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Localization of Caspr2 in Myelinated Nerves Depends on Axon-Glia
Interactions and the Generation of Barriers along the Axon
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Cell recognition proteins of the contactin-associated protein
(Caspr) family demarcate distinct domains along myelinated
axons. Caspr is present at the paranodal junction formed be-
tween the axon and myelinating glial cells, whereas Caspr?2 is
localized and associates with K™ channels at the adjacent
juxtaparanodal region. Here we investigated the distribution of
Caspr2 during development of peripheral nerves of normal and
galactolipids-deficient  [ceramide galactosyl transferase
(CGT)—/—] mice. This mutant exhibits paranodal abnormalities,
lacking all putative adhesion components of this junction, in-
cluding Caspr, contactin, and neurofascin 155. In sciatic nerves
of this mutant, Caspr2 was not found at the juxtaparanodal
region but was concentrated instead at the paranodes with
Kv1.2. Similar distribution of Caspr2 was found in the PNS of
contactin knock-out mice, which also lack Caspr in their para-
nodes. During development of wild-type peripheral nerves,
Caspr2 and Kv1.2 were initially detected at the paranodes

before relocating to the adjacent juxtaparanodal region. This
transition was not observed in CGT mice, where Caspr2 and
Kv1.2 remained paranodal. Double labeling for Caspr and
Caspr2 demonstrated that these two related proteins occupied
mutually excluding domains along the axon and revealed the
presence of both paranodal and internodal barrier-like struc-
tures that are delineated by Caspr. Finally, we found that the
disruption of axon—glia contact in CGT—/— nerves also affects
the localization of the cytoskeleton-associated protein 4.1B
along the axon. Altogether, our results reveal a sequential ap-
pearance of members of the Caspr family at different domains
along myelinated axons and suggest that the localization of
Caspr2 may be controlled by the generation of Caspr-
containing barriers along the axon.
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Saltatory conduction depends on the generation of specialized
domains along myelinated axons in which different sets of ion
channels are present (Arroyo et al., 1999; Peles and Salzer, 2000).
At the node of Ranvier, the axonal membrane contains high
concentrations of voltage-gated Na ™ channels that are responsi-
ble for the regeneration of the action potential (Waxman and
Ritchie, 1993). The juxtaparanodal region is located beneath the
compact myelin at both sides of each internodal interval and
contains delayed rectifier K* channels of the Shaker family,
Kvl.1, Kv1.2, and their Kvp2 subunit (Wang et al., 1993; Rhodes
et al., 1997; Vabnick and Shrager, 1998; Rasband and Shrager,
2000). These channels colocalize and create a complex with
Caspr2, the second member of a growing family of putative cell
recognition molecules that demarcate distinct domains along my-
elinated fibers (Poliak et al., 1999). The juxtaparanodal K™ chan-
nels and Caspr2 are separated from the Na ™ channels at the node
of Ranvier by the paranodal junction, a specialized septate-like
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point of contact that is formed between the axolemma and the
paranodal loops of the myelinating cells (Rosenbluth, 1995).
The axonal membrane at the paranodes contains a complex of
cell adhesion molecules that include Caspr (also known as
paranodin) (Einheber et al., 1997; Menegoz et al., 1997; Peles
et al., 1997) and the glycosylphosphatidyl inositol-linked cell
adhesion molecule contactin (Rios et al., 2000; Boyle et al.,
2001). A glial component of the paranodal junction was re-
cently identified as neurofascin 155 (NF155), a spliced isoform
of the cell adhesion molecule neurofascin that is specifically
found at the glial loops (Tait et al., 2000). A schematic diagram
summarizing the proteins found in the various subdomains at
the nodal region is presented in Figure 9.

The generation and maintenance of specialized domains in
myelinated fibers are controlled by glial contact and intrinsic
determinants within the axon (Peles and Salzer, 2000). Although
the exact mechanisms involved are not completely understood,
such organization may require the presence of barriers along the
axon that restrict the diffusion of axonal proteins (Winckler et al.,
1999). Such barriers may be present at the paranodal junction.
Although structurally distinct, the paranodal junctions were sug-
gested to function similarly to tight junctions by providing a fence
that restricts the movement of membrane proteins, thereby con-
fining them to specific domains along the axolemma (Rosenbluth,
1995). The importance of axo-glial contact for the proper gener-
ation of axonal domains is further supported by the analysis of
mutant mice with defective paranodal junctions. These include
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mice deficient for contactin (Berglund et al., 1999; Boyle et al.,
2001) and galactolipids-deficient mice (Dupree et al., 1999). The
latter lack the enzyme UDP-galactose/ceramide galactosyl trans-
ferase (CGT) and are incapable of synthesizing the two major
myelin galactolipids galactocerebroside (GalC) and sulfatide (Co-
etzee et al,, 1996; Bosio et al., 1998). Both of these paranodal
mutants lack the transverse bands that are thought to represent
the septate-like junctions in peripheral myelinated nerves and
exhibit abnormal localization of Caspr and Kvl.1 along their
axons (Bosio et al., 1998; Dupree et al., 1998, 1999; Boyle et al.,
2001). To further understand the molecular mechanisms involved
in the generation and maintenance of distinct functional domains
along myelinated axons, we have investigated the distribution of
the Caspr2/Kvl.2 complex during development of peripheral
nerves in wild-type and paranodal mutant mice. Our findings
suggest that the localization of these proteins depends on the
presence of axonal barrier-like structures that are outlined by
Caspr at the paranodal junction and along the internodal
membrane.

MATERIALS AND METHODS

Animals and antibodies. Generation and genotyping of CGT and contac-
tin null animals have been described previously (Coetzee et al., 1996;
Berglund et al., 1999). Wild-type control animals were derived from the
same litters. Antibodies to Casprs include polyclonal antibodies P6061
and P4344 directed to the intracellular region of Caspr or Caspr2,
respectively, as well as monoclonal antibody M275, which is directed to
the extracellular domain of Caspr (Peles et al., 1997; Poliak et al., 1999).
Monoclonal antibodies against Na * channels and Kv1.2 (Bekele-Arcuri
et al., 1996; Rasband et al., 1999), as well as polyclonal antibodies against
contactin (Berglund et al., 1999), were described previously. NF155-
specific antibodies were generated by immunizing rabbits with a mixture
of two peptides, IRVLNSTAISLOWNRVYPD and RQQASFPG-
DRPRGV VGRLF (amino acid positions 822—-840 and 869-887, respec-
tively), derived from the third FNIII repeat of rat neurofascin (Davis et
al., 1996).

Immunoprecipitation and immunoblot analysis. Coimmunoprecipita-
tion experiments were done using brain membranes prepared from
wild-type or CGT—/— animals. Brains from four mice were pooled and
homogenized in a buffer containing 20 mm HEPES, pH 7.4, 0.32 M
sucrose, 1 mm EGTA, 1.5 mm MgSO,, 10 pg/ml aprotinin and leupeptin,
and 1 mM phenylmethyl-sulfonyl fluoride (PMSF). Nuclei and heavy cell
debris were removed by low-speed centrifugation (1000 X g) for 10 min,
and the supernatant was subjected to high-speed centrifugation
(40,000 X g) for 60 min. Membrane solubilization, immunoprecipitation,
and immunoblots were conducted as described previously (Poliak et al.,
1999).

Immunofluorescence. Sciatic nerves were dissected and immersed in
Zamboni’s fixative for 10 min. In some cases, nerves were first fixed in
4% paraformaldehyde and teased before immersion in Zamboni’s fixa-
tive. After desheathing, nerves were teased on gelatin-coated slides,
dried for 2 hr, and frozen at —20°C. Preparation and staining of optic
nerve sections have been described previously (Poliak et al., 1999). The
preparations were post-fixed/permeabilized in methanol at —20°C for 20
min or permeabilized in PBS/0.5% Triton X-100 for 10 min for optimal
staining of 4.1B. Slides were washed and blocked for 30 min with PBS
containing 10% normal goat serum, 0.1% Triton X-100, and 1% glycine.
The samples were incubated overnight at 4°C with the different primary
antibodies described above diluted in blocking solution. Slides were
washed three times for 5 min in PBS and incubated for 1 hr in secondary
antibodies: anti mouse-Cy3 or biotinylated anti-rabbit (Jackson Immu-
noResearch, West Grove, PA). The latter was washed in PBS and reacted
with streptavidin—Alexa-488 (Molecular Probes, Eugene, OR) for 45 min
and was further processed as described previously (Poliak et al., 1999).
Immunofluorescence was viewed and analyzed using a Deltavision wide-
field deconvolution microscope (Applied Precision), using a Bio-Rad
confocal microscope (Bio-Rad, Richmond, CA) or a Zeiss Axioplan
microscope equipped with SPOT-II (Diagnostic Instruments) cooled
CCD camera.
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RESULTS

Paranodal junction components in CGT and

contactin mutants

Previous work showed that Caspr is either absent or only weakly
present in the paranodes of galactolipids mutant mice (Dupree et
al., 1999). It was suggested that the paranodal defects observed in
this mutant result from inappropriate targeting of a glial adhesion
component to the paranodal loops (Dupree et al., 1999; Popko,
2000). To further characterize this mutant, we examined the
distribution of contactin and NF155, two adhesion molecules that
are found at the neuronal and glial sides, respectively, of the
paranodal junction (Rios et al., 2000; Tait et al., 2000). Although
in wild-type animals NF155 and contactin show a similar distri-
bution to Caspr at the paranodes and the mesaxon, in CGT—/—
mice these adhesion molecules were hardly detected in the para-
nodal region (Fig. 1). As observed in wild-type nerves (Tait et al.,
2000), NF155 was still detected in the Schmidt-Lanterman inci-
sures (data not shown), indicating that it was specifically mislo-
calized at the paranodes and the mesaxon. Similarly, NF155
staining was markedly reduced in the paranodes of contactin
mutant mice, which also exhibit disruption of the paranodal
septate-like junction (Fig. 1) (Boyle et al., 2001). In both para-
nodal mutants, some residual NF155 staining could be detected
occasionally in the paranodal loops, but it was clearly distinct
from the wild-type nerve and did not appear to be concentrated
at the paranodal junction. These observations indicate that local-
ization of the different adhesion components at the paranodal
junction is interdependent, suggesting that galactolipids may af-
fect the local differentiation of myelinated axons by regulating the
proper localization of NF155 to the glial loops.

Distribution of Caspr2 in CGT knock-out mice

The close association between Caspr2 and K * channels raises the
question of whether these proteins are still colocalized in myelin-
ated nerves of CGT—/— and contactin null mice, which display
abnormal localization of K™ channels along their axons (Dupree
et al., 1999; Boyle et al., 2001). In the sciatic nerves from these
mutants, Caspr2 was found adjacent to the nodes of Ranvier,
which were labeled with a Na ™ channel antibody (Fig. 2). Similar
paranodal localization was found for K™ channels subunits Kv1.2
(Fig. 1) and Kv1.1 (data not shown) (Dupree et al., 1999; Boyle et
al., 2001). Although in wild-type animals Caspr2 and K™ chan-
nels were present at 93% of the juxtaparanodes, they were local-
ized at the paranodes in 94 and 96% of the sites in CGT and
contactin mutant nerves, respectively. In the remaining 4-6% of
the cases, these molecules were not at all or only weakly detected
along the axon. Double labeling for Caspr2 and Kv1.2 demon-
strated that these proteins were colocalized at all of the sites
examined. In CGT and contactin mutant mice, Caspr2 and K*
channels did not occupy the entire paranodal length but were
more concentrated near the nodes. This labeling pattern was
clearly distinct from the distribution of Caspr in wild-type ani-
mals. Altogether, these experiments demonstrate that Caspr2 is
aberrantly relocated with K™ channels to the paranodes in two
different mutant mice that exhibit paranodal junction defects.
Thus, the presence of the Caspr/contactin complex in the paran-
odes may restrict the movement of Caspr2/K™ channels toward
the nodes.

We have previously described that, in the CNS, Caspr2 colo-
calizes and forms a complex with Kv1.2, Kv1.1, and their Kv32
subunits (Poliak et al., 1999). Myelinated fibers in the CNS of
CGT—/— mice exhibit more severe morphological alterations as
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Figure 1. Aberrant localization of paranodal junction proteins in periph-
eral nerves of CGT and contactin knock-out mice. Teased sciatic nerves
were prepared from either 25-d-old wild-type (WT) or CGT (CGT—/—)
mice or from 17-d-old contactin knock-out (Con—/—) animals. The prep-
arations were labeled with a mouse monoclonal antibody to Na * channel
(NaCh, in red) and an antibody to neurofascin 155 (NF155), Caspr,
contactin, or Caspr2 (all in green), as indicated at the top of each panel.
Scale bar, 10 pwm.

compared with the PNS (Dupree et al., 1998; Popko, 2000).
Analyses of optic nerves of wild-type and CGT—/— mice revealed
that, in contrast to the PNS, Caspr2 was found only infrequently
at the juxtaparanodes, and in most fibers was either not detected
or diffused along the axon (Fig. 34). A similar distribution was
revealed using an antibody to Kvl.2. To determine whether
Caspr2 and K™ channels associate in CGT—/— mice, brain mem-
brane lysates from both wild-type and mutant animals were
subjected to immunoprecipitation with anti-Kv1.2 or Kv2.1 anti-
bodies followed by immunoblotting with an antibody to Caspr2.
As depicted in Figure 3B, Caspr2 could be coimmunoprecipitated
from CGT—/— mutant brains with an antibody against the Kv1.2
but not with an antibody to the control Kv2.1 subunit. These
experiments demonstrate that although Caspr2 and Kvl.2 are
found in abnormal positions along the axon in the CNS of

Caspr/Kv1.2 Caspr2/Kv1.2

Caspr/NaCh

CGT-/- wrt
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Figure 2. Distribution of K* channels and members of the Caspr family
in peripheral nerves of wild-type and paranodal mutant mice. Teased
sciatic nerve preparations from wild-type (WT) or CGT (CGT—/—) or
contactin null mice (Con—/—) were labeled with different combination of
antibodies as indicated at the fop of each panel. Caspr and Caspr2
labeling is shown in green, whereas that of Na* (NaCh) and K" channels
(Kv1.2) is shown in red. Scale bar, 10 wm.
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Figure 3. Caspr2/K* channels complex is mislocalized in the CNS of
CGT knock-out mice. 4, Longitudinal sections of optic nerves derived
from 45-d-old wild-type (WT) or CGT (CGT—/—) mice were labeled with
the different combination of antibodies as indicated at the fop of each
panel. Caspr and K™ channels (KvI.2) are labeled in green, and Caspr2
and Na ™ channels (NaCh) are labeled in red. The location of a node is
marked by an arrow. Scale bar, 20 pm. B, Association of Caspr2 with K™
channels. Solubilized brain membranes from wild-type (WT) or CGT
knock-out animals (CGT) were subjected to immunoprecipitation with
specific antibodies to either the Kv1.2 or Kv2.1 subunits of K™ channels,
or to Caspr2 as indicated (/P). Note that from one brain that was used for
each set of immunoprecipitations, 40% of the lysate was used for Kv1.2
and Kv2.1 antibodies, whereas 20% was used for Caspr2. The complexes
were separated on SDS-gel and immunoblotted with an antibody to
Caspr2. The location of molecular weight markers is shown on the right in
kilodaltons.

CGT—/— mice, they are still associated in a physical complex as
they are in wild-type animals.

Caspr2/K™* channel complex during development

The findings that Caspr2 and K™ channels are colocalized to-
gether in wild-type as well as in two paranodal mutant mice raise
the question of whether the association between these molecules
is important for their correct distribution along the nerve during
development. In the rat sciatic nerve, K" channels are first
detected at the nodes and paranodes and later in the juxtapara-
nodal region (Vabnick et al., 1999). Analyses of the distribution
of Caspr2 and Kvl1.2 in sciatic nerves of wild-type mice showed
that both proteins could be detected from postnatal day 8 onward
in the juxtaparanodal region and to a lesser extent in the para-
nodes (Fig. 4). At this age, Na ™ channels were found at all nodes,
with Caspr already occupying the entire paranode. Caspr2 and
K™ channel clustering was frequently observed in a ring-like
shape in the paranodal/juxtaparanodal border, often in an asym-
metric manner (Fig. 4 and data not shown). In contrast, in sciatic
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Figure 4. Distribution of Caspr proteins and ion channels during PNS
development. Teased sciatic nerves from wild-type (WT) and CGT mu-
tant mice (CGT—/—) were prepared at different days during development
as indicated on the fop. Double staining was performed using Caspr
(green) and Kv1.2 (red) or Caspr2 ( green) and Na™ channel (NaCh, red)
antibodies as indicated on the left of each row. Insets in the first panel show
labeling for either Caspr (bottom inset) or Kv1.2 (top inset). Note that at
day 8, K™ channels are found in both paranodes and juxtaparanodal
regions. In the CGT mice, Caspr2 and K" channels remain in the
paranodes at all ages. Scale bar, 10 um.
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Figure 5. Caspr2 and K* channels appear together in axonal domains
during development. Merged images of double staining for Caspr2
(green) and Kv1.2 (red) performed on teased sciatic nerves from wild-type
(WT) and CGT mutant mice (CGT—/—) at different days during devel-
opment as indicated on the fop. The left top panel shows the co-
appearance of Caspr2 and Kv1.2 in heminodes. Scale bar, 10 pum.

nerves from CGT—/— mice, Caspr2 and K" channels were de-
tected in the paranodes at all ages examined. Double-
immunofluorescence labeling for Caspr2 and Kv1.2 showed that
these proteins appear together during development of the wild-
type as well as CGT—/— nerves (Fig. 5). These results demon-
strate that Caspr2 and K™ channels emerge as a complex during
the development of the nerve at the paranode/juxtaparanodal
border, which then moves from the paranodes to the juxtaparan-
odal region. In CGT—/— fibers, where Caspr and contactin are
not in place, the paranodal domain is not defined, and the
Caspr2/K ™" channel complex remains localized adjacent to the
nodes.

Caspr family members occupy mutually excluding
domains along the axons

The reduced paranodal accumulation of Caspr in sciatic nerves of
CGT—/— mice (Dupree et al., 1999; this work), along with the
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Figure 6. Caspr and Caspr2/K+ complex occupy mutually excluding
domains along the axon. Wild-type (4-C and G-I) or CGT—/— (D-F)
nerves were labeled for Caspr (red; B, E, H,) and Caspr2 (red; A, D, G) as
indicated. The merged images of each experiment are shown on the right
panels. In CGT—/— nerve, high levels of Caspr2 are detected in regions
that lack Caspr (D, E, double arrows). Similarly, in wild-type animals, a
line of Caspr staining in the juxtaparanodes does not overlap with Caspr2
(G-, single arrow). Note that the weak labeling of the outer aspects of the
myelin sheath (D) is not specific and does not reflect Caspr staining in
Schwann cells.

relocation of Caspr2/K ™ channels to the paranodes, enables us to
assess whether Caspr family members could coexist along the
same axonal domains. To this end, we immunolabeled sciatic
nerves for Caspr and Caspr2 or Kv1.2 and analyzed those sites in
which some paranodal accumulation of Caspr was still detected.
In contrast to wild-type nerves that show a clear and sharp border
between the paranodes and the juxtaparanodal region (Fig. 6C),
in CGT—/— mutant nerves we observed a gradient of Caspr2
expression, with the highest concentration proximal to the node
(Fig. 6D-F). At these sites, Caspr accumulated but did not
overlap with the area that displayed the highest level of Caspr2
expression. This pattern of Caspr2 or K™ channel distribution
was detected in all of the sites that also showed partial paranodal
accumulation of Caspr in the adult nerve. In addition to its
localization at the paranodes, in wild-type nerves Caspr was also
found as a thin line bordered by parallel lines of K™ channels and
Caspr2 along the internodes and just below the Schmidt-Lanter-
man incisures (Fig. 6) (Arroyo et al., 1999, 2001). Passing through
the juxtaparanodal region, this line of Caspr staining appears as
a groove that was devoid of Caspr2 or K™ channels (Fig. 6G-L),
demonstrating that even when present at the same domain, Caspr
and the Caspr2/K™ complex are still separated.

In axons of adult wild-type mice, rings of Caspr were detected
repeatedly along the internodes and at the ends of the juxtapara-
nodal region (Fig. 7). Labeling for either Caspr2 or Kv1.2 re-
vealed that these proteins accumulated at one side of the ring.
Furthermore, the directionality of this unilateral accumulation
seemed to be determined by the proximity to the node: Caspr and
the Caspr2/K ™ channel complex were always accumulated, keep-
ing the same polarity as that observed in the closest paranode/
juxtaparanodal region. Altogether, these results show that Caspr
family members occupy mutually excluding domains along my-
elinated axons and suggest that the presence of Caspr along the
axon at sites other than the paranodal junction may also serve as
a barrier for the movement of Caspr2 and K* channels in the
membrane.

Localization of protein 4.1B to the paranodal junction
depends on members of the Caspr family

The unique localization of members of the Caspr family along
myelinated axons may require the attachment to the cytoskeleton
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Figure 7. Internodal localization of Caspr and Caspr2/K™ channel complex. Teased fibers of adult mouse sciatic nerves were stained for Caspr (red;
B,E, G,J, N) and Caspr2 (green; A, D, H, K, M) or for Caspr ( green; P) and Kv1.2 (red; Q). Merged images for each set of labeling are also shown
(C,F,I,L, O, R). Scale bar, 10 wm. Note that both Caspr2 and Kv1.2 are restricted to only one side of the Caspr ring, keeping the same polarity as that
of the closest paranode.
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Figure 8. Distribution of protein 4.1B in peripheral nerves of wild-type and paranodal mutant mice. Teased sciatic fibers from day 12 (4, B) and adult
(C, D) wild-type animals, or 12-d-old (E, F) and adult (G, H) CGT—/— mice were double labeled with an antibody to protein 4.1B ( green) and an
antibody to Na™ channel, Kv1.2, or Caspr (all in red) as indicated. Note that in adult CGT—/— nerve, paranodal concentration of protein 4.1B depends
on the abnormal accumulation of the Caspr2/Kvl.2 complex at these sites.

by binding to members of the protein 4.1 family. Such proteins
were shown to bind to the cytoplasmic domain of Caspr (Mene-
goz et al, 1997), as well as to neurexin IV, the Drosophila
homolog of Caspr2 (Baumgartner et al., 1996). This family con-
sists of four distinct proteins (Huang et al., 1993; Walensky et al.,
1998, 1999; Yamakawa et al., 1999; Parra et al., 2000), of which
only 4.1B was found at the paranodes in the CNS (Ohara et al,,
2000) (L. Gollan and E. Peles, unpublished observation). To
determine the localization of protein 4.1B in the PNS, we first
analyzed its distribution in sciatic nerve of wild-type animals at
postnatal day 12. At this developmental stage, Caspr was found at
all paranodes, whereas Caspr2 was found only in part of the

juxtaparanodes. Protein 4.1B was observed at the paranodal junc-
tion and was occasionally detected also at the juxtaparanodal
region (Fig. 8). The presence of protein 4.1B at the juxtapara-
nodes increased with age and was more prominent in adult
nerves, where it was localized with Caspr2 and Kv1.2. In contrast,
in sciatic nerve of 12-d-old CGT mice, protein 4.1B was distrib-
uted along the axon and weakly detected at the paranodes. When
protein 4.1B was detected at the paranodes, it was found at sites
in which either Caspr or the Caspr2/Kv1.2 complexes were con-
centrated. This was more conspicuous in adult sciatic nerves.
While in wild-type animals protein 4.1B was found at the paran-
odes and the juxtaparanodal region, in CGT—/— nerves it was
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diffused along the axon or detected at the paranodes together
with the Caspr2/Kvl.2 complex (Fig. 8). In summary, these re-
sults indicate that mislocalization of both Caspr proteins in
galactolipids-deficient mice is also accompanied by aberrant dis-
tribution of protein 4.1B, suggesting that members of the Caspr
family may regulate the localization of 4.1B in myelinated axons.

DISCUSSION

Sequential appearance of Caspr and Caspr2

during development

We have shown previously that Caspr2 is localized and associates
with members of the Shaker K* channels family, Kv1.1, Kv1.2,
and their Kvp2 subunit at the juxtaparanodal region (Poliak et al.,
1999). This association occurs indirectly and probably involves
the interaction of Caspr2 with a PDZ-containing protein (Poliak
etal., 1999). In this work, we compared the distribution of Caspr2
and Kv1.2 during development of peripheral nerves of wild-type
and mutant mice with paranodal abnormalities. At all ages tested,
Caspr2 always colocalized with K* channels. In sciatic nerves of
wild-type animals, Caspr2 could be detected as early as day 8 at
the paranodes and the juxtaparanodal region, where it had al-
ready been colocalized with Kv1.2. Comparatively, at this age,
Caspr was present at all paranodes. As development progressed,
Caspr2 translocated to the adjacent juxtaparanodal region until it
became completely absent from the paranodes in the adult. This
pattern is in agreement with a previous study, demonstrating a
role for these paranodal K* channels in preventing repetitive
firing during development of peripheral nerves (Vabnick et al.,
1999). In contrast to the wild-type nerves, in the galactolipids-
deficient mice, Caspr2 and Kv1.2 were initially detected at the
paranodes but did not relocate to the juxtaparanodal region and
remained mostly paranodal in the adult (94 and 96% of the sites,
respectively). A similar distribution was reported previously for
Kvl.1 in the adult sciatic nerve (85% of the sites examined)
(Dupree et al., 1999). Taken together, these results demonstrate
that the entire complex, which contains Caspr2 and distinct K™
channel subunits, is abnormally found at the paranodes in this
mutant. Furthermore, although in the CNS, Caspr2 and Kv1.2
were less confined to the juxtaparanodal region; they were invari-
ably colocalized to ectopic sites and still generated a stable
complex. The transient appearance of Caspr2 and Kv1.2 in the
paranodes during development of peripheral nerves raises the
possibility that these proteins may be targeted directly to this site.
In this regard, the paranodal junction may serve as a sorting
center much like the proposed role of tight junctions in epithelial
cells (Zimmermann, 1996; Zahraoui et al., 2000).

Caspr and Caspr2 occupy mutually excluding domains
in myelinated axons

During development of wild-type peripheral nerves, Caspr2/K™
channel complexes are excluded from the paranodes, which are
already occupied by Caspr. This observation is further supported
by analyses of sciatic nerves of CGT—/— mice. In contrast to
wild-type nerves, which exhibit a sharp boundary between Caspr2
and Caspr zones, no such border was detected at sites that still
showed paranodal accumulation of Caspr in CGT—/— mutants
(Fig. 6). At these sites, Caspr distinctly occupied only the distal
part of the paranodal region (i.e., in respect to the nodes) and
avoided the more proximal part that contained a high concentra-
tion of Caspr2. It should be noted that paranodal accumulation of
Caspr is composed of a number of rings that represent each turn
of the myelin wrap and thus does not represent a uniform domain
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(Arroyo et al., 1999; Pedraza et al., 2001). This, in turn, may allow
the K™ channels to accumulate as stripes between the Caspr rings
at the paranodes. This notion is well supported by ultrastructural
data, revealing the presence of distinct rows of particles at the
paranodal axolemma that are regularly positioned between the
paranodal loops (Rosenbluth, 1995). In addition to its paranodal
localization, the Caspr/contactin complex is also present as a thin
line at the inner mesaxon and below the Schmidt-Lanterman
incisures (Menegoz et al., 1997; Arroyo et al., 1999; Rios et al.,
2000). When this line was present at the juxtaparanodes, it was
constantly detected in a groove, which was devoid of Caspr2 or
Kv1.2. The observation that Caspr and the Caspr2/K™ channel
complex always occupy excluding zones in the PNS is consistent
with recent data demonstrating that although in some spinal cord
axons K™ channels were found at the paranodal region, they did
not overlap with Caspr labeling (Rasband and Trimmer, 2001).

Localization of Caspr2 in myelinated axons depends
on Caspr-containing domains

In addition to their proposed role in anchoring the myelin to the
axon and in forming a partial barrier that isolates the periaxonal
space from the nodes, the paranodal junctions were proposed to
physically demarcate boundaries that limit the lateral diffusion of
membrane components (Rosenbluth, 1995; Peles and Salzer,
2000). The mislocalization of Kv1.1 (Dupree et al., 1999), Caspr2,
Kv1.2, and protein 4.1B in CGT—/— mice described here strongly
supports such barrier-like function. Surprisingly, in addition to
the paranodes, we observed an accumulation of Caspr2 and K™
channels near rings of Caspr at the end of the juxtaparanodes and
along the internodal region, suggesting the existence of such
structures also at these domains. In principal, the accumulation of
Caspr2/K™* channels at these sites could reflect a stopping of
moving complexes at the axonal membrane, or, less likely, an
anchorage and sorting site for newly arriving Caspr2/K* channel
complexes. We propose that these rings are similar to those that
are squeezed together in the paranodes and most likely represent
similar barrier properties as found at the paranodes to restrict the
movement of axonal components, including cell adhesion recep-
tors and ion channels. Remarkably, the accumulation of
Caspr2/K ™ channels near such sites occurred in only one side of
the ring and was always directed toward the closest node, indi-
cating that the internodal region itself is polarized.

Molecular mechanisms of paranodal phenotype of
galactolipids-deficient mice

To date, three transmembrane proteins were found to reside at
the paranodal junction. These include Caspr (Einheber et al.,
1997; Menegoz et al., 1997) and the two immunoglobulin cell
adhesion molecules, contactin and NF155 (Rios et al., 2000; Tait
et al.,, 2000). Caspr and contactin form a complex (Peles et al.,
1997) that is found at the paranodes (Rios et al., 2000), and both
are essential for the generation of the paranodal septate-like
junction (Bhat et al., 2001; Boyle et al, 2001). Similarly,
galactolipids-deficient mice also exhibit paranodal abnormalities
and lack the transverse bands and Caspr in their paranodes
(Dupree et al., 1998, 1999). Here, we extended these observations
and show that the paranodes of peripheral myelinated nerves of
CGT—/— mice are also lacking contactin and NF155. This result
demonstrates that disruption of normal axo-glial contact in these
mice is accompanied by the disappearance of all known compo-
nents of the paranodal junction (Fig. 9). Furthermore, disruption
of axon—glia contact in CGT mice not only results in mislocal-
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Figure 9. Molecular composition of the nodal region in peripheral
nerves. Schematic summary illustrating the distribution of cell adhesion
molecules, ion channels, and cytoplasmic proteins along myelinated
nerves of wild-type and galactolipids-deficient mice (CGT—/—). The
nodal region is divided into several distinct domains, including the node
of Ranvier, paranodal (PN), juxtaparanodal (JX7'), and internodal re-
gions. In both wild-type and CGT—/— mutant nerves, Na ™ channels are
present at the nodes of Ranvier. In wild-type animals, Caspr and contac-
tin label the axonal side of the paranodal junction, whereas neurofascin
155 (NF155) is found at the glial loops. Caspr2 and Kv1.2 are present as
a complex at the juxtaparanodal area, which is located under the compact
myelin. In contrast to the wild-type nerves, in peripheral nerves of the
CGT—/— mutant, Caspr, contactin, and neurofascin are no longer present
at the paranodal junction. Caspr is primarily distributed along the axon,
whereas NF155 is weakly diffused at the paranodal loops area. Disruption
of the axo-glial junction results in relocation of Caspr2 and Kv1.2 from the
juxtaparanodal region to the adjacent paranode. In wild-type nerves, the
cytoplasmic protein 4.1B is present at both the paranodal and the jux-
taparanodal regions. In CGT—/— fibers, protein 4.1B is either diffused
along the axon or found at the paranodes along with Caspr2. This
summary is based on the present work, as well as on a previous work by
Popko and colleagues (Dupree et al., 1999).

ization of membrane junctional components but also affects the
distribution of downstream cytoskeletal elements such as protein
4.1. In the wild-type nerve, protein 4.1B was first detected with
Caspr at the paranodes and only at a later stage with Caspr2 at
the juxtaparanodal region. In contrast, in the absence of Caspr in
CGT—/— mice, protein 4.1B follows the distribution of Caspr2
and remains at the paranodes. These results suggest that protein
4.1B may be recruited to sites that contain Caspr and Caspr2,
where it may assist in maintaining functional domains by linking
these proteins to the axonal cytoskeleton.

Several mechanisms have been suggested previously to account
for the mislocalization of Caspr in CGT—/— nerves, including the
direct binding of Caspr to GalC and/or sulfatide, as well as
misrouting of a yet unidentified glial ligand to the glial loops
(Dupree et al., 1999; Popko, 2000). The latter is based on the
proposed role of galactolipids in the formation of lipid rafts and
the organization of the myelin membranes (Kramer et al., 1997;
Kim and Pfeiffer, 1999; Simons et al., 2000). The finding that
NF155 is reduced or absent from the paranodal loops of the
galactolipids-deficient mice reported here raises the possibility
that localization of the Caspr/contactin complex at the paranodal
junction may depend on the presence of NF155 at this site.
According to this model, it is likely that during development, the
Caspr/contactin complex is recruited to axo-glial contact sites at
the mesaxon and the paranodal loops by NF155. Nevertheless,
the observation that NF155 is reduced in or absent from the
paranodes of contactin null mice (Boyle et al., 2001) demonstrates
that proper localization of all putative adhesion components of
the paranodal junction is interdependent, rendering still feasible
the possibility that other mechanisms may account for the para-
nodal defect observed in the galactolipids-deficient mice.

In summary, we have extended previous observations which
demonstrated that Caspr2 forms a complex with K™ channels at
the juxtaparanodal region and have found that these molecules
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invariably appear together during development of peripheral
nerves. The correct localization of this complex in myelinated
axons depends on the formation of Caspr-containing structural
barriers along the axon, whereas the disruption of these barriers
in CGT and contactin null mice results in its mislocalization.
Future analyses of Caspr2 null mice will reveal whether it is
indeed essential for the proper localization of K™ channels to the
juxtaparanodal region.
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