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Endogenous Nociceptin (Orphanin FQ) Suppresses Basal
Hedonic State and Acute Reward Responses to
Methamphetamine and Ethanol, but Facilitates

Chronic Responses

Kazuto Sakoori' and Niall P Murphy*"'

"Neuronal Circuit Mechanisms Research Group, RIKEN Brain Science Institute, Wakoshi, Saitama, Japan

The opioid peptide nociceptin (orphanin FQ) suppresses drug reward, drug self-administration, and impedes some of the processes
believed to underlie the transition to addiction. As virtually all previous studies have used administration of nociceptin receptor agonists
to evaluate the role of nociceptin on addiction-like behavior, the current study used a pharmacological (nociceptin receptor antagonist)
and genetic (nociceptin receptor knockout mice) approach to elucidate the role of endogenous nociceptin. The nociceptin receptor
antagonist UFP-101 induced a modest place preference, and enhanced the conditioned place preference induced by methamphetamine.
In agreement with this, nociceptin receptor knockout mice had slightly enhanced methamphetamine and ethanol conditioned
place preferences compared to wild-type mice. This effect did not appear to depend on differences in leaming ability, as nociceptin
receptor knockout mice had slightly weaker-conditioned place aversions to lithium chloride, the k-opioid receptor agonist, U50488H,
and the general opiate antagonist, naloxone. The development of behavioral sensitization to methamphetamine was lower in nociceptin
receptor knockout mice, and attenuated by UFP-101 administration to wild-type mice. Additionally, ethanol consumption and preference
in a two-bottle choice test was lower in nociceptin receptor knockout mice, though ethanol-stimulated locomotion was stronger.
Whereas the rewarding effect of methamphetamine and ethanol following chronic treatment, as measured by place conditioning,
strengthened in wild-type mice, this effect was absent in nociceptin receptor knockout mice. These results suggest that endogenous
N/OFQ suppresses basal and drug-stimulated increases in hedonic state, and plays either a permissive or facilitatory role in the

development of addiction.

INTRODUCTION

Nociceptin (known also as orphanin FQ, abbreviated here to
N/OFQ) is the most recently discovered member of the
opioid peptide family. N/OFQ exerts its actions selectively
through a cognate receptor known as the NOP receptor. A
large amount of evidence suggests that targeting the N/
OFQ-NOP receptor system may be helpful in the treatment
of psychiatric disorders, such as depression, anorexia, and
anxiety (see Reinscheid, 2006).

Addictive disorders have been the most studied of the
psychiatric disorders that may be treatable by manipulation
of the N/OFQ-NOP receptor system. The main evidence
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supporting the use of this strategy is summarized as follows:
(1) N/OFQ or synthetic NOP receptor agonists suppress
reward, as measured by the acquisition of conditioned place
preference (CPP, a behavioral model used for assessing the
rewarding properties of stimuli, see Bardo and Bevins,
2000), induced by cocaine (Sakoori and Murphy, 2004),
morphine (Murphy et al, 1999; Ciccocioppo et al, 2000;
Ciccocioppo et al, 2003; Sakoori and Murphy, 2004;
Shoblock et al, 2005), ethanol (Ciccocioppo et al, 1999;
Kuzmin et al, 2003), methamphetamine (METH, Zhao et al,
2003), and amphetamine (Kotlinska et al, 2003). (2) N/OFQ
suppresses the development of cocaine- (Lutfy et al, 2002)
and amphetamine-induced behavioral sensitization (Ko-
tlinska et al, 2003); a phenomenon believed to model some
aspects of drug craving and psychosis (see Robinson and
Berridge, 2001). (3) N/OFQ suppresses oral or instrumental
ethanol self-administration and reinstatement of ethanol
self-administration (Ciccocioppo et al, 1999, 2002, 2003,
2004a, 2006; Economidou et al, 2006). (4) N/OFQ blocks
increases in mesolimbic dopamine release induced by
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morphine (Di Giannuario et al, 1999) or cocaine (Lutfy
et al, 2001).

Virtually all of the above studies have examined the effect
of exogenously administered NOP receptor agonists and
therefore do not provide direct evidence of a physiological
function for endogenously occurring N/OFQ. The current
study aimed specifically at understanding the physiological
function of endogenous N/OFQ in the expression of reward
and the development of addiction. To this end, we (1)
investigated the influence of endogenous N/OFQ on basal
and drug-stimulated increases in hedonic state (defined
here as a balanced affective, emotional, and motivational
state); (2) studied the influence of endogenous N/OFQ on
the development of behavioral (locomotor) sensitization;
(3) studied the influence of endogenous N/OFQ on ethanol
reward; (4) studied the effect of chronic METH or ethanol
administration on the subsequent rewarding value of METH
or ethanol, respectively, and the influence that endogenous
N/OFQ may have in this effect. This study was based on the
understanding that some effects of chronic drug adminis-
tration may not manifest themselves as sensitized locomo-
tion or voluntary drug intake, but rather as enhanced
reward value (Lett, 1989; Shippenberg and Heidbreder,
1995a,b).

MATERIALS AND METHODS
Experimental Animals

Experimental protocols were approved by the RIKEN Brain
Science Institute review committee and were in accord with
the National Research Council Guide for the Care and Use
of Laboratory Animals. Male C57BL6 mice (Nihon Clea,
Tokyo, Japan) were used for NOP receptor antagonist
experiments. For other experiments, male and female wild-
type and NOP receptor knockout (KO) mice (Nishi et al,
1997) were generated and housed as described previously
(Koizumi et al, 2004a). The NOP receptor KO mouse colony
had been backcrossed 10 times onto a C57BL6 background.
Male mice were used in all METH studies. Female mice were
used in ethanol studies.

Surgical Procedures and Drugs

Where appropriate, mice underwent stereotaxic surgery
under ketamine/xylazine anesthesia for implantation of a
chronic indwelling intracerebroventricular (i.c.v.) cannula
into the lateral cerebroventricle. Details of the surgical
procedure, injection methodology, and drugs used through-
out the study are provided as Supplementary Materials and
Methods.

Place-Conditioning Apparatus and Measurement of
Locomotion

Mice were place-conditioned using a randomized un-
biased design in a two-compartment apparatus as de-
scribed previously (Sakoori and Murphy, 2004). Further
details of the design of the place-conditioning apparatus
and locomotor arenas used for behavioral sensitization
studies are provided as Supplementary Materials and
Methods.
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Experiment 1: Place Conditioning by the NOP Receptor
Antagonist UFP-101

In order to address the question of the influence of
endogenous N/OFQ on basal hedonic balance, C57BL6 mice
(aged 10 weeks) were conditioned four times with the peptide
NOP receptor antagonist UFP-101 at doses of 0.1-10 nmol
i.c.v. (four 0.9% NaCl vehicle and four UFP-101-conditioning
sessions, day 2 to day 9). As our previous studies show that
place conditioning often incubates over time (Sakoori and
Murphy, 2005), the establishment of place conditioning was
tested twice, the day following conditioning (test 1 on day 10)
and 30 days later (test 2 on day 39).

Experiment 2: Effect of the NOP Receptor Antagonist
UFP-101 on METH-Induced CPP

To allow identification of any interaction between endo-
genous N/OFQ and drug-stimulated increases in hedonic
state, C57BL6 mice (aged 10 weeks) were conditioned four
times with either METH alone (2 mg/kg subcutaneous, s.c.),
UFP-101 (10 nmol i.c.v.), or a combination of both in the
same manner as Experiment 1. The establishment of place
conditioning was tested once, the day following the last
conditioning session (day 10).

Experiment 3: Drug-Induced Place Conditioning in NOP
Receptor KO Mice

With the aim of seeking further support for a role of
endogenous N/OFQ in determining hedonic responses
(both positive and negative), we studied place conditioning
in NOP receptor KO mice. For this experiment, NOP
receptor KO and wild-type mice (aged 12 weeks) were
conditioned twice over 4 days (two 0.9% NaCl vehicle and
two drug-conditioning sessions) to either s.c. injection of
METH (2 mg/kg), LiCl (127 mg/kg administered at a 0.2 ml/
10 g body weight), naloxone (5 mg/kg), or U50,488H (2 mg/
kg). Place conditioning was tested twice—the next day (test
1 on day 6), and again 5 days later (test 2 on day 11).

Experiment 4: METH-Induced Behavioral Sensitization
in NOP Receptor KO Mice

To obtain an understanding of the role of endogenous N/OFQ
in the processes underlying behavioral sensitization to METH
in a novel environment, NOP receptor KO and wild-type mice
(aged 24 weeks) were studied. Mice were administered METH
(I mg/kg s.c.) and locomotion was immediately measured for
30 min. This procedure was repeated for 14 days (day 1-14).
Eighteen and 22 days after the last daily METH treatment,
mice were challenged with 1mg/kg (day 32) and 2mg/kg
METH (day 36), respectively, following a 30 min baseline
measurement period to determine possible differences in
conditioned locomotion. Subsequently, METH-stimulated
locomotion was measured for 90 min.

Experiment 5: Effect of the NOP Receptor Antagonist
UFP-101 on METH-Induced Behavioral Sensitization

In order to further seek support for a role of endogenous
N/OEQ in the processes underlying behavioral sensitization,



the effect of UFP-101 on the development of behavioral
sensitization to METH was studied. On the first day of the
experiment (day 0), the basal locomotion of C57BL6 mice
(aged 10 weeks) was measured for 30 min to establish all
treatment groups were equal. The following 8 days (day 1 to
day 8), mice received daily i.c.v. injections of 0.9% NaCl
vehicle or 5 nmol UFP-101 immediately before s.c. injection
of 1 mg/kg METH. Locomotion was immediately measured
for 30 min. Four or 5 days, and 9 or 10 days after the daily
injection phase, mice were challenged with 1 mg/kg (day 12
or day 13) and 2mg/kg METH (day 17 or day 18) and
locomotion was measured for 90 min, after a 30 min period
to measure basal locomotion. Data for days 12 and 13 were
averaged, as were data for days 17 and 18.

Experiment 6: Effects of Chronic METH Treatment on
METH-Induced CPP in NOP Receptor KO Mice

With the aim of understanding the role of endogenous
N/OFQ in the development of changes in the incentive or
rewarding value of METH during chronic treatment, two
independent sets of NOP receptor KO and wild-type mice
(aged 16 weeks) were administered either s.c. 0.9% NaCl
vehicle or 1 mg/kg METH daily for 12 days in their home
cages. Following this, mice underwent place conditioning to
two administrations of METH over 4 days (two vehicle- and
two drug-conditioning sessions). For this part of the study,
an intermediate dose of s.c. 1.5 mg/kg METH was chosen in
order to establish a moderate level of place conditioning
over which decreases or increases in place-conditioning
strength could be observed.

Experiment 7: Chronic Ethanol Responses in NOP
Receptor KO Mice

In order to understand the role of endogenous N/OFQ in the
response to chronic ethanol administration, wild type and
NOP receptor KO mice (aged 35 weeks) were administered
an intraperitoneal (i.p.) 2 g/kg dose of ethanol daily and
locomotion measured for 10 min in a novel environment for
14 days (days 1 to 14). Three (day 17) and 5 days (day 19)
after the last injection, mice were challenged with i.p. 1 g/kg
and 2 g/kg ethanol, respectively and locomotion measured.
Before ethanol administration on the challenge days, basal
locomotion was measured for 30 min. Ethanol-stimulated
locomotion was measured for 30 min. Six more (day 25) and
8 (day 27) more days later, mice were challenged with s.c.
1 mg/kg and 2mg/kg METH, respectively to examine if
cross-tolerance or cross-sensitization occurred. Similar to
days 25 and 27, basal locomotion was measured for 30 min,
followed by drug-stimulated locomotion for 60 min.

Experiment 8: Ethanol Preference and Sedative Effects
of Ethanol in NOP Receptor KO Mice: Two-Bottle Choice
Experiment

Mice (aged 14 weeks) were first compared in their sedative
response (loss-of-righting reflex) to an ip. 3g/kg dose
of ethanol. Thus, animals were injected ethanol and tested
by supine placement in V-shaped (approximately 90°)
plastic troughs. The latency to loss-of-righting reflex
following ethanol injection and time to spontaneous
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postural righting was measured. Righting was judged
complete when animals were able to regain correct posture
three times within 30s.

Three days after the test of loss-of-righting reflex, mice
were housed individually and habituated to drinking water
from two bottles in the home cage before the beginning
of the test. Animals were initially presented a choice
between water and 3% ethanol. Every 7 days, the
concentration of the ethanol solution was increased
according to the following sequence: 6, 10, and 20%. The
weight of each solution consumed was recorded daily. The
position (left or right) of each bottle was changed daily to
avoid side preference. Body weight and total food intake for
each 7-day period was recorded at the time of changing the
ethanol concentration. Almost 1 month later, taste reactivity
to saccharine and quinine was compared by presentation of
an unrestricted choice of saccharine sodium salt (0.033 and
0.066%, w/v) or quinine (0.015 and 0.033 mM) against water.
Each concentration was presented for 4 days and the bottle
position changed daily. Within each tastant, the low
concentration was presented first, followed by the high
concentration. The order of presentation of the two tastants
was counterbalanced within and between groups. Mice used
in this experiment were studied in a CPP Experiment 18 days
after the end of this experiment (Experiment 9).

Experiment 9: Ethanol-Induced Place Conditioning in
NOP Receptor KO Mice

In order to understand the role of endogenous N/OFQ in the
development of changes in the incentive or rewarding value
of ethanol during chronic treatment, ethanol-naive NOP
receptor KO and wild-type mice (ethanol-naive group, aged
12 weeks) were compared to the mice studied in Experiment
8 (ethanol experienced group, aged 34 weeks at the time of
this part of the experiment) in their response to ethanol-
induced place conditioning. Mice were conditioned four
times with either 0.9% NaCl vehicle or ethanol (2 g/kg i.p.,
four vehicle and four ethanol-conditioning sessions). Place
conditioning was tested the day immediately following
conditioning. Eleven days after completion of the place-
conditioning experiment, all mice from the original ethanol-
naive group were administered an ip. 4g/kg injection of
ethanol in order to assess blood ethanol clearance. Mice were
killed at either 15 or 60min following the injection and
plasma ethanol was measured using a commercially available
coupled alcohol dehydrogenase/acetaldehyde dehydrogenase
assay kit (Boehringer Mannheim, Tokyo, Japan).

Data and Statistical Analysis

Details of statistical analyses are provided where appro-
priate below and elaborated in Supplementary Materials
and Methods.

RESULTS

Experiment 1: Place Conditioning by the NOP Receptor
Antagonist UFP-101

Following the conditioning period, mice conditioned with
1 nmol UFP-101 showed a mild CPP on the test performed
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the day after the final conditioning sessions (Figure la),
though this was not statistically significant when Bonferro-
ni-adjusted (t) = —2.743, p=0.0336). Although it was not
statistically significant, a continued tendency toward a CPP
was observed in 1nmol UFP-101-conditioned mice during
the second test performed 29 days later. However, mice
conditioned with 10nmol UFP-101 showed a significant
(ty=—3.317, p=0.0161) CPP during the second test
(Figure 1la).

Experiment 2: Effect of the NOP Receptor Antagonist
UFP-101 on METH-Induced CPP

Mice conditioned with 2mg/kg METH alone showed a
statistically significant (f(0)=—4.173, p=10.0019) CPP for
the drug-paired compartment on the day immediately
following the final conditioning sessions, whereas unlike
Experiment 1, UFP-101-only-conditioned groups did not
show any statistically significant place conditioning
(Figure 1b). Mice conditioned with both 2mg/kg METH
and 10nmol UFP-101 showed a significant CPP (to) =
—9.247, p<0.0001), which was statistically significantly larger
than mice conditioned with METH alone (difference scores:
METH-vehicle group; 111.0+26.6s, METH-UFP-101 group;
184.5+19.95s, f(19)= —2.175, p = 0.0425).
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Figure | Place conditioning to (a) the NOP receptor antagonist UFP-

101 and (b) coadministration of 10nmol UFP-101 on methamphetamine
(METH) (2mg/kg sc.). Y axis represents time in the drug-paired
compartment before (pretest) and after (test) conditioning four times to
vehicle and four times to drugs on alternating days. The o value for data
shown in panel a was Bonferroni-adjusted to 0.025, whereas the o value for
data shown in panel b was set at 0.05. *»<0.025 **p<00Il, and
##%p <0.001 vs corresponding pretest time. n=7—1 | mice per group. Data
are presented as mean + SEM. A detailed report of the statistical analyses
indicated by lowercase letters is provided online as Supplementary
Information.
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Experiment 3: Drug-Induced Place Conditioning in NOP
Receptor KO Mice

Neither wild type nor NOP receptor KO vehicle-treated
mice showed significant place conditioning (Figure 2).
METH (2mg/kg s.c.) conditioning induced a significant
CPP in both genotypes on the first test performed the day
immediately  following conditioning  (f;;)= —3.568,
p=0.0044 for wild-type mice; to) = —4.496, p=0.0015 for
NOP receptor KO, Figure 2). However, a statistically
significant CPP was maintained only in NOP receptor
KO mice during the second test performed 5 days later
(tay=—2.112, p=0.0584 for wild-type mice; to)=
—4.295, p=0.0020 for NOP receptor KO mice). Condition-
ing with s.c. 127 mg/kg LiCl established a mild-conditioned
place aversion in NOP receptor KO mice during the first test
(Figure 2), though this was not statistically significant when
Bonferroni adjusted (f(;0)=2.354, p=0.0404 for NOP
receptor KO mice). Wild-type mice showed no conditioned
place aversion to LiCl during the first test, whereas a mild-
conditioned place aversion was observed during the second
test, which again was not statistically significant when
Bonferroni adjusted (#(;0)=2.514, p=0.0386). A strong-
conditioned place aversion to 5mg/kg naloxone was
observed in both genotypes in the first test (fg)=6.982,
p=0.0001 for wild-type mice; tg)=6.065, p=0.0003 for
NOP receptor KO mice) that was maintained in both
genotypes in the second test (f) =6.601, p=0.0002 for
wild-type mice; tg) = 6.036, p = 0.0003 for NOP receptor KO
mice, Figure 2). Similar to naloxone-conditioned place
aversion, 2mg/kg U50488H induced a statistically signifi-
cant conditioned place aversion in both genotypes in the
first test (to)=4.637, p=0.0012 for wild-type mice;
t9) =5.066, p=0.0007 for NOP receptor KO mice) that
was maintained in the second test (¢, =4.202, p=0.0023
for wild-type mice; ¢y = 3.727, p = 0.0047 for NOP receptor
KO mice, Figure 2).

Experiment 4: METH-Induced Behavioral Sensitization
in NOP Receptor KO Mice

When both genotypes were analyzed together by repeated
measures analysis of variance (ANOVA), a statistically
significant interaction of genotype and treatment day
(F13,234) =2.10, p=0.0149) was found, though no signifi-
cant main effect of genotype (F(j,34)=2.230, p=0.1527)
was observed. Notably, in a separate experiment detailed
below (Experiment 7), there was no difference between wild
type and NOP receptor KO mice in response to repeated
vehicle administration. That is, both genotypes habituated
to repeated vehicle administration at similar rates. Both
wild type and NOP receptor KO mice showed a progressive
increase in the locomotor response to 1mg/kg METH as
shown by a significant effect of time when analyzed
individually by repeated measures ANOVA (wild type, Fy3117) =
10.56, p<0.0001; NOP receptor KO, F;3117) = 2.799, p = 0.0016),
indicating behavioral sensitization had occurred in both
groups (Figure 3a).

No significant main effect of genotype or interaction
between genotype and within session time on locomotion
in either the 30min basal or 60min postdrug period
was observed when mice were challenged with 1mg/kg
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Figure 2 Place conditioning to various drugs in wild type (WT) and NOP receptor knockout (KO) mice. Drug conditioning doses were as follows:
methamphetamine (METH), 2mg/kg s.c; LiCl, 127 mg/kg s.c; naloxone, 5mg/kg s.c, U50488; 2mg/kg s.c. Y axis represents time in the drug-paired
compartment before (pretest) and after (test) conditioning twice to vehicle and twice to drugs on alternating days. The o value was Bonferroni-adjusted.
#p<0.025, #p<0.005, and ***p <0.0005 vs corresponding pretest time. n=9 to |5 mice per group. Data are presented as mean+SEM. A detailed
report of the statistical analyses indicated by lowercase letters is provided online as Supplementary Information.

METH 18 days later (day 32, Figure 3b). Although a
direct comparison of the locomotion between days 1-14
and day 32 was not possible due to the addition of a
basal locomotion-measuring period on day 32, the amount
of locomotion expressed in the 30min period follow-
ing administration of 1mg/kg METH on day 32 was
similar to that observed on day 14, but greater than
observed on day 1. This suggested that no further
sensitization had taken place between day 14 and day 32.
Four more days later (day 36, Figure 3c), mice were
challenged with 2mg/kg METH. Again, no statistically
significant main effect or interaction of genotype and time
was observed in the 30 min basal measuring period before
injection. However, a significant interaction between
genotype and time in the 60min post-2mg/kg METH
period was found (F;1,19s) = 1.852, p =0.0479), due to NOP
receptor KO mice showing a weaker METH-stimulated
locomotion than wild-type mice (Figure 3c), again indicat-
ing that NOP receptor KO mice had not sensitized as well as
wild-type mice to METH. No main effects were observed
during this period.

Experiment 5: Effect of the NOP Receptor Antagonist
UFP-101 on METH-Induced Behavioral
Sensitization

No significant differences in basal locomotion between
groups on day O were observed before drug
treatment (Figure 3d). UFP-101 administration strongly
suppressed locomotion in general (Figure 3d), though
both groups of mice showed a progressive increase in
locomotion between days 1 and 8. The strong suppressive
effect of UFP-101 on METH-stimulated locomotion
precluded any clear conclusion on the effect of UFP-101
on the development of behavioral sensitization. Notably,
little tolerance to the suppressive effect of repeated
administration of UFP-101 alone on locomotion was
observed during the place-conditioning studies of
Experiment 1 suggesting that the progressive increase in
locomotion observed in mice treated with METH and UFP-
101 was not simply due to a gradual development of
tolerance to UFP-101. Repeated measures ANOVA

showed a significant main effect of UFP-101 treatment
(F(1,20)=42.172, p<0.0001) reflecting its suppressive ef-
fects, and a significant main effect of treatment day
(F(7,120)=10.718, p<0.0001) reflecting a general increase
in locomotion in both treatment groups over the 8 days of
measurement. A significant interaction between UFP-101
treatment and treatment day (F7140) = 3.053, p=0.0051) on
locomotion was also observed, indicating that the rate of
change in locomotion differed between the treatment groups.
This was particularly apparent as a decrease in locomotion
between the day 1 and day 2 in mice administered UFP-101
and METH, whereas mice administered METH alone showed
an increase in locomotion during this period.

Mice previously treated with UFP-101 and METH during
the development phase showed significantly lower basal
and stimulated locomotion when challenged with 1 mg/kg
METH 4 or 5 days later (days 12 or 13, Figure 3e),
compared with mice treated with vehicle during the
development phase. Repeated measures ANOVA showed
a significant main effect of previous UFP-101 treatment
(F(1,20)=11.885, p=0.0025) and interaction between
previous UFP-101 treatment and time (F(s j00)=2.551,
p=0.0324) during the basal 30 min locomotion period. A
significant main effect of previous UFP-101 treatment
(F(1,20)=9.434, p=10.0060) and interaction between pre-
vious UFP-101 treatment and time (F(j1,220)=2.295,
p=0.0112) on locomotion was also observed during the
postdrug 90 min period, indicating that prior UFP-101
administration attenuated the development of behavioral
sensitization.

No effect of previous UFP-101 treatment on baseline
locomotion was observed a further 5 days later (Figure 3f),
nor was there any interaction with 2mg/kg METH
challenge, though similar to the first METH challenge, mice
previously treated with UFP-101 continued to show a trend
toward lower METH-stimulated locomotion.

Experiment 6: Effects of Chronic METH Treatment on
METH-Induced CPP in NOP Receptor KO Mice

Following 12 daily administrations of vehicle, NOP receptor
KO mice, but not wild-type mice, showed a statistically
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Figure 3 Effect of NOP receptor gene deletion (a—c) and the NOP receptor antagonist UFP-101 (d—f) on the development of behavioral sensitization to
I mg/kg s.c. methamphetamine (METH). For studies on NOP receptor knockout (KO) mice, METH was administered daily for 14 days (days [—14) in a
novel environment and mice were challenged with | mg/kg s.c. METH in the same environment |8 days later (day 32) and with 2 mg/kg s.c. METH 4 more
days (day 36) later. Panel a shows total locomotion for the entire 30 min recording session. Panels b and ¢ show locomotion divided into 5 min bins on days
32 and 36. A 30 min basal recording period was made before METH administration on days 32 and 36 in order to assess drug-conditioned changes in basal
locomotion. For studies on the effect of UFP-101 on the development of behavioral sensitization, mice were recorded firstly (day 0) for 30 min without any
drug treatment to ensure equal baseline locomotion (d). Subsequently, mice were administered either | mg/kg s.c. METH alone, or concurrently with 5 nmol
i.cv. UFP-101 for 8 days and locomotion recorded for 30 mins. Four or 5 days later (e: day 12 or 13), all mice were challenged with | mg/kg s.c. METH
following a 30 min basal locomotor recording period. Panels e and f show locomotion divided into 5 min bins. Five more days later (f. days 17 or 18), mice
were challenged with 2 mg/kg s.c. METH. Only 90 of the 120 min locomotor measurement period following drug injection is shown in panels e and f for ease
of comparison with panels b and c. n=10 or | | mice per group. Data are presented as mean + SEM. See Results section for the results of statistical analysis.

significant (f;;)=—3.858, p=0.0027) CPP to 1.5mg/kg
METH (Figure 4a). In contrast, both wild type and
NOP receptor KO mice showed a statistically significant

(wild type; t(1y)=—5.664, p=0.0002, KO; to)=—2.624,
p=0.0276) CPP to 1.5mg/kg METH following 12 daily
administrations of 1 mg/kg METH (Figure 4b). However, no
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Figure 4 Effect of chronic methamphetamine (METH) treatment on
1.5 mg/kg s.c. METH-induced CPP in wild type (WT) and NOP receptor
knockout (KO) mice. Before place conditioning, mice were administered
either s.c. vehicle (a) or s.c. | mg/kg METH (b) daily for 12 days in their
home cages. Ten days after the final vehicle or METH administration, all
mice underwent pretesting (day 22) to determine nonconditioned biases.
All mice then underwent 4 days of conditioning (two vehicle and two
I.5mg/kg s.c. METH sessions given on alternate days, days 23-26). Mice
were tested for the establishment of CPP on day 27. *p <0.05, **p < 0.0l
and ***p<0.00| pretest vs corresponding pretest time. n=10—12 mice
per group. Data are presented as mean+SEM. A detailed report of the
statistical analyses indicated by lower case letters is provided online as
Supplementary Information.

difference in the strength of the CPP was found between the
genotypes in this latter case.

Experiment 7: Chronic Ethanol Responses in NOP
Receptor KO Mice

Repeated measures ANOVA (genotype x drug treat-
ment X time) revealed main effects of ethanol admini-
stration (F;34)=5.449, p<0.0001) and genotype (F(;34)=
78.986, p=0.0256) on locomotion. This was due to
a stimulatory effect of ethanol, and an overall enhanced
locomotion in NOP receptor KO mice (Figure 5a). An
almost statistically significant interaction between genotype
and drug treatment (F( 34 =3.962, p=0.0546) was ob-
served as NOP receptor KO mice tended toward stronger
locomotor  response to  ethanol administration
than wild-type mice, whereas both genotypes showed
similar locomotion following vehicle administrations. To
further examine this finding, we performed repeated
measures ANOVA (genotype x treatment days) separately
for vehicle-or ethanol-treated mice. In this case, no
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genotype-dependent difference between wild type and
NOP receptor KO mice was found following daily
vehicle treatment. However, NOP receptor KO mice showed
a higher ethanol-stimulated locomotion as revealed by
a statistically significant main effect of genotype
(F1,17y=4.995, p=0.0391, Figure 5a). Additionally, there
was no main effect of treatment day, indicating no
behavioral sensitization to ethanol had taken place. Nor
was there a significant interaction between treatment day
and genotype. When daily locomotor measurements were
compacted across the 14 daily recording sessions and
analyzed by ANOVA using genotype and drug treatment
as main factors, significant main effects of both geno-
type (F,528)=63.727, p<0.0001) and drug treatment
(F(1,508y =923.770, p<0.0001) were observed, as well as
the interaction between genotype and drug treatment
(F(1,528) = 46.335, p<0.0001).

Three days later, on day 17 (Figure 5b), mice previously
chronically treated with ethanol for 14 days showed
significantly higher basal locomotion (main effect of
previous ethanol treatment, F;34)=25.283, p<0.0001), as
well as higher locomotion following challenge with 1 mg/kg
ethanol (F(;34)=14.476, p =0.0006). There was no geno-
type-dependent difference or interaction of previous
ethanol treatment with genotype either before or after
ethanol administration on day 17 (Figure 5b). Thus,
previous ethanol treatment resulted in a conditioned
locomotor response that was not dependent on genotype,
nor interacted with a low challenge dose of ethanol.

Two days later, on day 19 (Figure 5c), mice that had been
chronically treated with ethanol on days 1-14 continued to
show higher basal locomotion (main effect of previous
ethanol treatment, F; 54)=13.481, p=0.0008) and following
administration of 2g/kg ethanol (main effect of previous
ethanol treatment, F(; 34 =22.602, p <0.0001), similar to day
17. A significant main effect of genotype was found in the
post-ethanol challenge period (F( 34 =11.270, p=10.002)
though no interaction between genotype and previous
ethanol treatment was found. However, NOP receptor KO
mice previously treated with ethanol tended toward higher
locomotion than previously ethanol-treated wild-type mice in
the 30 min period following ethanol challenge. A significant
effect of time (F(s;70)=36.355, p<0.0001) and interaction
(F(s,170) = 2.668, p =0.0238) between genotype and time was
observed due to a generally falling level of activity after the
peak of activity following ethanol administration, and
enhanced locomotor response to ethanol (Figure 5c) in
NOP receptor KO mice, as observed during the chronic
ethanol treatment described above (Figure 5a).

Similar to days 17 and 19, mice that had been treated with
ethanol on days 1-14 had higher basal locomotion (main
effect of previous ethanol treatment, F; 34 =27.984,
p<0.0001) and following administration of 1mg/kg s.c.
METH (main effect of previous ethanol treatment,
F(1,34y=>5.766, p=0.022) on day 25 (Figure 5d). However,
no genotype difference or interaction of previous ethanol
treatment on days 1-14 with genotype was observed. Again,
mice that had received daily ethanol treatment on days 1-14
continued to show enhanced basal locomotion on day 27
(main effect of previous ethanol treatment, F; 34 =4.435,
p=0.0427), though no main genotype difference or
interaction with previous ethanol treatment was found
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Figure 5 Acute and chronic locomotor responses to ethanol in wild type and NOP receptor knockout (KO) mice. Panel a shows the locomotor
response of mice treated with vehicle or 2 g/kg i.p. ethanol over |0 min in a novel environment. Three days later, the basal locomotor response of all mice
was measured for 30 min in the same environment before challenge with | g/kg i.p. ethanol and locomotion measured for a further 30 min (day 17, panel b).
Panels b—e show locomotion divided into 5 min bins. The same procedure was performed with 2 g/kg i.p. ethanol 2 days later (panel c: day 19,). Six days
later, the basal locomotor response of mice was measured for 30 min and then all mice were challenged with | mg/kg s.c. methamphetamine (METH) to
assess cross-sensitized responses (panel d: day 25,). The same procedure was repeated with 2 mg/kg s.c. METH 2 days later (panel e: day 27). n=9 or 10
mice per group. Data are presented as mean 4+ SEM. See Results section for the results of statistical analysis.

(Figure 5e). All groups of mice showed a clear stimulatory
response to 2mg/kg s.c. METH. A significant interaction
between daily ethanol treatment on days 1 to 14 and time
only was observed (F(1374)=2.384, p=0.0073) as pre-
viously ethanol-treated mice showed a dampened stimula-
tory locomotor response to 2 mg/kg METH. No interaction
with genotype was found.
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Experiment 8: Ethanol Preference and Sedative Effects
of Ethanol in NOP Receptor KO Mice: Two-Bottle Choice
Experiment

No genotype differences in loss-of-righting reflex follow-
ing 3g/kg ethanol treatment were found (wild type;
1396+188s, n=11 and KO; 1232+ 147 s, n=11; one mouse
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Figure 6 Daily absolute ethanol (a), ethanol solution volume (b), and water intake (c), ethanol preference (d) and total fluid intake (e) in wild type (WT)
and NOP receptor knockout (KO) mice under free access conditions in a two-bottle choice paradigm. Panel f shows preference for saccharin and quinine
solutions in wild type and NOP receptor KO mice measured under free access conditions in a bottle choice paradigm. n= 12 mice per group. Data are
presented as mean+ SEM. See Results section for the results of statistical analysis.

from each genotype group was excluded from analysis as
they failed to show a complete loss-of-righting reflex.
However, they were included in the subsequent analysis).
Both genotypes escalated their ethanol consumption
when presented ethanol in an unrestricted fashion as a
choice against water in the two-bottle choice test
(Figure 6a). Large increases in ethanol consumption were
observed particularly when new (higher) concentrations of

ethanol were presented. NOP receptor KO mice showed
approximately similar absolute ethanol consumption as
wild-type mice during presentation of 3, 6, and 10%
concentrations of ethanol. At the highest concentration of
ethanol (20%), NOP receptor KO mice tended toward lower
ethanol consumption, though this was not statistically
significant when considered over the entire 7 days of
presentation (Figure 6a and b). NOP receptor KO mice
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Figure 7 CPP induced by 2 g/kg i.p. ethanol in either ethanol-naive (a) or
ethanol-experienced (b) NOP receptor knockout (KO) and wild-type
(WT) mice. Ethanol-naive (also experimentally naive) mice and mice
previously studied serially in the loss-of-righting-reflex, two-bottle ethanol
choice test (shown in Figure 6), and taste-reactivity test were conditioned
to ethanol separately. Mice were conditioned for 8 days (four vehicle and
four 2mg/kg i.p. ethanol session). Y axis represents time in the ethanol-
paired compartment before (pretest) and after (test) ethanol conditioning.
#»<0.05 and ***p<0.001 vs corresponding pretest time. Data are
presented as mean 4+ SEM. n = 12—15 mice per group. A detailed report of
the statistical analyses indicated by the lowercase letter is provided online
as Supplementary Information.

tended toward enhanced water intakes compared to wild-
type mice, in all sessions (Figure 6c). This became
particularly pronounced as the ethanol concentration was
increased, such that NOP receptor KO mice drank
significantly (F(; ;) =5.172, p=0.0331) more water than
wild-type mice during presentation of 20% ethanol.
Furthermore, significant effects of time on ethanol con-
sumption (F,132) = 8.379, p<0.0001), water consumption
(F6,132)=4.383, p=0.0005), and ethanol preference
(F(s,132) =7.009, p<0.0001) were found during presentation
of 20% ethanol. This was due to a general decrease in
ethanol consumption and ethanol preference during the 7-
day presentation period, whereas water consumption
increased over this time period. When considered as
ethanol preference, NOP receptor KO mice tended toward
reduced preferences for ethanol during presentation of
all but 3% ethanol solutions (Figure 6d). The reduced
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preference for ethanol was statistically significant
(F(1,22)=5.314, p=0.0310) at the 20% ethanol concentra-
tion. Significant genotype difference on total fluid intake
was not observed throughout all sessions (Figure 6e). No
genotype-dependent differences were found in saccharin or
quinine consumption, suggesting that taste reactivity was
similar between genotypes (Figure 6f).

Studies in a separate set of ethanol-naive mice (aged 16
weeks) showed that the basal intake of water, but not food,
in NOP receptor KO mice housed singularly with ad libitum
food presentation was significantly higher (approximately
35%) than wild-type mice (wild type, 2.04+0.5 I/kg body
weight/week, n=14; NOP receptor KO, 2.7 +0.6 l/kg body
weight/week, n=16; t;5)=3.760, p = 0.0008).

Experiment 9: Ethanol-Induced Place Preference in NOP
Receptor KO Mice

During conditioning to i.p. 2 g/kg ethanol, NOP receptor KO
mice showed higher locomotor responses to ethanol
(data not shown), as previously observed in Experiment 7.
Under the parameters of the conditioning protocol used,
only NOP receptor KO mice showed a statistically
significant (f(;3y= —2.885, p=0.0128) CPP to conditioning
with ethanol among the ethanol-naive mice (Figure 7a).
In contrast, a statistically significant CPP (wild type;
tq1)=—5.696, p=0.0001, NOP receptor KO; tn;)=
—2.395, p=0.0355) to ethanol was established in both
genotypes of mice that had undergone extensive ethanol
consumption in Experiment 8 (Figure 7b).

No genotype-dependent difference in blood ethanol
clearance was observed in ethanol-naive mice (15 min after
4 g/kg ethanol injection: NOP receptor KO, 4.58 +0.15 g/,
n=_8; wild type, 4.601+0.11g/l, n=7; 60min after 4g/kg
ethanol injection: NOP receptor KO, 4.39+0.19g/l, n=6;
wild type, 3.98+0.19 g/l, n=38).

DISCUSSION

The main findings of the current study may be summarized
as follows:

1. The NOP receptor antagonist UFP-101 administered
alone induces CPP, and enhances METH-induced CPP.
Additionally, METH-induced and ethanol-induced CPP
is stronger in NOP receptor KO than wild-type mice.
Together, these results indicate that endogenous N/OFQ
suppresses basal and drug-stimulated increases in
hedonic state.

2. Behavioral sensitization to repeated intermittent METH
treatment is attenuated in NOP receptor KO mice.
Additionally, the NOP receptor antagonist UFP-101
mimics this effect (though a strong suppressive effect
of UFP-101 must be borne in mind when interpret-
ing these results. See below). These results suggest
endogenous N/OFQ plays a permissive or facilitatory
role in the plastic changes underlying behavioral
sensitization.

3. The strengthening effect of chronic drug treatment on
CPP is absent in NOP receptor KO mice, further
supporting the view that endogenous N/OFQ facilitates



the adaptive changes underlying the development of
addiction.

4. Preference for ethanol in a two-bottle choice test is lower
in NOP receptor KO mice, suggesting that endogenous
N/OFQ modulates the incentive or rewarding value of
ethanol, or the ability to adapt to ethanol drinking.
However, interpretation of these findings must be viewed
in light of an enhanced baseline water intake observed in
NOP receptor KO mice.

These results are summarized in Supplementary Table S1,
alongside findings from previous reports of the effect of
NOP receptor ligands on drug-related behaviors and the
activity of the mesolimbic dopamine system.

Role of Endogenous N/OFQ in Balancing Hedonic State

The current study shows that blocking the influence of
endogenous N/OFQ by either pharmacological (using
the NOP receptor antagonist UFP-101) or genetic (NOP
receptor KO) means enhances METH- and ethanol-induced
CPP. In support of our findings, a previous report described
a tendency of NOP receptor KO mice toward stronger
ethanol-induced CPP (Kuzmin et al, 2003), though this
particular finding was not discussed in detail, possibly
because no statistically significant difference from wild-type
mice was seen. Indeed when analyzed by the same method
as these previous studies, no statistically significant
difference in the ethanol-induced place conditioning was
found in the current study. However, within groups,
ethanol-naive NOP receptor KO mice showed a statistically
significant CPP to ethanol in the current study, which was
absent in wild-type mice.

Not withstanding an effect of these manipulations on
learning and memory (see Taverna et al, 2005 for example
and references), these results provide the first evidence that
endogenous N/OFQ buffers the hedonic state of the brain
and counteracts the positive hedonic state induced by
rewarding drugs. These results are consistent with previous
studies showing that exogenous N/OFQ administration
suppresses the acquisition or expression of drug-induced
CPP (Ciccocioppo et al, 1999, 2000; Murphy et al, 1999;
Kotlinska et al, 2003; Kuzmin et al, 2003; Zhao et al, 2003;
Sakoori and Murphy, 2004).

These findings are particularly interesting when viewed in
the light of other opioid peptides, ie those acting at u
(MOP), 6 (DOP), or k-opioid receptors. All of these peptides
have been implicated in the hedonic responses of rewarding
and aversive stimuli (Pan, 1998; Kieffer and Gaveriaux-Ruff,
2002). Activation of neural circuits expressing MOP
receptors is necessary for many, if not all, rewarding drugs
to exert their hedonic impact (eg Berrendero et al, 2002;
Contarino et al, 2002; Hall et al, 2004). In contrast,
activation of neural circuits bearing KOP receptors appears
to suppress drug reward, and possibly mediate aversive
states (see Pan, 1998). Opioid receptors, including NOP
receptors, are widely, but differentially distributed in the
brain. Several studies using opioid-stimulated [**S]GTPyS
binding have shown that activation of the amygdala,
thalamus, and hypothalamus is common to MOP, KOP,
and NOP receptor agonists (Shimobhira et al, 1997; Sim and
Childers, 1997). All of these areas are believed to be
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involved in mediating drug reward (Bardo, 1998), and may
represent a converging point at which endogenous opioids
balance hedonic state.

Role of Endogenous N/OFQ in Behavioral Sensitization

In contrast to the suppressive effect of endogenous N/OFQ
on the acquisition and/or expression of CPP, endogenous
N/OFQ appears to either facilitate, or at least permit, the
development of behavioral sensitization to METH. That is,
genetic deletion of NOP receptors, or administration of an
NOP receptor antagonist retarded the development of
METH-induced behavioral sensitization. Until now, appar-
ently conflicting results regarding the effect of exogenous N/
OFQ on behavioral sensitization to psychostimulants have
been reported. Initial studies (in rats) showed that single
(Narayanan and Maidment, 1999) or repeated (Narayanan
et al, 2002) administration of N/OFQ into the ventral
tegmental area (the source of mesocorticolimbic dopamine
neurons) cross-sensitizes the locomotor response to sub-
sequent cocaine administration. Contrasting with these
were subsequent studies showing that escalating doses of
i.c.v.-administered N/OFQ suppresses behavioral sensitiza-
tion to cocaine (Lutfy et al, 2002) or amphetamine
(Kotlinska et al, 2003). However, in our previous studies
of behavioral sensitization to a smaller number of METH
administrations, we found nonsignificant tendencies toward
attenuated rates of sensitization in NOP receptor KO mice
(Okabe et al, 2005). Overall, the current study supports
previous studies indicating a permissive or facilitatory role
of endogenous N/OFQ in the development of behavioral
sensitization to psychostimulant drugs, though the obvious
question is, how could this occur?

Behavioral sensitization to psychostimulant drugs is
accompanied by various morphological changes in the
spines and dendritic branches of neurons in several brain
regions, including the hippocampus and nucleus accum-
bens (Li et al, 2003, 2004). Indeed, the precursor peptide of
N/OFQ was originally discovered by subtraction cloning of
the mouse NS20Y cell line undergoing dibutyryl cyclic
AMP-stimulated neurite outgrowth (see Saito et al, 1997).
Considering the origin of N/OFQ peptide, endogenous N/
OFQ may facilitate such morphological changes that result
from chronic drug administration.

An alternative or additional mechanism of action of
endogenous N/OFQ could take place in the frontal cortex,
where dopamine content has been reported to be lower in
NOP receptor KO mice (Mamiya et al, 1998). As 6-
hydroxydopamine lesions of the prefrontal cortex prevent
development of amphetamine-induced behavioral sensitiza-
tion (Bjijou et al, 2002), the retarded behavioral sensitiza-
tion to METH seen here could result from a deficiency in
prefrontal dopamine. Typically, perturbations to the pre-
frontal cortex, such as produced by chemical lesions, are
only mildly detrimental to the acquisition and expression of
CPP (eg Zavala et al, 2003), but have particularly strong
effects on relapse behavior. The results of the current study
are noteworthy, as NOP receptor KO mice have generally
stronger METH-induced CPP, despite showing attenuated
behavioral sensitization.

A third possible explanation for the attenuated rate of
behavioral sensitization to METH in NOP receptor KO mice
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could be related to the involvement of neurotrophic factors
such as neurotrophin-3, brain-derived neurotrophic factor
(BDNF), ciliary neurotrophic factor (CNTF), basic fibroblast
growth factor and glial-derived neurotrophic factor (GDNF)
in plastic changes. Recent studies show that all of these
neurotrophic factors, except GDNF, positively modulate
behavioral sensitization, whereas GDNF itself has a negative
effect (Pierce and Bari, 2001). Both BDNF application to
hippocampal cultures (Ring et al, 2006) and CNTF
application to striatal cultures (Buzas et al, 1999) induce
the expression of mRNA for N/OFQ, suggesting that
endogenous N/OFQ could mediate the effect of these factors
on behavioral sensitization. This possibility remains to be
tested.

It is notable that UFP-101 itself suppressed locomotion in
our studies; an effect that may seem contradictory to
expectation, particularly as studies in other strains of mice
have not found a similar effect (Gavioli et al, 2003; Kuzmin
et al, 2004). However, several previous studies (eg Florin
et al, 1996; Sakoori and Murphy, 2004) show that i.c.v.
administration of N/OFQ has a biphasic effect on locomo-
tion in mice, with lower doses stimulating, and higher doses
suppressing locomotion. It is possible that in C57BL6 mice,
UFP-101 at the doses used in the current study antagonizes
an endogenous N/OFQ tone that normally supports
locomotor behavior.

In this study, NOP receptor KO mice showed stronger
CPP, but weaker behavioral sensitization. Typically, psy-
chostimulant drugs induce both CPP and behavioral
sensitization (see Orsini et al, 2004). To our knowledge,
only mice lacking MOP receptors contradict this general-
ization, as they display lower cocaine-induced CPP, yet
show enhanced cocaine-induced behavioral sensitization
(Hall et al, 2004). This phenotype is precisely the opposite
of that of NOP receptor KO in the current study, and
supports the suggestion that MOP and NOP systems
act antagonistically in reward and addiction processes
(Murphy, 2004).

Endogenous N/OFQ and Voluntary Ethanol
Consumption

In this study, NOP receptor KO mice had a lower preference
for ethanol than wild-type mice. However, a disturbed water
balance in NOP receptor KO mice complicated interpreta-
tion of the ethanol consumption studies presented here.
While this finding is surprising in light of the growing
number of studies predicting that loss of endogenous
N/OFQ function would lead to more efficient water
retention (see Kapusta, 2000 for review), it is well supported
by other studies using an antisense oligonucleotide
approach (Blakley et al, 2004). Genotype-dependent differ-
ences in water balance have complicated previous studies
of voluntary ethanol consumption in receptor KO mice
(Bouwknecht et al, 2000; Chu et al, 2004; Thiele et al, 2004),
and this has also known to be gender specific (Hungund
et al, 2003).

Most previous studies show exogenous N/OFQ adminis-
tration suppresses ethanol preference, intake, and reinfor-
cement (Ciccocioppo et al, 1999, 2002, 2004a, 2006), though
preliminary reports elsewhere using a pharmacological
approach support our findings, as administration of the
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peptide NOP receptor antagonist UFP-101 also tends to
reduce voluntary ethanol consumption (Ciccocioppo et al,
2004b). The lower voluntary ethanol consumption displayed
by NOP receptor KO mice in the current study could be
interpreted as the endogenous N/OFQ systems being
necessary for ethanol reward to take place. However,
alternative interpretations exist. For example, mice with
genetic ablations of MOP receptors have reduced voluntary
ethanol consumption and CPP (Hall et al, 2001), which is
consistent with animal (see Hall et al, 2001 for references)
and human (Davidson et al, 1999) studies showing
antagonism of MOP receptors reduces ethanol reward.
These studies suggest that MOP receptors mediate ethanol-
induced reward. However, it is arguable that if the hedonic
impact of ethanol is reduced by genetic or pharmacological
manipulations, then higher levels of ethanol consumption,
rather than lower, may be expected, in an effort to
compensate for a reduced (positive) hedonic impact.
Indeed, mice lacking DOP receptors display enhanced
voluntary consumption of ethanol (Roberts et al, 2001),
yet activation of DOP receptors is also rewarding (Longoni
et al, 1998). Alternatively, some more fundamental, perhaps
toxic, response to ethanol may be altered in NOP receptor
KO mice. Indeed, our other studies find that the hypo-
thermic response to ethanol is accentuated in NOP
receptor KO mice (Sakoori and Murphy, unpublished
observation).

One possible explanation for the inconsistency between
previous studies and the current study may lie in differences
between the acute and chronic effects of N/OFQ on ethanol
intake. Recently Cifani and colleagues reported that chronic
infusion of N/OFQ increases ethanol intake; opposite to
previous reports using acute injection of N/OFQ (Cifani
et al, 2006). Our current result supports this finding. Similar
seemingly inconsistent findings between pharmacological
and genetic manipulations are observed in studies of the
KOP system, where administration of KOP antagonists is
found to enhance ethanol consumption (Mitchell et al,
2005), yet KOP receptor KO mice consume less ethanol than
wild-type mice (Kovacs et al, 2005).

Endogenous N/OFQ and the Plastic Changes that
Underlie the Chronic Effects of Addictive Drugs

A key finding of the current study is that not only does
endogenous N/OFQ appears to acutely suppress drug
reward, but also plays a key role in the plastic changes
that could underlie the development of addiction. This is
not only evident in the behavioral sensitization studies, but
also in the CPP studies performed following behavioral
sensitization.

What could be the relationship between the endogenous
N/OFQ-NOP receptor system and the chronic effect of
addictive drugs? Recent studies show that genetic ablation
of NOP receptors or NOP precursor is neuroprotective to
dopamine neurons (Marti et al, 2005; Brown et al, 2006).
This is particularly interesting in light of several studies
suggesting that damage to dopaminergic systems could
underlie many of the behavioral effects of chronic drug
administration. For instance, dopaminergic systems appear
to be hypoactive during and after withdrawal from chronic
drug treatment, as indicated by reduced D2-dopamine



receptors and dopamine release (see Melis et al, 2005).
Furthermore, reduced dopaminergic terminals in the
prefrontal cortex accompany sensitization to METH (Ka-
dota and Kadota, 2004). Although conflicting results have
been reported, administration of neurotoxic doses of METH
alters subsequent acquisition and expression of METH-
induced CPP (eg Itzhak et al, 2002; Gehrke et al, 2003;
Achat-Mendes et al, 2005). Deliberate dopaminergic lesions
induced by injection of 6-hyroxydopamine are largely
suppressive to behavioral sensitization (Bjijou et al, 2002)
and CPP (Sellings and Clarke, 2006) to METH and affect
ethanol preference and consumption (Quarfordt et al, 1991;
Fahlke et al, 1994). It seems likely that endogenous N/OFQ
may therefore facilitate the neurotoxic effects of abused
drugs on dopamine systems, and in this sense endogenous
N/OFQ may act to ‘promote’ drug addiction.

In support of these findings, it is notable that previous
studies have shown that both NOP receptor KO (Ueda et al,
2000) and N/OFQ precursor KO (Chung et al, 2006) mice
fail to develop tolerance to chronic morphine administra-
tion. Similar results are seen following administration of the
NOP receptor antagonists (Zaratin et al, 2004; Chung et al,
2006). Additionally, mice with null mutations of the N/OFQ
gene adapt poorly to repeated stress (Koster et al, 1999).
Alongside the results of the current studies, these studies
further support the hypothesis that endogenous N/OFQ
plays a critical role in adaptive responses, such as to
repeated administration of addictive drugs.

Our previous studies show that turnover of dopamine in
the mesolimbic system is virtually unchanged in drug-naive
NOP receptor KO mice (Koizumi et al, 2004b), as is the
acute stimulatory response to heroin (Murphy et al, 2002)
and cocaine (Murphy et al, unpublished observation).
Furthermore, the locomotor response to acute heroin
administration (Murphy et al, 2002), as well as METH
(current study) is also unchanged. However, the current
study shows that with repeated administration, reduced
sensitized locomotor responses become clear. It is interest-
ing to speculate that differences in the responsiveness
of the mesolimbic dopamine to addictive drugs would
manifest themselves following chronic repeated admini-
stration.

Conclusion

The current study shows that endogenous N/OFQ sup-
presses the hedonic state of the brain and facilitates the
long-term alterations induced by chronic METH and
ethanol administration. These findings suggest that target-
ing the N/OFQ-NOP receptor system could have therapeutic
applications for the treatment of drug addiction though a
careful consideration would need to be given to the long-
term effects such treatments might have.
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