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ABSTRACT

Mu opioid receptor (MOR) agonists produce locomotor hyperactivity in mice as one sign of
opioid-induced motor disruption. The goal of this study was to evaluate the degree of MOR
efficacy required to produce this hyperactivity. Full dose-effect curves were determined for
locomotor activation produced in male and female ICR mice by (1) eight different single-
molecule opioids with high to low MOR efficacy, and (2) a series of fixed-proportion
fentanyl/naltrexone mixtures with high to low fentanyl proportions. Data from the mixtures were
used to quantify the efficacy requirement for MOR agonist-induced hyperactivity relative to
efficacy requirements determined previously for other MOR agonist effects. Specifically, efficacy
requirement was quantified as the EPs, value, which is the "Effective Proportion" of fentanyl in a
fentanyl/naltrexone mixture that produces a maximal effect equal to 50% of the maximal effect
of fentanyl alone. Maximal hyperactivity produced by each drug and mixture in the present study
correlated with previously published data for maximal stimulation of GTPyS binding in MOR-
expressing Chinese hamster ovary cells as an in vitro measure of relative efficacy. Additionally,
the EPso value for hyperactivity induced by fentanyl/naltrexone mixtures indicated that opioid-
induced hyperactivity in mice has a relatively high efficacy requirement in comparison to some
other MOR agonist effects, and in particular is higher than the efficacy requirement for thermal
antinociception in mice or fentanyl discrimination in rats. Taken together, these data show that
MOR agonist-induced hyperactivity in mice is efficacy dependent and requires relatively high

levels of MOR agonist efficacy for its full expression.

Significance Statement: Mu opioid receptor (MOR) agonist-induced hyperlocomotion in mice
is dependent on the MOR efficacy of the agonist and requires a relatively high degree of

efficacy for its full expression.
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INTRODUCTION

Morphine and other mu opioid receptor (MOR) agonists produce a wide range of
physiological and behavioral effects that include both therapeutically useful effects like
analgesia and undesirable effects that include disrupted motor function (Yaksh and Wallace,
2018). One key determinant of the effects produced by any given MOR ligand is the relationship
between two factors: (a) drug efficacy to activate MOR-coupled signaling mechanisms, and (b)
efficacy requirements for different MOR-mediated effects (Selley et al., 2021). This relationship
is illustrated in Figure 1. For any in vitro or in vivo test system, increasing drug doses will
produce increasing MOR occupation and increasing levels of MOR activation. Maximal receptor
activation plateaus at high doses that saturate receptors, and high-efficacy MOR ligands will
produce higher plateaus than lower efficacy ligands. Within this framework of dose- and
efficacy-dependent MOR activation, different effects require different thresholds of receptor
activation for their expression and are constrained by different ceilings imposed by either
experimental or biological limits. Together, the threshold and ceiling for a given effect define its
efficacy requirement, which specifies the range of receptor-activation levels across which
increasing doses will produce increasing effect. Moreover, the degree to which different effects
have different efficacy requirements can be exploited in drug development, because low-
efficacy drugs may have sufficient efficacy to produce some therapeutic effects but lack
sufficient efficacy to produce some undesirable effects.

Mice are commonly used in preclinical drug development studies, and one MOR agonist
effect in mice is a stimulation of horizontal locomotor activity (Frischknecht et al., 1983; Michael-
Titus et al., 1989; Narita et al., 1993; Osborn et al., 2010; Raehal et al., 2005; Varshneya et al.,
2019). Opioid-induced locomotor activation in mice is one manifestation of MOR-mediated
motor disruption, and as such, it can be considered an undesirable opioid effect. Additionally,

opioid-induced locomotor stimulation involves activation of the mesolimbic dopamine system
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and serves as one behavioral consequence of enhanced mesolimbic dopamine signaling (Botz-
Zapp et al., 2021; Chefer et al., 2003; Funada et al., 1993; Severino et al., 2020; Urs and Caron,
2014; Walters et al., 2005). Lastly, locomotor activation is an unconditioned behavioral effect
that requires no prior training for its expression, and it can be continuously and quantitatively
measured in commercially available locomotor-activity chambers (Chakraborty et al., 2021;
Raehal et al., 2005; Varshneya et al., 2019). These features make opioid-induced locomotor
activation useful as an endpoint for early evaluation of the in vivo potency, effectiveness, and
time course of novel opioids. The utility of opioid-induced locomotor activation as a preclinical
endpoint in drug evaluation would be further enhanced by clarification of its efficacy requirement
relative to other opioid effects in mice and in other in vitro and in vivo test systems.

Accordingly, the goal of the present study was to evaluate the efficacy requirements for
opioid-induced locomotor activation in male and female mice. Two parallel sets of studies were
conducted. First, dose-effect curves were determined for a panel of eight MOR ligands with a
range of maximal effects to stimulate GTPyS binding as an in vitro measure of relative MOR
efficacy (Selley et al., 1998; Thompson et al., 2004; Thomsen et al., 2014; Yuan et al., 2013).
Second, dose-effect curves were also determined for a panel of drug mixtures composed of the
high-efficacy MOR agonist fentanyl and antagonist naltrexone. We have shown previously the
fixed proportion of fentanyl to naltrexone in fentanyl/naltrexone mixtures can be precisely
manipulated to yield mixtures with graded maximal effects in both in vitro assays of ligand-
stimulated GTPyS binding and in vivo assays across multiple endpoints in multiple species of
test subject (Cornelissen et al., 2018; Schwienteck et al., 2019; Selley et al., 2021). Additionally,
fentanyl/naltrexone mixtures can be used to identify the effective proportion of fentanyl sufficient
to produce 50% of the maximum effect of fentanyl alone (defined as the EP5 value) as a metric
of the efficacy requirement for any in vitro and in vivo MOR-mediated effect (Cornelissen et al.,
2018; Schwienteck et al., 2019; Selley et al., 2021). Prevailing evidence suggests that

locomotor activation may have a higher efficacy requirement than some other opioid effects
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such as thermal antinociception in mice (Chakraborty et al.,, 2021; Varshneya et al., 2021,
2019). As a result, we predicted that the EPsy value for locomotor activation in mice would be
high relative to EP5, values we have determined previously for other opioid effects in mice, rats,

and rhesus monkeys.

METHODS

Animals

Subjects were male and female ICR mice (Envigo, Frederick, MD) that were 6—8 weeks
old upon arrival to the laboratory. Males weighed 27-50 g and females weighed 22-50 g
throughout the study. Mice were housed in same-sex, littermate groups in cages with corncob
bedding (Envigo), a “nestlet” composed of pressed cotton (Ancare, Bellmore, NY), a cardboard
tube for enrichment, and ad libitum access to food (Teklad LM-485 Mouse/Rat Diet; Envigo).
Cages were mounted in a RAIR HD Ventilated Rack (Laboratory Products, Seaford, DE) in a
temperature-controlled room with a 12-hour light/dark cycle (lights on from 6:00 AM to 6:00 PM)
in a facility approved by the American Association for Accreditation of Laboratory Animal Care.
All experiments were performed during the light phase of the daily light/dark cycle beginning 1
week after arrival at the laboratory. Ethical animal-use protocols were approved by the Virginia
Commonwealth University Institutional Animal Care and Use Committee (Protocol
#AD10001093) and complied with the National Research Council Guide for the Care and Use of

Laboratory Animals.

Apparatus

Horizontal locomotor activity was assessed during 60-minute sessions in test boxes
(16.8 x 12.7 cm? floor area x 12.7 cm high) housed in sound-attenuating chambers (Med

Associates, St. Albans, VT) and located in a procedure room separate from the housing room.
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Each box had black plexiglass walls, a clear plexiglass ceiling equipped with a house light, bar
floors, and six photobeams arranged at 3-cm intervals across the long wall and 1 cm above the
floor. Beam breaks were monitored by a microprocessor operating Med Associates software.
The primary dependent variable was the total number of beam breaks, excluding consecutive

interruptions of the same beam, during the 60-minute session.

Pharmacological Procedure

The primary goal of the study was to test a range of MOR ligands that varied in their
relative efficacy at the MOR as quantified by maximum agonist-stimulated GTPyS binding in
Chinese hamster ovary (CHO) cells expressing the mouse or human MOR in previously
published studies (Obeng et al., 2018; Selley et al., 2021, 1998; Thompson et al., 2004). This
was accomplished by testing two different categories of treatments. First, a range of eight
different single-molecule MOR ligands was tested. These drugs and their associated dose
ranges were as follows (listed from highest to lowest E. .« in studies of agonist-stimulated
GTPYS binding): methadone, 0.32 — 32 mg/kg (Middaugh and Zemp, 1976), fentanyl, 0.032 —
3.2 mg/kg (Varshneya et al., 2019), morphine, 1.0 — 100 mg/kg (Loggi et al., 1991),
hydrocodone, 1.0 — 100 mg/kg (Jacob et al., 2017), buprenorphine, 0.01 — 3.2 mg/kg (Cowan et
al., 1977), nalbuphine, 0.32 — 32 mg/kg (Patrick et al., 1999), NAQ (17-Cyclopropyl-methyl-
3,14B- dihydroxy-4,5a-epoxy-6a-[(3'-isoquinolyl)acetamido]-morphinan), 1.0 — 100 mg/kg
(Zhang et al., 2014), and naltrexone, 0.1 — 3.2 mg/kg (Castellano and Puglisi-Allegra, 1982).
Nalbuphine, NAQ, and naltrexone produced little or no locomotor stimulation across the dose-
range tested, so each of these drugs was further evaluated for effectiveness to block locomotor

activation by 10 mg/kg morphine.

The second category of treatments consisted of a series of fixed-proportion

fentanyl/naltrexone mixtures. In these mixtures, the proportion of fentanyl to naltrexone was
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fixed at a constant value for a given mixture (e.g. 1:1 fentanyl/naltrexone), and changes in the
dose of one drug of the mixture were matched by equivalent changes in the other drug. We
have reported previously that the net MOR efficacy of fentanyl/naltrexone mixtures can be
precisely calibrated both in vitro and in vivo by adjusting the fentanyl proportion in the mixture,
such that increasing fentanyl proportions result in increasing levels of MOR efficacy for the
mixture. The present study compared effects of five different fentanyl/naltrexone mixtures

ranging from 100:1 to 3.2:1 fentanyl/naltrexone.

With two exceptions noted below, a different group of 12 mice (six females, six males)
were used to test each drug or mixture, and we have previously presented a detailed rationale
for this group size and sex allocation (Diester et al., 2019). For this study, cohorts of up to 36
mice were generally used at any one time to test three different drugs or mixtures, and mice in
each cohort were randomly assigned to the different treatments. Within each group, test
sessions were conducted twice a week with at least 48 hours between sessions. All mice
received a vehicle control and all doses of the designated test drug or mixture, and dose order
was randomized across mice using a Latin-square design. The experimenter was not blinded to
treatment because data collection was automated by the Med Associates software. There were
no exclusion criteria, and all data were included in final analysis. On test days, mice were
brought to the procedure room at least 2 hours before session onset. After subcutaneous test-
drug administration, mice were returned to their home cages for the 5-minute pretreatment
interval and then placed into the locomotor activity boxes at session onset. Doses for each drug
or mixture were varied in 0.5 or 1.0 log-unit increments across a 210-fold dose range with the
intent of progressing from low doses that produced little or no effect to high doses that produced
maximal increases in locomotor activation for that drug. For nalbuphine, NAQ, and naltrexone,
antagonism studies were conducted after completion of drug-alone studies in the same mice.

Doses of the test drug were administered 10 min before 10 mg/kg morphine, and locomotor
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sessions began 5 min after morphine administration. There were two exceptions to this general
design. First, in the case of hydrocodone, only six of the original mice (three of each sex) were
tested at the high dose of 100 mg/kg due to limited drug supply. Because a clear effect plateau
had not been reached at this dose, more drug was acquired and a higher dose of 320 mg/kg
hydrocodone was tested in four other mice (two of each sex); however, all mice died, and
further studies with hydrocodone were not pursued. Second, in the case of buprenorphine, the
initial group was tested only up to a dose of 1.0 mg/kg due again to limited drug supply.
Because a clear effect plateau had not been reached at this dose, more drug was acquired, and

a higher dose of 3.2 mg/kg was tested in six other mice (three of each sex).

Data and Statistical Analysis

The primary dependent variable was the total number of beam breaks, excluding
consecutive interruptions of the same beam, during each 60-minute session. These data were
first analyzed within each drug or mixture to assess dose-dependent effects. Initial within-drug
analysis proceeded in four phases as described previously for studies that include both females
and males but are not intended a priori to detect sex differences (Diester et al., 2019). First,
because sex was not the primary variable of interest, pooled data from both females and males
were analyzed by repeated-measures one-way ANOVA with dose as the single variable, and a
significant ANOVA was followed by a Holm-Sidak post-hoc test to both (a) identify doses
producing effects different from vehicle and (b) evaluate presence or absence of a significant
difference between the highest doses to identify an effect plateau for E,.x determination. For
this and all other analyses described below, the criterion for significance was p<0.05. Data for
the highest doses of hydrocodone and buprenorphine were not included in the one-way ANOVA
for these drugs because of the lower number of mice tested; rather, effects of these doses were
compared to the next lower dose by t-test (paired for hydrocodone, unpaired for buprenorphine).

Second, data were segregated by sex and again submitted to repeated-measures one-way

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.121.001045
This article has not been copyedited and formatted. The final version may differ from this version.

ANOVA followed by Holm-Sidak post-hoc test to assess dose-dependent effects within each
sex. Third, male and female data were directly compared by two-way ANOVA with sex as a
between-subjects factor and drug dose as a within-subjects factor. A significant sex x dose
interaction was followed by a Holm-Sidak post-hoc test. These first three steps of data analysis
were performed using GraphPad Prism 9.0 (La Jolla, CA). Lastly, the two-way ANOVA results
were submitted to power analyses to calculate the Cohen’s f effect size, achieved power (1 - B),
and the total number of animals predicted as necessary to detect a significant effect of sex,
dose, and the sex x dose interaction given the effect size, a = 0.05, and power (1- ) = 0.8 using
the free statistical analysis program G*Power (Faul et al., 2007). Regarding the antagonism
studies, data analysis was performed as described above in steps 1-3 with the exception that
test drugs were evaluated for their effectiveness to decrease locomotor stimulant effects of
morphine. Taken together, this strategy for experimental design and data analysis is intended
to treat sex as an important but secondary variable of interest and to provide exploratory power
analysis that can guide future studies explicitly designed to explore sex as a biological variable

(Diester et al., 2019).

Following this within-drug analysis, three additional types of analyses were conducted. First,
the maximal effects of each drug or fentanyl/naltrexone mixture at any dose were compared,
and these E.x values were considered to be different if 95% confidence limits did not overlap.
Second, the E,.x of each drug or mixture for locomotor stimulation was transformed to a
percentage of the fentanyl-alone E..x (% Fent Max) using the equation (Test Drug Enax —

Vehicle Baseline)/(Fentanyl E..x — Vehicle Baseline))*100, where "E..x" was the maximum
number of locomotor counts for a test drug or fentanyl at any dose, and "Baseline" was the
number of counts after vehicle treatment in that group. Values for % Fent Max of each drug and

mixture were then graphed as a function of previously published E.x values of each drug or

10
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mixture to stimulate GTPyS binding in CHO cells expressing cloned MOR (Obeng et al., 2018;
Selley et al.,, 2021, 1998; Thompson et al.,, 2004). Data for single-molecule ligands and
fentanyl/naltrexone mixtures were submitted separately to linear regression analyses for the
linear sections of their respective curves to identify the magnitudes of GTPyS binding (95% CL)
associated with 50% Fent Max. Values were considered to be statistically similar if 95%
confidence limits overlapped, and we predicted that these values would be similar for both
single-molecule MOR ligands and fentanyl/naltrexone mixtures. Lastly, data for the
fentanyl/naltrexone mixtures were used to determine an EPsy value, defined as the proportion of
fentanyl in the fentanyl/naltrexone mixture that produces an E.«x equal to 50% of the fentanyl-
alone En.x. As we have described previously, the EPsy value determined from a series of
fentanyl/naltrexone mixtures can be used to quantify the efficacy requirement for a given
endpoint of MOR agonist-induced effects, such that higher EPs, values indicate higher efficacy
requirements. To calculate the EP5 value, the E .« of each mixture was again expressed as %
Fent Max and graphed as a function of the fentanyl proportion (pFent) for each mixture. These
pFent-E.x data were submitted to nonlinear regression to determine the EPsy (95% CL). This
EPs, value for locomotor activity in mice determined in the present study was then compared to
previously determined EPsy values for fentanyl/naltrexone mixtures to produce a range of other
effects in previously published studies (Cornelissen et al., 2018; Schwienteck et al., 2019;
Selley et al., 2021). EPso values across endpoints were considered to be different if 95%

confidence limits did not overlap.

Materials

(x)Methadone HCI, fentanyl HCI, morphine sulfate, hydrocodone bitartrate,
buprenorphine HCI, nalbuphine HCI, and naltrexone HCI were all provided by the National
Institute on Drug Abuse Drug Supply Program. NAQ (17-Cyclopropyl-methyl-3,1483- dihydroxy-

4,5a-epoxy-6a-[(3'-isoquinolyl)acetamido]-morphinan) was synthesized by Dr. Yan Zhang. In

11
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addition to these single-molecule test drugs, five fentanyl/naltrexone (FENT/NTX) mixtures were
tested with fentanyl-to-naltrexone proportions of 100:1, 56:1, 32:1. 10:1, and 3.2:1. All
compounds were administered subcutaneously (SC) per body weight in volumes of 0.1 — 0.9 ml
and dissolved in sterile saline, except for NAQ which was dissolved in 10% DMSO and 90%

water.

RESULTS

Figure 2 shows pooled data from both sexes for locomotor effects of all single-molecule
opioids. One-way ANOVA results and Ex values for each drug are shown in Table 1, and
Figure 3 shows the time course of effects produced by selected doses of each drug over the 60-
minute session. Methadone, fentanyl, morphine, hydrocodone, buprenorphine, and nalbuphine
produced dose-dependent and significant locomotor stimulation, whereas NAQ and naltrexone
did not. Each drug was tested up to an effect plateau at which increasing doses failed to
produce further significant increases in locomotion. Note that, for hydrocodone, a higher dose
of 320 mg/kg was tested in a subset of four male and female mice, and all died in <30 min. No
dose of any other drug produced lethality in any other mice. E..x values for methadone,
fentanyl, morphine, hydrocodone, and buprenorphine were similar to each other and higher than
for nalbuphine. Nalbuphine, NAQ, and naltrexone all produced a dose-dependent blockade of

morphine-induced locomotor stimulation.

Figure 4 shows pooled data from both sexes for locomotor effects of the
fentanyl/naltrexone mixtures. One-way ANOVA results and E.x values for each mixture are
shown in Table 2. The 100:1, 56:1, 32:1, and 10:1 fentanyl/naltrexone mixtures produced dose-
dependent and significant increases in locomotor activity, whereas the 3.2:1 mixture did not.

The mixture with the highest fentanyl proportion (100:1) produced the highest E.x value, which

12
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was not significantly different from the E...x for fentanyl alone (see Table 1), and mixtures with

progressively lower fentanyl proportions produced progressively lower E, .« values.

Results in Figures 2-4 indicate that, within boundaries described below, increasing MOR
efficacy is associated with increasing locomotor activation in mice. The efficacy requirements
for locomotor activation were quantified in two ways. First, Figure 5 shows the relationship
between (a) the E.x value of each single-molecule opioid and fentanyl/naltrexone mixture in the
present study of locomotor activation and (b) the E.x value in prior studies of ligand-stimulated
GTPyS binding in CHO cells expressing cloned MOR. Drugs or mixtures with in vitro Egax
values from 0% to approximately 50% of the DAMGO E,.x produced graded increases in
locomotor activity; however, further increases in the in vitro E.« values (with morphine, fentanyl,
and methadone) did not produce further increases in locomotor activity. The mean (95% CL)
magnitude of ligand-stimulated GTPyS binding associated with a locomotor En.x equal to 50%
of the fentanyl-alone E.x was similar for both single-molecule opioids [30.8 (25.1-37.2)] and
fentanyl/naltrexone mixtures [29.2 (10.2-41.9)]. The mean (95% CL) slopes of the regressions
were also similar [2.43 (1.66-3.21) for single-molecule opioids; 1.91 (0.81-3.01) for

fentanyl/naltrexone mixtures].

Second, Figure 6 shows determination of the locomotor EPs, value, with EPsy value
defined as the fentanyl proportion of the fentanyl/naltrexone mixture sufficient to produce an
Emax equal to 50% of the fentanyl-alone E .. Insofar as the EP5o value serves as a metric of the
efficacy requirement for a given MOR-mediated effect, these results indicate that the efficacy
requirement determined in the present study for locomotor activation in mice [EPsy (95% CL) =
18.6 (11.4-38.0)] is higher than in assays of opioid discrimination in rats or thermal
antinociception in mice, similar to thermal antinociception in rats and rhesus monkeys, and

lower than for stimulation of GTPyS binding in CHO cells expressing cloned MOR.

13
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Although the present study was not intended to rigorously evaluate sex differences in
opioid effects, it did include both male and female subjects and did permit two-way dose x sex
ANOVAs and subsequent post hoc power analysis for preliminary evaluation of sex as
determinant of opioid effects. Results of these analyses are shown in Supplementary Table 1
(main effects of dose), Table 2 (main effects of sex) and Table 3 (dose x sex interaction), which
show two-way ANOVA results, Cohen’s effect size, current power, and projected sample size to
achieve power =0.8 for all treatments. These analyses confirmed a main effect of dose for most
single-molecule opioids and fentanyl/naltrexone mixtures, but not for NAQ, naltrexone, or the
3.2:1 fentanyl/naltrexone mixture. Main effects of sex or dose x sex interactions were rare, and
in general, post-hoc power analysis indicated that power and associated sample sizes were too
low to detect sex differences. Nonetheless, there were main effects of sex for the lowest two
fentanyl/naltrexone mixtures (10:1 and 3.2:1) as shown in Supplementary Figure 1, with males
showing higher locomotion regardless of dose, including after vehicle treatment. There was also
a significant dose x sex interaction for both the 32:1 fentanyl/naltrexone mixture and for
hydrocodone, but for both treatments, post-hoc analysis did not identify a significant effect of
sex at any dose of the mixture as shown in Supplementary Figure 2. Thus, even these
significant sex effects provided weak evidence for a role of sex as a determinant of opioid-

induced hyperactivity.

DISCUSSION

This study evaluated locomotor activation produced in mice by a panel of single-molecule
opioids and fentanyl/naltrexone mixtures. There were three main findings. First, these results
provide evidence for efficacy-dependent MOR agonist effects on maximal locomotor activation.
This finding suggests that in vivo assessment of locomotor activity can serve as an efficient tool

for in vivo stratification of the MOR efficacies of opioid ligands. Second, the apparent efficacy
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requirement for locomotor activation was relatively high in comparison to previously determined
efficacy requirements for other in vivo opioid effects in mice, such as antinociception. To the
degree that locomotor activation in mice is an undesirable sign of opioid-induced motor
disruption, these findings suggest the potential for low-efficacy MOR ligands to produce effects
of potential therapeutic benefit (e.g. thermal antinociception) with minimal motor disruption.
Lastly, the present results provided weak evidence for sex differences in opioid-induced
locomotor stimulation, but when differences were observed, locomotor activity was higher in
males. These results could provide a foundation for future efforts to explore sex differences in

opioid-induced locomotor activation.

Efficacy dependence of MOR agonist-induced hyperactivity in mice.

MOR agonists produce locomotor activation in several strains of mice, including ICR mice
(Bailey et al., 2010; Brase et al., 1977; Rethy et al.,, 1971; Szumlinski et al., 2020). This
hyperactivity is expressed as continuous, unidirectional, and thigmotactic rotation around the
perimeter of available space with reduced vertical activity (i.e. rearing, climbing) (Marcais-
Collado et al., 1983; Michael-Titus et al., 1989; Mickley et al., 1989), and it can be viewed as a
sign of adverse MOR-agonist induced motor disruption relative to other effects such as

antinociception associated with therapeutic benefit.

The present study extends on these previous findings in its explicit examination of MOR
efficacy as a determinant of MOR agonist-induced hyperactivity. Most single-molecule opioids
and fentanyl/naltrexone mixtures produced dose-dependent increases in locomotion, and peak
levels of activity across different drugs and mixtures were associated with peak levels of MOR-
coupled G-protein signaling as measured by in vitro assays of ligand-stimulated GTPyS binding
in CHO cells expressing cloned MORs. This relationship was well described by a linear function

up to a point, suggesting that MOR agonist-induced locomotor activation is mediated by MOR-
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coupled G-protein signaling; however, drugs or mixtures that exceeded an in vitro E .« value of
~50% of the reference agonist DAMGO all produced similar E.x values for locomotor activation.
These findings suggest that biological or procedural constraints impose a ceiling on maximal
locomotor activation by high-efficacy MOR agonists. Conversely, no significant locomotor
activation was produced by the low-efficacy MOR agonist NAQ or by the low-proportion 3.2:1
fentanyl/naltrexone mixture, both of which produce low but detectable levels of ligand-stimulated
GTPyS binding (Selley et al., 2021; Yuan et al., 2013). Taken together, these results show that
MOR agonist-induced hyperactivity in mice is efficacy dependent, with graded E .« values within
a range of low- to intermediate-efficacy agonists and a plateau of peak hyperactivity for high-
efficacy agonists. Additionally, these results indicate that in vivo hyperactivity had a slightly
higher efficacy threshold to detect agonist activity, a substantially lower ceiling, and a lower
overall efficacy requirement than in vitro stimulation of GTPyS binding for detection of MOR

agonist effects.

This study examined efficacy dependence of MOR agonist-induced hyperactivity in mice
using both single-molecule opioids and fentanyl/naltrexone mixtures. Results with the single-
molecule opioids were suggestive of efficacy dependence, but the low-efficacy agonists
nalbuphine and NAQ in this series have relatively low MOR selectivity (Pick et al., 1992; Yuan et
al., 2011), and nalbuphine in particular produces agonist effects mediated by kappa opioid
receptors (KOR) in mice (Narver, 2015; Patrick et al., 1999). Because KOR agonists decrease
locomotor activity in mice (Gwynn and Domino, 1984; Kuzmin et al., 2000), it is possible that low
locomotor activity with these drugs in general and nalbuphine in particular resulted from low
selectivity for MOR vs. KOR rather than from low MOR efficacy. However, fentanyl/naltrexone
mixtures with low fentanyl proportions also produced low peak levels of hyperactivity. With the
mixtures, all agonist effects are produced by the highly MOR-selective opioid fentanyl, and net

efficacy is controlled by the inclusion of naltrexone to block MORs and limit the maximal number
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of receptors that can be occupied by fentanyl. Moreover, linear regression indicated that the
magnitude of GTPyS binding associated with an intermediate level of hyperactivity (50% of the
Emax for fentanyl alone) was the same for single-molecule opioids and fentanyl/naltrexone
mixtures. This suggests that low MOR efficacy is sufficient to explain the low levels of
hyperactivity produced by nalbuphine and NAQ in this study, although any additional KOR
agonist effects may also have contributed. Overall, the inclusion of data with
fentanyl/naltrexone mixtures strengthens the conclusion of efficacy dependence for MOR

agonist-induced hyperactivity in mice.

Efficacy requirements for MOR agonist-induced hyperactivity in mice relative to other in

vivo effects.

The determination of dose-effect curves and E.x values for a range of fixed-proportion
fentanyl/naltrexone mixtures provides a strategy to quantify efficacy requirements across opioid
endpoints as the EPs, value, or the "Effective Proportion" of fentanyl in a fentanyl/naltrexone
mixture required to produce an E.x equal to 50% of the fentanyl-alone E .« (Cornelissen et al.,
2018; Schwienteck et al.,, 2019; Selley et al., 2021). For example, evidence cited above
indicates that MOR agonist-induced hyperactivity in mice has a lower efficacy requirement than
ligand-stimulated GTPyS binding in MOR CHO cells, and this conclusion is further supported
and quantified by reference to the EPs values, with the EPsy (95%CL) being significantly lower

for hyperactivity in mice than for GTPyS binding in MOR CHO cells.

Two other general conclusions are suggested by a comparison of the present results with our
previously published results (Cornelissen et al., 2018; Schwienteck et al., 2019; Selley et al.,
2021). First, the EPso for hyperactivity in mice was high relative to other in vivo behavioral
endpoints in mice, rats, and monkeys, and in particular, was significantly higher than the EPsq

from an assay of thermal nociception in mice. Insofar as opioid antinociception is related to a
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therapeutic opioid effect (analgesia) whereas hyperactivity is related to an adverse effect (motor
disruption), these results provide evidence for the potential of low-efficacy MOR agonists to
produce analgesic effects without producing at least some degree of motor impairment. It
should be noted that the EP5q for hyperactivity in mice was not significantly lower than that for
thermal antinociception in rats or monkeys, suggesting that the window of opportunity here is
narrow; nonetheless, these findings agree with other evidence to suggest that low-efficacy
opioids can produce thermal antinociception without hyperactivity in mice (Varshneya et al.,
2021, 2019). Second, the EPs5, for hyperactivity in mice was also significantly higher than for a
fentanyl discrimination assay in rats. Drug discrimination procedures model drug-induced
subjective effects that may contribute to abuse potential, and as such, this finding suggests that
abuse-related of MOR agonist effects have very low efficacy requirements. The
fentanyl/naltrexone-mixture approach has not yet been applied to other endpoints of abuse-
related opioid effects; however, evidence using other approaches to assess efficacy
requirements (e.g. comparing low- and high-efficacy agonists or evaluating abuse-related
effects after MOR downregulation with irreversible antagonists or genetic receptor knockdown)
has also suggested that abuse-related MOR effects have relatively low efficacy requirements
(Negus and Moerke, 2019; Sora et al., 2001; Zernig et al., 1997). Thus, although both
hyperactivity in mice and rewarding/reinforcing effects of opioids in multiple species all appear
to be mediated at least in part by mesolimbic dopamine signaling as a common neural
substrate, it appears that lower MOR efficacy is required for behavioral reward/reinforcement
processes than for unconditioned hyperactivity. One implication of these findings is that low-
efficacy MOR agonists may produce little or no evidence of hyperactivity in mice but

nonetheless produce rewarding/reinforcing effects sufficient to underlie abuse potential.

Sex differences in MOR agonist-induced hyperactivity.

18

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.121.001045
This article has not been copyedited and formatted. The final version may differ from this version.

This study focused on MOR efficacy as the principal independent variable and was neither
intended nor powered to detect sex differences in opioid effects; however, the study did include
both male and female mice and permitted preliminary assessment of sex as a determinant of
opioid effects (Diester et al., 2019). In general, evidence for sex differences was weak and did
not vary systematically as a function of MOR efficacy. Studies with most drugs and mixtures
found only small effect sizes for the main effect of sex or the sex x dose interaction, and post
hoc power analysis indicated that most group sizes were underpowered to detect significance of
any sex differences that might actually exist. In the cases where the main effect of sex or sex x
dose interaction was significant, locomotion tended to be higher in males, but this could not be
attributed to higher sensitivity to opioid-induced hyperactivity because the sex x dose interaction
either was not significant or was not followed by a significant post hoc effect of sex at any dose.
Previous studies also have found little evidence for sex differences in opioid-induced
hyperactivity in mice. Main effects of sex have been observed suggestive of different baseline
levels of activity, but the sex showing higher activity has varied (Collins et al., 2016; Kavaliers
and Innes, 1987; Szumlinski et al., 2020). We could find only one study to show a significant
sex x dose interaction with a significant post hoc sex difference, with male deer mice showing
higher activity than females during the light phase after treatment with 1 mg/kg morphine
(Kavaliers and Innes, 1987). The power analysis of the present results could provide an
empirical foundation for future studies explicitly designed to investigate sex as a determinant of

opioid-induced hyperactivity in mice.
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FIGURE LEGENDS

Figure 1. Dose and efficacy of the drug and efficacy requirement of the effect as determinants
of drug effects. Drugs produce their effects by acting on a population of target receptors in the
biological system to which they are administered. For drugs with both affinity and efficacy at the
target receptor, receptor theory predicts that increasing drug doses will produce increasing levels of
receptor occupancy and activation. (A) Peak levels of total receptor activation are determined by
drug efficacy, such that drugs with higher efficacy will produce higher plateau levels of receptor
activation than drugs with lower efficacy. Abscissa: Drug dose in arbitrary units. Ordinate: % Total
Possible Activation of all available receptors. (B) Different effects mediated by the receptor require
different levels of receptor activation for their expression. Effects with a low efficacy requirement
(Effect 1) require low levels of receptor activation to surpass the threshold and reach the ceiling for
their expression. Even low-efficacy drugs have sufficient efficacy to produce these effects. Effects
with a high efficacy requirement (Effect 2) require higher levels of receptor activation to surpass the
threshold and reach the ceiling for their expression. High-efficacy drugs can produce sufficient
receptor activation to produce these effects, although this will require higher doses than for effects
with low efficacy requirements. Lower efficacy drugs may have sufficient efficacy to surpass the
threshold but not reach the ceiling and may therefore function as partial agonists for these effects.
Even lower efficacy drugs may lack sufficient efficacy even to reach the threshold, in which case

they will function as antagonists.

Figure 2. Locomotor activating effects of opioids with differing MOR efficacy. (A) Effects
of opioids administered alone. (B) Effects of nalbuphine, NAQ and naltrexone administered as
a pretreatment to 10 mg/kg morphine. Abscissae: Dose in mg/kg. Ordinates: Locomotor counts
per 60 minutes. In general, all points show meantSEM for N=12 mice, and filled symbols
indicate a significant difference compared to vehicle within each drug as determined by
repeated-measures one-way ANOVA followed by the Holm-Sidak post hoc test, p<0.05. There

were two exceptions. The dashed line to 3.2 mg/kg buprenorphine indicates low sample size
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(N=6) and a different cohort of mice for this dose, and the filled point indicates different from
vehicle by unpaired t-test. The dashed line at 100 mg/kg hydrocodone indicates low sample size
(N=6) but in the same cohort of mice for this dose, and the filled symbol indicates different from
vehicle by paired t-test. A different group of four male and female mice tested with a higher
hydrocodone dose (320 mg/kg) all died, so further studies at this dose were not conducted and
these data are not included in the graph.  Statistical results for Panel A are shown in Table 1.
For Panel B one-way ANOVA results were as follows. Nalbuphine: F(1.64, 18.02) = 14.42;

p=0.0003; NAQ: F(4.15, 45.68) = 8.67; p<0.0001; Naltrexone: F(2.59, 28.45) = 27.35; p<0.0001.

Figure 3. Time course of locomotor activating effects produced by opioids with differing
MOR efficacy. Each panel shows time course data over a 60-minute session for a different
drug. For most drugs, data are shown for vehicle, the lowest dose to significantly increase
locomotion, and the E,.x dose producing the highest level of locomotor activation. Nalbuphine,
NAQ, and naltrexone show only data for vehicle and the highest dose tested. Abscissae: Time
in min for the 60-min session. Ordinates: movement counts over the 60-minute session. Each

point shows mean+SEM from 12 mice except the high dose for hydrocodone, which show N=6.

Figure 4. Locomotor activating effects of fentanyl/naltrexone mixtures. Abscissa: Dose
fentanyl in mg/kg. The naltrexone dose was proportional to the fentanyl dose as indicated by
fixed fentanyl/naltrexone (FENT/NTX) proportions for each mixture. Ordinate: Locomotor
counts per 60 minutes. All points show meantSEM for N=12 mice, and filled symbols indicate a
significant difference compared to vehicle within each mixture as determined by repeated-
measures one-way ANOVA followed by the Holm-Sidak post hoc test, p<0.05. Statistical

results are shown in Table 2.

31

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 30, 2022 as DOI: 10.1124/jpet.121.001045
This article has not been copyedited and formatted. The final version may differ from this version.

Figure 5. Relationship between MOR agonist and fentanyl/naltrexone mixture effects on

in vitro activation of GTPyS binding and in vivo locomotor stimulation. Abscissa: E__ for

each drug or mixture to stimulate GTPyS binding in CHO cells expressing cloned MOR from
previously published studies (see text for citations). Data are expressed as a percentage of the
maximum effect of the high-efficacy MOR agonist DAMGO, which was included as a standard in

each study. Ordinate: E__ for each drug or mixture to stimulate locomotor activity in the

present study. Data are expressed as a percentage of the maximum effect produced by
fentanyl. The blue dotted line shows linear regression for single-molecule opioids on the linear
portion of the curve (morphine, fentanyl, and methadone excluded). The gray solid line shows
linear regression for the fentanyl/naltrexone mixtures. Abbreviations: METHD, methadone;
FENT, fentanyl, MORPH, morphine; HYD, hydrocodone; BUP, buprenorphine; NALB,

nalbuphine; NAQ, NAQ; NTX, naltrexone.

Figure 6. EP values as a metric of efficacy requirement for different effects produced by

fentanyl/naltrexone mixtures. (A) Abscissa: Fentanyl proportion in different
fentanyl/naltrexone mixtures. Ordinate: Maximum locomotor activating effects of each mixture
expressed as a percentage of the fentanyl-alone maximum. Each point shows meantSEM for

12 mice, and nonlinear regression was used to calculate the EP_, which is defined as the

50’
fentanyl proportion in a fentanyl/naltrexone mixture that would produce a maximum effect equal

to 50% of the fentanyl-alone maximum effect. (B) EP, value (95% CL) for locomotor activation
in the present study relative to EP,  values for fentanyl/naltrexone mixtures determined in

previous studies using various behavioral endpoints in mice, rats, and rhesus monkeys or in the
in vitro assay of ligand-stimulated GTPyS binding in CHO cells expressing cloned MOR.

Assays with EP_ values to the left of the shaded box have lower efficacy requirements than

locomotor activation, whereas points to the right of the shaded box have higher efficacy
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requirements than locomotor activation. Abbreviations: Drug Discrim, drug discrimination; TW,

warm-water tail-withdrawal with water temperature specified in °C.
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TABLES

Table 1. One-way ANOVA results and E,,., values for data shown in Figure 2A.

Opioid
One-way ANOVA Emax (95% CI)
Methadone F(2.89, 31.87) = 38.81; p<0.0001 7500 (6505, 8495)
Fentanyl F(2.97, 32.63) = 26.94; p<0.0001 7393 (6346, 8440)
Morphine F(2.76, 30.40) = 31.75; p<0.0001 6925 (5662, 8188)
Hydrocodone F(2.08, 22.86) = 13.81; p=0.0001 6153 (5025, 7280)
)

Buprenorphine
Nalbuphine
NAQ

Naltrexone

F(2.58, 28.34) = 39.39; p<0.0001
F(3.45, 37.90) = 3.29; p=0.0254
F(2.52, 27.67) = 2.06; p=0.1376
F(2.41, 26.46) = 1.69; p=0.2001

6867 (5802, 7933)
2639 (1954, 3324)

*Hydrocodone and buprenorphine data in this table does not include high doses because different N
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Table 2. One-way ANOVA results and E,.x values for fentanyl/naltrexone mixtures in

Figure 4.

Fentanyl/naltrexone
mixture

One-way ANOVA

Emax (95% Cl)

100:1
56:1
32:1
10:1

3.2:1

F(2.39, 26.37) = 40.84; p<0.0001
F(2.16, 23.79) = 36.28; p<0.0001
F(3.27, 35.94) = 14.06; p<0.0001
F(2.68, 29.43) = 6.60; p=0.0021
F(3.82, 41.99) = 0.76; p=0.5506

8615 (7386, 9843)
6777 (5805, 7748)
5458 (4854, 6061)
4338 (3033, 5643)
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Supplementary Table 1. Two-way ANOVA results with power analysis of main effect of

dose.

e o Cohenfs Current Sample Size:
Opioid/Mixture F statistic; p value Effect ?lze Power Power>0.8
(Cohen’s F)

Methadone F(2.820, 28.20) = 38.75; p<0.0001 1.965 1.0 10
Fentanyl F(3.337, 33.37) = 29.25; p<0.0001 1.710 0.975 10
Morphine F(2.715, 27.15) = 29.89; p<0.0001 1.728 0.953 10
Hydrocodone  F(2.757, 27.57) = 18.95; p<0.0001 1.376 0.896 10
Buprenorphine  F(2.627, 26.27) = 38.49; p<0.0001 1.962 0.984 10
Nalbuphine F(3.358, 33.58) = 3.18; p=0.032 0.564 0.205 55
NAQ F(2.489, 24.89) = 1.92; p=0.159 0.439 0.144 90

Naltrexone F(2.356, 23.56) = 1.56; p=0.229 0.396 0.122 >100

100:1 F(2.614, 26.14) = 44.61; p<0.0001 2.112 0.993 10
56:1 F(2.154, 21.54) = 33.20; p<0.0001 1.822 0.936 10
32:1 F(3.036, 30.36) = 16.39; p,0.0001 1.280 0.781 15
10:1 F(2.821, 28.21) = 6.856 p=0.002 0.828 0.373 30
3.2:1 F(3.515, 35.15) = 0.75; p=0.551 0.273 0.081 >100




Supplementary Table 2. Two-way ANOVA results with power analysis of main effect of

sex.
Opioid/Mixture F statistic; p value Eﬁggfg;e (IZDuOr\:Veer;t Sgr:ve‘lsasoi.zae:
(Cohen’s F)

Methadone F(1, 10) = 0.42; p=0.534 0.124 0.068 >100
Fentanyl F(1, 10) = 0.00; p=0.952 0.010 0.050 >100
Morphine F(1, 10) = 1.77; p=0.213 0.299 0.156 90

Hydrocodone F(1, 10) = 0.20; p=0.665 0.084 0.058 >100

Buprenorphine F(1, 10) = 0.85; p=0.379 0.212 0.102 >100

Nalbuphine F(1, 10) = 0.48; p=0.506 0.212 0.102 >100

NAQ F(1, 10) = 0.04; p=0.845 0.055 0.053 >100

Naltrexone F(1, 10) = 0.02; p=0.897 0.027 0.051 >100
100:1 F(1, 10) = 1.41; p=0.263 0.320 0.172 80

56:1 F(1, 10) = 0.00; p=0.977 0.007 0.050 >100
32:1 F(1, 10) = 0.96; p=0.351 0.359 0.203 65
10:1 F(1, 10) = 7.15; p=0.023 1.198 0.962 10

3.2:1 F(1, 10) = 12.66; p=0.005 1.073 0.917 10




Supplementary Table 3. Two-way ANOVA results with power analysis of dose x sex

interaction.
. . . Cohen’.s Current Saf“p'e
Opioid/Mixture F statistic, p value Effect Size Power Size:
(Cohen’s F) Powerz0.8
Methadone F(4, 40) = 0.98; p=0.428 0.313 0.282 35
Fentanyl F(5, 50) = 1.94; p=0.104 0.441 0.607 20
Morphine F(5, 50) = 0.36; p=0.875 0.189 0.133 75
Hydrocodone  F(4, 40) = 5.09; p=0.002 0.713 0.944 10
Buprenorphine  F(5, 50) = 0.75; p=0.589 0.274 0.248 40
Nalbuphine  F(5, 50) = 0.62; p=0.689 0.248 0.206 45
NAQ F(4, 40) = 0.30; p=0.877 0.173 0.110 >100
Naltrexone F(4, 40) = 0.18; p=0.947 0.135 0.085 >100
100:1 F(5, 50) = 2.02; p=0.093 0.449 0.626 20
56:1 F(5, 50) = 0.07; p=0.997 0.081 0.063 >100
32:1 F(5, 50) = 2.82; p=0.025 0.531 0.794 15
10:1 F(5, 50) = 1.43; p=0.231 0.378 0.460 25
3.2:1 F(5, 50) = 0.79; p=0.564 0.280 0.259 40




Supplementary Figure 1. Significant main effect of sex.
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Supplementary Figure 1. Treatments for which there was a main effect of sex in statistical
analysis. Abscissae: Dose fentanyl in mg/kg (VEH=vehicle). The naltrexone dose = fentanyl
dose + fentanyl proportion (10 in 1a, 3.2 in 1b). Ordinates: Locomotor counts per 60 minutes.
Male and female data are shown in green and orange bars, respectively, and individual data are
shown by points. Males had higher locomotor scores than females for these two treatments.



Supplementary Figure 2. Significant dose x sex interaction.
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Supplemental Figure 2. Treatments for which there was a sex x dose interaction. Abscissae:
Dose in mg/kg (VEH=vehicle). For panel 2a, the abscissa shows fentanyl dose, and the
naltrexone dose = fentanyl dose + fentanyl proportion (32). Ordinates: Locomotor counts per 60
minutes. Male and female data are shown in green and orange bars, respectively, and individual
data are shown by points. Post hoc analysis did not indicate a significant difference between
males and females at any dose of either treatment.
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Hydrocodone  F(4, 40) = 5.09; p=0.002 0.713 0.944 10
Buprenorphine  F(5, 50) = 0.75; p=0.589 0.274 0.248 40
Nalbuphine  F(5, 50) = 0.62; p=0.689 0.248 0.206 45
NAQ F(4, 40) = 0.30; p=0.877 0.173 0.110 >100
Naltrexone F(4, 40) = 0.18; p=0.947 0.135 0.085 >100
100:1 F(5, 50) = 2.02; p=0.093 0.449 0.626 20
56:1 F(5, 50) = 0.07; p=0.997 0.081 0.063 >100
32:1 F(5, 50) = 2.82; p=0.025 0.531 0.794 15
10:1 F(5, 50) = 1.43; p=0.231 0.378 0.460 25
3.2:1 F(5, 50) = 0.79; p=0.564 0.280 0.259 40




Supplementary Figure 1. Significant main effect of sex.
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Supplementary Figure 1. Treatments for which there was a main effect of sex in statistical
analysis. Abscissae: Dose fentanyl in mg/kg (VEH=vehicle). The naltrexone dose = fentanyl
dose + fentanyl proportion (10 in 1a, 3.2 in 1b). Ordinates: Locomotor counts per 60 minutes.
Male and female data are shown in green and orange bars, respectively, and individual data are
shown by points. Males had higher locomotor scores than females for these two treatments.



Supplementary Figure 2. Significant dose x sex interaction.
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Supplemental Figure 2. Treatments for which there was a sex x dose interaction. Abscissae:
Dose in mg/kg (VEH=vehicle). For panel 2a, the abscissa shows fentanyl dose, and the
naltrexone dose = fentanyl dose + fentanyl proportion (32). Ordinates: Locomotor counts per 60
minutes. Male and female data are shown in green and orange bars, respectively, and individual
data are shown by points. Post hoc analysis did not indicate a significant difference between
males and females at any dose of either treatment.
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