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Nociceptin/Orphanin FQ (N/OFQ) appears to contribute to the development of morphine tolerance, as
blockade of its actions will block or reverse the process. To better understand the contribution of N/OFQ
to the development of morphine tolerance, this study examined the effect of chronic morphine treat-
ment on levels of N/OFQ and levels and activity of the N/OFQ peptide (NOP) receptor in spinal cord (SC)
from male and female rats. Both male and female Wistar rats showed less responsiveness to morphine
after subcutaneous injection of escalating doses of morphine (10, 20, 40, 60 and 80 mg/kg, respectively)
twice daily for five consecutive days. Male rats were more tolerant to the antinociceptive actions of
morphine than females. The N/OFQ content of SC extracts was higher in females than in males, regardless
of treatment; following chronic morphine treatment the difference in N/OFQ levels between males and
females was more pronounced. N/OFQ content in cerebrospinal fluid (CSF) was reduced 40% in male and
16% in female rats with chronic morphine exposure, but increased in periaqueductal grey of both sexes.
Chronic morphine treatment increased NOP receptor levels 173% in males and 137% in females, while
decreasing affinity in both. Chronic morphine increased the efficacy of N/OFQ-stimulated [35S]GTPgS
binding to SC membranes frommale rats, consistent with increased receptor levels. Taken together, these
findings demonstrate sex differences in N/OFQeNOP receptor expression and NOP receptor activity
following chronic morphine treatment. They also suggest interplay between endogenous N/OFQ and
chronic morphine treatment that results in nociceptive modulation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Numerous studies support the existence of sex differences in the
response to opioid drugs in both humans and laboratory animals. In
general, females have been observed to be more sensitive to
experimental pain and less sensitive to morphine analgesia (Kepler
et al., 1991; Craft et al., 1999; Sarton et al., 2000; Cook and
Nickerson, 2005; Ji et al., 2006; Wang et al., 2006; Dahan et al.,
2008). Female and male gonadal steroids are key factors influ-
encing sexual dimorphism in pain and analgesia (for reviews, Aloisi
and Bonifazi, 2006; Dahan et al., 2008). Sex differences in the
development of tolerance to morphine in rodents have been
reported, though with some controversy. Some studies revealed
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greater morphine tolerance in male rats (Badillo-Martinez et al.,
1984; Craft et al., 1999; South et al., 2001), which was challenged
by other studies (Barrett et al., 2001; Holtman et al., 2004). The
discrepancy between studies may be due to several factors such as
means of drug administration, type of nociceptive assay utilized,
hormonal status, species, and experimental design.

The NOP receptor was first cloned and identified as LC132
(Bunzow et al., 1994), opioid receptor-like 1 receptor (ORL-1;
Mollereau et al., 1994), XOR1 (Chen et al., 1994), ROR-C (Fukuda
et al., 1994) and KOR-3 (Pan et al., 1995). Its endogenous ligand,
N/OFQ was identified within the next year by two groups. One
group named it Nociceptin (Meunier et al., 1995) and the other
called it Orphanin FQ (Reinscheid et al., 1995). N/OFQ exhibits
a variety of complex actions; in particular, it is an important
endogenous modulator of nociceptive processing (Lambert, 2008).
Contrary to its anti-opioid activity at the supraspinal level (Mogil
et al., 1996; Tian et al., 1997; Murphy et al., 1999; Ciccocioppo
et al., 2000), N/OFQ possesses analgesic properties when admin-
istered spinally (Tian et al., 1997; King et al., 1997; Yamamoto et al.,
1997). Several lines of evidence strongly suggest a role for N/OFQ
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in the development and maintenance of morphine tolerance at the
supraspinal level. For example, intracerebroventricular (i.c.v.)
injections of anti-sera directed against N/OFQ reduced analgesic
tolerance associated with chronic morphine treatment (Tian and
Han, 2000). Morphine tolerance was blocked in N/OFQ knock-
out mice or by systemic administration of the NOP receptor
antagonist J-113397 (Ueda et al., 2000; Chung et al., 2006), and
intravenous administration of NOP receptor antagonist SB-612111
reversed morphine tolerance (Zaratin et al., 2004). There is
a dynamic regulation of the gene itself during exposure to
morphine. Pro-N/OFQ mRNA was increased in rat brain regions
following both acute and chronic morphine administration
(Romualdi et al., 2002). Chronic morphine treatment increased
levels of N/OFQ in rat brain perfusate and in the periaqueductal
gray (PAG), a region of rat brain associated with activation of the
descending analgesic pathway (Yuan et al., 1999). However, it is
still not clear how the production and release of endogenous N/
OFQ in brain is involved in morphine tolerance, or how the
development of morphine tolerance alters the pharmacological
characteristics of the NOP receptor and N/OFQ.

Recent studies noted that intrathecal N/OFQ produces anti-
nociception to acute heat, NMDA administration or mustard oil
stimuli in male rats, diestrous or OVX female rats but not in pro-
estrous or estradiol-treated OVX female rats (Claiborne et al., 2006,
2009). This supports the hypothesis that the endogenous N/
OFQeNOP system is involved in the sexual dimorphism of pain.
However, it is unclear whether N/OFQ is involved in the more
clinically significant problems of sex-related differences in
response to chronic morphine treatment. The present study
approached this question from the perspective of the spinal cord to
investigate the effect of chronic morphine treatment on the N/
OFQeNOP receptor system. We provide new evidence of plastic
changes of N/OFQ and NOP receptor in morphine tolerance, and
confirmed that the N/OFQ system as a valuable candidate for
development of new strategies for better use of existing pain
medications.

2. Methods

2.1. Materials

The following drugs and materials were purchased from or provided by the
sources indicated: [3H]N/OFQ and morphine HCl (Chemistry and Physiological
Systems Research Branch of the National Institute on Drug Abuse, Bethesda, MD); N/
OFQ RIA kit (Phoenix Pharmaceuticals, Belmont, CA).

2.2. Animals

Adult male and female Wistar rats weighing 200e250 g were provided by
Charles River Labs (Wilmington, MA). Animals were housed in the animal facility
under a 12-h light: 12-h dark cycle (lights on at 0600 h) with free access to food and
water. After arrival, rats were acclimated to the animal facility for at least 1 week
before experiments were initiated. Experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of Oklahoma Health
Sciences Center. All experiments conformed to the guidelines of the International
Association for the Study of Pain. Every effort was made to minimize animal
discomfort and reduce the number of animals used.

2.3. Behavioral testing

Experiments were performed in a climate-controlled room. A tail flick unit
including a tail temperature sensor (IITC Life Science Inc., Woodland Hills, CA) was
used to assess the nociceptive sensitivity by radiant heat tail-flick latency (TFL)
assay, with the lamp set at 25% active intensity. Rats were kept in a plastic
restrainer with hind limbs and tail extended. The lamp in the tail flick unit was
turned off as soon as the rat flicked its tail and the time lapse between the onset of
irradiation and the flick of the tail was noted. Values from 3 measurements with
5 min intervals were averaged as the basal TFL. Tail temperature was monitored by
Tail Temperature probe for every test, and a cut-off limit of 12 s was set to prevent
any tissue damage.
2.4. Chronic morphine treatment

Female (n ¼ 15) and male (n ¼ 14) Wistar rats (200e250 g) received subcuta-
neous (s.c.) injections of escalating doses of morphine (10, 20, 40, 60 and 80 mg/kg,
respectively) twice a day (08:30 h and 17:30 h) for 5 days similar to the procedure
described by Yuan et al. (1999). Saline-treated control animals (female: n¼ 15;male:
n ¼ 14) received an equivalent volume of saline. The development of morphine
tolerance was tested between 09:00 h and 12:00 h on the 6th day. Basal TFL in all
rats was measured after s.c. injection of saline. Animals then received s.c. injection of
10 mg/kg morphine and TFL was measured again after 30 min. At the end of the
experiment, animals were euthanized with an overdose of inhaled isoflurane. CSF
and spinal cord tissues were immediately taken and kept in �80 �C for analysis.

2.5. Radioimmunoassay of N/OFQ-immunoreactivity (N/OFQ-IR)

The procedure for peptide extraction has been described previously (Walker
et al., 2002) and modified. After TFL was determined in the 6th day, rats were
anesthetized as described above. CSF from each rat was withdrawn by inserting
a 26-gauge needle into the cisterna magna and immediately stored at�80 �C. Acetic
acid (0.5 M, 200 ml) was preheated to w95 �C, added to each sample of spinal cord
tissue and boiled for 10 min before cooling on ice for 2 min. Samples were
homogenized and reheated at 95 �C for 5 min, cooled on ice, then centrifuged at
15,000 g for 15 min at 4 �C. Supernatant was dried in a vacuum centrifuge, and
stored at�80 �C until assay. N/OFQ content in CSF and tissue was determined by RIA
kit, according to the protocol suggested bymanufacturer, and is presented as N/OFQ-
IR. All samples and standards were assayed in duplicate. The sensitivity of the assay
was <10 pg/ml; non-specific binding was 2.9%. There was no cross-reactivity with
Dynorphin A (1e17), enkephalin or b-endorphin. Concentration of soluble protein
present in the spinal cord extract was determined by the Bradford method
(Bradford, 1976) using a Pierce protein assay kit. Total amount of N/OFQ was
calculated and expressed as pg/mg protein. RIA curves and data have been analyzed
using GraphPad Prism 5.0 software.

2.6. [3H]N/OFQ receptor binding assay

Spinal cord dorsal horn tissuewas thawed and homogenized in 50 mM TriseHCl
(pH 7.4). The homogenates were centrifuged at 35,000� g for 25 min at 4 �C and the
membrane pellets were suspended in assay buffer (50 mM TriseHCl pH 7.4, 0.5%
bovine serum albumin, 0.1% bacitracin). Membrane proteins (40e50 mg) were
incubated with various concentrations of [3H]N/OFQ from 0.9 nM to 6 nM in 250 ml
assay buffer at 30 �C for 1 h. The reaction was terminated by filtration and washing
through GF/C filters presoaked with 0.1% polyethyleneimine. [3H]N/OFQ bindingwas
determined by scintillation spectroscopy. Non-specific binding (<20% of the total
binding) was determined in the presence of 50 mM cold N/OFQ and was subtracted
from the total binding.

2.7. [35S]GTPgS binding assay

NOP receptor activity was determined by [35S]GTPgS binding assay. Spinal cord
dorsal horn tissue was dissected on ice from 6 rats in each group. Membrane protein
was prepared (Odagaki and Toyoshima, 2006) and [35S]GTPgS binding assay was
conducted as described (Baker et al., 2000). Aliquots (25 ml) of the diluted rat spinal
cord membranes equivalent to 3 mg protein were incubated at 30 �C for 60 min in
100 ml of 50mM TriseHCl buffer containing 0.2 nM [35S]GTPgS, 0.5% BSA,10 mMGDP,
0.1 mM EDTA, 0.2 mM DTT, 5 mM MgCl2, and 100 mM NaCl in the presence of
10�9e10�5 M N/OFQ. The reaction was terminated by rapid filtration through glass
fiber filters using a Brandel cell harvester with three washing with 5 ml of ice-cold
washing buffer (5 mM KPO4, pH 7.4). Radioactivity was determined by liquid scin-
tillation spectroscopy. Non-specific bindingwasmeasured in the presence of 100 mM
unlabeled GTPgS, which was subtracted from the total binding to define the specific
[35S]GTPgS binding.

2.8. Data analysis

Data are expressed as mean � S.E.M. Statistical comparisons of behavioral and
neurochemical data were performed with two-way analysis of variance (ANOVA)
followed by Bonferroni’s posttest. Where necessary, Bonferroni correction was
employed to adjust for multiple comparisons. All analyses were conducted with
GraphPad Prism 5.0 software. A p < 0.05 was considered statistically significant.

3. Results

3.1. Sex difference in the development of chronic morphine
tolerance in rats

After five consecutive days of saline or morphine (10, 20, 40, 60,
80 mg/kg, s.c., twice daily) treatment, rats of both sexes and in both
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treatment groups showed similar baseline TFL (Saline: Female vs.
male, 2.00 � 0.06 s vs. 1.77 � 0.06 s; chronic morphine: Female vs.
male, 2.05 � 0.05 s vs. 1.83 � 0.07 s), indicating that neither gender
nor chronic morphine altered the basal pain threshold in this study
(Fig. 1A). Tolerance to the antinociceptive actions of chronic
morphine was verified by administration of a challenge dose of
morphine (10 mg/kg, s.c.) administered on day 6. Two-way ANOVA
revealed a significant interaction between sex and chronic
morphine treatment [F(3, 108) ¼ 165.59, p < 0.01]. There were
significant effects of sex [F(3, 108) ¼ 599.48, p < 0.01] and chronic
morphine [F(1, 108) ¼ 393.73, p < 0.01] on the TFL (Fig. 1B). The
challenge dose of morphine-induced significant antinociceptive
effects in saline- and morphine-treated rats of both sexes (p < 0.01
in all comparisons) but the antinociceptive effect was greater in
saline-treated rats, as indicated by longer TFL (saline vs. chronic
morphine: 11.05 � 0.31 s vs. 7.04 � 0.32 s in females; 11.71 � 0.28 s
vs. 3.42 � 0.29 s in males, **p < 0.01 by Bonferroni post-test). This
confirms the development of morphine tolerance in male and
female rats. Moreover, male rats were significantly less responsive
to the morphine challenge after chronic morphine treatment than
female rats (Bonferroni post-test, DDp < 0.001), indicating a sex
difference in the development of chronic morphine tolerance in
rats.

3.2. N/OFQ content in spinal dorsal horn, CSF and PAG after chronic
morphine treatment

N/OFQ content in dorsal horn tissue, CSF and PAGwas measured
by RIA. Two-way ANOVA revealed significant effect of sex [F(1,
29) ¼ 6.80, *p < 0.05], but no interaction between sex and chronic
morphine [F(1, 29) ¼ 0.58, p ¼ 0.45] and no effect of chronic
morphine on the N/OFQ content in spinal cord [F(1, 29) ¼ 2.54,
p ¼ 0.12] was seen (Fig. 2A; Female, saline vs. morphine: 185 � 21
vs. 158 � 13 pg/mg; Male, saline vs. morphine: 149 � 27 vs.
103 � 13 pg/mg, n ¼ 8/each group). Therefore, while N/OFQ levels
were higher in females, regardless of treatment, this difference was
more pronounced in rats that received chronic morphine treatment
(Dp < 0.05, Fig. 2A).

N/OFQ content in CSF also was examined. Similar to results in SC
dorsal horn tissue, there was no significant interaction between sex
Fig. 1. Differential development of antinociceptive tolerance to chronic morphine in male
groups of male (n ¼ 14) and female (n ¼ 15) rats. Control rats received an equivalent volume
(A) and after (B) a challenge dose of morphine administered on the 6th day. Both male an
10 mg/kg morphine than rats that received saline, but the degree of antinociceptive toleranc
the same sex (p < 0.01) and triangles (DD) indicate significantly less TFL compared to fema
and treatment by two-way ANOVA in N/OFQ levels in CSF [F(1,
19)¼ 1.38, p¼ 0.25]. In contrast to SC dorsal horn results, therewas
a significant effect of chronic morphine treatment [F(1, 19) ¼ 7.90,
p < 0.05] on the N/OFQ content in CSF (Fig. 2B), but no effect of sex
[F(1, 19) ¼ 2.83, p ¼ 0.11]. Therefore, chronic morphine reduced N/
OFQ levels in the CSF of both male and female rats, but the decrease
in males was 40% (Saline, 49.6 � 3.4 pg/ml; Morphine,
29.5 � 4.3 pg/ml) compared to only a 16% decrease in females
(Saline, 52.2 � 6.4 pg/ml; Morphine, 43.9 � 5.3 pg/ml).

As a positive control for the ability of chronic morphine to alter
N/OFQ levels (Yuan et al., 1999), levels of N/OFQ in PAG also were
measured in female andmale rats treated chronically with saline or
morphine (Fig. 2C). Yuan et al. (1999) previously reported that
chronic morphine increased N/OFQ levels in PAG of female Wistar
rats; our results confirmed this finding and extended it tomale rats,
as well. Two-way ANOVA analysis revealed a significant effect of
chronic morphine treatment [F (1, 16)¼ 25, **p< 0.0001] on N/OFQ
levels in males and females. Chronic morphine treatment increased
N/OFQ levels in both males (Saline, 1332 � 111 pg/mg; Morphine,
2582 � 370 pg/mg) and females (Saline, 1590 � 190 pg/mg;
Morphine, 2680� 170 pg/mg). Therefore, in the PAG bothmale and
female rats express similar N/OFQ levels in a basal state and
respond to chronic morphine treatment by increasing N/OFQ levels
to the same extent.

3.3. [3H]N/OFQ binding in spinal dorsal horn

Membrane protein extracted from SC dorsal horn (3 mg) was
subjected to saturation binding assay with [3H]N/OFQ. Membrane
binding of [3H]N/OFQ, the specific ligand of the NOP receptor, was
saturable and specific. The dissociation constant (Kd) of N/OFQ for
the receptor and the expression level of the receptor (Bmax) were
calculated for each experiment by Scatchard analysis of the satu-
ration binding curve. Representative Scatchard plots frommale and
female spinal cord binding are shown (Fig. 3A, B). Our results are
comparable to those previously reported from rat brain homoge-
nates (Dooley and Houghten, 1996). NOP receptor Bmax and Kd were
similar in saline-treated female and male rats. Two-way ANOVA
revealed a significant effect of chronic morphine on Kd and Bmax
(Kd: F(1, 20) ¼ 15.74, p < 0.01; Bmax: F(1, 20) ¼ 22.12, p < 0.01.
and female rats. Escalating doses of morphine were given for five consecutive days to
of saline (male, n ¼ 14; female, n ¼ 15). Tolerance was verified by measuring TFL before
d female rats in the chronic morphine-treated groups showed less responsiveness to
e was greater in male rats. Asterisks (**) indicate decreased TFL compared to controls of
le rats (p < 0.01). Data were analyzed by two-way ANOVA with Bonferroni post-tests.



Fig. 2. Levels of N/OFQ-IR decreased in male rat spinal cord (A) and in male and female CSF (B), but increased in male and female PAG (C) after chronic morphine treatment. A. There
was a significant effect of sex on N/OFQ content of dorsal spinal cord extracts, with higher levels of N/OFQ in females than males. This difference was even more pronounced
following chronic morphine treatment with N/OFQ content of spinal cord extracts in males dropping even lower (n ¼ 8e9/group; Dp < 0.05). B. N/OFQ content in CSF was reduced
significantly in male and female rats following chronic morphine exposure compared to saline-treated controls (*p < 0.05; n ¼ 5e6). No significant difference was detected between
male and female CSF (n ¼ 6/group). C. N/OFQ levels increased in PAG of male and female rats receiving chronic morphine treatment compared to saline-treated rats (**p < 0.001;
n ¼ 4e6). Data were analyzed by two-way ANOVA with Bonferroni post-tests.
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Fig. 3C, D) with no significant effect of sex and no significant
interaction between sex and chronic morphine. NOP receptor
affinity decreased in both male and female rat SC dorsal horn
membranes compared to same sex controls (Female, morphine vs.
saline: 5.8 � 0.6 vs. 4.3 � 0.5 nM; Male, morphine vs. saline:
7.7 � 0.7 vs. 4.1 � 0.8 nM; n ¼ 6 per group). NOP receptor levels
increased 173% after chronic morphine treatment in males
(morphine vs. saline: 338 � 35 vs. 195 � 8 fmol/mg, n ¼ 6 per
group) and 137% in females (morphine vs. saline: 267 � 18 vs.
194 � 22 fmol/mg, n ¼ 6 per group).

3.4. N/OFQ-stimulated [35S]GTPgS binding in spinal cord

We further assessed NOP receptor function by the ability of N/
OFQ to stimulate [35S]GTPgS binding in membranes prepared from
Fig. 3. Receptor binding characteristics of [3H]N/OFQ to spinal cord membranes of male a
0.9e6 nM [3H]N/OFQ; specific binding was determined and results subjected to Scatchard
binding data. C. NOP receptor levels increased in SC membranes from morphine-treated rats
NOP receptor affinity in spinal cord membranes decreased after chronic morphine treatment
lumbar spinal cord tissue from saline- and morphine-treated rats
after pain assessment on day 6. Two-way ANOVA indicated that
there was a significant interaction between sex and chronic
morphine treatment on the Emax of the NOP receptor [F(1,
30) ¼ 7.41, p < 0.05]. As illustrated in Fig. 4, N/OFQ-stimulated [35S]
GTPgS binding in naïve male and female rats to the same maximal
extent (male: 125 � 2%, n ¼ 9; female: 121 � 3%, n ¼ 7). However,
chronic morphine treatment significantly increased N/OFQ efficacy
in membranes from male rats (139 � 2%, **p < 0.001 by Bonferroni
post-test) compared to saline-treated controls, but had no effect on
the maximum effect Emax in females (121 � 3%). Though N/OFQ
appearedmore potent in spinal cordmembranes from naïve female
rats (Log EC50: �7.9 � 0.6) than in membranes from males (Log
EC50: �7.0 � 0.3), no significant interaction or differences were
noted between males and females or as a result of chronic
nd female rats. Membrane preparations (n ¼ 6 in each group) were incubated with
analysis as described in Methods. A, B. Scatchard transformations of representative
(**p < 0.001) compared to saline-treated rats; no significant effect of sex was noted. D.
(**p < 0.001), with no significant effect of sex. Data were analyzed by two-way ANOVA.



Fig. 4. NOP receptor efficacy increased in male rat spinal cord membranes following chronic morphine treatment. Dorsal SC membranes (3e10 mg) from male and female rats
(n ¼ 7e9 per group) treated chronically with saline or morphine were assayed for the ability of N/OFQ to stimulate [35S]GTPgS binding. N/OFQ was significantly more efficacious in
membranes frommale rats treated with morphine than in saline-treated controls (**p < 0.001) while this treatment failed to alter N/OFQ efficacy in females. N/OFQ potency did not
significantly differ by sex or treatment. Data were analyzed by two-way ANOVA with Bonferroni post-test.
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morphine treatment (females: Log EC50: �7.0 � 0.4; males: Log
EC50: �7.0 � 0.1).

4. Discussion

The morphine administration strategy in the current study
successfully induced tolerance in both male and female rats. While
chronic morphine treatment didn’t induce TFL change in response
to a saline challenge, consistent with previous reports (Bartok and
Craft, 1997; Holtman et al., 2003), both male and female rats were
less responsive to 10 mg/kg morphine challenge. We also found
that the extent of tolerance development was significantly greater
in male rats than females. Our result is in accord with previous
studies that observed similar sex-related differences in develop-
ment of morphine tolerance (Badillo-Martinez et al., 1984; Craft
et al., 1999; South et al., 2001; Loyd et al., 2008). However, this
difference was not noted in other reports (Kest et al., 2000; Barrett
et al., 2001; Holtman et al., 2004). Our study utilized a relatively
high dose (10e80 mg/kg, twice daily for 5 days) of morphine that
likely induced greater tolerance than other paradigms, and chal-
lenged with only a single, moderate morphine dose. Craft et al.
showed that after chronic morphine treatment over 2 weeks
(10e20 mg/kg, twice daily) the ED50 for morphine antinociception
increased approximately 6.9-fold in males versus 3.7-fold in
females as measured by hot-plate and tail withdrawal tests (Craft
et al., 1999). A shorter term and lower dose of morphine (7 days,
5e10 mg/kg, twice daily) resulted in a similar, but statically non-
significant change, where ED50 increased 3.3- versus 2.4-fold in
male versus female SpragueeDawley rats, respectively, using a tail
flick assay (Kasson and George, 1984). The other study suggested
that when the functional chronic morphine dose (chronic
morphine dose/acute morphine potency) was adjusted, the devel-
opment of morphine tolerance was comparable in male and female
Lewis and F344 rats (Barrett et al., 2001). In contrast to rats, female
mice undergo greater reductions in morphine analgesia relative to
males following chronic morphine (Kest et al., 2000). Therefore, it
seems that morphine dose, species and method of pain measure-
ment account for the discrepancy.

Several lines of evidence suggest endogenous N/OFQ plays an
important role in the development of morphine tolerance (Tian and
Han, 2000; Yuan et al., 1999; Ueda et al., 2000, 2001; Zaratin et al.,
2004; Chung et al., 2006) therefore we analyzed levels of N/OFQ by
RIA in spinal cord, CSF and PAG samples. Spinal N/OFQ levels were
higher in opioid naïve and chronic morphine-treated female rats
than male rats (Fig. 2A). However, following chronic morphine
treatment the difference in N/OFQ levels between the sexes became
more pronounced. Chronic morphine treatment had a general
effect to lower levels of N/OFQ in CSF of male and female rats
(Fig. 2B), but increased N/OFQ levels to the same extent in males
and females in the PAG (Fig. 2C). Yuan et al. (1999) reported that N/
OFQ levels were elevated in PAG, amygdala and brain perfusate of
female rats using a chronic morphine paradigm that involved 3
injections of morphine per day that increased from 10 mg/kg/
injection on day 1e60 mg/kg/injection on day 5. Therefore, those
rats received 29% more morphine than ours did. In that study, the
level of N/OFQ in the spinal cord was not determined. Further,
cerebroventricular perfusate was collected over a 30 min period
of perfusion with artificial CSF on day 5 of chronic morphine
treatment from a cannula in the lateral cerebral ventricle, 20 min
after the last large dose of morphine (60 mg/kg). It is not clear
whether the increase in N/OFQ from brain perfusate resulted
from the chronic morphine treatment, per se, or the acute 60 mg/
kg dose of morphine administered 20 min before collection of the
perfusate. The timing of our study was to determine the effect of
chronic morphine, thus we collected CSF on day 6, 18 h after the
last chronic dose of morphine and 30 min after the small (10 mg/
kg) challenge dose of morphine. The difference in CSF findings
between our study and that of Yuan et al. (1999) likely is due to
differences in loci, method and time of sample collection. The
similarity between our PAG results and that of Yuan et al. (1999)
suggests that chronic morphine treatment increases N/OFQ levels
in the PAG in males as well as females.

The nature and level of the neuropeptides present in the brain,
spinal cord and CSF reflect the metabolic events of the underlying
CNS pathophysiology. In the present case, the reduced N/OFQ level
in CSF and spinal cord may indicate modulation of N/OFQ biosyn-
thesis, release, and/or degradation by chronic morphine. In vivo and
in vitro findings suggest that morphine increases N/OFQ expression
at the mRNA level. For instance, intrathecal morphine administra-
tion increased the levels of proN/OFQ and NOP receptor mRNAs in
spinal dorsal horn in a sciatic nerve ligation-induced neuropathic
pain model (Mika et al., 2004). Morphine dose-dependently
enhanced proN/OFQ mRNA level in primary cultures of rat brain
astrocytes, but not in neurons or microglia (Takayama and Ueda,
2005). In contrast, chronic morphine treatment substantially
increased endopeptidase activity in cultured cells, and enhanced N/
OFQ cleavage into N-terminal fragments (Vlaskovska et al., 1999;
Terenius et al., 2000). It is possible that the chronic morphine-
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induced N/OFQ degradation over-shadowed increased N/OFQ
expression, thereby reducing N/OFQ levels in spinal cord and in CSF,
with perhaps degradation playing a greater role in male rats than
females. Indeed, a recent clinical study found higher levels of N/
OFQ in the CSF of chronic pain patients compared to controls. In
that study, N/OFQ levels were reduced over 75% in chronic pain
patients (mainly males) who received prolonged intrathecal
morphine compared to male and female patients receiving no
morphine (Raffaeli et al., 2006).

Several studies support the idea that plastic change of NOP
receptor is involved in the development of morphine tolerance.
NOP receptor knock-out mice were resistant to morphine tolerance
and dependence; single subcutaneous or intrathecal, but not
intracerebroventricular, injection of the NOP receptor antagonist, J-
113397, markedly attenuated morphine tolerance in mice (Ueda
et al., 2000; Chung et al., 2006). A parallel enhancement of NOP
receptor gene expression was seen in the spinal cord (Gouarderes
et al., 1999; Ueda et al., 2000), but not in various brain regions
including locus coeruleus, ventral tegmental area, amygdala, and
PAG (Ueda et al., 2000). NOP receptor up-regulation also was noted
in many supraspinal brain regions associated with the descending
analgesic pathway in N/OFQ knock-out mice (Clarke et al., 2003).
However, the in vivo pharmacological characteristics of the NOP
receptor following chronic morphine treatment have not been
reported. Our data revealed that [3H]N/OFQ binding to spinal cord
dorsal horn membranes increased in male and female rats
following chronic morphine treatment (Fig. 3). Perhaps the up-
regulation of NOP receptor expression in the spinal cord of the
chronic morphine-treated rats (Fig. 3C) was, in part, in response to
reduced levels of N/OFQ in the CSF (Fig. 2B). In fact, there was
a trend toward a greater increase in NOP receptor binding in males
than females and towards a greater decrease in N/OFQ peptide in
CSF, though they never reached significance. It is interesting that
the increased binding was accompanied by decreased receptor
affinity (Fig. 3D) as it was previously reported that the N/OFQ
doseeresponse curve for antinociceptionwas shifted to the right in
morphine tolerant rats (Jhamandas et al., 1998). Repeated intra-
thecal injection of N/OFQ or morphine produced a significant
decline in the antinociceptive effect of N/OFQ (Jhamandas et al.,
1998), indicating NOP receptor desensitization followed chronic
stimulation of the m receptor. Our previous study also found that
a 24 h stimulation of either m or NOP receptors in two different
human neuroblastoma cell lines desensitized the responses to both
receptors (Thakker and Standifer, 2002), consistent with loss of
binding affinity in membranes from chronic morphine-treated
spinal cord. Therefore, increased NOP receptor expression
observed in this study may serve as a compensatory mechanism for
reduced NOP receptor efficacy and increased synthesis and
metabolism of N/OFQ in the spinal cord.

In line with that trend towards increased binding of [3H]N/OFQ
to spinal cord membranes of male rats compared to females, the
efficacy of N/OFQ-stimulated [35S]GTPgS binding was significantly
increased in males and unchanged in females (Fig. 4). This signifi-
cant interaction between sex and chronic morphine treatment at
the functional NOP receptor level supports the idea that chronic
morphine treatment differentially affects the N/OFQ/NOP receptor
system in males and female rats. The increase in N/OFQ efficacy
following morphine treatment is consistent with our previous
report and that of others that morphine agonists increase expres-
sion of NOP receptor mRNA and protein (Gouarderes et al., 1999;
Ueda et al., 2000;Mandyam et al., 2002), and demonstrates that the
additional receptors are functional in males. Since the point of
these studies was to determine whether differences in spinal N/
OFQ expression and response following chronic morphine treat-
ment existed betweenmale and female rats, no attempt to correlate
any of the results with a particular point in the estrous cycle was
made. The fact that such differences were noted at all suggests that
the findings will be much more pronounced in subsequent studies
as they are correlated with different times in the estrous cycle.

In summary, our study demonstrated sex differences and plastic
changes in N/OFQeNOP receptor expression and activity following
the development of morphine tolerance. We found that the phar-
macological characteristics of the NOP receptor are differentially
affected by chronic morphine treatment, especially in male rats.
This implies a role for endogenous N/OFQ in the actions of chronic
morphine and in nociceptive modulation.
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