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Abstract

Sensory receptors in the vestibular system (hair cells) encode head movements and drive central
motor reflexes that control gaze, body movements, and body orientation. In mammals, type I and
Il vestibular hair cells are defined by their shape, contacts with vestibular afferent nerves, and
membrane conductance. Here, we describe unique morphological features of type Il vestibular hair
cells in mature rodents (mice and gerbils) and bats. These features are cytoplasmic processes that
extend laterally from the hair cell’s base and project under type | hair cells. Closer analysis of
adult mouse utricles demonstrated that the basolateral processes of type Il hair cells range in
shape, size, and branching, with the longest processes extending 3—4 hair cell widths. The hair cell
basolateral processes synapse upon vestibular afferent nerves and receive inputs from vestibular
efferent nerves. Further, some basolateral processes make physical contacts with the processes of
other type Il hair cells, forming some sort of network amongst type 11 hair cells. Basolateral
processes are rare in perinatal mice and do not attain their mature form until 3—6 weeks of age.
These observations demonstrate that basolateral processes are significant signaling regions of type
Il vestibular hair cells, and they suggest type Il hair cells may directly communicate with each
other, which has not been described in vertebrates.
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INTRODUCTION

In mammals, five vestibular organs in the inner ear encode movements of the head and
thereby regulate gaze, body movements, and body orientation. The saccule and utricle have
a flat sensory epithelium called a macula, and they respond to linear head acceleration and
head tilt. The anterior, posterior, and lateral ampullae have a more complexly shaped
sensory epithelium called a crista, and they detect head rotation in a range of planes.

Hair cells are the sensory mechanoreceptors in these organs. Directional deflections of long
microvilli (stereocilia) on the surfaces of hair cells drive action potentials in eighth cranial
(vestibular) nerve afferents, which leads to neuronal activity in several brain regions.
Amniotes have two types of vestibular hair cells: | and 1. In rodents, the two hair cell types
are present in similar numbers, and they are found in all zones of the vestibular sensory
epithelium (Desai et al., 2005; Kirkegaard and Nyengaard, 2005). However, type | and Il
hair cells are distinct in many respects (reviewed in Eatock and Songer, 2011), including
shape (e.g., Werséll, 1956; Lysakowski and Goldberg, 1997), molecular profile (e.g.,
Dechesne et al., 1991; Sans et al., 2001; Desai et al., 2005; Oesterle et al., 2008), bundle
morphology (Lapeyre et al., 1982; Peterson et al., 1996; Li et al., 2008), membrane
properties (Correia and Lang, 1990; Rennie and Correia, 1994; Ricci et al., 1996; Risch and
Eatock, 1996), and innervation (e.g., Werséll, 1956; Fernandez et al., 1988). For example,
type | hair cells have been described as flask-shaped and are wrapped by specialized afferent
nerve endings called calyces. By contrast, type Il hair cells can be cylindrical, goblet-like, or
dumb-bell shaped and are contacted by bouton-only afferents (e.g., Lysakowski and
Goldberg, 1997). Further, in mature mice and rats, antibodies to the calcium-binding protein
calretinin preferentially label type Il hair cells in all regions of the vestibular organs
(Dechesne et al., 1991; Desai et al., 2005).

Although many features of vestibular hair cells are well defined, we do not understand
precisely how each hair cell type contributes to peripheral processing of head movements. In
mammals, most vestibular afferents are dimorphic; they have both bouton and calyx endings
and therefore contact both type | and type Il hair cells (Fernandez et al., 1988). Therefore,
vestibular afferent nerve activity is not simply dictated by hair cell type. Properties of hair
cells and afferent neurons do correlate strongly with their position in the vestibular
epithelium (reviewed in Peterson, 1998; Goldberg, 2000; Eatock and Songer, 2011). For
instance, calyx-only afferents are confined to the striolar zone of the macula and the central
zone of the crista. By contrast, bouton-only afferents are only found in the extrastriolar zone
of the macula and the peripheral zone of the crista. Further, afferents from the striolar or
central zone have irregular activity at rest and are fast-adapting, while afferents derived from
the extrastriolar or the peripheral zone have regular activity at rest and are non-adapting. At
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this point, the mechanisms that shape these spatial differences in afferent activity are also
not understood.

Studies of hair cell regeneration in mature rodents suggest type Il hair cells may be the
predominant cell type that is regenerated in the utricles of adult guinea pigs and mice when
both type I and 11 hair cells are destroyed (Forge et al., 1998; Kawamoto et al., 2009; Golub
et al., 2012). Further, all regenerated type Il hair cells have an unusual morphology: two or
more cytoplasmic processes that emanate from below the nucleus and have elaborate
branches (Golub et al., 2012). This morphology is conserved in regenerated hair cells half a
year after damage, suggesting it is stable. Cells with basolateral processes have pre-synaptic
specializations, and they rapidly take up the styryl dye FM1-43, further supporting the
interpretation that type Il hair cells with processes are well differentiated and mature. This
finding raised the question of whether basolateral processes are normal features of type Il
hair cells or an abnormal feature of regenerated hair cells. We addressed this question in this
study by examining the morphology of type Il hair cells in the vestibular epithelia of normal
(undamaged) adult mice and other rodents.

MATERIALS AND METHODS

Animals

Experiments in this study used mice (Mus musculus), gerbils (Meriones unguiculatus), rats
(Rattus norvegicus), and bats (Eptesicus fuscus). We used CBA/CAJ mice (RRID: JAX:
000654), C57BI/6J mice (RRID: JAX:000664), and Swiss Webster mice. Mice were
purchased from The Jackson Labs (Bar Harbor, ME), Harlan Labs (Indianapolis, IN), or
bred at the University of Washington (UW) Animal Facility. All mice used in experiments
were post-natal, between 7 and 325 days of age. Mice were considered to be adults if they
were 6 weeks of age or older. Both male and female mice were studied. Female adult
Mongolian gerbils (strain 243 Crl:MON/Tum) were purchased from Charles River
Laboratories (Wilmington, MA). The exact age of the gerbils is unknown, but all females
were dams and therefore sexually mature. Male Sprague Dawley rats (RGD: 737903) were
purchased from Harlan Laboratories (Indianapolis, IN) and were examined around 40 days
of age. Adult big brown bats were bred at the University of Washington, and utricles were
examined in bats greater than 56 days of age.

All animal procedures were approved by the University of Washington’s Institutional
Animal Care and Use Committee and met standards of both the American Veterinary
Medical Association and the National Institutes of Health. Mice were euthanized by
decapitation after either CO, anesthesia (for preparation of fixed tissues) or cervical
dislocation (for FM1-43 labeling in organ cultures). Rats and gerbils were euthanized by
CO», overdose followed by decapitation. Adult bats were Killed by pentobarbital overdose
followed by transcardial perfusion with fixative.

Organ dissection

After euthanasia, temporal bones from mice, rats, and gerbils were dissected and fixed in 4%
buffered paraformaldehyde for 30 min to 2 hours at room temperature. Organs were rinsed
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with phosphate-buffered saline (PBS) for several hours. Vestibular end organs (utricles,
saccules, and lateral ampullae) were dissected from fixed temporal bones using fine
microforceps. In PBS, the structures overlying vestibular organs (otoconia and otoconial
membrane) were removed from utricles and saccules using a stream of PBS from a 26-gauge
needle or an eyelash glued to a small stick.

Vibratome sectioning

Fixed utricles from adult CBA/CaJ mice, with otoconia removed, were embedded in low-
melting point 3.5% agarose (Sigma-Aldrich), dissolved in PBS, and sectioned at 60-80 pm
using a vibratome (Leica VT1000S).

Organ immunolabeling

Proteins were detected in whole-mount organs or vibratome sections using standard
immunofluorescence labeling methods. Tissue was incubated for 30 min in blocking
solution (2% bovine serum albumin, 0.8% normal goat serum, 0.5% Triton X-100 for
myosin Vlla detection, or 0.5% Triton-X 100 in PBS with 5% normal serum for detection of
other antigens). Tissue was incubated overnight at 4°C with primary antibodies in blocking
solution. Table 1 describes the manufacturer, the specificity, and the concentrations of
antibodies used in this study. These antibodies were used as cellular markers, and the vast
majority of them have been used previously to detect antigens in mouse inner ear sensory
epithelia.

Secondary antibodies, conjugated to Alexa 488, 594, or 647 and diluted 1/300, were
purchased from Invitrogen (Carlsbad, CA). To label filamentous actin, organs were soaked
in phalloidin conjugated to Alexa 488 (Invitrogen) at 10 pg/ml dissolved in PBS containing
0.5% TritonX100. To label cell nuclei, organs were soaked in DAPI (4’,6’-diamidino-2-
phenylindole; Sigma-Aldrich) at 1 pg/ml dissolved in PBS for 10 min.

Digital imaging and analysis

Fluorescent images were obtained using an Olympus FV-1000 confocal microscope. For all
experiments, Z series images from the lumenal surface of the sensory epithelium through the
stroma were obtained using a 20x objective. In some cases, a 60x oil objective was used to
take higher-magnification images of regions of interest. For all qualitative analyses, we
examined at least 6 organs per variable.

Segmentations of type Il hair cells were generated using confocal Z series stacks taken from
utricles of adult CBA/CaJ mice that were immunolabeled for calretinin (for Fig. 3) or
myosin Vlla (for Fig. 6). Type Il hair cells that were either calretinin- or myosin Vlla-
positive were selected from confocal stacks, and individual hair cells were segmented using
the public domain program Fiji and the Segmentation Editor plug-in, both freely available
from http://fiji.sc/ (Schindelin et al., 2012). The cytoplasm from selected cells was manually
outlined while stepping through the confocal stack and then filled by manual thresholding.
The plug-in placed the filled outline of the cell from each slice into a copy of the stack and
optionally interpolated the selection between outlines created in non-adjacent slices. The
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stacks containing outlines were treated as individual channels to create merged, multi-color
volume renderings to demonstrate hair cell shapes and spatial relationships.

To obtain an estimate of the proportion of hair cells with a particular shape (simple bulbous,
complex branched, or intermediate, described in Results, Fig. 3), we counted hair cells with
each shape in calretinin-labeled utricles, by scanning offline through Z series collected from
the lateral extrastriolar region. We examined 613 calretinin-positive type II hair cells from 4
utricles from adult CBA/CaJ mice.

Measurements of type 11 hair cell processes at different ages (Fig. 11) were performed as
follows. Utricles were dissected from Swiss Webster mice at 4 ages: 7 days, 14 days, 21
days, and adult (>6 weeks). Utricles were immunoreacted with anti-calretinin antibody, as
described above, to preferentially label type Il hair cells (Dechesne et al., 1991; Desai et al.,
2005). For each process, we measured its volume, surface area, and perimeter boundary (the
smallest bounding circle that encompassed a two-dimensional brightest point projection of
each process). For each measurement, 3 utricles per time point were examined. We selected
30 type Il hair cells from each of 3 utricles for each age group. Hair cells were selected for
analysis based on our ability to clearly distinguish the extent of the processes and the points
of contacts with neighboring hair cells. Z series image stacks (1024 pixel x 1024 pixel) were
generated at 60x (oil) from the lateral extrastriolar region only in order to provide
consistency across the age groups. Stacks started at the lumenal surface of the epithelium
and extended into the stroma; each slice was 0.25 um steps. We used Simple Neurite Tracer
(Longair et al., 2011) in the Fiji imaging software (Schindlein et al. 2012) to trace type |1
hair cell processes. Measurements were taken from the top of the process (just below the
nucleus) to the bottom of each process (just above the supporting cell layer). Thus,
“processes” were defined as the calretinin-positive cytoplasm deep to the perinuclear
cytoplasm.

FM1-43 labeling and measures

Utricles from adult Swiss Webster mice (n=4) were isolated, and otoconia were removed.
All steps were performed using pre-warmed (37°C) solutions, and all incubations occurred
at 37°C with 95% air/5% CO,. Utricles were incubated in Hanks buffered saline solution
(HBSS) for 5 min followed by HBSS containing 5 mM FM1-43-FX (Invitrogen) for 20 sec.
Utricles were rinsed with HBSS two times, incubated in HBSS for 30 more min, and fixed
with 4% paraformaldehyde for 30 min. Utricles were then immunolabeled for myosin Vlla
to enable us to detect hair cells and imaged using confocal microscopy. In 60x images from
3 fields in two utricles, we estimated the percentage of type Il hair cells that had
incorporated FM1-43-FX by scoring myosin Vlla-positive hair cells in the type Il hair cell
layer of Z series stacks as positive or negative for FM1-43-FX signal.

Type /1l hair cell counts

Utricles from adult CBA/CaJ mice (n=2) were immunolabeled for myosin Vlla and counter-
labeled with DAPI. Using confocal microscopy and a 60x objective, we generated Z series
stacks in 2 extrastriolar and 2 striolar regions from each utricle. Using NIH Image, we
scored all 554 hair cells in these regions by stepping through the Z series and scoring each
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hair cell as “type I” or “ type |1 based on the following criteria (see Fig. 1). Type Il hair
cells had thicker and shorter necks than type | hair cells. The nuclei of type Il hair cells were
arranged in a near-monolayer near the lumen. The position of the type I hair cell nuclei
varied with location. In extrastriolar regions, type | hair cell nuclei were arranged in a near-
monolayer, deep to the type Il hair cell nuclei and just above the supporting cell nuclei. In
the striolar region, the nuclei of type I hair cells could also be closer to the lumen,
particularly in hair cells within complex calyces. In utricles co-labeled for markers of neural
fibers (neurofilament or B 111 tubulin), we noted that these features correlated well with the
defining feature of these hair cell classes — the presence (type 1) or absence (type Il) of
afferent nerve calyces.

Transmission electron microscopy

RESULTS

Temporal bones were isolated from adult CBA/CaJ mice, and a small hole was made in the
temporal bone next to the oval window. Fixative (2% paraformaldehyde/3% glutaraldehyde
in 0.1M sodium phosphate buffer, pH 7.4) was slowly injected into the labyrinth, and
temporal bones were immersion-fixed overnight at 4°C. Utricles were isolated, and otoconia
were removed. Utricles were post-fixed in 1% osmium tetroxide and embedded in Eponate
12 Kit with DMP-30 (Ted Pella, Inc). Ultrathin sections (85 nm) were collected onto grids
and stained with 0.3% lead citrate in 0.1N sodium hydroxide and 5% uranyl acetate in 50%
methanol. Sections were analyzed using a JEOL 1230 transmission electron microscope,
equipped with an XR80 side-mount digital camera (Advanced Microscopy Techniques) and
located in the Vision Imaging Core at the South Lake Union UW facility.

Identification of type | and type Il hair cells in whole-mounts of adult mouse utricles

The goal of this study was to determine if type Il vestibular hair cells in normal mature
rodents have basolateral processes, similar to those we have observed in regenerated hair
cells in mice (Golub et al., 2012). As a first step, we examined the basic features of type |
and type Il hair cells in whole-mount preparations of adult mouse utricles. Utricles from
adult (42 day-old) CBA/Cal mice were labeled with antibodies to the hair cell-specific
cytoplasmic protein myosin Vlla (Hasson et al., 1997) and examined using confocal
microscopy. As anticipated, anti-myosin Vlla antibodies labeled the cytoplasm of all hair
cells in the macula, but they did not label any supporting cells or neural elements (Fig. 1A-
D). Some myosin VII-positive cells resembled type | hair cells; they were flask-shaped and
had a long and thin apical “neck” and a rounded cell body, with little cytoplasm surrounding
the nucleus (Fig. 1C,D). Co-labeling with antibodies to parvalbumin, a marker of vestibular
afferents (Demémes et al., 1993; Fig. 1C,D), and other neural markers (BI11 tubulin, 28kD
calbindin, and 200kD neurofilament; not shown) indicated that the neck and cell body of
such cells were wrapped by complete or partial afferent nerve calyces. In the striola (a
specialized region in the center of the macula, Fig. 1E), many type | hair cells appeared to be
wrapped almost entirely by nerve calyces, and their nuclei were located near the lumen (Fig.
1C). Other type I-like hair cells with nerve calyces had nuclei located deeper in the
epithelium (Fig. 1C). In regions outside of the striola (extrastriolar regions, Fig. 1E), type |
hair cell nuclei were located deep in the epithelium, just above the supporting cell nuclei. All
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remaining myosin Vlla-labeled cells were type Il-like and had a similar appearance,
regardless of whether they were located in striolar or extrastriolar positions. Their apical
portion was thicker (Fig. 1B) and their nucleus was located closer to the lumen (Fig. 1D)
than type I hair cell nuclei. Further, type 11 hair cells lacked neural calyces (Fig. 1D). Similar
observations were made with antibodies to myosin VI, another hair cell marker (data not
shown). In contrast, antibodies to calretinin (calbindin2) labeled primarily hair cells with
type Il characteristics (data not shown), as described previously (Desai et al., 2005). We
made similar observations in two other strains of adult mice (C57BI/6J and Swiss Webster).

Using myosin Vlla labeling and morphological criteria (nuclear position and apical cell
thickness) in CBA/CaJ mouse utricles, we determined that there were 1.17 (£0.35 S.D.) type
| hair cells for every type I hair cell in randomly selected regions (striolar and extrastriolar).
Similar measurements were made in other mouse studies (Kirkegaard and Nyengaard, 2005;
Desai et al., 2005).

Type ll-like hair cells in adult mouse utricles have basolateral processes

Most of the morphological features described above for type | and Il hair cells in
mammalian vestibular epithelia have been clearly defined in prior publications (e.g.,
Lysakowski and Goldberg, 1997). We identified two novel features of type I1 hair cells in
adult CBA/CaJ mouse utricles that are illustrated in Fig. 2. Figure 2B1-4 shows confocal Z
series images taken in the utricular macula, starting at the lumen and ending near the
supporting cell nuclei. Positions of each image are indicated in Fig. 2A, which is a
schematic section of the utricular macula. As described in Fig. 1, type I hair cells were
readily distinguished by their expanded apical surface and nuclei closest to the lumen. By
following these cells through Z series, we found that most type I1 hair cells had a short and
narrow cytoplasmic constriction below the nucleus (Fig. 2A,B3,C). This feature, which we
named a “waist”, was located at the same level as the type I hair cell nuclei. Below the
waist, the type Il hair cell cytoplasm expanded (Fig. 2B4). In some type |1 hair cells, this
cytoplasmic expansion gave rise to one or more myosin VIla-positive extensions that
coursed laterally in the horizontal plane, parallel to the lumen (Fig. 2A,B4,C). These
basolateral processes spread below the type I hair cell nuclei, near the level of the supporting
cell nuclei. Although processes descended quite basally in the sensory epithelium (see Fig.
3F), we did not detect any processes that contacted the basal lamina. Basolateral processes
were also immunoreactive for the cytoplasmic protein calretinin (Fig. 2E) and the
transcription factor Sox2 (Fig. 2F1-G), two preferential markers of type Il hair cells (Desai
et al., 2005; Oesterle et al., 2008). Basolateral processes were not labeled by antibodies to
either heavy weight (200 kD) neurofilament (Fig. 2H,1) or class 111 {3 tubulin (not shown),
but they were immunoreactive for myosin VI, another cytoplasmic hair cell marker (not
shown). These findings indicate that the basolateral processes belong to type 11 hair cells
rather than neurons or type | hair cells. Fig. 2D summarizes the shape and molecular features
of the type Il hair cell processes described in this figure.

Further analysis with myosin VIla immunolabeling in whole-mount preparations revealed
that nearly every type Il hair cell in the utricle had a cytoplasmic expansion below its waist
(and deep to the type I hair cell nuclei). However, the shape and extent of this expansion
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varied considerably. In approximately 20% of type Il hair cells, the basal cytoplasm
expanded into a simple bulbous shape (Fig. 3A,D1,E1). For 60% of type Il hair cells, two or
more processes extended laterally from the base for distances up to 4 hair cell widths and
were sometimes branched (Fig. 3B,C,D3,E3). The remaining 20% of type Il hair cells had
intermediate phenotypes (e.g., shorter processes with no branches)(Fig. 3D2,E2). We
detected no clear trends with respect to process orientation or a regional variation in process
morphology.

Findings with confocal microscopy were confirmed by TEM analyses of transverse and
horizontal sections (Fig. 3F,G). Hair cells or hair cell processes were easily distinguished
from other cellular elements based on ultrastructural characteristics. Most notably, their
polyribosome-rich cytoplasm (e.g., Fig. 3F inset, also see Figs. 7 and 8) clearly
differentiated them from afferent or efferent neurites, which lack polyribosomes. Further,
their cytoplasm was distinct from supporting cell cytoplasm, which had fewer
polyribosomes and, in some regions of the cell body, many lysosome-like structures. Type Il
hair cells were differentiated from type | hair cells based on their lack of a calyx and their
apically located nucleus. In transverse sections, we could identify type 11 hair cells with
basal processes that nearly reached the basal lamina and had lateral branches (Fig. 3F). In
horizontal or near-horizontal sections (taken parallel to the lumen and near the plane of the
supporting cell nuclei), we saw processes with hair cell cytoplasm that extended laterally for
several cell diameters (Fig. 3G). Based on three-dimensional reconstructions and
transmission electron micrographs, we estimated that basolateral processes were typically
between 0.50 and 2 pm thick.

Basolateral processes of type Il hair cells are present in cristae and saccules of adult mice
and are conserved in other rodents

To determine if type Il hair cell processes are a unique feature of utricles in CBA/Cal mice
or are shared by other vestibular organs and rodents, we used myosin Vlla immunolabeling
to assess type Il hair cell morphologies in a variety of other whole-mount vestibular organs.
Type Il hair cells with basolateral processes were abundant in utricles from two other strains
of mice (C57BI/6J and Swiss Webster) at a range of ages (42-365 days)(data not shown).
We also detected processes on type Il hair cells in saccules (Fig. 4A) and lateral ampullae
(not shown) of adult mice of all three strains (CBA/CaJ, C57BI/6J, and Swiss Webster; an
image from a CBA/CaJ mouse is shown in 4A). In addition, we examined three other types
of rodents for evidence of type Il hair cell processes. Using myosin VlIla immunolabeling,
we found that type 11 hair cells in the utricles of adult rats (Fig. 4B), gerbils (Fig. 4C), and
bats (Fig. 4D) also have pieces of cytoplasm that extend below their nuclei. In rats, we saw
only minimal lateral extensions, despite similar fixation and labeling methods as for mice. In
gerbils and bats, basal processes of some type Il hair cells had pronounced lateral
extensions, similar to mice.

Type Il hair cells with extensive basolateral processes have mature properties

Basal processes have not been described in mature mammalian hair cells, but they have been
associated with an immature hair cell status in non-mammals (e.g., Whitehead and Morest,
1985; Steyger et al., 1997; Stone and Rubel, 2000). To assess the maturity of type Il hair
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cells with processes in mice, we tested if they rapidly incorporate the styryl dye, FM1-43, a
property that is associated with functional mechanoelectric transduction (MET) channels
(Gale et al., 2001; Géléoc and Holt, 2003; Meyers et al., 2003). Utricles from adult Swiss
Webster mice were explanted and immersed for 20 sec in 37°C FM1-43, rinsed, and
maintained for 30 minutes at 37°C. Utricles were then fixed, labeled with antibodies to
myosin Vlla, and imaged as whole-mounts. FM1-43 was readily detected in the apical and
perinuclear regions of most myosin Vlla-positive cells, including type I and I hair cells
(Fig. 5A,B). FM1-43 was also detected in some type Il hair cell processes (Fig. 5C,D).
FM1-43 did not accumulate in any other cell types in the preparation, including supporting
cells. These findings show that type Il hair cells with processes rapidly incorporate FM1-43
and therefore are likely to have functional MET channels.

Type Il hair cells in mice appear to contact one another via basolateral processes

Additional observations suggest that the processes of many type Il hair cells in adult mouse
utricles contact one another and form a network amongst hair cells in a given region. Digital
segmentation of selected myosin Vlla-labeled hair cells from adult CBA/CaJ mice revealed
that some type Il hair cells may contact at least three other type Il hair cells (Fig. 6A1-A3;
e.g., cell #4). The level of connectivity amongst type Il hair cells was apparent in projection
images of utricles labeled with antibodies to calretinin (Fig. 6B), a selective marker of type
Il hair cells. Potential sites of contact between type Il hair cell processes were also evident in
thick transverse sections through the utricular macula (Fig. 6C). In addition, type Il
processes appeared to contact afferent calyceal endings surrounding type | hair cells (Fig.
6D). Synaptic contact between the cell body of type Il hair cells and the outer face of the
calyx has been demonstrated before (e.g., Goldberg et al., 1990; Lysakowski and Goldberg,
1997; Ross, 1997). Here, we show that basolateral processes of type Il hair cells may also
contact the outer face of the calyx.

TEM enabled us to visualize sites of contact between the basolateral processes of nearby
type Il hair cells (Fig. 7). At some sites, the plasma membranes of the two processes were
closely apposed, but no specializations were evident (Fig. 7A,B,C). At a few regions where
processes were apposed, we noted increased electron density that could be indicative of a
specialized form of contact between hair cells (Fig. 7B,D). In our investigations so far, we
have not detected any concrete evidence for synapses or gap junctions between the processes
of type Il hair cells.

The basolateral processes of type Il hair cells form ribbon synapses with vestibular

afferents

To begin to address if basolateral processes of type Il hair cells communicate with neural
elements, we used immunofluorescence in adult mouse utricles to identify hair cell synapses
with vestibular afferents. We labeled utricles from CBA/CaJ mice with antibodies to ctbp2
(C-terminal binding protein 2, or ribeye) to label pre-synaptic ribbons in hair cells (Schug et
al., 2006; Uthaiah and Hudspeth, 2010) and myosin Vlla to label hair cell cytoplasm.
Confocal microscopy revealed that, in type |1 hair cells, ctbp2 antibodies bound to numerous
small round or oval structures characteristic of ribbon synapses at the levels of the waist
(Fig. 8A2) and the basolateral processes (Fig. 8A3). However, very little ctpb2 labeling was

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pujol et al.

Page 10

seen in type Il hair cells at the level of the nucleus (Fig. 8A1). We also found that some
ctbp2-positive structures in basolateral processes were closely apposed to thin
neurofilament-positive structures resembling neurites (Fig. 8B). Next, we triple-labeled
utricles from in adult CBA/CaJ mice with antibodies to ctbp2, glur2 (glutamate receptor 2, a
post-synaptic protein), and myosin Vlla. This approach revealed close apposition of ctbp2
and glur2 at the level of the hair cell processes (Fig. 8C,D), confirming that type Il processes
are sites of many synapses with vestibular afferents.

To better examine synapses between basolateral processes and vestibular afferents, we used
TEM. We determined that basolateral processes contain many classical synaptic ribbons:
synaptic vesicles surrounding an electron-dense body (Fig. 8E-H). In many cases, a ribbon
was opposed closely to an afferent nerve bouton that had clear dendritic features:
neurofilaments, microtubules, and mitochondria (Fig. 8G,H). In addition, the plasma
membrane of the afferent bouton near the ribbon was electron-dense, typical of a post-
synaptic specialization (Fig. 8G,H). We also noted that some ribbons in type Il hair cell
basal (descending) processes were opposed to a nerve calyx of a type I cell (not shown), as
has been described previously (e.g., Lysakowski and Goldberg, 1997).

The basolateral processes of type Il hair cells receive synaptic inputs from vestibular

efferents

Next, we tested the hypothesis that the basolateral processes of type Il hair cells receive
neural inputs from vestibular efferent fibers, which originate in the brainstem (reviewed in
Highstein, 1991). We labeled utricles from CBA/CaJ mice with antibodies to choline
acetyltransferase (chat), an acetylcholine synthetic enzyme that is present in vestibular
efferents of mice and rats (Kong et al., 1994; 2002). Chat immunolabeling was seen in small
club-shaped nerve endings that appeared to terminate on basolateral processes (Fig. 9A).
TEM analysis confirmed the presence of efferent synapses on the basolateral processes (Fig.
9B). These synapses resembled those seen before in mammalian vestibular epithelia (e.g.,
Goldberg et al., 1990). The efferent ending was filled with regular small and clear synaptic
vesicles (Fig. 9B inset), forming clusters near the pre-synaptic membrane. In some hair cells
receiving efferent synapses, there was a membrane thickening and post-synaptic cistern (Fig.
9B, inset).

Type Il hair cell processes develop post-natally

Vestibular hair cells differentiate during the late embryonic and early post-natal periods
(e.g., Rusch et al., 1998; Burns et al., 2012). We examined how type 11 hair cell processes
develop by examining utricles from Swiss Webster mice at post-natal days (p) 7, 14, and 21.
Utricles were immunolabeled to detect the type |1 hair cell marker calretinin and examined
using confocal microscopy. At p7, some type Il hair cells had cytoplasmic expansions below
the waist (Fig. 10A), but no lateral extensions (processes) were evident. At p14, spreading of
the basal cytoplasm had occurred in some type Il hair cells, but very few lateral extensions
were seen (Fig. 10B). At p21, many type Il hair cells exhibited lateral extensions (Fig. 10C),
some of which were branched. By p42 (adult), long and branched processes were detected in
many type Il hair cells (Fig. 10D). Similar general observations were observed with
antibodies to myosin Vlla, a second marker of basolateral processes (not shown).
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Using image processing software, we analyzed how the basolateral processes of type Il hair
cells change between p7 and p42 by measuring the mean surface area, volume, and
perimeter boundary for several hair cells at p7, p14, p21 and p42 (see Materials and
Methods for details). Grouped data were subjected to one-way analysis of variance.
Although there was considerable variation in measurements across sampled regions at all of
the ages we studied, all 3 parameters (surface area, volume, and perimeter boundary) were
significantly increased over time (p<0.0001)(Fig. 10E-G). Post-hoc analyses with
Bonferroni Multiple Comparison correction showed that: 1) process surface area was
significantly different between all ages except between p21 and adult; 2) process volume
was significantly different between all ages except between p14 and adult; and 3) perimeter
boundary was significantly different between all time-points except between p7 and p14.

These findings demonstrate that type Il hair cell processes undergo dynamic morphological
transitions between p7 and p21, at which point many aspects of the murine vestibular
epithelium have matured (e.g., Nordemar, 1983; Rusch et al., 1998). At the later stages of
development (between p21 and p42), there were only small adjustments in the surface area
and volume, but the process perimeter continued to increase. These findings demonstrate
that basolateral processes tend to extend and become thinner during the later stages of
development. However, as defined in Fig. 3, considerable variation in process surface area,
volume, and perimeter remains across the type Il hair cell population in adult mice.

DISCUSSION

Body orientation and movement depend largely upon vestibular hair cells, which serve as
gravity and motion detectors and relay information about head position and motion to
various regions of the brain. Many morphological, physiological, and molecular features of
both type I and Il vestibular hair cells have been studied in mature and developing mammals
(for a recent review, see Eatock and Songer, 2011). Here, we present the first account of a
striking feature of mammalian type Il hair cells: cytoplasmic processes that extend laterally
from the basal-most portion of the hair cell. These basolateral processes course below type |
hair cells and form contacts with vestibular nerves (afferents and efferents) and with other
basolateral processes, constituting a network amongst type Il hair cells. Although further
analysis is required to define the nature of the type Il hair cell coupling, these initial
observations have important implications for many aspects of vestibular biology, including
peripheral signal processing, cellular homeostasis, and hair cell regeneration.

Type |l hair cells in rodents have large basolateral processes

The morphology of type Il hair cells has been studied, with some of the best analyses
conducted in the cristae of mature chinchilla (Lysakowski and Goldberg, 1997) and guinea
pig (Werséll, 1956). Using TEM to examine transverse sections, these studies showed that
type 11 hair cells have a cylindrical, goblet, or dumbbell shape (i.e., a relatively large apical
region, a narrow central region, and a large basal region). Here, we used
immunofluorescence labeling and confocal microscopy to assess type Il hair cell
morphology in adult mice, gerbils, rats, and bats. Our analyses confirmed the dumbbell
shape in some type Il hair cells in all of these species. We also found that many type Il hair
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cells in mice, gerbils, and bats extend lateral cytoplasmic processes from their enlarged basal
region. The basal processes course horizontally in the epithelial plane, passing under the
type I hair cells and above the level of supporting cell nuclei. Basolateral processes can be
thick (0.5 to 2 pm), long (up to 3 hair cell widths), and/or branched. In mice, these processes
are readily detected using antibodies to myosin VI, myosin Vlla, or calretinin. TEM analysis
confirmed that type Il processes have long basolateral extensions and showed that the
processes of some type Il hair cells descend to a level very close to the basal lamina.

There are several plausible explanations for why basolateral processes have not been
identified previously in mammalian type Il hair cells. Most morphological analyses of
vestibular tissue have been conducted in thin transverse sections. This type of preparation
makes it difficult to identify basolateral processes, which course in and out of the plane of
section. By contrast, inspection of immunofluorescently labeled hair cells in whole-mount
organs or thicker sections using confocal microscopy enables visualization of the entire hair
cell and therefore facilitates the detection of hair cell processes, which course laterally.
Another reason why hair cell processes were not noted before could be that many hair cell
biologists favor the use of perinatal vestibular organs for mammalian studies, and we found
that hair cell processes are not elaborated until the third post-natal week, at least in mice.

Initial observations of type 11 basolateral processes were made in hair cells that had
regenerated in adult mouse utricles after damage (Golub et al., 2012). Regenerated hair cells
were multipolar in appearance, with multiple branched processes extending from the cell
bodies. This unusual morphology initially suggested that the new hair cells had matured
abnormally. However, our current findings demonstrate that multipolar basolateral processes
of type Il hair cell are normal in some adult mammals. The only major qualitative difference
we detected so far between the basolateral processes seen in normal type Il hair cells versus
regenerated type Il hair cells is that the regenerated cells’ processes are more spindly. These
findings do not rule out the possibility that regenerated type Il hair cells in adult mice are
abnormal. However, they demonstrate clearly that the normal morphology of mammalian
type Il hair cells has not been fully appreciated.

Using similar immunolabeling and imaging approaches, we were unable to identify
basolateral processes in type Il hair cells of adult rats. We are unsure why this result was
obtained, but at this time we feel it is not definite that rats lack type Il hair cell processes.
Accordingly, it is important to perform additional comparative studies to determine if
basolateral processes on type Il vestibular hair cells are conserved across mammals.

Basolateral processes of type Il hair cells are major sites of neural contacts

Using confocal and transmission electron microscopy, we found that type Il processes in
adult mouse utricles have abundant synapses with vestibular afferent boutons. The density of
boutons varies across the type Il hair cell body; we detected very few pre-synaptic ribbons at
the perinuclear region of type Il hair cells, but we found a higher density of ribbons at the
waist (the constricted region below the nucleus) and the basolateral processes. Similarly,
Lysakowski and Goldberg (1997) reported in the chinchilla crista that many ribbon synapses
are located below the nucleus of type Il hair cells. Using TEM, we determined that synapses
between basolateral processes and afferent boutons have a classical form, with a pre-
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synaptic ribbon and a post-synaptic density. Although the function of the basolateral
processes is not clear at this time, the expanded surface areas they impart would enable
higher numbers of synapses per hair cell, which could improve signal transmission from
type Il hair cells to vestibular afferents.

In rodents, efferent nerves derived from the brainstem synapse upon both type I hair cells
and vestibular afferents. Using confocal and transmission electron microscopy, we found in
adult mouse utricles that some efferent synapses are localized to the basolateral processes of
type Il hair cells and such synapses have a mature, classical form. This finding strongly
suggests that type Il hair cell activity is modulated by efferents at all levels, including at the
level of the basolateral processes.

Basolateral processes of type Il hair cells contact one another

Our most striking observation is that type Il hair cells in mice, gerbils, and bats are in direct
contact with other type Il hair cells at the level of the basolateral processes. We confirmed
contacts between the processes in adult mouse utricles in both horizontal and transverse
sections using TEM. Although most of the process-to-process interconnections presented as
simple membrane appositions, we noted increased electron density at the site of some
contacts (Fig. 7B,D) that could be indicative of a more specialized form of contact.
However, at this point, we do not understand the nature of the communication between
processes.

To the best of our knowledge, contacts between mature type Il hair cells in vertebrates have
never been described. By contrast, evidence for electrical coupling between hair cells or
similar mechanotransducers has been presented for invertebrates, including sea anenomes
(Mire et al., 2000), mollusks (Detwiler and Alkon, 1973), and squid (Williamson, 1989). In
sea anenomes, inhibition of gap junctions between hair cells alters mechanotransduction-
dependent signals, suggesting that electrical coupling is functionally significant (Mire et al.,
2000). In the mammalian retina, there are gap junctions between visual receptors (rods and
cones)(e.g., DeVries et al., 2002; Hornstein et al., 2005). This coupling is hypothesized to
pool receptor voltages before the first synapse, resulting in improved signal-to-noise ratios.
No similar mechanism has been postulated to exist in the vestibular epithelium. Nonetheless,
our future studies will seek evidence for electrical or chemical coupling between
mammalian type 11 hair cells.

It is possible connections between type 11 hair cells are purely physical, linking the cells in a
network. Somatic coupling could affect the mechanics of signal transduction, for instance,
by integrating several hair cells with the overlying otoconia. It is also possible that type 11
hair cells communicate by ligand-receptor interactions that transduce signals important for
homeostasis and/or maintenance. One intriguing idea is that direct communication between
type Il hair cells regulates their state of differentiation or their life cycle. Vestibular hair
cells are continually renewed in mature birds and other non-mammalian vertebrates (e.g.,
Jorgensen and Mathiesen, 1988). Prior studies suggest that hair cells in adult mammalian
vestibular organs may also undergo turnover, because immature-appearing hair cells have
been detected in normal mature organs (Forge et al., 1993; Rubel et al., 1995; Lambert et al.,
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1997; Kirkegaard and Jargensen, 2000). Clearly, further studies are required to determine
the precise roles of process-to-process contacts amongst type I hair cells.

Type Il hair cells display a range of morphologies in adulthood

The type Il hair cells of mature mice exhibit considerable variability with respect to the
shape and extent of their basal cytoplasm. Some hair cells have a simple bulbous expansion
below the waist with no lateral extensions, as previously described (Lysakowski and
Goldberg, 1997). Additional hair cells have highly ramified processes that extend laterally
from the bulbous expansion as far as 3—4 hair cell lengths, while still others have only one or
two short stumpy processes. We were unable to detect a spatial pattern with respect to
distribution of these morphological hair cell variants. Further, we do not understand the
reason for such variability nor if it has a functional consequence. One possibility is that there
are subtypes of type Il hair cells in mature mammalian vestibular epithelia. Type Il hair cells
throughout the utricle exhibit systematic variability with respect to the orientation and
architecture of their stereociliary bundle (e.g., Li et al., 2008), but other systematic
differences in morphological, physiological, or molecular features of type Il hair cells have
not been defined. Alternatively, as discussed above, mammalian type Il hair cells may
undergo normal turnover similar to birds, and the various morphologies may reflect hair
cells at distinct stages of differentiation. These important questions will be addressed in
future studies.
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Figure 1.
Classical morphologies of type | and Il hair cells in adult mouse utricles. A. A schematized

transverse section of the extrastriolar region of the adult (6 week-old) CBA/CaJ mouse
utricular macula, depicting the previously described features of type I hair cells (dark green
cells, HC,) and type Il hair cells (light green cells, HCy;) and the positions of the hair cell
and supporting cell (SC) nuclei. Magenta structures are vestibular afferents that either
ensheath the type 11 hair cells or terminate in boutons on type 11 hair cells. The Z plane
position of panel B is indicated. B. An image from the lateral extrastriolar region (see panel
E) of a utricle labeled with antibodies to myosin Vlla (myoVlla, green) and with phalloidin
to detect filamentous actin (f-actin, cyan). This image is a horizontal (XY) confocal slice
taken parallel to the lumenal surface of the epithelium at the level indicated in panel A. The
thin arrow points to the neck of a type I hair cell, and the thick arrow points to the neck of a
type Il hair cell, both of which are myosin Vlla-positive. The arrowhead points to a
supporting cell, which is f-actin-positive and myosin Vlla-negative. C. A transverse
confocal slice (vertical re-slice) through two type | hair cells from the striolar region (see
panel E) labeled with antibodies to myosin Vlla (green) and antibodies to parvalbumin
(parvalb, magenta) to detect afferent nerves. The arrowheads point to calyceal elements on
the type | hair cells. The orientation is similar to the schematic in panel A. D. A transverse
confocal slice through a type I hair cell (HC,) and a type Il hair cell (HC,)) in the lateral
extrastriolar region (see panel E) from a utricle labeled with anti-myosin Vlla and anti-
parvalbumin. The arrowhead points to an afferent calyx on the neck of the type I hair cell. E.
A drawing of the adult mouse utricle, showing the positions of the striola, lateral extrastriola
(LES), and medial extrastriola (MES). The letters B,C, and D indicate the approximate sites
of images shown in the corresponding panels. Lu = lumen, SC=supporting cell. Scale bar in
B = 1.5 um; scale bar in C =4 uM (applies to C,D).
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Figure 2.
Type 1l hair cells in adult mouse utricles have basolateral processes. All digital microscopy

images were taken from the lateral extrastriolar region of utricles (see Fig. 1E for reference)
from mice between 6 and 9 weeks of age. A. A schematized transverse section of the
extrastriolar region of the adult CBA/CaJ mouse utricular macula, depicting the observed
shapes of type | hair cells (dark green cells, HC) and type Il hair cells (light green cells,
HC;) and the positions of the hair cell and supporting cell (SC) nuclei. The positions of the
confocal slices shown in panels B1-4 are indicated. Panels B1-H show images from the
lateral extrastriolar region of the adult mouse utricular macula. Panels B1-4 show horizontal
confocal slices taken from one field of a utricle at successive depths in the epithelium (see
A). The utricle was labeled with antibodies to myosin Vlla (myoVlla, green) to detect hair
cells. The arrows in each slice indicate two type 11 hair cells; a portion of their cell bodies is
seen in each slice. C. A transverse confocal slice through the utricular macula, with an
orientation similar to the schematic in A. The arrowhead points to a process, and the arrow
points to the cell’s waist. D. A drawing that illustrates the immunolabeling patterns for
calretinin (green) and Sox2 (magenta) shown in panels E-G. ). The letters E, F1, F2, and F3
indicate the approximate sites of images shown in the corresponding panels. E. Horizontal
section through the basal layer showing type 11 hair cell processes (arrowhead) labeled with
anti-calretinin (green). F1-F3. Horizontal slices through the same field in successive depths
through the macula, immunolabeled for myosin VIla (green) and Sox2 (red) and counter-
labeled for DAPI (blue) to detect nuclei. G. A transverse slice showing a type Il hair cell
with a Sox2-positive nucleus (arrow) with two basolateral processes (arrowheads). H,I.
Panels show the utricular macula immunolabeled for myosin Vlla (green) and 200kD
neurofilament (NF, magenta) in transverse (H) and horizontal (1) confocal slices. Arrows in
each panel point to NF-positive neural elements, and arrowheads point to myosin Vlla-
positive type Il hair cell processes. Scale bar in B1 = 6 um (applies to B1-4); scale bar in C
=5 um; and scale bar in F1 =5 pm (applies to E,F1-1).
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Figure 3.
Type Il hair cell processes in adult mouse utricles have a range of morphologies. All images

are from mice between 6 and 9 weeks of age. A—C are horizontal confocal slices showing
the basal portion (i.e., the cytoplasm below the waist) of type Il hair cells from the lateral
extrastriolar region of an adult C57/BI6 mouse utricle labeled with antibodies to myosin
Vlla (myo, green). A. The arrow points to a type Il hair cell in which the basal cytoplasm
has a simple bulbous shape. B. The arrow points to the bulbous portion of a type I1 hair cell
from which two long processes (arrowheads) emerge. C. The arrow points to the bulbous
portion of a type Il hair cell, and arrowheads point to its processes. The circle indicates the
approximate location and size of the cell body (located in a more apical plane) relative to the
basal portion. D,E. 3-D reconstructions of the basal portions of calretinin-labeled type Il hair
cells from different slices of the lateral extrastriolar region of a Swiss Webster mouse
utricle. D = view from the side of the cell. E = % view from the top of the cell. 1 (cyan) =
hair cell with a simple bulbous basal portion. 2 (green) = hair cell with 1-2 basolateral
processes. 3 (red) = hair cell with 3 or more basolateral processes. Some processes are
obscured from view. F,G are ultrathin TEM sections through the extrastriolar region of an
adult CBA/CaJ mouse utricle. F. Transverse section showing two type Il hair cells (HC,)
with basal processes (green tint, arrows). The type Il hair cell on the right has a lateral
extension (upper arrowhead) emanating from its basal process and passing under a type |
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hair cell (HC)). The type Il hair cell on the left has a foot process (lower arrowhead) that
descends close to a supporting cell nucleus (SC). G. Horizontal section at the level near the
type I hair cell and supporting cell nuclear layers showing a type Il hair cell process (P,
green tint) extending laterally near supporting cell nuclei (SC). G, inset. The red circle
encompasses polyribosomes in the type Il hair cell process at the position indicated in the
boxed region in G. Scale bars: A =5 pm (applies to A-C); F =4 ym; and G = 4 ym.
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Figure4.
Type Il hair cells with processes are also present in the saccule and lateral ampulla of adult

mice, gerbils, and bats. All images are horizontal confocal slices of various sensory epithelia
from mature rodents, showing myosin VIla immunolabeling and focused on the layer at or
just under the type I hair cell nuclei. Arrowheads point to type Il hair cell processes and
arrows point to type | hair cell bodies. A. The lateral extrastriolar region of a 6 week-old
CBA/CaJ mouse saccular macula. B. The lateral extrastriolar region of a utricle from a
young, sexually mature rat (~40 days of age). C. The extrastriolar region of a sexually
mature gerbil utricular macula. D. The extrastriolar region of a utricular macula from an
adult bat (> 56 days of age). Scale bar in A =5 pm (applies to A-D).
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Figure5.
Type Il hair cells with basolateral processes utricles rapidly incorporate FM1-43. All panels

show horizontal confocal slices from a 6 week-old Swiss Webster mouse utricle that was
exposed for 20 seconds to FM1-43, rinsed and maintained in culture 30 minutes, then fixed
and labeled for myosin Vlla and DAPI. Panels A,B show cells from the lateral extrastriolar
region in a slice through the type Il hair cell nuclei. Panel A shows myosin Vlla
immunolabeling and panel B shows FM1-43 from the same field. Arrowheads point a type |1
hair cell body, and arrows point to the top of a type | hair cell. Panels C,D show the same
field as A,B in a slice through type Il hair cell processes. Panel C shows myosin Vlla
immunolabeling, and panel D shows FM1-43 from the same field. The large arrowhead
points to a basolateral process with substantial FM1-43 present, and the small arrowhead
points to a basolateral process with only a little FM1-43 present. The arrow points to a type |
HC with FM1-43 label in the perinuclear cytoplasm. Scale bar in A =2 pm (applies to A—-
D).
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Figure®6.
The basolateral processes of nearby type Il hair cells directly contact one another. All

images are from mice between 6 and 9 weeks of age. A1-A3. Four myosin Vlla-labeled
type Il hair cells (numbered 1-4 in A1 and A2) were chosen for segmentation. Al shows
these cells in a horizontal slice near the lumenal surface of an adult CBA/CaJ mouse utricle
(immunolabeled for myosin VIla). The reconstruction shown in A2 is focused at the level of
the hair cell processes. The reconstruction in A3 is a three-dimensional (3D) rendering of the
whole cells. Arrows in A2 and A3 indicate possible points of contact. B. An image from an
adult mouse (CBA/CaJ) utricle immunolabeled for calretinin to detect type Il hair cells. This
is a horizontal brightest point projection of horizontal slices taken from the hair cell waist to
the basal lamina, revealing the shapes and possible connections of the basolateral processes
of type Il hair cells. C. Transverse vibratome section labeled for myosin Vlla showing a
possible connection (arrow) between two type Il hair cells (11). D. Transverse vibratome
section labeled for myosin Vlla showing a possible connection (arrow) between one type Il
hair cell (1) and an afferent calyx surrounding a type | hair cell (I). Scale bars: A1 =5 um
(applies to A1-A3); B =5 um; C =5 um (applies to C,D).
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Figure7.
Basolateral processes contact one another. All panels show ultrathin sections through

utricles from normal CBA/CaJ mice between 6 and 9 weeks of age. A. A transverse section
of two type Il hair cells (HC,;)(already shown in Fig. 3F) to illustrate the position of
process-to-process contacts. The two type |1 hair cells are tinted green and indicated with
arrows (at their tops); they surround a type | hair cell (HC,). The boxed area shows a site of
contact between two basolateral processes that is shown at higher magnification in panel B.
B. Two processes, P1 and P2, have a point of contact (arrowhead). See panel A for position
of this contact within the sensory epithelium. C. A horizontal section through the region near
the supporting cell nuclei. The arrows point to ribbon synapses in type 11 hair cell processes
(P1, tinted blue, and P2, tinted green) whose plasma membranes are closely apposed
(arrowheads). Each ribbon synapse is shown at higher magnification in an inset. D. The
contact site (small arrowheads) between two type Il processes (P1 and P2) is shown. The
large arrowhead points to a site of increased electron density in P1, next to its site of contact
with P2. The arrow points to a ribbon synapse in P1. The higher magnification in panels B—
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D provides evidence that the cytoplasm of the processes is full of polyribosomes, a hallmark
of hair cells. An example of a cluster of polyribosomes is shown in D, to the right of the red
asterisk in P2 and around the red asterisk in P1. SC = supporting cell nucleus; eff = efferent
fiber; aff = afferent fiber. Scale bars: A=5 pm; B, C, D = 500 nm.
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Figure8.
Basolateral processes of type Il hair cells form ribbon synapses with vestibular afferents. All

images in this panel are derived from CBA/CaJ mice between 6 and 9 weeks of age. A1-A3.
Confocal horizontal slices from a Z series showing the same field of a utricle labeled for
myosin Vlla (blue), ctbp2 (pink), and dapi (green), focused on type Il hair cell nuclei (A1),
type | hair cell nuclei and type Il hair cell “waists” (A2), or type 1 hair cell processes (A3).
Arrowheads point to the same type Il hair cells in all fields. Arrow in A2 indicates ctbp2
labeling in a type | hair cell. B. A horizontal slice through a utricle labeled for myosin Vlla
(blue), ctbp2 (pink), and 200 kD neurofilament (nf, yellow-green). Arrowheads point to
ctbp2 labeling in a type 11 hair cell basolateral process that is close association with
neurofilament-labeled processes. C,D. Confocal horizontal slices through type Il hair cell
processes in a utricle labeled for myosin Vlla (blue), ctbp2 (majenta), and glur2 (green).
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Arrowheads in C point to sites of co-labeling for ctbp2 and glur2. D shows this co-labeling
at a higher magnification. EH. Ultrathin sections. E. A transverse section showing segments
of basolateral processes (green tint) coursing under a type I HC (HC,) and over supporting
cell (SC) nuclei. The boxed area contains a synaptic ribbon that is shown at higher
magnification in G. F. A horizontal section from a second utricle, taken near the supporting
cell (SC) nuclei, shows segments of basolateral processes (P, green tint). The boxed area
contains a synaptic ribbon that is shown at higher magnification in H. Arrowheads in F
indicate positions of additional synaptic ribbons. G,H. Arrowheads point to vesicles around
the electron dense region of the ribbon in the basolateral process that is opposed to an
afferent (aff) bouton. Arrows point to the post-synaptic density in the afferent. Scale bars:
Al =5pum (applies to A1-A3): B =5 um (applies to B,C); E=4 um; F =2 um; G = 200
nm; H =500 nm.
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Figure9.
Basolateral processes of type Il hair cells receive synaptic inputs from vestibular efferents.

A. A horizontal confocal slice through the basolateral processes of type Il hair cells in a 6
week-old CBA/Cal mouse utricle labeled for myosin Vlla (green) and choline acetyl
transferase (chat, magenta). Arrows point to three apparent sites of contact between efferent
endings and basolateral processes. B. An ultrathin transverse section through a utricle from a
9 week-old CBA/CaJ mouse. The basolateral processes (P) of a type Il hair cell (HC,;) of a
type Il hair cell are tinted green. The box indicates the site of an efferent nerve element (eff)
that synapses on the process; this site is shown at higher magnification in the inset on the
upper right. In the inset, the white arrowhead points to polyribosomes in the hair cell
process, the black arrowhead points to the post-synaptic cistern in the hair cell, and the black
arrow points to the pre-synaptic vesicles in the efferent nerve element (eff). SC = supporting
cell, Cx = calyx of a type I hair cell. Scale bars: A =4 pm; B =2 pm; inset B = 500 nm.
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Figure 10.

Type Il hair cell processes develop postnatally. A-D. Confocal horizontal slices of
calretinin-labeled adult mouse utricles, focused on the epithelial layer where the type I hair
cell processes are seen in adults (between the type | hair cell bodies and the supporting cell
nuclei). The arrowheads point to examples of calretinin-labeled type 11 hair cell cytoplasm in
this layer. E-G. Graphs show the distribution of measurements for process surface areas (E),
process volume (F), and process perimeter boundary (G). Each point represents an
individual cell, and the gray line represents the mean for each group of cells. Scale bar in D
=10 pm (applies to A-D).
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