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In the developing cerebellum, switching of the subunit composi-
tion of NMDA receptors occurs in granule cells from NR2B-
containing receptors to NR2C-containing ones. We investigated the
mechanisms underlying switching of NR2B and NR2C subunit
composition in primary cultures of mouse granule cells at the
physiological KCl concentration (5 mM). Granule cells extensively
extended their neuritic processes 48 h after having been cultured
in serum-free medium containing 5 mM KCl. Consistent with this
morphological change, NR2B mRNA and NR2C mRNA were down-
and up-regulated, respectively, in the granule cells. This dual
regulation of the two mRNAs was abrogated by blocking excita-
tion of granule cells with TTX. This neuronal activity–dependent
regulation of NR2B and NR2C mRNAs was abolished by the addi-
tion of selective antagonists of AMPA receptors and NMDA recep-
tors. Furthermore, the dual regulation of NR2B and NR2C mRNAs in
TTX-treated cells was restored by the addition of NMDA in the
presence of the AMPA receptor antagonist, but not by that of
AMPA in the presence of the NMDA receptor antagonist. Impor-
tantly, the NMDA receptor activation drove the NR2B/NR2C switch-
ing of NMDA receptors in the cell-surface membrane of granule
cells. This investigation demonstrates that stimulation of NMDA
receptors in conjunction with the AMPA receptor–mediated exci-
tation of granule cells plays a key role in functional subunit
switching of NMDA receptors in maturing granule cells at the
physiological KCl concentration.

cerebellar development � gene regulation � glutamate receptor �
synaptic maturation

Switching of subunit composition of neurotransmitter recep-
tors represents a hallmark of development and maturation of

functional synapse formation during the early postnatal period
(1, 2). NMDA receptors are glutamate-gated ion channels
composed of an obligatory NR1 subunit and distinct combina-
tions of NR2 subunits, known as NR2A-2D (3). Cerebellar
granule cells express NR1, NR2A, and NR2B mRNAs after
division in the external granule cell layer (4, 5). After their
migration into the internal granule cell layer, these cells down-
regulate their NR2B mRNA and markedly up-regulate their
NR2C mRNA during maturation of synapses between mossy
fibers and granule cells (4–6). This switching of subunit com-
position changes the properties of NMDA receptors and con-
tributes to synaptic transmission at the mossy fiber–granule cell
in the mature cerebellar network (6, 7).

The regulatory mechanism underlying switching of NMDA
receptor subunit composition still largely remains to be clarified.
Several lines of evidence have indicated that neural activity
differently regulates NMDA receptor subunit expression in
developing granule cells (8–11). This mechanism has been
extensively investigated in cultures of dissociated rat granule
cells. Primary cultures of rat granule cells require a high con-
centration of KCl (25 mM) because of their poor survival under
the low-KCl (5 mM) condition (8, 9, 11). The high KCl concen-
tration enhances granule cell survival, differentiation, and

NMDA receptor responsiveness and has been proposed to mimic
the activity of glutamatergic mossy fiber input to granule cells
(8). However, the physiological concentration of extracellular
K� is �5 mM, and mossy fibers are not chronically active in vivo
(12). Furthermore, the characterization of the properties of
granule cells cultured at high KCl concentration has indicated
that they are immature in terms of gene expression pattern,
electrophysiological properties, and intracellular signaling mech-
anisms (13–16). In contrast to rat granule cells, the long-term
viability of mouse granule cells is maintained at 5 mM KCl (14,
17). In this investigation, we addressed activity-dependent
switching mechanisms of the NR2B and NR2C subunit compo-
sition in cultured mouse granule cells at 5 mM KCl. Here we
report that stimulation of NMDA receptors plays a key role in
both up-regulation of NR2C and down-regulation of NR2B in
cultured cells at the physiological concentration of KCl.

Results
Regulation of NMDA Receptor Subunit Expression by Neuronal Activ-
ity. Subunit switching from NR2B to NR2C in the cerebellum
occurs between postnatal days 8 and 21 (4, 5), when mossy fibers
form mature synapses with granule cells (18). Primary cultures
of cerebellar granule cells were prepared from Institute of
Cancer Research (ICR) mouse pups at postnatal day 8. Granule
cells were cultured in medium containing serum and 5 mM KCl
for 24 h, and then for up to 96 h in serum-free medium
containing 5 mM KCl. We first addressed how expression of the
mRNAs for four different NMDA receptor subunits changed
during continuing cell culture for 96 h in the serum-free medium
containing 5 mM KCl (Fig. 1). The levels of these mRNAs were
quantified by PCR analysis. NR1, NR2A, and NR2B mRNAs
exhibited an increase for the first 48 h, but their expression
patterns were different during the following 48 h. NR2A mRNA
continuously increased up to at least 96 h, but NR1 mRNA
gradually reached a plateau level during the 96-h culture period.
In contrast, NR2B mRNA decreased from 48 h to 96 h.
Conversely, NR2C mRNA failed to increase for the first 48 h and
then became markedly elevated during the following 48 h.

Next, we examined how blockade of granule cell excitation
would influence the expression patterns of these four NR
mRNAs by adding TTX to the granule cell cultures (Fig. 1). TTX
had no effect on the expression patterns of any of the mRNAs
during the first 48-h culture period but then later abolished the
increase or decrease in expression characteristic of each NR
mRNA.
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Regulation of NMDA Receptor Subunit Expression by Glutamatergic
Transmission. Granule cells are excited by the neurotransmitter
glutamate via its interaction with both AMPA and NMDA
receptors. Because the aforementioned findings strongly sug-
gested that excitation of granule cells via a neurotransmitter
distinctly up- or down-regulated the four NR mRNAs during the
culture period from 48 h to 96 h, we examined whether the
inhibition by selective antagonists of AMPA receptors and
NMDA receptors would block the changes in expression of the
NR mRNAs in cultured granule cells (Fig. 2A). The AMPA
receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]
quinoxaline-7-sulfonamide (NBQX) (19) and the NMDA recep-
tor antagonist 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic
acid (CPP) (20) were added together at the beginning of cell
culture period in the serum-free medium, and the mRNA levels
were quantified by PCR analysis. These antagonists had no effect
on the expression pattern of any of the NR mRNAs during the
first 48-h period. Thereafter, however, the antagonists abrogated
the characteristic expression patterns of all four NR mRNAs.

Granule cells changed their morphology between the first 48-h
period of culture and the subsequent 48-h one (Fig. 2B). They
showed variously shaped somas with poorly developed neurites
during the first 48 h of culture and prominently extended neurites
from rounded somas during the following 48 h. This morpho-
logical change was in good agreement with the distinct effects of
the glutamate antagonists on the characteristic expression of the
four NR mRNAs during the latter 48-h culture period. The
extended neurites of granule cells were expected to release
glutamate, and the resulting glutamate most likely excited neigh-
boring granule cells in culture and differently regulated the
expression of their NR mRNAs. To substantiate this notion, we
added the glutamate receptor antagonists 48 h after having
cultured the cells in the serum-free medium, and then examined

their effects on switching of NR2B and NR2C mRNAs up to 96 h
after the addition of the antagonists (Fig. 2C). The results of this
experiment explicitly indicated that the receptor antagonists
blocked both up-regulation of NR2C mRNA and down-
regulation of NR2B at the maturation stage of the cultured
granule cells. Thus stimulation of glutamate receptors plays a
pivotal role in switching of the NMDA receptor subunit com-
position in maturing granule cells.

Regulation of NR2B and NR2C mRNA Expression by NMDA Receptors.
Next we examined which class of glutamate receptors was
involved in the switching of the NMDA receptor subunits in the
granule cells. NBQX or CPP alone or both were added 48 h after
the cells had been cultured in the serum-free medium, and then
their effects on changes in NR2B mRNA and NR2C mRNA
levels were analyzed 48 h after the addition of these antagonists
(Fig. 3 A and B). The addition of CPP and NBQX both together
and alone blocked the changes in the levels of NR2B and NR2C
mRNAs during the incubation of these antagonists for 48 h. The
channel activity of NMDA receptors is known to be blocked by
Mg2� in a voltage-dependent manner (21). The culture medium
contained Mg2� (0.8 mM) to maintain the survival of the granule
cells. The inhibition of AMPA receptors by NBQX could thus
prevent excitation of granule cells and would inhibit relief of the
voltage-dependent Mg2� block of NMDA receptors to respond
to endogenously released glutamate (21).

To examine the receptor specificity more directly, we inves-
tigated the stimulatory effect of either NMDA receptors or
AMPA receptors on the mRNA levels in the presence of NBQX
or CPP, respectively (Fig. 3 C and D). To maximally stimulate
NMDA receptors, we added D-serine, an NMDA receptor
coactivator, together with NMDA. In addition, we added TTX
to avoid stimulation by endogenous glutamate, which results
from either spontaneous excitation of granule cells or ligand-
mediated recurrent stimulation by neighboring granule cells.
Under this condition, we found that NMDA significantly caused
cell death 48 h after its addition. To circumvent this problem, we
added the NR2B-specific blocker Ro25–6981, which has been
reported to protect against NMDA-mediated cell death in many
neuronal cells (22, 23). The addition of Ro25–6981 (0.5 �M)
protected against the NMDA-induced cell death of cultured
granule cells up to 108 h. Ro25–6981 alone, however, had no
effect on either NR2B or NR2C mRNA regulation during the
48-h cell culture period (Fig. 3A). The basal culture medium used
in the subsequent experiments thus contained 5 �M TTX and 0.5
�M Ro25–6981 in serum-free medium containing 5 mM KCl.

Under these culture conditions, the addition of NMDA and
D-serine significantly down-regulated NR2B mRNA and con-
versely up-regulated NR2C mRNA (Fig. 3C). Because Ro25–
6981 was present in the culture medium, this finding indicates
that the NR1/NR2A NMDA receptors are capable of regulating
the expression of both mRNAs in culture granule cells. In
contrast, neither NR2B mRNA down-regulation nor NR2C
mRNA up-regulation was restored by the addition of AMPA to
the CPP-treated granule cells during the 48-h culture period
(Fig. 3D). Taking into consideration the inhibitory effect of the
AMPA receptor antagonist on regulation of both mRNAs, these
results demonstrate that the AMPA receptor–mediated excita-
tion of granule cells is necessary for activation of NMDA
receptors, but that the NMDA receptor activation plays a key
role in both down-regulation of NR2B mRNA and up-regulation
of NR2C mRNA in the granule cells.

Regulatory Expression of NR2B and NR2C in the Cell-Surface Mem-
brane. We next examined whether the effects of NMDA receptor
activation on NR mRNAs would be reflected in the expression
of the NR subunit proteins (Fig. 4). Granule cells were cultured
in the presence and absence of NMDA and D-serine in the

Fig. 1. Inhibitory effects of TTX on mRNA expression of the NMDA receptor
subunits. Granule cells were cultured in the serum-containing medium for
24 h. Culture was continued in the serum-free medium for 96 h after the
addition or omission of 5 �M TTX, as indicated by the shaded bar. The time
course of mRNA levels in the presence and absence of TTX was examined by
PCR analysis (n � 4). Data are expressed as the mean � SEM. ***P � 0.001,
**P � 0.01, TTX-treated vs. untreated. DIV, days in vitro.
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serum-free medium containing TTX, NBQX, and Ro25–6981
for 108 h. Supernatants of cell lysates were then subjected to
Western blot analysis (Fig. 4A). The addition of NMDA and
D-serine markedly decreased and increased the levels of NR2B
and NR2C proteins, respectively. NR1 was also up-regulated by
the addition of NMDA and D-serine.

We then examined whether the NMDA receptor activation
was driving the subunit switching of NMDA receptors in the
cell-surface membranes of the granule cells (Fig. 4 A and B).
Granule cells in culture were biotinylated with membrane-
impermeable biotin ester. The solubilized membrane proteins
were then precipitated with avidin beads and analyzed by
Western blotting. The cytoplasmic actin was not biotinylated,
confirming that only membrane proteins facing the exterior were
biotinylated (Fig. 4A). The NR1, NR2B, and NR2C subunits
were all biotinylated at cell-surface membranes. Importantly, the
amounts of biotinylated cell-surface NR2B and NR2C decreased
and markedly increased, respectively, in granule cells treated
with NMDA and D-serine compared with their levels in agonist-
untreated cells (Fig. 4 A and B). These increases and decreases
were in contrast to the lack of any appreciable change in the
cell-surface NR1 in the NMDA-treated cells. These results
indicate that the NMDA receptor activation is a key event to
exchange subunits for the assembly of the functional NMDA
receptors in cell-surface membranes.

Downstream Signaling of NR2C Up-Regulation. A number of studies
have indicated that activation of NMDA receptors increases
Ca2� influx, which in turn regulates gene expression in neuronal
cells through the activation of some Ca2�-dependent protein
kinases and protein phosphatases (24–26). We therefore ad-
dressed whether any of these calcium signaling mechanisms were
involved in the regulation of NR2B and NR2C mRNAs (Fig. 5).
Cultured granule cells were treated with various kinase/
phosphatase inhibitors together with NMDA and D-serine for
48 h and then subjected to PCR analysis. A high concentration
of the calmodulin-dependent protein kinase (CaMK) inhibitor
KN93 (27) abrogated the NMDA-mediated up-regulation of
NR2C mRNA, but this inhibitor had no effect on the down-
regulation of NR2B mRNA (Fig. 5A). Treatments with the
protein kinase C inhibitor bisindolylmaleimide I (1 �M) or the
calcineurin phosphatase inhibitor cyclosporin A (0.5 �M) failed
to block NMDA-mediated regulation of either NR2B or NR2C
mRNA (data not shown). Other signaling inhibitors including
the tyrosine kinase inhibitor K252a (50 nM), the PI3K inhibitor
LY294002 (10 �M), and the PLC inhibitor U73122 (2 �M) also
had no effect on either mRNA (data not shown). These inhib-
itors were previously confirmed to effectively inhibit target
protein kinases/phosphatases in cultured granule cells at the
concentrations used (16). A member of the MAP kinase family
is activated via the CaMK-mediated signaling cascades (24, 28).
The P38 inhibitor SB203580 (29) inhibited the NMDA-mediated
up-regulation of NR2C mRNA in a dose-dependent manner,
whereas the MEK1/2/5 inhibitor U0126 (30) was effective in
inhibiting it at only a high concentration (Fig. 5B). In contrast,
these inhibitors had no appreciable effect on the NMDA-
mediated down-regulation of NR2B mRNA (data not shown).
These results indicate that NMDA receptors play a crucial role
in the regulation of both NR2B and NR2C mRNAs but that its
downstream signaling is different between these two mRNAs.

except that the antagonists were added after a 48-h culture period in the
serum-free medium (n � 5). Data are expressed as the mean � SEM. *P � 0.05,
**P � 0.01, ***P � 0.001, antagonist-treated vs. untreated.

Fig. 2. Inhibition of changes in mRNA expression of the NMDA receptor
subunits by NBQX and CPP. (A) Granule cells were cultured in the serum-
containing medium for 24 h. The cultures were continued in the serum-free
medium for 96 h after the addition or omission of 100 �M NBQX and 100 �M
CPP, as indicated by the shaded bar. The time course of mRNA levels in the
presence and absence of antagonists was examined by PCR analysis (n � 5). (B)
Cell morphology of granule cells cultured in the serum-free medium at time
points 0 and 48 h. Bar, 20 �m. (C) Cultures were treated as described in A,
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Discussion
Primary cultures of the early postnatal cerebellum are highly
enriched in granule cells that exhibit many properties charac-
teristic of developing granule cells in vivo (8, 9). A number of
studies of developing rat granule cells in primary culture have
been conducted to explore the mechanism underlying prolifer-
ation and differentiation of immature granule cells and matu-
ration of mossy fiber–granule cell synapses (8–11). Long-term
exposure of granule cells in primary culture to 25 mM KCl
increases Ca2� influx and enhances granule cell survival, differ-
entiation, and NMDA receptor responsiveness (2, 8). The treat-
ment of cultured granule cells with high KCl concentration has
thus been proposed to mimic the activity of mossy fiber input to
granule cells (8). In culture, the resting membrane potentials of
granule cells at 25 mM KCl and 5 mM KCl were reported to be
approximately �35 mV and �50 mV, respectively (14). Impor-
tantly, the resting membrane potential of immature granule cells
(��25 mV) becomes gradually more negative (��55 mV)
during granule cell maturation in vivo (31). In addition, long-
term exposure of cultured granule cells to high KCl abolishes the
generation of the action potential and attenuates excitatory and
inhibitory synaptic transmission (14). Furthermore, our recent
study using organotypic cerebellar cultures showed that high KCl
permits the development and migration of immature granule
cells but blocks the synaptic maturation of granule cells (M.O.,
H.A., and S.N., unpublished observation). The KCl-induced
depolarization could thus mimic the developmental processes of
immature granule cells rather than the maturation processes of
mossy fiber–granule cell synapse formation (2).

In this investigation, we examined the mechanism of subunit
switching of NR2B and NR2C subunits of NMDA receptors in
mouse granule cells at the physiological KCl concentration. The
results indicated that both up-regulation of NR2C mRNA and
down-regulation of NR2B mRNA were blocked by the addition
of TTX. We interpret these findings to mean that ambient
endogenous glutamate excites granule cells and in turn mediates
the regulatory expression of both mRNAs in cultured granule
cells. The blockade of NR2B down-regulation by TTX is con-
sistent with the study using organotypic cerebellar cultures,
although this study argued against the involvement of granule
cell excitation in NR2C up-regulation (10). In cultures of rat
granule cells, a large number of granule cells die at 5 mM KCl,
but it has also been reported that a small portion of granule cells
survive at 5 mM KCl and exhibit an increase and a decrease in
their levels of NR2C and NR2B mRNAs, respectively (11). The
present investigation combining the use of agonists and antag-
onists has provided compelling evidence that activation of
NMDA receptors selectively and significantly regulates both
NR2B and NR2C mRNA expression in granule cells at the
physiological KCl concentration. Importantly, the present study
has indicated that the NMDA receptor activation results in
switching of functional NMDA receptors in the cell-surface
membranes of granule cells. Although further study awaits
analysis of the downstream signals of NMDA receptor activation
for regulation of NR2B and NR2C mRNAs, the present study
has explicitly demonstrated that NMDA receptors play a pivotal
role in subunit switching of NR2B and NR2C during the
maturation of granule cells.

Fig. 3. Regulation of NR2B and NR2C mRNA levels by NMDA receptor activation. Granule cells were cultured in the serum-containing medium for 24 h. They
were then cultured in the serum-free medium for 48 h (time point, 0). (A,B) Cultures were continued for 48 h (time point, 48 h) after the addition or omission
of the indicated antagonists. mRNA levels were quantified at both time points (n � 4). (C,D) Cultures were treated as described in A and B, except that after a
48-h culture period in the serum-free medium (time point, 0), culture was continued in the presence and absence of 5 �M TTX, 0.5 �M Ro25–6981, and either
100 �M NBQX (C) or 100 �M CPP (D) for 48 h (time point, 48 h). Either 100 �M NMDA together with 100 �M D-serine or the indicated concentrations (in
micromolars) of AMPA were added or omitted at time point 0. mRNA levels were quantified at time point 48 h (n � 7 for C, n � 4 for D). mRNA levels at time
point 48 h in the absence of antagonists (A,B) or in the presence of the indicated antagonists without agonists (C,D) were taken as 1 (black bars) and statistically
analyzed. Data are expressed as the mean � SEM. *P � 0.05, **P � 0.01, ***P � 0.001.
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A switch of NMDA receptor subunits during granule cell
maturation alters the open time, burst lengths, and Mg2� sen-
sitivity of NMDA receptor channels (6). Gene targeting studies
indicated that expression of NR2A and NR2C is essential for
glutamatergic transmission in mature mossy fiber–granule syn-
apses and participates in the coordination of complex motor
movements (7). Long-term NR2B expression during develop-
ment by incorporating the NR2B gene into the NR2C locus also
showed a profound deteriorating effect on the cerebellar archi-
tecture and impaired motor coordination (32). The subunit
switch of NMDA receptors thus significantly contributes to
glutamatergic transmission in the mossy fiber–granule cell syn-
apses. Primary cultures of mouse granule cells at the physiolog-
ical KCl concentration thus provide a useful system to explore
further the mechanisms underlying NMDA receptor subunit
switching in maturing granule cells.

Materials and Methods
Culture of Cerebellar Granule Cells. All animal handling procedures were
performed according to the guidelines of Kyoto University Faculty of
Medicine and Osaka Bioscience Institute. Cerebella were prepared from
8-day-old ICR mice (Japan SLC). Cell dissociation, plating, and culturing of
granule cells were performed as described previously (15, 16, 33). Granule
cells were plated on poly-D-lysine– coated dishes (Becton Dickinson) at a
density of 2.5–3.0 � 105 cells/cm2 in the serum-containing medium supple-
mented with 5 mM KCl and incubated for 24 h. The culture medium was

then switched to the serum-free medium containing 5 mM KCl (15, 16, 33).
Staining with anti–�-tubulin type III antibody showed that the cultures
contained �90% neuronal cells (33). Cell viability was measured with a
LIVE/DEAD Viability/Cytotoxicity kit (Molecular Probes). NBQX, (R)-CPP,
TTX, Ro25– 6981, NMDA, D-serine, (S)-AMPA, U0126, and SB203580 were all
purchased from Tocris. KN93 was from Calbiochem.

Quantitative PCR Analysis. Total RNA was isolated from cultured granule cells
and subjected to reverse transcription, followed by quantitative PCR analysis
as described previously (16). A Transcriptor First Strand cDNA Synthesis Kit
(Roche Diagnostics) was used for reverse transcription. Quantitative PCR was
performed with the use of LightCycler 480 SYBR green I Master on LightCycler
480 System (Roche Diagnostics) with �-actin mRNA as an internal control for
normalization of mRNA levels. According to GenBank databases of the Na-
tional Center for Biotechnology Information, the primer sequences used for
PCR were as follows: residues 2602–2621 and 2778–2758 of NM_008169 for
NR1, 1199–1218 and 1348–1329 of NM_008170 for NR2A, 1728–1747 and
1918–1899 of NM_008171 for NR2B, 1793–1812 and 1943–1924 of NM_010350
for NR2C, and 1771–1790 and 1890–1870 of NM_007393 for �-actin.

Western Blot and Cell-Surface Biotinylation Analysis. Western blot analysis and
cell-surface biotinylation were carried out as described previously (16) except
that a 4–12% gradient NuPAGE Novex Bis-Tris Gel (Invitrogen) was used for
electrophoresis. Antibodies used were rabbit anti-NR1 (1:2,000; Chemicon),
anti-NR2B (1:1,000; Chemicon), anti-NR2 (1:2,000; Affinity BioReagents), and
anti-actin (1:5,000; Sigma). The band intensity of immunoblots was quantified
with a GS-800 Calibrated Densitometer (Bio-Rad).

Statistical Analysis. Data were statistically analyzed by using the two-tailed t
test.
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Fig. 4. Expression of NMDA receptor subunits on cell-surface membranes.
Granule cells were cultured in the serum-containing medium for 24 h and then
in the serum-free medium for 48 h. Cultures were continued in the presence
and absence of 5 �M TTX, 100 �M NBQX, and 0.5 �M Ro25–6981 for 108 h. At
the same time point, 100 �M NMDA and 100 �M D-serine were added when
the aforementioned antagonists were added. Cell-surface membrane pro-
teins were biotinylated and precipitated (Ppt) by using avidin beads. The
amounts of NMDA receptor subunits were quantified by Western blot analysis
of supernatants of cell lysates and biotinylated membrane proteins. (A) Rep-
resentative data of Western blot analysis are indicated. Anti-NR2 reacting
with NR2A, NR2B, and NR2C subunits, anti-NR2B, anti-NR1, and anti-actin
were used as primary antibodies, respectively, in Western blots from the upper
panel to the lower panel. (B) Relative amounts of NMDA receptor subunits in
cell membranes are shown by receptor levels (black bars) in the absence of
NMDA and D-serine as 1 (n � 4) and used for statistical comparison of other
values. Data are expressed as the mean � SEM. *P � 0.05, **P � 0.01, ***P �
0.001.

Fig. 5. Involvement of the CaMK and MAP kinase cascades in NR2C mRNA
up-regulation. Granule cells were cultured in the serum-containing medium
for 24 h and then in the serum-free medium for 48 h. Cultures were continued
for 48 h in the serum-free medium containing 5 �M TTX, 100 �M NBQX, and
0.5 �M Ro25–6981 with or without 100 �M NMDA and 100 �M D-serine. KN93
(n � 5), SB203580 (n � 4), and U0126 (n � 4) at the indicated concentrations
were added 2 h before the addition or omission of NMDA and D-serine. mRNA
levels were quantified at time point 48 h. Data are expressed as the mean �
SEM. *P � 0.05, **P � 0.01, ***P � 0.001, compared with mRNA levels in the
absence of the indicated inhibitors.
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28. Plátenı́k J, Kuramoto N, Yoneda Y (2000) Molecular mechanisms associated with
long-term consolidation of the NMDA signals. Life Sci 67:335–364.

29. Cuenda A, et al. (1995) SB 203580 is a specific inhibitor of a MAP kinase homologue
which is stimulated by cellular stresses and interleukin-1. FEBS Lett 364:229–233.

30. Favata MF, et al. (1998) Identification of a novel inhibitor of mitogen-activated protein
kinase kinase. J Biol Chem 273:18623–18632.

31. Rossi P, De Filippi G, Armano S, Taglietti V, D’Angelo E (1998) The weaver mutation
causes a loss of inward rectifier current regulation in premigratory granule cells of the
mouse cerebellum. J Neurosci 18:3537–3547.

32. Schlett K, et al. (2004) Long-term NR2B expression in the cerebellum alters granule cell
development and leads to NR2A down-regulation and motor deficits. Mol Cell Neu-
rosci 27:215–226.

33. Sato M, Suzuki K, Nakanishi S (2001) NMDA receptor stimulation and brain-derived
neurotrophic factor upregulate homer 1a mRNA via the mitogen-activated protein
kinase cascade in cultured cerebellar granule cells. J Neurosci 21:3797–3805.

Iijima et al. PNAS � August 19, 2008 � vol. 105 � no. 33 � 12015

N
EU

RO
SC

IE
N

CE


