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In the hippocampus, the center for learning and memory, cytochrome P450s (P450scc,
P450(17¢), and P450arom) as well as 174, 3f-hydroxysteroid dehydrogenases, and 5o~
reductase participate in the synthesis of brain steroids from endogenous cholesterol. These
brain steroids include pregnenolone, dehydroepiandrosterone, testosterone, dihydrotestoster-
one, and 17/-estradiol. Both estrogens and androgens are synthesized in the adult male hip-
pocampal neurons. Although the expression levels of steroidogenic enzymes are aslow as 1/
200 to 1/50,000 of those in testis or ovary, the levels of synthesized steroids are sufficient for
thelocal usage within small neurons (i.e,, intracrine system). Thisintracrine system contrasts
with the endocrine system in which high expression levels of steroidogenic enzymes are nec-
essary in endocrine organsin order to supply steroids to many other organsvia blood circula-
tion. Endogenous synthesis of sex steroidsin the hypothalamusis also discussed.

Rapid modulation by estrogens and xenoestrogensis discussed concerning synaptic plastic-
ity such as the long-term potentiation, the long-term depression, or spinogenesis. Synaptic
expression of P450(17¢), P450arom, and estrogen receptors suggests “ synaptocring” mecha-
nisms of brain steroids, which are synthesized at synapses and act as synaptic modulators.
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INTRODUCTION

This article describes the importance of cytochtrome P450 enzymesin local endoge-
nous synthesis of estrogens and androgens in the mammalian brain, particularly the hip-
pocampus. Because of extremely low levels of expression for P450s in the brain, much
lower than 1/100 of their levels in endocrine organs, many scientists had not seriously
considered that brain P450s have essential function in either steroid synthesis or drug
metabolism.

The hippocampus is essentially involved in learning and memory processes, and is
known to be a target for the neuromodulatory actions of sex hormones produced in the
gonads. Estrogens and androgens have specific contributions to rapid action on the synap-
tic plasticity as neuromodulators. As both estradiol and testosterone may reach the brain
via blood circulation after crossing the blood-brain barrier, extensive studies have been
performed to investigate their role in modulating hippocampal plasticity and function (Bi
et a., 2000; Foy et al., 1999; Pozzo-Miller et a., 1999; Shibuya et a., 2003; Woolley,
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1998; Woolley and McEwen, 1994). The hypothalamus-putuitary-adrenal (HPA) axis and
hypothalamus-putuitary-gonadal (HPG) axis are known to be essentia circuits for neu-
roendocrine regulations. Determination of male or female type of the brain depends on sex
steroids from gonads in the early developmental stage (postnatal 1-10 days) of the rat and
mouse brain.

In addition to endocrine-derived hormones, recent experiments have demonstrated
that hippocampal neurons may also be exposed to locally synthesized brain steroids, such
as pregnenolone (PREG) (Baulieu, 1997; Kawato et a ., 2003; Kimoto et al., 2001). Dehy-
droepiandrosterone (DHEA) has also been found in the mammalian brain at concentra-
tions greater than that in plasma (Baulieu, 1997; Corpechot et a., 1981). Because the
concentration of PREG and DHEA does not decrease after adrenalectomy and castration,
many experiments have been performed with the aim of demonstrating the de novo syn-
thesis of DHEA within the brain (Corpechot et al., 1981; Robel et a., 1987). Direct dem-
onstration of steroidogenesis in the mammalian brain has, however, been not successful,
due to the extremely low levels of steroidogenic proteins in the brain (Warner and
Gustafsson, 1995). Sex steroids had not been considered to be brain-derived steroids, and
rather were believed to reach the brain exclusively via blood circulation (Baulieu and
Robel, 1998). This belief is supported by many reports suggesting the absence of cyto-
chrome P450(170) in adult mammalian brain (Le Goascogne et al., 1991; Mellon and
Deschepper, 1993) and also by the observation of the complete disappearence of testoter-
one in the brain within 1 day after castration (Baulieu and Robelet, 1998). In particular,
sex steroids cannot be synthesized without PA50(17cx), which converts PREG to DHEA.

STEROIDOGENIC SYSTEMS IN THE ADULT RAT HIPPOCAMPUS
Expression of Transcripts for Steroidogenic Enzymes

Highly sensitive molecular biology investigations are necessary for determination of
the presence of steroidogenic enzymes because of the very low level of expression of the
MRNAs in the cerebrum and cerebellum (Warner and Gustafsson, 1995).

Collectively, the relative level of mMRNA expressed in the hippocampus has been
suggested to be lowest for cytochrome P450scc and 3B-hydroxysteroid dehydrogenase
(3B-HSD), and highest for steroidogenic acute regulatory protein (StAR) and 5o.-reduc-
tase, with that of P450arom expressed at an intermediate level (Table 1).

The concentration of P450scc mRNA expressed in the brain is reported to be only 107
to 107° of that in the adrenal gland (Mellon and Deschepper, 1993; Sanne and K rueger, 1995).
Our analysis showed approximately 1/50,000 for the P450scc level in the adult hippocampus
as compared with that in the adrenal grand (Table 1). As aresult, the presence of P450scc
MRNA could be demonstrated only by reverse transcriptase polymerase chain reaction (RT-
PCR) method. The ribonuclease (RNase) protection assay for P450scc in the hippocampus,
which was performed using a 3?P-labeled rat P450scc antisense riboprobe, however, yielded
no detectable specific hybridization signals (Furukawa et al., 1998). In contrast, because
SAR is most abundant, not only the PCR amplification but also the RNase protection assay
demonstrated the presence of StAR transcripts with an expression level of approximately 1/
200 of the level in the adrenal gland (Furukawaet a., 1998; King et a., 2003).

Concerning P450(17c), many attempts to demonstrate the immunohistochemical reac-
tivity in the rat brain had been unsuccessful for aimost two decades (Le Goascogne et d.,
1991). The mRNAS for P450(17c) had not been detected in adult rat brain by either RNase
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Table1l Comparison of relative mMRNA expression level for steroidogenic enzymesin the adult rat (3 mo).

Hippo Hypo Adrenal/testis/ovary/liver

P450scc 1 3 50,000 (Ad)
P450(17cx) 1 3 300 (Te)
P450arom 1 3 600 (Ov)
17B-HSD (type 1) 1 3 200 (Ov)
17B-HSD (type 3) 1 5 300 (Te)
3B-HSD (typel) 1 3 5000 (Ov)
5a-Reductase (type 1) 1 2 5 (Li)

50-Reductase (type 2) 1 2 200 (Pr)

ERo. 1 5 15 (Ov)
ERB 1 4 80 (Ov)

The level in the hippocampus is normalized to be 1.

Hippocampus (Hippo), hypothalamus (Hypo), adrenal gland (Ad), tesis (Te), ovary (Ov), liver (Li), and pros-
tate (Pr) are compared.

Values of mMRNA expression level are approximate values obtained from semiquantitative RT-PCR analyses
(Hojo et al., 2004; Ishii and Kawato, unpublished results).

protection assays or RT-PCR (Mellon and Deschepper, 1993). The expression of the mRNA
for P450(17cr) had been reported by many laboratories as only transient, occurring during rat
embryonic and neonatal development (Compagnone et al., 1995; Zwain and Yen, 1999
Zwain and Yen, 1999b). We overcame this difficulty by carefully choosing the sequence of
primer pairs that have high specificity by minimizing Gibbs free energy on recombination of a
3-primer with cDNA, using computer calculation (Hojo et al., 2004). In the hippocampal tis-
sues from adult male rats age 3 months, we observed the P450(17cr) transcripts expressed
approximately 1/300 (Hojo et a., 2004), when compared with those expressed in the testis.

Therole of P450arom in the hippocampus had also not been well elucidated, prima-
rily because many studies had indicated the absence of P450arom in the adult rat and
mouse hippocampus. The significant expression of mMRNA for P450arom in the pyramidal
and granule neurons of the adult rat hippocampus, however, has recently been demon-
strated using in situ hybridization (Wehrenberg et a., 2001). The level of the mRNA
expression in the adult mouse hippocampus was approximately one-half of that in neona-
tal stages (Ivanova and Beyer, 2000). We observed the P450arom transcripts expressed
approximately 1/300 (Hojo et al., 2004), as compared with those expressed in the ovary by
using carefully designed primer pairs for RT-PCR.

The presence of mMRNAs for 173-hydroxysteroid dehydrogenase (173-HSD) types 1
and 3 has been demonstrated in the human and rat hippocampus (Beyenburg et a., 2000).
We investigated the expression level of mMRNA transcripts for 173-HSD (types 1-4) using
carefully designed primer pairsin the hippocampus from adult male rats. The mRNA level
of 17B-HSD transcripts observed was approximately 1/200, relative to the level in the
ovary for 178-HSD (type 1), and 1/300, relative to the level in the testis for 178-HSD
(type 3), respectively (Hojo et al., 2004).

The localization in neurons of several steroidogenic proteins has been demonstrated
by means of in situ hybridization. For example, mMRNAs for both StAR and 33-hydroxys-
teroid dehydrogenase (33-HSD) mRNA (1072 for StAR and 1073 for 33-HSD of the levels
in the adrenal gland) have been observed to be localized aong the pyramidal cell layer in
the CA1-CA3 regions and the granule cell layer in the dentate gyrus of rats (Furukawa
et al., 1998) and mice (King et a., 2003).



ROLE OF CYTOCHROME P450 IN SYNAPTOCRINOLOGY 357

Glia cells have been considered to play an important role in steroidogenesis
because many reports have indicated the presence of mRNA for P450scc, P450(17a), 3p3-
HSD, and 17B-HSD in cultures of astrocytes and oligodendrocytes from embryonic and
neonatal brains (Baulieu, 1997; Jung-Testas et al., 1989; Zwain and Yen, 1999a; Zwain
and Yen, 1999b). Although similar levels of P450(17c;) MRNA had been reported to be
expressed in both astrocytes and neurons in primary cell cultures from the brain of neona-
tal rats, a much lower metabolic activity had been observed in neurons than astrocytes for
the conversion of PREG to DHEA (Zwain and Y en, 1999a; Zwain and Y en, 1999D).

These extensive data are available on primary glia cell cultures, which are easily pre-
pared from embryonic and neonatal brains. However, information regarding the biosynthesis
system of neurosteroidsin adult rat brain is not directly available from these studies.

Neuronal Localization of Enzymes Investigated with Immunostaining

Therole of neuronsin steroid synthesis has not yet been clearly determined in mam-
marian brain, although some reports suggested the expression of several steroidogenic
enzymes in nonmammalian brains (Mensah-Nyagan et al., 1999) and rat brain neurons
(Koenig et a., 1995; Tsutsui et al., 2000). We overcame many difficulties of nonspecific
immunostaining by using affinity column-purified antibodies (instead of using nonpuri-
fied antisera) with a dlightly higher Triton X-100 concentration (0.5%) in order to obtain a
good penetration of 1gG, as well as using fresh-frozen dlices of hippocampus (instead of
using paraffin sections) from adult male rats. A significant localization of cytochromes
P450scc (CYP11A1), P450(170) (CYP17A), and P450arom (CY P19) was observed in
pyramidal neurons in the CA1-CA3 regions, as well as in granule cells in the dentate
gyrus, by means of the immunohistochemical staining of hippocampal dlices (Fig. 1)
(Hojo et a., 2004; Kawato et al., 2002; Kawato et al., 2003; Kimoto et al., 2001). The
colocalization of immunoreactivity against P450s and NeuN (marker protein of neuronal
nuclei) confirmed the presence of P450s in these neurons (Hojo et a., 2004; Kawato et al.,
2002; Kimoto et a., 2001). StAR was colocalized with P450s (Kimoto et a., 2001; King
et a., 2003). These results imply that pyramidal neurons and granule cells are equipped
with complete steroidogenic systems that catalyze the conversion of cholesterol to PREG,
DHEA, testosterone, and estradiol.

An immunoel ectron microscopic analysis using postembedding immunogold was
performed in order to determine the intraneuronal localization of P450(17a) in the hip-
pocampal neurons of adult male rats. Surprisingly, we observed that both P450(17a.)
and P450arom were localized not only in the endoplasmic reticulum, but also in the pre-
synaptic region and the postsynaptic region of pyramidal neurons in the CA1-CA3
regions and of granule neuronsin the dentate gyrus (Fig. 2). These results suggest a pos-
sibility of “synaptocrine” mechanisms of synthesis of estrogens and androgens, in addi-
tion to classical endocrine mechanisms in which sex steroids reach the brain via blood
circulation.

The existence of these steroidogenic proteins was confirmed by Western immunob-
lot analyses. A single protein band was observed for each PA50 (Hojo et al., 2004; Kawato
et al., 2002; Kimoto et al., 2001). The resulting molecular weights obtained for P450scc,
P450(170), and P450arom were nearly identical to those obtained from peripheral ste-
roidogenic organs. The relative levels of these PA50s in the hippocampus were approxi-
mately 1/500 (P450scc) and 1/300 (P450(17c;) and P450arom) of that in the testis
(P450scc and P450(17a)) and the ovary (P450arom), respectively.
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Figure 1 Immunohistochemical staining of P450arom in the hippocampus of an adult malerat. (A) The coronal
section of the whole hippocampus. (B) The CA1 region. (C) The CA1 stained with P450arom 1gG preadsorbed
with purified P450arom. (D) The CA3, where not only cell bodies, but also processes of neurons, are densely
stained. so, stratum oriens; pcl, pyramidal cell layer; sr, stratum radiatum. Scale bar 800 um for (A) and 120 um
for (B-D). (Taken from Hojo et al., 2004.)

For decades, neurosteroidogenesis had been extensively studied in glial cells. This
line of investigations was motivated by the absorption of antibovine P450scc antibodies
by white matter, which was believed to be rich in glial cells, throughout the rat brain (Le
Goascogne et a., 1987), and by the many reports that indicated the presence of ste-
roidogenic proteins in astrocytes, oligodendrocytes, and white matter (Jung-Testas et al.,
1989; Kimoto et al., 1997; Le Goascogne et al., 1987). From our observation in adult hip-
pocampus, the distributions of astroglial cells and oligodendroglia cells, however, dis-
played very different patterns from those characteristics of the cells containing P450scc,
P450(170.), and P450arom (Hojo et a., 2004; Kimoto et a., 2001). Thisindicates that the
majority of P450-containing cells are neither astroglial cells nor oligodendroglial cells.

SYNTHESIS OF ESTROGENS AND ANDROGENS IN THE HIPPOCAMPUS

A direct demongtration of the neuronal synthesis of DHEA and estradiol in adult mam-
mals was for the first time reported by our group (Hojo et d., 2004; Kawato et a., 2002). It
had been assumed that DHEA and the sex steroids are supplied to the brain, such asthe hypo-
thalamus, via the blood circulation, where they are converted to estradiol by P450arom
(Baulieu, 1997; Baulieu and Robel, 1998). The absence of P450(17a) activity in the brain
of adult mammals has been reported in a number of studies (Baulieu and Robel, 1998;
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Figure 2 Immunoelectron microscopic analysis of the distribution of P450(17c) (A1-A3) and P450arom (B1-
B3) within axospinous synapses in the stratum radiatum of the hippocampa CA1 region. Gold particles (indicated
with arrowheads) were localized in the endoplasmic reticulum (A1 and B1), the presynaptic region (A2 and B2),
and the postsynaptic region (A3 and B3) of pyramidal neurons. In dendritic spines, gold particles were found within
the head of the spine (A3 and B3), and in some cases, gold particles were affiliated within the postsynaptic density.
In the axon terminal (A2 and B2), gold particles were associated with small synaptic vesicles (A2 and B2). In den-
drites, gold particles were distributed within the cytoplasm of the head of the spine (data not shown). pre, presynap-
tic region; post, postsynaptic region; scale bar 200 nm. (Taken from Hojo et a. 2004.)

Kibaly et a., 2005; Le Goascogne et al., 1991; Mensah-Nyagan et al., 1999). Incubations
of [3H]-PREG with brain slices, homogenates and microsomes, primary cultures of mixed
glial cells, or astrocytes and neurons from rat and mouse embryos, had failed to produce a
radioactive metabolite *H-DHEA (Baulieu and Robel, 1998).
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We attempted to demonstrate the synthesis of DHEA, testosterone, and estradiol in
the hippocampal dlices by means of high-performance liquid chromatography (HPLC)
analysis (Hojo et al., 2004; Kawato et al., 2002). The purification of neurosteroids from
very fatty brain tissues required the application of a set of sophisticated methods, which
included purification with organic solvent, column chromatography, and HPLC (Hojo
et al., 2004; Kimoto et al., 2001; Wang et al., 1997). The significant conversion from [3H]-
PREG to [*H]-DHEA, from [3H]-DHEA to [®H]-androstenediol, [3H]-androstenedione,
[3H]-testosterone, and [3H]-estradiol was observed after incubation with the slices for 5 h
(Fig. 3) (Hojo et al., 2004). The conversion from [*H]-testosterone to [*H]-estradiol and
[3H]-dihydrotestosterone was also demonstrated. These activities were abolished by the
application of specific inhibitors of cytochrome P450s. Interestingly, [*H]-estradiol was
rather stably present and not significantly converted to other steroid metabolites. In con-
trast, dihydrotestosterone was rapidly converted to 3a,50.-androstanediol.

We determined the concentration of DHEA and estradiol, as well as PREG, in the
acute hippocampal slices from adult male rats by means of radioimmunoassay (RIA) or
mass spectroscopy after careful purification of steroids with HPLC (Hojo et al., 2004,
Kawato et al., 2002; Kimoto et al., 2001). The basal concentrations of PREG, DHEA, and
estradiol in the male rat hippocampus were approximately 18, 0.3, and 0.6 nM, which
were 6 to 10 times greater than those typical of plasma (Hojo et al., 2004; Kimoto et a.,
2001). To demonstrate the rapid net production of neurosteroids on synaptic stimulation,
the NMDA-induced production of PREG and estradiol was investigated in hippocampal
dices (Hojo et d., 2004; Kimoto et a., 2001). Upon stimulation with NMDA for 30 min, the
hippocampal level of PREG and estradiol increased to approximately twofold that of the basal
levels. This implies that the NMDA-induced Ca?* influx drives net production of PREG and
edtradiol. Estradiol synthesis has also been demonstrated in cultured hippocampal dicesin the
absence and presence of letrozole, an inhibitor of PA50arom. After 4 days of treatment with
letrozole, the amount of estradiol released into the medium was significantly decreased
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Figure3 Synthesis of estradiol and testosterone in adult hippocampal dlices. HPLC analysis shows the profile of
SH-DHEA metabolites in the absence (line @) or in the presence (line b) of fadrozole (inhibitor of P450arom)
after incubation of dices for 5 h at 30°C. E2 (estradiol), T (testosterone), AD (androstenedione), E1 (estrone),
and U (unknown metabolites). The vertical axisindicates *H radioactivity (cpm). (Taken from Hojo et al., 2004.)
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(Kretz et al., 2004). Recently, DHEA synthesis from PREG has also been demonstrated in
the spinal cord of adult rat (Kibaly et al., 2005).

Interestingly, PREG sulfate and DHEA sulfate have been reported to be absent in
the rat brain as measured by direct mass spectroscopic analysis, although cholesterol sul-
fate is present (Higashi et a., 2003; Liere et al., 2004; Liu et al., 2003). In many previous
publications, PREG sulfate or DHEA sulfate has been determined indirectly (i.e., measur-
ing PREG or DHEA &fter solvolysis of water soluble fractions that may contain some
PREG derivatives different from sulfated steroids) (Baulieu, 1997; Corpechot et al., 1981;
Kimoto et al., 2001; Liere et a., 2000; Liu et al., 2003). Because a numerous publications
report that sulfated steroids are very effective for neuromodulation, careful considerations
should be performed (Baulieu and Robel, 1998; Valleeet a., 1997; Wu et a., 1991).

It is necessary to consider whether the local concentration of brain neurosteroids is
sufficiently high to allow action as local mediators. The concentration of estradiol
detected in the hippocampusis about 0.6 nM (basal) and 1.3 nM after the NMDA stimula-
tion, respectively. The local concentration of estradiol immediately after the synthesisin
the pyramidal neuronsis likely to be approximately 10-fold higher than the bulk concen-
tration of 1.3 nM, due to the relatively small volume of the PA50 immunoreactive cellsin
the total hippocampus. These considerations suggest that the local concentration of estra-
diol could be as high as 1 to 10 nM. These |levels are sufficient to allow estradiol to act as
local mediators that modulate synaptic transmission (Bi et a., 2000; Foy et al., 1999; Gu
and Moss, 1996; Ito et al., 1999; Shibuya et al., 2003). Functional differences between
blood-derived estradiol (reproductive modulator) and brain-synthesized estradiol (neu-
ronal modulator) may be due to the time dependence of their levels. Brain is filled with a
low concentration of blood-derived estradiol whose level changes dependent on circadian
rhythm, while endogenous synthesis of estradiol is atransient event occurring mainly dur-
ing synaptic transmission, which drives Ca?* influx (Hojo et al., 2004).

LOCALIZATION OF STEROIDOGENIC SYSTEMS IN THE HYPOTHALAMUS

The hypothalamus plays an essential role in the HPG axis, which controls reproduc-
tive systems. The hypothalamus has been considered to be a main target of gonadal ste-
roids because of its feedback function mediated by circulating steroids. The blood-brain
barrier of the hypothalamus could be much looser/more leaky than that in other brain
regions such as the hippocampus, alowing circulating steroids to penetrate into the hypo-
thalamus. The role of hypothalamus in the reproduction and sexual dimorphism has been
extensively investigated. One of the essential role of estrogen in reproductive signaling is
that estrogen treatments stimulate the progesterone receptor synthesis in ovariectomized
females (Bayliss and Millhorn, 1991; Chappell et a., 2000). During development, estro-
gen or androgen, aromatized to estrogen, is essential for neuronal organization and sexual
differentiation of the brain, particularly in the hypothalamus (Kawata, 1995; Resko and
Roselli, 1997).

Because no reports have demonstrated endogenous sex steroid synthesisin the adult
rat hypothalamus, we investigated a possibility of local synthesis of estrogen and andro-
gen in the hypothalamus. A significant expression of mMRNAs for several essential ste-
roidogenic enzymes was observed in the hypothadamus. The level of transcripts for
P450(17cr), PA50arom, and 17B3-HSDs (types 1 and 3) in the hypothalamus were approxi-
mately two- to threefold of those in the hippocampus (Hojo et al., 2004) (Table 1). A sig-
nificant immunostaining for steroidogenic enzymes was also observed. Both StAR and
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P450scc immunoreactive neurons were localized to the hypothalamus, including the pre-
optic area (King et al., 2003). We demonstrated significantly higher levels (two- to three-
fold) of steroid synthesis such as testosterone and estradiol from *H-DHEA in the
hypothalamus than those in the hippocampus, by means of HPLC analysis (Hojo and
Kawato, unpublished results). Because endogenous steroid syntheses has also been
observed in other regions of the brain such as cerebellum (Tsutsui et a., 2000), further
investigations are encouraged in order to obtain a whole view of steroidogenesis in the
mammalian brain.

ACTION OF ESTROGENS AND XENOESTROGENS (ENDOCRINE
DISRUPTERS) ON SYNAPTIC PLASTICITY

Over decades, the chronic genomic effects of estradiol on synaptic plasticity have
been extensively investigated. For example, the dendritic spine density in CA1 pyramidal
neurons is sengitive to experimentally induced estrogen depl etion and replacement in vivo
(Gould et al., 1990; MacL usky et al., 2005b; Woolley et al., 1997). In vitro investigations,
using hippocampal slice cultures, have also demonstrated chronic modulation of spino-
genesis by estradiol and xenoestrogens (Kretz et al., 2004; Murphy and Segal, 1996;
Pozzo-Miller et al., 1999). The essential contribution of endogenous estradiol is reported
by Rune and coworkers, who have demonstrated that the suppression of endogenous estra-
diol synthesis by letrozole has decreased the spine density of the CA1 region in cultured
dlices (Kretz et a., 2004).

Evidence is emerging, however, that estrogens exert a rapid influence on the excit-
ability of adult rat hippocampal neurons, as demonstrated by means of electrophysiology
(Foy et a., 1999; Gu and Moss, 1996; Ito et al., 1999; Shibuya et a., 2003; Teyler et a.,
1980). In case of enhancement of long-term potentiation (LTP) by 1 to 10 nM estradiol in
CA1 pyramidal neurons, an immediate increase by approximately 20% has been observed
on the onset of estradiol perfusion in the initial slope of the excitatory postsynaptic poten-
tial (EPSP), which has been attendant on a further approximately 130% increase on high-
frequency tetanic stimulation of Schaffer collaterals (Bi et al., 2000; Foy et a., 1999;
Mukai et al., 2006). However, it should be noted that if we subtract the 20% immediate
increase of EPSP slope on the onset of estradiol perfusion before the tetanic stimulation,
the enhancement by estradiol is not significant about the pure tetanic stimulation-induced
LTP. In other words, the magnitude of tetanic stimulation-induced LTP is nearly the same
between in the presence and in the absence of estradiol. In contrast, we demonstrated a
significant enhancement of the long-term depression (LTD) by 1 to 10 nM estradiol perfu-
sion in rat hippocampal CA1, CA3, and dentate gyrus (DG) using multielectrode probes
(MED®64, Panasonic) (Mukai et al., 2006). By using the multielectrode system, stimulation
of Schaffer collateralsin the CA1 (recording at CA1 pyramidal neurons), recurrent collat-
era fibersin the stratum radiatum of CA3 (recording at CA3 pyramidal neurons), and the
medial perforant pathways in the molecular layer of DG (recording at DG granule cells)
can be performed. In the LTD enhancement by estradiol, an immediate increase of EPSP
by the onset of estradiol purfusion was not accompanied.

Although the intracellular signaling pathway, from putative membrane estrogen
receptors to NMDA receptors for rapid estradiol action (within 30 min), has not been well
elucidated, the involvement of Src tyrosine kinase and MAP kinase has been reported (Bi
et al., 2000). These findings have led researchers to postulate the existence of so-called
membrane or nongenomic estrogen effects. Kawato and coworkers recently demonstrated
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the synaptic localization of ERo. in hippocampa pyramidal and granule neurons with
immunoelectron microscopic analysis using novel purified anti-ERo antibody (Mukai
et a., 2004; Mukai et a., 2006; Tsurugizawa et a., 2005).

Recently, an issue of endocrine disrupters or xenoestrogens, which are artificial
substances whose chemical structure resembles natural estrogen, has emerged as a
social and environmental problem. Rapid action of xenoestrogens has, therefore, been
investigated in the adult brain using electrophysiology. So far, high levels of
xenoestrogens had often been observed to induce estrogenic/antiestrogenic effects in
electrophysiological investigations. High levels of diethylstilbestrol (DES) at 3 to 10
UM inhibited the current evoked by 100 uM kainate in the hippocampal CA1 pyrami-
dal neurons acutely dissociated from the mice (Ishibashi et al., 2000). The presence of
a high-level DES at 10 uM induced an increase in the amplitude of the population
spikes measured in the pyramidal layer without modifying the EPSP in mice hippoc-
ampal dlices (SanMartin et al., 1999). In contrast, low levels of xenoestrogens also
induced estrogenic/antiestrogenic effects (Kawato, 2004). The estradiol (10 nM)-
induced enhancement of the LTP in CA1 on tetanic stimulation was considerably sup-
pressed by the coperfusion with 100 nM bisphenol A (BPA), although the perfusion of
BPA alone did not alter the LTP induction (Fig. 4) (Kawato, 2004). DES at 10 nM,
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Figure 4 Rapid suppression by BPA of estradiol-induced enhancement of LTP in the hippocampal CA1 region.
Preperfusion of 10 nM estradiol for 30 min at 30°C immediately increased the slope of the EPSP slope to approx-
imately 120% (paired pulse facilitation value of 1.76 + 0.05). On tetanic stimulation (100 Hz, 1 sec, at t = 0) of
the Schaffer collaterals, EPSP slope was significantly increased (L TP induction). The final level of EPSP slope
was 164.4 + 12.6% in the case of perfusion with 10 nM estradiol (pink square, n = 5), and 132.1 + 7.8% in con-
trol experiments (blue diamond, n = 6). The enhancement by estradiol is mainly due to an immediate 20%
increase in EPSP slope at the onset of estradiol perfurion. When 100 nM BPA was copurfused with 10 nM estra-
diol, EPSP enhancement was suppressed to 132.1 + 5.4% (yellow circle, n = 6). Only 100 nM BPA perfusion
showed an almost identical LTP induction to that obtained in control experiments, within experimental errors
(data not shown, n = 5). Statistical significance of *p < 0.05 was obtained by ANOVAs. Young adult male
Wistar rats aged 4 weeks were investigated with a conventional electrophysiological setup (Axon Instruments,
USA) using a glass microelectrode (3-5MQ filled with ACSF) for recording, DIGIDATA 1320A and pClamp 9
for dataanaysis. (Taken from Mukai et a., 2006.)
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however, enhanced the LTP by an ailmost identical magnitude to that obtained by 10
nM estradiol. We also observed that the effect of BPA, DES, nonylphenol (NP), and
octylphenol (OP) was clearly detectable using the LTD analysis in the rat hippocam-
pal CA1, CA3, and DG using multielectrode probes. LTD was induced pharmacol ogi-
cally by the transient application (3 min) of NMDA. The effect of endocrine
disrupters on LTD was classified into two types, BPA/DES type and NP/OP type.
BPA and DES induced the LTD enhancement in CA1 and CA3. NP and OP induced
the LTD suppression in CA1 and the LTD enhancement in CA3 (Ogiue-lkeda and
Kawato, unpublished results).

Estrogens also significantly affect the density and morphology of dendritic spines.
The density of dendritic spinesin the CA1 pyramidal neuronsis modulated in vivo by sup-
plement of estrogens in ovariectomized animals (Gould et al., 1990; Leranth et a., 2000;
Leranth et al., 2002; Woolley et al., 1990; Woolley and McEwen, 1992) and androgensin
castrated animals (Leranth et al., 2003), both increasing/recovering the number of spines
after several day’ s treatments. In vitro investigations have also shown that spine density is
increased following several days of treatment using cultured hippocampal slices with
estradiol (Murphy and Segal, 1996; Pozzo-Miller et a., 1999).

The rapid effect of estrogens and xenoestrogens has also been observed.
Leranth, MacLusky, and coworkers have demonstrated that the estradiol-induced
increase in the spine-synapse density was inhibited by the simultaneous application of
BPA (40 ug/kg body weight) and estradiol (60 pug/kg) in ovariectomized rats for 30
min (MacLusky et al., 2005a). It has been also demonstrated that 300 pg/kg BPA
alone suppressed the spine-synapse density in the CA1 region of the hippocampus in
ovariectomized rats (MacLusky et al., 2005a). In CA3 pyramidal neurons, the total
density of thorns of thorny excrescences (spine-like postsynaptic structures in CA3),
having contacts with mossy fiber terminals originated from granule cells, decreased
dramatically to approximately 70% on 2 h application of 1 nM estradiol (Tsurugizawa
et al., 2005). These results imply that the spine density is not always increased by the
estradiol treatments and that the estradiol-induced spinogenesis is highly region spe-
cific and heterogeneous.

Only afew additional investigations have been reported for xenoestrogen effects on
synaptic plasticity. As an example, alow-dose BPA at 10 to 100 nM transiently increased
the intracellular Ca?* level of hippocampal neurons via activation of nongenomic path-
way, including estrogen receptor (Tanabe et al., 2006). As a mechanism of these events, it
was discussed that BPA might disturb the intracellular Ca?* signaling system via binding
to activation of membrane-associated ERo:. stradiol (Mukai et al., 2006; Tsurugizawaet a.,
2005). However, the binding affinity of BPA to water soluble ERa: has been reported to be
much lower (approximately 1/2000) than that of 17B-estradiol (Kuiper et al., 1997). The
ligand-binding affinity of BPA to ERo. has been shown to be 1/100 to 1/1000 of that of
17B-estradiol (Morohoshi et al., 2005). These reports, however, do not conflict the
reported low-dose effect of BPA at nanomolar level, if we take into account the significant
concentration processes of BPA in the membrane and the presence of membrane-bound
form of estrogen receptors.

Although it had not been clear whether endocrine disrupters could reach the brain
via the blood circulation by crossing the blood-brain barriers, it has recently been indi-
cated that BPA, injected into the mother's body (single subcutaneous injection), is
transferred to the brains of both mother and fetus via the blood circulation within 60 min
(Uchida et a., 2002). The time required for BPA to reach the brain is0.5to 1 h, which is
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not significantly different from that required to reach peripheral organs such as the pla-
centa, uterus, and liver. In contrast to the efficient detoxification of endocrine disruptersin
the liver, detoxification in the brain would be much less efficient due to the extremely low
level of drug metabolizing enzymes (e.g., cytochrome P450s) in the brain. These findings
suggest that endocrine disrupters reach and stay in mammalian brains at concentrations
sufficient to impact brain function and devel opment.

HYPOTHETICAL MODEL OF SYNAPTOCRINOLOGTY

Based on experimental observations, weillustrate in Fig. 5, a hypothetical model for
the synaptic synthesis of brain steroid and the modulation of the synaptic transmission of
neurons by brain steroid. Brain steroid synthesis proceeds in the following manner. First,
glutamate release from the presynapse induces a Ca?* influx through the NMDA recep-
tors. The Ca?* influx drives StAR and peripheral benzodiazepine receptor (PBR) (Guarneri
et a., 1994) to transport cholesterol into the mitochondria, where P450scc converts cho-
lesterol to pregnenolone. After reaching the endoplasmic reticulum, the conversion of
pregnenolone— DHEA — androstenediol — testosterone— estradiol, or testosterone— dihy-
drotestosterone is performed by P450(17cy), 3B-HSD, 178-HSD, P450arom, and 5¢.-reduc-
tase. Produced estradiol binds to synaptic ERo. and drives signaling pathway, including
MAP kinasg, etc., finaly resulting in modulation of NMDA receptors. Endocrine disrupters
such as BPA and DES aso modulate the synaptic transmission via binding to ERo.. Here,
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Figure 5 Schematic illustration for the synaptic synthesis of neurosteroids and the modulation of the synaptic
transmission of neurons by neurosteroids. AMPA type of glutamate receptors are omitted for clarity. StAR, PBR,
and P450scc are present in the mitochondria. P450(17a), 33-HSD, 178-HSD, and P450arom are locaized in the
membranes in the synaptic compartment. The site of action for estradiol, BPA, and DES is synaptic ERo.. (Taken
from Kawato, 2004.)
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only the postsynaptic (spine-localized) synthesis/action isillustrated. The presynaptic syn-
thesis/action, however, also occurs for brain steroid because P450s and ERo were aso
observed in the presynapses (Hojo et al., 2004; Mukai et al., 2004, Tsurugizawaet a., 2005).

REFERENCES

Baulieu, E. E. (1997). Neurosteroids: of the nervous system, by the nervous system, for the nervous
system. Recent Prog. Horm. Res. 52:1-32.

Baulieu, E. E., Robel, P. (1998). Dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sul-
fate (DHEAYS) as neuroactive neurosteroids. Proc. Natl. Acad. Sci. U S A 95(8):4089-4091.

Bayliss, D. A., Millhorn, D. E. (1991). Chronic estrogen exposure maintains elevated levels of
progesterone receptor mRNA in guinea pig hypothalamus. Brain Res. Mol. Brain Res.
10(2):167-172.

Beyenburg, S., et al. (2000). Expression of mRNAs encoding for 17beta-hydroxisteroid dehydroge-
naseisozymes 1, 2, 3 and 4 in epileptic human hippocampus. Epilepsy Res. 41(1):83-91.

Bi, R., Broutman, G., Foy, M. R., Thompson, R. F., Baudry, M. (2000). The tyrosine kinase and
mitogen-activated protein kinase pathways mediate multiple effects of estrogen in hippocam-
pus. Proc. Natl. Acad. Sci. U SA 97(7):3602-3607.

Chappell, P. E., Lee, J,, Levine, J. E. (2000). Stimulation of gonadotropin-releasing hormone surges by
estrogen. 1. Role of cyclic adenosine 3'5-monophosphate. Endocrinology 141(4):1486-1492.

Compagnone, N. A., Bulfone, A., Rubenstein, J. L., Mellon, S. H. (1995). Steroidogenic enzyme
P450cl7 is expressed in the embryonic centra nervous system. Endocrinology
136(11):5212-5223.

Corpechot, C., Robel, P., Axelson, M., Sjovall, J., Baulieu, E. E. (1981). Characterization and mea-
surement of dehydroepiandrosterone sulfate in rat brain. Proc. Natl. Acad. Sci. U S A
78(8):4704-4707.

Foy, M. R, et al. (1999). 17Beta-estradiol enhances NMDA receptor-mediated EPSPs and long-
term potentiation. J. Neurophysiol. 81(2):925-929.

Furukawa, A., Miyatake, A., Ohnishi, T., Ichikawa, Y. (1998). Steroidogenic acute regulatory pro-
tein (StAR) transcripts constitutively expressed in the adult rat central nervous system: colo-
calization of StAR, cytochrome P-450SCC (CYP XIA1), and 3beta-hydroxysteroid
dehydrogenase in therat brain. J. Neurochem. 71(6):2231-2238.

Gould, E., Woalley, C. S., Frankfurt, M., McEwen, B. S. (1990). Gonadal steroids regulate dendritic
spine density in hippocampal pyramidal cellsin adulthood. J. Neurosci. 10(4):1286-1291.

Gu, Q., Moss, R. L. (1996). 17 Beta-estradiol potentiates kainate-induced currents via activation of
the cCAMP cascade. J. Neurosci. 16(11):3620-3629.

Guarneri, P., et a. (1994). Neurosteroidogenesisin rat retinas. J. Neurochem. 63(1):86-96.

Higashi, T., Sugitani, H., Yagi, T., Shimada, K. (2003). Studies on neurosteroids XVI. Levels of
pregnenolone sulfate in rat brains determined by enzyme-linked immunosorbent assay not
requiring solvolysis. Biol. Pharm. Bull. 26(5):709-711.

Hojo, Y., et a. (2004). Adult male rat hippocampus synthesizes estradiol from pregnenolone by
cytochromes P45017alpha and P450 aromatase localized in neurons. Proc. Natl. Acad. Sci.
U SA 101(3):865-870.

Ishibashi, H., Okuya, S., Shimada, H., Takahama, K. (2000). Non-competitive inhibition of kainate-
induced currents by diethylstilbestrol in acutely isolated mouse CA1 hippocampal neurons.
Jpn. J. Pharmacol. 84(2):225-228.

Ito, K., Skinkle, K. L., Hicks, T. P. (1999). Age-dependent, steroid-specific effects of oestrogen on
long-term potentiation in rat hippocampal slices. J. Physiol. 515 (pt 1):209-220.

Ivanova, T., Beyer, C. (2000). Ontogenetic expression and sex differences of aromatase and
estrogen receptor-alpha’lbeta mMRNA in the mouse hippocampus. Cell. Tissue Res.
300(2):231-237.



ROLE OF CYTOCHROME P450 IN SYNAPTOCRINOLOGY 367

Jung-Testas, |., Hu, Z. Y., Baulieu, E. E., Robd, P. (1989). Neurosteroids: biosynthesis of pregnenolone
and progesterone in primary cultures of rat glia cells. Endocrinology 125(4):2083-2091.

Kawata, M. (1995). Roles of steroid hormones and their receptors in structural organization in the
nervous system. Neurosci. Res. 24(1):1-46.

Kawato, S. (2004). Endocrine disrupters as disrupters of brain function: a neurosteroid viewpaint.
Environ. i, 11(1):1-14.

Kawato, S., Hojo, Y., Kimoto, T. (2002). Histological and metabolism analysis of P450 expression
in the brain. Methods Enzymol. 357:241-249.

Kawato, S., Yamada, M., Kimoto, T. (2003). Brain neurosteroids are 4th generation neuromessengers
inthebrain: cell biophysical analysis of steroid signal transduction. Adv. Biophys. 37:1-48.

Kibaly, C., Patte-Mensah, C., Mensah-Nyagan, A. G. (2005). Molecular and neurochemical evi-
dence for the biosynthesis of dehydroepiandrosterone in the adult rat spina cord. J. Neuro-
chem. 93(5):1220-1230.

Kimoto, T., et al. (1997). Digital fluorescence imaging of elementary steps of neurosteroid synthesis
inrat brain glial cells. J. Pharm. Biomed. Anal. 15(9-10):1231-1240.

Kimoto, T., et a. (2001). Neurosteroid synthesis by cytochrome p450-containing systems localized
in the rat brain hippocampa neurons: N-methyl-D-aspartate and calcium-dependent synthe-
sis. Endocrinology 142(8):3578—-3589.

King, S. L., et al. (2003). Conditional expression in corticothalamic efferents reveals a developmen-
tal role for nicotinic acetylcholine receptors in modulation of passive avoidance behavior. J.
Neurosci. 23(9):3837-3843.

Koenig, H. L., et al. (1995). Progesterone synthesis and myelin formation by Schwann cells. Science
268(5216):1500-1503.

Kretz, O., et a. (2004). Hippocampal synapses depend on hippocampal estrogen synthesis. J. Neu-
rosci. 24(26):5913-5921.

Kuiper, G. G, et a. (1997). Comparison of the ligand binding specificity and transcript tissue distri-
bution of estrogen receptors a pha and beta. Endocrinology 138(3):863-870.

Le Goascogne, C., et al. (1987). Neurosteroids: cytochrome P-450scc in rat brain. Science
237(4819):1212-1215.

Le Goascogne, C., et al. (1991). Immunoreactive cytochrome P-450(17 alpha) in rat and guinea-pig
gonads, adrenal glands and brain. J. Reprod. Fertil. 93(2):609-622.

Leranth, C., Petnehazy, O., MacLusky, N. J. (2003). Gonadal hormones affect spine synaptic density
in the CA1 hippocampal subfield of malerats. J. Neurosci. 23(5):1588-1592.

Leranth, C., Shanabrough, M., Horvath, T. L. (2000). Hormonal regulation of hippocampal spine
synapse density involves subcortical mediation. Neuroscience 101(2):349-356.

Leranth, C., Shanabrough, M., Redmond, D. E., Jr. (2002). Gonadal hormones are responsible for
maintaining the integrity of spine synapses in the CA1 hippocampal subfield of female non-
human primates. J. Comp. Neurol. 447(1):34-42.

Liere, P., et al. (2000). Validation of an analytical procedure to measure trace amounts of neuroster-
oids in brain tissue by gas chromatography-mass spectrometry. J. Chromatogr. B Biomed.
i Appl. 739(2):301-312.

Liere, P, et a. (2004). Novd lipoidal derivatives of pregnenolone and dehydroepiandrosterone and
absence of their sulfated counterpartsin rodent brain. J. Lipid Res. 45(12):2287-2302.

Liu, S, Sovall, J., Griffiths, W. J. (2003). Neurosteroidsin rat brain: extraction, isolation, and anal-
ysis by nanoscale liquid chromatography-electrospray mass spectrometry. Anal. Chem.
75(21):5835-5846.

MacLusky, N. J., Hgjszan, T., Leranth, C. (2005a). The environmental estrogen bisphenol ainhibits
estradiol-induced hippocampal synaptogenesis. Environ. Health Perspect. 113(6):675-679.

MacLusky, N. J,, Luine, V. N., Hajszan, T., Leranth, C. (2005b). The 17alphaand 17betaisomers of
estradiol both induce rapid spine synapse formation in the CA1 hippocampal subfield of ova
riectomized female rats. Endocrinology 146(1):287—293.



368 G. MURAKAMI ET AL.

Mellon, S. H., Deschepper, C. F. (1993). Neurosteroid biosynthesis: genes for adrenal steroidogenic
enzymes are expressed in the brain. Brain Res. 629(2):283-292.

Mensah-Nyagan, A. G, et al. (1999). Neurosteroids: expression of steroidogenic enzymes and regu-
lation of steroid biosynthesisin the central nervous system. Pharmacol. Rev. 51(1):63-81.

Morohoshi, K., et a. (2005). Estrogenic activity of 37 components of commercial sunscreen lotions
evaluated by in vitro assays. Toxicol. In Vitro 19(4):457-469.

Mukai, H., et a. (2004). Synaptic localization of estrogen receptor alphain the hippocampal pyrami-
dal and granule neurons of adult malerat. SFN abstract, 955.20.

Mukai, H., et al. (2006). Rapid modulation of long-term depression and spinogenesis depending on
synaptic estrogen receptorsin principal neurons of hippocampus. J. Neurochem. In Press.

Murphy, D. D., Segal, M. (1996). Regulation of dendritic spine density in cultured rat hippocampal
neurons by steroid hormones. J. Neurosci. 16(13):4059-4068.

Pozzo-Miller, L. D., Inoue, T., Murphy, D. D. (1999). Estradiol increases spine density and NMDA-
dependent Ca2+ transients in spines of CA1 pyramidal neurons from hippocampal slices. J.
Neurophysiol. 81(3):1404-1411.

Resko, J. A., Rosdlli, C. E. (1997). Prenatal hormones organize sex differences of the neuroendo-
crine reproductive system: observations on guinea pigs and nonhuman primates. Cell. Mal.
Neurobiol. 17(6):627-648.

Robel, P., et al. (1987). Neuro-steroids: 3 beta-hydroxy-delta 5-derivativesin rat and monkey brain.
J. Seroid Biochem. 27(4—6):649-655.

SanMartin, S., Gutierrez, M., Menendez, L., Hidalgo, A., Baamonde, A. (1999). Effects of diethyl-
stilbestrol on mouse hippocampal evoked potentials in vitro. Cell. Mol. Neurobiol.
19(6):691-703.

Sanne, J. L., Krueger, K. E. (1995). Expression of cytochrome P450 side-chain cleavage enzyme
and 3 beta-hydroxysteroid dehydrogenase in the rat central nervous system: a study by poly-
merase chain reaction and in situ hybridization. J. Neurochem. 65(2):528-536.

Shibuya, K., et a. (2003). Hippocampal cytochrome P450s synthesize brain neurosteroids which are
paracrine neuromodulators of synaptic signal transduction. Biochim. Biophys. Acta.
1619(3):301-316.

Tanabe, N., Kimoto, T., Kawato, S. (2006). Rapid Ca?* signaling induced by Bisphenol A in cul-
tured rat hippocampal neurons. Neuroendocrinol. Lett. 27(1):97-104.

Teyler, T. J, Vardaris, R. M., Lewis, D., Rawitch, A. B. (1980). Gonadal steroids: effects on excit-
ability of hippocampal pyramidal cells. Science 209(4460):1017-1018.

Tsurugizawa, T., et d. (2005). Estrogen induces rapid decrease in dendritic thorns of CA3 pyramidal neu-
ronsin adult male rat hippocampus. Biochem. Biophys. Res. Commun. 337(4): 1345-1352.
Tsutsui, K., Ukena, K., Usui, M., Sakamoto, H., Takase, M. (2000). Novel brain function: biosyn-

thesis and actions of neurosteroids in neurons. Neurosci. Res. 36(4):261-273.

Uchida, K., et a. (2002). Bisphenol-A administration during pregnancy results in fetal exposure in
mice and monkeys. J. Health Sci. 48(6):579-582.

Vallee, M., et a. (1997). Neurosteroids: deficient cognitive performance in aged rats depends on
low pregnenolone sulfate levels in the hippocampus. Proc. Natl. Acad. Sci. U S A
94(26):14865-14870.

Wang, M. D., Wahlstrom, G., Backstrom, T. (1997). The regional brain distribution of the neuroster-
oids pregnenolone and pregnenolone sulfate following intravenous infusion. J. Seroid Bio-
chem. Mol. Biol. 62(4):299-306.

Warner, M., Gustafsson, J. A. (1995). Cytochrome P450 in the brain: neuroendocrine functions.
Front Neuroendocrinol. 16(3):224-236.

Wehrenberg, U., Prange-Kiel, J., Rune, G. M. (2001). Steroidogenic factor-1 expression in marmo-
set and rat hippocampus. co-localization with StAR and aromatase. J. Neurochem.
76(6):1879-1886.

Woolley, C. S. (1998). Estrogen-mediated structural and functional synaptic plasticity in the female
rat hippocampus. Horm. Behav. 34(2):140-148.



ROLE OF CYTOCHROME P450 IN SYNAPTOCRINOLOGY 369

Woolley, C. S., Gould, E., McEwen, B. S. (1990). Exposure to excess glucocorticoids alters den-
dritic morphology of adult hippocampal pyramidal neurons. Brain Res. 531(1-2):225-231.

Woolley, C. S., McEwen, B. S. (1992). Estradiol mediates fluctuation in hippocampal synapse den-
sity during the estrous cycle in the adult rat. J. Neurosci. 12(7):2549-2554.

Woolley, C. S., McEwen, B. S. (1994). Estradiol regulates hippocampal dendritic spine density via
an N-methyl-D-aspartate receptor-dependent mechanism. J. Neurosci. 14(12):7680-7687.

Woolley, C. S., Weiland, N. G., McEwen, B. S., Schwartzkroin, P. A. (1997). Estradiol increasesthe
sensitivity of hippocampal CA1 pyramidal cellsto NMDA receptor-mediated synaptic input:
correlation with dendritic spine density. J. Neurosci. 17(5):1848-1859.

Wu, F. S, Gibbs, T. T., Farb, D. H. (1991). Pregnenolone sulfate: a positive allosteric modulator at
the N-methyl-D-aspartate receptor. Mol. Pharmacol. 40(3):333-336.

Zwain, l. H., Yen, S. S. (1999a). Dehydroepiandrosterone: biosynthesis and metabolism in the brain.
Endocrinology 140(2):880-887.

Zwain, I. H., Yen, S. S. (1999b). Neurosteroidogenesis in astrocytes, oligodendrocytes, and neurons
of cerebral cortex of rat brain. Endocrinology 140(8):3843-3852.






