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Cellular/Molecular

Ankyrin-Dependent and -Independent Mechanisms
Orchestrate Axonal Compartmentalization of L1 Family
Members Neurofascin and L1/Neuron-Glia Cell
Adhesion Molecule

Tatiana Boiko, Max Vakulenko, Helge Ewers, Chan Choo Yap, Caren Norden, and Bettina Winckler
Department of Neuroscience, University of Virginia, Charlottesville, Virginia 22908

Axonal initial segments (IS) and nodes of Ranvier are functionally important membrane subdomains in which the clustering of electro-
genic channels enables action potential initiation and propagation. In addition, the initial segment contributes to neuronal polarity by
serving as a diffusion barrier. To study the mechanisms of axonal compartmentalization, we focused on two L1 family of cell adhesion
molecules (L1-CAMs) [L1/neuron- glia cell adhesion molecule (L1/NgCAM) and neurofascin (NF)] and two neuronal ankyrins (ankB and
ankG). NF and ankG accumulate specifically at the initial segment, whereas L1/NgCAM and ankB are expressed along the entire lengths
of axons. We find that LI/NgCAM and NF show distinct modes of steady-state accumulation during axon outgrowth in cultured hip-
pocampal neurons. Despite their different steady-state localizations, both L1/NgCAM and NF show slow diffusion and low detergent
extractability specifically in the initial segment but fast diffusion and high detergent extractability in the distal axon. We propose that
L1-CAMs do not strongly bind ankB in the distal axon because of spatial regulation of ankyrin affinity by phosphorylation. NF, conversely,
is initially enriched in an ankyrin-independent manner in the axon generally and accumulates progressively in the initial segment
attributable to preferential binding to ankG. Our results suggest that NF and L1/NgCAM accumulate in the axon by an ankyrin-

independent pathway, but retention at the IS requires ankyrin binding.
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Introduction

Compartmentalization of the neuronal plasma membrane is cru-
cial for proper neuronal function. Distinct functional domains,
such as axons and dendrites, differ from each other morpholog-
ically, functionally, and by molecular composition. The specific
functions of axons and dendrites are performed by specialized
sets of membrane molecules that first have to be properly local-
ized to their sites of function. The axonal initial segment (IS) is a
highly specialized subdomain of the axon in which membrane
proteins [such as voltage-gated sodium channels (VGNCs), po-
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tassium channels, and cell adhesion molecules] as well as cy-
toskeletal components (such as specialized ankyrins and spec-
trins) accumulate at high density (Kordeli et al., 1995; Berghs et
al., 2000; Jenkins and Bennett, 2001; Pan et al., 2006) (for review,
see Salzer, 2003; Hedstrom and Rasband, 2006). As a result, the IS
is a site of action potential initiation, in which neuronal firing is
regulated (Coombs et al., 1957; Frankenhaeuser and Huxley,
1964; Khaliq and Raman, 2006; Palmer and Stuart, 2006; Van
Wart and Matthews, 2006). Additionally, cell adhesion molecules
(CAMs) clustered at the IS can serve to guide synaptogenesis
during development (Ango et al., 2004). Third, using cultured
neurons, the IS was shown to act as a diffusion barrier that pre-
vents intermixing of axonal and somatodendritic membrane
proteins (Winckler et al., 1999; Nakada et al., 2003).

The L1 family of CAMs consists of L1 [named neuron—glia
cell adhesion molecule (NgCAM) in chick], neurofascin (NF),
neuron—glia related cell adhesion molecule (NrCAM), and CHL1
(for close homolog of L1) (Hortsch, 2000). The conserved cyto-
plasmic tail binds ankyrin (Hortsch et al., 1998; Zhang et al,,
1998) among other proteins (Kamiguchi et al., 1998; Dickson et
al., 2002; Kizhatil et al., 2002; Cheng et al., 2005). Despite the high
homology, L1 family members show distinct steady-state local-
izations in vivo (Scotland et al., 1998): L1 is found all along axons,
whereas NF and NrCAM (Custer et al., 2003) are enriched at the
IS. L1 family members take part in many important processes
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(such as axon outgrowth, pathfinding, fasciculation, synapse for-
mation and function, and myelination), at least some of which
require ankyrin binding (Volkmer et al., 1996; Haspel and Gru-
met, 2003; Kamiguchi, 2003; Sherman et al., 2005). Mutations in
the neuronal cell adhesion molecule L1 are responsible for an
X-linked recessive neurological disorder [CRASH (acronym for
corpus callosum agenesis, retardation, aphasia, spastic paraple-
gia, hydrocephalus)] that presents with varying penetrance of
hydrocephalus, mental retardation, and hypoplasia/absence of
the corticospinal tract and the corpus callosum (Fransen et al.,
1995). Several of the L1 alleles associated with CRASH map to the
cytoplasmic tail, one to the ankyrin binding site itself.

Ankyrins are also part of a gene family consisting of ankB,
ankG, and ankR (Bennett and Lambert, 1999; Bennett and Chen,
2001). Isoforms of both ankB and ankG are expressed in neurons:
ankG is enriched in the IS (Kordeli et al., 1995), whereas ankB is
found all along axons (Scotland et al., 1998; Zhang and Bennett,
1998). AnkB knock-out animals die by postnatal day 21 and show
abnormalities in the brain, as well as in other organs such as the
heart (Scotland et al., 1998). In cardiac myocytes, Bennett’s group
demonstrated elegantly that ankB and ankG perform non-
interchangeable functions (Mohler et al., 2002, 2005).

In this work, we compare the localization of two related
CAMs, L1/NgCAM and NF, and two ankyrins, ankB and ankG,
during axon outgrowth in cultured neurons. The colocalization
of NF and ankG at the IS in vivo (Zhou et al., 1998; Jenkins and
Bennett, 2001; Boiko et al., 2003) and in cultured neurons (Xu
and Shrager, 2005; present study) suggests that the localization of
NF is determined by its binding to ankG. Consistent with this
notion, ankG deficiency leads to loss of IS localization of NF,
voltage-gated sodium channels, and potassium KCNQ channels
in an ankG knock-out mouse (Zhou et al., 1998; Jenkins and
Bennett, 2001; Pan et al., 2006). Binding to ankyrin might, there-
fore, be required during secretory trafficking to the plasma mem-
brane and/or for tethering of ankyrin-binding proteins after ar-
rival at the cell surface (Tuvia et al., 1999; Garrido et al., 2001,
2003; Kizhatil and Bennett, 2004; Sherman et al., 2005; Xu and
Shrager, 2005). Given the long time course of knock-out or
knockdown experiments, it was not possible to clearly distinguish
between a secretory targeting role and a post-insertion retention
role for ankG. We therefore use two experimental strategies that
acutely assay the behavior of the surface pool of L1 family mem-
bers, i.e., retention: diffusion measurements and detergent ex-
tractions of live cells (Winckler et al., 1999). Our results suggest
that NF and NgCAM accumulate in the axon by an ankyrin-
independent pathway, but retention at the IS requires ankyrin
binding. Compartmentalization of the axonal plasma membrane
therefore occurs by multiple steps.

Materials and Methods

Antibodies

Original particle tracking experiments were done using an anti-NF186
rabbit antibody (generous gift from Dr. Peter Brophy, Edinburgh Uni-
versity, Edinburgh, UK). We made anti-NF186 antibodies in rabbits
(named “rabbit 4753”) and in chicken (chNY926) (immunized by Co-
vance Research Products, Berkeley, CA) using a mixture of three peptides
from the extracellular mucin-rich domain of NF186 conjugated to KLH
(Davis et al., 1996). Rabbit anti-ankG antibody was made against the
KLH-coupled peptide representing the unique last 11 C-terminus amino
acids of AnkG270 (Johnson et al., 2006). ASCS4 anti-L1 and 8D9 anti-
NgCAM hybridomas were obtained from the National Institutes of
Health Hybridoma Bank. The hybridomas were grown according to the
instructions of the manufacturer. Tissue culture supernatants were col-
lected and concentrated over a T-gel column (Pierce, Rockford, IL).
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Mouse anti-ankB and mouse anti-ankG were from Santa Cruz Biotech-
nology (Santa Cruz, CA), chicken anti-microtubule-associated protein-2
(MAP2) was from Covance Research Products, anti-tubulin (mouse
anti-a-tubulin) was a generous gift from Dr. Gianni Piperno (Mount
Sinai School of Medicine, New York, NY), 32 and anti-hemagglutinin
(HA) (mouse) was from Covance Research Products. Rabbit anti-L1 was
a generous gift from Dr. Vance Lemmon (University of Miami, Miami,
FL), anti-myc 9E10 was from Upstate (Chicago, IL). Anti-phospho-
FIGQY was a generous gift from Dr. Vann Bennett (Duke University,
Durham, NC). The anti-phospho-FIGQY antibody was highly purified
by multiple cross-absorptions to remove antibodies binding the
nonphospho-FIGQY forms (for details, see Jenkins et al., 2001). We
thank Dr. Matt Rasband (University of Connecticut Health Center,
Farmington, CT) for generously providing an unpublished monoclonal
antibody against a non-mucin-rich domain epitope of neurofascin. The
antibody against BIV-spectrin was generously provided by Dr. Michele
Solimena (University of Dresden, Dresden, Germany).

Plasmids

Plasmids were generous gifts, as follows: ankB-GFP, ankG-GFP, and
HA-NF from Dr. Vann Bennett; NgCAM from Dr. Peter Sonderegger
(University of Zurich, Zurich, Switzerland); and myc-L1 and mutants
from Dr. Dan Felsenfeld (Mt. Sinai School of Medicine, New York, NY).

Cell culture

Primary cultures of hippocampal neurons were grown as described pre-
viously (Wisco et al., 2003). Embryonic day 18 rat hippocampi were
dissected, dissociated by trituration after trypsin digestion, and plated on
nitric-acid washed, poly-lysine-coated coverslips or cell culture dishes in
Minimal Essential Medium (MEM) (Invitrogen, Carlsbad, CA) with
10% (v/v) heat inactivated horse serum. After four hours, the cells were
transferred into serum-free medium [MEM, 2 mm L-glutamine, and
0.7% (w/v) glucose] supplemented with B27 (Invitrogen) and cultured
for 4-8 d. Depending on the experiment, they were plated on gridded
coverslips (Bellco Glass, Vineland, NJ) for single-particle tracking and on
round Bellco Glass coverslips in 6 cm dishes for extractions and
immunocytochemistry.

Ankyrin recruitment assay

Human embryonic kidney HEK 293 cells were cultured in 10% fetal
bovine serum DMEM. A day before transfection, they were plated into
12-well dishes at the density of 3 X 10 cells per coverslip. They were
cotransfected with ankyrin [ankyrin B—green fluorescent protein (GFP)
or ankyrin G-GFP] and neurofascin—HA constructs in serum-free me-
dium using Lipofectamine 2000 according to the protocol of the manu-
facturer. Because the ability to observe recruitment depends on both the
affinity of the NF—ankyrin interaction and the amounts and ratios of the
two binding partners, we systematically varied the ratio of NF and
ankyrin plasmids over a 10-fold range. Because both ankyrin isoforms
were tagged with GFP, we could directly compare the abundance of the
expressed ankyrins in different experiments and normalize across exper-
iments. The amount of DNA for ankyrin B was adjusted to obtain com-
parable expression with that of ankyrin G. Thus, 0.7 ug of HA—neurofas-
cin was cotransfected with 0.03 ug up to 0.3 ug of ankyrin G-GFP or
ankyrin B-GFP. Empty vector without insert was included to give a final
DNA amount of 1 ug. Soluble ank—GFP showed characteristic cytosolic
staining, leaving the nuclear region dark. The criterion for ankyrin re-
cruitment was accumulation of GFP signal at the surface of the cell suf-
ficient to conceal a nuclear outline.

Adenoviral infection
Hippocampal cultures on glass coverslips were moved to 12-well plates in
500 wl of conditioned medium in the presence of 1 mm kynurenic acid,
and 1-5 ul of purified recombinant adenovirus was added per well. After
4 h, 500 wl of conditioned medium was added, and cells were incubated
for 24-26 h. Delta FIGQY NgCAM was kindly provided by Eric Ander-
son (Ira Mellman Laboratory, Yale University, New Haven, CT).
Neurons were transfected with Lipofectamine 2000 as described pre-
viously (Wisco et al. 2003).
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Detergent extractions

Neurons were extracted for 8 min in 800 ml of cytoskeletal buffer (2 mm
MgCl,, 10 mm EGTA, and 60 mm PIPES, pH 7.0) containing 0.5% (v/v)
Triton X-100 (Bio-Rad, Hercules, CA) at 37°C and afterward immedi-
ately fixed in 2% formaldehyde/3% sucrose in PBS.

Immunocytochemistry

Neurons were fixed for 20 min at room temperature in 2% formalde-
hyde/2% sucrose in PBS and then washed in PBS and PBS/20 mwm glycine.
For surface staining, cells were blocked with 1% BSA/PBS 6% normal
donkey serum for 45 min. For intracellular epitopes, cells were perme-
abilized in blocking solution containing 0.2% Triton X-100 for 20 min at
room temperature. Primary antibody was added for 60-90 min diluted
in blocking solution. The primary and secondary antibody solutions
were spun for 10 min in the cold. Secondary was diluted in block without
Triton X-100 and incubated for 40 min, followed by washes in PBS.
Coverslips were mounted in Vectashield (Vector Laboratories, Burlin-
game, CA). To control for binding specificity, primary antibodies were
incubated with molar excess of antigenic peptides for 30 min at room
temperature in parallel with control incubations with nonspecific pep-
tide or protein.

HEK 293 cells were fixed with 2% paraformaldehyde for 20 min and
then incubated in 1% BSA, 4% donkey serum PBS blocking buffer for 10
min. Anti-HA antibody was incubated 1:500 for 1 h. Cells were washed
three times with PBS and secondary antibody was applied for 45 min.

Absence versus nondetectability

We identify a stage of axonogenesis characterized by the absence of de-
tectable ankG staining at the IS. Because the percentage of neurons show-
ing nondetectable ankG staining in young cultures depends on culture
conditions (such as density), this early broad NF pattern cannot be ob-
served in all cultures. In fact, in dense cultures, ankG-negative neurons
are virtually absent, even early on, and the ankG/NF-positive IS develops
rapidly. In motor neuron cultures, detectable accumulation of VGNCs at
the IS also occurred very rapidly (Xu and Shrager, 2005). How early a
protein becomes detectable depends not only on the abundance and
distribution but also on availability of antigens and on the avidity of the
antibodies used. The later can in turn vary depending on the antigen
preservation and staining conditions in general. We therefore refer to the
lack of detectability of the antigens rather than their absence.

Microscopy. Fluorescence microscopy was performed at the shared
microscope facility of the Mount Sinai School of Medicine. Epifluo-
rescent imaging was done with a 40X objective on a Zeiss
(Oberkochen, Germany) Axiophot using Openlab software (Impro-
vision, Lexington, MA).

Confocal imaging was done using the Zeiss 510 system. Using a 40X
objective, three-channel Z stacks of four to six optical sections at 0.45 wm
intervals were collected in sequential mode. Single optical sections were
typically exported as TTFFs from within the Z stack and further processed
in Photoshop 7.0 (Adobe Systems, San Jose, CA). Images used for com-
parison of detectability were acquired and processed using the same
settings.

Image] analysis. The distribution of NF, ankG, and MAP2 was quan-
tified using line intensity scans on raw 8- or 12-bit images using a one-
pixel-wide line in NIH Image]. The intensity values obtained were im-
ported into Excel (Microsoft, Seattle, WA) and averaged across 20-pixel
intervals before plotting. Background traces were obtained on cell-free
regions of the coverslips for comparison. Identically acquired images
were used when the same markers were compared.

Particle tracking

Laser tweezers and video microscopy. Single-particle tracking was per-
formed on a custom modified Zeiss Axiovert 200 inverted fluorescence
microscope. Modifications included the replacement of the specimen
stage with a electronically steerable specimen stage (up to 200 wm/s, x—;
1 pwm/s, z) (Cell Robotics, Albuquerque, NM), the addition of a CCD
video camera to the side port (Hamamatsu, Bridgewater, NJ), a PMDIC
system, and the addition of a 1.5 W Nd:YAG continuous wave laser
operating at 1064 nm to the same light path as the fluorescence excitation
light. An objective heater kept neuron chambers at 36°C.
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Laser tweezer experiments were performed with the laser focused
through a 100X oil immersion objective lens. For bead-binding assays,
beads were held down for 10-30 s on the cell surface from the top using
a0.81 pN optical-gradient laser trap. Any bead that stayed in contact with
the cell for at least 30 s after deactivation of the trap was scored as at-
tached. Cells were photographed for later recognition. After laser tweezer
experiments, the survival of the cell was monitored by surveillance of
growth cone movement or observation of intracellular traffic. Only cells
that survived the procedure were scored. Antibody-coupled beads bound
poorly (10%, 4 of 40) to HeLa cells not expressing the antigen. Antibody-
coupled beads bound well (>67.5%) to neurons. Protein A-coupled
beads bound poorly (6%) to neurons. The movement of attached beads
was recorded on S-VHS tapes (Maxell, Fairlawn, NJ) using a DS555 video
recorder (Panasonic, Secaucus, NJ). Videos were recorded a frequency of
30 frames per second. The images were modified using an Argus 20 image
processor, depending on the quality desired, background subtraction, or
PMDIC were applied.

Data processing. S-VHS videos of diffusing beads were digitized using
Isee software (Inovision, Cleveland, OH), and x and y bead coordinates
were determined from video micrographs using single-particle-tracking
routines performed using Isee software (Inovision) running on a Unix
workstation. Tracking accuracy was 5-10 nm for 1 um beads. The ac-
quired data were processed using Excel software (Microsoft). Data anal-
ysis means were provided to us by Dr. Dan Felsenfeld. Alpha values were
determined as by Feder et al. (1996).

Generation of constructs

Extracellular domain NF fusion protein. The extracellular domain of neu-
rofascin (amino acids 34-1043) was cloned into pET102/D-TOPO vec-
tor (Invitrogen) creating a 6 X -His-tagged protein. The expression of the
fusion protein was induced in BL21 cells, according to the instructions of
the manufacturer, and cell lysates were run on SDS-PAGE for Western
blots.

NgCAM and NF FIGQY mutant construction. Full-length wild-type
NgCAM was cloned into vector pcDNAL.1 (Invitrogen) at HindIII site to
obtain pcDNAINgCAM. For generation of NgCAM mutants, site-
directed QuikChange mutagenesis kit (Stratagene, La Jolla, CA) was used
to generate point mutation at position 1258 of NgCAM, in which ty-
rosine residue was substituted with alanine, phenylalanine, and aspartic
acid, respectively, and then subcloned into pcDNA1 vector at HindIII-
Xbal sites. Similar mutagenesis procedure was applied to generate neu-
rofascin mutants with substitution of tyrosine residue at position 1146
with the respective amino acid residue described above. All of the mu-
tants were cloned into vector pCB6BS at Xhol-Xbal sites, which was used
for expression in mammalian cells.

Results
Cultured hippocampal neurons are a good model system for
studying IS assembly
We first tested whether cultured hippocampal neurons could
serve as a good model system to study axonal compartmentaliza-
tion and IS formation by determining the localization of known
IS components. ankG and NF were found highly enriched in the
IS of mature [10 d in vitro (DIV)] neurons (Fig. 1A-C) (for
antibody characterization, see supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). MAP2 was used to
visualize soma and dendrites of mature neurons (Fig. 1A-C,
blue). The IS, as marked by ankG staining, was tightly compacted
and measured ~45-60 um of the length of the axon. Fluores-
cence intensity scans of mature cells stained simultaneously with
antibodies against ankG and NF showed that the distribution of the
two proteins in the IS closely paralleled each other (Fig. 1C,D).

To determine at what stage of axonogenesis the ankG-positive
IS was assembled, cultures at DIV3-DIV7 were stained with an-
tibodies against ankG and MAP2, and the percentage of cells with
detectable accumulation of ankG at the IS was determined. The
percentage of ankG-positive cells at early days of culture was
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Figure 1.  Differential distribution of L1 family members and ankyrins in cultured hippocampal neurons. 4, B, Hippocampal
neurons cultured in vitro for 1012 d (DIV) were stained with antibodies against the L1 family members L1 (red) and neurofascin
(green) (B) and against ankyrinG (green) and ankyrin B (red) (4). MAP2 was counterstained in blue to indicate the location of soma
and dendrites. ankB and L1 are found enriched along axons, whereas ankG and NF are found enriched on the axonal IS (see
arrows). C, D, The staining intensity of cells triple stained with antibodies against MAP2 (blue), NF (red), and ankG (green) were
analyzed by line intensity scans using NIH Image) software. A typical cell is shown. Tracings were started at the soma/hillock
boundary and extended for 80 —100 um along the axon. The intensity of NF (red profile) and ankG (green profile) closely align
along axons of stage 4 neurons. The IS, as delineated by ankG and NF staining, measures ~60 pm. MAP2 (blue profile) staining,
in contrast, falls off sharply at the axon hillock. Scale bars, 50 wm. E, Density of neuronal cultures influences the time course of
ankG accumulation at the IS. Cultures were plated in 60 mm dishes containing several coverslips at two different densities [hi,
200,000 cells per 60 mm dish (open symbols); lo, 100,000 cells per 60 mm dish (filled symbols)], and one coverslip was removed
from the same dish at consecutive days (DIV4, circles; DIV5, triangles; DIV6, diamonds) and stained against ankG. The results are
shown for three independent cultures. Despite variability, the low-density (filled symbols) cultures showed slower maturation of
the IS in each experiment than the higher-density cultures (open symbols). F, Coverslips were fixed at consecutive days from the
same culture and stained against NF (red), ankG (blue), and BIV-spectrin (green). The percentage of cells showing IS enrichment
is shown for one such experiment.

variable. To determine whether cell density correlated with the ac-
cumulation of detectable ankG at the IS, we plated cells at two dif-
ferent densities (low, 100,000 cells per 60 mm dish; high, 200,000
cells per 60 mm dish) in three separate experiments and determined
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the percentage of ankG-positive cells be-
tween DIV4 and DIV6. In each high-/low-
density paired culture, the higher-density
dishes showed a higher percentage of ankG-
positive cells than the lower-density dishes.
The difference tended to be most pro-
nounced at DIV4 and disappear by DIV6
(Fig. 1 E). We used lower-density cultures for
these studies because they allowed studying
the assembly of the IS in a longer time win-
dow. Other IS-resident proteins accumu-
lated in the IS with a similar time course to
ankG (Fig. 1F) (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental
material).

Immature axons progressively
accumulate initial segment components
We characterized the development of the
IS during axonogenesis using immunoflu-
orescence against IS resident proteins.
Based on the staining patterns of ankG,
NF, and MAP2, we classified three phases
of IS maturation, named IS1, IS2, and IS3.
1S3 is the mature pattern, as shown in Fig-
ure 1. Before axonogenesis [stage 2 (stag-
ing according to Dotti et al., 1988)], nei-
ther neurofascin nor ankG could be
reliably detected (data not shown). After
the axon started to grow (stage 3), ankG
and NF became increasingly enriched at
the IS (Fig. 2). Cells with no detectable ac-
cumulation of ankG at the IS were catego-
rized as IS1, the least mature phase of stage
3 cells. In most cells at this stage, ankG
staining was not detectable anywhere (Fig.
2A,C, middle). MAP2 staining was mod-
erately bright in IS1 cells and was not yet
excluded from the longest process (Fig. 2,
blue). Using several antibodies raised
against the mucin-rich domain of NF186
as well as an antibody directed against a
non-mucin-rich domain epitope of NF,
we found that NF staining in IS1 cells was
often weak/nondetectable. We addition-
ally observed cells in which NF staining
was detected enriched along the axon
and less bright on dendrites (Fig. 2A, B,
right). This broader NF staining was ob-
served in a subset of cells and repre-
sented a transient stage.

We then determined the distribution
of the related proteins L1 and ankB. Both
L1 and ankB were found enriched on ax-
ons in mature (IS3) cultured hippocam-
pal neurons (Fig. 1 A, B, red), similarly to
their in vivo distribution (Scotland et al.,
1998). In IS1 cells, both L1 and ankB
were already enriched in axons and did
not accumulate significantly in den-

drites (Fig. 2 B, middle, C, right). Both L1 and NF are therefore
preferentially enriched on axons, as soon as axons can be dis-
tinguished morphologically (stage 3).
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Figure 2.  Expression of L1 family members and ankyrins during axonogenesis. A—, Localization of L1 family members and
ankyrins in early stage 3 neurons before detectable ankG accumulation at the IS (equivalent to IS1 stage). Early stage 3 neurons
were stained with antibodies against MAP2 (blue), ankG (red), and NF (green) (4), against MAP2 (blue), L1 (red), and NF (green)
(B), and against MAP2 (blue), ankG (green), and ankB (red) (€). MAP2 staining in IS1 cellsis bright in the somatodendritic domain
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IS1 swiftly gave way to IS2, in which
ankG was detectably enriched at the IS of
rapidly outgrowing axons. During IS2, the
enrichment of IS components in the prox-
imal portion of the axon became more
pronounced and more tightly localized. In
early 1S2, MAP2 staining was enriched in
the somatodendritic domain but tapered
into the proximal portion of the axon (Fig.
2D, E, middle, arrows). AnkG at this stage
was found clearly enriched at the initial
part of the axon (Fig. 2D, E, middle). The
lengths of these young ISs were 45— 60 wm,
not significantly different from mature ISs.
NF primarily codistributed with ankG,
also showing highest intensity on the IS
and tapering to the more distal portion of
the axon in which it was still clearly detect-
able (Fig. 2 D, right). As in IS1, ankB im-
munoreactivity was more pronounced
and still axonally enriched at IS2 (Fig. 2 E,
right). In late IS2 cells, anti-ankG patterns
was clearly restricted to the proximal por-
tion of the IS and rapidly diminished in
intensity at the proximal and distal mar-
gins. Again, NF immunostaining closely
paralleled ankG distribution. Figure 2, F
and G, shows intensity line scans from ex-
amples of IS1, IS2, and late IS2 cells taken
from the same microscope field. Both NF
(Fig. 2 F) and ankG (Fig. 2G) became en-
riched at the IS coordinately. As the stain-
ing intensity for NF became stronger on
the IS, it became weaker on the distal axon.

AnkyrinG expression on the IS
correlates with low diffusibility of NF
Several IS-resident proteins (including
NF) lose IS localization in ankG-deficient
neurons (Zhou et al., 1998; Jenkins and
Bennett, 2001; Pan et al., 2006). This loss
of proper accumulation at the IS could be

<«

butis still detectable a significant distance into the axon. ankG
is not detectable in the IS. NF, L1, and ankB are all found ax-
onally enriched. NF staining extends past the initial segment.
151 can therefore be classified based on MAP2 and NF staining
oron MAP2 and ankG staining. D—G, Localization of L1 family
members and ankyrins in late stage 3 neurons after ankG be-
comes IS-enriched (equivalent to stage IS2). D, Late stage 3
neurons were stained against MAP2 (blue), ankG (green), and
NF (red). E, Late stage 3 neurons were stained against MAP2
(blue), ankG (green), and ankB (red). Arrows point at the IS.
Scale bar, 50 wm. F, G, Intensity line scans from three DIV4
cells stained against NF (F) and ankG (G). Scans from cells
classified as IS1 (red), IS2 (blue), and late IS2 (green) by their
ankG patterns were plotted in the same graph for comparison.
The intensity of staining increases at the IS and ultimately
sharpens into a wide plateau with sharp rise and fall transi-
tions at the borders. At the same time, the staining in the distal
axon diminishes. All images were photographed and pro-
cessed identically. The black line shows the level of nonspecific
background staining.
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Figure 3.  Low diffusibility of NF correlates in time and space with ankG expression in the IS. 4, A cultured neuron used for
single-particle tracking with anti-NF-coated beads. The trajectory traversed by one bead over a 30's time course (900 video frames)
is superimposed on the differential interference contrast image of the cell. This bead was placed on the IS and did not diffuse far
along the axon but stayed in a confined area. The right is a close-up. B, Examples of bead trajectories obtained with anti-NF-
coupled beads. a, Stationary bead; b, freely diffusing bead; ¢, confined bead; d, combination of short confinement phases and free
diffusion. ¢, Diffusion coefficients (D,—D,) were calculated from mean square displacement plots for anti-NF-coupled beads
measured on cultured neurons of days 4 —7. The diffusion coefficients were determined for beads initially placed on the IS (gray
bars) or the distal axon (black bars). D,—D, indicates essentially unrestricted diffusion for beads on DIV4 regardless of location. At
later ages, beads placed on the distal axon diffused more rapidly than beads placed on the IS. Error bars indicate SEM. p values were
calculated between pairs as indicated by the brackets. D, E, Bead diffusion was measured on DIV6 neurons. Subsequently, cells
were fixed and stained with an antibody against ankG (red). The original cells were relocated, and bead position and behavior
were compared with ankG staining. Crosses indicate position of beads placed. Numbers indicate D,—D,, (> 10 ~'® cm /s). Beads
overlying the ankG-positive segment (red) diffused more slowly than beads overlying the ankG-negative axon segments. F, The
diffusion mode of beads was analyzed by determining « in curve fit analysis of the MSD plots for each bead. A linear MSD plot
resultsin an « of 1, indicative of free Brownian diffusion. cx values of less than one are indicative of confined diffusion mode. The
diffusion coefficients D,—D, are plotted on the x-axis, and cxis plotted on the y-axis. The intersection of the lines corresponds to the
average value for each condition, whereas the lengths of the arms of each cross indicate the SEM. The averages and SEM are shown
for beads at DIV4 placed on the IS (light blue), DIV4 on the distal axon (dark blue), DIV7 on the IS (red), DIV7 on the distal axon
(brown), and beads immobile on the substrate (green circle).
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this category. Other proteins diffuse slowly
but remain highly detergent soluble. These
proteins (Thyl is an example) are not di-
rectly tethered to cytoskeleton but diffuse
slowly because of a high obstacle course of
immobile proteins in the membrane re-
stricting their diffusion.

We tested whether the surface pool of
NF at the IS was restricted in its diffusibil-
ity, similarly to sodium channels (VGNCs)
and other membrane components. To
measure diffusion coefficients of NF, we
performed single-particle tracking of
antibody-coupled beads placed on the ax-
onal surface using optical tweezers (see
Materials and Methods). Bound beads
were videotaped, and several hundred (up
to 1000) consecutive frames were digi-
tized. Bead movements were analyzed us-
ing tracking software (Fig. 3A). Figure 3B
shows examples of the kinds of trajectories
obtained. The same scale is used for each
trajectory. Some beads diffused freely and
cover a large area during a 1000-frame
time course (trajectories b and d), whereas
other beads were mostly stationary (trajec-
tory a) or covered a small confined area
(trajectory c). The digitized trajectories
were used to calculate diffusion coeffi-
cients (D,-D,) (Kusumi et al., 1993).
Analysis of many beads on cultures be-
tween DIV4 and DIV7 showed that NF dif-
fusibility diminished with increasing age
(Fig. 3C). In particular, NF showed re-
duced diffusibility on the IS compared
with the more distal portions of the axon
in DIV7 cultures ( p = 0.0076). In younger
cultures (DIV4), NF diffusibility was not
restricted even in the IS ( p = 0.36). Diffu-
sion coefficients on the distal axon might
also be somewhat slower between DIV4
and DIV7 (p = 0.097).

To test whether the decreased diffus-
ibility of NF correlated with ankG accu-
mulation at the IS, single-particle tracking
was performed on several cells from differ-
ent ages followed by fixation and immu-
nostaining against ankG. The same cells
were relocated on the coverslip and photo-
graphed. Figure 3D exemplifies a cell in

attributable to a requirement for ankG in secretory delivery to the
IS (i.e., targeting), for tethering/retention in the plasma mem-
brane, or for both. To acutely assay retention, we used two exper-
imental strategies that measure different aspects of the behavior
of the surface pool of membrane proteins: diffusion measure-
ments and detergent extractions of live cells (Winckler et al.,
1999). Several membrane proteins show low diffusibility in the IS
of cultured hippocampal neurons (Winckler et al., 1999; Nakada
etal., 2003). Several mechanisms can cause low diffusibility. The
first is direct binding/tethering to membrane skeleton. Mem-
brane proteins that show low diffusibility attributable to direct
tethering also show high resistance to extraction by non-ionic
detergents (Winckler et al., 1999). L1 has been shown to fall into

which all beads diffused rapidly. ankG enrichment in the IS was
not detectable. The cell shown in Figure 3E, conversely, showed
enriched ankG staining on the IS. The four beads directly over-
laying ankG staining (see crosses) showed slower diffusion coef-
ficients. The slow diffusibility of NF therefore correlated in time
and space with ankG expression in the IS.

We next analyzed the diffusion mode of beads by calculating
mean square displacement (MSD) plots. Linear MSD plots indi-
cate free Brownian diffusion (a = 1), whereas downward devia-
tion from linearity is indicative of a confined mode of diffusion
(o < 1) (Feder et al., 1996; Ewers et al., 2005). Nonlinear con-
fined diffusion arises when a bead is confined (“corralled”) to a
small area within the plane of the membrane (Kusumi et al.,
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1998). This means that the trajectory of a
bead covers a smaller area over time than
would be predicted from its diffusion co-
efficient. The « coefficient was determined
from line fits of each MSD plot in which r*
= 4Dt* Beads on DIV4 neurons and
beads on the distal axon of DIV7 neurons
have an average « near 1, indicative of free
Brownian motion (Fig. 3F). The diffusion
behavior of IS-placed beads on DIV7 cells,
conversely, showed a decrease in «, indi-
cating confined mode of motion (Fig. 3F).
Although VGNCs and lipids were reported
to become immobilized in the IS by Na-
kada et al. (2003), confined diffusion was
not reported for either probe. It is unclear
whether the low signal-to-noise ratio of
single-fluorophore imaging rendered con-
finement undetectable in the other study,
or only immobile and freely mobile probes
were recorded with no intermediate
behavior.

ankB-GFP alone

ankB-GFP
(w HA-NF)

Figure 4.

NF accumulated in the IS is resistant to
detergent extraction

In previous work, we showed that L1 ex-
hibited increased resistance to detergent
extraction specifically in the IS in which its
diffusibility is low (Winckler et al., 1999).
VGNC chimeras containing ankyrin bind-
ing sites localize to the IS and similarly
show detergent resistance (Garrido et al.,
2003). The increased detergent resistance in the IS reflects bind-
ing to detergent-resistant elements of the cytoskeleton. Live de-
tergent extractions were therefore used to determine whether the
low diffusibility of NF was attributable to direct tethering. To first
test that cytoskeletal elements were resistant to detergent extrac-
tion, cultured neurons were extracted before fixation in 0.5%
Triton X-100 for 8 min at 37°C and then fixed and stained with
antibodies against tubulin, MAP2, and ankG. We find that tubu-
lin (red) and ankG (green) remained associated with the Triton
X-100-insoluble cytoskeleton to a high degree (Fig. 4A’, TE),
similar to non-extracted controls (Fig. 4A). MAP2 (blue), con-
versely, was primarily solubilized under these conditions. Fila-
mentous actin (F-actin) was reported previously to be detergent
resistant in the IS (Winckler et al., 1999). To test whether NF was
similarly associated with the detergent-resistant cytoskeleton in
the IS, we stained unextracted control cultures (Fig. 4B) and
extracted cultures (Fig. 4 B’, TE) with antibodies against NF and
ankG. NF (red) was stably associated with the IS after detergent
extraction and colocalized with detergent-resistant ankG (green).
Therefore, NF diffusibility and detergent resistance correlate in
time and space with ankG expression.

Error bars show the SDs.

NF binds preferentially to ankG in HEK 293 cell

recruitment assays

Our results so far suggest that ankyrin tethers and thereby immo-
bilizes and retains NF in the IS. Because ankB is present all along
the axon (Fig. 1, 2), ankyrin binding per se can only account for IS
enrichment if NF shows preferential binding to ankG over ankB.
We therefore performed ankyrin recruitment assays in HEK 293
cells, as described previously (Zhang et al., 1998; Gil et al., 2003;
Nishimura et al., 2003). HEK 293 cells transfected with ankG—
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NF and ankG are detergent resistant in the IS and preferentially bind to each other in HEK 293 cells. 4, B, Live
detergent extractions of neurons. A, Neurons were either fixed directly (4, B) or extracted live in Triton-X100 (4, B'; TE) before
fixation and then stained against MAP2 (blue), tubulin (red), and ankG (green) (4, A”), or against MAP2 (blue), NF (red), and ankG
(green) (B, B"). AnkG and NF are retained at the IS (arrows). (—G, Ankyrin recruitment assays in HEK 293 cells. HEK 293 cells were
transfected with ankB-GFP alone (C), with ankG-GFP alone (D), with ankG-GFP plus HA-NF (E, E’), or with ankB—GFP plus HA-NF
(F, F'). Ankyrin distribution was visualized in the green channel (C-F ), whereas HA-NF was detected with an anti-HA antibody
(F’, F'). G, Quantification of three independent experiments at equivalent ankyrin expression levels. The percentage of cells
showing ankyrin recruitment is plotted on the y-axis for various combinations of expressed proteins as indicated on the x-axis.

GFP alone (Fig. 4 D) or ankB—GFP alone (Fig. 4C) showed cyto-
solic GFP fluorescence with dark nuclei excluding the soluble
ankyrins. Plasmid levels for ankB—GFP and ankG-GFP were ti-
trated to give similar levels of GFP fluorescence intensity. Under
these conditions, the two ankyrins expressed alone behaved sim-
ilarly and remained cytosolic (Fig. 4G). When HA-NF (Fig. 4E')
was coexpressed with ankG-GFP (Fig. 4 E), the nuclear exclusion
staining was no longer apparent, but rather GFP fluorescence was
recruited to the plasma membrane resulting in staining of surface
structures such as filopodia and ruffles (Fig. 4 E). A total of 88% of
cells coexpressing HA-NF and ankG—GFP recruited ankG-GFP
to the membrane by these criteria. When a 10-fold range of
ankG—GFP plasmid was used in cotransfections with HA-NF, the
percentage of recruiting cells ranged from 88 to 94%. When
HA-NF was coexpressed with ankB-GFP (Fig. 4F,F'), in con-
trast, only 21% of cells recruited ankB—GFP to the plasma mem-
brane (Fig. 4G). If a 10-fold range of ankB—GFP plasmid was used
for cotransfections with HA-NF, the percentage of recruiting
cells ranged from 8 to 27%. Therefore, HA—NF shows preferential
recruitment of ankG over ankB in HEK 293 cells. This observed
preference of NF for ankG could account for the slow diffusion
and detergent resistance of NF in the IS.

Ankyrin-binding of L1/NgCAM is not necessary for

axonal targeting

L1 did not colocalize with ankG at the IS in unextracted control
cells (Fig. 5A, left) but rather codistributed with ankB all along
axons. After extraction, in contrast, L1 was preferentially deter-
gent resistant exactly in the same places in which ankG was ex-
pressed (Fig. 5B, TE, right) and showed greatly diminished reten-
tion in the distal axon in which ankB was expressed, confirming
our previous work (Winckler et al., 1999). We therefore tested
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Figure5.
and ankB (red in B) in non-extracted control neurons (left) and after Triton X-100 extraction (TE) (right). MAP2 staining is in blue.
IS are indicated by arrows. Scale bar, 50 um. €, D, Localization of NgCAM (€) and NgCAMAFIGQY (D) in nonextracted control
neurons (left) and Triton X-100-extracted (TE) neurons (middle). Anti-NgCAM staining (red) is overlaid over ankG (green) in the
right panels to indicate position of ankG-positive IS (arrows). Dendrites are indicated with arrowheads.

whether ankB showed preferential detergent resistance in the IS.
Unlike L1, ankB was not retained specifically at the IS. Although
not excluded from the IS, ankB was detectable to various degrees
along the entire length of axons after detergent extraction (Fig.
5B). Therefore, L1 and ankB show different extractability pat-
terns in axons.

Given the discrepancy between the steady-state localization of L1
without extraction (all along the axon) and the detergent-resistant
L1 pattern (IS-enriched), we wondered whether ankyrin binding
was required for axonal accumulation and/or detergent resistance of
L1 at the IS. The FIGQY motif in L1 family members is responsible
for binding to ankyrin (Hortsch et al., 1998; Zhang et al., 1998). We
therefore created ankyrin binding-defective mutants of NgCAM by
either deleting the FIGQY motif (NgCAMAFIGQY) or by mutating
the critical tyrosine to alanine (NgCAM FIGQA). NgCAM and its
mutants were expressed in cultured hippocampal neurons and de-
tected 18-24 h later with an NgCAM-specific antibody.
NgCAMAFIGQY (Fig. 5D) as well as NgCAM FIGQA (data not
shown) were localized highly enriched to the axon, indistinguishable
from wild-type NgCAM (Fig. 5C). To quantify the extent of polar-
ized expression, we determined the average pixel intensity along ax-
ons and along dendrites and calculated an axon/dendrite polarity
index (A/D PI) by dividing the average axon intensity by the average
dendrite intensity (as in the study by Wisco et al., 2003). The A/D PI

The FIGQY motif is required for IS detergent resistance of L1/NgCAM. A, B, Localization of L1 (red in A), ankG (green),
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for NgCAM was 6.0 (Wisco et al., 2003).
NgCAM FIGQA had a similarly high A/D PI
of 5.6. Ankyrin binding is therefore dispens-
able for axonal targeting of NgCAM.

After detergent extraction, no staining
was detectable for NgCAMAFIGQY,
whereas wild-type NgCAM was detectably
retained in the IS (Fig. 5C,D, TE), similarly to
endogenous L1. To quantify this observa-
tion, coverslips were transfected in parallel
with either NgCAM or NgCAMAFIGQY,
and the number of transfected cells was
counted in unextracted cells and compared
with the number of cells showing IS reten-
tion after detergent extraction of a cover-
slip transfected in parallel (Table 1). Simi-
lar to NgCAMAFIGQY, NgCAM FIGQA
was not retained in the IS after detergent
extraction (Table 1). Therefore, the
ankyrin-binding domain of NgCAM was
required for IS tethering. Axonal targeting,
in contrast, was preserved in the absence of
ankyrin binding capacity.

The ankyrin-binding domain of NF is
required for IS retention but not for
axonal enrichment

We next asked whether IS accumulation of
NF was ankyrin dependent by mutating
the FIGQY motif in an HA-tagged version
of NF (HA-NF FIGQA). Next, HA-NF
and HA-NF FIGQA were expressed in cul-
tured neurons and cells stained with an an-
tibody to the extracellular HA epitope tag.
HA-NF was highly enriched on the IS with
low levels of expression along the rest of
the axon (Fig. 6A). HA-NF FIGQA, con-
versely, was found all along the axon and
did not show IS enrichment (Fig. 6 B). We
calculated the enrichment of the NF constructs in the IS relative
to dendrites by determining the IS/dendrite polarity index (IS/D
PI). The position of the IS was determined by counterstaining
with ankG. HA-NF had an IS/D PI of 4.0 = 0.4 (mean = SEM),
whereas HA-NF FIGQA had an IS/D PI of 1.65 = 0.09 (mean *
SEM) (Fig. 6 E). Two other point mutations in the FIGQY motif
(HA-NF FIGQD and HA-NF FIGQF) also essentially lost IS ac-
cumulation (data not shown). Therefore, the ankyrin-binding
motif of NF was necessary for correct IS localization of HA-NF.

We then tested whether the FIGQY motif mediated tethering
of NF in the IS by using live detergent extractions. After detergent
extraction, HA-NF staining was still present at the IS (Fig. 6C),
similar to endogenous NF. In contrast, no staining against
HA-NF FIGQA, HA-NF FIGQD, or HA-NF FIGQF could be
detected in either the IS or elsewhere (Fig. 6 D, Table 1) (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Therefore, the FIGQY motif mediates tethering of NF
in the IS.

Interestingly, although HA-NF FIGQA failed to accumulate
at the IS, it accumulated to high levels on the axonal plasma
membrane distally but was found at low levels on dendrites (Fig.
6B, arrows). We quantified its localization by determining A/D
PI as before. As a control, we expressed a membrane protein
lacking its cytoplasmic tail (CD4ACT). CD4ACT was present on
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Table 1. Detergent resistance at the IS is mediated by the FIGQY motif

Boiko et al. ® Axonal Compartmentalization

Exp. 1, Exp. 1, Exp. 2, Exp. 2, Exp.3, Exp.3,
No. of transfected cells No. of cells with axonal No. of transfected cells No. of cells with axonal No. of transfected cells No. of cells with axonal IS
on nonextracted IS retention on on nonextracted IS retention on on nonextracted retention on extracted
Construct coverslip extracted coverslip coverslip extracted coverslip coverslip coverslip
NgCAM 70 23 60 23 68 21
NgCAM FIGQA 71 0 13 0 57 0
NgCAM FIGQD 56 6 13 0 48 3
NgCAM FIGQF 63 0 46 0 59 1
HA-NF 132 190 124 41 187 99
HA-NF FIGQA 12 1 70 0 92 0
HA-NF FIGQD 124 3 109 0 37 0
HA-NF FIGQF 199 0 70 1 114 0
myc-L1 38 22 21 16
myc-L1 FIGQF 52 0 72 0
myc-L1 FIGQH 49 0 68 1

Exp., Experiment; No., number.

both axons and dendrites with an A/D PI of 1.4 = 0.14 (mean *
SEM). HA-NF had an A/D PI of 1.9 * 0.26 (mean = SEM),
showing no significant accumulation on the distal axon past the
IS (Fig. 6 E). The A/D PI of HA-NF FIGQA, in contrast, was 3.8 =
0.25 (mean = SEM), demonstrating significant axonal enrich-
ment. Loss of IS localization of NF FIGQA was reported previ-
ously (Lemaillet et al., 2003), but axonal enrichment of the mu-
tant was not noted. This might be attributable to the younger age
of the neurons used in the other study. We conclude that axonal
enrichment and IS retention of NF were separable: only IS accu-
mulation of HA-NF required the FIGQY motif, whereas axonal
targeting did not.

Phospho-FIGQY forms of L1 family members are

spatially segregated

Although L1 codistributed with ankB throughout the axon, it was
highly diffusible and detergent soluble on the distal parts of the
axon, suggesting that it was generally not tethered and retained by
binding to ankB. Previous work by Bennett’s group showed that
the tyrosine of the FIGQY motif of NF could be phosphorylated
in vivo and that phosphorylation greatly diminished ankyrin
binding (Garver et al., 1997; Tuvia et al., 1997; Jenkins et al.,
2001). We wondered whether the spatial differences in L1 behav-
ior could be attributable to differential phosphorylation of the
FIGQY motif in different regions of the axon. We used an anti-
body raised by Bennett and coworkers against the phospho-
FIGQY peptide region of NF (Jenkins et al., 2001). This antibody
also recognizes the phospho-FIGQY peptide from L1 with lower
affinity. We first determined the temporal and spatial expression
of phospho-FIGQY forms of L1-CAMs. Neurons between DIV4
and DIV8 were costained with antibodies against ankG, MAP2,
and phospho-FIGQY. In IS1 cells (i.e., no accumulation of ankG
or NF at the IS), phospho-FIGQY staining was found uniformly
on all processes or uniformly on the whole axon (Fig. 7Aa, single
channels are shown in A"). In IS2 cells, axonal staining was fre-
quently high with less bright/nondetectable staining at the IS and
at growth cones (termed “axon trunk” staining) (Fig. 7Ab). The
diminished anti-phospho-FIGQY staining at growth cones can
be appreciated better when cells were costained against ankB (Fig.
7B) because ankB staining was well detectable in growth cones
(red; arrows) whereas phospho-FIGQY staining was not (green).
In IS2 cells (abundant in DIV6 cells in this culture), axon trunk
staining was the most prevalent class (Fig. 7E). In IS3 cells
(DIV8), axon trunk staining was still found in 30% of cells (Fig.
7Ad,E). Interestingly, a novel class of phospho-FIGQY staining

pattern appeared at this stage (~20% of cells) in which the stain-
ing coincided with the IS (Fig. 7E). In older cultures, the
phospho-FIGQY staining became progressively weaker, and ul-
timately virtually no staining was detectable (data not shown).

The distribution patterns of the phospho-FIGQY-containing
L1 family members suggest a model to explain the high diffusibil-
ity and detergent solubility of L1 on the distal axon as opposed to
the low diffusibility and high detergent resistance of L1 and NF in
the IS: L1 and NF found at the IS are not phosphorylated on the
FIGQY motif and therefore able to bind and be immobilized by
ankG (or possibly ankB as well). L1 (and low levels of NF) found
in more distal parts of the axon, conversely, are phosphorylated
on the FIGQY motif and do not tightly bind ankB, thereby dif-
fusing more rapidly. This model predicts that the phospho-
FIGQY forms should be detergent soluble. As predicted,
phospho-FIGQY staining was not detergent resistant along the
axon (Fig. 7C, green) in which ankB primarily remained (Fig. 7C,
red). Interestingly, in occasional cells in which phospho-FIGQY
was detected after extraction, it showed IS enrichment (data not
shown). We wondered whether in older cells in which phospho-
FIGQY staining was no longer detectable, L1 might show in-
creased detergent resistance all along the axon. We indeed found
comparable levels of L1 staining retained in the IS and the distal
axon in older cells (Fig. 7D, bottom), in contrast to young cells in
which detergent resistance of L1 was highest in the IS (Fig. 7D,
top). We propose that diffusional and extraction behavior of sur-
face L1 in hippocampal cultures is attributable to spatial and
temporal regulation of its ankyrin binding capacity.

Discussion

Role for ankyrin in retention of neurofascin at the IS

plasma membrane

In ankG knock-out neurons (Zhou et al., 1998; Jenkins and Ben-
nett, 2001), NF accumulation at the IS is lost, suggesting a central
role for ankG in IS formation and/or stabilization in cultured neu-
rons. In these long-term experiments, a secretory targeting role and
apost-insertion retention role for ankG cannot be distinguished. We
present several pieces of evidence for a retention role of ankG at the
IS. First, restricted diffusion of NF correlates in time and space with
ankG expression. Second, restriction of NF to the IS is compromised
when the ankyrin-binding motif is mutated. Third, NF is detergent
resistant at the IS, but ankyrin-binding mutants of NF lose detergent
resistance. Our finding that NF shows preferential binding to ankG
in HEK 293 cells presents a likely mechanism for selective retention
of NF at the IS versus the rest of the axon. These observations show
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Figure 6. Mutation of the FIGQY motif of NF impairs IS localization and retention. A-D,
NF—HA (A, €) or HA—NF FIGQA (B, D) were expressed in hippocampal neurons and either fixed
directly (A, B) or fixed after live Triton X-100 extraction (TE; C, D). Anti-HA staining is visualized
in red, ankG staining in green, and MAP2 staining in blue. Single red channel images (right),
single green channels (left), as well as merged images (middle) are shown for easier compari-
son. Arrows indicate IS. E, The A/D Pl and IS/D Pl were calculated by dividing the average
fluorescence intensity along stretches of distal axon or IS by the average fluorescence intensity
along stretches of dendrites. Dendrites were identified by MAP2 immunoreactivity, and IS was
identified by ankG immunoreactivity. All transfected cells were scored regardless of expression
levels. The average polarity indices for wild-type (WT) HA-NF (black bars; n = 29 cells), HA-NF
FIGQA (blue bars; n = 58 cells), and CDAACT (yellow bars; n = 34 cells) are plotted. Error bars
indicate the SEM. *p << 0.001, statistically significant difference from CD4ACT by Mann—Whit-
ney U test ().

that compartmentalization of NF to the IS occurs by direct tethering
attributable to ankyrin binding.

Diffusion behavior of NF in the axonal plasma membrane

Using single-particle tracking, we show that NF is highly diffus-
ible in young stage 3 neurons all along the axon but becomes
restricted in its diffusion in the IS coincident with the accumula-
tion of ankG there. This diffusion behavior is similar to that of
several other proteins and even lipids in the IS (Winckler et al.,
1999; Nakada et al., 2003). The time course of IS-restricted diffu-
sion closely parallels the time course of ankG accumulation in the
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IS. In our hands, a significant difference between IS and distal
axon diffusion coefficients is observed clearly by DIV6. Nakada et
al. (2003) observed a slowdown oflipid diffusion in the IS, but the
observed IS restriction of diffusion was not fully established until
DIV9/DIV10. This comparably delayed restriction of diffusion in
their study might be attributable to different conditions of cul-
turing neurons. It is also possible that lipids show a slower time
course of acquiring restricted diffusion in the IS compared with
NF. Future work directly comparing the two tracers in the same
cultures will clarify this issue. Second, we observed that NF in
ankG-positive ISs underwent confined rather than free diffusion,
whereas NF on the distal axon of the same cells diffused freely. We
achieved the high spatial and temporal resolution necessary to
observe confinement by using beads. Single-fluorophore imaging
might not give long enough trajectories and high enough signal-
to-noise ratios to clearly observe confinement. Confined diffu-
sion might arise from diffusion through an area peppered with
immobilized obstacles and/or from “corralling” by the cytoskel-
eton (Fujiwara et al., 2002). An « value of ~0.5 might also stem
from averaging different diffusional behaviors between immobile
and free, when NF would frequently become tethered to the cy-
toskeleton, and break free again. It is possible that crosslinking of
NF by the multivalent bead contributed to the observation of
confined diffusion. Importantly, multiple complex extracellular
interactions take place at the IS in vivo (Ango et al., 2004; Eshed et
al., 2005; Bruckner et al., 2006; John et al., 2006). The behavior of
ligated NF might therefore be more relevant to biological func-
tions in vivo. Whether in confinement or dynamic binding, the
ankG/BIV-spectrin network in the IS might be directly involved
in confining the diffusion of NF and creating the IS diffusion
barrier.

Role for ankyrin in secretory traffic of L1 family members?
Researchers wondered early on whether binding to ankyrin
might already occur in the secretory pathway. Work in the 1990s
identified Golgi-associated ankyrins and spectrins (Beck and
Nelson, 1998; De Matteis and Morrow, 1998), and ankyrin binds
some ankyrin-binding membrane proteins early in the secretory
pathway (Gomez and Morgans, 1993). Several lines of evidence
raised the possibility that ankyrin might be important for secre-
tory targeting of neuronal ankyrin-binding membrane proteins
as well (Garrido et al., 2003; Kizhatil and Bennett, 2004; Sherman
et al., 2005; Xu and Shrager, 2005). Although Fache et al. (2004)
demonstrated that selective removal from the somatodendritic
membrane coupled to specific retention at the IS can in principle
lead to IS localization of receptors, the idea that ankyrin binding
might direct NF to the IS and nodes of Ranvier from the secretory
pathway is attractive given the long distances between somata and
distal nodes. Whether or not direct secretory targeting acts in
addition to retention and selective removal to concentrate IS
components at the IS remains to be tested directly. Because L1/
NgCAM lacking the ankyrin-binding motif still targets over-
whelmingly to the axon, a role for ankyrin in secretory NgCAM
trafficking is unlikely.

Neurofascin accumulation in the IS during axonogenesis

During axonogenesis in culture, NF can be transiently found
broadly distributed along growing axons in cells in which ankG is
not detectable at the IS. As soon as ankG becomes detectably
enriched at the IS, NF staining also becomes IS enriched. The
successive restriction of NF to the IS suggests that, in the absence
of ankG, NF is found more broadly along axons, and its restric-
tions to the IS is attributable to increased ankG expression at the
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IS. Interestingly, mutation of the ankyrin a
binding motif of NF, although compro-
mising IS localization, still results in three-
fold to fourfold enrichment in the axon.
We therefore hypothesize that NF is traf-
ficked with several-fold bias toward the
axon from the secretory pathway using
ankyrin-independent pathways. Interest-
ingly, NgCAM travels indirectly to the ax-
onal plasma membrane via dendrite-to-
axon transcytosis (Wisco et al., 2003;
Chang et al., 2006). Whether or not NF
uses similar signals and pathways as
NgCAM remains to be determined. Addi-
tionally, a possible role for endocytic re-
trieval of mistargeted NF from the soma-
todendritic domain as found for other
proteins (Fache et al., 2004; Leterrier et al.,
2006; Xu et al.,, 2006) remains to be
investigated.

After reaching the axonal plasma mem-
brane, NF molecules at the IS bind tightly
to ankG, which retains them in the IS
membrane. Non-IS NF molecules, con-
versely, diffuse rapidly and might accumu-
late at the IS by diffusional trapping. Alter-
natively or additionally, NF localized in
the distal axon plasma membrane could be
removed by endocytosis. The idea that NF
first travels to the axon generally from the
secretory pathway is also suggested by the
transient broad axonal localization of NF
in very young stage 3 neurons (phase IS1).
An early axonal targeting might account
for the proposed roles of NF and NrCAM
in axon outgrowth and pathfinding in the
chick and mouse visual system (Sakurai et
al., 2001; Pruss et al., 2004, 2006; Zelina et
al., 2005; Williams et al., 2006). After axon
outgrowth and synaptogenesis are com-
plete, secretory IS targeting might develop
as a mature mechanism to efficiently en-
rich IS components at the IS later on. In
myelinated axons, glial partners for nodal
NF have been identified [i.e., gliomedin
(Eshed et al., 2005; Koticha et al., 2006)],
and these glial trans-binding partners
likely serve important roles as well for ac-
cumulating and retaining NF at the node.

Figure 7.
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Temporal and spatial regulation of the phospho-FIGQY epitope during maturation of hippocampal neurons. 4, 4’,
phospho-FIGQY (green) staining patterns in hippocampal neurons at stages IS1 (a), 152 (b), late 152 (c), and 1S3 (d). Neurons were
stained simultaneously with antibodies against ankG (red) and MAP2 (blue). A" shows green channels only. Scale bar, 50 pm.

Quantification of the prevalence of different phospho-FIGQY staining patterns for a typical experiment is shown in E. B, C,

Specificity of ankyrin isoform binding

Given the colocalization of NF with ankG,
we postulated that NF has an isoform-
binding preference for ankG inside cells.
In vitro biochemistry showed that NF
binds ankR with higher affinity than ankB
(Davis et al., 1993; Michaely and Bennett, 1995). Although
ankyrin recruitment assays in HEK 293 cells are less quantitative
than in vitro biochemistry, they potentially preserve relevant cel-
lular contexts of the interaction (Zhang et al., 1998). NF shows
strong recruitment of ankG in HEK 293 cells (Zhang et al., 1998;
Nishimura et al., 2003; this work). We show here in controlled,
direct comparisons that NF shows significantly better recruit-

neurons (bottom).

Non-extracted (B) or Triton X-100-extracted (TE; €) neurons were stained against phospho-FIGQY (green) and ankB (red).
Phospho-FIGQY staining (green) was essentially absent from filopodia and growth cones (arrows; B) and was detergent
soluble (). D, DIV7 (top) and DIV11 (bottom) neurons were Triton X-100-extracted and stained against L1. L1 is prefer-
entially detergentresistantat the ISin DIV7 (top) but becomes increasingly non-extractable along the whole axon in DIV11

ment of ankG than ankB over a range of expression levels, indi-
cating that NF preferentially binds to ankG in cells.

The ankyrin-binding site on L1ICAMs has been mapped for
both NF and the Drosophila homolog neuroglian to the region
surrounding the FIGQY motif (Hortsch et al., 1998; Zhang et al.,
1998). FIGQA and FIGQD mutations in NF lead to virtual loss of
ankG recruitment in HEK 293 cells (Zhang et al., 1998; this
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work). The FIGQF mutation, conversely, reportedly retained ei-
ther full [neurofascin (Zhang et al., 1998)] or partial [neuroglian
(Hortsch et al., 1998)] ankyrin-binding capacity. In our hands,
NF FIGQF showed reduced ankG binding by several criteria: IS
enrichment is drastically reduced compared with wild-type NF,
HA-NF FGIQF is not retained in the IS after detergent extraction,
and ankyrin-binding activity is reduced in HEK 293 recruitment
assays (shown in supplemental Fig. 3, available at www.jneurosci.
org as supplemental material). The isoform preference of NF for
ankG provides a mechanism for tethering NF specifically in the IS
but not along the axon.

Ankyrin binding in L1 family member biology

The role of ankyrin binding for the function of L1 and NF has
been investigated in multiple studies. Ankyrin binding modulates
L1-mediated neurite outgrowth (Gil et al., 2003; Nishimura et al.,
2003; Whittard et al., 2006) and NF adhesion in culture assays
(Tuvia et al., 1997). We show that NF binds strongly to ankG at
the IS at all times of axonogenesis. It does not appear to bind
significantly to ankB. This strong binding of NF and ankG might
reflect a stabilizing role for NF and ankG in building the IS as a
stable specialized membrane domain. ankG and ankB are also
spatially segregated in myelinated axons and might contribute to
organizing nodal and paranodal domains as well (Ogawa et al.,
2006). L1, conversely, shows spatial and temporal regulation of
its ankyrin binding. During early axon outgrowth, L1 is not stably
associated with ankB along axons and shows higher levels of
phosphorylation of the FIGQY motif. This observation supports
the notion that axon outgrowth requires dynamic association of
L1 with cytoskeletal elements, especially dynamic actin filaments
(Gil et al., 2003; Whittard et al., 2006). Ankyrin binding stabilizes
L1 in the membrane and reduces engagement of the dynamic
actin flow (Gil et al., 2003) (see also Nishimura et al., 2003).
Regulation of FIGQY phosphorylation therefore can modulate
the extent to which L1 engages either F-actin or ankyrin. Growth
factors as well as ligand binding of L1 are potentially important
regulators of ankyrin binding (Cheng et al., 2005; Whittard et al.,
2006). It is surprising that our results show low/nondetectable
levels of phospho-FIGQY staining in growth cones and filopodia
in which most of the dynamic actin resides. After axon outgrowth
is mostly complete, L1 shows reduced phosphorylation of FIGQY
and is more tightly associated with insoluble cytoskeleton along
axons. L1-ankB interactions might now stabilize the membrane.
Consistent with this notion, optic nerve axons grow out normally
and contain L1 on their surfaces in ankB knock-out mice, but the
optic nerve axons degenerate later on (Scotland et al., 1998). Our
findings in culture mirror data from developing cortex in which
L1 initially codistributes with ERM proteins (ezrin, radixin, moe-
sin proteins) but later shows increased colocalization with ankB
(Mintz et al., 2003). Similar to our neuronal cultures, phospho-
FIGQY content of L1 family members also decreases during de-
velopment in vivo (Jenkins et al., 2001). More work is needed to
understand what mechanisms other than phosphorylation po-
tentially modulate ankyrin binding of L1.

Conclusion

In this work, we asked how two different L1 family members
achieve their steady-state distribution during axon outgrowth.
NF is an ankyrin-binding adhesion molecule localized to the IS
and nodes of Ranvier. Both of these locales also accumulate ankG.
L1/NgCAM codistributes along axons with ankB rather than with
ankG. We show that L1 and ankB are axonally enriched starting
in early stage 3 neurons, mirroring their mature steady-state dis-
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tribution. The IS-resident protein NF, conversely, is transiently
more broadly distributed along axons and, coordinately with
ankG, accumulates to higher and higher levels in the IS while
gradually disappearing from the more distal portions of the axon.
Both L1/NgCAM and NF show slow diffusion and low detergent
extractability specifically in the IS. We hypothesize that NF is
initially targeted in an ankyrin-independent manner to the axon
generally and accumulates at the IS in a subsequent step after
reaching the axonal plasma membrane attributable to its higher
binding to ankG. Multiple signals might also be used by nodal
potassium channels for IS accumulation (Chung et al., 2006). For
L1, we propose that it also is targeted to axons by an ankyrin-
independent mechanism and that its ankyrin-binding capacity is
temporally and spatially regulated by phosphorylation. The abil-
ity to regulate the ankyrin-binding capacity of L1 is likely impor-
tant for controlling the dynamic functions of L1 in different
places and at different times (Garver et al., 1997; Tuvia et al.,
1997; Jenkins et al., 2001; Kizhatil et al., 2002; Godenschwege et
al., 2006; Whittard et al., 2006). More work is needed to fully
dissect when and where L1 binds ankyrin and to what effect.
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