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To study the role of NMDA receptors in dopamine signaling of the
striatum, the brain area that receives glutamatergic inputs from
various cortical areas and most dopaminergic inputs, we generated
striatum-specific NMDA receptor-deficient mice. The mutant pups
showed reduced food intake and retarded growth starting at the
second postnatal week and died on approximately postnatal day
20 (P20). The time course of postnatal lethality is similar to that of
compound mutant, double knockout of dopamine D1/D2 recep-
tors, or genetically engineered dopamine-deficient mouse. In vivo
electrophysiological recordings in the mutant pups showed that
frequencies in the range of gamma oscillation were reduced in the
striatal circuits. Moreover, the number of functional dopamine
receptors in the striatum as measured by D1- and D2-binding
experiments was greatly diminished in the mutants as compared
with control animals. A consequence of diminished dopamine
binding in the striatum manifested in an increase of locomotor
activity. The administration of D1/D2 agonists paradoxically re-
duced the hyperactivity of the mutant mice as compared with an
increase in locomotor activity in control mice. These results dem-
onstrate that the NMDA receptor plays an essential role in the
integration of dopamine signaling in the striatum and that is
required in behavioral function.
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he striatum receives glutamatergic projections from virtually

all areas of the cerebral cortex and dense dopaminergic
projections from the substantia nigra and ventral tegmental area
(1, 2). The principal neurons of the striatum, medium spiny
neurons (MSNs), are GABAergic projection neurons. These
neurons are classified into two groups: the MSNs that express D1
dopamine receptors responsible for a direct pathway and the
MSNs that express D2 dopamine receptors responsible for an
indirect pathway (3). These MSNs constitute 90-95% of the
striatal neuronal population (4) and contain high levels of
NMDA receptors (5, 6).

During development, dopamine receptor expressions (both
D1 and D2) are already abundant by the late embryonic stage,
however functional dopamine receptor binding is low at birth
and progressively increases to reach adult levels between post-
natal day (P)14 and P21 (7). This delayed appearance of
functional dopamine receptors in the MSNs of the striatum
suggests that maturation of functional dopamine receptors is
regulated by an unknown mechanism, other than the mere
availability of the dopamine receptor mRNAs.

During postnatal weeks, it has been shown that the NMDA
receptor-mediated currents develop later in the MSNs compared
with other brain regions such as the hippocampus. There is a
~2-fold increase from the first to the third postnatal week (8).
Recently, molecular interactions between NMDA receptors and
dopamine receptors have been reported. For example, NMDA
receptors trap diffusible D1 receptors by direct physical interaction
(9-11). The interaction between NR2B, a subunit of the NMDA
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receptor, and the D2 receptor can also disrupt the association of
Ca?*/calmodulin-dependent protein kinase I (CaMKII) with
NR2B and inhibit NMDA receptor-mediated currents in MSNs
(12). These findings have led to an emerging view that the NMDA
receptor plays a central role in the integration of these two
neurotransmitter systems, and disruption of this integration can
lead to various behavioral malfunctions.

Conditional gene knockout methodology provides the ability
to study functions of a gene of interest in specific cell types or
specific brain regions and is particularly important if general
gene knockout limits the extent of analyses due to embryonic
death. The conventional knockout of NR1, the essential subunit
of the NMDA receptor, causes neonatal death (13, 14), whereas
a partial knockout of NR1 in the striatum causes motor learning
deficits.

Results

Generation of Striatum-Specific NR1-Deficient Mice. We first as-
sessed the region specificity of the DIx5/6-Cre line (15) using the
reporter mouse, fLacZ line (as detailed in Materials and Meth-
ods) and found that the Cre/loxP deletion is almost exclusively
restricted to the striatum including the dorsal striatum (caudate
putamen) and ventral striatum (nucleus accumbens) (Fig. 14).
Other brain regions such as the cortex, hippocampus, and
thalamus seemed to be absent of the LacZ staining or have only
sporadic staining (Fig. 14). The minor population of LacZ-
positive cells seen in the cortex, hippocampus, and thalamus is
possibly composed of interneurons. This Cre mouse line was
crossed with fNR1 mice (16) to generate striatum-specific NR1-
deficient mice (STR-KO). The production of conditional
NR1 knockout mice was verified by PCR (Fig. 1B). The loss
of NR1 protein in the striatum of the conditional knockout mice
was further confirmed by Western blot analysis (Fig. 1C). In situ
hybridization using a probe specific to the floxed NRI exon
region shows the complete absence of the NRI mRNA in the
striatum of the conditional mutant pups (P16) (Fig. 1D).

Retarded Growth and Postnatal Lethality of STR-KO. The conditional
mutant pups exhibited normal growth for the initial 12 days after
birth. At birth, mutant pups were indistinguishable from their
control littermates, suggesting that mutants were normal in
terms of their feeding behavior. However, their growth lagged
compared with that of their control littermates from P13
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Fig. 1. Generation of striatum-specific NR1-deficient mouse. (A) DIx5/6-Cre-mediated lox-P recombination pattern was tested in the flacZ reporter line.
DIx5/6-Cre and fLacZ double-positive mice were subjected to X-Gal staining (Left). Magnified sections from the olfactory bulb (OB), striatum (STR), hippocampus
(HP), cortex (CTX), thalamus (TH), and cerebellum (CBM) are shown (Right). Nuclei of recombination positive cells are shown in blue. (B) PCR genotyping pattern
of each genotype produced. PCR product of Cre, fNR1, and wild type (WT) NR1 are 248, 398, and 400 bp, respectively. (C) Synaptic NR1 (110 kDa) expression in
cortex (CTX), striatum (STR), and hippocampus (HP). Complete absence of NR1 protein expression in the mutant striatum. The same membrane filters were
reblotted by using anti-B-actin antibody as a loading control (42 kDa). (D) In situ analysis of NRT mRNA expression of the control and conditional NR1 mutant

mouse brain (P16).

[F(5,77) = 557, P = 0.0002] (Fig. 24) and became more
significant by P16 (Fig. 24 and B). The diminished growth in the
conditional knockout mice is highly specific to the genotype,
because all other control genotypes exhibited normal body
growth. In addition, the measurement of the amount of semi-
liquid diet they consumed reveals that the mutant mice ingested
~20% of the control level (Fig. 2C). Other than smaller body
size, our visual observation of the pups in the home cage did not
reveal any obvious abnormal voluntary movements, such as axial
and limbic abnormality, in the mutant pups up to P18. However,
on P19, abnormal gait became noticeable in the mutant mice,
with their hind legs often sprawled [supporting information (SI)
Movie S1]. Importantly, most mutant pups died on average
P20 + 2.8 (Fig. 2 B and D). At this stage, these mutant pups were
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mostly abandoned by their mothers and their control littermates,
and they also developed stooped posture, bradykinesia, hypoki-
nesia, and slight tremor. Such postnatal developmental growth
retardation and lethality are strikingly reminiscent of the phe-
notypes of a series of dopamine knockout mice carrying D1 and
D2 receptor double-knockout (D17/~, D27/7), compound mu-
tant (D17/~, D2%/7), or dopamine-deficient mice (17, 18).
Unlike those dopamine-related mutants, a semiliquid diet or
dopamine receptor agonist mixture injection did not improve the
growth of our conditional mutants.

Synaptic Transmission and Local Field Potential (LFP) in Striatal
Circuits. To assess whether loss of the NMDA receptor alters
AMPA receptor function in P16 mutant mice, we prepared acute
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Retarded growth and postnatal lethality of striatum-specific NR1-deficient mice. (A) Smaller body size of the P16 knockout mice (fNR1/fNR1, Cre/+)

placed above a P16 control animal. (Scale bar, 10 mm.) (B) Postnatal developmental growth curve of each genotype. Data are expressed as mean +/— SD. Reduced
body weight of mutant pups (fNR1/fNR1, Cre/+) became significant from P13 against all other genotypes (*, P< 0.05and **, P< 0.01 after P14, post hoc analyses).
(C) Reduced food intake by the mutant mice (P16) compared with their control littermates (n = 6). (D) Percentage distribution of mortality in the conditional
knockout mice (n = 21). Average lifespan = 19.97 (days) +/— 2.87 (SD). The distribution was leptokurtic (Kurtosis = 4.37).
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Fig. 3.  Electrophysiological characterizations of striatum properties in
knockout and control mice. (A) Measurements of NMDA and AMPA currents
in striatal slices from control (Left) and mutant mice (Right). NR1 mutants lack
functional synaptic NMDA receptors in striatal neurons. Examples of EPSCs
from neurons in control and NR1 mutant mice. (Scale bars, 100 ms and 20 pA.)
(B) Mean NMDA receptor/AMPA receptor ratios from control and NR1 mutant
groups (n = 6 from three animals in each group). Error bars represent SEM (**,
P < 0.0001, Student'’s t test). (C) Current-voltage (/-V) relationships of AMPA
receptor-mediated EPSCs in control mice and mutant mice. (/Inset) Examples of
evoked AMPA receptor EPSCs at membrane potentials from —80 to +40 mV.
(Scale bar, 50 pA and 20 ms; n = 6 from three animals per group; r = 0.99 for
each group.) (D) Local field potentials measured in P16 pups. Data from two
representative mice of the control and mutant groups are shown. The popu-
lation oscillatory frequencies at the gamma range (30-80 Hz) are greatly
diminished in conditional knockout mice (n = 6; n = 4 in control mice).

slices of ventral striatal tissue and made whole-cell recordings
from the principal cells of this region, i.e., MSNs (19). Although
stimulation of excitatory afferents produced robust AMPA
receptor- and NMDA receptor-mediated excitatory postsynaptic
currents (EPSC) in control neurons, mutant neurons exhibited
normal AMPA currents. No functional synaptic NMDA recep-
tor currents were observed (Fig. 3 4 and B). Additionally, there
was no obvious difference in the magnitude of afferent stimu-
lation necessary to produce an equivalent AMPA receptor-
mediated EPSC in mutant neurons (data not shown). Interest-
ingly, mutant and control neurons displayed similar synaptic I-V
curves for AMPA receptor EPSCs (Fig. 3C). Because a shift in
the shape of this curve can reflect the inclusion or exclusion of
synaptic AMPA receptors that lack the GluR2 subunit (20), this
result suggests that no such changes have occurred in mutant
neurons.

To examine whether there is a change in in vivo striatal neuron
population properties in freely behaving knockout mice, we have
used an extracellular recording method (21) to monitor the LFP,
which in the dorsal striatum can reflect a good degree of
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Fig.4. Alteration infunctional dopamine D1and D2 receptorsin the mutant
striatum. D1- and D2-like dopamine receptor bindings were measured by
using the striatal membrane of P16 mice. The data are expressed as percentage
displacement of specific binding. 3H-SCH23390 was competed with cold
SCH23390 for D1-like dopamine receptors (Upper). 3H-Spiperone was also
competed with cold spiperone for D2-like dopamine receptors (Lower).

coherent neuron population firing (22, 23). We succeeded in
recording the LFP in the striatum of P16 pups in an awake resting
state and found that mutants differ from that of control mice
(Fig. 3D). Although there was no obvious difference in the lower
frequency range (<30 Hz), there was a striking reduction in the
neuronal frequency distribution at the 30- to 80-Hz gamma
oscillation range, in which fundamental frequencies of striatum
have been identified (24). This indicates that loss of the NMDA
current has greatly diminished the firing of those striatal prin-
cipal cells in freely behaving mutant pups. The involvement of
the NMDA receptor in regulating striatal network oscillatory
function at this 30- to 80-Hz range was further supported by our
observation that injection of the NMDA receptor antagonist,
ketamine, into control mice can specifically and significantly
reduce gamma signals (data not shown).

Dopamine Receptor Binding. To investigate whether loss of the
NMDA receptor actually alters dopamine receptor functions, we
performed a dopamine receptor-binding assay using membrane
proteins prepared from the striatum tissues of P16 control and
mutant mice. We used *H-SCH23390 for D1 receptor binding
and 3H-spiperone for D2 receptor binding. The competition
binding experiment revealed that the ICsg of the mutant striatal
membranes was unaltered (Fig. 4), suggesting no alteration in
ligand-binding affinity. Interestingly, the Bmax of both the D1 and
D2 receptors in the knockout animals was greatly reduced by
53% and 71%, respectively (Fig. 4). The reduction in Bpax
strongly indicates there is a significant decrease in the total
number of functional D1 and D2 receptors in the striatum of the
mutant mice.

Locomotor Activity. Although P9 mutant mice exhibit indistin-
guishable locomotor behavior (Fig. 54), P16 mutants were
hyperactive once the pups were separated from their mothers.
Their ambulatory activities were increased by an average of
450% [F(5,83) = 38.67, P < 0.0001] (Fig. 5B Left), and their fine
movements were also increased by an average of 191% from
other genotypes [F(5,83) = 18.65, P < 0.0001] (Fig. 5B Right).
Again, this hyperlocomotion induced by the novel environment
is highly specific to the conditional knockout, because all other
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Fig. 5. Hyperactivity of P16 mutants in novelty-induced locomotor activity
test. (A) Indistinguishable locomotor actvitity in P9 mutants compared with
that of control mice in the novelty-induced locomotion test (mean +/— SEM,
n = 11,15, 13, 14, 15, and 14, in the same order of genotype shown in the
graph). (B) Hyperactivity of P16 mutant (mean +/— SEM, n = 13 11, 15, 16, 19,
and 13, in the order shown in the graph). Mutant pups were significantly
hyperactive in both ambulatory activity and fine movements compared with
all other genotypes (post hoc test, **, P < 0.01).

genotypes of the various control groups exhibited normal loco-
motor activities. This hyperactive phenotype in P16 but not in P9
mutants also correlates nicely with the time course of postnatal
development of striatum-mediated locomotor behavior.

Acute Locomotor Induction by Dopamine Receptor Agonists. To
understand how the lack of NR1 and reduced functional dopa-
mine receptor binding in the striatum affect animals’ behavior,
acute effects of D1- and D2-like agonists in locomotor activity
were measured. The altered D1 and D2 receptor responses in
locomotion were further evident from pharmacological experi-
ments. Injections of the D1-like receptor agonist, SKF81297,
caused a dose-dependent reduction in locomotor activity in P16
mutant pups, as measured by both ambulation and fine move-
ments, whereas SKF81297 caused a dose-dependent increase in
locomotion in control mice, as expected (Fig. 64). Similarly, an
injection of the D2-like receptor agonist bromocriptine pro-
duced a dose-dependent suppression of locomotor activity in the
mutant mice rather than an increase in locomotor activity that
was seen in control mice (Fig. 6B). These experiments collec-
tively suggest significant biochemical and functional disruptions
in D1 and D2 receptor signaling properties in the knockout mice.

Discussion

Our evidence demonstrates that the NMDA receptor plays an
essential role in integration of dopamine signaling in the stria-
tum. We demonstrate here that failure in integration of dopa-
mine signaling by the NMDA receptor in the striatum leads to
behavioral consequences.

Partial NR1 knockouts in which only 40-60% of the striatum
neurons had NMDA receptor deletion or functional knockdown
(e.g., in CaMKII, dopamine D1 receptor, or RGS9 promoter
active cells that are presumably D2-positive striatal neurons)
have been reported (25-27). These partial knockout mice are
viable and exhibit normal locomotion in open field and basal
motor function. These results suggest that the NMDA receptors
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Fig.6. Dopamine receptor-mediated locomotor activity. (A) Acute effect on
locomotor activity by the D1 receptor agonist SKF81297. The agonist was
i.p.-injected at various doses (n = 8 for each point). (B) Acute effect on
locomotor activity by the D2 receptor agonist Bromocriptine. The agonist was
i.p.-injected at various doses (n = 8 for each point).

in remaining neuronal population compensate for the functional
loss. In contrast, we generated NMDA receptor-deficient mice
that lack NR1 in both dopamine D1 and D2 receptor-positive
MSNs of the striatum, which surprisingly resulted in premature
death.

The reduction in food consumption, diminished body growth
during the postnatal weeks, and subsequent postnatal lethality of
our striatum-specific complete NR1 knockout mice bear a strong
resemblance to that of genetically engineered dopamine-
deficient mice. D1 and D2 receptor double-knockout and
double-mutant mice carrying homozygous D1 and heterozygous
D2 null mutations (17, 18) exhibit a strikingly similar phenotype.
The lifespan of these mutants is also closely matched to those of
dopamine-deficient mice. The reduced food intake in the con-
ditional mutants is consistent with the idea that striatal-
hypothalamic circuits play an important role in the control of
food intake (28). The ventral tegmental area that provides
dopaminergic inputs back to the ventral striatum is downstream
of the ventral striatum, and lateral hypothalamus. GABAergic
projections from ventral striatum (nucleus accumbens shell)
into lateral hypothalamus are not responsible for lateral
hypothalamus-mediated feeding, because infusion of GABA
receptor blockers into the lateral hypothalamus does not signif-
icantly affect food intake (29). Our mutants could reach and
suckle their mothers’ nipples, suggesting that a lack of NMDA
receptors in the striatum did not reduce appetitive motivation or
olfactory function. Lesions of dopaminergic terminals induced
by 6-hydroxydopamine in the ventrolateral striatum, a site
governing oral motor control, depressed feeding transiently (30,
31). Consistent with these data, we observed dysfunction of oral
motor control. When pups were suckling from their mothers’
nipples, and the mother was gently lifted, mutant pups hung onto
the mother by biting nipples for >10 sec (see Movie S2). This
suggests that reduction of food consumption and growth retar-
dation is due to dysfunction of oral motor control.

Our in vivo recording suggests that the NMDA receptors in the
striatal circuits play an essential role in controlling and regulat-
ing basic circuit properties such as network oscillations. This is
quite surprising, given the knowledge that the hippocampal and
cortical NMDA receptors are known to be mostly involved in the
control of synaptic plasticity and high forms of cognitive process
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(25). It is conceivable that the diminished gamma oscillation in
our striatum-specific NR1 knockout mice, which reflects the
reduced coordinated firing in the principal neurons in the striatal
circuits, can have devastating consequences on striatal output.

It is important to point out that hyperactivity of P16 mutants
was not observed in the early postnatal period (e.g., P9). The
onset of this developmental phenotype is not due to the time
course of the striatal NMDA receptor knockout, because the
NMDA receptors in the striatum have been deleted before P9
(data not shown). It is particularly interesting that dopamine
receptor-binding activity in the striatum is low at birth and
progressively increases to reach adult levels between P14 and P21
(7). This similar developmental time course correlates well with
the dramatic increase in the NMDA currents, which increases
~2-fold from the first to the third postnatal week (8). The
progressive increases in functional D1 and D2 receptors together
with NMDA receptor currents in the striatum during the second
and third postnatal weeks have long been noticed but poorly
understood (7, 8, 32).

The paradoxical effect of dopamine agonists in locomotor
activity that reduced hyperlocomotor activity in mutants and
increased it in control mice (Fig. 6) was unexpected, because we
originally hypothesized dopamine agonists do not have effects in
mutants, and hyperactivity is already saturated. One possible
explanation is that another ionotropic glutamate receptor, the
AMPA receptor-mediated current, is still intact (Fig. 3.4 and C).
Although the D1 and D2 receptors modulate the AMPA recep-
tor in the striatum negatively and positively, respectively, in
contrast, the D1 and D2 receptors modulate the NMDA receptor
in the reverse manner (33). Although the number of functional
dopamine receptors was decreased, lack of NMDA receptors
may have manifested dopaminergic modulation of AMPA re-
ceptor function. It is also possible that other brain areas ex-
pressing dopamine receptors, such as the substantia nigra and
the subthalamic nucleus (STN), may be the key components to
invert the effects of dopamine agonists in the induction of
locomotor activity. The STN is particularly interesting in the
following ways: (i) the STN interacts with the indirect pathway
of the basal ganglia, (i7) it also directly receives cortical inputs,
and (iii) its firing pattern is modulated by dopamine (34). To
understand how striatal NMDA receptors ablation altered ef-
fects of dopamine in induction of locomotor activity, technical
difficulties need to be resolved to make precise in vivo recording
possible from each cell type and multiple areas of basal ganglia
simultaneously.

Our observation that the complete deletion of the striatal
NMDA receptor results in a drastic reduction of functional D1
and D2 receptor in the striatum leads us to suggest that the
NMDA receptor plays an essential role in the regulation of
the expression of functional dopamine receptors in the
striatum. The data presented in this article, taken together,
strongly support the interpretation that NMDA receptors
mediate the dopamine signaling that is obligatory for the normal
function of the striatum.

Materials and Methods

Generation of Knockout Mice. Striatum-restricted NR1 mutant mice were
generated by using Cre/loxP recombination. Cre transgenic mice in which Cre
gene is driven by an intergenic region of DIx 5/6 (15) were generated by Marc
Ekker (University of Ottawa). A line of this transgenic mouse was provided in
FVB genetic background, and we backcrossed to C57BL/6 and CBA-mixed
genetic background for >8 generations. To generate striatum-specific NR1
mutants, this DIx5/6-Cre line was crossed with floxed NR1 mouse (fNR1) that
is the essential subunit of NMDA receptor (16). After several crossings, off-
spring carrying fNR1/+, Cre (fNR1/+; Cre/+) were crossed with the fNR1/+
(fNR1/+; +/+) mice to produce wild type (+/+;+/+), fNR1/+ (fNR1/+; +/+),
Cre (+/+; Cre/+), fNR1/£NR1 (FNRT/fNRT; +/+), fNR1/+, Cre (fNR1/+; Cre/+),
and fNR1/fNR1, Cre (fNR1/fNR1; Cre/+ or simply knockout). Mice carrying
fNR1/fNR1 used as a control. No gender bias was found in the production of
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the DIx 5/6 Cre line, and the distribution of genotype was close to Mendelian
ratio. Genotype was checked by PCR by using primers 5'-TGCTGTTTCACTG-
GTTATGC-3’ and 5'-TAACATTCTCCCACCGTCAG-3’ for Cre; 5'-CTGATGCCGC-
CGTGTTCC-3" and 5'-CCCCTGTGCTCTTCGTC-3' for fNR1; 5'-CCCCTCCCTTTTC-
CAGACAG-3’ and 5'-CTTCCTACAACCCTCACACC-3' for wild-type NRT; 5'-
GGTCGCTACCATTACAGTTG-3" and 5'-ACG CAGGAGTTTTGATGGAC-3’" for
fLacZ. All procedures relating to animal care and treatment conformed to
institutional and National Institutes of Health guidelines.

Body Weight and Food Consumption Measurement. Pups were weighed daily.
For measuring food intake, P16 animals were separated and isolated into each
cage and fed with semiliquid diet. Five grams of rodent diet (Harlan Teklad
2018) was ground into powder and suspended in 50 ml of water. This semi-
liquid food was served in a small dish (2-cm diameter, 7-mm depth) that was
placed in the middle of another plate (12 X 8 cm) to minimize the false positive
from spill. Pups were free to access to the liquid food for 8 h between 12:00 and
8:00 p.m. Water evaporation from liquid food was also measured in the same
preparation and subtracted from experimental data. Data are given as mean
+/— SEM (n = 6 for control and knockout, respectively).

In Situ Hybridization for NR1 mRNA. The procedures are similar to those have
been published (35). Both sagittal and coronal cryosections were prepared at
a thickness of 25 um. These cryostat sections were directly mounted onto
silicane-coated slide glasses. For NR1, 5'-TCTACCACTCTTTCTATCCTGCAGGT-
TCTTCCTCCACACGTT-3’ or alternative splicing insensitive probe, 5'-
TGCCTCCAGCCACCAGCATGAAGACCCCTGCCATGTTCTCAAAAG-3' were
used, and both gave the same result. These synthetic nucleotides were labeled
with [a-33P]dATP (Perkin-Elmer) by terminal transferase (Roche). Before hy-
bridization, the sections were fixed with ice-cold 4% paraformaldehyde (PFA)
in PBS for 5 min, washed for 5 min in PBS, and then subjected to dehydration
by incubating for 5 min in 70% and 95% ethanol. The brain sections were
hybridized with the oligonucleotide probe (1.0-2.0 X 10% cpm per slide) at
42°Cfor 18 h. Sections were then rinsed in 2X SSC once and washed in 2x SSC
at 60°C for 30 min twice. Then, sections were subjected to dehydration by
incubating in 70%, 80%, 90%, and 100% ethanol for 3 min each. Kodak
Biomax XAR films were used for autoradiography.

X-Gal Staining. The DIx 5/6-Cre line was also crossed with a reporter line that
has LacZ below the B-actin promoter and stop cassette with two /oxP se-
quences (36) to monitor recombination pattern. The procedure was carried
out as described (36) (see also S/ Text).

Western Blot Analysis. For NR1 immunoblotting, a crude synaptosome fraction
was used. P16 mice pups were decapitated, and brains were placed on an
ice-cold glass plate. Then the striatum, hippocampus, and cortex were dis-
sected. Tissue was homogenized in 0.32 M sucrose, 5 mM Tris-HCI, pH 7.4, and
centrifuged at 800xg for 10 min. The resulting supernatant was further
centrifuged at 10,000 g for 20 min. The pellet was suspended in 10 volumes
of the same buffer and centrifuged again. Protein samples were separated on
4% SDS/PAGE gel. An anti-NR1 C-terminal region rabbit polyclonal antibody
(provided by M. Watanabe of Hokkaido University, Sapporo, Japan) was used.
Then the blot was subjected to a secondary antibody reaction with anti-rabbit
19gG-HRP from Upstate at a dilution of 1:50,000. After detection using ECL plus
from Amersham, all antibodies were stripped in Reblot Plus Mild Antibody
Stripping Solution from Chemicon, then incubated with anti-g-actin-HRP
monoclonal antibody from Sigma and developed as above.

In Vitro Brain-Slice Recording. Slice recordings were performed as described
(37) (see also S/ Text). Briefly, sagittal slices of the ventral striatum (240 pwm)
were prepared from P16 mice, then cells were visualized by using IR-
differential interference contrast microscopy optics, and finally MSNs were
identified by their morphology and high resting membrane potential (—75 to
—85 mV).

In Vivo Local Field Potential Recording. The surgery and construction of
multielectrodes in stereotrode format are similar to those described (21) (see
also S/ Text). In these experiments, the headstages, which had a total weight
of 0.3 g, were modified to minimize the weight. P16 pups were anesthetized
with ani.p.injection of 37.5 mg/kg of ketamine (Bedford Laboratories) and 0.5
mg/kg of dormitor (Pfizer Animal Health). The positions for the two bundles
were 1.8 mm lateral and 0.6 mm rostral to the bregma on both the right and
left sides based on the adult animal and scaled accordingly. Recovery was
validated by the ambulatory activities of the animals, and the survival rate for
the surgery was 100%.
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Dopamine Receptor-Binding Assay. Membrane proteins were prepared from
striatum by homogenizingin 10 volumesinice-cold 0.32 M sucrose in a Dounce
homogenizer for 10 strokes, then centrifuged at 1,000 g at 4°C for 10 min.
The pellet was then homogenized again and centrifuged as above. The
resulting two supernatants were combined and centrifuged at 48,000 g for
20 min at 4°C. This pellet was washed twice by using binding assay buffer. For
D1 binding, 0.25 nM 3H-SCH23390 (specific activity 85 Ci/mmol) was incubated
with 25 ug of membrane protein in 50 mM Tris-Cl, pH 7.4; 150 mM NaCl;
0.025% ascorbic acid; 0.001% BSA at 4°C for 2 h. Cold SCH23390 was added at
the same time as 3H-SCH23390 for competition. For D2 binding, 3H-spiperone
(s.a. 15 Ci/mmol) was incubated with 20 ug of membrane 40 mM Tris-Cl, pH 7.7;
96 mM NacCl; 4 mM KCl; 1.6 mM CaCly; 0.8 mM MgCly; 0.1% ascorbic acid; 1%
BSA; and 0.001% polyethyleneimine for 2 h at 4°C. Cold spiperone was used
as a competitor. Obtained data from 3H count were normalized upon analysis.
Then datasets were fit to the equation Y = AX/(X + B) by using the program
Kaleidagraph (Synergy), where Y = the relative amount of binding observed
at a given concentration of nonradioactive SCH23390 or nonradioactive spip-
erone, X = concentration of either nonradioactive SCH23390 or nonradioac-
tive spiperone (mol/liter), A = Bmax Or total amount of binding in the normal
animal in the absence of nonradioactive SCH23390 or nonradioactive spiper-
one (expressed as a percentage), B = ICsp or the concentration of cold inhibitor
required to inhibit the maximal binding for each set by 50%. The data from the
SCH23390 arm and the spiperone arm were not pooled. Therefore, the max-
imal specific binding based on normal animals was calculated separately for
each arm of the study.
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Locomotor Activity and Dopamine Receptor Stimulation. P9 and P16 pups were
separated from the mother and put into a new cage environment for 10 min
before infrared beam breaks were counted by Photobeam Activity System,
Ver. 2 (San Diego Instruments) for 1 h during the daytime, 3:00-5:00 p.m.
Sequential beam breaks were counted as ambulatory activity. Repetitive
breaks of a same beam were counted as fine movements. For dopamine
receptor agoniststimulation experiments, P16 mice were i.p.-injected with the
D1 receptor agonist SKF81297 or the D2 receptor agonist bromocriptine 10
min before locomotor activity measurement. Independent naive animals were
used for each drug and dose group (n = 8 mice for each point). The fNR1/fNR1
genotype mice were used as the control group.

Statistics. Summary data are reported as mean * SEM, except the growth
curve in Fig. 2B. Statistical significance was evaluated by one-way ANOVA
after validating the equal variances by Bartlett’s test and then followed by
posthoc test for multiple comparison (Tukey Kramer test), except the data of
Figs. 2C and 3B. For the data of food consumption in Fig. 2C and the NMDA/
AMPA ratio in Fig. 3B, statistical significance was assessed by two-tailed
Student's t tests.
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