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ABSTRACT Dexamethasone and progesterone have been
found to accelerate the time of initiation and enhance the rate
of myelin synthesis in Schwann cell/neuronal cocultures. The
expression of mRNA for cytochrome P450scc (converts cho-
lesterol to pregnenolone), 3b-hydroxysteroid dehydrogenase
(converts pregnenolone to progesterone), and the progester-
one receptor were detected and markedly induced during peak
myelin formation in the cocultures. The mRNA for the glu-
cocorticoid receptor was detected, but was found to be con-
stituitively expressed. In addition, the specific activity of
3b-hydroxysteroid dehydrogenase was measured and found to
increase by 10-fold. The mRNA for cytochrome P450scc and
3b-hydroxysteroid dehydrogenase also were found to be in-
duced during the differentiation of O-2A precursor cells to
oligodendrocytes. Fibroblast growth factor and platelet-
derived growth factor were found to have proliferative effects
on Schwann cells, but they had no effect on the initiation or
the rate of myelin formation. These results demonstrate that
myelin-forming cells have inducible enzymes responsible for
steroid biosynthesis and suggest a critical role for endogenous
steroid hormones in signaling the initiation and enhancing the
rate of myelin formation.

The myelin sheath is a unique component of the nervous
system that functions to maximize the efficiency and velocity
of action potentials transmitted through nerve cells. Myelin is
an extension of the plasma membrane of Schwann cells in the
peripheral nervous system and oligodendrocytes in the central
nervous system. In contrast to myelin formation by oligoden-
drocytes, Schwann cells develop a one-to-one interaction with
an internode rather than forming multiple internodes (1). The
neuronal participation in signaling myelination has been ex-
amined using Schwann cell/neuronal cocultures, and axonal
contact has been found to be essential for peripheral nervous
system myelination (2). Schwann cells multiply rapidly when in
contact with axons and elongate to either ensheath or myelin-
ate axons of approximately 1 mm in diameter or larger.
Contrary to the case for Schwann cells, the presence of growth
factors and chemically defined media has been found to be
sufficient in producing myelin-like sheets in cultured oligo-
dendrocytes, independent of neurons (3–6). The process of
myelination has been extensively studied and a number of
factors are known to influence the overall process (7); how-
ever, the factors that specifically signal the initiation, regulate
the rate of formation, and regulate the extent of myelin
formation are still unknown.

Light microscopy and electron microscopy have provided
valuable information concerning the amount of myelin depos-
ited and the number of wraps of compact myelin during
development (8, 9). Antibodies have also been used to chart
the appearance of various myelin-specific lipids and proteins

during the formation of myelin (10, 11). A method has been
developed that allows the continuous monitoring of a single
internode throughout the myelination process. Using the flu-
orescent ceramide analogue, N-[5-(5,7-dimethyl BODIPY)-1-
pentanoyl]D-erythrosphingosine (C5-DMB-ceramide), cocul-
tures of dorsal root ganglia neurons and Schwann cells were
observed to metabolize the fluorescent ceramide and incor-
porate it into myelin lipids (12). The rate of incorporation
increased substantially when lipid synthesis was induced during
active myelin formation and, consequently, this is a measure of
the actual rate of myelin formation. In the present study, a
fluorescently labeled free fatty acid (C5-DMB-hexadecanoic
acid) was used and biosynthetically incorporated into lipids of
the myelin sheath. Although the rates obtained with the
C5-DMB-ceramide for premyelinating, active myelinating, and
fully myelinated internodes were proportional to rates using
the C5-DMB-hexadecanoic acid, the changes in fluorescence
intensities were greater when using the free fatty acid. This
allowed for a more sensitive discrimination of factors that may
effect the rates. The rate of fluorescent lipid incorporation was
measured for individual internodes during the myelination
process using fluorescence digital imaging microscopy. Al-
though previous research concerning the regulation of differ-
entiation and myelin formation in the presence of growth
factors and hormones (e.g., fibroblast growth factor, platelet-
derived growth factor, progesterone, thyroxine) has been
extensive (13–23), it has not been possible to distinguish effects
on proliferation, initiation of myelin formation, or the actual
rate of myelin formation. With this method, the effects and
functions of a variety of factors may be determined on these
steps in the overall myelination process. The results reported
in this paper suggest that endogenous glucocorticoids and
progestins play a critical role in signaling myelin formation.

MATERIALS AND METHODS

Dorsal Root Ganglia Neuron/Schwann Cell Cocultures.
Purified neuronal and Schwann cell cultures were prepared
using methods described by Eldridge et al. (24). Briefly,
neuronal cultures were established from dorsal root ganglia
neurons obtained from 15-day gestation Sprague Dawley rat
embryos (Harlan). Twenty-five-millimeter glass coverslips in
35-mm dishes were coated with 1 ml of 100 mg/ml collagen for
12 hr. The collagen was then removed, and the plates were
allowed to dry thoroughly. The dorsal root ganglia neurons
were dissociated with 0.25% trypsin and plated onto the
collagen-coated coverslips. Nonneuronal cells were eliminated
by cycling with a fluorodeoxyuridine-containing medium.
Neurons were then maintained for 1 wk in a medium consisting
of 10% fetal bovine serum in MEM and 200 ng/ml nerve
growth factor (M1 medium).
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Schwann cells were isolated from the sciatic nerve of
4-day-old rat pups (25). The sciatic nerves were dissociated
with trypsin and collagenase. The dissociated Schwann cells
were maintained for 3–5 days in a medium consisting of 10%
fetal bovine serum in DMEM with 50 mg/ml gentamicin and
10 mM cytosine arabinoside to eliminate fibroblasts. The
purified Schwann cells were then used to seed the purified
neuronal cells and establish cocultures. The purified neuronal
cultures of approximately 70,000 cells were seeded with ap-
proximately 100,000 Schwann cells. Cocultures were then
maintained in MEM with the addition of 10% charcoal-filtered
fetal calf serum (delipidated) and 200 ng/ml nerve growth
factor. After the Schwann cells fully populated and ensheathed
the axons, myelination was induced with the addition of
ascorbate (50 mg/ml), which was replenished when feeding
every third day.

Oligodendrocyte Cell Culture Conditions. Oligodendrocyte
precursor cells were established from brains of 2-day-old
Sprague Dawley rat pups (Harlan) using a modified method of
McKinnon et al. (18) and Asou et al. (26). Briefly, after the
removal of the meninges, cells were dissociated by mechanical
disruption through 18-, 20-, and 25-gauge needles. The cells
were plated in 75-cm2 Falcon flasks and maintained in DMEM
containing 10% fetal bovine serum. After 12–18 days in
culture, the O-2A cells had spread over a continuous layer of
astrocytes. These cells were detached by overnight shaking
(200 rpm) at 35.5°C (27) and washed with DMEM. The
isolated cells were centrifuged and allowed to adhere to
100-mm dishes for 30 min at 35.5°C. During this differential
adhesion step, astrocytes and microglia adhered to the plastic
dishes, whereas the O-2A cells did not. These cells were
washed and seeded onto poly L-lysine coated coverslips or 35-
and 60-mm dishes.

O-2A precursors were maintained in a proliferative state in
DMEM supplemented with 50 mg/ml transferrin, 30 nM
sodium selenite, 30 nM triiodothyronine (28), 50 ng/ml insulin,
0.5% fetal bovine serum, 5 ng/ml basic fibroblast growth
factor, and 10 ng/ml human platelet-derived growth factor-AA
(Sigma). O-2A cells were pushed to differentiate into oligo-
dendrocytes by the removal of the growth factors and astro-
cytes were generated by the addition of DMEM containing
20% fetal bovine serum (6).

Labeling of Cocultures with C5-DMB-Hexadecanoic Acid.
Cells were labeled using essentially the conditions of Bilder-
back et al. (12). Brief ly, 250 nmol of the C5-DMB-
hexadecanoic acid was dissolved in 200 ml of ethanol and
injected into 10 ml of 1.7 mg/ml delipidated BSA in Hepes-
buffered DMEM. The complex was dialyzed overnight against
1 liter of Hepes-buffered DMEM at 4°C. The cocultures were
then placed into a temperature-controlled perfusion chamber
(Medical Systems Corporation, Chicago, IL) with a final
concentration of 0.75 mM C5-DMB-hexadecanoic acid. The
fluorescence intensity was monitored using a fluorescence
digital imaging microscope described previously (29). The
labeled cocultures were excited at wavelengths between 420
and 480 nm, whereas the emission was monitored at wave-
lengths greater than 515 nm. The fluorescence intensity of an
internode was corrected for background fluorescence and the
mean intensity of the internode was calculated (12). The
fluorescence intensity and the internode diameters were mea-
sured using the IPLab Spectrum program (Signal Analytics
Corporation, Vienna, VA). Internodes were randomly mea-
sured throughout the myelination process and at least 10
internodes were followed for each time point. Generally, three
to five internodes were followed on each coverslip. In addition,
the ratio of fluorescent lipid to total lipid was determined to
be ,1:6000 during the time course when rate measurements
were made. No significant self-quenching was observed at
levels below 1:1000 when BODIPY phosphatidylcholine vesi-
cles were examined (30). The cultures were incubated at 35.5°C

in Hepes-buffered DMEM with 10% charcoal-filtered fetal
calf serum and 200 ng/ml nerve growth factor.

Oligonucleotides. Primer pairs were designed in conserva-
tive regions from sequences available in the GenBank/
European Molecular Biology Laboratory database. Primer
pairs for the progesterone receptor and the internal standard
were based on primers designed by Park-Sarge et al. (31). Two
21-mer nucleotides (59-CTGAAGGTCAAAGGGAAT-
GTG-39 and 59-GGACAGAGTCTTGATGATCTC-39) were
used to amplify a 195-bp region of ribosomal protein L19 as an
internal control (32), whereas two 22-mer nucleotides flanking
the hormone-binding domain of the rat progesterone receptor
(59-CCCACAGGAGTTTGTCAAGCTC-39 and 59-TAACT-
TCAGACATCATTTCCGG-39) were used to amplify the
325-bp product (31). Primers for cytochrome P450scc and
3b-hydroxysteroid dehydrogenase (3b-HSD) were based on
primers designed by Sanne and Krueger (33). Primers for
cytochrome P450scc (59-GAGACACCACCCTCAAATGC-
CCC-39 and 59-CCTGATGCCTGAGAAGCCTATC-39) were
designed to amplify a 150-bp product with three AluI restric-
tion sites. Primers for 3b-HSD (59-CTGAGCAAGGAAT-
GGGGCCTCCGC-39 and 59-GCTATTTGACAGTGTGAC-
CAAGTG-39) were constructed to amplify a 159-bp product,
which was based on nucleotide sequences of types I and II rat
3b-HSD (34) with two AluI restriction sites. Two 21-mer
nucleotides flanking the hormone-binding domain of the rat
glucocorticoid receptor (59-GAGCAGAGAATGTCTC-
TACCC-39 and 59-GACGATGGCTTTTCCTAGCTC-39)
were constructed to amplify a 216-bp product with two SapI
sites.

Reverse Transcription-PCR. RNA from cultured cells was
isolated using RNAgents Total Isolation System (Promega).
The concentration and purity of total RNA was determined by
measuring the optical density at 260 and 280 nm. The RNA was
subjected to DNase treatment (DNase I, FPLCpure; Pharma-
cia Biotech, Piscataway, NJ) at 37°C for 15 min to remove
residual genomic DNA. The RNA was reverse transcribed (33)
at 37°C for 90 min in the presence of oligo(dT) primers.
Residual RNA was then digested at 37°C with 1 unit of RNase
H. Aliquots of cDNA were subjected to 30 cycles of amplifi-
cation using a minicycler (MJ Research, Watertown, MA). The
amplification mixture contained the cDNA, the oligonucleo-
tide primers (0.2 mg each), 200 mM deoxy-NTPs with the
addition of [a-32P]deoxy-CTP (4 mCi) at 3000 Ci/mmol, 1.5
mM MgCl2, 2.5 units of Taq DNA polymerase, the total
volume was brought to 100 ml with 13 PCR buffer [10 mM Tris
(pH 8.3) and 50 mM KCl], and the amplification mixture was
then overlaid with light mineral oil. The amplification included
a ‘‘hot start’’ protocol in which the Taq polymerase was
withheld until the reaction temperature was at 80°C, to ensure
high specificity of the products being synthesized. After the hot
start, each cycle consisted of a denaturation step (94°C, 45 sec),
an annealing step (55°C, 30 sec), and an elongation step (72°C,
1.5 min), with a final 10-min elongation after the last cycle.

The amplified samples were analyzed using 2% agarose gels
and 8% polyacrylamide gels. The gels were subsequently
quantified with the IPLab Images software as well as using a
PhosphorImager and the ImageQuant software (Molecular
Dynamics). The relative levels of gene expression were mea-
sured by determining a ratio between the products generated
from the target gene and the endogenous internal standard in
separate reactions (35). The linear range for amplifying re-
gions of the genes of interest and the gene for the internal
standard were determined by serial dilutions of the cDNA. The
slopes of the lines for the intensity of the amplified cDNA
versus concentration were calculated and the ratios of the gene
of interest to the internal standard were compared. The fold
increase observed is relative to premyelinating cultures at 3
days after seeding.
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Specific Activity of 3b-HSD. The specific activity for 3b-
HSD was measured at 37°C at various stages during the
myelination process in Schwann cell/neuronal cocultures using
methods previously described by Zhao et al. (36) and Ishii-
Ohba et al. (37). The cocultures were homogenized in phos-
phate buffer (50 mM KH2PO4, 20% glycerol, 1 mM EDTA, pH
7.5) with the addition of 1 mM phenylmethylsulfonyl f luoride.
The 1-ml reaction mixture contained 100 mM phosphate
buffer (pH 7.5), 1.5 mM NAD1, and 3 mM pregnenolone.
Using a SLM 8000 fluorometer, the activity of crude coculture
homogenate was assayed by monitoring the time-dependent
increase in NADH fluorescence using an exitation wavelength

of 340 nm and an emission wavelength of 459 nm. The specific
activity was expressed as nmoles of NADH formed per minute
per milligram of total protein. Protein concentrations were
measured using the BCA kit (Sigma).

RESULTS

Rate of Myelin Formation. Fluorescence digital imaging
microscopy was employed to investigate the process of myelin
formation by Schwann cells in neuronal cocultures. Using the
fluorescent-labeled free fatty acid (C5-DMB-hexadecanoic
acid), f luorescent lipid was incorporated into the myelin

FIG. 1. Time course of myelin formation by a single Schwann cell on an axon. C5-DMB-hexadecanoic acid (0.75 mM) was added directly to
the coculture and its incorporation was monitored for 30 hr. The coculture was placed in a temperature-controlled (35°C) perfusion chamber and
viewed with a fluorescence digital imaging microscope. Changes in the fluorescence intensity of the internode were observed at 5 hr (A), 10 hr
(B), 13 hr (C), 16 hr (D), and 22 hr (E) after labeling. The cell body of the Schwann cell is visible in the middle of the internode in the last three
frames. The background fluorescence attributable to the node of Ranvier is detected in the upper right corner along with the tip of the adjacent
internode. The axon is not visible. The applied pseudocolor scheme and a 10-mm bar appear at the bottom.
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sheath. C5-DMB-hexadecanoic acid (0.75 mM) was added
directly to the cocultures, and the rate of fluorescent lipid
incorporation at various stages in the myelination process was
continuously measured. By monitoring the synthesis of myelin-
specific lipids (galactocerebroside, sulfatide, and sphingomy-
elin) by TLC, active myelin formation was found to occur
between 4 and 7 days after induction with ascorbate (12). By
measuring the fluorescent lipid incorporation throughout the
myelination process by fluorescence digital imaging micros-
copy, the peak rate of myelin formation was also found to occur
between 4 and 7 days after induction. The fluorescence
intensity (radiance value) was measured for individual inter-
nodes during myelin formation in a temperature-controlled
(35°C) perfusion chamber. For example, changes in the fluo-
rescence intensity of an internode were observed at 5, 10, 13,
16, and 22 hr after labeling, as shown in Fig. 1. As the Schwann
cell actively formed new myelin membrane, the rate of fluo-
rescent lipid incorporation (radiance value increase in the
internode per hour) increased by approximately 5-fold (Table
1). This increase was comparable to results obtained using the
fluorescently labeled ceramide analogue (12).

Initially, several compounds were added to the cocultures
that were reported to effect the overall myelination process.
Although fibroblast growth factor and platelet-derived growth
factor, for example, were found to have proliferative effects on
Schwann cells, they did not affect the time of initiation or rate
of myelin formation (Table 1). To investigate the influence of
progesterone on the rate of myelination, exogenous proges-
terone (100 nM) was added to the cocultures. The Schwann
cells appeared to differentiate earlier (ensheath axons) and
increased the peak rate of myelin formation by more than
2-fold. Similarly, dexamethasone, a glucocorticoid analogue
(100 nM), was also found to accelerate differentiation and
increased the peak rate by more than 2-fold (Table 1). In the
presence of RU-486 (mifepristone, 100 nM), a competitive
antagonist of progestins and glucocorticoids, the Schwann cells
seemed to ensheath the axons normally but the peak rate of
myelination decreased by 4-fold as compared with the cultures
with progesterone or dexamethasone. Internode diameters
were measured using fluorescence microscopy during various
stages of myelin formation. The average internode diameters
were measured by counting the number of pixels across the
internode. Progesterone and dexamethasone did not seem to
affect the total extent of myelin, as determined by the final
diameter of myelin internodes. RU-486 inhibited the forma-

tion of myelin and no increase in internode diameters was
detected. R-5020 (promegestone, 10 nM), an agonist of pro-
gesterone, was also applied to the cocultures. The rate of
myelination increased more than 4-fold, as compared with
cultures in the presence of RU-486. The extent of myelin
formation in the presence of R-5020 was similar to that with
dexamethasone or progesterone (Table 1).

Initiation of Myelination. To determine the role of proges-
terone and dexamethasone on the initiation of myelin forma-
tion, the steroids were added on the day of induction of
myelination by ascorbate and were replenished every 2 days
with new media. Progesterone and dexamethasone were found
to accelerate the time of initiation of myelin formation by 24
hr (Fig. 2) and shift the peak rate of myelin formation to 3–5
days. In the presence of RU-486, the Schwann cells seemed to
ensheath the axons normally, but the initiation and rate of
myelination were drastically reduced. RU-486 was found to
inhibit myelin formation as determined by diameter measure-
ments (Table 1).

Relative mRNA Expression in Schwann CellyNeuronal
Cocultures. The rate-limiting step in progesterone biosynthesis
is the conversion of cholesterol to pregnenolone by cyto-
chrome P450scc. This reaction includes the hydroxylation of

Table 1. Rate of myelin formation and the diameters for different internodes were measured during
premyelination and myelination periods by Schwann cells in neuronal cocultures

Rate of myelin formation

(Radiance value change/hr) Diameter, mm

Dorsal root ganglia axons alone 0.9 6 0.2 0.8 6 0.1
Premyelinating internodes

(0–2 days after induction) Day 0 Day 2
Control 1.1 6 0.2 0.8 6 0.2 1.2 6 0.3

Myelinating internodes
(3–5 days after induction) Day 3 Day 5

Control 5.1 6 0.9 1.9 6 0.1 3.0 6 0.4
1Progesterone 10.5 6 1.2 2.2 6 0.2 2.9 6 0.6
1RU486 2.4 6 0.9 1.6 6 0.1 1.8 6 0.3
1R5020 10.0 6 1.6 2.0 6 0.1 3.1 6 0.4
1Dexamethasone 11.2 6 1.7 1.9 6 0.2 3.0 6 0.4
1Basic fibroblast growth factor 5.4 6 1.0 1.8 6 0.3 3.2 6 0.3
1Platelet-derived growth factor 5.0 6 1.2 2.0 6 0.4 2.9 6 0.3

Mature myelin internodes
(7–10 days after induction)

Control 1.0 6 0.2 3.0 6 0.4
1Progesterone 1.1 6 0.5 2.9 6 0.6
1Dexamethasone 1.2 6 0.3 3.0 6 0.4

FIG. 2. The rate of myelination measured at various stages during
the myelination process in Schwann cellyneuronal cocultures. The rate
of myelin formation was measured in the presence of progesterone
( ), dexamethasone (■), RU-486 ( ), and in control cultures (

�
�).

10462 Biochemistry: Chan et al. Proc. Natl. Acad. Sci. USA 95 (1998)



cholesterol and cleavage of the C20–C22 bond to form preg-
nenolone and isocaproic acid (38). 3b-HSD is responsible for
the isomerization and oxidation of pregnenolone to proges-
terone. The mRNA expression of cytochrome P450scc, 3b-
HSD, the progesterone receptor, and the glucocorticoid re-
ceptor were examined in cocultures at various stages of
myelination. Because of the small amounts of message for
cytochrome P450scc and 3b-HSD in nonsteroidogenic tissues
(33, 38), reverse transcription-PCR was used. The cDNA
prepared from cocultures was subjected to 30 cycles of am-
plification and the relative levels of gene expression were
measured by determining a ratio between the products gen-
erated from the target gene and an endogenous internal
standard gene (31) in separate reactions (35). The linear range
for amplifying regions of the genes of interest and the gene for
the internal standard were determined by serial dilutions of the
cDNA. The slopes of the lines for the intensity of the amplified
cDNA versus concentration were calculated and the ratios of
the gene of interest to the internal standard were compared.
The fold change in expression given in Fig. 3 is relative to
premyelinating cultures at 3 days after seeding.

A 17-fold increase in mRNA expression of cytochrome
P450scc was observed between 3 and 5 days after induction of
myelination with ascorbate. 3b-HSD and the progesterone
receptor were also found to increase by 35- and 10-fold,
respectively, between 3 and 5 days (Fig. 3). As mentioned
previously, active myelin formation was found to occur be-
tween 4 and 7 days as determined by monitoring the synthesis
of myelin-specific lipids (12) and measuring the rate of fluo-
rescent lipid incorporation. In addition, the myelin basic
protein mRNA expression was found to increase by 9-fold and
coincide with cytochrome P450scc, 3b-HSD, and the proges-
terone receptor messages (Fig. 3). These results demonstrate
that the increase in mRNA for the enzymes and the proges-
terone receptor in Schwann cell/neuronal cocultures coincide
or slightly precede myelin formation. The expression of the
glucocorticoid receptor message was also detected, and the
level of expression did not change during the myelination
process (data not shown).

Relative mRNA Expression in Cultured Oligodendrocytes.
Oligodendrocyte precursor cells (O-2A), type 2 astrocytes, and
oligodendrocytes were analyzed for cytochrome P450scc, 3b-
HSD, the progesterone receptor, and the glucocorticoid re-
ceptor. Using different culturing conditions, O-2A cells were
influenced to differentiate into oligodendrocytes, type 2 as-
trocytes, or remain in a proliferative state (6, 18, 20, 39). Using
reverse transcription-PCR, a 20-fold increase in mRNA ex-
pression of cytochrome P450scc was observed as O-2A cells
differentiated into mature oligodendrocytes. 3b-HSD was also
found to increase by approximately 10-fold, the progesterone
receptor was barely detected, whereas the glucocorticoid
receptor was constituitively expressed (data not shown). The
induction of cytochrome P450scc and 3b-HSD was found to
coincide with the differentiation of O-2A cells into myelin-
forming oligodendrocytes. Induction of the mRNA for the
enzymes responsible for steroid biosynthesis was not observed
when O-2A cells differentiated into type 2 astrocytes.

Specific Activity of 3b-HSD. The specific activity of 3b-HSD
was measured at various stages during myelin formation in
Schwann cell/neuronal cocultures (Table 2). The activity of the
crude coculture homogenate was assayed by monitoring the
time-dependent increase in NADH fluorescence using an
excitation wavelength of 340 nm and an emission wavelength
of 459 nm (37) in the presence of NAD1 and substrate
(pregnenolone). The specific activity for 3b-HSD increased by
10-fold between 3 and 5 days after induction. The peak activity
coincided with the increased mRNA expression for cyto-
chrome P450scc, 3b-HSD, the progesterone receptor, myelin
basic protein, and myelin formation. Thus, the mRNA for
3b-HSD was translated into active enzyme during this period.

DISCUSSION

Recently, the presence and actions of steroids and hormones
on the central and peripheral nervous systems have received
widespread attention. Estradiol (40), retinoic acid (41), and
thyroid hormone (14, 21, 42, 43) have all been implicated in
regulating the differentiation of glial cells in culture, suggesting
an interaction of various hormones in the myelination process.
Corticosteroids have played an important role in the diagnosis
and therapy of demyelinating diseases (44–46) and have been
found to modulate myelin proteins in oligodendrocytes (14,
19). In addition, the synthesis of progesterone and the presence
of the receptor have been reported in Schwann cells and
oligodendrocytes. Progesterone has also been implicated in
increasing the expression of myelin proteins (13, 47, 48), but
the direct effects and functions are not known. Research
concerning the proliferation and differentiation of glial cells in
the presence of growth factors has been extensive (15, 17, 18,
20), but it has also been difficult to elucidate the factors
directly responsible for the initiation, rate of myelin formation,
and extent of myelin formation.

We have developed a method that allows the continuous
monitoring of a single internode throughout the myelination
process. Using a fluorescently labeled free fatty acid, f luores-
cent lipid was incorporated into the myelin sheath and the
intensity (radiance value) was measured for individual inter-

FIG. 3. The relative change in the mRNA expression at various
stages of the myelination process in Schwann cell/neuronal cocultures.
The relative mRNA expression for myelin basic protein ( ), cyto-
chrome P450scc (■), 3b-HSD (

�
�), and the progesterone receptor ( )

were measured during various stages of the myelination process. The
fold change in mRNA expression is relative to premyelinating cultures
at 3 days after seeding. Schwann cells were induced to myelinate 7 days
after seeding (day 0) by the addition of ascorbic acid.

Table 2. Specific activity for 3b-HSD at various stages during the
myelination process in Schwann cell/neuronal cocultures

Days after induction
Specific activity,

nmol/min/mg

24 0.42 6 0.03
22 1.02 6 0.01

0 1.55 6 0.30
3 4.25 6 0.50
6 3.59 6 0.11
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nodes. Progesterone and dexamethasone were found to accel-
erate the time of initiation of myelin formation by approxi-
mately 24 hr and increase the peak rate by more than 2-fold.
Thus, the rate of myelin formation is not just induced to a
certain value, but can be modulated depending on the condi-
tions. There were no noticeable differences in the extent of
myelin formation, as determined by diameter measurements.
RU-486 was found to inhibit the initiation of myelin formation
and to decrease the rate of myelin formation and the extent of
the formation of the myelin sheath. Since RU-486 is an
antagonist of both glucocorticoids and progestins, the effects
of the steroids cannot be solely attributed to either receptor.
Although the effects of R-5020, a progesterone agonist, are
specifically directed at the progesterone receptor, the func-
tions of the glucocorticoid receptor may nevertheless be
significant. The inhibition of RU-486 and the enhancement of
R-5020 demonstrate that the actions of progesterone and
dexamethasone are specific at the level of the receptor.

Regulation of Myelin Formation. The mRNA for cyto-
chrome P450scc, 3b-HSD, and the progesterone receptor were
found to be induced during active myelin formation in
Schwann cell/neuronal cocultures, whereas the glucocorticoid
receptor was found to be constitutively expressed. The induc-
tion of 3b-HSD enzyme activity was also found to occur during
myelin formation, demonstrating the translation of the mes-
sage during this period. The mRNA for the enzymes respon-
sible for steroid biosynthesis cannot be detected in appreciable
amounts in cultured Schwann cells or in cultured neurons
alone. The induction of these enzymes occurs during myelin
formation in the cocultures. Since approximately 10–15% of
the axons in the cultures are myelinated, the change in mRNA
expression in individual neurons may be significantly greater.

Cultured oligodendrocytes also have been found to express
cytochrome P450scc, 3b-HSD, the progesterone receptor, and
the glucocorticoid receptor independently of neurons. Al-
though neuronal participation is essential for Schwann cells to
differentiate and make myelin, oligodendrocytes present a
different system of differentiation. In vitro, O-2A progenitor
cells display a phenotypic plasticity seen in various multipo-
tential precursors. Cultured oligodendrocytes are capable of
forming myelin-like sheets independent of neurons, although
the interactions with neurons are still essential in producing
proper myelin internodes. O-2A cells appear to generate
myelinating oligodendrocytes but not type 2 astrocytes when
cocultured in the presence of neurons (49). Thus, the induction
of the enzymes involved in steroid biosynthesis in oligoden-
drocytes independent of neurons does not exclude the possi-
bility that interactions between the two cells will change the
pattern of expression. In summary, these results demonstrate
that myelin-forming cells have inducible enzymes responsible
for steroid biosynthesis and suggest a critical role for endog-
enous steroid hormones in signaling the initiation and enhanc-
ing the rate of myelin formation. By elucidating the factors that
regulate neuronal–glial interactions and the myelination pro-
cess, new therapeutic strategies into myelin repair and demy-
elinating diseases may be possible.
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