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Abstract 

Opioids are potent analgesics, but their application is limited by the development of 

tolerance (the increase in doses required to achieve the same effect) after chronic or 

repetitive usage. Because tolerance developed much more easily for the analgesia effect 

than for side effects (e.g. respiration depression), it is difficult to be overcome by simply 

increasing the doses of opioids. On the other hand, the identification of opioid receptors 

and endogenous agonists suggests the involvement of opioid pathways in the central 

nervous system. Thus exploring the mechanisms of tolerance development has been the 

focus of a vast number of laboratories for decades.  

Several hypotheses on tolerance development have been proposed. For example, 

because of the correlation between receptor internalization and tolerance development, 

receptor internalization has been considered as an inhibitor of tolerance. In addition, the 

involvement of δ-opioid receptor preproenkephalin, Ca2+/calmodulin-dependent protein 

kinase II, Protein Kinase C and β-arrestin2 has been suggested by knockout experiments. 

However, there is no universal explanation for tolerance development.  

The long-term goal of my studies is to understand the mechanism of tolerance 

development. Taking advantage of the observations that opioids have different abilities to 

induced tolerance and signaling events, I have proposed is that agonists induce different 

levels of tolerance by inducing different signaling events (agonist-selective signaling). 

Because of the inconsistency between the time courses of signaling cascades (usually 

seconds to hours) and the tolerance development (usually hours to days), It is suggested 
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that the agonist-selective regulation on gene expression transduces the signals from the 

agonist-selective signaling to agonist-selective tolerance development.  

Hence, in my studies, the different abilities of agonists to initiate signaling events 

(ERK phosphorylation, receptor desensitization on intracellular calcium release) were 

compared. Then several determinants (receptor phosphorylation, cholesterol-rich lipid 

raft microdomain, receptor palmitoylation) for the agonist-selective signaling were 

identified. The final portion of my studies is to explore how agonist-selective regulation 

on gene expression (NeuroD and miR-190) results from the agonist-selective signaling 

and to determine whether the agonist-selective regulation on gene expression can 

contribute to the different levels of tolerance induced by agonists.  
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1.1 G protein coupled receptor (GPCR) 

 

G protein coupled receptors (GPCRs) are a large family of membrane receptor with 

seven trans-membrane domains. They respond to a diverse array of sensory and 

chemical stimuli, such as light, odor, taste, hormones, and neurotransmitters, and play 

critical role in a variety of physiological processes (1, 2). They represent more than fifty 

percent targets of market drugs. The signaling mechanisms of GPCRs, therefore, are 

subjects of interests in cellular and molecular research and the development of new 

drugs. GPCR transduces the signal from outside the cell to intracellular second 

messengers, and then to downstream effectors. This process involves the coupling 

between agonist-GPCR complex to the heterotrimeric guanine nucleotide binding 

protein (G protein) (1, 3). The binding of agonist promotes the exchange of GDP for 

GTP on the G protein α-subunit and leads to the dissociation of the G protein Gα- and 

Gβγ subunits. Subsequently, the activated subunits of G protein positively and/or 

negatively regulate the activity of effecter enzymes and ion channels (3, 4). GPCR 

signaling is affected by various factors in addition to the G proteins. For example, β-

arrestin influences the signaling by uncoupling the G protein from GPCR complex (5). 

The internalization of receptor also influences GPCR signaling by two means. It 

decreases the availability of GPCR on cell membrane and also enables GPCR to recycle 

to cell membrane after being processed in intracellular vesicles (1, 6). Factors that affect 

receptor internalization, e.g. dynamin (7), Src Kinase (7), arrestin (8) and adaptor protein 

2 (9), influence the signaling of GPCR. In addition, the agonist-induced desensitization 

(10-12) and changes in gene expression (13-15) modulate GPCR signaling.  

 

1.2 Opioids  

 

Opioids have been considered as the most potent analgesics in clinic. Morphine is 

one of the opioids and has been used for thousand years. After the purification of 

morphine, functional mechanisms of opioids, especially morphine, has been studied in 

depth. In addition, the purification of morphine has enabled and extended the usage of 
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morphine in modern medical care. Due to its outstanding analgesic effects and serious 

unwanted side effects (e.g. respiratory suppression), morphine-like molecules have been 

synthesized and studied. Currently, the opioids are divided into several categories 

include alkaloids, synthetic opioids and endogenous opioids depending on their 

molecular structures. Usually, alkaloid opioids are the natural opioids or their derivatives, 

such as morphine, heroin or etorphine. Synthetic opioids include [D-Ala2, N-Me-Phe4, 

Gly5-ol]-enkephalin (DAMGO) and fentanyl. Endogenous opioid peptides include 

enkephalins, β-endorphine and dynorphine (16). Although opioids have different 

molecular structures, they bind to the opioid receptors and execute their functions 

through opioid receptor-activated G-proteins.  

 

1.3 Opioid receptors 

 

The discovery of opioid receptors greatly advances the understanding of opioids 

(17-20). There are three subtypes of opioid receptors: mu (µ)-opioid receptor (MOR), 

delta (δ)-opioid receptor (DOR) and kappa (κ)-opioid receptor (KOR) (21-28). As 

reviewed (29, 30), these opioid receptors have a putative structure of seven 

transmembrane domains, extracellular N-terminus with multiple glycosylation sites, 

third intracellular loop with multiple α-helixes, and fourth intracellular loop formed by 

putative palmitoylation sites at the carboxyl tail (21, 24-27). The three subtypes are 

about 60% identical, with the greatest identity found in the seven transmembrane 

domains (73–76%) and intracellular loops (86–100%). The greatest divergent areas were 

found in the N terminus (9–10%), extracellular loops (14–72%), and C terminus (14–

20%) (25). In addition, there are two other receptors suggested to be related to opioid 

receptors. One of them is sigma (σ)-receptor (31, 32). However, because of the inability 

of σ-receptor to be activated by endogenous opioid peptides and its structural difference 

from other opioid receptors, it is not classified as an opioid receptor (31). Several groups 

also isolated a cDNA that encoding an opioid receptor-liked protein (33-39). This GPCR 

protein was named as opioid receptor-like 1(ORL1). ORL1 is involved in opioid 

analgesic, opioid dependence and tolerance development (40-46).  
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1.4 Opioid receptor functions 

 

Studies using subtype-selective agonists/antagonists and opioid receptor subtype 

knockout mice revealed that opioids induce analgesia effects primarily through MOR 

(47-49). MOR also mediates the majority of opioid functions, including 

hyperlocomotion, respiratory depression, constipation, immuno-suppression and opioid 

reward/withdrawal (47-49). DOR is suggested to be essential for the development of 

morphine tolerance (50-52) and to contribute to the emotional and rewarding responses 

(53, 54). In contrast, KOR is shown not to be involved in the analgesia effect; however, 

it participates in withdrawal symptoms after morphine and antagonist treatment (55-57), 

opioid-mediated dysphoria effect (57) and stress-induced emotional response (58).  

 

Opioid receptor-mediated signaling can be abolished by pertussis toxin (PTX) pre-

treatment, indicating that opioid receptors couple to the Gi/Go α subunits, which are 

PTX sensitive (59, 60), even through MOR can associate with a PTX-insensitive G 

protein Gz to execute its analgesia function both in vivo and in vitro (61-64). For in vitro 

signaling transduction, all three subtypes of opioid receptors initiate similar spectra of 

downstream signaling events, which include  regulation of adenylyl cyclase, the N-type 

(65) and L-type (66, 67) Ca2+ channels, phospholipase C (36), inward rectifying K+ 

channels (68, 69), and extracellular signal-regulated kinase (ERK) (70, 71). Recently, 

Src family nonreceptor tyrosine kinases have been implicated in GPCR functions (72-

76); and all three major subtypes of opioid receptor have been reported to activate Src 

kinase(77-79). Although the exactly mechanism of Src kinase activation by opioid 

receptors is still under investigation, Src kinase activation has been strongly suggested to 

contribute to MOR-mediated adenylyl cyclase super-activation in vitro (78), which is the 

molecular model for morphine withdrawal in vivo (80-82).  

 

1.5 MOR 
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MOR contains four exons (83, 84). The first three exons encode the N-terminus and 

the seven transmembrane domains, with the fourth corresponding to the intracellular 

carboxyl-terminus of the receptor. Similar to other GPCRs, MOR undergoes alternative 

splicing downstream of exon 3 (83-86). In MOR-1A, exon 4 is absent and there are four 

additional amino acids encoded at the end of exon 3. Five other variants identified in the 

mouse have different combinations of exon 5-10 replacing exon 4 (87). All of these 

variants contain exons 1, 2 and 3 and have the predicted amino acid sequences identical 

to MOR-1 through the transmembrane regions, differing only at the intracellular 

carboxyl tail. The variants also display distinct regional distributions within the central 

nervous system, indicating possible differences in their functions. Without studying 

mice which deficient in expressing individual variants, the functions of different variants 

are difficult to be predicted. However, MOR-1 has been suggested to be the major 

variant that mediates the functions of morphine. And many studies on MOR have been 

focused on MOR-1. Thus, in the current projects, MOR-1 was studied and referred to 

“MOR”. 
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2. Agonist-selective signaling 
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2.1 Agonist-selective signaling through GPCR 

 

      Agonist-selective signaling is an emerging theory used to interpret GPCR signaling 

The reports on the agonist-selective signaling have been published with many GPCRs 

and the volume of literature is increasing.  

 

2.1.1 The “intrinsic efficacy” concept 

 

       GPCRs transduce signals via a variety of signaling pathways, and each GPCR has 

multiple agonists. To understand the relation between agonists and signaling pathways 

activation under one particular GPCR, scientists have tried to categorize both agonists 

and signaling pathways. The “intrinsic efficacy” concept is a hypothesis that has been 

used for decades (88). According to this concept, signaling pathways under a single 

GPCR are similar to each other. On the other hand, there are two important properties of 

an agonist, the affinity to interact with the receptor (potency) and the ability to activate 

the receptor (intrinsic efficacy). Because low potency can be overcome by using higher 

concentration of the agonist, intrinsic efficacy has been used to categorize agonists. 

Intrinsic efficacy is defined as the maximum activation of receptor that can be induced 

by an agonist. Depending on the intrinsic efficacies, agonists have been divided into full 

agonists (inducing 100% activation of the receptor), partial agonists (inducing receptor 

activation but less than 100%), neutral antagonists (antagonist which binds, but do not 

activate, receptor) and inverse agonists (decreasing the activation of receptor to the level 

below basal level) (89). This concept does not highlight the differences among signaling 

pathways and suggests that one agonist activates all the signaling pathways under one 

particular receptor similarly, and that the agonists activate signaling pathways depending 

on their intrinsic efficacies.  

 

However, as reviewed by Urban et. al., the insufficiency of the “intrinsic efficacy” 

concept has been noted in recent years (90). Agonist can activate signaling pathways 

differentially, which has been observed with various GPCRs, including 5-HT2 serotonin 
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receptors, adrenergic receptors, dopamine receptors and opioid receptors. The 

observations are summarized and abstracted in Fig. 2-1. Agonist I and agonist II activate 

the same receptor, which transduces the signal to two pathways, pathway A and pathway 

B. But Agonist I can be a full agonist on pathway A, yet a neutral antagonist on pathway 

B. Agonist II can be just the opposite: full agonist on pathway B, while neutral 

antagonist on pathway A. Here lies the major shortcoming of “intrinsic efficacy” 

concept: agonists can activate signaling pathways differentially. Therefore the “intrinsic 

efficacy” concept which suggests an agonist have the same efficacy on different 

signaling pathways can not be applied in these cases. An agonist-selective signaling 

(ligand-biased signaling or others) theory has been proposed to interpret the signaling of 

GPCRs.  

 

2.1.2 “Agonist-selective signaling” theory 

 

The biggest difference between the “agonist-selective signaling” theory and the 

“intrinsic efficacy” concept is on categorizing the signaling pathways. The “agonist-

selective signaling” theory suggests there are large differences among the activation of 

the signaling pathways, even though the activation of some signaling pathways are 

similar. Thus the activation of signaling pathway is not only dependent on the potency 

and intrinsic efficacy, but also dependent on which signaling pathway is involved. The 

“agonist-selective signaling” theory does not categorize signaling pathways, but 

analyzes them individually.  

 

As indicated in Fig.2-2, the “intrinsic efficacy” concept tries to correlate agonists to 

all the signaling pathways. The “agonist-selective signaling” theory tries to correlate 

agonists to individual signaling pathways. To distinguish the agonist-selective signaling 

theory from the “intrinsic efficacy” concept, the “ability” of agonist was used rather than 

its “efficacy” hereafter.  
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Fig. 2-1 Schematic of agonist-selective signaling 
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Fig. 2-1 Schematic of agonist-selective signaling 

 

Agonist I is a full agonist on Pathway A, while a neutral agonist (antagonist) on Pathway 

B. In contrast, agonist II is a full agonist on Pathway B, while a neutral agonist 

(antagonist) on Pathway A. Although the abstracted schematic can not present all 

conditions of agonist-selective signaling, it indicates the pathway selection of agonists.   
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Fig. 2-2 Schematic comparison of the two hypotheses   
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Fig. 2-2 Schematic comparison of the two hypotheses   

 

The “Intrinsic Efficacy” concept categorizes the agonists but not the signaling pathways, 

and suggests a multiple-to one correlation. The “Agonist-selective” theory categorizes 

both the agonists and the signaling pathways, and suggests a multiple-to multiple 

correlations.  
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In addition, there is “receptor trafficking” theory has been suggested (89, 91), 

which suggests that different conformation changes induced by agonists can lead to the 

activation of distinct G proteins. This theory also attributes the differential signaling 

induced by agonists to which level of the signaling events locates in the signaling 

cascade. Although, this theory is not accurate under many conditions, it has implications 

on the developing of agonist-selective signaling theory. 

 

2.1.3 Agonist-selective ERK phosphorylation 

 

ERK phosphorylation may be the best-studied phenomenon of agonist-selective 

signaling. Two pathways can be used by GPCRs to mediate ERK phosphorylation, the 

PKC/PKA pathway and β-arrestin pathway (5, 8, 92). The existence of the two pathways 

were demonstrated by blocking PKC/PKA activities with specific inhibitors and by 

downregulating β-arrestin with siRNAs (92, 93). The selectivity of agonists for the two 

pathways is indicated by the abilities of agonists to use the one or two pathways to 

induce ERK phosphorylation. For example, isoproterenol (a β-adrenergic receptor 

agonist) induces ERK phosphorylation via both pathways, while ICI118551 (a β2-

adrenergic receptor agonist) induces ERK phosphorylation in a β-arrestin-dependent 

manner completely and CCL19 uses only the PKC/PKA pathway in cells expressing the 

chemokine receptor CCR7 (11, 92, 94).  

 

ERK phosphorylated by different pathways has different subcellular locations. 

Phosphorylated ERK under the PKC/PKA pathway is retained in the cytosol, while the 

phosphorylated ERK under β-arrestin pathway translocates into the nucleus. However, 

there are controversial observations on the influence of β-arrestin on the nucleus 

translocation of phosphorylated ERK. Overexpression of β-arrestin has been reported 

both to enhance and to suppress the nucleus translocation of phosphorylated ERK (95-

98). The difference has been attributed to the different GPCRs used in the experiments. 

However, the ability of β-arrestin to serve as a scaffold protein to hold the mitogen-

activated protein kinase (MEK) and ERK and its ability to translocate into the nucleus 
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and regulate gene expression support the positive effect of β-arrestin on the nucleus 

translocation of phosphorylated ERK (5, 13, 99).  

 

2.1.4 Additional agonist-selective signaling events 

 

GPCRs exhibit other agonist-selective phenomena. 5-HT2 serotonin receptor 

mediates the formation of inositol phosphates via phospholipase C and the release of 

arachidonic acid through phospholipase A2  (100, 101). Four signaling events 

(phospholipase C activation, phospholipase C desensitization, phospholipase A2 

activation and phospholipase A2 desensitization) have been analyzed with a series of 

agonists of 5-HT2 serotonin receptor (102, 103). No correlation among their abilities to 

initiate these four signaling events has been identified. Inositol phosphates influences the 

intracellular calcium level and thereby the activities of calmodulin and Ca2+/calmodulin-

depedent protein kinases (CaMKs). The accumulation of arachidonic acid has critical 

effects on the functions of ion channels (104, 105). Therefore, different agonists of 5-

HT2 serotonin receptor have different effects on these cellular responses. Similar 

observations are obtained with D2–dopamine receptor. Quinpirole and 

propyldihydrexidine are full agonists when used to activate adenylyl cyclase. However 

they have different abilities to inhibit the D2–dopamine receptor-mediated release of 

dopamine (106, 107). There are other observations on the agonist-selective signaling, 

but my studies are focused on MOR and ERK phosphorylation because of the long-term 

goal of my research. 

 

2.1.5 Pathway selectivity of agonist-selective signaling 

 

The signaling pathways mentioned above can be activated by agonists differentially. 

If the differences among agonists are large enough for one signaling pathway, a special 

phenomenon will be observed: only a selective group of agonists can activate this 

signaling pathway. Furthermore, if the differences are large enough on two signaling 

pathways, a group of agonists will activate only one signaling pathway, while another 
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group of agonists will activate only the other, which is similar to what abstracted in Fig. 

2-1. Agonist I is a full agonist on pathway A, while a neutral antagonist on pathway B. 

Agonist II is just opposite: full agonist on pathway B, while neutral antagonist on 

pathway A. 

 

Moreover, if the two signaling pathways are highly related to each other, selectivity 

of agonists for the two related pathways will be observed. Although the pathway 

selection is an extremely condition of the agonist-selective signaling, it has larger 

implications, because the selectivity between signaling pathways enables agonists to 

perform totally different tasks. In addition, by understanding the pathway selectivity of 

agonists, new drugs can be developed which selectively induce the curing effects but not 

the side effects. 

 

 Selection between signaling pathways has been observed with a number of GPCRs, 

especially manifested by ERK phosphorylation mediated by GPCRs. Many agonists of 

GPCRs induce ERK phosphorylation via only one of the two pathways, PKC and β-

arrestin pathways (11, 92, 94). Although the two pathways lead to the ERK 

phosphorylation with similar efficacies, the cellular location of phosphorylated ERK and 

the activation of the downstream factors are different between the two signaling 

pathways (92, 93).  

 

2.2 Agonist-selective signaling with MOR 

 

2.2.1 Different abilities of agonists to initial signaling events  

 

   The agonists-selective signaling has been reported with MOR. Several signaling 

pathways can be activated by nearly all agonists of MOR, but to different extents. For 

instance, morphine has much lower abilities than other agonists, including etorphine, 

fentanyl and [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin (DAMGO) to induce receptor 

phosphorylation, β-arrestin recruitment and receptor internalization (108-110). MOR 
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undergoes both basal phosphorylation in the absence of agonist and agonist-induced 

phosphorylation. Although morphine induces receptor phosphorylation, the induction is 

small. The β-arrestin recruitment to the cell membrane is indicated by the punctated 

spots on the cell membrane after the transfection with EGFP tagged β-arrestin and 

agonist treatment. In HEK cells stably expressed MOR (HEKHM), etorphine decreases 

the membrane receptor by 40% after thirty-minute treatment, while morphine does not. 

Although the morphine-induced receptor internalization has been observed in the 

primary cultures from the striatum (111), the ability of morphine to induce receptor 

internalization is low. These differences had been explained by considering morphine as 

a partial agonist, while the others as full agonists.  

 

MOR couples to the Gi/o and inhibits the activity of adenylyl cyclase. Thus the 

intracellular level of cAMP decreases after acute agonist treatment. However, the level 

of intracellular cAMP increases gradually and returns to the basal level during the 

chronic treatment of agonist. If antagonist is used to terminate the chronic treatment with 

agonist, the level of intracellular cAMP increases to a level much higher than the basal 

level within a short time, which is considered as adenylyl cyclase superactivation. 

Morphine induces higher superactivation than etorphine (112). Morphine also has higher 

ability to induce analgesia tolerance than etorphine and fentanyl, when the agonists are 

used at equivalent doses to treat the animal (113, 114). Thus morphine is a full agonist, 

while etorphine seems to be a partial agonist in these cases.  

 

In addition, the similar abilities of morphine and other agonists, especially 

etorphine and fentanyl, to induce ERK phosphorylation and to inhibit adenylyl cyclase 

activity suggest that these agonists are all full agonists (112, 115).  

 

The inconsistent results obtained after analyzing different signaling pathways 

suggest that the agonist-selective signaling theory is more suitable than “intrinsic 

efficacy” concept in interpreting the signaling of MOR. Hence, the classification of 

these opioid agonists indicates the strength of stimulus-response coupling (or the 
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interaction between agonist efficacy and system sensitivity) could not be used to address 

all the observations on these agonists’ activities. Moreover, the cellular content could be 

used in address the divergent observations because some of these studies were carried 

out with the same cell model (112). Hence, agonist-selective signaling theory is more 

suitable in interpreting the observations on OPRM1 signaling.  

 

2.2.2 Agonist-selective desensitization  

 

Desensitization (decrease in the activation of signaling pathway during the 

agonist treatment) represents an important physiological feedback mechanism that 

prevents the over-stimulation of GPCR. Although receptor desensitization helps the cells 

to adapt to outside challenges rapidly, it also decreases the therapeutic effects of many 

GPCR agonists.  

 

GPCR desensitization involves G protein-coupled receptor kinase (GRK) and β-

arrestin (116-118). The GRK family includes seven GRK subtypes. Four of them are 

expressed throughout the body and are suggested to account for most of the GPCRs 

regulation (119). GRK is normally recruited to receptor by the activated and free Gβγ 

subunits and mediates the phosphorylation on receptor after agonist binding (120-122). 

GRK-mediated phosphorylation on MOR, DOR and KOR has been identified in both 

endogenous and exogenous gene expression systems (109, 123-127). Usually, the GRK 

phosphorylation sites locate in the third intracellular loop and the C-terminus of GPCR. 

A series Ser/Thr residues in MOR have been suggested to contribute to the receptor 

phosphorylation (128, 129). Among them, Ser375 has been shown to be consistently 

phosphorylated and to account for over 90% of morphine-induced MOR 

phosphorylation in HEK293 cells (130).  

 

Using the β2-adrenergic receptor as the model, Lefkowitz’s lab has proposed 

once phosphorylated by GRK, the activated receptor recruits β-arrestin (10, 11). 

Because of the Gα subunit (131) and β-arrestin (132-136) share similar binding sites on 
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MOR, the association between receptor complex and β-arrestin leads to the uncoupling 

of G protein from the receptor complex, which eventually dampens the signal 

transduction. This desensitization mechanism of GPCR has been demonstrated with 

various receptors such as β2-adrenergic receptor, m2-muscarinic receptors, dopamine 

D1A receptor (137-139). Likewise, agonist-mediated phosphorylation of DOR has also 

been shown to lead to the β-arrestin recruitment and eventually the receptor 

desensitization (123, 140, 141). 

 

MOR also undergoes intensively desensitization in its signaling pathways (112, 

142). However, the involvement of β-arrestin and GRK in MOR desensitization is 

equivocal, especially in morphine-induced receptor desensitization. On the one hand, the 

critical roles played by β-arrestin2 in morphine-induced in vivo analgesia tolerance have 

been indicated by using β-arrestin2 null mice (143, 144). Also, the ability of morphine to 

induce tolerance in vivo is impeded in the GRK3 null mice (145). On the other hand, 

GFP-fused β-arrestin1 and β-arrestin2 are recruited to etorphine-activated MOR, but not 

morphine-activated MOR (146, 147). In addition, etorphine induces β-arrestin-mediated 

receptor internalization intensively, while nearly no receptor internalization is observed 

when morphine is used (108, 109). Therefore, morphine-induced receptor 

desensitization has complex mechanisms.  

 

2.2.3 Agonist-selective desensitization on calcium release 

 

Our lab has studied the agonist-induced desensitization on intracellular calcium 

release. MOR agonists, morphine and DAMGO do not evoke intracellular calcium 

release when used alone, whereas 200nM ADP, an agonist of the universally expressed 

Gq-coupled purinergic P2Y receptor, induces transient but robust intracellular calcium 

release. In addition, ADP-induced intracellular calcium release is significantly 

potentiated by morphine, while MOR antagonist, Naloxone, blocks this potentiation 

when it was used to pre-treat the HEKHM (148). Thus the potentiation on ADP-induced 
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Intracellular calcium release can be used an indicator of MOR activity. Decrease in the 

potentiation is considered as the desensitization.  

 

Research into the desensitization on intracellular calcium release induced by 

morphine and DAMGO identified different pathways that mediate receptor 

desensitization. DAMGO-induced, but not morphine-induced, receptor desensitization is 

attenuated when phosphorylation deficient mutant of MOR or mouse embryonic 

fibroblast (MEF) cells from β-arrestin-/- mice are used. In contrast, morphine-induced, 

but not DAMGO-induced, receptor desensitization is attenuated when PKC inhibitor is 

used to treat the cells. Thus desensitization on intracellular calcium release mediated by 

MOR is also agonist-selective. 

 

2.2.4 Agonist-selective desensitization on potassium channel 

 

    Similar observations were obtained when desensitization on G protein-coupled 

inwardly rectifying potassium channel (GIRK) current is studied. Both DAMGO and 

morphine activate GIRK currents, and the responses desensitize rapidly. Expression of a 

dominant negative mutant of GRK2, GRK2-K220R, attenuates the DAMGO-induced 

desensitization, but has no effect on the morphine-induced desensitization (142). In 

contrast, PKC inhibitor reduces MOR desensitization induced by morphine, but not that 

induced by DAMGO. Thus DAMGO-induced desensitization is GRK2-dependent, 

whereas morphine-induced desensitization is PKC-dependent.  

 

2.3 MOR agonist-selective ERK phosphorylation 

 

2.3.1 Agonists induce ERK phosphorylation similarly 

 

To determine the characteristics of agonist-induced ERK phosphorylation, we 

examined the time courses of morphine- and etorphine-induced ERK phosphorylation in 

HEKHM cells. The phosphorylation of ERK peaked 10 min after the initiation of 
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morphine treatment. Then, the stimulatory effect gradually declined, and returned to the 

basal level after one-hour (Fig. 2-3). We obtained similar results when etorphine was 

used to activate MOR. The maximum phosphorylation level of ERK appeared 10 min 

after the initiation of etorphine incubation and returned to the basal level within 1 hr (Fig. 

2-3). Because the maximal ERK phosphorylation after either morphine or etorphine 

treatment was observed at 10 min, the concentration-dependent studies were performed 

10 min after the initiation of agonist treatment. Immunoblotting data showed that the 

EC50 values of the two agonists were significantly different from each other: 30±22 nM 

for morphine and 0.32±0.17 nM for etorphine, but the maximum levels of ERK 

phosphorylation induced by the two agonists were not significantly different from each 

other (Fig. 2-4).  

 

2.3.2 Etorphine induces ERK phosphorylation via β-arrestin 

 

The differential effects of β-arrestin on morphine- and etorphine-induced ERK 

phosphorylation were confirmed in three types of MEF cells: MEF cells from wildtype 

mice, β-arrestin2 null mice, and β-arrestin1/2 null mice. These MEF cells were infected 

with adenovirus containing the MOR encoding sequence so as to transiently express 

MOR. The amount of adenovirus used to infect the MEF cells was titrated to express 

similar levels of MOR in the three cell types. [3H]-Diprenorphine binding assays 

revealed that the amount of MOR expressed in the three types of MEF cells was 0.5±0.1 

pmol/mg of protein, without any significant difference among the three cell lines. In the 

wildtype MEF cells, 10 min incubation with either morphine or etorphine led to 

significant ERK phosphorylation (Fig. 2-5). In MEF cells from β-arrestin2 null mice, 

morphine induced significant ERK phosphorylation, but etorphine did not. However, 

because β-arrestin1 was present in these MEF cells, we could not eliminate the 

possibility that the morphine-induced ERK phosphorylation was β-arrestin1-dependent. 

Therefore, we used MEF cells from β-arrestin1/2 null mice. Similar to the observations 

with MEF cells from β-arrestin2 null mice, morphine induced ERK phosphorylation with 

MEF cells from β-arrestin1/2 null mice, whereas etorphine did not (Fig. 2-5). Therefore,  
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Fig. 2-3 Time-dependent curves of agonists to induce ERK phosphorylation 
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Fig. 2-3 Time-dependent curves of agonists to induce ERK phosphorylation 

 

HEKHM cells were treated with 1 μM morphine or 1 μM etorphine for indicated times. 

The immunoreactivities of phosphorylated ERK were normalized against those of total 

ERK. The results were presented as the percentages of those in untreated samples in 

each group. The experiment was repeated for at least four times and the error bars stood 

for the standard deviations.   



   23 
Fig. 2-4 Dose-dependent curves of agonists to induce ERK phosphorylation 
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Fig. 2-4 Dose-dependent curves of agonists to induce ERK phosphorylation  

 

HEKHM cells were treated with morphine or etorphine for 10 minutes at indicated 

concentrations. The immunoreactivities of phosphorylated ERK were normalized against 

those of total ERK. The results were presented as the percentages of those in untreated 

samples in each group. The experiment was repeated for at least four times and the error 

bars stood for the standard deviations.   
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Fig. 2-5 Etorphine induces ERK phosphorylation via β-arrestin2 
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Fig. 2-5 Etorphine induces ERK phosphorylation via β-arrestin2 

 

MEF cells from wildtype mice, β-arrestin2-/- mice and β-arrestin1/2-/- mice were treated 

with PBS (control), 1 μM morphine or 1 μM etorphine for 10 minutes. The 

immunoreactivities of phosphorylated ERK were normalized against those of total ERK. 

The results were presented as the percentages of those in control samples in each group. 

The experiment was repeated for at least four times and the error bars stood for the 

standard deviations.   
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etorphine-induced ERK phosphorylation was β-arrestin2-dependent, whereas morphine-

mediated ERK phosphorylation was not β-arrestin-independent. 

 

2.3.3 Morphine induces ERK phosphorylation via PKCε 

 

As one of the two major pathways used by GPCRs to induce ERK phosphorylation, 

PKC/PKA pathway is the likely candidate pathway in mediating morphine-induced ERK 

phosphorylation.  

 

PKC family is a large Ser/Thr kinases family and participates in numerous 

signaling events, such as receptor phosphorylation and desensitization, membrane 

structure modulation, transcription regulation, neuron-transmitter release, cell 

proliferation, synaptic remodeling and learning and memory (149). PKC family consists 

of 11 subtypes, which could be divided into three groups, conventional, novel, atypical 

depending on the sequence homology and activation mechanisms (150). Conventional 

PKCs include PKCα, βI, βII, and γ. They are sensitive to intracellular Ca2+. Novel PKCs 

group includes PKCδ, ε, η, θ and μ. The activation of these subtypes does not require 

intracellular Ca2+ but the binding with diacylglycerol. Atypical PKCs include ξ and λ/ι 

(151). PKCs are cytosolic proteins; and after activation, they translocate onto the cell 

membrane and phosphorylate target proteins, which is used as the indicator of PKC 

activation (152). 

 

The involvement of PKC activity in DOR desensitization has been demonstrated by 

using PKC inhibitors staurosporine and bisindolylmaleimide (GF109203X) (153, 154).  

PKC also contributes to the functions of morphine. PKC not only influences the 

desensitization induced by morphine in vitro (142, 155), but also is critical for the in 

vivo effects of morphine, like withdrawal syndrome (156-158), reinforcement effect 

(159, 160), tolerance development (161) and analgesia (157, 162-164). 
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Because MOR-mediated ERK phosphorylation has been reported to be inhibited by 

a PKC inhibitor (71), we used a selective PKC inhibitor, Ro-31-8425, to treat the 

HEKHM cells. Morphine-induced ERK phosphorylation decreased significantly when 

Ro-31-8425 was used before agonist treatment (Fig. 2-6A). In contrast, this PKC 

inhibitor did not affect either the kinetics or the magnitude of etorphine-induced ERK 

phosphorylation (Fig. 2-6B). Thus morphine-induced, but not etorphine-induced, ERK 

phosphorylation is mediated by PKC.  

 

Three subtypes of PKC have been suggested to be important for morphine tolerance, 

PKCα, PKCγ and PKCε (165). Subtype specific peptide inhibitors have been used 

widely to study the involvement of PKC subtypes in different biological processes (150, 

157). Thus to identify the PKC subtype that mediates the morphine-induced ERK 

phosphorylation, PKC inhibitor (Ro-31-8425), PKCα pseudosubstrate inhibitor 

(FARKGALRQ), antagonists of PKCγ (CRLVLASC) and PKCε (EAVSLKPT) were 

used to treated the HEKHM cells. To enable these inhibitors to penetrate the cell 

membrane, myristoylation was made on the N-termini of the peptides (166, 167). Ro-31-

8425 and PKCε-specific inhibitor attenuated morphine-induced ERK phosphorylation in 

HEKHM cells from 228±22% to 136±15% (n=4, t=11.08, p<0.001) and to 142±9% (n=4, 

t=10.33, p<0.001), respectively (Fig. 2-7). However, PKCα- and PKCγ-specific inhibitor 

did not affect morphine-induced ERK phosphorylation (Fig. 2-7). Because there is no 

significant difference between the abilities of Ro-31-8425 and PKCε-specific inhibitor to 

attenuate morphine-induced ERK phosphorylation (t=0.791, p>0.05), PKCε is the major 

PKC subtype that contributes to the morphine-induced ERK phosphorylation. 
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Fig. 2-6 Morphine induces ERK phosphorylation via PKC 
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Fig. 2-6 Morphine induces ERK phosphorylation via PKC  

 

HEKHM cells were treated with 1 μM morphine or 1 μM etorphine for indicated times 

in the presence or in the absence of three-hour pre-treatment with 2 μM Ro-31-8425. 

The immunoreactivities of phosphorylated ERK were normalized against those of total 

ERK. The results were presented as the percentages of those in control samples in each 

group. The experiment was repeated for at least four times and the error bars stood for 

the standard deviations.   
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Fig. 2-7 Morphine induces ERK phosphorylation via PKCε 
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Fig. 2-7 Morphine induces ERK phosphorylation via PKCε 

 

HEKHM cells were treated for three hours with 2 μM the PKC inhibitor Ro-31-8425, or 

50 μM peptide inhibitors specific for PKCα (PKCαi: Myristoylated-FARKGALRQ), 

PKCγ (PKCγi: Myristoylated-WAVSLKPT) or PKCε (PKCεi: Myristoylated-

CRLVLASC). Cells were then challenged for 5 minutes with 1 μM morphine. The 

immunoreactivities of phosphorylated ERK were normalized against those of total ERK. 

The results were presented as the percentages of those in untreated samples in each 

group. The experiment was repeated for at least four times and the error bars stood for 

the standard deviations. 
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3. Mechanism of agonist-selective signaling 
 

    Mechanism of agonist-selective signaling has been studied for a long time. The 

accepted notion is that the conformational changes of receptor induced by agonists are 

different from each other. Because different conformational changes of receptor favor 

the activation of different signaling pathways, agonists activate signaling pathways 

differentially. Although the crystal structures of G proteins, β-arrestin and serveral 

GPCRs like rodposine and β2-adregneric receptor have been solved (134, 168, 169), the 

structural information of the receptor-agonist complex is not available so as to predict 

the conformational changes induced by different agonists.  
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3.1 Categorization of signaling pathways 

 

Although the agonist-selective theory suggests that agonist can induce signaling 

pathways differentially, it is not true that there is difference between every two signaling 

pathways. Thus various groups have attempted to categorize the signaling pathways and 

to use the activation of one signaling pathway within the category to predict the 

activation of the activation of others. Actually, there are two categories have been well 

studied.  

 

One category of signaling pathways is the G protein-, to be more specific Gα subunit, 

related signaling pathways. Previous studies indicated that Gα subunit is more efficient 

in transducing receptor signals than Gβγ-subunits (170). This is probably the reason why 

opioid receptor desensitized in hours when Gα-mediated inhibition of adenylyl cyclase 

activity was measured, while desensitized in minutes when Gβγ-mediated activation of 

potassium channel was monitored (171). Take advantage of the high efficient of Gα 

subunit in transducing signals, the signaling pathways downstream of Gα subunit have 

high possibility to be activated similarly by agonists. For example, there is a strong 

correlation between morphine-induced ERK phosphorylation and morphine-induced 

adenylyl cyclase inhibition (172).   

 

 Another category of signaling pathways is the β-arrestin-related signaling pathways. 

The abilities of morphine, etorphine, DAMGO and fentanyl to induce receptor 

phosphorylation have strong correlations with their abilities to recruit β-arrestin onto cell 

membrane, to induce β-arrestin-mediated receptor internalization and to induce ERK 

phosphorylation via β-arrestin pathways (95, 108-110).     

 

3.2 β-arrestin related signaling pathways 

 

   β-arrestin belongs to the arrestin family which is a small family of cytosolic scaffold 

proteins. Arrestin1 and arrestin4 (x-arrestin) are found exclusively in retinal rods and 
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cones, while arrestin2 (β-arrestin1) and arrestin3 (β-arrestin2) are expressed ubiquitously. 

Arrestins are discovered originally in the desensitization of rhodopsin and β2-adrenergic 

receptor (173-175). Recently, β-arrestin has been suggested to function as a scaffold 

protein which bridges GPCRs and intracellular effectors (176). In addition, abilities of β-

arrestin to translocate into nucleus and to regulate the gene expression have also been 

suggested (13). 

 

Understanding on β-arrestin-related signaling pathways is based on the β-arrestin-

mediated receptor desensitization. In the classical desensitization paradigm, binding of 

agonist to GPCR leads to receptor phosphorylation, which increases the affinity of 

agonist-receptor complex for the cytosolic protein β-arrestin. Translocation of β-arrestin 

to receptor complex disrupts receptor-G protein interaction and ceases the activation of 

G protein-related signaling pathways (177). Then several β-arrestin-mediated signaling 

pathways will be activated. Receptor phosphorylation is normally mediated by GRK and 

free Gβγ subunits (178, 179). Because Gβγ subunits dissociate from Gα after G protein 

activation, the activation of β-arrestin-related signaling pathways requires the activation 

of G protein under this paradigm.  

 

By using G protein interaction deficient mutants of GPCRs, G protein-independent 

β-arrestin-related signaling is identified (92, 172, 180). β2-adrenergic receptor mutants 

lacking G protein coupling mediates the ERK phosphorylation through a GRK5/6-β-

arrestin pathway. The I35 mutant of MOR (lacking the last five amino acids in the third 

intracellular loop to interact with G protein) still mediates etorphine-induced ERK 

phosphorylation in a β-arrestin dependent manner.  

 

In addition, overexpression of β-arrestin enables morphine which normally does not 

induce receptor internalization to induce intensively receptor internalization (181), 

suggesting a basal affinity of receptor for β-arrestin in the absence of receptor 

phosphorylation. Moreover, the activation of GRK5/6 is not dependent on the free Gβγ 

subunits (182). G protein-independent receptor phosphorylation has been observed on 
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the Ser363 of rat DOR (183). Therefore, β-arrestin-related signaling pathways can be 

activated without G protein activation.  

 

3.3 Pre-coupling of G protein  

 

3.3.1 Pre-coupling model  

 

Two models have been used to explain how G proteins couple to the GPCRs. In the 

“collision coupling” model, G proteins couple to GPCRs after receptor activation (or 

agonist binding) by free lateral diffusion on the cell membrane (184). The “pre-

coupling” model suggests that G proteins interact with receptors before agonist binding. 

Much data that supports the pre-coupling hypothesis comes from FRET studies using 

fluorescence labeled receptors and G proteins (185). However, the controversial still 

exist, because of the inconsistent reports on the pre-coupling, the overexpression of 

exogenous receptors and G proteins, and the large fluorescent proteins tagged to the 

molecules (186). The existence of pre-coupled receptor-G-protein complex has also been 

suggested by the apparent dissociation constants between G proteins and GPCRs (187-

189). The pre-coupling model is more attractive because it not only accounts for the 

specificities between receptors and G proteins in part, but also explains the rapid 

intracellular responses.  

 

3.3.2 The pre-coupling between Gαi2 and MOR 

 

3.3.2.1 Gαi2 

 

In order to determine whether pre-coupling exists between G protein and MOR, we 

tried to measure the interaction between G protein and MOR in the absence of agonist. 

However, because of the existence of multiple G proteins, it is required to identify the 

major G protein that mediates the signal transduction of MOR. Because Gβγ subunits 

have been suggested to bind with GPCR via Gα subunit, the experiments were focused 
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on the identification of Gα subunit that participates in MOR signaling (4, 186). In 

addition, the “G protein” is referred to “G protein α subunit” if not specified. 

 

MOR is a typical Gi/o coupled receptor. Therefore, the Gαi2, Gαi3 and Gαo were 

the subjects of the current experiments. Three adenovirus constructs were used to deliver 

the pertussis toxin (PTX)-resistant Gαo, Gαi2, and Gαi3 to murine neuroblastoma 

neuro2A (N2A) cells (56, 190). The mutations at the C-termini of these G proteins (Gαi2, 

C352L; Gαi3, C351L; Gαo, C352L) made them functional under the treatment with 

PTX (190). Overnight treatment with 0.1 μg/ml PTX attenuated ERK phosphorylation 

induced by either morphine or etorphine in the control cells (Fig. 3-1A). The similar 

attenuation on ERK phosphorylation was observed when the adenovirus containing 

PTX-resistant Gαo or Gαi3 was used (Fig. 3-1B and D). However, when adenovirus 

delivering the PTX-resistant Gαi2 was used to infect the cells, the inhibitory effects of 

PTX on agonist-induced ERK phosphorylation were blocked (Fig. 3-1C), indicating 

Gαi2 mediated the signal transduction of MOR, at least MOR-mediated ERK 

phosphorylation. But we still could not rule out the involvement of other Gα in the 

activation of other signaling pathways, even Gαi2 has also been suggested to function 

during receptor desensitization on intracellular calcium release (148).  

 

Because morphine-induced ERK phosphorylation is dependent on the PKC which 

is a downstream signaling molecule of G protein, and etorphine-induced ERK 

phosphorylation is mediated by β-arrestin2, thus ERK phosphorylation should be related 

to both two categories of signaling pathways (G protein- and β-arrestin-related signaling 

pathways). 

  

3.3.2.2 Gαi2 binds to MOR in the absence of agonist 

 

The interaction between Gαi2 and MOR was determined in HEKHM cells. By using 

the immunoprecipitation, MOR was precipitated from cell lysis by using the antibody 

against HA (which is tagged at the N-terminus of MOR). After immunoprecipitation, the  
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Fig. 3-1 Gαi2 mediates morphine-induced ERK phosphorylation 
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Fig. 3-1 Gαi2 mediates morphine-induced ERK phosphorylation 

 

N2A cells with MOR-HA stably expressed were infected with different PTX-insensitive 

Gα, control (A), Gαo (B), Gαi2 (C) and Gαi3 (D). Before experiments, 100ng/ml PTX 

was used to treat the cells overnight. Then the cells were exposed to 1μM morphine or 

10nM etorphine for 10 minutes. The immunoreactivities of phosphorylated ERK were 

normalized against those of total ERK. The results were presented as the percentages of 

those in untreated samples in each group. The experiment was repeated for at least four 

times and the error bars stood for the standard deviations. 
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amount of Gαi2 associated with MOR was determined. As indicated in Fig. 3-2, MOR 

precipitated large amount of Gαi2 in the absence of agonists, which was similar to the 

amount of Gαi2 precipitated with MOR when the cells were treated with 1 μM morphine, 

suggesting the pre-coupling between Gαi2 and MOR.  

 

However, when etorphine was used to treat the cells, a significant decrease in the 

amount of Gαi2 precipitated with MOR was observed compared with that in control 

cells. This decrease is not due to the high level of receptor internalization induced by 

etorphine, because this decrease was not inhibited when 0.4 M sucrose was used to 

block receptor internalization (Fig. 3-2). Then antibody against Gαi2 was used to 

perform immunoprecipitation, and similar observations were obtained. Gαi2 precipitated 

large amount of MOR in the absence of agonist, while this amount decreased after 

etorphine treatment. Treatment with morphine did not affect the interaction between 

Gαi2 and MOR.  

 

3.3.3 Gαi2 anchors MOR to lipid raft 

 

3.3.3.1 Lipid raft  

 

Lipid rafts are enriched with cholesterol, sphingomyelin, gangliosides and various 

signaling proteins, including heterotrimeric G proteins, adenylyl cyclase and Src kinases 

(191, 192). They provide an environment in which GPCRs interact freely with a 

selective set of signaling molecules to execute their functions (172, 191). Lipid rafts 

regulate the signaling of several GPCRs, such as gonadotropin-releasing hormone 

receptor, type-1 cannabinoid receptor, α1-adrenergic receptor, NK1 receptor, and opioid 

receptors (191). This regulatory function normally is demonstrated by the decreased 

signaling during lipid raft disruption. For example, methyl-β-cyclodextran (MβCD) and 

simvastatin disrupt lipid raft by extracting cholesterol from cell membrane and blocking 

the synthesis of cholesterol, respectively. 
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Fig. 3-2 The pre-coupling between Gαi2 and MOR 
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Fig. 3-2 The pre-coupling between Gαi2 and MOR  

 

HEKHM cells were treated with PBS (control), 1 μM morphine, 10 nM etorphine or 10 

nM etorphine plus 0.4 M sucrose (5 min before agonist, Etorphine+S) for 10 minutes. 

Antibodies against HA and Gαi2 were used to immunoprecipitation. The amounts of 

MOR/Gαi2 precipitated with Gαi2/MOR were presented. 
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  Although the existence of lipid raft has not been accepted by all the scientists, a 

low-density high-cholesterol microdomain can be separated from the cell membrane by 

using a 5%-30% continuous sucrose gradient. Microdomains on the cell membrane were 

separated depending on their density, after being centrifuged at the bottom of a 5%-30% 

continuous sucrose gradient. The gradient was fractionized into 12 fractions from lowest 

density to the highest density. As indicated in Fig. 3-3, majority of the protein was 

located in the last two fractions, where should be the fractions of cell debris and large 

cellular components  

 

When cholesterol concentration was measured in each fraction, high cholesterol 

levels were detected in the 4th and the 5th fractions (Fig. 3-4), which were about 150% of 

those in other fractions, suggesting a high-cholesterol microdomain distributes between 

the 4th and the 5th fractions. However, because of the lower density of cholesterol, it 

should float on the top of sucrose gradient, if it was not associated with other molecules 

(e.g. protein). Therefore, the high-cholesterol microdomain between the 4th and the 5th 

fractions suggests the existence of lipid raft microdomain on cell membrane and a 

successful separation of lipid raft microdomain. 

 

      The distribution of different proteins across sucrose gradient was determined by 

immunoblotting. Four proteins were analyzed, Gαq, Gαi2, MOR and transferring 

receptor (TR). High amounts of Gαq and Gαi2 were detected in the 4th and the 5th 

fractions (Fig. 3-5), which are consistent with the distribution of cholesterol. Thus Gαq 

and Gαi2 located in the lipid raft microdomain (192-194). TR is normally used as a 

marker for the non-raft microdomain on cell membrane (195). The highest amount of 

TR was detected in the 6th fraction. In addition, the immunoreactivities of MOR 

suggested the localization of MOR in lipid raft microdomain.   
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Fig. 3-3 Protein distribution across the sucrose gradient  
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Fig. 3-3 Protein distribution across the sucrose gradient  

 

The HEKHM cells were subject for the 5%-30% continuous sucrose gradient. 12 

fractions were collected after the centrifugation. The protein concentration was 

measured in each fraction and normalized against the total protein amount. 
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Fig. 3-4 Cholesterol distribution across the sucrose gradient  
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Fig. 3-4 Cholesterol distribution across the sucrose gradient  

 

The HEKHM cells were subject for the 5%-30% continuous sucrose gradient. 12 

fractions were collected after the centrifugation. The cholesterol concentration was 

measured in each fraction and normalized against the total cholesterol amount. 
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Fig. 3-5 MOR distribution across the sucrose gradient 
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Fig. 3-5 MOR distribution across the sucrose gradient  

 

The HEKHM cells were subject for the 5%-30% continuous sucrose gradient. 12 

fractions were collected after the centrifugation. The amounts of Gαi2 and TR were 

measured in each fraction and normalized against the total amount in the first 10 

fractions (A). The amounts of Gαq and MOR were measured in each fraction and 

normalized against the total amount in the first 10 fractions (B). 
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3.3.3.2 MOR locates in lipid raft 

 

Lipid raft and non-raft microdomains were separated by using continuous sucrose 

gradient. Successful separation was confirmed by using antibodies against Gαq (a lipid 

raft marker) and TR (a non-raft marker). Because the immunoreactivities of Gαq and TR 

peaked at the fourth and sixth fraction of continuous sucrose gradient, respectively, the 

ratio of MOR amounts in these two fractions was calculated and used to represent the 

relative distribution of MOR between lipid raft and non-raft microdomains. In addition, 

MOR amount in each fraction was calculated as the percentage of the total MOR amount 

in the first 10 fractions to indicate the overall distribution of MOR on cell membrane.  

 

Consistent with a previous report (112), MOR was shown to locate within the 

lipid raft in the absence of agonists (Fig. 3-6). The ratio of MOR amount in the sixth to 

that in the fourth fraction was 0.95±0.29. However, when the cells were treated with 

etorphine for 10 min, MOR translocated from lipid raft to the non-raft microdomains 

(Fig. 3-6). The ratio of MOR amount in the sixth to that in the fourth fraction increased 

to 3.02±0.36. This translocation was not observed after morphine treatment. The ratio of 

MOR amount in the sixth to that in the fourth fraction was 0.94±0.26 in morphine-

treated cells. This translocation was not a result of receptor internalization because 

etorphine-induced MOR translocation was not attenuated when 0.4 M sucrose was used 

to block the receptor internalization. The ratio of MOR amount in the sixth to that in the 

fourth fraction was 2.88±0.39 in sucrose+etorphine-treated HEKHM cells. 

 

Moreover, confocal microscope imaging also indicated the colocalization of MOR 

with the cholera toxin subunit B (CT-B), a lipid raft marker (196). CT-B binds to the 

pentasaccharide chain of plasma membrane ganglioside GM1, which selectively 

partititions into lipid raft microdomain. In the absence of agonist, 75±15% (n=8) of 

MOR colocalized with CT-B (Fig. 3-7A). Ten-minute exposure to 1 µM morphine did 

not alter this percentage (73±17%, n=5). However, 10 minutes after 10 nM etorphine 

treatment, the colocalization between MOR and CT-B decreased significantly to  
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Fig. 3-6 Agonists affect MOR distribution on cell membrane 
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Fig. 3-6 Agonists affect MOR distribution on cell membrane 

 

HEKHM cells were treated with PBS (control), 1 μM morphine, 10 nM etorphine or 10 

nM etorphine plus 0.4 M sucrose (5 min before agonist, Etorphine+S) for 10 minutes. 

The cells were subject for the 5%-30% continuous sucrose gradient. 12 fractions were 

collected after the centrifugation. The amounts of MOR were measured in each fraction 

and normalized against the total amount in the first 10 fractions (A). The amounts of 

MOR in fraction 6 and fraction 4 were compared and listed in (B). 
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Fig. 3-7 Agonists affect the colocalization between MOR and CT-B 
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Fig. 3-7 Agonists affect the colocalization between MOR and CT-B  

 

HEKHM cells were treated as in Fig. 3-6. MOR was stained by HA-antibody and Alexa 

488. CT-B was stained by CT-B antibody and Alexa 596.  
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29±23% (n=6) in the absence of 0.4M sucrose and to 31±17% (n=4) in the presence of 

0.4 M sucrose. Colocalization of MOR with CT-B was demonstrated also with live 

images. HEKHM cells were treated with morphine and fentanyl for 10 minutes. The 

same cells were captured before and 10 minutes after agonist challenge. The changes of 

colocalization were illustrated by comparing the same cells at two different time points. 

The areas which displayed significant changes were enlarged (Fig. 3-7B). Again, only 

etorphine-treated cells showed a decrease in the colocalization between MOR and CT-B.  

 

3.3.3.3 Gαi2 determines the location of MOR 

 

Accumulating data suggests that G protein α-subunits are located within the lipid 

raft microdomains (193). The myristoylation and palmitoylation on N-termini target Gα 

subunits to cell membrane and enable the interaction between lipids molecules and Gα 

subunits (4, 197, 198). Because the pre-coupling has been identified between Gαi2 and 

MOR, it is reasonable to suggest that Gαi2 anchors MOR to lipid raft. In addition, the 

distribution of MOR on cell membrane was affected by the expression level of Gαi2.  

 

The expression level of Gαi2 was manipulated by transfecting HEKHM cells with 

constructs encoding sense and anti-sense Gαi2 (Fig. 3-8A). The expression level of Gαi2 

was decreased by introducing the anti-sense Gαi2 construct, while increased when the 

sense Gαi2 construct was used.  

 

The transfection with sense Gαi2 construct did not affect the distribution of MOR 

on cell membrane. The ratio of MOR amounts in the sixth and fourth fraction was 

1.00±0.12 in control HEKHM cells. When Gαi2 level was increased by the sense 

construct, the ratio of MOR amount in the sixth to that in the fourth fraction was 

constant (0.95±0.29). However, etorphine-induced translocation of MOR was attenuated 

significantly in HEKHM cells transfected with the sense Gαi2 construct. The ratio was 

1.43±0.26, which was much lower than that in etorphine-treated control cells (3.02±0.36, 

Fig. 3-6).  
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Fig. 3-8 Gαi2 regulates MOR distribution 
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Fig. 3-8 Gαi2 regulates MOR distribution 

 

HEKHM cells were transfected with sense and anti-sense Gαi2 constructs for 24 hours. 

The expression of Gαi2 was presented in (A) with actin as internal control. The cells 

were treated with PBS (control), 1 μM morphine or 10 nM etorphine for 10 minutes and 

subjected for the sucrose gradient experiments. The ratio of MOR amounts in fraction 6 

and fraction 4 was indicated in (B).  
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When Gαi2 was down-regulated by the anti-sense construct, MOR translocated to 

non-raft microdomains in the absence of etorphine (Fig. 3-8B). The ratio of MOR 

amount in the sixth to that in the fourth fraction was 2.06±0.28. Such translocation of 

MOR was not affect by the treatment with morphine, but was enhanced by the treatment 

with etorphine. Thus Gαi2 is essential for the localization of MOR on cell membrane. 

Modulating the expression level of Gαi2 controls the distribution of MOR between lipid 

raft and non-raft microdomains.  

 

Roles played by the interaction between MOR and Gαi2 in determining the lipid 

raft location of MOR were investigated further with a MOR mutant that lacks the 

BBXXB motif required for G protein interaction. The deletion of the 276RRITR280 

sequence (the last five amino acids in the third intracellular loop) from rat MOR (I35) 

resulted in the decreased interaction between MOR and Gαi2 and the inability of 

receptor to mediate AC inhibition (199). The weaker interaction between I35 and Gαi2 

was confirmed by the less amount of MOR precipitated with Gαi2 and the less amount 

of Gαi2 precipitated with MOR (Fig. 3-9A), even though I35 was expression at a similar 

level to that of wildtype MOR (Fig. 3-9A). The decrease in MOR-Gαi2 interaction 

resulted in the non-raft location of I35 in the absence of agonist (Fig. 3-9B), but did not 

influence the locations of Gαq and Gαi2. The ratio of the amount of I35 in the sixth to 

that in the fourth fraction was 2.91±0.80. 

 

3.4 Competition between G protein and β-arrestin 

 

   Activation of G protein-dependent β-arrestin-related pathway requires the activation of 

G proteins and the uncoupling of G proteins from receptor complexes. In addition, 

because of the pre-coupling between G proteins and GPCRs, activation of G protein-

independent β-arrestin-related pathway also requires the uncoupling of G proteins from 

receptor complexes. If β-arrestin uncouples G protein from receptor complex before G 

protein activation, G protein-independent β-arrestin-related pathways will be activated. 

Otherwise, G protein will be activated. If β-arrestin uncouples G protein from receptor  
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Fig. 3-9 Gαi2 anchors MOR in lipid raft 
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Fig. 3-9 Gαi2 anchors MOR in lipid raft 

 

The HEKHM and HEKI35 cells were used. The antibodies against Gαi2 and HA were 

used for immunoprecipitation, the amounts of Gαi2/MOR precipitated with MOR/ Gαi2 

were presented in (A). Then the cells were used for continuous sucrose gradient, the 

ration of the amounts of MOR in fraction 6 and fraction 4 were listed in (B). The 

experiment was repeated for at least four times and the error bars stood for the standard 

deviations. 
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complex after G protein activation, G protein-dependent β-arrestin-related pathways will 

be activated. Otherwise, G protein-related pathways, e.g. PKC/PKA pathway, will be 

activated. Thus competition between G protein and β-arrestin determines the selectivity 

of agonist between downstream signaling pathways.  

 

3.4.1 Binding site of G protein on GPCRs 

 

     After the binding of appropriate agonists, GPCRs activate G proteins selectively. 

Although GPCRs can couple to multiple G proteins, especially when the GPCRs or G 

proteins are over-expressed, the affinities of the receptor to non-specific G proteins are 

relative low (200). By doing deletion and mutation studies on a variety of GPCRs, The 

most critical regions on GPCRs for G protein coupling are demonstrated to be the 

second intracellular loop, the N-terminus and the C-terminus of the third intracellular 

loop (131). The Asp/Glu-Arg-Tyr triplet is conserved in N-terminus of the second 

intracellular loop in most class 1 GPCRs (rhodoposin family). Replacing the arginine 

residue with other amino acids abolishes or dramatically reduces the coupling between 

receptor and G protein (201). In addition, although the size of the third intracellular loop 

varies from 240 to 15 amino acids in different GPCRs, 8-15 amino acids in N-terminus 

and C-terminus of the third intracellular loop are critical for G protein coupling (201). 

Moreover, the first intracellular loop whose length is highly conserved and membrane-

proximal 8-16 amino acids of the forth intracellular loop also contribute to the coupling 

of G proteins (186).  

 

3.4.2 Binding site of β-arrestin on GPCRs 

 

     Receptor phosphorylation can increase the affinity of receptor for β-arrestin, 

therefore phosphorylation site contributes to the binding of β-arrestin to receptor 

complex. Because most GPCRs have their phosphorylation sites on their C-termini, C-

termini have been considered as the critical part for the binding of β-arrestin (202). The 

C-terminus phosphorylation not only functions in recruiting β-arrestin, but also regulates 
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the accessibility of β-arrestin to several non-phosphorylated residues (203). These non-

phosphorylated residues are in the second intracellular loop, the N-terminus and the C-

terminus of the third intracellular loop, as demonstrated with dopamine receptors, 

adrenergic receptors and opioid receptors (132-136). Deletion or mutation on these 

regions decreases the binding affinity between β-arrestin and receptor.  

 

3.4.3 A competition model 

 

G protein and β-arrestin share similar binding sites on the GPCRs (the second 

intracellular loop, N-terminus and C-terminus of the third intracellular loop), indicating 

that the G protein uncoupling by β-arrestin may be due to the competition of binding site. 

However, it is also proposed that G protein can uncouple β-arrestin from receptor 

complex when the affinity between G protein and the receptor is enhanced. However, 

because of the receptor internalization mediated by β-arrestin and the membrane location 

of G protein (4, 204), it is impossible for G protein to uncouple β-arrestin after receptor 

internalization. Thus, increasing the binding affinity of G protein for receptor complex 

can only prevent β-arrestin-mediated uncoupling of G protein. For instance, modulating 

the expression level of G protein successfully decreases G protein uncoupling mediated 

by β-arrestin (172).  

 

Basing on the discussion above, a new model has been proposed (Fig. 3-10). β-

arrestin has a basal affinity for receptor complex and G protein-independent receptor 

phosphorylation exists in GPCR system (183). These two factors favor the activation of 

G protein-independent β-arrestin-related pathways rather than G protein-related 

pathways. After G protein activation, both G protein-independent receptor 

phosphorylation and G protein-dependent receptor phosphorylation favor the activation 

of G protein-dependent β-arrestin-related pathways by increasing the affinity of β-

arrestin for receptor complex. In addition, receptor phosphorylation also decreases the 

interaction between G protein and receptor (205, 206). The possible dissociation of G  
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Fig. 3-10 Schematic of the competition between Gαi2 and β-arrestin 
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protein from receptor complex after G protein activation also moves the selection 

towards G protein-dependent β-arrestin-related pathways (207). 

 

Alternatively, G protein-mediated signaling (from G protein to PKC/PKA or 

adenylyl cyclase) can be considered as the major signaling cascade. Although the 

competition between G protein and β-arrestin exists at any time point, it is only observed 

when the affinity of β-arrestin for receptor complex is increased to a level which is 

sufficient to uncouple G protein. Thus competitions at several time points are suggested 

during the signal transduction. As indicated in Fig. 3-11, the basal affinity of β-arrestin 

for receptor complex enables it to compete with G protein even before agonist binding. 

However, because the affinity is relative low, nearly no β-arrestin binds to receptor 

complex at that time. After agonist binding, G protein-independent receptor 

phosphorylation increases the affinity of β-arrestin for receptor complex and 

subsequently initiates the G protein-independent β-arrestin-related signaling. After G 

protein activation, the G protein-dependent receptor phosphorylation and G protein 

dissociation may initiate the G protein-dependent β-arrestin-related signaling. If both G 

protein-independent and G protein–dependent β-arrestin-related signaling are not 

initiated, the signaling pathways downstream of G protein will be activated. In addition, 

the uncoupling of G protein from receptor complex by β-arrestin requires time, thus the 

signaling pathways downstream of G protein that are under quick activation still could 

be activated, even though the β-arrestin-related signaling will be activated finally.  

 

3.5 The factors that affect the competition 

 

Competition between G protein and β-arrestin determines the activation of 

downstream signaling pathways. Thus by monitoring the activations of downstream 

signaling pathways, competition between G protein and β-arrestin will be reviewed. In 

order to fulfill the purpose, suitable signaling pathways should be monitored. The 

inhibition of adenylyl cyclase activity is induced by agonists via G α subunit and has 

been used as an indicator for the activation of G protein-related signaling pathways. In  
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Fig. 3-11 Schematic of GPCR signaling 
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addition, morphine induces ERK phosphorylation through G protein-PKC pathway, 

while β-arrestin mediates ERK phosphorylation induced by etorphine, DAMGO and 

fentanyl. Thus adenylyl cyclase inhibition and ERK phosphorylation were measured to 

evaluate the competition between G protein and β-arrestin.  

 

3.5.1 Receptor Phosphorylation 

 

As mentioned above, both G protein-dependent and G protein-independent receptor 

phosphorylation have been observed. In addition, receptor phosphorylation increases the 

affinity between receptor complex and β-arrestin. Thus receptor phosphorylation 

increases the ability of β-arrestin to uncouple G protein from MOR complex. Receptor 

phosphorylation may also affects the ability of G protein to couple receptor complex, 

because etorphine did not used PKC pathway for ERK phosphorylation even when the 

MEF cells for β-arrestin1/2-/- mice.  

 

3.5.1.1 Agonist-selective receptor phosphorylation 

 

Because the phosphorylation sites of MOR have been demonstrated to be Ser363, 

Thr370 and Ser375 (the last two residues are phosphorylated after etorphine or DAMGo 

treatment) on C-terminus (208), we generated a mutant of MOR (3A) which have three 

point mutations: S363A, T370A and S375A. To determine the role played by the 

receptor phosphorylation in activating G protein-related signaling pathways (e.g. PKC 

pathway), two cell lines (HEKHM and HEK3A cells) and four agonists (morphine, 

etorphine, fentanyl and DAMGO) were used. HEKHM and HEK3A cells have similar 

receptor expression levels: 6.3±0.4 and 5.8±0.2 pmol/mg protein, respectively. The four 

agonists were used at equivalent concentrations, morphine and DAMGO at 1μM, while 

etorphine and fentanyl at 10nM (148). Because the phosphorylation sites of MOR have 

been demonstrated to be the Ser363, Thr370 and Ser375 on the C-terminus domain (208), 

the antibody against phosphorylated Ser375 of MOR (pS375) and the antibody against 
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phosphorylated amino acids (pAAs) were used to monitor the phosphorylation status of 

MOR.  

 

In HEKHM cells, agonists except morphine induced significant increase in MOR 

phosphorylation (Fig. 3-12A). Although the fentanyl-induced phosphorylation on Ser375 

(29±7.3 folds of basal level, n=4) was lower than those induced by etorphine (43±4.2 

folds, n=4) and DAMGO (45±5.6 folds, n=4), it is much higher than that induced by 

morphine (5.3±1.1 folds, n=4). When HEK3A cells were activated by these four 

agonists, increase in the receptor phosphorylation was not observed, confirming 

MOR3A is a phosphorylation deficient mutant of MOR (Fig. 3-12B).  

 

3.5.1.2 Agonist-selective regulation on PKC substrates 

 

 As the important protein kinase in a variety of biological processes, PKC exerts its 

functions by phosphorylating its downstream substrates (150). An antibody against the 

phosphorylated PKC substrates was used to detect the activation of PKC. As indicated in 

Fig. 3-12A, morphine (165±13%, n=4) but not etorphine (103±7%, n=4) or DAMGO 

(98±8%, n=4) increased the amount of phosphorylated PKC substrates. Consistent with 

its lower ability to induce receptor phosphorylation, fentanyl also increased the amount 

of phosphorylated PKC substrates, although the increase (123±11%, n=4) was smaller 

than that induced by morphine. However, in the HEK3A cells where agonist-induced 

MOR phosphorylation was not observed, all four agonists increased the amount of 

phosphorylated PKC substrates: morphine (161±4%, n=4), etorphine (135±7%, n=4), 

fentanyl (158±4%, n=4) and DAMGO (136±6%, n=4) (Fig. 3-12B).  

 

3.5.1.3 Agonist-selective PKC activation 

 

PKC is a protein kinase family and is divided into three subfamilies, conventional, 

atypical and novel depending on their activation mechanisms (150). PKCε is the subtype 

mediating MOR functions including: tolerance, ERK phosphorylation and  
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Fig. 3-12 Receptor phosphorylation 
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Fig. 3-12 Receptor phosphorylation 

 

HEKHM and HEK3A cells were treated with PBS (control), 1 μM morphine, 10 nM 

etorphine, 10 nM fentanyl or 1 μM DAMGO for 10 minutes. The receptor were 

immunoprecipitated with the HA antibody. The phosphorylated Ser375 on MOR (pS375) 

and the phosphorylated amino acids (pAAs) were measured in the immunoprecipitated 

MOR to indicate the receptor phosphorylation. The amounts of phosphorylated PKC 

substrates were determined in the inputs. The experiment was repeated for at least four 

times and the error bars stood for the standard deviations. 
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desensitization on intracellular calcium release (148, 165). To further confirm this 

observation, the activities of PKCα, PKCγ and PKCε were determined with a PKC 

activity assay kit from Cell Signaling. Briefly, PKC subtypes were immunoprecipitated 

by subtype-specific antibodies, and the kinase activities of these subtypes were 

determined by incubating with a general PKC substrate. The amount of the PKC 

substrate being phosphorylated after incubation represented the activities of PKC 

subtypes. Substrate concentration and incubation time were titrated in order to make sure 

that the results locate in the linear region of the stand curve.  

 

As predicted, morphine induced the activation of PKCε, but not PKCα or PKCγ in 

HEKHM cells. Fentanyl was the only agonist among other three that activated PKCε, 

although to a much less extent (178±21%, n=4) than did morphine (314±34%, n=4) (Fig. 

3-13A). These results correlated with the amounts of phosphorylated PKC substrates 

(Fig. 3-13A). When the activities of PKC subtypes were determined in the HEK3A cells 

with the same kit, all four agonists activated PKCε significantly (Fig. 3-13B). Etorphine 

and DAMGO induced lower activation of PKCε (248±22% and 267±35%, n=4) than did 

morphine and fentanyl (335±37% and 317±18%, n=4).  

 

In summary, PKCε activation was induced in a rank order of 

morphine>fentanyl>etorphine and DAMGO, while receptor phosphorylation was 

induced in a rank order of etorphine and DAMGO>fentanyl>morphine. Thus there is a 

strong inverse correlation between PKCε activation and receptor phosphorylation. In 

HEK3A cells, all four agonists activated PKCε while receptor phosphorylation was not 

observed. Therefore the abilities of agonists to activate PKCε inversely correlate with 

their abilities to induce receptor phosphorylation. That is receptor phosphorylation 

attenuates PKCε activation. 
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Fig. 3-13 PKC activation induced by agonists 
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Fig. 3-13 PKC activation induced by agonists  

 

HEKHM and HEK3A cells were treated with PBS (control), 1 μM morphine, 10 nM 

etorphine, 10 nM fentanyl or 1 μM DAMGO for 10 minutes. The activities of PKC 

subtypes were measured. The experiment was repeated for at least four times and the 

error bars stood for the standard deviations. 
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3.5.2 Cholesterol  

 

3.5.2.1 Cholesterol functions 

 

Cholesterol, the major sterol in animal tissues, is amphipathic, with a polar head 

group (the hydroxyl group at C-3) and a non-polar hydrocarbon body (the steroid 

nucleus and the hydrocarbon side chain at C-17) about as long as 16-carbon fatty acid in 

its extended form. Cholesterol is an essential component of mammalian cell membranes 

where it is required to establish proper membrane permeability and fluidity (209). In 

addition, cholesterol is an important precursor molecule for the biosynthesis of bile acids, 

steroid hormones, and several fat soluble vitamins. Synthesis of cholesterol within the 

body starts with one molecule of acetyl CoA and one molecule of acetoacetyl-CoA, 

which are dehydrated to form 3-hydroxy-3-methylglutaryl CoA (HMG-CoA). This 

molecule is then reduced to mevalonate by the enzyme HMG-CoA reductase. This step 

is an irreversible step in cholesterol synthesis (210, 211) . 

 

Cholesterol contributes to GPCR signaling by supporting the entirety of lipid raft 

microdomain. Currently, the influence of lipid raft microdomain on GPCR signaling is 

illustrated by using the cholesterol lowering chemicals. Methyl-β-cyclodextrin (MβCD) 

removes cholesterol from cultured cells by forming soluble inclusion complexes with 

cholesterol, thereby enhancing its solubility in aqueous solution (212). The statins (or 

HMG-CoA reductase inhibitors) are a class of drugs that lower cholesterol levels in 

people with or at risk of cardiovascular disease. They lower cholesterol by inhibiting the 

enzyme, HMG-CoA reductase, which is the rate-limiting enzyme of cholesterol 

synthesis.  

 

3.5.2.2 Cholesterol in the central nervous system 

 

Cholesterol is enriched in the central nervous system. Higher cholesterol content 

(2% body weight accounts for 25% cholesterol) has been identified in the central 
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nervous system. A tighter regulation of cholesterol metabolism was also detected in the 

central nervous system, suggesting the involvement of cholesterol in a variety of 

processes in the central nervous system (213-216). Moreover, many GPCRs are 

expressed in the central nervous system and function as recipients of various signals 

(217). Thus the interaction between cholesterol and GPCRs should affect many aspects 

of neuronal circuit, presumably via the cholesterol-rich microdomain. 

 

3.5.2.3 Cholesterol affects MOR distribution 

   

 To study the effects of cholesterol on MOR, simvastatin and AY9944 were used to 

reduce the cholesterol level within the cells. Simvastatin, as an inhibitor of HMG-CoA 

reductase, blocks cellular synthesis of cholesterol at the initial step (218). AY9944, 

blocks the last step of cholesterol synthesis, from lanosterol to cholesterol (219). After 

treating cells with these two inhibitors together with serum-free incubation, the cellular 

cholesterol levels were measured. Both inhibitors decreased cholesterol concentration in 

the whole cells and on cell membrane (Fig. 3-14). These decreases in cholesterol could 

be reversed by providing high concentration of cholesterol in the medium.  

 

     The effects of simvastatin and AY9944 on lipid raft were further demonstrated by 

determining the cholesterol concentration in each fraction of a continuous sucrose 

gradient (5%-30%), which separates the microdomains on cell membrane depending on 

their densities. Normally cholesterol concentration peaked in the 4th and the 5th fractions, 

indicating the existence of lipid raft in these fractions (Fig. 3-15). Simvastatin and 

AY9944 destructed such cholesterol enrichment or lipid raft as indicated by the larger 

decrease in cholesterol levels in the 4th and the 5th fractions than in the other fractions. 

However, using 20 ng/ml cholesterol restored the cholesterol enrichment.  
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Fig. 3-14 Simvastatin decreases cellular cholesterol 
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Fig. 3-14 Simvastatin decreases cellular cholesterol 

 

HEKHM celles with serum free medium was treated with PBS (control), 0.5 μM 

simvastatin, 0.5 μM simvastatin with 20 ng/ml cholesterol, 1 μM AY9944 or 1 μM 

AY9944 with 20 ng/ml cholesterol overnight. The cholesterol levels were determined 

both in whole cell but also on the cell membrane. he results were presented as the 

percentages of those in control samples in each group. The experiment was repeated for 

at least four times and the error bars stood for the standard deviations.  
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Fig. 3-15 Simvastatin disrupts the lipid raft 
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Fig. 3-15 Simvastatin disrupts the lipid raft  

 

HEKHM celles with serum free medium was treated with PBS (control), 0.5 μM 

simvastatin, 0.5 μM simvastatin with 20 ng/ml cholesterol, 1 μM AY9944 or 1 μM 

AY9944 with 20 ng/ml cholesterol overnight. The cholesterol levels were determined in 

each fraction and normalized against the total cholesterol levels in the first 10 fraction in 

control cells. The experiment was repeated for at least four times and the error bars 

stood for the standard deviations.  
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At the same time, the location of MOR on cell membrane was determined by 

measuring the immunoreactivities of MOR in each fraction. In control cell, MOR and 

Gαi2 were enriched in lipid raft. However, in simvastatin- or AY9944-treated cells, 

translocations of MOR and Gαi2 were observed. Translocations were summarized as the 

distribution of MOR in sucrose gradient as indicated by the ratio of MOR amount in 

lipid raft (fraction 4) to that in non-raft (fraction 6) microdomains (Fig. 3-16). The ratio 

of MOR amount in the sixth to that in the fourth fraction was 3.48±0.23 and 3.01±0.32 

in the simvastatin- and AY9944-treated cells respectively. In addition, the ability of high 

cholesterol medium to reverse the translocation suggested the two chemicals functions 

by lowering cholesterol. Thus decreasing cholesterol content disrupts the lipid raft and 

leads to the translocation of MOR from lipid raft to non-raft microdomain.  

 

3.5.2.4 Cholesterol affects MOR- Gαi2 interaction 

 

MOR is anchored to lipid raft through its interaction with Gαi2. In addition, Gαi2 

mediates many signals transduced by MOR, including adenylyl cyclase inhibition and 

morphine-induced ERK phosphorylation. Two assays were used to determine the 

interaction between Gαi2 and MOR under the usages of simvastatin. Firstly, the co-

localization of receptor and Gαi2 was measured by using immunofluorescence 

techniques (Fig. 3-17). Then, the association of Gαi2 with receptor was further 

determined by co-immunoprecipitation (Fig. 3-18). Simvastatin resulted in a dissociation 

of Gαi2 from receptor complex. Confocal immunofluorescence microscopy indicated 

that simvastatin reduced the colocalization of MOR with Gαi2 from 71±12% to 45±13% 

in HEKHM cells. Similarly, simvastatin decreased the coimmunoprecipitation of Gαi2 

and MOR to 68±12% of control level.  
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Fig. 3-16 Simvastatin translocates MOR 
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Fig. 3-16 Simvastatin translocates MOR 

 

HEKHM celles with serum free medium was treated with PBS (control), 0.5 μM 

simvastatin, 0.5 μM simvastatin with 20 ng/ml cholesterol, 1 μM AY9944 or 1 μM 

AY9944 with 20 ng/ml cholesterol overnight. The ratio of the MOR amounts in the 

fraction 6 and fraction 4 was listed. The experiment was repeated for at least four times 

and the error bars stood for the standard deviations.  
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Fig. 3-17 Receptor-Gαi2 interaction by immunofluorescence 
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Fig. 3-17 Receptor-Gαi2 interaction by immunofluorescence  

 

Six groups of cells were used: HEKHM, HEKHM treated with 0.5 μM simvastatin 

overnight (HEKHM+Simva), HEKHM treated with 0.5 μM simvastatin and 20 ng/ml 

cholesterol (HEKHM+Simva+Chol), HEKC170A, HEKC170A treated with 0.5 μM 

simvastatin overnight (HEKC170A+Simva) and HEKC170A treated with 20 ng/ml 

cholesterol (HEKC170A+Chol). Receptor was labeled with HA antibody and Alexa 488. 

Gαi2 was labeled with Gαi2 antibody and Alexa 594. Colocalization of Gαi2 with 

MOR was calculated after merging the two color channels. The percentage of 

colocalization was indicated beside. 8-12 independent images were analyzed per group.  
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Fig. 3-18 Receptor-Gαi2 interaction by immunoprecipitation 
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Fig. 3-18 Receptor-Gαi2 interaction by immunoprecipitation  

 

Cells were treated as in Fig. 3-17. HA-antibody was used to precipitate MOR. The 

amounts of Gαi2 co-immunoprecipitated with receptor were normalized against that 

observed in HEKHM. Experiments were repeated for four times. The experiment was 

repeated for at least four times and the error bars stood for the standard deviations. 
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3.5.2.5 Cholesterol affects Gαi2-related signaling  

 

Two signal events, adenylyl cyclase inhibition and morphine-induced ERK 

phosphorylation (both of them are Gαi2-related) were tested, and two MOR agonists, 

morphine and etorphine, were used after simvastatin treatment. Simvastatin blocked 

adenylyl cyclase inhibition induced by either morphine or etorphine (Table 3-1). Similar 

observations were obtained with morphine-induced ERK phosphorylation. Simvastatin 

attenuated ERK phosphorylation induced by morphine from 238.6±10.1% to 

132.6±16.2%. In contrast, etorphine-induced ERK phosphorylation was not influenced 

by simvastatin (Table 3-1). Thus cholesterol is required to support the Gαi2-related 

signaling but not the β-arrestin-related signaling.  

 

3.5.3 Palmitoylation  

 

3.5.3.1 Palmitoylation on GPCRs 

 

Palmitoylation is a covalent attachment of fatty acids (usually the 16-carbon 

palmitic acid) to cysteine residues of membrane proteins via a thioester bond. 

Palmitoylation enhances protein hydrophobicity and contributes to their membrane 

associations. Palmitoylation of GPCRs has been reported extensively (220). Sequence 

alignment has identified the cysteine residues in C-termini as potential palmitoylation 

sites in about 78% of 74 GPCRs examined (221). However, these cysteines are not the 

only palmitoylation sites. Although rat MOR has two cysteines (Cys346 and Cys351) in C-

terminus, mutation of these cysteines did not eliminate the palmitoylation (222), 

suggesting that Cys170 (the only other intracellular cysteine of rat MOR) may be the 

palmitoylation site of MOR (222). Similarly, V1A vasopressin receptor also has a 

palmitoylation site outside C-terminus (223).  
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Table 3-1 Cholesterol and palmitoylation affect MOR signaling 

 
 Morphine Etorphine 
 AC inhibition AC inhibition 
 KI   nM Max. 

Inh. % 

Phos-ERK
% of 
Control 

KI  nM Max. 
Inh. % 

Phos-ERK
% of 
Control 

HEKHM 9.3±2.4 87.6±3.4 238±10 0.09±0.0
1 

87.9±3.7 235±11 

HEKHM+Si
mva 

25.8±6.1 42.1±2.1 133±16 0.31±0.0
6 

40.5±4.5 232±19 

HEKHM+Si
mva+Chol 

11.3±2.1 85.4±6.1 221±14 0.10±0.0
2 

82.3±4.2 237±21 

HEKC170A 15.9±3.8 62.9±3.7 179±18 0.16±0.0
3 

60.6±2.3 221±13 

HEKC170A+
Simva 

26.7±5.4 40.7±3.1 125±11 0.29±0.0
5 

42.3±3.1 227±12 

HEKC170A+
Chol 

14.7±2.5 55.6±2.7 184±17 0.16±0.0
2 

57.2±3.1 236±34 
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Table 3-1 Cholesterol and palmitoylation affect MOR signaling 

 

0.5 μM simvastatin and 20 ng/ml cholesterol were used to treat HEKHM and 

HEKC170A overnight. 1μM morphine and 10nM etorphine were used to treat the cells 

for 5 minutes before measuring ERK phosphorylation. A series does of morphine or 

etorphine was used to determine the dose response of the two agonists to induce AC 

inhibition. In each treatment, the ERK phosphorylation and AC inhibition induced by 

agonists were normalized to the basal levels.  
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3.5.3.2 Functions of palmitoylation  

 

Palmitoylation of GPCRs is a dynamic process. Palmitic acid linked to GPCR is 

chemically labile and turns over rapidly. Palmitoylation targets proteins to the correct 

membrane location and also contributes to GPCR signaling (224). Both of the two 

functions are related to receptor-G protein interaction. On the one hand, take MOR as an 

example, lipid raft marker Gαi2 (195) couples with MOR in the absence of agonist, 

anchoring it to the lipid raft microdomain (172). On the other hand, G proteins mediate 

almost all GPCR signaling, although β-arrestin-dependent G protein-independent 

signaling has also been reported (225). Decreased receptor-G protein interaction 

attenuates receptor signaling significantly (4). In addition, palmitoylation-dependent 

receptor-G protein interaction is observed with both β2-adrenergic receptor and M2 

muscarinic acetylcholine receptor, even though negative responses have also been 

observed with the α2A-adrenergic receptor and dopamine D1 receptor (226-229).  

 

3.5.3.3 Palmitoylation assay 

 

Palmitoylation site on MOR was identified by using a recently reported 

palmitoylation assay (230). Briefly, target protein is concentrated initially by 

immunoprecipitation. After blocking the free sulfhydryl groups with N-ethylmaleimide 

(NEM) and hydrolyzing the palmitoylation with hydroxylamine, the assay links biotin to 

the depalmitoylated cysteines with 1-biotinamido-4- [4′-(maleimidomethyl) cyclohexane 

carboxamido] butane (btn-BMCC). The immunoreactivity of biotin indicates the 

palmitoylation of target protein. The technique reportedly has a higher sensitivity than 

labeling with [3H]-palmitate (230). In the current study, HEKWT and HEKHM cells 

were used to validate the assay. Receptor was immunoprecipitated with purified MOR 

antibody and then subjected to the palmitoylation assay.  

 

High level of palmitoylated MOR was detected in HEKHM, as indicated by the 

high level of biotin immunoreactivity (Fig. 3-19, lane 2). However, immunoreactivity of  
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Fig. 3-19 Palmitoylation assay.  
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Fig. 3-19 Palmitoylation assay 

 

Palmitoylation assays were performed in HEKWT and in HEKHM after OPRM1 

immunoprecipitation. The amounts of palmitoylated receptor were determined by 

measuring biotin immunoreactivities as described in Materials and Methods. The 

amounts of palmitoylated receptor were normalized against that in HEKHM (lane 2). 50 

μM 2-BP was used to treated HEKHM for 12 hours (Lane 3). Individual steps 

(treatment with NEM, hydroxylamine or btn-BMCC) were omitted to validate the assay 

(lane 4-6). Experiments were repeated for four times. Data were analyzed by one-way 

ANOVA with Dunnett-test as post-hoc test to do comparisons. The error bars and “*” 

presented the standard deviations and significant difference from lane 2, respectively. 
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biotin in HEKWT (Fig. 3-19, lane 1) was only 1.2±0.4% (n=4, q=25.46, p<0.001) of that 

in HEKHM, suggesting the palmitoylation detected is specific to MOR. The 

immunoreactivity of biotin increased when the free sulfhydryl groups were not blocked 

(Fig. 3-19, lane 4, 157±12%, n=4, q=14.69, p<0.001), whereas decreased when 

hydroxylamine-mediated depalmitoylation ( Fig. 3-19, lane 5, 11.5±4.2%, n=4, q=22.89, 

p<0.001) or btn-BMCC-mediated biotinylation was omitted (Fig. 3-19, lane 6, 0.7±0.2%, 

n=4, q=25.59, p<0.001) (Fig. 3-19). Low level of receptor palmitoylation (12.3±3.4% of 

that in HEKHM, n=4, q=22.60, p<0.001) was also observed when HEKHM were treated 

for 12 hours with the palmitoylation inhibitor, 2-BP (Fig. 3-19, lane 3). Therefore this 

palmitoylation assay is suitable to detect the palmitoylation of MOR.  

 

3.5.3.4 Palmitoylation site on MOR 

 

Mutating two conserved cysteine residues (Cys346 and Cys351) in C-terminus of 

MOR does not affect MOR palmitoylation (222). Thus the only other intracellular 

cysteine of MOR, Cys170, is the putative palmitoylation site. Cys170, Cys346 and Cys351 

were mutated individually to Ala to generate C170AMOR, C346AMOR and 

C351AMOR, respectively. These mutated receptors were expressed stably in HEK293 

cells to obtain three stable cell lines: HEKC170A, HEKC346A and HEKC351A. The 

levels of receptor expressed in these cell lines were determined using a [3H]-

diprenorphine binding assay to ensure that similar amounts of receptor were used in 

subsequent studies (Fig. 3-20A).  

 

Receptor palmitoylation was then determined in these cell lines, as well as in 

HEKWT and HEKHM. Consistent with previous report (222), similar amounts of 

palmitoylated receptor were detected in HEKHM, HEKC346A (113±17% of that in 

HEKHM, n=4, q=2.028, p>0.05) and HEKC351A (109±13% of that in HEKHM, n=4, 

q=1.404, p>0.05) (Fig. 3-20B). However, mutation of Cys170 to Ala blocked receptor 

palmitoylation significantly, the amount of palmitoylated receptor in HEKC170A was  
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Fig. 3-20 Cys170 is the palmitoylation site on OPRM1.  

 



   94 
Fig. 3-20 Cys170 is the palmitoylation site on OPRM1. 

 

(A) Expression levels of OPRM1 in HEKWT, HEKHM, HEKC170A, HEKC346A and 

HEKC351A were determined by 3H-diprenorphine binding.  

(B) Palmitoylation assays performed in HEKWT, HEKHM, HEKC170A, HEKC346A 

and HEKC351A. The amounts of palmitoylated receptor were normalized against that in 

HEKHM (lane 2). 50 μM 2-BP was used to treated HEKHM for 12 hours (Lane 3). The 

influences of cysteine mutations on receptor palmitoylation were determined in lane 4-6. 

Experiments were repeated for four times. Data were analyzed by one-way ANOVA 

with Dunnett-test as post-hoc test to do comparisons. The error bars and “*” presented 

the standard deviations and significant difference from lane 2, respectively. 
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only 14.7±2.6% (n=4, q=12.31, p<0.001) of that in HEKHM, similar to the amount 

observed when 2-BP was used to treat HEKHM (Fig. 3-20B). 

 

3.5.3.5 Palmitoylation affects MOR-Gαi2 interaction 

 

Two assays were used to determine the interaction between Gαi2 and MOR. Firstly, 

the co-localization between receptor and Gαi2 was measured by using 

immunofluorescence techniques (Fig. 3-17). Then, the association of Gαi2 with receptor 

was further determined by co-immunoprecipitation (Fig. 3-18). Blocking receptor 

palmitoylation resulted in a dissociation of Gαi2 from receptor. Confocal 

immunofluorescence microscopy indicated that blocking receptor palmitoylation 

reduced the colocalization of MOR with Gαi2 from 71±12% to 45±7%. Similarly, 

blocking receptor palmitoylation decreased the co-immunoprecipitation of Gαi2 with 

MOR to 65±9% of control level.  

 

3.5.3.6 Palmitoylation affects MOR signaling 

 

To determine the influence of palmitoylation on receptor signaling, morphine-

induced adenylyl cyclase inhibition and ERK phosphorylation were monitored. 

Morphine maximally inhibited adenylyl cyclase activity by 87.6±3.4% (n=4, t=6.980, 

p<0.001) in HEKHM, while only by 62.9±3.7% (n=4, t=20.88, p<0.001) in HEKC170A 

(Table 3-1). Hence, the abilities of morphine to inhibit adenylyl cyclase activity in these 

two cell lines were different significantly. In addition, morphine increased the amount of 

phosphorylated ERK to 238±10% of basal levels (n=4, t=36.61, p<0.001) in HEKHM, 

but to 179±18% in HEKC170A (n=4, t=20.96, p<0.001) (Table 3-1). Hence the abilities 

of morphine to induce ERK phosphorylation in these two cell lines were different 

significantly (t=15.65, p<0.001). Therefore MOR signaling is attenuated when receptor 

palmitoylation is blocked.  
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Both signaling events monitored above require Gαi2 (172). However, MOR also 

transduces G protein-independent signaling. For example, etorphine-induced adenylyl 

cyclase inhibition requires Gαi2, but etorphine-induced ERK phosphorylation depends 

on β-arrestin2 (95, 172). Thus etorphine was used to examine the effects of receptor 

palmitoylation. Adenylyl cyclase inhibition induced by etorphine was attenuated when 

receptor palmitoylation was blocked, 87.9±3.7% in HEKHM and 60.6±2.3% in 

HEKC170A (n=4, t=14.76, p<0.001). However, etorphine-induced ERK 

phosphorylation was not affected: 235±11% of basal level in HEKHM and 221±13% in 

HEKC170A (n=4, t=2.325, p>0.05) (Table 3-1). Thus receptor palmitoylation 

contributes to the Gαi2-, but not β-arrestin2-, related signaling. 
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4. Downstream events  

 
  Although the observations of agonist-selective signaling and the mechanisms of 

agonist-selective signaling are important, the downstream events result from agonist-

selective signaling is more critical for providing the implication of agonist-selective 

signaling on a variety of biological processes. 
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4.1 Agonist-selective gene expression 

 

4.1.1 Agonist-selective location of phosphorylated ERK 

 

G protein-dependent and β-arrestin-dependent activation of ERK results in the 

different cellular locations of the activated enzymes. Generally, β-arrestin-activated 

ERK retains in the cytosol, while the PKC-activated ERK translocates into the nucleus 

(231). Whether MOR-mediated ERK phosphorylation will follow this cellular 

translocation scenario remains to be demonstrated.   

 

In order to investigate the cellular location of phosphorylated ERK, nucleus 

fractions were separated after agonist treatment. Phosphorylated ERK in nucleus 

fractions isolated from etorphine-treated cells was 220±30% of that in nucleus fractions 

isolated from control cells (Fig. 4-1A). In contrast, 1 µM morphine did not lead to a 

significant nuclear translocation of phosphorylated ERK at either 10 minutes or 20 

minutes after treatment. Successful nucleus isolation from cytosol fractions could be 

demonstrated by the absence of β-actin and Rab4 immunoreactivities in the isolated 

nucleus fractions and the absence of histone 3 immunoreactivities in the isolated cytosol 

fractions (Fig.4-1A). Concentration-dependent studies with the two agonists illustrated 

the same phenomena. Morphine did not induce ERK translocation even at 10 µM, while 

etorphine-induced ERK translocation could be observed at 10nM (Fig.4-1B). Thus 

morphine-activated ERK is retained in cytocol, while etorphine-activated ERK 

translocates into the nucleus.   

 

In order to obtain broader understanding of agonist-selective ERK phosphorylation, 

we tested additional clinical relevant agonists such as methadone and fentanyl. The four 

agonists equally activated ERK, but induced the nuclear translocation of phosphorylated 

ERK differentially (Fig. 4-2). Fentanyl increased the amount of phosphorylated ERK in 

the nucleus similarly to etorphine, while morphine and methadone could not (Fig. 4-2). 

Hence morphine and methadone use PKC pathway for ERK phosphorylation and retain  
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Fig. 4-1 Etorphine induces ERK translocation 
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Fig. 4-1 Etorphine induces ERK translocation 

 

HEKHM cells were treated with morphine and etorphine for indicated time and at 

indicated concentration. The amounts of phosphorylated ERK were used to indicate the 

ERK translocation. The experiment was repeated for at least four times and the error 

bars stood for the standard deviations. 
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Fig. 4-2 Agonists induce ERK translocation differentially 
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Fig. 4-2 Agonists induce ERK translocation differentially  

 

HEKHM cells were treated with PBS (control), 1 μM morphine, 10 nM etorphine, 10 

nM fentanyl or 1 μM methadone for 10 minutes. The amounts of phosphorylated ERK 

were used to indicate the ERK translocation. The experiment was repeated for at least 

four times and the error bars stood for the standard deviations. 
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the phosphorylated ERK in the cytosol, while etorphine and fentanyl use PKC pathway 

for ERK phosphorylation and translocate the phosphorylated ERK into the nucleus. 

 

Normally the nucleus translocation of ERK is under the regulation of MEK which  

contains a nucleus export signal (232). MEK binds with ERK and holds ERK in the 

cytocol in inactivated status. When MEK is phosphorylated, it phosphorylates ERK and 

dissociates from ERK, which enables ERK to translocate into nucleus. Thus 

phosphorylated ERK under G protein pathway translocates into the nucleus, while 

phosphorylated ERK under β-arrestin pathway remains in the cytosol, because β-arrestin 

holds MEK and ERK together and stays in the cytosol (5, 8, 176). Basing on this 

hypothesis, it was proposed that overexpression of β-arrestin will attenuate the nucleus 

translocation of phosphorylated ERK, which is supported by several observations (96, 

97, 231). However, there are opposite observations, overexpression of β-arrestin 

increased the nucleus translocation of phosphorylated ERK (98). Although the 

difference has been interpreted by the involvement of different GPCRs, the positive 

effects of β-arrestin on nucleus translocation of phosphorylated ERK has been supported 

by the ability of β-arrestin to translocates into the nucleus and to regulate the gene 

expression (13). 

 

4.1.2 Agonist-selective activation of transcription factor 

 

Treatment with agonists lead to the modulation of gene expression (233). Although 

the list of genes whose expression can be modulated by morphine is long and increasing, 

e.g. heat shock protein 70 and MOR itself (234), little comparison has been performed 

among agonists. We have hypothesized that the agonist-selective gene regulation is the 

key consequence of agonist-selective signaling. Thus the effects of agonists on the gene 

expression were investigated.  

 

Transcription factor Elk-1 localizes predominantly in the nucleus (235) and is one 

of the important substrates of translocated ERK (236, 237). In order to demonstrate the 
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actual nuclear translocation of ERK, Elk-1-driven luciferase reporter system was used 

(238). A 10% FBS treatment was used as the positive control. Treating the HEK293 

cells with FBS increased the activity of Elk-1. In addition, a 12-hour etorphine treatment 

increased Elk-1 activity (1.5±0.1 fold p=0.0004). Under similar conditions, morphine 

treatment did not result in a significant increase in Elk-1 activity (Fig. 4-3). Since 12 

hours were required to allow the expression of luciferase proteins, the observed increase 

in Elk-1 activity could be resulted from the prolonged agonist treatment. This scenario 

was eliminated by adding MOR antagonist, naloxone, to the medium 10 minutes after 

the initiation of the agonist treatment. Under this paradigm, etorphine remained able to 

induce the increase of Elk-1 activity, while morphine could not (Fig. 4-3). In addition, 

the increase in Elk-1 activity was shown to be a direct result of the ERK activation. 

When the HEK293 cells were pre-treated with a selective MEK inhibitor PD98059 (239), 

etorphine-induced increase in Elk-1 activity was blocked completely (Fig. 4-3). 

 

    Since morphine-induced phosphorylation of ERK did not result in the nuclear 

translocation of the phosphorylated enzymes, we investigated whether such 

phosphorylated ERK could phosphorylate cytosolic substrates. 90 kD ribosomal S6 

kinase (90RSK), a cytosolic protein kinase, is one of the substrates of activated ERK 

(240, 241). After a 10-minute morphine treatment, the phosphorylation level of 90RSK 

increased. However, when MOR was activated by etorphine, increase in the 90RSK 

phosphorylation level was not observed (Fig. 4-4). In order to demonstrate 90RSK is a 

substrate of morphine-activated ERK, PKC inhibitor, Ro-31-8425, and the MEK 

inhibitor, PD98059, were used to pre-treat the cells. As expected, the two inhibitors 

attenuated the phosphorylation of 90RSK induced by morphine (Fig. 4-4). 

    

Several groups have reported that the transcriptional factor, cAMP response element 

binding protein (CREB), serves as a substrate of the activated and nucleus-translocated 

90RSK (240, 241). If ERK phosphorylated via G protein-dependent pathway activated 

90RSK, an increase in CREB activity should be observed after morphine treatment. 

Thus, we used a luciferase reporter system to determine CREB activity. As expected,  
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Fig. 4-3 Agonists activate Elk-1 differentially 
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Fig. 4-3 Agonists activate Elk-1 differentially 

 

HEKHM cells were transfected with the Elk-1 reporter system and incubated with serum 

free medium overnight. The cells were treated with the different combinations of 1 μM 

morphine, 10 nM etorphine, 40 μM PD 98059 and 10% serum. The activity of Elk-1 was 

determined by luciferase assay. The results were presented as the percentages of those in 

control samples. The experiment was repeated for at least four times and the error bars 

stood for the standard deviations. 
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Fig. 4-4 Agonists activate 90RSK differentially 
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Fig. 4-4 Agonists activate 90RSK differentially  

 

HEKHM cells were treated with the PBS (c) of 1 μM morphine (m) or 10 nM etorphine 

(e) after the pretreatment with 2 μM Ro-31-8425 or 40 μM PD 98059. The amount of 

phosphorylated 90RSK was determined. The results were presented as the percentages 

of those in control samples in each group. The experiment was repeated for at least four 

times and the error bars stood for the standard deviations. 
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morphine, but not etorphine, induced an increase in CREB reporter luciferase activities 

(Fig. 4-5). To confirm the results, several control experiments were carried out. In one 

group, 10 μM naloxone was added 10 minutes after the initiation of agonist incubation 

to eliminate any effects stemming from prolonged agonist treatment. In the two other 

groups, a PKC inhibitor or an MEK inhibitor was used to pre-treat the cells to determine 

if CREB activation was through a MOR-PKC-ERK pathway. The addition of naloxone 

10 minutes after the initiation of morphine treatment could not block agonist-induced 

CREB activation, while PKC inhibitor and MEK inhibitor attenuated agonist-induced 

CREB activation significantly. 

 

4.1.3 Agonist-selective expression of miRNAs 

 

       miRNAs are a class of approximately 22-nucleotide-long RNA molecules widely 

expressed in organisms ranging from worms to humans (242). They bind to their target 

mRNAs through sequence complementarities to inhibit mRNA translation and/or 

destabilize the mRNAs (243, 244). By regulating the expression of a vast number of 

genes, miRNAs play critical roles in a variety of biological processes, including those in 

the central nervous system (CNS) (245). For example, miR-196 and miR-10a influence 

the patterning of anterior-posterior axis of the CNS (64), whereas miR-134 regulates 

dendritic spine morphology by controlling actin filament dynamics (246).  

 

To examine the effects of MOR agonists on miRNA expression, miRNA 

microarray experiments were performed in the primary cultures of rat hippocampal 

neurons and in the mouse hippocampi. In order to compare the effects of morphine and 

fentanyl, the potencies of these two agonists were determined initially. For the primary 

cultures of rat hippocampal neurons, ERK phosphorylation was measured after treating 

the primary cultures with different concentrations of agonists. The EC50 of morphine 

(100±17 nM, n=4) is about 100 fold of that of fentanyl (1.1±0.2 nM, n=4). Therefore the 

equivalent concentrations of 1 μM morphine and 10 nM fentanyl were used in treating 

the rat primary cultures. For the in vivo agonist treatment, the potencies of these two  
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Fig. 4-5 Agonists activate CREB differentially 
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Fig. 4-5 Agonists activate CREB differentially 

 

HEKHM cells were transfected with the CREB reporter system and incubated with 

serum free medium overnight. HEKHM cells were treated with the PBS of 1 μM 

morphine or 10 nM etorphine  after the pretreatment with 2 μM Ro-31-8425 or 40 μM 

PD 98059. The activity of CREB was determined by luciferase assay. The results were 

presented as the percentages of those in control samples in each group. The experiment 

was repeated for at least four times and the error bars stood for the standard deviations. 
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agonists in the antinociceptive test were measured. The analgesia effect of morphine 

peaked at 30 min and the ED50 was 2.4 (1.9~3.0) mg/kg. The analgesia effect of 

fentanyl peaked at 15 min and the ED50 was 27 (20~35) μg/kg. Therefore mice were 

infused with saline (control), 12 μg/hr morphine (1 ED50 dose/per 5 hours), or 0.31 

μg/hr fentanyl (1 ED50 dose/per 2 hours) for three days by using the micro-osmotic 

pump. The hippocampi and cerebella were dissected from the mouse brains after 

infusion and subjected to microarray analysis. Mouse cerebella served as negative 

control in the current study, because there is minimal expression of MOR in cerebellum 

(247).  

 

4.1.3.1 miRNA  microarray  

 

      Custom miRNA microarray experiments and data analyses were performed 

according to Kalscheuer et al. (248). Microarray data have been deposited into the 

National Center for Biotechnology Information’s Gene Expression Omnibus database 

under the series GSE14268. Rat primary cultures and mouse hippocampi samples were 

prepared in triplicate; mouse cerebella samples were examined in duplicate. The data 

was normalized against internal control in each chip initially. Then the expression of 

miRNAs whose sequences are conserved in human, mouse and rat were examined. In 

the rat primary cultures, the expression of miRNAs in fentanyl-treated or morphine-

treated samples were compared with those in control samples. The miRNAs with 

significant expressional change (>125% or <80%, and p<0.225 by two tailed t-test) were 

identified. The miRNAs whose changes were identified in both rat primary cultures and 

mouse hippocampi, but not in mouse cerebella were subjected for real-time PCR 

(Qiagen, CA). The miRNAs modulated by the agonists in the rat primary cultures and in 

mouse hippocampi, but not in mouse cerebella, were further monitored by using real-

time PCR. As listed in Table 4-1, three miRNAs, miR-224, miR-331 and miR-365, were 

modulated by both morphine and fentanyl. One miRNA, miR-20a, was modulated only 

by morphine. Another three miRNAs, miR-184, miR-190 and miR-301, were modulated 

by fentanyl only.  
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4.1.3.2 Agonist-selective regulation on  miR-190 

 

The changes of miR-190 level in rat primary culture and in mouse hippocampi were 

not only highly consistent, but also larger than those of other miRNAs (Table 4-1). In 

addition, only fentanyl but not morphine could decrease the level of miR-190. Hence, 

the effects of agonists on miR-190 level were agonist-selective and subjected to further 

analysis. miR-190 level in rat primary cultures was monitored by real-time PCR at 

different time points after initiation of agonist treatment. Morphine did not reduce miR-

190 level at any time point tested (Fig. 4-6A). In contrast, a significant decrease in miR-

190 level was observed 24 hrs after initiation of fentanyl treatment (73±15%, n=4, 

q=3.249, p<0.01). The decrease reached the status state 48 hrs after initiation (60±11%, 

n=4, q=4.728, p<0.001), and persisted at least until 72 hrs after initiation of fentanyl 

treatment (63±17%, n=4, q=4.356, p<0.01) (Fig. 4-6A).  

 

Although morphine did not decrease miR-190 level at any dose tested (Fig. 4-6B), 

fentanyl decreased miR-190 level at 100 nM (60±7%, n=4, q=7.285, p<0.001), 10 nM 

(65±11%, n=4, q=6.375, p<0.001) and 1 nM (81±7%, n=4, q=3.461, p<0.05) (Fig. 4-6B). 

The EC50 of fentanyl to regulate the miR-190 level was also calculated, 1.4±0.2nM 

(n=4), which is similar to the EC50 of fentanyl in inducing ERK phosphorylation. 

  

4.1.3.3 ERK phosphorylation and miR-190 decrease 

 

To understand the upstream signaling events controlling miR-190 level, rat 

primary cultures were treated with agonists after incubation with the general opioid 

receptor antagonist, naloxone, or the MOR-specific antagonist ,D-Pen-Cys-Tyr-D-Trp-

Orn-Thr-Pen-Thr-NH2 (CTOP). In the absence of antagonists, fentanyl decreased miR-

190 expression to 60±11% (n=4, t=5.695, p<0.001) (Fig. 4-7A). In the presence of either 

antagonist, fentanyl did not decrease miR-190 expression: naloxone 95±11% (n=4, 

t=0.712 p>0.05) and CTOP 93±17% (n=4, t=0.997, p>0.05). The influence of naloxone 

(t=6.315, p<0.001) and CTOP (t=4.643, p<0.001) on fentanyl-induced miR-190 down- 
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Table 4-1 Agonists modulate miRNA expression differentially.  

 

Chronic Morphine Treatment (% of Control)   
 Microarray for miRNAs Real-Time PCR 
 Pri Hippo Cere Pri Hippo 
miR-224 137 162 109 131±12 127±7 
miR-331 131 127 95 176±23 152±8 
miR-365 129 126 101 125±13 120±9 
miR-20a 132 132 110 143±21 128±9 
            
Chronic Fentanyl Treatment (% of Control)   
miR-224 147 172 101 135±14 154±23 
miR-331 128 131 91 120±11 131±11 
miR-365 194 129 98 176±33 143±27 
miR-184 76 56 88 84±8 63±23 
miR-190 68 65 103 55±18 70±6 
miR-301 79 49 109 70±8 53±17 
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Table 4-1 Agonists modulate miRNA expression differentially. 

 

Rat primary cultures were treated with PBS, 1 μM morphine or 10 nM fentanyl for three 

days. CD1 mice were infused with saline (control), 12 μg/hr morphine (1 ED50 dose/per 

5 hours), or 0.31 μg/hr fentanyl (1 ED50 dose/per 2 hours) for three days by using the 

micro-osmotic pump. Microarray experiments were performed in rat primary cultures 

(Pri. three times), mouse hippocampi (Hippo. three times) and mouse cerebella (Cere. 

two times). The results were analyzed as described in the Materials and Methods. The 

identified the miRNAs have conserved sequences in human, mouse and rat. Their 

expression was modulated by agonists in rat primary cultures and mouse hippocampi, 

but not in mouse cerebella. The expression these miRNAs were also measured by using 

real-time PCR in rat primary cultures and mouse hippocampi. Real-time PCR results 

were repeated for four times and had p-value less than 0.05. Data were analyzed by one-

way ANOVA with Dunnett-test as post-hoc test to do comparisons.  

 



   116 
Fig. 4-6 Agonist-selective regulation on miR-190 expression. 
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Fig. 4-6 Agonist-selective regulation on miR-190 expression.  

 

(A) Time-dependent abilities of morphine and fentanyl to modulate the expression of 

miR-190 in rat primary cultures. Cultures were treated with 1μM morphine or 10nM 

fentanyl for indicated times. The expression of miR-190 was determined by real-time 

PCR and normalized against the mRNA level of β-actin as described in Materials and 

Methods. The normalized results were further normalized against the results in untreated 

cultures (0hr). (C) Dose-dependent curves of morphine and fentanyl to modulate the 

expression of miR-190 in rat primary cultures. Cultures were treated with indicated 

doses of agonists for three days. The expression of miR-190 was determined as in (A). 

Experiments were repeated for four times. 
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Fig. 4-7 ERK phosphorylation is required for miR-190 suppression  
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Fig. 4-7 ERK phosphorylation is required for miR-190 suppression  

 

(A) Rat primary cultures were treated with PBS, 10 μM naloxone, 10 μM CTOP or 10 

μM TIPPψ for three hours. Then the cultures were treated with 1μM morphine or 10nM 

fentanyl for additional three days. The expression of miR-190 was determined by real-

time PCR. The results of miR-190 were normalized against those of β-actin, and further 

normalized against the result obtained from untreated cultures (control) in PBS group. 

(B) Rat primary cultures were treated with PBS, 0.2% DMSO, 2 μM U0126, 4μM Ro-

31-8425, 10μM PP2 or 10μM U73122 for three hours. Then the cultures were treated 

with 1μM morphine or 10nM fentanyl for additional three days. The expression of miR-

190 was determined as in (A). Experiments were repeated for four times. 
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regulation was significantly. However, when DOR-specific inhibitor H-Tyr-

Ticψ[CH2NH]-Phe-Phe -OH (TIPPψ) was used, fentanyl-induced decrease in miR-190 

expression (64±11%, n=4, t=7.837, p<0.001). Therefore, although DOR is detected in 

the hippocampus, fentanyl decreases the cellular content of miR-190 in primary cultures 

of rat hippocampal neurons via the activation of MOR. 

 

To explore the mechanism of fentanyl to control the cellular content of miR-190, 

inhibitors of MEK (U0126), PKC (Ro-31-8425), Src kinase (PP2) and phospholipase C 

(U73122) were used. The inhibitor were used at effective doses depending on the 

previous reports (249-252). Because these inhibitors were dissolved in the DMSO to 

form concentrations which are 500 fold of working concentrations, the ability of 

fentanyl to decrease miR-190 level was determined in the rat primary cultures pretreated 

with 0.2% DMSO in medium. As indicated in Fig. 4-7B, fentanyl decreased the level of 

miR-190 to 64±9% (n=4, t=5.854, p<0.001) of basal level in DMSO-treated cultures, 

which was not significantly different from that in PBS-treated cultures (t=0.167, p>0.05).  

 

Fentanyl did not affect the level of miR-190 (96±9%, n=4, t=0.588, p>0.05) in 

U0126-treated rat primary cultures. U0126 blocks the phosphorylation of ERK by 

inhibiting the activities of MEK1 and MEK2 (249). Hence blocking ERK activation 

attenuated fentanyl-induced miR-190 down-regulation (t=5.513, p<0.001) (Fig. 4-7B). 

In rat primary cultures pretreated with other inhibitors, fentanyl decreased miR-190 level 

similarly to what it did in PBS-pretreated cultures (Fig. 4-7B). Therefore, fentanyl 

decreases miR-190 level via ERK phosphorylation.  

 

Morphine induces ERK phosphorylation via PKC-pathway, while fentanyl 

functions in a β-arrestin2-dependent manner (95). Primary cultures of hippocampal 

neurons from wildtype and β-arrestin2-/- mice were used to determine the role played by 

β-arrestin2. In addition, PKC inhibitor, Ro-31-8425, was used to determine the 

contribution of PKC. When primary cultures from β-arrestin2-/- mice were used, the 

down-regulation of miR-190 induced by fentanyl was not observed (98±17%, n=4, 
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t=0.985, p>0.05). When the ability of fentanyl to decrease miR-190 expression in the 

primary cultures from β-arrestin2-/- mice was compared with that in primary cultures 

from wild type mice, a significant difference were identified (t=0.538, p<0.001). 

Therefore, the decrease in miR-190 level requires fentanyl-induced β-arrestin2-mediated 

ERK phosphorylation.  

 

4.2 miR-190 and Talin2  

 

4.2.1. miR-190 in talin2 gene locus 

 

A miRNA is initially transcribed as part of a much longer primary transcript, which 

can be longer than 1 kb (253). This primary miRNA transcript then undergoes extensive 

processing to generate an approximately 22nt mature miRNA. Although the processing 

of primary transcript is under tight regulation, the initial transcription is a potential 

checkpoint in the miRNA expression (254). Over 50% of mammalian miRNAs are 

located within the intronic regions of annotated protein-coding or non-protein-coding 

genes (255), suggesting that the expression of these miRNAs might be controlled by the 

promoters of their host genes.  

 

miR-190 is conserved in human mouse and rat, and locates in the intronic regions 

of the talin2 gene in the mouse, rat, and human genomes (256). The transcript of talin2 

is detected with higher levels in the heart and brain than in other tissues (257). The 

transcription of talin2 in the brain further suggests the involvement of its promoter in 

miR-190 production. It is, therefore, hypothesized that fentanyl regulated miR-190 

expression at transcriptional level.  

 

4.2.2 Fentanyl suppresses the expression of Talin2 

 

4.2.2.1 Talin2 mRNA and agonists 
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If miR-190 is transcribed from the Talin2 promoter, a correlation between the 

Talin2 mRNA and miR-190 expression should be expected. Talin2 mRNA level was 

monitored by real-time PCR in primary hippocampal cultures from rats after treatment 

with fentanyl or morphine (Fig. 4-8A). A significant decrease in Talin2 mRNA was first 

observed 24 hrs after the initiation of fentanyl treatment and persisted at least till 72 hrs. 

In contrast, morphine did not reduce Talin2 mRNA level at any time point. In addition 

the dose-dependent effects of morphine and fentanyl were also determined. Fentanyl 

decreased the mRNA level of Talin2 at 1 nM, 10nM and 100nM, while morphine did not 

influence the mRNA level of Talin2 at any concentration (Fig. 4-8B). Because fentanyl 

and morphine influence the expression of miR-190 in a similar manner (Fig. 4-6), there 

exists a strong, positive correlation between Talin2 mRNA and miR-190 level under 

these conditions.  

 

4.2.2.2 Talin2 mRNA and ERK phosphorylation 

 

Inhibitor of protein kinase C (Ro-31-8425) and TIPPψ did not block the inhibitory 

effects of fentanyl on Talin2 mRNA (Fig. 4-9A). However, naloxone, CTOP and U0126 

prevented the fentanyl-induced decrease in Talin2 mRNA (Fig. 4-9A). Probably, miR-

190 level is strongly influenced by the transcription of talin2. Fentanyl-induced decrease 

in miR-190 level results from β-arrestin-mediated ERK phosphorylation (Fig. 4-7). Thus 

a correlation between the decrease in Talin2 mRNA and β-arrestin-mediated ERK 

phosphorylation was determined. Morphine induces ERK phosphorylation through PKC 

pathway, while fentanyl functions in a β-arrestin2-dependent manner (95). Thus Ro-31-

8425 was used to block morphine-PKC pathway, while primary hippocampal culture 

from β-arrestin2-/- mice for fentanyl-β-arrestin2 pathway. In primary hippocampal 

cultures from wildtype mice, fentanyl reduced Talin2 mRNA by 35±4% (n=4, Fig. 4-

9B), which is similar to that induced by fentanyl in rat primary cultures (32±7%, n=4, 

Fig. 4-8A). This reduction could be blocked by U0126, but not by Ro-31-8425 (Fig. 4-

9A). In primary hippocampal cultures from β-arrestin2-/- mice, the decrease in Talin2 

mRNA was not observed after fentanyl treatment (Fig. 4-9B).  
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Fig. 4-8 Fentanyl regulates the Talin2 mRNA level. 
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Fig. 4-8 Fentanyl regulates the Talin2 mRNA level. 

 

Primary hippocampal cultures from rat were treated with morphine or fentanyl for 

indicated times (A) or at indicated concentrations (B). The levels of Talin2 mRNA were 

assayed by real-time PCR. The results were normalized against those obtained at 0 hr in 

each group. The results were presented as the percentages of those in untreated samples 

in each group. The experiment was repeated for at least four times and the error bars 

stood for the standard deviations.  
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Fig. 4-9 ERK phosphorylation is required for Talin2 suppression 
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Fig. 4-9 ERK phosphorylation is required for Talin2 suppression  

 

(A) Primary hippocampal cultures from rat were pretreated with PBS, 10 µM naloxone, 

10 µM CTOP, 10 µM TIPPψ, 2 µM U0126 or 4 µM Ro-31-8425 for three hours 

followed by three-day treatment with 1 µM morphine or 10nM fentanyl. The levels of 

Talin2 mRNA were normalized agonist that in control sample of “PBS” group. (B) 

Primary hippocampal cultures from wildtype mice were pretreated with PBS, 2 µM 

U0126 or 4 µM Ro-31-8425 for three hours followed by three-day treatment with 1 µM 

morphine or 10 nM fentanyl. Primary hippocampal cultures from β-arrestin-/- mice were 

treated with PBS for three hours before agonist treatment.  
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4.2.3. Yin Yang 1 (YY1) affects miR-190 expression  

 

If fentanyl decreased the expression of miR-190 by affecting the transcription of 

talin2 gene locus, there should be a transcription factor to mediate the effects of fentanyl. 

By analyzing the promoter region of talin2 gene locus, we identified a highly conserved 

region which contains a binding site of YY1. YY1 can function as both the transcription 

activator and the suppressor in different contexts. It not only regulates cell proliferation, 

differentiation and survival, but also plays critical roles in the central nervous system. 

Knockout of yy1 in mice leads to the embryonic lethality, while a small number of yy1 

heterozygotes display neuronal defects (258).  

 

To determine the effects of YY1 on miR-190 level, lentiviruses (YYup-vir and 

YYdn-vir) were generated to increase and to decrease the level of YY1. As indicated in 

Fig. 4-10, YYup-vir increased the levels of YY1 mRNA (412±87%, n=4) and YY1 

protein (187±12%, n=4), while YYdn-vir decreased them (mRNA: 43±13%, n=4; 

protein: 56±11%, n=4).  

 

Consistent changes on Talin2 mRNA and miR-190 were observed after modulating 

YY1 expression. YYup-vir increased Talin2 mRNA to 215±13% (n=4) of basal level, 

and miR-190 to 276±44% (n=4). YYdn-vir decreased Talin2 mRNA and miR-190 to 

67±12% (n=4) and 63±9% (n=4), respectively.  

 

4.2.4. YY1 phosphorylation  

 

  YY1 undergoes extensive post-translational modifications, including 

phosphorylation, acetylation, and caspase-dependent cleavage (259). Because YY1 

phosphorylation has been suggested to modulate its ability to bind DNA (260), the 

phosphorylated YY1 was quantified after agonist treatment. The primary cultures were 

treated with the two agonists for 1 hour in the presence or in the absence of a three-hour 

pretreatment with U0126. Fentanyl induced a significant increase in YY1  
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Fig. 4-10 YY1 regulates miR-190 expression 
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Fig. 4-10 YY1 regulates miR-190 expression 

 

Primary hippocampal cultures from rat were infected with con-vir, YYup-vir and YYdn-

vir for three days. The mRNA levels (Talin2, YY1 and NeuroD) and miR-190 were 

determined in (A). The protein levels of YY1 and NeuroD were measured in nuclear 

extract (B). The loading controls (ERK) were detected in the whole cell lysis. The 

results were normalized against those obtained from con-vir-infected cultures in each 

group. 
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phosphorylation (187±27% of basal level, n=4), which can be attenuated by U0126 

(103±9%, n=4) (Fig. 4-11). However, morphine did not affect YY1 phosphorylation no 

matter U0126 was used or not. Therefore, YY1 phosphorylation results from fentanyl-

induced β-arrestin-mediated ERK phosphorylation. 

 

YY1 phosphorylation has been suggested to modulate its ability to bind DNA (260). 

The association between YY1 and rat Talin2 promoter was measured by chromatin 

immunoprecipitation (ChIP). Primers were used to amplify the rat Talin2 promoter in 

the crosslinked and immunoprecipitated YY1. As indicated in Fig. 4-12, the binding of 

YY1 to rat Talin2 promoter was reduced after fentanyl treatment in concordant with the 

increased YY1 phosphorylation, suggesting that YY1 phosphorylation impaired its 

association with target DNA.  

 

4.3 miR-190 and NeuroD 

 

4.3.1. Fentanyl increases the expression of NeuroD 

 

One of the mechanisms for miRNAs exerting their functions is by destabilizing the 

mRNA of its targets or inhibiting the translation of the mRNAs. To investigate the 

functional relevance of reduced miR-190, the targets of miR-190 conserved in human, 

mouse and rat were predicted by searching the database 

[http://genome.ewha.ac.kr/miRGator/miRGator.html (261)]. The mRNAs of the 

presumptive targets were quantified by real-time PCR in rat primary cultures after 

agonist treatment, because miRNAs frequently destabilize the mRNAs of their target 

mRNAs (242).  

 

mRNA level of one selected target, neurogenic differentiation 1 (NeuroD), increased 

after fentanyl (177±22%, n=4, t=9.755, p<0.001), but not morphine (105±7%, n=4, 

t=0.633, p>0. 05), treatment (Fig. 4-13A). Such fentanyl-specific increase was also 

observed when rat primary cultures were pretreated with TIPPψ (165±17%, n=4,  
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Fig. 4-11 Fentanyl induces YY1 phosphorylation 
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Fig. 4-11 Fentanyl induces YY1 phosphorylation 

 

Primary hippocampal cultures from rat were treated with agonist (1 µM morphine or 

10nM fentanyl) for 1 hour with or without a 3-hour pretreatment with 2 µM U0126. The 

phosphorylated YY1, total YY1 and total ERK were determined. “Mor”, “Fen” and “U” 

stood for morphine, fentanyl and U0126, respectively. 
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Fig. 4-12 YY1 phosphorylation inhibits its DNA binding 
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Fig. 4-12 YY1 phosphorylation inhibits its DNA binding  

 

Primary hippocampal cultures from rat were treated with agonist (1 µM morphine or 

10nM fentanyl) for 36 hours with or without a 3-hour pretreatment with 2 µM U0126. 

“Mor”, “Fen” and “U” stood for morphine, fentanyl and U0126, respectively. The 

binding of YY1 to the -288~-138 region on rat Talin2 promoter was determined by real-

time PCR after ChIP assay. “No Ab” (without YY1 antibody) was used to confirm the 

binding is specific to YY1. The real-time PCR performed in the inputs were used to 

confirm equal amounts of samples were used. The results were normalized against those 

in control samples in each group. 
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Fig. 4-13 Fentanyl increases NeuroD expression 
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Fig. 4-13 Fentanyl increases NeuroD expression  

 

Rat primary cultures were treated with PBS, 10 μM naloxone, 10 μM CTOP, 10 μM 

TIPPψ or 2 μM U0126 for three hours. Then the cultures were treated with 1μM 

morphine or 10nM fentanyl for additional three days. The mRNA levels of NeuroD were 

determined by real-time PCR (A). The protein levels of NeuroD (B) were determined by 

immunoblotting after nuclear extraction. The immunoreactivities of NeuroD were 

normalized against those of total ERK and further normalized against the result obtained 

from untreated cultures (control) in PBS group. Experiments were repeated for four 

times. The error bars and “*” presented the standard deviations and significant changes, 

respectively. 
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t=8.630, p<0.001), but not observed with naloxone (112±14%, n=4, t=1.520, p>0.05), 

CTOP (107±12%, n=4, t=0.887, p>0.05) and U0126 (110±17%, n=4, t=1.267, p>0.05), 

suggesting NeuroD is a possible target of miR-190.  

 

NeuroD protein levels were monitored at the same time. An increase in NeuroD 

protein level was observed in rat primary cultures treated with fentanyl (189±9%, n=4, 

t=9.515, p<0.001), but not morphine (102±8%, n=4, t=0.214, p>0.05) (Fig. 4-13B). Such 

increase was also observed when primary cultures were pretreated with TIPPψ 

(173±15%, n=4, t=9.421, p<0.001), but not observed with naloxone (115±24%, n=4, 

t=1.604, p>0.05), CTOP (108±12%, n=4, t=885, p>0.05) and U0126 (117±23%, n=4, 

t=1.817, p>0.05), which are consistent with the changes on NeuroD mRNA levels.  

 

4.3.2. NeuroD is a target of miR-190 

 

To confirm NeuroD is one of the miR-190 targets, miR-190 mimic and miR-190 

inhibitor were purchased and used to transfected the rat primary cultures. As indicated in 

Fig. 4-14A, miR-190 mimic decreased the mRNA level of NeuroD (72±8%, n=4, 

q=5.084, p<0.01), while miR-190 inhibitor increased the mRNA level of NeuroD 

(156±11%, q=10.17, p<0.001). Protein level of NeuroD displayed similar changes, miR-

190 mimic decreased it (81±8%, n=4, q=3.981, p<0.01), while miR-190 inhibitor 

increased it (136±9%, n=4, q=7.983, p<0.001) (Fig. 4-14B). 

 

 miR-190 is predicted to bind to nucleotides 521–540 of the 3′-untranslated 

region (UTR) of rat NeuroD mRNA, which is conserved in human, mouse and rat. To 

assess the functional interaction between miR-190 and NeuroD mRNA, approximately 

300 nucleotides of 3′-UTR of NeuroD (with the predicted miR-190 targeting site in the 

middle) were inserted into the 3′-UTR of a firefly luciferase reporter mRNA (3UTR). As 

a control, another luciferase reporter was constructed with miR-190 targeting site 

mutated (3UTRmu) (Fig. 4-15A). The reporters were then cotransfected with miR-190 

mimic or miR-190 inhibitor into HEK293 cells. As expected, miR-190 mimic  
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Fig. 4-14 miR-190 decreases NeuroD expression 
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Fig. 4-14 miR-190 decreases NeuroD expression 

 

Rat primary cultures were transfected with control RNA, miR-190 mimic or miR-190 

inhibitor by using lipofectamin 2000 (Invitrogen, CA). Two days after transfection, the 

mRNA (A) and protein (B) levels of NeuroD were determined by real-time PCR and 

Immunoblotting, respectively. The results were normalized against internal control (β-

actin for mRNA and total ERK for protein) and further normalized against the results 

obtained from cultures transfected with control RNA. Data were analyzed by one-way 

ANOVA with Dunnett-test as post-hoc test to do comparisons. 
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Fig. 4-15 NeuroD is a target of miR-190 
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Fig. 4-15 NeuroD is a target of miR-190  

 

(A) Schematics of the 3UTR and 3UTRmu reporters. The first nucleotide after the stop 

codon of rat NeuroD mRNA is designated as number 1. (B) HEK293 cells were 

transfected with one of the RNAs, one of the reporters and the luciferase reporter system. 

RNAs included control RNA, miR-190 mimic and miR-190 inhibitor. Reporters 

included vector, 3UTR and 3UTRmu. The luciferase expression was determined as 

described in Materials and Methods. The results were normalized against internal 

control (Renilla luciferase) and further normalized against the results obtained from 

cultures transfected with control RNA in each group. Experiments (A-D) were repeated 

for four times. The error bars and “*” presented the standard deviations and significant 

changes, respectively. 
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suppressed luciferase expression from 3UTR construct (54±7%, n=4, t=9.780, p<0.001), 

whereas the miR-190 inhibitor enhanced the luciferase expression (137±13%, n=4, 

t=7.491, p<0.001), presumably by blocking the inhibitory effects of endogenous miR-

190 (Fig. 4-15B). In contrast, luciferase expression from 3UTRmu construct was not 

affected by the miR-190 mimic (99±8%, n=4, t=0.231, p>0.05) or inhibitor (103±6%, 

n=4, t=0.705, p>0.05) (Fig. 4-15B). These results illustrate a specific interaction 

between miR-190 and NeuroD mRNA, and support the hypothesis that increased 

NeuroD level resulted directly from the reduction of miR-190 expression.  

 

4.4 NeuroD activity and spine stability 

 

4.4.1 Agonist-selective regulation on NeuroD activity  

 

4.4.1.1 Fentanyl increases NeuroD expression  

 

Cellular level of NeuroD was determined in primary cultures of rat hippocampal 

neurons treated with morphine or fentanyl for 3 days. Consistent with previous report, 

fentanyl, but not morphine, increased the protein level of NeuroD (Fig. 4-16A). Similar 

modulation was observed on the mRNA level of NeuroD, fentanyl increased the mRNA 

level of NeuroD, while morphine did not affect it (Fig. 4-16B). NeuroD mRNA is a 

target of miR-190, and fentanyl regulates NeuroD expression by controlling the 

expression of miR-190 (Fig. 4-13~4-15). Thus the cellular level of miR-190 was also 

measured, fentanyl induced a 37±8% (n=4, q=6.142, p<0.001) decrease in miR-190 

level, but no decrease was observed after three-day treatment with morphine.  

 

4.4.1.2 Morphine decreases NeuroD activity  

 

Then the activity of NeuroD was determined in agonist-treated samples. Because 

the phosphorylation of Ser336 on NeuroD is essential for its activity (262), the activity of 

NeuroD was indicated by its phosphorylation, which was determined by measuring the  
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Fig. 4-16 Agonist-selective regulation on NeuroD activity 
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Fig. 4-16 Agonist-selective regulation on NeuroD activity 

 

Primary cultures from rat hippocampal neurons were treated with PBS (control), 1 μM 

morphine or 10 nM fentanyl for three days.  

(A) The amount of phosphorylated serine was determined in the immunoprecipitated 

NeuroD to indicate the NeuroD phosphorylation. The total NeuroD was measured in the 

nuclear extraction. The total CaMKIIα, phosphorylated CaMKIIα and total ERK were 

detected in the whole cell lysis. Total ERK served as internal control. (B) The levels of 

miR-190 and NeuroD mRNA were measured by real-time PCR. (C) The mRNA levels 

of DCX, ND4, Notch1 and Robo1 were determined with real-time PCR. 

The results were normalized against those in control samples. 
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phosphorylated serine in the immunoprecipitated NeuroD. The amount of 

phosphorylated NeuroD decreased after three-day morphine treatment, but was not 

affected by fentanyl (Fig. 4-16A). To confirm this modulation on NeuroD activity, 

mRNA levels of several NeuroD targets, doubelcortin (DCX), NeuroD4 (ND4), Notch1 

and Robo1, were monitored (263). As indicated in Fig. 4-16C, mRNA levels of these 

targets decreased after morphine treatment, but not after fentanyl treatment. Thus the 

status of NeuroD phosphorylation correlated with NeuroD activity, and the activity of 

NeuroD was regulated differentially by the two agonists.  

 

4.4.1.3 Agonists deactivate CaMKIIα 

 

The effects of agonists on NeuroD activity were different from those on NeuroD 

expression, suggesting the involvement of other factors. Chronic treatment with 

morphine attenuates the activity of CaMKIIα, which is a positive regulator of NeuroD 

(262, 264). Thus the activity of CaMKIIα was measured after agonist treatment by 

determining the levels of Thr286 phosphorylation on CaMKIIα (265).. 

 

Phosphorylation of CaMKIIα was 58±8% (n=4, q=7.901, p<0.001) and 57±10% 

(n=4, q=7.854, p<0.001) of basal level after chronic treatment with morphine and 

fentanyl, respectively (Fig. 4-16A). In addition, two agonists did not modulate the 

expression of CaMKIIα. Therefore, fentanyl regulated NeuroD activity from two aspects. 

Fentanyl decreased NeuroD activity by deactivating CaMKIIα, while increased it by 

decreasing miR-190 level. The two opposite effects counteracted with each other and 

kept NeuroD activity unchanged. Because morphine does not affect miR-190 level, it 

decreased NeuroD activity by deactivating CaMKIIα. 

 

4.4.2 Agonist-selective regulation on spine stability 

 

As noted above, morphine decreased the activity of NeuroD and reduced spine 

stability, while fentanyl kept NeuroD activity constant and did affect spine stability [Fig. 
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4-17 and (266, 267)]. Thus whether morphine induces spine collapse by decreasing the 

activity of NeuroD was determined.  

 

        Consistent with the observations in Fig. 4-17, when morphine was used to treat the 

primary cultures for three days, significant decrease was observed in NeuroD activity, as 

indicated by NeuroD phosphorylation and mRNA levels of NeuroD targets (Fig. 4-17). 

When NeuroD was over-expressed by using nd-vir, morphine-decreased NeuroD 

activity was recovered.  

 

One week after plating, a vector encoding DsRed was transfected into primary 

cultures by using the Lipofectamine 2000. Two weeks later, the primary cultures were 

subjected for various treatments and monitored for three days. The changes on spine 

density and total volume of the spines were calculated from the live images to indicate 

the influence of morphine on the stability of dendritic spines. Consistent with previous 

report  (266, 267), chronic treatment with morphine reduced spine stability, as indicated 

by spine density and spine volume (Fig. 4-18). When nd-vir was used to infect the 

primary cultures at the same time with morphine treatment, morphine-induced decrease 

in spine stability was attenuated. Thus evaluating NeuroD activity recovers morphine-

induced decrease in spine stability.   

 

4.5 NeuroD and tolerance 

 

4.5.1 Tolerance 

 

4.5.1.1 Differential Tolerance 

 

The most important difference among agonists is that they can induce the tolerance 

on analgesia effects to distinct levels (113). Scientists have tried to explain such 

difference on tolerance development and several concepts have been proposed (6).  
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Fig. 4-17 Overexpression NeuroD rescues its activity 
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Fig. 4-17 Overexpression NeuroD rescues its activity  

 

Primary cultures were treated with PBS, morphine (1 μM) or morphine (1 μM) plus nd-

vir. (A) The amount of phosphorylated NeuroD, total NeuroD, total CaMKIIα, 

phosphorylated CaMKIIα and total ERK were determined as in Fig. 4-16. (B) The 

mRNA levels of DCX, ND4, Notch1 and Robo1 were determined with real-time PCR. 

The results (in A-B) were normalized against those in control samples. Experiments 

were repeated for four times. 
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Fig. 4-18 Overexpression NeuroD rescues spine stability 
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Fig. 4-18 Overexpression NeuroD rescues spine stability  

 

Primary cultures were treated with PBS, morphine (1 μM) and morphine (1 μM) plus 

nd-vir for 3days. The live images on Day 0 and Day 3 were presented in (A). EGFP and 

ECFP was used indicated successful infection of con-vir/190-vir and nd-vir, respectively. 

The densities of spines on Day 0 and Day 3 were presented in (B). The spine volume 

(indicated by the overall DsRed fluorescence) was calculated by comparing the red 

fluorescence on dendritic spines on Day 3 to that on Day 0 (C).  
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4.5.1.2. Tolerance and internalization 

   

Some concepts suggest a correlation between receptor internalization and 

tolerance development (110). In one theory, the inability of morphine to induce receptor 

internalization is suggested to keep receptor active on membrane, which promoters more 

profound adaptation responses and subsequent high tolerance (268). But this theory is 

not consistent with rapid desensitization induced by morphine (142). In another theory, 

the inability of morphine to resensitize MOR via receptor internalization leads to the 

decreased signaling capability of MOR (269). But this theory suggests an inverse 

correlation between receptor signaling and tolerance development. It fails to explain 

why decreased adaptation response (lower signaling) can lead to the higher tolerance. In 

addition, equivalent doses of morphine and methadone induced different receptor 

internalization but similar tolerance (270, 271). Therefore, the internalization is not a 

direct answer to the higher tolerance of morphine.   

 

4.5.1.3 Tolerance and agonist-selective signaling 

 

The different levels of tolerance have been hypothesized to be the results of 

differential gene expression induced by agonist-selective signaling. The effects of 

agonists on gene expression have been studied for a long time by using microarray and 

real-time PCR (234). Although the comparison among agonists is rare, the expressional 

controls on MOR-related factors have been reported. Treatment with etorphine, but not 

morphine, produces significant increase in protein levels of GRK2, dynamin II and  β-

arrestin 2 in mouse spinal cord (272).  

 

4.5.2 NeuroD inhibits tolerance development 

 

        There is a correlation between the abilities of agonists to inhibit the activity of 

NeuroD and their abilities to induce tolerance development on analgesia tolerance. This 

hypothesis is supported by the wide impacts of NeuroD targets in the central nervous 
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system. In addition, chronic morphine decreases the rate of adult neurogenesis in dentate 

gyrus, which is highly related to NeuroD functions.  

 

4.5.2.1 Tolerance development assay 

 

To determine the influence of miR-190 and NeuroD on analgesia effect and 

tolerance development, a sixteen-day experiment was performed with the CD1 mice. To 

limit the number of mice used in the experiment, up-and-down method was used to 

determine the ED50s of agonists.  

 

As indicated in Fig. 4-19, on Day 1, ED50s of morphine and fentanyl were 

assessed by up-and-down method and tail-flick assay. Mice were divided into five 

groups (30 per group) 4 hrs after test. Each group was injected intracerebroventrically 

with saline, con-vir, 190-vir, 190-vir-plus-nd-vir, or nd-vir and allowed to rest from Day 

2 to Day 7.  

 

On Day 8, the ED50s of morphine and fentanyl were determined in each group. 

Then each group was further divided into four sub-groups (seven to eight per subgroup): 

saline-1 saline-2, morphine and fentanyl. The mice in saline subgroups were injected 

with 0.3 ml saline subcutaneously three times a day for seven days (8:00, 16:00 and 

24:00 from Day 9 to Day 15). The mice in morphine/fentanyl subgroup were injected 

subcutaneously with five folds of ED50 dose of morphine/fentanyl three times a day for 

seven days. ED50s used for calculation here was the ED50s of each group to which the 

subgroup belongs determined on Day 8. Thus the same subgroups in different groups 

will be injected with different amount agonists.  

 

On Day 16, ED50s of morphine were determined in saline-1 and morphine 

subgroups, and ED50s of fentanyl were determined in saline-2 and fentanyl subgroups 

separately in each group. Tolerance was calculated by determine the percentage shift of  
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Fig. 4-19 Schematic of tolerance assay 
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ED50s in each group (e.g. ED50 of morphine in morphine subgroup on Day 16/ ED50 of 

morphine in the whole group on Day 8-100%).  

 

4.5.2.2 Modulating NeuroD expression affects analgesia 

 

           On Day 1 of experiment, the ED50s of morphine and fentanyl were 2.83±0.14 

mg/kg and 22.2±1.1 μg/kg respectively in CD1 mice. Then the mice were divided into 

five groups which received i.c.v. injection of different lentivirus or lentiviruses 

combination.  

 

ED50s of morphine and fentanyl were assessed again on Day 8 after six-day rest in 

each group. Mice delivered with saline or con-vir had similar ED50s to those determined 

on Day 1, suggesting the i.c.v. injection and lentivirus itself does not influence the 

abilities of agonists to induce analgesia effects (Table 4-2). Infection with 190-vir 

shifted the ED50 of morphine to 6.80±0.46 mg/kg (about 240% of that on Day 1) and 

shifted the ED50 of fentanyl to 64.3±3.1 μg/kg (about 290% of that on Day 1). Although 

nd-vir did not affect the ED50 by itself, it reduced the shift induced by 190-vir. In the 

mice received both 190-vir and nd-vir, the ED50s of morphine and fentanyl were 

4.59±0.22 mg/kg (about 162% of that on Day 1) and 34.8±1.7 μg/kg (about 157% of that 

on Day 1) respectively (Fig. 4-20). Thus 190-vir influences the analgesia effects by 

decreasing NeuroD expression.  

 

Moreover, considering the lentivirus system mimicked the effects of morphine and 

fentanyl, the similar decrease in analgesia effect should be observed after chronic 

morphine but not fentanyl treatment. If this hypothesis is correct, the higher tolerance 

induced by morphine than fentanyl will be explained at least partially.    

 

 

 

 



   155 
Table 4-2 ED50s of morphine and fentanyl 
 
Day 1           
M (mg/kg) 2.83±0.14     
F(μg/kg) 22.2±1.1     
            
Day 8      

  Saline Con-vir 190-vir 190&nd-
vir Nd-vir 

M (mg/kg) 3.11±0.15 3.30±0.19 6.80±0.46 4.59±0.22 3.00±0.16
M (% of Day 1) 110 117 240 162 106 
F (μg/kg) 22.0±1.1 19.9±1.1 64.3±3.1 34.8±1.7 22.8±1.1
F (% of Day 1) 99 90 290 157 103 
       
Day 16           

  Saline Con-vir 190-vir 190&nd-
vir Nd-vir 

Saline-1       
M (mg/kg) 3.49±0.17 3.48±0.17 7.65±0.73 3.90±0.19 3.35±0.12
M (% of Day 8) 112 105 113 85 112 
       
Salin-2            
F (μg/kg) 23.6±1.4 21.1±1.4 68.6±4.2 34.8±1.7 22.2±1.1
F (% of Day 8) 107 106 107 100 97 
       
Morphine           
M (mg/kg) 9.81±0.48 11.82±1.78 12.44±1.67 13.28±1.42 4.63±0.46
M (% of Day 8) 315 358 183 289 203 
            
Fentanyl      
F (μg/kg) 51.5±2.5 44.2±4.4 68.9±3.4 81.0±3.9 42.2±2.9
F (% of Day 8) 234 222 107 233 185 
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Table 4-2 ED50s of morphine and fentanyl 

 

The mice were treated as stated in Materials and Methods and Fig. 3A. The ED50s were 

determined by up-and-down method. The standard errors were provided next to ED50s. 

ED50s of each group on Day 8 were compared to the ED50s on Day 1 to indicate the 

influence of miR-190 and NeuroD on analgesia effects. The numbers are underlined. 

ED50s of each subgroup on Day 16 were compared to the ED50s of the group which the 

subgroup belongs to on Day 8 to indicate the influence of miR-190 and NeuroD on 

tolerance development. The shifts in saline subgroups were in Italic, while those in 

agonist subgroups were in BOLD. M and F presented morphine and fentanyl 

respectively.  
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Fig. 4-20 NeuroD affects analgesia effects 

 



   158 
Fig. 4-20 NeuroD affects analgesia effects  

 

The experiments were performed as indicated in Fig. 4-21. The effects of NeuroD and 

miR-190 on the analgesia effects were summarized.  
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4.5.2.3 Modulating NeuroD expression affects tolerance 

 

miR-190 and NeuroD modulate analgesia effects. However, the data does not 

illustrate the influences of miR-190 and NeuroD on agonist-induced tolerance 

development. Hence, the five groups of mice were subjected to further treatment after 

determining the ED50s on Day 8. As shown in Fig. 4-21, each group of mice were 

divided into four subgroups and received s.c. injection with saline or morphine or 

fentanyl three times a day from Day 9 to Day 15.  

 

Because ED50s are different in different groups, the same subgroups in different 

groups received different doses of agonists. To make these doses equivalent to each 

other, the ED50s in each group determined on Day 8 were used for calculation. Take 

morphine subgroups for instance, the mice received 15.5, 16.5, 32, 23, and 15 mg/kg 

morphine (500% of ED50 dose) in morphine subgroup of saline, con-vir, 190-vir, 190-

vir plus nd-vir, and nd-vir group 21 times within 7 days, respectively. In addition the 

mice in fentanyl subgroups were injected with 110, 100, 322, 174 and 114 μg/kg 

respectively 21 times within 7 days. All the mice in saline subgroups (no matter saline-1 

or -2) were injected with 0.3 ml saline three times a day for 7 days. Because of the 

equivalence among these doses, the tolerance or the shift of ED50 should be same if the 

lentivirus system did not affect the development of tolerance.  

 

ED50s of agonists were determined on Day 16 by using the same procedure and 

analysis. In each group on Day 16, ED50 of morphine determined in salin-1 subgroup 

and ED50 of fentanyl determined in salin-2 subgroup were close to those ED50s 

determined in the same group on Day 8 (Table 4-2). Thus the effects of lentivirus system 

on analgesia effects reach to status stage before Day 8 and persist at least to Day 16. In 

addition, the tolerance determined in the experiments should reflect the ability of 

lentivirus system to modulate tolerance development directly but not the ability to 

modulate analgesia effect.  
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Morphine-induced tolerance development in each group was calculated by using 

the following formula: (morphine’s ED50 in morphine subgroup on Day 16 / morphine’s 

ED50 in the same group on Day 8 - 100%). Fentanyl-induced tolerance was calculated 

similarly except, ED50 of fentanyl and fentanyl subgroups were used. Table 4-2 

provided the actually numbers of ED50s and the tolerance development was summarized 

in Fig. 21. In saline and con-vir, the tolerance were similar: saline (morphine 215%; 

fentanyl 134%) and con-vir (morphine 258%; fentanyl 122%) (Fig. 4-21). Therefore, 

lentivirus itself did not affect tolerance. Over-expressing NeuroD with nd-vir, the 

tolerance induced by morphine and fentanyl were similar (Fig. 4-21), suggesting   

NeuroD activity is required to maintain the analgesia effects. The decreased NeuroD 

induced by morphine may contribute to the higher tolerance of morphine than fentanyl.   
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Fig. 4-21 NeuroD affects tolerance development 
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Fig. 4-21 NeuroD affects tolerance development  

 

The experiments were performed as indicated in Fig. 4-19. The effects of NeuroD and 

miR-190 on the tolerance development were summarized.  
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5. Summary 
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   As mentioned in the abstract, it is hypothesized that agonist-selective gene 

regulation may bridge the agonist-selective signaling and the agonist-selective 

physiological response. During my study, it was demonstrated that agonist-selective 

regulation on NeuroD and miR-190 bridges agonist-selective ERK phosphorylation and 

agonist-selective tolerance development.  

 

   Morphine induces ERK phosphorylation via PKC pathway and the phosphorylated 

ERK remains in the cytosol. Etorphine induces ERK phosphorylation via β-arrestin 

pathway and the phosphorylated ERK translocates into nucleus. The differential location 

of phosphorylated ERK and the activation of different sets of transcription factors result 

in agonist-selective regulation on the transcription of talin2 gene locus and subsequently 

the cellular content of miR-190. In addition, chronic treatment with both morphine and 

fentanyl decreases the activity of CaMKIIα. miR-190 decreases the activity of NeuroD 

by suppressing the expression of NeuroD in a manner similar to most miRNAs. 

CaMKIIα increases the activity of NeuroD by mediating the phosphorylation on Ser336 

of NeuroD. These two kinds of effects interact with each other, and the overall influence 

of agonists on NeuroD activity is that morphine decreases NeuroD activity, while 

fentanyl keeps it at basal level.  

 

       After analyzing the functions of NeuroD, a strong correlation was identified 

between NeuroD activity and dendritic spine stability. In addition, evaluating the 

decreased NeuroD activity induced by morphine, morphine-induced decrease in the 

dendritic spine stability is attenuated. Thus morphine influences spine stability by 

controlling the activity of NeuroD. The most important agonist-selective physiological 

response is the different tolerance induced by agonists. My studies have suggested that 

modulation on NeuroD activity will influence tolerance development; therefore it is 

possible that the higher level of tolerance induced by morphine results from the 

decreased NeuroD activity by morphine.  
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       Definitely, there are many problems need further investigation. For example, how 

NeuroD activity contributes to the spine stability and inhibits the development of 

tolerance. Although many targets of NeuroD have been suggested to be involved in a 

variety of biological process in the central nervous system, identification is required. In 

addition, the ability of fentanyl to control YY1 phosphorylation via ERK 

phosphorylation has not been elucidated. ERK may lead to the phosphorylation of YY1 

by itself or by other targets downstream of it. However, my results provide a possible 

route from the agonist-selective signaling in vitro to the agonist-selective physiological 

response in vivo. 

 

     In addition, my studies were not focused on the agonist-NeuroD-tolerance cascade 

totally. The contribution of MOR-lipid interaction was another topic. Both cholesterol 

and palmitoylation modulation contribute to the signaling of MOR. Cholesterol 

stabilizes MOR signaling by supporting the entirety of lipid raft microdomain which 

functions as an environment for the interaction between MOR and downstream signaling 

molecules. Palmitoylation stabilizes MOR signaling by maintaining the interaction 

between MOR and Gαi2 which is essential for Gαi2 activation and signal transduction. 

 

Cholesterol and receptor palmitoylation also communicate with each other as 

indicated with the crystal structure of β2-adrenergic receptor. Cholesterol stabilizes the 

crystallization of β2-adrenergic receptor. It interacts with two palmitic acids covalently 

linked to two β2-adrenergic receptor molecules. Thus the interaction between cholesterol 

and palmitic acid linked to receptor may stabilize the receptor complex and subsequently 

contribute to the receptor signaling.  
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6. Materials and Methods 
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6.1 Animal studies 

 
Six to eight-week-old CD1 (ICR) or C57/B6 male mice from Charles River (Charles 

River Laboratories, Portage, MI) were housed in groups of four with access to food and 

water ad libitum in an IACUC-accredited facility at University of Minnesota. All steps 

were taken to minimize animal suffering and all related procedures were taken in 

accordance with IACUC policies. Mice were allowed to habituate for one week before 

experiments. 

 

Tail-flick testing was done between 1:00 and 4:00 p.m. Mice were placed in 

experimental room 2 h prior, for acclimatization. Mouse tails were placed over an 

analgesia meter (Columbus Instruments, Columbus) and radiant heat intensity was 

adjusted for 3 to 5s baseline latency. Cutoff time was 12s to minimize tail damage. Tail-

withdrawal response was recorded 30 min after morphine or 15 min after fentanyl 

injection subcutaneously. Percent of maximum possible effect (%MPE) was calculated 

by the following formula: (measured latency-baseline latency) *100/(cut-off time-

baseline latency). Each dose involved at least 8 mice. ED50 values were generated by 

using Graphpad Prism 5.0. 

 

For chronic treatment, there are two kinds of procedure. In the first one, mice were 

anesthetized intraperitoneally (90 mg/kg ketamine and 10 mg/kg xylazine) and 

implanted with micro-osmotic pump (Alzet Corp., Palo Alto, CA, 1ul/hr 72 hr). The 

mice were infused with saline, 12μg/hr morphine or 0.31μg/hr fentanyl for three days. 

12 μg/hr morphine [1 ED50 dose (2.4 mg/kg)/per 5 hours] and 0.31 μg/hr fentanyl [1 

ED50 dose (27 μg/kg)/per 2 hours] were equivalent to each other because the analgesic 

effect of morphine decreased from 67% to 32% in 30 minutes, while that of fentanyl 

decreased from 64% to 33% in 15 minutes. In another protocol, the mice were injected 

with morphine or fentanyl at a dose which is five folds of ED50 three times a day for 

seven days. 
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The conditioned place preference (CPP) was separated into four sections. In 

preconditioning section, each mouse was placed separately into the CPP apparatus for 10 

min, with free access to the two compartments. In conditioning section, mice of each 

treatment group were divided equally. Half of the mice received 5mg/kg morphine or 

0.05mg/kg fentanyl subcutaneously in morning session and were placed immediately in 

the white compartment with green light and round decoration for 30 min. This 

compartment had been isolated from the other using a removable partition. These mice 

received equal volume of saline subcutaneously in evening session and were placed 

immediately in the black compartment with red light night and banding decoration for 

30 min. Another half of mice were treated reversely, they received saline in morning 

session while morphine or fentanyl in evening session. Similar treatment lasted for five 

days. In the postconditioning section, mouse was placed in the middle of CPP apparatus 

for 10 min individually, with free access to the two compartments. In the extinguishing 

section, mouse was placed in the middle of CPP apparatus for 10 min again after six-day 

rest, with free access to the two compartments. The CPP time is calculated by using the 

following equation: time spent in the white compartment (drug-paired side) – time spent 

in black compartment (saline-paired side). 

 

      Up-down method described by Dixon and Massey (1969) is also used to determine 

the ED50 doses of agonists. The first animal was given a dose of drug that was close to 

the expected ED50 and then evaluated in the tail-flick test. If the %MPE value exceeded 

50%, then the dose for the next animal was incrementally decreased (e.g., decreased by 

log dose of 0.05). Alternatively, if the tail-flick latency did not exceed the 50% MPE 

criterion, then the dose was incrementally increased (e.g., increased by log dose of 0.05). 

In general, the test was concluded after six animals (count from the last animal which 

has similar response to the one before it). The ED50 values and 95% confidence limit 

were calculated from the appropriate tables given by Dixon.  

 

      For intracerebroventricular injection of lentivirus, mouse was anesthetized 

intraperitoneally (90 mg/kg ketamine and 10 mg/kg xylazine) first. 5 μl of virus (6 X 108 
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TU/ml) were delivered at bregma using hypodermic needle (27 gauge, 1/4 inch). 

Animals were allowed to rest for 6 days prior to further experiment. 

 

6.2 Cholesterol assay 

 

Cholesterol concentrations were determined using an Amplex Red Cholesterol 

Assay Kit (Invitrogen). To determine total cellular cholesterol content, cells were 

homogenized in 0.32 M sucrose and 10 mM HEPES (pH 7.7) and the crude lysis was 

assayed. Samples were then centrifuged at 1,000g for 10 minutes at 4°C, the supernatant 

was collected and the pellet was rehomogenized; this process was repeated until the 

pellet appeared translucent. The collected supernatant was centrifuged at 100,000g for 

60 minutes at 4°C. The cholesterol content of cell membranes was determined using the 

resuspended pellet. The cholesterol content in sucrose gradient fractions (see below) was 

measured in each fraction immediately after collection. To determine cholesterol 

incorporation, supernatants from lysed cells were divided into three equal portions. 

Samples were rotated at 4°C with PBS, HA antibody or FLAG antibody and 

immunoprecipitated using Protein G beads; the cholesterol concentration in the beads 

was then assayed. 

 

6.3 Chromatin immunoprecipitation 

 

After washing with cold PBS for three times, cells were fixed with 1% 

formaldehyde for 15 min at 25 °C. Incubation with glycine at a final concentration of 

0.125 M for 5 min at 25 °C was used to stop the fixation. Cells were collected and 

washed with PBS twice. 400µl (for 100mm dish) CHIP lysis buffer (50 mM HEPES pH 

7.5; 140 mM NaCl; 1 % Triton X100; 0.1 % sodium deoxycholate; protease inhibitors) 

was used to resuspend the cells. Samples were sonicated by using Sonicator Cell 

Disruptor model W-220F (Heat Systems-Ultrasonic, Inc., Plainview, New York) at 

output level 6 for 120 sec (15 seconds rest between 15 seconds sonication). After 5 min 

centrifugation at 13,000 g at 4 °C, the supernatant was added with the antibody against 
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target protein with 10% saved as input control. Then the samples were rotated in cold 

room for 6 hours. The Protein G agarose beads with salmon sperm DNA were added to 

samples, which were then rotated for another 12 hours.  

 

The protein G agarose beads were then washed with CHIP lysis buffer, high salt 

CHIP lysis buffer (50 mM HEPES pH 7.5; 500 mM NaCl; 1 % Triton X100; 0.1 % 

sodium deoxycholate; protease inhibitors), CHIP wash buffer (10 mM Tris pH 8.0; 250 

mM LiCl; 0.5 % NP-40; 0.5 % sodium deoxycholate; 1 mM EDTA.) and TE buffer 

(10mM Tris, pH 8.0, 1 mM EDTA), sequentially and twice individually. 75 µl elution 

buffer (50 mM Tris pH 8.0; 1 % SDS; 10 mM EDTA) was added to the beads and 

incubated at 65 °C for 10 min. This step was repeated twice and the collected elution 

buffer was incubated at 65 °C for another 6 hours. The input controls were added with 

elution buffer to 150 µl and incubated at 65 °C for 6 hours. The DNA was then purified 

with QIAquick PCR purification kit (Qiagen, CA) and used in further PCR analysis.  

 

6.4 Confocal imaging 

 

Cells were cultured on poly-lysine (sigma, MO) coated–cover slip in 6-well plates. 

After various treatments, cells were washed twice with PBS at 4ºC twice and fixed with 

1% formaldehyde for 20 minutes at room temperature. Then the cells were washed with 

PBS three times and blocked in blocking buffer (PBS with 5% normal donkey serum). 

MOR was visualized by staining with mouse monoclonal anti-HA (Convance, 1:1000) 

and Alexa 488 conjugated goat-anti-mouse antibody (1:1000) (Molecular Probes, OR). 

Lipid rafts were identified by using lipid raft labeling kits (Molecular Probes, OR). The 

confocal images were captured with a BD CARV II™ Confocal Imager and a Leica 

DMIRE2 fluorescence microscope. Colocalization of the fluorescence pixels was 

calculated with IPlab 4.0 software (BD Biosciences-Bioimage, MD). For live cell 

imaging, cells were labeled with the same antibodies, but without fixation. After 

removing the excess antibodies with repeated washings, live cell images were captured 

with same setup, except that the microscope stage was heated to 37ºC and enclosed with 
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a chamber in order to control the CO2 level at 5%. Images of these cells before and 10 

minutes after drug treatment were captured and analyzed accordingly. 

 

6.5 Fluorescence flow cytometry 

 

The HA-tagged µ-opioid receptor (HA-MOR) expressed on the plasma membrane 

was quantified by FACS analysis of the cell surface immunofluoresence. Briefly, 

HEK293 cells stably expressing HA-MOR were treated under various conditions. After 

rapidly rinsing twice with PBS at 4 °C, the cells were incubated at 4 °C for 2 hours in 

PBS with the anti-HA antibody (1:1000 dilution). Afterward, the cells were washed 

twice with PBS at 4 °C and then incubated with Alexa 488-labeled goat anti-mouse IgG 

secondary antibody (1:1000) at 4 °C for one additional hour. After washing the cells to 

remove the excess secondary antibodies, the cells were fixed with 1% formaldehyde in 

PBS prior to FACS analysis. Receptor immunofluorescence was measured by FACScan 

(Becton Dickinson, Palo Alto, CA). Fluorescence intensity of 10,000 cells was collected 

for each sample. Cell Quest software (Becton Dickinson) was used to calculate the mean 

fluorescence intensity of the cells population.  

 

6.6 Immunoblotting 

 

Following treatments, cells were washed twice with PBS at 4°C. 500 μl of lysis 

buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.25% sodium deoxycholate, 0.1% 

Nonidet P-40, 0.5% Triton X-100, 0.1% digitonin (for membrane protein), 50 mM NaF, 

1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 50 mM sodium 

pyrophosphate, 10 mM sodium vanadate, and 1X protease inhibitor cocktail (Roche 

Applied Science, IN)] were added to each 100-mm dish. Cells were then incubated for 

20 minutes at room temperature. After centrifugation at 13,000g for 5 minutes, the 

supernatant was transferred to a new tube and mixed with SDS-PAGE sample buffer. 

Protein concentrations were determined by BCA assay (Pierce, IL) to ensure that equal 

amounts of protein were loaded onto each lane.  
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After transferring to a polyvinylidene difluoride membrane, nonspecific binding 

was blocked by incubating for 1 hour with 10% nonfat milk. Primary antibodies were 

added and the membranes incubated for another hour at room temperature. Membranes 

were washed three times with TTBS (0.1% Tween 20, 50 mM Tris-HCl [pH 7.4], and 

150 mM NaCl), incubated for 2 hours with AP-conjugated secondary antibody, and 

washed three times with TTBS. Membranes were developed using ECF substrate (GE 

Healthcare, Buckinghamshire, UK). The fluorescence intensity of each band was 

scanned using a Storm 860 system and determined using ImageQuant analysis software 

(GE Healthcare). 

 

For detecting the phosphorylated YY1 and NeuroD, the cells were separated into 

three equal aliquots. One of the aliquots was used to prepare the nuclear extract by using 

the NE-PER Nuclear and Cytoplasmic Extract kit (Pierce). The nuclear extract was 

mixed with antibody against YY1 for 6 hrs and then with Protein G beads (Invitrogen) 

overnight at 4°C. The proteins bound to the beads were extracted by using sample buffer 

after washing the beads with lysis buffer twice. The phosphorylation of YY1 was 

determined by measuring the amounts of phosphorylated amino acids (pAAs) in the 

immunoprecipitated YY1. Another aliquot was used to measure the total YY1 and total 

NeuroD after extracting the nuclear protein. The last aliquot was prepared into whole 

cell lysis using the same kit, in which the phosphorylated ERK and total ERK were 

determined. When it is not required to measure the phosphorylated YY1, the cells were 

only separated into two aliquots equally.  

 

6.7 Immunoprecipitation 

 

Cells treated with proper amount of lysis buffer. The lysis buffer is similar to that 

used in immunoblotting. NP-40 and sodium deoxycholate are omitted. And digitonin is 

omitted if the target protein is not membrane protein. After proper extraction (nucleus 

protein), the sample were centrifuged at 13,000g at 4°C for 10 mins. The supernatant 
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was added with antibody against target protein. After incubation with rotation for 6 hrs 

at 4°C, Protein G beads (Invitrogen, CA) were added. Before using the beads were 

washed with lysis buffer twice. The samples were rotated with the beads overnight at 

4°C, washed six times with lysis buffer, and the bound proteins was extracted by using 

sample buffer. 

 

6.8 Intracellular calcium measurement 

 

One day before assay, CORNING® black with clear flat bottom 96-well-assay 

plate (Fisher scientific, IL) was coated with poly-L-Lysine (Fisher scientific, IL). The 

cells were suspended in their grown media at a density of ~3×104 cells/well and seeded 

into 96-well plate with 150µl media/well. Then the cells were incubated at 37 ºC in a 

humidified atmosphere of 5% or 10% CO2 at 37 ºC overnight so as to reach an 80~90% 

confluent cell monolayer before assay.  

 

At the day of assay, 100μl medium/well was removed from plate. To each well, 50μl 

FLIPR® calcium assay reagent (Molecular Devices Corp) dissolved in 1x reagent buffer 

(1×HANKs buffer with 20mM HEPES), pH 7.4, with 5mM probenecid was added and 

the plate was incubated at 37ºC for 1 hour. Agonists, inhibitors and other reagents were 

dissolved in the assay buffer (HBSS: KCl 5mM, KH2PO4 0.3mM, NaCl 138mM, 

NaHCO3 4mM, Na2HPO4 0.3mM, D-glucose 5.6mM, with additional 20mM HEPES, 

2.5mM probenecid and 13mM CaCl2).  

 

Using a FLEXstation (Molecular Devices Corp.), the intracellular Calcium 

fluorescence increases after robotic injections of agonists, inhibitors or other reagents 

were monitored every 1.52 sec intervals with excitation wavelength at 485 nm and with 

emission wavelength at 525nm. The intracellular calcium release normally reached its 

maximum 15 sec after agonist injection and returned to baseline within 30 sec after 

injection.  
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The intracellular Calcium fluorescence was measured up to 90 sec after agonist 

injection. Thus a curve of time-course response of intracellular Calcium release was 

generated. The area under curve (AUC) is then calculated. The baseline was determined 

by averaging the fluorescence form the time points before agonist injection and after 

fluorescence returns to basal level. The fluorescence of the time points indicating the 

intracellular calcium release was added together after subtracting the baseline from them. 

The result is the AUC.  

 

The AUC from 3 to 4 wells of cells were averaged. For desensitization, the agonist 

was incubated with cells for indicated times, then ADP was injected to the well to 

determine the activity of receptor. MOR agonist morphine did not evoke intracellular 

calcium release alone in HEK293 cells stably expressing HA tagged MOR. Whereas 

200nM ADP, a agonist of universally expressed Gq-coupled purinergic P2Y receptor, 

induced transient but robust intracellular calcium release. In addition, this ADP-induced 

intracellular calcium release was significantly potentiated by morphine, while MOR 

antagonist, naloxone, blocked this potentiation. Thus the potentiation of morphine on 

ADP-induced intracellular calcium release can sever as an indicator of MOR activity. 

 

6.9 Intracellular cAMP 

 

The Amplified Luminescent Proximity Homogenous Assays (AlphaScreen) for 

cAMP supplied by PerkinElmer Life and Analytical Sciences (Boston, MA) were used. 

Cells were plated into 96-well plates or 6-well plates (primary neuron). Various 

concentrations of opioid agonists and antagonists were diluted with KRHB buffer 

containing 10 μM forskolin and 0.5 mM IBMX. After removal of the growth medium, 

the 96-well plates were placed on ice, and 100 μl of the drug solution was added to the 

well.  

 

After sealing the plates with HotSeal (Diversified Biotech, Boston, MA), the plates 

were incubated at 37°C for 15 min. Reactions were terminated by placing the plates in a 
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water bath at 85–90°C for 5 min to lyse the cells and release the intracellular cAMP. 

After centrifuging the plates at 500g for 2 min, the amount of cAMP in 4 μl of the 

supernatant was determined using the donor beads coated with streptavidin, acceptor 

beads coated with anti-cAMP antibodies, and biotinylated cAMP in the AlphaScreen 

assay system. The cAMP concentrations, from 10-11 to 10-4 M, were used to construct 

the standard curve. The donor beads (final 20 μg/ml), the acceptor beads (final 15 μg/ml), 

and biotinylated cAMP (final 10 nM) were diluted in the 1X control buffer [5 mM 

HEPES, pH 7.4, and 0.3% Tween 20 (60%) and Hanks’ buffered salts saline (40%)].  

 

A total of 4 μl of the reaction supernatant or standard cAMP solutions was pipetted 

into duplicate wells of a 384-well Opti-plate (PerkinElmer Life and Analytical Sciences) 

with a Biomek 2000 workstation (Beckman Coulter, Fullerton, CA) in a dimly lit room 

at 4°C. The plate was then sealed with TopSeal adhesive sealing films (PerkinElmer Life 

and Analytical Sciences) and incubated in the dark at 4°C for 2 h. Then, 12 μl of the 

donor beads were pipetted into the wells and the mixtures were incubated in the dark at 

4°C for 18 to 24 h. After equilibrating to room temperature in the dark (4 h), the content 

of the cAMP in each well was determined by exciting the donor beads at 680 nm, 

generating a singlet O2 resulting in the fluorescence emission of the acceptor beads at 

520 to 620 nm. The fluorescence of the wells was quantitated with the Fusion 

(PerkinElmer Life and Analytical Sciences) plate reader, and the amount of cAMP in 

each sample was extrapolated from the standard curve. For primary neuronal cultures, 

the cAMP concentration was normalized with the protein concentration because primary 

cultures are difficult to be plated equally.  

 

6.10 Lipid raft and sucrose gradient  

 

Continuous sucrose gradient was used to separate the microdomains on cell 

membrane depending on their densities. At the day of assay, cells were collected with 

500mM sodium carbonate (pH11, 0.5ml per 150 mm dish) after agonist pretreatment. 

The cells in Na2CO3 were homogenized by passing through 22 gauge, 3-inch needles for 
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10 times following by sonication using Sonicator Cell Disruptor model W-220F (Heat 

Systems-Ultrasonic, Inc., Plainview, New York) at output level 4 for 30 sec (10 seconds 

rest between 10 seconds sonication) . The prepared homogenates were mixed with equal 

volumes of 80% sucrose [in morpholinoethanesulfonic acid (MES)-buffered saline 

(MBS), pH 6.8] and placed at the bottom of ultracentrifugation tubes. On top of it, 5% to 

30% continuous sucrose gradients, which were formed by the Gradient Station 

(BioComp), were placed. 

 

 Then the gradients were centrifuged at 32,000 rpm for 16 hrs in a SW41 rotor at 4oC, 

and total 12 fractions were collected with 1ml volume for each sample. To do this assay 

in mouse hippocampus or primary culture, the cell membrane was concentrated as 

described in membrane preparation section first. Then the collected cell membrane 

fractions were subjected for the continuous sucrose gradient. Because MOR expresses 

relative low in primary culture and mouse hippocampus, the fractions collected form the 

gradient was further concentrated by supplying the trichloroacetic acid to accomplish a 

final concentration at 10%. After incubating the samples on ice for 10 min, they were 

centrifuged at 13,000g at 4oC for 10 min. The pellets were washed with acetone twice 

followed with 10 min incubation on ice and 10min centrifugation at 13,000g at 4oC. The 

final pellets were suspended in sample buffer for further analysis.   

 

6.11 Luciferase reporter assays 

 

Elk-1 and CREB activities were measured by using the Elk-1 or CREB driven 

luciferase reporter system (Stratagene, La Jolla, CA). Briefly, HEK293 cells stably 

expressing HA-MOR were transfected with GAL4-Elk-1 or GAL4-CREB-1, pFR-luc, 

and pRL-tk-luc. The GAL4-Elk-1 or GAL-CREB-1 encodes a fusion protein containing 

the GAL4 DNA binding domain, the transactivation domain of Elk-1 or CREB. pFR-luc 

encodes the firefly luciferase gene under the control of the GAL4 DNA binding element, 

and pRL-tk-luc encodes Renilla luciferase under the control of the thymidine kinase 

promoter. One day following transfection, the cells were incubated in serum-free media 
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overnight. Stimulations with agonists were carried out for 12 hours. Luciferase activities 

were determined using a dual luciferase assay kit (Promega, Madison, WI). Cells were 

extracted and assayed sequentially for firefly and Renilla luciferase activities. Firefly 

activities were normalized to Renilla luciferase activity. 

 

6.12 Membrane preparation 

 

The cells were resuspended or tissue in appropriate volume (2.5ml per T-75 flask) 

of homogenizing buffer (10mM HEPES, 0.32M sucrose pH 7.7). Samples were 

homogenized by using glass Dounce homogenizer (Wheaton, 40ml, pestle A) for 10 

strokes. Supernatant was collected after centrifugation at 1,000g for 10 min at 4 oC. The 

homogenization and centrifugation were repeated until the pellet appears translucent. 

The collected supernatant was centrifuged at 100,000g for 60 min. The resulted pellet is 

the membrane fraction. 

 

6.13 miRNA microarrays 

 

Microarray technique was used to profile miRNA expression at a genome-wide 

scale. A miRNA probe set was purchased from Invitrogen, designed based on the Sanger 

miRBase Sequence Database, Release 9.0 (October 2006). The set contains ~1140 

oligonucleotides as probes, which are complementary to Caenorhabditis elegans, 

Drosophila, zebra fish, mouse, rat and human miRNAs, and also include a number of 

internal and negative control probes. The oligonucleotides were quadruply printed on 

Corning GAPSII-coated slides by the Microarray Facility at the University ofMinnesota.  

 

For RNA labeling, 25 μg of total RNA was ligated to 0.5 μg of a synthetic linker, 

pCU-DY547 (Dharmacon, Lafayette, CO). To control the hybridization process, 

reference DNA oligonucleotides complementary to a subset of mammalian miRNAs 

were combined and labeled with a ULYSIS Alexa Fluor 647 Kit (Invitrogen). Labeled 

RNAs and DNAs were then mixed and hybridized to microarray slides. Afterward, 
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slides were scanned with a ScanArray 5000 machine (Perkin Elmer, Waltham, MA), and 

BlueFuse (BlueGenome, Cambridge, UK) was used to quantify pixel intensities. 

Individual spots on the slides were further inspected to exclude abnormal spots from 

subsequent calculations.  

 

GeneSpring GX 7.3.1 (Agilent Technologies) was used for data normalization 

based on a percentile method, after background subtraction. Only the miRNAs 

conserved in human, mouse and rat were subjected for further two-tailed Student’s t-test. 

Microarray data have been deposited into the National Center for Biotechnology 

Information’s Gene Expression Omnibus database under the series GSE14268. Control, 

morphine-, and fentanyl-treated, rat primary neuronal cultures and mouse hippocampus 

samples were prepared in triplicates, while mouse cerebellum samples were examined in 

duplicates. Expression of individual miRNAs as well as mRNAs was quantified by real-

time PCR (Qiagen) and normalized to the β-actin mRNA.  

 

6.14 Nuclear extraction 

 

After washing with PBS at 4 ºC twice, 100 µl of lysis buffer (10mM HEPES, pH 

7.9, 10mM KCl, 10% 0.1mM EDTA, 0.1mM EGTA, 0.6 % Nonidet P-40, 10mM NaF, 

1mM dithiothreitol, 0.5mM phenylmethylsulfonyl fluoride, 50mM sodium 

pyrophosphate, 10mM sodium vanadate and 1×protease inhibitor cocktail from Roche) 

was added to the cells in 35 mm dishes and the cells were incubated on ice for 15 

minutes. After centrifugation, the supernatant was transferred to a fresh tube and 

designated as the cytosolic fraction. To fractionate the nuclear proteins further, the 

nuclear pellet was re-suspended in an extraction buffer (20mM Hepes, pH 7.9, 0.4 M 

NaCl, 1mM EDTA, 1mM EGTA, 10mM NaF, 1mM dithiothreitol, 0.5mM 

phenylmethylsulfonyl fluoride, 50mM sodium pyrophosphate, 10mM sodium vanadate 

and 1×protease inhibitor cocktail from Roche) at 4 ºC. After incubation at 4 ºC for 15 

minutes with vigorously shaking, the nuclear extract was centrifuged at 14,000 rpm for 5 

minutes and the supernatant was removed and designated as the nucleus fraction. If the 
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nucleus fraction is not required to be separated from cytosolic fraction, the nucleus 

protein was extracted by sonication. 

 

6.15 Palmitoylation assay 

 

Palmitoylation of receptors was assayed according to the method of Drisdel et al. 

(230). Briefly, receptors were immunoprecipitated with MOR antibody other than HA 

antibody to achieve a higher specificity.  The beads were incubated sequentially for 2 

hours in lysis buffer containing 50 mM NEM (to block free sulfhydryls), 1 M 

hydroxylamine (to remove thioester-linked palmitic acid) and 40 μM btn-BMCC (to 

label free sulfhydryls generated by the hydroxylamine treatment). Extensive washing 

was included between steps. Covalently linked btn-BMCC was detected using AP-

conjugated streptavidin. Receptor loading was controlled based on protein concentration 

and receptor expression levels.  

 

6.16 PKC subtypes activity assay 

 

Cells were grown in 100mm dishes. At the day of assay, cells were treated with 

drugs, and then the reaction was ceased by washing with ice-cold PBS twice. Cells were 

lysed with cell lysis buffer (as used in immunoblotting) at room temperature for 10 min. 

Then the total cell lysis was centrifuged and the supernatant was collected while the 

pellet was discarded. To determine the PKC subtypes activity individually, PKCε, PKRα 

or PKCγ specific antibody (Cell Signaling, MA) was added into the supernatant and 

mixed in 4ºC for 6hrs. After that, G-protein agarose beads (Invitrogen, CA) 25µl were 

added into supernatant and antibody mixture; and the mixture was continued to rotate in 

4ºC for overnight. 

 

 The next day, beads were washed with PBS for 3 times, then the reaction buffer 

(Cell signaling, MA) with biotinylated PKA substrate peptides (contains the residues 

surrounding serine 133 of CREB, peptide core sequence: RRPS*YRK) (Cell signaling, 



   180 
MA) was added together into beads to react with PKC subtypes which were precipitated 

with G-protein agarose. Reaction was continued for 15min in 37ºC with rotation, and 

was ceased by adding 120µl (50mM) EDTA. After rotating in 37 ºC for 5 min, the 

mixture was centrifuged at 13,000rpm for 2min at 4ºC.  

 

Then the supernatant which contained the reacted substrates was collected and 30µl 

streptavidin linked beads were added. After rotating at 4ºC for 30min, antibody from 

rabbit specific recognizing phosphor-PKA substrate was added into streptavidin beads 

(Cell Signaling, MA). Then the streptavidin beads were washed with lysis buffer for 

three times after rotating at 4ºC overnight. In the next, anti-rabbit-488 in 200µl lysis 

buffer was added into streptavidin beads as secondary antibody and the beads were 

continued to be mixed and rotated for 2 hrs at room temperature but without light. In the 

end, beads which trapped phosphor-substrates and antibodies were washed with lysis 

buffer for last three times and 500µl lysis buffer was added into beads at the final steps. 

The beads were mixed and added into 96-well-plate for 100 µl in each well. The PKC 

subtypes activity level was determined by measuring the antibody fluorescence intensity 

by α-Fusion plate reader (PerkinElmer Life and Analytical Sciences, Boston, MA).  

 

PKC subtypes’ inhibitors were Ordered from Biomatik corporation (Cambridge, 

Ontraio Canada, www.biomatik.biz): PKCα (Myr-FARKGALRQ-OH), PKCγ (Myr-

EAVSLKPT-OH) and PKCε (Myr-CRLVLASC-OH) 

 

6.17 Primary culture 

 

Coverslips were cleaned in 65% HNO3 for 1 hr or 1%HCl in 75% EtOH overnight. 

Coverslips or plates were coated with 1mg/50ml Poly-L-Lysine overnight and washed 

with PBS twice.  

 

Hippocampus or desired brain region were dissected form one-day old rat and 

plated in Earle’s Balanced Salt Solution (EBSS, Invirtogen , CA) with 0.5g/L glucose. 
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After washing with EBSS twice, the tissue was placed in digestion solution (30mM 

EDTA, 15mg/ml papain and 132mg/L L-cysteine in EBSS) for 30 min at 37 ºCon. The 

tissue was mixed every 5 min. After the tissue was settled down at the bottom of tube, 

digestion inhibition solution (1mg/ml BSA, 1mg/ml ovornucoid, 0.001% DNase in 

EBSS) was used to replace digestion solution. By using pipette, the tissue was 

suspended in digestion inhibition solution. After centrifugation at 20,000g at 4 ºC for 10 

min, the cells were suspended in plating medium (10% FBS, 5% horse serum, 200μM L-

cystine, 10mM sodium pyruvate and antibiotics in MEM). 1.5 million cells were plated 

in one 35-mm dish with 2ml plating medium.  

 

After 5 hours incubation in 5% CO2, new plating medium was used to replace the 

old one. After 24 hours, neuron feeding medium [25% neurobasal media (Invitrogen, 

CA), 2% horse serum, 2% B27 (Invitrogen, CA), 10mM sodium pyruvate, 0.016 mg/ml 

5’Fluoro-2’-deoxy-uridine, 0.032 mg/ml uridine and antibiotics in MEM] was used to 

replace plating medium. Every week, 0.5 ml conditioned medium from glial cell cultures 

was added into each 35mm dish. The primary cultures matured after three weeks.  

 

The glial cells were prepared similarly, except glial feeding medium (5% horse 

serum, 10mM sodium pyruvate and antibotics in MEM) was used instead of neuron 

feeding medium at the second of plating. Neuron feeding medium without 5’-Fluoro-2’-

deoxy-uridine and uridine was used to replace glial feeding medium 7 days after plating. 

The conditioned medium is collect every three days in the next two weeks. The 

transfection of primary cultures was done six days after plating. For one 35-mm dish, 0.5 

μg plasmid and 30 μl lipofectamine 2000 were mixed in 100 μl MEM individually. After 

votexing for 5 second and incubating for 5min, the two MEM solutions were combined 

and votexed for 10 second. Then, 10 min later, the MEM solution was added to primary 

culture whose medium has been replaced with MEM. The transfection last for 90 min, 

and neuron feeding medium with 20mg/L d,1-2-amino-5-phosphonopentanoic acid was 

used to replace MEM at last.  
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6.18 Radioligand receptor binding assay 

 

Expression of membrane receptors in both stable and transient expressed cells was 

determined by using radio-labeled receptor ligands in binding assay. Cells were 

harvested by PBS-EDTA (0.1M NaCl, 0.01M NaH2PO4, 0.04% EDTA, pH7.4). Then 

cells were washed with PBS for twice and re-suspended in 25mM HEPES buffer (pH 

7.6). Total binding was determined by co-incubating intact cells with 50,000cpm/ml 

[3H]-labeled agonists and 5mM MgCl2 at 25oC for 90 min. Non-specific binding was 

determined by co-incubating cells with 10µM antagonists in addition to [3H]-labeled 

agonists. Then the cells with radio-ligand binding were collected on Whatman GF/B 

filters. The protein concentrations were determined by the BCA assay. Then the specific 

binding was determined by calculating the difference between total and non-specific 

binding. The receptor concentration was then normalized with protein concentrations.  

       

 For receptor binding on cell membrane or in cell lysis, the procedure is similar 

except the sample preparation. Cell membrane was prepared as stated in the membrane 

preparation. For cell lysis, the lysis was added with PEG8000 and NaCl to achieve a 

final concentration at 15% PEG8000 and 150mM NaCl. The sample was incubated on 

ice for 10 min and then subjected for further experiment.  

 

6.19 Site-direct mutagenesis 

 

The primers used for mutagenesis were designed as mentioned below. The sense 

primer was generated by flanking 20 nucleotides on each side of the site for mutation. 

The site of mutation is six nucleotides maximally and have the originated coding 

sequence been replaced by targeting coding sequence. It is better to have a digestion site 

in the targeting coding sequence. The antisense primer was generated by 

complementarily reversing the sense primer. It is also good to have the sense primer 5-7 

bp longer or shorter than the anti-sense primer at 3’.  
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The mutation takes advantage of the PCR techniques. 10ng plasmid containing the 

coding sequence of un-mutated target gene, 5pmol of the sense and antisense primer, 0.1 

mM dNTP and 10 unit Pfu was prepared in 50μl 1XPfu reaction buffer. Another three 

50μl reaction mix was prepared similarly but with 10pmol, 15pmol or 20pmol primer. 

The PCR reaction started from 5 min 95 oC which was followed with 18 cycles of 90 sec 

94 oC, 90 sec 60 oC and 10 min 68 oC. Normally 1kb of the plasmid take 1min for 

extension and additional two min extension was added to make sure the plasmid was 

extended fully. The reaction finished with another 10 min 68 oC.     

 

After collect all the reaction mix in the same tube and 10 unit DpnI was added, it 

was incubated in 37 oC for 90 min. After digestion, one volume isopropenol was added 

and the solution was kept on ice for 10 min. After centrifugation at 13,000g 4 oC for 10 

min, the pellet was washed with 70% ethanol and air dried. 10ul TE was used to re-

dissolve the pellet and the resulted solution was used for transformation. The 

transformed bacterial was cultured in LB medium individually; the plasmids were 

purified by using Miniprep kit from Qiagen CA. The successful mutation was identified 

by sequencing or by enzyme digestion if applicable.  

 

6.20 Transfection and infection 

 

Effectene (Qiagen, CA) was used to transfect HEK cells. The procedure followed 

the instruction of the Effectene kit. Lipofectamine 2000 was also used as described in 

the instruction from company (Invitrogen, CA) 

 

Infection with adenovirus was used to express MOR or its mutant in MEF (mouse 

embryonic fibroblast) cells or in primary culture. The titer of the adenovirus was 

determined to be ~2.5X109 infectious units (IU)/ml. MEF cells were grown in DMEM 

with 10%FBS at 6-well-plate for 1 days to be about 50% confluent. Then the media was 

removed; and Ad-MOR virus was diluted in DMEM with 2% FBS and added to the 

wells. Multiplicity of infection (MOI) was determined by making virus dose and MOR 
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expression level curve. Desired MOI was used to reach the approximated same receptor 

expression level. After adding adenovirus and DMEM with 2% FBS for 1 and half hour, 

DMEM with 10% FBS was added back to the MEF cells, and the cell were incubated at 

37oC for 24 hours before the assays were carried out. For primary culture, the virus was 

titrated before usage. The virus was added to the primary culture directly to achieve a 

>60 transfection efficiency after three days. 

 

Lentivirus was constructed by using using the Lentiviral miR RNAi Expression 

System (Invitrogen, CA). The lentivirus expressing miRNA was generated by insert the 

oligo-nucleotides into the designed point of pLenti6/V5-GW/EmGFP. The resulted 

construct was recombinated with pDONR221 and V5-DEST to get the final plasmid. 

The plasmid was transfected with pLP1, pLP2 and pLP/VSVG (Invitrogen, CA) into 

293FT (Invitrogen, CA) according to the instruction. The culture medium was collected 

in the two days following transfection. After filtering the medium with 0.45 μm filter, 

the medium was centrifuged in 100,000 g at 4 oC for 2 hours. The pellet was 

resuspended in the MEM and used for infection. The lentivirus for normal protein was 

generated by inserting the cDNA or antisense cDNA of target gene into between the 

SpeI and XhoI sites of V5-DEST (Invitrogen). ECFP (with its own CMV promoter) 

from ECFP-N1 (Clontech) was inserted in the XbaI site of the same plasmid. Titers of 

the viruses (~1.2 × 106 TU/ml) were determined in neuroblastoma N2A cells. Infection 

efficiency was more than 60%. The virus used for animal work was further concentrated 

by centrifuging in 24,000 g at 4 oC for 2 hours to achieve a high titer (6 × 108 TU/ml). 

 

6. 21 TUNEL assay 

 

TUNEL assays (TdT-dUTP terminus nick-end labeling assays) were carried out 

with ApopTag In Situ Apoptosis Detection kit (Chemicon), and cells were 

counterstained with DAPI (Santa Cruz). As a positive control, cells were treated with 1 

μM staurosporin for 24 hours to induce apoptosis.  
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6.22 Statistic 

 

The comparison between two groups was performed by using the two tailed t-test. 

The comparison between multiple groups was performed by using the one-way ANOVA 

test with Dunnett-test as post-hoc test, or two-way ANOVA-test with Bonferroni-test as 

post-hoc test.  
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