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Toll-like receptor 2 is required for opioids-induced neuronal apoptosis
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Toll-like receptor 2 (TLR2), a key immune receptor in the TLR family, is widely expressed in various sys-
tems, including the immune and nervous systems and plays a critical role in controlling innate and adap-
tive immune responses. We previously reported that opioids inhibit cell growth and trigger apoptosis.
However, the underlying mechanism by which TLR2 mediates apoptosis in response to opioids is not
yet known. Here we show that chronic morphine treatment in primary neurons dramatically increased
the expression of TLR2 at both the messenger RNA and protein levels. In addition, TLR2 deficiency signif-
icantly inhibited chronic morphine-induced apoptosis in primary neurons. Activation of caspase-3 after
morphine treatment is impaired in TLR2 deficient primary neurons. Moreover, morphine treatment failed
to induce an increased level of phosphorylated glycogen synthase kinase 3 beta (GSK3b) in TLR2 deficient
primary neurons, suggesting an involvement of GSK3b in morphine-mediated TLR2 signaling. These
results thus demonstrate that opioids prime neurons to undergo apoptosis by inducing TLR2 expression.
Our data suggest that inhibition of TLR2 is capable of preventing opioids-induced damage to neurons.

� 2009 Elsevier Inc. All rights reserved.
Introduction roles in brain injuries and functional deficits [7,8]. TLR2 was iden-
Opioids have been widely applied in clinics as one of the most
potent pain relievers for centuries. However, chronic use of opioids
as clinical therapies produces benefits as well as severe side effects.
Opioids, including morphine, cause apoptosis in various systems.
We have previously reported that morphine promotes apoptosis
both in vitro and in vivo [1–3]. In central nervous system (CNS), opi-
oids-induced neuronal apoptosis [4]. Although opioid receptors
play critical roles in the processes of opioids-induced effects, the
antagonists of opioid receptors can only partially block the effects
of opioids [5]. Thus, the specific cellular and molecular mecha-
nisms underlying on opioids-induced apoptosis still need to be
defined.

Toll-like receptors (TLRs) are well known as recognition of
pathogens in the innate immune system aimed as defending the
survival of the host. Thirteen TLRs have been identified [6]. TLRs
and their functions have been established in immune cells. How-
ever, the functional role of TLRs in the CNS remains unclear. Grow-
ing evidence demonstrated that neurons express some TLRs,
including TLR2, TLR4, and TLR9 [7]. Neuronal TLRs play pivotal
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tified as a key immune receptor in TLRs family with a large reper-
toire of ligands. Many classes of microorganisms, as well as the
bacterial cell wall components peptidoglycan and lipoteichoic,
have been found to activate TLR2. Activation of TLR2 signaling trig-
gers activation of proapoptotic signals, and causes cell death in var-
ious systems [7,8]. Caspase activities increased significantly in
TLR2 signaling activated cells [9,10].

Recent evidence suggests that there is cross-talk between TLR
signaling and glycogen synthase kinase 3 (GSK3), a crucial regula-
tor of many cellular functions including cell survival and apoptosis
[9,11]. GSK3 is a serine/threonine kinase that refers to two iso-
forms – GSK3a and GSK3b [9,11]. It is considered that GSK3 pro-
motes the mitochondrial intrinsic apoptotic signaling cascade
induced by a diverse array of insults [9,11,12]. On mechanisms
tightly regulating the activities of two isoforms of GSK3, the most
well-defined mechanism is the phosphatidylinositol 3-kinase
(PI3K)/Akt signaling pathway. GSK3 activity is inhibited through
PI3K/Akt signaling by phosphorylation of serine-9 in GSK3b or ser-
ine-21 in GSK3a [9,12].

In present study we found that TLR2 is required for morphine-
induced neuronal cell death and apoptosis. Furthermore, Morphine
failed to induce an increased level of phosphorylated GSK3b in
TLR2 deficient primary neurons, suggesting an involvement of
GSK3b in morphine-mediated TLR2 signaling.
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Materials and methods

Reagents. Morphine sulfate was obtained from Sigma–Aldrich.
Cell culture medium, horse serum, B27 supplement and reagents
for neuron cell culture were purchased from Invitrogen Corpora-
tion. The quantitative PCR kit was purchased from Invitrogen Cor-
poration. The polyclonal anti-cleaved caspase-3, caspase-3, p-Ser9-
GSK3b, total-GSK3b, p-Akt, and GAPDH antibodies were purchased
from Cell Signaling Technology. The monoclonal TLR2 antibody
was obtained from Santa Cruz Biotechnology Inc.

Animals. Toll-like receptor 2 knockout (TLR2 KO) mice on a
C57BL/6 background and wild type C57BL/6 (WT) mice were ob-
tained from the Jackson Laboratory and were maintained in the
Division of Laboratory Animal Resources at East Tennessee State
University (ETSU), a facility accredited by the Association fro the
Assessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC). All aspects of the animal care and experimental
protocols were approved by the ETSU Committee on Animal Care.
Pregnancy was confirmed by the presence of vaginal plug and this
was considered as gestational day 0 (E0).

Primary cortical neuron culture. The method used for preparing
primary cortical neuron cultures followed the procedure described
in our previous publication with a slight modification [13]. Briefly,
pregnant mice on E16 were anesthetized with carbon dioxide and
killed by cervical dislocation. Meninges-free cortices were dis-
sected from the 16-day-old fetuses and triturated into homoge-
neous solution. The cells were plated with a density of 1 � 106/
well on 6-well-plates precoated with 100 lg/ml poly-D-lysine.
The cells were cultured with neurobasal medium supplemented
with 5% horse serum, 2% B27, 1% glutamax and 50 l/ml penicil-
lin/streptomycin, and were kept in a tissue culture incubator at
37 �C in 5% CO2. Seven-day-old cortical neurons were subjected
to morphine treatment with different concentrations within
6 days.

Determination of cell death. Neuronal cell density was observed
directly with a microscope during drug treatment. At the end point
of each group, neurons in some wells were stained with propidium
iodide (PI) solution as described previously [2] and were observed
with a fluorescent microscope (Motic Company). To determine the
change of cell death in wells, five areas in each well were randomly
chosen for cell counting. Data were normalized from control-trea-
ted cells and shown as a percentage of the controls.

Detection of apoptosis by TUNEL assay. Terminal deoxynucleoti-
dyl transferase biotin-dUTP nick end labeling (TUNEL) assay was
detected as described previously [3]. Neurons treated with or with-
out 15 lM morphine for 6 days underwent DNA fragmentation
detection using an in situ apoptosis detection kit (Roche) according
to the manufacturer’s instructions. Cells were observed using a
fluorescent microscope (Olympus).

Real-time quantitative reverse transcription polymerase chain
reaction (RT-PCR). The real-time PCR detection technique was per-
formed as described in our previous publication [14]. Briefly, first-
strand cDNA was synthesized from 1 lg of total RNA using a Reac-
tion Ready™ first-strand cDNA synthesis kit (SuperArray Biosci-
ence Corporation). 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. Two microliters
of 1:2 diluted cDNA was subjected to real-time quantitative PCR
using Bio-Rad iCycler iQ Multicolor Real-Time PCR Detection Sys-
tem (Bio-Rad). PCR was performed in a 25 ll volume using SYBR
GreenER qPCR Super Mix for iCycler (Invitrogen). All primers were
purchased from SuperArray Bioscience Corporation. All PCR assays
were performed in triplicate. The reaction conditions were: 50 �C
for 2 min, 95 �C for 8 min 30 s, followed by 40 cycles of 95 �C for
15 s, 60 �C for 60 s, and 72 �C for 30 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was amplified from all samples on each
plate as housekeeping genes. The reaction mixtures without tem-
plate cDNA were used as negative controls.

Western blot analysis. Western blotting was performed as de-
scribed in our previous publication using several antibodies
[9,12]. Briefly, experimental cells were harvested and lysed in RIPA
Lysis Buffer. The lysates were separated by 10% SDS–PAGE then
transferred to a nitrocellulose membrane (Bio-Rad). The mem-
brane was then incubated at room temperature in blocking solu-
tion for 1 h, followed with the blocking solution containing first
antibody overnight at 4 �C. Caspase-3, p-Ser9-GSK3b, total-GSK3b,
p-Akt, or GAPDH was detected with antibody specific to p-Ser9-
GSK3b, total-GSK3b, p-Akt, or GAPDH. After washing three times
with TBS for 5 min, the blot was incubated with a second antibody.
The blot was again washed three times with TBS before being ex-
posed to the SuperSignal West Dura Extended Duration substrate
(Pierce).

Immunohistochemistry. Primary neuron cells were fixed and
immunostained as described in our previous publication, with
slightly modification [13]. Briefly, for TLR2 immunostaining, fixed
neurons were immunostained using anti-TLR2 Ab and Alexa Fluor
488 (Invitrogen). For cleaved Caspase-3 and NeuN double immu-
nostaining, fixed neurons were immunostained using anti-NeuN
and anti-cleaved caspase-3 antibodies, followed by Alexa Fluor
488 or Alexa Fluor 594 conjugated secondary antibodies. For p-
Ser9-GSK3b, fixed neurons were immunostained using anti-p-
Ser9-GSK3b Ab and Alexa Fluor 594 (Invitrogen). Confocal images
were captured using a Leica TCS SP2 Laser Scanning Confocal
Microscope. Fluorescent images were captured using a fluorescent
microscope (Olympus).

Statistical analysis. All data were represented as means ± SEM.
The data were analyzed using one-way analysis of variance (ANO-
VA) followed by Bonferroni tests to determine where differences
among groups existed. Differences were considered statistically
significant for values of p < 0.05.

Results

Increased TLR2 expression in wild type neurons following chronic
morphine treatment

Although it is well established that several opioid receptor iso-
forms are expressed on neurons, the mechanisms by which opioids
influence neuronal function remains to be elucidated [15]. To
investigate the mechanisms, we treated primary mouse cortical
neurons from wild type mice with morphine sulfate at 15 lM for
different periods of time and examined the expression of TLR2 by
quantitative real time RT-PCR and immunohistochemistry. TLR2
expression in mRNA level was significantly increased following
15 lM morphine treatment for 4 days (Fig. 1A). Morphine-induced
TLR2 expression was also detected at the protein level (Fig. 1B).
Our results demonstrated that chronic morphine treatment signif-
icantly increases TLR2 expression.

A deficiency of TLR2 is resistant to morphine-induced neuronal
apoptosis

It has been reported that cortical neurons generated a signifi-
cant reduction in cell density following 15 lM opioid treatment
for 7 days [4]. To investigate whether TLR2 plays a role in opi-
oids-induced neuronal cell death, we treated primary mouse corti-
cal neurons from TLR2 knockout mice and wild type mice with
morphine at different concentrations for 6 days and assessed cell
death using PI staining. We found that chronic morphine treatment
induced cell death in a dose-dependent manner in wild type neu-



Fig. 1. Morphine induces the expression of TLR2 in wild type neurons. (A)
Quantitative real time RT-PCR analysis of TLR2 expression showed a significant
increase in wild type primary cortical neurons treated with morphine for 4 days.
Neurons were treated with 15 lM morphine for 16 h, 2 d and 4 d, respectively.
*p < 0.05 vs. untreated neurons. Results represent mean ± SEM of three independent
experiments. (B) Immunostaining in wild type neurons showed a dramatic increase
of TLR2-immunoreactive neurons after 15 lM morphine treatment for 6 days. Scale
bars, 75 lm.
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rons, but not in TLR2 deficient neurons (Fig. 2A). Dead cell rate
showed no significant differences among 5, 15 lM morphine trea-
ted TLR2 deficient neurons and untreated neurons. We next evalu-
ated the effect of TLR2 on morphine-induced primary neuronal
apoptosis using a TUNEL technique. A significant number of cells
in the wild type neurons after morphine treatment were undergo-
ing apoptosis, whereas only a few apoptotic cells were detected in
the TLR2 deficient neurons following morphine treatment (Fig. 2B).
Therefore, primary neurons with a deficiency of TLR2 are resistant
to morphine-induced neuronal apoptosis.

Morphine causes caspase-3 activation in wild type neurons but not in
TLR2 deficient neurons

The cleaved caspase-3 acts as an active and lethal protease at
the most distal stage of the apoptotic pathways, and is the major
caspase involved in neuronal apoptosis [16]. Thus, we examined
caspase-3 activation in TLR2 deficient and wild type primary neu-
rons after morphine treatment. Morphine treatment at 15 lM for
6 days activated caspase-3 in wild type neurons to a greater in-
crease compared to TLR2 deficient neurons (Fig. 3A). These results
were verified by double-immunofluorescent staining of active cas-
pase-3 and neurons (Fig. 3B). Morphine treatment at 15 lM for
6 days resulted in a dramatic increase of cleaved caspase-3 immu-
noreactive colocalization in wild type primary neurons, but not in
TLR2 deficient neurons. Our results suggested a proapoptotic role
for TLR2 in opioids-mediated neuronal apoptosis.
Fig. 2. A deficiency of TLR2 is resistant to morphine-induced neuronal apoptosis. (A) Ba
knockout (TLR2 KO) neurons identified with PI staining. WT and TLR2 KO neurons wer
mean ± SEM of three independent experiments. *p < 0.05 vs. untreated WT neurons. **p
treated with 50 lM morphine. (B) Representative light microscopic images showed TUN
morphine for 6 days. The dark brown color showed TUNEL-positive neuronal apoptosis (r
this figure legend, the reader is referred to the web version of this paper.)
TLR2 deficiency in neurons blocks morphine-enhanced
phosphorylation of GSK3b

We have previously reported that TLRs activate GSK3b signaling
pathways [12]. To substantiate that opioids activate TLR2 signal-
ing, we investigated the regulation of GSK3b in morphine-activated
TLR2 signaling. As shown in Fig. 4A, GSK3b was phosphorylated on
the inactivating residue serine-9 and phosphorylation significantly
increased after 15 lM morphine treatment for 6 days in wild type
neurons. A deficiency of TLR2 in primary neurons strongly sup-
pressed chronic morphine-induced GSK3b serine-9 phosphoryla-
tion (Fig. 4A). The changes of GSK3b serine-9 phosphorylation
were verified by immunohistochemistry. Morphine treatment re-
sulted in a dramatic increase of GSK3b serine-9 phosphorylation
on protein level in wild type primary cortical neurons, but not in
TLR2 deficient primary cortical neurons (Fig. 4B). Since phosphor-
ylation of serine-9 is inhibitory for GSK3b activity, these results
suggested that morphine decreases GSK3b activity through a
TLR2-dependent mechanism.

Akt is an important physiologic mediator of the PI3K pathway
[2,17]. Activated Akt phosphorylates several downstream targets
of the PI3K pathway including GSK3 [2,17]. Therefore, we deter-
mined if morphine induces Akt phosphorylation through a TLR2-
dependent pathway. We found no alterations in the protein level
of phosphorylated Akt in wild type neurons and TLR2 deficient
neurons following morphine treatment (Fig. 4C), suggesting no role
of Akt in morphine suppression of TLR2-mediated GSK3b activity.

Discussion

The data presented herein demonstrated for the first time, to
our knowledge, a key role for neuronal TLR2 in the induction of
morphine-mediated apoptosis. Our studies show that chronic mor-
phine treatment regulates TLR2 signaling and results in neuronal
apoptosis. It is widely accepted that TLR2 signaling mainly acti-
vates inflammatory responses, including proinflammatory cyto-
kines [18]. Most studies evaluated the effects of TLR2 on
neuronal cell death and apoptosis through immune cell mediated
mechanisms [19]. We found in this study that deficiency of TLR2
activity in primary neurons blocked morphine-induced neuronal
apoptosis. We identified here that TLR2 signaling is activated by
opioids in neurons without the presence of immune cells. This pro-
vides a possible target for controlling of morphine caused
neurotoxicity.

We have previously reported that TLRs activate phosphoryla-
tion of GSK3b [12]. GSK3 activities cause diverse regulation of
r graph showed the percentage of neuronal cell death in wild type (WT) and TLR2
e treated with 5, 15, or 50 lM morphine for 6 days, respectively. Results represent

< 0.05 vs. WT neurons treated with 15 lM morphine. ***p < 0.05 vs. WT neurons
EL-positive neurons. WT and TLR2 KO neurons were treated with or without 15 lM
ed arrow head). Magnification 200�. (For interpretation of the references to color in



Fig. 3. Morphine causes caspase-3 activation in wild type neurons but not in TLR2 knockout neurons. (A) Total and active cleaved caspase-3 in protein levels were determined
by Western blot. WT and TLR2 KO neurons were treated with morphine at 5 or 15 lM for 6 days. Representative results of the level of cleaved caspase-3 and total caspase-3
are shown at the left of each pane. Data are representative of three independent experiments. *p < 0.05 vs. untreated WT neurons. **p < 0.05 vs. WT neurons treated with
15 lM morphine. (B) WT and TLR2 KO neurons were treated with or without 15 lM morphine for 6 days and immunostained with antibodies to cleaved caspase-3 (red) and
NeuN (neuronal marker) (green). Merged images displayed co-localizations of cleaved caspase-3 and NeuN (yellow) (white arrow head). Scale bars, 18.75 lm. Data are
representative of three separate experiments.
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TLR-mediated production of pro- and anti-inflammatory cytokines
[17,18]. Selective agonists of TLRs, mediate phosphorylation of
GSK3b on Ser9, and result in GSK3b inactivation. In agreement with
these results, our data showed that morphine decreased GSK3b
activity through a TLR2-dependent mechanism. Akt activates sev-
eral downstream targets, such as GSK3b. Interestingly, we found
no role of Akt in morphine suppression of TLR2-mediated GSK3b
activity. It remains to be determined whether other kinases phos-
phorylate GSK3b. Furthermore, scaffolding proteins provide one
possible mechanism on interactions between these kinases. Our
previous results also reveal that a scaffolding protein b-arrestin 2
is involved in TLR2-mediated apoptosis [10].

In our study, we found that chronic morphine decreases GSK3b
activity. These evidences lead us to propose that GSK3b activity
protects from opioids-induced neuronal apoptosis. We reported
previously that morphine modulates apoptosis through cell death
receptor Fas, the other major member of the death receptor family
[1]. Apoptosis signaling induced by Fas was found to be regulated
by the anti-apoptotic effect of GSK3 [20]. Further investigations
should be performed to understand the mechanisms on GSK3
activities associated with opioids-mediated apoptosis. We showed
that morphine induces neuronal cell death and apoptosis in a dose-
dependent manner. These data are consistent with the findings of
Svensson and Hu [4,5]. Furthermore, we found that in the defi-
ciency of TLR2, morphine induced effects on neuronal cell death
and caspase-3 activity, were counteracted. Thus, a caspase-3-
dependent pathway is involved in TLR2 signaling activated by
chronic morphine effects. Evidences have already shown that acti-
vation of caspase-3 is a terminal event leading to neuronal apopto-
sis upon chronic exposure to morphine, and there may be changes
in intracellular proapoptotic elements such as Bax, Fas, and anti-
apoptotic elements such as Bcl-2 in response to chronic morphine
effects [5]. The cleaved caspase-3 acts as an active and lethal pro-
tease at the most distal stage of the apoptotic pathways, and is the
major caspase involved in neuronal apoptosis [16]. The extrinsic
pathway, one of the two identified major caspase-3-activating
pathways, involves cell death receptors [21]. In our study, TLR2
deficiency in neurons reversed the caspase-3 activity increasing ef-
fect induced by chronic morphine treatment. We identified that
downstream of TLR2, caspase-3 as a crucial factor for morphine-in-
duced neuronal apoptosis.

In summary, our studies reveal that TLR2 plays a critical role in
opioids-induced neuronal apoptosis and an involvement of GSK3b.
Further understanding the mechanisms mediated by TLRs may
provide insights into potential therapeutic interventions opioid-re-
lated neurotoxicity.



Fig. 4. TLR2 deficiency in neurons blocks morphine-enhanced GSK3b serine-9
phosphorylation. (A) Phosphorylated serine-9 GSK3b (p-Ser9-GSK3b) and total-
GSK3b in protein levels were examined by Western blot. WT and TLR2 KO
neurons were treated with 5 or 15 lM morphine for 6 days, respectively. Data
are representative of three independent experiments. (B) WT and TLR2 KO
neurons were treated with or without 15 lM morphine for 6 days and
immunostained with p-Ser9-GSK3b antibody. (C) Phosphorylated Akt (p-Akt)
was determined by Western blot. We treated WT and TLR2 KO primary neurons
with or without 15 lM morphine for 6 days and examined for the level of
phosphorylated Akt (p-Akt). Data are representative of three independent
experiments.
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