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NMDA receptors, an ionotropic subtype of glutamate receptors
(GluRs) forming high Ca21-permeable cation channels, are
composed by assembly of the GluRz subunit (NR1) with any
one of four GluRe subunits (GluRe1–4; NR2A-D). In the present
study, we investigated neuronal functions in mice lacking the
GluRe1 subunit. GluRe1 mutant mice exhibited a malfunction of
NMDA receptors, as evidenced by alterations of [3H]MK-801
binding as well as 45Ca21 uptake through the NMDA receptors.
A postmortem brain analysis revealed that both dopamine and
serotonin metabolism were increased in the frontal cortex and
striatum of GluRe1 mutant mice. The NMDA-stimulated [3H]do-
pamine release from the striatum was increased, whereas
[3H]GABA release was markedly diminished in GluRe1 mutant
mice. When (1)bicuculline, a GABAA receptor antagonist, was
added to the superfusion buffer, NMDA-stimulated [3H]dopam-
ine release was significantly increased in wild-type, but not in

the mutant mice. GluRe1 mutant mice exhibited an increased
spontaneous locomotor activity in a novel environment and an
impairment of latent learning in a water-finding task. Hyperlo-
comotion in GluRe1 mutant mice was attenuated by treatment
with haloperidol and risperidone, both of which are clinically
used antipsychotic drugs, at doses that had no effect in wild-
type mice. These findings provide evidence that NMDA recep-
tors are involved in the regulation of behavior through the
modulation of dopaminergic and serotonergic neuronal sys-
tems. In addition, our findings suggest that GluRe1 mutant mice
are useful as an animal model of psychosis that is associated
with NMDA receptor malfunction and hyperfunction of dopa-
minergic and serotonergic neuronal systems.
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NMDA receptors, a subtype of glutamate receptors (GluRs), play
an important role in excitatory neurotransmission, synaptic plas-
ticity, and brain development. They are inherent ligand-gated
cation channels with high Ca21 permeability, which are com-
posed by assembly of the GluRz subunit (NR1) with any one of
four GluRe subunits (GluRe1–4; NR2A-D). Although the GluRz
subunit exists in the brain at all developmental stages, GluRe
subunits are expressed in distinct temporal and spatial patterns
(Mayer and Westbrook, 1987; Hollmann and Heinemann, 1994;
Nakanishi and Masu, 1994).

The diverse functions of NMDA receptor subunits have been
demonstrated in mice lacking particular subunits by a gene-
targeting recombination technique. GluRz mutant mice showed a
deficit of all NMDA receptors and perinatal death (Forrest et al.,
1994; Li et al., 1994), suggesting that the GluRz subunit is an
essential molecule in NMDA receptors and in brain develop-
ment. Perinatal death was also found in GluRe2 mutant mice

(Kutsuwada et al., 1996) but not in GluRe4 mutant mice that
showed a reduced spontaneous activity (Ikeda et al., 1995). Mice
lacking postnatal GluRe1 or GluRe3 are viable: impairments of
hippocampal long-term potentiation (LTP) and spatial learning
were observed in GluRe1 mutant mice (Sakimura et al., 1995),
whereas GluRe3 mutant mice exhibited no deficiencies
(Ebralidze et al., 1996). These findings suggest that GluRe sub-
units are major determinants of the functional roles of NMDA
receptors.

Pharmacological studies have revealed that blockade of NMDA
receptors in vivo causes behavioral abnormalities accompanied by
the functional alteration of monoaminergic neuronal systems. For
example, noncompetitive NMDA receptor antagonist MK-801 or
phencyclidine (PCP) induces characteristic behavioral syndromes
in animals, including hyperlocomotion and stereotypy, which are
accompanied by an increase in dopaminergic and serotonergic
neuronal activities in various brain regions (Hiramatsu et al.,
1989; Loscher et al., 1991). Genetic evidence has recently been
obtained in mice with reduced GluRz subunit (Mohn et al., 1999).
The mutant mice display behavioral abnormalities, which are
similar to those observed in rodents treated with NMDA receptor
antagonists. The behavioral alterations in the mutant mice were
ameliorated by treatment with haloperidol or clozapine, antipsy-
chotic drugs that block dopaminergic and serotonergic receptors.
Accordingly, the mutant mice with reduced GluRz subunit are
proposed as a new animal model for schizophrenia, which has
been hypothesized to be associated with NMDA receptor dys-
function (Javitt and Zukin, 1991; Tamminga, 1998) and the
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hyperfunction of dopaminergic and serotonergic neuronal sys-
tems (Seeman et al., 1976; Meltzer, 1991).

In the present study, we investigated the alteration of neuronal
functions in mice lacking the GluRe1 subunit. The [3H]MK-801
binding and the 45Ca21 uptake through the NMDA receptors
were measured to examine the functional alterations of NMDA
receptors in GluRe1 mutant mice. To demonstrate the modula-
tory effect of NMDA receptors on monoaminergic neuronal
systems, monoamine metabolism was evaluated from the tissue
contents of monoamines and their metabolites. The NMDA-
stimulated [3H]dopamine and [14C]serotonin releases were also
measured in GluRe1 mutant mice. Finally, we assessed the be-
havioral alteration and the effects of neuroleptics on this alter-
ation in GluRe1 mutant mice.

MATERIALS AND METHODS
Animals. Mutant mice lacking the GluRe1 subunit of NMDA receptors
were provided by Sakimura et al. (1995). The homozygous GluRe1
mutant mice (2/2; 3-months-old) and the wild-type mice (1/1;
3-months-old) used in this study were obtained by crossing F13 heterozy-
gous GluRe1 mutant mice (1/2) having a 99.99% pure C57BL/6 genetic
background. The genotypes of mice were determined by tail biopsy and
PCR, using primers E1P1, 59-TCTGGGGCCTGGTCTTCAACA-
ATTCTGTGC-39 (the nucleotide residues 1766–1795 of GluRe1
cDNA), E1P2, 59-CTTCTTGTCACTGAGGCCAGTCACTTGGTC-39
(complementary to the residues 1921–1950), and NeoP1, 59-
GCCTGCTTGCCGAATATCATGGTGGAAAAT-39. The animals
were housed in plastic cages and were kept in a regulated environment
(24 6 1°C, 50 6 5% humidity), with a 12 hr light /dark cycle (lights on at
9:00 A.M.). Food and tap water were available ad libitum. All experi-
ments were performed in accordance with the Guidelines for Animal
Experiments of the Nagoya University School of Medicine. The proce-
dures involving animals and their care were conducted in conformity
with the international guidelines Principles of Laboratory Animal Care
(National Institutes of Health publication 85–23, revised 1985).

[ 3H]MK-801 binding. The GluRe1 mutant mice and the wild-type mice
were killed by decapitation, and brains were quickly removed and placed
on an ice-cold glass plate. The forebrain (minus the cerebellum and
brainstem) was rapidly dissected out, frozen, and stored in a deep freezer
at 280°C until assayed. [ 3H]MK-801 binding was measured as described
previously (Yoneda and Ogita, 1989, 1991), with a minor modification.
Briefly, frozen samples were thawed at room temperature and homoge-
nized in 40 volumes of 50 mM Tris-acetate buffer, pH 7.4, containing 1
mM EDTA using a Physcotron homogenizer. All further procedures
were performed at 4°C. The homogenates were centrifuged at 40,000 3
g for 30 min, and resultant pellets were washed three times with the same
volume of 50 mM Tris-acetate buffer, pH 7.4. The final pellets were
suspended in 30 volumes of 0.32 M sucrose, and the suspensions were
frozen at 280°C for no longer than 1 week until use. On the day of the
experiments, the frozen suspensions were thawed at room temperature
and treated with 0.08% Triton X-100 at 4°C (an approximate protein
concentration of 0.32 mg/ml) for 10 min with gentle stirring. The treat-
ment was terminated by centrifugation at 40,000 3 g for 30 min, and
pellets were washed five times with 40 volumes of 50 mM Tris-acetate
buffer, pH 7.4, followed by centrifugation at 40,000 3 g for 30 min. For
determination of [ 3H]MK-801 binding, an aliquot (0.3 mg of protein) of
the membrane preparations was incubated, in the presence or absence of
glutamate (10 mM), glycine (10 mM), and spermidine (1 mM), with 5 nM

(1)[3- 3H]MK-801 (22.5 Ci /mmol; NEN Life Science Products, Boston,
MA) in a total volume of 0.5 ml of 50 mM Tris-acetate buffer, pH 7.4, at
30°C for 16 hr. The incubation was terminated by the addition of 3 ml of
ice-cold 50 mM Tris-acetate buffer and subsequent filtration through a
Whatman GF/B glass filter under a constant vacuum. The filter was
rinsed with the same volume of ice-cold 50 mM Tris-acetate buffer three
times within 10 sec. Radioactivity retained on the filter was measured by
liquid scintillation spectrophotometry, at a counting efficiency of 57–
59%. Nonspecific binding was defined with 0.1 mM cold (1)MK-801
(Sigma, St. Louis, MO), and the specific binding accounted for .60% of
the total binding found in the absence of cold (1)MK-801.

45Ca 21 uptake. The GluRe1 mutant mice and the wild-type mice were

killed by decapitation, the brains were quickly removed, and the fore-
brain was dissected out on an ice-cold glass plate. The forebrains were
homogenized in 20 volumes of ice-cold 0.32 M sucrose at 4°C in a Teflon
glass homogenizer. All further procedures were performed at 4°C. The
homogenates were centrifuged at 1000 3 g for 10 min. The supernatants
were collected and then diluted 1:1 with basal buffer of the following
composition (in mM): 135 NaCl, 5 KCl, 1 CaCl2, and 10 HEPES,
pH-adjusted to 7.4 with Tris base, and centrifuged at 10,000 3 g for 15
min. The pellets were resuspended in basal buffer and used for the
45Ca 21 uptake assay. The synaptosome suspension (0.5 mg of protein)
was preincubated in a total volume of 450 ml of basal buffer, in the
presence or absence of (1)MK-801 (100 mM), at 37°C for 10 min. The
45Ca 21 uptake assay was initiated by adding 50 ml of prewarmed basal
buffer containing 1 mCi/ml 45CaCl2 (18.1 mCi/mg; NEN Life Science
Products), in the presence or absence of NMDA (100 mM), glycine (10
mM), and spermidine (1 mM) or high K 1 (45 mM; isomolar replacement
of NaCl with KCl). The reaction was terminated after 5 min by adding
3 ml of ice-cold basal buffer. The mixture was rapidly filtered under
vacuum over Whatman GF/B glass filters, and the filters were rinsed
twice with 3 ml of basal buffer. The radioactivity was determined by
liquid scintillation spectrophotometry at a counting efficiency of 90%.
Ca 21 uptake was defined by subtracting the uptake at 4°C.

Monoamine metabolism. The GluRe1 mutant mice and the wild-type
mice were killed by focused microwave irradiation for 1.5 sec at 5 kW, the
brains were quickly removed, and the prefrontal cortex, striatum, hip-
pocampus, and thalamus were dissected out on an ice-cold glass plate
according to the method of Glowinski and Iversen (1966). Each brain
region was rapidly frozen and stored in a deep freezer at 280°C until
assayed. The contents of monoamines and their metabolites were deter-
mined using an HPLC system with an electrochemical detector (Eicom,
Kyoto, Japan), as described by Noda et al. (1998). Briefly, each frozen
brain sample was weighed and homogenized with an ultrasonic processor
in 350 ml of 0.2 M perchloric acid containing isoproterenol as an internal
standard. The homogenates were placed in ice for 30 min and centri-
fuged at 20,000 3 g for 15 min at 4°C. The supernatants were mixed with
1 M sodium acetate to adjust the pH to 3.0 and injected into an HPLC
system equipped with a reversed-phase ODS column (Eicompak MA-5
ODS; 4.6 3 150 mm; Eicom) and an electrochemical detector. The
column temperature was maintained at 25°C, and the detector potential
was set at 1750 mV. The mobile phase was 0.1 M citric acid and 0.1 M

sodium acetate, pH 3.6, containing 14% methanol, 180 mg/ l sodium-L-
octanesulfonate and 5 mg/ l EDTA, and the flow rate was set at 1 ml/min.
The turnover of monoamines was calculated from the content of each
monoamine and their metabolites.

[ 3H]Dopamine, [ 14C]serotonin, and [ 3H]GABA release. The frontal
cortex and striatum in the GluRe1 mutant and the wild-type mice were
dissected and sliced in two directions at a thickness of 300 mm in a
McIlwain tissue chopper (Yamada et al., 1993). The cortical and striatal
slices were incubated at 37°C for 30 min in 2.5 ml of Krebs’–Ringer’s
solution buffer containing 1 mM [ 3H]dopamine (60.0 Ci /mmol; NEN Life
Science Products), 1 mM [ 14C]serotonin (52.3 mCi/mmol; NEN Life
Science Products), and 10 mM pargyline (Sigma). For [ 3H]GABA release,
the striatal slices were incubated in Krebs’–Ringer’s solution buffer
containing 1 mM [ 3H]GABA (36.2 Ci /mmol; NEN Life Science Prod-
ucts) and 100 mM amino-oxyacetic acid (Sigma). The composition of the
Krebs’–Ringer’s solution buffer was (in mM): 125 NaCl, 4.8 KCl, 25
NaHCO3, 1.2 KH2PO4, 1.2 CaCl2, 10 glucose, and 0.57 ascorbic acid,
gassed with 95% O2 and 5% CO2. After three washes, the cortical and
striatal slices were transferred to superfusion chambers and superfused
with Krebs’–Ringer’s solution buffer at a rate of 0.5 ml/min. After 60 min
of superfusion (t 5 60 min), 25 successive 2 min fractions were collected
(t 5 60 min to t 5 110 min). The cortical and striatal slices were exposed
to two separate 2 min stimuli with Krebs’–Ringer’s solution buffer
containing high K 1 (25 mM; isomolar replacement of NaCl with KCl)
starting at t 5 70 min and Krebs’–Ringer’s solution buffer containing
NMDA (100 mM) starting at t 5 90 min. After the superfusion, the
radioactive material remaining in the tissue slices was extracted with 0.1
M HCl. The radioactivity was then determined by liquid scintillation
spectrophotometry, followed by the fractional efflux rate of each fraction.

The NMDA-stimulated [ 3H]dopamine release from striatal slices was
also measured in the presence of (1)bicuculline, a GABAA receptor
antagonist. The [ 3H]dopamine-labeled striatal slices were superfused
with Krebs’–Ringer’s solution buffer containing 10 mM (1)bicuculline
(Sigma) until the end of the experiment. After 60 min of superfusion, the
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striatal slices were stimulated by NMDA (100 mM) for 2 min starting at
t 5 90 min, as described above.

Behavioral analyses. To measure locomotor activity in a novel environ-
ment, a mouse was placed in a transparent acrylic cage with a black
frosting Plexiglas floor (45 3 26 3 40 cm), and locomotion and rearing
were measured every 5 min for 120 min using digital counters with
infrared sensors (Scanet SV-10; Toyo Sangyo, Toyama, Japan).

The water-finding task was performed as described previously (Ichi-
hara et al., 1989, 1993; Nabeshima and Ichihara, 1993). Briefly, the
apparatus consisted of an open field (30 3 50 3 15 cm) with an alcove
(10 3 10 3 10 cm) in the middle of one of the long walls of the enclosure.
The inside was painted gray, and the floor of the open field was divided
into 15 identical squares with black lines. A drinking tube, identical to
that used in the home cage, was inserted into the center of the alcove
ceiling with its tip 5 cm (in the training trial) or 7 cm (in the test trial)
above the floor. The task consisted of two trials; a training trial (the 1st
day) and a test trial (the 2nd day). In the training trial, a mouse not
deprived of water was placed in one corner of the open field and allowed
to freely explore the training apparatus for 3 min. During this time, the
frequency of touching, sniffing, or licking of the drinking tube in the
alcove (number of approaches) was recorded. It should be noted that
water was not delivered from the drinking tube in the training trial.
Animals that did not begin exploring within 3 min or did not make
contact with the drinking tube during exploration were omitted from the
test trial. One of 13 GluRe1 mutant mice tested was excluded because of
this criterion, whereas none of wild-type mice (n 5 12) were excluded.
The mouse was immediately returned to the home cage after the training
trial and was deprived of water for 24 hr before the test trial. Nontrained
mice were prepared for comparison with the trained mice in terms of
their ability to find the water source in the same apparatus. In the test
trial, the trained mouse or a nontrained mouse was placed in the same
corner of the test apparatus. The time until the mouse moved out of the
corner and the time until the mouse entered the alcove were measured as
the starting latency and the entering latency, respectively. In addition,
the time between entering the alcove and drinking the water (finding
latency) was measured. Thus, latent learning was assessed by recording
the number of approaches in the training trial and starting, entering, and
finding latencies in the test trial.

Drugs. Haloperidol was purchased from Sigma. Risperidone was sup-
plied by Janssen Kyowa (Tokyo, Japan). Haloperidol and risperidone
were dissolved in distilled water containing two equivalent volumes of
tartaric acid. Haloperidol (0.003 or 0.01 mg/kg, p.o.) or risperidone (0.01
or 0.03 mg/kg, p.o.) was administered 60 min before the measurement of
locomotor activity in a novel environment.

Statistical analysis. All data were expressed as the mean 6 SEM.
Statistical differences between the GluRe1 mutant and the wild-type
mice were determined with Student’s t comparison test. In the analysis of
locomotion and rearing curves, statistical differences between the

GluRe1 mutant and the wild-type mice were determined by an ANOVA
with repeated measures. In the behavioral analysis using pharmacological
agents, statistical differences among values for individual groups were
determined by ANOVA, followed by the Student–Newmann–Keuls mul-
tiple comparisons test when F ratios were significant ( p , 0.05).

RESULTS
Function of NMDA receptors in GluRe1 mutant mice
A previous study has shown that NMDA receptor channel cur-
rent and LTP in the hippocampal CA1 region are reduced in
GluRe1 mutant mice (Sakimura et al., 1995). These findings
suggest that the targeted disruption of the GluRe1 subunit gene
results in an impairment of NMDA receptor function. To dem-
onstrate the functional alterations of NMDA receptors in
GluRe1 mutant mice, we first performed a radioligand-binding
assay using a noncompetitive NMDA receptor antagonist,
[ 3H]MK-801 (Fig. 1). The binding of [3H]MK-801 was deter-
mined in forebrain synaptic membranes treated with Triton
X-100 to deplete endogenous amino acids (Yoneda and Ogita,
1989, 1991). There was no difference in the basal specific binding
of [3H]MK-801 between wild-type and GluRe1 mutant mice. The
specific binding of [3H]MK-801 in both wild-type and GluRe1
mutant mice was markedly increased when the assay was per-
formed in the presence of 10 mM glutamate, glutamate plus 10 mM

glycine, or glutamate plus glycine plus 1 mM spermidine. Under
the stimulated conditions, there was significantly less specific
binding of [3H]MK-801 in GluRe1 mutant mice than wild-type
mice. The addition of glycine or spermidine alone did not change
the [3H]MK-801 binding in either of the mice (data not shown).

We next measured 45Ca21 uptake into forebrain synaptosomes
through NMDA receptors (Fig. 2). There was no difference in the
basal 45Ca21 uptake into synaptosomes between wild-type and
GluRe1 mutant mice, the value being 12.7 6 0.1 and 13.2 6 0.2
nmol/mg of protein per 5 min, respectively. When the assay was
performed in the presence of 100 mM NMDA, NMDA plus 10 mM

glycine, or NMDA plus glycine plus 1 mM spermidine, 45Ca 21

uptake was increased in both groups. However, 45Ca 21 uptake in

Figure 1. [ 3H]MK-801 binding in forebrain synaptic membranes of
GluRe1 mutant mice. Triton-treated forebrain synaptic membranes were
incubated with 5 nM [ 3H]MK-801 at 30°C for 16 hr, in the presence or
absence of 10 mM glutamate (Glu), Glu plus 10 mM glycine (Gly), or Glu
plus Gly plus 1 mM spermidine (SPD). Each column represents the
mean 6 SEM (n 5 4). *p , 0.05; **p , 0.01 versus wild (1/1).

Figure 2. NMDA-stimulated 45Ca 21 uptake into forebrain synapto-
somes of GluRe1 mutant mice. The forebrain synaptosomes were prein-
cubated at 37°C for 10 min, in the presence or absence of 100 mM MK-801.
The assay was initiated by adding prewarmed buffer containing 1 mCi/ml
45CaCl2 for 5 min, in the presence of 100 mM NMDA, NMDA plus 10 mM
Gly, or NMDA plus Gly plus 1 mM SPD. Each column represents the
mean 6 SEM (n 5 6). **p , 0.01, ***p , 0.001 versus wild (2MK-801).
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GluRe1 mutant mice was significantly lower than that in wild-type
mice under the stimulated conditions with NMDA or NMDA
plus glycine. There was no difference in 45Ca21 uptake between
the two groups when the assay was performed in the presence of
NMDA, glycine, and spermidine. The NMDA, glycine, and/or
spermidine-stimulated 45Ca21 uptake in both groups was antag-
onized by the addition of 100 mM MK-801. In contrast, there was
no difference in high K1 (45 mM)-stimulated 45Ca 21 uptake
between wild-type (6.5 6 0.2 nmol/mg of protein per 5 min) and
GluRe1 mutant mice (6.1 6 0.3 nmol/mg of protein per 5 min).
These results on the [3H]MK-801 binding and the NMDA-
stimulated 45Ca21 uptake suggest the malfunction of NMDA
receptors in GluRe1 mutant mice.

Monoaminergic neuronal activities in GluRe1
mutant mice
To investigate whether the targeted disruption of the GluRe1
subunit gene would affect the function of monoaminergic neuro-
nal systems, monoamine metabolism was assessed from the tissue
contents of monoamines and their metabolites in various regions
of the brain in GluRe1 mutant mice. As shown in Figure 3, A and
B, the ratios of homovanillic acid (HVA) to dopamine (DA) in
the frontal cortex and of 3,4-dihydroxyphenylacetic acid
(DOPAC) to DA in the striatum were significantly increased to
125.4 and 124.9%, respectively, in GluRe1 mutant mice compared
with in wild-type mice. Moreover, both in the frontal cortex and
striatum, the ratio of 5-hydroxyindoleacetic acid (5-HIAA) to
serotonin (5-HT) was increased in GluRe1 mutant mice, to 126.1
and 125.4%, respectively. On the other hand, the ratio of

3-methoxy-4-hydroxyphenylglycol (MHPG) to norepinephrine
(NE) was decreased in the hippocampus of GluRe1 mutant mice
(Fig. 3C). No changes in monoamine metabolism were observed
in the thalamus (Fig. 3D).

We next examined whether [3H]DA and [ 14C]5-HT release
induced by the activation of NMDA receptors is altered in
GluRe1 mutant mice (Fig. 4). The 100 mM NMDA-stimulated
[ 3H]DA release from striatal slices was significantly increased in
GluRe1 mutant mice, whereas no change in basal release was
observed (Fig. 4B). The [3H]DA release from cortical slices of
the mutant mice did not differ from that in wild-type mice (data
not shown). The NMDA-stimulated [14C]5-HT release from cor-
tical slices, but not striatal slices (data not shown), showed a
tendency to increase in GluRe1 mutant mice (Fig. 4A; p 5 0.067).
There was no difference in high K1 (25 mM)-stimulated [3H]DA
and [ 14C]5-HT release between wild-type and GluRe1 mutant
mice (data not shown). To clarify the mechanism of the enhanced
NMDA-stimulated [3H]DA release in the striatum of GluRe1
mutant mice, we examined the role of the GABAergic neuronal
system because it has been demonstrated that GABAergic neu-
rons exert an inhibitory effect on the NMDA-evoked DA release
in the striatum (Krebs et al., 1993). The NMDA-stimulated
[ 3H]DA release in wild-type mice was significantly increased in
the presence of 10 mM (1)bicuculline, a GABAA receptor antag-
onist, although there was no change in GluRe1 mutant mice. As
a result, NMDA-stimulated [3H]DA release in the presence of
(1)bicuculline was significantly reduced in GluRe1 mutant mice
compared with in wild-type mice (Fig. 4C). Accordingly, it is
suggested that in wild-type mice, NMDA-stimulated [3H]DA
release is tonically suppressed by the concomitant release of
GABA, the effect being mediated through GABAA receptors. In
the mutant mice, NMDA-stimulated GABA release may be de-
creased because of the malfunction of NMDA receptors, and as
a result, the NMDA-stimulated [3H]DA release was not affected
by treatment with (1)bicuculline. To prove this, we measured the
NMDA-stimulated [3H]GABA release in the striatum. As we
expected, the NMDA-stimulated [3H]GABA release from stria-
tal slices was markedly reduced in GluRe1 mutant mice compared
with wild-type mice (Fig. 4D).

These findings suggest that the disruption of the GluRe1 sub-
unit results in an enhancement of dopaminergic and serotonergic
neuronal activities, because of disinhibition of the GABAergic
input.

Locomotor activity in GluRe1 mutant mice
Locomotor activity in animals is regulated by the monoaminergic
neuronal systems, particularly dopaminergic and serotonergic
neuronal activities (Giros et al., 1996; Gainetdinov et al., 1999).
To clarify the behavioral influences of the altered monoaminergic
neuronal functions in GluRe1 mutant mice, we assessed locomo-
tor activity in a novel environment. The locomotor activity of
GluRe1 mutant mice in a novel environment was recorded by
counting the number of infrared sensor crossings for a 120 min
observation period (Fig. 5). During the first 60 min observation
period, GluRe1 mutant mice showed an increase in horizontal
(locomotion; Fig. 5A) and vertical (rearing; Fig. 5B) activities
compared with wild-type mice [ANOVA analysis with repeated
measures; F(1,22) 5 3.470, p 5 0.0002 (locomotion); F(1,22) 5
2.028, p 5 0.0265 (rearing)]. However, the increase that occurred
during the first 60 min period was reduced to the level of wild-
type mice during the next 60 min period.

To test the involvement of dopaminergic and serotonergic

Figure 3. Monoamine metabolism in various brain regions of GluRe1
mutant mice. The tissue contents of monoamine and its metabolite in
various brain regions were measured by HPLC with an electrochemical
detector. a, MHPG/NE; b, DOPAC/DA; c, HVA/DA; d, 5-HIAA/5-
HT. Each column represents the mean 6 SEM (n 5 7–8). *p , 0.05;
**p , 0.01 versus wild (1/1).
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neuronal systems in the increased locomotor activity, we exam-
ined the effects of a potent DA receptor antagonist, haloperidol,
and a DA/5-HT receptor antagonist, risperidone, in GluRe1
mutant mice (Fig. 6). Both drugs reduced the locomotor activity
in wild-type and GluRe1 mutant mice in a dose-dependent man-
ner. Haloperidol (0.003 mg/kg) and risperidone (0.01 mg/kg)
ameliorated the hyperlocomotion of GluRe1 mutant mice, at
doses that had no effect in wild-type mice [ANOVA analysis;
F(5,43) 5 18.806, p , 0.0001 (locomotion-haloperidol); F(5,43) 5
8.598, p , 0.0001 (rearing-haloperidol); F(5,51) 5 15.205, p ,
0.0001 (locomotion-risperidone); F(5,51) 5 8.111, p , 0.0001
(rearing-risperidone)]. These results suggest that the increase in
dopaminergic and serotonergic neuronal activities contributes to
the enhanced locomotor activity in GluRe1 mutant mice.

Latent learning in GluRe1 mutant mice
Previous studies indicated that spatial and contextual learning in
GluRe1 mutant mice is impaired as manifested by performance in
the Morris water maze and the contextual fear conditioning tasks
(Sakimura et al., 1995; Kiyama et al., 1998). To further explore a
possible change in cognitive function in GluRe1 mutant mice, we
examined performance in the water-finding task. Because mice
were not reinforced either positively or negatively by water in the
training trials of the water-finding task, their performance in the
test trial is dependent on latent learning, and selective attention
underlies the acquisition of latent learning (Cheal, 1980; Ichihara
et al., 1993). There was no significant difference in the number of
approaches between wild-type (n 5 12; 4.9 6 0.6) and GluRe1
mutant mice (n 5 12; 4.1 6 0.4). Figure 7 shows the performance

Figure 4. NMDA-stimulated [ 3H]dopamine, [ 14C]serotonin, and
[ 3H]GABA release in GluRe1 mutant mice. The cortical and striatal
slices were incubated with 1 mM [ 3H]DA, 1 mM [ 14C]5-HT, and 10 mM
pargyline at 37°C for 30 min. For [ 3H]GABA release, the striatal slices
were incubated with 1 mM [ 3H]GABA and 100 mM amino-oxyacetic
acid. After washes, the cortical and striatal slices were superfused with
Krebs’–Ringer’s solution buffer at 37°C and exposed to 25 mM KCl at
t 5 70 min and then to 100 mM NMDA at t 5 90 min for 2 min. For
[ 3H]DA release in the presence of (1)bicuculline (Bicu), the [ 3H]DA-
labeled striatal slices were superfused with Krebs’–Ringer’s solution
buffer containing 10 mM (1)bicuculline until the end of the experi-
ment. Each column represents the mean 6 SEM (n 5 7– 8). *p , 0.05;
***p , 0.001 versus corresponding wild (1/1). #p , 0.05 versus
NMDA-stimulated [ 3H]DA release in wild (1/1).

Figure 5. Locomotor activity in a novel environment in GluRe1 mutant
mice. Locomotor activity and the number of rearing events in a novel
environment were measured every 5 min for 120 min. Each column
represents the mean 6 SEM (n 5 12). An ANOVA with repeated
measures revealed a significant difference in locomotion (F(1,22) 5 3.470;
p 5 0.0002) and rearing curves (F(1,22) 5 2.028; p 5 0.0265). **p , 0.01
versus wild (1/1).
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in the test trial of the water-finding task in wild-type and GluRe1
mutant mice. No measurable difference was observed between
the two groups of nontrained mice (Fig. 7A). In wild-type mice
that were subjected to the training trial 24 hr earlier (trained
wild-type mice), the starting, entering, and finding latencies were
shorter than those in the corresponding nontrained wild-type
mice. The shortening of starting and entering latencies, but not
finding latency, was observed in trained GluRe1 mutant mice
compared with nontrained animals (Fig. 7A). When we compared
the performance of trained GluRe1 mutant mice with that of
trained wild-type mice, we found the starting, entering, and
finding latencies to be significantly longer in trained GluRe1
mutant mice than trained wild-type mice (Fig. 7B). Accordingly,
these results suggest that the latent learning associated with
selective attention to the drinking tube is impaired in GluRe1
mutant mice.

DISCUSSION
The NMDA receptor is distinguished by several characteristic
properties, including modulation by glycine, activation by poly-
amines such as spermidine and spermine, inhibition by Mg21,
Zn 21 and specific open-channel blockers (MK-801 and PCP),
and high permeability of Ca21 (Mayer and Westbrook, 1987;
Hollmann and Heinemann, 1994; Nakanishi and Masu, 1994).
Thus, the NMDA receptor is considered a receptor-channel
complex consisting of at least four major domains: (1) a glutamate

(specific exogenous ligand NMDA) recognition domain, (2) a
glycine recognition domain insensitive to strychnine, (3) a poly-
amine recognition domain, and (4) a channel formation domain
permeable to Ca21. In the present study, we investigated the
function of NMDA receptors in GluRe1 mutant mice by exam-
ining [3H]MK-801 binding and 45Ca21 uptake through the re-
ceptors under various conditions. When both assays were con-
ducted in the presence of glutamate (or NMDA), glycine and/or
spermidine, partial impairment of NMDA receptor function was
evident in the mutant mice.

It has been demonstrated that GluRe1 mutant mice exhibit a
reduction in hippocampal LTP (Sakimura et al., 1995). The
reduction may be attributable to a diminution of Ca21 influx
through the NMDA receptors, because Ca21 influx through
NMDA receptors is critical to the induction of hippocampal LTP
(Lynch et al., 1983; Malenka et al., 1988). This inference was
more directly proved by the malfunction of NMDA receptors in
GluRe1 mutant mice observed in the present study. Furthermore,
Kiyama et al. (1998) have reported that although the threshold
for LTP induction is increased in GluRe1 mutant mice, normal
LTP formation is seen after a stronger tetanic stimulation. Con-
sistent with the finding, a reduction of 45Ca 21 uptake in GluRe1
mutant mice was not observed any more when NMDA receptors
were strongly activated by NMDA, glycine, and spermidine.
Accordingly, it is suggested that the disruption of the GluRe1
subunit results in a reduction, but not the loss, of NMDA receptor
function.

The pharmacological blockade of NMDA receptors in vivo
causes behavioral abnormalities such as hyperlocomotion and
stereotypy and functional alterations of monoaminergic neuronal
systems, particularly dopaminergic and serotonergic neuronal sys-
tems (Hiramatsu et al., 1989; Loscher et al., 1991). Locomotor
activity is mainly regulated by the dopaminergic neuronal system,
and the activation of this system induces hyperlocomotion (Giros
et al., 1996; Gainetdinov et al., 1999). The serotonergic neuronal
system is also involved in the modulation of locomotor activity,
being localized downstream of the dopaminergic neuronal sys-
tem, because serotonergic neurotransmission can modulate be-
havioral alteration without producing concurrent changes of do-
paminergic neurotransmission (Gainetdinov et al., 1999).
Activation of the serotonergic neuronal system is inhibitory to
hyperlocomotion (Geyer, 1996; Lucki, 1998). Accordingly, it has
been considered that the blockade of NMDA receptors in vivo
causes hyperlocomotion by either directly or indirectly activating
dopaminergic neuronal function (Imperato et al., 1990; Miller
and Abercrombie, 1996). In the present study, we demonstrated
that GluRe1 mutant mice with genetically reduced NMDA re-
ceptor function exhibited hyperlocomotion, which is associated
with an increase in dopaminergic and serotonergic neuronal ac-
tivities in the frontal cortex and striatum. The increased seroto-
nergic neuronal activity in vivo in GluRe1 mutant mice may be a
result of delicate homeostatic alterations after the increase in
dopaminergic neuronal activity to maintain a balance between
the neuronal systems for locomotor activity.

We observed an increase in NMDA-stimulated [3H]DA re-
lease in the striatum, but not the frontal cortex, of GluRe1 mutant
mice, although DA metabolism was enhanced in both regions in
vivo. The NMDA-stimulated [14C]5-HT release in the frontal
cortex and striatum of the mutant mice did not differ from that in
wild-type mice, although 5-HT metabolism was enhanced in both
regions in vivo. Thus, it is likely that not only direct effects, but
also indirect effects, of the reduced NMDA receptor function are

Figure 6. Effects of haloperidol and risperidone on the increased loco-
motor activity in GluRe1 mutant mice. Haloperidol (0.003 or 0.01 mg/kg,
p.o.) or risperidone (0.01 or 0.03 mg/kg, p.o.) was administered 60 min
before the measurement of locomotor activity in a novel environment.
Each column represents the mean 6 SEM (n 5 8–10). ANOVA analysis:
F(5,43) 5 18.806, p , 0.0001 (locomotion-haloperidol); F(5,43) 5 8.598, p ,
0.0001 (rearing-haloperidol); F(5,51) 5 15.205, p , 0.0001 (locomotion-
risperidone); F(5,51) 5 8.111, p , 0.0001 (rearing-risperidone). *p , 0.05
versus corresponding vehicle-treated wild (1/1). #p , 0.05; ##p , 0.01;
###p , 0.001 versus corresponding vehicle-treated GluRe1 (2/2).
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involved in the increased dopaminergic and serotonergic neuro-
nal activity in vivo. We demonstrated in the present study that the
enhancement of NMDA-stimulated [3H]DA release in GluRe1
mutant mice is attributable to the disinhibition of the dopami-
nergic neuronal system from inhibitory regulation by the
GABAergic neuronal system. Alternatively, it has been demon-
strated that PCP and its analog ketamine cause an increase in
glutamate release and activation of glutamatergic neurotransmis-
sion via non-NMDA and metabotropic glutamate receptors. This
enhancement of glutamatergic neurotransmission results in an
increase in DA release (Moghaddam et al., 1997; Adams and
Moghaddam, 1998; Moghaddam and Adams, 1998). Therefore, it
is necessary to measure the release of various neurotransmitters
in GluRe1 mutant mice to clarify the neurochemical mechanism
that underlies the hyperactivity of dopaminergic and serotonergic
neuronal systems.

Schizophrenia is one of the diseases that have been hypothe-
sized to be associated with NMDA receptor dysfunction (Javitt
and Zukin, 1991; Tamminga, 1998) and the hyperfunction of
dopaminergic and serotonergic neuronal systems (Seeman et al.,
1976; Meltzer, 1991). Several lines of evidence suggest that dys-
function of glutamatergic and dopaminergic neuronal mecha-
nisms contributes to the pathophysiology of schizophrenia. For
example, PCP produces schizophrenia-like symptoms in healthy
people (Luby et al., 1959), and preexisting symptoms in patients
with schizophrenia are exacerbated by its psychotomimetic prop-
erties (Javitt and Zukin, 1991; Malhotra et al., 1997). Clinical
doses of antipsychotic drugs in treating schizophrenia are corre-
lated with their affinities for D2 receptors (Seeman et al., 1976;
Leysen et al., 1994). Antipsychotic DA receptor antagonists are
also effective in preventing PCP-induced abnormal behavior in
animals such as hyperlocomotion and stereotyped behavior
(Kitaichi et al., 1994; Noda et al., 1995). Therefore, animals
treated with NMDA receptor antagonists have been used as a
model for schizophrenia, and the amelioration of hyperlocomo-
tion in this animal model is known as a screening test for the
efficacy of antipsychotic drugs (Carlsson and Carlsson, 1990;
Corbett et al., 1993, 1995; Moghaddam and Adams, 1998).

In the present study, we examined the effects of haloperidol (D2

receptor antagonist) and risperidone (D2 and 5-HT2 receptor
antagonist) on the hyperlocomotion in GluRe1 mutant mice,
because our neurochemical experiments suggested that dopami-
nergic and serotonergic neuronal activities are increased in the
mutant mice. Haloperidol and risperidone are administered to
schizophrenic patients as typical and atypical antipsychotic drugs,
respectively, the former having marked extrapyramidal side ef-

fects (EPS) at effective doses (Hoffman and Donovan, 1995) and
the latter being able to suppress psychotic symptoms without EPS
(Ereshefsky et al., 1989; Gerlach, 1991). Haloperidol and risperi-
done were effective in attenuating the hyperlocomotion of
GluRe1 mutant mice at doses that did not affect the locomotor
activity in wild-type mice.

GluRe1 mutant mice also showed an impairment of perfor-
mance in the test trial of the water-finding task (i.e., an increase
of starting, entering, and finding latencies), although their per-
formance in the training trial did not differ from that of wild-type
mice. Therefore, it is unlikely that the impairment of the mutant
mice is attributable to altered anxiety processes (for example,
avoidance of open field). Because the mice were not reinforced
either positively or negatively by water in the training trial, their
performance in the test trial is dependent on latent learning, and
selective attention underlies the acquisition of latent learning
(Cheal, 1980; Ichihara et al., 1993). Thus, cognitive function,
including latent learning associated with selective attention, spa-
tial learning (Sakimura et al., 1995), and contextual learning
(Kiyama et al., 1998), is impaired in GluRe1 mutant mice. The
impairment of latent learning in the mutant mice may be attrib-
utable to the increased dopaminergic neuronal activity, because
activation of dopaminergic neuronal function by treatment with
apomorphine and methamphetamine results in an impairment of
performance in the water-finding task (Ichihara et al., 1993;
Nabeshima et al., 1994). Moreover, PCP-treated mice, which have
been used as a pharmacological animal model for schizophrenia,
were impaired in latent learning in the water-finding task (our
unpublished observations).

Collectively, GluRe1 mutant mice exhibit several behavioral
abnormalities related to schizophrenia, including hyperlocomo-
tion and cognitive impairment (Schildkraut, 1965; Snyder et al.,
1974; Ban et al., 1984). These findings suggest that GluRe1
mutant mice, which have hypofunction of the glutamatergic sys-
tem, as well as hyperactivity of the dopaminergic and serotonergic
neuronal systems, may be useful as an animal model for schizo-
phrenia. However, further experiments to characterize the be-
havioral alteration and the effects of neuroleptics on this behav-
ioral alteration are necessary to establish GluRe1 mutant mice as
a new genetic animal model of schizophrenia.

In summary, mice lacking the GluRe1 subunit display behav-
ioral abnormalities probably caused by the hyperfunction of do-
paminergic and serotonergic neuronal systems as a consequence
of NMDA receptor malfunction. In addition, our findings suggest
that GluRe1 mutant mice are useful as an animal model of
psychosis such as schizophrenia.

Figure 7. Latent learning in the water-finding
task in GluRe1 mutant mice. The starting, enter-
ing, and finding latencies were measured in the
test trial 24 hr after the training trial of the
water-finding task. The starting, entering, and
finding latencies in trained wild-type mice (1/1)
were 2.1 6 0.3, 9.0 6 0.8, and 67.5 6 17.9 sec,
respectively. Each column represents the mean 6
SEM (n 5 12). *p , 0.05; **p , 0.01 versus
corresponding nontrained group. #p , 0.05;
##p , 0.01 versus trained wild (1/1).
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