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Abstract

Low-efficacy mu-opioid receptor (MOR) agonists represent promising therapeu-
tics, but existing compounds (e.g., buprenorphine, nalbuphine) span a limited range
of low MOR efficacies and have poor MOR selectivity. Accordingly, new and selec-
tive low-efficacy MOR agonists are of interest. A novel set of chiral C9-substituted
phenylmorphans has been reported to display improved MOR selectivity and a range
of high-to-low MOR efficacies under other conditions; however, a full opioid recep-
tor binding profile for these drugs has not been described. Additionally, studies in
mice will be useful for preclinical characterization of these novel compounds, but
the pharmacology of these drugs in mice has also not been examined. Accordingly,
the present study characterized the binding selectivity and in vitro efficacy of these
compounds using assays of opioid receptor binding and ligand-stimulated [SSS]GTPyS
binding. Additionally, locomotor effects were evaluated as a first step for in vivo be-
havioral assessment in mice. The high-efficacy MOR agonist and clinically effective
antidepressant tianeptine was included as a comparator. In binding studies, all phenyl-
morphans showed improved MOR selectivity relative to existing lower-efficacy MOR
agonists. In the ligand-stimulated [*°S]GTPYS binding assay, seven phenylmorphans
had graded levels of sub-buprenorphine MOR efficacy. In locomotor studies, the com-

pounds again showed graded efficacy with a rapid onset and 21 h duration of effects,

Abbreviations: CHO, Chinese hamster ovary; DOR, delta-opioid receptor; E,
of the drug; [*°S]GTPYS, guanosine 5-O-[gamma-thio]triphosphate; DC-1-76.1, 3-((1R,5S,95)-2-phenethyl-9-vinyl-2-azabicyclo[3.3.1]nonan-5-yl)phenol;

producing 50% of the E,

max

max: maximum effect; ECy, in vitro concentration producing 50% of the E, . of the drug; EDs, in vivo dose

DC-1-76.2, 3-((1R,5S,9R)-2-phenethyl-9-vinyl-2-azabicyclo[3.3.1]nonan-5-yl)phenol; DC-1-90.2, 3-((1R,5S,9R)-2-phenethyl-9-((Z)-prop-1-en-1-yl)-2-azabicyclo[3.3.1]nonan-5-yl)phenol;
DC-1-128.1, 3-((1R,5S,9S)-2-phenethyl-9-((Z)-prop-1-en-1-yl)-2-azabicyclo [3.3.1]nonan-5-yl)phenol; EG-1-203, 3-((1S,5R,9R)-2-phenethyl-9-propyl-2-azabicyclo[3.3.1]Jnonan-5-yl)
phenol; EG-1-230, 3-((1S,5R,9R)-9-((E)-3-hydroxyprop-1-en-1-yl)-2-phenethyl-2-azabicyclo[3.3.1]nonan-5-yl)phenol; EWB-3-14, (1R,5S,9R)-(+)-5-(3-hydroxyphenyl)-9-methyl-2-
phenethyl-2-azabicyclo[3.3.1]nonane; JLO2-39, 3-((1S,5R,9R)-9-(2-hydroxyethyl)-2-phenethyl-2-azabicyclo[3.3.1]nonan-5-yl)phenol; KOR, kappa opioid receptor; MOR, mu-opioid

receptor.
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1 | INTRODUCTION

Mu-opioid receptor (MOR) agonists are invaluable as analgesics for
the treatment of many different types of pain, but their use is limited
by side effects that include lethal respiratory depression, constipa-
tion, sedation, and abuse potential.® Drugs that bind to the MOR vary
in their pharmacodynamic efficacies to activate receptor-coupled
signaling pathways and downstream physiological and behavioral
effects.* The most problematic opioid analgesics (e.g., fentanyl,
morphine, oxycodone) have high MOR efficacy sufficient to produce
a full spectrum of MOR-mediated therapeutic effects as well as the
most dangerous side effects. By contrast, the lower-efficacy MOR
agonist buprenorphine retains analgesic activity and produces a sub-
set of side effects, but it lacks sufficient efficacy to prouce lethal
respiratory depression.’ Thus, buprenorphine illustrates the general
potential to retain analgesic effectiveness and improve safety by de-
veloping MOR agonists with relatively low MOR efficacy.

Buprenorphine is one of several lower-efficacy MOR agonists
currently approved by the Food and Drug Administration for clinical
use in the United States. Other compounds in this category include
nalbuphine, pentazocine, and butorphanol.1 However, a constella-
tion of factors present barriers to their use. Perhaps most impor-
tantly, these compounds all have relatively poor MOR selectivity
and also bind to kappa and delta-opioid receptors (KOR, DOR), and
the KOR affinities, in particular, are similar to or only slightly lower
than their MOR affinities.”” Buprenorphine functions largely as an
antagonist at these other opioid receptors, but nalbuphine, pentaz-
ocine, and butorphanol produce KOR activation that may be asso-
ciated with undesirable side effects.’®1* Moreover, although these
compounds have lower MOR efficacy than their high-efficacy coun-
terparts, they still have sufficient efficacy to produce a subset of
side effects and they represent only a limited range of the full MOR
efficacy continuum. As a result, they provide a limited opportunity
to explore the degree to which control of MOR efficacy might permit
improved control of analgesic effectiveness and safety.

In a series of recent publications, the synthesis and initial phar-
macological evaluation was described for a series of chiral C9-
substituted phenylmorphans that include new MOR ligands with
graded levels of low, sub-buprenorphine MOR efficacy and im-
proved MOR selectivity.is’19 However, a full opioid receptor binding
profile for these drugs has not been described. Additionally, stud-
ies in mice will be useful for preclinical characterization of in vivo

evidence for MOR mediation, and minor sex differences. Tianeptine functioned as
a high-efficacy MOR agonist. Overall, these in vitro and in vivo studies support the
characterization of these compounds as MOR-selective ligands with graded MOR ef-

ficacy and utility for further behavioral studies in mice.

efficacy, mouse, mu opioid receptor, opioid, locomotor activity, receptor binding

effects produced by these novel compounds, but the pharmacology
of these drugs in mice has also not been examined. Accordingly, the
goal of the present study was to characterize the subset of these
compounds shown in Figure 1 in a panel of assays that has been used
by us previously to examine other MOR agonists that vary in effi-
cacy.*202! Receptor binding was evaluated with competition bind-
ing assays in Chinese hamster ovary (CHO) cells expressing MOR,
KOR, or DOR. Receptor signaling was evaluated in the same cells
using an assay of ligand-stimulated [*>S]GTPYS binding as the first
step in G-protein-mediated intracellular signaling. As a first step in
characterizing the behavioral pharmacology of these phenylmor-
phans in male and female mice, the compounds were evaluated using
an assay of locomotor activation. Effects of the chiral C9-substituted
phenylmorphans were compared to effects of tianeptine, an antide-
pressant drug approved for use in Europe and recently discovered to
be a high-efficacy MOR agonist.zz'24 Our results confirm and extend
previous work with these compounds and identify a set of selective
MOR agonists with graded sub-buprenorphine efficacies that could
be useful both as candidate therapeutics and as tools to examine the
role of MOR efficacy as a determinant of therapeutic and undesir-
able MOR agonist effects.

2 | MATERIALS AND METHODS

2.1 | Invitro studies of receptor binding and
function
211 | Cell culture and membrane preparation

All in vitro assays were performed using CHO cell lines expressing
mouse mu-opioid receptor (NMOR-CHO), mouse kappa opioid re-
ceptor (MKOR-CHO), or human delta-opioid receptor (nDOR-CHO).
Cell culture and membrane homogenate preparations were per-
formed as previously described.?2> All assays were performed in
duplicate and repeated at least three times.

2.1.2 | Radioligand binding assay

Competition binding assays were performed using mMOR-, mKOR-,
or hDOR-CHO membrane homogenates containing 20 ug membrane
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FIGURE 1 Structures of three reference compounds (morphine, buprenorphine, nalbuphine) and all of the chiral C9-substituted

phenylmorphans investigated in this study.

protein as previously described.>?1?> Homogenates were incu-
bated with approximate Ky concentrations of 1.4nM [®H]naloxone
(for mMMOR-CHO), 0.25nM [3H]diprenorphine (for mKOR-CHO), or
1nM [®H]diprenorphine (for hDOR-CHO) in the presence 0.2nM
EGTA (pH7.4) for 1.5h at 30°C. Bound radioligand was separated
from free radioligand by filtration then radioactivity was determined
by liquid scintillation counting. Specific binding was determined as
the difference in binding in the absence and presence of 5uM nal-
trexone, U50488, or SNC80 for MOR, KOR, or DOR, respectively.

2.1.3 | [®S]GTPyS binding assay

Membrane homogenates from mMOR-, mKOR-, or hDOR-CHO cells
containing 9-15pg protein, were incubated in Assay Buffer with
100mM NaCl, 20 uM GDP, and 0.1 nM [**S]GTPyS with and without
varying concentrations of test compounds for 1.5h at 30°C as pre-
viously described.?*2%2% Additionally, 3pM DAMGO, 3pMU50488,
or 5pM SNCB80 was included as a reference point for a maximally

effective concentration of a full agonist for MOR, KOR, or DOR,
respectively. Bound [*>S]GTPyS was separated by filtration as de-
scribed above, and radioactivity was determined by liquid scintilla-

tion counting.

2.1.4 | Data analysis

Competition binding data were normalized to the binding in the
absence of competitor as follows: % Bound=specific dpm bound/
specific dpm bound in the absence of competing ligandx 100%.
Competition binding was fit by 4-parameter nonlinear regression
analysis with the top and bottom constrained to 100 and O, respec-
tively, to determine log I1C,, values and Hill coefficients. IC, values
were converted to K; values using the Cheng-Prusoff equation. Net
stimulation of [SSS]GTPyS binding was defined as ligand-stimulated
specific dpm—basal specific dpm. To determine ligand efficacy and
potency, [35$]GTPyS binding data were normalized to the maxi-
mal net stimulation produced by a full agonist at each receptor
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type: (net stimulation by ligand/net stimulation by 3puM DAMGO,
3uMU50488, or 5uM SNC80)x 100%. E

ficient values were determined by 4-parameter nonlinear regression

max 108 ECco, and Hill coef-
analysis with the minimum constrained to O. Linear regression was
used to compare log K; and log EC,, values as in vitro binding and
functional measures of drug potency.

2.2 | Invivo studies of locomotor activity

2.21 | Subjects

Subjects were male and female ICR mice (Envigo) that were
6-8weeks old upon arrival to the laboratory. Males weighed
27-50g and females weighed 23-38g throughout the study. Mice
were single-housed in cages with corncob bedding (Envigo), a “nest-
let” composed of pressed cotton (Ancare), a cardboard tube for
enrichment, and ad libitum access to food (Teklad LM-485 Mouse/
Rat Diet; Envigo). Cages were mounted in racks in a temperature-
controlled room with a 12-h light/dark cycle (lights on from 6:00a.m.
to 6:00p.m.) in a facility approved by the American Association for
Accreditation of Laboratory Animal Care. All experiments were per-
formed during the light phase of the daily light/dark cycle beginning
1week after arrival at the laboratory. Ethical animal-use protocols
were approved by the Institutional Animal Care and Use Committee
and complied with the National Research Council Guide for the Care

and Use of Laboratory Animals.

2.2.2 | Apparatus

Horizontal locomotor activity was assessed as described previously?®
during 60-min sessions in rectangular test boxes (16.8x12.7 cm?
floor areax12.7cm high) housed in sound-attenuating chambers
(Med Associates) and located in a procedure room separate from the
housing room. 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 1cm above the
floor. Beam breaks were monitored by a microprocessor operating

Med Associates software.

2.2.3 | Procedure

Procedures were identical to those described previously.20 Thus, for
all drugs except EG-1-230, a different group of 12 mice (six females,
six males) was used to test each drug. One mouse assigned to the
EG-1-230 group died before testing began, so this group included 11
mice (six females, five males). Within each group, test sessions were
conducted twice a week with at least 48 h between sessions. All mice
received a vehicle control and all doses of the designated test drug,
and dose order was randomized across mice using a Latin-square de-
sign. 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 from all mice were included
in final analysis. On test days, mice were brought to the procedure
room at least 1 h before session onset. After subcutaneous (SC) test-
drug administration, mice were returned to their home cages for
the 5-min pretreatment interval and then placed into the locomotor
activity boxes for a 60-min test session. Doses for each drug were
varied in 0.5 log-unit increments across a >10-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. The final dose ranges for each drug were
as follows: tianeptine (10-100mg/kg), DC-1-128.1 (0.1-3.2mg/kg),
DC-1-76.2 (0.1-3.2mg/kg), EWB-3-14 (0.1-32mg/kg), JL-2-39
(1.0-32mg/kg),DC-1-76.1(0.32-32mg/kg),EG-1-203(3.2-32 mg/kg),
and EG-1-230 (3.2-32mg/kg). For all drugs, antagonism studies were
conducted after completion of drug-alone studies in the same mice
using one of two experimental designs. First, to determine effective-
ness of the antagonist naltrexone to block effects of higher-efficacy
test compounds, 1.0 mg/kg naltrexone was administered SC 10 min
before SC administration of an active dose of the test drug, and test
sessions began 5min after the test drug. Second, to determine ef-
fectiveness of lower-efficacy test compounds to block locomotor-
activating effects of morphine, the test drug was administered SC
10min before 32mg/kg SC morphine, and test sessions began 5min

after morphine administration.

2.2.4 | Dataanalysis
The primary dependent variable was the total number of beam
breaks, excluding consecutive interruptions of the same beam,
during each 60-min session. To construct and analyze dose-effect
curves for each drug, data were normalized in a two-step process to
account for slight differences in vehicle control data across groups
and permit direct comparison to methadone as a high-efficacy MOR
agonist we have examined previously.?° First, locomotor data in each
mouse at each drug dose were expressed as a “Difference Score”
relative to vehicle control data in that group using the equation
Difference Score =Test - Group Vehicle, where Test equals the num-
ber of locomotor counts in a given mouse after a given drug dose,
and Group Vehicle equals the mean number of locomotor counts
after vehicle treatment in that group. Second, the Difference Score
in each mouse at each dose was then expressed as a percentage of
the mean maximum Difference Score produced by the reference ag-
onist methadone using the equation % Methadone E,_ =(Difference
Score/Methadone E__ )x 100.

The resulting dose-effect data were then evaluated in a se-

max

quence of steps as we have described previously.2%?” First, be-
cause 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. A significant
ANOVA was followed by a Holm-Sidak post hoc test, and for this
and all other parametric statistics, the criterion for significance
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was p <.05. Second, pooled dose-effect data were also evaluated
to determine E_. and ED., values for each drug. The E__ was
defined as the mean maximum effect (95% confidence limits [CL])
produced by any drug dose. The ED;, was defined as the dose
producing 50% of the E_
(95% CL) were determined by linear regression of the linear as-

value for that drug, and ED,, values

cending portion of the dose-effect curve. E_, and EDg, values
were considered to be significantly different across drugs if 95%
CL did not overlap. Lastly, to provide preliminary information re-
garding potential sex differences in drug effects, data for each
drug were segregated by sex and 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. Additionally, the two-way ANOVA
results were submitted to post hoc power analyses to calculate
the Cohen's f effect size, achieved power (1 - f), and the total num-
ber of animals predicted as necessary to achieve power 20.8.

For antagonism experiments, raw data were analyzed as appro-
priate by t-test or by one-way ANOVA followed by Dunnett's post
hoc test. Linear regression was used to compare in vitro and in vivo
measures of drug potency (in vitro log EC,, vs. in vivo log ED,,
values) and drug efficacy (in vitro and in vivo E_ values). Power
analysis was conducted using the free statistical analysis program
G*Power,?® and all other analyses were conducted using GraphPad
Prism 9.5 (La Jolla, CA).

2.3 | Drugs

(+) Methadone HCI and naltrexone HCl were provided by the
National Institute on Drug Abuse Drug Supply Program. Tianeptine
sodium salt was purchased from Cayman Chemical. The chiral
C9-substituted phenylmorphans were as follows: DC-1-128.1,
DC-1-76.2, DC-1-90.2, EWB-3-14, JL-2-39, DC-1-76.1, EG-1-203 HBr,
and EG-1-230 HBr. These compounds were provided by the Drug
Design and Synthesis Section, Molecular Targets and Medications
Discovery Branch, National Institute on Drug Abuse and National
Institute on Alcohol Abuse and Alcoholism (Bethesda, MD; see Rice
etal.'? for patent information). For in vivo studies of locomotor activ-
ity, methadone, naltrexone, tianeptine, and EG-1-230 were dissolved
in sterile saline. All other compounds were dissolved in a vehicle of
5% ethanol, 5% emulphor, and 90% saline. In vivo doses were calcu-
lated using the salt or free-base form of each drug described above
and were administered SC in a volume of 10 mL/kg. Note that DC-1-
90.2 was included in in vitro studies, but it was not tested in vivo due

to its limited solubility.

2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article ar hyperlinked
to corresponding entries in http://guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY,?? and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%°

3 | RESULTS

3.1 | Invitro studies of receptor binding and
function

In vitro drug effects in competition binding assays and in func-
tional assays of ligand-stimulated [*°>S]GTPYS binding are shown in
Figure 2; Tables 1 and 2. In competition binding studies, tianeptine
had the lowest MOR affinity of all compounds tested with a K; value
of 78nM, though it had high selectivity for MOR versus KOR, and
more than 30-fold selectivity for MOR versus DOR. The phenylmor-
phans all showed higher affinity for MOR, with most having sub-
nanomolar affinity similar to buprenorphine, except for DC-1-76.1,
DC-1-90.2, and EG-1-230. These three compounds had MOR K; val-
ues ranging from ~1.8-4.2nM, which is similar to or slightly greater
than that of morphine. All the phenylmorphans had >10-fold MOR-
versus-KOR selectivity and >87-fold MOR-versus-DOR selectivity.
The functional [3SS]GTP«/S assays showed a wide range of poten-
cies and efficacies for the test compounds at MOR. Regarding MOR
potencies, tianeptine had the lowest potency, while the phenylmor-
phans displayed higher potencies ranging from 6.73-36.97nM.
MOR EC,, values for tianeptine and the phenylmorphans were
significantly correlated with their MOR K; values in binding studies
(R*=0.88, p=.0002; see Figure S1). Regarding efficacy, tianeptine
had the highest efficacy at both MOR and DOR with E__ values
similar to the reference agonists at each receptor and only a 3-fold
higher potency in MOR-versus-DOR expressin cells. By contrast, the
phenylmorphans had graded lower MOR efficacies and higher levels
of MOR selectivity. DC-1-128.1 had an MORE, . (75.35%) similar to
(31.40%) and more than 60-fold
lower potency at DOR and produced no KOR activation. The remain-

morphine, but it had a lower E__
ing phenylmorphans had lower MOR efficacies than buprenorphine
and either did not activate or slightly inhibited KOR and DOR signal-
ing. Notably, the lower MOR efficacy phenylmorphans JL-2-39 and
DC-1-76.1 showed detectable but lower MOR efficacy and improved
MOR>KOR selectivity relative to the clinically available low-efficacy
opioid nalbuphine.

3.2 | Invivo studies of locomotor activity

Table 3 shows the mean +SEM number of baseline locomotor counts
after vehicle administration in each group of mice. There was a signif-
icant difference in baseline activity across groups [F (8, 98)=7.438,
p<.0001], and follow-up analysis by two-way ANOVA to include
sex as a variable confirmed a main effect of group [F(8, 89)=7.394,
p<.0001] but no main effect of sex (p=.195) and no group x sex in-
teraction (p=.560). Raw data to show locomotor-activating effects
of each drug are shown in Figure S2. However, to control for the
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FIGURE 2 Concentration-effect curves for competition binding (left panel) and receptor-mediated G-protein activation (right panels) in
membranes from Chinese hamster ovary (CHO) cells expressing the mouse mu opioid receptor (MOR). In the left panel, [*H]naloxone was
used to determine competition binding affinity (K;, nM), and K; values are shown in Table 1 for MOR as well as for kappa opioid receptor
(KOR) and delta opioid receptor (DOR). In the right panels, ligand-modulated [3SS]GTPyS binding was used to determine MOR-mediated
G-protein activation. Data were normalized as a percentage of the stimulation produced by a maximally effective concentration of DAMGO

(3uM; MOR), U50488 (5M; KOR) or SNC-80 (5puM; DOR). Resulting E

max

and EC, values are shown in Table 2 for MOR as well as for KOR

and DOR. Note that the middle panel has a Y-axis range of 0%-120% DAMGO Max and shows effects of higher-efficacy ligands (tianeptine,
morphine, buprenorphine, DC-1-128.1, DC-1-76.2, EWB-3-13), whereas the right panel has a narrower Y-axis range of 0%-20% DAMGO
Max and shows effects of the lower-efficacy ligands (nalbuphine, DC-1-90.2, JL-2-39, DC-1-76.1, EG-1-203, EG-1-230). Higher-efficacy

ligands are defined here as having E

max

>20% DAMGO. All data represent mean values+SEM (n=3-9). Specific radioligand binding in MOR-,

KOR- and DOR-CHO cells in the absence of competitor was 1.83+0.12 pmol/mg ([°*H]naloxone), 0.602 +0.038 pmol/mg ([°H]diprenorphine)
and 3.48+0.20 pmol/mg (*H]diprenorphine), respectively. Basal [35$]GTPyS binding in MOR-, KOR- and DOR-CHO cells was 44.89 +2.16,
51.38+7.23, and 164.1 +12.8fmol/mg, respectively. Full agonist stimulation (% over basal) in MOR-, KOR- and DOR-CHO cells was

473.5%+7.2% (DAMGO), 310.1% + 16.4% (U50488) and 209.6 +20.2% (SNC-80), respectively.

TABLE 1 Ligand K; and selectivity values from radioligand competition binding.

Ligand MORK; (nM) KORK; (nM) MOR/KOR DORK; (nM) MOR/DOR
Morphine® 1.196+0.163 225.5+8.5 188.6 139.2+4.6 116.4
Buprenorphine 0.391+0.039 0.628+0.04 1.6 10.06 +2.05 25.7
Nalbuphine 1.899+0.546 16.28+1.761 8.6 491.0+38.9 258.5
Tianeptine 78.24+9.93 >100mM >50000 2828+416 36.2
DC-1-128.1° 0.562+0.075 63.32+7.43 112.6 317.8+47.0 565.2
DC-1-76.2° 0.497+0.052 43.99+2.98 88.5 347.0+45.6 698.5
EWB-3-14 0.826+0.076 12.09+1.41 14.6 140.5+17.8 170.1
DC-1-90.2° 1.829+0.247 34.45+0.77 18.8 429.8+41.7 235.0
JL-2-39 0.394+0.035 17.13+2.22 43.4 472.9+41.2 1199.2
DC-1-76.1° 1.910+0.137 52.89+1.11 277 3387 +268 1773.3
EG-1-203 0.761+0.031 22.26+4.66 29.3 66.49+7.70 87.4
EG-1-230 4.216+0.177 45.90+7.08 10.9 1006 +147 238.5

Note: Data are mean K; values + SEM (n=3-6) derived from ligand competition curves for [®H]naloxone binding to membranes from MOR-, or [°H]

diprenorphine binding to KOR- and DOR-expressing CHO cells. Fold selectivity for MOR over KOR or DOR was determined by dividing the K; values

at KOR or DOR by the K; value at MOR.

Abbreviations: CHO, Chinese hamster ovary; DOR, delta opioid receptor; KOR, kappa opioid receptor; MOR, mu opioid receptor.
#Values at MOR for morphine, DC-1-128.1, DC-1-76.2, DC-1-90.2, and DC-1-76.1 were reported in Chambers et al.®?

different levels of baseline activity in each group, raw data for each
drug were transformed as to Difference Scores and expressed as a
percentage of the mean E__ Difference Score produced by the ref-
erence drug methadone. Figure 3 uses the data with methadone to
illustrate the sequence of data analysis steps that was followed for
each drug as described in Methods. Methadone produced a dose-
dependent increase in locomotor activity. Table 3 shows the one-
way ANOVA results, E . and ED,, for methadone pooled across
sexes, and Table S1 shows the two-way ANOVA results and post hoc

power analysis for methadone segregated by sex. There was no main
effect of sex or sexxdose interaction for methadone.

Figure 4 shows dose-effect curves for data pooled across sexes
foreachtestdrug. E_, values, ED,, values, and one-way ANOVA re-
sults are shown in Table 3. The potency rank order of all compounds
as determined by ED,, values was DC-1-128.1>DC-1-76.2>DC-1-
76.12EWB-3-14 > methadone 2 JL-2-39 > EG-1-203 > tianeptine. An
ED;, value for EG-1-230 could not be determined because it was
inactive when administered alone. Regarding efficacy, all drugs
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TABLE 2 E_, and EC,, values from ligand-modulated [*>S]GTPyS binding.
MOR KOR DOR

Ligand E, ax (%) EC,, (nM) E, ax (%) EC,, (nM) E, o (%) EC,, (nM)
Morphine® 88.30+4.86 123.0+23.5 54.37+4.24 1320+ 105 72.60+11.98 502.7+103.9
Buprenorphine 35.56+1.89 0.55+0.04 6.60+0.85 2.61+1.08 11.94+1.89 4.69+093
Nalbuphine 18.92+0.64 17.35+1.52 47.83+2.97 86.60+11.45 30.13+3.58 598.4+184.7
Tianeptine 109.6+3.6 6443+622 No stim - 102.57+3.72 19153 +352
DC-1-128.1° 75.35+3.83 8.38+0.77 No stim - 31.40+2.23 502.8+117.9
DC-1-76.2° 29.09+0.78 6.73+1.35 No stim - -6.34+0.78 160.1+142.4
EWB-3-14 20.82+1.67 744 +2.67 No stim - -20.32+4.91 1309 +751
DC-1-90.2° 17.97 +1.45 9.64+1.70 No stim - -6.97+0.46 252.6+132.7
JL-2-39 13.04+1.48 7.09+3.70 No stim - No stim -
DC-1-76.1° 10.54+0.82 36.97 +15.47 No stim - -0.70+2.12 1160+214
EG-1-203 4.79 +0.60 24.19+13.83 -3.49+0.67 124.9+88.7 -11.64+3.08 37.05+17.74
EG-1-230 0.67+0.79 24.13+12.01 -8.97+0.65 20.71+5.60 -10.55+3.58 517.2+366.2

Note: Data are mean E

and EC,, values+SEM (n=3-9) derived from concentration-effect curves as illustrated in Figure 2 for MOR. E

max Values are

expressed as a percent of the stimulation produced by a maximally effective concentration of DAMGO (MOR), U50488 (KOR), or SNC80 (DOR). No
stim.: lack of concentration-dependent stimulation up to at least 3pM ligand (30 1M for tianeptine).

Abbreviations: CHO, Chinese hamster ovary; DOR, delta opioid receptor; KOR, kappa opioid receptor; MOR, mu opioid receptor.

#Values at MOR-mediated stimulation of GTPYS binding for morphine, DC-1-128.1, DC-1-76.2, DC-1-90.2, and DC-1-76.1 were reported in Chambers

etall®

TABLE 3 Tabular results for locomotor studies.

Baseline + SEM E, ax (95%CL) ED, (95% CL)

Drug # Counts % Methadone E_ mg/kg One-way ANOVA results
Methadone 2350.3+264.7 100 (82.8-117.2) 2.50(1.61-3.99) F(2.90, 31.87)=38.80; p<.0001
Tianeptine 1248.6+127.6 102.8 (84.4-123.2) 18.28 (16.37-20.46) F (1.88, 20.73)=86.74; p<.0001
DC-1-128.1 2692.3+241.2 80.1(68.9-91.2) 0.19 (0.10-0.29) F(2.95,32.40)=31.22; p<.0001
DC-1-76.2 2732.3+706.9 87.6 (50.0-125.3) 0.47 (0.16-0.80) F (1.94,21.36)=19.59; p<.0001
EWB-3-14 1570.5+51.2 101.5 (67.6-135.4) 1.05(0.77-1.44) F(2.82,31.06)=22.36; p<.0001
JL-2-39 3102.8+151.9 87.1(66.6-107.7) 2.85(1.31-4.81) F(2.18,23.93)=40.55; p<.0001
DC-1-76.1 3072.6+156.4 34.3 (16.6-52.0) 0.72(0.47-1.74) F(2.28,25.12)=7.74; p=.0017
EG-1-203 989.3+125.2 13.0(2.5-23.5) 5.42 (not determined) F(1.75,19.29)=5.11; p=.0196
EG-1-230 1338.8+261.4 2(-5.8-10.1) Inactive F(2.43,24.34)=0.29; p=.7943

Note: For each experimental group, data are shown for mean + SEM number of baseline counts after vehicle administration, E,
the drug expressed as a % of the methadone E

value (95% CL) for

max

and ED,, (95% CL) expressed in mg/kg. The one-way ANOVA results are also shown for each drug

effect. All groups included 12 mice (6 females, 6 males) except EG-1-230, which had 11 mice (6 females, 5 males).

except EG-1-230 produced dose-dependent and significant in-
creases in locomotor activity. E, . values for the reference agonist
methadone and the test compounds tianeptine, DC-1-128.1, DC-1-
76.2, EWB-3-14, and JL-2-39 were statistically similar as indicated by
overlapping 95% confidence limits. Conversely, the test compounds
DC-1-76.1, EG-1-203, and EG-1-230 had lower E
methadone and the other test compounds (except for an overlap in
E, .« 95% CL for DC-1-76.2 > DC-1-76.1). Lastly, the E_ for EG-1-230
was also lower than that for DC-1-76.1.

Two-way ANOVA results for data segregated by sex for each drug

. Values than

are shown in Table S1. For most groups, there was not a significant

main effect of sex or sexxdose interaction. As the only exception,
there was a significant sexxdose interaction for EG-1-203 [F (3,
30)=3.77; p=.0208]; however, even here, post hoc analysis did not
indicate a significant effect of sex at any dose. Table S1 also shows
post hoc power analysis of results.

Figure 5 compares the time courses of vehicle and the E_ drug
dose in each group during the 60-min session. Vehicle-treated an-
imals had high initial locomotor activity followed by a decline to
lower levels later in the session. Drug-induced increases in locomo-
tor activity were generally observed within the first 10-15 min of the
session and were sustained for the duration of the session.
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FIGURE 3 Experimental design and analysis illustrated with methadone. Drugs were tested in separate groups of 12 mice (6 per sex)
using a within-subjects repeated-measures design. The left panel shows that initial analysis pooled raw data from both sexes. Abscissa: dose
methadone in mg/kg administered SC. Veh =vehicle. Ordinate: Total locomotor activity counts during a 60-min test session. Bars show
mean +SEM, and points show individual data. **indicate different from vehicle as indicated by one-way ANOVA followed by a Holm-Sidak
post hoc test, p<.01. The middle panel shows calculation of dose-effect parameters (E_ .., ED.,). Data for each mouse at each dose were
transformed to % Methadone E__ using the equation [(Drug - Veh)/(5149.8)] x 100, where Drug=total locomotor counts in a given mouse
after a drug dose, Veh=mean locomotor counts after vehicle in that group, and 5149.8 =the mean maximum increase in locomotor counts
produced by methadone in the methadone group (7500.1 counts at 32mg/kg vs. 2350.3 counts after saline vehicle). Filled symbols indicate
different from vehicle as indicated by one-way ANOVA followed by a Holm-Sidak post hoc test, p <.05. The right panel shows the same data
as the middle panel segregated by sex and analyzed by two-way ANOVA. In this case, there was a main effect of dose [F (2.82, 28.2)=38.74,

p <.0001], but no main effect of sex [F (1, 10)=0.42, p=.53] and no sex x dose interaction [F (4, 40)=0.98, p=.43].

Higher Efficacy MOR Agonists

Lower Efficacy MOR Agonists

FIGURE 4 Locomotor-activating
effects of the novel opioids in female and
male ICR mice. Abscissae: dose in mg/kg
administered SC (log scale). Ordinates:
Locomotor-activating effects expressed

<> EG-1-203
/% EG-1-230

as a percent of the methadone E_ .

Points show mean +SEM and filled points
indicate doses that produced effects
significantly greater than vehicle (p <.05).
= Data were further segregated by sex and
analyzed by two-way ANOVA, and these
results are shown in Table S1.
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Figure 6 shows the results of antagonism studies to determine
receptor mechanisms of drug action. Naltrexone significantly
attenuated the effects of locomotor-activating doses of tianep-
tine, DC-1-128.1, DC-1-76.2, EWB-3-14, JL-2-39, and DC-1-76.1.
Reciprocally, the lower-efficacy compounds EG-1-203 and EG-1-
230 both significantly attenuated the locomotor-activating effects

of morphine.

3.3 | Comparison of in vitro and in vivo results

Figure 7 shows the relationship between in vitro drug potency and
effectiveness to stimulate in vitro [*°S]GTPyS binding in mMOR-
CHO cells and in vivo potency and effectiveness to stimulate lo-
comotor activity in ICR mice. Regarding potencies, the correlation
between in vitro log EC;, and in vivo log ED,, values approached

Dose (mg/kg)

but did not meet the criterion for significance (R?=0.54, p=.0612).
Tianeptine displayed the lowest potency both in vitro and in vivo,
but there was less consistency for in vitro versus in vivo relative po-
tencies for the phenylmorphans. For example, JL-2-39 was ~5-fold
more potent than DC-1-76.1 in vitro but ~4-fold less potent than DC-
1-76.1 in vivo. Regarding efficacies, increases in [*°S]GTPyS binding
up to approximately 21% of the DAMGO E . were associated with
increases in locomotor activity (region denoted by the gray box in
Figure 6 right panel). Linear regression analysis for the data in this
range indicated a significant correlation of in vitro and in vivo E_
values (R>=0.89, p=.0165), and in vitro activity (95% confidence
limits) of 10.4 (4.7-16.7) % DAMGO E

vivo locomotor activation of 50% methadone E_, . However, com-

max Was sufficient to produce in

pounds that produced progressively higher maximum levels of [3°s]
GTPYS binding above 21% of the DAMGO E_ . did not produce fur-
ther increases in locomotor activation.
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4 | DISCUSSION

This study characterized the MOR selectivity and efficacy of a series
of chiral C9-substituted phenylmorphans. The opioid antidepressant
tianeptine was included as a comparator. There were four main find-
ings. First, all the phenylmorphans bound with high affinity to MOR,
and all had >10-fold selectivity for MOR versus KOR and DOR.
Second, the phenylmorphans had graded levels of high-to-low MOR
efficacies evident in both the in vitro and in vivo assays. Third, the
in vivo locomotor studies in mice provided evidence for rapid onset,
modest duration, and MOR mediation of effects with no apparent
sex differences. Lastly, tianeptine functioned as a low-potency but

T XA
R O T

200~ 32 mg/kg EG-1-230

150

(rreO)

30 40 50 60

Time (min)

high-efficacy MOR agonist. Overall, these findings support further
research with these chiral C9-substituted phenymorphans as can-
didate low-efficacy opioid therapeutics and as tools to investigate

MOR efficacy as a determinant of opioid effects.

4.1 | MOR selectivity of the phenylmorphans

The present results confirm and extend previous findings to
suggest that the novel phenylmorphans investigated here have
relatively high MOR selectivity. Binding studies at MOR, KOR,
and DOR had been conducted previously for only EWB-3-14,



SANTOS ET AL.

10 of 13 oo
00115 | I ASPET (e

Naltrexone Antagonism of Test Drugs

100 mg/kg Tianeptine

0.32 mg/kg DC-1-128.1

FIGURE 6 Antagonism studies with
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and results here with EWB-3-14 are consistent in showing sub-
nanomolar MOR affinity and selectivity for MOR>KOR>DOR.
Although binding across all three opioid receptor subtypes has not
been reported previously for the other phenylmorphans, these
compounds were shown to have functional MOR selectivity in an
in vitro assay of forskolin-stimulated cAMP accumulation. Thus,
all of these compounds displayed higher potency to inhibit cAMP
accumulation in cells expressing MOR than to function as either
an agonist or antagonist for inhibition of cAMP accumulation in
cells expressing KOR or DOR.}>*¢® Of particular relevance for
the development of these compounds as candidate therapeutics,

Dose EG-1-230 (mg/kg)

the lower-efficacy phenylmorphans all showed improved MOR se-
lectivity relative to nalbuphine as an existing, clinically available,
low MOR efficacy opioid. Thus, nalbuphine displayed only 8.6-
fold MOR-versus-KOR binding selectivity in the present study,
whereas all the phenylmorphans displayed >10-fold selectivity.
Moreover, results from the in vitro assay of ligand-stimulated
GTPyS binding indicated that nalbuphine had partial KOR agonist
activity, whereas none of the phenylmorphans had KOR agonist
activity and some functioned as weak inverse agonists. Taken to-
gether, these findings suggest that the lower-efficacy phenymor-
phans may be devoid of the KOR agonist effects that appear to be
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FIGURE 7 Relationship between in vitro and in vivo potency and E_ values. The left panel shows the potency relationship between

in vitro log EC, values on the abscissa and in vivo log ED,, values on the ordinate. The dotted line shows the linear regression and the
correlation approached but did not achieve the criterion for significance (R?=0.54, p=.0612). The right panel shows the efficacy relationship
between in vitro E_ values on the abscissa and in vivo E_ . values on the ordinate. The hatched box shows the range of in vitro E_
values associated with increasing in vivo E_ . values. The dotted line shows the linear regression for these data, which did yield a significant

correlation (R>=0.89, p=.0165). Higher in vitro E__  values were not associated with further increases in the in vivo E___.

a limitation for existing, clinically approved, low-efficacy opioids all compounds with significant agonist activity produced a relatively

10-14 rapid onset of effects with a duration of at least 60 min. Given other

including nalbuphine, butorphanol, and pentazocine.
evidence to suggest that MOR agonist-induced locomotor stimula-
tion in mice is mediated by receptors in the central nervous system
4.2 | MOR efficacy of the phenylmorphans (e.g., Ref. [31]), these results suggest that all of these compounds

distribute to the brain after systemic administration and have a

In addition to this evidence for improved MOR selectivity, the pre- modest duration of action similar to clinically available opioids like
sent study also provides new evidence for the graded MOR effi- morphine.20 The lack of a significant correlation between in vitro
cacies of these compounds. As described previously using in vitro and in vivo potencies suggests that there may be modest differences
assays of ligand-induced inhibition of cAMP accumulation or stimu- in pharmacokinetics. For example, JL-2-39 had ~5-fold higher MOR

lation of GTPYS binding,*>™* the phenylmorphans studied here dis- affinity and was ~5-fold more potent to stimulate GTPyS binding in
played varying degrees of MOR efficacy, and most had lower MOR MOR CHO cells than DC-1-76.1, but JL-2-39 was ~4-fold less potent

efficacy than either buprenorphine or nalbuphine as examples of than DC-1-76.1 to stimulate locomotor activity. This suggests that
existing, clinically available low-efficacy opioids. The locomotor JL-2-39 may not distribute across the blood-brain barrier as effec-
studies in mice illustrated the functional importance of this graded tively or may be metabolized more rapidly than DC-1-76.1. Future
MOR efficacy for expression of in vivo behavioral effects. Thus, the pharmacokinetic studies would be required to clarify the role of
five compounds tested in vivo with the lowest MOR efficacies (from these factors.
highest to lowest: EWB-3-14, JL-2-39, DC-1-76.1, EG-1-203, and EG- Second, antagonism studies suggest that effects of these com-
1-230) showed a graded and correlated decline in both in vitro stim- pounds were mediated by MORs and not by non-opioid off-target
ulation of GTPYS binding and in vivo locomotor activation. These receptors. Thus, effects of the six higher-efficacy phenylmorphans
results agree with our earlier findings using other opioids and opioid were blocked by naltrexone similarly to naltrexone blockade of
agonist/antagonist mixtures to show that locomotor activation in morphine-induced locomotor activation.?® Reciprocally, the two
mice is dependent on the MOR efficacy of the opioid.?’ Moreover, lower-efficacy phenylmorphans blocked the effects of morphine
these data agree with other in vivo data that have been reported similarly to antagonist effects of other low-efficacy MOR ligands.?°
for a subset of these compounds. For example, the antinociceptive Third, the mouse locomotor studies also provide additional
and respiratory depressant effects of DC-1-76.2, JL-2-39, and DC-1- support for the in vivo functional relevance of MOR selectivity. In
76.1 have been examined in squirrel monkeys.*>8 Although results particular, we reported previously that nalbuphine produced sig-
across compounds were not compared statistically, they showed a nificant but weak effects in this same behavioral assay of locomo-
general trend of declining antinociceptive and respiratory depres- tor activation in mice.2® The other clinically available low-efficacy
sant effects in monkeys similar to their declining locomotor stimu- MOR agonists butorphanol and pentazocine also produce weak
lant effects in mice. locomotor activation in mice.’>3% These low levels of locomotor
The present studies in mice also provide additional insights re- activation could be influenced by their low MOR selectivity. In

garding the in vivo pharmacology of these phenylmorphans. First, particular, the KOR-mediated effects of these compounds might
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oppose and limit MOR-mediated hyperactivity.>! In the present
study, JL-2-39 displayed lower MOR efficacy but higher MOR

selectivity than nalbuphine, and it produced a higher locomotor

Eax than nalbuphine and similar to much higher MOR efficacy
opioids. DC-1-76.1 had even lower MOR efficacy, but it also has
higher MOR selectivity than nalbuphine and produced a higher lo-
comotor E_ than nalbuphine. Overall, these results suggest that
low MOR-versus-KOR selectivity may limit some MOR-mediated
effects of existing low-efficacy MOR agonists like nalbuphine,
and the more MOR-selective phenylmorphans studied here can
produce greater MOR-mediated effects despite their lower MOR
efficacy.

Lastly, the present study was not intended or powered to detect
sex differences in drug effects, but both females and males were in-
cluded, and results provide preliminary evidence on the extent of sex
differences in drug effects.?” There was not a main effect of sex for
any of the phenylmorphans, and in the only instance of a significant
sex x dose interaction (for EG-1-203), the post hoc test did not reveal
an effect of sex at any dose. These results should be interpreted with
caution given that achieved power was often less than 0.8 as a com-
mon criterion to protect against a Type Il error (i.e., concluding that
an effect is absent when it is in fact present). Nonetheless, these re-
sults add to our previous finding that sex differences in MOR ligand
effects on mouse locomotor activity are rare.?°

4.3 | Tianeptine

Tianeptine was included in this study as a putative high MOR effi-
cacy comparator, and results are consistent with other recent studies
to indicate that tianeptine functions as a low-potency, high-efficacy
MOR/DOR agonist.22"2 Insofar as DOR activation has been linked

to antidepressant effects,3*%°

these findings support the proposi-
tion that clinical antidepressant effects of tianeptine may involve
DOR as well as MOR effects. The present study extended these
previous results in finding no sex difference in tianeptine effects.
Thus, as with the phenylmorphans in this study and with other opi-
oids tested previously,?° tianeptine also appears to produce similar

locomotor activation in both sexes.

5 | CONCLUSION

In conclusion, this study further characterized the pharmacology of
a series of chiral C9-substituted phenylmorphans. Relative to exist-
ing low-efficacy opioid analgesics, these phenylmorphans display
relatively high MOR selectivity (which can reduce off-target and
particularly KOR-mediated side effects) and graded MOR efficacies
(which provides greater opportunity to control efficacy in therapeu-
tic or experimental applications). Compounds like JL-2-39, DC-1-76.1,
and EG-1-203, which have lower MOR efficacy than buprenorphine
or nalbuphine but retain in vivo MOR-mediated effects, may be of
particular interest as novel candidate opioid therapeutics.
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