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ABSTRACT
The nociceptin/orphanin FQ (N/OFQ) peptide (NOP) receptor
is the fourth and most recently discovered member of the
opioid receptor superfamily that also includes m, d, and k opioid
receptor subtypes (MOR, DOR, and KOR, respectively). The
widespread anatomic distribution of the NOP receptor enables
the modulation of several physiologic processes by its endog-
enous agonist, N/OFQ. Accordingly, the NOP receptor has
gained a lot of attention as a potential target for the develop-
ment of ligands with therapeutic use in several pathophysiolog-
ical states. NOP receptor activation frequently results in effects

opposing classic opioid receptor action; therefore, regulation
of the NOP receptor and conditions affecting its modulatory
tone are important to understand. Mounting evidence reveals
a heterologous interaction of the NOP receptor with other G
protein–coupled receptors, including MOR, DOR, and KOR,
which may subsequently influence their function. Our focus in
this review is to summarize and discuss the findings that
delineate the cellular mechanisms of NOP receptor signaling
and regulation and the regulation of other receptors by N/OFQ
and the NOP receptor.

Introduction
The multiplicity of opioid receptor subtypes enables opiates

and endogenous opioid peptides to elicit diverse physiologic
and pharmacological actions. Before the cloning of the NOP
receptor [also known as opioid receptor–like 1, KOR3, OP4
(Bunzow et al., 1994; Chen et al., 1994; Fukuda et al., 1994;
Mollereau et al., 1994; Wang et al., 1994; Wick et al., 1994; Pan
et al., 1995)], the opioid receptor superfamily consisted of the
classical MOR, DOR, and KOR. The NOP receptor sequence
is approximately 50–60% identical to the classic opioid recep-
tors; however, neither endogenous opioid peptides nor selective

MOR, KOR, and DOR ligands [with the exception of KOR
agonist, dynorphin A (Zhang et al., 1998)] bind to or activate
the NOP receptor (Bunzow et al., 1994; Chen et al., 1994;
Mollereau et al., 1994; Wang et al., 1994; Wick et al., 1994;
Fukuda et al., 1997). Subsequently, two groups independently
identified an endogenous neuropeptide similar to KOR agonist
dynorphin A with little or no affinity for classic opioid receptor
subtypes but high affinity for NOP receptor, emphasizing that
this peptide and the NOP receptor are pharmacologically
unique from the other opioid receptors (Meunier et al., 1995;
Reinscheid et al., 1995). Reinscheid et al. named this hepta-
decapeptide orphanin FQ (OFQ), where “orphanin” refers to
the peptide affinity for the recently cloned orphan opioid
receptor; “F” (phenylalanine) and “Q” (glutamine) denote
the first and last amino acids of the peptide, respectively
(Reinscheid et al., 1995). Meunier et al. chose to name the
peptide nociceptin (N) because of its pronociceptive activity
(Meunier et al., 1995). For the purpose of this review, we have
used both terms as denoted by N/OFQ for addressing this
peptide.
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Corresponding to the widespread distribution of the NOP
receptor in the central and peripheral nervous systems
[reviewed in Mollereau and Mouledous (2000) and Civelli
(2008)], N/OFQ activation of the NOP receptor modulates
many physiologic responses/systems, including anxiety (Jenck
et al., 1997), food intake (Pomonis et al., 1996), learning
(Sandin et al., 1997), locomotor (Reinscheid et al., 1995; Florin
et al., 1996), respiratory (Fischer et al., 1998; Shah et al.,
1998), immune (Peluso et al., 2001; Serhan et al., 2001), and
cardiovascular and renal functions (Kapusta et al., 1997). To
maintain this important modulatory role, the N/OFQ/-NOP
receptor system therefore requires extensive and intricate
regulation. Our focus in this review is to outline the findings
that have advanced our understanding of NOP receptor
signaling at the cellular level, how that signaling impacts
NOP receptor function, and how N/OFQ and NOP receptors
modulate other receptors.

NOP Receptor Signaling
The NOP receptor, like other opioid receptors, is a pro-

totypical G protein–coupled receptor (GPCR) that couples to
pertussis toxin–sensitive (Ma et al., 1997) and –insensitive
(Chan et al., 1998) G proteins. After agonist activation, the
NOP receptor triggers intracellular signaling events, including
inhibition of adenylyl cyclase (Ma et al., 1997) and activation of
protein kinase C (PKC) (Lou et al., 1997), phospholipase A
(Fukuda et al., 1998) and C (Lou et al., 1997), extracellular
signal-regulated kinases 1 and 2 (ERK1/2) (Fukuda et al., 1997;
Lou et al., 1997), p38 mitogen-activated protein kinase (Zhang
et al., 1999a), c-JunN-terminal kinase (JNK) (Chan andWong,
2000), nuclear factor kB (NFkB) (Donica et al., 2011), and
modulation of calcium (Connor et al., 1996b) and potassium
channel conductance (Connor et al., 1996a). N/OFQ-mediated
inhibition of presynaptic, voltage-gated calcium channels has
been demonstrated in vitro (Connor et al., 1996b) and in vivo
(Knoflach et al., 1996). Furthermore, activation of the NOP
receptor opens inwardly, rectifying potassium channels, and
produces a postsynaptic hyperpolarization, preventing excita-
tion or propagation of action potentials (Vaughan et al., 1997).
The significance of kinase activation and channel modulation
by N/OFQ directly relates to the ability of N/OFQ to modulate
neurotransmitter release, immune function, and transcrip-
tional activation.
N/OFQ modulation of ion channel activity appears to be

responsible for its inhibition of acetylcholine, serotonin, do-
pamine, b-endorphin, norepinephrine, glutamate, and GABA
neurotransmission in several brain regions, including, but not
limited to, the locus coeruleus, periaqueductal gray (PAG),
dorsal raphe nucleus, hippocampus, hypothalamus, ventral
tegmental area, spinal cord, and rostral ventral medulla
(Connor et al., 1996a; Vaughan and Christie, 1996; Vaughan
et al., 1997; Yu et al., 1997; Connor and Christie, 1998;
Wagner et al., 1998; Vaughan et al., 2001; Zheng et al., 2002;
Lu et al., 2010).
The ability of N/OFQ and the NOP receptor to inhibit

neurotransmitter release is the basis for its modulation of the
many biologic functions that rely on synaptic transmission,
including nociception, anxiety, and reward. For instance, the
influx of calcium through the N-type calcium channel plays
a critical role in regulating nociceptive signaling in the spinal
cord. The NOP receptor associates with and inhibits N-type

calcium channels, even in the absence of N/OFQ (Beedle et al.,
2004). The constitutive regulation of N-type calcium channels
in the dorsal root ganglion (DRG) cells by the NOP receptor is
thought to be modulated by NOP receptor expression (Beedle
et al., 2004). Although there is agreement over the ability
of N/OFQ-NOP receptor system to inhibit N-type calcium
channels, there is still some debate about whether this in-
volves NOP receptor–mediated internalization of those chan-
nels. For instance, N/OFQ treatment induces N-type calcium
channel internalization in a PKC-dependent manner, effec-
tively inhibiting calcium influx into the cell (Altier et al.,
2006). However, a recent study examining the effect of NOP
receptor activation on N-type calcium channels in a highly
N/OFQ-sensitive subpopulation of rat DRG and spinal cord
neurons found that, although N/OFQ treatment inhibited
primary afferent excitatory postsynaptic currents on dorsal
horn neurons, it did not induce internalization of N-type
calcium channels in the cell body or nerve terminals of DRG
neurons (Murali et al., 2012). Thus, the precise means by
which the NOP receptor regulates calcium channels in vivo is
still under debate.
N/OFQ and NOP receptor are expressed on lymphocytes,

monocytes, and peripheral blood mononuclear cells and in
T cell and B cell lines, where they modulate synthesis and
release of neuromodulators (Halford et al., 1995; Wick et al.,
1995; Peluso et al., 1998; Arjomand et al., 2002). N/OFQ blocks
synthesis of proinflammatory cytokines in the spinal cord,
astrocytes, and splenocytes (Fu et al., 2007; Miller and Fulford,
2007) and inhibits Complete Freund’s adjuvant-induced in-
crease in proinflammatory interleukin-6, interleukin-1b, and
tumor necrosis factor–a mRNA in cultured astrocytes (Fu
et al., 2007). N/OFQ-NOP receptor interactions also induce
neutrophil chemotaxis (Fiset et al., 2003; Serhan et al., 2001),
block antibody formation in vivo and in vitro in rodent spleen
cells (Anton et al., 2010), and inhibit T cell function (Waits
et al., 2004). Although the mechanisms underlying these
actions have yet to be determined, they undoubtedly involve
signaling through one or more of the aforementioned protein
kinases. We recently reported that N/OFQ activates NFkB
transcription factor, a critical player in immune system
regulation (Donica et al., 2011). Activation of NFkB provides
one mechanism by which the NOP receptor regulates im-
mune system function. NOP receptor activation also leads to
transcriptional changes, resulting in sustained regulation of
biologic processes. NOP receptor activation of ERK1/2 stim-
ulates the Elk-1 transcription factor, which has been impli-
cated in disorders, such as drug addiction, depression, and
long-term memory (Bevan et al., 1998), whereas activation of
JNK stimulates c-Jun and activating transcription factor–2
(ATF-2) (Chan and Wong, 2000). ATF-2 stimulates transcrip-
tion in response to stressors, such as hypoxia and infection, and
is important in development, innate immunity, and oncogen-
esis (Seong et al., 2012). N/OFQ activation of G16-coupled NOP
receptor phosphorylates STAT3, a regulator of myeloid cell
differentiation that provides another means of regulating
immune function (Wu et al., 2003). Prolonged N/OFQ exposure
up-regulates the transcription factors NFkB (Donica et al.,
2011), activating protein-2 (Thakker and Standifer, 2002a) and
Oct-2 (Thakker and Standifer, 2002b), a protein associated
with development (He et al., 1989), immune cell maturation
and activation (Kang et al., 1992; Humbert and Corcoran,
1997), and inflammation (Ensor et al., 1996). The ability of
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NOP receptor to modulate gene transcription and acute func-
tions underscores its significance and potential as a therapeutic
target.

Homologous NOP Receptor Desensitization
Analogous to the cellular regulation of other GPCRs, the

NOP receptor is regulated by the process of homologous
desensitization. Homologous desensitization is a state of
decreased responsiveness of the receptor resulting from
persistent exposure to its agonist. Receptor desensitization
strongly contributes to mechanisms of drug tolerance experi-
enced after drug administration, such that more of the drug is
required to produce the same response or effect. Desensitiza-
tion of the NOP receptor occurs after both acute (Connor et al.,
1996a; Mandyam et al., 2000; Mandyam et al., 2002; Thakker
et al., 2007) and chronic (Hashimoto et al., 2002; Thakker and
Standifer, 2002a) agonist exposures. Desensitization to all
known NOP receptor cellular functions has been observed
after agonist treatment, including inhibition of adenylyl
cyclase (Cheng et al., 1997; Ma et al., 1997) and voltage-
gated calcium channels (Morikawa et al., 1998) and activation
of inwardly rectifying potassium channels (Connor et al.,
1996a), ERK1/2 (Hawes et al., 1998), and p38 (Zhang et al.,
1999b).
According to the accepted model of prototypical GPCR

desensitization, GPCRs undergo three states/phases of de-
sensitization: (1) phosphorylation, (2) internalization, and (3)
down-regulation and degradation (Gainetdinov et al., 2004).
NOP receptor desensitization is discussed in this context in
the following paragraphs.
NOP Receptor Phosphorylation. After activation by

N/OFQ, the NOP receptor, like other GPCRs, couples to its
corresponding heterotrimeric G-protein, where the Ga and
bg subunits initiate the aforementioned signaling cascades.
After uncoupling from the Ga subunit, Gbg subunits recruit
intracellular G protein-coupled receptor kinases (GRKs) to
the cell surface that phosphorylate the agonist-bound NOP
receptor. The phosphorylated receptor is thought to undergo
a rapid conformational change that prevents it from coupling
to G-proteins or to bind agonists until the receptor is dephos-
phorylated. This is the earliest phase of desensitization.
Kinases regulate GPCRs by phosphorylating threonine and

serine residues. The human NOP receptor contains several

serine and threonine residues in its intracellular loops and
carboxyl terminus that serve as potential phosphorylation sites
for intracellular serine/threonine protein kinases (highlighted
residues in Fig. 1). PKC also plays an important role in me-
diating NOP receptor desensitization. N/OFQ binding to the
NOP receptor activates PKC, as demonstrated by translocation
of cytosolic PKC to the plasma membrane and increased
phosphorylation of proteins by PKC in cell lines that endoge-
nously express or have been transfected to stably express the
NOP receptor (see Table 1 for specific names of cell lines,
phenotype, level of expression, and use) (Lou et al., 1997; Pei
et al., 1997; Pu et al., 1999; Mandyam et al., 2002; Ozsoy et al.,
2005). Pretreatmentwith the phorbol ester, phorbol 12-myristate
13-acetate, a PKC activator, facilitates the acute desensitiza-
tion of the NOP receptor (Pu et al., 1999). Depletion of PKC
with persistent phorbol 12-myristate 13-acetate treatment or
inhibition by nonselective and conventional PKC isoform-
selective inhibitors blocks the homologous desensitization of
NOP receptor after acute (#1 hour) treatment by N/OFQ (Pei
et al., 1997; Mandyam et al., 2002). Indeed, N/OFQ-induced
translocation of PKC involved only conventional PKC isoforms
(Lou et al., 1997; Mandyam et al., 2002).
Despite having an important role in NOP receptor de-

sensitization, direct phosphorylation of the NOP receptor by
PKC has yet to be demonstrated. However, N/OFQ-induced
activation of PKCa does promote the membrane translocation
(Mandyam et al., 2000) and phosphorylation (Ozsoy et al.,
2005) of GRK2/3, resulting in GRK2/3-mediated desensitiza-
tion of the NOP receptor (Mandyam et al., 2002). GRKs
phosphorylate serine residues 334 and 335 on the C-terminal
tail of the rat NOP receptor (corresponding to Ser337 in the
human NOP receptor) (Fig. 1), such that a single mutation at
each site reduced receptor desensitization. A double S334A/
S335A mutation almost abolished homologous desensitiza-
tion and significantly impaired phosphorylation of the NOP
receptor (Wang et al., 2006).
GRK2 and GRK3 also contribute to NOP receptor desensi-

tization, which ensues after long-term (24 hour) stimulation
by N/OFQ. Using two different human neuroblastoma cell
lines that endogenously express the NOP receptor, we demon-
strated that prolonged activation of theNOP receptor increases
GRK2 and GRK3 levels by 2.2–2.5-fold (Thakker and Standifer,
2002a). PKC activation facilitates NOP receptor–mediated
GRK3 up-regulation, and increases in GRK2 are ERK1/2

Fig. 1. Carboxy-terminal sequence alignment of opioid superfamily receptors. (A) Comparative view of the NOP receptor carboxy-terminal sequence
among three species: human (hNOP receptor; Genbank AN: AF348323.1), rat (rNOP receptor; NCBI ref: NP_113757.1), and mouse (mNOP receptor;
NCBI ref: NP_001239494.1). (B) Comparative view of sequence of the carboxy-terminal of the human NOP receptor (hNOP receptor) relative to the
classic opioid receptors in the same species: m opioid receptor (hMOR; AN: P35372.2), d opioid receptor (hDOR; Genbank AN: AAA18789.2), and k opioid
receptor (hKOR; Genbank AN: AAC50158.1). Potential phosphorylation sites [serine (S) and threonine (T)] are highlighted in the text. ‘│’ denotes every
fifth amino acid residue.
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dependent (Thakker andStandifer, 2002a). Blockade of GRK2/3
up-regulation by PKC inhibition, ERK inhibition, or GRK anti-
sense DNA treatment prevented NOP receptor desensitiza-
tion. Of interest, homologous NOP receptor desensitization in
BE(2)-C cells was mediated by GRK3; knockdown of GRK2 had
no effect (Thakker and Standifer, 2002a).
NOP Receptor Internalization. Receptor internalization

can occur through clathrin-dependent and/or -independent (e.g.,
caveolae/lipid rafts) processes. To date, there are no reports that
NOP receptor internalization occurs by clathrin-independent

endocytosis; thus, discussion here is limited only to the role of
clathrin-dependent processes in NOP receptor internalization.
Phosphorylated GPCRs serve as targets for adaptor proteins,
such as b-arrestins, which further disrupt the G protein–
mediated actions of the receptor (Krupnick and Benovic, 1998)
and trigger the formation of clathrin-coated pits to transport
surface receptors to intracellular compartments through clathrin-
mediated endocytosis. Clathrin-coated vesicles are trafficked to
early endosomal compartments, where the receptor is com-
pletely internalized. Agonist-induced receptor internalization is

TABLE 1
NOP receptor–expressing cell lines, cell derivation, NOP receptor expression levels, and cited references
NOP receptor expression was divided into the following ranges: 1–100 fmol/mg (+), 100–300 fmol/mg (++), 300–1000 fmol/mg (+++), .1 pmol/mg (++++). Cell derivation was
based on documentation from American Type Culture Collection (www.atcc.org) or Sigma-Aldrich (www.sigmaaldrich.com)*.

Cell Line and Type of NOP
Receptor Expression Cell Derivation NOP Receptor

Expression Level References

Cell Lines Endogenously Expressing NOP Receptors
BE(2)-C Human

neuroblastoma
Neuroblast cells subcloned from SK-N-BE(2) + Homologous/heterologous NOP receptor

desensitization; NOP receptor regulation of
MOR desensitization and phosphorylation
(Mandyam et al., 2000, 2002, 2003; Ozsoy
et al., 2005; Thakker and Standifer,
2002a,b)

NG108-15 Mouse
neuroblastoma/
Rat glioma

Somatic cell hybrid of N18TG2 and C6.BU.1 + NOP receptor regulation of calcium channels;
NOP receptor signaling cascades (Chan and
Wong, 2000; Ma et al., 1997; Morikawa et al.,
1998)

SH-SY5Y Human
neuroblastoma

Subcloned from SK-N-SH + Homologous NOP receptor desensitization;
Heterologous regulation by MOR and
cannabinoid agonists; NOP receptor
regulation of MOR; Intracellular signaling
cascades (Cannarsa et al., 2012; Connor
et al., 1996b; Donica et al., 2011; Mandyam
et al., 2003; Thakker et al., 2007; Thakker
and Standifer, 2002a,b)

SK-N-BE(2) Human
neuroblastoma

Isolated from bone marrow biopsy of a 2-year-
old male with neuroblastoma

+ Homologous NOP receptor internalization
(Spampinato et al., 2001)

SK-N-SH Human
neuroblastoma

Isolated from bone marrow biopsy of a 4-year-
old female with neuroblastoma

+ Heterologous regulation of NOP receptor; NOP
receptor signaling and homologous receptor
regulation (Cheng et al., 1997; Zhao et al.,
1998)

U937 Human
monocyte

Isolated from adult male with histiocytic
lymphoma

+ Peripheral blood mononuclear proliferation,
Heterologous receptor desensitization of
CXCR4 (Kaminsky and Rogers, 2011; Peluso
et al., 2001)

Molt-4 Human
T-lymphoblast

Isolated from adult male with acute
lymphoblastic leukemia

+ Peripheral blood mononuclear proliferation
(Peluso et al., 2001)

Recombinant Expression of NOP Receptors
CHO-K1 cells with hNOP

receptor and
Ecdysone-inducible
hNOP receptor

Epithelial-like cells isolated from a biopsy of an
adult Chinese hamster ovary +, ++, ++++

Homologous NOP receptor desensitization and
Down-regulation; Intracellular signaling
cascades; Heterologous desensitization of
NOP; Heterodimerization (Barnes et al.,
2007; Bevan et al., 1998; Fukuda et al., 1998;
Fukuda et al., 1997; Hashimoto et al., 2002;
Hawes et al., 1998; Lou et al., 1997;
McDonald et al., 2003; Okawa et al., 1999;
Pan et al., 2002; Peluso et al., 2001;
Spampinato and Baiula, 2006; Spampinato
et al., 2002; Waits et al., 2004)

COS-7 African green monkey kidney fibroblast-like
cells transformed with SV40

++++ G-protein coupling and NOP receptor
expression (Chan and Wong, 2000; Chan
et al., 1998; Ho et al., 2002)

HEK293 with hNOP
receptor

Human embryonic kidney epithelial cells
transformed with adenovirus 5 DNA

++++ Homologous NOP receptor desensitization and
Down-regulation; Heterodimerization,
heterologous desensitization (Corbani et al.,
2004; Dautzenberg et al., 2001; Wang et al.,
2005, 2006; Wu et al., 2003; Zhang et al.,
2012a; Zhang et al., 1998)

tsA-201* Human embryonic kidney 293 epithelial cells
transformed with SV40

++++ Heterologous desensitization, and
internalization, heterodimerization (Altier
et al., 2006; Beedle et al., 2004; Evans et al.,
2010)
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the intermediate phase of GPCR desensitization, where the
receptor is now inaccessible for activation by the extracellular
agonist, thereby inhibiting further agonist-mediated cellular
responses. However, it is also an essential process for resensitiza-
tion of receptors (Gainetdinov et al., 2004), as explained below.
It was initially reported that, although the stably trans-

fected human NOP receptor did not internalize after N/OFQ
treatment, it internalized in response to treatment with
the nonpeptide agonist, Ro 64-6198 ([(1S,3aS)-8-(2,3,3a,4,5,6-
hexahydro-1H-phenalen-1-yl)-1-phenyl-1,3,8-triaza-spiro
[4.5]decan-4-one]), as determined by radioligand binding
(Dautzenberg et al., 2001; Corbani et al., 2004). In contrast,
immunofluorescent and confocal microscopic approaches and
radioligand binding studies in intact cells demonstrated
internalization of the NOP receptor after N/OFQ treat-
ment in endogenously expressing or stably transfected cells
(Spampinato et al., 2001, 2002; Corbani et al., 2004). These
studies also confirmed the temperature and ATP dependence
of NOP receptor internalization via clathrin-mediated endo-
cytosis (Dautzenberg et al., 2001; Spampinato et al., 2001,
2002; Corbani et al., 2004). Variability between studies may
be attributable to possible differences in the cellular compo-
nents of the cell lines [human embryonic kidney (HEK)293,
Chinese hamster ovary (CHO), SK-N-BE] that are crucial for
NOP receptor internalization, levels of NOP receptor expres-
sion, and/or to the efficacy of peptide versus nonpeptide
agonists. NOP receptor expression inHEK293 cells (1.3 pmol/mg
protein; Table 1) (Dautzenberg et al., 2001) was 10–20-fold
higher than that in CHO (110 fmol/mg protein) or SK-N-BE
(38 fmol/mg protein) cells used by Spampinato et al. (2001,
2002). It is possible that little internalization was noted
because of the presence of numerous spare receptors in the
Dautzenberg study (Dautzenberg et al., 2001). Of interest,
partial agonists did not induce NOP receptor endocytosis and
recruited less GRK2 to the membrane, but did produce robust
NOP receptor desensitization after 1 hour of pretreatment
(Spampinato et al., 2001; Corbani et al., 2004; Spampinato
and Baiula, 2006). This indicates that endocytosis is impor-
tant for NOP receptor resensitization.
GPCR internalization is a net result of receptor endocyto-

sis and recycling back to the surface. This process involves
acidification of endocytic vesicles and activation of GPCR
phosphatases for dephosphorylating the internalized NOP
receptor (Spampinato et al., 2001, 2002). Dephosphorylated
receptors then transit in a recycling compartment or recycle
directly back to the cell surface, ready for reactivation by their
agonist. The percentage of internalized receptors at any given
time, therefore, depends on the net result of endocytosis and
recycling to the surface. Interfering with vesicular acidifi-
cation not only reduces NOP receptor recycling to the cell
surface, but also prolongs NOP receptor desensitization
(Spampinato et al., 2001, 2002). NOP receptor recycling to
the cell surface is a default trafficking pathway that occurs
regardless of whether the agonist remains bound (Spampinato
et al., 2001).
Although receptor recycling contributes to the rapid re-

covery of many cell surface NOP receptors, some receptors
remain internalized for as long as 2 hours after washout of
N/OFQ (Spampinato et al., 2001, 2002). Agonist-induced phos-
phorylation is required for efficient NOP receptor internalization.
Agonists that induce robust NOP receptor internalization en-
able the NOP receptor to resume signaling more rapidly than do

agonists that induce slower NOP receptor internalization
(Spampinato et al., 2001; Corbani et al., 2004; Spampinato
and Baiula, 2006).
Increasing expression of b-arrestin 2 increases the rate of

NOP receptor internalization (Spampinato et al., 2001). Con-
versely, reducing the expression of b-arrestin 2 and GRK3
via siRNA significantly inhibits N/OFQ-induced NOP re-
ceptor internalization (Zhang et al., 2012a). When Ser363,
a putative GRK phosphorylation site on the NOP receptor,
was mutated to an alanine, cytosolic b-arrestin 2 was not
recruited to the cell surface after N/OFQ treatment and the
mutant S363A demonstrated significantly reduced NOP
receptor internalization (Zhang et al., 2012a). Of interest,
Ser363 of the NOP receptor aligns with the putative GRK2
phosphorylation sites of MOR and DOR (Fig. 1). Development
of phospho-specific antibodies will be very useful to confirm
the role of NOP receptor phosphorylation in internalization,
recycling, and postendocytic receptor trafficking.
NOPReceptor Down-Regulation. Receptors that remain

internalized are often degraded, resulting in NOP receptor
down-regulation. Long-term treatment with agonist often
causes internalized receptors to be transported from en-
dosomes to either proteosomes or lysosomes for degrada-
tion. The consequent decrease in total receptor number is
referred to as receptor down-regulation, which generally
ensues after chronic (hours or days) activation by an agonist.
Down-regulation is the last phase of desensitization, where
the total number of receptors in the cell is reduced, and
therefore, responsiveness to the agonist is reduced until new
receptors are synthesized and targeted to the cell surface.
NOP receptor down-regulation was observed after acute

(#1 hour) exposure to the nonpeptide agonist, Ro 64-6198
(Dautzenberg et al., 2001), but not the peptide agonist, N/OFQ,
in HEK293 (stably transfected) or BE(2)-C cells (endogenously)
expressing the human NOP receptor (Dautzenberg et al.,
2001; Mandyam et al., 2002). Prolonged (24–48 hours) in-
cubation with N/OFQ resulted in marked NOP receptor
down-regulation in CHO cells expressing recombinant NOP
receptor (Hashimoto et al., 2002). Significant NOP receptor
down-regulation was also observed in membranes from rat
brain homogenates 3 hours after a single intraperitoneal
injection of Ro 64-6198 (Dautzenberg et al., 2001). NOP
receptor levels recovered 24 hours after Ro 64-6198 injection,
with a half-life of approximately 5.5 hours. Of interest, when
Ro 64-6198 was administered intraperitoneally once daily
for 15 days, tolerance to the drug (as indicated by loss of
anti–anxiety-like behavior) was not noted, correlating well
with no net loss of NOP receptor (Dautzenberg et al., 2001).
This suggests that repeated long-term exposure to a NOP
receptor nonpeptide agonist activates compensatory mecha-
nisms to ensure that NOP receptor expression is maintained
in vivo or that intermittent dosing regimens that allow re-
ceptor expression to recover after down-regulation is dif-
ferent from sustained dosing regimens that ultimately lead
to degradation and down-regulation. It is possible that pep-
tide NOP receptor agonists, such as N/OFQ, differentially
induce down-regulation in a time-dependent manner, com-
pared with nonpeptide (Ro 64-6198) agonists, because acute
but not chronic Ro 64-6198 treatment produced NOP receptor
down-regulation, whereas the reverse is true with N/OFQ.
Furthermore, Ro 64-6198 also modulates NOP receptor
function differently than N/OFQ in the vas deferens, ileum,

Cellular Mechanisms of NOP Receptor Regulation 911



and ventrolateral PAG (Calo et al., 1996; Rizzi et al., 2001;
Chiou et al., 2004). For instance, Ro 64-6198 regulates only
60% of N/OFQ-sensitive NOP receptors in rat PAG slices,
suggesting that Ro 64-6198 only regulates a specific subset of
NOP receptors (Chiou et al., 2004). Whether this can be
attributed to expression of NOP receptor splice variants (Pan
et al., 1995, 1998; Xie et al., 1999), spare receptors, or receptor
dimerization (Pan et al., 2002) is not clear. Differences in
neuronal (rat brain) versus nonneuronal cell phenotype (CHO
and HEK cells) expression in different backgrounds (native
versus recombinant) and in levels of NOP receptor expression
also may account for some of these differences.
These differences underscore the need to investigate the

role of NOP receptor expression levels and neuronal cellular
environment on NOP receptor regulation. To address the role
of NOP receptor density, an ecdysone-inducible expression
systemwas used to express humanNOP receptors at different
levels in CHO cells to determine the functional activity of
several partial agonists (McDonald et al., 2003). These studies
found that receptor density dictated the level of agonist or
antagonist effect on receptor binding and cAMP inhibition
(McDonald et al., 2003). For instance, with use of 35S-GTPgS
binding as a functional readout, N/OFQ(1–13)–NH2 was a full
NOP receptor agonist when the NOP receptor was expressed
at approximately 25 fmol/mg, whereas [F/G]N/OFQ(1–13)–NH2

failed to stimulate any 35S-GTPgS binding at this expres-
sion level. In fact, [F/G]N/OFQ(1–13)–NH2 was a full NOP
receptor agonist only after NOP receptor levels reached
∼70 fmol/mg (McDonald et al., 2003). When measuring inhi-
bition of cAMP accumulation, N/OFQ(1–13)–NH2 remained
a full agonist at all receptor densities (25–1100 fmol/mg),
whereas [F/G]N/OFQ(1–13)–NH2 was a full agonist only at
high receptor density (McDonald et al., 2003). Increasing
receptor expression from physiologic (194 fmol/mg) to supra-
physiologic (473 fmol/mg) levels increased N/OFQ-induced
35S-GTPgS binding and, thus, increased N/OFQ efficacy via
G-protein coupling to the NOP receptor (McDonald et al.,
2003; Barnes et al., 2007). However, N/OFQ potency was
unaffected by NOP receptor density (Barnes et al., 2007).
Furthermore, pretreatment with N/OFQ produced similar
desensitization of the NOP receptor response, regardless of
receptor density. Of note, low-density receptor expression
(25 fmol/mg) in CHO cells using the ecdysone-inducible system
was similar to NOP receptor levels in SK-N-BE and SH-SY5Y
human neuroblastoma cells, whereas mid-range (200 fmol/mg)
and high expression (1100 fmol/mg) were similar to levels seen in
rat cortex and stably transfected CHO cells, respectively (Okawa
et al., 1999; Peluso et al., 2001). Altogether, this suggests that,
in non-neuronal cell background, NOP receptor desensitization
induced by N/OFQ is not dependent on the amount of NOP
receptor (Barnes et al., 2007). The role of receptor density on
NOP receptor regulation in a neuronal cell background remains
to be addressed.
Additional evidence for N/OFQ regulation of NOP receptor

expression comes from pre-pro-N/OFQ knockout (KO) mice.
Clarke et al. (2003) observed significant NOP receptor up-
regulation in several brain regions of the pre-pro-N/OFQ KO
mice. This up-regulation may represent a type of denervation
supersensitivity of postsynaptic cells, resulting in increased
NOP receptor expression in response to the loss of tonic
neurotransmitter (N/OFQ) release from the presynaptic nerve
terminals (Clarke et al., 2003) in the N/OFQ KO mice.

Alternatively, other compensatory changes during the de-
velopment of pre-pro-N/OFQ KO mice may also account for
such regulation of the NOP receptor (Clarke et al., 2003). Fur-
ther characterization of these events is required to confer a de-
finitive role for N/OFQ in regulating NOP receptor expression
in vivo.

Heterologous Regulation of the NOP Receptor
In addition to the homologous regulation by its own ago-

nists, heterologous regulation of the NOP receptor occurs in
a cell-specific manner and may increase or decrease NOP re-
ceptor activity or expression. Heterologous receptor desensi-
tization is a state of reduced responsiveness of a receptor to its
agonist because of activation of a second receptor system. This
can occur by a simple heterologous effect or by heterologous
modulation of homologous desensitization.
Regulation by MOR Agonists. MOR agonists induced

heterologous desensitization of the NOP receptor in a cell-
specific manner. Short-term pretreatment (1 hour) of MOR
and NOP receptor with the MOR agonist [D-Ala2, N-MePhe4,
Gly-ol]-enkephalin (DAMGO) robustly desensitized N/OFQ/
NOP receptor–induced inhibition of cAMP accumulation in
BE(2)-C human neuroblastoma cells (Mandyam et al., 2000,
2003). However, the same treatment had no effect on the
N/OFQ response in SH-SY5Y cells, despite the fact that both cell
lines expressed both MOR and NOP receptor (Mandyam et al.,
2003). This may result from differences in signal transduction
components in the two cell lines, as described above. In SH-SY5Y
cells, MOR agonists increased PKC« translocation, not trans-
location of a conventional isoform (such as PKCa) that pro-
duced homologous NOP receptor desensitization in BE(2)-C
cells (Mandyam et al., 2002). Similar results were noted in
HEK 293 or CHO cells expressing recombinant NOP re-
ceptor and MOR. In those studies, pretreatment with a MOR
agonist had no effect on NOP receptor–mediated inhibition of
cAMP (Wang et al., 2005) or stimulation of ERK1/2 (Hawes
et al., 1998). In contrast, MOR agonist treatment internalized
recombinant NOP receptor expressed with MOR in tsA-201
cells (Evans et al., 2010). Therefore, because the specific com-
ponents of signaling cascades, especially kinase isoforms, acti-
vated by MOR agonists vary between cell types, the ability of
MOR agonists to regulate NOP receptor activity also varies
among cell types.
MOR agonist treatment also heterologously regulates

homologous NOP receptor desensitization (e.g., 10 minutes
incubation with N/OFQ to measure NOP receptor inhibition
of cAMP accumulation; NOP receptor desensitization of
this response normally does not occur within 10 minutes).
However, if GRK2 or 3 levels at the plasma membrane
(Mandyam et al., 2003) or in the cell (Thakker and Standifer,
2002a) were up-regulated by 1 hour or 24 hours of DAMGO
pretreatment, respectively, the rate of NOP receptor desen-
sitization increased; the subsequent 10 minutes exposure to
N/OFQ resulted in a rightward shift or flattening of the
concentration-response curve. Down-regulation of GRK2 and
3 or blockade of their up-regulation prevented NOP receptor
desensitization (Thakker and Standifer, 2002a; Mandyam
et al., 2003). MOR-mediated NOP receptor desensitization in
SH-SY5Y cells involved GRK2, whereas NOP receptor de-
sensitization in BE(2)-C cells was PKC and GRK3 dependent.
Therefore, the ability of a MOR agonist to up-regulate or
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translocate GRK2 or 3 serves as a critical factor for pro-
ducing heterologous modulation of homologous NOP receptor
desensitization.
The role of the MOR in regulating NOP receptor expression

also was examined in vivo usingMOR knockout mouse strains
and chronic MOR agonist treatment. NOP receptor expres-
sion in the brains of MOR knockout mice did not differ from
levels in wild-type mice (Slowe et al., 2001), suggesting that
activation of MOR by endogenous agonists does not regulate
the expression of NOP receptor supraspinally. In contrast,
chronic activation of MOR with morphine increased NOP
receptor expression in the dorsal spinal cord in mice and rats
(Gouarderes et al., 1999; Ueda et al., 2000; Zhang et al.,
2012b). Whether chronic morphine treatment also increases
NOP receptor expression supraspinally is not yet known.
Regulation by DOR or KOR Agonists. Heterologous

regulation of the NOP receptor by DOR or KOR agonists is far
less characterized than that by MOR agonists. DOR agonists
were unable to desensitize NOP receptor–mediated inhibition
of cAMP accumulation (Cheng et al., 1997; Ma et al., 1997) or
activation of p38 (Zhang et al., 1999b) in SK-N-SH human
neuroblastoma and NG108-15 rat neuroblastoma-glioma
hybrid cells that natively express NOP receptor and DOR.
Of interest, significant NOP receptor up-regulation was
observed in the brains of DOR KO mice, suggesting that
basal activation of DOR by endogenous peptides exerted
inhibitory control over NOP receptor expression (Slowe et al.,
2001).
In contrast to DOR KO mice, NOP receptors were down-

regulated in the brains of KOR KO mice (Slowe et al., 2001),
indicating that endogenous KOR signaling increased NOP
receptor expression or prevented its degradation. NOP recep-
tor coupling to G16 (a pertussis toxin–insensitive G protein
commonly expressed in hematopoietic cells) also increased
after KOR and NOP receptor coexpression of the NOP re-
ceptor with the KOR in COS-7 African green monkey kidney
cells (Ho et al., 2002). The mechanism of this enhanced cou-
pling of NOP receptor to the G16 by increased KOR expression
is unknown.
Regulation by GABAB Receptor Agonists. In addition

to opioid receptors, the metabotropic GABAB receptor is
another GPCR that modulates NOP receptor function. Only
a brief (1 minute) activation of the GABAB receptor is
sufficient to desensitize the NOP receptor in hippocampal
neurons (Pu et al., 1999). Both GABAB receptor and NOP
receptor homologous desensitization are PKC dependent (Pei
et al., 1997; Pu et al., 1999; Mandyam et al., 2002); however,
whether heterologous desensitization of NOP receptor by
GABAB occurs via PKC activation remains to be determined.
GABAB and NOP receptors are important for the modulation
of pain (Malcangio and Bowery, 1995; Mogil and Pasternak,
2001) and are colocalized in several neurons implicated in the
actions of opioids (Vaughan and Christie, 1996; Connor and
Christie, 1998; Pu et al., 1999). Therefore, a detailed in-
vestigation of their interaction will possibly shed more light
on the diverse actions of N/OFQ on pain perception and its
regulation of opioid actions via GABAB receptors.
Regulation by CB1 Receptor Agonists. Cannabinoids

have pharmacological characteristics and physiologic effects
similar to those of the NOP receptor system (Pertwee, 2008).
Long-term (24 hours) treatment with the CB1 agonist, delta9-
tetrahydrocannabinol, dose-dependently decreased NOP

receptor mRNA and protein expression in SH-SY5Y human
neuroblastoma cells (Cannarsa et al., 2012). However, the
molecular mechanism responsible for NOP receptor down-
regulation by delta9-tetrahydrocannabinol is not known.
Regulation by N-Methyl-D-Aspartate Receptor

Ligands. N-methyl-D-aspartate (NMDA) receptors also reg-
ulate NOP receptor function. Stimulation of the NMDA
receptor promotes calcium influx and augmentation of in-
tracellular calcium, which in turn, leads to the activation of
PKC (Etoh et al., 1991). Because enhanced calcium levels are
required for NOP receptor desensitization (Pu et al., 1999),
short-term exposure (5 minutes) to NMDA promotes the
desensitization of NOP receptor in neuronal cells. NMDA
receptor antagonists in the same cells also inhibit homologous
NOP receptor desensitization by blocking calcium influx
(Zhao et al., 1998). As mentioned above, presynaptic NOP
receptor activation decreases calcium influx and inhibits
neurotransmitter release. Desensitization of NOP receptor by
acute NMDA receptor activation would permit calcium influx
and, thus, facilitate neurotransmission.

Heterologous Regulation by N/OFQ
Activation of the NOP receptor by N/OFQ or other NOP

receptor agonists can also heterologously regulate the activity
of other receptors.
Classic Opioid Receptors. Because of its ability to mo-

dulate morphine analgesia and morphine tolerance, it is
important to understand how N/OFQ can regulate the MOR.
Indeed, N/OFQ pretreatment produced MOR desensitization
(Hawes et al., 1998; Mandyam et al., 2000, 2002; Thakker and
Standifer, 2002a ; Ozsoy et al., 2005), phosphorylation (Ozsoy
et al., 2005), internalization (Evans et al., 2010), and down-
regulation (Mandyam et al., 2002) in cells endogenously
expressing and stably transfected with NOP receptor. How-
ever, mechanisms of N/OFQ-mediated MOR desensitization
also are cell, time, and signal pathway specific. Short-term
N/OFQ pretreatment reduced the ability of the MOR agonists
DAMGO (Mandyam et al., 2002; Wang et al., 2005) and mor-
phine (Mandyam et al., 2000) to inhibit cAMP and to stim-
ulate mitogen-activated protein kinase (Hawes et al., 1998).
Acute desensitization of MOR responses by N/OFQ in BE(2)-C
cells involves translocation of PKCa, GRK2, and GRK3 to the
plasma membrane. By increasing GRK2 levels at the plasma
membrane during N/OFQ pretreatment, MOR phosphoryla-
tion was enhanced significantly during subsequent challenge
with DAMGO, compared with MOR phosphorylation in the
absence of N/OFQ pretreatment (Mandyam et al., 2002; Ozsoy
et al., 2005). N/OFQ-mediated MOR desensitization and
phosphorylation was blocked by inhibition of PKC and down-
regulation of GRK2, but not by down-regulation of GRK3.
Furthermore, MORs lacking the GRK2 phosphorylation site,
Ser375, were not phosphorylated or desensitized by acute
N/OFQ pretreatment (Ozsoy et al., 2005). Therefore, acute
exposure to N/OFQ enhanced MOR-mediated homologous de-
sensitization in BE(2)-C human neuroblastoma cells. The
mechanism(s) by which acute N/OFQ-desensitized MOR re-
sponses in CHO and HEK cells were not investigated (Hawes
et al., 1998; Wang et al., 2005).
Although prolonged N/OFQ treatment reduced the ability

of MOR agonists to inhibit cAMP accumulation in BE(2)-C
and SH-SY5Y cells (Thakker and Standifer, 2002a), it did not
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alter the ability of MOR to activate ERK1/2 (Thakker and
Standifer, 2002b). The desensitization of the cyclase response
by N/OFQ involved up-regulation of GRK2 (SH-SY5Y) and
GRK3 (BE(2)-C and SH-SY5Y) (Thakker and Standifer, 2002a);
MOR desensitization was blocked in both cell lines by blocking
up-regulation of the respective GRK. This is consistent with
the mechanism of acute N/OFQ-mediated MOR desensitiza-
tion. It would appear that MOR-mediated ERK1/2 activation
is not sensitive to GRK up-regulation, but the role of GRK in
DAMGO-stimulated ERK1/2 activation and desensitization
has not been examined directly.
Acute N/OFQ prechallenge failed to desensitize DOR-

mediated inhibition of cAMP accumulation in NG108-15
neuroblastoma cells (Ma et al., 1997). However, N/OFQ
treatment also reduced MOR (Zhang et al., 2005) and KOR
(Zhang et al., 1998) agonist-induced inhibition of calcium
currents in freshly isolated rat DRG neurons. It is not clear
whether the mechanism for this effect involves desensitiza-
tion or competition for intracellular signaling components/G
protein subunits or results from receptor internalization, as
reported more recently (Evans et al., 2010). Indeed, N/OFQ
induced internalization of MOR, KOR, and DOR when each
was coexpressed with the NOP receptor (Evans et al., 2010).
This issue is discussed further in the heterodimerization
section below.
Of interest, MOR, KOR, or DOR receptor expression was

unaltered in NOP receptor KO rats, compared with wild-type
animals (Homberg et al., 2009), suggesting that endogenous
N/OFQ tone was not important for basal expression of those
receptors.
Cytokine Receptors. The chemotactic effect mediated

through CXCR4, an important HIV-1 coreceptor, was desen-
sitized in primary leukocytes, U937 monocytes, and Jurkat
T cells after N/OFQ treatment (Kaminsky and Rogers, 2011).
This further supports a role for N/OFQ in immunomodulation.

Heterodimerization
Heterodimerization of the NOP receptor with other GPCRs

was examined using coimmunoprecipitation (Pan et al., 2002;
Wang et al., 2005; Evans et al., 2010) and immunofluores-
cence microscopy approaches (Evans et al., 2010). Hetero-
dimerization also appears to play a role in opioid receptor
regulation and function by altering receptor binding, func-
tional activity, and trafficking. MOR/NOP receptor dimeriza-
tion increased the affinity for MOR agonist binding (Pan et al.,
2002), but had no effect on N/OFQ/NOP receptor–mediated
inhibition of cAMP or activation of ERK1/2 in the absence of
MOR agonist stimulation. In contrast, MOR/NOP receptor
dimerization decreased MOR agonist potency in both signal-
ing pathways in the absence of N/OFQ (Wang et al., 2005).
Pretreatment withN/OFQ desensitized theMOR/NOP receptor
heterodimers, similar to results described above with endoge-
nously coexpressed MOR and NOP receptor. MOR/NOP re-
ceptor heterodimerization also required the C-terminal portions
of both receptors (Pan et al., 2002; Wang et al., 2005), sites of
GRK-mediated phosphorylation required for receptor desensi-
tization and agonist-mediated internalization. The NOP re-
ceptor interacts with and regulates N-type calcium channels
(Beedle et al., 2004); thus, regulation of the NOP receptor
by MOR agonists may also modulate calcium channel activity.
Of interest, MOR does not physically associate with N-type

calcium channels, nor does the MOR agonist DAMGO induce
calcium channel internalization unless coexpressed with NOP
receptor. When all three molecules are coexpressed, DAMGO
stimulates MOR/NOP receptor/calcium channel internaliza-
tion. The ability of NOP receptor and MOR/NOP receptor
heterodimers to regulate calcium currents and to internalize
N-type calcium channels allows these opioid systems to re-
gulate calcium influx (Evans et al., 2010) and, thus, to poten-
tially regulate neurotransmission and nociceptive signaling.
Although MOR/NOP receptor heterodimerization has yet to be
demonstrated in the brain, MOR and NOP receptors are func-
tionally coexpressed in neurons of the PAG, RVM, hypothala-
mus, dorsal root ganglion, trigeminal ganglion, locus coeruleus,
and nucleus tractus solitarius (Connor et al., 1996a; Wagner
et al., 1998; Borgland et al., 2001; Vaughan et al., 2001, 2003;
Endoh, 2006; Murali et al., 2012). The potential for MOR/NOP
receptor heterodimerization in these regions may provide an
additional level of MOR and NOP receptor modulation of noci-
ceptive processing and reproductive behavior. However, develop-
ment of additional tools will be necessary tomove this discussion
past the speculative stage.
The NOP receptor also heterodimerizes with KOR and DOR

(Evans et al., 2010). In both cases, it resulted in N/OFQ- and
U50,488- (KOR agonist), or deltorphin- (DOR agonist) me-
diated heterodimer internalization. Of interest, heterodi-
merization of NOP receptor with KOR or DOR reduced N/OFQ
reduction of peak calcium current inhibition, especially with
NOP receptor/DOR dimerization (Evans et al., 2010). This
suggests that up-regulation of DOR or KOR in cells expressing
the NOP receptor would be one means of reducing N/OFQ-
mediated calcium channel modulation. Although autoradio-
graphic and/or in situ hybridization studies suggest that
KOR and NOP receptors are regionally colocalized in the
descending analgesic reward pathways (Mansour et al., 1995;
Berthele et al., 2003) and that DOR and NOP receptors are
regionally colocalized in the cortex, nucleus accumbens,
amygdala, and dorsal horn (Neal et al., 1999; Berthele et al.,
2003), thesemethods do not confirm colocalization at a cellular
level. However, functional evidence also supports cellular
colocalization of KOR/NOP receptor in PAG and RVM, sug-
gesting that KOR/NOP receptor heterodimerization maymedi-
ate nociceptive processing (Vaughan et al., 2001, 2003). DOR
and NOP receptors colocalize at the cellular level in neurons
in the PAG and the medial vestibular nucleus (Sulaiman
et al., 1999; Vaughan et al., 2003), suggesting that hetero-
dimers may modulate nociceptive processing and vestibular
reflex.

NOP Receptor Function, Pain, and Inflammatory
Response: The Role of NOP Receptor Regulation
One of the hallmarks of the opioid receptor family is reg-

ulation of pain. As indicated by its name, N/OFQ and the NOP
receptor play a unique role in nociception and nociceptive
processing. Depending on a number of factors, including
species and strain, dose, time of testing after drug adminis-
tration, or the testing paradigm itself, N/OFQ may produce
a hyperalgesic or an analgesic response (Mogil and Pasternak,
2001). Although both hyperalgesic and analgesic actions of
supraspinally administered N/OFQ are noted, spinally ad-
ministered N/OFQ predominantly produces analgesia (Mogil
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and Pasternak, 2001). The biphasic effect (hyperalgesic ver-
sus analgesic) after supraspinal administration may be ex-
plained by NOP receptor desensitization, trafficking, and/or
dimerization, but that is not yet clear.
The N/OFQ-NOP receptor system also modulates the

actions of other opioids. Several reports document the anti-
opioid activity of N/OFQ by demonstrating its ability to block
supraspinal analgesia produced by selective MOR, DOR, and
KOR agonists (Mogil et al., 1996a,b; Zhu et al., 1996). This
effect is largely attributed to the expression of NOP receptors
on cells regulating descending analgesia (Heinricher, 2005).
However, it is possible that heterologous regulation of the
other opioid receptors by the NOP receptor also contributes to
the regulation of nociceptive transmission. N/OFQ treatment
desensitizes the MOR in vitro (Hawes et al., 1998; Mandyam
et al., 2000, 2002; Thakker and Standifer, 2002a ; Ozsoy et al.,
2005; Evans et al., 2010), raising the possibility that supra-
spinal NOP receptor agonist treatment attenuates MOR
responsiveness in vivo, thus reducing the analgesic actions
of MOR agonists.
As discussed above, the N/OFQ-NOP receptor system has

an important immunomodulatory effect, although the mech-
anism(s) underlying this immunomodulation is somewhat
unclear. N/OFQ and the NOP receptor are expressed on many
different types of immune cells (Halford et al., 1995; Wick
et al., 1995; Peluso et al., 1998; Arjomand et al., 2002) and
modulate numerous processes within the immune and neuro-
immune systems, including cytokine expression, antibody
formation, neutrophil chemotaxis, and T cell function (Serhan
et al., 2001; Fiset et al., 2003; Waits et al., 2004; Fu et al.,
2007; Miller and Fulford, 2007; Anton et al., 2010). NOP
receptor activation and up-regulation of transcription factors,
including ATF-2, NFkB (Donica et al., 2011), activating
protein-2 (Thakker and Standifer, 2002a), and Oct-2 (Thakker
and Standifer, 2002b), provide potential molecular mecha-
nisms for prolonged regulation of an inflammatory response.
In addition to NOP receptor–mediated transcriptional regu-
lation, the recent report of heterologous regulation of HIV-1
coreceptor CXCR4 by the NOP receptor (Kaminsky and
Rogers, 2011) provides another mechanism for NOP receptor
immunomodulation. Together, these studies demonstrate the
breadth of NOP receptor signaling on immune system regu-
lation and warrant a more thorough investigation to elucidate
the potential mechanisms of this effect.
Numerous recent reviews have emphasized the importance

of inflammatory factors, such as cytokines, chemokines, and
infiltrating immune cells, and signaling molecules, such as
substance P, calcitonin-related gene peptide, bradykinin, and
prostaglandins, in developing, enhancing, and maintaining
nociception (Fukuoka et al., 1994; Basbaum et al., 2009; Ren
and Dubner, 2010; Kiguchi et al., 2012). NOP receptor
activation has been suggested to play a role in the association
between pain and inflammation (Mika et al., 2011). N/OFQ
and NOP receptor expression are elevated in the dorsal root
ganglion projections to the spinal dorsal horn, ventrolateral
PAG, dorsal raphe nucleus, and the nucleus of raphe magnus
in neuropathic or inflammatory pain models, consistent with
N/OFQ-NOP receptor system involvement in neuropathic and
inflammatory pain processing (Ma et al., 2005; Chen and
Sommer, 2006). Intrathecal N/OFQ administration delays
chronic constrictive nerve injury-induced hyperalgesia and
abolishes sciatic nerve injury-induced pain (Yamamoto et al.,

1997, 2000 ; Courteix et al., 2004). However, it also appears
that N/OFQ exacerbates neuropathic pain states by inducing
an influx of inflammatory mediators (Fu et al., 2007; Mika
et al., 2011). It is possible that acute activation of the NOP
receptor contributes partially to spinal analgesia by inhibiting
proinflammatory cytokines, whereas persistent NOP recep-
tor activation leads to NOP receptor desensitization and re-
duced ability of N/OFQ to inhibit proinflammatory cytokines.
Therefore, NOP receptor desensitization would exacerbate
neuropathic pain when NOP-mediated inhibition of inflam-
matory mediators is reduced. An inevitable limitation to the
rising prospect of using NOP receptor agonists in the long-
term management of several disorders, such as anxiety, drug
abuse, asthma, and chronic neuropathic pain, is the de-
velopment of tolerance to NOP receptor agonists. As discussed
above, chronic N/OFQ exposure induces homologous desensi-
tization, resulting in diminished cellular and behavioral
function. Indeed, tolerance to the hyperalgesic (Kavaliers
and Perrot-Sinal, 1996) and spinal analgesic actions of N/OFQ
(Hao et al., 1997; Jhamandas et al., 1998) and its blockade of
locomotor activity (Devine et al., 1996) and morphine-induced
antinociception in vivo (Lutfy et al., 1999) have been reported.
Although likely, it has yet to be reported whether the
development of tolerance to chronic N/OFQ administration
in vivo is the result of NOPr desensitization and down-
regulation. N/OFQ tolerance, similar to that of other opioids
(Nestler and Aghajanian, 1997), may possibly involve complex
compensatory changes in the neuronal circuitry along with
adaptations in intracellular signaling cascades and sub-
sequent regulation of the NOP receptor that requires further
investigation. As noted with NOP receptor internalization
studies, the structure and efficacy of a ligand can alter its
ability to regulate the receptor; examination of NOP receptor
regulation by structurally distinct partial agonists also is
warranted.

Conclusion
Almost two decades since the NOP receptor was cloned and

its endogenous agonist, N/OFQ, identified, our understanding
of NOP receptor cellular function and consequent regulation
still has far to go. Activation of the NOP receptor initiates
intracellular events similar to those initiated by the other
opioid receptors, but NOP receptor–mediated actions oppose
many antinociceptive actions of classic opioid agonists. Re-
gulation of NOP receptor function also appears to follow
a similar pattern of GPCR regulation, as observed for the
other opioid receptors. Of note, however, a large percentage of
NOP receptor signaling and regulation studies were per-
formed using recombinant receptors overexpressed in cells
with nonneuronal phenotypes. The significance of studying
the receptor-effector coupling in a native environment has
become increasingly evident with our understanding of how
different cell types and levels of receptor expression impact
receptor function (Kenakin, 1997, 2002). Therefore, a de-
tailed examination of NOP receptor regulation in neuronal
cells that endogenously express this receptor is an essential
next step. Additional in vivo studies of NOP receptor re-
gulation also is warranted to understand how the cellular
actions of NOP receptor activation integrate with NOP
receptor–mediated behavioral and physiologic outcomes.
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