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Neurosteroids are synthesized de novo from cholesterol in the brain. To understand neurosteroid action in the brain, data on the regio-
and temporal-specific synthesis of neurosteroids are needed. Recently, we identified the Purkinje cell as an active neurosteroidogenic cell.
In rodents, this neuron actively produces several neurosteroids including estradiol during neonatal life, when cerebellar neuronal circuit
formation occurs. Estradiol may be involved in cerebellar neuronal circuit formation through promoting neuronal growth and neuronal
synaptic contact, because the Purkinje cell expresses estrogen receptor-� (ER�). To test this hypothesis, in this study we examined the
effects of estradiol on dendritic growth, spinogenesis, and synaptogenesis in the Purkinje cell using neonatal wild-type (WT) mice or
cytochrome P450 aromatase knock-out (ArKO) mice. Administration of estradiol to neonatal WT or ArKO mice increased dendritic
growth, spinogenesis, and synaptogenesis in the Purkinje cell. In contrast, WT mice treated with tamoxifen, an ER antagonist, or ArKO
mice exhibited decreased Purkinje dendritic growth, spinogenesis, and synaptogenesis at the same neonatal period. To elucidate the
mode of action of estradiol, we further examined the expression of brain-derived neurotrophic factor (BDNF) in response to estrogen
actions in the neonate. Estrogen administration to neonatal WT or ArKO mice increased the BDNF level in the cerebellum, whereas
tamoxifen decreased the BDNF level in WT mice similar to ArKO mice. BDNF administration to tamoxifen-treated WT mice increased
Purkinje dendritic growth. These results indicate that estradiol induces dendritic growth, spinogenesis, and synaptogenesis in the
developing Purkinje cell via BDNF action during neonatal life.

Key words: Purkinje cell; neurosteroids; estradiol; cytochrome P450 aromatase; brain-derived neurotrophic factor; dendritic outgrowth;
spine formation; synapse formation; cerebellar neuronal circuit formation; development; knock-out mice

Introduction
Neurosteroids are synthesized de novo from cholesterol in the
CNS and PNS of vertebrates (for review, see Baulieu, 1997; Com-
pagnone and Mellon, 2000; Tsutsui et al., 2000). To analyze neu-
rosteroid action in the brain, data on the regio- and temporal-
specific synthesis of neurosteroids are needed. We demonstrated
recently that the Purkinje cell, a cerebellar neuron, is a major site
for neurosteroid formation in various vertebrates including ro-
dents (for review, see Tsutsui et al., 2000, 2003a,b; Tsutsui and
Mellon, 2006). The rat Purkinje cell possesses several kinds of
steroidogenic enzymes, such as cytochrome P450 side-chain
cleavage enzyme and 3�-hydroxysteroid dehydrogenase/�5-�4-
isomerase (3�-HSD), and actively produces progesterone de novo

from cholesterol as a product of an increase of 3�-HSD activity
during neonatal life (Ukena et al., 1998, 1999; Tsutsui et al.,
2003a,b). More recently, we further demonstrated that the rat
Purkinje cell expresses a key enzyme of estrogen formation, cyto-
chrome P450 aromatase (P450arom) and produces estradiol dur-
ing neonatal life (Sakamoto et al., 2003a).

Because the Purkinje cell produces several kinds of neuros-
teroids at particular times, this neuron is considered to serve as an
excellent cellular model for the study of neurosteroid actions. It is
well known that, in the rat, marked morphological changes occur
in the cerebellum after birth during neonatal life (Altman,
1972a,b). Rat Purkinje cells differentiate just after birth, and the
formation of the cerebellar neuronal circuit becomes complete in
the neonate, when the formation of progesterone and estradiol
are high (Ukena et al., 1999; Sakamoto et al., 2003a). Therefore,
progesterone and estradiol synthesized in the developing Pur-
kinje cell may be important factors for cerebellar neuronal circuit
formation during neonatal life. In fact, we have shown that pro-
gesterone promotes dendritic growth, spinogenesis, and synap-
togenesis via intranuclear receptor for progesterone in the Pur-
kinje cell during rat neonatal life (Sakamoto et al., 2001a, 2002,
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2003b). Estradiol may also contribute to these events, because
estradiol promotes dendritic growth of Purkinje cells (Sakamoto
et al., 2003a), which express estrogen receptor-� (ER�) in the rat
neonate (Price and Handa, 2000; Jakab et al., 2001).

To demonstrate the functional significance of estradiol in the
developing Purkinje cell, this study investigated estrogen actions
on dendritic growth, spinogenesis, and synaptogenesis in the
Purkinje cell using neonatal wild-type (WT) mice or cytochrome
P450arom knock-out (ArKO) mice. ArKO mice used in this
study lack exons 1 and 2 and the proximal promoter region of the
P450arom gene cyp19 (cytochrome P450, family 19) (Honda et
al., 1998). To elucidate the mode of action of estradiol, we further
examined the expression of neurotrophic factors, such as brain-
derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) in the neonatal cerebellum, because BDNF and NT-3 are
known to be critical for proper development of Purkinje cells
(Rocamora et al., 1993; Ernfors et al., 1994; Neveu and Arenas,
1996; Schwartz et al., 1997; Bates et al., 1999). Here we show that
estradiol induces Purkinje dendritic growth, spinogenesis, and
synaptogenesis via BDNF action during neonatal development.

Materials and Methods
Animals. Male and female mice of the C57BL/6 strain maintained in this
laboratory were mated and housed in a temperature-controlled room
(25 � 2°C) under a daily photoperiod of 14/10 h light/dark cycle (lights
on at 6:00 A.M.). Newborn WT or ArKO mice were used to investigate
the effects of estradiol on dendritic growth, spinogenesis, and synapto-
genesis in the Purkinje cell. To elucidate the mode of action of estradiol,
the expression of neurotrophic factors, such as BDNF and NT-3, in the
cerebellum was analyzed using newborn WT or ArKO mice.

ArKO mice were prepared by pairing heterozygous mutant animals
that were generated by targeted disruption of the P450arom gene cyp19
(Honda et al., 1998; Bakker et al., 2002a,b; Matsumoto et al., 2003).
ArKO and WT mice were also housed in a temperature-controlled room
(25 � 2°C) under a daily photoperiod of 14/10 h light/dark cycle (lights
on at 6:00 A.M.). The offspring was genotyped by PCR analysis of cere-
bral genomic DNA with primer pairs as follows: an antisense primer
[Arom reverse (R) primer, 5�-TTACCATGTCCTAATCTTCAC-3�] and
a sense primer [Arom forward (F) primer, 5�-CTTGTCTAAG-
TGTCCAATCAC-3�] for the intrinsic mouse P450arom gene cyp19 (a
504 bp product) and an antisense primer (Neo primer, 5�-
TAAAGCGCATGCTCCAGACT-3�) and a sense AromF primer for the
P450arom gene disrupted by insertion of a neomycin-resistant gene (a
180 bp product). The WT allele of the P450arom gene cyp19 was ampli-
fied by PCR using the AromF primer and the AromR primer, whereas the
mutated allele was amplified by PCR using the Neo primer and the
AromR primer. PCR was performed for 30 cycles (94°C, 40 s; 58°C, 40 s;
72°C, 30 s) with 40 –50 ng of genomic DNA. PCR products were sepa-
rated on 1.5% NuSieve 3:1 agarose (TaKaRa, Kyoto, Japan).

The experimental protocol was approved in accordance with the Guide
for the Care and Use of Laboratory Animals prepared by the committee of
the Hiroshima University (Higashi-Hiroshima, Japan). All efforts were
made to minimize the number of animals used and their suffering.

In vivo estrogen treatment. To investigate the estrogen effects on mor-
phological changes of Purkinje cells in vivo, we used estradiol benzoate
(EB) (Sigma, St. Louis, MO), which is more stable than estradiol-17�. In
our previous study with newborn rats (Sakamoto et al., 2003a), EB promoted
dose-dependent dendritic growth of Purkinje cells, and a significant increase
in Purkinje dendrites was induced by EB at 5 �g/d in vivo in rats. According

to Sakamoto et al. (2003a), Purkinje cell is considered to be a major site of
estrogen formation in the cerebellum during neonatal development. This
study therefore focused on the action of estradiol produced locally in Pur-
kinje cells, and the treatments were performed by injections close to the site
of the neuroanatomical analysis. EB (2 �g/10 �l) dissolved in sesame oil was
injected into the CSF around the posterior vermal lobe (IX) of the cerebel-
lum of newborn WT mice once per day, for 3 d, during 3–5 d of age. Pups
receiving injections of the vehicle alone (sesame oil) served as controls. In
this study, tamoxifen (Sigma), an ER antagonist, was also injected into pups
once per day, for 3 d, during 3–5 d of age. Tamoxifen dissolved in sesame oil
(200 �g/10 �l) or EB (2 �g/10 �l) plus tamoxifen (200 �g/10 �l) dissolved in
sesame oil was injected as described above. After decapitation under deep
anesthesia, cerebella of vehicle-, EB-, tamoxifen-, and EB plus tamoxifen-
treated pups at 6 d of age were dissected out.

To demonstrate the action of endogenous estrogen, newborn ArKO
mice at 6 d of age were further used. ArKO mice received daily injections
of EB at 2 �g/d (EB-treated ArKO mice) during 3–5 d of age as described
above. WT pups receiving injections of the vehicle alone (sesame oil)
served as controls. After decapitation under deep anesthesia, cerebella of
WT, ArKO, and EB-treated ArKO pups were dissected out.

Section preparation and cellular labeling of Purkinje cells with calbindin.
At 6 d of age, pups were deeply anesthetized with chloroform before
transcardial perfusion with PBS [10 mM phosphate buffer (PB) and 140
mM NaCl, pH 7.3], followed by fixative solution [2% paraformaldehyde,
2.5% glutaraldehyde, and 15% saturated picric acid (v/v) in phosphate
buffer]. Vermal cerebella were dissected out and sectioned parasagittally
at 50 �m thickness with a microslicer before immunostaining with the
antibody against calbindin, a marker protein of the Purkinje cell.

Purkinje cells were identified by immunostaining with a mouse mono-
clonal antibody raised against calbindin-D28k (Swant, Bellinzona, Swit-
zerland), according to our previous method (Sakamoto et al., 2001a,
2002, 2003a,b). Cerebellar sections were prepared as described above and
processed for immunocytochemistry. After elimination of endogenous
peroxidase activity with 3% H2O2 (0% for electron microscopic study)
and blocking nonspecific binding components with 1% normal horse
serum and 1% BSA, the sections were immersed overnight at 4°C with the
monoclonal antibody against calbindin at a dilution of 1:50,000. Immu-
noreactive products were detected with an avidin– biotin kit (Vectastain
Elite kit; Vector Laboratories, Burlingame, CA), followed by diamino-
benzidine reaction, as described previously (Ukena et al., 1998; Saka-
moto et al., 2001a, 2002, 2003a,b).

Light microscopic analysis of the morphology of Purkinje cells. WT pups
injected with vehicle, EB, tamoxifen, and EB plus tamoxifen (n � 10 in
each group) and pups of WT, ArKO, and EB-treated ArKO (n � 5 in each
group) at 6 d of age were used for light microscopic analyses of the
morphology of Purkinje cells, according to our previous method (Saka-
moto et al., 2001a, 2002, 2003a). In brief, the length of molecular layer in
the parasagittal section was evaluated as a parameter of the maximal
Purkinje dendritic length [see Fig. 1 A, M (molecular layer)], because
Purkinje cell dendrites at 6 d of age were developed and were not clearly
distinguishable from neighboring immunoreactive cells (Sakamoto et al.,
2001a, 2002, 2003a). It is well known that the planar Purkinje cell den-
drites are aligned in the cerebellum in the parasagittal plane (Altman,
1972b). At least 15 regions from four calbindin-immunostained sections
per animal were randomly selected in the vermal lobe IX around the site
of in vivo injection. The maximal dendritic length was measured using an
ocular micrometer. Because there were no sex differences in the maximal
Purkinje dendritic length and the numbers of Purkinje dendritic spines
and axospinous synapses in WT mice at 6 d of age (Table 1), the data
obtained from male and female pups were analyzed together.

For morphological analysis of the number of Purkinje cells, at least

Table 1. Morphological comparisons of Purkinje dendrites, dendritic spines, and dendritic synapses between male and female newborn WT mice

Group
Number of
mice

Maximal dendritic
length (�m)

Number of cells
per mm lobe IX

Number of spines
per 100 �m2

Number of spine
synapses per �m3

Number of shaft
synapses per �m3

Male 5 37.8 � 1.6 38.3 � 1.7 49.4 � 1.8 0.331 � 0.005 0.051 � 0.002
Female 5 38.4 � 2.2 39.5 � 1.5 53.1 � 5.4 0.363 � 0.028 0.050 � 0.008

There were no sex differences in these morphological parameters between male and female newborn mice.
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nine regions from four calbindin-immunostained
sections per animal were randomly selected in the
vermal lobe IX around the site of in vivo injection.
The number of Purkinje cells was counted and
expressed per 1 mm.

Electron microscopic analysis of the morphol-
ogy of Purkinje cells. For electron microscopy,
calbindin immunocytochemically stained lobe
sections of vehicle-, EB-, tamoxifen-, and EB
plus tamoxifen-treated WT pups (n � 5 in each
group) at 6 d of age were postfixed in 1% os-
mium tetroxide in PB, dehydrated in ascending
grades of ethanol, and then embedded flat in
epoxy resin (Quetol-812; Nisshin EM, Tokyo,
Japan) according to our previous method
(Sakamoto et al., 2000, 2001a). Pups of WT,
ArKO, and EB-treated ArKO (n � 5 in each
group) at 6 d of age were also postfixed, dehy-
drated, and embedded. Ultrathin sections (60
nm in thickness) containing calbindin-
immunoreactive Purkinje dendrites in lobe IX
were collected in slot grids coated with Formvar
film, electron stained with uranyl acetate and
lead citrate, and viewed under an H-600A elec-
tron microscope (Hitachi, Tokyo, Japan). All
electron microphotographs were coded and
evaluated without knowledge of the experi-
mental group, and the code was not broken un-
til the analysis was complete. At least 25 elec-
tron microphotographs (photographed at
6000� and printed at 15,000� magnification)
of random regions in the superficial molecular
layer of lobe IX were generated from five differ-
ent animals per each experimental group. The
number of asymmetrical synapses, defined as
having both a postsynaptic density and at least
three synaptic vesicles in the presynaptic termi-
nal no more than 0.2 �m from the synaptic cleft, was counted. The
asymmetrical synapses on Purkinje dendritic spines were counted sepa-
rately from those on dendritic shafts. Because relatively few cross sections
contained a spine neck or spine apparatus, spines were defined as
postsynaptic processes smaller than 2 �m in diameter, lacking mitochon-
dria (Woolley and McEwen, 1992; Bravin et al., 1999). The length of each
synaptic membrane was measured using an NIH Image software package
from electron micrographs. The density of synapses per volume (estNsv)
was calculated using an unfolding stereological method of Cruz-Orive
(1983), according to the formula estNsv � Qs/(Ds � �/4 � t), where
estNsv is the number of synapses per unit volume, Qs is
the number of synapses per unit area, Ds is the mean length of synaptic
contact zones, and t is the thickness of the ultrathin section (average
thickness, 60 nm) (Cruz-Orive, 1983).

Preparation of tissue samples and BDNF and NT-3 measurements. To
elucidate the mode of action of estradiol, this study further measured the
expression of BDNF and NT-3 in the cerebellum in response to estrogen
actions. Brains of vehicle- (n � 8), EB- (n � 8), tamoxifen-
(n � 8), and EB plus tamoxifen- (n � 8) treated WT pups at 6 d of age
were rapidly removed from their skulls. Cerebella were rapidly dissected
out, weighed, and snap frozen on dry ice. Cerebella of WT (n � 8), ArKO
(n � 8), and EB-treated ArKO (n � 8) pups were also dissected out.
Cerebellar tissues were stored at �80°C before homogenization. BDNF
and NT-3 were extracted from cerebellar tissues by homogenization
(1:10 w/v dilution) in 100 mM piperizine ethane sulfonic acid homoge-
nization buffer, pH 7.0, containing 500 mM NaCl, 0.2% BSA, 0.2% Triton
X-100, 0.1% NaN3, and fresh protease inhibitors (2 �g/mg aprotinin, 2
mM EDTA, 10 �M leupeptin, 1 �M pepstatin, and 200 �M PMSF) using
ground-glass Dounces (Pollock et al., 2001). Homogenates were centri-
fuged at 17,000 � g for 10 min, and supernatants were stored at �80°C
before ELISAs for BDNF and NT-3. BDNF and NT-3 protein levels were
measured with standard two-antibody sandwich ELISAs (BDNF or NT-3

Emax immunoassay system; Promega, Madison, WI). BDNF and NT-3
ELISAs were performed according to the protocol of the manufacturer.

In vivo BDNF treatment. To investigate the effect of BDNF on Purkinje
cell morphology, local administration of recombinant human BDNF
(Sigma) to tamoxifen-treated newborn WT mice was performed. Ac-
cording to Givalois et al. (2004), recombinant human BDNF (150 pg/10
�l) was dissolved in sesame oil and injected. Tamoxifen dissolved in
sesame oil (200 �g/10 �l) or recombinant human BDNF (150 pg/10 �l)
plus tamoxifen (200 �g/10 �l) dissolved in sesame oil was injected into
CSF around the posterior vermal lobe (IX) of the cerebellum of newborn
WT mice once per day, for 3 d, during 3–5 d of age. Pups receiving injections
of the vehicle alone (sesame oil) were also analyzed. After decapitation under
deep anesthesia, cerebella of vehicle-, tamoxifen-, and BDNF plus
tamoxifen-treated WT pups (n � 10 in each group) at 6 d of age were
dissected out and used for light microscopic analyses of the morphology of
Purkinje cells, as described above.

Statistical analyses. Statistical differences for morphological changes in
Purkinje cells after in vivo treatment with EB, tamoxifen, and EB plus
tamoxifen were analyzed by one-way ANOVA. Morphological changes
in Purkinje cells among WT, ArKO, and EB-treated ArKO mice were also
analyzed by one-way ANOVA. If significant by these ANOVAs, the anal-
yses were followed by Duncan’s multiple range test (Bliss, 1952). Simi-
larly, statistical differences for BDNF and NT-3 levels in cerebella among
different groups and for morphological changes in Purkinje cells after in
vivo treatment with BDNF were analyzed by one-way ANOVA, followed
by Duncan’s multiple range test (Bliss, 1952). Statistical analyses of these
in vivo studies were based on the individual animal.

Results
Estrogen promotes dendritic growth, spinogenesis, and
synaptogenesis in mouse Purkinje cells during development
Morphological analysis revealed that estrogen administration in-
duced the dendritic outgrowth of Purkinje cells (Figs. 1A–D, 2A).

Figure 1. A–D, Morphological analysis of Purkinje cell dendrites of newborn WT mice treated with vehicle, EB, tamoxifen, or EB
plus tamoxifen. Parasagittal sections of cerebella at 6 d of age were immunostained for calbindin (lobe IX). Scale bars, 10 �m. M,
Molecular layer; P, Purkinje cell layer. E–H, Ultrastructural analysis of dendritic spines of Purkinje cells of newborn WT mice treated
with vehicle, EB, tamoxifen, or EB plus tamoxifen. Parasagittal sections of cerebella at 6 d of age were immunostained for calbindin
(lobe IX). Arrowheads indicate presumptive spine structures. Scale bars, 2 �m. PD, Purkinje cell dendrite.
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In the present study, the length of molecular layer was analyzed as
a parameter of the maximal Purkinje dendritic length at 6 d of age
after in vivo treatments with EB, tamoxifen, and EB plus tamox-
ifen (n � 10 in each group) after immunostaining for calbindin
(Fig. 1A–D, M). EB administration (2 �g/d) increased the max-
imal Purkinje dendritic length (Fig. 1A,B). Quantitative light
microscopic analysis also revealed that treatment with EB alone
(2 �g/d) induced a significant increase in the maximal Purkinje
dendritic length ( p � 0.05 vs vehicle-treated group) (Fig. 2A).
We further investigated whether the stimulatory effect of EB on
the maximal Purkinje dendritic length is blocked by tamoxifen,
an antagonist of ER (both � and � subtypes). Combined treat-
ments with EB (2 �g/d) and tamoxifen at a concentration of 200
�g/d (100 times greater than the EB concentration) revealed that
tamoxifen abolished the estrogen-induced dendritic outgrowth of
Purkinje cells ( p � 0.05 vs EB-treated group) (Figs. 1B,D, 2A).
Treatment with tamoxifen alone (200 �g/d) also decreased signifi-
cantly ( p � 0.05) the maximal Purkinje dendritic length compared
withthevehicle-treatedgroup(Figs.1A,C,2A), suggestingtheactionof
endogenous estrogen on Purkinje dendritic length. In contrast, there
was no significant difference in the number of Purkinje cells among the
four groups (Table 2).

Morphological changes in dendritic spines of the calbindin-
labeled Purkinje cell of newborn mice after in vivo treatment with
EB for 3 d were analyzed ultrastructurally using an electron mi-
croscope (Fig. 1E–H). Interestingly, EB administration (2 �g/d)
increased the density of dendritic spines on Purkinje cells (Fig.
1E,F). Quantitative electron microscopic analysis also revealed
that the density of dendritic spines on Purkinje cells (100 �m 2

field) in the EB-treated group (n � 5) was significantly larger

( p � 0.05) than that in the vehicle-treated
group (n � 5) (Fig. 2B). We therefore in-
vestigated whether the stimulatory effect
of EB on the density of Purkinje dendritic
spines is blocked by tamoxifen. Combined
treatments (n � 5) with EB (2 �g/d) and
tamoxifen (200 �g/d) revealed that ta-
moxifen abolished the estrogen-induced
dendritic spine proliferation of Purkinje
cells ( p � 0.01 vs EB-treated group) (Figs.
1F,H, 2B). Treatment with tamoxifen
alone (200 �g/d; n � 5) also decreased sig-
nificantly ( p � 0.05) the density of Pur-
kinje dendritic spines compared with the
vehicle-treated group (Figs. 1E,G, 2B),
suggesting the action of endogenous estro-
gen on Purkinje dendritic spines.

Furthermore, quantitative electron mi-
croscopic analysis using an unfolding
method revealed that the density of ax-
ospinous synapses (Fig. 3A) on Purkinje
cells in the EB (2 �g/d)-treated group (n �
5) was significantly larger ( p � 0.01) than
that in the vehicle-treated group (n � 5)
(Fig. 3C). Administration of EB (2 �g/d)
was followed by a 45% increase in the den-
sity of synapses on Purkinje dendritic
spines compared with the vehicle-treated
group (Fig. 3C). Combined treatments (n
� 5) with EB (2 �g/d) and tamoxifen (200
�g/d) revealed that tamoxifen abolished
the estrogen-induced synaptic formation
of Purkinje cells ( p � 0.01 vs EB-treated

group) (Fig. 3C). Quantitative electron microscopic analysis also
revealed that the density of axospinous synapses on Purkinje cells
in the tamoxifen (200 �g/d)-treated group (n � 5) was signifi-
cantly lower ( p � 0.05) than that in the vehicle-treated group
(n � 5) (Fig. 3C), suggesting the action of endogenous estrogen
on synapses on Purkinje dendritic spines. In contrast to axospi-
nous synapses, there was no significant difference in the density
of synapses (Fig. 3B) located on Purkinje dendritic shafts after
any treatment (Fig. 3D).

Cytochrome P450arom gene deficiency inhibits dendritic
growth, spinogenesis, and synaptogenesis in mouse Purkinje
cells during development
Although estrogen administration to newborn WT mice pro-
moted dendritic outgrowth, spine proliferation, and synaptic for-
mation of Purkinje cells in vivo, the actions of endogenous estro-
gen on these morphological changes are still unclear. Therefore,
this experiment was designed to verify the actions of endogenous
estrogen on Purkinje dendritic growth, spinogenesis, and synap-
togenesis using ArKO mice in the neonate. The morphology of
Purkinje cells was compared among the groups of WT, ArKO,
and EB-treated ArKO mice (n � 5 in each group) at 6 d of age
after immunostaining for calbindin (Fig. 4A–C). As shown in
Figure 4, A and B, cytochrome P450arom gene deficiency de-
creased the dendritic outgrowth of Purkinje cells. We therefore
evaluated the length of molecular layer as a parameter of the
maximal Purkinje dendritic length (Fig. 4A–C, M). The maximal
Purkinje dendritic length of ArKO mice was significantly lower
than that of WT mice ( p � 0.05) (Fig. 5A). Administration of EB
(2 �g/d) to ArKO mice significantly increased the maximal Pur-

Figure 2. A, Quantitative analysis of the maximal Purkinje dendritic length of newborn WT mice treated with vehicle, EB,
tamoxifen, or EB plus tamoxifen. Each column and error bar represent the mean � SEM (n � 10 in each group). *p � 0.05 versus
vehicle; †p � 0.05 EB or tamoxifen vs EB plus tamoxifen; ��p � 0.01 EB vs tamoxifen (by one-way ANOVA, followed by Duncan’s
multiple range test). B, Quantitative electron microscopic analysis of Purkinje dendritic spine density per unit area (100 �m 2 field)
of newborn WT mice treated with vehicle, EB, tamoxifen, or EB plus tamoxifen. Each column and error bar represent the mean �
SEM (n�5 in each group). *p�0.05 versus vehicle; †p�0.05 and ††p�0.01 EB or tamoxifen versus EB plus tamoxifen; ��p�
0.01 EB versus tamoxifen (by one-way ANOVA, followed by Duncan’s multiple range test).
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kinje dendritic length ( p � 0.05 vs ArKO group), which reached
the level of WT mice (Fig. 5A). In contrast to the Purkinje den-
dritic length, there was no significant difference in the Purkinje
cell number among the groups of WT, ArKO, and EB-treated
ArKO mice (Table 3).

Subsequently, morphological differences in dendritic spines
of the calbindin-labeled Purkinje cell among WT, ArKO, and
EB-treated ArKO mice were further analyzed ultrastructurally
using an electron microscope (Fig. 4D–F). Interestingly, cyto-
chrome P450arom gene deficiency decreased the density of den-

dritic spines on Purkinje cells (Fig. 4E) compared with the WT
group (Fig. 4D). Quantitative electron microscopic analysis also
showed a significant decrease in the density of dendritic spines on
Purkinje cells (100 �m 2 field) in ArKO mice compared with WT

Table 2. Comparison of Purkinje cell number among vehicle-, EB-, tamoxifen-, and
EB plus tamoxifen-treated newborn WT mice

Group Number of mice Number of cells per mm lobe IX

Vehicle 10 38.9 � 1.5
EB 10 39.5 � 1.0
Tamoxifen 10 39.5 � 1.5
EB � tamoxifen 10 39.3 � 1.5

There was no significant difference in the Purkinje cell number among different treatments.

Figure 3. A, B, Higher magnification of synaptic terminals in the molecular layers of vermal
cerebella (lobe IX). Arrows indicate postsynaptic density (psd), synaptic vesicle (sv), synaptic
cleft (sc), and presynaptic dense projections (pdp). PD, Purkinje cell dendrite. Scale bars, 500
nm. C, D, Quantitative electron microscopic analysis of Purkinje dendritic synapse density of
newborn WT mice treated with vehicle, EB, tamoxifen, or EB plus tamoxifen. C, Axospinous
synapse density. D, Shaft synapse density. Ultrathin sections (60 nm in thickness) containing
calbindin-immunoreactive Purkinje dendrites in lobe IX at 6 d of age were analyzed. Each
column and error bar represent the mean � SEM (n � 5 in each group). *p � 0.05 and **p �
0.01 versus vehicle; †p � 0.05 and ††p � 0.01 EB or tamoxifen versus EB plus tamoxifen;
��p � 0.01 EB versus tamoxifen (by one-way ANOVA, followed by Duncan’s multiple range
test).

Figure 4. A–C, Morphological analysis of Purkinje cell dendrites of WT (A), ArKO (B), and
EB-treated ArKO (C; ArKO � Estradiol benzoate) newborn mice. Parasagittal sections of cere-
bella at 6 d of age were immunostained for calbindin (lobe IX). Scale bars, 10 �m. M, Molecular
layer; P, Purkinje cell layer. D–F, Ultrastructural analysis of dendritic spines of Purkinje cells of
WT (D), ArKO (E), and EB-treated ArKO (F ) newborn mice. Parasagittal sections of cerebella at
6 d of age were immunostained for calbindin (lobe IX). Arrowheads indicate presumptive spine
structures. Scale bars, 2 �m. PD, Purkinje cell dendrite.

Figure 5. A, Quantitative analysis of the maximal Purkinje dendritic length of WT, ArKO, and
EB-treated ArKO (ArKO � Estradiol benzoate) newborn mice. Each column and error bar repre-
sent the mean�SEM (n�5 in each group). *p�0.05 versus WT; †p�0.05 ArKO versus ArKO
plus EB (by one-way ANOVA, followed by Duncan’s multiple range test). B, Quantitative electron
microscopic analysis of Purkinje dendritic spine density per unit area (100 �m 2 field) of WT,
ArKO, and EB-treated ArKO newborn mice. Each column and error bar represent the mean �
SEM (n � 5 in each group). **p � 0.01 versus WT; ††p � 0.01 ArKO versus ArKO plus EB (by
one-way ANOVA, followed by Duncan’s multiple range test).
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mice ( p � 0.01) (Fig. 5B). Administration of EB (2 �g/d) to
ArKO mice significantly increased the density of Purkinje den-
dritic spines (100 �m 2 field) ( p � 0.01 vs ArKO group), which
reached the level of WT mice (Figs. 4D–F, 5B).

Furthermore, quantitative electron microscopic analysis us-
ing an unfolding method revealed that the density of axospinous
synapses on Purkinje cells in ArKO mice was significantly lower
( p � 0.01) than that in WT mice (Fig. 6A). ArKO mice showed a
46% decrease in the density of synapses on Purkinje dendritic
spines compared with WT mice (Fig. 6A). Administration of EB
(2 �g/d) to ArKO mice significantly increased the density of ax-
ospinous synapses on Purkinje cells ( p � 0.01 vs ArKO group),
which reached the level of WT mice (Fig. 6A). However, there
was no significant difference in the density of synapses located on
Purkinje dendritic shafts among the groups of WT, ArKO, and
EB-treated ArKO mice (Fig. 6B).

Estrogen induces the expression of BDNF in mouse cerebella
during development
To elucidate the mode of action of estradiol, we further examined
the expression of BDNF and NT-3 in the neonatal cerebellum
after estrogen manipulation, because BDNF and NT-3 are known
to be involved in Purkinje cell development (Rocamora et al.,
1993; Ernfors et al., 1994; Neveu and Arenas, 1996; Schwartz et
al., 1997; Bates et al., 1999).

The protein levels of BDNF and NT-3 in the neonatal cerebel-
lum at 6 d of age were analyzed after the treatments with EB,
tamoxifen, and EB plus tamoxifen (n � 8 in each group). Treat-
ment with EB alone (2 �g/d) induced a significant increase in the
level of BDNF in the cerebellum ( p � 0.05 vs vehicle-treated

group) (Fig. 7A), whereas tamoxifen alone (200 �g/d) signifi-
cantly decreased the level of BDNF compared with the vehicle-
treated group ( p � 0.05) (Fig. 7A). Combined treatments with
EB (2 �g/d) and tamoxifen (200 �g/d) tended to abolish the
estrogen-induced BDNF expression (Fig. 7A). In contrast, there
was no significant difference in the level of NT-3 among the four
groups (Fig. 8A).

The protein levels of BDNF and NT-3 in the neonatal cerebel-
lum at 6 d of age were further compared among the groups of
WT, ArKO, and EB-treated ArKO mice (n � 8 in each group)
(Figs. 7B, 8B). As shown in Figure 7B, ArKO mice significantly
decreased ( p � 0.01) the level of BDNF in the cerebellum com-
pared with WT mice, and administration of EB (2 �g/d) to ArKO
mice restored the level of BDNF to WT mice (Fig. 7B). In con-

Table 3. Comparison of Purkinje cell number among WT, ArKO, and EB-treated ArKO
(ArKO � EB) newborn mice

Group Number of mice Number of cells per mm lobe IX

WT 5 38.4 � 2.4
ArKO 5 42.6 � 5.6
ArKO � EB 5 36.9 � 1.0

There was no significant difference in the Purkinje cell number among different groups.

Figure 6. Quantitative electron microscopic analysis of Purkinje dendritic synapse density of
WT, ArKO, and EB-treated ArKO (ArKO � Estradiol benzoate) newborn mice. A, Axospinous
synapse density. B, Shaft synapse density. Ultrathin sections (60 nm in thickness) containing
calbindin-immunoreactive Purkinje dendrites in lobe IX at 6 d of age were analyzed. Each
column and error bar represent the mean � SEM (n � 5 in each group). **p � 0.01 versus WT;
††p � 0.01 ArKO versus ArKO plus EB (by one-way ANOVA, followed by Duncan’s multiple range
test).

Figure 7. Changes in the level of BDNF in the neonatal cerebellum after estrogen manipu-
lation. A, Comparison of the level of BDNF in newborn WT mice treated with vehicle, EB, tamox-
ifen, or EB plus tamoxifen. Each column and error bar represent the mean � SEM (n � 8 in each
group). *p � 0.05 versus vehicle; †p � 0.05 tamoxifen versus EB plus tamoxifen; ��p � 0.01
EB versus tamoxifen (by one-way ANOVA, followed by Duncan’s multiple range test). B, Com-
parison of the level of BDNF in WT, ArKO, and EB-treated ArKO (ArKO � Estradiol benzoate)
newborn mice. Each column and error bar represent the mean � SEM (n � 8 in each group).
**p � 0.01 versus WT; †p � 0.05 ArKO versus EB-treated ArKO (by one-way ANOVA, followed
by Duncan’s multiple range test).

Figure 8. Changes in the level of NT-3 in the neonatal cerebellum after estrogen manipula-
tion. A, Comparison of the level of NT-3 in newborn WT mice treated with vehicle, EB, tamox-
ifen, or EB plus tamoxifen. Each column and error bar represent the mean � SEM (n � 8 in each
group). B, Comparison of the level of NT-3 in WT, ArKO, and EB-treated ArKO (ArKO � Estradiol
benzoate) newborn mice. Each column and error bar represent the mean � SEM (n � 8 in each
group).
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trast, the level of NT-3 in the cerebellum did not change among
the three groups (Fig. 8B).

BDNF promotes dendritic growth of mouse Purkinje cells
during development
To investigate the effect of BDNF on Purkinje cell morphology,
local administration of BDNF to tamoxifen-treated newborn WT
mice was conducted. In this experiment, the length of molecular
layer was also analyzed as a parameter of the maximal Purkinje
dendritic length at 6 d of age after in vivo treatments with tamox-
ifen, and BDNF plus tamoxifen (n � 10 in each group) after
immunostaining for calbindin (Fig. 9A–C). Treatment with ta-
moxifen alone (200 �g/d) decreased significantly ( p � 0.05) the
maximal Purkinje dendritic length compared with the vehicle-
treated group (Fig. 9A,B,D). In contrast, combined treatments
with BDNF (150 pg/d) and tamoxifen at a concentration of 200
�g/d restored the maximal Purkinje dendritic length (Fig. 9A–
D), suggesting that BDNF mediates estrogen action on Purkinje
dendritic growth.

Discussion
The Purkinje cell is a major site for the formation of neuros-
teroids including estradiol in rats and other vertebrates (Usui et
al., 1995; Ukena et al., 1998, 1999; Takase et al., 1999; Matsunaga

et al., 2001; Sakamoto et al., 2001b, 2003a; Matsunaga et al.,
2004). We found previously that estradiol promotes dendritic
growth of Purkinje cells in newborn rats (Sakamoto et al., 2003a)
and show now that this result generalizes to newborn mice. To
demonstrate whether estradiol is involved in cerebellar neuronal
circuit formation, this present study analyzed Purkinje dendritic
spinogenesis and synaptogenesis in response to estrogen using
normal WT and ArKO mice in the neonate. In vivo administra-
tion of EB, a stable form of estradiol, to newborn WT mice in-
creased the densities of Purkinje dendritic spines and axospinous
synapses electron microscopically. In contrast, the ER antagonist
tamoxifen decreased the densities of Purkinje dendritic spines
and axospinous synapses. These results suggest that estradiol is
involved in cerebellar neuronal circuit formation during neona-
tal life by promoting not only the dendritic growth of Purkinje
cells but also the formation of Purkinje dendritic spines and ax-
ospinous synapses. In this study, the number of synapses on the
possible spine structures in the superficial molecular layer of the
cerebellar cortex was counted electron microscopically, because
it was technically difficult to count the number of synapses on the
proximal primary dendrite of Purkinje cells. Therefore, most syn-
apses counted in this study are considered to exist on the distal
dendrite of Purkinje cells. The observation by estradiol adminis-
tration to newborn WT mice was confirmed by the present study
with ArKO mice. Estradiol deficiency in ArKO mice decreased
dendritic growth, spinogenesis, and synaptogenesis in Purkinje
cells in the neonate. In addition, administration of estradiol to
ArKO mice increased Purkinje dendritic growth, spinogenesis,
and synaptogenesis. These findings suggest physiological actions
of endogenous estrogen on the promotion of dendritic growth,
spinogenesis, and synaptogenesis in the developing Purkinje cell.
Future study is needed to demonstrate whether these estrogen
effects are permanent or transient.

Postnatal development in the cerebellum is dramatic during
neonatal life (Altman, 1972a,b), when cerebellar estradiol is high
under normal physiological conditions (Sakamoto et al., 2003a).
Therefore, a high level of cerebellar estradiol during neonatal life
may be essential for the formation of the cerebellar neuronal
circuit that occurs during neonatal life. Sakamoto et al. (2003a)
also found that, in neonatal rats, the cerebellar estradiol concen-
tration was maximal because of the increase of P450arom expres-
sion and much higher than that in the plasma. Therefore, it is
possible that estrogen produced in Purkinje cells acts directly on
Purkinje cells in neonatal mice. However, we cannot rule out the
possibility that estradiol produced in the peripheral steroido-
genic organs acts on Purkinje cells. Because external granule cells
in the cerebellum also express 3�-HSD and P450arom (Ukena et
al., 1999; Sakamoto et al., 2003a), we need precise biochemical
analyses to investigate the local production and concentration of
estradiol within Purkinje cells. Conversely, several investigators
have shown that ovarian estradiol promotes spinogenesis and
synaptogenesis in other brain regions, such as hippocampus
(Gould et al., 1990; Woolley et al., 1990; Woolley and McEwen,
1992, 1994; Murphy and Segal, 1996; McEwen et al., 2001) and
hypothalamus (Pérez et al., 1993; Langub et al., 1994).

It has been reported that the neonatal rat Purkinje cell ex-
presses ER� (Price and Handa, 2000; Jakab et al., 2001). Mitra et
al. (2003) also detected ER� immunoreactivity in the nuclei of
pyramidal cells (most likely Purkinje cells) and granular cells and
in fibers in the molecular layer of the mouse cerebellum. Conse-
quently, estradiol may act directly on the Purkinje cell through
ER�-mediated mechanisms, to promote the dendritic growth,
spinogenesis, and synaptogenesis in Purkinje cells. This hypoth-

Figure 9. A–C, Morphological analysis of Purkinje cell dendrites of newborn WT mice
treated with vehicle, tamoxifen, or BDNF plus tamoxifen. Parasagittal sections of cerebella at 6 d
of age were immunostained for calbindin (lobe IX). Scale bars, 10 �m. M, Molecular layer; P,
Purkinje cell layer. D, Quantitative analysis of the maximal Purkinje dendritic length of newborn
WT mice treated with vehicle, tamoxifen, or BDNF plus tamoxifen. Each column and error bar
represent the mean � SEM (n � 10 in each group). *p � 0.05 versus vehicle; †p � 0.05
tamoxifen versus BDNF plus tamoxifen (by one-way ANOVA, followed by Duncan’s multiple
range test).
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esis is supported by the present finding with the ER antagonist
tamoxifen, which inhibited the effects of estrogen on Purkinje
dendritic growth, spinogenesis, and synaptogenesis. It is known
that this antiestrogen binds to ERs (ER� and ER�) and activates
transcription via activating protein-1 response elements (Webb
et al., 1995) but blocks transcriptional activation through the
classical estrogen response element and not producing any ago-
nist effect via this pathway (McDonnell et al., 1995; Paech et al.,
1997). Thus, it is considered that the antiestrogen tamoxifen used
in this study blocks transcriptional activation of ER� in the de-
veloping Purkinje cell. Conversely, estradiol might also act on
Purkinje cells via non-nuclear ERs. According to Smith et al.
(1988) and Smith (1989), locally applied estrogens and anties-
trogens can alter glutamate-evoked excitation of Purkinje
cells. It has also been reported that the effect of estradiol on
hippocampal CA1 pyramidal cell dendrite spine density re-
quires the activation of NMDA receptors in adult female rats
(Woolley and McEwen, 1994). Such nongenomic estrogen ac-
tions may lead to alterations in gene expression. Recent ultra-
structural studies have revealed extranuclear ER� immunore-
activity within select dendritic spines on hippocampal
principal cells, axon terminals, and glial processes (McEwen et
al., 2001), suggesting nongenomic action of estrogen via ER�
in this brain region.

Because it has been reported that neurotrophic factors, such as
BDNF and NT-3, are highly expressed in the developing cerebel-
lum (Rocamora et al., 1993; Ernfors et al., 1994; Neveu and Are-
nas, 1996; Schwartz et al., 1997; Bates et al., 1999), estradiol may
induce the expression of some neurotrophic factors. Administra-
tion of estrogen to newborn WT mice increased the level of
BDNF in the cerebellum. ArKO mice decreased the level of BDNF
in the cerebellum compared with WT mice. Estrogen administra-
tion to ArKO mice restored the level of BDNF to WT mice. In
addition, BDNF administration to tamoxifen-treated WT mice
increased Purkinje dendritic growth. In contrast to BDNF, estro-
gen administration did not influence the level of NT-3 in the
cerebellum. The NT-3 level also did not change in ArKO mice.
These results suggest that BDNF mediates estrogen action on the
promotion of dendritic growth, spinogenesis, and synaptogen-
esis in the developing Purkinje cell. In fact, the gene encoding
BDNF contains a sequence similar to the canonical estrogen re-
sponse element found in estrogen-target genes (Sohrabji et al.,
1995). In addition, BDNF increases levels of synaptic vesicle pro-
teins, such as synaptophysin and synapsin 1, which are reliable
markers of synaptogenesis, in the spinal neurons (Wang et al.,
1995). Estrogen increases presynaptic and postsynaptic proteins,
such as syntaxin, synaptophysin, and spinophilin, in the CA1
region of the primate hippocampus (Choi et al., 2003). Further-
more, it has been reported that EB treatment induces these syn-
aptic proteins in the CA1 region of hippocampus, and this effect
is blocked by CI628 [�-(4-pyrrolidinethoxyl)phenyl-4-methoxy-
�-nitrostilbene], an antiestrogen of the tamoxifen type (Brake et
al., 2001). The expression of P450arom mRNA in the cerebellum
is restricted to Purkinje cells and external granule cells in the
neonatal rats (Sakamoto et al., 2003a; Tsutsui, 2006; Tsutsui and
Mellon, 2006). Both Purkinje cells and granule cells express
BDNF (Hofer et al., 1990; Borghesani et al., 2002) and TrkB, a
receptor for BDNF (Klein et al., 1990; Segal et al., 1995; Carter et
al., 2002). It is therefore possible that estrogen induces the expres-
sion of BDNF, which acts on Purkinje cells and granule cells
through TrkB-mediated mechanisms to promote Purkinje den-
dritic growth, spinogenesis, and synaptogenesis. Because it has
been demonstrated that, in the vermal lobe, Purkinje cells and

granule cells require BDNF for normal cortical development
(Schwartz et al., 1997), we analyzed the vermal lobe of the cere-
bellum in this study. Therefore, we cannot state whether the de-
velopment of vermal lobe is the same as the other part of the
cerebellum, i.e., hemisphere.

It is well established that ArKO mice are a new animal model
for the study for estrogen actions. As regarding brain functions of
ArKO mice, abnormalities of sexual motivation and perfor-
mance, aggressive behavior, parental behavior, and exploring or
anxiety behavior have been reported (Honda et al., 1998; Bakker
et al., 2002a,b; Aste et al., 2003; Matsumoto et al., 2003). These
abnormalities were restored by estradiol treatment or introduc-
tion of P450arom gene with a brain-specific promoter and exon
1f into ArKO mice (S. Honda and N. Harada, unpublished ob-
servation). Neuroprotective and neurotrophic actions of estro-
gen have been reported by the studies using ArKO mice (Azcoitia
et al., 1999; Carswell et al., 2005). Neuroprotective effects of es-
trogen on dentate gyrus neurons in the hippocampus were
mediated by estrogen-induced IGF-1 (Azcoitia et al., 1999),
similar to neurotrophic effects of estrogen on Purkinje cells
mediated by estrogen-induced BDNF. In this study, ArKO
mice decreased Purkinje dendritic growth, spinogenesis, and
synaptogenesis compared with WT mice. The deficiency of
endogenous estrogen in ArKO mice used in this study has also
been confirmed (Honda et al., 1998; Matsumoto et al., 2003).
It is therefore considered that endogenous estrogen functions
in the Purkinje cell during neonatal life. However, we cannot
rule out another possibility, that a high level of endogenous
testosterone in ArKO mice (Fisher et al., 1998) might reduce
Purkinje dendritic growth, spinogenesis, and synaptogenesis
observed in this study.

In conclusion, estradiol promotes Purkinje dendritic growth,
spinogenesis, and synaptogenesis during neonatal life by induc-
ing the expression of BDNF. These estrogen actions may be es-
sential for cerebellar neuronal circuit formation.
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