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ARTICLE
Within-subject, double-blinded, randomized, and placebo-

controlled evaluation of the combined effects of the
cannabinoid dronabinol and the opioid hydromorphone in a
human laboratory pain model

Kelly E. Dunn', Cecilia L. Bergeria', Andrew S. Huhn', Traci J. Speed’, Chung Jung Mun’, Ryan Vandrey' and Claudia M. Campbell'

This Phase Il study evaluated analgesia, abuse liability, and cognitive performance of hydromorphone and oral delta-9-
tetrahydrocannabinol (THC; dronabinol) using a within-subject, double-blind, randomized, placebo-controlled, human laboratory
trial. Healthy adults (N = 29) with no history of drug use disorder received combinations of placebo, hydromorphone (4 mg; oral), and
dronabinol (2.5 mg, 5.0 mg, 10 mg; oral). Primary outcomes were quantitative sensory testing (QST) measures of acute (thermal,
pressure pain; thermal, punctate probe temporal summation; cold pressor; conditioned pain modulation) and chronic pain (capsaicin
10% topical cream with thermal rekindling), measures of drug abuse liability, cognitive functioning, and adverse events. Subgroup
analyses were conducted within opioid-responders (endorsed >20 on a Drug Effect visual analog scale during the hydromorphone-
only condition) and nonresponders. A consistent dose-effect relationship of dronabinol on hydromorphone across all measures was
not observed. Analgesia only improved in the hydromorphone + dronabinol 2.5 mg condition. Hydromorphone + dronabinol 2.5 mg
showed the lowest and hydromorphone+dronabinol 5 mg showed the highest risk for abuse. Hydromorphone-+dronabinol 10 mg
produced a high rate of dysphoric effects, and hydromorphone-+dronabinol 5 mg and hydromorphone + dronabinol 10 mg
produced AEs. Subgroup analyses showed subjective effects and abuse risk was increased among opioid responders and largely
absent among nonresponders. Overall, only hydromorphone+dronabinol 2.5 mg modestly enhanced hydromorphone-based
analgesia and hydromorphone + dronabinol 5 mg and 10 mg increased risk for abuse and AEs. These data can help inform opioid-
sparing efforts in clinical pain populations. Demonstration that potential opioid effects varied as a function of participant opioid

sensitivity (e.g., responder status) is a novel finding that warrants additional research.
Neuropsychopharmacology (2021) 46:1451-1459; https://doi.org/10.1038/s41386-021-01007-4

INTRODUCTION

Opioid use disorder (OUD) is a significant public health problem
that is reducing the average life expectancy in the United States.
[1, 2] Taking high doses of opioids increases risk for OUD [3-5],
and there is interest in identifying medications that can be co-
administered with low-dose opioids to produce acceptable levels
of analgesia while reducing OUD risk [6-9].

The opioid-sparing properties of cannabinoids were first
acknowledged in 1889 [10], and are evident within preclinical
studies that report high potency cannabinoids produce robust
and meaningful shifts in opioid-induced analgesia [11, 12]. Patient
surveys [13-16] and epidemiological evidence reports that
reductions in opioid-reliance and consequences following medic-
inal cannabis exposure [17, 18] suggested these preclinical
outcomes might generalize into human clinical samples, and this
collective information was the basis upon which several states
added OUD as a qualifying condition for medicinal cannabis
prescribing [19].

Such legislative approvals are likely premature; human empirical
evaluation of cannabis for opioid-sparing is sparse and the ability
to generalize from preclinical studies is tenuous since the
cannabinoids examined have potencies that can cause psychiatric

adverse events in humans [20, 21]. More recent epidemiological
reports partially refute earlier studies by suggesting that
cannabinoid access does not improve opioid-related morbidity
and mortality [22] and empirical examinations of opioid-cannabis
interactions in humans have found that oral delta-9-
tetrahydrocannabinol (THC; dronabinol) reduced rather than
improved analgesia from oxycodone and morphine and also
showed increased risk for abuse [23-25]. Smoked cannabis has
been shown to enhance oxycodone-based analgesia but may also
have increased risk for abuse [26].

These prior empirical evaluations have focused on acute rather
than chronic pain models, despite evidence that cannabinoids may
be most efficacious for centralized pain conditions [27]. They also
did not account for whether participants were able to discriminate
between an opioid and placebo, a recognized concern for opioid
administration studies [28]. The current Phase Il randomized,
controlled, within-subject clinical trial (NCT02901275) extends prior
research by examining whether dronabinol enhanced the effects
of a low dose of hydromorphone. Hydromorphone was selected
because it is less impacted by P450 enzymes than other opioids,
which reduces the likelihood that individual participant outcomes
will be differentially impacted by variability in metabolic status [29].
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Although oral hydromorphone dosing has not been directly
compared to heroin exposure, direct comparisons of intravenous
and subcutaneously-delivered hydromorphone and heroin have
confirmed similarity in effects between the two drugs that support
the use of hydromorphone as a laboratory surrogate for heroin
[30, 31]. Primary outcomes were measures of acute and chronic
pain as assessed using quantitative sensory testing (QST),
standardized measures of abuse liability, and cognitive perfor-
mance evaluated within the entire sample and as a function of
opioid sensitivity.

METHODS

Participants

Healthy individuals were enrolled between 02/2017 and 03/2020.
Full eligibility criteria and a CONSORT flowchart are provided in
supplemental materials. The study was approved by the Johns
Hopkins University School of Medicine Institutional Review Board
and all participants provided informed consent to participate. The
trial was registered on clinicaltrials.gov as NCT02901275.

Study design

Eligibility was established via self-report and semi-structured
observer measures, blood and urine samples that tested for recent
exposure to substances (i.e., opioids, buprenorphine, methadone,
amphetamine, benzodiazepines, cocaine, and THC), pregnancy,
and medical eligibility, breath samples to check for recent alcohol
exposure, and an ECG with a history and physical. To ensure
rigorous blinding and reduce bias in responses, neither participants
nor research staff were informed about the specific medications
under investigation [32].

Study sessions

Participants completed five outpatient laboratory sessions sched-
uled a minimum 7 days apart. Sessions began around 08:00 and
lasted 8 h. Transportation to and from the session was provided by
the study. Breath alcohol and urine toxicology testing were used
to verify participants had not recently used alcohol or illicit drugs
and were not pregnant, and a standardized breakfast was
provided. Baseline ratings for all study measures were collected,
study drugs were co-administered at 10:00, and study assessments
were obtained repeatedly for 6 h post-dosing.

Study measures

QST measures. Laboratory models of acute and chronic pain were
used to assess analgesia [33]. A QST assessment was conducted
during screening to familiarize participants with the process and
during sessions at baseline and each hour post-drug administra-
tion for 4 h. Upper limits were imposed for all tests to ensure safety
and participant discontinuation of tests was operationalized as
pain tolerance. Acute measures included thermal and pressure
pain, temporal summation of pain using thermal and punctate
probe stimuli, cold pressor testing, and conditioned pain modula-
tion (CPM) [34-36]. Capsaicin (10% topical cream) was used to
model chronic pain by rekindling the treated area with a thermal
stimulus at each assessment [34, 36-41]. A full description of QST
methods is provided as Supplementary Material.

Acute pain outcomes. Threshold response primary outcomes
were detection limit and tolerance for thermal (heat pain threshold
[HPTh] and tolerance [HPTo]) and pressure pain (threshold; PPTh).
Thermal temporal summation (TTS) was the change of pain ratings
from the first heat stimulus and the maximum pain rating after a
train of thermal stimuli. Mechanical temporal summation (MTS)
was the peak pain following a 10-stimuli train divided by pain from
a single stimulus. Cold pressor pain was evaluated using time to
first pain (threshold) and time to hand withdrawal (tolerance)
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following hand immersion in a cold-water bath (5°C). CPM was
evaluated by repeating the cold pressor task for 20s before
delivering concurrent pressure pain or mechanical temporal
summation tasks in random order, after which initial PPTh and
peak pain during MTS, respectively, were subtracted from the value
collected following single cold pressor hand immersion.

Chronic pain outcomes. Chronic pain primary outcomes were
HPTh and MTS following initial 30-min exposure of capsaicin 10%
topical cream and rekindling the capsaicin-affected area using a
thermal stimulus at each assessment.

Global QST outcomes. Three Z-score standardized global QST
outcomes were derived from the full QST testing battery. For
Central Sensitization (the average of MTS, TTS, CPM, and after-
sensation Z-scores) and General Sensitivity (the average of PPTh,
HPTh, HPTo, and time to cold pressor latency), higher values
represent greater sensitization/sensitivity. Nociceptive profile was
derived from temporal summation and CPM, with negative and
positive values denoting antinociception and pronociceptive
properties, respectively.

Participant-reported effects. Consistent with FDA guidance [42],
participant drug effect ratings were collected at baseline and each
hour post-dose for 6-h using the following visual analog scales
(VAS; 0-100): Drug Effect, Good Effect, Bad Effect, High, Like the
Way | Feel, and Nausea. Primary outcomes were peak ratings post-
dose per session.

Measures of abuse liability. Abuse liability was operationalized as
a post-drug rating of =60 on the VAS scale “High” [42]. Participants
also reported whether they enjoyed study medications, the
monetary amount they would pay for this medication, and the
likelihood they would take the medication again (0 “not at all” to 5
“extremely”).

Cognitive performance. Cognitive performance was assessed
using three tasks [43-45]. The Digit Symbol Substitution Task is
a measure of psychomotor ability in which participants used a
keypad to replicate observed patterns on a computer screen; the
primary outcome was proportion correct. The Paced Serial
Addition Task is a measure of working memory in which
participants add sequentially presented integers together in rapid
sequence; the primary outcomes were mean reaction time and
percent correct. A circular light test of fine motor movement
required participants to repeat visual patterns displayed on a
board for a 60-s period; the primary outcome was maximum
correct number correct.

Adverse events. Adverse events (AEs) were prompted throughout
the session by asking participants at every data collection time
point whether they were experiencing any side effects of the
study medications. Any reported event was documented and
classified according to severity (i.e., mild, moderate, severe) and
relatedness (i.e., unrelated, possibly, probably, definitely). A
change in severity was documented as a new AE. Primary
outcomes were the total number of AEs, number of AEs (collapsed
across possible, probable, and definite relation) rated as mild,
moderate, or severe, and the percent of participants who
experienced =1 AE during a session.

Study medications

Study medications were oral hydromorphone (4mg, Sky
Pharma), dronabinol (2.5 mg, 5 mg, 10 mg; Akorn), and placebo.
Medications were over-encapsulated using size 00 gelcaps
to blind dose condition to participants and staff. To model
real-world settings, doses were not adjusted for weight and
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medications were consumed at the same time. The study
included two control conditions: placebo-+placebo (placebo)
and hydromorphone 4 mg+ placebo (hydromorphone +
placebo), and three experimental conditions: hydromorphone
4 mg + dronabinol 2.5 mg, hydromorphone 4 mg + dronabinol
5mg, and hydromorphone 4 mg + dronabinol 10 mg. All doses
were selected because they were within the range approved by
the FDA for prescribing and could therefore be prescribed
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clinically. Lower doses were also considered preferable for both
tolerability and to avoid ceiling effects that might obscure
evidence of drug interactions. Hydromorphone 4mg was
observed in a parallel (unpublished) trial to produce a low level
of analgesia on an identical battery of QST tasks and was well-
tolerated by most participants. Dronabinol doses were selected
to be linear, starting with the lowest prescribable dose (2.5 mg)
and based upon prior experience from our group that a 20 mg

Table 1. Primary outcomes among full sample (N = 29).
Placebo Hydromorphone 4 mg P value
(partial eta?)
Dronabinol Dronabinol Dronabinol Dronabinol
0mg 2.5mg 5mg 10 mg
Mean/% SD Mean/% SD Mean/%  SD Mean/% SD Mean/% SD
Quantitative Sensory Testing
Acute Pain Model
Pressure Pain, threshold (0-1200) 586.2 2569 637.2 256.8 630.9 250.3 673.0 2423 652.0 227.0 NS
Thermal Pain
Threshold 44.7 3.1 44,0° 26 45.6° 1.9 444 3.0 45.0 3.2 0.029 (0.04)
Tolerance 48.5 1.2 48.12 1.2 48.9° 1.1 48.5 1.5 48.8 1.4 0.02 (0.05)
Temporal Summation
Mechanical 6.8 12.8 55 8.2 6.8 11.3 5.9 7.7 54 76 NS
Thermal 11.9 15.0 17.4% 17.9 9.9 10.0 11.3 10.8 8.4° 8.5 0.026 (0.05)
Cold Pressor
Threshold (time in seconds) 16.0 14.5 14.5 9.9 15.9 17.0 18.8 27.7 14.0 109 NS
Threshold severity rating (0-100) 55.3° 22.0 543 19.7 48.7 23.9 48.8 20.2 46.0° 17.8 0.02 (0.05)
Tolerance (time in seconds) 84.5 99.3 87.0 96.7 85.0 95.8 99.2 107.3 86.0 87.8 NS
Chronic Pain Model
Capsaicin, Heat-Pain Threshold 44.2 34 433 35 44.4 2.7 444 3.1 44.2 31 NS
Capsaicin, MTS 4.5 6.3 5.57 6.6 5.1 4.5 10.8 19.6 8.2° 186 NS
Conditioned Pain Modulation
MTS 14,72 26.4 111 15.0 20.4° 23.1 18.3 26.8 16.7 263 NS
Pressure Pain Threshold, peak difference 155.7 135.3 153.2 146.0 145.1 126.9 150.3 125.0 114.0 127.8 NS
Global Measures
Central Sensitization (z-score) 0.14 042 0.322 0.49 0.10*" 0.36 0.19 0.48 0.28 0.71 0.03 (0.05)
General Sensitivity (z-score) 0.39 0.65 0.52 0.73 0.48° 1.86 0.21 0.86 0.27 0.71 NS
Nociceptive Profile (z-score) —0.34 1.42 0.14 1.30 0.55 1.40 0.07 1.25 0.28 141 NS
Participant Ratings (0-100)
Drug Effects 12.9° 215 39.2° 27.4 47.6° 322 503° 345 49.1° 343  <0.0001 (0.30)
Good Effects 8.2° 15.2 22.1 233 33.2P 29.6 28.2° 30.1 19.7 30.2 <0.001 (0.12)
Bad Effects 8.4° 179 13.0° 224 17.4 233 231 274 283> 280  0.001 (0.10)
High 212 60 17.0° 195 23.9° 31.8 305° 309 256° 305  <0.0001 (0.19)
Like the Way | Feel 30.4 33.8 42.0° 25.6 36.5 335 38.4 33.0 26.6° 31.9 0.019 (0.06)
Nausea 0.9° 1.9 8.3 16.1 7.9 16.4 15.8° 225 17.2° 22.7 <0.0001 (0.13)
Abuse Potential Measures
Enjoyed medication (%) 10.3 31.0° 34.5° 41.4° 17.2° <0.0001 (0.23)
Would take medication again (%) 27.6 345 31.0 51.7 241 0.043 (0.04)
260 on “High” rating scale (%) 0 3.4 20.7 20.7 17.2 0.032 (0.21)
Willingness to pay for medication ($) 4.7 18.6 4.1 6.2 3.2 6.7 6.9 8.9 2.6 42 NS
Cognitive Testing
Circular lights, max per minute 486° 106  441° 110 47.1 117 482¢ 103 496° 1090 <0.0001 (0.17)
DSST, proportion correct 0.91 0.92 0.95 0.95 0.92 NS
PASAT, Mean Reaction Time Correct (s) 1207.2 271.0 12140 441.2 1312.7 179.9 1236.4 2789 1256.7 248.50 NS
PASAT, Correct (%) 78 73.3 78.9 79.1 75.5 NS
Outcomes represent mean peak ratings or percent participants for each condition (N =29).
Hydro hydromorphone, SD standard deviation, TTS thermal temporal summation, MMT mechanical temporal summation, DSST Digit Symbol Substitution Task,
PASAT Paced Auditory Serial Addiction Task.
Subscripts denote significant differences in posthoc comparisons. Differences exist between a and b, c and d.
Partial eta’ effect sizes provided for significant results: small (0.01), medium (0.06), large (0.14).
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dronabinol dose produced a high rate of AEs in persons with no
recent history of THC exposure. The first drug session was always
the hydromorphone+placebo condition to ensure participants
safely tolerated hydromorphone before receiving the combina-
tion. Participants (N=5) who experienced elevated negative
opioid agonist signs (e.g., vomiting) during this session were
discontinued from the study; only study completers are reported
here. Thereafter, session order was randomized by a research
pharmacist who had no participant interaction using a random
number sequence, with the exception that no sequences
scheduled hydromorphone + dronabinol 10 mg first.

Data analyses

The study hypothesis was that combining dronabinol with
hydromorphone would dose-dependently increase analgesia on
measures of acute and chronic pain while also increasing abuse
liability and/or cognitive impairment relative to both placebo and
hydromorphone + placebo conditions. A power analysis based
upon a prior evaluation of oxycodone + smoked cannabis effects
on cold pressor tolerance and threshold tests [26] determined a
sample size of 15 would be sufficient to detect large effects
(Cohen's d=1.154) of drug condition. A sample of N=30 was
planned to support subgroup comparisons though due to human
subjects restrictions, the study closed at the onset of the COVID-19
pandemic with a final enrollment of N = 29.

Demographic variables are presented descriptively below and
in Supplementary Table 1. Primary outcomes were evaluated
using mixed-effects models for continuous variables and general-
ized estimating equations for dichotomous outcomes. Partial eta
square (n?) was derived for all outcomes to identify small (0.01),
medium (0.06), and large (0.14) effect sizes and Tukey test post-
hoc comparisons were conducted. Analyses were next replicated
with (1) data converted to a change from baseline and (2) body
mass index (BMI) as a covariate; in both cases, results did not
meaningfully change so only primary data are reported. Partici-
pants were then classified as opioid responders or nonresponders.
An opioid responder was defined as having >20-point difference
between baseline and post-drug administration on the Drug
Effects VAS scale during the hydromorphone + placebo session
[46]. Next, analyses were repeated adding responder status as a
covariate, and then sensitivity analyses of main effects were
conducted within the opioid responder and nonresponder
subgroups following the analytic plan described above. All data
were analyzed using SAS version 9.4 with alpha set at 0.05.

RESULTS

Participant demographics

Participants (N = 29) were 52% female, mean (SD) 30.4 (9.2) years
of age, and had a mean BMI of 25.6 (4.8). The sample was 48%
Caucasian, 41% African American, 10% Asian and 7% were of
Hispanic origin. Additional characteristics are presented in
Supplementary Table 1.

QST outcomes

Acute Pain Measures. There was limited evidence of dronabinol
enhancement of hydromorphone on QST measures (Table 1, Fig. 1).
A significant main effect was evident on HPTh (F(4,112)=2.81, p=
0.029, n> =0.05), and HPTo (F(4,112) = 3.03, p = 0.020, n* = 0.05); in
both cases only the hydromorphone+dronabinol 2.5 mg condition
(p's <0.02) increased analgesia greater than hydromorphone-+pla-
cebo (but not placebo + placebo). A main effect on TTS (F(4,112) =
2.87, p=0.026, n*> = 0.05) was evident wherein the hydromorphone
—+dronabinol 10mg condition increased analgesia relative to
placebo + placebo (p=0.018), but not the hydromorphone+pla-
cebo condition. Hydromorphone+dronabinol 10 mg also reduced
the pain rating at time of first pain during the cold pressor
task (F(4,112)=3, p=0021, n*=0.05) significantly more than
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placebo+placebo (p=0.041) but not hydromorpone+placebo,
though actual changes in cold pressor tolerance and threshold were
not significant. No CPM measures showed significant main effects.
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Fig. 1 Quantitative Sensory Testing (QST) Outcomes. Data show
results from thermal threshold (top) and tolerance (middle) test, as
well as Central Sensitization (bottom) global QST measure, as a
function of study condition (x-axis). Medication conditions were
Placebo + Placebo (Plc + Plc), oral hydromorphone 4 mg + placebo
(H + Plc), and hydromorphone 4 mg combined with oral dronabinol
2.5mg (Drb2.5 mg), 5mg (Drb5 mg), and 10 mg (Drb10 mg) doses.
* represents differences p < 0.05 and error bars represent SEM.
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Chronic pain measures. No main effects of peak chronic pain
measures reached significance.

Global measures. A main effect of Central Sensitization
(F(4,112)=2.7, p = 0.034, n*> = 0.05) revealed the hydromorphone+
dronabinol 2.5mg condition (p=0.053) reduced sensitization
when compared to hydromorphone + placebo but not placebo-+
placebo (Fig. 3). Peak Nociceptive Profile and Global Sensitivity
ratings were not significantly different across doses.

Participant ratings

Drug conditions generally produced subjective ratings that were
significantly different from placebo+placebo but not hydromor-
phone + placebo (Table 1, Fig. 2). All active drug conditions
increased ratings of Drug Effects (F(4,112)=16.65, p < 0.001, n’=
0.30) significantly more than placebo + placebo (p’s < 0.001), but
no dronabinol dose increased Drug Effect ratings relative to
hydromorphone + placebo. Ratings for Good Effects (F(4,112) =
586, p<0.001, n*=0.12) were significantly higher than
placebo+placebo in the lower dronabinol dose conditions
(hydromorphone+dronabinol 2.5 mg [p <0.001] and hydromor-
phone-+dronabinol 5mg [p = 0.004]), but not different signifi-
cantly from hydromorphone+placebo. Bad Effect ratings
(F(4,112) =5.14, p<0.001, n*>=0.10) were significantly higher
than placebo+placebo in the hydromorphone+dronabinol 5 mg

Drug Effect

S
< 60
e
Q9
@B 40 -
o))
le)
E
< 20
©
=]
2
> 0 -
AN S S R S
?\0)( Y\* Y\xo«) \,\XOQO "0«)
Bad Effect
~ 50 -
§ E Overall
! | [ Responders
% 40 @ Nonresponders
(tf)“ 30 A
g
< 20 A
C
<
< 10 1
3
2
> 0 4
Q© Q© 0% 5O o0
Q\O" ‘s Y\XO«) ‘3\*0{0 \e\xo‘

Within-subject, double-blinded, randomized, and placebo-controlled...
KE Dunn et al.

condition (p =0.029) and significantly higher placebo + placebo
(p=0.002), hydromorphone+placebo (p=0.001), and hydro-
morphone-+dronabinol 2.5mg (p=0.012) in the hydromor-
phone+dronabinol 10mg condition. Nausea (F(4,112) =
6.47, p<0.001, n>=0.13) was also significantly higher than
placebo+placebo for both the hydromorphone+dronabinol
5mg (p=0.001) and hydromorphone-+dronabinol 10 mg (p <
0.001) conditions, but not the hydromorphone+placebo condi-
tion. The hydromorphone + dronabinol 10 mg condition pro-
duced significantly lower ratings of Like the Way | Feel relative to
hydromorphone+placebo (p=0.022), but not placebo + pla-
cebo. Finally, all active drug conditions produced ratings of High
(F(4,112) =9.36, p<0.0001, n2 =0.19) that were significantly
greater than placebo+placebo (p’s <0.05), though dronabinol
did not increase ratings beyond those observed in the
hydromorphone+placebo condition.

Abuse liability measures

Participants enjoyed study medications more in all active drug
conditions as compared to placebo+placebo (F (4,112) =11.59,
p <0.001; n>=0.23, Table 1, Fig. 3) though dronabinol did not
increase ratings relative to hydromorphone+placebo. Dronabinol
increased the percent of participants rating High =60 when
compared to both placebo+placebo and hydromorphone +
placebo (X*(4) =10.5, p=0.032, n® = 0.21). Participants reported
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Fig. 2 Participant ratings. Data present results of visual analog scale (VAS) 0-100 ratings on Drug Effect (left, upper), Good Effect (right,
upper), Bad Effect (left, lower), and High (right, lower) for the entire sample (black bars) as well as persons categorized as Opioid Responders
(light gray) and Opioid Nonresponders (dark gray). Opioid responders achieved a >20 point difference between baseline and active
drug during the Hydromorphone 4 mg + placebo condition. Medication conditions were Placebo + Placebo (Plc + Plc), oral hydromorphone
4mg + placebo (H + Plc), and hydromorphone 4 mg combined with oral dronabinol 2.5 (Drb2.5 mg), 5mg (Drb5 mg), and 10 (Drb10 mg)

doses. Error bars represent SEM.
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Fig. 3 Measures of abuse liability. Data present percent of
participants rating their feeling of High on a visual analog scale
(VAS) 60 or higher at least once during a session (top), the
percent of participants who reported enjoying their medication
(collapsed across ratings of a little, moderately, quite a bit, and
very much; middle), and percent of participants who indicated
willingness to take the medication combination again (bottom).
Medication conditions were Placebo+Placebo (Plc + Plc), oral
hydromorphone 4 mg + placebo (H + Plc), and hydromorphone
4 mg combined with oral dronabinol 2.5 mg (Drb2.5 mg), 5 mg
(Drb5 mg), and 10 mg (Drb10 mg) doses. * represents differences
p < .05.
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the least interest in taking the hydromorphone-+dronabinol 10 mg
combination again (F (4,112) = 2.56, p = 0.043, n* = 0.04) (Table 1,
Fig. 3). No significant main effect of drug condition was observed
on the amount of money participants were willing to pay for the
drug.

Cognitive testing

A significant main effect was observed for peak accuracy on the
circular lights task (F (4,1122) = 6.82, p < 0.001, n?=0.14). Hydro-
morphone + placebo significantly decreased accuracy as com-
pared to placebo + placebo (p=0.001), and hydromorphone
-+dronabinol 5mg (p =0.004) and hydromorphone + dronabinol
10mg (p <0.001) significantly increased accuracy compared to
hydromorphone+placebo. No differences were observed on other
cognitive performance assessments.

Adverse events (AEs)

AEs were documented in 72 (49.7%) sessions and were experienced
by 21 (72.4%) participants, ranging from 1 to 11 AEs within a single
session. No serious AEs occurred. A significant main effect of drug
condition was observed for the number of AEs rated as mild (F
(4,112) =3.28, p=0.014, n> = 0.06) and moderate (F(4,112) = 3.47,
p=0010, n*=0.06). Hydromorphone + dronabinol 5mg (p=
0.038) and hydromorphone-+dronabinol 10 mg (p=0.010) both
produced significantly more mild AEs than placebo + placebo, but
did not differ significantly from hydromorphone+placebo. Hydro-
morphone+dronabinol 10 mg also produced more moderate AEs
than placebo + placebo (p =0.044), but not hydromorphone +
placebo. The main effect of total AEs (independent of severity) was
significant (F(4,112) = 3.74, p = 0.007, n? = 0.07). Significantly more
AEs occurred during the hydromorphone+dronabinol 5mg (p =
0.015) and hydromorphone+dronabinol 10 mg (p =0.017) condi-
tions relative to the placebo+placebo condition, with no difference
observed relative to hydromorphone+placebo. The percent of
participants experiencing any AE was also significant (X*(4)=10.100,
p=0039, n>=0.20) and revealed that AEs were more likely to
occur in all active drug conditions when compared to placebo+
placebo (p's < 0.01), but that dronabinol did not increase the rate of
AEs relative to hydromorphone+placebo. One participant who did
not complete the study experienced an acute panic attack during
the hydromorphoned-dronabinol 10 mg condition.

Responder analysis

When opioid-responder status was added as a covariate to
statistical tests, subjective rating of High was the only outcome for
which a significant main effect of dose condition remained.
Ratings of High in the hydromorphone+placebo and all hydro-
morphone-+dronabinol conditions were greater than placebo+
placebo. A sensitivity analyses conducted just within the opioid-
responder subsample (N =20; 69%) showed that the hydromor-
phone+placebo condition increased subjective drug effect
ratings, increased abuse liability ratings, and decreased cognitive
performance compared with placebo+placebo, but that the
addition of dronabinol to hydromorphone did produce results
that differed significantly from hydromorphone+placebo (Table 2,
Fig. 3). However, responders did not consistently show greater
analgesic efficacy across QST assessments. Greater analgesia was
observed on the cold pressor (p =0.002, N =0.13) and TTS (p =
0.024, n*>=0.07) outcomes in the hydromorphone+placebo
and hydromorphone+dronabinol conditions compared with
placebo+placebo, but no additive effect of hydromorphone+
dronabinol combination was observed. No other QST measures
differed by dose condition in the responder group. A sensitivity
analysis within the nonresponder sample (N=19; 31%) showed
that subjective Drug Effects (p = 0.05, n° = 0.13) were significantly
greater than placebo+placebo in all active drug conditions, but
only the highest (10 mg) dose of dronabinol increased abuse
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Table 2. Responder analyses.
Placebo Hydromorphone 4 mg P value
(partial eta?)
Dronabinol Dronabinol Dronabinol Dronabinol
0mg 2.5mg 5mg 10 mg
Mean/% SD Mean/% SD Mean/% SD Mean/% SD Mean/% SD
Opioid Responders (n = 20)
Participant Ratings (0-100)
Drug Effects 10.0° 10.1 51.1° 229 557° 294 557° 293 56.9° 31.7 <0.001 (0.45)
Good Effects 8.1° 79 232 124 35.1° 207 27.2° 199 220 22.7  0.001 (0.14)
Bad Effects 5.4° 6.5 17.2 173 195 164 27.° 194 314° 20.8 <0.001 (0.16)
High 2.9° 36 213° 127 306° 214 373® 231 303° 228 <0.001 (0.25)
Like the Way | Feel 326 29.9 45.7° 240 376 26.1 354 266 26.8° 25.8  0.05 (0.06)
Nausea 0.9° 09 105 94 81 79 16.7° 130 17.5° 155 0.004 (0.11)
Abuse Potential Measures
Enjoyed medication (%) 10.0° 35.0° 35.0° 40.0° 20.0° <0.0001 (0.27)
Willingness to pay for medication ($) 0.01? 27 34 48 35 76 6.9° 83 29 4.6 0.009 (0.11)
Cognitive Testing
Circular lights, max per minute 48.6° 103 442 100 472 114 476 88 50.1¢ 102 <0.001 (0.17)
PASAT, Correct (%) 79.2% 72.3°¢ 79.2¢ 80.0 80.0 0.026 (0.07)
Opioid Nonresponders (n = 8)
Participant Ratings (0-100)
Drug Effects 19.2 26.8 12.9° 18.6 29.3 286 384° 29.7 319 284  0.047 (0.02)
Good Effects 8.6 170 19.7 306 29.0 33.7 304 376 147 260 NS
Bad Effects 15.0 262 37 53 129 16.2 143 15.8 217 298 NS
High 0.1 03 77 164 9.0 235 156 23,5 150 294 NS
Like the Way | Feel 254 359 338 35.1 34.1 376 452 36.5 26.2 298 NS
Nausea 0.9 23 33 6.7 66 73 137 202 164 18 NS
Abuse Potential Measures
Enjoyed medication (%) 7.7° 20.0 42.8 50.0 33.3° 0.033 (0.15)
Willingness to pay for medication ($) 12.8 329 57 87 27 44 6.8 96 1.8 32 NS
Cognitive Testing
Circular lights, max per minute 48.6 1.1  44.0° 13.9 4741 129 49.7° 136 483 133 0.048 (0.13)
PASAT, Correct (%) 75.6 75.6 78.1 78.1 66.3 NS
Opioid responder defined as >20 point difference on Drug Effects visual analog scale between baseline and post-dose during hydromorphone 4 mg +
placebo condition. 1 participant omitted from responder analysis due to elevated ratings (>50) at baseline. Only significant outcomes are shown.
Hydro hydromorphone, SD standard deviation, PASAT Paced Auditory Serial Addiction Task, sec second.
Subscripts denote significant differences in posthoc comparisons. Differences exist between a and b, c and d.
Partial eta’ effect sizes provided for significant results: small (0.01), medium (0.06), large (0.14).

liability (“Enjoyed Medication”) compared with placebo+placebo
(F(4,32) =299, p=0.03, n*>=0.15). Heat pain threshold [HPTh]
(F(4,32)=3.1, p=0.03, n*=0.16) increased in the hydromor-
phone-+placebo and hydromorphone-+dronabinol dose condi-
tions compared with placebo+placebo among opioid non-
responders; an effect not observed in the total study sample.

DISCUSSION

This study used a human laboratory model to assess changes in
analgesic, abuse liability, and cognitive performance when
hydromorphone was co-administered with dronabinol as com-
pared with hydromorphone+placebo or placebo+placebo. This
controlled, within-subject trial provided a rigorous method for
assessing opioid—cannabinoid interactions using a small sample
size that was not impacted by differences in participant pain profile
or severity, or lifetime history and/or current use of opioid or other
medications for analgesia. Thus, this design provided an opportu-
nity to assess for a positive signal of dronabinol on opioid-sparing
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potential before moving to a large-scale trial within a clinical pain
population.

As expected, a low dose of hydromorphone (4 mg) alone did
not produce strong effects on QST outcomes when compared
with placebo. The addition of dronabinol to hydromorphone
increased analgesia on some QST methods, but the magnitude of
the increase was modest and a clear dose-dependent increase in
the strength of the effect was not observed. Rather, the smallest
(2.5 mg) dronabinol dose showed the largest signal for increasing
hydromorphone analgesic efficacy and the highest (10 mg)
dronabinol dose produced a hyperalgesic effect wherein pain
sensitivity increased on some QST outcomes. This pattern of
dronabinol increasing opioid analgesic efficacy at low doses and
increasing pain sensitivity at high doses has been observed in
prior studies [25, 26]. The combined hydromorphone and
dronabinol conditions (particularly 5 mg and 10 mg of dronabinol)
also showed greater evidence of potential for abuse and greater
impairment on one cognitive task relative to placebo, while also
producing significantly more AEs. Together these data suggest
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that dronabinol may enhance the analgesic effects of a low dose of
hydromorphone, indicative of possible opioid-sparing effects, but
that this effect only occurs within a narrow dose range beyond
which hyperalgesia, increased risk for AEs, and abuse liability are
more likely to occur.

An analysis within participants categorized as “opioid-respon-
ders” (e.g., persons who subjectively reported discriminative drug
effects during the hydromorphone-placebo condition) revealed
that while dronabinol did not dose-dependently change their
response to hydromorphone, they did experience overall greater
subjective drug effects, showed more evidence of liking the study
medication and willingness to pay for the study medication, and
evidenced greater cognitive impairment than what was observed
among the overall sample. In contrast, a parallel analysis within
opioid nonresponders found that drug-based differences in
participant self-reports that had been apparent in the larger
sample were no longer significant and that abuse liability was only
evident at the highest dronabinol dose. Though it remains
possible that the sample was not sufficiently powered to detect
an effect, these data might provide initial evidence that
dronabinol enhancement of opioid effects and associated risks
for abuse could vary depending on whether the individual is
sensitive to a given opioid dose. This may partially explain the
inconsistency that exists between patient reports of the opioid-
sparing potential of THC and empirical research. Although this is
the first opioid-cannabinoid administration study to examine the
contribution of opioid responder status on outcomes, these results
are consistent with prior laboratory evaluations that have found
pronounced and clinically-meaningful individual differences in
response to hydromorphone, heroin, and oxycodone [31, 46]. The
fact that effects were observed within subjective reports, abuse
liability, and cognition, but not analgesia, suggests that opioid
sensitivity may have multiple physiological and/or pharmacologi-
cal mechanisms. Additional research that examines the degree to
which being an opioid responder impacts analgesic efficacy and/
or the opioid-sparing properties of candidate medications is
warranted.

This study is limited by lack of additional hydromorphone doses
to examine interactions, examination of non-oral THC, and lack of
self-administration to directly assess drug reinforcement. This
study also did not examine cannabis, which has additional
chemical constituents that may change its impact on opioids in
ways we do not understand. Study results are further limited by
the fact that we relied on experimental models of clinical pain
conditions, rather than studying patients with clinical pain.
However, the models used here have been shown to be predictive
of analgesia in chronic pain populations in prior studies, and the
use of experimental pain methods eliminates time-dependent
variance in pain severity in patient populations. The need to
standardize the hydromorphone+placebo condition as the first
drug exposure session to establish safety may also have
introduced an order effect, though this was minimized by the
administration of QST prior to the first session and evidence that
QST measures are robust and not significantly impacted by
practice effects [47-49]. In addition, the doses examined here
were selected for safety and to be consistent with prescribable
dose ranges, however, it remains possible that higher or lower
doses of hydromorphone and/or dronabinol may yield more
clinically-meaningful effects. The study also did not collect carbon
monoxide assessments of recent tobacco exposure prior to study
sessions so cannot evaluate the degree to which this may have
impacted analgesia. Finally, given the exploratory nature of this
study [50], adjustments for multiple comparisons were not made
and such adjustments could influence the overall significance of
the effects.

Ultimately, these data largely replicate and extend upon prior
research to suggest that a low dose (2.5 mq) of orally-administered
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THC (dronabinol) may enhance some analgesic effects of the
opioid hydromorphone, but that undesirable effects emerge
quickly (5 mg) and can become very uncomfortable (10 mg), likely
undermining the clinical utility of this approach. The analgesic
benefit observed with the hydromorphone-+2.5mg dronabinol
dose was also not very large or consistent across all QST measures
assessed. Data further suggested that effects were strongest
within the subgroup of participants who were sensitive to opioid
effects, an effect that should be explored further. Altogether these
data provide limited support for the broad advancement of
dronabinol as an opioid-sparing compound, with the acknowl-
edgement that evaluations with different cannabinoids or in
clinical populations may reveal different outcomes.
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