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Is There Remyelination during Aging of
the Primate Central Nervous System?

ALAN PETERS* anp CLAIRE SETHARES
Department of Anatomy and Neurobiology, Boston University School of Medicine,
Boston, Massachusetts 02118

ABSTRACT

The effect of aging on myelin sheaths in the rhesus monkey was studied in the vertical
bundles of nerve fibers that traverse monkey cerebral cortex in primary visual area 17 and
prefrontal area 46. As shown previously, with age the internodes of many of these myelin
sheaths show structural changes, the most common of which is an accumulation of electron-
dense cytoplasm within some sheaths, a change which is considered to indicate that break-
down of myelin is taking place. Supporting the suggestion that myelin is breaking down with
age, astrocytes in the cortices of old monkeys contain phagocytosed myelin and some of the
inclusion bodies in astrocytes label with antibodies to myelin basic protein. There is also
evidence that remyelination is taking place. Thus, we have found an increase in the frequency
of profiles of paranodes when transverse sections of the nerve fibers are examined. The
increase in paranodal frequency with age is 57% in area 17 and 90% in area 46. This increase
cannot all be attributed to lengthening of paranodes with age, because in area 17 the 11%
increase in mean paranodal length with age is insufficient to account for an age-related
increase in paranodal profile frequency. Consequently, there must be an increase in the
number of internodal lengths of myelin with age, as would occur if shorter lengths of myelin
are produced by remyelination. In support of the proposal that remyelination is occurring,
short internodal lengths of myelin have been found in the nerve bundles passing through the
cortices of old monkeys and inappropriately thin sheaths occur around some axons. Both of
these features are generally considered to be the hallmarks of remyelination. Consequently,
it is proposed that in the aging cerebral cortex of the monkey there is some breakdown of
internodes of myelin with subsequent remyelination that leads to the formation of some new
and shorter internodal lengths of myelin. J. Comp. Neurol. 460:238-254, 2003.
© 2003 Wiley-Liss, Inc.
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In earlier studies we have shown that as a consequence
of aging there are alterations in the structure of some
internodes of myelin sheaths in the central nervous sys-
tem of nonhuman primates (Feldman and Peters, 1998;
Peters, et al., 2000; Peters and Sethares, 2002). The age-
related structural alterations are basically of four types.
The most common alteration is a localized splitting of
myelin sheaths at the major dense line to form pockets
containing electron-dense cytoplasm. Because of its loca-
tion, the dense cytoplasm must belong to the oligodendro-
cyte forming the sheath. In other cases the intraperiod
line is split and sheaths balloon out to form blebs that
appear to be fluid-filled. Some ballooned sheaths may have
dense cytoplasm at their bases and the balloons are of
various sizes, with some being as large as 10 pm in diam-
eter. Third, thick myelin sheaths can show circumferen-
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tial splitting, giving the impression that there is a “dou-
ble” sheath consisting of one set of compact lamellae
surrounded by a second set. And finally, with increasing
age redundant sheaths (Sturrock, 1976) become more
common. In profiles of redundant sheaths the axon is seen
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TABLE 1. Percentage of Profiles of Paranodes and Nodes in Area 17 and Area 46

Area 17 Area 46

AM Altered Altered
number Age Sex Paranodes Nodes internodes Paranodes Nodes internodes CII
AM 58 4yrs M 7.3% 1.0% 1.3% Not available Not available No data
AM 16 5yrs M 7.6% 1.7% 0.8% 6.1% 1.1% 1.3% 0
AM 76 6yrs F 9.6% 0.8% 0.5% 6.0% 1.3% 0.3% 0.09
AM 77 6yrs F 6.4% 1.0% 0.9% 6.1% 0.6% 0.9% 1.14
AM 47 Iyrs M 10.9% 1.0% 0.6% 5.3% 0.5% 1.0% —0.54
AM 96 9yrs F 8.7% 2.0% 1.5% 8.8% 1.3% 1.3% 2.46
AM 53 10yrs M 7.0% 2.1% 0.7% 6.0% 1.3% 1.8% 0.08

Means 82+ 1.6% 14 *+0.5% 6.4 *1.2% 1.0 = 0.4%
AM 19 25yrs F 16.5% 2.1% 2.5% 12.9% 1.5% 4.0% 1.68
AM 100 25yrs F 11.2% 1.1% 5.6% 9.5% 1.0% 5.2% 4.12
AM 12 27yrs F 12.7% 2.3% 5.5% 11.9% 2.6% 4.8% 4.05
AM 15 27yrs F 11.5% 1.6% 4.8% 10.2% 2.5% 5.7% 1.56
AM 62 27yrs M 13.5% 1.3% 5.4% 13.8% 3.2% 5.2% 4.26
AM 27 27yrs M 11.0% 1.2% 6.3% 10.4% 1.1% 4.0% 1.34
AM 26 29yrs(est) F 12.9% 2.2% 2.3% 9.7% 1.2% 4.0% 0.94
AM 17 29yrs(est) F 11.0% 1.7% 8.3% 13.8% 1.7% 8.4% 3.24
AM9I1 32yrs M 13.9% 1.4% 4.3% 14.6% 2.1% 2.8% 0.17
AM 41 32yrs F 11.5% 1.5% 7.3% 12.0% 1.1% 6.2% 4.81
AM 13 35yrs(est) M 16.5% 2.1% 4.8% 15.6% 3.4% 6.3% No data

Means 12.9 + 2.0% 1.7 = 0.4% 12.2 + 2.1% 2.0 * 0.9%

to be located at one side of a myelin sheath that is many
sizes too large for the enclosed axon. In both area 17 and
in area 46, the frequency of these structural changes in
myelin correlate with both increasing age and with re-
duced cognitive abilities of the monkeys (Peters et al.,
2000; Peters and Sethares, 2002).

Both the accumulation of dense cytoplasm within mye-
lin sheaths and the formation of balloons are probably
degenerative changes, while the age-related increases in
the frequencies of redundant myelin and of thick sheaths
appear to be related to the continued production of myelin
lamellae (Peters et al., 2001b). Thus, when the myelin
sheaths in the vertical bundles of nerve fibers in primary
visual cortex of young monkeys (4-9 years of age) are
compared with those from old monkeys (over 24 years of
age), it is found that sheaths in old monkeys are thicker
than those in young monkeys: the mean number of myelin
lamellae in the sheaths of young monkeys is 5.6, while in
old monkeys the mean number is 7.0. Much of this in-
crease in mean thickness occurs because myelin sheaths
with more than 10 lamellae become increasingly common
in older monkeys, and it these sheaths that frequently
split to produce the appearance of “double” sheaths (Pe-
ters et al., 2001b). The conclusion from these studies is
that while there is some degeneration of myelin with age,
there is a concomitant continued production of myelin
lamellae.

In other studies we have shown that with age there
appears to be an increase in the numbers of oligodendro-
cytes in monkey primary visual cortex (Peters et al.,
1991a) and that groups and rows of oligodendrocytes be-
come increasingly common (Peters, 1996). These observa-
tions suggest that oligodendrocytes proliferate during ag-
ing and this raises the question of why additional
oligodendrocytes are required. One reason could be to
remyelinate axons whose sheaths have degenerated. The
possibility that remyelination might be taking place dur-
ing aging was reinforced during an examination of profiles
of cross-sectioned myelin sheaths in the vertical bundles
of nerve fibers in primary visual cortex (Peters et al.,
2001b). It was noticed that there is an increase in the
frequency of profiles of paranodes in older monkeys. This
could be taken to indicate that with age there is an in-
crease in the number of internodal lengths of myelin. Such

a change would take place if some internodes of myelin
had degenerated and been replaced with new and shorter
lengths of myelin, as occurs in remyelination (e.g., Prineas
and McDonald, 1997).

The present article investigates the question of whether
there is degeneration of myelin followed by remyelination
in the cortices of old monkeys. The data to be presented
quantify the age-related increases in the frequency of pro-
files of paranodes in cross-sections of the vertical nerve
fiber bundles present in both primary visual cortex and in
prefrontal area 46. It will be argued that this data, as well
as the presence of phagocytosed myelin in astrocytes, the
existence of short internodal lengths of myelin, and of
some inappropriately thin myelin sheaths in the cortices
of old monkeys, support the concept that during aging
some myelin internodes degenerate and are replaced by
new and shorter ones.

MATERIALS AND METHODS
Animals

Eighteen rhesus monkeys (Macaca mulatta) were used
in this study. Seven of the monkeys were young (4-10
years of age) and 11 of them were old monkeys (over 25
years of age). The ages of the monkeys, given to the near-
est whole year, and their sexes are given in Table 1. For
three of the older monkeys that were not born in captivity
the ages have had to be estimated (est). Details of the
protocol for fixing the brains of these monkeys are given in
an earlier publication (Peters et al., 1994). The perfusions
were carried out in full accordance with the approved
Institutional Animal Care and Use Committee regula-
tions. In summary, the monkeys were preanesthetized
with ketamine (6.5 mg/kg). Sodium pentobarbital was
then administered intravenously (~35-45 mg/kg) until a
monkey was deeply anesthetized and a state of areflexia
was achieved. The monkeys were then intubated into the
trachea and artificially respired with a mixture of CO, and
O,. The chest was opened and the monkeys perfused int-
racardially with a warm solution of 1% paraformaldehyde
and 1.25% glutaraldehyde in 0.1 M cacodylate or phos-
phate buffer at pH 7.4. Following this initial perfusion, the
brain was removed and one hemisphere fixed for several
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more days in a cold solution of 2% paraformaldehyde and
2.5% glutaraldehyde in a 0.1 M buffer of the same type as
used for the perfusion.

Tissue preparation

Several tissue blocks, ~2 mm thick, were taken both
from area 46 of prefrontal cortex and from the primary
visual cortex, area 17, of each monkey. The blocks of
primary visual cortex were taken from the opercular sur-
face of the occipital lobe, about 3 mm caudal to the lunate
sulcus, where the center of the visual field is represented.
The blocks of area 46 were taken from the floor of the
principal sulcus at the level of the rostral end of the corpus
callosum (see Peters et al., 1994). This portion of prefron-
tal cortex is part of area 8 of Brodmann (1905) and is
designated by Walker (1940) as belonging to area 46. All
blocks of cerebral cortex were osmicated, dehydrated in an
ascending series of alcohols, then embedded in Araldite.

The blocks of cortex were first sectioned vertically, that
is, at right angles to the pial surface, and semithick sec-
tions stained with Toluidine blue to determine the location
of layer 4. In addition, thin sections were cut in the ver-
tical plane to examine internodal lengths of myelin and to
obtain micrographs from which the lengths of paranodes
in the nerve fibers contained in the vertical bundles could
be measured. The tissue blocks were then turned to obtain
sections passing horizontally through layer 4. After a se-
ries of semithick sections had been prepared for light
microscopy, thin sections were taken for electron micros-
copy.

For visual cortex the horizontal sections were taken at
the level of layer 4CpB, where the vertically oriented fibers
consistently aggregate into discrete and compact bundles
(Peters and Sethares, 1996; Nielsen and Peters, 2000). In
area 46, layer 4 is of variable thickness and the bundles of
myelinated nerve fibers often vary in size. In addition,
their constituent nerve fibers are less compact than in
area 17 and many horizontally oriented fibers pass
through the bundles. These factors sometimes make it
difficult to be certain that a section is passing exactly
through layer 4, and so some sections also contained por-
tions of the adjacent lower layer 3 or upper layer 5 (Peters
and Sethares, 2002).

All of the thin sections were stained with uranyl acetate
and lead citrate for examination in a JEOL 100S electron
microscope.

Quantitative analysis of profiles
of nerve fibers

After the thin sections through layer 4 of areas 17 and
46 had been examined to determine the quality of fixation
and the effects of age on the morphology of the nerve
fibers, electron micrographs were taken at magnifications
of between X4,000 and X10,000 and printed at an enlarge-
ment of X2.5. For each monkey the profiles of at least 500
transversely sectioned fibers in the bundles were exam-
ined and a determination made of the percentage of those
profiles that belonged to nodes of Ranvier, to paranodes, or
to internodes.

In addition to a determination of the frequency of pro-
files of internodes, paranodes, and nodes, the frequency of
internodal profiles of sheaths with altered myelin was
assessed. With the exception of AM 77, AM 96, and AM 13,
data on the frequency of profiles of internodes with altered
sheaths in area 17 was available as previously published
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(Peters et al., 2000), as had data for the frequency of
altered internodal sheaths in area 46 (Peters and
Sethares, 2002).

Lengths of paranodes

To determine if age has any effect on the lengths of
paranodes, vertically oriented thin sections through the
bundles of nerve fibers in area 17 of three young (AM 16,
AM 76, and AM 77) and three old (AM 12, AM 15, and AM
26) monkeys were examined. Electron micrographs were
taken only of profiles of longitudinally oriented nerve fi-
bers that displayed at least one complete paranode, with a
sufficient length of the adjacent compact myelin to count
the number of lamellae in the internodal sheath. The
number of lamellae in the internodal sheaths was counted
directly from the image screen of the electron microscope.
Micrographs of the paranodes were then taken at a pri-
mary magnification of X8,000 and the lengths of the para-
nodes measured directly from the electron microscopic
negatives.

Antibody labeling of neuroglial
cell inclusions

The purpose of this part of the study was to determine if
myelin is phagocytosed by neuroglial cells, and because
myelin basic protein (MBP) is one of the most common
constituents of myelin, it was decided to determine if
antibodies to MBP bind to inclusions in neuroglial cells.
However, the binding sites of the MBP antibody could not
be assessed using the DAB reaction because the inherent
density of many of the inclusions in astrocytes, microglial
cells, oligodendrocytes, and pericytes are of the same elec-
tron density as the DAB reaction product. Consequently,
an immunogold, silver amplification procedure was used.

Sections were labeled with an antibody to myelin basic
protein (Sternberger Immunochemicals, Lutherville, MD
cat# SMI 99) and the binding sites visualized using an
immunogold silver amplification system (Auroprobe™
One, cat# RPN-471 and IntenSE™M, cat# RPN-491, Am-
ersham, Arlington Heights, IL). The protocol used for the
procedure was modified from the product protocol sup-
plied by Amersham.

Fifty-um thick, vibratomed sections from area 17 of
monkey AM 100 (25 years old) were pretreated with 1%
sodium borohydride for 30 minutes, rinsed, and preincu-
bated in a mixture of 1% normal goat serum, 0.8% bovine
serum albumin (BSA), 0.1% sodium azide, 0.1% Triton-X,
and 0.1% gelatin solution (supplied with the Auroprobe™
One kit) in 0.1 M PBS for 1 hour, then transferred to a
solution containing the antibody to myelin basic protein,
diluted to 1:100. After incubation overnight in the primary
antibody solution, sections were rinsed in a solution con-
taining 0.8% BSA, 0.1% sodium azide, and 0.1% gelatin in
0.1% PBS. They were then incubated in 1 nm gold-labeled
goat antimouse IgG (Auroprobe™ One, Amersham) for 3
hours. After rinsing, the sections were treated with the
silver enhancement solution (IntenSE™M, Amersham)
and monitored by light microscopy, until the binding sites
of the primary antibody were revealed. The sections were
then embedded in Araldite resin, sectioned at 50-70 nm
on an ultramicrotome, mounted on grids, stained with
uranyl acetate and lead citrate, and viewed in the electron
microscope.
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Fig. 1. Longitudinal section of a nerve fiber in one of the vertical
bundles from area 17 of a 32-year-old monkey, AM 41. The section
passes through a node of Ranvier (N), where the axolemma is char-
acterized by the presence of a dense undercoating. On each side of the

As controls, other sections were processed using the
same procedure as described above, but omitting the pri-
mary antibody. No background labeling was detected.

Behavioral testing

All monkeys were administered a battery of behavioral
tasks to assess learning and memory. The battery of tests
included three visual recognition memory tasks: the de-
layed nonmatching to sample (DNMS) task, a DNMS task
with a 2-minute delay, and the delayed recognition mem-
ory span (DRST) task. Details of how these tasks were
performed are given in earlier publications (e.g., Herndon
et al., 1997; Killiany et al., 2000; Peters et al., 2000).

Although it is important to identify deficits in individual
cognitive domains, we have found it useful to formulate a
measure of overall cognitive impairment (Herndon et al.,
1997; Peters et al., 1998) and this is the Cognitive Impair-
ment Index (CII), which is derived from the normalized
scores achieved by a monkey on each of the three behav-
ioral outcome measures used in the battery of tests. In
effect, the mean CII for young monkeys is 0 and the higher
the CII value the more a monkey is impaired. The CIIs for
the monkeys used in this study are given in Table 1,

node are the paranodes (p). Note that the sheaths on each side of the
node are of different thicknesses. The sheath on the right side has 8
lamellae, while the one of the left has 15 lamellae and consequently
has a longer paranode. Scale bar = 1 pm.

although no data were available for two monkeys, AM 13
and AM 58.

RESULTS

Internodes, paranodes, and nodes

The sheaths of myelinated nerve fibers are formed by
oligodendrocytes and the sheaths consist of lengths of
myelin separated by nodes of Ranvier. As a length of
myelin approaches a node the lamellae of the sheath begin
to terminate at a paranode (Fig. 1; p). In longitudinal
sections through paranodes (Fig. 1), the innermost lamella
can be seen to end first and successive turns in the spiral
of myelin lamellae terminate progressively, each turn
overlapping the one beneath. Thus, the sheath gradually
becomes thinner and the outermost lamella terminates
closest to the node of Ranvier (Fig. 1; N). As the lamellae
terminate in this fashion, the major dense line of the
sheath opens up to accommodate cytoplasm, and because
of the gradual way in which the lamellae terminate, this
cytoplasm is contained in a helical tunnel. In longitudinal
sections through a paranode, profiles of this helix appear
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as a series of cytoplasm-containing loops on each side of
the enclosed axon. The termination of the myelin leaves
the axolemma essentially bare at the node of Ranvier,
although in some large axons the node appears to be
partially covered by astrocytic processes.

For present purposes, each length of myelin can be
considered to consist of two separate domains: the inter-
nodal myelin sheath in which the myelin is compact, and
the paranodes where the lamellae terminate. For more
detailed descriptions of the structure of myelinated nerve
fibers in the CNS, reference can be made to accounts such
as those given by Raine (1984), Peters et al. (1991b), and
Rosenbluth (1995).

In transversely sectioned myelinated nerve fibers, pro-
files of the internodal myelin domain (Fig. 2; i) are recog-
nized by the fact that the myelin of the sheath is compact
and the plasma membrane on the inside of the sheath is
separated from the axolemma by a space (Peters et al.,
1991b). In contrast, in profiles of transversely sectioned
paranodes the axolemma and the plasma membrane on
the inside of the sheath come together to form a complex
junction in which these two trilaminar membranes are
closely apposed and separated by a gap of only 3 nm (Figs.
2—4). Consequently, at high magnification the junction
appears as four dark layers separated by three alternating
pale zones (Fig. 3). Moreover, in cross-sectional profiles of
paranodes, the outline of the axon, and hence of the junc-
tional complex, is very regular and the cytoplasm in the
helical tunnel usually appears as a complete ring of cyto-
plasm separating the junctional complex from the inside
of the compact myelin. Of course, the number of compact
lamellae present in sections through paranodes depends
on the proximity to the node (see Fig. 2). In longitudinal
sections through paranodes, a much more complex inter-
membranous structure is apparent, for the paranodal
loops of cytoplasm indent the surface of the axon (Fig. 1)
and at higher magnifications the junction between the
axolemma and the inner membrane of the myelin sheath
shows regularly spaced densities of transverse bands (e.g.,
see Peters, 1966; Bhat et al., 2001). However, these fea-
tures are not seen in transverse sections of paranodes.

At the node of Ranvier the axon is devoid of a sheath,
but sections through the nodal axon can be recognized
because of the distinctive undercoating on the cytoplasmic
face of the axolemma (Fig. 4). It is now known that much
of this coating is due to the presence of complexes of
cytoskeletal molecules and ankyrin, which are necessary
for the concentration of sodium channels in this region
(e.g., Bennett and Lambert, 1999). In addition, the cyto-
plasm of the nodal axon usually contains a higher concen-
tration of microtubules than other parts of the axon. It
might be mentioned that some cross-sectioned initial axon
segments can also appear in the thin sections. At the axon
initial segment there is also an undercoating of the axo-
lemma, but axon initial segments can be recognized be-
cause most of the microtubules in the axoplasm are in
fascicles (see Peters et al., 1991b).

Frequency of paranodes and nodes in the
myelin bundles of areas 17 and 46

As described in previous articles (Peters and Sethares,
1996; 2000, 2001b), at the level of layer 4CB horizontal
sections of primary visual cortex show the vertically ori-
ented myelinated nerve fibers to be organized into com-
pact bundles (Fig. 5). In contrast, at the level of layer 4 in
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area 46 of prefrontal cortex, the vertical bundles of my-
elinated nerve fibers are more loosely defined, because the
constituent nerve fibers are spaced further apart (Fig. 6).
Moreover, in area 46 numerous horizontal nerve fibers
criss-cross through the bundles (Peters and Sethares,
2002). In addition to the myelinated nerve fibers, in both
areas 17 and 46 the bundles contain unmyelinated nerve
fibers, as well as some dendrites and processes of astro-
cytes and oligodendrocytes.

In young monkeys transverse sections of the nerve fi-
bers in the vertical bundles have sheaths in which the
myelin is generally compact, although there may be a local
shearing of the lamellae in one segment of the profiles of
some sheaths. This type of localized shearing, in which the
lamellae are split apart and become detached from one
another, is considered to be due to poor fixation. It is quite
different from that which occurs at Schmidt-Lanterman
incisures, where the major dense line opens up to produce
funnel-like clefts containing cytoplasm (see Peters et al.,
1991b). However, in older monkeys (over 25 years of age),
and to a much lesser extent in young monkeys (4 to 10
years of age), there are additional alterations in the mor-
phology of myelin sheaths. These alterations, which are
age-related, have been described in detail elsewhere (Feld-
man and Peters, 1998; Peters et al., 2000; Peters and
Sethares, 2002). To briefly reiterate, the alterations are of
the following types. The most common alteration is one in
which the major dense line of myelin sheath is split to
enclose electron-dense cytoplasm (see Figs. 5, 6). Less
commonly, the intraperiod line becomes split and contains
fluid, so that the sheath balloons out to one side (Fig. 5).
Also, with age the number of nerve fibers with thicker
myelin sheaths increases (Peters et al., 2001b) and such
thick sheaths may become circumferentially split (Fig. 5),
sometimes giving rise to the appearance of a double
sheath. Yet other nerve fibers have redundant myelin, so
that the sheath is too large for the size of the enclosed
axon. The frequency with which profiles of internodal por-
tions of myelin sheaths in areas 17 and 46 of individual
monkeys show sheaths with these age-related alterations
is given in Table 1. It will be seen that, in general, there is
an increase in the frequency of altered internodal profiles
with age.

Electron micrographs of cross-sections of myelinated
nerve fibers in the vertical bundles in area 17 and in area

Fig. 2. Transversely sectioned nerve fibers from area 46 of a 25-
year-old monkey, AM 100. One of the nerve fibers (i) is sectioned
through an internode. Two others, p, and p,, are sectioned through
paranodes, as shown by the junction formed between the axolemma
and the membrane on the inside of the sheath. p, is much closer to the
node than p;. Scale bar = 0.5 pm.

Fig. 3. Transversely sectioned paranode from area 46 of a 25-year-
old monkey, AM 100, to show the seven-layered junction (arrowheads)
between the axolemma and the membrane on the inside of the sheath.
Scale bar = 0.2 pm.

Fig. 4. Transversely sectioned nerve fibers from a 27-year-old
monkey, AM 27. One nerve fiber (p) is sectioned at the level of the
paranode and shows the ring of cytoplasm (asterisk) in the helical
tunnel. Another nerve fiber (N) is sectioned through the node of
Ranvier, as indicated by the dense undercoating of the axolemma
(arrow). Scale bar = 0.5 pm.



Figures 2—4



Fig. 5. Transversely sectioned bundle of myelinated nerve fibers inclusion in the cytoplasm inside its sheath, while another (3) has a
from layer 4C of area 17 in a 29-year-old monkey, AM 17. Three of the  fluid-containing blister. Also note the splitting of the thick sheath
nerve fibers (1) in the bundle show splitting of their sheaths to surrounding the large axon (4). This field contains profiles of two
accommodate dark cytoplasm. Another nerve fiber (2) has a dense paranodes (p). Scale bar = 1 pm.



Fig. 6. A bundle of myelinated nerve fibers from area 46 of a
25-year-old monkey, AM 100. The nerve fibers of the bundles in area
46 are more loosely packed than those in area 17. Three of the nerve
fibers (p) have been sectioned through paranodes, as evidenced by the
thinness of the sheaths and by presence of a junction between the

axolemma and the plasma membrane on the inside of the myelin
sheath. The remainder are sectioned through internodes, and one of
them (asterisk) shows a splitting of the sheath to accommodate dense
cytoplasm. Scale bar = 1 pm.
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Fig. 7. A plot of the percentage of nerve fiber profiles of paranodes
vs. age in both area 17 and area 46.

46 were examined to determine if there is a change with
age in the frequency of profiles of internodes, paranodes,
and nodes of Ranvier. Profiles of these three domains were
identified on the basis of the criteria given above. It needs
to be pointed out that although profiles of internodes and
paranodes can be readily recognized, it is more difficult to
be certain that all profiles of nodes of Ranvier have been
recognized. Identification of profiles of nodes basically re-
lies on the presence of the undercoating of the axolemma
(see Fig. 4), and if the undercoating is not well developed
it can be difficult to distinguish between the profile of a
node of a small nerve fiber and the profile of one of the
larger unmyelinated nerve fibers contained in a nerve
bundle.

The results of the profile analysis are given in Table 1,
in which it will be seen that in primary visual cortex of
young monkeys a mean of 8.2 * 1.6% of the profiles of
myelinated nerve fibers belong to paranodes, while in the
old monkeys the frequency of paranodal profiles is in-
creased to a mean of 12.9 * 2.0%. Consequently, in area
17 there is a 57% increase in the frequency of paranodal
profiles with age. In area 46 of prefrontal cortex the com-
parable values are that 6.4 + 1.2% of the profiles belong to
paranodes in young monkeys, with an increase to a mean
of 12.2 * 2.1% of profiles in the old monkeys, giving a 90%
increase in paranodal profiles with age. As can be seen in
Fig. 7, in both area 17 and in area 46 there is a significant
correlation (P < 0.001) between age and the increase in
frequency of profiles of paranodes.

As far as nodes of Ranvier are concerned, the data in
Table 1 show that while there is a trend towards an
increase in the number of their profiles when young and
old monkeys are compared, the difference is not signifi-
cant. This may be partly due to the difficulty in recogniz-
ing all profiles of nodes of Ranvier.
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Correlation between the frequency of
paranodes and of altered sheaths

The data in Table 1 show that with age there is a
significant increase in the frequency of altered internodal
sheath profiles in both area 17 (also see Peters et al., 2000)
and area 46 (also see Peters and Sethares, 2002). Since
there is also an increase in the frequency of paranodal
profiles with age (Fig. 7), the consequence is that in the
population of monkeys examined there is a good correla-
tion between the increased frequency of occurrence of al-
tered sheaths and the increased frequency of occurrence of
paranodes (P < 0.05).

Lengths of paranodes

The 59% increase in the frequency of paranodal profiles
in area 17 of the older monkeys and the 90% increase in
area 46 could be due to several factors. One factor that
needs to be considered is the possibility that there is an
inherent increase in the lengths of paranodes with age,
such that in sheaths of the same thickness the paranodes
are appreciably longer in old monkeys. To examine this
possibility, vertically oriented thin sections were taken
through the primary visual cortex of three young (AM 16,
AM 76, and AM77) and three old (AM 12, AM 15, and
AM26) monkeys, so that longitudinal sections of nerve
fibers could be examined. Electron micrographs were
taken of a total of 96 paranodes in the group of young
monkeys and 90 paranodes in the group of old monkeys.
For each example the number of lamellae in the adjacent
internode was counted directly from the viewing screen of
the electron microscope and then the paranode photo-
graphed at X8,000. The length of a paranode was mea-
sured directly from the photographic negative. A paranode
is defined by the presence of cytoplasm-containing loops
and was taken to extend from where the sheath termi-
nates adjacent to the node of Ranvier to where the inner-
most lamella of myelin opens up to enclose the first loop of
cytoplasm (see Fig. 1). The extent of a paranode also
usually coincides with the extent of the regularly spaced
densities of the transverse bands.

The results of this analysis are given in Figure 8, in
which the numbers of lamellae in the sheaths are plotted
against the lengths of the paranodes. It will be seen that,
except for the 15% of nerve fibers with more than 10
lamellae in the old monkeys (Peters et al., 2001b), there is
only a small, although significant, difference in the
lengths of paranodes when sheaths of the same thickness
are compared in young and old monkeys. However, the
increase in the mean thickness of myelin sheaths with age
needs to be taken into account, for in an earlier study
(Peters et al., 2001b) it was shown that the mean number
of lamellae in sheaths from young monkeys is 5.6 and in
old monkeys it is 7.0. As shown in Figure 8, when sheaths
of these mean thicknesses for young and old monkeys are
compared, the mean paranodal length for young monkeys
is 1.81 pm and for old monkeys it is 2.07 pm. Conse-
quently the mean paranodal length in old monkeys is, at
most, only some 11% greater than in young monkeys.

This difference in the mean paranodal length is not
sufficient to account for the 59% age-related increase in
the frequency of paranodal profiles in layer 4 of area 17.
Consequently, most of the age-related increase in fre-
quency of paranodal profiles must be due to an increase in
the number of internodes.
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Fig. 8. A plot of the lengths of paranodes in area 17 of young and
old monkeys vs. the number of lamellae in the internodal sheath.
Imposed on the graphs are the mean thicknesses of sheaths in young
(5.6 lamellae) and old (7.0 lamellae) monkeys. For sheaths of these
thicknesses the mean length of the paranodes is 1.81 pm in young
monkeys and 2.07 pm in old monkeys.

Lengths of nodes of Ranvier

Measurements were also made of the lengths of nodes of
Ranvier in the photographic negatives taken of longitudi-
nal sections of nerve fibers. Because of the helical turning
off of the lamellae, the extent of the bare axolemma can be
different on the two sides of the profile of the node. Con-
sequently, the length of the node was measured on both
sides and the mean value taken.

There is wide variation in the lengths of nodes, even in
fibers with the same numbers of lamellae in their sheaths
(Fig. 9). The lengths of nodes vary from 0.25-2 pm, and in
general the nodes are shorter in nerve fibers with thick
sheaths than in those with thinner sheaths (P < 0.01).
However, for sheaths with the same numbers of lamellae
there is no significant difference in lengths of nodes be-
tween young and old monkeys.

Correlation between cognitive impairment
and frequency of paranodes

Since the increased frequency of paranodes along a
nerve fiber can be expected to slow down the rate of
conduction along that nerve fiber, the correlation between
the cognitive impairment indices (CII) and the percentage
of paranodal profiles observed in areas 17 and 46 (Table 1)
was examined. As shown in Figure 10, there is a signifi-
cant correlation between the CII and the percentage
of paranodal profiles for area 46 (P < 0.01) but not for
area 17.

Incidental observations on nerve fibers

An interesting observation made while examining the
bundles of closely packed nerve fibers in area 17 of old
monkeys is that not only is the frequency of paranodal and
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Fig. 9. Plots of the lengths of nodes of Ranvier in area 17 of young
and old monkeys against the numbers of lamellae in the sheaths.

nodal profiles greater than in younger monkeys, but in old
monkeys it is common to observe several of these profiles
in close proximity to each other (Fig. 11). This situation is
rarely encountered in young monkeys. The possible signif-
icance of this observation will be considered later, when it
is suggested that some remyelination is taking place in
cerebral cortex.
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Fig. 10. A plot of the percentages of profiles that belong to para-
nodes in areas 17 and 46 of individual monkeys, against their cogni-
tive impairment indices (CIIs). Increased CII values indicate in-
creased cognitive impairment.
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It is generally agreed that the signs revealing that re-
myelination is taking place are the occurrence of unusu-
ally thin myelin sheaths and of unusually short internodal
lengths of myelin (e.g., Prineas and McDonald, 1997).
Consequently, the nerve fibers in the vertical bundles in
area 17 of old monkeys were examined to ascertain if any
nerve fibers showed these morphological features. Both of
them were encountered.

Unusually thin myelin sheaths. In both young and
old monkeys, but more commonly in old monkeys, profiles
of internodes are encountered in which the myelin sheaths
are abnormally thin. Two examples are shown in Figures
12 and 13. The axons in each of these nerve fibers are
about 1 micron in diameter and each has only two lamel-
lae. The majority of axons of this diameter have sheaths
with 5-9 lamellae (Peters et al., 2001), as can be seen by
comparing these thin sheaths with the sheaths of adjacent
nerve fibers having axons of similar diameters. The thin-
ness of these particular sheaths suggests that they are in
the early stages of myelin sheath formation.

Short internodal lengths of myelin. Examining com-
plete internodal lengths of myelin in thin sections is dif-
ficult: the gently undulating nature of nerve fibers usually
makes it almost impossible to follow them for any great
distance in sections cut parallel to their lengths. Never-
theless, after an intensive search some short internodal
lengths of myelin were encountered. The shortest one,
illustrated in Figure 14 is only 3 pm long and two lamellae
thick. Another short internode, shown in Figure 15, is 6
pm long and is one or two lamellae thick.

It should be added that some unusually long nodes of
Ranvier were also encountered, as well as long stretches of
bare axons emerging from myelin sheaths. But it could not
be determined if these were lengths of axon that had been
demyelinated or axons that had emerged from their
sheaths prior to forming terminals.

Demyelination and phagocytosis of myelin

If there is a breakdown of some myelin sheaths with
age, leading to demyelination, it would be expected that
bare lengths of nerve fibers would occur and that there
would be evidence of phagocytosis of myelin by neuroglial

Fig. 11. A portion of a nerve fiber bundle from area 17 of a
29-year-old monkey, AM 26. This micrograph illustrates the fact that
in old monkeys it is not uncommon to encounter profiles of paranodes
(p) in groups. Paranodes are recognized by the presence of a junction
between the axolemma and the membrane on the inside of the myelin
sheath Scale bar = 1 pm.

Fig. 12. Nerve fibers from area 17 of a 25-year-old monkey, AM
100. In the middle of the field is a nerve fiber (n) that has an unusually
thin myelin sheath, composed of only two lamellae. The axon has a
diameter of about 1 wm and normally axons of this size have sheaths
consisting of 5-9 lamellae, as shown by the adjacent nerve fiber (i),
which has a sheath with 9 lamellae. Scale bar = 0.5 pm.

Fig. 13. Nerve fibers from area 17 of a 27-year-old monkey, AM 27.
As in Figure 7, the nerve fiber (n) in the middle of the field has a
diameter of about 1 pm, and yet it has a sheath composed on only two
lamellae. This is much thinner than usual, as can be seen by compar-
ing the thickness of the sheath with that of the surrounding nerve
fibers sectioned through their internodes (i). Note the paranode (p) at
the bottom of the field. Scale bar = 0.5 pm.

249

cells. Unfortunately, for the reasons given above, and be-
cause of an abundance of unmyelinated axons intermixed
with the vertically oriented nerve fibers in cerebral cortex,
demyelinated nerve fibers could not be identified. How-
ever, there is evidence that some demyelination is occur-
ring because astrocytes with phagocytosed myelin have
been occasionally encountered in layer 4 of both area 17
and area 46. Two examples of astrocytes with lamellar
inclusions having the characteristics of myelin are shown
in Figures 16 and 17. In Figure 16 the astrocyte is from
area 17 and it contains a lamellar inclusion as well other
inclusions that have dark and light components. The as-
trocyte shown in Figure 17 is from area 46 and in addition
to a typical inclusion body its cytoplasm contains four
profiles that appear to be derived from myelin, since they
have a periodic structure with major dense and intrap-
eriod lines that match the spacing of such lines in normal
myelin. No myelin figures have been encountered in other
types of neuroglial cells.

Use of a myelin basic protein (MBP) antibody, with the
binding sites revealed using an immunogold amplification
procedure, showed the MBP antibody to be bound to my-
elin sheaths (inset, Fig. 18), with some light labeling over
oligodendroglial cells. The silver amplified colloidal gold
appears as electron-dense particles. In addition, as shown
in Figure 18, inclusions in some astrocytes were labeled.
This indicates that some myelin is phagocytosed by astro-
cytes and then broken down, with the breakdown products
being incorporated into the inclusion bodies characteristic
of astrocytes.

Despite a lengthy search, no convincing labeling was
encountered over the inclusions in microglial cells, peri-
cytes, or oligodendrocytes.

DISCUSSION
Consideration of data on paranodal profiles

In electron micrographs of transverse sections through
the vertical nerve fiber bundles in both areas 46 and 17,
there is a significant, age-related increase in the frequency
of the profiles of the paranodal portions of myelin sheaths.
In area 17 the increase in frequency of paranodal profiles
is 57%, while in area 46 it is 90%.

In area 17 of both young and old monkeys there is a
significant correlation between the thickness of sheaths and
the lengths of paranodes and in the vast majority of sheaths,
those with less than 10 lamellae, the lengths of the paran-
odes are only slightly longer in old monkeys than in young
ones (Fig. 8). However, even considered in conjunction with
the fact that the mean number of lamellae in the myelin
sheaths is 5.6 in young monkeys and 7.0 in old monkeys
(Peters et al., 2001b), this increase in lengths of paranodes
would only account for an age-related increase of 11% in the
frequency of paranodal profiles. Consequently, it has to be
concluded that most of the increase in the frequency of para-
nodal profiles in old monkeys is the result of an increase in
the number of myelin internodes with age. Logically, this
could only occur if there is demyelination followed by remy-
elination, to produce some shorter internodes of myelin in
older monkeys.

Evidence that myelin is degenerating

As discussed previously (Peters et al., 2000), the age-
related increase in the occurrence of altered myelin
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sheaths, and in particular ones that have pockets of dense
oligodendrocytic cytoplasm or splitting of the sheath, sug-
gests that myelin sheaths are breaking down with age.
That these are signs of degeneration of myelin is sug-
gested by the occurrence of similar alterations during
early phases of demyelination in a number of situations.
For example, in cuprizone poisoning dark cytoplasm oc-
curs in the inner tongue processes of myelin sheaths and
other sheaths show splitting of the intraperiod line to form
balloons (Ludwin, 1978, 1995). Dark cytoplasm is also
present in the degenerating myelin of mice with a myelin-
associated glycoprotein deficiency (Lassman et al., 1997).
Myelin balloons have been described as a consequence of
spontaneous degeneration in the gerbil cochlear nucleus
(Faddis and McGinn, 1997) and they also occur in the
early phases of Wallerian degeneration (Franson and Ron-
nevi, 1989); in severe diabetes (Tamura and Parry, 1994);
in experimental toxicity produced by triethyl tin (Hirano,
1989); and as a result of copper poisoning (Hull et al.,
1974). They also occur as a result of late-onset degenera-
tion in genetically engineered mice with an increased dos-
age of the proteolipid protein gene (Anderson et al., 1998)
and in mice that are lacking the galactolipid galactocere-
broside (Coetzee et al., 1996, 1998). Thus, it can be con-
cluded that the age-related alterations in myelin are indi-
cations that sheaths are breaking down. Moreover, the
age-related alterations largely affect the myelin and only
rarely is the axon involved.

Phagocytosis of myelin

We have encountered no morphological signs that ex-
tensive demyelination, such as myelin stripping by micro-
glial cells, is taking place, but there may be several rea-
sons for this. One reason is that in cerebral cortex it is
myelin that is mainly affected by aging, and not the nerve
fiber as a whole. We have encountered some degenerating
axons in cortex, but they are few in number and in striate
cortex they do not lead to significant reduction in the
numbers of nerve fibers (Peters et al., 2000; Nielsen and
Peters, 2000). Stimulation of microglial cells seems to be
only obvious in conditions in which there is Wallerian
degeneration (see Kreutzberg et al., 1997), or in conditions
in which there is an extensive loss of nerve fibers, as we
have encountered in the optic nerves of old monkeys (San-
dell and Peters, 1999, 2002).

Some of the microglial cells in the aging cerebral cortex
do contain phagocytosed debris, but none of the phagocy-

Fig. 14. A longitudinally sectioned nerve fiber in layer 4 of area 17
in a 25-year-old monkey, AM 100. At the top of the field is a paranode
(p) and just below it is a node of Ranvier (N). The undercoating of the
axolemma is visible on the left side of the node. The axon then enters
into a thin sheath (large arrows) that is two lamellae thick and 3 pm
long. The other end of this short internode is indicated by the arrow-
heads. At both ends of the short internode pockets of paranodal
cytoplasm are visible (small arrows). Scale bar = 1 pm.

Fig. 15. A longitudinally sectioned nerve fiber in layer 4 of area 17
from a 25-year-old monkey, AM 100. At the top of the field the axon
emerges from a paranode (p), where the transverse bands are visible
(small arrow). Below the paranode is a node of Ranvier (N), where the
axon has a dense undercoating. The axon then enters a sheath (large
arrows) that is one or two lamellae thick. This thin sheath extends for
6 pm and terminates (arrowheads) at an obliquely sectioned node of
Ranvier (N,), which can be identified by the axolemmal undercoating.
Scale bar = 1 pm.
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tosed material in these cells has the appearance of myelin.
However, myelin figures have been encountered in some
astrocytes (see Figs. 16, 17) and some of the more amor-
phous inclusions in astrocytes label with antibodies to
myelin basic protein (Fig. 18). Since none of the inclusions
in either microglial cells or oligodendrocytes of old mon-
keys labeled with this antibody, it appears that in the
cerebral cortex of old monkeys the astrocytes are respon-
sible for phagocytosing the degenerating myelin (also see
Peters and Sethares, 2002).

A second reason for lack of activation of microglia could
be that only a few internodal segments of myelin in cere-
bral cortex are degenerating simultaneously. Such low
levels of degeneration would occur if only a few oligoden-
drocytes were affected at any one point in time and the
sheaths belonging to them broke down, producing segmen-
tal demyelination, in which only a few short lengths of
neighboring axons bare.

Remyelination

Such segmental demyelination, followed by remyelina-
tion, would lead to an increase in the numbers of inter-
nodal lengths of myelin and produce the increased fre-
quency of paranodal profiles encountered in old monkeys.
In situations in which remyelination occurs, in either ex-
perimental or naturally occurring demyelinating states,
the remyelinating axons display internodes that are inap-
propriately short for the diameter of the axon and sheaths
that are inappropriately thin (e.g., Gledhill and Mc-
Donald, 1977; Hirano, 1989; Kreutzberg et al., 1997; Lud-
win, 1978, 1995; Prineas and McDonald, 1997). Short in-
ternodal lengths of myelin also occur during development,
when myelin is first being laid down, and in the spinal
cord and corpus callosum of the cat, Remahl and Hilde-
brand (1990) found the majority of early, uncompacted
sheaths to be about 10 pum long, although they encoun-
tered some that were as long as 150 pum. Nerve fibers with
inappropriately thin myelin sheaths do occur in the corti-
ces of old monkeys (see Figs. 12, 13) and we have also
ascertained that short internodal lengths of myelin exist
(Figs. 14, 15). It seems unlikely that these entities would
not exist unless remyelination is occurring during aging.

Correlation with cognition

In both area 17 and in area 46, the increased frequency
of paranodal profiles correlates with increasing age, but it
is only in area 46 that the frequency of paranodal profiles
correlates with cognitive decline. However, in both area 17
(Peters et al., 2000) and in area 46 (Peters and Sethares,
2002) there is a significant correlation between the age-
related alterations of myelin and the CII. It is suggested
that these correlations between the breakdown of myelin
and the increase in cognitive deficits occur because the
breakdown of myelin leads to changes in conduction rates
along myelinated nerve fibers, resulting in a loss of syn-
chrony in cortical circuits. Of course, increasing the num-
ber of internodal lengths of myelin will also affect the rate
of conduction. The reason why there is only a correlation
between paranodal profile frequency and CII for area 46,
and not for area 17, may be because prefrontal cortex has
a greater role than area 17 in subserving cognition. In this
respect it is also of interest that in the aging cerebral
cortex there is a decrease in the thickness of layer 1 and a
loss of synapses, but again these changes only correlate
with the CII in area 46 (Peters et al., 1998) and not in area
17 (Peters et al., 2001a).
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Fig. 18. An astrocyte from layer 4 of primary visual cortex in a
25-year-old monkey, AM 100. The inclusion body in the astrocyte has
bound antibody to myelin basic protein, as indicated by the concen-
tration of silver-amplified particles of colloidal gold overlying the
inclusion (arrows). A nearby small myelin sheath also has a gold

A hypothesis

From the data generated in this study it is suggested
that during normal aging in the cerebral cortex some
oligodendroglial cells become unable to sustain their my-
elin sheaths. This would result in their internodal lengths
of myelin breaking down and degenerating, as indicated

Fig. 16. Part of an astrocyte in area 17 of a 32-year-old monkey,
AM 41. A portion of the nucleus (N) is present on the left and the
cytoplasm of the astrocyte contains bundles of filaments () as well as
a number of age-related inclusions (x). Another inclusion (m) consists
of phagocytosed myelin, in which the lamellae are still visible. Scale
bar = 1 um.

Fig. 17. Part of an astrocyte in area 46 of a 25-year-old monkey,
AM 100. A portion of the nucleus (N) is seen in the upper half of the
picture and the cytoplasm contains the characteristic filaments (f).
The cytoplasm also contains an inclusion body (x) as well as four
lamellar bodies that are obviously derived from myelin (m). The
cytoplasm inside the phagocytosed myelin has the characteristics of
astrocytic cytoplasm. Scale bar = 1 pm.

particle over it (arrowhead). There are three or four particles over the
cytoplasm and nucleus of the astrocyte, but they are not in the same
concentration as the particles over the inclusion body. The inset
shows myelin sheaths that are labeled with the antibody. Scale bars =
1 pm.

by the presence of dense, degenerating oligodendroglial
cytoplasm within some sheaths and by the formation of
myelin balloons. However, we have no direct evidence that
internodal lengths of myelin are lost. But evidence that
some myelin is degenerating comes from the existence of
phagocytosed inclusions with the structural characteris-
tics of myelin in some astrocytes and from the fact that
some of the amorphous inclusion bodies in astrocytes label
with antibodies to myelin basic protein.

It is suggested that after the internodal lengths of my-
elin belonging to the affected oligodendrocytes have de-
generated, remyelination takes place, with the original
internodal lengths of myelin being replaced by new,
shorter lengths of myelin. As a consequence, there is an
increase in the frequency of profiles of paranodes. Because
of these interrelated events there is a significant correla-
tion between the frequency of paranodal profiles and both
age and the frequency of occurrence of profiles of altered
sheaths. The concept that there is remyelination is also
supported by the demonstration that some short inter-
nodal lengths of myelin occur in striate cortex of old mon-
keys and that some nerve fibers have inappropriately thin
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sheaths. Both of these features are considered to be the
hallmarks of remyelination.

It was also observed that in transverse sections of bundles
of nerve fibers in striate cortex of old monkeys it is not
uncommon to encounter profiles of paranodes in groups. It is
suggested that these groups originate as follows. If the bare
lengths of axons that are being remyelinated were originally
ensheathed by myelin derived from the same oligodendro-
cyte, the bare lengths can be expected to be in proximity to
each other. Consequently, when new oligodendrocytes remy-
elinate these bare lengths of axons by forming shorter inter-
nodes, it is likely that paranodes belonging to the new short
internodes will be in a similar transverse plane. The result
would be that in cross sections of nerve fiber bundles some
profiles of paranodes occur in groups.

The increase in the number of internodal lengths of myelin
with age presumably requires an increase in the population
of oligodendrocytes. Such an increase in the numbers of
oligodendrocytes was indicated in our earlier study of neu-
roglial frequency in the aging monkey striate cortex (Peters
et al., 1991a), and an increase in the numbers of oligoden-
drocytes is suggested by the fact that, with age, groups and
rows of oligodendrocytes become increasingly common in
this same cortex (Peters, 1996). How the population of oligo-
dendrocytes in cerebral cortex changes with age will be in-
vestigated more fully in the next phase of this study. It will
also be determined if oligodendroglial progenitor cells are
present in the cortices of mature monkeys, since it is likely
that such cells, and not mature oligodendrocytes, are the
source of new oligodendrocytes (e.g., Norton, 1966; Nish-
iyama et al., 1999; Levine et al., 2001).
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