
INTRODUCTION

Ion fluxes in mammalian myelinated axons are restricted to the
nodes of Ranvier, where, in particular, voltage-gated Na+

channels are clustered at a high density. This organization
accelerates nerve impulse propagation with reduced energy and
an efficient employment of space. The nodes of Ranvier are
separated from the internodes by two distinct domains of
the axolemma: the paranodal axoglial junctions and the
juxtaparanodal regions (Salzer, 1997). Each of these domains
is characterized by the presence of specific protein complexes.
Levels of Na+ channels, ankyrin G and cell adhesion molecules
(e.g. NrCAM and 186 kDa neurofascin) are highly enriched at
the nodes (Peles and Salzer, 2000). At the level of the
paranodes, oligodendrocytes are anchored to axons through
septate-like junctions that are characterized by the enrichment
of paranodin/contactin-associated-protein (Caspr; Nrxn4 –
Mouse Genome Informatics), an axonal glycoprotein
associated with contactin (Einheber et al., 1997; Menegoz
et al., 1997; Rios et al., 2000). Shaker-type K+ channels are
clustered in the juxtaparanodal regions (Wang et al., 1993) in
association with Caspr2 (Poliak et al., 1999). In spite of the
recent progress in the identification of the protein complexes

that are present along the axonal membrane, the molecular
mechanisms leading to their asymmetric distribution are not
well understood in the CNS (Rasband and Shrager, 2000;
Salzer, 1997; Trapp and Kidd, 2000).

In the rodent CNS, the onset of myelination coincides with
the clustering of voltage-dependent Na+ channels at the
developing nodes of Ranvier (Rasband et al., 1999a). In vitro,
oligodendrocytes appear to secrete a soluble factor responsible
for the formation of Na+ channels and ankyrin G clusters
(Kaplan et al., 1997), indicating that cluster formation may not
require a direct axoglial contact. By contrast, in vivo studies
suggest that paranodal contacts are required for the clustering
of Na+ and K+ channels (Rasband et al., 1999b). It has been
proposed that paranodal junctions play a central role in the
organization of nodal regions (Rasband and Shrager, 2000;
Trapp and Kidd, 2000). Interestingly, however, in galactolipid-
deficient mice (Cgt–/– mice; Ugt8–/– – Mouse Genome
Informatics), which display abnormal paranodal axoglial
junctions, paranodin is diffusely distributed along the axon. In
these mice, the location of K+ channels clusters is altered,
whereas Na+ channels are less affected (Dupree et al., 1999). 

To analyze the implication of oligodendrocytes in the
formation of nodal domains, we used two dysmyelinating
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The membrane of myelinated axons is divided into
functionally distinct domains characterized by the
enrichment of specific proteins. The mechanisms
responsible for this organization have not been fully
identified. To further address the role of oligodendrocytes
in the functional segmentation of the axolemma in vivo,
the distribution of nodal (Na+ channels, ankyrin G),
paranodal (paranodin/contactin-associated-protein) and
juxtaparanodal (Kv1.1 K+ channels) axonal markers, was
studied in the brain of MBP-TK and jimpy mice. In MBP-
TK transgenic mice, oligodendrocyte ablation was
selectively induced by FIAU treatment before and during
the onset of myelination. In jimpy mice, oligodendrocytes
degenerate spontaneously within the first postnatal weeks
after the onset of myelination. Interestingly, in MBP-TK
mice treated for 1-20 days with FIAU, despite the ablation

of more than 95% of oligodendrocytes, the protein levels of
all tested nodal markers was unaltered. Nevertheless, these
proteins failed to cluster in the nodal regions. By contrast,
in jimpy mice, despite a diffused localization of paranodin,
the formation of nodal clusters of Na+ channels and
ankyrin G was observed. Furthermore, K+ channels
clusters were transiently visible, but were in direct contact
with nodal markers. These results demonstrate that the
organization of functional domains in myelinated axons is
oligodendrocyte dependent. They also show that the
presence of these cells is a requirement for the maintenance
of nodal and paranodal regions. 
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mutant animals, the MBP-TK (Mathis et al., 2000) and the
jimpy mice (Sidman et al., 1964). In these animals, severe
oligodendrocyte alterations occur at different stages during the
postnatal period. Ablation of oligodendrocytes in the CNS
either before or during the onset of myelination was induced
by treating MBP-TK mice with FIAU, a nucleoside analogue
(Mathis et al., 2000). In jimpy mice, delayed oligodendrocyte
damage and death occurs spontaneously during the first
postnatal weeks (Knapp et al., 1986; Meier and Bischoff, 1974;
Vermeesch et al., 1990). The analysis of these two mutants
reveals the essential, but distinct roles of oligodendrocytes in
the formation and maintenance of both the nodes of Ranvier
and the adjacent paranodal regions.

MATERIALS AND METHODS

Animals
Transgenic mice used in this study were generated as described
(Mathis et al., 2000). All transgenic and wild-type control
animals were obtained by mating heterozygous MBP-TK females
with C57BL6 males. For each experiment, siblings were treated
with the nucleoside analog, FIAU (1-(2-deoxy-2-fluoro-β-δ-
arabinofuranosyl)-5-iodouracil). Treatments were performed with
daily subcutaneous injections of FIAU (40 mg/kg) in phosphate-
buffered saline (PBS) as described (Mathis et al., 2000). 1-20d, 1-6d
and 6-20d refers to the treatment protocols used. For each of these
treatments, animals were killed at 21 days. Genotyping was performed
as previously described (Mathis et al., 2000). jimpymutant mice were
generated by mating heterozygous females with wild-type males.
Mice were sacrificed at 15 (P15) or 21 (P21) days after birth. Wild-
type littermates were used as controls. 

Immunohistology
Wild-type and MBP-TK-treated animals were killed and their brains
were directly embedded in OCT (Tissue-Tek) and frozen in dry ice.
Sagittal sections (10 µm) were cut on the cryostat, thaw-mounted onto
gelatin-coated slides and stored at –80°C until immunofluorescence
experiments were performed. The sections were post-fixed in formalin
solution (Sigma) for 15 minutes, or methanol/acetone (50/50 vol/vol
at –20°C), for labeling with ankyrin G antibodies, and pre-incubated
for 1 hour in 5% normal goat serum (Vector Laboratories), 0.05%
Tween 20 in PBS at room temperature, followed by incubation with
primary antibodies (at the appropriate dilution) at 4°C overnight. Slides
were then incubated for 1 hour with the secondary antibodies. Primary
antibody dilutions were: rabbit anti-paranodin SL51 (1:1000-1:4000)
(Menegoz et al., 1997), mouse anti-Kv1.1 α-subunit (1:100, Upstate
Biotechnology), mouse anti-ankyrin G (1:100-1:500, Zymed
Laboratories), mouse anti-Na+ channel PAN (1:100, Sigma), rabbit
anti-Na+ channel (1:100, a gift from Dr R. Levinson, Colorado
University Health Science Center) and mouse anti-MBP (67-74)
(1:1500, Chemicon). Goat anti-rabbit IgG conjugated with Alexa Fluor
594, and goat anti-mouse conjugated with Alexa Fluor 488 (Molecular
Probes) were used at a dilution of 1:600, and goat anti-rabbit IgG
conjugated with FITC (Silenus) was used at a dilution of 1:200.
Double-immunolabeling with anti-MBP and anti-paranodin antibodies
was performed on brain sections fixed in Bouin solution and embedded
in paraffin. Before incubation with the antibodies, paraffin was
removed and the brain sections were re-hydrated. Immunolabeled
sections were examined with a conventional microscope (Zeiss
Axiophot) or with a confocal microscope (DMRE Leica). Controls
were always performed by omitting the primary antibodies. 

Immunoblot analysis
Brains from chronically treated (1-20d) wild-type and MBP-TK mice

were rapidly dissected and put in liquid nitrogen. Tissues were
homogenized in 1 ml of lysis buffer (5 mM EDTA, 10 mM Tris pH
7.5, 1% SDS, 5 µg/ml PMSF, 1 mM NaF, 1 mM Na3VO4, 1 µg/ml
leupeptin, 1 µg/ml aprotinin). Protein concentrations of the lysates
were determined by the Micro BCA method (Pierce Chemical,
Rockford, IL). Protein extracts were separated by SDS/PAGE and
transferred to nitrocellulose membrane. Each lane was loaded with 10
µg (for paranodin) or 30 µg (for K+ and Na+ channels) of protein
extracts. Blots were blocked in 3% skim milk in 1× PBS, 0.02%
Tween 20, and incubated overnight with primary antibodies. Primary
antibodies were used at the following dilutions: rabbit anti-paranodin
SL51 1:2000, mouse anti-Kv1.1 α-subunit 1:1000 (Upstate
Biotechnology) and mouse anti-Na+ channel PAN 1:1000 (Sigma).
Blots were then incubated with either horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (1: 10000) or HRP-conjugated horse
anti-mouse IgG (1:10000). Signals were developed in enhanced
chemiluminescence (ECL) western blotting detection reagents
(Amersham, UK). Quantification of each immunoblot was performed
by scanning autoradiographs with an imaging densitometer apparatus
(BioRad) and by measuring band intensity using the molecular analyst
software (BioRad). The level of protein extracts loaded in each lane
was controlled by staining the blots with Ponceau Red (Sigma). The
reported results were obtained by the analysis of animals from three
different experiments. Protein extracts from both genotypes were
always concomitantly analyzed on the same gel.

Quantification of nodal elements
Immunolabeled brain cryosections from wild-type and MBP-TK mice
treated with different schedules of FIAU injections (1-20d, 1-6d, 6-
20d) were used to count the number of binary or single paranodes
(paranodin-positive) as well as the number of ankyrin G, Na+ and
K+ channel clusters. Quantification was performed in the corpus
callosum. Anatomically matched brain sections of wild-type and
MBP-TK siblings identically treated were taken for this
quantification. The number of random fields of view (FOV=1000
µm2) examined varies between 50 and 200. Statistical analysis was
performed by ANOVA. Values represent mean±s.e.m. Statistical
significance was assessed by post-hoc analysis (Fisher’s test).

RESULTS

The nodal clustering of axonal proteins disappears
in the absence of oligodendrocytes
To trigger specific oligodendrocyte cell death at different stages
of development, we used MBP-TK mice. In these mice, the
myelin basic protein (MBP) gene promoter drives the expression
of a toxigene, the herpes virus thymidine kinase (Borrelli et al.,
1988). This transgene is not toxic by itself, unless the transgenic
animals are treated with a nucleoside analog, such as FIAU
(Borrelli et al., 1988). Using different schedules of FIAU
treatment, we have been able to induce various degrees of
dysmyelination in the CNS of MBP-TK mice (Mathis et al.,
2000). We used this model system to study how the distribution
of axonal proteins, normally localized in the node of Ranvier,
are affected by the loss of oligodendroglial signals.
Immunohistological analyses were performed on brain sections
from MBP-TK and wild-type littermates, both chronically
treated with FIAU from postnatal day 1 to 20 (1-20d). We have
previously shown that this treatment results in a 95% reduction
of oligodendrocytes and consequently of MBP expression in
MBP-TK mice compared with wild-type siblings (Mathis et al.,
2000). In order to analyze nodal organization in myelinated
axons, we used four specific antibodies against axonal
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proteins that are normally enriched in paranodes (paranodin),
juxtaparanodal regions (Kv1.1, shaker-type K+ channels), or
nodes of Ranvier (voltage-gated Na+ channels and ankyrin G). 

Normal binary paranodin-positive clusters corresponding
to paranodes were observed in the corpus callosum of 21-
day-old wild-type mice (Fig. 1A,C,E). Na+ or ankyrin G
immunopositive zones, which define the nodal regions, were
identified in contact with paranodin positive clusters (Fig.
1A,B). K+ channel clusters were also easily identifiable at this
age, located on the lateral side of the binary paranodin-positive
clusters, and corresponding to the juxtaparanodal regions (Fig.
1E). These results are in agreement with the known location of
these proteins (Peles, 2000), and clearly show the absence of
any nonspecific effects that could be due to the FIAU treatment
in wild-type mice. 

In 1-20d FIAU-treated MBP-TK mice, the distribution of all
of the nodal markers was dramatically altered. Paranodin
immunoreactivity appeared diffuse, instead to be concentrated
in specific domains (Fig. 1B,D,F). Furthermore, the
localization of ankyrin G- and Na+ channel-positive clusters
was also profoundly altered, with an almost complete
disappearance of the nodal clusters and a diffuse staining along
the axons (Fig. 1B,D). Only in rare instances were broad,
poorly defined and weakly immunoreactive clusters observed.
Double immunostaining using antibodies directed against Na+

channels and ankyrin G, showed a colocalization of these
proteins in these broad nodes (Fig. 1D, inset). Quantification
of these clusters showed a higher number of these specimens
in the 1-20d transgenic treated mice than in wild-type controls
(MBP-TK, 1.01±0,15/FOV; wild type, 0.28±0,15/FOV, n=20).
These figures might represent an early immature stage of node
formation. 

Interestingly, the absence of oligodendrocytes in MBP-TK
mice resulted in a complete diffusion of Kv1.1 immunostaining
(Fig. 1F). Thus, massive death of oligodendrocytes at early
stages of postnatal development led to a complete failure in the
organization of axonal membrane domains.

Oligodendrocyte ablation does not change the
protein levels of paranodin, Na + channels and Kv1.1
As the absence of oligodendrocytes had such profound effects
on the distribution of nodal and paranodal proteins, we
examined whether the levels of expression of these proteins
were also altered. Total protein extracts were prepared from the
cerebral hemispheres of 1-20d FIAU-treated wild-type and
MBP-TK mice. A band of the expected size and equal intensity
corresponding to paranodin was detected in extracts from both
wild-type and MBP-TK-treated mice (Fig. 2). This result is
consistent with previous studies that revealed no difference in
the level of paranodin expression in other animal models
(Dupree et al., 1999). Similarly, western blot analyses revealed
no difference between both genotypes in the levels of K+ and
Na+ channels (Fig. 2).

An upregulation of K+ and Na+ channel expression has been
reported in the CNS of adult shiverer and trembler mice
(Noebels et al., 1991; Wang et al., 1995; Westenbroek et al.,
1992). A similar upregulation of Na+ channels has been
observed in multiple sclerosis patients at the site of lesions
(Moll et al., 1991). The absence of such upregulation in treated
MBP-TK mice might be explained by the age of the mice
when the experiments were performed (3 weeks). Indeed, the

increased expression of ion channels was previously
documented in adult animals and might represent a late
compensatory mechanism in response to the abnormal electrical
activity of dysmyelinated axons. Our data suggest that the level
of expression of axonal nodal and paranodal proteins is
independent of oligodendrocyte presence and, consequently, of
myelination in the first postnatal weeks. Nevertheless, it cannot
be excluded the presence of differences in the turnover of these
proteins after oligodendrocytes ablation.

The severity of axonal alterations in the nodal
region correlates with the degree of dysmyelination
in MBP-TK mice
The degree of dysmyelination in MBP-TK mice depends on
the timing of FIAU treatment with respect to oligodendrocyte
differentiation (Mathis et al., 2000). Three distinct protocols of
FIAU administration were used to address more precisely the
role of oligodendrocytes in the formation of the nodal regions
during development. The 1-20d chronic treatment described
above induced a massive disappearance of MBP staining in the
cerebral cortex and corpus callosum in MBP-TK mice (Fig. 3,
compare A with B). Additional groups of mice were treated
from postnatal day 1 to 6 (1-6d) or from postnatal day 6 to 20
(6-20d). All animals were killed at the age of three weeks. We
have already shown that these two latter protocols (1-6d and
6-20d) resulted in a 50% reduction of oligodendrocytes and
myelin, with a similar decrease in the level of MBP mRNA
expression in the whole brain (Mathis et al., 2000). However,
the two treatments had different effects on the myelination of
the corpus callosum. Immunohistological studies using anti-
MBP antibodies revealed a higher number of myelinated fibers
in the corpus callosum of the transgenic mice treated from days
6 to 20 (Fig. 3D) when compared with mice treated from days
1 to 6 (Fig. 3C). 

We have quantified the number of binary and single
paranodes, as well as the number of nodal and juxtaparanodal
clusters in the corpus callosum in each group of treated mice.
The results were compared with those obtained in wild-type
siblings, which had received the same treatment (Table 1). It
should be noted that at 21 days, myelination is not complete
and many single paranodes were present in wild-type mice.

In MBP-TK mice treated from days 1 to 20 (1-20d), virtually
no binary and few single paranodes (5% of wild type) were
observed (Table 1). The reduction of nodal clustering of Na+

channels and ankyrin G was similar and dramatic (8 and 7%
of wild type, respectively). In addition, Kv1.1-positive clusters
were completely absent in transgenic treated mice (Table 1). 

Interestingly, MBP-TK animals treated during the first 6
days after birth (1-6d) presented a much stronger perturbation
of nodal, paranodal and juxtaparanodal regions than
transgenics treated from day 6 to 20 (Table 1). In 1-6d MBP-
TK mice, the number of binary paranodes and single paranodes
was strongly reduced (19% and 34% of wild type,
respectively). By contrast, a milder reduction of binary and
single paranodes was observed in 6-20d transgenic mice (43%
and 72% of wild type, respectively). Similarly, the number of
preserved Na+ channels and ankyrin G clusters were different
depending on the timing of FIAU treatment (Table 1). They
were respectively estimated at 39% and 69% of wild type, in
1-6d mutant mice, whereas they were 56% and 90%,
respectively, in 6-20d mutant mice. Finally, the number of
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juxtaparanodal K+ channel clusters was highly reduced in both
groups with respect to wild type, with only 7% residual clusters
in 1-6d and 22% in 6-20d mutant mice.

These results show a correlation between the number of
oligodendrocytes able to myelinate and the resulting
number of nodes and paranodes. This further supports
the requirement of oligodendrocytes for nodal region
formation. In addition, this quantitative approach
allowed several interesting observations. First, a
higher number of single paranodes over binary
paranodes was observed in all groups of mice. This is
likely to result from the presence of only partially
myelinated fibers, with gaps in oligodendrocyte
sheaths along their length (see Fig. 3F). Second, the
paranodal and juxtaparanodal clusters were
proportionally more severely affected than the nodal
clusters, in all groups of mutant mice. Finally, in 1-6d
and 6-20d mutant mice, the number of Na+ channel
clusters was lower than that of ankyrin G clusters.
This difference is very likely to be due to the early
clustering of ankyrin G compared with Na+ channels
in node formation (Rasband et al., 1999a).

Surviving oligodendrocytes induce focal paranodin
clustering in MBP-TK mice
In 1-20d MBP-TK mice, a few postmitotic pre-existing
oligodendrocytes escaped from cell death (5%), as previously
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Fig. 1.Distribution of axonal proteins is dramatically
altered at nodes of Ranvier in the absence of
oligodendrocytes. Brain sections from wild-type (A,C,E)
and MBP-TK (B,D,F) animals treated from postnatal day
1 to 20 with FIAU were double-labeled with anti-
paranodin (PND) (red) and either anti-ankyrin G (green;
A,B), anti-Na+ channel (PAN) (green; C,D) or anti-
Kv1.1 (green; E,F) antibodies. Wild-type treated mice
show a normal localization of paranodin in the paranodal
regions (A,C,E) with typical ankyrin G (A) and Na+

channels clusters (C) distribution in the node of Ranvier.
In treated MBP-TK mice, paranodin was not detectable
in the paranodes, even if the red was enhanced to reveal
nonspecific background (B,D,F). Localization of ankyrin
G and Na+ channels was also markedly altered and
immunoreactivity was mainly found along the axons
(arrows in B,D) of treated MBP-TK animals. Double
immunostaining for ankyrin G and Na+ channels showed
that these proteins are colocalized (Fig. 1D inset). In
contrast to the specific distribution of Kv1.1 clusters in
the juxtaparanodes in the wild type (E), K+ channel
clustering was completely absent after FIAU treatment in
MBP-TK mice (F). Pictures represent single optical
sections of the corpus callosum region using confocal
scanning microscopy. Scale bars: in F, 10 µm in A-F; in
inset, 4 µm.

Table 1. Quantification of the oligodendrocyte-dependent variation in the number of the different elements of the node of
Ranvier

MBP-TK

1-20d 1-6d 6-20d Control

Binary paranodes PND+ 0.006±0.006** 0.29±0.06** 0.67±0.06** 1.56±0.07
Single paranodes PND+ 0.12±0.027** 0.84±0.14** 1.76±0.11** 2.44±0.05
Na+-channel clusters 0.21±0.07** 1.01±0.11** 1.47±0.12** 2.61±0.06
Ankyrin G-positive nodes 0.15±0.09** 1.54±0.14* 1.94±0.13 2.17±0.17
K+-channel clusters 0** 0.08±0.04** 0.27±0.08** 1.22±0.08

Values (mean±s.e.m.) correspond to quantification of the various elements of the node/field of view using axonal compartment-specific antibodies as indicated.
Three different schedules of FIAU administration were used, which resulted in various degrees of oligodendrocyte ablation. Values from treated MBP-TK
animals were always compared with the control. (ANOVA; Fisher’s post-hoc analysis: *P<0.02; **P<0.0001.)
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documented (Mathis et al., 2000). We examined whether these
surviving oligodendrocytes were still able to direct a focal
distribution of paranodal proteins. Double immunostaining of
wild-type and MBP-TK brain sections from 1-20d animals was
carried out using anti-MBP and anti-paranodin antibodies
(Fig. 3). As expected, a very clear reduction of MBP-specific
immunostaining was observed in MBP-TK mice. A total
absence of myelinated fibers in the cortex and a strong
hypomyelination of the corpus callosum was evident in treated
transgenic animals (Fig. 3B) in comparison with treated wild-
type littermates (Fig. 3A). Anti-paranodin staining showed the
presence of numerous paranodes in wild-type mice, always
adjacent to MBP labeling along the axon (Fig. 3E).

In the rare myelinated fibers still present in MBP-TK
animals, a focal localization of paranodin at the limit of MBP
staining was observed (Fig. 3F). However, in most cases the
partial myelination of the axon was limited to an isolated
segment, and was not sufficient to form binary paranodes.
These data strongly support a key role of axon-glial contact in
the control of paranodin enrichment at paranodal regions.

Differential alterations of paranodal and nodal
regions in 2- and 3-week old jimpy mice
Experiments performed in MBP-TK mice allowed us to assess
the early involvement of myelinating oligodendrocytes in the
organization of membrane domains at the nodes of Ranvier.
To investigate a later role of the myelinating cells in the
maintenance of these regions, we used the jimpy mice. In these
mice, a mutation in the proteolipid protein gene (Plp) induces
aberrant myelin formation and its secondary destruction
(Sidman et al., 1964). Myelin deficiency is associated with
the abnormal proliferation of oligodendrocytes, and their
premature cell death (Knapp et al., 1999; Knapp et al., 1986;
Meier and Bischoff, 1974; Vermeesch et al., 1990). The effect
of the delayed and spontaneously occurring oligodendrocyte
damage on nodal protein distribution, was studied in jimpy
mice and compared with the results obtained in MBP-TK mice.
The localization of nodal and paranodal markers was assessed
in the corpus callosum of jimpy mice, 2 and 3 weeks after birth
(P15 and P21). 

In P15 wild-type mice, ankyrin G and Na+ channels
formed typical focal clusters in the nodal regions normally
adjacent to paranodes (Fig. 4A, Fig. 5A). Most paranodin
immunoreactivity was found in single and binary paranodes
(Fig. 4A). At P15, Kv1.1 channel clusters could already be

detected in some juxtaparanodal regions (Fig. 5A). At P21, the
general pattern of distribution of nodal and paranodal markers
in wild-type mice was similar to that described above. A larger
proportion of paranodes had a binary aspect at P21 than at P15,
and many more K+ channels-enriched juxtaparanodes were
formed (Fig. 5A,C). 

The distribution of paranodin and the Kv1.1 potassium
channel was dramatically altered in the corpus callosum of
jimpy mice. At P15, paranodin failed to accumulate at

Fig. 2.Protein levels of paranodin,
Na+ and K+ channel α subunits in the
brain of wild-type and MBP-TK mice
treated from day 1 to 20. Forebrain
tissue from chronically treated (1-20d)
wild-type and MBP-TK mice were
homogenized as described in the
Methods, and equal amounts of
proteins were analyzed by
immunoblotting (10 µg for paranodin
or 30 µg for K+ and Na+ channels). No
statistical differences in the levels of paranodin (180 kDa), Na+

channel α subunit (260 kDa) and K+ channels (86 kDa) were
observed after quantification of the western blots (less than 10%
variation between samples). The results are representative of three
different experiments. 

Fig. 3. Immunofluorescence studies of MBP and PND/Caspr in the
corpus callosum and the cortex of wild-type and treated MBP-TK
mice. Myelinated fibers in the cortex and the corpus callosum are
strongly labeled by the MBP antibody in wild-type animals (A).
Absence of cortical MBP-positive fibers and a significant reduction
of MBP labeling is observed in the corpus callosum of MBP-TK
mice (1-20d) (B). Arrowhead in B indicates residual myelinated
axons in the first cortical layer of MBP-TK mice brain. MBP-positive
myelinated fibers are less abundant in MBP-TK mice corpus
callosum after 1-6d treatment (C) than after 6-20d treatment (D).
(E,F) Double immunostaining using anti-MBP (red) and anti-
paranodin (green) antibodies. The presence of myelin sheaths
correlates with the focal localization of paranodin at the paranodal
zone in a wild-type animal (E). Paranodin staining is concentrated at
the paranode only in myelinated fibers (arrow, F). Scale bars: in D,
100 µm for A-D; in F 10 µm for E,F.
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paranodes and was either diffusely distributed or appeared as
irregular tiny patches along the axons (Fig. 4B, arrow). At P21,
paranodin immunoreactivity remained diffusely distributed
along the neuronal membranes (Fig. 4D). Only on rare
occasions was accumulation of paranodin detected in the form
of single or binary cluster that are characteristic of paranodes
(data not shown). Presumably, these infrequent clusters
correspond to the few sites of intact myelination that are
described in these mice. The localization of K+ channels was
also severely altered in jimpy mutants. At P15, in addition to
some diffuse immunoreactivity along the axonal processes,
Kv1.1 was often found to accumulate at locations that would
normally correspond to paranodes, immediately adjacent to the
Na+ channels clusters (Fig. 5B). These abnormal paranodal
clusters of K+ channels tended to disappear at P21 injimpy
mice, and most of the immunoreactivity was diffusely
distributed along the axons (Fig. 5D). When present, however,
the K+ channel aggregates were in contact, or even overlapped
with Na+ channels clusters (Fig. 5D). Thus, although K+

channel clustering was observed in jimpy mice, it was not
localized in juxtaparanodal regions, but was observed close
to the nodes. Moreover, the clusters were transient and
disappeared 3 weeks after birth.

By contrast, the localization of Na+ channels and ankyrin G
was much less affected in jimpy mice than that of paranodin
and Kv1.1 channels. At P15, Na+ channels and ankyrin G were
clustered, and outlined nodal segments that appeared similar to
those in wild-type controls (Fig. 4B, Fig. 5B). At P21, although
most of the Na+ channel and ankyrin G immunoreactivity

remained concentrated in nodal segments, it spread out
laterally, displaying an irregular appearance and a blurry
outline (Fig. 4D, Fig. 5D). These results indicate that once the
nodal clustering of Na+ channels and ankyrin G has been
induced, it persists even in the absence of intact paranodes, at
least until the third postnatal week.

Clustering of nodal proteins is independent of
paranodin aggregation 
The results obtained in 2- and 3-week-old jimpy and wild-type
mice revealed that nodal clusters were present in the absence
of focal paranodin-positive domains. To determine whether a
transient aggregation of paranodin might account for the
formation of nodal regions in jimpy mice, we studied these
mice at P8. In the corpus callosum of P8 wild-type mice, focal
clusters of Na+ channels were well defined. Many of these
clusters were flanked by single or binary paranodes (Fig. 6A).
However, a large proportion of Na+ channel clusters appeared
isolated and were not associated with paranodin
immunoreactivity (Fig. 6A). In jimpy mice at P8, the overall
paranodin staining was more patchy than at later stages (Fig.

C. Mathis and others

Fig. 4.Localization of ankyrin G and paranodin in jimpymice.
Sections from corpus callosum of wild-type (A,C) or jimpy (B,D)
littermates were examined by double immunostaining with
antibodies against paranodin (green) and ankyrin G (red) at postnatal
day 15 (A,B) or 21 (C,D). In wild-type mice, paranodin
immunoreactivity was concentrated in paranodes, in most instances
flanking the nodal aggregates of ankyrin G on either side (A,C). In
jimpymice, paranodin immunoreactivity was diffuse, along the
axonal membranes (arrows), with no identifiable paranodal cluster.
Although ankyrin G clusters were similar in both genotypes at P15,
their limits appeared less well delineated in jimpymice at P21. Scale
bar: 10 µm. 

Fig. 5.Localization of Na+ and K+ channels in jimpymice. Sections
from corpus callosum of wild-type (A,C) or jimpy (B,D) littermates
were examined by double immunostaining with antibodies against
the Na+ channels (green) and the K+ channels Kv1.1 (red). Postnatal
day 15 (A,B). In wild-type mice, Kv1.1 immunoreactivity was
clearly separated from Na+ channels clusters by an empty space
corresponding to paranodes (A). In jimpymice, although the shape of
Na+ and K+ channel clusters was roughly comparable with that in
wild-type littermates, the localization of Kv1.1 immunoreactivity
was abnormal as it was not separated from the nodal Na+ channels
(arrowhead, B). Postnatal day 21 (C,D). The alteration of K+

channels distribution was much more severe than at P15.
Immunoreactivity appeared more diffuse, and Kv1.1 aggregates were
irregular and fragmented. The shape of Na+ channels clusters was
also altered with fuzzy and irregular limits. Scale bar: 10 µm.
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6B), an observation that may be related to the targeting of
paranodin/contactin complexes to specific membrane domains
(Faivre-Sarrailh et al., 2000; Boyle, 2001). However, paranodin
immunoreactivity failed to accumulate at paranodes and was
irregularly distributed, often forming small aggregates. In spite
of the complete disorganization of paranodin localization, Na+

channels formed nodal clusters that were comparable with
those in wild-type controls (Fig. 6). Experiments in which
ankyrin G labeling was studied gave results similar to those
obtained with Na+ channels (data not shown). These
observations demonstrate that Na+ channel clusters can form
independently of the accumulation of paranodin in paranodes. 

Localization of ankyrin G and Na + channels in the
initial axonal segment is independent of
oligodendroglial signaling
Clustering of voltage-gated Na+ channels is observed not only
at the nodes of Ranvier, but also at axon initial segments and
at postsynaptic folds of the neuromuscular junction (Catterall,
1981; Wollner and Catterall, 1986). Ankyrin G has been shown
to direct Na+-channel cluster localization to the initial
segments of Purkinje cell axons (Zhou et al., 1998). Because
in vivo ablation of oligodendrocytes strongly perturbed the
nodal distribution of ankyrin G and voltage-gated Na+

channels, the localization of these proteins was also analyzed
in the initial segments of cortical pyramidal axons in treated
MBP-TK mice. Axons from these neurons were well
myelinated in wild-type animals (Fig. 3A), while a complete
absence of MBP staining was observed in the cortex of
transgenic treated mice (Fig. 3B). No difference in the
localization of ankyrin G and Na+ channels in the initial axonal
segment of cortical neurons was observed between treated
wild-type and transgenic mice (Fig. 7). These results clearly
show that the formation of clusters in the initial axon segments
is independent of oligodendroglial signals. Thus, two different
molecular mechanisms appear to be responsible for organizing
the distribution of ankyrin G and Na+ channels in the axonal
initial segment and in the node of Ranvier. 

DISCUSSION

The presence of oligodendrocytes is crucial for the
organization of axonal paranodal domains
Paranodal junctions are one of the sites of attachment of

oligodendrocytes to axons. Paranodin/Caspr is an axonal
glycoprotein highly enriched in these specialized junctions
(Einheber et al., 1997; Menegoz et al., 1997). Although the
mechanisms responsible for the localization of paranodin to
axon-glial junctions are not yet fully established, results in
several dysmyelinating mutants reveal that contacts with
myelinating oligodendrocytes are essential. Paranodal
enrichment of paranodin is lost in Cgt–/– mice, which are
deficient in galactocerebrosides and sulfatides, and present
abnormal paranodal junctions (Dupree et al., 1999). Ablation
of oligodendrocytes in MBP-TK mice completely abolishes the
normal localization of paranodin. This alteration seems to be
dependent on the degree of dysmyelination, as it correlates
with the extent of oligodendrocyte loss observed after different
FIAU treatments. Furthermore, the rare myelinating
oligodendrocytes in the MBP-TK mice brains were associated
with localized focal enrichment of paranodin close to MBP-
positive domains. This strongly points to an absolute
requirement of myelinating oligodendrocytes for the
organization of the paranodal axolemma. This is also supported
by the dramatic alteration of paranodin distribution observed
in jimpy mice, at all ages examined. 

Oligodendrocytes influence the localization, but not the
expression of paranodin, as its protein level is unaltered in
MBP-TK treated mice (Fig. 2), as well as in jimpymice (N. D.

Fig. 6.Early aspect of nodal and paranodal regions in
wild-type and jimpymice. Sections from corpus
callosum of wild-type (A) or jimpy (B) littermates,
were examined by double immunostaining with
antibodies against paranodin (green) and Na+ channels
(red) at postnatal day 8. In wild-type mice, paranodin
immunoreactivity was concentrated in binary or single
paranodes, flanking the nodal cluster of Na+ channels.
In many instances, Na+ channels clusters were
observed independently from paranodes (arrows in A).
In jimpy, paranodin was distributed irregularly,
without bona fide identifiable paranodal labeling,
whereas the clusters of Na+ channels appeared
essentially normal and comparable with those in wild-
type littermates. Scale bar: 20 µm.

Fig. 7.Localization of Na+ channel clusters in the initial axonal
segment of cortical neurons. Comparable brain sections from wild-
type (A) and treated MBP-TK (B) 1-20d mice were immunolabeled
with anti-Na+ channel (PAN) antibodies. Nuclei of cortical neurons
are visualized with DAPI staining. In both wild-type and treated
MBP-TK animals, we observed a high concentration of Na+ channels
(A,B) in the initial axonal segment of the cortical pyramidal neurons
(arrowheads). Scale bar: 30 µm. 
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and J. A. G., unpublished), and Cgt–/– mice (Dupree et al.,
1999). Furthermore, diffuse paranodin immunoreactivity was
detected along axons in both types of mutants. Thus, proper
localization of paranodin is likely to result from its interaction
with oligodendroglial partner(s). The 155 kDa isoform of
neurofascin (NF155), which is selectively enriched in
oligodendrocytes paranodal loops, is a candidate for
participating in such complexes (Tait et al., 2000). However,
NF155 does not appear to associate directly with paranodin
(Tait et al., 2000). However, paranodin/Caspr is associated with
contactin in the axonal membrane (Rios et al., 2000), and this
association is crucial for its expression at the cell surface
(Faivre-Sarrailh et al., 2000; Boyle et al., 2001). Thus,
interactions of paranodin with glial partners, might be
mediated through contactin or through other unidentified
proteins. 

The role of oligodendrocytes in the formation and
maintenance of K + channel clusters and their
segregation from nodal regions
One of the proposed roles of the paranodal septate-like
junctions is to demarcate axonal domains by limiting the
lateral diffusion of axonal proteins. During myelination,
Shaker-type K+ channels appear in the juxtaparanodal zone
following paranode formation and nodal clustering of Na+

channels (Rasband and Shrager, 2000). Exclusion of K+

channels from axoglial junctions and formation of compact
myelin are both required for initiation and maintenance of
K+ clusters (Baba et al., 1999; Dupree et al., 1999; Rasband
et al., 1999b). The results in MBP-TK mice also underlined
the essential role of oligodendrocytes in K+ channel
clustering. In 1-20d FIAU-treated MBP-TK mice, despite the
unaltered levels of Kv1.1, the distribution in axonal
membranes was completely diffuse. No juxtaparanodal
Kv1.1-positive domains were identified in transgenic mice
despite the presence of a few paranodes. Similarly, in 1-6d
and 6-20d mice, the localization of K+ channels was more
severely disrupted than that of other markers of Ranvier
nodes. 

The study of jimpy mice provided additional information on
the organization of axonal Kv1.1 clusters. In 2-week-old jimpy
mice, although some K+ channel clusters were formed, they
were directly adjacent to nodal regions, as though they were
repelled from the internodes and/or attracted to the nodes.
Similar observations have been reported in Cgt–/– mice,
contactin and NCP1 deficient mice (Bhat et al., 2001; Boyle et
al., 2001; Dupree et al., 1999). This is clearly different from
the fate of paranodin, which was diffusely distributed in the
two types of mutant mice. The mechanism(s) responsible for
the K+ channel ‘juxta-nodal’ positioning is not known and may
involve their association with other neuronal proteins,
including Caspr2, and, possibly, extracellular partners when
paranodes are absent. These results also show that K+-channel
clustering is supported by a mechanism independent of
paranodin accumulation in axoglial junctions. The paranodal
septate-like junctions, and possibly paranodin itself, are crucial
for the separation of K+ channels from the nodal region. In
addition, oligodendrocytes are necessary for the maintenance
of K+-channel clusters as Kv1.1 immunoreactivity was
diffused in 3-week-old jimpymice or appeared as irregular and
fragmented aggregates. This progressive alteration of K+

channel distribution paralleled the extent of myelin
degeneration.

The role of oligodendrocytes in the initial
organization of the nodal regions
An important aspect of our results is related to the organization
of nodal regions. Ankyrin G is a membrane-associated
spectrin-binding protein, which interacts directly with voltage-
gated Na+ channels in the axoplasm (Lambert et al., 1997;
Srinivasan et al., 1988; Zhou et al., 1998). It has been suggested
that neuronal ankyrin G plays a role in the targeting, clustering
and stabilization of Na+ channels (Zhou et al., 1998). In nodal
regions, ankyrin G interacts also with the cell adhesion
molecules NF155 and NrCAM, which may be involved in the
formation of nodal clusters (Trapp and Kidd, 2000). Our results
in treated MBP-TK mice demonstrate that in the absence of
oligodendrocytes, Na+ channels are normally expressed but fail
to accumulate in nodal regions. Indeed, the analysis of 1-20d
FIAU-treated mice showed the presence of only few broad
nodes where Na+ channels and ankyrin G colocalize. These
figures were also observed in wild-type animals, although to a
much lower extent, and might represent an early stage of nodal
formation. 

Despite the loss of nodal clustering of ankyrin G and Na+

channels in MBP-TK mice, a normal accumulation of these
proteins was observed in the initial segment of cortical axons.
This demonstrates that ankyrin G and Na+-channel clustering
in this location is functional in the absence of
oligodendrocytes. 

The molecular mechanism responsible for Na+-channel
sequestration at the nodes of Ranvier in CNS axons is not
known. In vitro, Na+ channel/ankyrin G clustering seems
dependent upon a diffusible, unidentified factor, that is
produced by oligodendrocytes (Kaplan et al., 1997).
Conversely, paranodal axoglial contacts were proposed to be a
pre-requisite for this nodal clustering in vivo (Rasband et al.,
1999a). However, the results in dysmyelinating mutants, were
not fully conclusive. Indeed, although the number of nodal
aggregates is decreased in myelin-deficient rats (Kaplan et al.,
1997) and in shiverermice (Rasband et al., 1999a), several
nodes appear to be normally formed. Moreover, nodal regions
are relatively spared in galactolipid-deficient mice, as well as
in contactin and paranodin mutants, in spite of severe
alterations of the paranodal regions (Dupree et al., 1999; Boyle,
2001; Bhat, 2001). Experiments using MBP-TK mice
convincingly demonstrate that oligodendrocytes are necessary
for the clustering of nodal proteins, and suggest that, if a
diffusible factor is involved, its range of action is very limited. 

The results in wild-type and jimpy mice provide additional
insights into the formation and maintenance of nodal regions.
In the corpus callosum of 1-week-old wild-type mice, many
nodal clusters of Na+ channels (Fig. 6) and of ankyrin G (data
not shown) were observed independently of paranodin
aggregates. This indicates that nodal clusters form before and
independently of the accumulation of paranodin in axoglial
junctions, in contrast to previous reports in the optic nerve
(Rasband et al., 1999a). Interestingly, comparable results have
been reported in the peripheral nervous system (Melendez-
Vasquez et al., 2001). Similarly, nodal clusters were
identifiable in jimpy mice at P8, P15 and even P21, despite a
complete disappearance of paranodin clusters. However, in 3-
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week-old jimpy mice, nodal clusters started to deteriorate,
losing their well-defined limits. Altogether these results show
that oligodendrocytes are necessary at an early stage of
myelination for the accumulation of Na+ channels and ankyrin
G at the nodes of Ranvier. This effect involves early, short-
range interactions between oligodendrocytes and axons, but
does not require the accumulation of paranodin in axoglial
contacts. However, lack of paranodal junctions results in
unstable nodal regions, which progressively become less well
defined.

Conclusion
Our results, together with those of others (Peles and Salzer,
2000; Rasband and Shrager, 2000), delineate the role of
oligodendrocytes in the organization of membrane domains in
myelinated axons of CNS neurons. The organization of
neuronal proteins, including paranodin, ankyrin G, Na+ and K+

channels, along the axon is controlled by oligodendrocytes,
whereas their expression is independent. In the absence of
oligodendrocytes, nodal, paranodal and juxtaparanodal regions
are no longer identifiable. Aggregation of paranodin appears to
be particularly sensitive to alterations of oligodendrocytes. The
tight dependence of paranodin clustering on oligodendrocytes
is not surprising as this protein is part of the paranodal adhesion
complexes that form between axons and oligodendrocytes. By
contrast, once they are formed, K+ and Na+ channel clusters
appear to be more resistant than paranodal regions to lesions
of oligodendrocytes. These ion channels are not part of
intercellular junctions, and their aggregation might be mostly
dependent on their association with cytoskeletal proteins in the
axoplasm and in the axolemma (e.g. ankyrin G for Na+

channels and Caspr2 for K+ channels). However, when
paranodes are absent or altered, the limits of clusters
comprising either Na+ channels/ankyrin G or K+ channels
become less defined and the normal separation between nodal
and juxtaparanodal domains disappears. This indicates that
paranodes prevent lateral diffusion of proteins of the
axolemma. 
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