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The majority of NMDA receptors (NMDARs) in the brain are composed
of 2 GluN1 and 2 GluN2 subunits. The inclusion or exclusion of 1 N-
terminal and 2 C-terminal domains of GluN1 results in 8 splicing
variants that exhibit distinct temporal and spatial patterns of
expression and functional properties. However, previous functional
analyses of Grin1 variants have been done using heterologous ex-
pression and the in vivo function of Grin1 splicing is unknown. Here
we show that N-terminal splicing of GluN1 has important functions
in the maturation of excitatory synapses. The inclusion of exon 5 of
Grin1 is up-regulated in several brain regions such as the thalamus
and neocortex. We find that deletion of Grin1 exon 5 disrupts the
developmental remodeling of NMDARs in thalamic neurons and the
effect is distinct from that of Grin2a (GluN2A) deletion. Deletion of
Grin2a or exon 5 of Grin1 alone partially attenuates the shortening
of NMDAR-mediated excitatory postsynaptic currents (NMDAR-
EPSCs) during early life, whereas deletion of both Grin2a and exon
5 of Grin1 completely abolishes the developmental change in
NMDAR-EPSC decay time. Deletion of exon 5 of Grin1 leads to an
overproduction of excitatory synapses in layer 5 pyramidal neurons
in the cortex and increases seizure susceptibility in adult mice. Our
findings demonstrate that N-terminal splicing of GluN1 has im-
portant functions in synaptic maturation and neuronal network
excitability.
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Activation of NMDA receptors (NMDARs) by glutamate at
excitatory synapses opens cation-selective channels with

high permeability to Ca2+ ions, and generates excitatory post-
synaptic currents (EPSCs) with slow time course. NMDARs are
heterotetramers assembled from the GluN1 subunit, 4 distinct
GluN2 subunits (GluN2A, 2B, 2C, and 2D), and 2 GluN3 sub-
units (GluN3A and GluN3B) (1–3). The majority of NMDARs
in the brain are tetramers composed of 2 GluN1 and 2 GluN2
subunits. The 4 GluN2 subunits show distinct spatial and tem-
poral expression patterns (4, 5). Native NMDARs in neurons are
highly diverse in functional properties, and much of this diversity
has been attributed to the GluN2 subunit composition of the
receptor (2).
Alternative splicing of Grin1 mRNA provides additional mo-

lecular diversity for NMDARs. The inclusion or exclusion of 1
N-terminal and 2 C-terminal domains of GluN1 results in 8
splicing variants that exhibit distinct temporal and spatial pat-
terns of expression (6) and functional properties (7). The 2
C-terminal domains, both located intracellularly, have been im-
plicated in the regulation of the retention by the endoplasmic
reticulum and cell surface trafficking of NMDARs (8, 9). The
N-terminal domain, encoded by the 63-bp exon 5 of Grin1, is
located near the dimer interface of ligand-binding domains of
NMDARs (10, 11). Studies using recombinant NMDARs show
that the N-terminal splicing of Grin1 mRNA regulates agonist
affinity, deactivation, and proton and zinc sensitivities of the
receptor (11–16).

Synaptic NMDARs undergo dramatic changes throughout the
brain during development. A common feature in the develop-
ment of glutamatergic synapses is a reduction in time course of
NMDAR-mediated EPSCs (NMDAR-EPSCs) during early life
(17–19). Studies in the cortex and hippocampus have demon-
strated that developmental change in EPSC kinetics is caused by
a switch from GluN2B to GluN2A-containing NMDARs (20–
24). GluN2A-containing NMDARs show faster deactivation ki-
netics than GluN2B-containing receptors (25–27). The switch
from GluN2B to GluN2A causes important changes in NMDAR
function such as altered intracellular signaling (28, 29).
It is unclear whether the switch from GluN2B to GluN2A is

solely responsible for the developmental change in NMDAR
kinetics. The inclusion of Grin1 exon 5 is up-regulated in the
brain during early life and recombinant NMDARs composed of
exon-5-containing GluN1 show lower affinity for glutamate (12,
13) and faster deactivation than those without exon 5 (15, 16).
However, whether the N-terminal splicing of Grin1 is implicated
in the maturation of synaptic NMDARs is unknown.
In this study, we investigate the roles of GluN2A and N-terminal

splicing of Grin1 in developmental remodeling of NMDARs in the
thalamus of the mouse. We find that both GluN2A and Grin1 exon
5 splicing are implicated in the maturation of NMDAR function at
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glutamatergic synapses. Grin1 exon 5 is predominantly involved in
the early phase of receptor maturation, whereas GluN2A is re-
sponsible for the late phase. In addition, we show that Grin1 exon
5 splicing regulates the maturation of excitatory transmission in
the cortex and seizure susceptibility of adult mice.

Results
Deletion of Grin2a Partially Blocked the Developmental Change in
Decay Time of NMDAR-EPSCs. Whether the switch from GluN2B
to GluN2A is solely responsible for the developmental change in
NMDAR kinetics remains unknown. We addressed this question
at the lemniscal synapse in the thalamus of the mouse. This syn-
apse, formed between an axon of the principal sensory trigeminal
nucleus (Pr5) and a neuron in ventral posteromedial nucleus
(VPm) of the thalamus, relays tactile information from large vi-
brissa to the layer 4 of the somatosensory cortex (S1). Previous
studies have shown that this is an excitatory synapse with large
NMDAR-EPSCs (30), and the decay time of NMDAR-EPSCs
shortens markedly during the second week after birth (30).
We performed RT-qPCR analysis of GluN2A, GluN2B, and

GluN1 in the thalamus of wild-type C57BL/6J (B6) mice at P7
and P14 (Fig. 1A). GluN2A (Grin2a) and GluN2B (Grin2b)
showed opposite changes, with the level of Grin2a transcript
doubled between P7 and P14 and that of Grin2b reduced by 40%
during the same period. In contrast, the level of total Grin1
transcript was not significantly different between P7 and P14.
These results suggest that the expression ofGrin2a is up-regulated
in the thalamus during early life.
Next, we examined NMDAR-EPSCs at the lemniscal synapse

during early life in mice deficient of GluN2A and wild type (WT)
control mice. Patch clamp recordings were obtained from VPm
neurons in acute slices obtained from Grin2a-KO and WT lit-
termates aged from P7 to P16, and EPSCs were evoked at
lemniscal synapses by brief current pulses applied to the medial
lemniscus (Fig. 1B). NMDAR-EPSCs were recorded at +40 mV.
In WT mice, the decay time of NMDAR-EPSCs showed a
marked decline between P7 and P13, and remained steady be-
tween P13 and P16 (Fig. 1 B and C). Deletion of Grin2a partially
attenuated the reduction in NMDAR-EPSC decay time. In
Grin2a-KO mice, the decay time constant of NMDAR-EPSCs
was not different from that of WT neurons at P7, P9, and P11
(P > 0.05), but was much larger than that of WT neurons at P13
and P16 (Fig. 1 B and C). In other words, deletion of Grin2a had
no effect on the decline of NMDAR-EPSC decay time that oc-
curred between P7 and P11 but strongly attenuated the decline

that occurred between P11 and P13. Quantitative RT-PCR ana-
lyses showed that deletion ofGrin2a did not alter the expression of
Grin2b or exon-5-containing Grin1 in the thalamus (SI Appendix,
Fig. S1). These results suggest that at the lemniscal synapse, the
shortening of NMDAR-EPSCs during early life involves multiple
mechanisms, and GluN2A is selectively implicated in the late
phase of NMDAR maturation.

N-Terminal Splicing of Grin1 mRNA Regulates the Decay Time of
NMDAR-EPSCs. Grin1 exon 5 is highly conserved across verte-
brates. DNA sequences of Grin1 exon 5 are 100% identical be-
tween human, macaque, and mouse, and 95% identical between
human and Xenopus (SI Appendix, Fig. S2), suggesting the im-
portance of this exon in vertebrates. Previous studies have shown
that in the rat, the inclusion of Grin1 exon 5 is up-regulated
during early life in several brain regions including the thalamus
(6, 31). To determine whether this up-regulation also occurs in
the thalamus of the mouse, we performed RT-PCR and RT-
qPCR using thalamic tissues of B6 mice. We found that the in-
clusion of this exon was significantly up-regulated in the thala-
mus during the second week after birth (SI Appendix, Fig. S3A).
Between P6 and P14, transcripts of exon-5-containing Grin1 in-
creased by 3-fold in the thalamus, while the total Grin1 transcript
did not change (SI Appendix, Fig. S3B). These results show that
the amount and proportion of GluN1 with exon 5 cassette to
total GluN1 increases in the thalamus of the mouse during
early life.
To analyze the in vivo function of Grin1 exon 5 splicing, we

generated a mouse strain carrying a targeted deletion of Grin1
exon 5 (Grin1ΔEx5; Fig. 2A). Mice homozygous for the deletion
were viable and did not show any overt phenotypes. RT-qPCR
analyses of thalamic tissues showed that the deletion of Grin1
exon 5 does not alter the expression of Grin2a or Grin2b (Fig. 2B
and SI Appendix, Fig. S4 A and B), up-regulation of Grin2a ex-
pression during the second week after birth (SI Appendix, Fig.
S4C), or expression of Grin1 C-terminal variants (SI Appendix,
Fig. S4 D and E).
We recorded NMDAR-EPSCs at the lemniscal synapse in

homozygous Grin1ΔEx5/ΔEx5 and WT mice aged from P7 to P24.
Deletion of Grin1 exon 5 significantly increased the decay time
of NMDAR-EPSCs (Fig. 2 C and D). The effect of Grin1 exon-5
deletion is already present at P7, consistent with the expression data
of previous studies (6). We also recorded from heterozygous
Grin1ΔEx5/wt mice at P7, P11, and P16, and found that hetero-
zygous deletion of Grin1 exon 5 caused an intermediate effect on

Fig. 1. Up-regulation of GluN2A is responsible for the late phase of NMDAR maturation at the thalamic relay synapse. (A) Fold changes (mean ± SEM) in
mRNA level (P14 over P7) detected by RT-qPCR. Data were obtained from 5 B6 mice each at P7 and P14. *P < 0.05; **P < 0.01; NS, P > 0.2, t test. (B) The
diagram on the left shows the recording method. Traces on the right are normalized NMDAR-EPSCs recorded at +40 mV from WT and Grin2a-KO mice at P7,
P11, and P13. Each trace is the averaged response from 10 to 15 cells. (C) Plots of weighted decay constant of NMDAR-EPSCs versus age for WT and Grin2a-KO.
For each age group, data include 10–15 cells from 2 to 4 mice of either genotypes. ***P < 0.0001, Mann–Whitney U test.
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the decay constant of NMDAR-EPSCs (Fig. 2D). Together,
these results show that in addition to GluN2A, the develop-
mental change in NMDAR-EPSC decay time is regulated by N-
terminal splicing of Grin1 mRNA.
The decay time course of NMDAR-EPSCs is determined by

the deactivation rate of postsynaptic NMDARs (32, 33) and the
clearance of glutamate from extracellular space (34). To selec-
tively examine the effect of Grin1-exon-5 deletion on NMDAR
deactivation, we used a piezoelectric device to deliver short
pulses of glutamate to nucleated outside-out patches from VPm
neurons (Fig. 3A). In the constant presence of glycine and the
AMPAR antagonist NBQX, a 2-ms pulse of glutamate evoked a
robust NMDAR current in nucleated patches from VPm neu-
rons (Fig. 3B). The deactivation phase of NMDAR-EPSCs was
significantly slower in homozygous Grin1ΔEx5/ΔEx5 than WT
neurons, whereas heterozygous neurons showed an intermediate
effect (Fig. 3C). These results demonstrate that the deletion of
Grin1 exon 5 leads to a much slower NMDAR-EPSC by reducing
the deactivation rate of postsynaptic NMDARs.
To determine whether GluN2A and Grin1 N-terminal splicing

have distinct functions in the maturation of NMDARs at the
synapse, we generated mice deficient of both GluN2A and exon-
5-containing GluN1. Grin2a-KO/Grin1ΔEx5/ΔEx5 double mutant
mice (DKO) were viable and did not show any overt phenotypes
during early life. We recorded NMDAR-EPSCs at the lemniscal
synapse in Grin2a/Grin1ΔEx5/ΔEx5 DKO mice aged from P7 to
P16. Deletion of both Grin2a and Grin1 exon 5 completely
abolished the developmental decline of NMDAR-EPSC decay
time (Fig. 4 A and B). At P16, the decay constant of NMDAR-
EPSCs at the lemniscal synapse of Grin2a/Grin1ΔEx5/ΔEx5 DKO
mice was much larger than that of eitherGrin2a-KO orGrin1ΔEx5/ΔEx5

mice (Fig. 4B, P < 0.0001). These results show that GluN2A and
N-terminal splicing of Grin1 have distinct functions in the reg-
ulation of the time course of NMDAR-mediated synaptic re-
sponses. Based on these results, we propose a model where both
N-terminal splicing of GluN1 and up-regulation of GluN2A are
implicated in NMDAR remodeling at the synapse (Fig. 4C).

N-Terminal Splicing of Grin1mRNA Regulates the Function and Number
of Excitatory Synapses in the Neocortex. NMDARs play important
roles in the development of excitatory synapses in the brain. We
hypothesize that deletion of Grin1 exon 5 would disrupt the
maturation of excitatory synapses by altering NMDAR-mediated
signaling. Thalamic relay synapses show a pronounced increase in
the number of AMPA receptors (AMPARs) during early life (35)
and this up-regulation of AMPARs is NMDAR dependent (36).
We recorded AMPAR-EPSCs, NMDAR-EPSCs, AMPAR-
mediated miniature EPSCs at the lemniscal synapse in WT, and
Grin1ΔEx5/ΔEx5 mice at P15-16. There was no difference between
the 2 groups in the amplitudes of AMPAR- or NMDAR-EPSCs,
AMPAR/NMDAR ratio, or properties of mEPSCs (SI Appendix,
Fig. S5). These results suggest that N-terminal splicing of Grin1 is
not implicated in developmental up-regulation of AMPARs at
lemniscal synapses.
Besides the thalamus, the inclusion ofGrin1 exon 5 is up-regulated

in several other regions in the brain. In the neocortex, exon-5-
containing Grin1 transcripts are strongly expressed in layer 5
and 2/3 by 2 wk of age (6). We analyzed NMDAR-EPSCs in layer
5 pyramidal neurons in the somatosensory cortex. Neurons in
Grin1ΔEx5/ΔEx5 mice showed a slower decay time of NMDAR-
EPSCs (Fig. 5 A and B), suggesting that Grin1 exon 5 is impli-
cated in developmental remodeling of synaptic NMDARs in these
neurons. Next, we analyzed quantal synaptic transmission in layer
5 pyramidal neurons. Deletion of Grin1 exon 5 caused a 47%
increase in the frequency of mEPSCs (Fig. 5 C and D) without any
change in the amplitude (Fig. 5E), rise time, or decay time of
mEPSCs. There was no change in the properties of miniature
inhibitory postsynaptic currents (mIPSCs) in these neurons (SI
Appendix, Fig. S6).

Fig. 2. Deletion of Grin1 exon 5 prolongs the time course of NMDAR-EPSCs
at the thalamic relay synapse. (A) Generation of the mouse strain carrying
targeted deletion of Grin1 exon 5 (Grin1ΔEx5). The Grin1 floxed Neo strain
was generated by ES targeting in a C57BL/6J background. Exon 5 of Grin1
and the Pgk-Neo cassette was then excised using a germ line Cre driver. (B)
RT-PCR for Grin1 exon 5, total Grin1, Grin2a, Grin2b, and the housekeeping
gene Pgk using thalamic tissues from WT and Grin1ΔEx5/ΔEx5 mice. (C) Ex-
amples of NMDAR-EPSCs recorded at the lemniscal synapse from WT and
Grin1ΔEx5/ΔEx5 mice at P7 and P16. EPSCs are normalized to the peak. (D)
Weighted decay constants (τw) of NMDAR-EPSCs of WT (black), heterozy-
gous (blue), and homozygous (red) mutant mice at various ages. Data are
mean ± SEM from 12 to 28 cells in 3 or 4 mice. ***P < 0.0005, Mann–Whitney
U or Kruskal-Wallis test.

Fig. 3. Deletion of Grin1 exon 5 results in a slower NMDAR deactivation. (A)
Schematic view of the experimental setup. Brief pulses (2 ms) of L-glutamate
(Glu, 1 mM) were applied to nucleated patch using a piezo-electrical device.
NBQX (10 μM) and glycine (100 μM) were present continuously. The insert on
the right shows the speed of solution exchange when switching from ACSF
to 30% ACSF. The 20–80% time was 117 μs for the onset and 108 μs for the
offset. (Scale bar, 2 ms.) (B) Normalized NMDAR-mediated currents in re-
sponse to 2-ms glutamate pulse recorded from nucleated patches obtained
from a WT and a Grin1ΔEx5/ΔEx5 neuron at P14. The green trace on the top
indicates the pulse application of glutamate. Recordings were performed at
room temperature (21–23 °C). (C) Decay constants of NMDAR-mediated cur-
rents recorded from WT (14 cells from 3 mice), heterozygous (15 cells from 3
mice), and homozygous mutant neurons (17 cells from 4 mice) at P14-15.
****P < 0.0001, **P < 0.005, Mann–Whitney U test.
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The increased mEPSC frequency in mutant neurons indicates
that the number of excitatory synapses is increased. We labeled
layer 5 pyramidal neurons with biocytin and analyzed dendritic
spines (Fig. 5F). Spine density was significantly higher in mutant
neurons and similar changes were found in apical and basal den-
drites (Fig. 5G andH). These results suggest that deletion ofGrin1
exon 5 selectively enhances excitatory synaptic transmission in
cortical neurons by increasing the number of excitatory synapses.

N-Terminal Splicing of Grin1 mRNA Regulates Seizure Susceptibility.
Abnormal regulation of excitatory transmission is implicated in
epilepsy. The slower NMDAR-EPSC decay time and increased
number of excitatory synapses in Grin1ΔEx5/ΔEx5 mice would result
in hyperexcitation of neuronal circuits in these mice. On a B6
background Grin1ΔEx5/ΔEx5 mutant mice rarely showed sponta-
neous convulsive seizures. However, we reasoned that the en-
hanced NMDAR function and increased excitatory transmission
in Grin1ΔEx5 mutant mice would make them more susceptible to
seizures. To test this idea, we first examined seizure threshold of
adult male Grin1ΔEx5/ΔEx5 and WT mice using pentylenetetrazol
(PTZ). Grin1ΔEx5/ΔEx5 mice showed a much higher incidence of
generalized tonic clonic seizures and hindlimb extension than WT
mice (Fig. 6A). Similar results were obtained in female mice (SI
Appendix, Fig. S7). Next, we examined seizure responses to
kainic acid (KA). Seizure threshold was significantly lower in
Grin1ΔEx5/ΔEx5 mutant mice than WT mice as measured by clonic
seizures and status epilepticus (Fig. 6B). However, we did not
find any cell death in the brains of mutant or WT mice injected
with KA (SI Appendix, Fig. S8). Together, these results suggest
that deletion of Grin1 exon 5 leads to increased seizure sus-
ceptibility in adult animals.

Discussion
Using genetic manipulations in the mouse, we show that the
deletion of Grin1 exon 5 disrupts the maturation of NMDARs at
excitatory synapses. The effect of Grin1 exon-5 deletion on the
time course of NMDAR-EPSCs is distinct from that of Grin2a
deletion. The deletion of Grin1 exon 5 leads to an overproduc-
tion of excitatory synapses and decreased seizure threshold. Our

findings suggest that N-terminal splicing of Grin1 has important
functions in the maturation of excitatory synapses.
Previous studies showed that the inclusion of Grin1 exon 5 re-

duces affinities of glycine and glutamate binding (7, 16, 37), and
sensitivities to proton (14) and zinc (13, 38, 39) of recombinant
NMDARs. Consistent with the reduction in agonist binding af-
finity, NMDARs with Grin1 exon 5 have faster deactivation rates
than those without the exon (15, 16). These findings suggest that
N-terminal splicing of Grin1 may have important physiological
functions. However, all these studies have been performed using
heterologous expression and consequently, nothing is known about
the function of Grin1 N-terminal splicing in vivo.
We have addressed this question by generating mice without

Grin1 exon 5. We find that the deletion of Grin1 exon 5 leads to
a much slower decay time of NMDAR-EPSCs at thalamic and
cortical synapses and this effect is associated with a slower de-
activation of NMDARs. Our results provide evidence thatGrin1 N-
terminal splicing has important functions in synaptic transmission.
Shortening of NMDAR-EPSC decay time is a common feature

of glutamatergic synaptic maturation, and it has been attributed
to the shift from GluN2B to GluN2A. Gray et al. have shown
that the deletion ofGrin2a completely abolishes the developmental

Fig. 5. Deletion of Grin1 exon 5 leads to an increase in the number of ex-
citatory synapses in layer 5 pyramidal neurons in the cortex. (A, Left) A
schematic view of the recording method. (A, Right) Normalized NMDAR-
EPSCs recorded from WT and Grin1ΔEx5/ΔEx5 mice at P17-18. (B) Weighted
decay constants of NMDAR-EPSCs from WT (22 cells from 4 mice) and
Grin1ΔEx5/ΔEx5 neurons (24 cells from 4 mice) at P17-18. ****P < 0.0001,
Mann–Whitney U test. (C) Examples of mEPSCs recorded layer 5 pyramidal
neurons in a WT and a Grin1ΔEx5/ΔEx5 mouse at P18. (Scale bars, 100 ms, 20 pA.)
(D and E) Frequency and amplitude of mEPSCs from WT (33 cells from 4
mice) and mutant neurons (30 cells from 4 mice) at P17-18. ****P <
0.0001; NS, P > 0.05, Mann–Whitney U test. The mean rise time of mEPSCs
was 0.48 ± 0.02 ms for WT and 0.48 ± 0.01 ms for mutant (P = 0.43). The
mean decay time of mEPSC was 2.53 ± 0.05 ms for WT and 2.55 ± 0.05 ms for
mutant (P = 0.81). (F) Examples of dendritic spines along apical dendrites of
layer 5 pyramidal neurons from WT and Grin1ΔEx5/ΔEx5 at P18. (Scale bar,
4 μm.) (G and H) Spine density of apical and basal dendrites of WT (18
cells from 4 mice) and Grin1ΔEx5/ΔEx5 neurons (16 cells from 4 mice) at P17-
18. ***P < 0.001, Mann–Whitney U test.

Fig. 4. Distinct roles of GluN2A and exon-5-containing GluN1 in de-
velopmental remodeling of NMDARs at thalamic relay synapses. (A) Nor-
malized NMDAR-EPSCs recorded at VPm relay synapses from Grin1ΔEx5/
Grin2a DKO mice at P7, P11, and P16. Each trace is the averaged responses
from 13 to 22 cells. (B) Weighted decay constants (τw) of NMDAR-EPSCs of
the 4 groups from P7 to P16. Data for Grin1ΔEx5/Grin2a DKO were from 13
to 22 cells from 3 to 4 mice for each time point. Data for Grin2a-KO and WT
were the same as in Fig. 1C and data for Grin1ΔEx5 were the same as in Fig.
2D. (C) A model of developmental remodeling of NMDARs implicating both
N-terminal splicing of Grin1 and up-regulation of Grin2a.
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shortening of NMDAR-EPSC decay time in CA1 pyramidal neu-
rons (23), suggesting that the up-regulation of GluN2A is solely
responsible for this change in these neurons. In contrast, we find
that in VPm neurons, deletion of Grin2a or Grin1 exon 5 alone
partially blocks the developmental shortening of NMDAR-EPSC
decay time and deletion of both Grin2a and Grin1 exon 5 com-
pletely abolishes the change. These findings demonstrate that
up-regulation of both GluN2A and GluN1 with exon 5 cassette
contributes to the shortening of NMDAR-EPSC decay time in
thalamic neurons. The difference between our results and those
found in CA1 neurons may due to cell-type-specific regulation of
Grin1 mRNA splicing. Unlike thalamic neurons, Grin1 exon 5 is
expressed at very low levels in CA1 neurons (6). Previous studies
have shown that while the expression of GluN1 lacking exon 5
cassette is high and ubiquitous in the brain during development,
that of GluN1 with exon 5 cassette is selectively up-regulated in
the thalamus, colliculus, cerebellum, and neocortex during early
life (6, 31). N-terminal splicing ofGrin1mRNAmay have important
roles in the development and function of these brain regions.
Our results suggest that the acceleration in NMDAR-EPSC

time course at the thalamic relay synapse is caused entirely by the
up-regulation of exon-5-containing GluN1 and GluN2A. De-
letion ofGrin2a orGrin1 exon 5 does not affect the expression of
each other. The effects of Grin2a and Grin1 exon 5 deletion are
additive, indicating that Grin2a and Grin1 exon 5 have distinct
roles. It is noted that unlike WT mice (Fig. 1A), mice with Grin1
exon-5 deletion did not show a significant reduction in Grin2b
expression during the second week (SI Appendix, Fig. S4C). This

indicates that the deletion of Grin1 exon 5 may reduce the ratio
of GluN2A/GluN2B, thereby prolonging the time course of
NMDAR-EPSCs. However, this possibility cannot explain the
results from Grin2a-KO or Grin2a/Grin1ΔEx5/ΔEx5 DKO mice.
From WT and Grin2a-KO data, we estimated that Grin1 exon 5
accounts for 71% of the change in NMDAR kinetics whereas
Grin2a accounts for the remaining 29%. However, Grin1ΔEx5/ΔEx5

neurons showed a large acceleration in NMDAR kinetics between
P7 and P16 (Fig. 2E), suggesting that GluN2A can partially
compensate for the loss of Grin1 exon 5. In contrast to GluN2A,
which shows ubiquitous expression in the brain, the expression of
Grin1 exon 5 is more restricted (6). The role of exon-5-containing
GluN1 in developmental acceleration of NMDAR kinetics is likely
to be more selective.
The formation and maturation of excitatory synapses are

strongly regulated by activity-dependent mechanisms. Deletion
of GluN1 reduces spine density in layer 2/3 pyramidal neurons
(40), whereas focal glutamate applications trigger de novo spine
growth in these neurons and this effect requires activation of
NMDARs (41). On the other hand, deletion of GluN1 leads to a
20% increase in spine density of layer 4 neurons in the cortex
(42). These results suggest that the role of NMDARs in synapse
development is cell-type specific. We find that deletion of Grin1
exon 5 has no effect on mEPSCs in VPm neurons, but significantly
increases the frequency of mEPSCs and the density of dendritic
spines in layer 5 pyramidal neurons. It should be mentioned that
thalamic relay synapses are localized on the soma and dendritic
shafts of VPm neurons (36, 43), which may be regulated by dif-
ferent mechanisms than synapses localized at dendritic spines.
Dendritic spines are highly dynamic in the brain during postnatal
development (44, 45). Up-regulation of exon-5-containing GluN1
during development may serve as a negative regulator of growth
and maintenance of dendritic spines in selective brain regions.
Hyperfunction of NMDARs causes epileptic activities in brain

tissues from rodents (46) and humans (47). Our results show that
the deletion of Grin1 exon 5 enhances excitatory transmission by
prolonging the time course of NMDAR-EPSCs and increasing the
number of excitatory synapses. This may lead to hyperexcitation
of the brain, which is consistent with our results on seizure sus-
ceptibility. Homozygous Grin1ΔEx5 mice showed lower seizure
threshold than WT mice to both PTZ and KA, suggesting that
Grin1 exon 5 splicing regulates network excitability in brain re-
gions implicated in seizure induction.
The mammalian brain relies on alternative splicing to generate

proteome complexity (48). A growing number of neurological
diseases have been associated with abnormal splicing (49). Mu-
tations in RBFOX1, a member of the RNA-binding Fox family of
splicing factors, cause mental retardation, epilepsy, and autism
spectrum disorder (50, 51). N-terminal splicing of Grin1 is a
target of Rbfox1 and deletion of Rbfox1 in the mouse leads to
increased seizure susceptibility and a reduction in the inclusion
of Grin1 exon 5 (52). Our results suggest a role of Grin1 N-
terminal splicing in brain disease. Several mutations of GRIN1
have been associated with neurodevelopmental disorders (53–
55). However, none of these mutations are in exon 5 or affect
exon 5 splicing. Patients carrying these mutations have severe
epilepsy and profound developmental delay. In comparison,
mice lacking Grin1 exon 5 appeared normal. Our findings sug-
gest that human mutations that disrupt GRIN1 exon 5 or GRIN1
N-terminal splicing have mild phenotypes by themselves but may
interact with other mutations or environmental insults to cause
severe disease.

Materials and Methods
Animals, quantitative RT-PCR, electrophysiology, confocal imaging, seizure
induction, and statistical analyses are described in SI Appendix. All experi-
mental procedures were approved by the Institutional Animal Care and Use
Committee of The Jackson Laboratory.

Fig. 6. Deletion of Grin1 exon 5 decreases seizure threshold in adult mice.
(A) Percentage of mice with seizure in response to a single dose of PTZ
(50 mg/kg, i.p.). The Left shows the latency to the first episode of generalized
tonic-clonic seizure; the Right shows the latency to seizure with hindlimb
extension. Data were obtained from 12 male mice per genotype. **P < 0.01;
***P < 0.001, Fisher’s exact test. (B) Percentage of mice with seizure in re-
sponse to a single dose of KA (15 mg/kg, i.p.). The Left shows the latency to
the first episode of clonic seizure; the Right shows the latency to status
epilepticus. Data were obtained from eight male mice per genotype. *P <
0.05; **P < 0.01, Fisher’s exact test.
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