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Abstract

Kappa opioid receptor (KOPr) agonists have preclinical anti-cocaine and antinociceptive effects. 

However, adverse effects including dysphoria, aversion, sedation, anxiety and depression limit 

their clinical development. MP1104, an analogue of 3-iodobenzoyl naltrexamine, is a potent dual 

agonist at KOPr and delta opioid receptor (DOPr), with full agonist efficacy at both these 

receptors. In this study, we evaluate the ability of MP1104 to modulate cocaine-induced behaviors 

and side-effects preclinically. In male Sprague-Dawley rats trained to self-administer cocaine, 

MP1104 (0.3 and 1 mg/kg) reduced cocaine-primed reinstatement of drug-seeking behavior and 

caused significant downward shift of the dose-response curve in cocaine self-administration tests 

(0.3 and 0.6 mg/kg). The anti-cocaine effects exerted by MP1104 are in part due to increased 

dopamine (DA) uptake by the dopamine transporter (DAT) in the dorsal striatum (dStr) and 

nucleus accumbens (NAc). MP1104 (0.3 and 0.6 mg/kg) showed no significant anxiogenic effects 

in the elevated plus maze, pro-depressive effects in the forced swim test, or conditioned place 

aversion. Furthermore, pre-treatment with a DOPr antagonist, led to MP1104 producing aversive 

effects. This data suggests that the DOPr agonist actions of MP1104 attenuate the KOPr-mediated 

aversive effects of MP1104. The overall results from this study show that MP1104, modulates DA 

uptake in the dStr and NAc, and exerts potent anti-cocaine properties in self-administration tests 

with reduced side-effects compared to pure KOPr agonists. This data supports the therapeutic 

development of dual KOPr/DOPr agonists to reduce the side-effects of selective KOPr agonists.
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1. Introduction

Drug addiction is a chronic, relapsing disorder. It is accompanied by the compulsion to seek 

and take the drug, loss of control in limiting drug intake and developing a negative 

emotional state (dysphoria, anxiety) during withdrawal (Koob and Volkow, 2010; Koob and 

Le Moal, 1997). Despite decades of effort focussed on the development of anti-addiction 

pharmacotherapies, there are currently no Food and Drug Administration (FDA) approved 

drugs to treat psychostimulant addiction. In addition to the economic and social burden 

resulting from psychostimulant abuse (Grant et al., 2017), addiction to opioids has reached 

epidemic proportions (Rudd et al., 2016). Given the escalating addiction burden there is even 

greater need for the development of nonaddictive analgesics and effective anti-addiction 

pharmacotherapies.

It is well known that continued and repeated drug use upregulates the Kappa opioid receptor 

(KOPr) system and counteracts the effects of drugs of abuse (Wee and Koob, 2010). 

Activation of the endogenous KOPr ligand, dynorphin, opposes positive reinforcement 

(Shippenberg et al., 2007), and upregulation of the KOPr is also responsible for negative 

affects during drug withdrawal (Koob and Volkow, 2010). The anhedonia hypothesis 

suggests that dopamine (DA) in the brain plays a very important role in the motivation 

associated with positive rewards such as food, water, psychostimulants and opioids (Wise, 

2008). Hence, modulating the effects of DA is a way of curbing the reinforcing effects of 

addictive drugs.

Modulation of the KOPr system, via both agonists and antagonists, have the potential to 

modulate different stages of addiction. KOPr antagonists such as nor-binaltorphimine (nor-

BNI) and JDTic, have been shown to prevent behavioural adaptations related to stress 

(Beardsley et al., 2005; Jackson et al., 2013). Since there is a strong connection between 

stress and drug-relapse in humans (Koob, 2009), KOPr antagonists are being explored as 

potential pharmacotherapies for preventing stress-induced relapse (Beardsley et al., 2005; 

Bruchas et al., 2010; Redila and Chavkin, 2008). Whereas, KOPr agonists have anti-cocaine 

properties in preclinical models of drug use and attenuate the rewarding effects of 

psychostimulants (Ewald et al., 2017; Morani et al., 2009, 2012; Schenk et al., 1999; 

Shippenberg et al., 2007; Simonson et al., 2015) and these properties are being explored as 

possible formulations to reduce the abuse potential of pain medications (Naylor et al., 2015). 

The mechanisms through which they act are via reducing basal DA release (Carlezon et al., 

2006; Spanagel et al., 1992; Spangler et al., 1997; Wee and Koob, 2010), drug-evoked DA 

release (Zhang et al., 2004a, 2004b) and by increasing DA reuptake via the dopamine 

transporter (DAT) (Kivell et al., 2014a; Simonson et al., 2015). However, the clinical utility 

of KOPr agonists is limited due to their dysphoric, aversive (Land et al., 2009), anxiogenic 

(Gillett et al., 2013), pro-depressive (Mague et al., 2003) and sedative effects (Gallantine and 

Atigari et al. Page 2

Neuropharmacology. Author manuscript; available in PMC 2020 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Meert, 2008). These KOPr mediated side-effects have been associated with decreases in 

dopaminergic neurotransmission (Brust et al., 2016; Crowley and Kash, 2015; Wee and 

Koob, 2010). Recently, regional specific effects have been identified that show KOPr 

activation in the ventral nucleus accumbens (NAc) shell elicits aversive-like behavior and the 

dorsal region of the NAc shell induces place preference (Al-Hasani et al., 2015). Therefore, 

finding ways of targeting these distinct KOPr expressing neuronal populations may be the 

key to develop KOPr agonists with reduced side-effects.

Another approach to overcome the undesirable effects of KOPr agonism is by targeting 

multiple opioid receptors simultaneously. Studies have shown that mixed opioid receptor 

agonists and/or antagonists may be a viable strategy to generate a more desirable drug 

profile (Anand and Montgomery, 2018; Ananthan, 2006; Balboni et al., 2002; Bidlack, 

2014; Greedy et al., 2013; Majumdar and Devi, 2018; Morphy and Rankovic, 2009; Váradi 

et al., 2016; Wang et al., 2016). It has been well documented that mu opioid receptor 

(MOPr) and delta opioid receptor (DOPr) agonists are rewarding (Shippenberg et al., 2008), 

whereas, agonists with affinity at KOPr are aversive (Castro and Berridge, 2014; Herz, 1998; 

Suzuki and Misawa, 1997).

MP1104 (Fig. 1), an analogue of 3′-iodobenzoyl naltrexamine, is a novel mixed-opioid 

agonist that has high affinity for the KOPr in [125I] BNtxA competitive binding assays, with 

KOPr showing 3- and 13-fold higher binding affinity compared to that of MOPr and DOPr 

respectively (Váradi et al., 2015). Recently, the crystal structure of human KOPr in complex 

with MP1104 and an active-state-stabilizing nano-body has been explored to provide 

molecular insights into KOPr structure and function (Che et al., 2018). In functional 

[35S]GTPγS binding assays in Chinese hamster ovary (CHO) cells expressing cloned mouse 

opioid receptors, MP1104 showed 8- and 15-fold greater potency at KOPr compared to 

MOPr and DOPr, respectively (Váradi et al., 2015). Although, MP1104 showed full agonism 

at MOPr, the MOPr did not mediate the antinociceptive effects in the warm water tail-

withdrawal assay in C57BL/6J mice. Analgesia was insensitive to the MOPr antagonist beta-

funaltrexamine, and MOPr knock-out mice (Váradi et al., 2015). The reason for this may be 

due to the in vivo metabolism, which accounts for the differences between the in vitro and in 
vivo MOPr activity. We hypothesise that the rewarding properties of DOPr agonism (Devine 

et al., 1993) will negate the negative effects of KOPr agonism. Therefore, the aim of the 

present study was to investigate the anti-cocaine effects and side-effect profile of MP1104. 

Using a cocaine-prime induced reinstatement model of cocaine-seeking we evaluated the 

anti-cocaine effects of MP1104 in rats and evaluated the side-effects in models of motor-

impairment, aversion, anxiety and depression.

2. Materials and methods

2.1. Animals

Male Sprague-Dawley rats (Rattus norvegicus) weighing 250–400 g were housed 3–4 per 

cage (polycarbonate cage) depending on size, or individually for self-administration tests (n 

= 196). Animals were housed within the vivarium at the School of Biological Sciences, 

Victoria University of Wellington, New Zealand, in humidity (55%) and temperature (19–

21 °C) controlled rooms. Lights were maintained on a 12-h light/12-h dark cycle with lights 
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on at 07:00 h. Food and water were available ad libitum except during testing. All 

experimental procedures followed ARRIVE guidelines and were approved and conducted in 

accordance with the guidelines of the Animal Ethics Committee of Victoria University of 

Wellington, New Zealand; and adhere to the NIH guide for the care and use of laboratory 

animals. All efforts were made to minimize the number of animals used.

2.2. Drugs

17-Cyclopropylmethyl-3-hydroxy-4,5α-epoxy-7,8-en-6-β-[(3′-iodo) benzamido]-morphinan 

(MP1104) and Naltrindole (NTI) (with > 98% purity) (Váradi et al., 2015) were provided by 

Dr. Susruta Majumdar (Memorial Sloan Kettering Cancer Centre, New York, USA). 

Trans-3,4-dichloro-N-methyl-N-(2–1-pyrrolidinyl)-cyclohexyl-benzeacetamide (U50,488) 

(Sigma-Aldrich, Auckland, New Zealand) and yohimbine (In Vitro Technologies Ltd., 

Auckland, NZ) were dissolved in dimethyl sulfoxide (DMSO)/Tween-80/water (Milli-Q) in 

a ratio of 2:1:7. All drugs were administered via intraperitoneal (i.p.) injections except NTI 

which was injected subcutaneously (s.c.). Cocaine HCl (BDH Ltd., Wellington, NZ) was 

dissolved in heparinised saline (3.0 U/mL) for intravenous (i.v) infusions and in 

physiological saline for i.p. injections. The KOPr antagonist nor-BNI (In Vitro 

Technologies) was dissolved in physiological saline and injected s.c. at a volume of 1 mL/kg 

24h prior to experimental testing. Dopamine-HCl (Sigma-Aldrich) was dissolved in Milli-Q 

water. All drugs weights refer to the salt.

2.3. Surgery and self-administration training

Surgery to implant an indwelling i.v. cannula was performed as described previously (Ewald 

et al., 2017; Gabriele et al., 2012). Five days following surgery, rats underwent self-

administration training in standard operant chambers equipped with two levers (Med 

Associates ENV-001, VT, USA). Depression of the active lever delivered a 12 s infusion of 

cocaine (0.1 mL; 0.5 mg/kg/i.v.) dissolved in physiological saline containing heparin (3.0 

U/mL) accompanied by illumination of a light above the active lever. Rats were trained on a 

fixed response-1 (FR-1) schedule of reinforcement followed by FR-2 and subsequently to 

FR-5 for daily 2-h sessions, 6 days per week.

2.3.1. Cocaine-primed reinstatement—Once responding to FR-5 was stable, the 

effect of prior administration of MP1104 on drug-seeking behavior produced by cocaine was 

measured. The reinstatement test was conducted in three phases. Phase 1 consisted of 

cocaine self-administration on FR-5. Rats were moved to phase 2 when responses were 

within 20% of baseline responses over three consecutive days. Phase 2 was extinction phase 

where cocaine was replaced with heparinised saline (3 U/mL) and the light cue removed. 

Animals remained on this schedule until lever responses dropped below 20 active lever press 

in a single daily session for 3–4 days. Once extinction criteria were met, rats were subjected 

to a phase 3, reinstatement test, where they were injected with either vehicle or MP1104 

(0.3, 1 mg/kg, i.p.) before receiving a priming injection of cocaine (20 mg/kg, i.p.) and the 

light cue restored. In order to measure whether the reduced drug-seeking effects were 

mediated via KOPr or DOPr, rats were pre-treated with KOPr (nor-BNI, 10 mg/kg, s.c.) or 

DOPr (NTI 15, mg/kg, s.c.) antagonists. All treatments were administered using a within-
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subject, Latin square design (n = 9/group) except for nor-BNI, which was administered last 

due to its long-lasting effects (Endoh et al., 1992).

2.3.2. Cocaine dose-response self-administration tests—Male Sprague-Dawley 

rats (n = 6) were trained on FR-2 schedule of cocaine reinforcement. Once the criteria for 

stable cocaine responding were met (less than 10% variability in number of active lever 

presses for 3 consecutive days), rats self-administered a full dose range of cocaine (0.03, 

0.15, 0.5, 1 and 2 mg/kg per infusion) in a single session. Each comprised a 20 min 

component of self-administration at each dose, with a 20 min timeout period between 

cocaine doses. Before each daily cocaine self-administration test, a 30 min extinction period 

was included. The criteria for stable cocaine responding were a minimum of 10 mg/kg 

cocaine infusions per session, less than 10% variation in the total number of cocaine 

infusions for 3 consecutive days, and at least fivefold higher maximal response rates 

compared with those maintained during extinction (Song et al., 2012). Once all criteria were 

achieved rats were given i.p. injections of either vehicle or MP1104 (0.3 or 0.6 mg/kg) and 

tested for their effects.

2.4. Rotating disk electrode voltammetry

Rotating disk electrode voltammetry (RDEV) studies were carried out as previously 

described (Povlock and Schenk, 1997; Simonson et al., 2015). Briefly, tissue dissected from 

the dorsal striatum (dStr), and NAc were weighed, finely chopped in ice-cold Krebs buffer 

(130 mM NaCl,1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4·6H2O, 1.2 mM KH2PO4, 10 

mM HEPES, 10 mM D-glucose, pH 7.4) and transferred into micro-centrifuge tubes. Tissue 

was washed eight times with 37 °C Krebs buffer aerated with carbogen gas (95% O2 & 5% 

CO2; BOC gasses, Wellington, New Zealand). Samples were placed in the RDEV chamber 

where the glassy carbon rotating electrode (Pine Instruments, AFMDO3GC, Durham, NC, 

USA) was lowered and rotated at 2000 rpm. A potential of +450 mV was applied relative to 

the Ag/AgCl reference electrode (eDAQ, Denistone, NSW, Australia). For the low to infinite 
trans model (Povlock and Schenk, 1997), multiple additions of increasing concentrations of 

DA (0.5–4 μM) were added with the current allowed to reach baseline between each 

addition. For the zero trans model, a single addition of DA (2 μM) was added once the 

current had reached baseline. For the nor-BNI or NTI additions, tissue was pre-incubated 

with 1 μM of the antagonist for 30 min in warm (37 °C) aerated Krebs buffer. Uptake data 

was collected for 10 s starting 1 s after addition of DA and linear regression calculated. 

Uptake was expressed as pmol/s/g of tissue.

2.5. Locomotor activity

The sedative effects of MP1104 were measured using spontaneous locomotor activity tests. 

Before testing, rats were habituated in the activity chambers for 30 min, then injected with 

either vehicle or MP1104 (0.3, 0.6 or 1 mg/kg, i.p.) and placed in the activity chamber for 60 

min (n = 8 per group). Horizontal locomotor activity was measured for 60 min. Infrared 

beam-breaks were recorded as ambulatory counts (Med Associates: ENV-520; SOF-811). 

Testing was performed in dark between 9:00 and 17:00 h in the presence of white noise (67 

dB).
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2.6. Conditioned place aversion

Conditioned place aversion (CPA) was performed following previously described methods 

(Tejeda et al., 2013). The three-chamber apparatus (PanLab, Harvard Apparatus, USA) 

consisted of two large chambers (30 × 30 × 34 cm) connected by a smaller corridor (8 × 10 

× 34 cm) separated by sliding doors. One large chamber had a smooth white floor with black 

walls and a white stripe pattern while the other had a texture black floor with white walls 

with a black dot pattern. The corridor was a neutral zone with grey walls and floor 

illuminated at an intensity of 70 lux and in each conditioning chamber the average light 

intensity was 20 lux. Experiments were conducted in the presence of white noise. The CPA 

procedure took place over 9 days. Day 0 was the habituation day where rats were habituated 

to the CPA apparatus for 15 min. Day 1 was the pre-conditioning day, where rats were 

allowed free access to both chambers for 15 min. All activities were tracked using SMART 

3.0 software (PanLab). Animals that showed over 80% preference for a particular chamber 

or over 40% preference for the corridor were excluded from testing. On days 2–7 

conditioning was conducted using a biased procedure, whereby injections (i.p.) of MP1104 

(0.6 mg/kg) or U50,488 (10 mg/kg) was followed by confining the animal in the preferred 

chamber for 45 min. Vehicle injections were administered in the least preferred chamber on 

alternate days in a counterbalanced manner (n = 6–7 per group). The DOPr antagonist NTI 

(15 mg/kg, s.c.) was injected 15 min prior MP1104. The post-conditioning test was 

conducted on day 8, where rats were placed in the corridor and again allowed free access to 

both chambers for 15 min. Time spent in each chamber on preconditioning and post-

conditioning days were compared to determine changes in preference.

2.7. Elevated plus maze

Time spent in the open arm of an elevated plus maze (EPM) is used as a preclinical model of 

anxiety (Walf and Frye, 2007). The EPM was made of black plastic and consisted of four 

arms (50 cm × 10 cm each) elevated 55 cm above the ground. The two open arms consisted 

a small parapet measuring 2.5 cm in height surrounding them and the two closed arms were 

enclosed by high black walls (40 cm). Animals were administered MP1104 (0.3 or 0.6 mg/

kg), yohimbine (2.5 mg/kg) or vehicle and placed in the centre of the apparatus facing an 

open arm and activity recorded for 5 min (Sony HDR-SR5E digital camera recorder) (n = 

10–13 per group). Time spent on each arm was calculated by the experimenter blinded to the 

treatment. Prior to testing, rats were habituated to conditions in the testing room for 60 min. 

Open arm time was calculated when rats had all four paws on the open arm.

2.8. Forced swim test

The forced swim test (FST) was performed using a cylindrical swim chamber 44 cm in 

height and 20 cm in diameter. Water was maintained at a temperature of 25 ± 1 °C and filled 

to a depth of 35 cm. Rats were habituated to conditions in the experimental room 60 min 

before testing (n = 7–8 per group). Before the testing day, rats were habituated to forced 

swimming behavior for 15 min. On the test day rats were injected with MP1104 (0.3 or 0.6 

mg/kg/i.p.) or vehicle before a 5-min testing session. All test sessions were recorded using a 

Sony HDRSR5E digital camera recorder. Test videos were scored as displaying either 

climbing, swimming or immobility using SMART 3.0 software (PanLab).
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2.9. Statistical analysis

All statistical analyses were performed using GraphPad Prism software version 7 

(GraphPad, La Jolla, CA). Data is expressed as the mean ± standard error of mean (SEM). 

For cocaine-primed reinstatement tests, data was analysed using one-way analysis of 

variance (ANOVA) with repeated measures. Data for multiple dose cocaine self-

administration was analysed using two-way ANOVA followed by Bonferroni’s multiple 

comparisons test. DA uptake measured by single addition of DA using RDEV techniques 

were analysed using one-way ANOVA and post-hoc analysis determined by Fisher’s 

protected least significant difference (LSD). For the low to infinite trans model, uptake 

values were entered into GraphPad Prism and a nonlinear regression (one-site binding 

hyperbole) was fitted to each repeat and the Vmax values obtained. For locomotor activity 

tests, repeated measures oneway ANOVA was used to evaluate time course effects, and to 

compare total ambulatory counts and a one-way ANOVA was used to analyse EPM and FST 

experiments. A paired Students-t-test was used to analyse the preconditioning and post 

conditioning time in CPA. Values of P < 0.05 were considered to be statistically significant.

3. Results

3.1. Anti-cocaine effects of MP1104

Following extinction, cocaine-prime drug-seeking responses were significantly reduced 

upon MP1104 (0.3 and 1 mg/kg) administration. These effects were dose-dependent (Fig. 

2A) (One-way ANOVA; F (5, 48) = 9.613; p < 0.0001). Pre-treatment of rats with the 

selective KOPr antagonist, nor-BNI (10 mg/kg, s.c.) prevented the attenuation of drug-

seeking behavior observed with MP1104 alone (1 mg/kg), whereas, pretreatment with the 

DOPr antagonist, NTI (15 mg/kg, s.c.) did not attenuate the effects of MP1104 (1 mg/kg). 

Pretreatment with both nor-BNI and NTI in combination was no different to nor-BNI alone, 

indicating the effects of MP1104 are KOPr, and not DOPr mediated. MP1104 (0.3 and 0.6 

mg/kg), dose-dependently inhibited cocaine self-administration and shifted the cocaine 

dose-response self-administration curve downward (Fig. 2B). Two-way ANOVA (F (2, 105) 

= 45.9; p < 0.0001) revealed a significant effect of treatment compared to the vehicle control 

group.

3.2. MP1104 increases DAT function in rat dorsal striatum and nucleus accumbens tissue

The effects of MP1104 in modulating DAT function was determined using RDEV, 

performed on minced tissue from the rat dStr and NAc.

Tissue pre-incubated with MP1104 (1 nM or 500 nM) was evaluated for its ability to 

modulate DA uptake via DAT. MP1104 at both 1 nM (p < 0.0001) and 500 nM (p < 0.0001) 

significantly increased DA uptake compared to vehicle treated (0.001% DMSO) dStr tissue 

(Fig. 3A) (Two-way ANOVA with Bonferroni’s post-test). MP1104 significantly increased 

Vmax (expressed as pmol/s/g) at 1 nM (1598 ± 59.97, p < 0.0001 (mean ± SEM) and 500 nM 

(1790 ± 103.6, p < 0.0001) compared to the vehicle control (1533 ± 105.8). Similar effects 

were also seen in NAc tissue compared to vehicle treated tissue (Vmax: MP1104 at 1 nM 

(1833 ± 235.2, p < 0.01); 500 nM (1885 ± 110.8, p < 0.0001) compared to the vehicle 

control (1696 ± 222.3) (Fig. 3B). The effect of the KOPr antagonist, nor-BNI (1 μM) on the 
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changes produced by MP1104 were evaluated using a single addition of DA (2 μM) using 

the RDEV zero trans model. Nor-BNI significantly inhibited the MP1104-induced increase 

DA uptake in both the rat dStr (Fig. 3C) and NAc (Fig. 3D); whereas NTI had no effect on 

MP1104 induced increases in DAT function in the dStr or NAc. One-way ANOVA with 

Fisher’s protected least significant difference (LSD) test (p < 0.05).

3.3. Effects of MP1104 on locomotor activity

The time course effects of spontaneous locomotor activity showed a non-significant 

interaction between time and MP1104 (Fig. 4A, F (3,72) = 0.07611, p = 0.9727). Fig. 4B 

shows that MP1104 (0.3 mg/kg and 0.6 mg/kg) showed a non-significant trend in decreasing 

ambulatory counts in the 60 min locomotor activity test (p = 0.4517; and p = 0.0842; 

respectively). However, at 1 mg/kg, MP1104 shows significant sedative effects (p < 0.05; 

One-way ANOVA with Bonferroni’s post-test).

3.4. Effect of MP1104 on conditioned place aversion

Rats treated with MP1104 (0.6 mg/kg, i.p.) produced no significant changes in time spent in 

the paired chamber (t (6) = 0.586, p = 1.385) unlike the KOPr agonist U50,488 (10 mg/kg, 

i.p.), used as a positive control, which showed that rats spent significantly less time in the 

U50,488 paired chamber (t (7) = 4.100, p = 0.0046) (Fig. 5A). To test whether the DOPr 

activity of MP1104 was responsible for negating the aversive-like effects we blocked the 

DOPr agonist activity of MP1104 using NTI (15 mg/kg, s.c.). Upon blockade with NTI, 

MP1104 showed significantly less time in the paired chamber (t (6) = 3.026, p = 0.0232).

3.5. Effect of MP1104 on anxiety in the elevated plus maze

The effects of MP1104 (0.3 and 0.6 mg/kg) in the time spent in the open arms (Fig. 5C) and 

the total number of arm entries (Fig. 5D) of the EPM are compared to the vehicle. MP1104 

at both 0.3 and 0.6 mg/kg showed no significant changes in time spent in the open arm, nor 

in the total arm entries (p = > 0.9999 for both time spent in the open arm and open arm 

entries at both 0.3 and 0.6 mg/kg doses, One-way ANOVA). In contrast, the anxiogenic 

drug, yohimbine (2.5 mg/kg), showed a significant decrease in time spent in the open arms 

compared to the vehicle-treated control group (*p < 0.05, One-way ANOVA) and the 

number of total arm entries (*p = 0.05, One-way ANOVA with Bonferroni’s post-test).

3.6. Effect of MP1104 in the forced swim test

The dose-response effects of MP1104 (Fig. 5E) on depressive-like behavior was evaluated in 

male Sprague-Dawley rats in the FST. MP1104 at both 0.3 mg/kg (t (6) = 0.1171, p = 

0.9106) and 0.6 mg/kg (t (6) = 0.2783, p = 0.7901) showed no significant changes in the 

swimming behavior in the FST compared to vehicle-treated controls.

4. Discussion

KOPr agonists are known to counteract the reinforcing effects of cocaine (Kivell et al., 

2014b; Morani et al., 2009; Schenk et al., 1999; Shippenberg et al., 2007). Acute 

administration of KOPr agonists reduce cocaine self-administration in rats (Glick et al., 

1995; Schenk et al., 2000) and rhesus monkeys (Mello and Negus, 1998, 2000), and 
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morphine self-administration in both rats (Glick et al., 1995) and mice (Kuzmin et al., 1997). 

Administration of KOPr agonists also decrease the rewarding properties of ethanol in rats 

(Logrip et al., 2009).

MP1104 is a mixed opioid agonist that binds to MOPr, DOPr and KOPr receptors, showing 

3-fold and 13-fold greater affinity towards KOPr over MOPr and DOPr respectively (Váradi 

et al., 2015). Despite binding to MOPr, DOPr and KOPr, the analgesic effects have been 

shown to be mediated through activation of both KOPr and DOPr. MP1104 was shown to 

exhibit 15-fold greater antinociceptive potency (ED50 = 0.33 mg/kg) in C57BL/6J mice 

compared to morphine. In CD1 mice MP1104-induced antinociception was attenuated 

following administration of DOPr antagonists and also in KOPr knock-out mice. However, 

analgesia was not significantly altered in MOPr knock-out mice (Váradi et al., 2015). 

Together these data indicate that the anti-nociceptive effects of MP1104 in vivo are mediated 

via agonism at both KOPr and DOPr and that the anti-nociceptive effects of MP1104 are not 

mediated via actions at MOPr (Váradi et al., 2015). Further evaluation of MP1104 

metabolism is required to evaluate these in vitro and in vivo effects. While it is possible that 

hydrolysis of the amide bond may lead to the formation of naltrexamine (a MOPr 

antagonist), there is currently no evidence for this.

This study evaluates the anti-cocaine effects of MP1104 in rats to determine the effects of 

mixed opioid agonist activity on both cocaine-seeking and cocaine-taking behavior in rats 

using cocaine self-administration models. A summary of anti-cocaine effects and 

behavioural effects of MP1104 are presented in Table 1. Previously, a study in mice showed 

that MP1104 (1 mg/kg/s.c.) attenuated the rewarding effects of cocaine in conditioned place 

preference tests (Váradi et al., 2015). However, self-administration models are considered 

the gold standard model for studying drug abuse preclinically, due to high predictive validity 

for human drug use (O’connor et al., 2011). Studies using rat models of stress, cue and drug-

primed reinstatement are increasingly utilised to understand drug use in humans (Bossert et 

al., 2013). The drug-primed reinstatement model utilised in this study measures the drug-

seeking behavior in rats trained to self-administer cocaine. We found that animals reinstated 

cocaine-seeking behavior when exposed to a priming injection of cocaine (20 mg/kg, i.p.). 

The multiple cocaine dose response self-administration paradigm was used to measure the 

drug-taking behavior in rats and fully explore the effects of MP1104 on cocaine reward. 

Because the light stimulus is removed during extinction, and present during reinstatement, 

reinstatements tests measure a combination of both drug and light cue responding in this 

model. MP1104 dose-dependently (0.3 and 1 mg/kg) reduced cocaine-primed reinstatement 

of drug-seeking behavior following extinction, an effect that was found to be KOPr mediated 

(Fig. 2A). KOPr agonists attenuate the rewarding properties of drugs of abuse. However, 

DOPr agonists are known to increase the rewarding properties of psychostimulants (Pradhan 

et al., 2011). Our data shows that the DOPr agonist properties of MP1104 did not negate the 

KOPr-mediated attenuation of drug-seeking behaviors. This is likely because of higher 

KOPr potency (EC50 = 0.027 ± 0.002 nM) in comparison to DOPr (EC50 = 0.41 ± 0.11 nM). 

From this data we can conclude that delta opioid receptors do not contribute to effects of 

MP1104 on cocaine reinstatement. It is also noteworthy that combined KOPr and DOPr 

antagonism only partially blocked the effects of MP1104 on cocaine reinstatement, 

suggesting additional mechanisms, other than KOPr or DOPr may also be involved in 
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attenuating cocaine-seeking behavior in the rat. While contributions of MOPr cannot be 

ruled out, MP1104 has not been shown to have any effects on MOPr in vivo (Váradi et al., 

2015).

Previous studies have shown that, nor-BNI, when administered alone did not alter cocaine 

self-administration behavior in rats (10 mg/kg, s.c.) (Glick et al., 1995) or in rhesus monkeys 

at 3.2 mg/kg, i.v (Negus et al., 1997) or at 3.2 or 10 mg/kg, i.m. (Hutsell et al., 2016). 

Previous studies have administered intra-NAc infusions of NTI (1 μg) to male Sprague-

Dawley rats trained to self-administer cocaine (0.75 mg/kg, 10 days, 6 h/day), and showed 

no significant effect on cocaine seeking behaviours (Dikshtein et al., 2013), suggesting that 

endogenous levels of KOPr and DOPr activating peptides have limited effects on cocaine-

seeking behavior, although this concept warrants full investigation. We cannot rule out that 

antagonists administered in this study may inhibit contributions made by endogenous KOPr 

and DOPr ligands.

We further evaluated the effects of MP1104 on cocaine self-administration utilising the 

multiple-dose cocaine self-administration assay. Animals typically display an inverted U-

shaped dose-response curve (Panlilio et al., 2006; Xi et al., 2010), whereby low doses and 

higher doses of cocaine have little response, whereas a mid-range of cocaine doses show 

high levels of self-administration. In this study, we found that cocaine infusions between 

0.15 mg/kg and 0.5 mg/kg showed high levels of responding (Fig. 2B). Throughout the 

entire cocaine dose range tested (0.03–2 mg/kg/infusion), administration of MP1104 (0.3 

and 0.6 mg/kg) resulted in a dose-dependent downward shift of the cocaine dose-response 

curve, indicating that the reinforcing effects of cocaine are attenuated by MP1104.

Having affirmed the anti-cocaine properties of MP1104, we further evaluated the effects of 

MP1104 on DA uptake by DAT in minced tissue preparations from the rat dStr and NAc. 

Simonson et al. (2015), using the same RDEV methods utilised in this study, showed that 

brain regions have varying rates of DA uptake, with the striatum showing the largest uptake, 

followed by the NAc, then the medial pre frontal cortex (Simonson et al., 2015). These 

results directly correlate with the amount of DAT that is expressed in each brain region, with 

the striatum having the highest DAT density, followed by the NAc and then the medial pre 

frontal cortex (Freed et al., 1995; Sesack et al., 1998; Thompson et al., 2000). Moreover, 

there is evidence of low DAT expression in the ventral tegmental area, as DAT is localised to 

synaptic regions (Shimada et al., 1992; Ciliax et al., 1995). Hence, in this study we chose to 

evaluate dStr and NAc brain regions for DA uptake and DAT functions.

Previous reports have shown that KOPr agonists attenuate DA release (Zhang et al., 2004a) 

and increase DA uptake via DAT (Thompson et al., 2000). Although these previous studies 

have utilised pure KOPr agonists, we sought to determine whether the mixed actions of 

MP1104 were sufficient to modulate DAT function. Here, we show that acute administration 

of MP1104 to tissue from the rat dStr and NAc increased DA uptake by increasing DAT 

function (Fig. 3). It is likely that these effects are due to direct interactions of KOPr and 

DAT, as studies evaluating co-expression of KOPr and DAT found that KOPr and DAT form 

interacting complexes in striatal synaptosomes. This KOPr and DAT interaction is enhanced 

by administration of KOPr agonists (Kivell et al., 2014a). Several studies have also reported 
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that administration of KOPr agonists and endogenous KOPr activation reduces DA release 

(Carlezon et al., 2006; Gray et al., 1999), and there are differences in the regulation of DAT 

in NAc and dStr brain regions (Thompson et al., 2000). Moreover, DA regulation between 

these regions also vary (Richards and Zahniser, 2009; Wu et al., 2001). In this study, we 

showed MP1104 rapidly increases DAT function in both the dStr and NAc (Fig. 3A and B). 

This effect is due to an increase in Vmax, which indicates an increase in cell-surface DAT 

expression (Simonson et al., 2015). The MP1104-mediated increase in DA reuptake by DAT 

was nor-BNI reversible, indicating that the effect is KOPr mediated (Fig. 3C and D). 

MP1104 increased DAT function in both dStr and NAc tissue (Fig. 3A and B), an indication 

that DA levels are reduced in these regions following MP1104 addition. While further 

exploration of the cellular mechanisms underlying the ability of MP1104 to differentially 

regulate the anti-cocaine effects from other behavioural effects such as locomotion is 

warranted. Differential expression of regulators of KOPr and DOPr signalling such as G-

proteins and regulators of G-proteins are likely to also play a role. It is also possible that 

different brain regions may display differences in signalling bias. Full evaluation of 

signalling bias at MOPr, KOPr and DOPr is needed in vivo to evaluate if this contributes to 

the behavioural effects observed in this study.

Many studies have reported that KOPr agonists attenuate the rewarding effects of drugs of 

abuse, however, side-effects limit their clinical development (Mello and Negus, 2000; Walsh 

et al., 2001a, 2001b). There are currently no FDA approved therapeutics for the treatment of 

psychostimulant abuse. Therefore, in this study, we also evaluated the side-effects of 

MP1104 to determine whether the mixed opioid actions reduced the aversive, anxiogenic, 

and pro-depressive effects typically seen with potent and selective KOPr agonists.

Traditional KOPr agonists such as U50,488 decrease spontaneous locomotor activity in 

rodents (Brust et al., 2016). Clinical studies have revealed that KOPr agonists also cause 

sedation (Knoll and Carlezon, 2010; Pfeiffer et al., 1986). In this study, a low dose of 

MP1104 (0.3 mg/kg and 0.6 mg/kg) showed a non-significant trend towards sedative effects, 

whereas MP1104 at the higher 1 mg/kg dose caused significant sedative effects in rats (Fig. 

4B). Because baseline ambulatory counts in this test were low, a possible floor effect may 

limit observations of sedation. Therefore, we also evaluated additional measures of 

locomotor behavior. It is noteworthy that the total distance travelled in CPA (Fig. 5B) and 

the total arm entries in EPM (Fig. 5D) were not attenuated by MP1104 (0.3 and 0.6 mg/kg), 

additional supporting methods we utilised to evaluate motor behaviors. We therefore 

conclude that at the 0.3 mg/kg dose of MP1104 which attenuated drug-seeking behavior in 

rats, was not due to sedation or the inability of rats to perform the operant task. However, at 

higher doses the reduced drug-seeking behavior may be due to the sedative effects exerted 

by MP1104. The reduced rewarding effects of cocaine following KOPr agonist 

administration is believed to be due to their ability to cause aversion and/or dysphoric effects 

(Koob et al., 2014; Shippenberg et al., 2009). However, recently, it has become evident that 

it may be possible to separate the desirable therapeutic effects from side-effects, particularly 

with G-protein coupled receptors, with each chemical compound having unique effects on 

down-stream signalling pathways and, ultimately in vivo behavioural effects.
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While many strategies have been explored to mitigate the side-effects of KOPr agonists, the 

recent concept includes the development of G-protein biased agonists (Kenakin, 2007; 

Kenakin and Christopoulos, 2013; Urban et al., 2007), due to the fact that β-arrestin-

mediated signalling is largely responsible for the negative side-effects exerted by KOPr 

agonists (Bruchas and Chavkin, 2010; Bruchas and Roth, 2016; Chavkin et al., 2014; Kivell 

et al., 2014b). Previous reports using RB-64 have shown that sedative effects were mediated 

via β-arrestin, however, aversion in the CPA tests were present in both wild-type and β-

arrestin KO mice indicating that the aversion is partly regulated through G-protein activation 

(White et al., 2015). Aversive effects have also been shown to be regulated via p38 mitogen 

activated protein kinase signalling pathways (Bruchas et al., 2007; Ehrich et al., 2015; Zan et 

al., 2016).

In order to avoid undesirable effects associated with activation of KOPr, simultaneous 

modulation of multiple opioid receptors with opposing actions is a strategy suggested by 

many researchers to be key in developing effective and safe KOPr medications. Many 

studies have investigated the utility of combinations of opioid receptor agonists and mixed 

opioid agonists (MOPr, KOPr and/or DOPr) to balance the therapeutic and the adverse 

effects (Balboni et al., 2002; Dietis et al., 2009; Morphy and Rankovic, 2009). For example, 

KOPr agonists are able to attenuate the tolerance effects of MOPr agonists such as morphine 

(Yamamato et al., 1988; Tao et al., 1994). However, only a few have investigated DOPr/

KOPr combinations. For example, Taylor et al. (2015), showed that systemic administration 

of the KOPr agonist U50,488 (10 mg/kg, s.c.) to C57Bl/6J mice produced anti-nociception 

in the warm-water tail withdrawal assay through a stress induced mechanism. Moreover, this 

effect was blocked by distinct classes of anxiolytics, including the DOPr agonist SNC 80 (5 

mg/kg, s.c.) (Taylor et al., 2015). This demonstrated that the anxiolytic effects of DOPr 

agonists can inhibit KOPr mediated stress effects. However, many DOPr agonists produce 

seizures which has limited combination approaches.

Few compounds possessing dual KOPr/DOPr activity have been reported previously. Tang et 

al. (2010) identified KDA-16, an analogue of ICI-199,441 that showed mixed KOPr and 

DOPr activity. KDA-16 displayed spinal antinociception via selective activation of KOPr-

DOPr heteromers in mice (Tang et al., 2010). In contrast, KDN-21, which links KOPr 

antagonist, 5′- guanidinonaltrindole to DOPr antagonist, NTI, did not show antinociceptive 

effects in mice (Bhushan et al., 2004). However, it showed heterodimeric KOPr/DOPr 

interactions in human embryonic kidney 293 cells expressing rat DOPr and mouse KOPr 

(Xie et al., 2005) and in mouse spinal cord (Bhushan et al., 2004). KDAN-18, which links 

KOPr agonist, ICI-199,441 and DOPr antagonist, NTI, showed anti-nociceptive effects in 

tail-withdrawal assays in male mice (Daniels et al., 2005). Although these previous studies 

assessed the antinociceptive effects of dual KOPr/DOPr ligands, there no studies reporting 

the effects on reward. To address this gap, in this study we evaluated the anti-cocaine effects 

of our novel dual KOPr/DOPr agonist, MP1104 in male Sprague-Dawley rats.

To evaluate whether the dual KOPr and DOPr agonist properties of MP1104 reduced the 

aversive effects, MP1104 was evaluated in CPA tests. The prototypical KOPr agonist 

U50,488 showed significant reduction in time spent in the U50,488-paired chamber 

indicating aversive properties (Fig. 5A). These findings are consistent with previous 
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literature reports in rats (Göktalay et al., 2006) and mice (Skoubis et al., 2001). However, 

rats treated with MP1104 showed no change in time spent in the MP1104-paired chamber, 

indicating it has no aversive properties at 0.6 mg/kg. Following antagonism of DOPr by the 

selective DOPr antagonist NTI (15 mg/kg, s.c), MP1104 showed significant aversive-like 

effects, with reduced time spent in the MP1104-paired chamber. This gives strong support 

for the development of dual KOPr/DOPr agonists as both non-addictive analgesics and anti-

addiction therapies to reduce the side-effects seen with pure KOPr agonists.

To examine the effects of MP1104 on preclinical measures of anxiety we used the EPM test. 

A single administration of MP1104 (0.3 or 0.6 mg/kg) was shown to have no effect. In 

contrast, yohimbine, an α2 adrenoceptor antagonist showed a reduction in time spent in the 

open arm and the total number of arm entries in the EPM (Fig. 5C and D), effects consistent 

with previous reports on yohimbine in animals (Pellow et al., 1985). MP1104 produced no 

anxiogenic effects at the dose that was effective in attenuating cocaine-seeking (0.3 mg/kg). 

We also show that MP1104 showed no pro-depressive effects in the FST compared to 

vehicle-treated controls, unlike previous reports utilising pure KOPr agonists such as 

Salvinorin A and a structural analogue methoxymethyl ether Sal B (Carlezon et al., 2006; 

Morani et al., 2013). Both MP1104 doses (0.3 and 0.6 mg/kg) showed no changes in 

mobility or immobility properties (Fig. 5E). Previously, studies have reported that selective 

DOPr agonists have both anxiolytic and anti-depressant effects (Filliol et al., 2000; Saitoh et 

al., 2004; Torregrossa et al., 2006; Vergura et al., 2008). However, KOPr agonsits are 

involved in stress, fear, anxiety, and depressive-like behaviors (Bruchas et al., 2010; Gillett 

et al., 2013; Knoll and Carlezon, 2010). We have shown that MP1104, being a mixed opioid 

receptor agonist at both these receptors, attenuated behavioural side-effects, while 

maintaining potentially therapeutic anti-cocaine effects. It is important to note that DOPr 

agonists produce seizures (Comer et al., 1993; Lutz and Kieffer, 2013), which limits their 

clinical use. MP1104, however, produced no seizures at doses 30 times its antinociceptive 

ED50 value in mice (Váradi et al., 2015). We conclude that MP1104 has an improved side-

effect profile compared to traditional KOPr agonists.

5. Conclusion

The mixed KOPr/DOPr agonist, MP1104 attenuates cocaine self-administration and 

produces a downward shift in cocaine dose-response curves in rats. One of the likely 

mechanisms we identified to be partly responsible for this effect is the ability of MP1104 to 

increase DA uptake via DAT in the NAc, a cellular mechanism that attenuates cocaine-

induced increases in DA. We also show that MP1104 attenuates drug-seeking behavior in 

rats at doses that do not cause aversion, anxiety or depression. Moreover, we demonstrated 

for the first time that the DOPr agonist properties of MP1104 are able to negate the aversive 

effects produced by KOPr agonism. This study provides strong evidence for the 

development of mixed opioid agonists to reduce KOPr-mediated side-effects and has 

implications for the development of non-addictive KOPr analgesics without side-effects 

which limits current clinical utilisation of KOPr agonists.
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Abbreviations:

KOPr kappa opioid receptor

DOPr delta opioid receptor

MOPr mu opioid receptor

DAT dopamine transporter

DA dopamine

dStr dorsal striatum

NAc nucleus accumbens

RDEV rotating disk electrode voltammetry

CPA conditioned place aversion

EPM elevated plus maze

FST forced swim test

nor-BNI nor-binaltorphimine

NTI Naltrindole

DMSO dimethyl sulfoxide
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HIGHLIGHTS

• MP1104 is a 3-Iodobenzoyl naltrexamine analogue with potent mixed kappa 

and delta opioid agonist activity in vivo.

• MP1104 attenuates drug-primed reinstatement of drug-seeking via kappa 

opioid receptor dependent mechanisms.

• MP1104 increases dopamine transporter uptake of dopamine in the dorsal 

striatum and nucleus accumbens.

• Delta opioid receptor activity counteracts the kappa opioid side-effects of 

MP1104.
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Fig. 1. 
Structure of MP1104.
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Fig. 2. 
MP1104 attenuates cocaine prime-induced reinstatement of cocaine-seeking in rats and 

shifts cocaine dose-response self-administration curve downwards. (A) MP1104 (0.3 & 1 

mg/kg, i.p.) dose-dependently attenuates cocaine-prime active lever responding compared to 

vehicle-treated controls which is inhibited by the pretreatment of nor-BNI (10 mg/kg, s.c.). 

NTI (15 mg/kg, s.c.) has no effect on MP1104-induced responding. Repeated measures 

ANOVA with Bonferroni’s post-test. ***p < 0.001, ****p < 0.0001, compared to the 

vehicle; #p < 0.05 compared to MP1104, 1 mg/kg dose, n = 9. (B) MP1104 (0.3 & 0.6 

mg/kg, i.p.) significantly shifts the cocaine dose-response self-administration curve 

downwards. Two-way ANOVA with Bonferroni’s post-test. **p < 0.01, ****p < 0.0001 

compared to the vehicle, n = 6. (C) Throughout the self-administration training, the number 

of active and inactive lever responses remained stable with an active:inactive lever ratio of 

≥2:1. All values expressed as mean ± SEM. NTI = Naltrindole; nor-BNI = nor-

binaltorphimine.
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Fig. 3. 
MP1104 shows increase of DA uptake in rat dStr and NAc tissues. DA uptake was measured 

using the low to infinite trans model. MP1104 (1 nM and 500 nM) showed a significant 

increase in DA uptake in dStr (A) and NAc (B) compared to vehicle-treated control (two-

way ANOVA with Bonferroni’s post-test). In zero trans model, MP1104 (500 nM) increased 

DA uptake in the dStr (C) and NAc (D) when tested using a single 2 μM addition of DA. 

Pre-treatment of tissue suspensions with nor-BNI reversed the MP1104 induced increase in 

DA uptake, whereas NTI had no effect. One-way ANOVA with Fisher’s protected least 

significant difference (LSD) test, *p < 0.05 compared to the vehicle; #p < 0.05, ##p < 0.01 

compared to MP1104 (500 nM). Values presented as mean ± SEM, n = 5–9 per group. DA = 

dopamine; dStr = dorsal striatum; NAc = nucleus accumbens; nor-BNI = nor-

binaltorphimine; ns = non-significant; NTI = naltrindole.
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Fig. 4. 
Sedative effects of MP1104. (A) Effects of MP1104 (0.3, 0.6 & 1 mg/kg, i.p.) on ambulatory 

counts during and following habituation are shown over time (One-way ANOVA). (B) 

MP1104 (0.3 & 0.6 mg/kg, i.p.) showed non-significant decrease in ambulatory counts 

compared to vehicle treatment during the treatment testing time (60 min). One-way 

ANOVA. *p < 0.05 compared to the vehicle. Values presented as mean ± SEM, n = 8 per 

group.
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Fig. 5. 
MP1104 shows reduced aversive; anxiogenic and pro-depressive effects in rats. (A) MP1104 

(0.6 mg/kg, i.p.) shows no change in time spent in the MP1104-paied chamber. Pre-

treatment with the delta antagonist NTI (15 mg/kg) or treatment with selective KOPr agonist 

U50,488 decreases the time spent in the MP1104-paied chamber. Paired Student’s t-test *p < 

0.05, **p < 0.01 compared to vehicle, n = 6–7 per group. (B) Total distance travelled in CPA 

tests showed no significant changes in locomotion following MP1104 (0.3 and 0.6 mg/kg, 

i.p.) administration. (C) In EPM tests, MP1104 (0.3 & 0.6 mg/kg, i.p.) showed no effect in 

open arm times or (D) the total number of arm entries. (C) Yohimbine (2.5 mg/kg, i.p) 

showed both a decrease in time spent in the open arm and (D) arm entries. One-way 

ANOVA; *p < 0.05 compared to vehicle, n = 10–13 per group. (E) In the FST, MP1104 (0.3 
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and 0.6 mg/kg, i.p.) showed no changes in mobility (p > 0.05) or immobility (p > 0.05); 

One-way ANOVA; n = 7–8 per group. All data expressed as mean ± SEM. CPA = 

conditioned place aversion; EPM = elevated plus maze; FST = forced swim test; ns = non-

significant; NTI = naltrindole.
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Table 1

Summary of anti-cocaine, analgesic, and side effects produced by MP1104 in rats and mice.

Effects in rats Effects in mice

Anti-cocaine effects

Cocaine-prime reinstatement ↓ nd

Cocaine self-administration ↓ nd

Cocaine place preference nd ↓ (Váradi et al., 2015)

Modulation of DAT function (rat tissue)

Dorsal striatum ↑ nd

Nucleus accumbens ↑ nd

Analgesic effects

Tail-flick nd ↑ ED50 = 0.33 mg/kg (Váradi et al., 2015)

Side effects

Aversion (CPA) ne (0.6 mg/kg) ne (1 mg/kg) (Váradi et al., 2015)

Anxiety (EPM) ne (0.6 mg/kg) nd

Depression (FST) ne (0.6 mg/kg) nd

Locomotor activity ne (0.3, 0.6 mg/kg)
↓ (1 mg/kg) nd

Summary of anti-cocaine, analgesic, and side effects produced by MP1104 in rats and mice.

↑ = Increased effect; ↓ = attenuation; n.e. = no effect; n.d. = not determined; DAT = dopamine transporter; CPA = conditioned place aversion; EPM 
= elevated plus maze; FST = forced swim test.
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