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We have used site-directed mutagenesis in conjunction with
homologous recombination to generate two mouse lines carry-
ing point mutations in the glycine binding site of the NMDAR1
subunit (Grin1). Glycine concentration–response curves from
acutely dissociated hippocampal neurons revealed a 5- and
86-fold reduction in receptor glycine affinity in mice carrying
Grin1D481N and Grin1K483Q mutations, respectively, whereas
receptor glutamate affinity remained unaffected. Homozygous
mutant Grin1D481N animals are viable and fertile and appear to
develop normally. However, homozygous mutant Grin1K483Q

animals are significantly lighter at birth, do not feed, and die
within a few days. No gross abnormalities in CNS anatomy
were detected in either Grin1D481N or Grin1K483Q mice. Inter-
estingly, in situ hybridization and Western blot analysis revealed
changes in the expression levels of NMDA receptor subunits in
Grin1D481N mice relative to wild type that may represent a
compensatory response to the reduction in receptor glycine

affinity. Grin1D481N mice exhibited deficits in hippocampal theta
burst-induced long-term potentiation (LTP) and spatial learning
and also a reduction in sensitivity to NMDA-induced seizures
relative to wild-type controls, consistent with a reduced activa-
tion of NMDA receptors. Mutant mice exhibited normal pre-
pulse inhibition but showed increased startle reactivity. Prelim-
inary analysis indicated that the mice exhibit a decreased
natural aversion to an exposed environment. The lethal pheno-
type of Grin1K483Q animals confirms the critical role of NMDA
receptor activation in neonatal survival. A milder reduction in
receptor glycine affinity results in an impairment of LTP and
spatial learning and alterations in anxiety-related behavior, pro-
viding further evidence for the role of NMDA receptor activation
in these processes.
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The NMDA receptor is unique among ligand-gated ion channels
in its requirement for two co-agonists, acting at the glutamate and
glycine recognition sites, for receptor activation (Johnson and
Ascher, 1987; Kleckner and Dingledine, 1988). The physiological
role of the glycine site in the modulation of NMDA receptor
activity remains unclear. Although both co-agonists are required
for receptor activation, it is glutamate that appears to play the
neurotransmitter role, being released from presynaptic terminals
in an activity-dependent manner, whereas glycine is apparently
present at a more constant level, indicating a more modulatory
function (Kemp and Leeson, 1993). Measurements of glycine
concentration in the extracellular and cerebrospinal fluids suggest
that it is present at low micromolar levels (Westergren et al.,
1994), concentrations that have been considered to be saturating

for NMDA receptors. However, glycine transporters (Smith et al.,
1992; Borowsky et al., 1993; Zafra et al., 1995) might reduce the
glycine concentration to well below 1 mM in the local microenvi-
ronment of NMDA receptors (Supplisson and Bergman, 1997;
Berger et al., 1998; Bergeron et al., 1998), and populations of
native NMDA receptors with relatively low affinity for glycine
have been described (mKD 5 ;800 nM) (Kew et al., 1998).

Native NMDA receptors are thought to be composed of
NMDAR1 and at least one of the NR2 subunits (Kutsuwada et
al., 1992; Monyer et al., 1992) assembled in various combinations
as heteromers predicted to contain four (Laube et al., 1998) or
five (Ferrer-Montiel and Montal, 1996; Premkumar and Auer-
bach, 1997; Hawkins et al., 1999) subunits. Earlier electrophysio-
logical studies have demonstrated that NMDA receptor activa-
tion requires occupation of two independent glycine sites and two
independent glutamate sites (Benveniste and Mayer, 1991; Clem-
ents and Westbrook, 1991). Thus, the minimal requirement for a
functional receptor would seem to be two NMDAR1 and two
NR2 subunits, which contain the glycine (Kuryatov et al., 1994;
Wafford et al., 1995; Hirai et al., 1996) and glutamate (Laube et
al., 1997; Anson et al., 1998) binding sites, respectively.

The essential role of the NMDAR1 subunit in NMDA recep-
tor function has been confirmed by targeted disruption of the
Nmdar1 gene (Grin1 according to the Mouse Genome Database)
in vivo (Forrest et al., 1994; Li et al., 1994). Mice homozygous for
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the disrupted Nmdar1 (Grin1) allele die shortly after birth, ap-
parently because of respiratory failure (Forrest et al., 1994).

To investigate the physiological role of the NMDA receptor
glycine site, we have used site-directed mutagenesis in conjunc-
tion with homologous recombination in mouse embryonic stem
cells to generate two novel mouse lines carrying point mutations
in the glycine binding site of NMDAR1, D481N, and K483Q
[numbering according to Wafford et al. (1995)]. In vitro, these
point mutations have been shown to result in 7- and 125-fold
reductions in receptor glycine affinity in recombinant NMDAR1/
NR2A receptors (Wafford et al., 1995). In targeted mutant mice,
glycine concentration–response curves from acutely dissociated
hippocampal neurons reveal similar reductions in NMDA recep-
tor glycine affinity. Homozygous Grin1D481N mice are viable and
fertile and appear to develop normally; however, homozygous
Grin1K483Q animals are significantly lighter at birth and die within
a few days.

MATERIALS AND METHODS
Targeting vector construction
Screening of the mouse genomic library for the Nmdar1 (Grin1) gene was
described previously (Forrest et al., 1994). Clones encompassing exon 12
and surrounding regions were analyzed in detail by restriction mapping
and exon-specific oligonucleotide hybridization. A 6 kb EcoRI–SalI frag-
ment containing a 4 kb intron sequence between exons 10 and 11
together with exons 11–18 was chosen for targeting vector construction.
A 3 kb XbaI–SpeI fragment consisting of tandomly arranged neomycin
and herpes simplex virus–thymidine kinase (HSV-tk) genes flanked 39
and 59 by loxP sites was inserted into the unique XbaI site located in the
noncoding region between exons 10 and 11. The indicative SpeI restric-
tion site was created by insertion of a SpeI site-containing oligonucleotide
into a unique SalI site 39 of the loxP site. Correct integration and
orientation of the loxP sites were confirmed by sequencing. The point
mutations D481N and K483Q were introduced by PCR-based mutagen-
esis along with a MscI-indicative restriction site, using a 59 oligonucleo-
tide containing the corresponding mutation. PCR amplification of the
corresponding gene region yielded a 1 kb HincII–AvrII fragment that was
used to replace the native gene fragment. All restriction enzymes were
obtained from New England Biolabs (Beverly, MA) or Roche Diagnos-
tics (Rotkreuz, Switzerland).

Generation of Grin1 D481N and Grin1 K483Q mutant mice
E14–129/Ola embryonic stem (ES) cells were cultured and transfected
with NotI-linearized targeting vectors carrying the D481N or K483Q
point mutation, respectively, as described previously (Wurst and Joyner,
1993). Correctly targeted ES cell clones were subsequently subjected to
Cre recombination to excise the drug resistance gene flanked by loxP
sites. ES cell clones were propagated to 2 3 10 7 cells and electroporated
(Bio-Rad Gene Pulser, Bio-Rad, Glattbrugg, Switzerland) with 20 mg
supercoiled pMC-Cre (Gu et al., 1993). After electroporation, 10 5 cells
were plated on a 25 cm 2 dish and selected 24 hr later with 2 mM
ganciclovir for 3 d. Single resistant colonies were picked and screened by
Southern blot analysis for site-specific recombination.

Correctly targeted clones carrying either the D481N or K483Q point
mutation in the Grin1 allele were used for injection into C57BL/6J host
blastocysts. Chimeric males born after implantation of injected blasto-
cysts into foster mothers were mated with C57BL/6 females, and off-
spring were analyzed for germline transmission of the Grin1D481N or
Grin1K483Q mutation, respectively, by Southern blot analysis. Heterozy-
gous Grin1D481N/1 mice were intercrossed to obtain a homozygous
Grin1D481N line, whereas Grin1K483Q/1 mice were maintained as heterozy-
gotes because of their postnatal lethality as homozygotes. Wild-type
littermates from these crosses, or offspring thereof, were used as control
animals.

Southern blot analysis
Purified genomic DNA (10 mg) from ES cells or mouse tail biopsies was
digested with SpeI or MscI, respectively. DNA samples were fractionated
by 0.7% agarose gel electrophoresis, transferred to Hybond N1 mem-
brane (Amersham, Zurich, Switzerland), and hybridized with a radiola-

beled external 59 (1.9 kb SpeI fragment) or 39 (0.8 kb BamHI–MscI
fragment) probe.

Northern blot analysis and RT-PCR
Total RNA was isolated from whole brain of wild-type, heterozygous,
and homozygous mutant Grin1D481N and Grin1K483Q animals (Chirgwin
et al., 1979). For Northern blot analysis, 15 mg total RNA was separated
on a denaturing agarose gel and transferred to Hybond N1 membrane
(Amersham). A radiolabeled 2.8 kb Grin1 cDNA fragment was used as a
probe.

Reverse transcriptase reaction and subsequent PCR were performed
with total RNA from mouse brains with Expand reverse transcriptase
(Roche Diagnostics) and HotStar Taq from Qiagen (Hilden, Germany)
according to manufacturers’ instructions. For PCR amplification of Grin1
cDNA, the following specific primers were used: 59coding 59-
GCTCATCAAGCTGGCACGGACC-39 and 39noncoding 59-
CCACACCATGCCTAGGATACGAGC-39. The resulting fragment was
subjected to restriction analysis with MscI to check for the presence of
the desired mutation. Additionally, the generated fragments were se-
quenced to confirm the mutation.

Histology
For histological analysis, Grin1D481N mice (n 5 3) and Grin1K483Q mice
(n 5 2) were killed at day 28 and day 13 after birth, respectively, and
compared with wild-type control animals of the same age (n 5 7 and 3,
respectively). Urethane-anesthetized 28-d-old mice were fixed by trans-
cardiac perfusion (5 ml/min) with 4% paraformaldehyde in PBS. The
brains were removed, halved, and immersed for 24 hr with agitation in
the same fixative at room temperature. Brains from urethane-
anesthetized 13-d-old mice were simply removed and fixed by immersion
for 24 hr with agitation in the same fixative at room temperature.
One-half was cryoprotected in 20% sucrose in PBS (overnight), then
frozen in dry ice, and the other half was dehydrated in ethanol, cleared
in xylol, and embedded in paraffin wax. Cryostat or paraffin sections (10
mm) were mounted on untreated slides and then stored at 4°C until they
were used. Deparaffinized sections were routinely stained with hematox-
ylin/eosin or cresyl violet.

In situ hybridization histochemistry
Brains from urethane-anesthetized 28-d-old Grin1D481N mice (n 5 9) and
controls (n 5 8) were removed, frozen in dry ice, and stored at 280°C
until they were used. Cryostat sections (10 mm) were mounted on Super-
frost Plus slides (Menzel-Gläser, Germany) and either fixed in 4%
paraformaldehyde in PBS for 20 min, rinsed three times in PBS, and
dried, or stored, unfixed, at 220°C until they were used (the latter for use
in binding studies). The following 60-mer oligonucleotide probes, selec-
tive for NMDA receptor subunits, were used for hybridization experi-
ments: NMDAR1 (pan), nucleotides 2060–2120 (Sugihara et al., 1992;
Hollmann et al., 1993); NR2A, 211–271; NR2B, 286 to 227; NR2C,
20–80 (Monyer et al., 1994). Probe labeling and hybridization were
performed as described previously (Kew et al., 1998).

In vitro binding
Cryostat sections of fresh-frozen brains were preincubated at 22°C (2 3
10 min) in 130 ml of Tris-HCl buffer (50 mM, pH 7.4) with 10 mM EDTA,
and then incubated in buffer plus 5 nM [ 3H]Ro 25-6981 (Fischer et al.,
1997; Mutel et al., 1998) (final volume, 130 ml) for 90 min at 4°C. This
was followed by three rinses at 4°C (2 3 5 min 1 15 min) in 130 ml of
buffer alone; nonspecific binding was determined in the presence of 10
mM Ro 04-5595. After a quick dip in ice-cold distilled water, the sections
were rapidly dried in a stream of cold air.

Quantitative radioautography and image analysis
Sections were exposed, together with tritium microscales, to tritium-
sensitive imaging plates (BAS-TR2025) for 4 d and subsequently to
Hyperfilm Tritium (Amersham) for 4 weeks at 4°C. The plates were
scanned in a Fuji film BAS-5000 high-resolution PhosphorImager and
measured with an MCID M2 image analysis system (Imaging Research,
St. Catherines, Ontario, Canada).

Western blot analysis
Brain tissues were dissected from control and mutant mice and mem-
brane preparation, and Western blot analysis was performed as previ-
ously described (Kew et al., 1998). After blotting, filters were blocked in
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PBS containing 5% skimmed milk powder and incubated with a solution
containing 1 mg/ml of an antibody to NMDA R1 (AB 1516), or 1 mg/ml
of an antibody to NR2A (AB 1555P), or 1 mg/ml of an antibody to NR2B
(AB 1557P) (all from Chemicon, Lucerne, Switzerland).

Acute hippocampal neuronal dissociation
Brain slices (400 mm) from 5- to 12-d-old control, Grin1D481N or
Grin1K483Q mice were cut with a vibratome in an ice-cold solution that
contained (in mM): NaCl 125, KCl 2.5, CaCl2 2, MgCl2 1, NaH2PO4 1.25,
NaHCO3 26, D-glucose 25, pH adjusted to 7.4 with oxycarbon (95% O2,
5% CO2), and were subsequently incubated at 20°C in the same solution.
When needed for electrophysiological experiments, the hippocampus was
dissected out of each slice, and neurons were dissociated as previously
described (Kew et al., 1998).

Whole-cell voltage-clamp recordings
Whole-cell voltage-clamp recordings were performed as previously de-
scribed (Kew et al., 1998).

Equilibrium concentration–response curves
Best fit lines were computed for equilibrium concentration–response
data using a two-equivalent binding site model:

I 5 Imax /~1 1 ~mKD/@A#!!2, (1)

where mKD is the microscopic dissociation constant (equivalent to an
EC25) and [A] 5 agonist concentration. However, a baseline contamina-
tion of glycine was present in all solutions, illustrated by a consistent,
small response evoked by the application of NMDA to wild-type neurons
in the absence of added glycine. To correct for this glycine contamination
where relevant (i.e., where application of NMDA alone yielded an
inward current), glycine concentration–response data for each neuron
were initially fitted with a modified version of the two-equivalent
binding-site model incorporating a variable, g, representing the basal
contaminating glycine concentration:

I 5 Imax /~1 1 ~mKD/@A 1 g#!!2. (2)

This derived contaminating glycine concentration was then added to
each glycine concentration used in the concentration–response curve to
give the true glycine concentrations. The concentration–response curve
was then replotted using the true glycine concentrations and fitted with
the two-equivalent binding-site model (Eq. 1). Plotting the current
evoked by NMDA in the absence of added glycine against the predicted
contaminating glycine concentration provided a control for the accuracy
of this correction procedure. The mean calculated contaminating glycine
concentration was 26 6 3.3 nM (mean 6 SE, n 5 7).

Calcium imaging
Cortical neurons from genotyped single mouse embryos (embryonic day
18) were cultured on astrocyte feeder layers for 12 d in DMEM (Life
Technologies, Gaithersburg, MD) 1 10% horse serum (Boehringer
Mannheim, Rotkreuz, Switzerland) as previously described (Fischer et
al., 1997). For dye loading, cells were incubated with 20 mM fura-2 AM
(Molecular Probes, Leiden, The Netherlands) for 40 min at room tem-
perature with 20 min postincubation in HBSS. Cells were stimulated at
room temperature with NMDA (100 mM) plus variable concentrations of
glycine as indicated for 30 sec in artificial CSF. Stimuli were separated by
5 min washes. Imaging measurements were made on an inverted micro-
scope with a long distance 403 objective (Axiovert 405 M, Zeiss, Thorn-
wood, NY). A cooled CCD camera (CH-250, Photometrics, Tucson, AZ)
was used to acquire image pairs at 340 and 380 nm excitation wavelengths
(with dark correction) to computer. Exposure time was 400 msec. The
intrinsic fluorescence in cells not dye-loaded was ,5% and did not
contribute a significant error to the measurements. Fluorescence ratio
values were calculated as previously described (Grynkiewicz et al., 1985).

Long-term potentiation
Hippocampal slices (400 mm) were cut from 21–38 gm mice with a Sorvall
tissue chopper. Slices were maintained in an interface chamber and
perfused at 35°C with a simple salt solution containing (in mM): NaCl
124, KCl 2.5, MgSO4 2, CaCl2 2.5, KH2PO4 1.25, NaHCO3 26, glucose
10, sucrose 4, gassed with 95% O2/5% CO2, pH 7.4. The CA1 stratum
radiatum was stimulated (0.05 Hz, 100 msec) at a stimulus strength
adjusted to evoke field EPSPs (fEPSPs) equal to 30% of the relative

maximum amplitude without superimposed population spike. fEPSPs
were recorded from the CA1 stratum radiatum with a glass micropipette
(1–3 MV) containing 2 M NaCl. After stable baseline recordings, LTP
was induced using a theta burst stimulation (TBS) paradigm consisting of
two stimulus patterns spaced by 8 sec. Each pattern consisted of 10 3 50
msec stimulus trains at 100 Hz, each separated by 150 msec. The duration
of the stimulation pulses was doubled during the tetanus. Results are
expressed as means 6 SE of the fEPSP slope as a percentage of the
baseline values recorded 10 min before TBS for 20 slices from 10 animals
per group (for each animal, means of two slices were made for each data
point).

Cortical wedge experiments
Experiments with cortical wedges were performed with the greased-gap
technique as previously described (Kemp et al., 1991). Coronal slices
(500 mm) were cut from a 3- to 4-mm-thick block of cerebral cortex/
striatum using a vibratome. The tissue was submerged at all times in a
simple salt solution containing (in mM): NaCl 124, KCl 2.5, MgSO4 2,
CaCl2 2.5, KH2PO4 1.25, NaHCO3 26, glucose 10, sucrose 4, gassed with
95% O2/5% CO2, pH 7.4. Tissue wedges ;1 mm wide consisting of
frontoparietal motor cortex, corpus callosum, and underlying striatal
matter were dissected from the cortical slices. The wedges were mounted
in a perspex perfusion chamber and continuously perfused with a mod-
ified salt solution that contained tetrodotoxin (300 nM) and lacked MgCl2
and contained 1.75 mM CaCl2. Population depolarizations of the cortical
tissue were evoked by 1 min duration applications of NMDA (20 mM) or
AMPA (6 mM) and were recorded using Ag/AgCl electrodes connected
to a DC amplifier and acquired using MacLab8 software. AMPA appli-
cations were made at the beginning and end of the experiments to control
for the stability of the preparation. All experiments were performed at
room temperature.

Behavioral assays
Behavioral observation. Eight male wild-type and eight male Grin1D481N

mice were used per group. Mice were placed in transparent boxes (40 3
20 3 15 cm) in groups of two to three and observed for any signs of
general abnormal behavior as well as changes in body posture, gait,
sensory responses, and autonomic activity, as described by Irwin (1968).
Experiments were performed on a “blind” basis.

Motor coordination. A revolving rotarod apparatus (accelerating units
increase from 3.5 to 35 rpm in 5 min; Ugo Basile, Varese, Italy) was used
to measure the motor coordination of mice. The latency time to fall off
the rotarod was determined (cutoff time 5 120 sec).

Analgesia testing. For the hot-plate test, the hot-plate (Columbus In-
struments, Columbus, Ohio) was used at a constant temperature of 55°C.
The latency time (seconds) for the mice to lick their paws was measured
(cutoff time 5 60 sec). For the tail-flick test, heat from a radiant source
was focused on a point midway along the length of the tail. The time for
the mouse to deflect its tail from the heat stimulus (tail-flick latency) was
recorded automatically (LE 7106, Letica, Barcelona, Spain) (cutoff
time 5 10 sec).

Locomotor activity. The computerized Disgiscan 16 Animal Activity
Monitoring System (Omnitech, Colombus, OH) was used to quantitate
motor activity. Data were obtained simultaneously from eight Digiscan
chambers. Each activity monitor consisted of a Plexiglas box (20 3 20 3
30.5 cm) surrounded by horizontal and vertical infrared sensor beams.
The cages were connected to a Digiscan Analyzer that works in conjunc-
tion with a PC to interpret the photobeam interruptions. A 12 hr
light /dark cycle was maintained in the rooms, with all tests being per-
formed during the light phase. With this system, 19 different parameters
could be measured, but only the most relevant are reported: horizontal
activity is the total number of interruptions of the horizontal sensors
during a given period; vertical activity is the total number of interrup-
tions of the vertical sensors during a given period; number of stereotypy
movements corresponds to the number of times the monitor observed
stereotypic behavior (a break in stereotypy of 1 sec or more is required
to separate one stereotypic episode from the next); and center time is the
time spent in the center of the activity box. Locomotor activity was
recorded for 8 hr starting immediately after the mice were placed in the
cages.

Light/dark test. The light /dark choice apparatus consisted of two poly-
vinylchloride boxes (27 3 21 3 14 cm high, black, and covered on one
side; translucent and illuminated by a 30 W lamp placed 30 cm above the
other side) with an interconnecting dark tunnel (5 3 7 3 10 cm). Each
mouse was placed in front of the tunnel, and the time spent in the lit area
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and the number of transitions from dark to lit area were recorded during
the 5 min test period.

Morris water maze. Acquisition of spatial learning and memory was
assessed by placing mice in a circular pool (diameter 120 cm, height 30
cm) in which they learned to escape from milky water (20 cm depth, 20 6
1°C) by locating a hidden platform. This target platform (7 cm diameter,
1 cm below the water surface) was located in the center of a particular
quadrant of the pool, and external visual cues were positioned around the
pool to facilitate navigation of the animals. During a 4 d test period, mice
were placed in the water facing the wall of the pool in one of four fixed
starting position chosen randomly (three trials per session, three sessions
per day). The time the mouse needed to locate the target (escape latency)
and the swim path and swim speed were measured using an automated
video motility system (Video Mot II, TSE, Bad Homburg, Germany). If
an animal failed to find the target within 60 sec, it was placed on the
platform by hand and allowed to remain there for an intertrial interval
(10–20 sec). The interval between each session was 1.5–2 hr. After the
final trial on day 4, the platform was removed, and the mice were allowed
to swim freely for 60 sec. The time the mice spent in each quadrant and
their swim path were recorded. Statistical analysis was performed by
ANOVA with post hoc Fisher’s test.

Auditory startle and prepulse inhibition of the acoustic startle reflex .
Testing was conducted in eight startle devices (SR-LAB, San Diego
Instruments, San Diego, CA) each consisting of a Plexiglas cylinder (5 cm
in diameter) mounted on a Plexiglas platform in a ventilated, sound-
attenuated cubicle with a high-frequency loudspeaker (28 cm above the
cylinder) producing all acoustic stimuli. The background noise of each
chamber was 68 dB. Movements within the cylinder were detected and
transduced by a piezoelectric accelerometer attached to the Plexiglas
base and digitized and stored by a computer. Beginning at the stimulus
onset, 65 3 1 msec readings were recorded to obtain the animal’s startle
amplitude.

Each session was initiated with a 5 min acclimation period followed by
five successive 110 dB trials. These trials were not included in the
analysis. Ten different trial types were then presented: startle pulse alone
(ST110, 110 dB/40 msec); eight different prepulse trials in which either
20-msec-long 72, 78, 84, or 90 dB stimuli were presented alone (P72, P78,
P84, P90) or preceded the 110 dB pulse by 100 msec (PP72, PP78, PP84,
PP90); and finally one trial in which only the background noise was
presented (NST) to measure the baseline movement in the cylinders. All
trials were presented in a pseudorandom order, and the average inter-
trial interval (ITI) was 15 sec (10–20 sec). The startle data and percent-
age prepulse inhibition (PPI) were analyzed by two-way ANOVA with
the strain as the between-subject factor and the various stimulation
intensities or the intensity of prepulse stimuli, respectively, as the re-
peated measure, followed by post hoc Fisher’s least significance differ-
ence test.

Intracerebroventricular NMDA-induced convulsions. Seizures were in-
duced by injection of NMDA (5 nM in 1 ml) into the lateral ventricle of
conscious mice. Immediately after injection, animals were placed in
Plexiglas boxes (12 3 12 3 15 cm) and observed for a period of 5 min.
Typically, seizure activity started with a wild running phase, followed by
clonic convulsions. The latency (in seconds) for each mouse to exhibit
these various symptoms was recorded.

RESULTS
Generation of Grin1-targeted mutant mice
Previous studies using site-directed mutagenesis and heterolo-
gous expression in Xenopus oocytes have identified amino acids in
NMDAR1 that appear to contribute to the glycine binding site
(Kuryatov et al., 1994; Wafford et al., 1995; Hirai et al., 1996).
Replacing the aspartic acid at position 481 with asparagine re-
duced NMDA receptor glycine affinity by approximately seven-
fold, whereas replacement of the lysine at position 483 with
glutamine resulted in an approximately 125-fold reduction in
receptor glycine affinity [numbering according to Wafford et al.
(1995)]. Based on these in vitro experiments, we have introduced
these two point mutations independently into the mouse germ
line by homologous recombination in ES cells. Genomic clones of
the Grin1 gene (Forrest et al., 1994) encompassing exon 10–18
were used for construction of the targeting vector. The neomycin

resistance gene and the HSV-tk cassette were tandemly arranged
and cloned into the intron between exons 10 and 11 so as not to
disturb the coding region of the Grin1 gene (Fig. 1). This 3 kb
gene cassette was flanked with two loxP sites, allowing precise
excision of the selection markers by site-specific recombination

Figure 1. Targeted point mutation of the glycine binding site of the
Nmdar1 gene (Grin1). A, Schematic representation of the NMDAR1
protein of 938 amino acids in size showing the N and C termini and the
four putative transmembrane domains as solid bars. An asterisk indicates
the location of amino acids 481 and 483, which were mutated. B, Homol-
ogous recombination and subsequent Cre-mediated recombination of the
Grin1 gene in ES cells. The relevant genomic structure and partial
restriction map of the Grin1 gene spanning exons 10–13 is given on top
(numbering according to Hollmann et al., 1993). The locations of the 59
and 39 probes used for Southern blot analysis are indicated below. Tar-
geting vectors pNR1 481 and 483 neotkflox carry the D481N and K483Q
mutation in exon 12, respectively, as marked with an asterisk, which
creates an additional MscI restriction site. The neomycin resistance (neo)
and HSV–thymidine kinase (tk) cassette used for selection is located in
the intron between exons 10 and 11 and is flanked with two loxP sites in
the same orientation. The solid bar at the 39 end indicates residual vector
sequences of pBluescript (Stratagene, Basel, Switzerland). The recombi-
nant allele after homologous recombination carries the floxed neo/tk
cassette and the respective point mutation in exon 12 as indicated by the
asterisk. After Cre-recombination, the floxed neo/tk cassette is excised,
leaving one loxP site behind in the intron and the point mutation in exon
12 unchanged. Restriction sites used for Southern blot analysis: Sp, SpeI;
M, MscI; X, XbaI. C, Base pair exchanges introduced in exon 12 by the
targeting vector coding for amino acid exchanges D481N and K483Q,
respectively (numbering according to Wafford et al., 1995).
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with the Cre recombinase after successful homologous recombi-
nation. To monitor this event, an additional SpeI site was placed
adjacent to the 39 loxP site. The point mutations for the amino
acid exchanges were introduced into exon 12 along with a new
indicative restriction site (MscI). The design of the final targeting
vectors, carrying 6 kb of homologous sequence, was such that
after integration by homologous recombination, the coding se-
quence of the endogenous Grin1 gene remained unchanged, with
the exception of the targeted point mutations D481N and K483Q,
respectively, in exon 12, and one loxP site that is left behind after
Cre-mediated excision of the selection markers (Fig. 1).

E14 ES cells were electroporated with the linearized vector
DNA, and 191 clones for the D481N mutation and 156 clones for
the K483Q mutation were screened by Southern blot hybridiza-
tion for homologous recombination. The initial screening was
performed with an external 59 probe and revealed 5 D481N and
10 K483Q clones that had undergone homologous recombination
at the Grin1 locus. Further analysis of the positive clones with a
39 external probe revealed that 2 of 5 (D481N) and 7 of 10
(K483Q) clones had correctly integrated the desired mutations
into the Grin1 allele.

Because drug selection markers may influence gene expression,
they were removed from the targeted Grin1 allele by transient
expression of the Cre recombinase in selected ES cell clones.
Southern blot hybridization revealed that up to 75% of the clones
had correctly undergone Cre-mediated recombination (Fig. 2A).
After blastocyst injection of two independent ES cell clones for
each mutation, chimeric male offspring were mated to C57BL/6J
females to establish germline transmission of the novel
Grin1D481N and Grin1K483Q alleles.

Heterozygous mice for either mutation were phenotypically
normal, developed normally, and were fertile. By crossing these
animals, homozygous offspring for both mutations were obtained.
Northern blot analysis of whole-brain RNA from 5-d-old wild-
type, heterozygous, and homozygous littermates from both mu-
tants revealed no difference in the size and amount of the Grin1
mRNA, demonstrating that the targeted point mutations did not
influence the expression of the gene (data not shown). With
RT-PCR and mutation-specific restriction enzymes, we directly
identified the mutations at the RNA level (Fig. 2B). Further
confirmation of correct targeting of the Grin1 allele was obtained
by sequencing the RT-PCR fragment from homozygous mutant
animals (data not shown). In addition, Western blot analysis
revealed that both Grin1D481N and Grin1K483Q homozygous mu-
tant animals expressed the mutated NMDAR1 protein (data not
shown).

Phenotype of homozygous NMDAR mutant mice
Homozygous mutant Grin1D481N mice are viable and fertile and
appear to develop normally. No gross abnormalities in CNS
anatomy were detected in young adult animals (Fig. 3). However,
the majority of homozygous Grin1K483Q mice die within 48 hr.
Newborn animals are significantly lighter (ANOVA, p , 0.001)
than wild-type or heterozygous littermates. In heterozygote
crosses, homozygous Grin1K483Q offspring weighed 1.45 6 0.02
gm (mean 6 SE, n 5 51), whereas heterozygote littermates
weighed 1.61 6 0.02 gm (n 5 96) and wild-type littermates
weighed 1.66 6 0.03 gm (n 5 42). The ratio of the three geno-
types in the F1 generation is close to 1:2:1, indicating that there
is no embryonic lethality. Most Grin1K483Q animals do not appear
to feed normally, and milk is rarely visible in their stomachs.
Occasionally, Grin1K483Q mice survived the immediate postnatal

period and lived for a maximum of 21 d. These mice failed to gain
weight and appeared generally retarded in their physical devel-
opment; however, no gross abnormalities in CNS anatomy were
detected at postnatal day 13 (Fig. 3).

Expression levels of NMDA receptor subunits in
control and Grin1D481N mice
The expression levels of NMDAR1, NR2A, NR2B, and NR2C
were assessed in 28-d-old wild-type and Grin1D481N mice by in situ
hybridization histochemistry and for NMDAR1, NR2A, and
NR2B by Western blot analysis. Although NMDAR1 expression
levels in mutant mice were not significantly different from con-
trols in the caudate putamen, cortex, and hippocampus, we ob-

Figure 2. A, Southern blot analysis of ES cell clones. DNA from wild-
type ES cells and a targeted ES cell clone before and after Cre-
recombination was digested with SpeI and hybridized with the 59 probe.
The 9 kb fragment represents the homologous recombined allele contain-
ing the neo/tk cassette. This fragment is shortened to 6 kb after Cre-
mediated excision of the resistance cassette. DNA from both Grin1D481N-
and Grin1K483Q-targeted ES cells gives an indistinguishable pattern in
Southern blot analysis attributable to the almost identical location of the
point mutation in the Grin1 gene. B, RT-PCR and mutation-specific
restriction enzyme analysis. Total RNA isolated from whole mouse brains
of different genotypes of both mutations was used as a template for cDNA
synthesis. The 59 primer used for Grin1-specific PCR amplification starts
at nt 1287, and the 39 primer starts at nt 1855. The position of the
mutation-specific MscI site is nt 1387 for D481N (bottom panel ) and nt
1393 for K483Q (data not shown). The amplified fragments after restric-
tion digestion with MscI are depicted in the top panel. Wild-type (wt)
fragments are resistant to digestion, whereas half of the fragments from
heterozygous D481N animals (D481N/1) are shortened, giving two bands
of 568 and 468 bp, respectively. All fragments from homozygous D481N
mutant animals (D481N ), however, are digested to the smaller band.
cDNA from Grin1K483Q mice displayed the same pattern after MscI
digestion because of the proximity of both point mutations (data not
shown).
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served significantly increased expression levels in the thalamus
and cerebellum (Fig. 4A). Interestingly, the NR2A and NR2C
subunits were also significantly upregulated in the cerebellum of
mutant mice, and NR2C was also significantly upregulated in the
thalamus, caudate putamen, and cortex (Fig. 4A). At the protein
level, we observed minor changes in the expression levels of
NMDAR1 in the cortex, striatum, and hippocampus of the mu-
tants, accompanied by a large increase in the cerebellum (Fig. 5).
Only minor changes in NR2A protein levels were apparent in
mutant mice. NR2B protein was somewhat upregulated in the
cortex and striatum, with only minor changes in the hippocampus
of the mutants. Notably, although no NR2B protein was detect-
able in the cerebellum of 28-d-old wild-type mice, protein was
detectable in mutants (Fig. 5). Autoradiography with the NR2B-
selective ligand antagonist [ 3H]Ro 25-6981 (Fischer et al., 1997;
Mutel et al., 1998) revealed a significant increase in binding in
only the cortex of mutant mice (Fig. 4A,B).

Grin1D481N and Grin1K483Q mice exhibit reduced NMDA
receptor glycine but not glutamate affinity
Glycine and glutamate concentration–response curves were per-
formed using whole-cell voltage-clamp recordings from acutely
dissociated hippocampal neurons prepared from 5- to 12-d-old
animals. Glycine concentration–response curves were con-
structed by jumping rapidly from a control solution to one con-
taining 100 mM NMDA in the presence of increasing concentra-
tions of glycine in both control and NMDA-containing solutions.

Monophasic glycine concentration–response curves from wild-
type, Grin1D481N, and Grin1K483Q mice yielded mean pmKD val-
ues of 7.42 6 0.05, 6.76 6 0.09, and 5.47 6 0.06, respectively
(mean 6 SE; n 5 7, 5, and 6 neurons, respectively). A plot of the
data from all neurons normalized to their respective individual
predicted maximum peak response from individual curves fit with
the two-equivalent binding-site model (Eq. 1) yielded mKD values
of 0.038, 0.19, and 3.26 mM for wild-type, Grin1D481N, and
Grin1K483Q mice, respectively (Fig. 6A). Mean maximum current
amplitudes in neurons from Grin1D481N (1041 6 329 pA) and
Grin1K483Q (1043 6 199 pA) mice were not significantly different
from those of wild-type animals (1179 6 75 pA). Glycine con-
centration–response curves from neurons from wild-type and
mutant mice were generally monophasic but were occasionally
biphasic with a lower affinity component, which is likely to rep-
resent NR2A-containing receptors that are upregulated during
ontogeny (Kew et al., 1998). To simplify the analysis, neurons
generating biphasic curves have been excluded. However, it
should be noted that the mean pmKD value of the high-affinity
component of biphasic curves from Grin1D481N mice, 6.70 6 0.07,
was not significantly different from that of the monophasic curves
(two-tailed t-test, p . 0.58). Insufficient numbers of biphasic
curves were recorded from wild-type or Grin1K483Q mice to
permit statistical analysis.

Glutamate concentration–response curves were constructed by
jumping rapidly from a control solution into one containing
increasing concentrations of glutamate in the continuous pres-
ence of 30 mM glycine and 10 mM NBQX in both the control and
glutamate-containing solutions. Glutamate concentration–re-
sponse curves from all animals were monophasic. Fits of the mean
data with the two-equivalent binding-site model yielded mKD

values of 1.9, 1.8, and 2.0 mM for wild-type, Grin1D481N, and
Grin1K483Q mice, respectively (n 5 9, 9, and 5, respectively)
(Fig. 6 B).

The reduction in NMDA receptor glycine affinity in
Grin1K483Q mice was further illustrated by assaying the glycine
concentration-dependent increases in intracellular Ca21 concen-
tration evoked by costimulation of cultured cortical neurons with
both NMDA (100 mM) and increasing concentrations of glycine.
Cultured cortical neurons from homozygous Grin1K483Q embryos
(embryonic day 17) exhibited a markedly reduced sensitivity to
glycine compared with wild-type neurons (Fig. 6C).

Grin1D481N mice exhibit a deficit in hippocampal theta
burst-induced LTP
Occupation of the glycine site is required for NMDA receptor
function (Johnson and Ascher, 1987; Kleckner and Dingledine,
1988), and NMDA receptor activation is required for induction
of certain forms of LTP (Bliss and Collingridge, 1993). There-
fore, we compared LTP evoked in hippocampal slices from wild-
type and Grin1D481N mutant mice. Potentiation induced by theta
burst stimulation was significantly attenuated in Grin1D481N mu-
tants compared with wild-type controls throughout the post-
tetanus period (2–60 min, ANOVA, p , 0.01) (Fig. 7A). Thus,
Grin1D481N mice exhibit a deficit in the induction of LTP.

This deficit might result from the reduction in NMDA receptor
glycine affinity and the consequent reduced level of NMDA
receptor glycine site occupation in brain slices from Grin1D481N

mice. To examine the relative level of NMDA receptor glycine
site occupation in brain slices from wild-type and Grin1D481N

Figure 3. Bright-field images of hematoxylin/eosin-stained brain sections
from Grin1D481N and Grin1K483Q mice. No morphological abnormalities
were apparent for either 28-d-old Grin1D481N or 13-d-old Grin1K483Q mice
in the cerebral cortex (a, d), hippocampal CA1 region (b, e), and cerebel-
lum (c, f ), respectively. I–V, Cortical layers; Or, oriens layer of CA1; Py,
pyramidal layer of CA1; Rad, radiatum layer of CA1; Lmol, lacunosum
moleculare layer of CA1; gran, granule cell layer of cerebellum; egran,
external granule cell layer; igran, internal granule cell layer; mol, molec-
ular layer of cerebellum.
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mice, we used a greased-gap cortical wedge technique. In cortical
wedges from wild-type animals, the level of occupation of the
glycine site by endogenous agonists is such that addition of
NMDA (20 mM) elicits a robust depolarization. Addition of
increasing amounts of the NMDA receptor glycine site agonist
D-serine, which is not taken up at glycine transporters (Supplisson
and Bergman, 1997), increased the amplitude of NMDA-
mediated depolarizations in a concentration-dependent manner
in cortical wedges from both wild-type and Grin1D481N mice (Fig.
7B). However, the relative increase in response amplitude after
addition of 30, 100, and 300 mM D-serine was significantly greater
in slices from Grin1D481N compared with wild-type mice ( p ,
0.01, two-tailed t test). Thus, although the NMDA receptor
glycine site is apparently not saturated in control brain slices from
either wild-type or Grin1D481N mice, addition of exogenous ago-
nists results in a larger relative increase in response amplitude in
mutant mice, thus indicating a reduced level of NMDA receptor
glycine site occupancy in untreated slices relative to wild-type
controls. In agreement, the mean depolarization elicited by 20 mM

NMDA in the absence of exogenous D-serine was significantly
smaller in Grin1D481N mice (0.58 6 0.11 mV, n 5 14) compared
with wild-type controls (1.14 6 0.15 mV, n 5 13) ( p , 0.01,
two-tailed t test), whereas that elicited in the presence of 300 mM

D-serine was not significantly different (0.89 6 0.14 mV and
1.35 6 0.17 mV, respectively; p . 0.05, two-tailed t test).

Behavioral assays
Wild-type mice (n 5 8) showed normal reflexes, had no sign of
abnormalities, and were able to perform in the horizontal wire
test. Five of the mutant mice (n 5 8) exhibited deficits in the
horizontal wire test in that although the animals could hold the
wire with their forepaws, they were unable to lift their hindpaws
onto the wire. The remaining three animals performed normally.
Pinna, corneal, and toe-pinch reflexes were normal in all mutant
animals. One of the mutant mice exhibited an arched back,
piloerection, tremors, and a decrease of locomotor activity, and
two others had no fur around their nose. No significant difference
was observed between the wild-type and mutant mice on the
rotarod apparatus (mean latency: wild type 5 120 sec, Grin1D481N

5 116 6 4 sec; two-tailed t test, p . 0.05). However, one of the
mutant animals could not stay on the rotarod for 2 min even after
four attempts. No significant difference was observed between the
wild-type and mutant mice in the tail-flick (mean latency: wild
type 5 1.88 6 0.51 sec, Grin1D481N 5 2.36 6 0.81 sec; two-tailed
t test, p . 0.05) and hot-plate tests (mean latency: wild type 5
9.24 6 0.52 sec, Grin1D481N 5 7.56 6 0.61 sec; two-tailed t test,
p . 0.05).

Locomotor activity
Grin1D481N mice spent a significantly longer time in the center of
the cage compared with wild-type controls (10771 6 2395 and

Figure 4. In situ hybridization and receptor autoradiography analysis of NMDA receptor subunit expression in wild-type and Grin1D481N mice. A,
Percentage change (mean 6 SE) in NMDA receptor subunit mRNA hybridization signal and [ 3H]Ro 25-6981 binding in brains of Grin1D481N mice versus
controls revealed by quantitative radioautography and image analysis (*p , 0.05, **p , 0.01, two-tailed t test). B, Regional distribution of in vitro binding
sites for [ 3H]Ro 25-6981 (selective for NMDA receptors containing NR2B) in parasagittal brain sections of wild-type and Grin1D481N mice revealed by
receptor radioautography. White areas indicate high levels of binding.
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3995 6 1609 sec, respectively; mean 6 SE, n 5 8; two-tailed t-test,
p , 0.05) over the 8 hr test period. Under these conditions, there
was no significant difference in horizontal or vertical activity or
level of stereotypic behavior over the same time period in both
groups (Fig. 8). When the mice were placed in a larger area (40 3
40 3 30.5 cm), there was again a significant increase of the time
spent in the center of the cage (data not shown).

Light/dark test
There was no significant difference between wild-type and
Grin1D481N mice in terms of time spent in the lit area (97 6 17
and 141 6 27 sec, respectively; mean 6 SE, n 5 8), number of
transitions (10.5 6 1.5 and 8 6 1.9), or number of attempts to go
from dark to lit box (13.5 6 4 and 10.9 6 3.9; two-tailed t test, p .
0.05). However, a trend toward spending more time in the lit area
was apparent for Grin1D481N mice.

Morris water maze
To test the spatial learning ability of Grin1D481N mice, they were
trained in a water maze to find a fixed, hidden platform using
distal cues (Morris et al., 1982, 1986). Grin1D481N mice exhibited
deficits in learning this task compared with wild-type controls
(Fig. 9A). Grin1D481N mice and controls achieved a similar final
level of performance with escape latencies of 11.4 6 3.4 and
11.0 6 1.7 sec at the final session, respectively (mean 6 SE, n 5

9 and 10, respectively). However, acquisition of the task was
impaired in the mutants, with significantly slower escape latencies
than control animals in sessions 2, 3 ( p , 0.01), and 4 ( p , 0.05,
two-way ANOVA for repeated measures). Swim speeds of the
mutant and control animals were not significantly different
[ANOVA, p . 0.05, e.g., mean 6 SE (centimeters per second) for
mutant and control, respectively; session 1: 14.8 6 1.8 and 17.5 6
0.8; session 4: 16.8 6 1.8 and 12.3 6 0.9; session 7: 12.2 6 1.4 and
9.6 6 1.2]. In a probe test performed immediately after the final
training session, both wild-type and mutant mice exhibited a
similar preference for the target area, as assessed by time spent in
the target quadrant and the number of crossings over the plat-
form’s original position (Fig. 9B). Neither group showed a signif-
icant preference for the target as assessed by the number of
crossings (ANOVA, p . 0.05). Wild-type animals spent a signif-
icantly greater time in the target quadrant versus the opposite and
adjacent right quadrants (ANOVA, p , 0.05); however, there was
no significant difference between time spent in the target and

Figure 5. Expression of NMDAR1, NR2A, and NR2B protein in the
cortex, striatum, hippocampus, and cerebellum of wild-type and
Grin1D481N mice revealed by Western blot analysis. Optical densities of
the protein bands from Grin1D481N mice are expressed relative to the
values obtained from respective brain regions in wild-type animals.

Figure 6. Glycine and glutamate concentration–response data from
wild-type, Grin1D481N, and Grin1 K483Q mice. A, Plot of the glycine con-
centration–response curves from acutely dissociated hippocampal neu-
rons from wild-type, Grin1D481N, and Grin1K483Q mice. Curves fitted with
the two-equivalent binding site model yielded mKD values of 0.038, 0.19,
and 3.26 mM, respectively. Inward currents were elicited in response to 2
sec applications of 100 mM NMDA at 29 sec intervals in the presence of
increasing concentrations of glycine. Peak current–response amplitudes
were normalized to the respective maximum peak response derived from
a fitted curve of the peak glycine concentration–response data for each
individual neuron using the two-equivalent binding site model. B, Gluta-
mate concentration–response curves from acutely dissociated hippocam-
pal neurons from wild-type, Grin1D481N, and Grin1K483Q mice. Curves
fitted with the two-equivalent binding site model yielded mKD values of
1.9, 1.8, and 2 mM, respectively. Inward currents were elicited at 29 sec
intervals in response to 2 sec applications of increasing concentrations of
glutamate in the continuous presence of 30 mM glycine and 10 mM NBQX.
Mean 6 SE peak currents have been normalized to the respective max-
imum peak response derived from a fitted curve of the peak glutamate
concentration–response data for each individual neuron using the two-
equivalent binding site model. C, Effect on intracellular Ca 21, as mea-
sured by fura-2 imaging, of stimulation of neurons with NMDA (100 mM)
and variable concentrations of glycine. Cortical neurons from single rat
embryos were stimulated with NMDA (100 mM) plus variable concentra-
tions of glycine as indicated for 30 sec; stimuli were separated by 5 min
washes. The ratio values of 340/380 (1003) from representative experi-
ments are shown as means 6 SD (wild type: n 5 17; Grin1K483Q: n 5 34).
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adjacent left quadrants (ANOVA, p . 0.05). Mutant animals
showed no significant preference for the target quadrant
(ANOVA, p . 0.05). Swim path analysis suggested that both
groups of animals had adopted similar search strategies (data not
shown).

Auditory startle and PPI of the startle reflex
Grin1D481N mice exhibited an exaggerated startle response as
compared with wild-type animals. Two-way ANOVA revealed a
significant effect (F(1,21) 5 7.78, p , 0.01), and post hoc analysis
indicated that the mutant mice had significantly higher startle
response to 90 and 110 dB as compared with the wild-type
animals (Fig. 10A). Mutant mice also exhibited a lower threshold
for startle reactivity. Indeed, as compared with NST, control
animals exhibited a significant startle response only to a 110 dB
stimulus (Fisher’s least significant difference test, p , 0.0001),
whereas mutant mice exhibited an exaggerated startle response to
both 90 and 110 dB ( p , 0.05 and p , 0.0001, respectively). In the
PPI assay, mutant and wild-type mice did not show any significant
difference at the various prepulse intensities tested (F(1,21) 5 0.13,
p . 0.05) (Fig. 10B).

Intracerebroventricular NMDA-induced convulsions
Grin1D481N mice were less sensitive to intracerebroventricular
NMDA-induced convulsions as compared with wild-type ani-
mals. Mutant mice exhibited a much higher latency for NMDA-
induced wild running (two-tailed t test, p , 0.001) and clonic
convulsions (two-tailed t test, p , 0.05) as compared with wild-
type mice. During the 5 min observation period, 4 of 12 wild-type
mice exhibited clonic seizures (mean latency to exhibit symp-
toms 5 23 sec) and 11 of 12 showed wild running (mean latency 5
19.3 sec). None of the mutant mice exhibited clonic seizures, and
only 2 of 11 showed wild running activity (mean latency 5 27.5
sec).

DISCUSSION
Using targeted mutagenesis in ES cells, we have generated two
mouse lines carrying point mutations in amino acids believed to

form part of the NMDA receptor glycine binding site. NMDA
receptors in acutely dissociated hippocampal neurons from ho-
mozygous Grin1D481N and Grin1K483Q mice exhibit 5- and 85-fold
reductions in glycine affinity, respectively, relative to wild-type
controls, whereas receptor glutamate affinity was unaffected. This
is in good agreement with the reductions in receptor glycine
affinity previously reported for identical mutations in recombi-
nant receptors expressed in Xenopus oocytes (Wafford et al.,
1995). Transferal of the mutant phenotype from recombinant to
native receptor infers a dominant role for the NMDAR1 subunit
in the determination of receptor glycine affinity and strongly
supports the localization of the glycine binding site on the
NMDAR1 subunit.

NMDA receptor function appears to be critical for postnatal
survival because both NMDAR1 (Grin1)2 / 2 and e2 (NR2B,
Grin2b)2 / 2 mice die shortly after birth (Forrest et al., 1994; Li et
al., 1994; Kutsuwada et al., 1996). Our results support this obser-
vation because Grin1K483Q mice, in which NMDA receptor func-
tion would be expected to be greatly impaired, are also not viable.
Grin1K483Q neonates do not appear to exhibit respiratory distress
as observed in NMDAR1 (Grin1)2 / 2 mice (Forrest et al., 1994; Li
et al., 1994) but rather resemble the e2 (NR2B, Grin2b)2 / 2 mice,
which lack the suckling response and do not feed (Kutsuwada et
al., 1996). NMDA receptors in acutely dissociated hippocampal
neurons from neonatal Grin1K483Q mice exhibited an mKD (equiv-
alent to an EC25) for glycine of 3.26 mM. Transporters might
reduce the glycine concentration in the local microenvironment
of synaptic NMDA receptors to below 1 mM (Supplisson and
Bergman, 1997; Berger et al., 1998; Bergeron et al., 1998). Thus,
the proportion of NMDA receptors occupied by glycine and
available for activation after release of glutamate in the brains of
these animals would be expected to be very low. There were no
gross abnormalities in CNS anatomy in rare Grin1K483Q mice,
which survived to postnatal day 13. This suggests that NMDA
receptor function is not essential for embryonic or early postnatal
development of the major CNS structures in agreement with the
reported phenotype of the NMDAR1 (Grin1)2 / 2 and e2 (NR2B,
Grin2b)2 / 2 mice (Forrest et al., 1994; Kutsuwada et al., 1996).

The NMDA receptor NR2 subunit exerts a major influence on
receptor glycine affinity (Ikeda et al., 1992; Kutsuwada et al.,
1992; Priestley and Kemp, 1993; Priestley et al., 1995; Kew et al.,
1998). It is interesting to note that NR2D-containing receptors
exhibit the highest affinity for glycine (Ikeda et al., 1992) and that
NR2D is expressed at high levels in the embryonic and early
postnatal mouse diencephalon and brainstem, after which time
expression decreases to very low levels (Watanabe et al., 1992).
Furthermore, NR2A-containing receptors, which exhibit the low-
est affinity for glycine (Kutsuwada et al., 1992), are upregulated
postnatally throughout the brain (Watanabe et al., 1992). The
developmental changes in NR2 subunits thus might result in a net
reduction in NMDA receptor glycine affinity, further compro-
mising NMDA receptor function in the Grin1K483Q mice, which
may result in death. It is also interesting to speculate that NR2A-
containing receptors (with the lowest glycine affinity) might be
selectively impaired in Grin1D481N animals.

Changes in NMDA receptor subunit expression at both the
message and protein level were observed in Grin1D481N mutant
mice compared with wild-type controls, perhaps reflecting a com-
pensatory response to the reduction in receptor glycine affinity.
The marked elevation of NR2B protein in the cerebellum of
Grin1D481N mice is particularly notable, because in wild-type
animals there is a developmental switch from prominent cerebel-

Figure 7. Theta burst-induced LTP in wild-type and Grin1 D481N mice.
A, Hippocampal slices (400 mM) from wild-type (solid squares, n 5 10)
and Grin1D481N mice (open circles, n 5 10) were maintained in an inter-
face chamber at 35°C, and fEPSPs were elicited by stimulation of the
Schaffer collateral /commissural afferents (100 msec, 0.05 Hz) and re-
corded in the CA1 stratum radiatum. LTP was induced using a TBS
paradigm. Mean 6 SE fEPSP slopes are expressed as a percentage of
baseline values recorded 10 min before TBS. B, NMDA-evoked popula-
tion depolarizations of cortical slices from wild-type (solid bars, n 5 6–13)
and Grin1D481N mice (open bars, n 5 14). Mean 6 SE depolarizations
produced by application of 20 mM NMDA in the presence of increasing
concentrations of D-serine are expressed as a percentage increase relative
to the depolarization evoked by 20 mM NMDA alone in each individual
slice (i.e., 20 mM NMDA alone 5 0%). The relative increase in response
amplitude after addition of 30, 100, and 300 mM D-serine was significantly
greater in slices from Grin1D481N mice compared with wild type (**p ,
0.01, two-tailed t test).
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lar NR2A and NR2B expression at early postnatal time points to
a complete downregulation of NR2B expression, accompanied by
an upregulation of NR2C expression, in young adults (Watanabe
et al., 1992). Smaller increases in NR2B protein were evident in
the cortex and striatum; however, significant increases in binding
of the NMDA NR2B subunit selective antagonist [ 3H]Ro 25-
6981 (Fischer et al., 1997; Mutel et al., 1998) were evident only in
the cortex. The reason for the discrepancy between the changes in
NR2B protein and [3H]Ro 25-6981 binding is unclear. Interest-
ingly, no high-affinity [3H]Ro 25-6981 binding was detected in
homogenates from human embryonic kidney 293 cells expressing
recombinant NR2B alone (Hawkins et al., 1999), raising the
possibility that the increased levels of protein detected by West-
ern blot analysis do not necessarily reflect an increase in func-
tional receptors accessible to the radioligand.

Grin1D481N mice, in which receptor glycine affinity is reduced
fivefold, exhibit physiological and behavioral abnormalities. In the
context of the many previous pharmacological studies using
NMDA receptor antagonists, these abnormalities are largely
compatible with a mild reduction in NMDA receptor function.
However, it should be noted that the mutations may influence
physiological parameters, which have not been analyzed in this
study, and the demonstrated reduction in NMDA receptor gly-
cine affinity might not underlie all of the observed phenotypic
changes.

NMDA receptor activation is necessary for both the induction
of LTP in the hippocampal CA1 and spatial learning (Morris et
al., 1986; Larson and Lynch, 1988; Tsien et al., 1996). In situ
hybridization analysis showed no significant change in NMDAR1
or NR2A, NR2B, or NR2C mRNA expression in the hippocampi
of Grin1D481N mice, and Western blot analysis revealed only
minor changes in protein levels. Thus, changes in NMDA recep-
tor subunit expression are unlikely to contribute to a reduction in
NMDA receptor function. In agreement, there was no significant

difference in whole-cell current amplitude in acutely dissociated
hippocampal neurons from mutant and wild-type mice. The def-
icit in LTP induction observed in Grin1D481N mice is consistent
with a reduction in NMDA receptor activation during tetanic
stimulation attributable to reduced receptor glycine site occu-
pancy relative to wild-type animals. Such a reduced level of
NMDA receptor glycine site occupancy is supported by the
observation that cortical wedges from Grin1D481N mice exhibited
a relatively larger increase in NMDA-mediated depolarization in
the presence of saturating concentrations of D-serine than wedges
from wild-type animals. In agreement, the mean depolarization
elicited by 20 mM NMDA in the absence of exogenous glycine site
ligands was significantly smaller, and this difference was normal-
ized in the presence of 300 mM D-serine. A reduction in NMDA
receptor glycine site occupancy is also consistent with the re-
duced sensitivity of the Grin1D481N mice to intracerebroventric-
ular NMDA-induced convulsions. Grin1D481N mice also exhibited
a deficit in spatial learning in the Morris water maze. Although
their final performance level was not significantly different from
wild-type controls, acquisition of the task was impaired in mutant
mice. A probe test revealed that both sets of animals appeared to
adopt similar search strategies but indicated a trend toward im-
proved spatial memory in the wild-type animals. Thus, in
Grin1D481N mice, whose NMDA receptor function is compro-
mised because of the reduction in receptor glycine affinity, there
is an impairment in both hippocampal LTP and spatial learning.

NMDA receptors appear to play a role in other behavioral
paradigms, including sensorimotor gating and anxiety. Both com-
petitive glutamate site and noncompetitive NMDA receptor an-
tagonists disrupt PPI (Bakshi and Geyer, 1998; Bakshi et al.,
1999), a frequently used model of the sensorimotor gating deficits
observed in schizophrenia, whereas the effect of NMDA receptor
glycine site antagonists is less clear (Bristow et al., 1995; Baron et
al., 1997; Furuya and Ogura, 1997; Kretschmer and Koch, 1997;

Figure 8. Locomotor activity and number of ste-
reotypies in wild-type and Grin1D481N mice. Lo-
comotor activity profile of wild-type (solid
squares) and GrinD481N mice (open circles) mea-
sured in the Omnitech apparatus. Groups of eight
mice per group were used. The locomotor activity
profile was recorded for 8 hr. The figure shows
horizontal activity (A), vertical activity (B), num-
ber of stereotypies (C), and center time ( D). Inset
bar graphs represent the cumulative values for 8
hr (*p , 0.05, two-tailed t test).
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Kretschmer et al., 1997). In our study, Grin1D481N mice behaved
indistinguishably from wild-type controls in this assay, although,
notably, they exhibited an increased startle reactivity.

A number of studies have reported anxiolytic activity of
NMDA receptor glycine site antagonists (Matheus et al., 1994;
Kotlinska and Liljequist, 1998). In the locomotor activity test,
Grin1D481N mice spent a significantly longer time in the center of
the cage compared with wild-type animals, which could indicate a
reduced level of anxiety. Mutants performed otherwise indistin-
guishably from wild-type animals in this assay, suggesting no
major neurological deficits, in agreement with the motor coordi-
nation test and the behavioral observations in the “Irwin test.” In

the light/dark test, the mutant mice exhibited a tendency to spend
more time in the lit area, which may also indicate a decreased
natural aversion to an exposed environment. Further studies are
necessary to better characterize the effects of the mutation on
anxiety-related behaviors.

In conclusion, a severe reduction in NMDA receptor glycine
affinity results in a lethal phenotype consistent with the observa-
tion that occupation of the NMDA receptor glycine site is oblig-
atory for receptor activation and further illustrates the critical
role of NMDA receptor activation for neonatal survival. A mod-
erate (fivefold) reduction in receptor glycine affinity results in an
impairment in LTP and spatial learning and changes in anxiety-
related behaviors, providing further evidence for the role of
NMDA receptors in these processes. Interestingly, the observed
behavioral changes in these animals suggest that the ambient
glycine concentration is not far above threshold in wild-type
animals.
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