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Neuronal Depolarization Controls Brain-Derived
Neurotrophic Factor-Induced Upregulation of NR2C NMDA
Receptor via Calcineurin Signaling
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In the developing cerebellum, switching of subunit composition of NMDA receptors occurs in granule cells from NR2B subunit-
containing receptors to NR2C subunit-containing receptors. This switching of subunit composition plays an important role in the
establishment of functional mossy fiber– granule cell synaptic transmission in the mature cerebellar network. The mechanism underly-
ing NR2C upregulation in developing granule cells, however, has to date remained to be determined. In granule cells cultured in low (5
mM) KCl, brain-derived neurotrophic factor (BDNF) upregulated NR2C mRNA via the TrkB– extracellular signal-regulated kinase (ERK)
1/2 cascade and promoted the formation of an NR2C-containing NMDA receptor complex. In granule cells cultured in high (25 mM) KCl,
depolarization stimulated voltage-sensitive Ca 2� channels. The resultant increase in intracellular Ca 2� activated Ca 2�/calmodulin-
dependent calcineurin phosphatase and blocked NR2C mRNA upregulation. Interestingly, the depolarization-induced Ca 2� increase
simultaneously upregulated BDNF mRNA via Ca 2�/calmodulin-dependent protein kinase (CaMK). Consequently, when calcineurin was
inhibited by its inhibitor FK506 under the depolarizing condition, the CaMK-mediated increase in BDNF became a stimulatory signal,
and the endogenous BDNF autocrine system was capable of upregulating NR2C mRNA via the common TrkB–ERK cascade. The impor-
tance of the BDNF–TrkB pathway was further supported by a significant reduction in NR2C in normally migrated granule cells of TrkB�/�

knock-out mice in vivo. The convergent mechanism of the BDNF and Ca 2� signaling cascades thus plays an important regulatory role in
NR2C induction in granule cells during cerebellar development.
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Introduction
Switching of subunit composition of neurotransmitter receptors
represents a hallmark of development and maturation of func-
tional synapse formation during the early postnatal period (Far-
rant et al., 1994; Sheng et al., 1994; Sanes and Lichtman, 2001).
NMDA receptors are glutamate-gated ion channels composed of
a common NR1 subunit and distinct combinations of NR2 sub-
units, known as NR2A–2D (Nakanishi, 1992). Cerebellar granule
cells express NR1, NR2A, and NR2B mRNAs after division in the
external granule cell layer (EGL) (Akazawa et al., 1994; Watanabe
et al., 1994). These cells downregulate NR2B mRNA and upregu-
late markedly NR2C mRNA after migration into the internal

granule cell layer (IGL) (Akazawa et al., 1994; Farrant et al., 1994;
Watanabe et al., 1994). This switching of subunit composition
changes the properties of NMDA receptors and contributes to
synaptic transmission at the mossy fiber– granule cell in the ma-
ture cerebellar network (Farrant et al., 1994; Kadotani et al.,
1996).

The mechanism underlying NR2C upregulation in granule
cells has not been fully understood. Neuregulin-� has been
shown to upregulate expression of NR2C in cerebellar slice cul-
ture (Ozaki et al., 1997). However, this stimulatory effect of
neuregulin-� could not be recapitulated in culture of dissociated
granule cells (Rieff et al., 1999). Several lines of evidence have
suggested that brain-derived neurotrophic factor (BDNF) is an
attractive candidate mediator that is implicated in NR2C upregu-
lation in developing granule cells. BDNF and its TrkB receptor
are expressed in granule cells during cerebellar development and
significantly increase at the IGL after migration (Masana et al.,
1993; Borghesani et al., 2002). The BDNF�/� knock-out mice
showed defects in proliferation and migration of granule cells
(Schwartz et al., 1997; Borghesani et al., 2002), but the TrkB�/�

knock-out mice exhibited no alteration in granule cell migration,
nor in the formation of a cerebellar architecture during cerebellar
development (Minichiello and Klein, 1996; Rico et al., 2002).
These findings suggested that the BDNF–TrkB signaling cascade
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differentially regulates the proliferation, migration, and matura-
tion of granule cells and participates in regulatory mechanisms of
granule cell development.

The depolarizing condition with high (25 mM) KCl is required
for the long-term survival of rat granule cells in culture (Gallo et
al., 1987; Bessho et al., 1994). In contrast, the long-term viability
of mouse granule cells is maintained under both high (25 mM)
and low (5 mM) KCl concentrations (Mogensen et al., 1994; Mel-
lor et al., 1998). We examined the effect of BDNF on NR2C
mRNA expression under low and high KCl concentrations. We
found that BDNF upregulates NR2C mRNA in culture of mouse
granule cells grown in low KCl but failed to do so in granule cells
grown in high KCl. This finding provided a unique opportunity
to investigate how intracellular signaling mechanisms stimulate
or depress BDNF-mediated expression of NR2C mRNA in gran-
ule cells in culture and how the BDNF-mediated signaling cas-
cade is implicated in development of granule cells in vivo. Here,
we report a novel mechanism in which neuronal depolarization
controls BDNF/TrkB-induced expression of NR2C mRNA via
Ca 2�-dependent calcineurin activation.

Materials and Methods
Culture of cerebellar granule cells. Cerebella were prepared from 8-d-old
Institute of Cancer Research (ICR) mice (Japan SLC, Hamamatsu, Ja-
pan) or those of TrkB�/� knock-out mice and their heterozygous and
wild-type littermates (The Jackson Laboratory, Bar Harbor, ME). Cell
dissociation, plating, and culture of granule cells were performed as de-
scribed previously (Sato et al., 2001). Granule cells were plated on poly-
D-lysine-coated dishes (Becton Dickinson, Franklin Lakes, NJ) at a den-
sity of 1.5–2 � 10 5 cells/cm 2 in the serum-containing medium (Sato et
al., 2001) for 24 h in the presence of either 5 mM KCl or 25 mM KCl. The
culture medium was switched to the serum-free medium with the same
concentration of KCl. Staining with anti-�-tubulin type III antibody
showed that the cultures contained �90% neuronal cells. In some exper-
iments, granule cells were purified (�98%) by centrifugation in a gradi-
ent of 35 and 60% Percoll (Sigma, St. Louis, MO) at 4000 � g for 10 min
(Hatten, 1985). Cells were cultured in the presence and absence of BDNF
(50 ng/ml) or FK506 (1 �M) for 96 h, unless stated otherwise. Inhibitors
of intracellular signaling cascades were added to the culture medium
twice 30 min before and 24 h after the addition of BDNF and/or FK506,
and cell culture was continued for 48 h. Anti-BDNF antibody (Promega,
Madison, WI) was incubated 30 min before the addition of FK506 to
absorb endogenous BDNF released into the culture medium. Assays of
nuclear factor of activated T cells (NFAT)-dependent gene expression were
conducted with use of the NFAT-inhibitory peptide as described previously
(Aramburu et al., 1999). Cell viability was measured with the LIVE/DEAD
Viability/Cytotoxicity kit (Molecular Probes, Eugene, OR). Intracellular
Ca2� concentrations ([Ca2�]i) in cultured cells were determined by Ca2�

imaging of fura-2-loaded cells as described previously (Bessho et al., 1994).
Cerebellar slices were prepared from 8-d-old ICR mice and cultured as de-
scribed previously (Ozaki et al., 1997). Slice cultures were conducted at 33°C
in the humidified atmosphere with 5% CO2. Slices were treated with or
without 1 �M FK506 for 96 h, and 0.5 vol of the culture medium was changed
every 2 d. Reagents and inhibitors were purchased from the following sourc-
es: BDNF (Peprotech, London, UK); neurotrophin-3 (NT-3), NT-4, and
nerve growth factor (NGF) (Alomone Laboratories, Jerusalem, Israel);
neuregulin-� (NeoMarkers, Fremont, CA); nifedipine (Nacalai Tesque,
Kyoto, Japan); KN62 (Tocris, Bristol, UK); and U0126, SB203580, FK506,
K252a, U73122, PD98059, cyclosporin A, rapamycin, and bisindolylmale-
imide I (Calbiochem, San Diego, CA).

RNA blotting, PCR, in situ hybridization, and nuclear run-on assay.
RNA blotting was performed by electrophoresing total RNA (10 or 15
�g) on a formalin-containing 1.2% agarose gel (Sato et al., 2001). Radio-
activities were quantified with a BAS 5000 Bioimaging Analyzer (Fuji,
Kanagawa, Japan). Cerebellar RNA was isolated from at least three pups
at postnatal day 8 (P8), P11, and P14, and each was subjected to either
RNA blotting or quantitative PCR analysis. PCR was performed as de-

scribed previously (Yamazaki et al., 2004) in triplicate with the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an in-
ternal control marker for normalization of mRNA levels examined. In
situ hybridization of parasagittal cerebellar sections (10 �m) was per-
formed with use of the digoxigenin-labeled RNA probe as described
previously (Yamazaki et al., 2004). PCR-based nuclear run-on assays
were performed as described previously (Rolfe and Sewell, 1997; Hart-
ness et al., 2003).

Immunoprecipitation, Western blotting, BDNF ELISA analysis, and cell-
surface biotinylation. For immnoprecipitation of an NMDA receptor
complex, P2 membrane fractions (Kitano et al., 2002) were solubilized in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5% sodium deoxy-
cholate, and 0.1% SDS) supplemented with Complete protease inhibitor
mixture (Roche Diagnostics, Penzberg, Germany) and reacted with anti-
NR1 antibody, followed by attachment to protein G-Sepharose (Amer-
sham Biosciences, Buckinghamshire, UK). For Western blotting, super-
natants of sonicated cells or immnoprecipitates were electrophoresed on
a 5–20% gradient polyacrylamide gel. For BDNF ELISA analysis, cells
were cultured in 5 and 25 mM KCl for 5 d, and the culture medium
containing secreted BDNF was concentrated 30-fold using Centricon-10
devices (Millipore, Bedford, MA). The ELISA of released BDNF was
performed in duplicate with use of a BDNF Emax immunoassay system
(Promega) according to the manufacturer’s protocol. For biotinylation
of cell-surface proteins, cells were incubated with 0.3 mg/ml Sulfo-NHS-
SS-Biotin (Pierce, Rockford, IL) at 4°C for 30 min. Cells were washed
with 137 mM NaCl and 20 mM Tris-HCl, pH 7.5, and lysed in RIPA buffer.
Biotinylated proteins were precipitated with UltraLink Immobilized
NeutrAvidin beads (Pierce), followed by Western blotting. The antibod-
ies used included mouse anti-NR1 (1:10,000; PharMingen, San Diego,
CA), anti-TrkB (1:1000; BD Biosciences, San Jose, CA), rabbit anti-
panNR2 (1:400; Affinity BioReagents, Golden, CO), anti-extracellular
signal-regulated kinase1/2 (ERK1/2), anti-phospho-ERK1/2 (1:1000;
Cell Signaling Technology, Beverly, MA), anti-ERK5, and anti-phospho-
ERK5 (1:2000; Calbiochem). Antibody against human phosphorylated
TrkB at Tyr490 (1:1000; Cell Signaling Technology) cross-reacted with
mouse phosphorylated TrkB at Tyr515 at the corresponding sequence
and was used for immunoblotting to identify mouse phosphorylated
TrkB. Immunoblots were reacted with horseradish peroxidase-
conjugated secondary antibody and developed with ECL reagents (Am-
ersham Biosciences).

cDNA transfection and fluorescence-activated cell sorting. The
dominant-negative mitogen-activated protein kinase kinase 1/2
(dnMEK1/2) and dnMEK5 cDNAs (Kamakura et al., 1999; Torii et al.,
2004) were inserted into the pEGFP vector (Clontech, Palo Alto, CA) and
transfected into granule cells using the Mouse Neuron Nucleofector kit
and the Nucleofector device (Amaxa, Cologne, Germany) according to
the manufacturer’s protocol. Transfected cells were treated with 2.5
mg/ml trypsin and 1 mM EDTA at 37°C for 10 min and resuspended in
the culture medium. Green fluorescent protein (GFP)-positive cells were
collected by fluorescence-activated cell sorting (FACS). The efficiency of
DNA transfection was �2%, and FACS gave rise to �95% GFP-positive
cells. The GFP-positive cells (�1 � 10 5 cells) were put into RNAlater
(Ambion, Austin, TX), and total RNA was subjected to PCR (Yamazaki et
al., 2004).

Statistical analysis. Data were statistically analyzed by Student’s t test.
Data are expressed as mean � SEM.

Results
BDNF-induced upregulation of NR2C mRNA
Primary cultures of cerebellar granule cells were prepared from
8-d-old mouse pups. Twenty-four hours after plating, cells were
cultured in low (5 mM) and high (25 mM) KCl and treated with or
without BDNF for 96 h. The cell viability of granule cells cultured
for 96 h was not influenced by different culture conditions: the
fractions of viable cells per total cells were calculated to be 83.5 �
1.8% in 5 mM KCl/BDNF(�), 81.7 � 1.3% in 5 mM KCl/
BDNF(�), 82.5 � 1.3% in 25 mM KCl/BDNF(�), and 83.2 �
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2.6% in 25 mM KCl/BDNF(�) (n � 4). RNA blot analysis showed
that BDNF continuously increased NR2C mRNA expression up
to at least 96 h in cells cultured with low KCl but failed to do so in
cells cultured with high KCl (Fig. 1A,B). Neither the housekeep-
ing GAPDH mRNA nor 18s rRNA was influenced by the addition
of BDNF under both conditions (Fig. 1A). This observation was
also confirmed in culture of granule cells enriched by Percoll
gradient centrifugation. Dose–response analysis showed a half-
maximal effective concentration of �20 ng of BDNF/ml and the
saturating level with 50 ng of BDNF/ml (Fig. 1C). This range of
effective BDNF concentrations was in a good agreement with
those reported for other BDNF-regulated genes in cultured gran-
ule cells (Leingartner et al., 1994; Bulleit and Hsieh, 2000).

To examine whether BDNF upregulates NR2C mRNA at the
transcriptional level, run-on experiments were performed on nu-
clei isolated from granule cells cultured in low KCl with and
without BDNF treatment (Fig. 1D). The amounts of run-on
NR2C mRNA were significantly higher in nuclei of BDNF-
treated cells than those of untreated cells (Fig. 1D). The results
indicate that BDNF upregulates NR2C mRNA expression at the
transcriptional level, depending on the depolarization state of
cultured granule cells.

The BDNF–TrkB signaling cascade for NR2C upregulation
We examined the specificity of mRNA induction for the NMDA
receptor family after treatment with BDNF. BDNF slightly up-
regulated NR1 mRNA, but the extent of this upregulation was
much lower than that of NR2C mRNA (Fig. 2A). No such induc-
tion was observed for NR2A or NR2B mRNA. Western blot anal-
ysis confirmed that BDNF increased protein levels of NR2C
(310 � 5%; n � 2) but not those of NR1 (108 � 4%; n � 3) and
NR2A/2B (104 � 20%; n � 3) (Fig. 2B). BDNF thus preferen-
tially upregulates NR2C in cultured granule cells. The results also
suggest that the downregulation of NR2B during granule cell

maturation occurs by mechanisms other than the BDNF signal-
ing pathway.

We examined whether BDNF increases an NR2C component
in the NMDA receptor– channel complex in granule cells grown
in low KCl. This analysis was conducted by immunoprecipitation
of P2 membrane fractions with anti-NR1 antibody, followed by
immunoblotting with anti-panNR2 antibody. The result showed
that an NR2C component is increasingly incorporated into an
NMDA receptor-channel complex after BDNF treatment
[BDNF(�) vs BDNF(�), 233 � 32%; n � 3] (Fig. 2C). In con-
trast, no such increase occurred for the NR2A/NR2B compo-
nents in the NMDA receptor complex after BDNF treatment
[BDNF(�) vs BDNF(�), 102 � 7%; n � 3] (Fig. 2C).

Next, we examined whether BDNF-upregulated NR2C is ex-
pressed in cell-surface membranes of granule cells. BDNF-treated
and untreated cells were biotinylated with membrane-
impermeable biotin ester. In control, no cytoplasmic actin was
biotinylated under the experimental condition (data not shown).
The NR2A/NR2B and NR2C subunits were all biotinylated at
cell-surface membranes and precipitated by avidin beads (Fig.
2D). Importantly, the amounts of biotinylated cell-surface NR2C
markedly increased in BDNF-treated granule cells compared
with untreated cells (363 � 37%; n � 3). This increase was in
contrast to no appreciable changes of cell-surface NR2A/NR2B in
BDNF-treated cells [BDNF(�) vs BDNF(�), 117 � 9%; n � 3]
(Fig. 2D). The results indicate that the BDNF-upregulated NR2C
is integrated into an NMDA receptor– channel complex and ex-
pressed in cell-surface membranes.

Neurotrophins exert their effects through activation of three
different Trk receptors (Huang and Reichardt, 2001, 2003).
BDNF and NT-4 activate TrkB, whereas NGF is specific for TrkA.
NT-3 fully activates TrkC and less efficiently the other Trk recep-
tors. NT-4 (50 ng/ml) upregulated NR2C mRNA to a similar
extent with BDNF (Fig. 2E). NT-3 (50 ng/ml) also moderately

Figure 1. Upregulation of NR2C mRNA by BDNF stimulation. Representative data of NR2C and GAPDH mRNA blots and ethidium bromide-stained 18s rRNA and quantitative data of NR2C mRNA
blotting analysis are indicated. A, Cells were treated with or without 50 ng/ml BDNF in low (5 mM) and high (25 mM) KCl for 96 h. Levels of NR2C mRNA were quantitated by RNA blotting of total RNAs
(15 �g per lane; n � 4). **p � 0.01. B, Time course of NR2C mRNA upregulation by the addition of BDNF (100 ng/ml) in granule cells cultured in low KCl (n � 4). *p � 0.05, **p � 0.01, BDNF
stimulated versus unstimulated. C, Dose–response relationship of BDNF-induced NR2C mRNA upregulation. Cells were cultured in low KCl and treated with the indicated concentrations of BDNF for
96 h (n � 4). *p � 0.05, **p � 0.01, BDNF stimulated versus unstimulated. D, PCR-based nuclear run-on assays. Cells were cultured in low KCl and treated with or without 50 ng/ml BDNF for 96 h.
Nuclei were isolated from BDNF-treated and untreated cells and incubated for 50 min in the presence and absence of four nucleotide triphosphates (NTPs). RNA was extracted, and levels of run-on
NR2C mRNA were quantitated by PCR analysis (n � 3). *p � 0.05. Error bars indicate SEM.
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increased NR2C mRNA, reflecting its
cross-interaction with TrkB, but NGF (50
ng/ml) had no effect on NR2C mRNA lev-
els (Fig. 2E). Consistent with the previous
report (Rieff et al., 1999), NR2C mRNA
levels were not influenced by treatment of
cultured granule cells with neuregulin-�
(5 nM) for 96 h (data not shown).

We also verified the role of TrkB on
NR2C mRNA upregulation by examining
granule cells prepared from TrkB�/�

knock-out mice (Fig. 2F). These cells
showed no NR2C mRNA induction after
treatment with BDNF (n � 2). The results
indicate that BDNF upregulates NR2C
mRNA via the TrkB-mediated signaling
cascade in granule cells grown in low KCl.

The ERK1/2 signaling cascade for
NR2C upregulation
We next examined the downstream sig-
naling cascade of NR2C upregulation in
the BDNF–TrkB signaling pathway. Im-
munoblot analysis showed that BDNF
stimulated phosphorylation at Tyr515 in
the TrkB cytoplasmic domain, but there
was no difference in time course and ex-
tent of this phosphorylation between cells
cultured in low KCl and those cultured in
high KCl (Fig. 3A). The downstream signal-
ing of the BDNF–TrkB pathway is thus re-
sponsible for distinct regulation of NR2C
expression under the two conditions. The
tyrosine phosphorylation of TrkB receptor
activates several downstream signaling
cascades including the MEK–ERK, phos-
phatidylinositol-3-kinase (PI3K)/Akt ki-
nase, and phopholipase C (PLC)-�1 cas-
cades (Huang and Reichardt, 2003). We
tested the signaling mechanism of the
BDNF/TrkB-mediated NR2C mRNA up-
regulation in granule cells cultured in low
KCl by selective signaling inhibitors (Fig.
3B). The cell viability remained unchanged
for at least 48 h but was slightly reduced 96 h
after treatment with the MEK inhibitor
U0126 (20 �M) (Favata et al., 1998) and the
PI3K inhibitor 2-(4-morpholinyl)-8-phe-
nyl-4H-1-benzopyran-4-one (LY294002)
(10 �M) (Vlahos et al., 1994). We therefore
examined the effects of signaling inhibitors
in culture 48 h after treatment with various
inhibitors (Fig. 3B). The tyrosine kinase in-
hibitor K252a (50 nM) (Tapley et al., 1992) and the MEK inhibitors
U0126 (20 �M) and PD98059 (50 �M) (Pang et al., 1995) all blocked
BDNF-induced NR2C mRNA upregulation (Fig. 3B and data not
shown). In contrast, the p38 mitogen-activated protein kinase
(MAPK) inhibitor SB203580 (5 �M) (Cuenda et al., 1995), the PI3K
inhibitor LY294002 (10 �M), or the broad spectrum PLC inhibitor
U73122 (2 �M) (Chen et al., 1994) had no effect on NR2C mRNA
upregulation by BDNF (Fig. 3B). All of these inhibitors were con-
firmed to be effective in inhibiting the activities of target kinases or
enzyme in cultured granule cells (data not shown).

Immunoblot analysis of phosphorylation of ERK1/2 and
ERK5 showed that K252a (50 nM) abrogated BDNF-stimulated
phosphorylation of both ERK1/2 and ERK5 but U0126 (20 �M)
preferentially inhibited ERK1/2 phosphorylation in cultured
granule cells after BDNF treatment (data not shown). To confirm
selective involvement of the MEK1/2–ERK1/2 signaling cascade
in NR2C upregulation, we examined the effect of dnMEK1/2 or
dnMEK5 on BDNF-mediated NR2C upregulation by transfec-
tion experiments (Fig. 3C). In this analysis, granule cells were
transfected with the GFP cDNA or the cDNA encoding either

Figure 2. BDNF-induced NR2C upregulation by TrkB activation. Cells were cultured in low KCl and treated with or without BDNF
(100 ng/ml in A and 50 ng/ml in B–D and F ) for 96 h. A, Levels of indicated mRNAs were quantitated by RNA blotting (n � 4). B,
Cell lysates (40 �g) were immunoblotted with anti-panNR2 antibody or anti-NR1 antibody. Molecular sizes (kilodaltons) of
protein makers are indicated on the left. C, P2 membrane fractions were isolated, solubilized, and immunoprecipitated (IP) with
anti-NR1 antibody, followed by immnoblotting with anti-panNR2 antibody. D, Cell-surface proteins were biotinylated with Sulfo-
NHS-SS-Biotin. Cell lysates were solubilized, precipitated with NeutrAvidin beads, and immunoblotted with anti-panNR2 anti-
body. E, Cells were cultured in low KCl and treated with BDNF, NGF, NT-3, or NT-4 (50 ng/ml each) for 96 h. Levels of NR2C mRNA
were quantitated (n�4). F, Granule cells were prepared from TrkB�/� knock-out mice (KO) and their wild-type (WT) littermates.
NR2C and TrkB mRNAs were analyzed by RNA blotting. Ethidium bromide-stained 18s rRNA is also indicated. *p � 0.05; **p �
0.01. Error bars indicate SEM.

Figure 3. BDNF-induced upregulation of NR2C mRNA via the ERK1/2 signaling cascade. A, Cells were cultured in low and high
KCl and treated with 50 ng/ml BDNF for the indicated times. Cell lysates (40 �g) were immunoblotted with antibody against either
phosphorylated TrkB at Tyr515 (p-TrkB) or TrkB. stim., Stimulation. B, Cells were cultured in low KCl. These cells were preincubated
for 30 min with 50 nM K252a, 20 �M U0126, 5 �M SB203580 (SB), 10 �M LY294002 (LY), or 2 �M U73122 and further incubated
with the addition of 50 ng/ml BDNF for 48 h. Inhibitors were supplied at 24 h after BDNF stimulation. Representative blots of NR2C
mRNA and ethidium bromide-stained 18s rRNA and quantitative data of NR2C mRNA blotting analysis are indicated (n � 3–5). C,
Cells were transfected with GFP, GFP– dnMEK1/2, or GFP– dnMEK5. Transfected cells were cultured in low KCl and treated with or
without 50 ng/ml BDNF for 48 h. GFP-positive cells were collected by FACS, and RNA was extracted from GFP-positive cells. Levels
of NR2C mRNA were quantitated by PCR analysis (n � 3). **p � 0.01. Error bars indicate SEM.
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GFP-fused dnMEK1/2 or GFP-fused dnMEK5 and treated with
BDNF (50 ng/ml) for 48 h. GFP-positive granule cells were col-
lected by FACS and subjected to PCR analysis of NR2C mRNA
expression. The BDNF-induced NR2C upregulation was com-
pletely blocked by transfection with dnMEK1/2 but not with
dnMEK5 (Fig. 3C), indicating that the MEK1/2–ERK1/2 cascade
is involved in downstream signaling of NR2C mRNA upregula-
tion after the stimulation of the BDNF–TrkB pathway.

Blockade of NR2C mRNA upregulation by
calcineurin activation
The above finding of the BDNF-mediated NR2C mRNA upregu-
lation provided a unique opportunity to examine whether the
TrkB–ERK1/2 signaling is operative for NR2C mRNA upregula-
tion but blocked by some other signaling cascades in depolarized
granule cells or whether the expression of NR2C mRNA is regu-
lated by different signaling mechanisms. Depolarization of gran-
ule cells with high KCl activates L-type, voltage-sensitive Ca 2�

channels (L-VSCCs) and increases [Ca 2�]i (Bessho et al., 1994).
We confirmed that resting [Ca 2�]i values were 70 � 4.2 and
161 � 4.7 nM in granule cells cultured at 5 and 25 mM KCl for 48 h
(n � 30 each), respectively, and that this [Ca 2�]i increase was
blocked by the L-VSCC blocker nifedipine (80 � 4.1 nM; n � 30).
Remarkably, nifedipine (1 �M) markedly increased NR2C
mRNA in depolarized granule cells, depending on the addition of
BDNF (Fig. 4A). In cells cultured in low KCl, BDNF alone in-
creased NR2C mRNA (Fig. 1), and this increase was not influ-
enced by the addition of nifedipine (data not shown).

Next, we addressed whether inhibition of Ca 2�-dependent
protein kinase or phosphatase restores BDNF-induced NR2C
mRNA upregulation in depolarized granule cells. Inhibition of
Ca 2�/calmodulin-dependent calcineurin phosphatase by FK506
(1 �M) (Liu et al., 1991) recovered BDNF-induced NR2C mRNA
upregulation (Fig. 4B). Another calcineurin inhibitor, cyclo-
sporin A (500 nM) (Liu et al., 1991), was also effective, but rapa-
mycin (1 �M), which does not target calcineurin (Liu et al., 1991),
was ineffective (Fig. 4B). Neither the Ca 2�/calmodulin-

dependent protein kinase (CaMK) inhibitor KN62 (10 �M) (En-
slen et al., 1994) nor the protein kinase C inhibitor bisindolylma-
leimide I (1 �M) (Toullec et al., 1991) was effective in inducing
BDNF-mediated NR2C mRNA upregulation (Fig. 4B). The ad-
dition of FK506 and cyclosporin A for 48 h had no effect on
increased [Ca 2�]i in depolarized granule cells (164 � 5.3 and
167 � 9.3 nM, respectively; n � 30 each), excluding the possibility
that the calcineurin inhibitors block the L-VSCC-mediated Ca 2�

influx. In addition, antagonists of NMDA receptors [10 �M

MK801 ((�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5,10-imine maleate)], AMPA receptors (20 �M

6-cyano-7-nitroquinoxaline-2,3-dione), and a sodium channel
blocker (1 �M tetrodotoxin) had no inhibitory effect on BDNF/
FK506-mediated NR2C mRNA upregulation (data not shown),
indicating that this upregulation results from the L-VSCC-
mediated increase in [Ca 2�]i rather than activation of neuro-
transmitter receptors. These results indicate that the L-VSCC-
stimulated increase in Ca 2� influx activates Ca 2�-dependent

Figure 4. BDNF-induced NR2C mRNA upregulation by L-VSCC inhibitor or calcineurin inhib-
itors under the depolarizing condition. Representative blots of NR2C mRNA and quantitative
data of RNA blotting are indicated. A, Cells were cultured in high KCl and treated with or without
50 ng/ml BDNF for 48 h in the presence or absence of 1 �M nifedipine (Nif) (n � 4). B, Cells were
cultured in high KCl. These cells were preincubated for 30 min with 10 �M KN62 (KN), 1 �M

FK506 (FK), 1 �M bisindolylmaleimide I (Bis I), 500 nM cyclosporin A (CsA), or 1 �M rapamycin
(Ra) and further incubated with or without 50 ng/ml BDNF for 96 h (n � 4). **p � 0.01. Error
bars indicate SEM.

Figure 5. TrkB–ERK signaling cascade for BDNF-induced upregulation of NR2C mRNA under
the depolarizing condition. Cells were cultured in high KCl. These cells were preincubated for 30
min with 50 nM K252a, 20 �M U0126, 5 �M SB203580 (SB), 10 �M LY294002 (LY), or 2 �M

U73122 and further incubated with the addition of 50 ng/ml BDNF plus 1 �M FK506 (FK) for
48 h. Inhibitors were supplied at 24 h after treatment with BDNF plus FK506. Representative
blots of NR2C mRNA and ethidium bromide-stained 18s rRNA and quantitative data of NR2C
mRNA blotting analysis are indicated (n � 3– 4). **p � 0.01. Error bars indicate SEM.
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calcineurin phosphatase and abrogates
BDNF-induced NR2C mRNA upregulation
in cultured granule cells.

Role of the BDNF autocrine system in
NR2C mRNA upregulation
We pursued whether the MEK–ERK signal-
ing cascade is also involved in upregulation
of NR2C mRNA under the depolarizing
condition. Similar to cells cultured in low
KCl, not only the tyrosine kinase inhibitor
K252a (50 nM) and the MEK–ERK inhibitor
U0126 (20 �M) abrogated NR2C mRNA
upregulation but also the p38 MAPK inhib-
itor SB203580 (5 �M), the PI3K inhibitor
LY294002 (10 �M), and the PLC inhibitor
U73122 (2 �M) failed to inhibit NR2C
mRNA upregulation in granule cells under
the depolarizing condition in the presence
of BDNF and FK506 for 48 h (Fig. 5). The
common signaling inhibitors were thus ca-
pable of blocking NR2C mRNA upregula-
tion in cells cultured in high and low KCl.

The depolarization-induced [Ca 2�]i in-
crease promotes induction of BDNF mRNA
in neuronal cells (West et al., 2001). We
therefore questioned whether the addition
of exogenous BDNF is required for NR2C
mRNA upregulation under the situation in
which calcineurin dephosphorylation is
blocked by FK506. The addition of FK506
upregulated NR2C mRNA regardless of the
presence and absence of exogenously ap-
plied BDNF, and exogenous BDNF did not
further enhance NR2C mRNA upregulation
(Fig. 6A). This finding indicates that block-
ade of calcineurin activation per se is sufficient for upregulation
of NR2C mRNA under the depolarizing condition. These results
suggest that the de novo synthesized BDNF is capable of upregu-
lating NR2C mRNA in depolarized granule cells, once cal-
cineurin dephosphorylation is inhibited by FK506.

To investigate the role of the BDNF autocrine loop for NR2C
mRNA upregulation, we examined the regulatory mechanisms of
NR2C and BDNF mRNA induction in depolarized granule cells
(Fig. 6B). In agreement with the previous report (West et al.,
2001), depolarization with high KCl upregulated BDNF mRNA,
and this increase was blocked by the CaMK inhibitor KN62. In
contrast, neither BDNF nor the calcineurin inhibitor FK506 had
any effect on the depolarization-induced increase in BDNF
mRNA. Importantly, when BDNF mRNA induction was blocked
by KN62, this blockade prevented FK506-mediated NR2C
mRNA upregulation (Fig. 6B). Furthermore, the addition of ex-
ogenous BDNF restored FK506-induced NR2C mRNA upregu-
lation in granule cells treated with KN62 (Fig. 6B). These results
indicate that the [Ca2�]i increase by membrane depolarization in-
duces expression of BDNF mRNA via the Ca2�-dependent CaMK
cascade and the de novo synthesized BDNF is capable of upregulating
NR2C mRNA in conjunction with inhibition of calcineurin
dephosphorylation.

To substantiate our findings further, we measured the
amounts of BDNF released into the culture medium of granule
cells grown in 5 and 25 mM KCl. After culturing under these two
conditions, medium was collected, concentrated, and subjected

to BDNF ELISA analysis. The amounts of released BDNF mark-
edly increased in the culture medium in high KCl compared with
those in low KCl (25 mM KCl, 141.8 � 8.8 pg BDNF/ml; 5 mM

KCl, 31.8 � 3.1 pg BDNF/ml; n � 4; p � 0.01). These values
agreed with those reported for both control and enhanced release
of BDNF in cultured rat granule cells (Marini et al., 1998), but
levels of endogenous BDNF in the culture medium were much
lower than the effective concentrations of exogenous BDNF
added for NR2C mRNA upregulation (Fig. 1C). This difference
remains to be characterized but may be attributable to the effi-
cient action of continuously supplied endogenous BDNF com-
pared with a single application of exogenous BDNF or the effec-
tiveness of endogenous BDNF in the close proximity to its
receptor in cultured cells.

We also attempted to clarify the role of endogenous BDNF in
NR2C induction under the depolarizing condition. We tested
whether the absorption of endogenous BDNF by the addition of
anti-BDNF antibody can abrogate FK506-mediated NR2C
mRNA upregulation in depolarized cells (Fig. 6C). This analysis
showed that FK506-induced upregulation of NR2C mRNA was
abolished by incubation of depolarized cells with anti-BDNF an-
tibody. Furthermore, NR2C mRNA induction became almost
negligible when granule cells of TrkB�/� knock-out mice were
treated with FK506 (Fig. 6D). These results indicate that the com-
mon BDNF/TrkB/ERK signaling has the potential to operate in
granule cells cultured in both high- and low-KCl conditions and
neuronal cell depolarization controls BDNF-induced upregula-

Figure 6. Involvement of de novo synthesized BDNF in NR2C mRNA upregulation under the depolarizing condition. Repre-
sentative blots of NR2C or BDNF mRNA and quantitative data of RNA blotting analysis are indicated. A, Cells were cultured in high
KCl and treated with 50 ng/ml BDNF, 1 �M FK506, and 50 ng/ml BDNF plus 1 �M FK506 for 96 h (n � 3). B, Cells were cultured
in high and low KCl and treated with or without BDNF (50 ng/ml) and/or the indicated inhibitors [1 �M FK506 and 10 �M KN62
(KN)]. Levels of NR2C and BDNF mRNAs were analyzed by RNA blotting. The CaMK inhibitor KN62 blocked both BDNF and NR2C
mRNA upregulation (n � 3). The addition of exogenous BDNF recovered NR2C mRNA upregulation in cells treated with KN62
and FK506 (n � 3). C, Cells were cultured in high KCl. These cells were preincubated for 30 min with or without 40 �g/ml
anti-BDNF antibody (Ab) and further incubated for 48 h in the presence or absence of 1 �M FK506 (n � 3– 4). D, Cells were
prepared from TrkB�/� knock-out mice (KO) and their wild-type littermates (WT). These cells were cultured in high KCl and
treated with or without 1 �M FK506 for 48 h. Upregulation of NR2C mRNA by FK506 treatment was significantly suppressed in
cells prepared from TrkB�/� knock-out mice (n � 3). *p � 0.05; **p � 0.01. Error bars indicate SEM. FK, FK506.
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tion of NR2C mRNA via calcineurin dephosphorylation
signaling.

Involvement of TrkB in NR2C upregulation in the
developing cerebellum
Finally, we addressed whether the BDNF–TrkB pathway operates
in regulation of NR2C mRNA expression in the developing cer-
ebellum in vivo. We examined the effect of TrkB deficiency on
NR2C mRNA expression in the cerebellum during the early post-
natal period. In agreement with previous studies (Minichiello
and Klein, 1996; Rico et al., 2002), TrkB�/� knock-out mice
showed no alteration in granule cell migration into the IGL nor in
the overall cerebellar architecture at P8, P11, and P14 (Fig. 7A and
data not shown). In situ hybridization analysis showed that NR2C
mRNA was predominantly and increasingly expressed at granule
cells in the IGL of both wild-type and TrkB�/� mice during cer-
ebellar development, but hybridization signals of NR2C mRNA
significantly decreased in TrkB�/� mice compared with wild-
type mice throughout the postnatal period (Fig. 7A). Expression
levels of NR2C mRNA were quantitatively analyzed by PCR of
cerebellar RNA of TrkB�/� mice and their TrkB�/� and wild-type
littermates at P8, P11, and P14 (Fig. 7B). There was no difference
in a temporal expression pattern of NR2C mRNA between
TrkB�/� and wild-type mice, but NR2C mRNA levels were
greatly reduced in TrkB�/� knock-out mice at P11 (45 � 18% of
wild-type; n � 3) and P14 (33 � 8% of wild-type; n � 3) (Fig.
7B). Furthermore, consistent with cultured granule cells, NR2B
mRNA levels were unchanged in the developing cerebella (P8,
P11, and P14) of the three genotypes (Fig. 7C). Western blot
analysis confirmed that TrkB deficiency decreased protein levels
of NR2C (39 � 4% of wild type; n � 3) but not those of NR2A/
NR2B (97 � 5% of wild type; n � 3) in cerebellar extracts at P14
(Fig. 7D). A considerable reduction in NR2C levels in TrkB�/�

mice indicates that the BDNF–TrkB pathway plays a crucial role
in regulatory mechanisms of NR2C expression in vivo during
cerebellar development.

PCR and in situ hybridization analyses
have indicated that mRNAs encoding A and
B subunits of the calcineurin complex (cal-
cineurin A�, A�, and B1) are expressed in
granule cells at the EGL and IGL during the
early postnatal period (Sato et al., 2005). We
examined the effect of FK506 in NR2C
mRNA upregulation in cerebellar slice cul-
ture in which different cerebellar cell types
undergo proliferation, migration, and dif-
ferentiation in a developmentally relevant
manner (Tanaka et al., 1994). Slices were
prepared from P8 mouse cerebella and cul-
tured for 5 d in 25 mM KCl, which sustained
granule cell viability, migration, and differ-
entiation (Tanaka et al., 1994). The addition
of FK506 markedly increased NR2C mRNA
levels in cerebellar slice culture (Fig. 7E), in-
dicating that NR2C mRNA, like in dissoci-
ated granule cells, is sensitively regulated by
the calcineurin signaling in cultured cere-
bellar slices.

Discussion
The present investigation has demonstrated
that the BDNF and Ca 2� signaling cascades
are integrated in regulating NR2C mRNA
expression in developing cerebellar granule

cells, depending on the state of membrane potentials of these
cells. A model of the integrative mechanism of the BDNF and
Ca 2� signals is depicted as follows (see supplemental material,
available at www.jneurosci.org): in granule cells cultured in low
KCl, L-VSCCs are relatively inactive, and BDNF can activate the
TrkB–ERK signaling cascade that leads to upregulation of NR2C.
The upregulated NR2C is incorporated into a NMDA receptor–
channel complex and expressed in cell-surface membranes of
granule cells. In cells cultured in high KCl, L-VSCCs are activated,
and the increased Ca 2� activates CaMK, which in turn induces
BDNF mRNA expression. De novo synthesized BDNF has the
potential to upregulate NR2C mRNA via the common TrkB–
ERK signaling cascade. However, an increase in [Ca 2�]i simulta-
neously activates Ca 2�-dependent calcineurin phosphatase and
blocks the TrkB–ERK signaling responsible for NR2C upregula-
tion. Consequently, when calcineurin is inhibited by its inhibi-
tors, the autocrine BDNF system now operates and upregulates
NR2C mRNA. Consistent with the proposed mechanism, the
FK506-mediated NR2C upregulation was blocked by treatment
with anti-BDNF and greatly reduced in TrkB�/� granule cells.
Importantly, the significant reduction in NR2C was also con-
firmed in developing granule cells in the TrkB�/� cerebellum in
vivo, indicating that the BDNF–TrkB signaling pathway plays a
pivotal role in NR2C induction in granule cells during the post-
natal period. MEK inhibitors and dnMEK transfection also indi-
cated that the MEK1/2–ERK1/2 signaling is implicated in NR2C
upregulation in the BDNF–TrkB pathway. After Western blot
analysis, however, ERK1/2 was found to be phosphorylated after
BDNF treatment with a similar extent and time course between
granule cells cultured in high and low KCl (data not shown). This
finding has indicated that calcineurin most likely acts down-
stream of the ERK1/2 cascade. Although the target of calcineurin
dephosphorylation remains elusive, the important finding of this
investigation is that the BDNF and Ca 2� signaling cascades form

Figure 7. Decrease in NR2C mRNA and protein levels in the TrkB�/� cerebellum and increase in NR2C mRNA levels in
FK506-treated cerebellar slice culture. A, In situ hybridization analysis of NR2C mRNA was performed with a digoxigenin-labeled
antisense probe for NR2C mRNA in parasagittal sections of littermates of TrkB�/� and TrkB�/� mice at P14. Hybridization
signals (blue) of NR2C mRNA were greatly reduced in granule cells of TrkB�/� mice compared with those of TrkB�/� mice.
Note also that granule cells comparably migrated into the IGL between the two genotypes. B, Total RNA was isolated from
cerebella of littermates of TrkB�/�, TrkB�/�, and TrkB�/� mice at P8, P11, and P14 and subjected to PCR analysis (n � 3).
*p � 0.05; **p � 0.01. C, NR2B mRNA levels in the cerebellum of the three genotypes at P14 were quantitated by PCR analysis
as described in B. D, Cerebellar extracts of the three genotypes at P14 were subjected to immunoblot analysis with anti-panNR2
antibody. E, Slice cultures were conducted in high KCl and treated with or without 1 �M FK506 (FK) for 96 h. RNA was extracted,
and levels of NR2C mRNA were quantitated by PCR analysis (n � 4). **p � 0.01. Error bars indicate SEM.
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a convergent signaling circuit that serves as a vital role in the
regulation of NR2C mRNA induction in cerebellar granule cells.

Extensive studies have disclosed the molecular mechanisms of
the BDNF expression that is preferentially regulated by L-VSCC-
mediated Ca 2� influx among several distinct routes of intracel-
lular Ca 2� entry (West et al., 2001). In contrast, little is known
about the regulatory mechanism of NR2C mRNA expression.
The 1.4 kb 5	-upstream NR2C genomic sequence has been shown
to direct the NR2C promoter-dependent expression of the lacZ
transgene in cerebellar granule cells in vivo (Suchanek et al.,
1997), but its relevance to NR2C mRNA upregulation remains to
be studied. NFAT is a well established transcription factor acti-
vated by calcineurin (Hogan et al., 2003) and is highly expressed
in cerebellar granule cells (Kramer et al., 2003). We aimed to
examine the involvement of NFAT in NR2C upregulation by
expressing the calcineurin-binding, NFAT-inhibitory peptide
(Aramburu et al., 1999) in cultured granule cells. This inhibitory
peptide, although blocking the NFAT-dependent reporter gene
expression, failed to upregulate NR2C mRNA expression in de-
polarized granule cells (data not shown). Alongside NFAT, cal-
cineurin has been reported to control other transcription factors
such as myocyte enhancer factor 2 (MEF2) and cAMP response
element-binding protein (CREB) (Bito et al., 1996; McKinsey et
al., 2002). The MEK1/2–ERK1/2 can also control the transcrip-
tional activity of many immediate-early genes through the acti-
vation of the CREB and Elk-1 transcription factors (Sgambato et
al., 1998; Davis et al., 2000; Sato et al., 2001). The consensus
sequences for binding to the MEF2, CREB, and Elk-1 transcrip-
tion factors, however, are not found in the NR2C-upstream
genomic sequence (Suchanek et al., 1995). Because the NR2C
expression is now revealed to be regulated by the BDNF–ERK1/2
signaling in conjunction with calcineurin dephosphorylation, the
present study has raised the possibility to examine regulatory
mechanisms of the NR2C expression in cerebellar granule cells.

A switch of NMDA receptor subunits during granule cell mat-
uration alters the open time, burst lengths, and Mg 2� sensitivity
of NMDA receptor channels (Farrant et al., 1994) and contrib-
utes to establishment of mature mossy fiber– granule cell synaptic
transmission in the cerebellar network (Farrant et al., 1994; Ka-
dotani et al., 1996). In culture of mouse granule cells, the resting
membrane potentials were recorded to be approximately �35
mV and approximately �50 mV in granule cells grown in 25 and
5 mM KCl, respectively (Mellor et al., 1998). These changes of
membrane potentials of granule cells have been reported to pro-
duce marked differences in action potential generation and spon-
taneous excitatory and inhibitory synaptic transmission and have
profound effects on expression of GABA receptor �6 in cultured
granule cells (Mellor et al., 1998). Importantly, the membrane
potentials of granule cells cultured in high and low KCl are in
good agreement with a progressive decrease in resting membrane
potentials from immature EGL granule cells (approximately �25
mV) to mature IGL granule cells (approximately �55 mV) (Rossi
et al., 1998). In the present investigation, the addition of FK506
markedly increased NR2C mRNA levels in not only dissociated
granule cells but also in cerebellar slice culture. It is thus conceiv-
able that the calcineurin signaling plays a role in keeping NR2C
off until the resting membrane potential of granule cells falls at
later points in development. BDNF and TrkB are upregulated at
granule cells during development (Masana et al., 1993; Borgh-
esani et al., 2002), and the BDNF–TrkB signaling is capable of
upregulating NR2C to form mature mossy fiber– granule cell
synaptic transmission. Because the NR2C subunit reduces Mg 2�

sensitivity, the blockade of its expression in immature granule

cells may also contribute to protect neurons from calcium over-
load at the early developmental stage.

Our recent genome-wide microarray analysis of FK506-
treated and untreated granule cells under the depolarizing con-
dition has revealed that FK506 increases expression levels of
many genes implicated in synaptic transmission and organiza-
tion including NR2C and GABA receptors �1 and �6 (Sato et al.,
2005). Furthermore, many of the FK506-upregulated genes, like
NR2C, are upregulated in vivo and predominantly expressed at
granule cells after migration into the IGL. These findings, to-
gether with those reported in the present investigation, strongly
suggest that the Ca 2�-dependent calcineurin signaling serves as a
more general mechanism that regulates maturation and refine-
ment of the synaptic organization during early postnatal cerebel-
lar development.
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