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ABSTRACT

During normal aging there is a reduction in white matter volume in the cerebral
hemispheres and structural abnormalities in myelin in some parts of the central nervous
system, but whether nerve fibers are lost with age and whether the myelin changes are
ubiquitous is not known. Studying the optic nerve, which is a circumscribed bundle of nerve
fibers, offers an opportunity to gain further insight into the effects of normal aging on white
matter. The present study examined the optic nerves from young (4—10 years) and old (27-33
years) rhesus monkeys using light and electron microscopy. These nerves had been perfused
transcardially to obtain optimal preservation of the tissue. Varying degrees of degeneration
were encountered in all the optic nerves from the old monkeys. The changes included myelin
abnormalities, similar to those reported in other parts of the central nervous system; the
presence of degenerating axons and their sheaths; changes in neuroglial cells; and thickening
of the trabeculae of connective tissue in the nerve. The total number of nerve fibers was
reduced from an average of 1.6 X 10° in the young optic nerves to as few as 4 X 10° in one
old monkey, and with one exception in all of the old optic nerves the packing density of nerve
fibers was less than in any of the young optic nerves. The degenerative changes were most
marked in those optic nerves that contained the fewest nerve fibers. J. Comp. Neurol. 429:

541-553, 2001. © 2001 Wiley-Liss, Inc.
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Previous studies of the effects of age on the optic nerve
in monkey and human have reported a modest and vari-
able loss of nerve fibers, perhaps masked by a large vari-
ation in the total number of nerve fibers within individual
optic nerves (Mikelberg et al., 1989; Repka and Quigley,
1989; Morrison et al., 1990). However, these studies have
all relied on immersion-fixed material, which is unsuitable
for characterizing age-related changes in the nerve fibers
themselves. The present study was designed to combine
nerve fiber counts with structural analyses of the same
nerves in young and old rhesus monkeys.

The impact of aging on the optic nerve is of general
interest because it appears that aging has global effects on
white matter, but relatively little effect on cortical gray
matter (Peters, 1999). For example, magnetic resonance
imaging (MRI) scans show a reduction in the volume oc-
cupied by white matter in the aging brain, whereas the
volume of gray matter stays constant. This is true for both
humans (Albert, 1993; Guttmann et al., 1998) and mon-
keys (Lai et al., 1995). At present it is not known what
brings about the loss in volume of aging white matter, but
it is probably due to a loss of nerve fibers, and Tang and
colleagues have reported a 27% decrease in the total
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length of myelinated fibers present in the subcortical
white matter of human cerebral hemispheres (Tang et al.,
1997). Although it is unknown whether nerve fiber loss
with age is ubiquitous in the central nervous system,
degenerative age-related changes have been observed in
myelin sheaths in the few locations in which nerve fibers
have been examined in detail (reviewed by Feldman and
Peters, 1998; Peters, 1999).

We have chosen to examine the optic nerve of the mon-
key as an example of a circumscribed tract of white matter
to determine whether it loses nerve fibers with age and
whether there are concomitant alterations in myelin
sheaths in normal aging. The optic nerve has the practical
advantage that a single section contains all the axon pro-
files, which can be readily counted. Furthermore, the optic
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TABLE 1. Quantitative Analyses of Optic Nerves
% Area occupied by
Age (yr), sex ID no, optic nerve Total fibers Area (pm?) Fibers/100 um? trabeculae
4, M AMO58, right 1692379 7126800 23.74
4, M AMO58, left 1514860 5345143 28.34
5 M R419, left 1470878 5256300 27.98 7.08
5 M R419, right 1507763 4898781 30.78
6, F AMO76, left 1335603 6129383 21.79 6.91
6, F AMO76, right 1431711 5749000 24.90
6, F AMO77, left 1581199 5154934 30.67
6, F AMO77, right 1694823 5580480 30.37 6.38
9, F AMO097, left 2061735 6381900 32.31
9, F AMO097, right 2066343 6289400 32.85 8.69
9, M AMO047, right 1697390 6595035 25.74
10, M AMO053, left 1627496 4975000 32.71 7.33
10, AMO053, right 1541652 4685205 32.90
Mean, young 1632600 5705200 28.86 7.28
27, M AMO062, left 999820 6266828 15.95
29, F AMO026, right 912342 5311018 17.18
29, F AMO026, left 974749 5012941 19.44 9.14
32, M AMO091, right 712036 4927558 14.45 12.74
32, M AMO091, left 635159 4979621 12.76
32, F AMO41, left 384044 3589836 10.70 10.83
32, F AMO41, right 410499 3425151 11.98
32, F AMO023, right 679475 4342971 15.65 12.63
32, F AMO023, left 1306000 5604437 23.30
33, F AMO065, left 1481563 6890098 21.50
33, F AMO065, right 1485347 6150889 24.15 8.62
Mean, old 907370 5136500 17.18 10.79
Two-tailed P value,
young vs. old <0.0001 0.1426, n.s. <0.0001 0.0059

nerves are available from monkeys whose brains have
been fixed by transcardial perfusion, which ensures that
the fixation of the tissue is optimal. As will be shown,
there is loss of nerve fibers from the normally aging mon-
key optic nerve, and this loss is due to a degeneration of
nerve fibers.

MATERIALS AND METHODS
Tissue specimens and processing

These studies used optic nerves from rhesus monkeys
(Macaca mulatta). Optic nerves were obtained from seven
young monkeys (4-10 years of age) and six old monkeys
(27-33 years of age). In most cases both left and right
nerves were available and were processed, although in one
9-year-old monkey (AM 047) and one 27-year-old monkey
(AM 062), only a single nerve was available (Table 1). The
monkeys were part of a large population that has been
used for studies of cognition and brain structure during
normal aging. The monkeys were maintained at the
Yerkes Regional Primate Research Center at Emory Uni-
versity and at Boston University School of Medicine.
Three of the old monkeys (AM 062, 065, and 091) had
received ophthalmoscopic examinations performed by Dr.
Alcides Fernandes while they were part of the Yerkes
colony. All three had some degree of cataractous lens
changes. Two of the three (AM 062 and AM 065) had
normal intraocular pressure; the intraocular pressure was
not measured in the third animal. One of these animals
(AM 065) had some retinal pigment epithelium atrophy
near the macula, but no other significant age-related
changes were noted. No visual psychophysical tests were
performed by the animals in this study, although all the
monkeys were highly practiced and successful at visual
discrimination tasks that are part of the behavioral bat-
tery used to assess cognition (e.g., Killiany et al., 2000).

The procedures used for tissue preparation have been
described previously (Peters et al., 1994, 2000). All proce-

dures regarding the care and euthanasia of these animals
were approved by the Institutional Animal Care and Use
Committee of Boston University School of Medicine and
were in accordance with the NIH publication Guide for the
Care and Use of Laboratory Animals. In brief, the animals
were preanesthetized with ketamine (10 mg/kg) and fur-
ther anesthetized to a state of areflexia with intravenous
sodium pentobarbital (35 mg/kg). The anesthetized ani-
mals were given artificial respiration with 95% oxygen
and 5% carbon dioxide and perfused transcardially with 4
L of warm fixative (1% paraformaldehyde and 1.25% glu-
taraldehyde in 0.1 M PO, or 0.1 M cacodylate buffer at pH
7.4). The eyes were removed, together with a segment of
the optic nerve that extended from the globe to near the
chiasm. The nerves were cut into several segments, each
approx. 2 mm in length, and were stored in the cold in a
stronger fixative (2% paraformaldehyde and 2.5% glutar-
aldehyde in 0.1 M PO, or 0.1 M cacodylate buffer, pH 7.4)
until further processing. The segments of optic nerve were
osmicated, dehydrated in ascending concentrations of eth-
anol, and embedded in Araldite. Sections 1 pm thick were
collected and stained with toluidine blue for light micro-
scopic studies. Thin sections were taken for electron mi-
croscopy, stained with uranyl acetate and lead citrate, and
subsequently examined in a JEOL 100 electron micro-
scope.

Nerve fiber counts

An estimate of the total number of nerve fiber profiles
was made for each optic nerve. Sections stained with to-
luidine blue were analyzed 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 profiles was done by
two human observers, not the computer, but the computer
was used to generate the counting grid, move the stage,
project the counting box onto the video image, mark the
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profiles as they were counted, tally the counts, and calcu-
late the cross-sectional area of the nerve. The fibers in
several nerves were counted by both observers, and the
interobserver variability averaged 6.9%. The counting
boxes were 15 X 15 um each, spaced 200 pm from center
to center in a grid that was placed randomly on the section
of the nerve. All myelinated nerve fiber profiles were
counted in each counting box, provided that they did not
intersect the forbidden margins of the counting box (left
side and bottom). The counting parameters, such as count-
ing box size and grid spacing, were determined empiri-
cally to yield coefficients of error (CE = SEM/mean) for
individual nerves of 2.3—6.7%, well within the 10% recom-
mended by West and colleagues for stereological analysis
(West et al., 1996; Howard and Reed, 1998). The following
formula was used to estimate the total number of nerve
fiber profiles in each nerve:

total profiles = (cross-sectional area of nerve/

2 area of counting boxes) X profiles counted

It should be noted that the optic nerve contains fibrous
trabeculae that contribute to the cross-sectional area but
that do not contain nerve fibers. We chose to simply count
all the nerve fiber profiles in each counting box, regardless
of whether some portion of the counting box was occupied
by fibrous trabeculae. These counts are then valid for
estimating the total number of profiles when they are used
in conjunction with a cross-sectional area that likewise
includes the area occupied by the fibrous trabeculae. This
strategy allowed us to use an unbiased sampling scheme
to count profiles in a consistent counting grid that could be
applied to all nerves, rather than manipulating the size or
placement of the counting boxes to avoid trabeculae.

Area of fibrous trabeculae

To determine the magnitude of any age-related change
in the area occupied by the fibrous trabeculae within the
optic nerve, we determined the proportion of the cross-
sectional area occupied by the trabeculae in individual
nerves from five young animals and five old animals. Each
section was drawn with the aid of a camera lucida, and
after they had been drawn the trabeculae were inked in.
The drawings were then scanned and digitized with Adobe
Photoshop 4.0 and analyzed with NIH Image 6.1, to cal-
culate the proportion of the total area of the cross-
sectioned nerve occupied by the trabeculae.

Packing density of nerve fiber profiles

Two methods were used to determine whether the pack-
ing density of the nerve fiber profiles was affected by age.
First the packing density for each nerve was determined
by dividing the estimate of the total number of profiles by
the total cross-sectional area of the nerve. All these pack-
ing densities are underestimates, however, because a
small proportion of the cross-sectional area is occupied by
fibrous trabeculae, and the greater the area occupied by
trabeculae, the greater the potential underestimate of
packing density. Consequently, for a subset of animals
(five young and five old) the profile packing density was
recalculated excluding the fibrous trabeculae, using only
the area of the optic nerve sections occupied by nerve
fibers (see above).
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Electron microscopy

Thin sections from each nerve were examined by elec-
tron microscopy to ascertain the presence or absence of
age-related abnormalities in the nerve fibers and neuro-
glial 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. In most cases both
nerves from each animal were analyzed, and these were
treated as separate data points. Student’s t-tests were
used to determine the significance of differences between
the group means for total fiber profile number, area of the
nerve, fiber profile packing density, and proportion of the
cross-sectional area occupied by fibrous trabeculae. 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. Although a linear regression
analysis is very common in studies of this type to assess
the relationship between age and other variables, we con-
sidered that such an analysis was not appropriate for this
study, given the absence of data from animals between 10
and 27 years of age.

RESULTS
Light microscopy

The optic nerves of young monkeys are about 3 mm in
diameter, and in cross sections the nerve fibers are seen to
be closely packed and partially segregated into bundles by
intervening trabeculae that contain the blood vessels sup-
plying the nerve (Fig. 1). The nerve fibers in the optic
nerve are between 0.5 and 3.0 um in diameter, with the
smaller nerve fibers predominating. Between the nerve
fibers the pale staining cell bodies of astrocytes are visible
(arrows), and some of them show processes that extend
between the nerve fibers.

The optic nerves of some old monkeys are basically
similar in appearance to those of young monkeys (Fig. 2),
although the fibrous trabeculae are usually thicker than
in the optic nerves of young monkeys, and the astrocytes
(arrows) generally have larger cell bodies with prominent
processes (arrowheads) extending between the nerve fi-
bers. In the optic nerves of other old monkeys the effects of
age are much more apparent. In these optic nerves, there
is a more extensive thickening of the fibrous trabeculae,
with the result that the nerve fibers are segregated into
bundles (Fig. 3). In addition, the astrocytes (arrows) have
hypertrophied so that they have large cell bodies, most of
which are star-shaped with thick processes extending be-
tween the nerve fibers. In such optic nerves the darker cell
bodies of oligodendrocytes and microglial cells can be dis-
cerned.

Electron microscopy

Even in optic nerves from young monkeys the fixation of
the myelin is never optimal. As shown in Figure 4, a large
proportion of the nerve fibers as viewed in cross sections
have myelin sheaths showing shearing defects (arrows) in
one part of their circumference. Such shearing defects
result in a separation or splitting of the lamellae in one
segment of the sheath profile. The other common fixation
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Fig. 1. Figures 1-3 are light microscope photographs of semithick
sections of cross-sectioned optic nerves stained with toluidine blue.
The insets are drawings of the entire cross sections of the optic nerves
to show the disposition of the connective tissue trabeculae. Fig. 1. The
optic nerve of a 6-year-old monkey, AM 076. The optic nerve is com-

posed of closely packed myelinated nerve fibers that have a range of
sizes. The nerve fibers are incompletely separated into bundles by the
connective tissue trabeculae (T), which contain the blood vessels (B)
supplying the nerve. Within the bundles of nerve fibers the cell bodies
of astrocytes (arrows) are visible. Scale bar = 50 pm.




Fig. 2. See introductory comment, Figure 1. The optic nerve of a  than in young nerves, and the astrocytes (arrows) have prominent
29-year-old monkey, AM 026. The optic nerve of this particular old processes (arrowheads) extending between the nerve fibers. Scale
monkey shows few signs of degeneration. The nerve fibers are still bar = 50 pum.
closely packed, but the connective tissue trabeculae (T) are thicker



Fig. 3. See introductory comment, Figure 1. The optic nerve of a
32-year-old monkey, AM 091. In this optic nerve the fibrous trabecu-
lae (T) are very thick and have essentially segregated the nerve fibers
into bundles. Although the nerve fibers are still closely packed, the

astrocytes (arrows) have hypertrophied to produce thick processes
(arrowheads) that pass between the nerve fibers. In these optic nerves
the darkly staining cell bodies (D) of microglia and oligodendrocytes
are apparent. Scale bar = 50 pm.
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Fig. 4. Electron micrograph of part of the optic nerve of a 4-year-
old monkey, AM 058. In young optic nerves the nerve fibers (N) are
closely packed so that their myelin sheaths often abut each other.
Frequently the myelin sheaths show shearing defects, such that over

defect is a swelling of the processes of astrocytes that
course between the nerve fibers in the form of sheets,
although the astrocytic processes that form the glial lim-
iting membrane are rarely swollen.

In the optic nerves of young monkeys, the nerve fibers
are tightly packed, so that the outer surfaces of nerve
fibers are often apposed to the outsides of their neighbors,
and the large majority of the myelin sheaths show no
defects beyond the shearing described above (Fig. 4). The
cytoplasm of the axons is pale and contains mitochondria
surrounded by a matrix of evenly spaced microtubules and
neurofilaments. Between nerve fibers are the cell bodies of
neuroglial cells, and there is some separation of the nerve
fibers into bundles by the fibrous trabeculae that contain
fibroblasts and bundles of collagen fibers. Embedded in
these trabeculae are the blood vessels that supply the
optic nerve.

Some of the optic nerves from old monkeys, like those of
AM 065 (33 years old), have an appearance quite similar
to those of young monkeys, in that the nerve fibers are
closely packed and show little change other than fixation
defects. However, in most optic nerves from old monkeys
the nerve fibers show a decreased packing density, which
varies in different portions of the nerve. Filling the spaces
between the separate nerve fibers are an increased num-

part of the circumference of the profile of a sheath the lamellae are
separated (arrows). On the left of the micrograph, part of a trabecu-
lum (T) contains collagen fibers. Scale bar = 5 pm.

ber of processes of astrocytes. All the optic nerves from old
monkeys have at least a few myelin sheaths that display
morphological alterations similar to those that have been
encountered in the cerebral cortex (Feldman and Peters,
1998; Peters et al., 2000). Examples are shown in Figures

Fig. 5 (Overleaf). Electron micrograph of part of the optic nerve of
a 27-year-old monkey, AM 062. Although the myelin sheaths of some
of the nerve fibers show shearing defects (arrows), others show signs
of degeneration. Some sheaths (1) shows a splitting of the myelin
lamellae to accommodate electron-dense cytoplasm, whereas others
(2) have sheaths that have ballooned out. In other cases the axons
appear to have degenerated, so that the myelin sheath surrounds
debris (3), or the axon has disappeared and the sheath has started to
degenerate (4). Scale bar = 5 um.

Fig. 6 (Overleaf). Electron micrograph of part of the optic nerve of
a 27-year-old monkey, AM 062. In this higher magnification micro-
graph it is apparent that the myelin sheaths of most of the nerve
fibers (N) are intact, but two nerve fibers show degeneration. In one
case (1) the myelin sheath has split to accommodate dense cytoplasm
(D) containing vacuoles. In another nerve fiber (2) the axon appears to
have been lost, leaving a myelin sheath that has swollen and is
beginning to degenerate. Scale bar = 1 pm.
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Figures 5-6 (Overleaf)



Fig. 7. Electron micrograph of part of the optic nerve of a 32-year-
old monkey, AM 041. The optic nerve of this monkey shows extensive
degeneration. Although some nerve fibers (N) appear to be intact,
other nerve fibers have intact axons, but altered sheaths (1). In other
nerve fibers it is the axon that is affected, so that some axons have
electron-dense cytoplasm (2), and other axons have cytoplasm that is

vacuolated and granular (3). In yet other cases the axon appears to
have degenerated so that the myelin sheath is empty (4). In the
middle of the field is a microglial cell (M). Its cytoplasm contains a
large number of inclusions (i) that are obviously derived from degen-
erating nerve fibers, and passing between the nerve fibers are the
processes of astrocytes (As). Scale bar = 5 pm.
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5 and 6, which are from AM 062, a 27-year-old monkey.
These alterations include the ballooning of some myelin
sheaths through splits along the intraperiod line to form a
fluid-filled vesicle (label 2 in Fig. 5), and the separation of
other myelin sheaths at the major dense line to accommo-
date dark cytoplasm that frequently contains vesicles (la-
bel 1 in Figs. 5, 6). This splitting is different from the
shearing brought about by imperfect fixation (arrows in
Fig. 5) because the shearing defects are not associated
with accumulations of cytoplasm and are generally con-
fined to a small portion of the circumference of the sheath.
However, in addition to these alterations in myelin
sheaths, other nerve fibers exhibit degeneration of their
axons (labels 3 and 4 in Fig. 5), and such degeneration is
especially common in optic nerves that are most seriously
affected by age. In such nerves (Fig. 7, AM 041, 32 years
old) some of the axons have electron-dense axoplasm that
may contain vacuoles (labels 2 and 3 in Fig. 7), whereas in
other cases the axons appear to have degenerated, leaving
myelin sheaths that surround debris, or sheaths that are
empty (label 4 in Fig. 7) and breaking down (also see
Fig. 6).

Age also affects the neuroglial cells. In the optic nerves
from old monkeys neuroglial cells appear to be more fre-
quent than in young monkeys, and the neuroglial cells
frequently have inclusions in their cytoplasm. This in-
crease in the frequency of neuroglial cells is most obvious
in the optic nerves that show the most extensive degener-
ation of nerve fibers. In such optic nerves the microglial
cells are very prominent and contain numerous inclusions
that are obviously derived from the phagocytosis of myelin
(Fig. 7).

These observations indicate that although nerve fibers
in all optic nerves display some breakdown of myelin with
age, similar to that which occurs in other parts of the
central nervous system, in those nerves that are most
severely affected by age there is also axonal degeneration.
This axonal degeneration leads to the subsequent degen-
eration of the myelin sheaths and the phagocytosis of the
degenerating myelin by microglial cells.

Total nerve fiber profile counts and profile
packing density

As suggested by the microscopic examination of the
optic nerves, the mean number of nerve fiber profiles in
the optic nerves of young monkeys is significantly greater
than the mean number present in the optic nerves of old
monkeys (estimated mean = SD for young = 1,632,600 =
219,650 profiles; for old = 907,370 = 389,960 profiles;
two-tailed P < 0.0001). There is considerable variability
among the optic nerves taken from old animals of similar
age, as can be seen in Figure 8 and Table 1. However, in
general, the light and electron microscopic appearance of
the two nerves from an individual monkey, and the num-
ber of nerve fibers present, are similar to each other (Table
1). We did not observe any obvious effect of sex on the
population of nerve fibers in either young or old animals,
although our sample is too small to draw any firm conclu-
sions on this point. The aged nerves with the most and the
least fibers both came from females, although two-thirds
of our specimens were obtained from female monkeys.

Despite the overall reduction in nerve fiber number with
age, there is no significant difference in the cross-sectional
areas of the nerves in young vs. old animals (mean area *
SD for young = 5,705,200 *+ 745,990 um?; for old =
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5,136,500 + 108,010 pm?). However, because there is a
loss of nerve fibers with age, the packing density of the
nerve fibers is significantly greater in the nerves from
young animals, as seen in Figure 9 (mean * SD for
young = 28.85 + 3.7/100 pm?; for old = 17.18 + 4.4/100
wm?; two-tailed P < 0.0001). However, the age-related
reduction in nerve fiber packing density is not uniform in
all nerves. In the nerves from some old monkeys there are
patches in which the packing density of the nerve fibers is
reduced: sometimes the patches are at the periphery, and
in other cases they are at the center of the nerve. In
addition to loss of nerve fibers, it is clear that at least three
other factors contribute to the reduced packing density.
These are a thickening of the fibrous trabeculae, an in-
crease in the abundance of the astrocytic cytoplasm that
fills the space between adjacent nerve fibers, and an in-
crease in the number of neuroglial cell bodies with age.

Changes in fibrous components of the
nerve with age

Compared with the optic nerves of young monkeys,
many, but not all, optic nerves from old animals exhibit a
thickening of the trabeculae of fibrous connective tissue
(Figs. 1-3). Consequently, these trabeculae occupy a sig-
nificantly greater fraction of the cross-sectional area of the
nerves in the old animals (mean = SD for young is 7.28 *+
0.86%; mean for old is 10.79 = 1.91%; two-tailed P =
0.0059). To determine whether the expansion of the fi-
brous trabeculae could account for all the change in the
fiber profile packing density with age, we calculated what
the packing density of nerve fibers would be if the space
occupied by the fibrous trabeculae were omitted from the
calculation of nerve fiber packing density. To accomplish
this, sections of the optic nerves from five monkeys in each
age group were drawn using a camera lucida, the drawing
was digitized, and the area occupied by the fibrous trabec-
ulae was determined.

As expected, when the nerve fiber profile packing den-
sities are recalculated using cross-sectional areas adjusted
to reflect the space occupied by trabeculae, the packing
densities increase slightly (mean = SD for young =
29.40 + 5.0/100 um?; for old = 17.61 + 5.3/100 pm?).
However, the difference between the packing densities for
the young and old nerves remains significant (two-tailed
P = 0.0067). Therefore the trabeculae do not simply
thicken to encroach on space that was occupied by nerve
fibers that have been lost with age. Indeed, as visualized
by the electron microscopic analyses, in the optic nerves of
old monkeys the remaining nerve fibers are spaced further
apart within the nerve, and the space that was occupied
by nerve fibers that have degenerated is replaced not only
by fibrous trabeculae, but by the processes of hypertro-
phied astrocytes and other neuroglial cells (Fig. 7).

DISCUSSION

This study shows that compared with young monkeys,
old monkeys as a group have fewer nerve fiber profiles in
their optic nerves, and the packing density of the profiles
is reduced. Although electron microscopy shows some de-
generative changes in the myelin sheaths of nerve fibers
in the optic nerve in all old monkeys, in the optic nerves
most affected by age the dominant change is the degener-
ation of axons. This axonal degeneration ultimately leads
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Fig. 8. Scatterplot of estimates of total nerve fiber profiles in the
optic nerve as a function of age. Counts are shown for a total of 13
nerves from seven young monkeys and 11 nerves from six old mon-
keys. Some counts are almost identical in the two nerves from a single
animal (Table 1) and so cannot be resolved as separate data points.

to a degeneration of myelin and its phagocytosis by neu-
roglial cells. At the same time the space in the optic nerve
occupied by the fibrous trabeculae increases with age.
These results are in agreement with previous studies in
humans and monkeys, which have suggested that optic
nerve fibers are vulnerable to age, although to our knowl-
edge no previous studies have combined fiber counts with
examination of the fine structure of the nerve.

Counting studies

Several previous studies of optic nerves from normal
humans have documented a significant age-related loss of
nerve fibers (Balazsi et al., 1984; Mikelberg et al., 1989;
Jonas et al., 1992), although in one study the loss was not
statistically significant (Repka and Quigley, 1989). The
only previous study of optic nerve fiber numbers in the
aging rhesus monkey (Morrison et al., 1990) reported a
negative correlation between age and nerve fiber number,
which did not reach statistical significance (P = 0.069).
The authors attribute this to normal individual variability
and note that as a group animals older than 10 years of
age have significantly fewer fibers than animals less than
10 years of age. The packing density of fibers was also
noted to be significantly greater in young animals (1.5-2
years of age) than in older animals (Morrison et al., 1990),
which is in agreement with our results.

When old optic nerves are examined by electron micros-
copy, it is evident that all of them contain some degener-
ating axons, and this is particularly obvious in the nerves
with the fewest total number of fibers. Indeed, axonal
degeneration is the only explanation for the age-related
fiber loss. Such degeneration was not reported in previous
studies, perhaps because the degeneration is not particu-
larly obvious when optic nerves are examined by light
microscopy. Previous studies of aging monkey optic nerves
did not include fine structural analyses, and adequate
fixation is difficult to achieve with human optic nerves. A
single study of human nerves reported axonal swelling
(Munari et al., 1989), which was not common in our spec-
imens. Even with optimized intracardiac perfusion proce-
dures, it is still difficult to obtain adequate fixation of
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white matter for electron microscopy. Inadequate fixation
caused us to discard optic nerves from a number of mon-
keys, and it may be that the very factors that make ade-
quate fixation of the optic nerve so difficult, such as thick
connective tissue surrounding blood vessels, also increase
the likelihood of damage to the fibers in vivo.

Our findings raise several interesting questions about
the relationship between retinal ganglion cell axons
within the nerve and the parent cell bodies in the eye.
Although most studies have assumed that nerve fiber
number reflects ganglion cell number, nerve fibers and
ganglion cells have not been counted in the same speci-
mens. Retinal ganglion cells are notoriously difficult to
count, in part because there is no marker that labels all
retinal ganglion cells and only retinal ganglion cells. In
addition, a significant fraction of the neurons in the reti-
nal ganglion cell layer represents displaced amacrine cells
(Hughes and Wieniawa-Narkiewicz, 1980; Perry and
Walker, 1980; Koontz et al., 1993; Masland et al., 1993),
making the use of nonspecific markers problematic. De-
spite these difficulties, two groups have used high-
resolution Nomarski microscopy to examine retinal gan-
glion cell number in whole-mount retinae, with conflicting
results. Curcio and Drucker (1993) concluded that com-
pared with young controls there is a 25% decrease in the
number of retinal ganglion cells representing the central
11° of the visual field in four 66—86-year-old humans. In
contrast, a similar study in rhesus monkey failed to find a
significant loss of retinal ganglion cells with age (Kim et
al., 1996).

This raises the question of whether there is a concomi-
tant age-related loss of nerve fibers in the optic nerve and
of ganglion cells in the retina. Although it is unlikely that
an axon can survive in the absence of its sustaining cell
body, the converse may not be true. Perhaps retinal gan-
glion cells can survive damage to their axons, provided
that the damage takes place gradually, as may occur over
the lifespan of the monkey, rather than abruptly, as oc-
curs in experimental axotomy. In any case, the relation-
ship between numbers of nerve fibers in the optic nerve
and numbers of ganglion cells in the retina will not be
resolved until both are counted in the same aged individ-
uals.

Fibrous trabeculae

Several studies of human optic nerve across the lifespan
have noted thickening of the fibrous trabeculae with age
(Dolman et al., 1980; Giarelli et al., 1989; Munari et al.,
1989). At the periphery of the nerve these trabeculae are
in continuity with the meninges, but in the semithick
plastic sections that we have examined, most trabeculae
appear as isolated branching islands of connective tissue.
Usually the trabeculae contain blood vessels and fibro-
blasts, and one potential consequence of thickened trabec-
ulae may be an age-related decrease in the availability of
oxygen and nutrients to the axons and glial cells. The
present study is the first to quantify this change in the
connective tissue components of the monkey nerve with
age. The overall contribution of the trabeculae to the
cross-sectional area of the nerve is rather modest—the
trabeculae occupy an average of 7.28% of the cross-
sectional area in young nerves vs. 10.79% of the area in old
nerves. Nonetheless, this is an increase of 48% in the
volume of this tissue compartment with age.
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Fig. 9. Scatterplot of overall density of nerve fiber profiles as a
function of age in the same nerves shown in Figure 8.

Changes in myelin sheaths

With the exception of the shearing defects that are
brought about by fixation, the myelin sheaths in the optic
nerves of young monkeys appear to be normal, but a
proportion of the nerve fiber profiles in all of the old
monkeys shows age-related changes in their myelin
sheaths. However, the occurrence of such changes is great-
est in those old optic nerves with the fewest nerve fibers.
The most common myelin abnormalities in the aging optic
nerve are splitting of the major dense line to accommodate
dense cytoplasm and ballooning of a myelin sheath pro-
duced by a splitting of the intraperiod line. These age-
related myelin changes are identical to those we have
observed in other parts of the aging brain (Feldman and
Peters, 1998; Peters et al., 2000).

The age-related loss of nerve fibers from the optic nerve
is reminiscent of the age-related loss in the volume of
white matter in the cerebral hemispheres. As stated ear-
lier, this loss of white matter with age has been docu-
mented by MRI (Albert, 1993; Lai et al., 1995; Guttmann
et al., 1998), and Tang and colleagues (1997) have shown
an age-related reduction in total length of myelinated
fibers in white matter of the cerebral hemispheres. Pre-
sumably this loss of myelinated nerve fiber length in the
cerebral hemispheres is a result of degeneration of nerve
fibers, but as far as we are aware, such nerve fiber degen-
eration has not yet been visualized. It is of interest, how-
ever, that the loss of white matter in the cerebral hemi-
spheres seems to take place in the absence of significant
age-related nerve cell loss for the cerebral cortex (Peters et
al., 1998a; Hof et al., 2000; Merrill et al., 2000) and in the
absence of a significant loss of efferent fibers from the
cortex (Nielsen and Peters, 2000).

Functional implications

The aged optic nerves we examined were obtained from
rhesus monkeys between 27 and 33 years of age. This
range is equivalent to approximately 81-99 years of hu-
man age, using the 1:3 metric for development to compare
the two species (Tigges et al., 1988). Elderly humans ex-
perience a variety of visual deficits with age, including
changes in acuity, accommodation, dark adaptation, vi-
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sual thresholds, and contrast sensitivity (reviewed by
Spear, 1993). Some of these deficits arise from age-related
optical factors, including smaller, less responsive pupils
(senile miosis) and changes to the lens. Aging is also
associated with an increased incidence of ocular diseases
including macular degeneration and glaucoma, as well as
systemic diseases with ocular complications, such as hy-
pertension and diabetes (reviewed by Garner, 1994; Gar-
ner et al., 1994). However, with the exception of glaucoma,
these conditions all have a far greater impact on the
optical apparatus, or on the outer retina, than on the
retinal ganglion cells whose axons comprise the optic
nerve.

From a practical standpoint the survival of retinal gan-
glion cell axons is critical, since the axons form the oblig-
atory link between the eye and the brain, but it is unclear
precisely how the number of optic nerve fibers is related to
visual function. One might expect that more fibers could
support better visual acuity, if more retinal ganglion cells
allowed a finer grained analysis of the retinal image.
However, the variation in fiber number is large in young,
presumably normal individuals, whereas acuity as mea-
sured by standard tests is fairly constant. Perhaps visual
testing under conditions of low contrast or illumination
might reveal functional differences related to the number
of nerve fibers in the optic nerve.

The aging process

What can the relative vulnerability of optic nerve fibers
tell us about the aging process? The optic nerve is unusual
in several informative respects. If fiber loss from the optic
nerve reflects retinal ganglion cell loss, then this raises
the question of why these neurons die with age, whereas
most neurons in other parts of the visual pathway such as
the dorsal lateral geniculate body and the primary visual
cortex do not die (Vincent et al., 1989; Ahmad and Spear,
1993; Peters and Sethares, 1993; Kim et al., 1997). Of
course, retinal ganglion cells are unusual elements of the
central nervous system because their cell bodies are lo-
cated in a peripheral organ, the eye, where they have
potential exposure to mechanical stresses and environ-
mental factors, such as ultraviolet radiation, that do not
affect the rest of the brain. Gradual damage to retinal
ganglion cells over the lifespan due to such factors could
be the primary cause of age-related decline in nerve fiber
number in the optic nerve.

On the other hand, loss of nerve fibers could originate
within the nerve itself. Unlike other bundles of nerve
fibers within the central nervous system, the optic nerve is
encased by a full set of meninges, and it is interesting that
in the aging brain the cortex closest to the meninges,
namely, layer 1, appears more vulnerable than the deeper
cortical layers (Peters et al., 1998b). Although we do not
yet understand the mechanism for this vulnerability, toxic
substances in the cerebrospinal fluid may underlie the
age-related damage that is common to both structures.

Finally, it should be noted that age-related visual defi-
cits may be more subtle than simple changes in acuity
that might result from the attrition of optic nerve fibers.
For example, electrophysiological studies have demon-
strated that orientation selectivity and direction bias are
diminished in neurons in striate cortex in old monkeys
(Schmolesky et al., 2000), even though neuron numbers
are preserved in the striate cortex (Vincent et al., 1989;
Peters and Sethares, 1993; Kim et al., 1997; Hof et al.,
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2000) and the LGN (Ahmad and Spear, 1993). Neuron
numbers, by themselves, are likely to be poor predictors of
functional abilities in the aging brain, since numerous
studies have now demonstrated that age-related cognitive
decline is not associated with neuronal loss from the rel-
evant regions of the cortex or hippocampus, although neu-
ron loss in cortically projecting nuclei has been related to
cognitive impairment (reviewed by Kemper, 1999). Ubiq-
uitous changes in myelin, however, are likely to have
deleterious effects, as system-wide neuronal function de-
pends on the speed and fidelity of axonal transmission by
ensembles of axons. The deterioration of myelin sheaths
that we observed in the aged optic nerve, as in other parts
of the brain, suggests that transmission of visual signals is
likely to be impaired in old animals, regardless of the
extent to which the neurons survive.
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