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Abstract

Some steroids are synthesized within the central and peripheral nervous system, mostly by glial cells. These are known as neurostero
In the brain, certain neurosteroids have been shown to act directly on membrane receptors for neurotransmitters. For example, progeste!
inhibits the neuronal nicotinic acetylcholine receptor, whereas di$Breduced metabolite 35«-tetrahydroprogesterone (allopreg-
nanolone) activates the type fxaminobutyric acid receptor complex. Besides these effects, neurosteroids also regulate important glial
functions, such as the synthesis of myelin proteins. Thus, in cultures of glial cells prepared from neonatal rat brain, progesterone increa
the number of oligodendrocytes expressing the myelin basic protein (MBP) and3he&lic nucleotide-3phosphodiesterase (CNPase).
An important role for neurosteroids in myelin repair has been demonstrated in the rodent sciatic nerve, where progesterone and its dir
precursor pregnenolone are synthesized by Schwann cells. After cryolesion of the male mouse sciatic nerve, blocking the local synthe
or action of progesterone impairs remyelination of the regenerating axons, whereas administration of progesterone to the lesion site promc
the formation of new myelin sheaths. © 2000 Published by Elsevier Science Inc.
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1. Introduction sex steroids influence neuronal activity within large parts of
the nervous system, where they exert a variety of effects that
1.1. Sex steroids: effects on the nervous system are not necessarily related to reproduction. However, this

does not imply that all the effects that sex steroids exert
The nervous system is a target for sex steroids [1,2]. outside of those brain regions involved in reproduction,

During sensitive periods in late fetal and early postnatal life, such as the hypothalamus, are mediated by membrane sites.
gonadal steroids influence the survival, the differentiation, In fact, with the advent of sensitive biochemical and immu-
and the connectivity of specific neuronal populations in both nocytochemical techniques, it has become obvious that in-
the brain and spinal cord [3]. At this stage of development, tracellular receptors for sex steroids are more widely dis-
the nervous tissue is highly plastic, and some of the hor- tributed throughout the nervous system than has been
mone effects are permanent. In the adult, sex steroids stillthought. Thus, estrogen receptors have been detected re-
influence neuronal functions, mainly by regulating synaptic cently in nerve growth factor (NGF)-sensitive neurons of
transmission. They do so either by increasing the transcrip-the basal forebrain and dorsal root ganglia [10,11]. In ad-
tion of specific genes after binding to intracellular receptors dition, work in our laboratory has shown that receptors of
[4,5], [this volume], or by acting directly on the neuronal sex steroids, such as estradiol and progesterone, are not only
membrane, most likely by binding to membrane receptors present in neurons but also in glial cells, where they mediate
for neurotransmitters [6—9]. Because of the widespread dis- steroid effects on important glial functions [12,13].
tribution of hormone-sensitive neurotransmitter receptors, Research performed over the past few years has shown
such as the type A-aminobutyric acid (GABA) receptor, that sex steroids continue to exert neurotrophic effects in the

adult nervous system, by influencing changes in the mor-
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Fig. 1. Biosynthesis of neurosteroids in glial cells. Enzymes are shown in italics. P450sgochrome P450scc, scc for side-chain cleava8getiSD =
A5-3B-hydroxysteroid dehydrogenase isomerase. Aminoglutethimide and trilostane are inhibitors, respectively, of the P450scg@-af8Dhéhd minus
signs indicating an inhibition.

adult nervous tissues. For example, androgens increase th@his enzymatic step, which takes place in the inner mito-
number of synaptic contacts in a group of spinal motor chondrial membrane, is characteristic of the steroidogenic
neurons [14], and estrogens increase the density of dendriticcells of endocrine glands, including the testes, ovaries, and
spines of hypothalamic and hippocampal neurons [1]. Theseadrenal glands. The first indication that pregnenolone may
observations have very recently stimulated research to ex-also be synthesized within the nervous system came from
ploit the trophic effects of sex steroids as therapeutic agentsthe unexpected observation that its levels are much higher in
in neuronal injury. In these studies, testosterone has beerthe brain than in blood [20]. This finding could not be
identified as a trophic factor for facial and sciatic motor explained by the cerebral retention of circulating hormone,
neurons. Indeed, this ‘male sex steroid’ accelerates motoras pregnenolone persisted in the brain days after castration
neuron axonal regeneration following crush injury of the and adrenalectomy, and this in spite of a very rapid cerebral
hamster hypoglossal and the rat sciatic nerve [15]. The clearance [6,21]. It was then shown by immunocytochem-
‘female sex steroid’ progesterone has been shown to prevenistry that the cytochrome P450scc is expressed in the white
death of facial motor neurons after nerve transection [16]. matter throughout the brain [22]. The biosynthesis of preg-
These observations suggest that sex steroids may be therasenolone was demonstrated by incubating newborn rat glial
peutically useful in activating or accelerating the reparative cells in the presence offijmevalonate, a precursor of
response of neurons to injury. cholesterol which easily enters cells and mitochondria [23].
More recently, the P450. mRNA has been detected by
RT-PCR both in the rat brain and in cultured glial cells [24].
2. Neurosteroids: concept and biosynthesis In agreement with the predominant localization of P450
immunoreactivity in white matter, the enzyme is present in
In the light of the various effects of sex steroids on both cultured oligodendrocytes, which are the myelinating glial
the developing and adult nervous system, it was a significantcells of the CNS [23]. However, P45Qimmunoreactivity
finding that some steroids, calleeéurosteroidsare synthe-  and mRNA have also been detected in type | astrocytes [25].
sized within the brain and peripheral nerves by glial cells So far, the synthesis of pregnenolone has not been demon-
[17,18]. The term neurosteroid [19] does not designate a strated in neurons.
particular class of steroids, but only refers to their site of  Pregnenolone can be converted by tfte-33-hydroxy-
synthesis - the nervous system. Progesterone, for examplesteroid dehydrogenase isomerasp-k8D) to progesterone,
which is a hormone produced and secreted by the ovarieswhich in turn is metabolized successively ta-8ihydro-
and adrenal glands, is considered to be a neurosteroid if it isprogesterone &pregnane-3,20-dione) by the-feductase
synthesized within the brain or peripheral nerves. and to 3v,5a-tetrahydroprogesteronedahydroxy-5-preg-
Steroidogenesis begins with the conversion of choles- nane-20-one= allopregnanolone) by thexdhydroxysteroid
terol to pregnenolone by the cytochrome P450scc (Fig. 1). oxidoreductase (Fig. 1). These three enzymatic reactions are
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present in mixed cultures of oligodendrocytes and astro- from cholesterol within the brain. An important question is
cytes [23] and in type | astrocytes prepared from embryonic the biological significance of these neurosteroids. Probably
or neonatal rat brain [26,27]. Whether or not oligodendro- the best guess is that they may be essential for important
cytes have the capability to synthesize progesterone and itsmervous functions and that their local synthesis may protect
reduced metabolites remains to be established. the brain from drops in circulating steroid levels, as they

By using testosterone as a substrate, Celotti et al. [28] occur for example during the oestrous cycle or during age-
showed that myelin-forming oligodendrocytes possess aing. Also, blood levels of pregnenolone and progesterone
high Sa-reductase activity and that this enzyme may be are very low in males, and their nervous systems may rely
incorporated into central and peripheral myelin. In vivo, on local production of these steroids. In fact, as we shall see,
progesterone may be the physiological substrate for this progesterone synthesized by glial cells plays an important
enzyme. role during nerve regeneration in male rodents.

Among potential metabolites of pregnenolone and pro-  Qver the past few years, particular attention has been
gesterone are the corresponding:Z®reduced derivatives,  pajd to the actions of pregnenolone, progesterone, and their
7a-hydroxypregnenolone [29], and DHEA (dehydroepi- reduced metabolites on membrane receptors for neurotrans-
androsterone). The mechanism of formation of the latter is mjtters. Thus, progesterone inhibits the neuronal nicotinic
still poorly understood since the key enzymendiydrox- acetylcholine receptor [38] and activates hypothalamic oxy-
ylase (P450,,) has not been biochemically or immunotog  qcin receptors [39], whereas itaBa-reduced metabolite,
ically described, even if its mRNA has been reported at 3, 5, tetrahydroprogesterone, activates the chloride chan-
early time of development. An unusual oxyolative mecha- 4| of the GABA, receptor complex [40]. Other neurotrans

nism may be involved [30]. Itis puzzling that determination  niser receptors have been identified as targets for neuros-
of the _format|on of DHEA and_ |_ts sulfate (possibly for_med teroids, and these results have been extensively reviewed
by brain sulfotransferease activity [31]) has been so difficult [7,18]

when the demonstration of its presence and persistancy in
the brain after adrenalectomy and gonadectomy has led to
the first demonstration of neurosteroids (review in Baulieu
[32]). Available results do not support that testosterone is a
neurosteroid; nor do results indicate that corticosterone is a
neurosteroid (even though the activity of a 21-hydroxylase
and the mRNA of the P43Q;, two enzymes involved in
corticosterone biosynthesis, have been detected in the brai
(24]).

The physiological stimuli which regulate neurosteroid

formation are still unknown. Whether second messengers or hvd . f the GABR
trophic factors, which stimulate steroid biosynthesis in clas- tetrahydroprogesterone, an activator of the GAB&cep

sic steroidogenic organs [33,34], also increase neurosteroid®'+ 1as the opposite effect [41]. Pregnenolone and steroids
formation by glial cells remains to be explored. A recent Metabolically derived from it also have memory enhancing
study suggests a role for autocrine factors in the regulation €/f€Cts in mice [42]. However, as these steroids are also
of neurosteroid synthesis. Thus, astrocytes preferentially Produced by the gonads and adrenal glands, it is not clear
convert PH]pregnenolone to3H]progesterone at low cell whether their synthesis by glial ceII; is S|gn|f|canF. This
density and to @hydroxylated metabolites in dense cul- could be shown by selectively blocking or increasing the
tures [26,35]. In addition, the synthesis of neurosteroids Synthesis of neurosteroids within specific brain regions.
may be influenced by the endocrine milieu. So far, however, Recently, pregnenolone sulfate was found to be involved in
only the peripheral-type benzodiazepine receptor (PBR) hasth® memory mechanism in the hippocampus, and decrease
been shown to play a significant role in the neurosteroido- Of Pregnenolone sulfate was thought to be responsible for
genic activation of glial cells. This receptor is found pri- the decrease of memory associated with ageing [43]. Whether
marily on the outer mitochondrial membrane. By increasing Of not the level of pregnenolone is dependent on its trans-
the intramitochondrial cholesterol transport, PBR ligands formation to progesterone is not yet known.
stimulate pregnenolone formation in the C6—2B glioma cell ~ So far, little attention has been paid to the possible
line [36,37]. trophic effects of neurosteroids. As described above, ste-
roids exert a variety of neurotrophic effects, particularly
during early development, but also in the adult. Especially
3. Neurosteroids: biological significance in nervous tissue lesions, locally produced neurosteroids
may stimulate, by paracrine or autocrine actions, the repar-
As reported in the previous section, it is likely that ative responses of neurons and glial cells. Such an important
pregnenolone, progesterone, and their reduced metabolitesole for neurosteroids is suggested by cell culture experi-
are the most important steroids that can be formed de novoments. When added to the culture medium, neurosteroids

However, although it has been demonstrated that neuro-
steroids such as pregnenolone or progesterone influence the
activity of neurotransmitter receptors, it has not been shown
that their production by oligodendrocytes or astrocytes
plays an important role in regulating receptor functions
through paracrine actions. The same is true for the effects of
neurosteroids on neuronal functions and behavior. In rats,
r}he local infusion of sulfated pregnenolone, an inhibitor of
the GABA, receptor, into the nucleus basalis magnoeellu
laris enhances memory performance. Infusion af5a-
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enhance neuronal survival [44] and increase the synthesiss. Schwann cells synthesize neurosteroids

of myelin-specific proteins by oligodendrocytes, namely,

the MBP and the CNPase [13]. Recently, we have begun Schwann cells are not only a target for circulating ste-
to explore the role of neurosteroids in peripheral nerve roids such as oestradiol [50]. Like the glial cells of the CNS,
repair (see below). Our results demonstrate for the first time they can synthesize neurosteroids, including pregnenolone,
that the Synthesis of neurosteroids by g“a' cells p|ays an progesterone, and their reduced metabolites. The SyntheSiS

important role during the regeneration of the nervous sys- ©f pregnenolone, within peripheral nerves was first sug-
tem [45]. gested by the high levels of this steroid found in the human

sciatic nerve [52]. In sciatic nerves of adult male rats, the
concentration of pregnenolone is about 10 times higher than
in plasma, and is not reduced 5 days after castration and
adrenalectomy [35]. In contrast to pregnenolone, the con-
centration of corticosterone, a steroid of adrenal origin, is
much higher in plasma than in nerves, and its levels almost
drop to zero after removal of the steroidogenic glands.
Because steroids are rapidly cleared from nervous tissues
[21,53], these observations strongly suggest a local synthe-
o o sis of pregnenolone independent of glandular sources. In
axons. In addition, it is easy to prepapere cultures of fact, Schwann cells prepared from neonatal rat sciatic

Schwanq cells from neonatal 'rat sciatic nerves or from ..o converH]25-0OH cholesterol to pregnenolone [26,
embryonic rat dorsal root ganglia (DRG) [46,47]. From the 351 1+ only when cultured in the presence of micromolar

latter, it is also possible to establlish cultures of sensory .oncentrations of forskolin and insulin, which are both
neurons [47]. However, the most important feature of pe- mitogens for these cells. Thus, pregnenolone may play a
ripheral nerves is their remarkable regenerative capacity.rgle during Schwann cell proliferation. Interestingly, CAMP
Following injury, axons and their myelin sheaths, distal to and IGF-I, whose effects can be mimicked by insulin, also
the lesion, degenerate by a process known as Wallerianpoth stimulate the expression of the cytochrome R450
degeneration [48], leaving behind the dividing Schwann classic steroidogenic cells [33,34]. However, even in the
cells, which produce a large number of neurotrophic pep- presence of insulin and forskolin, the rate of pregnenolone
tides. Schwann cells indeed play a crucial role during the formation by Schwann cells is very low in vitro, not ex-
regeneration of nerve fibers, which begins already a few ceeding 25 fmojtig DNA/24 h. This suggests that other
hours after local crush, or freezing. In addition, multiplica- factors may be required for optimal activity of the P450scc
tion of Schwann cells is critical for allowing axons to enzyme in glial cells.

regenerate across gaps. Later, Schwann cells remyelinate In sciatic nerves of adult male rats and mice, the con-
the regenerating axons and, under favorable circumstances¢entration of progesterone is also ten times highet(

the appropriate neuromuscular connections may be restored!d/9) than in plasma, and remains high after removal of the

[48,49]. Thus, several steps may be involved in the promo- Steroidogenic endocrine glands [45] (Fig. 2). However, pure
tion of repair of peripheral nerves by ‘sex steroids,” and in cultures of Schwann cells prepared from neonatal rat sciatic

nerves, do not converfifijpregnenolone to progesterone,
even when cultured at different cell densities in the absence
or presence of the mitogens insulin and forskolin [33], [Y.
Akwa, unpublished]. In contrast, Schwann cells isolated
from embryonic (E18) rat DRG explants, which have been
co-cultured for 4 weeks with sensory neurons, produce
significant amounts of *H]progesterone and its reduced
metabolites &-dihydroprogesterone andvba-tetrahydro-

4. The rodent sciatic nerve: a system to study the
trophic actions of neurosteroids

One advantage in studying neurosteroid functions in pe-
ripheral nerves is their relatively simple structure. Sensory
and motor nerve fibers are associated with a single type of
glial cell, the Schwann cells, which myelinate the large

particular of neurosteroids: Schwann cell proliferation, the
production of neurotrophic factors, axonal growth, and re-
myelination.

Schwann cells in culture, prepared from neonatal rat
sciatic nerves, proliferate only in the presence of elevated
levels of cyclic AMP (cAMP) and specific peptide growth
factors [50]. We have identified IGF-I as a potent mitogen

for Schwann cells in the presence of serum _and dibutyryl progesterone when incubated wittH]pregnenolone [25]
cAMP (dbcAMP) or forskolin, a reversible activator of the (Fig. 3). By immunocytochemistry, we have also confirmed

adenylate cyclase. Schwann cells indeed express the recepya; Schwann cells, which have been cultured for several
tor for IGF-I, whose number increases if they are cultured \yeeks in the presence of DRG neurons, contsrHBD,

for several days in the presence of forskolin [51]. By bind- the enzyme which converts pregnenolone to progesterone.
ing to IGF-I receptors, insulin also stimulates Schwann cell Taken together, these results strongly suggest that neurons
proliferation at micromolar concentrations. Thus, in the jnduce the biosynthetic pathway of progesterone in
presence of forskolin and a high concentration of insulin, it Schwann cells.

is possible to expand rat Schwann cell cultures and to  Progesterone may regulate Schwann cell functions
rapidly obtain pure cells in sufficient number to study the through autocrine actions. Indeed, these cells not only syn-
metabolism and actions of steroids. thesize progesterone, they also express the intracellular re-
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Fig. 2. Levels of progesterone are10-fold higher in sciatic nerves than in plasma of sham-operated adult male mice (control) and remain elevated 5 days
after castration and adrenalectomy (GXADX) (n.d. = not detectable) (mean s.e.m.n = 4, * P < 0.05 when compared to controls by Studentast).

In contrast, levels of corticosterone are much higher in plasma than in sciatic nerves, and its levels become undetectable #@X @Xodified from

Koenig et al. [45]).

ng/g or ng/ml
ng/g or ng/ml

ceptor for this neurosteroid, as shown by binding of the progesterone receptor (I. Jung-Testas, R. Fiddes, K.
selective ligandJH]JORG 2058 and by RT-PCR using prim  Shazand, M. Schumacher, and E.E. Baulieu, unpublished
ers complementary to the ligand binding domain of the rat work).

A) _
e preG 6. Progesterone synthesized by Schwann cells
| promotes myelination

The production of neurosteroids is thus a feature of
myelinating glial cells: oligodendrocytes in the CNS and
Schwann cells in the peripheral nervous system (PNS).
Therefore, we hypothesized that neurosteroids, and in par-
ticular progesterone, may play an important role during the
! B e process of myelination. To test this hypothesis, we exam-
ined the relation between neurosteroids and myelin forma-
B) tion in the regenerating sciatic nerve of male mice after
4 PREG PrROG cryolesion [45]. As for other types of lesion, axons and their
myelin sheaths degenerate quickly after local freezing
within the distal segment of the nerve. However, the advan-
tage of this type of lesion is that the endoneurial tubes and
the Schwann cell basal lamina remain intact and guide the
™PROG regenerating nerve fibers directly back to their targets. In
| this system, Schwann cells begin to remyelinate the regen-
erating axons after 1 week, and the new myelin sheaths
0 10 2cm reach approximately one third of their final size after 2

Fig. 3. Metabolism of pregnenolone by rat Schwann cells in culture. The Wee.ks'

thin layer chromatograms show that (AH]pregnenolone (100 nM) is not First, we ShO\_Ned that Ievel_s _Of pregnenolone_ and pro-
metabolized by pure cultures of rat Schwann cells prepared from neonatal 9€Sterone remain elevated within the regenerating mouse
rat sciatic nerves, (B) but is converted by Schwann cells, isolated from Sciatic nerve 1 or 2 weeks after cryolesion, that is during the
DRG explants and grown in the presence of sensory neurons for 4 weeks,period of active remyelination (pregnenolore6 ng/g and

to "Hlprogesterone (14. 0.6 pmolj.g DNA/24 ), PH]Sa-DH proges progesterone- 10 ng/g of tissue weight). We then demon-
terone (3.9= 0.2 pmolftg DNA/24 h), and fH]3a,5a-TH progesterone

(2.6+ 0.1 pmolfug DNA/24 h, mean* 5.e.m.) (B). [(B) Koenig et al. [45] stratet_j that the hlgh levels of endogenous progesterone,
and (A) A.N. Do-Thi, M. Schumacher, H. Koenig, and E.E. Baulieu, MOst likely synthesized by Schwann cells, are necessary for
unpublished work]. an efficient remyelination of the regenerating axons. In fact,
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Fig. 4. Role of neurosteroids in the formation of new myelin sheaths. The
numbers of myelin lamellae formed 15 days after cryolesion of the right
male mouse sciatic nerve were measured by electron microscopy. Th
number of lamellae was increased by pregnenolone and progesterone an
decreased by the antiprogestin RU486 (RU) and by trilostane (TRIL), an
inhibitor of the conversion of pregnenolone to progesterone. The inhibitory
effect of trilostane was reversed by the concomitant administration of
progesterone. Steroids and their inhibitors (10 in 50 ul sesame oil)
were repeatedly applied to the lesioned site immediately after surgery (day

e(§eins or lipids. Therefore, neurosteroids, like many peptide

/ Steroids 65 (2000) 605-612
7. Conclusions and perspectives

The designation of androgens, estrogens, and progestagens
as ‘sex steroids’ or ‘gonadal steroids’ is too restrictive. First,
steroids belonging to these three classes exert multiple effects
on the nervous system that are not related to reproduction,
including the potentiation of neuronal survival, axonal growth,
and myelin formation. Second, some of these steroids are not
only produced by the testes or ovaries, but are also synthesized
de novo from cholesterol in the brain and peripheral nerves
mostly by glial cells. These ‘neurosteroids’ influence neuro-
transmission by acting on neurotransmitter receptors and acti-
vate important glial functions, such as myelination. Thus, pro-
gesterone synthesized by Schwann cells increases the
formation of new myelin sheaths after lesion of the rodent
sciatic nerve. Because Schwann cells also express the intracel-
lular receptor for progesterone, it is likely that this steroid
activates the process of myelination through autocrine actions,
probably by stimulating the synthesis of specific myelin pro-

growth factors, belong to the important group of autocrine/
paracrine factors, which regulate vital functions within the
nervous system. This is a significant finding, because there is
much hope to use these molecules to treat diseases and injuries

0) and on days 5, 10, and 14. Results were expressed as percent of controPf the nervous system, in particular those of peripheral nerves.

(meanx s.e.m.n =5, * P = 0.01 and *P = 0.05 when compared to the
corresponding control by Dunnett's Multiple Comparison Tests after
ANOVA) (modified from Koenig et al. [45]).

local application of 10Qug of trilostane, an inhibitor of the

conversion of pregnenolone to progesterone, or of RU486, a

potent competitive antagonist of progesterone, dramatically
decreased the thickness of the regenerating myelin sheath
when observed 2 weeks after lesion on electron microscopic
cross sections (Fig. 4). Both inhibitors were injected at the
site of lesion 4 times during the 2-week interval. The in-
hibitory effect of trilostane was not a toxic one since it could
be reversed by the simultaneous administration of proges-
terone. In addition, repeated injections of a high dose of
progesterone (10Qg), or its direct precursor pregnenolone,
significantly enhanced the number of lamellae per myelin
sheath [25].

It is likely that progesterone directly stimulates myelin
formation by acting on Schwann cells rather than by stim-
ulating axonal growth. This was shown by using co-cultures
of DRG neurons and Schwann cells. After 4 weeks in
culture, elongation of the DRG neurites is maximal and

S

It is likely that neurosteroids exert their trophic effects by
acting in concert, or even in synergy, with peptide growth
factors such as IGF-I or nerve growth factor (NGF). The study
of these interactions will become an important field of neu-
roendocrine research. Another critical question is the regula-
tion of neurosteroid biosynthesis by glial cells. There are in-
deed two possibilities to use neurosteroids as therapeutic
agents: by stimulating their synthesis or by administering ste-
roid compounds. Finally, an important problem that remains to
be explored are the possible interactions between circulating
steroids, which are secreted into the bloodstream by the go-
nads, and neurosteroids, which are synthesized within the ner-
vous system. A particularly complex case is that of the role of
progesterone in GnRH secretion. Progesterone is not active via
a classic intracellular receptor in GnRH neurons [57]. Data on
the direct action of progesterone, however, have been obtained
recently, suggesting a membrane mechanism, possibly consis-
tent with a postulated membrane receptor [58]. In addition, the
metabolite allopregnanolone may be active through an effect at
the GABA receptor [59]. Quite a complex series of intermin-
gled possibilities. No doubt that the complexity observed with
neuroactive neurosteroids, such as progesterone, serve physi-
ological purposes.

Schwann cells myelinate the sensory axons in the presence

of serum and ascorbic acid [54]. At this stage of culture,

myelination, but not neurite extension, was dramatically

increased when a physiological concentration of progester-
one (20 nM) was daily added to the culture medium for 2

weeks [45]. Recently, several observations have confirmed
the effects of progesterone on myelin synthesis [55,56].
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