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BACKGROUND AND PURPOSE
Opioid antagonists, such as naloxone and naltrexone, exhibit agonistic properties at the mutated μ receptor,
MOR-S196ACSTA. In our previous study, systemic naloxone (10 mg·kg−1, s.c.) elicited antinociceptive effect without the
induction of tolerance, dependence or rewarding effect in mice 2 weeks after intrathecal administration of double-stranded
adeno-associated virus-MOR-S196ACSTA-eGFP. Here, we have investigated if this antinociceptive paradigm would be effective
in a mouse model of neuropathic pain.

EXPERIMENTAL APPROACH
Spinal nerves were ligated in male C57BL/6 mice 3 or 4 weeks after intrathecal injection of the lentivirus encoding the
construct of MOR-S196ACSTA-eGFP (LV-MOR-S196ACSTA). Anti-allodynic effects of daily s.c.injections of saline, naltrexone
(10 mg·kg−1) or morphine (10 mg·kg−1) were assessed by the von Frey test. After 14 days of treatment with saline, naltrexone
or morphine, signs of natural withdrawal were measured at 22 and 46 h after the last injection. To determine the rewarding
effects induced by morphine or naltrexone, the conditioned place preference test was carried out.

KEY RESULTS
Anti-allodynic effects, as measured by von Frey test, increased after naltrexone or morphine treatment in mice transfected
with LV-MOR-S196ACSTA in the spinal cord. Cessation of treatment with morphine, but not naltrexone, induced natural
withdrawal and rewarding effects.

CONCLUSIONS AND IMPLICATIONS
Systemic injection of naltrexone after the expression of a mutant μ opioid receptor, MOR-S196ACSTA, in the spinal cord may
have therapeutic potential for chronic neuropathic pain, without the development of dependence or addiction.

LINKED ARTICLES
This article is part of a themed section on Opioids: New Pathways to Functional Selectivity. To view the other articles in this
section visit http://dx.doi.org/10.1111/bph.2015.172.issue-2
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Abbreviations
AAV, adeno-associated virus; CPP, conditioned place preference; DRG, dorsal root ganglion; dsAAV, double-stranded
adeno-associated virus; MOP, μ opioid; SNL, spinal nerve ligation; TM, transmembrane domain

Introduction
The opioid agonists such as morphine activate μ opioid
(MOP) receptors (Cox et al., 2015), resulting in strong anti-
nociceptive responses. These agents have been used in the
control of moderate and severe postoperative pain for
decades. However, they also induce many adverse effects,
such as respiratory depression, nausea, vomiting, constipa-
tion, tolerance and dependence. Although non-opioid phar-
macological strategies (such as the use of laxative or bulking
agents that counteract opioid constipation, and dopaminer-
gic or 5-HT receptor antagonists that prevent the nausea and
vomiting commonly brought on by opioid analgesics) are
used together with opioid administration to alleviate such
side effects while maintaining the analgesic potency of the
opioids, these drugs do not prevent the development of tol-
erance and addiction to opioid analgesics during long-term
administration.

Opioid receptors are members of the rhodopsin subfamily
of GPCRs (Dhawan et al., 1996). There are three pharmaco-
logically distinct types of opioid receptor: μ, δ and κ. The
opioid receptors share 73–78% amino acid identity within
the transmembrane domain (TM) regions, as compared with
a 60% overall amino acid identity (Minami and Satoh, 1995).
In the chimeric receptor construct μδ2 – in which the nucleo-
tide sequence of the δ opioid receptor-1 from the N-terminus
up to the first extracellular loop is replaced with a similar
sequence from the MOP receptor-1 – classical alkaloid antago-
nists, such as naloxone or naltrexone, behave as full agonists.
Subsequently it was shown that antagonist activation at the
μδ2 chimeric opioid receptor was due to the mutation of a
conserved serine to leucine in TM4 (Claude et al., 1996).
However, when the analogous serine to leucine or alanine
substitution was made in the wild-type MOP receptor (i.e.
MOR-S196L/A), opioid antagonists had only partial agonist
activity (Claude et al., 1996; Yang et al., 2003). On the other
hand, opioid receptor antagonists behaved as full agonists
when the amino acids in TM7, Thr327 and Cys330 of the

MOR-S196L were converted to Ala and Ser respectively
(Claude-Geppert et al., 2005).

To develop the antagonist-mediated activation of mutant
MOP receptors (MOR-S196A or MOR-S196ACSTA) as a
pain-management paradigm, the double-stranded adeno-
associated virus type 2 (dsAAV2) has been used as a vector to
deliver the constructs of MOR-S196A or MOR-S196ACSTA
into various sites within the pain pathway of mice. Naloxone
elicited antinociceptive effect in mice injected with dsAAV2-
MOR-S196A or dsAAV2-MOR-S196ACSTA directly into the
dorsal horn of the spinal cord at the level of S2/S3 (Chen
et al., 2007) or inot the periaqueductal grey (Chou et al.,
2012). After subchronic naloxone treatment, no naloxone
tolerance or dependence was observed in the dsAAV2-MOR-
S196A- or MOR-S196ACSTA-injected mice (Chen et al., 2007;
Chou et al., 2012). However, the exposure of the spinal cord
segment after partial dorsal laminectomy during dsAAV2
injection greatly reduces the utility of this approach. A less
invasive delivery method [i.e. intrathecal (i.t.) injection of the
virus into the subarachnoid space of the spine] was used to
express the transgene at the lumbar region of the spinal cord,
with the retrograde transport into the dorsal root ganglion
(DRG) neurons (Kao et al., 2010). Naloxone was found to
elicit antinociceptive effect without the induction of toler-
ance or dependence in these mice also (Kao et al., 2010).

Although antagonist-mediated antinociceptive effects
without tolerance or dependence have been observed in mice
with the mutant MOP receptors (MOR-S196A or MOR-
S196ACSTA) by tail-flick test or hot plate test, their effects on
chronic pain have not been tested. In the current study, we
used a chronic pain model in which neuropathic pain was
induced by spinal nerve ligation (SNL), to investigate the
anti-allodynia effect of chronic naltrexone treatment in mice
injected i.t. with the lentivirus encoding the mutant MOP
receptor construct. Our data suggest that systemic injection
of naltrexone after the expression of MOR-S196ACSTA in the
spinal cord may have therapeutic potential for chronic neu-
ropathic pain without the development of dependence.

Tables of Links

TARGETS

GPCRa

MOP receptor, μ opioid receptor

Catalytic receptorb

TLR4, Toll-like receptor 4

LIGANDS

Morphine

Naloxone

Naltrexone

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).
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Methods

Construction of the lentiviral vector
The mutant receptor MOR-S196ACSTA with eGFP as reporter
was cloned into pCDH plasmid containing a cytomegalovirus
promoter (System Biosciences, Mountain View, CA, USA).
Lentivirus was produced in HEK293TN cells (System Bio-
sciences) by co-transfecting the pPACK packaging plasmid
mix (System Biosciences) and the pCDH-MORS196ACSTA-
eGFP. The culture medium containing viral particles were
collected 48 or 72 h after transfection, and concentrated by
PEG-it virus concentration solution (System Biosciences). The
virus was titrated using Lenti-X qRT-PCR titration kit (Clon-
tech Laboratories Inc., Mountain View, CA, USA). The titer of
virus was determined to be 1.2 × 1012 copies per mL.

Animals
All animal care and experimental protocols complied with
institutional and international standards (Principles of Labo-
ratory Animal Care, National Institutes of Health), and were
approved by the Institutional Animal Care and Use Commit-
tee of the National Defense Medical Center (Taiwan, ROC).
Studies involving animals are reported in accordance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath et al.,
2010). A total of 80 animals were used in this study.

Adult male C57BL/6 mice (25–30 g; from BioLASCO
Taiwan Co., Ltd, Yilan, Taiwan) were kept in an animal room
with a 12 h light/dark cycle at a temperature of 25 ± 2°C and
humidity of 55%. A standard diet and water were provided ad
libitum. Each experimental group had at least eight mice.

Experimental design
Experiment 1. As shown in Figure 1A, mice were injected
with LV-MOR-S196ACSTA-eGFP i.t. 4–5 weeks before SNL
surgery. Before i.t. injection of virus, the antinociceptive

effect of naltrexone (10 mg·kg−1, s.c.) was assessed by the
tail-flick test as pretest data. The antinociceptive effects of
naltrexone (10 mg·kg−1, s.c.) were tested once a week until
4–5 weeks after i.t. injection of virus. These tests were
designed to determine whether the MOR-S196ACSTA-eGFP
gene had been expressed enough to show its characteristics to
convert the antagonistic property of naltrexone to an agonist.
The animals that showed significant antinociceptive effects of
naltrexone were used in subsequent experiments and divided
into four groups of eight animals each as follow: sham-
operated mice treated with saline; SNL-operated mice treated
with saline; SNL-operated mice treated with naltrexone; SNL-
operated mice treated with morphine. The basal paw with-
drawal pressure was recorded by using the von Frey test
before surgery or sham operation. The mice were then given
a daily s.c. injection of saline (1 mL·kg−1), naltrexone
(10 mg·kg−1), or morphine (10 mg·kg−1) for 14 days – days
6–19 after sham or SNL surgery. The basal paw withdrawal
pressure was also recorded once a day on days 1, 3, and 5, and
again on days 7, 9, 11, 13, 15, 17, and 19 before and after
saline or drug injection to determine the anti-allodynia
effects of the treatments. The withdrawal symptoms were
assessed at 22 and 46 h after the last drug treatment and the
mice were then killed humanely, with an overdose of chloral
hydrate (350 mg/kg, i.p.).

Experiment 2. To determine the rewarding effects induced by
morphine or naltrexone in mice that had been transfected
with MOR-S196ACSTA in the spinal cord, the conditioned
place preference (CPP) test was carried out (Figure 1B). The
tail-flick tests were first carried out before and after i.t. injec-
tion of LV-MOR-S196A-CSTA in mice to select those that
responded to naltrexone and showed agonist antinociceptive
effects after 3–4 weeks gene transfection. The selected mice
were divided into three groups of eight animals each as
follow: SNL-operated mice treated with saline; SNL-operated

Figure 1
Experimental design. (A) Tests for anti-allodynia effects and physical dependence of drugs (B) Tests for rewarding effect of drugs. TF, tail-flick test;
vF, von Frey test.
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mice treated with naltrexone; and SNL-operated mice treated
with morphine. SNL surgery was then performed on those
selected mice. The mice were allowed to recover from the
surgery for 4 days. Then, the CPP pretest was performed in
the afternoon of day 5. After 6 days of conditioning (days
6–11), the CPP test was performed again in the afternoon of
day 12 to determine the rewarding effects induced by the
chronic drug treatment .

Injection of the lentivector into the
subarachnoid space of the spinal cord
The direct lumbar puncture method (Wigdor and Wilcox,
1987; Fairbanks, 2003) was applied in conscious mice. Mice
were covered with a soft cloth over the head and upper
body, and held firmly by the pelvic girdle (iliac crest).
Five μl of the virus was injected with a 50 μL Hamilton
syringe (Hamilton, Reno, NV, USA) attached to a 30-G,
0.5 in. sterile disposable needle, which was inserted into the
i.t. space at the cauda equina region according to the
method described by Wigdor and Wilcox (1987). Puncture
of the dura was indicated by a flick of the tail. In prelimi-
nary experiments with intrathecal injections using the sub-
stance P nociceptive assay (Fairbanks, 2003), the success rate
of our intrathecal injections was higher than 90%. There
was no paralysis caused by intrathecal injection in this
study.

Determination of the antinociceptive effect
of drugs
Drug-induced antinociception was evaluated by using the
tail-flick test (D’Amour and Smith, 1941). Using a tail-flick
apparatus (model: Ugo Basile Tail Flick Unit 37360; Ugo Basile
S.R.L., Monvalle Varese, Italy), the intensity of the heat source
was set at 85, which resulted in a basal tail-flick latency of
between 2.0 and 3.0 s for most of the animals. The tail-flick
latency was recorded at 30, 60, 90, 120 and 180 min after
drug administration. The pre-drug latency was determined
from an average of three pre-drug determinations, and cut-off
latency was selected at 10 s. The areas under the latency-tme
curve (AUCs) were calculated as (tail flick latency at each time
point – baseline tail flick latency) × time, according to the
linear trapezoidal rule (Figure 3B) without extrapolation to
infinite time.

Detection of the expression of mutated
MOP receptors
Mice were anaesthetized with chloral hydrate (350 mg·kg−1,
i.p.) and perfused transcardially with Tyrode calcium-free
buffer (NaCl 116 mM, KCl 5.36 mM, MgCl2 1.57 mM, MgSO4

0.405 mM, NaH2PO4 1.23 mM, glucose 5.55 mM, NaHCO3

26.2 mM, pH 7.4), followed by 4% paraformaldehyde in
0.1 M phosphate buffer (KH2PO4 187.5 mM, Na2HPO4

212.5 mM). The L3–L5 DRGs were dissected and then put in
10% sucrose solution followed by 20% and 30% sucrose
solution at 4°C. The samples were then embedded in OCT
compound and frozen immediately in a −80°C freezer. Serial
DRG slices (10 μm) were sectioned with a cryostat at −20°C.
The slices were mounted on SuperFrost Plus slides (Menzel-
Glaser, Braunschweig, Germany), and the eGFP expression
of the mutated MOP receptors was visualized with a fluores-

cence microscope. In order to investigate whether these
mutated MOP receptors were co-localized with calcitonin
gene-related peptide (CGRP), a well-characterized marker of
the DRG sensory neurons, immunohistochemistry was
carried out on the DRG at L3–L5 level. Antibodies were
diluted in blocking buffer (0.01 M PBS containing 1% goat
serum and 0.1% Triton X-100). Anti-CGRP antibody
(AB5920; Chemicon, Temecula, CA, USA) was used at a dilu-
tion of 1:2000. Secondary antibody Alexa Fluuor® 568 (Inv-
itrogen, Carlsbad, CA, USA) was diluted 1:400 to against
rabbit or mouse IgG for immunofluorescence detection. Sec-
tions were then washed with PBS and mounted onto cover
slips using mounting medium (HIS002B, Serotec, Oxford,
UK). The processed sections were examined with Olympus
fluorescence instruments (model: BH2-RFL-T3; Olympus,
Tokyo, Japan) on an upright microscope and an Olympus
BX50 camera with SPOT software (version 4.6; Diagnostic
Instruments, Inc., Sterling Heights, MI, USA).

SNL surgery
SNL was conducted based on a method previously described
for rats (Kim and Chung, 1992). The mice were anaesthetized
with pentobarbital (80 mg·kg−1, i.p.), and the hairs on their
back were clipped. A midline incision above the lumbar spine
exposed the left L6 transverse process. The transverse process
was removed carefully with a small scraper. The left L5 spinal
nerves were tightly ligated with 8-0 nylon thread, and the
wound was sutured with 3-0 thread. In sham-operated mice,
the surgical procedure was identical to that of the SNL group,
except that the spinal nerves were not ligated. Mice were
monitored until recovery from the anaesthetic after the
surgery and a further 5 days were allowed for recovery before
any tests were given. In this study, we did not use analgesics
to relieve the pain induced by surgery because they would
affect our assessment of experimental treatments on pain
(allodynia) relief.

Measurement of mechanical allodynia
The mice were individually placed in suspended cages with
wire mesh bottoms and allowed to acclimatise to their envi-
ronment for at least 30 min. The mechanical stimulus was
applied from underneath to the plantar aspect of the hind
paw, with a gradual increase in pressure by means of an
Electronic von Frey device (IITC Inc., Woodland Hills, CA,
USA). The end point was characterized by the removal of
the paw, followed by clear flinching movements. After paw
withdrawal, the intensity of the pressure was automatically
recorded. The test was carried out before (pretest) and
30 min after saline or morphine injection, or 1 h after
naltrexone injection. The area under the time-paw
pressure curve (AUC) was calculated as (|paw withdrawal
pressure at each time point – baseline withdrawal pressure
at day -1)| × time, according to the linear trapezoidal rule
(Figure 4C).

Assessment of the withdrawal symptoms
To assess reactions to the withdrawal of the treatments, each
mouse was placed in a test chamber consisting of a transpar-
ent round plastic box (20 cm diameter, 33 cm height) for
30 min at 22 and 46 h after the last drug treatment. The
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withdrawal symptoms (jump, paw tremor, wet dog shaking,
teeth chattering, diarrhoea, ptosis and piloerection) were
counted. Jump and paw tremor frequencies were recorded
during the test time, and a score of 1 was assigned to every
three jumps or five paw tremors. Diarrhoea and ptosis events
were recorded for every 5 min interval in which they
occurred (maximal score = 6). The presence or absence of
piloerection was noted. A global opiate withdrawal score was
calculated by summing the values for each sign (Papaleo and
Contarino, 2006).

Assessment of the rewarding effect of drugs
To determine the rewarding effects induced by morphine or
naltrexone, the CPP test was carried out as reported previ-
ously (Chen et al., 2007; Kao et al., 2010; Chou et al., 2012).
In this study, a distinctive environment was paired repeat-
edly with administration of a drug, and a different environ-
ment was associated with non-drugged state. The CPP test
apparatus, made from an acrylic plastic box (33 × 15 ×
15 cm), was divided into three compartments. Two identi-
cally sized compartments (15 × 15 × 15 cm) were con-
structed at both sides, separated by guillotine doors (7 ×
3.5 cm) in the central unit. To provide a visual cue, one of
the large compartments was covered by paper in a checker-
board pattern (3 × 3 cm black and white squares) on the
three walls, while the other large compartment had its three
walls covered by purely white paper. To give more visual
cues, a blue and a red light bulb were hung separately above
the two large compartments. During the experiments, the
CPP apparatus was kept in an isolated dark room, which
was free from noise. For CPP conditionings, the SNL mice
(day 6 after SNL surgery) were given saline in the morning
and saline (control group) or morphine (10 mg·kg−1, s.c.) or
naltrexone (10 mg·kg−1, s.c.) in the afternoon for 6 days. A
distinctive environment was paired repeatedly with admin-
istration of saline, and a different environment was associ-
ated with drug injection. The animals were kept for 40 min
in the corresponding compartment with the guillotine
doors closed. The CPP tests were performed on the day
before conditioning (day 5 after the SNL surgery) and the
day after conditioning (day 12 after the SNL surgery). The
CPP test was done by placing the mice in the central com-
partment of the apparatus with the guillotine doors opened
for 15 min. The time that the mice stayed in each compart-
ment was recorded to determine the place preference. The
measurement of drug rewarding effect was determined by
an increase in the time spent in the compartment previ-
ously paired with drug injection over the time spent in the
saline-paired compartment.

Data analysis
The data were expressed as means ± SEM. Student’s t-test,
one-way ANOVA, and Newman–Keuls test were used to analyse
the data.

Drugs
Naltrexone (Sigma, St. Louis, MO, USA), morphine (Pharma-
ceutical Plant of Controlled Drugs, Food and Drug Adminis-
tration, Ministry of Health and Welfare, Taiwan), chloral
hydrate (Sigma), pentobarbital (Sigma).

Results

Expression of the mutated MOP receptor in
mice after i.t. injection of
LV-MOR-S196ACSTA-eGFP
The expression of the transgene was monitored by the eGFP
fluorescence after all the behavioural tests (about 8 weeks
after i.t. injection of virus). The green fluorescence was
observed in all sizes of cells in L3–L5 DRGs (Figure 2A). When
the DRGs were stained with CGRP (a marker for nociceptive
sensory neurons), [red colour, (Figure 2B) ], co-localizations
of CGRP with the eGFP were seen in some of these DRG cells
(Figure 2C).

Naltrexone elicited antinociceptive
responses in mice injected with
LV-MOR-S196ACSTA i.t.
As shown in Figure 3A, naltrexone (10 mg·kg−1, s.c.) did not
elicit any antinociceptive effect before lentivirus injection.
The AUC value after treatment with naltrexone alone was
similar to that after treatment with saline. In contrast,
starting from 3 weeks after i.t. administration of LV-MOR-
S196ACSTA, 68% (19/28) of the mice responded to naltrex-
one (10 mg·kg−1, s.c.) with a markedly increased AUC value.
The naltrexone-induced antinociceptive responses were
unchanged when measured 4 or 5 weeks after the i.t.
injection of the virus (Figure 3A). A time–effect curve of
naltrexone-induced antinociceptive responses, 3 weeks after
the virus injection is shown in Figure 3B.

Naltrexone elicited anti-allodynia effects in
mice transfected with LV-MOR-S196ACSTA-
eGFP i.t. and spinal nerve ligated
As shown in Figure 4, the ipsilateral paw withdrawal pressure
was decreased 1 day after SNL surgery (P < 0.001). The SNL-
induced allodynia persisted at least for 19 days. On the other
hand, the sham operation did not alter the paw withdrawal
pressure. The AUC of the time–response curve of the von Frey
test from days −1 to 19 was calculated to represent the allo-
dynia or anti-allodynia effect (Figure 4C). As shown in
Figure 4B, the AUC of SNL-S group was much greater than
that of the sham surgery group (P < 0.001). These results
indicated that the allodynia of the ipsilateral hind paw was
induced by the ligation of the L5 spinal nerve.

As shown in Figure 5A-1 and A-2, sham operation did not
induce allodynia in either ipsilateral or contralateral hind
paws; and saline had no effect in mice with sham operation
in either ipsilateral or contralateral hind paws. SNL surgery
induced significant allodynia on ipsilateral hind paws and
persisted at least for 19 days (Figure 5B-1 and B-2). Saline
treatment did not affect or improve the allodynia in mice that
received SNL surgery (Figure 5B-1 and B-2). On the other
hand, naltrexone (10 mg·kg−1, s.c.) (Figure 5C) and morphine
(10 mg·kg−1, s.c.) (Figure 5D) both elicited significant anti-
allodynia effects on ipsilateral hind paw in mice, which had
been transfected with MOR-S196ACSTA in the spinal cord.
The AUC was consequently decreased after naltrexone treat-
ment (P < 0.01, Figure 5C-2), and after morphine treatment
(P < 0.001, Figure 5D-2).
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When we compared the basal paw withdrawal pressure of
the four groups (Figure 6A-1), we found there was no differ-
ence among the three SNL groups if we tested just before daily
drug treatment in the morning and the corresponding AUC

values were similar (Figure 6A-2). If we tested 30 min after
daily drug treatment, the AUC of naltrexone group (SNL-N)
was less than that of the saline-treated group (P < 0.01;
Figure 6B-1 and B-2). The AUC of the morphine-treated group
was also less than that of the saline-treated group (P < 0.001;
Figure 6B-1 and B-2). In summary, both naltrexone
(10 mg·kg−1, s.c.) and morphine (10 mg·kg−1, s.c.) had signifi-
cant acute anti-allodynia effects in mice expressing
MORS196ACSTA in the spinal cord.

Chronic treatment with naltrexone did not
elicit physical dependence or rewarding effect
The natural withdrawal symptoms were assessed in this study
at 22 and 46 h after the last drug treatment (Figure 7). The
individual scores for each withdrawal symptom are shown in
the Supporting information Table S1. Significant withdrawal
signs were shown in the morphine-treated group (SNL-M) but
chronic naltrexone treatment did not induce signs of with-
drawal at either 22 or 46 h after the last naltrexone treatment
(Figure 7).

A eGFP

B CGRP

50 µm

50 µm

50 µm

C Merge

Figure 2
Representative fluorescence micrographs of the DRG after local i.t.
injection of LV-MOR-S196ACSTA-eGFP into the spinal cord. (A) eGFP
fluorescence (B) CGRP immunofluorescence (C) The merging of
eGFP (green) with CGRP immunofluorescence (red) revealed
co-localization (orange) of MOR-S196ACSTA and CGRP in the L5
DRG; magnification 40 ×. The scale bars represent 50 μm.

Figure 3
The development of the antinociceptive effects of naltrexone (A) The
time course of the developed antinociceptive effects of naltrexone
before and after gene transfection (1–5 weeks). (B) A representative
time-effect curve of naltrexone (10 mg·kg−1, s.c.) determined by the
tail-flick test after transfection of the MOR-S196ACSTA-eGFP gene
into the spinal cord of C57BL/6J mice for 3 weeks (3 W). Data are
presented as means ± SEM. One-way ANOVA and Newman–Keuls test
were used to analyse the data. ***P < 0.001, significantly different
from pretest data of naltrexone, before gene transfection (0 W).

BJPNaltrexone on mutant MOP receptor and neuropathic pain

British Journal of Pharmacology (2015) 172 630–641 635



The rewarding effects of saline, morphine and naltrexone
in mice, which had been transfected with MOR-S196ACSTA
in the spinal cord and spinal nerve ligated were determined
by the CPP test (Figure 8). The time spent in the morphine-
paired compartment was increased after conditioning for
6 days (post-test on day 12 vs. pretest on day 5, P < 0.001)
in these mice. However, neither saline nor naltrexone
(10 mg·kg−1, s.c.) treatment induced any rewarding effects in
these mice (Figure 8).

Discussion
Our current study showed that systemic administration of
naltrexone could have anti-allodynia effects in a neuropathic
pain model, without inducing physical dependence and
rewarding effects in mice that had been transfected with
MOR-S196ACSTA in the spinal cord.

In the current study, lentivirus rather than dsAAV2 was
used as a vector to deliver the mutant MOP receptor construct
into the spinal cord of mice. The results of our present study
indicated that lentivirus was as effective in delivering the
construct as the dsAAV2 (Kao et al., 2010). The expression of
the transgene at DRG sensory neurons resulted in the opioid
receptor antagonist naltrexone exerting agonist effects. The
antinociceptive effects of naloxone in mice expressing
mutant MOP receptors in lumbar spinal cord has been estab-
lished in our lab (Kao et al., 2010). However, whether such a
pain-control strategy can be applied to chronic pain was
unknown. In the current study, we used a neuropathic pain
model. Neuropathic pain is generally defined as a chronic
pain state resulting from peripheral or central nerve injury
because of acute events or systemic disease (Woolf and
Mannion, 1999). Patients with neuropathic pain often suffer
from spontaneous pain, allodynia (pain response to normal
innocuous stimuli), and hyperalgesia (aggravated pain
evoked by noxious stimuli) (Woolf and Mannion, 1999;
Zimmermann, 2001). In addition, neuropathic pain may
spread beyond the cutaneous distribution of the injured
nerves and be expressed bilaterally in mirror image sites,
suggesting the involvement of a central mechanism (Woolf,
1996). Commonly used neuropathic pain models in mice
include partial sciatic nerve ligation, tight ligation of one-
third or one-half of the sciatic nerve (Malmberg and
Basbaum, 1998), and L5 SNL, tight ligation or transection of
L5 spinal nerve (Ramer et al., 1998; Zwick et al., 2003). In this
study, the L5 SNL was used to induce neuropathic pain.
Marked mechanical allodynia was observed in mice after SNL
surgery, but not after the sham surgery. This indicated that
the allodynia is a direct result of the L5 spinal nerve injury.

In our preliminary study, we found that naltrexone treat-
ment from day 1 reduced the survival rate to about 50%. On
one hand, half of the mice died before day 6; the other half
survived until the end of the study. On the other hand, all the
mice treated with saline or morphine after sham or SNL
surgery survived more than 17 days. Many studies have
reported that β-endorphin in plasma and brain was increased
when the experimental animals were exposed to nociceptive
stimulus or when patients suffer from pain (Atkinson et al.,
1983; Aloisi et al., 1995; Zangen et al., 1998). β-endorphin is
spontaneously released in the brain in response to pain,
thereby producing a natural analgesia (Zangen et al., 1998).
Moreover, the endogenous opioid system is also a key factor
in the stress response. Activation of the stress system by
corticotropin-releasing hormone stimulates the secretion of
hypothalamic β-endorphin and other pro-opiomelanocortin-
derived peptides, which reciprocally inhibit the activity of
the stress system (Merenlender-Wagner et al., 2009). To test
whether the deaths of mice after naltrexone treatment
started from day 1 after SNL surgery might have been the
result of the inhibition of β-endorphin-activated opioid
receptors by naltrexone, we analysed the plasma β-endorphin

Figure 4
SNL induced mechanical allodynia, but sham operation did not alter
mechanical paw withdrawal pressure at any time points tested from
days 1 to 19. (A) Time course of paw withdrawal pressure and (B)
corresponding AUC from days −1 to 19. (C) An example of AUC
determination. Data shown are means ± SEM. ***P < 0.001, signifi-
cantly different from sham-saline group; Student’s t-test.
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Figure 5
The anti-allodynia effects of naltrexone (10 mg·kg−1, s.c.) or morphine (10 mg·kg−1) on the ipsilateral (injured) or contralateral (uninjured) hind
paw, determined by the von Frey test after sham or SNL surgery in mice which had been transfected with MOR-S196ACSTA in the spinal cord.
Time course of (A-1) sham operation with the chronic saline treatment group, (B-1) SNL surgery with the chronic saline treatment group, (C-1)
SNL surgery with the chronic naltrexone treatment group, and (D-1) SNL surgery with the chronic morphine treatment group. (A-2), (B-2), (C-2)
and (D-2) are the corresponding AUC values (days × g) from days 7 to 19 of each group. Data shown are means ± SEM. **P < 0.01, ***P < 0.001,
significantly different from basal level of contralateral site (basal-contra); ##P < 0.01, ###P < 0.001, significant effect of treatment; one-way ANOVA

and Newman–Keuls test.
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concentration of mice that underwent sham or SNL surgery
and were treated with saline or naltrexone (10 mg·kg−1, s.c.).
We found that the plasma β-endorphin concentration of the
SNL-N group was significantly higher than that of the other

three groups on days 3 and 5, as shown in the Supporting
Information Fig. S1. These data indicate that the lower sur-
vival rate might be partly due to the blockade by naltrexone
of the activation of opioid receptors, following release of

Figure 6
Effects of naltrexone or morphine on SNL-induced allodynia in mice which had been transfected with MOR-S196ACSTA in the spinal cord. The
von Frey tests were recorded before (A-1) or after (B-1) the administration of saline, naltrexone (10 mg·kg−1, s.c.) or morphine (10 mg·kg−1, s.c.).
(A-2), the corresponding AUC from days 1 to 19 of (A-1); (B-2), the corresponding AUC from days 7 to 19 of (B-1). Data shown are means ± SEM.
**P < 0.01, ***P < 0.001, significantly different from sham-saline group; ##P < 0.01, ###P < 0.001, significantly different from SNL-saline group;
one-way ANOVA and Newman–Keuls test.

Figure 7
Morphine, but not naltrexone induced withdrawal symptoms in
mice that had been transfected with MOR-S196ACSTA in the spinal
cord and with SNL. Withdrawal symptoms were assessed for 30 min
at 22 and 46 h after the last drug treatment (S, saline; N, naltrexone,
M, morphine). Data shown are means ± SEM. ***P < 0.001, signifi-
cantly different from SNL-saline; one-way ANOVA and Newman–Keuls
test.

Figure 8
Morphine, but not naltrexone induced rewarding effects in mice that
had been transfected with MOR-S196ACSTA in the spinal cord and
with SNL. Data are expressed as preference for the drug-paired
compartment as determined by time spent in the drug-paired com-
partment minus time spent in the saline-paired compartment. Data
are presented as mean ± SEM (n = 8). ***P < 0.001, significantly
different from preconditioning test on day 5; Student’s paired t-test.
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endogenous β-endorphin in the brain. Therefore, in the
present study, we initiated the treatment of the SNL-mice
with saline, naltrexone, or morphine from day 6 instead of
day 1 and found that there was no mortality during this
experimental protocol.

Opioids possess strong antinociceptive effects on various
types of pain related to abnormal physical condition; but
certain types of pain are difficult to control with an opioid. For
example, neuropathic pain, caused by nerve injury, does not
respond effectively to morphine (Arner and Meyerson, 1988)
at the normal dose. Possible reasons for the decreased effec-
tiveness of morphine in neuropathic pain include decreased
expression of MOP receptors in the spinal cord (Porreca et al.,
1998) and DRG (Rashid et al., 2004), enhanced spinal release
of dynorphin A (Nichols et al., 1997) and cholecystokinin
(Nichols et al., 1996), increased expression of spinal metabo-
tropic glutamate receptor 1 (Fundytus et al., 2001), and acti-
vation of tonic descending facilitation pathways from the
brain (Vanderah et al., 2001). In this study, both morphine
and naltrexone treatment at a high dose (10 mg·kg−1, s.c.)
elicited anti-allodynia effects on ipsilateral paws of mice that
had been transfected with MOR-S196ACSTA in the spinal cord
and then with SNL. In addition, morphine also increased the
mechanical pain threshold of the contralateral paw of mice
(Figure 5D-1). Although morphine (10 mg·kg−1, s.c.) had a
better antinociceptive effect than naltrexone (10 mg·kg−1, s.c.)
for acute pain, as determined by tail-flick test in mice that had
been transfected with MOR-S196ACSTA in the spinal cord
(Kao et al., 2010), it showed no improvement over naltrexone
(10 mg·kg−1, s.c.) for anti-allodynia effects in these mice with
SNL, as a model of chronic pain.

Activation of microglia plays an important role in the
pathogenesis of pain hypersensitivity following nerve injury
(Inoue and Tsuda, 2009; McMahon and Malcangio, 2009;
Milligan and Watkins, 2009). Naloxone and naltrexone have
been reported to have a neuroprotective effect by inhibiting
the activation of microglia (Das et al., 1995; Chang et al.,
2000; Hutchinson et al., 2008). Chang and co-workers dem-
onstrated that (−)- and (+)-isomers of the opioid antagonists,
naloxone and naltrexone, also blocked TLR4 signalling,
which is involved in activation of microglia, and reversed
neuropathic pain (Chang et al., 2000; Hutchinson et al.,
2008). Blockade of TLR4 signalling by naloxone and naltrex-
one does not involve the opioid receptors. Therefore in our
current study, the effect of naltrexone to suppress SNL-
induced allodynia might be not only through the activation
of mutant MOP receptors, but also through the blockade of
TLR4 signalling in microglia.

The development of tolerance and dependence limits the
use of opioids for pain control. In this study, we also inves-
tigated this issue in our model of SNL in mice transfected
with the MOR-S196ACSTA gene in the spinal cord. We found
that significant natural withdrawal symptoms were observed
in these mice after chronic morphine treatment (10 mg·kg−1,
s.c., daily for 14 days) but not after similar chronic naltrexone
treatment. This is because naltrexone can activate the
mutated opioid receptors in the spinal cord only, but not the
endogenous MOP receptors at the supraspinal level, that are
known to be involved in opioid physical dependence. The
numerical values of the withdrawal symptom score in the
present study are much lower than those in an earlier study

(Papaleo et al., 2006). In this earlier study, mice were treated
with a schedule of increasing doses of morphine, from 10 mg
kg−1 to 50 mg kg−1 or from 20 mg kg−1 to 100 mg kg−1, i.p.,
twice daily, for 6 days). However, in our study, mice were
treated with morphine (10 mg kg−1, s.c.) once a day for 14
days. This may explain why the withdrawal symptom scores
in our study are much lower.

Although many studies have indicated that opioid-
induced rewarding effects are suppressed under neuropathic
pain-like states in rodents (Ozaki et al., 2002; 2003; Oe et al.,
2004; Niikura et al., 2008), we found that morphine
(10 mg·kg−1, s.c., conditioning for 6 days) still elicited reward-
ing effects in mice with both SNL and MOR-S196ACSTA
expressed in the spinal cord. However, naltrexone
(10 mg·kg−1, s.c., conditioning for 6 days) did not elicit any
rewarding effect in these mice. Several studies have indicated
that relief of pain is rewarding (Navratilova et al., 2013). Anal-
gesic agents that are not rewarding in the absence of pain,
such as lidocaine, should become rewarding when there is
ongoing or spontaneous pain (King et al., 2009; Navratilova
et al., 2013). Relief of pain produces negative reinforcement
through activation of the mesolimbic dopamine pathway
(Navratilova et al., 2012). In the present study, naltrexone
(10 mg·kg−1, s.c.) had anti-allodynia effects, but did not elicit
rewarding effects in mice with both SNL and MOR-
S196ACSTA expression in the spinal cord. This might be due
to the fact that naltrexone behaved as an agonist only in the
mutant MOP receptors that were locally expressed in lumbar
spinal cord and therefore relieved pain. However, naltrexone
still worked as an antagonist in wild-type opioid receptors in
the brain. It is known that opioid antagonists elicit aversion
in rodents with wild-type receptors (Douglas et al., 1976;
Grevert and Goldstein, 1977; Mucha and Iversen, 1984;
Mucha and Herz, 1985; Mucha and Walker, 1987). In our
present study, naltrexone (10 mg·kg−1, s.c.) did not elicit aver-
sion in the CPP test. That might be due to the combination of
antinociceptive/allodynia effects of naltrexone on the
mutant MOP receptors in the spinal cord and the aversive
effect of naltrexone on wild-type opioid receptors in the
brain. Furthermore, the animal must associate the treatment
effects with the context of the CPP chamber to induce
chamber preference. Only rapid-onset treatments that
produce rapid pain relief can elicit CPP (Navratilova et al.,
2013). In our study, the onset time of naltrexone was about
30 min to 1 h by tail-flick test. Failure to associate the treat-
ment effects with the context of the CPP chamber might be
another reason for the failure to observe CPP responses after
naltrexone treatment.

Our current study indicated that i.t. administration of a
lentivirus, encoding the construct of a mutant MOP receptor,
to express MOR-S196ACSTA in the spinal cord, and systemic
administration of an opioid antagonist naltrexone had anti-
allodynia effects in a model of neuropathic pain, without
induction of dependence or addiction. This approach could
be a new strategy for the treatment of neuropathic pain.
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