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Abstract

Background: This study sought to determine the relative importance of a range of Bup/Nx doses
compared to Bup alone in producing subjective and reinforcing effects.

Methods: Heroin-using volunteers (n = 13) were transitioned onto daily oral hydromorphone (40
mg). Laboratory sessions assessed the reinforcing and subjective effects of intravenous (1V) doses
of Bup (1.51, 2.16, 6.15, and 8.64 mg) and Bup/Nx (1.51/0.44, 2.16/0.61, 6.15/1.71, and 8.64/2.44
mg). Placebo (Pbo), heroin (25 mg) and Nx (0.3 mg) were tested as neutral, positive, and negative
controls, respectively.

Results: 1V Bup alone was self-administered substantially less than IV heroin, though the two
largest doses of Bup produced positive subjective effects, drug “Liking” (0-100 mm), which were
comparable to heroin (mean difference: Heroin vs Bup 6.15 mg: —3.4 mm, Heroin vs Bup 8.64
mg: —=11.3 mm). All indicators of abuse potential seen with IV Bup alone were substantially
decreased with the addition of Nx. All Bup/Nx combinations produced ratings of aversive effects,
“Bad”, which were comparable to, or greater than 1V, Nx. On three of the four measures of
aversive effects, the largest difference is seen with the 8.64 vs 8.64/2.44 condition.

Conclusions: This study further demonstrates the ability of the Bup/Nx combination to deter
IV use. Although none of the Bup/Nx combinations showed indications of abuse potential,
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formulations with larger absolute Nx, may be less abusable as they precipitate a greater degree of
withdrawal.
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1. Introduction

Over the past 15 years, sublingual buprenorphine (Bup) maintenance has become one

of the most commonly utilized treatments for opioid use disorder (Carrieri et al., 2006;
Maxwell and McCance-Katz, 2010). Research has repeatedly shown that Bup maintenance
significantly reduces the morbidity and mortality associated with opioid abuse and
dependence (Mattick et al., 2008; Stancliff et al., 2013). Although Bup has reduced

abuse potential in comparison to opioids that are full p receptor agonists (Comer et al.,
2008; Jasinski et al., 1978; Walsh et al., 1995), administration through rapid routes of
administration [intravenous (IV), intramuscular (IM), intranasal (IN)] produces p agonist-
like effects comparable to heroin and oxycodone (Bedi et al., 1998; Comer and Collins,
2002; Comer et al., 2005, 2010; Middleton et al., 2011; Strain et al., 1997; Zacny et al.,
1997).

To address concerns of Bup diversion, the opioid antagonist naloxone (Nx) was combined
with Bup at a ~4/1 ratio (Bup/Nx). The addition of Nx, which has very low sublingual/
oral bioavailability, is intended to discourage misuse of Bup by parenteral routes by either
precipitating withdrawal in dependent individuals or by directly antagonizing the | agonist
effects of Bup (Preston et al., 1990). Several clinical studies have demonstrated that the
combined formulation (Bup/NXx) has significantly reduced abuse liability in comparison to
Bup alone (Comer et al., 2010; Fudala et al., 1998; Jones et al., 2015; Mendelson et al.,
1996, 1999; Stoller et al., 2001).

During early investigations of the effectiveness of this formulation, several studies focused
on how varying the relative ratio of Bup to Nx affected its abuse liability (Jones et al., 2015;
Mendelson et al., 1999; Preston et al., 1988). Typically, among opioid-dependent volunteers,
Bup + Nx combinations produced effects that were qualitatively similar to the effects of

Nx alone. Additionally, Nx dose-dependently reduced positive subjective effects, increased
aversive effects, and blocked drug self-administration. Combined, this literature indicates
that lower Bup/NXx ratios (i.e., larger Nx doses relative to Bup doses) are associated with less
abuse potential.

Though the importance of the ratio of Bup/Nx has been demonstrated, research has yet to
determine how the absolute amounts of Bup and Nx affect their reduced potential for abuse.
Post-marketing surveillance has indicated that the introduction of Bup/Nx helped to reduce,
but did not eliminate diversion to nonmedical routes of administration (Bruce et al., 2009;
Larance et al., 2011, 2014; Lee, 2006; Vicknasingam et al., 2010). Data from these studies
indicate that participants may be able to minimize the aversive consequences of IV use
through repeated sequential administration of smaller doses (see Yokell et al., 2011 for a
review). These data suggest that Bup/Nx formulations with lower absolute Nx content may
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better lend themselves to this type of diversion. Thus, the purpose of the present study was
to assess the reinforcing and subjective effects of various doses of Bup and corresponding
doses of Bup/Nx, maintaining the 4/1 ratio.

2. Methods

2.1. Participant selection

Participants were recruited from the New York City metropolitan area through print media
advertisements. Screening consisted of; assessments of drug use, general health, and medical
history, and laboratory tests (hematology, blood chemistry, and urinalysis). Participants were
required to be physically and mentally healthy heroin users between the ages of 21 and

55 years, with previous 1V opioid use. All participants were required to meet DSM-5

criteria for opioid use disorder and be physiologically dependent upon opioids. Potential
participants were excluded from the study if they were seeking treatment for their drug use,
physiologically dependent on alcohol or illicit drugs (other than opioids), or had a severe
Axis | psychiatric diagnosis (other than opioid, nicotine or caffeine use disorder).

2.2. Design

Participants resided on a locked inpatient unit during the study. During the first 5-7 days
after admission, participants were stabilized on oral hydromorphone (HYD) 40 mg/day (10
mg, QID). HYD maintenance was chosen in an effort to model the parameters of a previous
investigation demonstrating the utility of the combined Bup/Nx formulations (Stoller et al.,
2001). These parameters are also an attempt to model how Bup and Bup/Nx diversion may
occur among heroin users. HYD dosing occurred at: 0700 h, 1100 h, 1700 h, and 2100 h on
days during which laboratory test sessions did not occur and at: 0700 h, 1315 h, 1700h, and
2100 h on test days.

The 1V challenge opioids for this study included doses of Bup alone (1.51, 2.16, 6.15 and
8.64 mg), corresponding doses of Bup/Nx in an ~4/1 ratio (1.51/0.44, 2.16/0.61, 6.15/1.71,
8.64/2.44 mq), and neutral, positive, and negative controls [placebo (2 ml saline), heroin

(25 mg), Nx (0.3 mg), respectively]. This study attempted to model the dosages of two
commercially available sublingual buprenorphine products, Suboxone and Zubsolv. The
labeled dosage strength of the two products is based on the weight of Bup and Nx free base.
In order to avoid potential adverse effects associated with IV administration of the excipients
in the commercial products, the active pharmaceutical ingredients (API) of buprenorphine
and naloxone were used in the present study. Therefore, in order to calculate the amounts

of the API for IV dosing of buprenorphine and naloxone in the current study, we used the
following base-to-salt conversion: buprenorphine = 504.1 [hydrochloride (HCL) molecular
(Mol) weight (Wt)]/467.6 (Base Mol Wt), Nx = 399.9 (HCI dihydrate Mol Wt)/327.4 (Base
Mol Wt). This conversion resulted in the following dose transformations: Zubsolv: 1.4/0.36,
5.7/1.4, (API: 1.51/0.44, 6.15/1.71) and Suboxone: 2/0.5, 8/2 mg (API: 2.16/0.61, 8.64/2.44
mg). This procedure allowed us to make an accurate comparison between the two products
via the intravenous route (Fischer et al., 2013). The order of dosing of all 1V challenge drugs
was randomized, and doses were administered under double-blind conditions.
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2.3. Sample and choice self-administration procedure

Testing consisted of two types of laboratory sessions: sample and choice. Sample and
choice sessions for each IV challenge dose were completed on sequential days, with at

least 24 h between different challenge doses. At approximately 0900 h, participants were
brought to the laboratory to complete a sample session. Forty minutes (min) prior to

drug administration, physiological monitoring began. At approximately 1000 h, participants
received full doses of the 1V test drug and money (U.S. $20). Over the course of the

next 180 min, participants completed physiological, subjective and performance measures
outlined in Table 1.

During the choice session participants completed a self-administration task to receive
portions of the dose of drug or money they had sampled the previous day (0—100%, in
increments of 10%). Participants could work for all or part of the sampled IV dose or
money by choosing the drug or money option that were concurrently available at each

trial. Thus, if the dose for that day was 20 mg, at each opportunity participants could
respond for 2 mg (10% of 20 mg) or $2 (10% of $20). After a choice was made for one
option, participants completed the operant task (finger presses on a computer mouse), which
increased independently for each option on the following scale: 50, 100, 200, 400, 800,
1200, 1600, 2000, 2400, and 2800. The primary dependent variable in this choice procedure
is the ‘break point (BP),” at which responding for the reinforcer stops. At the end of the
self-administration task (approximately 1600 h), the participant received whatever (s)he had
chosen. Money was added to their study payment, and the IV drug was administered by a
study physician.

2.4. Tasks and measures

Subjective Effects: Three questionnaires were used to assess subjective drug effects and
opioid withdrawal symptoms. A visual analog scale (VAS) was used to assess subjective and
physiological drug effects such as | feel a “Good Effect” and “High”. Participants rated each
item on the scale from “Not at all’ (0 mm) to ‘Extremely’ (100 mm). In addition, a 5-item
drug effects questionnaire (DEQ) was used to measure drug effects (strength of drug effects,
good effects, bad effects, willingness to take the drug again, and drug liking) on a scale of

0 (“‘No Effect’) to 4 (“Very Strong Effect’), or -4 (‘Dislike Very Much’) to 4 (‘Like Very
Much’). The Subjective Opioid Withdrawal Scale (SOWS) was used to identify the severity
of opioid withdrawal symptoms (Handelsman et al., 1987).

Physiological Measures: Miosis was assessed as a physiological indicator of g agonist
effects using a NeurOptics™ Pupillometer under ambient lighting conditions. For safety, a
pulse oximeter continuously monitored oxygen saturation (%Sp0O2) during sessions, while
respiration (breaths per minute), heart rate, and blood pressure (systolic and diastolic) were
measured every 5 min. For the sake of brevity, safety measures were omitted from the
manuscript.

2.5. Drugs

Buprenorphine HCI powder and Nx HCI powder for IV administration were provided by
INDIVIOR PLC (Richmond, VVA), and heroin HCI powder was obtained from Macfarlan
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Smith Limited (Edinburgh, Scotland, UK). Hydromorphone HCI tablets, manufactured by

Mallinckrodt Inc., (Hazelwood, MO), were purchased. A constant volume of 1 ml solution
was administered at each 1V dosing in order to maintain the blind. All drugs were prepared
by the New York State Psychiatric Institute Pharmacy.

2.6. Statistical analyses

In response to growing concerns about the flaws of null-hypothesis significance testing, the
investigators chose to utilize an estimation technique based upon the interpretation of effect
size and confidence intervals (CI) rather than pvalues (Cumming, 2014; loannidis, 2005).
These outcomes are thought to be more informative because they indicate the extent of
uncertainty, in addition to providing the best point estimate of the dependent variable under
investigation (Cumming, 2012). This proposed statistical approach focuses on identification
of relatively few dependent variables and comparisons that will answer a predetermined
research question. With respect to interpreting results, this approach encourages effect size
estimates as the main research outcome, and interpretation of Cl lengths and degree of
overlap to indicate precision and degree of difference (i.e., threshold of clinical importance)
between conditions (respectively). In this approach, invoking null-hypothesis significance
testing is avoided, along with reporting of p values.

Because the primary objective of this study is to assess abuse potential, we have selected
drug self-administration, along with subjective measures of positive and negative subjective
effects, as our primary dependent measures. The reinforcing effects of the IV challenge
drugs were assessed using direct mean comparisons, while subjective drug effects were
analyzed as a function of mean peak/trough (maximal/minimal drug effects throughout

the session). Confidence intervals were calculated at 95% of the mean, mean peak, or

mean difference. The placebo (Pbo) control was set as the threshold of clinical importance
for measures of drug self-administration, as is common among clinical self-administration
studies (Jones and Comer, 2013). The clinical importance of positive subjective effects was
assessed in comparison to the participants’ drug of choice, heroin. Measures of aversive
effects were compared to the negative control, Nx, which primarily mediates the abuse
deterrence of the combined Bup + Nx formulation (Preston et al., 1990). Data analyses were
performed using SPSS version 21 (SPSS, 2009) and SuperANOVA (Gagnon et al., 1990).

An a priori power analysis was conducted using G*Power 3.1.7 to ensure that effects on the
primary outcome measures of interest could be suitably detected. Calculations were based
on our study comparing the abuse potential of Bup versus Bup + Nx among Bup-maintained
heroin users (Jones et al., 2015). Using these data, we calculated a Cohen’s d effect size

of 0.86 and a mean standard deviation of 500 points in progressive ratio breakpoint value.
Therefore, we calculated that a total sample size of 12 completers, in this within-subjects
design, would provide 87% power to detect a 433-point difference in progressive ratio
breakpoint.
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3. Results
3.1. Participants

3.2.

Twenty-one participants were enrolled into the study between December, 2013 and October,
2015. Five participants voluntarily withdrew from the study due to: disgruntlement with the
inpatient unit (n = 3), personal issues (n = 1), or inability to tolerate the IV doses (n = 1).
Three participants were removed by the investigators due to: elevated liver function tests (n
= 1), or behavioral issues (n = 2). Complete data sets were obtained from 13 participants
for inclusion in this analysis [(Sex: 12 M, 1F; Race: 4 Caucasian, 4 African-American, 4
Multiracial, 1 Unknown/Unreported; Ethnicity: 4 Hispanic/Latino)]. The mean age of this
sample was 46.9 (£6.1) years.

The majority of completers (n = 11) reported intravenous heroin use as their current route

of choice (2 indicated IN). The mean duration of heroin use was 23.1 years (range: 11.5-35
yrs), and participants used an average of 6.3 bags per day (range: 1-17). Using data from the
U.S. Drug Enforcement Administration (DEA, 2013) concerning the cost of heroin in NYC
($0.99 per mg pure) we estimate that a bag consists of ~10 mg of pure heroin. In addition to
daily heroin use, 13 completers were daily cigarette smokers, 8 were regular cocaine/crack
users (“a few times a week™), 7 were occasional drinkers (“a few times a month” or more
without meeting criteria for dependence). Five were occasional users of benzodiazepines and
4 were occasional marijuana users (“a few times a month”).

Reinforcing effects

In comparison to Pbo, only heroin produced robust self-administration behavior (Fig. 1). All
doses of Bup alone elicited greater self-administration than Pbo, but there was significant
overlap among the Cls of each dose with that of Pbo suggesting that the degree of difference
was negligible. The greatest percentage of drug choices was elicited by the 6.15 mg dose,
followed by the 8.64, 1.51 and 2.16 mg doses. However, the 8.64 mg dose produced the
largest drug breakpoint value, followed by the 6.15, 1.51, and 2.16 mg doses. Table 2
displays the mean difference for each of the categories of outcome variables compared to
their respective controls.

The addition of Nx reduced Bup self-administration to below Pbo levels (Fig. 1).
Comparisons of mean difference between each Bup and its respective Bup + Nx dose are
shown in Table 3. The degree of difference was similar across each of the 4 Bup vs Bup/Nx
comparisons. However, the greatest decrease in drug breakpoint following the addition of
Nx was observed with the 8.64 mg dose (vs 8.64/2.44) followed by the 1.51, 6.15 and 2.16
mg doses. When examined as a function of percentage of drug choices, the greatest decrease
was seen with the 1.51 mg dose (vs 1.51/.44) followed by the 6.15, 8.64, and 2.16 mg doses.

3.3. Positive subjective effects

Mean peak VVAS assessments of “Good,” “Liked the Choice,” “I Would Pay,” and “High”
greatly increased following IV heroin administration (vs Pbo). Similar results were found on
DEQ measures of “Would Take Again,” “Good,” and “Like.” The Bup 6.15 mg and 8.64 mg
doses also elicited robust ratings on these measures, greater than Pbo and often equivalent
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to that of heroin (Fig. 2). The two smaller Bup doses shared more CI overlap with Pbo.
Across these measures, the smallest differences from heroin were consistently observed with
the 6.15 mg dose, followed by the 8.64, 2.16 and 1.51 mg doses (Table 2). The addition of
Nx to these doses reduced ratings on these measures to Pbo levels. Comparisons of mean
differences between each Bup dose and its respective Bup + Nx dose revealed the greatest
degree of differences with the two larger doses. Across the seven measures assessed, the
greatest decrease seen with the addition of naloxone was observed with the 6.15 mg dose (vs
6.15/1.71 mg).

3.4. Aversive subjective effects

As expected, IV Nx produced robust subjective reports of: “Bad” (VAS and DEQ),
“Nauseated,” and opioid withdrawal (SOWS score). All doses of IV Bup alone produced
minimal aversive effects that were significantly less than those produced by Nx (Fig. 3).
Meanwhile, all Bup/Nx doses produced ratings on these measures that were similar to

Nx alone, all showing a similar degree of Cl overlap in mean ratings. On three of the

four measures of aversive subjective effects, the largest differences were observed with the
8.64 vs 8.64/2.44 condition. Comparisons of mean differences between each Bup and its
respective Bup/Nx dose revealed minimal differences among the doses.

3.5. Time course of subjective effects

Shown in Fig. 4 are the time to onset and dissipation of “Good” and “Bad” effects for

the highest dose of IV Bup and Bup/Nx throughout the 3-h session (control drugs and
lower doses of Bup and Bup/Nx were not included to simplify the figures). Typically, the
positive subjective effects of IV Bup alone reached peak levels within 15 min following
administration. Ratings remained elevated (vs baseline), for approximately one hour, with
dose-dependent dissipation of drug effects. The two lower Bup/Nx doses typically showed
minimal increases in positive subjective effects (typically < 10 mm). The two larger
Bup/Nx doses only began to increase positive ratings 45 min post administration. For

Bup alone, ratings of “Bad” effects were typically minimal throughout the session. For
Bup/Nx combinations, aversive effects peaked within 5 min post administration and began to
decrease within 10 min, but remained elevated for 45—-60 min after administration.

4. Discussion

This study examined the abuse liability of various doses of intravenous Bup and Nx

at an ~4/1 ratio. Specifically, we examined whether reinforcing, positive and negative
subjective effects would vary if the amount of Bup and Nx differed while the ratio remained
unchanged. Only the positive control of IV heroin acted as a robust reinforcer. All four

doses of Bup alone (1.51, 2.16, 6.15, and 8.64) were self-administered more than Pbo, but
these differences were not statistically significant. The addition of Nx led to almost complete
attenuation of self-administration. When the investigators examined the degree of difference
between Bup and its respective Bup/Nx dose, only modest differences were found.

Although Bup on its own was self-administered only slightly more than Pbo, the two larger
doses did often produce reports of positive subjective effects that were significantly greater

Drug Alcohol Depend. Author manuscript; available in PMC 2023 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 8

than Pbo, comparable to those seen with IV heroin. Of all the Bup doses, the 6.15 mg

Bup dose appeared to produce the most consistent positive subjective effects (across the
most measures), though the degree of difference between the 6.15 and 8.64 doses was
minimal. These data suggest that the positive subjective effects of Bup plateau, supporting
several other clinical studies reporting a ceiling effect to Bup’s [ agonist effects (Jasinski
et al., 1978; Jones et al., 2015; Walsh et al., 1994; Umbricht et al., 2004). When Bup was
combined with NXx, these effects returned to Pbo levels. The degree of difference between
each Bup dose and its respective Bup + Nx dose was typically much greater for the two
largest Bup doses. However, with the minimal positive subjective effects evoked by the two
smallest doses, we may be observing a floor effect with respect to the attenuating actions of
NX.

The aversive effects of Bup alone were minimal, while each of the Bup/Nx combinations
produced aversive effects comparable to Nx. Across the various measures of aversive
subjective effects, the degree of increase in ratings between Bup and Bup/Nx was similar.
Increases in subjective reports of “Bad” drug effect and measures of opioid withdrawal
replicate previous studies in which parenteral Bup/Nx was administered to opioid-dependent
populations (Doyon, 2004; Medelson et al., 1999; Stoller et al., 2001).

Interestingly, although the aversive effects of Bup alone were minimal and peak ratings of
positive subjective effects for the two larger doses were often as robust as those produced by
heroin, the degree of self-administration of these doses appeared more like Pbo than heroin.
Other investigations have shown that under full agonist maintenance, parenteral Bup can
produce notable positive subjective effects (Mendelson et al., 1999; Stoller et al., 2001), but
under these maintenance conditions it is not self-administered (Comer et al., 2008). These
data demonstrate that the reinforcing effects of opioids are not necessarily causally related
only to their euphoric/positive subjective effects, but reflective of the combined positive and
negative subjective components of the drug experience. This highlights the importance of

a comprehensive assessment of subjective effects to understanding motivations behind the
abuse liability of a drug (Lamb et al., 1991).

The time course of drug effects revealed that the positive subjective effects of IV Bup
alone were relatively rapid and long lasting. With the addition of Nx, these initial positive
effects appeared to be blunted in a dose-dependent manner, until Nx dissipated. Similarly,
the aversive effects associated with Bup/Nx administration had a rapid onset, but began to
decrease after approximately 45 min in a dose-dependent manner. These data suggest that
the abuse deterrence of the combined formulation is attributable to both direct antagonism
of Bup’s positive subjective effects by Nx and Nx-precipitated withdrawal symptoms. The
time course of drug effects also suggests that both of these effects are more robust with
larger absolute amounts of Nx. Therefore, combined Bup + Nx formulations with a greater
absolute amount of Nx may be better at deterring IV, IN and IM abuse. This conclusion is
additionally supported by the data indicating that Bup’s positive subjective effects plateau,
possibly making formulations with lower Nx amounts more appealing to those with the
intention to use in a nonmedical manner (for a review see Walsh and Eissenberg, 2003).
As Nx has a significantly shorter half-life than Bup, sequential parenteral administration
of smaller Bup/Nx doses may allow users to somewhat avoid Nx-precipitated withdrawal
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while the rewarding effects of the Bup increase. Though no positive subjective effects of
smaller Bup/Nx doses were observed under the current single-administration conditions,
future studies should examine a cumulative effect of multiple doses.

In sum, the addition of a respective ¥ dose of Nx to each of the IV Bup challenge drugs
resulted in almost complete attenuation of reinforcing and positive subjective effects. The
finding of significantly reduced abuse liability of Bup in combination with Nx, affirms

the effectiveness of the abuse-deterrent formulation via the 1V route for all doses tested.
Therefore, in any situation where it is medically suitable, prescribing should strongly favor
formulations with Nx. Bup’s risk of overdose is relatively low, even when administered
through nonmedical routes. Nonetheless, administration as directed remains a significant
deterrent against the transmission of HIV and HCV (Alter, 2002; Sullivan and Fiellin, 2005).
In the current study, the two larger IV Bup doses tested appeared to have greater potential
for abuse, though previous studies suggest that effects such as this will plateau (Walsh et al.,
1994; Umbricht et al., 2004). Concerning direct comparison of the relative effectiveness of
Bup + Nx, larger absolute amounts of Nx may be a more effective deterrent to parenteral
routes of use, as they appear to precipitate more severe withdrawal. However, this assertion
is complicated by Bup’s unique receptor pharmacology and how its time course of effects
interact with Nx.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mean (£95% CI) progressive ratio drug breakpoint and% of drug (vs money) choices.
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Table 1

Sample Session Events.
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150
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Physiological monitoring (oxygen saturation, blood pressure), Pupil Diameter, Cognitive Effects, Subjective Effects, Withdrawal
Sample IV drug and $20

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Cognitive Effect, Subjective Effects, Withdrawal
Pupil Diameter, Subjective Effects, Withdrawal

Pupil Diameter, Subjective Effects, Withdrawal
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