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ABSTRACT  
Molecular Basis for Mu-Opioid Regulation of Chemokine Gene Expression 

Christine M. Happel  
Doctor of Philosophy  

Temple University, 2009  
Doctoral Advisory Committee Chair: Thomas J. Rogers 

 
Opioid receptor modulation of pro-inflammatory cytokine production is vital for 

host defense and the inflammatory response. Previous results have shown the mu-

opioid receptor (MOR) selective agonist, DAMGO, has the capacity to increase the 

expression of the pro-inflammatory chemokines, CCL2/MCP-1, CCL5/RANTES and 

CXCL10/IP-10 in peripheral blood mononuclear cells (PBMCs).  We have shown 

that MOR activation is able to induce the expression of TGF-β, and TGF-β appears 

to be required for induction of CCL5 following MOR activation.  This work suggests a 

novel role for TGF-β in the inflammatory response.  NF-κB is a transcription factor 

that plays a pivotal role in inflammation and the immune response.  We have found 

that NF-kB inhibitors can prevent the MOR-induced activation of CCL2 and CCL5, 

and that the NF-kB subunit, p65, is phosphorylated at serine residues 311 and 536 

in response to μ-opioid receptor activation.  In vivo, DAMGO administration can 

induce binding of p65 to the enhancer region of the CCL2 promoter.  Furthermore, 

we demonstrate that PKCζ is phosphorylated following DAMGO-induced MOR 

activation and, is essential for NF-kB activity as well as CCL2 expression and 

transcriptional activity.  In conclusion, these data suggest a pro-inflammatory role for 

MOR which involves NF-κB activation and PKCζ as well as a novel role for TGF-β as 

a regulator of pro-inflammatory chemokines.  
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CHAPTER 1 
INTRODUCTION 

Opioids and Opioid Receptors 

Opioid receptors are members of the seven transmembrane G protein-

coupled receptor (GPCR) superfamily.  GPCRs contain seven hydrophobic 

transmembrane domains, connected by relatively short intracellular and extracellular 

loops. The amino termini of GPCRs are on the extracellular side of the plasma 

membrane and usually contain sites for N-linked glycosylation (Asn-X-Ser/Thr), 

while the carboxyl termini face the interior of the cell.  Three major types of opioid 

receptors have been identified and cloned, and these are designated, µ, κ and δ 

(Evans et al., 1992; Chen et al., 1993; Meng et al., 1993).  Each type of receptor is 

encoded by a different gene, with the coding regions having distinct, although highly 

homologous sequences (~60%) (Satoh and Minami, 1995).  Higher identities are 

found in the transmembrane regions (73-76%) and intracellular regions (63-66%).  

Conversely, the extracellular regions are considerably divergent (34-40% identity) 

(Minami and Satoh, 1995).   

Opioid Receptors 

The opioid receptors are predominantly expressed in the central nervous 

system (CNS) on cells such as astocytes and microglial cells (Ruzicka et al., 1995; 

Bodnar, 2007).  However, some cells of the immune system also express functional 

receptors.  Monocytes, macrophages, B- and T-lymphocytes have been shown to 

express mRNA for opioid receptors and binding analysis has revealed surface 

expression of opioid receptors on these cells (Chuang et al., 1995a; Bidlack, 2000; 
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Wick et al., 1996; Wybran et al., 1979).  Additional studies have shown that although 

the opioid receptors are expressed at lower levels on immune cells, the level of 

expression is still sufficient to mediate biological effects including mitogen-activated 

protein kinase (MAP kinase) activation (Bohn et al., 2000; Gutstein et al., 1997) and 

chemotaxis (Ruff et al., 1985).  

A number of both endogenous and exogenous ligands are known to bind 

to the opioid receptors with a varying degree of affinity for the different opioid 

receptor subtypes.  Although many endogenous opioid ligands can bind to 

multiple opioid receptor subtypes, several exogenous compounds have been 

identified as selective agonists for the μ-, δ-, and κ-opioid receptors.  Included in 

Table 1 is a partial list of opioid agonists and antagonists separated by receptor 

subtype.  Morphine, an exogenous opioid ligand, binds primarily to the μ-opioid 

receptor, however, morphine also bind the κ- and δ-opioid receptors at a lowere 

affinity (Reisine, 1995).  Exogenous ligands such as the μ-opioid receptor (MOR) 

selective agonist, [D-Ala2, N-Me-Phe4,Gly-ol5]enkephalin (DAMGO), has a 

selectivity ratio greater the 500 for MOR compared with the δ-opioid receptor 

(DOR) and a greater selective ratio of 3000 when compared to the κ-opioid 

receptor (KOR) (Zadina et al., 1997).   

Opioid Agonists and Antagonists 
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Table 1.  A Partial List of Endogenous and Exogenous Opioid Agoinists 
and Antagonists Separated by Receptor Subtype. 

 

 

 

Receptor 
Type 

Endogenous 
Ligands 

Exongenous 
Ligands Antagonists 

Μ Endomorphin-1 DAMGO CTAP 
  Endomorphin-2 Morphine β-FNA 
  β-endorphin   Naloxone 
Κ Dynorphin A U50,488H Nor-BNI 
  Dynorphin B U69,593 Naloxone 
    Morphine   
Δ Met-enkaphanlin DPDPE Naltrindole 
  Leu-enkaphalin Deltorphin Naloxone 
  β-endorphin Morphine   

 

 

 

The pioneering work of Joseph Wybran laid the firm experimental basis for 

the concept that opioids, both exogenous and endogenous, can modulate immune 

function, and that their effects were occurring through opioid receptors on cells of the 

immune system (Wybran et al., 1979).  There is both functional and molecular 

evidence that show the presence of each of the opioid receptor types by cells of the 

immune system and that these receptors play a role in a number of different immune 

processes (Bidlack, 2000; Rogers and Peterson, 2003).  The important conclusion 

The Role of Opioid Receptors in the Immune System 
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from Wybran’s work is that it proved that opioids can have direct effects on cells of 

the immune system.  Since then, many reports have provided abundant evidence 

that cells of the immune system express opioid receptors, mRNA for opioid 

receptors, and that opioids can modulate a whole spectrum of different immune 

functions (Eisenstein and Hilburger, 1998; Carr et al., 1996; McCarthy et al., 2001; 

Sharp et al., 1998; Roy and Loh, 1996; Mellon and Bayer, 1998).  Opioids are known 

to exert a broad range of effects on immune responses by directly altering the 

function of immune cells.  Opioids have been shown to have diverse effects on the 

immune system including the capacity to alter antibody responses (Taub et al., 

1991; Bussiere et al., 1993b; Pruett et al., 1992), affect chemotaxis (Perez-Castrillon 

et al., 1992; Ruff et al., 1985), inhibit NK cell activity (Bayer et al., 1990b; Shavit et 

al., 1984), and macrophage and polymononuclear cell function (Casellas et al., 

1991; Roy et al., 1991b; Roy et al., 1991a; Szabo et al., 1993), inhibition of antibody 

production (Bussiere et al., 1993b; Bussiere et al., 1993a) and mitogen responses 

(Bayer et al., 1990a; Bryant et al., 1988; Lysle et al., 1993), and modulate cytokine 

and chemokine production (Wetzel et al., 2000; Alicea et al., 1996).  Of the three 

major opiod receptor types, the μ-opioid receptor is thought to be primarily 

responsible for the mediation of opioid antinociception and tolerance. 

Chemokines  

Chemokines are a group of small proteins that were discovered because of 

their association with the inflammatory response and originally recognized for their 

ability to effect the regulation of cell trafficking of various types of leukocytes.  

Chemokine Structure and Function 
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Inflammatory chemokines function mainly as chemoattractants for leukocytes, 

recruiting monocytes, neutrophils and other effector cells from the blood to sites of 

infection or tissue damage (Zlotnik and Yoshie, 2000). About 40 chemokines have 

now been identified in humans.  Chemokines regulate celluar trafficking through their 

interaction with their respective GPCR.  Chemokines and their receptors are defined 

by the location of conserved cysteine residues and divided into 4 main families: CC, 

CXC, C and CX3C.  Recently, a new nomenclature for chemokines and their 

receptors have been adopted which identify the location of these conserved cysteine 

residues and as well as the identification of a receptor or ligand (Murphy et al., 

2000).     

Chemokines play a role in a number of processes including hematopoiesis, 

lymphocyte homeostasis, inflammation and the clearance of infectious organisms 

(Oppenheim et al., 1991).  Studies have found that chemokines and their receptors 

can be classified into two subgroups, homeostatic leukocyte homing molecules and 

inflammatory molecules.  Increased expression of chemokines has been associated 

with a wide range of inflammatory diseases and pathologies and chemokine 

antagonists are being hailed as the new generation of inflammatory therapeutics 

with the hope of more specific inhibition and fewer side effects. 

Chemokines play a vital role in the regulation of the immune system and the 

inflammatory response.  Chemokines are involved in both innate and adaptive 

immunity (Mackay, 1997; Rot and von Andrian, 2004).  Important biological functions 

of chemokines include leukocyte chemotaxis, integrin activation during leukocyte-

The Role of Chemokines in the Immune System 
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endothelial interactions, leukocyte degranulation and release of inflammatory 

mediators and angiogenesis (Mackay, 2001).  During chemokine-mediated 

chemotaxis, chemokines recruit inflammatory cells to sites of inflammation by 

establishing a soluble gradient within a tissue, recruiting various cell types from the 

blood stream (Borish and Steinke, 2003).  Upon binding of the chemokine to its 

receptor on the lymophocyte, intergrins are upregulated and firmly adhere the 

leukocyte to the vessel wall (Laudanna et al., 2002).  Chemokines also bind to 

receptors on the surface of endothelium and helps firm adhesion and diapedsis 

(Johnston and Butcher, 2002).  Once activated lymphocytes reach the site of injury, 

they produce large amounts of various chemokines aiding in maintenance of the 

immune response.  These properties of chemokines are used in combination for 

various biological responses including T and B cell maturation, immune surveillance, 

tolerance and immunity, effector T cell responses and inflammatory diseases 

(Mackay, 2001).  Chemokines have more recently been found to be associated with 

dendritic cells.  These studies suggest that dendritic cells can produce several 

chemokines in a highly specific manner and recruit various T cells subsets through 

chemokine production (Zlotnik and Yoshie, 2000).  Disorders associated with the 

deregulation of chemokines have that ability to induce chronic inflammatory 

diseases including rheumatoid arthritis, multiple sclerosis, and atherosclerosis 

(Barnes et al., 1998; Boring et al., 1998; Oppenheim et al., 1991; Bacon et al., 2002; 

Murdoch and Finn, 2000).  
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 CCL5/RANTES (Regulated upon Activation, Normal T-cell Expressed, and 

Secreted) is an 8kDa, CC chemokine which preferentially has chemoattractant 

properties for primarily monocytes and memory T cells, and plays an active role in 

recruiting leukocytes into inflammatory sites (Schall et al., 1990; Schall, 1991).  

CCL5 production is generated predominately by CD8+ T cells, epithelial cells, 

fibroblasts and platelets and is a hallmark feature of inflammation (Schall et al., 

1990; Appay and Rowland-Jones, 2001; Ortiz et al., 1997).  CCL5 was first identified 

as part of a search of genes that were expressed by T lymphocytes 3 to 5 days 

following activation (Schall et al., 1988).  Therefore, one of the roles CCL5 plays 

during an inflammatory reaction is in the maintenance and prolongation of the 

immune response (Song et al., 2000).  Increased CCL5 expression has been 

associated with a wide range of inflammatory diseases including, atherosclerosis, 

arthritis, and delayed-type hypersensitivity reactions and some neurological 

disorders.  The chemokine, CCL5, has the ability to bind to mulitple chemokine 

receptors inculding CCR1 (found on T cells, monocytes, eosinophils, and basophils), 

CCR3 (located on eosinophils, basophils, mast cells, Th2 cells and platelets), and 

CCR5 (expressed on T cells and monocytes) (Charo and Ransohoff, 2006).  CCL5 

has attracted particular attention following the observation that one of its receptors, 

CCR5, is a co-receptor for HIV entry into CD4+ cells and CCL5 is able to suppress 

HIV-1 infection in vitro (Cocchi et al., 1995).  The potential for the use of CCL5 in 

antiviral therapy for HIV-1 infection has led to more detailed studies of its biology. 

CCL5/RANTES 
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CCL2/MCP-1 (Monocyte chemotactic protein-1) is a 76-amino acid peptide, 

and a member of the C-C chemokine family that induces chemotaxis of 

monocytes/macrophages, memory T lymphocytes, and NK cells to areas of infection 

and inflammation (Baggiolini et al., 1997; Luster, 2002).  CCL2 expression is 

normally found at low levels until induction (by a variety of stimuli) in many cell types, 

including; fibroblasts, endothelial cells, monocytes/macrophages, neutophils and 

activated lymphocytes (Leonard and Yoshimura, 1990).  CCL2 plays a major role in 

cellular immune reactions as well as responses to acute tissure injury (Leonard and 

Yoshimura, 1990).  The main role of CCL2 is its function to recruit monocytes to 

sites of inflammation (Leonard and Yoshimura, 1990).  CCL2 has also been shown 

to play a role in monocyte recruitment into the CNS during HIV-1 infection mediated 

by Tat (Conant et al., 1998; Weiss et al., 1999).  In response to CCL2 target cells 

can elicit a number of responses in addition to chemotaxis such as calcium flux, 

increased IL-1 and IL-6 secretion and induction of leukocyte adhesion molecules 

(Viedt et al., 2002).  CCL2 is structurally and genetically related to other chemokines 

(MCP-1, -2, -3, and -4 in humans, MCP-1, -2, -3, and -5 in the mouse) that share 

similar properties.   CCL2 is known to bind to and activate its receptor, CCR2, 

although CCR2 in known to be a promiscuous receptor binding multiple ligands.  

The unique effect of the CCL2/CCR2 on mononuclear cell migration suggests that it 

is an important regulator of inflammatory disease, which has been shown through 

the use of genetically deficient mice, antibody- or inhibitor-mediated neutralization in 

mice, and epidemiological studies in humans. Increased expression of CCL2 has 

CCL2/MCP-1 
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been associated with diseases such as rheumatoid arthritis, cardiovascular disease, 

inflammation and HIV replication (Sozzani et al., 1997; Romagnani, 2002; Gu et al., 

1998).   

Opioid Receptor Signaling and Target Gene Expression 

In the unstimulated state GPCRs, such as the opioid receptor, are coupled to 

to an inactive, heterotrimeric G protein composed to three protein subunits – α, β,  

and γ.  In the inactive state, the α subunit is bound to GDP.  When extracellular 

signaling molecules bind to a GPCR this results in agonist-induced conformational 

changes that result in activation of the G protein and the α subunit then releases 

bound GDP and binds GTP in its place.  This exchange results in a conformational 

change of the α subunit and causes the dissociation of the G protein α and βγ 

subunits from the receptor.  The G protein α subunit may then interact with its target 

proteins.  The βγ subunit does not change its conformation but the surface 

previously masked by its association with the α subunit is now available to interact 

with a second set of target proteins.  The α subunit is a GTPase and once it 

hydrolyses its bound GTP to GDP it ressociates with the βγ complex to re-form an 

inactive G protein heterotrimer. 

Opioid Receptor Signaling 

Opioid receptors, upon activation, regulate a multitude of intracellular 

signaling pathways (Figure 1).  Hetertrimeric G proteins that couple with 7-

transmembrane receptors are classified according to the identity of their Gα subunits 

into four major families: Gαs, Gαi, Gαq and Gα12 (Simon et al., 1991; Gutkind, 1998; 

Hamm, 1998; Vaughan, 1998).  Opioid receptors are Gi/Go-coupled receptors who 
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upon stimulation, inhibit adenylyl cyclase (Sharma et al., 1977) and Ca2+ channels 

(Hescheler et al., 1987) as well as stimulate K+ channels (North et al., 1987) and 

increase intracellular Ca2+ levels (Jin et al., 1993).  Similar to many Gi subfamily 

members, opioid receptor signaling is generally blocked by pertussis toxin (PTX) and 

results in ADP-ribosylation and G protein inactivation.  However, recent studies have 

suggested that opioid receptors may couple to the Gαi family member, Gαz 

(Belcheva et al., 2000).  Gαz is the only known PTX-insensitive member of the Gαi 

family and an increasing number of GPCRs have been shown to have the capacity 

to couple with Gz protein including MOR (Fields and Casey, 1997; Belcheva et al., 

2000).  Belcheva and colleagues have suggested that overexpressed Gαz is capable 

of mediating acute and chronic DAMGO modulation of ERK activity.  Addtionally, this 

group found that overexpressed Gα12 has the ability to mediate chronic MOR actions 

on ERK and suggest that these G proteins may be endogenous transducers of 

chronic opioid modulation (Belcheva et al., 2000).  G12/13 proteins are involved in Rho 

family GTPase signaling (through RhoGEF superfamily) and control cell 

cytoskeleton remodeling, thus regulating cell migration (Hamm, 1998).  Although 

opioid receptors are primarily thought to be Gi/Go-coupled GPCRs, these studies 

implicate a number of signal transduction pathways mediated though opioid receptor 

activation that may be responsible for their diverse cellular functions.   

The heterotrimeric G protein α subunits were originally considered to be the 

essential component of signal transduction pathways because of their regulation of 

cAMP and their intrinsic GTPase activity, however, emerging evidence has 

implicated the important role for the Gβγ subunit in the pathways activated by 
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Figure 1. Opioid receptor signaling pathways.
Stimulation of the μ-opioid receptor results in the activation of a number of different 
signal transduction pathways. AC, adenylyl cyclase; PKA, cAMP-dependent protein 
kinase; CREB, cAMP response element-binding protein; ERK1/2, extracellular 
signal-regulated kinase ½; JNK c-Jun N-terminal kinase; MEK or MKK, mitogen-
activated protein kinase kinase; MEKK MAPK kinase; MLK, mixed lineage kinases; 
p90 RSK, p90 ribosomal S6 kinase; STAT1, signal transducer and activator of 
transcription 1; Elk-1 Eph-like kinase 1. 
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GPCRs such as found in opioid receptor activation and signaling (Thelen, 2001; Law 

et al., 2000; Bonacci et al., 2006).  Addtionally, the release of the hetertrimeric G 

protein βγ subunits appear to be the essential step necessary for cell migration.  It 

was also shown that the βγ subunits released from Gi-coupled receptors, and not 

those released from Gs- or Gq-coupled receptors can mediate cell migration (Thelen, 

2001).  Gβγ subunits have also been shown to mediate signal transuction pathways 

generated by Gi-coupled receptors and activate the mitogen-activated protein (MAP) 

kinase signaling cascade (Koch et al., 1994).  A large number of GPCRs regulate 

cellular events such as growth and differentiation by stimulating the MAP kinase 

cascades.  There are three main MAPK activation pathways, the extracellular-signal-

regulated kinases (ERKs), the Jun N-terminal kinases (JNKs) and the p38 kinases.  

Stimulation of ERK1 and ERK2 by opioids was first demonstrated with MOR in 

transfected CHO cells (Li and Chang, 1996).  All of the opioid receptor subtypes 

have now been shown to stimulate the MAPK/ERK signaling pathway (Fukuda et al., 

1996) and that this activation occurs through the Gβγ subunits in a Ras-dependent 

manner (Koch et al., 1994; Fukuda et al., 1996; Li and Chang, 1996; Belcheva et al., 

1998).  An inhibitor of the upstream mitogen-activated protein kinase kinase 

(MEK1/2) can completely prevent MOR from inducing ERK1/2 phorphorylation (Tso 

and Wong, 2001).  Numerours reports have also demonstrated that the opioid 

receptors can stimulate both JNK and p38 MAPK pathways (Chan and Wong, 2000; 

Zhang et al., 1999).  However, it remains to be seen whether the known signaling 

components used in the regulation of JNK and p38 are essential for the opioid-

induced activation of JNK and p38 MAPK.  However, many of the 
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immunomodulatory effects of opioid agonists on lymphocytes are thought to be 

mediated in part by the activation of the MAP kinase cascade (Chuang et al., 1997). 

  The opioid receptor Gβγ subunit have also been shown to regulate a 

number of downstream effectors including phosphoinositide 3-kinase (PI3K) 

(Polakiewicz et al., 1998), PLCβ (Smart et al., 1994; Smart and Lambert, 1996), G 

protein-coupled receptor kinases (GRK) (Zhang et al., 1998a), and Src tyrosine 

kinase (Kam et al., 2004b).  One of the major signaling pathways that lead to cellular 

growth activation involves PI3K.  PI3K, when activated, catalyzes the 

phosphorylation of inositol phospholipids generating lipids such as PI(3,4)P2 or 

PI(3,4,5)P3.  PI(3,4)P2 or PI(3,4,5)P3 then serve as docking sites for intracellular 

signaling proteins.  One way in which PI3K promotes cell survival is through the 

indirect activation of protein kinase B (PKB) (also called Akt).  After binding to 

PI(3,4)P2 or PI(3,4,5)P3, PKB/Akt alters its conformation and relieves the 

autoinhibition of the activation site.  Phosphoinositide-dependent kinase-1 (PDK-1) 

can then phosphorylate PKB/Akt resulting in a fully active PKB/Akt that can 

phosphorylate a variety of target proteins.  The atypical protein kinase Cζ, (PKCζ), is 

also a substrate for PDK-1 (Toker, 2003).  PI3K activation by the Gβγ subunits has 

been shown to regulate a number of other effector pathways such as activation of 

p70 S6 kinase and the repressors of mRNA translation, 4E-BP1 and 4E-BP2 in 

response to DAMGO (Polakiewicz et al., 1998).  Kam et al. (2004a) reported that 

stimulation of MOR resulted in JNK activation which was mediated through Gβγ, Src 

kinase, Rac and Cdc42 (Rac and Cdc42 are members of the Rho family of GTPases 

and are involved in regulation of the actin cytoskeleton).  Additionally, Ai et al. (1999) 
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showed that MAP kinase activation by MOR involves PI3K.  The use of PI3K 

inhibitors, and a dominant negative mutant PI3K, demonstrated that the μ-opioid 

receptor requires PI3K to activate JNK (Ai et al., 1999).  Finally, PI3K and PKB/Akt 

have been found to play critical roles in the activation of the nuclear factor-κB (NF-

κB) signal transduction pathway (Reddy et al., 1997; Reddy et al., 2000; Madrid et 

al., 2000; Tang et al., 2000).  Although the exact mechanism is still unclear it is 

known that PI3K activation in response to IL-1 leads to the phosphorylation and 

activation of p65 through the IKK complex (Sizemore et al., 1999; Sizemore et al., 

2002).  Taken together, these studies show that PI3K plays a critical role of the 

molecular mechanisms that contribute to opioid signaling. 

Many GPCRs, including opioid receptors, have the ability to regulate the 

phospholipase Cβ (PLCβ) pathway.  Activation of PLCβ in these systems required 

the participation of PTX-sensitive G proteins indicating a role for the Gβγ subunits in 

the activation of PLCβ (Chan et al., 1995).  PCLβ acts on the inositol phospholipid 

PIP2.  Activation of PLCβ results in the cleavage of PIP2 to generating the formation 

of myoinositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG)(Smart et al., 1994).  

IP3 is a small molecule that migarates to the ER and binds to and opens IP3-gated 

Ca2+- release channels in the ER membrane.  The subsequent Ca2+ mobilization into 

the cytosol quickly raised the concentration of Ca2+. (Smart et al., 1997; Smart and 

Lambert, 1996).  The initial rise is cytosolic Ca2+ induced by IP3 alters PKC so that it 

translocates to the plasma membrane and there it can be activated by the 

combination of Ca2+, DAG, and phosphatidylserine.  Once activated, PKC can target 

a number of different proteins.  Several leukocyte responses, including secretion and 
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respiratory burst, are mediated through PKC-activating pathways (Ozawa et al., 

1993; Chang et al., 1997; Pongracz and Lord, 1998; Leitges et al., 2002).  Together 

these effectors control the intracellular signal transduction pathways that regulate 

cellular responses and gene expression.  Emphasis for the understanding of opioid 

receptor signaling should be the identification of cellular proteins that participate in 

the opioid receptor signaling and functions.  Given the multitude of signaling 

pathways that are regulated by opioid receptors there are still many questions to be 

fully explored. 

Binding of an agonistic ligand to its cognate GPCR triggers the activation of 

multiple signal transduction pathways.  The GPCR-mediated activation of the 

ERK/MAPK phosphorylation cascade can be initiated by the release of the 

heterotrimeric Gi/o-protein  βγ-subunits and it often involves PKC (Fukuda et al., 

1996; Belcheva and Coscia, 2002).  The protein kinase C (PKC) family comprises at 

least ten mammalian isoforms of serine/threonine protein kinases with a broad tissue 

distribution pattern and diverse cellular localization.  All members of the PKC family 

are characterized by a highly conserved C-terminal catalytic domain, and by an N-

terminal regulatory region that contains a pseudosubstrate sequence that binds to 

the catalytic domain and maintains these enzymes in an inactive state in the 

absence of activating second messengers (Newton, 2003).  The family of PKC 

consists of more than 12 isozymes, and each of them exhibits a unique pattern of 

tissue distribution, subcellular translocation, and function (Mochly-Rosen, 1995).  

The PKC isoforms can be grouped into three catagories; conventional (cPKCα, β 

Protein Kinase C 
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and γ), novel (nPKCδ, ε, η, and θ), and atypical (aPKCζ and ι/λ).  The conventional 

PKCs bind diacylglycerol (DAG) which stimulates kinase catalytic activity and 

requires Ca2+, while the novel PKCs bind DAG but do not require Ca2+.  Atypical 

PKCs do not bind DAG or require Ca2+ and are their mechanism of action is very 

different from the other PKC isoforms.   

There is increasing evidence that the atypical PKCζ is a critical component of 

a number of intracellular pathways induced by various stimuli.  The major PKCζ 

activation pathway involves PI3K, which then produces phosphatidylinositol PI-3,4,5-

trisphosphate (PIP3) (Nakanishi et al., 1993).  PIP3 can then bind directly to 3-

phosphoinositide-dependent protein kinase-1 (PDK1) through its pleckstrin 

homology (PH) domain causing PDK1 activtion (Stokoe et al., 1997).  

Phosphorylation of Ser-241 is essential for PDK1 activity (Casamayor et al., 1999).  

PKCζ can then be phosphorylated in the activation loop (Thr-410) by PDK1 (Chou et 

al., 1998; Le Good et al., 1998).  Phosphorylation at this residue is essential for 

PKCζ activation and results in autophosphorylation of Thr-560 (Standaert et al., 

2001).  A role for PKCζ has been demonstrated in MAPK signaling, ribosomal S6-

protein kinase signaling and NF-κB activation (Hirai and Chida, 2003).  Additionally, 

PDK1 and PKCζ act in conjunction with the adaptor protein, GRB2, SOS, the 

GTPase, Ras, and and the MAPK pathway, to activate RAF, MEK and the 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) (Sajan et al., 1999; Mas et 

al., 2003).  Furthermore, Ras interacts in vitro with the regulatory domain of PKCζ 

and can activate the MEK/MAPK signaling pathway (Berra et al., 1993; Berra et al., 

1995; Diaz-Meco et al., 1994b).  Targeted disruption of PKCζ in mice has suggested 
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a role for this atypical PKC within the immune system.  Functional studies have 

shown that B-cells from PKCζ knockout mice show increased spontaneous 

apoptosis, and impaired proliferation and survival in response to IgM cross-linking, 

and, these defects have been correlated with defects in ERK signaling (but not p38 

MAPK or JNK).  Furthermore, transcription of NF-κB-dependent genes including 

BCl-xL, IκB and IL-6 was effected (Martin et al., 2002).    Activation of PKCζ has also 

been shown to effect NF-κB signaling through phosphorylation and activation of 

IKKβ as well as direct phosphorylation p65/RelA (Lallena et al., 1999; Duran et al., 

2003). 

The relationship between opioid receptor stimulation and PKC activity was 

originally hypothesized based on the role of PKC in the regulation of other G protein-

coupled receptors (Raymond, 1991).  PKC is an integral component of most GPCR 

signaling pathways to ERK/MAPK and is known to be regulated by the Gβγ subunit 

of GTP binding proteins and PI3K (Belcheva and Coscia, 2002; Belcheva et al., 

2005).  Recent studies have shown that PKC is involved in many facets of opioid 

receptor responses.  PKC was implicated in the involvement in MOR stimulation of 

MAP kinase activity (Fukuda et al., 1996).  Kramer and Simon et al. (Kramer and 

Simon, 1999) demonstrated that the PKC isoforms, α, ε, and ζ translocate to the 

plasma membrane in response to DAMGO treatment and participate in the agonist-

dependent μ-opioid receptor down-regulation.  Opioid receptors have been shown to 

desensitize leukocyte chemokine receptors through a Ca2+-independent pathway 

involving activation of novel and atypical PKCs (Zhang et al., 2003).  Studies have 

Opioid Receptor Regulation of Protein Kinase C  
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also suggested that the signaling mechanism may be distinct between the μ- and κ-

opioid receptors as seen by their ability to activate different PKC isoforms and 

secondary messengers (Belcheva et al., 2005).  This group hypothesized that the κ-

opioid receptor agoinst U69,593, activated PI3K, PKCζ and Ca2+ mobilization, while 

MOR signals through calmodulin (CaM) which may then activate PLC and PKCε 

(Belcheva et al., 2005). 

Opioid Receptor Regulation of Cytokine and Chemokine Expression 

Chemokine gene expression is subject to complex positive and negative 

regulation by diverse factors including pro-inflammatory cytokines, viruses, bacterial 

products and T-cell stimulation.  Opioids are also known to regulate chemokine 

expression, and opioid receptor modulation of pro-inflammatory cytokines and 

chemokines is a vital component of the immune response as well as host defense.  

MOR has been shown to have diverse effects on the immune system including the 

capacity to alter antibody responses (Taub et al., 1991), affect chemotaxis (Perez-

Castrillon et al., 1992), and modulate cytokine and chemokine production important 

for the inflammatory response (Wetzel et al., 2000; Mahajan et al., 2002; McCarthy 

et al., 2001; McCarthy et al., 2001).  Previous studies have shown that endogenous 

endorphins and enkephalins increase the production of IL-1, IL-2 and IFN-γ (Brown 

and Van Epps, 1986; Mandler et al., 1986; Bessler et al., 1990).  Our lab has 

reported that the MOR-selective agonist DAMGO can elevate CCL2, CXCL10, and 

CCL5 production by in nonactivated and PHA-stimulated peripheral blood 

mononuclear cells (PBMCs) both at the mRNA and protein level, and, this effect is 

MOR Regulation of Chemokine Expression 
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blocked by administration of the MOR-selective antagonist H-D-Phe –Cys-Tyr-D-Trp-

Arg-Thr-Pen-Thr-NH2 (CTAP) indicating that this effect is mediated through MOR 

(Wetzel et al., 2000).  Rock et al. (2006) showed that morphine stimulates CCL2 

production at both the mRNA and protein level in neurons.  In addition the MOR 

antagonist, β-funaltrexamine (β-FNA), was used to block the morphine-mediated 

increase in CCL2, demonstrating that this effect is mediated through the µ-opioid 

receptor (Rock et al., 2006).  Caco-2 cells, an initestinal epithelial cell line, were 

found to constitutively express MOR and KOR (Neudeck and Loeb, 2002; Neudeck 

et al., 2003a).  Upon activation with the endogenous µ tetrapeptide, endomorphin-1, 

Neudeck and Loeb (Neudeck and Loeb, 2002) demonstrated a significant increase 

in CXCL8 secretion.  The effect was reversible by pre-treatment with the antagonist, 

β-FNA (Neudeck and Loeb, 2002).  However, the biochemical mechanism of µ-

opioid induction of chemokine expression is unknown.  It is very likely that the effects 

of MOR activation are dependent on many different factors including the nature of 

the stimulus and duration, cell type and target.   

 Although the µ-opioid receptor has been shown to increase pro-inflammatory 

chemokine expression, the κ-opioid receptor, has been shown to have a opposing 

effect on cells of the immune system despite a high degree of homology between 

the different sub-types.  The effect of KOR activation on the regulation of 

chemokines suggests an anti-inflammatory role for KOR due to a decrease in the 

production of pro-inflammatory cytokines and chemokines.  The κ-opioid selective 

agonist U50,488H (trans-3,4-dichloro-N-methyl-N[2-(1-

KOR Regulation of Chemokine Expression 
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pyrolidinyl)cyclohexyl]benzeneacetamide methanesulfonate) has been reported to 

down-regulate CCL2 production in primary human astrocytes stimulated by the HIV-

1 nuclear protein, Tat (Sheng et al., 2003).  Activation of KOR following stimulation 

with U50,488H has also been shown to decrease CXCL8 secretion in the presence 

of IL-1β (Neudeck et al., 2003b).  Additionally, U50,488H, treatment has been shown 

to suppress the production of a number of pro-inflammatory cytokines including IL-1, 

IL-6, and TNF-α in primary macrophages and macrophage/monocyte cell lines 

(Alicea et al., 1996). 

Transforming Growth Factor-β (TGF-β) 

 Transforming growth factor-β (TGF-β) is a pleotropic cytokine that controls a 

number of diverse cellular processes including cell proliferation, differentiation, 

apoptosis, inflammation, bone formation and contributes to a number of diseases 

including autoimmune diseases and cancer.  The TGF-β superfamily consists of a 

large number of structurally related, secreted, dimeric proteins.  The TGF-β family is 

characterized by six conserved cysteine residues and contains two subfamilies, the 

TGF-β and BMP subfamilies.  TGF-β exists in three known subtypes in humans, 

TGFβ1, TGFβ2, and TGFβ3.  TGF-β1 is the prototype and the isoform most 

acutely regulated in response to stress, injury or inducers of disease. Therefore, I 

have focused on TGF-β1. 

Introduction to TGF-β 

TGF-β is a pleiotropic cytokine affecting processes including regulation of cell 

growth and differentiation, developmental processes, and both innate and acquired 

The Role of TGF-β in the Immune System 
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immune responses.  The cellular response to TGF-β is diverse depending on the cell 

context and the physiological environment and results in differential regulation of 

TGF-β expression.  Although generally considered anti-inflammatory, TGF-β has 

been shown have a pivotal function in promoting the immune response (Li et al., 

2006b; Rubtsov and Rudensky, 2007).  Fauci and colleagues first reported that 

TGF-β is an important immunomodulatory protein for human T and B lymphocytes 

(Kehrl et al., 1986b; Kehrl et al., 1986a).  Additional studies have found a role for 

TGF-β in the adaptive immune system through the elaboration of T cell and natural 

killer (NK)-cell responses, facilitating IgA class switching, promoting the 

development of certain lymphocyte subsets and limiting T cell-mediated 

autoimmunity (Li et al., 2006c; Veldhoen and Stockinger, 2006; Gorelik and Flavell, 

2000).  A critical function for TGF-β has been demonstrated by its anti-proliferative 

activity on T cells in vitro, most likely through the suppression of IL-2 transcription 

(Kehrl et al., 1986b; Brabletz et al., 1993).  TGF-β negatively regulates the 

differentiation of naïve CD4+ and CD8+ T cells into T helper (TH1 and TH2) cells or 

cytotoxic T lymphocytes (Gorelik et al., 2000; Gorelik et al., 2002; Rubtsov and 

Rudensky, 2007).  TGF-β signaling has also been found to be required for the 

maintenance of the peripheral CD4+ regulatory T-cells (Li et al., 2006a; Marie et al., 

2005; Marie et al., 2006; Fantini et al., 2004).  Therefore, the final outcome of TGF-β 

on T cells is therefore context dependent.  Wahl et al. (1987) was the first to show 

that TGF-β acts as a chemoattractant for human peripheral blood monocytes, 

providing an important role in the regulation of monocyte recruitment to the site of 

injury or inflammation.  Futhermore, TGF-β is expressed and secreted by activated 
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human macrophages (Assoian et al., 1987) and enhances integrin expression and 

type IV collgenase secretion in human monocytes that is important for cell motility 

and recruitment of leukocytes (Wahl et al., 1993).  Additionally, TGF-β can induce 

transcription of pro-inflammatory regulators such as IL-1 and IL-6 in human 

monocytes and PBMCs (Wahl et al., 1987; Turner et al., 1990; Chantry et al., 1989).  

Therefore, it is not suprising that TGF-β also facilitates wound healing processes 

following tissue damage which often occurs during pathological immune responses 

to inflammation (Chegini, 1997; Border and Noble, 1994).  Disregulation of TGF-β 

has been reported in a number of disease processes including autoimmune 

diseases such as, lupus, rheumatoid arthritis, and multiple sclerosis (Ohtsuka et al., 

1998; Ohtsuka et al., 1999; Wahl and Chen, 2005).  TGF-β has also been implicated 

in the regulation of a number of other diseases including atherosclerosis, asthma, 

inflammatory bowel disease and a number of infectious diseases (Li et al., 2006c).     

The 5’ regulatory region of TGF-βhas been demonstrated to be 

approximately 1.4 kb in length (Kim et al., 1989a).  Transcription of TGF-β1 is 

regulated by a number of transcription factors.  Although the TGF-β1 promoter 

does not contain a TATAA box, there are several GC boxes which are regulated 

by the transcription factor, SP-1, as well as, a number of AP-1 sites which are 

responsible for the autoinduction of TGF-β1 (Kim et al., 1989a; Kim et al., 

1989b).  TGF-β1 has been reported to increase levels of its own message and is 

accompanied by a parallel increase in TGF-β1 secretion (Van Obberghen-

Regulation of TGF-β Expression 
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Schilling et al., 1988).  Autoinduction of TGF-β has been shown to be mediated 

by binding of the AP-1 (Jun-Fos) complex (Kim et al., 1990b).  Posttranscriptional 

regulation of TGF-β1 include the extensive 5’ and 3’ untranslated regions (UTRs) 

resulting in multiple mRNA transcripts, originating from two major transcriptional 

start sites, with different transcription efficiencies (Kim et al., 1989a; Kim et al., 

1992; Kim et al., 1989b).  TGF-β is also regulated through posttranslational 

modifications including N-linked glycosylation sites located within the LAP 

protein, mutations of which prevent the cellular secretion of TGF-β.   

TGF-β isoforms are synthesized as a polypeptide precursor molecule that 

is cleaved by a furin-type protease resulting in two products that assemble into 

dimers.  The N-terminal pro-region is referred to as the latency-associated 

peptide (LAP) while the C-terminal region is the mature or active TGF-β. These 

two peptides remain associated through disulfide bonds and are referred to as 

the small latent complex (Annes et al., 2003).  The presence of the LAP protein 

serves to facilitate transit of TGF-β from the cell and ensures that TGF-β remains 

in the inactive state.  Latency is one of the mechanisms to control growth factor 

activity; it prevents the cytokine from eliciting a response until it has been 

modified to the active form.  It may also alow the cytokine to circulate and reach 

its target cell (Gleizes et al., 1997). However, most cells types secrete latent 

TGF-β as a larger complex, which includes TGF-β, LAP and a 120-240 kDa 

glycoprotein called the latent TGF-β binding protein (LTBP).  LTBP associates 

Latent TGF-β Activation 
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with LAP through disulfide bonds during secretion, and localizes TGF-β to the 

extracellular matrix (ECM) through crosslinking of LTBP by transglutaminase.  

Latent TGF-β activation takes place through multiple mechanisms including 

extreme pH, heat, and proteases, as well as, stimulation by retinoic acid and 

fibroblast growth factor-2 in endothelial cells (Kojima et al., 1993; Flaumenhaft et 

al., 1992).  Release of TGF-β from of ECM requires a proteolytic step resulting in 

the truncation of LTBP and the unmasking of novel regions within LAP.  LAP is 

then able to bind the cell surface through mannose-6-phosphate receptors and 

functions to concentrate the small latent complex to a limited surface area and 

allow a second proteolytic cleavage by plasmin, releasing mature TGF-β.  Mature 

TGF-β is then free to interact with its receptor (Khalil, 1999).  

The ubiquitious nature of TGF-β and its critical role in a number of normal 

physiological processes, require a more stringent regulation of its activation.  

Therefore, TGF-β activation is a multistep process that is results in the tight 

control of TGF-β activity.  Although the most critical posttranslational modification 

is the proteolytic processing that results in the release of mature TGF-β.  Finally, 

the large latent TGF-β complex participates in the regulation of latent TGF-β 

bioavailability. 

 TGF-β signaling is initiated by activation of the TGF-β receptors through 

ligand binding which then results in Smad protein activity and regulation of target 

genes important for a diverse set of cellular processes (Shi and Massague, 2003).  

TGF-β Signaling and Mechanism of Action 
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Initiation of the TGF-β signaling pathways occurs when the TGF-β ligand binds 

tightly with the TGF-β type II receptor, and this promotes association with the type I 

receptor.  Additionally, the dimeric arrangement of the ligand results in the formation 

of a complex with two type I and two type II receptors.  This allows the type II 

receptor to phosphorylate the multiple serine and threonine residues within the 

kinase domain of the type I receptor resulting in activation of the type I receptor.  

Significant variations exist for the binding of the different subfamilies of the type II 

receptors and their ligands.  Therefore, the type II receptors play an important role in 

the specificity of the ligand-receptor interactions and assembly of the receptor 

signaling complex while the type I receptor is responsible for propagating the signal 

through phosphorylation of the Smad proteins.  There are eight distinct Smad 

proteins divided into three functional classes, the receptor-regulated Smad (R-

Smad), the co-mediator Smad (Co-Smad) and the inhibitory Smad (I-Smad).  The R-

Smads (Smad1,2,3,5, and 8) are directly phosphorylated and activated by the type I 

receptor kinases and upon activation form complexes with the Co-Smad, Smad4.  

Smad4 does not have transcriptional activity on its own but is required for efficient 

transcription (Liu et al., 1997; Labbe et al., 1998).  Activated Smad complexes can 

then translocate to the nucleus and, in conjunction with other nuclear co-factors, 

regulate transcription of target genes.  I-Smads, (Smad6 and 7) negatively regulate 

the TGF-β signaling pathway by completing with the R-Smads for receptor or Co-

Smad interaction (Shi and Massague, 2003).   

The consensus Smad-binding element (SBE) is GTCTAGAC, a palindromic 

sequence with optimal binding to Smad3 and Smad4 (Zawel et al., 1998). However, 
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Smad3 and -4 also bind to TGAGTCAGAC, an AP-1 binding sequence, TGAGTCA, 

that overlaps with an AGAC-containing Smad binding sequence (Yingling et al., 

1997; Zhang et al., 1998c).  Interestingly, Smad2 does not bind these DNA 

sequences (Dennler et al., 1998; Zawel et al., 1998) demonstrating that Smad2 and 

-3 are not functionally equivalent.  The transcriptional co-activators CBP/p300 also 

act through direct physical interaction with Smad2 or -3 and is associated with 

transcriptional activity (Feng et al., 1998; Janknecht et al., 1998; Pouponnot et al., 

1998; Topper et al., 1998).  Target gene transcription depends on cell-type specific 

partner proteins and can mediate transcriptional activation or repression. 

Besides Smad-mediated transcription, TGF-β activates other signaling 

cascades, including MAPK pathways (Derynck and Zhang, 2003).  TGF-β can 

activate the ERK, JNK and p38 MAPK pathways (Massague, 2000; Itoh et al., 2000; 

Moustakas et al., 2001).  Furthermore, TGF-β induced activation of ERK and JNK 

pathways can result in Smad phosphorylation and regulate Smad activation (Funaba 

et al., 2002; Engel et al., 1999).  TGF-β-induced activation of of Ras/Erk MAPK 

signaling can induce TGF-β1 expression, amplifying the TGF-β response and 

inducing secondary responses (Yue and Mulder, 2000).  Finally, TGF-β-activated 

kinase 1 (TAK1) can phosphorylate and activate IκB kinase and p65 and initiate the 

NF-κB activation pathway (Wang et al., 2001a; Sakurai et al., 2003). 

In addition to the role TGF-β plays in the regulation of immune cell function it 

is not surprising that opioid receptor activation of PBMCs can also regulate TGF-β 

expression.  Chao et al. (Chao et al., 1992) reported that PBMCs exposed to 

Opioid Receptor Regulation of TGF-β Expression 
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morphine for 24 hours resulted in an increased amount of TGF-β.  Further studies in 

the murine macrophage cell line, J774 cells, found that morphine treatment resulted 

in increased production of TGF-β and that TGF-β production is essential for 

morphine-induced J774 cell apoptosis (Singhal et al., 2000).  TGF-β is also known to 

regulate its own mRNA expression and therefore can increase its own expression.  

This auto-regulatory feedback loop is regulated by the binding of AP-1 (Jun-Fos) to a 

binding site within the TGF-β promoter (Kim et al., 1990a).   

It is well known that µ-opioid receptor activation can modulate the expression of 

various cytokines, including IFN-γ, IL-2, and IL-12 (Wang et al., 2003; Azuma and 

Ohura, 2002; Song and Zhao, 2000; Song et al., 2002; Inui et al., 2002; Chantry et al., 

1989).  Moreover, there is evidence that TGF-β may play an important role in the 

modulatory effects of cytokine expression (Chantry et al., 1989).  For example, 

morphine has been shown to inhibit production of TNF-α secretion by PBMCs in 

response to LPS or PHA stimulation, and further investigation found that the morphine-

induced suppression of TNF-α release was partially reversed by antibodies to TGF-β 

(Chao et al., 1993).  The involvement of TGF-β in the inflammatory response and 

disease processes suggests that this pleiotropic cytokine could be involved in the 

regulation of chemokine expression.  Reports have shown that TGF-β administration 

upregulated CXCR4 and enhanced SDF-1α-stimulated signaling and HIV-1 

susceptibility in human monocyte-derived macrophages (Chen et al., 2005).  Indeed, 

TGF-β has also been reported to stimulate CCL2 expression through pathways 

TGF-β Regulation of Cytokine and Chemokine Expression 
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involving activation of ERK and p38 and is associated with renal failure (Cheng et 

al., 2005; Cheng et al., 2005).  Further studies have demonstrated that TGF-β has the 

ability to induce CCL2 expression via the transcription factor, AP-1, in murine 

osteoblasts (Hanazawa et al., 1991; Takeshita et al., 1995).  Additionally, Singhal et al. 

(2000) have shown that morphine-induced peritoneal macrophage apoptosis was 

mediated through the generation of TGF-β.  Although considered by many to be anti-

inflammatory, TGF-β has the ability to regulate a number of pro-inflammatory cytokines 

and chemokines.  However, the cellular outcome is most likely the result of a number 

of different variables including, stimulus, cell type and  microenvironment. 

Transcriptional Regulation of Chemokine Expression 

Translational regulation of gene expression is an important control 

mechanism that provides the cell with the ability to rapidly respond to changes in its 

environment.  Understanding the molecular basis of CCL5 gene induction will not 

only provide valuable insight into this essential chemokine but modulation of CCL5 

expression may be a useful therapeutic approach.  The genomic organization and 

regulation of the CCL5 gene was originally characterized by Nelson et al. (1993) and 

demonstrated that a 1014-bp immediate 5’ upstream region of CCL5 exhibited full 

promoter activity through the use of reporter gene assays in the T cell line, Hut78.  A 

number of potential transcription factor binding sites were identified within the CCL5 

promoter including NF-κB and AP-1 sites (Figure 2) (Nelson et al., 1993; Manni et 

al., 1996).  Deletion analysis using reporter assays demonstrated that the immediate 

192 bp upstream of the transcription start site was all that is required for maximal 

Transcriptional Regulation of CCL5 
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Figure 2. Schematic diagram of the promoter region of CCL5, CCL2 and TGF-
β. CCL5 (A) CCL2 (B) and TGF-β (C). Selected transcription factor binding elements 
are color coded and labeled accordingly. Not drawn to scale. Abbreviations are as 
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CCL5 expression in lymphocytes (Nelson et al., 1996; Ortiz et al., 1996).  Additional 

studies identified two κB-like sequences within the CCL5 proximal promoter that bind 

NF-κB and are essential for CCL5 promoter-reporter gene activity in Hut78 cells and 

PHA-activated PBLs (Nelson et al., 1996).  Moriuchi et al. (1997) found that NF-κB 

up-regulates CCL5 promoter activity and has the ability to block HIV infection.  

Finally, DNAase I footprinting and electrophoretic mobility shift assays (EMSAs) 

have identified a number of other transcription factors that are involved in the 

regulation of CCL5 expression, including IFN-regulatory transcription factors, SP1, 

NF-IL-6 (nuclear factor-IL-6), RFLAT-1 (RANTES factor of late activated T 

lymphocytes-1), NFAT (nuclear factor of activated T cells), and C/EBP (Figure 2) 

(Genin et al., 2000; Fessele et al., 2001; Moriuchi et al., 1997; Ortiz et al., 1996; 

Song et al., 1999; Ortiz et al., 1997).  A binding site for NFAT, a transcription factor 

related to the NF-κB family of transcription factors that shares a weak similarity 

within the DNA binding domain, is also found within the CCL5 promoter at -213 base 

pairs.  Gel shift assays have confirmed the ability of NFAT and NF-κB (p50/p65) to 

bind this region of the CCL5 promoter and functional studies suggest that this site is 

involved in promoter activity.  These studies suggest that both NFAT and NF-κB 

most likely bind and activate transcription of the CCL5 promoter (Moriuchi et al., 

1997). 

 The structure of the CCL2 gene and its regulation was originally characterized 

in 1990 and CCL2 gene transcripts were found to be induced by TPA (12-0-

tetradecanoylphorbol 13-acetate) treatment in human endothelial cells (Shyy et al., 

Transcriptional Regulation of CCL2 
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1990).  Further studies have revealed that the CCL2 promoter is approximately 3 kb 

in length and is regulated both in a stimulus-specific and tissue-specific manner, 

and, contains a number of putative consensus binding sequences for a variety of 

transcription factors (Ueda et al., 1994).  Regulation of CCL2 involves two regulatory 

regions within the promoter, the distal and proximal regions, separated by 2.2 kb of 

DNA (Ping et al., 1996).  The CCL2 promoter was originally reported to be 

approximately 500 base pairs and was found to be regulated by the phorbol ester, 

21-0-tetradecanoyl-phorbal 13-acetate (TPA).  Phorbol ester responsive elements 

(TRE), TGACTCA, were found at 129 and 157 base pairs upstream from the CCL2 

translation start site and are known to bind the transcription factor AP-1 (Figure 2) 

(Shyy et al., 1990).  Reporter assays using the proximal promoter determined that 

mutation in either of the TRE sites could abolish the TPA and IL-1β induction of 

CCL2 transcriptional activity (Martin et al., 1997; Li and Kolattukudy, 1994).  

Interestingly, the proximal CCL2 promoter showed no significant increase in CAT 

activity following treatment with TNF-α suggesting additional regulatory regions with 

the CCL2 promoter (Li and Kolattukudy, 1994).  

There are multiple NF-κB consensus binding sequences located within the 

CCL2 promoter region.  One NF-κB binding site is located 90 base pairs upstream of 

the transcriptional start site and has been shown to bind the NF-κB p50/p65 

heterodimer and is involved in the TPA and IL-1β regulation of CCL2 (Li and 

Kolattukudy, 1994; Martin et al., 1997).  Two NF-κB binding sites are located within 

the distal 5’ region of the CCL2 gene that are important for the inducible expression 

of CCL2 (Figure 2) (Ueda et al., 1997).  Both of these NF-κB site have been shown 
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to bind (p65)2, c-Rel/p65, p50/p65, and p50/c-Rel following LPS stimulation of THP-1 

cells (Ueda et al., 1997).  Mutation of both of these sites result is the loss of 

enhancer activity and the NF-κB binding site located between -2612 and -2603 and 

has been found to be required for stimulus-induced transcriptional activity although it 

has no effect on basal transcriptional activity (Ueda et al., 1997; Ueda et al., 1994).   

Other cis-elements within the CCL2 promoter have been identified as 

essential elements for the induction and maintenance of CCL2 transcription.  A GC 

box, which binds the transcription factor Sp1, is located between -64 and -59, and is 

essential for maximal expression of CCL2 (Figure 2) (Li and Kolattukudy, 1994; Ping 

et al., 2000; Ueda et al., 1994).  Ping et al. (2000) demonstrated that Sp1 binding is 

critical for promoter assembly and activation of CCL2 by TNF-α.   

Recent studies have suggested that communication between both, NF-κB 

and Sp1, control histone acetylation and the transcriptional regulation of CCL2 

following gene activation (Boekhoudt et al., 2003).  In the inactive state, only the 

distal region of the CCL2 promoter is accessible to transcription factors.  Following 

activation, NF-κB binds to the distal regulatory region of the CCL2 promoter and 

recruits the transcriptional coactivators CBP (CREB-binding protein) and p300 

(Teferedegne et al., 2006).  Recruitment of CBP and p300 led to histone 

modifications that allow binding of Sp1 to the CCL2 proximal promoter region 

(Teferedegne et al., 2006).  Sp1 binding of the CCL2 promoter has been found to be 

critical for the promoter assembly and activation of CCL2 (Ping et al., 2000).  This 

cooperation between NF-κB and Sp1 permits direct contact between the proximal 

and distal regions of the CCL2 promoter.  This mechanism of action prevents 
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inappropriate gene activation and allows rapid induction of CCL2 following an 

appropriate stimulus.  Muegge et al. (2002) demonstrated an increase in 

phosphorylated histone H3 bound to the CCL2 promoter at 60-120 minutes following 

LPS treatment in dentritic cells using chromatin immunoprecipitation assays (ChIP).  

Futhermore, the NF-κB subunit, p65,  is recruited and binds to the CCL2 promoter 

region in response to LPS, although not in response to TNF-α (Muegge, 2002). 

Nuclear Factor–κB (NF-κB) 

The NF-κB family of transcription factors regulates the transcription of an 

exceptionally large number of genes, particularly those involved in innate and 

adaptive immune responses and inflammatory responses (Siebenlist et al., 1994; 

Baeuerle and Baichwal, 1997).  To mount effective responses, an organism requires 

a sensitive and rapidly acting system to detect and fight these potential challenges 

such as stress, injury or pathogens.  NF-κB is activated rapidly in response to a wide 

number of stimuli, inicluding pathogens, stress signals, and pro-inflammatory 

cytokines (Li and Verma, 2002).  NF-κB activity is essential for lymphocyte survival 

and activation as well as mounting normal immune responses.  The NF-κB family is 

an integral part of the innate immune machinery that translates initial detection of 

foreign pathogens into activation of these cells, including production of chemokines 

and cytokines which in turn attract and activate professional immune cells (Liang et 

al., 2004).  During the adaptive immune response, NF-κB factors have an important 

role in the expansion and differentiation of lymphocytes (Liang et al., 2004).    

Constitutive activation of NF-κB pathways is often associated with inflammatory 

NF-κB in the Immune System and Inflammatory Response 
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diseases such as rheumatoid arthritis, multiple sclerosis, and asthma (Barnes and 

Karin, 1997). 

The mammalian NF-κB transcription factor family is comprised of p65/RelA, 

RelB, c-Rel, p50/NF-κB1 and p52/NF-κB2.  NF-κB was origninally identified in 1986, 

as a protein that bound the kappa light chain immunoglobulin gene and was induced 

following LPS and phorbol ester treatment (Sen and Baltimore, 1986).  The NF-κB 

family of proteins share a Rel homology domain (RHD), of about 300 amino acids, 

that is responsible for DNA binding, dimerization and interactions with the inhibitory 

IκB proteins (Siebenlist et al., 1994). Only p65/RelA, RelB and c-Rel proteins have a 

carboxy-terminal transactivtion domain (TAD) which activates transcription from NF-

κB-binding sites in target genes.  The strongest gene activation is mediated by p65, 

which contains 2 transactivation domains within its C terminus (Schmitz and 

Baeuerle, 1991).  p50 and p52 are the N-terminal parts of the precursor proteins 

p105/NF-κB1 and p100/NF-κB2, respectively, and are generated by proteolytic 

processing (Ghosh and Karin, 2002).  p50 and p52 lack this transactivation domain 

although they can still heterodimerize with other Rel subunits and can bind to NF-κB 

consensus sequences in DNA and therefore, function as a transcriptional repressor.  

p105/p50 and p100/p52 are the integral players in the noncanonical/alternative NF-

κB signaling pathway.  The canonical activation pathway typically involves the 

prototypical form of NF-κB, the p50/p65 complex, which is present in essentially all 

cells and is usually the most abundant dimeric complex.  This p50/p65 complex is 

rapidly activated and regulates a number of target genes (Ghosh et al., 1998). 

The NF-κB Transcription Factor Family 
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Understanding the complex relationship between NF-κB signaling pathways 

and the variability of expression patterns of NF-κB-regulated genes is a critical step 

in understanding the intricacies that govern NF-κB activity.  Two major signaling 

pathways have been characterized that results in the activation of NF-κB activities 

through distinct kinases and IκB proteins (Figure 3).  The canonical pathway is 

largely induced by activation of the IκB kinase (IKK) complex, consisting of the 

catalytic subunits IKKα, and IKKβ, as well as the non-catalytic, regulatory subunit, 

IKKγ (Li and Verma, 2002).  Therefore, the signaling pathways that lead to IKK 

activation are crucial regulatory events in NF-κB activation (Ghosh and Hayden, 

2008).  In the absence of proper stimulatory signals NF-κB complexes are normally 

retained in the cytoplasm by association with the small inhibitory IκB proteins IκBα, 

IκBβ, and IκBε.  Activation of the IKK complex requires phosphorylation of the 

activation loop followed by transautophosphorylation.  IKK activation results in the 

phosphorylation of IκBα at serine residues 32 and 36 (Brown et al., 1995; Chen and 

Greene, 2004).  IκB phosphorylation is a prerequisite for the subsequent 

polyubiquitination by a specific ubiquitin ligase belonging to the SCF (Skp-1/Cul/F 

box) family (Alkalay et al., 1995a; Alkalay et al., 1995b; Yaron et al., 1998; Ben-

Neriah, 2002; DiDonato et al., 1995).  Upon ubiqitination, the IκB proteins are rapidly 

degraded by the proteosome, a necessary step for NF-κB activation (Rice and Ernst, 

1993; Henkel et al., 1993; Lin et al., 1995).  Proteolysis of IκB therefore frees the 

NF-κB complex and exposes the nuclear localization signal (NLS) on p65 allowing 

nuclear translocation.  Transcriptional activity of NF-κB is also controlled by various 

NF-κB Activation Pathways 
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Figure 3. Activation of the NF-κB signaling pathway.  In the classical NF-κB 
activation pathway the prototypical NF-κB complex, a p50 and RELA/p65 
heterodimer, is sequestered in the cytoplasm  through their association wit the 
inhibitor, IκBα. Cellular activation results in the phosphorylation of IκB at serine 
residues 32 and 36 by the IKK complex, consisting of IKKα, IKKβ, and the regulatory 
subunit, NEMO/IKKγ.  Phosphorylation of IκBα stimulates the ubiquitylation (Ub) and 
degradation  of IκB by the 26S proteosome complex. Degradation of IκBα liberates 
the NF-κB dimer and unmasks the nuclear localization signal  found in p65 
promoting nuclear translocation and activation of target genes. The non-canonical 
pathway involves the proteolytic processing of p100 by the 26S proteosome yielding 
p52. This pathway generates p52-RELB heterdimers which then activate target 
genes.
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post-transcriptional modifications, including phosphorylation and acetylation (Figure 

4 and Table 2), as well as additional regulatory interactions (Schmitz et al., 2004).  

Activated NF-κB complexes then translocate and enter the nucleus, bind DNA and 

initiate transcription of NF-κB target genes (Ghosh et al., 1998; Henkel et al., 1993).  

NF-κB does this by binding to cis-acting κB sites in promoters and enhancers of 

these genes bearing the consensus sequence 5’GGGPuNNPyPyCC-3’ (Xiao, 2004).  

Transcription of target genes is then regulated through the recruitment of 

transcriptional co-activators and transcriptional co-repressors.  NF-κB target genes 

include the inhibitor protein, IκB, which results in rapid re-synthesis of IκB mRNA 

and protein (Chiao et al., 1994).  This results in inhibition of NF-κB-dependent 

transcription, forming an inducible autoregulatory pathway that can quickly and 

efficiently terminate the response following removal of the stimulus (Brown et al., 

1993; Sun et al., 1993; Arenzana-Seisdedos et al., 1995; Scott et al., 1993; Chiao et 

al., 1994).   

A number of NF-κB family members also contain κB binding sequences within 

their regulatory regions and are, in turn, regulated by NF-κB signaling pathways.  

The p105 precursor of the p50 NF-κB subunit revealed the absence of TATA and 

CCAAT elements but the presence of functionally active κB motifs.  Furthermore, the 

promoter of p105/p50 is activated by phorbal esters and TNF-α treatment through 

the NF-κB binding sequence (Ten et al., 1992; Cogswell et al., 1993).  Presumably, 

the induced expression of NF-κB precourser proteins replenishes the NF-κB stores 

after processing.  In contrast to the p50 subunit, the 1.4 kb upstream regulatory 

region of p65 does not contain any sequences predicted to bind NF-κB complexes.  
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Additionally, this p65 promoter region lacks both TATA and CCAAT consensus 

sequences, which is characteristic of housekeeping genes.  Functional studies have 

shown that p65 promoter activity is not increased following PMA or PHA treatment in 

Jurkat cells.  However, a GC-rich region immediately 5’ to the coding region of p65 

does contain three consensus binding sites for the transcription factor, SP1.  

Although the mechanism of p65 regulation is unknown, p65 is believed to be 

constitutively expressed in all cells and only small increases, if any, have been 

described following stimulation (Ueberla et al., 1993; Molitor et al., 1990).         

The noncanonical, or alternative, NF-κB activation pathway is often stimulated 

by members of the TNF receptor superfamily, such as LTβR, BAFFR, and CD40R 

resulting in the release of p52/RelB and p50/RelB dimers (Xiao, 2004).  This 

signaling cascade leads to NIK- and IKKα-dependent processing of the p100 protein, 

which results in the release of the active, N-terminal, p52 polypeptide. (In contrast to 

p100, p105 undergoes constitutive cleavage to produce the p50 subunit.)  The RHD 

of p100/p52 is most commonly associated with RelB, and, activation of this pathway 

results in the formation of p52-RelB dimers.  These heterodimers then translocate to 

the nucleus and effect target genes regulated by kB sites that bind this complex 

(Hayden and Ghosh, 2008). 

Regulation of the NF-κB pathway is brought about through the multiple post-

translational modifications that control the activity of its core components, the IKK 

complex, the IκB proteins, and the NF-κB subunits themselves.  These modifications 

include phosphorylation, ubiquitination, and acetylation that can vary, depending on 

Regulation of the NF-κB Subunit, p65, by Post-translational Modifications 
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the nature of the stimulus (Figure 4).  These modifications can affect protein 

localization, DNA binding, and interactions with coactivators and corepressors (Chen 

and Greene, 2004).  Multiple p65 phosphorylation and acetlyation sites have been 

identified with a number of different modulatory roles (Figure 4 and Table 2). 

 

 

 

 

 

 

 

Figure 4. Post-translational modifications and structure of p65. 

Differential phosphoaccecptor sites and acetylation sites located  in p65.   

Abbveviations: TA1 and TA2, subdomains of the transactivation domain (TA) 
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Table 2. Post-translational Modifications of p65 

   
     Sites Modification Enzyme Effect Reference 
K122  Acetylation p300/CBP,  Inhibition (Kiernan et al., 2003) 
K123   pCAF     
S205 Phosphorylation Unknown Transcriptional activity (Anrather et al., 2005) 
K218  Acetylation p300/CBP Inhibits IκBα binding,  (Chen et al., 2002) 

K221     
enhances DNA 
binding    

T254 Phosphorylation Unknown Prolyl Isomerization (Ryo et al., 2003) 
S276 Phosphorylation PKAc, MSK1 Activation/ (Zhong et al., 1998) 
      transcriptionl activity (Vermeulen et al., 2002) 
S281 Phosphorylation Unknown Transcriptional activity (Anrather et al., 2005) 
K310 Acetylation p300/CBP Transcriptional activity (Chen et al., 2002) 
S311 Phosphorylation PKCζ Transcriptional activity (Duran et al., 2003) 
T435 Phosphorylation Unknown Transcriptional activity (Yeh et al., 2004) 
S468 Phosphorylation IKKε, IKKβ,  Transcriptional activity (Buss et al., 2004a) 

    GSK3β   
(Schwabe and Sakurai, 
2005) 

        (Mattioli et al., 2006) 
T505 Phosphorylation Chk1 Transcriptional activity (Rocha et al., 2005) 
        (Campbell et al., 2006) 
S529 Phosphorylation CK2 Transcriptional activity (Wang et al., 2000b) 

S536 Phosphorylation IKKα, IKKβ,  
Transcriptional 
activity,  (Sakurai et al., 1999) 

    RSK1, TBK1 nuclear localization,  (Sizemore et al., 2002) 
    

 
Stability (Buss et al., 2004b) 

        (Lawrence et al., 2005) 
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Serine 276 is perhaps the best characterized phosphorylation site of p65 NF-

κB.  Phosphorylation of p65 at this residue is associated with histone rearrangement.  

Unphosphorylated p65 interacts with histone deacetylase-1 (HDAC-1) while 

phosphorylation disrupts the intramolecular interaction allowing DNA binding and 

promotes the interaction of p65 with the co-activating acetylase CBP/p300 (Zhong et 

al., 2002; Zhong et al., 1998).  Studies have found that Ser-276 is phosphorylated by 

the kinases PKA, and the MAPK p38 downstream target, mitogen- and stress-

activated kinase 1 (MSK1) (Zhong et al., 1998; Zhong et al., 1997; Vermeulen et al., 

2003).  However, analyses of p65-/- MEFs indicate that S276 phosphorylation can 

be promoter specific and has a subtler effect on p65 function (Anrather et al., 2005). 

Serine 311 lies in the transactivation domain of p65 and is inducibly 

phosphorylated by the atypical, PKCζ, in response to TNF stimulation.  

Phosphorylation of this site is mediated by PKCζ and p65 serine residue 311, was 

identified as the PKCζ phosphoacceptor site (Duran et al., 2003).  For PKCζ to 

interact with p65 in cytokine-activated cells, IκB has to be first degraded by the 

proteosome to allow access to this serine residue.  PKCζ-deficient fibroblasts show 

IKK activation and normal nuclear translocation of p65 but reduced DNA-binding 

activity indicating a role for this serine residue in transcriptional activity (Leitges et 

al., 2001). Further experiments indicate the serine 311 phosphorylation promotes the 

interaction of p65 with CBP and the recruitment of CBP and RNA polymerase II to 

the IL-6 promoter (Duran et al., 2003).  Interestingly, recombinant PKCζ has also 

been shown to directly phosphorylate IKKβ in vitro at serine 177 and 181 leading to 

IKKβ activation and IκB degradation (Lallena et al., 1999). Finally, an in vitro 
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interaction between PKCζ and the MKK-MAPK complex has been demonstrated, 

and together with the NF-κB pathway, may contribute to the mechanism in which 

PKCζ controls cell proliferation (Diaz-Meco et al., 1994a). 

Phosphorylation of p65 at Ser-536, a site located in the TAD, has also been 

described.  Recent studies have found that p65 is phosphorylated at serine 536 by 

the kinases, IKKα/β, and RSK1 among other kinases as seen in Table 2 (Sakurai et 

al., 1999; Sizemore et al., 2002; Buss et al., 2004b; Mattioli et al., 2004).  This site is 

phosphorylated in vivo in response to TNF-α, LPS, T-cell co-stimulation, lymphotoxin 

B or phorbol ester/ionomycin with multiple functional effects (Sakurai et al., 2003; 

Jiang et al., 2003; Mattioli et al., 2004).  Despite its wide occurrence, the function of 

serine 536 phosphorylation for p65 activity is largely elusive.  It is unclear whether 

phosphorylation of Ser-536 is part of the activation mechanism leading to p65 

nuclear translocation or a priming mechanism for p65 transactivation potential.  

Serine 536 phosphorylation can be detected in the cytoplasm and in the nucleus but 

it is unclear if this is due to the shuttling of phosphorylated p65 or the presence of 

both cytoplasmic and nuclear kinases (Mattioli et al., 2004).   

In addition to the multiple kinases that have the ability to modify p65, these 

kinases may also regulate NF-κB activity through other mechanisms.  IKK activation 

has the ability to regulate p65 through post-transcriptional modifications that help to 

define which genes are induced or repressed by the NF-κB complexes (Perkins, 

2006).  IKKα and IKKβ are Rel A kinases that phosphorylate p65 at serine residue 

536, however, they can also regulate Rel A activity through other mechanisms 

(Perkins, 2007).  Recent studies have also shown that IKKα may bind to the 
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promoter of NF-κB regulated genes, as well as transcriptional co-activators and co-

repressors (Anest et al., 2003).  Phosphorylation of the co-activator CBP, (CREB-

binding protein), results in enhances binding of CBP to p65 (Huang et al., 2007).  

IKKα also has the ability to induce phosphorylation of serine 10 in histone H3 which 

may lead to greater κB site accessibility (Anest et al., 2003). 

NF-κB is one of the most widely studied transcription factors due to its 

complex signal transduction pathways and its role in inflammation, innate and 

adaptive immunity and cellular-stress responses.  NF-κB also participates in 

leukocyte trafficking through the regulation of chemokine expression.   NF-κB is 

activated by over 200 stimuli and has the ability to regulate the expression of over 

300 genes.  NF- κB target genes include the chemokines: CCL2, CCL3, CCL4, 

CCL5, CCL11, CCL17, CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, CXCL9, CXCL10  

and CXCL12 as well as a number of other targets (Table 3) (Hoffmann et al., 2003; 

Ahn et al., 2004; Grove and Plumb, 1993; Widmer et al., 1993; Kim et al., 2006).  

The NF-κB family of transcription factors is an integral player in the regulation of 

chemokine expression, although the effects are diverse and cell-type dependent.   

NF-κB Regulation of Chemokine Expression 
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Table 3. List of Selected NF-κB Responsive Genes 

  
   NF-κB Target 

Genes Function Reference 

   CCL2/MCP-1 Monocyte chemotactic protein (Ueda et al., 1994) 

  
(Teferedegne et al., 2006) 

CCL3/MIP-1α 
Macrophage inflammatory protein 
1 (Grove and Plumb, 1993) 

CCL4/MIP-1β 
Macrophage inflammatory protein 
1 (Widmer et al., 1993) 

CCL5/RANTES T-cell secreted factor (Wickremasinghe et al., 2004) 

  
(Moriuchi et al., 1997) 

CXCL10/IP-10 Interferon-γ-induced protein-10 (Ohmori and Hamilton, 1993) 

  
(Cheng et al., 1998) 

CXCL11/I-TAC 
Interferon-inducible T-cell alpha 
chemoattractant (Tensen et al., 1999) 

CX3CL1/ 
Fractalkine 

Chemoattractant (Ahn et al., 2004) 
(Bhavsar et al., 2008) 

IL-1β Inflammatory cytokine (Hiscott et al., 1993) 
IL-6 Inflammatory cytokine (Libermann and Baltimore, 1990) 

  
(Shimizu et al., 1990) 

IL-8 Inflammatory chemokine (Kunsch et al., 1994) 

  
(Kang et al., 2007) 

IFN-γ Interferon gamma (Sica et al., 1992) 

  
(Sica et al., 1997) 

IκBα Inhibitor of NF-κB (de et al., 1993) 

  
(Sun et al., 1993) 

Lymphotoxin TNF-like lymphokine (Worm et al., 1998) 

  
(Kuprash et al., 1996) 

NF-κB1 NF-κB p105 precursor (Ten et al., 1992) 
NF-κB2 NF-κB p100 precursor (Lombardi et al., 1995) 
p53 Tumor suppressor (Wu and Lozano, 1994) 

  
(Schumm et al., 2006) 

RelB Member of the NF-κB family of  (Bren et al., 2001) 

 
transcription factors 

 TNF-α Tumor necrosis factor alpha (Shakhov et al., 1990) 

  
(Collart et al., 1990) 
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Many studies have helped to elucidate the role of NF- κB in the regulation of 

chemokine expression.  Although the 5’ regulatory region and the NF-κB element 

present within this region of the many NF-κB target genes varies greatly, the 

requirement for NF-κB is the same (Saccani et al., 2001).   

Activation of  GPCRs often result in the activation or repression of NF-κB 

signaling through a number of different pathways including the cAMP/PKA/CREB, 

PI3K/Akt and PLCβ/PKC signaling pathways (Ye, 2001).  Many members of the Gi 

family of receptors have been reported to mediate activation of NF-κB including the 

receptors for fMLF, CXCL12, CXCL1 and CXCL8 (Ye, 2001).   

Opioid Receptor Regulation of NF-κB Activity 

Opioid receptor regulation of NF- κB signaling was first revealed to play an 

important role in the regulation of cytokine receptor expression in morphine-treated 

rhesus monkeys and morphine treated mice (Carr et al., 1995; Roy et al., 1998).  

Recent studies have shown that DAMGO treatment is able to increase NF-κB DNA-

binding activity in primary rat cortical neurons and that the effect is specific and 

mediated through MOR (Hou et al., 1996).  Liu and Wong (2005) showed that the μ-

opioid receptor is capable of initiating NF-κB activity through the phosphorylation of 

IKK as well as p65 in the human neuroblastoma SH-SY5Y cells.  The endogenous 

µ-selective ligands, endomorphins 1 and 2, led to marked potentiation of NF-κB 

binding in THP-1 differentiated to macrophage-like cells (Azuma and Ohura, 2002).  

Additionally, both endomorphins significantly potentiated LPS-stimulated NF-κB 

binding (Azuma and Ohura, 2002).  Roy et al. (1998) demonstrated that morphine 

treatment modulates LPS induced expression through the regulation of NF-κB in 
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macrophages.  Interestingly, nanomolar concentrations of morphine resulted in an 

increase in NF-κB DNA binding activity while morphine treatments at micromolar 

concentrations led to a significant decrease in NF-κB activation (Roy et al., 1998).  

Together, these data indicate that NF-κB is involved in opioid-mediated immune 

responses.  Although the effects can be diverse and often cell-type dependent, NF-

κB is a critical component in opioid function and receptor gene expression (Chen et 

al., 2006b).  Recently, NF-κB has also been implicated in the transcriptional 

regulation of MOR (Kraus et al., 2003), DOR (Chen et al., 2006a) as well as KOR 

(Law et al., 2004) expression.  Understanding the mechanism of NF- κB involvement 

in opioid receptor activation and chemokine expression may provide a vital key to 

understanding this complex signaling network.   

Regulation of Target Gene Expression Through AP-1 and NFAT 

Activating protein–1 (AP-1) transcription factors consist of homodimers and 

heterodimers of the basic region-leucine zipper (bZIP) proteins that belong to the 

Jun (c-jun, v-jun, junB, junD), Fos (c-fos, v-fos, fosB, Fra1, Fra2) and the related 

activating transcription factor (ATF2, ATF3/LRF1, B-ATF) subfamlies.  The Fos and 

Jun family of proteins function as dimeric transcription factors that bind as homo- 

and heterodimers to AP-1 regulatory elements present in many genes (Curran and 

Franza, Jr., 1988; Chinenov and Kerppola, 2001).  The prototypical AP-1 factor is a 

heterodimer made up of a c-jun and c-fos complex, that binds to some variation of 

the consensus AP-1 recognition sequence, TGACTCA, in the promoter regions of 

target genes (Lee et al., 1987; Radler-Pohl et al., 1993).  The number of possible 

Activation Protein-1 (AP-1) 
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combinations of dimers capable of interacting with AP-1 sites has increased the 

complexity of the mechanisms that regulate the formation of specific homo- and 

heterodimers among AP-1 family members, and the regulation of their transcriptional 

and DNA-binding activities as well as the role played by each specific AP-1 form in 

cell signaling (Karin et al., 1997).  One of the targets for MAPK activation in 

mammalian cells is the transcription factor AP-1.  The AP-1 transcription factor family 

participates in the regulation of a variety of cellular processes including cell 

proliferation, differentiation, apoptosis and oncogenesis (Chinenov and Kerppola, 

2001).   

Nuclear factor of activated T cells (NFAT) is a family of transcription factors 

that was originally identified as an inducible nuclear factor that could bind the IL-2 

promoter in activated T cells (Shaw et al., 1988; Northrop et al., 1994).  NFAT 

proteins are structurally related to the DNA-binding domain of the Rel-family of 

transcription factors and are known to play a crucial role in the function of the 

immune system (Northrop et al., 1993; Macian, 2005).  NFAT secondary structure 

consists of three functional domains: a Rel-similarity domain (RSD) for DNA binding 

and association with AP-1 transcription factors, an NFAT homolog region (NHR) 

domain, containing intracellular localization signaling sequences, and a 

transcriptional activation domain, which recruit coactivators of NFAT transcription 

such as CBP, p300 and JAB1 after NFAT:AP-1 protein complex formation (Crabtree 

and Olson, 2002).  NFAT nuclear locanization and transcriptional activity is 

modulated by cell-surface receptors that once activated result in increased levels of 

Nuclear Factor of Activated T cells (NFAT) 
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intracellular Ca2+ (Timmerman et al., 1996).  Calmodulin (CaM) is a calcium binding 

protein that, following an increase in intracellular calcium, undergoes a 

conformational change which enables it to bind to other interacting proteins in 

response to the appropriate stimuli (Hogan et al., 2003). CaM is a well known 

calcium sensor protein that activates the serine/threonine phosphatase calcineurin 

(CN). Activated CN rapidly dephosphorylates NFAT resulting in a conformational 

change that exposes a nuclear localization signal resulting NFAT translocation to the 

nucleus where it binds to cis-regulatory elements of target genes as a monomer 

(Masuda et al., 1998; Macian et al, 2005).  Following removal of the stimulis and 

NFAT is rephosphorylated by NFAT kniases and rapidly leaves the nucleus and 

NFAT dependent gene expression is terminated (Garrity et al., 1994; Loh et al., 

1996b; Loh et al., 1996a; Timmerman et al., 1996).  As a result of the dependence 

on calcium and calcineurin signaling, NFAT has a remarkable ability to sense 

dynamic changes in intracellular calcium levels and frequencies of calcium 

oscillations in cells (Dolmetsch et al., 1997; Dolmetsch et al., 1998; Li et al., 1998). 

Activation of opioid receptor signaling pathways results in the initiation a 

complex network of signaling cascades whose function is to produce a coordinated 

effort resulting in the regulation of mediators of target gene transcription.  The 

transcription factor, AP-1, is at target for multiple pathways including MAPK.  The 

linkage of opioid receptors to MAPK pathways provides additional capabilities to 

regulate gene expression via a number of transcription factors, including AP-1. 

Stimulation of MOR with DAMGO or morphine induces c-fos and junB mRNA 

Opioid Receptor Regulation of AP-1 and NFAT 
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expression.  The use of inhibitors demonstrated that MOR activation of c-fos and 

junB is a result of PTX-sensitive G-proteins and the ERK cascade as well as the 

transcription factor Elk-1.  Furthermore, the gene products, c-fos and junB, 

participate in the formation of functional AP-1 complexes and result in increased 

DNA binding and can induce expression of target genes (Shoda et al., 2001).  Hou 

et al. (1996) demonstrated that mu-opioid receptor stimulation resulted in increased 

AP-1 activity in cultured rat cortical neurons.  Studies in a neuroblastoma cell line 

found that MOR activation results in an increase in AP-1 binding and transcriptional 

activity (Bilecki et al., 2004).    

Calcium flux and initiation of Ca2+ signaling pathways are a hallmark of Gαi 

activation and opioid receptor stimulation.  Studies have shown that activation of the 

μ-opioid receptor results in the release of intracellular Ca2+ stores and CaM 

translocation to the nucleus (Quillan et al., 2002; Wang et al., 2000a).  Furthermore, 

calmodulin directly completes with G proteins for binding to opioid receptors and 

may serve as a second messenger molecule following MOR stimulation (Wang et 

al., 1999). Finally, morphine induces NFAT nuclear protein binding to an NFAT DNA 

response element in the IL-4 promoter and results in increased IL-4 transcription 

(Roy et al., 2001). 

Although the major pathways for activation of NFAT and AP-1 trancription 

factors are distinct, there is evidence that these transcription factors can cooperate 

to regulate several genes in immune cells including IL-2.  IL-4, and GM-CSF and 

IFN-γ (Rao et al., 1997; Macian et al., 2001; Fraser and Weiss, 1992).  A wide range 

of composite binding sites have been observed with different affinities for these 
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transcription factors.  The best characterized example of cooperative binding of AP-1 

and NFAT occurs at the composite site of the IL-2 promoter.  AP-1 associates with 

NFAT  creating a stable tertiary complex and subsequently enhances transcription 

factor binding and transactivation of the NFAT/AP-1 binding site located within the 

IL-2 promoter (Jain et al., 1992; Chen et al., 1995; Yaseen et al., 1994).  The δ-

opioid receptor has been reported to increase AP-1 complexes and enhance 

transcriptional activity of the NF-AT/AP-1-binding site located in the IL-2 promoter,  

resulting in increased IL-2 secretion (Hedin et al., 1997). 

Significance 

Evidence suggests that the function of opioid receptors on cells of the 

immune system is the result of a complex system involving many direct and indirect 

signals.  The combined use of primary cell populations and a cell line model system 

could help us understand the factors involved in this multifaceted response. 

Furthermore, these studies could prove to be a valuable resource in the elucidation 

of the molecular requirements that regulate opioid receptor signal transduction as 

well as the mechanisms that coordinate chemokine expression.  Understanding the 

ability of MOR to mediate its pro-inflammatory effects with respect to chemokine 

production in cells of the immune system could help us further understand the 

molecular basis for inflammation and the overall immunomodulatory effects of 

opioids.  

It is well established that NF-κB signaling plays a critical role in inflammation 

and in innate and adaptive immunity.  The challenge now is to understand how 

different signal transduction pathways selectively activate different NF-κB complexes 
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in a coordinated manner.  Particularly since NF-κB is one of the key modulators that 

control the expression of many important cytokines and chemokines.  The 

mechanism of NF- κB involvement in opioid receptor activation and chemokine 

expression may provide a vital key to understanding this complex signaling network.   

Although the role of opioids in the physiological and pathological function of 

the immune system is only beginning to be unraveled, further identification and 

characterization of the signal transduction pathways that account for some of the 

unique properties of opioid binding and their immunomodulation properties could 

lead to new therapies for immune system-related and inflammatory diseases, drug 

addiction and infectious diseases.  

Specific Aims 

Opioids exert a number of effects on the immune system including the regulation of 

chemokine expression.  Based on studies showing the capacity of MOR to alter pro-

inflammatory chemokine expression such as CCL2/MCP-1 and CCL5/RANTES, we 

expanded these studies to:  

1. Investigate the role of TGF-β in the DAMGO-induced regulation of CCL5.  

Differential activation and binding of inducible transcription factors to the 

promoter region of chemokine genes provide a critical regulatory mechanism by 

which chemokines can be selectively expressed in a cell type-specific and stimulus-

specific manner.  To determine the molecular mechanism that are responsible for 

DAMGO-induced MOR regulation of CCL2 and CCL5 we choose to investigate the 

following: 

2. Identify transcription factors that may be involved in μ-opioid receptor 
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regulation of target gene expression in PBMCs. 

3. Determine if activation of μ-opioid receptor can induce binding of AP-1 to its 

consensus sequence. 

4. Determine if NFAT is involved in the MOR regulation of chemokine 

expression.  

NF-κB is an essential mediator of the immune response and regulator of 

chemokine expression.  The opioid receptors are known to activate NF-κB signaling 

and this transcription factor is known to play a role in mediating the downstream 

effects of opioid receptor activation.  In the following studies we wanted to 

investigate the following: 

5. Determine the role of NF-κB in MOR regulation of CCL2 and CCL5 

expression. 

6. Investigate the status of p65/Rel A following stimulation and activation of 

MOR. 

7. Determine the status of p65 in vivo with respect to the endogenous CCL2 

promoter following DAMGO-induction of CCL2 expression. 

8. Investigate the role of the atypical PKC, PKCζ, in response to DAMGO 

treatment and μ-opioid receptor activation.  

 
 

 

 

 

 
52



CHAPTER 2 
MATERIALS AND METHODS 

Drugs 

The µ-opioid selective agonist [D-ala2,N-Me-Phe4-Gly-ol5]enkephalin 

(DAMGO) (Multiple Peptide Systems, San Diego, CA) and the µ-opioid selective 

antagonist D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP) (Multiple Peptide 

Systems) were suspended in Dulbecco’s Phosphate Buffered Saline (PBS: 

Mediatech, Inc., Herndon, VA), aliquoted, and stored at -80°C prior to use.  

Reconstituted DAMGO was stored for no more than 2 weeks at -80°C. 

Chemicals 

Polybrene® (Sigma, St. Louis, MO), BCP phase separation reagent (Fisher 

Scientific, Pittsburgh, PA), TRIzol® (Invitrogen, Carlsbad, CA), 40% 

paraformaldehyde (methanol and Rnase free) (Fisher Scientific), Tween-20 (Fisher 

Scientific), 95% Ethanol (molecular biology grade) (Fisher Scientific), Isopropanol, 

99.5% (Fisher Scientific), Accustain crystal violet solution (Sigma-Aldrich, St. Louis, 

MO), 10% SDS (Invitrogen), 10X PBS (Cambrex, East Rutherford, NJ). 

Antibodies 

Antibodies used for techniques including western blot analysis, flow 

cytometry, ELISA, and ChIP analysis included a number of total and phospho- 

antibodies from a number of companies including Cell Signaling Technology 

(Danvers, MA), Santa Cruz Biotechnology Inc. (Santa Cruz, CA),  Sigma-Alderich 

(St. Louis, MO), Invitrogen (Carlsbad, CA) and R&D Systems (Minneapolis, MN).  
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Antibodies, including company, catalog number and application, are listed in Table 

4. 
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Table 4. List of Antibodies used  

    
     Antibody Company Catalog # Source Application 
          
anti-NF-κB p65 Santa Cruz sc-7151 Rabbit Western Blot 

anti-phospho-p65 (Ser311) Santa Cruz 
sc-33039-
R Rabbit Western Blot 

anti-GAPDH Santa Cruz sc-47724 Mouse Western Blot 
anti-phospho-p65 (Ser536)  Cell Signaling 3033 Rabbit Western Blot 
anti-IκB Cell Signaling 4814 Mouse Western Blot 
anti-phospho-IκB Cell Signaling 9246 Mouse Western Blot 
anti-PKCζ/λ Santa Cruz sc-216 Rabbit Western Blot 
anti-phospho-PKCζ/λ 
(Thr410/403)  Cell Signaling 9378 Rabbit Western Blot 
anti-IKKα Cell Signaling 2682 Rabbit Western Blot 
anti-IKKβ Cell Signaling 2370 Rabbit Western Blot 
anti-phospho-IKKα/β Cell Signaling 2697 Rabbit Western Blot 
anti-PDK-1 Cell Signaling 3062 Rabbit Western Blot 
anti-phospho-PDK-1 (Ser241) Cell Signaling 3061 Rabbit Western Blot 
anti-mouse IgG-HRP  Cell Signaling 7076 Goat Western Blot 
anti-rabbit IgG-HRP Santa Cruz sc-2030 Goat Western Blot 

Anti-FLAG polyclonal Sigma-Alderich  F7425 Rabbit 
Western Blot, 
FACs 

anti-V5-FITC  Invitrogen R963-25 Mouse FACs 
anti-FLAG M2 monoclonal  Sigma-Alderich  F9291 Mouse FACs 
phycoerythrin (PE) 
conjugated streptavidin  BD Pharmingen 554061 None FACs 
anti-CCL2 R&D Systems MAB679 Mouse ELISA 
biotinylated anti-CCL2 R&D Systems BAF279 Goat ELISA 
anti-rabbit-IgG Upstate PP64B Rabbit ChIP 
anti-acetyl-Histone H3 Upstate 06-599B Rabbit ChIP 
anti-NF-κB p65 Upstate 06-418 Rabbit ChIP 
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Isolation of Peripheral Blood Mononuclear Cells 

Peripheral blood mononuclear cells (PBMCs) were obtained from whole 

blood of normal donors under aseptic conditions.  A volume of up to 200 ml of blood 

was collected into sterile 50 ml polystyrene conical tubes containing each containing 

12.5 ml of the anti-coagulant acid sodium citrate (ACD) (Fisher Scientific, Pittsburgh, 

PA) for a total of 50 ml of the blood and ACD mixture.  PBMCs were isolated by 

density gradient centrifugation.  Briefly, whole blood was layered over Ficoll-Paque 

Plus (Pharmacia Biotech, Piscataway, NJ) and centrifuged at 1300 rpm for 30 

minutes at room temperature.  Following centrifugation the upper plasma layer was 

removed leaving the mononuclear layer undisturbed at the interface.  PBMCs are 

then removed as carefully as possible to prevent contamination of granulocytes or 

platelets and places in a separate conical tube.  PBMCs were washed with PBS and 

centrifuged at 1300 rpm for 10 minutes at room temperature.  PBMCs are then 

resuspended in 5 ml of 1X red blood cell lysis solution (15 M ammonium chloride, 10 

mM potassium bicarbonate, 0.1 mM EDTA, and water up to 1 liter) and allowed to 

incubate on ice for 10 minutes.  PBMCs were then centrifuged and resuspended in 

PBS to determine the number of PBMCs extracted so the cells may then be 

resuspended into RPMI media with 10% FBS and 10 μg/ml gentamicin (R10 ) cell 

culture media.  PBMC cultures were maintained in R10 and cell cultures were 

maintained at 37oC, 5% CO2. 

Cell Culture 

Primary human peripheral blood mononuclear cells (PBMCs) were cultured in 

complete R10 media which consist of RPMI 1640 medium (Life Technologies, 
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Rockville, MD) supplemented with 10% heat-inactivated (56oC, 30 min) endotoxin-

free FBS (Thermofisher, Waltham, MA) and 10 µg/ml gentamicin (Life 

Technologies).   The human epithelial kidney cell line, HEK-293, and the carcinomic 

human alveolar basal epithelial cell line, A549 cells, were cultured in D10 complete 

medium.  D10 medium contained DMEM media (Life Technologies, Rockville, MD) 

supplemented with 10% heat-inactivated (56oC, 30 min) endotoxin-free FBS 

(Thermofisher, Waltham, MA) and 10 µg/ml gentamicin (Life Technologies).  All cell 

culture was maintained in maintained in 37oC incubators with 5% CO2. 

Cell Treatments and Reagents 

To determine the mechanism involved in DAMGO-induced MOR activation a 

number of inhibitors were utilized including: Cyclohexamide (Sigma-Alderich, St. 

Louis, MO cat. #C4859), anti-TGF-β antibody (Sigma-Alderich cat. #T0438), (E)-4-

Hydroxynonenal (HNE) (Alexis Biochemicals, San Diego, CA, cat. #ALX-270-245), 

[(E)-3-(4-Methylphenylsulfonyl)-2-propenenenitrile] (BAY 11-7082) (Alexis 

Biochemicals cat. #ALX-270-219), NFAT inhibitor (Calbiochem, Gibbstown, NJ cat. 

#480401), PKCζ  pseudosubstrate inhibitor (Calbiochem cat. #539624), MG132 

(Biomol Research Laboratories, Inc., Plymouth Meeting, PA cat #133407-82-6). 

Pretreatment of PBMCs included cyclohexamide (Sigma) at 10-100ug/ml, 

anti-TGF-β antibody (Sigma) at 5ug/ml, (E)-4-Hydroxynonenal (HNE) at 50μM or 

BAY 11-7082 at 10μM, the NFAT inhibitor at 1µM, PKCζ PSI at 25µM, MG132 at 

concentration of 50 µM.  All pretreatments were added 30-60 min prior to the 

addition of DAMGO treatments.  Recombinant chemokines (MCP-1, TGF-β, IL-β) 

were obtained from Peprotech (Rocky Hill, NJ) and reconstituted in sterile water. 

57



Lyophilized chemokine powders were greater than 99% pure and had endotoxin 

levels of less than 0.1ng per μg (1EU/μg).  Chemokines were stored at -20°C and 

used at the concentrations as detailed in each experiment.    

RNA Isolation 

Total RNA was isolated using TRIzol® (Invitrogen).  PBMCs were obtained 

from human donors and were cultured in RPMI with 10% FBS and pen/strep 

overnight.  For each sample we used 2.0 x 107 PBMCs.  Cells were treated with or 

without an inhibitor followed by DAMGO treatment at a concentration of 100nM or 

1nM for various time points.  Following treatment, PBMCs were harvested and the 

cell pellet was resuspended in TRIzol® (Invitrogen) in 1.5ml RNase-free microfuge 

tubes (Ambion).  200μl of BCP phase separation reagent (Fisher Scientific) was then 

added to each tube.  The samples were vigorously shaken and then centerfuged at 

13000 rpm for 15 minutes at 4°C.  The upper aqueous was then transferred to a new 

tube and mixed with 0.5ml of isopropanol.  Samples were allowed to incubate for 10 

minutes at room temperature followed by a centrifugation at 12000 rpm for 10 

minutes at 4°C.  Supernatant was then removed and the RNA pellet was washed 

with 1 ml of 75% ethanol followed by a 5 minute centrifugation at 8000 rpm.  The 

RNA is then allowed to dry at room temperature for approximately 5 minutes and 

dissolved in 20-30µl of nuclease-free water.  

Quantity and Integrity of RNA 

The concentration and purity was assessed by optical density (OD).  RNA 

was diluted 1:200 into water and the OD was measured at both 260 nm and 280 nm 
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using a Spectronic Instruments spectrophotometer (Fisher Scientific, Pittsburgh, 

PA).  RNA concentration was determined using the formula: 

Unknown mass (mg) = (sample OD260)(40µg/ml) X dilution factor 

The ratio of the OD260 to the OD280 was used as an indication of the RNA purity.  OD 

ratios between 1.7 and 1.95 indicate good quality RNA.  Diethyl pyrocarbonate 

(DEPC) gels were run as an additional means of verifying the integrity of the RNA.  

These gels were prepared with 1X TAE solution (40 mM Tris-acetate and 1 mM 

EDTA pH8.0) containing sterile DEPC-treated water and 1% agarose. 

Reverse Transcriptase Reaction 

RNA was subjected to DNase treatment using Turbo DNA-free (Ambion, 

Austin, TX) and 1-3 ug was used for cDNA synthysis using Invitrogen SuperScript III 

first-strand synthesis kit (Carlsbad, CA).  Manufacturer protocol for first-strand 

synthesis was followed using 100-200 ng of random hexamers.  cDNA product was 

diluted 1:200 into water and the OD was measured at both 260 nm and 280 nm 

using a Spectronic Instruments spectrophotometer (Fisher Scientific, Pittsburgh, PA) 

for quality and concentration.    

Real Time PCR Methods 

Quantitation of cDNA following RNA isolation and the reverse transcriptase 

reaction was completed using a Spectronic Instruments spectrophotometer (Fisher 

Scientific).  50-500 ng of cDNA was used for each real time PCR reaction.  Real time 

PCR was performed with Roche LightCycler FastStart DNA master SYBR green kit. 

PCR primers were used as follows: 
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Table 5. Real Time Primers  
  5' -> 3' 
b-actin S CGGGAAATCGTGCGTGACAT 
 AS GAACTTTGGGGGATGCTCGC 
CCL2/MCP-1 S GATCTCAGTGCAGAGGCTGG 
 AS TGCTTGTCCAGGTGGTCCAT 
CCL5/RANTES S ACCACACCCTGCTGCTTTGC 
 AS CCGAACCCATTTCTTCTCTGG 
TGF-β S GCAACAATTCCTGGCGATACC 
 AS CTCCACGGCTCAACCACTG 

 

 

 

 

Primers were used at a concentration of .5 µM and real time reactions were 

supplemented with 1.25 mM magnesium chloride.  PCR conditions were 95°C for 10 

min, 90°C 30 sec, followed by 50 cycles of 95°C for 0 sec, 62°C for 5 sec, 72°C for 

10 sec, followed by the melt curve at 95°C for 0 sec, 65°C for 15 sec and 95°C for 0 

sec at .1°C/sec slope and cooling at 42°C for 30 sec. Data analysis was done using 

Roche LightCycler software version 4.05. Target gene cDNA concentrations were 

determined based on the cross point of the sample and a standard curve.  Target 

concentrations were then compared to the housekeeping gene β-actin to determine 

the concentration ratio.  

Concentration Ratio =     target, sample     :   

    Reference, sample  reference, calibrator 

 target, calibrator 

60



The concentration ratio was then compared to the untreated sample to establish the 

normalized ratio.  Data is represented as the mean of 3-5 donors and expressed as 

the mean ± SE. 

Real Time PCR Internal Standard Controls 

Standard curves used for quantization of CCL2/MCP-1, CCL5/RANTES and 

β-actin were determined based on standard control vectors generated by Dr. David 

Kaminsky.  The real time PCR standards pGEM-T-β-actin, pCR2.1-MCP-1 and 

pCR2.1-RANTES were generated from U937 cells mRNA.  Primer sequences for 

insert within pGEM-T-β-actin, pCR2.1-MCP-1 and pCR2.1-RANTES are located in 

Table 1.  All plasmids were verified by restriction digest and sequences were 

confirmed by DNA sequencing.  The standard calibrator for TGF-β was generated 

from Jurkat cells mRNA.  The primer sequence used was the same as in Table 1 

and generated a 110 base pair (bp) product.  This PCR fragment was then ligated to 

pTARGET and followed by transformation into JM109 E. coli (Promega, Madison, 

WI).  Individual pTARGET-TGF-β clones were selected for verification of orientation 

and DNA sequence analysis.  

ELISA 

CCL2/MCP-1 protein expression in cellular supernantants were measured 

through the use of Enzyme-Linked ImmunoSorbent Assays (ELISA).  Matching 

capture and biotinylated detection antibodies were obtained from R & D Systems 

(Minneapolis, MN).  Briefly, capture antibody diluted 1:1000 in capture buffer (0.1 M 

sodium carbonate pH 9.5) and transferred to an ELISA plate. The plate was sealed 
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and allowed to incubate overnight at room temperature.  The following day each well 

was washed with wash buffer (0.05% Tween 20 in PBS) a total of 3 times.  Plates 

were then blocked by adding 300 µl of PBS containing 1% BSA, 5% sucrose and 

0.05% NaN3 to each well and set at room temperature for 1 hour.  The plate was the 

washed as previously and the unknowns and standards (diluted in 1% BSA in PBS) 

are added as appropriate.  Recombinant human MCP-1 was obtained from 

Peprotech, Inc. (Rocky Hill, NJ) and reconstituted in sterile water to a final 

concentration of 0.1 µg/ml and diluted in diluent to a working concentration of 2000 

pg/ml.  The plate is then covered and set at room temperature for 2 hours.   Washes 

were repeated as previously and the biotinylated detection antibody in diluted 1:250 

into the diluent (1% BSA in PBS) and allowed to incubate for 2 hours at room 

temperature.  The plate was then washed and diluted strepavidin HRP (R & D 

Systems, Minneapolis, MN) was added for 30 minutes at room temperature.  The 

plate was washed as previously and 100 µl of substrate solution was added to each 

well.  After approximately 10 minutes 50 µl of stop solution (1 M H2SO4) was added 

to each well.   Optical density was determined at 450 nm using a Multiskan RC 

(ThermoFisher, Pittsburgh, PA). 

Preparation of Cytosolic and Nuclear Fractions 

Nuclear extracts were prepared from 5.5 x 107 PBMCs isolated from blood 

donors using Panomics nuclear extraction kit (Fremont, CA).  PBMCs were seeded 

at 1.0 x 107 cells per well into 5 wells of a 6-well plate cell culture plate.  PBMCs 

were left untreated or treated with 100 nM DAMGO for the appropriate time.  All 

wells were then combined for nuclear extraction.  Manufacturer’s protocol was 
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followed.  Typical protein yield was 1-3μg/μl.  Cellular fractions were stored at -80°C 

for further analysis. 

TranSignal Protein/DNA Array 

TranSignal Protein/DNA array I was used according to manufacturer’s 

protocol (Panomics). Briefly, nuclear extracts of PBMCs were isolated using 

Panomics nuclear extraction kit and concentration was measured with BioRad 

(Hercules, CA) protein assay.  15μg of nuclear extract was then incubated with the 

TranSignal probe mix. DNA/protein complexes were washed and the DNA was 

separated from the protein and hybridized on the membranes at 42°C overnight in a 

hybridization oven. Following hybridization the arrays were washed with 

hybridization wash I (2X SSC/0.5% SDS) and hybridization wash II (0.1X 

SSC/0.5%SDS) and removed from the hybridization bottle and moved to new 

individual containers.  Arrays were then blocked with blocking buffer for 15 min at 

room temperature with gentle shaking.  Streptavidin-HRP was then added to the 

blocking buffer and allowed to continue shaking for 15 minutes.  Excess streptavidin-

HRP was then washed off and replaced with the detection buffer which remained 

shaking for 5 minutes.  The working substrate was then prepared and the solution 

was applied to the arrays on a plastic sheet protector and covered where they were 

allowed to incubate for 5 minutes followed by removal of the excess substrate.  

Signal was detected by use of ECL-Hyperfilm (Amersham) and semi-quantitative 

analysis was performed based on the number of pixels present and the mean 

intensity of the spots. TranSignal Protein/DNA array I contains sequences for 56 

transcription factors as well as a 1:10 dilution for each factor.  Each transcription 
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factor binding sequence on the TranSignal Array is spotted in duplicate.  Membranes 

were then stripped by washing with 0.4M NaOH at 45°C for 30 min. followed by a 

wash with stripping buffer (0.2M Tris-HCl, pH 7.6, 0.1X SSC, and 0.1% SDS) for 15 

min. at 45°C in a rotating oven. The detection protocol was then followed to ensure 

stripping was successful.  Finally the membranes were washed with 1X TBST with 

0.1% SDS for 30 min at 42°C followed by the hybridization procedure according to 

manufacturer protocol.  TranSignal arrays were stripped and re-probed 2 times. 

Electrophoretic Mobility Shift Assay (EMSA) 

To measure AP-1 activation we used Pierce Lightshift Chemiluminescent 

EMSA kit (Rockford, IL).  EMSA was performed in 20 ul of reaction buffer (100 mM 

Tris, 550 mM KCl, 10 mM DTT, 1 ug/ul poly (dI-dC), 10% glycerol, .05% NP-40, 6 

mM EDTA) containing 8 ug of nuclear extract and 30 fmol of  5’ biotin labeled AP-1 

consensus oligonucleotide 5’-CGCTTGATGACTCAGCCGGAA-3’.  In competition 

assays the nuclear extracts were preincubated with 4 pmol of unlabeled 

oligonucleotides for 5 min at room temperature. Reaction mixtures were incubated 

for an additional 25 min at room temperature and run on a 6% polyacrylamide gel 

and run in .5X TBE buffer.  The gel was transferred onto Pierce (Rockford, IL) 

Biodyne B nylon membranes in .5X TBE and crosslinked using a Spectrolinker XL-

1500 UV crosslinker at 120mJ/cm2.   Protein-DNA complexes were observed by the 

Lightshift chemiluminescent EMSA kit following the manufacturer’s procedures.  

Briefly, the membranes were blocked with 15 ml of pre-warmed blocking buffer for 

20 min at room temperature with gentle shaking.  Blocking buffer was then replaced 

with 20 ml of blocking buffer containing 65 ul of steptavidin-horseradish peroxidase 
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(HRP) and incubated at room temperature for 20 minutes with shaking.  Membranes 

were then transferred to a new container and washed 3 times with 1X wash buffer 

for 5 min each.  Membranes were again transferred to a new container and 

incubated with 20 ml of equilibration buffer for 5 min with shaking.  Finally, the 

membrane is placed on a clean sheet of plastic wrap and is incubated with the 

substrate working solution (prepared by adding 3 ml of the luminal/enhancer solution 

to 3 ml of the stable peroxide solution) and allowed to incubate for 5 minutes. 

Excess buffer is then removed and the membrane is wrapped in plastic wrap and 

exposed to x-ray film for 15 minutes. 

Preparation of Whole Cell Lysates 

Whole cell lysates are prepared using RIPA buffer (150mM NaCl, 1% NP-40, 0.5% 

deoxycholic acid, 0.1% SDS, 50mM TRIS).  Protease inhibitor cocktail set II 

(Calbiochem) and phosphotase inhibitor cocktail (Sigma), containing, cantharidin 

which inhibits protein phosphatase 2A, bromotetramisole, which inhibits alkaline 

phosphatases, and microcystin LR which inhibits protein phosphatases 1 and 2A, 

are added to RIPA buffer immediately prior to use.  Samples are then collected and 

supernatants are removed leaving only the cell pellet.  RIPA buffer is added to the 

cell pellet (approximately 1 ml of buffer per 2x10-6 PBMCs) and cells are placed on a 

rotating wheel at 4°C for 30 minutes.  Samples are the centrifuged at 13000 rpm for 

15 minutes at 4°C. The supernatants which contain the cellular proteins are then 

removed and can be stored at -80°C. 
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Western Blot Analysis 

To determine protein content, cell lysates were analyzed using western blot 

analysis.  NF-κB control extracts (Cell Signaling, cat # 9243) were used as a positive 

control for all NF-κB western blot experiments.  For all western blots, protein 

concentration of unknown samples were measured using the Bio-Rad protein assay 

(Bio-Rad, Hercules, CA).  Optical density (O.D.) was measured at 595 nm and 

concentration was determined based on a standard curve generated using known 

concentrations of BSA (Pierce, Rockford, IL).  Whole cell lysates were prepared as 

above and 15-30 µg of lysates were mixed with 4X loading dye and heated to 95°C 

for 5 minutes.  Samples were then cooled on ice for 1 minute and loaded onto a 

NUPAGE bis-tris 4-12% gel (Invotrogen).  NUPAGE gels were run with 1X SDS 

MOPS running buffer (Invitrogen) at 150 V for 1 hour and 30 minutes on ice in the X-

Cell Blot System.  The gel is then transferred onto a nitrocellulose (.45µm) 

membrane (Pierce, Rockford, IL) in X transfer buffer (Invitrogen) and at a constant 

35 V for 2 hrs on ice.  The membrane was stained with Ponceau S to ensure equal 

loading.  Ponseau S was then removed with 1X TBST washes and membranes were 

blocked for 30 minutes in 1X TBST containing 5% BSA or 5% w/v dry non-fat milk at 

room temperature.  Primary antibody was added at varying dilution and incubated 

overnight at 4°C with mild agitation.  The following day, membranes were placed at 

room temperature and washed for 30 minutes in 1X TBST at room temperature 

shaking.  Secondary antibody conjugated with horseradish peroxidase (HRP) was 

diluted to 160 ng/ml (1:2500) in 5% milk in 1X TBST and incubated with membranes 

for 1 hour at room temperature shaking. Membranes are then washed for 30 minutes 
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as previously and developed with Pierce SuperSignal West Pico chemiluminescent 

reagent (Rockford, IL) or ECL Plus (Amersham) according to manufacturer’s 

protocol.  Chemiluminescent signal was recorded with autoradiography film (Lab 

Scientific, Livingston, NJ) and developed. 

Agarose Gel Electrophoresis 

Analysis of the size and quantity of DNA fragments were determined by 

agarose gel elecrophoresis.  Gels were prepared by combining agarose (1-1.75%) 

with 1X TAE (40 mM Tris-acetate, 1mM  EDTA pH 8.0) in a flask and boiling the 

mixture to melt the agarose.  The solution was then cooled to room temperature and 

ethidium bromide was added at a concentration of 500 ng/ml.  Following addition of 

ethidium bromide the agarose is then poured into a gel-casting tray to polymerize.  

DNA samples to be analyzed were mixed with 6X blue/orange loading dye 

(Promega) and loaded into the gel.  Electrophoresis was carried out at 90-100 volts 

for approximately 1 hr.  DNA was visualized using a Kodak Gel Logic 200 imaging 

system and Kodak molecular imaging software (Eastman Kodak Co., Rochester, 

NY) was used for analysis.  The size of DNA fragments was determined based on 

the migration of 1kb and 100bp DNA molecular weight ladders (New England 

Biolabs, Inc., Beverly, MA). 

Plasmid DNA Purification from E. coli 

DH5α (F-ϕ80lacZ∆M15 ∆(lacZYA-argF)U169 recA1 endA1 hsdR17(rk-,mk+) 

phoA supE44 thi-1 gyrA96 relA1 λ-) subcloning efficiency E. coli were obtained from 

Invitrogen (Carlsbad, CA).  JM109 endA1, recA1, gyrA96, thi, hsdR17 (rk
–, mk

+), 

relA1, supE44, Δ( lac-proAB), [F´ traD36, proAB, laqIqZΔM15] subcloning efficiency 
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E. coli were obtained from Promega (Madison, WI).  Individual colonies of 

transformed bacteria were selected and inoculated into 50 ml LB (Luria-Bertani) 

medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl pH 7.0) containing 

antibiotic resistance.  Ampicillin at the concentration of 100 µg/ml or kanamycin at 

the concentration of 50 µg/ml was used as necessary (Sigma, St. Louis, MO).  

Cultures were incubated overnight at 37 oC on a rotary shaker (250 rpm).  Plasmid 

DNA was isolated from bacterial cultures using QIAprep spin miniprep kit (Qiagen, 

Valencia, CA) according to manufacturer’s protocol.  Eluted plasmid DNA was stored 

at -20 oC for further use. 

Contruction of a Lentiviral Vector 

To generate a lentiviral system for protein expression we have used the 

ViraPower lentiviral expression system from Invitrogen (Carlsbad, CA).  This system 

employs the use of the Gateway system from Invitrogen.  Gateway Technology is 

a universal cloning method using site-specific recombination.  Therefore we initially 

cloned our gene of interest (MOR or KOR) into the intermediate vector pENTR4.  

The primers used for subcloning are listed in Table 3.  MOR and KOR sequences 

were generated from PCR reactions using the vector pcDNA3-MOR-FLAG as the 

template (Figure 5).  Sequences generated for cloning include a 5’ FLAG tag and 

bacterial derived signal sequence for membrane trafficking.  Directional subcloning 

between the restriction sites Kpn I and Eco RV within pENTR4 and restriction sites 

generated from the subcloning primers were used for ligation.  Ligation reactions 

were performed with a T4 restriction ligase (Promega, Madison, WI) at a 1:10 vector 

to insert ratio.  Reactions were allowed to incubate at 4°C for 3 days. Ligation 
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MORHind III Hind III(1.3 kb)

Signal Sequence

FLAG

Figure 5. Plasmid map of pcDNA3-MOR. Schematic of MOR cDNA, a FLAG tag, 
and signal sequence (A) which was cloned into pcDNA3 (B) at the Hind III site in the 
multiple cloning region.  This construct was at a temple for PCR and subcloning. 

A.

B.
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mixtures were then transformed into DH5α subcloning efficiency E. coli (Invitrogen, 

Carlsbad, CA) and grown overnight.  Colonies were then picked and liquid LB 

cultures of pENTR4-MOR were grown overnight.  Clones were purified using Qiagen 

mini preps (Valencia, CA) and positive clones were verified using restriction digests 

and verified by sequencing.  Once the entry clone was verified we then performed 

an LR recombination reaction between the entry clone and the destination vector, 

pLenti4/V5-DEST (Invitrogen, Carlsbad, CA).  The LR Clonase™ II enzyme mix 

(Invitrogen) was used to catalyze this sequence specific recombination reaction 

between pENTR4 and pLenti4/V5-DEST according to manufacturer protocols.  LR 

recombination reactions were then transformed into One Shot® Stbl3™ E. coli strain 

(F- mcrB mrr hsdS20 (rB
-, mB

- ) recA13 supE44 ara-14 galK2 lacY1 proA2 rpsL20 

(Strr ) xyl-5 - leu mtl-1) (Invitrogen) and grown overnight.  Colonies were then 

picked and liquid LB cultures of pLenti4/V5-DEST-MOR were grown overnight.  

Clones were purified using Qiagen mini preps (Valencia, CA) and verified using DNA 

sequencing.  Positive clones were verified using restriction digests and verified by 

sequencing.  The vector map of pLenti4/V5-DEST (Figure 6) outlines important 

elements within the vector sequence.  Expression of the protein of interest was 

verified by western blot analysis and flow cytometry. 

To propagate and maintain the pLenti-DEST vectors Library Efficiency® 

DB3.1™ competent cells (F- gyrA462 endA1 (sr1-recA) mcrB mrr hsdS20(rB-, mB-) 

supE44 ara-14 galK2 lacY1 proA2 rpsL20(SmR) xyl-5 - leu mtl1)  were used 

(Invitrogen, Carlsbad, CA).   
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MOR

FLAG

Signal Sequence

(1.3 kb)

Figure 6. Plasmid map of MOR cDNA sequence, FLAG tag and signal sequence 
in pLenti4/V5-DEST-MOR. pLenti4/V5-DEST was obtained from Invitrogen and was 
used to generate pLenti4/V5-DEST-MOR. 
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ViraPower™ Lentiviral Expression System 

We have used the ViraPower™ Lentiviral Expression System (Invitrogen, 

Carlsbad, CA) to generate lentivirus for high-level expression in dividing and non-

dividing mammalian cells.  The human 293FT producer cell line (Invitrogen) is used 

to facilitate optimal production of lentivirus and is plated a day prior to transfection.  

The forward transfection procedure was followed and pLenti4/V5-DEST-MOR was 

transfected along with ViraPower™ Packaging Mix using Lipofectamine 2000 

(Invitrogen) as outlined by the manufacturer.  The following day the medium is 

changed and 48-72 hours following transfection the virus-containing supernatants 

are removed.  The virus was then concentrated using ultracentrifugation.  Briefly, the 

centrifuge was cooled to 4oC for 30 minutes prior to centrifugation with the SW-40 

rotor.  Beckman 9/16 x 3 3/4 inch ultra-clear centrifugation tubes (Palo Alto, CA) 

were used with 10 ml sample volume.  The centerfuge was run at 4 oC for 90 

minutes at 25,000 rpm and vacuum sealed closed.  Following centrifugation, the 

vacuum seal is released and the samples are removed.  The supernatants can then 

be removed and the virus is resuspended in 1 ml of PBS containing .1% BSA and 

stored at -80 oC for further use. 

Table 6.  Lentivirus Subcloning Primers 
  5' -> 3' 
MOR Kpn  S CGGTACCCCATGAAGACGATCATCGCCC 
MOR Eco RV AS CGATATCCGTAGGGCAACGGAGCAGTTTCTGC 
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Titering Lentiviral Stocks 

Lentiviral stocks were then titered to determine the transducing units (TU)/ml of our 

virus.  We used the human fibrosarcoma line, HT1080, (ATCC, Manassas, VA) to 

titer our lentivirus.  Since we will be selecting transduced cells using the antibiotic 

Zeocin we initially tested the antibiotic sensitivity of HT1080 cells to Zeocin 

(pLenti4/V5-DEST is Zeocin resistant).  Zeocin’s method of killing is quite different 

from that of other common antibiotics such as Blasticidin or Geneticin®. Zeocin™-

sensitive cells do not round up and detach from the plate, but may exhibit the 

following morphological changes include, vast increase in size (similar to the effects 

of cytomegalovirus infecting permissive cells), abnormal cell shape, presence of 

large empty vesicles in the cytoplasm (breakdown of the endoplasmic reticulum and 

Golgi apparatus or scaffolding proteins), breakdown of plasma and nuclear 

membrane (appearance of many holes in these membranes).  Eventually, these 

“cells” will completely break down and only “strings” of protein will remain.  Zeocin™-

resistant cells should continue to divide at regular intervals to form distinct colonies. 

There should not be any distinct morphological changes in Zeocin™-resistant cells 

when compared to non-selected cells.It was determined that the optimal Zeocin 

concentration is 150µg/ml. This concentration of Zeocin kills HT1080 cells in about 

14 days.  To titer our virus we used HT1080 cells seeded such that they will be 30-

50% confluent at the time of transduction in 10 cm cell culture plates.  The following 

day we prepared to transduce our cells with lentivirus by first preparing 10-fold serial 

dilutions ranging from 10-2 to 10-6 diluted to a final volume of 1 ml. Culture medium 

was then removed from the cells and each dilution was added to a cell culture plate.  
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A mock plate was also included in all experiments.  Since lentiviral transduction can 

be enhanced in the presence of Polybrene® (Sigma, St. Louis, MO) at a 

concentration of 6 µg/ml, we also determined our lentiviral titer with and without the 

addition of Polybrene®.   Cells were then returned to the 37°C, 5% CO2 humidified 

incubator overnight.  The following day media containing the virus is removed and 

replaced with 2 ml of complete R10 culture media.  On day 4 the medium is removed 

and replaced with culture medium containing 150 µg/ml Zeocin.  Medium is then 

replaced with fresh medium containing Zeocin every 3-4 days.  After approximately 

14 days of selection (day 18), there were no live colonies on the mock plate and 

discrete antibiotic-resistant colonies in the transduced plates.  The medium is then 

removed and the plates were washed twice with PBS.  Crystal violet (Sigma) was 

diluted to 1% crystal violet in 10% ethanol and added to each plate for 10 minutes at 

room temperature.  Background crystal violet stain was then removed by washing 

the plates with PBS several times.  The blue-stained colonies could then be counted 

and used to determine the titer based on the lentiviral dilutions.  The effect of 

Polybrene® on the lentiviral titer was also determined. 

Transduction of Lentivirus 

The Invitrogen ViraPower lentiviral expression system has the ability to create 

stably transduced cell lines which we will employ to further investigate the 

mechanism of MOR signaling and target gene transcription.  We choose to use the 

human embryonic kidney cell line, HEK 293 cells, as the cell line to continue our 

studies.  Although this cell line does not express MOR, we have made stable 293 

lines expressing MOR though the use of this system.  We first determined the 
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antibiotic sensitivity of HEK 293 cells and found that the optimal Zeocin 

concentration is 150 µg/ml.  Prior to transduction HEK 293 cells were seeded into 10 

cm cell culture plates so that they were 30-50% confluent on the day of transduction.  

On the day of transduction our MOR lentivirus was thawed and diluted to an MOI of 

approximately 0.025 in R10 medium and added to the HEK 293 cells.  The following 

day, the medium containing the virus was removed and replaced with fresh medium.  

On day 3 the medium was again replaced with fresh medium containing 150 µg/ml of 

Zeocin.  Every 3-4 days medium was changed and replaced with new medium 

containing Zeocin until antibiotic-resistant colonies could be identified (2-3 weeks).  

Colonies were the expanded and expression was verified through FACs and western 

blot analysis.  

Flow Cytometric Analysis of MOR Expression 

Expression of MOR on transduced HEK 293-MOR cells was verified using 

FACs analysis of both the 5’ FLAG tag and the 3’ intracellular V5 tag (Figure 6).  

Detection of the V5 tag was done using an Invitrogen anti-V5-FITC antibody 

(Carlsbad, CA).  HEK 293-MOR cells were harvested and washed with FACs buffer 

(PBS with 1% BSA).  Cells are then fixed by resuspending the cells in .5 ml of 4% 

parformaldehyde in PBS and allowed to incubate for 15-20 minutes at room 

temperature.  Following the incubation, cells are washed with FACs buffer containing 

0.1% saponin and then blocked with FACs buffer containing saponin and 50% goat 

serum for 30 minutes on ice.  The cells are then washed with FACs buffer with 

saponin.  Next the cells are stained with anti-V5-FITC antibody diluted 1:500 in 

FACs buffer with saponin for 60 minutes at room temperature.  Finally, the cells are 
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washed and resuspended in 500 µl of FACs buffer with 2% paraformaldehyde for 

analysis.  Detection of the FLAG tag was done using the Sigma anti-FLAG M2 

monoclonal antibody (St. Louis, MO).  HEK 293-MOR cells were harvested and 

resuspended in 100% goat serum to block non-specific binding for 30 minutes on 

ice.  Then the goat serum was removed and the primary anti-FLAG antibody (diluted 

1:100 into FACs buffer) was added to the cells for 30-40 minutes on ice.  Cells were 

then washed with FACs buffer (PBS with 1% BSA) as previously.  The secondary 

antibody used was phycoerythrin (PE) conjugated streptavidin (BD Pharmingen, San 

Diego, CA) diluted 1:50 into FACs buffer.  Secondary was allowed to sit for 30-40 

minutes on ice before washing and a final resuspension in 500 µl of FACs buffer with 

2% paraformaldehyde for analysis.  All acquisition was done on the FACSCalibur 

flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). 

Calcium Mobilization 

HEK 293-MOR transduced cells were harvested and resuspended in Ca2+ 

assay buffer (Hanks balanced salt solution with Ca2+/Mg2+ (Cellgro, Herndon, VA), 

0.5% BSA (Sigma, St. Louis, MO), and 10 mM HEPES pH 7.3 (Cellgro, Herndon, 

VA) at 107 cells/ml.  Cells were then loaded with 5 µM Fura-2/AM (Molecular Probes, 

Invitrogen, Calsbad, CA) for 30 minutes at room temperature in the dark with 

periodic mixing.  Cells were then washed and resuspended in Ca2+ assay buffer and 

placed on ice for the duration of the experiment.  For each measurement 2 x 106 

cells were injected into 800 µl of Ca2+ assay buffer and allowed to warm up to 37°C 

in the temperature-controlled spectrofluorometer cuvette holder.  All agonists and 

antagonists were added through an injection port integrated into the 
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spectrofluorometer.  Fura-2 emission was measured at 510 nm with alternating 

excitation at 340 and 380 nm.  Cytosolic Ca2+ concentration calibration and 

calculation was done according to Grynkiewicz et al. (1985).  Maximal Fura-2 ratio 

(Rmax) was determined by treated a labeled cell sample with Triton X-100 (0.05% 

final concentration).  Minimal Fura-2 ratio (Rmin) was determined by adding 5 mM 

EGTA after Triton X-100 lysis to chelate all free Ca2+.  All measurements were 

conducted on a SLM Aminco Bowman AB2 spectrofluorometer with data acquisition 

every 0.5 sec. 

Mammalian Cell Transfection 

Cells were transfected with the vector constructs for Luciferase and SEAP 

assays using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).  Briefly, the day before 

transfection, cells were seeded at 3 x 105 cells per well into each well of a 24-well 

plate.  For each transfection 0.8 µg of our vector construct of interest was diluted in 

100 µl of Opti-MEM® (Invitrogen).  2 µl of Lipofectamine 2000 was also diluted into 

100 µl of Opti-MEM® (Invitrogen) and allowed to incubate for 10 minutes at room 

temperature.  The diluted DNA and Lipofectamine are then mixed and set aside for 

25 minutes at room temperature to allow for the formation of DNA:Lipofectamine 

2000 complexes.  Following this incubation, 100 µl of complexes were added to 

each well containing cells and gently mixed.  Transfected cells were then allowed to 

recover at 37°C in a CO2 incubator for 24-48 hours prior to assays.  

Luciferase Vector Constructs 

Luciferase vector constructs were all generated from Promega’s (Madison, WI) 

pGL2 and pGL3 series of luciferase reporter vectors. pGL3-Basic and pGL3-Control 
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vectors (Promega) were used as controls for all luciferase assays.  The vector, 

pGL3-Basic, contains no promoter region prior to the cDNA encoding for the 

enzyme, firefly luciferase, and is used to measure background levels of firefly 

luciferase.  The pGL3-Control vector is used as a positive control as it contains a 

highly active SV40 promoter prior to the firefly luciferase cDNA.   Renilla luciferase is 

used as a baseline control for the Dual Luciferase Assay system (Promega) and 

serves as an internal control.  phRL-null (Promega, Madison, WI) which does not 

contain any promoter prior to the cDNA sequence encoding the renilla luciferase 

enzyme was used for all luciferase experiments to minimize experimental variability.  

pGL2-CCL5 and pGL2-CCL5 EcoRV vectors were a generous gift from Dr. Alan 

Krensky (Nelson et al., 1993).  The pGL2-CCL5 EcoRV construct is a truncation of 

the 737 nucleotides immediately upstream region of the CCL5 promoter as shown in 

Figure 7. 

 

 

 

 

 

 

 

Figure  7. CCL5 promoter region and luciferase constucts 
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Luciferase Reporter Assay 

Dual-Glo™ Luciferase Assay System was used to determine promoter activity 

by quantitatively measuring the amount of luciferase present in each sample 

(Promega, Madison, WI).  The cell line, A549, was used for CCL5 luciferase assays. 

Cells were transfected with the MOR expression construct, CCL5 firefly and the 

renilla luciferae constructs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as 

outlined previously.  Following a 24 hour recovery period, cells were then stimulated 

with the addition of varying cytokines at the appropriate concentration.  IL-1β or PMA 

treatments were also included in each assay as they are known inducers of CCL5 

transcription.  Transfected cells were then lysed using Promega passive lysis buffer 

(PBL) (Madison, WI).  Following addition of PLB cells may then be scraped 

vigorously with a disposable cell lifter.  Cell lysates are the subjected to 2 freeze-

thaw cycles to complete cell lysis.  Luciferase activity can then be determined from 

cell lysates using   Luciferase assay reagent II (LARII) and Dual-Glo. Stop & Glo® 

Reagent to measure firefly luciferase  and renilla luciferase, respectively.   20 μl of 

cell lysate is then added to 100 μl of LAR II predispensed in glass disposable culture 

tubes (Fisher Scientific, Pittsburgh, PA).  Samples were placed in a single well 

luminometer and relative light units were recorded.  Dual-Glo. Stop & Glo® Reagent 

quenches the luminescence from the firefly reaction by at least 10,000-fold and 

provides the substrate for Renilla luciferase in a reaction.  100 μl of Dual-Glo. Stop & 

Glo® Reagent (room temperature) was then added to samples and vortexed briefly.  

Samples were read with a FB 12 (V 2.3) single well luminometer  (Berthold 

Detection Systems, Oak Ridge, TN) with a 2 sec. delay and 10 second 
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measurement time.  Data is represented as the mean of 4 samples and expressed 

as ratio of firefly luciferase to renilla luciferase ± SD. 

Secreted Alkaline Phosphatase (SEAP) Constructs 

The pSEAP2-MCP-1 vector was subcloned from the -2.86bp to the +151bp 

region of the MCP-1 promoter (Genebank:D26087) using the primers listed in Table 

2.  A Kpn I restriction site was introduced into the MCP-1 insert from the flanking 

ends of the PCR primers.  The MCP-1 promoter region was generated from 

lymphocyte genomic DNA.  Subcloning of the insert into the Kpn I site within the 

multiple cloning region of pSEAP2-basic (Clontech, Palo Alto, CA ) was done using 

a 1:3 ratio of vector to insert and overnight ligation with T4 ligase (Promega, 

Madison, WI).  All clones were confirmed by restriction digest and DNA sequencing.  

A secreted alkaline phosphatase NF-κB reporter vector, pNF-κB-SEAP, was 

obtained from Clontech (Palo Alto, CA). This vector contains four tandem copies of 

the NF-κB consensus sequence fused to a TATA-like promoter (PTAL) region from 

the Herpes simplex virus thymidine kinase (HSV-TK) promoter. 

 

 

 

Table 7.  pSEAP2-CCL2 Subcloning Primers 
  5' -> 3' 
CCL2 FL 5’  S CCGGTACCAACTGAGGATTCAGGAGAGCA 
CCL2 FL 3’ AS CCGGTACCACGTCTGCTTGGATGGTCCATG 

 
 

 

80



Secreted Alkaline Phosphatase (SEAP) Assay 

HEK-293 cells that were stably transduced with MOR-lentivirus were used for 

this enzymatic reporter assay.  HEK-293-MOR cells were seeded into 24-well plates 

at a concentration of 1.75 x 105 cells per well.  Cells were cultured in DMEM medium 

(Life Technologies, Rockville, MD) supplemented with 10% heat-inactivated (56oC, 

30 min) endotoxin-free FBS (Thermofisher, Waltham, MA) and 100 µg/ml penicillin-

streptomycin (MediaTech, Herndon, VA) and 150 µg/ml zeocin (Invitrogen).  Cell 

cultures were maintained at 37oC, 5% CO2.  The following day cells were placed in 

media without zeocin and transfected with SEAP constructs using Lipofectamine 

2000 (Invitrogen, Carlsbad, CA).  SEAP constructs used were p-NF-κB-SEAP 

(Clontch, Palo Alto, CA) and pSEAP2-CCL2.  Transfection complexes were allowed 

to incubate overnight at 37 oC and the medium was changed the following day to 

medium containing 150 µg/ml zeocin.  Following a 24 hour recovery period for the 

cell, the media was changed again to lower the baseline SEAP levels for detection of 

the SEAP assay.  Cells may have been pre-treated with a 25 μM PKCζ 

pseudosubstrate inhibitor (Calbiochem, Gibbstown, NJ) or 10 μM BAY 11-7082 

(Alexis Biochemicals, San Diego, CA) for 45 minutes prior to treatment.  Cells were 

then treated with DAMGO at varying concentrations.  Following treatment, 25 µl of 

supernatants were collected over varying time points (.5, 1, 2 and 4 hours).  The 

Great EscAPe SEAP chemiluminescence kit 2.0 (Clontech) was used for SEAP 

detection.  Briefly, supernatants were diluted in 75 µl in 1X dilution buffer and heated 

to 65 oC for 30 minutes. The samples were the equilibrated to room temperature and 
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80 µl of SEAP substrate solution was added to each sample.  Following a 10 minute 

incubation period the SEAP signal was read with a FB 12 (V 2.3) single well 

luminometer  (Berthold Detection Systems, Oak Ridge, TN) with a 2 sec. delay and 

10 second measurement.  Data is represented as the mean of 4 samples and 

expressed as mean relative light units (RLUs) ± SD. 

Chromatin Preparation 

Chromatin for Chromatin Immunoprecipitation (ChIP) was prepared using EZ-

Zyme Chromatin Prep kit (Millipore, Billerica, MA).  PBMCs were seeded at 1.0 x 108 

cells in 150 cm tissue culture plates containing 40 ml of medium for each chromatin 

preparation.  Cells were treated with 100 nM DAMGO and ChIP assays were 

performed over a 2 hour period.  Following DAMGO treatment, PBMCs were 

crosslinked at the appropriate time by the addition of 1.0 ml of 40% 

paraformaldehyde (Fisher Scientific, Pittsburgh, PA).  After a 10 minute incubation at 

room temperature 4 ml of 1.25 M glycine was added to quench unreacted 

formaldehyde.  Plates were then mixed and allowed to incubate at room temperature 

for 5 minutes.  Media and cells were then removed and collected in 50 ml conical 

tubes (Fisher Scientific, Pittsburgh, PA).  Cells were centrifuged at 1000rpm for 5 

minutes at 4oC.  Medium was aspirated and PBMCs were washed with 20 ml of cold 

1X PBS twice.  Cells were then collected and cell pellets were snap frozen in a dry 

ice/alcohol bath and stored at -80oC until ready for nuclei preparation.  After all time 

points were collected, cell pellets were thawed on ice and each pellet was 

resuspended in 150 μl of EZ-Zyme lysis buffer containing 1.5 μl of protease inhibitor 

cocktail II (Millipore) and samples sat on ice for 30 minutes.   Samples were then 
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subjected to 3 freeze-thaw cycles in a dry ice/alcohol bath followed by incubation in 

a 37oC water bath and a final incubation for 5 minutes on ice.  Cell lysates were then 

centrifuged for 10 minutes at 2500 rpm at 4oC to pellet nuclei.  During centrifugation, 

1U of EZ-Zyme Enzymatic cocktail (Millipore) is diluted into 100 μl of EZ-Zyme 

digestion buffer containing protease inhibitors and pre-warmed at 37oC for 5 

minutes.  The diluted enzymatic cocktail is then added to the pelleted nuclei, mixed, 

and put into a 37oC water bath for 10 minutes.  100 μl of Stop buffer (Millipore) is 

then added to all samples and put on ice for 10 minutes.  Finally, samples are 

centrifuged at 13000rpm for 15 minutes at 4oC and supernatants containing cleaved 

chromatin are transferred to new tubes and stored at -80oC. 

Chromatin Immunoprecipitation (ChIP) Assay 

ChIP assays were performed using EZ-Magna ChIP A Chromatin 

Immunoprecipitation kit from Millipore (Billerica, MA) according to manufacturer 

protocol.  15-30 μg of chromatin prepared using the EZ-Zyme Chromatin Prep kit 

was used for ChIP assays.  Briefly, 0.5 μg of antibodies were added to the chromatin 

mixture with 20 μl of protein A magnetic beads and incubated overnight at 4°C on a 

rotating wheel.  The following day, Protein A bead-antibody/chromatin complexes 

were washed with low salt, high salt, LiCl and TE buffers followed by reversal of 

protein/DNA complexes to free DNA.  To reverse crosslinks, samples were 

incubated at 62°C for 3 hours in ChIP elution buffer with Proteinase K and then 

placed at 95°C for 10 min.  Samples were then cooled and the remaining DNA was 

purified using spin filters and eluted into 50 μl of 0.5 mM Tris (pH 8.0).  
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PCR Analysis of Chromatin Immunoprecipitation (ChIP) Assay 

PCR analysis was performed with Accuprime Pfx Supermix (Invitrogen) using 

2-6 μl of PCR product.  PCR primers are as listed in Table 8 and added at a 

concentration of 0.5μM.  PCR conditions were 95°C for 10 min, followed by 

approximately 35 cycles of 94°C for 30 sec, 58°C for 40 sec, 72°C for 40 sec, 

followed by a final extension of 72°C for 10 minutes and cooling to 4°C.  PCR 

products were then analyzed by electrophoresis on a 1.5% agarose gel with a 100 

bp DNA marker.  

 

 

Table 8. ChIP Primers 
  5' -> 3' 
GAPDH  S TACTAGCGGTTTTACGGGCG 
GAPDH AS TCGAACAGGAGGAGCAGAGAGCGA 
MCP-1 ER-2 S CAAGGTTTGTGCCAGAGCCTAACC 
MCP-1 ER-2 AS GGGAAGGTGAAGGGTATGAATCAG 
IκB S CATCAGGTCGGCGTCCTTGGGATC 
IκB AS GAGCCACTAGGGTCACGGAC 

 

 

 

Statistical Analysis 

The data are presented as the mean ± standard deviation (mean±SD).  

Where appropriate, the statistical difference between experimental groups was 

assessed by using a two-tailed Student’s t Test and resulted in a specific p-value for 
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each treatment comparison.  Treatment comparisons with a p-value ≤ 0.05 were 

considered to be stastitistically different and therefore significant. 
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CHAPTER 3 
RESULTS 

TGF-β Plays a Role in the μ-Opioid Receptor Induction of CCL5 Expression by 

DAMGO 

 Chemokines are critical pro-inflammatory mediators whose expression has 

been shown to be altered following MOR stimulation.  We were interested in 

evaluating the mechanism in which the MOR agonist, DAMGO, is able to induce 

chemokine expression, specifically the expression of CCL2 and CCL5.  Previous 

studies from our lab have suggested a role for the cytokine, TGF-β, in the regulation 

of CCL5 protein expression.  Human PBMCs and monocytes show increased TGF-

β1 protein levels in response to 10nM DAMGO treatment as early as 8 hours 

following treatment (Figure 8, A and B).  TGF-β expression reaches maximum 

expression 24 hours after DAMGO administration although increased TGF-β 

expression persists up to 72 hours following treatment.  Experiments were also 

carried out to determine the production of this cytokine over a concentration range of 

1μM to 1pM, and we found (Figure 8C) that DAMGO dose-dependently induced 

TGF-β1 production from PBMCs and purified monocytes with an optimal 

concentration of 10nM.  The μ-selective antagonist, CTAP, was used to verify that 

the effects of DAMGO administration specifically require MOR.  Therefore, we found 

that CTAP was able to block the DAMGO-induced expression of TGF-β1 (Figure 8, 

A and B).   

TGF-β1 Expression is Altered after DAMGO Administration 
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Figure 8. DAMGO Administration Induces TGF-β1 Protein Expression. 
PBMCs (A) or monocytes (B) were treated with medium alone (■), DAMGO (10 
nM, ●), CTAP followed by 30 min with DAMGO (▲), or CTAP alone (▼), and 
supernatants were collected at the designated times, and TGF-β1 protein was 
determined by ELISA. (C) PBMCs (●) and monocytes (○) were treated with 
medium alone or the indicated concentrations of DAMGO, and supernatants were 
collected at 24 h, and the TGF-β1 level was determined. The results are 
representative of at least four donors and are determined in triplicate or 
quadruplicate  ±SD; *, p<0.05. Happel,C., Steele,A.D., Finley,M.J., Kutzler,M.A., 
and Rogers,T.J. (2008). DAMGO-induced expression of chemokines and 
chemokine receptors: the role of TGF-beta1. J. Leukoc. Biol. 83, 956-963.

A.

B.

C.
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Previously, we showed that DAMGO administration induces CCL5 expression 

in PBMCs with maximal chemokine expression at 72 h (Wetzel et al., 2000).  To 

determine whether TGF-β1 is required for the effects of DAMGO on chemokine 

expression, experiments were carried out using an anti-human TGF-β1 mAb, which 

neutralizes TGF-β1 activity.  PBMCs were pretreated for 1 h with anti-TGF-β1 or an 

IgG1 isotype control Ig, followed by DAMGO administration.  Supernatants were 

removed after 72 h in culture, and CCL5 levels were determined by ELISA (Figure 

9).  DAMGO treatment resulted in a significant elevation in CCL5, and the presence 

of the isotype control had no effect on the DAMGO-induced expression of these 

chemokines (Figure 9).  However, pretreatment of PBMCs with anti-TGF-β1 resulted 

in a significant inhibition of the DAMGO-induced increase in CCL5 levels (Figure 9).  

In contrast, we found that increases in CCL2 and CXCL10 production after DAMGO 

administration were not altered after pretreatment with anti-TGF-β1 (data not 

shown), suggesting that the DAMGO-induced elevation in the expression of these 

chemokines was not mediated entirely by TGF-β1.   

Role of TGF-β1 in the Induction of Chemokine Expression by DAMGO 

We were also interested in determining whether DAMGO treatment regulated 

the transcription of CCL5 mRNA in a TGF-β1-dependent manner.  PBMCs were 

pretreated with anti- TGF-β1 or cycloheximide followed by DAMGO administration.  

Total RNA was isolated, and cDNA was prepared for quantitation.  Real-time PCR 

was used to measure CCL5 transcript levels based on the cross-point from the 

thermocycler and then normalized to the housekeeping gene β-actin to allow for 

quantitative comparisons among the various samples.  We found that DAMGO 
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Figure 9. Preincubation with neutralizing anti-TGF-β1 blocks the DAMGO 
induced increase of CCL5 protein expression. PBMCs were pretreated with 10 
μM anti-TGF-β1 antibody or isotype-matched Ig (IgG1) for 1 h prior to 
administration of 1 M DAMGO. Supernatants were harvested after an additional 
72 h in culture, and CCL5 protein levels were determined by ELISA. Values 
represent the mean (±SD) of the triplicates cultures, and results are representative 
of five different donors; *, p< 0.05. Happel,C., Steele,A.D., Finley,M.J., 
Kutzler,M.A., and Rogers,T.J. (2008). DAMGO-induced expression of chemokines 
and chemokine receptors: the role of TGF-beta1. J. Leukoc. Biol. 83, 956-963.
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increased CCL5 mRNA levels, and the addition of anti-TGF-β1 resulted in significant 

inhibition of this effect following 24 and 4 hours of treatment (Figure 10A).  Further, 

the results from the administration of cycloheximide confirmed the requirement for 

new protein synthesis in the process of DAMGO-induced TGF-β1 expression.  We 

also examined TGF-β1 mRNA transcript levels using real-time PCR and found that 

DAMGO administration for 24 and 4 hours elevated TGF-β1 mRNA levels as well 

(Figure 10B), suggesting that TGF-β plays a significant role in its own induction.  

Taken together, these data suggest that TGF-β1 plays an important role in the 

DAMGO-induced elevation in CCL5 expression at the protein and the mRNA levels.  

To confirm the apparent requirement for TGF-β in the induction of CCL5 

expression, we wished to determine whether TGF-β might directly up-regulate CCL5 

levels. Recombinant human TGF-β1 was administered to PBMCs, and chemokine 

production was determined. The results show that TGF-β1 significantly induced 

CCL5 expression but failed to induce the production of CCL2 or CXCL10 expression 

(Figure 11).  (Figures 8-11 have been previously published (Happel et al., 2008) and 

have been reproduced and published in this text with the permission of the Journal 

of Leukocyte Biology.) 

 We also wanted to assess whether TGF-β1 can induce CCL5 transcriptional 

activity with the use of luciferase reporter assays.  The Promega reporter vectors, 

pGL3-Basic and pGL3-Control were used as controls for all luciferase assays.  The 

vector, pGL3-Basic, contains no promoter region prior to the cDNA encoding for the 

enzyme, firefly luciferase, and is used to measure background levels of firefly 

TGF-β1 can Induce CCL5 Transcriptional Activity 
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A.

B.

Figure 10. Neutralization of TGF-β1 and cycloheximide (CHX) blocks the 
DAMGO-induced increase in CCL5 and TGF-β1 mRNA transcript levels. PBMCs 
were treated with 10 M anti-TGF-β antibody for 30 min or 100 μg/ml cycloheximide 
for 30 min, prior to administration of 100 nM DAMGO. RNA was harvested after 24 h, 
cDNA was synthesized, and real-time PCR was performed. CCL5 (A) and TGF-β (B) 
cDNA concentrations were determined based on the cross-point from the 
thermocycler and compared with the housekeeping gene, β-actin to determine the 
concentration ratio, which was then compared with the untreated sample to establish 
the normalized ratio. The results show the mean values (±SD) of determinations from 
five different donors; *, p <0.05, compared with the untreated sample from each 
group. Happel,C., Steele,A.D., Finley,M.J., Kutzler,M.A., and Rogers,T.J. (2008). 
DAMGO-induced expression of chemokines and chemokine receptors: the role of 
TGF-beta1. J. Leukoc. Biol. 83, 956-963.
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A.

B.

C.

Figure 11. TGF-β1 induces CCL5 protein expression, and CCL2 and CXCL10 
levels are not significantly altered. PBMCs were treated with the designated 
concentrations of TGF-β1, and supernatants were harvested at 24 h, and the 
concentrations of CCL2 (A), CXCL10 (B), and CCL5 (C) protein were determined. 
Values represent the mean (±SD) of the triplicates cultures, and results are 
representative of three different donors; *, p <0.05. Happel,C., Steele,A.D., 
Finley,M.J., Kutzler,M.A., and Rogers,T.J. (2008). DAMGO-induced expression of 
chemokines and chemokine receptors: the role of TGF-beta1. J. Leukoc. Biol. 83, 
956-963.
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Figure 12. TGF-β1 treatment can induce transcription of CCL5/RANTES.
A549 cells were transfected with pGL2-CCL5 and renilla luciferase constructs. 
Treatments were added at the indicated concentrations and luciferase activity 
using the Promega dual luciferase assay.  Luficerase was measured after 24 hours 
(A) and 8 hours (B) after treatment. The control vectors, pGL3-Basic, which 
contains no promoter region prior to the cDNA encoding for firefly luciferase, and 
pGL3-Control which was used as a positive control as it contains a highly active 
SV40 promoter prior to the firefly luciferase cDNA were used in each experiment. 
Graphs are expressed as a ratio of firefly/renilla luciferase. The results show the 
mean values of determinations from five replicates ± S.D.; * p< 0.05 ** p< 0.01 
compared. the untreated samples.
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Figure 13. TGF-β can induce CCL5/RANTES transcription with a truncated 
promoter.  A549 cells were transfected with CCL5 truncation mutant, pGL3-CCL5 
EcoRV (A), and renilla luciferase constructs. Treatments were added at the 
indicated concentrations and luciferase activity was measured after 24 hours after 
treatment (B) using the Promega dual luciferase assay. Graphs are expressed as a 
ratio of firefly/renilla luciferase. The results show the mean values (±SD) of 
determinations from four replicates. * p< 0.05 ** p< 0.01 compared to the untreated 
group.
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luciferase.  The pGL3-Control vector is used as a positive control as it contains a 

highly active SV40 promoter prior to the firefly luciferase cDNA.   To measure the 

transcriptional activity of the CCL5 promoter the CCL5 reporter construct, pGL2-

CCL5 (or the control constructs) and the MOR expression vector, were transfected 

into A549 cells along with the renillas luciferase vector and luciferase activity was 

following various treatments and time points.  Results are expressed as a ratio of 

firefly/renilla luciferase.  IL-1β or PMA treatments were also included in each assay 

as they are known inducers of CCL5 transcription.  We found that recombinant TGF-

β was able to induce CCL5 at concentrations of 1ng/ml and 10ng/ml.  This increase 

was observed after 24 hours (Figure 12A) and as early as 8 hours after treatment 

(Figure 12B).  Furthermore, transcription of a truncated CCL5 construct, pGL2-CCL5 

EcoRV (Figure 13A), could be induced in response to TGF-β1 treatment (Figure 

13B).  Since the truncated construct had similar activity as compared to the full 

length CCL5 construct, this suggests that the deleted region of CCL5 is not an 

essential region of the CCL5 promoter that responds to TGF-β treatment.  Therefore, 

we wanted to explore what transcription factors are involved in MOR activation and 

target gene expression. 

MOR Activation can Increase Transcription Factor Binding 

To further understand how the μ-opioid receptor regulates target gene 

expression and wanted to explore the transcription factors that may be regulated by 

MOR.  The coordinated activity of transcription factors in response to internal or 

DAMGO-Induced MOR Activation Results in Increased Transcription Factor 

Binding 
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external signaling can effect widespread changes in gene expression.  Therefore, 

we choose to employ a Panomics (Freemont, CA) protein/DNA array to 

simultaneously look at 56 different transcription factors.  Human primary PBMCs 

were treated with 100nM DAMGO for 45 minutes and nuclear extracts were 

prepared for the TranSignal protein/DNA array.  Nuclear extracts were mixed with 

the TranSignal probe mix and transcription factors were allowed to bind to the 

biotinylated consensus sequences.  DNA was then separated and hybridized to a 

membrane spotted with the complementary consensus sequences and detected 

(Figure 14). Semi-quantitative analysis was then performed based on the pixel 

number and mean intensity of each spot (all transcription factors were spotted in 

duplicate) for all 56 transcription factors represented on the array.  We found 16 

transcription factors that showed increased binding to their consensus sequences in 

response to DAMGO-induced MOR activation in PBMCs (Figure 15 and Table 9).  

Fold change was assessed in relation to the untreated sample for each transcription 

factor and is listed on Table 9 along with the corresponding consensus sequence.  

Of the 16 transcription factors that were shown to be regulated following DAMGO 

administration of PBMCs, there were many candidates for further exploration.     

NF-κB Signal Transduction and the Novel PKC, PKCζ, are Involved in the 

DAMGO-Induced Expression of Chemokines 

Due to the importance of NF-κB in the immune and inflammatory responses 

we decided to investigate the role NF-κB in the DAMGO-induced regulation of 

chemokine expression.  Both the CCL5 and CCL2 promoters contain multiple NF-κB 

NF-κB is Required for the DAMGO Induction of Chemokine Expression 
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TF Probe 1 TF Probe 2 TF Probe 3 TF Probe 4

Mixture of pre-labeled TF probes

Incubate with nuclear extract

TF1 TF3TF2 TF4

Separate unbound probes and 
separation of protein/DNA complexes to elute bound DNA 

5’ Biotin 3’ 5’ Biotin3’5’ Biotin 3’ 5’ Biotin 3’

Hybridize the free probe to the membrane, which contains an array of 
transcription factor consensus binding sequences

Figure 14. Schematic of the Panomics transcription factor protein/DNA 
array.  Abbreviations, TF, transcription factor.
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untreated DAMGO 100nM
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Ets/PEA3

NF-1
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Figure 15. DAMGO treatment increases transcription factor/DNA interactions in 
PBMCs. Human primary PBMCs were treated with 100 nM DAMGO for 45 minutes 
and nuclear extracts were prepared for the Panomics TranSignal DNA/protein array.  
Nuclear extracts were mixed with the TranSignal probe mix and transcription factors 
were allowed to bind to the biotinylated consensus sequences.  DNA was then 
separated and hybridized to a membrane spotted with the complementary 
consensus sequences and detected. Semi-quantitative analysis was then performed 
based on the pixel number and mean intensity of each spot for all 56 transcription 
factors represented. Representative of 3 independent experiments.
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AP-1 2.11 GATCAGCTTGATGATGAGTCAGCCCG

Brn-3 7.2 CACAGCTCATTAACGCGC

c-Myb 12.2 TACAGGCATAACGGTTCCGTAGTGA

Ets/Pea3 10.6 GATCTCGAGCAGGAAGTTCGA

GAS/ISRE 10.22 CGAAGTACTTTCAGTTTCATATTACTCTACAA

HSE 11.8 CTGGAATTTTCTAGA

NF-1 9.2 TTTTGGATTGAAGCCAATATGATAA

NFATc 4.04 ACGCCCAAAGAGGAAAATTTGTTTCATACA

NF-κB 6.366 AGTTGAGGGGACTTTCCCAGGC

p53 3.94 TACAGAACATGTCTAAGCATGCTGGGG

PRE 12.8 GATCCTGTACAGGATGTTCTAGCTACA

Smad3/4 3.94 TCGAGAGCCAGACAAAAAGCCAGACATTTAGCCAGACAC

Stat1 11 CATGTTATGCATATTCCTGTAAGTG

Stat3 10.5 GATCCTTCTGGGAATTCCTAGATC

TR/DR-4 3.8 AGCTTCAGGTCACAGGAGGTCAGAGAGCT

TFIID 2.38 GGGCAGGGTATAACTCACCTGAGGGCAGGGTATAACTCACCTGA

Transcription 
Factor

Fold 
Change Consensus Sequence  (5’-3’)

Table 9. Semi-quantitative Analysis of DAMGO-induced Transcription Factor 
Binding. Human primary PBMCs were treated with 100 nM DAMGO for 45 minutes 
and nuclear extracts were prepared for Panomics TranSignal DNA/protein array. 
Semi-quantitative analysis was then performed based on the pixel number and mean 
intensity of each spot for all 56 transcription factors.  Fold change was determined 
when DAMGO treatment was compared to untreated sample and averaged between 
the two replicates. Representative of three independent experiments.        
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elements and have been suggested to be regulated by NF-κB.  The NF-κB inhibitors, 

HNE and BAY 11-7082 were used to block the NF-κB signaling pathway to explore 

the role of NF-κB in the regulation of CCL2 and CCL5 expression.  HNE specifically 

and reversibly, inhibits the activation-dependent IκBα phosphorylation, and 

subsequent proteolysis without affecting major proteolytic pathways (Esterbauer et 

al., 1991; Page et al., 1999).  BAY 11-7082 ((E)3-[(4-methylphenyl)-sulfonyl]-2-

propenenitrile) is an irreversible inhibitor of cytokine-induced phosphorylation of IκBα 

and the resulting IκB proteolysis (Pierce et al., 1997).  HNE and BAY 11-7082 were 

preincubated with the PBMCs for 45 minutes prior to DAMGO treatment at 

concentrations of 100 nM and 1 nM.  Four hours after treatment, RNA was isolated, 

cDNA was synthesized, and real-time PCR was performed for CCL5 and CCL2 

(Figure 16, A and B, respectively).  The concentration ratio (chemokine expression 

compared with the housekeeping gene β-actin), was then compared with the 

untreated sample to establish the normalized ratio.  We found that DAMGO 

administration resulted in increased CCL5 and CCL2 levels of mRNA in human 

PBMCs.  Pretreatment with HNE or BAY 11-7082 resulted in a complete abrogation 

of the DAMGO-induced up-regulation of CCL5 and CCL2 (Figure 16).  These results 

imply that the NF-κB signaling pathway is required for DAMGO induction of CCL5 

and CCL2 expression.  Previous data from Dr. Rogers’ lab established a role for 

HNE and the proteasome inhibitor, MG132, in the DAMGO-induced regulation of 

CCL2 and CCL5 protein expression.  MG132 is a potent, cell permeable, and 

selective proteasome inhibitor which inhibits NF-κB activation by preventing IκB 

degradation.  Pretreatment of PBMCs with HNE or MG132 resulted in a significant 
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Figure 16. NF-κB inhibitors can block the DAMGO-induced increase in CCL5 
and CCL2 mRNA transcript levels.  PBMCs were obtained from human donors 
and treated pretreated with 50 μM HNE or 10 μM Bay 11-7082 for 45 minutes 
followed by DAMGO treatment for 4 hours at concentrations of 100 nM and 1 nM.  
RNA was isolated and cDNA was synthesized, and real-time PCR was performed 
for CCL5 (A) and CCL2 (B). cDNA concentrations were determined based on the 
cross-point from the thermocycler and compared with the housekeeping gene β-
actin to determine the concentration ratio, which was then compared with the 
untreated sample to establish the normalized ratio. The results show the mean 
values (±SD) of determinations from five different donors; *, p <0.05, compared with 
the DAMGO-only group.
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inhibition of the DAMGO-induced increase in CCL5 and CCL2 protein levels four 

hours after treatment.  Results with NF-κB inhibitors support our earlier findings that 

the DAMGO-induced elevation of CCL5 and CCL2 expression occurs at the level of 

transcription.  Taken together, these data suggest that not only is NF-κB an 

important player in the DAMGO-induced elevation of CCL2 and CCL5 expression, 

but, it is essential factor in this pathway (Manuscript in preparation). 

To understand how DAMGO treatment is able to regulate the NF-κB signaling 

pathway we turned our focus to the regulation of NF-κB.  Since the prototypical NF-

κB complex is a p65/p50 heterodimer, and, p65 is the NF-κB subunit responsible for 

transactivation, we decided to explore the post-translational regulation of p65.  p65 

phosphorylation and acetylation is regulated by a number of kinases at multiple 

residues (Figure 3 and Table 2).  We decided to focus on serine residues 536 and 

311.  To determine the status of these serine residues human PBMCs were treated 

with 100 nM DAMGO over a time period of 2 hours.  At the appropriate time whole 

cell lysates are prepared and used for western blot analysis of p65, phospho-p65 

(Ser536 and Ser311) and GAPDH.  We found increased phosphorylation of p65 at 

Ser536 and Ser311 in response to 100nM DAMGO administration of PBMCs (Figure 

17).  Phosphorylation peaked at approximately 30 minutes following DAMGO 

treatment and was completely abolished 120 minutes following treatment (Figure 

17).  Interestingly, we also see an increase in total p65 expression in response to 

DAMGO that is consistent and reproducible between donors.  The rationale for this 

phenomenon is still unclear.  To investigate the role of PKCζ and the NF-κB 

DAMGO-Induced Regulation of NF-κB 
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Figure 17. p65 is phosphorylated in response to DAMGO treatment in primary 
human PBMCs. PBMCs were pretreated for 45 min with 25 μM PKCζ PSI or 50 
μM MG132, followed by DAMGO treatment at a concentration of 100 nM.  At the 
appropriate time following DAMGO treatment, whole cell lysates were made using 
RIPA buffer and protein concentration were measured. Following SDS-PAGE, 
membranes were subjected to western blot analysis for total p65, phospho-p65 
(Ser536 and Ser311) and GAPDH levels were determined.  The results are 
representative of at least four donors.

Time (min)
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signaling pathway, PBMCs were also pretreated for 45 min with 25 μM PKCζ PSI or 

50 μM MG132, followed by DAMGO treatment.  At the appropriate time, whole cell 

lysates were made and samples were used for western blot analysis.  We found that 

the presence of a PKCζ inhibitor blocked the DAMGO-induced increase of p65 

phosphorylation at both residues 536 and 311.  Interestingly, pretreatment with the 

PKCζ PSI also prevented to increase in total p65 expression in response to DAMGO 

administration.  However, the presence of the proteasome inhibitor, MG132, 

unexpectedly enhanced basal Ser536 phosphorylation and did not affect the 

inducible Ser536 phosphorylation.  In addition, the inducible phosphorylation of 

serine 311 in response to DAMGO was reduced in the presence of MG132 but not 

prevented (Figure 17).   

 To determine the status of IκB following DAMGO administration of PBMCs 

the same lysates as used previously (Figure 17) were also subjected to western blot 

analysis for IκB, phospho-IκB (Ser32/36) and GAPDH levels (Figure 18).  We 

hypothesized that IκB is phosphorylated in response to DAMGO administration of 

PBMCs and that IκB is targeted for degradation via the 26S proteasome.  

Degredation of IκB results in the release of the NF-κB complex for nuclear 

translocation and transcription of target genes.  In the presence of MG132, IκB is not 

degraded by the proteasome and we would therefore expect to see accumulation of 

p-IκB.  Our results do not show a significant increase in p-IκB levels in response to 

DAMGO treatment, presumable due to the fact that p-IκB is quickly targeted for 

degredation by the 26S proteasome (Figure 18).  However, in the presence of 
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Figure 18. IκB is phosphorylated in response to DAMGO treatment in primary 
human PBMCs. PBMCs were pretreated for 45 min with 25 μM PKCζ PSI or 50 
μM MG132, followed by DAMGO treatment at a concentration of 100 nM. At the 
appropriate time following DAMGO treatment whole cell lysates were made using 
RIPA buffer and protein concentration were measured. Following SDS-PAGE, 
membranes were subjected to western blot analysis for total IκB, phospho-IκB 
(Ser32/36) and GAPDH were determined. The results are representative of at least 
four donors.
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Figure 19. CHX prevents the DAMGO-induced increase in total p65 
expression. PBMCs obtained from human donors were pretreated for 45 min with 
50 μg/ml of CHX followed by DAMGO treatment at a concentration of 100 nM.  At 
the appropriate time following DAMGO treatment, whole cell lysates were made 
using RIPA buffer and protein concentration were measured. Following SDS-
PAGE, membranes were subjected to Western blot analysis of total p65, phospho-
p65 (Ser536 and Ser311), total IκB, phospho-IκB (Ser32/36) and GAPDH were 
determined. This experiment is representative of three independent experiments.
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MG132, we do see a significant increase in phosphorylation of IκB following DAMGO 

administration at serine residues 32 and 36 (Figure 18).   

In addition, Figure 17 shows that DAMGO-induced increases in p65 

phosphorylation correlated with a concurrent increase in total p65 expression.  

Therefore, cycloheximide (CHX) was used to inhibit new protein synthesis.  PBMCs 

were pretreated for 45 min with 50μg/ml of CHX followed by a DAMGO time course.  

Western blot analysis was used to measure p65, phospho-p65 (Ser536 and 

Ser311), IκB, phospho-IκB (Ser32/36) and GAPDH expression (Figure 19).  We 

observed a DAMGO induced increase in phosphorylation of p65 at both serine 

residues (536 and 311) that was not inhibited by CHX pretreatment.  Furthermore, 

the increase in total p65 expression observed following DAMGO administration was 

not seen with CHX pretreatment suggesting that new protein synthesis is involved in 

this effect.  However, the reason and mechanism for this effect is still unclear.  

Taken together, these date show that the NF-κB subunit, p65 is phoshorylated at 

serine residues 536 and 311 in response to DAMGO treatment of PBMCs.  These 

data also suggest a role for the atypical PKC, PKCζ, in the regulation of chemokine 

expression.  Since the PKCζ PSI seems to be able to block p65 phosphorylation, 

this suggests that induction of PKCζ occurs upstream of NF-κB activation.   

There is only one kinase known to phosphorylate p65 at serine residue 311 

and that is the atypical PKC, PKCζ.  Therefore, we wanted to explore the possibility 

that PKCζ is activated and becomes phosphorylated in response to DAMGO 

treatment in PBMCs.  Freshly isolated PBMCs were treated with 1 nM DAMGO and 

PKCζ is Phosphorylated in Response to DAMGO Administration 
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PKCζ

Phospho- PKCζ

Figure 20. PKCζ is phosphorylated in response to DAMGO treatment in 
primary human PBMCs. PBMCs were obtained from human donors and treated 
with DAMGO at a concentration of 100 nM.  At the appropriate time following 
DAMGO treatment whole cell lysates were made using RIPA buffer and protein 
concentration were measured. Following SDS-PAGE, membranes were subjected 
to western blot analysis of total PKCζ and phosphorylated PKCζ (Thr410) were 
determined (A). Semi-quantitative analysis of phosphorylation of PKCζ was 
determined based on mean intensity of the bands compared to total PKCζ
expression (B). This experiment is representative of three independent 
experiments.
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whole cell lysates were prepared at the appropriate time using RIPA buffer.  Lysates 

were subjected to SDS-PAGE and immunoblotting for total PKCζ and phospho-

PKCζ (Thr403).  We found that PKCζ is phosphorylated as early as 10 minutes 

following DAMGO treatment and peaks at 30 minutes (Figure 20).  120 minutes 

following treatment PKCζ phosphorylation levels returned to basal levels.  Total 

PKCζ remained unchanged following DAMGO administration.  These results 

suggest that PKCζ may be regulated by MOR activation and could participate in the 

DAMGO-induced expression of chemokines. 

To determine the role of PKCζ in the DAMGO-induced MOR activation of 

chemokine expression we wanted to block PKCζ activity and signal transduction.  To 

inhibit the activity of PKCζ we used a PKCζ pseudosubstrate inhibitor (PSI).  The 

PKCζ PSI is a small, cell-permeable, myristoylated peptide, resembling the protein 

kinase Cζ pseudosubstrate domain.  A pseudosubstrate domain is a short stretch of 

amino acids which resembles a substrate sequence except for Ala occupying the 

position of Ser or Thr as a phospho-group acceptor, and blocks the substrate-binding 

cavity of the kinase domain.  In the presence of excess PKCζ PSI, the inhibitor 

competes for binding to the kinase region of PKCζ and PKCζ substrates do not have 

access to this region.  Therefore, the PKCζ PSI blocks downstream PKCζ signaling 

pathways.  The PKCζ PSI was used to block PKCζ kinase activity and to explore the 

role of PKCζ in the regulation of CCL2 and CCL5 expression.  We found that PKCζ 

PSI pretreatment followed by DAMGO administration on PBMCs results in significant 

PKCζ Activity is Required for the DAMGO-Induced Regulation of Chemokine 

Expression 
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Figure 21. A PKCζ PSI can block the DAMGO-induced increase of CCL2 and 
CCL5 mRNA transcript levels.
PBMCs were obtained from human donors and pretreated with 25 μM of a PKCζ
PSI for 45 minutes followed by DAMGO treatment for 4 hours at concentrations of 
100 nM and 1 nM.  RNA was isolated and cDNA was synthesized, and real-time 
PCR was performed for CCL2 (A) and CCL5 (B). cDNA concentrations were 
determined based on the cross-point from the thermocycler and compared with the 
housekeeping gene β-actin to determine the concentration ratio, which was then 
compared with the untreated sample to establish the normalized ratio. The results 
show the mean values of determinations from five different donors  ± S.D.; *, p 
<0.05, compared with the untreated sample from each group.
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Figure 22. A PKCζ PSI can block DAMGO-induced CCL2 and CCL5 protein 
expression. Human PBMCs were pretreated with 25 μM PKCζ PSI for 45 minutes 
prior to administration of 1 nM DAMGO treatment. Supernatants were collected at 4 
hours and CCL2 (A) and CCL5 (B) protein levels were determined by ELISA. The 
results are representative of at least 3 donors and are determined in triplicate ±
S.D; * p < 0.05 compared with the untreated sample from each group.
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inhibition of the DAMGO-induced increase in CCL2 and CCL5 expression  (Figure 

21 and 22). 

Generation and Implementation of a Cell Line Based System to Analyze 

MOR Regulation of Chemokine Expression 

To further understand the mechanism in which MOR regulates chemokines 

expression we required the use of a cell line expressing the μ-opioid receptor.  

Unlike primary PBMCs many leukocyte cell lines do not express the MOR.  

Therefore we found it necessary to generate a cell line that expresses the μ-opioid 

receptor.  To generate a lentiviral system for protein expression we have used the 

ViraPower lentiviral expression system from Invitrogen.  A lentiviral expression 

system will effectively transduce both dividing and non-dividing mammalian cells as 

well as provide stable, long-term expression of the target gene. Additionally, the 

Invitrogen lentiviral system has the ability to infect a larger range of cell types 

including primary immune cells with VSV-G gene.  Cell types transduced by a 

lentiviral system include cell lines such as; HL-60, K562, U937, Mutz-3, Molt-4, 

Mono Mac-6, HEK293 (Tiede et al., 2003).  Primary cells that can be transduced by 

a lentiviral system include human T cells (Rubinson et al., 2003), human CD14+ 

monocytes (Tiede et al., 2003), murine B cells (Oh-Hora et al., 2003), and murine 

hematopoetic progenitor cells (Mogi et al., 2003; Rubinson et al., 2003). 

Generation of a MOR Lentiviral Expression System 

To generate a MOR lentiviral expression construct we started used the vector 

pcDNA3-MOR-FLAG as template to generate PCR fragment of the desired 

sequence (Figure 5).  The MOR PCR reactions generated for cloning include a 5’ 
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Figure 23. Generation of pENTR4-MOR. Cloning strategy to generate an entry 
vector pENTR4 expressing MOR.  The expression construct, pcDNA3-MOR-FLAG, 
was used as a template to generate PCR products containing a hemaglutinin 
membrane trafficking signal sequence (gray), FLAG tag (white) and the μ-opioid 
receptor cDNA in between Kpn I and Eco RV restriction sites. PCR fragments were 
then subcloned into the Kpn I and Eco RV sites in the entry vector, pENTR4 (A) 
(Invitrogen), generating pENTR4-MOR (B). A sequence specific LR recombination 
reaction (C) was used to generate pLenti4/V5-DEST-MOR from the entry vector, 
pENTR4-MOR. The recombination reaction resulted in the generation of the final 
expression construct, pLenti4/V5-DEST-MOR pLenti4/V5-DEST (Figure 5).

C.
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aaagcaggctccaccatgggaaccaattcagtcgactggatccggtaccccatgaagacg
K  A  G S  T  M  G  T  N  S  V  D  W  I R  Y  P  M  K  T
atcatcgccctgagctacatcttctgcctggtgttcgccgactacaaggacgatgatgac
I  I  A  L  S  Y  I  F  C  L  V  F  A D  Y  K  D  D  D  D 
gccatggacagcagcgctgcccccacgaacgccagcaattgcactgatgccttggcgtac 
A M  D  S  S  A  A  P  T  N  A  S  N  C  T  D  A  L  A  Y 
tcaagttgctccccagcacccagccccggttcctgggtcaacttgtcccacttagatggc 
S  S  C  S  P  A  P  S  P  G  S  W  V  N  L  S  H  L  D  G 
aacctgtccgacccatgcggtccgaaccgcaccgacctgggcgggagagacagcctgtgc 
N  L  S  D  P  C  G  P  N  R  T  D  L  G  G  R  D  S  L  C 
cctccgaccggcagtccctccatgatcacggccatcacgatcatggccctctactccatc 
P  P  T  G  S  P  S  M  I  T  A  I  T  I  M  A  L  Y  S  I 
gtgtgcgtggtggggctcttcggaaacttcctggtcatgtatgtgattgtcagatacacc 
V  C  V  V  G  L  F  G  N  F  L  V  M  Y  V  I  V  R  Y  T 
aagatgaagactgccaccaacatctacattttcaaccttgctctggcagatgccttagcc 
K  M  K  T  A  T  N  I  Y  I  F  N  L  A  L  A  D  A  L  A 
accagtaccctgcccttccagagtgtgaattacctaatgggaacatggccatttggaacc 
T  S  T  L  P  F  Q  S  V  N  Y  L  M  G  T  W  P  F  G  T 
atcctttgcaagatagtgatctccatagattactataacatgttcaccagcatattcacc 
I  L  C  K  I  V  I  S  I  D  Y  Y  N  M  F  T  S  I  F  T 
ctctgcaccatgagtgttgatcgatacattgcagtctgccaccctgtcaaggccttagat 
L  C  T  M  S  V  D  R  Y  I  A  V  C  H  P  V  K  A  L  D 
ttccgtactccccgaaatgccaaaattatcaatgtctgcaactggatcctctcttcagcc 
F  R  T  P  R  N  A  K  I  I  N  V  C  N  W  I  L  S  S  A 
attggtcttcctgtaatgttcatggctacaacaaaatacaggcaaggttccatagattgt 
I  G  L  P  V  M  F  M  A  T  T  K  Y  R  Q  G  S  I  D  C 
acactaacattctctcatccaacctggtactgggaaaacctgctgaagatctgtgttttc  
T  L  T  F  S  H  P  T  W  Y  W  E  N  L  L  K  I  C  V  F 
atcttcgccttcattatgccagtgctcatcattaccgtgtgctatggactgatgatcttg 
I  F  A  F  I  M  P  V  L  I  I  T  V  C  Y  G  L  M  I  L 
cgcctcaagagtgtccgcatgctctctggctccaaagaaaaggacaggaatcttcgaagg 
R  L  K  S  V  R  M  L  S  G  S  K  E  K  D  R  N  L  R  R 
atcaccaggatggtgctggtggtggtggctgtgttcatcgtctgctggactcccattcac 
I  T  R  M  V  L  V  V  V  A  V  F  I  V  C  W  T  P  I  H 
atttacgtcatcattaaagccttggttacaatcccagaaactacgttccagactgtttct 
I  Y  V  I  I  K  A  L  V  T  I  P  E  T  T  F  Q  T  V  S 
tggcacttctgcattgctctaggttacacaaacagctgcctcaacccagtcctttatgca 
W  H  F  C  I  A  L  G  Y  T  N  S  C  L  N  P  V  L  Y  A 
tttctggatgaaaacttcaaacgatgcttcagagagttctgtatcccaacctcttccaac 
F  L  D  E  N  F  K  R  C  F  R  E  F  C  I  P  T  S  S  N 
attgagcaacaaaactccactcgaattcgtcagaacactagagaccacccctccacggcc 
I  E  Q  Q  N  S  T  R  I  R  Q  N  T  R  D  H  P  S  T  A 
aatacagtggatagaactaatcatcagctagaaaatctggaagcagaaactgctccgttg 
N  T  V  D  R  T  N  H  Q  L  E  N  L  E  A  E  T  A  P  L 
ccctacggatatctagacccagctttcttgtacaaagtggtt
P  Y  G  Y  L  D  P  A  F  L  Y  K  V  V

Figure 24. Sequence analysis of pLenti4/V5-DEST-MOR lentiviral construct. 
DNA sequencing of pLenti4-V5-DEST-MOR was performed to verify sequence and 
correct open reading frame. The sequence is color coded, therefore, pLenti-V5-
DEST sequence is orange and pENTR4 sequence is purple, the signal sequence is 
red and the flag sequence is green. The μ-opioid receptor cDNA is black and the 
unique subcloning restriction sites are underlined in maroon.
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FLAG tag and bacterial derived signal sequence for membrane trafficking.  

Directional subcloning between the restriction sites Kpn I and Eco RV within 

pENTR4 and restriction sites generated from the subcloning primers were used for 

ligation (Figure 23, A and B).  Positive clones were verified by sequencing.  Once 

the entry clone was verified we then performed an LR recombination reaction 

between the entry clone and the destination vector, pLenti4/V5-DEST (Figure 23C).  

The LR Clonase™ II enzyme mix was used to catalyze this sequence specific 

recombination reaction (Figure 23A) between pENTR4 and pLenti4/V5-DEST to 

generate pLenti4/V5-DEST-MOR (Figure 6).  Positive clones were verified using 

restriction digests and verified by sequencing (Figure 24).   

The human 293FT producer cell line was used to facilitate optimal production 

of lentivirus. Our expression construct, pLenti4/V5-DEST-MOR, was transfected 

along with ViraPower™ Packaging Mix to generate lentivirus.  The virus was then 

concentrated using ultracentrifugation. The virus was then resuspended in 1 ml of 

PBS containing 0.1% BSA and stored at -80 oC for further use.  Lentiviral stocks 

were then titered to determine the transducing units (TU)/ml of our virus.  We used 

the human fibrosarcoma line, HT1080, to titer our lentivirus.  Cells were transduced 

with our lentivirus using 10-fold serial dilutions ranging from 10-2 to 10-6 of our 

lentiviral stock.  After approximately 14 days of Zeocin selection, there were no live 

colonies on the mock plate and discrete antibiotic-resistant colonies in the 

transduced plates.  Colonies were then stained with 1% crystal violet and the blue-

stained colonies were counted and used to determine the titer based on the lentiviral 

dilutions (Figure 25).  We found that the MOR lentivirus was 9 x 103 TU/ml.  
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Figure 25. Determination of MOR lentiviral titers. MOR lentiviral stocks are 
titered to determine the transducing units (TU)/ml of the virus in HT1080 cells, with 
or without Polybrene.  Titers were determined following 14 days of Zeocin 
selection and colonies were stained with 1% crystal violet. The blue-stained 
colonies were counted and used to determine the titer based on the lentiviral 
dilutions (A).  The effect of Polybrene® on the lentiviral titer was also determined 
(B).
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Polybrene (hexadimethrine bromide) is a cationic polymer used to increase the 

efficiency of infection of certain cells with a retrovirus in cell culture. Polybrene acts 

by neutralizing the charge repulsion between virions and sialic acid on the cell 

surface.  The effect of Polybrene® on our MOR lentiviral titer was determined to be 

1.7 x 103 TU/ml (Figure 25B).   The presence of Polybrene during transduction did 

not improve the titer therefore it was not included in subsequent preparations.  

Although the titer of our lentivirus was lower than suggested (1 x 105 TU/ml) we 

decided to continue and transduce the lentiviral construct into the cell line of our 

choice.  This choise was made based on the intended use of the lentivirus, which 

was to create a stable cell line expression MOR, as opposed to generating large 

amounts of protein for applications such as protein purification. 

We choose to use the human embryonic kidney cell line, HEK 293 cells, as 

the cell line to continue our studies.  Due to our relatively low viral titers, our virus 

was added to HEK 293 cells at an MOI of approximately 0.025. Stably transfected 

cells were selected using Zeocin for 2-3 weeks.  Resistant colonies were then 

expanded and expression was verified through FACs, western blot analysis and 

calcium mobilization (Figure 26 and data not shown).  Our stably transduced HEK 

293-MOR cells were analyzed for the presence of the μ-opioid receptor on the cell 

surface through the use of an anti-V5-FITC monoclonal antibody.  HEK 293-MOR 

cells were stained with the anti-V5-FITC antibody, and the expression of MOR was 

determined by flow cytometry. The fluorescent profile of unstained cells is also 

presented. HEK 293-MOR cells were 69.9% positive for the V5 tag (Figure 26A). 

Transduced HEK 293-MOR Cells Express a Functional μ-OpioId Receptor 
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Figure 26.  Transduced HEK 293-MOR cells express a functional μ-opiod 
receptor. HEK-293 cells were transduced with the MOR lentiviral construct to 
create a HEK 293-MOR stable cell line. Cells were stained for the expression of 
MOR (using anti-V5-FITC monoclonal antibody), and the expression of this proteins 
was determined by flow cytometry. The fluorescent profile of unstained cells is also 
presented. HEK 293-MOR cells were 69.9% positive for the V5 tag (A). The data 
are presented as the % of maximum fluorescent intensity.  To test if MOR is 
functional maximal calcium mobilization versus baseline for the response to 100nM 
DAMGO was measured (B). Calcium mobilization was measured by labeling cells 
with fura-2 AM and measuring the calcium response using a spectrofluorometer 
with oscillating excitation at 340 nm and 380 nm with the detector set at 510 nm. 
Data are representative of 3 experiments.
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The data are presented as the % of maximum fluorescent intensity.  Therefore, HEK 

293-MOR cells are expressing the μ-opioid receptor on their cellular surface with a 

mean intensity of 21.7.  This is a similar level of expression as found in primary cells.   

To determine whether the μ-opioid receptor that is expressed on the cell 

surface of HEK 293-MOR cells is functional we employed a calcium mobilization 

assay.  Intracellular calcium has become an important indicator for the activation 

state of G protein-coupled receptors.  Calcium is an intracellular messenger in many 

eukaryotic signal transduction pathways. Most calcium signaling systems have one 

thing in common: they generate brief pulses of calcium, thereby regulating cellular 

functions.  Intracellular levels of calcium are usually kept low, as calcium often forms 

insoluble complexes with phosphorylated and carboxylated compounds.  Typically 

cytosolic calcium concentrations are 100 nM. In response to stimuli calcium is either 

released from external medium or internal stores to raise the calcium concentration.  

The concentration of free calcium in intact cells can be monitored by using polycyclic 

chelators such as fura-2.  The absorption maximum of fura-2 shifts from 380 nm to 

340 nm upon binding calcium, while the emission remains constant at 510 nm 

resulting in an increase of fluorescence intensity at 340 nm and a decrease at 380 

nm.   

We wanted to determine if HEK 293-MOR cells would flux calcium in 

response to DAMGO treatment.  Maximal calcium mobilization versus baseline for 

the response to 100nM DAMGO was measured over a 5 minute period (Figure 26B).  

Calcium mobilization was measured by labeling cells with fura-2 AM and measuring 

the calcium response using a spectrofluorometer with oscillating excitation at 
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340 nm and 380 nm with the detector set at 510 nm.  We found a sharp increase in 

calcium mobilization following DAMGO administration indicating that there was an 

increase in cytosolic calcium levels presumably due to the release of intracellular 

calcium stores (Figure 26B).  However, we also observe a small increase in the 

fluorescence ratio over the time course due to the leaking of Ca2+ from the 293-MOR 

cells.  From these results we concluded that the μ-opioid receptor expressed on 

HEK 293-MOR cell was able to flux calcium, an important indicator of GPCR 

activation.  Therefore, the not only do HEK 293-MOR cells express the μ-opioid 

receptor but it is also functional. 

 To ensure that our cell line model system will mimic the effect of DAMGO 

administration that we see following treatment in PBMCs, we decided to verify that 

the HEK 293-MOR cells have the ability to regulate chemokine mRNA expression.  

As previously we treated the HEK 293-MOR cells with DAMGO at concentrations of 

100 nM and 1 nM.  A four hour time course following DAMGO treatment was 

performed and RNA was isolated, cDNA was synthesized, and real-time PCR was 

performed for CCL5, TGF-β and CCL2 expression (Figure 27).  The concentration 

ratio (chemokine expression compared with the housekeeping gene β-actin), was 

then compared with the untreated sample to establish the normalized ratio.  We 

found that mRNA expression of the chemokine CCL5 and CCL2 were increased as 

early as one hour following treatment.  Four hours after DAMGO administration we 

found mRNA levels of CCL5, TGF-β and CCL2 were increased (Figure 27).  This is 

consistent with our earlier observations in PBMCs.   

DAMGO-Induced Chemokine Expression in HEK-293-MOR Cells 

121



N
or

m
al

is
ed

 R
at

io

0

4000

untreated
60 min
120 min
240 min

CCL5 TGF-β CCL2

Figure 27. DAMGO-induced MOR activation of cytokine and chemokine 
mRNA expression in HEK 293-MOR cells.
HEK 293-MOR cells were treated with 100 nM DAMGO and RNA was isolated at 
the indicated times over the four hour time course. cDNA was synthesized, and 
real-time PCR was performed for CCL5, TGF-β and CCL2. cDNA concentrations 
were determined based on the cross-point from the thermocycler and compared 
with the housekeeping gene β-actin to determine the concentration ratio, which 
was then compared with the untreated sample to establish the normalized ratio. 
The results are representative of three independent experiments.
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Previous work has also shown that inhibition of the NF-κB pathway could 

block the DAMGO-induced increase of chemokine expression.  To test this, HEK-

293-MOR cells were pretreated with the NF-κB inhibitors, HNE or Bay 11-7082 for 

45 minutes followed by DAMGO treatment for 4 hours at concentrations of 100nM 

and 1nM.  RNA was isolated and cDNA was synthesized, and real-time PCR was 

performed for CCL5 and CCL2.  Our data demonstrated that both inhibitors, HNE 

and BAY 11-7082, were able to block the DAMGO-induced regulation of chemokine 

expression in HEK 293-MOR cells (Figure 28).   To ensure that regulation of 

DAMGO-induced enhancement of chemokine expression was specific and mediated 

through the μ-opioid receptor, HEK-293-MOR cells were cultured in the presence or 

absence of 1 μM CTAP, a selective μ-opioid antagonist.   RNA was isolated and 

cDNA was synthesized, and real-time PCR was performed for chemokine transcript 

levels.  CTAP alone had no effect on the expression of CCL5 or CCL2.  However, 

antagonist pretreatment prevented the DAMGO-induced increase in both CCL5 and 

CCL2 production (Figure 29).  These results suggest that the DAMGO-induced 

increase in CCL5 and CCL2 expression is mediated through MOR.  Finally, in earlier 

studies with PBMCs we found that DAMGO induction of CCL2 and CCL5 expression 

was dependent on the atypical PKC, PKCζ.  To further test the role of PKCζ as an 

essential mediator of the DAMGO-induced elevation of chemokine expression, 

experiments were carried out utilizing the PKCζ PSI.  HEK 293-MOR cells were 

pretreated with 25 μM of a PKCζ PSI for 45 minutes followed by DAMGO treatment 

NF-κB and PKCζ are Required for the DAMGO-Induced Regulation of 

Chemokine Expression in HEK 293-MOR Cells 
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Figure 28.  DAMGO treatment increases CCL2 and CCL5 mRNA levels in 
HEK-293-MOR cells and it is NF-κB-dependent.
HEK-293-MOR cells were pretreated with 50 μM HNE or 10 μM Bay 11-7082 for 
45 minutes followed by DAMGO treatment for 4 hours at concentrations of 100nM 
and 1nM.  RNA was isolated and cDNA was synthesized, and real-time PCR was 
performed for CCL5 (A) and CCL2 (B). cDNA concentrations were determined 
based on the cross-point from the thermocycler and compared with the 
housekeeping gene β-actin to determine the concentration ratio, which was then 
compared with the untreated sample to establish the normalized ratio. The results 
are representative of three independent experiments.
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Figure 29.  DAMGO administration increases CCL2 and CCL5 mRNA levels 
in HEK-293-MOR cells and is PKCζ-dependent.
HEK-293-MOR cells were pretreated with 1 μM CTAP or 25 μM of a PKCζ PSI for 
45 minutes followed by DAMGO treatment for 4 hours at concentrations of 100nM 
and 1nM.  RNA was isolated and cDNA was synthesized, and real-time PCR was 
performed for CCL5 (A) and CCL2 (B). cDNA concentrations were determined 
based on the cross-point from the thermocycler and compared with the 
housekeeping gene β-actin to determine the concentration ratio, which was then 
compared with the untreated sample to establish the normalized ratio. The results 
are representative of three independent experiments.
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for 4 hours at concentrations of 100nM and 1nM.  RNA was isolated and cDNA was 

synthesized, and real-time PCR was performed for CCL5 and CCL2.  DAMGO-

treatment resulted in the significant elevation of the chemokines measured.  The 

presence of the PKCζ PSI resulted is a significant inhibition of the DAMGO-induced 

increase in CCL2 and CCL5 production (Figure 29).  Taken together, these data 

suggest that our cell line model system, HEK 293-MOR cells, mimic the DAMGO-

induced increase in chemokine expression.  The use of a MOR antagonist, CTAP, 

shows that this effect is specific and regulated through the μ-opioid receptor.  

Furthermore, inhibition of NF-κB of PKCζ results in augmented levels of the 

DAMGO-induced increase in CCL5 and CCL2.  This is also what we observed in 

human primary PBMCs.  Based on these results, we can continue to determine the 

molecular basis of the μ-opioid receptor regulation of chemokine expression with the 

use of this stably transduced cell line.  

Our previous work has used primary PBMCs to examine the μ-opioid receptor 

activation of chemokine expression.  One of the negative of this system is that the 

effects of DAMGO administration can be unclear or diluted due to the presence of 

multiple cell types.  It is still unclear which cell types are involved in the DAMGO-

induced regulation of chemokine expression in PBMCs.  However, the establishment 

of a cell line that appears to function similarly to PBMCs in response to DAMGO 

could help us understand this signal transduction pathway.  Previous western blot 

analysis have examined the levels of p65, phospho-p65 (Ser536 and Ser311), IκB, 

phospho-IκB (Ser32/36) and GAPDH expression in response to DAMGO.  Studies in 

DAMGO-Induced Regulation of the NF-κB Signal Transduction Pathway 
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HEK 293-MOR cells, show an increase in p65 phosphorylation at serine residue 536 

in response to DAMGO administration which appears as early as 30 minutes 

following treatment.   Two hours after DAMGO treatment we observe a 3 fold 

increase in phoshorylation at serine 536 (Figure 30, A and B).  We also observed a 

similiar increase in p65 phosphorylation at serine residue 311 in response to 

DAMGO administration.  Increased phosphorylation at serine 311 is seen after 30 

minutes and peaks around 120 minutes after DAMGO stimulation (Figure 30, A and 

C).  We also observe a decrease in total IκB expression which is most likely due to 

IκB degradation and the release of active NF-κB complexes.  We did not see a 

concurrent increase in p-IκB presumably due to its rapid degradation by the 26S 

proteasome.  To further explore the role of NF-κB and PKCζ we again used the 

proteasome inhibitor, MG123, and a PKCζ pseudosubstrate inhibitor to determine 

the effects of p65 phosphorylation in the presence of these inhibitors.  HEK 293-

MOR cells were pretreated with MG132 and the PKCζ PSI for 45 minutes prior to 

DAMGO administration.  At the appropriate time following DAMGO treatment, whole 

cell lysates were made using RIPA buffer.  Following SDS-PAGE, membranes were 

subjected to Western blot analysis of total p65, phospho-p65 (Ser536 and Ser311), 

total IκB, phospho-IκB (Ser32/36) and GAPDH were determined.  Our results 

showed a significant inhibition of p65 phosphorylation at both serine residues in the 

presence of MG132 and PKCζ PSI (Figure 30).  These results suggest that PKCζ 

and 26S mediated proteasomal degradation are required for phosphorylation of p65 

at both of these residues.  Interestingly, pretreatment with CHX resulted in increased 

phosphorylation of p65 compared to DAMGO treatment alone (Figure 30).  We 
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Figure 30. NF-κB is phosphorylated in response to activation of MOR in 
HEK293-MOR cells and is blocked by a PKCζ PSI and MG132.
HEK 293-MOR cells were pretreated for 45 min with 25 μM PKCζ PSI, 50μM 
MG132, or 50 μg/ml of CHX followed by DAMGO treatment at a concentration of 
100nM.  At the appropriate time following DAMGO treatment, whole cell lysates 
were made using RIPA buffer and protein concentration were measured. Following 
SDS-PAGE, membranes were subjected to Western blot analysis of total p65, 
phospho-p65 (Ser536 and Ser311), total IκB, phospho-IκB (Ser32/36) and GAPDH 
were determined (A). Semi-quantitative analysis of phosphorylation of p65 at 
Ser536 (B) and Ser311 (C) was determined based on mean intensity of the bands 
compared to total p65 expression. This experiment is representative of three 
independent experiments.
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hypothesized that this is due the effect of CHX on the synthesis of IκB.  Since CHX 

prevents new protein synthesis and IκB is a known NF-κB target gene it is possible 

that the absence of newly synthesized IκB results in extended NF-κB activation 

since it cannot effectively shut off the signal after termination of the stimulus.  

Previous work has also shown that PKCζ is phosphorylated in response to 

DAMGO administration in PBMCs.  Experiments were carried out to assess whether 

PKCζ in phosphorylated in HEK 293-MOR cells.  HEK 293-MOR cells were 

pretreated for 45 min with 25 μM PKCζ PSI, or 50 μM MG132 followed by DAMGO 

treatment at a concentration of 100nM.  At the appropriate time following DAMGO 

treatment, whole cell lysates were made using RIPA buffer and protein concentration 

were measured. Following SDS-PAGE, membranes were subjected to western blot 

analysis of PKCζ, phosphorylated PKCζ (Thr410), and GAPDH expression (Figure 

31).  We found that PKCζ was phosphorylated in response to DAMGO treatment.  

We observed a 3 fold increase in phosphorylation 30 minutes following DAMGO 

administration.  At 120 minutes we measured a 6 fold increase in PKCζ 

phosphorylation.  Pretreatment with the PKCζ PSI completely abrogated this 

DAMGO-induced PKCζ phosphorylation.  Furthermore, the presence of the 

proteosome inhibitor, MG132, did not seem to have a great effect on the level of 

PKCζ phosphorylation.  This confirms our earlier observations that PKCζ 

phosphorylation and activation is upstream of NF-κB signaling. 

Finally, we wanted to observe the effect of DAMGO administration on 

phosphorylation and activation of IKKα and IKKβ.  Studies have found that not only 

do IKKα and IKKβ play a role in activation of the NF-κB pathway by phosphorylating 
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Figure 31. PKCζ is phosphorylated in response to DAMGO activation in 
HEK293-MOR cells and is not blocked by the NF-κB inhibitor, MG132.
HEK 293-MOR cells were pretreated for 45 min with 25 μM PKCζ PSI, or 50 μM 
MG132 followed by DAMGO treatment at a concentration of 100nM.  At the 
appropriate time following DAMGO treatment, whole cell lysates were made using 
RIPA buffer and protein concentration were measured. Following SDS-PAGE, 
membranes were subjected to western blot analysis of total PKCζ, phosphorylated 
PKCζ (Thr410), and GAPDH were determined. This experiment is representative of 
three independent experiments.
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Figure 32. IKKα/β is phosphorylated in response to DAMGO in HEK293-MOR 
cells. HEK 293-MOR cells were pretreated for 45 min with 25 μM PKCζ PSI, or 50 
μM MG132 followed by DAMGO treatment at a concentration of 100 nM.  At the 
appropriate time following DAMGO treatment, whole cell lysates were made using 
RIPA buffer and protein concentration were measured. Following SDS-PAGE, 
membranes were subjected to western blot analysis and  total IKKα, IKKβ, 
phosphorylated IKKα/β (Ser), and GAPDH were determined. This experiment is 
representative of three independent experiments.
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IκB and targeting it for degradation but IKKα/β can affect p65 directly.  p65 is 

phosphorylated at serine 536 by a number of kinases including IKKα and IKKβ 

(Sakurai et al., 1999; Sizemore et al., 2002).   Similiarly, PKCζ has been implicated 

in NF-κB activation and the immune system.  PKCζ has also been show to effect 

NF-κB signaling through phosphorylation and activation of IKKβ and p65/RelA 

(Lallena et al., 1999; Duran et al., 2003).  To determine to role of IKKα/β, HEK 293-

MOR cells were pretreated for 45 min with PKCζ PSI, or MG132 followed by 

DAMGO treatment at a concentration of 100 nM.  At the appropriate time following 

DAMGO treatment, whole cell lysates were made using RIPA buffer. Following SDS-

PAGE, membranes were subjected to western blot analysis for total IKKα, IKKβ, 

phosphorylated IKKα/β (Ser), and GAPDH expression (Figure 32). We observed a 

slight increase in IKKα/β phosphorylation in response to DAMGO administration in 

HEK 293-MOR cells approximately 60 minutes following DAMGO treatment.  IKK 

phosphorylation did not seem to be effected by the presence of the PKCζ 

pseudosubstrate inhibitor or MG132 (Figure 32).              

 To confirm the role of NF-κB in the DAMGO-induced regulation of chemokine 

expression we wanted to determine if DAMGO was able to induce NF-κB dependent 

transcriptional activity.  SEAP assays were used for these reporter assays because 

SEAP is secreted into the medium, and you can collect samples from the same cell 

culture at various time points (i.e., time-course studies) without disrupting the cells.  

To measure NF-κB transcriptional activity we used an NF-κB SEAP reporter vector 

available from Clontech.  pNFκB-SEAP is designed for monitoring the activation of 

DAMGO Induction of NF-κB Transcriptional Activity 
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NF-κB signal transduction pathway (Baeuerle and Baltimore, 1996; Peltz, 1997; 

Baeuerle, 1998). pNFκB-SEAP contains the secreted alkaline phosphatase (SEAP) 

reporter gene (Berger et al., 1988; Malim et al., 1992). This vector also contains four 

tandem copies of the NF-κB consensus sequence fused to a TATA-like promoter 

(PTAL) region from the Herpes simplex virus thymidine kinase (HSV-TK) promoter. 

After endogenous NF-κB proteins bind to the κ enhancer element (Pessara and 

Koch, 1990), transcription is induced and the reporter gene is activated.  We treated 

HEK 293-MOR cells with 100 nM DAMGO and at the appropriate time removed a 

small amount of the supernatant for the SEAP assay to determine if the addition of 

DAMGO to the cell-culture medium induces the binding of transcription factors to the 

κ enhancer, which initiates transcription of SEAP.  We found increased SEAP 

enzymatic activity as early as 30 minutes following DAMGO administration (Figure 

33A).  SEAP activity peaked two hours after treatment and after four hours of 

DAMGO treatment SEAP activity returned to basal levels (Figure 33A and data not 

shown).  Therefore, we concluded that DAMGO can regulate NF-κB transcriptional 

activity.  To determine the role of PKCζ we also pretreated cells with the PKCζ PSI 

45 minutes prior to DAMGO treatment.  We found that the PKCζ PSI completely 

inhibited the DAMGO-induced increase in NF-κB transcriptional activity (Figure 33B).  

These results suggest that PKCζ is an essential regulator of the DAMGO-induced 

signal transduction pathway.  These results are also concurrent with previous results 

indicating that PKCζ functions upstream of the NF-κB signaling pathway. 
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Figure 33. Effect of DAMGO administration on NF-κB transcriptional activity.
HEK 293-MOR cells were transfected with the pNF-κB-SEAP construct (Invirtogen) 
using Lipofectamine 2000 overnight and allowed a 24 hour recovery time prior to NF-κB 
SEAP reporter assay (A). PKCζ pseudosubstrate inhibitor (B) was added at 25 μM for 
45 minutes prior to DAMGO treatment.  DAMGO treatment at concentrations of 100nM 
and 1nM were added and cell supernatants were collected at the appropriate time 
points for SEAP assay.   Values are a mean (±SD) of 4 replicates and are 
representative for 3 independent experiments. * p ≤ 0.05, ** p ≤ 0.01 compared to the 
untreated group at the respective time point.
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 We also wanted to assess whether DAMGO can induce CCL2 transcriptional 

activity.  Therefore the CCL2 promoter region (Figure 2B and 34A) was subcloned 

into the SEAP reporter vector, pSEAP2-basic.  With this pSEAP2-CCL2 construct 

we could determine the transcriptional activity of the CCL2 promoter in response to 

DAMGO treatment (Figure 34B).  We found that 100 nM and 1 nM DAMGO 

administration resulted in increased CCL2 transcriptional activity as early as 30 

minutes following treatment and we continued to see this effect four hours after 

DAMGO administration.  CCL2 transcription appeared to be strongest 2-4 hours 

after the addition of DAMGO (Figure 34B).  To determine the role of PKCζ in CCL2 

transcriptional activity we pretreated cells with the PKCζ PSI 45 minutes prior to 

DAMGO treatment.  We found that the PKCζ PSI completely inhibited the DAMGO-

induced increase in CCL2 transcriptional activity (Figure 35A).  These results 

confirm earlier studies which suggest that PKCζ is an essential regulator of the 

DAMGO induction of chemokine expression.  Furthermore, the NF-κB inhibitor, BAY 

11-7082 was used to block NF-κB activity and CCL2 regulated SEAP activity was 

determined.  Our data showed that BAY 11-7082 completely abrogated the 

DAMGO-induced CCL2 transcriptional activity (Figure 35B).  Interestingly, CCL2-

mediated SEAP background levels also seemed to be reduced in the presence of 

BAY 11-7082 (Figure 35B).  From these studies we can conclude that DAMGO has 

the ability to regulate NF-κB-dependent transcription and that the presence of PKCζ 

is required.  These results also suggest that NF-κB activation may be one of the 

mechanisms in which DAMGO is able to regulate target gene expression.  We then 

DAMGO Induction of CCL2 Transcriptional Activity 
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Figure 34. DAMGO administration induces CCL2 transcriptional activity.
HEK 293-MOR cells were transfected with the  pSEAP2-CCL2 construct (A) using 
Lipofectamine 2000 overnight and allowed a 24 hour recovery time prior to SEAP 
reporter assay. DAMGO treatment at concentrations of 100nM and 1nM were added 
and cell supernatants were collected at the appropriate time points for SEAP assay 
(B).  Values are a mean (±SD) of 4 replicates and are representative for 3 
independent experiments.  * p ≤ 0.05, ** p ≤ 0.01 compared to the untreated group at 
the respective time point.
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Figure 35.  PKCζ and NF-κB inhibitors block DAMGO-induced CCL2 
transcription. HEK 293-MOR cells were transfected with the pSEAP2-CCL2 
construct using Lipofectamine 2000 overnight and allowed a 24 hour recovery time 
prior to CCL2 SEAP reporter assay. PKCζ pseudosubstrate inhibitor (A) or BAY 
11-7082 (B) was added at concentrations of 25 μM and 10 μM respectively,for 45 
minutes prior to DAMGO treatment.  DAMGO treatment at concentrations of 100 
nM and 1 nM were added and cell supernatants were collected at the appropriate 
time points for SEAP assay.   Values are a mean (±SD) of 4 replicates and are 
representative for 3 independent experiments. * p ≤ 0.05, ** p ≤ 0.01 compared to 
the untreated group at the respective time point.
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turned our attention to the transcriptional regulation of the chemokine, CCL2.  Our 

data suggest that DAMGO has the ability to induce CCL2 transcription in HEK 293-

MOR cells.  Furthermore, this DAMGO-induced CCL2 transcription is dependent on 

the presence and functionality of NF-κB and PKCζ.     

NF-κB Regulation of CCL2 

Studies up to this point have examined DAMGO-induced NF-κB activation and 

regulation of the CCL2 promoter in vitro.  Therefore, we wanted to examine whether 

the NF-κB subunit, p65, can bind the CCL2 promoter in vivo in response to DAMGO 

administration of PBMCs.  Chromatin Immunoprecipitation (ChIP) is a widely utilized 

experimental technique to monitor the association of proteins with specific DNA 

sequences.  PBMCs from human donors were treated with 100 nM DAMGO and 

crosslinked to preserve protein/DNA interactions at the appropriate time by the 

addition 37% paraformaldehyde.  When performing ChIP, chromatin from cells need 

to be fragmented so that it becomes soluble and resolution can be achieved in 

detecting protein-DNA interaction at specific loci.  Therefore nuclear lysates were 

prepared and chromatin was digested using an EZ-Zyme chromatin preparation kit 

(Millipore).  The EZ-Zyme™ chromatin prep kit allows ChIP analysis at nucleosome 

resolution by performing complete or partial digestions with an enzymatic cocktail to 

obtain chromatin fragments of on average one to a few nucleosomes in length.  

Figure 36A shows that the majority of our chromatin has been digested to lengths of 

mono- or dinucleosomes. 

The NF-κB Subunit, p65, Binds to the CCL2 Promoter Region in Vivo 
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Figure 36. Preparation of chromatin for ChIP analysis and PCR analysis. Human 
PBMCs were treated with 100nM DAMGO and at the appropriate time cells were 
fixed with 40% formaldehyde and chromatin was prepared using the EZ-Zyme 
chromatin preparation kit (Millipore). Cross-links were reversed and protein and RNA 
was degraded to analyze the chromatin preparations on a 1.5% agarose gel to 
determine the efficiency of the enzymatic digestion.  Chromatin showed a ladder of 
mainly one (~150 bp) or two (~300bp) nucleosome fragments which is optimal for 
ChIP analysis (A).  (B) Schematic of the CCL2 promoter and the PCR sequence 
generated following ChIP analysis which spans the two κB elements in the CCL2 
enhancer region.

500

300
200

100

400

bp
ladder

1000

0     30    60   120
Time (min)

-2750  GGCTGTGCCGAGATGTTCCCCAGCACAGCCCCATGTGAGAGCTCCCTGGC

-2700  TCCGGGCCCAGTATCTGGAATGCAGGCTCCAGCCAAATGCATTCTCTTCT

-2650  ACGGGATCTGGGAACTTCCAAAGCTGCCTCCTCAGAGTGGGAATTTCCAC

-2600  TCACTTCTCTCACCGCCAGCACTGACCTCCCAGCGGGGGAGGGCATCTTTT

-2550  CTTGACAGAGCAGAAGTGGGAGGCAGACAGCTGTCACTTTCCAGAAGACT

Enhancer Region

NF-κB NF-κB

MCP-1 ER

A.

B.

140



ChIP analysis was then performed using 15-30 μg of chromatin prepared 

using the EZ-Zyme Chromatin Prep kit.  0.5 μg of antibodies for anti-acetyl-histone 

H3, anti-rabbit IgG, and anti-p65 CT, were added to the chromatin mixture with 

protein A magnetic beads and incubated overnight at 4°C on a rotating wheel.  The 

following day, Protein A bead-antibody/chromatin complexes were washed, followed 

by reversal of protein/DNA complexes to free the bound DNA.  DNA was purified 

using spin filters and eluted into 50 μl of 0.5 mM Tris (pH 8.0) for PCR analysis.  

PCR analysis was performed with Accuprime Pfx Supermix and PCR primers used 

are as listed in Table 8.  Results were subject to electrophoresis on a 1.5% agarose 

gel.  We found that when immunoprecipitated with the anti-acetyl histone H3 

antobody, PCR analysis showed equals amounts of GAPDH which was used as our 

loading control (Figure 37).  PCR analysis for IκB was used as a positive control 

since p65 is known to regulate IκB expression, serving as a negative regulatory loop 

(Sun et al., 1993; Brown et al., 1993; Arenzana-Seisdedos et al., 1995).  Our results 

showed that p65 bound to the IκB promoter 30 minutes following DAMGO treatment.  

There are multiple NF-κB consensus binding sequences located within the CCL2 

promoter.  One NF-κB binding site is located 90 base pairs upstream of the 

transcriptional start site.  In addition there are two NF-κB binding sites are located 

within the distal 5’ region of the CCL2 gene that are important for the inducible 

expression of CCL2 (Figure 2 and 36B) (Ueda et al., 1997).  We have hypothesized 

that p65 binds to the κB elements found in the CCL2 enhancer region in response to 

DAMGO treatment.  To test this hypothesis we have designed primers to span both 

of the NF-κB binding elements in the CCL2 enhancer region for PCR analysis 
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Figure 37. NF-κB binds to the enhancer region of the CCL2 promoter in vivo.  
Chromatin was prepared from human PBMCs and digested into one or two 
nucleosome fragments and used for ChIP analysis. 15-30μg of chromatin was 
incubated with protein A magnetic beads and an anti-acetyl-H3 antibody or an anti-
p65 antibody overnight. Complexes were then washed and DNA was separated 
from the complexes. Purified DNA was then subjected to PCR analysis for 
GAPDH, IκB (positive control) or the CCL2 enhancer region (ER). Results were 
analyzed by elecrophoresis on a 1.5% agarose gel. 
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following ChIP.  We found that p65 bound the CCL2 enhancer very strongly 30 

minutes following DAMGO treatment (Figure 37).  Additionally, our results showed 

an increase in CCL2 PCR product following DAMGO administration when 

immunoprecipitated with an anti-acetyl H3 antibody (Figure 37).  Since acetylation of 

histone H3 is commonly seen in genes that are being actively transcribed into RNA 

these results suggest that this region is undergoing a remodeling of the nucleosome 

structure to an open conformation that is more accessible to transcription 

complexes.  This results in the communication between the proximal and distal 

region of the CCL2 promoter.  The proposed mechanism of action prevents 

inappropriate gene activation and allows rapid induction of CCL2 following an 

appropriate stimulus (Muegge, 2002; Teferedegne et al., 2006).  Finally, the 

conformational change of the DNA organization results in increased amplification of 

the input DNA.  Together we conclude that p65 in recruited to the CCL2 promoter in 

vivo in response to DAMGO administration. 

NFAT may Participate in the DAMGO-Induced Regulation of Chemokine 

Expression 

 Previously, we wanted to further understand how the μ-opioid receptor 

regulates target gene expression and explore the transcription factors that may be 

regulated by MOR.  To do this we used a Panomics protein/DNA array to 

simultaneously look at the binding activity of 56 different transcription factors.  We 

found 16 transcription factors that showed increased binding to their consensus 

NFAT DNA Binding to its Consensus Sequence is Increased Following 

DAMGO Administration of PBMCs 
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sequences in response to DAMGO-induced MOR activation in PBMCs (Figure 15 

and Table 9).  We found a 4.04 fold change in NFAT binding to its consensus 

sequence following DAMGO administration of PBMCs compared to their untreated 

counterparts (Figure 15 and Table 9).  NFAT is a transcription factor originally 

identified in activated T cells and is known to play a crucial role in the immune 

system.   Therefore, we wanted to explore the role of NFAT in the DAMGO-induced 

regulation of chemokine expression. 

 To study the role of NFAT in the DAMGO-induced regulation of chemokine 

expression we have employed the use of a NFAT inhibitor.  This inhibitor is a highly 

selective NFAT (Nuclear Factor of Activated T-cells) inhibitor that interferes with 

calcineurin-NFAT interaction without affecting calcineurin phosphatase activity.  The 

NFAT inhibitor is a cell-permeable inhibitor that is modified at the N-terminal with an 

eleven arginine transduction domain and a three glycine linker sequence.  It inhibits 

NFAT activation and NFAT-dependent expression of endogenous cytokine genes in 

T cells, without affecting the expression of other cytokines that require calcineurin 

but not NFAT (Noguchi et al., 2004). The inhibitor prevents the activation and 

proliferation of T cells both in vitro (~43% at 1 µM using mixed lymphocyte cultures) 

and in vivo (10 mg/kg using C3H/HeN mice).  Additionally, it does not cause side 

effects outside the immune system as a result of calcineurin inhibition and therefore 

serves as a less toxic alternative for in vivo applications. 

NFAT is Required for DAMGO-Induced Regulation of Chemokine Expression 

PBMCs (Figure 38) or HEK 293-MOR cells (Figure 39) were pre-treated with 

an NFAT inhibitor at 1 μM for 45 minutes followed by DAMGO treatment for 4 hours 
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Figure 38. A NFAT inhibitor can block the DAMGO-induced increase of CCL2 
and CCL5 mRNA in PBMCs.
PBMCs were obtained from human donors and pre-treated with an NFAT inhibitor 
at 1 μM for 45 minutes followed by DAMGO treatment for 4 hours at concentrations 
of 100n M and 1 nM.  RNA was isolated and cDNA was synthesized, and real-time 
PCR was performed for CCL2 (A) and CCL5 (B). cDNA concentrations were 
determined based on the cross-point from the thermocycler and compared with the 
housekeeping gene -actin to determine the concentration ratio, which was then 
compared with the untreated sample to establish the normalized ratio. The results 
show the mean values (SD) of determinations from five different donors; * p <0.05, 
compared with the untreated group. 
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Figure 39. Preincubation with an NFAT inhibitor prevents the DAMGO-
induced increase of CCL2 and CCL5 mRNA in HEK-293-MOR cells.
HEK 293-MOR pretreated with 1μM NFAT inhibitor for 45 minutes followed by 
DAMGO treatment for 4 hours at concentrations of 100nM and 1nM.  RNA was 
isolated and cDNA was synthesized, and real-time PCR was performed for CCL2 
(A) and CCL5 (B). cDNA concentrations were determined based on the cross-
point from the thermocycler and compared with the housekeeping gene -actin to 
determine the concentration ratio, which was then compared with the untreated 
sample to establish the normalized ratio. The results show the mean values. This 
experiment is representative of three independent experiments.

5

NFAT inhibitor

A.

B.
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at concentrations of 100 nM and 1 nM.  RNA was isolated and cDNA was 

synthesized, for real-time PCR analysis of CCL2 and CCL5.  cDNA concentrations 

were determined based on the cross-point from the thermocycler and compared with 

the housekeeping gene β-actin to determine the concentration ratio, which was then 

compared with the untreated sample to establish the normalized ratio.  Our studies 

found that NFAT completely abolished the DAMGO induced increase in CCL2 and 

CCL5 mRNA following four hours of treatment.  This suggests that NFAT may be an 

essential player in CCL2 and CCL5 induction by MOR activation and DAMGO 

administration.  Further studies are needed to determine the role of NFAT in this 

DAMGO-mediated effect, and the mechanism of action.  
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CHAPTER 4 
DISCUSSION  

Previous studies from Dr. Rogers’ lab have found that DAMGO treatment of 

PBMCs results in a significant increase in CCL5 and CCL2 expression (Wetzel et al., 

2000).  This increase in chemokine expression in response to DAMGO 

administration appears to have a biphasic effect.  Chemokine mRNA and protein 

levels are elevated (approximately a 3-4 fold increase in expression) as early as 4 

hours in response to DAMGO treatment of PBMCs (Figure 16 and data not shown).  

However, chemokine expression then appears to decline and is followed by a 

second, stronger, increase in chemokine expression approximately 24-48 hours 

following DAMGO administration (Wetzel et al., 2000).  We have hypothesized that 

this biphasic response of chemokine expression in response to DAMGO 

administration is mediated by an initial, direct MOR-mediated increase in chemokine 

expression levels, followed by a second increase in chemokine expression that may 

be mediated by direct and indirect effects following DAMGO treatment of PBMCs.   

To address the mechanism by which the binding of DAMGO to the MOR 

results in the significant elevation in CCL5, CCL2, and CXCL10 expression after 48–

72 h in culture, experiments were carried out to determine the role of cytokines in 

opioid-induced chemokine regulation.  Several studies have shown that endogenous 

and exogenous opioids can alter cytokine production in cells of the immune system 

(Rogers and Peterson, 2003; McCarthy et al., 2001).  These data along with several 

others are consistent with a growing body of results, which suggest that a portion of 

the modulatory effects mediated by opioid receptor ligands involves the selective 
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regulation of cytokine expression, and we hypothesize that the DAMGO-induced 

elevation in chemokine and chemokine receptor expression may be mediated 

through the indirect participation of cytokines.   

We found that DAMGO significantly induced expression of the cytokine TGF-

β at the protein and mRNA levels (Figures 8 and 10), consistent with the 

observations by Chao et al. (1992), who reported that morphine elevates the 

expression of this cytokine.  The present studies show that the ability of DAMGO to 

alter TGF-β1 production is mediated through MOR, based on the ability of CTAP, a 

µ-selective antagonist, to block the induction of TGF-β1 production.  Additionally, 

PBMCs treated with TGF-β1 resulted in a significant elevation of CCL5 production 

but had no effect on CCL2 or CXCL10 levels (Figure 11).  Reporter assays verified 

that TGF-β1 treatment can induce the transcription of CCL5 expression (Figure 12). 

Our earlier reports (Wetzel et al., 2000; Steele et al., 2003) showed that 

DAMGO induction of CCL5 expression reached a maximum after 48–72 h of culture, 

and these observations are consistent with the results in the present report. The 

induction of TGF-β reaches a maximum at 24 h, and the subsequent induction of 

CCL5 reaches maximum levels following an additional 24–48 h of culture. In an 

effort to better define the role of TGF-β1 in the DAMGO-induced elevation of 

chemokine expression, we carried out studies using a neutralizing anti-TGF-β1 

antibody. PBMCs treated with DAMGO in the presence of this antibody failed to 

exhibit a normal increase in the expression of CCL5 suggesting that the MOR-

mediated induction of CCL5 is linked to the presence of TGF-β1 (Figure 9). These 
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data indicate that TGF-β1 plays a critical role in MOR-mediated regulation of the 

expression of some of the chemokines. However, the results suggest that other 

factors play a role in DAMGO induction of CCL2 and CXCL10 expression.   

The mechanism of TGF-β induction of CCL5 expression, however, remains 

unclear.  The Smad DNA binding sequence was identified as the SBE (Smad 

Binding Element), which contains the conserved recognition motif, TGACTCA (Lee 

et al., 1987).  There does not appear to be any SBE elements within the CCL5 

promoter (the promoter region of CCL5 is represented in Figure 2).  However, 

because Smads bind DNA either with low affinity or not at all they require 

cooperation with other sequence-specific binding factors to bind efficiently to the 

promoters of target genes (Ten and Hill, 2004).  Smad complexes have been 

reported to interact with sequence-specific DNA-binding transcription factors and 

that the stoichiometry of these complexes can be determined by the associated 

transcription factors (Inman and Hill, 2002).  Some of these Smad-interacting DNA-

binding transcription factors include, E2F4/5, Max, ATF2, ATF3, c-fos, c-jun, junB, 

CEBP, GATA3-6, Sp1, IRF-7, p53 and FoxH1/FAST among other proteins (Feng 

and Derynck, 2005).  However, Smad3 and -4 also bind to TGAGTCAGAC, an AP-1 

binding sequence, TGAGTCA, that overlaps with an AGAC-containing Smad binding 

sequence (Yingling et al., 1997; Zhang et al., 1998c).  Several AP-1-regulated 

promoters are transcriptionally induced by TGF-β (de Groot and Kruijer, 1990; 

Keeton et al., 1991; Jin and Howe, 1997; Jin and Howe, 1999; Jonk et al., 1998) and 

Smad2 or Smad3 with Smad4 (Lagna et al., 1996; Zhang et al., 1996; Nakao et al., 

1997).  Transcriptional activation by TGF-β, through functional and physical 
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interactions between Smad3-Smad4 and c-Jun-c-Fos, shows that Smad signaling 

and MAPK/JNK signaling converge at AP1-binding promoter sites (Zhang et al., 

1998b).  Smad binding proteins have also been found to physical interaction and 

functional cooperate with the transcription factor Sp1.  A complex of Smad2, Smad3 

and Smad4 have been found to cooperate with Sp1 in the induction of the of the 

tumor suppressor p15(Ink4B) gene (Feng et al., 2000).  Additionally, Smad proteins 

have been reported to interact with NF-κB to mediate target gene transcription (Kon 

et al., 1999; Grau et al., 2006).  TGF-β has the ability to mediate transcriptional 

activation of the junB promoter through NF-κB sites in the promoter region.  Smad 

proteins were found to mediate transcription of junB through the interaction with NF-

κB subunits (Lopez-Rovira et al., 2000).  TGF-β has also been shown to have the 

ability to coordinately activate the NF-κB and Smad pathways (Gingery et al., 2008). 

TGF-β-activated kinase 1 (TAK1) also has the ability to phosphorylate and activate 

IκB kinase and p65 and initiate the NF-κB activation pathway (Wang et al., 2001a; 

Sakurai et al., 2003). 

TGF-β1 is pleiotropic cytokine affecting processes, including regulation of 

growth and development of cells of the immune system (Wahl et al., 1989; Wahl et 

al., 1989).  TGF-β is most often associated with suppression of immune cell 

activation and typically inhibits the expression of pro-inflammatory cytokines (Letterio 

and Roberts, 1998; Brabletz et al., 1993; Walia et al., 2003; Li et al., 2006c).  

However, the cellular response to TGF-β is diverse, depending on the cellular 

context, and factors in the physiological environment often contribute to differential 

regulation of TGF-β expression.  Wahl et al. (1987) were the first to show that TGF-β 
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acts as a chemoattractant for human peripheral blood monocytes and plays an 

important role in the regulation of monocyte recruitment to the site of injury or 

inflammation.  Additionally, TGF-β can induce transcription of pro-inflammatory 

regulators such as IL-1 and IL-6 in human monocytes (Wahl et al., 1987; Turner et 

al., 1990), and previous studies have also reported a role for TGF-β in the regulation 

of chemokine receptor expression.  Wang et al. (2001b) showed that TGF-β up-

regulates the chemokine receptors CCR5 and CXCR4 in CD4 T lymphocytes, and 

this effect was implicated in the pathogenesis of HIV-1 infection.  TGF-β has also 

been shown to increase CXCR4 expression in human monocyte-derived 

macrophages as well as increased responsiveness to CXCL12 (ligand for CXCR4) 

and susceptibility to HIV-1 (Chen et al., 2005).  However, in each of these studies, 

the concentration reported to induce chemokine expression was an order of 

magnitude greater than the doses found to be effective in our studies.  In our 

experiments, we chose TGF-β concentrations that we found were induced by 

DAMGO administration, as we considered these doses to be more relevant to the 

effects of MOR activation.  We cannot rule out additional regulatory activities for 

TGF-β at much higher doses.  For example, Sato et al. (2000) reported evidence 

that high concentrations of TGF-β were able to control chemotaxis of human 

monocyte-derived dentritic cells through the regulation of chemokine receptors, 

including CCR5 and CXCR4.   

Our results do not rule out a role for other cytokines in mediating DAMGO-

induced effects on the expression of other chemokines. For example, there are 
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several reports that show that TNF-α up-regulates the production of CCL2, CXCL10 

(Hurwitz et al., 1995), and CCR5 expression (Lane et al., 1999; Hornung et al., 

2000). In addition, IFN-γ has been shown to induce CCR5 expression in primary 

monocytes (Hariharan et al., 1999), and previous studies have shown that opioids 

elevate levels of TNF-α and IFN-γ (Brown and Van Epps, 1986; Peng et al., 2000), 

although these cytokines have been found by other investigators to have the 

opposing activity (Rogers and Peterson, 2003; McCarthy et al., 2001). The capacity 

of opioids to alter cytokine, chemokine, and chemokine receptor expression further 

confirms the complex role that opioids play in regulating the immune response.   

It is particularly interesting that TGF-β, a cytokine with well-documented, anti-

inflammatory activity, has the capacity to induce CCL5 expression.  T cells and 

macrophages appear to be particularly susceptible to the inhibitory activity of this 

cytokine, and this includes a reduction in T cell-proliferative responses, at least in 

part because of inhibition of IL-2 transcription associated with reduced activity of the 

octamer-binding enhancer (Brabletz et al., 1993).  In addition, thymocytes from TGF-

β1- deficient mice hyperproliferate upon TGF-β stimulation, leading to the 

development of an autoimmune phenotype (Bommireddy et al., 2003).  This cytokine 

also is a potent inhibitor of T cell differentiation and polarization and the subsequent 

acquisition of Th1 or Th2 functions.  This is likely a result of a combination of 

mechanisms, but most notable is the documented inhibition of Th2 cell function 

through the inhibition of GATA-3 expression (Gorelik et al., 2000; Heath et al., 2000), 

a transcription factor that is mandatory for normal Th2 polarization. TGF-β also 
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inhibits Th1 polarization and functional activity through an inhibition of t-bet and 

STAT4, transcription factors that are required for the expression of IL-12R (Afkarian 

et al., 2002). TGF-β is also a general inhibitor of macrophage function, including a 

reduction of phagocytosis (Tridandapani et al., 2003), macrophage activation 

(Werner et al., 2000), and inhibition of MyD88-dependent Toll receptor signaling by 

promoting the degradation of this key signaling protein (Naiki et al., 2005). In fact, 

TGF-β1-deficient mice develop a multifocal, inflammatory disease associated with a 

generalized upregulation of pro-inflammatory cytokine expression (Shull et al., 1992; 

Kulkarni et al., 1993).  

It should be pointed out that TGF-β has proinflammatory activity for non-

differentiated monocytes. This includes overt chemoattractant activity for monocytes 

(Wahl et al., 1987; Wiseman et al., 1988) and the induction of adhesion molecules, 

including LFA-1 and the fibronectin receptor on monocytes, an effect that would 

promote attachment to endothelial cells (Wahl et al., 1993). TGF-β up-regulates the 

expression of pro-inflammatory cytokines produced by monocytes (Wahl et al., 1987; 

Turner et al., 1990; Riddick et al., 1999), and in view of these studies, the expression 

of a pro-inflammatory cytokine such as CCL5 is not altogether surprising in our 

studies. On the other hand, CCL5 appears to possess significant pro-inflammatory 

activity, based on the ability of this chemokine to participate in recruitment of a 

number of leukocyte populations, including monocytes, macrophages, and activated 

T cells. This suggests that TGF-β may exhibit diverse effects on inflammation, 

depending on the particular combination of cell population and the nature of the 

inducing agent. The precise mechanism of regulation of CCL5 is not understood at 
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this time, and further molecular analysis may reveal greater clues to this apparent 

paradox.   

We have recently suggested that activation of MOR leads to a predominantly 

proinflammatory response, based on a number of parameters, including elevated 

levels of a number of proinflammatory cytokines and cytokine receptors (Rogers and 

Peterson, 2003). However, it should be noted that MOR agonists have pro- and anti-

inflammatory activities, and the precise nature of the outcome of exposure to opioids 

is well understood in each case. It is not entirely surprising that activation of MOR 

leads to the expression of TGF-β, a cytokine that is produced during wound healing 

and at sites of inflammation. It is at these sites in the periphery where levels of 

endogenous opioids are elevated, and the influx of inflammatory cells is most likely 

to be under opioid control (Cabot, 2001). 

We have reported that TGF-β plays a role in the MOR regulation of CCL5 

expression (Happel et al., 2008).  However, we believe that TGF-β regulation of 

chemokine expression is only a part of the story.  DAMGO induction of TGF-β 

expression is first observed 8 hours following DAMGO administration and peaks 

after 24 hours of treatment.  Increased TGF-β expression remains 72 hours after 

DAMGO administration (Figure 8).  Administration of recombinant TGF-β1 can 

induce CCL5 protein expression and maximal CCL5 expression is seen 24 hours 

following TGF-β treatment (Figure 11).  These data confirm earlier reports of 

maximal CCL5 induction 48-72 hours after DAMGO treatment (Wetzel et al., 2000).  

However, we have found increased expression of CCL5 and CCL2 as early as 4 

hours following DAMGO administration (Figures 16, 21, 22 and data not shown).  
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Furthermore, we have reported that TGF-β in not involved in the DAMGO-induced 

regulation of CCL2 expression (Happel et al., 2008).  Therefore, we hypothesize that 

the role of TGF-β in the regulation of chemokine expression is during the long term 

responses to DAMGO administration of PBMCs.  We suggest that there are other 

mechanisms and signal transduction pathways, which are not TGF-β-dependent, 

that are also responsible for mediating this DAMGO-induced regulation of 

chemokine expression.  Particularly, we do not think that TGF-β in involved in the 

initial, acute response to DAMGO treatment and MOR activation.  Then the question 

becomes what signal transduction events are involved in the early induction of 

chemokine expression in response to DAMGO?  

In order to address the mechanism by which the binding of DAMGO to the μ-

opioid receptor results in significant elevation in CCL5 and CCL2 expression, 

experiments were carried out to determine the transcription factors involved in MOR 

regulation of chemokine expression.  We used a protein/DNA array to look at the 

transcription factors that showed a two-fold or more increase/decrease in DNA 

binding in response to DAMGO administration.  PBMCs were treated for 45 minutes 

and a Panomics protein/DNA array was able to provide a semi-quantitative analysis 

of transcription factors that showed a change in DNA binding (Figure 15 and Table 

9).  We chose to further investigate the role of the transcription factor, NF-κB, due to 

its significance in immune modulation.   

NF-κB is a DNA binding factor that plays an essential role in the activation of 

several inflammatory mediators such as TNF-α (Kuprash et al., 1995), CXCL8 

(Mukaida et al., 1994; Stein and Baldwin, Jr., 1993), IL-1β, IL-2, and IL-6 (Galien et 
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al., 1996), as well as the chemokines CCL2 and CCL5 (Martin et al., 1997; Moriuchi 

et al., 1997).  The promoter region of CCL2 is well described (Shyy et al., 1990; 

Shyy et al., 1993) and has been shown to contain putative consensus binding site 

for a variety of transcription factors including NF-κB (Figure 2) (Ueda et al., 1994; 

Ueda et al., 1997).  Molecular analysis of the regulation of CCL5 expression has 

also found a role for NF-κB activation.  Studies identified two κB-like sequences 

within the CCL5 promoter that bind NF-κB and are essential for CCL5 promoter-

reporter gene activity (Nelson et al., 1996).  Furthermore, Moriuchi et al. (1997) 

found that NF-κB up-regulates CCL5 promoter activity.  Several studies have also 

demonstrated opioid modulation of NF-κB activation (Liu and Wong, 2005; Chen et 

al., 2006b).  DAMGO treatment of primary neurons from rat cerebral cortex showed 

increased NF-κB activity.  Increased NF-κB binding to its consensus sequence was 

observed in a time-dependent manner as measured by EMSA and was reversed 

with naloxone pretreatment (Hou et al., 1996).  Taken together, these results 

suggest that DAMGO may modulate NF-κB activity and DNA binding to regulate 

chemokine expression.  Experiments presented in the document were designed to 

define the role of NF-κB as a mediator of DAMGO-induced regulation of CCL2 and 

CCL5 expression.  As shown in Figure 16 and unpublished data, we demonstrate 

that pretreatment with the NF-κB inhibitors, HNE, BAY 11-7082 or MG132, inhibits 

the DAMGO-induced elevation of CCL2 and CCL5 expression.  DAMGO 

concentrations of both 100 nM and 1 nM significantly augmented the expression of 

CCL2 and CCL5, and pretreatment of PBMCs or HEK 293-MOR cells with HNE or 

BAY 11-7082 suppress the DAMGO-induced effect (Figure 16 and 28).  These 
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results indicate that NF-κB is an essential regulator of the DAMGO-induced increase 

of CCL2 and CCL5 expression.    

Proteasome inhibitors are well-known inhibitors of NF-κB and considered 

agents for inflammation.  However, recent reports suggest that the inhibitor, MG132, 

induced CCL2 at the level of transcription.  Further analysis of this effect revealed 

the MG132 rapidly induced JNK activation and expression of c-jun and AP-1 activity.  

Transcriptional activation by MG132 was not only observed for CCL2, but, other AP-

1-dependent genes including stromelysin and mitogen-activated protein kinase 

phosphatase 1 (Nakayama et al., 2001).  Due to this and the increased specificity of 

other NF-κB inhibitors, we designed many of our experiments examining the 

DAMGO-induced regulation of CCL2 expression to include inhibitors such as HNE 

and Bay 11-7082 as opposed to MG132. 

NF-κB is regulated by a number of different mechanisms that ensure proper 

activation and termination of the signaling cascade.  There is increasing evidence 

that strongly suggests an essential role of phosphorylations, acetylations and other 

modifications for NF-κB function.  The NF-κB subunit, p65, is phosphorylated at a 

number of different residues (Table 2 and Figure 3) in response to various stimuli.  

Therefore we wanted to examine the phosphorylation status of p65 in response to 

DAMGO administration (Figure 17).  We have focus on the phosphorylation status of 

p65 at serine residues 536 and 311.  Regulation of phosphorylation of serine 536 

located in the TAD of p65 has been found to be physiologically induced in response 

to a variety of stimuli (Yang et al., 2003; Sakurai et al., 2003; Jiang et al., 2003; 

Mattioli et al., 2004) but the responsible pathways and function of the 
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phosphorylation site have not been conclusively determined.  We focused on this 

phosphorylation site due to its location in the TAD of p65 and reports that IKKα and 

IKKβ can directly phosphorylate this residue (O'Mahony et al., 2004; Sizemore et al., 

2002; Sakurai et al., 2003; Kishore et al., 2003).  This site is phosphorylated in 

response to TNF-α, LPS, T-cell costimulation, lymphotoxin β, or phorbal 

ester/ionomycin (Sakurai et al., 2003; Jiang et al., 2003; Mattioli et al., 2004).  

Despite its wide occurance, the function of serine 536 phosphorylation for p65 

activity is largely elusive.  Expression of a p65 S536A mutant that cannot be 

phosphorylated at residue 536 in a p65 null background revealed that this residue is 

dispensable for the TNF-mediated IL-6 gene induction (Okazaki et al., 2003).  In 

contrast, serine 536 phosphorylation is required for TNF- or LPS-induced activation 

of a NF-κB reporter gene (O'Mahony et al., 2004; Yang et al., 2003).  Evidence also 

suggests that phosphorylation of serine 536 p65 functions as a critical event 

controlling the ubiquitination step of the stimulus-induced IκBα degradation (Hu et 

al., 2005).  It is conceivable that the outcome of serine 536 phosphorylation depends 

on the stimulus, cell type and individual target gene.  However, the exact mechanism 

and function is still to be determined. 

We found increased phosphorylation of p65 at Ser536 and Ser311 in 

response to 100 nM DAMGO administration of PBMCs suggesting that 

phosphorylation of these serine residues play a role in the DAMGO-induced 

activation of NF-κB (Figure 17).  Pretreatment with a PKCζ PSI prevented this 

DAMGO-induced phosphorylation of both serine residues 536 and 311.  However, 

the presence of the proteosome inhibitor, MG132, unexpectedly enhanced basal 
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Ser536 phosphorylation and did not affect the inducible Ser536 phosphorylation.  In 

addition, the inducible phosphorylation of p65 at serine 311 in response to DAMGO 

was reduced in the presence of MG132 but not prevented completely (Figure 17).   

A recent report found that MG132 did not inhibit the phosphorylation of p65 serine 

536 in response to a number of stimuli including IL-1 and TNF-α, and, the presence 

of MG132 resulted in an increase in basal levels of phosphorylation at the site (Buss 

et al., 2004b).  This group also found that MG132 alone could induce Ser536 

phosphorylation even at concentrations as low as 1 μM.  This effect was found to be 

mediated by the IKK complex however the exact mechanism of MG132 mediated 

phosphorylation awaits further investigation (Buss et al., 2004b).  Longo and 

colleagues have reported that regulation of nuclear translocalization and 

phosphorylation of p65 on serine 536 is resistant to the proteosome inhibitor MG132 

(Sasaki et al., 2005).  A report by Mattioli et al. (2004) also found that MG132 did not 

prevent the activation-induced p65 serine 536 phosphorylation or nuclear 

translocation although this point was not addressed in their work.  Sakurai et al. 

(2003) found that the NF-κB inhibitor, Bay 11-7082 was able to prevent the TNF-α 

induced phosphorylation of p65 on Ser536 as well as IκB degradation but only at 

high concentrations (100 μM).  Bay 11-7082 only had a minimal effect at a 50 μM 

concentration (Sakurai et al., 2003).  Furthermore, Sasaki et al. (2005) reported that 

phospho-p65 (Ser536) was not associated with either IκBα or p50.  This study 

concluded that p65 phosphorylated at serine 536 is not associated with or regulated 

by IκBα and has a distinct set of target genes that may represent an IκBα 

independent pathway (Sasaki et al., 2005).  In contrast, other groups have found 
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that p65 is phosphorylated within the cytoplasm in an intact NF-κB/IκBα complex that 

requires prior phosphorylation of IκBα at serines 32 and 36 (Mattioli et al., 2004).   

Taken together, these data suggest the presence of multiple, mutually 

exclusive populations of p65 that are found in the cytoplasm (Sasaki et al., 2005).  It 

has been suggested that p65 exists in at least three complexes in cells; (i) the 

majority is bound to IκB and sequestered in the cytoplasm, not accessible to Ser536 

kinases (ii), a low amount of p65 exists as free dimer that is phosphorylated by 

Ser536 kinases and is responsible for basal NF-κB activity (iii), some p65 is 

available to associate with IKK and it is this fraction that is regulated by MG132 

treatment (Buss et al., 2004b).  Multiple studies have found that serine 536 

phosphorylation of p65 can be detected in the cytoplasm and in the nucleus (Buss et 

al., 2004b; Mattioli et al., 2004; Sakurai et al., 2003).  Therefore, if free p65 is 

present, the cytoplasmic localization of phospho-p65 (Ser536) could be explained by 

the action of the nuclear export signal (NES) of p65 (Harhaj and Sun, 1999) and the 

lack to p50 association since the NLS of p50 has been shown to dominate the NES 

of p65 (Tam and Sen, 2001).  However, this could also be attributed to shuttling of 

the phosphorylated p65 or the presence of cytoplasmic and nuclear serine 536 

kinases.  The present studies have only addressed total p65 and phospho-p65 

expression.  Therefore, these studies do not address the possibility of multiple 

populations of p65.  Although, these data also do not rule out the possibility of 

multiple populations of p65, we do observe increased phospho-IκB expression in 

response to DAMGO administration when in the presence of MG132 (Figures 18 
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and 30).  This indicates that IκB is being phosphorylated in response to DAMGO 

treatment, therefore, suggesting activation of the canonical NF-κB pathway.  

NF-κB is a transcription factor that is commonly active in various immune and 

inflammatory responses downstream of many cell-surface receptors.  However, 

stimulus, cell type, and microenvironment, among other things, all contribute to the 

cellular response and regulation of target gene expression.  Although NF-κB is a 

common signaling end-point, it is possible that there are other differences that result 

is such varied cellular responses.  Recently, two studies have investigated the 

stimulus specificity of the NF-κB pathway through the TNFα and LPS activation 

pathways (Werner et al., 2005; Covert et al., 2005).  Both groups found that TNFα 

and LPS induce NF-κB activity but result in different profiles of IKK activity.  TNFα-

dependent activation of IKK resulted in an initial peak around 10 minutes following 

treatment and then showed oscillatory behavior in response to continued stimuli.  

The group then suggested that the longer oscillatory response was the result of the 

negative-feedback mechanism resulting in IκB synthesis (Werner et al., 2005).  

Baltimore and colleagues found that LPS-mediated signaling resulted in a slower 

biphasic IKK response that consisted of a small initial increase in IKK activity 

followed by a larger increase and a slowly attenuating late response (Covert et al., 

2005).  Therefore, the authors of both studies propose that the differences in IKK 

profiles resulted in distinct NF-κB activity profiles and that stimulus-specific 

expression of genes mediated by the same transcription factor can be controlled by 

multiple mechanisms that determine the timing and strength of the transcription 

factor activity. 
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HEK 293-MOR cells were also used to examine the phosphorylation status of 

p65.  Our initial studies were performed in human primary PBMCs and therefore, 

due to the mixed population of cell types and individual responses to DAMGO 

administration we wished to verify our results in our HEK 293-MOR cell line model.  

Studies in HEK 293-MOR cells show an increase in p65 phosphorylation at serine 

residues 536 and 311 in response to DAMGO administration.  This increase of 

phospho-p65 appears as early as 30 minutes following treatment.   Two hours after 

DAMGO treatment we observe a 3 fold increase in phoshorylation at both serine 

residues (Figure 30).  These data confirmed our early results in PBMCs (Figures 17-

19).  HEK 293-MOR cells also showed a significant inhibition of p65 phosphorylation 

at both serine residues in the presence of MG132 and the PKCζ PSI (Figure 30).  

Interestingly, pretreatment with CHX resulted in increased phosphorylation of p65, 

particularly at serine residue 536, compared to DAMGO treatment alone (Figure 30).  

We hypothesized that this is due the effect of CHX on the NF-κB mediated synthesis 

of IκB.  Since CHX prevents new protein synthesis and IκB is a known NF-κB target 

gene it is possible that the absence of newly synthesized IκB results in extended NF-

κB activation since it cannot effectively shut off the activation signal following 

termination of the stimulus. 

Interestingly, we also see an increase in total 65 expression levels in 

response to DAMGO treatment in PBMCs that is consistent and reproducible 

between donors.  Our results show that pretreatment with CHX prevented the 

DAMGO-induced increase in total p65 expression (Figure 19).  We also observed 

this increase of total p65 in DAMGO-stimulated HEK 293-MOR cells, although to a 
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lesser degree, and found that the presence of CHX blocked this event (Figure 30).  

However, the rationale for this phenomenon is still unclear.  The p65 promoter does 

not contain any NF-κB consensus binding sequences and lacks both TATA and 

CCAAT consensus sequences (Ueberla et al., 1993).  Although the mechanism of 

p65 regulation is unknown, p65 is believed to be constitutively expressed in all cells 

and only small increases, if any, have been described following stimulation (Ueberla 

et al., 1993; Molitor et al., 1990).  It is possible that NF-κB mediated induction of IκB 

expression results in the stabilization of p65 as it reforms p65-IκB complexes.  

However, additional studies are required to address the reasoning and mechanism 

of this effect.   

Stimulation of MOR has been shown to activate PI3K and the indirect 

activation of PKB/Akt (Polakiewicz et al., 1998).  However, PKB/Akt activation also 

requires phosphorylation of another kinase, PDK-1.  The regulation of PDK-1 is 

largely elusive, although, it is known to be a critical enzyme in transducing signals 

from multiple effector pathways (Toker and Newton, 2000).  The atypical protein 

kinase Cζ, (PKCζ), is a known substrate for PDK-1 (Toker, 2003; Toker, 2003; 

Ziegler et al., 1999; Le Good et al., 1998).  PDK-1 interacts with PKCζ and 

phosphorylates the kinase domain at Thr410, which induces Thr560  

phosphorylation.  PKCζ is known to be activated in response to a number of stimuli 

including IL-1 and TNF-α (Sanz et al., 1999; Sanz et al., 2000).   

Studies have shown that PKCζ participates in immune system function and 

activation of the inflammatory response (Martin et al., 2002; Savkovic et al., 2003; 

Leitges et al., 2001).  Additional studies have found that PKCζ is a downstream 
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effector of PI3K and is involved in regulation of NF-κB transactivation (Standaert et 

al., 1997; Martin et al., 2001).  Further reports have found that PKCζ is a necessary 

component of IL-1 and TNF-α induction of the NF-κB signaling pathway (Leitges et 

al., 2001; LaVallie et al., 2006).  The mechanism for this effect was determined to be 

activation of PKCζ which can regulate NF-κB activation by interacting with and 

activating the IKK complex (Savkovic et al., 2003).  Overexpression of PKCζ has 

been found to positively modulate IKKβ activity but not that of IKKα.  Recombinant 

PKCζ can also directly phosphorylate IKKβ in vitro, involving Ser177 and Ser181.  

These results demonstrate a critical role for the PKCζ in the NF-κB pathway at the 

level of IKKβ activation and IκB degradation (Lallena et al., 1999).  The results 

presented by Duran et al. (Duran et al., 2003) strongly suggest that Ser311 is a 

critical PKCζ-dependent p65 phosphorylation site, which is essential for NF-kB 

transcriptional activity and function, through the regulation of the interaction of p65 

with the transcriptional co-activator CBP, and its recruitment to kB-dependent 

promoters. These observations are of great functional importance because they 

constitute a significant advance in the understanding of the signaling elements that 

control NF-κB transcriptional activation and establish the mechanism and 

importance of PKCζ in the control of this critical signaling pathway. 

Figures 17 and 30 demonstrate phosphorylation of p65 at serine 311 in 

response to DAMGO treatment, therefore, we wanted to determine the status of 

PKCζ in response to DAMGO.  We found that DAMGO administration of PBMCs 

resulted in increased phosphorylation of PKCζ (Figure 20).  When HEK 293-MOR 

cells were stimulated with DAMGO we observed a significant increase in PKCζ 
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phosphorylation (Figure 31).  After 30 of DAMGO treatment we found a 3 fold 

increase in phosphorylation and by 120 minutes we observed a 6 fold increase in 

phosphorylation of PKCζ as compared to the untreated sample.  The presence of a 

PKCζ PSI completely blocked this DAMGO-induced phosphorylation indicating that 

this is specific for PKCζ.  Finally, the presence of MG132 did not seem to have a 

significant effect on the phosphorylation status of PKCζ (Figure 31).  This suggests 

that PKCζ activation occurs upstream from the NF-κB pathway.  To determine the 

role of PKCζ in the DAMGO-induced regulation of CCL2 and CCL5 expression, we 

used a PKCζ psuedosubstrate inhibitor to prevent PKCζ activation.  Our studies 

found that in PBMCs, DAMGO induction of CCL2 and CCL5 expression is 

dependent on the atypical PKC, PKCζ, and the expression of CCL2 and CCL5 in 

response to DAMGO was drastically reduced in the presence of the PKCζ PSI 

(Figures 21 and 22).  We observed a similar effect in HEK 293-MOR cells.  The 

presence of the PKCζ PSI resulted is a significant inhibition of the DAMGO-induced 

increase in CCL2 and CCL5 production (Figure 29).  Taken together, these data 

indicate that PKCζ may play an essential role in the DAMGO induction of CCL2 and 

CCL5 expression.   

Current studies from Dr. Rogers’ lab have found that PKCζ mediates μ-opioid 

receptor-induced cross-desensitization of CCR5.  The presence of a PKCζ PSI 

suppresses the DAMGO-induced desensitization of calcium responses to CCL4 

(CCR5 agonist) at well as chemotaxis.  PKCζ kinase activity was also found to be 

increased by 60% in response to DAMGO treatment approximately 30 seconds after 

administration and gradually increase further during the 5 minute analysis 
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(manuscript submitted).  The PI3K inhibitor, LY294002, was able to block the PKCζ 

mediated MOR-induced cross-desensitization of CCR5, suggesting that PI3K 

activation is required for PKCζ activity.  In addition, we have found that PDK-1 is 

phosphorylated in response to DAMGO administration in CHO cells stably 

expressing MOR (unpublished data).  These data are in agreement with the data 

presented in this document.   

PKCζ involvement has been reported in various other signal transduction 

pathways in addition to the NF-κB cascade.  Many studies have shown that PKCζ is 

involved in the MAPK signaling cascade in various cells (Berra et al., 1995; 

Schonwasser et al., 1998; Fernandez et al., 2000; Monick et al., 2000).  In thyroid 

cells, PKCζ can activate ERK1/2 and increase transcriptional activity of Elk-1.  It has 

been reported that Ras interacts in vitro with the regulatory domain of PKCζ and that 

association in vivo is triggered by platelet-derived growth factor (Diaz-Meco et al., 

1994b).  Additionally, PKCζ can phosphorylate the transactivation domain of NFAT 

and regulates its transactivating activity and NFAT-dependent gene expression 

(San-Antonio et al., 2002). 

All of the studies presented in this document, focus on understanding the 

effect of μ-opioid receptor activation on the immune and inflammatory responses.  

Evidence has been reported which demonstrates expression of the μ-, κ-, and δ-

opioid receptors on cell of the immune system (Borner et al., 2007; Bidlack, 2000).  

Human granulocytes and monocytes appear to express MOR based on the specific 

saturable binding of dihydromorphine (Lopker et al., 1980).  This study suggests a 

binding affinity of approximately 10 nM, with 3000-4000 binding site per cell.  More 
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recently, μ-opioid receptor mRNA transcripts have been found to be present in 

human CD4+ cells, human monocytes/macrophages, human polymorphonuclear 

(PMN) leukocytes, and monkey PBMCs and PMN (Chuang et al., 1995b).  However, 

in order to understand the molecular mechanisms that regulate MOR modulation of 

chemokine expression, a cell line model system would provide an invaluable 

resource.  Attempts at the transient transfection of MOR into mulpiple cell lines were 

generally unsuccessful or inefficient.  Primary leukocytes and leukocyte cell lines are 

notoriously difficult to transfect using cationic lipid reagent formulations and 

electroporation.  Therefore, in order to proceed with our studies we explored the use 

of viral vectors for protein expression.   

Viruses are an attractive tool for modifying gene expression or function 

because they can be engineered to express genes of interest without compromising 

their ability to infect target cells.  Viral vectors and have been generated from a 

number of different virus families, including adenovirus, herpesvirus, adeno-

associated virus and retroviruses.  Adenoviruses, although they generate very high 

titer viruses and can infect both dividing and non-dividing cells (Bramson et al., 

1995), they also elicit a very strong immune response (Liu and Muruve, 2003; 

Muruve, 2004).  Retroviruses integrate into the target cell genome, do not elicit a 

strong immune response, and some viruses have the ability to infect non-dividing 

cells (Lois et al., 2001).  Therefore, retroviral vectors provide an efficient means of 

introducing and expressing genes in cells of the immune system.  Retroviral vectors 

are virus derivatives that are generally engineered to be replication defective, 

therefore, they are capable of infecting a target cell but are unable to multiply and 
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spread to other cells (Buchschacher, Jr. and Wong-Staal, 2000).  The ViraPower 

lentiviral expression system from Invitrogen contains a deletion in the 3’ LTR that 

does not affect generation of the viral genome in the producer cell line, but results in 

“self-inactivation” of the lentivirus after transduction of the target cell (Yee et al., 

1986; Zufferey et al., 1998; Yu et al., 1986).  Furthermore, only three HIV-1 genes 

are used in this system, gag, pol, and rev.  Genes encoding the structural and other 

components required for packaging the viral genome are separated onto four 

plasmids. All four plasmids have been engineered not to contain any regions of 

homology with each other to prevent undesirable recombination events that could 

lead to the generation of a replication-competent virus (Dull et al., 1998; Delenda, 

2004).  The host range of a retrovirus is determined by its envelope glycoprotein.  

The vesicular stomatitis virus glycoprotein G (VSV-G) is the most common 

glycoprotein because it have a very broad host range, binding to phospholipid 

components that are expressed ubiquitously, even on insect and non-mammalian 

cells (Lois et al., 2001).  In the ViraPowere system, the VSV-G gene is used in place 

of the HIV-1 envelope (Burns and Desrosiers, 1994; Emi et al., 1991; Yee et al., 

1986).  Cell types transduced by a lentiviral system include cell lines such as; HL-60, 

K562, U937, Mutz-3, Molt-4, Mono Mac-6, HEK293 (Tiede et al., 2003).  Primary 

cells that can be transduced by a lentiviral system include human T cells (Rubinson 

et al., 2003), human CD14+ monocytes (Tiede et al., 2003), murine B cells (Oh-Hora 

et al., 2003), and murine hematopoetic progenitor cells (Mogi et al., 2003; Rubinson 

et al., 2003; Woods et al., 2002). 
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To create our MOR lentivirus we generated the expression construct 

pLenti4/V5-DEST-MOR (Figure 23 and 6).  We found that the titer of our MOR 

lentivirus was 9 x 103 TU/ml.  The presence of polybrene during transduction did not 

improve the titer (1.7 x 103 TU/ml, Figure 25B) therefore it was not used for 

transduction.  We were then able to use our lentivirus to create the stably 

transduced HEK 293-MOR cells.  FACs analysis, western blot analysis and calcium 

mobilization assays were used to verify expression and function of the μ-opioid 

receptor (Figure 26 and data not shown).  However, generation of HEK 293-MOR 

cells does not ensure that the cells will response to DAMGO administration in a 

similar manner to PBMCs.  Many of these cellular responses and signal transduction 

pathways are cell-type dependent.  To ensure that our cell line model system will 

mimic the effect of DAMGO administration that in PBMCs, we wanted to verify that 

the HEK 293-MOR cells have to ability to regulate chemokine mRNA expression.  

We found that four hours after DAMGO administration, mRNA levels of CCL5, TGF-

β and CCL2 were increased (Figure 27).  CTAP alone had no effect on the 

expression of CCL5 or CCL2.  However, antagonist pretreatment prevented the 

DAMGO-induced increase in both CCL5 and CCL2 production (Figure 29).  These 

results suggest that the DAMGO-induced increase in CCL5 and CCL2 expression is 

mediated through MOR.  Previous work has also shown that inhibition of the NF-κB 

pathway could block the DAMGO-induced increase of chemokine expression.  To 

test this, HEK-293-MOR cells were pretreated with the NF-κB inhibitors, HNE or Bay 

11-7082.  Our data demonstrated that both inhibitors, HNE and Bay 11-7082, were 

able to block the DAMGO-induced increase in CCL2 and CCL5 mRNA levels (Figure 
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28).  Earlier studies with PBMCs found that DAMGO induction of CCL2 and CCL5 

expression was dependent on the atypical PKC, PKCζ.  The presence of the PKCζ 

PSI in HEK 293-MOR cells resulted is a significant inhibition of the DAMGO-induced 

increase in CCL2 and CCL5 production (Figure 29).  Taken together, these data 

suggest that our cell line model system, HEK 293-MOR cells, mimic the DAMGO-

induced increase in chemokine expression observed in PBMCs.  The use of a cell 

line model system will allow us to further understand the molecular mechanisms 

regulating chemokine expression.   

One of the ways in which we utilized HEK 293-MOR cells was through the 

use of reporter assays.  SEAP assays were used for these reporter assays because 

SEAP is secreted into the medium, and you can collect samples from the same cell 

culture at various time points (i.e., time-course studies) without disrupting the cells.  

pNFκB-SEAP contains the secreted alkaline phosphatase (SEAP) reporter gene 

(Berger et al., 1988; Malim et al., 1992). This vector also contains four tandem 

copies of the NF-κB consensus sequence fused to a TATA-like promoter (PTAL) 

region from the Herpes simplex virus thymidine kinase (HSV-TK) promoter.   We 

found increased SEAP enzymatic activity as early as 30 minutes following DAMGO 

administration with peak expression approximately two hours after treatment (Figure 

33A).  Therefore, we concluded that DAMGO can regulate NF-κB transcriptional 

activity.  The presence of a PKCζ PSI completely inhibited the DAMGO-induced 

increase in NF-κB transcriptional activity (Figure 33B).  These results suggest that 

PKCζ is an essential regulator of the DAMGO-induced NF-κB transactivation.    
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We also wanted to assess whether DAMGO can induce CCL2 transcriptional 

activity with SEAP reporter assays.  We found that DAMGO administration resulted 

in increased CCL2 transcriptional activity as early as 30 minutes following treatment 

and we continued to see this effect four hours after DAMGO administration (Figure 

34B). We found that the PKCζ PSI completely inhibited the DAMGO-induced 

increase in CCL2 transcriptional activity (Figure 35A).  These results confirm earlier 

studies which suggest that PKCζ is an essential regulator of the DAMGO induction 

of chemokine expression.  Furthermore, the NF-κB inhibitor, Bay 11-7082, was used 

to block NF-κB activity, and our data show that Bay 11-7082 completely abrogated 

the DAMGO-induced CCL2 transcriptional activity (Figure 35B).   

Finally, since all of the previous experiments were performed in vitro we 

wanted to determine if NF-κB binds to the CCL2 promoter in vivo.  PBMCs were 

treated with DAMGO and crosslinked to preserve protein/DNA interactions at the 

appropriate time.  ChIP analysis was then performed on the prepared chromatin with 

antibodies for anti-acetyl-histone H3 and anti-p65.  We found increased binding of 

p65 to the enhancer region of the CCL2 promoter in response to DAMGO treatment 

(Figure 37).  Additionally, our results showed an increase in CCL2 following DAMGO 

administration when immunoprecipitated with an anti-acetyl H3 antibody (Figure 37).  

Since acetylation of histone H3 is commonly seen in genes that are being actively 

transcribed into RNA these results suggest that this region is undergoing a 

remodeling of the nucleosome structure to an open conformation that is more 

accessible to transcription complexes (Yan and Boyd, 2006).  This also explains the 

increased PCR product from the input samples and this region of the CCL2 promoter 
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become more accessible.  These results are consistent with published data that 

suggest that NF-κB binds to the distal regulatory region of the CCL2 promoter and 

recruits the transcriptional coactivators CBP and p300 (Teferedegne et al., 2006).  

This results in the communication between the proximal and distal region of the 

CCL2 promoter (represented in Figure 2).  The proposed mechanism of action 

prevents inappropriate gene activation and allows rapid induction of CCL2 following 

an appropriate stimulus (Muegge, 2002; Teferedegne et al., 2006).   

Based on the data presented in this document we have proposed a 

mechanism of μ-opioid receptor activation of NF-κB in Figure 40 that results in 

increased chemokine expression.  We propose that DAMGO administration 

activates the μ-opioid receptor which initiates downstream signal transduction 

pathways.  PKCζ is activated by the G protein βγ subunit, PI3K and PDK-1.  Active 

PKCζ can activate the IKK complex through phosphorylation of IKKβ.  Activation of 

the IKK complex, by PKCζ and other kinases, results in phosphorylation of IκB at 

serine residues 32 and 36.  This phosphorylation is a prerequisite for the subsequent 

polyubiquitination by a ubiquitin ligase belonging to the SCF (Skp-1/Cul/F box) 

family.  The ubiquitin-marked IκB proteins are rapidly degraded by the proteosome, 

thereby freeing the NF-κB complex of p65/p50.  PKCζ and other kinases can then 

phosphorylate p65 at serines 311 and 536.  Additional post-translational 

modifications, as well as the unmasking of the nuclear localization signal (NLS) on 

p65 allow nuclear translocation.  Activated NF-κB complexes then translocate and 

enter the nucleus, bind DNA and initiate transcription of NF-κB target genes 

including, CCL2 and CCL5.  We have hypothesized that the initial increase in 
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Figure 40. Proposed mechanism of µ-opioid receptor activation of NF-κB. We 
propose that DAMGO administration activates the μ-opioid receptor which initiates 
downstream signal transduction pathways.  PKCζ is activated by the G protein βγ 
subunit, PI3K and PDK-1. Activation of the IKK complex, by PKCζ and other 
kinases, results in phosphorylation of IκB at serine residues 32 and 36.  This 
phosphorylation is a prerequisite for the subsequent polyubiquitination by a ubiquitin 
ligase belonging to the SCF (Skp-1/Cul/F box) family.  The ubiquitin-marked IκB 
proteins are rapidly degraded by the proteosome, thereby freeing the NF-κB 
complex of p65/p50.  PKCζ and other kinases can then phosphorylate p65 at 
serines 311 and 536.  Additional post-translational modifications, as well as the 
unmasking of the nuclear localization signal (NLS) on p65 allow nuclear 
translocation.  Activated NF-κB complexes then translocate and enter the nucleus, 
bind DNA and initiate transcription of NF-κB target genes including, CCL2 and 
CCL5.  Arrows indicate direct effects. Dashed arrows indicate an indirect 
interaction.
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chemokine expression is due to activation of the NF-κB signal transduction pathway 

and PKCζ.  However, DAMGO-induced activation of MOR also results in increased 

levels of TGF-β through unknown mechanisms.  TGF-β is then able to bind TGF-β 

receptors and activate downstream signal transduction pathways that result in this 

second peak in chemokine expression in response to DAMGO administration.  While 

there are likely other factors involved in the DAMGO-induced increase of chemokine 

expression, we have attempted to begin to understand the molecular mechanisms 

responsible for this phenomenon. 

A further level of complexity in the signal-regulated transcriptional activation 

occurs when activation of a single transcription factor requires signaling via more 

than one signal transduction pathway.  Among the pairs of unrelated transcription 

factors that have been found to form complexes and bind composite sites, the best 

characterized example is the NFAT-AP-1 complex.   The activation of NFAT is 

regulated by calcium and calcineurin, whereas AP-1 proteins are regulated by other 

pathways including PKC and ras (Macian et al., 2001).   Although the major 

pathways for activation of NFAT and AP-1 trancription factors are distinct, there is 

evidence that these transcription factors can cooperate to regulate several genes in 

immune cells including IL-2.  IL-4, and GM-CSF and IFN-γ (Rao et al., 1997; Macian 

et al., 2001; Fraser and Weiss, 1992).  The best characterized example of cooperate 

binding of AP-1 and NFAT occurs at the composite site of the IL-2 promoter.  AP-1 

associates with NFAT creating a stable tertiary complex and subsequently enhances 

transcription factor binding and transactivation of the composite NFAT/AP-1 binding 

site located within the IL-2 promoter (Jain et al., 1992; Chen et al., 1995; Yaseen et 
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al., 1994).  Studies have also found that the orientation of Fos-Jun-NFAT complex 

binding can influence both the dynamics and promoter selectivity of multiprotein 

transcription regulatory complexes (Ramirez-Carrozzi and Kerppola, 2001b; 

Ramirez-Carrozzi and Kerppola, 2001a).  Many NFAT-AP-1 DNA binding sites also 

contain nonconsensus AP-1 recognition sites that may be essential to prevent 

activation of these promoters by Fos-Jun in the absence of NFAT or may modulate 

the stability of the cooperative complexes (Ramirez-Carrozzi and Kerppola, 2003).  

The influence of these nonconsensus AP-1 sites on the formation of NFAT-AP-1 

complexes and transcriptional regulation demonstrate the differences in 

conformation and binding orientation that can contribute to the combinatorial 

regulation of gene expression in cells (Kerppola, 1998).  The δ-opioid receptor has 

been reported to increase AP-1 complexes and enhance transcriptional activity of 

the NF-AT/AP-1-binding site located in the IL-2 promoter,  resulting in increased IL-2 

secretion (Hedin et al., 1997).  IL-15 and IL-12 have been found to regulate 

expression of CX3CR1 through NFAT dependent mechanisms (Barlic et al., 2004).  

Taken together these reports suggest that opioid receptors may have the ability to 

regulate the transcriptional functions of NFAT-AP-1 complexes and effect leukocyte 

immune functions particularly through the regulation of cytokine and chemokine 

expression.  We found that inhibition of NFAT resulted in the suppression of 

DAMGO-induced increases in CCL2 and CCL5 expression (Figures 38 and 39).  

Preliminary studies have also shown increases AP-1 binding to its consensus 

sequence in response to DAMGO administration (Figure 41 and 42).  These results 

are shown in the Appendix.  Our data also suggest a role for NFAT and AP-1 in the 
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DAMGO-induction of CCL2 and CCL5, however, further studies are required to 

determine the function and molecular basis for activation of these transcription 

factors.  

We have attempted to understand the molecular basis of the DAMGO-

induced activation of the μ-opioid receptor and regulation of chemokine expression.  

We have shown that MOR activation is able to induce the expression of TGF-β, and 

TGF-β appears to be required for induction of CCL5 following MOR activation. We 

have found that NF-kB inhibitors can prevent the MOR-induced activation of CCL2 

and CCL5, and that the NF-kB subunit, p65, is phosphorylated at serine residues 

311 and 536 in response to μ-opioid receptor activation.  Furthermore, we 

demonstrate that PKCζ is phosphorylated following DAMGO-induced MOR 

activation and, is essential for NF-kB activity as well as CCL2 expression and 

transcriptional activity.  In conclusion, these data suggest a pro-inflammatory role for 

MOR which involves NF-κB activation and PKCζ as well as a novel role for TGF-β as 

a regulator of pro-inflammatory chemokines.  However, many questions remain in 

understanding the effects of opioids on leukocytes and the immune response. 

 

Conclusions 

1. Anti-TGF-β1 pretreatment and cycloheximide blocked the DAMGO-induced 

enhancement of CCL5 expression. 

2. TGF-β1 treatment can induce transcription of CCL5. 

3. DAMGO treatment increases transcription factor/DNA interactions in PBMCs. 

4. Pretreatment with NF-κB inhibitors resulted in inhibition of the DAMGO-induced 
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elevation in CCL2 and CCL5 expression. 

5. The NF-κB subunit, p65 is phosphorylated at residues 536 and 311 in response 

to DAMGO administration of PBMCs.   

6. Pretreatment with an NF-κB inhibitor or a PKCζ pseudosubstrate inhibitor 

resulted in inhibition of the DAMGO-induced phosphorylation of p65. 

7. DAMGO treatment results in a significant increase in PKCζ phosphorylation. 

8. PKCζ phosphorylation is blocked by the presence of the PKCζ PSI but is not 

effect by the presence of the NF-κB inhibitor, MG132.  

9. Pretreatment with a PKCζ pseudosubstrate inhibitor significantly block the 

DAMGO-induced increase in CCL2 and CCL5 expression. 

10. DAMGO administration can induce NF-κB-dependent transcriptional activity 

and is PKCζ-dependent. 

11. DAMGO administration induces CCL2 transcriptional activity. 

12. Pretreatment with an NF-κB inhibitor or a PKCζ PSI can inhibit DAMGO-

induced CCL2 transcription. 

13. NF-κB binds to the enhancer region of the CCL2 promoter in vivo. 

14. Preincubation with a NFAT inhibitor prevents the DAMGO-induced increase of 

CCL2 and CCL5 mRNA. 
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APPENDIX 

DAMGO ADMINISTRATION INCREASES AP-1 DNA BINDING  
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No extract

PBMCs (anti-CD3+ anti-CD 28)
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Figure 41. DAMGO treated PBMCs show increased AP-1 binding to its 
consensus sequence. AP-1 EMSAs were performed using Pierce Lightshift 
Chemiluminescent EMSA kit. Binding reaction contained binding buffer (100 mM 
Tris, 550 mM KCl, 10 mM DTT, 1 ug/ul poly (dI-dC), 10% glycerol, .05% NP-40, 6 
mM EDTA) with 8 ug of nuclear extract and 30 fmol of  5’ biotin labeled AP-1 
consensus oligonucleotide 5’-CGCTTGATGACTCAGCCGGAA-3’.  Samples were 
then allowed to bind for 25 min. at room temperature and loaded onto a 6% DNA 
retardation gel , transfered onto a nylon membrane and detected using strepavidin-
HRP and an ECL detection solution. 
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Figure 42. DAMGO stimulated PBMCs show increased AP-1 binding activity 
that is specific and can be competed away.
AP-1 EMSAs were performed using Pierce Lightshift Chemiluminescent EMSA kit. 
Binding reaction contained binding buffer (100 mM Tris, 550 mM KCl, 10 mM DTT, 
1 ug/ul poly (dI-dC), 10% glycerol, .05% NP-40, 6 mM EDTA) with 8 ug of nuclear 
extract and 30 fmol of  5’ biotin labeled AP-1 consensus oligonucleotide 5’-
CGCTTGATGACTCAGCCGGAA-3’.  Samples were then allowed to bind for 25 
min. at room temperature.  In competition assays the nuclear extracts were 
preincubated with 4 pmol of unlabeled oligonucleotides for 5 min at room 
temperature. Binding reactions were then run on a 6% DNA retardation gel, 
transfered onto a nylon membrane and detected using strepavidin-HRP and an 
ECL detection solution. 
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