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Abstract 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 the Pur-
kinje cell, an important cerebellar neuron, has been
identified as a major site for neurosteroid formation in
vertebrates. This is the first demonstration of de novo
neuronal neurosteroidogenesis in the brain. Since this
discovery, organizing actions of neurosteroids are becoming
clear by the studies using the Purkinje cell as an excellent
cellular model. In mammals, the Purkinje cell actively
synthesizes progesterone and estradiol de novo from
cholesterol during neonatal life. Both progesterone and
estradiol promote dendritic growth, spinogenesis, and
synaptogenesis via each cognate nuclear receptor in the
developing Purkinje cell. Such organizing actions that may
be mediated by neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), contribute to the formation of
cerebellar neuronal circuit during neonatal life. Allopreg-
nanolone, a progesterone metabolite, is also synthesized in
the cerebellum and acts on Purkinje cell survival in the
neonate. This review summarizes the advances made in our
understanding of the biosynthesis, mode of action and
functional significance of neurosteroids in the Purkinje cell.
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Introduction

Steroid hormones supplied by the peripheral steroidogenic
glands cross the blood-brain barriers, due to their chemi-
cally lipid solubility, and act on brain tissues through
intracellular receptor-mediated mechanisms to regulate
several important brain neuronal functions during develop-
ment which persist into adulthood in vertebrates. Therefore,
the brain has traditionally been considered to be a target site
of peripheral steroid hormones. By contrast, new findings
over the past decade have shown that the brain itself also
has the capability of forming steroids de novo from
cholesterol, the so-called “neurosteroids” (for reviews, see
Refs. [1-5]). The formation of neurosteroids in the brain
was originally demonstrated in mammals [6-15] and
subsequently in other vertebrates, such as birds [16-29],
amphibians [30-37] and fish [38] (for reviews, see Refs.
[1-5]). Thus de novo neurosteroidogenesis in the brain
from cholesterol is a conserved property of vertebrates.

To analyze neurosteroid biosynthesis and action in the
brain, it is necessary to know which neurosteroids are
synthesized in specific brain regions at specific times. Such
information is essential to develop hypotheses predicting
the potential roles of those neurosteroids in the developing
and adult brains. Thus, the studies for this exciting area of
neurohormonal research should be focused on the biosyn-
thesis and action of neurosteroids produced locally in the
identified neurosteroidogenic cells underlying important
brain functions. The oligodendrocyte was first accepted to
be the primary site for neurosteroid formation in the brain
(for reviews, see Refs. [1 and 4]). Subsequently astrocytes
[14] and some neurons [15] were shown to express some
steroidogenic enzymes. However, whether neurons located
in the brain produce neurosteroids remained unclear.
Recently, we demonstrated that the Purkinje cell, an
important cerebellar neuron, is a major site for neurosteroid
formation in a variety of vertebrates [16, 17, 25, 33, 38—
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41]. This is the first demonstration of de novo neuronal
neurosteroidogenesis in the brain.

Our studies on mammals using the Purkinje cell have
provided the opportunity to understand neuronal neurosteroi-
dogenesis. Interestingly, this neuron possesses several kinds of
steroidogenic enzymes, such as cytochrome P450 side-chain
cleavage enzyme (P450scc) and 33-hydroxysteroid dehydro-
genase/A>-A*-isomerase (33-HSD), and actively produces
progesterone during neonatal life [39, 40, 42] (Fig. 1).
Allopregnanolone, a progesterone metabolite, is also synthe-
sized in the neonatal cerebellum [43—46] (Fig. 1). Subse-
quently, important actions of progesterone [47-50] and the
progesterone metabolite allopregnanolone [51] have become
clear by the studies on mammals using the Purkinje cell
which is known to play an essential role in the process of
memory and learning. Furthermore, this neuron expresses a
key enzyme of estrogen formation, cytochrome P450 aroma-
tase (P450arom), and produces estradiol in the neonate [41,
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44] (Fig. 1). Estradiol also contributes to important events in
the developing Purkinje cell [41, 52].

This review summarizes the advances made in our
understanding of the biosynthesis and action of neuro-
steroids in the Purkinje cell. Based on new findings
obtained by the studies using this important neuron, this
review also describes what are currently known about the
mode of action and functional significance of neurosteroids.
For detailed information of neurosteroids in glial cells, the
reader is referred to other reviews [1, 4].

Progesterone and Allopregnanolone in the Purkinje Cell
Progesterone Formation and Metabolism

Progesterone is known to be a sex steroid and acts on brain
tissues through nuclear progesterone receptors. In contrast
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Fig. 1 Neurosteroid formation in the Purkinje cell. The Purkinje cell is a
major site for neurosteroid formation in the brain. The rat Purkinje cell
possesses several kinds of steroidogenic enzymes and produces pregnen-
olone and progesterone. The expression of P450scc remains during
neonatal development and in adulthood, indicating the constant produc-
tion of pregnenolone. This neuron also produces actively progesterone
due to an increase of 3(3-HSD activity only during neonatal life.
Allopregnanolone is also metabolized by the enzymes 5Sx-reductase and

Estradiol-173

3a-HSD from progesterone during neonatal life. Estrogen formation in
the Purkinje cell may also occur in the neonate because this neuron further
expresses P450;74 jyase and P450arom. StAR steroidogenic acute
regulatory protein, P450scc cytochrome P450 side-chain cleavage
enzyme, 33-HSD 3p-hydroxysteroid dehydrogenase/A>-A*-isomerase,
P450,70,1yase Cytochrome P450 17a-hydroxylase/c17,20-lyase, 17(-
HSD 173-hydroxysteroid dehydrogenase, 3a-HSD 3o-hydroxysteroid
dehydrogenase, P450arom cytochrome P450 aromatase
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to this classical concept, the new concept of de novo
progesterone formation from cholesterol in the Purkinje
cell, a cerebellar neuron, derived from our observations
made in the 1990s.

Pregnenolone is a precursor of progesterone secreted by
peripheral steroidogenic glands and the formation of
pregnenolone is initiated by the cleavage of the cholesterol
side-chain by cytochrome P450scc, a rate-limiting mito-
chondrial enzyme (Fig. 1). As an initial step in the
demonstration of progesterone formation in the Purkinje
cell, it is therefore essential to demonstrate the biosynthesis
of pregnenolone from cholesterol in this neuron. The first
immunohistochemical study in quail using an antibody
against P450scc reported that the striking observation of the
distribution of intense immunoreactive cells in the cerebel-
lar cortex [16, 17]. The distribution of immunoreactive cell
bodies and fibers was coincident with the location of
somata and dendrites of Purkinje cells [16, 17]. Western
immunoblot analysis confirmed the presence of P450scc in
Purkinje cells [16, 17]. These avian findings provided the
first evidence for the neuronal location of cytochrome
P450scc. We extended these findings further and investi-
gated the presence of P450scc in rat Purkinje cells [39]. An
antibody against inositol triphosphate (IP3) receptor, a
marker of the Purkinje cell, recognized P450scc-immuno-
reactive cerebellar cells that showed no immunoreaction
with glial fibrillary acidic protein (GFAP), a specific marker
of astrocytes [39]. Thus, immunoreaction with P450scc
antibody was confined to the somata and dendrites of
Purkinje cells in the rat cerebellum [39]. Interestingly,
P450scc appeared in the rat Purkinje cell immediately after
its differentiation, and the expression of this enzyme
persisted during neonatal development into adulthood,
indicating that Purkinje cells may produce pregnenolone
throughout life [39]. In addition to higher vertebrates, our
recent studies further identified P450scc in the Purkinje cell
of amphibians [33]. Taken together, these findings obtained
in both higher and lower vertebrates indicate that Purkinje
cells possess P450scc and produce pregnenolone (Fig. 2).
In addition, steroidogenic acute regulatory protein (StAR)
was found in Purkinje cells [42] (Fig. 2). StAR is involved
in the transport of cholesterol to the inner mitochondrial
membrane, in which P450scc is localized, and, thus, plays a
key role in acute steroid biosynthesis in peripheral
steroidogenic glands [53]. StAR may also contribute to
the regulation of pregnenolone formation in the Purkinje
cell (Fig. 2).

Because the biosynthesis of progesterone from pregnen-
olone is performed by 33-HSD (Fig. 1), the demonstration
of the expression of 3(3-HSD in the Purkinje cell is
therefore essential to establish the concept of de novo
progesterone formation from cholesterol in this neuron. We
have further demonstrated that Purkinje cells express not
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Fig. 2 A schematic model of organizing actions of progesterone in
the Purkinje cell during neonatal development. The Purkinje cell
actively produces progesterone due to an increase of 3(3-HSD activity,
only during neonatal life. Progesterone acts on the Purkinje cell
through intranuclear receptor (PR)-mediated mechanisms that promote
dendritic growth, spinogenesis, and synaptogenesis in this neuron by
genomic mechanisms. Thus progesterone produced in the Purkinje
cell may mediate its actions through an “intracrine” mechanism.
Progesterone may induce the expression of some neurotrophic factors
that directly promote Purkinje dendritic growth, spinogenesis, and
synaptogenesis during neonatal life. Such genomic actions of
progesterone contribute to the formation of the cerebellar neuronal
circuit. However, we cannot rule out the possibility that progesterone
might act on Purkinje cells through the mechanisms mediated by 25-
Dx, which is associated with membrane structures of the endoplasmic
reticulum and Golgi apparatus. St4R steroidogenic acute regulatory
protein, P450scc cytochrome P450 side-chain cleavage enzyme, 30-
HSD 3p-hydroxysteroid dehydrogenase/A>-A*-isomerase, PR pro-
gesterone receptor, PRE progesterone response element, Golgi Golgi
apparatus, ER endoplasmic reticulum

only P450scc but also 33-HSD (Fig. 2). RT-PCR and
biochemical analyses showed the expression of 33-HSD
and its enzymatic activity in the rat cerebellum [40]. Using
in situ hybridization of 33-HSD mRNA, the site of 3f3-
HSD expression was localized in Purkinje cells and
external granule cells [40]. Thus, both P450scc and 3[3-
HSD are expressed in Purkinje cells (Fig. 2). The
colocalization of P450scc and 33-HSD in external granule
cells is still unclear. The expression of 33-HSD in Purkinje
cells was also evident in other vertebrates [2, 38].
Surprisingly, the expression of 33-HSD increased during
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neonatal life, unlike P450scc [39, 40]. Such an age-
dependent expression of 33-HSD was confirmed by
biochemical studies together with HPLC analysis, indicat-
ing an increase of progesterone formation during neonatal
life [40]. Thus, this neuron actively produces progesterone
as a product of an increase of 3(3-HSD activity during
neonatal life [40] (Fig. 2).

Biochemical analysis together with HPLC and TLC
further revealed that the progesterone metabolite allopreg-
nanolone is also found in the cerebellum during neonatal
life [43—46]. Thus, Sa-reductase and 3x-HSD metabolize
some of progesterone to allopregnanolone in the cerebellum
during development (Fig. 1).

Organizing Actions of Progesterone

Because the Purkinje cell is a major site for progesterone
formation and metabolism in the brain, this neuron has also
served as an excellent cellular model for the study of
actions of these neurosteroids. In mammals, this neuron
actively produces progesterone during neonatal life, when
cerebellar neuronal circuit formation occurs [39, 40, 42].
Because of this discovery of regio- and temporal-specific
progesterone synthesis, organizing actions of progesterone
have been demonstrated by the studies on mammals using
the Purkinje cell.

Purkinje cells actively synthesize progesterone during
the neonatal period, as the expression of 33-HSD and its
enzymatic activity increase in neonatal rats [40] (Fig. 2).
Allopregnanolone, a progesterone metabolite, is also
synthesized in the cerebellum of neonatal rats [43—46]. It
is well known that in the rat marked, morphological
changes occur in the cerebellum after birth during neonatal
life. According to Altman [54, 55], rat Purkinje cells
differentiate just after birth, and the formation of the
cerebellar cortex becomes complete in the neonate through
the processes of migration of external granule cells,
neuronal and glial growth, and synaptogenesis. Thus,
cerebellar development is dramatic during neonatal life,
when cerebellar progesterone and allopregnanolone con-
centrations are high [40, 43, 44]. Therefore, progesterone
and/or allopregnanolone may be involved in the formation
of the cerebellar neuronal circuit by promoting neuronal
growth and neuronal synaptic contact.

To test this hypothesis, we examined the effects of
progesterone and allopregnanolone, produced as neuro-
steroids in the Purkinje cell during neonatal life, on
neuronal growth, spinogenesis, and synaptogenesis in the
rat cerebellum. In vitro studies using cultured cerebellar
slices of newborn rats showed that progesterone promotes
dendritic growth and dendritic spine formation of the
Purkinje cell [47, 48] (Fig. 2). A similar result was obtained
by in vivo studies [47, 48]. Electron microscopic analysis

further revealed that progesterone induces an increase of the
density of spine synapses on the Purkinje cell [47, 48]
(Fig. 2). These effects were blocked by the progesterone
receptor antagonist mifepristone (RU486) [47, 48]. In
contrast to progesterone, there was no significant effect of
allopregnanolone on these aspects of Purkinje development
[47, 48]. These results indicate that progesterone promotes
the dendritic growth, spinogenesis, and synaptogenesis of
Purkinje cells (Fig. 2).

Mode of Action and Functional Significance
of Progesterone

To understand the mode of action of progesterone, the
expression of progesterone receptor (PR) in the cerebellum
was then characterized in neonatal rats. Interestingly,
intranuclear PR-A and PR-B were expressed in the Purkinje
cell [47-49] (Fig. 2). It is therefore considered that
progesterone acts directly on Purkinje cells through intra-
nuclear receptor-mediated mechanisms to promote Purkinje
dendritic growth, spinogenesis, and synaptogenesis [47—49]
(Fig. 2). Such genomic actions of progesterone may be
essential for the formation of the cerebellar neuronal circuit.

On the other hand, Purkinje cells express the putative
membrane progesterone receptor, 25-Dx, during neonatal
life [56]. RT-PCR and Western immunoblot analyses
revealed the expressions of 25-Dx and its mRNA in the
rat cerebellum, which increased during neonatal life [56].
By immunocytochemistry, the expression of 25-Dx was
localized in the Purkinje cell and external granule cell layer
[56]. At the ultrastructural level, 25-Dx immunoreactivity
was associated with membrane structures of the endoplas-
mic reticulum and Golgi apparatus in the Purkinje cell [56]
(Fig. 2). It is possible that progesterone may promote
dendritic growth, spinogenesis, and synaptogenesis via 25-
Dx as well as its nuclear receptor in the Purkinje cell in the
neonate [57] (Fig. 2). This protein is now named ‘proges-
terone receptor membrane component 1’ (PGRMC1), and
there is now strong evidence that PGRMC1 mediates the
anti-apoptotic actions of progesterone in both rat granulose
and luteal cells and associates with another membrane
protein, such as plasminogen activator inhibitor RNA-
binding protein-1 (PAIRBP1) [58-61]. Future studies are
needed to demonstrate whether the promotion of Purkinje
dendritic growth, spinogenesis, and synaptogenesis by
progesterone is due to both genomic and nongenomic
actions.

A series of our studies indicate that progesterone
promotes Purkinje dendritic growth, spinogenesis, and
synaptogenesis. Such organizing actions may contribute to
the formation of the cerebellar neuronal circuit during
neonatal life. Neurotrophins are attractive candidate regu-
lators of Purkinje dendrite and spine development. It has
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been reported that neurotrophic factors, such as brain-
derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3), are highly expressed in the developing cerebellum
and are critical for proper development of Purkinje cells
and granule cells [62—66]. Therefore, progesterone may
induce the expression of some neurotrophic factors that
directly promote Purkinje dendritic growth, spinogenesis,
and synaptogenesis during neonatal life [67].

Neuroprotective Actions of Progesterone
and Allopregnanolone

In addition to organizing actions of progesterone as
described above, it has been reported that mifepristone
(RUA486), an anti-progesterone, protects Purkinje cells from
developmental cell death, although progesterone does not
possess any effect on Purkinje cell survival [50]. This
protective effect of RU486 is considered to be independent
on the activation of nuclear PRs [50]. Although 25-Dx is
expressed in Purkinje cells [56], there is still no evidence
for its role in mediating neurotrophic and/or neuroprotec-
tive effects of progesterone.

Purkinje cells metabolize some of progesterone to
allopregnanolone during neonatal life [43—46]. Although
allopregnanolone failed to promote the dendritic growth,
spinogenesis, and synaptogenesis of Purkinje cells [47, 48],
it has been shown that allopregnanolone is involved in
Purkinje and granule cell survival [51]. The Niemann—Pick
type C (NP-C) mouse has been used as an excellent animal
model for understanding allopregnanolone action. NP-C is
an autosomal recessive, childhood neurodegenerative dis-
ease characterized by defective intracellular cholesterol
trafficking, resulting in Purkinje cell degeneration as well
as neuronal degeneration in other regions. Brains from adult
NP-C mice contain less allopregnanolone than wild-type
brain [51]. Administration of allopregnanolone to neonatal
NP-C mice increases Purkinje cell survival and delays
neurodegeneration [51].

Estradiol in the Purkinje Cell
Estrogen Formation

Estradiol is also known to be a sex steroid and acts on brain
tissues. Cytochrome P450arom is a key enzyme of estrogen
formation in peripheral steroidogenic glands (Fig. 1).
Recently, we further demonstrated the expression of
P450arom in Purkinje cells during neonatal life [41]
(Fig. 5). RT-PCR and in situ hybridization analyses showed
that the expression of P450arom mRNA in the cerebellum
is restricted to Purkinje cells and external granule cells in
neonatal rats [41]. A specific enzyme immunoassay for

estradiol further indicated that cerebellar estradiol concen-
trations in the neonate are higher than those in prepubertal
and adult rats [41]. In addition, a recent study has shown
the expression and activity of P450;74 1yase, Which converts
progesterone to androstenedione, an immediate precursor of
estrogen formed by P450arom, in the Purkinje cell [25]
(Figs. 1 and 5). These studies indicate estrogen formation in
the Purkinje cell during neonatal life (Fig. 5).

Organizing Actions of Estradiol

To clarify the action of estradiol in Purkinje cells during
neonatal life, we analyzed the effects of estradiol on
dendritic growth and spine development of Purkinje cells
by both in vitro and in vivo studies using newborn rats [41].
Both in vitro and in vivo studies with newborn rats showed
that estradiol promotes dendritic growth of Purkinje cells
[41]. Estradiol also increases the densities of Purkinje
dendritic spines [41] and spine synapses [52]. These effects
were inhibited by the estrogen receptor antagonist tamox-
ifen [41, 52]. Thus estradiol also promotes the dendritic
growth, spinogenesis, and synaptogenesis of Purkinje cells.

Mode of Action and Functional Significance of Estradiol

It has been reported that in the neonatal rat, Purkinje cells
express estrogen receptor-f3 (ERf3) [68, 69]. Therefore, it is
likely that estradiol acts directly on Purkinje cells through
intranuclear ER{3-mediated mechanisms to promote den-
dritic growth, spinogenesis, and synaptogenesis in Purkinje
cells during neonatal development (Fig. 5). On the other
hand, granule cells also express ER{ [68, 69] (Fig. 5).
Involvement of ERf3 in the brain function has also been
reported in the rat hypothalamus [70, 71].

While ER{3 appears to mediate effects of estradiol in
Purkinje cell function, other receptors may also mediate
effects of estradiol in other brain regions, such as
hippocampus [72-77] and hypothalamus [78, 79]. The
effect of estradiol on hippocampal CAl pyramidal cell
dendrite spine density requires the activation of N-methyl-
D-aspartate (NMDA) receptors in adult female rats [75].
Such nongenomic estrogen actions may lead to alterations
in gene expression. Hence, NMDA receptors may also
mediate estradiol action in Purkinje cells. Future studies are
needed to demonstrate whether the promotion of Purkinje
dendritic growth, spinogenesis, and synaptogenesis by
estradiol is due to both genomic and nongenomic actions.

To demonstrate the functional significance of estradiol in
the Purkinje cell during neonatal life, we further investi-
gated estrogen actions on dendritic growth, spinogenesis,
and synaptogenesis in the Purkinje cell using cytochrome
P450arom knock-out (ArKO) mice [52]. ArKO mice used
in the study lack exons 1 and 2 and the proximal promoter
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region of the P450arom gene cypl9 (cytochrome P450,
family 19) [80]. Estradiol deficiency in ArKO mice
decreased dendritic growth, spinogenesis, and synapto-
genesis in Purkinje cells in the neonate [52] (Figs. 3 and
4). In addition, administration of estradiol to ArKO mice
increased Purkinje dendritic growth, spinogenesis, and
synaptogenesis [52] (Figs. 3 and 4). These results indicate
physiological actions of endogenous estrogen on the
promotion of dendritic growth, spinogenesis, and synapto-
genesis in the Purkinje cell during neonatal development.
To elucidate the mode of action of estradiol, we further
examined the expression of BDNF and NT-3 in response to
estrogen actions in the neonate [52], because these neuro-
trophic factors are known to be critical for proper
development of Purkinje cells [62—66]. Estrogen adminis-
tration to neonatal wild-type (WT) mice or ArKO mice
increased the BDNF level in the cerebellum (Fig. 4),
whereas the estrogen receptor antagonist tamoxifen de-
creased the BDNF level in WT mice similar to ArKO mice
[52]. BDNF administration to tamoxifen-treated WT mice
increased Purkinje dendritic growth [52]. In contrast to
BDNF, estrogen administration did not influence the level
of NT-3 in the cerebellum [52]. The NT-3 level also did not
change in ArKO mice [52]. These results suggest that
BDNF mediates estrogen action on the promotion of
dendritic growth, spinogenesis, and synaptogenesis in the
Purkinje cell during neonatal development (Fig. 5). In fact,
the gene encoding BDNF contains a sequence similar to the
canonical estrogen response element found in estrogen-
target genes [81]. In addition, BDNF increases levels of
synaptic vesicle proteins, such as synaptophysin and
synapsin 1, which are reliable markers of synaptogenesis,
in the spinal neurons [82]. Estrogen increases presynaptic
and postsynaptic proteins, such as syntaxin, synaptophysin,
and spinophilin, in the CAl region of the primate
hippocampus [83]. Furthermore, it has been reported that
estrogen treatment induces these synaptic proteins in the

ArkKO

-+
Estradiol

WT ArkO

Fig. 3 Morphological comparison of Purkinje cell dendrites in wild-
type (A, WT), cytochrome P450arom knock-out (B, 4rKO), and
estradiol-treated ArKO (C, ArKO+ Estradiol) newborn mice. Para-
sagittal sections of cerebella were immunostained for calbindin. Scale
bars, 10 um. M molecular layer, P Purkinje cell layer

CA1 region of the hippocampus and this effect is blocked
by CI628, an antiestrogen of the tamoxifen type [84]. The
expression of P450arom mRNA in the cerebellum is
restricted to Purkinje cells and external granule cells in
the neonatal rats [41, 85-87]. Both Purkinje cells and
granule cells express BDNF [88, 89] and TrkB, a receptor
for BDNF [90-92] (Fig. 5). It is therefore possible that
estrogen induces the expression of BDNF, which acts on
Purkinje cells and granule cells through TrkB-mediated
mechanisms to promote Purkinje dendritic growth, spino-
genesis, and synaptogenesis [52] (Fig. 5). Estradiol may
also alter the expression of TrkB, which may affect the
Purkinje cell development by altering the sensitivity of
BDNF.

Neuroprotective and neurotrophic actions of estrogen
have been reported by the studies using ArKO mice [93,
94]. Neuroprotective effects of estrogen on dentate gyrus
neurons in the hippocampus were mediated by estrogen-
induced insulin-like growth factor-I (IGF-I) [93], similar to
neurotrophic effects of estrogen on Purkinje cells mediated
by estrogen-induced BDNF [52].

Related Findings in Other Neurons

In addition to Purkinje cells, the localization of neuro-
steroidogenic enzymes in other brain neurons has further
characterized [95, 96]. In the rat hippocampus, the
localization of cytochrome P450scc, P450;74 1yase» and
P450arom has been found in pyramidal neurons in the
CA1-CA3 regions as well as granule cells in the dentate
gyrus [95, 96]. Thus, neurons as well as glial cells are now
considered to play a major role in neurosteroid formation
and metabolism in the brain. In addition to these brain
neurons, cytochrome P450scc expression has been reported
in neurons in the retinal ganglion, sensory neurons in the
dorsal root ganglia and motor neurons in the spinal cord of
the rat [15, 97].

Conclusions and Future Directions

De novo steroidogenesis from cholesterol is a conserved
property of vertebrate brains, and such steroids synthesized
de novo in the brain are called neurosteroids. Our studies
provided an opportunity to understand the biosynthesis and
action of neurosteroids in the Purkinje cell, a major site of
neurosteroidogenesis in the brain. This neuron actively
synthesizes progesterone and allopregnanolone de novo
from cholesterol during neonatal life when cerebellar
neuronal circuit formation occurs. This neuron may also
produce estradiol in the neonate. Both progesterone and
estradiol promote Purkinje dendritic growth, spinogenesis,
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Fig. 4 Dendritic growth (A), spinogenesis (B), and synaptogenesis
(C) in the Purkinje cell and BDNF expression (D) in the cerebellum of
wild-type (WT), cytochrome P450arom knock-out (4rKO), and
estradiol-treated ArKO (ArKO+ Estradiol) newborn mice. Each

and synaptogenesis. Such organizing actions that may be
mediated by neurotrophic factors, such as BDNF, contribute
to the formation of cerebellar neuronal circuit during
neonatal life. The progesterone metabolite allopregnano-
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Fig. 5 A schematic model of organizing actions of estradiol in the
Purkinje cell during neonatal development. The Purkinje cell may also
actively produce estradiol due to an increase of P450arom activity during
neonatal life. Estradiol acts on the Purkinje cell through intranuclear
receptor (ERf3)-mediated mechanisms that promote dendritic growth,
spinogenesis, and synaptogenesis in this neuron by genomic mechanisms.
Both Purkinje cells and granule cells express BDNF and TrkB, a receptor
for BDNF. Estradiol induces the expression of BDNF, which may act on
Purkinje cells and granule cells through TrkB-mediated mechanisms to
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column and error bar represent the mean+SEM (A-C, n=35 in each
group; D, n=8 in each group). *p<0.05 and **p<0.01 versus WT;
Tp<0.05 and 1p<0.01 4rKO versus ArKO+ Estradiol (by one-way
ANOVA, followed by Duncan’s multiple range test)

lone is also involved in Purkinje and granule cell survival.
Thus, the discovery of neurosteroid formation in the
Purkinje cell has opened avenues for a new research field
in molecular neurobiology. Future directions for this

Granule cell

promote Purkinje dendritic growth, spinogenesis, and synaptogenesis.
StAR steroidogenic acute regulatory protein, P450scc cytochrome P450
side-chain cleavage enzyme, 33-HSD 3[3-hydroxysteroid dehydroge-
nase/A%-A*-isomerase, P450,; 70, jyase cytochrome P450 17-hydroxy-
lase/c17,20-lyase, 17(3-HSD 173-hydroxysteroid dehydrogenase,
P450arom cytochrome P450 aromatase, ER( estrogen receptor-f3,
ERE estrogen response element, BDNF brain-derived neurotrophic
factor, 7rkB BDNF receptor
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exciting area of research should focus on physiological
roles of neurosteroids, because Purkinje cells play an
important role in the process of memory and learning.
Therefore, behavioral studies using neurosteroidogenic
enzyme knock-out animals and electrophysiological studies
on the occurrence of long-term potentiation (LTP) and/or
long-term depression (LTD) are needed.
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