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ABSTRACT

Nicotine can produce antinociception in preclinical pain models;
however, the ability of nicotine to augment the antinociceptive
effects of opioid agonists has not been investigated. The present
experiments were conducted to determine how nicotine modi-
fies the effects of opioid agonists differing in efficacy. Male
squirrel monkeys responded for the delivery of milk under a fixed
ratio 10 schedule of reinforcement. During the 30-second time-
out period following each milk delivery, the subject’s tail was
immersed in 35, 50, 52, or 55°C water, and the latency to remove
the tail was recorded. Dose-response functions for tail-
withdrawal latency and operant performance were determined
for fentanyl, oxycodone, buprenorphine, and nalbuphine alone
and after treatment with nicotine. Excepting nalbuphine, all
opioids produced dose-related disruptions in food-maintained
responding and increases in tail-withdrawal latency at each
water temperature. Nicotine did not exacerbate the behaviorally
disruptive effects of the u-opioids on operant performance but
produced a significant mecamylamine-sensitive enhancement of
the antinociceptive potency of each opioid. Failure of arecoline
to augment the antinociceptive effects of oxycodone and
antagonism by mecamylamine suggests this nicotine-induced

augmentation of prescription opioid antinociception was nico-
tinic acetylcholine receptor (nNAChR) mediated. This was
reflected in leftward shifts in the antinociceptive dose—response
curve of each opioid, ranging from 2- to 7-fold increases in the
potency of oxycodone across all water temperatures to an
approximately 70-fold leftward shift in the antinociceptive
dose-response curve of nalbuphine at the lower and intermedi-
ate water temperatures. These results suggest that nicotine may
enhance u-opioid antinociceptive effects without concomitantly
exacerbating their behaviorally disruptive effects.

SIGNIFICANCE STATEMENT

Prescription opioids remain the most effective pain-
management pharmacotherapeutics but are limited by their
adverse effects. The present results indicate that nicotine
enhances antinociceptive effects of various opioid agonists in
nonhuman primates without increasing their disruptive effects on
operant performance. These results suggest that nicotine might
function as an opioid adjuvant for pain management by enabling
decreased clinically effective analgesic doses of prescription
opioids without exacerbating their adverse behavioral effects.

Introduction

Pain is one of the leading causes of hospital visits and
presents a significant health and financial burden to the
United States (Institutes of Medicine, 2011). Opioid agonists
are among the most commonly prescribed and effective
analgesics (Paulozzie and Ryan, 2006; Clark and Schumacher,
2017). However, the use of opioid agonists is constrained by
their adverse effects (e.g., respiratory depression, addiction,
behavioral inhibition, etc.), spurring the search for novel and
improved pain-management strategies (Schug et al., 1992).
One strategy involves the combination of opioid agonists and
nonopioid ligands. The basis of this approach is the idea that
if a nonopioid can augment the clinically beneficial effects of
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opioid agonists without exacerbating their adverse effects,
then effective analgesia may be provided by lower doses of
opioids with less side-effect liability (for review, see Li, 2019).
In this regard, previous reports indicate that various drug
classes can augment the antinociceptive effects of opioids,
encouraging the view that this approach may yield a clinically
useful pain-management strategy. Drug classes that have
been examined include: imidazoline I2 receptor agonists
(Siemian et al., 2016; Li, 2017), cannabinoids (Maguire and
France, 2014, 2018), antiepileptics (Tomic et al., 2018), k and &
agonists (Negus et al., 2008, 2009, 2012), and adrenergic a2
receptor agonists (Blaudszun et al.,, 2012; Engelman and
Marsala, 2013).

Although studies have illustrated the ability of nonopioid
ligands to augment opioid antinociception, the role of opioid
efficacy in such interactions is presently unclear. For instance,
Maguire and France (2014) reported that cannabinoid ago-
nists such as A%>-THC and CP55,940 enhanced the antinoci-
ceptive effects of higher efficacy opioid agonists (e.g., fentanyl)
more effectively than those of lower efficacy agonists (e.g.,
buprenorphine and nalbuphine) in rhesus monkeys. On the

ABBREVIATIONS: CP55,940, 2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]-5-(2-methyloctan-2-yl)phenol; AS-THC, (6aR,10aR)-6,6,9-
trimethyl-3-pentyl-6a,7,8,10a-tetrahydro-6H-benzo|c]chromen-1-ol; EDsq, 50% effective dose; MLA, methyllycaconitine; MOR, u-opioid receptor;
nAChR, nicotinic acetylcholine receptor; PTI, preclinical therapeutic index; STO, short timeout.
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other hand, studies in rats have found that cannabinoid
agonists enhanced the effects of morphine to a greater extent
than those of the high efficacy agonist etorphine (Maguire and
France, 2018). In general agreement with the latter results,
the imidazoline I receptor agonist 2-(2-benzofuranyl)-2-imi-
dazoline hydrochloride (2-BFI) also appeared to enhance the
antinociceptive effects of lower-efficacy opioids to a greater
extent than higher-efficacy opioids (Siemian et al., 2016). It is
unclear whether the dissimilar relationships between opioid
efficacy and the enhancement of opioid antinociception by
nonopioid drugs in the above studies reflect differences in
opioid actions in rats and monkeys or unique features of the
opioid ligands themselves.

The cholinergic agonist nicotine has been shown to produce
antinociception in preclinical studies (Wewers et al., 1999;
Zarrindast et al., 1999; Berrendero et al., 2002; Kyte et al.,
2018). It has been reported that nicotine can induce the
release of endogenous opioids, and that crosstolerance be-
tween nicotine and u-opioid agonists develops, coupled with
changes in p-opioid receptor (MOR) expression levels (Kish-
ioka et al., 2000). Some studies suggest that tobacco users are
especially sensitive to chronic pain or require higher doses of
opioids to manage chronic pain, possibly reflecting nicotine-
induced crosstolerance to MOR agonists (Yoon et al., 2015;
however, see Ackerman, 2012; Plesner et al., 2016; Oh et al.,
2018; De Vita et al.,, 2019). However, as of 2017, only
approximately 14% of the Americans smoked cigarettes
(Centers for Disease Control and Prevention, 2018), leaving
the possibility that a large nonsmoking population may
benefit from nicotine’s analgesic effects. Although nicotine
itselfis most probably not an effective analgesic from a clinical
perspective (Mishriky and Habib, 2014), some evidence sug-
gests that nicotine also can enhance opioid-induced analgesia
(McMillan and Tyndale, 2015). Yet, the ability of nicotine to
augment opioid-induced analgesia has not yet been system-
atically investigated. The present studies were conducted to
address this issue, using a nociception assay in which tail-
withdrawal latency from warm water and operant perfor-
mance were concurrently measured in squirrel monkeys
(Withey et al., 2018a). The ratio of 50% effective dose (EDj5)
values on both measures has been used previously to construct
a preclinical therapeutic index, i.e., a quantitative indicator of
the potential behavioral side-effect liability of prescription
opioid analgesics (Withey et al., 2018a). Opioid agonists
that differ in MOR efficacy (fentanyl > oxycodone >
buprenorphine > nalbuphine) were studied to also evaluate
the possible relationship between efficacy and nicotine-
induced improvement in the preclinical therapeutic index
(Picker and Yarbrough, 1991; Walker et al., 1993; McPherson
et al., 2010). A selective enhancement of opioid antinocicep-
tion, reflected in an improved index, would suggest that
nicotine could be a clinically valuable adjuvant that allows
reduction in the effective doses of opioids needed to produce
analgesia without altering their behaviorally disruptive
effects.

Methods

Subjects. Adult male squirrel monkeys (n = 4; Saimiri sciureus)
were housed in stainless steel cages in a climate-controlled vivarium
under a 12-hour light/dark cycle at the McLean Hospital Animal Care
Facility (licensed by the United States Department of Agriculture).
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Subjects had unrestricted access to water and were fed a daily
allotment of high-protein primate chow (Purina Monkey Chow, St.
Louis, MO), supplemented with multivitamins and fruit, per veteri-
nary recommendation. All subjects previously served in behavioral
studies with other drug classes and had been drug-free for at least
3 months prior to the present study. All procedures and protocols were
approved by the Institutional Animal Care and Use Committee at
McLean Hospital, and housing was compliant with guidelines pro-
vided by the Committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animals Resources, Commission on Life
Sciences, National Research Council (2011).

Apparatus. Experimental sessions were conducted 5 days a week,
9 AM to 1 PM. During experimental sessions, subjects were placed in
customized Plexiglas chairs as previously described (Withey et al.,
2018a). Briefly, each chair was designed so that the subject faced two
levers, each 8 cm below a stimulus light that could be illuminated
during the session. The subjects also faced and had easy access to
a customized Plexiglas receptacle between the levers into which fluid
could be delivered via a syringe pump (Model PHM-100-10; Med
Associates, Inc., Georgia, VT) outside the chamber. This pump could
be operated to deliver sweetened condensed milk via Tygon tubing into
the receptacle’s reservoir (0.15 ml in 0.84 seconds). The rear portion of
the chair was designed so that the tail of the subject could hang freely,
permitting the distal portion to be immersed in a water-filled
container; only the distal 3-4 cm of the tail were immersed in water
during experiments, allowing the subject to remove its tail from the
water at any time without assistance. All experimental events were
controlled and recorded through a commercially available interface
and program (MED-PC; Med Associates Inc., St. Albans, VT).

Behavioral Procedures. The procedures in this study follow
methods described in Withey et al. (2018a). When the red stimulus
light above the active lever was illuminated, the completion of
10 lever-presses (FR10) within 20 seconds [limited hold (LH) 20-
second] triggered the delivery of 30% milk in water (v/v) into the
reservoir. A 30-second short timeout (STO) followed the completion of
the FR requirement or the expiration of the LH time. During the 30-
second STO, the distal portion of the subject’s tail was submerged in
either 35, 50, 52, or 55°C water, and the latency to withdraw the tail
from the water was recorded. The trial was terminated by the
withdrawal of the subject’s tail from the water or by the elapse of 10
seconds at which time the experimenter removed the tail from the
water to avoid potential tissue damage (10-second cutoff). Sessions
consisted of four 15-minute components, each divided into a 10-minute
long timeout (LTO) followed by a 5-minute period during which the
FR10/STO30-second schedule was in effect. These schedule parame-
ters permitted at least six tail-withdrawal measurements within each
component. The order of water temperatures within and across
components was randomized, with the proviso that determinations
in each component occurred no more than once at 50, 52, or 55°C and at
least three times at 35°C.

Drug Testing Procedures. Dose-response functions for the rate-
decreasing and antinociceptive effects of nicotine and of the opioid
agonists fentanyl, oxycodone, buprenorphine, and nalbuphine were
determined in all subjects using cumulative-dosing procedures, i.e., by
administering cumulative doses at the beginning of each component
(10 minutes before the FR30/ST030-second schedule was in effect). In
other experiments, the effects of each opioid also were determined
after administration of saline or nicotine (0.1 or 0.18 mg/kg) at the
beginning of the first component. In these tests, the first dose of each
opioid was administered in the second component. The role of selective
nicotinic actions in the ability of nicotine to augment the behavioral
effects of opioids were explored by determining whether: 1) The
muscarinic agonist arecoline, administered at the beginning of the
first component, similarly modified the effects of cumulative doses of
oxycodone and 2) the nicotinic receptor blocker mecamylamine,
administered 5 minutes prior to nicotine, could antagonize nicotine’s
modulation of the effects of oxycodone or buprenorphine. The doses of
arecoline and mecamylamine were selected on the basis of previous
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studies in squirrel monkeys (Withey et al., 2018b). Finally, changes in
tail-withdrawal latency produced by 0.1 mg/kg of oxycodone were
examined alone or in the presence of 0.1 mg/kg of nicotine, adminis-
tered either concurrently or 30 minutes prior to oxycodone adminis-
tration. Drug testing occurred no more than once per week.

Data Analyses. The effects of successive injections of saline on
both tail-withdrawal latency and response rates across components
were determined at least monthly (control sessions). Tail-withdrawal
latencies and response rates were averaged across components of each
control session to obtain single control values for each subject. Overall
baseline values for tail-withdrawal latency and response rate in the
present study are expressed as the mean of control values across
individual subject (=S.E.M.). For each subject, tail-withdrawal la-
tency during a test session was expressed as the number of seconds
over which the subject’s tail remained in warm water after immersion;
response rate was expressed as a percentage of the subject’s overall
rate of responding during control sessions. The effects of each drug test
are represented as the mean of data obtained in all subjects (£S.E.M.).

Linear regression was used to fit lines to the linear portion of dose-
response functions in individual subjects (GraphPad Prism version 5.0
for Windows; GraphPad Software, San Diego, CA). For response rate,
the linear portion of the curve was defined to include not more than
one dose that produced <20% of control response rate, and not more
than one dose that produced >80% of control response rate. For tail-
withdrawal latency, the linear portion of the curve was defined to
include not more than one dose that produced <2-second latency, and
not more than one dose that produced >8-second latency.

The effects of an opioid alone or following treatment with either
nicotine or arecoline alone or nicotine in the presence of mecamyl-
amine or saline were fitted to straight lines and were considered
significant if the slope differed significantly from 0. The slopes and
intercepts of the dose-response functions for an opioid alone or after
each type of treatment were compared using an F-ratio test (Graph-
Pad Prism), with statistical significance set at P < 0.05. ED5, values
were determined using linear interpolation for opioids alone and in
combination with nicotine, arecoline, or nicotine/mecamylamine.
Linear regression was used to determine a common slope to calculate
potency ratios with corresponding 95% confidence limits (95% CL) per
Tallarida (2000). If the 95% confidence limits of a potency ratio did not
include 1, the EDjo values were considered significantly different.
EDj5 ratios previously defined in Withey et al. (2018a) were used to
quantify the preclinical therapeutic index for opioid agonists alone
and in the presence of nicotine according to the following formula:

ED50 value for disruptions in operant responding

EDsgratio = - - - - .
soratio ED50 value for increases in tail — withdrawal latency

Finally, the effects of 0.1 mg/kg of oxycodone in the presence of
0.1 mg/kg of nicotine administered either concurrently or 30 minutes
prior to oxycodone administration were compared using a repeated-
measures one-way analysis of variance with a Newman-Keuls multi-
ple comparisons test.

Drugs. All doses of a drug were calculated in terms of its base
weight and were administered intramuscularly. Drugs used in this
study were fentanyl citrate (Sigma-Aldrich, St. Louis, MO), oxycodone
hydrochloride (Sigma-Aldrich), buprenorphine hydrochloride (Na-
tional Institute on Drug Abuse, Rockville, MD), nalbuphine hydro-
chloride hydrate (Sigma-Aldrich), nicotine (Wako Chemicals USA,
Inc., Richmond, VA), arecoline hydrobromide (Sigma-Aldrich), and
mecamylamine hydrochloride (Sigma-Aldrich).

Results

Control Response Rate and Tail-Withdrawal Laten-
cies. Control rates of responding (i.e., after saline adminis-
tration) did not vary greatly throughout the session in
individual subjects. Response rates also did not vary greatly

from one control session to the next: Mean values for the group
of four subjects ranged from 2.27 (=0.29) responses/s to 2.95
(*£0.39) responses/s over the course of the present experi-
ments. Tail-withdrawal latencies (mean = S.E.M.) following
the administration of saline averaged 1.5 (+0.23), 1.4 (=0.21),
and 1.2 (*£0.13) seconds at 50, 52, and 55°C, respectively
(Fig. 1).

Effects of Nicotine and Opioids Alone. Nicotine dose-
dependently reduced response rate under the FR schedule,
with an EDj5q value of 0.15 mg/kg (95% CL: 0.11-0.20 mg/kg;
Fig. 1, upper panel). Nicotine also dose-dependently increased
tail-withdrawal latencies at all three temperatures, though it
was most effective with the subject’s tail in water warmed only
to 50°C. Tail-withdrawal latencies following the highest dose
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Fig. 1. Rate-decreasing effects and tail-withdrawal latencies at 50, 52,
and 55°C for fentanyl (open circle), buprenorphine (triangle), nicotine
(filled circle), oxycodone (square), and nalbuphine (inverted triangle)
administered i.m. (n = 4). Top panel: ordinate, response rate normalized
to baseline rate of responding. Bottom panels: ordinate, tail-withdrawal
latency in seconds. Error bars depict =S.E.M.



(3.2 mg/kg) of nicotine reached 10 (+0), 9.3 (+1.2), and 4.6
(*£1.2) seconds at 50, 52, and 55°C, respectively (Fig. 1, bottom
panels).

Fentanyl, oxycodone, and buprenorphine also dose-
dependently decreased rates of responding, with EDj5,
(95% CL) values of, respectively, 0.0034 (0.0023-0.0050),
0.45 (0.22-0.91), and 0.031 (0.014-0.069) mg/kg (Fig. 1, top
panel). In contrast, doses of the low-efficacy opioid nalbuphine
failed to reduce responding under the FR schedule at any dose
(up to 3.2 mg/kg). All opioids dose-dependently increased tail-
withdrawal latencies at each water temperature, excepting
nalbuphine at 55°C (Fig. 1, bottom panels). The antinocicep-
tive potency of fentanyl did not change in relation to increases
in warm water temperature; however, the potency of oxy-
codone and buprenorphine was 5.3- and 2.4-fold, respectively,
less at 55°C than at 50°C. Furthermore, the maximum tail-
withdrawal latencies engendered by oxycodone, buprenor-
phine, and nalbuphine dropped from 10 (*=0), 9.4 (+0.65),
and 6.4 (+1.3) seconds at 50°C t0 8.8 (+1.2), 7.2 (+2.1), and 1.3
(£0.10) seconds at 55°C. ED5q values for fentanyl, oxycodone,
buprenorphine, and nalbuphine to increase tail-withdrawal
latencies are summarized in Table 1.

Nicotine Modulation of Opioid Behavioral Effects.
Pretreatment with nicotine did not significantly alter the
effects of any of the opioids on rates of responding (P > 0.05;
Figs. 2 and 3). However, nicotine did modify the antinocicep-
tive effects of all opioid agonists, as evident by increases in the
potency of each opioid in delaying tail withdrawal from at least
one temperature of warmed water. The magnitude of these
effects differed among opioids. Fentanyl was the least sensi-
tive to nicotine: A dose of nicotine (0.18 mg/kg) larger than
those effective with other opioids shifted the tail-withdrawal
latency dose-response function for fentanyl only 2- to 8-fold
leftward in, respectively, 50 and 52°C water, and was in-
effective in altering the antinociceptive potency of fentanyl in
55°C water (Fig. 2, left). In contrast, nicotine augmented the
antinociceptive potency of nalbuphine, oxycodone, and bupre-
norphine at all water temperatures examined (Figs. 2 and 3).
Nalbuphine was the most sensitive to the effects of nicotine
inasmuch as 0.1 mg/kg of nicotine produced a 76-fold increase

TABLE 1
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in the antinociceptive potency of nalbuphine in water warmed
to 50°C (Fig. 2, right panels). Although nalbuphine alone did
not increase tail-withdrawal latency at 55°C, nicotine in-
creased the maximum antinociceptive effect of nalbuphine
from a 1-second to a 5.1-second tail-withdrawal latency at this
temperature of warmed water. As such, nicotine not only
increased the antinociceptive potency of nalbuphine but also
its effectiveness. Nicotine also significantly increased the
antinociceptive potency of oxycodone and buprenorphine at
all water temperatures, as evident in the 4- to 12-fold leftward
shifts in their dose-response functions following 0.1 mg/kg of
nicotine (Fig. 3). It should be noted that 0.032 mg/kg of
nicotine enhanced the antinociceptive effects of oxycodone,
buprenorphine, and nalbuphine, albeit more modestly. The
impact of increasing water temperatures on the capacity of
nicotine to augment opioid-induced antinociception was not
uniform. For example, 0.18 mg/kg of nicotine shifted the dose-
response function leftward for fentanyl 7.9-fold at 50°C, but
only 2.1-fold at 52°C. Conversely, the antinociceptive effects of
buprenorphine were enhanced by nicotine 12-fold at 55°C, but
only 6.1-fold at 52°C. All increases in antinociceptive potency
of the opioids in the presence of various nicotine doses are
summarized in Table 1.

Mechanism of Nicotine Action. The nicotinic receptor
blocker mecamylamine (0.1 mg/kg) did not alter the antinoci-
ceptive effects of oxycodone or buprenorphine (P > 0.05; Fig. 3)
but attenuated the nicotine-induced enhancement of the
antinociceptive potency of both opioids. Mecamylamine, like
nicotine, also did not alter the potency with which either
opioid disrupted operant responding (P > 0.05; Fig. 3, right
panels). However, the muscarinic agonist arecoline exacer-
bated the effects of oxycodone on operant responding at doses
that did not influence its antinociceptive effects. As shown in
Fig. 4 (top panel), 0.1 mg/kg of arecoline produced a significant
increase in the potency with which oxycodone decreased
response rates (Fy o3 = 8.4, P = 0.002) but did not significantly
alter its capacity to produce increases in tail-withdrawal
latency at 50°C (0.1 mg/kg: Faqe = 0.24, P = 0.79), 52°C
0.1 mg/kg F2,22 = 097, P= 040), or 55°C (0.1 mg/kg Fg,]_g =
1.2, P = 0.32) (Fig. 4, bottom panels).

ED5, values and potency ratios of fentanyl, oxycodone, buprenorphine, and nalbuphine alone and in combination with various doses of nicotine
EDs5( values in milligrams per kilogram with corresponding 95% confidence limits for fentanyl, oxycodone, buprenorphine, and nalbuphine alone and in the presence of various
doses of nicotine in 50, 52, and 55°C warm water. Potency ratios are calculated when available with corresponding 95% confidence limits. Increases in antinociceptive potency
are considered statistically significant if the 95% confidence limits of the potency ratios of drug alone or in the presence of nicotine does not include 1.

50°C

52°C 55°C

Drug (in mg/kg)

EDs (95% CL) PR (95% CL) EDs (95% CL) PR (95% CL) EDs (95% CL) PR (95% CL)
Fentanyl 0.0033 (0.0013-0.0086) 0.0031 (0.0020-0.0050) 0.0036 (0.0018-0.0070)
+0.1 Nic 0.0061 (0.0036-0.01) 0.6 (0.3-1.4) 0.0051 (0.0042-0.0061) 0.6 (0.3-1.1)  0.0061 (0.0036-0.01) 0.5 (0.3-1.0)
+0.18 Nic 0.00049 (0.00021-0.0011) 7.9 (2.2-28) 0.0015 (0.00091-0.0024) 2.1 (1.2-3.8) NA NA
Oxycodone 0.11 (0.053-0.22) 0.16 (0.067-0.36) 0.58 (0.29-1.2)
+0.032 Nic 0.039 (0.015-0.10) 2.0 (0.8-5.3) 0.11 (0.054-0.21) 1.3 (0.4-3.8) 0.36 (0.086-1.5) 1.6 (0.6-3.8)
+0.1 Nic 0.018 (0.027-0.29) 5.1 (2.2-12) 0.031 (0.008-0.12) 4.0 (1.2-14) 0.11 (0.053-0.23) 5.2 (2.2-12)
Buprenorphine 0.026 (0.016-0.041) 0.031 (0.014-0.066) 0.063 (0.035-0.11)
+0.01 Nic 0.014 (0.010-0.019) 1.9 (1.1-3.2) 0.031 (0.019-0.052) 1.0 (0.4-2.3) 0.038 (0.023-0.061) 1.7 (0.8-3.7)
+0.032 Nic 0.0054 (0.0028-0.010) 4.6 (2.3-9.3) 0.0084 (0.0052-0.014) 3.6 (1.6-8.1) 0.012 (0.0065-0.021) 5.6 (2.4-13.1)
+0.1 Nic 0.0036 (0.0027—-0.0049) 7.1 (4.2-12) 0.0050 (0.0042—-0.0060) 6.1 (3.1-12) 0.0057 (0.0035-0.0091) 12 (5.4-25)
Nalbuphine 1.6 (0.82-3.1) 1.9% (0.54-7.0) NA
+0.032 Nic 0.12 (0.038-0.37) 13 (4.3-39) 0.26* (0.13-0.49) 19 (6.1-61) NA NA
+0.1 Nic 0.069 (0.035-0.14) 68 (21-220)  0.025* (0.0071-0.088) 76 (20-281) NA NA

"ED,5 value (in milligrams per kilogram).

“Indicate the potency ratio was determined calculating the ED5 value as tail-withdrawal latency did not exceed 5 seconds.
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Fig. 2. Rate-decreasing effects and tail-withdrawal latencies at 50, 52,
and 55°C for (a) fentanyl alone and in combination with 0.1 and 0.18 mg/kg
of nicotine, and (b) nalbuphine alone and in combination with 0.032 and
0.1 mg/kg of nicotine administered i.m. (n = 4). Top panels: ordinate,
response rate normalized to baseline rate of responding; abscissa, drug
dose in milligrams per kilogram. Bottom panels: ordinate, tail-withdrawal
latency in seconds; abscissa, drug dose in milligrams per kilogram. Error
bars depict +S.E.M.

Nicotine/Oxycodone Time-Course Studies. Adminis-
tration of 0.1 mg/kg of nicotine and 0.1 mg/kg of oxycodone
significantly increased tail-withdrawal latencies at 50°C
(F6,26 = 37, P = 0012), 52°C (F(.;,ze = 71, P = 00004), and
55°C (Fg 26 = 3.2, P = 0.022) (Fig. 5). Post-hoc analysis of data
at 50 and 52°C revealed that both concurrent administration
of nicotine and oxycodone and the administration of oxycodone
30 minutes following nicotine administration generated tail-
withdrawal latencies significantly greater than following
oxycodone alone (Fig. 5). At a warm water temperature of
55°C, post-hoc analysis revealed that concurrent administra-
tion of 0.1 mg/kg of nicotine and 0.1 mg/kg of oxycodone

produced a significantly greater tail-withdrawal latency than
0.1 mg/kg of oxycodone alone.

Nicotine and the Preclinical Therapeutic Index for
p-Opioid Agonists. The EDj5 ratio of disruptions in operant
responding and tail-withdrawal latency can be a useful pre-
clinical estimate of the therapeutic window of analgesic drugs
(Withey et al., 2018a). As summarized in Table 2, pretreat-
ment with nicotine increased the preclinical therapeutic index
(PTI) for fentanyl, oxycodone, and buprenorphine up to 25-fold
at 50°C, 15-fold at 52°C, and 5.4-fold at 55°C. These increases
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Fig. 3. Rate-decreasing effects and tail-withdrawal latencies at 50, 52,
and 55°C for (a) oxycodone alone and in combination with 0.032 and
0.1 mg/kg of nicotine, and/or 0.1 mg/kg of mecamylamine; and (b)
buprenorphine alone and in combination with 0.01, 0.032, and 0.1 mg/kg
of nicotine, and/or 0.1 mg/kg of mecamylamine administered i.m. (n = 4).
Top panels: ordinate, response rate normalized to baseline rate of
responding; abscissa, drug dose in milligrams per kilogram. Bottom
panels: ordinate, tail-withdrawal latency in seconds; abscissa, drug dose in
milligrams per kilogram. Error bars depict =S.E.M.
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Fig. 4. Rate-decreasing effects and tail-withdrawal latencies at 50, 52,
and 55°C for oxycodone alone and in combination with 0.032 and 0.1 mg/kg
of arecoline administered i.m. (n = 4). Top panels: ordinate, response rate
normalized to baseline rate of responding; abscissa- drug dose in
milligrams per kilogram. Bottom panels: ordinate- tail-withdrawal
latency in seconds; abscissa, drug dose in milligrams per kilogram. Error
bars depict =S.E.M.

in PTT were nicotine dose—dependent. Changes in the PTIs of
oxycodone and buprenorphine were greater than those ob-
served with fentanyl when examined in the presence of
0.1 mg/kg of nicotine. For example, at 52°C, the PTIs of
oxycodone and buprenorphine were 15 and 6.2, respectively,
compared with 0.67 for fentanyl. However, even in combina-
tion with a larger nicotine dose (0.18 mg/kg), the PTI of
fentanyl at 52°C (2.3) was still less than that seen with
oxycodone and buprenorphine. This differential modulation
of opioid PTI by nicotine most probably reflects differences
in opioid agonist efficacy. As expected, however, PTI values
were smaller when the subjects were presented with greater
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noxious stimuli (i.e., 55 vs. 50 or 52°C warm water). This was
most apparent with oxycodone in combination with 0.1 mg/kg
of nicotine, as PTIs for nicotine were 25, 15, and 4.1 at 50, 52,
and 55°C, respectively. The absence of effects of nalbuphine on
operant responding precluded estimation of nicotine-induced
changes in PTI values.

Discussion

The treatment of pain with opioid-based analgesics is
complicated by the presence of significant unwanted effects
(Schug et al., 1992), indicating the need for novel pain-
management strategies with fewer deleterious effects. The
present experiments investigated an opioid-sparing approach
by determining whether nicotine could significantly augment
the antinociceptive effects of several prescription opioid
analgesics without concomitant increases in their behavior-
ally disruptive effects. Except nalbuphine at the highest
temperature of water, all opioid agonists dose-dependently
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Fig. 5. Tail-withdrawal latencies at 50, 52, and 55°C for 0.1 mg/kg of
oxycodone alone, or in combination with 0.1 mg/kg of nicotine adminis-
tered concurrently or 30 minutes prior to oxycodone administration (i.m.;
n = 4). Ordinate, tail-withdrawal latency in seconds; abscissa, condition
(drug in milligrams per kilogram). Error bars depict +S.E.M. *P < 0.05.
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TABLE 2

Preclinical therapeutic index of fentanyl, oxycodone, and buprenorphine alone or in combination with nicotine

EDj5, ratios comparing rate of responding over tail-withdrawal latencies at 50, 52, and 55°C warm water. These ratios are an index of the therapeutic window of the drug alone
or in the presence of nicotine. This ratio could not be calculated for nalbuphine as response rate did not decrease as a function of nalbuphine dose.

Drug 50°C 52°C 55°C
Fentanyl 1.0 1.1 0.94
+0.1 mg/kg of nicotine 0.56 0.67 0.56
+0.18 mg/kg of nicotine 6.9 2.3 NA
Oxycodone 4.1 2.8 0.78
+0.032 mg/kg of nicotine 12 4.1 1.3
+0.1 mg/kg of nicotine 25 15 4.1
Buprenorphine 1.2 1.0 0.50
+0.01 mg/kg of nicotine 2.2 1.0 0.82
+0.032 mg/kg of nicotine 5.7 3.7 2.6
+0.1 mg/kg of nicotine 8.6 6.2 5.4

increased tail-withdrawal latencies. The potency of opioids to
increase the latency with which subjects removed their tails
from warm water was comparable to those previously ob-
served in other studies using squirrel monkeys (Withey et al.,
2018a). Presession administration of nicotine dose-
dependently increased the antinociceptive potency of all
opioid agonists without exacerbating their behaviorally dis-
ruptive effects.

As in previous studies, the ability of opioids to increase tail-
withdrawal latency was inversely related to opioid efficacy
and nociceptive stimulus intensity, i.e., water temperature
(Walker et al., 1993). The present results indicate that the
ability of nicotine to augment the antinociceptive effects of
opioids varied likewise along both dimensions. For example,
nicotine was much more effective in enhancing the effects of
the low-efficacy opioid nalbuphine than the high-efficacy
opioid fentanyl. Additionally, nicotine was most effective in
enhancing opioid antinociception at the lowest temperature
(50°C) and least effective at the highest temperature (55°C)
of warmed water—even though the control latency to
tail withdrawal did not differ greatly across temperatures
(1.2 vs. 1.5 seconds). These findings suggest that, notwith-
standing some enhancement of the effects of the high-efficacy
opioid fentanyl with the highest dose of nicotine, the
potential utility of nicotine as an adjunct medication in an
opioid-sparing approach may be greatest when it is used
for the production of antinociception in combination with
lower to intermediate-efficacy opioids, e.g., with nalbuphine.
This conclusion is in general agreement with previous
studies showing that the opioid-sparing effects of imidazo-
line I2 and cannabinoid ligands also are more pronounced
when combined with opioid partial agonists than with opioid
full agonists (Siemian et al., 2016; Maguire and France,
2018).

Nicotine did not have consistent effects on response rate
throughout the present study (i.e., in the first component of
test sessions prior to opioid administration). Variability in
nicotinic acetylcholine receptor (nAChR) sensitivity probably
cannot explain the irregularity in the effects of nicotine on
response rates as nicotine reliably enhanced the antinocicep-
tive effects of all the opioids tested. Another possible expla-
nation for the variability in nicotine’s effects is that tolerance
selectively developed to the rate-decreasing effects of nicotine
over the course of the study. Previous reports have demon-
strated that various nAChR subtypes differentially mediate
the behavioral effects of nicotine. For example, the a7
nAChR antagonist MLA has been shown to antagonize the

antinociceptive effects of nicotine (Kyte et al., 2018) but not its
discriminative stimulus or rate-decreasing effects (de Moura
and McMahon, 2017). That different nicotinic receptor mech-
anisms may be responsible for the opioid antinociception
enhancing effects of nicotine, tolerance may have selectively
developed only to the operant suppressant effects of nicotine.
Future studies should attempt to identify, if possible, activa-
tion of which specific nAChR subtype augments the antinoci-
ceptive effects of nicotine.

The nonselective, noncompetitive nAChR antagonist meca-
mylamine has been shown previously to antagonize the rate-
decreasing and antinociceptive effects of nicotine (Martin
et al., 1990; de Moura and McMahon, 2016; Withey et al.,
2018b). In this regard, mecamylamine was a useful pharma-
cological tool to elucidate the involvement of nicotinic recep-
tors in the current study. The ability of mecamylamine to block
nicotine’s effects suggests that the enhancement of opioid
antinociception can be attributed to activation of nAChRs
following nicotine administration.

Previous preclinical reports have characterized the anti-
nociceptive effects of the muscarinic receptor agonist arecoline
(Sheardown et al., 1997; for review, see Naser and Kuner.
2018). In the present study, arecoline (0.1 mg/kg) increased
tail-withdrawal latencies at 50 and 52°C water, suggestive of
antinociception. However, unlike nicotine, arecoline did not
enhance the antinociceptive effects of oxycodone. The inability
of arecoline to accentuate opioid antinociception even at doses
that greatly disrupted operant responding provides further
evidence for nAChR-selective (i.e., not resulting from activa-
tion of muscarinic acetylcholine receptors) actions of nicotine
in the present studies (Liu et al., 2016).

The last dose of each opioid during cumulative dos-
e-response determinations for MOR agonists was tested
45 minutes after nicotine pretreatment. Nicotine’s duration
of action is relatively short (Rodriguez et al., 2014), and it is
possible that nicotine may not have been effective throughout
the course of the experimental sessions. However, the half-life
of nicotine in nonhuman primates is 2 and 3 hours (O’Leary
et al., 2008; Moerke et al., 2017), suggesting that nicotine
should retain the ability to augment opioid-induced antinoci-
ception throughout cumulative-dosing sessions. This sugges-
tion was supported by results showing that 0.1 mg/kg of
nicotine administered 30 minutes prior to 0.1 mg/kg of
oxycodone, i.e., 40—45 minutes prior to testing, retained the
ability to enhance oxycodone antinociception.

Despite previous information on nicotine antinociception
(Wewers et al., 1999; Zarrindast et al., 1999; Berrendero et al.,



2002; Kyte et al., 2018) and nicotine-opioid interactions
(Patterson et al., 2012; Kishioka et al., 2014; Plesner et al.,
2016; De Vita et al., 2019), the use of nicotine to promote opioid
antinociception has not yet been systematically evaluated
clinically, perhaps owing to previous reports of increased
opioid use in tobacco users (Skurtveit et al., 2010; Yoon
et al.,, 2015; but see Ackerman, 2012; Oh et al.,, 2018).
However, the present results indicate that nonsmokers
might benefit from the use of nicotine as an adjuvant for
opioid analgesia, an idea that is supported by clinical data
obtained in nonsmokers. For example, treatment with
nicotine prior to emergence from anesthesia following
uterine surgery in women decreased pain scores and mor-
phine exposure (Flood and Daniel, 2004). Likewise, Habib
et al. (2008) found that a transdermal nicotine patch applied
to patients 30—60 minutes prior to induction of anesthesia
decreased postoperative opioid usage. These results high-
light the benefits of such an opioid-sparing approach,
i.e., lower opioid dosages providing effective analgesia
(Habib et al., 2008).

Warm water tail-withdrawal assays in nonhuman primates
have been used to identify and characterize the analgesic
potential of various drugs (Walker et al., 1993; Maguire and
France, 2018). However, the interpretation of tail-withdrawal
latency data can be complicated by evidence of dose-related
behavioral disruption that also may be produced by effective
doses of a drug. For example, in the present studies, nicotine
increased tail-withdrawal latencies at all warm water temper-
atures at a dose (0.32 mg/kg) that significantly decreased rates
of operant responding. Thus, it is unclear whether increases in
tail-withdrawal latencies produced by nicotine itself are
a function of its antinociceptive properties or are a byproduct
of nonspecific disruptions in behavior. On the other hand,
nicotine was able to accentuate opioid antinociception but
not exacerbate the effects of opioids on operant behavior.
Indeed, with nicotine on board, comparable levels of anti-
nociception could be achieved with lower doses of the opioid
and, consequently, fewer (or in some cases, no) disruptions
in operant responding. To the extent that disruptions in
operant behavior serve as a predictor of a drug’s behavioral
side-effects in a clinical setting, the present findings
suggest that incorporating nicotinic ligands as adjuvants
for pain management with opioids may be therapeutically
beneficial.
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