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Abstract

Mu opioid receptor (MOR) selective antagonists and partial agonists have been used for the

treatment of opioid abuse and addiction. Our recent efforts on the identification of MOR

antagonists have provided several novel leads displaying interesting pharmacological profiles.

Among them, 17-cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-[(3'-

isoquinolyl)acetamido]morphinan (NAQ) showed sub-nanomolar binding affinity to the MOR

with significant selectivity over the delta opioid receptor (DOR) and the kappa opioid receptor

(KOR). Its central nervous system penetration capacity together with marginal agonism in the

MOR–GTPγS binding assay made it a very interesting molecule for developing novel opioid

abuse and addiction therapeutic agents. Therefore, further pharmacological characterization was

conducted to fully understand its biological profile. At the molecular and cellular level, NAQ not

only induced no translocation of β-arrestin2 to the MOR, but also efficaciously antagonized the

effect of DAMGO in MOR-βarr2eGFP-U2OS cells in the β-arrestin2 recruitment assay. At the in

vivo level, NAQ displayed a potent inhibition of the analgesic effect of morphine in the tail-flick

assay (ID50 = 1.19 mg/kg). NAQ (10 mg/kg) also significantly decreased the hyper-locomotion

induced by acute morphine without inducing any vertical jumps. Meanwhile NAQ precipitated

lesser withdrawal symptoms in morphine dependent mice than naloxone. In conclusion, NAQ may

represent a new chemical entity for opioid abuse and addiction treatment.
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1. Introduction

As one of the most serious, chronic and relapsing medical disorders, heroin and prescription

opioid abuse is very common and the incidence is still increasing (Fiellin et al., 2004;

Manchikanti and Singh, 2008; McLellan et al., 2000; Snyder and Pasternak, 2003;

SAMHSA, 2012). It has been demonstrated that for many clinically available opiates, their

analgesic function and side effects (such as addiction/abuse liability) are primarily due to

their interaction with the mu opioid receptor (MOR) (Contet et al., 2004; Gaveriaux-Ruff

and Kieffer, 2002; Martin et al., 2003). While opioid receptor agonist methadone and partial

agonist buprenorphine remain the major treatment agents for opioid abuse, opioid receptor

antagonists, e.g. naltrexone and naloxone, have recently been shown to be able to block

relapse and curb drug craving in opiate addicts (Chen, et al., 2010; George and Ekhtiari,

2010; Lobmaier et al., 2010; Minozzi et al., 2011; Veilleux, et al., 2010; Gold et al., 1982;

Gonzalez and Brogden, 1988; Schwyzer, 1977).

Though these antagonists have shown promise alone or in combination with traditional

opioid detoxification and maintenance treatments, some severe side effects have been

reported. For example, patients receiving naltrexone for opioid dependence exhibited higher

than expected rates of overdose and suicide (Miotto et al., 2002; Ritter, 2002). Meanwhile,

high dose application of naloxone in patients treated for severe pain with an opioid may

cause pulmonary edema and cardiac arrhythmias (van Dorp, 2007). While the delta opioid

receptor (DOR) may be related to the mood-related behavior (Baamonde et al., 1992; Filliol

et al., 2000; Tejedor-Real et al., 1998; Gaveriaux-Ruff and Kieffer, 2002; Roberts et al.,

2001; Jutkiewicz et al., 2006), the kappa opioid receptor (KOR) may play an important role

in the inhibition of glycinergic neurotransmission to cardiac vagal neurons (Wang et al.,

2004; Lishmanov et al., 2006; Valtchanova-Matchouganska et al., 2004). More evidence

will be needed to link the side effects of naltrexone and naloxone directly to their interaction

with the DOR and KOR, an antagonist with high selectivity to the MOR seems more

promising for opioid abuse and addiction treatment.

Thus far no optimal non-peptidic, selective, and reversible antagonist has been developed

for the MOR, though some moderately potent and selective ligands, e.g. cyprodime

(Schmidhammer et al., 1989), are in use. Our recent efforts on developing selective opioid

receptor antagonists led to the identification of NAQ as a highly selective MOR ligand with

subnanomolar affinity for the MOR and high selectivity over the DOR and KOR. NAQ

showed potent antagonism in the in vivo tail-flick test (Li et al., 2009). Further

characterization indicated that NAQ is a potent CNS agent (Mitra et al., 2011). Primary

behavioral studies on NAQ indicated that even at a dose of ten times higher than naloxone

and naltrexone, NAQ did not precipitate physical withdrawal symptoms (Yuan et al., 2011).

To further characterize its pharmacological profile, a series of cellular and behavioral studies

were pursued. Here we report these results to support our original hypothesis that NAQ may

be potentially useful for opioid abuse/addiction treatment.
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2. Material and Methods

2.1. In vitro pharmacology characterization. Confocal microscopy

Drug-induced translocation of a GFP-tagged β-arrestin2 to the MOR, DOR, and KOR was

assessed using MOR-βarr2eGFP-U2OS (MBU), DOR-βarr2eGFP-U2OS (DBU), and KOR-

βarr2eGFP-U2OS (KBU) cells (from Larry Barak, Duke University), respectively. Cells

were plated on collagen coated glass confocal dishes (MatTek, Ashland, MA) as described

in the literature (Barak et al., 1999; Béguin et al., 2012). Prior to imaging, cells were starved

for 60 min in serum free MEM without phenol red (Life Technologies, Grand Island, NY).

Drug was then added at 10 μM (100 μM NAQ for DBU and KBU cells) and live cell images

were obtained by confocal microscopy (Leica SP5 Confocal Microscope) at 0, 5 min (25,

and 20 min for NAQ in DBU and KBU, respectively).

2.2. In vivo antagonism profile characterization

2.2.1. Animals—Adult male imprinting control region (ICR) mice (25–35 g) (Harlan,

Indianapolis, IN) were used for all experiments. Mice were housed in groups of four to five

in standard Plexiglas containers with food and water available ad libitum. Animals were

maintained in a temperature and humidity controlled colony on a 12-h light/dark cycle

(lights on at 7 am). 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. The

University of New England Institutional Animal Care and Use Committee approved all

protocols involving animals.

2.2.2. Drug Solutions and Injections—Morphine sulfate and naloxone were obtained

through the National Institute on Drug Abuse Drug Supply Program. NAQ was synthesized

in our labs. All drugs were dissolved in distilled water for intracerebroventricular (i.c.v.)

injections and physiological saline (0.9% NaCl) for intraperitoneal (i.p.) and subcutaneous

(s.c.) injections. The i.c.v. injections were performed as previously described (Porreca et al.,

1984). Briefly, mice were lightly anesthetized with ether, and a 5-mm incision was made

along the midline of the scalp. An injection was made using a 25-μL Hamilton syringe at a

point 2 mm caudal and 2 mm lateral from bregma. The injection was made using a 27-gauge

needle at a depth of 3 mm in a volume of 5 μL. The i.p. and s.c. injections were administered

using a 1-mL syringe with a 30-gauge needle at a volume of 10 mL/kg body weight.

2.2.3. Tail-Flick Assay—Antinociception was assessed using the 55 °C warm-water tail-

flick assay. The latency to the first sign of a rapid tail-flick was used as the behavioral

endpoint (Jannsen et al., 1963). Each mouse was tested for baseline latency by immersing its

tail in the water bath and recording the time to response. Mice typically reacted within 1 to 2

s at this temperature, with any mice having a baseline latency of greater than 5 s eliminated

from further testing. A maximal score was assigned to mice not responding in 10 s to avoid

tissue damage. The percentage of antinociception was calculated as (test latency – control

latency)/(10 – control latency) × 100.

2.2.4. Antinociception Studies for Determining Duration of Antagonist Effects
—The duration of antagonist effects for NAQ was estimated by pretreating mice with the
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drug at various time points by an intravenous (i.v.) injection with the drug. Following the

pretreatment time of 10, 30, or 60 min mice were injected subcutaneously (s.c.) with 18

mg/kg of morphine. Mice were tested 20 min later (time of morphine peak effect) in the tail-

flick assay. A ten second cut off point was used to avoid tissue damage.

2.2.5. Antinociception Studies for Determining Antagonist Potencies—
Antagonist potencies were determined by administering vehicle or various doses of the test

compound i.v. 10 min prior to an A90 dose of morphine (18 mg/kg, s.c.). Mice were then

tested 20 min later in the 55 °C tail-flick assay. The percentage of inhibition of the morphine

effect was determined for each mouse, and an ID50 value (and 95% confidence interval) was

calculated using linear regression (FlashCalc software; Dr. Michael Ossipov, University of

Arizona, Tucson, AZ).

2.2.6. Locomotor Studies for Determining Onset of Antagonist Blockade—
Locomotor activity was measured using an activity monitoring system (Coulbourn

Instruments, Allentown, PA) and Truscan software. Each of the eight chambers consisted of

10-inch width × 10-inch length × 16-inch height arena surrounded by Plexiglas walls. The

floor consisted of a removable plastic drop pan that was cleaned between sessions. A sensor

ring surrounded the arena on the bottom outside edges of the four sides of the chamber and

contained 16 infrared beams that transected both the length and the width of the chambers

on all four sides (beam spacing = 0.6 inches, resolution of 32 × 32 squares). Measurement of

the animals' position was determined every 100 ms, and the software calculated a number of

parameters related to aspects of locomotor activity. The total distance traveled by each

mouse was used as the primary measure of activity, with the data summed into 1-min

intervals (bins). Mice were habituated to the chamber for 30 min and then received an

injection of morphine sulfate (32 mg/kg s.c.) or saline (s.c.) and were immediately placed

back into the chambers for an additional 30 min for a test phase. This dose of morphine was

previously determined to produce robust stimulation of forward locomotion with stereotypic

circling around the perimeter of the arena and Straub tail. Following this test phase mice

were briefly picked up again and administered NAQ (i.v.) or saline (i.v.) and placed back

into the chamber from t = 60–120 min.

2.2.7. Physical Dependence Studies—Mice received acute or chronic exposure to

morphine using different protocols to produce increasingly severe levels of physical

dependence. For the pellet implantation, mice were lightly anesthetized with ether, and a

small opening was cut into the back (scapular region) using surgical scissors. A single

morphine (25 or 75 mg) or placebo pellet was inserted s.c. toward the lumbar region of the

mouse, and the wound was closed with two wound clips. The ability of the tested compound

to precipitate opioid withdrawal was assessed by administering i.p. doses at various times

after morphine pellet implantation (t = 4 h withdrawal for acute dependence assay, and t =

72 h for chronic dependence assay). Immediately after the injection, mice were placed into a

clear Plexiglas cylinder with a filter paper bottom. Mice were videotaped for 20 min, and the

tapes were analyzed by a trained observer who was blinded to all experimental treatments.

Various measures were recorded for each mouse including vertical jumping, weight of urine

& feces, and body weight loss (Sepulveda et al., 1999; Yano and Takemori, 1977). Each
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nominal sign was either present or absent, and the number of vertical jumps, and fecal boli

for each animal was recorded.

2.2.8. Statistical Analysis—Dose-response curves were analyzed as described above

using FlashCalc software. Most of the other antinociceptive, locomotor, and physical

dependence data were analyzed using analysis of variance (ANOVA) followed by Games/

Howell post hoc analysis. The nominal data were analyzed using chi square. In all cases,

significance was established at the p < 0.05 level.

3. Results

3.1. In vitro cellular pharmacology

Live cell confocal imaging of MBU, DBU, and KBU cells revealed robust recruitment of β-

arrestin2 to the MOR, DOR, and KOR by their agonists DAMGO, SNC80, and U69,593

respectively, as evidenced by the formation of intense green punctae after 5 min of drug

exposure (Figure 1). In comparison, NAQ not only failed to induce a visible β-arrestin2

response in MBU cells (Figure 1A), but also antagonized the β-arrestin2 recruitment by

DAMGO in MBU cells when pretreated prior to DAMGO treatment for 10 min (Figure 1A).

Additionally, NAQ acted as a DOR and KOR partial agonist, recruiting much less βarr2-

GFP than the corresponding full agonists (Figure 1B).

3.2. In vivo pharmacological characterization

To further determine the potency of NAQ to antagonize the CNS mediated effect of

morphine, the peak effect of its inhibition of morphine antinociception was determined. As

indicated in Fig. 2A, a pretreatment time of 10 min gave the strongest antagonist effect.

Therefore, based on this result, the time of NAQ antagonist peak effect was determined to be

t = −10 min.

Applying the above determined NAQ pretreatment time, a complete dose–response curve

for the NAQ antagonism of morphine induced antinociception was conducted. The results

were depicted in Fig. 2B. The ID50 value (95% CI) of NAQ was 1.19 (0.685–2.07) mg/kg.

Then high locomotor activity was induced after a 30 min administration of morphine (32

mg/kg, s.c.), compared to saline. NAQ (1.0 mg/kg) had no effect on locomotor activity

throughout the whole experiment (Figure 3A). Although 3.2 mg/kg of NAQ significantly

reduced locomotion after its administration, the effect was transient (Figure 3B). In contrast,

a higher dose of NAQ (10 mg/kg) produced a significant and long lasting effect in reducing

morphine induced hyper-locomotion up to 1 h after its injection (Figure 3C).

Complete dose–response curves for NAQ to precipitate withdrawal jumping were generated

in acute (single dose of morphine, 100 mg/kg s.c., 4 h, Figure 4) and chronic (morphine

pellet, 75 mg s.c., 72 h, Figure 5) models of opioid physical dependence. Naloxone was

included for comparison. As reported previously (Lowery et al., 2011), 10 mg/kg of

naloxone treatment induced a significant number of vertical jumps in both models while the

severity of withdrawal was significantly greater with the chronic versus acute morphine

exposure (Figs 6A, 7A). In contrast, NAQ did not precipitate any jumping in the acute
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physical dependence assay at a dose of up to 100 mg/kg (Fig. 6A). In the chronic model of

dependence, NAQ did precipitate significant jumping at a dose of 10 mg/kg and higher

compared to saline, but the withdrawal inducing effect of NAQ was still lower than that of

naloxone (Figure 5A).

The effect of NAQ on gastrointestinal activity, weight of feces and urine, and body weight

loss were also recorded. In the acute dependence group, no significant difference was

observed for these two physical properties among low doses of NAQ (3.2, 10, 32 mg/kg)

and 10 mg/kg of naloxone (Figure 4B & 4C). In contrast, increased doses of NAQ seemed to

maintain the body weight while reducing the weight of feces and urine in the chronic

dependence study. Furthermore, the same dose of NAQ showed a less significant effect on

the weight of feces & urine and body weight loss than naloxone (Figure 5B & 5C).

4. Discussion

A number of the mu opioid receptor (MOR) selective antagonists and partial agonists have

been applied in opioid abuse and addiction therapy (Chen, et al., 2010; George and Ekhtiari,

2010; Lobmaier et al., 2010; Minozzi et al., 2011; Veilleux, et al., 2010). NAQ, an

isoquinoline substituted 6α-naltrexamine derivative, was recently reported as a highly MOR

selective ligand (Li et al., 2009). Depending on the context, NAQ could act as a low efficacy

MOR partial agonist or MOR antagonist (Li et al., 2009; Yuan et al., 2011). The current

studies aimed to further characterize the pharmacological profile of NAQ to validate its lead

compound status for future molecular design.

4.1. NAQ, opioid receptors and β-arrestin2

Arrestins regulate G protein-coupled receptor (GPCR) desensitization and internalization by

binding to the agonist-activated, GPCR kinases (GRKs) phosphorylated receptor (Ferguson

et al., 1996; Pierce and Lefkowitz, 2001; Shenoy and Lefkowitz, 2003). It has been

postulated that opioid receptor internalization is one of the mechanisms for the development

of opioid tolerance (Alvarez et al., 2001; Bohn et al., 2004; Gainetdinov et al., 2004; Groer

et al., 2007). Accumulated evidence suggests that morphine activation of the MOR is

primarily regulated through β-arrestin2. For example, morphine produced improved and

extended antinociception in β-arrestin2 knock-out mice with limited tolerance development

(Bohn et al., 1999, 2000b, 2002; Przewlocka et al., 2002). In addition, morphine-induced

side effects, such as respiratory suppression and constipation, were also absent in these

animals (Raehal et al., 2005). As shown in the confocal assay (Figure 3), NAQ did not

promote MOR–β-arrestin2 interaction under the test conditions, although it acted as a MOR

partial agonist in the [35S]GTPγS assay. While NAQ could cause β-arrestin2 interaction at

the KOR and DOR, it was significantly less efficacious than the full agonists U69,593 and

SNC80, respectively. Thus, it is very tempting to speculate that the development of

tolerance for NAQ at the MOR would be significantly reduced since it did not recruit β-

arrestin2 apparently. Further quantitative characterization of the assay is underway now and

will be reported in due course.
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4.2. NAQ antinociception antagonism (in vivo)

The warm water tail-flick test mainly evaluates spinal reflexes to painful thermal stimuli

(Gainetdinov et al., 2004). The relative potencies of naloxone, naltrexone, and NAQ to

block the antinociceptive effects of an A90 i.c.v. dose of morphine in the 55 °C tail flick

assay did not differ by the injection method. The rank order of both i.c.v. and i.p. antagonist

potencies was naltrexone>NAQ>naloxone. Furthermore, none of these compounds produced

significant antinociception in the 55 °C tail flick assay when administered alone at doses up

to 60 mg/kg i.p. (data not shown). They did not produce any antinociceptive effect in the 50

°C tail flick assay either (data not shown). Thus, NAQ can be considered as an neutral

antagonist in this in vivo animal model.

4.3. NAQ locomotor and withdrawal study

NAQ decreased the hyper-locomotion induced by morphine (32 mg/kg, s.c.) in a dose–

dependent manner and 10 mg/kg of NAQ completely restored the locomotor activity to the

level of saline treated mice. The acute morphine dependence study revealed that at the

effective dose in the locomotion assay, 10 mg/kg, NAQ did not precipitate any vertical

jumps and had similar effects on the weight of feces & urine, and body weight changes,

compared with 10 mg/kg naloxone. Notably, the latter produced significant jumps (~ 30) for

the experiment. In contrast, although 10 mg/kg of NAQ induced half of the jumps by

naloxone at the same dose in the chronic morphine dependence study, the other physical

properties, such as gastrointestinal transit and body weight loss were much lower than that

of naloxone and close to the parameters of the control group. Therefore, NAQ seemed to

carry a more promising pharmacological profile than traditional opioid antagonists, e.g.

naloxone and naltrexone, in opioid abuse and addiction treatment.

5. Conclusion

Several mu opioid receptor (MOR) selective partial agonists and antagonists have been

successfully applied in opioid abuse and addiction treatment. However, the modest MOR

selectivity of these ligands may compromise their therapeutic index as well as cause other

side effects. NAQ, as a highly selective and potent MOR ligand has been identified through

our recent effort. In principle, NAQ acted as a low efficacy partial agonist on the MOR with

high selectivity over the DOR and KOR. Inspired by these preliminary results, further

pharmacological characterization of NAQ was conducted and reported herein. The most

profound findings are: NAQ induced no translocation of β-arrestin2 in MOR-βarr2eGFP-

U2OS cells; NAQ 10 mg/kg significantly decreased the hyper-locomotion of acute morphine

without inducing any vertical jumps in morphine dependent mice. In summary, NAQ may

thus represent a potential lead compound to identify new entities for opioid abuse and

addiction treatment.
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Fig. 1.
β-arrestin2 recruitment assay in opioid receptor expressing βarr2eGFP-U2OS cells. The cells

are live imaged, and the βarr2 recruitment evoked by drug induced receptor activation is

visualized as bright green punctae (white arrows) by confocal microscopy. (A) MOR

expressing cells are treated with DAMGO or NAQ (both 10 μM) as indicated. DAMGO

induces robust βarr2 recruitment, while NAQ does not. In addition, NAQ pretreatment

completely blocks DAMGO induced βarr2 recruitment. These findings are consistent with

NAQ acting as an antagonist at the MOR. (B) DOR and KOR expressing cells are treated

with a control agonist (SNC80 or U69,593, 10 μM, as indicated) or 100 μM NAQ. The

control agonist induces robust βarr2 recruitment, while NAQ induces fewer, dimmer punctae

than the control agonist. These findings are consistent with NAQ acting as a partial agonist

at the DOR and KOR.
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Fig. 2.
NAQ antinociception antagonism study in the tail-flick assay. (A) NAQ was pretreated as

indicated for 10, 30 and 60 minutes, and followed by 18 mg/kg morphine. Maximal NAQ

antagonism was seen at 10 and 30 minutes, and absent by 60 minutes.; (B) Using a 10

minute NAQ pretreatment time, an antagonist dose-response curve was generated using

NAQ.
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Fig. 3.
NAQ locomotor study with acute morphine (32 mg/kg, s.c.) administration at doses of 1.0

mg/kg (A), 3.2 mg/kg (B), and 10 mg/kg (C). Morphine/saline (s.c.), and NAQ/saline (i.v.)

were injected at t = 30, 60 min, respectively.
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Fig. 4.
NAQ acute dependence study evaluating vertical jumps (A), weight of feces and urines (B),

and weight loss (C).
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Fig. 5.
NAQ chronic dependence study evaluating vertical jumps (A), weight of feces and urines

(B), and weight loss (C).
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