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Abstract
In the present study, we investigated the possible development of tolerance to the antihyperalgesic
effect of μ-opioid receptor (MOR) agonists under a neuropathic pain-like state. Repeated
treatment with fentanyl, but not morphine or oxycodone, produced a rapid development of
tolerance to its antihyperalgesic effect in mice with sciatic nerve ligation. Like the behavioral
study, G-protein activation induced by fentanyl was significantly reduced in membranes obtained
from the spinal cord of nerve-ligated mice with in vivo repeated injection of fentanyl. In β-
endorphin-knockout mice with nerve ligation, developed tolerance to the antihyperalgesic effect of
fentanyl was abolished, and reduced G-protein activation by fentanyl after nerve ligation with
fentanyl was reversed to the normal level. The present findings indicate that released β-endorphin
within the spinal cord may be implicated in the rapid development of tolerance to fentanyl under a
neuropathic pain-like state.
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INTRODUCTION
Although drugs that act on μ-opioid receptor (MOR), such as morphine, fentanyl and
oxycodone, have been used clinically as analgesics, these MOR agonists also have
undesirable effects, such as tolerance, and physical and psychological dependence
(Ventafridda and De Conno, 1981; Raynor et al. 1994). It has been considered that opioid
tolerance is, in part, the end result of a coordinated balance between processes that govern
the desensitization, internalization and resensitization of MORs (Claing et al. 2002;
Gainetdinov et al. 2004). The initial process in these events is the phosphorylation of
intracellular domains of MORs. Phosphorylated MORs are mostly internalized via clathrin-
coated pits into early endosomes and subsequently dephosphorylated by intracellular protein
phosphatases. The dephosphorylated MORs may either be recycled to the plasma membrane
or transported to lysosomes for degradation. Previous biochemical studies on cultured
enteric neurons have indicated that fentanyl induces either the functional desensitization or
internalization of MORs (Minnis et al. 2003). In contrast, under the same condition,
morphine does not promote the detectable internalization of MORs in cultured cells after
prolonged or acute treatment in healthy animals, although it has been well-established that
morphine causes the development of tolerance to its pharmacological actions (Minnis et al.
2003). On the other hand, recent studies have demonstrated that morphine activates MORs
with promoting internalization of MORs via β-arrestin-2-dependent mechanisms in striatal
neurons (Haberstock-Debic et al. 2005). Thus, the mechanisms that underlie the
development of analgesic tolerance to MOR agonists are very much complicated. To further
understand properties of analgesic tolerance to MOR agonists, it has been necessary to
investigate possible changes in analgesic efficacy following repeated treatment with MOR
agonists at optimum doses just for the relief of chronic pain associated with physiological
changes in the endogenous MOR system.

In a previous study, we demonstrated that repeated treatment with fentanyl caused a rapid
desensitization to its ability to block hyperalgesia under an inflammatory pain state, whereas
morphine did not have a similar effect (Imai et al. 2006). In addition, repeated treatment
with fentanyl, but not morphine, resulted in the attenuation of MOR resensitization, and a
subsequent increase in the levels of phosphorylated-MOR in the spinal cord of mice with
inflammatory pain. These findings raise the possibility that chronic treatment with fentanyl
may cause a different modulation of either the desensitization, internalization or
resensitization of MORs in the spinal cord under a pain-like state compared with chronic
treatment with morphine.

One mechanism for the MOR desnsitization or attenuation of MOR resensitization by
fentanyl in the spinal cord under chronic pain could be a sustained increase in release of the
endogenous μ-opioid neuropeptide β-endorphin after sciatic nerve ligation. In fact, it has
been reported that β-endorphin is released within some brain regions during pain state
(Zangen et al. 1998; Zubieta et al. 2001). In their reports, they mentioned that the
extracellular levels of β-endorphin in the arcuate nucleus increased by 88% under pain-like
state. Based on these findings, we assumed that β-endorphin might be released within the
spinal cord, as well as brain regions, under pain-like state, as compensatory mechanism for
the inhibition of pain transmisson. As sustained exposure to β-endorphin could results in
receptor phosphorylation and uncoupling of receptors from effector systems, and thus
desensitization, neuropathic pain associated with release of β-endorphin may interfere MOR
resensitization by fentanyl.

To further understand the mechanisms that underlie the development of tolerance to this
opioid analgesic-induced antihyperalgesic effect under chronic pain, we evaluated the effect
of repeated administration of morphine, fentanyl or oxycodone on neuropathic pain-like
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hyperalgesia and the possible development of tolerance following sciatic nerve ligation. As
in the mouse model of inflammatory pain, we demonstrated that repeated treatment with
fentanyl, but not morphine or oxycodone, caused a rapid desensitization to its
antihyperalgesic effect in nerve-ligated mice. Furthermore, we found that β-endorphin could
be a key modulator for the high degree of antinociceptive tolerance to fentanyl caused by
sciatic nerve injury. Based on this phenomenon, the present study was performed to
investigate the effects of fentanyl on antihyperalgesic effect in β-endorphin knockout (KO)
mice.

MATERIALS AND METHODS
The present study was conducted in accordance with the Guiding Principles for the Care and
Use of Laboratory Animals of Hoshi University, as adopted by the Committee on Animal
Research of Hoshi University. Every effort was made to minimize the numbers and any
suffering of animals used in the following experiments.

Animals
Male and female β-endorphin derived from proopiomelanocortin (POMC) gene-KO mice
(8–13 weeks old, 22–30 g) (The Jackson Laboratory, Bar Harbor, ME, USA), which had a
C57BL/6J and 129S2/SvPas mixed genetic background as described previously (Niikura et
al. 2008), their wild-type (WT) male and female C57BL/6J mice (8–13 weeks old, 22–30 g)
(The Jackson Laboratory, Bar Harbor, ME, USA) and male ICR mice (7–9 weeks old, 20–
25 g) (Tokyo Laboratory Animals Science Co., Ltd., Tokyo, Japan) were used in the present
study. Animals were housed in a room maintained at 23 ± 1°C with a 12-hour light–dark
cycle. Food and water were available ad libitum. Each animal was used only once.

Drugs
The drugs used in the present study were fentanyl citrate (Hisamitsu Pharmaceutical Co.,
Inc., Tokyo, Japan), morphine hydrochloride (Daiichi-Sankyo Co., Tokyo, Japan),
oxycodone hydrochloride (a kind gift from Shionogi Pharmaceutical Co. Inc., Osaka, Japan)
and β-endorphin (Sigma-Aldrich Co., St. Louis, MO, USA), which were dissolved in 0.9%
physiological saline (Otsuka Pharmaceutical Co. Inc., Tokyo, Japan) for in vivo experiments
or assay buffer for in vitro experiments.

Neuropathic pain model
Mice were anesthetized with 3% isoflurane. We produced a partial sciatic nerve injury by
tying a tight ligature with a 8–0 silk suture around approximately one-third to one-half the
diameter of the sciatic nerve on the right side (ipsilateral side) under a light microscope
(SD30, Olympus, Tokyo, Japan), as described previously (Seltzer et al. 1990; Malmberg and
Basbaum 1998). In sham-operated mice, the nerve was exposed without ligation.

Guanosine-5′-o-(3-thio) triphosphate ([35S]GTPγS) binding assay
For membrane preparation, the mouse spinal cord was quickly removed after decapitation
and rapidly transferred to a tube filled with ice-cold bufferh. The membrane homogenate (3–
8 βg protein/assay) was prepared as described previously (Narita et al. 2001) and incubated
at 25°C for 2 hours in 1 ml of assay buffer with various concentrations of each agonist, 30
μM guanosine-5′-diphosphate and 50 pM [35S]GTPγS (specific activity, 1000 Ci/mmol;
Amersham, Arlington Heights, IL, USA). The reaction was terminated by filtration using
Whatman GF/B glass filters (Brandel, Gaithersburg, MD, USA) that had been presoaked in
50 μM Tris-HCl, pH 7.4, and 5 μM MgCl2 at 4°C for 2 hours. The filters were washed three
times with 5 ml of ice-cold Tris-HCl buffer, pH 7.4, and then transferred to scintillation-
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counting vials. Next, 4 ml of clear-sol 2 (Nacalai Tesque, Inc., Kyoto, Japan) was added to
the vials and equilibrated for 12 hours. The radioactivity in the samples was determined with
a liquid scintillation analyzer. Nonspecific binding was measured in the presence of 10 μM
unlabeled GTPγS.

Measurement of thermal hyperalgesia and tactile stimulus
To assess the sensitivity to thermal stimulation, each of the hind paws of mice was tested
individually using a thermal stimulus apparatus (UGO-BASILE, Biological Research
Apparatus, Varese, Italy). The intensity of the thermal stimulus was adjusted to achieve an
average baseline paw-withdrawal latency of approximately 9 to 12 seconds in naive mice.
Only quick hind-paw movements (with or without licking of the hind paws) away from the
stimulus were considered to be a withdrawal response. Paw movements associated with
locomotion or weight-shifting were not counted as a response. The paws were measured
alternating between the left and right with an interval of more than 3 minutes between
measurements. The latency of paw withdrawal after the thermal stimulus was determined as
the average of three measurements per paw.

Statistical analysis
The data from the [35S]GTPγS binding assay are expressed as the mean ± standard error of
the mean (SEM) of % Stimulation. The data regarding hyperalgesic responses are shown as
the mean ± SEM of the paw-withdrawal latency. Receptor binding curves were fitted using
Graph-Pad Prism 4.0 (Graph-Pad Software Inc., La Jolla, CA, USA). The statistical
significance of differences between groups was assessed by two-way analysis of variance
followed by the Bonferroni/Dunn multiple comparison test or Student's t-test.

RESULTS
Effect of single or repeated subcutaneous (s.c.) injections of morphine, fentanyl or
oxycodone on the neuropathic pain-like state induced by nerve injury in mice

In the present study, mice with partial sciatic nerve ligation exhibited marked neuropathic
pain-like behavior only for the ipsilateral side at 7 days after nerve ligation (***P < 0.001
versus sham-saline group, Fig. 1). The persistent painful state caused by sciatic nerve
ligation lasted for more than 21 days after surgery in mice (Fig. 2). A single s.c. injection of
either morphine (1–10 mg/kg), fentanyl (0.003–0.01 mg/kg) or oxycodone (0.1–1 mg/kg) at
7 days after sciatic nerve ligation recovered the decreased thermal threshold observed on the
ipsilateral side in sciatic nerve-ligated mice in a dose-dependent manner, and maximal
antihyperalgesic responses were seen at 30, 15 or 15 minutes after the injection of morphine,
fentanyl or oxycodone, respectively (*P < 0.05, **P < 0.01 or ***P < 0.001 versus sham-
saline group, Fig. 1). At a dose of 5.0 mg/kg, 0.03 mg/kg or 0.5 mg/kg, s.c. administration of
morphine, fentanyl or oxycodone almost completely reversed the decrease in the thermal
threshold without excessive effects in sciatic nerve-ligated mice.Therefore, we proposed that
the optimal doses for the morphine-, fentanyl- or oxycodone-induced
antihyperalgesiceffectinnerve-ligatedmicewere5.0,0.03or0.5 mg/kg, respectively. As shown
in Fig. 2a and c, the thermal hyperalgesia observed on the ipsilateral side after nerve ligation
was clearly reversed by each repeated s.c. injection of morphine (5 mg/kg) or oxycodone
(0.5 mg/kg) once a day for 14 consecutive days from 7 days after nerve ligation. In contrast,
the antihyperalgesic effect following repeated treatment with fentanyl (0.03 mg/kg) was
gradually tolerated (**P < 0.01 or ***P < 0.001 versus sham-saline group; Fig. 2b).
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Changes in G-protein activation induced by repeated subcutaneous (s.c.) injection of
morphine, fentanyl or oxycodone in the spinal cord of mice with nerve ligation

We investigated the ability of morphine, fentanyl or oxycodone to activate G-proteins
through the stimulation of MOR in membranes of the ipsilateral side of the spinal cord
obtained from mice treated with saline, morphine, fentanyl or oxycodone once a day for 14
consecutive days from 7 days after sham operation or nerve ligation (Fig. 3). The activation
of G-proteins induced by morphine (0.001–10 μM), fentanyl (0.001–100 μM) or oxycodone
(0.001–10 μM) on the ipsilateral side of the spinal cord was examined by monitoring the
binding of [35S]GTPγS to membranes. Morphine, fentanyl and oxycodone each produced a
concentration-dependent increase in the binding of [35S]GTPγS to spinal cord membranes
obtained from sham-operated mice (Fig. 3). In sciatic nerve-ligated mice following repeated
injection of saline, the levels of [35S]GTPγS binding stimulated by fentanyl, morphine or
oxycodone were similar to that found in sham-operated mice (Fig. 3a-c). The binding of
[ 35S]GTPγS stimulated by fentanyl was significantly decreased in nerve-ligated mice by the
repeated s.c. injection of an optimal dose of fentanyl compared with the findings in sham-
operated mice [F(2,81) = 141.7; P < 0.001 versus sham-saline group, Fig. 3c]. In contrast,
there was no difference in G-protein activation in the spinal cord between sham-operated
and nerve-ligated mice with the repeated s.c. injection of an optimal dose of morphine or
oxycodone (Fig. 3a or c). Furthermore, the maximal G-protein stimulation by fentanyl was
significantly decreased in nerve-ligated mice with the repeated s.c. injection of an optimal
dose of fentanyl (***P < 0.001 versus sham-saline group, Fig. 3b). This reduction was not
observed in the nerve-ligated β-endorphin KO mice treated with the optimum dose of
fentanyl for 14 days (Fig. 4).

We further examined whether a single s.c. injection of fentanyl at relatively higher doses
(0.03–0.17 mg/kg) could produce an antihyperalgesic effect in mice by using repeated
treatment with an optimal dose of fentanyl under a neuropathic pain-like state (Fig. 5). Mice
were repeatedly injected with saline or an optimal dose of fentanyl (0.03 mg/kg) for 14
consecutive days beginning at 7 days after nerve ligation. One day after the last injection of
fentanyl, mice were challenged with fentanyl (0.03–0.17 mg/kg, Fig. 5). Fentanyl (0.056–
0.17 mg/kg) failed to recover the decreased thermal threshold in nerve- ligated mice
following the repeated injection of an optimal dose of fentanyl (*P < 0.05 versus sham-
saline group, Fig. 5).

Involvement of β-endorphin in the tolerance to fentanyl-induced antihyperalgesia under a
pain-like state

We compared the potency of the antihyperalgesic effect induced by the repeated injection of
fentanyl between nerve-ligated WT and β-endorphin KO mice (Fig. 6). In the present study,
both WT and β-endorphin KO mice with partial sciatic nerve ligation exhibited a marked
neuropathic pain-like behavior to almost the same degree (***P < 0.001 versus sham-saline
group Fig. 6). Under these conditions, the single s.c. injection of fentanyl (0.1 mg/kg) 7 days
after nerve ligation almost completely reversed the decrease in the thermal threshold without
excessive effects in sciatic nerve-ligated WT and β-endorphin KO mice, and maximal
antihyperalgesic responses were seen at 15 minutes after fentanyl injection (Fig. 6). The
antihyperalgesic effect following repeated treatment with fentanyl (0.1 mg/kg) was
gradually tolerated from 14 days after sciatic nerve ligation in WT mice. In contrast, the
potency of the antihyperalgesic effect of fentanyl was preserved in nerve-ligated β-
endorphin KO mice under repeated s.c. treatment with fentanyl (##P < 0.01 versus
knockout-ligation-fentanyl group; Fig. 6).
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DISCUSSION
In the present study, a neuropathic pain-like state induced by partial sciatic nerve ligation
was suppressed by the single s.c. injection of morphine, fentanyl or oxycodone in a dose-
dependent manner. At doses of 5.0, 0.5 and 0.03 mg/kg, s.c. administration of morphine,
oxycodone and fentanyl, respectively, completely reversed the decreased thermal threshold
without excessive effects in nerve-ligated mice. Based on the present findings, we proposed
that the optimal doses for the morphine-, oxycodone- and fentanyl-induced antihyperalgesic
effects in sciatic nerve-ligated mice were 5 mg/kg, 0.5 mg/kg and 0.03 mg/kg, respectively.
If we combine this result with our previous findings, the optimal dose for a morphine-
induced antihyperalgesic effect in sciatic nerve-ligated mice was higher than that under
inflammatory pain, whereas the optimal doses for fentanyl and oxycodone under a
neuropathic pain-like state and an inflammatory pain-like state were similar. Under these
conditions, the antihyperalgesic effect induced by fentanyl in mice with sciatic nerve
ligation rapidly disappeared during the consecutive administration of fentanyl (0.03 mg/kg),
whereas the potencies of morphine (3 mg/ kg) and oxycodone (0.5 mg/kg) with regard to
their anti-hyperalgesic effects were preserved in nerve-ligated mice even after repeated s.c.
treatment with morphine or oxycodone. Furthermore, even relatively higher doses of
fentanyl (0.056–0.17 mg/kg) failed to reverse the hyperalgesia in sciatic nerve-ligated mice
under the consecutive administration of fentanyl (0.03 mg/kg). Consistent with these results,
the dose-response curve for G-protein activation induced by fentanyl was significantly
shifted to the right and its maximal response was dramatically decreased in membranes of
the spinal cord of nerve-ligated mice following the repeated injection of fentanyl (ligation-
fentanyl group) compared with those in the sham-fentanyl and ligation-saline group. In
contrast, these phenomena were not observed in nerve-ligated mice with the repeated
administration of morphine or oxycodone. These findings provide evidence that the
consecutive injection of fentanyl, unlike morphine and oxycodone, may extensively induce
the development of tolerance to its antihyperalgesic effect under a persistent pain state. This
event could be associated with the repeated administration of fentanyl-induced functional
desensitization of MORs under a neuropathic pain-like state.

Several lines of evidence indicated that, in response to a pain stimulus, endogenous β-
endorphin is released within some brain regions (Zubieta et al. 2001). We previously
reported that β-endorphin released in the ventral tegmental area is a key factor in regulating
the dysfunction of MOR to negatively modulate opioid reward under a neuropathic pain-like
state (Niikura et al. 2008). Therefore, we next examined using β-endorphin KO mice
whether a lack of β-endorphin expression could affect fentanyl-induced tolerance to
antinociception under a neuropathic pain-like state. These β-endorphin KO mice showed no
changes in the expression of other peptide products (e.g. ACTH and MSH) from the POMC
gene (Rubinstein et al. 1996). With β-endorphin KO mice, we began by investigating
whether a deletion of the β-endorphin gene could influence the development of a
neuropathic pain-like state induced by sciatic nerve ligation in mice. As a result, there were
no differences in decreased thermal hyperalgesia or increased tactile allodynia between β-
endorphin KO and WT mice. Under these conditions, the fentanyl-induced antihyperalgesic
tolerance under sciatic nerve ligation was abolished in β-endorphin KO mice. In addition,
the reduced activation of G-proteins by fentanyl observed in the spinal cord of nerve-ligated
mice after the repeated s.c. injection of fentanyl was dramatically suppressed in the spinal
cord of nerve-ligated β-endorphin KO mice treated with the optimum dose of fentanyl for 14
days. These results suggest that released endogenous β-endorphin, in response to long-
lasting pain, may play a critical role in the fentanyl-induced antihyperalgesic tolerance under
a neuropathic pain-like state.
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It has been widely accepted that receptor desensitization appear to play a key role in the
development of opioid tolerance (Bohn et al. 2000; Gainetdinov et al. 2004; Walwyn et al.
2004). Furthermore, it has been considered that opioid tolerance is, in part, the end result of
internalized MORs (Whistler & von Zastrow, 1998, 1999; Claing et al. 2002; Kieffer &
Evans 2002; Koch et al. 2005; Zollner et al. 2008). The initial process in these events is the
phosphorylation of intracellular domains of MOR. Phosphorylated MORs are mostly
internalized via clathrin-coated pits into early endosomes and subsequently
dephosphorylated by intracellular protein phosphatases. The dephosphorylated MORs might
either be recycled to the plasma membrane or transported to lysosomes for degradation. A
growing body of evidence suggests that among diverse serine (Ser)/threonine (Thr) residues
of the intracellular domain of MOR, the phosphorylation of Ser 375 in the mouse MOR is
essential for the internalization of MORs (Schulz et al. 2004). In a previous study, we found
that repeated treatment with fentanyl, but not morphine, resulted in an increase in the levels
of phosphorylated-MOR (Ser 375) associated with the enhanced inactivation of protein
phosphatase 2A and a reduction in Rab4-dependent MOR resensitization in the spinal cord
of mice that showed inflammatory pain (Imai et al. 2006). Althoug further studies are still
needed, the present study raise the possibility that released β-endorphin within the spinal
cord may result in a loss of the coordinated balance between processes that govern the
desensitization, internalization and resensitization of MORs. This phenomenon could be
associated with the mechanism that underlies the rapid development of tolerance to fentanyl
under a neuropathic pain-like state.

CONCLUSION
We have demonstrated that repeated treatment with fentanyl at an excessive dose causes a
rapid antihyperalgesic tolerance in sciatic nerve-ligated mice, whereas morphine and
oxycodone do not produce this phenomenon. This condition may reflect the clinical
observation that tolerance to morphine analgesia is not a major concern when patients suffer
from severe pain. In addition, the discrepancy between the present findings and classical
basic understanding that chronic morphine treatment is believed to lead to severe analgesic
tolerance may result from the fact that most previous studies concerning molecular events in
opioid tolerance have been performed using an excessive dose of MOR agonists in naive
rodents. Furthermore, the present findings strongly indicate that β-endorphin within the
spinal cord may be involved in the prolongation of the fentanyl-induced desensitization of
MORs. This phenomenon may explain the high degree of tolerance to fentanyl-induced
antihyperalgesia under a neuropathic pain-like state in rodents.
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Figure 1.
Effect of s.c. injection of morphine, fentanyl or oxycodone on the latency of paw withdrawal
in response to a thermal stimulus on the ipsilateral side in sham-operated or sciatic nerve-
ligated ICR mice. The thermal threshold was measured just before and 30, 15 or 15 minutes
after s.c. injection of morphine, fentanyl or oxycodone, respectively. Groups of mice were
treated s.c. with morphine (1–10 mg/kg) (a), oxycodone (0.003–0.1 mg/kg) (b) or fentanyl
(0.003–0.01 mg/kg) (c) 7 days after the operation. Each column represents the mean ±
standard error of the mean of 8–10 mice. *P < 0.05, **P < 0.01 and ***P < 0.001 versus
sham-saline group. N.S. = not significant
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Figure 2.
Effect of repeated s.c. injection of morphine (MRP) (a), fentanyl (FEN) (b) or oxycodone
(OXY) (c) on the latency of paw withdrawal in response to a thermal stimulus on the
ipsilateral side in sciatic nerve-ligated ICR mice. Repeated s.c. injection of saline, morphine
(5 mg/kg), fentanyl (0.03 mg/kg) or oxycodone (0.5 mg/kg) was started 7 days after sciatic
nerve ligation. ICR mice were repeatedly injected with saline, morphine, fentanyl or
oxycodone once a day for 14 consecutive days. During the first 6 days after surgery, mice
were not treated with saline, morphine, fentanyl or oxycodone.The thermal threshold was
measured 7, 10, 13 and 20 days after ligation. Each column represents the mean ± standard
error of the mean of 8–10 mice. **P < 0.01 and ***P < 0.001 versus Sham-saline group on
day 1. N.S. = not significant
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Figure 3.
Effect of repeated injection of morphine (a), fentanyl (b) or oxycodone (c) on the morphine-,
fentanyl- or oxycodone-induced increase in [35S] GTPgS binding to membranes of the
ipsilateral side of the spinal cord obtained from sham-operated and sciatic nerve-ligated ICR
mice. Repeated s.c. injection of saline, morphine, fentanyl or oxycodone was started 7 days
after sciatic nerve ligation. ICR mice were repeatedly injected with saline, morphine,
fentanyl or oxycodone once a day for 14 consecutive days. During the first 6 days after
surgery, mice were not treated with saline, morphine, fentanyl or oxycodone. Membranes
were prepared at 21 days after nerve ligation. Each value represents the mean ± standard
error of the mean of four samples
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Figure 4.
Effect of repeated injection of fentanyl on the fentanyl-induced increase in [35S] GTPgS
binding to membranes of the ipsilateral side of the spinal cord obtained from sham-operated
and sciatic nerve-ligated β-endorphin knockout (KO) mice. Repeated s.c. injection of
fentanyl was started 7 days after sciatic nerve ligation. Mice were repeatedly injected
fentanyl once a day for 14 consecutive days. During the first 6 days after surgery, mice were
not treated with fentanyl. Membranes were prepared at 21 days after nerve ligation. Each
value represents the mean ± standard error of the mean of six samples. Each group was
consisted of four males and two females. n.s. = not significant
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Figure 5.
Effect of s.c. injection of fentanyl (0.03–0.17 mg/kg) on the latency of paw withdrawal in
response to a thermal stimulus on the ipsilateral side in sciatic nerve-ligated ICR mice with
the administration of fentanyl (0.03 mg/kg) for 14 consecutive days. The thermal threshold
was measured 15 minutes after the s.c. injection of fentanyl. Each column represents the
mean ± standard error of the mean of eight mice. *P < 0.05, and ***P < 0.001 versus Sham-
saline group
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Figure 6.
Effect of the repeated s.c. injection of fentanyl (0.1 mg/kg) on the latency of paw withdrawal
in response to a thermal stimulus on the ipsilateral side in sciatic nerve-ligated, wild-type
(WT) or β-endorphin knockout (KO) mice. Repeated s.c. injection of fentanyl was started 7
days after sciatic nerve ligation. Mice were repeatedly injected with fentanyl once a day for
14 consecutive days. During the first 6 days after surgery, mice were not treated with
fentanyl.The thermal threshold was measured 7, 13 or 20 days after nerve ligation at 15
minutes after s.c. injection of fentanyl. Each column represents the mean ± standard error of
the mean of five to six mice (consisting of two to three males and three females). ***P <
0.001 versus WT-sham-saline group. ##P < 0.01 versus β-endorphin KO-ligation-fentanyl
group. N.S. = not significant
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