
Introduction

Opioids are potent analgesics that are widely used to control acute
and chronic pain [1]. Although repeated administration of opioids,
particularly morphine, induces tolerance that reduces the effec-
tiveness of the analgesic, the precise molecular mechanism for the
development of tolerance remains uncertain.

Opioids bind to the � opioid receptor (MOR) to activate various
signalling molecules through heterotrimeric guanine nucleotide-
binding proteins (G proteins), leading to a decrease in neuronal

excitability by the inhibition of voltage-dependent calcium chan-
nels and the activation of inwardly rectifying potassium channels
[2]. Activation of MOR also induces the phosphorylation of MOR
by G-protein-coupled receptor kinases [3, 4]. Phosphorylated
MOR is recognized by arrestins [5], and internalized by clathrin-
coated vesicles. The transient uncoupling of MOR from signalling
pathways due to the phosphorylation and intracellular trafficking
of MOR causes opioid desensitization. Most of the internalized
MORs return to the cell surface, resulting in resensitization [6–8].

Chronic morphine tolerance may be derived from adaptations in
the intracellular signal transduction of post-MOR activation, as
morphine does not induce effective MOR phosphorylation and
internalization [9]. Persistent MOR activation may alter signal
transduction, including changes in MOR-coupled G proteins from
Gi� to Gs� [10], increased activity of protein kinase C [11], and the
up-regulation of N-methyl-D-aspartate receptor signalling [12].
These changes may contribute to the development of morphine
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tolerance. Chronic morphine treatment also activates the cyclin-
dependent kinase 5 and glycogen synthase kinase 3� (GSK-3�)
signalling pathway, whereas the inhibition of them diminishes
morphine tolerance and restores analgesia in rats [13]. GSK-3� is
expressed ubiquitously and is one of the central molecules in
intracellular signal transduction [14]. It may play an important role
in diverse physiological and pathological states [15].

Proteins destined for secretory pathways, such as cell surface
receptors including MOR, are inserted into the endoplasmic
 reticulum (ER), where their folding or degradation intermediaries
interact with molecular chaperones like binding immunoglobulin
protein (BiP/GRP78) [16]. Many physiological and pathological
conditions, such as secretory demands, ischemia, hypoxia and
genetic mutations, can cause aberrant protein folding and the accu-
mulation of misfolded proteins in the ER. These insults lead to ER
stress and initiate the unfolded protein response (UPR) [17, 18],
which increases the capacity for ER quality control by reducing
general protein synthesis, increasing the level of ER chaperones
and promoting ER-associated protein degradation. Recent studies
have suggested that chronic ER stress might modulate intracellu-
lar signalling pathways, resulting in several chronic disorders, such
as type II diabetes [19] and interstitial pneumonia [20].

In this study, we examined whether ER function may attenuate
the MOR signalling pathway, which might cause the development
of morphine tolerance. GSK-3� is one possible candidate mole-
cule that may play key roles in both the UPR and MOR signalling
pathways. ER stress induces the activation of GSK-3� [21, 22].
GSK-3� may also be involved in the MOR signalling pathway, as
stimulation of MOR by morphine may lead to the activation of
phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway [23].
The kinase Akt inactivates GSK-3� by phosphorylation of Ser9.

BiP is central to ER function [24]. We have previously pro-
duced knock-in mice expressing a mutant BiP in order to elucidate
the physiological processes that are sensitive to BiP function in
adulthood [25]. The mutant BiP protein lacks the retrieval car-
boxyl-terminal Lys-Asp-Glu-Leu (KDEL) sequence [26, 27], that
normally functions to return BiP to the ER from the secretory
pathway by the KDEL receptor in the Golgi complex. This mutant
allows us to examine the effects of a defect in ER function without
completely eliminating BiP function. The homozygous mutant BiP
mice have defects in some professional secretory cells. They sur-
vive only several hours after birth due to impaired pulmonary sur-
factant biosynthesis by alveolar type II epithelial cells and respira-
tory failure [25]. They also have cortical dysplasia due to impaired
synthesis of reelin by Cajal-Retzius cells [28]. Heterozygous
mutant BiP mice produce pulmonary surfactant and reelin, and
grow to be apparently normal adults.

We evaluated the thermal antinociceptive effect of morphine in
heterozygous mutant BiP mice. Although the BiP mutant mice had
normal sensory transmission and analgesia, they were much less
likely to develop morphine tolerance after repeated use. The acti-
vation of GSK-3� was associated with morphine tolerance in wild-
type mice. On the other hand, GSK-3� activation was attenuated
in the mutant BiP mice. Furthermore, we found that a chemical
chaperone that improves ER protein folding capacity and sup-

presses the expression of BiP [29, 30] attenuated the development
of morphine tolerance in wild-type mice. These results suggest
that BiP, an ER chaperone, may play an important role in the devel-
opment of morphine tolerance.

Materials and methods

Animals

All animal experimental procedures were in accordance with a protocol
approved by the Institutional Animal Care Committee of Chiba University,
Chiba, Japan. We used homologous recombination to establish knock-in
mice expressing a mutant BiP lacking the carboxyl-terminal KDEL
sequence [25]. The missing KDEL sequence was replaced by a hemagglu-
tinin tag. The heterozygous mutant BiP mice were maintained over 10 gen-
erations with crossing to C57BL/6 mice. Mutant BiP male mice, their wild-
type male littermates and C57BL/6 male mice (20–25 g body weight,
10–15 weeks old) were used. All mice were provided with food and water
ad libitum before the experiment.

Cells and reagents

Mouse embryonic fibroblasts (MEFs) were prepared from 13.5-day-old
embryos [25]. MEFs were grown in a complete medium that consisted of
Dulbecco’s modified Eagle’s medium (DMEM; Sigma Chemical Co., Irvine,
UK) with 10% foetal bovine serum, 2 mM glutamine, 50 �g/ml strepto-
mycin and 50 U/ml penicillin G at 37�C in a 5% CO2 incubator.

The following antibodies were used: rabbit polyclonal antibody
against MOR-1 (Chemicon, Temecula, CA, USA), rabbit polyclonal anti-
body against phospho-GSK3� (Ser9), rabbit polyclonal antibody against
GSK3�, rabbit polyclonal antibody against phospho Akt1/2/3 (Ser473)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal anti-
body against Akt (Cell Signaling Technology, Beverly, MA, USA), mouse
monoclonal antibody (mAb) against phospho-GSK3� (Tyr279/Tyr216)
(Upstate Biotechnology, Chicago, IL, USA), mouse mAb 9E10 against the
myc epitope (ATCC, Manassas, VA, USA), mouse mAb 15E6 against the
hemagglutinin epitope (a kind gift from VW Hsu, Harvard Medical
School, Boston, MA, USA), mouse mAb against �-tubulin (Sigma
Chemical Co.), mouse mAb SPA-827 against BiP (KDEL sequence)
(Stressgen, Victoria, Canada), Cy-2- or Cy-3-conjugated donkey antibody
against rabbit IgG, and Cy-2- or Cy-3-conjugated donkey antibody
against mouse IgG (Jackson Immunoresearch Laboratories, West Grove,
PA, USA). The following reagents were used: [D-Ala2, N-MePhe4, Gly-
ol]-enkephalin (DAMGO), thapsigargin (Sigma Chemical Co.), morphine
hydrochloride (Takeda Pharmaceutical Co., Tokyo, Japan), Hoechst
33258 (Invitrogen, Carlsbad, CA, USA), SB216763 (Biomol International,
Plymouth Meeting, PA, USA) and tauroursodeoxycholic acid (TUDCA,
Calbiochem, San Diego, CA, USA).

Immunohistochemistry

Mice were deeply anesthetized with pentobarbital (Dainippon Sumitomo
Pharma, Osaka, Japan) and were fixed by transcardiac perfusion with 4%
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paraformaldehyde in phosphate-buffered saline (PBS). The brains were
further immersion-fixed for 12 hrs in 4% paraformaldehyde at 4�C. After
fixation, they were dehydrated in increasing concentrations of ethanol and
embedded in paraffin wax. For immunofluorescence, sections (8 �m) were
incubated with 10% normal goat or bovine serum in PBS for 30 min. to
block non-specific antibody binding, and then incubated with a primary
antibody in PBS for 1 hr at room temperature. The sections were rinsed
with PBS and then incubated with a mixture of Cy2-conjugated anti-rabbit
IgG and Cy3-conjugated anti-mouse IgG in PBS for 1 hr at room tempera-
ture. Then, the sections were rinsed with PBS and mounted on glass slides
with Perma Fluor (Immunon, Pittsburgh, PA, USA). Immunolocalization
was observed with a fluorescence microscope using FITC/rhodamine fil-
ters and a Plan-Neofluar 20� and 40� NA 0.75 objective (Axiovert 200M,
Carl Zeiss, Oberkochen, Germany). The brightness and contrast were opti-
mized by AxioVision 4.4 software (Carl Zeiss), and immunofluorescence
images were captured with a digital camera (AxioCam MRm, Carl Zeiss).
The mean grey values of the cells with the background subtraction were
used for densitometry.

Transfection and confocal laser scanning
microscopy

A cDNA-encoding rat MOR was obtained from wild-type rat brain mRNA
using the following primers: 5	-cggtaccaagcaccatggacagcagc-3	and 5	-
cggtaccaagggcaatggagcagtttc-3	. The cDNA was subcloned into a
pcDNA3.1 myc-His vector (Invitrogen). The DNA sequence was verified
using the Applied Biosystems ABI Prism 310 genetic analyser (Applied
Biosystems, Foster City, CA, USA). Transfection was performed with
Fugene 6 (Roche Applied Science, Indianapolis, IN, USA). Forty hours after
transfection, cells on cover slips were fixed in methanol at –20�C for 1 hr
and then processed as described [31]. The labelled cells were examined by
a confocal laser scanning microscope (Axiovert 100M, LSM510, Ver. 3.2,
Carl Zeiss) fitted with krypton and argon lasers using a Plan-Apochromat
100� NA 1.40 oil objective.

Western blotting

In order to obtain embryonic brains, the pregnant mice were deeply
anesthetized by pentobarbital, and embryos (E18.5) were removed by
caesarean section. To obtain adult brains, mice were deeply anes-
thetized with pentobarbital and were perfused with ice-cold PBS by
transcardiac cannulation. Brain stems were removed for Western blot-
ting. The brains were homogenized by supersonic wave (UR-20P,
TOMY, Tokyo, Japan) in a buffer containing 0.4% (w/v) Nonidet P-40,
0.2% N-lauroylsarcosine, 30 mM Tris/HCl pH 8.0, 1 mM ethylenedi-
aminetetraacetic acid, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 
30 �g/ml N-acetyl-l-leucinal-l-lecinal-l-norleucinal (ALLN, Sigma
Chemical Co.). Cultured cells were washed twice with ice-cold PBS and
then homogenized in the same buffer. The lysates were centrifuged,
and the supernatants in SDS-PAGE sample buffer were separated by
SDS-PAGE under reducing conditions. The proteins were transferred
from the gels to polyvinylidene fluoride membranes (Immobilon-P,
Millipore Corp., Billerica, MA, USA), and Western blotting was done as
previously described [32]. Imaging was obtained by LAS-1000 and
Image Gauge software (Fuji Photo Film Co. Ltd., Tokyo, Japan).
Densitometry was performed with LAS-1000 and ImageJ software
(Wayne Rasband, NIH, Bethesda, MD, USA).

Hot plate test

The hot plate test was carried out to assess the effects of an agent on the
thermal nociceptive threshold of the mice. Mice were placed on a 54.5�C
hot plate (Socrel hot-plate model DS37, Ugo Basile, Italy). The response
latency to either a hind paw lick or a jump was recorded. In the absence of
a response, the animals were removed from the hot plate at 60 sec. to
avoid tissue injury, and a 60 sec. latency was assigned as the response.
The agents were administered intraperitoneally twice a day for five consec-
utive days. The hot plate test was performed after the first administration
of the drug on day 1 and the tenth administration of the drug on day 5. The
hot plate latency was measured at 5, 15, 30, 45 and 60 min. after the drug
injection. Before the drug administration, the hot plate latency was meas-
ured three times, and the average of the second and the third measure-
ments was obtained as the pre-drug response latency at time 0 min. To
obtain control data, the vehicle (saline) was injected intraperitoneally.

To analyse the effects of the drugs on animal performance in the hot plate
test, the percentage maximum possible effect (MPE) was calculated, where
percentage MPE 
 ([post-drug maximum response latency – pre-drug
response latency]/[cut-off time (60 sec.) – pre-drug response latency]) �
100. The post-drug maximum response latency was defined as the single
longest response latency during the entire time course of the hot plate test.

The experimental protocol for the dose–response study has been
reported [5]. The hot plate test was performed on both mutant BiP mice
and wild-type mice for a cumulative dose of 0 mg/kg. Then, both groups of
mice were injected intraperitoneally with 5 mg/kg morphine for a cumula-
tive dose of 5 mg/kg. Antinociception was assessed 45 min. after the injec-
tion using the hot plate test. These mice were again injected with 5 mg/kg
morphine to yield a cumulative dose of 10 mg/kg, and the hot plate test
was performed again. In this way, we reached cumulative doses of 20, 40
and 80 mg/kg. Finally, the percentage MPE of each hot plate test was
obtained to determine the dose–response curve. Dose–response studies
were performed before and after the intraperitoneal administration of mor-
phine (20 mg/kg) twice a day for five consecutive days.

Statistical analysis

To compare the hot plate percentage MPE, latencies and other values
between groups, one-way or two-way ANOVA was used, and to compare the
mean values of percentage MPE or other values between two groups, the
Mann-Whitney U-test was used (GraphPad Prism 4.0, GraphPad Software,
San Diego, CA, USA).

Results

Morphine tolerance is attenuated in mice
expressing a mutant BiP

We examined whether BiP might affect morphine analgesia using
heterozygous mutant BiP mice. We evaluated morphine-induced
antinociception by measuring response latencies in a hot plate
test. Morphine tolerance was induced by intraperitoneal morphine
injection (20 mg/kg) twice a day for five consecutive days. We
performed hot plate tests at the first and the tenth morphine treat-
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ments (Fig. 1A). The response latencies of the mutant BiP mice
and their wild-type littermates before morphine treatment on day
1 were not significantly different (Fig. 1A, at time 0). The time
courses of response latencies of the both groups at the first mor-
phine treatment on day 1 were almost similar, and both latencies
reached the 60 sec. cut-off point 30 min. after injection (Fig. 1A).

Even just before the tenth morphine treatment on day 5, the
response latencies of the both groups were not significantly differ-
ent (Fig. 1A, at time 0). These results indicate that the mutant BiP
mice have normal sensory transmission and analgesia. After the
tenth morphine treatment on day 5, the response latencies of the
wild-type mice were significantly reduced, indicating that morphine
tolerance had developed (Fig. 1A). However, the response latencies
of the mutant BiP mice after the tenth morphine treatment were
significantly longer than those of their wild-type littermates at 30,
45 and 60 min. after injection. The distribution of the percentage
MPE after repetitive morphine treatment is shown in Fig. 1B. The
percentage MPE of mutant heterozygous BiP mice was somewhat
heterogeneous. One-half of the mutant mice remained sensitive to
morphine treatment and did not develop morphine tolerance. The
mean percentage MPE of the mutant BiP mice (72.24%) was sig-
nificantly greater than that of their wild-type littermates (29.30%).
The morphine dose–response curve of the wild-type littermates,
but not that of the mutant BiP mice, obtained after repetitive admin-
istration of morphine for 5 days shifted to higher morphine doses
from that obtained on day 1 (Fig. 1C). The effective concentrations
of 50% MPE (EC50s) of pre- and post-repeated morphine treatment
of wild-type mice were 12.0 and 34.6 mg/kg, respectively, and
those of the mutant BiP mice were 16.7 and 17.0 mg/kg, respec-
tively. These results show that the mutant BiP mice have normal
sensory transmission and analgesia, but that they are impaired in
the development of morphine tolerance.

Cell surface expression of MOR is preserved 
in the presence of mutant BiP

Because alterations in the intracellular trafficking of MOR might
affect opioid analgesia, we examined the effect of the mutant BiP

Fig. 1 Morphine tolerance is attenuated in mice expressing a mutant BiP.
(A) Heterozygous mutant BiP mice (B/�) and littermate wild-type mice
(�/�) were injected intraperitoneally with 20 mg/kg morphine twice a
day for 5 days, and the hot plate test was performed to evaluate analge-
sia at the first injection on day 1 and the tenth injection on day 5. The
graph represents the response latencies (0–60 sec.) of wild-type mice on
day 1, mutant BiP mice on day 1, wild-type mice on day 5 and mutant BiP
mice on day 5. N 
 27 (wild-type mice) and 29 (mutant BiP mice). The
response latencies of the mutant BiP mice after the tenth injection on day
5 were significantly longer than those of their wild-type littermates at 30,
45 and 60 min. *P � 0.05, ***P � 0.001, two-way ANOVA with the
Bonferroni post hoc test. (B) The distribution of percentage MPE of wild-
type mice (N 
 30) and mutant BiP mice (N 
 33) after the repeated
morphine treatment. The mean value of percentage MPE of the mutant
BiP mice (72.2%) on day 5 was significantly larger than that of the wild-
type mice (29.3%). ****P � 0.0001, the Mann-Whitney U-test. (C) The
morphine dose–response curve of wild-type mice and mutant BiP mice
obtained before and after repeated administration of morphine for 5 days.
Wild-type mice on day 1, mutant BiP mice on day 1, wild-type mice on
day 5, mutant BiP mice on day 5. N 
 5 in each group.
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with the KDEL sequence deleted on the surface expression of
MOR. MEFs from the wild-type and homozygous mutant embryos
[25] were transfected with a myc-tagged MOR (Fig. 2). DAMGO, a
selective peptidergic MOR ligand induces the internalization of
MOR but morphine does not internalize MOR. We found the sur-
face expression of MOR in both wild-type and mutant MEFs by
confocal laser microscopy. Although DAMGO induced the internal-
ization of MOR in both types of MEFs, MOR remained on the cell
surface upon morphine treatment, suggesting that the mutant BiP
did not affect the transport of MOR.

Inhibition of GSK-3� signalling is associated with
the prevention of morphine tolerance

Then, we speculated that the UPR signalling may attenuate the
MOR signalling, which may cause the development of morphine
tolerance. GSK-3� is one possible candidate molecule that may
play key roles in both the UPR and MOR signalling pathways.
Recently the inhibition of GSK-3� by the specific inhibitors
SB216763 and (2	Z, 3	E)-6-bromoindirubin-3	-oxime was shown
to diminish the development of morphine tolerance in rats after
chronic intrathecal morphine treatment [13]. We evaluated the
effect of inhibition of GSK-3� on the development of morphine
tolerance in our mouse model through intraperitoneal injection,
which might affect both spinal and supraspinal analgesia. We
administered 0.4 mg/kg SB216763 and 20 mg/kg morphine twice
a day for 5 days in wild-type mice, and hot plate tests were per-
formed at the first and tenth treatments. The response latencies
of the mice following co-administration of SB216763 and mor-
phine were significantly longer on day 5 than those of control
mice with morphine alone at 15, 30, 45 and 60 min. after mor-
phine injection (Fig. 3A). The mean percentage MPE of the mice
receiving both SB216763 and morphine was significantly greater
than that of mice treated with morphine alone (Fig. 3B). Thus, the
inhibition of GSK-3� prevented the development of morphine tol-
erance in mice.

GSK-3� is attenuated in the mutant BiP mice

The kinase activity of GSK-3� is regulated by its phosphorylation
status. Phosphorylation of residue Ser9 inactivates the activity,
whereas dephosphorylation of Ser9 and phosphorylation of Tyr216
enhance the activity [14]. We evaluated the phosphorylation status
of GSK-3� in the brain stems of wild-type and heterozygous
mutant BiP mice using specific antibodies against phosphorylated
Tyr216 GSK-3� and phosphorylated Ser9 GSK-3�.

After chronic morphine injection intraperitoneally for 5 days,
the wild-type mice developed morphine tolerance, whereas the
mutant BiP mice remained less tolerant to morphine. Because we
injected morphine intraperitoneally, both spinal and supraspinal
neurons were supposed to be affected. Neurons with MOR expres-
sion in the periaqueductal grey (PAG) matter contribute to mor-
phine tolerance [33–35]. With repeated morphine treatment, the

mutant BiP brain stems showed low levels of phosphorylation of
Tyr216 in GSK-3�, in contrast to the prominent phosphorylation
in wild-type mice by Western blotting (Fig. 4).

After chronic morphine injection intraperitoneally for 5 days in
both types of mice, the brains were sectioned and double
immunostained with antibodies raised against MOR and tyrosine-
phosphorylated GSK-3�. MOR-immunopositive neurons in the
PAG region of wild-type brains showed more enhanced expression
of tyrosine-phosphorylated GSK-3� significantly than those in the
mutant BiP brains (Fig. 5).

These observations suggest that chronic MOR stimulation by
repetitive morphine injection may activate GSK-3� and that the
activation of GSK-3� may be related to the development of mor-
phine tolerance. Mice with the mutant BiP may be defective in the
activation of GSK-3�.

Fig. 2 MOR is expressed on the cell surface of the mutant BiP MEF. MEFs
from wild-type (�/�, left panels) and homozygous mutant (B/B, right
panels) embryos were transfected with myc-tagged MOR. Thirty-eight
hours after transfection, the cells were incubated with DAMGO (5 �M, 
2 hrs) or morphine (1 �M, 2 hrs). Then, they were fixed, stained with
monoclonal anti-myc antibody, and analysed by confocal laser
microscopy. Scale bars represent 10 �m.
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Fig. 3 Inhibition of GSK3� is associated with prevention of morphine tolerance. Wild-type mice were injected intraperitoneally with SB216763 (SB21),
a potent selective inhibitor of GSK3�, together with 20 mg/kg morphine twice a day for 5 days, and the hot plate test was performed to evaluate anal-
gesia at the tenth injection on day 5. (A) The graph represents the response latencies (0–60 sec.) of the mice with saline control (NS, N 
 2), mor-
phine alone (M, N 
 10), 0.4 mg/kg SB21 alone (SB21, N 
 5), 0.12 mg/kg SB21 and morphine (N 
 5), 0.4 mg/kg SB21 and morphine (N 
 5),
and 1.2 mg/kg SB21 and morphine (N 
 5). ‘Pre’ represents control mice evaluated by the hot plate test after the first morphine injection on day 1
(N 
 25). The response latencies of the mice following co-administration of SB216763 and morphine were significantly longer on day 5 than those
of control mice with morphine alone at 15, 30, 45 and 60 min. after morphine injection. *P � 0.05, **P � 0.01, ***P � 0.001, two-way ANOVA with
the Bonferroni post hoc test. (B) The distribution of percentage MPE after the treatment of wild-type mice. The mean percentage MPEs of the mice
receiving both SB216763 and morphine were significantly larger than those of mice treated with morphine alone. ***P � 0.001, one-way ANOVA with
the Bonferroni post hoc test.

Fig. 4 GSK3� is less activated in the mutant BiP mice with morphine
treatment. The heterozygous mutant BiP mice (B/�) and wild-type
mice (�/�) were injected with 20 mg/kg morphine intraperitoneally
twice a day for 5 days (M) or with saline (C). The expression of phos-
pho-tyrosine216 GSK3� (GSK3b-pY), phospho-serine9 GSK3�

(GSK3b-pS) and GSK3� in brain stems from both types of mice were
evaluated by Western blotting. The activation of GSK3� was assessed
by comparing the relative density (arbitrary units) of the band corre-
sponding to phospho-tyrosine216 GSK3� to the GSK3� band (lower
panel, pY/GSK3b). Mean � S.D. Three experiments. The pY/GSK3b
values represent the relative values compared to those in control of the
wild-type mice standardized as 1.0 in each experiment. The pY/GSK3b
value of the wild-type mice were significantly larger than those of the
mutant mice after morphine treatment. *P � 0.05, one-way ANOVA with
the Bonferroni post hoc test.
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The mutant BiP may attenuate GSK-3� in mice

In order to evaluate the effect of the deletion of the carboxyl-ter-
minal KDEL sequence from BiP on GSK-3� activation in vivo, we
examined embryonic brains of homozygous mutant BiP mice
which did not express the wild-type BiP. Western blotting revealed
prominent phosphorylation at Ser9 of GSK-3� and less phospho-
rylation at Tyr216 in the homozygous mutant BiP brain compared
to those in the wild-type brain (Fig. 6). Akt inactivates GSK-3� by
phosphorylation at Ser9 [23]. A similar extent of Akt phosphory-
lation at Ser473 was seen in embryonic brains (Fig. 6). These
results suggest that the mutant BiP lacking the KDEL sequence
may attenuate the activation of GSK-3� in vivo.

GSK-3� is attenuated in the mutant BiP MEF

ER stress has been reported to induce the dephosphorylation at
phospho-Ser9 of GSK-3� [21]. We examined MEFs from wild-type

and homozygous mutant embryos in order to evaluate the effect
of ER stress on GSK-3� activation. Thapsigargin inhibits calcium
transport to the ER and perturbs protein maturation in the ER,
resulting in the induction of the UPR. Although the dephosphory-
lation at Ser9 of GSK-3� was observed in both types of MEFs
upon stimulation with thapsigargin, the phosphorylation at Ser9 of
GSK-3� in the homozygous mutant BiP MEFs was more promi-
nent, suggesting that the deletion of the carboxyl-terminal KDEL
sequence from BiP may attenuate GSK-3� activation (Fig. 7).

Chemical chaperone attenuates the development
of morphine tolerance

In order to confirm that an ER chaperone mediates the develop-
ment of morphine tolerance, we examined the effect of a chemical
chaperone on morphine tolerance. Tauroursodeoxycholic acid
(TUDCA) is a derivative of endogenous bile acids that is thought
to increase ER folding capacity and suppresses the expression of

Fig. 5 GSK3� is less acti-
vated in the mutant BiP mice
with morphine treatment.
The heterozygous mutant
BiP mice (B/�) and wild-
type mice (�/�) were
injected with 20 mg/kg mor-
phine intraperitoneally twice
a day for 5 days (M5) or 
with saline (C). The brains
were sectioned and double
immunostained with anti-
MOR (right panels) and anti-
phospho-GSK3� (Tyr216,
left panels). The nuclei were
stained with Hoechst 33258.
Scale bars represent 10 �m.
(A) Low magnification and
(B) upper panel; high magni-
fication. MOR-immunopositive
neurons in the periaqueduc-
tal grey matter of wild-type
brains showed more
enhanced expression of tyro-
sine-phosphorylated GSK3�

after chronic morphine treat-
ment significantly than those
in the mutant BiP brains by
densitometry (B, lower
panel, arbitrary unit, �/� C;
n 
 11, �/� M5; n 
 11,
B/� C; n 
 10, B/� M5, n 


13). **P � 0.01, ***P �

0.001, one-way ANOVA with
the Bonferroni post hoc test.
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BiP [29, 30]. We administered TUDCA together with 20 mg/kg
morphine twice a day for 5 days in wild-type mice, and hot plate
tests were performed at the first and the tenth treatments. The
response latencies of the mice receiving both TUDCA and mor-
phine were significantly longer than those of control mice with
morphine alone after the tenth treatment (Fig. 8A). The mean per-
centage MPE of mice treated with TUDCA and morphine was sig-
nificantly greater than that of the mice treated with morphine alone
(Fig. 8B). Thus, TUDCA prevented the development of morphine
tolerance, suggesting a mechanistic relationship between an ER
chaperone and morphine tolerance.

Discussion

In this study, we showed that chronic morphine administration
caused the development of morphine antinociceptive tolerance in
wild-type mice, and that the inhibition of GSK-3� suppressed the
development. We also found that heterozygous mutant BiP mice
showed less morphine tolerance, which seemed to be related with
the attenuation of GSK-3�. Furthermore, TUDCA, a chemical chap-
erone, suppressed the development of morphine tolerance.

BiP, one of the most abundant ER chaperones, plays a central
role in ER function, assisting in protein translocation, folding and
degradation, and the regulation of UPR [24]. ER chaperones are
localized to the ER by two mechanisms: retention and retrieval
[36]. BiP is retained in the ER through interaction with other ER
proteins and the ER matrix. When misfolded proteins accumulate
in the ER, BiP dissociates from some ER membrane proteins, such
as inositol-requiring kinase-1, PKR-like ER-associated kinase and
activating transcription factor 6. BiP dissociation activates these
kinases and transcription factors, and initiates UPR [37]. When

Fig. 6 GSK-3� is attenuated in homozygous mutant BiP embryos. The
expressions of phospho-tyrosine216 GSK3� (GSK3b-pY), phospho-ser-
ine9 GSK3� (GSK3b-pS), GSK3�, phospho-serine473 Akt (pAKT), Akt,
GRP94, BiP, mutant BiP and �-tubulin in embryonic brains (day 18.5)
from wild-type (�/�), heterozygous (B/�) and homozygous (B/B)
mutant BiP mice were evaluated by Western blotting.

Fig. 7 GSK3� is attenuated in homozygous mutant BiP MEFs.
Thapsigargin-treated (Tg, 1 �M for 0, 1 or 3 hrs) MEFs from homozy-
gous (B/B) and wild-type (�/�) embryos were collected. Expressions of
phospho-serine9 GSK3� (GSK3b-pS), GSK3�, BiP and mutant-BiP were
determined by Western blotting. The inactivation of GSK3� was assessed
by comparing the relative density (arbitrary units) of the band correspon-
ding to phospho-serine 9 GSK3� to the GSK3� band (lower panel,
pS/GSK3b). Mean � S.E., N 
 3. The pS/GSK3b values of homozygous
mutant MEF were significantly larger than those of wild-type MEF. 
P � 0.05, two-way ANOVA.
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BiP is secreted from the ER along with misfolded proteins 
[38, 39], the carboxyl-terminal KDEL sequence of BiP is recog-
nized by the KDEL receptor, thereby facilitating the retrieval of BiP
from post-ER compartments to the ER [26, 27].

The mutant BiP protein lacks the retrieval KDEL sequence.
Deletion of the retrieval sequence from BiP and the consequent lack
of mutant BiP recycling could have two possible effects. First, the
folding environment in the ER may be impaired. However, mutant
BiP is functional as long as it remains in the ER. Therefore, consti-
tutive activation of UPR could compensate for the altered folding
environment by producing mutant BiP in quantities sufficient for
cell function. Indeed, we found cell surface expression of MOR in
the homozygous mutant BiP MEF. Furthermore, naive heterozygous
mutant BiP mice are as sensitive as wild-type mice to thermal
injury and morphine analgesia. Therefore, the impairment of pro-
tein folding in the ER may have a minimal effect on morphine anal-
gesia in mutant BiP mice. Second, signal transduction during UPR
could be affected. In addition to retrieval, the recognition of the
KDEL sequence of BiP by the KDEL receptor leads to signal trans-
duction. The activation of the KDEL receptor may trigger subse-
quent activation of signalling molecules such as GTPase-activating
protein for ADP-ribosylation factor 1 [39], src [40], protein kinase
A [41] and mitogen-activated protein kinases [31].

The persistent accumulation of misfolded proteins beyond the
capacity of ER quality control mechanisms causes ER stress,
necessitating UPR to accommodate the protein overload [18]. A
further overload of misfolded proteins initiates apoptosis, leading
to diverse human disorders [42, 43], such as neurodegenerative
diseases [44, 45]. Another distinct mechanism for human disor-
ders caused by ER stress is the alteration of signal transduction
pathways during UPR. Obesity causes ER stress that induces
UPR, which may cause insulin resistance in type II diabetes [19].
On the other hand, chronic morphine administration may cause
altered signal transduction through persistent MOR activation. A
mechanism similar to that occurring in type II diabetes would be
possible in the crosstalk between MOR analgesic signal transduc-
tion and UPR, where BiP may play an important role. In this sense,
TUDCA may increase ER folding capacity, and suppress the
expression of BiP and other ER chaperones.

GSK-3� plays important roles in a variety of human disorders
such as inflammation, Alzheimer’s disease, mood disorders, dia-
betes and cancer [15]. ER stress also induces the activation of
GSK-3� [21, 22]. The results from homozygous mutant mice in
Figs 6 and 7 suggest that the mutant BiP lacking the KDEL
sequence may attenuate the function of GSK-3�. In an embryonic
brain, neurons may be stimulated by various growth factors,
which activates growth factor receptors, leading to the activation
of the PI3K/Akt signalling pathway. Akt inactivates GSK-3� by
phosphorylation at Ser9 [23]. Because a similar extent of Akt
phosphorylation at Ser473 was seen in embryonic brains (Fig. 6),
the effect of the BiP mutation on GSK-3� phosphorylation might
be separate from the activation of the PI3K/Akt signalling pathway
by growth factors. BiP is a luminal chaperone that resides inside
the ER lumen and transport vesicles such as coat protein complex
(COP)I and COPII coated vesicles. On the other hand, GSK-3� is a

Fig. 8 A chemical chaperone attenuates the development of morphine tol-
erance. Wild-type mice were injected intraperitoneally with TUDCA together
with 20 mg/kg morphine twice a day for 5 days, and the hot plate test was
performed to evaluate analgesia at the tenth injection on day 5. (A) The
graph represents the response latencies (0–60 sec.) of the mice with saline
control (NS, N 
 10), morphine alone (M, N 
 10), 250 mg/kg TUDCA
alone (N 
 10), 100 mg/kg TUDCA and morphine (N 
 12), 250 mg/kg
TUDCA and morphine (N 
 8). ‘Pre’ represents control mice evaluated by
the hot plate test after the first morphine injection on day 1 (N 
 10). The
response latencies of the mice receiving both TUDCA (250 mg/kg) and mor-
phine were significantly longer than those of control mice with morphine
alone after the tenth treatment. *P � 0.05, **P � 0.01, two-way ANOVA with
the Bonferroni post hoc test. (B) The graph represents the distribution of
percentage MPE after the treatment of wild-type mice with morphine alone
(N 
 10), 250 mg/kg TUDCA alone (N 
 10), 100 mg/kg TUDCA and
 morphine (N 
 12), 250 mg/kg TUDCA and morphine (N 
 8). The mean
percentage MPE of mice treated with TUDCA and morphine was signifi-
cantly larger than that of the mice treated with morphine alone. *P � 0.05,
***P � 0.001, one-way ANOVA with the Bonferroni post hoc test.



J. Cell. Mol. Med. Vol 14, No 12, 2010

2825© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

cytosolic protein that resides in the cytosol and on the cytosolic
side of the membranes. Therefore, it seems difficult that BiP and
GSK-3� interact directly with each other. Although the way in
which BiP modulates the analgesic signal transduction through
MOR needs further investigation, the regulatory mechanism
between BiP and GSK-3� may possibly contribute to the devel-
opment of morphine tolerance.

The present study suggests a novel function of BiP on the
development of morphine tolerance in vivo. The modulation of
morphine analgesia by TUDCA reveals a potential clinical applica-

tion of chemical chaperones that can modulate ER functions for
the prevention of morphine tolerance.
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