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Opioid analgesics are commonly used in chronic pain management despite a potential risk of rewarding. However, it remains unclear
whether opioid analgesia would enhance the opioid rewarding effect thereby contributing to opioid rewarding. Utilizing a rat paradigm
of conditioned place preference (CPP) combined with ankle monoarthritis as a condition of persistent nociception, we showed that
analgesia induced by either morphine or the nonsteroid anti-inflammatory drug ibuprofen increased CPP scores in arthritic rats,
suggesting that analgesia itself had a rewarding effect. However, arthritic rats exhibited a significantly higher CPP score in response to
morphine than ibuprofen. Thus, the rewarding effect of morphine was enhanced in the presence of persistent nociception, producing a
phenomenon of analgesia-enhanced opioid reward. At the cellular level, administration of morphine activated a cascade of leptin
expression, glial activation, and dopamine receptor upregulation in the nucleus accumbens (NAc), while administration of ibuprofen
decreased glial activation with no effect on leptin expression in the NAc. Furthermore, the morphine rewarding effect was blocked in
leptin deficient ob/ob mice or by neutralizing leptin or interleukin-1� in the NAc without diminishing morphine analgesia. The data
indicate that systemic opioid can activate a leptin-mediated central mechanism in the NAc that led to the enhanced opioid rewarding
effect. These findings provide evidence for an interaction between opioid analgesia and opioid rewarding, which may have implications
in clinical opioid dose escalation in chronic pain management.
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Introduction
Opioids are a class of pain reliever used to treat moderate to
severe pain and have been increasingly prescribed over the last
two decades (Compton and Volkow, 2006). Although opioid
therapy is effective for the treatment of acute postoperative pain
and pain related to terminal illness, recent reports have raised
concerns over rewarding to and abuse of opioid analgesics in the
setting of chronic nonmalignant pain management (Wesson et
al., 1993; Eriksen et al., 2006; Ballantyne and LaForge, 2007). To
date, it remains unclear whether opioid analgesia would en-
hance the opioid rewarding effect thereby contributing to opi-
oid rewarding.

Recent studies have implicated glial activation in the cellular
mechanisms of morphine tolerance and reward (Hutchinson et
al., 2008). Exposure to morphine induced glial activation in the
rat’s brainstem, which was increased under a persistent nocicep-

tive condition (Alonso et al., 2007), and exposure to morphine or
methamphetamine increased the astrocyte expression in the nu-
cleus accumbens (NAc) in association with the rewarding prop-
erty of both morphine and methamphetamine in mice (Narita et
al., 2006). It has also been shown that leptin affects hypothalamic
astrocyte morphology and synaptic protein levels. (García-Cáceres
et al., 2011). Leptin is an adipocytokine produced mainly by white
adipose tissue and acts via neuronal receptors to regulate energy
homeostasis (Ahima et al., 2006), memory processing (Farr et al.,
2006), hippocampal synaptic plasticity (Shanley et al., 2001), and
cytokine release from glial cells (Pinteaux et al., 2007). In rodents,
intracerebroventricular leptin infusion enhanced the rewarding
effect of D-amphetamine (Hao et al., 2006), whereas exogenous
leptin attenuated acute food deprivation-induced relapse to her-
oin seeking (Shalev et al., 2001). Leptin also mediated nociceptive
behavior induced by peripheral nerve injury (Lim et al., 2009)
and induced pronociceptive mediators in rats with tactile allo-
dynia (Maeda et al., 2009). Therefore, it would be of considerable
interest to examine a cellular mechanism between leptin and glial
expression in the NAc and its relationship with opioid analgesia
and opioid rewarding.

We hypothesized that (1) the opioid rewarding effect would
be enhanced in the presence of a persistent nociceptive condition
and (2) this opioid rewarding effect would be mediated by a
leptin-glia crosstalk in the NAc. To test these hypotheses, we used
a rat paradigm of morphine conditioned place preference
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(mCPP) to model the cued association to a drug of abuse (Milekic
et al., 2006) and a rat model of complete Freund’s adjuvant
(CFA)-induced ankle monoarthritis as a condition of persistent
nociception (Hernstadt et al., 2009). These two models were
combined in the same rats to examine a potential interaction
between opioid analgesia and opioid rewarding at the behavioral
and cellular level.

Materials and Methods
Animals
Male Sprague-Dawley rats (Charles River Laboratories) weighing 275–
350 g (n � 260), and ob/ob (B6.V Lepob/J, n � 40) and wild-type
(C57BL/6J, n � 40) mice at 8 –10 weeks of age (The Jackson Laboratory)
were used. Animals were housed in cages with water and food pellets
available ad libitum and under controlled temperature (21 � 2°C) and
relative humidity (50 � 10%). The animal room was artificially illumi-
nated from 7:00 A.M. to 7:00 P.M. The animal protocol was approved by
the Massachusetts General Hospital Institutional Animal Care and Use
Committee and the experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Drugs
Ibuprofen was purchased from Sigma-Aldrich, leptin antagonist (rLA)
from American Research Products, leptin from abcam, IL-1� antagonist
(IL-1 ra) from R&D Systems, and sulpiride and SCH 39166 from Tocris
Bioscience. Leptin antagonist was dissolved in 5% ethanol and 10%
DMSO (Sigma-Aldrich; both diluted in normal saline and used as vehicle
control). Leptin antagonist used in our experiments is a recombinant rat
leptin (a polypeptide), resulting in L39A/D40A/F41A mutation, and was
purified by chromatography. This leptin antagonist has been used to
block the biological effect of leptin in previous in vivo and in vitro exper-
iments (Gertler, 2006). The vehicle for leptin and IL-1� antagonist (IL-1
ra) was sterilzed PBS. The vehicle for sulpiride and SCH 39166 was
DMSA (Sigma-Aldrich).

Surgical procedures
Ankle monoarthritis (CFA). Monoarthritis was induced by injecting CFA
(Sigma-Aldrich) into the rat’s (or mouse) right tibio-tarsal joint (Butler
et al., 1992) under brief anesthesia with 2% isoflurane. A 28 gauge needle
was used and 50 �l (rats) or 20 �l (mice) CFA was injected. Control
animals underwent the same procedure but were injected with a vehicle.
Arthritic changes were confirmed during the experiments by assessing
local redness and edema as well as spontaneous ( posture and gait) and
evoked (hyperalgesia and allodynia) nociceptive behaviors.

Intracranial cannula implantation. For drug administration, an intra-
cranial cannula was implanted. Under 2% isoflurane anesthesia, each rat
was placed in a stereotaxic frame with both bregma and lambda lines at
the horizontal level. A guide cannula (26 gauge, Plastics One) was im-
planted and secured by dental acrylic and a metal screw. The tip of a guide
cannula was located just above each side of NAc (1.7 mm anterior to
bregma, 2.2 mm lateral to the midline on either side and 6.7 mm ventral
to the skull surface) according to a rat’s brain atlas (Paxinos and Watson,
2006).

Injection procedures
For microinjection, a stainless steel needle (33 gauge, Plastics One) was
inserted through the cannula into NAc extending 1.5 mm below the
guide cannula and a total volume of 1 �l was slowly injected over 5 min
using a Hamilton syringe by PE-10 tubing. After the infusions, animals
were placed back into their home cages. The injection site was confirmed
by the postmortem verification of the needle-tip location (see Fig. 6F ).
Data from rats (�1–2 rats per group) with an incorrect needle-tip loca-
tion was excluded from statistical analysis.

CPP test
The CPP protocol was modified from a previous study (Milekic et al.,
2006). The CPP apparatus was a Plexiglas box (Med Associates) with two

side chambers (dark vs light) of equal size (20.3 � 15.9 � 21.3 cm)
separated by a middle chamber with a sliding door on each side.

Preconditioning (day 0). Each animal was placed in the middle cham-
ber with doors to each side chamber open and allowed to freely explore
both side chambers for 10 min. The time spent in the light or dark
chamber was recorded using a computerized program. Rats that spent
most of their time (500 s of 10 min) in a single chamber (�10% number
of rats) were excluded from the experiment because of preconditioning
bias. Animals were divided into four groups: (1) sham rats with saline
conditioning (S/V), (2) arthritic rats with saline conditioning (CFA/V),
(3) sham rats with morphine conditioning (S/MS), and (4) arthritic rats
with morphine conditioning (CFA/MS).

Conditioning phase (days 1–5). Each rodent received daily intraperito-
neal injection of an assigned drug (morphine, ibuprofen) in the morning
and placed in the assigned nonpreferred chamber for 30 min. Six hours
later, the same rodent received saline and was again placed for 30 min in
the preferred chamber. Control groups received saline twice a day with a
6 h interval.

Postconditioning. each rodent was again placed in the middle chamber
and allowed to freely explore both side chambers for 10 min. The differ-
ence in the time spent in the drug-paired chamber before and after con-
ditioning was recorded, calculated using a computerized program, and
designed as the CPP (difference) score, which is the time spent in the
drug-paired compartment on the postconditioning test day minus the
time spent in the same drug-paired compartment at baseline.

Nociceptive behavioral tests
The foot-withdrawal test was used to assess hyperalgesia to radiant heat
(Hargreaves et al., 1988). Each animal underwent three trials and the
results from these trials were averaged to yield mean withdrawal laten-
cies. A set of von Frey filaments was used to examine mechanical allo-
dynia using an up-and-down (in filament size) approach (Tal and
Bennett, 1994). A single filament was applied perpendicularly to the
plantar surface of a hindpaw five times and a positive response was de-
fined as a clear withdrawal in at least one of five applications.

Experimental protocol for two cycles of conditioning
To examine whether the presence or absence of persistent nociception
would influence CPP score in the same rats, we used an experimental
protocol consisting of two cycles of conditioning separated by a period of
3 weeks that allowed rats to recover from ankle monoarthritis.

Cycle 1. Rats first underwent a preconditioning test followed by the
CFA or sham injection into a unilateral ankle joint. Beginning on day 1,
each rat was subject to morphine (10 mg/kg), ibuprofen (90 mg/kg), or
saline conditioning for 5 d. On day 6, each group of rats underwent a
postconditioning test (Cycle 1).

Recovery period. Upon completion of the first cycle, rats were allowed
to recover from CFA-induced monoarthritis or sham condition for a
period of 3 weeks. During this period, no drug treatment or intervention
was given.

Cycle 2. At the end of this recovery period, nociceptive behavioral tests
and observation of the arthritic ankle were used to confirm the recovery
from ankle monoarthritis. We retested baseline CPP score before the
conditioning in Cycle 2. We found no differences in all groups as com-
pared with their corresponding baseline CPP scores in Cycle 1 ( p � 0.05;
comparison between baseline CPP score in Cycles 1 and 2 in each corre-
sponding group). The same morphine, ibuprofen, or saline conditioning
used in Cycle 1 was repeated in the same rats (Cycle 2) and a postcondi-
tioning test was performed following 5 d of conditioning.

Primary astrocyte culture
Postnatal day 1 Sprague-Dawley rats were used for astrocyte culture.
After removal of meninges, the cerebral cortices were digested with Tryp-
sin/EDTA (Invitrogen) and samples were placed in Dulbecco’s Modified
Eagle Medium (DMEM, Invitrogen) culture medium. Cultures were
maintained at 37°C in a 5% CO2 incubator for 4 – 6 weeks in 10% serum
DMEM and the media were changed twice per week.

Immunohistochemistry
Under pentobarbital (50 mg/kg, i.p.) anesthesia, animals were perfused
with saline through the ascending aorta followed by 4% paraformalde-
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hyde containing 1.5% picric acid and 0.16 M PBS ( pH 7.2–7.4, 4°C).
Brain sections (30 �m) were blocked with 4% goat serum in 0.3% Triton
X-100 for 1 h at room temperature and incubated for 24 – 48 h at 4°C with
a primary antibody: iba-1 (abcam): 1:500, mouse monoclonal; tyrosine
hydroxylase (Abcam): 1:1000, rabbit polyclonal; GFAP (BD Biosci-
ences): 1:1000, mouse monoclonal; leptin (Santa Cruz Biotechnology):
1:200, rabbit polyclonal. Sections were then incubated for 1 h at room
temperature with FITC- or cyanine 3-conjugated secondary antibody
(1:300; Jackson ImmunoResearch). For control, primary antibodies were
omitted in the process. Sections were examined with an Olympus fluo-
rescence microscope, and images were captured with a digital camera
(Olympus) and analyzed with Adobe Photoshop v7.

Western blot
Animals were killed by decapitation under pentobarbital anesthesia.
Brain regions of interest were separately removed and homogenized in an

SDS buffer containing a mixture of proteinase inhibitors (Sigma-
Aldrich). Samples were separated on an SDS-PAGE gel (4 –15% gradient
gel; Bio-Rad) and transferred to PVDF membranes (Millipore). Mem-
branes were blocked with 5% nonfat dried milk and incubated overnight
(4°C) with a primary antibody: leptin (Santa Cruz Biotechnology): 1:200,
rabbit polyclonal; D1 receptor (Millipore): 1:500, rabbit polyclonal; D2
receptor (Calbiochem): 1:800, rabbit polyclonal; GFAP (Abbiotec):
1:300, rabbit polyclonal; iba-1 (Wako): 1:300, rabbit polyclonal; tyrosine
hydroxylase (Abcam): 1:5000, rabbit polyclonal. Membranes were then
incubated for 1 h at room temperature with an HRP-conjugated second-
ary antibody (1:7000; Sigma-Aldrich). Blots were visualized in ECL so-
lution (Millipore) for 5 min and exposed to hyperfilms (Kodak) for 1–10
min. Blots were again incubated in a stripping buffer (67.5 mM Tris, pH
6.8, 2% SDS, and 0.7% �-mercaptoethanol) for 30 min at 50°C and
reprobed with an anti-�-actin antibody (1:12,000, mouse monoclonal;

Figure 1. Morphine-CPP is enhanced in rats with monoarthritis. A, CPP score was increased in both sham (S/MS, n � 10) and arthritic (CFA/MS, n � 10) rats exposed to morphine conditioning.
However, the CPP score was significantly higher in the CFA/MS than S/MS group; ***p�0.001 compared with S/V; ## p�0.01 compared with S/MS. B, CPP score was increased in arthritic (CFA/Ibu,
n � 10) but not sham (S/Ibu, n � 10) rats exposed to ibuprofen (Ibu) conditioning; ***p � 0.001 compared with S/V C, The CFA/Ibu regimen increased the CPP score in Cycle 1 but not in Cycle 2.
In contrast, the CPP score was also increased in Cycle 2 in the CFA/MS rats, similar to the CPP score in S/MS in Cycle 1(n � 8 –10). MS/L-CFA: S/MS conditioning in Cycle 1 and CFA/MS conditioning
in Cycle 2, n � 8. The CPP score in MS/L-CFA was much higher than CFA/MS; ***p � 0.001 compared with S/V; ## p � 0.01 compared with S/MS; $p � 0.05 compared with CFA/MS. D, E, Morphine
or ibuprofen attenuated mechanical allodynia (D) and thermal hyperalgesia (E) when examined on day 6 in Cycle 1 (n � 8). Both allodynia and hyperalgesia were no longer detected after a 3 week
recovery period (n � 8); ***p � 0.001, compared with S/V. F, CPP score was increased in arthritic rats, but not sham rats, exposed to 1.25 mg/kg morphine (i.p. once daily � 5 d, n � 8); ***p �
0.001 compared with S/V. G, H, Single administration of morphine (1.25 or 10 mg/kg, i.p.) attenuated both mechanical allodynia (G) and thermal hyperalgesia (H ) at 15 and 30 min after the
treatment, confirming that morphine produced a dose–response effect; *p � 0.05 compared with V/V, n � 8; S/V: sham rats with saline conditioning, n � 10; S/MS: sham rats with morphine
conditioning, n � 10; CFA/V: arthritic rats with saline conditioning, n � 10; CFA/MS: arthritic rats with morphine conditioning, n � 10; S/Ibu: sham rats with ibuprofen conditioning, n � 10;
CFA/Ibu: arthritic rats with ibuprofen conditioning, n � 10. RP: 3 week recovery period; C1D0: Cycle 1, Day 0; C1D6: Cycle 1, Day 6; C2D0: Cycle 2, Day 0; C2D6: Cycle2, Day 6; FWL, foot-withdrawal
latency. Data are shown as mean � SD.
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Abcam) as loading control. Western blots were
made in triplicates. Band density was measured
and normalized against a corresponding load-
ing control band on the same blot using Quan-
tity One analysis software (Bio-Rad).

ELISA
A standard curve was generated for each assay
using the reference set supplied in the leptin
ELISA kit (R&D Systems). Serum samples were
read using a microplate reader (Bio-Tek In-
struments) at wavelengths of 450 – 620 nm.
The content of IL-1� in primary cell culture
media was assayed using an immunoassay kit
based on the manufacturer’s instructions
(R&D Systems). The sample concentration was
calculated based on a standard curve.

Real-time RT-PCR
Total RNA was isolated from nucleus accum-
bens samples from animals using TRIzol re-
agent (Invitrogen). Two micrograms of total
RNA was used to synthesize the first strand of
cDNA using SuperScript III kit (Invitrogen)
according to the manufacturer’s protocol.
Four microliters of cDNA was put into 20 �l
vessel with 1 �l of 20� TaqMan Gene Expres-
sion Assay (Applied Biosystems). The genes ex-
amined were GFAP (Rn00566603 m1, NM
017009), TH (Rn00562500 m1, NM012740.3),
D1 (Rn03062203s1, NM_012546) and D2
(Rn00561126m1, NM012547) for rats and
D1 (Mm02620146s1, NM_010076) and D2
(Mm00438545m1, NM010077) for mice. The
reaction was performed in duplicate with the
following conditions: denaturing at 95°C for
30 s, annealing at 60°C for 2 min, extension at
68°C for 2 min for 35 using ABI Prism 7000
Sequence Detector System maintained by the
MGH Neuroscience Center nucleic acid quan-
titation core facilities. GAPDH RNA gene ex-
pression was measured as control.

Statistics
All results are expressed as mean � SD. Two-
way ANOVA, repeated across various time
points, was used to detect overall differences
among treatment groups. Whenever applica-
ble, the data were also examined using two-way
ANOVA repeated across treatment groups to
examine overall differences among various time points. When a signifi-
cant main effect was detected, the Waller–Duncan K-ratio t test was
performed to determine between-group differences. This analysis was
used to analyze the data from thermal hyperalgesia test and CPP test. The
nonparametric Mann–Whitney U test was used to determine differences
in threshold force in response to von Frey filament stimulation. For
Western blot, RT-PCR, and ELISA analyses, differences were compared
using one-way ANOVA followed by the Waller–Duncan K-ratio t tests.
In all cases, differences were considered to be statistically significant at
the level of � � 0.05.

Results
Morphine-CPP is enhanced in rats with monoarthritis
Utilizing a rat paradigm of mCPP, we first examined whether the
morphine rewarding effect would be enhanced in rats with CFA-
induced ankle monoarthritis. The rats were divided into four
groups: (1) Sham rats with saline conditioning (S/V, n � 10), (2)
arthritis rats with saline conditioning (CFA/V, n � 10), (3) sham
rats with morphine conditioning (S/MS, n � 10), and (4) arthri-

tis rats with morphine conditioning (CFA/MS, n � 10). Rats were
exposed to morphine conditioning (10 mg/kg, i.p., once daily)
for 5 consecutive days with or without CFA. The CPP score (dif-
ference in the time spent in conditioning chamber between days 0
and 6) was moderately increased in S/M, and substantially higher
in arthritic rats, CFA/MS (Fig. 1A; ***p � 0.001 compared with
S/V). But the CPP score was not changed in arthritic rats without
morphing conditioning, CFA/V (Fig. 1A; p � 0.18 compared
with S/V). The mCPP score nearly doubled in arthritic rats (CFA/
MS) compared with sham rats (S/MS; Fig. 1A; ##p � 0.01 com-
pared with S/MS). Next, we used the same CPP paradigm but
replaced morphine with ibuprofen in both sham and arthritic
rats. Ibuprofen conditioning (90 mg/kg, i.p.; Wilson et al., 2006)
also produced only a moderate increase in CPP score in CFA/Ibu
(n � 10) but not in S/Ibu (n � 10; Fig. 1B; ***p � 0.001 compared
with S/V). Both morphine and ibuprofen treatment effectively
reduced mechanical allodynia (Fig. 1D; ***p � 0.001 compared
with S/V) and thermal hyperalgesia (Fig. 1E; ***p � 0.001 com-
pared with S/V) in arthritic rats. These findings indicate that pain

Figure 2. Leptin levels are elevated in the NAc following mCPP. A, The serum leptin concentration was increased in sham rats
exposed to morphine conditioning (S/MS, n � 10) and in arthritic rats exposed to saline (CFA/V, n � 10) or morphine (CFA/MS,
n � 10) conditioning; *p � 0.05, **p � 0.01 compared with S/V. B, Leptin (ob) levels were increased in the NAc of sham or
arthritic rats exposed to morphine conditioning. �-Actin: loading control; **p � 0.01, ***p � 0.001 compared with S/V. C, Leptin
immunoreactivity was increased in NAc. Scale bar, 100 �m. D, CPP score was not increased in ob/ob mice exposed to morphine
conditioning (n � 8); ***p � 0.001 comparisons between ob/ob and wild-type (WT) mice. Exogenous leptin (2 mg/kg, i.p.;
CFA/MS/Lep) increased the mCPP score in ob/ob mice (***p � 0.001 compared with ob/ob mice S/V, %%%p � 0.001 compared
with ob/ob CFA/MS, n � 8) and in wild-type (***p � 0.001 compared with wild-type S/V, #p � 0.05 compared with wild-type
S/M, $p � 0.01 compared with wild-type CFA/MS; n � 8). CFA/MS/Lep, Arthritic mice with morphine and leptin conditioning. E,
F, CPP scores in arthritic rats (E) and sham rats (F ). Intra-NAc LA (LA, leptin antagonist) (4 �g, LA/MS, n � 8) blocked the CPP
scores in arthritic rats (E) and in sham rats (F ). Intra-NAc microinjection of exogenous leptin (4 �g) enhanced the CPP score in CFA
rats (Lep/V, n � 8) but failed to induce the CPP score in sham rats (Lep/V, n � 8); **p � 0.01 compared with Veh/Veh, ***p �
0.001 compared with Veh/Veh. Data are shown as mean � SD.
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relief by itself was rewarding regardless of whether an opioid or
nonopioid analgesic was applied. However, the morphine re-
warding effect was significantly enhanced in rats with inflamma-
tory pain compared with ibuprofen’s rewarding effect.

We then examined whether the intrinsic rewarding effect of
morphine could be separated from the reward due to analgesia in
arthritic rats. We allowed arthritic rats to recover from monoar-
thritis (3 weeks) after the first cycle of morphine, ibuprofen, or
saline conditioning, as confirmed by recovery of allodynia and
hyperalgesia (Fig. 1D,E) as well as signs of arthritis (redness,
swelling). Rats recovered from arthritis (former arthritic rats), as
well as rats without arthritis (sham rats), were re-exposed to a
second cycle of morphine, ibuprofen, or saline conditioning that
was identical to that in the first cycle. This second cycle of mor-
phine conditioning only moderately increased CPP scores in
these former CFA/MS and their CPP score was significantly lower

than that in the first cycle (Fig. 1C; ##p � 0.01 compared with
Cycle 1). There were no changes in CPP scores for ibuprofen
(S/Ibu, CFA/Ibu) or saline conditioning (S/V, S/MS) in the sec-
ond cycle. To examine whether previous morphine exposure
would have an effect on subsequent pain-induced CPP modula-
tion, we first exposed rats to morphine without CFA in the first
cycle and then injected these same rats with CFA before mor-
phine conditioning in the second cycle (Fig. 1C; MS/Late CFA,
n � 8). In these rats, the mCPP score in the second cycle was also
higher than that in the first cycle (##p � 0.01, compared with
Cycle 1). In addition, the mCPP score for MS/L-CFA in Cycle 2
was higher than that of CFA/MS in Cycle 1 ($p � 0.05 compare
with CFA/MS in Cycle 1). The data indicate that the intrinsic
rewarding effect of morphine was compounded by the reward
from pain relief in arthritic rats, producing a phenomenon of
analgesia-enhanced opioid reward.

Figure 3. Leptin induces glial activation in NAc. A, Expression of GFAP and iba-1 in the NAc was upregulated in sham (S/MS) and arthritic (CFA/MS) rats exposed to morphine conditioning.
�-Actin: loading control; ***p � 0.001 compared with S/V; #p � 0.05 compared with S/MS. B, GFAP and iba-1 immunoreactivity was increased in the NAc of these same rats. Scale bar, 100 �m.
C, Gfap expression in the NAc was lower in ob/ob mice as compared with wild-type (WT) mice. Expression of Gfap in the NAc was not increased in ob/ob CFA/MS (n � 8), but exogenous leptin (2
mg/kg, i.p.) enhanced Gfap expression in ob/ob (CFA/MS/Lep, n�8). Exogenous leptin also induced Gfap expression in sham ob/ob or sham wild-type mice (S/Lep, n�8); *p�0.05, ***p�0.001
compared with wild-type S/V, $p � 0.05 compared with wild-type CFA/MS, #p � 0.05 compared with S/MS. D, Expression of GFAP and iba-1 was diminished by intra-NAc microinjection of a LA (4
�g) in arthritic rats exposed to morphine conditioning (LA/MS; n � 8); **p � 0.01 compared Veh/Veh. E, Leptin (1 �g/ml) stimulated the release of IL-1� in cultured astrocytes (n � 12); *p �
0.05, **p � 0.01 compared with vehicle 6 h. F, G, Intra-NAc microinjection of IL-1 ra (100 �g) prevented the increased CPP score in IL-1 ra/MS (F ) but did not alter the leptin level in NAc (G; n �
8); **p � 0.01 compared with Veh/Veh. Data are shown as mean � SD.
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To examine whether both the intrinsic
morphine rewarding effect and the re-
ward due to morphine-induced analgesia
would be dose-dependent, we used a low
dose of morphine (1.25 mg/kg, i.p.; n � 8)
to repeat the above experiment which
used a high dose of morphine (10 mg/kg,
i.p.) in rats with or without ankle mono-
arthritis. Conditioning with a low dose of
morphine increased the CPP score only in
CFA/MS but not in S/MS (Fig. 1F; ***p �
0.001 compared with S/V), indicating that
the intrinsic morphine rewarding effect
was a dose-dependent phenomenon. In
arthritic rats, however, both the increase
of CPP score (Fig. 1F) and the degree of
analgesia (Fig. 1G,H) induced by 1.25
mg/kg morphine were lower than those
induced by 10 mg/kg morphine (Fig. 1A),
indicating that the reward due to morphine-
induced analgesia in arthritic rats was dose-
dependent as well.

Leptin level is elevated in NAc
following mCPP
To examine the cellular mechanism of
analgesia-enhanced opioid reward, we first determined whether
the leptin level in serum and brain regions such as the NAc would
be changed in association with mCPP. When examined on day 6
right after the behavioral test, the serum leptin level was substan-
tially higher in arthritic rats exposed to morphine conditioning
than in other groups (Fig. 2A; **p �0.01, *p � 0.05 compared
with S/V). The leptin level was also increased in the bilateral NAc
of S/MS rats and further increased in CFA/MS (Fig. 2B,C; **p �
0.01, ***p � 0.001 compared with S/V, #p � 0.05 compared with
S/MS). To determine the role of leptin in analgesia-enhanced
opioid reward, leptin-deficient ob/ob mice and age-matched
wild-type mice first received CFA or sham injection to a hindpaw
ankle, followed by exposure to either saline or morphine (5 mg/
kg, i.p.) conditioning. In wild-type mice, the CPP score was in-
creased in S/MS (n � 8) and further increased in CFA/MS (n �
8), but not in ob/ob mice, in response to morphine conditioning
(n � 8; Fig. 2D; ***p � 0.001 compared with S/V, #p � 0.05
compared with S/MS). However, this absence of CPP score in-
crease in ob/ob mice was restored by intraperitoneal administra-
tion of exogenous leptin (2 mg/kg, once daily; Niimi et al., 1999)
in response to the same morphine conditioning (n � 8; Fig. 2D;
***p � 0.001 compared with S/V, %%%p � 0.001 compared with
CFA/MS). Administration of exogenous leptin also increased the
CPP score in wild-type mice. The CPP score in arthritic mice
exposed to morphine with leptin (CFA/MS/Lep, n � 8) was
more enhanced than that in wild-type mice exposed to
CFA/MS without leptin (Fig. 2D; $p � 0.05 compared with
CFA/MS).

To examine the site of leptin actions, we microinjected a rat
recombinant leptin antagonist (rLA, 4 �g, once daily � 5 d; Lim
et al., 2009; n � 8) or vehicle (n � 8) into NAc of arthritic rats
exposed to morphine conditioning. Intra-NAc administration of
this leptin antagonist (LA/MS, n � 8) reduced the mCPP scores
in both arthritic (Fig. 2E; p � 0.31, n � 6 – 8) and sham rats (Fig.
2F; p � 0.37), whereas intra-NAc injection of the leptin antago-
nist alone did not change the CPP score in arthritic rats exposed
to saline conditioning (LA/V; Fig. 2E; n � 8). Conversely, admin-

istration of exogenous leptin (4 �g, once daily � 5 d; Sahu, 1998;
n � 8) into NAc of CFA rats that were not exposed to morphine
conditioning (Lep/V, n � 8) also increased CPP score (Fig. 2E;
**p � 0.01 compared with V/V,), mimicking the effect of mor-
phine conditioning. However, in sham rats, inta-NAc injection of
exogenous leptin alone (Lep/V) did not change the CPP score
(Fig. 2F; p � 0.27, n � 8). Collectively, these results indicate that
leptin is likely to be critically involved in analgesia-enhanced opi-
oid reward and the bilateral NAc is an important brain site of
leptin action in this process.

Leptin induces glial activation: a leptin-glia crosstalk in NAc
Leptin has been suggested to induce cytokine release from glial
cells and this action is related to the mechanism of morphine
tolerance and reward (Pinteaux et al., 2007; Hutchinson et al.,
2008). We therefore examined both astroglial (GFAP) and mi-
croglial (iba-1) expression in the NAc of sham and arthritic rats
following saline or morphine conditioning (samples taken on day
6 right after behavioral tests). The GFAP and iba-1 expression in
NAc was increased in S/MS and CFA/MS (Fig. 3A; **p � 0.01,
***p � 0.001 compared with S/V, #p � 0.05 compared with
S/MS) but not in CFA/V (Fig. 3A). Moreover, we found that
leptin was upstream to glial activation because: (1) upregulation
of Gfap expression in NAc following S/MS and CFA/MS was
detected in wild-type but not ob/ob mice. This effect was restored
by administration of exogenous leptin (2 mg/kg, i.p. once daily �
5 d) in ob/ob mice, CFA/MS/Lep (Fig. 3C; #p � 0.05 compared
with S/MS). The expression of Gfap without CFA (S/Lep) was
enhanced by exogenous leptin in both wild-type and ob/ob mice
(Fig. 3C; *p � 0.05 compared with S/V). (2) Upregulation of both
GFAP and iba-1 in NAc following mCPP was blocked by bilateral
administration of rLA (4 �g, once daily � 5 d, LA/MS) but not
vehicle (V/MS) into NAc in arthritic rats (Fig. 3D; **p � 0.01
compared with V/V). (3) Exposure of a primary glial cell culture
to exogenous leptin (1 �g/ml; Pinteaux et al., 2007) time-
dependently increased interleukin-1� (IL-1�) release into the
culture medium (Fig. 3E; **p � 0.01, *p � 0.05 compared with V,

Figure 4. Leptin and IL-1� regulate tyrosine hydroxylase expression in NAc. A, Expression of TH in the NAc was upregulated in
S/MS and CFA/MS rats exposed to morphine conditioning; �-Actin: loading control; **p � 0.01 compared with S/V. B, TH
immunoreactivity was expressed in the NAc. Scale bar, 50 �m. C, Intra-NAc microinjection of a leptin antagonist (LA) (4 �g) or an
IL-1� antagonist (IL-1 ra, 100 �g), once daily for 5 d, prevented Th upregulation in LA/MS and IL-1 ra/MS; **p � 0.01 compared
with Veh/Veh. Data are shown as mean � SD.
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n � 12). Behaviorally, bilateral microinjection of the IL-1� re-
ceptor antagonist IL-1ra (100 �g, once daily � 5 d, n � 8; Kons-
man et al., 2008) into NAc in arthritic rats also prevented the
mCPP score increase (Fig. 3F; **p � 0.01 compared with V/V,
n � 6 – 8) without changing the intra-NAc leptin expression in
these same rats (Fig. 3G; **p � 0.01 compared with V/V, n � 8).
These results indicate that leptin induces both glial activation and
release of IL-1� in the NAc, which contributed to the behavioral
manifestation of analgesia-enhanced opioid reward.

Leptin and IL-1� regulate tyrosine hydroxylase expression
in NAc
Leptin has been shown to modulate the mesolimbic dopaminer-
gic system involved in energy regulation and food intake (Hom-
mel et al., 2006). To determine whether a leptin-glia crosstalk in
the NAc would stimulate dopaminergic neurons following mor-
phine conditioning, we specifically examined the expression of
tyrosine hydroxylase (TH), a marker of dopaminergic neurons
(Perry et al., 2010). Expression of TH was significantly upregu-
lated in S/M and CFA/MS than S/V (Fig. 4A,B; **p � 0.01). This
increase in TH expression was prevented by the bilateral micro-
injection of either rLA (4 �g) or IL-1ra (100 �g) into NAc given
once daily for 5 d (Fig. 4C). These findings indicate that the
leptin-glia crosstalk in NAc stimulated dopaminergic neurons,
shown as the upregulated TH expression, in rats with analgesia-
enhanced opioid reward.

Leptin and IL-1� regulate the D1 and D2 receptor expression
in NAc
The D1 and D2 dopaminergic receptor expression was upregu-
lated in S/MS (Fig. 5A; **p � 0.01, *p � 0.05 compared with S/V)

and further upregulated in CFA/MS (Fig. 5A; #p � 0.05 compared
with S/MS). Once daily intra-NAc microinjection of IL-1ra (100
�g) for 5 d blocked upregulated D1 and D2 receptor expression
(Fig. 5B). Moreover, the expression of both D1 and D2 receptors
in NAc was not regulated by morphine conditioning in ob/ob
mice, but was restored by exogenous leptin (2 mg/kg, i.p.; Fig.
5C,D; ***p � 0.001 compared with S/V). In wild-type, exogenous
leptin enhanced the expression of D1 and D2 receptors compared
with CFA/MS (Fig. 5C,D; $p � 0.05 compared with CFA/MS). At
the behavioral level, intraperitoneal administration of the D2 re-
ceptor antagonist sulpiride (Zarrindast et al., 2007; 12 mg/kg,
once daily � 5 d, n � 8) reduced the mCPP score in Sul/MS (n �
8) but did not alter baseline CPP score in S/Sul (n � 8; Fig. 5E; **p
� 0.01). Administration of exogenous leptin failed to induce
the mCPP score with Sul/MS conditioning (Fig. 5E). Sulpiride
was used in this experiment because the D2 dopaminergic
receptor has been shown to regulate behaviors related to drug
abuse (Morutto and Phillips, 1998). To test the involvement of
D1 receptors, SCH 39166 (a D1 receptor antagonist at 0.1
mg/kg, once daily � 5 d; Fenu et al., 2009) was used using the
same design. The mCPP score in the SCH/MS group (n � 8)
was not increased and administration of exogenous leptin also
failed to enhance the mCPP score in rats with MS conditioning
and SCH administration (Fig. 5F; **p � 0.01). These results
indicate that leptin has both direct and indirect, via glial acti-
vation, modulatory effects on D1 and D2 receptor expression
in the NAc. This leptin-mediated dopaminergic mechanism is
critical to the behavioral manifestation of analgesia-enhanced
opioid reward.

Figure 5. Leptin and IL-1� regulate the D1 and D2 receptor expression in NAc. A, D1 and D2 receptor expression in the NAc was upregulated in S/MS and CFA/MS rats exposed to morphine
conditioning; *p � 0.05 compared with S/V, **p � 0.01 compared with S/V, #P�0.05 compared with S/MS; �-Actin: loading control. B, Intra-NAc microinjection of the IL-1� antagonist IL-1 ra
(100 �g), once daily for 5 d, prevented D1 and D2 receptor upregulation in the NAc of arthritic rats exposed to morphine conditioning (IL-1 ra/MS); ***p � 0.001 compared with Veh/Veh. D1 (C)
and D2 (D) receptor mRNA expression in the NAc was not increased in ob/ob mice exposed to morphine conditioning (CFA/MS), but exogenous leptin (2 mg/kg, i.p., once daily � 5 d) restored D1
and D2 receptor upregulation (CFA/MS/Lep) in the NAc; *p � 0.05, **p � 0.01, ***p � 0.001 compared with S/V, #P�0.05 compared with S/MS, ##P�0.01 compared with S/MS, $P�0.05
compared with CFA/MS. E, F, The CPP scores decreased with an administration of the D2 antagonist sulpiride (Sul; 12 mg/kg, once daily � 5 d; E; n � 8) and D1 antagonist SCH39166 (SCH, 0.1
mg/kg, once daily � 5 d; F; n � 8) in rats exposed to morphine conditioning; **p � 0.01 compared with S/V. Data are shown as mean � SD.
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Ibuprofen-CPP is independent of a leptin-glia crosstalk
in NAc
To assess the role of leptin for preference to ibuprofen, we mea-
sured the expression of leptin. Compared with arthritic rats ex-
posed to morphine conditioning (Fig. 2A), the leptin level was
not increased in the NAc of either sham (S/Ibu) or arthritic (CFA/
Ibu) rats exposed to ibuprofen conditioning (Fig. 6A; p � 0.67).
In CFA/Ibu/LA rats, intra-NAc administration of rLA (4 �g, once
daily � 5 d) failed to reduce the CPP score which was observed in
arthritic rats exposed to ibuprofen conditioning in Fig. 1B (Fig.
6B). Ibuprofen conditioning in arthritic rats (CFA/Ibu) also did
not increase the GFAP and iba-1 expression in NAc (Fig. 6C)
although it upregulated the expression of Th, D1, and D2 recep-
tors in the NAc (Fig. 6D,E; *p � 0.05, ***p � 0.001 compared
with S/V). These results indicate that ibuprofen does not activate
a leptin-mediated central reward mechanism, which is distinc-
tively different from the mechanism of analgesia-enhanced opi-
oid reward.

Discussion
We have demonstrated that: (1) the morphine rewarding effect
was augmented in the presence of persistent nociception, pro-
ducing a phenomenon of analgesia-enhanced opioid reward; (2)
although ibuprofen-CPP was demonstrated in arthritic rats, this
rewarding effect was much less robust than analgesia-enhanced
opioid reward and disappeared after recovery from monoarthri-

tis in the same rats; (3) morphine but not ibuprofen conditioning
in arthritic rats activated a sequence of cellular responses in the
NAc including an elevated leptin level, glial activation, release of
IL-1�, and upregulation of D1/D2 dopaminergic receptors; and
(4) the behavioral manifestation of analgesia-enhanced opioid
reward was abolished in ob/ob mice and prevented by neutraliz-
ing leptin or IL-1� in the NAc.

Previous studies have shown that persistent nociception in
rats may decrease the antinociceptive effect of morphine (Mao et
al., 1995; Narita et al., 2005) and that the expression of morphine
reward could be masked by the development of morphine toler-
ance (Suzuki et al., 1996). On the other hand, systemic morphine
administration appears to increase CPP score in rats with noci-
ception (Bardin et al., 2000) and arthritic rats self-administered
more fentanyl (a potent opioid analgesic) than nonarthritic rats
(Colpaert et al., 2001). More recently, the rewarding effect of a
nonopioid analgesic was demonstrated in rats with nociception
using a CPP paradigm (King et al., 2009). These previous findings
suggest that (1) attenuation of nociception by an analgesic could
be a rewarding experience in rodents and (2) opioid reward could
be influenced by experimental procedures, such as opioid dose
and experimental paradigm.

In the present study, we used (1) a counter-balanced design
that included both sham and arthritic rats exposed to saline, mor-
phine, or ibuprofen conditioning; (2) an experimental paradigm
consisting of two identical cycles of saline, morphine, or ibupro-
fen conditioning separated by a period of recovery from mono-
arthritis in the same rats; (3) an analgesic dose of morphine (10
mg/kg) coupled with once daily conditioning in a CPP apparatus;
and (4) concurrent validation of changes, or lack thereof, in no-
ciceptive behavior in response to saline, morphine, or ibuprofen
conditioning, in addition to performing CPP tests in the same
rats. We showed that morphine conditioning produced a phe-
nomenon of analgesia-enhanced opioid reward consisting of two
distinguishable reward elements: (1) reward due to the intrinsic
effect of morphine itself and (2) reward due to morphine-
induced analgesia. We also showed that both reward elements
were morphine dose-dependent. In contrast, changes in the CPP
score in the ibuprofen group were likely due to the reward from
ibuprofen-induced analgesia (antinociception). Of interest is
that the degree of reward due to analgesia was nearly identical
between arthritic rats exposed to morphine or ibuprofen condi-
tioning, which is consistent with the finding that pain mediates a
brain reward circuit (Gear et al., 1999; Becerra et al., 2001).
Therefore, our findings suggest that pain relief by an analgesic,
regardless of an opioid or a nonopioid, is likely to represent a
“pleasure seeking” experience, which can be compounded by the
intrinsic rewarding effect of an opioid but not a nonopioid anal-
gesic. An alternative possibility is that rats exposed to vehicle
(neither morphine nor ibuprofen) could express avoidance to the
vehicle-paired chamber in the postconditioning test and this pos-
sibility was not explicitly examined in this study. Nonetheless,
this experimental paradigm provides a unique approach to
studying the interaction between opioid analgesia and opioid
rewarding, an issue with significant clinical relevance.

As a result of the NAc being a critical site of a brain circuitry
implicated in nicotine and opioid reward (Schmidt et al., 2001),
we investigated a novel cellular mechanism of opioid reward
through a leptin-glia crosstalk in the NAc: (1) an elevated leptin
level, (2) leptin-induced glial activation, and (3) modulation of
dopaminergic neurons. Leptin is a polypeptide hormone en-
coded by the obese (ob) gene (Zhang et al., 1994; Morash et al.,
1999) and is known to modulate feeding behavior and nicotine

Figure 6. Ibuprofen-CPP is independent of a leptin-glia crosstalk in NAc. A, Leptin (ob) levels
in the NAc were not increased in sham or arthritic rats exposed to ibuprofen conditioning. B,
Intra-NAc microinjection of LA (4 �g; once daily�5 d) failed to reduce the CPP score in arthritic
rats exposed to ibuprofen conditioning (CFA/Ibu/LA; n � 6). Intra-NAc LA alone did not change
the baseline CPP score in sham rats exposed to ibuprofen conditioning (Ibu/LA; n � 6); *p �
0.05 compared with S/V. C–E, GFAP expression in the NAc (C) was downregulated, whereas Th
(D), D1, and D2 (E) expression was upregulated, in CFA/Ibu; �-Actin: loading control; *p �
0.05, **p�0.01, ***p�0.001 compared with S/V. Data are shown as mean�SD. F, Location
of microinjections into the NAc (AP: 1.7 mm from bregma; left: 2.2 mm; depth: 6.7 mm).

9786 • J. Neurosci., July 16, 2014 • 34(29):9779 –9788 Lim et al. • Leptin and Analgesia-Enhanced Opioid Reward



craving primarily through the ob-Rb receptor expressed in broad
brain regions (Cohen et al., 2001; Banks, 2004; von der Goltz et
al., 2010). In this study, expression of leptin in the NAc was
upregulated in arthritic rats exposed to morphine conditioning.
Because the plasma leptin level was decreased following mor-
phine administration in rats without nociception (Ferenczi et al.,
2010) and in human subjects undergoing heroin withdrawal (Shi
et al., 2009), this increased leptin level in the NAc of rats with
analgesia-enhanced opioid reward may result from both CFA-
induced inflammation and the intrinsic effect of morphine.

Recent studies have shown that minocycline (a microglial
inhibitor) attenuated mCPP in rats without nociception
(Hutchinson et al., 2008) and propentofylline (a glia modulator)
suppressed methamphetamine- or morphine-induced CPP (Na-
rita et al., 2006). Our data indicate that glial activation is down-
stream of the leptin increase in the NAc because (1) glial
expression was increased in the NAc of rats with analgesia-
enhanced opioid reward, (2) GFAP and iba-1 expression in the
NAc was lower in ob/ob than wild-type mice, (3) ob/ob mice failed
to show GFAP upregulation following morphine conditioning,
which was reversed by exogenous leptin, and (4) leptin induced
IL-1� release from cultured astrocytes. At the behavioral level,
analgesia-enhanced opioid reward was (1) abolished in ob/ob
mice but restored by exogenous leptin and (2) prevented by mi-
croinjection into NAc of the IL-1� antagonist IL-1 ra. In contrast,
arthritic rats exposed to ibuprofen conditioning (a nonsteroidal
anti-inflammatory drug) showed downregulation of GFAP ex-
pression in the NAc without an increase in the serum leptin level.
It remains to be investigated as to why GFAP expression was
reduced under our experimental condition. In a mouse model of
Alzheimer’s disease, ibuprofen suppressed plaque pathology, in-
flammation, and GFAP expression (Lim et al., 2000), and chronic
administration of ibuprofen protected against behavioral mani-
festation in Alzheimer’s disease (Richardson et al., 2002). Future
studies may help explain how ibuprofen could play a role in
“rewarding” but not “addiction.”

Dopaminergic receptors are important components of the
cellular mechanisms of both opioid rewarding (Manzanedo et al.,
2005) and nociception (Wood, 2006). Several brain regions in-
cluding the NAc play an important role in cue-elicited reward-
seeking behaviors including mCPP through regulation of the
dopaminergic system (Fenu et al., 2006). Moreover, the D1 and
D2 receptor mRNA is expressed in a primary astrocyte culture
(Miyazaki et al., 2004) and leptin regulates the meso-accumbens
dopamine pathway and signaling (Perry et al., 2010). In this
study, we demonstrated that the leptin-glia crosstalk stimulated
the intra-NAc dopaminergic system, which is an important
mechanism of analgesia-enhanced opioid reward. First, the basal
D1 and D2 receptor mRNA expression was lower in ob/ob mice
than wild-type mice. Second, the D1 and D2 receptor upregula-
tion was absent in ob/ob mice exposed to morphine conditioning
but was restored by exogenous leptin. Third, arthritic rats with
mCPP also showed TH upregulation in the NAc, which was
blocked by either rLA or IL-1 ra. Fourth, exposure of primary cell
cultures with leptin or IL-1� increased TH expression. Fifth, sys-
temic administration of the D2 receptor antagonist sulpiride di-
minished analgesia-enhanced opioid reward. Given that both
leptin and glial activation are also implicated in neuropathic pain
(Lim et al., 2009), this leptin-mediated mechanism of analgesia-
enhanced opioid reward could be relevant to other pain condi-
tions, in addition to arthritic pain, requiring opioid analgesics.

In summary, analgesia-enhanced opioid award and ibuprofen-
CPP are likely to be mediated through two distinct cellular mech-

anisms, although both mechanisms may involve the NAc
dopaminergic system. For analgesia-enhanced opioid award, the
dopaminergic system was activated by a leptin-glia crosstalk in
NAc. For ibuprofen-CPP, activation of dopaminergic system was
independent of a leptin-glia crosstalk in the NAc. Therefore, the
present data may have important implications in clinical opioid
therapy for chronic pain management. If analgesia-enhanced
opioid reward were also demonstrated in chronic pain patients
requiring opioid therapy, opioid requirement would be expected
to increase causing prolonged opioid use, difficulty in weaning
off opioid, and possible drug-seeking behaviors. Because modu-
lating a leptin-mediated cellular mechanism can effectively pre-
vent analgesia-enhanced opioid reward, several key elements of
this mechanism as demonstrated in this study may serve as po-
tential targets for developing therapeutic interventions to dimin-
ish the opioid rewarding effect and minimize the potential of
prescription opioid rewarding in chronic pain management.
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