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Abstract
Opioids have been widely applied in clinics as one of the most potent pain relievers for centuries,
but their abuse has deleterious physiological effects beyond addiction. We previously reported that
opioids inhibit cell growth and trigger apoptosis in lymphocytes. However, the underlying
mechanism by which microglia apoptosis in response to opioids is not yet known. In this study, we
show that morphine induces microglia apoptosis and caspase-3 activation in an opioid-receptor
dependent manner. Morphine decreased the levels of microglia phosphorylated Akt (p-Akt) and p-
GSK-3β (glycogen synthase kinase 3 beta) in an opioid receptor dependent manner. More
interestingly, GSK-3β inhibitor SB216763 significantly increases morphine-induced apoptosis in
both BV-2 microglia and mouse primary microglial cells. Moreover, co-treatment of microglia with
SB216763 and morphine led to a significant synergistic effect on the level of phospho-p38 mitogen-
activated protein kinase (MAPK). In addition, inhibition of p38 MAPK by its specific inhibitor
SB203580 significantly inhibited morphine-induced apoptosis and caspase-3 activation. Taken
together, our data clearly demonstrates that morphine induced apoptosis in microglial cells, which
is mediated via GSK-3β and p38 MAPK pathways.
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1. Introduction
Opioids are a standard for treatment of chronic pain, however, their efficacy is limited by side
effects including dependence, tolerance, hyperalgesia, mental clouding, and immune
modulation (Matthes et al., 1996; Roy et al., 1998). Opioids, including morphine, cause
apoptosis in various systems. We have previously reported that chronic morphine exposure,
such as occurs in drug abuse, promotes apoptosis both in vitro and in vivo (Yin et al., 1999a;
Yin et al., 2006; Li et al., 2009; Moorman et al., 2009; Li et al., 2010). In the central nervous
system (CNS), we and others have previously shown that the importance of opioid-induced
apoptosis in neurons (Svensson et al., 2008; Li et al., 2010). Opioid receptors play critical roles
in the processes of opioids-induced effects. All three opioid receptor types, μ, δ, and κ have
been identified on microglia (Mazumder et al., 2008; Horvath and DeLeo, 2009).

Glia, once thought to be merely supporting cells of the CNS, are now recognized to play a
critical role in the formation and maintenance of opioid dependence and tolerance (Mazumder
et al., 2008; Song and Zhao, 2001; Horvath and DeLeo, 2009). Microglial cells represent the
resident immune host defense and are considered the major immune inflammatory cells of the
CNS (Reed-Geaghan et al., 2009). Previous studies by Hu et al. (Hu et al., 2002) have shown
that chronic morphine treatment induces microglia apoptosis. Naloxone (an opioid receptor
antagonist) blocked this effect, implicating involvement of an opioid receptor-mediated
apoptosis. Based on these findings, we investigated the molecular mechanisms by which
morphine primes microglia apoptosis. Specifically we determined the involvement of the Akt/
GSK-3β (glycogen synthase kinase-3β), and the pro-apoptotic p38 mitogen-activated protein
kinase (MAPK) pathways.

Serine/threonine kinase Akt (also known as protein kinase B, PKB) modulates cellular
activation, inflammatory response, and apoptosis (Fruman and Cantley, 2002; Cantley, 2002;
Zhang et al., 2008a; Shi et al., 2007). Activated Akt in turn phosphorylates a variety of proteins
involved in survival and apoptotic pathways leading to diminished cell apoptosis (Cantley,
2002; Fukao and Koyasu, 2003; Fukao et al., 2002). Activated Akt phosphorylates several
downstream targets of the PI3K pathway including GSK3β (Jope and Johnson, 2004; Martin
et al., 2005). GSK3β is a constitutively active enzyme that is inactivated by Akt through
phosphorylation of serine 9 (Jope and Johnson, 2004; Martin et al., 2005). GSK3β is a crucial
regulator of cell survival and apoptosis (Jope and Johnson, 2004). Growing evidence supports
that GSK3 modulates key steps in each of the two major apoptotic signaling pathways (the
mitochondrial intrinsic apoptotic and the death receptor-mediated extrinsic apoptotic signaling
pathways) (Beurel and Jope, 2006). We have recently revealed that the Akt/GSK3β signaling
plays an important role in opioid-mediated apoptosis in neuronal and breast cancer cells (Zhao
et al., 2009; Li et al., 2010). However, the precise role of the Akt/GSK3β signaling in microglia
is unknown. One of three major subfamilies of MAPKs described, p38 MAPK plays a pro-
apoptotic role (Chang and Karin, 2001;Ichijo, 1999;Tegeder and Geisslinger, 2004). Chronic
morphine administration enhances the phosphorylation of p38 MAPK in dorsal root ganglion
neurons (Ma et al., 2001; Macey et al., 2006). Inhibition of p38 MAPK by p38 inhibitor
SB203580 significantly attenuated tolerance to morphine analgesia (Cui et al., 2006). P38
MAPK seems to sensitize cells to apoptosis by up-regulating Bax (Porras et al., 2004; Chang
et al., 2009), a pro-apoptotic member of Bcl-2 family (Porras et al., 2004; Chang et al.,
2009). But the role of p38 in morphine-promoted microglia apoptosis is unknown.

In this study, we show that morphine induces cell apoptosis in an opioid receptor-dependent
manner in brain microglia as well as in the microglial cell line BV-2. We report for the first
time that morphine promotes microglia apoptosis through Akt/GSK3β and p38 MAPK
signaling pathways. Thus, our results provide an important insight into the mechanism of
microglia apoptosis in response to opioids.
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2. Materials and methods
2.1. Reagents

Morphine sulfate and naloxone were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies, including total and phospho-GSK-3β (serine 9), total and phospho-Akt (serine
473), total and phospho-p38, total and cleaved caspase-3 and- 8, were purchased from Cell
Signal Technology (Beverly, MA). The antibodies of GAPDH, Bax, and Bcl-2 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). GSK-3β inhibitor SB216763 and p38
inhibitor SB203580 were obtained from Tocris Bioscience (Bristol, UK).

2.2. Cell culture
Microglial cultures—BALB/c mice were purchased from The Jackson Laboratory (Bar
Harbor, Maine). Mice were housed, bred, and euthanized in accordance with protocols
reviewed and approved by the East Tennessee State University Institutional Animal Care and
Use Committee. Mouse primary microglial cells were isolated from mixed glial cultures, as
described previously (Lee et al., 2001). Briefly, primary mixed glial cultures were prepared
from postnatal day 1–2 mice. Primary microglia were co-cultured with astrocytes in poly-D-
lysine-coated 75-cm2 culture flasks in DMEM (Gibco BRL, Gaithersburg, MD) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA)
and 1% Penicillin/Streptomycin. On days 10-14, microglia were harvested by shaking the
cultures (180 rpm) and collecting the floating cells. These cells were seeded into plastic tissue
culture flasks. After incubation at 37 °C for 1 h, non-adherent cells were removed by replacing
culture medium. The cells were grown in DMEM with 10% FBS and maintained at 37 °C and
5% CO2. The purity of microglia was verified > 95% by ricinus communis agglutinin-1
(RCA-1, a microglia marker) immunostaining.

BV-2 cell culture—The BV-2 mouse microglial cell line (Mandrekar et al., 2009) was a gift
from Dr. Gary Landreth (Case Western Reserve University School of Medicine, OH). The cells
were cultured in DMEM medium (Invitrogen Corporation, Carsbad, CA), supplemented with
sodium pyruvate, l-glutamate, 10 % FBS (Sigma, St. Louis, MO), 100 U/ml penicillin, and
100 μg/ml streptomycin. Cultures were incubated at 37 °C and 5% CO2 in a fully humidified
incubator.

2.3. Quantification of apoptosis by TUNEL assay
The experimental cells were treated with different concentrations of morphine in the presence
or absence of naloxone, SB216763, or SB203580 for 24 h. Apoptotic cells were determined
by terminal deoxynucleotidyl transferase biotin-d UTP nick end labeling (TUNEL) assay using
a situ cell death detection kit (Roche Diagnostic, Indianpolis, IN) as described in our previous
publications (Yin et al., 2000; Chen et al., 2009). Briefly, the 3′-OH ends of fragmented
nucleosomal DNA were specifically labeled in situ in the presence of exogenously added
terminal transferase biotin labeled dUTP, and were detected with anti-fluorescein antibody
alkaline peroxidase conjugated. Cells were fixed on coverslips with ice cold 4% PFA
(paraformaldehyde) for 30 min and exposed for appropriate time to a permeabilization solution
(0.1% Triton X-100, 0.1% sodium citrate). Coverslips were coated by poly-D-lysine. After
washing, 50 μl of TUNEL reaction mixture was placed on the cells and incubated in a
humidified atmosphere for 60 min at 37 °C. 50 μl substrate solution was added onto coverslips
following convert-AP incubation. Finally coverslips were washed with PBS and mounted with
citiflor. The percentage of apoptotic cells was calculated by counting approximately 500 cells.
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2.4. Cell viability assay
Cell viability was performed as described previously (Li et al., 2009). The experimental cells
were seeded in 96-well plates at an initial cell density of 1 × 104/well. Cell viability was assessed
by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
Briefly, 20 μl MTT (5 mg/ml, Sigma–Aldrich, St. Louis, MO) was added to each well, and
plates were incubated at 37 °C for 4 hours. The color formation was quantified by means of
an ELISA plate reader (Dynotech Instruments, New Delhi, India) at 570 nm wavelength using
100 μl MTT solubilization solution. All of the experiments were conducted at least three times.

2.5. Western blot analysis
Western blot was performed as described previously (Yin et al., 1999b; Yin et al., 2006; Zhang
et al., 2008b). Briefly, the cellular proteins were separated by SDS–polyacrylamide gel
electrophoresis and transferred onto Hybond ECL membranes (Amersham Pharmacia,
Piscataway, NJ). The membrane was then incubated at room temperature in a blocking solution
composed of 5% skim milk powder dissolved in 1× TBS (10 mM Tris, pH 8.0, and 140 mM
NaCl) for 1 h. The membrane was then incubated with the blocking solution containing the
first antibody overnight at 4°C. After washing three times with TBS for 5 min, the blot was
then incubated with a second antibody. The blot was again washed three times with TBS before
being exposed to the SuperSignal West Dura Extented Duration substrate (Pierce
Biotechnology, Rockford, IL). Band intensity was quantified by densitometric analyses using
a densitometer.

2.6. Reverse transcription–PCR (RT-PCR)
Total RNA was extracted from the cells by use of the VERSA GENE™ RNA Tissue Kit
(Gentra SYSTEMS; Minnesota) and the RT-PCR detection technique was performed as
described previously (Liu et al., 2005; Li et al., 2010). Briefly, first-strand cDNA was
synthesized from 1μg of total RNA using a Reaction Ready™ first strand cDNA synthesis kit
(SABioscience Corporation, Frederick, MD). After incubation at 70 °C for 3 min and cooling
down to 37 °C for 10 min, RT cocktail was added to the annealing mixture and further incubated
at 37 °C for 60 min. The following primer pairs were used: for Bax: GGTTTCATCCAGG
ATCGAGACGG (forward) and ACAAAGATGGTCACGGTCTGCC (reverse); Bcl-2:
AGAGGGGCTACGAGTGGGAT (forward) and CTCAGTCATCCACAGGGCGA
(reverse); Fas: TCTGGTGCTTGCTGGCTCAC (forward) and CCATAGGCG
ATTTCTGGGAC (reverse); FasL: ATAGGTCTTAAGAAGACTCTCATTCAAG (forward)
and TGATCAATTTTGAGGAATCTAAGGCC (reverse).

2.7. Statistical analysis
The results were presented as mean ± S.D. The data were analyzed using one-way analysis of
variance (ANOVA) followed by Bonferroni tests to determine where differences among groups
existed. A value of p < 0.05 was considered statistically significant.

3. Results
3. 1. Morphine induces microglia apoptosis in an opioid-receptor dependent manner

We have reported that morphine induces lymphocyte apoptosis (Yin et al., 1999a; Yin et al.,
2006; Yin et al., 2000). To examine whether morphine has an effect on cell death of microglia,
BV-2 microglia were cultured in the absence (control) or presence of morphine at different
concentrations, and cell viability was determined by the MTT assay. As shown in Fig. 1A,
morphine caused significant decreases in cell viability in a dose-dependent manner. This
process is dependent on functional opioid receptors since morphine-decreased cell viability
could be inhibited by naloxone, an antagonist of the opioid receptor. The inhibitory effect of
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morphine was dose-dependent. Morphine treatment at 10 μM for 24 h led to more than 40%
inhibition and was used in the subsequent experiments. Similar results were observed in mouse
primary microglial cells (data not shown). We next examined whether morphine-attenuated
cell viability is mediated cell apoptosis. Apoptotic cells were determined using TUNEL assay.
We found that morphine significantly induces cell apoptosis both in BV-2 and primary mouse
microglia (Fig. 1B). In addition, opioid receptor antagonist naloxone blocked morphine-primed
apoptosis (Fig. 1B), suggesting involvement of an opioid receptor mechanism.

The cleaved caspase-3 is an established specific marker for apoptosis (Mazumder et al.,
2008). Thus, we examined caspase-3 activation in microglia. As shown in Fig. 1C, after
exposure to morphine for 24 h, BV-2 and mouse primary microglia have a significantly higher
level of cleaved caspase-3 than control cells. Moreover, morphine- induced activation of
caspase-3 can be blocked by naloxone in both BV-2 and mouse primary microglia.

3.2. Morphine decreased the levels of microglia phospho-Akt and phospho-GSK-3β through
an opioid receptor

We have observed previously that morphine attenuated the levels of phospho-Akt in cancer
cells (Zhao et al., 2009). In the present study, we examined the levels of phospho-Akt
(Thr473) in BV-2 cells in the presence or absence of morphine. The levels of phospho-Akt in
morphine treated cells were significantly lower compared to control cells in a dose- and time-
dependent manner (Fig. 2A). Furthermore, pretreatment of naloxone to BV-2 cells blocked
morphine-decreased the levels of phospho-Akt (Fig. 2B).

GSK-3β is an important downstream target of Akt (Martin et al., 2005; Beurel and Jope,
2006). GSK-3β is a constitutively active enzyme (Martin et al., 2005). Phosphorylation of
GSK-3β by Akt results in GSK-3β inactivation (Martin et al., 2005). We investigated the effect
of morphine on phosphorylation of GSK-3β in microglial cells. Fig. 2C showed that the
microglia levels of phospho-GSK-3β are significantly lower in the presence of morphine and
in dose- and time-dependent mechanism. This effect was inhibited by naloxone (Fig. 2D).
Similar results were observed in mouse primary microglia treated with morphine and naloxone
(data not shown). These data demonstrate that morphine decreased phospho-Akt and phospho-
GSK-3β levels via an opioid receptor.

3.3. GSK-3β inhibition increases morphine-induced microglia apoptosis
Recent studies report that GSK3β plays a pivotal role in regulating many cellular functions,
including cell survival and apoptosis (Beurel and Jope, 2006). How GSK3β affects microglia
apoptosis in the setting of opioids, however, remains unknown. We examined whether
GSK3β is required for morphine-induced microglia apoptosis. BV-2 and mouse primary
microglial cells were pretreated with the GSK3β inhibitor SB216763 (Martin et al., 2005; Abell
et al., 2007), and then treated with morphine for 24 h. We found that treatment with SB216763
significantly increased morphine-induced apoptosis in both BV-2 (Fig. 3A) and mouse primary
microglia (Fig. 3B). SB216763 alone did not alter the percentage of apoptotic cells compared
to control (Figs.3A and 3B).

To determine whether GSK3β affects the activation of caspase-3 and caspase-8, BV-2 cells
were treated with SB216763 in the presence or absence of morphine. Intriguingly, significantly
greater activation of casapse-3 (Fig. 3C) and caspase-8 (Fig. 3D) was observed when BV-2
cells were exposed to both SB216763 and morphine than they were exposed to SB216763 or
morphine alone. SB216763 alone did not induce the activation of caspase-3 and caspase-8.
Similar results were observed in primary microglia (data not shown).
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3.4. Effect of GSK3β on the levels of Bcl-2/Bax and p38 MAPK following morphine treatment
Growing evidence suggests that Bcl-2 family proteins may be the functional downstream target
(s) of GSK3β (Juhaszova et al., 2009; Kotliarova et al., 2008). We determined the expression
of an anti-apoptotic protein Bcl-2 and Bax, a pro-apoptotic member of the Bcl-2 family,
following morphine treatment with or without inhibition of GSK3β by SB216763. Treatment
of morphine with SB216763 significantly decreased the levels of Bcl-2 and increased the levels
of Bax (Fig. 4A). SB216763 alone did not alter the expression of Bcl-2 and Bax. Taken together,
our results suggest that morphine-induced apoptosis is through GSK3β-mediated
mitochondrial pathway.

Recently, it has been reported that GSK3β negatively regulates p38 MAPK signaling (Abell
et al., 2007). In addition, chronic morphine treatment enhances the phosphorylation of p38
MAPK in neurons (Ma et al., 2001; Macey et al., 2006). We next evaluated whether GSK3β
plays a role in morphine-induced phosphorylation of p38 MAPK. BV-2 cells were pretreated
with SB216763 and then treated with morphine. Morphine alone significantly increased the
level of phospho-p38 MAPK (Fig. 4B). Of great significance, combination of SB216763 and
morphine treatment has a significant synergistic effect on the level of phospho-p38 MAPK
(Fig. 4B). Moreover, naloxone significantly attenuated morphine-induced the level of phospho-
p38 MAPK (Fig. 4C). These data clearly show that morphine primes GSK3β-mediated
phospho-p38 MAPK in an opioid receptor mechanism.

3.5. Inhibition of p38 MAPK inhibits morphine-induced microglia apoptosis
It has been shown that morphine induces macrophage apoptosis through p38 MAPK
phosphorylation (Singhal et al., 2002). Since morphine could effectively increase the level of
phospho-p38 MAPK in microglia (Fig. 4C), its consequence on the p38 MAPK function was
next examined in BV-2 and mouse primary microglial cells. We pretreated BV-2 and mouse
primary microglial cells with the specific p38 MAPK inhibitor SB 203580 (Chang et al.,
2009) and then treated the cells in the presence or absence of morphine. Apoptotic cells were
examined by TUNEL assay. We showed that SB203580 significantly blocked morphine-
induced apoptosis in both BV-2 (Fig. 5A) and mouse primary microglial cells (Fig. 5B).
SB203580 alone did not induce apoptosis in both BV-2 and mouse primary microglial cells
(Figs. 5A and 5B). In addition, inhibition of p38 by SB203580 dramatically inhibited morphine-
induced activation of caspase-3 (Fig. 5C) and caspase-8 (Fig. 5D). The similar results were
observed when mouse primary microglial cells were treated with SB203580 and morphine
(data not shown).

3.6. Inhibition of p38 attenuates morphine-induced alteration of Bcl-2 and Bax expression
It has been reported that p38 MAPK modulates Bcl-2/Bax-mediated apoptosis in
neuroblastoma cells (Gomez-Lazaro et al., 2007). In the present study, to examine whether p38
MAPK modulates Bcl-2 signaling following morphine treatment in BV-2 cells, we determined
the expression of Bcl-2 and Bax. BV-2 cells were treated with SB203580 for 1 h and then
treated with or without morphine for 24 h. As shown in Fig. 6, inhibition of p38 MAPK by
SB203580 significantly inhibited morphine-induced changes of Bcl-2 and Bax compared with
the morphine treatment alone. SB203580 alone did not alter the levels of Bcl-2 and Bax. Similar
results were observed in mouse primary microglia (data not shown). Collectively, our data
indicate that morphine induces microglia apoptosis via p38 MAPK-mediated mitochondrial
pathway.

3.7. Effect of p38 MAPK on the level of GSK-3β following morphine treatment
P38 MAPK can phosphorylate GSK3β at serine 389 in the brain and thymocytes (Thornton et
al., 2008) but whether p38 MAPK work as an upstream regulator of GSK3β in morphine
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induced microglia apoptosis is unknown. To determine whether GSK3β can be phosphorylated
by p38 MAPK, BV-2 cells were pretreated with p38 MAPK inhibitor SB203580 and then
treated with morphine. As shown in Fig. 7, inhibition of p38 MAPK by p38 MAPK inhibitor
SB203580 combined with morphine treatment did not alter the level of phosphor-GSK-3β at
serine 9 compared to the cells treated with morphine alone, indicating that p38 MAPK is not
an upstream regulator of GSK-3β in morphine-mediated microglia apoptosis.

3.8. Morphine could not alter the levels of Fas and FasL in microglia
Our previous studies reported that morphine increases the expression of Fas and promotes
FasL-mediated apoptosis in lymphocytes (Yin et al., 1999a). To examine whether morphine
induces the expression of Fas and FasL in microglia, we determined the expression of FasL
and Fas by RT-PCR analysis in microglia cells following morphine treatment. As shown in
Fig. 8, morphine could not induce the expression of Fas and FasL in microglial cells.

3.9. GSK-3β and p38 MAPK modulate the levels of Bax and Bcl-2 at the transcriptional level
To investigate whether GSK-3β and p38 MAPK regulate the levels of Bax and Bcl-2 at
transcription or post-transcription in our morphine treatment model, we determined the levels
of Bax and Bcl-2 by RT-PCR. We found that inhibition of GSK-3β by GSK-3β inhibitor
SB216763 increased morphine induced changes of Bax and Bcl-2 (Fig. 9). However, inhibition
of p38 MAPK by p38 MAPK inhibitor SB203580 attenuated morphine induced changes of
Bax and Bcl-2 (Fig. 9). These results are consistent with the Western blot analysis. Therefore,
our data suggest that GSK-3β and p38 MAPK modulate the expression levels of Bax and Bcl-2
at the transcriptional level.

4. Discussion
Our previous studies have shown that opioids promote cell apoptosis both in vitro and in
vivo (Yin et al., 1999a; Yin et al., 2000; Yin et al., 2006; Moorman et al., 2009). Recently, we
and others have revealed that the Akt/GSK3β signaling pathway plays an important role in
opioid-induced apoptosis (Zhao et al., 2009; Li et al., 2010; Boronat et al., 2001). Apoptotic
pathways induced by opioids seem to be mediated by the mitochondrial apoptotic pathway,
associated with a decrease in Bcl-2 levels (Lin et al., 2009). The effects of opioids on neurons
are well known. However, very little is known about the effect of opioids on microglia.
Microglia is an important glial cells that function as the major innate immune cells in the brain
(Olson and Miller, 2004;Hertz et al., 1990; Mandrekar et al., 2009).

Previous studies (Hu et al., 2002) have shown that morphine induces apoptosis of human
microglia. We found that morphine induces microglia cell death and apoptosis in a dose- and
time-dependent manner. These data are consistent with the findings of Hu (Hu et al., 2002).
However, the mechanisms by which morphine induces microglia apoptosis remain elusive. In
the current study, we investigated the mechanisms in morphine-induced apoptosis in microglial
BV-2 and mouse primary microglial cells. We observed that morphine primed microglia
apoptosis in an opioid receptor dependent mechanism. Our evidences have already shown that
caspase-3 activity was significantly increased by chronic morphine exposure in neurons (Li et
al., 2010). The morphine-induced activation of caspase-3 could be blocked by naloxone, a
specific opioid receptor antagonist, indicating a pivotal role of an opioid receptor in this
process. The data presented herein demonstrated for the first time, to our best knowledge, a
key role for microglial GSK3β and p38 MAPK in the induction of morphine-mediated
apoptosis. Our studies show that chronic morphine treatment modulates Akt/GSK3β signaling
and results in microglia apoptosis.
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We have previously reported that opioids activate phosphorylation of Akt and GSK3β in neuron
and cancer cells (Zhao et al., 2009; Li et al., in press). Akt is an important physiologic mediator
of the PI3K pathway (Martin et al., 2005; Cantley, 2002). Phosphorylation of Akt activates the
enzyme, which modulates cell survival and apoptosis (Cantley, 2002). Activated Akt
phosphorylates several downstream targets of the PI3K pathway including GSK3 (Jope and
Johnson, 2004; Martin et al., 2005). GSK3 is a constitutively active enzyme that is inactivated
by Akt through phosphorylation of serine 9 (Jope and Johnson, 2004). GSK3 is a crucial
regulator of many cellular functions, including cell survival and apoptosis (Jope and Johnson,
2004). The role of Akt/GSK3 in the response to opioids in microglia is only now coming to
light. We showed that morphine-induced dephosphorylation of Akt/GSK3β in an opioid
receptor dependent mechanism (Figs. 2 and 3). Furthermore, we found that inhibition of
GSK3β significantly increased morphine-induced apoptosis in both BV-2 and mouse primary
microglia cells (Fig. 3). Taken together, our data clearly demonstrate that GSK3β is required
for morphine-induced microglia apoptosis.

It is important to point out that not all reports have demonstrated GSK3β plays an anti-apoptotic
role (Beurel and Jope, 2006; Zhang et al., 2008b; Kotliarova et al., 2008). Recent evidence
revealed that GSK-3β plays both pro- and anti-apoptotic effects (Zhang et al., 2008b;
Kotliarova et al., 2008; Beurel and Jope, 2006; Kotliarova et al., 2008). GSK3β promotes
apoptosis mainly through the mitochondria-mediated intrinsic apoptotic pathway (Beurel and
Jope, 2006). It is also established that GSK3 inhibits the death receptor-mediated extrinsic
apoptosis pathways (Beurel and Jope, 2006; Kotliarova et al., 2008). We therefore evaluated
the effects of GSK3β on mitochondrial-mediated apoptotic pathway following morphine
treatment. We observed that inhibition of GSK3β and morphine treatment significantly
decreased the levels of anti-apoptotic protein Bcl-2 but increased the levels of pro-apoptotic
protein Bax (Fig. 4A). Thus, morphine promotes microglia apoptosis through GSK3β-mediated
mitochondria pathway. We found that morphine could not induce the expression of Fas and
Fas ligand (FasL) in microglia cells. Therefore, we do not have evidence to support that
morphine also activates the extrinsic apoptotic pathway.

It has been reported that inhibition of GSK3β kinase activity with SB216763 results in
increased p38 MAPK activation in COS-7 cells (Abell et al., 2007). However, the role of
GSK3β in regulating p38 MAPK in microglia following morphine treatment was unclear. Here
we show that co-treatment of microglia with GSK3β SB216763 and morphine significantly
enhanced the levels of p38 MAPK activation compared with morphine treatment alone (Fig.
4B). Morphine-enhanced p38 MAPK activation was mediated through an opioid receptor (Fig.
4C). However, the exact mechanism of how GSK3β inhibits p38 MAPK activity is unclear.
Recent evidence revealed that p38 MAPK can phosphorylate GSK3β at serine 389 in the brain
and thymocytes (Thornton et al., 2008). Our studies support that p38 MAPK is not an upstream
regulator of phosphor-GSK-3β at serine 9 in morphine-mediated microglia apoptosis (Fig. 7).
The role of phosphorylation of GSK-3β at serine 389 in p38 MAPK mediated signaling will
be investigated in future studies.

MAPKs are a family of serine/threonine kinases that perform important functions as mediators
of cellular responses to various extracellular stimuli, including cell survival and apoptosis.
MAPKs consist of three major subfamilies in mammalian cells (Chang and Karin, 2001),
including p38 MAPK and the extracellular regulated kinases (ERK1/2, also p42/44). The
activation of ERK1/2 kinase is generally associated with inhibition of apoptosis, while p38
activity promotes apoptosis (Chang and Karin, 2001; Xia et al., 1995). Chronic morphine
treatment increases the phosphorylation of p38 MAPK and ERK1/2 in dorsal root ganglion
neurons (Ma et al., 2001;Macey et al., 2006). We found in this study that morphine induces
microglia p38 MAPK activation (Fig. 4C) and ERK1/2 activation (data not shown). Moreover,
our results showed that inhibition of p38 MAPK dramatically inhibited morphine-induced
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microglia apoptosis (Fig. 5). The molecular mechanism of morphine enhancement of p38
MAPK activation is currently unclear, but it seems to be mediated by MEKK4, the upstream
kinase of p38 MAPK. However, more study is required to reveal the detailed pathway from an
opioid receptor to p38 MAPK.

Recently, it has been shown that p38 is necessary for Bcl-2-induced inhibition of apoptosis in
fibroblasts (Nelyudova et al., 2007). The role of Bcl-2 and Bax in p38 MAPK-mediated
microglia apoptosis was investigated in our studies. We found that inhibition of p38 MAPK
and morphine treatment significantly increased Bcl-2 expression and decreased Bax expression
(Fig. 6). Thus, our studies demonstrate that Bcl-2 and Bax, members of the Bcl-2 family,
participate in p38 MAPK-mediated microglia apoptosis induced by morphine treatment.
Further, we identified that downstream of p38 MAPK, caspase-8 as a crucial factor for
morphine-induced microglia apoptosis. Our data showed that inhibition of GSK-3β enhanced
morphine induced changes of Bax and Bcl-2. However, inhibition of p38 MAPK decreased
morphine induced changes of Bax and Bcl-2 (Fig. 9). Thus, our studies suggest that GSK-3β
and p38 MAPK modulate the expression levels of Bax and Bcl-2 at the transcriptional level.

In summary, to our best knowledge, this study is the first report in elucidating the molecular
mechanisms that GSK3β and p38 MAPK are required for morphine-induced microglia
apoptosis. Further understanding the mechanisms mediated by GSK3β and p38 MAPK may
provide insights into potential therapeutic interventions opioid-related side effects.
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Fig. 1.
Morphine promotes microglia apoptosis through an opioid receptor. (A). BV-2 microglia were
incubated in the presence or absence of morphine at indicated concentrations for 24 h or
cultured with morphine at 10 μM with or without 10 μM naloxone for 24h. The cell viability
was examined by the MTT assay. * p < 0.01 compared with control or with indicated groups.
(B). Naloxone inhibits morphine-induced microglia apoptosis. BV-2 and mouse primary
microglial cells were treated with 10μM morphine with or without 10μM naloxone for 24 h.
Apoptotic cells (dark cells) were determined by TUNEL assay. Photographs of representative
TUNEL-stained cells are shown at the top. Magnification 40 ×. The bar graph at the bottom
shows the percentage of apoptotic cells. (C). BV-2 and primary microglia were treated with
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morphine and naloxone as in B. Cleaved caspase-3 was determined by Western blot in BV-2
cells or immunostaining in primary microglia with cleaved caspase-3 antibody (Red) and
(RCA-1 (Green). Merged images displayed co-localizations of cleaved caspase 3 and RCA-1
(Yellow). All data are representative of three independent experiments. * p < 0.01.
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Fig. 2.
Morphine decreased microglia phospho-Akt and phospho-GSK-3β lelvels through an opioid
receptor. (A). BV-2 cells were incubated in various concentrations of morphine for 24 h or
treated with 10μM morphine for different time periods. Total and phospho-Akt (p-Akt) were
determined by Western blot. Western blots are representative, and the densitometry data
represent the mean ± SEM from at least three independent experiments. (B). BV-2 cells were
treated with morphine at 10 μM in the presence or absence of 10 μM naloxone. The levels of
total and p-Akt were examined as in A. (C). BV-2 cells were incubated with morphine as in
A. The levels of total and p-GSK-3β were determined by Western blot. (D). BV-2 cells were
subjected to morphine and naloxone as in B. The levels of total and p-GSK-3β were examined
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as in C. Mean values were derived from three independent experiments. * p <0.01 compared
with indicated groups.
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Fig. 3.
Inhibition of GSK-3β enhances morphine-primed microglia apoptosis. BV-2 (A) and primary
microglia (B) cells were subjected to SB216763 at 10μM for 1 h and then treated with or without
10 μM morphine for 24 h. Apoptotic cells were determined as in Fig. 1B. BV-2 cells were
incubated with morphine and SB216763 as in A. The levels of total and cleaved caspase-3 (C),
and total and cleaved capspase-8 (D) were determined by Western blot analysis. All data are
representative of three independent experiments. * p < 0.01.
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Fig. 4.
Effect of GSK-3β on morphine-induced changes of Bax/Bcl-2 and p38 MAPK. BV-2 cells
were subjected to SB216763 and morphine as in Fig. 3A. The levels of Bax and Bcl-2 (A),
total and p-p38 MAPK (B), were determined by Western blot analysis. (C). BV-2 cells were
treated with naloxone and morphine as in Fig. 2B. Total and p-p38 MAPK were examined by
Western blot analysis. Mean values were derived from three independent experiments. * p
<0.01 compared with indicated groups.
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Fig. 5.
Inhibition of p38 MAPK attenuates morphine-induced microglia apoptosis. BV-2 (A) and
mouse primary microglia (B) cells were pretreated with SB203850 at 10 μM for 1 h and then
treated with morphine at 10 μM for 24 h. Apoptotic cells were examined by TUNEL assay as
in Fig. 3A. Total and cleaved caspase-3 (C), and total and cleaved capspase-8 (D) were
determined by Western blot analysis. All data are representative of three independent
experiments. * p < 0.01 compared with indicated groups.
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Fig. 6.
Inhibition of p38 MAPK attenuates morphine-induced changes of Bax and Bcl-2 expression.
BV-2 cells were treated with SB203850 and morphine as in Fig. 5A. The expression of Bax
and Bcl-2 was determined by Western blot analysis. Mean values were derived from three
independent experiments. * p <0.01 compared with indicated groups.
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Fig. 7.
Effect of p38 MAPK on morphine-induced changes of GSK-3β. BV-2 cells were subjected to
SB203850 and morphine as in Fig. 5A. The levels of total and p- GSK-3β were determined by
Western blot analysis. Mean values were derived from three independent experiments.
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Fig. 8.
Morphine does not alter the expression of Fas and FasL. BV-2 cells were incubated in various
concentrations of morphine as indicated for 12 h. The expression of Fas and FasL was
determined by RT-PCR analysis. RT-PCR is representative, and the densitometry data
represent the mean ± SEM from three independent experiments.
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Fig. 9.
Mophine regulates the levels of Bax and Bcl-2 at the transcriptional level. BV-2 cells were
treated with SB216763 or SB203850 in the absence or presence of morphine as in Figs. 4 and
5. The expression of Bax and Bcl-2 was determined by RT-PCR analysis. Mean values were
derived from three independent experiments. * p < 0.01 compared with indicated groups.
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