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Abstract 

Myelination was studied in aggregating cell cultures derived from mechanically dissociated 15 to 
16-day fetal rat brains. Myelin basic protein (MBP) and myelin-associated glycoprotein (MAG) were 
localized immunocytochemically in 20-c-thick Vibratome and l-pm-thick Epon sections at 15, 20, 
25, and 30 days in uitro. The occurrence of these proteins was correlated with the ultrastructural 
appearance of oligodendrocytes and myelin sheaths and with biochemical levels of MBP, MAG, and 
the myelin-related enzyme, 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP). MBP appeared in 
ultrastructurally immature oligodendrocyte cytoplasm at 15 days in vitro. As oligodendrocytes 
developed a more differentiated fine structure, MBP and MAG antisera stained oligodendrocyte 
processes and myelin sheaths. Immunostaining in Vibratome sections demonstrated that MBP was 
detectable in oligodendrocytes and myelin prior to MAG. At 25 days in vitro, all Vibratome sections 
contained MBP- and MAG-stained oligodendrocytes and myelin sheaths. 

Radioimmunoassays for MBP and MAG and enzyme assays for CNP in whole homogenates of 
the aggregates revealed that each of these components increased with the progression of myelination. 
However, MBP only reached 8% of the level in adult rat brain, while MAG and CNP increased to 
more than half of the adult level. The protein composition of myelin purified from 30-day aggregates 
resembled that of myelin purified from immature rat brain. 

Aggregating cell cultures of fetal rat brain are a useful 
in vitro model for the multidisciplinary investigation of 
CNS development (Matthieu et al., 1980; Trapp and 
Richelson, 1980; Trapp et al., 1981b). The cells within the 
aggregates interact by cell-cell contracts in three dimen- 
sions and are independent of contact with the surface of 
their culture vessel. Each culture flask contains several 
thousand aggregates (8 to 10 mg of tissue protein). The 
yield of tissue is sufficient for standard biochemical anal- 
ysis of whole aggregates and subcellular fractions isolated 
from aggregate homogenates. Fifty to 100 aggregates can 
be harvested sequentially for morphological examination 
or, at individual time points, aggregates from the same 

’ We wish to thank Raymond Rusten of the Infectious Diseases 
Branch at the National Institutes of Health for printing the micro- 
graphs and Judy Hertler for typing the manuscript. 

’ To whom correspondence should be addressed at his present ad- 
dress: Laboratory of Molecular Genetics, National Institute of Neuro- 
logical and Communicative Disorders and Stroke, Building 36, Room 

4A-01, National Institutes of Health, Bethesda, MD 20205. 

flask can be used for both morphological and biochemical 
analysis. This allows correlation of morphological and 
biochemical results from tissue maintained in the same 
culture vessel. 

The morphological and biochemical differentiation 
thus far observed in aggregates resembles that found in 
normal brain (Seeds, 1973; Garber, 1977; Trapp et al., 
1979a, 1981b; Matthieu et al., 1980; Trapp and Richelson, 
1980). Aggregates develop from morphologically undif- 
ferentiated neuroepithelial cells to a population of mor- 
phologically mature neurons, astrocytes, and oligoden- 
drocytes (Trapp et al., 1979a). Synaptic contacts and 
myelinated axons appear as the cells differentiate. At 
least four putative neurotransmitters are synthesized in 
aggregates (Honegger and Richelson, 1979), and neuro- 
transmitter-metabolizing enzymes can attain specific ac- 
tivities which are similar to those found in adult rat brain 
(Honegger and Richelson, 1976, 1977). Myelin-specific 
(or -associated) proteins, lipids, and enzymes increase 
with in vitro age in a developmental pattern similar to 
that in uiuo (Schmidt, 1975; Sheppard et al., 1978; Mat- 
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thieu et al., 1978, 1979, 1980; Bourre et al., 1979), and 
myelin can be isolated in sufficient quantities for bio- 
chemical analysis (Matthieu et al., 1978). 

In this report, we describe immunocytochemical, elec- 
tron microscopic, and biochemical studies of myelin for- 
mation in aggregating cultures. Our results demonstrate 
the advantages of aggregating cell cultures for the mul- 
tidisciplinary investigation of myelin formation and show 
that early stages of myelinogenesis in aggregating cul- 
tures mimic those found in normal brain. A preliminary 
report of this work has already appeared (Trapp et al., 
1979c). 

Materials and Methods 

Reaggregating cultures 

Whole brains from 15 to 16-day Sprague-Dawley rat 
embryos were dissociated mechanically into single cells 
and reaggregated under constant rotation as previously 
described (Trapp and Richelson, 1980). Three flasks of 
aggregates were harvested for combined electron micro- 
scopic, immunocytochemical, and biochemical analysis 
at 15, 20, 25, and 30 days in vitro. Twenty additional 
flasks were harvested at 30 days in vitro for characteri- 
zation of isolated myelin. 

Morphological studies 

Approximately 10% of the aggregates from each of the 
three flasks harvested at 15, 20, 25, and 30 days in vitro 
were pooled for electron microscopic and immunocyto- 
chemical studies. At each time point, half of the pooled 
aggregates were used for electron microscopic analysis 
and for the immunocytochemical localization of myelin 
basic protein (MBP) and myelin-associated glycoprotein 
(MAG) in l-pm-thick Epon sections. The remaining ag- 
gregates were used to localize MBP and MAG in 20+m- 
thick Vibratome sections. 

Electron microscopy 

Aggregates were fixed by immersion in an aldehyde 
solution containing 1.5% glutaraldehyde and 0.5% para- 
formaldehyde in 0.08 M phosphate buffer. Following 2 hr 
of fixation, the aggregates were postfixed in 1% osmium 
tetroxide for 1 hr, dehydrated in ethanol, and embedded 
in Epon. Thin sections were stained with uranyl acetate 
and lead citrate and examined in a Philips 400 electron 
microscope. 

Immunocytochemistry 

Vibratome sections. Aggregates were fixed by immer- 
sion in a solution containing 76 ml of saturated HgC12 
and 20 ml of 37% (v/v) formaldehyde. Following 2 hr of 
fixation, the aggregates were rinsed three times with 0.5 
M Tris buffer, embedded in 10% gelatin, and sectioned at 
a thickness of 20 p on a vibrating microtome. Alternate 
sections were stained immunocytochemically with MBP 
or MAG antisera by the peroxidase-antiperoxidase (PAP) 
method as previously described (Sternberger et al., 
1978b, 1979; Trapp et al., 1979b, 1981b). Following the 
immunostaining steps, the sections were infiltrated with 
glycerol, mounted on glass slides, and examined with a 
Zeiss differential interference contrast microscope. 

The percentage of 20-pm-thick Vibratome sections 
containing at least one MBP- or MAG-stained oligoden- 
drocyte and/or myelin sheath was determined at 15, 20, 
25, and 30 days in vitro. Aggregate sections having a 
diameter within 1 SD of the mean were analyzed (Trapp 
et al., 1979a). This assured that comparable areas of each 
aggregate were studied at each time point. The number 
of stained cells and myelin sheaths in each section was 
not counted. 

Epon sections. One-micrometer-thick Epon sections 
from the tissue used for electron microscopic studies were 
cut with glass knives, mounted on glass slides, and placed 
in a 60 to 80°C oven for 24 to 48 hr. The sections were 
encircled with a diamond scribe and pretreated with 
sodium ethoxide and hydrogen peroxide prior to immu- 
nostaining as previously described (Trapp et al., 1981a). 
The sections were stained immunocytochemically by the 
PAP method (Sternberger et al., 1970). Following the 
immunostaining steps, the sections were mounted in 
Harleco synthetic resin and examined with a Zeiss bright- 
field microscope. 

The MBP and MAG antisera have been well charac- 
terized (Cohen et al., 1975; Quarles et al., 1981). The 
specificity of MBP and MAG immunostaining was tested 
by incubating l-pm Epon and 20-pm Vibratome sections 
with preimmune serum or MBP and MAG antisera which 
were absorbed with purified MBP and MAG. 

Biochemistry 

Levels of MBP, MAG, and 2’,3’-cyclic nucleotide 3’- 
phosphodiesterase (CNP) were determined in homoge- 
nates of aggregates. Three separate flasks were measured 
in duplicate at 15, 20, 25, and 30 days in culture. MBP 
was measured by radioimmunoassay (RIA) by the 
method of Cohen et al. (1975). MAG was measured by 
RIA by the method of Johnson et al. (1980). CNP was 
determined by the method of Kurihara and Tsukada 
(1967). Protein was determined by the method of Lowry 
et al. (1951). 

Myelin was isolated from 30-day-old aggregates and 
brains of adult and 14-day-old rats by the method of 
Norton and Poduslo (1973). Myelin proteins were par- 
tially delipidated and then solubilized with SDS as pre- 
viously described (Quarles and Everly, 1977) and sepa- 
rated on 12.5% polyacrylamide slab gels (Laemmli, 1970). 
Samples of 20 vg of myelin proteins were applied to each 
lane. The gels were stained with 0.25% Coomassie blue. 

Results 

Immunocytochemistry and electron microscopy. In ag- 
gregating cell cultures of fetal rat brain, MBP was found 
in oligodendrocyte cytoplasm when only a few myelin 
sheaths had developed (Fig. 1). MBP-immunostained 
cells were usually round or oval in shape and contained 
a thin rim of reaction product around their nuclei. A few 
cells had stained processes extending from their peri- 
karya, and these processes occasionally surrounded axons 
or were continuous with myelin sheaths. Thirty-three 
percent of the MBP-stained Vibratome sections from I5- 
day aggregates contained at least one stained oligoden- 
drocyte, but only 10% contained at least one stained 
myelin sheath (Table I). Therefore, we conclude that, as 
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TABLE I 
Percentage of aggregate sections that contain oligodendrocytes and 

myelin sheaths immunostained by MBP and MAG antisera 

Oligodendrocytes My&n 
Days In Vitro 

MBP MAG MBP MAG 

15 32.6 (113)” 1.6 (171) 10.2 (113) 0 (171) 

20 64.0 (282) 29.0 (245) 49.0 (282) 19.2 (245) 

25 100 (357) 100 (381) 100 (357) 100 (381) 

30 100 (286) 100 (264) 100 (286) 100 (264) 

” Number of 20-pm sections analyzed. 

in uiuo (Sternberger et al., 1978b), MBP appears in 
oligodendroglia before myelin sheath formation starts. 
Oligodendrocytes and a few axons surrounded by newly 
formed myelin sheaths were present in electron micro- 
graphs of 15-day aggregates (Fig. 3). Oligodendrocytes 
contained large nuclei which were surrounded by a thin 
rim of cytoplasm that contained free ribosomes, mito- 
chondria, and occasional profiles of rough endoplasmic 
reticulum. Prominent Golgi membranes and microtu- 
bules were not present in these morphologically imma- 
ture cells. Axons surrounded by newly formed myelin 
membranes were found rarely in thin sections of 15-day 
aggregates. When present, these axons had a diameter of 
1 q or less and were surrounded by 2 to 4 loosely or 
partially compacted myelin lamellae (Fig. 3). In MAG- 
treated Vibratome sections from 15-day aggregates, mye- 
lin sheaths were not stained, and only 2.0% of these 
sections contained MAG-positive oligodendrocytes. 

As the cells within the aggregates continued to mature, 
the number of oligodendrocytes and myelin sheaths 
stained by MBP and MAG antisera increased. Sixty-four 
percent of the MBP-treated Vibratome sections from 20- 
day aggregates contained stained oligodendrocytes and 
49% contained stained myelin sheaths. Many of the 
MBP-stained oligodendrocytes had processes which were 
often continuous with myelin sheaths. When Vibratome 
sections from 20-day aggregates were treated with MAG 
antiserum, 29% of the sections contained MAG-positive 
oligodendroglia and 19% contained MAG-stained myelin. 
In l-pm-thick Epon sections, MAG antiserum produced 
a diffuse staining of oligodendrocyte cytoplasm (Fig. 2). 
In addition, intense granular staining of cytoplasm and 
processes occurred. Oligodendrocytes and myelinated ax- 

TABLE II 
MBP, MAG, and CNP levels in aggregate homogenates 

All values are the mean of three separate samples measured in 
duplicate. 

Days In Vitro MBP MAG CNP 
ng/lrgprotein ~ol/hr/mgprotein 

15 ND” ND ND 
20 ND ND 11 

25 2.25 0.30 91 

30 4.87 1.76 192 

” ND, not detected. 

ons were more abundant in electron micrographs of 20- 
day aggregates. Many of these cells displayed a relatively 
immature morphology, while other cells had begun to 
differentiate morphologically as determined by an in- 
crease in cytoplasmic volume and cytoplasmic organelles 
and the presence of microtubules. Myelinated axons were 
present in most sections. Some axons had just begun to 
be myelinated and others were surrounded by 6 to 8 
compact lamellae. 

All of the MBP- and MAG-treated Vibratome sections 
from 25- and 30-day aggregates contained at least one 
stained oligodendrocyte and myelin sheath. Immuno- 
stained cells in the 25- and 30-day aggregates had pro- 
cesses which were continuous with stained myelin 
sheaths (Figs. 4 and 5). A large mass of cytoplasm often 
extended from one pole of these immunostained oligo- 
dendrocytes. The number of immunostained myelin 
sheaths per aggregate section increased between 25 (Fig. 
4) and 30 days (Fig. 6), but the number of MBP- and 
MAG-stained oligodendrocytes appeared to remain con- 
stant. This increase in the number of myelin sheaths 
demonstrated immunocytochemically paralleled in- 
creases in the levels of MBP and MAG (Table II). 

In electron micrographs of 25- and 30-day aggregates, 
morphologically mature oligodendrocytes and numerous 
myelinated axons were present (Figs. 7 and 8). Myeli- 
nated axons were 0.8 to 2.6 pm in diameter and were 
surrounded by compact myelin sheaths with 4 to 22 
spirally wrapped lamellae. The periodicity of the myelin 
lamellae was identical to that found in uiuo. Myelin 
segments terminated in paranodal loops, forming hemi- 
nodes of Ranvier. Complete nodes of Ranvier were not 
identified in electron micrographs and were seen only 

Figure 1. Twenty-micrometer-thick Vibratome sections from a 15-day aggregate stained with a 1:500 dilution of MBP 
antiserum. Two densely stained oligodendrocytes are present. Differential interference contrast optics were used. Scale bar, 10 
pm; magnification X 950. 

Figure 2. One-micrometer-thick Epon section of a 20-day aggregate stained with a 1:250 dilution of MAG antiserum. Intense 
particulate staining occurs throughout the cytoplasm of three oligodendrocytes. Bright-field optics were used. Scale bar, 10 pm; 
magnification X 850. 

Figure 3. Electron micrograph of a 15-day aggregate; oligodendrocyte has an undifferentiated (immature) fine structure. Newly 
formed myelin sheaths are present in l&day aggregates (inset). Scale bar, 1 pm; magnification x 10,500; inset magnification x 

12,000. 
Figures 4 and 5. One-micrometer-thick Epon section from a 25-day aggregate stained with a 1:500 dilution of MBP (Fig. 4) and 

a 1:250 dilution of MAG (Fig. 5). MBP antiserum diffusely stains oligodendrocyte cytoplasm. MBP-stained processes can be 
traced from the oligodendrocyte to two stained myelin sheaths. MAG antiserum produces intense particulate staining of 
oligodendrocyte cytoplasm. A partially stained process (arrows) can be traced from this oligodendrocyte to a MAG-stained myelin 
sheath. Bright-field optics were used. Scale bars, 10 pm; magnification X 850. 

Figure 6. One-micrometer-thick Epon section from a 30-day aggregate stained with a 1:500 dilution of MBP antiserum. A 
stained oligodendrocyte and many MBP-stained myelin sheaths are present. Bright-field optics were used. Scale bar, 10 pm; 
magnification X 850. 
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Figure 7. Electron micrograph of an oligodendrocyte from a 30-day aggregate. The cytoplasm contains microtubules (arrows), 
free ribosomes, rough endoplasmic reticulum, and Golgi membranes. Scale bar, 1 pm; magnification x 12,8OO. 

Figure 8. Electron micrograph of a 30-day aggregate. Four myelinated axons are present. Myelinated axons have a small 
diameter and the inner tongue processes are prominent. Scale bar, 1 pm; magnification x 13,000. 

Figure 9. One-micrometer-thick Epon section of a 30-day aggregate stained with a 1:500 dilution of MBP antiserum. Myelin 
sheaths are distributed throughout the aggregate. Bright-field optics were used. Scale bar, 50 pm; magnification x 200. 

Figure 10. Control l-pm-thick Epon section of a 30-day aggregate stained with MBP-absorbed antiserum. No staining of 
oligodendrocytes or myelin is observed. Bright-field optics were used. Scale bar, 50 pm; magnification x 120. 
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rarely in immunostained sections. Redundant myelin 
sheaths occurred occasionally within the aggregates. 
These aberrant myelin membranes usually meandered 
within the neuropil or, in rare cases, surrounded or were 
next to oligodendroglial perikarya. 

In immunostained 1-p Epon sections of 30-day aggre- 
gates, myelinated axons often appeared in clusters or 
groups which were distributed randomly throughout the 
aggregates (Fig. 9). Myelin sheaths were sectioned lon- 
gitudinally, obliquely, or in cross-section. MBP and MAG 
staining was restricted to oligodendrocyte cytoplasm and 
myelin membranes in all sections studied. Neurons, as- 
trocytes, oligodendrocyte nuclei, and axons were un- 
stained. The specificity of the immunostaining procedure 
was demonstrated by incubating sections from 30-day 
aggregates with either preimmune sera or with antigen- 
absorbed MBP and MAG antisera. These sections were 
unstained (Fig. 10). 

Biochemistry. Two myelin-specific proteins, MBP and 
MAG, were measured by radioimmunoassay in aggregate 
homogenates at 15, 20, 25, and 30 days in vitro (Table 
II). The myelin-related enzyme, 2’,3’-cyclic nucleotide 3’- 
phosphodiesterase (CNP), was assayed also. MBP and 
MAG were not detected by radioimmunoassay in the 15- 
and 20-day aggregate homogenates, whereas very low 
CNP activity was present in the 20-day homogenate. The 
levels of each of these components increased substan- 
tially in the aggregates at 25 and 30 days in vitro (Table 
II). Myelin was isolated from 30-day aggregate homoge- 
nates, and the yield of myelin protein was 0.9% of the 
total protein in the initial homogenate. The specific 
activity of CNP in the purified myelin was 1,095 hmol/ 

PLP 

LBP 

SBP 

A B C 
Figure 11. SDS slab gel (12.5%) comparing myelin proteins 

from 16day-old rats (A), 30-day aggregates (B), and an adult 
rat (C). Wolfgram ( w), proteolipid (PLP), large myelin basic 
protein (LMP), and small myelin basic protein @BP) are 
present. 

hr/mg of protein, a value similar to that in myelin puri- 
fied from whole rat brain. Figure 11 shows an SDS slab 
gel comparing the protein composition of the myelin 
isolated from the 30-day aggregates with that of myelin 
isolated from 14-day and adult rat brains. All of the 
major rat myelin proteins were present in the aggregate 
myelin, but it contained a greater proportion of high 
molecular weight proteins than the myelin from the 
normal brains. 

Discussion 

Biochemical and morphological aspects of myelin for- 
mation have been investigated in aggregating cell cul- 
tures (Schmidt, 1975; Bourre et al., 1979; Sheppard et al., 
1978; Matthieu et al., 1978,1979,1980; Trapp et al., 1979a; 
Trapp and Richelson, 1980), but no systematic multidis- 
ciplinary analysis of myelination has been reported. The 
purpose of this study was to correlate immunocytochem- 
ical, electron microscopic, and biochemical parameters of 
myelination in aggregating cultures derived from a single 
pool of fetal rat brains and maintained under identical 
culture conditions. Although our results support earlier 
studies describing many similarities in the process of 
myelination between aggregating cultures and the intact 
animal, a fundamental difference exists. Neurons and glia 
do not form a consistent histiotypic organization within 
the aggregating cultures used in this study. Myelination 
does not occur in an orderly manner along well defined 
tracts in which an intimate relationship between devel- 
oping axons and oligodendrocytes exists. Myelin sheaths 
remain relatively thin and do not have a large number of 
compact lamellae. This lack of tract configuration may 
prolong oligodendrocyte differentiation and axon-glia in- 
teractions and may prove advantageous for studying 
early stages of myelination in uitro. 

In previous publications describing the morphological 
differentiation of aggregating cell cultures (Matthieu et 
al., 1978; Trapp et al., 1979a), ultrastructural evidence of 
myelination was not detected at 19 days in uitro. By 
increasing the concentration of glucose in the culture 
medium to 600 mg% in the present study, myelination 
was detected at 15 days in vitro, and the amount of 
myelin in mature aggregates (225 days in vitro) was 
greatly increased. Identical concentrations of glucose 
(600 mg%) have similar effects on myelination in explant 
cultures (Bornstein, 1973). 

The first evidence of myelination in aggregating cell 
cultures is the appearance of MBP in oligodendrocyte 
cytoplasm. As my&nation proceeds, MBP-stained pro- 
cesses appear, and these processes eventually surround 
axons and fcrm compact myelin sheaths. Although MAG 
appears (in oligodendrocyte cytoplasm and myelin 
sheaths) somewhat later than MBP, it first appears in 
oligodendrocyte cytoplasm and then in oligodendrocyte 
processes which eventually become continuous with mye- 
lin sheaths. Therefore, three stages of myelinogenesis can 
be detected immunocytochemically: (1) the synthesis of 
MBP and MAG in perinuclear regions of oligodendro- 
cytes, (2) the occurrence of these proteins in oligoden- 
drocyte processes, and (3) the presence of these proteins 
in myelin sheaths. This pattern of myelinogenesis and 
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MBP and MAG staining are similar to those found in 
normal developing rat brain (Sternberger et al., 1978a, b, 
1979; Webster et al., 1981). 

As in normal rat brain (Sternberger et al., 1978a, b), 
aggregate oligodendrocytes began to myelinate at differ- 
ent times. Oligodendrocytes displayed a more differen- 
tiated fine structure at progressively older in vitro ages. 
Oligodendrocyte cytoplasmic volume increases, micro- 
tubules appear, and rough endoplasmic reticulum and 
Golgi membranes become more abundant. Glycogen and 
fibrils, abundant constituents of astrocyte cytoplasm, are 
not present in oligodendrocytes. As these cells mature 
ultrastructurally, the number of MBP- and MAG-stained 
oligodendrocyte processes and myelin sheaths increase. 
Based on an analysis of electron micrographs from 15 
day aggregates, oligodendrocytes which contained only 
MBP staining within their cytoplasm are relatively un- 
differentiated. In electron micrographs of 20-day aggre- 
gates, some oligodendrocytes contained microtubules and 
an increase in cytoplasmic volume and organelles. Oli- 
godendrocytes and myelin sheaths were more abundant 
in electron micrographs from 25-day aggregates. Oligo- 
dendrocytes contained microtubules and prominent 
Golgi complex membranes. The number of MBP- and 
MAG-stained oligodendrocytes increased between 20 and 
25 days and almost all of these cells had stained processes 
which were continuous with stained myelin sheaths. In 
electron micrographs from 30-day aggregates, oligoden- 
drocytes were morphologically mature. Most myelin 
sheaths in 30-day aggregates consisted of 10 to 15 com- 
pact lamellae and the diameter of myelinated axons 
averaged between 1 and 2 am. In viuo, the number of 
myelin lamellae surrounding a CNS axon increases with 
axonal diameter (Bernstein, 1966). The number of myelin 
lamellae surrounding aggregate axons may be limited by 
the failure of axons to attain diameters greater than 2 
am. Although the number of MBP- and MAG-stained 
myelin sheaths increased between 25 and 30 days, no 
appreciable increase in the number of stained oligoden- 
drocytes occurred. 

When aggregate oligodendrocytes were stained with 
MAG antiserum, intense granular staining of the cyto- 
plasm and processes occurred. Similar granular staining 
has been described in uiuo (Sternberger et al., 1979; 
Webster et al., 1981). A similar pattern of staining has 
been described in areas of Golgi complex membranes of 
myelinating Schwann cells stained by PO antiserum 
(Trapp et al., 1981a). PO and MAG are both integral 
membrane glycoproteins. If their sites of synthesis are 
similar, the granular MAG staining in perikarya may 
represent oligodendrocyte Golgi complex membranes. As 
compact myelin sheaths grow in thickness in uiuo, only 
periaxonal portions are stained by MAG antiserum 
(Sternberger et al., 1979). The periaxonal localization of 
MAG was not evident in aggregate myelin sheaths, as 
they do not contain enough compact lamellae to visualize 
unstained portions with the light microscope. Ultrastruc- 
tural localization may determine if MAG is restricted to 
periaxonal portions of aggregate myelin sheaths. Com- 
parison of MBP- and MAG-stained 20-pm-thick Vibra- 
tome sections from 15- and 20-day aggregates demon- 

strated that a greater percentage of oligodendrocytes and 
myelin sheaths were stained by MBP antiserum. Based 
on quantitation of the number of MBP- and MAG- 
stained oligodendrocytes in Vibratome sections of the 
developing rat anterior commissure, MBP appears in 
oligodendrocytes prior to MAG in uiuo (Sternberger et 
al., 1978a, 1979). These results suggest that MBP can be 
detected immunocytochemically in oligodendrocytes and 
myelin sheaths prior to MAG. Electron microscopic lo- 
calization of MBP and MAG during initial contacts of 
oligodendrocytes and axons may clarify any specific role 
MBP or MAG may serve in the initiation of myelination. 

Our results clearly demonstrate that the immunostain- 
ing techniques used are very sensitive, highly specific 
methods for detecting MBP and MAG in oligodendro- 
cytes and myelin membranes. Immunostaining was more 
sensitive than biochemical methods for detecting MBP 
and MAG, but it is limited by the inability to quantitate 
the amount of protein present. Radioimmunoassay for 
MBP and MAG revealed significant levels in aggregate 
cultures at 25 days in vitro, the age at which 100% of the 
Vibratome sections examined contained at least one oli- 
godendrocyte and myelin sheath that was stained for 
MBP and MAG. The levels of MAG and CNP in the 30- 
day aggregates were 66% and 56%, respectively, of their 
levels in whole adult rat brain. By contrast, the level of 
basic protein in the 30-day aggregates was only 8% of 
that in adult rat brain. The very low level of basic protein 
is probably due to the fact that myelin sheaths which 
form are short and relatively thin and do not have a large 
number of compact lamellae. However, the periaxonal 
myelin and other oligodendrocyte-derived membranes 
which are enriched in MAG and CNP (Quarles, 1979; 
Sternberger et al., 1979) probably are formed in amounts 
more closely approaching adult levels. Measurements of 
these components during normal in uiuo development of 
rat brain also have revealed that MAG and CNP ap- 
proach adult levels at an earlier age than basic protein 
(Sprinkle et al., 1978; Johnson et al., 1980). The yield and 
composition of the myelin isolated from the 30-day ag- 
gregates suggest that it is biochemically immature. The 
yield was comparable to that obtained from an 18-day 
rat brain, and the large content of high molecular weight 
proteins is typical for immature myelin (Morel1 et al., 
1972). Similarly, Matthieu et al. (1979) have concluded 
that myelin formed in aggregating cultures is biochemi- 
cally immature. 

In conclusion, the morphological, immunocytochemi- 
cal, and biochemical results indicate that aggregate cul- 
tures provide a useful in vitro system for studying the 
early stages of myelinogenesis. 
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