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Abstract

Opiate addiction has risen substantially during the past decade. New treatments to combat opiate
addiction are sorely needed. The current study was conducted to determine the acute individual
and interactive effects of bupropion and dextromethorphan in a rat model of opiate self-
administration using the short-acting synthetic opioid remifentanil. Both of these drugs have been
found to reduce self-administration of nicotine. Bupropion and dextromethorphan and their
combination had differential effects depending on whether the rats showed low or high baseline
remifentanil self-administration. The rats with higher initial remifentanil self-administration
showed a significant decrease in remifentanil self-administration with bupropion and
dextromethorphan treatment, compared to the vehicle control condition. This decrease in self-
remifentanil administration was most pronounced when combination of the higher doses of
bupropion and dextromethorphan were administered. In contrast, the rats with lower baseline
remifentanil self-administration showed the opposite effect of drug treatment with an increase in
remifentanil self-administration with drug treatment compared to the vehicle control condition.
This study shows that combination bupropion and dextromethorphan affects remifentanil self-
administration in a complex fashion with differential effects on low and high baseline responders.
In subjects with high baseline remifentanil self-administration, bupropion and dextromethorphan
treatment significantly reduced self-administration, whereas in subjects with low baseline
remifentanil self-administration, bupropion increased remifentanil self-administration and
dextromethorphan had no discernible effect. This finding suggests that combination bupropion-
dextromethorphan should be tested in humans, with a focus on treating people with high-level
opiate use.
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Introduction

There is currently an epidemic of opioid abuse in the United States with lethal opioid
overdoses increasing 200% from 2000-2014, aggravated by the potent opioid fentanyl
(Rudd et al. 2016). Current treatment options for opioid addiction include full p-opioid
agonists and partial agonists with slow onset and long half-lives such as buprenorphine and
methadone; however, these treatments tend to be associated with high relapse rates (Stotts et
al. 2009). Another treatment is naltrexone, a rapid-onset and short acting u-opioid
antagonist, which is effective as a rescue treatment, not for cessation of further drug taking
(Stotts et al. 2009). New pharmacological treatments are greatly needed to decrease opioid
use and ultimately decrease the high rates of opiate overdose.

Remifentanil used in the current study is a synthetic opioid with a similar pharmacological
profile to other potent p-opioid agonists in the fentanyl family, and like other p-opioid
agonists, it induces analgesic effects and a state of euphoria in its users (Glass et al. 1993).
Remifentanil is an ideal opioid to be used for studies on opiate self-administration because
of its short half-life and low risk of overdose. Remifentanil is classified as an
anilidopiperidine opioid, along with fentanyl (Beers and Camporesi 2004). However, unlike
fentanyl and other anilidopiperidine opioids, remifentanil has long ester chains which are
rapidly degraded by esterases in the blood. Remifentanil’s basicity also allows it to transit
the blood-brain barrier easily. As a result of these attributes, remifentanil shows a half-life of
3-10 minutes, but also demonstrates high potency. Despite its rapid degradation,
remifentanil has been demonstrated to have abuse potential in both human and rat models
(Baylon et al. 2000; Levine and Bryson 2010). Having a short half-life, high potency, and
similar pharmacodynamics to other mu-agonists makes remifentanil safe, convenient, and
relevant for studies on opiate use.

Opioids are self-administered by animals (Becker et al. 2000). There is evidence that
popioid agonists like remifentanil stimulate dopamine release in the nucleus accumbens and
cause a reinforcing effect that contributes to the addictive effects of these drugs (Xi et al.
1998). It has also been discovered that the p-opioid receptor is the most responsive opiate
receptor in rats (Devine and Wise 1994). Even rats with lesions to the nucleus accumbens do
not show a decrease in self-administration of heroin, another p-opioid agonist (Pettit et al.
1984), suggesting the role of other sites of action besides nucleus accumbens dopamine
receptors.

In the current study the interactions of dextromethorphan and bupropion were studied for
reducing remifentanil self-administration in rats. Dextromethorphan has a variety of actions.
It is a non-selective serotonin reuptake inhibitor, increasing synaptic levels of serotonin
(Schwartz et al. 2007). The metabolite of dextromethorphan, dextrophan, is a NMDA
glutamate receptor antagonist, and there is evidence that its inhibitory effect on NMDA
receptors results in antidepressant activity in mice (Sakhaee et al. 2017). In fact

Pharmacol Biochem Behav. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blair et al.

Page 3

dextromethorphan shares a similar profile to ketamine, a rapid-acting antidepressant, with
actions at NMDA, p-opioid, serotonin, sigma-1, and muscarinic sites (Krupitsky et al. 2002).
It has been demonstrated that ketamine works to improve abstinence rates from heroin in
heroin-dependent participants, with positive correlations between ketamine dose and
abstinence rates (Krupitsky et al. 2002). It has also been shown that both dextromethorphan
and ketamine reduce the physiologic response to opiate withdrawal (Jovaisa et al. 2006;
Malek et al. 2013). Dextromethorphan at doses of 3—-30 mg/kg has already been
demonstrated to reduce nicotine self-administration in rats (Briggs et al. 2016; Glick et al.
2002; Levin et al. 2018). It is therefore plausible that dextromethorphan would work
similarly with opioids. Additionally, dextromethorphan has been shown to potentiate the
antinociceptive effect of some [ agonists in rats but decrease the antinociceptive effect in
others (Chen et al. 2005). It will therefore be interesting to see the effects of
dextromethorphan on self-administrations of remifentanil, a p-opioid agonist.

Dextromethorphan is FDA approved for humans as a cough suppressant. When administered
alone, it is rapidly metabolized by the hepatic enzyme CYP2D6 into dextrophan, such that
only minimal levels of dextromethorphan remain in serum (Nguyen et al. 2016). However, if
dextromethorphan is co-administered with a CYP2D6 inhibitor such as bupropion or
quinidine, levels of serum dextromethorphan remain sufficiently elevated, crosses the blood-
brain barrier more easily (Kotlyar et al. 2005) and exerts meaningful effects at multiple
receptors (NMDA, serotonin, norepinephrine, dopamine, nicotine- acetylcholine, Sigma-1
and p-opioid) (Nguyen et al. 2016). Combination dextromethorphan and quinidine -
“Neudexta,” is FDA approved for treatment of pseudobulbar effect. Combination
dextromethorphan-bupropion - “AXS-05,” is being tested by Axsome Therapeutics Inc. in
Phase Il1 trials as a treatment for treatment-resistant depression, and in Phase 11 trials for
dementia-related agitation. AXS-05 has also demonstrated significant reduction compared to
bupropion in smoking in a study by Duke University and Axsome Therapeutics Inc. (Davis
et al. 2019).

Meanwhile, bupropion, aside from inhibiting metabolism of dextromethorphan, is both a
dopamine and a norepinephrine reuptake inhibitor (Stahl et al. 2004b). It is also a nicotinic
antagonist (Slemmer et al. 2000). It is thus used both for major depressive disorder and for
smoking cessation, but unlike standard SSRIs, it has milder side effects, not causing sexual
dysfunction, weight loss, or somnolence as often (Fava et al. 2005).. We have shown in the
rat model of self-administration that bupropion significantly reduces nicotine self-
administration (Hall et al. 2015) in a doses of 25 and 75 mg/kg.

Both bupropion and dextromethorphan have been shown to significantly reduce nicotine
self-administration and bupropion attenuates the metabolism of dextromethorphan. Based on
these findings, we hypothesized that there would be a dose-related effect of
dextromethorphan and bupropion to suppress self-administration of remifentanil. We also
hypothesized that the drug combination would have additive or greater effect than either
drug alone. To test these hypotheses, we compared ninedifferent combinations of
dextromethorphan and bupropion and assessed these in rats with different levels of baseline
remifentanil self-administration.
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Adult female Sprague-Dawley rats were housed in approved standard laboratory conditions
in a Duke University vivarium facility next to the testing room to minimize stress induced by
transporting the rats. For the bupropion and dextromethorphan effects on remifentanil self-
administration study the rats were singly housed to prevent gnawing on the 1V catheters and
harnesses. For the bupropion and dextromethorphan effects on food self-administration and
locomotor activity the rats were housed in groups of 2-3. A separate set of animals from
those used for remifentanil self-administration were used for the food self-administration
and locomotor studies because differential self-administration of remifentanil could have
had differential residual effects on food-motivated responding or locomotor activity. Within
both studies all of the animals received all of the bupropion and dextromethorphan doses in a
counterbalanced order twice. The day-night cycle was reversed (7:00 AM to 7:00 PM dark)
so that the rats were in their active phase during the behavioral testing. All behavioral tests
were carried out during the dark phase of the dark-light cycle between 9:00 AM and 4:00
PM. Rats for the self-administration experiment had ad /ib access to water and were fed a
standard rat chow once daily throughout the study to maintain approximately 85% ad /ib
weight, with food amounts adjusted from 8-16 g per day as they grew to provide a lean
healthy growth curve. All procedures for testing the animals were approved by the Duke
University Animal Care and Use Committee and conformed to the Animal Care Guide by
NIH.

Preparation of Drugs

Solutions of remifentanil (NIDA), dextromethorphan (Sigma) and bupropion (NIDA) were
prepared in pyrogen-free glassware in sterilized isotonic saline solution and passed through a
0.2 um filter (Millipore Corp, Billerica, MA, USA) for sterilization. All solutions were kept
refrigerated in the dark between experiments and were brought to room temperature before
administration.

Experimental Design and Procedure

Intravenous

The effects of acute bupropion and dextromethorphan on remifentanil self-administration
were studied (N = 14 for the study) in a repeated measures design in which the order of
control injections, doses and combinations were administered to the subjects in a
counterbalanced order to prevent any confounding between drug dose and order of
administration. After each treatment session there was a one-day non-treatment session to
control for possible shifting baselines of self-administration through the course of the study.

Remifentanil Self-administration

Chronically indwelling intravenous jugular catheters were implanted i.v. under ketamine (60
mg/kg) and dexdomitor (15 mg/kg) anesthesia and were flushed daily with a 0.3 ml solution
containing 100U/ml heparinized saline. After each self-administration session, the
remifentanil remaining in each port was withdrawn and a sterile lock consisting of
heparinized saline 500U/ml with 0.4 mg Gentamicin was infused. Barbiturate injection tests
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through the catheter were used to verify the patency of catheters. Only the data from the rats
with patent catheters for the duration of the study were used for analysis.

For behavioral training, rats were placed in dual lever operant test chambers (Med
Associates, Georgia, VT, USA). Each chamber was equipped with a tone generator, house
light, cue light above each lever, and a metal tether to cover the drug delivery line. A
computer programmed with MED-PC software managed experimental events and data
collection. Each catheter was connected to a Micro Liter Syringe Pump, and tethers made of
polyethylene tubing with huber needles for access to ports and catheters. During each self-
administration session, the rats wore infusion harnesses to connect them to the tethers.

Initially, the rats were trained daily with tutor sessions, lasting 30 min, to press the levers for
food pellet reinforcers for three sessions. Half the animals were rewarded for responding on
the right lever and the other half for responding on the left lever. Only the cue light over the
correct lever was illuminated while the light over the incorrect lever was off. Pressing on the
correct lever was rewarded by immediate delivery of one 45-mg food pellet and activation of
the feedback tone for 0.5 sec. There was no timeout period in the tutor sessions.

After the pellet sessions, animals had catheters surgically implanted under ketamine
anesthesia to provide access for remifentanil self-administration by 1V infusion. A plastic
SoloPort was attached intraoperatively to a polyurethane catheter and inserted into a
subcutaneous interscapular pocket and sutured to underlying fascia. The day after the
surgery, the rats began self-administration sessions with remifentanil (0.3 mg/kg/infusion,
i.v.) as the reinforcer.

A lever press on the active side | resulted in the activation of the feedback tone for 0.5 sec,
the immediate delivery of one 50-pl infusion of remifentanil in less than 1 sec. Each infusion
was immediately followed by a 20-sec timeout in which the house light goes on and cue
lights go out and responses are recorded but not reinforced. Inactive lever presses were
recorded but resulted in no infusion. There were five sessions of training for remifentanil
self-administration before the onset of bupropion and dextromethorphan drug treatment
sessions. All of the animals had the same number of training sessions to provide all with
equal testing history. The benchmark infusion dose of remifentanil was set at 0.3 mg/kg/
infusion, i.v. FR was set at FR1. Each Remifentanil infusion sessions was 1-hour. Animals
were tested not more than once/day between 9 AM and 4 PM.

Food-motivated Responding

In a separate set of young adult female Sprague-Dawley rats (N=12) the same doses and
combinations of bupropion and dextromethorphan were tested for effects on food motivated
responding. The same FR1 schedule and same operant stations were used as with the drug
self-administration studies except that the rats were not have IV catheters implanted and
instead of drug reinforcement they were reinforced with 45-mg food pellets.

Locomotor Activity

The rats used to assess bupropion and dextromethorphan effects on food-motivated
responding were then tested for the effects of these drugs on locomotor activity. Locomotor
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activity was assessed in an enclosed maze in the shape of a figure-8. The Figure-8 apparatus
consisted of a continuous alley that measured 10 cm x 10 cm, with the entire maze
measuring 70 cm x 42 cm. Animals were allowed to freely explore and locomotor activity
was assessed by the crossing of eight photobeams located at equal points in the alley. Each
locomotor test session lasted 1 h, and photobeam breaks were tallied in 5 min blocks across
the session.

Statistical Analysis

The data were evaluated with analysis of variance (SuperAnova by SAS, Cary, NC, USA).
Analysis was done for between and within subjects factors. The final N was 14 rats that
completed the remifentanil study. To assess the effects of the drug treatments in rats with
slow or rapid uptake of remifentanil, the rats were split into groups below and above the
median for remifentanil self-administration during the first five sessions of access, before the
bupropion and dextromethorphan drug treatments began. Low and high responder status was
a between subjects factor and bupropion and dextromethorphan were within subjects factors
with N=7 in each of these groups for a total. N=14 for the remifentanil self-administration
study. Following up significant effects, planned comparisons were made between controls
and each of the dose groups. As recommended by Snedecor and Cochran (Snedecor and
Cochran 1967) interactions of p<0.10 were followed-up by tests of the simple main effects.
Dunnett’s test was used for comparisons of the treated conditions to control. The final
threshold for statistical significance was always an alpha of p<0.05 (two-tailed).

Results

Remifentanil Motivated Responding

Acute bupropion and dextromethorphan each had significant effects on remifentanil self-
administration, but showed differential effects in rats with low compared to high baseline
remifentanil self-administration. The interactions of bupropion x low/high response status
(F(2,24) = 12.33, p < 0.0005), and dextromethorphan x low/high response status (F(2,24) =
3.15, p < 0.07) triggered follow-up tests of the simple main effects of these drugs in the low
and high responding groups. Figure 1 shows the remifentanil self-administration rate after
each of the drug treatments, alone or in combination as well as vehicle control. Because
interactions were observed for each drug treatment with low and high baseline levels of
remifentanil self-administration, data for each of these subgroups is displayed separately.
The differential drug effects in low compared to high responders are visually noticeable.

First, under the vehicle control condition, the low vs. high baseline response continued to
demonstrate respectively low (32.4 + 8.7) and high (75.4 £+ 10.5) levels of remifentanil
infusions per session during the drug treatment part of the study (F(1,12) = 10.00, p < 0.01).

Among rats with low baseline response, there was a significant (F(2,12) = 5.23, p < 0.025)
main effect of bupropion, with the 30 mg/kg (p < 0.025) but. Not the 10 mg/kg bupropion
dose causing a significant increase in remifentanil self-administration. No significant effect
of dextromethorphan on remifentanil self-administration in the low responders was detected.
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Among rats with high baseline self-administration, the main effects of both bupropion
(F(2,12) = 7.79, p < 0.01) and dextromethorphan (F(2,12) = 7.71, p < 0.01) were significant.
The 30 mg/kg bupropion dose (p < 0.005) and the 10 mg/kg dose of dextromethorphan (p <
0.05) significantly decreased remifentanil self-administration in the high responding rats.
Neither of the lower doses produced significant effects on remifentanil self-administration.
There was no detected interaction between the two drug treatments. An additive effect was
seen with the combination of the two high doses of the drugs, with the most pronounced
effect being a 79.2 % decrease in remifentanil self-administration relative to performance of
the same animals after control injections (Fig. 1).

In addition to the remifentanil self-administration sessions run after treatment with
bupropion, dextromethorphan, the combination, and the vehicle control, there were
treatmentfree sessions run after each drug treatment session. This served a check for residual
drug effects. We did not see any signs of persisting drug effects in these drug free sessions
with the analysis of variance assessment of these data. These treatment-free sessions also
served to assess any shifts in baseline remifentanil self-administration over the course of the
study. There was a significant (p < 0.005) linear rising baseline of remifentanil self-
administration over the course of the study from 54.4 + 8.0 remifentanil infusions per
session in the initial session to 63.9 + 7.9 in the last. To accommodate for this rising
baseline, the self-administered remifentanil infusions each treatment free session was
subtracted from the preceding treatment session. No significant effects of prior
dextromethorphan (p = 0.59) or bupropion (p = 0.72) treatment was seen during the drug-
free sessions (Table 1). Figure 2 shows the difference scores of acute bupropion and
dextromethorphan effects on remifentanil self-administration during drug treatment sessions
minus remifentanil self-administration during the treatment-free sessions following each
drug treatment session. This analysis of difference scores showed generally the same results
as the raw scores, but with somewhat larger differences between drug treatments and control,
which was expected with the correction for the rising baseline of self-administration. With
the difference score analysis there was a significant main effect of dextromethorphan
(F(2,24) = 4.86, p < 0.025), with the 10 mg/kg dextromethorphan dose causing a significant
(p < 0.01) overall reduction in remifentanil self-administration. There were significant
interactions of bupropion x low vs. high baseline responders (F(2,24) = 14.24, p < 0.0005)
and dextromethorphan x low vs. high baseline responders (F(2,24) = 3.99, p < 0.05). As with
the analysis of the raw scores, the low baseline responders group showed a significant main
effect of bupropion (F(2,12) = 4.72, p < 0.05). The 30 mg/kg dose of bupropion caused a
significant (p < 0.025) increase in remifentanil self-administration whereas the lower 10
mg/kg bupropion dose did not produce a significant effect. No significant effect of
dextromethorphan was seen with the low responding group. With the high responding group,
as with the raw score analysis, both bupropion (F(2,12) = 12.56, p < 0.005) and
dextromethorphan (F(2,12) = 7.36, p < 0.01) had significant main effects. The higher doses
of bupropion (p < 0.0005) and dextromethorphan (p < 0.005) caused a significant decrease
in remifentanil self-administration among high baseline responders. The interaction of
bupropion x dextromethorphan was not significant, as a simple additive effect of the two
treatments was seen as shown in figure 2. The combination of the higher doses of the two
drugs caused the greatest decrease in remifentanil self-administration, a decrease of 55.7 +
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8.7 infusions per session in the high responded group relative to remifentanil self-
administration in the following non-treatment sessions.

Food Motivated Responding

With the tests of bupropion and dextromethorphan separate and combined effects on food
motivated responding there was a significant (F(2,22) = 5.18, p < 0.025) main effect of
dextromethorphan decreasing food self-administration (Fig. 3). Comparisons of each dose to
showed that the higher 10 mg/kg dextromethorphan dose (p < 0.01), but not the lower 3.3
mg/kg dextromethorphan dose (p = 0.49) significantly reduced food self-administration.
After vehicle injections the rats self-administered 149.7+13.5 food pellets whereas after 10
mg/kg dextromethorphan injections they self-administered 117.8+13.4 food pellets. No
significant main effect of bupropion (p = 0.41) or significant dextromethorphan x bupropion
effects (p = 0.27) were seen with food-motivated responding.

Locomotor Activity

Both bupropion (F(2,22) = 8.86, p < 0.005) and dextromethorphan (F(2.22) = 13.58, p <
0.001) produced significant main effects on locomotor activity in the Figure-8 apparatus
with bupropion increasing locomotor activity and dextromethorphan decreasing it (Fig. 4).
Comparisons of each of the doses vs. control showed that both the 10 mg/kg (p < 0.05) and
higher 30 mg/kg (p < 0.0005) doses of bupropion significantly increased locomotor activity,
whereas both the lower 3.3 mg/kg (p < 0.05) and higher 10 mg/kg (p < 0.0005) doses of
dextromethorphan significantly decreased locomotor activity. There was a highly significant
effect of habituation or slowing response over the course of the hour-long session (F(11,121)
= 28.80, p < 0.0005). Both the bupropion x session block (F(22,242) = 7.11, p < 0.0005) and
the dextromethorphan x session block (F(22,242) = 2.30, p < 0.005) interactions were
significant. Follow-up tests on the linear trends of habituation over the session showed that
both bupropion (F(2,22) = 24.59, p < 0.0005) and dextromethorphan (F(2,22) = 7.18, p <
0.005) had significant main effects lowering the linear trend of habituation over the course of
the session. Comparisons of each dose to control showed that the higher 30 mg/kg dose of
bupropion (p < 0.0005) significantly reduced habituation with a 94% reduction in
habituation, but the lower 10 mg.kg bupropion dose (p = 0.49) did not significantly change
habituation. Both the 3.3 mg/kg (p < 0.005) and the 10 mg/kg (p < 0.005) doses of
dextromethorphan significantly reduced habituation of locomotor activity across the session
with 38% and 41% reductions in habituation respectively. The interaction of bupropion x
dextromethorphan with regard to habituation of locomotor activity was not significant (p =
0.92). Figure 5 shows the detailed data of dexreomethorphan and bupropion effects
individually and in combination across the twelve 5min blocks of the test session.

Discussion

These studies demonstrated in a rat model that acute administration of bupropion and
dextromethorphan each had significant effects on remifentanil self-administration.
Interestingly the effects were opposite in rats with low vs. high baseline remifentanil self-
administration. In rats with low baseline opiate self-administration, bupropion significantly
increased remifentanil self-administration and dextromethorphan had no discernable effect.
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In contrast, in rats with high baseline opiate self-administration, each drug individually
caused significant decreases in remifentanil self-administration. When the two drugs were
combined in high responding rats, there was an additive effect of decreased remifentanil
self-administration with the combination of 30 mg/kg of bupropion and 10 mg/kg of
dextromethorphan showing a 79.2% decrease in remifentanil self-administration, the largest
decrease observed in the study. The doses of dextromethorphan and bupropion that
effectively reduced remifentanil self-administration in the high responding subjects were in
the dose ranges we had previously found to significantly reduce nicotine self-administration
(Briggs et al. 2016; Hall et al. 2015; Briggs et al. 2016; Glick et al. 2002; Levin et al. 2018).

Dextromethorphan when given alone is rapidly metabolized by CYP2D6 into dextrophan
which does not cross the blood brain barrier as efficiently as dextromethorphan (Kotlyar et
al. 2005). That said, dextrophan dose have great binding affinity and antagonism of NMDA
receptors and sigma-1 receptors (Nguyen et al. 2016). Dextromethorphan without a
metabolic inhibitor has been used with limited success in the past to reduce opiate use
(Weinbroum et al. 2000). Specifically, it has been used to reduce opiate use related to post-
operative pain (Choi et al. 2003; King et al. 2016). A combination medication Morphidex
(dextromethorphan-morphine) was even tested in phase Il and I11 trials, but failed to show
significant reduction in opiate use across the sample (Galer et al. 2005). An important
finding in this study is that dextromethorphan had no significant effect on low baseline
remifentanil users. On the other hand, high baseline remifentanil users showed a significant
reduction of opiate use on dextromethorphan. Dextromethorphan has been shown to
decrease symptoms of opiate withdrawal (Raith et al 2004), and it is conceivable that the
behavior of animals with higher baseline opiate use would have more severe withdrawal
symptoms and would modify behavior in the presence of medication that reduces
withdrawal. In any case, the findings in this study may in fact be relevant to future studies —
i.e. it might be found to be most effective in individuals with high level baseline opiate use,
and it might be found to be more effective when used with metabolic inhibitor. A human
trial would be needed to determine whether the effects observed in this study translates to
humans.

Bupropion, in a dose range that had previously been found to significantly decrease nicotine
self-administration (Hall et al. 2015), was found in the current study to have discordant
effects in subjects with low and high remifentanil self-administration levels. Bupropion
increased remifentanil use in low baseline self-administrators. Bupropion increases synaptic
dopamine and norepinephrine (Stahl et al. 2004a) and it known that norepinephrine activity
is integral to opiate reinforcement (Ventura et al. 2005). At a minimum, the finding should
lead to caution when considering human studies that might include the use of bupropion in
low-level opiate users. Interestingly, in high baseline remifentanil self-administrators,
bupropion led to a significant decrease in opiate use. This discordance suggests that high
baseline opiate use may create a categorically different set of circumstances in which
medication takes effect, such that for example, additional dopamine and norepinephrine
becomes therapeutic. These effects would need to be assessed within human trials to see if
similar findings emerged.
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Food-motivated responding was significantly reduced by the higher (10 mg/kg)
dextromethorphan dose, decreasing food self-administration by approximately 21% relative
to control. This more general effect of reducing motivated behavior may explain the effect of
the 10 mg/kg dextromethorphan dose reducing remifentanil in the high responding group.
Relevant to the dextromethorphan-induced decrease in food motivated responding is its
documented effect of producing nausea in humans (Carbonaro et al. 2018). However, if this
general reduction in motivated behavior was important for remifentanil self-administration,
one would have expected that 10 mg/kg of dextromethorphan would also decrease
remifentanil self-administration in the low responding group, but it did not. The low self-
administrating subjects by definition had lower motivation to take remifentanil.
Dextromethorphan may only impact highly motivated behavior, as seen in the current studies
with high remifentanil responders during drug self-administration and in highly motivated
food-restricted animals during food self-administration. Interestingly, bupropion was not
found to significantly affect food motivated responding., yet it had significant effects on
remifentanil self-administration. Bupropion effects seem to be more specific to drug-
motivated responding. Yet, bupropion did not have a blanket effect of reducing remifentanil
self-administration. It only did so in the high remifentanil preferring rats. In the low-
preferring rats bupropion significantly increased remifentanil self-administration, suggesting
different neural substrates driving remifentanil self-administration in the low and high
preferring groups.

Both dextromethorphan and bupropion significantly affected locomotor activity, but in
opposite directions. Both doses of bupropion significantly increased locomotor activity and
both doses of dextromethorphan significantly decreased locomotor activity. When given
alone dextromethorphan did little to affect locomotor activity. Rather, its effect derived from
countering the hyperactivity caused by bupropion. Others have also found that acute
bupropion causes locomotor hyperactivity in rats (Redolat et al. 2005) and we previously
found that dextromethorphan decreases locomotor activity (Levin et al. 2018). Might have
the effects of dextromethorphan and bupropion derived from their effects on activity? The
two behavioral effects appear to be relative related. The two drugs had opposite effects on
locomotor activity but produced similar effects on opiate self-administration. When given in
combination dextromethorphan attenuated the bupropion effect on locomotor activity but the
drug combination produced greater effects on remifentanil self-administration. Given that
the combination of bupropion and dextromethorphan had the largest effect in reducing
remifentanil self-administration, effects on locomotor activity did not appear to drive the
effect.

Bupropion is a potent CYP2D6 inhibitor that metabolism of dextromethorphan increasing its
serum concentration (e.g. 39-fold) elimination time (from 3 hours to over 24 hours), and
consequently, increasing its activity within the brain. Exploration of combination
dextromethorphan and bupropion was motivated by findings in human trials in which
AXS-05 (combination bupropion + dextromethorphan) was found to decrease tobacco
smoking in humans (Davis et al. 2019). Previous research has shown that both bupropion
and dextromethorphan each significantly decreases nicotine self-administration in rats (Hall
et al. 2015; Levin et al. 2018), and bupropion is an effective treatment for tobacco smoking
cessation (George et al. 2002). In this study, there was a robust response to combined
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bupropion-dextromethorphan use in high baseline responders with almost 79% reduction in
self administration of remifentanil. This large signal deserves evaluation in human trials, and
may be most promising in individuals with higher level opiate use.

In conclusion, this study provides both encouraging results and caution for drug
development to combat opiate addiction. Each of treatments, bupropion and
dextromethorphan, significantly decreased voluntary intake of the opiate remifentanil in
heavy users. In combination the two drugs had an additive effects, producing a substantial
reduction in remifentanil self-administration. However, caution must be taken in
consideration of the result of this study that with light opiate users, bupropion significantly
increased intake and dextromethorphan was ineffective. These treatments appear to show the
greatest promise for heavy opiate users. Further experimental animal research could help
identify critical mechanisms for the divergent effects in light and heavy opiate users. Given
that both bupropion and dextromethorphan are approved for human use, further research to
test efficacy in the clinical setting to should be pretty straightforward.
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Highlights

Bupropion and dextromethorphan had differential effects in rats with low or high baseline
remifentanil self-administration.

The rats with higher remifentanil self-administration showed a significant decrease with
bupropion and dextromethorphan treatment.

The decrease in self-remifentanil administration was most pronounced when combination
of of bupropion and dextromethorphan.

Rats with lower baseline remifentanil self-administration showed the opposite effect of
drug treatment with an increase in remifentanil self-administration.

This finding suggests that combination bupropion-dextromethorphan should be tested in
humans, with a focus on treating people with high-level opiate use.
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Dextromethorphan-Bupropion Effects on Remifentanil Self-Administration
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Figure 1.
Acute bupropion and dextromethorphan effects on remifentanil self-administration in low

and high responding rats (mean + sem). (N = 14)
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Dextromethorphan-Bupropion Effets on Remifentanil
Self-Administration: Drug-Post
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Figure 2.

Acute bupropion and dextromethorphan effects on remifentanil self-administration in low
and high responding rats adjusted for remifentanil self-administration during the treatment-
free sessions following each drug treatment session. The data are the number of remifentanil
infusions per session with treatments including vehicle minus the number of remifentanil
infusions per session without treatments following each treatment session (mean + sem). (N

= 14)
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Acute Dextromethorphan and Bupropion Effects
on Food Motivated Responding

Pellets

pet
Session

Figure 3.

Acute bupropion and dextromethorphan effects on food-motivated responding (mean + sem).
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Acute Dextromethorphan and Bupropion Effects
on Locomotor Activity in the Figure-8 Apparatus
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Acute bupropion and dextromethorphan effects on locomotor activity, mean beam breaks per

five-minute block (mean + sem) over the 1-h session. (N = 12).
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Acute bupropion and dextromethorphan effects on locomotor activity, for each five-minute
block, beam breaks per block (mean + sem). (N = 12). A. Effects of bupropion and
dextromethorphan on locomotor activity when given alone. B. Dextromethorphan actions on
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Rremifentanil self-administration during the treatment-free sessions following each drug treatment session.

The data are the number of remifentanil infusions per session (mean x sem). (N = 14)

Bupropion (mg/kg)

Dextromenthorphan (mg/kg)
0 3.3 10

0
10
30

59.9+8.6 52.1#8.3 63.6x7.1
60.1+85 61.2+85 52.8+6.4
62.7+7.1 61.6+6.2 62.3%7.0
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