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Nodes of Ranvier and axon initial segments
are ankyrin G-dependent domains that assemble

by distinct mechanisms
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xon initial segments (AISs) and nodes of Ranvier

are sites of action potential generation and prop-

agation, respectively. Both domains are enriched
in sodium channels complexed with adhesion molecules
(neurofascin [NF] 186 and NrCAM) and cytoskeletal pro-
teins (ankyrin G and BIV spectrin). We show that the AlS
and peripheral nervous system (PNS) nodes both require
ankyrin G but assemble by distinct mechanisms. The AIS
is intrinsically specified; it forms independent of NF186,
which is targeted to this site via intracellular interactions
that require ankyrin G. In contrast, NF186 is targeted to

Introduction

Neurons are exquisitely polarized cells with axonal and somato-
dendritic compartments organized into distinct ion channel do-
mains (Winckler, 2004; Lai and Jan, 2006). A striking example
is the localization of sodium channels to the axon initial segment
(AIS) and nodes of Ranvier, sites of action potential generation
and propagation, respectively (Hille, 2001). The mechanisms
responsible for the formation of these two related axonal domains
remain poorly understood.

The molecular composition of the AIS and of nodes is re-
markably similar (Poliak and Peles, 2003; Salzer, 2003; Schafer
and Rasband, 2006). Both domains are enriched in voltage-
gated sodium channels complexed with the neural cell adhesion
molecules (CAMs) NrCAM and the 186-kD isoform of neuro-
fascin (NF; Davis et al., 1996). Sodium channels also associate
in cis with one or more {3 subunits (Ratcliffe et al., 2001), which
are likewise concentrated at nodes (Chen et al., 2002, 2004).
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the node, and independently cleared from the internode,
by interactions of its ectodomain with myelinating Schwann
cells. NF186 is critical for and initiates PNS node assem-
bly by recruiting ankyrin G, which is required for the
localization of sodium channels and the entire nodal
complex. Thus, initial segments assemble from the inside
out driven by the intrinsic accumulation of ankyrin G,
whereas PNS nodes assemble from the outside in, speci-
fied by Schwann cells, which direct the NF186-dependent
recruitment of ankyrin G.

Sodium channels are proposed to interact with NrCAM and
NF186 via two distinct mechanisms: a direct cis interaction of
the B1 channel subunit with NF186 (Ratcliffe et al., 2001)
and indirectly via interactions with ankyrin G, a cytoskeletal
scaffold to which nodal CAMs, sodium channels, and their
{3 subunits all bind (Bennett and Lambert, 1999; Malhotra et al.,
2000; McEwen and Isom, 2004). Specific ankyrin G isoforms
of 480 and 270 kD are expressed at the node and the AIS
(Srinivasan et al., 1988; Kordeli et al., 1995; Pan et al., 2006).
Ankyrin G, in turn, is linked to the cytoskeletal protein BIV
spectrin, which is also highly enriched at nodes and initial
segments (Berghs et al., 2000).

The signals that drive assembly of the AIS and nodes are
distinct. Although the AIS is intrinsically specified, forming in
neurons cultured in the absence of glia (Catterall, 1981; Zhang
and Bennett, 1998; Winckler et al., 1999; Alessandri-Haber
et al., 2002), glial signals are required for node formation
(Kaplan et al., 1997; Ching et al., 1999). The sequence in which
proteins accumulate at these two domains is also different, further
suggesting that they assemble by distinct mechanisms. In the
peripheral nervous system (PNS), early nodal intermediates
contain NrCAM and NF186 (Lambert et al., 1997). These are over-
lain by Schwann cell processes (Melendez-Vasquez et al., 2001;
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Gatto et al., 2003) enriched in the adhesion molecule gliomedin,
which binds to NrCAM and NF186 (Eshed et al., 2005). After a
slight delay, ankyrin G, BIV spectrin, and sodium channels con-
centrate at nodes (Lambert et al., 1997; Melendez-Vasquez et al.,
2001; Eshed et al., 2005; Koticha et al., 2006). In contrast,
ankyrin G appears to accumulate before BIV spectrin, sodium
channels, and NF at the AIS (Jenkins and Bennett, 2001). Together,
these results suggest that the AIS and PNS nodes are likely to
assemble by distinct mechanisms.

Important insights into the assembly of these domains
have emerged from recent functional studies of individual com-
ponents. Mice deficient in NF have major defects of PNS node
formation, including disrupted ankyrin G and sodium channel
localization (Sherman et al., 2005). It has not been reported
whether the AIS is also defective in the absence of the NF186.
These results indicate that NF186 plays an essential role in
node assembly, potentially via extracellular interactions with
gliomedin, which is also required for PNS node formation
based on knockdown studies (Eshed et al., 2005). In contrast,
sodium channels still localize at nodes of mice deficient in
NrCAM (Custer et al., 2003), the B1 or -2 subunits (Chen
et al., 2002, 2004), or BIV spectrin (Komada and Soriano, 2002).

Although the role of ankyrin G at the node has not been examined
directly, it has a key role in the localization of sodium channels
and CAMs at the AIS. Thus, mice, which lack the major ankyrin G
isoform at Purkinje cell initial segments, have profound defects
in AIS formation, including loss of NF186 and sodium channels
(Zhou et al., 1998; Jenkins and Bennett, 2001). Whether binding
to ankyrin G is required for the localization of proteins at the node
and whether ankyrin G is itself critical for node assembly are
major remaining questions.

To address these issues and further elucidate the mecha-
nisms of AIS and PNS node assembly, we have compared the tar-
geting and function of NF186 at these two axonal domains. NF186
is dispensable for AIS formation, where it is targeted via intra-
cellular interactions that require ankyrin G. In contrast, NF186 is
targeted via its ectodomain to the node, where it is essential for re-
cruitment of ankyrin G, which we now demonstrate is required for
sodium channel localization and the stability of the entire nodal
complex. The ectodomain of NF186 also independently mediates
its clearance from the internode, further contributing to its restricted
localization at the node. Thus, sodium channel complexes at these
two sites on the axon assemble by distinct mechanisms: initial seg-
ments are intrinsically specified and form via an inside-to-outside
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cultures. The percentage of expression of each ¥ & PR Nodes Heminodes
construct in nodes and heminodes is shown. 23



mechanism nucleated by ankyrin G, whereas PNS nodes form
from outside to inside directed by glial signals that recruit NF186
and thereby ankyrin G and sodium channels.

The AIS and nodes of Ranvier form reliably in primary cultures
of hippocampal (Hc) neurons and co-cultures of dorsal root gan-
glia (DRG) and Schwann cells, respectively (Fig. 1 A). DRG neu-
rons develop proximal segments (PSs) in vitro that are intrinsically
specified and have a composition similar to the AIS (Zhang and
Bennett, 1998). These neurons therefore provide convenient
models to analyze and compare the mechanisms of assembly of
sodium channel domains at different sites along the axon.

We first examined the mechanisms regulating targeting of
NF186 to these domains, in view of its key role in AIS function
(Ango et al., 2004) and node formation (Sherman et al., 2005). We
verified that heterologous NF186 is indeed targeted to the AILS and
nodes by nucleofecting Hc and DRG neurons, respectively, with
c¢DNAs encoding epitope-tagged NF186; DRG neurons were then
co-cultured with Schwann cells under myelinating conditions. All
NF constructs contained an HA tag at their N terminus (Fig. 1 B);
live staining for the HA epitope confirmed their expression at the
cell surface (not depicted). For studies of node targeting, NF con-
structs also contained a GFP tag at their C terminus.

HA-tagged NF186 was consistently targeted to the AIS of
Hc neurons, identified by staining for ankyrin G and the absence
of microtubule-associated protein 2 (MAP2), a somatodendritic
marker (Fig. 1 C a and Fig. S1 A, available at http://www.jcb
.org/cgi/content/full/jcb.200612012/DC1). HA-NF186 contain-
ing a C-terminal GFP tag was similarly enriched at the AIS but
also detected more distally in the axon, especially in cells with
high expression levels. The location of the GFP tag blocks a
candidate PDZ binding sequence (YSLA) at the C terminus of
NF186 (Koroll et al., 2001). We therefore examined the expres-
sion of HA-NF186 with or without this putative PDZ binding
sequence. Deletion of the last four amino acids at the C terminus
of NF186 resulted in expression of NF186 that frequently ex-
tended beyond the AIS (Fig. S1 B), indicating that C-terminal
interactions contribute to the AIS localization. Subsequent studies
of NF186 targeting to the AIS were therefore performed using
HA-tagged NF186 without the GFP tag.

HA-NF186-GFP was targeted appropriately to nodes of
Ranvier. NF186-GFP was initially expressed at the membrane of
the cell body and uniformly distributed along the neurites (Fig.
1 C ¢). Over time, in myelinating co-cultures, NF186 expression
became increasingly apparent at the PS (Fig. 1 Cb), as its expres-
sion elsewhere along the axon was down-regulated. Of note,
NF186-GFP was strikingly localized to mature nodes of Ranvier
and heminodes, where it colocalized with ankyrin G (Fig. 1 C ¢);
it remained diffuse in nonmyelinated fibers. The C-terminal GFP
tag did not impair targeting to the node and was therefore used as
a marker in studies of node targeting and assembly.

As a control, we expressed intercellular adhesion molecule 1
(ICAM1), a lymphocyte IgCAM (Fig. 1 B) that is not expressed

by neurons. When nucleofected into Hc neurons, ICAM1 had a
nonpolarized, predominantly somatodendritic distribution with
variable but low level expression in axons (Fig. 1 D). In DRG
neurons, ICAM1 was expressed at the membrane of the soma
and axons, with minimal expression in the PS. In co-cultures of
DRG neurons and Schwann cells, I[CAM1 was uniformly dis-
tributed at the membrane of nonmyelinated and myelinated
axons, although its expression was frequently reduced at nodes
of Ranvier (Fig. 1 D ¢). These results are quantitated in Fig. 1
(E and F). Collectively, these data indicate that exogenously
expressed NF186 is targeted appropriately and can be used in
combination with ICAM1, which is nonspecifically localized,
to study mechanisms of targeting to PNS nodes and the AIS.

To identify the sequences that target NF186 to the AIS and nodes,
we constructed chimeras of NF186 and ICAMI1 and gener-
ated deletions of various NF186 domains (Fig. 2 A and Fig.
3 A). We first examined whether NF186 is targeted to the AIS
via extracellular or intracellular interactions. Replacement of
ICAMTI’s cytoplasmic segment with that of NF186 directed
ICAM1 to the AIS of Hc neurons (Fig. 2 B and Table I) and
the PS of DRG neurons (Fig. S2 A, available at http://www.jcb
.org/cgi/content/full/jcb.200612012/DC1). Similarly, NF186
constructs containing deletions of the major extracellular domains
were also targeted predominantly to the AIS (Table I). In contrast,
NF186 constructs in which the cytoplasmic segment of NF186
was replaced by that of ICAM1 had a nonpolarized distribution
and failed to concentrate at the AIS. In each case, targeting
to the AIS (not depicted) and to the PS (Fig. S2 A) was not
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Figure 2. The cytoplasmic domain of NF186 is necessary and sufficient
for AIS targeting. Targeting constructs (A) and photomicrographs of their
expression in Hec neurons (B) are shown. In the schematics, domains con-
tributed by NF186 are shown in blue; those from ICAM1 are in red.
NFAABD lacks the FIGQY sequence required for binding to ankyrin G.
Transfected proteins were stained with an antibody to ICAM1 (top) and HA
(middle and bottom). Ankyrin G immunoreactivity (red) demarcates initial
segments (arrows). ICAM1/NF-CD (top) was targeted to the AlS; the
NF-ED/ICAMT (middle) and NFAABD (bottom) constructs remained diffuse.
Bar, 20 pm.
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Table I. Analysis of the targeting of NF constructs to the AIS

Domain NF ICAM1 ICAM1/NF-CD  NF-ED/ICAM1 NFAABD NFAlg NFAFNIII NFAmucin
n =206 n=284 n=96 n=82 n=>57 n =49 n=177 n =245

AlS 73 0 88 0 0 63 76 90

AlS+ 27 0 11 0 0 37 24 10

S+D 0 70 0 44 9 0 0 0

S+D+A 0 30 1 41 65 0 0 0

S 0 0 0 15 21 0 0 0

The percentages of He neurons exhibiting AlS, somatic (S), dendritic (D), and axonal (A) staining are shown. AlS+ indicates enriched staining at the AIS with minor

membrane labeling present elsewhere on the neuron.

affected by whether the transmembrane domain was from
NF186, which has a palmitoylated cysteine (Ren and Bennett,
1998), or from ICAM1, which does not. Previous experiments
demonstrated that the FIGQY sequence in the cytoplasmic seg-
ment of NF186 is required for binding to ankyrin G (Zhang
et al., 1998). Constructs in which this ankyrin binding domain
(ABD) was deleted (NF186AABD) similarly failed to localize
to the AIS and had a nonpolarized distribution instead (Fig.
2 B). Mutating the tyrosine residue in this sequence to either
phenylalanine or histidine also disrupted targeting to the AIS
(unpublished data). These results indicate that interactions of
the cytoplasmic domain of NF186 with ankyrin G are required
for targeting to the AIS and PS and that this targeting does
not depend on its extracellular or transmembrane segments.
We next performed a similar analysis of the targeting
of NF186 to PNS nodes. We transfected DRG neurons with
NF186/ICAM1 chimeras (Fig. 3 A) and analyzed their targeting
in myelinated co-cultures several weeks later (Fig. 3 B; quanti-
tated in Fig. 3 C). All chimeras were initially uniformly distrib-

uted at the membrane of the soma and processes. In striking
contrast to the AIS, a chimera of the NF186 ectodomain fused
to ICAMI transmembrane and cytoplasmic domains was
targeted appropriately to nodes and heminodes (Fig. 3 B a),
whereas a chimera containing the ICAM1 ectodomain and
transmembrane domain fused to the NF186 cytoplasmic do-
main failed to accumulate at the nodal regions (Fig. 3 B b).
These findings indicate that the ectodomain of NF186 is neces-
sary and sufficient for targeting to the node. To delineate the
specific regions of the ectodomain that direct nodal targeting,
we expressed NF186 constructs with deletions of the Ig, fibro-
nectin type III (FNIII), or mucin domains. Deletion of the Ig
domains completely abolished nodal accumulation (Fig. 3 B c),
whereas deletion of the FNIII or mucin domains did not (Fig. 3 B,
d and e). These results indicate that NF186 targeting to the node
requires its Ig domains.

Interactions with ankyrin G were not required for target-
ing to the node, as indicated by the proper localization of the
NF-ED/ICAMI1 chimera as well as NFIS6AABD (Fig. 3 B f).
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Figure 3. NF186 is targeted to nodes and cleared from the =z _
internode via extracellular sequences. (A) Schematic diagram  C Nodes Heminodes
of targeting constructs. NF186 sequences are in blue, and 100 - d
ICAM]1 sequences are in red. (B) Expression of corresponding % =1 = —
constructs in myelinating co-cultures analyzed for targeting to 80 z
nodes (flanked on both sides by myelin segments; lef) and & 70 ; < -
heminodes (associated with a single myelin segment; right); ‘g 60 g A
both are indicated by arrowheads. Cultures were stained for £ 50
the GFP tag (green) and the myelin protein, PO (blue). Bars, & 40 e g —
5 um. (C) Quantitation of a representative experiment analyz- & 30 E
ing the targeting of constructs to nodes and heminodes as a 20 L —
percentage of total sites counted. Myelinated axons were 10 d
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http://www.icb.org/cgi/content/full /jcb.200612012/DC1)
for representative images.
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However, in some cases, NFIS6AABD staining extended proxi-
mal to the nodal region; it also appeared to turn over more
quickly, as indicated by fewer positive nodes in the co-cultures,
especially at later time points. These results suggest that although
interactions with ankyrin G are dispensable for targeting to the
node, they may promote stable and restricted expression at this
site (see below).

In parallel with myelination, proteins that concentrate at the node
are down-regulated along the internode, i.e., the region under-
neath the compact myelin sheath (Salzer, 2003). In agreement, full-
length NF186 accumulated at nodes and was down-regulated
along the internode (Fig. 1 C and Fig. 4). This down-regulation
could potentially result from redistribution of NF186 from the
internode to the node or, alternatively, down-regulation may be
independent of targeting to the node. The latter result is sug-
gested by the fact that NF186Alg, which is not expressed at
nodes, is still cleared from the internode (Fig. 3 B c). To extend
these studies, we examined the targeting of a construct in which
the Ig domains of NF186 were replaced by those of ICAMI,;
this recombinant protein, ICAM1/NFAIg, has a domain struc-
ture and molecular weight similar to that of wild-type (wt)
NF186 (Fig. 4). Both wt NF186 and ICAM1/NFAIg were con-
sistently cleared from the internodal region. However, although
the wt protein was targeted to 100% of nodes, the ICAM1/
NFAIg construct was detected (weakly) at only 8% of nodes.
These results indicate that clearance from the internode is not
dependent on targeting to the node. They also argue that ICAM1
persists along the internode (Fig. 1 D) because of a failure of
clearance rather than specific targeting to this site mediated by
its ectodomain.

These findings further suggest that clearance requires
NF186 ectodomain sequences. In agreement, a chimera in
which the ectodomain of NF was fused to the cytoplasmic tail
of ICAM1 (Fig. 3 B a) was cleared, whereas a construct in
which the ICAMI1 ectodomain was fused to the NF cytoplas-
mic domain (Fig. 3 B b) was expressed at high levels along
the internode but not at the node, similar to full-length ICAM1
(Fig. 1 D). These results corroborate that NF186 ectodomain
sequences promote clearance and indicate that the cytoplas-
mic domain of NF186 is neither necessary nor sufficient for
clearance. To identify the ectodomain sequences involved, we
analyzed a series of domain deletions. Unexpectedly, NF186
constructs containing deletions of the FNIII or mucin domains
were also cleared from the internode (Fig. 3 B, d and e, left),
much like NF186AlIg (Fig. 3 B c). These results indicate that
several distinct regions of the ectodomain can promote inter-
nodal clearance. The source of the transmembrane domain does
not affect internodal clearance promoted by the NF ectodomain
(compare Fig. 3 B, a and b, with Fig. S2 B, a and b, respectively).
Together, these findings indicate that sequences in the ectodomain,
but not the membrane or cytoplasmic segments, are required for
internodal clearance.

In contrast to internodal clearance, down-regulation along
the adjacent unmyelinated (myelin basic protein negative) regions

of the axon and discrete targeting to heminodes both require an
intact NF186 ectodomain. Full-length NF186 is reliably down-
regulated along the adjacent, nonmyelinated portions of the axon
and is concentrated at heminodes (Fig. 4). However constructs
containing deletions of the Ig, FNIII, or mucin domains, all of
which are down-regulated along myelin internodes, continue
to be expressed along the adjacent, unmyelinated portions of the
axon (Fig. 3 B, ¢, d, and e; and Fig. 4 B). As a consequence,
the NFI186AFNIII and Amucin constructs are not discretely
localized to heminodes as they are at nodes (Fig. 3 B, d and e,
compare left and right panels). These findings also indicate that
myelinating, but not premyelinating, Schwann cells must have
mechanisms to clear these deletion constructs from the internodal
axon that ensures their discrete expression at nodes.

Although NF186AABD was targeted appropriately, it was ex-
pressed at fewer nodes and less robustly than full-length NF186,
suggesting that ankyrin G interactions may stabilize its expres-
sion. To test this possibility directly, DRG neurons were nucleo-
fected with NF186-GFP and NF186AABD-GFP and maintained
as neuron-only cultures or seeded with Schwann cells and cultured
under myelinating conditions. At weekly intervals after nucleo-
fection, lysates were prepared, and the expression of the two
NF186 constructs was compared by Western blotting for the GFP
tag. Expression of full-length NF186-GFP and NF186AABD-
GFP in neuron-only cultures (Fig. 5 A, arrowheads) was similar,
peaking 1 wk after nucleofection, remaining strong at 2 wk, and
declining thereafter. Expression of NFIS6AABD-GFP decreased

A B GFP

ankG/GFP/P0

NF186

ICAM1/NFAIg

NF186

ICAM1/NFAlg

Figure 4. Clearance of NF186 from the internode is independent of its
targeting to the node. (A) Schematic diagram of constructs. NF186 se-
quences are in blue, and ICAM1 sequences are in red. (B) Expression of
the corresponding constructs in myelinating co-cultures, stained for GFP
(green), ankyrin G (red), and the myelin protein PO (blue). NF186 and
ICAM1/NFAlg are both cleared from internodes, indicated by white
brackets in each field. The position of the corresponding nodes is indicated
by arrows and asterisks; those indicated by asterisks are shown at high
power in the insets. ICAM1/NFAlg remained diffusely expressed in the
nonmyelinated regions adjacent to nodes. Bar, 20 um.
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Figure 5. NF186 expression is stabilized by interactions with ankyrin G.
DRG neurons were nucleofected with either NF186-GFP or NF186AABD-
GFP; half were maintained as neuron-only cultures (A), and the other half
were seeded with Schwann cells after 1 wk and maintained in myelinating
conditions (B). Detergent lysates were prepared at weekly intervals; frac-
tionated by SDS-PAGE; blotted; probed for GFP, peripherin (as a loading
confrol), and the myelin protein PO (co<ultures); incubated with 12| protein A;
and analyzed via a phosphorimager. Quantitation is shown in Fig. S3 A
(available at http://www.jcb.org/cgi/content/full /icb.200612012/DC1).
Fulllength NF186-GFP is indicated (arrowhead); a proteolytic fragment
of ~150 kD (asterisk) is faintly visible in the neuron-only blots and promi-
nently at initial co-culture time points. Addition of Schwann cells accel-
erates the turnover of NF186-GFP and, in particular, NF184AABD-GFP
(compare corresponding time points in A and B). (C) DRG neurons express-
ing either NF186-GFP or NF186AABD-GFP under lentiviral control were
fixed (control) or extracted with Triton X-100 and then fixed, followed by
staining for GFP, PO, and ankyrin G. With extraction, NF186 staining is
removed from nonmyelinated fibers but persists at most nodes in contrast to
NF186AABD, which is removed from all nodes as well as nonmyelinated
fibers. Insets show nodes and heminodes, indicated by arrowheads, at
higher power. Bar, 20 pum.

at a slightly more rapid rate than NF186-GFP (see Fig. S3 A, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200612012/DC1,
for quantitation), indicating that ankyrin G enhances its stability.
A minor band of ~150 kD (Fig. 5 A, asterisk) was present for
both constructs over the time course shown. As this band was
recognized by the anti-GFP antibody, it likely reflects cleavage of
~60 kD from the N terminus of NF186. Endogenous NF186
similarly undergoes proteolysis of its N-terminal segment (Fig.
S3 C, left, asterisk).

We next examined the effects of Schwann cells on NF186
and NF186AABD expression. Nucleofected DRG neurons were
seeded with Schwann cells after 1 wk in culture; detergent
lysates were prepared at weekly intervals thereafter and blotted

for GFP (Fig. 5 B). Addition of Schwann cells accelerated
NF186 turnover, which decreased substantially with the onset
of myelination at ~3 wk, indicated by expression of the myelin
protein PO. Deletion of the ankyrin binding sequence further
enhanced turnover of NF186AABD (compare expression of
full-length and deletion constructs at 3 wk; quantitation is
shown in Fig. S3 A). For both constructs, the ~150-kD NF frag-
ment was initially more prominent in the co-cultures and then
progressively decreased. Together, these results indicate that
NF186 is cleaved in the ectodomain, that this cleavage pattern
is altered and turnover accelerated by Schwann cell interactions,
and that ankyrin G interactions promote more stable expression.
In contrast, the levels of endogenous NF186, detected by blot-
ting nontransfected cultures with a pan-NF antibody, remained
stable over several weeks, even in Schwann cell co-cultures
(Fig. S3 C, right), presumably reflecting ongoing synthesis.

To examine specifically whether NF186 expression at the
node was stabilized by interactions with ankyrin G, we extracted
myelinated co-cultures expressing NF186-GFPor NF186AABD-
GFP with Triton X-100. Cultures were then fixed and stained
for exogenous NF constructs. In nonextracted cultures, NF186
and NF186AABD were localized at nodes and nonmyelinated
fibers (Fig. 5 C). After extraction, no staining in nonmyelinated
axons was detected for either protein. Strikingly, after extrac-
tion, full-length NF186 persisted at nodes (Fig. 5 C) and PSs
(not depicted), whereas NF186AABD was not detected at either
site, or anywhere in the neuron. These results provide further
evidence that binding of NF186 to ankyrin G stabilizes the
expression of NF186 at nodes and PSs.

To corroborate that the neuronal form of NF, i.e., NF186, is
required for node formation (Sherman et al., 2005) and to exam-
ine its role in the AIS, we performed short hairpin RNA (shRNA)
knockdown studies, targeting a sequence in the NF186-specific
mucin domain. Neurons were infected with the shRNA con-
struct or, as controls, with the pLL3.7 vector alone; Schwann
cells were added and co-cultures maintained in myelinating
conditions for an additional 3—4 wk. shRNA-treated co-cultures
appeared normal although they myelinated at a slower rate than
controls. GFP staining revealed nearly uniform rates of infec-
tion in both cases. Western blot analysis of DRG neurons dem-
onstrated a substantial (>90%) reduction of NF186 (Fig. 6 D);
there was no effect on NrCAM levels, underscoring the speci-
ficity of the knockdown. Staining with a pan-NF antibody re-
vealed NF expression in the nodal axolemma and the glial
paranodes of control cultures but only in the glial paranodes of
the shRNA-treated cultures (Fig. 6 A), corroborating the neuron-
specific knockdown.

Of note, ankyrin G and sodium channels failed to cluster at
the great majority of nodes in shRNA-treated cultures (Fig. 6 B).
NrCAM expression was also absent at most nodes (Fig. 6 B).
Gliomedin was detected at some nodes in the ShRNA-treated cul-
tures, although it was frequently present at reduced levels (Fig.
6 B). In contrast to the nodes, shRNA treatment of NF186 did not
inhibit ankyrin G and sodium channel accumulation at the AIS of



A NFpan/P0 shCon  shNF186
c
c A ©
<= \ z
] [
Qo
7]
" S - -
2 <
L 3
2 Al o
5 :
B ankG/PO NaCh/P0 NrCAM/PO
| ‘ ‘
o]
(8}
K-
| - - -
(1]
(=]
: ‘ ‘
4
L
C  ankGIMAP2 NaCh/MAP2 D
c - - c
] [
(&] (8]
. =] K-
"] 7]
‘ ‘ |
0
[-°)
b
4
=
("]

Hc neurons (Fig. 6 C) or at the PS of DRG neurons (not de-
picted), despite effective knockdown of NF186 at these sites.
Together, these results provide compelling evidence for a role of
NF186 in node but not AIS/PS formation, indicating that sodium
channels accumulate at these regions by distinct mechanisms.

We next investigated how NF186 promotes PNS node formation.
An important insight was provided by examination of nodes
that expressed the NF186AABD construct at high levels under
lentiviral control. Such nodes frequently had reduced levels of
ankyrin G and sodium channels compared with nontransfected
nodes or those expressing full-length NF186 (Fig. 7 A, arrow-
heads; quantitation is shown in Fig. S4, available at http://www
Jjeb.org/cgi/content/full/jcb.200612012/DC1). These reduced lev-
els may reflect competition between the exogenous NFIS6AABD
and endogenous NF186 for binding to glial receptors and sug-
gest that NFIS86AABD is unable to recruit ankyrin G and, hence,
sodium channels to the nodes.

To test this possibility directly, without the confounding
effect of endogenous NF186, we performed a knockdown-rescue
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- . H
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Figure 6. NF186 is essential for PNS node but not AIS
formation. (A) DRG neurons infected with the plLL3.7 vector
alone (control) or vector encoding shRNA to NF186 (shNF186)
were co-cultured with Schwann cells, fixed, and stained. (left)
Co-cultures were stained for PO (blue) and with an antibody
that recognizes both the neuronal and glial isoforms of NF
(red). Expression of NF was abolished at nodes (arrowheads)
of shRNA-reated but not control co-cultures; staining persists
in the flanking glial paranodes. (right) Cultures stained with
the pan-NF antibody (red) and for Caspr (green), a marker
of the paranodes, demonstrate that shRNA treatment abol-
ished nodal but not paranodal expression of NF. Bars, 5 um.
(B) shRNA to NF186, but not vector alone, abolishes expression
of ankyrin G, sodium channels (NaCh), and NrCAM at nodes
(arrowheads), shown at higher power in the insefs. PO is
stained in blue. Gliomedin (GLDN) expression at nodes was
also significantly diminished and was minimally defected at
many nodes (arrowhead; white inset); others were only par-
tially affected (asterisk; yellow inset). Bar, 20 wm. (C) Hc neu-
rons infected with control or shRNA-expressing vector were
stained for ankyrin G, sodium channel, and MAP2. shRNA
treatment had no effect on localization of ankyrin G and
sodium channel at the AlS (indicated by arrows); at higher
power in the insets. Bars, 20 pm. (D) Western blots show that
shRNA treatment substantially reduced NF186 expression; actin
is a loading control.

experiment. The essential strategy was to knock down endoge-
nous NF186 by shRNA while expressing full-length NF186 or
NF186AABD constructs containing codon substitutions that
preserved their amino acid sequence but rendered them insensi-
tive to shRNA treatment (Fig. 7 B). As we obtained nearly uni-
form infection of the neurons by the shRNA lentivirus, we
removed the vector GFP sequences to facilitate analysis of the
exogenous GFP-tagged NF186 constructs. Western blotting
analysis (Fig. 7 C) was performed with an NF antibody specific
for a cytoplasmic epitope that includes the ABD; hence, this
antibody only reacts with full-length endogenous and exogenous
NF186. We also blotted for GFP to identify both exogenous
constructs; these run at a higher molecular weight than endog-
enous NF because of their GFP tags. These blots demonstrate
that the shRNA effectively suppressed endogenous NF186 expres-
sion without impairing expression of the modified, exogenous
wt NF186 or NF186AABD proteins.

Strikingly, although both full-length NF186 and
NF186AABD were targeted to nodes, only the full-length con-
struct was effective in recruiting ankyrin G and sodium chan-
nels (Fig. 7 D). Ankyrin G and sodium channels were largely
absent from nontransfected nodes (Fig. 7 D, orange arrowhead),
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Figure 7. Recruitment of ankyrin Gby NF186 A
is critical for PNS node assembly. (A) DRG neu-
rons expressing NF186-GFP or NF186AABD-
GFP were cultured with Schwann cells under
myelinating conditions, fixed, and stained
for GFP, PO, and ankyrin G (left) or sodium
channels (NaCh; right). Robust levels of
NF186AABD at nodes were associated with
reduced coexpression of ankyrin G and so-
dium channels, as evident by comparison of
nontransfected nodes (asterisks) to transfected
nodes (arrowheads). Bars, 10 wm. (B) Sche-
matic diagram and sequence of NF constructs
used for rescue experiments. The modified se-
quence within the NF mucinlike domain is
shown with substituted codons marked in red.
(C) Western blot of NF186 knockdown and
rescue. DRG neurons were infected with pLL3.7
vector alone (sh Con) or encoding shRNA to B
endogenous NF186. shRNA-reated neurons

were either not nucleofected (sh NF) or were

nucleofected with the codon-modified NF186-

GFP (+NF) or NF184AABD-GFP constructs

(+NFAABD). Lysates were blotted with an NF

antibody that recognizes a cytoplasmic epit- E A T
ope present on NF186 but not on NF186AABD,  original
and antibodies to GFP, NrCAM, and periph-
erin. The position of endogenous NF186 (bot-
tom arrow) and of the exogenous NF186-GFP
protein (top arrow) is shown on the NF blot.
Endogenous NF186 is robustly expressed in
the first lane but is essentially absent in all neu-
rons freated with shRNA. NF186AABD-GFP,
which is not recognized by the pan-NF anti-
body, is strongly defected when lysates are
blotted for GFP. NrCAM levels are unchanged
with shRNA treatment; peripherin is a load-
ing control. (D) Both full-length NF186 and
NF186AABD constructs were targefed to nodes
(white arrowheads; shown at higher power
in insets). Expression of fulllength NF186, but
not NF186AABD, rescued ankyrin G and sodium
channel expression at transfected nodes (iden-
tified by staining for GFP). A nontransfected
node in the NF 186 nucleofected cultures (orange
arrowhead), which lack sodium channels, is
shown. Myelin segments were visualized by
staining for PO (blue). Bars, 20 wm. (E) Quanti-
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tation of NF186 knockdown and rescue by modified NF186 constructs. Ankyrin G and sodium channel staining at nodes were scored as robustly (++) or
modestly positive (+); absence of staining was also scored but is not shown, to simplify the figure. Representative images from each category are shown
in Fig. S5 (available at hitp://www.jcb.org/cgi/content/full /jcb.200612012/DC1). Results are graphed as the percentages of the total node sites posi-
tive for nodal proteins in cultures treated with the control lentivirus (sh Con) or in cultures treated with shRNA and nucleofected with NF186-GFP (shNF +
NF) or NF186AABD-GFP (shNF + NFAABD). GFP-negative nodes (N; nontransfected) and GFP-positive nodes (T; transfected) were scored separately in
each set of cultures. Expression of ankyrin G and sodium channels was dramatically reduced at nontransfected nodes in both sets of shRNA-reated neurons
compared with neurons treated with vector alone (sh Con). Expression of the full-length, codon-modified NF186 at nodes substantially rescued ankyrin G
and sodium channel expression in the shRNA-reated co-cultures, whereas expression of NF186AABD did not.

which serve as an internal control for the specificity of the
knockdown and rescue. Results from this study are quantitated
in Fig. 7 E. The effective rescue of node assembly by NF186 but
not by NFI86AABD provides compelling evidence that a key
role of NF186 is to recruit ankyrin G, and thereby sodium
channels, to nodes.

Finally, in complementary studies, we examined the effect
of a knockdown of ankyrin G on the formation of nodes and PSs
in myelinating co-cultures. We infected DRG neurons with
lentiviruses expressing shRNAs to sequences corresponding
to the membrane and spectrin binding domains of ankyrin G.
Knockdown of ankyrin G in neurons was highly effective, as dem-
onstrated by immunostaining (Fig. 8 A) and Western blotting

(Fig. 8 B); ankyrin B expression was not affected based on staining
(not depicted) and blotting (Fig. 8 B), highlighting specificity
of the knockdown. Blots also demonstrated that NF186 levels
were modestly reduced, whereas NrCAM and sodium channel
levels were unchanged.

shRNA to ankyrin G eliminated essentially all ankyrin G
and the great majority of sodium channel expression at PSs
(Fig. 8 A) and nodes (Fig. 8 C; quantitated in Fig. 8 D). Sodium
channels were expressed along neurites and did not accumu-
late in the neuronal soma in knockdown cultures (unpublished
data), suggesting that defective expression at nodes resulted
from impaired localization, not deficient axon expression or
transport. NF186, NrCAM, and BIV spectrin were similarly
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Figure 8. Ankyrin G knockdown blocks PS
and node assembly. (A) DRG neurons were
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absent from nodes (Fig. 8 E). Finally, although gliomedin persisted
at some nodes, overall expression was reduced (unpublished
data). Collectively, these data demonstrate that a major function
of NF186 at nodes is to recruit ankyrin G, which, in turn, is
essential for the subsequent localization and assembly of the
entire nodal complex.

We have shown that the AIS and nodes of Ranvier, two axonal
domains enriched in a similar sodium channel complex, assemble
by very different mechanisms. At the initial/proximal segments
of neurons, ankyrin G accumulates intrinsically, independent of
glial signals and NF. At nodes, extracellular interactions with
Schwann cells drive clearance of NF186 from the internode and
direct its localization to the node, where it then recruits sodium
channels via an ankyrin G—dependent mechanism (summarized
in Fig. 9). Thus, ankyrin G is required for sodium channel local-
ization at both domains: it is intrinsically determined at the AIS
and recruited by NF186 at PNS nodes. These findings are con-
sidered further below.

NaCh

ankyrin B

prepared from control (sh Con) and shRNA-
treated (sh ankG) DRG neurons were blotted
for ankyrin G, ankyrin B, pan-sodium channel,
pan-NF, and NrCAM. Expression of ankyrin G
was markedly reduced in shRNA-reated cul-
tures, whereas the expression of ankyrin B
was unaffected; expression of the NF186 iso-
form was slightly reduced, whereas sodium chan-
nels and NrCAM were unchanged. (C) Effects
of ankyrin G knockdown on nodes were anc-
lyzed in vector alone (sh Con) and shRNA-
treated (sh ankG) DRG neurons co-cultured with
Schwann cells under myelinating conditions.
Ankyrin G and sodium channel were expressed
at nodes (arrowheads) of control but not shRNA-
treated co-cultures. Bar, 20 pum. (D) Quantita-
tion of ankyrin G and sodium channel expression
in control and shRNA-reated cultures shown as
a percentage of total nodes counted. (E) Expres-
sion of NF186, NrCAM, and BIV spectrin at
nodes of control and shRNA-ankyrin G-treated
co-cultures is shown. Nodes are indicated by
arrowheads and shown at higher power in the
insets. Bar, 20 pm.
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We have demonstrated that binding of NF186 to ankyrin G is
necessary, and the cytoplasmic domain of NF is sufficient, to
direct targeting to the AIS (Fig. 2) and PS (Fig. S2 A). These re-
sults are consistent with a previous report that a mutation of the
ankyrin binding sequence of NF186 impaired its accumulation
at the AIS (Lemaillet et al., 2003). They also agree with studies
demonstrating that NF186 accumulates after ankyrin G at the
AIS in vitro (Xu and Shrager, 2005) and in vivo (Jenkins and
Bennett, 2001), a finding confirmed here (Fig. S1 A). Delayed
accumulation of NF186 at the AIS results from a delay in its
expression, not in its targeting, as nucleofected NF186 was
localized to the AIS in parallel with ankyrin G and well before
endogenous NF was detected (Fig. S1 A).

In contrast, targeting of NF to PNS nodes is driven by its
extracellular (Ig) sequences, presumably via interactions with
Schwann cell receptors such as gliomedin. Chimeric proteins
containing the NF ectodomain fused to the ICAM1 cytoplasmic
domain are targeted to nodes, whereas deletion of the ecto-
domain or the Ig domains abolishes this localization (Fig. 3).
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Figure 9. Summary of NF186 localization mechanisms. Schematic figures
showing the structural features of NF186 (left) that mediate its targeting to
different axonal domains (red) of a pseudounipolar DRG neuron (right).
Targeting of NF186 to nodes is mediated by its Ig domains; restricted ex-
pression at the node is enhanced by clearance from the internode medi-
ated by multiple regions of the ectodomain. In contrast, targeting to the
initial/proximal segments requires interactions of the ABD in the cytoplas-
mic segment with ankyrin G; AlS targeting also involves the C-terminal PDZ
binding sequence. The ABD is critical for recruitment of ankyrin G to the
node, which is required for localization of sodium channels and other
nodal components. A likely cleavage site between the Ig and FNIIl domains
is shown.

The key role of the ectodomain in nodal localization is consis-
tent with a study showing that node formation requires direct
contact with myelinating Schwann cells (Ching et al., 1999) and
is blocked by soluble CAM constructs or knockdown of gliome-
din, each of which interferes with NF186 extracellular inter-
actions (Lustig et al., 2001; Eshed et al., 2005; Koticha et al.,
2006). The finding that NF186 is principally targeted to PNS
nodes via its extracellular interactions also suggests that it may
localize to the node from cell surface pools rather than from
intracellular transport vesicles, where the ectodomain would have
an intraluminal disposition. As NF186 is targeted to CNS nodes
with a delay, akin to that at the AIS (Jenkins and Bennett, 2002),
its targeting to CNS nodes may differ from that described here
for PNS nodes.

Nodal proteins are actively cleared

from the internode

Our data indicate that the restricted localization of NF186 at
the node results from positive interactions with glial cells that
direct its recruitment to the node and separate mechanisms that
promote its removal from the internode. We have also shown
that ectodomain interactions are critical for clearance, as the
NF-ED/ICAMI1 chimera is removed from the internode with
myelination (Fig. 3 B a), whereas ICAM1 or ICAM1/NF-CD
chimeras persist at this site (Fig. 1 D and Fig. 3 B b). The per-
sistence of these ICAM1 constructs along the internode further
suggests that mechanisms that normally drive clearance are
specific and do not result from steric hindrance in the internode
or a physical barrier at the ends of elongating, myelinating
Schwann cells. Multiple extracellular regions of NF186 appear
to mediate its clearance, as constructs with deletions of the Ig,
FNIII, or mucin domains are each still down-regulated along
the internode. Interestingly, these same constructs persist along
unmyelinated portions of the axon immediately adjacent to in-
ternodes that were clear of NF186 staining (Fig. 3 B, heminode
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column; and Fig. 4). These latter results suggest internodal
clearance is an important additional mechanism to ensure a re-
stricted localization of proteins to the node (Fig. 3 B, d and e).
They also indicate that myelinating Schwann cells locally regu-
late expression of axonal proteins along the internode.

Although clearance and nodal targeting both require ex-
tracellular NF186 sequences, they are not obligately linked.
NF186 constructs in which the Ig domains are deleted or are
replaced by those of ICAM1 (Fig. 4) are not targeted to the node
but are still cleared from the internode (Fig. 3 B c). These re-
sults indicate that clearance does not simply result from relocal-
ization of NF186 from the internode to the node. In agreement,
Schwann cell interactions enhance turnover of nucleofected
NF186 (Fig. 5), in addition to directing it to the node. This
accelerated turnover presumably provides a mechanism for the
removal of excess NF186 that cannot be accommodated at the
node, a domain that corresponds to only ~0.1% of the length
of the internode. Because NF186 is transiently expressed after
nucleofection, this increased turnover indicates that a posttran-
scriptional mechanism, such as endocytosis or proteolytic cleav-
age, is likely involved. Internodal clearance of NF186 does not
require its intracellular segment (e.g., NF-ED/ICAM1; Fig. 3 B a),
arguing against direct endocytosis. Enhanced proteolytic cleav-
age of NF186 may contribute to clearance, consistent with an
N-terminal cleavage fragment of ~60 kD (Fig. 5 A). This size
fragment predicts a proteolytic site between the Ig and FNIII
domains, in agreement with sequencing of NF fragments isolated
from the chick brain (Volkmer et al., 1992). Further investigation
will be needed to determine how Schwann cells accelerate pro-
tein turnover.

Role of NF186-ankyrin G interactions

in node assembly

A key finding of this study is that NF186 determines sodium
channel localization and orchestrates node assembly by recruit-
ing ankyrin G to this site. This is indicated by the dominant-
negative effect of the NF186AABD construct on normal node
formation (Fig. 7 A and Fig. S4) and its inability to rescue node
assembly in NF186-deficient neurons (Fig. 7 D). These findings
provide direct support for a mechanism, originally proposed by
Lambert et al. (1997), that CAMs form early nodal intermedi-
ates to which ankyrin G and sodium channels bind. They are
also consistent with the temporal pattern of node assembly
(Salzer, 2003) and the known ability of NF186 to recruit ankyrin G
to the plasma membrane (Zhang et al., 1998). They argue against
a model in which NF186 drives node assembly via direct inter-
actions with the 3 subunits of the sodium channels (Ratcliffe
et al., 2001; McEwen and Isom, 2004). The cis interactions of
NF186 and 31 are between their respective extracellular domains
(Ratcliffe et al., 2001; McEwen and Isom, 2004) and are un-
likely to be affected by a deletion of the FIGQY sequence that
binds ankyrin G; such interactions may, however, contribute to
the stability of the nodal complex.

Our data also strongly suggest that NF186 does not con-
stitutively associate with ankyrin G but rather recruits and inter-
acts with ankyrin at selective sites. Thus, when the cytoplasmic
domain of NF186 was misexpressed along the internode by the



ICAMI1/NF-CD construct (Fig. 3 B b) or along Hc neuron axons
by the NF186APDZ construct, ankyrin G remained confined to
the nodes (not depicted) and AIS (Fig. S1 B), respectively. It is
known that NF186 interactions with ankyrin G are abolished by
phosphorylation of the tyrosine residue within the FIGQY se-
quence of NF186 (Garver et al., 1997; Tuvia et al., 1997). Fur-
ther, LICAMs that are phosphorylated on the FIGQY sequence
are detected at the paranodes but not at the node itself (Jenkins
et al., 2001). Selective interactions of NF186 with ankyrin G at
the node and AIS may therefore indicate that it is predominately
nonphosphorylated at these sites.

Ankyrin G plays a key role in the assembly
and integrity of the nodal complex

We have shown that knockdown of ankyrin G results in loss of
all components of the node (Fig. 8), akin to the loss of the same
complex at initial segments in ankyrin G—deficient mice (Zhou
et al., 1998; Jenkins and Bennett, 2001; Pan et al., 2006). These
results indicate that ankyrin G functions as a crucial, multiva-
lent organizer for the entire nodal complex, consistent with its
modular structure and binding sites for various nodal compo-
nents. These include NrCAM and NF186, which bind via their
conserved FIGQY sequence (Zhang et al., 1998; Nagaraj and
Hortsch, 2006), voltage-gated sodium (Garrido et al., 2003;
Lemaillet et al., 2003), and potassium, i.e., KCNQ (Pan et al.,
2006), channels, which bind via a distinct ankyrin binding se-
quence and BIV spectrin, which binds to a distinct region of
ankyrin G (Berghs et al., 2000).

Our data further suggest that ankyrin G is not only re-
cruited by, but reciprocally stabilizes expression of, NF186 at
PNS nodes. Although NFI86AABD is targeted to the node even
in the absence of endogenous NF186 (Fig. 7 D), its long-term
expression at this site is impaired. Several mechanisms may be
involved. Ankyrin G limits the lateral diffusion of NF186 within
the membrane (Garver et al., 1997; Tuvia et al., 1997) and may
thereby serve as a diffusion trap that restricts NF186 to the node.
In agreement, NFAABD was expressed at low levels just out-
side of the node (Fig. 3 B f). Ankyrin G interactions may en-
hance binding of NF186 to its cognate glial ligands, as it does
for other L1 proteins (Hortsch, 2000), further stabilizing its
nodal localization. Interactions with ankyrin G also reduced the
rate of NF186 turnover (Fig. 5). A striking finding is the absence
of NF186 at nodes in the ankyrin G knockdown co-cultures
(Fig. 8 D). This likely reflects accelerated turnover of NF186
because of loss of interactions with ankyrin G and potentially
other nodal components, i.e., NrCAM and sodium channels
(Ratcliffe et al., 2001; McEwen and Isom, 2004), that may fur-
ther enhance NF186 stability at the node. Loss of ankyrin G also
impaired the localization of gliomedin at the node (unpublished
data), presumably as an indirect effect of the loss of NF186 (Fig. 6).
Gliomedin has been proposed to target NF186 and NrCAM to
the node to initiate node formation (Eshed et al., 2005); our
results indicate that its expression at the node requires reciprocal
interactions with nodal CAMs that are stabilized by ankyrin G
interactions. Collectively, these findings indicate that NF186
at the node recruits ankyrin G, which then provides a scaffold
to which NrCAM, sodium channels, and BIV spectrin all bind.

Reciprocal interactions between components of the nodal complex
may then promote long-term stable expression.

Distinct targeting mechanisms and roles

of NF186 at the AIS and nodes of Ranvier
A major finding of this study is that the initial/proximal seg-
ments assemble by distinct mechanisms from that of PNS nodes.
Although NF186 is the primary signal that directs ankyrin G to
the node, it is dispensable for the accumulation of ankyrin G
and sodium channels at the AIS (Fig. 6 C). This latter result
agrees with a previous study indicating that ankyrin G can be
targeted to the PS of DRG neurons by multiple regions, in addition
to its membrane binding domain, suggesting that several dis-
tinct protein interactions may be involved (Zhang and Bennett,
1998). A major question for future study is how ankyrin G be-
comes concentrated at the AIS and PS. As ankyrin G appears to
accumulate before NF186 at CNS nodes (Jenkins and Bennett,
2002), it will also be of interest whether NF186 has an essential
role or not in CNS node formation.

The different mechanisms by which NF186 is targeted to
PNS nodes and the AIS are consistent with its distinct roles at
these domains. The AIS is intrinsically specified in keeping
with its function as a diffusion barrier between the axonal
and somatodendritic domains of polarized neurons (Boiko and
Winckler, 2003), in addition to its electrogenic role. The major
function of NF186 at this site may not be in channel assembly
(this study), but rather to direct presynaptic input of GABAergic
interneurons to the AIS, at least in the CNS (Ango et al., 2004).
Interactions with ankyrin G at the AIS may thus ensure that
NF186 is properly localized to direct this presynaptic input. In
contrast, as shown here, extracellular interactions allow Schwann
cells to dictate the localization of NF186 at specific sites along
the axon and thereby direct node assembly.

In summary, we have shown that these two highly related
axonal channel domains assemble by distinct mechanisms. We
have also demonstrated that multiple mechanisms ensure the
localization of NF186 at the node: positive interactions of its Ig
domains with glial receptors such as gliomedin promote its nodal
targeting, other extracellular interactions enhance its clearance
from the internode, and intracellular interactions with ankyrin G
stabilize its expression at this site and organize the entire nodal
complex. In the future, studies to elucidate the mechanisms by
which components of the node are targeted to this site, how their
assembly is regulated, and mechanisms that drive internodal
clearance will be of considerable interest.

Materials and methods

Cell cultures

Primary cultures of Hc neurons were isolated from E18 rat hippocampi
treated with 0.05% trypsin (Invitrogen) in PBS for 30 min at 37°C and dis-
sociated by repeated passage through a fire-polished constricted Pasteur
pipette. Cells were plated onto 12-mm coverslips coated with poly-i-lysine
(0.1 mg/ml in 0.1 M sodium borate, pH 8.1) in MEM containing Earl’s
salts and glutamine with 10% FBS (Gemini), 0.45% glucose (Sigma-
Aldrich), 1 mM pyruvate, and penicillin-streptomycin (Atlanta Biologicals).
After 2 h, the medium was replaced by Neurobasal medium (Invitrogen)
with 2% B-27 (Invitrogen), 0.5 mM L-glutamine (Invitrogen), and penicillin-
streptomycin. Cultures were maintained at 37°C in a humidified 5% CO,
atmosphere until used.
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Primary rat Schwann cells and DRG neurons were established as
described previously (Einheber et al., 1993) with the following modifications.
Schwann cells were expanded in DME (BioWhittaker) supplemented with
10% FBS, 2 mM 1-glutamine, 2 mM forskolin (Calbiochem), and 10 mg/ml
pituitary extract (Sigma-Aldrich). DRG were isolated from E16 rat embryos,
dissociated with 0.25% trypsin, and plated onto 12-mm glass coverslips
coated with matrigel (BD Biosciences). The plating medium (C-medium)
consisted of MEM (Invitrogen), 10% FBS, 2 mM L-glutamine, 0.4% glucose,
50 ng/ml 2.5 S NGF (Harlan Bioproducts for Science), and penicillin-
streptomycin. Neuronal cultures were cycled in Neurobasal medium
supplemented with 2% B-27, 2 mM L-glutamine, 0.4% glucose, 50 ng/ml
2.5 S NGF, and 10 mM each of 5-fluorodeoxyuridine and uridine (Sigma-
Aldrich) every other feeding for 7 d to remove nonneuronal cells. To estab-
lish DRG-Schwann cell co-cultures, ~150,000 Schwann cells were added
to the purified neurons in C-medium. The co-cultures were kept in C-medium
for 3 d and then switched to C-medium supplemented with 50 mg/ml
ascorbic acid (Sigma-Aldrich) to initiate myelination.

cDNA constructs and nucleofection of neuron cultures

Rat NF186, tagged with an N-terminal HA epitope tag and a C-terminal
GFP tag was provided by S. Lambert (University of Massachusetts Medical
Center, Worcester, MA). To generate NF186 without GFP tag (NF186-HA),
cDNA encoding amino acids 1138-1240 of NF186 C+erminal domain
was PCR amplified with infroduction of 3" stop codon and Notl. The PCR
product was subcloned into Apal-Not! sites of NF186-GFP, with concurrent
removal of GFP. Other NF constructs were derived from either HANF186-GFP
or HA-NF186. A cDNA for mouse ICAM1 was provided by M. Dustin
(New York University School of Medicine, New York, NY). NFICAM1
chimeric constructs, as well as constructs of NF186 with various domain
deletions, were generated by the patch PCR technique (Squinto et al.,
1990) unless otherwise indicated; Pfu Turbo Polymerase (Stratagene) was
used in PCR reactions. All constructs were designed as duplicates, i.e.,
with or without the GFP tag at the C terminus. GFPtagged proteins were
obtained by subcloning cDNA into pGFP-NT vector (CLONTECH Labora-
tories, Inc.); proteins without the GFP tag were generated by subcloning
cDNA iinto GFP-C3 (CLONTECH Laboratories, Inc.) with concurrent removal
of GFP. All constructs were verified by sequencing.

DRG and Hc neurons were nucleofected with cDNA plasmids imme-
diately affer dissection using Rat Neuron Nucleofector kit (Amaxa Biosys-
tems) per the manufacturer’s instructions. Neurons were diluted to a desired
density and plated onto coverslips. Typically, 70-100 DRG or 1,600,000
Hc neurons were used for a single nucleofection reaction. He neuron cul-
tures were analyzed at 10-14 d in vitro, by which time these neurons had a
well-established AIS. Analysis of node targeting was performed after 2-3 wk
in myelinating conditions.

Antibodies and immunofluorescence

Mouse monoclonal antibodies included anti-sodium channel (pan; 1:200;
Sigma-Aldrich), myelin basic protein (1:150; Sternberg Monoclonals), HA
1.1 (1:500; Covance), ankyrin G (1:50; Santa Cruz Biotechnology, Inc.),
NF (pan; 1:400; M. Rasband, University of Connecticut, Storrs, CT), and
ankyrin B (1:500; Zymed Laboratories). Rabbit polyclonal antibodies in-
cluded anti-HA (1:500; Sigma-Aldrich), ankyrin G (1:4,000; S. Lux, Yale
University School of Medicine, New Haven, CT), GFP (1:10,000; E. Ziff,
New York University School of Medicine, New York, NY), gliomedin
(1:500; E. Peles, Weizmann Institute of Science, Rehovot, Israel), NrCAM
(1:400; T. Sakurai, Mount Sinai Medical Center, New York, NY), and
NF186 (1:500; M. Grumet, Rutgers University, Piscataway, NJ). We also
used chicken antibodies against PO (1:50; Chemicon), GFP (1:500; Chem-
icon), BIV spectrin (1:500), and MAP2 (1:25,000; Covance), as well as
rat monoclonal antibody to ICAM1 (1:500; M. Dustin) and guinea pig
antiserum to Caspr/Neurexin IV (M. Bhat, University of North Carolina at
Chapel Hill, Chapel Hill, NC). Secondary donkey antibodies conjugated
to rhodamine, fluorescein, coumarin, or cyanin 5 were obtained from Jack-
son ImmunoResearch Laboratories and used at 1:100 dilution each. For
Western blot analysis, secondary antibodies included HRP-conjugated
goat anti-rabbit IgG (KPL) and goat anti-mouse IgG (Jackson Immuno-
Research Laboratories).

Neurons and co-cultures were fixed in 1% PFA for 10 min, washed
with dPBS, permeabilized in 100% methanol at —20°C for 20 min, washed
with dPBS, and incubated for 30 min at RT in a blocking solution consisting
of dPBS, 5% BSA, 1% normal donkey serum, and 0.2% Triton X-100
(Sigma-Aldrich). Coverslips were incubated overnight (at 4°C in a humidi-
fying chamber) with primary antibodies diluted in the blocking solution,
washed with 0.2% Triton X-100 in dPBS, and incubated with correspond-
ing secondary antibodies for 1 h at RT. Finally, the coverslips were washed
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five times and mounted in Citifluor (Ted Pella, Inc.) on glass slides for ex-
amination by microscopy.

In some cases, live cultures were extracted with Triton X-100 before
staining. Nucleofected DRG neurons were rinsed with dPBS and incubated
in extraction buffer (30 mM Pipes, 1 mM MgCl,, 5 mM EDTA, and 0.5%
Triton X-100) for 10 min at 37°C. Subsequently, neurons were rinsed in
dPBS, fixed in 1% PFA, and processed for immunofluorescence. Slides
were examined by epifluorescence on a microscope (Eclipse EBOO; Nikon)
and on a confocal microscope (LSM 510; Carl Zeiss Microlmaging, Inc.).
Confocal images were acquired with Neoflura 40%/1.3 oil or Apochromat
100x/1.4 oil objectives on an eightbit PTM (Carl Zeiss Microlmaging, Inc.)
using AxioVision software (Carl Zeiss Microlmaging, Inc.); brightness and
contrast were adjusted using Photoshop (Adobe).

Preparation of cell extracts and immunoblotting

Cultures of DRG neurons and myelinated co-cultures were lysed in a
solution containing 1% SDS, 95 mM NaCl, 10 mM EDTA, 1 mM PMSF,
10 mg/ml aprotinin, and 20 mM leupeptin in 50 mM Tris, pH 7.4. Lysates
were boiled for 10 min and cleared by centrifugation at 14,000 rpm for
another 10 min. Protein concentrations were determined by the BCA
method (Pierce Chemical Co.); protein samples (10-40 mg) were fraction-
ated by SDS-PAGE and blotted onto nitrocellulose (Whatman). Appropri-
ate regions of the blot were cut out and incubated with specific primary
and secondary antibodies. Blots were developed using the SuperSignal
chemiluminescent substrate (Pierce Chemical Co.). In some cases, NF186
and NF186AABD levels were quantitated by probing Western blots
with %I protein A and quantitative comparison to peripherin levels on a
phosphorimager.

FUGW lentivirus production and infection

NF186-GFP and NF186AABD-GFP were subcloned into the pFUGW len-
tiviral vector (Lois et al., 2002), modified by introduction of a unique Nhel
site to facilitate subcloning. 293FT cells were transfected with FUGW con-
structs and packaging plasmids A8.9 and pCMV-VSVG (provided by
J. Milbrandt, Washington University in St. Louis, St. Louis, MO) using Lipo-
fectamine 2000 (Invitrogen). The viral supernatants were collected 72 h
after transfection, centrifuged at 2,500 rpm for 10 min, aliquoted for one-
time use, and frozen at —80°C. DRG neurons were infected 2 d after dis-
section/plating with the lentiviruses diluted 1:3 in Neurobasal medium.
The cells were incubated with the viruses for 48 h. Viral expression in
DRG neurons was confirmed by immunostaining for GFP and by Western
blot analysis.

RNAi and rescue experiments

To generate shRNAs to NF186 and ankyrin G, we used the plentilox
(pLL3.7) vector in which the U6 promoter drives shRNA expression and
GFP is expressed under separate promoter control (Rubinson et al., 2003;
Dillon et al., 2005; provided by L. Van Parijs). For NF186 knockdown
studies, shRNA was designed to target a 2 1-nt sequence GAAGCCACAA-
CAGTTGCCATC (E956-1962) within the NF 186-specific mucin-like domain.
shRNA sequences to knock down the expression of ankyrin G were
designed using Easy siRNA (Proteinlounge), BLOCK-T RNAi designer
(Invitrogen), and siRNA sequence selector (CLONTECH Laboratories, Inc.).
Three 19-21-nt sense shRNA sequences were commonly identified by all
three software programs: CT19, GAGACATAAACTGGCCAAC (within the
ANK repeats of the membrane binding domain); PL11, GGCTGACATAGT-
GCAACAACT (within the spectrin binding domain); and PL20, GCGCATC-
TGCAGAATCATCAC (within the spectrin binding domain)

The shRNA stem loops for pLL3.7 vector were designed to contain
a sense shRNA sequence followed by a short (9-nt) nonspecific loop se-
quence and an antisense shRNA sequence, followed by five thymidines,
which serve as a stop signal for RNA polymerase Ill. The 5’ phosphory-
lated, PAGE-purified oligonucleotides were annealed and subcloned into
Hpal-Xhol sites of pLL3.7. The lentiviral vector was transfected into 293FT
cells together with packaging plasmids A8.9 and pCMV-VSVG using Lipo-
fectamine 2000 (Invitrogen). Viral supernatants were collected 72 h after
transfection. We tested all three shRNAs (CT19, PL11, and PL20) and
found that they produced a highly efficient knockdown of ankyrin G when
used either alone or in concert. Therefore, all subsequent studies were per-
formed using a single shRNA construct (pLL3.7-CT19).

DRG neurons were infected with shRNA virus to NF186, diluted 1:3
in NBF medium, on the fifth day after plating, as infection immediately after
plating DRG neurons impaired neuronal survival. DRG neurons were in-
fected with shRNA virus to ankyrin G, diluted 1:2 in NBF medium the day
after plating. Hc neurons were infected with shRNA NF186 virus, diluted
1:5 in Neurobasal medium, 9 h after plating. The cells were incubated



with viruses for 48 h. As a control, we infected neurons with lentivirus carrying
an empty plL3.7 vector (without shRNA stem loops).

Infected cells were identified by GFP expression. Protein knockdown
was confirmed by Western blot and by immunohistochemistry as described
in the Results. For rescue studies, codon-modified NF186 constructs were
generated using patch PCR technique. The sequence GAAGCCACAACA-
GTTGCCATC (E956-1962) was replaced with sequence GAGGCAACGAC-
CGTACCAATA, which did not change the amino acid composition of NF186
but rendered the constructs insensitive to the NF186-specific shRNA. The
patch PCR product was subcloned into Pmll-Apal sites of NF186-GFP and
NF186AABD-GFP fo yield the mucin-modified constructs. Because NF186
constructs used for this study are GFP tagged, we created shRNA NF186
lentiviral construct without the GFP sequence fo facilitate analysis in the
fluorescein channel. The shRNA stem loops were designed as described and
subcloned info Hpal-EcoRl sites of pLL3.7 vector with concurrent removal of
GFP. The transfection of 293FT cells with lentiviral plasmids was performed
as described. DRG neurons were nucleofected with codon-modified NF186
at the time of dissection and were incubated with plentilox virus encoding
shRNA to NF186 5 d after plating for 48 h. For these studies, we removed
the GFP marker from plL3.7. 10 d after infection, we performed Western
blot analysis to confirm the expression of mucin-modified NF186 constructs
and to evaluate the efficiency of the endogenous NF 186 knockdown. Some
neuron cultures were also seeded with Schwann cells, maintained under
myelinating conditions, and analyzed for node formation.

Online supplemental material

Fig. S1 shows targeting of NF186 fo the initial segment of Hc neurons.
Fig. S2 shows deferminants of targeting to PSs and clearance from the
infernode. Fig. S3 shows quantitation of the turnover of exogenous NF186
constructs and blots of endogenous NF186 expression. Fig. S4 shows
that expression of NF186AABD at nodes of Ranvier inhibits ankyrin G
accumulation. Fig. S5 shows representative images of NF186 and ankyrin G.
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.200612012/DC1.
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