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Myelin, a multilayered membrane sheath formed by oligodendro-
cytes around axons in the CNS, enables rapid nerve impulse
conduction and sustains neuronal health. The signals exchanged
between axons and oligodendrocytes in myelin remain to be fully
elucidated. Here we provide genetic evidence for multiple and
critical functions of Contactin-1 in central myelin. We document
dynamic Contactin-1 expression on oligodendrocytes in vivo, and
progressive accumulation at nodes of Ranvier and paranodes dur-
ing postnatal mouse development. Nodal and paranodal expression
stabilized in mature myelin, but overall membranous expression
diminished. Contactin-1-deficiency disrupted paranodal junction
formation as evidenced by loss of Caspr, mislocalized potassium
K,1.2 channels, and abnormal myelin terminal loops. Reduced
numbers and impaired maturation of sodium channel clusters
accompanied this phenotype. Histological, electron microscopic,
and biochemical analyses uncovered significant hypomyelination
in Contactin-1-deficient central nerves, with up to 60% myelin
loss. Oligodendrocytes were present in normal numbers, albeit
a minor population of neuronal/glial antigen 2-positive (NG2*)
progenitors lagged in maturation by postnatal day 18, when the
mouse null mutation was lethal. Major contributing factors to
hypomyelination were defects in the generation and organiza-
tion of myelin membranes, as judged by electron microscopy and
quantitative analysis of oligodendrocyte processes labeled by
GFP transgenically expressed from the proteolipid protein pro-
moter. These data reveal that Contactin-1 regulates both mye-
lin formation and organization of nodal and paranodal domains
in the CNS. These multiple roles distinguish central Contactin-1
functions from its specific role at paranodes in the periphery,
and emphasize mechanistic differences in central and periph-
eral myelination.

he rapid integration of sensory, motor, and cognitive func-
tions within the nervous system of higher vertebrates depends
on the ability of neurons to propagate nerve impulses with high
velocity. This process is accomplished by electrical insulation of
axons with myelin, a multilamellar membrane sheath formed by
oligodendrocytes in the CNS. Oligodendrocytes each enwrap mul-
tiple axons with myelin, and convey signals that regulate axon di-
ameter and neuronal health (1, 2). Reverse communication from
axons affects oligodendrocyte numbers, maturation, and survival (3,
4). Loss of central myelin is a major cause for neuronal dysfunctions
and degeneration in demyelinating diseases, including multiple
sclerosis (5). Effective regenerative treatments that compensate for
myelin damage and preserve neuronal functions in multiple
sclerosis remain to be established. Deciphering the molecular
signals exchanged between axons and oligodendrocytes in de-
veloping myelin is an essential step toward understanding the
mechanisms that will guide future repair strategies (6, 7).
Contactin-1 (hereafter referred to as Contactin), a glycosyl-
phosphatidyl inositol (GPI)-linked membrane glycoprotein, is
a prime candidate to mediate neuron—glia communication in
central myelin. Contactin is expressed by a diversity of neurons
and contributes to the formation and function of neuronal con-
nections (8-10). In myelinated peripheral nerves, Contactin is
concentrated at axon membranes flanking the nodes of Ranvier,
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and serves an essential role in organizing the septate-like paranodal
axoglial junctions (11, 12). Formation of these junctions is crucial
for domain organization of myelinated nerves to enable rapid
propagation of nerve impulses. Contactin supports junction for-
mation by associating the paranodal transmembrane protein Caspr
and transporting the complex to the axolemma where interactions
with glial neufoascin-155 regulate clustering and junction forma-
tion (12-15). In central myelin, Contactin delineates both nodes
of Ranvier and paranodes (11, 16). Cultured oligodendrocytes
also express Contactin, which up-regulates myelin-basic protein
(MBP) mRNA translation and differentiation when stimulated
with recombinant L1-ligand protein (17-19). The functions of
Contactin in central myelination, and in particular possible
contributions of Contactin expressed by oligodendrocytes, have
not been reported.

Here we validate the expression of Contactin by oligoden-
drocytes in vivo, and investigate Contactin’s contribution to
central myelin formation in null mutant mice (Cntni-KO). We
report dynamic Contactin expression on axons and oligoden-
drocytes during postnatal mouse development. Our data provide
genetic evidence for Contactin in oligodendrocyte membrane
extension and myelination, nodal formation and maturation, and
paranodal domain establishment. These multiple, interrelated
roles of Contactin in central myelin extend beyond Contactin’s
reported function in paranodal junction formation in the pe-
ripheral nervous system (PNS) (12), and highlight its key role in
the communication between axons and oligodendrocytes that
enable efficient formation of functional myelin in the CNS.

Significance

Myelin is a multilayered membrane sheath that encircles axons
to enable rapid information processing and protect neurons.
Formation of myelin requires communication between axons
and oligodendrocytes, the myelin-forming cells in the CNS.
Here we identify Contactin-1 as a critical signal for axon—glia
communication in CNS myelin. Gene ablation in mice shows
that Contactin-1 is necessary for myelin sheath formation
by oligodendrocytes and establishment of paranodal axoglial
junctions that regulate the domain organization and enable
rapid nerve impulse conduction of myelinated nerves. The
multiple and critical aspects of Contactin-1 in central myelin
formation identified in the current study will guide novel
approaches aimed at enhancing regeneration in demyelinating
diseases that specifically affect the CNS.
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Results

Contactin Is Distributed at Nodes, Paranodes, and Glial Membranes in
Central Myelin. Earlier studies of central myelinated nerves described
Contactin’s distribution at nodes of Ranvier and paranodes (11, 16).
Contactin is also strongly expressed by developing oligodendrocytes
in culture (17-19), but its distribution on oligodendrocytes in mye-
linated nerves has remained obscure. We therefore asked whether
oligodendrocytes in vivo express Contactin. We varied the fixation
and immunohistochemical staining conditions for Contactin de-
tection in optic nerves at two time points: during active myelino-
genesis at postnatal day (P)18 and in mature myelin at P28. Results
are summarized in Table 1. Staining at nodes and paranodes as
highlighted in the literature was detected at P28 by fixing tissues with
4% (wtfvol) paraformaldehyde (PFA) and subsequent extraction
with 100% (volfvol) methanol (Fig. 1) (+MOH 5-h fix). When
methanol was omitted, more extensive Contactin staining that varied
depending on animal age and duration of fixation was detected.
Specifically, at P18 fixation with 4% PFA preserved strong Contactin
staining on loose membranes (Fig. 1) (-MOH 3-h/5-h fix). Increasing
stringency (100% methanol treatment after 4% PFA fixation,
+MOH 5-h fixation) extracted most of the Contactin signal from
membranous structures but sustained signals at nodal and paranodal
domains. At P28, the membranous signal was weaker after 1-5 h of
PFA fixation, suggesting that Contactin is either down-regulated or
redistributed during oligodendrocyte membrane expansion.
Nodal Contactin was visualized after 3 h or more of PFA fixation
and was unaffected by methanol extraction. At both P18 and P28,
the nodal signal was more pronounced with longer PFA fixation
times (Fig. 1 and Table 1) (-MOH 5-h fix). Paranodal Con-
tactin was apparent in developing optic nerves at P18 even after
1-h PFA fixation (Table 1). However, access to the tightened
paranodal axoglial complex at P28 required further extraction,
achieved here with methanol. With methanol extraction, Con-
tactin was prominent only at nodes and paranodes. Both the
nodal and paranodal Contactin signals condensed into tight
clusters with the developmental stabilization of these domains.
Staining under all reported conditions was specific and not ob-
served in Cnnml-KO mice and in controls lacking primary anti-
bodies. These data illustrate that detection of Contactin depends
on the staining conditions and support expression beyond nodes
and paranodes in myelin.

Table 1. Contactin staining optimization using WT mouse optic
nerves
Without
methanol With methanol*
Fixation time™ — 1h 5h 1h 5h
P18
Paranodes ++ + ++
Nodes — ++ ++
Elsewhere ++ ++ + +
P28/30
Paranodes + — +++ ++
Nodes — +++ — ++
Elsewhere + + + + +

Contactin staining was optimized using optic nerves from WT P18 and
P28-30 mice. Four different protocols were carried out: 1-h fixation with 4%
PFA, 5-h fixation with 4% PFA, 1-h fixation with 4% PFA followed by 10-min
methanol extraction, and 5-h fixation with 4% PFA followed by 10-min
methanol extraction. Staining results are reported as +++ (very good), ++
(good), + (weak), or — (none), which are all relative to each other.
*Extraction using 100% ice-cold methanol for 10 min.

TFixation using 4% PFA.
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Contactin Delineates Oligodendrocyte Progenitor Cells and Is Down-
Regulated from Mature Myelin. To test if the observed membranous
Contactin staining in myelinated optic nerves relates to cells of
the oligodendrocyte lineage, we performed triple immunostaining
for Contactin with neuronal/glial antigen-2 (NG2) and adeno-
matous polyposis coli (APC), markers for oligodendrocyte pro-
genitor cells (OPC) and mature oliogodendrocytes, respectively.
Optic nerve tissue harvested between P10 and P30 was immer-
sion-fixed for 3 h in 4% PFA without methanol extraction to
preserve Contactin on membranous structures. At P10, Con-
tactin clearly delineated NG2* migrating and differentiating
oligodendrocytes, whereas APC* oligodendrocyte somata did
not present discernable Contactin staining (Fig. 2). In Fig. 2B,
a single oligodendrocyte outlined by NG2 expression shows
overlapping staining for Contactin on the cell body and on
proximal but not distal processes. At P10, Contactin was un-
detectable on optic axons that by this time point had innervated
their targets (20, 21). At P16, a dramatic change in pattern oc-
curred, with prominent Contactin staining now delineating par-
allel running structures resembling myelin membranes. At this
developmental stage, Contactin staining also began to discrimi-
nate developing paranodes (Fig. 24). By P18, the progressively
refined Contactin pattern clearly distinguished the nodes and the
tightly clustered, double-barrel structures typical for paranodes
bilaterally flanking the nodes of Ranvier, whereas staining on
loose membranous structures diminished. Contactin was also
observed at nodes of Ranvier at this time point (Fig. 1). By
P28-30, overall Contactin staining declined even more but
prominent expression was detected at nodes after 3-h fixation
in 4% PFA, as shown in Fig. 24, and at paranodes after PFA
plus methanol treatment, as shown in Fig. 1 (see also Table 1).
These dynamic developmental changes indicate that Contactin, in
addition to its expression at nodes and paranodes, delineates
migrating, premyelinating, and myelinating oligodendrocytes,
and is down-regulated from mature myelin.

Hypomyelination in the CNS of Cntn1-KO Mice. To assess the con-
tribution of Contactin in central myelin formation, we analyzed
Cntnl-KO mice between the onset of myelination at P10 up to
P18, when the mutation is lethal (10). Absence of Contactin in
Cntnl-KO mice was confirmed by immunostaining of optic
nerve, cerebellum, and corpus callosum, and by Western blotting
of whole-brain lysates (Fig. 3 4 and B).

To determine the extent of myelin formed in the absence
of Contactin, we examined different brain regions of P18 WT
and Cntnl-KO mice. Gallyas silver staining revealed significant
myelin reduction in optic nerves (27% reduction, WT' n = 6, KO
n =3, P <0.05) and corpus callosum (38% reduction, WT n = 6,
KO n = 3, P <0.05) of Cntnl-KO mice compared with WT (Fig.
3C). Consistently, Western blotting analysis of whole-brain
lysates from Cntnl-KO and WT mice showed 50% reduced MBP
expression in the mutant condition (Fig. 3B) (n = 3, P < 0.05).
Staining for MBP confirmed the reduction of myelin in corpus
callosum of KO compared with WT mice (Fig. 3C). Thus, the
hypomyelination phenotype was apparent in multiple areas of
Cntnl-KO CNS.

Contactin Affects Myelin Development in Optic Nerves. To examine
the cellular defects underlying myelin loss in Cntnl-KO mice, we
turned to developing optic nerves. Cross-sections of matching
regions of P11 and P18 Cntni-KO and WT nerves revealed
overall decreased nerve diameters in the mutant condition (Fig.
4 A and B). Neurofilament-200 (NF200), a marker for mature
axons (22, 23), was expressed at reduced levels in Cntnl-KO
nerves, consistent with the suggestion that the mutation affected
axon maturation (Fig. 4 4 and C).

Examinations at the ultrastructural level provided more de-
tailed insights. Cross-sectioned P16 optic nerves showed an overt

PNAS | Published online January 2, 2014 | E395

wv
=2
=
a
w
<
=
o

NEUROSCIENCE



g

-MOH 3h fix

-MOH 5h fix

+MOH 5h fix

‘ # 3

P28 CNTN Caspr

3h fix
-MOH

+MOH

5h fix
-MOH

5h fix
+MOH

Fig. 1. Contactin expression at nodes, paranodes, and glial membranes in central myelin. Contactin staining was optimized using WT P18 and P28 mice. Optic
nerves were fixed for 3 or 5 h with 4% PFA, and used untreated (-MOH) or after treatment with methanol (+MOH). Paranodes were identified with
recombinant human anti-Caspr antibodies. Subimages are details of P18 paranodes pointed out with white arrowheads. Under low stringency conditions
(—MOH), Contactin localized at the nodes, paranodes, and on noncompacted membranes. Increased fixation time preserved predominantly nodal Contactin
staining. Methanol extraction improved paranodal staining, but extensively reduced Contactin signal elsewhere (see Table 1 for more details). (Scale bars, 10 pm.)

decrease in the number of myelinated fibers in Cntnl-KO mice
(Fig. 4D). In the WT, 54% of all axons were myelinated at P16,
whereas only 21% of the axons were wrapped with myelin in the
KO condition (counted total >1,200 axons for WT and >2,400
axons for KO). This result reflects almost 60% reduction in the
number of axons enwrapped by myelin in Contactin-deficient
optic nerves. To better understand this defect, we quantified the
percentage of myelinated axons according to their diameter us-
ing nonoverlapping regions from electron micrographs. In the
KO condition, we observed that reduced myelination pre-
dominantly affected the smaller-diameter axons (<0.6 pm) (Fig.
4E) (P < 0.05). The proportion of unmyelinated small-diameter
axons was increased in the mutant mice (120 vs. 70 axons per
area unit for KO and WT, respectively) consistent with de-
creased NF200 staining. Quantifying the percentage of axons
with respect to diameter, we noted an increased ratio of smaller-
diameter axons (0.2-0.4 pm) and reduced ratios for larger-
diameter axons for KO nerves (Fig. 4F). Thus, Cnin1-KO de-
veloping optic nerves harbored more immature small-diameter
and fewer large-diameter axons than their WT counterparts, and
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showed decreased total myelination that particularly affected the
small-diameter axons. These data are consistent with the suggestion
that Contactin-mediated interactions contribute to the regulation
of axon diameter and myelination.

OPC Maturation and Impaired Myelin Membrane Expansion in Cntn1-
KO Optic Nerves. To gain insights into the cellular dysfunctions
causing myelin loss in Cntnl-KO mice, we asked whether suffi-
cient numbers of oligodendrocytes are in position to myelinate
optic axons. Immunohistochemical analyses combined with DAPI
staining determined the percentage of mature oligodendrocytes
expressing the APC marker during postnatal nerve development.
The number of APC* oligodendrocytes gradually increased dur-
ing the examined period, P§8-P18, in both genotypes (Fig. 54).
In Cnini-KO nerves a lower proportion of oligodendrocytes ma-
tured on time in comparison with WT. Specifically, in Cntn1-KO
vs. WT optic nerves, APC™ cells were reduced by 19% at P8, 31%
at P11 (P < 0.05), and 19% at P15. By P17-18, the difference
between KO and WT APC™* cells was at a modest 10%. Triple
labeling for APC, NG2, and DAPI at P18 showed that 10%

Colakoglu et al.
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Fig. 2. Contactin expression by oligodendrocyte progenitor cells and down-regulation from mature myelin. Optic nerves from WT mice were fixed with 4%
PFA and stained for Contactin and early and late markers for oligodendrocytes, NG2 and APC, respectively. (A and B) At P10, Contactin expression is polarized
in NG2* cells, and is low on APC* cells. (A) At P16, Contactin is mostly present on loose membranes and at few paranodes. At P18, Contactin is clearly observed
at most paranodes, some nodes, and on loose membranes. By P30, Contactin overall expression is lower, and observed at nodes (3-h fixation, -MOH) and at

low levels on loose membranes. (Scale bars, 10 um.)

increase in the number of NG2* OPCs made up for the decrease
in APC™ oligodendrocytes in Cntnl-KO nerves (Fig. 5B). These
data suggest a transient delay in oligodendrocyte development in
Cntnl-KO mice that is at a modest 10% at the P18 experimental
endpoint.

Because the decrease in the number of mature oligoden-
drocytes insufficiently explains the significant myelin loss in
Cntn1-KO optic nerves, we searched for alternative mechanisms.
In vitro experiments have implicated Contactin-mediated signals
in triggering events that lead to myelin membrane expansion (18,
19). To address if loss of Contactin affected the extension of
oligodendrocyte membranes, we generated Cntnl-KO and WT
littermate mice expressing GFP in the oligodendrocyte lineage.
Transgenic mice expressing GFP from the proteolipid (PLP)
promoter (24) were crossed with Cntn1-KO mice to demarcate
oligodendrocytes and their processes during myelination. Trans-
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genically expressed PLP-GFP is reported to diffuse into oligo-
dendrocyte processes that wrap axons marking the myelin segments
(25). In P18 optic nerves, a similar proportion of cells expressed
PLP-GFP in cell somata in both genotypes (WT: 18% and KO:
20% of all DAPI™" cells, P = 0.74, n = 3). We used the amount of
GFP fluorescence in P18 WT and CnmI-KO optic nerves as
a measure for oligodendrocyte membrane extension. Oligoden-
drocytes in CnmI-KO mice were significantly impaired in their
ability to extend and wrap myelin membrane around axons. In Fig.
5C, we illustrate the decrease of GFP™ oligodendroglial processes
in Cninl-KO vs. WT optic nerves. Quantitative measurement of
GFP fluorescence intensity in equally sized optic fields using
Imagel] revealed 46% reduction in knockout oligodendrocyte
processes (Fig. 5D) (P < 0.05). Confirming that PLP-GFP ex-
pression extends into myelin processes, the GFP-marker was
detected on internodes labeled for myelin markers MBP and
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Fig. 3. Decreased myelin formation in Cntn71-KO mice. (A) Immunohistochemisty for Contactin on P18 WT or Cntn1-KO (KO) optic nerve, cerebellum, and
corpus callosum. Contactin was abolished in KO samples. (Scale bars, 50 um.) (B) Western blotting of whole-brain samples from P18 WT and KO mice
documents the absence of Contactin and ~50% reduction of MBP in KO samples (levels normalized to f-tubulin, *P < 0.05, n = 3). (C) MBP and myelin (Gallyas)
staining of P18 samples shows reduced levels on KO corpus callosum compared with WT. Squares in Insets for MBP staining show the positions of magnified
images. (Scale bars, 200 um; Inset, 1 mm.)
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Fig. 4. Contactin regulates optic nerve thickness and myelin development. (A) Contactin WT and KO optic nerve cross sections were stained for NF200 at P18.
(Scale bar, 30 pm.) (B) Contactin deficiency resulted in reduced optic nerve thickness compared with WT at P11 (*P < 0.01, n =4) and P18 (*P < 0.01, n = 4). (C)
Cntn1-KO nerves had reduced NF200 expression compared with WT at the same age (*P = 0.01, n = 4). (D) Electron micrographs show 60% reduction in
numbers of myelinated axons and increased numbers of small-diameter axons in KO samples compared with WT at P16 (see text for details). (Scale bar, 2.5
pm.) (E) The graph shows percentage of myelinated axons according to axon diameter for KO and WT mice. In the KO condition, reduced myelination was
most evident for axons with diameters less than 0.6 pm. (F) Analyses of axon diameters revealed an increased ratio of small-diameter axons (0.2-0.4 pm) and
reduced ratios for larger-diameter axons for KO. Quantification for E and F was performed with more than 1,000 axons per genotype. The overall difference
between WT and KO by two-way ANOVA was significant for E (*P < 0.05) but not significant for F (P > 0.05).

MOG (myelin-oligodendrocyte glycoprotein) (Fig. 5 E and G).
Moreover, PLP-GFP highly accumulated at paranodal regions
identified by Caspr staining (Fig. 5F). Quantitative reduction of
PLP-GFP expression in Cntnl-KO optic nerve strongly suggests
that Contactin-mediated signals are required for myelin mem-
brane expansion that is prerequisite for proper myelination.

Disrupted Paranodal Junctions in Cntn1-KO Central Myelin. Despite
impairments in oligodendrocyte membrane expansion, some
axons in Cninl-KO optic nerves were still encircled with myelin.
As Contactin regulates the paranodal assembly in the PNS (12),
we examined the domain organization of P17 WT and Crnitnil-KO
myelinated optic nerves. Nodes of Ranvier, identified with pan-
sodium channel antibodies, were flanked by Caspr- and Con-
tactin-positive paranodal junctions in WT nerves. (Fig. 6 4 and
B). In the Cntn1-KO condition, Caspr expression was completely
abolished from the axon membrane (Fig. 64), and instead re-
sided in the cell bodies of retinal ganglion cells (RGC). Thus,
Contactin, in CNS like in PNS, regulates Caspr expression on the
axon membrane.

To further evaluate the axonal domains around the node,
we probed the location of the K,1.2 shaker-type voltage-gated
potassium channel subunits that normally concentrate at the
juxtaparanodal region adjacent to the paranodes (26). In WT
optic nerves, paranodal gaps segregated the sodium channel
clusters at the nodes from the potassium channels located just
under the myelin (Fig. 64). In contrast, in Cntnl-KO nerves,
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K,1.2 channels were mislocalized to positions adjacent to the
nodes (Fig. 64).

To evaluate the organization of disrupted paranodes in Cntnl-
KO mice at the ultrastructural level, we examined longitudinally
sectioned P16 optic nerves by electron microscopy. WT nerves
showed normal paranodal junctions with attachment sites char-
acterized by the transverse, electron-dense bands, and the out-
ermost myelin loops closest to the nodes (Fig. 6C, WT
paranode). In contrast, paranodal junctions in Cntnl-KO nerves
were severely disrupted (Fig. 6C, KO paranode). Most of the
mutant terminal myelin loops displayed overt disorganization
with various cellular phenotypes, including astrocytic processes
penetrating between the axon and paranodal glial membranes
(Fig. 6C, red structures, Middle), or abnormally structured,
everted, and smaller myelin loops (Fig. 6C, blue structures,
Bottom). None of the paranodal structures in Cntnl-KO optic
nerves showed junctional attachment characterized by the elec-
tron-dense transverse bands (Fig. 6C). Evaluating the frequency
of nodal structures bilaterally flanked by myelin terminal mem-
branes, regardless of appearance, revealed an ~60% reduction in
the KO condition. Only 13 of 42 nodal regions (31%, n = 3)
were surrounded by myelin in Cntnl-KO compared with 13 of
17 (76%, n = 3) in WT nerves (Fig. 6D). Most of the terminal
myelin loops in Cntnl-KO nerves turned away from the axon
membrane, and only 20% showed axonal orientation (Fig. 6F).
These phenotypes support an essential role for Contactin in
the formation of the septate-like axoglial junctions in the
CNS, by mechanisms previously established for the PNS (12).

Colakoglu et al.
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Fig. 5. Impaired oligodendrocyte differentiation and myelin membrane expansion in Cntn1-KO optic nerves. (A and B) Oligodendrocyte maturation in WT
and KO optic nerves was assessed by APC and NG2 immunostaining. (A) The graph shows the percentage of APC*/DAPI* cells from P8 to P18 (P8, P=0.08; P11,
*P < 0.05; P15, P=0.11, n = 3 for each condition; P17/18, P=0.16, WT n = 10, KO n = 6). (B) The graph shows the percentage of APC* and NG2* cells normalized
to WT levels at P17/18 (APC, P=0.16, WT n = 10, KO n = 6; NG2, P = 0.45, n = 3). (C) Myelin membrane expansion was detected by GFP expression from the PLP
promoter. (Scale bar, 50 pm.) (D) GFP fluorescence was reduced by ~46% in Cntn1-KO compared with WT optic nerves at P18 (*P < 0.05, n = 4). (E) GFP signal
colocalizes at myelin segments stained with MBP, demarcated by arrowheads. (F) GFP accumulates at paranodal regions, here marked with Caspr staining

(arrowhead). (G) GFP signal distribution at myelin segments is also shown with MOG staining. (Scale bars in E-G, 10 pm.)

The ~60% reduction in the frequency of nodes with bilateral
myelin loops is specific to the Cntnl-KO CNS and reflects the
significant myelin loss that is not observed in the PNS of
Cntnl mutants.

Decreased Frequency and Delayed Maturation of Nodal Sodium
Channels in Cntn1-KO Optic Nerves. Two major pore-forming so-
dium channel a-subunits regulate the electrophysiological prop-
erties of the postnatal optic nerve. Na,1.2 subunits define the
nodes and the axon initial segment during early postnatal de-
velopment and the progressive switch from Na,1.2 to Na,1.6
channel subtypes around P16 establishes mature channel proper-
ties and conduction characteristics of adult myelinated optic
nerves (27, 28). To determine if the Contactin mutation affected
the number of nodal sodium channel clusters in P16 optic nerves,
we counted clusters immunostained with a pan-sodium channel
antibody. The number of sodium channel clusters was reduced by
65% in Cninl-KO nerves compared with equally sized and po-
sitioned areas in WT (Fig. 7 A and B). Many of the existing
clusters in Cntn1-KO nerves were highly distorted in shape and
size. Common patterns were the appearance of thinning streaks
along the axon, clusters gradually decreasing in intensity toward
the extremes, and elongated clusters. Immunohistochemistry for
sodium channel-associated Ankyrin-G confirmed this phenotype.

To address if the Cntnl-KO mutation affected the develop-
mental switch of sodium channel subtypes, we examined Na,1.6
in combination with the pan-sodium channel marker by immu-
nohistochemistry. We found a significant reduction of Na,1.6 in
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Cntnl-KO optic nerves (Fig. 74 and C). In WT mice, 78% of all
nodes expressed Na,1.6, whereas only 45% displayed Na,1.6 in
mutant nerves (Fig. 7C). Taking these data together, ~65% fewer
sodium channel clusters formed in Cntnl-KO compared with
WT optic nerves, and of those only 45% matured to express the
Na,1.6 channel subtype. This result constitutes a severe impair-
ment, with an ~80% reduction in the number of mature Na,1.6
expressing nodes in Cntnl-KO optic nerves at the experi-
mental endpoint.

Discussion

Multiple signals regulate interactions between axons and oligo-
dendrocytes during myelination. We here report critical roles for
Contactin in early and late steps of axon—glia communication in
developing myelin. In postnatal optic nerves, Contactin is nec-
essary for early interactions between axons and glia to regulate
axon maturation and effective expansion of oligodendrocyte
membranes. Later, Contactin orchestrates assembly of paranodal
axoglial junctions, and regulates formation and maturation of
nodes that establish the domain organization necessary for func-
tional properties of myelinated nerves. Contactin is dynamically
expressed on axons and oligodendrocytes during myelination and
is essential for CNS myelination.

Contactin in Axon-Glia Interactions Initiating Myelin Formation.
Myelination occurs in distinct stages during which OPCs mi-
grate from their sources of origin to proliferate and populate
nerves before myelinating selected axon populations. Contactin-
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Fig. 6. Disrupted paranodal junctions in Cntn7-KO central myelin. (A) Contactin deficiency (KO) resulted in paranodal defects. In WT axons, Caspr (green) was
expressed at paranodes. Nodes were identified with pan-sodium channel antibody (red). In the KO condition, Caspr was abolished from axons. (Lower)
Potassium channel K, 1.2 expression (green) at the juxtaparanodes in WT. In KO, K, 1.2 was mislocalized adjacent to nodal sodium channel clusters (red). (B) In
WT nerves, Contactin (blue) colocalized with Caspr (green) at the paranodes, adjacent to nodes expressing Na,1.6 (red). (Scale bars, 5 um.) (C) Electron
micrographs from P16 WT optic nerves showed well-organized myelin loops and paranodal attachments (pseudocolored in yellow). KO nerves displayed
severely disrupted paranodes characterized by loss of attachment sites, averted myelin loops (pseudocolored in blue), or cellular processes (pseudocolored in
red), penetrating between the axonal and glial membranes in the paranodal region (PnR) (Ax, axon; N, node; Pn, paranode). (Scale bar, 1 um.) (D) Number of
nodes with double paranodes was reduced to 31% in KO compared with 76% in WT (*P < 0.05, n = 3). (E) Of all paranodes, only 20% in KO showed paranodes

with axon-oriented loops (*P < 0.05, n = 3).

mediated signals impact the latter stage when oligodendrocytes
differentiate into myelinating cells and expand the membrane to
enwrap axons. Comparable numbers of oligodendrocyte lineage
cells were present in Cntnl-KO and WT optic nerves, indicating
that Contactin has no overt impact on cell proliferation and
migration in vivo. The Contactin null mutation, however, signifi-
cantly restricted oligodendrocytes from forming myelin mem-
brane around axons. Multiple approaches, biochemistry, histology,
transgenic GFP expression in oligodendrocytes, and electron
microscopy consistently showed ~50% reduction of myelin in
Cntnl-KO mice. Thus, analyses of Cntnl-KO mice document a
critical role for Contactin in CNS myelination.

Investigating oligodendrocytes, we found that comparable num-
bers reached position in optic nerves in both genotypes, and all but
10% of OPCs matured into APC* cells in Cninl-KO mice at the
P18 experimental endpoint. Contactin-deficient oligodendrocytes,
however, extended 50% less membrane than their WT counter-
parts. Taken in isolation, this result is consistent with in vitro studies
documenting that Contactin on oligodendrocytes promotes myelin
membrane generation (18). The proposed model is that engage-
ment of glial Contactin activates Src-related intracellular
kinase Fyn to induce transport and local translation of MBP
mRNA at oligodendrocyte processes increasing membrane ex-
pansion (18, 29). Consistent with this model, Cntn1-KO mice
show hypomyelination and overall MBP reduction in multiple
myelinated areas of the CNS, similar to the phenotype in Fyn-
deficient mice (30).

However, additional parameters play into the Cntnl-KO hypo-
myelination phenotype. In optic nerves, axons extended by RGCs
display different sizes and conduction velocities with mostly the
larger-diameter axons encircled by myelin (31). CntmI-KO optic
nerves show a prevailing number of small, immature fibers, as
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judged by ultrastructure and reduced NF200 expression (22, 23).
This finding indicates a defect in axon maturation, which is a critical
parameter for myelination. Axon development depends on three
major parameters: target innervation, intrinsic factors, and sig-
nals from oligodendrocytes. Because initial analyses of P18 mice
did not reveal overt abnormalities of labeled RGC axons
reaching the lateral geniculate nucleus target, the axon defects
in Cntnl-KO mice are likely intrinsic or a result of disrupted
axon-oligodendrocyte communication. To gain further insights,
we scored myelinated RGC axons by diameter and genotype.
Overall, significantly fewer axons were myelinated in Cnm1-KO
mice, with prevailing differences in myelination of the small-
diameter axons (0.2-0.6 pm).

Several interpretations may apply to this phenotype. First,
neuronal Contactin may be necessary for axon maturation. Con-
tactin interactions with any or several of neuronal cell-surface
proteins, including L1/NgCAM, RPTPa, NrCAM, neurofascin,
and sodium channel-p1, may affect cellular mechanisms required
for axon maturation (16, 32-35). Second, as numbers of oligo-
dendrocytes in optic nerves are comparable between genotypes,
in Cntnl-KO the number of oligodendrocytes may be insufficient
to match the demand of myelinating an increased number of
small-diameter axons. Third, as the myelination defect in Cntnl-
KO optic nerves was most evident for smaller-diameter axons
(<0.6 pm), we could argue that these axons are impaired in glial
signaling and recruitment. Immature axons in Cntnl-KO nerves
may not provide oligodendrocytes with sufficient molecular,
contact-, or activity-mediated signals for axon maturation and
myelination (36, 37). Larger-diameter axons may overcome this
limitation by producing signals above threshold and higher
electrical activity. Finally, axon maturation is regulated by signals
from oligodendrocytes (38-42). Glial Contactin could influence
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Fig. 7. Contactin regulates nodal sodium channel development. Sodium
channel clustering in the optic nerve was disturbed in Cntn1-KO at P18. (A)
WT and KO optic nerve sections were stained for Na,1.6 (green) and NaCh
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(Scale bar, 5 pm.) (B) Quantification shows reduced number of NaCh clusters
per area unit in Cntn1-KO compared with WT (*P < 0.005 WT n=5,KO n =
4). (C) KO samples contain reduced number of sodium channel clusters
expressing Na,1.6 (*P < 0.005 WT n =5, KO n = 4).

axon maturation and diameter, which in turn is necessary to
provide signals for myelination (36, 37). The fact that mainly
smaller axons remain unmyelinated in Cntnl-KO nerves may
indicate that glial Contactin, in addition to regulating myelin
membrane extension, may be important to sense axon size to
initiate myelination. A shift in the threshold diameter for mye-
lination was suggested for integrins, and Contactin associates with
integrin a6p1 on oligodendrocytes (19, 43). Although our analyses
in mice systemically deficient for Contactin cannot distinguish
between these possibilities, our data clearly show that Contactin
is necessary for proper communication between axons and oli-
godendrocytes during myelin formation in the CNS.

Contactin in Domain Organization of Myelinated Central Nerves.
Paranodal assembly. Prominent Contactin at nodes and paran-
odes suggests roles for Contactin in the domain organization of
myelinated nerves. Similar to the periphery (12), in Cntnl-KO
CNS we observed disrupted paranodal junctions characterized by
loss of Caspr and mislocalization of the shaker-type potassium
K,1.2 channels that normally define juxtaparanodal regions (1,
26). These defects parallel the paranodal deficiencies in Caspr-
and UDP-galactose:ceramide galactosyltransferase (CGT)-KO
mice, and indicate complete loss of paranodal functions as dif-
fusion barriers for voltage-gated Na, and K, channels (44-46).
Several studies queried if paranodal assembly is necessary for
myelination. In peripheral myelin, only neurons express and se-
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lectively accumulate Contactin at paranodal axon membranes.
Peripheral myelinating glia (Schwann cells) do not express Con-
tactin and form normal-looking myelin without paranodal axon
contact in Cntnl-KO mice (12). Mice with paranodal defects, such
as Caspr- and CGT-KO mutants, show no major impairments of
myelin loss in the PNS and CNS, indicating that disrupted par-
anodes are impartial to myelin formation (45, 47, 48). In the
Caspr-KO background, even additional mutations in axonal cy-
toskeletal scaffold protein pIV-spectrin, or in nodal extracellular
matrix (ECM) proteins, leave CNS myelination relatively un-
affected (48). We therefore consider the paranodal defects in
Cntn1-KO CNS independent from the hypomyelination pheno-
type. Combined with our previous work, the current data es-
tablish that Contactin regulates paranodal domain organization
in both CNS and PNS.

Formation and maturation of nodal sodium channel clusters. In the CNS,
nodes assemble after paranodal formation and are stabilized
through ECM and cytoskeletal interactions (27, 48, 49). Node
formation is severely reduced in Cntnl-KO mice, and the re-
maining nodes display abnormal shapes and impaired maturation.
A recent study by Susuki et al. documented multiple orchestrating
mechanisms in regulation of nodal assembly and stabilization
(48). Based on our data, we propose that a single molecule, Con-
tactin, can impact node formation by multiple mechanisms.

First, Contactin is important for efficient expansion of oligo-
dendrocyte membranes that engage with axons and form axoglial
junctions. Impaired oligodendrocyte membrane extension, as
observed in Cntnl-KO mice, reduces the frequency of axonal
contacts and yields fewer nodes.

Second, Contactin is essential for paranode formation, which
regulates CNS nodal assembly. Paranodal junctions form as
oligodendrocyte processes enwrap axons with myelin. Terminal
loops of each myelin segment anchor to axonal membrane and
cluster sodium channels in front of the internode and potassium
channels underneath. Disruption of paranodes, as in Caspr- and
CGT-KO mice, does not drastically reduce nodal numbers but
distorts their shapes and maturation. This finding suggests that
paranodes regulate tightness and maturation, but not the fre-
quency of nodal clusters (45, 46, 48-50). Nodal numbers are
significantly reduced in the Caspr-KO background only in com-
bination with additional mutations: disrupted PBIV-spectrin,
which anchors sodium channels to the cytoskeleton, or ECM
proteins that stabilize the nodes extracellularly (48). The parallel
defects in Cntnl-KO mice with this latter phenotype raise the
possibility that axonal Contactin, in addition to its role at par-
anodes, participates in stabilizing nodal complexes through
NF186 or ECM interactions. Indeed, several studies documented
Contactin interactions with various cytoskeleton-associated
membrane proteins and ECM components, including neuro-
fascins, NgCAM, NrCAM, RPTP-p/phosphacan, tenascin-R, and
tenascin-C (32-34, 51-53).

Third, Contactin directly associates with sodium channel-f1
subunits to increase channel surface expression and current
density in vitro (16, 54, 55). Contactin deficiency could thus limit
the number of sodium channels on axon surfaces, and thereby
decrease neuronal activity, which is crucial for myelination and
oligodendrocyte differentiation in vitro and in vivo (56-59). In-
deed, Kazarinova-Noyes and Shrager recorded reduced com-
pound action potential velocity in Cntnl-KO optic nerves (60).
In Cntni-KO nerves, diminished nerve activity could impact
signals for initiating myelination by resident oligodendrocytes,
and reduce subsequent paranode- and node formation. We
conclude that loss of Contactin-mediated communication be-
tween axons and oligodendrocytes reduces myelin and nodal
frequency and that simultaneous disruption of paranodes impairs
nodal shapes and maturation.

In summary, our work supports the model that Contactin
regulates multiple aspects of axon—glia interactions during CNS
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myelination. Contactin contributes early signals to regulate axon
maturation, extension of oligodendrocyte membranes, and ini-
tiation of myelination, which determines the frequency of initial
axoglial contact and amount of myelin formation. At later stages,
Contactin regulates domain organization of myelinated nerves by
orchestrating the formation of paranodal axoglial junctions that
critically determine the properties of myelinated nerves. Dis-
ruption of these events during brain injury and demyelinating
diseases, such as in multiple sclerosis, contributes to severe
neurological deficits. Identification of Contactin’s key contribu-
tion adds novel molecular understanding to CNS myelination
and may guide future studies toward regeneration in the diseased
brain. It is now critical to determine the specific molecular
mechanisms by which Contactin regulates the remarkable cel-
lular assembly that constitutes myelin, and evaluate its potential
for myelin repair in the CNS.

Materials and Methods

Mice. All experiments were approved by the Institutional Animal Care and Use
Committee of Sanford-Burnham Medical Research Institute (La Jolla, CA). The
derivation of mice homozygous for the mutant Contactin-1 (Cntn1) allele was
described previously (10). Transgenic mice expressing GFP from the proteo-
lipid promoter (PLP-GFP) were intercrossed with heterozygous Cntn1-KO
mice to create homozygous Cntn1-KO and WT progeny expressing GFP
in the oligodendrocyte lineage. PLP-GFP mice were provided by Wendy
Macklin (University of Colorado at Denver, Denver, CO) (25) and obtained
through Biogen Idec. In this study, WT mice were analyzed at P10-30. Ho-
mozygous Cntn1-KO mice survive up to P18 (10) and were compared with
WT littermates between P10 and P18.

Immunostaining. For optimizing Contactin staining, optic nerves were drop-
fixed in 4% (wt/vol) PFA for 10 min to 5 h before processing. Alternatively,
nerve tissue was treated with 100% ice-cold methanol for 10 min after 4%
PFA fixation. Optic nerves were cryosectioned at 6-upm thickness. Brains were
dissected from mice perfused with 4% PFA and postfixed in 4% PFA for 1-5 h.
Fixed tissues were cryoprotected in 30% sucrose in PBS (pH 7.4) overnight at
4 °C, embedded and frozen in OCT compound (Sakura), and cryosectioned
at 30-um thickness (Leica CM 3050 S). Floating sections were collected
in PBS.

Contactin staining. Tissue sections were sequentially incubated in 1% glycine
for 15 min and blocking solution (5% BSA, 2% normal donkey serum, 0.2%
Triton X-100) for 1 h. Rabbit- [1:1,000 (10)] or goat anti-Contactin, anti-
bodies (Neuromics; 1:1,000) in Dako Antibody Diluent were bound overnight
at 4 °C. Following washes in PBS and blocking in PBS containing 5% normal
donkey serum and 0.5% Triton X-100, sections were incubated with Alexa-
conjugated secondary antibodies (Molecular Probes) in Dako solution. After
final washes, sections were mounted using Dako Cytomation fluorescent
mounting medium. Data were collected using Fluoview 1000 Olympus Laser
Point Scanning Confocal or TE300 Nikon Wide Field Fluorescence Microscope.
Antibodies. Rabbit anti-NG2 (1:1,000; a gift from Bill Stallcup, Sanford-Burnham
Medical Research Institution, La Jolla, CA), mouse anti-APC (CC-1, 1:100;
Calbiochem; or Ab-7, 1:20; Oncogene), mouse antisodium channel (pan, K58/
35, 1:800; Sigma), mouse anti-Kv1.2 (1:200; Upstate Biotechnology), rabbit
antisodium channel (loop IlI-1V, 1:100; Upstate Biotechnology), rabbit anti-
Na,1.6 (1:400; a gift from Matthew Rasband, Baylor College, Houston),
mouse anti-Na,1.2 (K69/3, 1:600; gift from Matthew Rasband), goat anti-
MOG (1:250; R&D Systems), and mouse anti-Ankyrin-G (33-8800, 1:100;
Zymed). For Caspr, bivalent Fab miniantibodies, dimerized via helix-turn-
helix motif and tagged with a myc- and his-tag, were isolated from the
Human Combinatorial Antibody Library (HUCAL) GOLD (61) in collaboration
with AbD Serotec by their ability to bind recombinant rat Caspr glutathione
fusion protein representing the cytoplasmic domain (clone AbD06152,
product code HCA091). Antibodies were validated for detecting Caspr in
brain sections. Rabbit anti-Caspr antibody (1:1,000; a gift from Elior Peles,
Weizmann Institute, Rehovot, Israel) confirmed specificity, and was used in
some of the initial experiments. DAPI (Molecular Probes) was used as a
counterstain for cell nuclei.

MBP and Gallyas Staining. For immunohistochemical detection of MBP (SMI-
94, 1:1,000; Covance), we applied the Avidin-Biotin Peroxidase Complex (ABC)
procedure on paraffin sections. Sections were deparaffinized, equilibrated in
PBS, and incubated in primary antibody solution in 5% normal serum, 0.3%
Triton X-100 in PBS overnight at 4 °C. Following PBS washes, biotinylated
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horse anti-mouse secondary antibodies (1:200; Vector) were applied. Anti-
body signal was detected using ABC (Vector) and DAB solutions (Sigma).
Staining was intensified by treating sections with 0.05% OsO,4 for 15-30 s.

Gallyas silver staining was used to detect the myelin (62). Briefly, depar-
affinized sections were treated with Pyridine:Acetic anhydride solution for
45-60 min, 50% ethanol for 3 min, 25% ethanol for 3 min, 0.05% acetic acid
for 2.5 min, 0.1% acetic acid for 2.5 min, and 0.5% acetic acid for 10 min.
Then, sections were incubated in silver nitrate solution for ~1 h and 0.5%
acetic acid for 10 min. The final steps included treatment with ABC solution
for 4-5 min, 0.5% acetic acid for a min, 0.2% potassium ferricyanide for 5-10
min, ddH,0 for 1 min, 0.5% sodium thiosulfate for 1-3 min, and washing
twice in ddH,O for 4 min. The final steps were repeated three times before
sections were washed in ddH,O for 5 min. After standard dehydration,
coverslips were mounted. Sections were imaged using the Aperio Virtual
slide imaging ScanScope XT system.

Western Blotting. Whole mouse brains were homogenized with Teflon-glass
homogenizer in ice-cold RIPA buffer in the presence of protease inhibitors
(Complete Mini; Roche). The homogenates were centrifuged at 15,000 x g
for 30 min at 4 °C, and protein concentrations of supernatants were de-
termined using Dc-Protein Assay (Bio-Rad). Samples were heated at 100 °C
for 10 min and centrifuged before loading onto SDS/PAGE gels (Novex
4-20% Tris-Glycine Gel; Life Technologies). Separated proteins were trans-
ferred to PVDF membrane (Immobilon-P, pore size 0.45 um; Millipore) and
processed for immunoblotting with primary antibodies: goat anti-Contactin
(1:1,000; R&D), mouse anti-MBP (SMI-94, 1:1,000), and mouse anti—-p-tubulin
(MAB3408, 1:5,000; Millipore). Secondary antibodies were HRP-conjugated
goat anti-mouse or rabbit anti-goat IgG (ECL, GE Healthcare). The HRP signal
was detected using Amersham ECL Western Blotting Detection Reagents (GE
Healthcare), and scanned to digitize. Data were quantified using ImageJ Gel
Analysis tool (http:/imagej.nih.gov/ij/), and the MBP signal was normalized
to p-tubulin levels.

Standard Electron Microscopy. Sample preparation was previously described
(63). Optic nerves were sectioned either longitudinally for examining the
paranodes, or transversely to monitor myelin structure. Ultrathin sections
were collected on 200-mesh grids, and photographed under a Hitachi 600
electron microscope.

Quantitative Analyses. Oligodendrocyte maturation. Quantification of DAPI,
GFP*, APC*, and NG2* cells was performed using ImagePro Plus software
(MediaCybernetics). Three identical regions (AOI) were selected on every
image. After background subtraction, images were converted to binary
format using the threshold function (threshold values were kept constant
for the same markers). Cell bodies were identified using the “count/size”
function and were manually split or merged.

Paranodes and myelin. Electron micrographs of nodes of Ranvier were taken
from longitudinally sectioned optic nerves at 15,000x magnification, scan-
ned, and digitized in Imagel. For myelin quantification, electron micro-
graphs were taken at the center of each nerve at 3,000x magnification,
scanned, and digitized in ImageJ. Dense myelin was evident as thick multi-
layered membrane around axons. Axons were manually labeled using
ImagelJ to quantify their areas, which were used to calculate axon diameters.
We counted more than 1,000 axons from two mice per genotype from
nonoverlapping randomly chosen areas. After scoring the axons as myelin-
ated or unmyelinated, the percentage of myelinated axons was determined.
The P value was calculated with a two-way ANOVA test.

Sodium channels. Quantification of Na, 1.6 /NaCh pan and NaCh pan clusters was
performed using confocal images. All images were merged and processed with
Photoshop 7.0 software. The relative amount of Na,1.6 channel clusters was
derived from the total number of Na,1.6/Pan-sodium channel-positive nodes
divided by total number of nodes labeled for the pan-sodium channel.
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