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Abstract

Rationale and objectives The present study characterized the behavioral pharmacology of a novel, mixed-action delta-selective
(78:1) opioid receptor agonist, BBI-11008. This glycopeptide drug candidate was tested in assays assessing antinociception (acute,
inflammatory, and neuropathic pain-like conditions) and side-effect endpoints (respiratory depression and drug self-administration).
Results BBI-11008 had a 78-fold greater affinity for the delta opioid receptor than the mu receptor, and there was no binding to
the kappa opioid receptor. BBI-11008 (3.2-100; 10-32 mg kg ', i.v.) and morphine (1-10; 1-3.2 mg kg ', i.v.) produced
antinociceptive and anti-allodynic effects in assays of acute thermal nociception and complete Freund’s adjuvant (CFA)-induced
inflammatory pain, with BBI-11008 being less potent than morphine in both assays. BBI-11008 (1-18 mg kg ', i.v.) had similar
efficacy to gabapentin (10-56 mg kg ', i.v.) in a spinal nerve ligation (SNL) model of neuropathic pain. In the respiration assay,
with increasing %CO, exposure, BBI-11008 produced an initial increase (32 mg kg, s.c.) and then decrease (56 mg kg, s.c.)
in minute volume (MV) whereas morphine (3.2-32 mg kg ', s.c.) produced dose-dependent decreases in MV. In the drug self-
administration procedure, BBI-11008 did not maintain self-administration at any dose tested.

Conclusions These results suggest that the glycopeptide drug candidate possesses broad-spectrum antinociceptive and anti-
allodynic activity across a range of pain-like conditions. Relative to morphine or fentanyl, the profile for BBI-11008 in the
respiration and drug self-administration assays suggests that BBI-11008 may have less pronounced deleterious side effects.
Continued assessment of this compound is warranted.

Keywords Antinociception - Antiallodynia - Respiratory depression - Gltransit - Drugself-administration - Deltaopioidreceptor -
Delta/mu opioid agonist - Glycopeptide - Rats - Mice

Introduction to diagnose and treat (IOM 2011). Standard opioid, steroid, or
NSAID drugs used to treat chronic pain show undesirable side
Chronic pain remains a major public health concern and rep-  effects and inconsistent analgesic efficacy, and it is clear that

resents a spectrum of clinical conditions that are challenging  efficacious and safer drugs are still needed (Antman 2017,
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Godfrey 1996; Kaye et al. 2017; Krashin et al. 2015).
Strategies for drug discovery in the pain field include the
elucidation of novel non-opioid targets as well as development
of effective but safer mixed-action opioid analgesics that tar-
get both mu and delta receptors (Fischer 2011; Yekkirala et al.
2017). One particular method of improved opioid drug design
has been the synthesis of bivalent compounds that bind to and
activate or block both mu and delta opioid receptors. This
particular mixed structure activity has resulted in lead candi-
dates with maintained or enhanced analgesic efficacy and at-
tenuated side effects relative to typical prescription mu opioid
analgesics (Anand et al. 2016; Bilsky et al. 2000; Elmagbari
et al. 2004; Mosberg et al. 2014; Schiller et al. 1995;
Stevenson et al. 2015).

Our laboratories and others have synthesized and tested
novel mixed-action delta/mu opioid agonists, in an effort to
develop effective yet safer opioid analgesics (Li et al. 2012;
Schiller et al. 1995; Yamamoto et al. 2007). As an example of
this, we have reported that the mixed-action delta/mu opioid
MMP-2200 has antinociceptive efficacy, with attenuated side
effects, including abuse liability and tolerance/dependence,
relative to standard mu receptor prescription opioids
(Lowery et al. 2011; Stevenson et al. 2015). In a continued
effort to improve upon mixed action ligands, a novel series of
compounds was recently developed with greater activity at
delta versus mu receptors. Here, we report on the lead candi-
date BBI-11008 (amino acid sequence: [H]-YaFE-Nle-Nle-
T(b-Glu)-[NH,]) for analgesic efficacy in assays of acute, in-
flammatory, and neuropathic pain, as well as receptor media-
tion, respiratory depression, and drug self-administration.
BBI-11008 is a bivalent compound based on the dermorphins
and deltorphins. Glycosylation of these compounds results in
enhanced penetration of the blood-brain barrier (Erspamer
et al. 1989; Heck et al. 1996; Kreil et al. 1989; Melchiorri
and Negri 1996).

To determine the capacity for broad spectrum analgesic
efficacy, the delta-selective glycopeptide BBI-11008 was test-
ed in an assay of acute thermal nociception, as well as com-
plete Freund’s adjuvant (CFA)-induced inflammatory (Taurog
et al. 1988) and spinal nerve ligation (SNL)-induced
neuropathic-like pain models (Colburn et al. 1999). Delta vs.
mu receptor mediation and central vs. peripheral activity for
BBI-11008 were determined in the acute thermal nociception
assay. In order to characterize opioid side effects, BBI-11008
was also assessed for efficacy to depress respiration and main-
tain drug self-administration. BBI-11008 was initially tested
by the i.v. route of administration to determine potency and
efficacy, followed by p.o. and s.c. routes, in order to assess
systemic bioavailability. The analgesic and respiratory effects
of BBI-11008 were compared with the standard prescription
opioid agonist morphine, and for the SNL procedure, BBI-
11008 was compared with the voltage-gated calcium channel
o, subunit modulator, gabapentin (Taylor 2009). In the self-
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administration procedure, BBI-11008 was compared with the
selective mu opioid agonist and training drug fentanyl.

Materials and methods
Subjects

Male CD-1 mice (25-40 g; Charles River Laboratories) were
used for all acute thermal nociception and CFA experiments,
and male Sprague Dawley rats (250-350 g; Charles River
Laboratories) were used for all SNL, respiration, and drug
self-administration experiments. Mice were housed in groups
of n =4 and rats in groups of n = 2-3 in the University of New
England Animal Care Facility. All animals received food and
water available ad libitum and were maintained in a tempera-
ture and humidity-controlled colony on a 12-h light/dark cycle
(lights on at 07:00 and off at 19:00). Animals were acclimated
in the animal facility for at least 5 days prior to use. All studies
were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted by the National
Institutes of Health, and procedures were approved by the
University of New England Institutional Animal Care and
Use Committee (IACUC). The health of the animals was
assessed daily by laboratory technicians and animal care staff.

Opioid receptor binding studies

Receptor-binding studies were performed by radioligand dis-
placement studies following protocols previously published
(Lowery et al. 2011). Chinese hamster ovary (CHO) cells
stably transfected with the human delta opioid receptor
(DOP), mu opioid receptor (MOP), or kappa opioid receptor
(KOP) were obtained from Drs. Larry Toll (SRI International,
Palo Alto, CA, USA) and George Uhl (NIDA Intramural
Program, Bethesda, MD, USA). The cells were grown in
100 mm dishes in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% fetal bovine serum and
penicillin-streptomycin (10,000 units ml™") at 37 °C in a 5%
CO, atmosphere. CHO cells, expressing either the human
MOP, DOP, and KOP were incubated with 12 different con-
centrations of each drug to be assayed, and the radiolabeled
ligand in 50 mM Tris-HCL, pH 7.5, at a final volume of 1 mL
Nonspecific binding was measured by inclusion of 10 uM
naloxone. Data were taken as the mean K values = SEM from
three separate experiments performed in triplicate. Incubation
times of 60 min were used for the MOP-selective peptide
[PHIDAMGO and the KOP-selective ligand [PH]U69,593. A
3-h incubation time was used for the DOP-selective antagonist
[*H]naltrindole. The ICs, values for the glycopeptides were
determined using final concentrations of [’H]DAMGO,
[*H]naltrindole, and [PH]U69,593 or 0.25, 0.2, and 1 nM, re-
spectively. Nonspecific binding was measured by the use of
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10 uM naloxone to block all opioid binding. The K; values of
unlabeled compounds were calculated from the equation K; =

ICs0 / (1+.S), where S = (concentration of radioligand) / (Kp
of radioligand) (Cheng and Prusoff 1973).

Assay of thermal nociception

Antinociception was assessed using a 55 °C warm-water tail-
withdrawal test. The latency to the first sign of a rapid tail
withdrawal was defined as the behavioral endpoint (Janssen
et al. 1963). Initial baseline latency was characterized by tail
immersion in the warm water and recording latency to tail
withdrawal. Mice not responding within 5 s were excluded
from further testing. Mice (n =9 per group; 1 cohort per dose)
were administered either saline or a single dose of BBI-11008
(3.2-100 mg kg ', i.v.) or morphine (1-10 mg kg ', i.v.) and
tested for antinociception at time points, 10, 20, 30, 45, 60, 90,
120, 150, and 180 min post-drug administration.
Antinociception was calculated using the following formula:

9 Antinociception = 100
x (test latency—control latency)/(10—control latency).

To avoid tissue damage, if a subject did not withdraw its tail
within 10 s, the tail was removed from the water by the ex-
perimenter, and a latency of 10 s was recorded for that
measurement.

Antagonist studies

To determine opioid receptor mediation for the
antinociceptive effects of BBI-11008 in the thermal tail with-
drawal assay, mice (n = 5-9 per group; 1 cohort for each ago-
nist + antagonist combination) were pretreated with the fol-
lowing antagonists: the nonselective opioid antagonist nalox-
one (1 mg kg ', s.c.), the peripherally selective opioid antag-
onist naloxone-methiodide (3.2 mg kg ', s.c.), the mu-
selective antagonist 3-funaltrexamine (3-FNA) (19 nmol,
i.c.v.), and the delta-sclective antagonist naltrindole
(10 mg kg ', s.c.). Doses and pretreatment times were based
on previous experiments from our laboratories (Lowery et al.
2011). For all pretreatment studies, BBI was injected at t=0
and mice were tested in the tail withdrawal assay at the 20-min
mark. To determine central vs. peripheral opioid receptor me-
diation, the opioid antagonist naloxone HCL (1 mgkg ', i.p.,
— 10 min), and the perpipherally restricted opioid antagonist
naloxone-methiodide (3 mg kgﬁl, i.p., — 10 min) were deliv-
ered separately prior to BBI-11008. To determine the degree
of MOP mediation, the highly selective mu opioid antagonist
3-FNA (19 nmol, i.c.v., — 24 h) was delivered prior to BBI-
11008. The highly selective, high-efficacy mu agonist LYM-
100 (1 mg kg ™', i.v.) was administered alone following ad-
ministration of 3-FNA (— 24 h), as a positive control. To

determine the degree of DOP mediation, the selective delta
opioid antagonist naltrindole (10 mg kg, s.c., — 10 min)
was delivered prior to BBI-11008. The highly selective,
high-efticacy DOP agonist DPDPE (30 nmol, i.c.v.) was ad-
ministered alone and administered following naltrindole
(10 mg kg_l, s.c., — 10 min), as a positive control.

CFA model

Inflammation was induced by administration of 20 ul CFA
(EMD Chemicals, 0.1% dry Mycobacterium butyricum dis-
solved in 85% Drakeol SNF and 15% Arlacel A), using a
50-pl luer tip glass syringe (Hamilton) with a 30 gauge Y-
in. beveled needle, into the subcutaneous space of the plantar
surface of the left hind paw in the center of the pads following
light anesthesia. Mice were anesthetized with 3% isoflurane at
a flow rate of 0.8—1 1 min ' with oxygen, for approximately
60-90 s, until a light depth of anesthesia was attained.

Assay of CFA-induced tactile allodynia

To assess tactile allodynia, mice (n = 7 per group; 1 cohort per
drug dose) were individually placed into Plexiglas chambers
(16 chambers at 4 x 3 x 3 in.; Marine Ecological Habitats)
with a wire mesh bottom. This structure was suspended on a
PVC pipe frame (designed and built by author E.J.B). Mice
were allowed to acclimate for 30—60 min or until exploratory
and grooming behavior declined to a level compatible with
behavioral testing. A series of monofilaments were applied to
the mid-plantar left hind paw (ipsilateral side of CFA injec-
tion) that ranged in stiffness from 0.04 to 4 g (0.04, 0.07, 0.16,
0.40, 1, 2, 4). Filaments were applied once for 5 s with inter-
stimulus intervals of 1 min. Mice were tested using the up-
down method (Chaplan et al. 1994). For example, mice were
first tested with the 0.40-g monofilament. A positive response
was operationally defined as a rapid withdrawal of the left
hind paw or licking of the paw. If the 0.40-g monofilament
did not elicit a positive response, the next highest filament in
the sequence was tested until the mouse showed a positive
response. If the 0.40-g monofilament did elicit a response,
the next lowest filament was used until the mouse stopped
emitting a positive response. All von Frey experiments were
conducted 24 h after CFA administration with a CFA baseline
reading taken prior to drug administration. A decrease in von
Frey threshold following CFA relative to control latencies
indicated an allodynia-like response. Either BBI-11008, mor-
phine, or saline was administered after the 24-h post-CFA
administration baseline. Immediately after drug administra-
tion, animals were returned to their assigned Plexiglas test
chambers and a complete time course for each drug dose
was characterized at times 15, 30, 45, 60, 90, and 120 min
(or until the test latency approached post-CFA baseline laten-
cy) post-drug administration.
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Neuropathic pain model

Rats were anesthetized in an induction chamber with 3-5%
isoflurane at a flow rate of 0.8—1 1 min' with oxygen, for
approximately 60-90 s. Once anesthetized, rats were shaved
with hair clippers from the dorsal pelvic area to shoulder
blades and placed on a nosecone with 1.5-2% isoflurane. A
surgical scrub of alcohol and betadine was applied to the
shaven area. Using the level of the posterior iliac crest as
midpoint, a 4-cm incision was made in the dorsal midline
using a No. 10 scalpel blade. A midsacral incision was then
made and slid approximately 1.5-2 cm along the left side of
the spinal wall. Muscle and ligaments were then blunt dissect-
ed and retracted, exposing a portion of the spine down to the
level of the transverse process. The transverse process of the
left L6 vertebra was then carefully nipped off using bone
rongeurs (Fine Science Tools No. 16015-17) to expose the
L4/L5 spinal nerves. The L5 nerve was slightly elevated and
separated from the L4 nerve using a small custom glass hook
(“Chung rod”). The L5 nerve was then ligated using a 4-0 silk
suture that was maneuvered around the nerve using a slip-knot
that secured the suture on the glass hook. The L6 nerve was
hooked from under the medial edge of the sacrum and gently
lifted and ligated in the same manner as the previous L5 liga-
tion. Damaged tissue was debrided, and fascia and muscle
were sutured with 3—0 Vicryl suture. The skin was closed
using wound clips, and topical triple antibiotic was applied
to the wound. The rat also received 100 pl (i.p.) injection of
gentamicin at 10 mg ml™" and was allowed to recover from
anesthesia before being placed into a new single housing con-
tainer where it was allowed to recover for 7 days.

SNL-induced tactile allodynia

To assess tactile allodynia, rats (n = 8 per group; 1 cohort per
drug dose) were individually placed into Plexiglas chambers
(6 chambers at 10 x 4.5 x 6 in.; Marine Ecological Habitats,
Biddeford, ME) with a wire mesh bottom. This structure was
suspended on a PVC pipe frame designed and built in house
(E.J.B). Rats were allowed to acclimate for 30—60 min or until
exploratory and grooming behavior declined to a level com-
patible with behavioral testing. A series of monofilaments
were applied to the mid-plantar left hind paw (ipsilateral side
of CFA injection) that ranged in stiffness from 0.40 to 15 g
(0.40, 0.60, 1, 2, 4, 6, 8, 15). Filaments were applied once for
5 s with inter-stimulus intervals of 1 min. Rats were tested
using the up-down method (Chaplan et al. 1994).
Specifically, rats were first tested with the 2-g monofilament.
A positive response was operationally defined as a rapid with-
drawal of the left hind paw or licking of the paw. If the 2-g
monofilament did not elicit a positive response, the next
highest filament in the sequence was tested until the mouse
showed a positive response. If the 2-g monofilament did elicit

@ Springer

a response, the next lowest filament was used until the rat
stopped emitting a positive response. All von Frey experi-
ments were conducted 7 days after SNL surgery with a new
baseline reading taken prior to drug administration. Drug or
saline was administered after the 7-day post-SNL baseline.
Immediately after drug administration, animals were returned
to their assigned Plexiglas test chambers and a complete time
course for each drug dose was characterized at times 15, 30,
45, 60, 90, 120, 150, and 180 min (or until the test latency
approached post-SNL baseline latency) post-drug
administration.

Respiration apparatus and procedures

Whole body plethysmography equipment consisted of a
Buxco Bias Flow Regulator, Buxco Gas Analyzer, and
Buxco Max II. Rats were initially placed in the respiration
chambers for 30 min to allow for habituation. Following the
30-min habituation, rats (n=6 per group; 1 cohort per drug
dose) were injected with either saline (s.c.), morphine (3.2—
32 mg kgfl, s.c.), or BBI-11008 (3256 mg kgfl, s.c.). Total
session duration was 115 min. Respiratory parameters record-
ed included respiratory frequency (breaths per minute = fy),
tidal volume (volume inhaled = V1), and minute volume
(MV =fx x V). Minute volume (MV) is the rate of ventilation
and represents the amount of gas exhaled by each rat (per
minute). CO, was raised to 4% at 75 min, 6% at 90 min,
and 8% at 105 min, with 5 min CO, purge immediately prior
to each increase (e.g., CO, purge at 70-75, 85-90, and 100—
105 min).

Respiration data were averaged over 50 breaths and
stored on the computer for analysis. The slope of the hy-
percapnic ventilatory response was determined from the
slope of the relationship between V and the four levels of
inspired carbon dioxide using least-squares regression
analysis.

Drug self-administration

All studies were conducted in drug self-administration operant
conditioning chambers (Med Associates, model MED-008-
CT-B1) placed within sound-attenuating cubicles equipped
with a house light and exhaust fan. Each chamber contained
two response levers situated on the front wall of the chamber.
A shallow steel cup situated between the two levers, and just
above the floor, contained a reservoir for consumption of food
pellets. A pellet dispenser delivered 45 mg food pellets (see
“Food training”). Stimulus lights were situated above each
response lever and were programmed to signal the availability
of drug or food. A drug infusion pump was mounted outside
each individual chamber to deliver intravenous drug via
Tygon tubing. A complete swivel system with tether
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(Camcaths, Cambridgeshire, GB) was mounted inside each
chamber to allow for unconstrained movement of the animal.

Food training

Lever pressing was initially shaped during daily training ses-
sions (30 min, day 1; 15 min, days 2-8). Food training in-
volved reinforcement of successive approximations of lever-
press behavior with delivery of a food pellet. Once shaping
was complete, 45 mg food pellets (Noyes brand) were avail-
able under a fixed ratio (FR)1 schedule of reinforcement.
[Ilumination of the stimulus light above the active lever served
as a discriminative stimulus that the response-food delivery
contingency was in place. Responding on the other inactive
lever was counted but had no programmed consequences (an-
imals were counterbalanced such that the left lever was active
for half the rats and the right lever was active for the other
half). A maximum of 50 food reinforcers was available during
each daily training session. Once responding stabilized under
the FR1 schedule (three consecutive days in which response
rates varied by no more than 20% and at least 80% of re-
sponses emitted on the active lever), the FR requirement was
raised to FR5 over the course of three to six sessions. After
responding stabilized under the FR5 schedule, using the same
criteria as above, rats underwent surgery for implantation of
an i.v. catheter.

Surgery

Rats underwent surgery using aseptic techniques. In brief,
animals were sedated with a 10-min pretreatment of midazo-
lam (5 mg ml ™", i.p.) and then anesthetized with an isoflurane/
oxygen vapor mixture and implanted with a chronic indwell-
ing i.v. catheter into the right external jugular vein. The surgi-
cal procedure was based on methods described elsewhere
(Thomsen and Caine 2005). A single dose of the analgesic
nonsteroidal anti-inflammatory drug ketoprofen (5 mg kg ',
s.c.) as well as the antibiotic amikacin (10 mg kgfl, S.c.) was
administered immediately prior to surgery. Following surgery,
animals were allowed to recover for 7 days before training was
resumed.

Drug self-administration training

After 7 days recovery from surgery, the high efficacy MOP
agonist fentanyl was available as the reinforcer (training drug)
during 3-h sessions 5 days week '. Sessions began with a
noncontingent “priming” infusion of the available drug dose
in a 56-ul volume. Responding on the initial food-trained
lever was reinforced under a FR1/time out 20 s schedule with
an i.v. infusion of fentanyl (0.0032 mg kg™ infusion').
Fentanyl was available until baseline criteria were met (three
consecutive sessions with a minimum of 15 reinforcers

earned, no more than 20% variation in number of reinforcers
earned between three sessions, at least 80% responses on the
active lever). Once responding stabilized under the FR1
schedule, the response requirement was raised to FR5 over
the course of four to seven sessions. Following stable fentanyl
self-administration under the FR5 schedule, saline substitution
was initiated for one to three sessions until responding de-
creased to at least 50% of fentanyl-maintained baseline rates.
Baseline fentanyl responding was then re-established follow-
ed by determination of a full dose-effect function (see below)
using a within-subject design.

Drug testing

All test sessions began with a noncontingent priming infusion
of the available drug dose. Test sessions were conducted no
more than twice each week and were separated by at least
48 h. On Mondays, Wednesdays, and Fridays, the solution
available for self-administration was either saline or the train-
ing dose of fentanyl (0.0032 mg kg infusion "), and substi-
tution doses were tested on Tuesdays and Thursdays.
Following determination of the fentanyl dose-effect function
(0.00032-0.01 mg kg ' infusion '), a range of doses of the
mixed action delta/mu opioid agonist BBI-11008 (0.032—
3.2 mg kg ' infusion ') was tested (n=6 per group; single
cohort). The primary dependent variable for drug self-
administration was the number of drug infusions. Statistical
analysis was accomplished with 1-factor ANOVA. A signifi-
cant ANOVA was followed by the Duncan post hoc test.
Significance was set a priori at p <0.05.

Drugs

BBI-11008 and LYM 100 were synthesized in the Polt
Laboratory. Morphine sulfate was generously provided by
Mallinckrodt (St. Louis, MO). Naloxone, 3-funaltrexamine
(f-FNA), naltrindole (NTI), and fentanyl were generously
provided by National Institute on Drug Abuse, Drug Supply
Program. Naloxone-methiodide, [D-Pen?,D-Pen’]enkephalin
(DPDPE), and gabapentin were purchased from Sigma-
Aldrich (St. Louis, MO). All drugs were dissolved in sterile
saline (0.9% NaCl). Midazolam, ketoprofen, gentamycin,
and amikacin were generously donated by Dr. S. Barak
Caine. All radiolabels were obtained from PerkinElmer
(Waltham, MA).

Results
Structure and binding affinity of BBI-11008

Figure 1 shows the structure of BBI-11008, and Fig. 2
shows the binding affinities of BBI-11008 at DOP,
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Fig. 1 Structure of BBI-11008

HO

MOP, and KOP. BBI-11008 displayed preferential binding
to DOP over MOP and KOP, with approximately 78-fold
higher affinity for DOP vs. MOP, and no apparent binding
to KOP at concentrations up to 10 uM. Kp, values were as
follows: [3H]naltrindole=0.096 nM (DOP),
[3BHIDAMGO =0.556 nM (MOP), [3H]U69,593 =
0.344 nM (KOP). Specific activity were as follows:
[3H]naltrindole =20 Ci mmol ' (DOP), [3H]DAMGO =
59 Ci mmol ' (MOP), and [3H]U69,593 =57 Ci mmol !
(KOP).

Effects of BBI-11008 and morphine on acute thermal
nociception

Figure 3 shows the effects of BBI-11008 (3.2—
100 mg kg ', i.v.) and morphine (1-10 mg kg ', i.v.) in
the thermal tail withdrawal assay in mice. Both com-
pounds produced dose- and time-dependent thermal
antinociception. Within the dose ranges tested, peak
antinociception for BBI-11008 occurred for ~30 min,
whereas peak antinociception for morphine occurred for
~ 60 min, with overall duration of effect lasting ~ 90 and
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~ 120 min, respectively. Duration of effect for peak doses
was quantified by area under the curve and BBI-11008 at
100 mg kg ' (AUC =5936) was ~ 54% of morphine at
10 mg kg{1 (AUC =10,855). For BBI-11008, there were
significant main effects of time (F(5, 145)=114.82,
p<0.0001) and dose (F(3, 145)=8.98, p=0.0002) and a
significant interaction (F(15, 145)=3.88, p <0.0001). For
morphine, there were significant main effects of time
(F(6, 138)=155.40, p<0.0001) and dose (F(2, 138)=
134.42, p<0.0001) and a significant interaction (F(12,
138)=22.95, p<0.0001).

COOH

Antagonism studies

Figure 4 shows antagonism studies in the tail withdrawal as-
say in mice. BBI-11008 alone produced ~97% maximum
antinociception. The right-most panel shows central vs. pe-
ripheral receptor mediation of BBI-11008. The opioid antag-
onist naloxone (1 mg kg™ ") blocked BBI-induced thermal
antinociception (F(2, 18)=101.7, p <0.001). In contrast, the
peripherally restricted opioid antagonist naloxone methiodide
(3 mg kg ") was ineffective in blocking BBI-11008 effects.

Fig. 2 Binding affinity of BBI- 120
11008. Membranes from CHO

cells stably expressing either the

DOP, MOP, or KOP were 100 -

incubated with 12 different
concentrations of BBI-11008 and
0.2 nM [*H]naltrindole (DOP),
0.25 nM [*H]DAMGO (MOP), or
1 nM [PH]U69,593 (KOP) as de-
scribed in “Materials and
methods.” Data are the mean
values = SEM from three inde-
pendent experiments performed
in triplicate

(o]
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Fig. 3 Effects of BBI-11008 and morphine in a warm water (50°) tail

withdrawal assay in mice. Abscissae: time in minutes. Ordinates: mean

percent antinociception. Data represent mean + SEM, n = 8—10 mice per

dose group. Left, **p <0.01, ***p <0.001—levels of significant differ-

ence from 3.2 mg kg '. Significant main effects of time (F(5, 145)=
114.82, p<0.0001) and dose (F(3, 145)=28.98, p=0.0002) and a

The middle panel shows mu receptor mediation. The selective
mu opioid antagonist B-FNA (0.1 mg kg ") partially blocked
the antinociceptive effects of BBI-11008, and as expected,
fully blocked the effects of the positive control and selective

Delta Receptor Activity

Mean % Antinociception

Mu Receptor Activity

Morphine (i.v.)
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— 3.2 mg/kg
—— 10 mg/kg

*kk
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10 mg/kg (AUC = 10,855) |
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significant interaction (F(15, 145)=3.88, p<0.0001). Right,
**p <0.01, ***p <0.001—levels of significant difference from
1 mg kg '. Significant main effects of time (F(6, 138)=155.40,

p<0.0001) and dose (F(2, 138)=134.42, p<0.0001) and a significant
interaction (F(12, 138)=22.95, p<0.0001)

mu agonist LYM-100, 1 mg kg ' (F(3, 35)=129.7,
p<0.001). The left-most panel shows delta receptor media-
tion. The selective delta antagonist NTI (10 mg kg ") fully
blocked the antinociceptive effects of BBI-11008 as well as
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Fig.4 Receptor mediation in a warm water tail withdrawal assay in mice.
Right (left to right), BBI-11008 alone, mu antagonist naloxone + BBI-
11008, and peripherally restricted naloxone methiodide + BBI-11008.
*#¥p <0.0001, significantly decreased compared with BBI-11008 alone.
Middle (left to right), BBI-11008 alone, selective mu antagonist 3FNA +
BBI-11008, selective mu agonist LYM 100 alone, and SFNA + LYM

100. **¥p<0.0001, significantly decreased compared with BBI-11008
alone. M"p<0.0001, significantly less than FFNA + BBI-11008.
Left (left to right), BBI-11008 alone, selective delta antagonist NTI +
BBI-11008, selective delta agonist DPDPE alone, and NTI + DPDPE.
##%p <0.0001, significantly decreased compared with BBI-11008 alone
or DPDPE alone
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the positive control and selective delta agonist, DPDPE (F(3,
34)=267.5, p<0.001).

Effects of BBI-11008 and morphine on CFA-induced
tactile allodynia

Figure 5 shows the effects of BBI-11008 (10-32 mg kg ', i.v.)
and morphine (1-3.2 mg kg ', i.v.) on CFA-induced tactile
allodynia in mice. Both compounds produced dose- and time-
dependent reversal of tactile allodynia in the von Frey assay and
produced peak effects at 15-30 min, with the duration of action
slightly longer for BBI (compare 32 mg kg ' BBI with
3.2 mg kg ' morphine at 45 min). Duration of effect for peak
doses was quantified by area under the curve and BBI-11008 at
32 mg kg ' (AUC = 18.18) was approximately 1.4-fold greater
than morphine at 3.2 mg kg (AUC = 12.85). For BBI-11008,
there were significant main effects of time (F(6, 156) =45.7,
p<0.0001) and dose (¥(3, 156) =5.89, p =0.0033) and a signif-
icant interaction (F(18, 156)=2.56, p =0.0010). For morphine,
there were significant main effects of time (F(6, 132)=38.20,
p<0.0001) and dose (F(3, 132)=3.91, p = 0.0222) and a signif-
icant interaction (F(18, 132)=2.53, p=0.0013).

Effects of BBI-11008 and morphine on SNL-induced
tactile allodynia

Figure 6 shows the effects of BBI-11008 (1-18 mg kg™, i.v.)
and gabapentin (10-56 mg kg, i.v.) on SNL-induced tactile

BBI-11008 (i.v.)

-O—- Saline

—— 10 mg/kg
—— 18 mg/kg
—— 32 mg/kg

*kk hkk

[32 mg/kg (AUC = 18.18) |

BLCFA 15 30 45 60 90
Time (min)

Mean Withdrawal Threshold (g)
N

120

Fig. 5 Effects of BBI-11008 and morphine in a von Frey test of tactile
allodynia following CFA administration in mice. BL, baseline; CFA,
complete Freund’s adjuvant. Abscissae: time in minutes. Ordinates: mean
withdrawal threshold in grams. Data represent mean + SEM, n=6-8
mice per dose group. Left, **p <0.01, ***p <0.001—levels of signifi-
cant difference from saline. Significant main effects of time (F(6, 156) =
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Mean Withdrawal Threshold (g)
N

allodynia in rats. Both compounds produced dose- and time-
dependent reversal of tactile allodynia in the von Frey assay
with BBI-11008 showing an earlier onset of action relative to
gabapentin (compared at 30-min mark), but gabapentin
showed longer duration of action (compared 90—150 min).
Duration of effect for peak doses was quantified by area under
the curve and BBI-11008 at 18 mg kg™’ (AUC = 116.8) was ~
90% of gabapentin at 56 mg kg ' (AUC = 130.2). For BBI-
11008, there were significant main effects of time (F(9,
324)=81.00, p<0.0001) and dose (F(4, 324)=9.98,
p<0.0001) and a significant interaction (F(36, 324)=4.61,
p<0.0001). For gabapentin, there were significant main ef-
fects of time (F(9, 270)=65.37, p<0.0001) and dose (F(3,
270)=43.30, p <0.0001) and a significant interaction (F(27,
270)=5.49, p<0.0001).

Effects of oral administration of BBI-11008
and morphine on acute thermal nociception

To demonstrate systemic availability of BBI-11008, the i.v.
data in Fig. 3 were replicated using the p.o. route of adminis-
tration such that Fig. 7 shows the effects of BBI-11008 (3.2—
320 mg kg ', p.o.) and morphine (18-100 mg kg ', p.o.) in
the thermal tail withdrawal assay in mice. Both compounds
produced dose- and time-dependent thermal antinociception.
Within the dose ranges tested, peak antinociception for BBI-
11008 occurred for ~ 25 min, whereas peak antinociception
for morphine occurred for ~ 75 min, with overall duration of

Morphine (i.v.)
-O- Saline

- 1 mg/kg
—— 1.8 mg/kg
—— 3.2 mg/kg

) ] L] T ) T ] T ) )
BLCFA15 30 45 60 90 120
Time (min)
45.7, p<0.0001) and dose (F(3, 156)=5.89, p=0.0033) and a signifi-
cant interaction (F(18, 156)=2.56, p=0.0010). Right, **» <0.01,
*##%p < 0.001—levels of significant difference from saline. Significant
main effects of time (F(6, 132)=38.20, p <0.0001) and dose (F(3,

132)=3.91, p=0.0222) and a significant interaction (F(18, 132)=2.53,
p=0.0013)
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Fig. 6 Effects of BBI-11008 and gabapentin in a von Frey test of tactile
allodynia following SNL surgery in rats. BL, baseline; L, spinal nerve
ligation surgery. Abscissae: time in minutes. Ordinates: mean withdrawal
threshold in grams. Data represent mean + SEM, n =6-9 rats per dose
group. Left, *p <0.05, ***p < 0.001—levels of significant difference
from saline. Significant main effects of time (F(9, 324)=281.00,

effect lasting ~ 120 and ~ 180 min, respectively. Duration of
effect for peak doses was quantified by area under the curve
and BBI-11008 at 100 mg kg ' (AUC = 8786) was ~ 54% of
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Fig. 7 Effects of oral (p.o.) administration of BBI-11008 and morphine in
a warm water (50°) tail withdrawal assay in mice. Abscissae: time in
minutes. Ordinates: mean percent antinociception. Data represent mean
+ SEM, n=10 mice per dose group. Left, **p <0.01, **¥p <0.001—
levels of significant difference from 3.2 mg kg . Significant main effects
of time (F(6, 270)=98.09, p <0.0001) and dose (F(4, 270)=53.70,
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-O— Saline
—— 10 mg/kg
—— 32 mg/kg
. —— 56 mg/kg
2 204
= ]
o ]
< ] L e [56 mg/kg (AUC = 130.2)
Q 15- *kk
E ]
g 101
© ]
2 ]
c ]
@© ]
% O L] L] L] L] L] T ) T ] T T )

BL L 15304560 90 120 150 180

Time (min)

p<0.0001) and dose (F(4, 324)=9.98, p<0.0001) and a significant
interaction (F(36, 324)=4.61, p<0.0001). Right, **p <0.01,
##%p < 0.001—levels of significant difference from saline. Significant
main effects of time (F(9, 270)=65.37, p<0.0001) and dose (F(3,
270)=43.30, p<0.0001) and a significant interaction (F(27, 270) =
5.49, p<0.0001)

morphine at 10 mg kg' (AUC = 14,774). For BBI-11008,
there were significant main effects of time (F(6, 270) =
98.09, p<0.0001) and dose (F(4, 270)=53.70, p <0.0001)

Morphine (p.o.)

——

18 mg/kg
32 mg/kg
56 mg/kg

-
——
—— 100 mg/kg

1004

80+

60+ 100 mg/kg (AUE = 14,774)]

404

201

30 60 90 120 150 180
Time (min)

p<0.0001) and a significant interaction (F(24, 270)=20.58,
p<0.0001). Right, **p» < 0.01, p < 0.001—Ievels of significant difference
from 18 mg kg . Significant main effects of time (F(6, 216)=55.84,
»<0.0001) and dose (F(3, 216)=9.12, p=0.0001) and a significant
interaction (F(18, 216)=5.71, p<0.0001)
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and a significant interaction (F(24, 270) =20.58, p <0.0001).
For morphine, there were significant main effects of time (F(6,
216)=55.84, p<0.0001) and dose (F(3, 216)=9.12, p=
0.0001) and a significant interaction (F(18, 216)=5.71,
p<0.0001).

Effects of BBI-11008 and morphine on minute volume
with increasing CO, exposure

Figure 8 shows the effects of BBI-11008 (32, 56 mg kgﬁl, 1.v.)
and morphine (3.2-32 mg kg ', i.v.) on % control minute
ventilation (MV) under control conditions (0) and at 4, 6,
and 8% CO, exposure in rats. For both compounds, minute
ventilation was increased with increasing CO, exposure. The
left panel shows that, with increasing CO, exposure,
32 mg kg ' BBI-11008 produced increases in MV relative to
saline controls and a higher dose of 56 mg kg ' produced
decreases in MV relative to saline controls. For BBI-11008,
there were significant main effects of %CO, (F(3, 60)=
148.10, p <0.0001) and dose (F(2, 60)=74.40, p <0.0001)
and a significant interaction (F(6, 60)=10.97, p <0.0001).
The right panel shows that, with increasing CO, exposure,
morphine produced dose-dependent decreases in MV relative
to saline controls. For morphine, there was a significant main
effect of %CO, (F(3, 80)=279.23, p < 0.0001) and dose (F(3,
80)=70.02, p<0.0001) and a significant interaction (F(9,
80)=15.62, p<0.0001).

BBI-11008 (s.c.)

-O- Saline
—— 32 mg/kg
—— 56 mg/kg

*k%k

Mean % Control MV (mL/min)

o

Exposure (%CO,)

Fig. 8 Mean % control minute ventilation under increasing CO,
exposure for BBI-11008 (left) and morphine (right) in rats. *p <0.05—
level of significant difference compared with saline; **p <0.001—level
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Self-administration of fentanyl and BBI-11008

Figure 9 shows drug self-administration data for the reference
mu opioid agonist fentanyl (0.00032-
0.01 mg kg~ ' infusion™') and BBI-11008 (0.032—
3.2 mg kg infusion ). Fentanyl produced a characteristic
inverted U-shaped dose-effect function. ANOVA revealed
that fentanyl (0.001 and 0.0032 mg kg ' infusion ') main-
tained significantly greater responding than saline (F(4,
42)=17.39, p<0.001). In contrast, BBI-11008 did not main-
tain drug self-administration at any dose tested and the full
range of BBI 11008 doses were not significantly different
from saline (F(5, 32)=0.888, p =0.486).

Irwin test to determine seizure activity

Table 1 shows safety pharmacology for BBI-11008 using the
primary observation (Irwin) test in rats. BBI-11008 did not
produce any behaviorally observable changes in the dose
range of 0.32 to 10 mg kg '. At 32 mg kg ', BBI produced
abnormal gait (rolling) and decreased respiration in one rat
from 0 to 15 min. Abdominal muscle tone was also decreased
in a different rat at 15 min. At 100 mg kg ' (i.v.), it induced
death in all treated rats within the first 10 min following ad-
ministration. Seizure activity was not observed in the dose
range tested. Death was preceded by abnormal gait (rolling)
and decreased respiration.

Morphine (s.c.)
-O—- Saline

—— 3.2 mg/kg
—— 10 mg/kg
—e— 32 mg/kg

Mean % Control MV (mL/min)

Exposure (%CO,)

of significant difference compared with saline. **#p <0.0001—level of
significant difference compared with saline
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Fig. 9 Dose-effect curves for i.v. self-administration of BBI-11008 and
fentanyl under a FR5-TO-20 s schedule of reinforcement in rats. For
fentanyl, one-way ANOVA (F(4, 46)=7.39, p<0.0001). **p <0.001—
significantly greater than saline; ***p <0.0001—significantly greater
than saline. For BBI-11008, one-way ANOVA (F(5, 49)=1.03, p=
0.2623)

Discussion

The present paper represents an assessment of the behavioral
pharmacology of the novel, mixed-action delta/mu opioid re-
ceptor agonist, BBI-11008 in rodents. The main findings were
that BBI demonstrated analgesic efficacy across a broad range
of pain-like conditions, was less potent relative to the prescrip-
tion opioid agonist morphine, and showed a slightly improved
side-effect profile relative to morphine and fentanyl. The re-
duction in side effects was manifested as attenuated respirato-
ry depression and absence of drug self-administration. An
additional finding was that the receptor binding assay and
in vivo antagonism studies indicated that BBI-11008 showed
affinity for and efficacy at both DOP and MOP. Finally, the

mu-mediated effects were determined to be centrally, but not
peripherally, mediated.

The analgesic efficacy of BBI-11008 was tested in an assay
of acute thermal nociception and in models of CFA-induced
inflammatory pain (Taurog et al. 1988) and SNL-induced neu-
ropathic pain (Colburn et al. 1999). In the thermal nociception
tail withdrawal test, BBI displayed full antinociceptive effica-
cy that was less potent and with shorter duration of peak effect
(~ 30 min) than morphine (~ 1 h). BBI also demonstrated anti-
allodynic efficacy in the CFA model of inflammatory pain that
was less potent and with similar duration of peak effect to
morphine (~ 3045 min). In the SNL model of neuropathic
pain, BBI produced comparable anti-allodynic effects to the
&, sub-unit modulator, gabapentin, with similar peak effects at
~ 90 min, and BBI showing a longer duration of action in the
SNL model relative to the CFA model. Overall, peak effects of
BBI were ~ 10-fold less potent than morphine in the acute
thermal and CFA model, and ~ 5-fold less potent than mor-
phine in the SNL model. In summary, BBI-11008 demon-
strates antinociceptive and anti-allodynic efficacy in thermal
acute, inflammatory, and neuropathic pain-like conditions,
and is less potent in producing these effects relative to mor-
phine or gabapentin. In order to test if BBI-11008 was sys-
temically bioavailable, both BBI-11008 and morphine were
re-tested in the acute thermal tail withdrawal assay, with both
compounds delivered by the oral route of administration. Oral
administration of BBI demonstrated antinociceptive efficacy,
was less potent than morphine, and had a shorter duration of
peak effect (~ 40 min) compared with morphine (~ 2 h). The
finding that BBI by the oral route of administration demon-
strated full efficacy in the tail withdrawal procedure indicates
that this mixed-action compound is systemically viable and
that future studies may be undertaken using systemic routes of
drug administration.

The behavioral pharmacology data for BBI-11008 reported
here are consistent with the therapeutic/side-effect profiles of
mixed-action delta/mu opioid agonists in the literature. For
example, our laboratories have previously shown that the
delta/mu opioid glycopeptide agonist, MMP-2200 has
antinociceptive efficacy similar to morphine in the acute

Table 1 Irwin test following

individual i.v. doses of BBI- 0.32 1 32 10 32 100
11008 (0.32-100 mg kg ")
No No No No Abnormal gait (rolling) = (1/3)  Death (2/3) at 9 min; death
change change change change 0-15 min (1/3) at 10 min

| Respiration (1/3) 0—15 min

| Abdominal muscle tone
(1/3) at 15 min

BBI showed no untoward behavioral signs up to 10 mgkg ' . At32mgkg ', one of three mice showed abnormal
gait, decreased respiration, and abdominal tone, within 15 min of administration. At 100 mg kg ', two of three
mice died at the 9-min mark and the 3rd mouse at the 10-min mark. No seizure-like activity was observed at any

dose tested

x/y, proportion of animals showing reported effects; “|” decreased
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thermal tail withdrawal assay, and that this effect was blocked
by selective mu or delta antagonists, suggesting a combined
mu/delta mechanism of action. In contrast with morphine,
MMP-2200 produced less robust locomotor activity activa-
tion, less pronounced naloxone-precipitated withdrawal be-
haviors, and lower rates of drug self-administration (Lowery
et al. 2011; Stevenson et al. 2015). Similarly, Jutkiewicz et al.
(2004) have shown that VRP26, a mixed-action mu agonist/
delta antagonist produced equivalent antinociceptive efficacy
to fentanyl in the warm water tail withdrawal assay, but in
contrast with fentanyl showed significantly less behavioral
signs of withdrawal and no conditioned place preference
(Anand et al. 2016). The underlying mechanism(s) for why
both delta agonists + mu agonists as well as delta antagonists
+ mu agonists produce similar profiles as defined by enhanced
or maintained therapeutic effects with reduced side effects, are
unknown. A logically possible mechanism may include a del-
ta receptor-binding requirement (i.e., allosteric) being a nec-
essary and sufficient condition, whereas a delta receptor effi-
cacy requirement being merely a sufficient condition (i.e., not
required). A binding requirement interpretation is consistent
with the in vivo pharmacology as well as the molecular opioid
heteromer literature, the latter showing that delta/mu
heteromers induced by mu agonists + delta agonists or antag-
onists generally produce a greater therapeutic index than mu
agonists delivered alone (reviewed in Anand and
Montgomery 2018).

The receptor mediation of BBI-11008 for thermal
antinociception was characterized using the highly selective
MOP antagonist 3-FNA and the selective DOP antagonist
NTI. 3-FNA produced partial reversal of BBI-induced acute
antinociception compared with NTI, suggesting that the acute
antinociceptive effects of the compound are mediated by both
DOP and MOP, with perhaps greater efficacy derived from
DOP activation. However, multiple doses of antagonist were
not tested, and thus this interpretation, is preliminary at best.
Additionally, the 10-mg kg ™' dose of NTI is within the range
of doses tested in mice (Bilsky et al. 1995; Broom et al. 2002;
Jutkiewicz et al. 2004; Lei et al. 2019; Suzuki et al. 1995) but
is on the high end of the dose range typically reported in the
literature (1-20 mg kg ). Finally, determination of a periph-
eral vs. central mechanism was accomplished by pretreat-
ments with the centrally penetrant MOP blocker naloxone,
as well as the peripherally restricted MOP blocker naloxone-
methiodide. Results indicated that antinociceptive effects
were centrally mediated given the effectiveness of naloxone,
but not its methiodide analog, in reversing BBI-induced
antinociception. The central mediation suggests that other
routes of administration (other than i.v. and p.o. reported here)
may produce therapeutic effects, and thus further testing of
this compound is warranted.

Within the range of doses tested in respiration under normal
0O, levels, BBI-11008 showed comparable respiratory
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depression with the prescription drug morphine. However,
the two compounds showed divergent dose-dependent effects
when tested in an environment with increasing %CO,, with
BBI showing increased respiration at one dose and morphine
showing no change or decreased respiration, relative to vehi-
cle controls. The respiration data for BBI add to the complex
opioid respiration literature that includes reports of mixed-
action delta/mu drugs, dose addition studies using combina-
tions of delta + mu ligands, and separate mu or delta com-
pounds administered alone. Overall, delta agonism as well as
antagonism have been reported to attenuate or mediate respi-
ratory depression and hypercapnia induced by selective mu or
delta agonists (Dahan et al. 2001; Lonergan et al. 2003;
Morin-Surun et al. 1984; Pazos and Florez 1984; Su et al.
1998; Wojciechowski et al. 2011).

The abuse liability of BBI-11008 was quantified and com-
pared with the mu opioid prescription agonists fentanyl using
a drug self-administration procedure. Fentanyl produced the
characteristic inverted U-shaped dose-response function seen
with selective MOR and prescription opioids (Mello and
Negus 1996). In contrast, BBI did not produce self-
administration across a broad range of doses. Although pre-
liminary, these data suggest that BBI-11008 may not have a
rewarding effect or abuse liability in humans. However, it is
worth noting that a more complete assessment of abuse liabil-
ity may require monitoring the subjective effects of BBI in
humans after clinically relevant route and formulation are de-
termined and/or further preclinical work using drug discrimi-
nation learning procedures (Lynch et al. 2010).

A frequently reported side effect of delta agonists is seizure
activity (Broom et al. 2002; Jutkiewicz et al. 2004). To deter-
mine the frequency of any potential seizure activity, BBI-
11008 was assessed using the primary observation (Irwin) test.
Results indicated an absence of behavioral effects in the dose
range 0.32-10 mg kg ' (i.v.). However, at a higher dose of
32 mg kg ' (i.v.), there was evidence of abnormal gait, de-
creased respiration, and decreased abdominal tone but a lack
of any noticeable seizure activity. At 100 mg kg ' (i.v.), BBI
had lethal effects in all rats tested. The 100-mg kg ' (i.v.)
lethal dose in rats was % log higher than the peak anti-
allodynic dose of 18 mg kg " in rats in the SNL model, sug-
gesting a narrow therapeutic index. Thus, although the ab-
sence of drug self-administration and slight reduction in respi-
ratory depression in BBI-11008 are promising findings, the
narrow therapeutic index is a concern.

There are a number of limitations to these studies. First,
only males were tested. Although current studies in our labo-
ratories are incorporating females as subjects, the present re-
sults cannot be extrapolated to females. Second, there is an
extensive literature on sex differences in rodents and humans
(Craft 2007; Fillingim et al. 2009; Greenspan et al. 2007)
including reports that females have higher prevalence and
incidence of chronic pain in human populations. Third, all
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studies reported herein were run during the light cycle, and
given that rodents are most active during the dark cycle, re-
sults obtained may have been different if experiments were
run when rodents are most active. Finally, the pain-related
behavioral endpoints utilized represented assays of pain-
stimulated responding only, and there are several limitations
to these kinds of tests: (1) they are subject to false positive
analgesic effects, (2) they are limited in clinical relevance,
particularly for chronic pain conditions, and (3) there is a great
deal of experimenter interpretation associated with defining
occurrence of pain-stimulated behavioral endpoints (Negus
et al. 2006; Negus 2019; Stevenson et al. 2006; Yezierski
and Hansson 2018).

Taken together, BBI-11008 represents a mixed-action
delta/mu opioid receptor agonist with efficacy in assays or
models of acute, inflammatory, and neuropathic pain. The
respiration, GI, and self-administration data suggest that
BBI-11008 may be safer, relative to prescription opioids such
as morphine or fentanyl (Fishman et al. 2004), but the [rwin
test data on lethal effects at high doses indicate that further
structure-activity characterization may be required in order to
advance this lead candidate.
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