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Abstract Recent studies show that morphine possesses pro-
tective preconditioning effects in different ischemia/reperfu-
sion models. However, there is very little information about the
antineuroinflammatory role of morphine and its protective
effect against memory deficit. In the present study, we evalu-
ated the role of morphine preconditioning in a model of mild
neuroinflammation induced by intraperitoneal lipopolysaccha-
ride (LPS) injection (1 mg/kg). Rats were trained on passive
avoidance apparatus and challenged with LPS 20 h later. Four
hours after LPS, rats were subjected to passive avoidance
testing and then for the assessments of inflammatory and
apoptotic cell death mediators in the hippocampus. LPS
significantly increased the nuclear NF-«kB and expression
of COX-2, IL-13, and TNF-«, augmented the activity of
caspase-3 and PARP cleavage, and in parallel shortened the
latencies to enter the dark compartment. Although morphine
injection in a noninflammatory context was able to induce a
neuroinflammatory response and memory loss, morphine pre-
conditioning at the dose of 4 mg/kg significantly prevented
the LPS-induced neuroinflammation and memory deficit.
Morphine preconditioning was abolished by naloxone and,
therefore, is dependent on opioid receptors. These results
suggest that acute morphine injection, in spite of the induction
of a neuroinflammatory response and amnesia per se, exerts
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an antineuroinflammatory role and protects from cell death
and memory deficit in an inflammatory context.
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Introduction

From the past three decades, the immune-privileged assump-
tion of the central nervous system (CNS) has been changed
(Turrin and Rivest 2006). Recently, cumulative evidence
expresses the role of neuroinflammation in the progression
of ischemia, brain trauma, stroke, and neurodegenerative dis-
eases such as Alzheimer’s disease (Mucke and Eddleston
1993; Kreutzberg 1996; Brown and Bal-Price 2003).

Many physiological and behavioral functions are modulated
by the opioidergic system, through three well-known classic
opioid receptors, 1, , and k (Kieffer 1995; Minami and Satoh
1995). Recently, it has been shown that toll-like receptor 4
(TLR-4) is also potentially involved in opioid functions and
may act as another opioid receptor (Hutchinson et al. 2008).
Morphine, an opioid agent with agonistic effects on all opioid
receptors as well as TLR-4, has been well demonstrated to
interfere in the immune system functions (Hutchinson et al.
2007, 2010a; Madera-Salcedo et al. 2011). Some studies show
that morphine can possess the peripheral anti-inflammatory
role at a therapeutic dose (Askari et al. 2008) or potentially
enhance the peripheral inflammation at ultralow concentration
(Pourpak et al. 2004). Several studies have also revealed the
similar immunomodulatory effect of morphine in the CNS. For
instance, morphine exerts a neuroprotective effect against
human neuroblastoma oxidative stress and neuroinflammation
(Rambhia et al. 2005), peroxynitrite-induced apoptosis
in embryonic rat astrocyte (Kim et al. 2001), $-amyloid toxicity
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in HTP-11 neuroblastoma cell line (Pak et al. 2005), and
lipopolysaccharide (LPS)- or 1-methyl-4-phenylpyridinium-
induced dopaminergic neurotoxicity in rat primary mesen-
cephalic neuron—glia cultures (Qian et al. 2007). Although
glial activation and neuroinflammatory reaction is also
reported to occur in response to opioids (Watkins et al.
2009), the potential neuroprotective effect of opioidergic
compounds is associated with immune suppression (Kao
et al. 2008). Therefore, the modulation of opioidergic sys-
tem has gained attention as a new neuroprotective strategy
to protect brain against some detrimental insults accompa-
nied with neuroinflammatory reactions, the phenomenon
named preconditioning. Preconditioning is defined as a
protective event in which a prior stimulus or agent activates
endogenous protective mechanisms against a further delete-
rious insult like stroke and ischemia (Barry and Zuo 2005).
Divers stimuli, such as short episodes of ischemia and hypoxia
(Gidday et al. 1994; Nandagopal et al. 2001) as well as low
doses of endotoxin (Lin et al. 2009), have been shown to
induce a preconditioning effect in the brain. Morphine pre-
conditioning and its protective effects are also reported in
some in vitro and in vivo studies (Lim et al. 2004; Zhao et
al. 2006). However, regarding the ability of morphine to
activate the TLR-4, it is not clear that morphine can synergis-
tically enhance the neuroinflammatory response evoked by
TLR-4 activation or can suppress it via a preconditioning
effect and exert an antineuroinflammatory and protective
role.

The endotoxin LPS is the best-known target of innate
recognition which induces a robust inflammatory response by
activating the phagocytic cells (Wright 1999) and is used to
induce either peripheral or central inflammation in several
experiments (Zujovic et al. 2001; Chakravarty and Herkenham
2005; Cunningham et al. 2005). LPS induces the expression of
proinflammatory cytokines such as TNF-«, IL-1f3, and 1L-6
by macrophages/microglia, lymphocytes, and endothelial cells
(Lynn and Golenbock 1992; Ulevitch and Tobias 1995)
through its binding to membrane CD14 receptors, which
transfer LPS to TLR-4 via myeloid differentiation protein 2
(Takeuchi and Akira 2001). TLR-4 has been known as a
signal transducer receptor for LPS on immune cell surfaces
(Hoshino et al. 1999; Qureshi et al. 1999). Interaction between
LPS and TLR-4 also takes place in the circumventricular
organs, which allow intracellular signaling and then rapid
transcription of proinflammatory cytokines first within these
organs and thereafter throughout the brain parenchyma during
severe endotoxemia (Lacroix et al. 1998).

In the present study, using a combination of molecular and
behavioral experiments, we evaluated the role of morphine
pretreatment on LPS-induced neuroinflammation and apopto-
tic cell death in rat hippocampus. We also evaluated the effect
of morphine preconditioning in LPS-induced memory impair-
ment to show whether the potential anti-inflammatory and

protective role of morphine is as much as to improve the
memory retention in an inflammatory context.

Materials and Methods
Animals

Adult male Wistar rats weighing 220-250 g were purchased
from the Neuroscience Research Center of Shahid Beheshti
University of Medical Sciences, housed in groups of four under
standard light and temperature regimes, and fed pelleted food
and water ad libitum. After at least 1 week of habituation to
handling, animals were admitted to the experimental proce-
dures. All experiments were carried out in accordance with the
National Institutes of Health guidelines for the use of experi-
mental animals and approved by the local ethical committee. All
efforts were made to minimize animal suffering and to reduce
the number of animals used. Eight and four rats were used,
respectively, for the behavioral and molecular experiments.

Intracerebroventricular Cannulation

Rats were anesthetized with chloral hydrate (400 mg/kg,
intraperitoneal [i.p.]) (Liao et al. 2003) and positioned in a
stereotaxic apparatus (Stoelting Co., Wood Dale, IL, USA).
A 23-gauge, stainless steel tubing guide cannula was
implanted in the right lateral ventricle of the rat according
to the coordinates of the atlas of Paxinos and Watson (2007),
relative to the bregma: posterior —0.6 mm, lateral +1.6 mm,
and ventral 3.7 mm from the surface of the skull. The guide
cannula was anchored to the skull using mounting screws and
dental caulk. The animals were allowed 3 days postoperative
recovery before being used for the experiments.

LPS Injection and Drug Administration

In this study, we had 14 experimental groups. In groups 1 and
2, the rats received i.p. injection of vehicle (sterile phosphate-
buffered saline [PBS], 1 mL/kg) or LPS (Sigma, St. Louis,
MO, USA; Escherichia coli serotype 055:B5, 1 mg in 1 mL
PBS, at the dose of 1 mg/kg) and 4 h later were subjected to
molecular assessment of neuroinflammation. In group 3, IpsRS
(Invivogen, San Diego, CA, USA; TLR-4 antagonist, dis-
solved in PBS) was injected at the dose of 40 ng/8 ul/rat,
i.c.v, 35 min before LPS injection. In group 4, naloxone
(Temad, Tehran, Iran; opioid receptor antagonist, dissolved in
PBS) was injected at the dose of 4 mg/kg, i.p., 35 min before
and 90 min after LPS injection. Groups 3 and 4 were also only
subjected to molecular assessment of neuroinflammation.

In groups 5 and 6, the rats received i.p. injection of LPS or
PBS, 20 h after passive avoidance training, and 4 h later were
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subjected to memory retrieval testing and then molecular
assessments.

In groups 7, 8, and 9, morphine sulfate (Temad, Tehran,
Iran; dissolved in PBS) at the doses of 4, 7, and 10 mg/kg was
injected i.p. 30 min before PBS injection. In groups 10, 11,
and 12, morphine sulfate at the doses of 4, 7, and 10 mg/kg
was injected i.p. 30 min before LPS injection.

According to the significant anti-inflammatory and protec-
tive role of morphine at the dose of 4 mg/kg, we designed the
last two groups: group 13 in which morphine pretreatment
was combined with naloxone, 4 mg/kg, i.p., 35 min before and
85 min after LPS injection and group 14 in which morphine
pretreatment was combined with 1psRS, 40 ug/8 pl/rat, i.c.v,
35 min before LPS injection. The experimental timescale is
shown schematically in Fig. 1.

Passive Avoidance Training and Testing

Passive (inhibitory) avoidance task was selected as the tool for
the assessment of memory retrieval in rats as described previ-
ously (Pakpour et al. 2010). All behavioral training and testing
were performed between 10 am to 15 pm, during the light
period, and a habituation period of 1 h to the conditions of the
experimental room preceded all the behavioral procedures.

The test was performed in two consecutive days, an acqui-
sition trial on the first day and a retention test 24 h later. On the
training day, animals were placed into the light chamber of a
passive avoidance apparatus (shuttle box), facing away from
the door, which was in the closed position. After 10 s of
habituation, the sliding door was opened, allowing the rat to
enter the dark chamber. After entering the dark compartment,
the rat was given a scrambled foot shock (1 mA for 1.5 s)
through the stainless steel grid floor. The rats that reentered the
dark chamber within a period of 120 s were omitted from this
study.

Twenty hours after the training session, rats were randomly
assigned to one of the ten abovementioned groups (groups 5—14)
and were given injections of either BPS or LPS with or without

morphine and/or morphine plus naloxone or IpsRS pretreat-
ments. In all these groups, 4 h after LPS or PBS injection,
rats were placed in the light chamber for 10 s, after which
the door was opened and they were given access to the dark
compartment of the apparatus within a period of 300 s.
Memory retrieval was assessed by measuring the latency to
enter the dark compartment.

Immunoblotting of Inflammatory and Apoptosis Markers

Four hours after LPS injection or immediately after behavioral
tests, the rats were decapitated and the brains were immersed in
cold PBS. The hippocampi were then isolated from the brain,
quickly immersed in liquid nitrogen, and stored at —=70°C for
later use. We randomly used four rats per group when molec-
ular experiments were performed.

Nuclear and Cytosolic Protein Extraction

Nuclear and cytosolic extracts were prepared as described
previously (Pradillo et al. 2005; Wang et al. 2006). In brief,
hippocampus tissues were homogenized with 300 pL of cold
buffer A (10 mM HEPES [pH 7.9], 1 mM EDTA, 1 mM
EGTA, 10 mM KCl, 1 mM DTT, supplemented with complete
protease inhibitor tablet; Roche, Nutley, NJ, USA) using a
micro-homogenizing system (Micro Smash MS-100) at 4°C
for 45 s at 3,500 rpm. The cell suspension was incubated on
ice for 15 min and then Nonidet P-40 was added to reach a
0.6% concentration. The tubes were gently vortexed for 15 s
and then centrifuged at 4°C for 5 min at 8,000xg. The super-
natant was collected and stored at —70°C for Western blot
analysis of cytosolic proteins. The pellets were resuspended in
100 pL of cold buffer B (buffer A, supplemented with 20%
glycerol and 0.4 M KCI) and gently shaken for 30 min at 4°C.
Nuclear protein extracts were obtained by centrifugation at
13,000xg for 5 min, and the supernatant was stored at —=70°C
for Western blot analysis of nuclear proteins.
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Fig. 1 Schematic representation of the experimental timescale
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Western Blot Analysis for COX-2, TNF-«, IL-10,
and Cleaved Caspase-3

The protein concentration of cytosolic extracts was determined
by the Bradford assay and equivalent amounts (40 pg protein)
from each sample were subjected to 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride membrane. After
incubation in blocking solution (2% nonfat dry milk in TBST
buffer: 20 mM Tris—HCI, 150 mM NaCl, and 0.05% Tween
20) for 75 min at room temperature, membranes were incubat-
ed with the primary antibodies against TNF-« (Cell Signaling,
Danvers, MA, USA; 1:1,000 dilution), COX-2 (ABR-Affinity
BioReagents, Golden, CO, USA; 1:10,000 dilution), and
cleaved caspase-3 (Cell Signaling, Danvers, MA, USA;
1:1,000 dilution) at 4°C overnight. The next day, membranes
were washed three times in TBST and further incubated with
appropriate horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling, Danvers, MA, USA; 1:10,000
dilutions) for 75 min at room temperature. After several
washes, the blots were developed using the ECL Advanced
Western Blotting Detection Kit (GE Healthcare, Amersham,
Buckinghamshire, UK) following the manufacturer’s instruc-
tions and exposed onto Kodak X-ray films. TNF-o incubated
membranes were then incubated in stripping buffer (100 mM
2-mercaptoethanol, 2% (w/v) SDS, 62.5 mM Tris—HCI
pH 6.7) for 5 min at 50°C and reprobed with primary antibody
against IL-13 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA; 1:250 dilution). To obtain loading controls, all the
blots were incubated in stripping buffer and reprobed with the
primary antibody recognizing {3-actin protein (Cell Signaling,
Danvers, MA, USA; 1:1,000 dilution).The relative expression
of protein bands were quantified by scanning of the X-ray
films and densitometric analysis with the ImagelJ software.

Western Blot Analysis for NF-xB and PARP

The protein concentration of nuclear extracts was deter-
mined by the Bradford assay and equivalent amounts
(60 pg protein) from each sample were subjected to SDS-
PAGE and then immunoblotting using primary antibodies
against NF-kB (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA; 1/1,000 dilution) and PARP (Cell Signaling,
Danvers, MA, USA; 1:1,000 dilution), as described above.

Statistical Analysis

Data from all the experiments are expressed as the mean+
SEM. Statistical significance was assessed with one-way
analysis of variance followed by Tukey’s post hoc multiple
comparison tests using the SPSS software. Significance was
taken at P<0.05.

Results

LPS-Induced Neuroinflammatory Response is Prevented
by Naloxone and IpsRS

There are pieces of evidence showing that systemic LPS
challenge induces an acute neuroinflammatory reaction. To
address this issue, we first determined the hippocampal ex-
pression of TNF-o and IL-1f3, as proinflammatory cytokines,
4 h after the i.p. injection of LPS. As it is shown in Fig. 2, LPS
significantly increased the hippocampal expression levels of
TNF-« and IL-1[3, compared with the vehicle-injected group
(control). The main objectives of the present study were to
determine the potential anti-inflammatory and protective role
of morphine pretreatment and to evaluate whether this role is
mediated through opioid receptors. To answer the latter issue,
we intended to use naloxone for the pharmacologic inhibition
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Fig. 2 Effects of naloxone and TLR-4 blockade on LPS-induced
neuroinflammatory response. Hippocampal expression of proinflamma-
tory cytokines was assessed 4 h after the i.p. injection of LPS (1 mg/kg)
by Western blotting. LPS significantly increased the expression levels of
TNF-a and IL-1f3, compared with the PBS-injected group (control).
Pretreatment with naloxone (4 mg/kg, i.p., 35 min before and 85 min
after LPS injection), as well as IpsRS (a TLR-4 antagonist; 40 pg/rat,
intracerebroventricular (i.c.v.), 35 min before LPS injection) significantly
protected against LPS-induced neuroinflammatory response. The quanti-
tative data, presented as the mean+SEM, were obtained from densito-
metric analysis of scanned X-ray films and normalized to corresponding
immunoblots of (-actin as the loading control. ***P<0.001 versus the
control group; #P<0.01 and **P<0.001 versus the LPS group
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of opioid receptors. Considering the recent findings showing
that naloxone possesses TLR-4 antagonistic effects in addition
to its pronounced antagonistic effects on opioid receptors, it
was necessary to evaluate firstly the effect of naloxone on
LPS-induced neuroinflammation. Therefore, we designed a
preliminary group receiving LPS with naloxone in the same
schedule which was assumed for the group receiving mor-
phine plus naloxone treatment. As it is shown in Fig. 2,
naloxone was able to significantly decrease the LPS-induced
inflammatory response. To subtract the antagonistic effect of
naloxone on TLR-4 from opioid receptors, we designed
another group receiving LPS with IpsRS in the same schedule
which was assumed for the group receiving morphine plus
IpsRS. This TLR-4 antagonist did also prevent the LPS-
induced neuroinflammatory response, and unexpectedly, there
was no significant difference between the anti-inflammatory
role of IpsRS and naloxone.

These results were disappointing for the experiments
designed on the basis of the opioid receptor antagonist nalox-
one. However, it was still interesting to know what will
happen if we administer morphine and naloxone in LPS-
injected animals.

Morphine Pretreatment Prevents the LPS-Induced
Neuroinflammatory Response

To determine whether morphine pretreatment can prevent
the LPS-induced neuroinflammation, we first examined the
effect of three doses of morphine on the expression level of
inflammatory proteins in a noninflammatory context. Four
hours after PBS injection in morphine-pretreated groups,
Western blot analysis revealed that morphine at the dose of
4 mg/kg has no significant effect on TNF-« and IL-1§3
expression compared with the control group (Fig. 3a). How-
ever, morphine at the doses of 7 and 10 mg/kg significantly
increased TNF-o¢ expression and at the dose of 7 mg/kg
significantly increased IL-13 expression (Fig. 3a). Although
the statistical data from the comparison between morphine-
injected groups and LPS group are not shown in the figures, in
most cases, the inflammatory response triggered by a single
morphine injection was not as much as that triggered by LPS.

Morphine pretreatment at all three doses significantly de-
creased the expression level of TNF-o« compared with the
vehicle-treated LPS-injected group. This effect was only sig-
nificant at the doses of 4 and 7 mg/kg morphine on the
expression of IL-1 (Fig. 3a). There was also a significant
difference between the anti-inflammatory effects of morphine
at the doses of 4 and 10 mg/kg on both TNF-« and IL-1(3
expression, and therefore, the 4-mg/kg dose of morphine was
selected for further mechanistic analysis.

To have more evidence showing the inflammatory
responses triggered by a single morphine injection and
the anti-inflammatory role of morphine pretreatment in an

@ Springer

inflammatory context, we further analyzed the nuclear level
of NF-kB and also the cytosolic level of COX-2. As it is
shown in Fig. 3b, c, LPS injection significantly increased the
hippocampal nuclear NF-kB as well as COX-2 expression.
Morphine pretreatment in PBS-injected rats at all three doses
had no significant effects on the nuclear level of NF-«B, but at
the doses of 7 and 10 mg/kg significantly increased the hip-
pocampal levels of COX-2 (Fig. 3b, c¢). Morphine pretreat-
ment at all three doses significantly reduced the nuclear level
of NF-kB in LPS-injected rats and also at the doses of 4 and
7 mg/kg significantly decreased the hippocampal COX-2
levels compared with the LPS group. In these two cases, the
anti-inflammatory role of morphine at the dose of 4 mg/kg
was also more pronounced than at the dose of 10 mg/kg
(Fig. 3b, ¢).

Morphine Pretreatment Prevents the LPS-Induced
Caspase-3 Activation and PARP Cleavage

We assessed the occurrence of apoptotic cell death by mea-
suring the activation of caspase-3 and also nuclear PARP
cleavage in the rat hippocampus 4 h after LPS injection.
LPS-injected rats showed significantly higher levels of
cleaved caspase-3 (Fig. 4a) and also nuclear PARP cleavage
in comparison with the PBS-injected rats (Fig. 4b). Morphine-
treated rats at the doses of 7 and 10 mg/kg also showed
significantly higher levels of cleaved caspase-3 in their hip-
pocampus cell lysate in comparison with the control group.
However, morphine pretreatment at all three doses prevented
the activation of caspase-3 in LPS-injected rats, the effect
which was also more pronounced at the dose of 4 mg/kg
morphine (Fig. 4a).

Morphine pretreatment at the dose of 4 mg/kg did also
significantly reduce the hippocampal nuclear PARP cleavage
in LPS-injected rats, and this protective effect of morphine
was comparable to that observed in naloxone- or IpsRS-
treated, LPS-injected groups. Naloxone and IpsRS, in parallel
to their anti-inflammatory effects, significantly diminished the
PARP cleavage in LPS-injected rats (Fig. 4b).

Anti-inflammatory and Protective Role of Morphine
is Mediated through Opioid Receptors

The results mentioned above indicate that morphine can
significantly reduce the LPS-induced neuroinflammatory
response and apoptotic cell death in the rat hippocampus,
the effect which is also recapitulated by a TLR-4 antagonist
and also naloxone, a mixed opioid and TLR-4 antagonist.
Although we first intended to use naloxone as an opioid
receptor antagonist to investigate the role of opioid receptors
in the inflammatory/neurotoxic or antineuroinflammatory/
protective effects of morphine in LPS-injected rats, after
reaching the above-described results, we got also interested
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Fig. 3 Effects of morphine pretreatment on LPS-induced neuroinflam-
matory response. The hippocampal expression of TNF-« and IL-1(3
(a), COX-2 (b), and nuclear level of NF-kB (¢) were determined by
Western blotting. All the panels show the representative immunoblots
of the control group, LPS (1 mg/kg, i.p.) group, groups receiving
morphine i.p. injections at the doses of 4, 7, and 10 mg/kg (M4, M7,
and M10, respectively) 30 min before i.p. PBS injection, groups
receiving morphine pretreatments at the doses of 4, 7, and 10 mg/kg
(M4-LPS, M7-LPS, and M10-LPS, respectively) 30 min before i.p. LPS
injection, group receiving morphine at the dose of 4 mg/kg plus IpsRS

to know whether there is any additive or synergistic effect
between the anti-inflammatory/protective role of naloxone
and morphine.

To answer this issue, we had two more groups of LPS-
injected rats which received morphine at the dose of 4 mg/kg
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(40 pg/rat, i.c.v.) 30 and 35 min, respectively, before LPS injection
(IpsRS-M4-LPS), and group receiving morphine at the dose of 4 mg/kg
30 min before LPS plus naloxone (4 mg/kg, i.p.) 35 min before and
85 min after LPS injection (N-M4-LPS). The quantitative data, pre-
sented as the mean+SEM, were obtained from densitometric analysis
of scanned X-ray films and normalized to corresponding immunoblots
of f-actin as the loading control. *P<0.05, **P<0.01, and ***P<
0.001 versus the control group; “P<0.05, *P<0.01, and **P<0.001
versus the LPS group; &p<0.05, ¥%P<0.01, and ¥%P<0.001 versus
the M4-LPS group

plus naloxone or IpsRS. Surprisingly, naloxone, but not
IpsRS, reversed the anti-inflammatory and protective role of
morphine. As it is shown in Fig. 3a, b, naloxone antagonized
the inhibitory effect of morphine 4 mg/kg and reversed the
expression level of TNF-o and COX-2 to some extent near to
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Fig. 3 (continued)

LPS group. This effect on NF-kB and IL-1f3 was slightly
different, and in this group, although the levels of NF-xB
and IL-1p3 were significantly higher than the morphine
4 mg/kg plus LPS group, were also significantly less than
the LPS group (Fig. 3¢, a, respectively). This observation may
be due to the antagonistic effects of naloxone on TLR-4 and
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the anti-inflammatory effects exerted through this mechanism,
as proved and shown in this study. The same results were also
observed on the activation of caspase-3 and PARP cleavage.
Naloxone antagonized the protective effect of morphine
4 mg/kg and increased the level of cleaved caspase-3 as well
as PARP cleavage. However, IpsRS neither antagonized nor
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synergistically increased the anti-inflammatory and protective
effects of morphine (Fig. 4a, b).

Morphine Pretreatment Protects from LPS-Induced Memory
Deficit

In the present study, we also tried to investigate the effect of
morphine on LPS-induced memory deficit. As it is shown in
Fig. 5, LPS significantly impaired the inhibitory avoidance
memory retrieval and decreased the latency to enter the dark
compartment in comparison with the control group. Mor-
phine injection in a noninflammatory context also impaired
memory retrieval (Fig. 5). Although all three doses of mor-
phine significantly deceased the entry latency, this effect
was more pronounced at the doses of 4 and 7 mg/kg than
the dose of 10 mg/kg. In spite of the potential amnesic
effect, morphine pretreatment at the doses of 4 and 10 mg/
kg significantly prevented the LPS-induced memory deficit.
In agreement with the above-described results, the protec-
tive role of morphine on LPS-induced memory impairment
was also reversed by naloxone (Fig. 5).

Discussion

In the current study, we showed the antineuroinflammatory
and memory recall-improving role of morphine precondi-
tioning in LPS-induced neuroinflammation and also showed
that these effects are mediated through opioid receptors.
Acute peripheral infection has been demonstrated to induce
neuroinflammatory responses in several studies (Chakravarty
and Herkenham 2005; Cunningham et al. 2005). It is now
clear that, immediately after i.p. injection of LPS, it can be
recognized by immune cells plasma membrane-bounded
TLR-4 and TNF-x will be instantly secreted (Supajatura et
al. 2001; Piliponsky et al. 2010). LPS/TLR-4 interaction has
been also proved in the CNS immediately following the
expression of proinflammatory cytokines during severe endo-
toxemia (Laflamme and Rivest 2001). Our data showed a
significant increase in TNF-« and IL-1f3 levels in the rat
hippocampus 4 h after LPS administration and conceded the
previous studies and also our experiments to simulate neuro-
inflammation. TNF-« and IL-13 are proinflammatory cyto-
kines that are produced by microglia as well as in peripheral
tissues (Merrill and Benveniste 1996; Bao et al. 2001).
Recently, it has been shown that naloxone, in addition to its
antagonistic effects on opioid receptors, possesses TLR-4
antagonistic effects (Hutchinson et al. 2008) and has succes-
sively calmed neuroinflammation in several studies (Liao et
al. 2003; Lin et al. 2010). We assessed the role of naloxone
pretreatment in LPS-induced neuroinflammation and, as was
expected, it was able to suppress the neuroinflammatory

response as well as a TLR-4 antagonist. These data conceded
previous documents about TLR-4 antagonistic and anti-
inflammatory effects of naloxone and also raised the question
whether the combination of naloxone with morphine will
potentiate or abolish the preconditioning effect of morphine.

Regarding the inflammatory versus anti-inflammatory and
apoptotic versus protective effects, morphine has received
intensive long-lasting studies. However, there is no data com-
paring the in vivo effects of acute morphine injection in
noninflammatory and inflammatory background. In this study,
we showed that a single morphine injection at three different
therapeutic doses exerts a proinflammatory response accom-
panied with apoptotic cell death and passive avoidance mem-
ory impairment. These results were expected because of the
potential agonistic effects of morphine on TLR-4 and activa-
tion of microglial cells (Hutchinson et al. 2007). There are also
pieces of evidence showing the induction of apoptotic cell
death in the hippocampus and memory impairment in re-
sponse to morphine (Spain and Newsom 1991; Zarrindast et
al. 2006). It has been also demonstrated that chronic applica-
tion of morphine triggers apoptosis in the rat spinal cord and
different brain areas (Boronat et al. 2001; Mao et al. 2002;
Atici et al. 2004; Chen et al. 2008), in human and rodent
peripheral immune system-related cells (Singhal et al. 1998;
Yin et al. 1999), and in embryonic neuronal and glial cells (Hu
et al. 2002; Nasiraei-Moghadam et al. 2010). Our results
proved that morphine induces a neuroinflammatory response
and apoptosis even in acute administration; however, this
effect seems to be partly dose-dependent and to be enhanced
as the morphine dose is increased. Furthermore, the results of
this study showed that morphine administration before the
induction of a neuroinflammatory reaction exerts an opposite
protective preconditioning effect. In general, preconditioning-
induced protection describes a phenomenon in which a prior
exposure to a stimulus or agent renders protection against a
subsequent detrimental insult. For example, it has been shown
that mild activation of TLR-4 by LPS or TLR-9 by its ligand
(CpG oligodeoxynucleotide) in different cerebral ischemia
models reprograms the response to injury and improves the
outcome (Stevens et al. 2008; Vartanian et al. 2011). In these
experiments, the preconditioning stimuli induce an inflamma-
tory reaction, which occurs with morphine as well.

An essential feature of the early innate immune response
and activation of TLR-4 signaling by LPS is the secretion of
proinflammatory cytokines via the activation of signal trans-
duction pathways, including NF-«kB, which ultimately leads to
the transcription of chemokines, proinflammatory cytokines,
and enzymes like IL-13, TNF-«, and COX-2 (D’Acquisto et
al. 1997; Liu and Malik 2006). Our results showed that NF-kB
signaling raises 4 h after LPS injection and is accompanied
with the elevation of other inflammatory factors. The morphine
preconditioning effect prevents the activation of this
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Fig. 4 Effects of morphine pretreatment on LPS-induced apoptotic
cell death. The level of cleaved caspase-3 in the hippocampus cell
lysate and the level of PARP cleavage in the nuclear fraction were
determined by Western blotting. a All the panels show the representa-
tive immunoblots of the control group, LPS (1 mg/kg, i.p.) group,
groups receiving morphine i.p. injections at the doses of 4, 7, and
10 mg/kg (M4, M7, and M10, respectively) 30 min before i.p. PBS
injection, groups receiving morphine pretreatment at the doses of 4, 7,
and 10 mg/kg (M4-LPS, M7-LPS, and M10-LPS, respectively) 30 min
before i.p. LPS injection, group receiving morphine at the dose of
4 mg/kg plus IpsRS (40 pg/rat, i.c.v.) 30 and 35 min, respectively,
before LPS injection (IpsRS-M4-LPS), and group receiving morphine
at the dose of 4 mg/kg 30 min before LPS plus naloxone (4 mg/kg, i.p.)
35 min before and 85 min after LPS injection (N-M4-LPS). b The
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panels show the representative immunoblots of the control group, LPS
(1 mg/kg, i.p.) group, group receiving IpsRS (40 pg/rat; i.c.v.) S min
before LPS (IpsRS-LPS), group receiving naloxone (4 mg/kg; i.p.) 35 min
before and 120 min after LPS (N-LPS), group receiving morphine at the
dose of 4 mg/kg 30 min before LPS (M4-LPS), and group receiving
morphine at the dose of 4 mg/kg 30 min before LPS plus naloxone
(4 mg/kg, ip.) 35 min before and 120 min after LPS injection (N-M4-
LPS). The quantitative data, presented as the mean+SEM, were obtained
from densitometric analysis of scanned X-ray films and normalized to
corresponding immunoblots of (3-actin as the loading control. *P<0.05,
**P<0.01, and ***P<0.001 versus the control group; #P<0.05, #P<0.01,
and ##P<0.001 versus the LPS group; 4P<0.05, “4P<0.01, and “**p<
0.001 versus the M4-LPS group
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Fig. 5 Effects of morphine on passive avoidance memory retrieval in
noninflammatory and inflammatory contexts. Twenty hours after passive
avoidance training, rats were assigned to ten groups and given injections of
either BPS or LPS (1 mg/kg) with or without morphine and/or morphine
plus naloxone or IpsRS pretreatments. The entry latency (mean+SEM)
into the dark compartment was assessed 4 h later. Shorter entrance latency
indicates impaired memory retention. Morphine injection at the doses of 4,
7, and 10 mg/kg as well as LPS impaired the passive avoidance memory
retrieval. Morphine pretreatment at the doses of 4 and 10 mg/kg protected
the rats from LPS-induced memory deficit. Naloxone, but not IpsRS,
halted the protective role of morphine 4 mg/kg in LPS-injected rats. *P<
0.05 and ***P<0.001 versus the control group; “*P<0.01 and **P<0.001
versus the LPS group; ¥4P<0.01 versus the M4-LPS group

proinflammatory transcription factor in response to LPS chal-
lenge and also reduces the expression of IL-1(3, TNF-«, and
COX-2. Although there are some pieces of evidence showing
the induction of NF-«kB signaling in response to chronic
morphine administration (Frassdorf et al. 2005; Roy et al.
2006; El-Hage et al. 2008), we showed that a single morphine
injection causes no significant change in the basal level of
nuclear NF-kB in the noninflammatory context. In agreement
with other documents showing the induction of COX-2 in
neuroinflammatory conditions (Giovannini et al. 2003; Sugi-
moto and Iadecola 2003; Candelario-Jalil et al. 2005), our
results showed that higher doses of morphine as well as LPS
challenge increases COX-2 expression in the rat hippocampus
and that the morphine preconditioning effect prevents the
induction of COX-2 in response to LPS.

Caspase-3 is considered to be the main executioner caspase
involved in apoptotic cell death (Janicke et al. 1998; Slee et al.
2001) and the detection of an 89- or 24-kDa caspase cleavage
fragment of PARP-1 is described as a hallmark of apoptosis
(Lazebnik et al. 1994). Here, we showed that, 4 h after LPS
challenge, the level of cleaved caspase-3 as well as nuclear
PARP cleavage is increased in the hippocampus and this is in
agreement with other studies showing that LPS induces apo-
ptosis (Comstock et al. 1998; Joshi et al. 2003). Although the
apoptotic effects of morphine have been reported in a variety of
in vitro and in vivo models, there are some studies showing an
antiapoptotic and protective effect of morphine preconditioning
or postconditioning on ischemia (Okubo et al. 2004; Wang et

al. 2009). Here, we showed that, although an acute dose of
morphine is able to induce apoptotic cell death in the rat
hippocampus, its preconditioning effect can protect the hippo-
campus neuronal cells from the activation of caspase-3 and
PARP cleavage. This is in contrast with a recent study showing
that morphine alone does not directly induce caspase activity,
but enhances the LPS-induced caspase activity in spleen-,
thymus-, and bone marrow-derived immune cells (Olin et al.
2010).

There are pieces of evidence showing that learning and
memory processes can be affected by inflammatory reactions
within the brain (Yirmiya and Goshen 2011). Some documents
also mention a crucial role for NF-kB signaling in long-term
memory development (Albensi and Mattson 2000; Mattson et
al. 2000; Kassed et al. 2002; Dash et al. 2005). There are also
some studies revealing that pretraining and pretest administra-
tion of morphine at the dose of 5 mg/kg, s.c., impairs the
passive avoidance memory retrieval (Zarrindast et al. 2006).
Here, we showed that all three doses of morphine as well as
LPS challenge impair the passive avoidance memory retention
and, interestingly, that morphine preconditioning can protect
the rats from LPS-induced memory deficit. Other investigators
have also showed that morphine preconditioning or postcon-
ditioning in ischemia/reperfusion models can improve both
short-term and long-term memory performance (Pateliya et
al. 2008; Rehni et al. 2008).

After confirming the anti-inflammatory and protective role
of morphine in LPS-induced neuroinflammation at both be-
havioral and molecular levels, we used naloxone to evaluate if
these effects are mediated through opioid receptors. Our results
showed that all of the protective preconditioning effects of
morphine can be blocked with the opioid receptor antagonist.
There are also some documents showing that the precondition-
ing effect of morphine in ischemia/reperfusion models can be
attenuated by naloxone and is dependent on the activation of
opioid receptors (McPherson and Yao 2001; Okubo et al.
2004; Gwak et al. 2010). Regarding the fact that naloxone, in
addition to its antagonistic effects on opioid receptors, has also
the same effects on TLR-4 (Hutchinson et al. 2007, 2010a, b),
the conversion of the protective role of morphine may be due
to the blockage of TLR-4 by naloxone and exertion of the
innate proinflammatory and neurotoxic role of morphine. To
exclude this issue and be sure that the conversion of the
protective role of morphine by naloxone is only because of
opioid receptor blockage, we used a pure TLR-4 antagonist.
Interestingly, the concurrent use of IpsRS with morphine neither
blocked the protective effect of morphine nor additively or
synergistically enhanced it. It, therefore, confirmed that the
preconditioning effect of morphine in LPS-induced neuroin-
flammation is mediated through opioid receptors. In addition,
the observation that the TLR-4 antagonist did not enhance the
protective effect of morphine can further emphasize that the
preconditioning effect of morphine is highly due to the
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activation of opioid receptor signaling pathways, not because of
a simple competition between morphine and LPS on TLR-4.

Conclusion

It can be concluded that morphine has a preconditioning effect
on LPS-induced neuroinflammation. Although morphine has
proinflammatory, neurotoxic, and amnesic effects in a nonin-
flammatory context, it can prevent the induction of neuroin-
flammatory response by LPS and also protect the hippocampal
cells from apoptosis and also passive avoidance memory deficit
in rats. The preconditioning protective role of morphine is
dependent on opioid receptors. However, regarding the poten-
tial effect of morphine on TLR-4, further studies are required to
delineate why morphine has no additive effects on LPS-induced
neuroinflammation and reversely can prevent it.
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