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ABSTRACT
Intraneurally injected lysolecithin causes both segmental and paranodal demyelination.

In demyelinated internodes, axonal components of nodes fragment and disappear, glial and
axonal paranodal and juxtaparanodal proteins no longer cluster, and axonal Kv1.1/Kv1.2 K�

channels move from the juxtaparanodal region to appose the remaining heminodes. In
paranodal demyelination, a gap separates two distinct heminodes, each of which contains the
molecular components of normal nodes; paranodal and juxtaparanodal proteins are properly
localized. As in normal nodes, widened nodal regions contain little or no band 4.1B. Lysolec-
ithin also causes “unwinding” of paranodes: The spiral of Schwann cell membrane moves
away from the paranodes, but the glial and axonal components of septate-like junctions
remain colocalized. Thus, acute demyelination has distinct effects on the molecular organi-
zation of the nodal, paranodal, and juxtaparanodal region, reflecting altered axon–Schwann
cell interactions. J. Comp. Neurol. 479:424–434, 2004. © 2004 Wiley-Liss, Inc.

Indexing terms: myelin; Schwann cells; septate-like junctions; axon–glia interactions; channels;

lysolecithin

The molecular organization of the axonal membrane is
highly related to that of its myelin sheaths (Rasband and
Shrager, 2000; Girault and Peles, 2002; Kazarinova-Noyes
and Shrager, 2002; Poliak and Peles, 2003; Scherer et al.,
2004). In both the CNS and the PNS, the nodal membrane
contains high concentrations of voltage-gated Na� (NaV)
channels, the K� channel KCNQ2, neurofascin 186
(NF186), and NrCAM, all linked to the spectrin cytoskel-
eton by ankyrinG. The paranodal region is distinguished
by septate-like junctions that link the axonal membrane
to the spiral of glial endfeet. Contactin and contactin-
associated protein (Caspr; also known as “paranodin”)
form heterodimers that are localized to the paranodal
axonal membrane. An alternatively spliced isoform of neu-
rofascin, NF155, is localized on the membrane of the glial
endfeet apposing the paranodal axonal membrane, so that
contactin, Caspr, and NF155 are all components of
septate-like junctions. The juxtaparanodal axonal mem-
brane contains high levels of Kv1.1 and Kv1.2 (Shaker-
type K� channels), their � subunit (Kv�2), Caspr2 (an
additional member of the Caspr family), and TAG-1; the
juxtaparanodal Schwann cell membrane contains TAG-1
and connexin29 (Cx29). Axonal and glial TAG-1 interact
in trans, thereby linking the axonal and glial juxtapara-

nodal membranes. An isoform of band 4.1 protein, band
4.1B, probably links the glycophorin domains of Caspr and
Caspr2 to the spectrin cytoskeleton in the paranodal and
juxtaparanodal regions.

Most inherited dysmyelinating and demyelinating dis-
eases that affect the PNS and/or the CNS have been
linked to mutations in genes that are expressed in the
myelinating cells themselves (Suter and Scherer, 2003).
Although these inherited dysmyelination/demyelinating
diseases are caused by cell autonomous defects in the
myelinating glial cells, nonautonomous axonal damage
has been increasingly implicated as an important aspect
of these diseases (Griffiths et al., 1998; Martini, 2001;
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Lappe-Siefke et al., 2003). How demyelination leads to
axonal loss is not known, but the reorganization of the
axonal membrane is the earliest known alteration. In the
absence of myelin sheaths, erstwhile juxtaparanodal pro-
teins (Kv1.1, Kv1.2, Kv�2, and Caspr2) are mislocalized to
the paranodal region (Rasband et al., 1998; Mathis et al.,
2001; Arroyo et al., 2002; Poliak and Peles, 2003). Just
disrupting the septate-like junctions, leaving the myelin
sheaths otherwise intact, is sufficient to cause the mislo-
calization of these juxtaparanodal proteins and also re-
sults in the failure of contactin, Caspr, and NF155 to
cluster (Popko, 2000; Bhat et al., 2001; Boyle et al., 2001;
Mathis et al., 2001; Arroyo et al., 2002; Honke et al., 2002;
Poliak and Peles, 2003). How demyelination affects the
molecular components of nodes has been less well studied.
NaV channels appear to dissipate during acute demyeli-
nation and reform adjacent to myelin sheaths
(Dugandzija-Novakovic et al., 1995; Novakovic et al.,
1996); whether other nodal components are similarly af-
fected remains to be determined.

In inherited dysmyelinating/demyelinating diseases,
demyelination and remyelination are ongoing, coexisting
even on the same myelinated fiber, resulting in a complex
pathological picture. To simplify the analysis of how de-
myelination affects the organization of the axonal mem-
brane, we injected lysolecithin into rat sciatic nerves; this
causes severe, focal demyelination that is promptly fol-
lowed by remyelination (Hall and Gregson, 1971; Hall,
1973). Prior studies using this model showed that nodal
clusters of NaV channels and juxtaparanodal clusters of
Kv1.1 and Kv1.2 channels disperse after demyelination
and reorganize with remyelination (Dugandzija-
Novakovic et al., 1995; Novakovic et al., 1996; Rasband et
al., 1998). We find that segmental demyelination results
in the simultaneous loss of multiple components of nodes,
paranodes, and juxtaparanodes but that paranodal demy-
elination results in the spatial shifting, but not the overt
loss, of these components.

MATERIALS AND METHODS

Lysolecithin injections

Young adult Sprague-Dawley rats were anesthetized,
and the sciatic nerve was exposed. We used a glass mi-
cropipette (tip diameter approximately 20 �m) to inject
1–2 �l of 1% lysolecithin in Locke’s solution (154 mM
NaCl, 5.6 mM KCl, 2 mM CaCl2, 10 mM HEPES, pH 7.4)
intraneurally near the sciatic notch at 1 �l/minute (Ras-
band et al., 1998). The site of injection was marked with
carbon particles for identifying the lesion site. At 4, 5, 6,
and 7 days postinjection (N � 10 per time point), the
sciatic nerves were dissected, fixed for 30 minutes in 4%
paraformaldehyde (0.1 M phosphate buffer, pH 7.4; PB),
rinsed in 0.1 M PB, and teased into small bundles on
SuperFrost Plus glass slides (Fisher Scientific, Pitts-
burgh, PA) using fine tungsten or stainless steel needles,
dried overnight, and stored at –20°C.

Immunohistochemistry

Teased nerve fibers were postfixed and permeabilized
by immersion in –20°C acetone for 10 minutes, blocked at
room temperature for at least 1 hour in 5% fish skin
gelatin containing 0.5% Triton X-100 in PBS, and incu-
bated 24–48 hours at 4°C with various combinations of

primary antibodies (Table 1) diluted in blocking solution.
For the rabbit antiserum against NF155, tissues were
postfixed for 1 minutes in Bouin’s fixative. After being
incubated with the primary antibodies, the slides were
washed; incubated with the appropriate fluorescein-,
rhodamine-, and cyanine-5-conjugated donkey cross-
affinity purified secondary antibodies (diluted 1:100; Jack-
son Immunoresearch Laboratories, West Grove, PA);
counterstained with DAPI; and mounted with Vectashield
(Vector Laboratories, Inc., Burlingame, CA). The slides
were examined by epifluorescence with appropriate filters
on a Leica DMR light microscope and photographed with
a Hamamatsu digital camera using OpenLab or with a
Leica TCS laser scanning confocal microscope. Images
were manipulated with Adobe Photoshop.

Electron microscopy

Wild-type adult rats 5 (n � 3), 6 (n � 3), and 7 (n � 1)
days postinjection (dpi) were perfused with 0.9% NaCl,
followed by 3% glutaraldehyde in PB. The sciatic nerves
were removed, cut into 5-mm-long segments centered on
the site of injection, and fixed overnight at 4°C in the same
fixative. On the next day, the sciatic nerves were washed
in PB, osmicated in 1% OsO4 for 1 hour at room temper-
ature, then dehydrated in graded ethanols, infiltrated
with propylene oxide then Epon, and polymerized at 60°C.
Semithin sections were stained with toluidine blue; ultra-
thin sections were stained with lead citrate and photo-
graphed with a Zeiss EM10 electron microscope. Electron
micrographs were printed and scanned; these images were
imported into Adobe Photoshop and assembled.

Statistical analysis

We counted affected fibers from lysolecithin-treated rats
and classified such fibers with regard to their level of
demyelination and the morphology of their paranodes, as
shown in Table 2. Teased fibers from sciatic nerves at 5
(n � 3), 6 (n � 3), and 7 (n � 3) dpi were immunostained
with Rb�Caspr, M�PanNaV, and Rat�NF-H. An analysis
of variance (ANOVA) was used to assess whether the
number of affected fibers obtained at 5 dpi was different
from that at 7 dpi.

TABLE 1. Antibodies, Dilutions, and Sources

Antibody Dilution Source/reference

Rabbit � pan-Nav 1:500 Vabnick et al., 1997
Rabbit � syndecan-3 1:250 Asundi et al., 2003
Rabbit � ankyrinG 1:100 Lambert et al., 1997
Rabbit � Kv1.1 1:200 Alomone Laboratory
Rabbit � Kv1.2 1:100 Alomone Laboratory
Rabbit � Caspr 1:500 Peles et al., 1997
Rabbit � protein 4.1B 1:500 Denisenko-Nehrbass et al., 2003
Rabbit � NF155 kDa 1:750 Tait et al., 2000
Rabbit � KCNQ2 1:100 Cooper et al., 2001
Rabbit � Cx29 1:300 Altevogt et al., 2002
Mouse � pan-Nav channels 1:50 Sigma
Mouse � ankyrinG 1:100 Zymed
Mouse � ezrin 1:100 Sigma
Mouse � Kv1.1 1:50 Upstate Biotechnology, Inc.
Mouse � Kv1.2 1:50 Upstate Biotechnology, Inc.
Mouse � rat MAG (513) 1:100 Boehringer Mannheim
Mouse � Caspr 1:50 Poliak et al., 1999
Mouse � Caspr 1:50 Rasband and Trimmer, 2001
Mouse � (pan-)

neurofascin
1:200 Gift of Dr. Matt Rasband

Rat � NFH (Ta51) 1:10 Lee et al., 1982, 1987
Goat � protein 4.1B 1:500 Ohara et al., 2000
Chicken � spectrin�IV 1:100 Komada and Soriano, 2002
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RESULTS

Lysolecithin causes paranodal and
segmental demyelination:
ultrastructural analysis

To reinvestigate the consequences of lysolecithin (Hall
and Gregson, 1971; Hall, 1973), we examined longitudinal

sections of the injected region by electron microscopy. At
5–7 dpi, there were many large axons ensheathed but not
myelinated by cellular processes; these are “demyeli-
nated” axons. Some of these demyelinated axons were in
continuity with myelinated axons, demonstrating the seg-
mental nature of demyelination (Fig. 1B). A “heminode”
marks the site of transition between the myelinated and

Fig 1. Fine structure of paranodal and segmental demyelination. These are electron micrographs of
longitudinally sectioned nerves. A (6 dpi) and B (7 dpi) show examples of paranodal and segmental
demyelination, respectively. Arrowheads indicate the location of heminodes. Scale bars � 1 �m.

TABLE 2. Changing Paranodal Pathologies 5–7 dpi1

1Teased fibers at 5, 6, and 7 dpi were immunostained for Caspr. Fibers with one of the depicted pathological changes were counted; the mean percentage is shown at each dpi.
Arrowheads depict the positions of nodes; the squares depict intact paranodes; vertical lines depict “unwound” paranodes; no paranodes depict demyelinated internodes.
Abnormally widened nodes were more than 5 �m in width, whereas normal nodes are 1–2 �m wide. Between 5 and 7 dpi, the proportion of fibers with paranodal demyelination
(groups 3–5) decreases, whereas the proportion of fibers with segmental demyelination (groups 6 and 7) increases, but without reaching statistical significance. The total percentage
of unwound profiles at each time point is shown below.
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the demyelinated regions. We also noted abnormally wid-
ened nodes flanked on both sides by paranodes; these are
examples of what has been termed “paranodal demyelina-
tion” (Fig. 1A). Two “heminodes” flank these widened nodes.

Paranodal and segmental demyelination
alter the molecular organization of nodes

To determine how acute demyelination affects the orga-
nization of the axonal membrane, we immunostained
teased fibers from the injected region with combinations of
antibodies against various components of the nodal region
(Table 1). As previously reported (Hall and Gregson, 1971;
Rasband et al., 1998), few myelinated fibers were affected
at 4 dpi, but many fibers were affected between 5 and 7
dpi. Figure 2A shows an example of a normal-appearing
myelinated axon, immunostained for neurofilament heavy
(NF-H), Caspr, and myelin-associated glycoprotein
(MAG). MAG is prominently expressed in the paranodal
region and serves to demarcate the extent of the myelin
sheath. The node itself has diminished staining for a
monoclonal antibody that recognizes a phosphorylated
epitope of NF-H (Lee et al., 1982, 1987; Mata et al., 1992;
Arroyo et al., 1999) and is flanked by Caspr-positive para-
nodes.

Between 5 and 7 dpi, many fibers showed paranodal
demyelination. Figure 2B shows an example, a widened
axonal segment flanked on both sides by Caspr- and MAG-
positive paranodes. NF-H staining was present in these
widened axonal segments but often diminished immedi-
ately adjacent to each paranode, so that each paranode
appeared to be associated with a heminode (see below).
Some widened segments were up to 50 �m long (Fig. 2C).
Both demyelinated paranodes and segmentally demyeli-
nated axons lacked MAG staining, but segmentally demy-
elinated axons were longer and had multiple associated
nuclei (compare Fig. 2C and D).

Heminodes have the molecular components
of nodes

To determine whether paranodally and segmentally de-
myelinated axons had nodal specializations, we immuno-
stained the axonal and glial components of nodes. Com-
pared with normal myelinated axons (Fig. 3A), paranodal
demyelination appeared to “split” the original node into
two heminodes, each of which remained associated with
its respective paranode. As with nodes, these heminodes
contained NaV channels (Fig. 3B,C), ankyrinG (Fig. 3D,E),
spectrin �IV (Fig. 3F–I), NF186 (Fig. 3H,I), and KCNQ2
(data not shown). Similarly, heminodes adjacent to seg-
mentally demyelinated internodes also remained intact,
as demonstrated by preserved staining for NaV channels,
ankyrinG, spectrin �IV, NF186 (Fig. 3C,E,G,I), and
KCNQ2 (data not shown). In contrast, the other heminode
(formerly associated with the now demyelinated inter-
node) appeared to fragment: Small clusters of NaV chan-
nels (Fig. 3C), ankyrinG (Fig. 3E), and spectrin �IV (Fig.
3G) and KCNQ2 (data not shown) immunoreactivity were
dispersed in the region immediately adjacent to the intact
heminode.

To determine whether nodal Schwann cell microvilli
appose heminodes, we immunostained for ezrin
(Melendez-Vasquez et al., 2001; Scherer et al., 2001),
syndecan-3 (Goutebroze et al., 2003), and NF155 (al-
though NF155 is much more prominent at paranodes;
Brown et al., 2001). Ezrin was localized to Schwann cell

membranes at heminodes associated with paranodal (Fig.
4A) or segmental demyelination (Fig. 4B). We made sim-
ilar observations for syndecan-3 and NF155 (data not
shown), although the latter stained inconsistently. Some
fragments of ankyrinG immunoreactivity in demyelinated
regions were apposed by ezrin immunoreactivity (Fig. 4B).
These data indicate that “nodally specialized” Schwann
cell and axonal membranes remain apposed even under
pathological conditions.

“Unwound” paranodes

As shown in Figure 3A, normal paranodes separate
juxtaparanodal Kv1.1/Kv1.2 channels from nodal NaV
channels. In segmentally demyelinated fibers, however,
Kv1.1/Kv1.2 channels were concentrated in the former
paranode (Fig. 3C, † to the right of the NaV staining),
abutting the node (Rasband et al., 1998). Kv1.1/Kv1.2
channels were also aberrantly localized to some paranodes
associated with paranodal demyelination (Fig. 3B; † to the
right of the right heminode), indicating that these para-
nodes incompletely sequester juxtaparanodal proteins. To
investigate this issue further, we compared the localiza-
tion of Caspr and NF155, two components of septate-like
junctions. Caspr and NF155 were colocalized at all para-
nodes, normal-appearing ones as well as those associated
with segmental or paranodal demyelination (Fig. 5). Some
paranodes (about 30% of abnormal fibers at each time
point; Table 2), furthermore, appeared to be “unwound”
(Fig. 5C). By unwound, we mean that there were gaps
between the spirals of Caspr/NF155 staining in the para-
nodal region and that the spiral of Caspr/NF155 staining
extended beyond the paranode region, into the internode
(Figs. 5C, 6F). These unwound paranodes, furthermore,
did not exclude Kv1.2 channels from the paranodal region
(Figs. 3B, 6F).

Altered Schwann cell juxtaparanodes

To investigate whether the juxtaparanodal proteins of
the Schwann cell myelin sheath are affected by segmental
and paranodal demyelination, we immunostained teased
fibers for Cx29, which is localized by the juxtaparanodal
Schwann cell membrane (Altevogt et al., 2002; Li et al.,
2002). Schwann cells associated with segmentally demy-
elinated fibers had no Cx29 immunostaining (Fig. 6A). In
paranodal demyelination, Cx29 remains associated with
the juxtaparanodal region; it is not found in the gap be-
tween the heminodes (Fig. 6B).

Redistribution of protein 4.1B in
demyelinated regions

As shown in Figure 6C, protein 4.1B is highly enriched
at paranodes (more than juxtaparanodes and internodes)
but appears to be absent at nodes (Menegoz et al., 1997;
Poliak et al., 1999; Ohara et al., 2000; Parra et al., 2000;
Denisenko-Nehrbass et al., 2003). The abnormally wid-
ened nodal regions in paranodal demyelination (Fig. 6D)
and the demyelinated internodes (Fig. 6E) also had mark-
edly diminished protein 4.1B. Protein 4.1B still appears to
be colocalized with Caspr in the paranodal region (Fig. 6E)
and even with “unwound strands” of Caspr (data not
shown). In contrast to normal-appearing myelinated fibers
(Fig. 6C), the relative amount of paranodal and juxtapara-
nodal protein 4.1B tended to be similar in myelinated
axons that were adjacent to demyelinated internodes or
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Fig. 2. Lysolecithin causes paranodal and segmental demyelina-
tion. These are images of teased fibers 5–7 dpi, immunolabeled as
indicated. A shows a normalpappearing node, B and C are examples
of paranodal demyelination, and D is an example of segmental demy-
elination. Apposed pairs of arrowheads indicate the locations of nodes,
single arrowheads indicate the locations of heminodes, arrows indi-

cate the locations of paranodes, and asterisks denote DAPI-stained
nuclei (gray). In B and C, note that the widened nodal region is
NF-H-positive but MAG- and Caspr-negative. In D, note the nuclei
that are associated with the demyelinated internode. Scale bars � 10
�m.
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Fig. 3. Paranodal and segmental demyelination disrupts axonal
components of nodes. These are images of teased fibers 5–7 dpi,
immunolabeled as indicated. A shows a normal-appearing node;
B, D, F, and H are examples of paranodal demyelination; and C, E, G,
and I are examples of segmental demyelination. The pan-NF mono-
clonal antibody recognizes both glial/NF155 and axonal/NF186 iso-
forms (Tait et al., 2000). Thick arrows mark juxtaparanodes; other
symbols are as in Figure 2. Note that each heminode contains the

axonal components of nodes (NaV channels, ankyrinG, spectrin �IV,
and neurofascin; pan-NF); that Kv1.2 apposes nodal NaV channels in
paranodally (B) and segmentally (C) demyelinated axons (marked by
†); and that NaV channels, spectrin �IV, and neurofascin (dots in
C,G,I) are dispersed along demyelinated internodes, which can be
recognized by their lack of MAG staining and/or their associated
Schwann cell nuclei (asterisks; not shown in C). Scale bars � 10 �m.
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were themselves affected (Fig. 6D,E). These data support,
but do not themselves directly demonstrate, a role for
Caspr and Caspr2 in localizing protein 4.1B in myelinated
axons.

Quantitative analysis

To evaluate the relative frequency of pathologically af-
fected nodes, we classified and counted abnormal nodes
from teased fibers that were immunostained for Caspr
(Table 2). We classified abnormal nodes according to the
presence of segmental or paranodal demyelination and the
integrity of the paranode (normal or “unwound”). Because
it was not possible to relate the number of pathological
nodes to the total number of nodes, we compared the
relative frequencies of abnormal nodes themselves. This
analysis showed that paranodal demyelination was more
common at 5 than at 7dpi (P � 0.16, ANOVA). Conversely,
segmentally demyelinated axons were more common at 7
dpi than at 5 dpi (P � 0.10, ANOVA). Taken together,
these data raise the possibility that paranodal demyelina-
tion leads to segmental demyelination.

DISCUSSION

Intraneural injection of lysolecithin causes segmental
and paranodal demyelination as well as “unwound”
paranodes. In each kind of pathological alteration, ax-
onal proteins are redistributed in relation to the molec-
ular specializations of Schwann cells. Specialized
(ezrin-positive) Schwann cell processes are associated
with heminodes, which appear to retain the complete
ensemble of axonal components. Even in fragmented
nodes, Schwann cell processes and axonal molecular
components may be found together. Similarly, Caspr
and NF155 remain colocalized; this is particularly strik-
ing in unwound paranodes. Finally, regions lacking my-
elin sheaths, such as demyelinated internodes and ab-
normally widened nodes, have reduced protein 4.1B.

These data indicate that axon–Schwann cell interac-
tions govern the clustering of the axonal molecules that
characterize the nodal, paranodal, and juxtaparanodal
regions. That lysolecithin directly affects the molecular
organization of axonal membranes is unlikely, because
systemic administration of �,��-iminodipropionitrile
produces similar changes in the axonal organization
(Nguyen et al., 2004).

Molecular reorganization accompanying
segmental demyelination

Intraneural injection of lysolecithin produces predomi-
nately segmental demyelination, with little if any axonal
loss (Hall and Gregson, 1971; Hall, 1973). As noted previ-
ously, the onset of demyelination occurs at about 4 dpi,
and demyelination becomes more pronounced over the
next few days. In agreement with previous reports, we
find that NaV channels disperse after segmental demyeli-
nation, allowing Kv1.1/Kv1.2 channels to abut nodes
(Dugandzija-Novakovic et al., 1995; Novakovic et al.,
1996; Rasband et al., 1998). We have confirmed and ex-
tended these findings by showing that other nodal compo-
nents (ankyrinG, spectrin �IV, NF186, and KCNQ2) re-
main associated with NaV channels, that specialized
(ezrin- and syndecan-3-positive) Schwann cell processes
remain localized to heminodes and even nodal fragments,
that protein 4.1B is markedly diminished in demyelinated
regions, and that the abnormally localized Kv1.1/Kv1.2
channels (adjacent to nodes) are associated with the loss of
paranodal Caspr and NF155. Thus, demyelinated PNS
internodes have but a few vestiges of their original molec-
ular organization. Comparable findings have been made
in the CNS, with the possible exception that nodal clusters
of NaV channels, ankyrinG, and KCNQ2 persist in at least
one model of severe dysmyelination, the md rat (Arroyo et
al., 2002; Devaux et al., 2003, 2004).

Fig. 4. Schwann cell processes are associated with heminodes. These are images of teased fibers 5–7
dpi, immunolabeled as indicated. Ezrin-positive Schwann cell processes appose ankyrinG-positive hemi-
nodes formed by paranodal (A) or segmental (B) demyelination (arrowheads). Note patches of ezrin and
ankyrinG in a demyelinated region (arrows in A). Scale bars � 10 �m.
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Molecular reorganization accompanying
paranodal demyelination

Whereas segmental demyelination is the chief lesion
caused by lysolecithin, paranodal demyelination has been
noted (Hall and Gregson, 1971; Hall, 1973). It remains to
be determined whether paranodal demyelination contrib-
utes to the conduction block caused by lysolecithin injec-
tions (Smith and Hall, 1980).

Paranodal demyelination is also caused by wide variety
of immune (Ballin and Thomas, 1969a,b; Allt, 1975;
Bonnaud-Toulze and Raine, 1980), toxic (Allt, 1969; Jones
and Cavanagh, 1983; Griffin et al., 1987), and mechanical
(Lubinska, 1958; Ochoa, 1972; Foster et al., 1980; Dyck et
al., 1990; Abe et al., 2002) agents. In spite of its potential
importance, its only molecular attribute is that paranodal
demyelination splits nodes into two heminodes of NaV

channels (Dugandzija-Novakovic et al., 1995; Novakovic
et al., 1996). We found that ankyrinG, spectrin �IV,
NF186, and KCNQ2 behave similarly and that specialized
(ezrin-positive) Schwann cell processes remain associated
with each heminode. Thus, these data provide further
evidence that normal nodes consist of two heminodes that
fuse during development (Dugandzija-Novakovic et al.,
1995; Novakovic et al., 1996; Rasband et al., 1998; Ching
et al., 1999), and there is evidence that heminodes formed
under pathological conditions may rejoin to form nodes
(Allt, 1969; Hall, 1973; Bonnaud-Toulze and Raine, 1980).

Unwound paranodes

Unwound paranodes can be conceptualized as a change
in the shape on the myelin sheath, as depicted in Figure 7.
They were an unexpected consequence of lysolecithin in-

Fig. 5. Paranodal and segmental demyelination disrupts glial and
axonal components of paranodes. These are images of teased fibers
5–7 dpi, immunolabeled as indicated. A shows a normal-appearing
node, B an example of paranodal demyelination, C an example of an
“unwound” paranode, and D is an example of segmental demyelina-

tion. Symbols are as in Figure 2, except that the small arrows in C
indicate the spirals of the unwound paranode, and the nuclei in D are
blue (asterisks). Note that Caspr and NF155 are colocalized in every
image. Scale bars � 5 �m.
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jections. This pathological finding has been seen in ani-
mals that have been given toxins that cause massive ax-
onal enlargement. Electron microscopy shows that
septate-like junctions are translocated toward the inter-
node (Jones and Cavanagh, 1983; Griffin et al., 1987).
Based on the colocalization of NF155 and Caspr, it seems
likely that septate-like junctions behave similarly in af-
fected fibers after lysolecithin injections, although we
were unable to find examples by electron microscopy. It is

possible that the unwinding of paranodes is related to
their formation during development, a matter of some
speculation (Pedraza et al., 2001).

These observations bear on the problem of how para-
nodes appear to prevent Kv1.1/Kv1.2 channels from ap-
posing the NaV channels at nodes. The loss of septate-like
junctions in segmental demyelination results in the redis-
tribution of Kv1.1/Kv1.2 channels (Dugandzija-Novakovic
et al., 1995; Novakovic et al., 1996; Rasband et al., 1998).

Fig. 6. Paranodal demyelination disrupts paranodal and jux-
taparanodal components. These are images of teased fibers 5–7 dpi,
immunolabeled as indicated; A and F are deconvoluted images. A and
E show examples of segmental demyelination; B, D, and F show
examples of paranodal demyelination; C shows a normal-appearing
node. Symbols as in earlier figures. Note that Cx29 is not localized to

a demyelinated internode (A) or a region of paranodal demyelination
(B); that protein 4.1B appears diminished or absent at a normal-
appearing node (C), a widened nodal region (D), and a demyelinated
internode (E); and that Kv1.2 intercalates between Caspr strands in
the paranodal region of an unwound paranode (F). Scale bars � 10
�m.
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Just the loss of septate-like junctions alone, without oth-
erwise disrupting the myelin sheath, is sufficient to cause
the redistribution of Kv1.1/Kv1.2 channels (Poliak and
Peles, 2003). These data indicate that septate-like junc-
tions form a “fence” that separate these K� channels from
the node (Rosenbluth, 1988). The intercalation of Kv1.1/
Kv1.2 channels into the unwound paranodes is further
evidence that septate-like junctions sequester juxtapara-
nodal proteins.
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