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P r i m a r y  cul tures  of  o l igodendrocytes  and astrocytes  and  pur i f ied  cul tures  of  Schwann cells were 
p r epa red  respect ively f r o m  fo rebra in  and  sciatic nerves of  newborn  rats.  The effects of  s teroid 
h o rmones  and  growth  factors  on glial cell growth and  on the p roduc t ion  of  myel in-specif ic  prote ins  
and  lipids were invest igated.  Proges te rone  (P, 100 nM) decreased the pro l i fe ra t ion  of  glial cells of  
the cent ra l  nervous  system.  This inh ib i tory  effect of  P was abolished by the s imul taneous  admin i s -  
t r a t ion  of  the an tagonis t  RU486, thus suggesting a r ecep to r -med ia t ed  act ion of  the ho rmone .  The 
expression of  myel in-specif ic  proteins,  including the mye l in  basic pro te in  (MBP) and  the 2',3'-cyclic 
nucleot ide-3 ' -phosphodies terase  (CNPase), and  of  a myelin-specif ic  lipid, galactocerebroside  
(Gal C), was also m e a s u r e d  dur ing  cell d i f ferent ia t ion under  different  h o r m o n a l  condit ions.  The 
expression of  MBP in ol igodendrocytes  was increased by P, and  this effect was not  blocked by RU486. 
The combined  appl icat ion of  P and  insulin p r o m o t e d  a synergist ic  s t imula t ion  of  MBP expression. 
Insulin,  by itself, also increased the n u m b e r  of  MBP-posi t ive  ol igodendrocytes  in cul ture.  The effects 
of  P and insul in appeared  to be selective as dexamethasone ,  dehydroep iandros te rone ,  p regnanolone  
and  ep ide rma l  growth fac tor  (EGF) had  no effect. Only estradiol  (E2,500 nM) increased  the n u m b e r  
of  M B P - i m m u n o r e a c t i v e  cells, but  in cont ras t  to P, only a smal l  synerg ism between E 2 and  insulin 
on M B P  expression was observed. The expression of  CNPase, ano ther  myelin-specif ic  protein,  was 
also increased by P and, here  again, a synergy between P and  insul in could be observed. In contrast ,  
the expression of Gal C, a myelin-specif ic  lipid, was not  modif ied  by P or o ther  s teroid hormones .  
Moreover ,  the increase in Gal C-positive cells observed in response to insul in alone was not  f u r t h e r  
po ten t ia ted  by P. Glial cells of  the per iphera l  nervous system, name ly  Schwann cells, are  also 
sensitive to s teroid hormones .  Schwann cells contain estrogen receptors ,  and  E 2 s t imula tes  the i r  
p ro l i fe ra t ion  in the presence of  forskolin or d ibu ty ry l  cyclic AMP (dbcAMP). The mi togenic  effect 
of  E2 was abol ished by the pure  an t ies t rogen ICI-164,384. Insulin,  at  m i c r o m o l a r  concentra t ion ,  also 
s t imu la t ed  Schwann cell growth  when forskolin or dbcAMP were present  in the cul ture  m e d i u m .  
The mi togenic  effect of  insul in was med ia t ed  by insulin-l ike growth  fac tor  I (IGF-I) receptors .  
Indeed,  at  a physiological  n a n o m o l a r  concentra t ion,  IGF-I  but  not  insulin or IGF-II ,  increased the 
pro l i fe ra t ion  of  Schwann cells in synergy with forskolin. In addit ion,  Schwann cells express receptors  
for  IGF-I.  
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INTRODUCTION 

Steroid hormones have profound influences on the 
growth, maturation, differentiation and functioning of 
brain cells. The action of steroid hormones requires 
activation of gene transcription, which is mediated 
by specific high-affinity intracellular receptors [ 1]. The 
presence of receptors for steroid hormones within 
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different regions of the brain has been described by 
several groups (for review see [2, 3]), but in glial cells, 
only the presence of glucocorticoid receptors (GR) has 
been reported [4]. Using primary cultures of rat glial 
cells, we have shown that glial ceils contain, in addition 
to GR, receptors for progesterone (PR), estrogen (ER) 
and androgen (AR). We also demonstrated the estro- 
gen-inducibility of PR during primary culture as well 
as sex differences of this PR induction. Indeed, estra- 
diol (E2) substantially increased the amount of PR in 
glial cell cultures established from newborn female 
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pups, while very little PR induction was observed after 
E 2 treatment in male cultures [5, 6]. 

In agreement with the presence of intraceUular 
receptors for steroids, glial cells of the CNS are sensi- 
tive to the actions of steroid hormones. For instance, 
P inhibits and E2 stimulates cell proliferation. Both 
steroid hormones also influence glial cell morphology 
and differentiation, as was seen by an increased syn- 
thesis of myelin proteins in oligodendrocytes [6]. In the 
central nervous system (CNS), myelin is formed by 
oligodendrocytes. These cells are responsible for the 
maintenance of myelin, a multilayered assembly of 
membranes, which permits rapid and safe conduction 
of nerve impulses along axons [8]. In rodents, central 
myelin is composed of about 70% lipids [9], among 
which galactocerebroside (Gal C) is a specific marker 
for oligodendrocytes [10], and of about 30% proteins. 
The myelin proteins are mainly composed of proteo- 
lipid protein, myelin basic protein (MBP), 2',3'- 
cyclic nucleotide-3'-phosphodiesterase (CNPase) and 
myelin-associated glycoproteins [9, 11]. Very little is 
known about the influence of steroid hormones on the 
expression of myelin-specific proteins during glial 
cell differentiation. In the present work, with the use 
of specific antibodies to Gal C, MBP and CNPase, we 
report studies of the expression of these specific oligo- 
dendrocyte markers during the first 10 days of primary 
culture in the presence or absence of steroid hormones 
and/or antihormones. 

In the peripheral nervous system (PNS), myelin 
is formed by Schwann cells. As oligodendrocytes, 
Schwann cells from neonatal rat sciatic nerves can be 
grown in culture and secondary cultures preserve basic 
Schwann cell functions [12]. However, in contrast 
to oligodendrocytes, which differentiate and produce 
myelin proteins in cell culture in the absence of neur- 
ons, Schwann cells remain undifferentiated. However, 
under these conditions, the effects of mitogens can be 
tested [12]. The proliferation of Schwann cells plays an 
important role during the development and regener- 
ation of myelin. Schwann ceils were the first ceils 
for which cyclic AMP (cAMP) was recognized as a 
mitogen in culture [13]. It was found that cAMP is not 
mitogenic by itself, but it promotes the division of 
Schwann ceils by increasing their sensitivity to peptide 
growth factors [14, 15]. 

During studies of the action of steroid hormones 
on Schwann cell proliferation, we found that E 2 
increased cell growth in synergism with cAMP [16]. 
This mitogenic effect was abolished by the antag- 
onist ICI-164,384, a pure antiestrogen compound 
[17]. As we have demonstrated the presence of specific 
ER in Schwann cells [16], it is possible that the 
mitogenic action of E 2 is mediated by intracellular 
receptors. 

We have also shown that insulin-like growth factor 
I (IGF-1) stimulates the proliferation of Schwann 
cells but again only in the presence of elevated levels 
of cAMP [18]. Using binding studies and immuno- 
fluorescence staining, we showed that Schwann cells 

express receptors for IGF-I  and that the amount of 
binding sites for IGF-I  was increased by cAMP [18]. 
We now describe additional studies of the action of 
steroid hormones and growth factors on Schwann cell 
proliferation. 

E X P E R I M E N T A L  

Glial cells of the CNS 

Primary cultures of glial ceils were established 
from newborn Sprague--Dawley rats as described in 
detail previously [5, 6]. At the day of birth (day 1 
of culture), cerebral hemispheres were mechanically 
dissociated in culture medium containing serum 
[Dulbecco's Modified Eagle medium, containing 10% 
fetal calf serum (FCS), glucose (1.8 mg/ml), penicillin 
(100UI/ml) and streptomycin (100#g/ml)]. This 
medium will be named DME-F. For the measure 
of steroid hormone effects, FCS was replaced by 
10% charcoal-treated calf serum (DME-CX). After 
cell dissociation, the cell suspension was filtered 
and plated on poly-L-lysine (PLL)-coated plastic 
dishes, or onto PLL-treated glass coverslips. When 
hormone effects were measured, cells were allowed 
to attach in DME-F overnight, and the following 
day, DME-CX was given and the corresponding 
hormones, antihormones or growth factors were 
added as will be described for each experiment. Media 
were changed every 2 to 3 days, hormones were added 
daily. 

Immunofluorescence staining of myelin-specific pro- 
teins. The immunofluorescence procedure has been 
described in detail previously [7, 19]. Briefly, ceils 
were cultured on glass coverslips in Petri dishes. For 
the measure of MBP and CNPase, coverslips were 
washed, fixed in 4% paraformaldehyde in phosphate 
buffered saline (PBS) for 30 min, and after washing, 
cells were permeabilized with a 1% solution of Triton 
X-100 in PBS for 4 min. After washing, the monoclonal 
antiMBP (Boehringer, Marmheim, Germany), or the 
monoclonal antiCNPase (Sigma Immunochemicals) 
was applied for 30 min, followed, after washing, by the 
fluorescein coupled goat antimouse IgG, diluted 1:20, 
for another 30 min. 

Immunofluorescence staining of Gal C was done 
using a monoclonal antibody to Gal C (clone m Gal C 
from Boehringer, Mannheim). AntiGal C was added 
to living cells for 30 min and, after fixing in 4% para- 
formaldehyde, the second fluorescein coupled goat 
antimouse IgG was applied. The coverslips were 
stained with Evans blue and mounted in Moviol. 
The ceils were observed with a Leitz Laborlux D 
photomicroscope. 

The number of MBP-, Gal C- and CNPase-positive 
cells was estimated by counting the number of fluor- 
escent cells among unlabeled oligodendrocyte-like 
ceils. About 100 random grids on different coverslips 
were counted. Unlabeled oligodendrocytes and astro- 
cytes can be distinguished easily after staining with 
Evans blue at the end of the immunofluorescence 
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labeling, and the number of antigen-positive cells 
among 2000 oligodendrocyte-like cells are indicated. 
Counts were done in triplicate for each experiment 
and analyzed by non-parametric statistics (Kruskal- 
Wallis one-way analysis of variance and Mann- 
Whitney U tests for between-group comparisons). 
Experiments were repeated several times, each one 
with a new primary culture. 

Cell growth experiments. At day 6 of culture, 
cells were subcultured and replated in P L L  treated 
60ram Petri dishes in DME-CX medium in the 
absence of hormone. 24h later, when cells were 
attached, hormones or antihormones were added to the 
medium. Media were changed every 2 days, hormones 
or antihormones were added every day. At the indi- 
cated days of culture, triplicate dishes were counted 
with a hemocytometer. The numbers of cells deter- 
mined were analyzed by one-way ANOVAS followed 
by Tukey's tests. For each cell growth experiment, a 
new primary culture was used and experiments were 
repeated several times. 

Glial cells of the P N S  

Schwann cells from 
lished as described in 

peripheral nerves were estab- 
detail previously [16]. Briefly, 

sciatic nerves from 4- to 5-day-old Sprague--Dawley 
rats were minced into small fragments and the tissue 
was digested in tissue culture medium containing 
0.25% trypsin and 0.1% collagenase type A (Sigma 
C-9891) for 40rain at 37°C by gently stirring in a 
cell incubator. After dissociation, FCS was added 
to the suspension and cells were recovered by centri- 
fugation. After washing the pellet in DME-F,  cells 
were plated onto 25 cm 2 tissue culture flasks precoated 
with PLL.  After 2 days of culture, cytosine arabino- 
side (10 -5 M) was added for 48 h to eliminate contami- 
nating fibroblasts. The  cultures were then washed 
and grown in DME-F  supplemented with forskolin 
(Sigma, 2/~g/ml) to stimulate Schwann cell growth. 
When cell confluency was reached, residual fibro- 
blasts were eliminated by antiThy 1.1 treatment and 
complement, as was described previously [20]. Cells 
were recovered by trypsin, centrifuged, and the pellet 
resuspended in 0.2ml antiThy 1.1 monoclonal anti- 
body (Cederlane, Canada), diluted 1:4 in DME-F.  
After 30min incubation at 37°C, cells were cen- 
trifuged, the pellet recovered in 0.1 ml DME-F  and 
0.1 ml Low-Tox-M Rabbit complement (Cederlane) 
and incubated for 30min at 37°C. Cells were then 
centrifuged, washed in DME-F  and plated in PLL-  
treated plastic flasks. By this procedure, highly purified 
Schwann cells were obtained which were multiplied 
by serial trypsination and dilution and were kept in 
culture for several weeks. 

Cell growth experiments were done with pure 
Schwann cells, plated on PLL-treated 60 mm Petri 
dishes as described for glial cells of the CNS. For 
each cell growth experiment, a new primary culture 
was used and experiments were repeated several 
times. 

R E S U L T S  

Glial cells of the C N S  

Effect of progesterone on glial cell proliferation. 
Primary cultures of rat glial cells contain two main cell 
types, oligodendrocytes and astrocytes. Generally the 
cultures consisted of 50--60% oligodendrocytes and 
40-50% astrocytes. Some ependymal cells were also 
present. These mixed glial cultures were trypsinized on 
day 6 and replated at low density (220,000 cells per 
60 mm Petri dish) in DME-CX medium. After attach- 
ment, P (100 nM), or the antagonist RU486 (200 nM), 
or both together, were added to the culture medium 
and the number of cells was determined after different 
days of treatment. As shown in Fig. 1, P decreased cell 
multiplication and this decrease was inhibited when 
the anti-progestin RU486 was present together with 
the hormone. RU486 had a slight stimulatory effect by 
itself, but only on days 17 and 20, when high cell 
density was reached. 

As can be seen in table 1, the amount of MBP-ex- 
pressing cells was consistently higher in the presence of 
P when compared to control cultures. As we had 
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Fig. 1. Growth  o f  rat  brain  glial  cel ls  in p r i m a r y  culture.  
P r i m a r y  cultures  were es tabl i shed at day 1 (day o f  birth) as 
descr ibed in Exper imenta l .  At day 6, cel ls  were  subcul tured 
and replated in 60 m m  Petr i  dishes in the absence  o f  hor-  
mone .  2 4 h  later,  h o r m o n e - c o n t a i n i n g  m e d i u m  was  given. 
Media  were changed every  2 days,  h o r m o n e s  were  added 
dally.  Tr ip l icate  dishes  were counted with a h e m o c y t o m e t e r  
and m e a n  values are indicated,  not  differing one f r o m  
another  by >10%.  O n e - w a y  A N O V A S  showed a s ignif icant  
effect o f  t rea tment  on days  13 to 22, when  proges terone  
s ignif icant ly  inhibi ted cel l  growth  (control  vs progesterone:  
P ~< 0.01 on each day by Tukey's  tests) .  RU486 increased  cel l  
pro l i ferat ion  on day 20 ( P  ~< 0.05). ( X - - - X )  control; ( A - - A )  
+ P  (100 nM); ( O - - O )  + R U 4 8 6  200 nM; ( A - - A )  + P  (100 nM) 

and + R U 4 8 6  (200 nM). 
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Table 1 MBP-posmve oligodendrocytes at different days after 
primary culture 

MBP-posltlve cells/2000 cells median (range) 
Days of 
culture Control + P + RU486 + P + RU486 

3 0 1 0 0 
(0--0) (1--4) (0-0) (0-0) 

4 0 5 1 3 
(0--0) (3-6) (0-2) (2-4) 

6 2 7 6 5 
(1-3) (5-7) (4-8) (5-8) 

7 10 5 25.5* 18" 20* 
(9-13) (15-28) (15-21) (17-25) 

9 38 88* 60* 90* 
(33-40) (85-92) (58-62) (80-93) 

10 59 111" 88 5* 126" 
(49--62) (98-120) (85-92) (125-128) 

Glial cells were plated on covershps the day of birth (day 1), and 
cultured m the absence (control) or presence of P, 500 nM, or 
RU486, 1/~M, or m the presence of P (500nM)+RU486 
(1/aM) At the indicated days, MBP was measured by indirect 
lmmunofluorescence staining usmg speofic anubod~es to 
MBP. The number of MBP-posmve cells per 2000 counted 
ohgodendrocyte-like cells was determined The counterstammg 
of coverslips with Evans blue permits to distinguish easily astro- 
cytes which were not taken mto account. The medmn and range 
of 3 independent measures (corresponding to different coverslips) 
are shown. *P ~< 0.05 when compared to the control group by 
Mann-Whlmey U tests after Kruskal-Walhs one-way analysis of 
variance 

observed an antagonis t ic  effect of  R U 4 8 6  du r ing  cell 

prol i fera t ion exper iments ,  we examined  whe ther  the 
i nduc t i on  of M B P - e x p r e s s i n g  cells by P was inh ib i ted  
in  the presence of the antagonis t .  Surpr i s ingly ,  the 
an t ip roges t in  R U 4 8 6  did not  inh ib i t  the i nduc t ion  of 
M B P  by P, bu t  ins tead showed some s t imula tory  

effects by itself (Tab le  1). 
W h e n  the immunof luorescence  in tens i ty  of M B P -  

expressing cells w i th in  single ol igodendrocytes  was 
measured  by  spot me te r ing  wi th  a Lei tz  sensor,  the 
degree of f luorescence,  reflecting weak, modera te  

or s t rongly labeled cells, was consis tent ly  higher  
in o l igodendrocytes  cu l tu red  in  the presence of P 

(Tab le  2). 
Est radiol  also increased the n u m b e r  of M B P -  

express ing cells, a l though to a lesser extent  than  P. 

W h e n  the an t ies t rogen ICI -164 ,384 ,  a pure  an tagonis t  
devoid of estrogenic activity in  rats and  mice [17] was 
tested together  wi th  E2, the MBP-exp re s s ion  induced  
by E2 was no t  modif ied by  the antagonist .  ICI -164 ,384  
alone had no  significant  effect on the a m o u n t  of M B P -  

posit ive cells (Tab le  3). 
Other  steroids, such as p regnanolone ,  dehydro-  

ep iandros te rone  or dexamethasone  had no  signif icant  

effect on  MBP-exp re s s ion  (not  shown).  
As "in v i t ro"  studies have shown that  polypept ide  

growth  factors inf luence glial cell growth  [21], we 
tes ted the effect of  E G F  which  has been  repor ted  to 
inh ib i t  M B P  expression [22]. I n  our  exper imenta l  
condi t ions ,  E G F ,  at 20 or 100 ng/ml ,  had no significant  
inf luence on MBP-exp re s s ion  d u r i n g  the first 10 days 
of p r imary  cul ture  (not  shown).  

Table 2. Immunofluorescence intensity of M B P  m 
ohgodendrocytes at d~fferent days of culture in the 

presence or absence of progesterone 

Days of culture 

Spot metering fluorescence 
(time of automauc exposure) 

medmn (range) 
Control + Progesterone 

3 - -  - -  

6 17 10"* 
(10-26) (7-14) 

8 10 4** 
(7-13) (2-7) 

10 7 3** 
(5-10) (2-6) 

Glial ceils were plated on covershps at day 1 and 
cultured m the absence (control) or presence of P 
(500 nM). At the indicated days of culture, MBP 
was measured by mdirect lmmunofluoresence stain- 
ing and the fluorescence mtensity of MBP within a 
single cell was determined by spot metering with 
a Leitz sensor. The sensor signal, converted to an 
electrical signal, was expressed as seconds necessary 
for automauc exposure. Reduced exposure time 
corresponds to increased fluorescence intensity 
The median intensities of 20 tested ohgodendro- 
cytes are indicated **P ~< 0 01 when compared to 
control groups by Mann-Whitney U tests. 

I t  was repor ted  that  in su l in  increases M B P  in  oligo- 
dendrocytes  [23] and  that  insu l in  and  I G F - I  suppor t  

o l igodendrocyte  deve lopment  [24-26]. I n  our  previous  
studies of steroid ho r mone  receptors in these glial 
cells [5, 6], we rou t ine ly  added  insu l in  to the cul ture  
m e d i u m  which resul ted in o l igodendrocy te -enr iched  
cul tures.  I n  the presen t  studies,  we measured  the 
effects of insu l in  and  steroid hormones  on  M B P  ex- 
pression.  T h e  glial cul tures  were t reated f rom day 1 to 
10 wi th  P or E2 in  the presence or absence of  insu l in ,  
or wi th  insu l in  alone. O n  days 4, 7, 9 and  10, M B P -  
posit ive ol igodendrocytes  were counted  and  the results 

are shown in Fig.  2. T h e  increase in  MBP-pos i t ive  cells 
in  the presence of  P or E 2 was similar  to the exper-  
iments  descr ibed above. I n  the presence of insul in ,  a 

Table 3. MBP-posztive ohgodendrocytes at different days of 
primary culture 

Median (range) 
Days Control + E 2 + ICI + E 2 + ICI 

7 10" 22* 9 18" 
(10-11) (20-24) (8-10) (16-21) 

9 29 45* 41 45* 
(28-35) (39-48) (35-45) (35-48) 

10 60 85* 60 82* 
(57-62) (82-91) (52--68)  (77-90) 

Gllal cells were plated on coverslips at day 1 (birth of pups) 
and treated or not with E2 (500 nM), or ICI-164,384 (ICI, 
1 pM), or both together MBP was measured by redirect 
lmmunofluorescence stalmng at the indicated days of cul- 
ture. The number of MBP-positive ceils per 2000 counted 
ohgodendrocyte-hke cells was determmed The median and 
range of 3 independent measures are shown *P ~< 0 05 when 
compared to the control group by Mann-Whitney U tests after 
Kruskal-Walhs one-way analysis of variance 
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Fig. 2. M B P - e x p r e s s i o n  in r a t  oligodendrocytes in p r i m a r y  
culture.  Glial cells were p la t ed  a t  day 1 on P L L - t r e a t e d  glass 
coverslips,  as described in  E x p e r i m e n t a l ,  and  grown in D M E -  
CX m e d i u m  in the  absence  ( X - - - X ) ,  or  in the presence of  
P, 500nM (/X~Z~); E2, 500nM (OmC));  insul in,  4 .5 / tg /ml  
(Dm[~) ;  P, 500nM + i n s u l i n ,  4 .5 / ig /ml  ( A - - A ) ;  or  E,,  
500 n M +  insul in ,  4.5/~g/ml ( Q ~ Q ) .  H o r m o n e s  were  added  
daily, m e d i a  were changed every 2 days. At  the indicated 
days, immunof luorescence  staining of  M B P  was done with  
the monoc lonal  ant iMBP antibody as described in Exper -  
imen ta l .  Labe led  a n d  unlabeled cells were then counted a n d  
the n u m b e r  of  M B P - p o s i t i v e  cells pe r  2000 oligodendrocyte-  
like cells a re  indica ted .  The  m e d i a n  and  r ange  of  3 indepen-  
dent measures  are shown. On days 9 a n d  10, t he re  were 
significantly more  MBP-pos i t ive  ol igodendrocytes on cover-  
slips t r e a t e d  wi th  P, E2, or  insu l in  when  c o m p a r e d  to controls 
a n d  on coverslips treated with  insu l in  d -p roges t e rone  when 
c o m p a r e d  to insu l in  alone. For each comparison,  P ~< 0.05 by 
M a n n - W h i t n e y  tes ts  a f t e r  Kruska l -Wal l i s  one-way analys is  of  
var iance .  E, d id  not significantly increase the  n u m b e r  of  

M B P - p o s i t i v e  cells in the presence of  insul in.  

5- to 6-fold increase in MBP-positive oligodendrocytes 
was observed, but when P and insulin were present 
together in the culture medium, a 14-fold increase 
in MBP-expressing oligodendrocytes was observed, 
especially on days 9 and 10. The experiments were 
repeated several times, each one with a new primary 
culture. Representative immunofluorescence-stained 
cultures are shown in Fig. 3. In contrast to P, E2 did 
not significantly increase the effect of insulin. 

Expression of CNPase and Gal C. In separate 
experiments, the modulation of different myelin com- 
ponents, namely, MBP, CNPase and Gal C, was 
measured in oligodendrocytes cultured under different 

hormonal conditions. One of these experiments is 
shown in Fig. 4. Cells from the same primary culture 
were treated from days 1 to 10 with P or E2 in the 
presence or absence of insulin, or with insulin alone. 
The number of antigen-expressing oligodendrocytes 
was then determined. As was observed for MBP ex- 
pression, P alone slightly increased CNPase-expressing 
cells and again, the effect of P was potentiated by 
insulin. A 5- to 6-fold increase in CNPase expression 
was observed by insulin alone, whereas the addition of 
P to insulin resulted in a 10- to l 1-fold increase in 
CNPase-positive cells. Estradiol had little effect by 
itself on CNPase expression and it did not potentiate 
the effect of insulin. In contrast to MBP and CNPase, 
Gal C expression was only increased by insulin and not 
by the steroid hormones. 

Glial cells of the P N S  

Effect of estradiol on Schwann cell proliferation. 
Purified Schwann cells were obtained by exposing 
primary cultures to cytosine arabinose and by treating 
them with an antiserum to Thy  1.1 and rabbit comp- 
lement as described in Experimental. These purified 
Schwann cells in secondary culture expressed the 
neuroectodermal S-100 antigen, a specific marker for 
Schwann cells [16,27]. In our recent studies we 
showed that Schwann cells contain specific and satu- 
rable binding sites for E2. Treatment of the cells with 
forskolin, a potent activator of the cAMP-generating 
system [28], resulted in a 2-fold increase in ER [16]. 
We have also shown that E2, at a 100nM concen- 
tration, stimulated Schwann cell growth, but only in 
the presence of forskolin (5 ~tM) or dbcAMP (1/~M). 
One of these experiments is shown in Fig. 5. The 
addition of E 2 alone had no effect on cell growth, 
however, in the presence of forskolin, which had some 
stimulatory effect by itself, E2 became a potent mito- 
gen. The effects of lower doses o fE  2 (1, 10 and 100 nM) 
on cell growth were then tested in the presence of 
dbcAMP (1/~M). The mitogenic effect of E2 was 
already maximal at 1 nM (Fig. 6). The specificity of E2 
action on Schwann cell growth was tested by using the 
antagonist ICI-164,384, which completely blocked the 
mitogenic action of E2 [16]. 

Effect of IGF- I  on Schwann cell proliferation. We 
have recently shown that Schwann cells express recep- 
tors for IGF-I  [18]. These receptors were visualized on 
the Schwann cell surface by indirect immunofluores- 
cence staining using anti IGF-I  receptor antibodies, 
and they were measured by binding assays. Scatchard 
analysis showed a single class of high-affinity receptors, 
and the amount of binding sites was increased by 
forskolin, from about 5000 to 12,000 binding sites/cell. 
IGF-I  stimulated cell growth, but only in the presence 
of forskolin or dbcAMP [18]. In other experiments, 
we tested the effect of nerve growth factor (NGF) at 
the same concentration as used for IGF-I  (20 ng/ml). 
As was seen in previous experiments, IGF-I  strongly 
increased Schwann cell growth, whereas NGF,  even in 
the presence of forskolin, had no effect (Fig. 7). 
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Fig. 3. I nduc t ion  of M B P  in r a t  o l igodendrocy tes  by P. Glial cells were  p la ted  at  day 1 on P L L - t r e a t e d  glass 
covers l ips  and  cu l t u r ed  in D M E - C X  m e d i u m  wi thou t  (A), or  in the  p resence  of  P, 500nM (B); insul in ,  
4.5 # g /m l ,  (C); or  bo th  P (500riM) and  insu l in  (4.5/~g/ml) (D). H o r m o n e s  were added  daily, m e d i a  were 
ch an g ed  every 2 or 3 days.  At day 9, cells were fixed a nd  i m m u n o s t a i n e d  for M B P  as desc r ibed  m 
E x p e r i m e n t a l .  R e p r e s e n t a t i v e  mic ro scope  fields are  r ep resen ted .  Mos t  fields of  cont ro l  c u l t u r e s  (A) con ta ined  

no MBP-pos i t i ve  cells; ( x 250). 
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Fig. 4. Express ion  of  MBP,  CNPase  and  Gal  C in r a t  o l igodendrocytes  in  p r i m a r y  cul ture .  Glial  cells were  
plated at day 1 on PLL-treated  glass covers l ips  and cultured in DME-CX medium in the absence  ( [ ]  C); or 
in the presence  of P, 500nM, ([] Prog); Ez, 500nM ([] Ez), insulin, 4.5pg/ml (~ I); P, 500 nM 4. insulin, 
4.5/tg/ml (m Prog + I); or E 2, 500 nM+ insulin, 4.5/lg/ml ([] E 2 4- I). Hormones were added dally, media were 
changed every  2 or 3 days. At day 9, immunofluorescence staining of MBP, CNPase and Gal C was done as 
descr ibed  in Experimental. Labeled and unlabeled cells were then counted and the number of antigen-express- 
ing cells  per 2000 oligodendrocyte-like cells are indicated. The median of 3 independent measures are shown. 
Insulin s ignif icant ly  increased  the number of oligodendrocytes expressing MBP, CNPase and Gal C (P ~< 0.05). 
B y  contrast ,  P increased  the n u m b e r  o f  M B P -  and CNPase-pos i t ive  cells (P ~< 0.05) but not of Gal C-pos i t ive  
cells. Cells stained for MBP and CNPase were more numerous on coverslips treated with insulin 4- P when 
compared to insulin alone (P ~< 0.05). Although E2 s l ight ly  increased the number of MBP- and CNPase-pos i t ive  
cel ls  when  c o m p a r e d  to the control  group (P ~< 0.05) the hormone did not  s ignif icant ly  potent iate  the effect of 

insulin (Mann-Witney tests after Kruskal-Wallis one-way analysis of variance). 

DISCUSSION 

In the present study, we focused part of  our exper- 
iments on the effect of P on central glial cells, since 
preliminary studies indicated that P increases the 
expression of  MBP in oligodendrocytes [6]. After 
treatment of glial cells from days 1 to 15 of primary 
culture with P (100 or 500 nM), we have demonstrated 
by immunofluorescence staining an about 2-fold in- 
crease in MBP-posit ive cells between days 6 and 10. 
After that time, the percentage of  MBP-positive oligo- 
dendrocytes was too high for a precise evaluation of 
their number.  It  is unlikely that the maturation effect 
of  P corresponds to an increased number  of  oligoden- 
drocytes in culture, since glial cell proliferation was 
slightly inhibited by P, as was seen in cell growth 

experiments. Also, the number  of oligodendrocytes 
expressing the specific marker Gal C was not influenced 
by P. By measuring the immunofluorescence intensity 
within single oligodendrocytes, we showed that P 
not only increased the percentage of  MBP-expressing 
cells within a culture, but also the amount  of MBP per 
cell. 

The inhibition of cell multiplication by P was 
completely abolished by the antagonist RU486, thus 
suggesting a receptor-mediated action of the hormone. 
Interestingly, the induction of  MBP expression by P 
was not inhibited by RU486, suggesting that this effect 
of P may not be mediated by the classical PR. 
The  antagonist had even a slight agonistic effect in 
comparison with control cultures. The  molecular basis 
of the agonistic activities of RU486 is not currently 
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Fig. 5. P r i m a r y  culture  of  rat  Schwann  cells,  effect of  E 2 and forskol in on cell  growth.  Left: phase contrast  
m i c r o s c o p y  o f  puri f ied  Schwann  cells,  2 weeks  after p r i m a r y  culture.  F ibroblasts  were  e l iminated  by 
t r e a t m e n t  wi th  ant iThy- l .1  and c o m p l e m e n t ,  as descr ibed in E x p e r i m e n t a l  ( x  200). Right:  purif ied  Schawnn 
cells  were  plated in 60 m m  Petr i  dishes  and cul tured in D M E - C X  m e d i u m  in the absence  ( X - - - X ) ,  or in the 
presence  o f  E2,100 nM ( © - - O ) ,  forskolin,  5/~M ([~--Fq), or E2,100 nM + forskolin,  5 / IM ( A - - A ) .  Media  were  
changed and hormones  and growth factors  were  added every  2 days. At  the indicated  days o f  culture,  cells 
were  counted.  The m e a n  values  o f  tr ipl icate  dishes  are indicated,  not  differing one f r o m  another  by > 10%. 
O n e - w a y  A_NOVA showed a s ignif icant  effect o f  t r e a t m e n t  on day 6 and 8 (F = 76, df = 12, P ~< 0.001) (control  

vs E2: P >/0.05; control  vs forskolin: P ~< 0.05; E 2 q-forskol in  vs forskolin: P ~< 0.01 by Tukey's  tests).  

understood. Its antagonistic activity in vivo is well 
established [29], but when transcriptional activity of 
the RU486--PR complex was measured in a receptor 
mediated transcription system in vitro and compared 
with that of the agonist R5020-PR complex, some 
transcriptional activation by RU486 was observed, 
corresponding to about 25% of that elicited by the 
progestin agonist [30]. 

Estradiol (100 and 500 nM) also had some agonistic 
effects on MBP expression, and here again, the antag- 
onist ICI-164,384, a pure antiestrogen [17], did not 
influence the estrogen activity. Other steroids such as 
dexamethasone, pregnanolone or dehydroepiandros- 
terone, or epidermal growth factor (EGF) failed to 
induce MBP expression. 

It is known that insulin increases MBP in oligoden- 
drocytes in primary culture in a dose-dependent 
manner. The concentration of insulin which induced 
a maximal increase in MBP protein was 5 #g/ml [23]. 
When P was added together with insulin to the primary 
cultures, a dramatic increase in the number of MBP 
expressing oligodendrocytes waj observed. This 
effect was not additive, but synergistic. At the high 

concentration of insulin used (4.5 #g/ml), it is likely 
that insulin acts via IGF-I-receptors, which have 
been demonstrated in rat oligodendrocytes [26]. Dose- 
response experiments with insulin, IGF-I  and P are in 
progress for a better understanding of the underlying 
mechanism. 

Among myelin-specific markers, CNPase and Gal C 
are also expressed early in oligodendrocytes in primary 
culture. In order to evaluate whether steroid hormones 
also alter the expression of other myelin proteins and 
lipids in oligodendrocytes, CNPase or Gal C levels 
were measured in parallel with MBP in oligo- 
dendrocytes cultured under different hormonal 
conditions. P alone had little effect on CNPase im- 
munoreactivity, but in the presence of insulin, the 
hormone strongly potentiated its expression. In con- 
trast, no effect of P was observed on Gal C expression, 
even in the presence of insulin. Thus, steroid hormones 
selectively increase the expression of distinct com- 
ponents of central myelin. 

Our observations that oligodendrocytes synthesize 
steroids [7], that Ez stimulates and P inhibits oligoden- 
drocyte proliferation, and that these steroids increase 
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the expression of myelin-specific proteins, suggest that 
o l i g o d e n d r o c y t e s  m a y  use an au toc r ine  m e c h a n i s m  to 
regulate their own proliferation and differentiation. 

Schwann cells, the glial cells of  the PNS,  do not 
express M B P  in pr imary  culture in the absence of  
neurons [12]. But cell proliferation can be measured 
and we found that E 2 increases cell growth,  but  only in 
the presence of forskolin or dbcAMP.  This  synergism 
corresponds probably  to a mechanism by which cAMP 
could increase the sensitivity of  Schwann cells to E 2, 
since t reatment  with forskolin for 2 to 3 days caused a 
2-fold increase in E 2 binding sites [16]. As Schwann cell 
proliferation is an important  step in myelin repair, E 2 
might  play an important  role in promot ing  the myelina-  
tion of peripheral  nerves during development  or during 
pathological states. 

Schwann cells are also targets for several growth 
factors, some of  which are produced by Schwann cells 
themselves [31]. We found that I G F - I  is a potent  
mitogen for rat Schwann cells at a low concentration 
(2.6 riM), but  again, only in the presence of forskolin or 
dbcAMP.  T h e  up-regulat ion of I G F - I  receptors by 
cAMP may explain the synergism between I G F - I  and 
cAMP in stimulating Schwann cell growth. In  contrast, 
N G F  had no mitogenic effect, even in the presence of 
forskolin. 

2 0 -  

P, 

lo 
z = 

I I I I I 

2 4 6 8 10 

DAYS OF CULTURE 

Fig. 6. Growth curves  o f  Schwann  cells: effect o f  E 2 and 
dbcAMP. Puri f ied  Schwann  cells  were  prepared  as descr ibed  
in the l egend o f  Fig. 5; p lated in 60 m m  Petr i  dishes  and 
cul tured in DME-CX medium. Media were  changed every  2 
days.  d h c A M P  (1 p M)  was  added dai ly  and E z (1, 10 or 100 nM) 
was added twice  per day. At  the indicated  days o f  culture,  
cel ls  were  counted  and m e a n  values  o f  tr ipl icate  dishes  are 
indicated,  not  differing one f r o m  another  by > 10%. O n e - w a y  
ANOVA showed a s ignif icant  effect o f  t r e a t m e n t  on day 3, 
6 and 7 (P ~<0.001) [control  vs dbcAMP:  P ~< 0.01; E 2 (all 
concentrat ions)  + dbcAMP vs d b c A M P  alone: P ~<0.001 on 
day 6 and 7 by Tukey's  tests] .  ( X - - - X )  control;  (O--O) 
dbcAMP 1 pM; (A--A) E2 I nM+ dbcAMP 1 #M; (O~O)  Ez 
10nM+dbcAMP 1/tM; (11--11) E 2 100nM+dbcAMP 1/tM. 
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Fig. 7. Growth curves  o f  Schwann  cells: effect o f  IGF-I,  NGF 
and forskolin.  Pur i f ied  S c h w a n n  cells  were  cul tured in D M E -  
CX m e d i u m  as descr ibed in the l egend o f  Fig. 5. Dur ing  the 
exper iment ,  m e d i a  were  changed and growth factors  were  
added every  2 days. At  the indicated  days  o f  culture,  cells  
were  counted and m e a n  values  o f  tr ipl icate  dishes  are indi-  
cated,  not  differing one f r o m  another  by >10%.  O n e - w a y  
A N O V A  showed a s ignif icant  effect o f  t rea tment  on day 3, 5 
and 7 (P  ~< 0.001) (control  vs forskol in alone: P ~< 0.01; IGF- 
I + f o r s k o l i n  vs forskol in alone: P ~<0.01 on all days by 
Tukey's tests).  ( X - - - X ) ,  control; ( Z ~ Z ~ )  IGF-I  20ng /ml ;  
( O - - ~ ) )  forskol in 5 pM; ( A - - A )  N G F (20 n g / m l ) +  forskol in 

5 pM; ( O q O )  IGF-I  20 n g / m l  + forskol in 5 #M.  

From the data presented in this paper  we conclude 
that glial cells f rom the CNS,  oligodendrocytes, and 
glial cells f rom the PNS,  Schwann ceils, are targets for 
steroid hormones.  E2 stimulates, whereas P inhibits 
brain glial cell growth. However,  P stimulates the 
expression of the myelin-specific proteins MBP and 
CNPase  in oligodendrocytes. An important  finding was 
the strong synergism between P and insulin in st imu- 
lating the expression of  myelin-specific proteins. 

E 2 is also a mitogen for Schwann cells. A possible 
interaction between E2 and growth factors as I G F - I  in 
stimulating the proliferation of Schwann cells is under  
current  investigation. 
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