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It is known that cerebellar granule cells are powerful inducers for
the differentiation of Purkinje cells. However, the detailed mech-
anism of this regulation has not yet been clarified. Here, using
cerebellar neuronal culture, we show that the activation of NMDA
receptors expressed by granule cells triggers the signaling path-
way for the dendritic differentiation of Purkinje cells. This signal
has been shown to promote the granule cell survival through
BDNF-mediated TrkB activation, leading to Purkinje cell differen-
tiation by increasing the granule–Purkinje cell interaction. Among
the possible signal molecules provided to the dendrites of Pur-
kinje cells from granule cells, nitric oxide was found to have no
effect on the dendritic outgrowth and branching, but electrical
activity and the subsequent intracellular Ca21 increase were
thought to play an important role in the branching and thickening

of the dendrites, because blockade of both non-NMDA and
metabotropic glutamate receptors caused a significant decrease
in the number of branch points and the diameter of Purkinje
dendrites without apparently affecting the dendrite extension and
spine formation. Collectively, these results suggest that Purkinje
cell differentiation is regulated by two successive steps. The first
step is initiated by the NMDA receptor-mediated signal in granule
cells, which acts as a trophic factor for granule cells. The second
step involves the activation of granule–Purkinje synapses, pro-
viding neurotrophic substances and electrical activity essential
for Purkinje cell differentiation.
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As the only outputs of the cerebellar cortex, Purkinje neurons are
suggested to play an important role in movement coordination and
motor learning (Ito, 1984). For the differentiation and maturation
of Purkinje cells, in addition to genetic regulations, local epigenetic
factors released from granule cells are thought to be essential
because Purkinje cells cultured alone develop only poor dendritic
arborization with primitive spines, whereas coculture of Purkinje
cells with granule cells results in well differentiated dendrites
studded with mature spines (Baptista et al., 1994; Morrison and
Mason, 1998). However, the details of the mechanisms regulating
Purkinje cell differentiation have not yet been clarified.

Neurotrophins are a family of structurally and functionally re-
lated peptide growth factors, including neurotrophin-3 (NT-3),
NT-4/5, nerve growth factor, and brain-derived neurotrophic factor
(BDNF). They play important roles in neuronal proliferation,
development, and maturation during neurogenesis (Mount et al.,
1994; Gao et al., 1995; Snider and Lichtman, 1996). The biological
activities of neurotrophins are mediated by Trk receptors, which
are members of the tyrosine kinase receptor family (Chao, 1992).
Cerebellar granule cells, which synthesize neurotrophins
(Rocamora et al., 1993), express their receptors (Schwartz et al.,
1997) and are responsive to neurotrophins (Segal et al., 1992, 1995;
Gao et al., 1995). Accumulating evidence revealed that stimulation
of NMDA receptors on granule cells induces the synthesis and
release of BDNF and, consequently, promotes survival and differ-
entiation of granule cells (Moran and Patel, 1989; Burgoyne et al.,
1993; Marini et al., 1998). Together with the evidence that granule
cells induce differentiation of Purkinje dendrites, these results
suggest that activation of NMDA receptors on granule cells may
play a crucial role in differentiation of Purkinje cells via increase in

the trophic influence of granule cells. In this study, using cocultures
of Purkinje cells and granule cells, we demonstrate a regulatory
connection between the activation of granule cell NMDA recep-
tors and the dendritic differentiation of Purkinje cells. We further
examined the nature of this trophic effect through electrical activity
or release of substances, such as neurotrophins or nitric oxide (NO).

MATERIALS AND METHODS
Cerebellar neuronal culture. Dissociated cerebellar neuronal cultures were
prepared from the brains of 20- to 21-d-old Wistar rat fetuses according to
a recently published protocol for Purkinje cell culture (Furuya et al., 1998)
with slight modifications. In brief, 5.0 3 10 6 cells/ml (200,000 cells per well
in 40 ml) were plated onto plastic coverslips (21 mm in diameter; Sumilon
MS-80060; Sumitomo Bakelite, Tokyo, Japan) coated with poly-L-
ornithine and placed in a humidified CO2 incubator (5% CO2 at 37°C).
This culture contained ;70% of neuron-specific enolase (NSE)-positive
cells. All other cells were glial fibrillary acidic protein-positive. The ratio
of granule cells to Purkinje cells was ;20:1. One milliliter of serum-free
culture medium was added to each well after 3 hr. The medium was
composed of DMEM–nutrient mixture of Ham’s F-12 supplemented with
bovine insulin (10 mg/ml), bovine serum albumin (100 mg/ml), gentamicin
(5 mg/ml), glutamine (200 mg/ml), human apotransferrin (100 mg/ml),
progesterone (40 nM), putrescine (100 nM), sodium selenite (30 nM), and
triiodothyronine (0.5 ng/ml).

Antisense oligonucleotide treatment. The cerebellar neuronal cultures
were treated with 1 or 0.5 mM oligonucleotide throughout the cultivation
period. Half of the culture medium was replaced every second day with
fresh medium containing 1 mM oligonucleotide. The oligonucleotide was
designed to encompass the initiative methionine codon of NR2D subunit.
For controls, the sense and a missense oligonucleotides were used. The
sequences of 25-mer sense, antisense, and missense oligonucleotides were
59-aagcttcttagaccatgagaggagc-39, 59-gctcctctcatggtctaagaagctt-39, and 59-
agaagtgccgttggcatatcaaagt-39, respectively.

Electrophysiology. The experiments were performed on cultures at 7–20
d in vitro (DIV). The recording chamber was clamped on the stage of a
Nikon (Tokyo, Japan) TE300 inverted microscope and observed with
phase contrast optics. The preparation was continuously superfused with
an extracellular solution containing (in mM): NaCl 140, KCl 3, CaCl2 3,
glucose 10, HEPES 10, pyruvic acid 3, picrotoxin 0.03, glycine 0.01, and
tetrodotoxin (TTX) 0.5 mM, pH 7.35 (330 mOsm/kg, 31°C). Whole-cell
voltage-clamp recordings were made from visually identified Purkinje cells.
Patch pipettes were pulled from borosilicate glass capillaries (1.5 mm outer
diameter, 0.86 mm inner diameter; Clark Biomedical Instruments, Pan-
bourne, UK) and fire-polished to achieve a resistance of 3–6 MV when
filled with a solution containing (in mM): K gluconate 60, K methanesul-
fonate 60, KCl 20, 6H2OzMgCl2 0.5, Na2 ATP 4.0, Na2 GTP 0.2, HEPES
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30, EGTA 10, CaCl2 0.8, and reduced glutathione 1.0, pH 7.4 (310
mOsm/kg). The series resistance in the whole-cell configuration was 7–15
MV and was not compensated. To evoke NMDA receptor-mediated cur-
rent in voltage-clamped Purkinje cell (265 mV), a pipette (0.5–1 MV)
containing 500 mM NMDA dissolved in extracellular solution was posi-
tioned upstream of the soma of the Purkinje neuron. Recordings were
made using an Axopatch 1D amplifier (Axon Instruments, Foster City,
CA). Signals were filtered at 1 kHz and digitized at 2 kHz (Digidata 1200).

Immunofluorescence. For double immunocytochemical staining, calbin-
din D-28K and NSE were used as a Purkinje cell-specific marker and a
neuronal marker, respectively. A cerebellar culture at 14 DIV was fixed for
2 hr at 4°C in 4% paraformaldehyde in PBS and then blocked with 2%
bovine serum albumin and 0.4% Triton X-100 in PBS for 30 min. The
primary antibodies used were mouse monoclonal anti-calbindin D-28K
(1:200; Sigma, St. Louis, MO) and rabbit polyclonal anti-NSE (1:2000;
Polysciences, Warrington, PA) antibodies. The cultures were incubated
with primary antibodies for 2 hr at room temperature and then incubated
with appropriate secondary antibodies for 1 hr at room temperature.
Secondary antibodies were conjugated to fluorescein and rhodamine (1:
200; Chemicon, Temecula, CA).

Acquisition and analysis of fluorescent images. Fluorescent images of
cerebellar neurons were acquired using a cooled CCD camera (12 bit;
SenSys Camera System; Photometrics, Tucson, AZ) attached to a fluores-
cence microscope (BX60; Olympus Optical, Tokyo, Japan) with a 403
objective (225 pixels/mm 2). The exposure time was automatically adjusted
so that the maximum pixel value was 2048. Images were analyzed using
IPLab (Scanalytics Inc., Fairfax, VA) to evaluate the maximum length and
number of branch points of the Purkinje cell dendrites. Branch points were
counted along the longest dendrite. Unless otherwise indicated, .30
Purkinje neurons were analyzed in each experiment. Granule cell survival
was estimated by counting the number of calbindin D-28K-negative and
NSE-positive cells with diameters of ;5–10 mm. The number of granule
cells was counted in three randomly selected fields in images acquired by
the CCD camera with a 403 objective (223 3 174 mm). All experiments
were performed using cultures from at least three different batches.

Materials. Human recombinant BDNF and NT-3 were obtained from
Sigma. Rabbit polyclonal TrkB-IgG and TrkC-IgG were from Transduction
Laboratories (Lexington, KY). (6)1-(4-Aminophenyl)-3-methylcarbamyl-
7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine (GYKI 53655) was
generously provided by Dr. I. Tarnawa (Gerdeon Richter Ltd., Budapest,
Hungary). D(2)-2-Amino-5-phosphonopentanoic acid (APV), NMDA,
6-cyano-7-nitroquinoxaline-2,3-dione (C NQX), (RS)-a-methyl-4-
carboxyphenylglycine (MCPG), (RS)-1-aminoindan-1,5-dicarboxylic acid
(AIDA), TTX, and N G-nitro-L-arginine methyl ester hydrochloride (L-
NAME) were from Tocris Cookson (Bristol, UK).

Statistical analysis. Data were expressed as mean 6 SD, unless otherwise
indicated. ANOVA with Fisher’s least significant difference test was used
to evaluate the effects of drug treatments on the survival of granule cells
and the dendritic differentiation of Purkinje cells. The Pearson correlation
was used to determine the significance of correlations between granule cell
density and dendritic outgrowth or branching of Purkinje cells.

RESULTS
APV, but not CNQX or MCPG, prevents Purkinje
cell differentiation
To examine whether NMDA signals selectively contribute to the
development and maturation of Purkinje cells, dissociated cerebel-
lar neurons were grown in the presence of various ionotropic and
metabotropic glutamate receptor antagonists for 14 d. Control
Purkinje cells grown without any glutamate receptor blockers dis-
played well differentiated dendrites studded with spines (Fig. 1A).
The non-NMDA receptor antagonist CNQX (10 mM) and the
metabotropic glutamate receptor antagonist MCPG (1 mM) did not
markedly affect Purkinje cell morphology (Fig. 1C,D). Quantitative
analysis revealed that the dendrites of Purkinje cells cultured with
the above-mentioned antagonists were more extended than those
of control cells (Table 1). Treatment of Purkinje cells with another
metabotropic glutamate receptor antagonist, AIDA, also resulted
in similar growth patterns (data not shown). In contrast, the com-
petitive NMDA receptor antagonist APV (100 mM) significantly
affected the differentiation of Purkinje cells; the dendrites were
apparently shorter and less branched. Moreover, the spines were
primitive and fewer in number than those formed on the dendritic
shafts of control Purkinje cells (Fig. 1B, and data not shown). The
effects of APV on the differentiation of Purkinje cells were dose-
dependent (Fig. 2), and the IC50 values with regard to the length of
the dendrites and to the number of branch points were ;20 and 10
mM, respectively. The APV-induced reduction of the dendritic
differentiation of Purkinje cells could be reversed by coapplication
of NMDA at a concentration ranging from 30 to 300 mM into the

culture medium (Fig. 3Aa,Ab). This suggests that the inhibitory
effect of APV on the dendritic differentiation of Purkinje cells was
specifically mediated by the blockade of NMDA receptors and not
by its toxic action. The addition of NMDA without APV to the
cerebellar neuronal culture did not significantly change the den-
drite length, but branching of the Purkinje cells was increased by
NMDA application at 30 mM (Fig. 3Aa,Ab, insets).

Granule cell NMDA receptor activity mainly contributes
to the dendritic differentiation of Purkinje cells
Previous studies have shown that, although adult Purkinje cells do
not express functional NMDA receptors, both granule cells and
Purkinje cells show NMDA responsiveness at an early stage of
development (Kilic et al., 1991; Rosenmund et al., 1992; Yuzaki et
al., 1996). To determine which NMDA receptors are involved in
Purkinje cell differentiation, we attempted to selectively eliminate
the NMDA receptors on Purkinje cells, using antisense approach.
Because developing Purkinje cells express only NR2 subunits of
the “D” type, whereas granule cells express NR2A, 2B, and 2C but
not 2D subunits (Akazawa et al., 1994; Momiyama et al., 1996;
Gavin and Stefano, 1999), we used an antisense oligonucleotide
selectively directed against the N-terminal part of NR2D. The
antisense oligonucleotide-induced suppression of Purkinje cell
NMDA receptor activity was verified by electrophysiology (Fig.
4A). Recording from antisense oligonucleotide-treated Purkinje
cells showed an ;90% reduction in the NMDA-induced current
(eight cells), whereas sense oligonucleotide-treated Purkinje cells
(three cells) were similar to control (three cells). No difference in
the granule cell sensitivity was observed between sense- and
antisense-treated conditions (number of granule cells examined;
antisense 18 and sense 7). Another antisense oligonucleotide with
a similar length, but starting 11 bases upstream of the antisense
sequence of NR2D, failed to significantly reduce the NMDA
current in the Purkinje cells (five cells tested; data not shown).
When experiments were repeated in the presence of 5 mM GYKI
53655, a noncompetitive AMPA-type receptor antagonist, similar
results were obtained. Morphological studies revealed that Purkinje
cells treated with the oligonucleotides exhibited a slight but signif-
icant decrease in the length of the dendrites (missense and anti-
sense oligonucleotide-treated cells) and the number of branch
points (sense, missense, and antisense oligonucleotide-treated
cells), probably attributable to a nonspecific side effect of oligonu-
cleotides (Fig. 4B). However, the effect of the combined applica-
tion of APV together with the antisense oligonucleotide was much

Figure 1. Effects of the blockade of various glutamate receptor subtypes
on Purkinje cell differentiation. Primary dissociated cerebellar neurons
were cultured in the absence (A) or presence (B) of 100 mM APV, 10 mM
CNQX (C), or 1 mM MCPG (D). Purkinje cells at 14 DIV were visualized
by immunocytochemical staining for calbindin D-28K. Scale bar, 50 mm.
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more severe. The dendrite outgrowth and branching of Purkinje
cells were drastically inhibited (Fig. 4B). These results suggest that
NMDA receptors on granule cells exert a major influence on the
dendritic differentiation of Purkinje cells, although a minor involve-
ment of the NMDA receptors transiently expressed on Purkinje
cells cannot be ruled out.

Granule cell density regulates the Purkinje
cell differentiation
Several reports have shown that chronic exposure to NMDA pro-
motes neurite growth, differentiation, and survival of developing
granule cells (Balázs et al., 1989; Moran and Patel, 1989; Burgoyne
et al., 1993). These findings suggest that NMDA acts as a neuro-
trophic factor to granule cells and hence blockade of granule cell
NMDA receptors by APV decreased the granule cell number,
which might indirectly result in the inhibition of Purkinje cell
differentiation. This hypothesis is supported by evidence that the
cultivation of Purkinje cells without granule cells results in arrested
dendritic differentiation (Baptista et al., 1994; Morrison and Ma-
son, 1998). Therefore, we examined whether modulation of
NMDA receptor activity regulates the granule cell number by
culturing the cells with NMDA and/or APV. At 14 DIV, the cells

were fixed and immunolabeled for calbindin D-28K and NSE.
Enolase-positive and calbindin-negative cells with diameters of
;5–10 mm were identified as granule cells and counted in three
randomly selected fields (223 3 174 mm). The results showed that,
in the presence of 100 mM APV, the survival rate of granule cells
was markedly decreased from ;300 to 140 cells per field (Fig. 3Ac),
which was rescued by coincubation with 300 mM NMDA. At this
concentration of NMDA, a higher survival rate of granule cells was
observed even in the presence of APV (;450 cells per field) than
that of the control culture (;300 cells per field). In the absence of
APV, chronic exposure to 30 mM NMDA significantly increased the
number of granule cells but not that to 300 mM NMDA (Fig. 3Ac,
inset). The absence of the trophic effect at 300 mM NMDA is
probably attributable to Ca21 toxicity resulting from overstimula-
tion of NMDA receptors. Subsequently, the dose–response rela-
tionship of APV on the survival of granule cells was established
(Fig. 3Ba). As the concentration of APV increases, the survival
rate of granule cells decreased with an IC50 value of 5.5 mM, which
is almost identical to the IC50 of APV (4.7 mM) for NMDA-induced
current elicited from recombinantly expressed NMDA receptors
(Laube et al., 1997). Furthermore, statistical analysis indicated a
correlation between granule cell number and maximum dendrite
length or number of branch points/ longest dendrite of a Purkinje
cell (Fig. 3Bb,Bc). These results suggest that NMDA receptor
signaling in granule cells regulates Purkinje cell differentiation by
controlling the survival of granule cells.

TrkB, but not TrkC, signaling mediates Purkinje
cell differentiation
Because NMDA receptor activation has been demonstrated to
initiate the synthesis and release of BDNF in granule cells (Fav-
aron et al., 1993; Marini et al., 1998), we hypothesized that block-
ade of NMDA receptors by APV caused granule cell death because
of the inhibition of BDNF release, thereby resulting in the failure
of Purkinje cell differentiation. To verify this possibility, we tested
whether exogenous application of BDNF into the culture medium
could reverse the effects of APV on granule cells and consequently
allow Purkinje cell differentiation. The cerebellar neurons were
incubated with BDNF at the concentration range of 1–100 ng/ml in
the presence or absence of 100 mM APV and then fixed and
immunostained for calbindin D-28K and NSE. As shown in Figure
5A, BDNF application to the cerebellar neuronal culture together
with 100 mM APV restored the survival rate of granule cells, as well
as promoted outgrowth and arborization of the Purkinje cell den-
drites in a dose-dependent manner, although cultivation of the cells
with BDNF in the absence of APV did not significantly affect those
parameters (Fig. 5B). In contrast, application of TrkB-IgG, which
binds to TrkB and blocks the effects of BDNF (Ghosh et al., 1994),
resulted in Purkinje cells showing only rudimentary dendrites, as
well as increased granule cell death (Fig. 6). Treatment of the
culture with a similarly prepared fusion protein, TrkC-IgG, had no
significant effects. In addition, the effects of TrkB-IgG was reversed
by coapplication of 100 ng/ml BDNF, suggesting the specificity of
TrkB-IgG to the TrkB receptors.

Table 1. Effects of glutamate receptor antagonists on the differentiation of Purkinje cells

Dendrite
length (mm)

Number of branch
points/dendrite

Number of branch
points/100 mm dendrite

Dendrite
thickness (mm) n

Control 129 6 16.2 10.9 6 2.27 8.45 6 1.76 4.43 6 0.61 30
CNQX 157 6 22.2** 11.0 6 2.33 7.01 6 1.48** 4.61 6 0.76 78
MCPG 154 6 19.6** 12.0 6 3.31 7.79 6 2.14 4.39 6 0.87 89
CNQX plus MCPG 118 6 15.9 7.47 6 1.50** 6.33 6 1.27** 3.15 6 0.56** 40
CNQX plus MCPG plus KCl 152 6 25.0** 12.4 6 3.13 8.15 6 2.06 5.06 6 0.87 21

Cerebellar neurons were cultured with 10 mM CNQX and/or 1 mM MCPG in the medium containing 4 mM KCl except for CNQX plus MCPG plus KCl, which was cultured
in the medium containing 20 mM KCl. After 14 DIV, the cells were fixed and immunostained for calbindin D-28K. The Purkinje cell images were obtained using a cooled CCD
camera. The maximum dendrite length, number of branch points per longest dendrite or per 100 mm dendrite, and maximum thickness of Purkinje cell dendrite were
determined. The results (mean 6 SD) were obtained from three independent cultures. n indicates the total number of Purkinje neurons examined. Asterisks indicate the
statistically significant differences between the results obtained from control cells and those from treated cells; **p , 0.01.

Figure 2. Dose–response relationship between concentration of APV in
the culture medium and differentiation of Purkinje cells. Cerebellar neu-
rons were cultured in the presence of various concentrations of APV. At 14
DIV, Purkinje cells were immunostained for calbindin D-28K. Images of
Purkinje cells were obtained using a CCD camera. A shows representative
example of Purkinje cells cultured with various concentrations of APV. B
and C show the relationship between concentration of APV and maximum
dendrite length or the number of branch points per longest dendrite in
Purkinje cells, respectively. Data are means of experiments performed in
triplicate; .30 neurons for each concentration were analyzed. Error bars
indicate SEM. Scale bar, 50 mm.

Hirai and Launey • Differentiation of Cerebellar Purkinje Dendrites J. Neurosci., July 15, 2000, 20(14):5217–5224 5219



Because it has been shown that the TrkC receptor is expressed
on both granule and Purkinje cells (Segal et al., 1995; Velier et al.,
1997) and that NT-3 promotes the differentiation of both neurons
(Lindholm et al., 1993; Segal et al., 1995), we examined whether
coapplication of NT-3 with APV could improve Purkinje cell
differentiation. However, the addition of NT-3 (30 ng/ml) alone or
together with APV to the cerebellar neuronal culture did not alter
dendritic arborization of the Purkinje cells (Fig. 7). Collectively,
these observations strongly suggest that the activation of NMDA
receptors on granule cells results in the release of BDNF, which
promotes granule cell survival through the TrkB signaling pathway,
and indirectly leads to Purkinje cell differentiation by enhancing
the interaction between the granule cells and Purkinje cells.

Intracellular concentration of Ca21 ([Ca21]i) in Purkinje
cells after the synaptic activity is crucial for Purkinje
cell dendritic branching
As possible trophic factors for Purkinje cell differentiation that are
released from granule cells, the following substances are specu-
lated: (1) glutamate, as the neurotransmitter at the synapses be-
tween these neurons, (2) neurotrophins, and (3) nitric oxide. Al-
though the blockade of AMPA-type or metabotropic glutamate
receptors did not inhibit dendritic arborization of Purkinje cells
(Fig. 1), blockade of one type of receptor may have been compen-
sated by the activity of another type of receptor. To test this
possibility, activation of both AMPA receptors and metabotropic
glutamate receptors was blocked by culturing the cells in the

presence of 10 mM CNQX and 1 mM MCPG. The cells were fixed
at 14 DIV and immunolabeled for calbindin D-28K and NSE.
Statistical analysis of Purkinje cell dendritic differentiation shows
that, although the length of the dendrites and spine formation were
not affected, this treatment resulted in a marked decrease in the
number of branch points and diameter of Purkinje cell dendrites
(Fig. 8, Table 1). These changes cannot be attributed to a decrease
in granule cell survival rate, because the density of granule cells
was not significantly decreased (control, 320 6 15 cells per field;
CNQX plus MCPG, 310 6 18 cells per field). These results suggest
that elevation of the [Ca21]i, in response to AMPA-type or
metabotropic glutamate receptor activation, might be necessary for
dendritic branching, as suggested previously (Spitzer, 1994).
Therefore, we next tested whether increasing Ca21 entry by ele-
vating potassium concentration in the medium prevented the inhi-
bition of branching by the blockade of glutamate receptors. The
cerebellar neurons were cultured for 2 weeks in the presence of
CNQX, MCPG, and 20 mM KCl in the culture medium. At 14
DIV, the cells were immunostained and their dendritic differenti-
ation was evaluated. The sustained depolarization induced by KCl
almost completely counteracted the effects of the ionotropic and
metabotropic glutamate receptor antagonists, and the Purkinje
cells exhibited well differentiated dendrites similar to those of
control cells (Fig. 7, Table 1). Thus, the increase in cytoplasmic
Ca 21 accumulation in Purkinje cells seems to play an important
role in the growth and branching of the dendrites.

Figure 3. The regulation of granule cell survival and dendritic differentiation in Purkinje cells by NMDA receptor activity. The cerebellar neurons were
cultured in medium containing 100 mM APV together with 0, 30, or 300 mM NMDA (A). After 14 DIV, cells were fixed and immunostained for calbindin
D-28K and NSE, followed by the determination of the maximum length of Purkinje dendrites (a), the number of branch points per longest dendrite (b),
and the number of granule cells (c). In a and b, .30 Purkinje cells were analyzed for each concentration. In c, the granule cells were identified as calbindin
D-28K-negative and NSE-positive cells with diameters of ;5–10 mm and counted for each concentration of NMDA in three randomly selected fields
(223 3 174 mm). Insets show the results of similar analysis obtained from the preparations grown without APV. Data are means of experiments performed
in triplicate. Error bars indicate SD. Asterisks indicate statistically significant differences from the results of the cultures grown without NMDA; *p , 0.05,
**p , 0.01. B shows the correlation of granule cell density with dendritic extension and branching of Purkinje cells. The cerebellar neurons that survived
for 14 DIV in the presence of various concentrations of APV were double immunostained for calbindin D-28K and NSE. The number of granule cells was
counted in nine randomly selected field positions in three independent cultures and plotted on the graph (a). Error bars indicate SEM. b and c indicate
the number of granule cells plotted against the maximum length of the dendrites or the number of branch points per longest dendrite in Purkinje cells.
There are significant correlations between these parameters ( p , 0.001).
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NO signaling is not involved in Purkinje
cell differentiation
Previous reports have shown that the granule cells express NO
synthase (NOS) (Schilling et al., 1994) and produce NO mainly in
response to NMDA receptor activation triggered by spontaneous
synaptic activity, in both cell cultures (Schilling et al., 1994) and
cerebellar slices (Southam et al., 1991). In addition, a relationship
between NO production and the differentiation of the granule cells
has been suggested because the period of the granule cell differ-
entiation was shown to correspond to that of a marked increase in
NOS activity and NO formation in the granule cells (Viani et al.,
1997). Therefore, the reduced degree of Purkinje cell differentia-
tion by APV may result directly or indirectly from a decrease in NO
release by granule cells. To examine this, we inhibited NO produc-
tion in the cerebellar neuronal culture throughout the cultivation
period by adding L-NAME (5 mM), a highly potent NOS inhibitor
(Pfeiffer et al., 1996). This treatment did not affect granule cell
survival or Purkinje cell differentiation as estimated based on the
growth and branching of the dendrites (104.5 6 8.4, 96.3 6 11.0,
and 98.3 6 17.9% of the control level, respectively), suggesting that
NO has no apparent effect on the differentiation of Purkinje cells in
our culture system.

DISCUSSION
In the present series of experiments, we show the significant effect
of granule cell NMDA receptor activity for Purkinje cell dendritic
differentiation. This differentiation effect is mediated by stimulat-
ing the BDNF–TrkB signaling pathway in granule cells, resulting in
increased survival rate of granule cells, which in turn exerts a
trophic effect on Purkinje cells. Moreover, the electrical activity
followed by the increase of [Ca21]i in Purkinje cells is suggested to
be essential for the dendritic branching of Purkinje cells.

Activation of the NMDA receptors expressed on
granule cells initiates and supports cerebellar
neuronal maturation
Some stimuli that facilitate neuronal differentiation, such as an
increase in [Ca21]i or depolarization, may adversely affect neuro-
nal survival and vice versa. Hence, it would be necessary to dis-
criminate the factors promoting the differentiation from those
effective for survival. Moreover, when the effects of some factors on
the differentiation of Purkinje cells are examined using the granule
cell–Purkinje cell coculture system, one has to consider whether
the effects are exerted directly on the Purkinje cells or indirectly
through the modulation of afferent neurons, the granule cells.
Previous studies have shown that NT-3 (Lindholm et al., 1993) and
high potassium levels (Reitstetter and Yool, 1998) promoted the
Purkinje cell differentiation and that BDNF (Shimada et al., 1998)
increased the spine density on Purkinje dendrites. However, those
experiments were performed in coculture with granule cells and
therefore, the effects might have been caused indirectly via the
modulation of granule cell survival and differentiation because
NT-3, BDNF, and high potassium levels have been shown to act as
trophic factors for granule cells (Gallo et al., 1987; Gao et al., 1995;
Segal et al., 1995). Similarly, our results showing the significant
reduction of Purkinje cell dendritic differentiation by the addition
of the NMDA receptor antagonist could be explained by the
blockade of NMDA receptors on Purkinje cells, which have been
shown to be functional during the developmental period (Rosen-
mund et al., 1992; Yuzaki et al., 1996). To exclude this possibility,
we used an antisense technology to examine the effect of the
selective suppression of Purkinje cell NMDA receptors on the
dendritic differentiation. The major side effect of antisense oligo-
nucleotides is their nonselective hybridization to mRNAs and
subsequent suppression of the gene products (Myers and Dean,
2000), which might artifactually affect the Purkinje cell develop-

Figure 4. Antisense-mediated suppression of NMDA receptor function in
Purkinje cells and its effect on the Purkinje cell differentiation. A shows the
NMDA-induced whole-cell currents recorded from Purkinje cells and gran-
ule cells treated with a sense oligonucleotide and an antisense oligonucle-
otide as indicated. Upon application of APV (50 mM), the NMDA-induced
inward current was considerably decreased in Purkinje cells. B shows the
quantitative analysis of Purkinje cell dendritic morphology treated with
sense, missense, or antisense oligonucleotides or APV together with the
antisense oligonucleotide. In control experiments, the culture was subjected
to medium change only. Error bars indicate SD. Asterisks indicate statisti-
cally significant differences from the control culture; *p , 0.05, **p , 0.01.

Figure 5. Restoration of dendritic differentiation by BDNF. The cerebel-
lar neurons were cultured in a medium containing 100 mM APV in the
presence of increasing concentration of BDNF. Neuronal cells fixed at 14
DIV were visualized by double immunocytochemical staining for calbindin
D-28K and NSE. The granule cell survival rate, dendritic outgrowth, and
branching of Purkinje cells were analyzed for each concentration of BDNF
(A). Data are means of experiments performed in triplicate. For each
BDNF concentration, .30 Purkinje neurons were examined, and granule
cells were counted in nine fields. The effects of BDNF without APV are
shown in B. Error bars indicate SD. Asterisks indicate statistically significant
differences from the culture grown without BDNF; *p , 0.05, **p , 0.01.
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ment. Electrophysiological recording of oligonucleotide-treated
Purkinje cells showed that only antisense oligonucleotide could
induce a reduction of NMDA responsiveness and that the sense
oligonucleotide had no adverse effects. However, the reduction of
the dendritic differentiation by the treatment with the antisense
oligonucleotide was much smaller than that by the antisense oligo-
nucleotide plus APV (Fig. 4B). These results suggest that NMDA
receptors expressed by granule cells play the major role in the
regulation of Purkinje cell dendritic differentiation.

BDNF plays an important role in Purkinje
cell differentiation
In our study, the addition of BDNF to the control culture did not
significantly affect the morphology of Purkinje cells but counter-
acted the inhibitory effects of APV on dendrite development of
Purkinje cells (Fig. 5). In contrast, blockade of TrkB signaling by

the addition of TrkB-IgG caused significant perturbation of den-
dritic outgrowth and branching (Fig. 6). These results are appar-
ently different from those of a previous study in which the addition
of TrkB-IgG to Purkinje cells cocultured with granule cells had no
apparent effect on the dendritic morphology of Purkinje cells
(Shimada et al., 1998). The explanation for this discrepancy is
probably to be found in the culture medium. In the present study,
we used a medium based on DMEM–F12 without the addition of
any neurotrophic factors (Furuya et al., 1998) enhancing the sur-
vival of granule and Purkinje cells. Other groups used a serum-free
medium based on Basal Medium Eagle’s (Schilling et al., 1991;
Baptista et al., 1994; Lärkfors et al., 1996; Yuzaki et al., 1996) or
serum-containing media based on Minimum Essential Medium
(Cohen-Cory et al., 1991; Mount et al., 1994). Purkinje cells cul-
tured using these media displayed relatively short dendrites and
delayed maturation. These observations suggest that, in our culture
system, the amount of substances necessary for the development of
granule and Purkinje cells is sufficient and balanced or that neu-
rotrophin receptors such as Trk and p75 are efficiently expressed,
resulting in highly differentiated dendritic branches similar to those
of cells grown in vivo. Under this condition, BDNF is indispens-
able, but the effect is presumably saturated, because addition of
exogenous BDNF caused no further differentiation of the Purkinje
dendrites. In contrast, in other cultivation methods, substances and
corresponding receptors essential for the development of cerebel-
lar neurons are thought to be lacking and/or imbalanced; expres-
sion of TrkB might be suppressed. Under such condition, it is
presumed that modulation of TrkB signaling alone by exogenously
applied BDNF or TrkB-IgG would cause no significant alteration
of Purkinje cell differentiation. Indeed, our results shown in Figure
5 are consistent with an in vivo study, using BDNF gene-deficient
mice in which granule cells exhibited decreased survival rate con-
comitant with stunted growth of Purkinje dendrites (Schwartz et
al., 1997).

Signaling via AMPA receptors and metabotropic
glutamate receptors contributes to dendritic branching
of Purkinje cells
The present results suggest that some factors provided by the
granule cells regulate Purkinje cell differentiation, in agreement

Figure 6. Perturbation of the den-
dritic development of Purkinje cells by
blockade of TrkB signaling. Cerebel-
lar neurons were cultured in the pres-
ence of TrkB-IgG (final concentration,
25 mg/ml). The neurons were fixed at
14 DIV and visualized by double im-
munostaining for calbindin D-28K and
NSE. A shows representative examples
of Purkinje cells cultured in the ab-
sence or presence of TrkB-IgG or
TrkB-IgG plus BDNF. B shows the
quantitative analysis of the effect of
TrkB-IgG, TrkB-IgG plus BDNF, or
TrkC-IgG on the granule cell survival
and dendritic differentiation of Pur-
kinje cells. Error bars indicate SD. As-
terisks indicate statistically significant
differences from the untreated control
culture; *p , 0.05, **p , 0.01. Scale
bar, 50 mm.

Figure 7. No significant effect of NT-3 on dendritic differentiation of
Purkinje cell. Cerebellar neurons were cultured together with NT-3 (30
ng/ml) in the absence or presence of 100 mM APV. The cells were fixed
after 14 DIV and visualized by double immunostaining for calbindin D-28K
and NSE. Graphs show the quantitative analysis of the effect of NT-3 on
granule cell survival and Purkinje cell dendritic differentiation in the
absence or presence of 100 mM APV. No significant differences were seen
in the granule cell survival rate, dendrite outgrowth, and the branching of
Purkinje cells between the cultures treated with and without NT-3. Error
bars indicate SD.
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with previous reports (Baptista et al., 1994; Doughty et al., 1999).
As the neurotransmitter at synapse between granule cells and
Purkinje cells, glutamate could play a role in the dendritic differ-
entiation of Purkinje cells. Results of this study showed that the
branching and thickening of the dendrites were impaired when
both AMPA-type and metabotropic glutamate receptors were
blocked and that these effects were reversed by increasing the
concentration of KCl in the culture medium. Because both AMPA-
type and metabotropic glutamate receptor stimulation can induce
an increase in [Ca21]i, we suggest that elevation of [Ca21]i after
electrical activity is critical for dendritic branching and thickening
of Purkinje cells. This notion is consistent with the results of a
previous study (Schilling et al., 1991), which showed that the
emergence of electrical activity in Purkinje cells (7–9 DIV) was
coincident with the initiation of dendritic branching (7–9 DIV). In
these studies, cultured Purkinje cells were treated with TTX to
reduce synaptic activity, resulting in the marked decrease in den-
dritic branching of Purkinje cells. We also performed similar ex-
periments using TTX and obtained similar results, including a
decrease in the granule cell survival rate (data not shown). How-
ever, the dendrites in TTX-treated Purkinje cells in our and other
group’s experiments did not exhibit spine structures (data not
shown) (Schilling et al., 1991), whereas dendrites of Purkinje cells
treated with glutamate receptor antagonists exhibited mature
spines, which are apparent even by fluorescence microscopy (Fig.
8). This discrepancy is presumed to originate from the difference in
the sites for action between TTX and the glutamate receptor
antagonists. TTX, in addition to electrical activity, blocks activity-
dependent release of substances from granule cells such as neuro-
trophins, whereas the AMPA-type and metabotropic glutamate
receptor antagonists (but not the NMDA receptor antagonist) have
a relatively negligible effect on the activity-dependent release from
granule cells. Therefore, it is suggested that TTX blocked the
release of a substance required for the development of spines. The
nature of this substance should be investigated in future studies.

A recent in vivo work showed contradictory results; the spino-
genesis on the proximal dendrites was facilitated by TTX applica-
tion (Bravin et al., 1999). The discrepancy is considered to be
attributable to several reasons. First, because in in vivo experiments
adult animals were used, mature spines are probably resistant to
TTX treatment, whereas spinogenesis in developing neurons is
easily affected. Second, under in vivo condition, Purkinje cells are
surrounded by numerous non-neuronal cells that may release some
neurotrophic factors sufficient for the spinogenesis on Purkinje
dendrites independent of any electrical activity. Third, signals
through climbing fibers, which are absent in cultured Purkinje cells,
have repressive action on the spine formation (Bravin et al., 1999).
Hence, it is considered that inhibition of climbing fiber activity in
vivo by TTX eliminated this repressive effect, consequently allow-
ing spine formation on dendrites.

In the present study, we show that granule cells initiate and
support the dendritic differentiation of Purkinje cells when NMDA
receptors on granule cells are activated. The electrical activity,
followed by the increase of [Ca21]i in Purkinje dendrites, is

thought to play an important role in branching and thickening of
the dendrites, whereas in the case of dendritic spine formation, at
least in culture, other factors released from the granule cell axon
terminals seem to be essential. Only the coordination of these
different stimuli would elaborate the well differentiated dendritic
arbor of Purkinje cells.
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