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BIV spectrin is recruited to axon initial segments
and nodes of Ranvier by ankyrinG

Yang Yang, Yasuhiro Ogawa, Kristian L. Hedstrom, and Matthew N. Rasband

Department of Neuroscience, University of Connecticut Health Center, University of Connecticut, Farmington, CT 06032

igh densities of ion channels at axon initial seg-
ments (AISs) and nodes of Ranvier are required for
initiation, propagation, and modulation of action
potentials in axons. The organization of these membrane
domains depends on a specialized cytoskeleton consisting
of two submembranous cytoskeletal and scaffolding pro-
teins, ankyrinG (ankG) and BIV spectrin. However, it is not
known which of these proteins is the principal organizer, or
if the mechanisms governing formation of the cytoskeleton

Introduction

Neurons are highly polarized cells with morphologically and
functionally distinct subcellular domains. The axon initial
segment (AIS) and node of Ranvier are two axonal domains
characterized by an “electron-dense” membrane undercoating
consisting of voltage-gated Na™ and K* channels (Nav and Kv,
respectively), cell adhesion molecules (CAMs), and a special-
ized membrane cytoskeleton (Poliak and Peles, 2003; Salzer,
2003). These domains act as the generator for action potential
initiation and propagation (Khaliq and Raman, 2006; Naundorf
et al., 2006), and the diffusion barrier for maintaining axonal
polarity (Winckler et al., 1999). Disruption of these membrane
domains or their molecular composition contributes to the
pathophysiology of many nervous system diseases, including
epilepsy, multiple sclerosis, and spinal cord injury (Chen et al.,
2004; Craner et al., 2004; Sasaki et al., 2006). Consequently,
any therapeutic strategy aimed at treating these diseases and re-
versing their devastating effects will require a detailed under-
standing of the mechanisms responsible for node and AIS
formation and maintenance.

From both molecular and functional standpoints, the AIS
and nodes of Ranvier are very similar; they have nearly every
protein component in common, and both provide the ionic cur-
rents necessary for membrane depolarization and action potential
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at the AIS also apply to nodes. We identify a distinct pro-
tein domain in BIV spectrin required for its localization to
the AIS, and show that this domain mediates BIV spectrin’s
interaction with ankG. Dominant-negative ankG disrupts
BIV spectrin localization, but does not alter endogenous
ankG or Na* channel clustering at the AlS. Finally, using
adenovirus for transgene delivery into myelinated neurons,
we demonstrate that BIV spectrin recruitment to nodes of
Ranvier also depends on binding fo ankG.

initiation/propagation. Despite these strong similarities, one major
difference between these two membrane domains is that node
formation requires myelination by Schwann cells or oligoden-
drocytes, but the AIS is intrinsically organized by the neuron.
Thus, nodes form “outside-in,” whereas the AIS forms “inside-out”
(for review see Hedstrom and Rasband, 2006).

The ankyrin and spectrin protein families play important
roles in regulating protein localization and membrane domain
formation in many different cell types (Bennett and Baines,
2001). For example, in erythrocytes the spectrin-based mem-
brane skeleton is essential for maintaining the cell’s biconcave
shape and restricting the lateral mobility of the anion exchanger
through the scaffolding protein ankyrinR (ankR; Delaunay,
2006). The identification and localization of neuronal ankyrinG
(ankG) and BRIV spectrin provided important clues for the
mechanism of AIS and node formation in axons (Kordeli et al.,
1995; Berghs et al., 2000). During development, both ankG and
BIV spectrin define putative nodes and initial segments before
ion channels cluster (Rasband et al., 1999; Jenkins and Bennett,
2001). In a mouse lacking ankG in Purkinje neurons, Nav and
KCNQ2/3 Kv channels, neurofascin-186, and BIV spectrin all
fail to cluster at the AIS (Zhou et al., 1998; Jenkins and Bennett,
2001; Komada and Soriano, 2002; Pan et al., 2006). Further,
distinct protein domains in Nav channels, KCNQ2/3 Kv chan-
nels, and NF-186 have been identified that mediate their inter-
actions with ankG (Garver et al., 1997; Garrido et al., 2003;
Lemaillet et al., 2003; Pan et al., 2006). Together, these results
all point to ankG as a principal organizer of the membrane pro-
teins located at the AIS. However, in mice lacking BIV spectrin,
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neither ankG nor Nav channels correctly localize to the AIS,
indicating that like ankG, BIV spectrin is also indispensable for
domain organization (Komada and Soriano, 2002). To deter-
mine whether BIV spectrin directs the formation of the AIS and
nodes of Ranvier, we identified the molecular mechanisms reg-
ulating its recruitment to these domains.

Results

Throughout the central nervous system, AISs are characterized
by high densities of Nav channels that colocalize with ankG
(Fig. 1 A; Jenkins and Bennett, 2001; Boiko et al., 2003). De-
spite large dendrites and long axons, high densities of Nav chan-
nels and ankG are only found in short ~20—-40-pwm-long domains
at the proximal region of the axon adjacent to the cell body (Fig.
1 A). To determine how this specificity is achieved, we used the
well-characterized embryonic hippocampal neuron culture sys-
tem (Banker and Goslin, 1998) to study the molecular mecha-
nisms regulating AIS formation; this model has been used
previously to elucidate the mechanisms regulating protein sort-
ing and targeting in neurons (Lim et al., 2000; Silverman et al.,
2001; Sampo et al., 2003; Wisco et al., 2003; Lee et al., 2004).

To determine if cultured hippocampal neurons form an
AIS, we immunostained these neurons after 7-10 d in vitro
(DIV) using antibodies against Nav channels, IV spectrin, and
ankG; antibodies against MAP2 were used to identify somato-
dendritic domains. These neurons typically had 1-2 axons that
could be distinguished from dendrites by the enrichment for
AIS proteins at the proximal region of the axon adjacent to the
cell soma and the absence of MAP2 staining (Fig. 1, B and C).
There was a marked increase in AIS proteins that corresponded
to a complementary decrease in MAP2 (Fig. 1, B and C, fluo-
rescence intensity profiles). Thus, hippocampal neurons in vitro
form well-defined initial segments that are molecularly identi-
cal to those observed in vivo.

Characterization of AIS formation in vitro
To determine the time course of AIS formation in vitro, we
immunostained neurons at different developmental stages (1-7,
14, and 21 DIV) using antibodies against Nav channels. We
found that the percentage of neurons with an AIS defined by
Nav channel staining increased dramatically during the first
week (Fig. 1, D-F). At 1 DIV, only 14 * 3% of neurons had AIS
Nav channel immunoreactivity, but this percentage increased
to 94 = 2% at 7 DIV, and included 100% of neurons by 14 DIV
(Fig. 1 E; typical Nav channel staining of hippocampal neurons
at three time points is shown in Fig. 1 D). Fluorescence inten-
sity profiles along the axon as a function of DIV showed that the
density of Nav channels continued to increase at the AIS from
7 to 21 DIV (Fig. 1 F). These results also demonstrate that axon
specification precedes recruitment of Nav channels to the AIS
(Banker and Goslin, 1998).

Spectrin repeat 15 is essential

for localization of IV spectrin to the AIS
How is BIV spectrin localized at the AIS? BIV spectrin un-
dergoes extensive alternative splicing with at least six different
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variants (Berghs et al., 2000; Komada and Soriano, 2002).
Among these, the BIVX1 and BIVX6 splice variants are both
located at nodes of Ranvier and the AIS (Lacas-Gervais et al.,
2004). BIVX1 consists of an N-terminal actin-binding domain
followed by 17 spectrin repeats, a specific domain that is unique
among the B3-spectrins, and a C-terminal pleckstrin homology
domain; BIVX6 is identical to the C-terminal half of BIVX1
(Fig. 2 A). Because BIVX6 is located at nodes and the AIS in a
mouse lacking BIVX1 (Lacas-Gervais et al., 2004), we reasoned
that the AIS localization determinant must be distal to the 10th
spectrin repeat (SR10). To test this possibility, we first intro-
duced Myc-tagged BIVX6 (Myc-BIV6) into cultured hippo-
campal neurons at 7 DIV because initial segments, which were
defined by Nav channel immunostaining, can be detected in
most neurons at this time (Fig. 1 E). 1 d later, Myc immuno-
reactivity (red) was detected at the AIS in a pattern identical to
that of endogenous BIV spectrin (Fig. 2, B and C).

Because the restricted localization of Myc-BIVX6 at the
AIS of cultured hippocampal neurons provides a very simple
functional assay, we undertook a deletion strategy to identify
the protein domain necessary for IV spectrin localization. We
generated a series of progressively shorter Myc-BIVX6 mutants
by introducing a premature stop codon (Fig. 2 A) between spec-
trin repeats. In the case of the Myc—“quivering 3J” (¢v*’) mutant
construct, we introduced the same point mutation as found in the
qv” mouse (Parkinson et al., 2001; Yang et al., 2004). Transient
transfection of these plasmids into CHO cells, followed by
immunoblotting with Myc antibodies, shows that all mutants are
expressed at the expected molecular weights (Fig. S1 A, available
at http://www.jcb.org/cgi/content/full/jcb.200610128/DC1).

To determine which of the mutant Myc-BIV spectrin pro-
teins retain the capacity to localize at the AIS, we transfected
each construct into hippocampal neurons at 7 DIV and immuno-
stained these neurons for MAP2 and Myc immunoreactivity
1 d later. As with full-length Myc-BIVX6 (Fig. 2 B), >80% of
the Myc-gv*'—(Fig. S1 B) and Myc-SR10-15—transfected (Fig.
2 D) neurons had Myc immunoreactivity at the AIS (Fig. 2 D,
red, arrow). In contrast, BIV spectrin proteins lacking SR15
(Fig. 2 E, Myc-SR10-14; Fig. S1 C, Myc-SR10-13; and Fig.
S1 D, Myc-SR10-11) all failed to localize at the AIS (arrows).
In these transfected neurons, Myc immunoreactivity along the
axon corresponded closely to that of MAP2 (see the fluores-
cence intensity profiles at right).

Based on the aforementioned truncation analysis, we con-
clude that SR15 is essential for proper AIS localization. To test
this more directly, we generated a short, Myc-tagged BIV spec-
trin protein consisting of only SR14-15 (Myc-SR14-15; Fig.
2 A). When transfected into neurons, this protein could be de-
tected at the AIS (Fig. 2 F, arrow). However, it was also more
enriched in the soma than Myc-BIVE6, Myc-gv*/, or Myc-
SR10-15. Collectively, these results strongly suggest that SR15
is required for the localization of BIV spectrin to the AIS.

Spectrin repeat 15 of IV spectrin
interacts specifically with ankG

What is the molecular basis for SR15-dependent targeting of
BIV spectrin to the AIS? Previous studies of ion channels and
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Hippocampal neurons have a well-defined AlS both in vivo and in vitro. (A, left) Low magnification view of rat cortex immunostained for Nav

channels (NaCh). (right) Higher magnification view of cortical neurons immunostained for Nav1.6 (red) and ankG (green). Cell bodies are outlined with
dotted lines. (B) Nav channels (green) and BIV spectrin (red) are clustered in the AlS of a 10 DIV hippocampal neuron. MAP2 (blue) labels the cell soma
and dendrites. (C) AnkG (green) and BIV spectrin (red) are clustered in the AIS of a 7 DIV hippocampal neuron. MAP2 (blue) labels the cell soma and den-
drites. (D) Cultured hippocampal neurons at different developmental stages (2, 7, and 21 DIV) showed gradual accumulation of Nav channels at the AIS
(arrows). Cell bodies are indicated by the dotted lines. (E) The formation of the AIS was measured by the percentage of neurons with Nav channels clustered
at the AIS in MAP2-positive neurons during development (n = 200 neurons at each time point, in three independent experiments). Error bars represent the
mean * the SD. (F) AIS Nav channel immunofluorescence intensity was measured during the first 3 wk in culture. Each line represents the average intensity
from 10 neurons at each developmental time point. In A-C, immunofluorescence intensities along axons are shown at the right of each image. AU, arbitrary

units. Bars: (A, left) 25 um; (A, right, and B-D) 10 pm.

CAMs restricted to the AIS have shown that their localization
depends on binding to ankG (Garrido et al., 2003; Lemaillet
et al., 2003; Pan et al., 2006), and ankG-null neurons lack BIV
spectrin at their AIS (Komada and Soriano, 2002). Further, in
vitro binding assays suggested that erythrocyte ankyrin (ankR)
binds to SR15 of erythrocyte 3-spectrin (Kennedy et al., 1991).
Therefore, we considered the possibility that BIVSR15 might
interact with ankG, and that this interaction might be the ba-
sis for the localization of BIV spectrin at the AIS. To test this,
Myc-BIV6 or mutant constructs (Fig. 2 A) were cotransfected
into CHO cells together with a GFP-tagged 270-kD splice variant

of ankG (AnkG-GFP; ankG is found in both 270- and 480-kD
splice variants at the AIS and nodes of Ranvier; Zhang and
Bennett, 1998). We immunoprecipitated AnkG-GFP, and then
determined if Myc-tagged BIV spectrin proteins were co-
immunoprecipitated. Immunoblots of these immunoprecipitation
reactions demonstrated that all proteins containing SR15 (Myc-
BIVZ6, Myc—qv‘” , Myc-SR10-15, and Myc-SR14-15) coimmuno-
precipitated with AnkG-GFP (Fig. 3 A). However, proteins
lacking SR15 (Myc-SR10-14, Myc-SR10-13, and Myc-SR10-11)
failed to coimmunoprecipitate with AnkG-GFP. AnkG-GFP was
detected in all anti-GFP immunoprecipitations (unpublished data).

MECHANISM OF glvV SPECTRIN LOCALIZATION
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Figure 2. AlS Localization of BIV spectrin requires the 15th specirin repeat. (A) Domain structure of BIV spectrin and Myc-BIVE6 spectrin constructs. Al
constructs were Myctagged at the N terminus. Whether each protein is located at the AlS in brain or in cultured hippocampal neurons is indicated. In B-F,
the somatodendritic domain is defined by MAP2 immunoreactivity (green). (B) Endogenous BIV spectrin (red) is located at the AIS of a 7 DIV hippocampal
neuron. Similarly, infroduced MycBIVZ.6 spectrin (red) is also restricted to the AlS. (C) Fluorescence intensity profiles show that both endogenous (red) and
infroduced (Myc-BIVE6; green) BIV spectrin localize at the AIS. Profiles are averages from 20 neurons. (D) Myc-SR10-15 is located at the AIS (red, arrows).
(E) Myc-SR10-14 fails to cluster at the AlS and is located throughout the somatodendritic domain. The axon is indicated by an arrow. (F) Myc-SR14-15 is
located at the AIS (red, arrows) and in the soma of the cell. In D-F, fluorescence intensity profiles along each axon for Myc (red) and MAP2 (green) immuno-

reactivity are shown on the far right. Bars, 10 um.

These results suggest that SR15 of BIV spectrin is required for
binding to ankG, and that the AIS localization of BIV spectrin
depends on binding to ankG.

Because hippocampal neurons also express ankyrinB
(ankB) and other B spectrins, including I, BII, and BIII spec-
trin (Fig. S1 E; Leshchyns’ka et al., 2003; Ogawa et al., 2006),
we tested the specificity of the ankG—BIV spectrin interaction.
We cotransfected Myc-BIVX6 and a GFP-tagged ankB (AnkB-
GFP) or AnkG-GFP. However, although more AnkB-GFP was
immunoprecipitated compared with AnkG-GFP, we were un-
able to detect any interaction between AnkB-GFP and Myc-
BIVX6 (Fig. 3 B). We also cotransfected AnkG-GFP together
with a GFP-tagged BIII spectrin (BIII-GFP), immunoprecipi-
tated AnkG-GFP using anti-ankG, and immunoblotted the
immunoprecipitate using anti-BIII spectrin. However, we were
unable to detect any BIII-GFP in the immunoprecipitate (Fig. 3
B, IP). These results are consistent with the fact that neither
ankB nor BIII spectrin are located at the AIS of hippocampal
neurons (Fig. S1 E; Ogawa et al., 2006). Thus, the interaction
between ankG and BIV spectrin is specific, and different 3

spectrins and ankyrins cannot substitute for one another (Mohler
et al., 2002; Ogawa et al., 2006).

To further determine whether BIV spectrin has intrinsic local-
ization determinants and directs ankG to the AIS, we used a
mutant of AnkG-GFP (AnkG-KK-GFP) that lacks the N-terminal
membrane-binding domain (that binds to Nav channels and
CAMs) and the serine-rich domain, but retains the spectrin-
binding domain (Fig. 3 D). Cotransfection of Myc-BIVX6 with
AnkG-GFP or AnkG-KK-GFP permitted GFP antibodies to
coimmunoprecipitate Myc-BIV6, indicating that the AnkG-
KK-GFP protein interacts with Myc-BIV6, but GFP alone does
not (Fig. 3 E). We introduced AnkG-GFP and AnkG-KK-GFP
into hippocampal neurons by transient transfection. Although
AnkG-GFP localized at the AIS (Fig. 4 A), AnkG-KK-GFP was
never found at the AIS and, instead, was distributed throughout
the cell (Fig. 4 B), much like GFP alone (not depicted).
Although AnkG-KK-GFP was not found at the AIS, endogenous
ankG was properly located at the AIS (Fig. 4 C; AnkG-KK-GFP



A

Myc-BIVE6 (151 kD)

+ AnkG-GFP
Input DS IP D

Myc-qv* (117 kD) — e

MyC-SR10-15 (82 KD) | s < s E

5© e
Myc-SR10-14 (70 kD) [ ~~— —wr Q’\\‘ A cf

x Mo

spectrin binding domain
AnkG-GFP
AnkG-KK-GFP

A , >)
Wse® W@ ::‘\w

Figure 3.  SR15 in IV spectrin binds to ankG.
(A) CHO cells were cotransfected with Myc-
BIV spectrin constructs and AnkG-GFP. The
soluble cell lysates were immunoprecipitated
with anti-GFP antibody and immunoblotted
with anti-Myc antibody. (B) COS cells were

GFP

R cofransfected with Myc-BIVE6 and AnkG-GFP or
oi“\_*w" AnkB-GFP. The soluble cell lysates were immuno-

precipitated with anti-GFP antibody and immuno-

Myc-SR10-13 (57 kD) | s e

Input DS IP Input DS IP Input DS IP

blotted with anti-gIV spectrin or anti-GFP

Myc-SR10-11 (36 kD) |~ e

180 wwus  Mbis e il | < Myc-pIVE6

antibody. Starting material (Input), AnkG-GFP,
or AnkB-GFP-depleted supernatants (DS), and

immunoprecipitates (IP) are shown. (C) CHO

Myc-SR14-15 (24 kD) ﬁ - < AnkG-GFP cells were cotransfected with Blll spectrin-GFP
- antl- 180+ and AnkG-GFP. The soluble cell lysates were
IBzantiMyc e immunoprecipitated with anti-ankG antibody
+ AnkG-GFP + AnkB-GFP 116 and immunoblotted with anti-lll spectrin.
B Input DS _IP Input DS _IP IP: anti-GFP (D) Domain structure of AnkG-GFP and AnkG-
T 180 - KK-GFP. (E) AnkG-GFP and AnkG-KK-GFP both
v 1116 F $° ?:\Q'\ ?AQ"\ inferact with and coimmunoprecipitate Myc-
\‘OX’\ \;0—5 \)c,—c-’ BIVZ6 from COS cells cotransfected for the
N)‘“ N\"‘\ ‘,\é‘w proteins. GFP alone did not interact with
4G > - - 180 | Myc-BIV spectrin. Soluble cell lysates were
9 116 | - immunoprecipitated with anti-GFP antibody
AnkG/AnkB > | 84 ] ——— and immunoblotted with anti-Myc or anti-GFP
"b.mo 58 | antibodies. GFP signal from GFP + Myc-
- 116 BIVS6-transfected cells could be detected at
I - a molecular weight of ~30 kD (not depicted).
IB: anti-Myc (F) Anti-Myc immunoblot of CHO cells infected
> with adenovirus for Ad-Myc-BIV26, Ad-Myc-

oG o - SR10-15, and Ad-Myc-SR10-14.

IP: anti-GFP
C + AnkG-GFP
Input DS IP
Blll-GFP ——
180 -
IP: anti-ankG

IB: anti-plll spectrin

lacks the epitope for anti-ankG). Transfection with AnkG-GFP
did not alter the localization of either endogenous BIV spectrin
(Fig. 4 D) or Nav channels (Fig. 4 F). However, transfection
with AnkG-KK-GFP disrupted the localization of endogenous
BIV spectrin (Fig. 4 E), indicating that this protein can act in
a dominant-negative manner to disrupt BIV spectrin localiza-
tion at the AIS. In contrast to the disruption of BIV spectrin,
Nav channels were still located at the AIS in AnkG-KK-GFP-
transfected neurons (Fig. 4 G) because Nav channels interact
with the membrane-binding domain of ankG (Srinivasan et al.,
1992) and this domain is not present in the AnkG-KK-GFP
mutant protein. Collectively, these results show that BIV spec-
trin does not direct ankG or Nav channels to the AIS and supports
the conclusion that BIV spectrin’s AIS localization depends
on ankG.

AnNnkG binding is required for BIV spectrin
localization at the AIS in vivo

To confirm that BIV spectrin localization at the AIS in vivo also
requires binding to ankG, we generated three adenoviral BIV
spectrin constructs (Ad-Myc-BIVX6, Ad-Myc-SR10-15, and
Ad-Myc-SR10-14) for expression of wild-type and mutant
Myc-tagged BIV spectrins in infected neurons. Immunoblots of
cell lysates from COS cells infected by these adenovirus showed
that the proteins are expressed at the expected molecular weights

(Fig. 3 F). To infect neurons, embryonic day (E) 14.5 mice re-
ceived in utero intraventricular injections of the different adeno-
virus. Animals were born and allowed to mature for 1 wk, after
which brains were collected, sectioned, and immunostained for
Myc and Nav channel immunoreactivity. We found hundreds of
cortical neurons with Myc-BIVX6 spectrin located at the AIS
(Fig. 5 A). In the hippocampus, many initial segments can be
detected using antibodies against Nav channels (Fig. 5 B), and
Myc-BIV6 could be detected at a subset of these initial seg-
ments (Fig. 5 B, arrows). As in cultured hippocampal neurons,
we found that in vivo both cortical and hippocampal neurons
expressing Myc-SR10-15 had Myc immunoreactivity restricted
to the AIS that colocalized with Nav channel immunoreactivity
(Fig. 5, C and D, arrows). However, Myc-SR10-14 could not be
detected at the AIS of cortical or hippocampal neurons (Fig. 5,
E and F, arrow). Thus, as in vitro, SR15 and ankG binding is
required for BIV spectrin localization at the AIS in vivo.

AnNnkG binding is required for BIV spectrin
localization at nodes of Ranvier

Do the rules governing assembly of the AIS also apply to nodes
of Ranvier? Although AIS and nodes share a common mole-
cular organization, the formation of nodes requires extrinsic
interactions supplied by myelinating glia, whereas the AIS is
intrinsically determined by neurons (for review see Schafer and

MECHANISM OF glIV SPECTRIN LOCALIZATION « YANG ET AL.
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Figure 4. AnkG directs the AIS localization of
BIV spectrin. AnkG-GFP or AnkG-KK-GFP was
transfected into hippocampal neurons. (A and B)
AnkG-GFP (green) is located at the AIS, but
AnkG-KK-GFP is located throughout the cell.
MAP2 immunostaining (red) defines the so-
matodendritic domain. (C) AnkG-KK-GFP (green)
does not disrupt localization of endogenous
ankG (red). Endogenous ankG was detected
using a mouse monoclonal antibody that does
not recognize AnkG-KK-GFP. (D) AnkG-GFP
(green) colocalizes with endogenous BIV spec-
trin (red). (E) AnkG-KK-GFP (green) disrupts the
localization of endogenous BIV spectrin (red).
(F) AnkG-GFP (green) colocalizes with endog-
enous Nav channels (red). (G) In AnkG-KK-
GFP—transfected (green) neurons, endogenous
Nav channel (red) localization is unaffected.
Axons are indicated by arrows, and fluores-
cence intensity profiles along the axon are
shown at the right of each merged image.
Bars, 10 um.
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Rasband, 2006). Nevertheless, there may be some common
intrinsic mechanisms regulating both AIS and node of Ranvier
formation. To determine if nodal localization of BIV spectrin
depends on ankG binding, we performed intravitreal injections
with Ad-Myc-BIVZ6, Ad-Myc-SR10-15, or Ad-Myc-SR10-14
to infect adult rat retinal ganglion cells (RGCs). We collected
optic nerves from the injected eyes, and we immunostained sec-
tions using anti-Myc (red) and anti-Caspr antibodies (green).
Although the infection efficiency of adult RGCs was low, we
could detect both Myc-BIV6 and Myc-SR10-15 at many
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nodes of Ranvier (Fig. 6, A and B, arrows and insets). In con-
trast, we never detected nodal Myc immunoreactivity in Ad-
Myc-SR10-14—injected mice (Fig. 6 C). Although we examined
the entire optic nerve by immunostaining, we were unable to
confirm that specific axons corresponded to Ad-Myc-SR10-14—
infected RGC neurons because we could not detect low levels of
axonal Myc immunoreactivity and we could not follow the
axons of Myc-labeled RGCs from the retina into the optic nerve.
Thus, to identify myelinated axons from infected neurons
and to determine if the mechanism of BIV spectrin localization
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to peripheral nervous system (PNS) nodes is like that of central
nervous system (CNS) nodes, we used the different adenovirus
to infect dorsal root ganglion (DRG) neurons in myelinated
DRG-Schwann cell cocultures (Fig. 6, D-F). Very few Schwann
cells were infected, but many DRG neurons were infected and
could be stained using anti-Myc antibodies (Fig. 6, D-F; in-
fected DRG neuron cell bodies are indicated by an asterisk).
Nodes of Ranvier (arrows) and heminodes (arrowheads) were
identified by double-immunostaining with antibodies against
the paranodal protein Caspr (green), whereas Myc-BIV6,
Myc-SR10-15, and Myc-SR10-14 were detected using anti-
Myc (red). Myc-BIV6 was located at the AIS, the first hemi-
nodes (Fig. 6 D, arrowheads), and the nodes of Ranvier (Fig.
6 D, arrow and inset). Similarly, Myc-SR10-15 was located at
the nodes of Ranvier (Fig. 6 E, arrows and inset). In these cul-
tures, both Myc-BIVX6 and Myc-SR10-15 were detected at
several hundred nodes. However, we never detected Myc-
SR10-14 at any heminodes or nodes of Ranvier in myelinating
DRG-Schwann cell cocultures (Fig. 6 F, arrowhead, arrow, and
inset). Thus, as with the AIS, these results suggest that BIV
spectrin requires SR15 for its localization to CNS and PNS
nodes of Ranvier.

BIV spectrin is not detected at optic nerve nodes of Ranvier in
¢v* mutant mice, causing axonal membrane instability and dra-
matically widened nodes. This is in contrast to the PNS, where
40% of nodes had reduced, albeit detectable, BIV spectrin im-
munoreactivity (Yang et al., 2004). To confirm that ankG local-
ization to nodes and the AIS does not require BIV spectrin, we
examined ankG and Nav channel clustering in ¢gv*’ mutant brain
and optic nerve. In wild-type mice, ankG and Nav channels are
highly enriched at nodes of Ranvier and the AIS (Fig. 7, A and D;

Figure 5. BIV spectrin localization at the AIS
in vivo requires binding to ankG. (A) Cortical
neurons infected by Myc-BIVE6 adenovirus
have Myc immunoreactivity at their AlS (ar-
rows). (B) Nav channel (NaCh; green) and
Myc-BIV26 immunoreactivity (red) colocalize
at the AIS in hippocampus. Although many
initial segments are immunostained by Nav
channel antibodies, only one neuron was in-
fected by the Myc-BIVE6 adenovirus and has
Myc immunoreactivity at the AIS (arrows).
(C) Hippocampal neurons in vivo expressing
Myc-SR10-15 have Myc immunoreactivity at
their AIS (arrows). (D) Nav channel (green)
and Myc-SR10-15 (red) immunoreactivity co-
localize at the AIS in infected mouse cortical
neurons. (E) Hippocampal neurons in vivo
expressing Myc-SR10-14 do not have Myc im-
munoreactivity at their AlS. (F) Myc-SR10-14
(red) does not localize to the AIS and does not
colocalize with Nav channel immunostaining
(green, arrow) in infected mouse cortical neu-
rons. Bars: (A) 20 pum; (B, D, and F) 10 um;
(C and E) 50 pm.

Yang et al., 2004). Similarly, in both young and aged gv*’ mutant
mice (gv* mutant mice usually die at ~5-6 mo), ankG (green)
is still located at broadened nodes of Ranvier (Fig. 7, B and C)
and the AIS (Fig. 7, E and F). However, we did observe decreased
immunoreactivity for ankG and Nav channels in the 6-mo-old
mutant compared with the 1.5-mo-old ¢v* mutant mice (com-
pare Fig. 7, E and F). These results show that ankG is still
appropriately targeted and clustered at the AIS and nodes of
Ranvier in gv*/ BIV spectrin mutant mice.

Different ankyrin and spectrin isoforms are found in a variety
of cell types, cytoplasmic organelles, and tissues (Bennett and
Baines, 2001). Their unique spatial distributions are critical for
the formation and maintenance of specific membrane domains.
For example, ablation of the 190-kD isoform of ankG by RNAi
disrupts lateral membrane domains in epithelial cells (Kizhatil
and Bennett, 2004), and mutations in ankB disrupt the locali-
zation of the Na*/Ca®>" exchanger, the Na*/K"-ATPase, and
the inositol trisphosphate receptor in cardiomyocyte T-tubule/
sarcoplasmic reticulum domains (Mohler et al., 2005). Elimina-
tion of presynaptic spectrin in Drosophila melanogaster results
in the loss of synapse-associated CAMs and causes subsequent
synapse disassembly (Pielage et al., 2005). Thus, ankyrins and
spectrins function to link membrane proteins to the cytoskele-
ton and are indispensable for the formation and stabilization of
membrane domains.

What do our results reveal about the mechanisms under-
lying AIS and node of Ranvier membrane domain formation?
Whereas in other cellular contexts (3-spectrins have been pro-
posed to dictate ankyrin localization (De Matteis and Morrow,
1998), our results clearly demonstrate that IV spectrin recruit-
ment to nodes and AIS depends on binding to ankG. Consistent
with this idea, BIV spectrin failed to localize properly at the AIS
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Figure 6. BIV spectrin localization to nodes of Ranvier in the CNS re-
quires binding to ankG. (A-C) Adenoviruses were injected intravitreally to
infect RGCs. Optic nerves were immunostained using anti-Caspr (green)
and anti-Myc (red). Myc immunoreactivity was detected at nodes of neu-
rons infected with Myc-BIVE6 and Myc-SR10-15 (A and B, arrows and in-
set), but not Myc-SR10-14 (C). Nodes of Ranvier from uninfected neurons
are flanked by Caspr, but do not have Myc immunoreactivity (A and B,
arrow). (D-F) Myelinated DRG-Schwann cell cocultures were infected with
adenovirus to deliver the IV spectrin transgenes indicated in each image.
4 d after infection, cocultures were fixed and immunostained using anti-
Myc (red) and anti-Caspr (green) to label paranodal junctions and define
nodes. Heminodes are indicated by arrowheads, nodes of Ranvier by ar-
rows, and DRG cell bodies by an asterisk. Inset images show higher mag-
nification of a single node of Ranvier from an infected neuron in each
culture. Bars: (A-C) 10 wm; (A and B, insets) 3 wm; (D-F) 25 um; (D-F,
insets) 5 um.

when the dominant-negative AnkG-KK-GFP protein was ex-
pressed in neurons. Importantly, loss of BIV spectrin from the
AIS did not disrupt Nav channel or endogenous ankG cluster-
ing, indicating that ankG directs BIV spectrin localization to the
AIS and that BIV spectrin is not required for ankG or Nav chan-
nel clustering. This conclusion is consistent with previous stud-
ies demonstrating ankG binding is essential for the localization
of many membrane proteins, including Nav channels, KCNQ2/3
Kv channels, and NF-186 at the AIS (Garrido et al., 2003;
Lemaillet et al., 2003; Pan et al., 2006). Our results extend the
role of ankG to clustering and localization of both cytoplasmic
and membrane proteins.

Our results demonstrate that ankG directs BIV spectrin
localization. However, this conclusion is in direct contrast to
a recent study examining the mechanism of ankyrin and
[3-spectrin localization in D. melanogaster (Das et al., 2006). To
determine the function of distinct protein domains in [3 spectrin,

WT qv” qv¥
6 mo 1.5 mo 6 mo

'
D * |E F

AnkG
Caspr

AnkG
Nach

Figure 7. AnkG is properly localized to nodes of Ranvier and AlIS in qv*
mutant mice. (A-C) AnkyrinG (green) and Caspr (red) immunostaining in
optic nerves of wildtype (WT) and 1.5- and 6-mo-old qv* mutant mice.
(D-F) AnkG (green) and Nav channel (NaCh; red) immunostaining at the
AIS (arrows) in cortex of WT and 1.5- and 6-mo-old gv¥ mutant mice. Bars:
(A-C) 5 um; (D-F) 10 pm.

mutant forms were introduced into a fly with a lethal mutation
in 3 spectrin. Surprisingly, loss of the putative ankyrin-binding
domain (equivalent to SR15 of BIV spectrin reported in this
study) had relatively little effect on localization of (3 spectrin,
and this mutant 3 spectrin rescued the lethal phenotype. How-
ever, deletion of only the PH domain failed to rescue the lethal
phenotype. These results suggested that the PH domain may be
critical for the membrane targeting and localization of (3 spec-
trins. However, our results argue against a role for the PH
domain in membrane targeting and localization of BIV spectrin
because the Myc-gv*’ mutant BIV spectrin analyzed in this
study was appropriately localized to the AIS.

If BIV spectrin is not essential for the targeting and local-
ization of ankG and AIS formation in general, why is there a
loss of ankG and Nav channels from the AIS in BIV spectrin-
null mice (Komada and Soriano, 2002), and what is BIV spec-
trin’s function? In this study, we examined early events in AIS
formation. Previously, using mutant mice we showed that IV
spectrin is essential to maintain membrane structure and the
proper molecular organization of nodes, the AIS, and the axonal
cytoskeleton (Lacas-Gervais et al., 2004; Yang et al., 2004). In
the analysis of BIV spectrin-null mice, early time points were
not considered, and only initial segments of 3-mo-old mice
were analyzed (Komada and Soriano, 2002). We speculate that
during brain development the AIS forms properly in BIV spectrin-
null mice, but that with increasing age the lack of BIV spectrin
destabilizes this membrane domain, resulting in the loss of other
AIS components. Thus, BIV spectrin is important for node and
AIS stability rather than formation. Consistent with this inter-
pretation, compared with 1.5-mo-old qvj" mutant mice, there
were decreased amounts of Nav channels and ankG at the AIS
in 6-mo-old mutant mice.



If ankG is the central mediator of AIS and node formation,
what determines its localization to these sites? In the PNS, trans-
interactions between the CAMs NF-186 in axons and gliome-
din on Schwann cells causes NF-186 to accumulate at the edges
of myelinating Schwann cells (Eshed et al., 2005; Sherman
et al., 2005). These aggregates of NF-186 are the first axonal
proteins detected at nascent nodes (Lambert et al., 1997; Schafer
et al., 2006). NF-186 binds to ankG, and mice lacking NF-186
fail to cluster ankG at putative nodes of Ranvier, indicating that
NF-186 functions as a membrane attachment point for ankG
recruitment and clustering (Tuvia et al., 1997; Sherman et al.,
2005). AnkG is thought to act as a protein scaffold to retain Nav
and KCNQ2/3 Kv channels at nodes (Garrido et al., 2003;
Lemaillet et al., 2003; Pan et al., 2006). Our results demonstrat-
ing that SR15 and ankG binding are required for localization of
BIV6 spectrin to nodes of Ranvier provides the first direct evi-
dence that ankG plays a central role in organizing the nodal
protein complex. Thus, at nodes of Ranvier, extrinsic glial-derived
signals regulate the eventual clustering of ankG and the sub-
sequent accumulation of BIV spectrin.

In our experiments, we demonstrated that SR15 is neces-
sary for BIVX6 localization at the AIS and nodes of Ranvier.
However, we cannot rule out the possibility that additional
N-terminal domains may contribute to the localization of IV 1
in neurons. We consider this unlikely at the AIS because the
AnkG-KK-GFP protein could block the proper localization of
BIVX1 (both BIVX1 and BIV6 are detected by the antibodies
used in this study). However, Eshed et al. (2005) showed that
the addition of a soluble fusion protein (the ectodomain of the
CAM IgSF4) to cultured DRG neurons caused clustering of
BIV spectrin in the absence of any colocalized ankG. Although
the mechanism responsible for this clustering is unknown, this
observation suggests that in the PNS additional extrinsic factors
may contribute to the localization of BIVX1.

In contrast to nodes, much less is known about the mecha-
nisms regulating recruitment of ankG to the AIS. Although one
report indicated that multiple protein domains are required for
ankG’s proper AIS localization (Zhang and Bennett, 1998), the
specific protein—protein interactions involved are unknown. In-
triguingly, when Nav channels are eliminated from motor neu-
rons using RNAi, ankG could not be detected at the AIS,
suggesting that Nav channels, or their (3 subunits, may partici-
pate in ankG targeting, retention, and/or stabilization (Malhotra
et al., 2002; Xu and Shrager, 2005). Thus, although the AIS and
nodes of Ranvier share a common ankG-based mechanism for
membrane domain formation and recruitment of BIV spectrin,
the intrinsic determinants regulating ankG localization and
restriction to the AIS remain unknown. Identification of the
molecular mechanisms regulating ankG localization at the AIS
will require a more complete description of the ankG-interacting
proteins located within this membrane domain.

Materials and methods

DNA constructs, mutagenesis, and adenovirus

The fulHength BIVZ6 spectrin with N-terminal Myc tag was provided by
M. Komada (Tokyo Institute of Technology, Tokyo, Japan). The C terminus
deletion mutants were generated by introducing premature stop codons

using the QuickChange mutagenesis kit (Stratagene) and were verified by
sequencing. The following primers were used: qv¥ (aa 1-943), forward,
5-CGGACACCCCTTGGGACTCCGGC-3’, and reverse, 5'-GCCG-
GAGTCCCAAGGGGTGTCCG-3’; SR10-15 (aa 1-625), forward,
5'-GCTTCCACAGCTAGGCCCGCGACC-3’, and reverse, 5-GGTC-
GCGGGCCTAGCTGTGGAAGC-3’; SR10-14 (aa 1-514), forward,
5" TCTCGGGAGCTGCATTAGTICTTICAGCGATGC-3, and reverse, 5-GCA-
TCGCTGAAGAACTAATGCAGCTCCCGAGA-3’; SR10-13 (aa 1-401),
forward, 5'-GTGAGCCTGGAACAGTAGTACTGGCTCTACCAG-3’, and
reverse, 5-CTGGTAGAGCCAGTACTACTGTTCCAGGCTCAC-3’; and
SR10-11(aa 1-191), forward, 5-CCGCTTGTTGCTGGCATAAAAGGAGC-
TGCATCAGG-3’, and reverse, 5'-CCTGATGCAGCTCCTTTTATGCCAGCA-
ACAAGCGG-3'. SR14-15 (aa 399-610) was amplified by PCR from pCS3 +
MTBIVE6 plasmid and inserted into the pCS3 + MT vector (a gift from
D. Turner, University of Michigan, Ann Arbor, M) using EcoRl and Xbal sites.
The primers for amplifying SR14-15 are forward, 5-GCCGAATTCACTGG-
AACAGCAGTACTGGCTC-3', and reverse, 5-CCGTCTAGATTACGAGCA-
TCTTCACAGGCTGCT-3". The number of amino acid residues is based on
the BIVE6-A (Mus musculus; National Center for Biotechnology Information
database accession no. BAB83244). The fulllength rat 270kD ankG with
C+erminal GFP tag (AnkG-GFP) and mutant ankG construct (AnkG-KK-GFP)
were gifts from V. Bennett (Duke University, Durham, NC). The Blll-spectrin-
GFP construct was a gift from M. Stankewich (Yale University, Stamford,
CT). For adenoviral constructs, the cDNA encoding Myc-BIVZ6, Myc-SR10-
15, and Myc-SR10-14 with pEF-1a promoter was inserted info pENTR11
vector. The pENTR11 plasmids were recombined with pAd vector using
ViraPower Adenoviral Gateway Expression kit (Invitrogen). Adenovirus was
produced using human embryonic kidney 293 cells.

Neuronal culture and transfection

Hippocampal neurons were dissected and dissociated from E18 rat em-
bryos, plated on 1 mg/ml poly-D-lysine (Sigma-Aldrich)/20 wg/ml laminin
(Invitrogen)—coated glass coverslips at a density of 48,000 cells/cm?. 3 h
after plating, the medium was changed from normal medium (10% FBS in
Neurobasal) to maintaining medium (2% B27 [Invitrogen], 0.5 mM L-gluta-
mine, 25 pM L.glutamate, and 1X antibiotic antimycotic solution (Sigma-
Aldrich) in Neurobasal). 2 d after plating, 1 uM cytosine arabinoside
(Sigma-Aldrich) was added to inhibit nonneuronal growth. Half of the me-
dium was replaced with an equal volume of maintaining medium without
glutamate every 4 d. 7 d after plating, neurons were transfected with vari-
ous cDNA constructs using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions. DNA/lipofectamine ratio was 1:3-4 (0.5-1 pg/
1.5-4 pl for 35-mm dishes).

DRG-Schwann cell cocultures. Primary myelinating DRG-Schwann
cell cocultures were prepared as in Svenningsen et al. (2003), with only
minor alterations. In brief, DRG were dissected from E16 Wistar rats and
collected in HBSS without calcium and magnesium (Invitrogen). Cells were
mechanically dissociated affer 15 min trypsin (0.25% in HBSS; Invitrogen)
digestion at 37°C. Trypsinization was stopped by adding 10% FBS (Invit-
rogen) in Neurobasal medium (Invitrogen). Cells were centrifuged, washed,
and resuspended in growth medium (Neurobasal; 2% B27), penicillin/
streptomycin (Invitrogen), Glutamax (Invitrogen), and 100 ng/ml 7S NGF
(Invitrogen). Cells were plated at a density of 230 cells/mm? on Permanox
slides (Nalge Nunc International) coated with 0.4 mg/ml Matrigel (BD Bio-
sciences)/ 10 pg/ml poly-L-lysine (Invitrogen). Cells were maintained and
myelinated with 50 pg/ml ascorbic acid (wt/vol; Sigma-Aldrich). Myelinat-
ing cocultures (>2 wk after addition of ascorbic acid) were infected by
adding adenovirus supernatants. Adenovirus was incubated for 4 h with
DRG neurons; the media was then exchanged and cocultures were incu-
bated for 4 d. Immunostaining was performed as described in Immuno-
cytochemistry and antibodies.

Intraventricular and intravitreal injection of adenovirus. All animal
procedures were performed in accordance with the National Institutes of
Health guidelines for the humane treatment of animals. All procedures
were approved by the Institutional Animal Care and Use Committee at the
University of Connecticut Health Center. Intraventricular injection of adeno-
virus info embryonic mice was performed as in Tamamaki et al. (2001).
Pregnant mice (E14) were deeply anesthetized. The abdominal skin was
cleaned, the fur was removed, and the uterine horns were exposed. Once
embryos were exposed, the adenovirus (2 X 10°-10% pfu/ml) was injected
info one side of the lateral ventricle of the mouse embryo brain using a
glass micropipette and monitored by the detection of dye in the ventricles.
All embryos were injected in each pregnant mouse. The uterus was placed
back into the abdominal cavity and the abdomen sutured shut o allow em-
bryonic development to continue. Injected mice were born and allowed to
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develop 1-4 wk before being killed. Brains were fixed, sectioned, and
stained (Schafer et al., 2004).

In the case of intravitreal injections, adult rats were anesthetized
and a small incision was made in the conjunctiva around the eye. The eye
was gently rotated, and a glass micropipette containing the adenovirus
was inserted info the vitreous of the eye. The micropipette was positioned
using micromanipulators. The injection of adenovirus was monitored by the
detection of dye in the eye. Animals were allowed to recover for 3 d, and
then killed. Optic nerves were dissected, fixed, sectioned, and stained

(Schafer et al., 2004).

Immunocytochemistry and antibodies

24 h after transfection, hippocampal cultures and myelinating DRG-
Schwann cell cocultures were fixed with 1 or 4% PFA, respectively (it should
be noted that the 1% PFA resulted in a less well-preserved cytoskeleton la-
beled by MAP2, but this was necessary because antigenicity for some AIS
proteins decreased with stronger fixation). Cells were then permeabilized
and blocked with 0.3% Triton X-100 in 5% nonfat milk before being stained
with antibodies. Brain and optic nerve sections were fixed and immuno-
stained as described in Schafer et al. (2004). Mutant qv¥ mice were iden-
tified by PCR screening as previously described (Yang et al., 2004). The
mouse monoclonal pan-Na* channel (NaCh) and Caspr antibodies have
been previously described (Rasband et al., 1999; Rasband and Trimmer,
2001). Rabbit, mouse, and chicken anti-MAP2 antibodies were purchased
from CHEMICON International, Inc., Sigma-Aldrich, and Encor Biotech-
nology, Inc., respectively. The rabbit polyclonal Nav1.6 and BIV spectrin
antibodies have been previously described (Rasband et al., 2003; Ogawa
et al., 2006). The mouse monoclonal ankG antibodies were purchased
from Invitrogen. Rabbit polyclonal ankG antibodies were provided by V.
Bennett. The Myc and Bll spectrin antibodies were purchased from Sigma-
Aldrich. The anti-glll spectrin antibodies were a gift from M. Stankewich.
Anti—rabbit GFP antibodies and Alexa Fluor 488- and 594—conjugated
secondary antibodies to rat and mouse primary antibodies were purchased
from Invitrogen. AMCA-conjugated anti—chicken secondary antibodies were
purchased from Jackson Immunoresearch Laboratories.

Image acquisition and quantification

Fluorescence images were collected on an Axioskop 2 (Carl Zeiss Micro-
Imaging, Inc.) fluorescence microscope fitted with a camera (ORCA-ER;
Hamamatsu). In some cases, images were taken using an Axiovert 200M
(Carl Zeiss Microlmaging, Inc.) fitted with an apotome for optical section-
ing, and an axiocam digital camera. Images were taken using 63x/1.4
NA Plan-Apochromat, 40%/1.3 NA Plan-Neofluar, or 10x/0.50 NA
Fluar objectives (all Carl Zeiss Microlmaging, Inc.). Acquisition software
packages used included both Axiovision (Carl Zeiss Microlmaging, Inc.)
and Openlab (Improvision). In some cases, stacks of images were acquired
and volume reconstructions were generated using Axiovision software. In
some images, contrast and brightness were subsequently adjusted using
Photoshop (Adobe). No other processing of the images was performed.
Exposure times were controlled so that the pixel intensity in the measured
AIS was below saturation; when averages were calculated, all exposure
times were held constant. Fluorescence intensity values were measured
along axons by fracing a line, beginning at the cell body and running
through the AIS and axon. Fluorescence values along this line were mea-
sured using Image] software (National Institutes of Health). MAP2 staining
was used to distinguish dendrites from axons. Only neurons with an axon
isolated from other cell processes were chosen for analysis. For each con-
struct, 3-5 independent transfection experiments were done.

Immunoblotting and coimmunoprecipitation

The expression of Myc-BIV6 spectrin and AnkG-GFP constructs were de-
tected by immunoblot of cell lysates from transfected CHO or COS cells
(identical results were obtained in both CHO and COS cells). The lysates
were incubated on ice for 30 min and centrifuged at 13,000 g for 15 min
at 4°C. The supernatants were denatured in SDS sample buffer, subjected
to PAGE and electrophoretic transfer, and immunoblotted with Myc or GFP
antibody. For coimmunoprecipitation experiments, CHO or COS cells co-
transfected with spectrin constructs and ankyrin constructs were solubilized
in 250 pl lysis buffer (containing 1% Triton X-100 and protease inhibitors).
The soluble materials were incubated overnight with antibody and 25 .l of
protein G or A agarose beads (GE Healthcare). The beads were washed
six times with 1 ml lysis buffer, and then eluted with 50 wl 2 reducing
sample buffer at 100°C for 5 min. The immunoprecipitates were resolved
by SDS-PAGE, transferred to nitrocellulose, and subjected to immunoblot-
ting with Myc or spectrin antibody.
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Online supplemental material

Fig. S1 shows (A) the molecular weights and expression of Myc-BIVZ.é
spectrin truncation mutants expressed in CHO cells, (B-D) cultured hippo-
campal neurons transfected with Myc-qv¥, Myc-SR10-13, and Myc-
SR10-11, and (E) the distribution of Bl spectrin in cultured hippocampal
neurons. Online supplemental material is available at http://www.jcb.org/
cgi/content/full/jcb.200610128/DC1.
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