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Abstract

Voltage- and calcium-activated potassium channels (BK) are important regulators of neuronal
excitability. BK channels seem to be crucial for frequency tuning in nonmammalian vestibular and
auditory hair cells. However, there are a paucity of data concerning BK expression in mammalian
vestibular hair cells. We therefore investigated the localization of BK channels in mammalian
vestibular hair cells, specifically in rat vestibular neuroepithelia. We find that only a subset of hair
cells in the utricle and the crista ampullaris express BK channels. BK-positive hair cells are
located mainly in the medial striolar region of the utricle, where they constitute at most 12% of
hair cells, and in the central zone of the horizontal crista. A majority of BK-positive hair cells are
encapsulated by a calretinin-positive calyx defining them as type I cells. The remainder are either
type I cells encapsulated by a calretinin-negative calyx or type Il hair cells. Surprisingly, the
number of BK-positive hair cells in the utricle peaks in juvenile rats and declines in early
adulthood. BK channels were not found in vestibular afferent dendrites or somata. Our data
indicate that BK channel expression in the mammalian vestibular system differs from the
expression pattern in the mammalian auditory and the nonmammalian vestibular system. The
molecular diversity of vestibular hair cells indicates a functional diversity that has not yet been
fully characterized. The predominance of BK-positive hair cells within the medial striola of
juvenile animals suggests that they contribute to a scheme of highly lateralized coding of linear
head movements during late development.

Indexing terms
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Large-conductance, voltage- and calcium-activated potassium channels (BK channels, also
known as Kcal.1, KCNMAL, Slol or maxi-K) are important contributors to neuronal
excitability by, for example, regulating the duration of calcium action potential trains,
shaping the after-hyperpolarization, and curtailing calcium entry at the presynaptic nerve
terminal (Salkoff et al., 2006). They are frequently clustered together with calcium channels
(Issa and Hudspeth, 1994; Samaranayake et al., 2004), especially at presynaptic terminals,
where they might regulate synaptic transmission (Augustine et al., 1988; Roberts et al.,
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1990; Robitaille et al., 1993). BK channels contribute to electrical tuning in auditory hair
cells of amphibians, reptiles, and birds (Fettiplace and Fuchs, 1999), and variations in
expression of BK a-subunit splice variants and p-subunits along the auditory epithelium
parallel its tonotopic organization (Ramanathan et al., 1999). Vestibular hair cells of the frog
sacculus, which also exhibit electrical tuning and have auditory characteristics in signaling
ground vibrations (Smotherman and Narins, 2000), express BK channels that are clustered
together with calcium channels at the release sites (Roberts et al., 1990). This arrangement
suggests tuning not only of the electrical resonance but also of neurotransmitter release, a
hypothesis that has recently received experimental support (Rutherford and Roberts, 2006).

Results from studies of BK function in mammalian hair cells do not yield a clear picture of
their contribution to stimulus coding. Inner hair cells of the mammalian cochlea, which are
not electrically tuned, do express BK channels that appear not to be activated by entry of
extracellular calcium (Kros and Crawford, 1990) but rather by calcium released from
intracellular stores (Marcotti et al., 2004) or even in a calcium-independent manner (Thurm
et al., 2005). BK channels of rodent cochlear inner hair cells are not localized to the basal
release sites, but rather toward their apical neck (Pyott et al., 2004, 2007; Hafidi et al.,
2005). Furthermore, BK null mutant animals exhibit normal auditory brainstem responses
and do not show an obvious vestibular phenotype (Pyott et al., 2007). The functional
contribution of BK channels to mammalian inner ear function thus remains unclear.

In view of the morphologic and functional differences between inner ear hair cells of
mammals and other vertebrates, the present study was undertaken to investigate the
expression of BK channels in the mammalian vestibular system, focusing on the rat utricle.
By using immunohistochemical methods, we found that only a small subset of vestibular
hair cells express the pore-forming a-subunit of BK channels at detectable levels. No BK
channel expression was found in the afferent dendrites or Scarpa’s ganglion somata. The
BK-positive hair cells were predominantly found in the utricular medial striola and in the
semicircular canal crista central zone. More than half of the BK-positive hair cells were
positively identified as type I, because they were surrounded by a calretinin-positive afferent
calyx. BK channels were not clustered at the basal end (as in frog saccular hair cells), and
although there was a prominence of labeling toward the apical side, it was—unlike in
mammalian cochlear inner hair cells—not restricted to the apical portion. In addition, we
found that BK channels start being expressed around eye-opening (Curthoys, 1979).
Expression peaked around 3—4 weeks of age and then decayed to very low levels by 3
months. Our results suggest a surprising molecular heterogeneity of mammalian vestibular
hair cells and argue for a functional specialization of the medial striola in lateralized
signaling through a critical period of vestibular neuroepithelia development.

MATERIALS AND METHODS

Tissue preparation

Sprague-Dawley rats (age range: 6-102 days) were euthanized with isofluorane and
decapitated following protocols approved by the UCLA Institutional Animal Care and Use
Committee. The medial aspect of the temporal bone was rapidly exposed, and a fenestra was
made in the caudal vestibule, through which fixative (4% paraformaldehyde in phosphate-
buffered saline [PBS] pH 7.4) was gently infused. The bone was then dissected, and the
fenestra widened for disruption of the membranous labyrinth, immersed in fixative, and
incubated for 2 hours on an agitator. PBS was then infused into the fenestra, and the
temporal bone was stored at 4°C until further dissection. For dissection, the utricle was
exposed in situ; in paraformaldehyde-fixed specimens the otolithic membranes were easily
removed by gently blowing streams of PBS over the utricular surfaces. After further
resection of the bone, the utricle and horizontal crista were isolated, removed, and then
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washed with PBS. (The cupula of the crista was removed with the trimming of the
membranous labyrinth.) About 36 animals were used for the various labeling experiments.
Each experiment was performed at least three times with tissue from at least three different
animals.

Antibodies and stains

The following reagents were used throughout the study at the dilutions indicated unless
otherwise stated in the text. The primary antibodies used were: mouse anti-BK, clone L6/60
(1:50; NeuroMab, Davis, CA) and rabbit anti-calretinin (1:500; Chemicon, Temecula, CA).
The secondary antibodies and stains (all from Invitrogen, Carlsbad, CA) were: Alexa Fluor
568 goat anti-mouse-1gG2a (1:500), Alexa Fluor 488 goat anti-rabbit (1:500), NeuroTrace
500/525 green-fluorescent Nissl stain (1:250), NeuroTrace 640/660 deep red-fluorescent
Nissl stain (1:250), and phalloidin-conjugated Alexa Fluor 488 (1:100).

Antibody specificity

The anti-BK monoclonal 1gG2a antibody L6/60 used in this study was raised against a
fusion protein of GST with amino acids 690-1,196 of the mouse Kcnmal protein with the
antibody binding mapping to amino acids 690-891 as determined by enzyme-linked
immunosorbent assay (ELISA) and immunoblots (Misonou et al., 2006). This antibody has
been shown not to cross-react with other bands on Western blots of a rat brain membrane
fraction and does not recognize an antigen in BK-null mutant mice (Misonou et al., 2006).
The antibody binding site falls within an invariant exon that is shared between the known
rodent BK isoforms, and antigenicity does not appear to be affected by BK phosphorylation
(Misonou et al., 2006). We further confirmed the specificity of the antibody in cerebellar
and cochlear sections. Consistent with previous reports (Misonou et al., 2006; Sausbier et
al., 2006), we found robust BK immunoreactivity in sections of rat cerebellum associated
with the molecular layer and Purkinje cells but not in the granule cell layer (data not shown).
In the rodent cochlea, again in accordance with previous work (Pyott et al., 2004), we
observed punctuate staining in inner hair cells (data not shown). We did not detect any
labeling of outer hair cells in the sections of cochlea that we obtained (data not shown).

The rabbit anti-calretinin antibody used in the present investigation (AB5054; Chemicon/
Millipore) was raised against recombinant rat calretinin. We confirmed that this polyclonal
antibody can clearly distinguish between calretinin and calbindin, a protein of very similar
structure, by staining cryosections (see below for method) of rat cerebellum. Consistent with
a large body of literature (for review, see Bastianelli, 2003), we observed robust labeling of
granule cells with the anti-calretinin antibody, but detected no labeling in Purkinje cells that
express calbindin (data not shown). Furthermore, the staining pattern that we observe in the
rat utricle is consistent with the pattern observed by many laboratories in utricles of diverse
species using several different sources of anti-calretinin antibodies (Desmadryl and
Dechesne, 1992; Desai et al., 2005a; Li et al., 2008).

The antibody against f3-tubulin mentioned in the Results section was a polyclonal, affinity-
purified antibody (Covance, Princeton, NJ, PRB-435P) raised in rabbits against the well-
characterized TUJ1 epitope located at the C-terminal end of p3-tubulin (Lee et al., 1990).
The six C-terminal amino acids of B3-tubulin conserved among rat, mouse, and human
(EAQGPK) were linked via an additional cystein to the carrier keyhole limpet hemocyanin
(KLH). This antibody recognizes a doublet of bands in spiral ganglion extracts (Flores-Otero
et al., 2007) consistent with a post-translational modification of B3-tubulin detected by this
antibody (Cicchillitti et al., 2008). In control experiments, we observed no staining of non-
neuronal cells (i.e., support cells, hair cells, or transitional epithelium) in the utricular
epithelium in the utricular epithelium when using this at a 1:250 dilution.
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Secondary-only controls were routinely done alongside with regular staining to ascertain
background fluorescence.

Whole-mount immunohistochemistry

In most cases, specimens were processed intact. Tissue was blocked with 10% normal goat
serum (NGS; Invitrogen, Carlsbad, CA) and 2% Triton X-100 (TX-100) in PBS for 2 hours
at room temperature. Specimens were then incubated in primary antibody in 1% NGS and
0.2% TX-100 in PBS for 36 hours, rinsed three times for 10 minutes in PBS, and incubated
in secondary antibody in NGS/TX-100/PBS for 2 hours at room temperature. Specimens
were then rinsed three times for 10 minutes in PBS, mounted with Vectashield Hardset
mounting media containing DAPI (Vector, Burlingame, CA) on Superfrost Plus glass slides,
coverslipped, and sealed with nail polish.

Cryosection immunohistochemistry

Following dissection, the tissue was cryoprotected overnight in 30% sucrose in PBS, placed
in cryosectioning media (Tissue-Tek O.C.T. EMS, Hatfield, PA), and then frozen at —20°C.
Serial sections (12 um) were cut in a plane essentially orthogonal to the striola, yielding a
significant number of sections that contained the striolar region in addition to medial and
lateral extrastriola. Sections were mounted on glass microscope slides (SuperFrost/Plus,
Thermo Scientific, Waltham, MA), which were then stored at —80°C.

Tissue sections were rehydrated in PBS for 1 hour at room temperature, and then blocked
with 5% NGS, 0.1% TX-100 in PBS for 1 hour at room temperature. Sections were then
incubated in primary antibody in blocking solution overnight at 4°C, rinsed three times for
10 minutes at room temperature with PBS, incubated in secondary antibody in blocking
solution for 2 hours at room temperature, rinsed three times for 10 minutes in PBS, mounted
with Vectashield Hardset mounting solution containing DAPI, coverslipped, and then sealed
with nail polish.

Imaging and image analysis

Specimens were imaged by using standard epifluorescence and confocal laser scanning
microscopy. Confocal images were captured on a Zeiss LSM 510 Meta confocal microscope
implemented on an upright Axioplan 2 microscope. Zeiss LSM 510 software was used to
capture images. The 488 (at 15% intensity) and 543 (at 80% intensity) laser lines were used
for excitation. A bandpass filter of 505-530 nm was used for the green channel and a
bandpass filter of 560-615 nm was used for the red channel. A Zeiss Plan-Neofluar 10x/0.3
NA objective was used to capture low-magnification images, and high-magnification images
were obtained by using a Zeiss Plan-Apochromat 63x/1.4 NA oil-immersion objective with
1.5x scan zoom. Each image was scanned at 512 x 512 pixels. Confocal stacks were
analyzed with Neurolucida (MBF Bioscience, Williston, VT), ImageJ (rsb.info.nih.gov/ij/),
and/or Volocity (PerkinElmer/Improvision, Waltham, MA). The final figures were
composed in Adobe Photoshop CS4 (Adobe Systems, San Jose CA). No adjustments were
made in gain, contrast, or any other parameters for any of the quantitative assessments in
staining. Linear gain/contrast settings were adjusted in Photoshop and Volocity only for
Figure 4A and B, respectively.

RESULTS

We used a monospecific monoclonal antibody (L6/60, NeuroMab) against the a-subunit of
the large-conductance, calcium- and voltage-dependent potassium channel (BK; Kgal.1,
Slol, KCNMAZ1,; see Materials and Methods for specificity of the antibody) to localize BK
channels in the vestibular neuroepithelia of rats. We first examined the distribution of BK
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staining across the sensory epithelium of the utricle in juvenile animals (19-23 days old). In
light of the BK staining of all cochlear inner hair cells, we expected most if not all utricular
hair cells to express BK. Surprisingly however, we did not observe any staining above
background levels in most parts of the utricular epithelium. Instead, the staining was limited
to a fraction of hair cells located in an area of the epithelium (Fig. 1) reminiscent of the
striolar region. The striola represents a crescent-shaped region of the utricular epithelium
exhibiting morphological and physiological specializations (Desai et al., 2005b;Eatock and
Lysakowski, 2006) and includes the “line” where the orientations of stereocilia bundles
reverse (Flock, 1964;Li et al., 2008).

To investigate the topographic relationship between BK-positive hair cells and the striolar
region, we determined their morphological polarization vectors (MPVSs). For this, rat utricles
were double-stained with BK antibodies and with the actin-filament marker phalloidin (Figs.
1, 2). Phalloidin predominantly stains the actin cytoskeleton associated with tight junctions
and adherens junctions between hair cells and support cells (Nunes et al., 2006), revealing a
web-like staining pattern. In addition, phalloidin also stains the actin-containing stereocilia
in hair cells and the cuticular plate (DeRosier and Tilney, 1989), but not the kinocilium,
which, being a true cilium, contains tubulin. Thus, there is an identifiable void where the
kinocilium is located in the phalloidin-stained epithelium viewed at high magnification,
(Fig. 2A, inset; Lu and Popper, 1998;L.i et al., 2008). Multiple image stacks were taken at
high resolution (63x, 1.5% digital zoom) throughout the striolar region. The MPV of each
hair cell was then determined by locating the central point of its apical surface and drawing
a vector to the kinocilium by using Neurolucida (MBF Bioscience, Williston, VT; Fig. 2A).
A subsequent low-magnification scan (10x; Fig. 2B) indicated the location in the utricle
where each image stack was taken due to the marked photo-bleaching. Hair cells with
centrifugal MPVs, i.e., MPVs that are pointing away from the center of the head, were
classified as medial (Fig. 2D, white arrows). Those with centripetal MPVs, i.e., MPVs that
are pointing toward the center of the head, were classified as lateral (Fig. 2D, cyan arrows).
The reversal line as indicated by the hair cell MPVs was determined (Fig. 2D,E, yellow
line). Figure 2E shows an image plane deeper in the stack where the BK staining of hair
cells could be assessed. Thus it was possible to determine whether a given BK-positive hair
cell had a centrifugally or centripetally oriented MPV.

Figure 3 shows a composite of a utricular epithelium stained with phalloidin and anti-BK
antibodies. On this low-power micrograph, all BK-positive hair cells with centrifugal MPVs
are colored in white, whereas those with centripetally oriented MPVs are in red (Fig. 3). We
found that a large majority of BK-positive hair cells (94 + 2%; n = 3 utricles from three
animals) were located in the medial striola, with centrifugally oriented MPVs (Fig. 3, inset;
for each utricle the number of BK-positive hair cells located in the medial striola relative to
all BK-positive hair cells in the striola was: 101 of 105, 74 of 79, and 111 of 120). By using
the presence of calretinin-positive calyces as markers for the striolar region (Leonard and
Kevetter, 2002;Desai et al., 2005b;L.i et al., 2008), we counted a total number of about 800
hair cells in the striola (n = 3 utricles from three animals; 724, 808, 828), leading us to
estimate that about 12% of the striolar hair cells are BK positive. Taken together, these data
indicate that in the juvenile rat utricle, BK-positive hair cells make up a small fraction of
hair cells within the striolar region and are not symmetrically organized around the reversal
line (see also Li et al., 2008).

We next sought to determine whether the BK-positive hair cells in the medial striolar region
were engulfed by a postsynaptic calyx and could thus be classified as type I. Calretinin has
been suggested to localize specifically to calyces of afferents exhibiting calyx-only dendritic
morphologies (but not to dimorphic afferents) in the striolar region (Desmadryl and
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Dechesne, 1992; Leonard and Kevetter, 2002; Desai et al., 2005b), and we therefore
investigated the association between BK-positive hair cells and calretinin-positive calyces.

Figure 4A is a low-power view of a utricle whole-mount preparation double stained for
calretinin (green) and BK (red). Note again the crescent-shaped staining pattern (Fig. 4A,
white arrows) of the BK antibody. Calretinin is present in striolar calyces, as well as some
hair cells (Desai et al., 2005b; Li et al., 2008), which can only be discerned easily at higher
magnification. Figure 4B shows a confocal section through a utricle stained as in Figure 4A.
Note the presence of multiple calretinin-positive calyces (long arrows) and calretinin-
positive hair cells (arrowhead). We determined that 62 + 4% of the BK-positive hair cells
were surrounded by a calretinin-positive calyx (Fig. 4B, long arrow, left), but not all
calretinin-positive calyces contained a BK-positive hair cell (Fig. 4B, long arrow, right). We
could not determine whether the remaining hair cells (Fig. 4B, short arrow) were associated
with a calretinin-negative calyx or with no calyx at all, which would identify them as type Il
hair cells.

To confirm the type | identity of at least a fraction of BK-positive hair cells, we
immunolabeled 12-um cryostat sections, cut perpendicular to the macular epithelium to
include the striolar region, with anti-calretinin and anti-BK antibodies. Stained sections were
then viewed with the confocal microscope; a maximum intensity projection of a confocal
stack is shown in Figure 4C. Similar to the whole-mount preparation, calretinin-positive
calyces were again very prominent and frequently associated with BK-positive hair cells.
Within individual hair cells, the staining appeared to be fairly uniform and clearly not
restricted to either apical or basal regions, although enhanced staining in the very apical
portion of the hair cells was frequently observed (Figs. 4C, 5). A majority of BK-positive
hair cells were amphora-shaped and surrounded by a calretinin-positive calyx, clearly
identifying them as type I (Fig. 4). However, numerous BK-positive hair cells were not
associated with a calretinin-positive calyx, making their classification (i.e., type I or 1)
difficult with the immunofluorescence methods utilized in the present study. Figure 5A
shows a serially sectioned specimen in which a BK-positive hair cell clearly exhibits type |
morphology, but is not surrounded by a calretinin-positive calyx. The 3D volume rendering
of such BK-positive hair cells further supports the interpretation that they represent type I
hair cells (Fig. 5B). A small fraction of BK-positive hair cells that were not associated with
a calretinin-positive calyx appeared more cylindrical, and their cell bodies and nuclei were
located closer to the surface of the epithelium, as revealed by double-staining utricular
sections with BK antibodies and NeuroTrace, a fluorescent Nissl stain (Fig. 5C,D). This
suggests that some BK-positive hair cells are likely type Il. To summarize, the majority of
BK-positive hair cells are type I, and, consistent with their striolar localization, many of
these are associated with a calretinin-positive calyx. A minority of BK-positive hair cells
might be type 11. Taken together, these results indicate a remarkable molecular diversity of
hair cells in the vestibular epithelium revealed by querying even just two molecular markers.

Obviously, calretinin-positive calyces are emanating from calretinin-positive afferent parent
axons and can be clearly discerned in the tissue underlying the sensory epithelium (data not
shown).

Interestingly, we failed to identify any BK-positive fibers in this area. To confirm the
absence of BK-positive afferent fibers, we double-stained sections of Scarpa’s ganglion for
calretinin and BK (Fig. 6). In serial sections through the entire ganglion we observed less
than 1% cell bodies that exhibited BK immunoreactivity above background of adjacent cells
(15 of 3,121 cell bodies, n = 3 ganglia from three 3-week-old animals). We also did not
detect BK-positive cells in ganglia from adult animals (not shown). The BK-positive
structures that are visible in the ganglion (Fig. 6) do not stain for f3-tubulin and are thus
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unlikely to be of neuronal origin (data not shown). The absence of BK staining in vestibular
afferent cell bodies and fibers stands in contrast to earlier studies that have reported
functional expression of calcium-activated potassium channels in neurons enzymatically and
mechanically dissociated from Scarpa’s ganglia from young and adult rats (Limon et al.,
2005). We do not understand the difference in the results, but it seems possible that isolation
and/or culture conditions of Scarpa’s ganglion somata altered the expression patterns of BK
subunits. Alternatively, the activity recorded by Limon et al. (2005) might not be due to
expression of the KCNMAU1 a-subunit that is recognized by L6/60 (but see Materials and
Methods and Discussion for antibody specificity). Finally, we note that different strains of
rats, although both albino, were used (Sprague-Dawley here, Wistar in Limén et al.), and
small differences in the vestibular architecture between these strains have been described
(Lindenlaub and Oelschlager, 1999).

To address whether the sparse labeling of utricular hair cells for BK channels was due to the
young age of the animals, we stained whole mounts of utricles at various ages (Fig. 7). We
found no BK-positive hair cells in specimens from 6-day-old animals, which also did not yet
exhibit mature-looking calretinin-positive calyces (Fig. 7A). At 12-15 postnatal days, we
occasionally observed BK-positive hair cells in the emerging striolar region (Fig. 7B), and
this staining became most pronounced at days 19-23 (Figs. 1-5, 7C). Surprisingly, in mature
2-3-month-old animals of either sex, rather than observing an increase in the number of BK-
positive hair cells, we observed a pronounced decrease in BK-positive hair cells (Fig. 7D).
As illustrated in Figure 7, it was the number of BK-positive hair cells, rather than the
staining intensity that changed over this developmental time period.

To determine whether the selective labeling of only a subset of hair cells was specific to the
utricular epithelium, we performed immunohistochemistry on the crista ampullaris of the
semicircular canal from juvenile rats (P19-P23). Similar to the labeling in the utricle, only a
small proportion of hair cells in the cristae were labeled with the BK antibody, as shown by
the micrographs of horizontal cristae in Figure 8A-D. Many of the BK-positive hair cells in
the horizontal crista were type I, as they were associated with a calretinin-positive calyx
(Fig. 8D), and, similar to the utricle, the expression of BK was also restricted to an early
developmental age. We did not detect any BK-positive hair cells in cristae from adult
animals (Fig. 8E). BK-positive hair cells were located in the apex of the crista and were not
found toward the lateral edges of the epithelium. The crista apex and utricular striola share
certain morphologic (e.g., termination region of calyx-only, calretinin-positive afferents;
Fernandez et al., 1988; Dechesne et al., 1994; Desai et al., 2005b) and physiologic (e.g.,
source of phasic afferents; Baird et al., 1988; Goldberg et al., 1990a,b) characteristics. The
addition of BK-positive hair cells to this list underscores a role, if even a transient one, in
support of phasic response dynamics.

DISCUSSION

In this study we investigated the presence and localization of the calcium- and voltage-
activated potassium channel, BK, in the rat peripheral vestibular system. We focused our
analysis on BK expression in the sensory epithelium of the utricle and of the crista of the
horizontal semicircular canal. We found that BK expression in the rat utricle as reported by
the L6/60 monoclonal antibody is restricted to a subset of mainly type I hair cells receiving
the projection of a calretinin-positive calyx. The remainder of BK-positive hair cells are
comprised of type I cells associated with calretinin-negative calyces and type Il hair cells.
We frequently observed a calretinin-positive afferent fiber ensheathing two adjacent hair
cells, only one of which was BK positive (Figs. 4, 7C). This underscores the notion that
most afferent fibers, not just dimorphic fibers, can integrate information from hair cells with
distinct molecular, and perhaps physiological, characteristics. Synaptic integration at the
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level of the first sensory synapse could thus convey to afferent fibers signaling properties
that do not have a direct counterpart in any particular hair cell.

The L6/60 monoclonal antibody used in this study has been well characterized in terms of
specificity in recognizing the pore-forming a-subunit of BK channels and does not cross-
react with other proteins on either Western blots or tissue sections of BK-null mutant
animals (Pyott et al., 2004; Misonou et al., 2006). The antibody binding epitope maps to an
exon that is incorporated into all the known isoforms of the channel (Misonou et al., 2006),
making it unlikely that specific splicing variants would elude detection. However, it is
impossible to demonstrate that the antibody recognizes the BK protein under all
circumstances. Thus the restricted BK immunoreactivity we observe could theoretically be
due to an obstruction of the antibody binding site by an interacting protein and/or by post-
translational modification(s). However, even in this case the BK-positive hair cells would
identify a subset of vestibular hair cells that are molecularly distinct from other hair cells.
An occlusion of immunoreactivity by interacting proteins or post-translational modifications
would be interesting in its own right. It might also explain why we failed to detect
immunoreactivity in afferents (i.e., either in the stromal fibers or Scarpa’s ganglion somata)
whereas Limén et al. (2005) detected functional calcium-activated potassium currents in
cultured ganglion cells. Obviously, culturing can also change expression patterns of
proteins, and a resolution of this discrepancy must await further study.

We report that in sensory epithelia of the utricle and the semicircular canals, expression of
BK channels is restricted to a central part of the epithelium—the medial striola in the utricle
and the central zone in the crista. These areas have been recognized as being
morphologically and physiologically distinct from the surrounding sensory epithelium and
are also innervated by distinct afferents (Lindeman, 1969; Baird et al., 1988; Fernandez et
al., 1988, 1990; Lysakowski and Goldberg, 1997; Li et al., 2008; see also Ramon y Cajal,
1995; Goldberg, 2000). Afferent vestibular nerve fibers can be classified by their
spontaneous discharge regularity (reviewed in Goldberg, 2000). Irregularly discharging
afferents tend to innervate the central zone or striola and have a high sensitivity to
stimulation. Furthermore, they have strong phasic response dynamics compared with the
more tonic response of the regularly discharging fibers. Whereas the electrical properties of
afferent nerve fibers contribute to their firing properties (Eatock et al., 2008), synaptic
transmission will, through both pre- and postsynaptic components, strongly shape afferent
firing characteristics. BK channels are usually co-localized with calcium channels and can
serve as a negative feedback loop to truncate depolarization-induced calcium influx and thus
limit exocytosis (Roberts et al., 1990; Robitaille et al., 1993; Issa and Hudspeth, 1994). Hair
cells that express BK channels might thus be particularly tuned to encode phasic stimuli, a
feature that is thought to be at least in part conveyed by afferents contacting hair cells
located in the striola (Lysakowski and Goldberg, 2004). In any case, even just looking at
two markers, BK channels and calretinin, yields in rats all possible combinations of labeling
(e.g., Fig 2). This emerging picture of molecular diversity of vestibular hair cells might
contribute substantially to defining the signal transfer between hair bundles and afferent
fibers.

Vertebrate auditory epithelia and the frog saccule express functional BK channels in most if
not all hair cells (Holt and Eatock, 1995; Smotherman and Narins, 1999; Hafidi et al., 2005)
or at least all inner hair cells (Pyott et al., 2004). It is generally assumed that they are co-
localized with calcium channels at neurotransmitter release sites. Calcium influx through the
voltage-dependent calcium channels triggers neurotransmitter release and activates BK
channels. The large outward potassium current through the BK channel then contributes to
the repolarization of the terminal and terminates release. BK channels thus also contribute to
electrical tuning in frog, avian, and turtle hair cells (Fettiplace and Fuchs, 1999) and their
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alternative splicing appears to be regulated along the tonotopic axis (Navaratnam et al.,
1997; Ramanathan et al., 1999). Interestingly, however, in the mammalian auditory system,
BK channels are not localized at the basal end of hair cells where they could shape
neurotransmitter release (Pyott et al., 2004; see Introduction). In the utricle and in the crista
ampullaris of the horizontal canal, we find that BK channel expression is restricted to neither
apical or basal portions, although on occasion we observed slightly stronger staining toward
the hair cell apex. In addition, a large portion of the antigen appears to be located in an
intracellular compartment. We do not know whether this represents channels that were never
integrated due to a lack of appropriate B-subunits or whether they reflect a high turnover rate
of surface-exposed BK channels.

Surprisingly, BK channel expression was not symmetrical around the hair bundle reversal
line but was rather restricted to the medial side (Fig. 3). This signifies that the information
conveyed by these molecularly distinct hair cells is not bilaterally symmetrical and raises the
distinct possibility that signals reaching the central nervous system might also not be
bilaterally symmetrical. This interpretation is supported by the finding of unequal
concentrations of early developmental markers on either side of the reversal line (Deans et
al., 2007) and by the recent report that calretinin-positive afferents project to hair cells
medial of the reversal line (Li et al., 2008). Thus, although it has been generally assumed
that the striola, characterized by hair cell and afferent fiber specializations (Flock,
1964;Lysakowski and Goldberg, 2004;Eatock and Lysakowski, 2006) is bisected by the
reversal line, it now appears that this area is better defined by a location medial of the
reversal line (Li et al., 2008).

Unexpectedly, we found that BK expression is maximal in juvenile animals and
precipitously decreases in younger as well as older animals (Fig. 7). By 2 months of age we
barely detected any immunoreactivity for BK in the utricle (Fig. 7D) and even that minimal
staining was absent at 3 months (not shown). It is unlikely that barriers to antibody
penetration were responsible for the absence of BK labeling in very young and older
animals, as we did not observe any differences in the labeling efficacy at any age when BK-
positive hair cells were observed, and because anti-calretinin antibodies gave robust staining
into the depths of the specimens at all ages examined (Fig. 7). We offer the hypothesis that
BK expression precedes eye-opening (Curthoys, 1979) and peaks during maturation of the
vestibular periphery. It will be interesting to investigate how BK expression contributes to
the refinement of vestibular function.

Although Curthoys (1982) has reported on the development of semicircular canal afferent
discharge characteristics in rats, there is a glaring paucity of parallel information regarding
utricular afferents. Furthermore, there is virtually no information regarding the development
of vestibular reflexes in rats, although some insight can be gleaned from a more recent study
of horizontal vestibulo-ocular reflex (VOR) in mice (Faulstich et al., 2004). Curthoys (1982)
found that horizontal semicircular canal afferents gain achieved near-adult values by
approximately P6, although response phases remained lower (i.e., larger phase lag re: peak
stimulus) than afferents recorded from adults. The phase characteristic continued to mature
in canal afferents through adulthood. If the developmental parallels can be drawn, our data
suggest that BK expression in vestibular hair cells is uncorrelated to the development of
adequate response magnitudes, although it may be associated with the maturation of the
afferent response phase. In view of the general effect of BK on truncation of depolarization,
this would have the effect of increasing the phase of the generator potential in afferent
neurons, making it more adult-like in a fraction of afferents projecting onto BK-positive hair
cells. The attenuation of BK expression in adult specimens clearly indicates that this
contribution is assumed by other mechanisms in the transduction cascade.
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Faulstich et al. (2004) have reported continued maturation of the angular VOR in mice
between P21 and adulthood. It is not known whether this was driven by further maturity of
the peripheral or central vestibular systems in these animals. This developmental stage in the
mouse is likely to be comparable to rats of slightly older postnatal age. These data
underscore, however, that the developmental period between P14 and P28 is a critical one in
the development of labyrinthine circuits in rats and mice, in which the expression of BK in
vestibular hair cells may play a crucial role.

If BK channels perform an important function in shaping the signaling properties of hair
cells and thus afferent fibers, one would expect to unravel major auditory and vestibular
deficits in BK-null mutant animals. However, despite intense investigation, no such deficits
or changes were found in hair cells (Pyott et al., 2007), although afferent auditory fibers
showed decreased maximal spike rates and decreased timing precision due to the loss of BK
channels (Oliver et al., 2006). Similar studies remain to be conducted in the vestibular
system, and their behavioral consequence remains to be fully tested.

Independent of the physiological role of BK channels in the vestibular system, we have used
immunohistochemistry directed against BK to reveal a heretofore underappreciated
heterogeneity of hair cells in the rat utricle and horizontal canal. Furthermore, BK-positive
hair cells are located medial of the reversal line, indicating that information conveyed by
these cells is not bilaterally symmetrical and thus challenging the current textbook notion of
vestibular signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Localization of BK immunoreactivity in rat utricle. Whole-mount preparation of rat utricle
(postnatal day 21) double stained with (A) phalloidin (green, left) and (B) anti-BK
antibodies (red, middle). C: Overlay of both images. Positive BK staining suggests striolar
localization of BK. The images are maximum intensity projections of confocal image stacks
obtained with a 10x objective. Magenta-green versions of all figures are available online.
Scale bar = 100 um in C (applies to A-C).
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Figure 2.

Determination of the morphological polarization vector (MPV) and topographic localization
of BK-positive hair cells. A: Schematic of an apical portion of a hair cell with the MPV
(black arrow) pointing toward the kinocilium (orange). Stereocilia and the cuticular plate
contain actin and lateral tight/adherens-junctions are associated with actin (green). The oval
in the middle of illustrates a confocal section through the upper part of a hair cell. Actin
staining creates a bright green surround (tight and adherens junctions), a lighter “fill” of the
surround (base of stereocilia and cuticular plate), and a void (base of kinocilium). The MPV
can thus be determined (black arrow). The schematic on the right shows the orientation of
individual MPVs superimposed onto the utricular epithelium; the “reversal line” separates
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the two orientations (yellow line). B: Low-magnification confocal image of a phalloidin-
stained utricle after one stack of high-magnification images was acquired (note bleached
region). C: Single confocal section at higher magnification. Note the honeycomb pattern of
the tight and adherens junctions between cells and the fainter phalloidin staining in between,
revealing a clear void, indicating the location of the kinocilium. D: Same image as in C but
with the MPVs for centrifugal (white arrows) and centripetal (red arrows) hair cells
superimposed. The reversal line is indicated in yellow. Inset shows a magnified view of a
hair cell to illustrate the “actin void” on the right side. E: A confocal section from the same
stack but deeper into the tissue. The BK staining (red) is now apparent and the reversal line
determined in D is superimposed. Note that because hair cells are not necessarily oriented
orthogonal to the imaging plane, the location of the cell body does not give a clear indication
of the MPV orientation for that hair cell. Scale bar = 100 pm in B; 10 pm in C-E; 1 um in
inset in D.
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Figure 3.

Predominant localization of BK-positive hair cells on the medial side of the reversal line
(yellow line). Hair cell tracings that have a lateral pointing MPV and thus are medial of the
reversal line are indicated in white, whereas those that have a medial pointing MPV are
colored in red. BK-positive hair cell quantification (inset) indicates that 94 + 2% (n = 3
utricles from three animals) of all BK-positive hair cells in the utricle are medial of the
reversal line. Note the single “orphan” hair cell with a medial-pointing MPV located medial
to the reversal line. Scale bar = 100 pm).
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Figure 4.

Co-localization of BK channels (red) and calretinin (green). A: Whole-mount preparation
viewed under low magnification. Many hair cells across the entire epithelium are calretinin
positive (green), and a few calretinin-positive calyces can be discerned in the striolar region
where a “band” of BK-positive hair cells is visible (white arrows). B: High-magnification
view of striolar region. Note BK-positive hair cells surrounded (long, thick arrow) and not
surrounded (short, thick arrow) by calretinin-positive calyces. Calretinin-positive calyces
also surround BK-negative hair cells (thin arrow), and many calretinin-positive hair cells are
visible (arrowhead). Of the BK-positive hair cells, 62 + 4% (n = 3 utricles from 3 animals)
are surrounded by a calretinin-positive calyx, characterizing them as type I. C: Maximum
intensity projection of confocal images of cryostat section through the striolar region
highlighting calyces and BK staining throughout hair cell (especially prominent at apical
edge). Scale bar = 100 um in A; 20 um in B; 10 um in C.
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Figure 5.
Diversity of BK-positive hair cells. Serially sectioned specimens immunolabeled with anti-

BK (red) and anti-calretinin (green) antibodies illustrate the diversity of BK-positive hair
cells. A: An example of a BK-positive type | hair cell not encapsulated by a calretinin-
positive calyx. The BK-positive hair cell exhibits the flask-shaped morphology indicative of
a type | hair cell. Note the absence of BK-labeling in the adjacent hair cell enveloped by the
calretinin-positive calyx. B: Three-dimensional volume reconstruction of a BK-positive hair
cell from a different specimen. The classical type | morphology of this hair cell can be
clearly appreciated. C: A putative BK-positive type I1 cell (arrow) next to two BK-positive
type | cells (stars). D: Same image as in C, but with superimposed nuclear staining
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(NeuroTrace, green). Note the apical localization of the nucleus for the putative type Il hair
cell. Scale bar =5 pm.

J Comp Neurol. Author manuscript; available in PMC 2011 February 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schweizer et al.

Page 21

Figure 6.

Absence of BK immunoreactivity in Scarpa’s ganglion. Cryosections through Scarpa’s
ganglion were double stained for (A) calretinin (green, left) and (B) BK (red, middle). C:
Superposition of images shown in A and B. Note the absence of BK-positive cell bodies
even at high exposure times. Scale bar = 10 um.
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Figure 7.
Age-dependent expression of BK channels in the utricle. Whole-mount preparations of

utricles were immunolabeled for BK (red) and calretinin (green). Single confocal sections
taken from the striolar region are shown. A: At P6 calretinin-positive calyces are not well
developed, making it difficult to identify the striolar region. However, no BK-positive hair
cells were observed in any part of the epithelium. B: By P14 BK-positive hair cells are
surrounded by calretinin-positive calyces. We rarely observed four BK-positive hair cells in
a single field of view. C: By P21 many BK-positive hair cells engulfed in calretinin-positive
calyces are present. D: By 2 months of age (P62) only a few BK-positive hair cells are
evident. Scale bar =5 pm in A-D.
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Figure 8.

BK channel expression in cristae ampullaris. A—C: A horizontal crista of a 3-week-old
animal triple stained for actin (phalloidin; green), nuclei (NeuroTrace, blue) and BK (red) is
shown. Optical confocal sections at different Z planes through a single crista are shown in
the middle, and the reconstructed orthogonal sections along the XZ and YZ planes are
shown on top and to the right of the XY plane, respectively. A: Confocal section through the
top of the crista. Note the reticular appearance of the actin associated with tight junctions.
BK-positive hair cells appear yellow in the center image due to the overlay of the green
actin and red BK signal. B: Confocal section through the middle of hair cells at the apical
portion of the crista. Note the numerous BK-positive hair cell bodies. C: No BK-positive
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hair cells are found at the lateral edges of the crista. Note the actin-positive hair bundles
perpendicular to the edge of the crista. In A-C, the cross-sectional reconstructions above and
to the right of the images further illustrate the exclusive localization of BK-positive hair
cells to the apical portion of the crista. D: Confocal section through the apical portion of a
horizontal crista of a 3-week-old animal triple stained for BK (red), calretinin (green), and
NeuroTrace (blue). Note the calretinin-positive calyces associated with many of the BK-
positive hair cells. E: Confocal section through the apical portion of a horizontal crista of an
adult animal. Note the absence of BK-positive hair cells. Scale bar = 50 pm in A-C; 10 um
in D,E.
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