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Abstract
Endogenous neuropeptide orphanin FQ/nociceptin (OFQ/N) and its receptor, nociceptin orphanin
FQ peptide receptor (NOPr), play a modulatory role throughout the body including nociceptive
sensitivity, motor function, spatial learning, and the immune system. NOPr is an inhibitory G
protein coupled receptor (GPCR) that modulates expression and release of inflammatory
mediators from immune cells and in the CNS. Inhibitory GPCRs have been shown to activate the
immune and central nervous system regulator, nuclear factor kappa B (NFκB), whose family
consists of several subunits. When activated, NFκB translocates to the nucleus and can modify
transcription. To determine if OFQ/N modulates NFκB activity, SH-SY5Y human neuroblastoma
cells were treated with OFQ/N and assessed for changes in nuclear accumulation, DNA binding,
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and transcriptional activation. For the first time, we show that OFQ/N increases the nuclear
accumulation (1.9–2.8-fold) and the DNA binding of NFκB (2.9-fold) by 2 h as determined by
immunoblotting and electromobility shift assay, respectively. OFQ/N induction of NFκB binding
to DNA is protein kinase C-dependent and NOPr-specific. OFQ/N stimulated binding of both
NFκB p50 and p65 subunits to their consensus binding site on DNA. OFQ/N also induces
transcriptional activation of an NFκB reporter gene 2.2-fold by 2 h with an EC50 of 6.3 nM. This
activation of NFκB by OFQ/N suggests a likely mechanism for its modulation of the central
nervous and immune systems.
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Introduction
Orphanin FQ/nociceptin (OFQ/N) is a 17-amino acid, endogenous neuropeptide with high
affinity for its receptor, the nociceptin/orphanin FQ peptide receptor (NOPr). NOPr is a Gi/o-
coupled receptor that inhibits adenylate cyclase and voltage-gated calcium channels and
activates inwardly rectifying potassium channels, with an overall effect of inhibiting
neurotransmission. OFQ/N activation of NOPr has many functions throughout the body,
including modulating nociception, locomotion, smooth muscle contraction, learning,
memory, and cardiovascular function, as noted in a recent review (Lambert 2008). Of
particular interest is discovery of the effect of OFQ/N in modulating the immune system.

OFQ/N and NOPr play an important immunomodulatory role as can be seen by their
distribution and activity in the immune system. NOPr is expressed in lymphocytes,
monocytes, and peripheral blood mononuclear cells, as well as T cell and B cell lines
(Halford et al. 1995; Wick et al. 1995; Peluso et al. 1998; Arjomand et al. 2002). Both NOPr
and OFQ/N are expressed in human peripheral blood neutrophils, where OFQ/N induces
neutrophil chemotaxis (Serhan et al. 2001; Fiset et al. 2003). OFQ/N blocks antibody
formation in vivo and in vitro in rodent spleen cells (Anton et al. 2010), as well as inhibits T
cell proliferation. It also blocks synthesis of pro-inflammatory cytokine interleukin (IL)-2 in
rat splenocytes (Miller and Fulford 2007) and inhibits complete Freund’s adjuvant-induced
increases in pro-inflammatory IL-6, IL-1β, and tumor necrosis factor-α (TNFα) mRNA in
cultured astrocytes (Fu et al. 2007). OFQ/N has been shown to increase IκB kinase (IKK)
phosphorylation, leading to the phosphorylation and degradation of IκB in SH-SY5Y human
neuroblastoma cells (Liu and Wong 2005), suggesting that OFQ/N may modulate nuclear
factor kappa B (NFκB) by promoting the degradation of IκB.

NFκB is a transcription factor known to be a critical regulator of the immune system,
modulating more than 100 genes. The NFκB family is composed of five subunits (RelA/p65,
Rel B, c-rel, p50, and p52) which form homo- and hetero-dimers in a cell- and tissue-
specific manner. NFκB is typically bound by an inhibitory protein, IκB, which restricts
NFκB to the cytoplasm. Upon phosphorylation of IκB by IKK, NFκB is released and
translocates to the nucleus, binds to DNA promoter regions expressing the NFκB response
element, and modulates gene transcription. All NFκB subunits contain a Rel homology
domain, which enables the subunits to dimerize, target the nucleus, and bind the DNA.
However, only p65, Rel B, and c-rel contain a trans-activation domain that allows activation
of transcription. Therefore, NFκB can function as a stimulator or repressor of transcription,
depending on the particular subunit combination that is bound to the DNA (Gilmore 2006).
Although the above studies implicate a relationship between OFQ/N, NFκB, and cytokine
expression, a direct link between OFQ/N and NFκB has not been demonstrated to date.
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NFκB also has been shown to play important roles within the central nervous system. In
neurons specifically, NFκB can be activated by numerous factors, including glutamate,
growth factors, calcium, reactive oxygen species, and protein kinases. In the nervous system
under normal conditions, NFκB modulates synaptic plasticity, memory formation, cognition,
development, and neuronal survival (reviewed in Levenson et al. 2006). OFQ/N has been
implicated in regulating spatial learning and memory as well as development and neuronal
differentiation (Neal et al. 2001; Zaveri et al. 2006; Kuzmin et al. 2009). Interestingly, it has
been shown that immune factors such as TNFα and IL-6, both of which are modulated by
OFQ/N (Fu et al. 2007), are critical for proper formation and maintenance of neural
development and synaptic plasticity (Boulanger 2009). Additionally, NFκB has been shown
to be constitutively active in certain neurons. Recent findings have led to the suggestion that
NFκB in the CNS acts as both a signal transducer at the synapse as well as a transcriptional
regulator in the nucleus (reviewed in Memet 2006). Neurons have also been found to
modulate immune responses within the central nervous system, including evidence that
brain derived cytokines may play a role in neuronal plasticity, as well as in the pathology
underpinning psychiatric disorders such as major depressive disorder (Khairova et al. 2009;
Tian et al. 2009).

Given the important and widespread roles of NFκB and OFQ/N in the nervous as well as
immune system and the ability of OFQ/N to facilitate depression-like symptoms in animal
models, we utilized human neuroblastoma SH-SY5Y cells to analyze the effect of OFQ/N
on NFκB. These cells endogenously express NOPr and OFQ/N at levels comparable to
monocytes and T lymphocytes (Peluso et al. 2001). Our study is the first to show this
important mechanism of action of OFQ/N-induced NFκB activation by the NOPr. OFQ/N
induces NFκB nuclear translocation, binding to DNA and activation of transcription in a
time- and concentration-dependent manner. Protein kinase C (PKC) inhibition, as well as
NOPr antagonism, blocks OFQ/N-induced NFκB binding to DNA. This activation of NFκB
suggests a mechanism for the modulation of the neuroimmune system by OFQ/N.

Materials and methods
Cell culture

Human neuronal SH-SY5Y cells were maintained in a 1:1 mixture of Eagle’s minimum
essential media with nonessential amino acids and Ham’s nutrient mixture F12 (MEM/F12;
Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA, USA). Cells were grown in a 6% CO2–94% air humidified
atmosphere at 37°C. Experiments were performed on cells >80% confluency in 6- or 12-
well plates or 60 mm dishes (Thakker and Standifer 2002a, b). SH-SY5Y cells
endogenously express the NOPr at 6–13 fmol/mg, which is comparable to NOPr expression
in monocytes and T lymphocytes (Peluso et al. 2001; Mandyam and Standifer, unpublished
data).

Drug treatment
Cells were incubated for 15 min in fresh MEM/F12 media containing 0.1% protease-free
bovine serum albumin and 25 mg/ml bacitracin (vehicle) prior to the addition of drug
treatment to prevent OFQ/N degradation and adhesion to the culture dish. Basal groups
received only vehicle. For antagonist experiments, NOPr antagonist SB612111 (3 or 30 nM,
Astraea Therapeutics, LLC, Mountain View, CA, USA) or PKC inhibitors chelerythrine
chloride (Che; 1 µM; Sigma Aldrich, St. Louis, MO, USA) and Gö6976 (3 µM;
Calbiochem, Gibbstown, NJ, USA) were added 15 min prior to the addition of OFQ/N. Cells
were treated with varying concentrations of OFQ/N (100 pM–1 µM) for the time indicated.
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Drug treatments were terminated by three rapid, gentle washes with ice-cold phosphate
buffered saline (PBS; pH 7.4).

Nuclear extraction
After termination of drug treatment, the nuclear fraction was extracted using the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology, Rockford, IL, USA)
according to manufacturer’s protocol, in the presence of protease and phosphatase inhibitors
(2 mM Na3VO4, 10 µM NaP2O7, 250 µM phenylmethylsulfonyl fluoride, Complete
Protease Inhibitor Cocktail (Santa Cruz Biotechnology, Santa Cruz, CA, USA)). Aliquots of
the cytoplasmic and nuclear fractions used for BCA protein estimation and samples were
stored at −80°C.

Immunoblotting
Nuclear extracts were solubilized in 4× Laemmli buffer and stored at −80°C. Pre-heated
samples (10 min at 95°C) were resolved using sodium dodecyl sulfate polyacrylamide gel
electrophoresis on 8–15% Tris–glycine gels (~20 µg total protein/well) and transferred to
polyvinylidene fluoride membranes. After blocking with 5% milk in TBS-T (20 mM Tris,
140 mM NaCl, 0.05% Tween 20 (Sigma Aldrich)), primary antibodies were incubated
overnight at 4°C in the following sequence: rabbit anti-p65 (1:1,000; sc-372), rabbit anti-p50
(1:500; sc-7178), and rabbit anti-nucleolin (1:1,000, sc-13057). Secondary antibody goat
anti-rabbit (1:2,000, sc-2301) conjugated to horseradish peroxidase was incubated for 1 h at
RT in 5% milk in TBS-T. Immunoreactive bands were visualized by chemiluminescence
(Pierce ECL Substrate), captured with the Ultralum Omega Imaging System, and
densitometry was performed using Ultra Quant 6.0. Nuclear extract immunoblots were
normalized to nucleolin. All antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Electromobility shift assay
Single-stranded DNA oligonucleotides mimicking the NFκB DNA binding site (5′ AGT-
TGA-GGG-GAC-TTT-CCC-AGG-C) were synthesized with or without 5′ biotin label and
were annealed according to Pierce Technical Bulletin in a solution of 10 mM Tris, 1 mM
EDTA, and 50 mM NaCl (pH 8.0). DNA Retardation Gels (6%; Invitrogen, Carlsbad, CA,
USA) were flushed and pre-run for 50 min at 100 V in 0.5× Tris/boric acid/EDTA (45 mM
Tris–borate, 1 mM EDTA) buffer. Binding reactions were prepared on ice in
microcentrifuge tubes in the following order for a final volume of 20 µL: ultrapure water,
binding buffer (10 mM Tris, 50 mM KCl, 1 mM DTT, pH 7.5), 50 ng/µL Poly (dI·dC), 4 µg
of nuclear extract protein, and 40 fmol biotin-labeled Target DNA oligo. For competition or
supershift assay, 200× excess of unlabeled target DNA or 2 µL antibody (p65, sc-732x; p50,
sc-7178x), respectively, was added 20 min prior to the addition of nuclear extract at RT.
After all components of binding reaction were added, the mixture was incubated for 20 min
at RT. Loading buffer was then added and samples were electrophoresed for 85 min at 100
V and transferred onto zeta probe blotting membrane (Bio-Rad, Hercules, CA, USA) for 45
min at 100 V. Membranes were cross-linked for 15 min under UV light using the UltraLum
Imaging System. Biotin-labeled DNA was detected using the Pierce Chemiluminescent
Nucleic Acid Detection Module. Bands were quantified by normalizing the bound fraction
to the unbound fraction.

Calcium phosphate transfection
SH-SY5Y cells were plated onto 150 mm plates to ~60% confluency. Culture media were
replaced at least 1 h prior to transfection with 5 µg pGL4.32 [luc2P/NF-κB-RE/Hygro]
DNA Vector (Firefly; Promega, Madison, WI, USA) and 1 µg pGL4.74[hRluc/TK] DNA
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Vector (Renilla; Promega) using the calcium phosphate transfection method. According to
the protocol, DNA for both Renilla and Firefly vectors were added to a 2 M calcium
chloride solution in distilled water. The DNA mixture was then added to 2× HEPES
buffered saline (50 mM HEPES, 280 mM NaCl, and 1.5 mM Na2HPO4) and incubated for
20 min at RT. The transfection mixture was then added to the cells dropwise. After 18–24 h,
the cells were washed once with PBS and then split into multi-well dishes. The cells were
treated with the indicated drug and harvested 24 h later.

Dual-Luciferase Reporter Assay for NFκB transcriptional activation
SH-SY5Y cells were co-transfected with both NFκB/Firefly and TK/Renilla vectors and
treated with OFQ/N as described above. As a positive control, 10 ng/ml TNFα was used for
NFκB activation. NFκB transcriptional activation was determined with the Promega Dual-
Luciferase Reporter Assay System. Cells were harvested in 100 µL 1× passive lysis buffer
and collected into 1.5 ml tubes. Samples were homogenized for 10 s and then subjected to
two freeze–thaw cycles to ensure sufficient cell lysis. Reagents for measurement of Firefly
and Renilla signals were prepared according to manufacturer’s technical manual. Luciferase
activation was measured using the TD-20/20 Luminometer (Turner Designs, Sunnyvale,
CA, USA). Firefly signal was normalized to Renilla signal, which accounts for transfection
efficiency.

Statistical analysis
Data were analyzed using one-way ANOVA with Dunnett’s multiple comparison test on
GraphPad Prism 5 for Windows and were considered statistically significant (*) p<0.05
compared to basal.

Results
To understand the impact of OFQ/N treatment on NFκB pathways, we studied the initial
steps in NFκB activation, targeting of the subunit complex to the nucleus in SH-SY5Y cells
that natively express the NOPr. Given that p65/p50 is the predominant NFκB complex, we
examined the nuclear accumulation of NFκB p65 and p50 with OFQ/N (Fig. 1). OFQ/N
treatment caused a gradual increase in NFκB p65 nuclear accumulation, ranging from 1.5- to
1.9-fold over 4 h in the presence of OFQ/N (p<0.05). This same treatment also increased
p50 NFκB 1.5- to 2.8-fold during the same 4-h period (p<0.05).

Upon entering the nucleus, NFκB dimers must bind the DNA to regulate gene transcription.
The time course for NFκB binding to DNA oligonucleotides after OFQ/N treatment was
examined using an electromobility shift assay (EMSA; Fig. 2). A 2.2-fold increase in
binding of NFκB was seen after 1 h of OFQ/N treatment that was maintained over 4 h
(p<0.01). The specificity of NFκB activation was confirmed in our system, since the shift of
the biotin-labeled oligonucleotide probe in the absence of the nuclear extract was
undetectable, as expected for a nuclear extract-free control (far left lane, Fig. 2).
Competition with excess (200×), unlabeled DNA oligonucleotide blocked NFκB binding at
each time point, confirming the specificity of the probe and the direct activation of NFκB by
OFQ/N treatment in our cell line (Fig. 2). The highlighted band was chosen for analysis
given that it was always present and completely blocked by the excess unlabeled probe.
Conversely, the other bands present were not always visible and not completely blocked by
excess, unlabeled probe and were thus excluded from examination. Altogether, this
demonstrates that OFQ/N treatment in SH-SY5Y cells activated the NFκB pathway,
specifically by increasing NFκB binding to DNA in a time-dependent manner.
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Furthermore, the potency of NFκB activation by OFQ/N was determined via a concentration
response curve using EMSA (Fig. 3). OFQ/N significantly increased NFκB binding in SH-
SY5Y cells by 2.5-fold compared to basal levels (p<0.01), with an EC50 of 24 nM. Maximal
NFκB binding was noted with 1 µM OFQ/N, so subsequent experiments were performed
with that concentration.

OFQ/N activates conventional PKC isoforms through NOPr signaling (Lou et al. 1997;
Mandyam et al. 2002; Thakker and Standifer a, b; Thakker et al. 2007), and NFκB and IKK
can be activated by PKC (Mut et al. 2010; Duran et al. 2003; Catley et al. 2004; Matsubara
et al. 2005; Shinohara et al. 2005; Viatour et al. 2005; Li et al. 2009; Lu et al. 2009; Happel
et al. 2011); therefore, it was essential to understand whether PKC was involved in the
mechanism of NFκB activation via OFQ/N. SH-SY5Y cells were incubated with inhibitors
of PKC for 15 min prior to the addition of OFQ/N; Che inhibits all PKC isoforms and
Gö6976 inhibits only conventional isoforms (α, β, γ; Martiny-Baron et al. 1993). Che
completely blocked OFQ/N-induced NFκB binding compared to OFQ/N-treated cells in the
absence of inhibitor (p<0.01), whereas Gö6976 reduced OFQ/N-induced NFκB binding by
approximately 50% (Fig. 4, p<0.05). This indicates that both conventional and non-
conventional PKC isoforms are involved in OFQ/N-induced NFκB activation. The
specificity of OFQ/N acting at the NOPr was confirmed by utilizing NOPr antagonist
SB612111 (3 or 30 nM). SB612111 blocked OFQ/N-induced NFκB binding even at
concentrations as low as 3 nM (p<0.01), confirming that OFQ/N actions were mediated
through the NOP receptor. NOPr antagonist and PKC inhibitor treatments alone were
without effect on NFκB binding compared to basal levels.

Given that NFκB is capable of binding DNA without activating transcription depending on
the subunits involved, the identity of the subunits was investigated by conducting supershift
EMSA experiments (Fig. 5). This assay utilized antibodies against the NFκB p65 or p50
subunits in order to confirm the presence of the subunit in the binding complex. Specific
binding of the antibody causes a “supershift” as the molecular weight of the complex
increases. Alternatively, the antibody can block a critical binding site on the transcription
factor, resulting in inhibition of the probe-NFκB complex and absence of the band on the
membrane (Smith and Delbary-Gossart 2001; Perdew et al. 2006). OFQ/N-treated nuclear
extracts were incubated with two concentrations of antibodies specific for either NFκB p65
or p50. The ability of both antibodies to block OFQ/N-induced increase in the NFκB/DNA
binding complex indicates that OFQ/N induces binding of both p50 and the transcription
activating p65 subunit to DNA (Fig. 5).

Given that a particular combination of p50 (homodimer) and p65/p50 (heterodimer) subunits
renders NFκB a transcriptional stimulator or repressor, the ability of OFQ/N to induce NFκB
transcriptional activity was determined by a Dual-Luciferase Reporter Assay (Fig. 6). SH-
SY5Y cells were transfected and treated as described in the “Materials and methods”
section. OFQ/N increased NFκB transcriptional activity 2.2-fold over 4 h (Fig. 6a; p<0.05).
Luciferase activity was increased by OFQ/N with an EC50 of 6.3 nM (Fig. 6b), confirming
the ability of OFQ/N to activate NFκB-dependent transcription. TNFα, a robust activator of
NFκB, was used as a positive control.

Discussion
OFQ/N regulates multiple aspects of immune function, but the mechanism of modulation
has been unclear. NFκB is a core transcriptional factor in weighing whether an immune
response results in a net pro-inflammatory response or anti-inflammatory response. Our
findings in this study are the first to establish this direct link between OFQ/N and NFκB. It
has been known for some time that opioid receptors, such as mu opioid receptor (MOR) and
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kappa opioid receptor (KOR), modulate NFκB in a cell type-specific manner. While KOR
agonists inhibit NFκB activation, MOR agonists activate or repress NFκB activation in a
time- and concentration-dependent manner, as discussed in recent reviews (Bidlack et al.
2006; Chen et al. 2006; Finley et al. 2008). Based upon this knowledge and a single report
that OFQ/N increased IKK phosphorylation in SH-SY5Y cells (Liu and Wong 2005), we
posited that OFQ/N treatment would result in NFκB activation. Using a step-wise approach
in that same cell line, we clearly demonstrate that OFQ/N activates NFκB nuclear
translocation, DNA binding, and activation of NFκB-mediated transcription. This study
provides an important means by which OFQ/N may modulate expression of immune factors
such as cytokines and chemokines. OFQ/N specifically increased nuclear accumulation of
both p50 and p65 subunits and maximally increased the binding of NFκB to DNA within 2
h. Further, supershift experiments confirmed the binding of p50 and p65 subunits to DNA
after OFQ/N treatment. Since binding of both subunits to DNA would enable NFκB to
repress (p50 homodimer) or stimulate (p50/p65 heterodimer) transcription, this supports the
hypothesis that OFQ/N could modulate immune function through NFκB by repressing as
well as stimulating transcriptional activity. The OFQ/N-induced increase of NFκB DNA
binding activity was concentration-dependent, NOPr-specific, and PKC-dependent. SH-
SY5Y cells are known to express PKC α, β, δ, ε, and ζ isoforms (Turner et al. 1994;
Zeidman et al. 1999). Since OFQ/N-induced NFκB binding was completely inhibited by
Che but inhibited only 50% by Gö6976 (selective for α, β, and γ isoforms), it appears that
OFQ/N-mediated NFκB DNA binding involves activation of both conventional and atypical
PKC isoforms. The βγ subunits of GPCRs have been shown to utilize kinases such as PKC,
protein kinase A, and AKT in the modulation of NFκB (reviewed in Ye 2001). Activated
PKC leads to IKK activation, IκB degradation, and activation of NFκB. This is consistent
with our findings of OFQ/N-mediated increases in NFκB nuclear accumulation and DNA
binding in a PKC-dependent manner, along with another study showing that a 10-min
treatment with OFQ/N increased IKK phosphorylation (Liu and Wong 2005). Finally, OFQ/
N increased NFκB transcriptional activity over the same time frame and similar potency as
binding to DNA. The increased transcriptional activity demonstrated by the dual-luciferase
assay is particularly important, confirming that the OFQ/N-induced NFκB dimer contains at
least the p65 subunit trans-activation domain, which will further translate into NFκB-
mediated gene transcription.

NFκB is a critical transcription factor that affects over 100 genes in the CNS as well as the
immune system. By increasing NFκB transcriptional activity, OFQ/N can provide a potential
mechanism for many of the immune system effects, including OFQ/N modulation of T cell
function (Waits et al. 2004; Easten et al. 2009), induction of neutrophil chemotaxis (Serhan
et al. 2001), inhibition of antibody formation (Anton et al. 2010), and downregulation of
pro-inflammatory cytokines in the spinal cord, astrocytes, and splenocytes (Fu et al. 2007;
Miller and Fulford 2007).

Pro- and anti-inflammatory cytokines modulate the nociceptive sensitivity in neurons,
learning, memory, neuronal development, differentiation, proliferation, and survival
(McAfoose and Baune 2009; Uceyler et al. 2009; Casazza et al. 2010; Spooren et al. 2011).
NFκB has also been shown to stimulate either apoptosis or neuronal survival in SH-SY5Y
cells (Bian et al. 2001; Bui et al. 2001). NFκB has been implicated to play an important role
in both the physiology and pathophysiology of the brain through the action of cytokines,
such as IL-6, IL-1, IL-10, and TNFα (Khalaf et al. 2010; Park and Bowers 2010; Levenson
et al. 2006). Altered expression of TNFα and IL-6 has been found in both Alzheimer’s and
Parkinson’s disease (Boulanger 2009; Park and Bowers 2010; Spooren et al. 2011). Elevated
levels of TNFα and IL-1 have been found in major depressive disorder patients and other
severe mood disorders. Abnormal levels of these cytokines have also been associated with
cognitive deficits and an increased risk for depression (Khairova et al. 2009).
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IL-6 modulates astrocyte proliferation, chemotaxis, and secretion of inflammatory factors
such as chemokines, cytokines, and prostaglandins (reviewed in Spooren et al. 2011). OFQ/
N has been shown to downregulate IL-6 (Fu et al. 2007), in a PKC-dependent manner (Feng
et al. 2010; Hao et al. 2010). These studies are consistent with our findings that OFQ/N-
induced activation of NFκB is PKC-dependent (Fig. 4).

Interestingly, OFQ/N and NOPr are expressed in the brain as early as 16 weeks gestation in
humans (Neal et al. 2001), potentially enabling OFQ/N to modulate brain development
through cytokines in an NFκB-dependent manner. The potential effect of OFQ/N and NFκB
on immune function becomes even more important given the developments in brain-immune
interactions, as well as cross-talk between neurons and neuroimmune cells, such as
astrocytes and glia. Therefore, OFQ/N activation of NFκB may be one mechanism by which
OFQ/N modulates processes in the immune and central nervous systems.
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Fig. 1.
OFQ/N increases NFκB p65 and p50 nuclear accumulation over time. SH-SY5Y cells were
treated with 1 µM OFQ/N for the indicated time. Nuclear fractions were extracted and
protein levels determined by immunoblotting with antibodies specific for NFκB p65, p50, or
nucleolin. NFκB immunoreactivity was normalized to nucleolin (loading control) and
expressed as fold over basal. Basal values were 0.9±0.4 for p50 and 0.4±0.2 for p65. OFQ/N
increases nuclear accumulation of p65 and p50 by 2 h (1.9- and 2.2-fold, respectively;
*p<0.05, **p<0.01, compared to basal). Representative blot and mean densitometric
analysis ± SEM of three to five experiments are shown

Donica et al. Page 12

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
OFQ/N increases NFκB binding to DNA. SH-SY5Y cells were treated with 1 µM OFQ/N
for the indicated times and nuclear fractions extracted. Binding of the biotinylated
oligonucleotides (ODN) to targets in the nuclear extract expressing the NFκB consensus
sequence is indicated by the dashed arrow; free probe is indicated by the solid arrow.
Bound probe was normalized to free probe and expressed as fold over basal (basal
values=0.2±0.1). OFQ/N treatment maximally increases NFκB binding to DNA 2.9-fold by
2 h (**p<0.01, compared to basal). Excess, unlabeled ODN (200×) completely blocks NFκB
binding to DNA. Representative EMSA blot and mean densitometric analysis±SEM of three
to six experiments are shown

Donica et al. Page 13

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
OFQ/N treatment increases NFκB binding to DNA in a concentration-dependent manner.
SH-SY5Y cells were treated for 2 h with various concentrations of OFQ/N and nuclear
fractions extracted. Bound fraction and free probe are labeled by dashed and solid arrows,
respectively. Bound probe was normalized to free probe and expressed as fold over basal
(basal values=0.3±0.1). OFQ/N treatment increases NFκB binding to DNA, with Emax at 1
µM (**p<0.01, compared to basal), with an EC50 of 24 nM (logEC50=−7.6±0.5).
Representative EMSA blot and mean densitometric analysis±SEM of three to five
experiments are shown. BL probe in the absence of nuclear extract, B basal
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Fig. 4.
PKC inhibitors and NOPr antagonist block OFQ/N-induced NFκB binding. SH-SY5Y cells
were treated for 2 h with 1 µM OFQ/N in the presence or absence of PKC inhibitors Che (1
µM) or Gö6976 (3 µM) or NOPr antagonist SB612111 (3 or 30 nM). Bound fraction is
labeled by dashed arrow. Bound probe was normalized to free probe and expressed as fold
over basal (basal values=1.0±0.4). Both PKC inhibitors reduced NFκB binding to DNA in
nuclear extracts, as did the NOPr antagonist (*p<0.01 compared to basal; #p<0.05, ##p<0.01
compared to OFQ/N). Representative EMSA blot and mean densitometric analysis±SEM of
three to seven experiments are shown
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Fig. 5.
OFQ/N induces NFκB p65 and p50 subunits binding to DNA. SH-SY5Y cells were treated
with 1 µM OFQ/N for 2 h and nuclear fractions extracted. The indicated NFκB subunit
antibodies were added to the biotinylated DNA ODN. Bound fraction that undergoes
supershift in the presence of the antibodies is indicated by the dashed arrow. Both p50 and
p65 antibodies blocked OFQ/N-induced binding of NFκB to DNA. Representative EMSA
blot of three experiments is shown
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Fig. 6.
OFQ/N induces transcriptional activation of an NFκB reporter gene. SH-SY5Y cells were
transfected as described in methods. Luminescence measured from NFκB/Firefly Luciferase
activity was normalized to internal control thymidine kinase/Renilla Luciferase activity and
expressed as fold over basal (basal values=0.03±0.01). TNFα, a robust activator of NFκB,
served as the positive control. OFQ/N treatment increases transcriptional activity of NFκB
reporter gene in a a time-dependent (*p<0.05, compared to basal) and b a concentration-
dependent manner (logEC50=−8.2±0.5; *p<0.05, compared to 300 pM). Data expressed as
mean ± SEM of three to eight experiments
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