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ABSTRACT

In monkeys, myelin sheaths of the axons in the vertical bundles of nerve fibers passing
through the deeper layers of primary visual cortex show age-related alterations in their
structure. These alterations have been examined by comparing the myelin sheaths in young
monkeys, 5-10 years old, with those in old monkeys, between 25 and 33 years of age. The
age-related alterations are of four basic types. In some sheaths, there is local splitting of the
major dense line to accommodate dense cytoplasm derived from the oligodendrocytes. Other
sheaths balloon out, and in these locations, the intraperiod line in that part of the sheath
opens up to surround a fluid-filled space. Other alterations are the formation of redundant
myelin so that a sheath is too large for the enclosed axon and the formation of double sheaths
in which one layer of compact myelin is surrounded by another one. These alterations in
myelin increase in frequency with the ages of the monkeys, and there is a significant
correlation between the breakdown of the myelin and the impairments in cognition exhibited
by individual monkeys. This correlation also holds even when the old monkeys, 25 to 33 years
of age, are considered as a group. It is suggested that the correlation between the breakdown
of myelin in the old monkeys and their impairments in cognition has not to do specifically
with visual function but to the role of myelin in axonal conduction throughout the brain. The
breakdown of myelin could impair cognition by leading to a change in the conduction rates
along axons, resulting in a loss of synchrony in cortical neuronal circuits. J. Comp. Neurol.
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To investigate the effects of normal aging on the pri-
mate nervous system we have used the rhesus monkey as
a model, because when monkeys are subjected to a battery
of behavioral tasks, similar to ones that can also be used to
evaluate the effects of normal aging on cognition in hu-
mans, it is found that they display a similar decline in
cognitive function (see Peters et al., 1996). The approach
used has been to compare young monkeys with old mon-
keys. Consequently, after the monkeys have been behav-
iorally tested, their brains are examined microscopically
to determine what kinds of morphologic alterations have
taken place as a consequence of aging. An assessment is
then made about whether any of the morphologic alter-
ations correlate with the chronological age, the extent of
the observed behavioral decline, or both, in the old mon-
keys.

In examining the neocortex, our efforts initially were
focused on the effects of normal aging on its neurons, but
we found no significant loss of neurons from either the
visual (Vincent et al., 1989; Peters and Sethares, 1993;
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Peters et al., 1997), motor (Tigges et al., 1990), or prefron-
tal (Peters et al., 1994) cortices with age, and in these
same monkeys, Rosene (1993) has encountered no loss of
neurons from the hippocampus. Indeed, for both monkeys
and humans, there is mounting evidence that there is no
significant overall loss of neurons from the cortex during
normal aging (Peters et al., 1998a). And, in monkeys, the
majority of neocortical neurons show few changes with age
beyond an accumulation of lipofuscin within some of them.
The exception is layer 1. In area 46 of the prefrontal
cortex, at least, layer 1 becomes much thinner with age,
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and in this cell-sparse layer some dying neurons have
been encountered (Peters et al., 1998b).

However, despite the absence of significant changes in
the population of neurons, the neuroglial cells display
obvious age-related changes. Many of the astrocytes and
the microglial cells accumulate inclusions, or debris, in
their perikarya (Peters et al., 1991a). Presumably, this
results from their phagocytic activity. Oligodendrocytes
also acquire inclusions in both their perikarya and within
bulbous enlargements that form along their processes (Pe-
ters, 1996), and this may correlate with the alterations
that many of the myelin sheaths show throughout the
central nervous system of the aging rhesus monkey. In the
present study, we have chosen to examine the effects of
age on the myelin sheaths of nerve fibers in the well-
defined bundles of vertically oriented nerve fibers in pri-
mary visual cortex (see Peters and Sethares, 1996). The
myelin in these nerve fibers is usually well preserved by
perfusion fixation, making it feasible to carry out a fine
structural analysis of the effects of aging on central ner-
vous system myelin sheaths and to quantify the morpho-
logic changes that occur in individual monkeys. As will be
shown, the extent of the myelin changes correlates with
both age and the behavioral status of the monkeys in
which the analyses were performed.

MATERIALS AND METHODS

Blocks of primary visual cortex were removed from the
opercular surface of the primary visual cortices of 14 rhe-
sus monkeys (Macaca mulatta ). Four of the monkeys,
between 5 and 10 years of age, were used to assess the
normal structure of nerve fibers in young mature mon-
keys, whereas the age-related changes were examined in
the cortices of 10 old monkeys between 25 and 33 years of
age. These ages were chosen because rhesus monkeys are
sexually mature at approximately 5 years of age, and an
analysis of the life-span of the rhesus monkey shows that
only approximately 25% of them attain an age of 25 years,
and only 6% live longer than 30 years (Tigges et al., 1988).
The animals used were from an aging colony maintained
at Yerkes Regional Primate Research Center at Emory
University and at Boston University School of Medicine.
The colony is maintained to determine the normal effects
of aging on behavior and on the brain and is monitored to
screen out individuals with known pathologic conditions
or treatment that might adversely affect normal aging.
The animals in the colony are cared for under professional
veterinary supervision in accordance with the Guide for
the Use and Care of Laboratory Animals (N.I.H. publica-
tion 86-23).

Tissue preparation

Tissue fixation was carried out by vascular perfusion
under deep anesthesia as described by Peters et al. (1994)
and in full accordance with approved Institutional Animal
Care and Use Committee regulations. In brief, the mon-
keys were preanesthetized with ketamine, and a
ketamine/Rompun mixture was administered intrave-
nously to a state of areflexia. The anesthetized monkeys
were artificially respired with a mixture of 95% oxygen
and 5% carbon dioxide and transcardially perfused with a
warm solution of 1% paraformaldehyde and 1.25% glutar-
aldehyde, in either 0.1 M cacodylate or 0.1 M phosphate
buffer at pH 7.4. After cessation of the perfusion, the
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brains were removed and one hemisphere was placed for
additional fixation in a solution of 2% paraformaldehyde
and 2.5% glutaraldehyde in the same buffer. After several
days, small blocks of primary visual cortex were removed,
osmicated, dehydrated in an ascending ethanol series, and
embedded in Araldite. Semithick sections were first taken
through the depth of the cortex and stained with toluidine
blue for light microscopic examination. The blocks were
then turned, and a second set of semithick sections taken
in the horizontal plane at the level of layer 4CR. In such
sections, the nerve fibers in the vertical bundles that pass
through the deeper layer of this cortex are seen in cross-
section (see Peters and Sethares, 1996). Thin sections
were then taken for electron microscopic examination and
stained with uranyl acetate and lead citrate.

Quantitative assessment

After the thin sections had been examined to determine
the kinds of structural alterations that affect myelinated
nerve fibers as a consequence of aging, the frequency with
which these alterations occur in individual monkeys was
quantified. To achieve this, electron micrographs were
taken at an initial magnification of X4,000 or X5,000 and
printed to a final magnification of X10,000 or X12,500.
For each monkey, at least 700 profiles of cross-sectioned
nerve fibers were examined and a determination made of
the percentages of nerve fiber profiles that were normal or
showed age-related structural alterations. A separate de-
termination was also made of the percentage of all nerve
fibers in which the axons might be degenerating. The
results of these analyses were then correlated with the age
and with the behavioral data available for each monkey.

Behavioral testing

All monkeys were administered a battery of behavioral
tasks to assess learning and memory function. The battery
of tests included three visual recognition memory tasks:
the delayed nonmatching to sample (DNMS) task, a
DNMS task with a 2-minute delay, and the delayed rec-
ognition memory span (DRST) task. The normalized
scores (Z scores) for each of these tasks, and the Cognitive
Impairment Index (CII) for individual monkeys are listed
in Table 1.

The DNMS is a behavioral task commonly used to as-
sess visual recognition memory in the aged monkey
(Presty et al., 1987; Rapp and Amaral, 1989; Arnsten and
Goldman-Rakic, 1990; Bachevalier et al., 1991; Moss et
al., 1999) and, in many respects, it resembles clinical tests
that are used to assess memory function in patients with
a variety of age-related neurologic disorders (Albert and
Moss, 1996). As a group, aged monkeys evidence impair-
ment on the acquisition and performance of this task,
although several studies have reported normal to near-
normal performance by individual aged monkeys (Presty
et al., 1987; Rapp and Amaral, 1989; Bachevalier et al.,
1991; Moss et al., 1999). Nevertheless, several studies
spanning the past 10 years have collectively revealed a
significant relationship between performance on the
DNMS task and aging across the entire adult range in
monkeys. The DNMS task relies upon a two-alternative,
forced-choice paradigm in which the monkey is required to
discriminate, after a delay, which one of two objects was
previously presented. In one test, the delay was increased
to 2 minutes.
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TABLE 1. Nerve Fibers in Layer 4C of Area 17 and Behavioral Data

Behavioral data®

Nerve fibers DNMS
DRST
Age Total number Normal myelin Altered axons Acquisition 2-Min delay spatial
Animal (yr) counted (%) (%) (errors) (%correct) (mean span) CII?
AM 16 5 994 99.2 0.10 —-0.01 0.04 -0.03 0
AM 76 6 T 99.5 0.00 0.01 —0.45 0.72 0.09
AM 47 9 1,029 99.4 0.00 —1.28 —1.33 1.00 —0.54
AM 53 10 1,090 99.3 0.10 0.19 0.43 —0.38 0.08
AM 19 25 1,109 97.5 0.00 0.56 3.73 0.74 1.68
AM 12 26 1,089 94.5 0.30 7.92 2.63 1.61 4.05
AM 15 27 721 95.2 0.30 2.77 -0.01 191 1.56
AM 62 27 1,033 94.6 0.00 8.84 2.41 1.54 4.26
AM 27 28 1,223 93.7 0.20 1.57 1.09 1.35 1.34
AM 26 29 1,216 97.7 0.00 0.38 0.87 1.58 0.94
AM 91 32 1,741 95.7 0.00 —1.62 1.97 0.16 0.17
AM 17 29 919 91.7 0.00 2.73 2.41 1.79 3.24
AM 41 33 1,348 92.7 0.60 10.13 3.29 1.02 4.81
AM 65 33 1,112 94.6 0.00 5.62 2.41 1.79 3.73

IThe individual behavioral Z scores shown in this table are based on a population of young adult and aged monkeys (see Herndon et al., 1997). DNMS, delayed nonmatching to

sample; DRST, delayed recognition memory span.

2Cognitive Impairment Index (CII) expressed as number of standard deviation units from the mean performance of a cohort of young adult rhesus monkeys (Herndon et al. 1997).

In an effort to assess the memory capacity, or “load,” we
used an additional task of memory function, the delayed
recognition span task (DRST) (Moss, 1983; Rehbein and
Mahut, 1983). The DRST uses the same win-shift strategy
as the DNMS and uses a nonmatching paradigm that
requires the monkey to identify a novel stimulus among
an increasing array of previously presented stimuli by
using either spatial or nonspatial stimulus cues. The task
has been used with monkeys to assess memory function
after damage to the hippocampus (Rehbein and Mahut,
1983; Killiany and Mahut, 1991) as well as in normal
aging (Moss et al., 1997; Herndon et al., 1997; Peters et al.,
1998b). In humans, it has also been used in normal aging
(Inouye et al., 1993) as well as to differentiate patterns of
memory dysfunction in a variety of neurologic disorders
(Moss et al., 1986; Salmon et al., 1989; Lange et al., 1992;
Martin et al., 1995).

Although it is important to identify deficits in individual
cognitive domains, we have found it useful to formulate a
measure of overall cognitive impairment (Peters et al.,
1998b), the Cognitive Impairment Index (CII). This index
is derived from the normalized scores of each of the three
behavioral outcome measures used in the battery. More
specifically, the individual scores on the three behavioral
measures (errors on DNMS acquisition, percent correct
DNMS 2-minute delay, mean span length on spatial
DRST) obtained by each of the monkeys in the present
study were transformed to scores normalized to a popula-
tion of 53 adult rhesus monkeys as described by Herndon
et al. (1997). A composite based on these transformed
scores (the Cognitive Performance Index) has been shown
to be a practical index of global ability (Herndon et al.,
1997). We have previously used the inverse of this score,
the CII, as an overall behavioral measure that might be
correlated with age-related changes in the frequency of
synapses and in the thickness of layer 1 in area 46 (Peters
et al., 1998b), and in the present study, we used the CII as
a measure that might be related to the percent of normal
myelin sheaths of nerve fibers in the vertical bundles in
layer 4C of area 17 (see Table 1). The behavioral scores for
the three cognitive tasks were also correlated with the
percentage of normal sheaths in each of the 14 monkeys
(Table 1). The Pearson product-moment correlation was
used for all comparisons.

RESULTS
Nerve fibers in young monkeys

During development, processes of oligodendrocytes form
a spiral wrapping around some of the axons (Peters, 1964).
In that spiral wrapping, portions of the outer surface of
the plasma membrane bounding the oligodendrocyte pro-
cess come together to form a mesaxon, in which the outer
leaflets of the apparent trilaminar plasma membrane be-
come apposed to form what will become the intraperiod
line of the mature sheath. In the initial phases on the
formation of the myelin sheath, cytoplasm is retained
within the turns of spiraling oligodendrocyte process. But
eventually, this cytoplasm is lost. Consequently, the cyto-
plasmic faces of the spiraling process also come into ap-
position. This process results in the formation of compact
myelin, in which the major dense line is darker and more
prominent than the intraperiod line (Peters, 1960; Peters
et al., 1991b).

In the primary visual cortex of young monkeys, profiles
of almost all of the myelin sheaths in the vertical bundles
display compact lamellae and surround normal axons.
This is readily evident in horizontal sections taken at the
level of layer 4CB, in which the nerve fibers are seen in
cross-section (Fig. 1). But even in fiber bundles from young
monkeys, it is common to find localized patches in the
walls of sheaths where lamellae have sheared, splitting
the lamellae slightly apart (Fig. 1, arrow). It is believed
that such shearing defects are fixation artifacts, because
they are most pronounced in poorly fixed material. At
these sites, the lamellae simply separate. There is no
cytoplasm in the splits and, indeed, in normal myelin
sheaths it is not common to find cytoplasm between the
turns of the sheath except at specific sites. These sites are
the paranodes (Fig. 1, p), where the major dense line
opens to accommodate a spiral of cytoplasm; within the
outer tongue process, which is in direct continuity with
the process of the oligodendrocyte forming that sheath;
and within the inner tongue process on the inside of the
sheath (see Peters et al., 1991b).

Myelin sheaths in old monkeys

In old monkeys, some of the sheaths show the same
shearing defects that are encountered in the sheaths of
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Fig. 1. Cross-sectioned bundle of nerve fibers at the level of layer
4C in primary visual cortex of a 6-year-old monkey. In the bundle, the
myelinated nerve fibers (M), which are intermixed with unmyelinated
axons and dendrites, all have compact sheaths. There is very little
cytoplasm associated with the sheaths, except at paranodes (p). In one
sheath, the myelin lamellae are sheared because of poor preservation
(arrow). Scale bar = 1 pm.

Fig. 2. Cross-sectioned nerve bundle at the level of layer 4C from
a 32-year-old monkey. Although some of the nerve fibers have intact
sheaths, others have split lamellae (arrows). The sheath of one fiber
(M,) has an outpocketing that contains dense cytoplasm (D), whereas
another sheath (M,) has ballooned out and appears not to contain an
axon. Scale bar = 1 pm.
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some young monkeys (Figs. 2, 3; arrows), a finding that we
consider to be fixation artifacts. However, many of the
myelin sheaths in old monkeys show other alterations,
which are age related, and generally the larger diameter
nerve fibers are more affected than the smaller ones. The
range of age-related alterations are illustrated in Figures
2 and 3, and basically the alterations are of four types.

(1) The most obvious and common alteration is that
some sheaths develop bulges that are produced where
there are pockets of electron-dense cytoplasm within the
sheaths (Figs. 2-6; D, D;, D,). The cytoplasm in these
pockets seems to be degenerating, because it is electron
dense and usually contains dark amorphous bodies, which
are not membrane bound, together with some membrane
bound vesicles with clear contents. Sometimes the dark
cytoplasm is contained within a single pocket, but in other
examples dark cytoplasm is contained within two or three
adjacent pockets, that are separated by myelin lamellae
(see Figs. 4, 5). Examination of the profiles of such bulges
show that the sheath accommodates the dark cytoplasm
by splitting at the major dense line (Figs. 5, 6), indicating
that the cytoplasm must belong to the oligodendrocyte
forming the sheath.

(2) Other myelin sheaths in old monkeys are ballooned.
Most commonly these balloons appear as large, rounded
and smooth, isolated profiles that are formed by a thin
myelin sheath of even thickness surrounding a space (Fig.
3). Structurally, the space usually appears to be empty,
but it can contain membranous material (Figs. 3, M; Fig.
7), or dense granules, some of which adhere to the inside
of the wall of the balloon. Because these myelin balloons
generally have circular profiles, it is assumed that they
are spherical in shape, and in fortuitous sections, it is
apparent that at least some of the balloons are protrusions
from the sides of otherwise intact myelin sheaths (Figs. 7,
8). In the electron micrograph shown in Figure 7, for
example, there is a profile of a myelinated axon at the top
of the balloon, and the cavity of the balloon is enclosed by
a split on one side of the sheath of the axon. At the bases
of the balloons, there may be some dark cytoplasm. An
example of what might be an early stage in the formation
of a balloon is shown in Figure 8. Here, there is a
membrane-bound vesicle formed by a split of the inner-
most lamella of the sheath, and in this and other exam-
ples, it is apparent that the walls of balloons are produced
by splits in the intraperiod line (see Fig. 8). This finding
means that the space inside a balloon is in continuity with
the extracellular space of the neuropil, and it is suggested
that because balloons generally have smooth, round con-
tours, they contain fluid that exerts some hydrostatic
pressure, dilating the myelin bound structure (Feldman
and Peters, 1998). The origin of the balloons is not known,
but it is possible that they may be derived from swelling of
the vesicles that can occur in embedded in the dark cyto-
plasm associated with some sheaths (e.g., Fig. 2D).

(3) Some axons are surrounded by what can be termed
redundant myelin. Essentially, the sheath is much too
large for the enclosed axon. Consequently, profiles of such
sheaths show a normal axon at one end of a sheath that
loops off to one side (Fig. 3; M,). Such sheaths with redun-
dant myelin can occur in young monkeys, but they are
much more common in older ones.

(4) A few axons are surrounded by a double sheath, so
that their profiles show an inner sheath of compact myelin
that is separated by a space from a second and outer
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compact sheath (Fig. 9). This makes the sheath unusually
thick.

Quantification of age changes
in nerve fibers

The quantification of the effects of age on the structure
of nerve fibers has been carried out by using horizontal
sections taken at the level of 4CB. In such sections, the
vertically oriented bundles of efferent nerve fibers are well
defined (see Figs. 1-3). However, at this depth through the
cortex, there are also some horizontally oriented nerve
fibers that are sectioned longitudinally and others that are
sectioned obliquely. Such profiles show that the cytoplas-
mic bulges and myelin balloons that alter the myelin
sheaths of old monkeys can extend for some distance along
the lengths of the nerve fibers and that several defects can
occur successively along the length of an internode (see
Fig. 10). Indeed, many of the profiles of longitudinally
sectioned fibers from aged monkeys show some defect of
their sheaths. Consequently, for the purposes of consis-
tency in quantifying the extent of age-related changes in
the myelin sheaths and their enclosed axons in individual
monkeys, only transversely sectioned nerve fibers, in
which the major axis of the profile was no more than twice
that of the minor axis, were taken into account in ascer-
taining the proportion of nerve fiber profiles displaying
defects.

Age changes in myelin sheaths

For each monkey, the myelin sheaths of at least 700
transversely sectioned nerve fibers were examined. A de-
termination was made as to whether the profile of the
sheath appeared normal or showed any of the four alter-
ations described above. The results, given as the percent-
ages of the profiles of sheaths with a normal appearance,
are presented in Table 1.

Axons in old monkeys

Although many of the myelin sheaths in old monkeys
display age changes, it is not common to find changes in
the morphology of the enclosed axons. Normally, the cyto-
plasm of the axons contains neurofilaments, microtubules,
mitochondria, and some small vesicles, and in the large
majority of axons in aged monkeys, the distribution of
these cytoplasmic components is similar to that in young
monkeys. However, in old monkeys, occasional axons have
lysosomes in their cytoplasm, some have large vacuoles,
and the cytoplasm of a few others is dark (Fig. 9), suggest-
ing that they are degenerating. In most cases, the sur-
rounding sheath appear to be normal, whereas in other
examples, the sheaths show alterations of the type de-
scribed above. However, the frequency of occurrence of
apparently altered axons is low (Table 1) and does not
seem to have any correlation with age, because in some of
the old monkeys, no profiles that could be construed as
belonging to degenerating axons were encountered. Some
profiles of empty sheaths were also encountered, but usu-
ally they were larger in diameter than the surrounding
nerve fibers; therefore, they seemed to belong to myelin
balloons.

Correlation of myelin sheath changes with
age and behavior

As shown in Figure 11, when the percentages of profiles
of nerve fibers with normal sheaths in the vertical bundles
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Fig. 3. Nerve fiber bundle from layer 4C of a 32-year-old monkey.
Most of the myelin sheaths have some defects. Some have sheared
lamellae (arrows) that we regard as fixation artifacts. These are
significantly different from the age-related changes, such as that
shown by one sheath (M,) that has an extensive outpocketing that
contains dense cytoplasm (D). Two other sheaths (M,) have redundant
myelin, so that the sheath is too large for the enclosed axon. The field

also contains two myelin balloons (M;) that appear to contain no
axons. Scale bar = 1 pm.

Fig. 4. An axon (Ax) surrounded by a sheath that has split on one
side to enclose dark cytoplasm (D) that contains some vesicles (V). The
dark cytoplasm is partitioned by a lamella (arrow). The section is from
a 35-year-old monkey. Scale bar = 1 pm.



Fig. 5. An axon (Ax) surrounded by a sheath that has split in two
places to enclose pockets of dense cytoplasm. One of the pockets of
dense cytoplasm (D,) is contained within a single split of the sheath,
but the larger one (D,) is partitioned by a lamella (arrow). The pocket
of dense cytoplasm at D, is shown at higher magnification in Figure 6.
The section is from a 35-year-old monkey. Scale bar = 0.5 pm.
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Fig. 6. Higher-magnification photomicrograph of one pocket of
dense cytoplasm (D,) in the sheath in Figure 5. In this micrograph,
the major dense (d) and intraperiod (i) lines of the myelin sheath are
visible. It is apparent that the major dense line has split to accom-
modate the dense cytoplasm. The section is from a 35-year-old mon-
key. Scale bar = 0.1 pm.
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Fig. 7. A myelin balloon. The ensheathed axon (Ax) is flattened to
one side of the sheath, which has herniated to produce a large balloon
(b) approximately 7 um in diameter. Apart from a membranous in-
clusion (arrow), the balloon appears to be empty. The section is from
a 32-year-old monkey. Scale bar = 1 pm.

Fig. 8. An axon (Ax) surrounded by a myelin sheath that has split
and ballooned out on one side. The contents of the balloon (b) appear
to be largely fluid. To form such balloons, the sheath splits at the
intraperiod line (arrow). The section is from a 29-year-old monkey.
Scale bar = 0.5 pm.



Fig. 9. A cross-section of a nerve fiber surrounded by two concen- Fig. 10. Longitudinal section of an axon (Ax) enclosed by a myelin
tric sheaths of compact myelin separated by a space (asterisks). The  sheath, which in this micrograph shows three splits that contain dense
axon (Ax) is dark and appears to be degenerating. The section is from  cytoplasm (D). Some vesicles (v) are embedded within the dense cyto-
a 32-year-old monkey. Scale bar = 0.5 pm. plasm. The section is from a 35-year-old monkey. Scale bar = 1 pm.
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Fig. 11. A plot of the percentage of normal sheaths in the nerve

fiber bundles in layer 4C vs. the ages of the monkeys.

in area 17 are plotted against the ages of the monkeys,
there is a significant correlation between the ages of the
monkeys and the increase in the percentage of nerve fibers
with altered sheaths (r = 0.82, P < 0.001). Thus, the
increase in the percentage of nerve fibers that have al-
tered sheaths is a direct function of age.

In addition to the correlation with age, Figure 12 shows
that there is also a significant correlation between the
percentage of nerve fiber profiles with normal myelin
sheaths and the overall efficiency of learning of the 14
monkeys as evaluated by the Cognitive Impairment Index
(CII) (r = 0.82, P < 0.001). Furthermore, there is also a
significant correlation between the percentage of normal
myelin sheath profiles and each of the three individual
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Fig. 12. A plot of the percentage of normal nerve fibers in the
nerve fiber bundles vs. the cognitive impairment index determined for
individual monkeys.
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behavioral measures (r = 0.66, P < 0.01; r = 0.66, P <
0.01;and r = 0.63, P < 0.01, for DNMS acquisition, DNMS
delays, and DRST spatial, respectively).

To assess the relationship between cognitive status and
morphologic alterations excluding age as a factor, compar-
isons between performance and the percentage of normal
sheath profiles were made among the 10 old animals
alone. In this group of old monkeys between 25 and 33
years old, the analysis revealed a significant correlation
between the percent of fibers with normal sheaths and the
Cognitive Impairment Index (r = 0.59, P < 0.05).

DISCUSSION

In this study, it has been shown that with age the
integrity of the myelin sheaths surrounding many of the
nerve fibers in the primary visual cortex of the rhesus
monkey is compromised. However, the structural changes
observed in the myelin sheaths do not seem to be the
consequence of a Wallerian type of degeneration, in which
the primary degeneration is of the axons and the degen-
eration of myelin is secondary (e.g., Franson and Ronnevi,
1989). In experimental lesions, this type of degeneration
results in the breakdown of the sheaths and the active
uptake of their debris by reactive microglial cells (e.g.,
Ludwin, 1990). In the normally aging monkey cortex, very
few degenerating axons have been encountered, even in
axons surrounded by sheaths that are severely affected,
and so it seems that the primary effects of age on the nerve
fibers involve their myelin sheaths. This might account for
the fact that Kemper (1994) has reported that in the
normally aging cerebral hemispheres of primates, the
white matter staining in old brains is paler than that in
young brains and that Lintl and Braak (1983) found the
intensity of staining of myelin in the stripe of Gennari in
human visual cortex to be reduced with advancing age.

The most common alteration in the myelin sheaths from
aged monkeys is the appearance of dark cytoplasm within
pockets where the myelin lamellae are split at the major
dense line. This finding indicates that the dark cytoplasm
is derived from the myelin-forming oligodendrocytes (e.g.,
see Peters, 1964; Peters et al., 1991b). When this study
was begun the question was raised about whether the
cytoplasm in the pockets was derived from microglial cells,
which also have a dark cytoplasm (Peters et al., 1991b),
and whether they were phagocytizing the myelin. If this
were the case, then the dark cytoplasm would be con-
tained within a cell process outside the plasma membrane
of the oligodendroglial cell forming the myelin, and be
accommodated by a splitting of the intraperiod line. This
type of invasion of the myelin sheath by thin processes of
microglial cells occurs, for example, as degenerating my-
elin is split off from the sheath in JHM mouse hepatitis
virus encephalomyelitis (Powell and Lampert, 1975).

In the cortices of young monkeys, cytoplasm is not nor-
mally present between lamellae in the internodes of my-
elin sheaths; therefore, it seems that during aging, the
oligodendroglial cells are producing extraneous cytoplasm
that becomes inserted into sheaths. A somewhat similar
situation seems to occur in Cuprizone toxicity, in which
Ludwin (1978, 1995) describes the cytoplasm of the inner
tongue process in some degenerating sheaths as becoming
dark and containing dense inclusions. Such dark cyto-
plasm is also present in mice with a myelin-associated
glycoprotein deficiency (e.g., Lassmann et al., 1997). As in
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the aging monkey, the density of the cytoplasm, and the
presence of vacuoles and of amorphous dark bodies within
it, suggests that the cytoplasm is undergoing degenera-
tion.

The other common change that some myelin sheaths
undergo with age, is the formation of balloons. As recently
shown by Feldman and Peters (1998) such myelin balloons
are common in the central nervous system of aged mon-
keys, as it is in aged animals of other species (see Faddis
and McGinn, 1997). Typically, these balloons have round
profiles with smooth contours and may be as large as 10
pm in diameter. Although the profiles of myelin balloons
are usually seen in isolation, in fortuitous sections, it is
obvious that they protrude from the sides of myelin
sheaths and that they are accommodated by splits of the
intraperiod line. Consequently, in effect, the interiors of
the balloons are in communication with the extracellular
space, suggesting that they are fluid-filled structures, the
internal fluid exerting a positive pressure on the walls of
the balloons to generate their spherical shapes (Feldman
and Peters, 1998). However, the formation of myelin bal-
loons is not restricted to aged animals. They occur, for
example, in the early phases of Wallerian degeneration
(Franson and Ronnevi, 1989); in experimental toxicity
produced by triethyl tin (Hirano, 1969; Malamud and
Hirano, 1973), by Cuprizone (Ludwin, 1978), and by iso-
lecithin (Blakemore, 1978); in severe diabetes (Tamura
and Parry, 1994); in genetically engineered mice that have
either an excess or a deficit of proteolipid protein (e.g.,
Monuki and Lemke, 1995; Anderson et al., 1998); and in
mice that are lacking the galactolipid galactocerebroside
(Coetzee et al., 1996, 1998).

It is also of interest that Waxman et al. (1993) have
found that when isolated rat optic nerves are kept anoxic,
in the presence of calcium in the perfusion bath,
membrane-bound profiles can form in the cytoplasm on
the inside of the sheath. The appearance of the cytoplasm
in these cases is somewhat reminiscent of the vesicle
containing dark cytoplasm that can occur in aging myelin
sheaths, perhaps indicating that some of the abnormali-
ties that occur during aging may be caused by an accumu-
lation of axonic damage.

The other myelin defects common in old monkeys are
the formation of sheaths of redundant myelin and the
formation of one concentric sheath around another. These
defects suggest that the oligodendrocytes in old monkeys
are generating excess myelin with age. Sturrock (1976)
also encountered an increased frequency of redundant
myelin sheath when he compared myelinated fibers in the
anterior commissures of 5-month-old mice with those of
18-month-old mice.

Myelin and oligodendrocytes

Obviously, because the myelin sheaths are affected by
age, so must the oligodendrocytes that form them be af-
fected, and a fundamental and unanswered question is
whether the age-related alterations in the myelin are sec-
ondary to the inability of the parent oligodendrocytes to
maintain their sheaths. The effect of age on oligodendro-
cytes was described earlier (Peters, 1996), when it was
shown that in old monkeys the perikarya of oligodendro-
cytes come to contain dark inclusions resembling age pig-
ment, and many of their processes develop swellings filled
with similar inclusions. Perhaps some of the material in
the inclusions is derived from the degenerating cytoplasm
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in the pockets of split sheaths, and the observations of
LeVine and Torres (1992) on the twitcher mouse suggest
that this might be the case. In the twitcher mouse, which
is an animal model for globoid cell leukodystrophy, there
is disintegration of myelin sheaths, and LeVine and
Torres (1992) report that in these animals the processes of
oligodendrocytes also have large swellings. They suggest
that the material in the swellings comes from the sheaths
and moves toward the cell bodies of the oligodendrocytes.
However, this conclusion needs confirmation. It is also
relevant that several studies have indicated that oligoden-
drocytes are susceptible to damage and that microglial
cells produce several substances, such as cytokines (Har-
tung et al., 1992) and nitric oxide (Merrill et al., 1993;
Mitrovic et al., 1994)) that are toxic to oligodendrocytes
(see Ludwin, 1997, for a review). With time, some of these
substances may accumulate sufficiently to bring about the
age-related changes that we have observed in the myelin/
oligodendrocyte complex.

Nerve fiber loss

Despite that few axons display possible signs of degen-
eration in the nerve bundles in primary visual cortex of
the monkey, there are indications from axial MRI scans of
both human (Albert, 1993) and rhesus monkey brains (Lai
et al., 1995; Rosene et al., manuscript submitted for pub-
lication) that white matter is lost from the cerebral hemi-
spheres during normal aging. Pakkenberg and Gundersen
(1997) have also reported a significant decline in the total
volume of white matter from the human brain with age,
and Tang et al. (1997) concluded that this decline is
largely caused by a loss of small diameter fibers. Obvi-
ously, this finding raises the question as to why we en-
countered few degenerating axons in our preparations. It
may be that any axonal degeneration occurs over a short
time span, and at such a fast rate that few such axons are
present at any one point in time. This explanation needs
further investigation.

Myelin breakdown and behavior

Of particular interest is the significant correlation be-
tween the percentage of nerve fiber profiles with altered
myelin in layer 4 of area 17 and all four measures of
behavioral performance among the 14 animals in the
study. More importantly, when this analysis was per-
formed stratifying for age, so that only the group of 10 old
monkeys was assessed, a significant relationship was
found between the percentage of nerve fibers with altered
myelin sheaths in layer 4 and the degree of impairment on
the CII, which is an overall measure of cognitive dysfunc-
tion. This suggests that, independent of age, cognitive
performance among the old monkeys is related to the
integrity of myelin sheaths in area 17.

Because the CII is based on tasks that place demands on
learning and memory functions, it is unlikely that mor-
phologic alterations within area 17 alone could account for
the relationship with the behavioral findings, because this
is a cortical area that subserves primary visual function.
Nor is it likely that the relationship could be accounted for
by a deficit in primary visual sensory function, particu-
larly given that old monkeys are generally unimpaired in
basic visual discrimination tasks (Moss et al., 1999).
Rather, the findings suggest that altered myelin sheaths
in area 17 may reflect a more ubiquitous morphologic
change throughout the cerebral cortex, the effect of which
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would be to impede or alter information processing, par-
ticularly for more complex or integrative cognitive tasks.
Based on this supposition, one would predict that alter-
ations paralleling those in visual cortex will be found in
other cortical regions in these same aged monkeys. Fur-
thermore, one would hypothesize that changes in nerve
fiber sheaths in these other cortical regions would, as in
area 17, correlate with performance on the CII.

A hypothesis

Presumably, the basis for the correlation between the
breakdown of myelin in the old monkeys and their cognitive
state rests on the role of myelin in axonal conduction. It
seems likely that the age-related defects in the myelin
sheaths could bring about changes in the rates of conduction
along their axons. Evidence for this comes from the study of
Xi et al. (1999), who compared the conduction velocity of
axons in the pyramidal tracts of aged cats with those in
young cats. They found that 51% of pyramidal tract neurons
in young cats were fast conducting, compared with 26% in
old cats, and that compared with young cats, the old cats
showed an overall 43% decrease in median conduction veloc-
ity. Similarly, Morales et al. (1987) have shown that there is
a decrease in the conduction velocities of lumbar neurons in
old cats, and Aston-Jones et al. (1985) found that the con-
duction latencies from nucleus basalis to frontal cortex are
some 31% longer in aged compared with normal adult rats.
Decreases in conduction rates also occur in demyelinating
disorders (see Waxman et al.,, 1995) and in proteolipid
protein—deficient mice in which the myelin is not compact
(Gutiérrez et al., 1995). It seems then, that myelin defects
lead to a decrease in the conduction velocity along axons.
This finding would be expected to result in changes in the
timing of events in neuronal circuits, perhaps leading to
extended excitation or inhibition of neurons, which might
underlie some of the cognitive deficits that characterize aged
primates.
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