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ABSTRACT

To investigate the role of myelin-associated glycoprotein (MAG) in the normal aging process, aging-related
morphometric and ultrastructural analyses of the MAG-positive (MAG-(+)) oligodendrocytes were carried out
in the cerebral cortex of the Sprague-Dawley rats. In the aged rats, the density of MAG-(+) oligodendrocytes
was significantly decreased in the cortical layer (IV-VI) compared with that of the adult rats. However, the
percentage of medium and dark types of oligodendrocytes was significantly increased by aging. In the aged
rats, the mean nuclear area of the MAG-(—) oligodendrocytes was interestingly reduced compared with that of
MAG-(+) oligodendrocytes. In addition, MAG immunoreactive products were markedly decreased in the
medium-dark type of oligodendroglial cytoplasm and processes, and were scarcely localized in the dark type of

oligodendrocytes of the aged rats. These results suggest that degeneration of oligodendrocytes-myelin system
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by aging is associated with down regulation of MAG, and that may contribute to further understanding of the

biology of MAG in the oligodendrocytes-myelin system.

Key words : Aging, Melin-associated glycoprotein (MAG), Oligodendrocytes

INTRODUCTION

Age-related changes in the oligodendrocytes and
myelin sheath of the brain may play an important role in
impairment of cognitive function (Peter, 2002). Ultra-
structural analysis of the aged monkey showed that in-
crease of thickness of the myelin sheaths, local splitting
of the major dense line, formation of redundant myelin,
dense inclusions and swelling along oligodendroglial
processes (Peter, 2002). Age-related morphological
changes are associated with loss or degradation of
myelin proteins and oligodendrocyte proteins, such as
myelin-associated oligodendrocytic basic protein
(MOBP), myelin basic protein (MBP), myelin-oligo-
dendrocyte glycoprotein (MOG), and myelin-associated
glycoprotein (MAG) (Montague et al., 1999; Quarles,
2002). Surprisingly, no study has been devoted so far to
the morphological evaluation of possible modifications
occurring in aging-related expression and synthesis of
the MAG, an important components of oligodendrocyte-
axon system.

MAG, a heavily glycosylated transmembrane protein,
is a member of immunoglobulin (Ig) superfamily with
five Ig-like domains (Arquint et al., 1987). MAG was
exclusively expressed in the cytoplasm and processes of
oligodendrocytes during the early stage of myelination.
However, MAG expression is restricted in the paranodal
regions of myelin sheaths and the periaxonal region of
myelinated axons after myelination (Trapp et al., 1989).
The studies of MAG deficient mice reported the subtle
morphological abnormalities in the oligodendroglial
cytoplasm at the inner aspect of myelin sheaths (Montag
et al., 1994), a delayed onset of myelination, a dilated

periaxonal space for some myelinated CNS axons (Li et

al., 1994; Montag et al., 1994), nerve conduction abnor-
malities, and axonal degeneration (Weiss et al., 2001).
Based on these reports, it has been suggested that MAG
plays a critical role to the formation of myelin sheaths
during initial stage of myelination, and has a role in
stabilizing oligodendrocyte-axon contacts in mature
myelin sheath (Bartsch, 1996). In addition, it has been
known that MAG enhances survival of oligodendrocytes
and promotes myelin-like membranogenesis (Gard et
al., 1996), and that MAG inhibits neurite outgrowth
(1994; Mukhopadhyay et al., 1994).

As described above, although studies on the MAG
related oligodendrogliogenesis and myelinogenesis are
relatively abundant, the best of our knowledge, no work
stating the normal aging-related changes on the MAG
expression has ever been published so far. Here, we
report that the morphometric and ultrastructural degen-
eration of oligodendrocytes-myelin system by ageing is

associated with the down regulation of the MAG.

MATERIALS AND METHODS

Animals and Sample Preparation

Male Sprague-Dawley rats, 2 months (n=5; 269127
¢) and 32 months (n=5; 355+ 23 g) after birth, were
obtained from Dae-Han Biolink Co. Ltd (Seoul, Korea).
Rats were perfused according to Cho et al. (2006) with
saline containing heparin (20 IU/mL) and cool 4% para-
formaldehyde in 0.2 M phosphate buffer (PB, pH 7.4).
Removed brain was overnight fixed in the same fixative
at 4°C. After wash, 20 um- and 60 um-thick vibratome
sections were obtained from the coronal planes of the

forebrain.
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General Imnmunohistochemistry

Free-floating sections were processed according to
Cho et al. (2006). Briefly, sections were treated for 5
minutes with 3% H,0,, and then for 2 hrs with 10%
normal horse at room temperature (RT). Sections were
overnight incubated at 4°C with monoclonal anti-MAG
antiserum (1 : 500; Chemicon, U.S.A.). Control sections
were incubated without primary antiserum. After rins-
ing, the sections were incubated biotinylated anti-mouse
IgG for 2 hrs at RT. The sections were washed and
incubated with avidin-biotin-peroxidase complex (Vec-
tor Lab., U.S.A.) for 2 hrs at RT. The immune reaction
was visualized with chromogen solution consisted of
0.05% 3, 3’-diaminobenzidine tetrahydrochloride (DAB)
(Sigma, U.S.A.) and 0.005% H,0, mixed in 0.05 M
Tris-buffer (pH 7.6).

Morphometric Analysis

Cell Count

The numerical MAG-immunoreactive (IR) oligoden-
drocytes was estimated by modified previous report
(Peinado et al., 1998). Briefly, immunostained 20 pm-
thick vibratome sections were mounted on the gelatin-
coated slides, and coverslipped, and observed with light
microscope ( X 40 objective and X 10 eyepiece) fitted
with a micrometer grid of 500 X 500 um (250,000 um?);
the grid was used as the count unit (CU). The upper
edge of the grid was placed at the pial surface and
lowered successively along 8 CU, which included all
cortical layers from the motor area of the frontoparietal
cortex (Paxinos & Watson, 1986). Only cells intersected
by the right vertical and top grid bars were included in
the counts; those intersected by the left vertical and
bottom bar were not. This procedure was repeated along
the 500 um-wide cortical strips from the pial surface to
the white matter in the vibratome sections from each
animal group. Each time, all MAG-IR oligodendrocytes
in the 800 CU from 100 strips per animal groups were

counted.

Morphometry of Nuclear Area

Immunostained 60 pm-thick vibratome sections were
examined with the light microscope. From these sec-
tions, 2 mm-wide tiny pieces were carefully obtained,
which included all cortical layers from the motor area.
These tiny pieces were fixed with 2.5% glutaraldehyde
in PBS, and these pieces were postfixed with 1% OsO,
dissolved in PBS for 30 minutes, then dehydrated with
graded ethanol series, and immersed in propylene oxide,
and flat-embedded in Epon resin between Teflon coated
slides and polymerized at 60°C for 72 hrs (E100, TAAB
embedding oven, U.S.A.). Serial semithin sections were
cut with ultramicrotome (LKB-2088, Reichert-Jung
Leica, Germany) through the surface zone of the em-
bedded sections, and were mounted on the gelatin-coat-
ed slides. The obtained semithin sections were lightly
counterstained with 1% toluidine blue and observed
with a X 100 objective and a X 10 eyepiece lens. Ran-
domly chosen 333 and 292 areas in the cortical sections
of the adult and aged rat were photographed with an
Olympus photomicroscope on 35 mm Kodak gold films,
which were developed and printed at a final magnifi-
cation of x 1337 at the same D. P. & E. room every
time. The nuclear profile areas of all MAG-positive
(MAG-(+)) and MAG-negative (MAG-(—)) oligoden-
drocytes on photographs were measured by hand draw-
ing nuclear profiles with pen mouse under image analy-
zer system interfaced with appropriate software (KS400,
Carl Zeiss Co. Ltd., Germany).

Ultrastructural Analysis

The remainder of Epon resin blocks of immunostain-
ed 60 um-thick vibratome sections was used for taking
ultrathin sections. Tangential serial ultrathin sections
were cut through the 5 um-thick surface zone of the
embedded sections, and picked up on copper grids.
They were contrasted with urany! acetate and lead cit-
rate. These sections were examined with transmission

electron microscope Jeol 1200 EXII (Jeol Co., Japan)
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under 60 Kv.

Statistical Analysis

The statistical significance of differences was deter-
mined by Student’s t-test. All data were presented as the
means +SEM, and differences were considered to be

significant when p value was less than 0.05.

RESULTS

Light Microscopic Immunohistochemistry and
Density of the MAG-positive Cells

Process-bearing MAG-positive (MAG-(+)) cells were
diffusely distributed throughout cerebral cortex of adult
rats. These cells had abundant cytoplasm and many
processes, and the nuclei were relatively large and often
irregular in shape (Fig. 1b, d). However, non-process-
bearing MAG-(+) cells were abundant in the cerebral
cortex of aged rats. The cytoplasm was little and has no
processes, and the nucleus was small and generally
round or oval (Fig. lc, e). To investigate whether the
MAG expression was affected by aging, the number of
MAG-(+) cells was counted in the cerebral cortex of
the adult and aged rats, and summarized in Table 1 and
Fig. 2. In the aged rats, the number of MAG-(+) oligo-
dendrocytes was significantly decreased in CU levels 4,
5, 6, and 7, located in layer IV-VI, compared with that
of the adult rat. Whereas, the oligodendroglial numbers
with aging were increased at CU levels 2 that corres-
ponds to layer Il (Table 1, Fig. 2).

Differential Count and Nuclear Area of the
Oligodendrocytes

Differentiation
Based on the light microscopic features of the oligo-
dendroglial nuclear chromatin and the texture and

darkness of the cytoplasm (Mori and Leblond, 1970;

1 __cul
II‘I(,‘ ' p)
v - 3
_ ) . ‘

IR 7 ,
‘ I
a b’ c —
a0y # o
%A & l,
d L ‘

Fig. 1. Coronal sections of the adult and aged rat cerebral
cortex stained with MAG antiserum (b-e) and Nissl
stained (a). Sections show various density of MAG-(+)
cells depending on the cortical layers. Process-bearing
MAG-(+) cells (arrow) were abundant in the adult (Fig.
b, d), whereas non-process-bearing MAG-(+) cells
(arrowhead) were abundant in the aged rat cerebrum
(Fig. ¢ and e). Fig. d and e are the high magnification
micrographs of the Fig. d and c. I, I, I1L, IV, V, and VI
signify cortical layers. The lattices show counter unit
(CU1-8) used in cell count. Scale bar=100 um.
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Table 1. Number of MAG-(+) oligodendrocytes per 250,000 um? in the cerebral cortex of adult and aged rats. Values are presented

as means £SEM. *, p<0.001; **, p<0.01 (Student’s r-test)

Group Total strips ~ CUI1 Ccu2 Cu3 Cu4 CU5 Cu6 Ccu7 Cug Total

Adult 100 245 6.44 14.97 20.00 20.72 19.69 17.74 15.12 117.13
u +0.15 +0.26 +0.72 +0.69 +0.61 +0.67 +0.65 +0.68 +2.70

Aged 118 2.44 8.58 15.18 16.08 15.88 14.70 15.13 13.90 101.89
g +0.18 +0.37%*  +0.58 +0.57%  £0.59*  £0.56* £0.57** £0.56 +2.49*

B Adult,n=100strips [ Aged, n=118 strips

n— Im— IvV—-V

Cell number / count unit

Count unit CU

Fig. 2. Distribution of MAG-(+) oligodendrocytes (mean =+
SEM) obtained in each of the 8 count units (CU) in the
cerebral cortex. I II-IV, V, and VI signify cerebral corti-
cal layers. *, p<0.001; **, p<<0.01 (Student’s t-test).

Ling and Leblond 1973), light, medium and dark types
of oligodendrocytes were clearly identified in semithin
sections of rat cerebral cortex, immunostained with anti-
MAG antiserum and counterstained with toluidine blue.
To avoid possible mistakes in identifying subtype of
oligodendrocytes, light-medium cells were quantified as
light type cells, and medium-dark cells as medium type
cells.

The light type of oligodendrocytes were large and
had a very pale oval or round nucleus, which showed a
little or no distinct chromatin masses. The cytoplasm
was extensive, and dark colored small dense structures
were observed around the nucleus (Fig. 3a, b). The
medium type of oligodendrocytes were smaller than
light cells. The nucleus was smooth oval or elongated
shape, and was smaller than that of light cells, and con-
tained discrete chromatin masses, mainly at the peri-
phery (Fig. 3c). The dark type of oligodendrocytes were

recognized as the smallest and densest elements. The

Fig. 3. Light microscopic photographs of the three types of
oligodendrocytes in semithin sections stained with
MAG antiserum and toluidine blue. Arrow, light of
MAG-(+) oligodendrocytes; Arrow head, medium type
of MAG-(+) oligodendrocytes; Thick arrow, dark type
of MAG-(+) oligodendrocytes; White arrow, light type
of MAG-(—) oligodendrocytes; White arrow head,
medium type of MAG-(—) oligodendrocytes; White
thick arrow, dark type of MAG-(—) oligodendrocytes.
Scale bar=10 pum.

nucleus was round to oval or irregular and quite dark,
although chromatin masses may still be distinguished.
The cytoplasm was darker than that of medium cells,
and may be concentrated on one side of the nucleus; it
was very rarely showed the cytoplasmic extensions (Fig.
3d, f). Also, the light, medium and dark oligodendro-
cytes not stained for MAG antiserum were identified
(Fig. 3e, ).

Differential Count

To confirm correlation with aging, the percentages of
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each type of oligodendrocytes were calculated (Table 1,
Fig. 2). The result of differential count showed decrease
in the percentage of MAG-(+) oligodendrocytes with
aging. In the adult rat, the percentages of MAG-(+)
light (18.4%) and medium oligodendrocytes (40.4%)
were higher, whereas in the aged rat, the percentages of
MAG-(+) medium (26.5%) and dark (183.0%) oligo-
dendrocytes were higher. In the aged rats, the percent-
age of MAG-(+) oligodendrocytes (46.3%) was lower
than in the adult rats (71.5%), whereas the percentage of
MAG-(-) oligodendrocytes (53.5%) was higher than in
the adult rats (28.5%). In the adult rats, the percentage
of MAG-(+) oligodendrocytes (71.5%) was higher than
MAG-negative (MAG-(—)) oligodendrocytes (28.5%),
whereas in the aged rats, the percentage of MAG-(—)
oligodendrocytes (53.5%) was higher than MAG-(+)
oligodendrocytes (46.3%).

Nuclear Area
To investigate whether the oligodendroglial nuclear
area was affected by aging, the morphometric analysis
of the nuclear area of different cell types was carried out
(Table 2, Fig. 4). In the aged group, the mean nuclear
area (MNA) of three types of MAG-(+) oligodendro-
cytes (16.88 £0.20 um?), three types of MAG-(—)

oligodendrocytes (15.97+0.20 um?), and total oligo-
dendrocytes (16.39+0.14 um?) was narrower than that
of adult group (19.84+0.23 um?, 19.05+5.46 pm?, and
19.62+0.19 um?), respectively (p<0.001) (Table 2,
Fig. 4a). In the adult rats, the MNA of the light (25.90+
0.37 um?) and three (19.05+0.33 pm?) types of MAG-
(—) oligodendrocytes was narrower than that of MAG-
(+) oligodendrocytes (27.09 +0.40 um?, and 19.84 %
0.23 um?), respectively (p<0.05). In the aged rat, the
MNA of medium (17.81+0.21 um?), dark (12.62+0.20
um?) and three (15.97£0.20 um?) types of MAG-(—)
oligodendrocytes was narrower than that of MAG-(+)
oligodendrocytes (18.39+0.23 um?, 13.78 £0.24 pm?,
and 16.88+0.20 um?), respectively (Table 2, Fig. 4b).
There was no significant difference between medium (or
dark) type of MAG-(+) oligodendrocytes and that of
MAG-(-) oligodendrocytes within the adult group.

Pre-embedding Immunohistochemistry

Based on the ultrastructural features of the oligoden-
droglial nucleus (Mori and Leblond, 1970), MAG-(+)
cells were identified as the characteristic features of
either light, medium (medium-dark) and dark types of
oligodendrocytes. The light and medium types of oligo-

Table 2. Differential counts and nuclear area of MAG-(+) and (—) cells of cerebral cortex in the adult and aged rats

MAG (+)
MAG (+) ODC MAG (-) ODC () ODC
G
roup Light Medium  Dark fyhpr:: Light Medium  Dark fy‘g:: Total ODC
oDC ODC oDC Jpe oDC ODC ODC P
Number 184 404 127 715 66 173 46 285 1000
(%) (18.4)  (40.4) 127 (71.5) (6.6) (17.3) (4.6) (28.5) (100.0)
Adult (Echfsaéﬁ) 2709 18.40 13.93 1984  25.90 17.92 1345 1905 19.62
z}u;f) 1040  +0.17  +029 4023  £037%* +025  +042  *033* +0.19
Number 18 265 180 463 32 273 230 535 998
(%) (18) (265 (18.0) (46.3) (3.2) (27.3) (230)  (53.5) (100)
Aged
(QEZL‘TS};\% 25.70 18.39 13.78 16.88 2439  17.81 1262 1597 16.39
(“;2) +0.86 +0.23 +024 4020  +£070 £021*  +£0.20%*%  £0.20% 5k +0.14%

### 1< 0.001 (compared to mean nuclear area of each type ODC (oligodendrocyte) of adult rats)

* p<0.05; **, p<0.01 (compared to mean nuclear area of MAG-(+) ODC in adult and aged rats.
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Fig. 4. Mean nuclear area (mean=+SEM) of oligodendrocytes of cerebral cortex in adult and aged rats. (a) The mean nuclear area
(MNA) of three types of MAG-(+) ODC (oligodendrocytes), three types of MAG-(—) ODC, and total ODC was reduced in
the aged rats. (b) The MNA of the MAG-(—) oligodendrocytes was interestingly reduced compared with that of MAG-(+)

ODC. *, p<0.05; **, p<0.01 (Student’s r-test).

dendrocytes were confirmed mainly in the adult rat
cerebrum, whereas dark type of oligodendrocytes was
observed primarily in the aged rats. The light type of
oligodendrocytes had a large and pale nucleus. In the
nucleus, there was little or no mass of chromatin. The
perinuclear cytoplasm contained many mitochondria,
distinct Golgi apparatus, and cisternae of rough endo-
plasmic reticulum (Fig. 5a). The medium (or medium-
dark) type of oligodendrocytes had abundant chromatin
masses in the nucleus. The cells were quite small cells
with moderately dense nucleus and cytoplasm contain-
ing well developed organelles (Fig. 5Sb-e). The dark type
of oligodendrocytes was even smaller cells with very
dense nucleus and cytoplasm containing prominent
Golgi apparatus, structures referred to as lamellar bodies
(Fig. 5f).

In the adult rat cerebrum, MAG-IR products were dif-
fusely localized in light and medium (or medium-dark)
oligodendroglial cytoplasm, and some intense labeling
was observed in the Golgi complexes, and rough endo-
plasmic reticulum (rER), which occurred either in the
vicinity of the nucleus or in the proximal processes.
MAG-IR products were abundant in the oligodendro-

glial processes that extend to myelin internodes, in

oligodendroglial cytoplasm of inner and outer tongue
processes, and in periaxonal regions of myelinated
fibers (Fig. 5a-c). However, in the aged rat brain, MAG-
positive cells were mainly medium and dark oligoden-
drocytes, and MAG immunoreactions were remarkably
decreased when it was compared with that of adult. The
intense labeling of MAG was restricted to the perinu-
clear cytoplasm of medium oligodendrocytes, and dif-
fuse staining was decreased in the cytoplasm and pro-
ximal processes, and staining was scarcely observed in
the distal processes (Fig. 5d, e). In the dark oligoden-
drocytes, MAG-(+) labeling was observed in the cyto-
plasm directly underlying the nuclear membrane (Fig.
5f). The reactant was not observed almost in dark
oligodendroglial cytoplasm and processes. The staining
of rER and Golgi apparatus was more evident in the
light and medium oligodendrocytes of the adult rat than
that of the aged rat, probably due to the absence of dif-
fuse cytoplasmic staining in aged rat. In the aged rats,
intense immunostained membranes of the rER and
Golgi apparatus were hardly detected. The neuclei and
some inclusion bodies were devoid of reaction products
(Fig. 5¢). None of the labeled cells was identified as

either astrocytes or neurons (data not shown).
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Fig. 5. Immunohistochemical localization of MAG in the adult and aged rat cerebral cortex. (a-c¢) Cell identified as light (LO), and
medium (or medium-dark) (MO or MDO) types of oligodendrocytes in the adult. Intense immunostaining is observed
throughout the cytoplasm, and is observed on the oligodendroglial membrane associated with myelin sheaths, periaxonal
region (small arrows), inner tongue process (small arrows), and outer tongue processes (large arrow). Immunostaining was
decreased in the processes of the medium oligodendrocyte (P). Axons (A) and nuclei are devoid of reaction products. (d-f)
Cells identified as medium (or medium dark) (MO or MDO), and dark types (DO) of oligodendrocytes in the aged cerebral
cortex. The diffuse and intense cytoplasmic staining is more obviously decreased. The intense immunostaining was restricted
to the perinuclear cytoplasm (white small arrows), however not observed in the processes (P). Inmunostaining was observed
very lightly (small arrows), or was not observed (arrowheads) in the structures related with axon-myelin system. Nucleus,
axons (A) and some inclusion bodies (asterisk) are not stained. Scale bar=500 nm.
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OB

Fig. 5. To be continued.

DISCUSSION

The aging-related role of the MAG in the oligoden-
drocytes-myeline system has not yet been elucidated. In
this study, the possible influence of aging on the morph-
ometric and ultrastructural changes of MAG-(+) oligo-
dendrocytes was analyzed in the cerebral cortex. The
results showed that aging produced a decrease in the
number of MAG-(+) oligodendrocytes, and that aging
induced a significant decrease in the nuclear area of the
medium and dark types of MAG-(—) oligodendrocytes,
and that aging caused the decrease of the MAG-IR pro-
ducts in the medium and dark type of oligodendroglial
cytoplasm and processes. These results suggest that
MAG is associated with degeneration of oligodendro-
cyte-myelin system by aging, and that may contribute to
the further understanding of the biology of this protein.

Previous studies of aging-related changes in the
oligodendroglial cell population of the cerebral cortex
have yielded conflicting results. Oligodendroglial popu-
lations were found no changes in the aging rat cerebral
cortex (Diamond et al., 1977). The populations of the
oligodendrocytes plus microglia showed stability with
age in the rat parietal cortex (Peinado et al., 1998). And,

studies in monkeys showed an increase with age in

oligodendrocytes plus microglia (Peters et al., 1991,
1994). As described above, the studies on the population
of oligodendrocytes were rare. In this study, in relation
to the cell distribution throughout the thickness of the
cerebral cortex, the number of MAG-(+) oligodendro-
cytes was significantly decreased in most of aged rat
cortical layers, particularly, layers 1V, V, and VI(Table
1, Fig. 2). However, the number of MAG-(+) oligo-
dendrocytes was increased in layer II-1II (CU2). These
data suggest that MAG-(+) oligodendrocytes are un-
stable for effects of aging in dependent on the cortical
layers.

It has been suggested that the light and possibly me-
dium types of oligodendtrocytes are actively involved in
the production and maintenance of myelin (Sturrock,
1974). However, the dark type of oligodendrocytes have
been considered to be the mature non-dividing oligo-
dendrocytes that are formed from the division (Mori &
Leblond, 1970; Ling & Leblond, 1973) or the subse-
quent differentiation of the light and medium types of
oligodendrocytes (Imamoto et al., 1978). It has also
been previously reported that anti-myelin antiserum
labels light and medium oligodendrocytes, but not the
dark cells. These results indicate that the morphological
classification of oligodendrocytes may be based on

varying amounts of myelin antigen synthesis (Roussel &
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Nussbaum, 1983). In the white matter of the adult
mouse, Sturrock (1976) reported that percentages of
light, medium, and dark types of oligodendrocytes were
2.4%, 10.9% and 86%, respectively. Mori and Leblond
(1970) identified the percentage were 12.3%. 35.7% and
51.9%, respectively, in the corpus callosum of young
rats. Monteiro et al. (1995) reported that type I (medium-
dark type) was 93%, and type Il (dark type) was 7% in 2
months rat cerebellum, and that type | was 26%, and
type Il was 74% in 24 months rats. In this study, the
percentages of total light, medium and dark oligoden-
drocytes were 25.0%, 57.7% and 17.3%, respectively in
the adult cerebral cortex, and 18.0%, 53.8% and 41.0%,
respectively in aged. And, the percentages of the three
types of the MAG-(—) oligodendrocytes were 6.6%,
17.3% and 4.6%, respectively in the adult cerebral cor-
tex, and 3.2%, 27.3% and 23.0%, respectively in aged.
That is, the percentage of the dark type of oligoden-
drocytes was significantly increased with aging (Table
2). Results and experimental conditions were not agreed
with previous reports, but in aged group the distribution
of dark oligodendrocytes was similarly increased to the
results by Monteiro et al. (1995). To explain this, it was
suggested that oligodendrocytes were capable of under-
going mitosis, and that they were prone to have morph-
ological changes with aging, and that the physiology of
oligodendrocytes may be eventually affected by aging.
These results suggest that MAG expression may be
associated with the morphological changes of the
oligodendrocytes with aging.

Light microscopic studies in semithin sections have
revealed that oligodendrocytes were classified into light,
medium and dark types on the basis of fine morphologi-
cal features, i.e. the density of nucleus, size of the cell
and the development of cytoplasmic organelles in the rat
(Ling et al., 1973). In this study, three subtypes of cells
were readily identified among the oligodendrocytes of
the rat cerebral cortex (Fig. 3). The most obvious differ-
ence among three subtypes was their nuclear chromatin

patterns, although the cell size and number of fine pro-

cesses were also useful criteria. The density of cyto-
plasm was less helpful, as immunoreaction products
masked the protoplasm between organelles. However,
some difficulty was experienced in deciding whether a
cell should be classified as a medium or dark oligo-
dendrocytes, as some transitional types were present.
Thus, to avoid possible mistakes in identifying subtype
of oligodendrocytes, medium-dark type cells were re-
garded as medium cells. Recognition of light oligoden-
drocytes was straight forward and presented no diffi-
culties.

Ling et al. (1973) identified that the mean diameters
of the light, medium and dark oligodendrocytes were
7.0 um, 4.7 um and 4.3 um, respectively. And, Monteiro
(1995) classified as type I (medium-dark) and type 1l
(dark types) oligodendrocytes, and reported that the
mean nuclear diameter of type I and of type Il oligo-
dendrocytes, were 7.8 um and 6.9 pm, respectively at 2
months (Monteiro et al., 1995). In this study, the MNA
of total oligodendrocytes (16.39+0.14 um?) was signi-
ficantly reduced in the aged rats compared with that of
the adult rats (19.62+0.19 pm?). And, the MNA of the
MAG-(—) oligodendrocytes were significantly decreas-
ed in the adult and aged rats compared with that of the
MAG-(+) oligodendrocytes (Table 2, Fig. 4). Even
though the parameter was different, the trends of the
MNA of oligodendrocytes in the same group were simi-
lar to the results of previous study (Ling et al., 1973;
Monteiro et al., 1995). The decreasing tendency of the
nuclear area in the aged groups is thought as results of
the mitosis by aging process, and as results of the down
regulation of MAG.

Morphological changes in the oligodendrocytes and
myelin sheath of the brain may play an important role in
impairment of cognitive function (Peter, 2002), and are
associated with loss or degradation of myelin proteins
and oligodendrocyte proteins, such as MOBP, MBP,
MOG, and MAG (Montague et al., 1999; Quarles,
2002). Studies on the brain of MAG-null mice revealed

degeneration of the distal periaxonal oligodendroglial
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processes in the 8-month-old (Lassmann et al., 1997,
Schachner & Bartsch, 2000), and significant reduction
in several oligodendroglial proteins like 2%, 3’-cyclic
nucleotide 3’-phosphodiesterase (CNPase), in the 14-
month-old, consistent with a dying-back oligodendro-
gliopathy (Weiss et al., 2000). Down regulation of the
expression of myelin genes (MBP, CNPase, MAG, PLP
etc.) in oligodendrocytes is a typical feature of inflam-
matory demyelination diseases (Rodriguez et al., 1994).
Interestingly, reduction in the expression of MAG pro-
tein has been observed in at least a subgroup of active
multiple sclerosis lesions (Itoyama et al., 1980). Another
important point which emerges from the present obser-
vations is that, at least in the case of MAG expression,
the expression of MAG is dramatically decreased in the
oligodendrocytes and myelin (Cho et al., unpublished
data; Fig. 5) of the normal aged rat cerebrum. The
results suggest that the MAG may be required for main-
taining the structure and function of oligodendrocyte-
myelin system, and that the decrease of MAG expres-
sion in the aged rats could be related to the degeneration
of oligodendrocytes and myelin in association with
demyelinating diseases, and that the changes in axonal

morphology may occur.
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