THE JOURNAL OF COMPARATIVE NEUROLOGY 445:13-28 (2002)

Effects of Age on the Glial Cells in the
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ABSTRACT

The optic nerve is a circumscribed white matter tract consisting of myelinated nerve
fibers and neuroglial cells. Previous work has shown that during normal aging in the rhesus
monkey, many optic nerves lose some of their nerve fibers, and in all old optic nerves there
are both myelin abnormalities and degenerating nerve fibers. The present study assesses how
the neuroglial cell population of the optic nerve is affected by age. To address this question,
optic nerves from young (4—10 years) and old (27-33 years) rhesus monkeys were examined
by using both light and electron microscopy. It was found that with age the astrocytes,
oligodendrocytes, and microglia all develop characteristic cytoplasmic inclusions. The astro-
cytes hypertrophy and fill space vacated by degenerated nerve fibers, and they often develop
abundant glial filaments in their processes. Oligodendrocytes and microglial cells both
become more numerous with age, and microglial cells often become engorged with phagocy-
tosed debris. Some of the debris can be recognized as degenerating myelin, and in general, the
greater the loss of nerve fibers, the more active the microglial cells become. J. Comp. Neurol.

445:13-28, 2002.  © 2002 Wiley-Liss, Inc.

Indexing terms: aging; primate; astrocyte; oligodendrocyte; microglia; electron microscopy

In a previous article we described the effects of age on
the nerve fibers in the optic nerve of the rhesus monkey
(Sandell and Peters, 2001). The present article continues
this study and describes the effects of age on the neuro-
glial cells in the same nerves.

When the optic nerves of young monkeys, 4—10 years of
age, are compared with those of monkeys that are over 27
years old, the old monkeys as a group show a loss of about
45% of their nerve fibers. However, the extent of nerve
fiber loss from the optic nerves of the old monkeys is
variable. In some old monkeys the numbers of nerve fibers
are comparable to those in young monkeys, but in the
most affected old nerves, almost 75% of the fibers are lost.

Several other studies have also detected a loss of nerve
fibers from the optic nerves of both old humans (Balazsi et
al., 1984; Mikelberg et al., 1989; Jonas et al., 1992) and old
monkeys (Morrison et al., 1990), but our previous study is
the only one in which the age-related changes in the
structure of the nerve fibers have been examined in detail.
Two types of changes were observed. One is the normal
effect of age on the structure of the myelin sheaths, and
the other is the degeneration of axons and their myelin
sheaths. The age-related alterations in the myelin sheaths
of optic nerve fibers are similar to those encountered in
other parts of the central nervous system (e.g., Feldman
and Peters, 1998; Peters, 1999; Peters et al., 2000), with
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the most common being a splitting of the sheath at the
major dense line to accommodate electron-dense cyto-
plasm that is derived from the parent oligodendrocyte.
Other, less frequent, age-related alterations are splitting
of the intraperiod line to accommodate an accumulation of
fluid, so that the sheath balloons out at that site, and the
formation of myelin sheaths that are too large for the
enclosed axon. In the optic nerves most affected by age,
degeneration of some of the nerve fibers is superimposed
on these normal age-related changes in myelin.

Of course it is this degeneration of nerve fibers that
leads to the reduced numbers of nerve fibers in old optic
nerves, and it may be that loss of nerve fibers from the
white matter is a normal consequence of aging in all parts
of the central nervous system. For example, by using
magnetic resonance imaging, a global age-related loss of
subcortical white matter has been observed in normal
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humans and monkeys (Albert, 1993; Lai et al., 1995; Gutt-
mann et al., 1998), whereas Tang and colleagues (1997)
have used stereology to show that there is an age-related
27% decrease in the total length of nerve fibers in the
white matter of human cerebral hemispheres.

Aging affects not only the nerve fibers in the optic nerve
but also the neuroglial cells that support them. It can be
presumed that the oligodendroglia must be directly af-
fected by the changes in the nerve fibers because they are
the cells responsible for the formation and maintenance of
the myelin sheaths. It is known that in the aging cerebral
cortex, oligodendrocytes develop distinctive inclusions,
some of which occupy swellings of their processes (Peters,
1996). In addition, microglia are involved in the phagocy-
tosis of degenerating optic nerve fibers (Sandell and Pe-
ters, 2001), and several studies have detected microglial
activation in the subcortical white matter of aging mon-
keys (Sheffield and Berman, 1998; Sloane et al., 1999).
Astrocytes are also affected by age. They become enlarged
and increase their production and degradation of glial
fibrillary acidic protein (GFAP; Linnemann and Skarsfelt,
1994, Sloane et al., 2000).

The present study was undertaken to learn more about
the involvement of the neuroglial cells in the aging of the
optic nerve and to determine how the structure and num-
bers of neuroglial cells alter with age. The optic nerve
provides an excellent model system in which to investigate
the normal age-related changes that occur in the neuro-
glial cells of the white matter, because it is a well circum-
scribed central nervous system tract upon which both
morphological and quantitative analyses can be carried
out.

MATERIALS AND METHODS
Tissue specimens and processing

These studies used optic nerves from rhesus monkeys
(Macaca mulatta). The same specimens were used to ex-
amine the effects of age on nerve fibers in the rhesus
monkey optic nerve, and details regarding the animal
population have been published (Sandell and Peters,
2001). In brief, optic nerves were obtained from seven
young monkeys (4—10 years of age, total of 13 nerves) and
six old monkeys (27-33 years of age, total of 11 nerves).
Three old monkeys (AM 062, 065, and 091) received oph-
thalmoscopic examinations by Dr. Alcides Fernandes at
the Yerkes Regional Primate Center in Atlanta, Georgia.
All three had some degree of cataract; AM 062 and 065
had normal intraocular pressure, which was not measured
in AM 091; and AM 065 had some retinal pigment epithe-
lium atrophy near the macula. No other significant age-
related changes were noted. The retinae of AM 041 were
examined post mortem by Dr. Edward Chaum at Boston
Medical Center. The only age-related findings were mild
drusen and peripheral cystoid changes, consistent with an
equivalent human age of 96. The procedures used for
tissue preparation have been previously described (Peters
et al., 1994; Peters et al., 2000; Sandell and Peters, 2001).
All procedures regarding the care and euthanasia of these
animals were approved by the Institutional Animal Care
and Use Committee of Boston University School of Medi-
cine and were in accordance with the National Research
Council publication Guide for the Care and Use of Labo-
ratory Animals.
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For perfusion the animals were preanesthetized with
ketamine (10 mg/kg) and further anesthetized to a state of
areflexia with intravenous sodium pentobarbital (35 mg/
kg). The anesthetized animals were artificially respired
with 95% oxygen and 5% carbon dioxide and perfused
transcardially with 4 liters of warm fixative (1% parafor-
maldehyde and 1.25% glutaraldehyde in 0.1 M phosphate
or 0.1 M cacodylate buffer at pH 7.4). The eyes were
removed, with a segment of the optic nerve attached that
was approx. 4 mm in length. Several smaller pieces, each
approx. 1-2 mm in length, were cut from this 4-mm seg-
ment of each nerve and were stored in the cold in a
stronger fixative (2% paraformaldehyde and 2.5% glutar-
aldehyde in 0.1 M phosphate or 0.1 M cacodylate buffer,
pH 7.4) until further processing. The segments of optic
nerve were osmicated, dehydrated in ascending concentra-
tions of ethanol, and embedded in Araldite. Transverse,
1-pm semithick sections were collected and stained with
toluidine blue for light microscopic studies. Thin sections
were taken for electron microscopy, stained with uranyl
acetate and lead citrate, and subsequently examined in a
JEOL 100 electron microscope.

Glial nuclear profile counts/light microscopy

An estimate of the total number of neuroglial nuclear
profiles was made from transverse sections of each optic
nerve. The sections were stained with toluidine blue and
analyzed by using the Bioquant BQ-TCW-95 system
(R&M Biometrics, Nashville, TN) and a motorized stage.
A section was viewed with a 100X oil immersion objective
(NA 1.40) and the image projected onto a video monitor.
The counting of glial nuclear profiles was done simulta-
neously by both authors, and the computer system was
used to generate the counting grid, move the stage, project
the counting box onto the video image, mark the profiles
as they were counted, tally the counts, and calculate the
cross-sectional area of the nerve. The counting boxes were
30 X 30 pm each, spaced 200 pm from center to center in
a grid that was placed randomly on the section of the
nerve. All neuroglial cell profiles displaying nuclei were
counted in each counting box, provided that they did not
intersect the forbidden margins of the counting box (left
side and bottom). Profiles of fibroblasts, endothelial cells,
and pericytes were not counted. The counting was done
without explicit knowledge of the ages of the nerves, al-
though in many old nerves the changes in nerve fibers and
neuroglial cells were obvious.

The counting parameters, such as counting box size,
grid spacing, and number of counting boxes, were deter-
mined empirically to yield coefficients of error (CE = SEM/
mean) within the 10% recommended by West and col-
leagues (1996) for design-based analysis. The CE values
calculated for each nerve ranged from 7.1 to 9.8%. The
estimated total number of glial nuclear profiles present in
a transverse section of each nerve was determined by
simply multiplying the mean number of profiles/mm? by
the cross-sectional area of the nerve.

Size of glial nuclear profiles

A separate analysis of 1-pm-thick transverse sections
from the same nerves was performed to determine
whether the sizes of the neuroglial nuclear profiles change
with age. This information was used in calculations to
determine whether changes in nuclear size might contrib-
ute to apparent changes in profile number, when neuro-
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Figures 1-2
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glial profile counts in young and old nerves were compared
(see Results). For each nerve, at least 70 neuroglial nu-
clear profiles of each cell type (astrocytes, oligodendro-
cytes and microglia) were drawn by using a camera lucida
and a 100X objective. The drawings were scanned and
digitized by using Adobe Photoshop 4.0, and the area of
each profile was determined by using NIH Image soft-
ware. The mean areas were used to calculate mean diam-
eters, assuming that the nuclei were spherical. This is a
simplification for astrocytes and microglia but is fairly
accurate for oligodendrocytes.

Relative proportions of glial nuclear profile
types/electron microscopy

Thin sections from one optic nerve of each of the mon-
keys were examined by electron microscopy to determine
the relative proportions of astrocytes, oligodendrocytes,
and microglia present within the nerve. The nerves were
chosen on the basis of superior fixation. Both nerves from
AMO041, the most severely affected old monkey, were ex-
amined. For each optic nerve, a total of at least 200 con-
secutive neuroglial cells that displayed profiles of their
nuclei were identified on the basis of their intracellular
morphology and staining characteristics. From this anal-
ysis of the relative percentages of each neuroglial cell type
within the optic nerves of each monkey, the total number
of profiles of each type of neuroglial cell in cross sections of
the nerves were estimated (Table 1). However, because
the sizes of the nuclei of the three neuroglial cell types are
not the same, this only provides a rough estimate of the
proportions of the three neuroglial cell types. Thin sec-
tions of the optic nerves were also examined to ascertain
the presence and characteristics of age-related changes in
the neuroglial cells.

Statistical analysis

For statistical purposes the optic nerves were divided
into two groups. “Young” designates nerves from animals
that were =10 years old, and “old” designates nerves from
animals that were =27 years old. The data are presented
in Table 1. Because counts from the two optic nerves from
a single animal are not statistically independent mea-
sures, we used mixed linear models to account for the
within-subject correlation in the data (Diggle et al., 1994).
In each analysis we assumed a working correlation struc-
ture of compound symmetry. All significance values were
obtained from two-tailed tests, on the assumption that we
could not predict a unidirectional effect of age on any
variable. Linear correlation analyses were used to assess

Fig. 1. Semithick section of the optic nerve of a 10-year-old mon-
key, AM 053. In this young optic nerve the nerve fibers are tightly
packed, and distributed among them are the pale, star-shaped profiles
of astrocytes (As), the darker profiles of oligodendrocytes with
rounded nuclei (Ol), and an occasional microglial cell, with a small,
dark nucleus and dark cytoplasm. Scale bar = 25 pm.

Fig. 2. Semithick section of the optic nerve of a 29-year-old mon-
key, AM 026.This optic nerve has lost some nerve fibers, and a few
profiles of degenerating nerve fibers are apparent (arrows). Compared
with young optic nerves (Fig. 1), there is little change in the appear-
ance of the oligodendroglial cells (Ol) with age, but the astrocytes (A)
have hypertrophied so that they have larger cell bodies and thicker
processes. Scale bar = 25 pm.
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the relationship between neuroglial nuclear profile data
obtained in the present study and data on nerve fiber
counts obtained for the same nerves in our previous study
(Sandell and Peters, 2001). These analyses were also ad-
justed for within-subject correlation by using the mixed
model method (Diggle et al., 1994).

The studies of individual glial cell types used only one
nerve per animal, except for AM 041, the most affected old
animal. Student’s t-tests were used to analyze data re-
garding individual glial cell types, and for this analysis
the data from the two nerves of AM 041 were averaged.
The Mann-Whitney U test was used to evaluate differ-
ences between the two groups if the difference in the
standard deviation of the two data sets suggested that a
nonparametric test was more appropriate. Use of this
nonparametric test is indicated by M-W in Table 1.

RESULTS
Morphological observations

In the rhesus monkey, the optic nerve is about 3 mm in
diameter, and in young specimens it contains closely
packed nerve fibers, which are partially segregated into
bundles by connective tissue trabeculae that contain the
blood vessels supplying the nerve. The neuroglial cells
(astrocytes, oligodendrocytes, and microglia) are inter-
spersed among the nerve fibers. Unfortunately, because of
the sparsity of blood vessels, the fixation of the nerve
fibers and neuroglial cells in these optic nerves is usually
less than optimal. Consequently, it is common for nerve
fibers to have splits and shears in their myelin sheaths, for
the processes of astrocytes to be swollen, and for their
cytoplasm to contain swollen mitochondria. However, in
the nerves we chose to include in this study, the fixation
was more than adequate for our analysis of the effects of
age on the neuroglial cells.

The appearance of a typical young optic nerve is illus-
trated in Figure 1 (AM 053, 10 years old). The myelinated
nerve fibers are tightly packed, and generally the neuro-
glial cell nuclei are surrounded by very little cytoplasm.
The optic nerves of AM 065, which is a 33-year-old monkey
that appears to have lost few nerve fibers, look very sim-
ilar to those of young monkeys. However, in the optic
nerves of some old monkeys, such as AM026 (29 years old;
Fig. 2) from which approximately 40% of the nerve fibers
have been lost (Sandell and Peters, 2001), the packing of
the nerve fibers is obviously looser, and some axons are
degenerating (indicated by arrows). In those optic nerves
that show the most extensive loss of nerve fibers, such as
AMO041, which is 32 years old and has lost some 75% of the
nerve fibers (Sandell and Peters, 2001), the depletion of
nerve fibers is very obvious, but the loss is patchy (Figs. 3,
4). Consequently, in some parts of this optic nerve the
fibers are still relatively closely packed, but separated into
small fascicles by an extensive network of astrocytic pro-
cesses (Fig. 3). However, in the more severely depleted
areas, the dominant structures are degenerating axons
and neuroglial cells, many of which are microglia that
contain phagocytosed material (Fig. 4, M).

Neuroglial subtypes

Astrocytes. In semithick sections from young optic
nerves stained with toluidine blue, the astrocytes are rec-
ognized by their pale, often irregularly shaped nuclei that
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sometimes display a rather large and dark nucleolus (Fig.
1A). Surrounding the nucleus is an even paler perikaryon,
from which processes radiate out between the surround-
ing nerve fibers to give the astrocytes their typical star-
shaped profiles. In the optic nerves of most of the old
monkeys, the astrocytes are more prominent (Fig. 2, AM
026; Figs. 3 and 4, AM 041). Their perikarya are larger
than in young nerves and their processes are thicker,
endowing the astrocytes with an even more pronounced
star shape. Also, because the astrocyte processes are
thickened, the sheets of processes passing between
nerve fibers are much more obvious in the older optic
nerves.

In thin sections the nuclear envelope of the astrocytes
frequently appears infolded, and the perikaryon molds
itself to the contours of the surrounding nerve fibers (Fig.
5, AM 077, 6 years old). Bundles of filaments (f) pass
through the organelle-sparse pale cytoplasm of the cell
body to enter the processes (P), some of which aggregate
with those of other astrocytes to form sheets that pass
between bundles of nerve fibers. Both at the periphery of
the optic nerve and at the interface with the fibrous tra-
beculae, processes of astrocytes form a complete glial lim-
iting membrane that separates the nerve fibers from other
tissues. In old optic nerves, the cytoplasm of the astrocytes
is voluminous and contains vacuoles, and in some cases
phagocytosed material; astrocytic processes contain abun-
dant filaments, and swollen astrocytic processes (P) are
common (Fig. 8).

Oligodendrocytes. In sections from young optic
nerves, the oligodendrocytes are the most common of the
neuroglial cell profiles (Fig. 1, Ol). These cells form the
myelin sheaths of the nerve fibers. In semithick sections
the nuclei of the oligodendrocytes generally have rounded
profiles and because they contain more heterochromatin
than the astrocytes, their nuclei are stained more darkly
and unevenly. In both light and electron microscopic prep-
arations, the cytoplasm of the oligodendrocytes also stains
more darkly than that of the astrocytes; the contours of
the perikarya of the oligodendrocytes are rounded, and it
is not common to see processes extending from them (Figs.
1, 7). In electron micrographs the rough endoplasmic re-
ticulum (ER) of the oligodendrocytes is sparse and consists

Fig. 3. Semithick section of the optic nerve of a 32-year-old mon-
key, AM 041. In this portion of the optic nerve, there has been an
obvious loss of nerve fibers, and profiles of degenerating nerve fibers
are frequent (arrows). There appears to be little change in the oligo-
dendrocytes (Ol), but the astrocytes (A) have hypertrophied to produce
an extensive network of pale processes passing between the remain-
ing nerve fibers. Some microglial cells are relatively normal (m),
whereas others have become reactive (M). The reactive cells are
enormously enlarged and have vacuoles and dark inclusions in their
cell bodies. Scale bar = 25 pm.

Fig. 4. Semithick section through another portion of the optic
nerve of AM 041, a 32-year-old monkey. In this portion of the nerve
the degeneration is even more pronounced than that illustrated in
Figure 3. Although some profiles of astrocytes (A) can be recognized by
their pale, irregularly shaped nuclei surrounded by a pale cytoplasm,
it is more difficult to distinguish between oligodendrocytes and unre-
active microglial cells. However, reactive microglial cells (M) are
easily identified because of their swollen cell bodies that contain
vacuoles and dark inclusions. Scale bar = 25 pm.
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of rather short cisternae that often occur singly (Fig. 7) but
can be arranged to form small stacks.

In old optic nerves, the oligodendrocytes appear to be
little affected by age, as viewed by light microscopy (Figs.
2—-4, Ol). However, in electron microscopic preparations
(Figs. 8, 9) some of the oligodendrocytes can be seen to
have thick processes extending from their cell bodies, and
both oligodendrocyte cell bodies and their processes fre-
quently contain electron-dense inclusions (Fig. 9I).

Microglial cells. The least common of the neuroglial
cells in young monkeys are the microglia. In both light
(Fig. 1) and electron micrographs (Fig. 6), their nuclei can
be seen to be smaller, darker, and often elongated com-
pared with those of the oligodendrocytes. However, in its
staining characteristics the perikaryal cytoplasm of the
microglial cell is very similar to that of the oligodendro-
cyte. But the cell bodies of the microglial cells generally
have more elongated irregular profiles, and the cisternae
of the rough endoplasmic reticulum (ER) are longer. It is
not uncommon to encounter lysosomes and inclusions in
the cytoplasm of microglial cells, even in young monkeys
(Fig. 60).

In old optic nerves, especially in those with the most
severe depletions of nerve fibers, the most obvious change
is in the microglial cell population. The numbers of micro-
glial cells increase compared with the nerves of young
monkeys, and even in light microscopic preparations it
can be seen that many of the cell bodies of the microglial
cells have become greatly enlarged and their dark cyto-
plasm contains vacuoles and dense inclusions (Figs 3 and
4, M). In thin sections (Figs. 8—10), it is evident that many
of these inclusions are derived from phagocytosed myelin
sheaths, because the alternating major dense and intra-
period lines can be discerned within some of the lamellar
inclusions. These inclusions are distinct from those in the
other glial cell types, because in oligodendrocytes and
astrocytes the inclusions are rarely lamellar. In addition
to the membraneous inclusions, other phagocytosed con-
tents of the microglial cells are granular and electron-
dense, and they sometimes contain vesicles and vacuoles
(Fig. 10). Some of these inclusions may be of neuronal
origin, because in severely affected old nerves some of the
nerve fibers show degenerating axons with dense cyto-
plasm (Fig. 8, N;), whereas in others the axons have
completely disappeared, so that only a degenerating my-
elin sheath remains (Fig. 8, N,).

Quantitative analyses

Numbers and density of neuroglial cell nuclear pro-
files. We observed a 30% increase in the mean total
number of neuroglial cell nuclear profiles in transverse
sections of the optic nerves of old monkeys (mean = SEM:
4,352 + 251) compared with young monkeys (mean =+
SEM: 3,354 = 182, two-tailed P = 0.01). Although the
group difference between young and old nerves is robust,
there is considerable variability in the neuroglial cell pop-
ulations within both the young and old nerves, as shown
in Figure 11 and Table 1. The density of glial cell nuclear
profiles per mm? is also higher in the old nerves (mean
density/mm? = SEM for old: 842 + 80; for young: 562 +
28; two-tailed P = 0.02), even though there is no signifi-
cant difference in the cross-sectional areas of the optic
nerves in young and old monkeys (Table 1).
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Figures 5-6
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Fig. 7. Electron micrograph of oligodendrocytes in the optic nerve of a 10-year-old monkey, AM 053.
The oligodendrocytes have dark, rounded nuclei (Nuc).The cytoplasm is much darker than that of
astrocytes (As) and contains a few short cisternae of endoplasmic reticulum (ER). Scale bar = 5 pm.

Relationship between neuroglial nuclear profile
counts and fiber counts. The total number of neuroglial
nuclear profiles is negatively correlated with the number
of nerve fiber profiles in the optic nerve, as shown in
Figure 12 (r = —0.4957, P = 0.03). Thus the nerves with
the most fibers (which come from young animals) have
fewer neuroglial nuclear profiles, and the nerves with
fewer fibers (which tend to come from older animals) have
more neuroglial nuclear profiles. The consequence is that
the ratio of neuroglial nuclear profiles to nerve fiber pro-
files is significantly increased in the old optic nerves:

Fig. 5. An electron micrograph of an astrocyte in the optic nerve of
a 6-year-old monkey, AM 077. Astrocytes have a pale, irregularly
shaped nucleus (Nuc). The pale cytoplasm contains bundles of fila-
ments (f), and these cells generate an extensive network of processes
(P) that pass between nerve fibers. Scale bar = 5 pm.

Fig. 6. Electron micrograph of a microglial cell in the optic nerve
of a 6-year-old monkey, AM 077. The nucleus (Nuc) of this microglial
cell is elongate and contains more clumped chromatin than that of an
oligodendrocyte, but the cytoplasm of the two cell types is of similar
density. However, microglial cells have longer cisternae of rough
endoplasmic reticulum (ER) than oligodendrocytes and frequently
contain inclusions (I). Scale bar = 5 pm.

0.0021:1 for young nerves; 0.0060:1 for old nerves, two-
tailed P = 0.01).

Proportions of neuroglial cells in individual nerves.
The proportions of the different neuroglial nuclear sub-
types in each nerve are shown in Figure 13 and Table 1. A
relatively well-preserved old nerve, such as that of AM
065 (33 years old), is indistinguishable from young nerves
in terms of the proportions of the various neuroglial nuclei
that can be identified, whereas in the nerves most affected
by age (AM041), there is a massive increase in the propor-
tion of microglial nuclear profiles. Even though the esti-
mated total number of oligodendrocyte profiles in trans-
verse sections of the nerves of AM 041 is similar to that of
other nerves (Table 1), there is a reduction in the propor-
tion of oligodendrocytic nuclear profiles because of the
much greater frequency of microglial cell profiles. Overall,
in the old animals, there is a slight decrease in the per-
centage of astrocytes, a slight increase in the percentage of
microglia, and little change in the proportion of oligoden-
drocytes. None of these group changes are statistically
significant.

Calculated numbers of each of the neuroglial nu-
clear profile subtypes. Although there is an increase in
the mean estimated number of each cell type in the old
animals, none of the increases are statistically significant
(Table 1), perhaps because the sample sizes are small.



Fig. 8. A low-power electron micrograph of part of the optic nerve
of a 32-year-old monkey, AM 041. Some of the nerve fibers appear
normal, but others have axons with dense cytoplasm (N;) and yet
others (N,) have lost their axons and consist of only degenerating
myelin. The astrocyte (As) in the field has a voluminous cytoplasm.
Pale processes of astrocytes (P) both pass between the nerve fibers

and form the glial limiting membrane (P,), which separates the nerve
fibers from the trabeculae (T) that contain collagen and the capillaries
(Cap). The two oligodendrocytes (Ol) in the field seem to be relatively
unaltered, but the microglial cell (M) has numerous inclusions in its
cytoplasm. Scale bar = 25 pm.



GLIAL CELLS IN THE OPTIC NERVE

However, because the age-related increase in the number
of microglial cells and oligodendrocytes could not be ac-
counted for by increased profile size (see below), it can be
concluded that there is a real trend toward increased
numbers of these cells in old optic nerves.

Sizes of neuroglial nuclear profiles. Because nu-
clear profiles are used as the counting objects in this
study, it is necessary to determine whether the sizes of the
nuclei change with age, and if they do, what effect this has
on the profile counts. The age-related increase in nuclear
profile diameter in the optic nerve is 7.3% for astrocytes,
1.6% for oligodendrocytes, and 5.3% for microglia. In the
case of astrocytes, the difference between the total number
of profiles displayed by the young and old nerves can be
accounted for solely by an increase in the size of the
profiles, because the number of profiles in the young
nerves (1,124, Table 1) multiplied by 1.073 equals 1,206,
which is very close to the number of profiles obtained in
the old nerves (1,225, Table 1). For oligodendrocytes, the
increase in profile size has less impact, because the num-
ber of profiles in the young nerves (1,911, Table 1) multi-
plied by 1.016 equals 1,942, which is much less than the
number of profiles in the old nerves (2,649, Table 1).
Likewise, for microglia the increase in profile size only
accounts for a small part of the increase in profile number,
because the mean number of profiles in the young nerves
(186, Table 1) multiplied by 1.053 equals 196, which is
again much less than the mean number of profiles in the
old nerves (476, Table 1). Although the various assump-
tions inherent in this analysis do not allow definitive
conclusions to be drawn about changes in neuroglial cell
number, it is clear that more nuclear profiles of microglia
and oligodendroglia are encountered in the sections of the
old optic nerves than can be accounted for simply on the
basis of an age-related increase in the sizes of their nuclei.

DISCUSSION

In many ways, the optic nerve is like any other white
matter tract in the central nervous system. The different
kinds of neuroglia have specific functions, and each reacts
somewhat differently to aging. Oligodendrocytes invest
each retinal ganglion cell axon with a myelin sheath, and
with age myelin sheaths develop vacuoles and inclusions
of dark cytoplasm within the sheaths. Astrocytic processes
course between nerve fibers to form septae that partially
segregate the fibers into bundles, and their processes form
a glial limiting membrane on the outside of the nerve. In
old optic nerves the astrocytes hypertrophy, their pro-
cesses fill spaces produced by the age-related loss of nerve
fibers, and some astrocytes come to contain phagocytosed
material. Microglial cells in the optic nerve are phagocytes
and with age develop many lysosomes and phagosomes.

One might expect that the population of neuroglial cells
would decline with age as optic nerve fibers are lost, be-
cause the most numerous neuroglial cells are the oligo-
dendrocytes that form the myelin sheaths around the ax-
ons. However, the opposite is true. On average, the ratio of
neuroglial cell profiles to nerve fiber profiles is more than
doubled in the old animals. This doubling is not the result
of the cross-sectional area of the optic nerve shrinking
with age while the population of neuroglial cells remains
static, because the total number of neuroglial profiles per
section is greater in the old nerves, and the cross-sectional
area of the old optic nerves is not significantly smaller.
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These results are reminiscent of studies of human cortex
in which, relative to the neuronal cell population, the
putative neuroglial cell population has been reported to
increase substantially with age (Brizzee et al., 1975; Terry
et al., 1987).

At the same time, there is considerable variation among
the optic nerves of the old monkeys in the numbers of
nerve fibers and neuroglial cell profiles. All of the nerves
from old animals exhibit some degree of myelin abnormal-
ity and neuroglial cell involvement, but a few old nerves
are relatively unaffected. In the latter, the numbers of
nerve fibers and neuroglial profiles are within the range of
the young animals. However, most old nerves had fewer
nerve fibers and more neuroglial profiles than young
nerves, and a few old nerves, not the oldest in our sample,
show severe depletion of nerve fibers and an enrichment of
microglial cells. Because so little clinical data is available
to us, we cannot rule out the possibility that age-related
eye disease makes some contribution to the changes we
observe in the optic nerve, particularly in the most af-
fected animals, although all of the animals were skilled
and successful at behavioral tasks that are based on visual
discrimination (Killiany et al., 2000). Despite the individ-
ual variations, each neuroglial cell type responds in a
characteristic and predictable way as the optic nerve ages,
as discussed below.

Astrocytes

Astrocytes account for approximately 35% of the neuro-
glial nuclear profiles in the young optic nerve, the same
proportion found in primary visual cortex in the young
monkey (Peters et al., 1991b). They perform myriad func-
tions in the normal brain and optic nerve. Astrocytes form
the glial limiting membrane around blood vessels and at
the outer surface of the brain and optic nerve; they take up
and metabolize neurotransmitters; and they produce cy-
tokines (reviewed by Ridet et al., 1997; Aschner, 1998;
Partridge, 1999; Anderson and Swanson, 2000). They re-
act to traumatic injury and normal aging with a response
that typically includes hypertrophy, increased expression
of GFAP, and sometimes proliferation (reviewed by Schip-
per, 1996; Ridet et al., 1997; Tacconi, 1998).

With age, the somata and the nuclei of the astrocytes in
the optic nerve become larger, but as far as we can deter-
mine, the astrocytes do not become more numerous. Three
processes could bring about the increase in size of the
perikarya: mechanical swelling during tissue processing,
pathological swelling as a result of a loss of ionic ho-
meostasis, or hypertrophy. In the first two cases excess
fluid accumulates within the astrocyte, so that the cyto-
plasm appears pale and organelles are more dispersed. We
did observe astrocytic processes with this appearance
(e.g., Figs. 8 and 9), and it should be noted that a common
cause of such a swollen appearance is poor fixation (Peters
et al., 1991b). It is indeed difficult to achieve optimal
fixation of the optic nerve (Sandell and Peters, 2001).
However, pale astrocyte processes are sometimes ob-
served in optic nerves that are otherwise relatively well
fixed, and astrocytic swelling is a well-known reaction to
glutamate exposure (von Blankenfeld et al., 1995) and
brain trauma (Kimelberg, 1995). Such swelling may have
toxic consequences if it results in an increased release of
glutamate into the extracellular space (Kimelberg, 1995),
because excessive glutamate is known to be toxic to oligo-
dendrocytes (reviewed by Matute et al., 2001).
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Fig. 11. Scatterplot of the total number of neuroglial nuclear pro-
files per transverse section of the rhesus monkey optic nerve as a
function of age. Values for the two nerves from some animals are so
similar to one another (see Table 1) that individual data points overlie
each other. The significance (P) value for the group means was deter-
mined using the mixed linear models analysis, which takes into ac-
count the within-subject correlation that is present when data are
obtained from both nerves for most animals.

In astrocytic hypertrophy, the perikarya of the cells
become larger, they develop abundant processes, and their
processes show an increased number of filaments. We
have observed astrocytic changes that resemble hypertro-
phy, particularly in old nerves in which the nerve fiber
number is reduced (e.g., Figs. 2 and 8). Similar changes
have been noted in the aging monkey cerebral cortex (Pe-
ters et al., 1991b; Peters et al., 1998). This increased
production of filaments is reflected in the elevated levels of
GFAP that have been noted in aging astrocytes elsewhere
in the brain (de la Roza et al., 1985; Berciano et al., 1995;
Morgan et al., 1999; Sloane et al., 2000), and it is a hall-
mark of the astrocytic response to various brain insults
(reviewed by Eng et al., 2000).

Although astroglial hyperplasia (hypertrophy and pro-
liferation) characterizes the response of astrocytes to
acute traumatic injury and ischemia in the brain (re-
viewed by Kraig et al., 1995; Norton, 1999), there is no
evidence of astroglial proliferation in the aging optic
nerve. Perhaps the explanation for the absence of astro-
glial proliferation in the aging nerve is the absence of
mechanical trauma, because this proliferation is most of-
ten described as a reaction to a nerve cut or crush. Studies
of astrocyte proliferation in the normal aging brain give

Fig. 9. Electron micrograph showing two oligodendrocytes (Ol) in
the optic nerve of a 32-year-old monkey, AM 041. In old monkeys it is
common for the cytoplasm of oligodendrocytes to contain dense inclu-
sions (I). This micrograph also shows portions of two microglial cells
(M) that contain phagocytosed debris, as well as part of the cell body
of an astrocyte (As) and astrocytic processes (P). Scale bar = 5 pm.

Fig. 10. Electron micrograph of a microglial cell in the optic nerve
of a 32-year-old monkey, AM 041. In this microglial cell the irregu-
larly shaped nucleus (Nuc) is located to one side of the voluminous cell
body, which contains clear vacuoles (v), as well as lamellar inclusions
(I) that appear to be derived from phagocytosed myelin sheaths. Note
the astrocytic processes (P) of the glial limiting membrane. Scale
bar = 5 pm.
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Fig. 12. Regression analysis of the total number of neuroglial
nuclear profiles per transverse section of the rhesus monkey optic
nerve vs. the number of nerve fibers. Data from old animals are
depicted by open circles, and data from young animals are depicted by
closed circles. Although all data points are plotted and were used to
generate the correlation coefficient (r), the significance (P) value was
determined using the mixed linear models analysis, which takes into
account the within-subject correlation that is present when data are
obtained from both nerves for most animals.
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Fig. 13. Histogram showing the proportions of neuroglial nuclei in
seven young and seven old optic nerves that were ascribed to astro-
cytes, microglia, or oligodendrocytes. The identities of the individual
animals may be found in Table 1.

conflicting results depending on the brain region being
examined, counting method, and species. With age the
numbers of astrocytes have been reported to decrease in
white matter of the cerebellum (Sabbatini et al., 1999);
remain unchanged in grey matter of area 17 and in sub-
cortical white matter (Peters et al., 1991b; Sloane et al.,
2000); and increase or remain unchanged in the CA1 sub-
field of the hippocampus (Amenta et al., 1998; Long et al.,
1998).

Astrocytes, like the other neuroglial cells in the optic
nerve, develop characteristic inclusions within their cyto-
plasm as they age. The origin of this material is unclear,
although astrocytes in the rat brain are known to be
phagocytic when presented with degenerating axon termi-
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nals (Feldman, 1976) or degenerating myelinated axons
(de la Roza et al., 1985).

Oligodendrocytes

Oligodendrocytes produce the myelin sheaths that sur-
round every retinal ganglion cell axon in the primate optic
nerve. They are the most common neuroglial cell type in
the optic nerve, accounting for approximately 60% of the
total glial profiles in transverse sections, similar to the
proportion present in monkey primary visual cortex
(57.3%, Peters et al., 1991b). The age-related changes in
the oligodendrocytes in the optic nerve are also similar to
those that have been reported for the cerebral cortex (Pe-
ters et al., 1991b; Peters, 1996), with the most prominent
change being the increased presence of electron-dense in-
clusions within the cytoplasm of the cells, and within
swellings of their processes.

We have recently described the age-related changes in
the myelin sheaths formed by the oligodendrocytes in the
optic nerve (Sandell and Peters, 2001), and they can be
summarized as follows: 1) Some sheaths are split at the
intraperiod line to enclose a fluid-filled vesicle (myelin
balloons); 2) other sheaths are separated at the major
dense line to accommodate electron-dense cytoplasm that
must originate from the parent oligodendrocyte; and 3) in
fibers in which the axonal component has degenerated,
the myelin sheath is collapsed and disorganized. The first
two changes have also been reported for other parts of the
normal aging nervous system where degeneration of nerve
fibers is not pronounced (Feldman and Peters, 1998;
Nielsen and Peters, 2000; Peters et al., 2000). It seems
inevitable that even mild myelin disruptions would inter-
fere with axonal conduction, and indeed the median con-
duction velocity of axons in the pyramidal tract of old cats
is 43% slower than in young cats (Xi et al., 1999). Myelin
abnormalities in the visual system may contribute to the
age-related slowing of the visual evoked response, despite
preservation of response amplitude in human observers
(Celesia and Daly, 1977).

Each oligodendrocyte typically provides myelin to sev-
eral nerve fibers (Peters et al., 1991a), so it was not obvi-
ous to us what effect the age-related loss of optic nerve
fibers would have on the number of oligodendrocytes. Our
data suggest that at least two processes are at work: when
nerve fiber loss is moderate, the number of oligodendro-
cytes actually increases, but when the population of nerve
fibers falls below about 900,000, the number of oligoden-
drocytes declines (the average young nerve has 1.6 million
nerve fibers). The source of the additional oligodendro-
cytes is most likely the oligodendrocyte progenitor cells
(OPCs), which continue to produce oligodendrocytes even
in the adult nervous system (Levison et al., 1999; Levine
et al., 2001). Oligodendrocytes are often found in clusters
in the old optic nerves, an arrangement that is also com-
mon in the white matter of the aging brain (Peters, 1996),
and OPCs could give rise to these clusters. We do not yet
know what aspect of axon loss or myelin disruption might
trigger OPCs to give rise to oligodendrocytes in the aging
nerve.

The reduction in the number of oligodendrocyte nuclear
profiles in the few nerves with extensive nerve fiber loss
might occur because so few axons remain to be myelin-
ated, or because axonal degeneration triggers the genera-
tion of toxic cytokines by other neuroglial cells (Merrill et
al., 1993; Mitrovic et al., 1994; Hisahara et al., 1997,
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Matute et al., 2001). Our total sample of old optic nerves is
small, and most do not show severe degeneration, so stud-
ies of additional optic nerves and other myelinated fiber
tracts are needed to address the issue of the relationship
between nerve fibers and oligodendrocytes and their in-
teractions during aging.

Microglia

The microglial cell is the least common and least con-
spicuous cell in the young optic nerve. Microglial cells
account for about 6% of the total neuroglial profiles in the
young optic nerve, and the proportion increases slightly in
the old nerve. These values agree with those obtained in
the monkey primary visual cortex (Peters et al., 1991b).
The exception to this pattern is provided by the two nerves
from the old monkey with abundant axonal degeneration,
namely, AM 041 (see Table 1). In these nerves 26% and
35% of the neuroglial profiles were microglia, and the
estimated number of microglial nuclear profiles per sec-
tion was about five times greater than that of the other old
nerves. This increase in frequency and the morphological
changes shown by these cells are both consistent with
microglial activation, which most likely occurs in response
to axonal degeneration (reviewed by Kreutzberg et al.,
1997). When activated microglia have been found in the
normal aging brain, they have been more common in the
white matter than in the grey matter (Sheffield and Ber-
man, 1998; Sloane et al., 1999). The severely affected old
optic nerves may represent the blossoming of a second
stage in the aging process in which there are so many
degenerating nerve fibers that the microglial population is
greatly expanded to clear the debris. Similar microglial
activation occurs in the cerebral cortex in Alzheimer’s
disease (McGeer et al., 1988), and the resulting release of
proinflammatory cytokines by microglial cells has been
postulated to contribute to the disease (Banati and
Beyreuther, 1995; Unger, 1998).

Not only do the microglia increase in number in some of
the old optic nerves, but with age and the ensuing degen-
eration of nerve fibers, many microglial cells become en-
larged and engorged with debris. The most engorged mi-
croglial cells were observed in the nerves showing most
fiber degeneration, suggesting that it is the degeneration
of nerve fibers that activates the microglial cells. Similar
microglial activation has been reported in the brains of
aging humans (DiPatre and Gelman, 1997; Sheng et al.,
1998) and monkeys (Peters et al., 1991b; Peters, 1999).
The biochemical signs of microglial activation that have
been detected in the aging human and/or monkey brain
include increased expression of MHC class II (HLA-DR)
antigens (Sheffield and Berman, 1998; Sloane et al., 1999),
interleukin-la (Sheng et al., 1998), and inducible nitric
oxide synthase (Sloane et al., 1999), and the aging monkey
optic tract contains abundant HLA-DR-positive microglia
(T. Kemper, personal communication). Activated micro-
glial cells are well known for the production of potentially
destructive cytokines including tumor necrosis factor-a
and reactive forms of oxygen and nitrogen (reviewed by
Sloane et al., 1999; Matute et al., 2001). These cytokines
may be toxic to oligodendrocytes and astrocytes, as well as
stimulatory to the microglial cells themselves.

In summary, the morphological changes that are ob-
served in the neuroglial cells in the aging optic nerve are
qualitatively similar to those observed elsewhere in the
aging central nervous system. In the optic nerve, these
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changes are exacerbated by the gradual degeneration of
the retinal ganglion cell axons that comprise the nerve
(Harman et al., 2000). Thus, in the nerve, the neuroglial
cells are presented not only with degenerating myelin,
which is ubiquitous in the aging brain, but also with
degenerating nerve fibers. In the nerves most affected by
age, this nerve fiber degeneration may stimulate the pro-
duction of cytokines by microglial cells and astrocytes,
which has the dual action of further stimulating those
cells in an autocrine fashion, as well as acting directly on
oligodendrocytes to bring about additional myelin disrup-
tion. Although oligodendrocyte somata exhibit the least in
the way of morphological changes in the aging optic nerve,
the effects of age on the myelin they produce is likely to be
of the utmost importance to the normal function of the
optic nerve, and ultimately the entire visual system.
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