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ABSTRACT 

STUDIES ON NEURITE OUTGROWTH AND RECEPTOR PHOSPHORYLATION 

FOLLOWING KAPPA OPIOID RECEPTOR ACTIVATION 

Yi-Ting Chiu 

Doctor of Philosophy 

Temple University, 2016 

PhD's Advisory Committee Chair: Lee-Yuan Liu-Chen, PhD 

 

 

            Kappa opioid receptor (KOPR) is involved in many physiological functions and 

pharmacological responses such as analgesia, anti-pruritic effect, sedation, motor 

incoordination and aversion (Simonin et al., 1998; Liu-Chen, 2004). The cellular 

mechanisms following activation of KOPR involve in part Gi/o protein-dependent 

pathways (Law et al., 2000). Following KOPR activation, the receptor is phosphorylated 

and arrestins are recruited. Arrestins mediate agonist-dependent KOPR desensitization, 

internalization and down-regulation (Liu-Chen, 2004). In recent years, arrestins were 

found to initiate arrestin-dependent downstream signaling. Thus, agonist-promoted 

KOPR phosphorylation plays a pivotal role in KOPR regulation and signaling.   

            Previous studies from our lab showed that in Chinese hamster ovary (CHO) cells 

stably transfected with the human KOPR (hKOPR), U50,488H induced phosphorylation 

(Li et al., 2002a); however, sites of phosphorylation were not determined. Using LC-

MS/MS, our lab recently identified four residues  (S356, T357, T363 and S369) to be the 

sites of U50,488H-promoted phosphorylation in the  mouse KOPR (mKOPR) stably 

expressed in N2A cells (Chen et al., 2016). Antibodies were generated against 

phosphopeptides and purified and three antibodies were found to have high specificity for 

the mKOPR phosphorylated at S356/T357, T363 and S369, respectively (Chen et al., 

2016). Our lab previously showed that while U50,488H promoted robust hKOPR 
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phosphorylation and internalization, etorphine induced little phosphorylation and 

internalization, although both were potent full agonists in enhancing [
35

S]GTPγS (Li et al., 

2002a; Zhang et al., 2002; Li et al., 2003). Etorphine caused lower levels of KOPR 

phosphorylation at all the four residues than U50,488H by immunoblotting with the 

phospho-specific antibodies (Chen et al., 2016). Using the SILAC (stable isotope labeling 

by amino acids in cell culture) approach, we have found that compared to etorphine, 

U50,488H promoted higher levels of single phosphorylation at T363 and S369 and 

double phosphorylation at T363+S369 and T357+S369 as well as triple phosphorylation 

at S356+T357+S369 (Chen et al., 2016). These results indicate that an above-threshold 

phosphorylation is required for KOPR internalization.  

            It has been reported that KOPR is involved in neuronal differentiation and 

neurogenesis. In the first chapter, I focused on whether there are differences in the 

mechanisms underlying neurite outgrowth induced by U50,488H and etorphine. In the 

chapter 2, mechanisms of KOPR phosphorylation were characterized in detail using 

phospho-specific KOPR antibodies. Protein kinase C was found, for the first time, to be 

involved in agonist-promoted KOPR phosphorylation. The roles of PKC in behavioral 

effects induced by KOPR agonists in mice were examined.  

For the chapter 1, in Neuro2a mouse neuroblastoma cells stably transfected with 

the hKOPR (N2A-3HA-hKOPR), U50,488H robustly induced neurite outgrowth, but 

etorphine caused outgrowth to a much lower extent. G protein-dependent pathway was 

found to be involved in the actions of both agonists, but β-arrestin-dependent pathway 

was not. Inhibition of ERK1/2 phosphorylation decreased neurite outgrowth promoted by 

both agonists, indicating the roles of MAP kinase cascades in KOPR agonist-induced 
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neuritogenesis. In contrast, β-arrestin2, 14-3-3ζ, GEC1 and Rap1 are not involved in 

U50,488H- or etorphine-promoted neurite outgrowth. Thus, the two agonists appear to 

share the same signaling pathways and the difference between two agonists is likely due 

to the lower efficacy of etorphine.  

For the chapter 2, U50,488H caused phosphorylation of the mKOPR at S356, 

T357, T363 and S369 in N2A cells stably transfected with FmK6H (FmK6H-N2A cells). 

NorBNI abolished U50,488H-induced KOPR phosphorylation at all four residues. GRKs 

(GRKs2, 3, 5 and 6) and PKCs were involved in U50,488H-mediated KOPR 

phosphorylation. In addition, PKC also participated in agonist-independent KOPR 

phosphorylation. This is the first time that PKC was shown to be involved in agonist-

induced KOPR phosphorylation. We found that U50,488H caused KOPR 

phosphorylation at T363 and S369 in the mouse brain and PKC participated in 

phosphorylation of S369, but not T363, by using the PKC inhibitor chelerythrine (CHL). 

Thus, we further characterized effects of PKC inhibition on KOPR-mediated behaviors in 

CD1 mice. PKC was involved in KOPR-mediated sedation, motor incoordination and 

conditioned place aversion, but not analgesia and anti-scratching effect in mice.   

Studies in this thesis revealed the mechanisms of KOPR-mediated neurite 

outgrowth and KOPR-mediated phosphorylation and the involvement of PKC in KOPR-

mediated pharmacological effects in vivo. These studies push the frontier of molecular 

pharmacology of the KOPR, which may be useful for development of KOPR agonists for 

therapeutic use.  
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GENERAL INTRODUCTION 

Opioid receptors (ORs) 

            Opioid receptors (ORs) belong to the class A (rhodopsin) subfamily of seven-

transmembrane receptors (7TMRs) or G protein-coupled receptors (GPCRs). There are 

three major types of ORs, the mu opioid receptors (MOPR, mu for morphine), the delta 

opioid receptors (DOPR, delta for deferens because it was first found in the mouse vas 

deferens) and the kappa opioid receptor (KOPR, kappa for the drug ketocyclazocine 

which is active at this receptor) according to pharmacological and radioligand binding 

approaches and molecular cloning (Lord et al., 1977; Knapp et al., 1995).  

            In the 1990's, three ORs were cloned, leading to many studies on receptor-ligand 

interactions and structure-function relationship, regulation and signaling of these 

receptors (Knapp et al., 1995). ORs are Gi/o protein-coupled receptors with an 

extracellular N-terminal domain, an intracellular C-terminal domain and seven 

transmembrane domains with three extracellular loops and three intracellular loops. Three 

ORs share ~60% overall sequence identity with ~90% identity in the transmembrane 

helices, with major differences in the extracellular loops and N- and C-terminal domains 

(Chen et al., 1993). Like other GPCRs, ORs have two conserved cysteine residues in the 

1st and 2nd extracellular loops that form a disulfide bond and highly conserved Asp-Arg-

Tyr (DRY) motif at the intracellular end of the TM3. In addition, the N-terminal domains 

of three ORs are modified by Asn-linked glycosylation (Schwartz, 1994). In 2012, crystal 

structures of the MOPR, DOPR and KOPR were revealed, providing a new avenue for 

structure-guided opioid drug discovery (Granier et al., 2012; Manglik et al., 2012; Wu et 

al., 2012).   

            ORs are the major targets of endogenous neuropeptides (endorphins for MOPR, 
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enkephalins for DOPR and dynorphins for KOPR), naturally occurring plant opiates and 

synthetic opioids. Signal transduction after activation of opioid receptors by agonists is 

depicted in the figure 1. In inactive states, the heterotrimer G protein is composed of GDP 

bound Gi/oα and Gβγ. After receptor activation, GDP on Gi/oα is replaced with GTP and 

GTP-Gi/oα and Gβγ are dissociated, which trigger downstream signaling. Gi/oα protein 

inhibits adenylyl cyclases and activates K
+
 channels and MAP kinases (early phase). Gβγ 

inhibit Ca
2+

 inward current. ORs are phosphorylated by G protein receptor kinases 

(GRKs) and β-arrestin binds to phosphorylated receptors, causing receptors to dissociate 

from Gi/oα protein, leading to receptor desensitization, as well as β-arrestin-dependent 

signal transduction including activation of p44/42 MAP kinases (late phase) and p38 

MAP kinase. In addition, β-arrestin also binds to clathrin, resulting in internalization and 

down-regulation. Opioid agonists act through Gi/Go proteins and arrestins to regulate 

downstream signaling pathways, leading to different cellular functions, physiological and 

pharmacological functions (Law et al., 2000; Liu-Chen, 2004; Al Hasani and Bruchas, 

2011). 
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Figure1. Opioid receptor-mediated signal pathways (Al Hasani and Bruchas, 2011) 
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    ORs are present in the peripheral and central nervous systems. All the three ORs 

are distributed in the striatum and dorsal horn of the spinal cord, but some regions are 

abundant in one receptor, for example, the thalamic nuclei for MOPR and the claustrum 

for KOPR (Mansour et al., 1995). This system responds to environmental stimuli (stress, 

pain and pleasurable stimuli) to regulate sensory inputs, reward and autonomic functions, 

such as respiration, thermoregulation and gastrointestinal motility (Olson et al., 1991). 

Studies with selective agonists and antagonists and knockout mice have shown that ORs 

have many physiological and pharmacological effects. The most well-studied ORs is the 

MOPR. MOPR agonists are highly efficacious analgesics, but also produce constipation, 

respiratory depression, tolerance and addiction (Koob and Bloom, 1988; Kong et al., 

1994). DOPR agonists have antidepressant activities and are also analgesics, but with low 

efficacy. KOPR agonists are analgesics and anti-pruritic agents, but induce sedation and 

dysphoria (Dosaka-Akita et al., 1993). In MOPR knockout (KO) mice, morphine does not 

produce analgesia, reward, withdrawal, respiratory depression, constipation and 

immunosuppression. DPDPE does not induce spinal analgesia in DOPR KO mice. 

U50,488H-induced antinociception, aversion and hypolocomotion are abolished in KOPR 

KO mice [reviewed in (Kieffer, 1999)]. 

 

Biased agonism at opioid receptors 

    Recent studies have supported the concept of biased agonism for GPCRs 

(Pradhan et al., 2012; Marti-Solano et al., 2013). Early studies on β-arrestin2-/- mice by 

Bohn et al. have demonstrated that the analgesic effects of morphine is enhanced by β-

arrestin2 deletion, whereas respiratory depression and inhibition of GI transit induced by 
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morphine were decreased, suggesting that while the analgesic effect of MOPR activation 

is mediated by the G protein pathway, the GI transit inhibition and respiratory depression 

may be mediated at least in part by the β-arrestin pathway (Bohn et al., 1999). 

Subsequent studies have revealed that different ligands can preferentially activate G 

protein- or β-arrestin-mediated pathways, resulting in ligand-dependent responses. This 

notion is useful for drug development in that drugs can be developed which act 

preferentially on the pathways resulting in beneficial effects, while producing lower 

degrees of the unwanted side effects. Many studies have since shown functional 

selectivity of agonists for  the MOPR, DOPR and KOPR (Pradhan et al., 2012).  

    For the MOPR, morphine and fentanyl drive different pathways to affect dendritic 

spine stability in hippocampus neurons. Morphine enhanced ERK1/2 phosphorylation via 

PKC and activated ERK1/2 stayed in the cytosol, leading to instability of dendritic spines. 

In contrast, fentanyl stimulated ERK1/2 through β-arrestin2 pathway and activate 

ERK1/2 were translocated into nucleus, leading to a cascade of events that increased the 

stability of dendritic spines (Zheng et al., 2010a; Zheng et al., 2010b; Zheng et al., 2013). 

TRV130 was recently reported to be a G protein-biased MOPR agonist, which was more 

potent and efficacious than morphine in producing analgesia, while causing less GI transit 

inhibition and respiratory depression than morphine (DeWire et al., 2013).  

   For the DOPR, chronic SNC80 treatment induced receptor internalization and 

degradation, leading to tolerance to anxiolysis, locomotion and analgesia, while ARM390 

did not induce internalization and caused only analgesic tolerance (Pradhan et al., 2009; 

Pradhan et al., 2010). In addition, etorphine treatment resulted in β-arrestin1-mediated 

hDOPR endocytosis, whereas DPDPE and deltorphin I caused β-arrestin1-mediated 
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hDOPR desensitization and this agonist-dependent DOPR regulations may be due to 

different DOPR conformations induced by agonists (Aguila et al., 2012).  

    For the KOPR, 6’-GNTI was found to activate G protein, but did not recruit β-

arrestin2 in HEK293T cells and primary striatal neurons. Moreover, 6’-GNTI 

antagonized KOPR agonists-induced β-arrestin2 recruitment, demonstrating that 6’-GNTI 

is a G protein-biased ligand (Rives et al., 2012; Schmid et al., 2013). RB64 was reported 

to be a G protein-biased KOPR agonist. RB64 was tested in WT type and β-arrestin2 KO 

mice. This study showed analgesia and aversion caused by RB64 was G protein-mediated, 

while motor incoordination, sedation and anhedonia was due to β-arrestin signaling 

(White et al., 2015).   
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Scientific rationale 

            Our lab has long been interested in regulation, trafficking and signaling of the 

KOPR. The major theme of this dissertation is to focus on two events following KOPR 

activation: neurite outgrowth and KOPR phosphorylation. Studies for Chapter1 on KOPR 

agonist-induced neurite outgrowth provide evidence for the regulatory role of KOPR in 

neuronal development and mechanistic insights for the process. Studies for Chapter 2 

enhance our understanding of molecular mechanisms of agonist-promoted KOPR 

phosphorylation in vitro and the role of PKC in the pharmacological effects of the KOPR 

agonist U50,488H  in vivo. 

           Previous studies have suggested that the KOPR plays a role in the neurite 

outgrowth and neurogenesis (Bi et al., 2006; Kim et al., 2006; Hahn et al., 2010; Tsai et 

al., 2010; Wei, 2011). Our lab showed that U50,488H induced internalization, but 

etorphine did not in Chinese hamster ovary (CHO) cells stably transfected with the 

human KOPR (hKOPR), although both were potent full agonists in enhancing 

[
35

S]GTPγS (Li et al., 2003). My results showed that U50,488H induced neurite 

outgrowth to a greater extent than etorphine in N2A-3HA-hKOPR cells. Subsequently, I 

tested the hypothesis that U50,488 and etorphine activate different signal pathways to 

cause different levels of neurite outgrowth. We examined several molecules known to be 

involved in neurite outgrowth or interact with the KOPR for their involvement in the 

effects of the two agonists (the specific aim 1).          

            Many studies have shown phosphorylation of agonist-activated GPCR causes 

receptor desensitization, receptor internalization and arrestin-dependent signaling 

(Lefkowitz and Shenoy, 2005). Thus, phosphorylation states of GPCRs can regulate 
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signaling and trafficking of the receptors. Agonist-induced KOPR phosphorylation has 

not been fully characterized yet. Our lab showed previously that U50,488H induced 

phosphorylation of the hKOPR stably expressed in CHO cells using metabolic labeling 

with 
32

P-orthophosphate (Li et al., 2002). U50,488H enhances hKOPR phosphorylation 

to much greater extents than etorphine and etorphine reduces U50,488H-promoted KOPR 

phosphorylation (Li et al., 2003). Rat KOPR(S369A)-GFP mutant did not undergo 

U50,488H-induced phosphorylation as detected with phosphospecific antibody against 

the KOPR peptide 359-372 containing pS369 in HEK cells (McLaughlin et al., 2003). 

Recently, our lab demonstrated that U50,488H caused mKOPR phosphorylation at S356, 

T357, T363 and S369 (Chen et al., 2016). Phosphospecific antibodies were generated at 

each site and purified antibodies were found to be highly specific in immunoblotting for 

phosphorylated mKOPR (Chen et al., 2016). For the chapter 2, molecular mechanisms of 

agonist-induced KOPR phosphorylation in vitro and PKC-related KOPR-mediated 

pharmacological effect in vivo were examined in the specific aim 2.   

Specific aims were as follows: 

Specific Aim 1. Examine the mechanisms underlying KOPR agonist-induced neurite 

outgrowth. I investigated:  

Study 1: the role of KOPR in KOPR agonist-promoted neurite outgrowth by using the 

selective KOPR antagonist norBNI and untransfected neuro2a cells 

Study 2: the role of G proteins in KOPR-induced neurite outgrowth by use of pertussis 

toxin (PTX) to inactivate Gi/oα protein and gallein and βARKct to inhibit Gβγ subunits  

Study 3: the role of β-arrestins in KOPR-promoted neuronal differentiation by using 

siRNAs targeting β-arrestin1 and β-arrestin2  
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Study 4: the roles of protein kinases in KOPR-mediated neurite outgrowth by using 

inhibitors of MAPK kinase (ERK1/2, and p38), PKC and PI3K  

Study 5: the roles of interacting proteins in KOPR-induced neuronal extension by 

employing siRNAs targeting KOPR-interacting proteins (14-3-3ζ and GEC1) and Gα-

interacting proteins (GRIN1/2) 

Study 6: the role of Rap1-STAT3 pathway by use of siRNA and dominant negative 

mutant. 

Specific Aim 2. Characterize agonist-induced KOPR phosphorylation in vitro and 

the role of PKC in KOPR-mediated effects in vivo  

Study 1: examine time-course and dose-response relationship of U50,488H-promoted 

KOPR phosphorylation in vitro  

Study 2: characterize the involvement of GRKs in U50,488H-promoted KOPR 

phosphorylation in vitro 

Study 3: examine PKC-mediated KOPR phosphorylation in vitro 

Study 4: investigate if PKC participated in U50,488H-promoted KOPR phosphorylation 

in mouse brains.  

Study 5: determine the role of PKC in pharmacological effects of KOPR in mice 

(analgesia, antipruritic effect, sedation, motor incoordination and aversion) 
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CHAPTER 1 

STUDIES ON NEURITE OUTGROWTH  

FOLLOWING KAPPA OPIOID RECEPTOR ACTIVATION 

Introduction 

            Activation of the KOPR, one of the three opioid receptors, produces many effects 

such as analgesia, water diuresis, hypothermia, sedation, dysphoria and antipruritic 

effects [reviewed in (Liu-Chen, 2004)]. The cellular mechanisms following activation of 

KOPR include Gi/o protein-dependent pathways such as inhibition of adenylyl cyclases 

and Ca
2+

 inward current, and activation of K
+
 channels and p44/42 MAP kinases (early 

phase) (Law et al., 2000; Al Hasani and Bruchas, 2011). In addition, activated KOPR is 

phosphorylated by G protein-coupled receptor kinases (GRKs), leading to arrestin 

recruitment, which results in agonist-dependent KOPR desensitization, internalization 

and down-regulation (Liu-Chen, 2004). β-arrestin-dependent signaling pathways are also 

activated, including phosphorylation of p44/42 MAP kinases (late phase) and p38 MAP 

kinase (Law et al., 2000; Al Hasani and Bruchas, 2011). 

            Neuronal development involves morphological changes of soma and neurite 

outgrowth to become functional axons and dendrites (Mortimer et al., 2008). Neurite 

outgrowth is an essential early process for differentiation of precursor cells into mature 

neurons bearing neurites (axons and dendrites). Neurite outgrowth is composed of 

morphological (the neurite extension) and biochemical changes. Many neurotransmitters 

and receptors have been shown to be involved in neuronal development (such as 

glutamate, dopamine and cannabinoid receptors) (Knapp et al., 1995; van Kesteren and 

Spencer, 2003; Mattson, 2008; Gaffuri et al., 2012). Receptor-mediated G protein-

dependent signaling is one mechanism to regulate cytoskeletal dynamics (Flavell and 
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Greenberg, 2008). Particularly, Gi/o proteins are rich in the brain and are abundant in 

neuronal growth cones where cytoskeletons have high remodeling activity (He et al., 

2006). Opioid receptors have been reported to be involved in neuronal differentiation. 

Axonal trafficking of KOPR mRNA is involved in neurite outgrowth (Bi et al., 2006; Wei, 

2011). During embryonic spinal cord development, increasing KOPR protein level and 

KOPR signaling contributed to EGF-induced neurite outgrowth (Tsai et al., 2010). Mu- 

and kappa-opioids induced differentiation of embryonic stem cells (ESC) and neural 

progenitors (NPs) via ERK1/2 signaling (Kim et al., 2006; Hahn et al., 2010). These 

studies have indicated that the KOPR plays a role in neuronal differentiation and 

neurogenesis.  

             Our previous study showed that the KOPR agonist U50,488H induced KOPR 

internalization, which was mediated by GRKs and arrestins (Li et al., 1999; Li et al., 

2003). In contrast, etorphine did not promote KOPR internalization, although like 

U50,488H, etorphine showed high efficacy in enhancing [
35

S]GTPγS binding in CHO 

cells stably transfected with the KOPR (Li et al., 2003) and in N2A-3HA-hKOPR cells 

(DiMattio et al., 2015). Here we found that U50,488H induced neurite outgrowth to 

greater extents than etorphine in N2A-3HA-hKOPR cells. Subsequently, we determined 

if the differences between the two agonists are due to actions through different signaling 

pathways and/or differences in efficacy.    
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Materials and Methods 

Materials 

            (-)-U50,488H, etorphine and NorBNI were obtained from the Drug Supply 

Program of the National Institute on Drug Abuse (Bethesda, MD). Pertussis toxin (PTX) 

was purchased from List Biological Laboratories, Inc. (Campbell, CA). PD98059, 

SB203580, GF109203X, wortmannin, G418 and anti-βIII-tubulin antibody were 

purchased from Sigma-Aldrich (St. Louis, MO). Antibodies against ERK1/2 

phosphorylated at Thr202 and Tyr204 and total ERK1/2 were from Cell Signaling 

Technology (Danvers, MA). Fetal bovine serum (FBS), minimum essential medium 

(MEM) and Hoechst 33258 were from Life Technologies (Carlsbad, CA). Goat anti-

mouse IgG conjugated with infrared dye 680 and goat anti-rabbit IgG conjugated with 

infrared dye 800CW were purchased from LI-COR Biosciences (Lincoln, NE). HA-14-3-

3ζ in pcDNA3 was obtained from Addgene Inc. (Cambridge, MA). Rabbit polyclonal 

anti-GAPDH antibody conjugated with horseradish peroxidase (ab9385) was obtained 

from Abcam (Cambridge, MA).  Rabbit anti-14-3-3ζ antibody and GRK2 antibody 

(sc562) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies 

against β-arrestin1 and β-arrestin2 were generous gifts from Dr. Jeffrey Benovic of 

Thomas Jefferson University (Philadelphia, PA). A cDNA clone of the C-terminal 194aa 

of the beta-adrenergic receptor kinase (βARKct) (GRK2 amino acids 495-689) in the 

vector pRK5 was kindly given by Dr. Walter Koch of Temple University (Philadelphia 

PA). Gallein was kindly provided by Dr. Jay McLaughlin of Torrey Pines Institute (St. 

Lucie, FL). cDNA constructs of Rap1 and Rap1-dominant negative form were given 

generously by Dr. Xin-Yun Huang of Weill Cornell Medical College (New York, NY).  



 

4 

 

            siRNAs against mouse β-arrestin1, β-arrestin2, 14-3-3ζ (sc-29585), GEC1, 

GRIN1 and GRIN2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) 

and each is a mixture of three or four siRNAs. The sequences of mouse β-arrestin1 

siRNAs are as follows: GCAUCAUCGUUUCCUACAAtt, CUAGUCAGCUUAUCUG 

AUAtt, CAUGCCCAGUGUUUGUUGUtt, and UGAACC UCCUACAUUUCAUtt. The 

sequences of mouse β-arrestin2 siRNAs are as follows: ACUGCAAGCUCACCGUGUA 

tt, CCAAGACCGUCAAGAAGAUtt, and CCAACCUCAUCGAAUUCGAtt. The 

sequences of mouse 14-3-3ζ siRNAs are as follows: CUGCUGGUGAUGACAAGAATT, 

CCAUGUCUAAGCAAAGAAATT, and CCUCAGUACUUUACAGAAATT. The 

sequences of mouse GRIN1 siRNAs are as follows: GAAAGGGAAUCCUGUUAACtt, 

GUGUGC CAGGAUUGAUGUAtt and CUACUAACUGUCACAGUAUtt. The 

sequences of mouse GRIN2 siRNAs are as follows: CACUCAGACUUGGUACAUAtt, 

CCAACCGU AGAACUAGAAGtt and GGAUGAAAUUCCACUGUAAtt. Mouse 

STAT3 siRNA was bought from Qiagen (Hilden, Germany) and the sequences are 

GAGGGUCUCGGAAA UUUAATT, UUAAAUUUCCGAGACCCUCTG.  

 

Cell Culture 

           3xHA-tagged human KOPR (3HA-hKOPR) was cloned into the vector 

pcDNA3. Clonal Neuro2a cells stably transfected with 3HA-hKOPR were generated 

(N2A-3HA-hKOPR). Cells were grown in 10% FBS, 2.2 g/L NaHCO3, 110 mg/L pyruvic 

acid, 2 mg/mL G418, MEM and 100 units/ml penicillin/ streptomycin in a humidified 

atmosphere with 5% CO2, 95% air at 37°C. Saturation binding of [
3
H]diprenorphine to 

membranes was performed and Kd and Bmax values were determined to be 0.12 ± 0.001 
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nM and 0.76 ± 0.07 pmole/mg (mean ± s.e.m., n=3), respectively. Ki values of U50,488H 

and etorphine were determined to be 3.09 ± 1.12 and 0.73 ± 1.12nM (mean ± s.e.m., n=3), 

respectively, by competitive inhibition of [
3
H]diprenorphine binding assay. Both 

U50,488H and etorphine enhanced [
35

S]GTPγS binding with EC50 values of 28.2 ± 1.2 

and 2.95 ± 1.27nM (mean ± s.e.m., n=3), respectively. Emax value of etorphine was 72.2 

± 1.9% of that of U50,488H. 

 

Neurite outgrowth assay 

           Cells were seeded at 5×10
4
 cells/well in 6-well plates and grown for 2 days. For 

dose-response experiments, cells were treated with U50,488H or etorphine at indicated 

concentration and examined for neurite outgrowth as described below. For treatment with 

various inhibitors, cells were treated with vehicle or one of the following compounds, 

including norBNI (1 µM), PTX (50 ng/ml, 1 h), gallein (50 µM) and inhibitors of various 

kinases (PD98059, SB203580, GF109203X and wortmannin) and vehicle, 10 µM 

U50,488H or 1 µM etorphine was added for another 10 min. For experiments requiring 

transfection, cells were transfected with siRNAs (40 pmole) against β-arrestin1, β-

arrestin2, 14-3-3ζ, GEC1, GRIN1, GRIN2 or STAT3 or cDNAs (1.6 µg) of βARKct, 14-

3-3ζ or GEC1, Rap1 or Rap1-DN with Lipofectamine 2000 in 6-well plates. Forty-eight 

hours later, cells were treated with vehicle, 10 μM U50,488H or 1 μM etorphine. 

Incubation with an agonist lasted 10 min unless indicated otherwise. 

           Following treatment with vehicle or an agonist, cells were grown in 0.1% FBS-

containing medium for neuronal differentiation for 24 hr. Cells were fixed with 4% 

paraformaldehyde and then stained with anti-βIII-tubulin antibodies (1:1000) followed by 
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Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibody (1:1000) and 

Hoechst 33258 (1:10,000). βIII-tubulin (a neuronal marker) staining allowed software to 

trace neurite lengths. Hoechst 33258 (a nucleus marker) was used for cell number 

counting. Cells were examined with a fluorescence microscope (Nikon Eclipse TE3000) 

and images randomly captured. Neurite lengths were analyzed with Neurite-Tracer 

ImageJ plug-in software. The software provided the total neurite length of neurons and 

the number of neurons in one image. The average neurite length was obtained by dividing 

the total neurite length by the cell number. For all neurite outgrowth experiments, 700-

1000 cells/ each group in each experiment were analyzed. Average neurite lengths of 

treated groups were normalized against the control untreated group. Each experiment was 

performed at least 3 times. 

 

Western blotting 

           Forty-eight hours after cells were transfected with siRNA against β-arrestin1, β-

arrestin2 or 14-3-3ζ, or the cDNA construct of βARKct or 14-3-3ζ, cells were lysed with 

2x Laemmli sample buffer (4% SDS, 100 mM DTT, 10% glycerol, 62.5 mM Tris, 0.01% 

bromophenol blue, pH6.8) for immunoblotting. For ERK1/2 activation experiments, cells 

were left untreated or treated with PTX (200 µg/ml, 2 hr, 37 ºC) and subsequently 100 

nM U50,488H, 10 nM etorphine or vehicle was added for 5 min or 30 min. Cells then 

were lysed in Laemmli sample buffer, cell lysate was subject to 8% SDS-PAGE and 

resolved protein bands were then transferred onto nitrocellulose membranes. Membranes 

were incubated with primary antibodies against β-arrestin1 (1:5000), β-arrestin2 (1:6000), 

GRK2 (1:2000, to detect βARKct), 14-3-3ζ (1:2000), pERK1/2 (1:1000) and total 
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ERK1/2 (1:1000) overnight followed by goat anti-mouse IgG conjugated with infrared 

dye 680 or goat anti-rabbit IgG conjugated with infrared dye 800CW secondary 

antibodies (1:10,000). Images were captured with the Odyssey Infrared Imaging System 

(LI-COR Biosciences, Lincoln, NE).  

 

Data Analysis and Statistics 

            Data were graphed and analyzed with GraphPad Prism5 (La Jolla, CA). One-way 

ANOVA was used to analyze one-factor experiment, followed by Newman-Keuls post-

test. Two-way ANOVA and Bonferroni post-hoc analysis was used to analyze two-factor 

experiments.     
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Results 

U50,488H- and etorphine-induced neurite outgrowth. 

            We examined dose-response relationship of U50,488H and etorphine in inducing 

neurite outgrowth. The ranges of concentrations (0.01, 0.1, 1 and 10 μM) used were about 

3- to 300-fold of the EC50 values of U50,488H and etorphine in promoting [
35

S]GTPγS 

binding, which were 30 nM and 3.4 nM, respectively (DiMattio et al., 2015). Cells were 

treated with the agonists and then grown in medium plus 0.1% FBS for differentiation for 

24 hr. The three concentrations of U50,488H (0.1, 1 and 10 μM) and two concentrations 

of etorphine (1 and 10 μM) significantly increased neurite lengths. U50,488H at 0.1, 1 

and 10 μM induced longer neuronal processes than etorphine at each concentration 

(Figure 2) (two-way ANOVA, agonist main effect F1,24=50.13, p<0.0001; dose main 

effect F4,24=21.15, p<0.0001; agonist x dose interaction F4,24=9.71, p<0.0001). The doses 

that produced the largest responses for each drug (10 μM U50,488H and 1 μM etorphine) 

were used for all the following experiments. Etorphine at 1 μM and 10 μM showed 

similar response levels, thus 1 μM etorphine was chosen for the following experiments. 

Due to their affinity and EC50 values in [
35

S]GTPγS binding, we did not use higher 

concentrations. Untransfected N2A cells did not produce any neurite outgrowth following 

U50,488H and etorphine treatment (Figure 3). 

 

U50,488H- and etorphine-induced neurite outgrowth is mediated by the KOPR.  

Pretreatment with the selective KOPR antagonist NorBNI before agonist 

treatment significantly reduced U50,488H- and etorphine-promoted neurite outgrowth, 

indicating that the effects are mediated by the KOPR (Figure 4) (two-way ANOVA, 
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agonist main effect F2,12=51.24, p<0.0001; NorBNI main effect F1,12=38.81, p<0.0001; 

agonist x NorBNI interaction F2,12=6.69, p=0.0112).    
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Figure 2. Effects of U50,488H and etorphine on neurite outgrowth: dose-response 

relationship N2A-3HA-hKOPR cells were treated with U50,488H and etorphine at 

different concentrations (0.01 μM, 0.1 μM, 1 μM and 10 μM) for 10 min and then cells 

were cultured in 0.1% serum medium for 24 hr, a condition that induces differentiation. 

In each experiment, neurite lengths of 700-1000 cells were measured using the Neurite-

Tracer NIH ImageJ plugin software. Representative images are shown in the bottom. 

Each value represents the mean ± S.E.M of 3-4 independent experiments. Data were 

analyzed with two-way ANOVA followed by Bonferroni post-hoc test (*:p<0.05, 

**:p<0.01, ***:p<0.001, compared to the untreated group; 
##

:p<0.01, compared 1 μM 

U50,488H vs 1 μM etorphine;  
###

:p<0.001, compared 0.1 μM U50,488H vs 0.1 μM 

etorphine and 10 μM U50,488H vs 10 μM etorphine).  
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Figure 3. Effect of KOPR agonists on untransfected N2A cells Untransfected N2A 

cells were incubated with vehicle, 10 μM U50,488H or 1 μM etorphine for 10 min. Cells 

were then cultured in 0.1% serum medium for 24 hr and neurite lengths were measured. 

Each value represents the mean ± S.E.M. of 3 independent experiments and 700-1000 

cells/ group in each experiment were measured. Data were analyzed by one-way ANOVA 

followed by Newman-Keuls post hoc test.  
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Figure 4. U50,488H- and etorphine-induced neurite outgrowth is KOPR-mediated. 

N2A-3HA-hKOPR cells were pre-treated with the KOPR antagonist norBNI (1 μM) or 

vehicle for 10 min and 10 μM U50,488H, 1 μM etorphine or vehicle was added for an 

additional 10 min. Cells were then cultured in 0.1% serum medium for 24 hr and neurite 

lengths were measured. Each value represents the mean ± S.E.M. of 3 independent 

experiments and 700-1000 cells/ group in each experiment were measured. Data were 

analyzed by two-way ANOVA followed by Bonferroni post-hoc test (*:p<0.05, 

***:p<0.001, compared to the no NorBNI-control group; 
#
:p<0.05, compared to the no 

NorBNI-1 μM etorphine group; 
###

:p<0.001, compared to the no NorBNI-10 μM 

U50,488H alone group). 
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Gi/oα proteins are involved in U50,488H- and etorphine-induced neurite outgrowth, 

but not Gβγ proteins.  

KOPR is a Gi/o-coupled receptor. G protein is a heterotrimer composed of Gα and 

Gβγ. Here, we examined whether Gα and Gβγ were involved in U50,488H- or etorphine-

induced neurite outgrowth. Pretreatment with PTX, which blocks Gi/oα-mediated 

signaling, completely abolished U50,488- and etorphine-induced neurite outgrowth 

(Figure 5A) (two-way ANOVA, agonist main effect F2,18=8.85, p=0.0021; PTX main 

effect F1,18=31.32, p<0.0001; agonist x PTX interaction F2,18=6.46, p=0.0077). This result 

indicates a critical role of Gi/oα in this process.  

            To determine if Gβγ complex is involved, the Gβγ blocker gallein (50 μM) or 

vehicle was applied to cells for 30 min before agonist treatment. There was no 

statistically significant difference between vehicle and gallein treatments (Figure 5B) 

(two-way ANOVA, agonist main effect F2,24=42.49, p<0.0001; gallein main effect F 

1,24=0.37, p=0.5469). βARKct (the C-terminal 194aa of βARK or GRK2) is a Gβγ-binding 

peptide and has been used to inhibit Gβγ signaling (Pitcher et al., 1992). βARKct or the 

vector pRK5 was transfected into cells and 2 days later agonist-induced neurite 

outgrowth was examined. Expression of βARKct, which was confirmed by 

immunoblotting, did not inhibit U50,488H- or etorphine-induced neurite outgrowth 

(Figure 5C) (two-way ANOVA, agonist main effect F2,12=10.41, p=0.0024; βARKct main 

effect F1,12=0.13, p=0.725). Transfection with the vector control (pRK5) showed no 

difference with the untransfected group (data not shown). These results indicate Gβγ is not 

involved in KOPR agonist-induced differentiation. 
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Figure 5. The roles of G proteins in U50,488H- and etorphine-induced neurite 

outgrowth (A) N2A-3HA-hKOPR cells were treated with 50 ng/ml PTX or vehicle for 1 

h and vehicle, 10 μM U50,488H or 1 μM etorphine was added for another 10 min. (B) 

Cells were treated with the Gβγ inhibitor gallein (50 μM) or vehicle for 30 min and 

U50,488H, etorphine or vehicle was administered for another 10-min. (C) Cells were 

transfected with βARKct or the vector pRK5 using Lipofectamine 2000. Forty eight 

hours later, cells were treated with U50,488H, etorphine or vehicle. Overexpression of 

βARKct was confirmed by immunoblotting using GRK2 antibody because βARKct is 

a.a.495-689 of GRK2 with Mr of ~27kDa. (A)(B)(C) Cells were cultured in 0.1% serum 

medium for 24 hr and neurite lengths were measured. Each value represents the mean ± 

S.E.M (n= 3-5, 700-1000 cells/ group/experiment). Data were analyzed by two-way 

ANOVA followed by Bonferroni post-hoc test (*:p<0.05, **:p<0.01, ***:p<0.001, 

compared to untreated ctrl group; 
#
:p<0.05, compared to no PTX-1 μM etorphine group; 

###
:p<0.001, compared to no PTX- 10 μM U50,488H  group). 
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β-arrestins were not involved in U50,488H- and etorphine-induced neurite 

outgrowth.  

Transfection of β-arrestin1 siRNA, which reduced β-arrestin1 by 60% as 

determined by immunoblotting, did not affect U50,488H- and etorphine-induced neurite 

outgrowth (Figure 6A) (two-way ANOVA, agonist main effect F2,21=31.8, p<0.0001; siβ-

arrestin1 main effect F1,21=4.48, p=0.05; agonist x siβ-arrestin1 interaction F2,21=0.35, 

p=0.71).  

β-arrestin2 siRNA, which reduced β-arrestin2 level by 30%, increased neurite 

length in the control, U50,488H- and etorphine-treated groups (Figure 6B) (two-way 

ANOVA, agonist main effect F2,21=25.82, p<0.0001; siβ-arrestin2 main effect F1,21=10.3, 

p=0.004, agonist x siβ-arrestin2 interaction F2,21=0.01, p=0.99). Control siRNA group 

showed no significant difference from non-transfected group (data not shown). Thus, β-

arrestin2 itself may inhibit neurite outgrowth, implying that β-arrestin2 may play a 

negative regulatory role in the KOPR-independent neurite outgrowth.  
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Figure 6. Roles of β-arrestin1 and β-arrestin2 in U50,488H- and etorphine-induced 

neurite outgrowth N2A-3HA-hKOPR cells were transfected with β-arrestin1 and β-

arrestin2 siRNA or control siRNA (siCtrl) using Lipofectamine 2000. Forty-eighty hours 

after transfection, cells were treated with vehicle, 10 μM U50,488H or 1 μM etorphine 

for 10 min. Cells were then cultured in 0.1% serum medium for 24 hr and neurite lengths 

were measured. Each value represents the mean ± S.E.M (n= 4, 700-1000 cells/ group/ 

experiment). The data were analyzed by two-way ANOVA followed by Bonferroni post-

hoc test (*:p<0.05, **:p<0.01, ***:p<0.001 compared to control siRNA-vehicle group; 

#
:p<0.05, 

##
:p<0.01, compared to the corresponding control siRNA group). Knockdown 

of β-arrestin1 and 2 was confirmed by immunoblotting.  
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ERK1/2 play roles in the KOPR-mediated neurite outgrowth.  

            The mitogen-activated protein kinase (MAPK) family regulates a myriad of 

cellular functions, including cell proliferation and differentiation (Raman et al., 2007). 

KOPR activation has been shown to activate ERK1/2 and p38 MAPK (Belcheva et al., 

1998; Bruchas et al., 2006). Incubation of N2A-3HA-hKOPR cells with U50,488H and 

etorphine for 5 min and 30 min increased pERK1/2 levels and PTX blocked KOPR 

agonist-induced ERK1/2 phosphorylation (Figure 7A) (two-way ANOVA, for 5 min: 

agonist main effect F2,12=21.44, p=0.0001; PTX main effect F1,12=77.26, p<0.0001; 

agonist x PTX interaction F2,12=19.63, p=0.0002; for 30min, agonist main effect 

F2,12=9.24, p=0.0037; PTX main effect F1,12=24.68, p=0.0003; agonist x PTX interaction 

F2,12=6.18, p=0.0143). This indicates that KOPR-induced ERK1/2 activation is mediated 

by Gi/o protein. Knockdown of β-arrestin1 or 2 did not affect U50,488H- or etorphine-

induced ERK activation at 5 min and 30 min (data not shown). This result indicates 

KOPR-mediated ERK activation is not mediated by β-arrestin.    

           We used inhibitors of ERK1/2 kinase and p38 MAPK kinase (PD98059 and 

SB203580, respectively) to examine their involvements in neurite outgrowth. Treatment 

with PD98059 (50 µM, 30 min), which completely abolished U50,488H- or etorphine-

induced ERK activation (data not shown), reduced U50,488H- and etorphine-induced 

neurite outgrowth (Figure 7B) (two-way ANOVA, agonist main effect F2,32=60.46, 

p<0.0001; ERK1/2 kinase inhibitor main effect F1,32=14.62, p=0.0006; agonist x inhibitor 

interaction F2,32=5.21, p=0.011). In contrast, the p38 MAPK kinase inhibitor SB203580 

(5 µM, 1hr) did not inhibit agonist-induced neurite outgrowth (Figure 8) (two-way 

ANOVA, agonist main effect F2,11=25.88, p<0.0001; inhibitor main effect F1,11=3.31, 
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p=0.09; agonist x inhibitor interaction F2,11=1.79, p=0.21). These results indicate that 

U50,488H- and etorphine-induced neurite outgrowth is mediated in part by the ERK1/2 

signal pathways, but not by the p38 MAPK pathway.  
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(A) 

 

(B) 

 

Figure 7. (A) U50,488H and etorphine enhanced ERK1/2 phosphorylation in PTX-

sensitive manner. N2A-3HA-hKOPR cells were treated with 200 ng/ml PTX or vehicle 

for 2 h before 5-min or 30-min incubation with vehicle, 100 nM U50,488H or 10 nM 

etorphine and then lysed with 2X Laemmli sample buffer and subjected into 8% SDS-

PAGE. Immunoblotting was performed with pERK1/2 and total ERK1/2 antibodies 

followed by secondary antibodies. Each value represents the mean ± S.E.M (n= 3). Data 

were analyzed by two-way ANOVA followed by Bonferroni post-hoc test. (**:p<0.01, 
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***:p<0.001, compared to no PTX-ctrl group; 
#
:p<0.05, compared to no PTX-U50 or no 

PTX-Etor group at 30 min, 
###

:p<0.001, compared to no PTX-U50 or no PTX-Etor group 

at 5 min). (B) ERK1/2 played a role in U50,488H- or etorphine-induced neurite 

outgrowth Cells were pretreated with the MEK1/2 inhibitor PD98059 (50 µM) or vehicle 

(DMSO) for 30 min followed by 10 min incubation with U50,488H, etorphine or vehicle. 

Cells were differentiated in 0.1% serum medium for 24 hr and neurites were measured. 

Each value is the mean ± S.E.M (n= 4-8). Data are analyzed by two-way ANOVA 

followed Bonferroni post-hoc test (***:p<0.001, compared to DMSO-ctrl group; 

##
:p<0.01, compared to DMSO-U50 or DMSO-Etor group). 

 

 

 

 

 

 

 

 

 

 



 

21 

 

 

Figure 8. Effect of p38 MAPK inhibition on U50,488H- and etorphine-induced 

neurite outgrowth N2A-3HA-hKOPR cells were pretreated with the p38 inhibitor 

SB203580 (5 µM) or vehicle (DMSO) for 1 hr followed by U50,488H, etorphine or 

vehicle incubation for 10 min. Cells were differentiated in 0.1% serum medium for 24 hr 

and neurites were measured. The data shown are the mean ± S.E.M (n= 3) and are 

analyzed by two-way ANOVA followed by Newman-Keuls post-hoc test (*:p<0.05, 

**:p<0.01, ***:p<0.001, compared to the DMSO-ctrl group). 

 

 

 

 

 

 

 

 

 

 



 

22 

 

Lack of involvement of PKC or PI3K signal pathways in KOPR-induced neuronal 

differentiation 

            Activation of KOPR has been shown to inhibit calcium currents through PKC in 

rat dorsal root ganglion neurons and to active ERK signaling via PKC in astrocytes (King 

et al., 1999; Belcheva et al., 2005). The role of PKC in KOPR-mediated neurite 

outgrowth was examined. The PKC inhibitor GF109203X did not inhibit KOPR agonist-

promoted neurite outgrowth (Figure 9) (two-way ANOVA, agonist main effect 

F2,12=79.14, p<0.0001; inhibitor main effect F1,12=0.03, p=0.87; agonist x inhibitor 

interaction F2,12=0.09, p=0.91). This data indicate that PKC does not play a role in 

KOPR-mediated neurite outgrowth. 

            U50,488H reduced myocyte apoptosis caused by simulated ischemia/reperfusion 

through PI3K-Akt signal pathway (Tong et al., 2011). Effect of PI3K inhibition on KOPR 

neuronal differentiation was determined. The PI3K inhibitor wortmannin did not affect 

KOPR-induced neurite outgrowth (Figure 10) (two-way ANOVA, agonist main effect 

F2,18=13.74, p=0.0002; inhibitor main effect F1,18=0.73, p=0.4; agonist x inhibitor 

interaction F2,18=0.42, p=0.66). This result demonstrates that PI3K is not involved in 

KOPR-promoted neuronal differentiation.  
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Figure 9. Effect of PKC inhibition on U50,488H- and etorphine-induced neurite 

outgrowth N2A-3HA-hKOPR cells were pretreated with the nonselective PKC inhibitor 

GF109203X (GF) (2µM) or vehicle (DMSO) for 30 min followed by U50,488H, 

etorphine or vehicle incubation for 10 min. Cells were differentiated in 0.1% serum 

medium for 24 hr and neurites were measured. Each value is the mean ± S.E.M (n= 3).  

Data are analyzed by two-way ANOVA followed by Bonferroni post-hoc test (**:p<0.01, 

***:p<0.001, compared to the DMSO-ctrl group). 
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Figure 10. The role of PI3K in U50,488H- and etorphine-induced neurite outgrowth 

N2A-3HA-hKOPR cells were pretreated with the PI3K inhibitor wortmannin (100 nM) 

or vehicle (DMSO) for 2 hr followed by U50,488H, etorphine or vehicle incubation for 

10 min. Cells were differentiated in 0.1% serum medium for 24 hr and neurites were 

measured. Each value shown is the mean ± S.E.M (n= 4) and data are analyzed by two-

way ANOVA and Newman-Keuls post-hoc test (*:p<0.05, **:p<0.01, compared to the 

DMSO-ctrl group). 
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The roles of the KOPR interacting proteins 14-3-3ζ or GEC1 in U50,488H- and 

etorphine-induced neurite outgrowth.  

           Besides downstream signaling cascades, KOPR interacting proteins may play 

crucial roles in regulating receptor-mediated signaling. Our lab previously found that 

KOPR interacted with 14-3-3ζ and GEC1, which increase expression of KOPR on plasma 

membrane by facilitating trafficking of the KOPR along the export pathway (Chen et al., 

2006; Li et al., 2012).  

           14-3-3 proteins are abundant in eukaryotic cells and play important roles in many 

cellular functions such as cell cycle, apoptosis, differentiation, protein trafficking and 

neuronal development (Hermeking, 2006; Shikano et al., 2006). We examined if 14-3-3ζ 

affected U50,488H- or etorphine-induced differentiation by overexpression or 

knockdown of 14-3-3ζ, which was confirmed by immunoblotting.  Overexpression of 14-

3-3ζ did not affect U50,488H- or etorphine-induced neurite outgrowth (Figure 11A) (two-

way ANOVA, agonist main effect F2,18=11.18, p=0.0007; 14-3-3ζ main effect F1,18=0.3, 

p=0.5937; agonist x 14-3-3ζ interaction, F2,18=0.55, p=0.59). Knockdown of 14-3-3ζ 

itself promoted neurite outgrowth and induced longer neurites in U50,488H- and 

etorphine-treated groups (Figure 11B) (two-way ANOVA, agonist main effect F2,18=13.32, 

p=0.0003; si14-3-3ζ main effect F1,18=84.5, p<0.0001; agonist x si14-3-3ζ interaction 

F2,18=0, p=0.99). These results suggest that 14-3-3ζ itself may play a role in neurite 

outgrowth, but is not involved in KOPR-mediated differentiation. 

            GEC1 (GABARAPL1) belongs to the microtubule associated protein family and 

is involved in the process of autophagy, cell proliferation, cell death, neurodegenerative 

diseases and transport of proteins or vesicles (Le Grand et al., 2011). Whether the 
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interaction of KOPR with GEC1 affected U50,488H- or etorphine-induced neurite 

outgrowth was examined by overexpression and siRNA knockdown of GEC1. GEC1 

overexpression showed a trend of inducing neurite outgrowth, but the increase did not 

reach statistical significance. Overexpression of GEC1 did not affect U50,488H- or 

etorphine-induced neurite outgrowth (Figure 12A) (two-way ANOVA, agonist main 

effect F2,12=9.48, p=0.003; GEC1 main effect F1,12=1.4, p=0.26; agonist x GEC1 

interaction F2,12=0.7, p=0.52). Knockdown of GEC1 showed a trend of increasing 

neuronal differentiation and did not affect U50,488H- or etorphine-induced neurite 

outgrowth (Figure 12B). These data suggested GEC1 did not participate in KOPR-

mediated neurite outgrowth. 
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Figure 11. Role of the KOPR interacting protein 14-3-3ζ in KOPR-mediated neurite 

outgrowth. N2A-3HA-hKOPR cells were transfected with pcDNA3, 14-3-3ζ, 14-3-3ζ 

siRNA or control siRNA (siCtrl) using Lipofectamine 2000 to overexpress or knockdown 

14-3-3ζ. Two days after transfection, cells were treated with vehicle, 10 µM U50,488H or 

1 µM etorphine for 10 min followed by 24-hr differentiation in 0.1% serum medium. 

Neurite processes were measured. Each value is the mean ± S.E.M (n= 4) and data are 

analyzed by two-way ANOVA followed by Bonferroni post-hoc test (*:p<0.05, 

***:p<0.001, compared to the ctrl group;
 ###

:p<0.001, compared to the corresponding 

control siRNA group). Overexpression and knock down of 14-3-3ζ were confirmed by 

immunoblotting.        
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Figure 12. Role of the KOPR interacting protein GEC1 in KOPR-mediated neurite 

outgrowth. N2A-3HA-hKOPR cells were transfected with pcDNA3, GEC1, GEC1 

siRNA or control siRNA (siCtrl) using Lipofectamine2000 to overexpress or knockdown 

GEC1. Two days after transfection, cells were treated with vehicle, 10 µM U50,488H or 

1 µM etorphine for 10 min followed by 24-hr differentiation in 0.1% serum medium. 

Neurite processes were measured. Each value represents the mean± S.E.M (n= 3) and 

data are analyzed by two-way ANOVA followed by Bonferroni post-hoc test (*:p<0.05, 

**:p<0.01, compared to the pcDNA3-ctrl group or the ctrl siRNA-ctrl group).  
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The role of G protein regulated inducer of neurite outgrowth 1 or 2 (GRIN1 or 2) in 

U50,488H- or etorphine-induced neurite outgrowth. 

            The GRIN family (GRIN1 and 2) has been reported to interact with activated Goα 

to regulate neurite outgrowth (Chen et al., 1999; Iida and Kozasa, 2004; Nakata and 

Kozasa, 2005; Masuho et al., 2008). GRIN1 was reported to be involved in MOPR-

mediated neurite outgrowth following etorphine treatment in N2a cells (Ge et al., 2009). 

Our finding that PTX treatment eliminated KOPR agonist-induced neurite outgrowth 

(Figure 4A) demonstrates the pivotal role of Gi/oα-proteins in this process. Therefore, we 

examined if GRIN participated in KOPR-mediated neuronal differentiation. Knockdown 

of GRIN1 did not affect U50,488H- and etorphine-induced neurite outgrowth (Figure 

13A) (two-way ANOVA, agonist main effect F2,18=49.47, p<0.0001; siGRIN1 main effect 

F1,18=1.66, p=0.21; agonist x siGRIN1 interaction F2,18=2.59, p=0.1). This result indicates 

that GRIN1 does not play a role in KOPR-mediated neurite outgrowth.   

           GRIN2 has been found to be involved in neurite outgrowth following activation of 

the CB1 cannabinoid receptor (Hwangpo et al., 2012).  We explored the role of GRIN2 in 

KOPR-mediated neuronal differentiation. Knockdown of GRIN2 did not affect 

U50,488H- or etorphine-induced neurite outgrowth (Figure 13B) (two-way ANOVA, 

agonist main effect F2,18=15.67, p=0.0001; siGRIN2 main effect F1,18=0.36, p=0.56; 

agonist x siGRIN2 interaction F2,18=0.47, p=0.64). These data indicate that GRIN2 is not 

involved in KOPR-promoted neuronal differentiation.   
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Figure 13. Role of the Gα-binding proteins GRIN1 and GRIN2 in KOPR-mediated 

neurite outgrowth N2A-3HA-hKOPR cells were transfected with GRIN1 or GRIN2 

siRNAs or control siRNA (siCtrl) using Lipofectamine 2000 to knockdown GRIN1 or 

GRIN2. Two days after transfection, cells were treated with vehicle, 10 µM U50,488H or 

1 µM etorphine for 10 min followed by 24-hr differentiation in 0.1% serum medium. 

Neurite processes were measured. Each value represents the mean± S.E.M (n= 4) and 

data are analyzed by two-way ANOVA followed by Bonferroni post-hoc test (*:p<0.05, 

**:p<0.01, ***:p<0.001, compared to the control siRNA-ctrl group).  
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To examine if Rap1-STAT3 pathway is involved in KOPR agonist-induced neurite 

outgrowth 

            Accumulating evidence has shown that Gi/o-protein coupled receptors (eg. CB1 

receptor, 5-HT1A receptor, and MOPR) contribute to neurite outgrowth via Gi/o-Rap1-

STAT3 pathway in N2A cells (Fricker et al., 2005; He et al., 2005; Rios et al., 2006). 

Whether KOPR-mediated neurite outgrowth involves Rap1-STAT3 signaling was 

examined. 

            Cells were transfected with Rap1 or a dominant negative (DN) mutant of Rap1 

and their effects on KOPR-mediated neurite outgrowth were examined. Expression of 

Rap1 or Rap1-DN mutant did not affect U50,488H- and etorphine-caused neurite 

outgrowth (Figure 14) (two-way ANOVA, agonist main effect F2,30=12.07, p=0.0001; 

Rap1 main effect F2,30=0.44, p=0.65; agonist x Rap1 interaction F4,30=1, p=0.42). These 

results indicate that Rap1 is not involved in KOPR-mediated neurite outgrowth. However, 

Rap1-DN mutant alone increased neurite outgrowth, indicating Rap1 itself plays an 

inhibitory role in KOPR-independent neurite outgrowth.  

            Whether STAT3 is involved in KOPR neuronal differentiation was examined. 

Knockdown of STAT3 by siRNA showed a trend of decreasing U50,488H- and etorphine-

promoted neurite outgrowth, but the reduction did not reach statistical significance 

(Figure 15) (two way ANOVA, agonist main effect F2,24=7.06, p=0.004; siSTAT3 main 

effect F1,24=6.55, p=0.02; agonist x siGRIN2 interaction F2,24=0.48, p=0.63). These 

results show that STAT3 does not participate in KOPR-induced neurite outgrowth. 
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Figure 14. Effect of Rap1 on U50,488H- or etorphine-induced neurite outgrowth 

N2A-3HA-hKOPR cells were transfected with pcDNA3, Rap1or Rap1 dominant negative 

form (DN) using Lipofectamine 2000 to overexpress RAP1 and Rap1-DN. Two days 

after transfection, cells were treated with vehicle, 10 µM U50,488H or 1 µM etorphine 

for 10 min followed by 24-hr differentiation in 0.1% serum medium. Neurite processes 

were measured. Each value represents the mean± S.E.M (n= 3) and data are analyzed by 

two-way ANOVA followed by Newman-Keuls post-hoc test (*:p<0.05, **:p<0.01, 

***:p<0.001 compared to pcDNA3-ctrl group).  
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 Figure 15. Effect of STAT3 on U50,488H- or etorphine-induced neurite outgrowth 

N2A-3HA-hKOPR cells were transfected with STAT3 siRNAs or control siRNA (siCtrl) 

using Lipofectamine2000 to knock down STAT3. Forty eight hr after transfection, cells 

were incubated with vehicle, 10 µM U50,488H or 1 µM etorphine for 10 min followed 

by 24-hr differentiation in 0.1% serum medium. Neurite processes were measured. Each 

value represents the mean ± S.E.M (n= 3) and data are analyzed by two-way ANOVA and 

Newman-Keuls post-hoc test (*:p<0.05, **:p<0.01, compared to the control siRNA-ctrl 

group).  
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Discussion 

            In this study, we found that U50,488H and etorphine caused neurite outgrowth in 

N2A cells stably transfected with the KOPR. The effects of both agonists are mediated by 

the KOPR, Gi/o alpha subunits and in part by ERK1/2 pathway, but βγ subunits of G 

proteins, β-arrestins, p38 MAPK, PKC, PI3K, 14-3-3ζ, GEC1, GRIN1/2, Rap1 and 

STAT3 did not play significant roles. Therefore, since both agonists share the same 

signaling pathway to promote neurite outgrowth, the lower effect of etorphine is due to 

lower efficacy of etorphine compared with U50,488H, but not due to activation of 

different signaling pathways. Some effectors and interacting proteins (β-arrestin2, GEC1, 

14-3-3ζ and Rap1) inhibited neurite outgrowth in the KOPR-independent manner 

(Figure16).  
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Figure 16. Summary of KOPR-dependent and KOPR-independent neurite 

outgrowth KOPR agonists (U50,488H and etorphine) bind KOPR to activate Gi/oα 

protein and then ERK1/2 signaling to enhance neurite outgrowth (shown in the red color 

in the left figure). Gβγ subunits and β-arrestin1/2 did not affect KOPR-mediated neuronal 

differentiation. The downstream kinase cascades (p38, PKC and PI3K) did not affect 

KOPR-mediated neurite extension. KOPR-interacting proteins (GEC1 and 14-3-3ζ) and 

Gα-interacting proteins (GRIN1 and GRIN2) are not involved in KOPR-mediated neurite 

outgrowth. In the Rap1-STAT3 signal pathway, Rap1 did not have any effect on KOPR-

mediated neurite outgrowth, while STAT3 showed a trend of increasing this process. 

Knockdown by siRNAs of β-arrestin2, GEC1 and 14-3-3ζ or expression of Rap1-DN 

mutant increases neurite extension (shown in the green color in the right figure), 

suggesting β-arrestin2, GEC1, 14-3-3ζ and Rap1 may negatively regulate neurite 

outgrowth in the KOPR-independent manner.   
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KOPR-mediated neurite outgrowth is G protein-, but not β-arrestin-dependent           

            U50,488H- and etorphine-induced neurite outgrowth were abolished by norBNI 

and PTX, indicating that Gi/o mediates KOPR-induced neurite outgrowth. Expression of 

the Gβγ scavenger protein βARKct or knockdown of β-arrestin1 or β-arrestin2 did not 

affect agonist-mediated neurite extension. However, knockdown of β-arrestin2 alone 

promoted basal neurite outgrowth and appeared to have additive effects with U50,488H 

and etorphine in promoting neurite outgrowth (Figure 6B). These results suggest that β-

arrestin2 may play an inhibitory role in KOPR-independent neurite outgrowth.  

Alternatively, at the basal states, there may be constitutively active KOPR (and possibly 

other GPCRs) that is negatively regulated by β-arrestin2 and when β-arrestin2 was 

knocked down, KOPR-mediated increased neurite outgrowth was revealed. This 

interpretation is consistent with the previous findings of Li et al. (1999), who showed that 

expression of a dominant negative mutant of β-arrestin2 reduced the intracellular pool of 

the KOPR at the basal state, suggesting that without agonist treatment, there is a low 

level of β-arrestin-dependent KOPR internalization, likely due to constitutive KOPR 

activity. 

            PTX blocked KOPR-mediated neurite outgrowth, indicating that Gi/oα proteins 

are involved in promoting neurite outgrowth. However, forskolin and dibutyryl cyclic 

AMP (db-cAMP), which increase cAMP level and PKA activation, induce neurite 

outgrowth in N2A cells (Valero et al., 2012). Thus, reduction in cAMP levels caused by 

Gi/o activation is not likely to be involved in KOPR-mediated neurite outgrowth. Gi/o-

coupled KOPR-mediated and forskolin-induced neurite outgrowth may be through 

different downstream signal pathways.        
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           βARKct, a Gβγ scavenger, did not affect agonist-induced neurite extension, 

indicating that Gβγ are not involved in the process. Activated Gβγ can bind to GRK2 

subfamily proteins to activate GRK2 and GRK3. Therefore, GRK2 and GRK3 may not 

be involved in KOPR-mediated neurite outgrowth via Gβγ activation. β-arrestin2 

promoted more neurite outgrowth. β-arrestins recruitment followed GRK-mediated 

GPCR phosphorylation. Taken together, these results suggest that GRK5 and GRK6, but 

not the GRK2 subfamily (GRK2 and GRK3), play a role in β-arrestin2-mediated neurite 

outgrowth.  

            KOPR-induced neurite outgrowth is mediated by Gi/oα-protein, but not Gβγ, β-

arrestin and PKC. The finding that β-arrestin and PKC are not involved in neurite 

outgrowth is consistent with the finding that PKC mediated part of U50,488H-promoted 

KOPR phosphorylation (shown in chapter 2), which in turn appears to recruit β-arrestin, 

leading to β-arrestin-mediated signaling. This β-arrestin-mediated signaling is not 

involved in KOPR-mediated neurite outgrowth. 

 

Roles of KOPR- and Goα-interacting proteins in neurite outgrowth 

            Expression of the KOPR-interacting proteins 14-3-3ζ and GEC1 did not affect 

KOPR-mediated neurite outgrowth. However, knockdown of 14-3-3ζ promoted longer 

outgrowth of neurites (Figure 11), indicating that 14-3-3ζ itself may inhibit neurite 

outgrowth. It is consistent with the report that 14-3-3ζ binds to cell adhesion molecule L1 

and regulates L1-dependent neurite outgrowth (Ramser et al., 2010). Knockdown of 

GEC1 alone showed a trend of increasing neurite outgrowth (Figure 12). The N-terminal 

region of GEC1 binds to tubulin and promotes tubulin polymerization (Mansuy et al., 
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2004), suggesting a possible role of GEC1 in neurite outgrowth. Thus, 14-3-3ζ and GEC1 

may regulate neurite outgrowth in a KOPR-independent manner. 

            KOPR-caused neuronal differentiation is Gi/oα-dependent. GRIN1 and 2 have 

been shown to interact with activated form of Goα protein to stimulate neurite outgrowth 

(Chen et al., 1999; Iida and Kozasa, 2004; Nakata and Kozasa, 2005; Masuho et al., 

2008). Our results showed that KOPR-mediated neurite extension is not through GRIN1 

and GRIN2 (Figure 13), which is different from MOPR- and CB1-mediated neurite 

outgrowth. GRIN1 was involved in etorphine-induced MOPR-mediated neurite 

outgrowth and GRIN2 participated in CB1-mediated neurite outgrowth (Ge et al., 2009; 

Hwangpo et al., 2012).  

 

The role of MAPK in KOPR-mediated cellular functions 

            Stimulation of the KOPR by agonists activates MAP kinase family, including 

ERK1/2 and p38 MAPK (Belcheva et al., 1998; Bruchas et al., 2006). In our study, 

neurite outgrowth in N2A cells promoted by a KOPR agonist (U50,488H or etorphine) is 

in part ERK1/2-mediated (Figure 7B), but p38 MAPK is not involved (Figure 8). 

U69,593 inhibited mouse embryonic stem cell (ESC)-derived neurogenesis via the p38 

MAPK pathway and astrogenesis via the ERK1/2 pathway, whereas it stimulated ESC-

derived oligodendrogenesis via both p38 and ERK1/2 pathways (Hahn et al., 2010). Thus, 

differentiation in different cell systems is regulated by different MEK kinase pathways. 

            Here we found that U50,488H and etorphine shared the same signaling pathway 

to promote neurite outgrowth, and the differential effects are due to the lower efficacy of 

etorphine. This is different from the finding of Coscia and colleagues (McLennan et al., 
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2008) on the differences in signaling and proliferation of immortalized astrocytes 

between the KOPR agonists U69,593 and MOM-Sal B.  These researchers showed that 

KOPR activation by U69,593, promoted proliferation of immortalized astrocytes via Gβγ 

and β–arrestin2-promoted sustained ERK1/2 phosphorylation, whereas MOM-Sal B 

induced only transient ERK1/2 phosphorylation and did not cause cell proliferation 

(McLennan et al., 2008). In contrast, in primary astrocytes U69,593 and MOM-Sal B 

showed similar effects. Both caused sustained ERK1/2 phosphorylation and proliferation 

of primary astrocytes, which are mediated by Gβγ and β-arrestin2 (McLennan et al., 2008). 

Therefore, there are both cell- and agonist-specific effects in their studies.  

 

Gi/oα-coupled GPCR-mediated neurite outgrowth 

            Our finding that activation of the KOPR, a Gi/oα-coupled receptor, resulted in 

neurite outgrowth is consistent with the reports that many other Gi/oα-coupled receptors 

participate in neurite outgrowth (He et al., 2006). D2 dopamine receptor increased neurite 

outgrowth in cultured cortical neurons (Reinoso et al., 1996). Activation of the CB1 or 5-

HT1A receptor causes neurite outgrowth in N2A cells via Gi/o-Rap1-STAT3 pathway 

(Fricker et al., 2005; He et al., 2005). We have found that KOPR-caused neurite 

outgrowth is not mediated by Rap1 and STAT3 (Figure 14 and Figure 15), whereas 

stimulation of the δ opioid receptor induced neurite outgrowth via Gi/o-STAT5B pathway 

in N2A cells (Georganta et al., 2013).  Thus, Gi/oα-coupled receptors activate different 

signaling pathways to regulate neurite outgrowth.  

  

Similarities and differences between U50,488H and etorphine 
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            U50,488H caused neurite outgrowth to a greater extent than etorphine and both 

drugs produced the effect by acting on the KOPR via Gi/oα protein-mediated pathway. 

Both U50,488H and etorphine enhanced KOPR-mediated [
35

S]GTPγS binding to N2A-

3HA-hKOPR cell membranes, a functional measurement of Gα protein activation, and in 

this assay the Emax value of etorphine was 72.2% of that of U50,488H (DiMattio et al., 

2015). These results indicate etorphine is a partial agonist in the neurite outgrowth and 

[
35

S]GTPγS binding assays. However, in the same cell line, both U50,488H and etorphine 

enhanced ERK1/2 phosphorylation via PTX-sensitive Gα proteins with the same Emax 

values, indicating that both are full agonists in this assay. Thus etorphine is a low-efficacy 

partial agonist in promoting neurite outgrowth, a high-efficacy partial agonist in inducing 

[
35

S]GTPγS binding and a full agonist in enhancing ERK1/2 phosphorylation, although in 

N2A cells all the three end points are manifestations of activation of PTX-sensitive Gα 

proteins. These results are consistent with the notion that the efficacy of a drug depends 

on the end point examined. There may be spare receptors for ERK1/2 phosphorylation, 

but not for [
35

S]GTPγS binding and neurite outgrowth. Alternatively, there may be signal 

amplification for ERK1/2 phosphorylation downstream of Gα proteins, but not for 

[
35

S]GTPγS binding and neurite outgrowth. 

 

             In conclusion, in N2A cells, U50,488H and etorphine activate the same KOPR-

mediated signaling pathway to cause neurite outgrowth and the differential effects are 

due to different efficacy of the two agonists. 
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CHAPTER 2 

STUDIES ON RECEPTOR PHOSPHORYLATION  

FOLLOWING KAPPA OPIOID RECEPTOR ACTIVATION 

Introduction 

Phosphorylation of GPCR 

            Phosphorylation on GPCRs caused by agonists, commonly on serine and 

threonine residues within the C-terminal tail and, to lower extents, the third intracellular 

loop, has been well established (Butcher et al., 2011). Phosphorylation of GPCRs is a 

major regulatory mechanism to drive different signaling outcomes. Agonists occupy 

GPCRs, leading to recruitment of kinases to plasma membranes. Kinases phosphorylate 

GPCRs at multiple phosphorylation sites with GRKs being the major kinases. β-arrestins 

are recruited to phosphorylate GPCRs, leading to β-arrestin-mediated signaling and also 

as a result, G proteins are uncoupled from phosphorylated GPCRs, which is termed 

desensitization. β-arrestin also binds to clathrin, which in turn moves GPCR into clathrin-

coated pits, leading to receptor internalization, trafficking and downregulation (Lefkowitz, 

1998; Lefkowitz, 2004; Lefkowitz and Shenoy, 2005).  

            Many strategies have been used to directly map phosphorylation sites on ligand-

activated GPCRs.  Tryptic phosphosite mapping has been employed for the bradykinin 

B2 receptor (Blaukat et al., 2001). Tryptic digestion of purified receptors followed by 

high performance liquid chromatography (HPLC) and tandem mass spectrometry 

(MS/MS) has been used for the β2-adrenergic receptor,  and the chemokine receptor 

CXCR4 (Trester-Zedlitz et al., 2005; Busillo et al., 2010) and the MOPR (Lau et al., 

2011).  Immunoblotting or immunohistochemistry with phosphospecific antibodies has 

been utilized for the β2-adrenergic receptor, CXCR4, and somatostatin 2A receptors and 
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MOPR (Tran et al., 2004; Busillo et al., 2010; Doll et al., 2011; Ghosh and Schonbrunn, 

2011). Site-directed mutagenesis was used extensively in earlier studies.  

            In recent years, evidence supports the concept of receptor phosphorylation 

“barcode”, which states that when agonists bind to GPCR and cause receptor 

conformation changes, different GRKs phosphorylate GPCRs in specific phosphorylation 

patterns, leading to recruitment of distinct β-arrestin conformations for specialized 

signaling outcomes (Figure 17) (Reiter et al., 2012; Wisler et al., 2014). For the β2-

adrenergic receptor expressed in HEK293 cells, GRK2-promoted phosphorylation 

contributes to receptor internalization, whereas GRK6-induced phosphorylation is 

essential for β-arrestin-mediated ERK1/2 signaling, and phosphorylation caused by both 

GRKs are responsible for receptor desensitization. The β2-adrenergic receptor full agonist 

isoproterenol recruits GRK2 and GRK6 to phosphorylate receptor, whereas a weak β-

arrestin-biased agonist, carvedilol, only recruits GRK6 (Nobles et al., 2011). Studies on 

the CXCR4 showed that GRK3 and GRK6 positively regulated ERK1/2, while GRK2 

negatively regulated ERK1/2 signaling (Busillo et al., 2010). In addition, it was reported 

that the M3 muscarinic receptor was phosphorylated to different levels at different 

phosphorylation sites in different cells (CHO, MIN6 insulinoma cells and primary CG 

neurons) and tissues (hippocampus, cortex, pancreas and salivary) (Butcher et al., 2011). 

These findings suggest that GPCRs phosphorylated by GRKs generate specialized 

phosphorylation barcodes in agonist-, cell type- and tissue-specific fashions that may 

provide a mechanism for agonist-, cell- and tissue-specific receptor signaling and 

regulation.   



 

43 

 

 

Figure 17. The barcode hypothesis (Wisler et al., 2014) 
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G protein receptor kinase (GRK) 

            GRKs are serine/threonine kinases. Based on their gene structures and sequences, 

the GRK family has been classified into 3 subfamilies: visual subfamily (GRK1 and 

GRK7), GRK2 subfamily [β-adrenergic receptor kinase (βARK) subfamily, GRK2 and 

GRK3] and GRK4 subfamily (GRK4, GRK5 and GRK6). Visual subfamily and GRK4 

are expressed in retina and testis, respectively. Other subtypes (GRK2, 3, 5 and 6) have 

ubiquitous distribution.  

            Structurally, all the GRKs are composed of three major regions (Figure 18): the 

N-terminal domain, the regulator of G protein signaling (RGS) homology (RH) domain, 

and the C-terminal domain. The N-terminal domain, highly conserved among all the 

GRKs, has a short 25-residue proximal NH2-terminal region which is unique to GRK 

enzymes and is involved in GPCR binding. RH domain is divided by a Ser/Thr kinase 

domain (KD) of about 500-520 residues, which belongs to the AGC (protein kinase A, 

protein kinase G and protein kinase C) kinase family and is shared among all the GRKs. 

Specific lysine residue (K) in the kinase domain of each GRK is responsible for the 

catalytic activity (shown in the kinase domain of Figure 18). The C-terminal domain is 

diverse among GRKs. Visual GRKs have short C-terminal prenylation sequences. GRK2 

subfamily in the C-terminal domain has pleckstrin homology (PH) domains implicated in 

anionic phospholipids binding and Gβγ-binding, allowing translocation of GRK2 or 

GRK3 to the inner side of plasma membranes. GRK4 and GRK6 contain palmitoylation 

sites and lipid-binding capabilities. GRK5 has a phospholipid binding domain at residues 

552-562, which targets GRK5 to membranes. Nuclear localization signal and nuclear 

export signal are identified within GRK5 (Premont et al., 1995; Sato et al., 2015). 
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            Generally, GRKs are recruited to membranes toward activated GPCRs using 

residues and domains within their C-terminal domains. GRKs phosphorylate at Ser/Thr 

residues in the C-terminal domains and third intracellular loops of GPCRs. GRKs appear 

not to have high receptor specificity. There is no clear consensus sequence in receptor 

substrate of GRKs. However, in some case, GRK2 and GRK3 have been reported to 

show preference for Ser or Thr residues downstream of acidic residues (Eason et al., 

1995), whereas GRK5 and GRK6 prefer residues downstream of basic residues 

(Kunapuli et al., 1994; Pitcher et al., 1998). Recently, the concept of GPCR 

phosphorylation barcode may provide one possible way to explain GRK selectivity 

(Reiter et al., 2012; Wisler et al., 2014). Differentially activated receptor confirmations 

recruit different GRKs to cause distinct phosphorylation patterns, leading to recruitment 

of different β-arrestin conformations and diverse downstream signaling or receptor 

trafficking.  
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Figure 18. GRKs subfamily (Sato et al., 2015)  
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Protein kinase C (PKC) 

            PKC is a group of serine/threonine kinases, which belongs to the AGC kinase 

family. According to the second messengers that regulate their activities, PKC is 

classified into three major groups: the conventional isoforms (PKCα, PKCβ and PKCγ), 

which are regulated by calcium, diacylglycerol (DAG) and phospholipids, the novel 

forms (PKCδ, PKCε, PKCη and PKCθ), which are regulated by DAG and phospholipids, 

and the atypical isoforms (PKCζ and PKCι/λ, PKCλ is the mouse ortholog of human 

PKCι), which are insensitive to calcium and DAG. Most PKC isoforms are expressed 

ubiquitously in all tissues.  

            Structurally, there are two major regions, a regulatory region in the N-terminal 

domain and a catalytic region in the C-terminal domain (Figure 19). In the regulatory 

region, there are one pseudosubstrate motif and one C1 (DAG-binding) and one C2 

(calcium-binding) domains. The pseudosubstrate motif closely resembles substrate-

phosphorylation motif with an alanine residue instead of serine-threonine 

phosphorylation site and bind the catalytic region to keep it in the inactive state. 

Conventional PKC isoforms have C1 and C2 domains while novel and atypical isoforms 

only have C1 domain. Conventional and novel PKC isoforms have tandem C1 domains 

(C1a and C1b) to bind DAG, whereas atypical isoforms only have one C1 domain, which 

cannot bind to DAG. The catalytic region is composed of conserved C3 (ATP-binding 

site) and C4 (substrate-binding site) domains. For conventional PKCs, DAG bind to the 

C1 domain, leading to conformation changes that facilitate dissociation of the 

pseudosubstrate motif from the catalytic domain and increase catalytic activity of PKC. 

The C2 domain binds phospholipids in a calcium-dependent manner for PKC activation. 
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For calcium-independent novel PKCs, there is C2-like structure binding to phospholipids. 

For DAG- and calcium-independent atypical PKCs, the catalytic activity is regulated by 

intracellular localization, which is controlled by nuclear localization signals (NLS) and 

nuclear export signals (NES) as well as the interaction with regulatory proteins (Spitaler 

and Cantrell, 2004). 

            A hallmark of PKC activation is translocation from cytosol to cellular particulate 

fraction involving plasma membranes and intracellular organelles (e.g. mitochondria and 

Golgi). The consensus phosphorylation sequences for PKCs are (R/K)(R/K)X(S/T), 

(R/K)XX(S/T), (R/K)X(S/T)(R/K), (R/K)XX(S/T)XR/K and (R/K)X (S/T).  PKCs prefer 

a basic amino acid (Arg and/or Lys) at the position -2 and/or -3 N-terminal of the 

phosphorylation sites (Ser and Thr) within the substrate proteins (Kang et al., 2012). 

Phosphorylation of substrate proteins by PKC causes conformational change resulting in 

functional changes. GPCRs are one of the candidate substrates for PKC. MOPR and 

CXCR4 have been reported to be phosphorylated by PKC (Busillo et al., 2010; Chen et 

al., 2013).  
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Figure 19. PKC isoforms (Spitaler and Cantrell, 2004)  
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KOPR-mediated pharmacological effects 

            KOPR agonists have been shown to produce antinociception (von Voigtlander et 

al., 1983; Dykstra et al., 1987) without respiratory depression and physical dependence as 

MOPR agonists do (Koob and Bloom, 1988; Kong et al., 1994).  KOPR agonists also 

have therapeutic potentials as antipruritic and water diuretic agents (Gmerek and Cowan, 

1988). However, they also have some undesirable side effects, such as dysphoria 

(Dykstra et al., 1987), sedation, and motor incoordination (Kieffer, 1999). These side 

effects limited the therapeutic development of KOPR agonists. Chavkin and colleagues 

have postulated that KOPR-induced analgesia is G protein-dependent, whereas aversion 

is β-arrestin-p38-medaied (Bruchas and Chavkin, 2010). G protein-biased KOPR agonists 

may provide a way to optimize KOPR therapeutic potentials. In addition, understanding 

the underlying mechanisms of β-arrestin-mediated signaling will allow us to explore 

avenues to minimize the side-effects. KOPR phosphorylation is the initial step for β-

arrestin recruitment, thus it is important to characterize in details mechanisms of agonist-

promoted KOPR phosphorylation.                   

            U50,488H has been reported to induce phosphorylation of the human KOPR 

(hKOPR) expressed in CHO cells using the method of metabolic labeling with 
32

P-

orthophosphate (Li et al., 2002). Etorphine promotes much lower levels of KOPR 

phosphorylation than U50,488H and reduces U50,488H-promoted KOPR 

phosphorylation (Li et al., 2003). Chavkin et al. reported that U50,488H induced 

phosphorylation of S369 in the rat KOPR (rKOPR) stably transfected into HEK293 cells 

by immunoblotting using phospho-specific antibody. S369A mutation or expression of 

GRK2 dominant negative mutant GRK2 (K220R) decreased U50,488H-mediated rKOPR 
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desensitization and internalization (McLaughlin et al., 2003). In Xenopus oocytes, co-

expression of GRK3 or GRK5 and β-arrestin2 enhanced U69,593-induced rKOPR 

desensitization, which was attenuated by S369A mutation in the rKOPR. In contrast, 

U69,593-induced KOPR desensitization was not affected by substitution with Ala of 

S356, T357 or T363 in the C-terminal domain or S255, S260 and S262 in the third 

intracellular loop (Appleyard et al., 1999). These studies demonstrate that agonist-

promoted KOPR phosphorylation at S369 contributes to KOPR desensitization and 

internalization, which are mediated by GRK-β-arrestin-dependent mechanisms. Human 

and rodent (mouse and rat) KOPRs show some sequence differences in the C-terminal 

domains (the sequences shown in the table 1). The human and mouse KOPRs differ in 

two positions: Ser
358

 and Tyr
369

 in the human KOPR, but Asn
358

 and Ser
369

 in the mouse 

KOPR.  

            Our lab has recently determined sites of U50,488H-promoted phosphorylation of 

the mouse KOPR (mKOPR) expressed in N2A cells to be S356, T357, T363 and S369 by 

LC-MS/MS and phospho-KOPR specific antibodies (Chen et al., 2016). Antibodies 

recognizing KOPR phosphorylated at S356/T357, T363 and S369 are shown to be highly 

specific (Chen et al., 2016).  In this study, we focused on dose-response relationship and 

time course of U50,488H-promoted mKOPR phosphorylation at each site and the protein 

kinases (GRK and PKC) involved in mKOPR phosphorylation in vitro. In addition, we 

also examined the role of PKC in U50,488H-promoted KOPR phosphorylation in mouse 

brains and in KOPR-mediated pharmacological effects in CD1 mice. 
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Materials and Methods 

Materials 

            Mouse neuro2A neuroblastoma (N2A) cells were purchased from the A.T.C.C. 

(Manassas, VA). U50,488H and norbinaltorphimine (nor-BNI) were provided by the 

National Institute on Drug Abuse (Bethesda, MD). Horseradish peroxidase (HRP)-

conjugated goat anti-rabbit or anti-mouse IgG antibodies were purchased from Jackson 

ImmunoResearch Laboratories (West Grove, PA). Minimal essential medium (MEM), 

blasticidin and Lipofectamine
TM

 2000 were purchased from Invitrogen/Thermo Fisher 

Scientific (Walthman, MA). Fetal bovine serum was purchased from Atlanta 

Biochemicals (Flowery Branch, GA). Protease inhibitor tablet, bicinchoninic acid assay 

(BCA) reagents and enhanced chemiluminescence (ECL) reagent Supersignal West Pico 

were purchased from Pierce/Thermo Fisher Scientific (Walthman, MA). The nickel-

nitrilotriacetate (Ni-NTA) agarose was purchased from Qiagen (Hilden, Germany). 

Dodecyl-β-Dmaltoside (DDM), Go6976, Pansorbin and PVDF membranes was 

purchased from EMD Millipore (Billerica, MA). Odyssey blocking buffer, secondary 

antibody goat anti-mouse IgG-800CW, Sapphire and DRAQ5 were from LI-COR 

Bioscience (Lincoln, NE). Chelerythrine chloride (CHL) was from Enzo Life science 

(Farmingdale, NY). 

            The rabbit total mKOPR (PA847) and phospho-specific KOPR antibodies were 

custom-generated by Covance (Conshohocken, PA) and purified in our own laboratory 

(Chen et al., 2016). Total mKOPR antibody (PA847) were generated against a.a.371-380 

in the C-terminal domain of the mKOPR. Phospho-specific antibodies were generated 

against phosphopeptides in the C-terminal domain of the mKOPR as follows: 

pS356/pT357 antibody against a.a.352-360 containing pS356 and pST357; pT363 
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antibody against a.a.359-367 with pT363; pS369 antibody against a.a.365-373 with 

pS369. 

            siRNAs against GRK2, GRK3, PKCα and PKCε and GRK2 antibody (sc-562) 

and GRK3 antibody (sc-563) were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). The sequences of GRK2 siRNAs are: GACGUGUUCCAGAAGUUCAtt, 

UGAACUUCUGGAACACGUCtt, GAGUACCCAAGAUGAAGAAtt, UUCUUCAUC 

UUGGGUACUCtt, GUACCCAAGAUGAAGAACAtt, UGUUCUUCAUCUUGGGUA 

Ctt. The GRK3 siRNAs sequences of are CUGCGAACAUCCUCCUAGAtt, UCUAGG 

AGGAUGUUCGCAGtt, CAGGACCUCUAUAAGAACUtt, AGUUCUUAUAGAGGU 

CCUGtt, CGUCUAGGGUAAUUAUGAAtt, UUCAUAAUUACCCUAGACGtt. The 

sequences of PKCα siRNAs are GACAUAAAGUACAGAGUAUtt, AUACUCUGUAC 

UUUAUGUCtt, GUAGGUACCCUUCCUAAGAtt, UCUUAGGAAGGGUACCUACtt, 

GGAAGUACAAUGUAUAGUAtt, UACUAUACAUUGUACUUCCtt. The sequences 

of PKCε siRNAs are GGAAGGCCUUGUCAUUUGATT, UCAAAUGACAAGGCCUU 

CCTT, CUGGAUGAGUUCAACUUCATT, UGAAGUUGAACUCAUCCAGTT, GAA 

GGACGUUAUCCUACAATT, and UUGUAGGAUAACGUCCUUCTT. Polymerase 

chain reaction (PCR) primers for PKC isoforms (PKCα, PKCβ, PKCγ, PKCζ, PKCι/λ, 

PKCδ, PKCε, PKCθ and PKCη) also were purchased from Santa Cruz (Santa Cruz, CA).  

GRK4/5/6 antibody was purchased from Millipore (Billerica, MA). siRNAs against 

GRK5 and GRK6 and TRIzol® Reagent were bought from Life Technologies (Carlsbad, 

CA). The sequences of GRK5 siRNA are GGACCAUAGACAGAGAUUAtt, and 

UAAUCUCUGUCUAUGGUCCtt. The sequences of GRK6 siRNAs are 

GGCAAGAGCAAGAAAUGGCtt, and GCCAUUUCUUGCUCUUGCCtt.    

https://www.google.com/search?biw=1260&bih=616&q=carlsbad+california&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKmqSInPVeIAsYtMyvO0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUA_pIQXEQAAAA&sa=X&ved=0ahUKEwjyzLXdmqrKAhVIbj4KHeFWCa4QmxMIgwEoATAO
https://www.google.com/search?biw=1260&bih=616&q=carlsbad+california&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKmqSInPVeIAsYtMyvO0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUA_pIQXEQAAAA&sa=X&ved=0ahUKEwjyzLXdmqrKAhVIbj4KHeFWCa4QmxMIgwEoATAO
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            Mouse monoclonal anti-FLAG M1 affinity antibody, GF109203X, penicillin/ 

streptomycin, pyruvic acid, NaHCO3, Phorbol-12-myristate-13-acetate (PMA), 

phosphatase inhibitors [tetrasodium pyrophosphate, glycerophosphate disodium, NaF and 

orthovanadate (Na3VO4)], dithiothreitol (DTT), imidazole, ethylenediaminetetraacetic 

acid (EDTA), paraformaldehyde and compound 48/80 were purchased from Sigma-

Aldrich (St. Louis, MO).   

 

Cell Culture 

            The mouse KOPR (mKOPR) construct was generated previously (Chen et al., 

2016). Briefly, the mKOPR was epitope-tagged with FLAG including a signal peptide at 

the N-terminus to facilitate receptor purification. The construct was cloned into 

KpnI/AgeI sites of the vector pcDNA3/6His with a blasticidin resistance gene. Thus the 

mKOPR has a FLAG tag at the N-terminus and 6×His at the C-terminus (FmK6H). N2A 

cells stably transfected with FmK6H (FmK6H-N2A cells) were established previously in 

our lab (Chen et al., 2016). Cells were grown in 10% fetal bovine serum, 2.2g/L NaHCO3, 

110mg/L pyruvic acid, 1µg/mL blasticidin, MEM and 100 units/ml penicillin/ 

streptomycin in a humidified atmosphere with 5% CO2, 95% air at 37°C. Saturation 

binding of [
3
H]diprenorphine to membranes was performed and Kd and Bmax values 

were determined to be 0.30±0.06 nM and 5.48±0.52 pmole/mg protein (mean ± s.e.m., 

n=3), respectively. 

 

Drug treatment 

Effects of U50,488H on KOPR phosphorylation: time course and dose-response 
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relationship 

            About 1×10
7
 cells were incubated in serum-free medium for at least for 1 hr. For 

time-course experiments, cells were treated with vehicle or 0.1 µM U50,488H for 

different time intervals (0, 0.5, 1, 2, 5, 10 min) at 37°C. For concentration-response 

relationship, cells were treated with vehicle or different concentrations of U50,488H 

(0.01, 0.1, 0.3, 1, 3, 10 µM) for 2 min at 37°C.  

Roles of GRKs on U50,488H-promoted KOPR phosphorylation 

           For knockdown of GRK isoforms experiments, 5 x 10
5 

cells/ well in 6-well plates 

were left untransfected or transfected with control siRNA or siRNA targeting GRK2, 

GRK3, GRKs2+3 or GRK6 (75 pmole siRNA) using Lipofectamine 2000. Because N2A 

cells had very low levels of GRK5, effects of both overexpression and overexpression / 

knockdown of GRK5 were examined. Cells were co-transfected with pcDNA3 + control 

siRNA, GRK5 cDNA + control siRNA, pcDNA3 + GRK5 siRNA and GRK5 cDNA + 

GRK5 siRNA (1 µg cDNA + 100 pmole siRNA) using Lipofectamine 2000. Forty eight 

hours after transfection, cells were treated with vehicle or 3 µM U50,488H for 2 min at 

37°C. 

Effects of protein kinase C (PKC) activation on KOPR phosphorylation  

            Phorbol-12-myristate-13-acetate (PMA), a PKC activator, was used to examine if 

activation of PKC affects KOPR phosphorylation. PMA is a diester of phorbol and a 

structural analogue of diacylglycerol (DAG), which activates PKC via C1 DAG/phorbol 

ester binding domain. For dose-response relationship, 1×10
7 

cells were incubated in 

serum-free medium for at least for 1 hr and then treated with different concentrations 

(0.001, 0.01, 0.1, 1 and 10 µM) of PMA for 30 min at 37°C. For time-course experiments, 
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after being in serum-free medium for 1 h, cells (~1×10
7
) were treated with 0.1 µM PMA 

for different intervals (0, 1,  5, 10 and 30 min) at 37°C. For comparison, 1×10
7 

cells were 

treated with 3 µM U50,488H for the same intervals as the PMA experiments. These two 

treated groups underwent SDS-PAGE and immunoblotting together to compare 

heterologous and homologous phosphorylation. 

Effects of PKC inhibition on U50,488H-induced KOPR phosphorylation  

            Two nonselective PKC inhibitors (GF109203X and chelerythrine chloride, CHL) 

and one selective PKCα and PKCβ1 inhibitor (Go6976) were used to examine the role of 

PKC in U50,488H-induced KOPR phosphorylation. Cells (~1×10
7
)
 
were incubated with 

serum-free medium for 1 hr followed by incubation with vehicle or a PKC inhibitor (4 

µM GF109203X, 1 µM CHL or 100 nM Go6976) for 30 min and cells then were treated 

with vehicle or 3 µM U50,488H for 2 min at 37°C.  

             For knockdown of PKCα or PKCε, ~5 x 10
5 

cells were transfected with control 

siRNA or PKCα siRNA or PKCε siRNA using Lipofectamine 2000. Forty eight hours 

later, cells were treated with 3 µM U50,488H for 2 min at 37°C. 

             All the vehicle- and drug-treated cells were lysed for receptor purification and 

subsequent immunoblotting as described below. 

  

Receptor purification and Western blot 

            After vehicle or drug treatment, cells were lysed with 1 ml lysis buffer [1% DDM, 

phosphatase inhibitors, protease inhibitors (20 mM tetrasodium pyrophosphate, 20 mM 

glycerophosphate disodium, 20 mM NaF and 2 mM Na3VO4), 20 mM Tris-HCl buffer, 

pH 7.4]. Cell lysate were supplemented with 10 µM naloxone to stabilize the receptor 
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and then centrifuged at 12,000rpm (13,000 X g) for 10min. The supernatant were 

incubated with 50 µl Ni-NTA agarose in a 1.5-ml Eppendorf tube for 1 hr and then 

washed 3 times to remove non-specific binding with wash buffer [20 mM Tris-HCl, pH 

7.4, 0.5N NaCl, phosphatase inhibitors (2 mM tetrasodium pyrophosphate, 2 mM 

glycerophosphate, 2 mM NaF and 0.2 mM Na3VO4), 0.1% DDM, 20 mM imidazole] by 

resuspension and centrifugation. Samples were incubated with 100 µl elution buffer (0.3 

M imidazole, 66 mM Tris-free base, 0.3 M NaCl and 0.05% DDM) at 4°C for 15 min. 

Laemmli sample buffer (5X, 10% SDS, 0.25 M Tris, pH 7.4, 50% glycerol and 0.01% 

Bromophenol Blue, 25 µl) was added to eluted samples. Sample (30 µl) were resolved 

with 8% SDS-PAGE and then transferred onto PVDF membranes. Membranes were 

incubated with phospho-specific KOPR antibodies (1 µg/ml, pS356/pT357, pT363 and 

pS369) overnight followed by HRP-conjugated secondary anti-rabbit IgG antibodies and 

then reacted with ECL reagents. Images were captured with LAS 1000 plus Image 

Analyzer (Fuji Photo Film Co. Ltd., Tokyo, Japan). Membranes were stripped with 

stripping buffer (0.1 M glycine, pH 2 and 1% SDS) at room temperature and 

immunoblotted again for total mouse KOPR using antibody PA847 (1:10,000), followed 

by HRP-conjugated secondary anti-rabbit IgG antibodies and ECL reagents. Staining 

intensity of phospho-KOPR was normalized against that of the total KOPR in the same 

lane. 

 

Detection of endogenous GRKs and the specificity of GRK siRNAs in N2A cells 

           Cells (~1×10
7
) were lysed with 2X Laemmli sample buffer (4% SDS, 100 mM 

DTT, 10% glycerol, 62.5 mM Tris, 0.01% Bromophenol Blue, pH 7.4) and protein 
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concentration of the lysate was determined with the BCA method. For immunoblotting of 

GRK5 and GRK6, cells (~5 x 10
5
) were transfected with GRK5 or GRK6 cDNA (1 µg) 

using Lipofectamine 2000 for 48 hr as the positive controls because the antibodies 

recognize GRKs4/5/6. Some cells (~5 x 10
5
) were untransfected or transfected with 

control siRNA or siRNAs against GRK2, GRK3, GRK2+3, GRK5 and GRK6 (75 pmole) 

by Lipofectamine 2000 for 48 hr. Cells were lysed with 2X Laemmli sample buffer and 

then protein concentration was examined by BCA assay. For endogenous GRKs detection, 

aliquots of cell lysate (15 or 30 µg protein for GRK2 and GRK3 detection, 80 µg for 

GRKs5/6 detection, and 2 µl GRK5 or GRK6 overexpression cell lysate) were resolved 

with 8% SDS-PAGE. For examination of GRKs siRNA specificity, aliquots of cell lysate 

from nontransfection, control siRNA, siGRK2, siGRK3, siGRK2+3, siGRK5 and 

siGRK6 (30 µg protein for GRK2 and GRK3 detection and 80 µg for GRK6 detection) 

were resolved with 8% SDS-PAGE. Protein bands thus resolved were transferred onto 

PVDF membranes. Membranes were incubated with GRK2 (1:1000), GRK3 (1:1000) or 

pan-GRK4/5/6 (1:2000) antibodies overnight at 4°C followed by HRP-conjugated 

secondary anti-rabbit IgG antibodies and then ECL reagents. Images were captured with a 

Fuji LAS 1000 plus Image Analyzer (Fuji Photo Film Co. Ltd., Tokyo, Japan). 

 

Reverse transcription- polymerase chain reaction (RT-PCR) 

            Cells (~1×10
7
) were solubilized with 1 ml Trizol reagent followed by chloroform 

phase extraction. Isopropanol (100%, 0.5 mL) was added to the aqueous phase to 

precipitate RNA (gel-like pellet). RNA pellet was washed with 75% ethanol and then 

dried in the air for 10 min. RNA was resuspended in RNAase-free water at 55°C for 10 
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min. RNA was used for RT- two-step PCR for detection of different isoforms of PKC 

(conventional PKCs: PKCα, PKCβ and PKCγ; atypical PKCs: PKCζ and PKCι/λ; novel 

PKCs: PKCδ, PKCε, PKCθ and PKCη). RT-PCR was performed according to the semi-

quantitative nested RT-PCR protocol of the manufacturer (Santa Cruz). Nested PCR is 

modified from the regular PCR using two pairs of primers to reduce mispriming, leading 

to the generation of specific PCR products. The first pair of primers (primer pair A) are 

for amplification of a larger DNA fragment. The second pair of primers (nested primers, 

primer pair B) are for amplification of a shorter fragment from the first run PCR product. 

Thus, the second run of PCR can exclude nonspecific fragments from the first run PCR 

products. Total RNA (5 ng) was reverse-transcribed into cDNA first. For the first PCR 

reaction, 2 µl cDNA was amplified with the primer pair A. The first PCR product (5 µl) 

was used as the template for the second PCR reaction using the primer pair B.  For the 

control, no PCR primers were added (RT-ctrl).  The PCR cycle was as follows: initial 

denature at 95°C for 30 sec followed by 35 cycles (95°C, 45 sec; 55°C, 45 sec; 72°C, 1 

min) and then the final elongation at 72°C for 10 min. PCR products were resolved with 

1% agarose gel electrophoresis and the image was captured with the Fuji Image Analyzer.  

 

On cell western for receptor internalization 

            Cells were seeded into 96-well plate (Falcon) at 3×10
4 

cells/well and grown for 2 

days to confluence. Cells were incubated with 4 µM GF109203X or 1 µM CHL in serum-

free medium for 30 min and then treated with 10 µM U50,488H for 1 h. Cells were 

washed with cold PBS containing Mg
2+

 and Ca
2+

 followed by anti-FLAG M1 antibody 

(1:500)  incubation for 1 hr at 4°C to label cell surface KOPR. Cells were fixed with 4% 
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paraformaldehyde for 10 min at room temperature and then incubated with Odyssey 

blocking buffer for 1 hr followed by secondary antibody goat anti-mouse IgG-800CW 

(1:800), which reacted with anti-FLAG M1 antibody and yielded green color. Cells were 

also stained with cellular cytosol control Sapphire (1:700) and cytosol and nuclei control 

5mM DRAQ5 (1:10,000) in blocking buffer for 1 hr at room temperature, which yielded 

red color and were used for normalization of cell numbers in each well. Cells were 

washed five times with TBST (20 mM Tris, 0.9% NaCl, 0.1% Tween20, pH 7.6) and then 

one time with water. Two signals [surface KOPR (green) and cellular stain (red)] were 

measured using Odyssey Infrared Image System and software (LI-COR Bioscience, 

Lincoln, NE). The ratio of the intensity of KOPR (green) over the intensity of cellular 

stain (red) was used as a measure of cell surface receptors. Receptor internalized (% of 

total cell surface receptor) was calculated as follows.  

                                                         
                  

       
           

 

Animals 

            Male adult CD1 mice (8 weeks) were purchased from Charles River (Wilmington, 

MA). Mice were housed 5 per cage in a temperature- and relative humidity-controlled 

room with a 12-hr light/dark cycle. Animals were acclimated for about seven days before 

tests. All animals were provided food and tap water ad libitum. All the animal 

experiments were performed according to the National Institutes of Health guidelines for 

the Care and Use of Laboratory Animals and with an approved protocol from Temple 

University Institutional Animal Care and Use Committee. 
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Effect of PKC inhibition on U50-induced KOPR phosphorylation in mouse brain 

           Male adult CD1 mice were pretreated with H2O or CHL (5 mg/kg, s.c.) for 1 hr 

followed by saline or U50,488H (10 mg/kg, s.c.) administration for 15 min. Mice were 

euthanized with gaseous CO2. Whole brains without cerebellum were removed, 

immediately frozen in liquid nitrogen and then stored at -80°C for receptor purification. 

           Because of very low level of KOPR in mouse brains (~40 fmole/mg protein), five 

brains were pooled as one sample. KOPR was purified with tandem immunoprecipitation 

of KOPR and then subject to western blotting with phospho-KOPR specific antibodies. 

Brains were homogenized with 15 ml buffer A [modified RIPA with the following 

composition: 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 25mM Tris, pH 7.4, 10 

mM EDTA, phosphatase inhibitors (15 mM tetrasodium pyrophosphate, 20 mM 

glycerophosphate disodium, 50 mM NaF, 1 mM Na3VO4), and protease inhibitors tablet, 

pH adjusted to 8.0], then incubated with 0.5 ml Pansorbin for 1 hr at 4ºC for pre-clearing 

of materials interacting with Pansorbin and centrifuged at 50,000 x g for 30 min. 

Supernatants were incubated with purified rabbit PA847 anti-mouse KOPR antibody at 

2.5 µg/ml overnight at 4ºC for immunoprecipitation of KOPR as the first step of receptor 

purification and centrifuged at 50,000 x g for 30 min to remove particulates. Pansorbin 

(200 µl) was added to the supernatant, incubated for 2 hr and then centrifuged at 20,000 x 

g for 10 min. The pellet was re-suspended in 1 ml buffer A, transferred to Eppendorf 

tubes, and washed by centrifugation and re-suspension two times with buffer A and once 

with buffer C (25 mM Tris, pH 7.4, 0.1% DDM, 0.25M NaCl, 1 mM EDTA). Pellets 

were resuspended in 100 µl buffer E [4% SDS, 25 mM Tris-HCl buffer, pH7.4, 10% 

glycerol, 1 mM EDTA, 0.1 M DTT (freshly added)], incubated for 30 min at room 
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temperature to dissociate immunoprecipitated proteins from Pansorbin and centrifuged at 

12,000 x g for 2 min to remove Pansorbin. Supernatant was transferred to a fresh 

Eppendorf tube, heated at 55ºC for 30 min, added dropwise to 1.8 ml of buffer B (25 mM 

Tris, pH 7.4, 2% DDM, 0.15M NaCl, 1 mM EDTA) containing 10 µg guinea pig 

antibodies against the KOPR (371-380) peptide (custom-generated, Ab5699) and 

incubated overnight at 4ºC for the second immunoprecipitation.  Pansorbin (50 µl) was 

added to the mixture, incubated for 2 h and centrifuged at 12,000 x g for 2 min. The 

supernatant was removed and the pellet was washed twice with buffer B and once with 

buffer C by resuspension and centrifugation. KOPR was eluted from Pansorbin by 

incubation and vortexing with 50 µl buffer D [25 mM Tris, pH 7.4, 0.05% DDM, 0.25M 

NaCl, 1 mM EDTA, 0.1 mg/ml KOPR(371-380) peptide (amino acid sequence: 

RDVGGMNKPV)] for 10 min twice and 100ul for 30 min once at room temperature and 

centrifuged for collection of supernatants. The combined eluate was concentrated to 20 µl 

using an Amicon Concentrator with a 50-kDa cutoff, mixed with 20 µl buffer F [8% SDS, 

25 mM Tris-HCl buffer, pH7.4, 20% glycerol, 1 mM EDTA, 0.1 M DTT (freshly added)], 

heated at 55ºC for 20 min. Eluted samples were subjected to SDS-PAGE (precast gel 4-

12%, Invitrogen) and then transferred onto PVDF membranes, which incubated for 1 hr 

with 3% BSA blocking buffer in TBS-T containing normal guinea pig IgG (10 µg/ml). 

Membranes were incubated overnight with anti-pT363 or anti-pS369 (1 µg/ml) at 4ºC 

followed by incubation with HRP-conjugated mouse monoclonal anti-rabbit IgG and 

reaction with ECL reagents. Images were captured with a Fuji LAS 1000 plus Image 

Analyzer and the intensity of each band was quantified using the ImageGauge software 

(Version 4.1, Fuji Photo Film Co.). The blot was stripped and re-blotted for the total 
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mouse KOPR using rabbit PA847 antibody (0.1 µg/ml) for 1 hr. For quantitation, p-

KOPR staining intensity was normalized against that of the total KOPR in the same lane. 

The resulting data were then normalized against those of U50,488H.  

 

Formalin test  

            Male adult CD1 mice were injected subcutaneously with the PKC inhibitor CHL 

(1 mg/kg) or H2O in the home cage in the test room for 1 h. Mice were treated with 

U50,488H (1 mg/kg, s.c.) or saline for 5 min in the test chamber and then injected with 

5% formalin into the bottom of their left hind paws under isoflurane anesthesia. Mice 

recovered from anesthesia in about 1 min and then started flinching the injected paw for 

15-20 min, which is considered as phase I reaction. When the phase I reaction was over, 

mice licked the injected paw, which is the phase II reaction and is inhibited by KOPR 

agonists (Wheeler-Aceto and Cowan, 1991). Mice were recorded for 20 min for the time 

they spent on licking their injected hind paws as a measure of U50,488H-induced 

analgesic effect.  

 

Anti-scratching test 

            Male adult CD1 mice were treated with the PKC inhibitor CHL (5 mg/kg, s.c.) or 

water and placed in test cages for 1 hr. Mice were injected with 5 mg/kg U50,488H or 

saline (s.c.) for 20 min followed by injection with 0.1 ml of the pruritogen compound 

48/80 (0.5 mg/ml, s.c.) into the nape of the neck. Mice started to scratch in a few seconds 

and the number of scratching bouts was counted for 30 min. 

Tolerance to the anti-scratching effect of U50,488H 
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            Whether repeated U50,488H treatment induced tolerance to its anti-scratching 

effect was examined. Mice were treated once a day for 6 days with saline or 5 mg/kg 

U50,488H (s.c.). On day 1 and day 6, mice were tested for their anti-scratching behavior. 

On the test days, mice were acclimated in test chamber for 1 h followed by injection of 

saline or U50,488H. Twenty min later, mice were injected with compound 48/80 to cause 

scratching. The number of scratching bouts was counted for 30 min.  

 

Novelty-induced locomotor activity  

Apparatus 

            Home cage locomotor activity system (Omnitech Electronics Inc., Columbus, OH) 

was used. Each locomotor chamber frame can accommodate a transparent plastic cage 

(45cm× 20cm× 20cm) and has a pair of sensor panels with a set of 16 light beams in a 

horizontal direction. When a mouse interrupts light beams, the connected Fusion software 

records and determines the location of mice along X-axis. Breaking of two consecutive 

light beams by a mouse is interpreted as ambulatory activity, while repeated breaking of 

the same light beam is recorded as stereotypic activity. The total activity is composed of 

ambulatory activity and stereotypic activity. The total travel distance (cm) is the distance 

traveled along the horizontal direction. 

Procedure 

           Male adult CD1 mice were injected with the PKC inhibitor CHL (1 mg/kg, s.c.) or 

water in the home cages. One hour later, mice were treated with 5 mg/kg U50,488H (s.c.) 

or saline and were immediately placed into locomotor activity chambers for activity 

recording in 5-min bins for 1 hr. Total distance traveled (cm), total activity, ambulatory 
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activity and stereotypy activity (the number of beam breaking) were recorded by Fusion 

software. Data were analyzed with GraphPad Prism5 (La Jolla, CA) to calculate the area 

under curve (AUC) of first 30-min period for all the groups.  

 

Rotarod performance assay  

            Male adult CD1 mice were trained to run on a rotarod apparatus (Ugo-Basile 

mouse rotar-rod, Stoelting Co., Wood Dale, IL) 2 days before the test day. On the training 

day, mice were acclimated in the test room for 1 hr and then placed on the rotarod for 5 

min with the rotation revolution changing from 3 to 30 rpm. Each mouse was trained for 

3 trials with a break of 5 min between trials. Mice that stayed on the rotarod for less than 

255 sec (85% of the 5-min period) were excluded from testing. On the test day, mice 

were tested on the rod first to measure the baseline. All the mice were able to stay on the 

rotarod for almost the entire 5 min, so the baselines were close to 300 sec for all the 

groups. Mice were subcutaneously injected with the PKC inhibitor CHL (1 mg/kg or 5 

mg/kg) or H2O for 1 hr prior to subcutaneous administration of U50,488H (10 mg/kg) or 

saline. Ten, 20 and 30 min after U50,488H injection, mice were tested for the time they 

stayed on the rotarod for 5 min. Results are shown as the percentage of time staying on 

the rod following drug or vehicle administration compared with the baseline.    

 

Conditioned place aversion (CPA) 

            CPA was performed according to our published procedure of conditioned place 

preference (Xu et al., 2013) with some modifications. 

Apparatus 
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            A Plexiglas chamber with two identical-size compartments (12.7×34.7×12.7 cm
3
) 

and a guillotine door (5×5.9 cm
2
) in the middle was used for each mouse. The visual cues 

for one side were checker coverings on the floor and three walls with a blue light bulb (5-

watt) hung at the top. The other side was covered with white coverings and a red bulb 

hung at the top.    

Procedures (see the time scheme on Figure 41A)   

Pretest (day 0) 

            Mice were acclimated in the test room for 1 hr in the dark with blue and red light 

on. Drug-naïve mice were placed into the chambers and allowed free access to both sides 

for 15 min for determination of their initial preference. Mice that stayed in one side for 

over 570 sec (65% of 15 min) were excluded from the subsequent experiment.  

Conditioning (day 1- day 6) 

            The CPA procedure is unbiased and visual cue-counterbalance in design. Half of 

the mice were conditioned in the chamber of white-red light as drug-paired side; the 

others were conditioned in the chamber of checker-blue light as drug-paired side. There 

were two conditioning sessions each day: non-drug-paired side for the morning session 

and drug-paired side for the afternoon session. For the morning sessions, mice were 

treated with H2O for 1 hr followed by 15-min saline administration in the home cages and 

then placed into the CPA chamber for 30 min as non-drug treatment conditioning (half in 

the checker-side; half in the white-side). For the afternoon sessions, mice were treated 

with drugs. There are 4 basic treatment groups in this experiment: H2O-Sal, H2O-

U50,488H, CHL-Sal and CHL-U50,488H. The dose-response relationship for CHL was 

examined, thus 1 and 5 mg/kg CHL and saline treated groups and co-treatment of CHL 
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(0.5, 1 and 5 mg/kg) and U50,488H were examined. Mice were pretreated with vehicle or 

CHL at different doses (0.5, 1 or 5 mg/kg) for 1 h followed by 5 mg/kg U50,488H or 

saline in the home cage. Fifteen minutes later, mice were placed into chamber for 30 min 

for drug-treatment conditioning. If mice were conditioned in the white side for non-drug 

paired side in the morning, in the afternoon mice were placed into the checker side as 

drug-paired side and vice versa. Conditioning was carried out for 6 days. 

Posttest (day7) 

            Mice were acclimated for 30 min in the test room in the dark. Without any drug 

treatment, mice were placed into the chambers and allowed free access to both sides for 

15 min. The time each mouse staying in either side was recorded. Post-drug preference 

was determine as drug-paired side minus nondrug-paired side. 

  

Data Analysis and Statistics 

            Data were graphed and analyzed with Graph Pad Prism5 (La Jolla, CA). One-way 

ANOVA was used to analyze one-factor experiment, followed by Newman-Keuls post-

hoc test. Two-way ANOVA was used to analyze two-factor experiments followed by 

Bonferroni post-hoc test.  
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Results 

U50,488H-induced KOPR phosphorylation is mediated by KOPR. 

            Our previous studies showed that phosphorylation of mKOPR in the C-terminal 

domain induced by U50,488H occurred at pS356, pT357, pT363 and pS369 by LC-MS-

MS analysis of purified mKOPR (Chen et al., 2016). Here, whether phosphorylation at 

these sites was due to KOPR activation was examined. Cells were pretreated with the 

selective KOPR antagonist NorBNI (1 µM) for 1 hr followed by 30-min incubation with 

10 µM U50,488H and KOPR phosphorylation was examined with immunoblotting using 

the three phospho-KOPR specific antibodies. NorBNI blocked U50,488H-induced KOPR 

phosphorylation at S356/T357, T363 and S369 (two way ANOVA, for S356/T357, 

U50,488H main effect F1,11=9.97, p=0.009; NorBNI main effect F1,11=25.18, p=0.0001; 

U50,488H  NorBNI interaction, F1,11=28.44, p=0.0002; for T363: U50,488H main effect 

F1,12=2094.18, p<0.0001; NorBNI main effect F1,12=1966, p<0.0001; U50,488H  

NorBNI interaction, F1,12=2051.94, p<0.0001; for S369: U50,488H main effect F1,12=985, 

p<0.0001; NorBNI main effect F1,12=1014.7, p<0.0001; U50,488H NorBNI interaction, 

F1,12=949, p<0.0001) (Figure 20). This indicates that U50,488H-induced KOPR 

phosphorylation at these sites is KOPR-mediated.  
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Figure 20. U50,488H-promoted KOPR phosphorylation was blocked by norBNI. 

N2A-FmK6H cells were treated with 1 µM norBNI for 1 hr followed by 30-min 

incubation with 10 µM U50,488H. Cells were lysed and receptors were partially purified 

by use of Ni-NTA agarose. The eluted samples were used for western blot using 

phospho-specific antibodies: anti-pS356/pT357, anti-pT363 and anti-pS369. Membranes 

were stripped and immunoblotting was performed with anti-KOPR antibodies. One 

representative blot is shown. Staining intensity of phospho-KOPR was normalized 

against that of the total KOPR in the same lane. Staining intensity of each lane (p-

KOPR/total KOPR) was then normalized against that of the U50,488H lane, which was 

designated as 100%. Each value represents the mean ± S.E.M (n=4). Data were analyzed 

by two-way ANOVA followed by Bonferroni post-hoc test. (***: p <0.001, compared to 

untreated group; 
###

: p <0.001, compared to U50,488H-treated group). 
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Time course and dose-response relationship of U50,488H-induced KOPR 

phosphorylation 

            FmK6H-N2A cells were treated with 0.1 µM U50,488H for 0.5, 1, 2, 5 and 10 

min and KOPR phosphorylation was probed with pS356/pT357, pT363 and pS369 

antibodies. KOPR phosphorylation by U50,488H at these phosphoresidues occurred very 

rapidly. Maximal pS356/pT357, pT363 and pS369 antibody staining reached a plateau in 

30 sec, 1 min and 2 min, respectively (Figure 21). Based on the results, we chose 2-min 

incubation time with U50,488H for the following in vitro experiments.     

            Different concentrations of U50,488H were used to determine EC50 values for 

KOPR phosphorylation at each residue. Cells were treated with 0.01 μM, 0.1 μM, 0.3 μM, 

1 μM, 3 μM and 10 μM U50,488H for 2 min. U50,488H promoted KOPR 

phosphorylation in a dose-dependent manner (Figure 22). The EC50 values of 

phosphorylation at S356/T357, T363 and S369 were determined to be 0.1 μM, 0.48 μM 

and 0.24 μM, respectively. Based on these results, 3 μM U50,488H was chosen for the 

following in vitro experiments.  
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Figure 21. Time course of U50,488H-induced KOPR phosphorylation FmK6H-N2A 

cells were treated with 0.1 μM U50,488H at 37ºC for different durations (0, 0.5, 1, 2, 5 

and 10 min). Cells were lysed with lysis buffer and then receptors were affinity-purified 

using Ni-NTA agarose beads. Eluted samples were subject to western blot using the three 

phospho-KOPR specific antibodies. Membranes were stripped and blotted again for total 

KOPR. Left panel represents one of three to four experiments performed. Quantitation of 

staining intensity was performed (see Fig. 1 legend) and each value is mean ± SEM.  
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Figure 22. Dose-response relationship of U50,488H-induced KOPR phosphorylation 

FmK6H-N2A cells were treated with different concentrations of U50,488H (0.01 μM , 

0.1 μM, 0.3 μM,1 μM, 3 μM and 10 μM) for 2 min at 37°C.  Cells were lysed with lysis 

buffer and then KOPR receptors were partially purified using Ni-NTA agarose beads. 

Receptor samples were resolved in 8% SDS-PAGE and then immunoblotted with 

pS356/pT357, pT363 and pS369 antibodies. Membranes were stripped and blotted again 

for total KOPR detection. Left panel represents one of three to seven experiments 

performed. Quantitation of staining intensity was performed (see Fig. 1 legend) and each 

value is mean ± SEM (n=3-7).  
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Roles of GRKs in U50,488H-induced KOPR phosphorylation  

           GRKs have been shown to be involved in agonist-induced GPCR phosphorylation.  

We first examined the endogenous GRKs present in N2A cells by western blot using 

GRK2, GRK3 and pan GRKs4/5/6 antibodies. When cell extracts (15 and 30 µg protein) 

were subject to SDS-PAGE, immunoblotting with GRK2 or GRK3 antibodies revealed 

one band with the expected Mr 80 kDa for GRK2 and 83 kDa for GRK3 and staining 

intensity of about 1 to 2 ratio between the two lanes (Fig. 23A and Fig. 23B), indicating 

the presence of GRK2 and GRK3. Because the antibody recognizes GRKs4/5/6 and 

GRK5 and GRK6 have similar molecular weights, overexpression of GRK5 and GRK6 

was used as the positive controls for identification of the two enzymes. As shown in Fig. 

23C, GRK6, but not GRK5, was present in N2A cells. The data indicate that N2A cells 

endogenously express GRK2, GRK3 and GRK6. 
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(A)                                        (B)                                   (C) 

 
 

Figure 23. Detection of endogenous GRKs 2, 3 and 6 in Neuro2a cells N2A cells were 

lysed with lysis buffer and then 15 or 30 µg of proteins were subject to western blot with 

specific GRK2 (A) and GRK3 (B) antibodies. For GRK5 and GRK6 (C), because the 

antibody recognized GRKs4/5/6, cells transfected with GRK5 and GRK6 cDNAs were 

used as the positive controls. Forty-eight hours after transfection using Lipofectamine 

2000, cells were lysed and then were subject to 8% SDS-PAGE and immunoblotting 

using pan GRK4-5-6 antibody. These results indicate that N2A cells endogenously 

express GRKs 2, 3 and 6.  
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            Knockdown of endogenous GRK2, GRK3 and GRK6 with individual siRNAs 

was used to examine which GRK isoforms were involved in KOPR phosphorylation upon 

U50,488H stimulation. GRK2 and GRK3 belong to the same subfamily, which have Gβγ-

binding domains in the C-terminal regions, whereas GRK5 and GRK6 do not. The 

specificity of each individual siRNA against GRKs 2, 3, 5 and 6 was checked by western 

blot. Fig. 24 shows that GRK2 siRNA knocked down GRK2, without affecting GRK3 or 

GRK6, demonstrating its specificity among the three GRKs. Similarly, GRK3 siRNA and 

GRK6 siRNA are specific for GRK3 and GRK6, respectively, among the three GRKs.   
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Figure 24. Specificity of siRNAs against GRK2, GRK3, and GRK6 in N2A cells 

FmK6H N2A cells were left untransfected or transfected with control siRNA (siCtrl), 

siRNAs against GRK2, GRK3, GRK2+3, GRK5 and GRK6 using Lipofectamine 2000 

for 48 hr. Cells were lysed with lysis buffer and then subjected to western blot with 

GRK2, GRK3 and GRK6 antibodies.  
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            Cells were left untransfected or transfected with control siRNA or siRNA 

targeting GRK2, GRK3 or both. Compared to control siRNA, GRK2 siRNA or GRK2 

siRNA + GRK3 siRNA reduced GRK2 by about 50%. Similarly, GRK3 siRNA or GRK2 

siRNA + GRK3 siRNA reduced GRK3 by about 50% (Fig. 25). The control siRNA did 

not affect U50,488H-promoted phosphorylation at S356/T357, T363 and S369, compared 

to no-transfection (NTF). Therefore, NTF was omitted in following experiments. 

Knockdown of GRK2, GRK3 or both GRKs2/3 significantly attenuated U50,488H-

promoted KOPR phosphorylation as detected by immunoblotting with pS356/pT357, 

pT363 and pS369 antibodies (Figure 25). For S356/T357, knockdown of GRK2 or GRK3 

decreased U50,488H-promoted phosphorylation by about 55%, whereas knockdown of 

GRK2+3 totally blocked U50,488H-induced phosphorylation. For T363, knockdown of 

GRK2 reduced U50,488H-induced phosphorylation by about 60%, whereas knockdown 

of GRK3 and GRK2+3 reduced KOPR phosphorylation by about 80%. For S369, 

knockdown of GRK2 inhibited KOPR phosphorylation by~35%, whereas knockdown of 

GRK3 and GRK2+3 reduced by about 60% and 65%, respectively. The attenuation was 

more profound for phosphorylation of T363 than S369. This indicates GRK2 and GRK3 

are involved in U50,488H-induced KOPR phosphorylation.  

            GRK6 knockdown was similarly performed with siRNA targeting GRK6, which 

reduced GRK6 levels by about 40%. Knockdown of GRK6 significantly reduced 

U50,488H-caused KOPR phosphorylation at S356/T357, T363 and S369 by about 50%, 

45% and 50%, as detected with phospho-specific antibodies (Figure 26). Thus, GRK6 is 

also involved in U50,488H-induced KOPR phosphorylation.  
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Figure 25. Effects of knockdown of GRK2 and GRK3 on U50,488H-induced KOPR 

phosphorylation at S356/T357, T363 and S369 FmK6H-N2A cells were left 

untransfected (NTF) or transfected with control siRNA (siCtrl, siC) or siRNAs targeting 

GRK2, GRK3 or both. Forty-eighty hours later, cells were treated with vehicle or 3 μM 

U50,488H for 2 min. Cells were solubilized and the KOPR was partially purified with 

Ni-NTA agarose. SDS-PAGE and immunoblotting were performed on the eluates. Top 

panel shows representative blots and the experiments were performed 3-5 times with 

similar results. Quantitation of staining intensity was performed (see Fig. 20 legend). 

Data represent the mean ± S.E.M. The data were analyzed with one-way ANOVA 

followed by Newman-Keuls post-hoc test (*: p <0.05, **: p <0.01, ***: p <0.001, 

compared to vehicle control group; 
###

: p <0.001, compared to U50,488H-treated siRNA 

control group). GRK2 and GRK3 levels were reduced by 50% as determined with 

immunoblotting. 
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Figure 26. Effect of GRK6 knockdown on U50,488H-induced KOPR 

phosphorylation at S356/T357, T363 and S369 Fmk6H-N2A cells were transfected 

with control siRNA (siCtrl) or GRK6 siRNA (siGRK6) with Lipofectamine 2000 for 48 

hr. Cells were treated with vehicle or 3 µM U50,488H for 2 min and then were lysed with 

lysis buffer. KOPR was partially purified using Ni-NTA agarose. Elutes were resolved 

with 8% SDS-PAGE and then immunoblotting was performed with phospho-KOPR 

antibodies (pS356/pT357, pS356 and pT363) and then total KOPR antibodies. GRK6 

levels were reduced by 40% by siRNA as determined with western blot. A representative 

blot for each antibody is shown in the top panel. Staining intensity was quantified (see 

Fig. 20 legend). Data represent the mean ± S.E.M (n=6) and were analyzed by one-way 

ANOVA followed by Newman-Keuls post-hoc test [**: p <0.01, ***: p <0.01, compared 

to vehicle control group (siCtrl-H2O); 
###

: p <0.001, compared to U50,488H-treated 

siRNA control group (siCtrl-U50)]. 
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            GRK5 was reported to participate in agonist-induced KOPR desensitization 

(Appleyard et al., 1999), suggesting that GRK5 is involved in KOPR phosphorylation. 

Since N2A cells do not express GRK5 endogenously, we examined the role of GRK5 by 

its overexpression. Overexpression of GRK5 promoted higher U50,488H-promoted 

phosphorylation level of KOPR at S356/T357, T363 and S369 by 2-, 1.6- and 1.6-fold, 

respectively, compared with the vector control. Furthermore, GRK5 siRNA was used to 

determine the specificity of the effects of GRK5 overexpression. Co-transfection of 

GRK5 siRNA with GRK5, which reduced GRK5 by about 80%, blocked GRK5 

overexpression-caused KOPR phosphorylation at each residue (Figure 27).  

 

 

 

 

 

 

 

 

 

 

 



 

81 

 

 

Figure 27. Effects of GRK5 expression and expression + knockdown on U50,488H-

induced KOPR phosphorylation at S356/T357, T363 and S369 FmK6H-N2A cells 

were co-transfected with the vector pcDNA3 and control siRNA (Ctrl), GRK5 cDNA and 

control siRNA (GRK5), and GRK5 cDNA and GRK5 siRNA (GRK5+siGRK5) with 

Lipofectamine 2000 for 48 hr. Cells were treated with vehicle or 3 µM U50,488H for 2 

min and then lysed for partial KOPR purification with Ni-NTA agarose. Elutes were 

loaded onto 8% SDS-PAGE for western blot for detection of pKOPR (pS356/pT357, 

pS356 and pT363) and total KOPR. The expression of GRK5 and knockdown of GRK5 

were validated by western blot. Results represent the mean ± S.E.M (n=6-8). Data were 

analyzed by one-way ANOVA followed by Newman-Keuls post-hoc test [*: p <0.05, ***: 

p <0.01, compared to H2O-treated control group (Ctrl-H2O); 
###

: p <0.001, compared to 

U50,488H-treated GRK5 overexpression group (GRK5-U50); 
&&

: p <0.01, 
&&&

: p <0.001, 

compared to U50,488H-treated control group (Ctrl-U50)].         
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            Taken together, U50,488H-induced KOPR phosphorylation at S356/T357, T363 

and S369 was regulated by GRK2, GRK3, GRK5 and GRK6. Thus, phosphorylation of 

the four sites in the C-terminal domain are regulated similarly by the four GRKs, 

indicating that there is no differential KOPR phosphorylation by GRKs2/3 versus 

GRKs5/6. 

 

Roles of PKCs on KOPR phosphorylation in vitro 

            Other protein kinases are also reported to be involved in GPCR phosphorylation. 

Activation of the KOPR has been shown to stimulate PKC (Bian et al., 2000; Bohn et al., 

2000). S356, T357, T363 and S369 are also PKC consensus phosphorylation sites. We 

first examined the endogenous PKC isoforms present in N2A cells using RT-PCR with 

isoform specific primers. Control reactions were performed with no PCR primers. PCR 

products were resolved with agarose electrophoresis along with the size markers. The 

primers were designed as such to yield PCR products of 400-560 bp. As shown in Fig. 28, 

DNA products of expected sizes were found in the RT-PCR reaction mixtures, but not in 

RT-control mixtures, for PKCα, PKCβ, PKCγ, PKCζ, PKCι/λ, PKCδ, PKCε, and PKCθ. 

These results indicate that N2A cells endogenously express PKCα, PKCβ and PKCγ 

(conventional PKCs), PKCζ and PKCι/λ (atypical PKCs), as well as PKCδ, PKCε and 

PKCθ, but not PKCη (Novel PKCs). Among these isoforms, PKCθ PCR product was 

barely detectable. 
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Figure 28. Endogenous PKC isoforms in N2A cells, detected with RT-PCR 

N2A cells were solubilized with Trizol reagent and RNA was extracted. RNA was used 

for RT-PCR for detection of different isoforms of PKC (conventional PKCs: PKCα, 

PKCβ and PKCγ; atypical PKCs: PKCζ and PKCι/λ; novel PKCs: PKCδ, PKCε, PKCθ 

and PKCη). For the PCR control, no PCR primers were added (RT-ctrl). The PCR cycle 

was as follows: initial denature at 95°C for 30 sec followed by 35 cycles (95°C, 45 sec; 

55°C, 45 sec; 72°C, 1 min) and then the final elongation at 72°C for 10 min. PCR 

products were resolved with 1% agarose gel electrophoresis and then the image was 

captured. This figure shows the presence of PKC isoforms (predicted PCR product sizes) 

as follows: PKCα (496bp), PKCβ (428bp), PKCγ (552bp), PKCζ (428bp), PKCι/λ 

(456bp), PKCδ (428bp), PKCε (547bp), and PKCθ (494bp). PKCθ PCR product is barely 

detectable (red arrowhead).  No PKCη PCR product was detected. The experiment was 

carried out twice with similar results. 
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            PKC was shown to be involved in heterologous desensitization of many 7TMRs, 

including the KOPR (Finley et al., 2008). Thus, whether PKC stimulation independent of 

KOPR activation enhanced KOPR phosphorylation was examined by use of the PKC 

activator phorbol-12-myristate-13-acetate (PMA). Incubation of cells with different 

concentrations of PMA for 30 min enhanced KOPR phosphorylation at S356/T357, T363 

and S369 in dose-dependent manner with EC50 values of 6.6 nM, 7.5 nM and 19 nM, 

respectively (Figure 29A). Based on this result, 0.1 µM PMA was used in the following 

time course experiment. As shown in Fig. 29B, PMA enhanced KOPR phosphorylation at 

S356/T357, T363 and S369 in a time-dependent fashion, reaching a plateau at 5, 15 and 

15 min, respectively.  

            For comparison of agonist-dependent and agonist-independent KOPR 

phosphorylation, cells were treated with U50,488H (3 µM) and PMA (0.1 µM) for 

different durations (0, 1, 5, 15 and 30 min). For S356/T357, PMA promoted a much 

higher peak phosphorylation level than U50,488H. For T363, U50,488H induced 

phosphorylation to greater extents than PMA. For S369, U50,488H and PMA caused 

similar maximal phosphorylation levels. However, their phosphorylation time courses 

were different. PMA showed much slower kinetics, reaching the maximal 

phosphorylation level at 5 min (S356/T357) or 15 min (T363 and S369), whereas 

U50,488H attained the plateau at 1 min (Figure 29B). This results indicate that U50,488H 

and PMA showed different KOPR phosphorylation patterns and kinetics, possibly leading 

to different signaling and regulatory outcomes. 
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(A)

(B)  

Figure 29. Effect of PKC activation on KOPR phosphorylation  

(A) N2A-FmK6H cells were treated with different concentrations of the PKC activator 

phorbol-12-myristate-13-acetate (PMA) (0.001, 0.01, 0.1, 1 and 10 µM) for 30 min. (B) 

Cells were incubated with 3 µM U50,488H or 0.1 µM PMA for 0, 1, 5, 15 and 30 min. 

(A,B) Cells were solubilized and the receptors were partially purified with a Ni-NTA 

agarose column. Eluates were used for western blot assay. One representative blot of each 

experiment is shown. The data are the mean ± S.E.M (n=3-4).  
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            PKC was also demonstrated to participate in homologous desensitization of 

7TMRs, such as MOPR and CXCR4 (Busillo et al., 2010; Chen et al., 2013). Whether 

PKC is involved in U50,488H-induced KOPR phosphorylation was investigated using 

PKC inhibitors. The non-selective PKC inhibitor GF109203X (4 µM) reduced U50,488H 

promoted KOPR phosphorylation at S356/T357, T363 and S369 by 80%, 60% and 30%, 

respectively (Fig. 30A) (two-way ANOVA, for S356/T357, U50,488H main effect, 

F1,8=161.9, p<0.0001; GF109203X main effect, F1,8= 161, p<0.0001; U50,488H  

GF109203X interaction, F1,8= 65, p<0.0001; for T363, U50,488H main effect, F1,12=239, 

p<0.0001; GF109203X main effect, F1,12= 40.3, p<0.0001; U50,488H  GF109203X 

interaction, F1,12= 42.5, p<0.0001; for S369, U50,488H main effect, F1,12=208, p<0.0001; 

GF109203X main effect, F1,12= 4.29, p=0.06; U50,488H  GF109203X interaction, F1,12= 

6, p=0.03). In addition, GF109203X alone affected the basal phosphorylation level of 

S356/T357, but not T363 and S369 (Figure 30A).  

Another non-selective PKC inhibitor chelerythrine (CHL) (1 µM) decreased 

U50,488H-promoted KOPR phosphorylation at T363 and S369 by 60%, but had no effect 

at S356/T357, without affecting basal phosphorylation (Figure 30B) (two-way ANOVA, 

for S356/T357, U50,488H main effect, F1,12=53.8, p<0.0001; CHL main effect, F1,12= 

2.38, p=0.15; U50,488H  CHL interaction, F1,12= 1.03, p=0.33; for T363, U50,488H 

main effect, F1,19=33.26, p<0.0001; CHL main effect, F1,19= 199.7, p<0.0001; U50,488H 

 CHL interaction, F1,19= 36.6, p<0.0001; for S369, U50,488H main effect, F1,20=595, 

p<0.0001; CHL main effect, F1,20= 115, p<0.0001; U50,488H  CHL interaction, F1,20= 

107, p<0.0001).  

The selective PKCα and PKCβ1 inhibitor Go6976 (100 nM) reduced U50,488H-
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induced KOPR phosphorylation at S356/T357 and S369 by about 30% and 20%, but not 

at T363, with no effect on basal phosphorylation (Figure 31) (two-way ANOVA, for 

S356/T357, U50,488H main effect, F1,8=72.73, p<0.0001; Go6976 main effect, F1,8= 3.81, 

p=0.087; U50,488H  Go6976 interaction, F1,8= 2.36, p=0.163; for T363, U50,488H 

main effect, F1,8=332, p<0.0001; Go6976 main effect, F1,8= 0.4, p=0.54; U50,488H  

Go6976 interaction, F1,8= 0.32, p=0.59; for S369, U50,488H main effect, F1,8=236.9, 

p<0.0001; Go6976 main effect, F1,8= 3.02, p=0.12; U50,488H  Go6976 interaction, 

F1,8= 4.02, p=0.08).  These results suggested different PKC isoforms caused different 

phosphorylation patterns on KOPR. 

            siRNA knockdown of PKCα or PKCε did not significantly affect U50,488H-

induced KOPR phosphorylation at S356/T357, T363 and S369 (Figure 32). Knockdown 

efficiency of PKCα and PKCε were 45% and 43%, respectively. As shown in Fig. 27, 

there are eight PKC isoforms in N2A cells.  Knockdown of one isoform by siRNA may 

lead to substitution by other PKC isoforms, which makes it difficult to interpret the data. 

This is the reason why we decided to use PKC inhibitors in our studies. Thus, we did not 

examine the effects of the other six PKC isoforms on KOPR phosphorylation using PKC 

siRNAs. 
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(A) 

 

(B) 

 

Figure 30. Effects of two nonselective PKC inhibitors on U50,488H-induced KOPR 

phosphorylation at S356/T357, T363 and S369 N2A-FmK6H cells were pretreated 

with the nonselective PKC inhibitor GF109203X (GF) (4 µM) (A) or chelerythrine 

chloride (CHL) (1 µM) (B) for 30 min followed by 2-min incubation with 3 µM 

U50,488H or vehicle. Cells were solubilized and the receptors were partially purified 

with Ni-NTA agarose. Eluates were subject to western blot assay. One representative blot 

of each phospho-KOPR antibody is shown. Quantitation of staining intensity was 

performed (see Fig. 20 legend).  The data shown are the mean ± S.E.M (n=3-6) and were 

analyzed by two-way ANOVA followed by Newman-Keuls post-hoc test (*: p <0.05, **: 

p <0.01, ***: p <0.001, compared to untreated group; 
##

: p <0.01, 
###

: p <0.001, compared 
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to U50,488H-treated group).  

  



 

90 

 

 

Figure 31. Effect of the selective PKCα and β1 inhibitor Go6976 on U50,488H-

induced KOPR phosphorylation at S356/T357, T363 and S369 N2A-FmK6H cells 

were pretreated with the selective PKC α and β1 inhibitor Go6976 (100 nM) for 30 min 

followed by 2-min incubation with 3 µM U50,488H or vehicle. Cells were solubilized 

and the receptors were partially purified with Ni-NTA agarose.  Western blot assay was 

performed on the eluates. One representative blot of each phospho-KOPR antibody is 

shown. The data shown are the mean ± S.E.M of 3 independent experiments and were 

analyzed by two-way ANOVA followed by Newman-Keuls post-hoc test (**: p <0.01, 

***: p <0.001, compared to control group; 
#
: p <0.05 compared to U50,488H-treated 

group).    
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Figure 32. Effects of knockdown of PKCα and PKCε on U50,488H-induced KOPR 

phosphorylation at S356/T357, T363 and S369 phosphoresidues FmK6H cells were 

transfected with siRNAs targeting PKCα or PKCε (siPKCα and siPKCε, respectively) or 

the control siRNA (siCtrl) with Lipofectamine 2000 for 48 hr. Cells were treated with 

vehicle or 3 µM U50,488H for 2 min and then lysed. Receptors were partially purified 

using Ni-NTA agarose bead. Western blot was carried out with antibodies against 

pS356/pT357, pT363 and pS369. Top panel shows representative blots. Each value 

presents the mean ± S.E.M of 5 independent experiments. The data were analyzed by 

one-way ANOVA followed by Newman-Keuls post-hoc test (***: p <0.001, compared to 

vehicle control group). Knockdown of PKCα and PKCε were confirmed by 

immunoblotting. 
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PKC-mediated KOPR phosphorylation on KOPR internalization 

           Whether PKC-mediated KOPR phosphorylation regulates U50,488H-induced 

KOPR internalization was examined with on-cell western assay. Cells were treated with a 

nonselective PKC inhibitor, GF109203X (4 µM) or CHL (1 µM), for 30 min followed by 

incubation with 10 µM U50,488H for 30 min. Both GF109203X and CHL reduced 

slightly, but statistically significantly, U50,488H-induced internalization (Figure 33) 

(two-way ANOVA, for GF109203X experiment, U50,488H main effect F1,12= 539.8, 

p<0.0001; GF109203X main effect F1,12= 14.73, p=0.0024; U50,488H  GF109203X 

interaction F1,12=8, p=0.015; for CHL experiment, U50,488H main effect F1,12= 813, 

p<0.0001; CHL main effect F1,12= 3.85, p=0.07; U50,488H  CHL interaction F1,12=1.61, 

p=0.23). These results suggest that PKC may play a minor role in regulating U50,488H-

induced KOPR internalization.  
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Figure 33. Effects of PKC inhibitors on U50,488H-induced internalization FmK6H 

cells were pretreated with the PKC inhibitors GF109203X (4 µM) (A) or CHL (1 µM) (B) 

for 30 min followed by 30-min incubation with 10 µM U50,488H. Cells were fixed with 

4% paraformaldehyde for on-cell western assay. FLAG-KOPR on cell surface were 

labeled with M1 mouse anti-FLAG antibody and then anti-mouse-IgG conjugated with 

800CW, sapphire7000 and DRAQ5. Data presented are the mean ± S.E.M of 4 

independent experiments and were analyzed with two-way ANOVA followed by 

Newman-Keuls post-hoc test (***: p <0.001, compared to vehicle control group; 
#
: p 

<0.05, 
###

: p <0.001, compared with U50,488H-treated group). 
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Investigation on suitability of phospho-KOPR antibodies in immunocytochemistry: 

test on internalized KOPR following U50,488H treatment  

            It is commonly accepted that antibodies useful for immunoblotting may not be 

useful for immunocytochemistry and vice versa. We tested the phospho-KOPR antibodies 

(anti-pS356/pT357, pT363 and pS369 antibodies) in immunocytochemistry. Internalized 

receptors following agonist treatment are phosphorylated and form intracellular clusters, 

which are more readily detected than receptors in plasma membranes. Cells were treated 

with vehicle or U50,488H for 30 min followed by immunocytochemical staining with 

each of the three phospho-KOPR antibodies. As a positive control, the KOPR, which was 

FLAG-tagged, was recognized with anti-FLAG M1 antibodies (green). Without 

U50,488H treatment, the KOPR was present mainly on plasma membranes (Figure 34 top 

panel green). U50,488H treatment for 30 min caused the KOPR (green color) to move 

from plasma membrane to intracellular compartments (Figure 34 bottom panel green). 

Following U50,488H treatment, pT363 antibody recognized internalized KOPR (red), 

which overlapped with the green staining by anti-FLAG M1 antibodies (Figure 34). It is 

noteworthy that when cells were treated with vehicle, KOPR remained in plasma 

membranes, which was recognized by anti-FLAG, but not by pT363 antibody, indicating 

that pT363 antibody does not recognize unphosphorylated KOPR.  

            pS356/pT357 and pS369 antibodies did not show similar patterns of staining as 

pT363 antibodies in control and U50,488H-treated cells. pS356/pT357 and pS369 

antibodies yielded nonspecific staining in control cells (data not shown). Thus, only 

pT363 antibody was suitable for immunocytochemistry on cells in vitro. 
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Figure 34. Internalized KOPR following U50,488H treatment is phosphorylated at 

T363  FmK6H cells were incubated with M1 mouse anti-FLAG antibody to label cell 

surface KOPR for 30 min followed by 30-min incubation with 10 µM U50,488H. Cells 

were fixed with 4% paraformaldehyde and then were incubated with pT363 phospho-

KOPR antibody, followed by anti-mouse-IgG conjugated with Alexa-Fluor 488 and anti-

rabbit-IgG conjugated with Alexa-Fluor 594 secondary antibodies, which reacted with 

M1 mouse anti-FLAG antibody (KOPR, green color) and rabbit pT363 phospho-antibody 

(Red color), respectively. Cells were examined under a fluorescence microscope and 

images were captured. The images represent one of the three experiments performed with 

similar results.   
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             A chicken antibody generated against a KOPR peptide containing pS369 was 

obtained from Dr. Michael Bruchas' lab. It was also tested in western blot and 

immunocytochemistry. For western blot, after 3 µM U50,488H treatment for 2 min, this 

chicken pS369 antibody recognized a 52-kDa band, not shown in the vehicle control 

group. There were several other nonspecific bands in both control and U50,488H-treated 

cells.  For immunocytochemistry, chicken pS369 antibody stained nonspecific pattern in 

control cells (data not shown). Therefore, this chicken pS369 antibody is appropriate for 

Western blot assay but not immunocytochemistry.  

            We also tested our own phosphospecific KOPR antibodies in 

immunohistochemistry of the brain section (caudate putamen, nucleus accumbens and 

claustrum) and spinal cord lumbar section. However, it is difficult to identify the 

difference in staining patterns between saline and U50,488H (10 mg/kg, 30min, s.c.) 

treatment. Therefore, phosphospecific antibodies did not work for immunohistochemistry 

in tissues. 

       

Studies on roles of PKC in KOPR-related pharmacological effects 

            Activation of the KOPR produces many effects, including analgesia (von 

Voigtlander et al., 1983; Dykstra et al., 1987), antipruritic effects (Gmerek and Cowan, 

1988), sedation and dysphoria (Dykstra et al., 1987). In the following experiments, we 

investigated the role of PKC in the pharmacological effects of KOPR activation. 

Activation of KOPR has been shown to inhibit calcium currents through PKC in rat 

dorsal root ganglion neurons and to active ERK signaling via PKC in astrocytes (King et 

al., 1999; Belcheva et al., 2005). We have shown that PKC is involved in U50,488H-
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promoted KOPR phosphorylation. Here we tested the hypothesis that PKC may trigger 

downstream signaling and be involved in some pharmacological effects of the KOPR in 

vivo. The nonselective PKC inhibitor CHL was used in the study because CHL is a cell 

permeable inhibitor that can cross blood brain barrier into the brain (Brennan et al., 2009). 

  

Effect of PKC inhibitor CHL on KOPR phosphorylation in mouse brains 

            The role of PKC in KOPR phosphorylation following U50,488H stimulation in 

brains was examined by using PKC inhibitor CHL. Male adult CD-1 mice were 

pretreated H2O or CHL (5 mg/kg, s.c.) for 1 hr followed by 15-min saline or U50,488H 

(10 mg/kg, s.c.) administration. Mouse brains (minus cerebellum) were removed, KOPR 

was purified and western blot was performed with antibodies against pT363 and pS369. 

U50,488H promoted KOPR phosphorylation at T363 and S369. CHL reduced U50,488H-

induced phosphorylation at S369 by about 25% (two-way ANOVA, U50,488H main 

effect F1,8=44.81, p=0.0002; CHL main effect, F1,8=0.88, p=0.37; U50,488H CHL 

interaction, F1,8=6.86, p=0.03) (Figure 35), but not at T363 (two-way ANOVA, U50,488H 

main effect, F1,8=20.23, p=0.002; CHL main effect, F1,8=0.11, p=0.75; U50,488H CHL 

interaction, F1,8=0.46, p=0.515). CHL alone did not affect basal level of KOPR 

phosphorylation at T363 or S369. Thus, PKC appears to play a role in U50,488H-induced 

KOPR phosphorylation at S369, but not at T363, in brains. Phosphorylation at 

S356/T357 was not examined because the signal was low (data not shown). 

Effect of CHL was dose-related. Pretreatment with CHL (1 mg/kg, s.c.) for 1 hr 

followed by 30-min or 1-hr U50,488H (5 mg/kg, s.c.) did not affect KOPR 

phosphorylation at T363 and S369. The treatment paradigm [CHL (5 mg/kg, s.c.) for 1 hr 
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followed by 15-min U50,488H (10 mg/kg)] is identical to that used in the rotarod 

behavior test (Figure 40). Whether pretreatment with CHL (1 mg/kg) followed by 5 

mg/kg U50,488H for 15 min, which was used in the locomotor activity test (Figure 39), 

affects U50,488H-promoted KOPR phosphorylation needs to be further examined.   
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Figure 35. Effect of the PKC inhibitor CHL on U50,488H-induced KOPR 

phosphorylation in mouse brains Male adult CD1 mice were pretreated with H2O or 

CHL (5 mg/kg. s.c.) for 1 hr followed by saline or 10 mg/kg U50,488H (s.c.) for 15 min. 

Mice were euthanized, brains (minus cerebella) removed and KOPR purified.  Western 

blot was performed with pT363 and pS369 antibodies. The data shown are the mean ± 

S.E.M of 3 independent experiments and were analyzed by two-way ANOVA followed 

by Newman-Keuls post-hoc test (*: p <0.05, **: p <0.01 ***: p <0.001, compared to 

H2O-Sal group; 
#
: p <0.05 compared to H2O-U50,488H group).    
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Effect of PKC inhibition on KOPR-mediated analgesia 

            KOPR agonists have long been known to have analgesic effect (von Voigtlander 

et al., 1983; Dykstra et al., 1987). Whether PKC inhibition affected U50,488H-induced 

analgesia in the formalin test was examined. Male adult CD-1 mice were treated with the 

PKC inhibitor CHL (1 mg/kg, s.c.) for 1 hr in the home cage and then injected with 

U50,488 (1 mg/kg, s.c.). Five minutes later, 20 µl of 5% formalin was injected into the 

bottom of the left hind paw. Fifteen to 20 min later, mice were recorded for the time spent 

on licking formalin-injected paws for 20 min, which is referred to as the phase II reaction 

of the formalin test. U50,488H treatment reduced the licking time, indicating 

antinociceptive effects (two-way ANOVA, U50,488H main effect, F1,36=58.21, p<0.0001; 

CHL main effect, F1,36=0.12, p=0.73; U50,488H CHL interaction F1,36=0.28, p=0.6). 

Pretreatment with CHL did not affect U50,488H-induced reduction in licking time 

(Figure 36), indicating that PKC does not play a role in U50,488H-induced 

antinociception in the formalin test. 
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Figure 36. Effect of the PKC inhibitor CHL on U50,488H-induced analgesia in the 

formalin test Male adult CD1 mice were subcutaneously injected with the PKC inhibitor 

CHL (1 mg/kg) or H2O for 1 h in the home cage followed by U50,488H (1 mg/kg, s.c.) or 

saline treatment in the test chamber. Five minutes later, Mice were injected with 5% 

formalin into the bottom of their left hind paws under isoflurane anesthesia. Fifteen to 20 

min later when the phase I reaction (flinching) was over, mice were recorded for 20 min 

for the time they spent on licking their injected hind paws (phase II reaction). Results 

shown are the mean ± S.E.M (n=10). Data were analyzed with two-way ANOVA 

followed by Bonferroni post-hoc test (***: p <0.001, compared to vehicle control group, 

H2O-Sal group).  

 

 

 

 



 

102 

 

Effect of PKC inhibition on KOPR-mediated antipruritic effect 

            Activation of KOPR produces antipruritic effects (Gmerek and Cowan, 1988). 

The role of PKC in KOPR-induced antipruritic effect was examined. Mice were treated 

with vehicle or CHL (5 mg/kg, s.c.) and placed in test cages for 1 hr and then injected 

with vehicle or U50,488H (5 mg/kg, s.c.). Twenty min later, the pruritogen compound 

48/80 (20 µl) was injected into the nape of the neck in mice and scratching bouts were 

then counted for 30 min. U50,488H treatment decreased the number of scratching bouts, 

indicating its antipruritic effect (two-way ANOVA, U50,488H main effect, F1,32=69.83, 

p<0.0001; CHL main effect, F1,32=0.63, p=0.43; U50,488H CHL interaction, F1,32=0.32, 

p=0.56). CHL treatment alone did not affect the number of scratching bouts, neither did it 

affect U50,488H-caused anti-scratching effect (Figure 37). These results indicate that 

PKC do not participate in U50,488H-induced anti-scratching effect. Higher dose 10 

mg/kg CHL alone reduced compound 48/80-induced scratching bouts, compared to 

saline-treated group (n=5), indicating the dose of 10 mg/kg CHL may be too high, 

leading to off-target effects. Therefore, effect of 10 mg/kg CHL was not tested on 

U50,488H-induced anti-scratching effect. 
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Figure 37. Effect of the PKC inhibitor CHL on U50,488H-induced anti-scratching 

behavior Male adult CD1 mice were acclimated in test cages for 1 hr and injected with 

the PKC inhibitor CHL (5 mg/kg, s.c.) or vehicle for 1 hr followed by subcutaneous 5 

mg/kg U50,488H or saline administration. The pruritogen compound 48/80 was 

subcutaneously injected into the nape of the neck and then the number of scratching bouts 

was counted for 30 min. Data represent the mean ± S.E.M (n=8-10). Data were analyzed 

with two-way ANOVA followed by Bonferroni post-hoc test (***: p <0.001, compared to 

vehicle control group, H2O-Sal group).  
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            Tolerance to drug effect has been shown to be related to receptor phosphorylation. 

Whether U50,488H treatment develops tolerance to its anti-scratching effect was 

examined. Male adult CD-1 mice were subcutaneously injected with U50,488H (5 mg/kg) 

for 6 days. Mice were tested their anti-scratching effect on day 1 and day 6. On the test 

days, mice were acclimated in the test cages for 1 hr and then injected with U50,488H for 

20 min followed by compound 48/80. Acute treatment of U50,488H caused anti-

scratching effect, compared to acute vehicle-treated group. After 6 days of treatment, 

U50,488H-treated group still showed similar extents of anti-scratching effect, indicating 

no tolerance development (two-way ANOVA, drug main effect, F1,17=32.2, p<0.0001; 

time main effect, F1,17=0.14, p=0.7; drug  time interaction, F1,17=1.55, p=0.23) (Figure 

38). Because the result showed no tolerance, we did not further investigate the effect of 

PKC inhibition on drug tolerance. 
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Figure 38. Repeated U50,488H injection did not cause tolerance development in 

anti-scratching test Male CD1 mice were treated with saline or U50,488H (5 mg/kg, s.c.) 

once a day for 6 days.  Mice were test on day 1 and day 6. On the test days, mice were 

acclimated for 1 hr in test cages and then injected with saline or U50,488H for 20 min, 

followed by subcutaneous administration of compound 48/80 into the nap of neck. 

Numbers of scratching bouts were counted for 30 min. Data represent the mean ± S.E.M 

(n=9-10). Data were analyzed with two-way ANOVA followed by Bonferroni post-hoc 

test (***: p <0.001, compared saline-treated group).     
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Effect of PKC inhibition on KOPR-mediated sedation and motor incoordination 

            KOPR agonists have been shown to induce sedation and motor incoordination 

(Kieffer, 1999). Novelty-induced locomotion and rotarod performance assays are well-

established methods to assess these effects, respectively. Here we investigated whether 

PKC participated in U50,488H-induced sedation and motor incoordination.  

           For novelty-induced locomotion, mice were injected with the PKC inhibitor CHL 

(1 mg/kg) or H2O and then 1 hr later with 5 mg/kg U50,488H or saline. Mice were 

immediately placed in locomotor activity chambers. Total distance traveled (cm), total 

activity, ambulatory activity and stereotypy activity were recorded for 1hr in 5-min bins. 

The areas under the curves (AUC) of the first 30-min period of all the groups were 

calculated. U50,488H-treated mice displayed decreased total distance traveled, total 

activity, ambulatory activity and stereotypy activity, indicating sedative effects (two-way 

ANOVA for total distance, U50,488H main effect, F1,44=32.33, p<0.001; CHL main effect, 

F1,44=0.15, p=0.7;  U50,488H CHL interaction, F1,44=7.2, p=0.01). CHL alone did not 

have effects on any of the four parameters. CHL treatment attenuated the reduction in 

total distance traveled caused by U50,488H (Fig. 39A) (Newman-Keuls post-test, p<0.05 

vs H2O-U50), but had no effects on U50,488H-induced reduction in total, ambulatory and 

stereotypy activities (Figure 39B, C and D). These results suggest that PKC may be 

involved in U50,488H-induced sedation. 
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Figure 39. Effect of the PKC inhibitor CHL on U50,488H-induced sedation in the 

novelty-induced locomotor activity model Male adult CD1 mice were injected with the 

PKC inhibitor CHL (1 mg/kg, s.c.) in the home cage and 1 hr later with 5 mg/kg 

U50,488H (s.c.). Mice were immediately placed into locomotor activity chambers for 

activity recording which was done in 5-min bins for 1 hr. (A) total distance traveled (cm), 

(B) total activity, (C) ambulatory activity and (D) stereotypy activity (the number of 

beam breaking) were recorded by Fusion software.  Data are the mean ± S.E.M (n=12). 

Area under curve (AUC) during the first 30 min were presented as bar graphs in the right 

panel and analyzed with two way-ANOVA followed by Newman-Keuls post-hoc test (**: 
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p <0.01; ***: p <0.001, compared to vehicle control group, H2O-Sal group; 
#
: p <0.05, 

compared to U50,488H-treated group, H2O-U50,488H group).  
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            For the rotarod performance test, mice were trained 2 days before the test day. 

Each mouse was trained to run on the rod for 3 trials with a 5-min break between trials. 

The rod was set to accelerate from 3 to 30 rpm during the 5-min training period. On the 

test day, mice were tested for the baseline first. Mice were subsequently given CHL (1 

mg/kg or 5 mg/kg) or H2O and then 1 hr later treated with 10 mg/kg U50,488H or saline. 

Mice were tested at 10, 20, 30 min after U50,488H injection. Mice treated with 10 mg/kg 

U50,488H stayed on the rod for shorter periods of time at 10, 20 and 30 min after 

U50,488H, indicating motor incoordination (two-way ANOVA for 10 min, U50,488H 

main effect, F1,74=21.47, p<0.0001; CHL main effect, F2,74=1.59, p=0.21; U50,488H 

CHL interaction, F2,74=2.23, p=0.11; for 20 min, U50,488H main effect, F1,74=29.23, 

p<0.0001; CHL main effect, F2,74=1.88, p=0.16; U50,488H CHL interaction, F2,74=2.79, 

p=0.07; for 30 min, U50,488H main effect, F1,74=38.73, p<0.0001; CHL main effect, 

F2,74=1.23, p=0.3; U50,488H CHL interaction, F2,74=0.91, p=0.41). Pretreatment with 5 

mg/kg CHL attenuated U50,488H-induced impaired rotarod performance at 10 min and 

20 min (Bonferroni post-hoc test, p<0.05 vs H2O-U50), but not at 30 min. In contrast, 

pretreatment with 1 mg/kg CHL did not affect U50,488H-induced deficiency in rotarod 

performance (Figure 40). These results suggested PKC may regulate U50,488H-mediated 

sedation and motor impairment effects.  

            For the rotarod performance test, 5 mg/kg U50,488 did not cause significant 

motor incoordination (data not shown), but 10 mg/kg did. Thus, 10 mg/kg U50,488H was 

used to examine the effect of PKC inhibition on KOPR-induced motor incoordination. 
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Figure 40. Effect of the PKC inhibitor CHL on U50,488H-induced motor 

incoordination in the rotarod performance assay Male adult CD1 mice were trained to 

run on a rotarod machine 2 days before the test day. On the training day, mice were 

placed on the rotarod for 5 min with the rotation revolution changing from 3 to 30 rpm. 

Each mouse was trained for 3 trails with a break of 5 min between trials. On the test day, 

mice were tested on the rod first to establish the baseline. All the mice were able to stay 

on the rotarod for the entire 5 min, so the baselines were 300 sec for all the groups. Mice 

were subcutaneously injected with the PKC inhibitor CHL (1 mg/kg, CHL1 or 5 mg/kg, 

CHL5) or H2O 1 hr prior to subcutaneous administration of U50,488H (10 mg/kg) or 

saline. Ten, 20 and 30 min after U50,488H injection, mice were tested on the rotarod for 

the time staying on the rod. Results are shown as the percentage of time staying on the 

rod following drug administration compared with the baseline. Data are shown as the 

mean ± S.E.M (n=10-19) and were analyzed with two-way ANOVA followed by 

Bonferroni post-hoc tests (**: p <0.01, ***: p <0.001, compared with control H2O-Sal 

group; 
#
: p <0.05, compared to H2O-U50,488H group).  
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Effect of PKC inhibition on KOPR-mediated aversion in the conditioned place 

aversion (CPA) test 

            KOPR agonists cause psychotomimetic effects in humans (Pfeiffer et al., 1986) 

and aversion in animals (Dykstra et al., 1987). The CPA test was used to examine effects 

of PKC inhibition on KOPR-mediated aversion. Mice were tested for their preference to 

either chamber of the apparatus on day 0 without any drug treatment. Most animals 

stayed in both sides for similar amounts of time. Some mice had high preference for 

either chamber (>65% of 15 min), which were excluded from the study. Mice were 

conditioned for 6 days. In the morning sessions, mice were injected with sterile distilled 

water for 1 hr followed by 15-min saline treatment in the home cages. Mice were then 

placed in the non-drug paired side for 30-min conditioning. In the afternoon sessions, 

mice were injected with H2O or the PKC inhibitor CHL (0.1, 1 or 5 mg/kg, s.c.) followed 

by saline or U50,488H (5 mg/kg, s.c.) administration and allowed to stay in the home 

cage for 15 min for U50,488H effect to emerge. Mice then were placed in the drug-paired 

side for 30-min conditioning.  Mice were tested on day 7 (Figure 41A). Two-way 

ANOVA of preference scores reveled a significant main effect of time on day 7 versus 

day 0 on U50,488H-treated group (F1,178=4.61, p=0.03). CHL at 1 mg/kg and 5 mg/kg, 

but not at 0.5 mg/kg, reduced U50,488H-induced aversion on day 7 ( p<0.05 for 1 mg/kg 

CHL-U50, p<0.01 for 5 mg/kg CHL-U50 vs H2O-U50) (Figure 41B). CHL alone at 1 

mg/kg and 5 mg/kg did not induce any preference or aversion. Because higher doses of 

CHL (1 and 5 mg/kg) alone did not affect preference, 0.5 mg/kg CHL alone was not 

tested. Collectively, these results suggest that PKC plays a role in U50,488H-induced 

CPA.  
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Figure 41. Effect of the PKC inhibitor CHL on U50-induced CPA Male adult CD1 

mice were pre-tested on day 0 (D0) to determine the time spent on each side.   Mice were 

conditioned twice a day for 6 days according to the design in the top panel. During the 

conditioning period from day 1 to day 6, mice were injected with H2O (s.c.) followed one 

hour later by saline (15 min, s.c.) in the morning and then placed in the non-drug paired 

chambers for 30 min. In the afternoon, mice were pre-treated with the PKC inhibitor 

CHL 0.5 mg/kg (CHL0.5), 1 mg/kg (CHL1) or 5 mg/kg CHL (CHL5) or H2O for 1 hr 

followed by U50,488H (5 mg/kg) or saline in the home cage for 15 min and then placed 

in the drug-paired chambers for 30 min. The post-test was performed on day 7 (D7), in 

which mice were allowed free access to either side for 15 min and the time spent on 

either side was recorded. Data represent the mean ± S.E.M (n=9-19) and were analyzed 

with two-way ANOVA followed by Bonferroni post-hoc tests (*: p <0.05, **: p <0.01, 

***: p <0.001, compared with ctrl group on D7; 
#
: p <0.05, 

##
: p <0.01, compared to U50-
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treated group on D7). 
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Discussion 

Study on KOPR phosphorylation following U50,488H stimulation in vitro 

            Our previous study showed that U50,488H caused phosphorylation of the 

mKOPR at S356, T357, T363 and S369 in the C-terminal domain using the LC-MS/MS 

approach and immunoblotting with phospho-KOPR specific antibodies (Chen et al., 

2016). In this study, we characterized time course, dose-response relationship and 

antagonist blockade of U50,488H-promoted mKOPR phosphorylation and determined 

the protein kinases (GRKs and PKC) involved in KOPR phosphorylation in FmK6H-

N2A cells using phospho-specific antibodies. 

  

Time course of KOPR phosphorylation 

            At 37ºC, U50,488H very rapidly promoted KOPR phosphorylation at S356/T357, 

T363 and S369, reaching the peaks in 30 sec, 1 min and 2 min, respectively, and 

remaining at the peak levels for at least 10 min, the longest interval examined (Figure 21). 

These results on the KOPR have similarities and differences from those on the MOPR. 

The MOPR full agonist DAMGO induced MOPR phosphorylation at S375 very rapidly 

reaching the peaks at 20 seconds; however, phosphorylation occurred much more slowly 

at T379 and T376, reaching the plateau at 30 minutes (Doll et al., 2011; Just et al., 2013). 

Thus, different subtypes of opioid receptors showed different time courses of agonist-

promoted phosphorylation. 

Hierarchical relationship of KOPR phosphorylation sites 

            It is difficult to determine the order of phosphorylation among these residues 

because KOPR phosphorylation occurs so rapidly. However, in our previous studies using 
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phospho-site KOPR mutants and LC-MS/MS have revealed the hierarchy. Mutation of 

either T363 or S369 to Ala affected phosphorylation of the other and also S356/T357 

phosphorylation, whereas S356A, T357A and S356A/T357A substitution did not affect 

phosphorylation of T363 or S369. Our stable isotope labeling by amino acids in cell 

culture (SILAC) and LC-MS/MS data showed that although U50,488H did not increase 

single phosphorylation at T357, it enhanced double phosphorylation at T363/S369 and 

T357/S369 and triple phosphorylation at S356/T357/S369. Taken together, these results 

indicate that T363 and S369 are two initial sites of U50,488H-induced KOPR 

phosphorylation followed by S356 and T357 (Chen et al., 2016).    

 

GRK-induced KOPR phosphorylation 

            GRKs are major protein kinases involved in phosphorylating GPCRs upon agonist 

treatment. In our current cell model (N2A cells), there are endogenous GRKs2, 3 and 6, 

with low or no GRK5, as revealed by immunoblotting (Figure 23). After siRNAs 

knockdown of endogenous GRKs2, 3 and 6, KOPR phosphorylation at S356/T357, T363 

and S369 following U50,488H stimulation was decreased (Figure 25 and 26). Because 

N2A cells express low or no GRK5 endogenously, its effect was examined by 

overexpression and a combination of overexpression and knockdown. Overexpression of 

GRK5 promoted higher levels of U50,488H-induced phosphorylation at all the residues 

and siRNA knockdown eliminated the effects of GRK5 overexpression, demonstrating 

the specificity of GRK5 effect (Figure 27). These results thus indicate that GRKs 2, 3, 5 

and 6 are all involved in U50,488H-promoted KOPR phosphorylation at S356/T357, 

T363 and S369.  
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Bar code hypothesis 

            The concept of "bar code" has emerged recently. At the receptor level, agonists 

cause different active receptor conformations, leading to recruitment of specific subsets 

of GRKs to act on GPCR and result in different phosphorylation patterns. Distinct 

phosphorylation patterns may recruit β-arrestins in different conformations, resulting in 

distinct functional changes (Reiter et al., 2012; Wisler et al., 2014). Different GRKs have 

been reported to phosphorylate distinct residues (bar codes), which lead to receptor 

regulation and/or β-arrestin-mediated downstream signaling (Nobles et al., 2011).  

            For example, in the case of the β2-adrenergic receptor (β2AR), while 

isoproterenol (a balanced ligand) increases GRK2- and GRK6-mediated receptor 

phosphorylation, carvedilol (a β-arrestin biased ligand) enhances only GRK6-mediated 

receptor phosphorylation. GRK6-phosphorylated at pS355 and pS356 contributed to β-

arrestin-mediated ERK activation, while GRK2-mediated phosphorylation of pT360, 

pS364, pS396, pS401, pS407 and pS411 was required for receptor internalization. Both 

GRK2 and GRK6 contribute to isoproterenol-induced receptor desensitization (Nobles et 

al., 2011).  

            DAMGO promoted MOPR internalization, but morphine did not. Morphine 

caused MOPR phosphorylation at only S375 by the action of GRK5. In contrast, 

DAMGO-promoted MOPR phosphorylation was mediated by GRKs 2/3, which was 

initiated at S375, followed by phosphorylation at T370, T376 and T379 (Lau et al., 2011; 

Just et al., 2013), demonstrating that higher order phosphorylation of the MOPR is  

required for agonist-induced internalization. These studies show that different GRKs 

cause different phosphorylation patterns on GPCRs, resulting in differential receptor 
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regulation and signaling.  

            In contrast to these studies, our results that GRKs2, 3, 5 and 6 cause 

phosphorylation of the same residues in the KOPR following U50,488H indicate that 

there are no differential phosphorylation patterns in U50,488H-promoted GRK-mediated 

KOPR phosphorylation. Whether other structurally distinct KOPR agonists, such as 

MOM-salvinorin B, dynorphins and ethylketocyclazocine, show different 

phosphorylation patterns regulated by different GRKs needs to be further examined. 

Whether different GRKs promote different high-order KOPR phosphorylation in these 

KOPR agonists remains to be investigated. 

 

Other studies related to GRK-mediated KOPR phosphorylation 

            Our findings that U50,488H induced mouse KOPR phosphorylation at S356/T357, 

T363 and S369, which is mediated at least in part by GRKs, showed some similarities 

and differences when compared with the observations of Chavkin and colleagues 

(Appleyard et al., 1999; McLaughlin et al., 2003). These researchers reported that 

U50,488H (10 µM, 30min) induced KOPR phosphorylation at S369 by immunoblotting 

using phospho-specific antibody against rat KOPR 359-372 containing pS369. 

U50,488H-mediated rKOPR desensitization and internalization were eliminated by 

S369A mutation or expression of GRK2 dominant mutant GRK2(K220R) in HEK293 

cells (McLaughlin et al., 2003). In Xenopus oocytes, U69,593-induced rKOPR 

desensitization was enhanced by co-expression of GRK3 or GRK5 and β-arrestin 2 and 

mutation of S369 to Ala in the C-terminal domain attenuated the desensitization. In 

contrast, substitution with Ala of S356, T357 or T363 in the C-terminal domain or S255, 
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S260 and S262 in the third intracellular loop did not have any effect on desensitization 

(Appleyard et al., 1999). Thus, GRKs2, 3 and 5-mediated rKOPR phosphorylation at 

S369 was involved in KOPR desensitization and internalization. As the rat and mouse 

KOPRs share the same C-terminal domain sequence, it is likely that they are regulated by 

the agonists similarly at the S369 residue.  

           These researchers used site-directed mutagenesis approach and did not find 

phosphorylation at S356, T357 or T363. Our previous results showed hierarchical 

relationship of KOPR phosphorylation sites that S369A mutation not only abolished S369 

phosphorylation, but also reduced S356/T357 and T363 phosphorylation (Chen et al., 

2016). In N2A cells, while U50,488H caused internalization of the mKOPR, etorphine 

did not. Compared to etorphine, U50,488H promoted higher levels of single 

phosphorylation at T363 and S369, double phosphorylation at T363+S369 and 

T357+S369. In addition, U50,488H promoted triple phosphorylation at 

S356+T357+S369, but etorphine did not. Thus phosphorylation at S356, T357 or T363 in 

the form of higher-order phosphorylation contributes to receptor internalization and 

perhaps yet unknown functions.  

 

Phosphorylation sites in GPCRs 

            Agonist-promoted GPCR phosphorylation commonly occurs in the C-terminal 

domain and, to lower extents, in the 3
rd

 intracellular loop. In this study, we followed up 

our previous report that U50,488H caused KOPR phosphorylation at S356, T357, T363 

and S369 in the C-terminal domain.   The C-terminal domain of KOPR has 2 serine and 2 

threonine residues, all of which are phosphorylated by U50,488H treatment. Most other 
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GPCRs studied to date have more complex phosphorylation patterns. For example, the 

β2AR has 10 serine and threonine residues in the C-terminal domain; T360, S364, S396, 

S401, S407 and S411 are phosphorylated by GRKs2/3 and S355 and S356 are 

phosphorylated by GRKs5/6 (Nobles et al., 2011). The MOPR has 12 serine and 

threonine residues in the C-terminal domain. Among them, T370, S375, T376 and T379 

are phosphorylated by GRKs2/3; S375 is also phosphorylated by GRK5; S363 and T370 

are phosphorylated by PKC (Mann et al., 2014). However, at the present time, we cannot 

rule out the possibility that agonist-promoted KOPR phosphorylation may occur at Ser 

and Thr residues in the 3
rd

 intracellular loop.  

           GRK2 and GRK3 have been reported to show preference for Ser or Thr residues 

downstream of acidic residues (Eason et al., 1995; Onorato et al., 1991), while GRK5 and 

GRK6 prefer residues downstream of basic residues (Kunapuli et al., 1994; Pitcher et al., 

1998). The sequence of the KOPR C-terminal domain is DENFKRCFRDFCFPIKMRM 

ERQS
356

T
357

NRVRNT
363

VQDPAS
369

MRDVGFMNV. The N-terminal residues of the 

four phosphorylation sites within C terminal domain of KOPR are neither acidic nor 

basic amino acid. Thus, KOPR phosphorylation by GRKs did not follow this preference. 

 

PKC-mediated KOPR phosphorylation 

           PKC has been reported to be involved in stimulation of p44/42 MAPK and 

phosphodiesterase following KOPR activation (Bian et al., 2000; Bohn et al., 2000). We 

examined the role of PKC in agonist-independent and agonist-dependent KOPR 

phosphorylation.  

PKC-mediated agonist-independent KOPR phosphorylation  
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           PMA was used to activate PKC. PMA, a diester of phorbol and a DAG analog, 

interacts with DAG/phorbol ester binding domain of PKC to activate PKC. Conventional 

and novel PKCs, but not atypical PKCs, are regulated by DAG. The result that PMA 

promoted KOPR phosphorylation at S356/T357, T363 and S369 (Figure 10) indicates 

that conventional and novel PKCs play roles in agonist-independent KOPR 

phosphorylation. 

           Compared with U50,488H-induced KOPR phosphorylation (agonist-dependent), 

PMA showed different phosphorylation levels and slower rates at S356, T357, T363 and 

S369 (Figure 29B). At S356/T357, PMA caused much higher maximal phosphorylation 

levels than U50,488H (~10 fold). At T363, U50,488H promoted much faster 

phosphorylation and attained higher levels of maximal phosphorylation than PMA (~7 

fold). At S369, U50,488H induced faster phosphorylation than PMA, reaching similar 

maximal levels at 1 min and 15 min, respectively. Because PMA and U50,488H had 

different levels and time courses of KOPR phosphorylation, they may lead to different 

downstream cellular functions. PKC-mediated KOPR phosphorylation may, at least in 

part, contribute to heterologous desensitization of KOPR by CXCR4 activation. 

Activation of CXCR4 decreased KOPR-mediated chemotaxis, antinociception and 

calcium mobilization (Finley et al., 2008). One possible mechanism is that CXCR4 

stimulation activates PKC, which in turn phosphorylates KOPR, leading to KOPR 

desensitization. 

Involvement of PKC in agonist-dependent KOPR phosphorylation  

Endogenous PKC isoforms in N2A cells 

            We determined the isoforms of PKC present in N2A cells using RT-PCR with 
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isoform-specific primers. There are 8 endogenous PKC isoforms: the conventional 

isoforms PKCα, PKCβ and PKCγ, the atypical isoforms PKCζ and PKCι/λ and the novel 

forms PKCδ, PKCε and PKCθ (Figure 28). Our result is consistent with the previous 

findings that N2A cells endogenously express PKCα, PKCγ, PKCδ and PKCε using 

isoform specific antibodies for western blot (Tanimukai et al., 2002).  

Effect of PKC knockdown on KOPR phosphorylation  

            We examined whether PKCα and PKCε were involved in KOPR phosphorylation 

with siRNAs specific for each isoform. Knockdown of PKCα did not affect KOPR 

phosphorylation at any site (Figure 32). However, PKCε knockdown resulted in a trend 

of decrease in U50,488H-induced S356/T357 and T363 phosphorylation, but the decrease 

did not reach statistical significance.  

            PKCε has been reported to be involved in attenuation of U50,488H effects 

following chronic U50,488H treatment in ventricular myocytes (Zhou et al., 2002). Acute 

U50,488H (30 µM) treatment inhibits electrically-stimulated [Ca
2+

]i transient; chronic 

U50,488H (1 µM) treatment abolishes this inhibitory effect and PKCε is involved in this 

process.  

            Because of the presence of many PKC isoforms in N2A cells, knockdown of one 

isoform may lead to substitution by other PKC isoforms, which makes it difficult to 

interpret the data. Thus we decided to use PKC inhibitors to examine the roles of PKC in 

KOPR phosphorylation. 

Effect of PKC inhibitors on KOPR phosphorylation 

           Two nonselective PKC inhibitors (GF109203X and CHL) and one selective PKC 

inhibitor (Go6976) were used in this study. GF109203X inhibited U50,488H-induced 
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phosphorylation at all the residues (S356/T357, T363 and S369) (Figure 30A), indicating 

the involvement of PKC. Our previous study showed that S356/T357 had high basal 

phosphorylation level (Chen et al., 2016). GF109203X reduced basal S356/T357 

phosphorylation, demonstrating that PKC contributes to this basal phosphorylation. This 

is similar to the finding on the MOPR. S363 in MOPR showed basal phosphorylation (El 

Kouhen et al., 2001). GF109203X inhibited MOPR phosphorylation under basal 

conditions and in response to morphine stimulation (Johnson et al., 2006). The other 

nonselective PKC inhibitor, CHL, reduced U50,488H-caused KOPR phosphorylation at 

T363 and S369 (Figure 30B), but did not affect basal and U50,488H-promoted 

S356/T357 phosphorylation. Selective PKCα and PKCβ1 inhibitor Go6976 slightly, but 

significantly, inhibited U50,488H-promoted S356/T357 and S369 phosphorylation 

(Figure 31). To the best of my knowledge, this is the first report showing the involvement 

of PKC in agonist-promoted KOPR phosphorylation. 

            The three PKC inhibitors had different effects on basal and U50,488H-induced 

KOPR phosphorylation. The reason may be that different PKC inhibitors affect different 

PKC isoform populations and also that they affect the same isoforms to different extents. 

GF109203X inhibits all PKC isoforms (conventional, novel and atypical PKCs), while 

CHL affects two PKC subfamilies (conventional and novel PKCs).  The findings that 

GF109203X reduced basal and U50,488H-induced S356/T357 KOPR phosphorylation, 

but CHL did not, indicate that atypical PKC isoforms play roles in S356/T357 

phosphorylation. However, we cannot determine the PKC isoforms that are specifically 

involved in phosphorylating at S356, T357, T363 and S369 using these PKC inhibitors. 

Dose chosen for each PKC inhibitor  
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            GF109203X and CHL inhibit PKC by different mechanisms. GF109203X, an 

aminoalkyl bisindolylmaleimide, acts on the ATP binding site of the catalytic domain of 

PKC (Toullec et al., 1991), while CHL, a benzophenanthridine alkaloid, acts on the 

protein substrate binding site of the catalytic domain, but does not compete with ATP 

(Herbert et al., 1990). GF109203X inhibits all PKC isoforms (conventional PKCα, PKCβ 

and PKCγ, atypical PKCζ and novel PKCδ, PKCε) (Martiny-Baron et al., 1993; Hofmann, 

1997). CHL inhibits conventional and novel PKCs (Herbert et al., 1990). Martiny-Baron 

et al. (1993) reported the IC50 values of GF109203X in inhibiting PKC isoforms as 

follows: conventional PKCα (8.4 nM), PKCβ (18 nM) and PKCγ (210 nM); atypical 

PKCζ (132 nM); novel PKCδ and PKCε (5.8 µM). GF109203X has been reported to 

inhibit PKA (IC50 value 33 µM) (Jacobson et al., 1995). In this study, 4 µM GF109203X 

was used, which would completely inhibit conventional and atypical PKCs and partially 

blocked novel PKC, but had no effect on PKA.  The IC50 value of CHL was reported to 

be 660 nM for conventional and novel PKCs (Herbert et al., 1990). CHL at 1 µM used in 

this study was sufficient to inhibit conventional and novel PKCs. The IC50 values of 

Go6976 against PKCα and PKCβ1 are 2.3 nM and 6.2 nM, respectively (Martiny-Baron 

et al., 1993). Go6976 at 100nM in this study was sufficient to completely block PKCα 

and PKCβ1.  

 

U50,488H-induced KOPR internalization 

            GPCR phosphorylation causes recruitment of β-arrestin leading to receptor 

internalization. Our finding that PKC inhibitors partially inhibited U50,488H-promoted 

mKOPR internalization (Figure 33) suggests that PKC-mediated mKOPR 
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phosphorylation is partially involved in U50,488H-induced KOPR internalization. The 

result is consistent with the finding that CHL inhibited DOPR-induced internalization in 

primary prefrontal cortex neuron (but is not consistent in HEK293 cells) (Charfi et al., 

2014). To the best of my knowledge, this is the first report showing the involvement of 

PKC in agonist-promoted KOPR internalization. 

            Previous studies have shown that GRKs play a major role in KOPR 

internalization. GRK2 and GRK3 mediate U50,488H-induced human KOPR 

internalization in CHO and NG108-15 cells (Li et al., 1999; Schulz et al., 2002). GRK2 

and phosphorylation of S369 residue in the rat KOPR was reported to be involved in 

U50,488H-indcued rKOPR internalization in HEK293 cells. In contrast, PKA/PKC 

inhibitor (staurosporine), MEK inhibitor (PD98059) and phospholipase C inhibitor 

(U73,122) did not inhibit U50,488H-induced rKOPR internalization (McLaughlin et al., 

2003). Our findings together with these reports demonstrate that both GRK and PKC 

regulate KOPR phosphorylation, but it appears that GRKs play more important roles than 

PKC in phosphorylating KOPR, leading to receptor internalization. 

  

Multiple protein kinases are involved in GPCR phosphorylation  

            In this study, KOPR phosphorylation is found to be regulated by GRKs and 

several PKC isoforms. It has been shown multiple phosphorylation sites in GPCRs are 

regulated by different protein kinases. For example, β2-adrenergic receptor was 

phosphorylated by GRKs at S355, S356, T360, S364, S396, S401, S407 and S411 and 

PKA at S261, S262, S345 and S346. (Tran et al., 2004). M3-muscarinic receptor 

phosphorylation is regulated by GRKs, casein kinase 1α (CK1α) and CK2 (Torrecilla et 
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al., 2007). CXCR4 phosphorylation were shown to be mediated by GRKs at S324, S325, 

S330 and S339 and PKC at at S324 and S325 (Busillo et al., 2010). MOPR was 

phosphorylated by GRKs at S356, T357 and S375, PKC at S363 and CaMKII at S363 

and T370 (Chen et al., 2013).  

           Complex regulation by multiple protein kinases of GPCR phosphorylation 

resulting in distinct phosphorylation patterns may provide flexible mechanisms for cells 

to regulate distinct signaling outcomes. For example, in the case of the M3 muscarinic 

receptor, GRK-mediated receptor phosphorylation contributes to GRK6-mediated 

receptor desensitization and GRK2-mediated receptor internalization. In addition, CK1α 

phosphorylates M3 muscarinic receptor leading to activation of the ERK pathway, 

whereas CK2 phosphorylates M3-muscarinic receptor resulting in enhancement in JUN-

kinase signaling (Torrecilla et al., 2007). Thus, whether there is any differentiation of 

downstream signaling via GRK- and PKC-mediated KOPR phosphorylation needs 

further examination.  

            The rate and extent of phosphorylation occurring at different GPCR residues may 

also contribute to different cellular responses. For example, our previous study has 

demonstrated with immunoblotting that etorphine causes lower levels of KOPR 

phosphorylation at all the four residues, compared to U50,488H. In addition, SILAC 

followed by LC-MS/MS studies showed that U50,488H promoted higher levels of single 

phosphorylation, primarily at T363 and S369, and double phosphorylation at T363+S369 

and T357+S369. Only U50,488H induced triple phosphorylation at S356+T357+S369 

(Chen et al., 2016). U50,488H induced robust KOPR internalization, while etorphine 

caused no internalization, indicating that an above-threshold phosphorylation is required 
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for KOPR internalization, consistent with results on the MOPR (Lau et al., 2011). In this 

study, PMA-induced KOPR phosphorylation was much slower in reaching maximal 

phosphorylation level than U50,488H, which may lead to different cellular responses. 

Thus, GPCR phosphorylation by multiple protein kinases can be regulated in spatial and 

temporal manners (phosphorylation patterns and rates) to cause different cellular 

functions.   

            Different cells or tissues are likely to express different populations and levels of 

GRKs, PKC isoforms and other protein kinases, leading to distinct phosphorylation rates 

and patterns, recruitment of different β-arrestins and then activation downstream signal 

pathways. For example, U50,488H did not cause internalization of rKOPR in CHO cells 

(Li et al., 1999), but did so in HEK293 cells (McLaughlin et al., 2003). CHO cells and 

HEK293 cells may have different composition of GRKs and β-arrestins, leading to 

different cell-specific internalization outcomes. 

            GRKs have been reported to be regulated by PKC. PKC phosphorylates GRK2 

and GRK5, leading to GRK2 activation but GRK5 inhibition (Chuang et al., 1995; 

Winstel et al., 1996; Pronin and Benovic, 1997). In N2A cells, there is endogenous GRK2 

but not GRK5. The possibility that effects of PKC inhibition are partially due to GRK2 

inhibition, resulting in reduced KOPR phosphorylation, cannot be excluded.     

   

Generation and specificity of phospho-KOPR antibodies 

            Our previous LC-MS/MS study identified the phosphorylation sites of mKOPR to 

be S356, T357, T363 and S369 in the C-terminal domain following treatment with 10 µM 

U50,488H for 30 minutes (Chen et al., 2016). Based on these results, we designed and 
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custom-synthesized three phosphopeptides of 9 amino acids in length with the pS or pT 

in the middle, named pS356, pT363 and pS369 (Table1). Phosphopeptides were 

conjugated to keyhole limpet hemocyanin (KLH) as an antigen. Two rabbits were 

injected with each phosphopeptide-KLH antigen to generate antiserum, which was 

contracted to Covance Co. (Princeton, NJ). Antiserum was first tested in ELISA for 

immunoreactivity with the phosphopeptide antigen and then tested for specificity for 

phosphopeptides by dot blot assay against phosphopeptide and unphosphorylated peptide. 

Antiserum with high phosphopeptide specificity was then purified by affinity 

chromatography using phosphopeptide conjugated to SulfoLink Resin. The eluted 

fractions were collected to examine their specificity by Western blot against 

phosphorylated mKOPR activated by U50,488H (Chen et al., 2016).  Anti-pS356 

antibody did not show its specificity for phosphorylated KOPR. Instead, we obtained 

another anti-pS356/pT357 antibody from Dr. Stefan Schulz of Jena University Hospital, 

Germany. The phospho-peptide sequences are shown in Table1. 
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Table1. Sequences of phosphopeptides used as the antigens for antiserum generation 
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            In Western blot,  pS356/T357, pT363 and pS369 antibodies recognized a broad 

and diffuse band of 52KDa, of which the intensity was enhanced by U50,488H. 

Phosphatase treatment eliminated or greatly reduced immunoreactivity with pS356/T357, 

pT363 and pS369 antibodies in control and U50,488H-treated groups, indicating the 

immunoreactivity of 52KD is due to phosphorylation of KOPRs. In addition, phosphatase 

treatment reduced pS356/pT357 staining in control and U50,488H-treated samples, 

indicating phospho-specificity of the antibody and a level of constitutive phosphorylation 

of the sites. Mutation of each phosphoresidue (S356A, T357A, S356/T357A, T363A and 

S369A) decreased the staining of individual pS356/T357, pT363 and pS369 antibodies 

(Chen et al., 2016). Taken together, these results show that antibodies showed high 

specificity for phosphorylated KOPR. 

            Anti-FLAG-M1 antibody was used to detected total KOPR, showing two bands of 

52KDa (glycosylated form in trans-Golgi and plasma membrane) and 45KDa 

(glycosylated intermediates in the ER and cis-Golgi) (Li et al., 2007). U50,488H induced 

phosphorylation of 52KDa band, but not 45KDa. This is consistent with the notion that 

agonist enhances phosphorylation of fully glycosylated KOPR in cell membrane.  

   

Pros and cons of combined SILAC and LC-MS/MS and immunoblotting with 

phosphospecific antibodies  

           SILAC and LC-MS/MS assay can provide information on higher order of 

phosphorylation (double and triple phosphorylation), not just single phosphorylation, and 

relative amounts of phosphorylated forms among different treatments. However, LC-

MS/MS instruments are expensive and need specialists to operate. Using phosphospecific 
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antibodies for immunoblotting detects a specific phosphosite from a mixture of single, 

double and triple phosphorylation. For example, anti-pS369 antibody can recognize 

KOPR phosphorylation at S369, T363/S369, T357/S369 and S356/T357/S369. 

Immunoblotting is easy for laboratories to set up when phospho-specific antibody is 

available. 

 

Effects of KOPR expression level and 6XHis tag on agonist-promoted KOPR 

phosphorylation 

            FmK6H N2A cells was used in this study. The expression level of KOPR in this 

stable clone cell line is about 5 pmole/mg. The high expression level facilitated partial 

purification and detection of phosphorylated KOPR.  On the other hand, the high 

expression level may permit all the GRKs to participate in phosphorylating the KOPR,   

making it difficult to differentiate the roles of each GRK. There is six-histidine tag added 

in-frame to the C-terminus of the KOPR to facilitate KOPR purification. Although the 

KOPR does not have a typical PDZ-binding motif, the C-terminal 4 amino acids (377-

380) of the KOPR have been shown to bind to a PDZ domain-containing protein, 

NHERF1/EBP50, which facilitates recycling of internalized KOPR and activates Na
+
, 

H
+
- exchanger (Li et al., 2002b; Huang et al., 2004). We believe that the 6xHis tag 

probably does not affect KOPR phosphorylation because the phosphorylation sites S356, 

T357, T363 and S369 appear to be readily accessible to all the kinases.  

 

The role of PKC on U50,488H-induced pharmacological effects in vivo 

            By use of PKC inhibitors in cultured cells, we have found that PKC is involved in 
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U50,488H-induced phosphorylation of KOPR at S356/T357, T363 and S369. This is the 

first report that PKC is involved in U50,488H-promoted KOPR phosphorylation. We then 

proceeded to examine whether PKC is involved in U50,488H-induced phosphorylation of 

the KOPR in mouse brains. We found that PKC was indeed involved in U50,488H-

induced KOPR phosphorylation at S369. U50,488H promoted PKC-mediated KOPR 

phosphorylation at pS369 may lead to β-arrestin recruitment and β-arrestin-dependent 

signaling to cause downstream functions. 

PKC has been shown to be involved in KOPR signal transduction. Activation of 

KOPR inhibits calcium currents through PKC in rat dorsal root ganglion neurons and 

stimulates ERK signaling via PKC in astrocytes (King et al., 1999; Belcheva et al., 2005). 

Here we showed that PKC was involved in U50,488H-promoted KOPR phosphorylation. 

We then tested the hypothesis that PKC is involved in KOPR-mediated pharmacological 

effects in vivo. Effects of PKC inhibition on KOPR-induced analgesia (von Voigtlander et 

al., 1983; Dykstra et al., 1987), antipruritic effects (Gmerek and Cowan, 1988), sedation, 

motor incoordination (Kieffer, 1999) and dysphoria (Dykstra et al., 1987) were examined 

using the PKC inhibitor CHL. 

 

Limitation of using a PKC inhibitor in behavior studies 

            CHL partially inhibited KOPR phosphorylation at pS369. The effect of PKC 

inhibition  also include its impact on signaling downstream of KOPR activation. By use 

of PKC inhibitors, Bohn et al. and Bian et al. showed that PKC was involved in KOPR-

mediated activation of p44/42 MAPK activation in C6 glioma cells and modulation of 

calcium current in ventricular myocytes, respectively (Bian et al., 2000; Bohn et al., 
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2000). In addition, CHL has been reported to have PKC-independent effects such as 

antiplatelet, antibacterial and apoptosis effects. CHL activates MEK kinase via oxidative 

stress mechanisms to induce apoptosis without any inhibitory effect of PKC in HeLa cells 

(Yu, et al., 2000). In this study, we cannot exclude these PKC-independent effects. For 

each in vivo pharmacological end point, we included an experimental group which was 

treated with CHL alone to control for any nonspecific effects. In all the behavioral end 

points examined, CHL alone had no effects. When CHL had no effect on U50,488H-

induced behaviors, one can conclude that PKC has no role in KOPR-mediated behavior. 

When CHL affects U50,488H-promoted behaviors, its effects can be attributed to 

reduction in KOPR phosphorylation and/or downstream signaling. 

 

PKC-mediated KOPR phosphorylation following U50,488H treatment in vivo 

            U50,488H promoted KOPR phosphorylation at T363 and S369 in mouse brains. 

CHL inhibited U50,488H-induced KOPR phosphorylation at S369, but not at T363, 

indicating that PKC regulates KOPR phosphorylation at S369 in brains (Figure 35). 

KOPR phosphorylation at S369 in brains following U50,488H treatment was inhibited in 

GRK3 knockout mice (McLaughlin et al., 2004). Thus, both GRK3 and PKC participate 

in U50,488H-promoted KOPR phosphorylation at S369. Because of the low U50,488H-

stimulated vs. basal differences in S356 and T357 phosphorylation, we opted not to 

examine KOPR S356/T357 phosphorylation in brains. Control mice showed high basal 

levels of T363 and S369 phosphorylation, which may be caused by endogenous 

dynorphin peptides.  

           The specificity of anti-pT363 and anti-pS369 antibodies in the brains were 
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examined in WT and KOPR knockout (KO) mice. In the WT mouse brains, U50,488H 

enhanced the staining intensity of broad and diffuse bands of ~55 kDa detected by pT363 

and pS369 antibodies, compared to saline-treated WT mice. In contrast, pT363 and 

pS369 antibodies did not yield any staining in vehicle-treated or U50,488H-treated 

KOPR KO mice (data not shown).  

            CHL had different effects on U50,488H-induced KOPR phosphorylation between 

in vitro (N2A cells) and in vivo (CD1 mice). In FmK6H-N2A cells, CHL inhibited 

U50,488H-induced phosphorylation at pT363 and pS369, whereas in brains of CD1 mice, 

CHL inhibited KOPR phosphorylation only at pS369 following U50,488H injection. The 

discrepancy may be due to differences in cells (N2A cells vs. a heterogeneous population 

of cells in the whole brain), KOPR expression level and composition of PKC isoforms. In 

addition, although we used a CHL dose reported in the literature (Lavaur et al., 2009), the 

actual concentration in the brain was not known.  

 

Effect of PKC inhibition on KOPR-induced analgesic effect and anti-pruritic effect 

  Whether PKC is involved in KOPR-induced analgesia was examined. CHL did 

not affect U50,488H-induced analgesia, indicating PKC-mediated KOPR 

phosphorylation is not involved (Figure 36). Our results are consistent with previous 

reports showing that KOPR agonist-induced analgesia is mediated by G-protein signaling 

(Bruchas and Chavkin, 2010; White et al., 2015). Roth et al. recently reported that 

U69593 and salvinorin A (unbiased KOPR agonists) and RB64 (G-biased KOPR agonist) 

showed similar levels of KOPR-induced analgesia in WT and β-arrestin-2 KO mice 

(White et al., 2015), indicating that KOPR agonist-induced analgesia is G protein-
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mediated.  

            Whether PKC plays a role in KOPR-induced anti-scratching effect was 

investigated. CHL did not inhibit U50,488H-induced antipruritic effect, indicating that 

PKC does not participate in KOPR anti-scratching effect (Figure 37). These results are in 

line with those of Bohn et al. These researchers reported that U50,488H showed similar 

anti-scratching effects in WT and β-arrestin-2 KO mice (Morgenweck et al., 2015), 

demonstrating that the anti-scratching effects resulting from KOPR activation are G 

protein-mediated.  

            Drug tolerance has been shown to relate to receptor phosphorylation. In this study, 

mice repeatedly treated with U50,488H (5 mg/kg) for 7 days did not develop tolerance to 

KOPR-mediated antipruritic effect (Figure 38). In contrast, Chavkin et al showed that 

chronic treatment with U50,488H resulted in tolerance to analgesic effect of U50,488H 

(McLaughlin et al., 2004). The escalating doses they used (10, 25, 50 and 75 mg/kg once 

a day) are much higher than doses normally used in rodents (10 mg/kg or lower). 

U50,488H at 10 mg/kg causes sedation and motor incoordination in mice. U50, 488H at 

50 and 75 mg/kg would cause very severe sedation effect and perhaps even off-KOPR 

effects. Thus, we did not follow their dosing regimen for the tolerance experiments.  

 

Effect of PKC inhibition on KOPR-mediated sedation and motor incoordination 

            Inhibition of novelty-induced locomotor activity is well-established method for 

evaluating sedation. U50,488H decreased novelty-induced locomotor activity and CHL 

partially reversed hypolocomotion (Figure 39), indicating that PKC participates in 

KOPR-mediated sedation.  
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            Rotarod assay is widely used for measurement of balance and motor coordination. 

U50,488H caused deficit in rotarod performance and CHL partially inhibited U50,488H-

induced motor incoordination (Figure 40), demonstrating that PKC plays a role in KOPR-

mediated motor incoordination.  

            These observations are in accord with those of Roth et al. These researchers 

reported that U69593 and salvinorin A (unbiased KOPR agonists) showed more motor 

deficiency in WT mice than in β-arrestin2 KO mice. RB64 (a G-biased KOPR agonist) 

did not cause motor incoordination and hypolocomotion in WT and β-arrestin2 KO mice 

(White et al., 2015). These results indicate that KOPR agonist-induced sedation and 

motor incoordination are β-arrestin-dependent. Our results suggest that U50,488H-

induced PKC-mediated KOPR phosphorylation may in part contribute to recruitment of 

β-arrestin-dependent pathway, which leads to behavioral responses. 

 

Effect of PKC inhibition on KOPR-induced CPA 

            KOPR agonists cause dysphoria and psychotomimetic effects in humans (Pfeiffer 

et al., 1986) and aversion in animals (Dykstra et al., 1987). In this study, we examined if 

PKC is involved in U50,488H-induced CPA. We found that U50,488H induced CPA in 

mice and the PKC inhibitor CHL (1 and 5 mg/kg) inhibited U50,488H-induced CPA 

(Figure 41), indicating PKC plays a role in U50,488H-induced CPA, which may include 

U50,488H-induced PKC-mediated KOPR phosphorylation. Our results are in line with 

those of Chavkin et al., but different from those of Roth’s group. Chavkin's group showed 

that in AtT20 cells and astrocytes, KOPR agonists activated p38 MAPK in a -arrestin- 

and GRK-dependent manner. In addition, they demonstrated that swim stress caused 
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KOPR-dependent activation of p38 MAPK and that p38 inhibition blocked KOPR 

agonist-induced CPA without affecting analgesia and associative learning. They thus 

postulated that KOPR-induced aversion was β-arrestin-mediated (Bruchas et al., 2007; 

Bruchas and Chavkin, 2010). In contrast, Roth et al. reported that U69593 and salvinorin 

A (unbiased KOPR agonists) and RB64 (a G-biased KOPR ligand) produced similar 

levels of CPA in WT and β-arrestin2 KO mice (White et al., 2015), suggesting that G 

protein-, not β-arrestin2-mediated signaling, plays a role in KOPR-caused aversion. 

However, the possibility that β-arrestin1 may have compensatory effect for β-arrestin2 

deficiency cannot be ruled out. We recently found that KOPR activation by U50,488H 

produced robust recruitment of β-arrestin1 and β-arrestin2 in HEK cells (Chen and Liu-

Chen, unpublished observations). Thus, one possible interpretation of our results is that 

U50,488H-induced PKC-mediated KOPR phosphorylation may result in recruitment of 

β-arrestin1, leading to CPA. Another possibility is that the effect of PKC inhibition on 

CPA may be due to its alteration of the downstream signaling as discussed above.  

 

Doses of U50,488H chosen for behavior tests 

            In this study, for various behavior tests different doses of U50,488H were used, 

which were chosen according to the results of DiMattio and Liu-Chen (manuscript in 

preparation). The A50 values of U50,488H for the formalin test and anti-scratching test 

were 0.6 mg/kg and 2 mg/kg, respectively. Thus, 1 mg/kg and 5 mg/kg U50,488H were 

used for the formalin test and anti-scratching test, respectively. U50,488H-induced CPA 

did not show dose-response relationship from 0.25 mg/kg to 10 mg/kg. Five mg/kg was 

used for CPA test in this study, which is the same dose used in the study of Dr. Chavkin's 
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group (Ehrich et al., 2015). For the rotarod experiment, 5 mg/kg and 10 mg/kg were 

examined for U50,488H-induced motor incoordination; only 10 mg/kg U50,488H caused 

significant impairment, which was used in this study. 
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Future studies 

β-arrestin recruitment following GRK- or PKC-mediated KOPR phosphorylation in 

cells  

            Receptor phosphorylation results in recruitment of β-arrestin, leading to receptor 

trafficking and β-arrestin-mediated signaling. Thus, in the future, we need to consider 

whether GRK- or PKC-mediated KOPR phosphorylation induce recruitment of different 

isoforms/ levels of β-arrestins, leading to different end points. Recently, our preliminary 

result showed U50,488H increased the recruitment of β-arrestin1 and β-arrestin2 in HEK 

cells (Chen and Liu-Chen, unpublished observations). Effects of GRKs or PKCs on 

U50,488H-induced β-arrestin recruitment can be determined by using siRNAs against 

GRKs or PKC inhibitors.   

Effects of PKC inhibition, GRK knockdown and β-arrestin knockdown on 

U50,488H-induced KOPR internalization in mouse brains 

            We have generated KOPR-tdTomato (KOPR-tdT) knockin mice. Preliminary 

results have revealed that KOPR-tdT is present in brain regions enriched in the KOPR, 

including the claustrum, nucleus accumbens, striatum, deep layers of the cortex (Huang 

and Liu-Chen, unpublished observations). These mice may be valuable for agonist-

promoted receptor trafficking studies after PKC inhibition with an inhibitor or 

knockdown of GRK isoforms or β-arrestin isoforms using virus infection in the specific 

brain regions.     

Phosphorylation-deficient mice 

           We are in the process of generating a knockin mouse line harboring a KOPR 

mutant with all the four phosphorylation sites mutated to Ala (S356A/T357A/ 
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T363A/S369A). This mouse line will be very useful for determination of the functional 

roles of agonist-induced KOPR phosphorylation in animals.  
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CONCLUSIONS 

            In the chapter 1, the underlying mechanism of KOPR-mediated neurite outgrowth 

was examined. U50,488H caused neurite outgrowth to a greater extent than etorphine. 

The effects of both drugs were mediated by the KOPR, Gi/oα protein and ERK1/2 

pathway. The difference between two drugs is that etorphine shows lower efficacy than 

U50,488H. 

            The chapter 2 studied KOPR phosphorylation in vitro in N2A cells stably 

transfected with the mouse KOPR and in vivo in mouse brains.  

            In N2A cells, U50,488H promoted KOPR phosphorylation at S356, T357, T363 

and S369 in the C-terminal domain. The protein kinases (GRKs and PKCs) were 

involved in U50,488H-induced KOPR phosphorylation. GRK2, GRK3, GRK5 and 

GRK6 all participated in KOPR phosphorylation following U50,488H treatment. PKC 

activation promoted agonist-independent KOPR phosphorylation and PKC played a role 

in  agonist (U50,488H)-dependent KOPR phosphorylation. This is the first report that 

PKC is involved in agonist-induced KOPR phosphorylation.  

            In brains of CD-1 mice, U50,488H promoted KOPR phosphorylation at T363 and 

S369 and the PKC inhibitor CHL reduced S369 phosphorylation without affecting T363 

phosphorylation. Effects of PKC inhibition on KOPR-mediated behaviors in CD1 mice 

were examined. PKC is involved in KOPR-mediated sedation, motor incoordination and 

CPA but not analgesia and anti-scratching effect.  

            In summary, we provide evidence for the regulatory role of KOPR in neuronal 

development and mechanistic insights for the process. Understanding of kinetics of 

KOPR phosphorylation, biochemical mechanisms involved in each phosphorylation site 
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and functional roles of KOPR phosphorylation in vivo may provide a new way for the 

development of KOPR agonists for therapeutic use. 
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