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AMPA-type glutamate receptors have been suggested to be
involved in the neurobiological mechanisms of drug addiction.
We have made use of two mouse lines, which both have
modulated AMPA receptor responses. The first line is entirely
deficient in glutamate receptor-A (GluR-A) subunits (A2/2
knock-out line) and, in the second one, the Q582 residue of
GluR-A subunits is replaced by an arginine residue (R/R mu-
tants), which reduces the calcium permeability and channel
conductance of the receptors containing this mutated subunit.
Mice of both lines are healthy, but they show slightly increased
locomotor activity. Acute morphine administration enhanced
locomotor activity of the GluR-A2/2 and GluR-A(R/R) mice, at
least as much as that of their wild-type littermates. Only in the
GluR-A2/2 mice did we observe reduced tolerance develop-
ment in tail-flick antinociception and less severe naloxone-
precipitated withdrawal symptoms after treatment with increas-
ing morphine doses, without differences in plasma and brain

morphine levels when compared with wild type. Repeated daily
morphine administration sensitized the locomotor activity re-
sponses in the GluR-A2/2 and GluR-A(R/R) mice only when
given in the measuring cages, whereas the wild-type mice
showed slightly increased responses also when the repeated
treatment was given in their home cages. Normal or even
enhanced context-dependent sensitization was observed also
with repeated amphetamine administration in the GluR-A
subunit-deficient mice. The results indicate that AMPA recep-
tors are involved in the acute and chronic effects of morphine,
including context-independent sensitization, and that the
GluR-A subunit itself is important for morphine tolerance and
dependence.
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Addiction to chemical substances develops in a set of molecular
events in the brain. First, all addictive substances act on primary
molecular targets, some of them being already well characterized
(Rodriguez de Fonseca and Navarro, 1998; Self, 1998; Self and
Nestler, 1998; Merlo Pich et al., 1999). Opiates require specific
G-protein-coupled receptors for their efficacy, e.g., morphine is
acting primarily on m-opioid receptors (Matthes et al., 1996).
Second, the mesolimbic dopaminergic system has been suggested
to be a pathway, which is activated by most addictive drugs
(Bardo, 1998; Koob et al., 1998; Everitt et al., 1999; Leshner and
Koob, 1999). Third, repeated usage of addictive drugs, producing,
for example, behavioral sensitization, leads to multiple adaptive
neuronal responses, some of these adaptations including perma-
nent changes in synaptic structures (Robinson and Kolb, 1997,

1999). The adaptive responses require altered gene expression
(Koob et al., 1998; Berke and Hyman, 2000; Nestler, 2000). Some
of these adaptive processes may thus serve as acquired molecular
twitches, making a subject prone to develop dependence to chem-
ical substances on repeated usage.

One interesting candidate protein that has been shown to be
upregulated in the brains of animals addicted to morphine and
other drugs of abuse is a subunit of AMPA-type glutamate
receptors, namely GluR-A subunit (Fitzgerald et al., 1996). Drug-
induced changes in GluR-A subunit in various brain regions have
been observed at both protein and mRNA levels (Lu et al., 1997;
Churchill et al., 1999; Lu and Wolf, 1999; Jang et al., 2000),
indicating that GluR-A subunit-containing AMPA receptors
might be involved in the activation of brain pathways associated
with a drug-sensitized state. Importantly, Carlezon et al. (1997)
have produced evidence that viral-mediated upregulation of
GluR-A subunit levels in the ventral tegmental area, the origin of
mesolimbic dopaminergic pathway, is enough to mimic the
morphine-sensitized state in rats. This suggests a causal relation-
ship between the effects of drugs of abuse and behavioral effects
via GluR-A subunit-containing AMPA receptors (Carlezon et
al., 1997).

To provide additional genetic evidence of the involvement of
AMPA receptors in drug addiction, we investigated mice of two
lines, both of which have altered AMPA receptor responses. Both
lines were generated by gene-targeted modification of the mouse
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GRIA-1 gene. In mice of the GluR-A2/2 line, the GluR-A
subunit is not expressed at all, whereas mice of GluR-A(R/R)
line express the mutated version of GluR-A with glutamine
(Q582) replaced by an arginine (R). In principal neurons of the
hippocampus, most AMPA receptor channels are now formed by
subunits containing R582, and those channels are known to have
very low single-channel conductance (Burnashev et al., 1992;
Swanson et al., 1997). In interneurons, which lack the GluR-B
subunits, we expect no reduction of AMPA currents but a shift to
less Ca21-permeable channels. We found that these novel mouse
models do show responses to morphine and D-amphetamine,
although in a different manner from their wild-type littermate
controls, which clarifies the role of AMPA receptors in the effects
of and in the neuronal adaptation to drugs of abuse.

MATERIALS AND METHODS
Generation of GluR-A2/2 and GluR-A(R/R) mice. GluR-A2/2 mice
were generated as described previously (Zamanillo et al., 1999). GluR-
A(R/R) mice were created by targeted GluR-A mutagenesis in R1
mouse embryonic stem (ES) cells (Nagy et al., 1993). The targeting
vector pFCII-R contained 10.7 kb of the murine GluR-A gene (GRIA1)
with parts of introns 10 and 11 and mutated exon 11, numbered according
to the GluR-B gene (Kohler et al., 1994) (Fig. 1). The Q582 to R582

mutation (CAG to CGG) was introduced by PCR in an exon 11-
containing plasmid. An NsiI-BglII wild-type fragment from the construct
was substituted by an NsiI-BglII segment encoding the CAG to CGG
mutation. The neo selection marker ploxPneo3 (Single et al., 2000) was
inserted into an EcoNI site, 700 bp into intron 11. In addition, in 225
nucleotides upstream of exon 10, a 28 bp PflMI fragment was substituted
by a 34 bp loxP site. ES cells (R1) were electroporated with the targeting
vector and linearized at the unique HindIII site in the polylinker, and five
positive clones were identified by PCR with primers P1 and P2 (Zama-
nillo et al., 1999) and confirmed by Southern blotting with a 162 bp SacI
fragment of intron 10 as 59 outside probe. One positive ES cell clone was
transfected with a Cre recombinase expression vector (pMC-Cre) (Gu et
al., 1993), and clones with two loxP sites and without neo selection
marker in the modified GluR-A allele were identified by PCR with
primer pair int59 (GGT AAT ATG CTG TCA AGA TGC) and loxP0
(ACT CGA GGG ACC TAA TAA CTT CG). The positive clones were
confirmed by using a second primer set int59 and P3 (Zamanillo et al.,
1999). This primer pair identified the mutated and wild-type allele (a 60
nucleotide shorter product) by PCR. Cre-mediated deletion of the neo
gene was confirmed by Southern blotting using the 162 bp SacI fragment
described above. Subclone 57.4 was injected into C57BL/6 blastocysts,
chimeric animals were backcrossed to C57BL/6, and intercrosses pro-
duced 25% GluR-A(R/R) mice.

Homozygous GluR-A(R/R) showed normal expression levels of the
mutated GluR-A(R) subunit in the forebrain, whereas the GluR-A2/2
animals lacked the subunit protein (Fig. 1). However, similar to the
GluR-A2/2 animals (Zamanillo et al., 1999), their AMPA receptor-
mediated currents in somata of CA1 pyramidal cells were at least 10-fold
reduced (T. Borchardt and R. Sprengel, unpublished observations).

The mouse lines were constructed and backcrossed three times with
C57BL/6 mice in Germany, and breeding pairs were transferred to
Turku, Finland. The experimental animals were produced by heterozy-
gous mating from the F5–7 generations. The genotype of the animals was
checked out before behavioral experiments by PCR analysis of tail-tip
DNA (Brusa et al., 1995). Primer pair MH60 (CAC TCA CAG CAA
TGA AGC AGG AC) and P3 amplified a 215 bp fragment from the
wild-type allele and a 250 bp fragment from the GluR-A(R) allele.
Primer combination 1005 (AAT GCC TAG TAC TAT AGT GCA CG)
and P3 was used to get a 1500 bp fragment from the wild-type allele and
a 275 bp fragment from the GluR-A2 allele.

Animal care was in compliance with the institutional guidelines at the
animal facility of the Center for Molecular Biology (Heidelberg, Ger-
many). Transgenic manipulations were performed according to a license
(37–9185.81/35/97) of the Regierungspräsidium (Karlsruhe, Germany).

In Turku, adult mice were maintained in individual polypropylene
cages (20 3 10 3 15 cm) in a facility artificially illuminated from 7:00
A.M. to 7:00 P.M. with air conditioning (21 6 1 oC) and relative
humidity of 50–60%. Tap water and rodent pellets (Special Diet Service;
Witham, Essex, UK) were available ad libitum. All experimental proto-
cols were approved by the Institutional Animal Care and Use Committee
of the University of Turku. In most experiments, both male (weight of
28–38 gm) and female (weight of 20–28 gm) animals were used from all
lines because, in preliminary experiments, we failed to detect any gender
differences in locomotor activity or nociception (see Results).

Gene expression analysis. Reverse transcription (RT)-PCR amplifica-
tion of GluR-A mRNA sequences was performed with primers exon9
(GTC CAG AAT AGA ACC TAC ATC G) and exon12 EcoRI (GTG
AAT TCT GCT TCC AAT GTG CCA TAA GC) to amplify a 800 bp
DNA fragment. The origin of PCR fragments was determined by BbvI
restriction enzyme digestion, which produced 471, 120, 106, and 103 bp
fragments for wild type, and 577, 120, and 103 bp fragments for mRNA
derived from the mutated GluR-A(R) allele. For quantitative analysis,
pictures of ethidium bromide-stained gels were digitized by scanning (Gt
9600; Epson, Long Beach, CA), and the densiometric analysis was
performed by Image Gauge version 3.0 (Fujifilm, Tokyo, Japan). It
revealed 42% GluR-A(R) mutant mRNA expression relative to total
GluR-A mRNA, instead of the expected 50%. The slightly reduced
expression level of the mutant allele is probably attributable to the
insertion of loxP sites in intron 10 and 11.

Immunoblotting. Isolated hippocampi were homogenized in 0.32 M
sucrose and 5 mM HEPES, pH 7.4, containing a cocktail of protease
inhibitors (Complete; Boehringer Mannheim, Mannheim, Germany),
and centrifuged for 15 min at 3000 3 g. The supernatant was subse-
quently centrifuged for 30 min at 10,000 3 g. The pellet was resuspended
in 1% SDS, and the amount of total protein was determined (Pierce,

Figure 1. Generation of GluR-A(R/R) mice. A, Representation of the
GluR-A subunit and of GluR-A1, GluR-A(R neo), GluR-A(R), and
GluR-A gene fragments. Black boxes represent putative membrane seg-
ments M1 to M4. For the gene segment, open boxes represent exonic
sequences and the PGK-NEO gene (neo). loxP sites are shown by trian-
gles. Two filled circles in GluR-Aneo indicate 59 and 39 ends of the targeting
construct. Positions of BamHI (B) and HindIII (H ) restriction enzyme
recognition sites are given. The 260 bp genomic SacI fragment used as
probe for the genomic Southern blot is depicted as a black bar. P1 and P2
arrows represent primers used for screening of the targeted allele. ES cell
clones were confirmed by using the primer set int59 and P3. B, Southern
blot analysis of BamHI-digested genomic ES cell DNA derived from ES
cell colonies, which were injected into blastocysts. The GluR-A1 and
GluR-A(R) alleles are visualized as 7.2 kb, the targeted GluR-A(R neo) as
9.2 kb, and the GluR-A2 allele as 5.7 kb fragments, respectively. Positions
of the molecular weight marker in kilobase pairs are given on the lef t. C,
RT-PCR on total brain mRNA derived from mice with genotypes as
indicated using primers exon9 and exon12EcoRI to amplify a 800 bp
fragment. By BbvI digestion (b), GluR-A and GluR(R) mRNA derived
fragments of 471, 120, 106, and 103 bp and of 577, 120, and 103 bp can be
visualized by ethidium bromide staining in a 1% agarose gel. Size markers
in kilobases are given on the lef t. D, Immunoblot analysis demonstrating
the expression of the GluR-A(R) subunit in brains of GluR-A(R/R) mice.
Membrane proteins of forebrain from genotypes as indicated were sepa-
rated in 8% SDS-polyacrylamide gel and visualized by anti-GluR-A
antibody. The molecular weight marker in kilodaltons is given on the lef t.
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Rockford, IL). For each sample, 20 mg of total membrane protein was
resolved on an 8% SDS-polyacrylamide gel, and the separated proteins
were transferred to nitrocellulose membranes. Blots were probed with
anti-GluR-A polyclonal antibody at 1 mg/ml (Chemicon, Temecula, CA),
followed by horseradish peroxidase-linked anti-rabbit secondary antibod-
ies. The enhanced chemiluminescence method (ECL; Amersham Phar-
macia Biotech, Buckingamshire, UK) was used to detect GluR-A. To
verify that equal amounts of protein were loaded in each lane, the lower
part of the SDS-polyacrylamide gel was cut off before semidry electrob-
lotting and Coomassie blue-stained, and then the image was densito-
metrically analyzed (NIH Image version 1.56; data not shown).

Determination of locomotor activity. The horizontal locomotor activity
(ambulation) of the mice was measured in animals placed in transparent
25 3 42 3 19 cm plastic cages equipped with computer-controlled
photocells automatically monitoring the movements (Photobeam Activ-
ity System; San Diego Instruments, San Diego, CA). The cages were
arranged on the shelves and illuminated by artificial lights with an
average intensity of 290 lux. Locomotor activity was recorded for 5 min
periods (time course) and then calculated for the total test time (total
locomotor activity, usually for 120 min).

Determination of tail-flick latencies. The mouse was lightly restrained,
and its tail (2 cm from the base) was exposed to a focused infrared heat
beam (intensity set to 50; Ugo Basile, Comerio, Italy). The animal could
voluntarily terminate the noxious stimulation by flicking its tail, and the
latency to this reaction was then recorded. An animal that failed to
respond in 10 sec (cutoff time) was removed from the apparatus and
assigned the latency of 10 sec. On the test day (the first and ninth day of
chronic morphine treatment), baseline tail-flick latencies were first mea-
sured twice for each animal. Saline (10 ml/kg, s.c.) or morphine (5
mg/kg) was injected after the baseline measurements, and the mice were
retested 30 and 60 min after the injections in two trials for tail-flick
latencies. Tail-flick latencies were converted to percentage of the maxi-
mal possible effect (MPE). The individual antinociceptive values
(%MPE) were calculated according to the formula: [(Texp 2 TBL) 3
100]/(10 2 TBL), where Texp is the tail-flick latency and TBL the baseline
latency.

Determination of withdrawal signs. Naloxone-precipitated opioid with-
drawal symptoms were determined using a cylinder test. The observa-
tions were performed in six identical glass cylinders (diameter of 20 cm;
height of 40 cm) by video recording. The behavioral parameters (number
of jumps, digging, stretches, “wet dog”-like shakes, forepaw tremor,
forepaw treading, head twitch, writhing and the presence of ptosis,
piloerection, and diarrhea) were monitored from the video recordings for
15–25 min after naloxone injection. The body weights were measured
before the naloxone injection, and 20 and 60 min after it. One score point
was given of each parameter, and the total number of score points was
calculated for each mouse (Malin et al., 1992). Withdrawal-induced
changes in the total scores of the morphine-treated mice were compared
with naloxone-induced behavioral and somatic symptoms in saline-
treated control mice.

Morphine treatment reg imens. Acute sensitivity of each mouse line to
morphine-induced locomotion was assessed in locomotor cages using
animals that had been habituated to the measuring cage for 2 hr/d on 3
preceding days. Animals were injected subcutaneously with saline (10
ml/kg) and 3, 10, and 30 mg/kg morphine hydrochloride (European
Pharmacopoeia), and the locomotor activity was recorded immediately
for 2 hr. A 1 d interval was kept between the increasing doses.

Sensitization to repeated morphine was assessed in the following
manner to find out the dependency on the environmental context of the
treatment. First, all experimentally naı̈ve animals were adapted to loco-
motor boxes for 2 hr/d on 3 preceding days. Then, all animals received 3
mg/kg subcutaneous morphine and, immediately after the injection, their
locomotor activities were monitored for 2 hr (test 1). This locomotor
activity reflected the initial sensitivity to a low morphine dose, which
afterward was compared with the activity induced by the same morphine
dose after repeated morphine treatment. Repeated morphine treatment
was performed using the following regimen. One day after test 1, the
animals were randomly divided into paired (P), unpaired (UP), and
control (C) groups. Each group received two injections per day with 10
hr intervals. For the P group, the first injection between 9:00 and 10:00
A.M. (10 mg/kg morphine) was given in locomotor cages, in which the
mice stayed for 2 hr after the injection, and after the second (saline)
injection these animals remained in their home cages. The UP group
received the injections on the opposite schedule. Morphine was given in
home cage, whereas saline injection was followed by 2 hr in the locomo-

tor cages. The C group received saline injections in both home cages and
locomotor cages. Finally, retests of 3 mg/kg morphine-induced activity
were performed at 24 hr (test 2) and 5 d (test 3) after the last injection
of day 6 as described for test 1.

Development of tolerance and dependence to morphine was assessed
during a 9 d regimen (Belozertseva et al., 1996). On day 1, the mice were
randomly divided into two treatment groups (morphine and saline
groups). Before the drug treatment, all mice were tested with a tail-flick
test for the sensitivity to analgesic action of morphine (5 mg/kg). Ten
hours after this test, the morphine group received morphine (10 mg/kg,
s.c.), and the saline group received the equivalent volume of saline (10
ml/kg). During the next 7 d, the morphine group received twice daily at
9:00 A.M. and 6:00 P.M. increasing subcutaneous doses of morphine
according to the following schedule (in mg/kg): day 2, 20; day 3, 30; day
4, 40; day 5, 50; day 6, 60; day 7, 70; and day 8, 80. The control group
received saline at the same schedule. Body weights were determined
every second day. The first injection of morphine on day 9 was 5 mg/kg,
and the tail-flick test was performed after 30 and 60 min to assess the
development of tolerance. Immediately after the test, the morphine
group received additionally 95 mg/kg morphine to reach the cumulative
dose of 100 mg/kg. The second injection on day 9 was omitted. On day
10 (24 hr after the last dose of morphine), all groups were treated with
naloxone hydrochloride (0.4 mg/kg, s.c.; Research Biochemicals, Natick,
MA) to determine the severity of morphine withdrawal symptoms as
described above.

The development of morphine dependence was repeated with GluR-
A2/2 mutants and their littermates by using a slightly modified proce-
dure (Matthes et al., 1996). During 6 d, the morphine groups of both
lines received subcutaneous doses of morphine twice daily as follows (in
mg/kg): day 1, 20; day 2, 40; day 3, 60; day 4, 80; day 5, 100; and day 6,
only a morning dose of morphine (100 mg/kg) was given. Control groups
were treated with saline under the same conditions. The withdrawal
symptoms were precipitated to all mice 2 hr after the last morphine or
saline injection by naloxone (1 mg/kg, s.c.) and evaluated for a period of
25 min as described above.

Amphetamine and dizocilpine administrations. On 3 consecutive days,
the mice were adapted to locomotor boxes for 2 hr/d. For drug treatment,
the mice of each line were divided into two groups, which received
subcutaneously either saline (10 ml/kg) or D-amphetamine sulfate (2
mg/kg; Sigma, St. Louis, MO) daily. After the injection, half of the
animals were immediately tested in familiar locomotor boxes (paired
groups), whereas the others remained as unpaired controls being trans-
ferred to their home cages after the injection. The treatment was re-
peated on the following 4 d. The test for sensitization to amphetamine-
induced locomotor activity was performed 5 d after the last injection.
The amphetamine-treated groups received amphetamine (0.5 mg/kg).
The saline groups of each line were divided into two groups that were
treated with either saline or amphetamine (0.5 mg/kg). GluR-A(R/R)
mice were studied only in the paired protocol.

Adaptation of the mice to locomotor boxes was performed for 1 hr on
the day before the experiment began and before each drug session. Acute
effect of (1)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-
imine maleate (dizocilpine; MK-801) (Sigma) on locomotor activity of
knock-out mice and their littermates was tested by Latin square design
using the following intraperitoneal doses: 0.1, 0.3, 0.5, and 1.0 mg/kg.

Determination of morphine concentrations in plasma and brain. Male
GluR-A2/2 mice and their controls were injected with 10 mg/kg mor-
phine. The mice (n 5 7–8 per group) were decapitated 30 or 90 min later,
and brains were dissected and rapidly frozen to dry ice. Trunk blood was
collected into heparinized tubes and centrifuged. Brain tissues and
plasma were stored at 220°C until assayed. Before analyses, brains were
homogenized mechanically (Ultra-Turrax; Janke & Kunkel GmbH,
Staufen, Germany) in 0.1 M perchloric acid (Merck, Darmstadt, Ger-
many) and added up to a total of 4 gm. Morphine in rat plasma and brain
were determined by an HPLC method using an electrochemical detection
(Zharkovsky et al., 1999).

Statistical analyses. Statistical analysis was conducted using SAS-STAT
software (release 6.11; SAS Institute, Cary, NC). Analysis of the descrip-
tive statistics procedure by the SAS-STAT Univariate procedure dem-
onstrated that some of the data were not distributed normally (Wilks–
Shapiro’s test). The distribution-free three-factorial ANOVA was
conducted using a combination of the rank and general linear model
(GLM) procedures. Repeated-measures design was applied when neces-
sary. Briefly, data were ranked, and the ranks were later subjected to
ANOVA (GLM procedure for unbalanced design with unequal group
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size). For conditioned sensitization experiment, the factors were as
follows: 1, strain (knock-outs or their wild-type littermates); 2, treatment
(levels of paired, unpaired, or control); and 3, test day (test 1 or test 2,
test 1 or test 3). For tolerance and dependence experiment, the factors
were as follows: 1, strain; 2, treatment (morphine or saline); and 3, test
day (before the chronic administration or after it). For analysis of acute
locomotor effect by various drugs, two-factorial analyses were used, with
the following factors: 1, strain; and 2, dose. Duncan’s or Dunnett’s tests
were conducted for post hoc analyses of between-group comparisons
(only when ANOVA revealed significant main effects). Null hypothesis
was rejected at the p , 0.05 level.

RESULTS
GluR-A subunit-deficient mice have increased
locomotor activity in a novel environment
In agreement with Zamanillo et al. (1999), GluR-A2/2 mice
were slightly hyperactive when placed in a novel environment of
locomotor cages compared with their littermate, wild-type con-
trols (F(1,79) 5 53; p , 0.0001) (Fig. 2). When the measurement
was repeated daily, both knock-out and wild-type mice showed
clear habituation, but a slight difference in ambulation still pre-
vailed. The mice with genetically impaired GluR-A subunits
(R/R mutants) were also slightly hyperactive compared with their
littermates (F(1,64) 5 25; p , 0.0001) (Fig. 2), and, also in these
mice, habituation to repeated exposure to novel cages was
detected.

In both line pairs, the locomotor activity difference was present
in both sexes [the gender factor was not significant for the loco-
motor activity counts: GluR-A2/2 mutants and their littermates,
F(1,79) 5 0.38, NS; GluR-A(R/R) mutants and their littermates,
F(1,64) 5 2.2, NS]. In all following experiments, except for using
only males in the determination of morphine pharmacokinetics
and the effects of MK-801 (see below), approximately equal
number of males and females were used. No significant gender

effects were detected in any of the experiments (statistics not
shown).

Morphine-induced locomotor activity is slightly
enhanced in GluR-A2/2 mice
Acute injection of morphine dose dependently increased locomo-
tor activity in habituated animals of all mouse lines (GluR-A2/2
and controls, F(3,120) 5 35, p , 0.0001; GluR-A(R/R) mutants
and controls, F(3,64) 5 78, p , 0.0001) (Fig. 3). The responses of
GluR-A2/2 mice to morphine (F(3,120) 5 15; p , 0.001), but not
those of GluR-A(R/R) mutants (F(3,64) 5 1.2; p . 0.05), were
significantly bigger than those of the wild type. However, the
baseline values of the GluR-A2/2 mice were higher than those of
their controls (Dunnett’s test; p , 0.05), and no interaction
between the line and treatment factors was found (F(3,120) 5 1.35;
p . 0.05).

Reduced morphine tolerance and withdrawal in
GluR-A2/2 mice
To test the development of morphine tolerance, the mice were
first tested for the antinociceptive action of 5 mg/kg morphine
using the tail-flick latency test, a reproducible and robust test for
morphine efficacy that has been demonstrated to be affected by
AMPA receptor antagonists in chronic studies (Kest et al., 1997).
The baseline latencies were similar in all mouse lines (Fig. 4A),
except for slightly longer latencies of the GluR-A2/2 mice in the
first trial. The test dose of morphine was antinociceptive in all
animals. Repeated treatment with escalating doses of morphine
produced significant tolerance to the antinociceptive effect of
morphine in all mouse lines, except for the GluR-A2/2 mice, in
which morphine still produced a clear antinociception (F(1,84) 5
4.17, p , 0.05 and F(1,84) 5 4.15, p , 0.05 for the interaction

Figure 2. Spontaneous horizontal locomotor activity in a novel cage (first trial, A and C) and habituation to repeated exposures (third trial, B and D)
to the same environment in drug and handling naı̈ve GluR-A subunit-deficient mouse lines and their wild-type controls. The mouse line codes (with the
number of animals) are shown. Both mutant lines had higher activity than the wild-type controls, which can be seen in E, depicting the total activity
scores. Repeated trials demonstrated that all of the lines habituated to the test environment, but still on the third trial the mutants exhibited higher
activity than their controls. Points and bars indicate means 6 SEM. *p , 0.05 for the difference from the corresponding activity of the control line; #p ,
0.05 for the difference between the trials within a line; Duncan’s test.
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between GluR-A2/2 and control mice and drug treatment at 30
and 60 min tests, respectively) (Fig. 4B,C).

Thereafter, the same animals received naloxone (0.4 mg/kg) to
precipitate opioid withdrawal symptoms, which were scored for
their severity and frequency. In saline-treated animals, naloxone
did not induce any symptoms. All morphine-treated animals
showed some signs of withdrawal (Fig. 5A), but in GluR-A2/2
mice, the total scores were significantly lower than in wild-type
littermates (F(1,22) 5 6.13; p , 0.05). There was no difference
between the GluR-A(R/R) mutants and their wild types (F(1,24)

5 0.63; NS). In another dependence experiment using slightly
different morphine and naloxone doses, ANOVA detected an
interaction between the treatment (saline vs morphine) and
mouse line (GluR-A2/2 mice vs littermates) in the withdrawal
scores (F(1,27) 5 6.08; p , 0.05). The GluR-A2/2 mice had a
lower number of naloxone-precipitated symptoms than their lit-
termates after chronic morphine, but not after saline, treatment
(Fig. 5B). The withdrawal scores for mutants and wild types were
higher in this second experiment than in the first one (Fig. 5A),
but they were less severe because no weight loss or diarrhea were
detected in any of the mice.

The blood and brain concentrations of morphine were deter-
mined with HPLC in GluR-A2/2 mice and wild-type littermates
after a single morphine injection (10 mg/kg, s.c.). There were no
differences in the morphine levels in brain and blood plasma
samples (F(1,29) , 2.1, NS) between the genotypes, suggesting
similar absorption and elimination of brain morphine (Table 1).
This indicates that the differential behavioral responses to mor-
phine were attributable to factors other than pharmacokinetic
ones.

Context-dependent sensitization to morphine is
retained in the GluR-A subunit-deficient mice
To find out whether the environment in which the repeated
treatment with a moderate dose of morphine was performed
affected the responses of the mouse lines, we first tested all mice
with a low dose of morphine (3 mg/kg, s.c.). Then they received

five daily injections of morphine (10 mg/kg) in either the home
(unpaired) or locomotor activity (paired) cages, before being
retested with 3 mg/kg morphine. A saline control group was also
included. The alterations in ambulatory activity at the retest (test
1 vs test 2) was dependent on mouse line (GluR-A2/2 mutants
and their controls, F(1,158) 5 6.76, p , 0.05; GluR-A(R/R)
mutants and their controls, F(1,128) 5 4.23, p , 0.05) and the
treatment group (GluR-A2/2 mutants and their controls, F(2,158)

5 4.36, p , 0.05; GluR-A(R/R) mutants and their controls,
F(2,128) 5 5.31, p , 0.01). The results show that, in the GluR-
A2/2 and GluR-A(R/R) mutants, morphine-induced sensitiza-
tion took place effectively only in the P group, which had repeated
morphine injections in the same environment as the final testing
was performed (Fig. 6). These effects became clearer 5 d after the
repeated dosing (Fig. 6, Test3). The littermate controls showed
increased activity in response to morphine injection independent
of the environment of repeated morphine injections when com-
pared with the corresponding saline group. There was a small, but
significant sensitization to morphine test dose in the unpaired
control groups only when both wild-type groups were combined
( p , 0.05 between test 1 and test 3).

Context-dependent sensitization to D-amphetamine is
enhanced in GluR-A2/2 mice
To test whether stimulants affect differently the locomotor activ-
ity in GluR-A2/2 mice and their littermates, we used repeated
administration of D-amphetamine in context-dependent and
context-independent conditions. ANOVA indicated significant
mouse line (F(1,790) 5 6.81; p , 0.05) and treatment (F(3,79) 5
12.21; p , 0.05) effects (Fig. 7), with D-amphetamine inducing a
greater environment-dependent sensitization of locomotor activ-
ity in GluR-A2/2 mice than in wild-type littermates ( p , 0.05).
No significant D-amphetamine-induced context-independent sen-
sitization was observed in the GluR-A2/2 or littermate controls.
A tendency for increased context-dependent sensitization was
also observed in the GluR-A(R/R) mutants (tested only in the
paired protocol; data not shown), because the increase in
amphetamine-induced activity after repeated amphetamine ad-
ministration was significant only in the GluR-A(R/R) mutants
( p , 0.05). These results suggest that the GluR-A mutant mice
display strong context-dependent sensitization to stimulants, as
they do to morphine.

NMDA receptor-uncompetitive blockers induce a high loco-
motor activity (Ginski and Witkin, 1994; Velardo et al., 1998;
Sukhotina et al., 1999). We wanted to find out whether the
specific NMDA receptor-uncompetitive antagonist MK-801 af-
fects differentially the mutant mouse lines and their control lines.
However, the dose-dependent increase of ambulatory activity by
MK-801 was similar in both line pairs (drug effects: GluR-A2/2
male mice and their wild types, F(4,75) 5 21, p , 0.001; GluR-
A(R/R) male mice and their wild types, F(4,63) 5 35, p , 0.0001;
line effects: GluR-A2/2 male mice and their wild types, F(1,75) 5
2.93, NS; GluR-A(R/R) male mice and their wild types, F(1,63) 5
0.75, NS) (Fig. 8), suggesting that the NMDA receptor activity is
not altered in GluR-A mutant mice.

DISCUSSION
The actions of and adaptation to drugs of abuse are complex
neurobiological processes that have key neurochemical compo-
nents. The present findings clarify the role of one suggested
molecular factor, the GluR-A subunit of the AMPA-type gluta-
mate receptors in morphine-dependent behaviors. Our results

Figure 3. Dose dependency of acute subcutaneous morphine injection
on horizontal locomotor activity of GluR-A2/2 and wild-type control
mice (A) and on that of GluR-A(R/R) and wild-type control mice (B).
Number of animals is given in the figure, in which the bars indicate
means 6 SEM for total activities for 2 hr. All measurements were
performed after three habituation trials. *p , 0.05 for the difference from
the corresponding saline-treated (Sal ) group; Dunnett’s test. #p , 0.05
for the difference from the value for the corresponding control line;
Duncan’s test.
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confirm the previous suggestions that GluR-A subunits are oper-
ative in the process of sensitization to morphine (Fitzgerald et al.,
1996; Carlezon et al., 1997; Lu et al., 1997; Churchill et al., 1999;
Lu and Wolf, 1999) and extend those results by indicating that the

context-dependent sensitization is not eliminated by the loss of
those subunits, whereas the context-independent sensitization is.
Considering that context-dependent sensitization may resemble a
learning process, our results are in agreement with the normal
learning ability of these mice in spatial tasks (Zamanillo et al.,
1999) and with their normal habituation during repeated locomo-
tor activity (the present study). They also signify that environ-
mental factors have a strong influence on the effects of drugs of
abuse via molecular mechanisms and brain pathways that are
different from those operative in the direct drug actions. The
GluR-A subunit-deficient mice exhibited at least as high locomo-
tor responses to acute morphine administration as their litter-
mates but had reduced development of tolerance and reduced
emergence of withdrawal symptoms. This suggests that GluR-A
subunit-expressing neurons, perhaps the interneurons known to
express GluR-A but not GluR-B subunits (Geiger et al., 1995),
are involved in neurochemical pathways normally affected by
morphine.

The higher baseline locomotor activity of the GluR-A2/2
mice is a confounding factor in the present study with regard to
the sensitization phenomenon. However, for the interpretation of
the present results, this factor is not essential, because we had
another mouse line with impaired GluR-A subunit-mediated syn-
aptic transmission. The GluR-A subunits were engineered to

Figure 4. Tail-flick latencies in GluR-A subunit-deficient mouse lines and their wild-type controls in drug-free (A) and morphine-affected states (B, C).
A, Tail-flick latencies of the initial baseline trial and the trials 30 and 60 min after the injection of saline (Sal; 10 ml/kg, s.c.). B, C, Percentage of the
maximal possible effect (%MPE) at 30 and 60 min after saline or morphine (Mor; 5 mg/kg) injections in GluR-A2/2 and wild-type control mice (B)
and in GluR-A(R/R) and their control mice (C) before the chronic treatment and 15 hr after the last injection of 8 d of chronic morphine treatment
with escalating doses (Chr). The bars indicate means 6 SEM. *p , 0.05 for the difference from the corresponding acute morphine value; #p , 0.05 for
the difference from the corresponding control mouse line; Duncan’s test.

Figure 5. Naloxone-precipitated withdrawal symptoms after chronic
morphine administration. A, GluR-A2/2 and GluR-A(R/R) mutant
mice and their wild-type controls were treated with escalating morphine
doses for 9 d, and withdrawal symptoms were precipitated 24 hr after the
last injection by 0.4 mg/kg naloxone. The bars indicate mean 6 SEM
withdrawal scores (n 5 11–12) summed from the number of appearance
of the following symptoms within 15 min of the naloxone injection:
forepaw tremor, head twitch, writhe, diarrhea, lying, and forepaw tread-
ing. #p , 0.05 for the difference from the corresponding control mouse
line; Duncan’s test. Naloxone at this dose after saline treatment failed to
induce any of these symptoms in any of the mouse lines (data not shown).
B, GluR-A2/2 mice and their wild-type controls were treated with
escalating morphine (Mor) doses for 6 d, and withdrawal symptoms were
precipitated 2 hr after the last injection by 1.0 mg/kg naloxone. Saline
controls (Sal ) were treated similarly. The bars indicate mean 6 SEM
withdrawal scores (n 5 5–9) summed from the number of appearance of
the following symptoms within 25 min of the naloxone injection: jumps,
digging, forepaw tremor, head twitch, writhe, and lying. *p , 0.05 for the
difference from the corresponding saline value; Dunnett’s test. #p , 0.05
for the difference from the corresponding control mouse line; Duncan’s
test.

Table 1. Mean 6 SEM concentrations of morphine in plasma (ng/ml)
and brain (ng/gm) of GluR-A2/2 mice and their wild-type (WT)
controls 30 and 90 min after subcutaneous injection of 10 mg/kg
morphine (n 5 7–8)

Sample 30 min 90 min

Plasma
WT 995 6 243 255 6 23
GluR-A2/2 768 6 112 191 6 61

Brain
WT 169 6 12 125 6 6
GluR-A2/2 196 6 16 134 6 14

No statistically significant differences between the mouse lines; Duncan’s test; p .
0.05.
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express an arginine in their channel-forming loops critical for ion
selectivity, strongly reducing the calcium permeability and single-
channel conductance in the same way as in RNA-edited, arginine-
containing GluR-B subunits (Burnashev et al., 1992; Swanson et
al., 1997). Because GluR-A subunits are strongly expressed in
most interneurons with low GluR-B subunit expression (Geiger et
al., 1995), the GluR-A(R/R) mutants are expected to have a
major change in the cation selectivity of their AMPA responses
in the interneurons, because the mutant receptors are Ca21

impermeable. The GluR-A(R/R) mice, demonstrated to express
the GluR-A(R) protein in their brains (Fig. 1D), had only slightly
elevated locomotor activities at baseline but still showed elevated
responses to morphine selectively in the specific environmental
context. Furthermore, because these mice entirely lacked sensi-
tization when the treatment was repeated in home cages, the data
suggest that the wild-type GluR-A subunit-containing receptors
are needed for morphine sensitization in the absence of specific
environmental cues but not when environmental cues are present.
This is in line with the demonstration that viral vector-mediated
overexpression of GluR-A subunits in the rat brain (Carlezon et
al., 1997) without environmental cueing sensitizes the locomotor
responses of the animals to morphine.

Although the NMDA receptors have been implicated in the

development of tolerance to morphine, we failed to see any clear
differences in the locomotor actions of NMDA receptor blockade
by MK-801 between the mutant and their respective control lines.
As far as MK-801-induced locomotor activity is caused by block-
ade of basal function of the NMDA receptors, our results suggest
normal functioning of the NMDA component of the glutamate
system in GluR-A2/2 mice and fail to explain the diminution of
morphine tolerance by reduced NMDA receptor functioning.
Because in our study the tolerance and dependence to morphine
were lower in the absence of GluR-A subunits, but not when only
AMPA receptor functionality was compromised [GluR-A(R/R)

Figure 6. Effects of 6 d repeated morphine (10 mg/kg, s.c.) treatment on
horizontal locomotor activity of GluR-A2/2 (B) and GluR-A(R/R) (D)
mutant mice and their wild-type controls (A, C, respectively). The bars
indicate means 6 SEM (n 5 10–14) for ambulatory activity counts after
a morphine test dose of 3 mg/kg (subcutaneous), which normally induces
no clear locomotor stimulation. The tests were performed first with naı̈ve
but habituated animals (Test1), then 24 hr (Test2), and then 5 d after the
last morphine dose (Test3). In each mouse line, the treatment groups
consisted of the control saline-treated group (injected twice per day with
saline, once in home cages and once in locomotor activity cages), the
unpaired morphine group (saline in activity cages and morphine in home
cages), and the paired morphine group (morphine in activity cages and
saline in home cages). *p , 0.05 for the difference from the corresponding
saline control group; #p , 0.05 for the difference from the corresponding
activity counts in test 1; Dunnett’s test.

Figure 7. The effect of repeated D-amphetamine administration on
amphetamine-induced locomotor activity of GluR-A2/2 mutant mice
and their wild-type (WT ) controls. The mice were injected with 2 mg/kg
(subcutaneous) amphetamine or 10 ml/kg saline for 5 d in either loco-
motor activity cages (Paired) or home cages (Unpaired). After 5 d, imme-
diately before being transferred into locomotor activity cages, the saline-
treated animals received either saline injection (Saline) or 0.5 mg/kg
amphetamine (Control ), and the amphetamine-treated animals received
0.5 mg/kg amphetamine. The bars indicate mean 6 SEM (n 5 12–16)
horizontal activity counts for 2 hr sessions. *p , 0.05 for the difference
from the corresponding saline and control group; #p , 0.05 for the
difference from the corresponding control mouse line; Duncan’s test.

Figure 8. The effect of acute NMDA receptor blockade by MK-801 on
locomotor activity of GluR-A2/2 and GluR-A(R/R) mutant mice and
their wild-type controls. The mice received either saline (10 ml/kg, i.p.)
or different doses of MK-801, after which they were immediately trans-
ferred into locomotor cages for the determination of horizontal activity
counts for 2 hr sessions. The bars indicate mean 6 SEM for 11–20 animals
in GluR-A2/2 and control groups and for 10–13 animals in GluR-
A(R/R) and their control groups. *p , 0.05 for the difference from the
corresponding saline group; Dunnett’s test. There were no significant
differences between the mutants and their controls.
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mutants], it is likely that the mutant GluR-A(R) subunit can
normally mediate the AMPA-receptor adaptation under chronic
morphine, e.g., by increased membrane targeting. Whatever the
mechanism, this adaptation to chronic morphine is apparently not
coupled to GluR-A subunit-containing AMPA receptor-
mediated Ca21 conductance in the interneurons. It could involve
enhanced excitability of these neurons because of a putative
increase in GluR-A subunit-containing AMPA receptor channels
(Fitzgerald et al., 1996; Carlezon et al., 1997; Lu et al., 1997;
Churchill et al., 1999; Lu and Wolf, 1999), the process of which is
deficient in GluR-A2/2 mice.

There is recent evidence for potentiation of m-opioid agonist-
induced analgesia by AMPA receptor antagonists (Nishiyama et
al., 1998) and for an interaction between m-opioid and AMPA
receptor responses studied electrophysiologically in isolated spi-
nal dorsal horn neurons (Kolaj and Randic, 1996). It is thus likely
that these effects were deficient in GluR-A2/2 animals when
tolerance to morphine was assayed by the tail-flick test, although
acute morphine produced similar antinociception in the knock-
outs and their littermates. Detailed molecular events remain
unknown, and it is not clear whether mechanisms regulating
pathways important for morphine-induced hyperlocomotion are
homologous to the spinal dorsal horn nociceptive pathways and
pathways defining various withdrawal symptoms. However, it is
known that both m-opioid receptors and GluR-A subunits are
expressed widely in the forebrain regions (Sato et al., 1993;
Mansour et al., 1994), including the nucleus accumbens that is
implicated in locomotor stimulation by various drugs of abuse.
There is no evidence for direct molecular interaction between
m-opioid and AMPA receptors, and therefore, we think that the
AMPA receptor-containing neurons may be targets of neuronal-
depressing action of morphine, to which these neurons then adapt
by changes in AMPA receptors upon repeated morphine admin-
istration. The present animal model fails to assess the significance
of AMPA receptors in any given brain region for morphine
effects, because the expression of GluR-A subunit mutations was
under native promoters. Actually, the slight acute enhancement
of morphine effects in the GluR-A2/2 animals might be better
explained by reduced AMPA responses in the nucleus accumbens
than the ventral tegmental area. This would be consistent with the
results of Kelz et al. (1999) who showed that an increased level of
GluR-A subunit in the nucleus accumbens is associated with
aversion to cocaine-paired environment.

There are presently no AMPA receptor subtype-selective an-
tagonists, and therefore, it is difficult to assess whether our find-
ings are attributable to direct inactivation or malfunction of
GluR-A subunit-containing AMPA receptors or to indirect alter-
ations in neuronal circuitry caused by the primary receptor alter-
ation. It should be also noted that the findings of the present study
may be partly affected by the possible alterations in neuronal
development in GluR-A subunit-deficient mice, because these
subunits are expressed early in the brain development (Monyer et
al., 1991). However, several nonselective AMPA antagonists have
been studied and found to affect the development and expression
of behavioral sensitization to stimulants and opioids in various rat
and mouse models (Burns et al., 1994; Li et al., 1997; McLemore
et al., 1997; Mead and Stephens, 1998; Carlezon et al., 1999).
These results have established the involvement of the AMPA
receptors in behavioral sensitization and, therefore, our present
results on a new animal model are consistent with the previous
pharmacological studies. Additional studies are warranted to dis-
sect out the role of GluR-A subunit-containing AMPA receptors

in the acquisition and expression of primary rewarding effects and
other conditioned activity. The existence of context-dependent
sensitization of the GluR-A subunit-deficient mouse lines was not
restricted to opioids but could be observed also with amphet-
amine, and with this stimulant, the sensitization was actually
enhanced in GluR-A mutants compared with the wild types.
However, the same protocol with unpaired amphetamine admin-
istration schedule failed to induce any sensitization in the wild-
type (or GluR-A2/2) animals, preventing any conclusion on the
mechanisms of context-independent sensitization to stimulants.
Enhanced context-dependent sensitization to stimulants indicates
a wider role for AMPA receptors in adaptation to the effects of
drugs of abuse, in keeping with the proposition that the loss of
AMPA receptors in the ventral striatum, the main site of stimu-
lant action, should enhance context-dependent effects of stimu-
lants (Kelz et al., 1999).

The AMPA receptors are known to be rapidly regulated in
neuronal membranes (Turrigiano, 2000) during neuronal activity
and, therefore, they would seem to be suitable substrates for
neuronal plasticity and learning and memory. Our results support
the role of GluR-A subunit-containing receptors in plasticity
associated with the development of tolerance and dependence but
not in the development and/or expression of context dependency
of morphine-induced locomotor stimulation. The Ca21-
dependent processes, especially in GluR-B subunit-deficient in-
terneurons, are apparently only required for some of the
morphine-induced adaptations.
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