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1.4, and Na, 1.7. In the control condition, the PKC
inhibitor did not affect the voltage-gated inward currents.
Pretreatment with GF109203X (200 nM) for 120 min
abolished the sevoflurane-induced inhibition of voltage-
evoked inward currents in Xenopus oocytes expressing
Na,1.4, Na,1.8, and Na, 1.7 (Na,1.4, 90.2% £ 6.5% of
control, P > 0.05, n = 9; Na,1.8, 102% =+ 6.6% of con-
trol, P > 0.05, n = 11; Na, 1.7, 106% + 7.2% of control,
P > 0.05, n = 9) (Fig. 3a,b).

In our results, sevoflurane had little effects on the cur-
rent—voltage relationship. However, sevoflurane (1.0 mM)
significantly inhibited the peak component of the transient
inward currents of Na, 1.8, Na, 1.4, and Na, 1.7; 0.5 mM
sevoflurane did not affect the peak component of the
transient inward currents inward current of these three
channels. In clinical situations, the free plasma concen-
tration of sevoflurane is approximately 0.5 mM in humans

@ Springer

[21, 22]. Ouyang et al. [12] reported that the function of
Na, 1.4 was inhibited slightly by equipotent concentrations
of sevoflurane (0.46 mM), consistent with our present
results. From this evidence and our results, sevoflurane
would have little effect on these channels, at least in a
clinical situation.

In our present results, 1 mM sevoflurane inhibited the
peak component of the transient inward currents of Na,
1.8, Na, 1.4, and Na, 1.7. This finding raises the question
of how sevoflurane inhibits these channel functions.
Sodium channels are also rapidly phosphorylated by PKC
[23], and recent reports have shown that the functions of
Na, 1.7 expressed in Xenopus oocytes are modulated by
PKC [24]. Moreover, there are several lines of evidence
revealing that sevoflurane activated PKC [2, 3]. Inhibition
by sevoflurane on Na, 1.8, Na, 1.7, and Na, 1.4 functions
was abolished by pretreatment with the PKC inhibitor,
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suggesting that sevoflurane would inhibit Na, 1.8, Na, 1.7,
and Na, 1.4 functions by PKC-mediated pathways.

In conclusion, we demonstrated inhibition by sevoflu-
rane on the functions of Na, 1.8, Na, 1.7, and Na, 1.4, and
that the inhibition would be mediated by the PKC pathway.
However, these sodium channels might not be related to
the clinical anesthetic effects of sevoflurane.
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Abstract

Sevoflurane is widely used for anesthesia, and is commonly
used together with opioids in clinical practice. However, the
effects of sevoflurane on p-opioid receptor (LOR) functions
is still unclear. In this study, the effects of sevoflurane on p.OR
functions were analyzed by using Xenopus oocytes express-
ing a pOR fused to chimeric Ga protein Gg;s (LOR-Ggjs). Se-
voflurane by itself did not elicit any currents in oocytes ex-
pressing wOR-Gg;s, whereas sevoflurane inhibited the [D-

Ala%,N-Me-Phe* Gly®-oll-enkephalin (DAMGO)-induced CI- -
currents at clinically used concentrations. Sevoflurane did .
not affect the CI” currents induced by AIF;, which directly led -

to activation of G proteins. The inhibitory effects of sevoflu-
rane on the DAMGO-induced currents were not observed in
oocytes pretreated with the protein kinase C (PKC) inhibitor

GF109203X. These findings suggest that sevoflurane would

inhibit wOR function. Further, the mechanism of inhibition
by sevoflurane would be mediated by PKC.
Copyright © 2011 S. Karger AG, Basel

Introduction

Sevoflurane is widely used as an inhalation general an-
esthetic agent due to its low solubility in blood. Opioids
are commonly used with sevoflurane at the same time,
There have been some reports that have pointed out in-
teractions between sevoflurane and opioid receptors
(ORs) in animal experiments; the potency of sevoflurane
was modulated by the endogenous p.-opioid system, but
not by the k- and 8-opioid systems in experiments using
mice lacking the ORs [1]. In animals, morphine decreas-
es the minimal alveolar concentration (MAC) of sevoflu-
rane [2, 3]. However, it has been reported that morphine
does not affect MAC for sevoflurane in humans. More
recently, it has been reported that OR-knockout mice
have no different MAC of sevoflurane [4]. The interaction
between sevoflurane and OR function is still controver-
sial.

The ORs belong to the G-proteln-coupled receptor
family and three types of receptors, |, 8 and k, have been
identified by molecular cloning [5]. Within the three sub-
types of these receptors, jiORs are the major receptors
that mediate the analgesic effects of opioids [5]. On the
basis of second-messenger signaling, wOR couples to

-Gayy, protein to cause inhibition of adenylate cyclase, in-
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hibition of voltage-dependent Ca?* channels, and activa-
tion of G-protein-coupled inwardly rectifying K* chan-
nels [5]. There have been many reports that revealed di-
rect effects of general anesthetics on G4-coupled receptors
[6-11]. As far as the functions of Gy/,-coupled receptors
including pOR are concerned, much less is known about
the direct effects of volatile anesthetics. Moreover, we re-
cently reported that the volatile anesthetic halothane in-
hibited wOR function at clinical concentrations [12]. It
would be interesting to study whether sevoflurane affects
WOR functions.

The Xenopus oocyte expression system has widely
been employed to study the functions of a number of G-
protein-coupled receptors [13, 14]. In the case of Gg-cou-
pled receptors, receptor stimulation results in activation
of Ca?*-activated Cl” channels in Xenopus oocytes by G-
mediated phospholipase C activation and subsequent for-
mation of IP; and diacylglycerol [14]. The IP; formed
causes release of Ca?" from the endoplasmic reticulum,
which in turn triggers the opening of Ca**-activated CI-
channels endogenously expressed in the oocytes [14].
However, in case of Gj,-coupled receptors, analysis has
been difficult, due to lack of appropriate analytical output
in oocytes. We have established an assay method for Gy
PCRs by using a OR fused to Gg;s (WOR-Gyss) in Xeno-
pus oocytes [12, 15].

We examined the effects of sevoflurane on the func-
tion of wOR using this assay system. Moreover, we inves-
tigated the mechanisms of the effects of sevoflurane on
wOR.

Materials and Methods

Materials

Adult Xenopus laevis female frogs were purchased from Kato
Kagaku (Tokyo, Japan). The Ultracomp E. coli Transformation
Kit was from Invitrogen (San Diego, Calif., USA). Sevoflurane
was purchased from Maruishi Pharmaceutical (Osaka, Japan).
Purification of cDNAs was performed with a Qiagen purification
kit (Qiagen, Chatworth, Calif, USA). Gentamicin, sodium py-
ruvate, [D-Ala%,N-Me-Phe*,Gly’-ol]-enkephalin (DAMGO) and
other chemicals were from Nacalai Tesque (Kyoto, Japan). The rat
wOR was provided by Dr. N. Dascal (Tel Aviv University, Ramat
Aviv, Israel). The chimeric Gags was a kind gift from Dr. B.R.
Conklin (UCSF, San Fransico, Calif., USA). Each of the cRNAs
was prepared usinga mCAP mRNA Capping Kit, and transcribed
with a T7 RNA polymerase in vitro transcription kit (Stratagene,
La Jolla, Calif., USA).

Preparation of Chimeric tOR-Gys
The tandem cDNAs of chimeric WOR-Gg;s were created by
ligating the receptor cDNA sequences into the Nhel site of Ggs
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cDNAs. The sequences of all PCR products were confirmed by
sequencing with ABI3100 (Applied BioSystems, Tokyo, Japan).
All cDNAs for the synthesis of cRNAs were subcloned into the
pGEMHI vector, which provides the 5'- and 3'-untranslated re-
gions of the Xenopus B-globin RNA [16], ensuring a high level of
protein expression in the oocytes. Each of the cRNAs was synthe-
sized using the mCAP mRNA Capping Kit, with the T7 RNA
polymerase invitro transcription kit (Ambion, Austin, Tex., USA)
from the respective linearized cDNAs,

Recording and Data Analysis

Isolation and microinjection of Xenopus oocytes were per-
formed as previously described [7, 9-12, 17-19]. Xenopus oocytes
were injected with appropriate amounts of cRNAs (in 50 ng;
POR-Gg;s) and incubated with ND 96 medium composed of (in
mmol/l); NaCl 96, KCl 2, CaCl, 1.8, MgCl, 1, HEPES 5 (pH 7.4,
adjusted with NaOH), supplemented with 2.5 mmol/l sodium py-
ruvate and 50 pg/ml gentamicin for 3-7 days until recording. Oo-
cytes were placed in a 100-pl recording chamber and perfused
with modified Barth’s saline (MBS) composed of (in mmol/l):
NaCl 88, KCl 1, NaHCO; 2.4, HEPES 10, MgSO, 0.82, Ca(NO;),
0.33, and CaCl, 0.91, (pH 7.4 adjusted with NaOH) at a rate of 1.8
ml/min at room temperature. Recording and clamping electrodes
(1-2 MQ) were pulled from 1.2-mm outside-diameter capillary
tubing and filled with 3 mol/l KCL. A recording electrode was im-
bedded in the animal’s pole of oocytes, and once the resting mem-
brane potential stabilized, a clamping electrode was inserted and
the resting membrane potential was allowed to restabilize. A
Warner OC 725-B oocyte clamp (Hampden, Conn., USA) was
used to voltage clamp each oocyte at =70 mV. We analyzed the
peak component of the transient inward currents induced by re-
ceptor agonists because this component is dependent on the con-
centrations of the receptor agonist applied, and is quite reproduc-
ible, as described by Minami et al. [10]. Sevoflurane was applied
for 2 min before and during the application of DAMGO (1 pmol/)

_to allow complete equilibration in the bath. The solutions of sevo-

flurane were freshly prepared immediately before use. We calcu-
lated the final concentration of sevoflurane in the recording
chamber using a gas chromatography method, and accordingly
the concentrations of sevoflurane represent the bath concentra-
tions.

AlF] was used as a direct activator of G proteins, and with
this system we could bypass the signal to G proteins from acti-
vated receptors. Under a two-electrode voltage clamp, we inject-
ed 30 nl of solution containing NaF and AICl; into the oocyte by
using a pressure injector (PM2000B; MicroData Instruments,
South Plainfield, N.J., USA). The concentrations of NaF and
AICl; used in this study were 20 mmol/l and 60 pmol/l, respec-
tively.

To determine whether activation of protein kinase C (PKC)
plays a role in anesthetic modulation of pOR-mediated events,
oocytes were exposed to a PKC inhibitor; bisindolylmaleimide I

"(GF109203X; 200 nmol/1) [20], in MBS for 120 min. We compared

the effects of anesthetics on DAMGO (1 wmol/])-induced Ca®*-
activated CI- currents in Xenopus oocytes expressing lOR-Gg;s
before and after the exposure to GF109203X.

Statistical Analysis
Results are expressed as percentages of control responses. The
control responses were measured before and after each drug ap-

Minami/Sudo/Yokoyama/Ogata/
Takeuchi/Uezono



DAMGO 1 pmol/|

Fig. 1. Typical tracings of the effect of
1 mmol/l sevoflurane (Sev.) on the Cl™ cur-
rent evoked by 1 pmol/IDAMGO in Xeno-
pus oocytes expressing WOR-Gy;s.

Sev. 1 mmol/i

"~ DAMGQ_1 umol/t DAMGQ 1 pmol/l

plication, to take into account possible shifts in the control cur-
rents as recording proceeded. The ‘0’ values refer to the number
of oocytes studied. Each experiment was carried out with oocytes
from at least two different frogs. Statistical analyses were carried
out by one-way ANOVA followed by Dunnett’s correction and
paired t test using GraphPad Prism 4 (GraphPad Softwear, Inc; La
Jolla, Calif., USA). Values of p < 0.05 were considered to be sig-
nificant.

Results

Pretreatment of sevoflurane by itself did not elicit any
currents in oocytes expressing OR-Ggss, Whereas the
sevoflurane significantly inhibited DAMGO (1 pmol/l)-
induced Ca?*-activated Cl™ currents in a concentration-
dependent manner (fig. 1); sevoflurane at 0.25, 0.5 and
1 mmol/l inhibited the DAMGO (1 pmol/l)-induced CI-
currents to 84.7 * 12.3,50.6 % 10.1 (p <0.01), and 48.8
+ 8.2% (p < 0.01) of the control value, respectively (n =
- 8 each) (fig. 2).

AIF; has been reported to bind to guanosine diphos-

phate on heterotrimeric G protein, and guanosine di-

phosphate-AlF; complex promotes the dissociation of
heterotrimeric G proteins into Go and Gy subunits,
which directly (without receptor stimulation) leads to the
activation of G protein and subsequent G-protein-medi-
ated pathways downstream [21]. The peak amplitude of
AlF;-induced currents was 282 * 121 nA (n = 6), and
sevoflurane did not affect the AIF;-induced currents (418
+ 86.4 nA; n = 6) (fig. 3).

Treatment with a PKC inhibitor, GF109203X (200
nmol/l), which has a K; value for inhibiting PKC activity

Inhibition by Sevoflurane on j1-Opioid
Receptor
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Sevoflurane (mmol/l)

Fig. 2. Concentration-response curve for the inhibitory effects of
sevoflurane on DAMGO (1 wmol/l)-induced CI” currents in oo-
cytes expressing WOR-Ggs. ** p < 0.01 vs. control. Values are ex-
pressed as means £ SEM.

of 20 nmol/l [20], produced enhancement of the initial
CI currents activated by DAMGO (1 pmol/l) (fig. 4a).
After a 1-hour incubation of GF109203X, the response of
DAMGO (1 pmol/l) increased to 2 times the initial cur-
rents (205  27.6% of control), and this enhancement
continued for 2 h (fig. 4b) (n = 6). Sevoflurane (1 mmol/l)
inhibited DAMGO (1 pmol/l)-induced Ca®*-activated
Cl- currents to 61.2 * 15.8% of the control value (n = 6).

‘However, the inhibitory effects of sevoflurane (1 mmol/l)

on DAMGO (1 pmol/l)-induced currents were abolished
after 2 h of pretreatment with GF109203X (115.8 * 26.8%
of control) (fig. 5).
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Fig. 3. Effects of sevoflurane (Sev.) on AlF;-induced currents in
Xenopus oocytes. a Tracings were obtained from a single oocyte
showing the effect of sevoflurane on AlF;-induced currents in
oocytes expressing LOR-Gy;s. b Oocytes were injected with 30 nl

test solution (20 mmol/I NaF and 60 w.mol/l AICl;) in the presence
(Sev. treatment) (n = 6) or absence {control) (n = 6) of 1 mmol/l
sevoflurane. Data are expressed as means = SEM of peak cur-
rents (nA).
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Fig. 4. Effects of bisindolylmaleimide I (GF109203X) on
DAMGO-induced CI” currentin oocytes expressing OR-Ggs re-
ceptor. a Tracings were obtained from a single oocyte showing the
DAMGO (1 pmol/l)-induced currents in oocytes expressing
WOR-Gyis receptors before and after treatment with GF109203X
(GF). Oocytes were incubated with 200 nmol/1 GF for 2 h and were

then stimulated by DAMGO. b Time course of effects of GF on
DAMGO-induced CI” current in oocytes expressing pOR-Gg;s re-
ceptor. Oocytes were incubated with GF (200 nmol/l) for 120 min.
DAMGO (1 pmol/l) was applied at 60 and 120 min during treat-
ment of GF. Data represent means * SEM of 6 oocytes. ** p <0.01
vs. time at starting incubation with 200 nmol/l1 GF (0 h).

Fig. 5. Effects of bisindolylmaleimide I
(GF109203X) on the inhibitory effects of
sevoflurane (Sev.) on DAMGO (1 wmol/l)-
induced currents. Tracings were obtained
from a single oocyte showing the effect of
sevoflurane on 1 pmol/l of DAMGO-
induced currents in oocytes expressing
P OR-Gy;s receptor before and after treat- 20s
ment with GF109203X (GF). Oocytes were {-

DAMGO 1 pmol/I

incubated with 200 nmol/l GF for 2 h,
and were then stimulated by DAMGO
(1 pmol/l) in the presence of sevoflurane
(1 mmol/I).

50 nA

" Sev. 1 mmol/i
DAMGO 1 umol/i

P———————
GF-treated for 2 h
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Discussion

We showed that sevoflurane had inhibitory effects on
DAMGO-induced Cl- currents in oocytes expressing
WOR-Ggs. In clinical situations, the free plasma concen-
tration of sevoflurane was approximately 0.5 mmol/l [22,
23]. Sevoflurane suppressed DAMGO-induced Cl~ cur-
rents in oocytes expressing WOR-Gys at concentrations

more than 0.5 mmol/l. Consistent with these reports, our

present results suggest that anesthetic concentrations of
sevoflurane would have inhibitory effects on wOR.

Our study raises the question of how sevoflurane in-
hibits wOR function. In our results, sevoflurane had little
effect on AlFj-induced currents, suggesting that sevoflu-
rane may not interfere with the signaling pathways down-
stream of activation of G proteins, such as phospholipase
C activation, intracellular Ca?* release, and CaZ*-activat-
ed CI- channels. From these results, the action site of
sevoflurane would be OR.

There is considerable evidence that PKC plays an im-
portant role in the regulation of OR function. A num-
ber of studies have reported that PKC is involved in mor-
phine-induced tolerance in vivo [24-27]. In our pres-
ent results, the PKC inhibitor GF109203X enhanced
DAMGO-induced currents. These results suggested that
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BACKGROUND

It has been considered that opioid tolerance is, in
part, the end result of a coordinated balance between
processes that govern the desensmzatlon internaliza-
tion, and resensitization of p-opioid receptors (MOR)
(Claing et al., 2002; Gainetdinov et al., 2004). How-
ever, a several line of evidence suggests that the traf-
ficking properties -of MORs driven by MOR agonists
may depend on. intrinsic characters of each agonist,
and are still complicated. Previous biochemical studies
on cultured enteric neurons have indicated that fen-
tanyl induces either the functional desensitization or
internalization of MORs (Minnis et al., 2003). In con-
trast, under the same condition, morphine does not
promote the detectable internalization of MORs in cul-
tured 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). How-
ever, recent studies have demonstrated that morphine
activates MORs with promoting internalization of
MORs via B-arrestin-2-dependent mechanisms in
striatal neurons (Haberstock-Debic et al., 2005).

In the previous study, we demonstrated that
repeated treatment with fentanyl, but not morphine,
causes a rapid desensitization to its ability to block the
hyperalgesia associated with the attenuation of MOR

©2011 WILEY-LISS, INC.

internalization/recycling pathway; opioids;

receptor trafficking;

resensitization in mice with inflammatory pain (Imai
et al., 2006). Based on this study, we hypothesized that
released B-endorphin within the spinal cord under a
chronic pain-like state may be implicated in the rapid
development of tolerance to fentanyl, but not morphine
and oxycodone. Namely, these findings raise the possi-
bility that B-endorphin could attenuate the resensiti-
zation of MOR after the treatment with fentanyl,
resulting in the high degree of tolerance to fentanyl-
induced antihyperalgesic effects under long-lasting
pain state. To further address this issue, this cell cul-
ture study was performed to investigate the effects of
fentanyl on MOR internalization and resensitization
in the presence or absence of B-endorphin.

MATERIALS AND METHODS

Baby hamster kidney (BHK) cells (Riken Cell
Bank, Tsukuba, Japan) were grown in Dulbecco’s
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modified eagle medium (DMEM: Invitrogen™) supple-
mented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml), and streptomycin (100 pwg/ml) at 37°C in a
humidified atmosphere of 95% air and 5% CO,. Tran-
sient transfection was then performed with Effectene
transfection reagent (Qiagen, Tokyo, Japan) in 0.2 pg
of each ¢cDNA according to the protocol provided by
the manufacturer. Cells were used in confocal micros-
copy 16-24 h after transfection. cDNA for rat MOR
was kindly provided by Dr. Dascal (Tel Aviv Univer-
sity). Venus, a brighter variant of yellow fluorescent
protein (Nagai et al., 2002) was obtained from Dr. T.
Nagai (Riken, Wako, Japan). Primers (5'-GGG GTA
CCC CAT GGA CAG CAG CAC-3') and (5'-GCG GCC
GCG GGG CAA TGG AGC AGT-3') were engineered
to ligate the N-terminus of MOR by using standard
molecular approaches with the polymerase chain
reaction (PCR). Venus-fused MOR was created by
ligating the MOR ¢DNA sequences into the Not! site
of the corresponding Venus site. cDNA for transfec-
tion in BHK cells was subcloned into pcDNA3.1
(Invitrogen@ Life Technologies, CA). ¢cDNA for rat
B-arrestin 2 was generously provided by Dr.
Y. Nagayama (Nagasaki University, Japan). For the
analysis of the agonist-induced internalization of
MORs, BHK cells that had been transfected with
Venus-fused MORs and B-arrestin-2 were incubated
in the absence or presence of 100 nM B-endorphin for
30 min at 37°C, and then treated with 10 M mor-
phine, 100 nM fentanyl or 10 uM oxycodone. To inves-
tigate the resensitization of MORs, the cells were
incubated with 100 nM fentanyl or 10 pM oxycodone
in the presence or absence of B-endorphin, and then
apposed for 30 min, 90 min, 3 h, or 6 h at 37°C. The
cells were subsequently fixed and examined by confo-
cal microscopy as previously reported (Corbani et al.,
2004). Venus was excited by a 488-nm laser was used
to detect Venus fluorescence with a 505- to 530-nm
band-pass filter, and images were obtained by placing
the dish on the stage of an inverted Zeiss LSM510
META confocal microscope (Carl Zeiss, Jena, Ger-
many). Data were stored on the hard disc with and
analyzed with the Zeiss LSM software Zen 2009. For
the quantitative analysis of agonist-induced internal-
ization of MORs, BHK cells were fixed with 4% paraf-
olmaldehyde in PBS and stored at 4°C. The numbers
of cells expressing Venus-fused MORs were counted.
For counting cells whether Venus fluorescence was at
the plasma membrane or in cytosol (internalization),
we basically followed by Corbani et al. (2004). Local-
ization of Venus-fused MORs in BHK cells was cate-
gorized as “mainly expressed at the plasma mem-
brane,” “not detected in plasma membrane but
detected in cytosol,” or “not detected” (whose localiza-
tion was not belong to the former category), separated
with a software Zen 2009 equipped with Zeiss
LSM510 META confocal microscope, with reference to
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(B) B-END

(A) Control

(C) MRP

Fig. 1. Confocal imaging of agonist-induced internalization of
MORs in BHK cells expressing Venus-fused MORs. The cells were
incubated in the absence (A, C, E, and G) or presence (B, D, F, and
H) of 100 nM B-endorphin (B-END) for 30 min at 37 C and then
treated with 10 uM morphine (MRP; C, D), 100 nM fentanyl (FEN;
E, F), or 10 uM oxycodone (OXY; G, H). The cells were subsequently
fixed and examined by confocal microscopy. Yellow fluorescence from
Venus indicates the localization of MORs in BHK cells. Scale bars,
10 pm.

the control, not stimulated BHK cells. A total of 100
cells (counted mean 200-250 cells in sum of “the
plasma membrane,” “in the cytosol,” plus “not
detected”) in six independent each dish. % Internal-
ization was described as cytosol X 100/[plasma mem-
brane + cytosol (total 100 cells)]. The drugs used in
this study were fentanyl citrate (Hisamitsu Pharma-
ceutical, Tokyo, Japan), morphine hydrochloride
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(A) Control

(B) FEN

Fig. 2. Confocal imaging of agonist-induced internalization of
MORs in BHK cells expressing Venus-fused MORs. Typical cells
where most of MOR-Venus intensity was at the plasma membranes,

(Daiichi-Sankyo, Tokyo, Japan), oxycodone hydro-
chloride (a kind gift from Shionogi Pharmaceutical,
Osaka, dJapan), and B-endorphin (Sigma-Aldrich,
St Louis, MO), which were dissolved in assay buffer.

RESULTS AND DISCUSSION

In this study, we assessed whether B-endorphin
could affect the trafficking properties of MORs using
immunocytochemical methods in BHK cells with con-
focal microscope. Confocal imaging of the BHK cells
expressing Venus-fused MOR with B-arrestin-2
revealed that the yellow fluorescence was largely con-
fined to the plasma membrane (Figs. 1A and 2A). In
both the presence and absence of 100 nM pB-endor-
phin, at which concentration there did not cause any
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[A, control cells (Control)] or in the cytosolic fraction [B, 100 nM
fentanyl-stimurated for 30 min (FEN)]. PM; plasma membranes in
BHK cells. Scale bars, 10 um.

internalization of MORs (Figs. 1B and 1C), cells
expressing MORs treated with 10 pwM morphine
(Figs. 1C and 1D) showed little internalization of
MORs, while the cells treated with 100 nM fentanyl
(Figs. 1E, 1F, and 2B) and 10 pM oxycodone (Figs. 1G
and 1H) showed robust internalization of the receptor.
These findings were consistent with previous reports
that fentanyl and etorphine caused partial internal-
ization, while morphine failed to induce detectable
MOR endocytosis (Koch et al., 2005). We next investi-
gated the resensitization properties of MORs after the
washing-out of agonists. In the absence of B-endor-
phin, internalized MOR returned to the plasma mem-
brane from 90 min after the washing-out of fentanyl
(Figs. 3B—3D). However, in the presence of B-endor-
phin, the internalized MOR induced by fentanyl
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Fig. 3. Confocal imaging of resensitization of MORs in BHK
cells expressing Venus-fused MORs. Cells were incubated with 100
nM fentanyl (A-H) or 10 pM oxycodone (I-P) in the absence (A-D
and I-L) or presence (E-H and M-P) of B-endorphin, and then
apposed for 30 min, 90 min, 3 h, or 6 h at 37 C. The cells were then
fixed and counted by confocal microscopy. Yellow fluorescence from
Venus indicates the cellular localization of MOR in BHK cells. Scale

remained in the cytosolic fraction at 3-6 h after the
washing-out of B-endorphin and fentanyl (Figs. 3F-—
3H). However, in both the presence and absence of
B-endorphin, the internalized MOR induced by oxyco-
done returned to the plasma membrane after the
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bars, 10 um. Quantitative analysis of the % of the internalized cells
expressing Venus-fused MORs treated with the drugs for 30 min (Q)
or 180 min (R), respectively. The agonist concentrations represent
the dose required to induce the maximal effect on receptor endocyto-
sis for each drug. Each value represents the mean * SEM of six
separate experiments.

washing-out of agonist in a time-dependent manner
(Figs. 3I-3P). We performed quantitative analysis of
the agonist-induced internalization of MORs after the
washing-out of each agonist shown in Materials and
Methods. At 30 min after the washing-out of agonists,
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cells treated with fentanyl or oxycodone showed ro-
bust internalization of MORs (fentanyl: 79.0 + 5.14%,
B-endorphin fentanyl: 80.2 = 3.7%, oxycodone: 70.5
+ 7.09%, p-endorphin oxycodone: 70.7 * 5.35%),
which was not seen in morphine-treated cells (mor-
phine: 19.67 * 3.93%, B-endorphin morphine: 21.5 +
4.76%; Fig. 3Q). However, while there was no differ-
ence in the degree of oxycodone-induced MOR inter-
nalization between the presence and absence of
B-endorphin 3 h after washing-out (oxycodone: 23.17
+ 5.12%, B-endorphin oxycodone: 30.5 * 4.72%), in
fentanyl-treated cells, B-endorphin caused the pro-
longed internalization of MORs and fluorescence was
stayed in the cytosolic fraction (fentanyl: 27.67 =
5.47%, B-endorphin fentanyl: 76.5 = 6.02%; Fig. 3R).

It has been widely accepted that receptor desensiti-
zation, internalization and trafficking appear to play
a key role in the development of opioid tolerance
(Claing et al., 2002; Gainetdinov et al., 2004). The ini-
tial 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 dephos-
phorylated MORs might either be recycled to the
plasma membrane or transported to lysosomes for
degradation. A growing body (Smalheiser and Lugli)
of evidence suggests that among diverse serine/threo-
nine (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 mor-
phine, resulted in an increase in the levels of phos-
phorylated-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). However, several lines of evi-
dence indicate that, in response to pain stimulus, en-
dogenous B-endorphin is released within some brain
regions (Zubieta et al., 2001). We previously reported
that B-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,
2010). Taken together, although further studies are
still needed, these findings support the idea that inhi-
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bition of the resensitization system of MOR following
chronic treatment with fentanyl in the presence of
B-endorphin may be associated with antihyperalgesic
tolerance to fentanyl under a chronic pain-like state.

In conclusion, we demonstrated here that unlikely
morphine, either fentanyl or oxycodone induced a
robust MOR internalization and, in turn, its resensiti-
zation. In the presence of B-endorphin, the internal-
ized MOR induced by fentanyl, but not oxycodone,
remained within the cytosolic fraction even after
washing out. These findings strongly support that
idea that fentanyl has different pharmacological pro-
file form that of morphine or oxycodone.
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ABSTRACT

In the present study, we investigated the possible development of tolerance to the antihyperalgesic effect of p-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 B-endorphin-knockout mice
with nerve ligation, developed tolerance to the antihyperalgesic effect of fentanyl was ab olished, and reduced G-protein
activation by fentanyl after nerve ligation with fentanyl was reversed to the normal level. The present findings indicate
that released -endorphin within the spinal cord may be implicated in the rapid development of tolerance to fentany!

under a neuropathic pain-like state.

Keywords Fentanyl, mouse, neuropathic pain, opioid tolerance, {-opioid receptor, spinal cord.
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INTRODUCTION

Although drugs that act on p-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 coor-
dinated balance between processes that govern the desen-
sitization, internalization and resensitization of MORs
(Claing et al. 2002; Gainetdinov et al. 2004). The initial
process in these events is the phosphorylation of intrac-
ellular domains of MORs. Phosphorylated MORs are
mostly internalized via clathrin-coated pits into early
endosomes and subsequently dephosphorylated by

© 2011 The Authors, Addiction Biology © 2011 Society for the Study of Addiction

intracellular protein phosphatases. The dephosphory-
lated MORs may either be recycled to the plasma mem-
brane or transported to lysosomes for degradation.
Previous biochemical studies on cultured enteric neurons
haveindicated 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 internaliza-
tion of MORs via B-arrestin-2-dependent mechanisms
in striatal neurons (Haberstock-Debic etal. 2005).
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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 neces-
sary to investigate possible changes in analgesic efficacy
following repeated treatment with MOR agonists at
optimum doses just for the relief of chronic pain associ-
ated 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
pdin 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 possibil-
ity that chronic treatment with fentanyl may cause a
different modulation of either the desensitization, inter-
nalization 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 attenu-
ation of MOR resensitization by fentany! in the spinal cord
under chronic pain could be a sustained increase in
release of the endogenous u—opioici” neuropeptide B-
endorphin after sciatic nerve ligation. In fact, it has been
reported that B-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 B-endorphin in the arcuate nucleus
increased by 88% under pain-like state. Based on these
findings, we assumed that B-endorphin might be released
within the spinal cord, as well as brain regions, under
pain-like state, as compensatory mechanism for the inhi-
bition of pain transmisson. As sustained exposure to
B-endorphin could results in receptor phosphorylation
and uncoupling of receptors from effector systems, and
thus desensitization, neuropathic pain associated with
release of B-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 mor-
phine, fentanyl or oxycodone on neuropathic pain-like
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 oxyc-
odone, caused a rapid desensitization to its antihyperal-
gesic effect in nerve-ligated mice. Furthermore, we found
that B-endorphin could be a key modulator for the high
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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 B-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 Commit-
tee 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 B-endorphin derived from proopiomel-
anocortin (POMC) gene-KO mice (8413 weeks old,
22-30g) (The Jackson Laboratory, Bar Harbor, ME,
USA), which had a C57BL/6] and 129S2/SvPas mixed
genetic background as described previously (Niikura
etal. 2008), their wild-type (WT) male and female
C57BL/6] 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 libifum. Bach animal was used

" only once.

Drugs

The drugs used in the present study were fentanyl citrate
(Hisamitsu Pharmaceutical Co., Inc., Tokyo, Japan), mor-
phine hydrochloride (Daiichi-Sankyo Co., Tokyo, Japan),
oxycodone hydrochloride (a kind gift from Shionogi Phar-
maceutical Co. Inc., Osaka, Japan) and B-endorphin
(Sigma-Aldrich Co., St. Louis, MO, USA), which were dis-
solved in 0.9% physiological saline (Otsuka Pharmaceu-

“tical. Co."Inc., Tokyo, Japan) for in vivo experiments or

assay bqﬁer for in vitro experiments.

Neuropathic pain model

Mice were anesthetized with 3% isoflurane. We pro-‘
duced 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 micro-

scope (SD30, Olympus, Tokyo, Japan), as described pre-

viously (Seltzer etal. 1990; Malmberg and Basbaum

1998). In sham-operated mice, the nerve was exposed

without ligation.
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Guanosine-5'-0-(3-thio) triphosphate ([*S]JGTPYS)
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 g protein/assay) was pre-
pared 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 UM
guanosine-5’-diphosphate and 50 pM [35S]GTPYS
(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 pM Tris-HCL, pH 7.4, and 5 pM MgCl, 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-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 ana-
Iyzer. Nonspecific binding was measured in the presence
of 10 pM unlabeled GTPYS.

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 move-
ments (with or without licking of the hind paws) away
from the stimulus were considered to be a withdrawal
responsé. Paw movements associated with locomotion or
weight-shifting were not counted as a response. The paws
were measured alterhating between the left and right
with an interval of more than 3 minutes between mea-

surements. 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 [*°S]GTPYS 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 (GraphPad Software Inc., La Jolla, CA,
USA). The statistical significance of differences between
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groups was assessed by two-way analysis of variance fol-
lowed 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 liga-
tion 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 per-
sistent painful state caused by sciatic nerve ligation lasted

" for more than 21 days after surgery in mice (Fig. 2). A

singles.c. injection of either morphine (1-10 mg/kg), fen-
tanyl (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 mor-
phine, fentanyl or oxycodone, respectively (*P < 0.05,
#P < 0,01 or *P<0.001 versus sham-saline group,
Fig. 1). Atadoseof 5.0 mg/kg, 0.03 mg/kgor 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 antihyperal-
gesiceffectin nerve-ligated mice were 5.0,0.03 or 0.5 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 repeateds.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 liga-
tion. 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).

- 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 oxy-
codone 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 uM), fentanyl (0.001-100 pM) or
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Figure | Effect of sc.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—10mg/kg) @,
oxycodone (0.003-0.1 mg/kg) (b) or fentanyt (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<0.0| and ***P<0.00! versus-sham-saline group. N.S.=not significant -

oxycodone (0.001-10 uM) on the ipsilateral side of the
spinal cord was examined by monitoting the binding of
[**S]GTPyS to membranes. Morphine, fentanyl and
oxycodone -each produced a concentration-dependent
increase in the binding of [**S]GTP+S tospinal cord mem-
branes obtained from sham-operated mice (Fig. 3). In
sclatic nerve-ligated mice following repeated injection of
saline, the levels of [3*S]GTPYS binding stimulated by fen-
tanyl, morphine or oxycodone were similar to that found
in sham-operated mice (Fig. 3a-c). The  binding of
[**S]GTPYS stimulated by fentanyl was significantly

© 2011 The Authors. Addiction Biology © 2011 Society for the Study of Addiction
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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 con-
trast, 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
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Figure 2 Effect of repeated sc. 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 |4 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 810 mice. *#P<0.01 and ***P<0.00| versus Sham-saline group on day |.N.S.=not significant

(**P < 0.001 versus sham-saline group, Fig. 3b). This
reduction was not observed in the nerveligated.
B-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 fen-
tanyl (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-
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ligated mice following the repeated injection of an
optimal dose of fentanyl-(*P < 0.05 versus sham-saline

<

_group, Fig. 5).

-

Involvement of B-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 B-endorphin KO mice (Fig. 6). In
the present study, both WT and B-endorphin KO mice
with partial sciatic nerve ligation exhibited a marked neu-
ropathic pain-like behavior to almost the same degree
(**P < 0.001 versus sham-saline group Fig. 6). Under

Addiction Biology



6 Minoru Narita et al.

a Morphine
804 & Sham-saline
o A Ligation-saline
£ 601 Ligation-morphine
) .
2 404
g
W
A
0
-8 -7 -6 v .5
Concentration of morphine (log M)
b Fentanyl
8 Sham-saline
1004, Ligation-saline
580 e Ligation-fentanyl
R
S 60-
=3 60
£ 40,
»n
R 2.
0
-8 -7 ] -5 -4
Concentration of fentanyl (log M)
¢ Oxycodone
60+ o Sham-saline
g 4 Ligation-saline
‘:é 40 @ Ligation-oxycodone
=
E
)
“ 20
R
0 T T

-8 -7 -6 -5

Concentration of oxycodone (log M)

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
B-endorphin KO mice, and maximal antihyperalgesic
responses were seen at 15 minutes after fentanyi injec-
tion (Fig. 6). The antihyperalgesic effect following
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ek F(2,81)=141.7

Figure 3 Effect of repeated injection of
morphine (a), fentanyl (b) or oxycodone (c)
on the morphine-, fentanyl- or oxycodone-
induced increase in [*S] GTPYS binding to
membranes of the ipsilateral side of the
spinal cord obtained from sham-operated
and sdatic nervedigated 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 2| days after
nerve ligation. Each value represents the
mean £ standard error of the mean of four
samples

repeated treatment with fentanyl (0.1 mg/kg) was gradu-
ally 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
B-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

Inthe 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
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Figure 4 Effect of repeated injection of fentanyl on the fentanyl-
induced increase in [%S] GTPYS binding to membranes of the
ipsilateral side of the spinal cord obtained from sham-operated and
sciatic nerve-ligated B-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 2| 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.
ns.=not significant "
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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
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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 administra-
tion of fentanyl (0.03 mgfkg) for 14 consecutive days. The thermal
threshold was measured 15 minutes after the s.c. injection of fenta-
nyl. 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 sc. injec-
tion 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 B-endorphin knockout (KO) mice.
Repeated sc. injection of fentanyl was
started 7 days after sciatic nerve ligation.
Mice were repeatedly injected with fentanyl
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