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Where Is the Spike Generator of the Cochlear Nerve?
Voltage-Gated Sodium Channels in the Mouse Cochlea
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Department of Neuroscience, University of Connecticut Health Center, Farmington, Connecticut 06030

The origin of the action potential in the cochlea has been a long-standing puzzle. Because voltage-dependent Na � (Nav) channels are
essential for action potential generation, we investigated the detailed distribution of Nav1.6 and Nav1.2 in the cochlear ganglion, cochlear
nerve, and organ of Corti, including the type I and type II ganglion cells. In most type I ganglion cells, Nav1.6 was present at the first nodes
flanking the myelinated bipolar cell body and at subsequent nodes of Ranvier. In the other ganglion cells, including type II, Nav1.6
clustered in the initial segments of both of the axons that flank the unmyelinated bipolar ganglion cell bodies. In the organ of Corti, Nav1.6
was localized in the short segments of the afferent axons and their sensory endings beneath each inner hair cell. Surprisingly, the outer
spiral fibers and their sensory endings were well labeled beneath the outer hair cells over their entire trajectory. In contrast, Nav1.2 in the
organ of Corti was localized to the unmyelinated efferent axons and their endings on the inner and outer hair cells. We present a
computational model illustrating the potential role of the Nav channel distribution described here. In the deaf mutant quivering mouse,
the localization of Nav1.6 was disrupted in the sensory epithelium and ganglion. Together, these results suggest that distinct Nav channels
generate and regenerate action potentials at multiple sites along the cochlear ganglion cells and nerve fibers, including the afferent
endings, ganglionic initial segments, and nodes of Ranvier.
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Introduction
Hearing commences when hair cells in the organ of Corti of the
inner ear transduce sound energy into electrical signals that cross
the recepto-neural junctions to depolarize sensory axons in the
cochlear nerve. Action potentials (APs) propagate along axons of
bipolar cochlear ganglion cells, forming point-to-point connec-
tions between hair cells and the cochlear nucleus (see Fig. 1A,B).
There are two types of ganglion cells. Type I is myelinated, inner-
vates one inner hair cell each, and provides rapid discrete coding.
Type II is unmyelinated, and each innervates up to 30 – 60 outer
hair cells (Spoendlin, 1973; Perkins and Morest, 1975; Kiang et
al., 1982; Ginzberg and Morest, 1983; Liberman et al., 1990).
Efferent fibers, arising in the superior olivary nuclei, innervate
either inner or outer hair cells and their sensory endings and may
have feedback functions (Brown, 1987). However, the function of
type II ganglion cells is not very well understood.

The complex innervation of the sensory epithelium by unmy-
elinated axons and differences between ganglion cell types raise
important questions about the sites of AP initiation and regener-
ation. Moreover, interpolation of the ganglion cell body in the
course of each afferent axon poses an obstacle to the rapid prop-

agation of APs necessary for accurate acoustic processing
(Santos-Sacchi, 1993).

In neurons, APs are generated by a variety of voltage-
dependent Na� (Nav) channels. In central neurons, the predom-
inant �-subunits are Nav1.1, Nav1.2, Nav1.3, and Nav1.6 (Gong
et al., 1999; Alessandri-Haber et al., 2002; Schaller and Caldwell,
2003). These channels are both temporally and spatially regu-
lated. For example, Nav1.1 is expressed mainly on neuronal so-
mata, Nav1.2 on unmyelinated axons, and Nav1.6 at axon initial
segments and nodes of Ranvier (Gong et al., 1999; Caldwell et al.,
2000; Boiko et al., 2001). In the peripheral nervous system, addi-
tional Nav channels may include Nav1.7, Nav1.8, and Nav1.9
(Sangameswaran et al., 1997; Toledo-Aral et al., 1997; Dib-Hajj et
al., 2002). These, along with some of the same channels found in
the CNS (e.g., Nav1.6), may be expressed in functionally distinct
neurons with unique patterns of localization. The molecular
mechanisms regulating differential expression, targeting, and lo-
calization of Nav channels are just beginning to be uncovered
(Garrido et al., 2003; Lemaillet et al., 2003).

To understand better the mechanism of AP generation and
propagation in the cochlea, we investigated the differential distri-
bution of Nav channels. We show that Nav1.6 and Nav1.2 occur
in distinct subcellular domains of cochlear neurons, in which
they may function as spike generators. We show that quivering
(qv3J) mutant mice have defective clustering of Nav1.6 channels
in the cochlea, consistent with the deaf phenotype. Finally, a
computational model for the type II ganglion cell confirms that
three distinct axonal regions with high Nav channel densities are
all critical for AP initiation and propagation. Our findings show
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that multiple spike generators at precise locations on the cochlear
ganglion axons are required for hearing.

Materials and Methods
Animals. Data were obtained on 14 F1 hybrids from timed matings of
male CBA/J and female C57BL/6J mice (The Jackson Laboratory, Bar
Harbor, ME). Four C57BL/6J-Spnb4qv-3J/J (quivering) mice were from a
mutant mouse line (The Jackson Laboratory), which was maintained by
heterozygote intercrosses. Identification of homozygous mutants was
performed as described previously (Yang et al., 2004). In this breeding
colony, homozygotes did not respond to a broadband white noise deliv-
ered at nondamaging levels in a sound-proof chamber with either a vis-
ible startle response or a Preyer reflex, both of which were readily appar-
ent in the wild type. All procedures were approved by the Institutional
Animal Care Committee at The University of Connecticut Health Center
and conform to the United States Public Health Service Policy on Hu-
mane Care and Use of Laboratory Animals.

Antibodies. Nav channel antibodies have been described previously
(Rasband et al., 1999a, 2003) and were a kind gift from Dr. James Trim-
mer (University of California, Davis, CA). Mouse monoclonal (Rasband
and Trimmer, 2001) and rabbit polyclonal anti-Caspr antibodies were
made against the same fusion protein as for previously characterized
anti-Caspr polyclonal rabbit antibodies (Peles et al., 1997). In all cases, no
staining above background was detectable in sections incubated with
secondary antibody alone. Anti-neurofilament-M (NF-M) was obtained
from Chemicon (Temecula, CA), anti-myelin basic protein from Sigma
(St. Louis, MO) or Sternberger Monoclonals (Lutherville, MD), and
anti-peripherin from Chemicon.

Immunostaining. Six adult (3– 4 months old) F1 mice were anesthe-
tized by intraperitoneal pentobarbital. To preserve antigenicity for the
antibodies used in this study, fixation with 4% paraformaldehyde in 0.1 M

phosphate buffer was limited to a 45 min period after the cochleas were
perfused through the round window. The tissues were then rinsed with
buffer and decalcified for 5 d (Whitlon et al., 2001). Because antigenicity
of the Pan Nav antibody was significantly compromised by decalcifica-
tion, this step was either omitted or limited to 2 d. The brain and cochlea
were cryoprotected with 10, 20, and 30% sucrose steps and were frozen at
�70°C overnight before sectioning at 15 �m on a Hacker Instruments
(Fairfield, NJ) cryostat. Sections were collected on SuperFrost/plus glass
slides (Fisher Scientific, Houston, TX). Immunostaining was performed
within 2–3 d of sectioning. Sections were blocked with 10% normal goat
serum and 0.3% Triton X-100 in 0.1 M phosphate buffer for 2 h, followed
by overnight incubation with the primary antibody. The next day, after
four 5 min washes, Alexa 488-conjugated secondary antibody (Molecular
Probes, Eugene, OR) was used to detect rabbit polyclonal antibodies.
Alexa 594-conjugated (Molecular Probes) secondary antibodies were
used for visualization of the mouse monoclonal antibodies. After four 5
min rinses, the sections were mounted in Vectashield medium (Vector
Laboratories, Burlingame, CA), coverslipped, and viewed on a fluores-
cent microscope equipped with a cooled CCD camera (Microimager II;
Q-Imaging, Burnaby, Canada). Stacks of images were collected from the
area of interest using a Z-capture program (Northern Eclipse version 6;
Empix, Mississauga, Canada). In some cases, digital images were cap-
tured by using a Zeiss (Thornwood, NY) Axioskop 2 fluorescence micro-
scope, fitted with a Hamamatsu (Bridgewater, NJ) ORCA-ER camera.
Z-stacks of images were collected at 0.2 �m intervals, and the resulting
stacks were deconvolved by interative restoration with the Volocity (Lex-
ington, MA) software package.

Computational model. Neuronal modeling and simulations were per-
formed with NEURON 5.6 by using a fixed time step of 25 �s (12.5 �s in
supplemental Fig. S3, available at www.jneurosci.org as supplemental
material). The morphology of the type II ganglion cell was based on an
illustration of an HRP-labeled cell by Berglund and Ryugo (1987, their
Fig. 2). A high-resolution scan was first converted to Neurolucida format
by using Neuron_Morpho plug-in (Dr. Giampaolo D’Alessandro, Uni-
versity of Southampton, Southampton, UK) for NIH ImageJ, and then
the Neurolucida file was converted to NEURON format by using Neuron
Morphology and Conversion Tool (CVAPP; Dr. Robert Cannon, Uni-
versity of Edinburgh, Edinburgh, UK). In the final form, the model con-

sisted of 54 compartments with an average length of 16.7 � 13.4 �m. The
long and short axes of the cell body were set to 15 and 12 �m, respectively,
based on diameters reported by Romand and Romand (1987). The di-
ameters of the central and peripheral processes at the soma junction
point were set to 1.02 and 0.91 �m, respectively. These, and the diameters
of all other axonal segments (Table 1), were set to comply with measure-
ments performed in adult mice by Berglund and Ryugo (1987) or in the
present material. In the standard condition, the specific intracellular
resistance (Ri), specific membrane resistance (Rm), and specific mem-
brane capacitance (Cm) were uniform and set to 70 �/cm, 50 k�/cm 2,
and 1 �F/cm �2, respectively. Hodgkin–Huxley type sodium ( gNa) and
potassium channels ( gKm and gKv) were modeled as described previously
(Mainen and Sejnowski, 1996), with uniform densities set to 120, 70, and
60 pS/�m 2, respectively, in all compartments, including the cell body.
We chose gna, distributed uniformly at 120 pS/�m 2, to provide the back-
ground level of sodium channel density. In this arrangement, each neu-
ronal compartment, including the cell body, is capable of producing a
sodium AP that overshoots zero by �20 mV during direct current injec-
tion (data not shown) or synaptic conductance change. Because the
model was not required to produce high-frequency output, the potas-
sium channels for shaping firing properties were not considered. To
match the immunostaining patterns, additional sodium channels ( gnach,
gnaf, gnaxn, and gnahh) were inserted (one at a time) on top of the sodium
channel background level in three critical sites (hot spots). The
Hodgkin–Huxley type sodium channels ( gnach, gnaf, gnaxn, and gnahh)
were modeled as described previously by Wang et al. (1998), Traub et al.
(2003), Migliore et al. (2004), and Hodgkin and Huxley (1952), respec-
tively. All channel mechanisms used in the present study were obtained
from the web-accessible Model DB (Hines et al., 2004) and implemented
without modification, except gnaxn, in which parameter sh (threshold)
was set to 0 mV. APs in the recepto-neural segments were initiated by
using the AlphaSynapse built-in function of NEURON with the onset,
time constant (�), synaptic conductance ( gmax), and reversal potential
(e) set to 50 ms, 5 ms, 3 nS, and 0 mV, respectively, unless otherwise
specified. The terms gNa and gNabar are used interchangeably in the text
and have the same meaning, i.e., maximum specific sodium channel
conductance. The present study has focused on the initiation of single
APs. The possible contribution of Nav channels in the initiation and
maintenance of high-frequency responses (Wang et al., 1998) was not
investigated.

Results
In the organ of Corti, the afferent axons of type I and type II
ganglion cells, as well as efferent fibers, are distinguished by their
relative diameters, their positions in the tunnel of Corti, their
branching patterns, and their innervation targets (Fig. 1A,B)
(Berglund and Ryugo, 1987; Romand and Romand, 1987; Brown
and Ledwith, 1990). In the osseous cochlea, likewise, there are a
number of structural features that distinguish these neurons and
their processes, e.g., myelination and relative diameters. Thus,
each class of axon forms an anatomically distinct pathway that

Table 1. Detailed geometry of the model neuron drawn in Figure 6A

Name of the segment Length (�m) Average diameter (�m)

Central axon, axon_C (distal part) 272.5 0.547
Central axon, axon_C (proximal part) 53.8 0.830
ISC 18.3 1.064
Central axon–soma junction 6.4 1.272
Soma 15.5 10.230
Peripheral axon–soma junction 6.5 0.966
ISP 21.2 0.810
Peripheral axon, axon_P (proximal part) 30.2 0.768
Peripheral axon, axon_P (distal part) 134.2 0.481
Recepto-neural segment (proximal part) 100.8 0.528
Recepto-neural segment (distal part) 233.9 0.815

Proximal and distal refer to proximity to the soma.
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can be reliably identified in histological preparations without re-
course to markers and double staining.

To begin the search for candidate spike generators, we sur-
veyed the entire cochlea by immunostaining with an antibody
which recognizes all known neuronal voltage-gated Na� chan-
nels (Pan Nav) (Fig. 2A). High densities of Nav channels were
detected at several locations throughout the pathways of the co-
chlear neurons. For example, in type I ganglion cells, Nav chan-
nels were clustered at the heminodes adjacent to the foramina
nervosa (FN) (Fig. 2B, red) and at all subsequent nodes (Fig.
2C–E, red); these Nav channel clusters were flanked by immuno-

staining for Caspr (Fig. 2C–E, green), a cell
adhesion molecule that is part of the para-
nodal axo-glial junction. The myelinated
cell bodies of type I ganglion cells were sur-
rounded by Caspr immunostaining, but
no Nav channel immunoreactivity was
seen on the soma. In addition to the pat-
terns described above, Pan Nav immuno-
staining was also present in the unmyeli-
nated axons of the cochlea (data not
shown), including the thinnest processes
in the spiral lamina, consistent with type II
ganglion cell afferents. However, Pan Nav
staining intensity was sometimes weaker
than that seen with the other Nav channel
antibodies, because this antibody was very
sensitive to the degree of fixation needed
to preserve the delicate structures of the
cochlea. Therefore, in the remainder of
this study, we used the subtype-specific
anti-Nav1.2 and anti-Nav1.6 antibodies,
whose epitopes are much less sensitive to
fixation, to define spike generators in the
cochlea.

Nav channel clusters in the axons and
endings from type I cochlear
ganglion cells
The bulk of the neural activity coding for
sound is produced by the inner hair cells,
and this is transmitted at high firing rates
by type I ganglion cells. Therefore, we first
examined the spike generator of the type I
ganglion cell in the afferent axons inner-
vating the bases of the inner hair cell bod-
ies (Fig. 1B). The first hypothesis we con-
sidered was that the location would be in
the afferent ending itself or the most pe-
ripheral portion of the axon, i.e., the
recepto-neural segment.

Within the organ of Corti, all axons are
unmyelinated. As seen in horizontal sec-
tions parallel to the organ of Corti, the af-
ferent fibers from the type I ganglion cell
innervate the single row of inner hair cells
(Figs. 1B,C, IHC), whereas the distal, pre-
terminal portions of the axons (the
recepto-neural segments) penetrate the
FN, in which the first heminodes are lo-
cated. Nav1.6 was localized in the endings
(Fig. 1D and inset, arrowhead) and in the
short recepto-neural segments of the thin

radial afferent axons just beneath each inner hair cell (Fig. 1D,
arrow).

At the first heminodes, robust staining for Nav1.6 was de-
tected just within the foramina nervosa of the spiral lamina (Figs.
1D and inset, asterisk; 2F,G, asterisk in boxed region). Hemi-
nodes were identified by using anti-Caspr, an axonal marker of
the paranodal axo-glial junction, in which myelination begins.
Caspr appeared between the Nav1.6 cluster and the beginning of
the myelinated fiber layer of the spiral lamina (Fig. 2G, inset,
arrow). Nav1.6 was present in high densities at nodes of Ranvier
within the cochlear nerve, in regions both central and peripheral

Figure 1. The auditory pathway. A, Low-magnification photomicrograph showing the relationships of the organ of Corti (OC),
spiral lamina (SL), cochlear ganglion (CG), cochlear nerve (CN), and cochlear nucleus (COCH NUC) at the level of the basal coil of the
cochlea. The arrowhead indicates the Schwann cell– oligodendroglial border. SPT, Spinal trigeminal nucleus. B, Scheme of
cochlear innervation. Afferent fibers from myelinated type I ganglion cells innervate individual inner hair cells (IHC) in a single row
in OC. Afferents from unmyelinated type II ganglion cells cross the tunnel of Corti (T) to innervate groups of outer hair cells (OHC),
which are arranged in three rows. Both types of ganglion cells project to the cochlear nucleus. The efferent fibers arise in the
brainstem and project to hair cells or their afferent endings in a complicated pattern, which is simplified for clarity in the diagram.
All fibers enter and leave the OC through the FN. C, Horizontal section showing three rows of OHCs, the phalangeal processes (PP)
covering the tunnel, and one row of IHCs. D, In a plane below the IHCs, Nav1.6 is in the afferent endings (arrowhead) beneath the
unlabeled IHC bases. Also stained are the afferent radial fibers (arrow) leading through the FN to their first heminodes (*), which
are intensely labeled. On the outer side of the tunnel, at the bottom of the field, in a plane beneath the OHCs, the afferent fibers of
the outer spiral bundle are intensely stained as they run longitudinally. Inset, In another plane of focus, there is intense labeling of
afferent IHC endings (arrowhead) and the first heminodes (*). Scale bars: A, 0.2 mm; C, 25 �m; D (for D, inset), 10 �m.
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to the ganglion cell bodies (Fig. 2H, I). A
similar pattern of nodal staining for
Nav1.6 continued in the central nerve root
past the Schwann cell– glial junction (data
not shown). Axons in the spiral lamina
also showed the punctuated distribution
of Nav1.6 at nodes (Fig. 2G, arrowhead).

In contrast to Nav1.6, immunostaining
for Nav1.2 was not detected in the radial
afferents, in their endings, or in their axons
in the spiral lamina, cochlear ganglion, or
cochlear nerve (data not shown). Nav1.2
immunostaining of type I ganglion cell
bodies was not detected. Thus, Nav1.6 ap-
pears to be the predominant channel
found in processes of type I ganglion cells.
Its distribution is consistent with the loca-
tion of spike generation in the recepto-
neural segment and first heminode.

How does the action potential rapidly
and reliably traverse the ganglion
cell body?
The cochlear ganglion cell is a bipolar neu-
ron, which consists of a large perikaryon
with peripheral and central axons. This
configuration presents a challenge to the
rapid, efficient, and reliable propagation
of APs, because the large cell body may act
as a current sink attributable to the dra-
matic decrease in impedance. This would
require a greater ionic current to sustain
membrane depolarization and AP propa-
gation. In the case of the type I ganglion
cell, one feature that could compensate for
this is the partial myelination of the cell
body, including so-called “loose” myelin
and sites of close apposition between the
neuronal membrane and the loose myelin,
first described in the rat by Rosenbluth
(1962) and in the mouse by Romand and
Romand (1987). A more eclectic mecha-
nism, applicable to both type I and type II
ganglion cells, would be the strategic loca-
tion of Nav channels at or near the cell
body to boost the current density.

When the ganglion cells were immuno-
stained for either Pan Nav or Nav1.6, there
was little or no labeling of the neuronal cell
bodies (Figs. 2D,E,I). The peripheral axon
extending from the cell body tapers for a
short distance before reaching the first
node of Ranvier, whereas the correspond-
ing part of the central process maintains
the same diameter. In most cases, we
found Nav1.6 at nodes of Ranvier flanking
the type I ganglion cell bodies (Fig. 2H, I).
However, there were also rare examples of
ganglion cells with Nav1.6 clustered in
high densities on the initial segments of the
ganglionic axons (Fig. 2M,N, arrows). In
these cases, both the peripheral (ISP) and
central (ISC) initial segments were well

Figure 2. Pan Nav, Nav1.6, and Caspr in cochlear ganglion (CG) cells and fibers. A, Double immunostaining with Pan Nav (red)
and Caspr (green) antibodies in a horizontal section showing sites from B–E. Scale bar, 100 �m. B, The first heminodes at the
foramina nervosa stain for Pan Nav; the paranodes stain for Caspr. C, In the spiral lamina, Pan Nav at the nodes of Ranvier and Caspr
at the paranodes are consistently labeled. D, E, In the CG, the nodes of Ranvier are consistently labeled for Pan Nav, including those
(arrows) that flank type I ganglion cell bodies, whereas the loose myelin around the cell bodies (*) and paranodes are stained for
Caspr (arrowheads, bracket). In E, a type I ganglion cell body out of the plane of focus is outlined to show the relationship of the
central (right arrow) and peripheral (left arrow) nodes, which are stained for Pan Nav. Scale bars: B–E, 10 �m. F, Cross section
from the basal turn showing the bony spiral lamina (SL), CG, and central root of the cochlear nerve (arrowhead). Scale bar, 50 �m.
G, Polygonal field indicated in F, showing the tunnel (T), outer hair cells (OHC), and SL, labeled for NF-M and Nav1.6. The first
heminode (box in SL) is heavily labeled for Nav1.6 and less visibly for NF-M, whereas the NF-M-labeled myelinated nerve fibers
runout of the field centrally toward the CG. Nodes of Ranvier are positive for Nav1.6 (arrowhead). (Figure legend continues.)
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stained, usually for a distance of 10 –15 �m (Fig. 2N). Because
they do not conform to strict criteria for either type I or type II
ganglion cells (described below), we suggest that these other cells
represent varieties of type I ganglion cells or type III ganglion
cells, as described previously (Romand and Romand, 1987).

In the case of the type I ganglion cell, Caspr was present in a
complex arrangement of tangled, web-like processes that swirled
around the surfaces of the ganglion cell bodies in patterns remi-
niscent of the fine structure of loose myelin, first described in the
rat by Rosenbluth (1962) and in the mouse by Romand and Ro-
mand (1987) (Fig. 2K,L). In contrast, Nav1.2 was not detected at
any of the above sites (data not shown).

Navl.6 channel clusters in type II ganglion cells
Each type II ganglion cell typically innervates many outer hair
cells spread over a relatively long distance, up to half a cochlear
turn (Fig. 1B). Their axons are unmyelinated, including the outer
spiral fibers, which cross the floor of the tunnel and course in the
direction of the basal turn beneath the outer hair cells. Centrally,
their axons are very thin, often �0.5 �m in diameter, and most
likely have low firing rates, which could support a modulatory
role in central auditory processing. We considered the possibility
that Nav subtype expression in the more slowly conducting, un-
myelinated type II ganglion cells might differ from that of the
myelinated type I cells. Furthermore, without loose myelin sur-
rounding the cell bodies of type II ganglion cells, the localization
of Nav channels might be different than in the more abundant
and myelinated type I ganglion cells.

In fact, the outer spiral fibers from the type II ganglion cells
were well stained for Nav1.6 beneath the outer hair cells and
along their spiral course, in which they could be traced through
different focal planes (Figs. 3A�,A�,A	,B) (supplemental Videos
V1, V2, available at www.jneurosci.org as supplemental mate-
rial). There was intense labeling of the endings at the bases of the
outer hair cells (Fig. 3A�, arrows). This staining was continuous
throughout the recepto-neural segments of the axons as they
joined the outer spiral bundle (Fig. 3A	, arrow) and crossed the
tunnel floor (Fig. 3C, arrows). The tunnel-crossing fibers from
the outer spiral bundle were labeled with Nav1.6, but the axonal
diameters (0.5 �m) were much reduced there compared with the
axons beneath the outer hair cells (0.8 –1.0 �m). In contrast,
immunostaining for Nav1.2 was never seen in the type II affer-
ents, neither on the floor of the tunnel nor in the outer spiral
bundle axons or their endings.

Type II ganglion cell bodies are not always distinguishable
from type I on the basis of light microscopic morphology. How-
ever, by using criteria described for the mouse (Berglund and

Ryugo, 1987), we could identify a number of these cells in the
peripheral (lateral) region of the ganglion. Briefly, these cells were
distinguished from type I by an unmyelinated body that was often
eccentric with respect to the central and peripheral processes
(Fig. 1B). Within the cochlear ganglion, Nav1.6 labeling of type II
ganglion cells was restricted to their peripheral and central initial
segments (Fig. 2 J, arrows). These processes were equal in diam-
eter and maintained the same thickness for a distance of 20 �m
from their origins. Usually, the central process decreased greatly
in diameter after a distance of 20 –30 �m. The criteria for this
identification were verified in sections stained with an antibody
to peripherin, which stained the type II cell bodies and the outer
spiral fibers but not type I afferents (data not shown). Antibodies
against neurofilament-M (Figs. 2G, 4A) and Kv1.2 (data not
shown) stained both types of axons throughout the cochlea.

Sodium channel localization in efferent fibers in the organ
of Corti
The efferent innervation of the organ of Corti is supplied by the
olivo-cochlear fibers, which originate in the brainstem (Fig. 1B,
efferents). These are not sensory fibers, but they function as a
feedback pathway. Because their initial segments are in the brain,
we did not expect to find evidence for a spike generator in the
cochlea. The efferent fibers can be distinguished from the affer-
ents at several points in their pathway. The efferents enter the
cochlea via the vestibular nerve and take a tangential course in the
intraganglionic spiral bundle, whereas the afferents course radi-
ally (except in the apical end) into the ganglion and enter the
cochlear nerve. In the organ of Corti, many, if not all, of the
efferents that supply the inner hair cell region, unlike the afferent

4

(Figure legend continued.) Insets (two focal planes), heminodes (*) and nodes of Ranvier (ar-
rowhead) are labeled for Nav1.6 (red). Caspr (green) is labeled at the paranode of the hemi-
nodes and flanking nodes (arrow). Scale bar, 10 �m. H, In a higher-power field (from F ) of the
CG and nerve root, Nav1.6 staining is present in the axons at nodes (arrowhead), bordered at the
paranodes by Caspr. Nonspecific immunoreactivity (red) appears in the bony capsule around CG;
this is commonly seen in cochlear immunohistology. Scale bar, 25 �m. I, Example of a type I GC
from the preceding panel. The cell body (*) and central paranode (arrowhead) are outlined by
immunostained Caspr up to the first node of Ranvier (arrow), which is stained for Nav1.6. J, Both
central and peripheral initial segments of a type II cell are immunostained for Nav1.6 in heavy
clusters (arrows), which increase progressively away from the cell body and stop sharply at a
distal point. K, L, Higher magnification of type I CG cells, surrounded by a Caspr-stained lace-
work, presumably associated with myelin or loose myelin. M, N, Initial axon segments of puta-
tive type III CG cells (arrows). In both the central and peripheral initial segments, Nav1.6 colo-
calizes with neurofilament-M (M ). Scale bars: I–N, 10 �m.

Figure 3. Nav1.6 tracks type II afferent innervation of outer hair cells (OHCs). A�, In a hori-
zontal plane, just below the OHCs, the afferent endings are labeled (arrows) in row 1. Also
stained are preterminal portions of outer spiral fibers. A�, The same location in a deeper plane
shows an immunopositive afferent curving down to enter the outer spiral bundle (arrows). A�,
Still deeper beneath the OHCs are four afferent fibers in the outer spiral bundle (arrow). B, In a
plane below the preceding (section from Fig. 1 D), the afferent outer spiral fibers are labeled
along their entire lengths beneath the three rows of OHCs (1, 2, 3). C, Immunopositive outer
spiral fiber (arrows) descends and crosses the tunnel floor (T). DC, Deiters cells; OP, outer pillar
cell body; IP, inner pillar cell body. Scale bars, 10 �m.
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fibers, course tangentially and synapse on the afferent fibers be-
neath the bases of the hair cell bodies. The efferent axons and
their endings beneath inner hair cells were prominently stained
for neurofilament-M (Fig. 4A, arrowhead, *).

The efferent endings, in contrast to the recepto-neural seg-
ments of ganglion cell axons, were not stained for Nav1.6 but
were labeled for Nav1.2 (Fig. 4B, *). The efferents in their defin-
itive pathway cross the middle of the tunnel, and their endings,
beneath the outer hair cells, contained neurofilament-M (Fig.
4A, arrow) and were clearly labeled for Nav1.2 (Fig. 4B, arrow-
head, arrow) but not for Nav1.6. In the same sections, the type II
afferents, which take a path distinct from the efferents by running
on the floor of the tunnel and in the outer spiral bundle, were well
stained for Nav1.6 but not Nav1.2 (double arrows).

Nav channels in a deaf mutant, the quivering mouse
The structure and molecular composition of nodes of Ranvier
and axon initial segments are thought to be stabilized and main-
tained by ankyrin G in association with �-IV spectrin (Berghs et
al., 2000; Komada and Soriano, 2002; Lacas-Gervais et al., 2004;
Yang et al., 2004). Quivering mice have mutations in �-IV spec-

trin and have aberrant clustering of Nav1.6 channels at nodes in
the optic nerve (Yang et al., 2004) as well as hearing deficits
(Parkinson et al., 2001). Previous experiments by us showed that
overall levels of Nav channels in the brains of a specific allele of
the quivering mouse, the qv3J mutant, were normal and that
Nav1.2 does not replace Nav1.6 at the disrupted nodes of Ranvier
(Yang et al., 2004) (our unpublished results). Therefore, we con-
sidered the possibility that defective clustering of Nav1.6 chan-
nels in the cochlea could contribute to hearing loss in the
mutants.

Although the light microscopic structure of the cochlea was
generally unremarkable, the immunostaining for Nav1.6 re-
vealed major abnormalities. There was little or no staining for
Nav1.6 in the mutant cochlear epithelium, in the radial fibers and
their endings beneath the inner hair cells, or in the outer spiral
fibers and their endings beneath the outer hair cells, although
these fibers were stained for neurofilament-M (compare Fig.
5A,B with 1D). However, there was modest labeling for Nav1.6
of the first heminodes within the spiral lamina (Fig. 5B, FN). In
the spiral lamina and ganglion, many of the nodes were labeled
for Nav1.6, but they were often elongated and disrupted (Fig. 5F)
compared with the wild type (Fig. 5E). Some nodes were un-
stained for Nav1.6, although Caspr was clearly labeled (data not
shown). The abnormal staining for Nav1.6 applies to the myelin-
ated fibers of type I ganglion cells. We did not attempt to follow
the myelinated fibers of the efferents in the intraganglionic spiral
bundle. This result contrasts with the sciatic nerve, in which the
nodes of Ranvier appear to be normal in these mice (Yang et al.,
2004). In the cochlear ganglion, we detected clusters of Nav1.6
some distance from the cell body (Fig. 5C,D, arrowheads), pre-
sumably at the location of the ganglionic heminode, in which
Caspr was also localized (Fig. 5D). We were unable to identify any
initial segments labeled for Nav1.6, although this may reflect the
sparse population of type II ganglion cells. Thus, Nav1.6 was not
found in regions without adjacent myelin (i.e., initial segments
and the recepto-neural segments), suggesting that Nav channels
are no longer stabilized in the qv3J mice and that the serious
disruption in Nav1.6 localization may account for their hearing
deficit.

A model for the generation of APs in the type II ganglion cell
We chose to model the type II ganglion cell in the present study
rather than type I, because the former, given its greater length and
lack of myelination, should present the limiting case for success-
ful AP propagation and thus provide a better opportunity to
discover the potential role of sodium channels in these sensory
neurons. We defined the outer spiral fiber of the type II neuron as
an axon, consistent with the available light microscopic observa-
tions, including length, shape, and branching pattern, as well as
immunostaining for neurofilament-M, peripherin, Kv1.2, and
Nav channels. This definition is also supported by electron mi-
croscopy (Ginzberg and Morest, 1984 and many others). To elu-
cidate the possible functional importance of Nav channels in the
type II ganglion cell peripheral afferent axons, we considered the
potential effects of adding channels to an otherwise weakly excit-
able membrane (see Materials and Methods).

In Figure 6A, we illustrate the morphology of the model neu-
ron and the location we used for the synaptic input (syn.). In the
absence of sodium channels (passive membrane), synaptic po-
tentials of 
40 mV amplitude at the input site caused small (
6
mV) depolarizations of the soma (Fig. 6B, dashed lines and in-
set). This result was obtained with an electrotonically compact
model neuron, characterized by low Ri (70 �/cm) and high Rm

Figure 4. The cochlear efferent innervation uses Nav1.2 but not Nav1.6. A, An efferent fiber
(arrowhead) and its ending (*) are labeled for NF-M beneath an IHC. Other efferent fibers cross
the tunnel (T): one ends beneath an outer hair cell (OHC; arrow), in which it overlies an afferent
ending labeled for Nav1.6 (yellow). Afferent fiber heminodes in the spiral lamina (SL) and
afferent type II fibers beneath OHCs (two arrows) are colabeled with Nav1.6 and NF-M. B, Some
of the inner spiral bundle efferent endings beneath the inner hair cells (IHC; *), the tunnel
crossing efferents (arrowhead), and their endings (arrow) beneath row 1 of the OHCs are la-
beled for Nav1.2. Outer spiral fiber type II afferents (two arrows) are labeled for Nav1.6 beneath
the OHCs and at the heminodes in the SL. Scale bars, 10 �m.
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(50 k�/cm 2). In the neurocomputational literature, a range for
Ri of 150 –250 �/cm has been assumed (Anderson et al., 1999;
Archie and Mel, 2000; Durstewitz et al., 2000; Rhodes and Llinas,
2001; Vetter et al., 2001). As expected from the cable equation,
larger values for Ri and smaller values for Rm produced more
pronounced attenuation of the hair cell synaptic potential (data
not shown). In all subsequent modeling experiments, AP propa-
gation was studied under the condition of low Ri and high Rm.
This was done to impose a maximum constraint on the signifi-
cance of actively generated currents for signal propagation.

The entire neuron, including the cell body, was endowed with
a uniform density of sodium and potassium channels (back-
ground level of excitability), as specified in Materials and Meth-
ods. The densities of the background voltage-gated sodium and
potassium conductances were set in such a way that each neuro-
nal compartment triggered a swift AP, whose amplitude overshot
zero by at least 20 mV (Fig. 6B, solid red line). However, despite
the large amplitude (97.6 mV, measured from baseline) and
rather long duration (half-width of 1.42 ms), the synaptically
evoked AP failed to propagate from the recepto-neural segment
(rec_neu) into the soma (Fig. 6B, solid black line). Because the
densities of active membrane conductances were uniform
throughout the entire neuron, the AP propagation failure was
attributed to the sudden increase in diameter at the axon–soma
junction point.

It has long been known that a geometrical incongruity can
impose a substantial obstacle for propagation of regenerative po-
tentials (Goldstein and Rall, 1974; Parnas et al., 1976). A traveling
AP could perhaps overcome the impedance mismatch between
the axon and the soma if the axon–soma transition were enriched

with sodium conductance (Luscher and
Larkum, 1998). However, introducing a
10-fold higher density of sodium channels
(hot spot) in the recepto-neural segment
(Fig. 6C) or in either of the axon initial
segments (Fig. 6D,E) was not sufficient to
support AP propagation. Only when both
central and peripheral axon initial seg-
ments (ISC and ISP) were rendered active
would the synaptically evoked APs reliably
propagate from the recepto-neural seg-
ment into the soma (Fig. 6F). Adding or
removing sodium channels from the
recepto-neural segment did not have a sig-
nificant effect on the ability of APs to
propagate through the axon–soma junc-
tion, as long as both axon initial segments
were loaded with sodium conductance
(data not shown). This is not to say that
sodium channels in the recepto-neural
segment have no role in the processing of
the outer hair cell inputs.

The present modeling study revealed
two important functions of the recepto-
neural hot spot. First, in the absence of this
hot spot, the level of synaptic input ( gmax)
required to generate a nerve impulse in the
recepto-neural segment was significantly
higher (supplemental Fig. S1, available at
www.jneurosci.org as supplemental mate-
rial). Second, insertion of sodium channels
in the recepto-neural segment dramatically
reduced the AP peak latency, measured as a

time interval between the onset of the synaptic potential and the peak
of the somatic AP (supplemental Fig. S2A,B, available at www.jneu-
rosci.org as supplemental material). The effect on the somatic AP
peak latency was entirely the result of the AP initiation process in the
recepto-neural segment, and it was not attributable to a change in
the AP velocity. In fact, the conduction velocity of the evoked AP was
almost insensitive to the density of sodium channels in the recepto-
neural segment (supplemental Fig. S2C, available at www.
jneurosci.org as supplemental material).

The modeling experiments presented so far establish that, in
some cases, a single AP failed to propagate from the initiation site
in the outer hair cell layer to the ganglion cell body (Fig. 6C–E),
unless both peripheral and central axon initial segments were
adequately endowed with sodium channels (Fig. 6F). We next
examined the range of gNa (sensitive range), in which our model
exhibits this particular feature, i.e., a strong dependence on both
axonal hot spots. Such a range would serve as a measure of the
robustness of the model, the reliability of the results, and the
validity of the conclusions laid out in Figures 6 and 8.

The exploration of the sensitive range was performed with
each one of the four different channel mechanisms ( gnach, gnaf,
gnaxn, and gnahh), previously published by Wang et al. (1998),
Traub et al. (2003), Migliore et al. (2004), and Hodgkin and
Huxley (1952), respectively. The differences between these chan-
nel mechanisms are described in supplemental Figure S3 (avail-
able at www.jneurosci.org as supplemental material). The passive
parameters, background excitability, and synaptic stimulation
were as described for the standard conditions (see Materials and
Methods). In the example shown in Figure 7, A and B, additional
Hodgkin–Huxley sodium channels ( gnabar_hh) were inserted in

Figure 5. Nav1.6 localization is disrupted in quivering mice. A, In the mutant, the afferent and efferent fibers innervating inner
hair cells (IHC) and outer hair cells (OHC) are present and labeled for NF-M. T, Tunnel. B, Nav1.6 occurs at the first heminodes near
the FN but not in the afferent fibers innervating hair cells. C, In a mutant, a type I cochlear ganglion (CG) cell is labeled for NF-M
(arrows). A small cluster of Nav1.6 can be detected on the central axon (arrowhead), presumably at the first flanking node of
Ranvier. D, In a mutant, a type I CG cell (*) initial segment is bordered by Caspr staining at the first flanking node of Ranvier on the
peripheral axon (arrowhead). E, In the spiral lamina (SL) of a wild-type mouse, the peripheral processes are stained for Nav1.6 at
nodes of Ranvier (arrowhead). F, In the corresponding locations from a mutant, Nav1.6 localization is disrupted, so that some
nodes appear to be larger (arrowheads) compared with wild type. Scale bars, 10 �m.
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the recepto-neural segment and in both
initial segments (ISP and ISC) on top of
the sodium channel background level. In
this series of experiments, the recepto-
neural gnabar_hh was fixed at 1200 pS/�m 2,
whereas the gnabar_hh in both initial seg-
ments was varied to determine the mini-
mum density of hh sodium channels that
would permit propagation of single APs.
Membrane potential transients were “re-
corded” from multiple sites along the
recepto-neural segment (rec_neu), pe-
ripheral axon (axon_P), soma, and central
axon.

Using this model, we gradually reduced
the gNa in both initial segments concur-
rently, until the synaptically evoked AP
failed to invade the soma (Fig. 7A, heavy
line, 928). Adding just 1 pS/�m 2 to each
initial segment allowed an AP to invade
the soma (929). The lower boundary of the
sensitive range, therefore, may be defined
as the minimum density of sodium con-
ductance (929 pS/�m 2), distributed
equally in both initial segments, which still
supports the propagation of the spike (Fig.
7A, thin line, C, black bars). Conversely,
the upper limit of the sensitive range is the
minimum value of gNa, which, when ap-
plied to one initial segment alone, would
effectively support AP propagation
through the axon–soma transition (Fig.
7B, dashed line, C, gray bars). At this rela-
tively high density of sodium conduc-
tance, an insertion of new sodium chan-
nels in the opposite initial segment had no
effect on the outcome of the propagation
(data not shown). From this point on, the
model became insensitive to the distribu-
tion of sodium channels between any of
the three hot spots. The absolute values for
the lower and upper boundaries of the sen-
sitive range are listed in Table 2.

Three important results emerged from
these experiments. First, regardless of the channel mechanism
used, the propagation of an AP in all model neurons was very
sensitive to the lack of sodium channels in either central or pe-
ripheral axon initial segment (Fig. 7C). Second, for forward (af-
ferent) propagating APs, the ISP appears to play a slightly greater
role than the ISC. In other words, the ISP requires less sodium
conductance (dark gray bars) than the ISC (light gray bars) to do
the same job. This feature was preserved in all model neurons,
regardless of the sodium channel mechanism (Fig. 7C). Addi-
tional evidence for a slightly more effective role of the ISP came
from measurements of the amplitude of failing APs in the cell
body (Fig. 6C–E, horizontal line �). During the AP propagation
failure, the ensuing peak depolarization of the soma was higher if
sodium channels were inserted in the ISP (Fig. 6E) rather than
the ISC (Fig. 6D). Third, multiple-site recordings from the prox-
imal portion of the peripheral axon (Fig. 6A, axon_P) revealed
that this is the region with the lowest safety margin for AP prop-
agation (Fig. 7D). In this region, a severe attenuation of the trav-
eling AP occurred, even when both initial segments were loaded

with sodium channels (Fig. 7E). However, if an AP failed in the
region of low safety margin in axon_P, it was reinitiated in the
strategically positioned ISP and ISC (Fig. 6A, inset). The charac-
teristic double peak (Fig. 7E, arrow) consists of the failing first
spike (Q) and the reflected second spike (R) and has been de-
scribed in model neurons (Goldstein and Rall, 1974; Parnas et al.,
1976) and, most importantly, in real neurons (Ramon et al., 1975;
Antic et al., 2000).

Discussion
Multiple voltage generators for cochlear ganglion cells
and fibers
We have localized Nav channel subunits Nav1.2 and Nav1.6 to
different sites on cochlear neurons. The results are summarized
in Figure 8. Previous studies have also shown these channels in
distinct domains: Nav1.2 in unmyelinated axons and Nav1.6 at
nodes of Ranvier (Gong et al., 1999; Boiko et al., 2001). However,
Nav1.2 and Nav1.6 can colocalize at initial segments of retinal,
hippocampal, and spinal neurons (Alessandri-Haber et al., 2002;

Figure 6. Modeling AP initiation and propagation in type II ganglion cells. A, The morphological model has six regions: (1)
central axon (axon_C); (2) ISC; (3) soma; (4) ISP; (5) peripheral axon (axon_P); and (6) recepto-neural segment with six endings
on hair cells (syn.). The gray horizontal line marks the boundary between axon_P and the recepto-neural segment, just proximal
to the organ of Corti and the FN. The red dot marks the recording site in the recepto-neural segment (rec_neu.). Inset, Perisomatic
region showing ISC and ISP (red). B, Under standard conditions (see Materials and Methods), a synaptically evoked AP in the
recepto-neural region (solid red line) fails to invade the soma (solid black line). In the next sweep (dashed lines), sodium channels
are removed from the entire neuron, and the same synaptic stimulation is repeated. Inset, The same sweep (dashed lines) shown
on a slower time scale. C, Same as in B, except the entire length of the recepto-neural segment, from FN to the distal tip, is a hot
spot, i.e., loaded with a uniform density of the Hodgkin–Huxley sodium conductance ( gnabar_hh � 1200 pS/�m 2) on top of the
global background sodium channel density ( gnabar_hh � 120 pS/�m 2). The AP fails to invade the soma. C–F, Insets, A red sleeve
indicates the hot spots in the corresponding experiments. D, E, When a second hot spot is inserted in the ISC (D) or ISP (E), an AP
generated in the recepto-neural segment (red trace) fails to invade the soma (black trace). The horizontal line � marks the
amplitude of the peak somatic depolarization. F, With all three of the hot spots loaded ( gnabar_hh � 1200 pS/�m 2), the AP
successfully invades the soma (black trace).
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Boiko et al., 2003; Garrido et al., 2003). The reasons for differen-
tial localization are uncertain, but some data suggest that Nav1.6
underlies resurgent sodium current, which may facilitate repeti-
tive firing (Raman et al., 1997). However, phosphorylation
and/or interacting proteins can modulate Nav channel properties
(Isom et al., 1994; Cantrell and Catterall, 2001). Nav1.2 and
Nav1.6 immunostaining accounted for most of the immunore-
activity seen with a pan-specific Nav channel antibody, except for

the thinnest parts of unmyelinated type II
afferents, which were below threshold for
reliable labeling.

Our results suggest that voltage gener-
ators, composed of clusters of Nav1.6, are
located at central and peripheral axonal
initial segments and nodes of Ranvier
flanking the bipolar ganglion cell bodies
and in their afferents within the receptor
itself (recepto-neural segments) (Fig. 8).
Spiking has been recorded from juxta-
ganglionic axons and may also appear in
radial afferents beneath inner hair cells
(Robertson, 1976; Russell and Palmer,
1986; Siegel and Dallos, 1986; Siegel,
1992). In the myelinated afferents, Nav1.6
at the first heminode could generate
spikes, with subsequent transmission sup-
ported by Nav1.6 at nodes of Ranvier. The
cochlear efferents may use Nav1.2 to sup-
port spiking in the organ of Corti and
some other Nav channel for conduction of
APs in more central parts.

Nav1.6 channels in type I cochlear
ganglion cells
In the somatic sensory nerves, the spike
generator has been assigned to the first
node of Ranvier (Loewenstein and Ishiko,
1960). In contrast, we show here that the
recepto-neural segment of type I ganglion
cells has Nav1.6 at the very ending of the
afferent axon beneath an inner hair cell
and on the inner radial fiber up to and
including the first heminode. Nav1.6 is
also usually present at nodes of Ranvier
flanking the ganglion cell body and in both
peripheral and central axons in which they
may facilitate transganglionic conduction.
If Nav1.6 supports high firing rates, its
multiple locations could promote discrete,
rapid transfer of the output of each hair
cell to the cochlear nucleus, in some cases
by one-to-one connections (Morest, 1997;
Young and Oertel, 2004).

Nav1.6 channels in type II ganglion cells
Outer hair cells function by local mechan-
ical influences on inner hair cell output
(Nicholls et al., 2001; Young and Oertel,
2004). However, little is known about their
physiology and function (Robertson et al.,
1999). A type II ganglion cell typically in-
nervates many hair cells over a long dis-
tance, up to half a cochlear turn. Each

group of hair cells innervated is displaced from the site at which
their afferent fibers leave the organ of Corti by hundreds of mi-
crometers compared with type I afferents at the same level (Fig.
8). Type II afferents in the outer spiral bundle are unmyelinated.
Consequently, outer hair cell outputs could undergo delay and
even decay compared with their type I counterparts.

Nav1.6 channels may support spike generation by type II af-
ferent fiber endings beneath outer hair cells and along the outer

Figure 7. Parameter range (sensitive range) for AP propagation. A, The “recording” from the recepto-neural segment
(rec_neu is red dot in Fig. 6 A, 407 �m from soma) is superimposed on the somatic recordings (soma). In the first sweep (heavy
line), when gnabar_hh in each initial segment (ISP and ISC) is set to 928 pS/�m 2, an AP fails to invade the soma. In the second
sweep (thin line), adding 1 pS/�m 2 to each initial segment allows an AP to invade the soma, making 929 pS/�m 2 the lower limit
of the sensitive range. B, At higher densities ( gnabar_hh � 1200 pS/�m 2) distributed equally in both initial segments, AP
amplitude and peak latency of the somatic spike improve (solid lines). A sign of the failing axonal AP appears as a hump on the
rising phase of the spike. The second sweep (dashed line) is an example in which channels are inserted in ISC alone at the minimal
density ( gnabar_hh � 1853 pS/�m 2) that permits invasion of the soma (upper limit of sensitive range). C, Simulations with four
different channel mechanisms (nach, naf, naxn, and nahh) show similar sensitive ranges. Bars mark the normalized permissive
channel density in the ISP (dark gray) or ISC (light gray) alone. Gray values are normalized with respect to Na � conductance,
distributed equally between both initial segments (black bars). Absolute densities (in picosiemens per square micrometer) are in
Table 2. D, With gnabar_hh at 929 pS/�m 2 in both initial segments (ISP, ISC), an AP barely invades the central axon. Multisite
recordings reveal the transients in different neuronal compartments. Black triangles mark the recording sites on a schematic of a
type II ganglion cell. Numbers are micrometers from cell body. Q marks the peak of the failing AP (hump potential). R marks the
peak of the reinitiated (reflected) AP. E, Same as D, with gnabar_hh at 1200 pS/�m 2. Despite high channel density, a hump
potential (arrow) persists in the region of low safety margin for AP propagation in the proximal part of the peripheral axon.
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spiral fibers. The highly excitable recepto-neural segment could
respond to small synaptic inputs from hair cells and effectively
transmit the resulting APs out of the organ of Corti. The presence
of Nav channels in the initial segments flanking the type II cell
body suggests that these neurons can reliably transmit APs into
the cochlear nucleus (Hurd et al., 1999; Benson and Brown,
2004). The speed and rate with which APs arrive in the cochlear
nucleus would be slower than for type I ganglion cells, because
the rest of the type II pathway consists of very thin, unmyelinated
fibers.

Problem of the bipolar ganglion cell body
Cochlear ganglion cell bodies are situated in the middle of the
axon. The resulting cable properties suggest that conduction ve-
locity might decrease to the point of complete failure attributable
to an impedance mismatch (Robertson, 1976; Mo et al., 2002),
although this may be partially alleviated in type I ganglion cells by
the loose myelin wrapping their somata (Rosenbluth, 1962; Ro-
mand and Romand, 1987). Ion channels in the perikaryal mem-
brane may help compensate (Santos-Sacchi, 1993; Adamson et
al., 2002; Szabo et al., 2002). However, we rarely saw clusters of
Nav1.6 in the perikaryal membranes of either type I or type II
ganglion cells. According to our computational model for type II
ganglion cells, Nav1.6 channels clustered at the ganglionic initial
segments should be able to generate sufficient Na� currents to
compensate for the axon–soma impedance mismatch (Fig. 6F).

A striking feature of the type I ganglion cell is the fine, lacy
network of axo-glial junctions around the ganglion cell body.
Previous studies have shown that Caspr-containing sites of axo-
glial contact are important for ion channel localization and ex-
pression in retinal ganglion cell axons (Rasband et al., 1999a,b;
Rios et al., 2003). Thus, we speculate that these lacy axo-glial
networks may participate in regulating the kinds of Nav channels
expressed in type I ganglion cells.

Efferent fibers in the cochlea
Nav1.2, but not Nav1.6, was detected in the unmyelinated por-
tion of efferent axons in the sensory epithelium and their endings
beneath inner and outer hair cells. This finding is consistent with
reports of Nav1.2 expression in unmyelinated axons (Westen-
broek et al., 1989). Nav1.2 channels may sustain slower firing
rates than Nav1.6 (O’Leary, 1998; Herzog et al., 2003). The func-
tional significance of the cochlear efferents is uncertain. The un-
myelinated efferent pathway is part of a negative feedback circuit
to the inner hair cells, which modulates the cochlear afferent
response to acoustic amplitude changes over time (Liberman and
Brown, 1986; Maison et al., 2003). The faster efferent pathway
(crossed olivo-cochlear bundle) may shorten outer hair cells
when acoustic intensity changes and would presumably require
faster conduction (Brownell et al., 1985). These fibers are myelin-
ated until entering the epithelium, but their content of Nav1.2 in
the organ of Corti may refine their firing rates.

Table 2. Minimal (permissive) gNabar required for AP invasion of the cell body based
on four different sodium channel mechanisms in three distributions

Channel mechanism Channel distributions

Suffix Source ISP alone ISC alone ISP � ISC

nach Wang et al. (1998) 2057 2442 1227
naf Traub et al. (2003) 2271 2870 1391
naxn Migliore et al. (2004) 507 786 333
nahh Hodgkin and Huxley (1952) 1692 1853 929

Values are expressed in picosiemens per square micrometer.

Figure 8. Voltage-gated sodium channels in cochlear nerve (CN) cells. Type I cochlear gan-
glion cells (CG, I) provide rapid transfer of discrete auditory signals from individual inner hair
cells (IHC) for precise spatiotemporal processing in the cochlear nucleus (COCH NUC) by the
shortest route. To support this divergent processing at a high level of temporal precision, the
afferent fibers from IHCs have Nav1.6 channels available for voltage generators on their termi-
nals and axons in the organ of Corti, at the first heminodes just central to the FN, at subsequent
nodes of Ranvier and nodes flanking the cell bodies (I). Type II ganglion cells (CG, II) provide
slower processing for many outer hair cells (OHC) spread out over a longer distance. To support
this convergent mode of processing in a temporally secure relationship to IHC activity, the
afferent fibers from the OHC have Nav1.6 channels over their entire course in the organ of Corti.
Both initial segments at the CGII cell body express Nav1.6, but it is uncertain what specific
sodium channels occur at low density on the rest of the axon. The efferents use Nav1.2 in the
organ of Corti. Caspr is expressed at the paranodes of type I fibers and in the myelinated layers
around the CGI cell bodies. SL, Spiral lamina; T, tunnel.
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Functional considerations of sodium channel organization in
the cochlea
Our simulations showed that the soma of the type II cell repre-
sents too much of an electrical load to ensure safe AP propagation
from the outer hair cell layer to the brain (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). To
overcome the impedance mismatch, both the peripheral and cen-
tral axon initial segments must provide additional current. The
physiological role of the high density of sodium channels in the
recepto-neural segment beneath outer hair cells (Fig. 8) is to
lower the synaptic threshold (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material) and reduce the
stimulus-to-AP latency (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). The model suggests that
all three regions of high Nav channel density play distinctive and
important roles in auditory processing. This conclusion is further
supported by the observation that the Nav channel clusters in qv3J

mice were defective in these three critical regions in both types of
ganglion cells. �-IV spectrins are thought to play a role in the
localization of Nav channels in the initial segment of axons and
nodes of Ranvier (for a discussion, see Yang et al., 2004). Thus,
the hearing deficit in these animals may reflect impairments in
the initiation and propagation of APs in the cochlea. Together,
our results suggest that precise control of the density and location
of Nav channels in type I and II cochlear ganglion cells is impor-
tant for their function.

In summary, bipolar cochlear ganglion cells contain Nav1.6
channels on the peripheral and central initial segments attached
to their cell bodies, on the recepto-neural segments and endings
beneath inner and outer hair cells, and at nodes and heminodes of
their myelinated cell bodies and axons (Fig. 8). These results
suggest that the two main types of ganglion cells, which innervate
inner and outer hair cells, contain multiple spike generators.
Nav1.6 channels may reduce the threshold and latency of signals
generated in the recepto-neural segment. Furthermore, voltage-
gated sodium channels in the ganglionic initial segments or flank-
ing nodes of Ranvier may compensate for the axon–soma imped-
ance mismatch, which would otherwise compromise spike
conduction. Thus, we propose that cochlear ganglion cells use
strategically placed sodium channels to deliver action potentials
to the cochlear nucleus in response to acoustic stimulation.
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