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ABSTRACT

IBNtxA (3-iodobenzoyl naltrexamine) is a novel p opioid receptor (MOR) agonist structurally related to the MOR
antagonist naltrexone. Recent studies suggest IBNtxA preferentially signals through truncated MOR splice variants,
resulting in antinociception with reduced side effects, including no conditioned place preference (CPP) when tested
at a single dose. IBNtxA represents an intriguing lead compound for preclinical drug development targeting
truncated MOR splice variants but further evaluation of its in vivo pharmacological profile is necessary. The purpose
of this study was to independently verify the antinociceptive properties of IBNtxA and to more completely examine
the rewarding properties and discriminative stimulus effects of IBNtxA, allowing broader assessment of IBNtxA as
a candidate for further medications development. 3 mg/kg IBNtxA was equipotent to 10 mg/kg morphine in a hot
plate analgesia assay. In drug discrimination testing using mice trained to discriminate between 3 mg/kg IBNtxA
and vehicle, the k agonist U-50488 fully substituted for IBNtxA. MOR agonist morphine, 6 agonist SNC162, NOP
agonist SCH 221510, and MOR/NOP partial agonist buprenorphine each partially substituted for IBNtxA. IBNtxA
up to 3 mg/kg did not produce a place preference in CPP. Pretreatment with 3 mg/kg IBNtxA but not 1 mg/kg
IBNtxA attenuated acquisition of place preference for 10 mg/kg morphine. 3 mg/kg IBNtxA attenuated morphine-
induced hyperlocomotion but did not alter naloxone-precipitated morphine withdrawal. Overall IBNtxA has a
complicated opioid receptor pharmacology in vivo. These results indicate that IBNtxA produces potent

antinociception and has low abuse liability, likely driven by substantial k agonist signaling effects.



Opioid drugs are critical medications used to treat acute and chronic pain.! The safety and tolerability of opioid
analgesics is severely limited due to side effects that include sedation, constipation, respiratory depression, and abuse
liability.*? Prescription opioid misuse and abuse has contributed to a major public health emergency, often referred to

as the opioid epidemic.'%-!2

In 2016, nearly 62 million people in the United States either filled or refilled opioid
prescriptions at least once,'* and an estimated 11.8 million people misused or abused prescription opioids and/or the

illicit opioid heroin.'* These data indicate a pressing need for new analgesics with reduced abuse liability.

Several strategies have been pursued in the search for analgesic medications with reduced abuse liability, including
drugs that target not only the p-opioid receptor (MOR), but also the §-opioid receptor (DOR), k-opioid receptor
(KOR), and/or nociceptin/orphanin opioid receptor (NOP).!>!7 Partial agonists, such as buprenorphine, provide
analgesic effects with reduced abuse liability in part due to their low efficacy.!®!® Additionally, formulations that

include antagonists (e.g., naloxone and naltrexone) have been designed to reduce the abuse potential of opioid drugs.?*
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A promising class of molecules, B-naltrexamine analogues of naltrexone, were synthesized in 2011 and determined to
have somewhat surprising agonist activity despite the inclusion of the cyclopropylmethyl moiety found on naltrexone
and other classical opioid receptor antagonists.?? One compound in this series, 3-iodobenzoyl naltrexamine (IBNtxA;
Figure 1), was later pharmacologically characterized and reported to have an analgesic potency 10-fold greater than
that of morphine, while producing reduced side effects typical of classic MOR agonist analgesics, including no
observable respiratory depression or withdrawal symptoms, limited inhibition of gastrointestinal transit, and no
rewarding behavior in a single-dose conditioned place preference (CPP) assay.?? A series of follow-up studies tested
the hypothesis that IBNtxA preferentially signals via selected MOR splice variants, particularly exon 11-associated
variants that result in a truncated MOR protein with only six transmembrane regions (6TM/E11), which results in its
unique pharmacological profile.?>** These studies provided evidence that IBNtxA-mediated analgesia could be
primarily a product of 6TM/E11 MOR activation, and additionally determined that 6TM/E11 MOR variants contribute
to the analgesic effects for certain MOR agonists, such as fentanyl, buprenorphine and heroin, but not for morphine.?*
24,26, 31 Brown, et al. 32 recently reported increased levels of 6TM/E11 MOR splice variant mRNA in the prefrontal

cortices of male human heroin abusers and male rats stably self-administering intravenous heroin, suggesting that

6TM/E11 MOR splice variants could play a role in opioid addiction. However, it is not currently known to what degree



signaling by 6TM/E11l MOR splice variants mediates drug-seeking and -taking behaviors for opioid drugs or

contributes to the discriminative stimulus properties of opioid ligands.

As the functional roles of 6TM/E11 MOR splice variants are not well understood, pharmacological tools like
IBNtxA can be used to investigate the biological effects of 6TM/E11 MOR signaling. The purpose of this study was
to independently verify the analgesic properties of IBNtxA and to examine more completely the rewarding
properties and discriminative stimulus effects of IBNtxA; these studies will allow us to better understand the in vivo
effects of IBNtxA, more thoroughly evaluate its antinociceptive properties, abuse liability, and provide a necessary

foundation for future studies to directly investigate the consequences of 6TM/E11 MOR signaling.
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Figure 1. Structures of IBNtxA, naltrexone, and morphine.

2. Materials and Methods
Animals

In total, the following experiments used 239 adult male C57BL/6 mice obtained from Charles River Laboratories
(Wilmington, MA). The authors acknowledge that the use of only male mice is insufficient to address the NIH
policy on sex as a biological variable.>* All experiments were performed within the vivarium at Cooper Medical
School of Rowan University (CMSRU). Mice were group-housed (four animals per cage) in polycarbonate cages in
a temperature- and humidity-controlled vivarium with ad libitum access to food and water with enrichment provided

by paper Bio-Huts and/or nestlets. Housing maintained a standard light/dark cycle (lights on at 07:00, lights off at



19:00), therefore all experiments were performed during the light part of the cycle in separate procedure rooms from
the housing facility. Mice began experimental training or testing at approximately 6 weeks of age. Animals were
weighed daily and monitored for general health and behavioral parameters, including potential signs of significant
opioid withdrawal. All experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (US National Academy of Sciences) and were approved by the Institutional Animal Care and
Use Committee of Rowan University. The CMSRU animal facility is accredited by the Association for Assessment

and Accreditation of Laboratory Animal Care International.

Drugs

IBNtxA was synthesized at Rowan University using the procedures described below. Morphine sulfate was purchased
from Henry Schein (Melville, NY). Cocaine HCI was purchased from Sigma Aldrich (St. Louis, MO). Buprenorphine,

naltrexone, naloxone, (-)U-50488, SCH 221510, and SNC 162 were purchased from Tocris (Minneapolis, MN).

(-)U-50488 is the more active enantiomer of this compound and it has nanomolar affinity and high efficacy at KOR
with >30-fold binding selectivity over MOR and DOR.**, SCH 221510 has nanomolar affinity and high efficacy at
NOP with >200-fold binding selectivity and >50-fold functional selectivity over MOR, KOR, and DOR.3 SNC 162
has nanomolar affinity and high efficacy at DOR, and is more than 1000-fold selective for DOR over MOR in
radioligand binding assays.*¢*” Buprenorphine has nanomolar affinity at MOR, DOR, KOR and ~50-fold lower

affinity for NOP. It is an antagonist at DOR and KOR, and a low-efficacy partial agonist at MOR and NOP.383

All drugs were delivered via intraperitoneal (i.p.) injections at a volume of 10 mL/kg. Drug dilutions were premixed
to provide a given mg/kg dose when given an injection volume scaled to mouse body weight, measured prior to every
test. Cocaine HCI was dissolved in physiological saline. All other drugs used a common vehicle of 10% dimethyl
sulfoxide (DMSO) and 90% physiological saline, henceforth referred to as DMSO vehicle. To solubilize all drugs,
they were initially completely dissolved in 100% DMSO and diluted to their final concentration with sterile

physiological saline.

Synthesis of IBNtxA HCI:



A novel synthesis of IBNtxA was developed using naltrexone as starting material. Briefly, commercial naltrexone
(Tocris) was converted into naltrexamine, and reacted with 2,5-dioxopyrrolidin-1-yl 3-iodobenzoate. Purified IBNtxA

HCI was then used for all experiments. The detailed synthetic methods are provided below.

o
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2,5-Dioxopyrrolidin-1-yl 3-iodobenzoate (S1): 3-Iodobenzoic acid (2.00 g, 7.90 mmol, 1.0 equiv) was dissolved in
anhydrous THF (18 mL, 0.45 M) and cooled to 0 °C on an ice-bath before addition of DCC (1.81 g, 8.69 mmol, 1.1
equiv) as a solid in one portion (a white precipitate formed rapidly). N-hydroxylsuccinimide (1.00 g, 8.69 mmol, 1.1
equiv) was then added a solid in one portion. The cooling bath was removed and the reaction stirred at ambient
temperature for 12 hours. At this point, the suspension was filtered and the solids were washed with THF. The filtrate
was concentrated to afford a white solid which was purified by chromatography on silica gel (1:9 to 1:4; EtOAc-
heptanes) to afford the activated ester S1 (2.23 g, 82%) as a white solid. 'H-NMR (400 MHz, CDCl;) & 8.44 (d, J =
1.9 Hz, 1H), 8.09 (dd, J = 8.0, 1.5 Hz, 1H), 8.00 (dd, J=7.9, 1.6 Hz, 1H), 7.27 (t, /= 7.9 Hz, 1H), 3.05 — 2.77 (m,

4H); BC-NMR (100 MHz, CDCls) 6 169.0, 160.4, 143.6, 138.9, 130.4, 129.4, 126.8, 93.9, 25.5.
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NH,OH, NaBH,CN
MeOH

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7-yl)-3-iodobenzamide (IBNtxA): A vial was charged with naltrexone
hydrochloride (1.0 equiv) and ammonium acetate (10 equiv) in MeOH (0.6 M) and the mixture was stirred for 10
minutes before addition of sodium cyanoborohydride (0.7 equiv) as a solution in MeOH. The mixture was stirred for

12 hours before being quenched with 1 M NaOH (0.3 mL). The volatiles were removed via rotary evaporation to



provide a residue that was diluted with water (2 mL), and extracted with CH>Cl,. Drying over Na,SO4 and
concentration afforded the crude naltrexamine which was then dissolved in anhydrous CH>Cl, (0.1 M) and treated
with the NHS-activated ester S1 (1.1 equiv) and DIPEA (1.1 equiv). This mixture was stirred for 2 hours at ambient
temperature before being diluted with CH,Cl, and washed with water to give a residue which was purified by
chromatography on silica gel (1:99 to 1:20; MeOH-CHCl;) which gave a small forerun of the N, O-bisacylated product,
followed by the a-isomer, and finally by IBNtxA (typically isolated in 23-31 % yield) as a white solid. The purified
product was converted to its hydrochloride salt by dissolution of the freebase in diethyl ether and addition of 4 M HC1
in diethyl ether. The white precipitate was collected by filtration and dried to give IBNtxA<HCI as a white solid (68%
yield): MP: 203-207 °C. [a]p = —161.2 (¢ 0.1, CHCI3). '"TH-NMR (400 MHz, CDCls) § 8.17 (s, 1H), 7.9 (d, J = 8.8
Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.16—7.12 (m, 1H), 6.68 (d, J = 10.6 Hz, 1H), 6.57 (d, J = 10.6 Hz, 1H), 5.92 (m,
1H), 5.25-5.18 (m, 2H), 4.57 (d, J = 8.8 Hz, 1H), 4.13 (m, 1H), 3.14—1.25 (m, 14H). *C-NMR (100 MHz, CDCl3) &
165.4, 142.9, 140.3, 139.3, 136.6, 136.2, 135.3, 130.8, 130.2, 126.3, 124.9, 119.3, 118.1, 117.6, 94.3,92.9, 70.2, 62.4,
57.8,50.5, 47.3, 43.6, 31.5, 29.0, 23.2, 22.7 ppm. ESI-MS m/z (rel int): (pos) 559.1 ([M+H]", 100). HRMS (ESI):

Calculated for: CocHosN,O4I": 559.1094; found, 559.1088.

Behavioral Procedures

Hot plate analgesia test

Justification: The hot plate test is a widely used test to evaluate the antinociceptive potential of analgesic medications.
The test relies upon the natural nocifensive responses of rodents when placed on a hot metallic plate, and the latency
to those responses induced by analgesics, including opioids and nonsteroidal anti-inflammatory drugs (NSAIDs).40-43
Because analgesic effects in the hot plate assay are mediated supraspinally, this experiment allowed for identification

and characterization of analgesic, and centrally active, doses of IBNtxA for further testing.

Apparatus: The hot plate analgesia test was performed using methods derived from previously published reports. >3

The hot plate analgesia meter for small laboratory animals (Columbus Instruments) was used for this test featured an
aluminum surface controlled via a built-in digital thermometer to maintain surface temperatures to within 0.1 °C and
a digital timer with 0.1 sec precision. The square surface plate was enclosed by a clear acrylic cage to confine animals
during testing. Morphine is well-characterized in the hot plate assay and served as our positive control. Before and

after all training or testing procedures, the apparatus was cleaned with 70% isopropyl alcohol and allowed to dry.



Treatment groups: Twenty-four drug-naive male C57BL/6 mice were used for this study, separated into three groups

of n = 8: 10 mg/kg morphine, 1 mg/kg IBNtxA, and 3 mg/kg IBNtxA.

Testing: The hot plate was set to continuously provide a 55 °C temperature during testing. Depression of the start/stop
button for the digital timer signaled the beginning and end of each experiment and the elapsed time for each test was
recorded manually. Animals were placed on the heated surface and two independent observers looked for nocifensive
behaviors, including licking or fluttering of paws or jumping. Upon witness of these behaviors, the timer was stopped
and animals were removed immediately from the chamber. To prevent injury, all experiments had a maximum hot
plate exposure time of 20 seconds and animals were immediately removed at this time if they had not yet shown a
nociceptive response. The latency time after placing mice on the metallic hot plate provided the threshold level of

animals.

Prior to drug administration, each mouse was weighed and tested twice, 15 minutes apart, to establish baseline
nocifensive response times. Immediately following the second baseline test, drugs were administrated via i.p.
injection. The first post-injection test occurred 15 minutes after injection and animals were re-tested every 15 minutes
for 60 minutes or until the latency time returned to baseline. Data normalization was performed by taking the two pre-

injection latency times and averaging them for each animal as a baseline (BL). A % Max Possible Effect (%MPE)

test latency—BL

was calculated using the formula: %MPE = 100 X Py

Drug Discrimination

Justification: Drug discrimination (DD) allows the study of neuropharmacological and behavioral effects of
psychoactive drugs, using the effects of a delivered drug as a discriminative stimulus paired with reinforcers (e.g.,
food). Animals are trained to press one of two levers to obtain food after receiving drug injections, and to press the
other lever to obtain food after vehicle injections. After sufficient training, subjects can be used to determine whether

44-46

a test substance is “like” or “unlike” the drug used for training, allowing evaluation of the subjective effects of

IBNtxA in comparison to other opioid ligands. These procedures were adapted from Solinas, et al. 4

Apparatus: DD training and testing used mouse operant chambers (Med Associates, Fairfax, VT) placed in sound
attenuating cabinets and connected to a computer running MED-PC software (version 4). Each operant chamber

featured two nose poke holes equipped with infrared beams. A liquid dipper was located between the two nose poke



holes, connected via tubing to a pump and syringe that discharged vanilla Ensure for 3 seconds (delivering an
approximate 0.1 mL volume) as a palatable food reward when animals earned a programmed reward. All rewards

were accompanied by light and tone stimuli during the duration of the 3-second reward delivery.

Treatment groups: Eight drug-naive male C57BL/6 mice were used for this study and received all initial drug
discrimination training. One mouse did not meet inclusion criteria and was excluded from further testing. One mouse
died near the end of the experiment, therefore two doses of SCH 221510 (0.3 and 1.0 mg/kg) and two doses of cocaine

(3 and 10 mg/kg) were tested on only six trained animals.

Food restriction: Mice had ad lib access to water, but were food restricted for approximately 22 hours before each
training or testing session. Mice were weighed daily and were kept within 10% of their free-feeding weight. Following

all training or testing sessions, animals were given ad [ib access to chow for 2 hours.

Training: Mice were trained initially to nose poke for Ensure rewards using a fixed-ratio 1 (FR1) schedule, in which
a single nose poke on either side initiated reward delivery and associated cues. Following successful nose poke
training, in which mice received at least 90 of 100 possible rewards in a 1-hour time period, animals were trained to
discriminate between DMSO vehicle (10% DMSO and 90% saline) and 3 mg/kg IBNtxA. During the training phase,
mice received i.p. injections of 3 mg/kg IBNtxA or DMSO vehicle and were placed in the operant chamber 15 minutes
prior to the start of training, with the start of the session indicated by a house light turning on. IBNtxA and vehicle
were given with a pseudorandom order of training to avoid day-of-the-week training effects. For all chambers, IBNtxA
was programmed to be associated with the right nose poke hole, and DMSO vehicle with the left nose poke hole. In
order to earn an Ensure reward, animals were required to complete an unbroken FR response in the correct nose poke
hole. Over the course of training, the FR requirement was increased until mice were correctly nose poking >90% on
a FRS schedule; mice were considered to have successfully learned the DD procedure at a given FR level when > 90%
of the initial 10 nose pokes in a given training session matched the desired response. All training sessions lasted for
60 minutes or until 100 rewards were earned. Before and after all training and testing procedures, each test apparatus

and floor insert was cleaned with 70% isopropyl alcohol and allowed to dry completely.

Testing: After meeting FRS training criteria, mice were tested with varying doses of IBNtxA (0.33-3.0 mg/kg),
morphine (0.33-10 mg/kg), U-50488 (0.33-10 mg/kg), buprenorphine (0.10-1.0 mg/kg), SNC162 (3-18 mg/kg), SCH

221510 (1-10 mg/kg) and cocaine (3-10 mg/kg) given via i.p. injection. For each test, mice were given a drug injection



and placed in the operant chamber 15 minutes prior to the start of testing session, with the start of the session indicated
by a house light turning on. Drug discrimination was measured by the first response (drug side or vehicle side) after
the start of the session, after which the session was immediately ended with no rewards given. This limited, stringent
testing procedure was adopted after initial studies determined that IBNtxA discrimination training was easily disrupted
by rewards earned while exposed to some tested drugs (possibly owing to IBNtxA being a relatively weak
discriminative stimulus). This procedure allowed much quicker (~1 week) re-establishment of drug discrimination
between tests, but it also results in data that are less typical of DD reports in the literature: instead of reporting the
proportion of overall nose pokes (drug-paired vs. vehicle-paired) following testing, we report the proportion of animals
whose initial responses were on the drug-paired vs. vehicle-paired side. Likewise, because we cannot report standard

drug effects on response rates (e.g., nose pokes/sec), we report time to initial nose poke at the start of the session.

Conditioned Place Preference (CPP)

Justification: The basic principle underlying CPP—widely used to evaluate the subjective effects of drugs of abuse*”-
4_is that primary reinforcers (e.g., legal or illicit drugs, food, water, or sex) are paired with contextual stimuli, which

50-52

acquire secondary reinforcing properties via Pavlovian contingency. Procedures for CPP experiments were

57-61

adapted from previously published protocols.?-*® Morphine is well-characterized in rodent CPP models®’®! and served

as our positive control.

Apparatus: CPP studies were performed using modular open field apparatuses separated into three compartment via
black Plexiglas™ place preference chamber inserts (Stoelting, Wood Dale, IL). These chambers featured two 18 x 20
cm rectangular test compartments connected via a 10 x 20 cm central compartment. The two test compartments were
differentiated by wall markings (vertical green stripes vs. white circles) and by custom-made, 3D-printed plastic floor
inserts (yellow with circular holes, paired with stripe side, vs. blue with a shallow square grid, paired with circle side)
printed at Rowan University. Test compartments could be closed off during training using a removable black

Plexiglas™ blocker placed in the central compartment.

Four test chambers were arrayed on a vertical shelving unit, two per shelf. Over each chamber was a small fluorescent
light (overall illumination ~700 lux) and a USB camera connected to a computer running Any-maze software (version
4.99). Between every animal, and before and after all training and testing procedures, each test apparatus and floor

insert was cleaned with 70% isopropyl alcohol and allowed to dry completely.



Treatment groups: 150 male drug-naive C57BL/6 mice were used for this study. Following initial preference training,
animals were divided into seven groups, each receiving a different potential reinforcer dose for the drug-paired side
and DMSO vehicle for the vehicle-paired side: DMSO vehicle (n = 17), 3 mg/kg morphine (n = 14), 10 mg/kg
morphine (rn =22), 20 mg/kg morphine (n = 12), 0.3 mg/kg IBNtxA (n = 13), 1 mg/kg IBNtxA (n = 16), and 3 mg/kg
IBNtxA (n = 14). Preliminary studies with a higher 5.6 mg/kg dose of IBNtxA were abandoned due to extreme
behavioral disruptions, including loss of motor coordination. An additional study to evaluate the effects of IBNtxA on
morphine CPP used three groups: DMSO vehicle + 10 mg/kg morphine (» = 10), 1 mg/kg IBNtxA + 10 mg/kg

morphine (n = 10), and 3 mg/kg IBNtxA + 10 mg/kg morphine (n = 10).

Initial preference: Before preference training, animals were tested for an initial side preference (i.e., a preference for
either test compartment) by placing naive mice in the chamber with full access to all compartments for 30 minutes.
Initial compartment preference was calculated as the ratio of time spent in one test compartment over the total time
spent in both test compartments; time spent in the central compartment was recorded but not included in this
calculation. Twelve animals with >65% initial preference for one test compartment were excluded from further study.
Consistent with an unbiased experimental procedure,® the drug-paired and vehicle-paired compartments for each
animal were assigned regardless of a given animal’s initial preference score using a Latin square design, which evenly
distributed compartment pairing, box location, and 1%-day treatment across all treatment groups. Vehicle-only animals

were assigned the striped side as their “drug” compartment and the circle side as their “vehicle” compartment.

Drug conditioning.: Conditioning (a.k.a. training or acquisition) occurred during ten training sessions over ten days.
During conditioning, animals received drug or vehicle injections immediately prior to being placed and confined in

the designated test compartment for 30 minutes. Drug and vehicle exposures alternated daily.

We chose an unbiased CPP procedure because while biased approaches can provide greater sensitivity to detect drug
effects that depend on baseline motivational states of the animal, or to detect anxiolytic and anti-aversive drug effects,

they also have a higher false-positive rate, which we wished to avoid.*% 33 62-63

Preference test: Trained mice were tested for side preference in a CPP expression trial in which subjects received no

injection and were free to access entire apparatus (i.e., both drug- and vehicle-paired contexts) for 30 minutes.



Analysis: A preference score was calculated for the both the initial preference test (Apretest) and for the final preference
test (Apostiest) by subtracting the seconds spent in the vehicle-paired compartment was from the seconds spent in the
drug-paired compartment (time in the central compartment was ignored). An overall preference score of a given drug

dosage was calculated by using the formula AAsec = Apostest — Apretest-

Locomotor activity.

Justification: To determine whether IBNtxA might induce substantial locomotor effects, and/or alter morphine-

induced locomotor behavior, we tested whether 3 mg/kg IBNtxA would alter locomotor activity in an open field.

Apparatus: Locomotor studies were performed using four 40 x 40 cm modular open field apparatuses (Stoelting,
Wood Dale, IL) arrayed on a vertical shelving unit, two per shelf. Over each chamber was a small fluorescent light
(overall illumination ~700 lux) and a USB camera connected to a computer running Any-maze software (version
4.99). Between every animal, and before and after all training and testing procedures, each test apparatus and floor

insert was cleaned with 70% isopropyl alcohol and allowed to dry completely.

Treatment groups: 41 male drug-naive C57BL/6 mice were used for this study. Animals were divided into four groups,
each receiving a pre-treatment and a post-treatment: DMSO vehicle/DMSO vehicle (r» = 8), DMSO vehicle/10 mg/kg

morphine (rn = 11), 3 mg/kg IBNtxA/DMSO vehicle (n = 11), 3 mg/kg IBNtxA/0 mg/kg morphine (n = 11).

Testing: In order to reduce novelty-induced locomotor activity, all animals were exposed to the open field twice over
two days prior to testing. During these 55-minute pre-exposures, animals received a saline injection after 15 minutes
in the open field to familiarize them with the handling and injection process. Behavior during these pre-exposures was

not recorded.

On the test day, animals were given an i.p. pre-treatment injection (3 mg/kg IBNtxA or DMSO vehicle) and placed in
the open field for 15 minutes. Behavior during this period was not recorded. After 15 minutes, animals were given an

1.p. post-treatment injection (10 mg/kg morphine or DMSO vehicle). Locomotor activity was recorded for 40 minutes.

Analysis: Locomotor activity for each animal was recorded in 5-minute bins. Overall locomotor activity is represented

as the total distance traveled following the second injection.

Naloxone-precipitated morphine withdrawal.




Justification: To determine whether IBNtxA might alter morphine withdrawal-mediated behavior, we tested whether
3 mg/kg IBNtxA could induce any signs of withdrawal or alter the behavioral responses of naloxone-precipitated

withdrawal.

Treatment groups: 16 drug-naive male C57BL/6 mice were used for this study. All animals underwent the same
chronic morphine dosing, then were randomly assigned to two treatment groups for the final test, each receiving a pre-
treatment and a post-treatment injection: DMSO vehicle/30 mg/kg naloxone (n = 8), and 3 mg/kg IBNtxA/30 mg/kg

naloxone (n = 8).

Treatment and testing: All mice were treated with nine injections of 50 mg/kg morphine over four days (0900 and
1600 hours each day). On day 5, mice received an additional injection of 50 mg/kg morphine in the morning. To
observe whether IBNtxA could induce morphine withdrawal symptoms, 8 animals received 3 mg/kg IBNtxA and 8
animals received vehicle injections 3 hours after the final morphine injection. All animals were observed for signs of
morphine withdrawal-induced jumping behavior by two observers for 10 minutes while placed inside a 2 L glass
beaker. 15 minutes after the IBNtxA or vehicle treatment, all animals received 30 mg/kg naloxone and were again
observed for withdrawal-induced jumping behavior by two observers for 10 minutes. For both observation periods, a
jump was defined as all four paws leaving the bottom of the beaker. Other signs of opioid withdrawal (e.g., shakes,
diarrhea) were looked for but not observed to any substantial degree and are thus not reported. Between every animal,
and before and after all training and testing procedures, each glass beaker was cleaned with 70% isopropyl alcohol

and allowed to dry completely.

Statistical analyses

All data are presented as means + SEM and were analyzed in GraphPad Prism 6 (San Diego, CA, USA). For analysis
of variance (ANOVA) tests, whenever a significant main effect was found, individual group comparisons were carried

out using pre-planned Bonferroni t tests.

RESULTS

IBNtxA is antinociceptive. In the hot plate assay, 3 mg/kg IBNtxA, but not 1 mg/kg IBNtxA, significantly increased

the time to nocifensive movements (Figure 2A). Baseline time to nocifensive behaviors were similar across groups:



10 mg/kg morphine: 6.9 + 2.6 seconds, 1 mg/kg IBNtxA: 7.8 + 3.0 seconds, 3 mg/kg IBNtxA: 8.6 £ 2.2 seconds
(means * std. dev.). 3 mg/kg IBNtxA achieved a peak efficacy (~61 %MPE; Figure 2B) comparable to 10 mg/kg
morphine (~64 %MPE), but showed a shorter duration of effect. Individual one-way repeated-measures ANOV As
with Geisser-Greenhouse corrections, comparing post-injection treatments against an average of the two baseline (BL)
measures, revealed significant treatment effects of 10 mg/kg morphine (F(3.197, 15.98) = 3.436, p = 0.0401) and 3
mg/kg IBNtxA (F(2.620, 13.10) = 5.780, p = 0.0114) treatments, but not 1 mg/kg IBNtxA (F(2.198, 10.99) = 0.4840,
p = 0.6458). Pre-planned Bonferroni tests determined that 3 mg/kg IBNtxA and 10 mg/kg morphine significantly

differed from baseline at 30 minutes post-injection (t =4.07 and p < 0.05; t = 7.0 and p < 0.01, respectively).
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Figure 2. Time-course of hot plate analgesia tests. Male C57BL/6 mice (n = 6/group) received IBNtxA or morphine
at the indicated doses using a hot plate apparatus set at 55 °C. A. The time elapsing to the first nocifensive response
(jumping, paw licking or fluttering) was scored. A maximal latency of 20 s was used to minimize any tissue damage.
B. Results analyzed as percent maximal effect (%MPE) for each mouse. All results are presented as means + SEM; *
** p <0.01 compared to BL of 10 mg/kg morphine; T p < 0.05 compared to BL of 3 mg/kg IBNtxA.

Drug discrimination reveals a complex opioid receptor pharmacology for IBNtxA.

Male C57BL/6 mice (n = 7) were trained to discriminate 3 mg/kg IBNtxA from DMSO vehicle. IBNtxA proved to be
a weak discriminative stimulus, taking nearly 90 training days for all animals to meet training criteria (> 80% correct
responses). Initial experiments revealed that drug trials in which animals could respond for 30 minutes substantially
disrupted subsequent discrimination training and required extended re-training between drug tests. Therefore, drug
tests were redesigned to count only the initial (unrewarded) nose poke after test drug delivery 15 minutes prior to the

start of the trial. Only results from this second iteration are presented in Figure 3; panel A indicated the first nose poke



response for each tested drug dose and panel B indicates the time to initial nose poke response, an indication of whether
a drug dose was behaviorally disruptive. Initial test trials with DMSO vehicle and 3 mg/kg IBNtxA (black squares)
indicated that this method could reliably distinguish vehicle from training drug. Dose responses were then recorded
for IBNtxA (0.3-3 mg/kg), MOR agonist morphine (0.33-10 mg/kg), KOR agonist U-50488 (0.33-10 mg/kg), DOR
agonist SNC162 (3-18 mg/kg), NOP agonist SCH 221510 (1-10 mg/kg), and MOR partial agonist/NOP agonist

buprenorphine (0.10-1 mg/kg). To test generalizability, the non-opioid cocaine (3-10 mg/kg) was tested as well.

IBNtxA dose-dependently and fully substituted for itself. MOR agonist morphine, DOR agonist SNC162, NOP
agonist SCH 221510 and MOR partial agonist/NOP agonist buprenorphine each partially substituted for IBNtxA,
while the psychostimulant cocaine did not substitute for IBNtxA (Figure 3A). At the highest doses tested, morphine
(10 mg/kg), SCH 221510 (10 mg/kg), cocaine (10 mg/kg), and buprenorphine (1 mg/kg) each disrupted responding
(Figure 3B); no drug substitution data are presented for 10 mg/kg morphine and 1 mg/kg buprenorphine because nearly
all animals (6/7 and 7/7, respectfully) failed to nose poke in either the drug or vehicle side for the duration of the 60
minute trial. KOR agonist U-50488 fully substituted for IBNtxA, indicating that KOR signaling effects are likely

crucial to the discriminative stimulus characteristics of in vivo IBNtxA.
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Figure 3. Drug discrimination results for animals trained to distinguish 3 mg/kg IBNtxA from vehicle. A. IBNtxA and
KOR agonist U-50488 fully substitute for IBNtxA. MOR agonist morphine, DOR agonist SNC162, NOP agonist SCH
221510, MOR partial agonist/NOP agonist buprenorphine partially substitute for IBNtxA. The psychostimulant
cocaine does not substitute for IBNtxA. Because these data ultimately represent the proportion of mice who chose the
IBNtxA-paired nose poke hole for their first response, there are no error bars. B. Behavioral disruption of drug
responding as determined by the time to first drug response. These results are presented as means = SEM. The highest
tested doses of buprenorphine (1 mg/kg), morphine (10 mg/kg), SCH 221510 (10 mg/kg), and cocaine (10 mg/kg)
each induced a substantial behavioral disruption. 7/7 mice failed to respond to 1 mg/kg buprenorphine and 6/7 mice
failed to respond to 10 mg/kg morphine, therefore drug substitution data are not available. n = 7 for each drug dose
tested except for 0.3 and 1.0 mg/kg SCH 221510 and 3 and 10 mg/kg cocaine where n = 6.

IBNtxA does not induce a place preference. To determine whether IBNtxA may have abuse liability, it was tested in
an unbiased CPP assay (Figure 4). Seven groups of C57/Bl6 mice (n = 12-22 per group) were tested with different
doses of IBNtxA, morphine, or DMSO vehicle as the training drug in a three-compartment apparatus. The overall
place preference for each drug dose was determined using a preference score (AAsec). A one-way ANOV A comparing
all results indicated a significant difference between treatment groups (F(6, 101) = 2.444; p = 0.0301). Pre-planned

Bonferroni tests determined that 10 mg/kg morphine significantly differed from vehicle (t > 3.8 and p < 0.05) but no



other doses were significantly different from vehicle. In an alternate analysis, using a one-sample t-test to evaluate
whether each treatment was significantly different from a hypothetical 0 value that would result from no compartment
preference, 10 mg/kg morphine (t(21) = 3.737, p = 0.0012) and 20 mg/kg morphine (t(11) = 3.841, p = 0.0027)

significantly differed from 0; all other doses were not significantly different from 0.
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Figure 4. Conditioned place preferences of varying doses of morphine or IBNtxA compared to vehicle-only
treatment. 10 mg/kg morphine significantly induced a preference for the drug-paired compartment while IBNtxA did
not produce a significant place preference at doses up to 3 mg/kg. DMSO vehicle (n = 17), 3 mg/kg morphine (n =
14), 10 mg/kg morphine (n = 22), 20 mg/kg morphine (n = 12), 0.3 mg/kg IBNtxA (n = 13), 1 mg/kg IBNtXA (n =
16), and 3 mg/kg IBNtxA (n = 14). All results are presented as means = SEM; * p < 0.05 compared to vehicle.

IBNtxA pre-treatment disrupts acquisition of morphine place preference. To further probe the effects of IBNtxA, we
investigated whether IBNtxA could disrupt morphine-mediated behaviors. In this experiment, three groups (n = 10
each) of C57/Bl6 mice underwent CPP training for 10 mg/kg morphine as above, however 15 minutes prior to each
morphine training mice were pre-treated with IBNtxA (1 mg/kg or 3 mg/kg) or vehicle, and all groups received vehicle
pretreatment prior to vehicle side training. IBNtxA dose-dependently disrupted acquisition of morphine place
preference (Figure 5). One-way ANOVA revealed a significant overall effect of pre-treatment (F(2, 27) = 3.640, p =
0.0399). Pre-planned Bonferroni tests determined that 3 mg/kg IBNtxA significantly differed from vehicle (t > 2.55

and p <0.05).
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Figure 5. IBNtxA pretreatment attenuated acquisition of morphine CPP. CPP training for 10 mg/kg morphine was
modified to include an IBNtxA or vehicle pretreatment prior to standard side training. 3 mg/kg IBNtxA pretreatment
significantly attenuated acquisition of morphine-induced place preference (n = 10/group). All results are presented
as means = SEM; * p < 0.05 compared to vehicle pre-treatment.

IBNtxA attenuates acute morphine-induced hyperlocomotion. To further evaluate behavioral IBNtxA disruption of
morphine-mediated behaviors was behaviorally disruptive, we measured the locomotor activity of mice pretreated
with either 3 mg/kg IBNtxA or vehicle followed by either 10 mg/kg morphine or vehicle (Figure 6). Two-way
repeated-measures ANOVA revealed significant effects of drug treatment (F(3, 37) = 20.92, p < 0.0001) and time
(F(7, 259) = 9.375, p < 0.0001), with a significant interaction (F(21, 259) = 15.05, p < 0.0001). Morphine induced a
substantial hyperlocomotion (Figure 6A); pre-planned Bonferroni tests determined that the vehicle/morphine
treatment group significantly differed from all other groups at the 15-40 min time points (t > 4.976 and p < 0.0001 for
each point) with no other significant differences between points. Two-way ANOVA analysis of total locomotor
activity over the 40-minute trial (Figure 6B) revealed significant effects of IBNtxA vs. vehicle pre-treatment (F(1, 37)
=29.19, p < 0.0001) and morphine vs. vehicle post-treatment (F(1, 37) = 7.001, p = 0.0119), with a significant
interaction (F(1, 37) = 22.02, p < 0.0001). Pre-planned Bonferroni tests determined that the vehicle/morphine
treatment group significantly differed from all other groups (t > 5.427 and p < 0.0001), but all other comparisons were

not significant.
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Figure 6. Male mice (n = 8-11/group) received DMSO vehicle or 3 mg/kg IBNtxA pretreatments 15 minutes prior to
DMSO vehicle or 10 mg/kg morphine administration. A. Timecourse of locomotor activity immediately following the
second injection. B. Overall distance traveled of each group. IBNtxA pretreatment significantly attenuated morphine-
induced hyperlocomotion but did not significantly alter locomotion following vehicle injection. All results are
presented as means £ SEM; **** p < (0.0001 compared to all other groups.

IBNtxA does not alter naloxone-precipitated morphine withdrawal. To determine whether IBNtxA might alter
morphine withdrawal-mediated behavior, we tested whether 3 mg/kg IBNtxA could induce any signs of withdrawal
or alter the behavioral responses of naloxone-precipitated withdrawal. 16 mice were treated with nine injections of 50
mg/kg morphine over five days (0900 and 1600 hours except for day 5). 3 hours after the final morphine injection, 8
animals received 3 mg/kg IBNtxA and 8 animals received vehicle injections, and all animals were observed for
jumping and other signs of morphine withdrawal for 10 minutes (Figure 7, left side). No withdrawal signs were seen
in either group, indicating that 3 mg/kg IBNtxA did not precipitate withdrawal. 15 minutes after the vehicle or IBNtxA
pretreatment, all animals received 30 mg/kg naloxone and were again observed for jumping and other signs of
morphine withdrawal for 10 minutes (Figure 7, right side). Two-way repeated-measures ANOVA revealed significant
effects of naloxone treatment on jumping behavior (F(1, 14) =34.62, p <0.0001), but not IBNtxA treatment (F(1, 14)
=0.2844, p = 0.6022), with no significant interaction (F(1, 14) = 0.2844, p = 0.6022). Pre-planned Bonferroni tests
determined that there were no significant differences between vehicle- and IBNtxA-treated groups before or after

naloxone treatment (t < 0.76 and p > 0.05 for all comparisons).
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Figure 7. Male mice (n = 8/group) received 50 mg/kg morphine. To test whether IBNtxA might induce or induce
withdrawal, or blunt naloxone-induced withdrawal, one group received a DMSO vehicle or 3 mg/kg IBNtxA
pretreatment. 15 minutes later, both groups received 50 mg/kg naloxone. Jumps were counted over 10 min, defined
as all four paws leaving the floor of a glass cylinder. IBNtxA administration did not induce withdrawal or attenuate
naloxone-induced withdrawal jumping behaviors. PTX = pretreatment. All results are presented as means + SEM.

Discussion

Since the cloning of the MOR gene, Oprml, multiple splice variants have been discovered.®* The functional
consequences of MOR variants are poorly understood, but certain splice variants have been reported to differ in
subtype localization within the central nervous system and in pharmacological properties, including variable affinity
for MOR ligands.®%® The expression of these variants can also be differentially regulated by sex and drug exposure
history."  Morphine tolerance is also associated with differential regulation of multiple MOR splice variants.”
Because there are no ligands currently available with greater specificity for 6TM/E11 MOR splice variants, IBNtxA

is the best current tool for probing the behavioral effects of 6TM/E11 agonism.

Previous IBNtxA studies suggested an intriguing avenue for analgesic medications development: specifically targeting
6TM/E11 splice variants. Additionally, these studies provided evidence that 6TM/E11 MOR variants contribute to the
analgesic effects for only certain MOR agonists, such as fentanyl, buprenorphine and heroin, but not for morphine.?*-
24, 26, 31

It is not currently known to what degree signaling by 6TM/E11 splice variants mediates drug-seeking and -

taking behaviors for opioid drugs.



IBNtxA was readily synthesized from commercially available naltrexone. This synthetic process resulted in a racemic
mixture that underwent enantiomeric purification. Only the (-)-isomer of IBNtxA was tested in behavioral studies as
this was the enantiomer tested in previous studies.???* 2 To our knowledge, the (+)-isomer of IBNtxA has not been
tested for relevant signaling & behavioral effects; (+)-naloxone and (+)-naltrexone have well-described antagonist
effects at the toll-like receptor 4 (TLR4), which may also contribute to the abuse-related effects of cocaine or opioid

71-74

agonists,”"* so it would be interesting to test whether the structurally similar (+)-IBNtxA may also have TLR4 effects.

In radioligand competition binding studies, using [’ I|BNtxA and membranes from CHO cells stably expressing
cloned mouse opioid receptors, IBNtxA had high affinity for 7TM MOR (K; =0.11 nM), 6TM/E11 MOR (K;=0.16
nM), KOR (K; = 0.027 nM), and DOR (K; = 0.14 nM).?>?7 IBNtxA is a full agonist at mouse MOR in [**S]GTPyS
assays (ECso = 0.49 nM, Emax = 101%).7° Che, et al. 7 reported that IBNtxA was a G protein-biased agonist at the
human MOR (cAMP inhibition: ECsp=0.056 nM, Emnax = 99%; B-arrestin: ECso=0.10 nM, Eax =23%) and a balanced
full agonist at human KOR (cAMP inhibition: ECsp = 0.002 nM, Enax = 96%; B-arrestin: ECso = 0.032 nM, Epax =

113%). IBNtxA signaling at DOR, and binding and signaling at NOP has not been reported.

Initial reports determined that IBNtxA was a potent analgesic in the mouse tail-flick (EDso = 0.48 mg/kg, s.c.) and hot
plate (EDso = 0.6 mg/kg, s.c.) assays, with peak analgesic effects occurring at 1 mg/kg and 2 mg/kg IBNtxA,
respectively.”* We independently confirmed the analgesic effect of IBNtxA at 3 mg/kg, i.p., but not 1 mg/kg, i.p., in
a mouse hot plate assay; the different route of delivery may account for the difference in potency between our study
and previous reports as subcutaneous drug delivery should be subject to considerably less first-pass metabolism. 3
mg/kg IBNtxA was equipotent to 10 mg/kg morphine, with a similar time to peak effect (30 min) but a shorter duration
of effect. Because 3 mg/kg IBNtxA was fully analgesic in the supraspinally mediated hot plate assay, we considered
this dose in further testing to be centrally active. Partial substitution of IBNtxA by DOR, MOR, and NOP agonists,
and full substitution by a KOR agonist in the DD assays indicate that these receptors may each contribute to IBNtxA-
mediated analgesia. Agonism of MOR is well-established to produce analgesia, but DOR and KOR activation also
produces antinociceptive effects and have been targets for analgesic drug development.””””” NOP ligands have
complicated effects on analgesia, depending on route of administration, and can modulate signaling by other opioid

receptors.’> 8981 [t is worth noting that while the reflexive behaviors monitored in each of these assays above have



been used extensively, the utility of these tests is limited in their ability to predict successful translation of novel

analgesics.3283

Prior to this study, the discriminative stimulus properties IBNtxA have never been tested. Furthermore, the
discriminative stimulus properties of 6TM/E11 agonism are currently unknown, and previous work identified several
opioid agonists that may have important effects mediated by 6TM/E11 activation.?>?® In order to determine whether
IBNtxA could be used to evaluate the subjective effects of 6TM/E11 agonism, its suite of subjective effects must be
measured against classical MOR, KOR, NOP, and DOR agonists. The comparison of IBNtxA against
buprenorphine—a non-specific opioid receptor partial agonist—was driven by the finding that buprenorphine may

derive some of its analgesic effects via 6TM/E11 agonism.?*

Based on the results of our analgesic and drug discrimination tests, we tested the abuse liability of IBNtxA in an
unbiased CPP paradigm at a range of doses (0.1-3.0 mg/kg) that extended up to our centrally active dose of 3 mg/kg
(sufficient to produce full analgesia in the hot plate assay). IBNtxA was previously evaluated at only a single dose (1
mg/kg) in a biased CPP assay.?? Based on the results of this study, IBNtxA does not appear to have substantial abuse
liability, producing no place preference in an unbiased CPP assay at doses up to 3 mg/kg. IBNtxA-mediated analgesia
peaked at 30 minutes post-injection, which represents the midpoint of the 30-minute CPP training periods used; the
relatively shorter duration of action of IBNtxA in comparison to morphine may indicate that a shorter conditioning
time could have been more sensitive to place preference-altering effects of IBNtxA. Results from the drug
discrimination study suggest that the lack of an IBNtxA-mediated place preference may be a result of substantial KOR
agonist activity. KOR agonism produces dysphoric effects in humans and aversive effects in rodent CPP models, %7
but no conditioned place aversion was seen in this experiment. We hypothesize that the aversive effects of KOR
agonism may be counteracted by concomitant activation of MOR and DOR by IBNtxA. MOR activation is well-

established to produce place preference, and DOR agonism can induce place preference®® and enhance morphine place

preference.®’

Based on the lack of an IBNtxA-induced place preference, we explored the possibility that IBNtxA could disrupt
morphine-mediated behaviors. Pretreatment with 3 mg/kg but not 1 mg/kg IBNtxA attenuated the acquisition of place
preference to 10 mg/kg morphine. This could be due to several factors, including the MOR partial agonist profile of

IBNtxA possibly blocking the full agonist effects of morphine. NOP activation can also disrupt morphine CPP,%-!



thus it is possible that IBNtxA-induced activation of NOP could contribute to this effect. However, because IBNtxA
neither induced morphine withdrawal nor attenuated naloxone-precipitated withdrawal, it’s possible that MOR
signaling plays only a modest role in IBNtxA-mediated effects. A more likely explanation, based on the drug
discrimination study findings, is that IBNtxA’s KOR agonism effects are disrupting morphine-driven behaviors. KOR
agonists produce a dysphoric effects that counter MOR agonist-induced place preference®? and the KOR agonist U-
50,488 has been previously reported to block morphine place preference.”® 3 mg/kg IBNtxA also reversed morphine-
induced hyperlocomotion but did not produce a significant decrease in locomotor activity on its own. Prior studies
have reported that KOR agonists U-50,488 and nalfurafine (TRK-820) can attenuate morphine-induced

hyperlocomotion.**%

Understanding the suite of behavioral effects seen in this study and in previous studies requires consideration of
IBNtxA’s lack of subtype selectivity. In a prior study, IBNtxA analgesia was partially blocked by the nonselective
opioid antagonist naloxone, the KOR antagonist norbinaltorphimine, and the DOR antagonist naltrindole, and fully
blocked by MOR antagonist/KOR agonist levallorphan, suggesting potential roles for MOR, KOR, and DOR
activation mediating IBNtxA-induced analgesia.?* Follow-up studies using genetically modified mice indicated that
in vivo analgesia and behavioral responses induced by IBNtxA could be largely attributed to 6TM/E11 MOR splice
variant signaling.?® 2° In MOR/KOR/DOR triple knockout animals, IBNtxA-mediated analgesia, but not morphine-
mediated analgesia, could be rescued via intrathecal administration of lentivirus containing 6TM/E11 MOR splice
variants.?® ¢ While these results support the hypothesis that 6TM/E11 MOR splice variants have distinct receptor
signaling properties and agonist binding capabilities—thus making them potential druggable targets—the prevalence

of substantial 5TM/E11 expression in wild-type animals is of some dispute. For example, Xu, et al. *’

reported variable
expression of 6TM/E11 MOR splice variants across brain regions and mouse strains using qPCR, but ladarola, et al.
% found little evidence of exon 11-containing splice variants in mouse dorsal root ganglion cells using RNA-Seq.

Future studies using MOR exon 11 knockout mice®! could more fully dissect the role of 6TM/E11 MOR splice variants

in mediating the discriminative properties of IBNtxA and other opioid drugs.

Several limitations are worth noting in this study. First, all tests reported herein were performed on only male mice.
There is an established literature that shows important sex-mediated differences in opioid receptor expression and

signaling, manifesting in differential effects in tests of analgesia in humans and rodents and important differences in



rodent models of drug abuse and relapse.®®!%2 Given the apparent full KOR agonism of IBNtxA in vivo, there are
important sex differences in KOR function that may impact analgesia and abuse liability.! A recent study reported
differences between adult male and female C57BL/6 mice in mRNA expression patterns of 6TM/E11 MOR splice

variants;'%

if 6TM/E11 MOR signaling plays an important role in IBNtxA-mediated behavioral effects in wild-type
mice—a hypothesis that could not be directly tested in these studies—male and female mice may have differing
sensitivity to IBNtxA. There is no published pharmacokinetic information for IBNtxA, alone or in combination with
morphine or any other drug. Thus, it is possible that important parameters, such as first-pass metabolism from i.p.
dosing or the presence of active metabolites could complicate the interpretation of these results. Finally, all
experiments were performed in the light part of the light/dark cycle, which is the inactive part of the mouse diurnal

105

cycle. Opioid receptor expression levels can vary through the diurnal cycle'® and opioid receptor activation can itself

106-107

alter circadian rhythms. Thus, it is possible different behavioral effects would be observed if these tests were

repeated in the dark cycle.

In conclusion, these studies demonstrate that IBNtxA is a potent analgesic, with a complicated in vivo opioid receptor
pharmacology in wild-type male mice. IBNtxA appears to lack abuse liability at doses up to 3 mg/kg, possibly due to
its prominent KOR signaling effects, a possible mechanism by which IBNtxA may disrupt morphine-mediated

behaviors.
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