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ABSTRACT Nociceptin/orphanin FQ (N/OFQ) and its receptor, nociceptin opioid
peptide (NOP) receptor, are localized in brain areas implicated in depression includ-
ing the amygdala, bed nucleus of the stria terminalis, habenula, and monoaminergic
nuclei in the brain stem. N/OFQ inhibits neuronal excitability of monoaminergic neu-
rons and monoamine release from their terminals by activation of G protein-coupled
inwardly rectifying K* channels and inhibition of voltage sensitive calcium channels,
respectively. Therefore, NOP receptor antagonists have been proposed as a potential
antidepressant. Indeed, mounting evidence shows that NOP receptor antagonists
have antidepressant-like effects in various preclinical animal models of depression,
and recent clinical studies again confirmed the idea that blockade of NOP recep-
tor signaling could provide a novel strategy for the treatment of depression. In this
review, we describe the pharmacological effects of N/OFQ in relation to depression
and explore the possible mechanism of NOP receptor antagonists as potential anti-
depressants.

this work.

INTRODUCTION

Depression, characterized by depressed mood, markedly di-
minished interest or pleasure (anhedonia), disturbances in sleep
and appetite, feeling of worthlessness, recurrent thoughts of death
or suicide, and other symptoms more than 2 weeks, is among
the most disabling mental disorder. Conventional antidepres-
sants are known to enhance serotonergic and/or noradrenergic
neurotransmission by blocking the reuptake of serotonin (5-hy-
droxytryptamine, 5-HT) and/or norepinephrine (NE). Problems
of conventional antidepressants treatment through the blockade
of reuptake of 5-HT and/or NE are that a subset of depressed pa-
tients does not resolve and at least 3-4 weeks are required for the
antidepressant effects to become apparent.

In addition to 5-HT and NE, dopamine (DA) is also proposed
as a potential target for antidepressant development because an-
hedonia, one of the core symptoms of depression, is linked to re-
duced mesolimbic dopaminergic neurotransmission [1]. Accord-
ingly, combination of conventional antidepressants that block the
reuptake of 5-HT and/or NE with blockade of DA reuptake would
be expected to augment or potentiate the therapeutic efficacy of
conventional antidepressants [2]. As a result, it is not surprising
that preclinical and clinical researches demonstrate that triple-
reuptake inhibitors, which block the reuptake of 5-HT, NE, and
DA, provide greater efficacy than conventional antidepressants
and even exert a faster onset of action [3].

In this regard, N/OFQ is interesting because N/OFQ is related
to many biological effects including anxiety and depression (Table
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Table 1. Biological effects of N/OFQ

Antinociceptive effects (in the spinal cord)
Hyperalgesia (in supraspinal area by anti-opioid effects)
Modulation of feeding (orexigenic)

Anxiety

Depression

Modulation of locomotor activity

Learning and memory

Modulation of opioid tolerance

Regulation of body temperature

N/OFQ, nociceptin/orphanin FQ.

1). Among the biological effects, N/OFQ inhibits the release of
5-HT, NE, and DA, thereby reducing monoaminergic neuro-
transmission, and conversely, NOP receptor antagonists enhance
monoaminergic neurotransmission. Consistent with these find-
ings, NOP receptor antagonists show antidepressant-like effects
in animal models of depression [4]. Moreover, recent clinical
studies demonstrate that LY2940094, NOP receptor antagonist
administered per oral, displays antidepressant effects in depressed
patients [5,6], providing evidence that blockade of NOP receptor
signaling could represent a promising strategy for the treatment
of depression. In this review, we describe the pharmacological
effects of N/OFQ and explore the underlying mechanism of NOP
receptor antagonists as potential antidepressants.

DISCOVERY OF N/OFQ

Nociceptin opioid peptide (NOP) receptor, formally known as
opioid receptor-like 1, KOR3, and OP4, was discovered in human
[7], murine [8,9] and porcine [10] brains by selective PCR ampli-
fication method based on already identified sequences of opioid
receptors. At first NOP receptor was known as an orphan recep-
tor because NOP receptor had been discovered before the identi-
fication of its binding ligand, nociceptin/orphanin FQ (N/OFQ)
[11]. Later, N/OFQ, a 17-amino acid neuropeptide, was discovered
using Chinese hamster ovarian cells that express NOP receptor
[11,12]. N/OEQ is structurally similar to other endogenous opioid
peptides, but the binding affinity of N/OFQ for NOP receptor is
500-fold and 5000-fold higher than that for mu (u) and kappa (i)
opioid receptors, and for delta (5) opioid receptor, respectively [13].
Although NOP receptor contains similar introns and exons with
1, &, and & opioid receptors, N/OFQ shows low specific affinity
for other endogenous opioid receptors [14].

N/OFQ AND NOP RECEPTOR
DISTRIBUTION

N/OFQ is highly expressed in neurons and terminals of the
cerebral cortex, periaqueductal gray, lateral septum, medial and
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lateral bed nucleus of the stria terminalis, and medial amygdala,
while moderate immunolabeling of N/OFQ in neurons is ob-
served in pyramidal layers of CA1, CA2, CA3, stratum lucidum
of CA3, and granule cell layer of dentate gyrus with weak im-
munolabeling of fibers and terminals [15]. Low to moderate im-
munolabeling of N/OFQ in neurons and terminals is seen in the
hypothalamic paraventricular and ventromedial nuclei, medial
preoptic-anterior hypothalamic area, dorsal raphe (DR) and me-
dian raphe (MR) as well as in the locus coeruleus (LC). N/OFQ is
weakly expressed in scattered neurons of nucleus accumbens core
and shell, but immunolabeling of fibers and terminals is higher in
the core than in the shell because afferent projections to nucleus
accumbens core come from basolateral amygdala (BLA), ventral
tegmental area (VTA), and DR in which N/OFQ immunolabeling
and mRNA contents are prominent.

NOP receptor mRNA is highly expressed in many brain areas
where high N/OFQ immunolabeling is observed in neurons and
terminals: cortical layer VI of cerebral cortex, periaqueductal
gray, medial and lateral bed nucleus of the stria terminalis, and
arcuate nucleus [15,16]. Not all brain areas, however, demonstrate
corresponding levels of N/OFQ and NOP receptor mRNA expres-
sion. For example, high immunolabeling of N/OFQ in neurons,
fibers and terminal is found in the central nucleus of the amyg-
dala, but only weak NOP receptor mRNA expression is observed
in this nucleus. Conversely, low to moderate immunolabeling of
N/OFQ in neurons and terminals is observed in the hypotha-
lamic paraventricular and ventromedial nuclei, medial preoptic-
anterior hypothalamic area, DR, and MR as well as in the LC, but
these areas show very high NOP receptor mRNA expression.

In addition, although NOP receptor mRNA expression and
specific N/OFQ binding, as demonstrated by I-[“Tyr]-OFQ
binding, are distributed similarly in most brain areas, there are
some brain areas that show high NOP receptor mRNA expression
but no N/OFQ binding and vice versa [16]. High NOP receptor
mRNA expression but no detectable N/OFQ binding is found in
limbic brain areas such as basomedial amygdala, pyramidal layer
of CA3, granule cell layer of the dentate gyrus, posterolateral and
medial posteromedial divisions of bed nucleus of the stria ter-
minalis, and other brain areas [16]. Conversely, brain areas with
weak NOP receptor mRNA expression but high N/OFQ binding
are located in the olfactory bulb, molecular layer of dentate gyrus,
suprachiasmatic nucleus of hypothalamus, and multiple thalamic
nuclei, including anteroventral, laterodorsal, paracentral, and
ventromedial nuclei. The discrepancy between NOP receptor
mRNA expression and N/OFQ binding can be explained in two
ways. One plausible explanation is that NOP receptor is produced
in various neuronal cell bodies and transported to the distal
sites that do not express NOP receptor mRNA [7,16]. Similar
discrepancy in the distribution of receptor mRNA and its agonist
binding site was observed in the opioid system [17]. Alternatively,
high NOP receptor mRNA is transcribed within the neuronal cell
bodies but NOP receptor mRNA could not be translated in paral-
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lel [16], thus preventing agonist binding to the NOP receptor.

N/OFQ AND NOP RECEPTOR SIGNALING

NOP receptor, a member of G protein-coupled receptor (GPCR)
superfamily, is linked to pertussis toxin (PTX)-sensitive and
insensitive Gi proteins (Goy, Ga,, and Ga,, respectively) or PTX-
insensitive Gq proteins (G,,,/G,) [18]. Different forms of o
subunits of Gi (G,;, G, and G,,) inhibit adenylyl cyclase activity
thereby suppressing cAMP formation and protein kinase A (PKA)
activation, whereas o subunits of Gq (G,,,/G;s) stimulate phos-
pholipase Cf and subsequent protein kinase C (PKC) activation.

NOP receptor activates different types of mitogen-activated
protein kinase (MAPK) including extracellular-signal regulated
kinase 1/2 (Erk,,), p38 MAPK, and c-JunN-terminal kinase (JNK)
[19]. NOP receptor-induced phosphorylation and activation of
Erk,, involves both PKC-dependent and PKC-independent path-
ways, because PKC inhibitors attenuate, but not completely abol-
ish NOP receptor-induced Erk,, activation [18]. In PKC-inde-
pendent pathways, By subunits released from Gi or Gq after NOP
receptor activation trigger Ras-Raf-MAPK kinase (MEK) and
Erk,, cascade. The By subunits released from Gi or Gq after NOP
receptor activation also increase phosphorylation of p38 MAPK
through Ras [20]. Both PKA and PKC are involved in NOP recep-
tor-mediated phosphorylation and activation of p38 MAPK and
Erk,,, in a different manner because PKA is partially required for
p38 MAPK phosphorylation, whereas PKC is required for Erk,,
phosphorylation.

In addition to regulation of second messenger, GPCR coupled
to G, and G, is known to regulate ion channels primarily
through Gpy subunits. Hence, it is not surprising that NOP
receptor activation not only inhibits voltage-dependent calcium
channels, but also stimulates G protein-coupled inwardly rectify-
ing K' channels (GIRK). NOP receptor activation inhibits L-, N-,
and P/Q-type voltage sensitive calcium channels [21]. Among
the calcium channels, presynaptic inhibition of N- and P/Q-type
voltage sensitive calcium channels by NOP receptor activation
suppresses the release of NE, DA, 5-HT, acetylcholine, glutamate,
and gamma-aminobutyric acid (GABA) [19]. Postsynaptic activa-
tion of GIRK by NOP receptor produces postsynaptic neuronal
hyperpolarization, thereby suppressing neuronal excitability.

ELECTROPHYSIOLOGICAL EFFECTS OF
N/OFQ

N/OFQ reduces neurotransmitter release in presynaptic nerve
terminals and inhibits neuronal excitability in postsynaptic neu-
rons. Many of N/OFQ effects are mediated by presynaptic and
postsynaptic ion channels, most of which are different types of
potassium and calcium channels.

www.kjpp.net

Voltage sensitive M-type K channels

Neuronal M-type K’ channels partially open at resting mem-
brane potential and become more and more open as depolariza-
tion proceeds in a non-inactivating manner. As the process of
opening and closing M-type K" channels is very slow, blockade
of depolarization could occur during repetitive action potential
firings, thus regulating neuronal excitability. N/OFQ activates
M-type K' channels in the hippocampus (Fig. 1) and suppresses
spontaneous bursting of hippocampal CA3 neurons as well as
evoked EPSC induced by stimulation of either mossy fiber or
associational/commissural (A/C) fiber [22]. Thus it is probable
that the antiepileptic effect of N/OFQ appears to be mediated by
activation of M-type K channels, but the suppressive effect of
N/OFQ on spontaenous bursting of hippocampal CA3 neurons
is not reversed by linopirdine, M-type K" channels antagonist.
This result suggests that antiepileptic effect of N/OFQ may not be
attributable to the activation of M-type K channels in the hippo-
campus.

Voltage sensitive transient outward A-type K channels

Voltage sensitive transient outward A-type K' channels are
rapidly activated and then inactivated with a more extended time
course resembling voltage-dependent Na' channels [23]. Voltage
sensitive transient outward A-type K" channels are largely inacti-
vated at membrane potential more positive than -45 mV and are
activated transiently during depolarization following afterhyper-
polarization. The activation of voltage sensitive transient outward
A-type K' channels dampens the firing frequency in repetitive
tiring or slows the onset of action potential under the condition
of sustained stimulus. N/OFQ inhibits voltage sensitive transient
outward A-type K’ channels in neurons of diagonal band of
Broca [24], but the functional role of this inhibition is not clear at
present (Fig. 1).

Delayed rectifier K' channels

Delayed rectifier K" channels show a prolonged K" efflux with
delayed activation after depolarization and a slow inactivation
over seconds, thereby facilitating repolarization. N/OFQ is found
to inhibit delayed rectifier K" channels in neurons of diagonal
band of Broca [24] (Fig. 1). Similar dose-dependent inhibition of
delayed rectifier K' channels by N/OFQ is observed in rat parietal
cortical neurons [25]. This inhibition is mediated by Erk1/2 and
CaMKII because U0126, Erk1/2 inhibitor, and KN-62, CaMKII
inhibitor, block the N/OFQ-induced inhibition of delayed recti-
fier K' channels. As blockade of delayed rectifier K* channels
increases the duration of action potential by the prolongation of
repolarization [26], N/OFQ could suppress neuronal excitability.
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Fig. 1. Electrophysiological effects of nociceptin/orphanin FQ (N/OFQ) on ion channels in neuronal cell body and axon terminals. Nociceptin
opioid peptide (NOP) receptor activation by N/OFQ stimulates G protein-coupled inwardly rectifying K* channels (GIRK) and voltage sensitive M-type
K' channels, but inhibits voltage sensitive transient outward A-type K' channels in neuronal cell body. Presynaptic NOP receptor activation in axon
terminals inhibits voltage sensitive calcium channels and delayed rectifier K" channels. N/OFQ inhibits neuronal excitability and neurotransmitter re-
lease from axon terminals by activation of GIRK and inhibition of voltage sensitive calcium channels, respectively. For example, release of norepineph-
rine, dopamine, 5-hydroxytryptamine (serotonin), acetylcholine, and glutamate from their terminals are known to be inhibited by N/OFQ. This scheme
is modified using Motifolio Scientific lllustration Toolkits for Presentations and Publications (www.motifolio.com).

G-protein coupled inwardly rectifying K* channels

Inwardly rectifying K" channels open when the membrane po-
tential hyperpolarizes more than potassium equilibrium potential
(E,) and close as the membrane potential depolarizes. According-
ly, outward flow of K is more prominent as membrane potential
is more positive to the E,. Even though the amount of outward
flow of K" is not large, the activation of inwardly rectifying K"
channels below threshold helps the stabilization of membrane po-
tential and dampens the possibility of depolarization. Among the
seven subunits of inwardly rectifying K channels (Kirl-7), Kir3
subfamily is known as GIRK, because activation of neurotrans-
mitter receptors coupled to Gi/o liberates By subunits, leading to
activation of GIRK.

N/OFQ is known to activate inwardly rectifying K" channels in
neurons of DR [27] and LC [28]. Outward K" currents through in-
wardly rectifying K channels have been observed in many brain
areas including ventromedial hypothalamic nucleus [29], arcuate
nucleus [29,30], supraoptic nucleus [31], and ventrolateral PAG
[32]. The involvement of G-proteins for inwardly rectifying K"
channels was first suggested by Ikeda et al. [33] because addition
of GTPyS, nonhydrolyzable GTP that can induce irreversible dis-
sociation of By subunits from ¢ subunit and activates By subunits
of Gi/o, to pipette solution of whole cell patch clamp activates
inwardly rectifying K' channels in mouse hippocampal CA3 py-
ramidal cells (Fig. 1). This postulation was further complemented
by findings that N/OFQ-induced activation of GIRK is blocked
by incubation of brain slice with either GDP--S, a nonhydrolyz-
able GDP analog that competitively inhibits G-protein mediated
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actions or pertussis toxin, which catalyzes the ADP-ribosylation
of o subunits leading to irreversible inactivation of Gai/o [34].

The role of GIRK for hyperpolarization effect of N/OFQ is fur-
ther supported by findings that N/OFQ-induced outward potas-
sium currents in the arcuate nucleus and ventromedial nucleus of
the hypothalamus are suppressed by tertiapin [35] and SKH23390
[36], both of which are known as selective GIRK inhibitors.
Outward K’ currents through GIRK have been demonstrated in
many brain areas including ventromedial nucleus of hypotha-
lamic nucleus [36], arcuate nucleus [37,38], perifornical and lateral
areas of tuberal hypothalamus [39], hippocampal pyramidal
neurons [33], lateral and central amygdala [34], thalamic reticular
nucleus (NRT), and ventrobasal complex [40]. GIRK activation
by N/OFQ in these brain areas hyperpolarizes neurons and thus
inhibits neuronal excitability.

Calcium activated big conductance K (BK) channels

BK channels are large conductance calcium- and voltage-
dependent channels. BK channels open in response to a depolar-
ization-induced calcium influx and accelerate the repolarization
of action potential. N/OFQ suppresses N- and L-type calcium
channels, which in turn, leads to the inhibition of BK channels in
neurons in the diagonal band of Broca neurons [24]. The inhibi-
tion of BK channels by N/OFQ in conjunction with the blockade
of L-type and N-type calcium channels results in the inhibition
of acetylcholine release and neuronal excitability in the diagonal
band of Broca.
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Voltage sensitive calcium channels

The finding that N/OFQ inhibits N-type calcium channels
was first demonstrated in SH-SY5Y human neuroblastoma cell
line [41]. This effect seems to be mediated by Gi/o because the
N/OFQ-induced suppression of N-type calcium channels is no
longer evident after the treatment of pertussis toxin. Later, a more
detailed study revealed that N/OFQ inhibits not only N-type
calcium channels but also other high voltage activated (HVA)
calcium channels like L-type and P/Q-type calcium channels in
the hippocampal CA3 and CAl neurons [21]. The inhibition of
HVA calcium channels by N/OFQ is recovered over time, but the
addition of GTPyS, thereby activating By subunits of Gi/o, to the
patch pipette sustains the inhibition of HVA calcium channels
by N/OFQ. Moreover, a prepulse depolarization, which dissoci-
ates By subunits of Gi/o from the calcium channels, reduces the
inhibition of HVA calcium channels by N/OFQ [42]. These find-
ings provide additional support to the idea that By subunits of Gi/
o protein may mediate the suppressive effect of N/OFQ on HVA
calcium channels [43].

The inhibition of HVA calcium channels by N/OFQ has been
demonstrated in the LC neurons [41] and hippocampal pyra-
midal neurons [21,44] (Fig. 1). The inhibition of HVA calcium
channels in the LC seems to be involved with the inhibition of
NE release. Interestingly, the inhibition of HVA calcium channels
by N/OFQ is largely found in pain-related areas including rostral
ventromedial medulla [42], periaqueductal gray [45], trigeminal
ganglia [46], and dorsal root ganglia [47,48].

Prolonged exposure to high dose of N/OFQ seems to desensi-
tize HVA calcium channels as the N/OFQ exposure in the dorsal
root ganglia rapidly attenuates the inhibition of HVA calcium
channels [48]. The desensitization of HVA calcium channels
tends to be mostly mediated by N-type calcium channels through
internalization of NOP receptor [49]. However, it is under debate
whether desensitization of N-type calcium channels by high dose
of N/OFQ is caused by internalization of NOP receptor alone [48]
or co-internalization of NOP receptor along with N-type calcium
channels [47], because Gy subunits of NOP receptor are found to
interact directly with a1 subunits of N-type calcium channels [47].

N/OFQ AND NE

N/OFQ and NOP receptor are localized in the LC and its
projection areas such as BLA, prefrontal cortex (PFC), and hip-
pocampus [15,16]. Intracellular recordings in the brain slices
demonstrate that N/OFQ activates inwardly rectifying potassium
channels in the LC neurons [28], thereby presumably inhibit-
ing activity of noradrenergic LC neurons [50]. The activation of
inwardly rectifying potassium channels in the LC is blocked by
pretreatment with UFP-101, NOP receptor antagonist [50], sug-
gesting that this effect is mediated by NOP receptor.

www.kjpp.net

N/OFQ inhibits NE release by acting on NOP receptor in the
LC and axon terminals in the BLA and PFC, but the NE release in
the BLA and PFC following NOP receptor activation is regulated
in a rather different manner (Fig. 2). For example, injection of N/
OFQ into the BLA significantly reduces NE release in the BLA
[51], whereas intraperitoneal injection of NOP receptor antagonist
J-113397 significantly increases NE release in the BLA. Although
the site of action of J-113397 in brain is obscure, as J-113397 is
intraperitoneally injected, NOP receptor in the BLA seems to be
involved with tonic inhibition of NE release because simultane-
ous infusion of N/OFQ into the BLA blocks the increase in NE
release induced by J-113397. Similarly, the infusion of N/OFQ into
the PFC [52] or the injection of NCNH,, NOP receptor agonist,
into the LC [53] significantly decreases NE release in the PFC of

J-113397 N/OFQ

: O.N/OFQ |
(ip injection) / ; A \_ 113397
Ny ®
| ///mvx/ AN
(L Y IBLA
_ ) (sm) —
— Excitation P DA
Inhibition  LC :
NCNH,
NE release - Decreased
NCNH, +

[Nph,INC(1-13)NH,

NE release — Partially restore
decreased NE release by PFC
NCNH,

[Nph,INC(1-13)NH,

NE release — No effect

Fig. 2. Inhibitory effects of nociceptin/orphanin FQ (N/OFQ) on
noradrenergic neurotransmission. Nociceptin opioid peptide (NOP)
receptor is distributed on norepinephrine (NE) neurons in the locus
coeruleus (LC) and their terminals in the basolateral amygdala (BLA)
and prefrontal cortex (PFC). N/OFQ inhibits activity of noradrenergic
LC neurons and leads to diminish NE release in the BLA and PFC. There
is also evidence that N/OFQ reduces NE release by acting on NOP re-
ceptor at axon terminals in the BLA and PFC, but the NE release in the
BLA and PFC following NOP receptor activation is regulated in a rather
different manner. Intraperitoneal injection of NOP receptor antagonist
J-113397 increases NE release and the simultaneous infusion of N/OFQ
into the BLA blocks the effects of J-113397 indicating that NOP recep-
tor in the BLA appears to exert tonic inhibitory effects on NE release.
On the contrary, local injection of NOP receptor agonist NCNH, into the
LC decreases NE release in the PFC and this effect is partially restored
by co-administration of NOP receptor antagonist [Nphe'INC(1-13)NH,
and NCNH, into the LC. Interestingly, injection of [Nphe'INC(1-13)NH,
into the LC is without effect on NE release in the PFC per se. Thus, NOP
in the LC seems not to exert tonic inhibition of NE release in the PFC. In
vitro studies using brain slice and synaptosome demonstrate that N/
OFQ also diminishes the release of NE in the frontal cortex. This scheme
is modified using Motifolio Scientific lllustration Toolkits for Presenta-
tions and Publications (www.motifolio.com).
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freely moving rats. Interestingly, injection of [Nphe']NC(1-13)
NH,, NOP receptor antagonist, alone into the LC has no ef-
fect on the NE release in the PFC, but simultaneous injection of
[Nphe'INC(1-13)NH, and NCNH, into the LC partially prevents
the decrease in NE release in the PFC observed after injection of
NCNH, into the LC. This result indicates that NOP receptor in
the LC may not exert tonic inhibitory effect on NE release in the
PFC.

As with in vivo experiments, in vitro studies show that N/OFQ
inhibits the release of ['H]-NE in the cerebrocortical slice and
synaptosome obtained from rat fronto-temporal cortex evoked by
either electrical stimulation or high calcium concentration [54].
This inhibition is reversed by NOP receptor antagonist [Nphe']
NC(1-13)NH,, while perfusion of [Nphe'NC(1-13)NH, alone
under the condition of electrical stimulation is without effect on
NE release in the cerebrocortical slice. Similar inhibition of NE
release by N/OFQ and its reversal by NOP receptor antagonists
such as [Nphe'INC(1-13)NH,, UFP-101, J-113397, and JTC-801 is
observed in rat cerebrocortical slice from parieto-occipital cortex
[55] and in synaptosomes from fronto-parietal cortex [56]. The
inhibitory effect of N/OFQ on NE release induced by high potas-
sium in cerebrocortical slices from rat and mouse is still main-
tained even when impulse propagation along the axon is blocked
by tetrodotoxin [55,57,58], suggesting that N/OFQ inhibits NE
release in the PFC through the activation of NOP receptor on
axon terminals in the frontal cortex. Together, those findings sug-
gest that NOP receptor in the BLA appears to be involved in tonic
inhibitory effects on NE release, but tonic inhibitory role of NOP
receptor in the PFC on NE release remains to be determined.

N/OFQ AND DA

N/OFQ and NOP receptor are present in the VTA, substantia
nigra and their terminals [15,16,59,60]. N/OFQ is largely located
on GABAergic neurons in the VTA, as 50%-60% of N/OFQ-
positive neurons express glutamic acid decarboxylase 65 and 67
[60], markers for GABAergic neurons. In contrast, NOP receptor
is mostly found in dopaminergic neurons in the VTA [61] be-
cause approximately 50% of tyrosine hydroxylase mRNA positive
neurons express NOP receptor mRNA expression and up to 75%
of NOP-positive neurons express TH mRNA [60]. Moreover, the
injection of 6-hydroxydopamine (6-OHDA), a neurotoxin that
selectively damages catecholaminergic neurons, into medial fore-
brain bundle to lesion dopaminergic neurons in VTA and sub-
stantia nigra, reduces NOP receptor mRNA to ~20% of controls
in the VTA, suggesting that NOP receptor is located on dopami-
nergic neurons in the VTA.

N/OFQ inhibits DA synthesis and release in the nucleus ac-
cumbens. For example, in synaptosomes obtained from rat ac-
cumbens, N/OFQ inhibits DA synthesis through suppressing
the phosphorylation of Ser* tyrosine hydroxylase, which is com-
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pletely blocked by Compound B, NOP receptor antagonist [62].
N/OFQ also inhibits the increase in DA synthesis induced by for-
skolin, a direct activator of adenylyl cyclase, but not by dibutyryl
cAMBP, which is known to bypass the adenylyl cyclase system.
This result demonstrates that N/OFQ inhibits adenylyl cyclase
through presynaptic NOP receptor on DA nerve terminals in the
nucleus accumbens, which, in turn leads to suppress the phos-
phorylation of Ser" tyrosine hydroxylase and DA synthesis.

In addition to the inhibition of DA synthesis, N/OFQ inhibits
DA release in the nucleus accumbens. Intracerebroventricular
(icv) administration of N/OFQ in rats reduces DA release in the
nucleus accumbens in a dose dependent manner [63,64]. Similar
findings are observed in mice in which icv injection of N/OFQ
suppresses DA release in the nucleus accumbens [65]. Although it
is unclear which brain areas are involved with inhibitory effect on
DA release in the nucleus accumbens, NOP receptor activation in
the VTA is likely to play a more important role than that in the
nucleus accumbens because, whereas direct retrodialysis infusion
of N/OFQ into the VTA reduces DA release in rat nucleus accum-
bens [64], this effect is not observed with retrodialysis infusion of
N/OFQ into the nucleus accumbens [66]. Moreover, while direct
depolarization of the DA nerve terminals by high extracellular
K" increases DA release in primary culture of rat midbrain DA
neurons containing soma and terminals, N/OFQ has no effect on
high extracellular K™-induced DA release [67]. As high extracel-
lular K directly depolarizes nerve terminals and induces Ca*
influx, these results suggest that the primary mechanism mediat-
ing the effects of N/OFQ on basal DA release in the nucleus ac-
cumbens involves regulation of the firing rate of the DA neurons
in the VTA, but does not involves NOP receptor on DA nerve
terminals. On the contrary, retrodialysis infusion of N/OFQ into
the nucleus accumbens of freely moving rats, being ineffective
in DA release per se, significantly suppresses DA release induced
by intraperitoneal injection of cocaine. These results suggest that
NOP receptor on DA nerve terminals appears to be involved with
phasic inhibition of DA release in the nucleus accumbens.

The inhibition by N/OFQ of DA release in the nucleus accum-
bens is induced directly by suppressing dopaminergic neurons
in the VTA and/or indirectly by increasing GABA release in the
VTA (Fig. 3) because retrodialysis infusion of N/OFQ into the
VTA increases GABA release in this area [64]. Moreover, intra-
VTA injection of N/OFQ reduces DA release in the nucleus
accumbens and this effect is no longer apparent by simultane-
ous intra-VTA injection of bicuculline and N/OFQ. However,
it should be noted that N/OFQ in fact does not increase GABA
release in primary culture of rat midbrain DA neurons, but rather
reduces GABA release [67]. In line with this observation, N/OFQ
hyperpolarizes both GABAergic- and dopaminergic-neurons of
the VTA in brain slice [68], thereby suppressing GABAergic neu-
rotransmission in the VTA.

The inconsistent results from in vitro and in vivo experiments
could be explained by an interaction between GABAergic and
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Fig. 3. Inhibition of dopamine (DA) release by nociceptin/orphanin
FQ (N/OFQ) in the ventral tegmental area (VTA). N/OFQ inhibits DA
release in the VTA and its terminals via both direct and indirect hyper-
polarization of DA neurons. N/OFQ activates NOP receptors localized
on DA neurons directly followed by a decrease in its neuronal activity.
GABAergic terminals in the VTA are largely apposed by enkephalinergic
nerve terminals and release of GABA is often presynaptically inhibited
by enkephalin. N/OFQ is known to block released enkephalin (Enk)
via anti-opioid effects, and thus reduced enkephalinergic tone could
increase GABA release in the VTA. Therefore, DA neuronal activity in
the VTA is suppressed by direct inhibitory effect of N/OFQ along with
enhanced GABAergic neurotransmission indirectly. §, delta-opioid re-
ceptors; GABA,, y-aminobutyric acid A receptors. This scheme is modi-
fied using Motifolio Scientific lllustration Toolkits for Presentations and
Publications (www.motifolio.com).

enkephalinergic nerve terminals in the VTA [69]. Cell bodies and
dendrites of DA neurons in the VTA are in contact with GAB-
Aergic and enkephalinergic terminals. GABAergic terminals in
the VTA are derived from either local interneurons or GABAer-
gic projection neurons from the nucleus accumbens [70], whereas
enkephalinergic terminals originate from the nucleus accumbens,
frontal cortex, hypothalamus, amygdala, raphe nucleus, and
intrinsic VTA neurons [71]. Based on the findings that GABAer-
gic terminals are closely apposed by enkephalinergic terminals
[69] and enkephalin often presynaptically inhibits the release of
neurotransmitters including GABA [72,73], enkephalin appears
to exert tonic inhibition onto GABAergic neurons. Considering
that N/OFQ blocks the action of released enkephalin through
anti-opioid effects [74], and enkephalin tends to inhibit GABA
release [72,73], it is feasible that N/OFQ would increase GABA
release in the VTA in vivo. Moreover, there is reciprocal connec-
tions between VTA and nucleus accumbens in that dopaminergic
terminals from the VTA predominantly forms inhibitory synapse
on GABAergic neurons in the nucleus accumbens [75], and GA-
BAergic and enkephalinergic neurons in the nucleus accumbens
sends projections to the dopaminergic neurons in the VTA [69,70].
If N/OFQ inhibits dopaminergic neurons in the VTA, N/OFQ is
likely to increase GABA release in the VTA in vivo through the
disinhibition of GABAergic projection neurons from the nucleus
accumbens to the VTA [68]. However, under the condition of in
vitro brain slice where the reciprocal connections between VTA
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and nucleus accumbens are removed, GABAergic neurotrans-
mission in the VTA would be suppressed as the result of direct
hyperpolarization and subsequent inhibition of local GABAergic
interneurons by N/OFQ.

N/OFQ AND 5-HT

N/OFQ and NOP receptor are found in the DR and MR and
their terminals in the frontal cortex, medial and lateral septum,
hypothalamus, hippocampus, striatum, and nucleus accumbens
[15,16,76]. Although it is not clear whether N/OFQ is present in
5-HT neurons in the DR, NOP receptor in the DR appears to be
located on 5-HT neurons since the injection of 5,7-dihydroxy-
tryptamine, neurotoxin which preferentially destroys 5-HT
neurons, into rat DR significantly reduces 5-HT content in the
DR by 70% with similar magnitude of decrease in [H]nociceptin
binding and ['H]citalopram binding [77]. This result suggests that
NOP receptor is largely distributed on 5-HT neurons in the DR.

N/OFQ reduces 5-HT release in the DR and their terminals
such as cerebral cortex and nucleus accumbens by regulating the
firing rate of DR neurons and acting on 5-HT terminals through
NOP receptor. N/OFQ increases inwardly rectifying K* conduc-
tance in DR neurons [33,42], which in turn leads to reduced firing
rate of 5-HT neurons in the DR. Consistent with this finding,
single unit extracellular recording in DR slices demonstrates that
N/OFQ reduces the firing rate of putative 5-HT neurons in the
DR [78]. UFP-101, inactive on its own, shifts the N/OFQ concen-
tration-response curve to the right in DR slices, suggesting that
N/OFQ inhibits the firing rate of putative 5-HT neurons through
NOP receptor. Similarly, N/OFQ inhibits electrically stimulated
[’'H]5-HT release in DR slices, which is prevented by UFP-101 al-
though UFP-101 per se has no effect on the electrically stimulated
[’H]5-HT release [79]. In line with in vitro studies, an in vivo
microdialysis study shows that N/OFQ infusion into the DR de-
creases extracellular levels of 5-HT in rats, which is significantly
attenuated by prior infusion of [Nphe'NC(1-13)NH,, NOP recep-
tor antagonist, into DR [80]. In contrast to these studies, N/OFQ
infusion into the DR increases extracellular 5-HT, an effect that
is blocked by concomitant infusion of UFP-101, while UFP-101
alone is devoid of any intrinsic effect [81]. Although the reason
for this discrepancy is not clear, it seems likely that N/OFQ may
exert biphasic effect on 5-HT neurons in the DR: low doses of N/
OFQ (1-10 uM) stimulate 5-HT neurons via NOP receptor on
GABA neurons through disinhibition [81], but high doses of N/
OFQ (100-300 uM) suppress 5-HT neurons in the DR [80] (Fig. 4).
In addition, several in vitro [78,79] and in vivo [81] studies using
UFP-101 suggests that there is no tonic inhibition of endogenous
N/OFQ on 5-HT release in the DR. However, there is a contra-
dictory report that local infusion of [Nphe'INC(1-13)NH, alone
into the DR increases 5-HT release in the DR, suggesting a tonic
inhibition of endogenous N/OFQ on 5-HT release in the DR [80].
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Fig. 4. Regulation of 5-hydroxytryptamine (5-HT) release by nociceptin/orphanin FQ (N/OFQ) in the dorsal raphe nucleus (DR) and frontal
cortex (FC). N/OFQ and nociceptin opioid peptide (NOP) receptor are found in the DR and its terminals in the frontal cortex, medial and lateral sep-
tum, hippocampus, striatum, and nucleus accumbens. Although it is not clear whether N/OFQ is present in 5-HT neurons in the DR, NOP receptor in
the DR is supposed to be located on 5-HT neurons because the injection of 5,7-dihydroxytryptamine, neurotoxin which preferentially destroys 5-HT
neurons, into rat DR significantly reduces [*Hlnociceptin binding and [*H]citalopram binding. N/OFQ seems to exert biphasic effect on 5-HT neurons
in the DR: 5-HT neurons in the DR is tonically inhibited by nearby GABAergic interneurons. Low doses of N/OFQ are found to stimulate 5-HT neurons,
and it is likely that low doses of N/OFQ hyperpolarize GABA neurons, thereby disinhibiting 5-HT neurons in the DR. On the contrary, high doses of N/
OFQ inhibits 5-HT neurons by activating inwardly rectifying K" channels through NOP receptor. This effect appears to predominate over GABAergic
disinhibition effects on 5-HT neurons in the DR. This scheme is modified using Motifolio Scientific Illustration Toolkits for Presentations and Publica-
tions (www.motifolio.com).

Although disparity between these results might be derived from
the differences in experimental methods, further studies will be
needed to resolve this ambiguity.

In the cerebral cortex, 5-HT is present in nerve terminals and
N/OFQ seems to regulate 5-HT release through presynaptic NOP
receptor on serotonergic nerve terminals based on the finding
that N/OFQ inhibits 5-HT release in synaptosomes from fron-
tal cortex [82]. N/OFQ inhibits not only spontaneous PH]5-HT
release but also K'-evoked release in the synaptosomes from rat
frontoparietal cortex in a concentration-dependent fashion. The
decrease in K'-evoked ['H]5-HT release by N/OFQ is blocked by
[Nphe'INC(1-13)NH,. Similarly, N/OFQ inhibits spontaneous-
and K'-evoked ['H]5-HT release in rat neocortical synaptosomes,
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and this inhibition is antagonized by different NOP receptor
antagonists such as [Nphe']NC(1-13)NH,, UFP-101, J-113397, and
JTC-801 [56,83]. The inhibitory effect of N/OFQ on 5-HT release
in synaptosomes is also replicated in experiments using brain
slices in which N/OFQ reduces electrical stimulation-induced
[’HJ5-HT release in neocortical slice of mice [84], rat [54,85] and
human [85], and this effect is suppressed by partial NOP receptor
agonist, [F/G]NC(1-13)NH, [54] and NOP receptor antagonist,
J-113397 [85]. Moreover, per oral administration of LY2940094,
NOP receptor antagonist, increases extracellular levels of 5-HT
in rat PFC [5]. These results suggest that N/OFQ inhibits 5-HT
release in the cerebral cortex through NOP receptor on seroto-
nergic nerve terminals, but the role of NOP receptor in the DR
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for regulation of 5-HT release in the PFC is not clear. In addition
to cerebral cortex, infusion of different concentrations of N/OFQ
into the nucleus accumbens of freely moving rats decreases 5-HT
release in a concentration-dependent fashion [80]. Interestingly,
N/OFQ infusion into the DR also decreases 5-HT release in the
nucleus accumbens. These results suggest that N/OFQ regulates
5-HT release in the nucleus accumbens through NOP receptor
both in the DR and/or on the serotonergic nerve terminals in the
nucleus accumbens.

N/OFQ appears to be involved in forced swim-induced inhi-
bition of 5-HT release in the DR. For example, electrical stim-
ulation-induced [’H]5-HT release in DR slices obtained in rats
shortly after forced swim is significantly lower than that in un-
stressed rats, and this effect is blunted by UFP-101 pretreatment
[79]. Moreover, N/OFQ inhibits firing rate of presumably 5-HT
neurons in the DR in a dose-dependent manner in DR slices,
and the inhibitory effect of N/OFQ is significantly potentiated
by prior forced swim such that even one-tenth N/OFQ dose in
stressed rats inhibits the firing rate of DR neurons to a similar de-
gree as in unstressed rats. Although stress-induced potentiation
of N/OFQ inhibition on 5-HT release may be ascribed to NOP
receptor upregulation after forced swim, it is unlikely because the
number and affinity of NOP receptor in the DR is not changed
after forced swim [78]. Rather, stress-induced potentiation of N/
OFQ effects seems to be mediated by corticotropin releasing
factor (CRF) release and subsequent CRFI receptor activation,
since pretreatment of antalarmin, a selective CRF1 antagonist, 1
h before forced swim shifts the N/OFQ concentration-response
curve to the right in DR slices, indicating the blockade of N/OFQ
effects. The results of in vitro DR slices suggests that CRF release
and subsequent CRF1 receptor activation could result in stress-
induced potentiation of N/OFQ effects in the DR.

Not only in vitro but also in vivo studies suggest that stress-
induced potentiation of N/OFQ effects may be attributable to
CREF release in the DR during stress. For example, single unit
extracellular recording in the DR of anesthetized rats shows that
intra-raphe injection of low dose N/OFQ inhibits the firing rate
of DR neurons in unstressed rats and in rats subjected to forced
swim 24 h before N/OFQ injection by 20% and 40%, respectively
[78]. Stress-induced potentiation of N/OFQ effects is mimicked

Table 2. Regulation of monoamine neurotransmission by N/OFQ

by prior intra-raphe injection of ovine CRF 1 h before N/OFQ
injection. Moreover, prior treatment with NBI 30755, a selective
CREF1 receptor antagonist, reverses N/OFQ-induced inhibition in
stressed rats to a level not significantly different from unstressed
rats. These results suggest that N/OFQ-induced decrease in
5-HT release in the DR is mediated by NOP receptor activation
on 5-HT neurons in the DR under basal condition [79], but CRF
release under the stress condition may potentiate the inhibitory
effect of N/OFQ on presumably 5-HT neurons in the DR via
activation of CRF1 receptors [78]. The regulation of monoamine
neurotransmission by N/OFQ is summarized in Table 2.

N/OFQ AND HYPOTHALAMO-PITUITARY-
ADRENAL (HPA) AXIS

N/OFQ activates the HPA axis in rats under basal, unstressed
conditions in that icv injection of N/OFQ increases plasma adre-
nocorticotropic hormone (ACTH) levels reaching a peak 30 min
later [86], and then returns to basal levels around 60 min after
the injection [87]. The magnitude of ACTH increase at 30 min
after icv injection is dependent on N/OFQ doses. Similar time-
and dose-dependent changes in plasma corticosterone levels are
observed in rats after icv injection of N/OFQ [86-88]. Corticoste-
rone appears to respond more sensitively to N/OFQ than ACTH,
because the magnitude of increase in plasma corticosterone by
0.1 nmol N/OFQ is similar to that in plasma ACTH by 1 nmol N/
OFQ [86]. On the contrary, icv injection of N/OFQ in mice also
increases plasma corticosterone levels, but the increase is signifi-
cantly lower than that of controls given icv injection of saline [89].
Therefore, it seems likely that N/OFQ exerts an inhibitory effect
on HPA axis response in mice, in contrast to a facilitatory role of
N/OFQ observed in rats. Such seemingly discordant results ap-
pear to reflect differences in experimental procedures. In experi-
ments with rats, icv injection of N/OFQ is mostly accomplished
through cannulas implanted 3-11 days before the experiment
[87,88,90], whereas, in experiments with mice, icv injection of N/
OFQ is performed through direct injection into the lateral ventri-
cle in manually immobilized mice [89]. Moreover, direct injection
of saline, used as vehicle in an experiment with mice [89] instead

Norepinephrine

Activate inwardly rectifying K channels in LC neurons

Inhibit NE release in the LC and its terminals including BLA and PFC

Inhibit NE release in the cerebral cortex
Dopamine

Inhibit DA release in the nucleus accumbens

Inhibit DA synthesis in the nucleus accumbens by suppressing Ser*’ tyrosine hydroxylase
Suppress DA release in the nucleus accumbens induced by systemic cocaine injection

Serotonin

Activate inwardly rectifying K™ conductance in the DR neurons and reduces firing rate of putative 5-HT neurons

Reduce 5-HT release in the DR and their terminals including cerebral cortex and nucleus accumbens

N/OFQ, nociceptin/orphanin FQ; LC, locus coeruleus; NE, norepinephrine; BLA, basolateral amygdala; PFC, prefrontal cortex; DA,

dopamine; DR, dorsal raphe; 5-HT, 5-hydroxytryptamine.
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of dissolving N/OFQ in artificial cerebrospinal fluid (aCSF) in ex-
periments with rats [87,90] into the lateral ventricle in manually
immobilized mice could act as a severe stress stimulus, as noted
by authors [89], making conclusive interpretation difficult.

While N/OFQ primarily plays a facilitative role in the HPA axis
in response to basal, unstressed conditions, it tightly regulates the
response in a different manner under stressed conditions. Under
mild stress conditions, only a high dose of N/OFQ augments HPA
axis response, whereas, under severe stress conditions, varying
doses of N/OFQ are without effect on HPA axis response. For
example, when rats were exposed to mild stress such as novel
environment for 15 or 30 min (novelty stress) and then sacrificed
immediately, icv injection of aCSF just before stress increases
plasma ACTH and corticosterone levels after the stress for 15 min
[86]. Increased plasma ACTH appears to maintain levels until 30
min after novelty stress but increased plasma corticosterone de-
clines to basal levels 30 min later. This time-dependent changes in
plasma ACTH and corticosterone levels are unaffected by icv in-
jection of low doses of N/OFQ (0.01 and 0.1 nmol) prior to novelty
stress. In contrast, icv injection of a high dose of N/OFQ (1 nmol)
significantly increases plasma ACTH and corticosterone levels
at 15 min and 30 min after novelty stress, respectively. Similar
facilitative role of N/OFQ under the condition of mild stress had
been observed wherein icv injection of N/OFQ significantly aug-
ments the increase in plasma corticosterone levels in response to
open field stress relative to aCSF-injected controls [90,91]. In con-
trast to the enhancement of HPA axis response under mild stress
conditions, N/OFQ does not potentiate the HPA axis response
under the severe stress such as restraint stress because there are
no significant differences in plasma ACTH and corticosterone
levels among the groups received either aCSF or varying doses of
N/OFQ (0.01, 0.10 and 1.00 nmol) [86]. The absence of N/OFQ-
induced potentiation of HPA axis response may be ascribed to a
ceiling effect under the severe stress.

Although icv injection of N/OFQ tends to enhance HPA axis
response, but it is not clear which brain areas are involved in the
enhancement of HPA axis response. One plausible approach to
solve this problem is to assess the c-Fos expression after icv injec-
tion of N/OFQ. It has been shown that icv injection of N/OFQ
in rats and mice significantly increases c-Fos expression in the
hypothalamic paraventricular nucleus, paraventricular thalamus,
lateral septum, dorsomedial hypothalamus, nucleus tractus soli-
tarius, central nucleus of the amygdala, and organum vasculosum
of the lamina terminalis compared to the saline-injected controls
[92-94]. Among these regions, the hypothalamic paraventricular
nucleus, paraventricular thalamus, lateral septum, dorsome-
dial hypothalamus, and nucleus tractus solitarius are the brain
areas that express both NOP receptor mRNA and '*’I-[“Tyr]-
OFQ binding, while central nucleus of the amygdala expresses
low NOP receptor mRNA with no "*I-[*Tyr]-OFQ binding [16].
Although low expression levels of NOP receptor mRNA and "*’I-
(“Tyr]-OFQ binding are found in brain areas around the orga-
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num vasculosum of the lamina terminalis such as anteroventral
periventricular nucleus and anterior median preoptic nucleus,
respectively, little is known about NOP mRNA and N/OFQ bind-
ing in the organum vasculosum of the lamina terminalis. Among
these brain areas, hypothalamic paraventricular nucleus may play
an important role in the enhancement of HPA axis response by
N/OFQ. In line with this assumption, icv injection of N/OFQ in-
creases mRNA levels of CRF and pro-opiomelanocortin (POMC)
in the hypothalamic paraventricular nucleus and anterior pitu-
itary, respectively [87]. In addition, icv injection of UFP-101 with
N/OFQ significantly blocks the increase in plasma corticosterone
levels elicited by N/OFQ, while UFP-101 alone shows no effect
on plasma corticosterone levels. The inhibitory effect of UFP-101
appears to be mediated by changes in CRF and POMC, because
UFP-101 blocks the N/OFQ-induced increase in mRNA levels of
CRF and POMC in the hypothalamic paraventricular nucleus
and pituitary gland, respectively. In addition to the PVN, bed nu-
cleus of the stria terminalis could be involved in the enhancement
of HPA axis response by N/OFQ, because there is a report that N/
OFQ injection into the bed nucleus of the stria terminalis signifi-
cantly increases plasma corticosterone levels, but this increase is
not observed following N/OFQ injection into the amygdala [91].
Low NOP receptor mRNA with no *’I-[“Tyr]-OFQ binding in
the central nucleus of the amygdala may account for the lack of
N/OFQ effects [16]. On the basis of these findings, it seems likely
that hypothalamic paraventricular nucleus and bed nucleus of the
stria terminalis are involved in HPA axis response to N/OFQ.

N/OFQ AND STRESS

Stress alters N/OFQ and NOP receptor expression in stress-
responsive areas of brain depending on the type and duration
of stress, sacrifice time points after stress, and the level of stress
before the sacrifice. In the hypothalamus, acute stress changes N/
OFQ and NOP receptor mRNA expression. For example, acute
systemic stress with a single administration of lipopolysaccharide
(LPS) in rats increases prepro-N/OFQ mRNA expression in the
hypothalamus 4 h later, but does not affect NOP receptor mRNA
expression [95]. Similar increase of prepro-N/OFQ mRNA ex-
pression in the hypothalamus is observed 2 h after systemic injec-
tion of Staphylococcal enterotoxin A (SEA) to mice [96]. However,
acute processive stress such as restraint stress for 120 min in
rats exerts no effect on N/OFQ immunoreactivity in the hypo-
thalamus shortly after stress [97], consistent with a finding that
acute restraint for 60 min fails to alter prepro-N/OFQ and NOP
receptor mRNA expression in the hypothalamus 3 h later [98]. In
contrast to acute restraint stress, acute social defeat stress for 10
min in rats with or without preexposure to repeated social defeat
for 5 days also increases NOP receptor mRNA expression, but not
prepro-N/OFQ, in the hypothalamic paraventricular nucleus 3
h after the start of defeat [99]. Interestingly, the increase of NOP
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receptor mRNA expression by acute social defeat stress is also
observed in the central nucleus of the amygdala and basomedial
amygdala, but the increase is only evident in the hypothalamic
paraventricular nucleus with repeated social defeat for 5 days.
The persistent elevation of NOP receptor mRNA expression in
the hypothalamic paraventricular nucleus with lack of changes in
the central nucleus of the amygdala is congruent with the find-
ings that a single social defeat increases c-Fos expression in the
hypothalamic paraventricular nucleus and central nucleus of
the amygdala, but the increase of c-Fos expression in the central
nucleus of the amygdala, unlike hypothalamic paraventricular
nucleus, is no longer apparent after repeated social defeat [100].
The increase in NOP receptor expression in the hypothalamic
paraventricular nucleus may be attributable to stress-induced in-
crease in plasma corticosterone, because exposure to dexametha-
sone during the neonatal period increases NOP receptor mRNA
expression in the hypothalamic paraventricular nucleus [16] and
there are potential glucocorticoid receptor binding sites on the
promoter region of NOP receptor gene [101].

In the hippocampus, acute stress changes the expression of N/
OFQ, but not NOP receptor. Acute restraint stress for 120 min
in rats increases N/OFQ immunoreactivity in the CAl, CA3 and
dentate gyrus of hippocampus shortly after restraint [97] while
similar acute restraint stress for 60 min [98] and social defeat
stress for 10 min [99] in rats fail to alter mRNA expression of
prepro-N/OFQ or NOP receptor in the hippocampus 3 h after
stress onset. Other lines of evidence show that acute systemic
stress by injection of lipopolysaccharide in rats [95] or Staphylo-
coccal enterotoxin A in mice [96] produces no significant change
in mRNA expression of prepro-N/OFQ or NOP receptor in the
hippocampus between 2 and 4 h after stress onset. These results
suggest that acute processive stress of long duration (restraint
stress for 120 min) is enough to increase N/OFQ peptide levels in
the hippocampus, but NOP receptor in the hippocampus is rela-
tively unresponsive to stress. The increase in N/OFQ expression
in the hippocampus after stress appear to be mediated by eleva-
tion of plasma corticosterone based on the finding that subcuta-
neous injection of corticosterone (1 mg/kg) in rats, a dose chosen
to mimic the plasma corticosterone concentrations observed in
response to acute restraint stress, significantly increases N/OFQ
immunoreactivity in the CAl, CA3 and dentate gyrus of hippo-
campus [97]. Moreover, many potential glucocorticoid receptor
binding sites on the promoter region of prepro-N/OFQ human
gene [102] further support the idea that changes in plasma corti-
costerone could regulate N/OFQ expression in the hippocampus.
Conversely, adrenalectomy has no impact on constitutive N/OFQ
immunoreactivity in the hippocampus, but adrenalectomy blocks
the acute restraint stress-induced increase in N/OFQ immunore-
activity [97]. These results suggest that endogenous corticosterone
does not influence tonic N/OFQ expression in the hippocampus,
but acute stress-induced increase in plasma corticosterone could
mediate phasic N/OFQ expression after stress.
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In the amygdala, acute social defeat stress for 10 min in rats sig-
nificantly increases NOP receptor mRNA expression in the cen-
tral and basomedial nuclei of amygdala, but not in the basolateral
amygdala 3 h after the start of defeat session [99]. No significant
change in prepro-N/OFQ mRNA is observed in these nuclei of
amygdala. On the contrary, a short single housing for 30 min in
rats on postnatal day 29, enough to induce a stress response as
manifested by significantly elevated plasma corticosterone levels,
increases N/OFQ peptide levels in the amygdala as well as in the
medial PFC and nucleus accumbens shortly after stress [103]. In
addition to brain areas described above, acute stress alters the N/
OFQ and NOP receptor expression in other brain areas. For ex-
ample, LPS treatment significantly reduces NOP receptor mRNA
expression in basal forebrain 4 h after LPS injection [95]. The
reduced NOP receptor mRNA expression may reflect a response
to increased N/OFQ release in the BNST [95] because NOP recep-
tor mRNA expression in the BNST is higher than that in other
brain areas [16] and LPS treatment induces neuronal activation of
BNST, as evidenced by an increase in c-Fos expression [104]. Con-
sistent with this finding, a single restraint stress for 30 min alone
or after chronic variable stress including foot shock, cold room,
restraint, and other stressor for 10 days significantly decreases the
N/OFQ peptide levels in the basal forebrain, which may be sec-
ondary to increased release of N/OFQ during stress [105].

Chronic stress over a period of less than 10 days appears not to
alter N/OFQ and NOP receptor expression in brain, but chronic
stress over 13 days tends to increase N/OFQ and NOP receptor
expression. For example, prolonged single housing for 7 days from
post-natal day 22 [103] and chronic variable stress for 10 days [105]
produce no significant effect on N/OFQ peptide levels when mea-
sured during stress and 20 h after the last stressor, respectively.
Repeated social defeat for 5 days does not alter prepro-N/OFQ
and NOP receptor mRNA expression in the brain 3 h after the
start of social defeat [99]. In contrast, repeated restraint for 13 or
14 day significantly increases prepro-N/OFQ mRNA expression
in the BNST and reticular thalamic nucleus 3 h after restraint,
but there is no change in NOP receptor mRNA expression [98]. In
addition, daily maternal separation for 360 min in rat litters for 3
postnatal weeks (MS360) increases N/OFQ peptide levels in the
periaqueductal gray when measured 7 weeks after maternal sepa-
ration procedures [106]. Although MS360 also increases N/OFQ
peptide levels in the hypothalamus when measured 7 weeks after
the start of maternal separation procedures [106], the observed
increase in the hypothalamus can be attributed to the stress
from neonatal manipulation rather than that from the maternal
separation itself, since daily handling for 15 min in rat litters for 3
weeks alone increases N/OFQ peptide levels in the hypothalamus.
A similar trend of increase in N/OFQ and NOP receptor expres-
sion is observed in mice after chronic stress [107]. Chronic social
crowding stress by housing 7 CBy mice in a cage from 3 weeks of
age for 13 weeks significantly increases N/OFQ and NOP receptor
mRNA expression in the hippocampus compared to control mice
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housed individually, but this effect is not observed in 12952 and
B6 mice. Interestingly, prepro-N/OFQ and NOP receptor mRNA
expression in the hippocampus does not differ between mouse
strains (CBy, 12952 and B6 mice) under individual housing con-
dition. As CBy mice tend to be devoid of anxiety-like behavior
relative to 12952 and B6 mice, it is thought that increased N/OFQ
and NOP receptor mRNA expression in the hippocampus of CBy
mice may be one of possible compensatory mechanisms to reduce
anxiety-like behavior.

N/OFQ AND DENDRITIC OUTGROWTH IN
THE HIPPOCAMPUS

N/OFQ and NOP receptor are moderately expressed in pyrami-
dal cells of CA1 and CA3, dentate granule cells, and interneurons
within the hippocampus [15,16,76]. N/OFQ reduces the number
and branch points of primary dendrites in cultured hippocam-
pal neurons [108]. Conversely, BDNF increases the number and
branch points of primary dendrites, and this dendritic outgrowth
is significantly attenuated by N/OFQ pretreatment. Moreover,
in vivo Golgi staining of N/OFQ knockout mice shows signifi-
cant increases in number and length of primary dendrites in the
dentate granule cells. These results suggest that N/OFQ inhibits
dendritic outgrowth in the hippocampus and opposes the BDNF-
induced increase in dendritic outgrowth.

The inhibition of dendritic outgrowth by N/OFQ in the hip-
pocampus is intriguing because BDNF induces ppN/OFQ mRNA
expression in cultured hippocampal cells, and N/OFQ treatment
not only induces immediate early genes implicated in neurite
extension and morphologic alteration but also increases number
and length of neurites per neuron [109]. These seemingly con-
trasting results by Ring et al. [109] and Alder et al. [108] could be
explained by differences in experimental procedures. Notably, N/
OFQ was treated in cultured hippocampal cells for 24 h in a pre-
vious study [109], instead of several days in a latter study [108]. It
seems likely that cultured hippocampal cells treated with N/OFQ
for 24 h may not be mature enough to develop connections, since
protrusion, extension, and maturation of primary dendrites take
several days to a week [108]. Moreover, a previous study by Ring
et al. [109] fails to distinguish between inhibitory interneurons
and excitatory pyramidal cells in the hippocampus and measures
neurite outgrowth irrespective of cell types [108], while a latter
study by Alder et al. [108] counts only dendritic outgrowth of ex-
citatory pyramidal cells.

Considering that N/OFQ attenuates the BDNF-induced in-
crease in number and branch points of primary dendrites, N/
OFQ may counteract BDNF effects through feedback interac-
tion. This premise raises the possibility that BDNF treatment in
hippocampal cells from NOP receptor knockout mice induces
more robust increase in number and length of primary dendrites,
because there is little negative feedback inhibition to BDNF ef-

Korean J Physiol Pharmacol 2019;23(6):427-448

fects. However, BDNF has no potentiating effect on number and
length of primary dendrites in hippocampal cells from NOP
receptor knockout mice [108]. Moreover, N/OFQ does not further
reduce the number and length of primary dendrites in cultured
hippocampal cells pretreated with ANA-12, a TrkB receptor
antagonist. These results suggest that N/OFQ and BDNF have
distinctly different pathways to regulate primary dendritic out-
growth in the hippocampus. The inhibitory effect of N/OFQ on
dendritic outgrowth in the hippocampus appears to be mediated
by small GTPase Ras homologous member A (RhoA) activation,
as N/OFQ transiently increases RhoA activation in cultured hip-
pocampal neurons and N/OFQ-induced decrease in number and
length of primary dendrites is recovered by pretreatment with C3
transferase, a RhoA inhibitor [108]. If N/OFQ reduces the num-
ber and length of primary dendrites in the hippocampus, it is
probable that NOP receptor antagonists could increases dendritic
outgrowth. Although treatment with naloxone, nonselective NOP
receptor antagonist, increases the number of primary dendrites in
cultured hippocampal neurons [108], as of yet, the effect of NOP
receptor antagonists on dendritic outgrowth under basal condi-
tions has not been explored.

ANTIDEPRESSANT-LIKE EFFECTS OF NOP
RECEPTOR ANTAGONISTS

NOP receptor antagonists show antidepressant-like effects
in different animal models of depression. Prior icv injection of
peptide NOP receptor antagonists, [Nphe']N/OFQ(1-13)-NH,
and UFP-101, into mice and rats reduces immobility in forced
swim test (FST) in a dose-dependent manner, respectively
[50,110,111], an effect commonly observed after antidepressant
treatment. The similar antidepressant-like effects are reproduced
by systemic injection of non-peptide antagonists J-113397 and
SB-612111 in mice as well [111-113]. Recent studies also demon-
strate that LY2940094, a selective and orally bioavailable NOP
receptor antagonist, significantly reduces immobility in the FST
in mice [4,112] and rats [5]. Interestingly, LY2940094 in mice
reduces immobility in the FST in a dose-dependent manner and
the maximal effect by LY2940094 is equivalent to that obtained
by imipramine [4]. The antidepressant-like effects seem to be
mediated by NOP receptor, since antidepressant-like effects of
LY2940094 in the FST are not observed in NOP receptor knock-
out mice. Furthermore, antidepressant-like effects of NOP recep-
tor antagonists, including SB-612111 [113] and UFP-101 [110], in
the EST are prevented by co-administration of N/OFQ. Similar
antidepressant-like effects of NOP receptor antagonists has been
demonstrated in tail suspension test (TST) in mice. For example,
SB-612111 significantly reduces immobility in mice [113]. Like-
wise, icv injection of UFP-101 reduces the immobility in the TST
in a dose-dependent manner, and co-administration of N/OFQ
fully prevents the antidepressant-like effects induced by UFP-101
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[50], recapitulating again the involvement of NOP receptor in the
antidepressant-like effects of NOP receptor antagonists.

In addition to FST and TST, NOP receptor antagonists also re-
lieve learned helplessness. For example, NOP receptor antagonists
such as SB-612111 and UFP-101 not only reduce escape latencies
but also increase the number of escapes robustly in the learned
helpless models of mice [112,114]. The antidepressant-like ef-
fects of NOP receptor antagonists are also found in other animal
models of depression. Intraperitoneal injection of LPS in mice
induces depression-like behavior as demonstrated by an increase
in immobility in the TST observed 24 h after injection [115]. The
depression-like behavior by LPS is not observed in NOP receptor
knockout mice, unlike in wild type mice, suggesting that LPS-
induced depression-like behavior appears to be mediated by
NOP receptor. Moreover, SB-612111 and UFP-101, when injected
5 and 30 min before the TST, respectively, significantly reverse
increased immobility induced by LPS [115]. Interestingly, SB-
612111, injected 30 min before LPS injection instead of 5 min
before TST, has no significant effect on immobility in the TST ob-
served 24 h later. This result suggests that N/OFQ-NOP receptor
signaling in the TST is more likely to be engaged in the expression
of depression-like behavior such as increased immobility by LPS
rather than in the development of depression-like behavior [115].

Evidence also demonstrates that chronic administration of
NOP receptor antagonists relieve depression-like behavior in-
duced by chronic mild stress (CMS). CMS exposure for 11-12
weeks in male Wistar rats (from 180-200 g) elicits depression-like
behavior, as manifested by reduced sucrose intake in sucrose pref-
erence and increased immobility in the FST [116,117]. Daily treat-
ment with either varying doses of UFP-101 (5, 10, or 20 nmol, icv)
or other antidepressants such as fluoxetine or imipramine over
3 weeks, started from 9 weeks of CMS exposure, restores sucrose
intake level comparable to that of unstressed controls. Similar
findings are observed in the FST in which CMS exposure for 11
weeks significantly increases immobility, but decreases swim-
ming and climbing, all of which are reverted by daily treatment
with UFP-101 or other antidepressants over 3 weeks. Interest-
ingly, antidepressant-like effects of UFP-101 in sucrose intake test
and FST is reversed by coadministration of N/OFQ with UFP-
101. This result suggests that NOP receptor is involved in the
antidepressant-like effects of chronic UFP-101 treatment in CMS
model of depression.

POSSIBLE ROLES OF N/OFQIN
DEPRESSION

Preclinical and clinical studies have shown that NOP receptor
antagonists show antidepressant-like effects. Based on these find-
ings, it is plausible that increased N/OFQ neurotransmission is
involved in depression, but there is only paucity of clinical studies
describing changes of plasma N/OFQ in patients with depres-
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sion. For example, clinical studies conducted in China demon-
strated that plasma N/OFQ and 5-HT levels are significantly
increased and decreased in patients with postpartum depression,
respectively [118]. Notably, they reported that there is an inverse
correlation between plasma N/OFQ and 5-HT levels. Moreover,
plasma N/OFQ seems to be significantly increased in patients
with bipolar depressive disorder and elevated plasma N/OFQ lev-
els are positively correlated with Hamilton Depression Scale and
Montgomery and Asberg Depression Rating Scale, two widely
used depression scales [119]. In contrast to clinical studies, there is
few study observing the changes of N/OFQ in brain and blood in
animal models of depression such as CMS. Instead of observing
changes of N/OFQ levels in brain and blood in animal models of
depression, it has been tested whether exogenous N/OFQ induces
depression-like behavioral effects in the FST and TST. Unexpect-
edly, icv injection of N/OFQ in mice fails to augment the immo-
bility in the FST per se [111], while N/OFQ reverses the decrease
in immobility induced by NOP receptor antagonists when given
as a combination [110,113]. Although it is possible that the lack of
N/OFQ effects for increasing immobility may be attributable to
relatively high baseline immobility in one study [111], other lines
of evidence demonstrate that N/OFQ, SR-8993 and RO 65-6570,
NOP receptor agonists, show no significant effect on the baseline
immobility in the FST [112,120]. Moreover, N/OFQ and RO-6570
are found not to affect baseline immobility or helpless behavior
such as escape latency and number of escapes in the in the TST
and LH, respectively [110,112]. These results suggest that N/OFQ-
NOP signaling may be fully activated during the FST, TST, and
LH, and thus exogenous N/OFQ administration may not affect
baseline behavior in the FST, TST or LH, indicating a ceiling ef-
fect. However, fully activated N/OFQ-NOP signaling during the
EST, TST, and LH, leading to depression-like behavior, appears to
be blocked by NOP receptor antagonists, demonstrating antide-
pressant-like effects.

POSSIBLE ANTIDEPRESSANT
MECHANISM OF NOP RECEPTOR
ANTAGONISTS

Mounting evidence has shown that monoamine deficiency,
dysregulation of HPA axis, and impairment of neurotrophin and
neurogenesis may be possible mechanism underlying depres-
sion [121,122]. Therefore, NOP receptor antagonists could exert
antidepressant-like effects through normalization of mechanisms
associated with depression.

Involvement of monoaminergic neurotransmission
in antidepressant-like effects of NOP receptor
antagonists

UFP-101 exerts antidepressant-like effects in the FST and TST,

Korean J Physiol Pharmacol 2019;23(6):427-448



440

Park JY et al

most commonly used rodent models for antidepressants screen-
ing [50]. Considering the inhibitory role of N/OFQ for monoami-
nergic neurotransmission, it is conceivable that NOP receptor
antagonists may display antidepressant-like effects by enhancing
monoaminergic neurotransmission. However, it is unclear which
monoamine is more involved in antidepressant-like effects of
NOP receptor antagonists in animal models of depression. As
single icv injection of UFP-101 significantly increases the time
spent in climbing, but not swimming in the FST [50], it seems
likely that antidepressant-like effects of UFP-101 resembles those
of selective NE reuptake inhibitors more closely than those of
selective serotonin reuptake inhibitors because selective NE reup-
take inhibitors and selective serotonin reuptake inhibitors tends
to increase climbing and swimming in the FST, respectively [123].
Intriguingly, prior DSP-4 treatment, which results in depletion of
brain NE, does not affect antidepressant-like effects of UFP-101
in the FST, whereas prior PCPA treatment, which results in deple-
tion of brain 5-HT, partially blunts the antidepressant-like effects
of UFP-101 [50]. This result suggests that 5-HT may play more
important roles in the antidepressant-like effects of UFP-101 than
NE, despite the finding that UFP-101 increases climbing in the
EST.

Nevertheless, the absence of any influence of DSP-4 treatment
on antidepressant-like effects produced by UFP-101 does not nec-
essarily mean that NE may not be involved in the antidepressant-
like effects of UFP-101 [50], because same DSP-4 treatment does
not block but rather potentiate antidepressant-like effects in the
EST by reboxetine, one of the most selective NE reuptake inhibi-
tor [123]. The absence of DSP-4 effect in the antidepressant-like
effects of reboxetine is presumably attributable to relatively more
increase in NE release from remaining intact noradrenergic nerve
terminals because extracellular NE concentration in the frontal
cortex is two-fold higher in DSP-4 treated rats than in vehicle
treated rats, although DSP-4 significantly reduces NE content
of frontal cortex by 75% [124]. Alternatively, DSP-4 is known to
damage preferentially dorsal noradrenergic bundles, consist-
ing of noradrenergic neurons in the LC whose axon terminals
are located in the frontal cortex, hippocampus, amygdala, and
cerebellum, but it is possible that other noradrenergic pathway
plays a more crucial role in the antidepressant-like effects than
does dorsal noradrenergic bundles. Indeed, lesion of ventral nor-
adrenergic bundle, from lateral tegmentum to hypothalamus,
septum, central nucleus of the amygdala, and bed nucleus of the
stria terminalis, by 6-OHDA, a neurotoxin that selectively dam-
ages catecholaminergic neurons, abolishes the antidepressant-
like effects of reboxetine in the FST [125], suggesting that intact
ventral noradrenergic bundle may be required for antidepressant-
like effects of reboxetine. Although used drug is limited to UFP-
101 in this experiment, it is inferred that enhanced serotonergic
neurotransmission may be more involved in the antidepressant-
like effects of UFP-101 in the FST, but NE and DA are also likely
to be involved in the antidepressant-like effects of NOP receptor
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antagonists.

To assess the antidepressant-like effects of chronic UFP-101
treatment, rats are exposed to 11 weeks of CMS, are daily injected
with different doses of UFP-101 (5, 10, or 20 nmol, icv) over 3
weeks from 9 weeks of CMS, and then sacrificed 24 h after the last
drug administration [117]. CMS reduces and increases 5-HT lev-
els in the frontal cortex and in the pons, respectively, while being
ineffective in changing 5-HIAA in both areas. All doses of UFP-
101 treatment during CMS restores 5-HT levels in the frontal
cortex and pons to basal levels of unstressed control. As 5-HIAA
content in brain represents intraneuronal metabolism of 5-HT
by monoamine oxidase [126], unaltered 5-HIAA may reflect no
significant changes in 5-HT metabolism by the CMS and CMS-
induced decrease in 5-HT content in the frontal cortex may be
ascribed to reduced synthesis and/or increased release. Chronic
stress appears to reduce 5-HT release in the frontal cortex, be-
cause basal extracellular levels of 5-HT in this brain area are sig-
nificantly lower in rats exposed to chronic unavoidable stress for
3 weeks than in control rats [127]. Moreover, 5-HT accumulation
obtained after cocaine administration in the frontal cortex is also
significantly diminished in rats exposed to chronic unavoidable
stress. Considering that cocaine blocks the reuptake of DA, 5-HT,
and NE but does not affect their release, reduced 5-HT accumula-
tion may represent that 5-HT synthesis in the frontal cortex is de-
creased by chronic unavoidable stress. Therefore, reduced 5-HT
content in the frontal cortex may reflect reduced 5-HT synthesis
by CMS, and chronic UFP-101 treatment appears to restore the
reduced 5-HT synthesis in the frontal cortex.

In line with this assumption, reduced 5-HT neurotransmission
may be one of the important contributing factors to depression
[128]. Indeed, a brain imaging study showed that 5-HT synthesis
is reduced in cingulate cortex, one of brain areas comprised fron-
tal cortex, of depressed patients [129]. This result suggests that
CMS-induced decrease in 5-HT levels in the frontal cortex [117]
may contribute, in part, to depressive-like behavior as shown
by reduced sucrose intake and increased immobility in the FST
observed after CMS. Conversely, reinstitution of decreased 5-HT
in the frontal cortex by UFP-101 could be involved in antidepres-
sant-like effects. Together, these results raise the possibility that
NOP receptor antagonists induce antidepressant-like effects by
restoration of reduced 5-HT in the frontal cortex.

NOP receptor antagonists, neurotrophins, and
neurogenesis

Brain imaging studies demonstrate that the volume of frontal
cortex and hippocampus is often reduced in patients with depres-
sion [130-132]. In support of these findings, postmortem studies
of frontal cortex in depressed patients reveal reduced size of corti-
cal neurons and glial cells with decreased number of synapses
[133,134]. Similar atrophy of pyramidal neurons and granule cells
with decreased soma size and neuropil, consist of dendritic spine
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and branching, proximal axons and glial processes, are observed
in the hippocampus of depressed patients [135]. In particular,
hippocampal gray matter volume is negatively correlated with the
duration of depression went untreated [136]. In parallel to clinical
studies, preclinical studies also show that chronic stress induces
atrophy of pyramidal neurons in the frontal cortex and decreases
neurogenesis and apical dendritic length and branch points in the
CA3 in the hippocampus [137,138]. Conversely, antidepressants
treatment tends to reverse chronic stress-induced changes. It has
been suggested that reduced volume of frontal cortex and hippo-
campus in depression may be due to decreased neurotrophin ex-
pression and subsequent decrease in neurogenesis with neuronal
and glial atrophy [139,140]. Evidence in support of this scheme
has been provided by postmortem studies showing that BDNF
levels are decreased in the hippocampus of depressed patients [141]
and in the frontal cortex of teenage suicide victims [142]. Similar
decrease in FGF2 mRNA levels is noted in the hippocampus of
depressed patients [143]. In contrast, chronic antidepressant treat-
ments increase BDNF and FGF2 in the hippocampus [144] and
frontal cortex of postmortem brain samples [145], respectively.
Consistent with clinical studies, preclinical studies demonstrate
that injection of BDNF and FGF-2 into lateral ventricle, hip-
pocampus, or frontal cortex elicits antidepressant-like effects in
animal models of depression [137,146-149]. Chronic antidepres-
sant treatments not only increase BDNF and FGF2 in the frontal
cortex and hippocampus [150-152], but also block stress-induced
decrease of BDNF in these brain areas [153]. Furthermore, BDNF
is presumed to be necessary for antidepressant effects considering
that antidepressant effects of desipramine and imipramine are
not observed in inducible forebrain BDNF knockout mice [154]
and heterozygous BDNF null (BDNF+/-) mice [155], respectively.
So far, relatively little is known about the role of neurotrophin
and neurogenesis in the antidepressant-like effects of NOP recep-
tor antagonists, but a recent study under the condition of CMS
suggests that NOP receptor antagonists may exert antidepressant-
like effects through modulation of FGF-2 in the hippocampus.
CMS for 12 weeks decreases neuronal differentiation, and sur-
vival, but repeated injection of UFP-101 during CMS exposure,
being ineffective in neuronal differentiation and survival by itself,
reverts the decrease in neuronal differentiation and survival to
normal, an effect that is blocked by co-administration of UFP-101
and N/OFQ [116]. CMS is also found to reduce the proliferation
of neural stem cells in the dentate gyrus of hippocampus, and,
interestingly, this effect is not affected by repeated injection of
UFP-101. The protective effect of UFP-101 appears to be mediated
largely by FGF-2, because CMS reduces FGF-2 immunoreactiv-
ity in the hippocampus, and this reduction is reversed by chronic
treatment with UFP-101 [116]. In contrast to FGF-2, repeated in-
jection of UFP-101 has no impact on mRNA and protein levels of
BDNF in the hippocampus regardless of the presence or absence
of CMS. This result raises the possibility that UFP-101 exerts its
antidepressant-like effects through the modulation of FGF-2. Sev-
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eral lines of evidence has shown that FGF-2 and its receptors are
implicated in the pathophysiology of depression and mechanism
underlying antidepressant effect. Repeated injection or chronic
infusion of FGF-2 into lateral ventricle induces antidepressant-
like effects in the FST and novelty-suppressed feeding, animal
models to screen antidepressant efficacy [147,149]. Repeated social
defeat in rats reduces the expression of FGF-2 and FGFR], a high-
affinity receptor for FGF-2, in the subfields of hippocampus [149],
while chronic desipramine and fluoxetine treatment increases
levels of FGF-2 [150,151] and FGFRI in the hippocampus [151].
Evidence also shows that FGF2 is required for the antidepressant
effects because antidepressant effects by imipramine and fluox-
etine in the chronic unpredictable stress and FST are blocked by
chronic infusion or repeated injection of SU5402, an inhibitor of
FGEF-2 receptor signaling, to lateral ventricle [147]. Furthermore,
antidepressant effects of fluoxetine in wild type mice under the
condition of chronic variable stress are not observed in FGF2
knockout mice [156]. These results raise the possibility that en-
hancement of FGF-2/FGFR signaling in the hippocampus may be
one of the possible mechanisms underlying antidepressant-like
effects of NOP receptor antagonists.

NOP receptor antagonists and HPA axis regulation

Chronic stress, often precedes or precipitates depression, acti-
vates HPA axis and elevates plasma glucocorticoids. Therefore,
HPA axis hyperactivity remains one of the most consistent find-
ings observed in individuals with depression as manifested by
elevated plasma and CSF concentrations of cortisol and nonsup-
pression of cortisol secretion after dexamethasone administration
[157]. In agreement with clinical studies, chronic administration
of corticosterone, the glucocorticoids in rodents, reduces sucrose
preferences in rats [158] and sucrose intake in mice [159], both of
which are validated measure of anhedonia. The depressive effect
of corticosterone is also manifested in the FST and TST, where
chronic administration of corticosterone increases immobility in
rats [159] and mice [160], respectively. The increase in immobil-
ity appears to be dependent on the dose of corticosterone and is
detectable only after repeated injection of corticosterone, but not
after a single injection of corticosterone [161]. As a consequence,
it is conceivable that the blockade of HPA axis by glucocorticoid
receptor antagonist could show antidepressant effects. Indeed,
mifepristone, glucocorticoid and progesterone receptor antago-
nist [162], and CORT 108927, pure glucocorticoid receptor antag-
onist [163], reduce immobility in the FST. Repeated mifepristone
treatment for 7 days is also found to alleviate anhedonia induced
by CMS for 3 weeks, as indicated by decreased sucrose preference
[164]. Similar antidepressant effects of mifepristone are observed
in psychotic depression where elevated serum cortisol levels are
frequently noted and the symptoms of delusion, hallucination,
and suicide attempts are prominent [165]. Moreover, glucocor-
ticoids are closely interrelated to neurogenesis in the hippocam-
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pus. Exogenous administration of glucocorticoids to animals
inhibits neuronal proliferation, differentiation, and survival, and
mifepristone blunts the decreases in the neurogenesis in the hip-
pocampus induced by glucocorticoids [166]. Interestingly, even 4
days of mifepristone treatment restores the reduction in differen-
tiation and survival of neurons observed after 21 days of chronic
unpredictable stress exposure [167] or corticosterone treatments
[168].

Considering a stimulatory role for N/OFQ in the HPA axis
response under the basal or mild stress conditions, it is probable
that NOP receptor antagonists could exert antidepressant-like
effects through the restoration of HPA axis hyperactivity. In sup-
port of this possibility, when rats are daily exposed to CMS for 8
weeks and subsequently given icv injection of either saline, UFP-
101 (5, 10, and 20 nmol) or co-treatment of UFP-101 (10 nmol)
with N/OFQ (5 nmol) for 3 weeks, CMS exposure significantly
increases plasma corticosterone levels, which is significantly
blocked by repeated injection of UFP-101 in a dose-dependent
manner [117]. The restoration of corticosterone to control levels
by chronic UFP-101 treatment in CMS exposed rats is reinstated
by co-treatment of UFP-101 with N/OFQ. These results raise
the possibility that chronic stress presumably increases N/OFQ
release [105], which in turn leads to the activation of HPA axis
through NOP receptor. Interestingly, icv injection of UFP-101 (10
nmol) alone shows no significant effect on plasma corticosterone
levels in unstressed rats [117], a result that replicates a previous
finding by Leggett et al. [95]. These results suggest that HPA axis
response is not under the tonic inhibitory control by N/OFQ.
Therefore, stress-induced increase in N/OFQ neurotransmission
could enhance HPA axis response to stress, and NOP receptor an-
tagonists could exert its antidepressant-like effects by alleviating
the enhanced HPA axis response. As with the protective effect of
UFP-101 in neurogenesis, normalization of HPA axis hyperactiv-
ity could contribute to antidepressant-like effects of NOP receptor
antagonists.

CONCLUSION

N/OFQ and NOP receptor are found in brain areas implicated
in major depressive disorder and in therapeutic effects of antide-
pressants. A number of study have attempted to reveal the mech-
anism underlying its antidepressant-like activity of NOP receptor
antagonists. It became apparent that N/OFQ inhibits neuronal
excitability of monoaminergic neurons and monoamine release
from their terminals by activation of GIRK and inhibition of volt-
age sensitive calcium channels, respectively, and these effects are
reversed by NOP receptor antagonists. It was likewise reported
that N/OFQ facilitates HPA axis activity under the basal or mild
stress condition and suppresses dendritic outgrowth in the hip-
pocampus, while chronic NOP receptor antagonists not only
inhibit CMS-induced increase in HPA axis activity but also block

Korean J Physiol Pharmacol 2019;23(6):427-448

the CMS-induced decrease in neuronal survival and differentia-
tion. Moreover, NOP receptor antagonists show antidepressant-
like effects in many animal models of depression. Therefore, it is
not surprising for a new oral NOP receptor antagonist to undergo
clinical trials, and preliminary studies demonstrate some promis-
ing antidepressant activity. At present, many clinical trials are
necessary to conclude that NOP receptor antagonists show anti-
depressant effects, but preclinical and clinical studies of N/OFQ
and NOP receptor antagonists provide a stepping stone for the
development of a novel antidepressant.
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