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Brief Communications

Maturation of Na,, and Ky, Channel Topographies in the
Auditory Nerve Spike Initiator before and after
Developmental Onset of Hearing Function

Kyunghee X. Kim and “Mark A. Rutherford
Department of Otolaryngology, Washington University School of Medicine, St. Louis, Missouri 63110

Auditory nerve excitation and thus hearing depend on spike-generating ion channels and their placement along the axons of auditory
nerve fibers (ANFs). The developmental expression patterns and native axonal locations of voltage-gated ion channels in ANFs are
unknown. Therefore, we examined the development of heminodes and nodes of Ranvier in the peripheral axons of type I ANFs in the rat
cochlea with immunohistochemistry and confocal microscopy. Nodal structures presumably supporting presensory spiking formed
between postnatal days 5 (P5) and P7, including Ankyrin-G, Nay1.6, and Caspr. These immature nodal structures lacked low-voltage-
activated Ky 1.1 which was not enriched at juxtaparanodes until approximately P13, concurrent with the developmental onset of acoustic
hearing function. Anatomical alignment of ANF spike-initiating heminodes relative to excitatory input from inner hair cell (IHC) ribbon
synapses continued until approximately P30. High-voltage-activated Ky,3.1b and K 2.2 were expressed in mutually exclusive domains:
Ky3.1b was strictly localized to nodes and heminodes, whereas Ky2.2 expression began at the juxtaparanodes and continued centrally
along the first internode. At spike-initiating heminodes in the distal osseous spiral lamina, Nay 1.1 partly overlapped Na,1.6 and
ankyrin-G. ANFs displayed Ky 7.2 and Ky 7.3 at heminodes, nodes, internodes, and the unmyelinated synaptic terminal segments beneath
IHCs in the organ of Corti. In response to sound, spikes are initiated at the heminode, which is tightly coupled to the IHC ribbon synapse
~20-40 wm away. These results show that maturation of nodal alignment and ion channel content may underlie postnatal improve-
ments of ANF excitability and discharge synchrony.
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~

Acoustic and electrical hearing depends on rapid, reliable, and precise spike generation in auditory nerve fibers. A limitation of
current models and therapies is a lack of information on the identities and topographies of underlying ion channels. We report the
developmental profile of the auditory nerve spike generator with afocus on Nay 1.1, Na, 1.6, K 1.1, K 2.2, K 3.1b,K7.2,and K, 7.3
inrelation to the scaffold ankyrin-G. Molecular anatomy of the spike generator matures in the weeks after developmental onset of
hearing function. Subcellular positioning of voltage-gated ion channels will enable multicompartmental modeling of auditory
nerve responses elicited by afferent chemical neurotransmission from hair cells and modulated by efferent neurotransmitters or
evoked by extracellular field stimulation from a cochlear implant. j

fSigniﬁcance Statement

Introduction lar current pulses from prosthetic electrodes stimulate ANFs very

Auditory nerve fibers (ANFs) respond to sound by firing patterns differently, the ensuing action potential relies on voltage-gated

of spikes, triggered by sensory inner hair cells (IHCs) at afferent ~ ion channels and their topographies. . .

ribbon synapses. Although synaptic transmission and extracellu- Channels have been identified in ANFs (Oak and Yi, 2014; Davis
and Crozier, 2015), but their native topographies remain largely un-
known. Each ANF in cats and mice has a postsynaptic heminode
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an THC (Liberman, 1980; Hossain et al., 2005). Computational
modeling of patch-clamp recordings from rat ANFs suggested that
spikes are initiated at this heminode (Rutherford et al., 2012); how-
ever, the molecular—anatomical details of the ANF spike initiator are
unclear. Here, we analyzed the development of voltage-gated Na*
(Nay) and K™ (Ky,) channel protein expression.

Spike initiation generally occurs where channels associate in
structures called axon initial segments (AISs) positioned between
dendrite and axon before the myelin begins, where firing behav-
ior can be controlled (Bender and Trussell, 2012). The scaffold
protein ankyrin-G localizes to AISs and nodes of Ranvier, where
it coordinates assembly of the spectrin cytoskeleton, Nay,, and cell
adhesion molecules (Kordeli et al., 1995). Common vertebrate
ankyrin-G-binding motifs target Na, 1.6, K\7.2, and K,7.3 to
AlSs (Pan et al., 2006). Therefore, we focused on ankyrin-G-
associated channels at the heminode adjacent to the habenula
perforata (HP) in the distal osseous spiral lamina (OSL) of the
cochlea, where EPSPs from the organ of Corti impinge on the
initial axonal segments of the auditory nerve.

An increase in hearing sensitivity follows the postnatal onset of
auditory function in rats. ANF activity can first be evoked through
bone conduction at postnatal day 7 (P7) to P8 or through air con-
duction at P11-P13; ANF excitability and discharge synchrony then
increase until peaking at approximately P30 (Uziel et al., 1981; Geal-
Dor et al., 1993). Maturation beyond hearing onset may involve
middle and inner ear mechanics, more potent transmission between
IHCs and ANFs, more efficient and precise spike generation in
ANFs, and refinement of efferent innervation. During maturation of
ANF sound-response physiology in the first postnatal month, we
find increasing ion channel colocalization on heminodes and tighter
spatial alignment of heminodes relative to ribbon synapses. These
changes may increase ANF excitability and reduce temporal jitter,
thereby lowering auditory nerve response threshold and increasing
discharge synchrony.

Materials and Methods

Immunohistochemistry. Wistar rats of either sex were used as approved by
the Animal Studies Committee of Washington University. Whole-
mounts and cryosections were prepared as described previously (Jing et
al,, 2013; Kim et al.,, 2014). Primary antibodies: Na,,1.1 (mouse; Neuro-
Mab), Nay 1.6 (goat; Santa Cruz Biotechnology), Pan-Na, 1 (mouse;
NeuroMab), Ky 1.1 (rabbit; Santa Cruz Biotechnology), Ky,2.2 (rabbit;
Alomone Laboratories), K,3.1b (rabbit; Alomone Laboratories), K,,7.2
(goat; Santa Cruz Biotechnology), K,,7.3 (rabbit; Santa Cruz Biotechnol-
ogy), Caspr (mouse; NeuroMab), ankyrin-G (mouse, NeuroMab; goat
or rabbit, Santa Cruz Biotechnology), Na */K *-ATPase o3 (mouse, Life
Technologies; goat, Santa Cruz Biotechnology), Calretinin (mouse;
Santa Cruz Biotechnology), and MyosinVIla (rabbit; Proteus Biosci-
ences) were used with Alexa Fluor 488-, 555-, and 647-conjugated sec-
ondary antibodies.

Confocal microscopy and image analysis. Volumes were sampled
with z-step of 0.38 um and pixel size of 100 nm on a Zeiss LSM700.
Maximum-intensity projections were made with Image]. Fluorescence in-
tensity profiles and particle positions were analyzed with IGOR Pro
(Wavemetrics). Colocalization was measured with Volocity (PerkinElmer)
using Manders’ colocalization coefficients (M; and M,) with automatic
thresholding (Costes et al., 2004; Dunn et al., 2011). M, is the ratio of the
summed intensities of pixels where both protein-1 and protein-2 are located
relative to the summed intensities of all pixels with protein-1. Average M
values of 0.99 were measured at heminodes when a primary antibody was
simultaneously reacted with two secondary antibodies emitting on different
wavelengths.

Results

Wesstudied postnatal development in cochlear primary afferent neu-
rons, also called type I spiral ganglion neurons, herein referred to as
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ANTFs. We first recognized ankyrin-G immunoreactivity as filamen-
tous structures in the OSL at P5. By P6 in the basal cochlea and P7 in
the apical cochlea (Fig. 1A, B), we observed alignment of these fila-
mentous structures near the small holes in the bony shelf of the OSL,
the HP. The region central to the HP, in the distal-most OSL, is the
region on each mature ANF where the heminode lies and the myelin
sheath begins (schematized in Fig. 2H). As development proceeded
through the second and third postnatal weeks, ankyrin-G became
restricted to a domain immediately adjacent to the HP (Fig. 1C,D).
Peripheral to the HP, the terminal of each ANF receives synaptic
input in the neuropil under IHCs called the inner spiral plexus (ISP),
where we did not detect ankyrin-G immunoreactivity on ANFs.

Ankyrin-G colocalization with Na,, during myelination of
auditory neurons

To examine the formation of heminodes and nodes of Ranvier in
the distal OSL, we applied antibodies for the intracellular scaffold
protein ankyrin-G, the voltage-gated sodium channel o subunit
Na, 1.6, and the contactin-associated protein Caspr. Marking
paranodes, the edges of contact between Schwann cell myelin and
ANF axons, Caspr was apparent by P8 in the apical cochlea (Fig.
1A) and by P6 in the base (Fig. 1B), consistent with the onset of
myelination (Romand and Romand, 1985).

We detected Na, 1.6 adjacent to Caspr by P9, ~2 d after the
appearance of ankyrin-G in the OSL of the apical cochlea. The basal
cochlea developed similarly, preceding the apex by ~2 d. The ap-
pearance of these immature nodes (arrowheads in Fig. 1 A, B) coin-
cided with the developmental emergence of ANF electrical activity in
response to bone-conducted vibrations (Geal-Dor et al., 1993),
which bypass outer and middle ear immaturities. In the following
days and weeks, ankyrin-G, Na, 1.6, Pan-Na,/1 (recognizing all «
subunits), and K/3.1b became restricted to a region within a few
micrometers central to the HP (Fig. I|C-E).

Approximately 4 d after the onset of acoustic hearing,
ankyrin-G appeared nearer to the HP than Na, 1.6 and still cov-
ered a larger area than did Nay1.6 at heminodes (Fig. 1E, top,
P17). Nay1.6 and ankyrin-G overlapped more completely at
nodes (Fig. 1E, middle and bottom). To compare heminodes and
nodes in the distal OSL, we performed colocalization analysis
throughout postnatal development. The colocalization statistics
M, and M,, ranging from 0 to 1, quantify the degree of spatial
overlap between two signals. M, is the ratio of the summed in-
tensities of pixels where both protein-1 and protein-2 are located
relative to the summed intensities of all pixels with protein-2. At
heminodes near the HP, the M, values all increased from P11 to
P30 (Fig. 1F, bottom left). In contrast, M, values for nodes were
already maximal by P11 (Fig. 1F, bottom right). This is consistent
with a distinct requirement for ankyrin-G in clustering of Na,, at
spike-initiating heminodes compared with spike-propagating
nodes, as demonstrated in rat dorsal root ganglion neurons
(Dzhashiashvili et al., 2007).

At heminodes, M, of Na, 1.6 with ankyrin-G ((Nayl.6 N
Ank-G)/Ank-G) was always smaller than M, of Pan-Nay 1 with
ankyrin-G (Fig. 1F, bottom left), suggesting the presence of an-
other Nay 1 subunitin the ankyrin-G domain. Na,,1.1 and Nay 1.7
were reported in cochlear spiral ganglion (Fryatt et al., 2009) and
Nay 1.2 in cochlear efferents (Hossain et al., 2005). Na, 1.6 was
located on ANF heminodes and nodes. However, we found
Nay 1.1 immunoreactivity at heminodes only (Fig. 1G, P20), po-
tentially accounting for the incomplete overlap of Na, 1.6 with
ankyrin-G at heminodes compared with nodes.
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lon channel localization with ankyrin-G. A, B, Ankyrin-G aligned at the HP in the apical cochlea by P7 and in the basal turn by P6 as nodes developed (arrowheads). C, Pan-Na, 1 colocalized with

ankyrin-Gand Na, 1.6 nearthe HP. D, K, 3.1b colocalized with ankyrin-Gand Na, 1.6. E, View of HP and distal OSL with enlargements in grayscale for heminodes at the HP (top row) and nodes in the OSL (bottom
rows). F, M, and M, (topand bottom, respectively, see Materials and Methods) versus postnatal day for heminodes (left) and nodes (right) illustrate the development of colocalization. ROls (n = 20 210 per data
point) were determined by outlining regions near the HP (~70 um?) or OSL (~4 um 2). SEM ranged from 0.00 to 0.03 (data not shown). Spatial overlap with ankyrin-G increased over development for
Pan-Nay 1, Nay1.6,and K,3.1b; M, pg > M, py;,p < 10 ~* Student'stwo-tailed ttest. G, At heminodes, Na, 1.1 partially overlapped Nay 1.6 and ankyrin-G. H, K, 2.2 expression extended from juxtaparanodes

centrally. I-K, K,7.2 and K, 7.3 expression in the OSL, at the HP, and in the ISP under IHCs. J, Calretinin-labeled IHCs. K, Na */K " -ATPase-labeled ANF membranes. Scale bars, 10 um.

Distinct membrane topographies of Ky, channels in ANFs

Like Nay 1 with ankyrin-G, we also found a developmental increase
in colocalization of the delayed rectifier Ky 3.1b with ankyrin-G. In-
deed, the largest change in M, was the increase in colocalization of
Ky3.1b with ankyrin-G between P13 and P17, immediately after
hearing onset (Fig. 1F, bottom left). In stark contrast to the confine-
ment of K,,3.1b to heminodes (Fig. 1 D) and nodes (data not shown),

the slower delayed rectifier K,,2.2 was present throughout fibers in
the OSL but was excluded from heminodes and paranodes specifi-
cally where Na,, and Caspr resided, respectively (Fig. 1H).

We next probed for K7 in ANFs (Jin et al., 2009), known in
other cell types for influencing excitability and binding directly to
ankyrin-G (Schwarz et al., 2006; Rasmussen et al., 2007). K7.2 and
K,7.3 were detected throughout ANF axons in the OSL (Fig. 11, P24)
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Figure2. Developmental alignment of heminodes, Na, 1.6. A—F, ANFs in the distal OSL from P9 —P60. Bottom, Frequency histograms of Na, 1.6 cluster position (in micrometers from HP; n = 3

images each). G, Normalized cumulative probability density functions for the postnatal days indicated (=3 whole-mounts from =2 animals each). Alignment changed most rapidly from P9 to P17.
Comparison of P9 with P11, of P11 with P15, or of P15 with P17 revealed significant differences (Kolmogorov—Smirnov test, p =< 0.02). The fraction of clusters centered within 20 m of the HP
reached a maximum of 92% at P30. H, Schematic of IHC with three ANFs showing placement of ion channels at mature heminodes and nodes.

and they each overlapped with ankyrin-G on fibers near the
HP (data not shown). In addition, and in contrast to the other
Nay and Ky, channels probed here, K,,7.2 and K,/7.3 were de-
tected in the neuropil under IHCs in the ISP, partially over-
lapping the neuronal membrane marker Na*/K "-ATPase
(Fig. 1],K).

Spike generator maturation beyond the onset of

hearing function

To observe the formation of (hemi)nodes, paranodes, and jux-
taparanodes, we probed for Na, 1.6, Caspr, and Ky 1.1, respec-
tively (Mi et al., 1995; Arroyo et al., 1999). Figure 2 measures the
positions of Nay/ 1.6 clusters. At P9, immature nodes of Ranvier
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Figure3. Similarstructure of heminodes and nodesin ANF peripheral axons. 4, Na, 1.6, Caspr, and K, 1.1 from heminodes by the HP to somas in the spiral ganglion (SG; P21, whole-mount). B-D,
Cryosections showing heminodes and nodes by the HP (B, P23), in the OSL (C, P25), and in the SG (D, P23). Line plots show mean (== SEM) fluorescence intensity as a function of distance along the
structure from Na, 1.6 to K, 1.1 (n = 3, 10, and 4 in B-D, respectively). Structures were aligned at the center of Na, 1.6.
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appeared in the OSL as Na,1.6 clusters,
flanked on both sides by Caspr but appar-
ently lacking Ky 1.1 (Fig. 2A). By P15, all
three proteins clustered near the HP in
heminode formation (Fig. 2B-D). The larg-
est developmental changes in heminode
alignment were complete by P17 in the api-
cal cochlear turn, when most Na,,1.6 clus-
ters were centered within 10 wm of the HP.
We detected smaller, slower improvements
of heminode alignment up to P25-P30 (Fig.
2F,G). Between P15 and P30, Ky 1.1 expres-
sion concentrated at juxtaparanodes (Fig.
2D-F) as internodes lengthened beyond 80
wm from the HP (Figs. 3, 4). Results for the
mature ANF are summarized in Figure 2H.

Molecular microdomain structure is
similar within heminodes and nodes
Spikes initiated at the heminodes are prop-
agated at nodes on ANF peripheral axons
(Figs. 3,4) and then across somas and along
central axons to the brain. Line profiles sug-
gested that Nay 1.6, Caspr, and Ky, 1.1 distri-
butions were similar, on average, within
structures in three locations: near the HP, in
the middle of the OSL, and in the spiral gan-
glion. Heminode or half-node length, de-
fined here as center of Nay1.6 cluster to
center of Ky, 1.1 cluster (node to juxtaparan-
ode), with Caspr between them, was ~5 um
on average (Fig. 3B-D).

Discussion

Maturation of the spike generator after
hearing onset

We observed initial formation of nodal

i. apical cochlea
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Pan—NaV1

Heminodes

structures with immunohistochemistry be- 3 o

tween P6 and P9 (Figs. 1, 2). These imma-
ture nodes presumably conduct patterned
presensory spontaneous activity from the
organ of Corti to the brain (Geal-Dor et al.,
1993; Tritsch and Bergles, 2010). Heminode
alignment and channel colocalization with

IHC

ii. middle cochlea

ankyrin-G progressed until approximately
P30 (Figs. 1F, 2). These changes may under-
lie the decreased latency and increased syn-

synapses

1 spike initiation

chrony of ANF discharge in the weeks after
hearing onset (Uziel et al., 1981).

In contrast to nodes, heminodes ex-
hibited a sustained increase in colocaliza-
tion of ankyrin-G with Nayl.6 and
Ky3.1b over postnatal development to
P30 (Fig. 1E,F). Heminode alignment
paralleled maturation of myelination: the
number of myelin lamellae around ANF
peripheral axons increased until P30 (Ro-
mand and Romand, 1985). Together, these results suggest that
ANF heminode alignment depends on lengthening of the inter-
node plus confinement of Nay1 channels to the ankyrin-G
domain.

In mature ANFs, K, 1.1 was present throughout axons and
somas but enriched at juxtaparanodes, K,,2.2 was expressed uni-

Figure 4.

iii. basal cochlea

-

Overview of Nay 1 channels on ANFs in radial sections. A, Mid-modiolar cryosections provide a view orthogonal to the
whole-mount (Fig. 3). ANFs are labeled with Na * /K *-ATPase from synaptic terminals with IHCs on the left (MyosinVlla) to the spiral
ganglion on the right. B, Inmunolabeling for PanNa, 1 in the apical, middle, and basal cochlear turns (P22). Short, thin unmyelinated
segments in the ISP connect synapses with heminodes. Longer, thicker internodes connect heminodes to nodes in the OSL.

formly along internodes, Ky3.1b was located strictly at hemi-
nodes and nodes, and K,7.2 and K,7.3 were detected in
myelinated and unmyelinated segments in the OSL and ISP (Figs.
1,2, 3). Nay 1.6 colocalized with Ky,3.1b at heminodes and nodes,
whereas Nay 1.1 located to heminodes only (Fig. 1). Future work
should determine how the distinct topographies of these ion
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channels complement their unique electrophysiological proper-
ties to shape the auditory nerve’s representation of sound.

Nay 1.1 and Na, 1.6 are expressed with ankyrin-G at the ANF
spike initiator

On the distal-most segment of mature ANFs, we found Nay1
channels restricted to a short cluster positioned immediately cen-
tral to the HP in whole-mounts and cryosections (Figs. 1, 2, 3, 4).
This is consistent with another confocal whole-mount study in
rat (McLean et al., 2009), but different from an epifluorescence
cryosection study in mice concluding that Na,, 1.6 was also pres-
ent on the unmyelinated terminals of ANFs in the organ of Corti
(Hossain et al., 2005).

In addition to Nay 1.6, we found Na, 1.1 overlapping with
ankyrin-G at heminodes (Fig. 1G). Nayl.1 currents may be
inhibited through activation of G-protein-coupled neu-
rotransmitter receptors (Cantrell and Catterall, 2001). Dopa-
mine receptors are expressed on ANF heminodes postsynaptic
to lateral olivocochlear efferents (Maison et al., 2012) posi-
tioned to modulate spike initiation and thus auditory sensitiv-
ity. Future work should determine whether Na,1.6 and
Nay 1.1 are distributed heterogeneously within or among ANF
heminodes, as they are at the AISs of different functional types
of motoneurons (Duflocq et al., 2011).

Heminode length was ~5 pum (Figs. 3, 4). The ANF postsyn-
aptic heminode is significantly shorter in length than presynaptic
or postsynaptic heminodes at the next two stages of auditory
signal processing: at the endbulb of Held synapses between ANFs
and globular bushy cells in the anteroventral cochlear nucleus
(Spirou et al., 2005) and at the calyx of Held synapses between
globular bushy cells and medial nucleus of the trapezoid body
(MNTB) neurons, where Nay 1.6 seems to be the major isoform
(Ledo et al., 2005).

Ky channels of distinct class and topography in ANFs

The placement of K, channels with different voltage-dependent
properties in distinct locations along axons may be a crucial de-
terminant of ANF firing properties. The high-voltage-activated
potassium channels are triggered by depolarization to mediate
repolarization of the membrane potential. We found K,3.1b
confined to heminodes and nodes. Whereas K,,3 channels turn
on and off with the rising and falling phases of the action poten-
tial, the slower K2 channels may hyperpolarize the interspike
potential and thereby expedite recovery of Na,, channels from
inactivation. Such a mechanism was suggested for MNTB neu-
rons, in which K,2.2 channels were enriched on one part of the
AIS (Johnston et al., 2008). The role of K,,2.2 channels awaits
investigation in ANFs, in which they are positioned along inter-
nodes (Fig. 1H).

Low-voltage-activated potassium channels may support pha-
sic response properties by producing spike thresholds that de-
pend on depolarization rate, as they do in some auditory brain
neurons (Svirskis et al., 2002). Ky 1.1 and K,,1.2 are expressed in
ANFs and recordings from dissociated ganglion cells show that
these channels subserve rapid adaptation at stimulus onset (Mo
et al., 2002; Lacas-Gervais et al., 2004; Smith et al., 2015). We
found that Ky /1.1 was enriched at juxtaparanodes beginning after
the onset of hearing (Fig. 2). The absence of K, 1.1 in distal axons
before P10 may be important for allowing presensory spiking in
ANFs, which is crucial for the development of the auditory brain-
stem (Clause et al., 2014) because synaptic excitation from im-
mature IHCs is relatively slow (Grant et al., 2010).
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The voltage-gated M-currents generally have slower kinetics,
are partly activated at the resting potential, and are carried mainly
by Ky7.2 and Ky7.3. In contrast to the other K, channels studied
here, we found K,7.2 and K,,7.3 within the organ of Corti under
IHCs (Fig. 1I-K). The relative abundance of K,,7 subunits ap-
peared to change along ANFs, with Ky,7.2 being greater in the ISP
than the OSL and K,7.3 being greater in the OSL than the ISP.
K7 channels were also found in the calyx terminals of vestibular
primary afferent neurons under utricular hair cells (Lysakowski
etal., 2011). M-channels may be modulated by synaptic activity
to influence neuronal firing properties through G-protein-
coupled receptors (Brown and Passmore, 2009). Therefore, like
the hyperpolarization-activated cyclic nucleotide-gated channels
and K1 channels (Yi et al., 2010; Liu et al., 2014; Negm and
Bruce, 2014), our results show that K,,7 and K,,2 channels may be
crucial determinants of acoustic and electrical signal representa-
tion in ANFs.

Auditory nerve AIS is tightly coupled to synaptic input

ANFs are bipolar, having myelinated axons in two directions
from their ganglionic somas: one distally ~300 um to the organ
of Corti (Figs. 3, 4) and one centrally ~1 mm to the brain. If the
short 20—40 wm unmyelinated postsynaptic terminal segment in
the organ of Corti is the dendrite, then the heminode separates
the dendrite from the distal myelinated axon. If the electrical
length constant of type I ANFs is much longer than 20—40 wm, as
it is for type II ANFs (Weisz et al., 2012), then the type I ANF
postsynaptic terminal and its spike-initiating AIS would be nearly
isopotential. We conclude that the ANF heminode displays mo-
lecular—anatomical specializations of an AIS and suggest that it is
the preferred site of action potential initiation.
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