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ABSTRACT
In myelinated axons, action potential conduction is dependent on the discrete clustering

of ion channels at specialized regions of the axon, termed nodes of Ranvier. This organization
is controlled, at least in part, by the adherence of myelin sheaths to the axolemma in the
adjacent region of the paranode. Age-related disruption in the integrity of internodal myelin
sheaths is well described and includes splitting of myelin sheaths, redundant myelin, and
fluctuations in biochemical constituents of myelin. These changes have been proposed to
contribute to age-related cognitive decline; in previous studies of monkeys, myelin changes
correlate with cognitive performance. In the present study, we hypothesize that age-
dependent myelin breakdown results in concomitant disruption at sites of axoglial contact, in
particular at the paranode, and that this disruption alters the molecular organization in this
region. In aged monkey and rat optic nerves, immunolabeling for voltage-dependent potas-
sium channels of the Shaker family (Kv1.2), normally localizing in the adjacent juxtapara-
node, were mislocalized to the paranode. Similarly, immunolabeling for the paranodal
marker caspr reveals irregular caspr-labeled paranodal profiles, suggesting that there may
be age-related changes in paranodal structure. Ultrastructural analysis of paranodal seg-
ments from optic nerve of aged monkeys shows that, in a subset of myelinated axons with
thick sheaths, some paranodal loops fail to contact the axolemma. Thus, age-dependent
myelin alterations affect axonal protein localization and may be detrimental to maintenance
of axonal conduction. J. Comp. Neurol. 495:351–362, 2006. © 2006 Wiley-Liss, Inc.

Indexing terms: aging; monkey; paranode; juxtaparanode; caspr; channels

Regular interruptions in myelin at specialized regions of
the axolemma, termed nodes of Ranvier, facilitate salta-
tory conduction. Clustered nodal voltage-gated sodium
(NaV) channels are integral to this process. Two distinct
axonal regions flank the node: the paranode, where myelin
loops make contact with the axon, and the juxtaparanode,
the axonal region adjacent to the paranode wrapped by
the compact myelin sheath. The node, paranode, and jux-
taparanode are easily distinguished, each having a unique
structural and molecular composition (Kazarinova-Noyes
and Shrager, 2002). Various inherited or demyelinating
neuropathies lead to changes in the molecular organiza-
tion of the nodal axolemma, suggesting that myelin
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sheath integrity is necessary for maintenance of nodal
structure.

Paranodes are particularly important in preserving mo-
lecular segregation of nodal proteins, presumably via the
interaction of the axon and myelin membranes resulting
in the formation of a septate-like junction. This interface
is thought to consist of a tripartite adhesion complex,
including contactin, contactin-associated protein (caspr),
and neurofascin-155 (NF155), although the exact nature
of the interaction remains unclear (Gollan et al., 2003;
Marcus and Popko, 2002; Poliak et al., 2001). Mice defi-
cient in the paranodal proteins contactin or caspr do not
develop the normal septate-like junctions characteristic of
paranodes and have mislocalized juxtaparanodal proteins
[e.g., voltage-gated potassium channels (Kv), Kv1.1,
Kv1.2, Kv�2, and caspr2; Boyle et al., 2001; Rios et al.,
2003]. These mice exhibit tremor, ataxia, and motor pare-
sis in association with decreased peripheral nerve conduc-
tion velocity (Bhat et al., 2001). Furthermore, cgt- and
cst-null mice, deficient in galactolipid production, demon-
strate similar paranodal abnormalities (Dupree et al.,
1998; Ishibashi et al., 2002). In Plpjimpy mice, Plpmyelin-

deficient rats, and Mbpshiverer mice, all with varying degrees
of CNS demyelination with or without oligodendrogliopa-
thy, there is disruption or absence of paranodal structure,
and Kv1.1/Kv1.2 channels localize immediately adjacent
to NaV clusters (Arroyo et al., 2002; Ishibashi et al., 2003;
Rasband et al., 1999).

Likewise, acquired demyelination shows similar mislo-
calization of axonal proteins. Experimental demyelination
of rats results in disruption of juxtaparanodal Kv1.2 clus-
ters (Rasband et al., 1998). Kv channels and caspr dis-
perse along injured axons following spinal cord injury
(Karimi-Abdolrezaee et al., 2004), multiple sclerosis (Wol-
swijk and Balesar, 2003), and EAE (Craner et al., 2003).
Myelin also alters axonal protein expression and localiza-
tion during development evidenced by the myelination-
dependent switch of NaV isoforms (from NaV1.2 to NaV1.6)
present at the node in retinal ganglion cells (Boiko et al.,
2001). Thus, the presence or absence of myelin induces
molecular reorganization of nodal domains.

Changes in myelin structure and composition have been
noted throughout aging rat (Knox et al., 1989; Sugiyama
et al., 2002), monkey (Peters, 2002; Sloane et al., 2003),
and human (Albert, 1993) brains, and these changes are
hypothesized to mediate age-related cognitive decline. The
changes include, but are not limited to, splitting of myelin
along the major dense line or along the intraperiod line;
formation of redundant myelin sheaths; and fluctuations
in myelin content, proteins, and protease activity (Hin-
man et al., 2004; Sloane et al., 2003; Sugiyama et al.,
2002). For 31-month-old rats, Sugiyama et al (2002) report
age-dependent alterations in paranodal structure, illus-
trating paranodal loops that fail to reach the axon. In
addition, with age, an increase in paranodal profiles and
the presence of short, thin internodal lengths of myelin in
areas 17 and 46 of the rhesus monkey have been reported,
suggesting the aged CNS may attempt to remyelinate
itself (Peters and Sethares, 2003).

We hypothesized, based on results supporting age-
related changes in myelin, coupled with alterations in
nodal proteins following acute or genetic demyelination,
that age-related changes in nodal protein expression lev-
els or localization induced by myelin pathology may con-
tribute to cognitive decline. Aside from modest axonal

loss, there is no current description of axonal changes that
can functionally account for the observed reduction in
cognitive ability. In this study, we determined the effects
of age on NaV channel, caspr, and Kv1.2 channel localiza-
tion and expression at nodes of Ranvier and the adjacent
paranodal and juxtaparanodal regions. In this report, we
used aged rat and monkey optic nerves as models for
age-related changes in myelin (Sandell and Peters, 2001)
to assess age-related alterations in these critical axonal
proteins. In the optic nerve, aging results in mislocaliza-
tion of Kv1.2 in paranodes and disorganization of para-
nodal proteins (e.g., caspr), in the presence of ultrastruc-
turally abnormal paranodes with extra paranodal loops.
Together these changes may underlie the axonal conduc-
tion failure presumed to account for age-related cognitive
decline.

MATERIALS AND METHODS

Materials

All chemicals and reagents were purchased from either
Sigma (St. Louis, MO) or American Bioanalytical, unless
otherwise noted. All antibodies used to label axonal re-
gions including and surrounding the node of Ranvier have
been previously described in detail and citations provided.
Appropriate controls performed in the absence of primary
antibody were performed to judge the ability of the anti-
bodies to label nodal, paranodal, and juxtaparanodal re-
gions (Supplemental Fig. 1). Antibodies used to identify
the region of the node include monoclonal anti-pan-NaV
(1:500 IF) generated against a conserved sequence present
in all vertebrate NaV1 isoforms (TEEQKKYYNAMKKLG-
SKK) and recognizing several bands of �250 kDa m.w.
corresponding to the various NaV isoforms expressed in
brain (Rasband et al., 1999). These antibodies robustly
label nodes of Ranvier and axon initial segments, regions
highly enriched in voltage-gated Na� channels. Monoclo-
nal anti-NaV1.2 (1:500 IF) and polyclonal anti-NaV1.2 (1:
200 IF) were generated against a unique peptide sequence
(CYKKDKGKEDEGTPIKE) in the NaV1.2 C-terminus
and recognize a single band of �250 kDa m.w. (Gong et al.,
1999). During early developmental myelination these an-
tibodies have been shown to label nodes of Ranvier (Boiko
et al., 2001). Monoclonal anti-NaV1.6 (1:600 IF) and poly-
clonal anti-NaV1.6 (1:500 IF) were generated against a
unique peptide sequence (CSEDAIEEEGEDGVGSPRS)
located in the large intracellular domain I–II loop of
NaV1.6 and recognizing a single band of �250 kDa m.w.
These antibodies robustly label mature nodes of Ranvier
and axon initial segments. Antibodies used to identify the
region of the paranode include polyclonal anti-caspr (1:
2,000 IB; Rasband et al., 2003), monoclonal anti-caspr IgG
(1:400 IF; Rasband and Trimmer, 2001), and monoclonal
anti-caspr IgM (neat IF; Schafer et al., 2004), all gener-
ated against a GST fusion protein containing the entire
cytoplasmic domain of caspr (Peles et al., 1997). Polyclonal
anti-Kv1.2 (1:500 IF, 1:2,000 IB) was generated against a
synthetic peptide (CGVNNSNEDFREENLKTAN) corre-
sponding to amino acids 463–480 of the Kv1.2 polypep-
tide. This antibody recognizes a prominent band of 98 kDa
m.w. and robustly labels the juxtaparanodal region of
myelinated nerve fibers (Rasband and Trimmer, 2001;
Rhodes et al., 1995). Monoclonal anti-CNPase, raised
against purified human brain CNPase and recognizing
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both the 48-kDa and the 46-kDa forms of CNPase
(MAB326; Chemicon, Temecula, CA; 1:2,000) was used as
a loading control for total myelin protein. We thank Dr.
James Trimmer for his generosity in providing antibodies.

Subjects

Twenty-two rhesus monkeys (Macaca mulatta) were ac-
quired from the colony of the Yerkes National Primate
Research Center. These monkeys were selected according
to strict critera, which excluded monkeys with health,
enviromental, or experimental histories that could affect
the brain or behavior. As summarized in Table 1, the birth
dates were known for all monkeys. Young monkeys are
defined as being between the ages of 4 and 10 years; old
monkeys were defined as being greater than 19 years of
age. After entry into the program, all monkeys were be-
haviorally tested on a battery of tasks assessing learning,
memory, and executive function as described below both
at the Yerkes National Primate Research Center and sub-
sequently at the Laboratory Animal Science Center at
Boston University School of Medicine. Both facilities are
fully accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC). All
animal protocols were approved by the Institutional Ani-
mal Care and Use Committees (IACUC) of both institu-
tions and complied with the guidelines of the National
Institutes of Health and the Institute of Laboratory Ani-
mal Resources Commission on Life Sciences’ Guide for the
Care and Use of Laboratory Animals.

At the conclusion of testing, all monkeys were deeply
anesthetized and then perfused through the heart with 4
liters of perfusate to ensure optimal preservation of the
brain. Three types of perfusate were used: 1) Krebs-
Heinseleit buffer, pH 7.4 (6.41 mM Na2HPO4, 1.67 mM
NaH2CO3, 137 mM NaCl, 2.68 mM KCl, 5.55 mM glucose,
0.34 mM CaCl2, 2.14 mM MgCl2); 2) 4% paraformaldehyde
(PF) in 100 mM Na2HPO4 buffer, pH 7.4; or 3) 1% PF and
1.25% glutaraldehyde in 100 mM Na2HPO4 buffer, pH 7.4
(see Table 1).

Tissue processing

For monkeys perfused with Krebs buffer, the brain was
quickly removed, weighed, dissected, and then flash-
frozen in –70°C isopentane, after which tissue was stored
at –80°C (Rosene and Rhodes, 1990) until used for mem-
brane preparation. For animals perfused with 4% PF, the
optic nerves were removed supraorbitally and cryopro-
tected stepwise in 20% and 30% sucrose and stored at
–20°C until sectioning for light microscopy. Optic nerves
from animals perfused with PF/glutaraldehyde were re-
moved and fixed further by immersion in cold 2% PF and
2.5% glutaraldehyde in 100 mM Na2HPO4 buffer, pH 7.4,
and cut into 2-mm segments. The segments were then
osmicated, dehydrated in ethanol, and embedded in
Araldite. Longitudinally oriented thin sections were taken
for electron microscopy, stained with uranyl acetate and
lead citrate, and examined in a JEOL 100 microscope.

The brains and optic nerves of Fischer 344 rats of vary-
ing ages were acquired from the NIA Aging Rodent Colo-
nies (more information on animal maintenance and tissue
processing is available at http://www.nia.nih.gov/
research/tissuebank.htm). Brains were dissected into left
and right hemispheres, flash frozen in liquid N2, and
stored at –80°C until use. Optic nerves were dissected and
fixed for 30 minutes in ice-cold 4% paraformaldehyde in
100 mM Na2HPO4 buffer, pH 7.4, cryoprotected stepwise
in 20% and 30% sucrose, and stored at –20°C until sec-
tioning.

Cognitive assessment of monkeys

Monkeys were tested on a battery of different tasks.
These included first acquisition of the delayed nonmatch
to sample task (DNMS-Acq), a test of rule learning. This
was followed by tests of DNMS with longer delay intervals
to assess recognition memory. Monkeys were then tested
on the delayed recognition span task (DRST), which is
given in both spatial and object modes and assesses work-
ing memory capacity. This was followed by a test of simple
attention and then acquisition of a three-choice discrimi-
nation task to assess associative learning. Finally, mon-
keys were tested on the cognitive set shifting task, an
analog of the Wisconsin card sort test, which assesses
executive function. The details of these tests have been
further described by Herndon et al. (1997) and Moore et al.
(2003). From the DNMS and DRST tasks, a composite
score for generalized cognitive ability, designated the cog-
nitive impairment index (CII), was derived based on
principal-components analysis of the scores of these tests
(Herndon et al., 1997). This analysis indicated that the
overall level of impairment was best predicted by a
weighted average of each subject’s standardized score on
each of three tests (DNMS acquisition; DNMS, at a
2-minute delay; and the spatial condition of the DRST,
spatial). Raw scores were standardized (converted to z
scores) on each task with a reference group of 40 young
adults (5–10 years of age). The CII was then computed as
a simple average of the three standardized scores adjusted
so that positive numbers indicate increasing levels of im-
pairment relative to the reference group of young adults.

Membrane preparation and immunoblotting

Membrane preparation and immunoblotting were per-
formed as described previously (Rasband and Trimmer,
2001). In brief, left hemispheres of rat brains and dis-

TABLE 1. Monkey Subjects Used in Study

AM ID Age (years) Tissue used

121 30.29 Optic nerve
149 19.84 Optic nerve
159 19.81 Optic nerve
161 19.19 Optic nerve
162 22.36 Optic nerve
177 20.97 Optic nerve
179 23.67 Optic nerve
180 29.61 Optic nerve
128 7.93 Optic nerve
188 6.54 Optic nerve
531 9.53 Optic nerve
651 32.48 Optic nerve
911 31.08 Optic nerve
411 31.50 Optic nerve
1602 20.68 Optic nerve/corpus callosum
1272 7.38 Optic nerve/corpus callosum
1482 7.35 Optic nerve/corpus callosum
1632 10.17 Optic nerve/corpus callosum
1642 24.56 Optic nerve/corpus callosum
1652 22.63 Optic nerve/corpus callosum
1312 6.68 Optic nerve/corpus callosum
1262 21.0 Optic nerve/corpus callosum

1Animal was perfused with 1.25% glutaraldehyde/1.0% paraformaldehyde, and tissue
was used for electron microscopy. All other animals were perfused with 4% parafor-
maldehyde, and tissue was used for light microscopy.
2Animal was perfused with Krebs buffer, and tissue was used for immunoblot studies.
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sected monkey brain areas were weighed and homoge-
nized on ice in 1 ml/100 mg tissue of 320 mM sucrose in 5
mM Na2HPO4 buffer, pH 7.4, with 2 �g/ml aprotinin, 1
�g/ml leupeptin, 10 �g/ml benzamidine, and 0.5 mM phe-
nylmethylsulfonyl fluoride (PMSF), by using 10 strokes of
a drill homogenizer. Homogenates were spun at 489g
(2,500 rpm in SS-34 rotor) for 10 minutes at 4°C, and
brain membranes were collected by centrifugation at
25,000g (18,000 rpm in SS-34 rotor) for 90 minutes at 4°C.
The resulting pellet was resuspended in a small volume of
buffer and stored at –80°C until use. Protein concentra-
tions were determined by BCA analysis (Pierce, Rockford,
IL). Samples representing 30–50 �g total protein were
diluted in sample buffer (Laemmli, 1970), analyzed by
SDS-PAGE, and transferred to PVDF membranes (Milli-
pore, Bedford, MA). Blots were blocked for 1 hour in 5%
nonfat milk prepared in 10 mM Tris-HCl, pH 8.0, 150 mM
NaCl, and 0.05% Tween-20 (TBST) at room temperature
(RT). Primary antibody dilutions were prepared in milk as
indicated in Materials and Methods. Depending on pri-
mary antibody type, antibody/antigen complexes were
identified by peroxidase-linked goat anti-mouse IgG or
goat anti-rabbit IgG (1:10,000; KPL) and visualized by
using the ECL system (Amersham Biosciences, Arlington
Heights, IL).

Immunofluorescence

Monkey and rat optic nerve tissue was sectioned on a
Hacker/Brights cryostat at 6 �m and thaw-mounted on 1%
gelatin-coated slides, rapidly dried, and stored at –80°C
until immunostaining. Nonspecific staining was blocked
by incubation in 10% normal goat serum in 100 mM
Na2HPO4 buffer, pH 7.4, with 0.3% Triton X-100
(PBTGS). All antibody preparations were diluted in
PBTGS as indicated in Materials and Methods, and all
incubations were performed at RT. Appropriate Alex-
aFluor (Molecular Probes, Eugene, OR) secondary anti-
bodies were selected according to immunoglobulin isotype.

Quantification and statistical analysis

To quantify mislocalized paranodal Kv1.2, we used NaV/
Kv1.2 double-stained sections, stained simultaneously to
control for batch variability; the region representing the
paranode, marked by the abrupt decrease in Kv1.2 label-
ing and the clear labeling of nodal NaV, was outlined in
OpenLab 3.1.2 software. Roughly 100 paranodes were se-
lected for quantification per animal, the only criterion for
selection being that the paranodal segment was entirely
within the plane of section being imaged. With a constant
400-msec camera exposure time, the pixel intensity of
Kv1.2 staining in each outlined paranodal segment was
measured. A ratio of Kv1.2 pixel intensity per unit area
was generated for each measured paranodal segment and
plotted as a function of age. In all cases, repeated para-
nodal measurements were taken from multiple sections
from both left and right optic nerves from each animal in
the study. Statistical significance was determined by us-
ing a Student’s t-test, with P � 0.05 considered significant.

Digital image production

Microscopic images were acquired with a digital CCD
camera affixed to a Zeiss Axiovert 200M microscope pow-
ered by OpenLab 3.1.2. Single-channel fluorescent images
were exported into Adobe Photoshop 6.0, in which image
histogram adjustments were made equally to reduce con-

tribution of background fluorescence. Images were
cropped, calibrated, and resized for presentation.

RESULTS

Nodal NaV isoforms do not change with age

Previous reports have indicated that, upon myelination,
optic nerve axons switch from expressing NaV1.2 at nodes
to NaV1.6 (Boiko et al., 2001), and there is evidence that in
the CNS intact paranodes are required for NaV1.6 reten-
tion at mature nodes (Rios et al., 2003; Suzuki et al.,
2004). Initially, we hypothesized that age-related changes
in myelin might affect the NaV isoform expressed in axons,
inducing a reversal back to NaV1.2 localization at nodes in
at least a subset of axons. However, all identifiable nodes
in optic nerve sections from both young (4 months old) and
old (28 months old) Fischer 344 rats were negative for
NaV1.2 staining, labeled with monoclonal antibodies di-
rected against NaV1.2 (Fig. 1A,C, arrows), although they
were were labeled clearly with NaV1.6 (Fig. 1B,D, arrows).
NaV1.2 staining was obtained in the axonal initial seg-
ment of a hippocampal neuron (Fig. 1E). Furthermore, few
abnormalities in nodal structure, such as wide nodes or
binary nodes, were noted in aged rats or monkeys. Age-
related changes in myelin appear to have minimal effects
on the expression or organization of NaV channels at
nodes of Ranvier.

Kv1.2 increases in paranodal regions
with age

Sections of monkey optic nerve immunostained for
nodal NaV and juxtaparanodal Kv1.2 revealed an age-
related increase in the number of axons with Kv1.2 abnor-
mally localized to the paranodal region (Fig. 2A–F, arrows
point to paranodes). Although the presence of Kv1.2 in
paranodal regions was highly variable, it was most nota-
ble in larger caliber axons. Immunostaining of monkey
optic nerve sections with paranodal caspr and Kv1.2 con-
firmed localization of Kv1.2 to the paranode in animals of
increasing age (Fig. 2G–I, arrows). Within individual
paranodes, in many instances it appeared that Kv1.2 was
detected in regions with minimal caspr staining, support-
ing the idea that the localization of the two molecules is
mutually exclusive.

To quantify the changes in localization of Kv1.2, we
measured pixel intensity within selected paranodal re-
gions in monkey optic nerve as a function of age and in
relationship to cognitive impairment. Ratios of pixel
intensity/unit area (paranodal density of Kv1.2) were
measured and plotted as a function of age (Fig. 3A). Cu-
mulative averages of pixel intensity/unit area from young
subjects vs. old are presented in Figure 3B and were
significantly different as indicated. On the assumption
that the optic nerve provides a model for changes through-
out the forebrain, we attempted to correlate the age-
related increase in paranodal Kv1.2 density with results
from behavioral testing of monkeys. These results were
suggestive but did not produce any statistically significant
results.

Caspr staining reveals altered paranodal
appearance with age

In addition to confirming the age-related paranodal lo-
calization of Kv1.2, double immunostaining of monkey
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optic nerve sections with caspr (red) and Kv1.2 (green)
revealed abnormalities in paranodal structure (Fig. 4).
The characteristic compartmentalization of paranodal
caspr and juxtaparanodal Kv1.2 as seen in young animals
(Fig. 4A) was frequently disrupted in aged animals, re-
sulting in the irregular-appearing paranodes pictured
(Fig. 4B–D, arrows). Individual labels for caspr and Kv1.2
highlight the normal paranodal organization seen in
young monkeys (Fig. 4E,F) and the disrupted compart-
mentalization in the paranodal region encountered with
age (Fig. 4G,H). These paranodes had a highly variable
size and shape compared with those of the young, often
appearing longer and extending much farther along the
axolemma than would be expected. This staining ap-
peared different than the spiral of caspr staining, which
can be visualized in confocal images of intact paranodes in
the sciatic nerve (Arroyo et al., 2001). The significance of
these abnormalities in paranodal regions is not known but
may reflect a breakdown of the normal paranodal axoglial
junction.

Changes in node of Ranvier organization in
aging rats

To confirm observations of age-related molecular reor-
ganization noted in the monkey, similar studies were car-
ried out using Fischer 344 rats of varying ages (4, 18, 24,
and 28 months). In these animals, paranodes showed in-
creasing axonal disorganization with age in the same
fashion observed in the monkey, indicated here by caspr
(green) and Kv1.2 (red) double staining (Fig. 5A–D). Dou-
ble immunofluorescence for Kv1.2 (green) and NaV (red)
revealed an age-dependent increase in the paranodal lo-

calization of Kv1.2, which became apparent in 24- and
28-month-old animals, although it was only occasionally
present at 18 months (Fig. 5E–H, arrow). Double immu-
nofluorescence for caspr (green) and Kv1.2 (red) demon-
strated age-related abnormalities in the maintenance of
the paranodal–juxtaparanodal junction (Fig. 5I–L, arrow).
In some instances, caspr and Kv1.2 signals were seen to
colocalize, and in virtually all large-caliber axons in aged
rats, the usually distinct separation of caspr-positive
paranodes and Kv1.2-positive juxtaparanodes seen in
young rats (Fig. 5I) was absent. Unlike the presence of
paranodal Kv1.2, these abnormalities in caspr staining
were present in rats beginning at 18 months and included
the majority of paranodes by 28 months.

Kv1.2 expression levels remain constant
with age

Immunoblot analyses of membrane fractions of axon-
rich monkey tissues, including the optic nerve and corpus
callosum, indicate that Kv1.2 levels do not change with
age (Fig. 6A,B, upper panels). This suggests that the in-
creased detection of Kv1.2 in paranodal regions with age is
a change in protein localization, not increased expression.
Thus, paranodal Kv1.2 most likely occurs focally in indi-
vidual axonal regions most affected by myelin damage.
This result is consistent with observations in knockout
mice (caspr2, caspr, contactin, etc.) demonstrating in-
creased paranodal Kv1.2 in the presence of myelin abnor-
malities.

In the monkey optic nerve and corpus callosum, there
also appeared to be no change in caspr levels with age
(Fig. 6A,B, middle panels). However, there was an ap-

Fig. 1. Nodal NaV isoforms do not change with age. Labeling for
NaV1.2 and NaV1.6 expression at nodes was examined in 6-�m sec-
tions of 4-month-old (A,B) and 28-month-old (C,D) rat optic nerve by
using monoclonal anti-NaV1.2 antibodies and polyclonal NaV1.6 anti-
bodies. NaV1.2 expression is absent in both age groups (arrows, A,C),

although NaV1.6 expression is abundant at nodes in young and old
rats (arrows, B,D). NaV1.2 staining was obtained in the axon initial
segment of a rat hippocampal neuron (E). Scale bar � 2 �m in A
(applies to A–D); 10 �m in E.
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preciable level of variability from animal to animal in
caspr levels, particularly in optic nerve samples, pre-
sumably a result of the variable number of paranodes
present in each sample. This may also be an indication
of age-related axon loss, which has been documented in
the optic nerve but not in the corpus callosum (Peters
and Sethares, 2002; Sandell and Peters, 2001). In addi-
tion to caspr, a high-molecular-weight band (�300 – 400
kDa) was detected with the caspr polyclonal antibody
and was most consistently detected in samples from
aged animals (Fig. 6A, arrowhead). This high-
molecular-weight band immunoreactive for caspr most
likely represents SDS-stable aggregates of contactin
and caspr (unpublished data). The significance of the
increase in this band with age is unclear. Immunoblots
for the myelin protein CNPase served as loading con-
trols for total protein in this preparation (Fig. 6, lower
panels).

Comparative analysis of membrane fractions isolated
from entire rat brain hemispheres also demonstrated that
Kv1.2 levels do not change with age (Fig. 6C, upper panel).
Immunoblots for caspr (Fig. 6C, middle panel), however,
indicated a subtle, age-dependent increase in this mole-

cule as well as the detection and age-related increase in a
high-molecular-weight band similar to that observed in
the monkey (Fig. 6C, arrowhead). Increases in caspr were
not observed in monkey tissues; however, this result in the
rat is reflective of changes occurring in the entire CNS
rather than in specific sites such as the optic nerve and
corpus callosum and may be indicative of an overall in-
crease in paranodes resulting from attempts at remyeli-
nation or result from caspr expression other than that in
the axon.

Variations in paranodal ultrastructure
with age

Longitudinal sections of monkey optic nerve tissue
examined with the electron microscope reveal two dif-
ferent populations of paranodes. Sections from young
animals all show the normal arrangement of paranodal
loops of the myelin sheath, in which all of the paranodal
loops come into contact with the axon (Fig. 7A). In aged
animals, most of the paranodes also appear normal (Fig.
7B) and have identifiable transverse bands (Fig. 7C,
arrow). However, in old monkeys, some of the paranodes
of thick myelin sheaths are abnormal (Fig. 7D), in that

Fig. 2. Paranodal Kv1.2 staining increases with age. NaV (red) and
Kv1.2 (green) expression were analyzed in 6-�m sections of monkey
optic nerve in 7.9-year-old (A), 19.8-year-old (B), and 30.3-year-old (C)
animals. Kv1.2 localization in paranodal regions was absent in young
paranodes (D, arrow) but easily detected in paranodes from older

animals (E,F, arrow). Double staining with caspr (red) and Kv1.2
(green) confirmed the paranodal localization of Kv1.2 in older animals
compared with young (G–I, arrow). Scale bars � 10 �m in A–C; 2 �m
in I (applies to D–I).
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profiles of the paranodal loops are piled atop one an-
other. Consequently, some of the paranodal loops (as-
terisks in Fig. 7D), ones arising from the outer lamellae
of the myelin sheaths, fail to reach the axolemma.

DISCUSSION

Age-dependent changes in myelin structure and compo-
sition have been proposed to contribute to age-related
cognitive decline (Peters, 2002; Sloane et al., 2003). What
effect these changes have on axonal integrity and neuro-
nal function is not known, but it is presumed that myelin
changes alter conduction velocity and thus slow the inter-
neuronal connectivity required for higher level cognitive
function. The data described here indicate that age-
related changes in myelin do indeed result in alterations
in the molecular architecture at the node of Ranvier,
which may have functional consequences. The partial mis-
localization of Kv1.2 into paranodal regions and the dis-
organized pattern of caspr staining in both older rats and
older monkeys suggest that axonal function at the node
may be compromised with age.

The ultrastructural changes in internodal myelin with
age include such phenomena as splitting at the major
dense line to accommodate electron-dense cytoplasm,
splitting of the intraperiod line to produce fluid-filled bal-
loons, increased occurrence of sheaths with redundant
myelin resulting in sheaths too large for the enclosed
axon, and some unusually thick myelin sheaths (Peters,
2002; Peters et al., 2001). It appears to be these thick
sheaths that give rise to the paranodes with piled-up
paranodal loops. Similar piled-up paranodes have been
reported in electron microscopic analysis of 31-month-old
rats, in which some of the paranodal loops also fail to
reach the axon and do not show junctional specialization
(Sugiyama et al., 2002). Molecular reorganization at the
paranode should in theory coincide with ultrastructural
change, insofar as one function of this region is to facili-
tate NaV clustering and node formation; however, the
axon–glia interactions are not completely understood.
Thus, the present study examines only one proposed com-
ponent of the paranodal axoglial complex, and changes in
caspr localization may not manifest at the ultrastructural
level. This idea is supported in part by Sugiyama et al.

Fig. 3. Quantification of age-related increase in paranodal Kv1.2.
Kv1.2 pixel intensity/unit area in paranodal regions plotted as a
function of age (A). Paranodal regions with elevated Kv1.2 density

increase with age. Grouped analysis of the average paranodal density
of Kv1.2 demonstrates a statistically significant difference with age
(B).

Fig. 4. Caspr staining reveals altered paranodal structure with
age. Paranodal structure was examined in 6-�m sections of monkey
optic nerve in young (A) and old (B–D) animals by staining for Kv1.2
(green) and caspr (red). Paranodes in young animals have the char-
acteristic compartmentalization of paranodal caspr (E) and jux-
taparanodal Kv1.2 (F). In older animals, paranodes with irregular
separation of caspr (G) and Kv1.2 (H) appear more frequently (arrows
in B–D). Scale bar � 1 �m (applies to all panels).
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Fig. 5. Paranodal Kv1.2 and irregular paranodes increase in Fi-
scher 344 rats of increasing age. Paranodal integrity was examined in
6-�m sections of optic nerve from 4-month-old (A,E,I), 18-month-old
(B,F,J), 24-month-old (C,G,K), and 28-month-old rats (D,H,L) by
double immunofluorescence for either caspr (green) and Kv1.2 (red;

A–D, I–L) or NaV (red) and Kv1.2 (green; E–H). With age, Kv1.2
became detectable in the paranodal region (E–H), whereas caspr
paranodal profiles appeared increasingly irregular (arrows, I–L).
Scale bars � 2 �m in D (applies to A–D); 1 �m in H (applies to E–L).
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(2002), who report a profound loss of the 21.5-kDa isoform
of myelin basic protein (MBP) together with subtle
changes in paranodal structure.

The splitting of myelin sheaths in internodal myelin
and the presently described paranodal alterations, partic-
ularly alterations in caspr localization, a known partici-
pant in the paranodal septate-like junction (Einheber et
al., 1997), suggest an age-related deficiency in the ability
of myelin to maintain adhesive junctions. Detailed analy-
ses on the turnover of proteins involved in adhesive junc-
tions and signaling complexes, particularly those in mye-
lin, are scarce. The turnover of other myelin proteins, such
as MBP and proteolipid protein (PLP), has been reported
in the range of 40–100 days (Fischer and Morell, 1974;
Sabri et al., 1974) and is 40% of the rate of whole brain
(Lajtha et al., 1977), indicating a slow turnover. There-
fore, maintenance of these complexes over time may
present a unique challenge for myelin and the oligoden-
drocyte.

Implications of paranodal Kv1.2

Voltage-gated, Shaker-type delayed rectifying K� chan-
nels, such as Kv1.1, Kv1.2, and Kv1.4, expressed along the
length of myelinated axons, normally localize to the jux-
taparanode beneath internodal myelin sheaths (Chiu and
Ritchie, 1980; Wang et al., 1993). The physiologic function
of these heteromultimeric channels is not entirely clear.
During peripheral nervous system (PNS) development,
Kv1 channels localize in the nodal and paranodal regions
and reduce the duration and refractory period of the ac-

tion potential (Vabnick et al., 1999). Application of
4-aminopyridine (4-AP), a Kv channel antagonist, to my-
elinated fibers in the CNS increases the amplitude and
duration of the action potential (Devaux et al., 2002),
whereas application of 4-AP to myelinated fibers in the
PNS has no effect on conduction (Rasband et al., 1998).
Under varying conditions of demyelinating injury and re-
myelination, Kv1 channels can mislocalize into paranodal
and nodal regions, and the application of 4-AP restores
conduction (Bostock et al., 1981; Nashmi et al., 2000;
Rasband et al., 1998; Targ and Kocsis, 1985, 1986), sug-
gesting that mislocalized Kv1 channels may stabilize
membrane voltage at the K� equilibrium potential (Ras-
band, 2004), which would serve to impede action potential
conduction (Chiu, 1991). Kv1.1 and Kv1.2 mislocalize into
the paranode in contactin-, caspr-, and cgt-null mice, and
these animals all demonstrate slowed action potential
conduction, which is at least partially rescued by 4-AP
(Bhat et al., 2001; Boyle et al., 2001; Dupree et al., 1998).
Although in the work presented here the effect of paran-
odal Kv1.2 on conduction in the optic nerve was not as-
sessed, studies of transcallosal evoked compound action
potentials, measured in monkeys from the same popula-
tion as in this study, indicate a decrease in amplitude of
the P1 wave (fastest, myelinated fibers) with age (Rosene
and Luebke, unpublished results), suggesting that con-
duction abnormalities do exist elsewhere in the aged CNS.

What effect the application of 4-AP would have on nerve
conduction in aged monkeys is not clear. The effects of
mislocalized Kv channels in normal aging may constitute

Fig. 6. Kv1.2 protein levels do not change with age. Immunoblot
analysis of membrane fractions isolated from monkey optic nerve (A),
corpus callosum (B), and rat brain hemispheres (C) for Kv1.2 (upper
panels) and caspr (middle panels) demonstrated no change in cumu-
lative levels of nodal proteins with age. SDS-insoluble caspr-

immunoreactive aggregates (arrowheads in A,C) did show some vari-
ation with age, particularly increasing in aged rat brain. Kv1.2
aggregates can also be detected. CNP (lower panels) levels were
included as a loading control for myelin protein.
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pathogenic and/or compensatory processes. Although in-
hibiting action potential propagation might seem counter-
productive to neuronal function, in the case of aging, para-
nodal localization of Kv1 channels might recapitulate
events of early development (Vabnick et al., 1999) and
dampen the hyperexcitability of nerve fibers with dam-

aged myelin, in exchange for increased axonal longevity
and preserving cognitive performance. Indeed, increased
action potential firing rates of pyramidal neurons in the
prefrontal cortex of aged monkeys have been reported, and
an intermediate increase in firing rate correlates with
cognitive performance (Chang et al., 2004). However, the

Fig. 7. Electron microscopy of paranodal segments in monkey
optic nerve. In young monkeys (A; AM53 shown here), the paranodal
loops reach the axon membrane in an orderly progression, and the
paranodal loop from the outermost lamella of the sheath is nearest to
the node (N). Most paranodes in old monkeys (B; AM91) are similar to
the young, with all the paranodal loops abutting the axon membrane
and the outermost lamella being nearest to the node. High magnifi-

cation of the paranodal region from a 30-year-old animal (C; AM65)
shows the septate junctions (arrow) between the paranodal mem-
brane and the axolemma. Some paranodes of thick myelin sheaths in
older animals (D; AM41) demonstrate paranodal loops that appear to
be piled up, so that some loops arising from the outer lamellae of the
sheath (asterisks) do not reach the axon. Scale bar � 1 �m in A
(applies to A,B,D); 0.4 �m for C.
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long-term axonal effects of inhibiting Kv1 channels with
4-AP have not been studied.

We investigated possible relationships between age-
related changes in Kv channels in the optic nerve and
behavioral impairments, but it is clear the behavioral
changes must reflect more central changes in the CNS.
Hence, the lack of strong statistically significant correla-
tions between paranodal Kv1.2 in axons of the optic nerve
and global assessments of CNS behavior is not necessarily
surprising. However, if Kv1.2 is mislocalized to paranodes
throughout the aging CNS, as it is in the optic nerve, then
it is likely that mislocalized paranodal Kv1.2, rather than
simply indicating myelin damage, may alter conduction
properties. Future studies examining changes in nodal
organization, electrophysiology, and cognitive perfor-
mance in the same animal in cognitively relevant tissues
are an attractive frontier.

Maintenance of nodal NaV integrity with age

The lack of compact myelin structure in the Shiverer
optic nerve results in diffuse NaV1.2 expression with few
nodal profiles and little expression of NaV1.6 (Boiko et al.,
2001). Sodium channel clustering is also altered in multi-
ple sclerosis, and dispersion of sodium channels through-
out the length of demyelinated axons is thought to restore
conduction and account for clinical remissions (Felts et al.,
1997; Waxman, 2001). These studies suggested to us that
the myelin changes incurred with aging might also alter
sodium channel clustering. Despite this evidence, no sig-
nificant change with age in either NaV expression or nodal
structure could be detected in the rat optic nerve. Unfor-
tunately, similar data for the monkey do not exist, because
monkey-specific antibodies for some NaV isoforms are not
available. The absence of an age-related change in NaV
channel expression is not necessarily surprising, consid-
ering the vital role of NaV clusters in conduction. It ap-
pears that, even in the face of age-related paranodal al-
terations, nodal structure and NaV channel integrity
remain intact, suggesting that additional mechanisms ex-
ist to regulate NaV over time and that any age-related
changes in conduction are the result of alterations in other
ion channels, such as Kv1.2.

Axon vs. myelin changes, which comes first?

One question that remains unanswered is whether my-
elin changes lead to axonal modifications or the reverse is
true. Our understanding of the axoglial relationship is
changing daily, although the relationship appears fairly
reciprocal. Mice with myelin lipid abnormalities (cgt- and
cst-null mice) show axonal alterations similar to those of
mice lacking neuronally expressed caspr and contactin
(Boyle et al., 2001; Dupree et al., 1998; Ishibashi et al.,
2002; Rios et al., 2003). Likewise, Cnp1-null mice lack-
ing the exclusively oligodendrocyte-expressed enzyme
CNPase show evidence of neurodegeneration and axonal
swelling (Lappe-Siefke et al., 2003), suggesting evidence
of intimate axoglial cross-talk. Perturbations in the bio-
chemical composition of myelin are known to occur in
middle-aged monkeys (Sloane et al., 2003) prior to any
evidence of cognitive impairment. In studies of the ante-
rior commissure of the rhesus monkey, myelin abnormal-
ities appear to precede evidence of axon loss (Sandell and
Peters, 2003), suggesting that whatever abnormalities ex-
ist in nerve fibers with age are a result of myelin pertur-
bations. The in vivo use of new advances in gene expres-

sion control, such as RNAi, has the potential to address
this question by altering single gene expression in a fully
formed system of nodes. Whichever proves antecedent,
axonal change or myelin, understanding molecular reor-
ganization in the region of the node has the potential to
clarify mechanisms of age-related cognitive decline.
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