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FUNCTION OF PREGNENOLONE AND
DEHYDROEPIANDROSTERONE IN THE BRAIN
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Summary—Pregnenolone (P) and dehydroepiandrosterone (D) accumulate in the brain as
unconjugated steroids and their sulfate (S) and fatty acid (L) esters. The microsomal
acyl-transferase activity is highest in immature (1-3 weeks old) male rats. The immunocyto-
chemical and biochemical evidence for P biosynthesis by differentiated oligodendrocytes is
reviewed. The importance of P synthesis for its brain accumulation is assessed by the
intracysternal injection of the inhibitor aminoglutethimide. Primary glial cell cultures convert
P to 20-OH-P, PL, progesterone, So-pregnane-3,20-dione and 3a-hydroxy-5«-pregnane-20-
one (Polone). Astroglial cell cultures also produce these metabolites, whereas neurons from
17-day mouse embryos only form 20-OH-P. P and D are converted to the corresponding
Ta-hydroxylated metabolites by a very active P-450 enzyme from rat brain microsomes.
Several functions of neurosteroids are documented. P decreases in olfactory bulb of intact male
rats exposed to the scent of estrous females. D inhibits the aggressive behavior of castrated
male mice towards lactating female intruders. The D analog 38-methyl-androst-5-en-17-one,
which cannot be metabolized into sex steroids and is not demonstrably androgenic or
estrogenic is at least as efficient as D. Both compounds elicit a marked decrease of PS in rat
brain. The Cl- conductance of y-aminobutyric (GABA ) receptor is stimulated by GABA
agonists, an effect which is enhanced by Polone and antagonized by PS. Thus, P metabolites
in brain as well as steroids of extraencephalic sources may be involved physiologically in
GABA,, receptor function. The neurosteroids accumulated in brain may be precursors of sex
steroid hormones and progesterone receptors have been localized in glial cells. P and D do
not bind to any known intracellular receptor. A heat stable P binding protein has been found
in brain cytosol with distinct ligand specificity. A binding component specific for steroids
sulfates, including Polone S, DS and PS, in the order of decreasing affinity is localized in adult
rat brain synaptosomal membranes. Its relationship to the GABA, receptor is under current
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investigation.

1. INTRODUCTION

It is well-established that local target tissue
metabolism is an important factor in the
mechanisms of action of circulating gonadal
steroids. Not only may such a metabolism be
involved in the regulation of intracellular
hormone levels, but it may also provide an
essential contribution to the cellular response.
The brain is a site of extensive steroid metab-
olism. Aromatization and So«-reduction rep-
resent major routes of androgen metabolism.
Rat brain tissues also metabolize progesterone
to several Sa-reduced products. The importance
of these two pathways lies in the fact that they
give rise to metabolites with considerable bio-
logical activity, and thus are involved in the
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mechanism by which circulating androgens and
progestins influence neuroendocrine function
and behavior [1, 2].

The characterization of pregnenolone (P),
dehydroepiandrosterone (D), their sulfate esters
(S) and their fatty acid esters (lipoidal deriva-
tives, L) in the rat brain, and the observation of
their large cerebral accumulation in other mam-
malian species (mouse, pig, guinea pig, monkey
and human) [3-9] have led us to reconsider the
steroid-brain interrelationships. We initially
discovered the presence of D and DS in the rat
brain [3] to our surprise, since rodent adrenals
do not produce sizable amounts of this steroid,
contrary to primates. Moreover, we observed
that, besides the large difference between brain
and blood concentrations, the cerebral concen-
trations of D and DS were apparently indepen-
dent of adrenal and gonadal sources. This
contrasted with testosterone and corticosterone,
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the concentrations of which are lower in brain
than in plasma, and which readily disappear
after removal of the corresponding endocrine
glands. Therefore, we started to measure P, the
immediate biochemical precursor of D in
steroidogenic cells of peripheral glands, and the
results confirmed those obtained with D [35].
Moreover, P and PS concentrations in brain
were about 10-fold larger than those of D and
DS, a situation often found in precursor—
product relationships.

2. P AND D IN THE RAT BRAIN

The measurements of pregnenolone (as P, PS
and PL) and dehydroepiandrosterone (as DS
and DL) were made in the whole brain of young
adult male and female rats 10h after lights
on. This schedule was chosen because brain
neurosteroids undergo large circadian (and also
infradian) variations, with the largest values
around the time of lights off under a 12h/12h
light regimen (Fig. 1) [10]. Therefore, the values
for male rats reported in Table 1 are larger than
those of our earlier publications, where the rats
were killed 2-3 h after lights on [3, 5]. The levels
of both neurosteroids are in the same range in
males and females. The acyl-transferase respon-
sible for the formation of PL and DL was
studied further [11]. Subcellular fractionation of
the rat brain indicated that the synthetic activity
was mainly enriched in the microsomal fraction.

D+DS (ng/g of tissue)

Time (days)

Fig. 1. Circadian and infradian rhythms of D in brain of F
Holtzman rats. The experiment began at the start of a 12 h
light span, indicated by open bars. Measurements included
unconjugated D and its sulfate ester DS. For the sake of
clarity, the cosine curves representing the circadian and
infradian variations have been represented separately. The
overall probability of significance for the concomitant fit of
cosine functions with an about 5-day and a 1-day period is
<0.001.

Table 1. Neurosteroids in the rat brain

Neurosteroid (ng/g tissue)

Rats P PS PL DS DL

M 25+8 19+6 46+14 21+05 0.59+0.30
F 32415 19+6 46+19 1.7+04 034+0.12

Rats of the Sprague-Dawley Ofa strain (Iffa-Credo, L’Arbresles,
France) were killed when 11 weeks old, 10h after lights on.
Measurements were made on whole brain and are expressed in
ng/g of tissue (mean +SD, n=9 or 10). Values for D were
<0.5ng/g, below the limit of detection in the experimental
conditions used. Data are taken from Ref. [34], however, the
values for DL have been corrected and are lower than those
previously reported.

The acyl-transferase utilized endogenous fatty
acids for the esterification of steroids. The
enzymatic activity had a pH optimum of 4.2 in
acetate buffer. The apparent K, was 3.3 x
10°M for P and V,, =4.9 nmol/h/mg/of
microsomal protein. A high level of synthetic
activity was found in the brain of young male
rats (1-3 weeks old) which rapidly decreased
with further increase in age. Saponification of
the purified product yielded P and a mixture of
myristate (C14: 0.9%), palmitate (C16: 0.26%),
stearate (C18: 0.11%), oleate (C18:1.21%) and
linoleate (C18: 2.5%) as predominant fatty acid
esters.

The rates of esterification of several radio-
active steroids by a rat brain microsomal prep-
aration have been determined (Table 2). Among
5-ene-35-OH and 178-OH steroids, the velocity
of the reactions increased with the polarity of
the substrate. Steroids with a hydroxyl group at
positions C-17a, C-21 or C-11f were not
substrates under our experimental conditions.
Rat brain microsomes contained also an es-
terase activity [12] that, under the optimal incu-
bation conditions used for the assay, hydrolyzed
PH]D stearate and [*H]P stearate at the rates of

Table 2. Rates of esterification of cholesterol and steroids by
rat brain microsomes (pmol of radioactive steroid/mg

protein/h)

5-Ene-38-hydroxy 178-Hydroxy

steroids steroids Other steroids
Cholesterol <1

DHT 181
P24 T 188 T-17a*
D 120 DIOL 200 B*
17-OH P 102 17-OH PRO?
E, 310 Estrone §

The standard incubation mixture contained 200 u1 of acetate
buffer (0.25 M, pH 4.6), 100 ul of Tween 20 (2 mg/mi of
0.32 M sucrose), 100 ul of EDTA-Na (50 nM), 0.8 uM
14C- or *H-labeled substrate, 150 1 of rat brain micro-
somal suspension (1 mg protein/ml) and 0.32 M sucrose,
in a total volume of 550 ul. After incubation in a shaking
water bath at 37°C for 1 h under air, extraction and TLC
in diisopropyl ether-isooctane (1:1,v/v) followed by
diisopropylether-diethylether (9:1, v/v), the areas corre-
sponding to the substrate and to its fatty acid esters were
scraped off and counted.

“Not measurable.
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8 and 3 pmol/h/mg of microsomal protein, re-
spectively. Incubations of several tissues of the
rat (including the brain) with corticosterone and
estradiol (E,), result in the formation of the
corresponding fatty acid esters [13]. The enzyme
which produces the C-17 fatty acid esters of the
estrogens may be different from that which
synthesizes the C-21 esters of the corticoids,
thus supporting our suggestion of multiple
acyl-transferases. However, steroids such as T
and androst-5-ene-3f-diol (DIOL), but also D,
act as competitive inhibitors of E,-178 acyl-
transferase in bovine placental microsomes [14].
Further work is needed before drawing
definitive conclusions about the number of
distinct steroid acyl-transferases.

3. P FORMATION FROM STEROL
PRECURSORS

Since at least a fraction of brain P and D
seemed independent of the steroidogenic ac-
tivity of endocrine glands, and since no evidence
was obtained either for extraglandular sources
or for release from known derivatives stored in
the brain, the hypothesis of de novo synthesis
from cholesterol, following the same pathway as
in steroidogenic glandular cells, was considered.

We decided to look for the presence of
specific enzymes involved in cholesterol side-
chain cleavage by immunohistochemistry. Cyto-
chrome P-450.. (for side-chain cleavage) is
found in mitochondria of all steroidogenic en-
docrine cells as part of a three-enzyme hydroxyl-
ase system with adrenodoxin reductase and
adrenodoxin. The presence of the latter protein
has been demonstrated in bovine brain mito-
chondria, together with undefined P-450 de-
tected spectrophotometrically [15]. P-450,, has
been purified from bovine adrenal mitochon-
dria, and specific antisera were generated [16].
We have used the corresponding IgGs (kindly
provided by M. Waterman) to set up an im-
munohistochemical technique for the detection
of cytochrome P-450,. in rat tissues[16]. We
have verified that the bovine IgGs were able to
stain the specific cytochrome in rat adrenal
cortex and ovaries[17, 18]. The optimal con-
ditions thus defined were applied to the adult
male rat brain. Specific immune staining was
detected in the white matter throughout the
brain.

Although the immunohistochemical results
fulfilled all the criteria of specificity, and were
later on confirmed by the use of antibodies to

the rat P-450,, kindly provided by J. Orly, and
were consistent with the detection of an antigen
with the expected molecular size of P-450,, on
Western blots[19,20], it was nevertheless
mandatory to obtain the biochemical demon-
stration of side-chain cleavage activity. Since the
myelin of the white matter is made by a particu-
lar type of glial cells, the oligodendrocytes—we
have isolated oligodendrocyte mitochondria, in-
cubated them with [*H]cholesterol, and obtained
[PH]JP and its reduced derivative *H]20-OH-P
(PH]pregn-5-en-38,20a-diol) [21]. P and 20-OH
P were characterized by chromatography, for-
mation of acetates, reverse-phase HPLC and
recrystallization after reverse isotopic dilution.

The combination of immunohistochemical
and biochemical evidence thus allowed us to
conclude that de novo steroid biosynthesis from
cholesterol can be performed by brain cells. The
term “neurosteroids” applied to brain P and D
was therefore justified. The previous failure to
demonstrate P-450,, activity in the rat brain
was probably due to the relatively low number
of oligodendrocytes in whole brain, and even
after the successful experiment with oligoden-
drocyte mitochondria, we again did not succeed
to obtain [*H]P from [*H]cholesterol with whole
brain mitochondria. Conversely, the presence of
P throughout the brain, with somewhat larger
amounts in the olfactory bulbs and hypothala-
mus, can be explained by the generalized distri-
bution of oligodendrocytes in the CNS.

The biosynthesis of P from sterol precursors
was confirmed by the incubation of newborn
rat glial cell cultures in the presence of
[PH]mevalonolactone (MVA) [22]. The endogen-
ous supply of mevalonate was restricted by the
use of mevinolin (20 uM), a specific inhibitor of
3p-hydroxy 38-methyl glutaryl CoA reductase.
Trilostane, a specific inhibitor of 38-hydroxy-
steroid dehydrogenase-isomerase, was also
added to prevent, in part, further metabolism of
P (Fig. 2).

Cells dissociated from cerebral hemispheres
of newborn rats and maintained in long-term
culture undergo progressive differentiation to
mature oligodendrocytes and astrocytes. There-
fore, we have investigated the ontogenesis of
steroidogenic activity in cultured glial cells. In
order to follow oligodendrocyte differentiation,
we measured the activity of the enzyme
2’-3’ cyclic nucleotide 3’-phosphodiesterase
(CNPase) [23]. After day 10 in our culture con-
ditions, CNPase activity and the biosynthesis of
P increased in parallel, reaching their highest
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Fig. 2. Biosynthesis of steroids in rat brain (dotted lines indicate possible pathways, not yet demonstrated).

levels at day 21 (Fig. 3). This result suggested
that the onset of steroidogenic activity was
related to oligodendroglial differentiation. After
3 weeks of culture, oligodendrocytes covered a
layer of polygonal astrocytes, and showed
highly branched processes specific of differenti-
ated cells. Both cell types were characterized by
indirect immunofluorescence with monoclonal
antibodies to galactocerebroside (Gal C) and to
glial fibrillary acidic protein (GFAP), respect-

e—e (YNQBW/10W}) [dHO-0Z+d}-H,

CNPase ( pmol/min/mg prot. ) o----o

10 5 20
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Fig. 3. Ontogenesis of oligodendrocyte differentiation and
steroid biosynthesis. Glial cells from the same primary
culture were incubated with [PHJMVA (1 uCi/ml), after
different culture intervals from 10 to 23 days. After a 16h
incubation with the radioactive precursor, cells were recov-
ered, homogenized and aliquots taken for DNA, protein
and CNPase measurements. The remaining homogenates
and the incubation media were extracted and the extracts
analyzed on TLC. The mean values of triplicate dishes are
indicated.

ively. About 60% of the cells were mature
oligodendrocytes. Their cytoplasm was specifi-
cally and intensely immunostained with anti-P-
450,..IgGs [22]. Double-labeling experiments
were performed. As a rule, the cells immuno-
stained with the antibody to Gal C also reacted
with anti-P-450, IgGs[24]. Astrocytes were
only slightly immunoreactive with anti-P-
450, IgGs. It was, therefore, unlikely that they
could directly contribute significantly to the
production of steroids, even it is possible that
astrocytes exert a positive influence on the
differentiation [25] and on the steroidogenic act-
ivity of oligodendrocytes.

Aminoglutethimide (AG) is a potent inhibitor
of P-450,.. When adrenal cells are incubated
with AG, cholesterol accumulates in mitochon-
dria, and is available for side-chain cleavage
when the inhibitor is removed [26]. We have
obtained similar results with newborn rat glial
cells after 3 weeks of culture. During the pre-
incubation of primary cultures with PHIMVA
for 48 h in the presence of AG, glial cells
accumulated [*H]cholesterol [27]. The culture
medium was removed and the cells were further
incubated for 16 h in the presence of dibutyryl
(db) cAMP and trilostane, but with neither
mevinolin nor [PHJMVA. After the release
of AG blockade, [PH]20-OHP was formed
exclusively in the culture medium, whereas
[*H]cholesterol was formed in the cells and
represented ~10% of the radioactivity in cell
extracts. The formation of [PH]20-OHP was



Neurosteroids: biosynthesis and function 75

time-dependent, and in the 1-16 h interval, the
[*H]20-OH P/[*H]cholesterol ratio increased
from 0.5 to 10.4%. Addition of dexamethasone
to the culture medium for 64 h resulted in a 30%
increased rate of PHJ20-OH P synthesis, con-
trasting with a large inhibition of intracellular
[*H]cholesterol. Thus, the 20-OH P/cholesterol
ratio was increased 2-fold by dexamethasone.
Glucocorticosteroids were previously reported
to enhance cAMP production and steroid syn-
thesis by ovine adrenocortical cells in primary
culture [28].

AG was also given in vivo (20 mg/kg) to
11-week-old male rats of the Sprague-Dawley
strain. At the same time, rats received dexa-
methasone to prevent endogenous ACTH re-
lease. The degree of adrenal P-450 inhibition
was monitored at frequent intervals by measur-
ing plasma corticosterone 30 min after a bolus
of 1-24 ACTH. The concentrations of P were
measured in the brain of control animals (under
dexamethasone + ACTH) and in AG treated
rats [Fig. 4(a)]. Simultaneous inhibition of per-
ipheral and brain P production was rapidly
followed by a 5-fold decrease of P in brain, thus
indicating that brain P undergoes a rapid
turnover.

To confirm that the P lowering effect was
related to the inhibition of P-450, in brain, AG
was also injected intracisternally to male CD
rats (20 mg/kg in 10 ul of saline). Vehicle in-
jected controls and AG treated rats were killed
after 5 h, then P and D were measured in brain
[Fig. 4(b)]. The concentrations of both steroids
were about 4-fold lower in AG treated rats than
in controls.

Although they need confirmation, the exper-
iments with AG show that brain P undergoes a
rapid turnover and that P-450 . activity in the
brain seems necessary to maintain the cerebral
accumulation of neurosteroids.

The concentrations of P and D in human
brain removed at autopsy 524 h post-mortem
were reported previously [7, 8]. The values for P,
D and their sulfate esters were much higher than
those of the sex steroid hormones in all areas of
the brain and in the same range as those re-
ported in the rat. Hence, it is tempting to
speculate that human brain is capable of de novo
biosynthesis of steroids. We have detected, with
the immunoperoxidase technique, P-450,.,
adrenodoxin and adrenodoxin reductase in hu-
man brain. They were co-localized in the white
matter of the cerebellum, removed at autopsy
from a male cadaver, 7h post-mortem [29].
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Fig. 4. Effect of AG on P concentrations in brain and
plasma. (4) Subcutaneous injection. Dexamethasone and
AG (AG +, 10 mg/kg) or DMSO (AG —) were injected at
time 0. AG+: [ plasma; [l brain. AG—: O plasma; @
brain. (B) Intracisternal injection. AG was injected in-
tracisternally (10 ug in 10 ul saline.). P and D concen-
trations were measured Sh after the injection, controls
received 10 ul of saline by the same route.

4. P METABOLISM IN THE BRAIN

Preliminary experiments where rat brain
minces had been incubated with [PHJP (0.6 M)
yielded [*H]progesterone (PHJPRO) in accord-
ance with previously published results[30].
However, the cell types containing the 5-ene-3f-
hydroxysteroid dehydrogenase-isomerase en-
zyme responsible for the conversion of P to
PRO were unknown.

Therefore, we have incubated primary glial
cell cultures (containing a mixed population of
astrocytes and oligodendrocytes) (see Section 3),
with [PH]P in a concentration (65 pmol/ml)
corresponding to the average amount of P
found in adult rat brain, for 24 h in the presence
of db cAMP but without trilostane. After the
incubation, extracts from cell and media were
analyzed by TLC[22]. Among the radioactive
metabolites observed we found a radioactive
compound with the R, of PRO, repre-
senting about 3% of the total radioactivity.
PHJPRO was identified by reverse-phase HPLC
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and by crystallization after reverse isotopic
dilution.

Further metabolism to Sa-pregnane-3,20-
dione (pregnanedione) and to 3«-hydroxy-
Sa-pregnane-20-dione (pregnanolone), was ob-
served. They were identified by HPLC and by
crystallization after reverse isotopic dilution.
Other polar and nonpolar metabolites were also
found. The nonpolar fraction was analyzed
after saponification: about 2/3 of its radio-
activity migrated as authentic P on TLC. The
polar fraction included HJ20-OHP and an
abundant more polar metabolite of P.

P metabolism by astroglial cells has also
been investigated. Cells were mechanically
dissociated from the cerebral cortex or striatum
of 17-day rat embryos. Selective culture
conditions were used. They allow the growth
of astroglial cells (mainly type 1 astrocytes) and
contain no neurons, no fibroblasts, no oligo-
dendrocytes and few microglia. After 3 weeks of
culture, the cells were incubated with 100 nM
[PH]P for 24 h, without or with Sa-reductase
and S5-ene-3f hydroxysteroid dehydrogenase
inhibitors. The steroids were extracted and
separated by TLC. Further characterization
of radioactive PRO, pregnanedione, preg-
nanolone and 20-OH P was performed by re-
verse-phase HPLC followed by crystallization
after reverse isotopic dilution. Astroglial cells
from cerebral cortex and from striatum metab-
olized [*'H]JP to [*HJPRO, pregnanedione and
[PH]pregnanolone. Cells from cerebral cortex
tended to be more active than those from
striatum. The amounts of PRO and its metab-
olites formed were about 4-fold smaller than in
newborn rat glial cell cultures. The 5a-reductase
inhibitor completely suppressed pregnanedione
and pregnanolone.

Dissociated brain cells from 17-day mouse
embryos were also cultured in media that only
allow the growth of neurons (MEM/FR
medium supplemented with insulin, transferrin,
PRO, putrescine and selenium). On the 5th day
of culture, they were incubated with [“*C]P for
24 h. The metabolites were separated by two-
dimensional TLC (benzene-methanol 19:1,
followed by cyclohexane-ethyl acetate 4:6). The
TLC were then submitted to autoradiography.
The extracts of cells and media contained no
radioactive compound with the migration of
PRO or its 5x¢-reduced metabolites. The only
compound identified was 20-OHP that
represented 3.2% of the incubated [“C]P,
almost exclusively in the medium.

The elusive 17,20-lyase

We have devoted major efforts to the elucida-
tion of D formation in the brain, since indirect
evidence, reviewed in Section 2, indicated that
the accumulation of D in mammalian brain
appeared independent of peripheral steroido-
genic glands.

However, incubations of [H]P with brain
slices, homogenates and microsomes, or with
primary cultures of mixed glial cells or astro-
cytes and neurons of rat or mouse embryos,
never produced a radioactive metabolite with
the chromatographic behavior of PH]D. As we
were aware of a report indicating that ["HJPRO
was converted to androgens by selected brain
areas of the adult male cat [31], we decided to
use [“C]JPRO as substrate for the investigation
of 17a-hydroxylase, 17,20-lyase activity (P-
450,,,) in rat brain microsomes. As boiled
microsomes, or microsomes where P-450 cyto-
chromes had been inactivated by carbon
monoxide, or intact microsomes incubated
without cofactors, contrary to incubations in
the absence of microsomes, gave similar yields
of [*C](A) androstenedione from [“C]P, with a
large increase at pH 10.4 vs pH 7.4, we con-
cluded that no evidence for P-450,,, activity was
available in the rodent brain. A similar artifac-
tual conversion of 17¢-OH PRO to A has been
discussed by Karavolas et al. [32]. Moreover,
mixed cultures of newborn rat glial cells were
incubated with [**C]PRO, for 241 in the pres-
ence of Sa-reductase inhibitor. No metabolite
with the chromatographic properties of A was
observed. Finally, all attempts to demonstrate
the P-450,,, antigen immunohistochemically in
rat brain with antibodies to the enzyme purified
from pig testis (kindly donated by 1. Mason),
and in guinea pig brain with specific antibodies
to the enzyme from guinea pig adrenal (kindly
donated by S. Takemori) [33], were unsuccessful.

Other metabolic transformation of steroids in the
brain

Several hydroxysteroid dehydrogenase activi-
ties have been described in brain. We have
observed a prominent 20c-hydroxysteroid
dehydrogenase activity in newborn rat glial cell
cultures, with P or PRO as substrates [22]. The
178 -hydroxysteroid dehydrogenase activity is of
particular interest. It may convert D to its
metabolite DIOL, which has weak estrogenic
potency [34, 35]. However, our attempts to
measure DIOL concentrations in male rat brain
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with a specific RIA have been unsuccessful so
far. Also, no DIOL formation was observed in
our incubations of brain slices or homogenates
with radioactive D, in the absence of added
cofactors.

D is converted to a very polar metabolite by
rat brain microsomes. Incubation of micro-
somes with [4-"C, 78 H]D or [4-“C, 16°H]P
yielded the corresponding 7a-hydroxylated
metabolites, that were characterized by TLC,
HPLC and reverse isotopic dilution, and ident-
ified by GC-MS (R. Morfin and Y. Akwa,
unpublished data). When 0.5 uM substrates
were incubated in phosphate buffer at pH 7.4
with 0.5 mM NADPH as cofactor, the yield of
7o-OH DHA was 260 pmol/mg protein/h and
the yield of 7a-OH P was 90 pmol/mg protein/h.
No formation of these metabolites was observed
with heat inactivated microsomes, microsomes
flushed with carbon monoxide or in the absence
of cofactor. Primary cultures of newborn rat
glial cells, and astroglial cell cultures from 18-
day embryonic cerebral hemispheres converted
D and P to large amounts of the respective
70-OH metabolites. Neurons cultured from
16 day embryonic cerebral hemispheres also
formed small amounts of tentatively identified
TJa-metabolites. The formation of 7x-OH
metabolites of D and P was abolished when the
cultures were flushed with carbon monoxide or
incubated with 5 uM estradiol. These results are
in accordance with the presence of a major
species of cytochromes P-450 in rat brain
microsomes, previously identified as So-
androstane-3f,17f-diol hydroxylase [36].

5. FUNCTION OF NEUROSTEROIDS

P decreases in olfactory bulb (OB) of male (M)
rats exposed to female (F) siblings

Young adult Sprague-Dawley M rats were
exposed for 7 days to the scent of a group of
cycling F rats, in the absence of visual or tactile
communication (M/F). Controls were M rats
similarly exposed to other M rats (M/M). They
were killed at 2 p.m. and the OB, amygdala
(AMY) and hypothalami (HYP) were collected,
as well as the remaining brain, the plasma,
spleen and adrenals. P and D were measured by
the combined solvolytic procedure, and T in the
neutral ethyl acetate extract. Heterosexual ex-
posure resulted in a significant decrease of P
concentrations in OB and to a lesser extent in
HYP, but not in any other tissue sample [37],

thus confirming previously published re-
sults [38, 39]. The concentrations of T in the
brain structures, plasma, spleen and adrenals
were either slightly increased or unchanged, as
were those of D.

In M rats castrated 7 days before sacrifice
(ORX), T decreased to undetectable levels in
plasma and brain. The P concentration in brain
decreased to 50% of controls. Exposure to the
scent of F rats (ORX/F) produced no further
decrease in P concentrations in any tissue inves-
tigated. D was unaffected. Injection of T to
ORX males, so as to bring about supranormal
concentrations of T in plasma and brain,
reestablished concentrations of P in OB, AMY
and HYP in excess of those of intact M rats of
the M/M groups, and the decrease of P in the
OB of the ORXT/F group was observed as in
intact M rats. Finally, the pheromonal message
of F rats was related to estrus and was not
perceived after the F rats were spayed.

Therefore, changes in the local concentrations
of P in a specific area related to olfaction obey
signals such as pheromones, and could be some-
how related to the normal mechanisms of het-
erosexual behavior.

D inhibits the aggressive behavior of castrated M
mice

Group-housed triads of castrated M mice
attack lactating F intruders. Previous reports
indicated that T, E, and D inhibit this aggressive
behavior [40, 41]. The tranformation of injected
D into brain T is very small but statistically
significant. To completely eliminate the possi-
bility that the activity of D was related to its
conversion into the more active molecules T and
E,, behavioral experiments were repeated with
the D analog 3f-methyl-androst-5-en-17-one
(CH,-D). This molecule cannot be metabolized
into sex steroids and is not demonstrably estro-
genic in rodents. Nevertheless, it inhibited the
aggressive behavior of castrated mice at least as
efficiently as D itself [9]. The effects of D and
CH,-D injections on the levels of neurosteroids
in mouse brain have been investigated (Fig. 5).
Unexpectedly, the only significant change com-
mon to both is a marked decrease of PS. How
this change relates to the inhibition of aggres-
sion requires further investigation.

Neurosteroids and GABA , receptors

The GABA,, receptor is an oligomeric protein
complex which, when activated by agonists,
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Fig. 5. Effect of i.p.-injected PS on pentobarbital-induced
sleeping time. Fischer-344 rats received pentobarbital
(45 mg/kg, i.p.). 8.4, 12.6 and 16.8 mg/kg of PS were injected
in 5ml of 0.9% saline, pH 7.0 (for each group n =3).
Control rats received 5ml of 0.9% saline (n = 8). Values
represent mean + SEM, significantly different from control
by P <0.05 (%) and P <0.01 (%) by one-way ANOVA
and Dunnett’s test.

produces an increase in neuronal membrane
conductance to Cl~ ions, resulting in membrane
hyperpolarization and reduced neuronal excit-
ability. A number of centrally active drugs,
including convulsants, anticonvulsants, anes-
thetics and anxyolitics, bind to distinct, but
interacting domains of this receptor complex, to
modulate Cl- conductance [42, 43]. There are
inhibitory and excitatory steroids interacting
with the GABA , receptor complex in nerve cell
membranes, at distinct sites.

The inhibitory steroid metabolites, such
as tetrahydrodeoxycorticosterone and preg-
nanolone, both mimic and enhance the effects of
GABA. These steroids potentiate both benzo-
diazepine and muscimol binding, whereas they
inhibit the binding of the convulsant ¢-butylbi-
cyclophosphorothionate (TBPS), in a manner
similar to barbiturates [44, 45]. Such actions of
reduced metabolites of PRO and deoxycortico-
sterone correspond with their reported
hypnotic/anesthetic properties.

The potentiating and direct actions of both
steroids were expressed in a human cell line
transfected with the §1, 1 and a1§1y2 combi-
nations of human GABA, receptor sub-
units [46]. Although the minimal structural
requirement for expressing steroid and barbitu-
rate actions are the same, the mechanism of
GABA, receptor modulation by pregnane
steroids may differ from that of barbiturates.

PS, at micromolar concentrations, interacts
with the GABA , receptor complex as a picro-
toxin-like antagonist [47]. PS binds to a convul-
sant picrotoxin-TBPS recognition site and
inhibits pentobarbital-enhanced benzodiazepine
binding and GABA agonist-stimulated Cl~ up-
take into synaptoneurosomes. DS, PS and D (in
order of decreasing activity), also counteract

GABA-activated Cl~ conductance in cultures of
neonatal rat cortical neurons [48].

The convulsant properties of PS are consist-
ent with the results of in vivo experiments. PS
stereotaxically injected into the lateral ventricle
of pentobarbital anesthetized rats, significantly
shortened the sleep-time {49a] (Fig. 5).

6. THE MECHANISM(S) OF ACTION
OF NEUROSTEROIDS

The 3f8-hydroxy-5-ene steroids accumulated
in brain may be precursors of corresponding
4-ene-3 keto-steroid “classical” hormones. We
have shown the transformation of P into PRO
and observed the one of D into A. The cell
culture experiments have indicated that such a
conversion occurs in mixed glial cell cultures
and in astroglial cell cultures, but not in cultures
of neurons. Locally formed PRO, if it has a
physiological role, may act paracrinally or auto-
crinally. Indeed, glial cells contain a PRO recep-
tor (PR), inducible by estrogens [49b] (I. Jung-
Testas and M. Renoir, in preparation). The PR
has already been detected in the HYP, cortex
and meningiomas. The concentration of PRO in
the brain of young adult male rats is not negli-
gible (about 1-2 ng/g of tissue) [39]. However,
the contribution of brain synthesis to it is yet
unknown, and there is no report of PRO distri-
bution in castrated-adrenalectomized animals.

P and D do not bind to any known intracellu-
lar receptor. Low affinity P binding proteins
have been described in other tissues of the rat
and the guinea pig [50, 51]. The concentration of
P in brain is quite compatible with binding to
such protein(s). A heat stable P binding protein
has been found in brain cytosol (D. Zucman,
unpublished). The K, for P is ~80nM. The
relative binding affinities of the heated protein
are: P (100%), 3f-hydroxy-5«-pregnane-20-one
(68%), pregn-5-ene-3$,20a-diol (5%), PRO
(42%), D (20%) and pregnanedione (10%).
Neither DS nor cortisol, corticosterone, T and
E, bind. P binding sites have also been described
in the rat OB [52). The concentration of binding
sites measured in total brain cytosol is larger
than that expected for a receptor. The relevance
of this protein to the mechanims of accumu-
lation of P and D in brain is under current
investigation. Its properties are different of
those previously described for P, oxysterol and
fatty acid binding proteins.

Neurosteroids may bind to a membrane
receptor. The only well-documented case for
such an interaction of steroid hormones at the
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cell surface is the initiation of meiosis of Xeno-
pus laevis oocytes by PRO[53]. Photoaffinity
labeling experiments have demonstrated a
specific ~30kDa binder [54].

Adult rat brain synaptosomal membranes
have been prepared according to a modification
of the method of Towle and Sze [55]. A glass
fiber filter binding assay was used (M. J.
Sancho, unpublished results). The optimal bind-
ing conditions with [*H]DS as ligands were
obtained at pH 5.2, 23°C for 8h. The dis-
sociation constants of DS and PS were 0.8 and
2.0 uM, respectively. The binding component
was destroyed by heat and by proteinase K.
Binding was specific for steroid sulfates, with a
relatively narrow structural requirement. Sev-
eral ligands of the GABA, receptor did not
displace [*H]DS from its binding site.

The GABA, receptor complex may be the
synaptosomal target for naturally occurring
neurosteroids. P is synthetized in oligodendro-
cytes and brain sulfokinase activity has been
reported, even the type of cells involved is not
yet established. The conversion of P to PRO was
observed in mixed glial and astroglial cell cul-
tures, and PRO can in turn be converted to its
tetrahydrogenated derivative pregnanolone,
consistent with the preferential localization of

Cholesterol ~ ---------ccuacmmrcmaes Cholesterol
sulfate
i
Pregnenolone ]
Progesterone
Pregnanedione
Pregnenolone
sulfate
Pregnanolone
| ® 9|

Fig. 6. Schematic representation of the modulation of
GABA, receptor by neurosteroids.

SBMB 40/1-3—G

Sa-reductase activity in white matter [56]. PS
and pregnanolone, as indicated above, have
opposite effects on GABA , receptors, and seem
to interact with distinct binding sites on
the receptor complex (Fig. 6). Therefore, P
metabolites in brain as well as steroids of
extraencephalic sources may be involved
physiologically in GABA, receptor function.

7. CONCLUSIONS

P, D and their sulfate and fatty acid esters
accumulate in the rat brain (and in the brain of
several other mammalian species including the
human). Endocrine manipulations and behav-
ioral experiments have indicated that the ac-
cumulation of these steroids in brain is, at least
for a large part, independent of steroidogenic
gland contribution. Their concentrations appear
to be controlled by mechanisms proper to the
brain, which in turn may depend, in part, upon
gonadal steroid hormones. Immunocytochemi-
cal and biochemical evidence has accrued for
the steroidogenic cytochrome P-450,,. complex
in rat brain oligodendrocytes, thus accounting
for P formation. The origin of D, however,
remains obscure. The functional significance of
these observations needs further investigations,
although the data at hand suggest an autocrine
and/or paracrine function of neurosteroids.

REFERENCES

1. Naftolin F., Ryan K. J., Davies 1. J., Reddy V. V.,
Flores F., Petro Z., Kuhn M., White R. Y., Taoka Y.
and Wolin L.: The formation of estrogens by central
neuroendocrine tissues. Recent Prog. Horm. Res. 31
(1975) 295-319.

2. Celotti I., Massa R. and Martini L.: Metabolism of sex
steroids in the central nervous system. In Endocrinology
(Edited by L. J. De Groot, G. F. Cahill, E. Jr. Stein-
berger and A. I. Winegrad). Grune & Stratton, New
York, Vol. 1 (1979) pp. 41-53.

3. Corpéchot C., Robel P., Axelson M., Sjovall J. and
Baulieu E. E.: Characterization and measurement of
dehydroepiandrosterone sulfate in rat brain. Proc. Natn.
Acad. Sci. U.S.A. 78 (1981) 4704-4707.

4. Corpéchot C., Robel P., Lachapelle F., Baumann N.,
Axelson M., Sjovall J. and Baulieu E. E.: Déhydroépi-
androstérone libre et sulfo-conjuguée dans le cerveau de
souris dysmyéliniques. C.R. Acad. Sci. Paris 292 (1981)
231-234.

5. Corpéchot C., Synguelakis M., Talha S., Axelson M.,
Sjovall J., Vihko R., Baulieu E. E. and Robel P.:
Pregnenolone and its sulfate ester in the rat brain. Brain
Res. 270 (1983) 119-125.

6. Jo D. H., Ait Abdallah M., Young J., Baulieu E. E. and
Robel P.: Pregnenolone, dehydroepiandrosterone, and
their sulfate and fatty acid esters in the rat brain.
Steroids 54 (1989) 287-297.



80

-

Y. Akwa et al.

. Lacroix C., Fiet J., Benais J. P., Gueux B., Bonete R.,
Villette J. M., Gourmet B. and Dreux C.: Simultaneous
radioimmunoassay of progesterone, androst-4-ene-
dione, pregnenolone, dehydroepiendrosterone and 178-
hydroxy-progesterone in specific regions of human
brain. J. Steroid Biochem. 28 (1987) 317-325.

8. Lanthier A. and Patwardhan C. C.: Sex steroids and

11,

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

5-ene-3B-hydroxysteroids in specific regions of the
human brain and cranial nerves. J. Steroid Biochem. 25
(1986) 445-449.

. Robel P., Bourreau E., Corpéchot C., Dang D. C,,
Halberg F., Clarke C., Haug M., Schlegel M. L.,
Synguelakis M., Vourc’h C. and Baulieu E. E.: Neuro-
steroids: 38-hydroxy-AS-derivatives in rat and monkey
brain. J. Steroid Biochem. 27 (1987) 649-655.

. Synguelakis M., Halberg F., Baulieu E. E. and Robel P.:

Evolution circadienne de A5-38-hydroxystéroides et de

glucocorticoides dans le plasma et le cerveau de rat.

C.R. Acad. Sci. Paris 301 (1985) 823-826.

Robel P., Corpéchot C., Clarke C., Groyer A., Syngue-

lakis M., Vourc’h C. and Baulieu E. E.: Neuro-steroids:

38-hydroxy-A5-derivatives in the rat brain. In Neuro-

endocrine Molecular Biology (Edited by G. Fink, A. J.

Harmar and K. W. McKerns). Plenum Press, New York

(1986) pp. 367-377.

Kishimito Y.: Fatty acid esters of testosterone in rat

brain: identification distribution and some properties of

enzymes which synthetize and hydrolyze the ester. Archs

Biochem. Biophys. 159 (1973) 528-542.

Pahuja S. L. and Hochberg R. B.: A comparison of the

fatty acid esters of estradiol and corticosterone syn-

thesized by tissues of the rat. J. Biol. Chem. 264 (1989)

3216-3222.

Martyn P., Smith D. L. and Adams J. B.: Properties of

fatty acyl-coenzyme A: estradiol-178 acyltransferase in

bovine placental microsomes. Molec. Cell. Endocr. 60

(1988) 7-13.

Oftebro H., Stérmer E. C. and Pedersen J. 1. The

presence of an adrenodoxin-like ferredoxin and cyto-

chrome P-450 in brain mitochondria. J. Biol. Chem. 254

(1979) 4331-4334.

DuBois R. N., Simpson E. R., Kramer R. E. and

Waterman M. R.: Induction of synthesis of cholesterol

side chain cleavage cytochrome P-450 by adreno-

corticotropin in cultured bovine adrenocortical cells. J.

Biol. Chem. 256 (1981) 7000-7005.

Le Goascogne C., Robel P., Gouezou M., Sananés N,

Baulieu E. E. and Waterman M.: Neurosteroids: cyto-

chrome P450,, in rat brain. Science 237 (1987)

1212-1215.

Le Goascogne C., Sananés N., Gouezou M., Baulieu

E. E. and Robel P.: Cell specific variations and hor-

monal regulation of immunoreactive cytochrome

P450,,. in the rat ovary. J. Reprod. Fert. 85 (1989)

61-72.

. Hu Z. Y.: Neurostéroides: biosynthése et métabolisme

de la prégnénolone dans les oligodendrocytes du

cerveau de rat. Ph.D. Dissertation. Univ. Pierre et

Marie Curie, Paris (1989).

Warner M., Tollet P., Strémstedt M., Carlstrom K. and

Gustafsson J. A.: Endocrine regulation of cytochrome

P-450 in the rat brain and pituitary gland. J. Endocr.

122 (1989) 341-349.

Hu Z. Y., Bourreau E., Jung-Testas 1. Robel P. and

Baulieu E. E.. Neurosteroids: oligodendrocyte mito-

chondria convert cholesterol to pregnenolone. Proc.

Natn. Acad. Sci. U.S.A. 84 (1987) 8215-9219.

Jung-Testas 1., Hu Z. Y., Baulieu E. E. and Robei P.:

Neurosteroids: biosynthesis of pregnenolone and pro-

gesterone in primary cultures of rat glial cells. Endocrin-

ology 125 (1989) 2083-2091.

Banzal R. and Pfeiffer S. E.: Developmental expression

of 2,3 cyclic nucleotide 3’ phosphodiesterase in dissoci-

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

ated fetal rat brain cultures and rat brain. J. Neurosci.
Res. 14 (1985) 21-34.

Jung-Testas 1., Alliot F., Pessac B., Robel P.
and Baulieu E. E.: Localisation immunocytochimique
du cytochrome P-450,. dans les oligodendrocytes de
rat en culture. C. R. Acad. Sci. Paris 308 (1989)
165-170.

Aloisi F., Agresti C., d’Urso D.and Levi G.: Differen-
tiation of bipotential glial precursors in oligodendro-
cytes is promoted by interaction with type-1 astrocytes
in cerebellar cultures. Proc. Natn. Acad. Sci. U.S.A. 85
(1988) 6167-6172.

Hall P. F.: Trophic stimulation of steroidogenesis: in
search of the elusive trigger. Recent Prog. Horm. Res. 41
(1985) 1-31.

Hu Z. Y., Jung-Testas 1., Robel P. and Baulieu E. E.:
Neurosteroids: steroidogenesis in primary cultures of
rat glial cells after release of aminoglutethimide block-
ade. Biochem. Biophys. Res. Commun. 161 (1989)
917-922.

Darbeida H. and Durand P.: Glucocorticoid enhance-
ment of glucorticoid production by cultured ovine
adrenocortical cells. Biochim. Biophys Acta 972 (1988)
200-208.

Le Goascogne C., Gouezou M., Robel P., Defaye G.,
Chambaz E., Waterman M. R. and Baulieu E. E.: The
cholesterol side-chain cleavage complex in human brain
white matter. J. Neuroendocr. 1 (1989) 153-156.
Weidenfeld J., Siegel R. A. and Chowers I. In vitro
conversion of pregnenolone to progesterone by discrete
brain areas of the male rat. J. Steroid Biochem. 13 (1978)
961-963.

Ficher M. and Baker W. W.: In vitro progesterone
metabolism by selected brain areas, pituitary gland and
testes of the adult male rat. J. Steroid Biochem. 9 (1978)
203-208.

Karavolas H. J., Hodges D., Normand N. and O’Brien D.:
Conversion of 17a-hydroxy-progesterone to 5o, 3o and
20« -reduced metabolites by female rat anterior pituitary
and hypothalamus. Steroids 51 (1988) 527-541.
Shinzawa D. and Ishibashi S.: Relationship between
zonal distribution of microsomal cytochrome P-450s
(P-450 7,2 and P-450.,,) and steroidogenic activities
in guinea-pig adrenal cortex. J. Endocr. 119 (1988)
191-200.

Adams J., Garcia M. and Rochefort H.
Estrogenic effects of physiological concentration of
S-androstene-38,178-diol and its metabolism in MCF,
human breast cancer cells. Cancer Res. 41 (1981)
4720-4726.

Poortman J., Prenen J. A. C., Schwarz F. and Thijssen
J. H. H.: Interactions of AS-androstene-38,178-diol
with estradiol and dihydrotestosterone receptors in hu-
man myometrial and mammary cancer tissue. J. Clin.
Endocr. Metab. 40 (1975) 373-379.

Warner M., Strémstedt M., Méller L. and Gustafsson
J. A.: Distribution and regulation of Sa-androstane-
38,17B-diol hydroxylase in the rat central nervous sys-
tem. Endocrinology 124 (1989) 2699-2706.

Baulieu E. E., Robel P., Vatier O., Haug M., Le
Goascogne C. and Bourreau E.: Neurosteroids:
pregnenolone and dehydroepiandrosterone in the brain.
In Receptor Interactions (Edited by K. Fuxe and
L. Agnati). Macmillan, Basingstoke, Vol. 48 (1987)
pp- 89-104.

Corpéchot C., Leclerc P., Baulieu E. E. and Brazeau P..
Neurosteroids: regulatory mechanism in male rat brain
during heterosexual exposure. Steroids 45 (1985)
229-234,

Lanthier A. and Patwardhan V. V.: Effect of heterosex-
ual olfactory and visual stimulation on 5-en-3f-
hydroxysteroids and progesterone in the male rat brain.
J. Steroid Biochem. 28 (1987) 697-701.



40.

Neurosteroids: biosynthesis and function 81

Haug M. and Brain P. F.: Effects of treatment with
testosterone and estradiol on the attack by groups of
gonadectomized male and female mice towards lactat-
col2

intruders. Physiol. Behav. 23 (1979) 397-400.

41.

42,

43.

45.

46.

47.

48.

Schlegel M. L., Spetz J. F., Robel P. and Haug M.:
Studies on the effects of dehydroepiandrosterone and its
metabolites on attack by castrated mice on lactating
intruders. Physiol. Behav. 34 (1985) 867-870.

Levitan E. S., Schofield P. R., Burt D. R., Rhee L. M.,
Wisden W., Kéhler M., Fujita N., Rodriguez H. F.,
Stephenson A., Darlison M. G., Barnard E. A. and
Seeburg P. H.: Structural and functional basis for
GABA , receptor heterogeneity. Nature 335 (1988) 76-79.
Olsen R. W.: Drug interaction at the GABA recep-
tor-ionophore complex. 4. Rev. Pharmac. Toxic. 22
(1982) 245-277.

. Lambert J. J., Peters J. A. and Cottrell G. A.: Actions

of synthetic and endogenous steroids on the GABA,
receptor. Trends Pharmac. Sci. 8 (1987) 224-227.
Majewska M. D., Harrison N. L., Schwartz R. D.,
Barker J. L. and Paul S. M.: Steroid hormone metab-
olites are barbiturate-like modulators of the GABA
receptor. Science 232 (1986) 1004-1007.

Puia G., Santi M. R,, Vicini S., Pritchett D. B., Purdy
R. H., Paul S. M., Seeburg P. H. and Costa E.:
Neurosteroids act on recombinant human GABA,
receptors. Neuron 4 (1990) 759-765.

Majewska M. D. and Schwartz R. D.: Pregnenolone-
sulfate: an endogenous antagonist of the y-amino
butyric acid receptor complex in brain? Brain Res. 404
(1987) 355-360.

Mienville J. M.: Pregnenolone sulfate and anionic
currents. Ph.D. Dissertation, Georgetown Univ.
Washington, DC (1988).

49a. Majewska M. D., Bluet-Pajot M. T., Robel P. and

Baulieu E. E.: Pregnenolone sulfate antagonizes bar-
biturate-induced hypnosis. Biochem. Behay. 33 (1989)
701-703.

49b. Jung-Testas 1., Renoir J. M., Gasc J. M. and

50.

51.

52.

53.

54.

55.

56.

Baulieu E. E.: Estrogen-inducible progesterone receptor
in primary cultures of rat glial cells. Exp. cell. Res. 193
(1991) 12-19.

Heyns W. and De Moor R.: Prostatic binding protein.
A steroid-binding protein secreted by rat prostate. Eur.
J. Biochem. 78 (1977) 221-230.

Strott C. A.: A pregnenolone-binding protein in soluble
fraction of guinea pig adrenal cortex. J. Biol. Chem. 252
(1977) 464-470.

Lanthier A., Di Battista J. A. and Patwardhan V. V.;
Pregnenolone binding sites in the rat olfactory bulb. J.
Steroid Biochem. 35 (1990) 487-494.

Baulieu E. E., Godeau F., Schorderet M. and
Schorderet-Slatkine S.: Steroid induced meiotic division
in Xenopus laevis oocytes: surface and calcium. Nature
275 (1978) 593-598.

Blondeau J. P. and Baulieu E. E.: Progesterone receptor
characterized by photoaffinity labelling in the plasma
membrane of Xenopus laevis oocytes. Biochem. J. 219
(1984) 785-792.

Towle A. C. and Sze P. Y.: Steroid binding to synaptic
plasma membrane: differential binding of glucocorti-
coids and gonadal steroids. J. Steroid Biochem. 18
(1983) 135-143.

Melcangi R. C., Celotti F., Ballabio M., Poletti A.,
Castano P. and Martini L.: Testosterone 5a-reductase
activity in the rat brain is highly concentrated in white
matter structures and in purified myelin sheaths of
axons. J. Steroid Biochem. 31 (1988) 173-179.



