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Abstract

The central nervous system (CNS) and the peripheral nervous system (PNS) are targets for steroid hormones where they
regulate important neuronal functions. Some steroid hormones are synthesized within the nervous system, either de novo from
cholesterol, or by the metabolism of precursors originating from the circulation, and they were termed `neurosteroids'. The sex
steroid progesterone can also be considered as a neurosteroid since its synthesis was demonstrated in rat glial cell cultures of the

CNS (oligodendrocytes and astrocytes) and of the PNS (Schwann cells). Both types of glial cells express steroid hormone
receptors, ER, GR and PR. As in target tissue, e.g. the uterus, PR is estrogen-inducible in brain glial cell cultures. In the PNS,
similar PR-induction could not be seen in pure Schwann cells derived from sciatic nerves. However, a signi®cant PR-induction

by estradiol was demonstrated in Schwann cells cocultured with dorsal root ganglia (DRG), and we will present evidence that
neuronal signal(s) are required for this estrogen-mediated PR-induction. Progesterone has multiple e�ects on glial cells, it
in¯uences growth, di�erentiation and increases the expression of myelin-speci®c proteins in oligodendrocytes, and potentiates the

formation of new myelin sheaths by Schwann cells in vivo. Progesterone and progesterone analogues also promotes myelination
of DRG-Neurites in tissue culture, strongly suggesting a role for this neurosteroid in myelinating processes in the CNS and in
the PNS. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The nervous system is a target for steroid hormones.

In late foetal and early postnatal life, gonadal steroids

in¯uence the di�erentiation and connectivity of speci®c

neuronal populations in both the brain and spinal

cord [1]. In the adult, steroid hormones still in¯uence

neuronal functions, mainly by regulating synaptic

transmission, and they exert neurotrophic e�ects by

in¯uencing changes in the morphology and connec-

tions of nerve cells. For example, estrogens increase

the density of dendritic spines of hypothalamic and

hippocampal neurons [2]. Steroid hormones also act in

neural tissues to a�ect brain development and beha-
vior, as for example the induction or inhibition of sex-
ual behavior by progesterone in the female rat [3, 4].
The actions of steroid hormones are mediated by
speci®c intracellular receptors and it has become
obvious that such receptors are more widely distribu-
ted throughout the nervous system than has been
thought. Thus steroid hormone receptors were demon-
strated in di�erent regions of the brain [5], and as in
target organs, e.g. the uterus, estradiol modulates pro-
gestin receptor concentrations in some brain
regions [6, 7]. Our group has demonstrated the pre-
sence of progesterone, glucocorticoid, estrogen and
androgen receptors (PR, GR, ER and AR) in rat glial
cells of the central nervous system (CNS) and the pre-
sence of PR and ER in rat glial cells of the peripheral
nervous system (PNS) [8±11]. Among these receptors,
only PR was increased by estrogen. The distribution of
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these intracellular receptors in glial cells was deter-

mined by ligand binding experiments and immunohis-
tochemistry of receptor proteins. These techniques do

not distinguish between receptors for peripheral ster-

oids and steroids synthesized within the brain (neuro-

steroids), and we do not know whether receptors in

the nervous system are or are not the same as in per-
ipheral target tissues. The estrogen-inducibility of PR

in glial cells as well as sex-di�erences in this PR-

induction [9] would suggest that the glial PR is identi-

cal to that of the reproductive PR in terms of hormo-

nal regulation. However, the cloning and sequencing
of the ligand binding domain (LBD) from rat glial

cells and rat uterus (R. FiddeÁ s and K. Shazand, in

preparation) indicated that the glial cell PR di�ers

from that of the uterus. In glial cells, two forms of
PRs were identi®ed, one with a LBD corresponding to

that of the uterus, and another with several amino

acid di�erences. This raised the question whether glial

cells express two di�erent PRs. In attempt to answer

this question, ligand binding studies and immunohisto-
chemistry of receptor proteins were undertaken in mice

lacking progesterone receptor (PR KO-mice), kindly

provided by B.W. O'Malley [12]. The result will be

described in this paper.

Research performed over the past few years has

shown that some steroids, called neurosteroids, are

synthesized within the brain and peripheral nerves by

glial cells [13±15]. The term neurosteroid does not des-

ignate a particular class of steroids, but only refers to
their site of synthesis Ð the nervous system.

Steroidogenesis begins with the conversion of choles-

terol to pregnenolone by the cytochrome P450scc.

With the use of speci®c antibodies and immunocyto-
chemistry, we have demonstrated the presence of

P450scc in brain glial cells [16], and these results have

recently been con®rmed by the detection of P450scc

mRNA in oligodendrocytes [17]. The production of

neurosteroids is thus a feature of myelinating glial cells
and an important question is the biological signi®cance

of such neurosteroids. That glial cells are a target for

steroid hormones was shown in cell culture exper-

iments, in which di�erent e�ects of progesterone and

estradiol on cell growth, cell adhesiveness and cell
morphology were demonstrated. However, the most

striking e�ect of progesterone was the stimulation of

myelin-speci®c protein synthesis in oligodendrocytes

during primary culture [18] and its trophic activity on
myelination of DRG-neurites in DRG-rat Schwann

cell cultures, as well as in regenerating sciatic nerves

after cryolesions in in vivo studies [19]. Additional data

of the trophic action of progesterone and progesterone

analogues on the induction of myelin protein synthesis
in glial cells of the CNS and the PNS will be

described.

2. Progesterone as a neurosteroid

The term `neurosteroid' was applied to steroids syn-
thesized in the brain `de novo' from cholesterol [20].
The ®rst step in steroidogenesis is the conversion of
cholesterol to pregnenolone by the side chain cleavage
enzyme cytochrome P450scc in the inner mitochondrial
membrane, a conversion characteristic of all steroido-
genic cells. The expression of this mitochondrial
enzyme was demonstrated in brain glial cell cultures of
newborn rats, composed of oligodendrocytes (the mye-
linating glial cells of the CNS) and of astrocytes.
Immunohistochemical staining showed the presence of
P450scc in both cell types, oligodendrocytes displayed
more intense staining than astrocytes [16] (Fig. 1).
Such glial cells have the capacity to synthesize pregne-
nolone and progesterone. This was ®rst demonstrated
in glial cell cultures, after incubating cells with labeled
mevalonate as steroid precursor, or with labeled cho-
lesterol-linoleate, incorporated into reconstituted low-
density lipoproteins [13, 21].

The synthesis of pregnenolone and progesterone in
the nervous system is not restricted to the CNS.
Indeed, high levels of pregnenolone, the immediate
precursor of progesterone, were found in the human
sciatic nerve [22] and in the rodent sciatic nerve [23].
Progesterone was also abundant in rodent sciatic nerve
and its biosynthesis was demonstrated after incubation
of Schwann cells with labeled pregnenolone. However,
only Schwann cells derived from fetal dorsal root
ganglion (DRG-Schwann cells) were able to produce
progesterone. In the absence of sensory neurons, as in
Schwann cell cultures derived from sciatic nerves, no
progesterone synthesis was observed [24].

The production of neurosteroids appears to be a fea-
ture of myelinating glial cells in the CNS and in the
PNS, and the synthesis of progesterone suggests a
direct action of this steroid hormone in the nervous
system. The biological actions of steroid hormones are
mediated by speci®c intracellular steroid hormone
receptors and therefore their presence was investigated
in rat glial cells.

3. Progesterone receptors in rat glial cells

Our ®rst demonstration of the presence of intracellu-
lar steroid hormone receptors in glial cells was done
in primary cultures derived from newborn rat fore-
brain. On the basis of ligand binding experiments, we
have identi®ed progestin-, estrogen-, glucocorticoid
and androgen receptors. Among these receptors, only
the progestin receptor was estrogen-inducible and
its presence within glial cell nucleus was con®rmed
by immunocytochemical staining of the receptor
protein [8, 9].
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Fig. 1. Indirect immuno¯uorescence staining of cholesterol side chain cleavage enzyme cytochrome P450 scc in glial cells of the CNS. Upper part:

rat oligodendrocyte and lower part: rat astrocytes.Primary cultures were established from newborn rat forebrain and immunostained with speci®c

anti-P-450ssc antibodies, as described [8, 16]. Note the dotted images of immunostaining (especially in oligodendrocyte), revealing mitochondrial

localization of the enzyme.(magnitude �1750).

I. Jung-Testas et al. / Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 97±107 99



In further studies, the presence of estrogen- and pro-
gestin receptors was also demonstrated in glial cells of
the PNS, in Schwann cell cultures, derived from new-
born rat sciatic nerves. Under such culture conditions,
Schwann cells remain undi�erentiated and do not
express myelin proteins. In contrast to glial cells of
the CNS, the concentration of PRs, after treatment
of Schwann cell cultures with estradiol, had not
increased, despite the presence of estrogen
receptors [11]. To determine whether this lack of PR-
induction was due to culture conditions, Schwann cells
were derived from fetal dorsal root ganglion (DRG-
Schwann cells), as was ®rst described by Wood [25].
As the ganglia taken from embryonic rats mature in
vitro, they recapitulate many of the developmental
stages: nerve ®bers grow out initially and Schwann
cells migrate out from the explant. To obtain pure
Schwann cells, the general strategy was to excise the
neuronal soma, con®ned to the explant, allowing the
neurites to degenerate and leaving an outgrowth con-
taining only Schwann cells. The day after excision of
the ganglia, the concentration of PRs was investigated
in DRG-Schwann cells, treated or not with estradiol,
by ligand binding experiments. After estrogen treat-
ment of the cultures, PR concentration had signi®-
cantly increased and the increase was dose-dependent,
maximal induction was obtained at 50 nM estradiol
concentration. This estrogen-mediated induction of PR
was speci®c, since in presence of the antiestrogen ICI
164,384, PR-induction was completely inhibited
(Fig. 2). However, this estrogen-mediated PR-induc-
tion could not be observed any more after withdrawal
of the ganglion from DRG-Schwann cells for several
days, despite the presence of estradiol in the culture
medium. In contrast, the concentration of non-induci-
ble PR-binding in control cultures remained
unchanged after withdrawal of the neuronal mass for
1±14 days [26]. These results suggest that neurons or
neuronal signal(s) or factor(s) are necessary for
Schwann cells to express estrogen-inducible progestin
receptors. Until now, the nature of such neuronal fac-
tor(s) is not known and work is in progress for their
identi®cation.

The presence of steroid hormone receptors in both
types of glial cells (CNS and PNS) had been demon-
strated by ligand binding experiments and immuno-
cytochemistry of receptor proteins. These techniques
do not distinguish between receptors for peripheral
steroids and neurosteroids. To determine whether the
PR in glial cells was the same as in peripheral target
tissues, we have undertaken the cloning of the ligand
binding domain (LBD) from glial cell- and rat uterus
progestin receptors (R. FiddeÁ s and K. Shazand, in
preparation). In glial cells, two forms of PR were
found, one identical to that of the uterus, and another
with several amino acid di�erences in the LBD, and

this raised the question whether the glial PR was
di�erent from that of peripheral target tissue.

In trying to answer this question, we measured PRs
in progesterone receptor null mutant mice (PRKO)
and wild type mice (WT) from the same strain by

Fig. 2. Progesterone receptors in DRG-Schwann cells. DRG-

Schwann cell cultures were prepared from 18-day old rat embryos as

described in Table 1. Three weeks after explanting dorsal root

ganglia, the DRG-Schwann cells were cultured for two other weeks

in the presence (or in absence) of increasing concentration of estra-

diol (E2) from 20 to 100 nM; or in the presence of E2, 50 nM, plus

ICI 164,384, 200 nM; or in the presence of ICI 164,384 (200 nM),

alone. After excision of the ganglia, Schwann cells were recovered

the following day and incubated at 378C with saturing concentration

of labeled Organon 2058 (5 nM), in presence of 20 nM unlabeled

cortisol and with or without excess (1 mM) of unlabeled progesterone

to determine speci®c ligand binding. Cell cytosol was prepared with

a glass±glass potter homogenizer after extensive washing the cells

with PBS at 08C, following the incubation. The homogenate was cen-

trifuged at 10,000� g. Results are expressed as fmol bound [3H]-

Organon 2058/mg cytosol protein. Each data point was done in

duplicate. The mean values2SD of three separate experiments, cor-

responding to three di�erent primary cultures, are indicated.
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ligand binding and immunocytochemistry. The
castrated male mice were treated with estradiol (10 mg
sc-injection in sesam oil) two days prior the PR-
measurements, and competitive [3H]-Organon 2058
binding assays for PR in medial basal hypothalamus
and brain cortex cytosolic extracts indicated respect-
ively 66 and 9 fmol bound Organon per mg protein in
cytosol from WT mice. In cytosolic extracts of PR KO
mice, no speci®c binding could be measured (Fig. 3).
Unfortunately, PR-binding studies were not possible in
sciatic nerves due to lack of material. However, pri-

mary Schwann cell cultures could be obtained after
dissociating the sciatic nerves, and immunocytochemi-
cal staining showed the presence of PR in Schwann
cell nuclei of WT mice, but only background staining
was seen in Schwann cells from PRKO mice [Fig. 4(a)].
Similar results were obtained after immunohistochem-
ical PR staining of cross sections from brain cortex.
Only brain cortex from wild type animals displayed
PR-staining [Fig. 4(b)]. These results, and the fact that
the glial PR is identical to that of the reproductive PR
in terms of hormonal regulation, suggest that glial cells

Fig. 3. Progesterone receptors in cytosolic extracts of medial basal hypothalamus and brain cortex of WT and PRKO mice. The castrated male

mice were SC injected with 10 mg estradiol in sesame oil, 24 h prior the PR-measurements. After decapitation, hypothalamus and cortex were dis-

sected and homogenized in 4 vol. of TET-bu�er (Tris 10 mM, EDTA 1 mM, Dithioerythritol 1 mM, glycerol 10%, pH 7.4). The homogenates

were centrifuged at 105,000� g for 30 min at 28C and aliquots of the supernatant (cytosol) were incubated with [3H]-Organon 2058 (1 nM and

4 nM), in the presence or in absence of excess unlabeled progesterone, for 6 h at 08C. Speci®c binding was determined after charcoal treatment

of the aliquots. Results were expressed as speci®c [3H]-Organon bound per mg cytosol protein. Each data point was done in triplicate. The mean

values2SD are indicated.
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express the classical PR found in peripheral target tis-
sues.

Interestingly, ultrastructural analysis of semithin
cross sections and ultrathin cross section of sciatic
nerve ®bers showed no apparent di�erences in the my-
elin sheaths in sciatic nerves of WT- and PRKO mice.
In both situations, sciatic nerves were surrounded by

compact myelin sheaths whose thickness was similar.
The average number of myelin lamellae was 51217 in
PRKO mice and 53217 in their WT-littermates. As
for myelin, no abnormalities were observed in PRKO
mice when compared to WT mice: the diameter of the
myelinated ®bers (3±6 mm) were similar, Schwann cells
were surrounded by basal laminas in both cases, the

Fig. 4. Immuno¯uorescence staining of progesterone receptors in Schwann cells from adult mouse sciatic nerves, and in brain cortex sections.

Upper part: Schwann cells were prepared after dissociating sciatic nerves from WT (left) or PRKO mice (right). Cells were plated on glass cover

slips and grown in DME-medium containing 10% charcoal-treated calf serum and insulin (5 mg/ml). After 10 days of culture, immunostaining of

PR was done with a monoclonal PR-antibody, (magnitude �400). Lower part: PR-immunostaining of cross sections of ®xed brain cortex from

WT (left), or PRKO mice (right). Note that only background staining can be seen in PRKO mice.
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morphology of the non-myelinated axons was not
modi®ed and the concentration of collagen ®brils in
endoneural regions was similar (Fig. 5).

4. Action of progesterone and progesterone analogues on
myelin protein synthesis

Myelin formation involves complex interactions
between di�erent cell types, namely the neuron and the
myelinating glial cell. In the CNS, the myelinating cell
is the oligodendrocyte, while in the PNS, it is the
Schwann cell. Central myelin is composed of about
70% lipids, among which galactocerebroside (Gal C) is
a speci®c marker for oligodendrocytes, and of about
30% proteins, mainly proteolipid protein, myelin basic
protein (MBP), 2 03 0-cyclic nucleotide 3 0-phospho-
diesterase (CNPase) and myelin-associated glyco-
proteins [27]. In newborn rats, the myelin-speci®c com-
ponents as MBP, CNPase and Gal C are expressed
early in oligodendrocytes and their expression can be
followed in primary cultures of newborn rat forebrain
by speci®c immuno¯uorescence staining. During the

®rst 10 days of primary culture (day one corresponding
to the day of birth), the number of oligodendrocytes

expressing myelin antigens can be determined by

counting the ¯uorescent cells amidst unlabelled oligo-

dendrocytes. The treatment of glial cell cultures from
day one onwards with progesterone (100 nM) had con-

siderably increased the number of MBP- and CNPase

expressing oligodendrocytes when compared to control

cultures, and this was our ®rst observation of the
trophic action of progesterone on myelin protein

synthesis [9]. In further studies, the stimulation of my-

elin protein synthesis by progesterone was con®rmed
by immunoblotting analysis of CNPase. Single bands

of the protein could be detected from day 11 of pri-

mary culture onwards, and its synthesis gradually

increased thereafter. Treatment of the cultures with
progesterone had accelerated CNPase expression and

the intensity of the bands had signi®cantly increased

when compared to control cultures [8, 29].

The e�ect of progesterone analogues on myelin pro-

tein synthesis in rat oligodendrocytes was also tested.

Three orally active progestogens whose pharmacologi-
cal pro®le resembles the natural hormone were chosen:

Fig. 5. Cross sections of sciatic nerves from WT- and PRKO mice. Sciatic nerves were ®xed in 2.5% glutaraldehyde and cut in 1 mm pieces

before osmication in 2% osnium tetroxide for 1 h at 48C followed by embedding in epon. Ultrathin cross sections of the sciatic nerves were

obtained with a Leitz ultramicrotome and were counterstained with uranyl acetate and lead citrate. Semithin sections, obtained from the same

embedded nerves, were stained with toluidine blue. Upper part: semithin cross sections (�310) of WT (left) and PRKO mice (right). Lower part:

ultrathin cross sections (�7000). Note the similar number of lamellae and their compaction in both situations. The myelin sheaths are surrounded

by the Schwann cell cytoplasm and basal lamina of Schwann cells.
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Megestrol acetate (17-hydroxy-6-methylpregna-4,6-di-
ene-3,20-dione acetate), Chlormadinone acetate (17-
acetyloxy-6-chloro-pregna-4,6-diene-3,20-dione acetate)
and Drospirenone (6b,7b,15b,16b-dimethylene-3-oxo-
17a-pregn-4-ene-21,17-carbo-lactone). They were kindly
given by Dr. E. Schillinger, Schering, Berlin. The three
progestogens had similar high a�nity to the glial PR
as was shown by competitive ligand binding assays [29].
Among the three compounds, Megestrol acetate was
found as potent as progesterone on myelin protein syn-
thesis, as can be seen on Fig. 6. The antiprogestin RU
486 had no antagonistic e�ect on progesterone-induced

myelin protein synthesis and displayed even some ag-
onistic action by itself (Fig. 6).

In the PNS, similar studies cannot be done in
Schwann cell cultures, since Schwann cells do not
express myelin proteins in usual culture conditions.
However, in DRG-Schwann cell cultures, myelination
of sensory axons occurs in presence of serum and
ascorbic acid [30], and the addition of progesterone to
the culture medium had signi®cantly increased the
number of myelin segments [19].

The e�ect of progesterone, the antiprogestin RU 486
and the three progestogens was then tested on myelin
formation in such DRG-Schwann cell cultures. After
3 weeks treatment with progesterone (200 nM), a 65%
increase of myelin density, expressed as the total length
of myelinated segments per mm2 of the culture dish
surface, was observed. RU 486 (400 nM) did not in¯u-
ence myelin formation, but it completely inhibited the
progesterone-induced myelin increase when it was
added together with the progestin (Table 1). Megestrol
acetate and Drospirenone (200 nM) slightly promoted
myelin formation, but Chlormadinone was almost as
e�ective as progesterone, as is shown on Table 2.

Taken together, the results from these data and
from our earlier studies are a clear demonstration of
the trophic action of progesterone on central- and per-
ipheral myelin protein synthesis in in vitro experiments.

Fig. 6. E�ect of progesterone, megestrol acetate and the antiproges-

tin RU486 on MBP-expression in rat oligodendrocytes. Primary rat

glial cell cultures were prepared at postnatal day one, as described [8].

Cells were plated on glass cover slips and cultured in DME-medium

containing 10% charcoal-treated calf serum and insulin (5 mg/ml), in

the absence (control), or the presence of progesterone (200 nM or

1 mm), megestrol acetate (200 nM or 1 mM), RU 486 (1 mM) and pro-

gesterone plus RU 486 (200 nM+1 mM). At day 11 of culture,

immuno¯uorescence staining of MBP was performed. Labeled and

unlabeled oligodendrocytes were counted and the number of antigen-

expressing cells amidst 2000 oligodendrocytes are indicated. The

mean values2SD of three independent measures are indicated.

Table 1

E�ect of progesterone and the antiprogestin RU 486 on myelin syn-

thesis in DRG-Schwann cell cultures

Culture conditions Density of myelin

(mm/mm2)

% Control

Control 884621600 100

Progesterone (200 nM) 1461621865 165

RU486 (400 nM) 786521267 89

RU+Progesterone (400+200 nM) 801321945 91

DRG-Schwann cell cultures were prepared as described [26, 30].

DRG explants were placed on 35 mm Petri dishes coated with rat

tail collagen and cultured in Dulbecco's modi®ed Eagle's medium-

Ham's F-12 (50:50; v/v) containing 10% fetal calf serum (FCS) and

nerve growth factor (30 ng/ml). During the ®rst week, the cultures

were treated two times with 10 mM cytosine arabinoside to eliminate

®broblasts. Subsequently, the explants were grown for an additional

3 weeks in DME/F-12 medium containing transferrin (100 mg/ml),

insulin (5 mg/ml), putrescine (100 mg/ml), NGF (30 ng/ml) and sel-

enium (30 mg/ml). Thereafter, the DRG-Schwann cells were cultured

three more weeks in the same medium, to which FCS (15%) and

ascorbic acid (50 mg/ml) were added, as well as the corresponding

hormones or antihormones. Ascorbic acid and hormones were added

daily. Myelinated ®bers were stained with Sudan black (0.5%) after

®xing the cultures with glutaraldehyde (2.5%). The analysis of my-

elin density was performed using the public domain NIH image pro-

gram 1.62. Myelin formation was quanti®ed as the total length of

myelin segments per mm2 of the culture dish surface. For each point,

six sets of culture dishes were analyzed, twelve images/picture of

1 mm2 were taken at random from each dish.
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Moreover, the role of progesterone on myelin for-
mation was also shown in vivo, in the regenerating
sciatic nerve of male mice after cryolesions. In this in
vivo system, the application of progesterone to the
lesioned nerve accelerated myelin repair [19].

We are currently studying the e�ect of progesterone
on the expression of myelin speci®c proteins. A di�er-
ent approach was to study promoter activity of periph-
eral myelin protein-22 (PMP22) and protein zero (Po)
genes in cultured Schwann cells, transiently transfected
with reporter constructs in which luciferase expression
was controlled by the promoter region of either per-
ipheral protein gene. Progesterone stimulated the Po
promoter and promoter 1 of PMP 22. The antiproges-
tin RU 486 did not abolish the e�ect of progesterone,
but stimulated promoter activity by itself [31], (Fig. 7).
The e�ect of progesterone was speci®c, as estradiol
and testosterone only weakly activated the promoters.
These e�ects of progesterone are likely to be relevant
to the process of myelination, since both promoters
are involved in myelin formation. These ®ndings are in
agreement with recent reports that progesterone can
increase Po and MBP RNA levels in Schwann cell
cultures [32].

5. Conclusions

We have demonstrated that neurosteroids are syn-
thesized in the central and peripheral nervous system,
particularly in myelinating glial cells. Synthetic path-
ways may start from cholesterol or from steroidal pre-
cursor(s) imported from peripheral sources. The sex
steroid progesterone, the classical female reproductive
hormone, can also be classi®ed as a neurosteroid, since
its synthesis within both the CNS and the PNS was
demonstrated. In the nervous system, progesterone
regulates neurotransmission and exerts trophic e�ects
on both neurons and glia through autocrine and/or
paracrine actions [33]. Whether neurosteroids formed

within nervous tissues signi®cantly contribute to the
pool of circulating steroids is unknown. The concen-
tration of neurosteroids in the nervous system are
compatible with their playing a physiological neuro-
modulatory role and are consistent with the a�nities
of steroid hormone receptors with which they interact.
Using a combination of hormone-binding assays and
immunocytochemical techniques, we have demon-
strated the presence of steroid hormone receptors in
glial cells of the CNS and the PNS. They resemble to

Table 2

E�ect of progesterone and progesterone analogues on myelin syn-

thesis in DRG-Schwann cell cultures

Culture conditions Density of myelin (mm/mm2) %/Control

Control 546621230 100

Progesterone 1067622005 196

Megestrolacetate 687621900 126

Chlormadinone 892422200 163

Drospirenone 689222350 126

DRG-Schwann cell cultures were prepared as described in Table 1

and treated for the last 3 weeks of culture either with progesterone,

megestrolacetate, chlormadinone or drospinerone (200 nM). Control

cultures received vehicle only (ethanol). The density of myelinated

®bers was determined as described in Table 1.

Fig. 7. E�ect of progesterone and the antiprogestin RU486 on PMP-

22 promoter 1-luciferase activity in cultured rat Schwann cells.

Primary cultures of rat Schwann cells were prepared from newborn

rat sciatic nerves as described [10]. Cells were grown to 90±100%

con¯uence in DME-medium, containing 10% heat-inactivated FCS,

forskolin (5 mM) and insulin (4.8 mg/ml). Schwann cells were transi-

ently transfected using the polyethylenimine (PEI) method with a

ratio PEI/DNA of seven equivalents. After transfection, Schwann

cells were incubated in culture medium containing 10% charcoal-

treated FCS and either progesterone, 1 nM (P), or RU486, 10 mM
(RU), or progesterone, 1 mM, plus RU486, 10 mM (P+RU).

Control cultures received vehicle only. Luciferase activity was

assayed according to standard procedures. Data are given as

mean2standard error (SEM). They were analyzed by one-way

ANOVA followed by Newmann±Keuls multiple comparisons tests.

(***p<0.001 when compared to control).
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those found in peripheral target organs, as for their
similar ligand binding a�nity and the modulation of
PRs by estradiol. Moreover, in PRKO mice, no PRs
were detected in brain cortex or sciatic nerve-Schwann
cells, whereas their presence was demonstrated in cor-
responding tissue from WT mice.

Di�erent e�ects of neurosteroids on glial cells were
shown, especially interesting is the trophic action of
progesterone and progesterone analogues on central
and peripheral myelin protein synthesis, providing
compelling support for an important role of progestins
in the myelinating process. A very ®rst observation of
the role of steroids on myelination was made by
Rawlins et al. [34], when the authors observed retar-
dation of peripheral nerve myelination in mice treated
with inhibitors of cholesterol biosynthesis.

As progesterone is produced by glial cells, it may
increase myelination by acting on adjacent neurons
and activate the expression of neuronal signaling mol-
ecules required for myelination, or it may function as
an autocrine trophic factor and directly stimulate my-
elin formation. Further investigations should assess the
physiological signi®cance of our ®ndings.

An important observation is the trophic action of
some progesterone analogues on myelin synthesis, and
glial cells provide an essential research tool for study-
ing a wide range of such compounds, which may have
clinical implications in the treatment of demyelinating
diseases.
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