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Abstract Opioid abuse and dependency are international
problems. Studies have shown that neuronal inflammation
and degeneration might be related to the development of
opioid addiction. Thus, using neuroprotective agents might
be beneficial for treating opioid addiction. Memantine, an
Alzheimer’s disease medication, has neuroprotective effects
in vitro and in vivo. In this study, we evaluated whether a low
dose of memantine prevents opioid-induced drug-seeking be-
havior in rats and analyzed its mechanism. A conditioned-
place-preference test was used to investigate the morphine-
induced drug-secking behaviors in rats. We found that a low-
dose (0.2-1 mg/kg) of subcutanecous memantine significantly
attenuated the chronic morphine-induced place-preference in
rats. To clarify the effects of chronic morphine and low-dose
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memantine, serum and brain levels of cytokines and brain-
derived neurotrophic factor (BDNF) were measured. After
6 days of morphine treatment, cytokine (IL-1{3, IL-6) levels
had significantly increased in serum; IL-13 and IL-6 mRNA
levels had significantly increased in the nucleus accumbens
and medial prefrontal cortex, both addiction-related brain
areas; and BDNF levels had significantly decreased, both in
serum and in addiction-related brain areas. Pretreatment with
low-dose memantine significantly attenuated chronic
morphine-induced increases in serum and brain cytokines.
Low-dose memantine also significantly potentiated serum
and brain BDNF levels. We hypothesize that neuronal inflam-
mation and BDNF downregulation are related to the progres-
sion of opioid addiction. We hypothesize that the mechanism
low-dose memantine uses to attenuate morphine-induced ad-
diction behavior is its anti-inflammatory and neurotrophic
effects.

Keywords Addiction - BDNF - Cytokine - Memantine -
Morphine

Introduction

Commonly abused substances, such as morphine, which is
frequently prescribed as an analgesic for chronic severe
pain, cocaine, heroin, cannabis, methamphetamine, amphet-
amine, and ketamine, have become major medical and so-
cial issues. The opioids morphine and heroin in particular
have long been abused in Taiwan. Long-term opioid use
causes both physiological and psychological dependence on
and tolerance for the drug. These side effects cause opioid
users to tend to increase their dose and make it difficult for
them to abstain from using the drug. Therefore, there is a
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need to develop therapeutic interventions that minimize
these side-effects, especially for opioid addiction.

Opioid addiction is related to activation of the mesolim-
bic dopaminergic pathway, which project from the ventral
tegmental area (VTA) of the midbrain to the nucleus accum-
bens (NAc) and then to the prefrontal cortex (PFC) (Koob
and Nestler 1997). However, the neuronal basis of opioid
addiction of these brain areas remains unclear.

Recently, the role of cytokines in developing morphine
tolerance, physical dependence, and the opioid-induced re-
warding effect has been extensively studied. In vitro studies
have shown that acute morphine treatment altered the produc-
tion of various cytokines, including tumor necrosis factor
(TNF)- (Kapasi et al. 2000), interleukin (IL)-13 (Pacifici et
al. 2000), and IL-6 (Zubelewicz et al. 2000). Glia cell over-
activation and increased proinflammatory cytokine secretion
were observed following chronic morphine treatment on the
lumbar spinal cord of rats (Raghavendra et al. 2002).
Inhibiting glia cell activation or antagonizing the activity of
the proinflammatory cytokines IL-1f3, IL-6, and TNF-c at-
tenuated the development of morphine tolerance in rats (Song
and Zhao 2001). In humans, long-term intrathecally adminis-
tered morphine caused an increase of IL-6 in cerebrospinal
fluid (Zin et al. 2010). In the brains of opioid addicts, induc-
ible nitric oxide synthetase (iNOS) and cytokine expression
was detected in noradrenergic locus coeruleus (LC) cells
(Dyuizen and Lamash 2009). Thus, chronic opioid treatment
might activate glia cells in the drug addiction-related brain
area and be involved in morphine addiction.

In addition, neurotrophic factors may be important in
opioid-induced neuronal degeneration and addiction. Brain-
derived neurotrophic factor (BDNF), is a member of the nerve
growth factor family involved in neuronal survival, differen-
tiation (Mizuno et al. 1994), synaptogenesis, and maintenance
(Peng et al. 2003; Carrasco et al. 2007; Ohira and Hayashi
2009). BDNF has promoted the survival of a wide range of
neurons, for example, the dopaminergic neurons of the sub-
stania nigra (Hyman et al. 1991), cerebellar granule neurons
(Segal et al. 1992), motor neurons (Oppenheim et al. 1992),
and retinal ganglion cells (Johnson et al. 1986). Because
BDNF also acts on primary sensory and cholinergic neurons
of the basal forebrain, its dysfunction might also be associated
with drug addiction (Alderson et al. 1990). One study
(Angelucci et al. 2007) associated chronic heroin and cocaine
abuse with decreased serum concentrations of BDNF.
However, other studies have reported that chronic morphine
treatment significantly increased BDNF gene expression in
the locus coeruleus (Numan et al. 1998) and nucleus para-
gigantocellularis in rats (Hatami et al. 2007). An in vitro study
(Takayama and Ueda 2005) reported morphine-induced che-
motaxis and BDNF expression in microglia. The role of
BDNF and neuronal degeneration in long-term opioid use
requires additional study.

Studies had showed that some agents with anti-
inflammatory and neuroprotective effects attenuated chronic
morphine-induced addictive behavior. For example, dextro-
morphine (Zhang et al. 2004), dextromethorphan (Huang et
al. 2003), carnosine (Gong et al. 2007) attenuated the con-
ditioned place-preference produced by chronic morphine
(Gong et al. 2007; Huang et al. 2003; Wu et al. 2007),
which suggests that they and other neuroprotective agents
might be beneficial in opioid addiction treatment.

Memantine is an N-methyl-D-aspartate (NMDA) recep-
tor antagonist and an Alzheimer’s disease medication that is
neuroprotective because it increases glia cell-derived neuro-
trophic factor (GDNF) production (Wu et al. 2009) and
protects rodents against amphetamine derivative-induced
neurotoxic damage in vitro and in vivo (Chipana et al.
2008). In a clinical study (unpublished data), we found that
the methadone replacement dose required for heroin-
addicted patients treated with a low dose (5 mg/day) of oral
memantine was significantly lower than for those not treated
with memantine. Thus, we hypothesized that (a) chronic
opioid treatment induces cytokine expression and downre-
gulates BDNF expression, subsequently causing the neuro-
nal degeneration related to drug-seeking behavior, and that
(b) low-dose memantine decreases cytokine expression and
increases BDNF expression, subsequently dampening the
intensity of neuronal damage and chronic morphine-
induced addictive effects. To verify the effects of meman-
tine, we used a chronic-morphine-induced condition place-
preference (CPP) animal model to investigate the effects of
memantine on chronic morphine-induced drug-seeking be-
havior. To clarify the mechanism of memantine, we ana-
lyzed cytokine and BDNF expression in the serum and the
addiction-related brain areas of rats.

Materials and methods
Animals

Male Sprague-Dawley rats weighing between 300 and 350 g
were used in this study. They were maintained in a room at
24+0.5°C with a 12-h light/dark cycle. Food and water were
available ad libitum. All experiments were approved by and
conformed to the guidelines of the Animal Care Committee
of National Chung Kung University.

Conditioned place-preference (CPP) test in rats

We used the CPP test to evaluate drug-induced addictive
(drug-seeking) behavior in rats. The rats were intraperito-
neally (i.p.) injected with morphine once daily for 6 days
and evaluated for drug-induced place preference (Fig. 1).
The CPP test apparatus was a two-compartment box (60 x
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Fig. 1 The experimental Conditioning
protocol
CPP Saine CPP CPP CPP
White chamber
(a.m.)

o +—

(p-m.)

S+M or Mem+M
Blackchamber

CPP: Conditioned place preference test

M: Morphine injection (5 mg/kg; intraperitoneal)

S: Saline injection (intraperitoneal) 30 min before morphine

Mem: Memantine injection (0.04, 0.2, or1 mg/kg; subcutaneous) 30min before M

29.2x29.2 cm) with a transparent plexiglass front separated
by a gray cylinder platform (10.3 cm in diameter and 12 cm
high), as previously described (Terashvili et al. 2008). One
compartment was white with a textured floor and a red light,
and the other was black with a smooth floor and a blue light.
For CPP conditioning, the rats were given saline at 9a.m.
and morphine (M) (5 mg/kg; i.p.) at 4 p.m. for 6 days. The
two distinctive compartments were paired repeatedly, one
with the morphine injections and the other with the saline
injections. The rats were kept for 40 min in the corresponding
compartment with the guillotine doors closed. The place pref-
erence before conditioning and on the days after conditioning
(days 0,7, 11, and 13) was determined. Each rat was placed on
a neutral (gray) platform and allowed to step down from the
platform to either the white or black compartment. A sliding
wall was then put down on the platform and the rat was free to
access either compartment through two openings (9.5x12 cm
each) on each side of the platform. The amount of time spent
in the black or white compartment was manually measured for
15 min. That this was drug-seeking behavior was determined
by the increase in the time spent in the compartment previ-
ously paired with the morphine injection than in the compart-
ment previously paired with saline. To evaluate the effect of
memantine, it (0, 0.04, 0.2, or 1 mg/kg, s.c.) was given 30 min
before each morphine injection (days 1 to 6) once daily for
6 days (Fig. 1).

Measuring serum cytokine and BDNF levels

To evaluate the effects of morphine and memantine on
peripheral cytokine expression in the rats, a whole blood
sample was drawn from each rat’s tail vein on days 0, 1, and
6, 2 h after the drug had been injected. Serum was isolated
from the whole blood after the blood had been centrifuged at
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3000g at 4°C for 15 min, and then it was immediately stored
at —80°C. The serum levels of IL-1(3, IL-6, and BDNF were
measured using an ELISA kit (Quantikine; R&D Systems,
Minneapolis, MN, USA).

Measuring brain cytokine and BDNF levels

To evaluate the effects of drugs on cytokine and BDNF
expression in the central nervous system, the rat brain was
removed and the medial prefrontal cortex (mPFC) and nu-
cleus accumbens (NAc) were separately dissected. To mea-
sure cytokine expression, brain tissue samples were weighed
and then homogenized (100 mg/1000 pl) with RIPA buffer
(20 mM Tris-HCI, 150 mM NaCl, 1 mM Na,EDTA, 1 mM
EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodi-
um pyrophosphate, 1 mM beta-glycerophosphate, 1 mM
Na;VO, (sodium orthovanadate), 1 pg/ml leupeptin, and
1 mM PMSF [pH 7.5]) and centrifuged at 4°C (13,000g)
for 20 min. The supernatants were collected and immediate-
ly stored at —80°C. Brain levels of IL-6, IL-1[3, and BDNF
expression were measured using an ELISA kit (R&D
Systems).

Quantifying the mRNA of cytokines and BDNF in drug
addiction related brain areas

The rats were decapitated after 6 days of drug injections.
The drug-addiction-related brain areas, the mPFC and NAc,
were dissected and stored at —80°C. The expression levels
of mRNAs for IL-1f3, IL-6, and BDNF in the two brain area
were measured using a real-time quantitative polymerase
chain reaction (QPCR). Total RNA was extracted from each
tissue sample using a total RNA isolation kit (SV 96,
73500; Promega, Madison, WI, USA) and synthesized into
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first-strand cDNA using a high-efficacy cDNA synthesis kit
(SuperScript III; Invitrogen, Carlsbad, CA, USA). An ali-
quot (500 ng) of first-strand cDNA was quantified on a real-
time QPCR system (StepOne; Applied Biosystems, Foster
City, CA, USA) using TagMan gene expression master mix
(Applied Biosystems) with specific primers to amplify IL-
13, IL-6, BDNF and GADPH. For these genes, probe/prim-
er kits were purchased from Applied Biosystems (TagMan
Gene Expression Assay ID: Rn00580432-ml for IL-1f3, ID:
Rn01410330-ml for IL-6, ID: Rn02531967-s1 for BDNF,
and ID: Rn99999916-s1 for GADPH). IL-133, IL-6 and
BDNF mRNA expression in the same brain areas was
analyzed and calculated with the relative quantity change
percentage (%) compared with the saline group.

Drugs and chemicals

Morphine hydrochloride was purchased from the National
Bureau of Controlled Drugs, National Health Administration,
Taipei, Taiwan. Except where otherwise noted, all other chem-
icals were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

Data analysis and statistics

GraphPad Prism 5 was used to analyze data. Data are means +
standard error of the mean (S.E.M.). One-way analysis of
variance (ANOVA) and then the Newman-Keuls test were
used for statistical evaluations. Significance was set at p<0.05.

Results
Rats treated with chronic morphine showed significant CPP

Rats were injected with morphine (M) (5 mg/kg; i.p.) or
saline vehicle and then immediately placed in the CPP box
for place conditioning. CPP was tested both before (day 0)
and after 6 days of drug-paired conditioning (days 7, 11, and
13). In the saline (Sal) group, the rats did not stay signifi-
cantly longer in the drug-paired compartment on day 7
(Fig. 2, Sal group). In the morphine-treated group, the rats
stayed significantly longer in the drug-paired compartment
than did the rats in the saline group on days 7 (465.9+58.3 s
vs. 27.4+60.7 s), 11 (476.8+77.0 s vs. 22.71+65.7 s), and
13 (325.7£72 s vs. 12.3£23.6 s) (Fig. 2b, ¢, d, M group).

Effect of low-dose memantine on CPP in rats treated
with chronic morphine

To test the effect of low-dose memantine on morphine-
induced drug-seeking behavior, the rats were subcutaneous-
ly treated with different low doses of memantine (Mem 0.2

or 1 mg/kg; s.c.) alone, or memantine (Mem 0.04, 0.2, or
1.0 mg/kg; s.c.) + M, and were then placed in the CPP box
for 6 days of place conditioning. The CPP in rats treated
with memantine only (Mem 0.2 or 1 mg/kg; s.c.) was not
affected (Fig. 2a). However, the CPP in rats pretreated with
0.2 or 1 mg/kg of memantine, but not in rats treated with
0.04 mg/kg, before each dose of morphine was significantly
attenuated, even on days 7, 11, and 13 [Fig. 2b, ¢, d, Mem
(0.2) + M, Mem (1) + M), Mem (0.04) + M)].

Peripheral and central cytokine expression in rats treated
with chronic morphine

Serum IL-1[3 and IL-6 levels were significantly higher in M-
group rats after they had been treated with morphine (M
5 mg/kg; i.p.) for 6 days (Fig. 3a, b, M group), which
suggested the possibility of opioid-induced production of
cytokines in the rat peripheral system. We also analyzed
cytokine expression in the addiction-related brain areas.
After 6 days of morphine injections, the IL-1f3 level in the
NAc (Fig. 4a, Sal vs. M: 2.84+1.2 vs. 24.9+£12.5 pg/100 mg
tissue weight) and the mPFC (Fig. 4a, Sal vs. M: 3.6+0.8 vs.
6.3+1.5 pg/100 mg tissue weight) tended to be higher, but not
significantly different from those in the saline group. In addi-
tion, the IL-6 level in the NAc and mPFC was not higher in the
chronic morphine treatment group (Fig. 4b, Sal vs. M group).
Therefore, we used QPCR to measure the cytokine mRNA
expression in the NAc and mPFC. IL-13 mRNA levels were
significantly higher in the NAc (Fig. 4c, M group: 209.5+
34.2%, p<0.01) and the mPFC (Fig. 4c, M group: 141.3+
14.5%, p<0.05) as well as IL-6 mRNA expression levels in
the NAc (Fig. 4d, M group: 149.9+14.2%, p<0.05) and the
mPFC (Fig. 4d, M group: 149.6+13.6%, p<0.05) after 6 days
of morphine treatment.

Effect of low-dose memantine on the peripheral and central
nervous system cytokine secretions in rats treated
with chronic morphine

Treatment with memantine only (Mem 0.2 or 1 mg/kg) for
6 days did not influence the IL-13 (Fig. 3a, Mem 0.2 or 1) and
IL-6 (Fig. 3b, Mem 0.2 or 1) baseline level in rat serum. In rats
pretreated with low-dose memantine (Mem 0.2 or 1.0 mg/kg;
s.c.) 30 min before each morphine injection, morphine-
induced increases in serum IL-1f3 and IL-6 were significantly
attenuated in rats treated with Mem (0.2 or 1.0) + M (Fig. 3a,
b). In the NAc and mPFC, treatment with memantine alone
did not influence IL-13 (Fig. 4a) or IL-6 (Fig. 4b) baseline
levels or their mRNA expression levels (4c, 4d). However, in
the NAc and mPFC of rats treated with Mem (0.2 or 1.0) + M,
IL-13 mRNA (Fig. 4c) and IL-6 mRNA (Fig. 4d) were
significantly lower than in rats treated with morphine only.
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Fig. 2 Place preference behavior in rats. The rats were divided into 7
groups (n=7-14 each): the saline (Sal) group was given a daily
intraperitoneal injection of saline only; the two memantine (Mem)
groups were given either a daily subcutaneous injection of 0.2 or
1.0 mg/kg of memantine only; the morphine (M) group a daily intra-
peritoneal injection of 5 mg/kg of morphine only; the three Mem + M
groups were given a daily subcutaneous injection of Mem (0.04, 0.2, or
1.0 mg/kg) plus a daily intraperitoneal injection of 5 mg/kg of
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morphine. After 6 days of these treatments, the rats were placed in a
conditioned place preference (CPP) box for the drug-paired condition.
CPP tests were done on days 7, 11, and 13. CPP data (a) for Sal and
Mem-only (0.2 or 1) groups on day 7; (b) for Sal, M-only, and Mem +
M groups on day 7; (¢) for Sal, M-only, and Mem + M groups on
day 11; and (d) for Sal, M-only, and Mem + M groups on day 13. Data
are means + S.E.M. *p<0.05, **p<0.01, ***p<0.001 vs. Sal group.
##p<0.01, ##p<0.001 vs. M group (one-way ANOVA)
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Fig. 3 Serum cytokine (IL-1[3, IL-6) expression profiles in rats. See Fig. 2 legend for groups and treatments. Serum (a) IL-13 and (b) IL-6 levels
after 1-6 days of treatment in all groups. Data are means + S.E.M. **p<0.01, ***p<0.001 vs. Sal group. #p<0.05 vs. M group (one-way ANOVA)
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Effect of chronic morphine treatment on peripheral
and central BDNF expression in rats

Serum BDNF were significantly lower in rats treated with
morphine only (5 mg/kg; i.p.) for 6 days (Fig. 5, black bar),
which suggested the possibility of opioid-induced inhibition
of BDNF in the rat peripheral system. BDNF expression in
the NAc (Fig. 6a, black bar) and mPFC (Fig. 6b, black bar)
was also significantly lower in rats treated with morphine
only (5 mg/kg; i.p.) for 6 days than in rats treated with saline
only.
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Fig. 5 Serum BDNF expression profiles in rats. See Fig. 2 legend for
groups and treatments. Data are means + S.E.M. *p<0.05, **p<0.01
vs. pretreatment data (day 0) within the same group (one-way ANOVA)

Effect of low-dose memantine on BDNF production in rats
treated with chronic morphine

In rats treated with memantine only (Mem 0.2 or 1 mg/kg)
for 6 days, serum BDNF levels were significantly higher
(Fig. 5, Memantine only group), as were BDNF (Fig. 6a, b)
and BDNF mRNA levels in the NAc (Fig. 6¢) and mPFC
(Fig. 6d). In rats treated with Mem (0.2 or 1.0) + M, serum
BDNF expression was significantly higher than in all other
groups (Fig. 5), as was BDNF expression (Fig. 6a, b) and
BDNF mRNA expression (Fig. 6¢, d) in the NAc and
mPFC, but the latter were not significantly higher in rats
treated with Mem (0.04) + M.

Discussion

In this study, we showed the significant anti-addictive, anti-
inflammatory, and neurotrophic effects of low-dose mem-
antine in rats. Our findings suggest that low-dose meman-
tine is neuroprotective in morphine-addicted rats. We found
that IL-13 and IL-6 levels had significantly increased in the
peripheral system of rats that had been given 6 days of
morphine treatment. We also found the IL-13 levels in-
creased in the drug addiction-related brain areas, the NAc
and mPFC; however, brain cytokine levels were not signif-
icantly different from those in the saline group. In contrast,
IL-1p and IL-6 mRNA levels in the NAc and mPFC were
significantly different between morphine-addicted and
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Fig. 6 Brain BDNF expression profiles in rats. See Fig. 2 legend for
groups and treatments. The BDNF expression profile was calculated as
the relative quantity change percentage (%) compared with the saline
group of the same brain area. BDNF protein expression levels in (a) the
NAc (nucleus accumbens), (b) the mPFC (medial prefrontal cortex),

saline-treated rats. In addition, there was a significant dis-
crepancy between BDNF mRNA and protein levels: brain
BDNF mRNA increased about 250-340% in memantine-
treated groups, and brain BDNF protein level increased
about 120-140%. The small increase of cytokine mRNA
(150-200%) in the brain area might have caused only a
minor change in cytokine expression in the central nervous
system, perhaps because the dose of morphine was not high
enough or the 6-day treatment duration not long enough to
induce a dramatic increase in brain cytokine expression.
However, a significant increase in brain cytokine mRNA
expression might have a negative effect on neurons after
chronic morphine treatment. A treatment period significantly
longer than 6 days may be needed in future studies to clarify
the effect of brain cytokine expression after long-term mor-
phine use.

Our findings support those of studies which report that
opioids synergistically stimulate cytokine production in
the peripheral and central nervous systems in vivo. In
the peripheral nervous system, morphine may indirectly
affect immunocytes via the central nervous system.
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and BDNF mRNA relative expression levels in (¢) the NAc and (d) the
mPFC of all groups. *p<0.05, **p<0.01, ***p<0.001 vs. saline
group. #p<0.05, ##p<0.01, ###p<0.001 vs. M group (one-way
ANOVA)

Animal studies (Bertolucci et al. 1996) have suggested
that subcutaneous or intracerebroventricular administra-
tion of morphine elevates serum IL-6 expression, thereby
activating the hypothalamus-pituitary-adrenal and auto-
nomic nervous systems. However, the mechanism of
opioid-induced cytokine production in the central nervous
system is not clear. In vitro studies have reported that
morphine potentiates TNF-« production in murine (Chao
et al. 1994) and human (Peterson et al. 1994) glia cells.

In the brains of human opioid addicts, iNOS and cytokine
expression has been detected in noradrenergic locus coeru-
leus cells (Dyuizen and Lamash 2009). The presence of
opioid receptors on rat astrocytes (Ruzicka et al. 1995) and
the ability of morphine to stimulate primary glia cells to
increase their production of cytokines (Chao et al. 1994;
Peterson et al. 1998) suggest a possible interaction of mor-
phine with glia cells in the central nervous system.
Moreover, Qin et al. (2007) showed that a systemically
administered single dose of lipopolysaccharide, which can-
not not readily reach the brain, induced early (1-9 h) serum
and liver TNF-a expression and long-lasting (7-30 days)
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brain TNF-« expression, and, subsequently, caused neuro-
degeneration (Qin et al. 2007). Peripheral inflammation may
initiate or contribute to neuroinflammation and neurodegen-
eration in the central nervous system (Simard and Rivest
2005); thus, chronic morphine use may stimulate cytokine
production in both the peripheral and central nervous sys-
tems, cause neuro-inflammation, and subsequently damage
neurons that are associated with or exaggerate drug-seeking
behavior.

Second, we found BDNF dysfunction in the peripheral
and central nervous systems of rats given chronic morphine
treatment. It was reported (Pan et al. 1998) that BDNF could
cross the blood brain barrier and that BDNF levels in the
brain and plasma underwent similar changes during the
maturation and aging processes in rats (Karege et al. 2002)
and rhesus macaques (Cirulli et al. 2009), all of which
suggests that plasma BDNF levels may reflect BDNF levels
in the brain. In addition, decreased plasma BDNF protein
levels in humans might reflect the degree of neuronal de-
generation in Alzheimer’s disease (Laske et al. 2000).
Furthermore, chronic morphine treatment has resulted in a
large (30%) reduction in the dopaminergic neurons of the
ventral tegmental area (VTA) (Chu et al. 2008; Sklair-
Tavron et al. 1996). In rat cortical neuron cultures, a com-
bination of heroin and cocaine caused significant neurotox-
icity (Cunha-Oliveira et al. 2010), which suggested the
possibility that chronic morphine use causes neuronal dam-
age and degeneration. In our study, we found the same
profile of decreased BDNF in rat serum and brain area after
6 days of morphine treatment. The decreased serum and
brain BDNF level might indicate a certain degree of neuro-
nal degeneration caused by long-term opioid abuse in vivo.
Taking all these findings together, using therapeutic agents
with anti-inflammatory or neurotrophic effects may inhibit
the neurodegeneration caused by chronic opioid use and
provide a beneficial adjuvant treatment for opioid addiction.

Memantine in higher doses (7.5-20 mg/kg; s.c.) was
considered an NMDA receptor antagonist and an inhibitor
of morphine-induced tolerance, physical dependence, and
drug seeking effects in animal models (Popik and Skolnick
1996; Ribeiro Do Couto et al. 2004). However, we recently
showed (Lin et al. 2011) that using a low dose of memantine
(0.02-2.0 mg/kg) abolished cocaine-induced CPP behavior
in rats via its IL-6-modulating effect in the medial prefrontal
cortex. In our clinic, 5 mg (0.1 mg/kg) of oral memantine
added to the methadone replacement therapy given to heroin
abusers significantly attenuated the methadone replacement
dose and the combined heroin use (unpublished data). The
human plasma memantine concentration was about 10—
50 ng/ml (0.05-0.2 uM). This low dose of memantine was
not high enough to blockade the NMDA receptors (IC50: 2—
3 uM) (Parsons et al. 1999). In this study, we used low

doses (0.2 and 1.0 mg/kg; s.c.) of memantine that do not
have the NMDA blocking effect but showed significant
inhibition of CPP in morphine-addicted rats. These data
suggest a non-NMDA or biphasic effect of low-dose mem-
antine. Memantine was recently shown to be neurotrophic
and neuroprotective through its upregulation of BDNF
(Meisner et al. 2008) and GDNF (Wu et al. 2009). In the
present study, we found that low-dose memantine decreased
cytokine expression and upregulated BDNF expression in
the serum and drug-addiction-related brain areas in rats,
which indicates the possible anti-inflammatory and neuro-
trophic effects of low-dose memantine on the limbic dopa-
minergic system. As a consequence, the anti-addictive
mechanism of low dose memantine may be its anti-
inflammation effects, upregulation of BDNF production,
and neuronal protection effects.

In conclusion, our results suggest the possibility that
chronic morphine use may induce neuronal degeneration
in the brain areas associated with addictive behaviors.
Using the neuroprotection agent memantine at a low dose
may provide adjuvant therapy for chronic opioid-induced
addiction.
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