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ABSTRACT 

 

This thesis is comprised of three parts. In the first part, we investigated zyklophin, 

a novel selective short-acting kappa opioid receptor (KOPR) antagonist, and its effects on 

scratching behaviors in Swiss-Webster mice. We investigated whether zyklophin was 

able to induce scratching in a dose-dependent fashion, and whether this scratching 

behavior could be blocked by pretreatment with nor-binaltorphimine (norBNI). We also 

used KOPR -/- mice to further clarify the role of the KOPR in this behavior.  

In the second part, we examined the role of the divergent amino acid at position 

6.58 in the mu opioid receptor (MOPR) and the KOPR on the binding of beta-

funaltrexamine (β-FNA). β-FNA is an irreversible antagonist at the MOPR and a 

reversible agonist at the KOPR. Utilizing the recently published crystal structures of the 

MOPR and KOPR, we collaborated with Dr. Lei Shi, who employed molecular modeling 

to choose a residue in transmembrane helix 6 (TM6) to mutate at the same position in 

MOPR and KOPR. We then characterized the mutants by performing [3H]diprenorphine 

binding, competition binding by unlabeled β-FNA, irreversible [3H]β-FNA binding and 

[35S]GTPγS binding.  

In the third part, we investigated the concept of functional selectivity, or ligand 

bias, at the KOPR. We studied 23 different KOPR agonists in vitro using [35S]GTPγS 

binding as a measure of G protein activation and the on-cell Western (OCW) as a 

measure of β-arrestin-mediated receptor internalization at the human KOPR (hKOPR), 

and from the results, chose 13 ligands to study at the mouse KOPR (mKOPR). We then 
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selected biased ligands from the in vitro mKOPR results and studied their effects on 

scratching behavior, inhibition of pain behaviors and dysphoria as measured by the 

conditioned place aversion (CPA) test. We predicted that the G biased ligand would 

produce analgesia and anti-scratching effects at lower doses than would produce aversion 

in the CPA test, since analgesia has been shown to be G protein mediated and CPA has 

been shown to be arrestin mediated. 

Our first set of studies revealed that zyklophin (0.1, 0.3 and 1 mg/kg, s.c., behind 

the neck), induced vigorous scratching in a dose-dependent manner. 0.3 mg/kg zyklophin 

induced 150 scratches over a 30 minute period. The scratching was not blocked by 

pretreatment with 20 mg/kg norBNI (i.p.) 18-20 hours before injection of 0.3 mg/kg 

zyklophin s.c. in the nape of the neck. The scratching also persisted in KOPR -/- mice, in 

which the absence of the KOPR was confirmed by [3H]U69,593 binding (2 nM). 

In our second set of studies, we mutated the lysine at position 303 in the MOPR to 

glutamic acid (K303E), and the glutamic acid at the equivalent position in the KOPR to 

lysine (E297K). We transfected these mutant receptors into mouse neuroblastoma (N2A) 

cells. We found that the mutations had no effect on [3H]diprenorphine binding affinity or 

competition binding with [3H]diprenorphine and β-FNA indicating a functional intact 

opioid receptor. The mutations also did not affect [35S]GTPγS binding EC50 or Emax 

values. The mutation K303E in the MOPR reduced irreversible binding by 2/3 compared 

to the wildtype MOPR. 

Finally, we found that there were several ligands that displayed bias at the 

hKOPR and the mKOPR. At the hKOPR, using dynorphin A as the reference ligand to 

calculate bias, ICI-199441 was the only G biased ligand, while enadoline, nalbuphine, 
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pentazocine, salvinorin A, tifluadom and butorphanol were arrestin-biased. At the 

mKOPR, only salvinorin B methoxymethyl ether (MOM-SalB) was G-biased, and 

salvinorin B ethoxymethyl ether (EOM-SalB), ICI-199441, U50,488H, nalfurafine and 

12-epi-salvinorin A (12epiSalA) were β-arrestin-biased. Enadoline and salvinorin A were 

slightly arrestin biased with respect to dynorphin A.  

From the in vitro data at the mKOPR, we selected MOM-SalB as our G biased 

ligand, U50,488H as our arrestin biased ligand and additionally chose to investigate 

nalfurafine due to its use in clinical studies. We hypothesized that U50,488H and 

nalfurafine would produce aversion at lower doses than analgesia or anti-pruritic effects. 

We found that nalfurafine was the only ligand studied to have a separation between doses 

that produced analgesia and anti-scratching effects, with A50 values of 5.8 and 8 μg/kg, 

respectively, and only produced significant dysphoria at a dose of 20 μg/kg. U50,488H 

and MOM-SalB produced dysphoria at all doses tested (0.25-10 mg/kg and 0.01-0.3 

mg/kg, respectively). U50,488H produced a dose-dependent analgesia and anti-scratching 

with A50 values of 0.58 mg/kg and 2.07 mg/kg, respectively. MOM-SalB was more 

potent than U50,488H in producing dose-dependent analgesia and anti-scratching, with 

A50 values of 0.017 mg/kg and 0.070 mg/kg, respectively. Therefore, we concluded that 

the in vitro bias is not able to accurately predict in vivo behaviors, and nalfurafine is the 

first selective full agonist at the KOPR to show ligand bias in vivo.  
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INTRODUCTION 

The κ-opioid receptor (KOPR) is one of three opioid receptor subtypes, the others 

being the μ-opioid receptor (MOPR) and the δ-opioid receptor (DOPR). They all belong 

to the G protein coupled receptor (GPCR), or 7-transmembrane receptor (7TMR) 

superfamily of receptors. They are named due to their structure – they span the cellular 

membrane 7 times, and transduce their cellular signal by coupling to G proteins. The 

GPCRs have almost 800 different genes and are broken down into 6 classes, named A-F 

or 1-6. Class A receptors are rhodopsin-like receptors, and the opioid receptors are all 

Class A receptors. The remaining classes (B-F) are secretin, metabotropic 

glutamate/pheromone, fungal mating pheromone, cyclic AMP and frizzled/smoothened, 

respectively. The GPCRs are of great interest because currently, ~35% of drugs in 

clinical use act upon GPCRs and many GPCRs are considered “druggable” targets 

(Hopkins and Groom, 2002; Rask-Andersen et al., 2011). 

G protein signaling is initiated by the activation of the receptor by an agonist 

binding to the binding pocket within the transmembrane domains and/or the extracellular 

loops, which results in conformational changes leading to coupling to G proteins on the 

intracellular loops and the C-terminal domain. G proteins exist as heterotrimers with α, β 

and γ subunits. At resting states, Gα subunits are bound with GDP. When activated by 

GPCRs, GDP is replaced by GTP and Gα-GTP is dissociated from Gβγ and both can 

activate downstream effectors. There are 3 main effectors of Gα-GTP: cyclic-adenosine 

monophosphate (cAMP)-generating enzyme adenylyl cyclase (AC), phospholipase C-β 

(PLCβ) and RhoGEFs. Gαs and Gαi/o proteins are both coupled to AC, with the main 

difference being that Gαs activates AC and Gαi/o inhibits AC. Gαq/11 is coupled to 
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PLCβ and Gα12/13 is coupled to RhoGEFs. The focus here is on Gαi/o, since all opioid 

receptors signal through Gαi/o, thus inhibiting AC from generating cAMP and protein 

kinase A (PKA). Downstream targets at the KOPR include ERK1/2 and GRK3- and 

arrestin-dependent p38 MAPK (Law et al., 2000; Bruchas et al., 2006). 

Repeated agonist exposure causes 7TMR internalization and desensitization, 

which is arrestins-mediated (Lohse et al., 1990; Hausdorff et al., 1990). However, it has 

recently been shown that arrestins, in addition to their roles in 7TMR regulation, also 

serve as scaffolds for other second messenger pathways leading to a variety of responses 

[reviewed in (Lefkowitz and Shenoy, 2005)]. An overview of GPCR signaling is shown 

in the following illustration from a recent review by Rosenbaum et al. (2009). This 

illustration depicts signaling at the type 2 β-adrenergic receptor (β2AR), which belongs to 

the rhodopsin-like family of receptors like the opioid receptors. Opioid receptors have 

different downstream effects but follow a similar initial signaling pathway as the β2AR. 

The inset in the figure shows the cellular response for full, partial and inverse agonists as 

well as neutral antagonists.  
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The most-well studied of the three receptors is the MOPR, since its agonists are 

clinically very useful as potent analgesics. However, their ability to cause respiratory 

depression and addiction is both dangerous and costly (Koob and Bloom, 1988; Kong et 

al., 1994). KOPR agonists also cause analgesia, but do not produce respiratory depression 

or addiction, but rather, produce sedation and dysphoria in humans and animals (Dosaka-

Akita et al., 1993). DOPR agonists are analgesic, but not as potent as MOPR agonists. 

They cause seizures at high doses, and are under investigation for their ability to cause 

antidepressant effects. The μ-, κ- and δ-opioid receptors have endogenous peptide ligands 

that activate the receptor: endorphins, dynorphins and enkephalins, respectively.  

The opioid receptors were cloned in the 1990s [reviewed in {Knapp, 1995 2014 

/id}] and since then, our understanding has continued to advance steadily. A major 
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advance came as recently as 2012 with the publication of the crystal structure of the 

MOPR, DOPR and KOPR (Granier et al., 2012; Manglik et al., 2012; Wu et al., 2012). 

Even though the crystal structures now exist, many questions still remain about opioid 

pharmacology, including pinpointing the exact residues that contribute to each receptor’s 

unique identity. The opioid receptors are overall ~60% homologous. They are most 

similar in the transmembrane domains and intracellular loops, and most divergent in the 

N- and C-terminus and extracellular loops. 

Receptor knockout mice have been generated for the individual opioid receptors. 

A review by Kieffer (1999) summarizes studies on ligands in these mice. For example, in 

mice lacking the MOPR (MOPR -/-), morphine, the classic μ-preferring opioid agonist, 

does not produce analgesia, reward, withdrawal, respiratory depression, constipation 

(inhibition of GI transit), immunosuppression or hyperlocomotion. Delta agonists like 

DPDPE and deltorphin II have a decreased or preserved ability to produce analgesia at 

the spinal and supraspinal level in MOPR -/- mice. U50,488H, the model KOPR agonist, 

has a sustained ability to produce analgesia in MOPR -/- mice, but in KOPR -/- mice, the 

analgesic effect is abolished. KOPR -/- mice also display a decreased level of dysphoria 

and hypolocomotion.  

Kappa opioid antagonists are also of interest due to their antidepressant-like 

effects in animal models and potential to treat drug addiction [reviewed in (Metcalf and 

Coop, 2005)]. A curious property of the first discovered KOPR antagonists is their 

incredibly long-lasting effects. The first described antagonists, including 

norbinaltorphimine (norBNI), JDTic and 5'-guanidinonaltrindole (5'-GNTI) were all 

discovered to have durations in vivo of several weeks [reviewed in (Metcalf and Coop, 
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2005)]. JDTic was believed to have promise as an agent to treat cocaine addiction, but the 

clinical trial was terminated in 2012 (http://clinicaltrials.gov/show/NCT01431586) due to 

instances of ventricular tachycardia in test subjects. Recently, there has been interest in 

developing shorter-acting KOPR antagonists. 

Our laboratory has been interested in the study of the KOPR for many years. 

There is still much we do not understand about the receptor and its signaling, and for this 

reason, my dissertation is devoted to the study of both KOPR agonists and antagonists, as 

well as identifying potential differences between the MOPR and KOPR for the mixed 

agonist/antagonist β-funaltrexamine.  This dissertation has 3 main Chapters and 5 main 

Specific Aims. Chapter 1 addresses Aim 1, Chapter 2 addresses Aim 2 and Chapter 3 

addresses Aims 3-5. The Specific Aims are as follows: 

1. Investigation of pruritogenic properties of a short-acting KOPR peptide antagonist, 

zyklophin, in Swiss-Webster mice. This novel compound is vastly different from the 

current KOPR long-acting antagonists which have been found to induce scratching 

behaviors in mice. 

2. Effects of mutations in the kappa and mu-opioid receptors on β-funaltrexamine (β-

FNA) binding utilizing site-directed mutagenesis to investigate a divergent position in 

TM6. Effects of the mutations on binding affinity, irreversible binding and efficacy of 

β-FNA at kappa and mu-opioid receptors are examined. 

3. In vitro quantification of functional selectivity at the hKOPR using [35S]GTPγS 

binding as a readout of G-proteins activation, on-cell Western (OCW) to measure β-

arrestins-mediated receptor internalization.  
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4. Comparison of in vitro ligand bias between the mKOPR and hKOPR using methods 

similar to Aim 3. While the overall goal is to develop a drug that is useful in humans, a 

mouse model of behavior is a necessary intermediate. 

5. Investigation of the implications of in vitro functional selectivity in an in vivo mouse 

model. We utilize the conditioned place aversion (CPA) to measure dysphoria-like 

behavior, and the formalin pain test to measure analgesia. Anti-scratching effects are 

also examined. 
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CHAPTER 1 

ZYKLOPHIN, A SHORT-ACTING KAPPA OPIOID ANTAGONIST,  

INDUCES SCR.ATCHING IN MICE1 

 

Introduction 

The non-peptide KOPR antagonists 5΄-GNTI and norBNI (see Fig. 1 for 

structures) have long durations of action, with their effects lasting for at least 3 weeks 

[reviewed in (Metcalf and Coop, 2005)]. Zyklophin is a novel short-acting dynorphin 

analog with 11 amino acids (see Fig. 1 for structure) that acts as a KOPR antagonist and 

is able to cross the blood-brain barrier following systemic administration (Aldrich et al., 

2009). This compound was first synthesized in 2005 (Patkar et al., 2005) and its 

pharmacological properties characterized in 2009 (Aldrich et al., 2009). Zyklophin has a 

duration of action of less than 12 hr and is selective for the KOPR (Ki ratio of 

1:194:>330 for kappa:mu:delta opioid receptors). The unusual short duration of action 

and recent report of this KOPR antagonist warrant further investigation into its 

pharmacology. 

Cowan and colleagues have shown previously that 5΄-GNTI injected into the nape 

of the neck induces quick-onset dose-dependent, frenzied scratching in Swiss-Webster 

mice that is not blocked by pretreatment with norBNI, a selective KOPR antagonist or 

naloxone, a non-selective opioid antagonist (Inan et al., 2009a). norBNI, another other 

                                                 

1 This part has been published.  

Dimattio, K. M., Yakovleva, T. V., Aldrich, J. V., Cowan, A., & Liu-Chen, L. Y. (2014) Zyklophin, a 

short-acting kappa opioid antagonist, induces scratching in mice. Neurosci. Lett. 563, 155-159 
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long-acting non-peptide KOPR antagonist, also induces repetitive scratching (Kamei and 

Nagase, 2001). Kappa receptors are not the only opioid receptors involved in the 

sensation of itch. At the spinal level, MOPR agonists such as morphine and fentanyl 

induce scratching (Ellis et al., 1990; Palmer et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Chemical structures of 5΄-guanidinonaltrindole (GNTI), norbinaltorphimine 

(norBNI) and [N-benzylTyr1,cyclo(D-Asp5,Dap8)]Dyn A-(1–11)NH2 (zyklophin). 

While KOPR antagonists appear to be inducers of scratch, it is interesting to note 

that KOPR agonists are able to suppress the incidence of scratching. Nalfurafine, a 

zyklophin

5’-GNTI norBNI
5΄-GNTI 

 

zyklophin 

norBNI 
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KOPR agonist, has been shown to act on the KOPR to block scratching in a dose-

dependent manner. Previous studies have shown that nalfurafine attenuates scratching 

induced by  5΄-GNTI (Inan et al., 2009a) as well as scratching induced by substance P 

and histamine (Togashi et al., 2002), morphine (Wakasa et al., 2004), compound 48/80 

(Wang et al., 2005) and chloroquine (Inan and Cowan, 2004). These data indicate that a 

decrease in scratching by KOPR agonism is not specific for 5΄-GNTI-induced scratching. 

The pathophysiology of itch is complex and not well-understood [for reviews, see 

(Ikoma et al., 2006; Kim and Yosipovitch, 2013)]. There are many substances that evoke 

scratching behavior and also many receptors and neural pathways that are implicated. 

Briefly, in a 2006 review of the neurobiology of itch, Ikoma et al., (2006) identified at 

least 4 different types of itch: itch caused by skin disorders, itch caused by systemic 

disorders, psychogenic itch and neuropathic itch. The implicated systems in skin 

disorders are histamine, interleukins, prostaglandins and proteases. In systemic disorders, 

opiates and possibly interleukins are implicated. In psychogenic itch, serotonin and 

noradrenaline are involved, and finally, neuropathic itch is caused by damage to nerve 

fibers, proteases and neuropeptides including substance P. More recently, the gastrin-

releasing peptide receptor (GRPR), also known as the BB2 (bombesin) receptor has been 

identified as a mediator of itch in the dorsal horn of the spinal cord (Sun and Chen, 

2007). The natriuretic polypeptide b (Nppb) has been found to be implicated in the GRP 

itch circuitry (Mishra and Hoon, 2013), though its exact role has not yet been fully 

elucidated (Liu et al., 2014). In a recent publication, Kim and Yosipovitch (2013) listed 

substances potentially involved in chronic stress-induced itch, which include, in addition 

to those mentioned above, nerve growth factor, acetylcholine, adrenocorticotropin 
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hormone, corticotropin-releasing hormone, kinins, vasoactive intestinal peptide, and 

chemoattractants. Of this extensive (but not exhaustive) list, most have a role in pruritus 

signaling, whether it is directly on pruriceptors on nerve endings, or indirectly on nerve 

fiber sensitivity, activation of mast cells, or over-activation of the sympathetic nervous 

system. 

NorBNI and 5΄-GNTI are non-peptides, so a study on a peptide was of great 

interest. Additionally, no short-acting KOPR antagonists have been investigated as 

scratch-inducers to date. Thus, the two aims of this part of the study were (1) to examine 

if zyklophin caused scratching following s.c. injection into the nape of the neck of Swiss-

Webster mice and (2) to investigate the role of the KOPR in zyklophin-induced 

scratching behavior using norBNI pretreatment to block KOPR and also in mice lacking 

the KOPR, which was confirmed with [3H]U69,593 binding. 

 

Materials and Methods 

Animals 

For all the scratching studies, unless otherwise noted, male Swiss-Webster mice 

weighing 25-30 g (Ace Laboratories, Boyertown, PA) were used. For the KOPR -/- 

study, male KOPR -/- mice (25-30 g) were used. These mice, of C57BL6/J background, 

were originally generated by Kieffer and her colleagues (Simonin et al., 1998). Breeding 

pairs were purchased from Jackson Laboratories (Bar Harbor, ME) and KOPR -/- x 

KOPR -/- mating was carried out in the Animal Facility at Temple University School of 

Medicine. Wild-type C57BL6/J mice of the same weight, obtained from Jackson 

Laboratories, were used as the controls. Mice were housed under a 12 hr light/dark cycle 
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with food and water available ad libitum. Experiments were conducted between noon-

6:00 PM. Experimental procedures were approved by the Temple University Institutional 

Animal Care and Use Committee.  

Mice were allowed to acclimate to the laboratory setting for 3-4 days before the 

experiments. The animals were habituated to individual shielded rectangular observation 

boxes (18 cm x 23 cm x 25 cm) for at least 1 hr before the experiment. All animals were 

drug-naïve and used only once.  

Compounds 

Zyklophin {[Nα-benzylTyr1,cyclo(d-Asp5,Dap8)]-dynorphin A-(1−11)NH2} was 

synthesized by Dr. Jane Aldrich’s laboratory in University of Kansas (Patkar et al., 2005; 

Patkar et al., 2009). NorBNI was provided by the NIDA Drug Supply Program. Naloxone 

HCl was purchased from Sigma-Aldrich (St. Louis, MO). 

Effect of zyklophin on overt behavior of mice 

We used submaximal s.c. doses of zyklophin (0.1, 0.3 and 1 mg/kg) which were 

based on previous kappa opioid antagonist studies (Inan et al., 2009a) as well as 

zyklophin data of Aldrich et al. (2009). 

On the day of the experiment, mice were acclimated to the observation boxes and 

experiments were performed as previously described (Inan and Cowan, 2004). Injections 

with zyklophin (0.25 ml/25 g) were performed s.c. in the nape of the neck of the mice 

(n=6-12). Observations of bouts of scratching (defined as lifting the hind leg to scratch 

the neck) were recorded over a period of 30 min starting one min after injection. This 

procedure was followed for all zyklophin injections (in Swiss-Webster, wild-type 

C57BL6/J, and KOPR -/- mice). 
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Effect of norBNI pretreatment on zyklophin-induced scratching 

Mice were injected with saline or norBNI (20 mg/kg, i.p.), used in this instance as 

a selective kappa opioid receptor antagonist, according to the 2011 study of (Inan et al., 

2011). Eighteen to 20 hr later, the animals were acclimated in individual boxes and 

injected with zyklophin (0.3 mg/kg, s.c., nape of neck). One minute after zyklophin 

injection, mice were observed for 30 min and the number of scratching bouts was 

recorded. 

Ex vivo receptor binding study 

For confirmation of the deletion of the kappa receptor in KOPR -/- mice, both 

knockout mice and the wild-type counterparts were kept for two weeks after the injection 

of zyklophin to give sufficient time for elimination of the peptide. Mice were euthanized 

with CO2 gas and the brains removed. The forebrain was collected and weighed. For 

homogenization, ice-cold 50 mM Tris-HCl and 1 mM EDTA buffer, pH 7.4 was used in a 

1:6 w/v ratio with a Fisher F60 Sonic Dismembrator for 20 s. Knockout and wild-type 

samples were run side by side. Binding was performed in 50 mM Tris-HCl buffer 

containing 1 mM EGTA (pH 7.4). The selective KOPR agonist [3H]U69,593 (2 nM) was 

used with 200 µl homogenate for a final volume of 1 ml. Naloxone (10 µM) was used to 

define nonspecific binding. The reaction mixture was incubated for 1 hr at room 

temperature and terminated by filtration under reduced pressure with GF/B filters 

presoaked with 0.1 mg/ml BSA and 0.2% polyethyleneimine. Filters were washed three 

times with ice-cold 50 mM Tris-HCl buffer containing 0.15 M NaCl (pH 7.4). 

Radioactivity on filters was determined by liquid scintillation counting.  
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Data analysis 

All data were analyzed for significance with the Student’s t-test in GraphPad 

Prism 6.0 (La Jolla, CA). Statistical significance was defined as P < 0.05. All data are 

expressed as values ± SEM. 

 

Results 

Zyklophin causes scratching in a dose-dependent manner 

Zyklophin induced scratching by 1 min after s.c. injection into the nape of the 

neck of male Swiss-Webster mice. The incidence of scratching was dose-related (0.1, 0.3 

and 1 mg/kg) over the 30 min observation period (Fig. 2). Most of the scratching 

occurred within 15 min of injection and was essentially over after 30 min. 

 

Fig. 2. Zyklophin induced scratching in a dose-dependent manner when injected s.c. 

into the nape of neck in male Swiss-Webster mice. Each value represents mean ± SEM 

(n=6-12). Mice injected with saline had < 5 bouts of scratching/30 min. 
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Pretreatment with norBNI does not attenuate zyklophin-induced scratching 

Mice pretreated with norBNI (20 mg/kg, i.p.) 18-20 hr before s.c. injection of 0.3 

mg/kg zyklophin did not show a statistically significant (P=0.3887) decrease in 

scratching behavior, compared with saline pretreatment (Fig. 3). This dose of norBNI, 

given i.p. 18-20 hr before saline, did not cause scratching (data not shown).  

Fig. 3. Pretreatment of mice with norBNI (20 mg/kg, i.p.), 18-20 hr before zyklophin 

(0.3 mg/kg, s.c.), did not attenuate zyklophin-induced scratching. Each value 

represents mean ± SEM (n=6). 
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Zyklophin-induced scratching persists in KOPR -/- mice  

KOPR -/- mice injected with zyklophin (0.3 mg/kg) did not show a statistically 

significant (P=0.5998) lower level of scratching behavior in comparison to wild-type 

C57BL6/J mice (Fig. 4). The number of scratches in C57BL6/J mice was much fewer 

than that observed in Swiss-Webster mice given the same dose of zyklophin. To confirm 

deletion of the KOPR, [3H]U69,593 ex vivo radioligand binding was performed on brain 

homogenates. There was no specific binding of [3H]U69,593 in brains of KOPR -/- mice, 

while there were appreciable levels of specific binding in the wild-type animals (684 ± 

178 dpm/1.3 mg protein).  

Fig. 4. Deletion of the KOPR did not attenuate zyklophin (0.3 mg/kg s.c.)-induced 

scratching in C57BL6/J male mice. Each value represents mean ± SEM (n=6). 
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Discussion 

We found that zyklophin (0.1-1 mg/kg), a short-acting KOPR antagonist, elicited 

dose-dependent scratching when injected s.c. in the nape of the neck of mice. Most of the 

scratching was observed between +3 and +15 min. Pretreating mice with norBNI mice at 

18-20 hr to block the KOPR before the standard dose of zyklophin (0.3 mg/kg) did not 

markedly affect the incidence of scratching. Additionally, KOPR -/- mice given 0.3 

mg/kg of zyklophin did not display decreased scratching when compared to wild-type 

animals. The absence of kappa receptors in KOPR-/- mice was confirmed with ex vivo 

radioligand binding using [3H]U69,593.   

The observation that zyklophin-promoted scratching is not mediated by the KOPR 

coincides with that made by Inan (2010), who found that scratching induced by 0.3 

mg/kg 5΄-GNTI was not blocked by norBNI pretreatment and was not reduced in KOPR -

/- mice, compared with wild-type mice.  

There appears to be a strain difference, as C57BL6/J wild-type mice displayed 

less scratching behavior compared to Swiss-Webster mice at the same dose of zyklophin. 

Strain differences between C57BL6/J and Swiss-Webster mice have been documented in 

several areas, including anxiety (Morgan and Pfaff, 2002), autonomic response to stress 

(van Bogaert et al., 2006), and antinociceptive response to morphine (Madera-Salcedo et 

al., 2011). This may be another area in which strain differences are present, but more data 

needs to be collected to solidify this observation. 

 Taken together, our data suggest that the presence of KOPR is not required for 

the excessive scratching caused by zyklophin. Thus, zyklophin, norBNI and 5΄-GNTI 

most likely induce scratching through an off target effect. It is interesting to note that 
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even though zyklophin induces scratching qualitatively similar to 5΄-GNTI, the latter 

compound induces more vigorous scratching of longer duration (Inan et al., 2009a).   

Parenthetically, to examine the role of substance P and TRPA1 in preventing 

zyklophin-induced scratching, we injected mice with the selective neurokinin 1 receptor 

antagonist, RP 67580 (5 and 10 mg/kg, i.p.), and the selective TRPA1 antagonist HC-

030031 (75 mg/kg, i.p.), respectively 1 hr before zyklophin. Neither compound markedly 

influenced the incidence of peptide-induced scratching (DiMattio, Cowan and Liu-Chen, 

unpublished observations). Thus, at present, the molecular targets at which zyklophin acts 

to elicit scratching remain to be determined. Although both zyklophin and 5΄-GNTI are 

selective KOPR antagonists, there is no evidence that both compounds act on the same 

targets to induce scratching. 
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CHAPTER 2 

 

K303(6.58) IN THE MU OPIOID RECEPTOR HELPS POSITION β-

FUNALTREXAMINE FOR COVALENT BOND FORMATION WITH THE 

RECEPTOR 

 

Introduction 

 

β-funaltrexamine (β-FNA), fumaramate methyl ester of naltrexamine (see Fig. 5 

for structure), was synthesized by Portoghese et al. (1980). It was found to be an 

irreversible antagonist at the μ-opioid receptor (MOPR) and a reversible agonist at the 

KOPR both in vitro and in vivo [reviewed in (Takemori and Portoghese, 1985)]. We 

previously reported that Lys233(5.39) at the extracellular end of the 5th transmembrane 

domain (TM5) in the MOPR formed a covalent bond with β-FNA (Chen et al., 1996), 

which was confirmed in the crystal structure of β-FNA-bound MOPR (Manglik et al., 

2012).  

 
Fig. 5. Chemical structure of β-FNA. 
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However, this residue is conserved across the µ, δ and  opioid receptors and, 

thus, does not explain the differential activities of β-FNA at μ and κ receptors. In 

addition, in the crystal structure of the MOPR-β-FNA complex, β-FNA interacts with 9 

residues in the MOPR: Y326(7.43), W293(6.48), M151(3.36), D147(3.32), I296(6.51), 

H297(6.52), Y148(3.33), V300(6.55) and K233(5.39) (Manglik et al., 2012). Of the nine 

residues, eight are conserved among the three receptors, with the only difference at the 

residue 6.55, which is V in both MOPR and DOPR, but I in the KOPR. Since the residues 

interacting with β-FNA are highly conserved, the selective covalent binding of β-FNA to 

the MOPR must be attributed to other residues in the MOPR.  

We found previously that β-FNA bound irreversibly to a chimeric /µ opioid 

receptor containing the sequence from the N-terminus to the end of the TM5 of the 

KOPR and that from the end of the TM5 to the C-terminus of the MOPR, despite that β-

FNA did not bind irreversibly to the KOPR. Conversely, β-FNA did not bind irreversibly 

to the reciprocal µ /  chimeric receptor with the sequence from the N-terminus to the 

end of the TM5 of the MOPR and that from the end of the TM5 to the C-terminus of the 

KOPR (Chen et al., 1995). These results indicate that the sequence from the end of the 

TM5 to the C-terminus of the MOPR plays an important role in the irreversible binding 

of β-FNA. The difference in β-FNA activity between the two receptors is very intriguing: 

it is an agonist at KOPR but an antagonist at MOPR and binds reversibly to KOPR but 

irreversibly to MOPR. Finding residues that explain this difference would further our 

understanding of opioid receptors.  

Using the recently published crystal structures of the MOPR and KOPR (Manglik 

et al., 2012; Wu et al., 2012), Dr. Lei Shi of Weill Cornell Medical School performed 

comparative molecular docking of β-FNA in the two receptors. Based on the models, we 

hypothesize that divergent residues at position 6.58 (K303 in MOPR and E297 in KOPR) 

at the extracellular end of TM6 play distinct roles in positioning the methyl acetate group 
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of β-FNA, resulting in the differential binding of β-FNA to these two receptors. We tested 

the hypothesis by generating two mutants by mutating Lys303(6.58) in the MOPR to Glu 

[MOPR K303(6.58)E] and substituting Glu297(6.58) in the KOPR with Lys [KOPR 

E297(6.58)K] and examining effects of the mutations on irreversible binding and efficacy 

of β-FNA.  

 

Materials and Methods 

Materials 

 [35S]GTPγS (1250 Ci/mmol), [15, 16-3H]diprenorphine ([3H]DIP) (36-50 

Ci/mmol) were purchased from PerkinElmer Life Sciences (Boston, MA); EGTA, 

EDTA, polyethyleneimine, anti-FLAG (M1), ampicillin, paraformaldehyde (PFA), 

leupeptin hydrochloride, bovine serum albumin (BSA), phenylmethylsulfonyl fluoride 

(PMSF), GDP and GTPγS were purchased from Sigma-Aldrich (St. Louis, MO). Hank’s 

Balanced Salt Solution (HBSS) with Ca2+ and Mg2+ and geneticin (G418) were purchased 

from Cellgro Mediatech, Inc. (Herndon, VA). Lipofectamine 2000, BamHI, 

pcDNA3.1(+), DNA ladder, E. coli cells were purchased from Invitrogen (Carlsbad, CA). 

XhoI, Buffer H and dNTPs were purchased from Promega (Madison, WI). Minimal 

essential medium (MEM), trypsin and penicillin/streptomycin were purchased from 

Gibco Life Technologies (Grand Island, NY). Glycerol, tryptone and bicinchoninic acid 

assay (BCA) reagents were purchased from Thermo Fisher Scientific, Inc. (Rockford, 

IL). The Mniprep, Maxiprep, QIAQuick PCR Purification and QIAQuick Gel Extraction 

kits were purchased from Qiagen, Inc. (Valencia, CA). The following reagents were 

purchased from the indicated companies: GF/B glass filters, Brandel, Inc. (Gaithersburg, 

MD); EcoScint scintillation fluid, National Diagnostics (Atlanta, GA); fetal bovine serum 
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(FBS), Atlanta Biologicals (Atlanta, GA); anti-HA monoclonal antibody HA-11 clone 

16B12 MMS-101R, Covance (Princeton, NJ), AlexaFluor 488 goat anti-mouse, LI-COR, 

Inc. (Lincoln, NE); electroporation cuvettes, Bio-Rad (Richmond, CA); PFU, Agilent 

Technologies (Santa Rosa, CA); EcoRI, Roche (Indianapolis, IN); DNA ligase, New 

England Biolabs, Inc. (Beverly, MA); yeast extract, Becton, Dickinson & Company 

(Franklin Lakes, NJ). 

Naloxone, U50,488H, and β-FNA were provided by the National Institute on 

Drug Abuse (Bethsada, MD). [3H]β-FNA was synthesized by RTI International 

(Research Triangle Park, NC) and provided by the National Institute on Drug Abuse 

(Bethsada, MD).  

Purification of [3H]β-FNA 

[3H]β-FNA was purified using high-performance liquid chromatography (HPLC) 

because of high levels of nonspecific binding. [3H]β-FNA in methanol was dried under 

nitrogen flux. The dried [3H]β-FNA was dissolved in water containing 0.1% 

trifluoroacetic acid (TFA) and loaded into a C18 reverse-phase column attached to a 

Hewlett-Packard HPLC system. Purification was achieved using a linear gradient of 

solvent A (0.1% TFA in water) to solvent B (0.1% TFA in acetonitrile) and UV detection 

at 214 and 280 nm. Unlabeled β-FNA was used as an external standard to quantify 

purified [3H]β-FNA. The final specific activity of purified [3H]β-FNA was 3.88 Ci/mmol. 

Numbering schemes of opioid receptors 

The numbering schemes used identify amino acid residues in opioid receptors by 

both their sequence numbers and the generic numbering scheme of Ballesteros and 

Weinstein (1995), which has been applied to opioid receptors [for example, (Huang et al., 
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2001; Manglik et al., 2012)]  This combined scheme facilitates comparison across 

different receptors. In the generic numbering scheme, amino acid residues in TMs are 

assigned two numbers (N1.N2). N1 refers to the TM number. For N2, the numbering is 

relative to the most conserved residue in each TM, which is assigned 50, with numbers 

decreasing towards the N-terminus and increasing toward the C-terminus. The most 

conserved residues in the TM6 of the rat MOPR and human KOPR are Pro295 and 

Pro289, which are referred to as P295(6.50) and P289(6.50), respectively. K303 in the 

MOPR and E297 in the KOPR are referred to as K303(6.58) and E297(6.58), 

respectively.  

Generation of mutant cell lines 

The HA-tagged rat mu opioid receptor (MOPR) and the FLAG-tagged human 

kappa opioid receptor (KOPR), both in the mammalian expression vector pcDNA3, were 

used to generate stable clonal cell lines (Xu et al., 2000). Four total stable clonal cell lines 

were generated: wild type KOPR, mutant KOPR, wild type MOPR and mutant MOPR.  

Mutants were generated using overlap PCR with primers designed to change the 

amino acid at position 303 in the rat MOPR from a lysine to a glutamic acid 

[K303(6.58)E] and to change the amino acid at position 297 in the human KOPR from a 

glutamic acid to a lysine [E297(6.58)K]. The primers with the following sequences were 

custom-synthesized by Integrated DNA Technologies (Coralville, IA).  
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RMOR_K303(6.58)E_Forward CTA CGT CAT CAT CGA AGC GCT G 

RMOR_K303(6.58)E_Reverse CAG CGC TTC GAT GAT GAC GTA G 

RMOR_BamHI_Forward CTG CAA CTG GAT CCT CTC TTC TG 

HKOR_EcoRI_Forward TTG ATG AAT TCC TGG CCT TT 

HKOR_E297(6.58)K_Forward TCA TCC TGG TGA AGG CTC TG 

HKOR_E297(6.58)K_Reverse CAG AGC CTT CAC CAG GAT GA 

 

Introduction of mutations into KOPR and MOPR sequences. Primers for reaction 

1 in KOPR: EcoRI (+), E297(6.58)K (-); for reaction 2: SP6 (-), E297(6.58)K (+); for 

reaction 3 in MOPR: BamHI (+), K303(6.58)E (-); for reaction 4: K303(6.58)E (+), SP6 

(-). PCR was performed using 10 ng/µl DNA. Each reaction had 1 µl DNA, 5 µl of 10X 

forward and reverse primer (both at 5 µM) and 39 µl of Master Mix containing 20 µl 10X 

buffer, 4 µl PFU and 4 µl 50X dNTPs diluted to 39 µl with ddH2O. After PCR, a 1% 

agarose gel electrophoresis was performed to confirm size of PCR products. Products 

were purified using the QIAQuick PCR Purification Kit. Overlap PCR was then 

performed on the PCR products from reaction 1 and 2 (KOPR) using the EcoRI and SP6 

primers and reactions 3 and 4 (MOPR) using the BamHI and SP6 primers. After overlap 

PCR, a 1% agarose gel was run to confirm product size and bands were cut out of the gel 

for purification with the QIAQuick Gel Purification Kit. The mutant receptors were 

confirmed by sequencing from Genewiz, Inc. (South Plainfield, NJ). 

Insertion of PCR products into pcDNA3 vectors. The KOPR PCR overlap 

products were digested with BamHI and XhoI, as was the pcDNA3 vector. The MOPR 

PCR overlap products were digested with EcoRI and XhoI, as was the pcDNA3 vector. 

Four µg DNA of MOPR and KOPR PCR overlap products was used with a total enzyme 

volume of 4 µl (2 µl/enzyme). Digestion was performed for 2 hr at 37ºC, and a 1% 
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agarose gel was run to quantitate total DNA concentration. For ligation, 10 µl DNA was 

used in a ratio of 3:2 vector:insert. The total reaction volume was 20 µl, with 1 µl DNA 

ligase per reaction. Ligation was performed for 10 min at room temperature, then the 

products were purified using the QIAQuick PCR Purification Kit. 

Transformation of vectors into E. coli cells. Top10 E. coli (1x1012) were diluted 

1:3 with GYT (glycerol, tryptone, yeast extract) medium, and 10% ligation product was 

added to the tube. Cells were electroporated with the parameters: low resistance 200, high 

500; 25 capacitance and 2.5 kV. The time constant for all electroporations were ~4.7. The 

bacteria were plated on agar plates (LB broth + ampicillin) and incubated at 37ºC 

overnight. Individual colonies were chosen and placed into 2 ml LB broth + ampicillin 

for 16h at 37ºC. A Mini-Prep was performed on 1 ml of this incubation mix. To confirm 

the colonies contained the insert and not just an empty vector, the purified Mini-Prep was 

digested with EcoRI and XhoI for the KOPR and BamHI and XhoI for MOPR in a final 

volume of 10 µl – 8 µl of Mini-Prep DNA and 2 µl of Master Mix containing 10X Buffer 

H and enzyme mix in a 1:1 ratio. The digestion was performed for 1 hr at 37ºC, and a 1% 

agarose gel was run and one of the clones containing the insert was sent for DNA 

sequence determination to Genewiz, Inc. After confirmation of the correct sequence, a 

larger volume of bacteria was cultured from the remaining incubation mix and a 

Maxiprep was prepared. 

Transfection of DNA into cell lines. Blank N2A mouse neuroblastoma (N2A) cells 

were grown to about 70% confluence in 100-mm dishes and transfected with either wild 

type or mutant DNA (10 µg) in a ratio of 1:3 DNA:lipofectamine 2000 (30 µl). The 

medium used for culture was minimal essential medium (MEM) supplemented with 10% 
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FBS, 100 units/ml penicillin and 100 g/ml streptomycin in a humidified atmosphere 

consisting of 5% CO2 and 95% air at 37ºC with an initial concentration of 0.5 mg/ml 

G418 (geneticin) as selective pressure. Transiently transfected cells were tested with 

[3H]diprenorphine binding to confirm that cells expressed a functional receptor. The 

concentration of G418 was gradually decreased to 0.2 mg/ml and clonal cell selection 

was performed using the anti-HA antibody for the MOPR and the anti-FLAG M1 

antibody for the KOPR (both 1:500) as the primary antibodies and AlexaFluor 488 goat 

anti-mouse (1:1000) as the secondary antibody. Flow cytometry was performed to select 

clonal cells expressing the plasmids with the tagged receptor (Influx sorter, Flow 

cytometry core, Temple University School of Medicine). Single cells were cultured in 96-

well plates, then 24-well, 6-well, and eventually 100 mm dishes with minimal essential 

medium (MEM) supplemented with 10% FBS, 0.2 mg/ml geneticin, 100 units/ml 

penicillin, and 100 g/ml streptomycin in a humidified atmosphere consisting of 5% CO2 

and 95% air at 37ºC. 

Cell membrane preparation 

For all binding assays, cell membranes were prepared according to a modified 

procedure of Wang et al. (2005). Cells were washed twice and harvested in PBS 

containing 0.5 mM EDTA and centrifuged at 500 g for 3 min. The cell pellet was 

suspended in lysis buffer (25 mM Tris, pH 7.4, 1 mM EDTA and 0.1 mM PMSF), passed 

through a 26 3/8-gauge needle 10 times and then centrifuged at 46,000 g for 30 min. The 

pellet was rinsed twice with lysis buffer and resuspended in 50 mM Tris-HCl buffer / 

0.32 M sucrose (pH 7.4), aliquoted and frozen in dry ice/ethanol, and stored at -80ºC. 
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Protein concentration was determined by the bicinchoninic acid assay. All procedures 

were performed at 4ºC. 

Saturation binding with [3H]diprenorphine  

Saturation binding of [3H]diprenorphine was performed to determine the Kd and 

Bmax values of [3H]diprenorphine of the four receptors, using 50 μg membrane protein per 

reaction, 11 concentrations of [3H]diprenorphine were used – 0.025, 0.05, 0.075, 0.1, 0.2, 

0.3, 0.4, 0.5, 1, 1.5, and 2nM. Binding was performed in 50 mM Tris-HCl buffer 

containing 1 mM EGTA (pH 7.4) in a final volume of 1 ml. Nonspecific binding was 

determined in the presence of the opioid antagonist naloxone (10 μM). The reaction 

mixture was incubated for 1 hr at room temperature and terminated by filtration under 

reduced pressure with GF/B filters presoaked in 0.1 mg/ml BSA and 0.2% 

polyethyleneimine. Filters were washed three times with ice-cold 50 mM Tris-HCl buffer 

containing 0.15 M NaCl (pH 7.4). Radioactivity on filters was determined by liquid 

scintillation counting. All experiments were performed in duplicate and repeated at least 

three times. Kd and Bmax values of [3H]diprenorphine were calculated with GraphPad 

Prism Software.  

Inhibition of [3H]diprenorphine binding to receptors by β-FNA 

The binding affinity of B-FNA to rMOPR and hKOPR (wild type and mutant) 

was determined by inhibition of [3H]diprenorphine ([3H]DIP) binding to N2A 

membranes. Binding was performed with [3H]DIP at a concentration close to its Kd value 

(0.4 nM), using 9 concentrations (0.01 nM – 10 μM) of unlabeled β-FNA. The reaction 

was performed in 50 mM Tris-HCl buffer containing 1 mM EGTA and 0.1% (w/v) BSA 

(pH 7.4) at room temperature for 1 hr in duplicate in a volume of 1 ml with 25-50 μg of 
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membrane protein. Naloxone (10 μM) was used to define nonspecific binding. The 

reaction was terminated by filtration of bound and free [3H]DIP with GF/B filters 

presoaked with 50 mM Tris, pH 7.4, 0.1 mg/ml BSA, and 0.2% polyethyleneimine under 

reduced pressure. The filter was washed with ice-cold buffer containing 100 mM Tris 

(pH 7.6) and 0.15 M NaCl and radioactivity in filters were determined by liquid 

scintillation counting. This binding was repeated 3 times and data were analyzed and the 

IC50 value of β-FNA was determined with GraphPad Prism Software.  

[35S]GTPγS binding 

[35S]GTPγS binding was performed according to procedures previously published 

by our laboratory (Zhu et al., 1997; Wang et al., 2005). Briefly, membranes (containing 5 

µg protein) were incubated with 5-7.5 μM GDP and ~0.4-0.5 nM [35S]GTPγS in a 

reaction buffer (50 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA) with a final 

volume of 0.5 ml for 1 hr at 30°C. Six concentrations of β-FNA ranging from 0.1 nM – 

10 μM were used to activate G proteins. Nonspecific binding was defined by 1 μM 

unlabeled GTPγS. The reaction was terminated by filtration to separate bound and free 

[35S]GTPγS onto GF/B filters with ice-cold buffer containing 50 mM Tris (pH 7.6), 5 

mM MgCl2 and 50 mM NaCl under reduced pressure. Radioactivity in filters was 

determined by liquid scintillation counting. All experiments were performed in duplicate 

and repeated 3 times. Data analysis was performed using Prism GraphPad Software. 

Irreversible [3H]β-FNA binding 

Irreversible binding was performed according to Chen et al. (1995, 1996)) Total 

(irreversible + reversible) binding and irreversible binding were performed side-by-side 

with the same amount of proteins per tube for calculation of reversible binding. Briefly, 
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membranes were incubated with 1.5-10 nM [3H]β-FNA for 75 min at 37°C in TEL buffer 

(50 mM Tris-HCl, 1 mM EGTA, 4 μM leupeptin, pH7.4) containing 200 mM NaCl and 1 

mM PMSF. Naloxone at a final concentration of 10 μM was used to define nonspecific 

binding. The total binding reaction was terminated by filtration under reduced pressure 

onto GF/B filters presoaked with 50 mM Tris, pH 7.4, 0.1 mg/ml BSA and 0.2% 

polyethyleneimine. The irreversible binding reaction was terminated by placing on ice 

and adding ice-cold TCA to a final concentration of 10% to disrupt any non-covalent 

bonds. The tubes were then spun at 2000 x g for 30 min at 4°C, the supernatant was 

aspirated, and 10% ice-cold TCA was added to the pellet and sonicated briefly. This 

reaction was then placed on ice for 20 min before filtration onto presoaked GF/B filters. 

The washing buffer and filter buffer were both 1% TCA. Filters were placed in 

scintillation fluid overnight and counted for radioactivity the following day for both the 

total and irreversible binding reactions.  

 

Results 

Mutations in the KOPR and MOPR did not alter Kd values of [3H]DIP 

The first step in characterization of the mutant KOPR and MOPR was to perform 

saturation binding using [3H]DIP, a nonselective opioid antagonist. The results are shown 

in Fig. 6A. The mutations did not alter the affinity of [3H]DIP for the receptors, 

indicating that mutations do not appreciably change the binding pocket. Additionally, 

clonal cell lines with similar Bmax values were chosen for the experiments. The wild type 

KOPR, E297(6.58)K KOPR and K303(6.58)E MOPR have similar Bmax values, at ~500-

900 fmol/mg protein. The wild type MOPR had approximately 3x as high a Bmax value as 
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the wild type KOPR (1500 fmol/mg protein vs. 500 fmol/mg protein, respectively).These 

data suggest that the mutations do not drastically affect receptor expression. The data are 

summarized in Table 1. 

Mutations in the KOPR and MOPR did not alter the IC50 value of β-FNA 

After [3H]DIP saturation binding revealed similar Kd values for all four receptors, 

inhibition of [3H]DIP binding by unlabeled β-FNA was performed (Fig. 6B). β-FNA was 

able to fully compete with [3H]DIP for binding to wild type and mutant KOPR and 

MOPR with similar affinities. For all receptors, the mean IC50 values were between 4-10 

nM, as detailed in Table 1. 
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Fig. 6. K303(6.58)E mutation in the MOPR and E297(6.58)K mutation did not 

change affinity of [3H]diprenorphine and β-FNA. (A) ([3H]DIP) saturation binding 

to wild type and mutant MOPR and KOPR. Saturation binding of [3H]DIP, a 

nonselective opioid antagonist, to the receptors was performed using 50 μg of membrane 

prepared from stably transfected N2A cells. Nonspecific binding was defined using 10 

μM naloxone. Shown is a representative saturation curve for each receptor. The 

mutations did not change [3H]DIP affinity for either KOPR or MOPR mutants compared 

to wild type. Kd and Bmax values are shown in Table 1. (B) Inhibition of [3H]DIP 

binding to the wild type and mutated receptors by unlabeled β-FNA. Inhibition of 

[3H]DIP (~0.4 nM) binding by β-FNA was performed using 25-50 μg of membrane 

prepared from stably transfected N2A cells and varying concentrations (0.01 nM – 10 

μM) of β-FNA. Nonspecific binding was defined using 10 μM naloxone. The data shown 

represent the mean ± SEM of three independent experiments performed in duplicate. IC50 

values were determined and are shown in Table 1. Mutations in the MOPR and KOPR 

did not affect β-FNA affinity for the receptors. 
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Mutations in the KOPR and MOPR did not change the efficacy of β-FNA in the 

[35S]GTPγS assay 

β-FNA is an antagonist at the MOPR and an agonist at the KOPR. In order to 

determine if the mutations changed the efficacy of β-FNA for KOPR and MOPR, 

[35S]GTPγS binding was performed at all 4 receptors, and the results for the KOPR are 

shown in Fig. 7 and summarized in Table 1. At the MOPR, β-FNA did not activate the 

wild type or mutant receptor (data not shown). At the KOPR, the EC50 and Emax for 

[35S]GTPγS binding was unaltered by the E297(6.58)K mutation. The mean EC50 values 

for the wild type and mutant KOPR were around 6 and 8 nM, respectively. The Emax 

values were the same for both receptors (Table 1). Therefore, the mutations have no 

effect on efficacy of β-FNA at the KOPR or the MOPR. 
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Fig. 7. β-FNA is an agonist at the wild type and mutant KOPR, but not at the wild 

type and mutant MOPR. β-FNA is an agonist at the KOPR and an antagonist at the 

MOPR. Agonist activity was assessed using [35S]GTPγS (0.08-0.1 nM) binding with 5 μg 

membrane prepared from stably transfected N2A cells in the presence of 5 μM GDP. 

Nonspecific binding was defined with 1 μM cold GTPγS. The basal level of binding was 

about 0.4-0.7 fmol/5 µg membrane protein (1100-2000 dpm/tube) for wild type and 0.4-

0.6 fmol/5 µg membrane protein (1200-1500 dpm/tube) for E297(6.58)K KOPR, while 

maximum stimulation (excluding basal level) was 0.9-1.4 fmol/5 µg membrane protein 

(2700-3900 dpm/tube) for wild type and 0.8-1.2 fmol/5 µg membrane protein (2200-3200 

dpm/tube) for E297(6.58)K KOPR. Basal levels were subtracted from each datum, and 

the percentage (%) stimulation over basal was calculated. Shown here is the mean ± SEM 

of three independent experiments performed in duplicate at the wild type KOPR and 

E297(6.58)K KOPR. Mutations do not change the efficacy of 10 μM β-FNA. There is no 

stimulation at the wild type MOPR and K303E MOPR (data not shown). The Emax and 

EC50 for wild type KOPR and E297(6.58)K KOPR are shown in Table 1. 
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Mutation of K303(6.58) in the MOPR alters the irreversible binding of [3H]β-FNA 

Total [3H]β-FNA binding to the 4 receptors was performed alongside irreversible 

[3H]β-FNA binding at doses ranging from 1.5-10 nM. The results of the binding can be 

seen in Figs. 8 and 9 and summarized in Table 1. Normally, β-FNA binds reversibly to 

the KOPR and both reversibly and irreversibly (covalently) to the MOPR (Liu-Chen et 

al., 1990). In our KOPR wild type and mutant, the reversible binding of β-FNA was 

maintained. However, in the K303(6.58)E MOPR mutant, β-FNA irreversible binding 

was drastically reduced (Fig. 10). In the wild type MOPR, ~60% of the total [3H]β-FNA 

binding to the receptor was irreversible binding. However, in the mutant, only 20% of 

[3H]β-FNA bound irreversibly, demonstrating the mutation reduces irreversible binding 

by 2/3. At 10 nM [3H]β-FNA, specific irreversible binding to the MOPR and 

K303(6.58)E MOPR was about 3700 and 500 dpm/0.1 mg protein, respectively. [3H]β-

FNA did not bind irreversibly to both KOPR and E297(6.58)K KOPR (Fig. 10) 
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Fig. 8. Irreversible binding of [3H]β-FNA to wild type and mutant MOPR and 

KOPR. Irreversible binding of [3H]β-FNA was performed on 100 μg of membranes 

prepared from stably transfected N2A cells. The data shown are the total, nonspecific and 

specific irreversible binding from one of three experiments performed at each receptor. 

Wild type KOPR and E297(6.58)K KOPR do not show any irreversible binding. Wild 

type MOPR shows a high level of irreversible binding while K303(6.58)E MOPR shows 

a reduced level of irreversible binding. The percentage of irreversible binding as 

compared to total binding is shown in Table 1. 
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Fig. 9. Reversible binding of [3H]β-FNA to wild type and mutant MOPR and KOPR. 
Total (reversible plus irreversible) binding of [3H]β-FNA was performed alongside 

irreversible binding on 100 μg of membranes prepared from stably transfected N2A cells. 

Reversible binding was calculated by subtracting the specific irreversible binding from 

the total specific binding. Representative data from one of three experiments on each 

construct is shown. All 4 receptors bind [3H]β-FNA with similar affinity, with Kd values 

shown in Table 1.  
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Fig. 10. Specific binding of [3H]β-FNA to wild type and mutant MOPR and KOPR. 
Specific binding [Total (reversible + irreversible), reversible, irreversible] is shown for 

wild type and mutant MOPR and KOPR. Wild type MOPR shows an appreciable level of 

irreversible binding, with the K303(6.58)E MOPR mutant showing a diminished level of 

irreversible binding. Wild type and mutant E297(6.58)K KOPR do not show any 

irreversible binding. Representative data from one of three experiments on each receptor 

is shown.  

 

Discussion 

We found that mutation of K303(6.58) to Glu at the extracellular end of TM6 of 

the MOPR greatly reduced irreversible binding of β-FNA, indicating that K303(6.58) is 

critical for the binding. Since it has been shown that β-FNA forms a covalent bond with 

K233(5.39) at the extracellular end of the TM5 in the MOPR (Chen et al., 1996; Manglik 

et al., 2012), this result supports our hypothesis that K303(6.58) of the MOPR helps to 

position β-FNA for covalent bond formation with K233(5.39).  
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Fig. 11A shows the MOPR with β-FNA docked into the binding site as 

demonstrated by the X-ray crystal structure (Manglik et al., 2012). The ε-amino group of 

K303(6.58) interacts with the oxygen of the C=O of the acetate group of β-FNA to allow 

covalent bond formation between the ε-amino group of K233(5.39) and the fumarate 

group of β-FNA. When K303(6.58) was mutated to Glu, the carboxyl group of Glu repels 

the C=O of the acetate group of β-FNA and increase the distance between the ε-amino 

group of K233(5.39) and the fumarate group, making it difficult for the covalent bond to 

form (Fig. 11B). This is the first report of the involvement of K303(6.58) in the MOPR 

being important for covalent bond formation between β-FNA and the MOPR.  

 

 
Fig. 11. Proposed interaction between residues in MOPR and β-FNA. The methyl 

acetate group of β-FNA interacts with K303(6.58) in the wild type receptor. When this 

residue is mutated to a negatively-charged glutamic acid, there is a repulsion, which 

changes the position of the double bond in the fumaramate preventing a covalent bond 

formation. 

 

Our finding is consistent with the previous report that substitution of the sequence 

of the MOPR from the intracellular end of the TM5 to the C-terminus with that of the 

KOPR abolished irreversible binding of β-FNA (Chen et al., 1995). Within this sequence, 

E297(6.58) in the third extracellular loop of the KOPR appears to play a critical role.  
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The residue 6.58 is divergent in the opioid receptors: K303 in MOPR, E297 in 

KOPR and W285 in DOPR. This amino acid has been found to contribute to ligand 

binding selectivity in the MOPR and KOPR. K303(6.58) contributes to the selectivity of 

DAMGO for the MOPR. It is among the four amino acid residues critical for DAMGO 

binding to the MOPR (Seki et al., 1998).  

It has been shown that E297(6.58) in the KOPR is necessary for norBNI binding 

(Hjorth et al., 1995; Jones et al., 1998; Larson et al., 2000), but interestingly, does not 

affect (-)-naloxone or diprenorphine binding. When the equivalent residue Lys303 in the 

MOPR was mutated to Glu, binding of norBNI to the MOPR was enhanced. Molecular 

modeling showed that the carboxyl group of the E297(6.58) interacted with N’17 group 

of norBNI to enhance affinity of norBNI for the KOPR and hence contributed 

significantly the selectivity of norBNI for the KOPR over the MOPR. Vardy et al. (2013) 

showed that E297(6.58) mutation affected dynorphin A binding, but not binding of 

U69,593 or salvinorin A.   

K303(6.58)E mutation in the MOPR greatly reduced β-FNA irreversible binding, 

but in the KOPR, E297(6.58)K mutation did not enable the KOPR to bind β-FNA 

irreversibly. A KOPR mutant containing the MOPR sequence from the intracellular end 

of the TM5 to the C-terminus bound β-FNA irreversibly (Chen et al., 1995). Thus, more 

residues are involved in allowing positioning of β-FNA for covalent bond formation, 

which requires further investigation. Indeed for DAMGO, (Seki et al. (1998) reported 

that a KOPR mutant containing four substitutions [E297K + Y313H + Y312W + S310V], 

in which Glu297, Ser310, Tyr312 and Tyr313 of the KOPR were changed to the 

corresponding residues Lys, Val, Trp and His, respectively, in the MOPR bound to 

DAMGO with high affinity and mediated DAMGO-induced inhibition on adenylyl 

cyclase. 
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Our finding has important implications for design of selective MOPR antagonists. 

Currently, there is no selective reversible non-peptide MOPR antagonist. Two selective 

MOPR antagonists are peptides (CTAP and CTOP). Non-peptide antagonists naloxone, 

naltrexone and diprenorphine are nonselective for the three opioid receptors. Our study 

indicates that K303(6.58) may be useful in drug design as a point of interaction for 

selective epoxymorphinan MOPR antagonists that do not form covalent bonds with the 

receptor. 
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Table 1. Summary of receptor binding and [35S]GTPγS binding data. Saturation binding of [3H]DIP, inhibition by β-FNA of 

[3H]DIP binding and [3H]β-FNA total and irreversible binding to the wild type and mutant receptors and β-FNA-stimulated 

[35S]GTPγS binding were performed as described in Materials and Methods. Each experiment was performed in duplicate 3 times and 

the data shown are expressed as mean ± SEM with 95% CI for IC50 and EC50. Values were calculated by nonlinear regression analysis 

in GraphPad Prism.

  [
3
H]diprenorphine [

3
H]β-FNA [

35
S]GTPγS 

  K
d
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max
 β-FNA IC

50
 K

d (rev 

binding) 

 E
max

 EC
50

 

  
nM 

fmol/mg 

protein 
nM nM 

% 

irreversible/total 

% over 

basal 
nM 

Wt MOPR 0.12 ± 0.02 1571 ± 96 
4.08 

3.09-5.39 
2.04 ± 0.68 63.6 ± 2.97 NA NA 

K303(6.58)E 

MOPR 
0.42 ± 0.11 904 ± 195 

10.2 

8.14-12.8 
9.98 ± 3.64 20.5 ± 6.22 NA NA 

Wt KOPR 0.15 ± 0.01 531 ± 23 
7.78 

6.63-9.13 
5.95 ± 0.94 NA 

105.8 ± 

10.1 

5.95 

1.11-31.9 

E297(6.58)K 

KOPR 
0.13 ± 0.03 851 ± 74 

4.29 

3.10-5.92 
10.3 ± 3.39 NA 107.1 ± 6.6 

8.96 

3.02-26.6 
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CHAPTER 3 

CHARACTERIZATION OF FUNCTIONAL SELECTIVITY AT THE KOPR: 

FROM IN VITRO TO IN VIVO 

 

Introduction 

Functional selectivity, also known as ligand bias or biased signaling, is a recent 

finding for seven-transmembrane receptors (7TMRs) (Urban et al., 2007; Whalen et al., 

2011; Wisler et al., 2014). Traditionally, activation of a 7TMR produces signaling 

through the G proteins and second messenger systems. Repeated agonist exposure causes 

7TMR internalization and desensitization, which is arrestins-mediated (Lohse et al., 

1990; Hausdorff et al., 1990). However, it has recently been shown that arrestins, in 

addition to their roles in 7TMR regulation, also serve as scaffolds for other second 

messenger pathways leading to a variety of responses (Luttrell et al., 1999; McDonald et 

al., 2000; Luttrell et al., 2001; Lefkowitz and Shenoy, 2005). Many 7TMRs have been 

shown to have biased agonists, for example, the angiotension AT1, β2-adrenergic and μ 

and  opioid receptors (Shenoy and Lefkowitz, 2005; Gesty-Palmer et al., 2006; Drake et 

al., 2008; Labasque et al., 2008; Rivero et al., 2012). 

KOPR agonists have been shown to have therapeutically beneficial effects such as 

their ability to inhibit pruritus in kidney dialysis patients (Togashi et al., 2002; Nakao and 

Mochizuki, 2009), reduce scratching in a variety of animal models (Inan and Cowan, 

2004; Inan and Cowan, 2006), cause analgesia without respiratory depression seen in 

MOPR agonists (Fraser and Rosenberg, 1964; Martin et al., 1965; Martin, 1983) and their 

ability to cause pure water diuresis effects (Slizgi and Ludens, 1982; Leander, 1983; 
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Leander, 1984). However, their usefulness in humans is limited by the discovery that 

agonists at the KOPR cause dysphoria (an unpleasant or aversive state) (Pfeiffer et al., 

1986). 

The recent constellation of data on KOPR signaling indicates that the beneficial 

effects of antipruritis, analgesia and water diuresis may be able to be separated from the 

unpleasant sensation of dysphoria. For example, our laboratory has found that in CHO 

cells stably transfected with the human KOPR, etorphine, a non-selective opioid agonist, 

activates KOPR-mediated G-protein signaling without inducing receptor internalization, 

which is mediated by β-arrestins (Li et al., 1999; Li et al., 2003). However, because of its 

lack of selectivity among opioid receptors (Simon et al., 1973), the in vivo functional 

selectivity of etorphine was not studied.  

Other groups have published on the occurrence of functional selectivity in 

individual or a small number of KOPR agonists, with no available comprehensive 

quantitative study on a wide variety of agonists using the same cell line at the human and 

mouse KOPR (hKOPR and mKOPR, respectively). Therefore, our study sought to 

quantify the extent of ligand bias for a number of different KOPR agonists in vitro and to 

determine if this bias translates in vivo. To accomplish this, we used mouse 

neuroblastoma (N2A) cells to perform [35S]GTPγS binding as a measure of G protein 

activation and the on-cell Western assay as a measure of β-arrestin-mediated receptor 

internalization at both the hKOPR and mKOPR.  

We then used the equation for ligand bias developed by Ehlert and colleagues 

(Griffin et al., 2007; Ehlert, 2008; Ehlert et al., 2011) to quantify the degree of bias for 
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each ligand and chose biased ligands at the mKOPR to do in vivo studies in CD-1 mice. 

We chose to look at antinociception produced in the formalin pain test which is G 

protein-mediated (McLaughlin et al., 2004) and dysphoria as measured by conditioned 

place aversion, known to be β arrestin-mediated (Bruchas et al., 2007). We also examined 

inhibition of scratching caused by compound 48/80 since it is unknown whether this is 

mediated by G proteins or arrestins 

Materials and Methods 

Materials 

[35S]GTPγS (1250 Ci/mmol), [15, 16-3H]diprenorphine (36-50 Ci/mmol), 

[Phenyl-3, 4-3H]U69,593 (43.6 Ci/mmol) were purchased from PerkinElmer Life 

Sciences (Boston, MA); EGTA, EDTA, anti-FLAG (M1), polyethyleneimine, formalin, 

paraformaldehyde (PFA), compound 48/80, Kolliphor EL, leupeptin hydrochloride, 

bovine serum albumin (BSA), phenylmethylsulfonyl fluoride (PMSF), GDP and GTPγS 

were purchased from Sigma-Aldrich (St. Louis, MO). HBSS with Ca2+ and Mg2+ and 

geneticin (G418) were purchased from Cellgro Mediatech, Inc. (Herndon, VA). Minimal 

essential medium (MEM), trypsin and penicillin/streptomycin were purchased from 

Gibco Life Technologies (Grand Island, NY). Dynorphin A (1-17) and dynorphin B were 

purchased from Phoenix Pharmaceuticals (Belmont, CA). IRDye 800CW goat anti-

mouse, Sapphire 700, DRAQ5 and blocking buffer were purchased from LI-COR, Inc. 

(Lincoln, NE). The following reagents were purchased from the indicated companies: 

bicinchoninic acid assay (BCA) reagents, Thermo Fisher Scientific, Inc. (Rockford, IL); 

GF/B glass filters, Brandel, Inc. (Gaithersburg, MD); EcoScint scintillation fluid, 
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National Diagnostics (Atlanta, GA); fetal bovine serum (FBS), Atlanta Biologicals 

(Atlanta, GA); anti-HA monoclonal antibody HA-11 clone 16B12 MMS-101R, Covance 

(Princeton, NJ).  

The following drugs were generously provided by the indicated 

companies/institutions: naloxone, U50,488H, ethylketocyclazocine (EKC), butorphanol, 

ICI-199441, nalbuphine, nalorphine, levorphanol, pentazocine, etorphine and β-

funaltrexamine (β-FNA) by the National Institute on Drug Abuse (Bethsada, MD). 

Bremazocine was from Sandoz (Basle, Switzerland). Enadoline was from Parke-Davis 

(Cambridge, UK). Nalfurafine was provided from Adolor (now-defunct, Exton, PA). 

Tifluadom was from ICI (Macclesfield, UK). Spiradoline (U62,066) and U69,593 were 

from Upjohn Co. (Kalamazoo, MI). Xorphanol was provided by H.G. Pars Company 

(Cambridge, MA). 12-epi-salvinorin A (12epiSalA) was synthesized in the laboratory of 

Dr. Tom Prisinzano at the University of Kansas (Lawrence, KS). Salvinorin B 

ethoxymethyl ether (EOM-SalB), salvinorin B methoxymethyl ether (MOM-SalB) and 

salvinorin A (SalA) were synthesized at McLean Hospital at Harvard University 

(Belmont, MA) 

Cell lines and membrane preparation 

The following is a modified procedure from Wang et al.(2005). Clonal mouse 

neuroblastoma (N2A) cells stably transfected with the FLAG-tagged mouse or HA-

tagged human kappa opioid receptor were established as described previously (Xu et al., 

2000; Chen et al., 2011). Cells were cultured in 100-mm culture dishes in Minimum 

Essential Media (MEM) supplemented with 10% FBS, 0.2 mg/ml geneticin, 100 units/ml 
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penicillin, and 100 µg/ml streptomycin in a humidified atmosphere consisting of 5% CO2 

and 95% air at 37°C. Membranes were prepared according to a modified procedure of 

Zhu et al. (1997). Cells were washed twice and harvested in 1x PBS containing 0.5 mM 

EDTA and centrifuged at 500 g for 3 min. The cell pellet was suspended in lysis buffer 

(25 mM Tris, pH 7.4, 1 mM EDTA and 0.1 mM phenylmethylsulfonyl fluoride [PMSF]), 

passed through a 26 3/8-gauge needle 10 times and then centrifuged at 46,000 g for 30 

min. The pellet was rinsed twice with lysis buffer and resuspended in 50 mM Tris-HCl 

buffer / 0.32 M sucrose (pH 7.4), aliquoted and frozen in dry ice/ethanol, and stored at -

80°C. Protein concentration was determined by the bicinchoninic acid assay (BCA). All 

procedures were performed at 4°C. 

Saturation binding with [3H]diprenorphine 

To determine the Kd and Bmax of the two cell lines being used, saturation binding 

was performed. Using 25-40 μg membrane protein per reaction, 11 concentrations of 

[3H]diprenorphine were used – 0.025, 0.05, 0.075, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, and 2nM. 

In Binding was performed in 50 mM Tris-HCl buffer containing 1 mM EGTA (pH 7.4) in 

a final volume of 1 ml. Nonspecific binding was determined in the presence of the opioid 

antagonist naloxone (10 μM). The reaction mixture was incubated for 1 hr at room 

temperature and terminated by filtration under reduced pressure with GF/B filters 

presoaked in 0.1 mg/ml BSA and 0.2% polyethyleneimine. Filters were washed three 

times with ice-cold 50 mM Tris-HCl buffer containing 0.15 M NaCl (pH 7.4). 

Radioactivity on filters was determined by liquid scintillation counting. All experiments 

were performed in duplicate and repeated at least three times. 
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Ligand-stimulated [35S]GTPγS binding 

[35S]GTPγS binding was performed as previously described following a modified 

protocol from Zhu et al. (1997). Briefly, membranes (containing 10 µg protein) were 

incubated with 20-25 µM GDP and ~0.4 nM [35S]GTPγS in reaction buffer (50 mM 

HEPES, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, pH 7.4) and various concentrations 

of a ligand in a final volume of 0.5 ml. Reaction mixtures were incubated for 1 hr at 

30ºC. Nonspecific binding was determined in the presence of 10 µM GTPγS. 

Subsequently, bound and free [35S]GTPγS were separated by filtration with GF/B filters 

under reduced pressure and the filter was washed with ice-cold buffer containing 50 mM 

Tris (pH 7.6), 5 mM MgCl2 and 50 mM NaCl. Radioactivity in filters was determined by 

liquid scintillation counting. All experiments were performed in duplicate and repeated at 

least three times.  

On-cell Western assay 

The following is a modified protocol from Zhao et al. (2010). Cells were plated at 

a density of 20,000-30,000 cells/well in 96-well plates and 40 hr later media was 

aspirated. Cells were incubated with each test drug at various concentrations (0.01 nM – 

10 μM) in serum-free MEM for 1 h. Cells were rinsed with cold PBS containing Ca2+ and 

Mg2+ and incubated with a mouse monoclonal anti-HA antibody (4 µg/ml) for the 

hKOPR or mouse monoclonal M1 anti-FLAG antibody for the mKOPR (6 µg/ml, in 3% 

BSA + HBSS) on ice for 1 hr at 4°C. They were rinsed and fixed with 4% 

paraformaldehyde for 10 min. After washing, blocking was performed for 1 hr with LI-
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COR blocking buffer followed by a 1 hr-incubation in the dark with LI-COR 800CW-

conjugated goat anti-mouse antibody (1:800 in blocking buffer), which labeled cell-

surface receptors in green. Cells were also co-stained with two cellular stains: 

Sapphire700 and DRAQ5 (1 mM) (1:1000 and 1:2000, respectively), which stained the 

nuclei and cytoplasm with a red color and was used to normalize for well-to-well 

variation in cell number. Overlapping cell stain (red) and receptor immunostaining 

(green) were measured with an Odyssey IR image analysis system (LI-COR Bioscience). 

Quantitation was performed by taking the ratio of the intensity of the 800 channel (green, 

receptor) divided by the intensity of the 700 channel (red, cell stain) and comparing it to 

that of the control. A minimum of three independent dose-response experiments were 

performed in triplicate for each agonist. 

Log RAi calculation  

Intrinsic reactive activity (RAi) of each agonist was calculated as described by 

Ehlert and his colleagues (Griffin et al., 2007; Ehlert, 2008; Ehlert et al., 2011) using the 

following equation:  

 

 

Y: response; X: agonist concentration; Msys: the maximum response of the system; P, 

pEC50 of the agonist; Q, log RAi of the agonist; m: a slope factor. 

 

For either endpoint, enadoline was used as the reference compound to be 

normalized against because of its high efficacy in both endpoints. For the curve fitting, it 
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requires that a compound with high efficacy is used as the reference compound. Log RAi 

values of each agonist for both pathways were calculated and the bias was calculated as 

follows.  

Bias = Log RAi (GTPγS) - Log RAi (internalization) 

 

We designated dynorphin A as the balanced agonist since it is an endogenous 

peptide and the bias value of dynorphin A was subtracted from each bias value. A 

positive value indicates G protein-biased, whereas a negative value denotes arrestin-

biased, with respect to dynorphin A.  

Ligands which have values around -0.5 to +0.5 can be interpreted as being 

unbiased. 

Animals  

Male CD-1 mice (Charles River Laboratories, Wilmington, MA), weighing 

between 30-35 g, were used for all of our behavioral experiments, except for the ex vivo 

whole brain binding, for which C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME) 

were used in addition to CD-1 mice. We believe that the higher receptor expression in 

these animals allows us to detect subtle differences in in vivo behaviors between the 

various agonists. Mice were housed in the animal facility under a 12 hr light/dark cycle 

with lights on at 7:00 AM and allowed food and water ad libitum until the time of each 

experiment. All procedures were conducted in accordance with the National Institutes of 

Health guidelines for the Care and Use of Laboratory Animals and with approval from 

Temple University School of Medicine Institutional Animal Care and Use Committee. 
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All experimental groups contained at least 8 mice. Unless otherwise noted, injections of 

KOPR agonists were given in a volume of 0.1 ml/10 g body weight. 

The drugs used for in vivo work were U50,488H, a generous gift from NIDA, 

MOM-Salvinorin B synthesized by David Lee of McLean Hospital, and nalfurafine was 

obtained from now-defunct Adolor Corp (Exton, PA). The vehicle for U50,488H and 

nalfurafine was saline, while that for MOM-Salvinorin B was 1:1:18 ethanol:Kolliphor 

EL (Sigma):saline. Each animal used was drug-naïve and used only once. 

Compound 48/80 scratching test 

Tests were performed as described by Cowan et al. (Cowan and Kehner, 1997; 

Inan and Cowan, 2004; Inan et al., 2009a). Animals were allowed to acclimate to both the 

testing room and to individual rectangular observation boxes for 1 h. After the 

acclimation period, animals were injected s.c. in the flank with either vehicle or a KOPR 

agonist (0.0025-5 mg/kg). After 20 min, animals were challenged with a 0.1 ml s.c. 

injection into the nape of the neck with compound 48/80 (0.5 mg/ml; 50 μg). After one 

minute, animals were observed for 30 min and the number of hind leg scratching 

movements directed to the neck was counted. Each bout of fast movements was counted 

as one. For each group of mice, the mean values for scratching were normalized to 

relative % reduction of scratching and then plotted vs. dose of KOPR agonist (on a log 

scale) using the following equation: 
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The A50 value was determined by linear regression analysis (GraphPad Software). 

With saline pre-treated mice, compound 48/80 produced around 250-300 scratches in 30 

min. 

Formalin pain test 

This assay involves injection of formalin into the hind paw of a mouse and is the 

most commonly used model of tonic postoperative pain in current analgesic research 

(Hunskaar et al., 1985; Murray et al., 1988; Wheeler-Aceto et al., 1990; Wheeler-Aceto 

and Cowan, 1991). It induces a biphasic pain response (licking of the injected hind paw). 

It is now recognized that formalin provides a continuous (tonic) background of pain that 

may be neurochemically and neurophysiologically different from the transient (phasic) 

pain associated with several other antinociceptive procedures. Animals were randomized 

to receive vehicle, s.c. or varying doses of KOPR agonist, s.c. Mice were tested in pairs. 

Following the vehicle or KOPR agonist, each animal was placed in its own cylindrical 

glass jar (14 cm in diameter). At +5 min after agonist or vehicle, the mouse was removed 

from the jar and mildly sedated by being exposed to 3-5% isoflurane (depth of anesthesia 

monitored by breathing, heart rate and toe pinch reflex). The plantar region of the right 

hind paw was injected s.c. with 20 μl of a 5% formalin solution using a 28G x ½” insulin 

syringe. The mice were returned to their jars for an additional 15 min. A stopwatch was 

used to record the number of seconds each animal licks/grooms the formalin-injected paw 

over a 20 min observation period (from 15 minutes post-formalin injection to 35 minutes 

post-injection). Results for each mouse were normalized into % antinociception using the 

following equation: 
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The A50 value was determined by linear regression analysis in a similar manner as 

in the compound 48/80 scratching test. 

Conditioned place aversion (CPA) 

The experiment was performed with procedures similar to our published method 

for conditioned place preference (Xu et al., 2013)  In this behavioral paradigm, the 

apparatus is a rectangular Plexiglas container (12.7 x 12.7 x 34.7 cm) with two distinct 

equal-sized compartments  that can be closed off by a partition (5 x 5.9 cm). During the 

procedure, all of the lights in the room were off, and each side of the chamber was 

illuminated with a different colored light (5 W) suspended about 15 cm above the 

chamber. One side of the apparatus has a white floor and walls with a red light, while the 

other side has a checkered floor and walls with a blue light. The color of the light and 

design of the floor and walls serve as distinct contextual cues for the animals. During the 

pre-test, each animal was allowed to roam freely between the two compartments for 15 

min, and the time the animal spent on each side was recorded. A biased and 

counterbalanced design was used. In the conditioning phase, two sessions per day were 

conducted, with a minimum of 4 hr between the morning and afternoon conditioning 

sessions, for a total of 12 pairings. Mice were given a s.c. injection of a KOPR agonist in 

their home cage; 15 min later, the animal was placed on the preferred side from the pre-

test and confined to that side for 30 min. Saline (or vehicle) injections were given in the 

same manner and mice were placed on the opposite side during the other session. The 
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timing of the drug and vehicle injections was alternated such that on one day, the drug 

was given in the morning and then the next day it was injected in the afternoon. Over the 

course of the 6 conditioning days, the mice established a contextual basis for their 

responses to the drug. On the day of the post-test, the animals were once again allowed to 

freely roam between the two compartments for 15 min, and time spent on each side was 

recorded. The preference score was calculated by subtracting the time the animal spent 

during the post-test on the drug-paired (initially preferred) side minus the pre-test score. 

A negative preference score indicates aversion, while a positive score indicates 

preference.  

Data analysis 

Dose-response relationships for the compound 48/80 and formalin tests were 

plotted on a semi-log scale and analyzed with linear regression in GraphPad Prism 6.0 

(La Jolla, CA). The conditioned place aversion data were analyzed for significance with 

one-way ANOVA followed by the Newman-Keuls posthoc test for multiple comparisons. 

Statistical significance was defined as P < 0.05. All data are expressed as mean ± SEM 

Results 

In vitro studies 

Expression levels of mKOPR in FLAG-mKOPR-N2A cells and hKOPR in 3HA-

hKOPR-N2A cells. Saturation binding was performed on both cell lines used for in vitro 

experiments using 11 concentrations of [3H]DIP (Fig. 12). The Kd and Bmax values were 

calculated with GraphPad Prism using nonlinear regression. The Kd values of [3H]DIP 

binding to both FLAG-mKOPR and 3HA-KOPR were similar at 0.30 ± 0.06  and 0.19 ± 

0.004 nM (n=3), respectively. However, FLAG-mKOPR had a Bmax of 5.48 ± 0.52  
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pmol/mg protein, 3.5 times higher than the Bmax of 3HA-hKOPR, which was 1.61 ± 0.08 

pmol/mg protein (n=3). 

 

 

 
Fig 12. Saturation curves of FLAG-mKOPR-N2A 3HA-hKOPR-N2A with [3H] DIP. 
Saturation binding was performed with increasing concentrations of [3H]DIP on 25-40 μg 

N2A cell membranes expressing either 3HA-hKOPR or FLAG-mKOPR. The 

experiments were performed in duplicate and repeated three times. Shown is a 

representative saturation curve from one experiment, which were performed three times 

in duplicate. The Kd and Bmax values were calculated with the aid of GraphPad Prism. 

 

Kappa agonists activated G proteins and internalized the receptor in a dose-

dependent fashion at both the hKOPR and mKOPR. As seen in Fig. 13 and 14, KOPR 

agonists had varying potencies and efficacies for [35S]GTPγS binding and receptor 

internalization as measured by the OCW.  

hKOPR:  [35S]GTPγS binding and the on-cell Western (OCW) were performed 

for 23 agonists at the hKOPR. Fig. 13 shows dose-response curves of agonist-induced 

[35S]GTPγS binding (A-D) and internalization (E-H) at the hKOPR for 23 different 

K
d
 = 0.30 ± 0.064 nM 

B
max

 = 5.48 pmol ± 0.52 

mg/protein 

K
d
 = 0.19 ± 0.0044 nM 

B
max

 = 1.61 pmol ± 0.080 mg/protein 
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ligands. Figs. 13A, 13B, 13C and 13D show [35S]GTPγS binding at 3HA-hKOPR-N2A 

for the same ligands as Figs. 13E, 13F, 13G, and 13H, respectively, for the OCW.  

In Fig. 13A, 12epiSalA and dynorphin B were full agonists, producing similar 

maximal responses as U50, 488H. Bremazocine, β-FNA and dynorphin A were mostly 

full agonists (~80% maximal U50, 488H response), while butorphanol was a partial 

agonist for [35S]GTPγS binding. In the OCW, 12epiSalA did not internalize the hKOPR, 

dynorphin A and dynorphin B were full agonists, while β-FNA, bremazocine and 

butorphanol were partial agonists (Fig. 13E).  

For the next set of ligands seen in Fig. 13B and 13F, enadoline, EOM-Salvinorin 

B (EOM-SalB) and ICI-199441 were all full agonists for G protein activation. EKC and 

etorphine were mostly full agonists (~80% maximal U50,488H response), while 

levorphanol was a partial agonist. In the OCW, all of the agonists were full agonists, 

except for levorphanol, which did not internalize the hKOPR.  

In Fig. 13C and 13G, MOM-Salvinorin B (MOM-SalB), nalfurafine and 

salvinorin A (Sal A) were full agonists for [35S]GTPγS binding and receptor 

internalization while nalbuphine, nalorphine and pentazocine were partial agonists.  

In Fig. 13D, tifluadom, spiradoline and U69,593 were full agonists and xorphanol 

was a partial agonist for G protein activation. In the OCW, xorphanol did not cause 

internalization, U69,593 and spiradoline were full agonists, and tifluadom was a partial 

agonist (Fig. 13H). 
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Fig. 13. Dose response curves for KOPR agonists for [35S]GTPγS binding and 

receptor internalization in 3HA-hKOPR-N2A cells. (A-D) [35S]GTPγS binding was 

performed on 10 μg membrane protein in the presence of 5 mM MgCl2, 150 mM NaCl 

and 20-25 μM GDP at 30°C for 60 min as described in the Materials and Methods. Each 

experiment included a dose-response curve of U50,488H and data are expressed as the % 

maximal U50,488H response at 10 μM. Each dose response curve represents the mean ± 

SEM of at least three independent experiments performed in duplicate. (E-H) The OCW 

was performed on live cells and receptor internalization was measured as compared to 

control. 20,000 cells were plated 40 hr before the experiment was performed and the 

agonists were added in serum-free medium at varying concentrations. The anti-HA 

monoclonal antibody was added as the primary antibody, cells were fixed and then 

stained with two cellular stains (Sapphire700 and DRAQ5) with the 800CW goat anti-

mouse antibody as described in Materials and Methods. 12epiSalA, etorphine, 

levorphanol and xorphanol do not cause receptor internalization and are not shown. Each 

dose response curve represents the mean ± SEM of at least three independent 

experiments performed in triplicate.  

(G) 

(H) 
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The EC50 and Emax values of these agonists at the hKOPR for both endpoints are 

shown in Table 2. As seen in the table, many of the agonists tested were full agonists for 

both receptor internalization and G protein activation. The equation developed by Ehlert 

and colleagues (Griffin et al., 2007; Ehlert, 2008; Ehlert et al., 2011), listed in Materials 

and Methods, was used to calculate the Log RAi (G) and Log RAi (I) values, or intrinsic 

reactive activity, for the ligands at the hKOPR. The values of Log RAi (G) - Log RAi (I) 

were obtained for all the agonists (Fig. 15). Dynorphin A (1-17) was used as the 

reference agonist with of Log RAi (G) - Log RAi (I) value of 0. Positive values indicate 

biases towards the G protein pathway, whereas negative values indicate β-arrestins-

biased. Ligands with values of -0.5 to +0.5 can be interpreted as slightly biased or 

unbiased.  

Log RAi (G) – Log RAi (I) values could not be calculated for 12epiSalA, 

xorphanol, etorphine and levorphanol since these ligands did not internalize the hKOPR. 

Most ligands were balanced or arrestin-biased, and only ICI-199441 was G biased. 

Enadoline, nalbuphine, pentazocine, Sal A, tifluadom and butorphanol were arrestin-

biased with respect to dynorphin A.   
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Table 2: Summary of Log RAi (G) – Log RAi (I) values with EC50 and Emax values for receptor internalization as measured by 

the OCW and G protein activation as measured by ligand-stimulated [35S]GTPγS binding at the human KOPR. The 

endogenous ligand for the KOPR, dynorphin A, was designated as the “balanced” reference ligand. Emax values for the OCW are 

measured as % receptor internalization as compared to control, while Emax values for GTPγS are normalized to the response of the full 

agonist U50,488H. For some ligands (etorphine, xorphanol, 12epiSalA and levorphanol), a Log RAi (G) – Log RAi (I) value could not 

be calculated due to their weak ability to cause receptor internalization. All OCW assays were performed in triplicate and repeated at 

least 3 times; all GTPγS assays were performed in duplicate and repeated at least 3 times. The values in the table are expressed as 

mean with 95% confidence intervals.  
      Internalization [35S]GTPγS binding 

 
Log RAi 

(G) 

Log RAi 

(I) 

Log RAi (G) –

Log RAi (I) 
EC

50 
(nM) E

max
 n EC

50 
(nM) 

E
max 

(%U50,488) 
n 

Dynorphin A Designated balanced compound 
12.5 

9.40 – 16.7 

55.5 

51.9 – 59.1 
6 

3.44 

2.52 – 4.71 

73.0 

68.8 – 77.1 
3 

Etorphine - 0.04 NA NA 
4.99 

1.42 – 17.6 

18.6 

16.6 – 20.5 
3 

3.43 

2.71 – 4.36 

72.2 

68.3 – 76.0 
3 

Xorphanol - 0.36 NA NA 
0.647 

0.042 – 9.90 

21.2 

16.5 – 26.0 
3 

1.01 

0.584 – 1.73 

21.4 

17.7 – 25.1 
3 

12epiSalA - 1.47 NA NA NA NA  
134 

56.8 – 317 

90.5 

74.5 – 107 
3 

Levorphanol - 1.84 NA NA NA NA  
49.8 

18.2 – 136 

38.2 

30.3 – 46.2 
3 

Salvinorin A - 0.47 0.98 - 1.46 
2.48 

0.577 – 10.6 

64.3 

52.9 – 75.8 
6 

23.2 

17.0 – 31.5 

103 

96.7 – 109 
3 

Nalbuphine - 1.67 - 0.24 - 1.43 
3.29 

1.34 – 8.06 

23.4 

20.4 – 26.5 
4 

92.5 

10.2 – 842 

39.5 

25.4 – 53.6 
3 

Tifluadom - 1.62 - 0.55 - 1.07 
11.2 

5.20 – 24.0 

29.6 

25.4 – 33.8 
5 

333 

118 – 937 

97.2 

74.8 – 120 
3 

Pentazocine - 1.64 - 0.89 - 0.75 
91.6 

0.427 – 19660 

37.0 

9.04 – 64.9 
3 

28.2 

0.00870 – 9130 

20.5 

6.08 – 34.9 
3 

Butorphanol - 0.58 0.08 - 0.66 
3.28 

1.04 – 10.4 

33.4 

26.8 – 40.1 
5 

2.36 

1.22 – 4.58 

25.6 

21.8-29.4 
3 
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Table 2 (Continued)    

    

      Internalization [35S]GTPγS binding 

 
Log RAi 

(G) 
Log RAi (I) 

Log RAi (G) –

Log RAi (I) 
EC

50 
(nM) E

max
 n EC

50 
(nM) 

E
max 

(%U50,488) 
n 

Enadoline 0.05 0.65 - 0.61 
3.88 

1.94 – 7.76 

62.8 

57.4 – 68.2 
3 

7.46 

5.14 – 10.8 

105 

97.8 – 112 
3 

EKC 0.02 - 0.49 - 0.48 
2.08 

1.03 – 4.20 

44.8 

40.2 – 49.5 
5 

4.13 

3.39 – 5.03 

80.6 

77.5 – 83.7 
3 

U69,593 - 0.98 - 0.51 - 0.47 
43.2 

25.2 – 74.0 

60.0 

53.8 – 66.1 
3 

94.5 

48.3 – 184 

108 

94.0 – 122 
3 

Nalorphine - 1.16 - 0.77 - 0.39 
12.2 

2.06 – 72.0 

23.7 

15.4 – 31.9 
4 

27.6 

17.5 – 43.4 

51.4 

46.5 – 56.2 
3 

Nalfurafine 1.35 1.64 - 0.29 
0.256 

0.167 – 0.394 

54.5 

51.5 – 57.6 
6 

0.278 

0.196 – 0.392 

94.0 

88.2 – 99.7 
3 

U50,488 - 0.60 - 0.37 - 0.23 
21.1 

12.9 – 34.3 

51.5 

47.0 – 56.1 
3 

30.2 

19.1 – 47.9 

101 

92.3 – 110 
3 

β-FNA - 0.48 - 0.40 - 0.08 
9.64 

1.05 – 88.9 

32.8 

21.1 – 44.6 
6 

8.4 

5.54 – 12.6 

63.7 

58.7 – 68.8 
3 

Bremazocine 0.50 0.57 - 0.08 
1.35 

0.709 – 2.56 

39.2 

35.6 – 42.8 
5 

0.951 

0.692 – 1.31 

68.2 

64.0 – 72.4 
3 

EOM-SalB 0.58 0.67 - 0.08 
2.07 

0.392 – 10.9 

46.7 

37.3 – 56.1 
3 

1.96 

1.07 – 3.57 

102 

91.3 – 112 
3 

MOM-SalB 0.45 0.47 - 0.02 
3.21 

2.18 – 4.72 

52.2 

48.7 – 55.7 
6 

3.12 

2.06 – 4.72 

108 

101 – 115 
3 

Dynorphin B - 0.44 - 0.51 0.08 
28.7 

12.5 – 65.6 

51.0 

43.5 – 58.6 
3 

14.8 

9.23 – 23.7 

83.7 

76.8 – 90.6 
3 

Spiradoline - 0.18 - 0.44 0.26 
68.3 

6.13 - 760 

54.8 

38.3 – 71.3 
3 

11.6 

9.24 – 14.5 

102 

97.6 – 107 
3 

ICI-199441 1.46 0.70 0.75 
2.38 

1.72 – 3.30 

54.7 

52.6 – 56.8 
3 

0.245 

0.206 – 0.292 

98.5 

95.7 – 101 
3 
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mKOPR: Thirteen of the 23 ligands were selected to test at the mKOPR: 

12epiSalA, dynorphin A, enadoline, EOM-SalB, etorphine, ICI-199441, levorphanol, 

MOM-SalB, nalbuphine, nalfurafine, pentazocine, salvinorin A and U50,488H. ICI-

199441, U50,488H, enadoline, salvinorin A  EOM-SalB,  MOM-SalB, 12epiSalA and 

nalfurafine were selected because of their high selectivity for the KOPR (von Voigtlander 

et al., 1983; Costello et al., 1988; Barlow et al., 1991; Nagase et al., 1998; Seki et al., 

1999; Roth et al., 2002; Munro et al., 2008; Beguin et al., 2009), which are needed for in 

vivo studies. Levorphanol, nalbuphine and pentazocine were partial agonists at the 

hKOPR, which were shown to have ligand bias at the hKOPR in the previous part of this 

study (Li et al., 2003). Etorphine was demonstrated to be a full agonist for [35S]GTPγS 

binding, but induced low level or no KOPR internalization (Li et al., 2003; Schattauer et 

al., 2012). Dynorphin A is an endogenous KOPR agonist, which was again used as the 

reference agonist in the same manner as at the hKOPR.  

Fig. 14A-F shows data on effects of the 13 agonists on the mKOPR. In Fig. 14A, 

12epiSalA, dynorphin A, EOM-SalB and etorphine were full agonists for G protein 

activation, producing comparable maximal responses as 1 μM enadoline. They were all 

full agonists in the OCW, except for etorphine, which did not internalize the mKOPR 

(Fig. 14D). In Fig. 14B, ICI-199441 and MOM-SalB were full agonists while 

levorphanol and nalbuphine were partial agonists for G protein activation. ICI-199441 

and MOM-SalB were also full agonists for receptor internalization, levorphanol was a 

partial agonist and nalbuphine did not cause the receptor to internalize (Fig. 14E). Lastly, 

Fig. 14C and 14F show the [35S]GTPγS binding and receptor internalization, respectively, 

for nalfurafine, pentazocine, salvinorin A and U50,488H. All were full agonists at both 

endpoints, except for pentazocine, which was a partial agonist for [35S]GTPγS binding 

and did not cause receptor internalization at the mKOPR. 
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Table 3 shows the EC50 and Emax values of these agonists at the mKOPR for both 

[35S]GTPγS binding and receptor internalization and their Log RAi (G), Log RAi (I) and 

Log RAi (G) - Log RAi (I) values. At the mKOPR, MOM-SalB was slightly G-biased, 

EOM-SalB, ICI-199441, U50,488H, nalfurafine and 12epiSalA were β-arrestin-biased 

and salvinorin A and enadoline were slightly β-arrestin-biased with respect to dynorphin 

A. Biases of these agonists are depicted in Fig. 15. Bias could not be calculated for 

levorphanol, etorphine, pentazocine or nalbuphine due to their poor internalization of the 

receptor. 
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Fig. 14. Dose response curves for KOPR agonists for [35S]GTPγS binding and 

receptor internalization in FLAG-mKOPR-N2A cells. (A-C) [35S]GTPγS binding was 

performed on 10 μg membrane protein in the presence of 5 mM MgCl2, 150 mM NaCl 

and 20-25 μM GDP at 30°C for 60 min as described in the Materials and Methods. Each 

experiment included a dose-response curve of enadoline and data are expressed as the % 

maximal enadoline response at 1 μM. Each dose response curve represents the mean ± 

SEM of at least three independent experiments performed in duplicate. (D-F) The OCW 

was performed on live cells and receptor internalization was measured as compared to 

control. 30,000 cells were plated 40 hr before the experiment was performed and the 

agonists were added in serum-free medium at varying concentrations. The anti-FLAG M1 

monoclonal antibody was added as the primary antibody, cells were fixed and then 

stained with two cellular stains (Sapphire700 and DRAQ5) with the 800CW goat anti-

mouse antibody as described in Materials and Methods. Etorphine, pentazocine and 

nalbuphine do not cause receptor internalization and are not shown.  

 

(F) 
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Table 3: Summary of Log RAi (G) – Log RAi (I) values with EC50 and Emax values for receptor internalization as measured by 

the OCW and G protein activation as measured by ligand-stimulated [35S]GTPγS binding at the mouse KOPR. The 

endogenous ligand for the KOPR, dynorphin A, was designated as the “balanced” reference ligand, as was done for the hKOPR. Emax 

values for the OCW are measured as % receptor internalization as compared to control, while Emax values for GTPγS are normalized to 

the response of the full agonist U50,488H. For some ligands (levorphanol, etorphine, pentazocine and nalbuphine), a Log RAi (G) – 

Log RAi (I) value could not be calculated due to their weak ability to cause receptor internalization. All OCW assays were performed 

in triplicate and repeated at least 3 times; all GTPγS assays were performed in duplicate and repeated at least 3 times. The values in 

the table are expressed as mean with 95% confidence intervals listed below. 

    Internalization [35S]GTPγS binding 

 
Log 

RAi (G) 

Log 

RAi (I) 

LogRAi (G) 

– 

LogRAi (I) 

EC50 (nM) Emax n EC50 (nM) 
Emax 

(%Enadoline) 
n 

Levorphanol - 2.10  NA 
1.01 

0.237 – 4.34 

32.1 

25.9 –38.3 
2 

29.9 

19.9 – 45.0 

62.3 

56.4 – 68.3 
3 

Etorphine - 0.33 NA NA NA NA  
0.868 

0.583 – 1.29 

98.7 

91.9 – 105 
3 

Pentazocine - 2.52 NA NA NA NA  
62.0 

38.2 – 101 

46.6 

41.0 – 52.2 
3 

Nalbuphine - 2.50 NA NA NA NA  
69.4 

39.1 – 123 

58.0 

49.4 – 66.6 
3 

Dynorphin A Designated balanced compound 
6.19 

3.25 – 11.8 

44.4 

39.9 – 48.8 
7 

0.316 

0.265 – 0.377 

86.3 

83.5 – 89.1 
4 

12epiSalA - 2.17 0.07 - 2.24 
25.2 

0.180 – 3536 

57.3 

26.0 – 88.7 
3 

53.8 

59.5 – 81.6 

102 

93.8 – 114 
3 

U50,488 - 1.07 0.24 - 1.31 
32.9 

2.11 – 512 

64.0 

45.3 – 82.6 
7 

4.06 

3.08 – 5.35 

94.9 

89.2 – 101 
4 

ICI-199441 0.75 1.66 - 0.91 
0.259 

0.133 – 0.506 

48.2 

44.6 – 51.9 
7 

0.0654 

0.0486 – 0.0754 

92.4 

88.6 – 96.2 
4 

EOM-SalB - 0.18 0.57 - 0.75 
5.97 

0.417 – 85.5 

56.7 

38.9 – 74.4 
3 

0.526 

0.322 – 0.741 

101 

92.9 – 109 
3 

          



 

 62 

Table 3 (Continued)   

      

    Internalization [35S]GTPγS binding 

 
Log 

RAi (G) 

Log 

RAi (I) 

LogRAi (G) 

– 

LogRAi (I) 

EC50 (nM) Emax n EC50 (nM) 
Emax 

(%Enadoline) 
n 

Nalfurafine 0.55 1.16 - 0.61 

0.176 

0.0613 – 

0.506 

36.5 

31.4 – 41.5 
3 

0.110 

0.0894 – 0.135 

111 

106 – 115 
3 

Enadoline - 0.13 0.28 - 0.42 
4.05 

2.65 – 6.17 

45.2 

42.3 – 48.1 
7 

0.479 

0.410 – 0.561 

101 

98.3 – 104 
5 

Salvinorin A - 0.94 - 0.84 - 0.10 
56.1 

8.12 – 38.8 

49.2 

35.0 – 63.4 
5 

2.77 

2.11 – 3.63 

87.7 

82.9 – 92.5 
3 

MOM-SalB - 0.37 - 0.86 0.48 
45.0 

16.7 – 121 

46.1 

37.9 – 54.4 
4 

0.814 

0.605 – 1.09 

97.1 

91.1 – 103 
3 
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Comparison of agonist bias at the hKOPR and the mKOPR: The agonists that 

were assessed at both the hKOPR and mKOPR and had a calculated Log RAi(G) – Log 

RAi (I) value were compared for their biases (Fig. 15). The degree of arrestin bias is 

slightly different for EOM-SalB, enadoline and nalfurafine. At the mKOPR, U50,488H 

was much more arrestin-biased than at the hKOPR, while salvinorin A was much more 

arrestin-biased at the hKOPR than at the mKOPR. The most striking difference in bias 

was for ICI-199441, which was arrestin-biased at the mKOPR and G-biased at the 

hKOPR. Additionally, 12epiSalA was very arrestin-biased at the mKOPR, but bias could 

not be calculated for this ligand at the hKOPR due to a low level of receptor 

internalization.  
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Fig. 15. Bias of KOPR agonists at the hKOPR and mKOPR. The equation of Ehlert 

and colleagues was used as shown in the Methods section to calculate ligand bias at the 

hKOPR and mKOPR. (A) At the hKOPR, Log RAi (G) – Log RAi (I) values could not 

be calculated for 12epiSalA, xorphanol, etorphine and levorphanol. Enadoline, 

nalbuphine, pentazocine, salvinorin A, tifluadom and butorphanol are arrestin-biased; 

ICI-199441 is G biased, and the rest of the ligands are unbiased when compared to 

dynorphin A as the reference ligand. From these results, ligands were selected to test at 

the (B) mKOPR. At the mKOPR, ligand bias could not be calculated for 12epiSalA, 

levorphanol, etorphine, nalbuphine, pentazocine and U69,593. The ligands that show 

arrestin bias at the mKOPR are U50,488H, ICI-199441, nalfurafine and EOM-SalB, 

while MOM-SalB is G biased. A between-species comparison is shown for the ligands 

tested at the (B) mKOPR and (C) hKOPR. Species differences are seen with almost all 

ligands, with the biggest difference being the direction of bias for MOM-SalB (G biased 

at mKOPR, arrestin-biased at hKOPR) and ICI-199441 (arrestin-biased at mKOPR and G 

biased at hKOPR). 12epiSalA is very arrestin-biased at the mKOPR, but no Log RAi (G) 

– Log RAi (I) value could be calculated for the hKOPR due to poor internalization of the 

hKOPR by 12epiSalA. 
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In vivo studies 

For the behavioral studies, KOPR-selective compounds had to be used. Based on 

the in vitro bias at the mKOPR, we chose U50,488H as the arrestin-biased ligand and 

MOM-SalB as the G protein-biased compound. Nalfurafine was also evaluated since it is 

the only KOPR-selective agonist used clinically (Wikstrom et al., 2005; Kumagai et al., 

2010; Kumagai et al., 2012). 

KOPR agonists are well-established anti-scratching and analgesic agents (Fraser 

and Rosenberg, 1964; Martin et al., 1965; Martin, 1983; Inan and Cowan, 2004; Nakao 

and Mochizuki, 2009; Inan et al., 2009a). While the analgesic effect has been shown to 

be mediated by the G protein pathway at the KOPR (McLaughlin et al., 2004), it is 

unknown whether anti-scratching action is mediated by β-arrestin or by G proteins. Since 

pain and itch share similar neural circuitries (Wilson et al., 2011; Ross, 2011), we 

hypothesized that itch would also be G protein-mediated.  

We tested the three KOPR agonists in male CD-1 mice in the compound 48/80 

scratching test and the formalin pain test.  

KOPR agonists dose-dependently inhibited compound 48/80-induced scratching 

Mice were pretreated with KOPR agonist or vehicle, and 20 min later, 0.1 ml (50 

μg/0.1 ml) compound 48/80 dissolved in saline was injected into the nape of the neck of 

the mice and bouts of scratching were counted. The inhibition of scratching by 

U50,488H, MOM-SalB and nalfurafine is shown in Fig. 16. All three agonists dose-

dependently inhibited compound 48/80-induced scratching behavior, with order of 

potency: nalfurafine > MOM-SalB > U50,488H. The A50 values were calculated by 

plotting the doses of each agonist on a semi-log scale against the % anti-scratching effect 

of each dose and using linear regression to obtain a best-fit line. Using this method, the 
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A50 values for nalfurafine, MOM-SalB and U50,488H were 8.0 μg/kg, 0.0702 mg/kg and 

2.07 mg/kg, respectively. 

Timeline for scratching experiments: 

 

 

 

  

**** 

** 

ns 
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Fig. 16. Inhibition of scratching behavior induced by injection of compound 48/80 

by KOPR agonists. (A) U50,488H (1-5 mg/kg, s.c.), (B) MOM-SalB (0.03-0.3 mg/kg, 

s.c.), (C) Nalfurafine (2.5-30 μg/kg, s.c.) were injected 20 min before compound 48/80 

and the bouts of scratching were counted for 30 min. A50 doses were determined by 

plotting the data as % anti-scratching activity on a semi-log scale analyzed by linear 

regression. Bars represent mean ± SEM for groups of 8-10 animals. Data were analyzed 

for significance using one-way ANOVA followed by Newman-Keuls post-hoc test, and 

significance is shown, ** P = 0.001-0.01 and **** P < 0.0001 as compared to vehicle 

control.  

**** 

**** 

**** 

**** 

**** 

**** 

**** 

** 

ns 

ns 
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KOPR agonists exhibited dose-dependent antinociception in the formalin test 

Following the injection of formalin into the plantar surface of the hind paw of 

mice, the reactions were categorized into two phases. During the early phase (0-15 min), 

mice flinch the injected paw. In the late phase (15-45 min), mice lick the injected hind 

paws. The early phase is mediated by direct activation of nociceptors (Hunskaar and 

Hole, 1987), whereas the late phase is facilitated by the central nervous system (Woolf, 

1983; Coderre et al., 1990; Tjolsen et al., 1992; Vaccarino et al., 1992). The late phase 

has been used as a model of tonic (continuous) pain, akin to postoperative pain (Hunskaar 

et al., 1985; Murray et al., 1988). Since the effect of the conditioned place aversion 

(CPA) test is also a measure of central nervous system activity, we monitored the amount 

of time the mice spent licking the injected paw during the late phase (15-35 min after 

injection of formalin) as a measure of pain behavior. Fig. 17 shows the inhibition of pain 

behaviors by U50,488H, MOM-SalB and nalfurafine. As in the anti-scratching test, the 

order of potency was nalfurafine > MOM-SalB > U50,488H with A50 values of 5.8 

μg/kg, 0.017 mg/kg and 0.58 mg/kg, respectively. For the formalin test U50,488H and 

MOM-SalB were about 4x more potent than in the scratching test, while nalfurafine had 

about the same potency in both tests. In both tests, MOM-SalB was 30 times more potent 

than U50,488H, while nalfurafine was about 100 times more potent than U50,488H in the 

formalin test and over 250 times more potent in the inhibition of compound 48/80-

induced scratching. 
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Timeline for formalin experiments: 
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Fig. 17. Inhibition of formalin-induced pain behaviors by KOPR agonists. (A) 
U50,488H (0.5-5 mg/kg, s.c.), (B) MOM-SalB (0.01-0.3 mg/kg, s.c.), (C) Nalfurafine 

(2.5-30 μg/kg, s.c.) were injected 5 min before formalin and the amount of time the 

animal spent licking the injected paw was counted for 20 min starting 15 min after 

formalin injection. A50 values were calculated by plotting the data as % antinociception 

on a semi-log scale analyzed by linear regression. Bars represent mean ± SEM for groups 

of 8-10 animals. Data were analyzed for significance using one-way ANOVA followed 

by Newman-Keuls post-hoc test, and significance is shown, * P < 0.05, ** P = 0.001-

0.01, *** P = 0.0001-0.001 and **** P < 0.0001 as compared to vehicle control.  

* 

**** 

**** 

**** 

* 
** 

**** 
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U50,488H and MOM-SalB caused aversion at all doses, but nalfurafine only caused 

aversion at the highest dose tested 

The conditioned place aversion (CPA) test is a well-established measure of 

aversion caused by a drug. KOPR agonists have been repeatedly shown to produce 

aversion in this test. We followed a modified protocol for CPP of Xu et al. (2013) in CD-

1 male mice. For U50,488H (Fig. 18A), all doses of the drug tested (0.25-10 mg/kg, s.c.) 

produced a significant level of aversion compared to that of saline. The same was noted 

for MOM-SalB (0.01-0.3 mg/kg, s.c.) (Fig. 18B). It is interesting to note that at higher 

doses of MOM-SalB, it appears the drug is less aversive, but the higher doses were still 

significantly different from the control. Nalfurafine (Fig. 18C) did not produce a 

significant level of aversion at 2.5, 5, or 10 μg/kg, s.c., but did produce significant 

aversion at 20 μg/kg, s.c. as analyzed with the Student’s t-test.  

The data of the three agonists in the three behavioral tests are summarized in 

Table 4.  

Timeline for CPA experiments: 
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  **      *        **       **      **       * 

  *        **        **        **         * 
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Fig. 18. Results of the conditioned place aversion (CPA) test for (A) U50,488H, (B) 

MOM-SalB and (C) nalfurafine. Before conditioning, the animals were allowed to 

roam freely between both compartments and the time the animal spent on each side was 

recorded (pretest). KOPR agonists were injected 15 min before each 30 min conditioning 

session on the preferred side for 6 days alternating with vehicle on the non-preferred side. 

On the day of the post-test, the amount of time the animal spent on the drug-paired side 

was measured. The graph shows the time the animal spent during the post-test subtracting 

the amount of time spent during the pre-test. A positive score indicates preference while a 

negative score indicates aversion. The graphs represent the mean preference score for 9-

15 animals ± SEM. Data were analyzed for U50,488H and MOM-SalB with one-way 

ANOVA. The Student’s t-test was used to analyze nalfurafine data, and significance is 

shown, * P < 0.05, ** P = 0.001 – 0.01.  

 

Nalfurafine was the only KOPR agonist tested that showed a separation in A50 

values between dysphoria and anti-scratching/antinociception 

 

The summary of the behavioral results is seen in Table 4. For the formalin and 

compound 48/80 tests, the A50 value was calculated by plotting all doses on a semi-log 

scale and analyzing the data with linear regression. The r2 values are listed, and indicate a 

good fit for each of the agonists. Nalfurafine was the most potent in both the anti-

* 
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scratching and antinociception tests, U50,488H was the least potent of the three and 

MOM-SalB was in the middle. MOM-SalB and U50,488H were aversive at all doses 

tested, even at doses lower than the A50 values for anti-scratching and analgesia. 

However, nalfurafine only produced significant aversion at the highest dose of 20 μg/kg, 

as analyzed by the Student’s t-test. Nalfurafine was the only agonist to produce analgesia 

and anti-scratching at doses lower than those that produced dysphoria. 

 

Table 4: Summary of behavioral data. A50 values were determined with the doses 

plotted on a semi-log scale and analyzed using linear regression for the compound 48/80 

test and the formalin test. For conditioned place aversion, the dose of nalfurafine was 

plotted against the magnitude of change from saline and nonlinear regression was used to 

determine the A50 value. Since all doses of U50,488H and MOM-SalB tested produced 

aversion, an A50 value could not be obtained for these two drugs in the conditioned place 

aversion assay. Nalfurafine is the only ligand tested that shows a separation in A50 values 

between aversion and antinociception/anti-scratching. 

  Compound 48/80 test (anti-

scratching) 

Formalin test 

(antinociception) 

  r
2
 A

50
 r

2
 A

50
 

U50,488H 0.99 2.07 mg/kg 0.98 0.58 mg/kg 

MOM-SalB 0.95 0.070 mg/kg 0.97 0.017 mg/kg 

Nalfurafine 0.99 8.00 µg/kg 0.95 5.80 µg/kg 
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Discussion 

In vitro ligand bias did not accurately predict in vivo behaviors 

Nalfurafine was the most potent agonist used in behavioral tests, with a sub-

nanomolar EC50 for both internalization and GTPγS binding in vitro, and was arrestin-

biased compared to dynorphin A. U50,488H was also arrestin-biased due to the high 

efficacy for receptor internalization compared to dynorphin A. MOM-SalB was 100-fold 

more potent for G protein activation than for receptor internalization, which made it G 

protein-biased. 

Based on the in vitro data, we hypothesized that MOM-SalB would produce 

analgesic and anti-scratching effects at lower doses than would induce dysphoria, while 

nalfurafine and U50,488H would produce aversion at lower doses than would inhibit 

scratching or pain behaviors. However, the behavioral data showed that both MOM-SalB 

and U50,488H produced aversion at much lower doses than produced significant anti-

scratching or analgesic effects, while nalfurafine produced anti-scratching and analgesic 

effects at lower doses than produced aversion.  

From these results, the Log RAi (G) – Log RAi (I) values cannot be used to 

accurately predict in vivo behaviors. However, as seen in Fig 19, the in vitro data are 

compared and the reasons for the ligand bias are seen more clearly. Dynorphin A, the 

reference ligand used in the Log RAi (G) – Log RAi (I) calculation is shown in Fig. 19A. 

Dynorphin A was a full agonist for both receptor internalization and G protein activation, 

with a slightly higher potency for G protein activation. For U50,488H (Fig 19B), the 

arrestin bias was due to the high Emax of U50,488H in the internalization endpoint. 

MOM-SalB (Fig 19C) was 100 times more potent for G protein activation than receptor 

internalization, so it was G protein-biased compared to dynorphin A. Lastly, nalfurafine 

(Fig 19D) was arrestin-biased since it was so potent for receptor internalization, but a 
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closer look revealed that the Emax for G protein activation was much higher than the Emax 

for receptor internalization. The values used to create these graphs are taken from Table 

3, an excerpt of which is summarized in Table 5. There may be a few reasons for the 

discordance between in vitro and in vivo results. 
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Fig 19. Comparison of in vitro data for (A) dynorphin A (B) U50,488H, (C) MOM-

SalB and (D) nalfurafine. GTPγS binding is plotted on the left Y-axis as the percentage 

(%) maximal response of 1 μM enadoline and internalization normalized to maximum 

U50,488H-induced internalization as measured by the OCW is plotted on the right Y-

axis. (A) The reference compound, dynorphin A, is slightly more potent at G protein 

activation than receptor internalization and is a full agonist for both endpoints. (B) 

U50,488H is a full agonist for both G protein activation and receptor internalization, 

being slightly more potent in G protein activation, but more efficacious for receptor 

internalization, and is arrestin-biased compared to the reference ligand, dynorphin A. (C) 

MOM-SalB is a full agonist for both G protein activation and receptor internalization, but 

is much more potent at G protein activation, making it a G biased ligand compared to 

dynorphin A. (D) Nalfurafine has a similar potency for activating G proteins and 

internalizing the mKOPR, but is much more efficacious at G protein activation. It is 

slightly arrestin-biased compared to dynorphin A, the reference ligand. The data used to 

make these graphs is summarized in Table 5.  
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Table 5. Summary of in vitro data for compounds used in behavioral studies and reference ligand, dynorphin A. The data 

shown here were used to calculate the Log RAi (G) – Log RAi (I) value for each compound as a measure of ligand bias with respect to 

dynorphin A, the chosen reference ligand. All ligands are full agonists for both receptor internalization and G protein activation with 

very high potencies (sub-nanomolar to nanomolar). Values in the table are displayed as mean with 95% confidence intervals as 

determined by nonlinear regression using GraphPad Prism. Each experiment was performed at least 3 times. 

 

Log 

RAi 

(G) 

Log 

RAi (I) 

Log RAi (G) –

LogRAi (I) 

Internalization [35S]GTPγS binding 

EC50 (nM) 
Emax 

(%U50,488H) 
n EC50 (nM) 

Emax 

(%Enadoline) 
n 

Dynorphin 

A 

Designated balanced 

compound 

6.19 

3.25 – 11.8 

74.7 

67.3 – 82.1 
7 

0.316 

0.265 – 0.377 

86.3 

83.5 – 89.1 
4 

U50,488 - 1.07 0.24 - 1.31 
32.9 

2.11 – 512 

107.7 

76.3 – 139.2 
7 

4.06 

3.08 – 5.35 

94.9 

89.2 – 101 
4 

Nalfurafine 0.55 1.16 - 0.61 

0.176 

0.0613 – 

0.506 

61.4 

52.8 – 69.9 
3 

0.110 

0.0894 – 

0.135 

111 

106 – 115 
3 

MOM-

SalB 
- 0.37 - 0.86 0.48 

45.0 

16.7 – 121 

78.1 

63.4 – 92.8 
4 

0.814 

0.605 – 1.09 

97.1 

91.1 – 103 
3 



79 

Limitations of the methods used. 

Methods used.   

Use of [35S]GTPγS binding and receptor internalization as the measures of G protein and 

β-arrestin pathways. It has been suggested that KOPR agonist-induced dysphoria is due 

to p38 MAPK phosphorylation mediated by β-arrestin-mediated (Bruchas et al., 2006; 

Bruchas et al., 2007), whereas KOPR agonist-produced analgesia is G proteins-mediated 

(McLaughlin et al., 2004), for which p44/42 MAPK phosphorylation at an early time 

point was used as an indicator (Schattauer et al., 2012). Unfortunately, we have not been 

able to obtain reliable signals for p38 MAPK phosphorylation following U50,488H 

treatment in FLAG-mKOPR-N2A cells. In addition, p44/42 MAPK phosphorylation 

promoted by U50,488H had two phases in FLAG-mKOPR-N2A, an early peak at 5 min 

and a late smaller peak at 30 min; however, both peaks were blocked by pertussis toxin 

pretreatment, indicating involvement of Gi/o proteins (Chiu and Liu-Chen, unpublished 

observations). We thus used [35S]GTPγS binding and receptor internalization as the 

measures of G protein and β-arrestin pathways, respectively. Agonist-induced KOPR 

internalization has been shown to be β-arrestin-mediated (Li et al., 1999).  

The importance of endpoint and cell line should not be understated. In a recent 

review by Thompson et al. (2014), the authors make this point by discussing the 

drawback of using these upstream signaling events as a readout of functional selectivity. 

They stated that just because a ligand recruits β-arrestins (or internalizes the receptor, for 

example), this does not adequately predict the downstream signaling effects. It is 

therefore more desirable to study the cellular events that are closely linked to the system 
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response, but it is not always known what these events are and sometimes the proper 

tools do not yet exist. 

Choice of functional endpoints and assay conditions. The conditions under which the 

experiments are performed are important to consider. While our experiments were 

performed using the same cell line, the conditions for the two in vitro assays were 

dramatically different. Our GTPγS assay uses frozen membranes prepared from once-live 

cells, whereas the on-cell Western assay tracks the response of living cells to various 

ligands. It can be argued that the more “natural” the cell conditions are, the better. 

However, GTPγS is a very well established readout of G protein activation. In this assay, 

as well as the receptor internalization assay, the level of receptor expression is important. 

Many of the published studies on biased ligands use β-arrestin recruitment as 

measured by fluorescent activity in HEK293 or U2OS cells from the DiscoveRx 

company [for example, (Beguin et al., 2012; Rivero et al., 2012; Zhou et al., 2013)]. 

Since this endpoint is different from the one used here, both in terms of what is being 

measured and what cell lines are used, that must be taken into account when looking at 

results from other groups. 

Choice of cell line is crucial. An interesting point made in another recent review by Zhou 

and Bohn (2014) is to use a cell system that shows the same effects as in vivo. In theory, 

this is the most desirable option, but given the multitude of signaling pathways and wide 

variety of available ligands, may not be the most practical. It is probably impossible to 

find a cell system that can mimic the effects of a drug given in vivo with all of the same 

pharmacokinetics. These authors suggest using primary cultures and isolated tissue 
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preparations that eliminate the issue of liver metabolism, but that approach contradicts 

how drugs are often given to patients. In this set of experiments, we were not able to use 

primary cultures, but we used the same neuron-like cell line transfected with two 

different receptors (3HA-hKOPR-N2A vs. FLAG-mKOPR-N2A) to eliminate the 

potentially confounding effects of variations in cellular machinery and proteins. 

The mKOPR cell line had a 3-fold higher expression level than the hKOPR cell 

line (5.48 vs. 1.61 pmol/mg protein, respectively). This disparity in the level of receptors 

may explain why many of the previously reported full agonists for G protein activation 

were only partial agonists in our hKOPR-N2A cell line. Dynorphin A, EKC and β-FNA 

were all partial agonists here, but previously published data from CHO-hKOPR cells 

(Zhu et al., 1997) indicates that these ligands are all full agonists for G protein activation. 

Interestingly, the EC50 values calculated here are almost 10-fold higher than those 

reported by Zhu et al. (1997). Their hKOPR-CHO cell line showed a similar expression 

level (1.3 pmol/mg protein) as our hKOPR-N2A cell line, so it is unlikely that differences 

in receptor expression level can explain the differences in EC50 values observed between 

the current study and their previous study. 

We have always observed a higher level of stimulation over basal levels in CHO 

cells vs. N2A cells. Therefore, the difference is likely due to the efficacy of G protein 

coupling in the particular cell line chosen and hKOPR-N2A cells have lower G protein 

coupling efficiency. It is possible that having a higher receptor expression level, like in 

the FLAG-mKOPR-N2A cells, may help to overcome a poor coupling efficacy. There is 

more value in comparing the EC50 values from the two stable N2A cell lines than in 
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comparing two different cell lines, for the reasons already stated here. If in the same cell 

line, receptor expression level is indeed the reason for differences in EC50 and Emax of 

ligands, it should be corrected for by comparing the ligands against an internal reference 

ligand at each receptor, which we have done here.  

Bias equation. A bias value could not be calculated for some ligands, as they were 

unable to internalize the receptor. While this could be interpreted as the ligands being G 

biased, the equation used requires the input of an EC50 value and Emax value for each 

agonist. At the hKOPR, etorphine, xorphanol, 12epiSalA and levorphanol did not cause 

receptor internalization. At the mKOPR, etorphine, pentazocine and nalbuphine did not 

cause receptor internalization. 

KOPR agonists display ligand bias at both the hKOPR and mKOPR in vitro, with 

some species differences. 

  

The ligand bias [Log RAi (G) – Log RAi (I)] calculated for each ligand at the 

hKOPR can be seen in Table 2 and Fig. 15. While many of the ligands tested are 

unbiased, there are some ligands that are arrestin-biased with respect to dynorphin A. 

These ligands are: enadoline, nalbuphine, pentazocine, salvinorin A, tifluadom and 

butorphanol. ICI-199441 is the only G biased ligand in this system. For the mKOPR, the 

summary of ligand bias can be seen in Table 3 and Fig. 15. At the mKOPR, only MOM-

SalB is G biased, while 12epiSalA, U50,488H, ICI-199441, EOM-SalB and nalfurafine 

are arrestin-biased with respect to dynorphin A. A side-by-side comparison of ligand bias 

at mKOPR vs. hKOPR can be seen in Fig. 15. It is interesting to note the drastic 
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difference between hKOPR and mKOPR for ICI-199441 – at the hKOPR it is strongly G 

biased, while it is arrestin-biased at the mKOPR. For most of the other compounds, there 

is only a difference in the degree of arrestin bias. At the hKOPR, enadoline and 

salvinorin A are more arrestin-biased, while at the mKOPR, EOM-SalB, U50,488H, and 

nalfurafine are more arrestin-biased. 

12epiSalA caused internalization (and very efficaciously) of the mKOPR, but not 

the hKOPR; it was a full agonist for G protein activation in both cell lines. Levorphanol 

was a partial agonist for receptor internalization at the mKOPR but did not internalize the 

hKOPR, Pentazocine caused internalization of the hKOPR, but not of the mKOPR. 

12epiSalA. Béguin C et al. (2012) described 12epiSalA as a full agonist for β-arrestin 

recruitment at the hKOPR in U2OS cells, with it being a partial agonist for [35S]GTPγS 

binding at the hKOPR in CHO cells. This is different from our findings, which may be 

attributed to different cell lines used.  

Pentazocine. At the hKOPR, pentazocine caused receptor internalization at ~60% of the 

maximal response (enadoline response as 100%). Therefore, pentazocine is able to act as 

a partial agonist for receptor internalization at the hKOPR, but is unable to internalize the 

mKOPR. It causes a higher level of G protein activation in mKOPR compared to hKOPR 

(47% vs. 21% maximal response, respectively). These data are in accordance with the 

published study of Schattauer (Schattauer et al., 2012). In this paper, the authors found 

that pentazocine was able to activate p38 MAPK in HEK293 cells transfected with the 

hKOPR but not the rat KOPR, while ERK1/2 activation was equally potent in both 

species. The authors also found that pentazocine did not cause CPA in mice.  
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The other compounds tested in their study included butorphanol, levorphanol, 

nalorphine and U50,488H. While we did not test butorphanol or nalorphine at the 

mKOPR, we did test levorphanol and U50,488H in both species. We found no difference 

between species for U50,488H; for levorphanol we found that it promoted internalization 

of the hKOPR but it was a partial agonist for internalization of the mKOPR. Similar to 

Schattauer (Schattauer et al., 2012), we found levorphanol caused a higher level of G 

protein activation in mouse vs. human (62% vs. 38% of maximum, respectively).  

It must be cautioned that the endpoints and the cell lines are both very important 

variables. In our study, we chose to measure receptor internalization, which is more 

proximal than p38 activation. Therefore, it may be the case that the mKOPR does 

internalize after levorphanol treatment but does not activate p38 MAPK. We also chose a 

more upstream readout of G protein activation by measuring [35S]GTPγS binding, while 

Schattauer and colleagues (Schattauer et al., 2012) chose a more downstream readout of 

ERK1/2 activation. 

Possible cellular mechanisms for the species differences. 

Dr. Liu-Chen’s lab recently determined sites of U50,488H-induced 

phosphorylation in both the hKOPR and mKOPR. U50,488H (10 µM, 30 min) treatment 

promotes hKOPR phosphorylation at S356, T357, S358 and T363 with T363 having the 

most hits. The same treatment enhances phosphorylation of the mKOPR at S356, T357, 

T363 and S369 with S369 having the highest number of hits. Therefore, there are 

difference in sites of phosphorylation, namely S358 in the hKOPR and S369 in the 

mKOPR. In addition, the highest phosphorylated sites are T363 in the hKOPR and S369 



 

 85 

in mKOPR. Because of these differences, phosphorylated mKOPR and hKOPR may 

recruit the downstream effectors including β-arrestins differently, leading to differences 

in down-stream responses. 

 

 

 

 

 

Fig. 20. Sequence comparison of C-terminal domains of the human, rat and mouse 

KOPRs. Amino acids that are phosphorylated following U50,488H treatment are shown 

in red.  

 

In vitro ligand bias is unable to predict in vivo bias. 

From the in vitro results, we chose 3 ligands to test in vivo. We chose ligands 

showing a level of bias > 0.5 or < -0.5. For the G biased ligand, we studied MOM-SalB, 

hypothesizing that the A50 value for antinociception and anti-scratching would be lower 

than the dose required to produce aversion, since antinociception has been shown to be G 

protein-mediated (McLaughlin et al., 2004) and dysphoria is arrestin-mediated (Bruchas 

et al., 2007). Similarly, we chose U50,488H due to it being β-arrestin-biased and being 

widely studied. Nalfurafine was investigated since it is the only KOPR-selective agonist 

in clinical use (Kumagai et al., 2010; Ueno et al., 2013). Additionally, all 3 ligands had 

distinct structures, which was appealing since many KOPR ligands have arylacetamide 
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structures, similar to U50,488H. We also hypothesized that U50,488H and nalfurafine 

would be aversive at lower doses than would inhibit pain and scratching behaviors. 

Our behavioral data indicates that the ligand bias calculated in vitro at the 

mKOPR cannot be used to accurately predict what will be seen in vivo. Both U50,488H 

and MOM-SalB were aversive at all doses tested. Nalfurafine, however, has an A50 of 5.8 

μg/kg for inhibition of pain behavior in the formalin test and an A50 of 8 μg/kg for 

inhibition of scratching, while only producing significant aversion at 20 μg/kg.  

Nalfurafine is the first selective full agonist for the KOPR to show in vivo functional 

selectivity.  

While there has been published data suggesting that the partial agonist 

pentazocine does not produce aversion in mice (Schattauer et al., 2012), here we report 

the ability of a selective full agonist at the KOPR to produce analgesia and anti-

scratching activity without producing aversion in the conditioned place aversion test in a 

certain dose range. 

We have demonstrated that the dose of nalfurafine required to produce CPA is 

higher than those causing anti-scratching and antinociceptive effects, but there is no dose 

separation for U50,488H and MOM-SalB for anti-scratching/antinociception vs. CPA. 

The finding on nalfurafine is consistent with clinical observations that at the dose used 

for treatment of uremic pruritus (5 µg), dysphoria was not reported as a significant 

adverse reaction. Our findings suggest that anti-scratching, formalin antinociceptive and 

CPA tests in animal models are useful in screening for KOPR agonists that may be 

developed as analgesics and antipruritic agents with lower potentials for dysphoric 

effects.  
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Our results on nalfurafine are consistent with previous reports by Tsuji et al. 

(2001). In ddY mice, TRK-820 (nalfurafine) (3-30 µg/kg, s.c.) did not produce a 

significant conditioned place preference or aversion. Endoh et al., (1999) reported that 

TRK-820 (nalfurafine) (s.c.) had antinociceptive effects in ddY mice with A50 values of 

3.3 µg/kg in the acetic acid-induced abdominal constriction test and 9 µg/kg in the tail 

pressure test. Therefore, at doses effective in these two antinociception tests, nalfurafine 

does not cause CPA. Although it is well-documented that there are strain differences in 

pharmacological responses in mice, particularly in antinociception tests, in both ddY 

mice (Endoh et al., 1999; Tsuji et al., 2001) and CD-1 mice (our study), nalfurafine 

caused CPA at higher doses than those required to produce anti-scratching and 

antinociceptive effects. However, nalfurafine was not as potent in other antinociception 

tests, with A50 values of 35 µg/kg in the tail pinch test, 62 µg/kg in the tail flick test and 

129 µg/kg in the 51ºC hot plate test. It was ineffective in the 55ºC hot plate test. The 

effective nalfurafine doses in these tests are likely to cause CPA. These differences in A50 

values are due to different types of pain involved. In addition, TRK-820 (nalfurafine) 

administered orally showed anti-scratching effect with an A50 value of 19.6 µg/kg 

(Togashi et al., 2002), well within the dose range of 3-30 µg/kg that did not cause CPA. It 

is noteworthy that the three behavioral endpoints were reported in three different papers, 

unlike ours which included three endpoints in the same study.  

It appears that such a dose separation for nalfurafine also occurs in Sprague-

Dawley rats between antinociception in the formalin test and CPA. TRK-820 

(nalfurafine) showed antinociceptive effects with an A50 value of 9.6 µg/mg (s.c.) in the 

formalin test (Endoh et al., 1999). In addition, Mori et al. (2002) reported that in Sprague-

Dawley rats TRK-820 (nalfurafine) caused CPA at 80 µg/kg (i.p.), but it did not cause 

CPA or CPP at 10, 20 or 40 µg/kg. Again the results of CPA and antinociception in the 
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formalin test were presented in two reports, unlike our study. However, the dose 

separation did not apply to the antinociceptive effect in the paw pressure test vs. CPA. 

TRK-820 (nalfurafine) had A50 values of 55 µg/mg and 95 µg/mg (s.c.) in the paw 

pressure test for normal and adjuvant-arthritic rats, respectively. Again, the differences 

are due to different types of pain involved. There are no corresponding anti-scratching 

data on nalfurafine in rats because compound 48/80 does not elicit excessive scratching 

in rats (Thomsen et al., 2001). 

 

Differences in in vivo pharmacology among U50,488H, MOM-SalB and nalfurafine 

It is interesting to note that in drug discrimination studies in rats, U50,488H 

substituted for the discriminative stimulus effects of TRK-820 (nalfurafine), whereas 

TRK-820 (nalfurafine) did not substitute completely for those of U50,488H (Mori et al., 

2004). In addition, the KOPR agonists KT-90, CI-977 and ICI-199441 each substituted 

for the discriminative stimulus effects of U50,488H, but not to those of TRK-820 

(nalfurafine) (Mori et al., 2004). These results indicate that there is some detectable 

difference to rats between U50,488H and nalfurafine.  

When rats were given the minimal doses of MOM-SalB, nalfurafine and 

U50,488H that produce the maximal diuretic effects for each drug,  MOM-SalB caused 

much greater diuretic responses  than U50,488H and nalfurafine (Inan et al., 2009b), 

again indicating that there are differences among the three drugs. MOM-SalB was much 

more potent and efficacious than U50,488H in the hot plate test set at 52.5°C and 

lowering the body temperature in rats (Wang et al., 2008). All of these in vivo tests were 
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performed in rats. This is the first study in mice showing differences among the three 

drugs. 

Although U50,488H, MOM-SalB and nalfurafine are selective KOPR agonists, 

they have distinct chemical structures. It is possible that structurally distinct agonists 

change the receptor conformations in different manners, which leads differential 

activation of down-stream effectors. 

Not much is known about the pharmacokinetics of these three compounds. In the 

future, both in vitro and in vivo pharmacokinetic studies of these compounds (as well as 

other KOPR agonists) would help to elucidate the possible reasons for the lack of 

correlation between in vitro and in vivo ligand bias, as well as a potential mechanism for 

explaining why structural analogs such as MOM-SalB and EOM-SalB do not show 

similar ligand biases in vitro.  

 

Possible mechanisms for the observed differential effects of nalfurafine   

Access into the brain? Intracerebroventricular (icv) or subcutaneous (s.c.) injection of 

U50,488H produced CPA and icv doses required to produce CPA were much lower than 

s.c. doses (Bals-Kubik et al., 1989). In addition, the dynorphin analogue E2068 injected 

icv caused CPA (Bals-Kubik et al., 1989). These results indicate that KOPR agonists 

produce CPA due to their actions in the brain. KOPR agonist-induced aversion is due to 

their inhibition of serotonin release in the reward circuitry (Land et al., 2009). One 

strategy that has been employed to develop KOPR agonists as an antipruritic agent or an 

analgesic with lower potentials for dysphoric effects is to search for peripherally 
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restricted compounds with limited effects on the CNS, for example, asimodaline (Barber 

et al., 1994), CR665 (Vadivelu et al., 2011; Olesen et al., 2013) and more recently 

CR845. One possibility why nalfurafine did not elicit CPA at the lower doses used may 

be due to its inability to get into the brain. However, it has been shown that the second 

phase of the formalin test is centrally-mediated (Woolf, 1983; Coderre et al., 1990; 

Tjolsen et al., 1992; Vaccarino et al., 1992) and nalfurafine caused robust antinociceptive 

effects, demonstrating its ability to distribute into the brain. In addition, the anti-

scratching effect of nalfurafine in animals and its anti-pruritic effect in humans are 

through its actions in the CNS (Inan et al., 2009a) (Yosipovitch, personal 

communications) and nalfurafine are potent and efficacious, again indicating its ability to 

get into the CNS. Thus, the differential effects of low doses of nalfurafine vs. U50,488H 

and MOM-SalB is not due to its inability to get into the brain.  

Action on the MOPR? In vitro, nalfurafine is a full agonist at the KOPR and a partial 

agonist at the MOPR in [35S]GTPγS binding assay with 100x less potency at the MOPR 

compared to the KOPR (Wang et al., 2005). It may be argued that the inability of 

nalfurafine to cause CPA may be due to its actions on the MOPR which produces 

conditioned place preference masking the CPA produced by the actions on KOPR. 

However, it is unlikely that this is the case. We showed that nalfurafine did not cause 

CPA at dose 10 µg/kg (s.c.). At this dose range, its actions appear to be mediated by the 

KOPR as detailed below. The A50 value of nalfurafine in the mouse acetic acid 

abdominal constriction test was increased ~40-fold by the selective KOPR antagonist 

norBNI, but unchanged by naloxone at a μ-selective dose (0.3 mg/kg), or the DOPR 
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antagonist naltrindole (Endoh et al., 1999). TRK-820 (nalfurafine) produced a potent 

antinociceptive effect in the rat mechanical paw pressure test, which was inhibited by 

norBNI, but not by naloxone at an MOPR-selective dose (0.3 mg/kg) (Endoh et al., 

2000). NorBNI dose-dependently blocked the inhibitory effect of nalfurafine against 

substance P-induced scratching. (Togashi et al., 2002). All of these results indicate that 

the effects of nalfurafine are mediated by the KOPR.   

Pharmacodynamic property at the receptor level? U50,488H had similar potency in 

promoting KOPR internalization and [35S]GTPγS binding, whereas MOM-SalB was 

much more potent in enhancing [35S]GTPγS binding than causing KOPR internalization. 

Nalfurafine was similarly potent in promoting KOPR internalization and [35S]GTPγS 

binding, but unlike U50,488H and MOM-SalB, nalfurafine is a partial agonist in causing 

KOPR internalization. It is possible that the lower potency of nalfurafine to cause CPA 

may be related to its lower efficacy in promoting receptor internalization, a functional 

measure for the β-arrestin pathway. Whether this is the case requires further 

investigations with a selective KOPR agonist which is a full agonist at [35S]GTPγS 

binding, but a partial agonist in promoting KOPR internalization. 

Future directions 

 With the development of the phospho-site-specific antibodies for the KOPR in 

our laboratory, we will be able to use these to investigate the in vitro and in vivo 

consequences of agonist treatment on phosphorylation status of the receptor. The first 

step is to characterize any difference in phosphorylation status after the treatment of cell 

lines transfected with the mKOPR with U50,488H, nalfurafine and MOM-SalB. To test 
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the effects in vivo, mice will be injected with these 3 different agonists and then 

sacrificed for brain tissue collection. Western blotting and immunohistochemical studies 

can be performed on brain samples to determine if the ligands have different degrees of 

phosphorylation at serine 356/threonine 357 (S356/T357), T363 and S369. 

 The difference between mKOPR and hKOPR can also be investigated in vitro if 

we are able to find a cell line which mimics the in vivo phosphorylation status in mice, as 

suggested by Zhou and Bohn (2014). 

 Additionally, if any new KOPR agonists are screened/developed that show partial 

agonism for β-arrestin recruitment in vitro and full agonism for G protein activation, it 

would be essential to test these in vivo in the CPA assay to further strengthen the 

association between CPA and β-arrestin recruitment. It would also be interesting to look 

at the association between β-arrestin recruitment and dopamine release, as it has been 

shown that CPA induced by KOPR agonists is due to inhibition of dopamine release in 

the brain (Zhang et al., 2005; Chefer et al., 2013; Tejeda et al., 2013). 

 We postulated that compounds that shared similar chemical structures would 

display a comparable bias. We tested several compounds with arylacetamide structures 

and a few salvinorin A analogues. Surprisingly, the level of bias for structural analogs 

like salvinorin A, 12epiSalA, MOM-SalB and EOM-SalB was very different. In addition, 

arylacetamides such as U50,488H, U69,593, spiradoline, enadoline and ICI-199441 did 

not share similar biases. Studying the mechanism of this difference would be important 

for future drug development.  
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 For agonists that do not display CPA in mouse models, it would be worthwhile to 

choose endpoints for β-arrestin recruitment in vitro that are both proximal and more 

downstream in the signaling pathway. This way, the point at which β-arrestin recruitment 

dissociates from CPA can be pinpointed. Finding this step in the signaling pathway 

would be important in the screening of agonists for clinical development, in addition to 

contributing to our understanding of KOPR β-arrestin signaling. 

Also, the effects of KOPR agonists on inhibition of pain behaviors appear to be 

subject to the effects of tolerance (Gullapalli and Ramarao, 2002; McLaughlin et al., 

2004; Suzuki et al., 2004), while the anti-scratching effects of KOPR agonists are not 

(Inan et al., 2009a). If multiple agonists were characterized in pain assays and we were 

able to find one that produced tolerance and one that did not, the mechanisms for 

tolerance could be studied at the cellular level. This would be a very worthwhile 

endeavor, as tolerance to the analgesic effects of opioid compounds is a well-known 

problem in the clinical setting. 

 The choice of animal model is also a consideration for future studies. It is known 

that there are strain differences among both rats and mice when it comes to pain 

behaviors, and it seems that CD1 and Swiss-Webster mice seem to be more sensitive to 

the effects of KOPR agonists than C57BL6/J mice (unpublished observations). While this 

led us to choose CD1 mice for our studies, we were unable to find a low enough dose of 

U50,488H that did not cause CPA. McLaughlin et al. (2006) reported that 5mg/kg 

U50,488H (i.p.) caused CPA in C57BL6/J mice.  Therefore, it would be worthwhile to 

see if C57BL6/J mice show this same level of aversion at very low doses of U50,488H. It 
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could be interesting to characterize the behavioral phenotypes of various strains and then 

perform biochemical studies that would help to reveal the important proteins and 

accessory molecules involved in these behaviors. 

While we did not examine the doses of U50,488H, MOM-SalB and nalfurafine 

that are needed to produce a significant change in body temperature or locomotor 

activity, these endpoints are important to study, as they are possible limiting (and 

confounding) side effects of using KOPR agonists, and differences between ligands could 

be important to study from a mechanistic standpoint. It is important to know if the 

inhibition of scratching and pain behaviors is truly due to the ability of KOPR agonists to 

inhibit these behaviors or simply a side effect of sedation, which happens with higher 

doses of KOPR agonists. However, in Swiss-Webster mice, Inan et al. (2009) showed 

that doses of nalfurafine up to 20 μg/kg do not significantly inhibit locomotor activity, 

which indicates that the anti-scratching and antinociceptive actions of nalfurafine are 

likely not due to sedation of the animals. 
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CONCLUSIONS 

 In the first set of studies, we found that a short-acting KOPR-selective antagonist, 

zyklophin, is able to induce scratching in a dose-dependent fashion in Swiss-Webster 

mice. We found that this scratching was not KOPR-dependent, as it was not blocked by 

the pretreatment with KOPR-selective long-acting antagonist norBNI and persisted in 

KOPR -/- mice.  

 In the second set of studies, we attempted to explain the differential activity of β-

FNA at the KOPR and MOPR by mutation of a divergent residue in TM6. We found that 

the K303(6.58)E mutation in the MOPR was able to decrease irreversible binding by 2/3 

compared to wild type MOPR. This mutation did not affect the affinity of [3H]DIP or β-

FNA for the MOPR, and did not enable agonist activity of β-FNA at the MOPR. The 

equivalent mutation in the KOPR, E297(6.58)K, was not sufficient to cause any type of 

change in affinity or activity of β-FNA. Therefore, multiple mutations are probably 

required for alteration of β-FNA binding at the KOPR, as is the case with DAMGO at the 

MOPR. 

 In the last part of the dissertation, we examined the extent of ligand bias in vitro at 

the hKOPR and mKOPR and the implications of this bias in vivo. We were able to 

identify several ligands as being either G biased or arrestin-biased at both hKOPR and 

mKOPR, with several species differences. From the in vitro results, we chose U50,488H 

as the arrestin-biased ligand, MOM-SalB as the G biased ligand, and nalfurafine 

(arrestin-biased) due to its use in clinical studies in humans. We found that nalfurafine 

was the only ligand to cause separation between doses required to produce analgesia and 

anti-scratching effects and the dose required to cause dysphoria in CD-1 male mice. This 

is the first report of a selective full KOPR agonist that is able to produce analgesia and 

anti-scratching effects without producing dysphoria. 
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Therefore, in vitro quantitative ligand bias was not able to predict or explain in 

vivo ligand bias, but studies on more ligands are required to determine the relevance of 

the in vitro separation between receptor internalization and G protein activation and how 

these results translate into animal models. In addition, specific phospho-site antibodies at 

the KOPR can help us to understand why different ligands cause different responses in 

vitro and in vivo. It would also be helpful to dissect the β-arrestin signaling pathway to 

determine where the arrestin-mediated signaling stops being translated into dysphoria in 

vivo for nalfurafine. 
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