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Primary culture of postnatal cerebellar granule cells provides a
model system that recapitulates many molecular events of devel-
oping granule cells in vivo. Depolarization of cultured granule
cells increases intracellular Ca2� and activates Ca2��calmodulin-
dependent calcineurin (CaN) phosphatase. This Ca2� signaling
mimics some of the signaling events for proliferation, migration,
and differentiation of granule cellsin vivo. We investigated the
genome-wide expression profiles of depolarization- and CaN-
regulated genes in cultured mouse granule cells and addressed
their relevance to gene regulation in developing granule cells
in vivo. Granule cells were cultured under a nondepolarization
condition (5 mM KCl) and a depolarization condition (25 mM KCl)
with and without the CaN inhibitor FK506. Gene expression pro-
files between depolarization and nondepolarization and between
FK506 treatment and untreatment were analyzed by microarray
techniques. Both depolarization and FK506 treatment influence
expression levels of a large number of genes, most of which are
overlapping, however, are conversely regulated by these two
treatments. Importantly, many of the FK506-responsive genes are
up- or down-regulated in parallel with gene expression in post-
natal granule cells in vivo. The FK506-down-regulated genes are
highly expressed in proliferating�premigratory granule cells and
many of these genes encode cellular components involved in cell
proliferation, migration, and differentiation. In contrast, the
FK506-up-regulated genes are predominantly expressed in post-
migratory granule cells, including many functional molecules im-
plicated in synaptic transmission and modulation. This investiga-
tion demonstrates that the CaN signaling plays a pivotal role in
development and synaptic organization of granule cells during the
postnatal period.
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In the developing cerebellum, granule cells proliferate at the
outer part of the external granular layer (EGL) (EGLa) and

become postmitotically differentiated at the inner part of the
EGL (EGLb) (1). Postmitotic cells migrate inward and extend
multiple short dendrites and long axons at the internal granular
layer (IGL) to form refined synaptic connections (1). Many
functional molecules for proliferation, migration, and synapse
formation of granule cells have been identified in the developing
cerebellum (2–6). However, the molecular mechanisms that
control granule cell development still remain largely elusive.

In primary culture of the early postnatal cerebellum, granule
cells are highly enriched and recapitulate many properties
characteristic of developing granule cells in vivo (7–9). For
example, depolarization of cerebellar granule cells with high KCl
increases intracellular Ca2� concentrations ([Ca2�]i) by means
of voltage-sensitive Ca2� channels (9). This Ca2� signaling
mimics some of the signaling mechanisms responsible for gran-
ule cell proliferation, differentiation, and migration (9). Ca2��
calmodulin-dependent calcineurin (CaN) phosphatase is ex-
pressed in granule cells and is thought to be important for
granule cell development by means of the activation of tran-
scription factors (10–12). In this investigation, we examined a
genome-wide gene expression profile of cultured granule cells

through microarray analysis and addressed how the properties of
granule cells are acquired during postnatal development.

To address this question, we designed the following experi-
mental procedures on the basis of several characteristic features
of cultured granule cells. (i) The depolarization condition with
high KCl is required for the long-term survival of rat granule
cells in culture (9). In contrast, the long-term viability of mouse
granule cells is maintained under both depolarization and non-
depolarization conditions (13). We examined the expression
profiles of depolarization-regulated genes of mouse granule cells
under the depolarization (25 mM KCl) and nondepolarization
conditions (5 mM KCl). (ii) We examined expression profiles of
CaN-regulated genes by depolarization with and without the
CaN inhibitor FK506. (iii) Finally, we analyzed the expression of
the depolarization- and FK506-responsive genes in developing
postnatal cerebellum by using quantitative PCR and in situ
hybridization techniques. Here, we report that a large number of
genes are commonly regulated by depolarization and CaN
signaling in cultured granule cells and that CaN signaling plays
a pivotal role in gene expression in developing granule cells in
vivo.

Methods
Culture of Cerebellar Granule Cells. All procedures for animal
handling were performed according to the guidelines of Kyoto
University Faculty of Medicine. Cerebellar granule cells were
prepared from 8-day-old ICR mice (Japan SLC, Hamamatsu,
Japan) (14). Cells were plated in a serum-containing medium for
24 h in the presence of 5 or 25 mM KCl and cultured for 96 h
in a serum-free medium with the same concentrations of KCl.
FK506 (1 �M, Calbiochem) was added to the culture medium
containing 25 mM KCl and incubated for 96 h. The fraction of
viable cells to total cells was within a range of 81–83% 96 h after
culturing under different conditions. The resting [Ca2�]i in
granule cells cultured at 5 and 25 mM KCl for 48 h, as assessed
by calcium imaging of fura-2 loading, were 70 � 4 and 161 � 4
nM, respectively (mean � SEM). The high KCl-induced increase
in [Ca2�]i was blocked by the voltage-sensitive Ca2� channel
blocker nifedipine (1 �M) (80 � 4 nM) but was not affected by
FK506 treatment (1 �M) (164 � 5 nM).

Microarray Analysis. Microarray experiments were designed to
compare different profiles of gene expression of granule cells
cultured under 5 and 25 mM KCl and those cultured under 25
mM KCl in the presence and absence of 1 �M FK506. An
Affymetrix MOE430A mouse expression microarray consisting
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of 22690 probe sets (Affymetrix, Santa Clara, CA) was used in
all microarray experiments. cDNA synthesis, cRNA labeling,
hybridization, and scanning were performed according to the
manufacturer’s instructions. Microarray experiments were per-
formed twice for each comparison, and the data were averaged
and analyzed as described (15). The following two criteria were
used to select candidate genes. First, signal intensity must be
�300 units under at least one of the two experimental conditions
being compared. Second, differences in signal intensities must be
�2-fold when comparing FK506-treated and untreated condi-
tions and must be �3-fold when comparing low- and high-KCl
conditions. Information on sequence homology and the func-
tions of candidate genes was obtained from the Entrez Gene,
UniGene, and GenBank databases of the National Center for
Biotechnology Information (NCBI) and PubMed databases
(National Library of Medicine).

Quantitative PCR and in Situ Hybridization. Total RNA was isolated
from cultured granule cells and cerebella and subjected to
quantitative PCR as described (15). All reactions were per-
formed in duplicate, and the glyceraldehyde 3-phosphate dehy-
drogenase mRNA and acidic ribosomal phosphoprotein mRNA
were used as internal controls for mRNA quantification of
cerebella and cultured cells, respectively. In situ hybridization
with digoxigenin-labeled RNA probes was carried out as de-
scribed (16).

Results
Profiling Gene Expression of Cultured Cerebellar Granule Cells. Gran-
ule cells were dissociated from cerebella of ICR mice at post-
natal day 8 (P8) and cultured for 96 h in the serum-free media
containing either 5 mM KCl (nondepolarizing condition), 25
mM KCl (depolarizing condition), or 25 mM KCl in the presence
of a CaN inhibitor, FK506. According to two criteria of microar-
ray data analysis described in Methods, we selected 107 candidate
genes as depolarization-up-regulated (Depo-up) genes, 90 genes
as depolarization-down-regulated (Depo-down) genes, 104
genes as FK506-up-regulated (FK-up) genes, and 98 genes as
FK506-down-regulated (FK-down) genes. We were able to an-
notate the functions of �80% of the candidate genes and
classified them into seven groups according to their functions.
Many of these genes (�70%) belonged to four groups: group 1,
neurotransmitter receptors, ion channels and transporters;
group 2, extracellular signaling molecules, including extracellular
factors, their receptors, and adhesion molecules; group 3, tran-
scriptional regulators; and group 4, intracellular signaling mol-
ecules. We focused on these four classes of annotated genes and
did not further analyze the three other classes of genes that
comprise metabolic molecules, cytoskeleton�structural proteins,
and others.

We sought to substantiate changes in expression levels of the
four classes of candidate genes by quantitative PCR analysis
(Figs. 1 and 2; see also Fig. 4, which is published as supporting
information on the PNAS web site). In this analysis, PCR was
conducted for both the depolarization�nondepolarization com-
parison and FK506 treated�untreated comparison, even in cases
for which candidates genes, which were selected from microarray
analysis, were positive in meeting the two criteria under one of
these comparisons and not the other. Upon PCR analysis, we
were able to confirm differential expression of �90% of candi-
date genes and assigned the genes exhibiting �2-fold differences
between the two conditions as positive genes (Fig. 1B and data
not shown). According to this criterion, we could identify 45
genes as Depo-up genes, 42 genes as Depo-down genes, 39 genes
as FK-up genes, and 38 genes as FK-down genes (Fig. 1 A).

Among the genes identified by our analysis, GABAA�6,
GABAA�1, and Nptx1 genes were found to be Depo-down genes,
and this finding is consistent with previous reports (17–19).

Importantly, the expression profiles of many identified genes
overlapped between Depo-down genes (33�42) and FK-up genes
(33�39) and between Depo-up genes (32�45) and FK-down
genes (32�38) (Fig. 1 A). In contrast, there was no overlap
between the expression profiles of Depo-up and FK-up genes,
nor between those of Depo-down and FK-down genes. This
finding suggests that the CaN signaling plays a predominant role
in depolarization-dependent control of gene expression in cul-
tured granule cells.

Profiling of Gene Expression in the Developing Cerebellum. We next
examined whether the depolarization- and�or FK506-responsive
genes are regulated in vivo during postnatal cerebellar develop-
ment (Fig. 1B). When RNAs were prepared from cerebella of P8,
P13, and P21 and subjected to RT-PCR, we were able to quantify
mRNA levels of 87 depolarization-responsive and 77 FK506-
responsive genes in the developing cerebellum. Among them,
many gene expression profiles showed continuous increases and
decreases from P8 to P21 (Figs. 2 A and B and 4). Genes that
showed a �2-fold increase or decrease between P8 and P21 were
defined as developmentally up-regulated (Dev-up) genes and
down-regulated (Dev-down) genes, respectively (Fig. 1B). The
remaining genes were termed non-Dev genes (data not shown).
According to this criterion, 87 depolarization-regulated genes
were classified into 22 Dev-up genes, 26 Dev-down genes, and 39
non-Dev genes (Figs. 1B and 2C). Remarkably, 18 of 22 Dev-up
genes (82%) and 20 of 26 Dev-down genes (77%) coincided with
Depo-down genes and Depo-up genes, respectively (Figs. 1B and
2C). Interestingly, all but 1 of 10 genes that exhibited no such
reverse relationship belonged to the group of extracellular
signaling molecules (Fig. 1B).

Seventy-seven FK506-regulated genes were classified into 21
Dev-up genes, 24 Dev-down genes, and 32 non-Dev genes (Figs.
1B and 2D). Reflecting a strong overlap between depolarization-
and FK506-regulated genes (Fig. 1 A), there was good accor-
dance in the expression profile between developmentally regu-
lated and FK506-regulated genes (Fig. 2D). Moreover, this
accordance was more prominent between FK506-regulated
genes and developmentally regulated genes than between de-
polarization-regulated and developmentally regulated genes
(Fig. 2 C and D). All 21 Dev-up genes and 21 of 24 Dev-down
genes (88%) were FK-up genes and FK-down genes, respectively
(Fig. 2D). Three oppositely regulated genes again belonged to
the group of extracellular signaling molecules (Fig. 1B). Fur-
thermore, among 32 non-Dev genes, 8 of 15 FK-up genes (53%),
and 13 of 17 FK-down genes (76%) tended to increase and
decrease from P8 to P21, respectively (data not shown). These
findings strongly suggest that CaN signaling plays a critical role
in the regulation of expression of many genes during cerebellar
development.

Cyclosporin A (CsA) is a CaN inhibitor, whereas rapamycin
(Rapa) is FK506-related; however, it is not effective in inhibiting
CaN (20). To confirm the involvement of CaN signaling in gene
regulation, we analyzed the effects of CsA and Rapa on mRNA
levels of the FK506-regulated genes in cultured granule cells
(Fig. 5, which is published as supporting information on the
PNAS web site). All FK506-regulated genes analyzed exhibited
a parallel increase or decrease by CsA treatment (Fig. 5). In
contrast, Rapa rarely increased mRNA levels of the FK-up genes
and unexpectedly acted to increase mRNA levels of most of the
FK-down genes (Fig. 5). These results indicate that the regula-
tory effect of FK506 on gene expression is driven by means of the
CaN signaling cascade.

Expression of FK506-Responsive Genes in Premigratory and Postmi-
gratory Granule Cells. A few of the FK-up genes, including NR2C,
GABAA�1, GABAA�6, GABAA�, Wnt7a, Tiam1, TASK-1, and
KCC2 genes, have been shown to be predominantly expressed in
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the IGL and up-regulated in the cerebellum during postnatal
development (5, 21–25). In contrast, doublecortin, Homer2,
MARCKS-like protein, caspase-3, and VGluT2 genes, which are

all FK-down genes, have been reported to be significantly
expressed in the EGL during the postnatal period (26–30). We
performed in situ hybridization of cerebellar sections at P8 and

Fig. 1. A list of Dev-up and Dev-down genes. (A) The overlapping relationship between depolarization- and FK506-responsive genes is indicated on the basis
of PCR analysis. Note that the genes that were defined as non-Dev genes are also included in this comparison. (B) The names of 56 developmentally regulated
genes and accession numbers in Entrez Gene database (NCBI) are shown in the first and second columns, respectively. Their functions are categorized into four
groups as indicated in the third column. In the fourth and fifth columns, Depo-down and FK-up genes are green and Depo-up and FK-down genes are red. Black
represents depolarization- and�or FK506-unresponsive genes according to the criteria described in the text. In ratios of mRNA expression levels, positive values
indicate that the mRNA expression levels are higher under the low-KCl versus high-KCl condition or higher under the FK506-treated versus untreated condition.
Negative values indicate that the mRNA expression levels are lower under the low-KCl versus high-KCl condition or lower under the FK506-treated versus
untreated condition. Ratios expressed within parentheses are significantly different between the two culture conditions, but their signal intensities do not meet
the criterion described in the text. In the sixth column, Dev-up genes and Dev-down genes are green and red, respectively. Positive and negative values in ratios
(P21�P8) show increases and decreases of mRNA levels, respectively.
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Fig. 2. Relationship between developmentally regulated genes and depolarization- and FK506-regulated genes. (A and B) mRNA levels were quantified by
PCR, and representative data of Dev-up genes (A) and Dev-down genes (B) are indicated. (A and B Upper) Shown is an ontogenic change of gene expression in
the cerebellum at P8, P13 and P21. (A and B Lower) Shown are relative levels of gene expression in culture under high-KCl (25), low-KCl (5), and high-KCl together
with FK506 (FK). Data are expressed as percentages of mRNA levels by referring to mRNA levels as 100% at P8 (A and B Upper) and at high KCl (A and B Lower).
The numbers and proportions of the Depo-down genes and Depo-up genes (a total of 87 genes) (C) and those of the FK-up genes and FK-down genes (a total
of 77 genes) (D) are indicated in each group of the Dev-up genes, Dev-down genes, and non-Dev genes. In C and D, the Dev-up genes, Dev-down genes, and
non-Dev genes were defined by comparison of mRNA levels in developing cerebella at P8 and P21.
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P21 and examined whether other FK506-responsive genes are
developmentally regulated in granule cells in vivo during the
postnatal period. Although some of the FK506-responsive genes
were also expressed in Purkinje cells and nongranule cells, all of
the analyzed FK506-responsive genes were expressed in granule
cells in vivo (Fig. 3 B and C; see also Fig. 6, which is published
as supporting information on the PNAS web site). The expres-
sion of the FK-up genes was seen at the IGL and rarely observed
at the EGL at P8 (Figs. 3B and 6A). Furthermore, expression
levels of these genes tended to increase at the IGL at P21 (Figs.
3B and 6A). Notably, the FK-down genes were expressed at
granule cells of both the IGL and EGL at P8, and their
expression markedly decreased or disappeared at P21 (Figs. 3C
and 6B). More interestingly, many of the FK-down genes were
predominantly expressed at the EGLb (Figs. 3C and 6B). These
genes included the CLMP, CRMP4, CRMP5, Tmeff1, and dou-
blecortin genes (Figs. 3C and 6B). The results indicate that the
FK-down genes function at premigratory and�or immature
granule cells, whereas the FK-up genes mainly act at postmi-
gratory and�or mature granule cells.

CaN is a protein complex composed of an �60-kDa catalytic
A-subunit (CaN A�, A�, or A�) and an �19-kDa regulatory
B-subunit (CaN B1 or B2) (31). PCR analysis revealed that CaN
A�, A�, and B1 were expressed in the cerebellum at P8, P13, and
P21 (data not shown). In situ hybridization analysis shows that
the highly expressing CaN A� was prominently expressed at
granule cells in the IGL at both P8 and P21 (Fig. 3A). Notably,
this transcript was remarkably distributed in the EGLb at P8
(Fig. 3A). These results further support that CaN signaling plays
a distinct role in regulating not only the FK-down genes in
proliferation and differentiation of immature granule cell but

also the FK-up genes during the postmitotic migration and
maturation of granule cells.

Discussion
The present investigation has indicated that depolarization and
FK506 not only significantly change expression levels of numer-
ous genes but also oppositely regulate most of these genes in
cultured granule cells. Recently, several microarray studies have
reported different aspects of gene expression profiles in cultured
granule cells and the developing cerebellum (32–34). In closer
relation to the present investigation, Kramer et al. (33) reported
the identification of 34 FK506-regulated genes from culture of
rat cerebellar granule cells. We identified a large number of
additional FK506-regulated genes in developing granule cells.
Data reliability in our microarray analysis was validated by
quantitative PCR and in situ hybridization analysis. The addi-
tional identification of CaN-regulated genes in the present study
could be due to use of a new version of the Affymetrix microarray
and differences in species of animals and culture conditions. The
redundant expression of CaN A isoforms in granule cells and the
lethality of CaN B1-defective mice prevent us from direct
examination of defective effects of CaN signaling in developing
granule cells in vivo (35, 36). Importantly, the parallel changes in
gene expression are revealed between most of the FK506-
responsive genes in cultured cells and developmentally regulated
genes in vivo. These findings strongly indicate that CaN signaling
plays a key role in depolarization-dependent and developmen-
tally regulated gene expression in cerebellar granule cells.

A large number of genes we identified are functionally diverse;
however, sets of these genes are closely related. Furthermore, the
FK-down genes are highly expressed in either proliferating cells

Fig. 3. In situ hybridization analysis of mRNAs for FK-up, FK-down, and CaN A� genes in the developing cerebellum. Parasagittal cerebellar sections at P8 and
P21 were hybridized with digoxigenin-labeled antisense probes of CaN A� genes (A), FK-up genes (B), and FK-down genes (C). In A, CaN A� mRNA is expressed
at the EGLb and IGL at P8 and at the IGL at P21. In B, FK-up genes are expressed in granule cells at both P8 and P21. In C, FK-down genes are expressed at the
EGL and IGL at P8, and their expression at the IGL is greatly reduced or disappears at P21. Note also that mRNA expression of the indicated genes is prominent
at the EGLb at P8. The GABAA�6 and doublecortin genes are displayed as positive controls of the FK-up and FK-down genes, respectively. EG, EGL; M, molecular
layer; P, Purkinje cell layer; IG, IGL; G, granular layer; a and b, EGLa and EGLb. (Scale bar, 50 �m.)
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in the EGLa or premigratory postmitotic cells in the EGLb, or
both, whereas the FK-up genes are predominantly expressed in
the postmigratory cells in the IGL. The identified FK-down
genes include CAR (coxsackie- and adenovirus receptor) (37),
CLMP (coxsackie- and adenovirus receptor-like membrane pro-
tein) (38), Tmeff1 (tomoregulin-1) (39), CRMP4 (Dpsyl3 or Ulip)
(40), and CRMP5 (Dpsyl5) (41). These molecules have been
implicated in cell adhesion and transmembrane and intracellular
signalings. In addition, other FK-down genes, such as doublecor-
tin, Homer2, caspase-3, and MARCKS-like protein (Mlp, also
termed MRP), have been shown to be expressed in the EGLb or
EGLa and EGLb and down-regulated during postnatal cerebel-
lar development (26–29). The FK-down genes could thus play a
pivotal role in cell–cell interaction, migration, and neurite
extension of premigratory immature granule cells.

The FK-up genes are up-regulated in the postmigratory
granule cells in vivo. Wnt7a acts as a synaptogenic factor in the
cerebellum (5). In addition, the Nptx1, Slit3, Testican, and
Olfactomedin3 genes code for extracellular signaling molecules
(42–45) and are also expressed in the IGL. Interestingly, the
FK-up genes include many neurotransmitter receptors, ion chan-

nels, and transporters. The GABAA�1, GABAA�6, and
GABAA� subunits of GABA receptors, the NR2C subunit of
NMDA receptors, the TASK-1 channel, and the KCC2 trans-
porter have been shown to be highly expressed in mature granule
cells (21, 22, 24, 25). The CaN signaling thus coordinately
controls the expression of fundamental components in synaptic
transmission of postmigratory granule cells and may contribute
to the maturation and refinement of cerebellar circuit formation.
Although the molecular mechanism underlying CaN-mediated
gene regulation remains elusive, the key role of CaN signaling in
granule cell gene expression will provide a clue to investigate
regulatory mechanisms underlying proliferation, migration, and
differentiation of granule cells during cerebellar development.
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