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We report Nogo-A as an oligodendroglial component
congregating and interacting with the Caspr±F3 com-
plex at paranodes. However, its receptor Nogo-66
receptor (NgR) does not segregate to speci®c axonal
domains. CHO cells cotransfected with Caspr and F3,
but not with F3 alone, bound speci®cally to substrates
coated with Nogo-66 peptide and GST±Nogo-66.
Binding persisted even after phosphatidylinositol-
speci®c phospholipase C (PI-PLC) removal of GPI-
linked F3 from the cell surface, suggesting a direct
interaction between Nogo-66 and Caspr. Both Nogo-A
and Caspr co-immunoprecipitated with Kv1.1 and
Kv1.2, and the developmental expression pattern of
both paralleled compared with Kv1.1, implicating a
transient interaction between Nogo-A±Caspr and K+

channels at early stages of myelination. In patho-
logical models that display paranodal junctional
defects (EAE rats, and Shiverer and CGT±/± mice),
distances between the paired labeling of K+ channels
were shortened signi®cantly and their localization
shifted toward paranodes, while paranodal Nogo-A
congregation was markedly reduced. Our results
demonstrate that Nogo-A interacts in trans with

axonal Caspr at CNS paranodes, an interaction that
may have a role in modulating axon±glial junction
architecture and possibly K+-channel localization
during development.
Keywords: Caspr/K+ channel/Nogo-A/Nogo-66 receptor/
paranode

Introduction

During myelination, there is a complex, yet precise and
ef®cient, process that ensures the congregation of speci®c
ion channels and other related molecules to distinct
segments along the axon. Establishment and maintenance
of the molecular architecture of axonal domains are critical
to ensure rapid saltatory conduction of nerve impulses. The
nodes of Ranvier are enriched in Na+ channels whilst K+

channels are excluded from this location and instead
occupy juxtaparanodal regions. However, during the early
stages of both developmental myelination and remyelina-
tion, K+-channel congregates are transiently located at the
paranodal region (Rasband et al., 1998; Vabnick et al.,
1999) between the nodes and juxtaparanodes. This is
where the glial cytoplasmic loops come into contact with
the axolemma. Three adhesion molecules, Caspr, F3/
contactin and neurofascin 155, exist in a trans-triple
complex, and constitute an essential scaffold for the
maintenance of the architecture of the axoglial apparatus at
the paranodes (Girault and Peles, 2002). Caspr is a
transmembrane protein with an extracellular domain that
contains a series of laminin-G-like domains and EGF
repeats (Peles et al., 1997). F3 is required for the
coordinated transport of Caspr and Na+ channels to the
cell surface (Faivre-Sarrailh et al., 2000; Kazarinova-
Noyes et al., 2001). Studies on dysmyelinating mouse
mutants de®cient in myelin-related and axonal proteins,
such as ceramide galactosyl transferase (CGT) (Popko,
2000; Ishibashi et al., 2002), F3/contactin (Boyle et al.,
2001) and Caspr (Bhat et al., 2001), as well as myelin basic
protein (Shiverer mice) (Rasband and Trimmer, 2001),
have shown that clustering of axonal domain constituents
and the exact localization of ion channels, particularly K+

channels, are dependent on communication between axons
and oligodendroglia. However, the molecular mechanisms
that regulate the accumulation of K+ channels into discrete
zones are not entirely clear.

Nogo-A has been extensively studied in the context of
CNS regeneration and is one of the pivotal factors in the
inhibition of axonal regeneration after injury (Woolf,
2003). All three isoforms of Nogo (A, B and C) share the
same C-terminus with two transmembrane domains and an
extracellular 66 amino acid loop (Nogo-66). Nogo-A has a
large cytoplasmic N-terminal domain (Nogo-N) not
found in Nogo-B or Nogo-C. Regeneration phenotypes
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in Nogo-A-de®cient mice were not particularly unequivo-
cal, and the exact role of Nogo-A in the CNS remains to be
investigated (Woolf, 2003).

Knowledge of Nogo-A and NgR distribution at the
interface between neurons and oligodendrocytes will be
important in understanding their roles in CNS develop-
ment. In the present study, we demonstrate that Nogo-A is
found to localize to paranodes, where it interacts with the
paranodal junction protein Caspr. This interaction may
play a role in regulating the location of K+ channels along
the axon during the early stages of myelination.

Results

Nogo-A is localized to the paranodes of
myelinated axons
The distribution of Nogo-A was examined along the white
matter tracts of adult rat brainstem. In longitudinal
sections, similar localization patterns of Nogo-A were
observed with two different Nogo-A antibodies developed
in our laboratory (Figure 1A, a±f) (Liu et al., 2002) and
that of Dr Stephen Strittmatter (Figure 1A, g±i) (Wang
et al., 2002). By double immuno¯uorescence labeling with
Kv1.1 (red) (Figure 1A, a±c, g±i) or the Na+ channel (red)
(Figure 1A, d±f), Nogo-A immunoreactivity (green) was
con®ned speci®cally to paranodal segments along myelin-
ated axons (Figure 1A), which ¯ank nodal Na+ channel
labeling and juxtaparanodal Kv1.1 labeling, thus re¯ecting
its paranodal location. Similar observations were made in
other nerve-®ber-rich CNS sites such as the corpus
callosum and the spinal cord (not shown). The speci®c
labeling of Nogo-A in axonal domains was undetectable
after the Nogo-A antisera (1:200) were preincubated with
100-fold molar excess of antigen (Figure 1A, j). These
observations suggest that Nogo-A may be enriched at the
paranode and is a component of the paranodal protein
complex.

The speci®c paranodal location of Nogo-A was further
investigated using immunoelectromicroscopy (IEM). Con-
sistent with previous observations (Huber et al., 2002),
Nogo-A immuno-reactivity was high in the inner and outer
loops of the myelin sheath (Figure 1B, a) and low in
compact myelin of rat spinal cord (Figure 1B, b). Notably,
in longitudinal sections, Nogo-A immunoreactivity was
high in the expanded terminal glial loops (Figure 1B, b and
c) and the axoglial junction between the loops and the
axolemma (Figure 1B, d and e) at paranodes and was
present only occasionally in the paranodal axon
(Figure 1B, d). These observations indicate that Nogo-A
is a component of the CNS paranodes.

Nogo-A is a paranodal element predominantly
derived from oligodendroglia
To characterize the cellular origin of the paranodal
Nogo-A, we examined the distribution of Nogo-A in two
animal models: experimental autoimmune encephalo-
myelitis (EAE), a condition exhibiting progressive CNS
demyelination (Swanborg 2001), and CGT±/± mice known
to display the presence of reversed lateral loops but an
absence of transverse bands and abnormal localization of
K+ channels along their axons (Dupree et al., 1999). At the
peak of demyelination in adult EAE rats, their longitudinal
spinal cord sections were prepared for double immuno-

¯uorescence staining for Nogo-A or Caspr and for Kv1.1.
The density of Nogo-A-positive paranodal congregates
was signi®cantly decreased (by around 90%) in sections
from EAE rats (Figure 2A, a and c) compared with those
from control animals. Only occasional foci of Nogo-A-
positive paranodal clusters (arrowhead in Figure 2A, a)
and oligodendroglial immunoreactivity remained (star in
Figure 2A, a). In correlation with the loss of paranodal
staining, the Nogo-A expression level in the spinal cord
was downregulated in EAE rats (Figure 2A, d). However,
Caspr expression was affected to a much lesser extent by
this disorder in the spinal cord (Figure 2A, b±d).

In P16 wild-type mice, Nogo-A (green) clustered beside
the congregated Na+ channels (red) at paranodes
(Figure 2B, a). However, in P16 CGT±/± mice, the
correlation between the congregations of both Nogo-A
(green) and Na+ channels (red) was barely detected along
the axons (Figure 2B, b). Double labeling of the 200 kDa
neuro®lament with Nogo-A revealed loose spiral-like
labeling of Nogo-A along all of the neuro®lament labeled
axon in P21 CGT±/± mice (Figure 2B, d). This rather
deranged labeling pattern was clearly different from the
compact clustering pattern of Nogo-A labeling in wild-
type animals (Figure 2B, a and c). The above results
suggest that the Nogo-A clustering along the axon is
severely disrupted in the mutants. IEM observations
showed that Nogo-A immunoreactivity nevertheless
remained detectable in the reversed lateral loops at
paranodes in these mutant mice (Figure 2B, e and f).
These results, which demonstrate loss of paranodal
clustering of Nogo-A in both the EAE rat model and
CGT mutant mice, attests to the notion that paranodal
Nogo-A is present on oligodendrocytes.

Nogo-66 receptor NgR is not localized to the
paranode
We next investigated the expression and distribution of the
Nogo-66 receptor (NgR) to ®nd out whether it also
exhibits domain-speci®c congregation patterns in myelin-
ated axons. Immunoblot analyses using NgR antibodies
demonstrated that NgR expression was higher in adult
brainstem, hippocampus and cerebral cortex, but was
signi®cantly lower in spinal cord (Figure 3A). NgR is
detectable as early as postnatal day 1, with its expression
level maintained until postnatal day 14 and subsequently
showing a gradual decrease from 3 weeks of age
(Figure 3B). To con®rm that the NgR antibodies used
could label NgR on neurons, we stained rat hippocampal
sections and showed that NgR colocalized with the
neuron-speci®c microtubule-associated protein 2 (MAP2)
in cell bodies and processes (Figure 3C, D and E). Double
labeling for NgR and Nogo-A was dif®cult because both
antibodies originated from rabbits. Instead, we performed
double labeling of NgR and Kv1.2. In longitudinal
brainstem sections, NgR labeling clearly does not
colocalize with the congregated K+-channel labeling
(Figure 3, F, G and H). Similar NgR labeling was observed
at P1, P5, P14 and P30 sections (not shown). The
observation that the NgR localization pattern is distinctly
different from the congregated Nogo-A at the paranode
raises the possibility that Nogo-A may interact with an
axonal receptor other than NgR in these speci®c axon±
glial domains.
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Fig. 1. Nogo-A clusters at the paranodes in the CNS. (A) Adult rat brainstem sections were double immunolabeled for Nogo-A (green: a, c, d, f, g and
i) and the Kv1.1 K+ channel a-subunit (red: b, c, h and i) or PAN Na+ channel (red: e and f). For negative control, Nogo-A antiserum (1:200) was
premixed with antigen before staining an adult brainstem section (j). Nogo-A antibodies used were those developed in our laboratory (a±f) or from
Dr Strittmatter's laboratory (g±i). Images c, f and i are merged images of a and b, d and e, and g and h, respectively. (B) Ultrastructural localization of
Nogo-A at the paranodes in rat spinal cord: (a) immunogold labeling of cross-sections of myelinated axons revealed that the gold particles were detec-
ted at the inner and outer myelin sheaths; (b and c) immunogold particles of Nogo-A are found within glial loops and the compacted myelin; (d and
e) in longitudinal sections of paranodes, immunogold particles of Nogo-A located at the tips of glial loops in the axoglial junction and some within the
axon in (d). The boxed areas in (d) and (e) are shown at higher magni®cation in (d¢) and (e¢).OL, oligodendrocyte; ax, axon. Gold particles are
indicated with arrows. Scale bars: 5 mm for (A, a±i), 10 mm for (A, j), 200 nm for (B, a, d and e) and 100 nm for (B, b, c, d¢ and e¢).
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Fig. 2. Expression and localization of Nogo-A at the nodal areas in EAE rats and CGT±/± mice. (A) Expression and localization of Nogo-A and Caspr
in EAE af¯icted spinal cord. (a and b) Double immunostaining for Nogo-A (green, a), Caspr (green, b) and Kv1.1 (red, a and b). The star marks a
Nogo-A-positive cell body and the arrowhead indicates an undisrupted paranodal Nogo-A labeling. (c) Numbers of Nogo-A and Caspr clusters in
several microscope ®elds of both normal and EAE rat spinal cord sections were counted. Values are given as mean 6 SEM from at least three inde-
pendent experiments (** P < 0.01). (d) Western blotting results show that Nogo-A was signi®cantly downregulated in the spinal cord of EAE animals,
but Caspr expression was only affected slightly (* P < 0.05). Nor. SC, spinal cord of normal rats; EAE SC, spinal cord of EAE rats. Scale bars: 10 mm
for (a) and (b). (B) Distribution of Nogo-A in spinal cord sections from wild-type and CGT±/± mice. (a and b) double labeling for Nogo-A (green) and
Na+ channel in wild-type and CGT±/± spinal cord (P16). In CGT±/± mice (b), the correlation between the congregations of both Nogo-A and Na+

channels were barely detected compared with the wild-type sections (a), in which Nogo-A clustered at paranodes and Na+ channels congregated at the
nodes of Ranvier. (c and d) Spinal cord sections from wild-type and CGT±/± mice were double labeled for Nogo-A (green) and 200 kDa neuro®lament
(NF-200, red). Nogo-A labeling appears to be loosely spiraled around the axon in CGT±/± mice (P21; d), but clusters speci®cally into the paranodal
region in wild-type mice (P21) (c). Arrows in (d) indicate the Nogo-A-labeled spirals. (e and f) Immunogold labeling of Nogo-A in longitudinal
sections of paranodes from P16 CGT±/± mouse spinal cord demonstrated that gold particles were visible in the abnormally reversed loops. The boxed
areas in (e) and (f) are shown at higher magni®cation in (e¢) and (f¢), respectively. Arrows indicate the 10 nm gold particles. Stars indicate the reversed
papanodal loops. OL, oligodendrocyte; ax, axon. Scale bars: 10 mm for (a)±(d), 200 nm for (e) and (f), and 50 nm for (e¢) and (f¢).

Nogo-A at CNS paranodes interacts with Caspr/paranodin

5669



Nogo-A interacts with paranodal Caspr±F3 complex
Given the paranodal location of Nogo-A, we investigated
whether paranodal axonal components, such as Caspr, F3
and NB3 (an F3-related molecule) (Lee et al., 2000), are
Nogo-A binding partners. Nogo-A, Caspr, F3 and NB3
were immunoprecipitated from membrane extracts of
adult rat brain. Western blot analysis of the immuno-
precipitates resolved by SDS±PAGE revealed that
Nogo-A, Caspr and F3, but not NB3, were present in the
immunocomplexes pulled down by either Nogo-A or
Caspr antibodies (Figure 4A, a). Immunoprecipitation (IP)
studies were also performed on Caspr±F3, F3 and wild-
type CHO cells transiently transfected with a Nogo-A
expression construct, as well as with Caspr±F3-CHO cells.
Transfection was performed using Caspr±F3-expressing
cells because F3 is required for coordinated cell surface
expression of transfected Caspr (Faivre-Sarrailh et al.,
2000). Western blotting demonstrated that Nogo-A and
Caspr indeed associate with each other in Nogo-A±Caspr±
F3 cells, but not Nogo-A±F3, Nogo-A or Caspr±F3 CHO
cells (Figure 4A, b). These observations suggest that
Nogo-A interacts speci®cally with Caspr rather than F3.

Nogo-A interacts directly in trans with Caspr via
the extracellular Nogo-66 loop
The extracellular domain of Nogo-A consists of a 66
amino acid loop between its two transmembrane domains,

known as the Nogo-66 domain (Fournier et al., 2001). Any
interaction in trans between Nogo-A and Caspr should
involve the Nogo-66 domain. We next investigated
whether the Nogo-A and Caspr associate directly in a
trans manner that is independent of F3 using a cell
adhesion assay. Different CHO cell lines (expressing
Caspr or otherwise) were plated onto substrates coated
with the Nogo-66 peptide or recombinant GST fusion
proteins containing Nogo-66 (GST±Nogo-66) or the
cytoplasmic N-terminal domain of Nogo-A (GST±
Nogo-N) as well as GST. Caspr±F3-expressing cells, but
neither F3-expressing nor wild-type CHO cells, adhered
readily to Nogo-66 (Figure 4B, a, b and c) or GST±
Nogo-66 (Figure 4B, e±g). None of these CHO cell types
adhered well to GST (Figure 4B, i±k) or GST±Nogo-N
(not shown). Quanti®cation of adhering cells indicated that
the number of Caspr±F3-CHO cells binding to both
Nogo-66 and GST±Nogo-66 was much higher than that
in the other experimental groups (Figure 4B, m).

To investigate whether Nogo-66 interacts with Caspr
only or with a binding pocket generated by the cell surface
Caspr±F3 complex, we removed the GPI-linked F3 using
phosphatidylinositol-speci®c phospholipase C (PI-PLC).
After a PI-PLC treatment, Caspr±F3-CHO cells still
adhered to both Nogo-66 and GST±Nogo-66, but not to
GST-coated substrates (Figure 4B, d, h, l and m). To
ensure that F3 was completely removed from the cell

Fig. 3. NgR is not localized to the paranode. (A and B) Tissue lysates from various regions of the CNS of adult rats and brain lysates at various
developmental stages were subjected to western blot using antibodies against NgR and g-tubulin. (C±E) Adult hippocampus sections were double
stained for NgR (green, C) and MAP2 (red, D). (E) is a merged image of (C) and (D). Scale bar: 10 mm. (F±H) Brainstem sections were double
stained for NgR (red, F) and Kv1.2 (green, G). (H) is a merged image of (F) and (G). Scale bar: 50 mm.
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surface after PI-PLC treatment, increasing concentrations
of PI-PLC (0.02, 0.04 and 0.06 U/ml) were used. The level
of cell binding was constant in all three different
concentrations of PI-PLC (Figure 4B, n). In agreement

with our previous work (Faivre-Sarrailh et al., 2000),
western blot (Figure 4B, o) and immunostaining (not
shown) using F3 antibodies demonstrated that a signi®cant
amount of F3 was indeed removed from Caspr±F3-CHO

Fig. 4. Caspr associates with Nogo-66 in an F3-independent manner. (A) Nogo-A associates in vivo with Caspr±F3. (a) Detergent lysates of brain
membrane fractions from adult mice were immunoprecipitated with Caspr, Nogo-A and NB3 antibodies as well as non-immune IgG. The immuno-
precipitates and detergent extracts from brain (Brain) together with the protein-A beads (Beads) were subjected to western blot using antibodies against
Caspr, Nogo-A, F3 and NB3. (b) Membrane fractions of Nogo-A±Caspr±F3-, Nogo-A±F3-, Nogo-A- and Caspr±F3-transfected CHO cells were immu-
noprecipitated with antibodies to Caspr and Nogo-A as well as non-immune IgG. The immunoprecipitates and brain extracts (Brain) were subjected to
western blot analysis using antibodies against Nogo-A, Caspr and F3. (B) Caspr-expressing cells adhere to Nogo-66. (a±l) Caspr±F3-CHO cells (a, e
and i), F3-CHO cells (b, f and j) and mock CHO cells (c, g and k), as well as PI-PLC-treated Caspr±F3- CHO cells (d, h and l) were plated onto sub-
strates coated with Nogo-66 peptide, recombinant GST±Nogo-66 protein and GST, respectively. Scale bar: 8 mm. (m and n) Quanti®cation of cells
adherent to various substrates. Caspr±F3-CHO cells (in the presence or absence of PI-PLC treatment), but neither F3-CHO nor wild-type CHO cells,
bound to Nogo-66 peptide and GST±Nogo-66. Bars represent the number of adherent cells (expressed as mean 6 SEM) from at least three independ-
ent experiments (m). (o) At the end of cell adhesion assay after PI-PLC treatment, Caspr±F3-CHO and F3-CHO cells and their culture supernatant
were collected and subjected to western blotting analysis after normalizing for total protein to detect F3/contactin: 1, mouse brain; 2, F3-CHO cell
lysate; 3, Caspr±F3-CHO cell lysate after PI-PLC treatment; 4, Caspr±F3-CHO cell medium after PI-PLC treatment. *P < 0.05. Caspr±F3- CHO cells
adhered to Nogo-66 and GST±Nogo-66 with equal ef®ciency after treatment with increasing concentrations of PI-PLC (0.02, 0.04 and 0.06 U/ml) (n).

Nogo-A at CNS paranodes interacts with Caspr/paranodin

5671



cells after treatment with PI-PLC. This lack of effect of
PI-PLC on the cell adherence to Nogo-66 substrates
suggests that F3 is not directly involved in the trans
interaction between Nogo-66 and Caspr.

The Nogo-A±Caspr complex interacts with
K+ channels
During myelination, the proper segregation of K+ channels
to juxtaparanodes requires an intact paranodal axoglial
junction (Vabnick and Shrager, 1998). This structure is
formed and maintained by axonal molecules such as Caspr
and F3, as well as by glial-speci®c molecules during
myelination and remyelination (Girault and Peles, 2002).
We hypothesized that the interaction of Nogo-A with
Caspr forms an axoglial signaling connection that could
in¯uence the ®nal location of the K+ channel at
juxtaparanodes during the early stages of myelination.
Immunoprecipitation analyses were performed to investi-
gate whether K+ channels could physically interact with
Nogo-A±Caspr complex in the CNS. Both Nogo-A and
Caspr antibodies reciprocally precipitated Kv1.1 and
Kv1.2, but not Kv2.1 (not shown), from P7 and adult
(not shown) mouse brain extracts, while NB3 antibody and
non-immune IgG did not (Figure 5A, a). Kv2.1 is
generally found in neuronal cell bodies and proximal
dendrites, but is excluded from axons (Trimmer, 1991). In
GST pulldown assays using membrane extracts of adult
mouse brain, both Caspr and Kv1.1 could be pulled down

by GST±Nogo-66, but not by GST±Nogo-N or GST
(Figure 5A, b). These results support the notion that
Nogo-66 is a trans-interacting partner of Caspr and that K+

channels may interact with the complex.

Nogo-66 interacts indirectly with K+ channels via
Caspr
We next asked whether Nogo-66 could directly interact
with K+ channels. Kv1.1 cDNA (Nakahira et al., 1996)
was transiently transfected into Caspr±F3, F3 and wild-
type CHO cells and the membrane extracts were subjected
to a GST pulldown assay using GST and GST±Nogo-66
fusion proteins, respectively. Wild-type and F3-expressing
CHO cells did not express Caspr (Figure 5, Ba). Western
blot analysis showed that both Kv1.1 and Caspr could be
precipitated by GST±Nogo-66, but not by GST, from the
Caspr±F3-expressing cells, but not from F3-expressing
and wild-type CHO cells (Figure 5B, b). These results
demonstrate that Nogo-66 could interact indirectly, at least
in vitro, with K+ channels via Caspr.

Nogo-A and Caspr share a similar spatial and
temporal relationship with Kv1.1 along myelinated
axons during development
In view of the potential interaction between the paranodal
Nogo-A±Caspr and Kv1.1 established above, we explored
the dynamic relationship between Nogo-A±Caspr and
Kv1.1 distribution along myelinated axons during
development. Double immuno¯uorescence labelings of
Caspr and Kv1.1, and of Nogo-A and Kv1.1, were
performed on brainstem sections of rats at various
postnatal ages. Congregations of both Caspr and Kv1.1
labeling were apparent from approximately P5 onwards
(Figure 6A, a). From P5 to P14 (Figure 6A, a±c), Caspr
staining at paranodes overlapped that of Kv1.1, suggesting
colocalization of both molecules at this critical early
period of myelination. At P30 (Figure 6A, d), Kv1.1
labeling became more distinctly juxtaparanodal, with only
minimal bands of overlap with Caspr at paranodal±
juxtaparanodal borders. In the adult (Figure 6A, e),
Caspr and Kv1.1 were segregated into their different
microdomains along the myelinated axons. Double
immuno¯uorescence staining for Nogo-A and Kv1.1 at
P1 (Figure 6B, a±c) revealed that Nogo-A was diffusely
labeled along the nerve ®bers. At P5 (Figure 6B, d±f),
clustering and aggregation of Nogo-A staining became
more evident. However, the staining pattern still did not
have well-de®ned domains or borders. Nodal gaps were
apparent and heminodes were seen as well. From P7
onward (Figure 6B, g±i), Nogo-A distribution demon-
strated an obvious clustering toward the paranodes.
Between P5 and P14 (Figure 6B, j±l), there were varying
degrees of overlap between congregates of Nogo-A and
Kv1.1 immunostaining at both paranodal and juxta-
paranodal regions. At P30 (Figure 6B, m±o), Kv1.1
congregates were exclusively localized to juxtaparanodes,
akin to the situation in adult animals.

Colocalization of the Nogo-A±Kv1.1 and Caspr±Kv1.1
was quanti®ed by measuring the lengths of Nogo-A and
Kv1.1-labeled regions on captured images (Figure 6C, a).
The average length of a Nogo-A-labeled region was about
9 mm at P5 and 5 mm at P7, but this shortened to about 2 mm
from P14 to adult, suggesting that Nogo-A is progressively

Fig. 5. The Nogo-A±Caspr complex interacts with K+ channels.
(A) (a) P7 mouse brain membrane extracts were immunoprecipitated
with Caspr, Nogo-A, Kv1.1, Kv1.2 and NB3 antibodies as well as non-
immune IgG. The indicated immunoprecipitates and brain extracts
(Brain) were subjected to western blot analysis using antibodies against
Kv1.1, Kv1.2, Nogo-A and Caspr. (b) GST pulldown assay was per-
formed using recombinant GST±Nogo-66, GST±Nogo-N and GST from
adult mouse brain extracts. The indicated precipitates and brain extracts
(Brain) were probed with Caspr and Kv1.1 antibodies, following SDS±
PAGE separation. (B) (a) Membrane fraction of CHO, F3-CHO and
Caspr±F3 CHO cells, as well as brain extracts, were immunoblotted
using Caspr antibodies following SDS±PAGE separation. (b) After tran-
sient transfection with the Kv1.1 expression construct RBG4/Kv1.1,
membrane extracts of CHO, F3-CHO and Caspr±F3 CHO cells were
incubated with GST±Nogo-66 or GST, respectively. The eluted proteins
were separated by SDS±PAGE and probed with Caspr and Kv1.1
antibodies. IP, immunoprecipitation; WB, western blot.
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congregated into narrower bands during the early stages of
myelination. The average length of a Kv1.1-labeled region
did not demonstrate such a marked change with time,
ranging from 6 mm at P5 to 8 mm in the adult. Of note was
the change in terms of the length of overlap between
Nogo-A and Kv1.1 labeling: it decreased from 4 mm at P5,
2 mm at P14 and 1 mm at P30 to approximately 0 mm in the
adult. This change demonstrates a transient colocalization

of Nogo-A and Kv1.1 in paranodal regions before compact
myelin is fully laid down. The degree of colocalization
between Nogo-A±Kv1.1 and Caspr±Kv1.1 was also com-
pared (Figure 6C, b). From P5 to P14, >60% of paranodes
in every ®eld of view were double labeled for Nogo-A±
Kv1.1 and Caspr±Kv1.1, respectively. In adults, Nogo-A
and Caspr separated from Kv1.1 and a complete segrega-
tion was observed. Given that K+ channels bind to the

Fig. 6. Immunohistochemical labeling of Nogo-A, Caspr and Kv1.1 at different postnatal days in rat brainstem. (A) Brainstem sections of P5 to adult
rats were double labeled for Caspr (green) and Kv1.1 (red). Scale bar: 5 mm. (B) Sections from P1±P30 rats were double labeled for Nogo-A (green)
and Kv1.1 (red). Scale bar (o): 5 mm. (C) (a) The lengths of Nogo-A and Kv1.1 immunostaining and their overlap were measured from micrographs
(mm, mean 6 SEM). (b) The number of overlapping Nogo-A±Kv1.1 or Caspr±Kv1.1 clusters at paranodes was counted.
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Nogo-A±Caspr complex, these observations imply that the
Nogo-A±Caspr complex may transiently interact with K+

channels, and as such may cooperatively regulate the
paranodal localization of Kv1.1 during the early stages of
myelination.

Nogo-A and K+ channel in demyelinating animal
models
Shiverer is a hypomyelinating mutant mouse that lacks
myelin basic protein (MBP) and has axons with normal
oligodendroglial ensheathment, but displays aberrant
axoglial junctions and abnormal localization of K+

channels along its axons (Rasband and Trimmer, 2001).
To explore the spatial relationship between glia-related
molecules and K+ channels in myelinated axons, the
distribution of Nogo-A, Caspr and Kv1.1 was examined in
both rats subjected to EAE and Shiverer mice. Double-
immuno¯uorescence staining demonstrated that both
disorganized Caspr (green) and Kv1.1 (red) labelings
were detectable in the paranodal regions of the EAE rat
(Figure 7A) compared with normal rat (Figure 7B)
brainstem. In contrast with the location of paranodal

Nogo-A (green) and juxtaparanodal Kv1.1 (red) in the
spinal cord sections of normal mice (Figure 7C), Nogo-A
clustering was barely detectable in the paranodal region of
Shiverer mice (Figure 7D, E, F and G). However, Nogo-A
immunoreactivity in cell bodies remained intact and
distinct (arrows in Figure 7C, F and G). In accordance
with previous observations (Poliak et al., 2001), disorgan-
ized Caspr and Kv1.1 labeling colocalized at paranodes in
Shiverer mice (Figure 7I) but not in normal mice
(Figure 7H). Quantitative analysis of the distance between
paired Kv1.1 immunostainings demonstrated that the
distances between the pairs were signi®cantly reduced in
both EAE and Shiverer mice compared with normal
animals (P < 0.01) (Figure 7J). These observations suggest
that, in both pathological conditions of EAE rats and
Shiverer mice displaying paranodal junction defects, K+

channels are relocated to the paranodes. Concomitantly,
the congregation of Nogo-A at the paranode was markedly
reduced. Thus, in addition to axonal molecules, certain
glia-derived molecules involved in formation of axoglial
junctions may also be essential for proper K+-channel
localization at juxtaparanodes in normal adult animals.

Fig. 7. Distribution of Nogo-A, Caspr and Kv1.1 in EAE rats and Shiverer mice. (A and B) Double immuno¯uorescence labeling for Caspr (green)
and Kv1.1 (red) in brainstem sections of (A) EAE and (B) control rats. The insets represent magni®ed views of the Kv1.1 labeling. Scale bars: 10 mm
for (A) and (B), and 5 mm for insets to (A) and (B). (C, D, E, F and G) Double labeling for Nogo-A (green) and Kv1.1 (red) in spinal cord sections of
(C) wild-type and (D±G) Shiverer mice. Image (F) is a merged image of (D) and (E). Arrows in (C), (F) and (G) indicate Nogo-A-positive cell bodies.
Scale bars: 10 mm. (H and I) Double immuno¯uorescence staining of Caspr (green) and Kv1.1 (red) in brainstem sections of (H) wild-type and
(I) Shiverer mice. Scale bar: 10 mm. (J) The distances between paired Kv1.1 staining in EAE with control rats and Shiverer (Shi) with wild-type (WT)
mice were measured from micrographs (mm, mean 6 SEM), respectively. The values in EAE rats or Shiverer mice were signi®cantly reduced when
compared with their controls, respectively (**P < 0.01).
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The molecular structural basis for these changes is
presently unknown, but may well be related to the
interaction between K+ channels and the Nogo-A±Caspr
complex.

Discussion

Nogo-A, but not the Nogo-66 receptor, is located
at the paranode
In the present study, we have ®rst investigated whether
glia-derived Nogo-A is speci®cally localized to distinct
axonal domains, such as paranodes, and as such may be
involved in intercellular axoglial signaling. Nogo-A is
localized to oligodendrocyte cell bodies and processes and
to the innermost loop and outer loop of the myelin sheath
(Huber et al., 2002). During development, the time course
of appearance of Nogo-A mRNA and protein parallels the
time frame for myelination, occurring in a period just prior
to the expression of myelin basic protein (Huber et al.,
2002). We show that Nogo-A is mainly localized at the
gaps between Na+ and K+ channels along axons and its
immunoreactivity is clearly located at sites where glial
loops make contact with the axonal membrane surface in
adult CNS. In accordance with Nogo-A downregulation,
its congregates are signi®cantly reduced at paranodes in
EAE animals. Although Nogo-A immunoreactivity re-
mains detectable at the abnormal glial loops of CGT±/±

mice on ultrastructural analysis, immunohistochemical
examination of axons in both Shiverer and CGT±/± mice
revealed a loss of paranodal clustering of Nogo-A.
Together, these observations support the notion that
Nogo-A is a paranodal glial component (Figure 8).

The staining pattern and oligodendroglial origin of
paranodal Nogo-A raises the question as to whether it
interacts with components on the axonal surface. So far,
NgR is the only known high-af®nity neuronal receptor for
Nogo-A. NgR expression in neurons and along myelinated
axons is predominantly found in adult animals and is

minimal during myelination (McGee and Strittmatter,
2003). Consistent with these ®ndings, we have shown that
NgR is located in the brainstem on neuronal cell bodies
and uniformly distributed along myelinated axons from
the early stages of development until adulthood. It is
intriguing that there is signi®cant Nogo-A clustering at
paranodes, while the NgR distribution pattern remains
diffuse along axons. Therefore, as the congregation of
Nogo-A coincides with the developmental period of
myelination, paranodal Nogo-A may participate in this
process and may interact with a molecule other than NgR
for a function distinct from inhibition of axonal sprouting.

Paranodal Nogo-A is a trans-binding partner of
Caspr
At the paranodes, the GPI-anchored axonal F3/contactin
exists as a complex with the membrane protein Caspr
(Girault and Peles, 2002). The Caspr±F3 complex interacts
with NF155, a glial-derived molecule, in trans, and is an
example of axoglial molecular connection at the paranode
(Girault and Peles, 2002). We have shown that Nogo-A
associates speci®cally with the Caspr±F3 complex, but not
with NB3, another paranodal molecule (Ang et al., 2001),
in co-immunoprecipitation assays, implicating an inter-
action between Nogo-A and the complex in vivo. The
observation that the majority of CNS Nogo-A is detected
in oligodendroglial cytoplasm and in the reversed para-
nodal lateral loops from CGT±/± mice implies that this
interaction probably occurs in a trans manner, with
Nogo-A from the oligodendrocyte membrane interacting
with Caspr±F3 from the axonal membrane. Although it
remains a possibility that axonal Nogo-A is a cis-binding
partner in the Caspr±F3 complex, and is dependent upon
myelination for congregation, this seems unlikely since
paranodal Nogo-A is predominantly expressed by oligo-
dendrocytes in the CNS (Huber et al., 2002; Liu et al.,
2002; Wang et al., 2002). We showed that Caspr±F3-
expressing CHO cells bind to both substrates coated with

Fig. 8. The interaction between Nogo-A and Caspr at the paranodes may play a role during myelination. Paranodal Nogo-A trans interacts with axonal
Caspr and may play a role in K+-channel localization during the early stages of myelination (from P5). With the ®rm establishment of axoglial
junctions in the adults, K+ channels were excluded from paranodes where Nogo-A±Caspr interaction is maintained. The mechanisms for this separation
remain to be further explored. N, node of Ranvier; PN, paranode; JPN, juxtaparanode.

Nogo-A at CNS paranodes interacts with Caspr/paranodin

5675



Nogo-66 peptides and GST±Nogo-66, where the binding
must occur in a trans manner. That binding occurs even
after removal of F3 from the cells via PI-PLC treatment
further implies that Nogo-A interacts directly with Caspr
(Figure 8).

Nogo-A may complement Caspr in regulating
Kv1.1 location
There is strong evidence suggesting that K+-channel
accumulation at the juxtaparanode is in¯uenced by
myelinating oligodendrocytes (Vabnick and Shrager,
1998). In the myelinated axons of the CNS, K+-channel
labeling becomes more prominent during the progression
of postnatal development, initially localizing to juxta-
paranodes and also to paranodal bands that alternate with
Caspr immunoreactivity (Rasband et al., 1999). At later
stages of postnatal development, K+ channels are excluded
from the paranodes and become exclusively juxtapara-
nodal. We showed that Nogo-A, via Caspr, associates
indirectly with Kv1.1. In addition, the developmental
changes in the distribution pattern of Nogo-A and Kv1.1,
as well as in those of Caspr and Kv1.1, are similar,
implying that an interaction between Kv1.1 and the
Nogo-A±Caspr complex may occur, at least transiently,
when Nogo-A±Caspr colocalizes with Kv1.1 at paranodes
during the early stages of myelination. Therefore Nogo-A
may complement or regulate the action of Caspr in the
organization of mature axonal domains and in so doing aid
in the coordinated localization of K+ channels to
juxtaparanodes (Figure 8). Investigation of Nogo-A (or
Nogo-A±Caspr) constitutive or conditional de®cient
animals in vivo, possibly using oligodendrocyte-speci®c
promoters, may help to reveal further the role of Nogo-A
during myelination. According to our quantitative analyses
in both EAE rats and Shiverer mice, the lengths of the gaps
between paired K+-channel clusters were reduced sig-
ni®cantly. This occurred in conjunction with a signi®cant
reduction in Nogo-A clusters. Therefore K+ channels may
colocalize with Caspr again in these pathological condi-
tions. It will be interesting to explore whether this transient
interaction also occurs during remyelination.

It should be noted that the localization of Caspr family
members demarcates distinct domains in myelinated
axons. Caspr2, which is about 45% identical to Caspr, is
localized to the juxtaparanodes of adult myelinated axons.
It associates with K+ channels indirectly via its
C-terminus, which contains a putative PDZ binding site
(Poliak et al., 1999), a feature shared by two other recently
described members of the mammalian Caspr family,
Caspr3 and Caspr4 (Spiegel et al., 2002). The
C-terminus of Caspr is rather unique compared with
other members of the family in terms of its length, and the
antibody we have raised is unlikely to cross react with the
other Caspr isoforms. The C-terminus of Caspr does not
have a putative PDZ binding motif, but shares a band 4.1
binding domain with Caspr2 (Scherer and Arroyo, 2002).
It would be interesting to determine whether this domain
of Caspr mediates its interaction with Kv1.1 and Kv1.2.

Nogo-A interactions in the CNS
The only known interacting partners of Nogo-A, other than
NgR, are the Nogo-interacting mitochondrial protein
(NIMP) (Hu et al., 2002), a-tubulin and MBP (Taketomi

et al., 2002). Our results indicate that the cell-surface-
exposed Nogo-66 loop binds directly to Caspr at axonal
surface, thus highlighting a previously unsuspected func-
tion of Nogo-A at the axoglial junction. This interaction
does not appear to involve NgR. In fact, it is unclear
whether interactions between adult oligodendroglial
Nogo-A and axonal NgR are required under normal
physiological conditions. Although further studies are
required to determine the precise function of the Nogo-A±
Caspr interaction, we postulate that this may in some
manner shape and maintain the architecture of the axoglial
junctions during and after myelination (Figure 8). The
Nogo-A±Caspr interaction represents the ®rst NgR-inde-
pendent Nogo-66 interaction described to date, and has
signi®cant implications for the role of Nogo-A in forma-
tion and maintenance of the axoglial junction architecture.

Materials and methods

Materials
Polyclonal Nogo-A (Liu et al., 2002; Wang et al., 2002), NgR (Wang
et al., 2002), F3 (Shimazaki et al., 1998) and NB3 (Lee et al., 2000)
antibodies have been described previously. Kv1.1, Kv1.2 and Kv2.1
antibodies (Chemicon), monoclonal antibody against Kv1.1 a-subunit
(K20/78), Kv1.2 a-subunit (K14/16, Upstate), Na+ channel (K58/35),
NF-200 and MAP2 (Sigma) are from the respective commercial sources.
Polyclonal NgR and Caspr antibodies were obtained by immunization of
rabbit with a GST fusion protein to amino acids 277±430 of human NgR
and to amino acids 1308±1377 of human Caspr, respectively.

Nogo-66 peptide (KLSDVLDDVLFLRRLEKITCNVHGLASNSYK-
QVLEES IAVESELYARFPHGEDSKQIAQIVGKYIR) was from oke
Diagnostics ApS (Denmark). Recombinant GST±Nogo-66 and GST±
Nogo-N-terminal (GST±Nogo-N) were ampli®ed from human brain
cDNA clone HK07722 (Nogo-A) by PCR.

EAE model
The EAE model in rats was developed according to a previous report
(Ahn et al., 2001). At 13±14 days post-myelin extract injection (dpi),
animals at the peak stage of EAE were sacri®ced for further experiments.

Immunohistochemistry and immunoelectron microscopy
Wistar rats, CGT±/± mice (Coetzee et al., 1996) and Shiverer mice (adults,
Jackson Laboratories, Bar Harbor, ME) were perfused, and spinal cords
and brainstems were post-®xed in 4% paraformaldehyde for 2 h and
processed for immunohistochemistry as previously described (Huber
et al., 2002). For electron microscopy, samples from adult Wistar rats and
CGT±/± (P16) were prepared according to published protocols (Huber
et al., 2002) and examined under a Philips 208 electron microscope.

Western blot, co-immunoprecipitation and GST pulldown
assays
Various regions of the CNS (total brain, brainstem, hippocampus,
cerebral cortex and spinal cord) from adult (P1±P30) Wistar rats and
spinal cords from EAE and control rats were harvested and extracted in
phosphate-buffered saline containing 1% Triton X-100 and a cocktail of
protease inhibitors. Lysates were electrophoresed on SDS±PAGE gel and
blotted onto nitrocellulose membranes (Hybond C-extra, Amersham).
Identical blots were probed with antibodies against Nogo-A, Caspr, NgR
and g-tubulin (for loading normalization) and visualized with the Pierce
chemiluminescent detection reagents.

For co-immunoprecipitation and GST pulldown experiments, brain or
cell membrane fractions were prepared as described previously (Lei et al.,
2002). Brie¯y, brain tissue or cells were homogenized in ice-cold
homogenizing buffer (320 mM sucrose, 10 mM Tris±HCl pH 7.4, 1 mM
NaHCO3 pH 7.4, 1 mM MgCl2) supplemented with 1% protease inhibitor
cocktail (Amersham) and subsequently centrifuged at 5000g for 15 min.
The supernatant was collected and spun at 60 000g (Beckman
ultracentrifuge) for 60 min at 4°C. Pellets were then dissolved in a lysis
buffer (10 mM Tris±HCl pH 9, 150 mM NaCl, 0.5% Triton X-100, 1%
sodium deoxycholate, 0.5% SDS, 2 mM EDTA and 1% protease inhibitor
cocktail). The sample was preincubated with non-immune rabbit IgG and
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protein-A agarose or the bead-bound GST, GST±Nogo-66 and GST±
Nogo-N (20 mg) before the subsequent experiments.

In separate experiments, Nogo-A or Kv1.1 (Nakahira et al., 1996)
expression constructs in the mammalian expression vector were
transiently transfected into Caspr±F3-expressing CHO (Faivre-Sarrailh
et al., 2000), F3-expressing CHO (Gennarini et al., 1991) or wild-type
CHO cells for co-immunoprecipitation and GST pulldown studies.

Cell adhesion assay
The cell adhesion assay was carried out as previously described (Xiao
et al, 1996).

PI-PLC treatment
Where indicated, Caspr±F3-transfected CHO cells were treated with
PI-PLC (0.02, 0.04 or 0.06 U/m) (Sigma), incubated for 2 h and then
plated into the dishes for cell adhesion assays or subjected to western blot
analysis and immunocytochemistry for F3/contactin as mentioned above.
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