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Chronic exposure to opiates impairs hippocampal long-term potentiation (LTP) and spatial memory, but the underlying mechanisms
remain to be elucidated. Given the well known effects of adenosine, an important neuromodulator, on hippocampal neuronal excitability
and synaptic plasticity, we investigated the potential effect of changes in adenosine concentrations on chronic morphine treatment-
induced impairment of hippocampal CA1 LTP and spatial memory. We found that chronic treatment in mice with either increasing doses
(20 –100 mg/kg) of morphine for 7 d or equal daily dose (20 mg/kg) of morphine for 12 d led to a significant increase of hippocampal
extracellular adenosine concentrations. Importantly, we found that accumulated adenosine contributed to the inhibition of the hip-
pocampal CA1 LTP and impairment of spatial memory retrieval measured in the Morris water maze. Adenosine A1 receptor antagonist
8-cyclopentyl-1,3-dipropylxanthine significantly reversed chronic morphine-induced impairment of hippocampal CA1 LTP and spatial
memory. Likewise, adenosine deaminase, which converts adenosine into the inactive metabolite inosine, restored impaired hippocampal
CA1 LTP. We further found that adenosine accumulation was attributable to the alteration of adenosine uptake but not adenosine
metabolisms. Bidirectional nucleoside transporters (ENT2) appeared to play a key role in the reduction of adenosine uptake. Changes in
PKC-�/� activity were correlated with the attenuation of the ENT2 function in the short-term (2 h) but not in the long-term (7 d) period
after the termination of morphine treatment. This study reveals a potential mechanism by which chronic exposure to morphine leads to
impairment of both hippocampal LTP and spatial memory.

Introduction
Opiate addiction is defined as compulsive use of opiates despite
serious negative consequences (Hyman et al., 2006). Develop-
ment of drug addiction has been proposed to be attributable to an
aberrant form of learning and memory, mediated by maladap-
tive plasticity in the brain structures involved in learning and
memory (Nestler and Aghajanian, 1997; Robbins and Everitt,

1999; Eisch et al., 2000; Kelley et al., 2000). There is some evi-
dence that chronic exposure to opiates (e.g., morphine and her-
oin) can impair long-term potentiation (LTP), a form of
plasticity that is considered as a possible basis for learning and
memory in the brain (Bliss and Collingridge, 1993) and cause
cognitive deficits (Cipolli and Galliani, 1987; Guerra et al., 1987;
Spain and Newsom, 1991), which may be associated with behav-
ioral abnormalities of opiate addiction.

The hippocampus is a brain region associated with learning
and memory (Everitt and Robbins, 1997). Accumulating evi-
dence demonstrates that it also plays a role in opioid dependence
(Done et al., 1992; Fan et al., 1999; Lu et al., 2000; Rezayof et al.,
2003). Several studies have shown that chronic exposure to mor-
phine or heroin leads to the impairment of hippocampal LTP (Pu
et al., 2002; Salmanzadeh et al., 2003; Bao et al., 2007) and induces
cognitive deficits, as shown by poor performances on memory
task of heroin abusers (Guerra et al., 1987) or chronic opiate-
treated rodents (Spain and Newsom, 1991; Li et al., 2001; Pu et al.,
2002; Miladi Gorji et al., 2008). However, the mechanisms un-
derlying these effects of opiates are poorly understood.
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Adenosine is a neuromodulator that plays an important role
in regulating neuronal excitability and basal synaptic transmis-
sion in the hippocampus (Dunwiddie and Masino, 2001). It has
been shown that adenosine and its analogs inhibit hippocampal
LTP predominantly via adenosine A1 receptors (A1Rs) (Arai et
al., 1990; de Mendonça and Ribeiro, 1990; Alzheimer et al., 1991;
Forghani and Krnjevic, 1995). Selective A1R agonists and antag-
onists have been reported to impair and facilitate spatial learning
and memory, respectively (Von Lubitz et al., 1993). It has also
been shown that there are persistent increases in adenosine tonic
inhibition in some brain areas, such as ventral tegmental region
(VTA) and nucleus accumbens (NAc), that are intimately in-
volved in the rewarding effects of morphine and cocaine follow-
ing chronic exposure to the drugs (Bonci and Williams, 1996;
Shoji et al., 1999; Fiorillo and Williams, 2000). Based on these
findings, we hypothesized that accumulation of extracellular
adenosine in the hippocampus might be a possible mechanism
underlying the chronic effects of morphine on hippocampal
LTP and cognitive function. Therefore, the present study was
undertaken to determine whether and how chronic morphine
treatment altered hippocampal extracellular adenosine concen-
trations and whether the altered extracellular adenosine concen-
trations contributed to the impairment of both hippocampal LTP
and spatial memory.

Materials and Methods
Animals
Kunming strain male mice (18 –22 g) were obtained from the Laboratory
Animal Center, Chinese Academy of Sciences (Shanghai, China) or from
the Animal House Center, Kunming Medical University (Kunming,
China). Mice were housed in groups and maintained on a 12 h light/dark
cycle in a temperature-controlled environment with ad libitum access to
food and water. All experimental procedures were in compliance with the
National Institutes of Health guidelines and were approved by the Local
Animal Care and Use Committee.

Animal treatment
Morphine dependence was induced in mice by using two regimens, in-
creasing doses and equal daily dose. In the increasing dose regimen, mice
were subcutaneously injected with morphine twice per day at an interval
of 12 h for 7 consecutive days. The morphine dose was progressively
increased as follows: day 1, 20 mg/kg; day 2, 40 mg/kg; day 3, 60 mg/kg;
day 4, 80 mg/kg; days 5 and 6, 100 mg/kg; day 7, 100 mg/kg (only one
injection in the morning), as described by previous studies (Maldonado
et al., 1996; Matthes et al., 1996; Ledent et al., 1999). In the equal daily
dose regimen, mice were injected with a lower dose of morphine (20
mg/kg, s.c.) twice per day at 12 h intervals for 12 consecutive days, and on
day 12, 20 mg/kg was given (only once in the morning). Acute morphine
treatment was performed by a single subcutaneous injection of morphine
at a dose of 100 mg/kg on day 7 after repeated subcutaneous injection of
saline at an interval of 12 h for 6 d. One group of mice was treated
concomitantly with morphine using the increasing dose regimen and
naltrexone (4 mg/kg, i.p.) to determine whether �-opioid receptors were
responsible. Naltrexone was injected 30 min before each morphine in-
jection. Control mice were treated similarly, except that normal saline
was used as a substitute for morphine and naltrexone.

Preparation of hippocampal slices and synaptosomes
Mice acutely and chronically treated with morphine in the increasing
dose regimen were decapitated 2 h after the last morphine injection. Mice
chronically treated with morphine in the equal daily dose regimen were
decapitated at different time points (2 h, 7 d, 30 d) after the last morphine
injection. Hippocampal slices were prepared as described previously
(Zhang et al., 2003). In brief, hippocampus was taken and sectioned into
300 �M slices using a vibratome in ice-cold artificial CSF (ACSF) con-
taining the following (in mM): 119 NaCl, 1.25 NaH2PO4, 2 KCl, 1.3
MgCl2, 2 CaCl2, 26 NaHCO3, and 10 glucose and gassed with 95% O2 and

5% CO2. The slices were maintained in an incubation chamber with
artificial ACSF saturated with 95% O2 and 5% CO2 for at least 2 h at room
temperature (22–25°C).

Hippocampal synaptosomes were prepared as described previously
(Von Lubitz et al., 1993), with some modifications. In brief, hippocampal
tissues from three mice were homogenized on ice by 20 strokes with a
tight-fitting Dounce homogenizer in 1 ml of homogenization buffer, pH
7.4, composed of 0.32 M sucrose, 5 mM HEPES, pH 7.4, 0.1 mM EDTA,
and protease inhibitor mixture (Roche Applied Science), and centrifuged
at 1000 � g for 10 min at 4°C to remove cellular debris and nuclei. The
supernatant was centrifuged at 12,000 � g for 20 min at 4°C to yield the
crude synaptosomal fraction. To remove adhering microsomes, the ob-
tained pellet was washed additional three times by resuspension and
recentrifugation at 12,000 � g for 20 min at 4°C. The obtained synapto-
somes were resuspended in 1 ml of Krebs/HEPES solution with the fol-
lowing composition: NaCl 124 mM, KCl 3 mM, NaH2PO4 1.25 mM,
MgSO4 1 mM, CaCl2 2 mM, HEPES 26 mM, and glucose 10 mM, pH 7.4,
and equilibrated at 37°C for at least 10 min.

Extracellular adenosine measurements
For measurement of extracellular adenosine concentration in acute hip-
pocampal slices, three slices were incubated in 400 �l oxygenized ACSF at
33 � 1°C for 20 min. When needed, the inhibitor of adenosine transport
and antagonist of opioid receptor were added to ACSF (Zhang et al.,
2003). The ACSF was then collected and adenosine was assayed by LC/
MS. The LC/MS analysis was performed on a Thermo Finnigan LCQ ion
trap mass spectrometer equipped with an atmospheric-pressure ioniza-
tion interface. The instrument was operated in positive electrospray ion-
ization (ESI) mode. The spray voltage was set at 4.2 kV. The capillary
temperature was maintained at 450°C, and the voltage was fixed at 50 V.
Quantification was performed by using multitude reaction monitoring
(MRM) of the transitions m/z 2683136 for adenosine and m/z
2263152 for acyclovir, with a scan time of 0.2 ms/transition. The opti-
mized collision energies of 23 eV and 17 eV were chosen for adenosine
and acyclovir, respectively. Data were collected and analyzed with Xcali-
bur software (version 1.2, Thermo Finnigan). Liquid chromatography
was performed with a Shimadzu LC-10AD solvent delivery system. The
samples were separated on a Zobax XDB-C18 column (150 mm � 4.6
mm inner diameter, 5 �m, Agilent). The mobile phase consisted of meth-
anol–water–formic acid (40:60:0.3, v:v:v) at a flow rate of 0.5 ml/min.

Evaluation of cellular integrity
Cellular integrity of the slices was evaluated as previously described
(Cunha et al., 2000). In brief, the slices were allowed to recover for 2 h and
were incubated for 20 min with 400 �l oxygenated ACSF solution at 33 �
1°C. Cellular disruption was determined by comparing the lactate dehy-
drogenase activity in the incubation medium with that found in the slices
on their solubilization with 2% (v/v) Triton X-100. The release of lactate
dehydrogenase was only 2– 4% of the total lactate dehydrogenase, which
indicates low levels of cellular disruption during the experiments.

[ 3H]Adenosine uptake assay
All adenosine transport assays were conducted at 37°C in a total volume
of 300 �l, containing 150 –200 �g of protein. Transport was initiated by
addition of 1 �M [ 3H]adenosine, added at least 10 min after exposing
synaptosomes to the tested drugs, and was terminated 15 s after initiating
its uptake by the addition of 5 ml of an ice-cold transport inhibitor
mixture composed of dipyridamole (20 �M), nitrobenzylthioinosine
(NBTI) (10 �M), and adenosine (1 mM), in Krebs/HEPES followed by
low-pressure filtration through GF/C filters (Millipore LCWP-047, Mil-
lipore Corporation) loaded in a Millipore holder. The reaction tube was
washed off with further 5 ml of the same solution. The filters were ana-
lyzed by liquid scintillation counting for determination of tritium re-
tained by synaptosomes after addition of 5 ml of scintillation cocktail. To
avoid the loss of adenosine transport activity, the hippocampal synapto-
somes were prepared freshly for every test. Membrane protein concen-
trations were determined by a Bradford assay (Pinto-Duarte et al., 2005).

Adenosine metabolism enzyme activity assay
The samples were prepared as previously described with slight modifica-
tions (Delaney et al., 1997). In short, the hippocampus were homoge-
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nized in 1 ml of homogenization buffer, pH 7.4, composed of 0.32 M

sucrose, 5 mM HEPES, pH 7.4, 0.1 mM EDTA, and protease inhibitor
mixture (Roche Applied Science), and centrifuged at 1000 � g for 10 min
at 4°C to remove cellular debris and nuclei. The supernatant was centri-
fuged at 100,000 � g for 60 min at 4°C. The supernatant was used in
assays for adenosine kinase and adenosine deaminase activities. The pel-
let was resuspended in 1 ml of homogenization buffer used for the ecto-
5�-nucleotidase assay. The activity of adenosine kinase was analyzed
radiochemically from tissue extracts by monitoring the conversion of
[ 3H]adenosine into [ 3H]AMP with a method previously described
(Ward et al., 1998). Adenosine deaminase and ecto-5�-nucleotidase ac-
tivity were assayed by using a spectrophotometric method to detect for-
mation of ammonia and inorganic phosphate as described previously.

Protein kinase C activity assay
PKC activity was determined essentially according to the method de-
scribed previously (Xu et al., 2004). The animal was rapidly decapitated,
the hippocampus was dissected rapidly, and the hippocampal synapto-
somal fraction was isolated as described above. The synaptosomes were
assayed for PKC activity using PepTag Nonradioactive PKC assay kit
(Promega) according to the manufacturer’s instructions. All reaction
components were added on ice in a final volume of 25 �l of the following
mixture: 5 �l of PepTag PKC reaction 5� buffer, 5 �l of PepTag C1
peptide (0.4 �g/�l), 5 �l of PKC activator 5� solution, 1 �l of peptide
protection solution, and 1 �g of synaptosome for PKC activity assay. The
mixture was incubated for 10 min at 37°C. The reaction was stopped by
placing the tube into a boiling water bath for 10 min, and the samples
were loaded onto the gel for electrophoresis. Before loading samples, 1 �l
of 80% glycerol was added to the sample to ensure that it remained in the
well. The assay was based on the changes in the net charge of the fluores-
cent PKC substrates before and after phosphorylation. This change al-
lowed the phosphorylated and unphosphorylated versions of the
substrate to be rapidly separated on an agarose gel at neutral pH. The
phosphorylated species migrated toward the positive electrode, whereas
the nonphosphorylated substrate migrated toward the negative elec-
trode. The intensity of fluorescence of phosphorylated peptides, which
reflected the activity of PKC, was scanned by using a bioimaging system
and further quantified by using Scion Image for Windows (Scion).

Immunoblotting assay
For immunoblotting assay, the crude synaptosomes were prepared as
described above and then were homogenized on ice in homogenization
buffer containing 25 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA,
0.5% Triton X-100, and protease inhibitor mixture. Homogenates were
then centrifuged at 20,000 � g for 40 min at 4°C. After given a protein
concentration of 0.5 mg/ml that was determined by Bradford methods,
four times loading buffer was added to each supernatant before boiling
for 5 min. Samples were cooled and subjected to SDS-PAGE (10 �g for
PKC-�/� and PKC-�, 30 �g for ENT1/2 and PKC-�, 12% resolving gels)
and transferred onto nitrocellulose membrane (GE Healthcare). Mem-
branes were washed with TBST (Tris-buffered saline plus 0.05% Tween
20, pH 7.4) and then dipped in blocking buffer (5% skimmed dry milk
in TBST) 1 h at room temperature. After slightly washing, the mem-
brane was incubated with anti-ENT1 goat polyclonal antibody (1:50
Santa Cruz Biotechnology, sc-48488), anti-ENT2 goat polyclonal anti-
body (1:50, Santa Cruz Biotechnology sc-48491), anti-PKC-�/� mono-
clonal antibody, anti-PKC-� rabbit polyclonal antibody (1:10,000, Santa
Cruz Biotechnology sc-211), anti-PKC-� mouse monoclonal anti-
body(1:50, Santa Cruz Biotechnology sc-56944) in TBS plus 5% BSA and
0.1% Tween 20, followed by incubation with horseradish peroxidase-
conjugated IgG (Calbiochem) as the secondary antibody. Visualization
was performed using an ECL (enhanced chemiluminescence) kit (GE
Healthcare) for PKC-�/� (Busquets et al., 1995) and PKC-�, SuperSignal
West Dura Extended Duration Substrate (Thermo Scientific) for ENT1/2
and PKC-�. Band intensities were quantified by using Quantity One
software from Bio-Rad.

Electrophysiological recordings
Extracellular recordings on brain slices were performed as described in
our previous study (H. B. Li et al., 2008). Briefly, the hippocampal slices,

obtained as described above, were incubated for 1 h in 300 ml of ACSF
heated to 33 � 1°C and then maintained at room temperature (22–
25°C). Slices were placed in a recording chamber and perfused by ACSF
with a flow rate of 4 –5 ml/min. A glass recording electrode filled with
ACSF (2–3 M�) was placed in the stratum radiatum of the CA1 region.
The field EPSPs (fEPSPs) were evoked by stimulation of the Schaffer
collaterals. Electrical stimuli were delivered at a frequency of 0.033 Hz to
record baseline fEPSP and at a stimulation intensity adjusted to give an
fEPSP amplitude of 50% maximum response. In all experiments,
baseline synaptic transmission was monitored for 30 min before drug
administration or delivering the stimulation. LTP was induced by
high-frequency stimulation (HFS, 100 pulses at 200 Hz, 3 trains, 30 s
intertrain intervals), and the same stimulation intensity was used for
baseline recordings.

Behavioral experiments
Spontaneous or naloxone-precipitated opiate withdrawal monitoring. We
tested somatic withdrawal signs in different groups of mice (n � 10 –12
per group) that were injected with saline or morphine with the increasing
dose regimen (20 –100 mg/kg, s.c., twice per day) or equal daily dose
regimen (20 mg/kg, s.c., per day) and examined for somatic withdrawal
signs 2, 8, 12, 24, and 36 h and 7 d after the last morphine administration.
The experimental design included the between-subjects factors of mor-
phine treatment and withdrawal time points (2, 8, 12, 24, and 36 h and
7 d). Spontaneous withdrawal syndrome tests were performed as de-
scribed by previous study (Papaleo and Contarino, 2006). Briefly, mice
that were treated with morphine using the increasing dose or equal daily
dose regimen as mentioned above were individually placed in transpar-
ent Plexiglas cylinders (23 cm diameter, 50 cm height) for 30 min. With-
drawal signs (e.g., jumping, paw tremor, wet dog shake, body weight lost,
diarrhea, and palpebral ptosis) were monitored at different time points
(2, 8, 12, 24, and 36 h and 7 d) after the last morphine administration and
global withdrawal scores were calculated. Naloxone-precipitated mor-
phine withdrawal tests were performed as described by our previous
study (Chen et al., 2007). Briefly, mice were chronically treated with
morphine for 7 d (increasing dose regimen) or 12 d (equal daily dose
regimen), withdrawal was precipitated by subcutaneous injection of nal-
oxone (2 mg/kg) 2 h after the last morphine administration, and then the
mice were individually placed in transparent Plexiglas cylinders. The
jumping frequency of each mouse and the number of mice that jumped
in each group within 20 min were recorded. The positive jumping re-
sponse was defined as jumping more than four times in 20 min.

Morris water maze. The Morris water maze was performed as described
previously (Morris et al., 1986; Miladi Gorji et al., 2008) with slight
modification. Briefly, the Morris water maze consisted of a circular pool
(100 cm diameter, 36 cm deep at the side) filled with water at 25 � 1°C to
a depth of 13 cm, covering the surface with floating black resin beads.
Yellow curtains were drawn around the pool (50 cm from the pool pe-
riphery) and contained distinctive visual marks that served as distal cues.
Mice were chronically treated with morphine for 6 or 12 d as described
above, trained, and tested in Morris water maze for the next 7 d, during
which 100 mg/kg or 20 mg/kg morphine was still injected at 12 h intervals
to maintain the chronic drug treatment. All the behavioral trainings and
tests were performed 2 h after the morning injection of morphine or
saline each day. On day 1, a 60 s free swimming trial was performed for
adaptation. On days 2– 6, the training procedure was given containing
four trials per day with four different starting positions that were equally
distributed around the perimeter of the maze. A submerged (1.5 cm
below the surface of the water, invisible to the animal) Perspex platform
(10 cm � 10 cm) was placed in the center of a quadrant fixedly to let the
animals learn the location of the platform that could be used to escape
from the water. Two hours after the last morphine or saline injection on
day 7, a probe trial consisting of a 60 s free swim period without the
platform was performed to test spatial memory. DMSO or 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX) (0.1 mg � kg �1, i.p.) was injected 30 min
before the probe trial (1.5 h after the last injection of morphine or saline).
In the constant-dose regimen, behavioral training and test were similar with
those in the progressive-doses regimen, except that the training started on
day 6 and the probe trial performed on day 13, 2 h after an additional mor-
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phine (20 mg/kg) or saline injection. Swimming paths for the training ses-
sion and probe trial were monitored using an automatic tracking system.
This computerized tracking system was used to record the escape latency
(latency to find the platform), swimming trace, initial crossing latency to the
platform location, number of platform location crossings, time spent in
target quadrant, and distance traveled to reach the platform in four different
quadrants for each trial (Moser et al., 1998; Yang et al., 2006).

Statistical analysis
Data are expressed as mean � SEM and analyzed with one- or two-way
ANOVA or Student’s t tests (see Results). The appropriate between- and
within-subjects factors for the different experiments were used for two-
way ANOVAs (see Results). Significant main effects and interactions ( p �
0.05) from the factorial ANOVAs were followed by post hoc protected least
significant difference (PLSD) tests. Because the multiple factorial ANOVAs
yield multiple main effects and interaction effects, only significant effects that
are critical for the interpretation of the data in Results were reported. Addi-
tionally, for clarity purposes, post hoc analyses are indicated by asterisks in the
figures but are not described in Results (Y. Q. Li et al., 2008).

Results
Chronic morphine treatment induced hippocampal
extracellular adenosine accumulation by decreasing
adenosine reuptake
We assessed extracellular adenosine concentrations in the hip-
pocampal slices from mice that were acutely or chronically in-
jected with morphine. The average basal extracellular adenosine
concentration was 20.2 � 0.8 nM/mg of tissue (n � 15) in the
hippocampal slices from saline-treated mice. As shown in Fig-

ure 1A, acute treatment with morphine
(100 mg/kg, s.c.) following chronic
treatment with saline for 6 d had no effect
on hippocampal extracellular adenosine
concentration (left). However, chronic
morphine treatment with the increasing
dose regimen (20 –100 mg/kg, s.c.) for 7 d
led to an increase in the extracellular
adenosine concentrations, and this effect
could be prevented by concomitant ad-
ministration of opioid receptor antago-
nist naltrexone (4 mg/kg, i.p.) before each
morphine injection (right). Two-way
ANOVA with the between-subjects fac-
tors of morphine treatment and naltrexone
treatment revealed a significant effect of
morphine (F(1,27) � 10.475, p � 0.01) and a
significant interaction between the two fac-
tors (F(1,27) � 14.61, p � 0.01). Post hoc
group differences are indicated in Figure 1A
(right).

Extracellular adenosine concentration
can be modulated either by changing
adenosine metabolism enzyme (e.g.,
adenosine kinase, ecto-5�-nucleotidase,
and adenosine deaminase) activity or by
regulating reuptake function of bidirec-
tional equilibrative adenosine transport-
ers (ENTs) (Dunwiddie and Masino,
2001). To determine the mechanisms of
extracellular adenosine accumulation, we
examined the activities of these three key
adenosine metabolism enzymes and the up-
take of [3H]adenosine in the hippocampal
tissues from chronic morphine-treated
mice 2 h after the last morphine injection. In
saline-treated animals, the average uptake of

[3H]adenosine by hippocampal synaptosomes was 1.1 � 0.1
pmol/mg of protein/15 s (n � 10), and there was no difference in
[3H]adenosine uptake between hippocampal synaptosomes from
acute morphine- and saline-treated mice (Fig. 1B, left). However,
chronic morphine treatment resulted in a reduction of the uptake of
[3H]adenosine (54.01 � 6.52% of control), and this effect was re-
versed by concomitant administration of naltrexone (4 mg/kg, i.p.)
before each morphine injection (Fig. 1B, right). Two-way ANOVA
with the between-subjects factors of morphine treatment and nal-
trexone treatment revealed a significant effect of morphine treat-
ment (F(1,28) � 20.36, p � 0.01) and a significant interaction
between these two factors (F(1,28) � 8.28, p � 0.01). In contrast,
chronic morphine treatment had no significant effect on the activity
of three adenosine metabolism enzymes (Fig. 1C). Together, these
results indicate that chronic morphine treatment increases extracel-
lular adenosine concentrations by attenuating adenosine uptake but
not by altering adenosine metabolisms.

Increased hippocampal extracellular adenosine accumulation
was not correlated with morphine withdrawal
Withdrawal from chronic opiate treatment may lead to the ele-
vation of extracellular adenosine concentrations via intracellular
cAMP accumulation in some brain regions, such as VTA, NAc,
and the periaqueductal gray area (Bonci and Williams, 1996;
Chieng and Williams, 1998; Ingram et al., 1998; Shoji et al., 1999;
Hack et al., 2003). To determine whether adenosine accumula-

Figure 1. Effects of chronic treatment of mice with increasing doses of morphine (20 –100 mg/kg) for 7 consecutive days on adenosine
uptake, extracellular adenosine accumulation, and three adenosine metabolism enzyme activities. A, Chronic morphine treatment signif-
icantly increased the extracellular adenosine concentrations in hippocampal slices, and this effect could be prevented by concomitant
injection of opioid receptor antagonist naltrexone (4 mg/kg, i.p.). B, Chronic morphine treatment significantly inhibited [ 3H]adenosine
uptake in hippocampal synaptosomes, and this effect could also be prevented by opioid receptor antagonist naltrexone. C, Chronic mor-
phine treatment had no significant effect on the activities of three crucial adenosine metabolism enzymes in the hippocampus. Data
representthemean�SEM(n�4).**p�0.01comparedwithsaline-treatedcontrolmice; ##p�0.01comparedwithmicetreatedwith
morphine alone (n � 8), two-way ANOVA test. CTL, Control; MOR, morphine; NAL, naltrexone.
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tion at 2 h after last morphine administra-
tion is correlative to morphine withdrawal,
we examined morphine withdrawal symp-
toms at different time points after last mor-
phine administration and analyzed the
jumps and global scores using repeated-
measures ANOVA with morphine treat-
ment as a between-subjects factor and time
point after last morphine administration as
a within-subject factor. As shown in Figure
2, A and B, mice chronically treated with
morphine using the increasing dose regi-
men did not spontaneously express with-
drawal signs before 24 h (evaluated by
jumps) and 2 h (evaluated by global scores),
or after 36 h (evaluated by both) after last
morphine administration. But, analysis of
jumps occurring 24 and 36 h after the last
morphine injection revealed a significant
interaction between morphine treatment
and time (F(5,90) �3.63, p�0.01), and anal-
ysis of global scores at 8, 12, 24, and 36 h
after last morphine administration revealed
a significant interaction between morphine
treatment and time (F(5,90) � 3.774, p �
0.01). Post hoc group differences are indi-
cated in Figure 2, A and B.

To further confirm that observed hip-
pocampal extracellular adenosine accu-
mulation did not result from morphine
withdrawal, we measured adenosine con-
centrations in the same hippocampal
slices in the presence or absence of mor-
phine (10 �M) in incubating ACSF. There
was no significant difference in adenosine
concentrations between the hippocampal
slices incubated with or without mor-
phine (Fig. 2C). However, precipitation of
the hippocampal slices with naloxone (1 �M) caused a robust
enhancement of adenosine accumulation (t(10) � 3.64; p � 0.01,
Student’s t test) (Fig. 2D). The results indicate that the hip-
pocampal slices prepared from chronic morphine-treated mice
2 h after the last morphine administration were in a dependent
but not withdrawal state, consistent with the findings from in vivo
studies. These results indicate that adenosine accumulation in the
hippocampal slices is not correlated with morphine withdrawal
reactions.

Chronic morphine treatment impaired the function of
equilibrative nucleoside transporters
Extracellular adenosine levels are regulated by ENT. In the CNS,
ENT appears to be dominant (Thorn and Jarvis, 1996) and
plays a predominant role in controlling the levels of extracellu-
lar adenosine (Latini and Pedata, 2001). ENT can be classified
into ENT1 and ENT2 based on sensitivity to the selective inhibitor
NBTI. ENT1 is an NBTI-sensitive transporter that is inhibited by
NBTI at low nanomolar concentrations, whereas ENT2 is an NBTI-
insensitive transporter that is inhibited by NBTI at micromolar con-
centrations. To determine whether reduction of [3H]adenosine
uptake is attributable to the impairment of ENT1/2 function, we
compared the effect of various concentrations of NBTI on
extracellular adenosine accumulation in hippocampal slices pre-
pared from saline- and chronic morphine-treated mice.

As shown in Figure 3A, NBTI failed to affect hippocampal
extracellular adenosine concentrations in both chronic saline-
and morphine-treated mice at nanomolar concentrations.
However, one-way ANOVA analysis revealed that at the dose
of 10 �M, NBTI significantly increased extracellular adenosine
concentrations in the hippocampal slices from both chronic
morphine- (F(3,17) � 4.00, p � 0.05, one-way ANOVA) and
saline- (F(3,19) � 10.67, p � 0.01, one-way ANOVA) treated mice.
Treatment with 10 �M NBTI led to an elevation of extracellular
adenosine concentrations by 63.55% in the hippocampal slices
from saline-treated mice (Fig. 3A, left). However, treatment with
10 �M NBTI led to elevation of extracellular adenosine concen-
trations by only 28.97% in the hippocampal slices from chronic
morphine-treated mice (Fig. 3A, right), significantly less than
that in the hippocampal slices from chronic saline-treated mice
(t(9) � 3.6, p � 0.01, Student’s t test), indicating that the ability of
ENT2 to uptake extracellular adenosine in the hippocampus
from morphine-treated mice was decreased and suggesting that
chronic morphine treatment attenuated ENT2 function.

Next, we examined the effect of chronic morphine treatment
on ENT2 expression. We found that chronic morphine treat-
ment led to a slight elevation of ENT1 but reduction of ENT2
expression in the hippocampus prepared from chronic
morphine-treated mice. However, paired Student’s t test analysis
showed that neither elevation of ENT1 expression nor reduction

Figure 2. Spontaneous morphine withdrawal signs were not observed in chronic morphine-treated mice and the hippocampal
slices prepared from chronic morphine-treated mice. A, B, Mice chronically treated with increasing doses of morphine expressed
spontaneous somatic withdrawal signs at 8 h, 12 h, 24 h, and 36 h but not at 2 h after the last morphine administration. Data are
represented as mean � SEM (n � 8 –10). *p � 0.05, **p � 0.01 compared with saline-treated control mice, two-way ANOVA
with PLSD post hoc test. C, Adenosine accumulation in the hippocampal slices prepared from chronic morphine-treated mice was
not significantly different in the presence or absence of 10 �M morphine in ACSF. Data are represented as mean � SEM (n � 7).
*p � 0.05 compared with saline-treated control mice, one-way ANOVA with PLSD post hoc test. D, Naloxone precipitation (1 �M)
caused a robust enhancement of adenosine accumulation in the hippocampal slices prepared from morphine-treated mice. Data
are represented as mean � SEM (n � 6). **p � 0.01 compared with vehicle group from morphine-treated mice, Student’s t test.
CTL, Control; MOR, morphine.
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of ENT2 expression reached statistical significance (for ENT1,
t(10) � �0.610, p � 0.05; for ENT2, t(6) � 0.826, p � 0.05) (Fig.
3B), suggesting that decrement of activity rather than alteration
of expression mainly contributed to the attenuation of ENT2
function. We also found that acute morphine treatment had no
effect on ENT1 and ENT 2 expressions (data not shown).

Attenuation of PKC activity was correlated with the
impairment of equilibrative nucleoside transporter function
in the hippocampal synaptosomes from chronic
morphine-treated mice
ENTs have been reported to be modulated by PKC (Huang et al.,
2003; Pinto-Duarte et al., 2005). We thus hypothesized that chronic
morphine treatment might attenuate PKC activity, which may con-
tribute to impairment of ENT2 function, thereby leading to the
enhancement of extracellular adenosine concentrations. To test
this hypothesis, we first examined the effects of selective PKC
antagonist chelerythrine and agonist phorbol 12,13-didecanoate
(PDD) on the uptake of [ 3H]adenosine. As shown in Figure 4A,
treatment of hippocampal synaptosomes prepared from un-
treated mice with 5 �M chelerythrine resulted in a significant re-
duction of the uptake of [3H]adenosine, whereas treatment with
PDD (500 nM) led to a significant enhancement of the uptake of
[ 3H]adenosine (chelerythrine: 53.3 � 11.28% of control, PDD:
137.91 � 7.84% of control, F(2,9) � 24.36, p � 0.01, one-way
ANOVA) (left). The same effects of chelerythrine (4 �g, i.c.v.)
and PDD (300 ng, i.c.v.) on adenosine uptake were also observed
in vivo studies (chelerythrine: 66.6 � 10.8% of control, PDD:
174.55 � 23.1% of control, F(2,15) � 7.41, p � 0.01, one-way
ANOVA) (right). These results indicate that PKC plays a role in
modulation of ENT function. Next, we determined whether
chronic morphine treatment attenuated PKC activity. As shown
in Figure 4B, consistent with a previous study (Xu et al., 2004),
chronic treatment with morphine attenuated PKC activity in the
hippocampal synaptosomes derived from chronic morphine-
treated mice (right). Two-way ANOVA with the between-
subjects factors of morphine treatment and naltrexone treatment
revealed a significant effect of morphine treatment (F(1,12) �
10.81, p � 0.01) and a significant interaction between the two
factors (F(1,12) � 11.09, p � 0.01). However, the attenuation of
PKC activity was not observed in the hippocampal synaptosomes
from acute morphine-treated mice (left). To verify the role of

attenuation of PKC activity in the impair-
ment of ENT2 function, we further exam-
ined the correlation of the attenuation of
PKC activity with reduction of [ 3H]ade-
nosine uptake and enhancement of extra-
cellular adenosine concentration. To this
end, we detected attenuation of PKC ac-
tivity, reduction of [ 3H]adenosine up-
take, and increment of extracellular
adenosine accumulation at different time
points (1, 2, and 12 h) after the last mor-
phine administration (Fig. 4C–E). One-
way ANOVA within the time points (1, 2,
and 12 h) after last morphine administra-
tion revealed significant effects of chronic
morphine treatment on PKC activity
(F(3,18) � 8.29, p � 0.01), [ 3H]adenosine
uptake (F(3,20) � 9.64, p � 0.01), and
adenosine concentrations (F(3,22) � 22.30,
p � 0.01) at 1 and 2 h, respectively, but not
at 12 h ( p � 0.05). Together, these results

show that at observed time points (1, 2, and 12 h), changes in PKC
activity in the hippocampal synaptosomes were correlated with
alterations of the uptake of [ 3H]adenosine and extracellular
adenosine concentrations, suggesting that attenuation of PKC
activity may be responsible for the impairment of ENT2 function.

Chronic morphine treatment caused downregulation of PKC-
�/� but not PKC-�/� expression in the hippocampus
Although it is known that there are several discrete subspecies of
PKC (Nishizuka, 1988), the activities of PKC-�/� isoforms are
the greatest in the mammalian brain (Huang et al., 1986; Jaken
and Kiley, 1987; Nishizuka, 1988). To elucidate the mechanism
underlying the attenuation of PKC activities in the hippocampus
by chronic morphine treatment, we thus investigated the effect of
chronic morphine treatment on PKC-�/� expression. As shown
in Figure 5A, chronic morphine treatment decreased the abun-
dance of PKC-�/� in the hippocampal synaptosomes prepared
from mice 2 h after the last morphine administration, and this
reduction of PKC-�/� expression was prevented by concomi-
tantly injecting naltrexone (4 mg/kg, i.p.) before each morphine
administration. Two-way ANOVA with the between-subjects
factors of morphine treatment and naltrexone treatment re-
vealed a significant effect of morphine treatment (F(1,18) �
4.76, p � 0.05) and a significant interaction between the two
factors (F(1,18) � 56.46, p � 0.01). However, changes in the PKC-
�/� expression were not observed in the hippocampal synapto-
somes from acute morphine-treated mice (left). Consistent with
the recovery of PKC activity at 12 h after the last morphine ad-
ministration (Fig. 4C), the recovery of abundance of PKC-�/�
was also observed at 12 h after the last injection of morphine (Fig.
5B), suggesting a causal relation between the downregulation of
PKC-�/� expression and decrement of PKC activity. The corre-
lation of reduction of PKC-�/� expression with decrease in PKC
activity was also supported by the observations that naltrexone
inhibited chronic morphine-induced both reduction of PKC-
�/� expression (Fig. 5A) and decrease in PKC activity (Fig. 4B).

Since PKC-�/� has been reported to be implicated in mor-
phine tolerance and reinforcing effects (Narita et al., 2001;
Newton et al., 2007; Smith et al., 2007), we next examined the
effect of chronic morphine treatment on PKC-�/� expression. As
shown in Figure 5, C and D, both acute and chronic morphine
treatment did not significantly alter PKC-�/� expression.

Figure 3. Chronic morphine treatment attenuated the activity but did not decrease the expression of ENT2. A, Effect of different
concentrations of NBTI, a selective inhibitor of ENTs, on the uptake of adenosine in the hippocampal synaptosomes prepared from
saline- and chronic morphine-treated mice. Data are presented as the percentage of control and represent the mean � SEM (n �
6). **p � 0.01 compared with vehicle group from saline-treated mice. *p � 0.05 compared with vehicle group from morphine-
treated mice, one-way ANOVA with PLSD post hoc test. B, There is no significant alteration of expression of ENT1 and ENT2 in the
hippocampus from chronic morphine mice. Data are represented as mean � SEM (n � 5).
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Overall, these results indicate that chronic morphine treat-
ment attenuates PKC activity via downregulation of PKC-�/�
but not PKC-�/� expression.

Accumulation of extracellular adenosine concentration
inhibited hippocampal LTP by activation of A1 receptor
It has been shown that adenosine inhibits LTP in the hippocam-
pus via activation of adenosine A1 receptors (Arai et al., 1990;
Alzheimer et al., 1991). In addition, previous studies have shown
that hippocampal LTP is reduced by chronic morphine treatment
(Pu et al., 2002; Bao et al., 2007). Based on these findings, we
therefore determined whether the extracellular adenosine accu-
mulation could contribute to the impairment of LTP by activa-
tion of adenosine A1 receptors in response to chronic morphine

treatment. To do this, we first examined the effect of chronic
morphine treatment on hippocampal CA1 LTP by extracellular
recording at CA1 area in the hippocampal slices from chronic
morphine-treated mice 2 h after the last morphine administra-
tion. In the hippocampal slices from saline-treated mice, high-
frequency stimulation of the Schaffer collateral inputs to CA1
pyramidal cells induced a stable LTP (Fig. 6) in the amplitude of
fEPSP, which was consistent with a previous report (Xu et al.,
1997; Dai et al., 2008). However, as shown in Figure 6B, in the
hippocampal slices from chronic morphine-treated mice, LTP
induced by high-frequency stimulation was greatly reduced. Two-
way ANOVA with between-subjects factors of morphine treatment
and high-frequency stimulation revealed a significant effect of mor-
phine treatment (F(1,16) � 11.06, p � 0.01), a significant effect of

Figure 4. Attenuation of PKC activity was correlated with the impairment of equilibrative nucleoside transporter function in the hippocampal synaptosomes from chronic morphine-treated mice.
A, PKC antagonist chelerythrine (CHE) and agonist PDD inversely modulated adenosine uptake. Left, CHE (5 �M) reduced but PDD (500 nM) stimulated the adenosine uptake significantly in
hippocampal synaptosomes. Right, Intracerebral injection of CHE (4 �g, i.c.v.) and PDD (300 ng, i.c.v.) exhibited the same effects as in vitro. Data are represented as mean � SEM (n � 4). **p �
0.01 compared with saline-treated control mice, one-way ANOVA with PLSD post hoc test. B, Chronic but not acute morphine treatment significantly inhibited the PKC activity in hippocampal
synaptosomes 2 h after last morphine administration, and this effect could be prevented by concomitant injection of opioid receptor antagonist naltrexone (4 mg/kg, i.p.). The upper band indicated
unphosphorylated substrates, and the lower band showed the fluorescence of phosphorylated peptides that reflected the activity of PKC. Data are represented as mean � SEM (n � 4). **p � 0.01
compared with saline-treated control mice; ##p � 0.01 compared with mice treated with morphine alone, two-way ANOVA test. C–E, The time courses of changes in PKC activity, adenosine uptake,
and extracellular adenosine concentrations in the hippocampus of chronic morphine-treated mice. Data are represented as mean � SEM (n � 4). *p � 0.05 compared with saline-treated control
mice. **p � 0.01 compared with saline-treated control mice, one-way ANOVA with PLSD post hoc test. CTL, Control; MOR, morphine; NAL, naltrexone.
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high-frequency stimulation (F(1,16) � 22.04, p � 0.001), and a sig-
nificant interaction between these two factors (F(1,16) � 8.64, p �
0.05). In contrast, two-way ANOVA for acute morphine treat-
ment with between-subjects factors of morphine treatment and
high-frequency stimulation revealed no main effect of morphine
treatment (F(1,16) � 0.51, p � 0.05) and no significant interaction
between these two factors (F(1,16) � 0.66, p � 0.05) but showed a
significant effect of high-frequency stimulation (F(1,16) � 8.29,
p � 0.05) (Fig. 6A). Next, we tested the effects of inclusion of
adenosine deaminase (1 U/ml), a catabolic enzyme of endoge-
nous adenosine, and DPCPX (100 nM), a specific adenosine A1

receptor antagonist, in incubating ACSF on the impaired LTP
in hippocampal slices from chronic morphine-treated animals.
As shown in Figure 6C, impaired hippocampal LTP could be
restored in the presence of adenosine deaminase in incubating
ACSF. Two-way ANOVA with between-subjects factors of mor-
phine treatment and adenosine deaminase treatment revealed a
significant interaction between these two factors (F(1,20) � 6.75,
p � 0.01). Similarly, impaired hippocampal LTP could be re-
versed significantly in the presence of DPCPX in incubating
ACSF. Two-way ANOVA with between-subjects factors of mor-
phine treatment and DPCPX treatment revealed a significant in-
teraction of these two factors (F(1,22) � 6.11, p � 0.05) (Fig. 6D).
These results indicate that extracellular adenosine accumula-

tion is crucially involved in chronic
morphine-induced impairment of hip-
pocampal CA1 LTP by activation of
adenosine A1 receptor.

Chronic morphine treatment-induced
accumulation of extracellular
adenosine impaired spatial memory
retrieval via activation of A1 receptor
Alteration of hippocampal CA1 LTP in
animals can modulate memory process, as
measured by the Morris water maze
(Morris et al., 1986; Moser et al., 1998;
Riedel et al., 1999). The functional conse-
quences of adenosine-mediated LTP im-
pairment were thus tested in the Morris
water maze. As shown in Figure 7A and B,
chronic treatment with increasing doses
of morphine did not affect the perfor-
mance of the spatial learning task of mice
and also did not attenuate the swim abil-
ity in performing the task. A two-way
ANOVA with escape latency as repeated
measure revealed no main effects of
chronic morphine treatment (F(1,60) �
0.05, p � 0.05) or DPCPX treatment
(F(1,60) � 0.13, p � 0.05) or interaction
between these two factors (F(1,60) � 0.95,
p � 0.05). Two-way ANOVA with swim
speed as repeated measure also revealed
no significant effects of chronic morphine
treatment (F(1,60) � 0.84, p � 0.05) or
DPCPX treatment (F(1,60) � 0.42, p �
0.05) or interaction between these two
factors (F(1,60) � 1.02, p � 0.05).

Next, memory retrieval for the previ-
ously learned spatial information (plat-
form location) was tested 1 d after the last
training in a free probe trial for 60 s. As

shown in Figure 7C, mice chronically treated with increasing
doses of morphine exhibited an increased initial crossing latency,
indicative of impairment of the spatial memory retention. A two-
way ANOVA with initial crossing latency as repeated measure re-
vealed no DPCPX effect (F(1,60) � 3.82, p � 0.05) but did show a
significant effect of chronic morphine treatment (F(1,60) � 13.91,
p � 0.01) and a significant interaction between these two factors
(F(1,60) � 18.87, p � 0.001). Post hoc group differences were in-
dicated in Figure 7C.

The pattern of effects for quadrant search times was similar to
that for initial latency to cross the platform location (Fig. 7E). A
two-way ANOVA with quadrant as repeated measure revealed a
significant effect of chronic morphine treatment (F(1,60) � 13.70,
p � 0.001) and a significant interaction between chronic mor-
phine treatment and DPCPX treatment (F(1,60) � 5.59, p � 0.05).
Post hoc analysis indicated that chronic morphine treatment sig-
nificantly decreased the time spent in the target quadrant ( p �
0.01) and that this reduction of quadrant search time was blocked
in mice concurrently given DPCPX (0.1 mg � kg�1, i.p.) 30 min
before the last morphine injection ( p � 0.01). Figure 7D shows
representative swim paths during the probe trial. Overall, these
results indicate that chronic exposure to morphine did not im-
pair learning ability of mice, but significantly impaired retrieval

Figure 5. Chronic morphine treatment caused downregulation of PKC-�/� but not PKC-�/� expression in the hippocampus
2 h after last morphine administration. A, Chronic but not acute morphine treatment significantly inhibited the PKC-�/� expres-
sion 2 h after last morphine administration, and this effect could be prevented by concomitant injection of opioid receptor
antagonist naltrexone (4 mg/kg, i.p.). Data are represented as mean � SEM (n � 5). *p � 0.05 compared with saline-treated
control mice; #p � 0.05 compared with mice treated with morphine alone, two-way ANOVA test. B, PKC-�/� expression in the
hippocampal synaptosomes prepared from chronic morphine-treated mice was restored to the control levels 12 h after last
morphine administration. Data are represented as mean � SEM (n � 4). *p � 0.05 compared with saline-treated control mice,
one-way ANOVA with PLSD post hoc test. C, D, There were no significant alterations of PKC-� and PKC-� expressions in the
hippocampus from chronic morphine mice 2 h after last morphine administration. Data are represented as mean � SEM (n � 4),
Student’s t test. CTL, Control; MOR, morphine; NAL, naltrexone.
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of spatial memory, consistent with the
findings of previous studies (Pu et al.,
2002; Miladi Gorji et al., 2008).

Chronic exposure to morphine with the
equal daily dose regimen also resulted
in the impairment of cognitive function
through extracellular adenosine
accumulation, and this effect was not
correlated with withdrawal symptoms
Although the results presented above in-
dicate that chronic morphine treatment
induces adenosine accumulation via re-
duction of adenosine uptake, which con-
tributes to the impairment of cognitive
function, these observations were based
on a single exposure regimen with a high
morphine dose on the last several days
and a single assessment of cognitive func-
tion. To further validate our findings, we
assessed adenosine uptake, adenosine ac-
cumulation, and cognitive function at dif-
ferent times after exposure to a lower dose
of morphine with the equal daily dose reg-
imen and correlated these alterations with
the withdrawal symptoms. As shown in
Figure 8, A and B, two-way ANOVA with
the between-subjects factors of morphine
treatment and time of termination of
morphine treatment revealed that chronic
treatment of mice with morphine using
the equal daily dose regimen (10 mg/kg,
s.c., twice per day) also led to the reduc-
tion of [ 3H]adenosine by hippocampal
synaptosomes (F(1,27) � 11.28, p � 0.01)
and the enhancement of extracellular
adenosine concentrations in the hippocam-
pal slices (F(1,26) � 23.08, p � 0.01). Post hoc tests within each time
showed a significant difference for the reduction of adenosine up-
take at 2 h and 7 d ( p � 0.05) and elevation of adenosine concentra-
tions at 2 h and 7 d ( p � 0.01), respectively, after last morphine
administration.

Correspondingly, as shown in Figure 8C, chronic treatment of
mice with morphine using the equal daily dose regimen also re-
sulted in a significant increase of initial crossing latency at 2 h and
7 d but not 30 d after last morphine administration. A two-way
ANOVA with initial crossing latency as repeated measure re-
vealed no DPCPX effect at 2 h (F(1,77) � 3.40, p � 0.05), 7 d
(F(1,77) � 2.74, p � 0.05), and 30 d (F(1,60) � 2.67, p � 0.05). But
this analysis did reveal a significant effect of chronic morphine
treatment at 2 h (F(1,77) � 16.14, p � 0.001) and 7 d (F(1,77) �
18.31, p � 0.001) but not 30 d (F(1,60) � 2.04, p � 0.05) and a
significant interaction between both factors at 2 h (F(1,77) � 4.54,
p � 0.05), 7 d (F(1,77) � 4.52, p � 0.05), and 30 d (F(1,60) � 4.51,
p � 0.05). These results indicate that chronic morphine treatment
reduced adenosine uptake, increased adenosine concentration, and
impaired spatial memory retention via activation of A1 receptor.

As shown in Figure 8, D and E, mice chronically treated with
morphine using the equal daily dose regimen did not spontaneously
express spontaneous withdrawal signs before 2 h or after 36 h after
last morphine administration but did express spontaneous with-
drawal signs assessed by jump and by global scores at 8, 12, 24, and
36 h after last morphine administration. Two-way ANOVA analysis

revealed a significant interaction of morphine treatment � time of
termination of morphine treatment (for jumps, F(5,72) � 6.19, p �
0.001; for global scores, F(5,72) � 4.36, p � 0.01). Post hoc group
differences are indicated in Figure 8, D and E. Also, there was no
significant difference in adenosine concentrations between the hip-
pocampal slices incubated with or without morphine (data not
shown). These findings suggest that the reduction of adenosine up-
take, elevation of intracellular adenosine concentrations, and im-
pairment of cognitive function were not correlated with morphine
withdrawal reactions. Together, these results support that chronic
morphine treatment impairs cognitive function through elevation
of hippocampal extracellular adenosine concentrations and that this
effect is the consequence of morphine exposure per se rather than of
morphine withdrawal.

Discussion
Extracellular adenosine accumulation contributed to chronic
morphine treatment-induced impairment of hippocampal
CA1 LTP and spatial memory by acting on adenosine A1

receptors
Accumulating evidence has demonstrated that chronic exposure
to opiates (e.g., morphine and heroin) diminishes hippocampal
CA1 LTP (Pu et al., 2002; Salmanzadeh et al., 2003) and leads to
the impairment of acquisition (Spain and Newsom, 1991; Li et al.,
2001) or retention (Alaei et al., 2006; Miladi Gorji et al., 2008) of
spatial memory. However, the mechanisms underlying these ef-
fects of opiates remain unclear. The present study revealed that

Figure 6. Accumulation of extracellular adenosine concentration inhibited hippocampal CA1 LTP by activation of A1 receptor. A,
Acute treatment of mice with morphine (100 mg/kg, 1 injection on day 7) failed to impair CA1 LTP in the hippocampal slices derived
from mice 2 h after morphine administration. B, Chronic treatment of mice with increasing doses of morphine for 7 consecutive
days led to an impaired CA1 LTP in the hippocampal slices prepared from mice 2 h after the last morphine injection. C, Bath
application of adenosine deaminase (1 U/ml) strengthened the basal synaptic transmission in the hippocampal slices from both
chronic morphine- and saline-treated mice and prevented the impairment of LTP induction induced by chronic morphine treat-
ment. D, Bath application of A1 antagonist DPCPX (100 nM) did not affect the basal synaptic transmission but partially and
significantly rescued the impairment of LTP induction induced by chronic morphine exposure. CTL, Control; MOR, morphine.
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chronic exposure to morphine could diminish hippocampal CA1
LTP and impair spatial memory at least partially through the
accumulation of hippocampal extracellular adenosine acting on
adenosine A1 receptor. This was supported by the observations that
adenosine A1 receptor antagonist DPCPX significantly restored
chronic morphine-induced impairment of hippocampal CA1
LTP and spatial memory. Likewise, adenosine deaminase, which
converts adenosine into the inactive metabolite inosine, also sig-
nificantly restored impaired hippocampal CA1 LTP by the re-
moval of adenosine.

Our results suggest that extracellular adenosine accumulation in
the hippocampus was mainly induced by chronic morphine treat-
ment per se rather than by the withdrawal from morphine treat-
ment. This notion is supported by the following evidences. First,
acute morphine treatment did not cause hippocampal extracellular
adenosine accumulation 2 h after last morphine administration. Sec-
ond, significant withdrawal signs that are generally observed after
opiate withdrawal were not detected 2 h and 7 d after last morphine
administration (Figs. 2A,B, 8D,E) (Papaleo and Contarino, 2006;
Papaleo et al., 2008), although adenosine accumulation occurred at
these two time points after last morphine administration. Third,
withdrawal signs were also not observed in the hippocampal slices
prepared from chronic morphine-treated mice except that these
slices were precipitated by naloxone. Additionally, localized in-
crease of cAMP, which usually occurred upon opiate with-
drawal, could not be rapidly converted to adenosine in rat
hippocampus (Brundege et al., 1997; Dunwiddie et al., 1997),
because of limited capability of ectophosphodiesterases to con-

vert cAMP to AMP. Finally, there is evi-
dence that opiate withdrawal restored
rather than impaired cognitive function
(Spain and Newsom, 1991; Li et al., 2001).

Role of the equilibrative nucleoside
transporters in chronic morphine
treatment-induced hippocampal
extracellular adenosine accumulation
In CNSs, basal extracellular adenosine
concentrations probably reflect equilib-
rium between the formation and removal.
Extracellular adenosine originates from
released adenine nucleotides by extracel-
lular catabolism via the ecto-nucleotidase
pathway, and is removed by adenosine
deaminase and adenosine kinase (for a re-
view, see Latini and Pedata, 2001). On the
other hand, nucleoside transporters play a
crucial role in controlling extracellular
adenosine concentrations by either re-
lease of intracellular adenosine or uptake
of extracellular adenosine, depending on
intracellular and extracellular adenosine
concentrations. Since intracellular adeno-
sine concentrations are normally low un-
der physiological conditions due to the
relatively high activity of intracellular
adenosine kinase, nucleoside transports
may favor the uptake of extracellular
adenosine to reequilibrate its gradient
across the cell membrane (Dunwiddie
and Masino, 2001).

There are two main categories of nu-
cleoside transports: (1) ENTs, which can

be classified as ENT1 and ENT2 based on their sensitivity to the
selective inhibitor NBTI, and (2) concentrative nucleoside trans-
porters. ENTs are widely expressed in the brain, including the
hippocampus, and play a predominant role in controlling the
levels of extracellular adenosine (Latini and Pedata, 2001). We
found that treatment with NBTI, a selective inhibitor of ENTs, at
micromolar concentrations led to a significant elevation of the
extracellular adenosine concentrations in the hippocampal
slices from saline-treated animals, whereas this augmentative ef-
fect of NBTI was significantly attenuated in the hippocampal
slices from morphine-treated mice, indicating that the capability
of ENTs (perhaps ENT2) to uptake adenosine was decreased in
the hippocampal slices from morphine-treated mice. However,
the augmentative effect of NBTI on extracellular adenosine con-
centrations was not observed at low nanomolar concentrations,
indicating that ENT2 may be the predominant nucleoside trans-
porter in the hippocampus, which is consistent with previous
findings that ENT2 is the dominant nucleoside transporter in
neurons and astrocytes (Sinclair et al., 2000; Parkinson et al.,
2005). Moreover, we found that there was no change of activities
of the key adenosine metabolic enzymes, such as ecto-5�-
nucleotidase, which converts AMP to adenosine, adenosine
deaminase, which converts adenosine to inosine, and adenosine
kinase, which converts adenosine into AMP after chronic mor-
phine treatment. These results clearly indicate that chronic mor-
phine treatment induces the enhancement of hippocampal
extracellular adenosine concentrations by the impairment of nu-

Figure 7. Effect of chronic morphine treatment on the performance of spatial learning and memory task by mice in Morris water
maze tests. Mice were treated with increasing doses of morphine for 7 d as described in Materials and Methods and then were
trained and tested in Morris water maze for an additional 7 d. During the period of training and testing, morphine (100 mg/kg,
twice per day) was still injected into mice. On day 14, a probe trial consisting of a 60 s free swim period without the Perspex platform
was performed 2 h after last morphine or saline injection. A, Chronic morphine treatment did not affect the latency to escape onto
a hidden platform. B, Chronic morphine treatment did not affect swimming speed for performing the task. C, Chronic morphine
treatment increased initial crossing latencies to the platform on the probe trial day. Data represent the mean � SEM (n � 9).
**p � 0.01 compared with saline-treated control mice; ##p � 0.01 compared with mice treated with morphine alone, two-way ANOVA
test. D, E, Chronic morphine treatment altered the searching pattern of the mice (D) and decreased time spent in the target quadrant when
the platform was removed (E). Data represent the mean � SEM (n � 9). **p � 0.01 compared with saline-treated control mice; ##p �
0.01 compared with mice treated with morphine alone, two-way ANOVA test. CTL, Control; MOR, morphine.
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cleoside transporter function but not by
the alteration of adenosine metabolisms.

Changes in PKC activity were
correlated with the impairment of the
equilibrative nucleoside transporter
function in the short-term but not the
long-term period after termination of
morphine treatment
The function of ENTs can be modulated
by PKC (Coe et al., 2002; Huang et al.,
2003). There are potential PKC phos-
phorylation sites in the intracellular hy-
drophilic loops in both ENT1 and ENT2
(Kiss et al., 2000), which suggests that ac-
tivities of ENT1 and ENT2 could be mod-
ulated by PKC-mediated phosphorylation
as described for other transporters. It has
been shown that PKC inhibitors dose-
dependently reduce intracellular uptake
of [ 3H]uridine (Huang et al., 2003). And
activation of PKC by the nonspecific ago-
nist peptide increases adenosine uptake
significantly (Chaudary et al., 2004). Con-
sistent with these studies, we showed that
PDD, a specific PKC activator, stimulated
but chelerythrine, a specific PKC inhibi-
tor, inhibited adenosine uptake, indica-
tive of PKC modulation of ENT function
in the hippocampus of mice (Pinto-
Duarte et al., 2005).

Moreover, we demonstrated that in
chronic morphine-treated mice PKC ac-
tivity was correlated with adenosine up-
take at the observed time points (1, 2, and
12 h) after termination of morphine
treatment. A significant attenuation of PKC activity was ob-
served at 1 and 2 h after last morphine administration. Corre-
spondingly, the significant reduction of adenosine uptake and
elevation of extracellular adenosine concentrations were also ob-
served at these two time points. In parallel with the restoration of
PKC activity at 12 h after termination of morphine treatment,
adenosine uptake and extracellular adenosine concentrations
also returned to control levels at this time point. These results
suggest that change in PKC activity may be implicated in chronic
morphine treatment-induced alteration of ENT2 function. Fur-
thermore, we found that PKC-�/� isoforms modulate ENT2
function because downregulation of the expression of PKC-�/�
but not PKC-�/� isoforms paralleled the reduction of PKC activ-
ity, adenosine uptake, and enhancement of extracellular adeno-
sine concentration. In support of our findings, previous studies
also reported that chronic exposure to opiates led to a significant
reduction of PKC-�/� isoform expression in the frontal cortex of
the human and rat brains (Busquets et al., 1995; Ventayol et al.,
1997). Although the present and previous studies clearly show the
downregulation of PKC-�/� isoform expression in brain after
chronic morphine treatments, how the reduction of PKC-�/�
abundance in hippocampal synaptosome is achieved in the hip-
pocampus by morphine remains unknown. We speculate that
there might be at least two possible mechanisms. One is that
chronic morphine treatment may alter the translocation of PKC-
�/� by decreasing receptor for activated C kinase 1 (RACK1)
expression (Escribá and García-Sevilla, 1999). RACK1 is crucial

for PKC localization and activity (Ron et al., 1995; Pascale et al.,
1996). The other is that the alterations of PKC-�/� levels after
chronic morphine treatment may be related to the changes in the
expression of some immediate early genes (c-fos JunB and
	FosB) (Liu et al., 1994; Muller and Unterwald, 2005), which
may regulate the expression of PKC-�/� levels.

Distinct from its correlation with the impairment of ENT2
function during early withdrawal from morphine, PKC was not
correlated with the impairment of ENT2 function in the long-
term period (7 d) after termination of morphine treatment. The
reduction of adenosine uptake and enhancement of extracellular
adenosine concentrations were still observed 7 d after termina-
tion of morphine treatment (Fig. 8A,B), although PKC activity
restored at 12 after termination of morphine treatment (Fig. 4C).
One possible interpretation for these data is that the impairment
of ENT2 function 7 d after termination of morphine treatment
might be implicated in other protein kinases (e.g., PKA, MAPK,
and tyrosine kinase), since these protein kinases have been shown
to regulate ENT functions (Coe et al., 1996; Huang et al., 2002,
2003). Alternatively, it is also possible that the reduction of aden-
osine uptake does not depend on the phosphorylation of ENT2
by protein kinases but is due to the changes in intracellular aden-
osine levels by unknown mechanisms, leading to the inhibition of
ENT function. Further study is needed to address these issues.

Conclusions
The present study revealed that chronic morphine treatment im-
paired hippocampal LTP and spatial memory via accumulation

Figure 8. Effects of chronic treatment of mice with equal daily dose of morphine (20 mg/kg, twice per day) on adenosine
uptake, extracellular adenosine accumulation in the hippocampus, and retention of spatial memory. A, B, Chronic exposure of mice
to a lower but constant dose morphine significantly increased extracellular adenosine concentration and decreased the uptake of
[ 3H]adenosine at 2 h and 7 d but not 30 d. Data are represented as mean�SEM (n�5– 6). *p�0.05, **p�0.01 compared with
saline-treated control mice, Student’s t test. C, Mice chronically treated with a lower but constant dose morphine took more time
to cross the location of platform at 2 h and 7 d but not 30 d after last morphine administration. Data are represented as mean �
SEM (n � 9). *p � 0.05 compared with saline-treated control mice; #p � 0.05 compared with mice treated with morphine alone,
two-way ANOVA test. D, E, Mice chronically treated with a lower but constant dose morphine spontaneously expressed somatic
opiate withdrawal signs 8, 12, 24, and 36 h but not 2 h and 7 d after the last morphine administration. Data are represented as
mean � SEM (n � 8). *p � 0.05, **p � 0.01 compared with saline-treated control mice, two-way ANOVA with PLSD post hoc
test. CTL, Control; MOR, morphine.
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of extracellular adenosine acting on adenosine A1 receptors. De-
creased ENT2 function appeared to play a key role in chronic
morphine treatment-induced adenosine accumulation. Our
findings extend previous studies by suggesting a novel mecha-
nism underlying impairment of cognitive function by chronic
morphine treatment.
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