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Abstract

The brain is considered to be a target site of peripheral steroid hormones. In contrast to this classical concept, new findings over the
past decade have established that the brain itself also synthesizes steroids de novo from cholesterol through mechanisms at least partl
independent of peripheral steroidogenic glands. Such steroids synthesized de novo in the brain, as well as other areas of the nervous
system, are called neurosteroids. To understand neurosteroid actions in the brain, we need data on the specific synthesis in particular
sites of the brain at particular times. Therefore, our studies for this exciting area of brain research have focused on the biosynthesis and
action of neurosteroids in the identified neurosteroidogenic cells underlying important brain functions. We have demonstrated that the
Purkinje cell, a typical cerebellar neuron, is a major site for neurosteroid formation in the brain. This is the first observation of neuronal
neurosteroidogenesis in the brain. Subsequently, genomic and nhongenomic actions of neurosteroids have become clear by a series of ou
studies using an excellent Purkinje cellular model. On the basis of these findings, we summarize the advances made in our understanding
of biosynthesis and action of neurosteroids in the cerebellar Purkinje cell.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction Pregnenolone and dehydroepiandrosterone, as unconjugated
steroids, and their fatty acid or sulfate esters, accumulate

Steroid hormones, supplied by the peripheral steroido- within the brains of several mammalian spec[8s-16]
genic glands, regulate several important brain neuronal The brain content of these steroids remains constant even
functions during development which persist into adult- after the removal of peripheral steroids by procedures such
hood in vertebrates. Peripheral steroid hormones crossas adrenalectomy, castration, and hypophysectomy. This
the blood-brain barriers, due to their chemically lipid suggests that the mammalian brain can synthesize steroids
solubility, and act on brain tissues through intracellular de novo[9-11,13-15] In contrast to mammals, little has
receptor-mediated mechanisms that regulate the transcripbeen known regarding de novo steroidogenesis in the brain
tion of specific genefl—3]. Thus, a great deal was known of nonmammals. We therefore looked for steroids, formed
about the brain as a target site of steroid hormones morefrom cholesterol, in the brains of birdd7-25] amphib-
than 10 years before. In contrast to this classical concept,ians[26] and fishe427]. Independently, other groups, such
new findings from several laboratories over the past decadeas Vaudry’s laboratory28-30] and Schlinger’s laboratory
have established unequivocally that the brain itself also syn- [31-33] also contributed to this area. The formation of sev-
thesizes steroids de novo from cholesterol through mecha-eral steroids from cholesterol is now known to occur in both
nisms at least partly independent of peripheral steroidogenicmammalian and nonmammalian vertebrates. Such steroids
glands (for reviews, sept—8]). The pioneering discovery  synthesized in vertebrate brains are called neurosteroids.
of Baulieu and his colleagues, using mammals, has opened To analyze neurosteroid actions in the brain, we need
the door of a new research field for many laboratories. data on the specific synthesis of neurosteroids in partic-

ular sites of the brain at particular times. Such informa-

e —— ' _ tions are essential to develop hypotheses predicting the
o o Ssapa(potential roles of paricular neurosteroids in the evelop-
2002. ' ’ ' ' ing and adult brains. Thus, the studies for this exciting
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identified neurosteroidogenic cells underlying important have further demonstrated that this neuron expresses sev-
brain functions. Pregnenolone, 8-Bydroxy-A®-steroid, is eral steroidogenic enzymes including P450scc and pro-
a main precursor of steroid hormones secreted by periph-duces not only pregnenolone but also other neurosteroids,
eral steroidogenic glands. The formation of pregnenolone such as pregnenolone sulfate, progesterone and proges-
is initiated by the cleavage of the cholesterol side-chain terone metabolitesHg. 1) [18-20,23,26,27,42,43]This

by cytochrome P450scc, a rate-limiting mitochondrial en- is the first demonstration of neuronal de novo neuros-
zyme originally found in peripheral steroidogenic glands. teroidogenesis in the brain. Subsequently, neurosteroid
It is therefore essential to demonstrate the formation of actions have become clear by our studies using the Purk-
pregnenolone in particular cells of the brain. In the first im- inje cell as an excellent cellular model, which is known
munocytochemical description of cytochrome P450scc by to play an important role in the process of memory and
Le Goascogne et aJ34], an intense immunoreaction was learning.

detected in the white matter zone throughout the rat brain. This paper summarizes the advances made in our under-
The biochemical study in the rat further demonstrated that standing of biosynthesis and action of neurosteroids in the
oligodendrocyte mitochondria convert cholesterol to preg- cerebellar Purkinje cell. For detailed information of neuros-
nenolone[35]. The oligodendrocyte is a particular type of teroids in glial cells the reader is referred to excellent re-
glial cell and produces the myelin of white matter. Thus, views[4,7].

the expression and activity of P450scc in the glial cell have

been established immunocytochemically and biochemically.

In mammals, glial cells are now considered to play a major 2. Materials and methods

role in neurosteroid formation and metabolism in the brain

and both oligodendrocytes and astrocytes are the primary2.1. Animals

site for pregnenolone synthe$85-40] This is also true for

the presence of P450scc in glial cells located in the telen- Rats of the Fisher strain maintained in this laboratory
cephalic and diencephalic regions of the qyia8,19] and were used. They were housed in a temperature-controlled
the ring dovd41]. In contrast to glial cells, the conceptof de room (25+ 2°C) under daily photoperiods of 14:10h
novo neurosteroidogenesis in neurons in the brain has beeright—dark cycles (lights on at 6 a.m.) and were given food
uncertain. We have found the Purkinje cell, a typical cere- and tap water ad libitum. The experimental protocol was ap-
bellar neuron, to be an active neurosteroidogenic cell, which proved in accordance with the Guide for the Care and Use of
possesses cytochrome P450scc and produces pregnenolonkaboratory Animals prepared by the Hiroshima University,
in several vertebrate speciebid. 1) [18—-20,26,42] We Japan.

Oéﬁl Purkinje cell
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Fig. 1. Neurosteroidogenesis in the Purkinje cell. This neuron expresses several kinds of steroidogenic enzymes and produces pregnenubdoee pregne
sulfate, progesterone and progesterone metabolites. The expression of P450scc remains during neonatal development and in adulthodw, dudistetinig t
production of pregnenolone and its sulfate. This neuron also produces actively progesteronebartdtBahydroprogesterone, a progesterone metabolite,

due to an increase off33HSD activity, only during neonatal life. StAR, steroidogenic acute regulatory protein; P450scc, cytochrome P450 side-chain cleavage
enzyme; B-HSD, 3B-hydroxysteroid dehydrogenasel-A*-isomerase; HST, hydroxysteroid sulfotransferaseHB0, 3x-hydroxysteroid oxidoreductase.
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2.2. Immunocytochemical analysis with Corp. Ltd., Glostrup, Denmark) was used as the GFAP an-
P450scc antibody tibody.

Rats at various ages were deeply anesthetized with2.3. RT-PCR analyses of P450scc and 38-HSD mRNAs
a chloroform, and then perfused transcardially with
phosphate-buffered saline (PBS) followed by fixative so- To determine expression of the mRNA encoding for
lution [4% paraformaldehyde in 0.1 M phosphate buffer rat P450scc in the cerebellum, RT-PCR analysis was
(PB; pH 7.3)]. After dissection from the skull, brains performed using rats in adulthood and during neonatal
were postfixed for 24-48h in the same fixative solution development as described previoug§?2]. Total RNA
at 4°C, and then soaked in a refrigerated sucrose solutionof each cerebellum was isolated by the guanidinium
(30% sucrose in 0.1 M PB) until they sunk. All cerebella thiocyanate—phenol-chloroform extraction method. Thirty
were frozen-sectioned parasagittally at p4fl thickness micrograms of total RNA was reverse transcribed using
on a cryostat at-18°C. The sections were processed ac- Oligo dT primer and reverse-transcriptase in aubfeaction
cording to the avidin—biotin—peroxidase complex (ABC) volume for 1.5h at 37C. The reaction mixture was com-
immunocytochemical technique with the floating method. posed with 3qug of total RNA, 50 mM Tris—HCI (pH 8.3),
Endogenous peroxidase activity was eliminated from the 75mM KCI, 3mM MgChk, 10mM dithiothreitol, 1 mM
sections by incubation with 3%4@®; in absolute methanol.  deoxynucleoside triphosphate (dNTP) mix, ¢ Oligo
After blocking nonspecific-binding components with 5% dTi21g (Pharmacia, Uppsala, Sweden), 15U of ribonucle-
normal goat serum and 1% BSA in PBS containing 0.3% ase inhibitor (Wako, Osaka, Japan), and 400 U of molony
Triton X-100, the sections were immersed with the primary murine leukemia virus transcriptase (GIBCO BRL, Burling-
antiserum directed against the bovine adrenal cytochrometon, Canada). After the reaction was stopped by incubating
P450scc at a dilution of 1:1000 for 36—48 h &tClas de- at 67°C for 10 min, the cDNA was ethanol precipitated
scribed previously42]. The anti-P450scc serum was raised and redissolved in distilled water. For PCR, an aliquot of
in a rabbit using purified cytochrome P450scc from bovine the cDNA solution corresponding to Quf of initial total
adrenocortical mitochondria. The primary immunoreac- RNA was used as template in a @breaction mixture. The
tion was followed by a 60 min-incubation with biotiny- PCR mixture contained cDNA, 10 mM Tris—HCI (pH 8.3),
lated anti-rabbit IgG (1Q.g/ml) (Vector Laboratories, CA, 50mM KCI, 0.1% Triton X-100, 1.5mM MgGl 0.2 mM
USA) and finally by a 60 min-incubation with avidin—biotin  dNTP mix, 12.5 pmol of each primer, and 1 U Tdq DNA
complex (Vectastain ABC Elite kit, Vector Laboratories). polymerase (TOYOBO, Osaka, Japan). After denaturation
Immunoreactive products were detected by immersing the at 95°C for 3 min, the mixture was subjected to 30 thermal
sections for 2—7 min in a diaminobenzidine (DAB) solution cycling in programmed temperature control system (PC700;
(0.05% DAB in PBS containing 0.3%4®5). ASTEC, Fukuoka, Japan) as follows: denaturation &t®3

The specificity of the anti-P450scc serum was assessedor 1 min, primer annealing at 6@ for 1 min, and exten-
by a substitution of the control serum for the primary anti- sion at 72C for 1 min. After the thermal cycling, the mix-
serum; in this control serum, the antibody (1:1000 dilution) ture was additionally incubated at 7@ for 10 min. Each
was preadsorbed by incubation with the purified antigen in sample was electrophoresed through a 1.5% agarose gel. To
a saturating concentration (@ P450scc/ml) for 12-18h  confirm the identity of the amplified fragment, the gels were
before use. The sections were incubated with this control applied to Southern analysis with a digoxigenin-labeled
serum, employing the same procedure for the anti-P450sccoligonucleotide probe, corresponding to the internal se-
serum. The localization of immunoreactive cell bodies and quence of the target gene. Oligonucleotides used as PCR
fibers in the rat cerebellum was studied using an Olympus primer and probe for mRNA detection, which were based
Optical BH-2 microscope. To identify the cell type showing on nucleotide sequences of rat P450k and ratB-actin
P450scc-like immunoreactivity, immunocytochemical anal- [45], were as follows: P450scc sense primef &8AAAGC-
yses with three kinds of antibodies were subsequently per-CAGCATCAAGGAG-3 (nucleotides 1141-1160), P450scc
formed as described previougW2]. One of these antibod-  antisense primer S55CAGCCTGCAATTCATACAG-3 (nu-
ies was against P450scc, while the remaining two antibodiescleotides 1594-1613), P450scc prodeT5CTCAGGCA-
were prepared as reference stainings for deciding the cellTCAGGATGAG-3 (nucleotides 1506—-15253-actin sense
type: (1) one was against inositol triphosphates)IRecep- primer B-GAGACCTTCAACACCCCAGC-3 (nuclectides
tors that present abundantly in Purkinje cells, and (2) the 2167-2186), ang-actin antisense primer‘&£ACAGAG-
other was against glial fibrillary acidic protein (GFAP) as a TACTTGCGCTCAG-3 (nucleotides 3004-3023).
specific marker protein of glial cells. As theglReceptor an- To determine the expression of mRNA encoding for rat
tibody, a purified 1gG fraction of the monoclonal mouse an- 3B3-HSD in the cerebellum, RT-PCR analysis was also per-
tibody that cross-reacts with 4RPeceptors (Accurate Chem- formed using rats during neonatal development and adults
ical & Scientific Co. Ltd., Westbury, NY, USA) was used in as described previousl@3]. For PCR, an aliquot of the
this study. A purified 1gG fraction of the polyclonal rabbit cDNA solution corresponding to |bg of the initial total
antibody directed against the purified bovine GFAP (Dako RNA was used as a template in a2breaction mixture.
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The PCR mixture contained cDNA, 10 mM Tris—HCI (pH
8.3), 50mM KCI, 0.1% Triton X-100, 1.5mM Mgg]

0.2mM dNTP mix, 12.5 pmol of each primer, and 1U of
Taq DNA polymerase (TOYOBO). After denaturation at
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liquid scintillation counter. Reference standards of tritiated
pregnenolone and progesterone were chromatographed un-
der conditions similar to those used for the tissue extracts and
were detected using a liquid scintillation counter. To confirm

95°C for 3 min, the mixture was subjected to 30 thermal cy- the involvement of B-HSD activity in the formation of the
cling in a programmed temperature control system (PC700; radioactive peak of progesterone, cerebellar slices were in-

ASTEC) as follows: denaturation at 93 for 1 min, primer
annealing at 60C for 1 min, and extension at 7Z for
1min. After the thermal cycling, the mixture was addi-
tionally incubated at 72C for 10 min. Each sample was

cubated with saline containing trilostane (Mochida, Tokyo,
Japan), a specific inhibitor of @8HSD, and subjected to
HPLC analysis in a manner similar to that described above.

electrophoresed through a 1.8% agarose gel. To confirm the2.5. In situ hybridization of 38-HSD mRNA

identity of the amplified fragment, the gels were applied

to Southern analysis with a digoxigenin-labeled oligonu-  The site of B-HSD expression in the cerebellum was
cleotide probe, corresponding to the internal sequence of thelocalized by in situ hybridization. Rats were deeply anes-
target gene. Oligonucleotides used as PCR primer and probehetized with chloroform before transcardial perfusion with
for mRNA detection, based on nucleotide sequences of ratPBS followed by fixative solution (4% paraformaldehyde

3B-HSD[46] and rat3-actin[45], were as follows: B-HSD
sense primer 'SGCCCATGTACATTTATGGGG-3 (nu-
cleotides 729-748 of type I),8HSD antisense primer
5-CCCTTTCTGTCACTGAGACT-3 (nucleotides 1302-
1283 of type 1), B-HSD probe 5TTTTCTGCTTGGCTT-
CCTCC-3 (nucleotides 1228-1209 of type Psactin sense
primer B-GAGACCTTCAACACCCCAGC-3 (nucleotides
2167-2186), anfl-actin antisense primef&£ACAGAGTA-
CTTGCGCTCAG-3 (nucleotides 3023—-3004). It has been
reported that ratB-HSD has four different isoforms (types
[-1V) [46-48] In this study, the B-HSD sense and an-

in PBS). Six microns parasagittal sections of the cerebella
were made using a cryostat at18°C and were placed
onto 3-aminopropyltriethoxysilane-coated slides. In situ
hybridization was carried out as described previo(i48j.

In brief, the fixed sections were rehydrated with PBS and
treated with 0.2N HCI for 20 min, followed by dg/mi
proteinase-K at 37C for 10 min. After postfixation with
4% paraformaldehyde in PBS for 5min, the slides were
kept in 40% deionized formamide inx4SSC (Ix SSC

= 150mM NaCl and 15mM sodium citrate, pH 7.0) for
30 min. Hybridization was carried out at 3€ for 15-17 h

tisense primers, which are same and complementary to awith 50 ng/ml digoxigenin—oligonucleotide probe mixture
common sequence of types | and Il, give a 574 bp amplified dissolved in the hybridization medium containing 10 mM

fragment of $-HSD (isoform types | and 1) gene.

2.4. Biochemical analysis of 38-HSD activity

To examine B-HSD activity in the cerebellum, biochem-

Tris—HCI (pH 7.4), 1 mM EDTA, 0.6 M NaCl, 10% dextran
sulfate, Ix Denhardt's solution, 25ag/ml yeast tRNA,
125pg/ml salmon sperm DNA, and 40% deionized for-
mamide. The sections were treated with 1.5% blocking
reagent (Boehringer Mannheim, Vienna, Austria) in PBS

ical analysis was performed using cerebellar slices as de-and incubated with alkaline phosphatase-labeled sheep an-

scribed previousl§43]. The cerebellar slices were incubated
at 37°C for 5 or 15min in 0.5 ml physiological saline con-
taining 1,000,000 cpm of [?H] pregnenolone (specific ac-
tivity, 19.9 Ci/mmol; New England Nuclear, Boston, MA,

tidigoxigenin antibody (1:1000 dilution in the blocking
solution, Boehringer Mannheim) for 1 h. Immunoreactive
products were detected by immersing the sections for 48 h
in a substrate solution (0.035% nitro blue tetrazolium and

USA) and 4% propylene glycol. The incubation medium 0.018% 5-bromo-4-chloro-3-indolyl phosphate in 100 mM

was constantly gassed with 95% @nd 5% CQ. At the

Tris—HCI, 1200 mM NacCl, and 50 mM Mgg] pH 9.5), and

end of the incubation period, 2 ml ethyl acetate were added, the expression of @HSD mRNA was observed using an
and the slices were homogenized with a glass—glass homog-Olympus Optical BH-2 microscope.

enizer. After stirring the homogenate for 15 min followed
by centrifugation at 300& g for 5min, the organic phase

Oligonucleotides used as thg8-HSD antisense probe
mixture were as follows:’'sTCCAGCAGGAAGGCAAGC-

was removed. This extraction step was repeated twice. TheCAGTAGAGCAGGGGCAGAGGAAGGCTCC-3[nucleo-
combined organic extracts were dried down, redissolved in tides 1022—-1067 of 3HSD type |, which are complemen-
70% acetonitrile (ACN), and filtrated through a membrane tary to a common sequence of four different isoforms (types

filter (0.45um pore size; Ultrafree-MC; Millipore Corp.,

[-1V) of 3B-HSD] and 5TGTCTCCCTGTGCTGCTC-

Bedford, MA, USA). To detect labeled steroids formed from CACTAGTGTCCCGATCCACTCCGAGGT-“3nucleotides
[7-3H] pregnenolone, filtrates were subjected to HPLC anal- 1228-1272 of B-HSD type |, which are complementary to
ysis using a reversed-phase column, LiCrospher 100 RP-18a common sequence of four different isoforms (types I1-1V)

(4.0mm x 250mm; Kanto Chemical Corp. Inc., Tokyo,

of 3B-HSD except for one base differing from type Ill]. Con-

Japan). The column was eluted with an isocratic elution of trol for specificity of the in situ hybridization of @HSD
70% ACN at a flow rate of 0.7 ml/min. The eluate was frac- mMRNA was performed by the addition of an excess amount
tionated every 0.5min from 10 to 20 min and counted in a (4000-fold) of homologous or nonhomologous unlabeled
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oligonucleotides to the hybridization medium applied to F-12 (Sigma), supplemented with insulingg/ml; Sigma),
the sectionsp-actin antisense primer used in the RT-PCR apo-transferrin (10Q.g/ml; Sigma), putrescine (1Q0M;
analysis was employed as a nonhomologous competitor.  Sigma), sodium selenite (30 nMp-glucose (6 mg/ml),
penicillin G potassium (100 U/ml), and streptomycin sulfate
2.6. Radioimmunoassays of pregnenolone, pregnenolone (100pg/ml). In this study, the culture medium contained
sulfate and progesterone 5% fetal bovine serum ((v/v); Sanko, Tokyo, Japan) for the
first 2 days of culture (2 DIV). Cultures were maintained at
To measure levels of pregnenolone, pregnenolone sulfate37°C in an atmosphere of humidified 95% air and 5%,CO
and progesterone in the cerebellum during neonatal devel- To investigate morphological changes of Purkinje cells
opment and in adulthood, cerebellar extracts were appliedinduced by progesterone o Ba-tetrahydroprogesterone, a
to the radioimmunoassays (RIAs) of pregnenolone, preg- progesterone metabolite, these neurosteroids were applied to
nenolone sulfate and progesterone as described previouslyranuloprival cerebellar cultures for 3 days after 2 DIV, and
[42,43] Cerebella were homogenized in 5ml ice-cold PBS cultures were fixed at 5 DIV as described previoug§,50]
(pH 7.6) with a Teflon glass homogenizer and applied Crystalline progesterone ora®a-tetrahydroprogesterone
to steroid extraction. Extraction of unconjugated steroids (Sigma) was dissolved into absolute ethanol and applied to
or steroid sulfates was performed according to the pre- the culture medium at various concentrations (progesterone:
vious method[42,43] To measure the concentrations of 0.1, 1, 10, 100nM and {AM; 3a,5a-tetrahydroproges-
pregnenolone and its sulfate, aliquots from both extracts terone: 1, 10 and 100 nM). The effect of an anti-progestin,
of organic (pregnenolone) and water (pregnenolone sul- RU 486 [mifepristone; 18-hydroxy-113-(4-methylamino-
fate) phases were applied to the RIAs using the antiserumphenyl)-1%-(1-propynyl) estra-4,9-dien-3-one-6-7] (Bio-
to pregnenolone (Radioassay Systems Laboratories Inc.mol, Plymouth Meeting, PA, USA), was examined at a
Immuchem Corp., Carson, CA, USA) and JA] preg- concentration of LM in a progesterone-treated (10 nM)
nenolone (specific activity, 23.5Ci/mmol; New England group. RU 486 alone was also tested as a control. All cul-
Nuclear) [42]. The antiserum cross-reacted with preg- tures were fixed in 2% paraformaldehyde, 2.5% glutaralde-
nenolone sulfate at 50%, d&7hydroxypregnenolone at 2%, hyde and 15% saturated picric acid (v/v) in PB (pH 7.3)
and dehydroepiandrosterone less than 0.01%. Separation ofvernight at £C and subjected to immunocytochemical
bound and free steroids was performed by centrifugation labeling of Purkinje cells using a calcium-binding pro-
after reaction with the IgG SORB (The Enzyme Center tein (calbindin) antibody, followed by the morphological
Inc., Malden, MA, USA). The least detectable amount was analysis of Purkinje cells.
0.1 ng/ml, and intraassay variation was less than 7%.
To measure the progesterone concentration, aliquots of2.8. In vivo steroid treatment
organic extracts were assayed in a progesterone RIA using
the antiserum to progesterone (Scantibodies Laboratories Progesterone dissolved in sesame oil (8®25ul) was
Inc., Santee, CA) and [12, 6, 7-3H] progesterone (specific  injected into the cerebrospinal fluid around the posterior
activity, 115 Ci/mmol; New England Nucleaf#3]. The vermis of pups once per day for 4 days from 3 days of
antiserum cross-reacted with deoxycorticosterone at 3.3%,age[49,50] Pups receiving injections of the vehicle alone
17a-hydroxyprogesterone at 0.6%, and pregnenolone at less(sesame oil) served as controls. At 7 days of age, pups
than 0.1%. Separation of bound and free steroid was per-were deeply anesthetized with chloroform before transcar-
formed by centrifugation after reaction with the IgG SORB dial perfusion with PBS, followed by fixative solution [2%
(The Enzyme Center Inc.). The least detectable amount wasparaformaldehyde, 2.5% glutaraldehyde and 15% saturated
0.1ng/ml, and intraassay variation was estimated as lesspicric acid (v/v) in PB]. Vermal cerebella were dissected out
than 7%. and sectioned parasagittally at ot thickness with a mi-
croslicer before immunostaining with calbindin antibody.
2.7. Sice culture of cerebella and in vitro steroid
treatment 2.9. Immunocytochemical labeling of Purkinje cells
with calbindin
Cerebella of pups at 5 days of age were dissected out
into ice-cold Hank’s balanced salt solution (HBSS; pH 7.3),  Purkinje cells were identified by immunostaining with
and embedded in 2% low-gelling temperature (302G a mouse monoclonal antibody raised against a calcium-
agar in HBSS at 35-3& as described previous[$9,50]. binding protein, calbindin-Bgk (Sigma). Cerebellar sections
Immediately after embedding, vermal parasagittal slices and slice cultures were processed for immunocytochemistry.
(400m thick) were cut on a microslicer and cultured on After elimination of endogenous peroxidase activity with
a porous membrane (Intercell TP, Kurabo, Osaka, Japan)3% HyO, (0% for electron microscopic study) and block-
which was floated at the interface between air and a cultureing nonspecific-binding components with 1% normal horse
medium. The culture medium was composed of a 1:1 mix- serum and 1% BSA, the sections and slice cultures were
ture of Dulbecco’s modified essential medium and Ham’s immersed overnight at 4C with the monoclonal antibody
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against calbindin at a dilution of 1:50,000. Immunoreactive 1X were collected in slot grids coated with Formvar film,
products were detected with an avidin—biotin kit (Vectastain electron-stained with uranyl acetate and lead citrate, and
Elite Kit, Vector Laboratories) followed by DAB reaction.  viewed under an H-600A electron microscope (Hitachi,
Tokyo, Japan). Electron microphotographs of random re-
2.10. Light microscopic analysis of the morphology gions in the molecular layer of lobe IX were generated from
of Purkinje cells different animals per each experimental group. The number
of asymmetrical synapses having a postsynaptic density
After immunostaining for calbindin, Purkinje cells with was counted and the density of synapses per volume was
dendrites and axons visible were randomly selected in eachcalculated49].
vermal lobe of slice cultures derived from in vitro studies
[49]. Purkinje cells were randomly selected in the vermal 2.12. Immunocytochemistry of progesterone receptor
lobe 1X around the site of in vivo steroid injection. The se-
lected Purkinje cell was traced with a camera lucida drawing  Vermal cerebella were removed, stored in fixative
tube, and these drawings were converted to digital files us-overnight (3.75% acrolein and 2% paraformaldehyde in
ing a scanner. The whole area, cross-sectional soma area aneB), and then soaked in a refrigerated sucrose solution
perimeter of Purkinje cells were measured from these camera(30% sucrose in PB) until they sank. All cerebella were
lucida drawings in each selected calbindin-immunostained frozen-sectioned parasagittally at g thickness on a
lobe using an NIH-Image software package. To measure thecryostat at—18°C. The free-floating sections were first
dendritic area of Purkinje cells, cross-sectional soma areatreated with 1% NaBy for 10 min, followed by 1% BSA,
was deducted from whole area of each cell. 3.3% normal goat serum, and 0.1% Triton X-100 in PBS
To analyze the effects of progesterone on Purkinje den-for 1 h. They were then immersed for 72 h &tCGwith a
dritic morphology, the number of dendritic spine per unit polyclonal rabbit antiserum (1:1000) directed against the
length of dendrite and total dendritic length per cell of DNA-binding domain of the human progesterone recep-
Purkinje cells were further measured. Camera lucida re-tor (PR) (amino acids 533-547, GLPQVYPPYLNYLRP;
constructions were made as stick figures (“skeletonized” Dako). The antiserum cross-reacted with both isoforms
drawings), representing the exact length and complexity of (types A and B), and its specificity has been described pre-
the dendritic arbor. Purkinje cells with dendrites and axons viously [51-54} Immunoreactive products were detected
visible were randomly selected in each vermal lobe of slice with an ABC kit (Vectastain Elite Kit, Vector Laboratories),
cultures. These reconstructions were converted to digital followed by DAB reaction. Control procedures consisted
files using a scanner. Total dendritic lengths of Purkinje of (1) preadsorbing the working dilution of the primary
cells were determined with an NIH-Image software pack- antiserum with a saturating concentration of the synthetic
age. For each dendritic segment selected, spine density wapeptide corresponding to the DNA-binding domain (amino
measured as follows; the selected segment was traced withacids 533-547) of human PR (1@8/ml), and (2) substi-
a camera lucida drawing tube; all the dendritic spines vis- tuting normal rabbit serum for the primary antiserum at a
ible along that segment were counted; the length of eachdilution of 1:1000. The sections were incubated with these
segment was also measured from its camera lucida draw-control sera in a similar way as with the PR antiserum and
ing with an NIH-Image software package; and data were studied using an Olympus Optical BH-2 microscope.
then expressed as the number of spines per unit length of
dendrite. Differences in the dendritic spine number and
total dendritic length of Purkinje cells following treatment 3. Results and discussion
with vehicle or progesterone were analyzed. To verify the
action of endogenous progesterone on Purkinje dendritic 3.1. Neurosteroidogenesis in Purkinje cells
outgrowth, pups injected with the anti-progestin, RU 486

were further used for morphological analyp®,50]. In our immunocytochemical studies with the quail brain

using an antibody against cytochrome P450scc, the striking
2.11. Electron microscopic analysis of the morphology observation was the distribution of immunoreactive cells in
of Purkinje cells the cerebellar cortefd 8—20] The distribution of immunore-

active cell bodies and fibers in the cerebellar cortex was coin-

For electron microscopy, calbindin-immunocytochemi- cident with the location of somata and dendrites of Purkinje
cally stained lobe sections of progesterone- and vehicle-cells [18—20] Western immunoblot analysis confirmed the
treated pups at 7 days of age were postfixed in 1% presence of P450scc in Purkinje cdll8]. These findings
osmium tetroxide in PB, dehydrated in ascending grades of obtained in the avian brain have provided the first evidence
ethanol, and then embedded flat in epoxy resin (Quetol-812,for the location of cytochrome P450scc in neurons in the
Nisshin EM, Tokyo, Japan) as described previously brain, because the Purkinje cell is a typical cerebellar neu-
[49,50] Ultrathin sections (60 nm in thickness) contain- ron. Whether neurons in the brain of other vertebrate species
ing calbindin-immunoreactive Purkinje dendrites in lobe possess cytochrome P450scc and produce pregnenolone and
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P450scc

Fig. 2. Immunocytochemical staining with the antiserum to P450secrdBeptor, or GFAP in the adult cerebellum. The antiserum toré@eptor or
to GFAP was used as a specific marker of Purkinje cells or glial cells. P450scc, cytochrome P450 side-chain cleavage gnmaeptdi? inositol
triphosphate receptor; GFAP, glial fibrillary acidic protein; P, Purkinje cell layer; M, molecular layer; G, granular layer. Scale pans: 50

its sulfate ester still remained unclear. We therefore investi- P450scc and B-HSD are expressed in Purkinje cells
gated the presence of P450scc in the Purkinje cell using rats(Fig. 1). Surprisingly, the expression o3HSD increased
[42]. As shown inFig. 2 an antibody againstinositol triphos-  during neonatal life, unlike P450scd=ig. 3). Such an
phate receptor, a marker of the Purkinje cell, recognized age-dependent expression o8-BISD was confirmed by
P450scc-immunoreactive cerebellar cells that showed no im-biochemical studies together with HPLC analysis, indicat-
munoreaction with glial fibrillary acidic protein, a specific ing an increase of progesterone formation during neonatal
marker of glial cells. Thus, immunoreaction with P450scc life (Fig. 4). Recently, we also found the progesterone
was confined to the somata and dendrites of Purkinje cellsmetabolite &,5«-tetrahydroprogesterone in the neonatal rat
in the rat cerebellunj42]. In addition, the expression of cerebellun{59,60] The expression of BHSD in Purkinje
both P450scc protein and P450scc mMRNA was detected incells was also evident in other vertebrate spefbear].

the rat cerebellunfd?]. Interestingly, P450scc appeared in Altogether, the Purkinje cell is an important neuros-
the rat Purkinje cell immediately after its differentiation and teroidogenic cell in the brairHg. 1) (for reviews, se¢5,6,

the expression of this enzyme persisted during neonatal de-61,62). Interestingly, the Purkinje cell produces con-
velopment into adulthood, indicating the constant produc- stantly pregnenolone and its sulfate ester during neonatal
tion of pregnenolone and its sulfate eq#]. In addition to development and in adulthoodri§. 1). Furthermore, this
higher vertebrates, our recent studies with amphibians fur- neuron actively produces progesterone an¢b@-tetrahy-
ther identified P450scc in the Purkinje cell Xénopus lae- droprogesterone as products of an increaseeHS$D ac-
visandRana nigromaculata [26]. Altogether, these findings  tivity during neonatal life Fig. 1). Thus, our studies have
obtained in both higher and lower vertebrgte8-20,26,42]
indicate that Purkinje cells possess P450scc and produce
pregnenolone and its sulfate esteig 1). On the other hand,

the steroidogenic acute regulatory protein (StAR) was also
found in Purkinje cell§55]. StAR is involved in the trans-
port of cholesterol to the inner mitochondrial membrane,
in which P450scc is localized, and thus plays a key role
in steroid biosynthesis in peripheral steroidogenic glands
[56,57] StAR may also contribute to the regulation of preg-
nenolone formation in the Purkinje cefif. 1).

Subsequently, we have extended our understanding of the
expression of B-hydroxysteroid dehydrogenagel-A4-
isomerase (@3-HSD) in the Purkinje cell. The progesterone
formation is performed by@HSD which catalyzes the de-
hydrogenation and isomerization @§-31ydroxy-A°-steroids

(preg.nenolone and dehydroeplandrOSterO_ne) m(td(eto'_ Fig. 3. RT-PCR analysis of @HSD mRNA in the cerebellum dur-
steroids (progesterone and androstenedione, respectivelyjhg neonatal development. The upper panel shows a result of gel elec-
and is expressed in peripheral steroidogenic glgaas. trophoresis of RT-PCR products for rap-#SD, and the middle panel
RT-PCR and biochemical analyses showed the expressiorﬁhOWS an identification of the band by Southern hybridization using
of 3p-HSD and its enzymatic activity in the rat cerebel- digoxigenin-labg_led oligonuc!eotide probe for r@-BISD. The ovary was
lum [43]. Employing in situ hybridization of B-HSD used as a positive control tissue. Th_e lane labeled No cDNA was per-
. . . . formed without template as the negative control. The lower panel shows
mMRNA, the site of B-HSD expression was localized in 3 result of the RT-PCR fo-actin as the internal control.R3HSD,

Purkinje cells and external granule cels3]. Thus, both 3B-hydroxysteroid dehydrogenase~A*-isomerase.

D14

D21

D60

No cDNA
Ovary

oM
[ajala]
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Fig. 5. Effect of progesterone on the dendritic growth of Purkinje cells.
Cerebellar cultures from newborn rats grown for 5 DIV and immunos-
tained for calbindin. Purkinje cell dendrites in the progesterone-treated

group appeared to be well-developed compared with the control
group. Scale bars: 20m.
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Fig. 4. Comparison of progesterone formation among cerebella at various
ages. Cerebellar slices adjusted to the same weight were incubated with
tritiated pregnenolone for 15min and subjected to HPLC analysis. Each
column and error bar represent the meas.E.M. radioactivity corre-
sponding to progesterone & 4 samples in each group)P < 0.05 (vs.
3 and 60 days by ANOVA, followed by Duncan’s multiple range test). Vehicle Progesterone

provided the opportunity to understand neuronal neuros-
teroidogenesis in the braifrig. 1).

3.2. Genomic actions of neurosteroids on neuronal growth,
spinogenesis and synaptogenesis in Purkinje cells

To analyze neurosteroid actions in the brain, we need
data on the specifc synhesis in partulr sits of the 76,5 ST, Pesiaone 1 e Sy o Pl 2 e
brain at particular times. The Purkinje cell should serve as inpﬁ)mun.ostained for calbindin. Progesterone treatmgent induced the greater
an excellent cellular model for the study of neurosteroid gensity of dendritic spines of the Purkinje cell. Arrowheads indicate spine
actions, because this neuron produces several kinds Ofstructures. Scale bars:n.
neurosteroids at particular timeBig. 1) (for reviews, see
[5,6,61,62). As mentioned above, Purkinje cells actively
synthesize progesterone and,3x-tetrahydroprogesterone,

a progesterone metabolite, during the neonatal period, a
the expression of BHSD and its enzymatic activity in-
crease in neonatal rat§i@s. 3 and % [43]. With these
findings as a background, we examined the effects of pro-

gesterone and o35a-tetrahydroprogesterone, produced as

It is well known that in the rat marked morphological
changes occur in the cerebellum after birth during neona-
Sal life. According to Altman[63,64] rat Purkinje cells
differentiate just after birth, and the formation of the cere-
bellar cortex becomes complete in the neonate, through the

neurosteroids in the Purkinje cell only during neonatal life, g 054 =
on neuronal growth, spinogenesis and synaptogenesis in the g 04 I
rat cerebellun{49,50] Interestingly, in vitro studies using 2
cultured cerebellar slices of newborn rats showed that pro- g 034

L. . . o T
gesterone promotes dendritic growtfid. 5 and dendritic & 024 -
spine formationig. 6) of the Purkinje cell. A similar result ) ‘
was obtained by in vivo studiefgl9,50] Electron micro- 3 014
scopic analysis further revealed that progesterone induces § 0
an increase of the density of synapses on the Purkinje cell ! '
(Fig. 7). Furthermore, intranuclear receptors for proges- &F s°
terone were expressed in the Purkinje cell during neonatal N §
life (Fig. 8). In contrast to progesterone, we could not de- Q€

tect any significant effect ofd5a-tetrahydroprogesterone _ _
on Purkinje developmen[[49,50} These results indicate Fig. 7. Effect of progesterone on the density of axospinous synapses on

that t t the dendriti th . Purkinje cells. Quantitative electron microscopic analysis. Progesterone
at progesterone promotes the dendriuc growtn, spino- administration to newborn rats increased the axospinous synapse density

genesis, and synaptogenesis of Purkinje cells by genomicof purkinje cells. Each column and error bar represent the &, M.
mechanismsKig. 9. (n = 6 animals in each groupf*P < 0.01 (by Student's-test).
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Progesterone receptor Control 3.3. Nongenomic actions of neurosteroids on GABAergic
.&-..-\-*- g i 7 ; kG Ve neurotransmission in Purkinje cells
v Folt M M Until recently, we believed that all steroid hormones
fa‘i; ’f'-"i-’.'—";'i';x‘l?:f P regulate biological functions by genomic mechanisms. The
s e G R G genomic action of steroid hormones presumes that steroid

e ) e hormones cross the plasma membrane and bind to and ac-

_ _ . _ _ tivate specific intracellular steroid receptors. The activated
Fig. 8. Immunocytochemmal staining with the _ant.lserum to progesterone steroid receptors modulate gene transcription and protein
receptor in the neonatal cerebellum. Arrows indicate Purkinje cells ex- . . . .
pressing progesterone receptor. Preadsorbing the antiserum with an exces§yNthesis. In addition to genomic actions, we also focused on
amount of the synthetic progesterone receptor peptide used as antigernongenomic actions of neurosteroids in the Purkinje cell and
(DNA-binding domain) resulted in a complete absence of immunoreac- indicated that pregnenolone sulfate contributes to important
tivity in_P_urkinje cells. EQ, external granular layer; M, molecular layer; o\ ants in the cerebellum by nongenomic mechanisms. To
P, Purkinje cell layer; G, internal granular layer. Scale barqurs0 understand the mode of action of neurosteroids, produced
in Purkinje cells, we examined the effects of pregnenolone
Iand its sulfate ester on synaptic currents in Purkinje cells of
the rat[6,19,59-61] Inhibitory postsynaptic currents (IP-
SCs) in Purkinje cells were recorded in a cerebellar slice by
the patch-clamp method. Pregnenolone sulfate increased,
in a dose-related way, the frequency of IPSCs within 1 min
of perfusion, indicating that this effect is unlikely to be in-
duced via gene transcription. In contrast, pregnenolone had
no effect on the frequency of IPSCs. The IPSCs recorded in
the Purkinje cells were completely blocked by bicuculline, a
v-aminobutyric acid A (GABA)) receptor antagonist, sug-
gesting that they are mediated by GABAeceptors. Thus,
pregnenolone sulfate, produced in Purkinje cells, may mod-
ulate GABAergic transmission by nongenomic actions on
GABAergic neurons rather than by genomic mechanisms

(Fig. 10. In addition to these findings in the cerebellum, new
findings have been obtained in other brain regions that some
neurosteroids, such as pregnenolone, pregnenolone sul-
fate, progesterone andvBa-tetrahydroprogesterone, may

processes of migration of external granular cells, neurona
and glial growth, and synaptogenesis. Thus, postnatal de-
velopment in the cerebellum is dramatic during neonatal
life, when the formation of progesterone in the cerebel-
lum is high [43,59,60] Accordingly, genomic actions of
progesterone may be involved in the formation of the cere-
bellar neuronal circuit that occurs during neonatal life by
promoting neuronal growth and neuronal synaptic contact.

Synaptogenesis
Spinogenesis  Protein synthesis

Dendritic growth Purkinje

cell

~ANL W
Progesterone

receptor
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\, neuron
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+
Pregnenolone

Purkinje (
cell Cholesterol '
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Fig. 9. Genomic action of progesterone produced in the Purkinje cell dur-

ing neonatal development. Progesterone acts on the Purkinje cell through

intracellular receptor-mediated mechanisms that promote dendritic growth,

spinogenesis, and synaptogenesis in this neuron by genomic mechanismsiFig. 10. Nongenomic action of pregnenolone sulfate produced in the
Such genomic actions of progesterone may contribute to the formation Purkinje cell. Pregnenolone sulfate modulates GABAergic transmission
of the cerebellar neuronal circuit during neonatal life. by means of the nongenomic action on GABAergic neurons.
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mediate their actions through ion-gated channel receptors[10] C. Corpéchot, M. Synguelakis, S. Talha, M. Axelson, J. Sjbvall, R.
rather than by genomic mechanisms (for reviews[4e8]). Vihko, E.E. Baulieu, P. Robel, Pregnenolone and its sulfate ester in
rat brain, Brain Res. 270 (1983) 119-125.
[11] P. Robel, E.E. Baulieu, Neuro-steroids3-Bydroxy-A°-derivatives
in the rodent brain, Neurochem. Int. 7 (1985) 953-958.
4. Conclusions [12] A. Lanthier, V.V. Patwardhan, Sex steroids and 5-@a-3
hydroxysteroids in specific regions of the human brain and cranial

. . . nerves, J. Steroid Biochem. 25 (1986) 445-449.
De novo steroidogenesis from cholesterol is a conserved 13] P. Robel, C. Corpéchot, C. Clarke, A. Groyer, M. Synguelakis, C.

property of vertebrate brains, and such steroids synthesize Vourc'h, E.E. Baulieu, Neuro-steroids:hydroxy-A°-derivatives
de novo in the brain are called neurosteroids. Our studies  in the rat brain, in: G. Fink, A.J. Harmar, K.W. McKerns (Eds.),
gave the opportunity to understand the biosynthesis and ac- Neuroendocrine Molecular Biology, Plenum Press, New York, 1986,

ion of neurosteroids in the Purkinje cell, a major site of neu- __PP- 367-377.
tion of neurosteroids eru je cell, a major site of neu [14] P. Robel, E. Bourreau, C. Corpéchot, D.C. Dang, F. Halberg, C.

rosteroidogenesis in the brain. The Purkinje cell served as Clarke, M. Haug, M.L. Schlegel, M. Synguelakis, C. Vourch,
an excellent cellular model for understanding the plasticity E.E. Baulieu, Neuro-steroidsshydroxy-AS-derivatives in rat and
of cerebellar neurons in relation to actions of neurosteroids. monkey brain, J. Steroid Biochem. 27 (1987) 649-655.
Because Purkinje cells play an important role in the process[15] D-H. Jo, M.A. Abdallah, J. Young, E.E. Baulieu, P. Robel,

: - Pregnenolone, dehydroepiandrosterone, and their sulfate and fatty
of memory and learning, future attention should be focused acid esters in the rat brain, Steroids 54 (1989) 287-297.

on behavioral studies, as well as morphological and elec- 16] c. Mathur, V.VK. Prasad, V.S. Raju, M. Welch, S. Lieberman,
trophysiological studies using steroidogenic enzyme and/or  Steroids and their conjugates in the mammalian brain, Proc. Natl.
neurosteroid receptor knock-out animals. Acad. Sci. U.S.A. 90 (1993) 85-88.
[17] K. Tsutsui, T. Yamazaki, Avian neurosteroids. |. Pregnenolone
biosynthesis in the quail brain, Brain Res. 678 (1995) 1-9.
[18] M. Usui, T. Yamazaki, S. Kominami, K. Tsutsui, Avian neurosteroids.
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