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BACKGROUND AND PURPOSE
Opiates remain the most effective compounds for alleviating severe pain across a wide range of conditions. However, their use
is associated with significant side effects. Neuropeptide FF (NPFF) receptors have been implicated in several opiate-induced
neuroadaptive changes including the development of tolerance. In this study, we investigated the consequences of NPFF
receptor blockade on acute and chronic stimulation of opioid receptors in mice by using RF9, a potent and selective
antagonist of NPFF receptors that can be administered systemically.

EXPERIMENTAL APPROACH
The effects of RF9 were investigated on opioid pharmacological responses including locomotor activity, antinociception,
opioid-induced hyperalgesia, rewarding properties and physical dependence.

KEY RESULTS
RF9 had no effect on morphine-induced horizontal hyperlocomotion and slightly attenuated the decrease induced in vertical
activity. Furthermore, RF9 dose-dependently blocked the long-lasting hyperalgesia produced by either acute fentanyl or
chronic morphine administration. RF9 also potentiated opiate early analgesic effects and prevented the development of
morphine tolerance. Finally, RF9 increased morphine-induced conditioned place preference without producing any rewarding
effect by itself and decreased naltrexone-precipitated withdrawal syndrome following chronic morphine treatment.

CONCLUSION AND IMPLICATIONS
The NPFF system is involved in the development of two major undesirable effects: tolerance and dependence, which are
clinically associated with prolonged exposure to opiates. Our findings suggest that NPFF receptors are interesting therapeutic
targets to improve the analgesic efficacy of opiates by limiting the development of tolerance, and for the treatment of opioid
dependence.

Abbreviations
CPP, conditioned place preference; HMA, horizontal motor activity; NPFF, neuropeptide FF; OIH, opioid-induced
hyperalgesia; VMA, vertical motor activity
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Introduction
Management of pain is a major worldwide health problem
with a financial burden of 1 trillion dollars per year in devel-
oped countries (Max and Stewart, 2008). Systemic adminis-
tration of opiate analgesics such as morphine remains the
most effective treatment for alleviating severe pain across a
range of conditions including acute pain, cancer-related pain
and neuropathic pain states. However, their use is often
limited by the development of several undesirable effects
including tolerance and dependence. These side effects have
been proposed to be a result of adaptive modifications in
cellular responsiveness, and particularly desensitization and
down-regulation of opioid receptors (Kieffer and Evans,
2002). A challenging hypothesis proposes that stimulation of
opioid receptors triggers activation of anti-opioid systems
that counteract opioid receptor stimulation by producing
opposite effects (Rothman, 1992; Mollereau et al., 2005a).
Indeed, numerous experimental and clinical data have
shown that opiates also activate anti-opioid systems that
produce opposite and long-lasting effects leading to opioid-
induced hyperalgesia (OIH), which reduces analgesic effects
(tolerance) (Rothman, 1992; Mao et al., 1995; Celerier et al.,
2000; Simonnet and Rivat, 2003). Although the molecular
mechanisms underlying OIH are poorly understood, this phe-
nomenon is associated with the sensitization of pronocicep-
tive pathways in response to opioid treatment. In particular,
abnormal activation of NMDA receptors in the CNS has been
proposed to play a crucial role (Mao, 1999). Indeed, abrupt
opioid withdrawal can induce long-term potentiation at syn-
apses between nociceptive C fibres and neurons in superficial
dorsal horn via NMDA receptor-dependent mechanisms,
which could represent a mechanism of OIH (Drdla et al.,
2009). High doses of opiates in humans, particularly during
surgery, are often associated with increased pain and post-
operative demand for analgesics (Guignard et al., 2000). Fur-
thermore, the development of tolerance following chronic
treatment with opiates requires consumption of escalating
doses, which in turn renders the patient more hypersensitive
to pain (Wilson and Reisfield, 2003). Activation of anti-opioid
systems may also be involved in other adverse effects related
to chronic opiate treatments including dependence and absti-
nence syndrome (Rothman, 1992; Ueda, 2004). Therefore,
drugs blocking the activation of anti-opioid systems may
prevent the development of tolerance to opioid analgesic
effects and limit other adverse effects related to chronic
opiate administration.

Several neuromodulator systems have been shown to
display anti-opioid properties including NMDA, cholecysto-
kinin (CCK), nociceptin/orphanin FQ (OFQ) and neuropep-
tide FF (NPFF) systems (Rothman, 1992; McNally, 1999;
Mollereau et al., 2005a; Ueda and Ueda, 2009). The NPFF
system is composed of two receptor subtypes, NPFF1 and
NPFF2, which bind to and are activated by four different
peptides (Simonin, 2006). NPFF and neuropeptide AF arise
from the same precursor protein and have greater affinity for
NPFF2, whereas neuropeptide SF and neuropeptide VF (alias
RFamide-related peptide-1 and RFamide-related peptide-3,
respectively) arise from another precursor and preferentially
activate NPFF1. Several lines of evidence support the role of
NPFF as anti-opioid system: i.c.v. injections of NPFF or NPFF-

related peptides produce transient hyperalgesia in rats and
attenuate the analgesic effects of morphine (Yang et al.,
1985), while i.c.v. injections of IgG from NPFF antiserum
restore sensitivity to morphine and the analgesic response in
tolerant rats (Lake et al., 1991; 1992). Furthermore, pretreat-
ment with IgG prepared from NPFF antiserum prevents
naloxone-precipitated abstinence syndrome in morphine-
dependent rats (Malin et al., 1990), whereas NPFF signifi-
cantly potentiates the overall morphine withdrawal
syndrome (Tan et al., 1999) and inhibits morphine-induced
conditioned place preference (CPP) (Kotlinska et al., 2007). In
mice, NPFF attenuated the development of morphine-
induced CPP (Marchand et al., 2006) and antisense nucle-
otides against NPFF decreased morphine tolerance and
dependence (Gelot et al., 1998). Altogether, these findings
suggest that concomitant with activating opioid receptors
opiates also trigger NPFF release, which counteracts excess
activation of the opioid system leading to the development of
tolerance and dependence. In agreement with this hypoth-
esis, we have shown that RF9, a potent antagonist of both
NPFF receptor subtypes, completely blocks long-lasting OIH
and prevents the development of tolerance in rats undergo-
ing chronic heroin treatment (Simonin et al., 2006).

In the present study, we investigated the consequences of
NPFF receptor blockade on acute and chronic stimulation of
opioid receptors in mice. RF9 did not modify spontaneous
locomotion and had no effect on morphine-induced horizon-
tal hyperlocomotion, while it slightly reversed the decrease in
vertical locomotor activity produced by morphine injection.
Interestingly, RF9 potentiated the analgesic effects of opiates
and completely prevented OIH and associated tolerance in
two different paradigms and two different strains of mice.
Furthermore, RF9 was found to increase morphine reward
even though it had no rewarding properties by itself. Finally,
blockade of NPFF receptors with RF9 decreased the severity of
naltrexone-precipitated withdrawal syndrome. These data
confirm the hypothesis that opioid receptor stimulation leads
to long-lasting homeostatic adaptations and NPFF receptors
play an essential role in these adaptations.

Methods

Animals
Experiments were performed on adult male mice C57BL6/N
(Taconic, Ry, Denmark) weighing 25–30 g and Swiss mice
(Dépré, St. Doulchard, France) weighing 20–25 g. Animals
were housed in groups of five per cage under a 12 h/12 h
light/dark cycle at a constant temperature of 21 � 1°C with
free access to food and water. They were habituated to the
experimental room and handled for 1 week before starting
experiments. All animal care and experimental procedures
complied with the European guidelines for the care of labo-
ratory animals (European Communities Directive 86/609/
ECC) and were approved by the local ethical committees.

Drugs
Morphine hydrochloride was obtained from Francopia (Paris,
France). Fentanyl citrate and naltrexone hydrochloride were
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purchased from Sigma-Aldrich (Lyon, France). Trifluoroac-
etate of n-adamantanecarbonyl-Arg-Phe-NH2 (RF9) was pre-
pared as previously described (Simonin et al., 2006).
Compounds were dissolved in physiological saline (0.9%)
and administered in a volume of 10 mL·kg-1.

Actimetry assay
Locomotor activity was measured using automated actimetry
cages (Imetronic, Pessac, France) equipped with infrared
captors to measure horizontal and vertical activity. Before
testing, mice were habituated to the cages for 30 min. Then
they received a s.c. injection of either RF9 (5 mg·kg-1) or
saline. Fifteen minutes later, animals were treated with either
morphine (5 mg·kg-1, s.c.) or saline and then replaced in the
cages. Locomotor activity was recorded for 2 h under a light
intensity of 24 lux in a soundproof room.

Nociceptive tests
Tail immersion test. The tail immersion test was conducted as
previously described by Simonin et al. (1998). Briefly, mice
were restrained in a cylinder and their tail was immersed in a
thermostated water bath. The nociceptive threshold was
assessed by measuring the latency to withdraw the tail from
the hot water, which was maintained at 52 � 0.5°C. In the
hyperalgesia experiments, the water temperature was main-
tained at 48 � 0.5°C. At this temperature, the basal with-
drawal latencies are higher (around 12 s) than at 52°C
(around 2 s), which allows detection of a significant decrease
in the baselines (hyperalgesia). In the absence of any nocice-
ptive reaction, cut-offs of 15 s at 52°C and 25 s at 48°C were
used to prevent tissue damage.

Hot plate test. In this test, animals were placed in a glass
cylinder on a heated metal plate maintained at 52 � 1°C
(Columbus Instruments, Columbus, OH, USA). The latency of
nociceptive responses such as licking or shaking one of the
paws or jumping was recorded as the nociceptive threshold
(Trigo et al., 2009). In the absence of any nociceptive reac-
tion, a 240 s cut-off was used to prevent tissue damage.

Tail flick test. In this test the mice tail was exposed to radiant
heat using LE7106 Tail-flick Meter (Bioseb, Paris, France).
When the animal feels pain, it reacts with a sudden move-
ment of the tail (tail flick), which automatically stops the
stimulation and the timer. Two consecutive trials with an
interval of about 1 min were performed at two different sites
on the tail. The first recording was performed near the peak of
the mouse tail and the second was done near the base of the
tail and the mean latency of both measures was calculated. A
cut-off time of 15 s was used to avoid tissue damage.

Tail pressure test. This test is based on the method originally
described in rats by Randall and Selitto (1957) and determines
the response threshold to painful stimuli through pressure on
the rat’s paw. A constant increased pressure was applied to the
tail of the mice using the analgesimeter LE 7306 (Panlab,
Barcelona, Spain; tip of diameter of the stylus: 1 mm) until the
first nociceptive reaction of struggling or squeaking. The pres-
sure was applied on the distal, median and proximal part of the
tail. The nociceptive threshold expressed in g was considered

as the mean of these three experimental values (Celerier et al.,
2004). A 600 g cut-off value was used to avoid tissue damage.

Experimental protocols for studies
on nociception
Before the effects of RF9 on OIH were investigated, experi-
ments were conducted in mice to assess the effect of RF9
(5 mg·kg-1, s.c.) on nociception and morphine analgesia. RF9
was administered 20 min before morphine (5 mg·kg-1, s.c.) or
saline injection. The nociceptive threshold was measured at
15 min after morphine or saline injection in the tail immer-
sion test and 1 min later in the hot plate test as previously
described (Trigo et al., 2009).

The effect of RF9 on the OIH and tolerance was evaluated
in two different models of OIH. In the first model, hyperalge-
sia induced by fentanyl was evaluated as previously described
(Celerier et al., 2000). A dose of fentanyl was injected four
times (4 ¥ 60 mg·kg-1, s.c.) at 15 min intervals, which mimics
its clinical use in surgery. RF9 was administered s.c. at
5 mg·kg-1, 20 min before fentanyl or saline injections. The
effect of RF9 on the short-lasting analgesic effect of fentanyl
was evaluated by tail immersion test (52°C) on the day of
fentanyl injection. The nociceptive threshold was measured
60 min after the final dose of fentanyl and then every 60 min
over a period of 300 min. The effect of RF9 on long-lasting
hyperalgesia induced by fentanyl was tested the day after
fentanyl injections (day1; 24 h) and on days: day2 (48 h),
day3 (72 h) and day4 (96 h). For this purpose, the nociceptive
threshold was determined using tail immersion (48°C) and
tail pressure tests. In a separate experiment, three additional
doses of RF9 (2.5, 0.5 and 0.1 mg·kg-1) were also used to
establish the dose–response effect on the fentanyl-induced
hyperalgesia using the same experimental procedure. The
nociceptive threshold was measured in the tail immersion test
(48°C) 1 day before fentanyl injections (day-1) and in the
next days following fentanyl injections (day1, day2, day3 and
day4). To study the effect of the four tested doses of RF9 (5,
2.5, 0.5 and 0.1 mg·kg-1) on the overall long-lasting hyperal-
gesia of fentanyl (day1–day4), an algesia index was calculated
for each group using the formula: [(nociceptive threshold
values at dayn) - basal threshold value ¥ n], where n repre-
sents the number of days (Celerier et al., 2000). In order to
better compare the amplitude of OIH at the different RF9
doses, we have presented, in Figure 3D, an OIH index that was
calculated using the formula [algesia index of the tested group
¥ 100/algesia index of the saline - fentanyl group)].

In the second model, hyperalgesia and tolerance were
induced by daily administration of morphine at a high dose
(20 mg·kg-1, s.c.) for 7 days (day0 to day6) in the first experi-
ment or at a moderate dose (5 mg·kg-1, s.c.) for 10 days (day0
to day9) in the second experiment. RF9 (5 mg·kg-1, s.c. or
2 mg·kg-1, i.p., respectively) was administered 20 min before
s.c. administration of morphine or saline. To evaluate the
effects of RF9 on morphine analgesia and development of
tolerance, tail-flick latencies were measured 30 min after mor-
phine injection (5 mg·kg-1, s.c.) on day0 and day7 in the first
experiment and on days0, 4, 7 and 9 in the second experi-
ment. The effect of RF9 on the hyperalgesia induced by mor-
phine in the first experiment was evaluated by once-daily
measurements of the basal nociceptive threshold in the tail
pressure test 60 min before morphine administration
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(20 mg·kg-1, s.c.). Finally, to assess the effects of RF9 on the
expression of morphine tolerance in the second experiment,
RF9 (2 mg·kg-1, i.p.) or saline was injected only on day9,
30 min before morphine (5 mg·kg-1, s.c.) in tolerant mice and
tail-flick latencies were measured 30 min later.

Conditioned place preference
This test was used to investigate the effect of RF9 on
morphine-rewarding properties. The CPP apparatus consists
of an acrylic plastic box divided into three compartments,
two conditioning squares of identical size separated by a
narrower area set in between. The walls and the ground of the
conditioning compartments were different, one having stri-
ated walls and smooth ground and the other with dotted
walls and a rough ground. The three compartments were
connected by removable guillotine doors.

The CPP procedure (unbiased method) was similar to the
method previously described by Maldonado et al. (1997) with
slight modifications. It consists of the pre-conditioning phase
(1 day), the conditioning phase (8 days) and the testing phase
(1 day). During the pre-conditioning phase, each mouse was
placed in the middle of the central division and had free
access to the other compartments for 15 min. During the
conditioning phase, mice were treated with alternate injec-
tions of morphine (3 or 5 mg·kg-1, s.c.) and saline. Mice were
confined to the corresponding compartment immediately
after injection for 20 min. Treatments were counterbalanced
between the two compartments to use an unbiased proce-
dure. For the groups receiving RF9, a dose of 5 mg·kg-1 (s.c.)
was administered 20 min before morphine or saline on days
1, 3, 5 and 7 and only saline was administered on days 2, 4,
6 and 8. Control animals received only saline each day.

After each conditioning trial, the whole box was cleaned
thoroughly to prevent any interference due to the smell of
faeces and urine. On the testing day, the experimental con-
ditions were similar to the pre-conditioning phase and
animals had free access to the compartments. A score was
calculated for each mouse reflecting the difference between
test and pre-conditioning time spent in the drug-paired
compartment.

Morphine dependence and withdrawal
Morphine physical dependence was induced by an intermit-
tent and escalating procedure of morphine treatment. Briefly,
mice were treated with two s.c. injections of morphine each
day (9:00 h and 17:00 h) at increasing doses. On the first day,
mice received doses of 10 mg·kg-1 at 9:00 h and 20 mg·kg-1 at
17:00 h. On the second day, mice received doses of
20 mg·kg-1 at 9:00 h and 30 mg·kg-1 at 17:00 h. On day 3,
mice received doses of 30 and 40 mg·kg-1 and then 40 and
50 mg·kg-1 on day 4. On day 5, mice received only one dose
of 50 mg·kg-1 of morphine. Two hours after the last injection
of morphine, the withdrawal syndrome was precipitated by
injection of naltrexone (5 mg·kg-1, s.c.) and evaluated over
30 min starting immediately after naltrexone injection.
Jumping and paw tremors were counted over 30 min. The
presence of diarrhoea was checked for 30 min with one point
given for any signs of it during each 5 min period (maximum
score: 6). Body weight was also measured before naltrexone
injection and at the end of the observation period.

To study the effect of RF9 on morphine dependence, RF9
5 mg·kg-1 was administered s.c. before each morphine injec-
tion. Groups receiving RF9 or saline and saline instead of
morphine were also included.

Statistical analyses
For the actimetry, thermal nociception, CPP and withdrawal
experiments, data were analysed using two-way ANOVA. For
the OIH and morphine tolerance experiments, data were
analysed using two-way repeated-measures ANOVA. Post hoc
analyses were performed with Bonferroni’s test. In cases
where mean of data and SEM were null (OIH index and
jumping data), statistical analysis was performed by Kruskal–
Wallis test followed by Mann–Whitney U-test. The level of
significance was set at P < 0.05. All statistical analyses were
carried out using the software STAT view.

Results

The RF9 doses used in this study were chosen because they
completely prevented the development of fentanyl-induced
hyperalgesia (see Figure 3D). Moreover, RF9 (5 mg·kg-1, s.c. or
10 nmol, i.c.v) completely prevented the anti-morphine anal-
gesia induced by 10 nmol (i.c.v.) NPFF, demonstrating that, at
the doses used in this study, RF9 acts as an antagonist of NPFF
receptors (see Figure S1).

Modulation of horizontal (HMA) and vertical
(VMA) motor activity in mice
In these experiments the effects of RF9 on spontaneous motor
activity were investigated and whether it modulated mor-
phine locomotor effects. As shown in Figure 1, when admin-
istered with saline, RF9 (5 mg·kg-1, s.c.) did not show any
significant effect on horizontal (HMA) or vertical (VMA)
motor activity. As expected, morphine (5 mg·kg-1, s.c.) signifi-
cantly increased HMA (F1,51 = 54.07, P < 0.01) but decreased
significantly the VMA (F1,51 = 18.99, P < 0.001).
Co-administration of RF9 (5 mg·kg-1, s.c.) with morphine did
not change the hyperlocomotion induced by morphine and
partially reversed the effect of morphine on VMA (F1,51 = 5.36,
P < 0.05).

Thermal nociception
In these experiments the effects of RF9 on acute morphine
analgesia were assessed in two different tests of thermal noci-
ception: tail immersion and hot plate (Figure 2). In the tail
immersion test (Figure 2A), RF9 (5 mg·kg-1, s.c.) had no sig-
nificant effect on the basal nociceptive threshold of the
animals, whereas morphine 5 mg·kg-1 (s.c.) had a significant
analgesic effect (F1,43 = 57.68, P < 0.001). When administered
s.c. 20 min before morphine, RF9 significantly potentiated
this analgesic effect (F1,43 = 5.07, P < 0.05). In the hot plate test
(Figure 2B,C), morphine (5 mg·kg-1, s.c.) significantly
increased the latency for licking (F1,44 = 20.27, P < 0.001) and
jumping in mice (F1,44 = 91.51, P < 0.001). When administered
before morphine or saline, RF9 (5 mg·kg-1, s.c.) had no sig-
nificant effect on basal nociceptive threshold and morphine
analgesia.
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Acute opioid-induced hyperalgesia
Fentanyl is a potent m-opioid receptor agonist, which is used
clinically. In rodents, it produces potent analgesia and sec-
ondary long-lasting hyperalgesia for several days following
acute administration (Celerier et al., 2000; 2004). We investi-
gated whether RF9 modulated these effects in mice.

Following pretreatment with RF9 or saline, the analgesic
effects of fentanyl were evaluated in the tail immersion test at
52°C. The data summarized in Figure 3A indicate that treat-
ment with fentanyl (240 mg·kg-1, s.c.) produced a strong anal-
gesic effect for 5 h (F4,144 = 52.96, P < 0.001). Pretreatment
with RF9 (5 mg·kg-1, s.c.) significantly potentiated the anal-
gesic effect of fentanyl at 3 h (F1,36 = 12.88, P < 0.001), and 5 h
(F1,36 = 7.42, P < 0.01) after fentanyl administration. As already
shown in the previous experiment, RF9 at 5 mg·kg-1 had no
effect on the basal nociceptive threshold.

On the following days, the effects of RF9 on the delayed
hyperalgesic effects of fentanyl were evaluated by the tail
pressure (Celerier et al., 2004) and tail immersion tests. In the
latter, water temperature was decreased to 48°C – compared
with 52°C on day 0 – to increase the latency of tail with-
drawal and allow a better measurement of the decrease in
basal nociceptive threshold. As shown in Figure 3B,C, fenta-

nyl significantly decreased the nociceptive threshold in both
tail pressure (F4,140 = 3.32, P < 0.01) and tail immersion tests
(F4,140 = 7.36, P < 0.001), respectively. Post hoc analyses
revealed that the hyperalgesic effects were significant the first
(P < 0.01) and second days (P < 0.01) following fentanyl
treatment. In the group pretreated with RF9 at 5 mg·kg-1

before fentanyl, the hyperalgesia was completely abolished in
both the tail pressure (F4,14 = 3.71, P < 0.001) and tail immer-

Figure 1
Effect of RF9 on the horizontal (A) and vertical (B) motor activity in
mice. RF9 (5 mg·kg-1, s.c.) was administered 20 min before mor-
phine (5 mg·kg-1, s.c.) or saline injection. Data are expressed as
mean � SEM, n = 10–18. *P < 0.05, **P < 0.01, Bonferroni’s test as
compared with the control group. +P < 0.05, Bonferroni’s test
as compared to the morphine-pretreated saline group.

Figure 2
Effect of RF9 on basal nociceptive threshold and morphine analgesia
in tail immersion (A) and hot plate (B, C) tests. RF9 (5 mg·kg-1, s.c.)
was administered 20 min before morphine (5 mg·kg-1, s.c.) or saline
injection. Data are expressed as mean � SEM, n = 11–12. *P < 0.05,
**P < 0.01, Bonferroni’s test as compared with the control group.
+P < 0.05, Bonferroni’s test as compared with the morphine-
pretreated saline group.
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sion tests (F4,144 = 3.48, P < 0.001). We further evaluated the
anti-hyperalgesic effect of lower doses of RF9 using the tail
immersion test. For each dose, an OIH index was calculated
(see Methods) and the results are presented in Figure 3D. The
anti-hyperalgesic effect of RF9 was observed starting at a dose
of 0.1 mg·kg-1, with the maximal effect seen at 2.5 and
5 mg·kg-1 (H = 10.04, P < 0.01).

Morphine tolerance
We have previously shown that RF9 prevents the develop-
ment of hyperalgesia and associated analgesic tolerance

produced by repeated heroin administration in rats
(Simonin et al., 2006). In the present study, we evaluated
the effects of RF9 on delayed hyperalgesia induced by
repeated morphine administration in mice using the tail
pressure test and on tolerance to morphine analgesia using
the tail flick test.

When administered daily at 20 mg·kg-1, morphine pro-
duced a significant and progressive lowering of the basal
nociceptive threshold compared with control animals (F6,216 =
6.06, P < 0.001; Figure 4A). This effect was significant from
the fourth day after daily administration of morphine and

Figure 3
Effect of RF9 on the short-lasting fentanyl analgesia and long-lasting fentanyl-induced hyperalgesia. At day0 (d0), nociceptive threshold was
measured after treatment with 4 ¥ 60 mg·kg-1 (s.c.) of fentanyl, starting at 60 min after the last dose of fentanyl, using tail immersion test at 52°C
(A). The long-lasting effects of fentanyl on the basal nociceptive threshold were determined in both mechanical (tail pressure, panel B) and thermal
(tail immersion at 48°C, panel C) tests over the days following fentanyl treatment: day1 (24 h), day2 (48 h), day3 (72 h) and day4 (96 h). RF9
(5 mg·kg-1, s.c.) was administered 20 min before the fentanyl or saline injection. To establish the dose–response effect of RF9 on fentanyl-induced
hyperalgesia, four doses of this compound (5, 2.5, 0.5 and 0.1 mg·kg-1, s.c.) were tested in a separate experiment and an OIH index was
calculated for each dose as described in Methods section (D). Data are expressed as mean � SEM, n = 9–10. *P < 0.05, **P < 0.01 Bonferroni’s
test as compared to the control group. +P < 0.05, ++P < 0.01 Bonferroni’s test as compared to fentanyl-pretreated saline group. In (D), analyses
were made by Mann–Whitney U-test.
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persisted until the end of the experiment (P < 0.01). The
hyperalgesic effect of morphine was completely prevented by
co-administration of RF9 (5 mg·kg-1, s.c.) with morphine
(F6,216 = 2.17, P < 0.05), while RF9 co-administered with saline
had no effect on the basal nociceptive threshold. In the same
experiment, we measured the analgesic effect of morphine at
a dose of 5 mg·kg-1 on days 0 (Figure 4B) and 7 (Figure 4C).
On day0, morphine produced analgesia, as shown by the
significant increase in tail flick latencies compared with
control animals (F5,180 = 22.92, P < 0.001). Morphine displayed
a similar analgesic effect in animals that were pretreated with
RF9 (5 mg·kg-1, s.c.). On day 7, mice treated with morphine
(5 mg·kg-1, s.c.) did not show any significant increase in tail
flick latencies (F4,72 = 2.34, P = 0.063), indicating that these
animals had developed tolerance to morphine analgesia.

Conversely, in mice that were co-administered RF9, mor-
phine displayed an antinociceptive effect on day7 at 30 min
and 60 min after morphine treatment (F1,36 = 9.08, P < 0.01;
F1,36 = 6.56, P < 0.05, respectively). RF9 per se had no effect on
the basal nociceptive threshold.

To confirm the robustness of our observations, we further
evaluated the development of tolerance with moderate dose
of morphine (5 mg·kg-1, s.c., daily administration for 10 days)
in mice from a different genetic background (Swiss vs.
C57BL6) using a lower dose of RF9 (2 mg·kg-1) and a different
route of administration (i.p. vs. s.c). Figure 4D shows that
daily injection of morphine (5 mg·kg-1, s.c.) resulted in the
development of tolerance as indicated by a significant reduc-
tion of the antinociceptive effect of morphine at days 7 and
9 (F4,34 = 27.8, P < 0.001, one-way ANOVA). Again, chronic

Figure 4
Effect of RF9 on the morphine-induced hyperalgesia (A) and morphine analgesic tolerance (B, C, D). For morphine-induced hyperalgesia, basal
nociceptive threshold was measured in the tail pressure test once daily 1 h before morphine treatment (20 mg·kg-1, s.c., day0 to day6). In the
same experiment, morphine analgesia was determined after morphine treatment (5 mg·kg-1, s.c.) in the tail flick test at day 0 (B) and day 7 (C).
In a separate experiment, morphine was administered daily at a dose of 5 mg·kg-1 (s.c.) for10 days and the nociceptive threshold was measured
in the tail flick test at days (d) indicated in the figure (D). RF9 was administered either 5 mg·kg-1, s.c. (A, B, C) or 2 mg·kg-1, i.p. (D), 20 min before
morphine or saline injection. Data are expressed as mean � SEM, n = 9–10. *P < 0.05, **P < 0.01 by Bonferroni’s test as compared with the control
group. +P < 0.05, ++P < 0.01, Bonferroni’s test as compared with morphine-pretreated saline group. ###P < 0.001, Bonferroni’s test as compared
with day4.
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administration of RF9 (2 mg·kg-1, i.p.) had no effect on tail
flick latencies but significantly reduced tolerance when
co-administered with morphine (F1,65 = 5.85, P < 0.001).
Finally, we conducted experiments to evaluate the effects of
acute RF9 treatment on the expression of tolerance to mor-
phine analgesia. Mice treated daily with morphine
(5 mg·kg-1, s.c.) were challenged with RF9 (2 mg·kg-1, i.p.) on
day9, 30 min before morphine administration. Tail flick
latencies of these mice (9.27 � 0.39 s on day0 and 5.64 �

0.64 s on day9) were not significantly different from those of
mice treated with morphine only (8.90 � 0.42 s on day0 and
5.93 � 0.63 s on day9). This shows that once morphine
analgesic tolerance is established, it cannot be reversed by a
single dose of RF9.

Morphine conditioned place preference
To evaluate the role of NPFF receptors in other effects of
chronic treatment with opiates, we performed morphine
CPP experiments with or without co-administration of RF9
(Figure 5). Two-way ANOVA showed a significant effect of
morphine treatment (F2,64 = 5.31, P < 0.01), no significant
effect of RF9 treatment and no interaction between RF9 and
morphine treatments. RF9 (5 mg·kg-1, s.c.) did not induce
any place preference. When it was administered at a dose of
5 mg·kg-1, morphine induced a significant rewarding effect
in mice (P < 0.05), while at 3 mg·kg-1 it had no significant
effect on place preference. Animals that received both mor-
phine (3 mg·kg-1, s.c.) and RF9 (5 mg·kg-1, s.c.) showed a
significant preference for the drug-associated compartment
(P < 0.05).

Morphine withdrawal symptoms
These experiments were aimed at determining whether RF9
modulates the expression of naltrexone-precipitated with-
drawal syndrome after chronic administration of escalating
doses of morphine (see Methods for details). Figure 6 shows

Figure 5
Effect of RF9 on the morphine-induced place preference. Results are
represented as the difference between post-conditioning and pre-
conditioning time spent in the drug-paired compartment. RF9
(5 mg·kg-1, s.c.) was administered 20 min before saline or morphine
injection. Morphine was administered at two doses: 3 and 5 mg·kg-1,
s.c. Data are expressed as mean � SEM, n = 10–12. *P < 0.05,
Bonferroni’s test as compared with the control group.

Figure 6
Effect of RF9 on naltrexone-precipitated withdrawal signs in
morphine-dependent mice (A–D). The signs of withdrawal were
measured over 30 min immediately after naltrexone injection. Mor-
phine was given twice daily at escalating doses (from 10 to
50 mg·kg-1, s.c.) over a period of 5 days. RF9 (5 mg·kg-1, s.c.) was
administered 20 min before morphine or saline injection. Data are
expressed as mean � SEM, n = 8–11. *P < 0.05, **P < 0.01, Bonfer-
roni’s test as compared with the control group. +P < 0.05, ++P <
0.01, Bonferroni’s test as compared with morphine-pretreated saline
group. In (A), analyses were made by Mann–Whitney U-test.
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that administration of naltrexone 2 h after the last morphine
injection induced high scores on several somatic and vegeta-
tive signs in the dependent mice compared with controls,
including jumping (H = 30.73, P < 0.001), paw tremors (F1,34 =
10.7, P < 0.05), diarrhoea (F1,34 = 90.39, P < 0.001) and a loss
of body weight (F1,34 = 105.31, P < 0.001). In the group
pretreated with RF9 (5 mg·kg-1, s.c.) 20 min before each mor-
phine administration, there was a significant decrease in the
number of jumps (H = 30.73, P < 0.001) and paw tremors
(F1,34 = 5.4, P < 0.05). RF9 (5 mg·kg-1, s.c.) also significantly
decreased the intensity of the diarrhoea (F1,34 = 13.11, P <
0.001) and prevented loss of body weight induced by injec-
tion of naltrexone in dependent mice (F1,34 = 6.21, P < 0.05).
When administered before saline, RF9 did not induce any
signs of the withdrawal syndrome following an injection of
naltrexone.

Discussion

RF9, a potent small antagonist of NPFF receptors, which can
be administered systemically, has been shown to antagonize
several different effects of NPFF both in vivo and ex vivo
including increase in blood pressure and heart rate, hypo-
thermia and reduction of bicuculline-sensitive inhibitory
postsynaptic currents in parvocellular neurons from hypo-
thalamic paraventricular nucleus (Simonin et al., 2006; Jha-
mandas et al., 2007; Wang et al., 2008; Mouledous et al.,
2010). Using this compound in rats, we have demonstrated
that blockade of NPFF receptors completely prevents the
development of long-lasting OIH and associated analgesic
tolerance (Simonin et al., 2006). In the present study we
used RF9 to confirm our previous observations and to
further investigate the consequences of NPFF receptor
blockade on analgesic responses and other opioid effects in
mice. Our data revealed that RF9 has no effect on horizontal
hyperlocomotor activity and only slightly attenuates the
decrease in vertical activity induced by morphine. Further-
more, we showed that this compound completely and dose-
dependently blocks the secondary and long-lasting
hyperalgesia produced by either acute fentanyl or chronic
morphine administrations. RF9 also potentiated the early
analgesic effects of fentanyl and morphine and prevented
the development, but not the expression, of morphine tol-
erance. Finally, NPFF receptor blockade with RF9 potenti-
ated the CPP induced by morphine without inducing any
rewarding effect by itself and decreased the naltrexone-
precipitated morphine withdrawal syndrome.

NPFF binding sites have been reported to be colocalized
with opioid receptors in the ventral tegmental area (Marco
et al., 1995). Administration of NPFF in this brain structure
inhibited morphine-induced locomotor hyperactivity in rats
(Marco et al., 1995) and also reduced the morphine-induced
release of dopamine and 5-HT in the nucleus accumbens
(Kersanté et al., unpublished observations). The NPFF
system may therefore affect the modulation of mesocorti-
colimbic neurons activity induced by opioids. Our data
revealed that RF9 did not affect the spontaneous motor
activity and had no major effect on morphine-induced
modifications of HMA and VMA. These results indicate that
NPFF receptors do not play a major role in the modulation

of motor activity in mice. RF9 is therefore a good pharma-
cological tool to investigate the involvement of NPFF recep-
tors in the different effects of chronic opiate administration.

Two different models were used to investigate the effect of
RF9 on OIH and tolerance. In the first model, opiate hyper-
algesia was induced following acute administration of fenta-
nyl using a procedure (four consecutive injections with
15 min intervals between each injection) that was designed
to mimic its use in human surgery (Celerier et al., 2000;
2004). In this model, we observed significant hyperalgesia in
both the thermal and mechanical nociceptive tests over the 2
days following fentanyl administration. Pretreatment with
RF9 before fentanyl completely prevented this hypersensitiv-
ity to either mechanical or thermal nociceptive stimuli. As
previously suggested (Celerier et al., 2000), these data indicate
that anti-opioid systems are rapidly activated after the acute
administration of a high-affinity full agonist of m-opioid
receptors such as fentanyl and this produces a long-lasting
hyperalgesia. They also show that NPFF receptors play an
essential role in this phenomenon. Accordingly, we also
observed that RF9 – which has no effect on the basal nocice-
ptive threshold in mice – potentiated and prolonged the
analgesic effects of acute fentanyl or morphine injections in
the tail immersion test. In the second model of OIH, in which
we used chronic daily injections of morphine, we observed a
progressive lowering of the basal nociceptive threshold that
was completely prevented by co-administration of RF9. Tol-
erance to the analgesic effects of morphine was also pre-
vented by co-administration of RF9 with the morphine in
this model. However, a single dose of RF9 failed to restore
morphine analgesia in tolerant mice. These results are in
agreement with our previous studies in rats (Simonin et al.,
2006) and with the data from the first OIH model. Altogether,
our results highlight the involvement of NPFF receptors in
the development of opioid tolerance, but not in its expres-
sion. Opioids have recently been shown to induce synaptic
long-term potentiation in the spinal cord (Drdla et al., 2009;
Zhou et al., 2010). This represents a mechanism that could
account for the development of OIH where NPFF receptors
may be implicated. In agreement with this hypothesis, the
NPFF2 receptor subtype has been shown to be expressed in
the superficial layers of rodent spinal cord (Zeng et al., 2003;
Gouarderes et al., 2004). Further studies to evaluate whether
RF9 could block opioid-induced long-term potentiation are
clearly of interest. The mechanism by which stimulation of
NPFF receptors can block the activation of m-opioid receptors
remains unclear at the cellular level. Although these receptors
are all coupled to Gi/o proteins, stimulation of both NPFF
receptors subtypes – endogenously expressed in primary
neurons or heterologously expressed in SH-SY5Y neuroblas-
toma cells – can antagonize the effect of m agonists (Rebey-
rolles et al., 1996; Roumy and Zajac, 1999; Roumy et al., 2003;
Mollereau et al., 2005b; Kersante et al., 2006). However, the
molecular mechanisms underlying these effects are yet to be
determined.

Several studies have suggested that NPFF may play a role
in opioid physical dependence and rewarding effects. NPFF
and its stable derivative 1Dme respectively inhibit the
expression and acquisition of morphine-induced CPP in rats
(Marchand et al., 2006; Kotlinska et al., 2007). Pretreatment
with IgG prepared from NPFF antiserum prevented
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naloxone-precipitated withdrawal syndrome in morphine-
dependent rats (Malin et al., 1990). Furthermore, s.c. injec-
tion of dansyl-PQRamide, a putative antagonist of NPFF,
attenuated the manifestations of naloxone-precipitated
morphine abstinence in dependent rats (Malin et al., 1995;
Tan et al., 1999). Our results indicate that blocking NPFF
receptors using RF9 increased the expression of morphine
CPP, but did not induce any rewarding effect per see. In
addition, we showed that RF9, chronically administered
with morphine, significantly reduced the expression and
the severity of both the behavioural and somatic symptoms
of morphine withdrawal. The reduction of the expression of
four different withdrawal signs by RF9 suggests that this
agent reverses the state of dependence in animals rather
than the expression of a particular sign. Altogether, these
data support an important role of the NPFF system in
opioid rewarding effects and the development of opioid
physical dependence. They clearly show that the interac-
tions between NPFF and opioid systems are not limited to
the nociceptive mechanisms and also extend to other
responses related to opioid abuse liability, such as rewarding
effects and physical dependence. Similar results were
obtained by blocking other anti-opioid systems including
nociceptin/OFQ and CCK systems. Pharmacological and
genetic blockade of the endogenous nociceptin/OFQ system
signalling has been shown to antagonize the anti-morphine
action of nociceptin, reverse morphine tolerance and poten-
tiate the rewarding effect of morphine in rats (Calo et al.,
2000; Scoto et al., 2010; Rutten et al., 2011). Similarly, a
CCK2 receptor antagonist has been found to enhance mor-
phine analgesia and prevent morphine tolerance in rats
(Dourish et al., 1990; Idanpaan-Heikkila et al., 1997). The
data from these studies along with our work strongly
support the hypothesis that activation of opioid receptors
triggers the release of anti-opioid neuropeptides, including
NPFF. These act as part of a homeostatic system to attenuate
the effects of opioids and stopping opioid administration
produces an excess of anti-opioids, which is partly respon-
sible for the withdrawal syndrome. In line with this, i.c.v.
injections of NPFF have been reported to reduce the expres-
sion of cocaine-induced CPP and sensitization to cocaine
hyperlocomotor effects in rats, suggesting that the NPFF
system could also be activated following chronic adminis-
tration of other addictive drugs (Kotlinska et al., 2008).

In conclusion, our data provide new evidence that the
NPFF system is involved in the development of tolerance
and dependence, two major undesirable effects clinically
associated with prolonged exposure to opiates. Our findings
support the hypothesis that these adaptations originate
from an altered balance between the opioid and anti-opioid
systems, particularly NPFF. We highlight NPFF receptors as
interesting therapeutic targets to improve the analgesic effi-
cacy of opioids, by limiting the development of tolerance
and physical dependence. Our results should also lead to
the development of new strategies to prevent abuse liability
with opioids. In the future, the development of selective
antagonists of each NPFF receptor subtype together with
knockout animals for both NPFF1 and NPFF2 receptors will
be helpful to confirm the role of these receptors and clarify
their respective contribution to the modulation of opioid
responses.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Effect of RF9 given i.c.v. (10 nmol) or s.c.
(5 mg·kg-1) on the NPFF-induced anti-morphine analgesia.
Nociceptive thresholds were evaluated in the tail immersion

test at 30 min. after i.c.v. Injection. NPFF (10 nmol) and mor-
phine (1.5 nmol) were injected i.c.v. alone or simultaneously
co-injected in a volume of 5 ml. Results are expressed as
mean � S.E.M. from 6–10 mice depending on the group.
*p < 0.05, **p < 0.01 (One-way ANOVA followed by
Bonferroni’s test). One way ANOVA showed that there is
significant differences between tested groups (F (4, 32) = 6.63,
p < 0.001). Post-hoc analyses with Bonferroni’s test showed
that i.c.v. Injection of morphine (1.5 nM) displayed a strong
analgesic effect (p < 0.01 versus saline group) which is signifi-
cantly inhibited when it was co-injected with NPFF (10 nmol)
(p < 0.01 versus NPFF + morphine group). Pre-treatment with
RF9 (5 mg·kg-1, s.c.) 30 min before i.c.v. injection of mor-
phine and NPFF reversed the NPFF effect and restored mor-
phine analgesia (p < 0.05 versus NPFF + morphine group).
Similarly, when it was co-injected i.c.v. with morphine and
NPFF, RF9 reversed the NPFF effect (p < 0.05 versus
NPFF + morphine group).
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content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
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