averaged across eight rats; mean latencies
(61 S.E.M.) were plotted as function of fentanyl dose or time in days.
Statistical significance was determined by ANOVA followed by
Dunnett’s multiple comparisons, comparing the percentage of the
maximum possible latency obtained after the largest cumulative dose
of fentanyl (i.e., 0.1 mg/kg) for each route of administration at each
time point after administration of MCAM.

Results
Baseline Ventilatory Parameters. Baseline ventilation

parameters (i.e., VT, f, and VE) determined prior to infusion of
vehicle, naloxone, orMCAMare summarized in Table 1; under
these conditions, there were no significant differences be-
tween the eight rats used for the reversal study and the eight
rats used for the prevention study. Five minutes after an
infusion of 10 mg/kg naloxone or 10 mg/kg MCAM (in the

Fig. 1. Effects of fentanyl on ventilation. Minute volume is plotted as
a function of time after administration of intravenous vehicle or fentanyl
(0.0056, 0.0178, 0.056, and 0.178 mg/kg). After a 20-minute baseline
period (see Table 1), rats received an intravenous infusion of vehicle or
fentanyl (arrow at “0”minutes) followed 5minutes later by an intravenous
infusion of saline (arrow at “5”minutes). Data are presented as a percentage
of the average minute volume during the 20-minute baseline period
calculated individually for each rat. The inset summarizes the average
minute volume during the 5 minutes immediately after infusion of saline
or fentanyl (0.0032–0.178 mg/kg), and filled symbols represent doses not
shown in the main figure; the gray bar represents the 95% CI for control
conditions (i.e., saline infusions at “0” and “5” minutes). Ordinate: minute
volume plotted as percent of control and averaged among eight rats6 1 S.E.M.
Abscissae: time in minutes. CI, confidence interval.
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absence of fentanyl), VE was not significantly different
from VE 5 minutes after administration of vehicle or saline
(Table 2).
Reversal of Fentanyl-Induced Ventilatory Depression

by MCAM and Naloxone. Fentanyl (0.0032–0.178 mg/kg)
rapidly decreased VE in a dose- and time-relatedmanner, with
a dose of 0.178 decreasing VE to less than 40% of control within
1minute of intravenous infusion.DecreasedVEby 0.178mg/kg
fentanyl did not fully recover in the 20-minute observation
period (Fig. 1). A dose of 0.0178 decreased VE to less than
60% of control within 1 minute of intravenous infusion, with
ventilation recovering to control values by 5 minutes post-
infusion (Fig. 1). Some doses of fentanyl increased VE; for
example, a dose of 0.0056 mg/kg fentanyl increased VE to
more than 130% of control within 5 minutes after intrave-
nous administration (circles, Fig. 1 and inset, which sum-
marizes all eight doses that were studied in a dose-response
function).
Fentanyl (0.178 mg/kg)-induced decreases in VE were re-

versed in a dose- and time-related matter by MCAM and
naloxone. Figure 2 shows the effects of smaller doses of each
antagonist (0.0001, 0.001, and 0.01 mg/kg) in the lower panels
and larger doses of each antagonist (0.1, 1.0, and 10.0 mg/kg)
in the upper panels. The smallest effective doses of each
antagonist (0.01 mg/kg, squares, lower panels, Fig. 2) restored
VE to control values 2 (naloxone) and 4 (MCAM) minutes after
intravenous infusion. Larger doses of each antagonist re-
versed fentanyl-induced decreases in VE more rapidly com-
pared with the effects of smaller doses. For example, a dose of
0.1 mg/kg naloxone restored VE to control values within 1 to
2 minutes, and the same dose of MCAM restored VE to control
values within 3 to 4 minutes (circles, upper panels, Fig. 2).
Compared with smaller doses, reversal of decreased VE was
even more rapid after administration of 1.0 or 10.0 mg/kg of
naloxone or MCAM, although the rate of reversal did not
appear to be different between these two largest doses for
either antagonist (upper panels, Fig. 2). Larger doses of
naloxone and MCAM (0.1–10 mg/kg) that rapidly reversed
the ventilatory-depressant effects of fentanyl also increased
VE above control values (Figs. 2 and 3; Table 3). Elevated VE

was the result of marked increases in VT and f. For example,

VT was 1.03–1.05 ml after vehicle and was increased to 2.806
0.11 ml after 10 mg/kg MCAM and to 2.06 6 0.80 ml after
10 mg/kg naloxone (Table 3). Similarly, f was 62–68 breaths
per minute after vehicle and was increased to 1646 2 breaths
per minute after 10 mg/kg MCAM and to 142 6 2 breaths
per minute after 10 mg/kg naloxone (Table 3). Increases in
ventilation after the administration of large doses of antago-
nists in fentanyl-treated rats returned toward control values
in a dose- and time-related manner [Fig. 2; insets show
corresponding significant changes in area under for MCAM
(e.g., 10 mg/kg: t = 30.26, 1.0 mg/kg: t = 11.47, 0.1 mg/kg:
t = 10.94, 0.01 mg/kg: t = 9.0, 0.001 mg/kg: t = 4.89; P , 0.05)
and naloxone (e.g., 10 mg/kg: t = 31.81, 1.0 mg/kg: t = 27.03,
0.1 mg/kg: t = 23.57, 0.01 mg/kg: t = 25.81, 0.001 mg/kg:
t = 5.89; P , 0.05)].
Duration of Action of Naloxone and MCAM. To test

the duration of action of naloxone and MCAM administered
intravenously, the same rats that were studied in the
reversal experiment described above received 0.178 mg/kg
fentanyl 1 (naloxone and MCAM) and 3 (MCAM only) days
after an acute injection of naloxone or MCAM (Fig. 4). One
day after administration of 10 mg/kg naloxone, 0.178 mg/kg
fentanyl decreased VE for the duration of the 20-minute
observation period in a manner that was not different from
vehicle-treated rats (compare diamonds and squares, right
panel, Fig. 4). In contrast, 1 day after administration of
10mg/kgMCAM, the same dose of fentanyl was not effective
with VE remaining at or above control values for the
duration of the 20-minute observation period (compare
diamonds and squares, left panel, Fig. 4). One day after
a 10-fold smaller dose of MCAM (1.0 mg/kg), 0.178 mg/kg
fentanyl decreased VE to less than 40% of control, although
that effect of fentanyl waned over the subsequent 20 minutes
compared with fentanyl in vehicle-treated rats. One day after
a still-smaller dose of MCAM (0.1 mg/kg), fentanyl decreased
VE for the duration of the session in a manner that was
not different from vehicle-treated rats (compare circles and
squares, left panel, Fig. 4). Three days after administration,
10 mg/kg MCAM i.v. was no longer effective, with 0.178 mg/kg
fentanyl decreasing VE to less than 40% of control (unpublished
data).

TABLE 1
Baseline values for minute volume (VT), tidal volume (VE), and frequency (f) under control conditions
Data are shown as the mean 6 1 S.E.M. NLX, naloxone. N = 8 per study.

Parameter
Reversal Study Prevention Study

Vehicle (i.v.) NLX (i.v.) MCAM (i.v.) Vehicle (i.v.) Vehicle (s.c.) MCAM (i.v.) MCAM (s.c.)

Minute volume (ml/min) 198 6 10 216 6 13 212 6 17 202 6 11 200 6 31 198 6 22 200 6 34
Tidal volume (ml) 2.15 6 0.10 2.22 6 0.16 2.20 6 0.18 2.20 6 0.20 2.30 6 0.10 2.36 6 0.21 2.28 6 0.15
Frequency (breaths/min) 135 6 13 130 6 10 128 6 11 132 6 10 122 6 17 132 6 9 134 6 10

TABLE 2
Ventilatory parameters for minute volume (VT) tidal volume (VE), and frequency (f) after intravenous infusion of fentanyl,
vehicle, saline, naloxone, or MCAM
Data are shown as the mean 6 1 S.E.M.; fentanyl (0.178 mg/kg). NLX, naloxone. N = 8.

Parameter Fentanyl Vehicle Saline NLXa MCAMa

Minute volume (ml/min) 74 6 4 220 6 10 210 6 25 205 6 10 220 6 8
Tidal volume (ml) 1.03 6 0.02 1.90 6 0.14 1.98 6 0.10 2.20 6 0.2 2.5 6 0.10
Frequency (breaths/min) 70 6 4 135 6 5 135 6 2 140 6 3 140 6 5

aCumulative ventilatory values 5 min after infusion of 10 mg/kg NLX or 10 mg/kg MCAM.
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Prevention of Fentanyl-Induced Ventilatory De-
pression by 10 mg/kg MCAM Administered Intrave-
nously and Subcutaneously. In the reversal study
described above, 10 mg/kg MCAM was no longer effective
3 days after intravenous administration. In a previous
study (Gerak et al., 2019b), 10 mg/kg MCAM was effective
for several weeks after subcutaneous administration. To
further examine possible differences in the effectiveness of
MCAM by different routes of administration or whether
reversal of the effects of fentanyl impacted the duration of
action of a single infusion of MCAM, fentanyl-induced
ventilatory depression was studied beginning 1 day and
for up to 21 days after rats received 10 mg/kg MCAM
intravenously or subcutaneously. One day after adminis-
tration, both intravenous and subcutaneous MCAM
(10 mg/kg) prevented the ventilatory-depressant effects of
0.178 mg/kg fentanyl (circles, both panels, Fig. 5; Table 4).
Three days after administration, intravenous MCAM was
no longer effective, whereas subcutaneous MCAM com-
pletely blocked the ventilatory-depressant effects of fentanyl

(squares, both panels, Fig. 5; Table 4). For example, under
control conditions, a dose of 0.178 mg/kg fentanyl decreased
VE to 68 6 4 ml/min; 3 days after 10 mg/kg MCAM
intravenously, that dose of fentanyl decreased VE to 68 6
3 ml/min, whereas 3 days after 10 mg/kg MCAM sub-
cutaneously, that dose of fentanyl had no effect (VE =
284 6 6 ml/min; Table 4). Figure 6 summarizes the effects
of 0.178 mg/kg fentanyl on VE (VT and f are shown in
Table 4) in rats treated with MCAM intravenously (circles)
or subcutaneously (squares) and shows the significantly
longer duration of action of MCAM when administered sub-
cutaneously compared with that administered intravenously.
Sensitivity to the ventilatory-depressant effects of fentanyl
did not recover until 21 days after administration of
10 mg/kg MCAM subcutaneously. In vehicle-treated rats,
the effects of fentanyl on ventilatory parameters were not
different in repeated tests over the same time period
(unpublished data).
Warm-Water Tail Withdrawal: Baseline Values. Un-

der control conditions (i.e., no drug), tail-withdrawal latencies

Fig. 2. Reversal of the ventilatory-depressant effects of fentanyl by MCAM and naloxone. Rats received an intravenous infusion of 0.178 mg/kg fentanyl
at “0” minutes (arrows) and a second infusion of vehicle, (squares, both panels), MCAM (left panels), or naloxone (right panels) at “5” minutes. Upper
panels include data for vehicle, 0.1, 1.0, and 10.0 mg/kg; lower panels include data for vehicle, 0.0001, 0.001, and 0.01 mg/kg. The gray bar represents the
95% CI for minute volume under control conditions (saline followed by vehicle). Insets represent the area under the curve (AUC) for MCAM or naloxone
curves compared with vehicle curves. Asterisks indicate that AUC obtained after the administration of an antagonist was significantly different from
AUC after vehicle, P , 0.05. Ordinates: minute volume plotted as percent of control and averaged among eight rats 6 1 S.E.M. Abscissae: time in
minutes. CI, confidence interval.
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were 15 (maximum possible effect) and 2.886 0.12 seconds at
40 and 50°C water, respectively. Under control conditions,
fentanyl dose dependently increased tail-withdrawal latencies
to more than 90% of the maximum possible effect at a cumu-
lative dose of 0.1 mg/kg (filled circles, both panels, Fig. 7).
MCAM (10 mg/kg) alone did not increase tail-withdrawal
latencies after intravenous or subcutaneous administration
(unpublished data).
Warm-Water Tail Withdrawal: Duration of Action

of 10 mg/kg MCAM iIntravenously and Subcutane-
ously. To test whether differences in the duration of action
of MCAM by different routes of administration
(i.e., ventilation studies described above) generalized to
other procedures, intravenous MCAM was studied using
the same tail-withdrawal procedure in which subcutaneous
MCAM was shown to be effective for several weeks [right
panel of Fig. 7 replotted with permission from Gerak et al.
(2019b)]. A single dose of 10 mg/kg MCAM administered
intravenously antagonized the effects of fentanyl on tail-
withdrawal latency, as indicated by a downward shift in the
dose-effect curve (left panel, Fig. 7). Whereas a dose of
0.1 mg/kg fentanyl produced a near maximum possible
effect under control conditions, this dose produced less than
20% of the maximum 1 day and less than 50% of the
maximum 5 days after intravenous MCAM (squares and
triangles, respectively, left panel, Fig. 7). Sensitivity to
fentanyl recovered to control values 21 days after a single
injection of 10 mg/kg MCAM intravenously. In contrast,
21 days after subcutaneous administration of MCAM

Fig. 3. Dose-response curves summarizing the same data shown in Fig. 2
for MCAM and naloxone in reversing ventilatory-depressant effects of
0.178 mg/kg fentanyl intravenously. Each data point is the mean minute
volume for 5 minutes after infusion of vehicle (V), MCAM, or naloxone
and averaged (61 S.E.M.) among eight rats. Ordinate: minute volume
presented as a percent of baseline. Abscissa: dose of MCAM or naloxone in
mg/kg body weight intravenously. C represents a control session in which
rats received only vehicle.
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(inverted triangles, right panel, Fig. 7), 0.1 mg/kg fentanyl
produced less than 20% of the maximum possible effect. The
inset in the right panel of Fig. 7 comparing the effects of
0.1 mg/kg fentanyl 1, 5, and 21 days after intravenous

(circles) or subcutaneous (squares) MCAM shows a pro-
gressive recovery in sensitivity to fentanyl over 21 days
after intravenous MCAM but not after subcutaneous
MCAM.

Fig. 4. Protection against the ventilatory-depressant effects of 0.178 mg/kg fentanyl by MCAM (left) and naloxone (right). The preceding day, rats
received 0.178 mg/kg fentanyl intravenously followed by intravenous MCAM or naloxone. On the (next) test day shown in this figure, rats received an
intravenous infusion of fentanyl at minute “0” and an infusion of vehicle intravenously at “5” minutes. The gray bar represents the 95% CI for minute
volume under control conditions (saline followed by vehicle). Insets represent the area under the curve (AUC) for MCAM or naloxone curves compared
with vehicle curves. Asterisks indicate that AUC obtained after the administration of an antagonist was significantly different from AUC after vehicle,
P , 0.05. Ordinates: minute volume plotted as percent of control and averaged among eight rats 6 1 S.E.M. Abscissae: time in minutes. CI, confidence
interval.

Fig. 5. Protection against the ventilatory-depressant effects of 0.178 mg/kg fentanyl 1 and 3 days after intravenous (left) or subcutaneous (right)
administration of MCAM. In contrast with data shown in Fig. 4, rats did not receive fentanyl on the day MCAM was administered (i.e., protection only
and no rescue). On the test days shown, rats received an intravenous infusion of fentanyl at minute “0” and an infusion of vehicle intravenously at “5”
minutes. The gray bar represents the 95% CI for minute volume under control conditions (saline followed by vehicle). Insets represent the area under the
curve (AUC) for intravenous or subcutaneous MCAM compared with vehicle curves. Asterisks indicate that AUC obtained after the administration of an
antagonist was significantly different from AUC after vehicle, P , 0.05. Ordinates: minute volume plotted as percent of control and averaged among
eight rats 6 1 S.E.M. Abscissae: time in minutes. CI, confidence interval.
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Discussion
The number of opioid overdose deaths in the United States

remains alarmingly high and, by many estimates, has in-
creased markedly during the COVID-19 pandemic. Although
naloxone effectively reverses opioid overdose, a significant
number of patients who are released from medical care after
being rescued from an opioid overdose die within the next
month, with one in five of those deaths occurring within 2 days
(D’Onofrio et al., 2015; Weiner et al., 2020). Moreover, it is
estimated that one in four opioid overdoses in the United
States occurs in a private residence where the individual is
often alone and unable to self-administer life-saving medica-
tion. A long-lasting, effective medication that could be admin-
istered when individuals who have been rescued from an
opioid overdose are released from medical care could provide
long-term protection and dramatically reduce the number of
overdose deaths (Weiner et al., 2020). Despite the increasing
availability of naloxone, its effectiveness is limited by its
pharmacological properties. For example, because it is

effective for approximately 1 hour, after rescue with naloxone,
ventilatory depression often reemerges (i.e., renarconization),
particularly for long-acting opioid receptor agonists (Dahan
et al., 2010; Tomassoni et al., 2017). In addition, there has
been speculation as to whether naloxone is less effective at
reversing ventilatory depression caused by fentanyl and its
ultrapotent analogs compared with its ability to reverse
ventilatory depression caused by other opioids, such as heroin
(Mayer et al., 2018; Rzasa Lynn and Galinkin, 2018; Gill et al.,
2019; Hill et al., 2020).
MCAM is an opioid receptor antagonist with a long duration

of action (Broadbear et al., 2000; Peckham et al., 2005; Gerak
et al., 2019a,b; Maguire et al., 2019, 2020; Minervini et al.,
2020). MCAM has been shown to antagonize several different
effects of m-opioid receptor agonists in mice, rats, and non-
human primates, including the ventilatory-depressant effects
of heroin in nonhuman primates. Although MCAM has been
shown to reverse and prevent the ventilatory-depressant
effects of heroin, it has not been assessed for its ability to
reverse or prevent the ventilatory-depressant effects of fen-
tanyl, which is a major contributor to the ongoing opioid

TABLE 4
Prevention of fentanyl-induced ventilatory depression by MCAM administered intravenously or subcutaneously
Data are shown as the mean 6 1 S.E.M.; fentanyl (0.178 mg/kg) was administered on days after 10 mg/kg MCAM, N = 8.

Parameter
Prevention Study Days after MCAM (i.v.)

Fentanyl Vehicle MCAM 1 3 6 13 21

Minute volume (ml/min) 68 6 4 220 6 8 218 6 5 216 6 21 68 6 3 — — —
Tidal volume (ml) 1.05 6 0.06 1.85 6 0.12 1.90 6 0.11 2.00 6 0.10 1.02 6 0.10 — — —

Frequency (breaths/min) 65 6 3 140 6 10 142 6 2 142 6 3 62 6 7 — — —
Days after MCAM (s.c.)

1 3 6 13 21
Minute volume (ml/min) — — — 280 6 11 284 6 6 298 6 12 150 6 10 64 6 3
Tidal volume (ml) — — — 1.90 6 0.10 2.00 6 0.05 1.86 6 0.11 1.48 6 0.15 1.08 6 0.10
Frequency (breaths/min) — — — 158 6 7 152 6 2 162 6 4 134 6 10 64 6 1

Fig. 6. Time-response curves summarizing the same data shown in Fig. 5
and Table 2 for MCAM administered intravenously and subcutaneously
in protecting against the ventilatory-depressant effects of 0.178 mg/kg
fentanyl intravenously. Each data point is the mean minute volume for
5 minutes after infusion of fentanyl averaged (61 S.E.M.) among eight
rats. Asterisk indicates duration of MCAM (i.e., day) that was different
between intravenous and subcutaneous administration, P , 0.05. Ordinate:
minute volume presented as a percent of baseline. Abscissa: days after
administration of MCAM. Vehicle points show data for fentanyl in rats
that did not receive MCAM.

Fig. 7. Effects of fentanyl on tail-withdrawal latency from warm water 1,
5, and 21 days after intravenous (left) or subcutaneous (right; replotted
with permission from Gerak et al., 2019b) administration of 10 mg/kg
MCAM. Inset summarizes data (maximumpossible effect) for a cumulative
dose of 0.1 mg/kg fentanyl under control conditions (C) and 1, 5, and
21 days after intravenous or subcutaneous administration of 10 mg/kg
MCAM. Asterisks indicate tail-withdrawal latency that was different
between MCAM administered intravenously or subcutaneously, P , 0.05.
Ordinate: average latency (61 S.E.M.) to remove tails from 50°C water
expressed as a percentage of control and averaged among eight rats.
Abscissae: dose of fentanyl administered intraperitoneally in mg/kg body
weight. S represents the effects of saline.
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epidemic. Results of the current study extend those of prior
studies in several ways. First, this is the first study to evaluate
MCAM for its ability to attenuate the ventilatory-depressant
effects of a m-opioid receptor agonist in rats; previous studies
on MCAM and ventilation used nonhuman primates. Second,
this study demonstrates that MCAM is as effective as
naloxone in reversing the ventilatory-depressant effects of
fentanyl; previous studies examined MCAM for its ability to
antagonize ventilatory-depressant effects of heroin. Third,
consistent with effects reported for other procedures and other
species, an acute injection of MCAM antagonizes the
ventilatory-depressant effects of fentanyl for several days.
Fourth, the duration of antagonism by MCAM after intrave-
nous administration is considerably less than its duration of
antagonism after subcutaneous administration.
Ventilation was decreased to less than 40% of control within

1minute after administration of 0.178mg/kg fentanyl i.v. This
rapid and severe depression of ventilation resembles what is
observed in patients with human fentanyl overdose (Magosso
et al., 2004; Prekupec et al., 2017; Han et al., 2019). After
5 minutes of significant ventilatory depression, MCAM and
naloxone rapidly reversed ventilatory depression in a dose-
and time-dependent manner. VE increased to 140%–280% of
control within 1 minute after the administration of MCAM
(0.1–10 mg/kg) or naloxone (0.01–10 mg/kg). This hyperventi-
lation (i.e., ventilatory overshoot) was the result of marked
increases in VT and f compared with control conditions. Other
than occasional acute injections of fentanyl, rats in this study
were not treated with opioid receptor agonists and, therefore,
were not physically dependent on opioids. Nevertheless,
hyperventilation and the accompanying behavioral excitation
(not studied directly) are similar to what has been referred to
as acute opioid dependence, as reflected by precipitation of
withdrawal signs after acute administration of an opioid
receptor agonist followed by an opioid receptor antagonist
(Harris and Gewirtz, 2005; Walker and Sterious, 2005;
Avetian et al., 2018).
Onset and duration of action are important properties of any

rescue medication and might be related to the adverse
cardiovascular events that occurred in some patients that
received naloxone for opioid overdose (Dahan et al., 2010;
Rzasa Lynn and Galinkin, 2018). In this study, naloxone had
a slightly faster onset of action and was slightly more potent
than MCAM. A more-significant difference between naloxone
and MCAM was duration of action. One day after reversal of
fentanyl-induced ventilatory depression by 10 mg/kg nalox-
one, 0.178 mg/kg fentanyl was fully effective, decreasing VE to
40% of control. In contrast, 1 day after reversal of fentanyl-
induced ventilatory depression by 10 mg/kg MCAM, fentanyl
had no effect on VE. The much-longer duration of protection
provided by MCAM compared with naloxone might be espe-
cially relevant considering the high mortality rate for individ-
uals that are rescued and subsequently overdose (e.g., within 2
days) after discharge from medical care.
A previous study (Gerak et al., 2019b) reported that

10 mg/kg MCAM administered subcutaneously antagonized
the antinociceptive effects of opioid receptor agonists for
several weeks in rats. When the same dose of MCAM was
administered intravenously in the current study, its duration
of action was less than 3 days. Thus, another goal of this study
was to compare directly the duration of action of MCAM
administered intravenously and subcutaneously. Consistent

with the prior study on antagonism of antinociceptive effects
of opioids, MCAM had a much-longer duration of antagonist
action when administered subcutaneously compared with
intravenous MCAM, which also has a long duration of action
after subcutaneous administration in nonhuman primates,
attenuating the ventilatory-depressant effects of heroin for up
to a week (Gerak et al., 2019a). This difference in duration of
action across routes of administration might be related to
pharmacokinetic factors, including rate of metabolism, elim-
ination, and the possible generation of metabolites (Jin et al.,
2015).
To further examine the difference in duration of MCAM

across routes of administration, a warm-water tail-withdrawal
procedure was used to test the duration of action of intrave-
nous MCAM (Gerak et al., 2019b tested subcutaneous MCAM
and antinociception). The antagonist properties of intrave-
nous MCAM were diminished 5 days after and were no longer
evident 21 days after administration of 10 mg/kg. In contrast,
subcutaneous MCAM continues to antagonize the antinoci-
ceptive effects of fentanyl for more than 21 days (Gerak et al.,
2019b; Fig. 7 in this paper). Thus, marked differences in
duration of action for MCAM administered subcutaneously or
intravenously occur across different procedures [antagonism
of ventilatory depression (the current study) and antagonism
of antinociception (the current study and Gerak et al., 2019b)],
further supporting the notion that these differences are related
to pharmacokinetic factors. Compared with naloxone, MCAM
has a much-longer duration of action regardless of route of
administration. Nevertheless, route of administration would
be an important consideration for usingMCAM to treat overdose
and/or opioid use disorder.
The number of overdose deaths caused by fentanyl and its

analogs has soared over the past several years (Chevillard
et al., 2009; Colon-Berezin et al., 2019; Spencer et al., 2019)
despite the increasing availability of the life-saving medica-
tion naloxone. The two challenges confronting any new
medication for opioid overdose are the rapid reversal of
opioid-induced ventilatory depression and the subsequent
protection from ventilatory depression (e.g., renarconization;
Algera et al., 2019). A medication that satisfies both of these
challenges could have a significant positive impact on the
treatment of opioid overdose as well as opioid use disorder.
Both MCAM and naloxone rapidly reverse the ventilatory-
depressant effects of fentanyl in a dose- and time-dependent
manner; however, under some conditions and in some
patients, MCAM could have significant advantages over
naloxone because a single injection of MCAM would be
expected to prevent fentanyl-induced ventilatory depression
for days or weeks. This study demonstrates that MCAM
effectively reverses and protects against the ventilatory-
depressant effects of fentanyl; this antagonist might be an
additional usefulmedication for confronting the current opioid
epidemic and the continuing high rate of overdose and death
from fentanyl and its ultrapotent analogs.
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