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ABSTRACT

The afferent encoding of vestibular stimuli depends
on molecular mechanisms that regulate membrane
potential, concentration gradients, and ion and
neurotransmitter clearance at both afferent and
efferent relays. In many cell types, the Na,K-ATPase
(NKA) is essential for establishing hyperpolarized
membrane potentials and mediating both primary
and secondary active transport required for ion and
neurotransmitter clearance. In vestibular sensory
epithelia, a calyx nerve ending envelopes each type I
hair cell, isolating it over most of its surface from
support cells and posing special challenges for ion
and neurotransmitter clearance. We used immunoflu-
orescence and high-resolution confocal microscopy to
examine the cellular and subcellular patterns of
NKAa subunit expression within the sensory epithelia
of semicircular canals as well as an otolith organ (the
utricle). Results were similar for both kinds of
vestibular organ. The neuronal NKAa3 subunit was
detected in all afferent endings—both the calyx
afferent endings on type I hair cells and bouton
afferent endings on type II hair cells—but was not
detected in efferent terminals. In contrast to previous
results in the cochlea, the NKAal subunit was
detected in hair cells (both type I and type II) but
not in supporting cells. The expression of distinct
NKA«a subunits by vestibular hair cells and their
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afferent endings may be needed to support and shape
the high rates of glutamatergic neurotransmission and
spike initiation at the unusual type I-calyx synapse.
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INTRODUCTION

Afferent signaling in the vestibular sensory epithelia
of mammals and other amniotes relies on primary
afferents that are classified by their terminal morphol-
ogy as pure calyx afferents, which ensheath flask-
shaped type I vestibular hair cells, pure bouton
afferents, which contact columnar-shaped type II
vestibular hair cells, and dimorphic afferents, which
form both calyx and bouton terminals on both
vestibular hair cell types (Fernandez et al. 1988;
Fernandez et al. 1990). To relay afferent signals, both
calyx and bouton endings must possess molecular
mechanisms that support glutamatergic synaptic trans-
mission, including mechanisms to establish appropri-
ate concentration gradients, maintain hyperpolarized
membrane potentials, and control the clearance of
glutamate from the synaptic cleft. The unique mor-
phology of vestibular calyces, postsynaptic structures
that almost completely surround the type I hair cells,
poses additional challenges to ensure the clearance of
K" ions and glutamate that would be expected to
accumulate rapidly within the enclosed space between
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the type I hair cell and calyx ending, especially given the
high rates of afferent transmission (reviewed in Eatock
and Songer 2011). The molecular mechanisms that
regulate concentration gradients, membrane potential,
as well as ion and neurotransmitter clearance at both
afferent and efferent contacts undoubtedly have impor-
tant implications for the encoding of vestibular stimuli.
In other excitable and non-excitable cells, the
Na,K-ATPase (NKA) is essential for establishing and
maintaining hyperpolarized membrane potentials and
clearing ions and neurotransmitters both directly by
mediating primary active transport (transport mediat-
ed by transmembrane ATPases) and indirectly by
supporting secondary active transport (transport me-
diated by coupled transporters which depend on the
concentration gradients established by primary active
transport). The NKA is a membrane-bound protein
that uses the energy from adenosine triphosphate
(ATP) hydrolysis to export three Na' ions for every
two K" ions imported. The NKA« subunits contain the
residues necessary for ATP hydrolysis and ion trans-
port. The diversity of « (1-4) and also accessory § (1-
3), and regulatory FXYD (1-7) subunits allows NKA
transport properties, such as Na® and ATP affinities
and voltage-dependent pumping efficiencies, to be
tailored to specific cellular demands (Geering 2008).
Although the contribution of the NKAa subunit to
the establishment of the endolymphatic potential is
well recognized (Wangemann 2002), its contribution
more directly to afferent signaling is less clear but
nevertheless suggested by earlier work reporting the
presence of NKAa subunits specifically within the
nerve endings of the vestibular sensory epithelia (Spicer
et al. 1990; Ichimiya et al. 1994; McGuirt and Schulte
1994; Schulte and Steel 1994; ten Cate et al. 1994). More
recent immunofluorescent examination of the expres-
sion of NKA« subunits in the auditory sensory epithelium
(McLean et al. 2009), which revealed distinct distribu-
tions of the NKAal and a3 subunits, together with the
recent identification of molecular microdomains, or
subcellular regions of restricted protein expression,
within calyx endings (Lysakowski et al. 2011), suggest
that NKAa subunits may be distributed not only in
specific cell types within the vestibular sensory epithlelia
but also within specific regions of the calyx ending.
These previous observations and the unique mor-
phology and physiology of vestibular afferent termi-
nals motivated our examination of the cellular and
subcellular patterns of NKAa subunit expression
within the sensory epithelia of the utricle (the
utricular macula) and the horizontal and anterior
canals (the semicircular canal cristae). Isolation of
both otolithic and canal endorgans allowed compar-
ison of NKAa expression differences in the structures
responsible for encoding linear acceleration com-
pared with rotational movements and also permitted
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both cross-sectional and profile views of the sensory
hair cells and their afferent and efferent terminals.

METHODS

Immunofluorescence

In accordance with animal protocols approved by the
University of North Carolina Wilmington Animal Care
and Use Committee, Sprague Dawley rats (Charles
River Laboratories), aged between 17 and 25 days or
as otherwise indicated in the text, were deeply
anesthetized by isoflurane inhalation and then decap-
itated. The isolated temporal bones were transferred
to ice-cold phosphate-buffered saline (PBS) and the
bony labyrinths removed and placed into fresh PBS.
To examine both otolith and canal endorgans, we
excised the part of the membranous labyrinth hous-
ing the sensory epithelia of the utricle (the utricular
macula) and the horizontal and anterior canals (the
semicircular canal cristae). The membranous laby-
rinth was then opened to allow removal of the
utricular otoliths. Preparations were transferred to
ice-cold 4 % paraformaldehyde in PBS, fixed for
30 min to 3 h depending on the primary antibody
used. In particular, immunofluorescent detection
using the monoclonal antibody against the NKAa3 is
enhanced with longer fixation times (our observation
as well as a personal communication from Dr. Douglas
Fambrough). In contrast, in our experience, most
other antibodies, notably the polyclonal antibody
against the GluA2/3, require shorter fixation times
(1 h or less). Therefore, fixation times often varied in
order to optimize immunofluorescence detection
depending on the primary antibodies used. Following
incubation in the primary antibodies, preparations
were rinsed three times, 10 min each in PBS. For
immunofluorescent staining, preparations were incu-
bated in blocking buffer (PBS with either 5 % normal
goat serum or 1 % bovine serum albumin, 4 % Triton
X-100, and 1 % saponin) for 1 to 2 h, incubated in the
primary antibody diluted 1:50 to 1:300 in blocking
buffer overnight, washed three times, 10 min each in
PBS with 0.2 % Triton X-100 (PBT), incubated in the
appropriate secondary antibody diluted 1:500 in
blocking buffer for 2 h, washed again three times,
10 min each in PBT, washed one time, 10 min each in
PBS, and then mounted in Vectashield (Vector Labs).
The use of blocking buffer containing a relatively high
percentage of Triton X-100 (4 %) is necessary for
immunofluorescent staining of some antibodies, no-
tably those against calretinin (our observation as well
as a personal communication from Dr. Florin
Vranceanu), and therefore, is used routinely in our
protocols. All incubation and rinses were performed
on a rocking table at room temperature.
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The primary antibodies used in this study are
summarized in Table 1 and were chosen because
their specificity has been established (see references
in Table 1) and because they were used previously to
characterize NKAa subunit distribution in the audito-
ry sensory epithelium (McLean et al. 2009). In all
cases, experiments performed in the absence of
primary antibody showed no immunoreactivity. Pat-
terns of immunoreactivity were confirmed in a
minimum of four independent experiments. Second-
ary antibodies were purchased from Molecular Probes
(Life Technologies): Alexa Fluor 488 Donkey Anti-
Mouse IgG (A21202), Alexa Fluor 594 Donkey Anti-
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Goat IgG (A11058), Alexa Fluor 488 Goat Anti-Mouse
IgG (A11029), Alexa Fluor 594 Goat Anti-Rabbit IgG
(A11037), Alexa Fluor 488 Goat Anti-Mouse IgGl
(A21121), Alexa Fluor 568 Goat Anti-Rabbit IgG
(A11011), and Alexa Fluor 647 Goat Anti-Mouse
IgG2A (A21241).

Microscopy

Fluorescence images were acquired using an Olympus
Fluoview FV1000 confocal microscope with either a
20x Olympus UPlanSApo lens (N. A. 0.75) or 60x

TABLE 1
Primary antibodies used in the study
Antibody Immunogen Supplier Host Specificity
Na,K-ATPase  Amino terminus of the canine NKAa3  Pierce antibodies ~ Mouse Western blotting of canine skeletal
a3 (NKAa3) (MA3-915) monoclonal  muscle extract and
(1gG1) immunohistochemical staining of
rat retina
Na,K-ATPase  Peptide mapping to an internal region  Santa Cruz Goat Western blotting of rat brain
03 (NKAa3)  of the human NKAa3 (between Biotechnology polyclonal extracts
amino acids 400 and 450 of protein (sc-16,052)
accession number P13637)
Myosin VI Synthetic peptide corresponding to Sigma (M5187) Rabbit Western blotting of whole extract
(Myo6) the carboxy terminus of the human polyclonal of dog MDCK kidney cells and
Myo6b immunofluorescent staining of rat
NRK kidney cells
Type 11 B- Purified rat brain microtubules Covance (MMS- Mouse Western blotting of rat brain and
tubulin (Tuj) 435P) monoclonal  immunofluorescent staining of rat
(1gG2A) hippocampus
Calretinin Recombinant at calretinin Millipore Rabbit Immunohistochemical staining of
(AB5054) polyclonal rat brain cortex
Ky7.4 Synthetic peptide, corresponding to Kindly donated Rabbit (Beisel et al. 2005)
the carboxy terminus of the human by Dr. Bechara polyclonal
and mouse Ky7.4 protein Kachar (PB180)
Synapsin Synapsin | purified from bovine brain ~ Millipore Rabbit Immunohistochemical staining of
(AB1543P) polyclonal hippocampal neurons
Excitatory Synthetic peptide corresponding to Santa Cruz Goat (See Dalet et al. 2012)
amino acid the human EAAT5 Biotechnology polyclonal
transporter 5 (sc-18,779)
(EAAT5)
Glutamate Synthetic peptide corresponding to Chemicon/ Rabbit Western blotting of rat brain lysate
receptor 2/3  the carboxy terminus of the rat GluR2 ~ Millipore polyclonal
(GluA2/3) (AB1506)
Na,K-ATPase  NKAa purified from rabbit kidney Santa Cruz Mouse Western blot analysis of rat brain
ol (NKAaT) Biotechnology monoclonal  microsomes
(sc-21,712) (1gG1)
Na,K-ATPase  NKAa purified from chicken kidney Developmental Mouse (Arystarkhova and Sweadner 1996)
ol (NKAaT) Studies monoclonal
Hybridoma Bank  (IgG1)
(a6F)
Na,K-ATPase  Synthetic peptide corresponding to Santa Cruz Goat Immunohistochemical staining of
02 (NKA@2) an internal region of the human Biotechnology polyclonal human colon tumor
NKAo.2 (sc-16,049)
Na,K-ATPase  Synthetic peptide corresponding to Generously Rabbit (Pressley 1992)
02 (NKAa2)  the rat NKAco2 provided by Dr. polyclonal

Thomas Pressley
(Anti-HERED)
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Olympus PlanoApo oil immersion lens (N. A. 1.42)
under the control of the Olympus Fluoview FV1000
version 2.1 software. Z-stacks through the preparation
were collected in 0.44 pm steps. The step size (optical
section thickness) was determined to be half the
distance of the theoretical zaxis resolution (the
Nyquist sampling frequency). Images were acquired
in a 1,024x1,024 raster (x=y=0.207 pm/pixel at 60x)
at sub-saturating laser intensities for each channel.
Images were viewed in the Imaris 6.4 three-dimen-
sional (3D) image visualization and analysis software
(Bitplane Inc.) and are presented as either z-projec-
tions through a subset of the collected optical stack or
as a single optical section.

RESULTS
The NKAa3 Subunit Is Expressed in the Vestibular Sensory
Epithelia

We first examined the distribution of the neuronal
NKAa3 subunit in preparations of the utricular
macula and anterior and horizontal cristae excised
from rats aged P17 to P25. To confirm the pattern
and specificity of immunoreactivity, we double-
immunolabeled preparations with a monoclonal anti-
body against NKAa3 (red, Fig. 1) and a goat polyclon-
al antibody (green, Fig. 1) against NKAa3. Projections
through a zstack of optical sections taken at low
magnification and spanning the entire preparation
show that both antibodies abundantly label both the
utricular and canal sensory epithelia (Fig. 1A, B) and
that the immunolabel colocalizes (Fig. 1C). To
examine the cellular pattern of NKAa3 immunoreac-
tivity, we viewed the central region of the horizontal
crista (Fig. 1D-F) and the comparable striolar region
of the utricular macula (Fig. 1G-I) under high
magnification. Preparations of the crista were trans-
verse to the long axis of the organ, exposing the
sensory cells and their neuronal terminals in profile.
High magnification projections through a zstack of
confocal sections spanning a single layer of sensory
cells reveal colocalized NKAa3 immunoreactivity for
the monoclonal (Fig. 1D, F) and polyclonal (Fig. 1E,
F) in neuronal terminals contacting and, in some
cases, surrounding the hair cells, presumptive bouton
and calyx endings. Preparations of the utricular
macula were parallel to the surface of the macula,
providing cross-sectional views of the sensory cells and
their neuronal terminals. High-magnification single
optical sections reveal colocalized NKAa3 immunore-
activity for the monoclonal (Fig. 1G, I) and polyclonal
(Fig. 1H, I) antibodies in the calyx endings. The
colocalization of label for NKAa3 monoclonal and
polyclonal antibodies in cell membranes suggests that
the immunolabel is specific for the NKAa3 subunit.
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Small differences in the staining intensity between the
two antibodies may reflect differences in the epitopes
as well as differences in the optimal fixation condi-
tions for each antibody.

To examine whether sensory hair cell membranes
are immunoreactive for NKAa3, we labeled prepara-
tions with the monoclonal antibody against NKA«a3
(green, Fig. 2) and a polyclonal antibody against the
hair cell marker Myosin VI (Myo6, red, Fig. 2), an
unconventional myosin enriched in auditory and
vestibular hair cells (Hasson et al. 1997). In the
central region of the horizontal crista, projections
through a zstack of confocal sections spanning a
single layer of sensory hair cells reveal NKAa3
immunoreactivity (Fig. 2A) surrounding type I hair
cells identified morphologically by their more con-
stricted necks (Fig. 2B, C). Like the calyx endings
around type I hair cells, NKAa3 immunoreactivity
terminates at the necks of the hair cells (Fig. 2C),
below the apical surface, suggesting NKAa3 immuno-
reactivity is associated with the membrane of the calyx
endings and not the hair cells. In contrast to the type I
hair cells, morphologically identified type II hair cells
are not enveloped by NKAa3 immunoreactivity but
instead are contacted by NKAa3-positive bouton
endings that may be either afferent or efferent
terminals (Fig. 2C). Consistent with NKAa3 expres-
sion in calyx and bouton endings, single optical
sections from the striolar region of the utricle show
NKA«a3 immunoreactivity (Fig. 2D, F) in the calyces
that completely surrounds type I hair cells (Fig. 2D, E)
as well as in bouton endings on type II hair cells
(Fig. 2F, G). Where clearly resolved, the inner (open
arrowhead) and outer (closed arrowhead) calyx
membranes have been labeled (Fig. 2D).

The NKAa3 Subunit Is Expressed in Both Calyx and Bouton
Afferent Endings

To examine expression of the NKAa3 subunit within
the afferent endings on the sensory hair cells, we
triple immunolabeled preparations with the monoclo-
nal (IgGl) antibody against NKAa3 (green, Fig. 3),
the polyclonal antibody against the hair cell marker
Myosin VI (Myo6, red, Fig. 3), and a monoclonal
(IgG2A) antibody against the type III f-tubulin (Tu],
blue, Fig. 3), a p-tubulin isotype expressed within
vestibular afferent calyx and bouton endings (Perry et
al. 2003). In the central region of the horizontal crista,
projections through a zstack of confocal sections
spanning a single layer of sensory hair cells reveal
NKAa3 immunoreactivity (Fig. 3A) in the calyx and
bouton terminals of TuJ-positive fibers (Fig. 3B). Myo6
immunoreactivity clearly shows that the hair cells
extend apically beyond the limit of NKAa3 immuno-
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Mouse anti-NKA o3

Vestibular Epithelia

Crista

Utricle

FIG. 1. NKAo3 is present in the vestibular sensory epithelia. A-C
Projections through a z-stack of confocal sections taken at low
magnification and spanning the entire preparation of the vestibular
sensory epithelia containing the utricle (Ut), anterior crista (AC), and
horizontal crista (HC) double-immunolabeled with a mouse mono-
clonal anti-NKAa3 (green, A) and goat polyclonal anti-NKAa3 (red,
B) show colocalized immunoreactivity (merge, C) in the sensory
epithelia. D-F Projections through a z-stack of confocal sections
taken at high magnification and spanning a narrow region of the
central region of the horizontal crista also double-immunolabeled
with a mouse monoclonal anti-NKAa3 (green, D) and goat poly-
clonal anti-NKAa3 (red, E) show colocalized immunoreactivity in
neuronal terminals approaching and in some cases surrounding the

reactivity (Fig. 3C), consistent with NKAa3 expression
in the afferent terminals but not the hair cells.
Figure 3D-F show higher magnifications of represen-
tative bouton endings (Fig. 3D), simple calyces
(Fig. 3E), and complex calyces (Fig. 3F). In all cases,
NKAa3 immunoreactivity completely envelopes the
TuJ staining of afferent fibers and endings; where
indicated, the inner calyx membrane (open arrow-
head) and outer calyx membrane (closed arrowhead)
are clearly resolved (Fig. 3E, F). This relative localiza-
tion within the calyx terminal is expected for mem-
brane-associated NKAa3 and cytosolic Tuj. Expression
in the vestibular ganglion cells was not examined. The
calyx terminals are unambiguously afferent, but
bouton terminals could in principle be either afferent

Goat anti-NKA o3
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hair cells (merge, F). G-l Single optical sections taken at high
magnification of the striolar region of the utricle reveal NKAa3
immunoreactivity for both the mouse monoclonal anti-NKAa3
(green, G) and goat polyclonal anti-NKAa3 (red, H), colocalized
in simple and complex calyces, viewed in cross-section (merge,
). (Simple and complex calyces surround single and multiple
type | hair cells, respectively. Two complex calyces around three
hair cells each are visible in the left half of this field, with the
remaining circular profiles corresponding to simple calyces.)
Similar colocalization was observed in high magnification views
of the anterior crista (data not shown). Scale bars measure
10 um, unless otherwise indicated.

or efferent, since previous reports did not report
whether vestibular efferent fibers are Tuj-positive
(Perry et al. 2003). As shown later, however, immuno-
reactivity for synapsin suggests that efferent terminals
are TuJ-negative.

We additionally investigated whether there was a
difference between afferent types by double
immunolabeling with an antibody for calretinin; in
the central and striolar zones of vestibular epithelia,
calretinin-positive afferents are pure-calyx afferents,
while calretinin-negative afferents are dimorphic
(Desmadryl and Dechesne 1992; Leonard and
Kevetter 2002; Desai et al. 2005b; Desai et al. 2005a).
We observed NKAa3-immunoreactivity in both
calretinin-positive and calretinin-negative Tu]-positive
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NKAo3

Crista

NKAo03

NKA03/Myob

Utricle

FIG. 2. NKAa3 is localized in afferent endings of both type |
and Il vestibular hair cells. A-C Projections through a z-stack of
confocal sections taken at high magnification and spanning a
narrow region of the central zone of the horizontal crista,
double-immunolabeled with a mouse monoclonal anti-NKAa3
(green, A) and rabbit polyclonal anti-Myo6 (red, B), show NKAo3
immunoreactivity in neuronal endings approaching and in some
cases surrounding the Myo6-positive hair cells (merge, C). D-G
Single optical sections taken at high magnification of the striolar
region of the utricle reveal NKAa3 immunoreactivity in afferent

afferent calyces (data not shown), suggesting that
NKAa3 is present in both pure-calyx afferents and the
larger population of dimorphic afferents.

The NKAa3 Subunit Is Expressed Throughout Each Calyx
Terminal and in All Zones of the Sensory Epithelia

NKAa3 immunoreactivity in calyx endings is clearly
visible in the outer membrane and also appears to be
present in the inner face adjacent to the type I hair
cell. To localize NKAa3 immunoreactivity to particu-
lar molecular microdomains of the calyx (Lysakowski
et al. 2011), we double immunolabeled preparations
with a monoclonal antibody against NKAa3 (green,
Fig. 4) and a polyclonal antibody against Ky7.4 (red,
Fig. 4), a voltage-gated K* channel subunit enriched
within Domain 1 of the calyx inner face. In the central
region of the horizontal crista, projections through a
z-stack of confocal sections spanning a single layer of
sensory hair cells reveal NKAa3 immunoreactivity
(Fig. 4A, C) that colocalizes with Ky7.4 immunoreac-
tivity in Domain 1, the calyx inner face, but also
extends into the Ky7.4-negative calyx domains, includ-
ing Domain 2, the apical domain, and Domain 3, the

Myob6
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NKAw3/Myob

calyces (green, D and F) that completely surround Myo6-positive
type | hair cells (red, E) or in the membranes of neuronal
terminals contacting Myob6-positive type Il hair cells (red, G).
Type | and Il hair cells are labeled 1 and Il (C, E, G). In D, the
inner-face membrane of the calyx (open arrowhead) can be
distinguished from the outer-face calyx membrane (closed
arrowhead). Similar patterns of immunoreactivity were observed
in high magnification views of the anterior crista (data not
shown). Scale bars measure 10 um.

calyx outer face (Fig. 4B, C). Higher magnifications of
the calyces boxed in Figure 4C clearly show NKAa3
immunoreactivity throughout the calyx terminal,
including the Ky7.4-positive Domain 1 (open arrow-
head) as well as the calyx outer membrane (closed
arrowhead, Fig. 4G). Consistent with NKAa3 expres-
sion in both the calyx outer membrane and Ky7.4-
positive Domain 1, single optical sections from the
striolar region of the utricle show NKAa3 immunore-
activity in both the calyx outer membrane (closed
arrowhead) as well as colocalized with the Ky7.4-
positive calyx inner face (open arrowhead, Fig. 4D-F
and H). Given that Ky7.4 is not expressed by type I
hair cells in rat (Hurley et al. 2006) or adult mouse
(Spitzmaul et al. 2013), colocalization of Ky7.4 and
NKAa3 immunoreactivity further indicates that
NKA«3 is expressed in the calyx endings but not in
the type I hair cells. Similarly, the NKAa3 immunore-
activity in the vicinity of type II hair cells is limited to
and continuous with bouton endings on the hair cells,
consistent with the interpretation that NKAa3 is also
absent from type II hair cell membranes. NKAa3
immunoreactivity was intense in the calyx inner and
outer face, in both the crista and utricle, except in
regions enriched with Ky7.4 (as seen in Fig. 4H);
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NKAo3

Crista

Boutons
NKAo3 Merge

Simple Calyx
NKA«o3
E

Crista

FIG. 3. NKAa3 is expressed in both calyx and bouton afferent
endings. A-C High magnification micrographs of the central
region of the horizontal crista triple-immunolabeled with a mouse
monoclonal (IgG1) anti-NKAo3 (green, A), mouse monoclonal
(IgG2A) anti-Tu) (blue, B), and a rabbit polyclonal anti-Myo6 (red,
C). NKAa3 immunoreactivity was associated with Tu-identified
bouton terminals (labeled B) on type Il hair cells as well as simple
(labeled S and complex (labeled () calyx terminals around
Myo6-positive type | hair cells (merge, C). D Higher magnification
views of bouton afferents also show NKAa3 immunoreactivity
(green) in the membranes of Tuj-positive (blue) boutons and
identify the Myo6-positive (red) hair cells as type Il. E-F Higher
magnification views of simple (E) and complex (F) calyx terminals

conceivably, localized enrichment of Ky7.4 results in a
localized reduction in NKAa3 as these membrane
proteins compete for space.

In addition to localizing the NKAa3 subunit within
calyx microdomains, double-immunolabeling with
Ky7.4 antibody also allowed examination of regional
differences in the distribution of NKA«a3 within the
sensory epithelia. Whereas Ky7.4 immunoreactivity is
topographically enriched in the central and striolar
regions of the vestibular sensory epithelia (Rocha-
Sanchez et al. 2007), projections through a z-stack of
optical sections taken at low magnification and
spanning the entire anterior crista (Fig. 5A-C),
horizontal crista (not shown), and utricle (Fig. 5D-F)
reveal NKAa3 immunoreactivity throughout the ves-
tibular sensory epithelia. Zonal differences in the
apparent intensity of immunostaining may reflect
zonal differences in morphology: Less intense NKAa3
immunoreactivity in the utricular striola likely reflects

Merge
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TuJ NKA03/Tul/Myob6

Complex Calyx

NKA«o3 Merge

show NKAa3 immunoreactivity (green) that completely surrounds
TuJ-positive (blue) calyces and identifies the Myo6-positive (red)
hair cells as type I. Where clearly resolved, the inner-face (open
arrowhead) and outer-face (closed arrowhead) calyx membranes
are indicated (D, E). Across samples, NKAa3 immunoreactivity
appeared more intense in complex calyces compared with either
simple or bouton calyces (as appreciated in Fig. 3A). Micrographs
represent projections through the minimal number of optical
sections required to completely visualize the hair cells and their
afferent terminals. Similar patterns of immunoreactivity were
observed in high magnification views of the anterior crista and
utricle (data not shown). Scale bars measure 10 um.

the fact that striolar hair cells are larger and less
densely packed (reviewed in Eatock and Songer
2011). Individual complex calyces in the striola do
show more intense NKAa3 immunoreactivity com-
pared with calyces outside the striola.

The NKAa3 Subunit Colocalizes with Glutamate
Transporters and Receptors on Calyx Afferent Terminals

Because Na' concentration gradients are essential to
the functioning of glutamate receptors and trans-
porters, both key components of glutamatergic trans-
mission, we also examined the relative localization of
the NKAa3 subunit and glutamate receptors (specif-
ically subtypes GluA2/3, Fig. 6A-C), as well as the
glutamate transporter EAAT5 (Fig. 6D-F), recently
localized to the calyx afferent terminal (Dalet et al.
2012). We specifically examined afferent calyces in
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Crista

Utricle

Crista

KCNQ4

NKAo3 NKAwa3/KCNQ4
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NKA03/KCNQ4

Utricle

NKA3 NKAo3/KCNQ4

FIG. 4. NKAa3 is expressed throughout all calyx microdomains.
High magnification micrographs of the central region of the
horizontal crista (A—C) and striolar region of the utricle (D-F) double
immunolabeled with a mouse monoclonal anti-NKAa3 (green, A, D,
and G and H) and rabbit polyclonal anti- Ky,7.4 (red, B, E, G, and H)
to identify the molecular microdomains (Lysakowski et al. 2011)
expressing the NKAa3. These micrographs reveal NKAa3 immuno-
reactivity colocalized with the Ky 7.4-positive deep calyx inner face
termed Domain 1 (C, F). G, H Higher magnification micrographs of
the boxes in C and F. Vertically oriented calyces visible in the
preparation of the crista (G) show that NKAa3 immunoreactivity
additionally extends into Domain 2, the apical part of the calyx, as
well as Domain 3, the basolateral calyx and axon segment. Similar

single optical sections from the striolar region of the
utricle immunolabeled with a monoclonal antibody
against NKAa3 (green, Fig. 6) and either a rabbit
polyclonal antibody against GluA2/3 (red, Fig. 6A-C)
or a goat polyclonal antibody against EAAT5 (red,
Fig. 6D-F). GluA2/3 immunoreactivity was observed
as puncta (Fig. 6B, C) localized to NKAa3-immunore-
active afferent calyces (Fig. 6A, C). EAAT5 immuno-
reactivity (Fig. 6E) showed overlapping distribution
with NKAa3 immunoreactivity (Fig. 6D, F) throughout
the afferent calyces.

patterns of immunoreactivity were observed in high magnification
views of the anterior crista (data not shown). Higher magnification
micrographs of the horizontally oriented calyces visible in the
preparation of the utricle (H) show that NKAa3 immunoreactivity
colocalizes with the Ky 7.4-positive calyx inner face but is addition-
ally expressed in the outer basolateral calyx membrane (H).
Micrographs represent projections through the minimal number of
optical sections required to completely visualize the hair cells and
their afferent terminals (A-C and G) or single optical sections (D-F
and H). Where clearly resolved, the inner-face (open arrowhead) and
outer-face (closed arrowhead) calyx membranes are indicated. Scale
bars measure 10 pum.

A previous study of EAAT5 expression in mouse
vestibular hair cells and calyx endings reported
expression of EAAT5 in type I and type II hair cells
as well as the calyx inner face (Dalet et al. 2012).
Using one of the EAAT5 antibodies used in that study,
we also observed immunoreactivity in the calyx inner
face, but, in contrast to the previous report, labeling
of the calyx outer face was observed, and labeling of
type II hair cells was not observed. To examine
whether differences in age (3 weeks in our study
versus 3-5 weeks in the previous study) were respon-
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NKAo3

Crista

Utricle

FIG. 5. NKAoa3 is distributed uniformly throughout the vestibular
sensory epithelia. Low magnification micrographs of the complete
anterior crista (A—C) and utricle (D-F) double-immunolabeled with a
mouse monoclonal anti-NKAa3 (green, A and D) and rabbit polyclonal
anti-Ky7.4 (red, B and E). NKAa3 immunoreactivity is uniformly
distributed throughout the sensory epithelia in contrast to the more

sible for the differences in expression, we also
examined EAATDS expression in 5-week-old rats (data
not shown). Again, we observed immunolabeling in
the calyx inner face and outer face and not in type II
hair cells. Other differences such as the species (rat
versus mouse) or specimen preparation (whole
mounts versus sections) are possible factors account-
ing for the differences in observed expression.
Nonetheless, both studies localize EAAT5 to the
NKAa3-expressing calyx inner face.

The NKAa3 Subunit Is Not Expressed in Efferent Terminals

To examine expression of NKAa3 within the efferent
terminals contacting the afferent terminals and type 11
hair cells, we triple immunolabeled preparations with
a monoclonal (IgGl) antibody against NKAa3 (green,
Fig. 7), a rabbit polyclonal antibody against synapsin
(red, Fig. 7) to label efferent terminals (Favre et al.
1986; Scarfone et al. 1988), and a monoclonal
(IgG2A) antibody against the type III f-tubulin (Tu],
blue, Fig. 7) to label afferent terminals. Similar to

KCNQ4
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NKAo3/KCNQ4

conspicuous central-zone (C) and striolar (F) enrichment of Ky7.4
immunoreactivity. Similar patterns of immunoreactivity were observed
in low magnification views of the horizontal crista (data not shown).
Micrographs represent projections through the minimal number of
optical sections required to completely visualize the sensory epithelia.

previous reports (Favre et al. 1986; Scarfone et al.
1988), we observed synapsin immunoreactivity
colocalized with Tu] immunoreactivity in the necks
of some calyx endings (data not shown). We also
observed synapsin immunoreactivity at the depth in
the epithelium where efferent terminals contact
afferent terminals and type II hair cells. Relative to
staining in the hair cell neck, the more basal synapsin
immunoreactivity was more intense and more punc-
tate, and did not colocalize with Tu] immunoreactiv-
ity, consistent with Tu] being a selective marker for
afferent terminals. It is likely that the synapsin-
positive, TuJ-negative terminals are efferent. (In the
micrographs of Fig. 7A-C, fluorescence intensity was
optimized to show the intense basal synapsin immu-
noreactivity, such that the less intense staining in the
necks of the calyces was not visible.)

In the central region of the horizontal crista,
projections through a zstack of confocal sections
spanning a single layer of sensory hair cells and their
afferent terminals reveal NKAa3 immunoreactivity
(Fig. 7A, C) completely surrounding the Tu] staining
inside afferent calyces and bouton endings (Fig. 7C),
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Utricle

Utricle

FIG. 6. NKAo3 is colocalized with glutamate receptors and
transporters. High-magnification micrographs of the striolar
region of the utricle double immunolabeled with a mouse
monoclonal anti-NKAa3 (green, A and D) and either rabbit
polyclonal anti-GluA2/3 (red, B) or goat polyclonal anti-EAAT5
(red, E) reveal NKAa3 immunoreactivity colocalized with GluA2/
3-positive puncta (GluA2/3) on the calyx inner face (C) and
EAAT5 immunoreactivity present on both the calyceal inner face

consistent with the expected membrane localization
of transporters and cytosolic localization of interme-
diate filaments. In contrast, there was no NKA«x3
immunoreactivity associated with synapsin-positive
efferent terminals (Fig. 7B, C). Higher magnifications
of the boxed regions in Figure 7C show synapsin-
positive efferent terminals that lack NKAa3 immuno-
reactivity, on an afferent calyx (Fig. 7D; marked with
closed arrowheads) and efferent terminals on afferent
boutons (Fig. 7E; marked with closed arrowheads).
Instead, NKAa3 immunoreactivity was exclusively
associated with TuJ-positive afferent terminals
(Fig. 7D, E; marked with open arrowheads in E).
Similar patterns of immunoreactivity were observed in
preparations of the anterior crista (data not shown).
Examination of efferent terminals in single optical
sections from the striolar region of the utricle show
NKA«a3 immunoreactivity (Fig. 7F, G) completely
enclosing TuJ-positive afferent terminals, including
both simple and complex afferent calyces (Fig. 7F) as
well as bouton afferent terminals (Fig. 7G; marked
with open arrowheads). In contrast, NKAa3 immuno-
reactivity does not enclose synapsin-positive efferent

GluA2/3

EAATS
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NKA03/GluA2/3

and also the outer membrane (F). Similar patterns of immunore-
activity were observed in high magnification views of the
anterior and horizontal cristae (data not shown). Micrographs
represent single optical sections to better examine colocalization.
Where clearly resolved, the inner (open arrowhead) and outer
(closed arrowhead) calyx membranes are indicated (A, D). Scale
bars measure 10 pum.

terminals on either afferent calyces (Fig. 7F; marked
with closed arrowheads) or afferent bouton terminals
(Fig. 7G; marked with closed arrowheads).

The NKAal Subunit Is Also Expressed in the Vestibular
Sensory Epithelia

To determine if other subunits of NKAa are also
expressed in the vestibular sensory epithelia, we
immunolabeled preparations with various antibodies
against NKAal and NKAa2. No immunoreactivity was
detected for either of two antibodies used against
NKAo2 (data not shown). We did not examine the
expression of NKAa4, a subunit found exclusively in
male gonadal tissues (Blanco et al. 2000). Similar
patterns of immunoreactivity in the vestibular sensory
epithelia were seen when immunostaining with either
of two monoclonal (both IgGl) antibodies against
NKAal (data from single immunolabeling experi-
ments not shown). To localize NKAal immunoreac-
tivity to particular structures within the vestibular
sensory epithelia, we double-immunolabeled prepara-
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NKAo3

Crista

Crista

NKAo3

FIG. 7. NKAoa3 is not expressed in the vestibular efferent terminals.
A-C High-magnification micrographs of the central region of the
anterior crista triple-immunolabeled with a mouse monoclonal
(IgG1) anti-NKAa3 (green, A), rabbit polyclonal anti-synapsin (red,
B), and mouse monoclonal (IgG2A) anti-Tu) (blue, C) reveal NKAa3
immunoreactivity that does not surround synapsin-identified efferent
terminals (C). D, E Higher magnification views of the left and right
boxed regions in C, respectively, show NKAa3 immunoreactivity in
Tu)-positive afferent fibers but not synapsin-positive efferent termi-
nals. Similar patterns of immunoreactivity were observed in high
magnification views of the horizontal crista (data not shown). F, G

tions with a monoclonal antibody (IgGl) against
NKAal (green, Fig. 8) and a monoclonal (IgG2A)
antibody against type III f-tubulin (Tu], red, Fig. 8) to
label afferent terminals. Examination of afferent
calyces from single optical sections of either the
horizontal crista (Fig. 8A—C) or the striolar region of
the utricle (Fig. 8D-F) show NKAal immunoreactivity
(Fig. 8A, C and D, F) that is localized predominantly
between TuJ-positive afferent calyces and the type I
hair cells and also with type II hair cells contacted by
TuJ-positive afferent boutons (Fig. 8B, C and E, F).
The observed pattern of NKAal immunoreactivity
suggests that NKAal is localized to the cell mem-

Synapsin

749

NKAo3/Synapsin/TuJ Merge

NKAo03

Higher-magnification micrographs of the calyces viewed in cross-
section in the utricle also show NKAa3 immunoreactivity that
completely surrounds TuJ-positive afferent fibers but not synapsin-
positive efferent terminals (F and G). Micrographs represent projec-
tions through the minimal number of optical sections required to
completely visualize the hair cells and their afferent and efferent
terminals (A-E) or single optical sections (F and G) to better resolve
anatomical relationships. Open arrowheads indicate TuJ-positive
afferent bouton terminals. Closed arrowheads indicate synapsin-
positive efferent terminals. Scale bars measure 10 um.

branes of both type I and type II hair cells. To further
investigate the hair-cell-specific localization of NKAal
immunoreactivity, we examined patterns of NKAal
immunoreactivity in vestibular sensory epithelia from
rats at 3 days of age (P3), an age when the afferent
calyx terminals have not yet completely engulfed the
sensory hair cells (Meza et al. 1996; Ruasch et al. 1998).
Single optical sections of the striolar region of the
utricle (Fig. 8G—]) show NKAal immunoreactivity
(green, Fig. 8G, J) in the membranes of Myob6-positive
hair cells devoid of TuJ-positive afferent endings (red,
Fig. 8H, J). NKAal immunoreactivity is also present,
but more faintly, on Myo6-negative cells (marked with
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NKAol

P17 Crista

P17 Utricle

NKAol

P3 Utricle

FIG. 8. NKAal is expressed in vestibular hair cells. High-
magnification single optical sections of the central region of the
horizontal crista (A-C) and striolar region of the utricle (D-F)
double-immunolabeled with a mouse monoclonal anti-NKAo/1
(green, A and D) and mouse monoclonal (IgG2A) anti-Tu) (blue,
C and F). NKAoT immunoreactivity is localized predominantly
between TuJ-positive afferent calyces and type | hair cells and
also on the membranes of type Il hair cells contacted by Tuj-
positive afferent boutons (C and F). G-J To examine the pattern
of NKAa1 immunoreactivity at a developmental age preceding
the appearance of afferent calyces, we examined high-magnifi-

an asterisk, Fig. 8]), which are likely to be supporting
cells although they may also be immature hair cells
that do not yet express Myob. Similar results were
found in preparations of the crista from P3 rats (data
not shown). We also examined P3 vestibular epithelia
for NKAa3 immunoreactivity and found either no
immunoreactivity or very weak immunoreactivity in
the few nascent TuJ-positive afferent calyces evident at
that age (data not shown).

The NKAa3 Subunit Is Expressed by the Second Postnatal
Week and Stably into Adulthood

To further investigate the developmental expression
of the NKAa3 subunit, we examined immunoreactivity
in the early second postnatal week (P8), when young
calyces have formed around type I hair cells (Meza et

-
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NKAol/Tul

Myob6

cation single optical sections of the striolar region of the utricle
isolated from P3 rats. NKAa1 immunoreactivity (green, G and }J)
was seen around Myob-positive hair cells (blue, I and J) in the
absence of TuJ-positive afferent endings (red, H and J), consistent
with its presence in the hair cell membrane. Fainter NKAa1l
immunoreactivity was also detected around Myob6-negative
support cells (marked with an asterisk, 1 and J). Similar patterns
of immunoreactivity were observed in high-magnification single
optical sections of the anterior and horizontal cristae isolated
from P3 rats (data not shown). Scale bars measure 10 um.

al. 1996), and at 6 weeks (P42), early adulthood. The
pattern of NKAa3 immunoreactivity observed at P8
and at 6 weeks of age (Fig. 9) is similar to that
observed between ages P17 and P25 (see Figs. 3 and
7). Importantly, at both the younger and later ages,
NKAa3 immunoreactivity was present on both the
calyx inner face and outer membranes and also
afferent boutons. At 6 weeks of age, synapsin-positive
efferent terminals targeting the base of the hair cells
were devoid of NKAa3 immunoreactivity (Fig. 9D and
F, closed arrowheads), indicating that the efferent
terminals in mature preparations do not express the
NKAa«3 subunit (Fig. 9). At P8, there were some dimly
labeled synapsin-positive efferent terminals at the base
of the hair cells (Fig. 9B); at this age, efferent terminal
innervation is thought to be immature (Dememes and
Broca 1998). Interestingly, synapsin-immunoreactivity
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NKAo3

P42 Crista P8 Crista

P42 Utricle

FIG. 9. NKAo3 is expressed by the second postnatal week and stably
into adulthood. High-magnification single optical sections of the central
region of the horizontal crista isolated from either P8 rats (A-B) or P42
(6 week) rats (C-D) and striolar region of the utricle isolated from P42
(6 week) rats (E-F) double-immunolabeled with a mouse monoclonal
anti-NKAo3 (green, A—F) and rabbit polyclonal anti-synapsin (red, B, D,
and F). NKAa3 immunoreactivity is present by the start of the second
postnatal week (A) and continues into early adulthood (C and E). NKAa3

was observed in the necks of the afferent calyces
(Fig. 9B, closed arrowheads), as reported by Scarfone
and colleagues (Favre et al. 1986; Scarfone et al.
1988).

DISCUSSION

To determine the contributions of the NKA to
vestibular afferent signaling, we characterized the
cellular and subcellular distribution of the NKA using
immunofluorescence with subunit-specific antibodies
against three NKAa subunits (1-3) and high-resolu-
tion confocal microscopy.
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NKA3/Synapsin

immunoreactivity is not associated with synapsin-positive efferent
terminals (B, D, and F) at either age. Micrographs represent projections
through the minimal number of optical sections required to completely
visualize the hair cells and their afferent and efferent terminals (A-D) or
single optical sections (E and F) to better resolve anatomical relation-
ships. Closed arrowheads indicate synapsin-positive efferent terminals.
Scale bars measure 10 um.

Within both canal and otolithic vestibular
endorgans, we found expression of the NKAa3
subunit in all TuJ-identified afferent calyx and bouton
endings. Within the afferent calyx endings, the
NKAa3 subunit was expressed in all microdomains.
Although we found no evidence that the NKAa3
subunit was missing from any afferent endings, future
examination of NKAa3 expression along with other
markers of afferent terminals could be performed. We
also found no evidence for NKAa3 immunoreactivity
in immunofluorescently identified efferent terminals.
These observations are consistent with previous re-
ports using isoform-specific immunocytochemistry in
mouse (Schulte and Steel 1994), gerbil (McGuirt and
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Schulte 1994), and rat (ten Cate et al. 1994), which
localized NKAa3 immunoreactivity to the vestibular
ganglion and calyx nerve endings surrounding type I
hair cells. Localization to afferent boutons was previ-
ously observed with an isoform-nonspecific antibody
against NKAa (Spicer et al. 1990). Earlier work did not
address expression of NKAa in efferent endings.

We also found expression of the NKAal subunit in
type I and type II hair cells but not the nerve endings.
Previous reports on the distribution of NKAal are not
consistent: Some studies, in agreement with our
findings, have reported the absence of the NKAal
subunit from the ganglion and nerve endings
(McGuirt and Schulte 1994; Schulte and Steel 1994)
while others have reported its presence (ten Cate et
al. 1994). We found no evidence to indicate expres-
sion of the NKA«a2 subunit in the vestibular sensory
epithelia, again consistent with previous reports
(Schulte and Steel 1994) but contradictory to another
study (ten Cate et al. 1994). However, this latter study
may have utilized an antibody against NKAa2 that was
later determined to recognize NKAa3 (Schulte and
Steel 1994). We also observed NKAal immunoreactiv-
ity in presumptive dark cells of the nonsensory region
of the vestibular epithelia (data not shown) as has
been well established (Wangemann 2002).

The patterns of NKAa3 and al immunoreactivity in
the vestibular sensory epithelia suggest localization of
NKAa3 to the afferent endings and localization of
NKAal to the sensory hair cells and perhaps also the
afferent calyces. Together with the established neuro-
nal localization of the NKAa3 subunit in other tissues
(Dobretsov and Stimers 2005), our observations that
NKAa3 immunoreactivity completely envelopes Tu]-
positive afferent terminals and colocalizes with the
Ky7.4-positive calyx inner face convincingly localize
NKA«a3 to afferent terminals. Furthermore, the lack of
NKAa3 immunoreactivity associated with the type II
hair cell bodies and at ages preceding the develop-
mental appearance of calyx endings are consistent
with the absence of NKAa3 from the vestibular hair
cells. This conclusion is in agreement with previous in
situ hybridization experiments that found NKAa3
mRNA only in the neurons of the vestibular ganglion
and not in the vestibular sensory epithelia (Fina and
Ryan 1994). Similarly, NKAal immunoreactivity in the
membranes of mature type II hair cells and of all hair
cells before the developmental appearance of calyx
endings (Fig. 8) indicates that vestibular hair cells
express the NKAal subunit but does not rule out
additional expression in the inner face of the afferent
endings. Previous in situ hybridization experiments
report NKAal mRNA in both the vestibular ganglion
and the vestibular sensory epithelia (Fina and Ryan
1994), suggesting that NKAal is expressed by both the
vestibular hair cells and the vestibular afferent neu-
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rons. Future characterization using immuno-electron
microscopy and electrophysiology will be necessary to
resolve definitively the distribution of the NKAa3 and
al subunits, especially in the closely apposed mem-
branes of the calyx inner face and type I hair cell.

Localization of the NKAa3 subunit to afferent
endings likely shapes vestibular afferent signaling in
a variety of ways. In both bouton and calyx terminals,
NKAa3 no doubt regulates Na* and K™ concentration
gradients and membrane hyperpolarization essential
to action potential generation. Biophysical character-
istics of NKAa3 (Dobretsov and Stimers 2005), includ-
ing its lack of inhibition at hyperpolarized potentials,
relatively low affinity for intracellular Na¥, and rela-
tively high affinity for ATP, make this subunit
particularly suited to sustain the high firing rates
typical of vestibular afferents (reviewed in Eatock and
Songer 2011), which would be expected to cause
prolonged depolarization, increase intracellular Na*,
and deplete intracellular ATP in the terminal. More-
over, in both calyx and bouton afferent endings,
NKAa3 directly shapes synaptic transmission by main-
taining the Na* concentration gradients necessary for
Na'-permeating AMPA-type glutamate receptors
(GluAs) to mediate postsynaptic depolarization. In-
deed, we observed colocalization of GluA2/3-contain-
ing AMPA receptors and NKAa3 in afferent terminals
(Fig. 7). Interestingly, ouabain-induced inhibition of
NKA« leads to GluA-dependent, rapid, and specific
internalization and degradation of surface GluAs in
cultured cortical neurons (Zhang et al. 2009), sug-
gesting a novel, NKAo-mediated mechanism regulat-
ing Na' influx and GluA expression that could also
occur in the inner ear.

The NKAa3 subunit may additionally shape affer-
ent signaling in calyx terminals because of the unique
morphology of these afferent endings. Firstly, the
envelopment of the type I hair cell by the afferent
calyx precludes glutamate uptake by supporting cells
and necessitates mechanisms of glutamate clearance
localized directly to the type I hair cell and/or calyx
terminal. Indeed, recent work provides evidence that
the glutamate transporter EAAT) is expressed in calyx
endings (Dalet et al. 2012). Like other glutamate
transporters, EAATD5 relies at least indirectly on NKAs
to generate the ion gradients necessary for the Na'-
dependent transport of glutamate (Beart and O’Shea
2007). Glutamate uptake is known to decrease when
the inwardly directed Na® concentration gradient
decreases (Zerangue and Kavanaugh 1996). More-
over, in the rat cerebellum, NKAas and glutamate
transporters form “macromolecular complexes” that
are both physically and functionally coupled to
regulate glutamate transport and consequently gluta-
matergic synaptic transmission (Rose et al. 2009;
Sheean et al. 2013). Our observed colocalization of
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NKAa3 and EAAT5 is not unexpected given the
dependence of EAAT5 on Na® concentration gradi-
ents. Considering also the Na+—dependence of GluAs,
our observations suggest direct and previously unap-
preciated role of the NKAa3 subunit in shaping
glutamatergic transmission at the hair cell-calyx affer-
ent synapse. Finally, the presence of NKAa3 in the
calyx inner face would also serve to clear K’ that
accumulates within the synaptic cleft because of the
basolateral efflux of K" from the type I hair cell
following mechanotransduction. K" accumulation
would depolarize both pre- and postsynaptic elements
and so affect excitability (Goldberg 1996), and
depending on the kinetics of transport, NKAa3 would
help to counter this depolarization. However, NKAa3
may not be sufficient to clear K* from the synaptic
cleft: electrophysiological recordings provide experi-
mental evidence for K" accumulation in intact prep-
arations of the mouse crista (Lim et al. 2011; Contini
et al. 2012). As these experiments were done at room
temperature in excised preparations, it remains
possible that clearance is more effective at body
temperature in the intact animal.

We also observed interesting similarities and differ-
ences in NKAa3 and al subunit expression in the
vestibular sensory epithelia compared with our previ-
ous examination of the auditory sensory epithelium
(McLean et al. 2009). Similar to our observations in
the auditory sensory epithelium, we found that
vestibular afferent terminals express the NKAa3
subunit exclusively, and we found co-expression of
NKAoa subunits with glutamate transporters. Also
similar to our observations in the auditory sensory
epithelium, we observed punctate areas of increased
NKAa3 immunoreactivity, suggestive of focal enrich-
ment of the NKAa3, in some (but not all) afferent
terminals. Within efferent endings, however, expres-
sion of NKAa subunits differs between the cochlea
and vestibular organs. We reported NKAa3 expression
by medial olivocochlear efferent endings but detected
neither the NKAa3 nor NKAal in vestibular efferent
endings, suggesting that they rely on alternative
molecular mechanisms for Na* and K" homeostasis.
Future identification of markers to identify efferent
terminals specifically would help to substantiate this
finding. NKA« expression also differs between cochle-
ar and vestibular hair cells in that no NKAa expres-
sion was detected in cochlear hair cells. The
expression of NKAal by vestibular hair cells and type
I hair cells, in particular, may serve to support
additional ion transport mechanisms imposed by the
ensheathing calyx terminal.

Finally, we observed notable negative findings.
Firstly, we found no difference in NKAa3 expression
between the sensory epithelia of the utricle and the
horizontal and anterior canals and no regional
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enrichment of the NKAa3 subunit within the vestibular
sensory epithelia. This homogeneous distribution may
result from the expression of NKAa3 by both calyx and
bouton afferents but also suggests that the NKAa3
subunit might support a function common to all
afferents rather than specifically contributing to region-
ally distributed regular versus irregular afferents or the
encoding of different vestibular stimuli. Secondly, we
observed no to weak NKAa3 immunoreactivity in
nascent calyces in preparations from younger animals,
suggesting a developmental lag in NKAa3 expression in
afferent calyces. Reduced expression of NKAa3 in
immature calyces would be expected to result in greater
K" accumulation and might contribute to observed
nonquantal transmission in type I afferent transmis-
sion in maturing preparations (Songer and Eatock
2013). Thirdly, we did not observe NKAa3 immuno-
reactivity in the support cells in either crista or
macular sections or cells of the nonsensory region of
the vestibular epithelia at either age (data not shown)
also consistent with the expected neuronal localiza-
tion of NKA o3.

In conclusion, our characterization of NKAx sub-
units in the vestibular sensory epithelia indicates that,
in addition to their critical functions in endolymphat-
ic homeostasis (Wangemann 2002), the NKAal and
a3 subunits contribute to Na* and K" homeostasis and
membrane polarization of the vestibular hair cells and
afferent terminals, respectively, and are likely to
directly affect afferent synaptic transmission by pro-
viding the Na" gradient required for glutamatergic
neurotransmission.
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