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Abstract

Vestibular tissues (cristae ampullares, macular otolithic organs, and Scarpa’s ganglia) in
chinchilla, rat, and guinea pig were examined for immunoreactivity to the a9 nicotinic
acetylcholine receptor (nAChR) subunit. The a9 antibody was generated against a conserved
peptide present in the intracellular loop of the predicted protein sequence of the guinea pig a9
NAChHR subunit. In the vestibular periphery, staining was observed in calyces around type | hair
cells, at the synaptic pole of type Il hair cells, and in varying levels in Scarpa’s ganglion cells.
Ganglion cells were also triply labeled to detect a9, calretinin, and peripherin. Calretinin labels
calyx-only afferents. Peripherin labels bouton-only afferents. Dimorphic afferents, which have
both calyx and bouton endings, are not labeled by calretinin or peripherin. In these experiments,
a9 was expressed in both calyx and dimorphic afferents. A subpopulation of small ganglion cells
did not contain the a9 nAChR but did stain for peripherin. We surmise that these are bouton-only
afferents. Bouton (regularly discharging) afferents also show efferent responses, although they are
qualitatively different from those in irregularly discharging (calyx and dimorphic) afferents, much
slower and longer lasting. Thus, regular afferents are probably more affected via a muscarinic
cholinergic or a peptidergic mechanism, with a much smaller superimposed fast nicotinic-type
response. This latter response could be due to one of the other nicotinic receptors that have been
described in studies from other laboratories.

Indexing terms
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Acetylcholine (ACh) is well-established as a transmitter in auditory and vestibular efferents
(Bobbin and Konishi, 1971, 1974; Klinke and Galley, 1974; Guth et al., 1998). It has long
been known that the cholinergic response of hair cells and afferents has an unusual
pharmacology (Desmedt and Monaco, 1960). Until cloning efforts in the 1990s, the inner
ear cholinergic response was not attributable to any previously described cholinergic
receptors. In mammals, electrophysiological stimulation of auditory efferents inhibits
sensory transmission (Wiederhold and Kiang, 1970), whereas stimulation of vestibular
efferents in mammals excites vestibular afferents (Goldberg and Fernandez, 1980; McCue
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and Guinan, 1994; Plotnik et al., 2002; Marlinski et al., 2004). Both cochlear and vestibular
systems exhibit choline acetyltransferase (ChAT) and acetylcholinesterase (AChE) staining
in their respective efferent nuclei (Gacek and Lyon, 1974; Warr, 1975; Goldberg and
Fernandez; 1980; Schwarz et al., 1986; Perachio and Kevetter, 1989), which supports the
pharmacological evidence that these systems are primarily cholinergic (for recent reviews on
vestibular efferents see Goldberg et al., 2000; Lysakowski and Goldberg, 2004). The
efferent innervation patterns of the cochlea have long been adequately described (Spoendlin,
1970; Warr and Guinan, 1979), but the regional pattern of peripheral vestibular efferent
innervation has only recently begun to be mapped (Purcell and Perachio, 1997; Lysakowski
and Goldberg, 1997; Maksoud and Lysakowski, 2004).

Receptors for ACh are of two types: 1) muscarinic, G-protein-linked metabotropic receptors
and 2) nicotinic, ligand-gated ion channel receptors. This paper concerns nicotinic receptors.
Several subtypes have been cloned. The nicotinic acetylcholine receptor (nAChR; Noda et
al., 1983a,b), found in skeletal muscle and fish electric organs, is composed of five
pentameric subunits: 2a, B, 8, and vy, with a sixth subunit, ¢, found during embryonic
development. There have so far been shown to be at least 10 a subunits, 4 B subunits, and 1
each of the 3, v, and ¢. The classic “neuromuscular junction-type” a subunit, al, binds o-
bungarotoxin irreversibly. Neuronal nicotinic receptors consist of two sets of isoforms: 1)
a2-6, which form heteromers and do not bind a-bungarotoxin, and 2) a7-10, which can
form homomers or heteromers and bind a-bungarotoxin reversibly. The nAChR most
commonly found in neural tissue comprises subunits with the stoichiometry (04)2(B2)3
(Lindstrom, 1996).

Previous studies have examined the distribution of NAChR subunits in vestibular end organs
by using various nucleic acid and ligand-binding methods (Ohno et al., 1993; Anderson et
al., 1997; Hiel et al. 1996, 2000; Lustig et al. 1999; Holt et al., 2001; Ishiyama et al., 1995;
Wackym et al., 1995). Localization of the receptor protein in mammalian vestibular tissue
by means of immunohistochemistry is more precise but has not previously been done. Park
et al. (1997) have used antibodies raised against a portion of the a9 subunit to localize it to
the base of inner hair cells and outer hair cells in the guinea pig organ of Corti. Holt and
colleagues (2001) used the same antibodies with similar results on hair cells in the frog
saccule, a seismic (Lewis et al., 1985) and acoustic (Lewis, 1992) sensory organ.

Pharmacological studies have shown that classic cholinergic compounds have potent effects
in the inner ear, but strychnine, a glycine antagonist, has proved to be one of the most potent
antagonists (Bobbin and Konishi, 1974; Fuchs and Murrow, 1992a; Shigemoto and Ohmori,
1990, 1991; Erostegui et al., 1994; Sridhar et al., 1997; Rothlin et al., 1999). More recent
studies have implicated the a9 and a10 nAChR subunits functionally. When expressed in
Xenopus oocytes, the pharmacological signatures of a9 (Elgoyhen et al., 1994) and the
recently cloned a10 nAChR subunits (Elgoyhen et al., 2001; Sgard et al., 2002) are unique
in comparison with other nAChRs. Their response to ACh is antagonized by nicotine;
blocked by atropine, curare, strychnine, bicuculline; and reversibly blocked by a-
bungarotoxin.

Studies in the last decade or so have clarified the morphophysiological organization of
afferents innervating the vestibular labyrinth in the chinchilla (Baird et al., 1988, Fernandez
etal., 1988, 1990; Goldberg et al., 1990a,b), squirrel monkey (Fernandez et al., 1995;
Lysakowski et al., 1995), reptiles (Schessel et al., 1991; Brichta and Goldberg, 2000a,b),
pigeon (Si et al., 2003; Zakir et al., 2003), frog (Honrubia et al., 1984, 1989; Myers and
Lewis, 1990, 1991), and toadfish (Boyle et al., 1991; Boyle and Highstein, 1990). There are
three morphological types of vestibular afferents in mammals, birds, and reptiles, each with
its own distinct physiology: calyx, dimorphic, and bouton afferents (Baird et al., 1988;
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Lysakowski et al., 1995; Brichta and Goldberg, 2000a,b). These three types are also
distributed in varying proportions in the sensory epithelium in mammalian crista and
macular organs (Fernandez et al., 1988, 1990, 1995). It is fortuitous that calyx afferents stain
with calretinin antibodies (Desmadryl and Dechesne, 1992; Desai et al., 2005a,b) and that
bouton afferents stain with antibodies to peripherin (Lysakowski et al., 1999), because we
can use these immunological markers to correlate the presence of receptor antibodies with
specific vestibular afferent classes. So far, no specific marker has been described for
dimorphic afferents, but we have used the absence of staining for either of the other markers
as an indicator of dimorphic afferents.

From physiological studies on vestibular efferents, it is known that they have distinct effects
on afferents in squirrel monkeys (Goldberg and Fernandez, 1980), cats (McCue and Guinan,
1994), and chinchillas (Plotnik et al., 2002; Marlinski et al., 2004). Although different
afferent classes were differentially distributed within the chinchilla (Fernandez et al., 1988,
1990) and monkey vestibular sensory epithelia (Fernandez et al., 1995; Lysakowski et al.,
1995), efferent boutons were evenly distributed within these same sensory epithelia
(Lysakowski and Goldberg, 1993, 1997). Efferent boutons make synapses with afferent
processes, including calyces, boutons, and afferent dendrites, and with type Il hair cells
(Engstrom et al., 1965; Smith and Rasmussen, 1968; Wersall, 1968; lurato et al., 1972;
Lysakowski and Goldberg, 1997). Those contacting afferent processes are considered
postsynaptic to the hair cell-afferent ribbon synapse and are marked by asymmetric
membrane thickenings or postsynaptic densities. On the other hand, efferent boutons directly
contacting type Il hair cells are marked by subsynaptic cisterns and are described as
presynaptic to the hair cell synapse (Engstrom et al., 1965; Lysakowski and Goldberg,
1997). We wanted to determine whether efferent synapses in mammals that involved o9
nAChRs contacted a particular class of vestibular afferent or participated in one or the other
type of efferent synapse, which could then be compared with the physiological effects of
efferent activation in the vestibular system. Preliminary reports of this work have been
presented previously (Maroni et al., 1998; Guth et al., 1999; Ouyang et al., 2003).

MATERIALS AND METHODS

All procedures described below involving animals conform to NIH guidelines and have been
approved by the Institutional Animal Care and Use Committees at the University of Miami
and the University of Illinois at Chicago.

a9 nAChR antibody generation

An antibody (MUA43) was generated in rabbits (Covance, Inc., Princeton, NJ) against a
synthetic peptide (SKPKTARNKDL) conjugated to keyhole limpet hemocyanin (Luebke,
1996; Luebke and Foster, 2002). This peptide is part of the proposed intracellular loop
(between TM I11 and TM 1V) of the guinea pig a9 nAChR. The MU43 antibody was tested
by both ELISA and Western analysis and is specific for the a9 nAChR in heterologous
expression studies using a9-injected Xenopus oocytes. This peptide sequence is not present
in any other neuronal nAChR subunits (a2-8, 010, 2-4, 3, v, or €) discovered to date.

Western blot and protein assay

For each Western blot, inner ear tissues and pituitary glands were harvested from at least
three to five adult rats, chinchillas, and guinea pigs within 5 minutes of death. One of the
few locations initially described for a9 was in the pituitary gland (Elgoyhen et al., 1994), so
the pituitary gland was an important positive control for our antibody. All animals were
anesthetized (Nembutal, 80 mg/kg) and quickly decapitated. All tissues (cristae ampullares,
utricular and saccular maculae, cochleae, vestibular and cochlear ganglia, and pituitary
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glands) were dissected in ice-cold phosphate-buffered saline (PBS). Each tissue was
homogenized separately in Laemmli buffer with a disposable pestle in a sterile Eppendorf
tube for 30 seconds. Samples of whole chinchilla brain and skeletal muscle were used for
controls and treated similarly. The tubes were sealed, and samples were boiled at 95°C for 5
minutes and then frozen in crushed dry ice. Then samples were thawed at 37°C for 30
seconds to 1 minute and kept on ice. Stop dye was added, and samples were again boiled at
97°C for 5 minutes, separated by SDS-PAGE on a 4-15% gradient acrylamide gel, and
transferred to an Immobilon P membrane (Amersham ECL detection kit). Prestained
“kaleidoscope” molecular weight markers (Bio-Rad, Hercules, CA) were run in a parallel
lane to allow size estimations of the protein bands. Protein assays were performed three
times with the D¢ protein assay kit (Bio-Rad), which is a modified form of the high-
sensitivity Lowry protein assay. Values given are an average of the three replications.

For detection of proteins in tissue by Western blot analysis, membranes were soaked in
primary antibody (rabbit anti-guinea pig a9 antibody, MU43, 1:500), diluted in a 1% nonfat
milk blocking solution and incubated in a sealed bag for 1 hour. Membranes were rinsed
twice (3 minutes each) and incubated in goat anti-rabbit secondary antibody conjugated to
horseradish peroxidase for 30 minutes, blotted dry, rinsed twice again for 3 minutes each,
reacted with Pierce illuminator (Pierce, Rockford, IL) and peroxidase solutions for 5
minutes, and finally exposed to Kodak LS film. All incubations were performed on a shaker
at RT. Films were scanned into Adobe Photoshop and labels added. The analysis was
repeated three times for each tissue in each species.

Twenty chinchillas were transcardially perfused, first with 100 ml of a heparinized vascular
rinse (1,000 U heparin per 100 cc of a buffered aqueous rinse solution, containing 8.5 g
NaCl, 0.25 g KCl, and 0.2 g NaHCOg3, pH 7.4) for about 1 minute. This was followed by
500 ml of a mixed aldehyde fixative (3% paraformaldehyde, 2% acrolein, 0-0.02%
glutaraldehyde, 0.1% picric acid, 1% 0.1M CaCl,, and 5% sucrose) in 0.1 M phosphate
buffer (PB) for 10 minutes. After the perfusion, animals were decapitated, and the calvaria
were opened. Temporal bones were postfixed in 3% paraformaldehyde-30% sucrose buffer
for 20 minutes. The vestibular end organs and pituitary glands were dissected and placed in
0.1 M PB. Some tissue was embedded in gelatin, allowed to harden at 4°C, placed in 3%
paraformaldehyde-30% sucrose buffer for 2 hours, and rinsed in PB overnight before
sectioning.

Immunochemistry

Vestibular end organs and pituitary glands were sectioned in several ways, each requiring
slightly different preparation and treatment. Otolithic organs were put into 100% Cal-Ex
(Fisher Scientific, Pittsburgh, PA) for 5 minutes and rinsed in 0.01 M phosphate-buffered
saline (PBS) prior to sectioning. Material cut with a vibratome was freeze-thawed with
isopentane (2 x 30 seconds) chilled to —20°C. Gelatin-embedded vestibular tissue was
sectioned with either a vibratome or a freezing sliding microtome at 20-30 pm and placed in
0.1 M PB. Unembedded pituitaries were serially sectioned with a cryostat at 12 pum. Frozen
vestibular tissue and cryostat pituitary tissue sections were then digested with Triton (2%
and 0.1% respectively) for 30 minutes and rinsed five times with PBS. All material was
blocked with 10% normal goat serum in PBS (containing 0.2% Triton for frozen sections).
Sections were incubated in the rabbit anti-a9 MU43 antibody at 1:3,000 in fresh blocking
solution overnight at 4°C, rinsed, then treated with goat anti-rabbit IgG at 1:8,000 in PBS at
25°C for 4 hours. Preabsorption and preimmune serum controls were done simultaneously.
Tissue was then incubated in a peroxidase antiperoxidase (PAP) soluble complex (Sigma,
St. Louis, MO) for 2 hours at 1:200 dilution and rinsed. This was followed by a slightly
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modified Graham and Karnovsky (1966) diaminobenzidine (DAB) reaction, consisting of a
15-minute preincubation in a solution of 0.5% 3,3'-diaminobenzidine tetrahydrochloride
(Sigma) in 0.1 M PB, pH 7.4 (made by first dissolving the DAB in distilled water, then
diluting with double strength buffer). The preincubation was followed by incubation in the
same DAB solution with 0.003% hydrogen peroxide added. The reaction was monitored
under a microscope until completed (generally 5-20 minutes for sections or whole organs).
In earlier experiments, we used ABC kits (Vector, Burlingame, CA) but found that we
obtained unacceptably high background over the hair cell nuclei. This background was
eliminated by using the PAP method (Sternberger and Sternberger, 1986). Sections were
mounted on gelatinized slides, dehydrated in a series of ethanols, and coverslipped with
DPX, a nonfluorescent mounting medium (BDH Chemicals, Poole, England). Some
vibratome sections were also serially dehydrated in ethanols, embedded in Araldite resin,
and resectioned at 2—4 pum.

Ganglion cell counts

Counts were performed using the disector method (Sterio, 1984). Briefly, counts of cells at
each level of staining density (unstained, light, moderate, and dark) were made in three
vestibular ganglia from two chinchillas. Vestibular ganglia were embedded in gelatin,
sectioned on a cryostat at 12 um, and reacted for a9 immunohistochemistry as described in
the paragraph above for pituitary tissue. Pairs of adjacent sections spaced every 60 um were
used, with the first of the pair serving as a look-up section and the second as a reference
section. Cells were counted first in one direction, then the other, and averaged. No
significant differences in the percentages of neurons with different staining density were
noted in different portions of the ganglion.

Confocal microscopy

We prepared some vestibular ganglia and otolithic organs for confocal microscopy, using
triple-label immunofluorescence methods. Whole chinchilla vestibular ganglia and end
organs, obtained as described above, were placed into 4% Triton in 0.01 M PBS for 4 hours,
then rinsed in 0.01 M PBS. The otolithic organs were placed into 100% Cal-Ex, as described
above for sectioned material. Then, all organs and ganglia were placed into 1% sodium
borohydride in aqueous solution for 10 minutes and rinsed in 0.01 M PBS. After incubation
in a blocking solution of 1% bovine serum albumin in 0.01 M PBS for 1 hour, the tissue was
rinsed with 0.01 M PBS and incubated with the primary antibody cocktail, consisting of goat
anticalretinin at 1:700 (Chemicon, Temecula, CA), rabbit anti-a9 (MU-43) at 1:1,000, and
mouse antiperipherin (Chemicon) at 1:300, all in 0.01 M PBS, for 48 hours at 4°C. Tissue
was rinsed and incubated with a secondary antibody cocktail consisting of AMCA-
conjugated donkey anti-goat (Chemicon), fluorescein-conjugated donkey anti-rabbit
(Chemicon), and rhodamine-conjugated donkey anti-mouse (Chemicon), all at 1:150 in 0.01
M PBS, for 48 hours at 4°C. The whole end organs and ganglia were mounted with
Vectashield (Vector) on slides with spacers inserted, and coverslips were sealed with nail
polish. Slides were stored horizontally at 4°C in the dark.

Whole end organs and vestibular ganglia were imaged with a Zeiss LSM 510 confocal laser
scanning microscope. Three lasers of the microscope were utilized corresponding to the
excitation wavelengths for the three secondary antibody labels: AMCA at 364 nm set at
15.3% power; fluorescein at 488 nm at 30.4% power; rhodamine at 568 nm at 30.1% power.
Each channel’s image was optimized individually, leading to a composite picture of the
three channels. Computer settings were recorded, and the no-primary-antibody controls were
viewed under the same computer settings. Images were labeled in Adobe Photoshop 7.0.
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RESULTS

Western blot

The effectiveness of the anti-a9 antibody (MU43) for use in the chinchilla was determined
by comparing Western blots of rat and guinea pig (Fig. 1A, left and center) inner ear and
control (pituitary) samples to similar samples in chinchilla (Fig. 1A, right). One of the few
locations initially described for a9 nAChR was the pituitary gland (Elgoyhen, 1994), so
pituitary tissue was used as a positive control in Western analysis.

The molecular weights of the bands shown in Figure 1 match the estimated weight of one a9
subunit in the range of ~55 kDa. Western blotting using the MU43 antibody on cochlea and
pituitary homogenate showed immunoreactivity, whereas skeletal muscle and whole brain
homogenate (without pituitary gland) did not (Fig. 1A). The pituitary contains more reactive
a9 material than the cochlea, which is particularly noticeable in the first chinchilla blot (Fig.
1A, right) in which equal amounts of protein (30 pg) were loaded in each lane. In a second
series of Western blots, chinchilla vestibular end organs and pituitary were loaded into
separate lanes (Fig. 1B), with amounts loaded determined from our protein assay results
(Table 1).

Immunochemistry of pituitary tissue

a9 Immunoreactivity was noted in all peripheral vestibular tissue and in the pituitary gland.
The chinchilla pituitary stained darkly and was used as a gauge of fixation quality and
interindividual differences (data not shown). Such interanimal differences in a9 protein
levels are related to the size of the physiological effect that efferents have in the cochlea
(Luebke and Foster, 2002) and possibly also in the vestibular periphery, although the latter
hypothesis has not been tested. If the pituitary showed strong reactivity, results in the
vestibular periphery were generally better. The adenohypophysis (anterior lobe), pars
tuberalis of the median eminence, and pituitary stalk exhibited a high density of reaction
product (data not shown).

Immunochemistry of vestibular periphery

Immunoreaction to the a9 antibody was particularly noted in the crista ampullaris (Fig. 2A).
The entire sensory epithelium, both central and peripheral zones, showed some level of
reactivity. Transitional epithelium and dark cell epithelium (not shown) showed less
staining. Calyces, in particular, exhibited dense immunostaining. Fiber staining in the stroma
was observed, and the morphology of their peripheral terminal endings suggests that they
are afferent terminals (Fernandez et al., 1988,1990). Semithin (2 um) plastic-embedded
sections (Fig. 2B) provided better localization of the reaction product than frozen sections
(Fig. 2A). Calyces around several type | hair cells throughout the crista, boutons at the bases
of type Il hair cells, and basal poles of type Il hair cells themselves were all
immunoreactive, although the latter were less intensely stained (Fig. 2B). Preabsorption and
preimmune serum controls were negative (data not shown).

It was difficult to obtain good staining in the utricular (Fig. 2C) or saccular macula. The
reasons for this were unclear. Immunohistochemical staining in otolithic organs might have
been affected by the decalcification procedure, which the cristae did not undergo and which
could have interfered with antigen immunoreactivity, although a similar procedure is used
successfully in our laboratory for other antisera. A subset of cells in the vestibular (Scarpa’s)
ganglion also demonstrated reactivity to the a9 antibody. This staining was variable in
density. Under higher magnification, the differences became clearer. Figure 2D shows a 30-
pm frozen section of the vestibular ganglion. The different levels of staining density in
ganglion cells were distributed uniformly throughout the ganglion. Percentages of ganglion
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cells from three vestibular ganglia with four levels of staining (unstained, light staining,
moderate staining, and dark staining) are presented in Table 2.

To determine which class of afferents (calyx, dimorphic, or bouton) contained a9 nAChR,
triple-labeling immunohistochemical studies were performed (Figs. 2E-G). Calyx-only
afferents were labeled with calretinin (blue, AMCA label), the bouton-only afferents were
labeled with peripherin (red, TRITC label), and the a9-containing afferents were labeled
with anti-a9 nAChR antibody MU43 (green, FITC label). There was no specific label for
dimorphic afferents, but their identification was determined by a lack of staining for either
calretinin or peripherin. In Figure 2E-G, it can be observed that the a9-containing afferents
were either of the calyx or of the dimorphic types. We did not observe peripherin-positive
(bouton only) ganglion cells containing the a9 nAChR protein.

DISCUSSION

The vestibular efferent system has long been known to be a primarily cholinergic system
(Gacek and Lyon, 1975; Warr, 1975; Schwarz et al., 1986; Perachio and Kevetter, 1989).
Several other neurotransmitters may also be involved, including calcitonin gene-related
peptide (CGRP; Perachio and Kevetter, 1989; Tanaka et al., 1989; Wackym et al., 1990;
Lysakowski 1999; Popper et al., 2002), met-enkephalin (Perachio and Kevetter, 1989; Ryan
et al., 1991; Popper et al., 2004), nitric oxide (Lyon et al., 1994; Lysakowski and Singer,
2000; Chen and Eatock, 2000), ATP (Rossi et al., 1994), and norepinephrine (Hozawa and
Kimura, 1989; Hozawa and Takasaka, 1993). Pharmacological studies, however, show that
classic cholinergic or anticholinergic compounds have the greatest effects (Bernard et al.,
1985; Fuchs and Murrow, 1992a; Shigemoto and Ohmori, 1990, 1991; Yamaguchi and
Ohmori, 1993).

a9 was cloned and shown by earlier in situ hybridization and PCR studies in the rat to have a
limited distribution in the CNS, pituitary, nasal epithelium, and inner ear (Elgoyen et al.,
1994). More recent studies have demonstrated the presence of the a9 nAChR in
lymphocytes (Peng et al., 2004), dorsal root ganglion cells (Lips et al., 2002), and epidermal
basal cell and follicular central cell layers in skin (Kurzen et al., 2004). Previous studies
have used in situ hybridization in the cochlea (Morley et al., 1998; Luo et al., 1998;
Simmons and Morley, 1998; Hiel et al., 2000) to demonstrate the presence of a9 nAChR. a9
was also shown to be present in vestibular sensory epithelium, in in situ hybridization and
RT-PCR studies (Hiel et al., 1996, 2000; Anderson et al., 1997; Luo et al., 1998; Simmons
and Morley, 1998; Lustig et al., 1999; Cameron et al., 2004; Drescher et al., 2004) as well as
in studies utilizing green fluorescent protein (GFP) coexpressed with a9 mRNA (Zuo et al.,
1999). Efferent modulation of afferent responses in the cochlea can now be partially
explained by the unique physiology and pharmacology of this receptor subunit and its
localization to outer hair cells (Fuchs and Murrow, 1992a,b; Elgoyhen et al., 1994;
Glowatzki et al., 1995; Blanchet et al., 1996; Rothlin et al., 1999; Verbitsky et al., 2000;
Holt et al., 2001). However, the desensitization kinetics and the Ca2* sensitivity of the ACh
response in outer hair cells are most closely matched when a9 is coexpressed with the 10
NAChR subunit (Katz et al., 2000; Elgoyhen et al., 2001; Sgard et al., 2002). a9 Homomers
also respond to strychnine, typically regarded as a glycine antagonist (Elgoyen et al., 1994),
and bicuculline, a y-aminobutyric acid (GABA) antagonist (Erostegui et al., 1994; Sridhar et
al., 1995; for review see Housley and Ryan, 1997), which had earlier been shown to inhibit
crista efferents (Norris et al., 1988).

Previous studies have used rather indirect methods to determine the distribution of NAChR
subunits. Nevertheless, several possible candidates have been identified. Ohno et al. (1993)
used in situ hybridization to show that rat vestibular ganglion cells express both a4 and 2
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subunit mRNAs. Histological studies using labeled a-bungarotoxin, a toxin specific for
neuromuscular (a1) and some neuronal nicotinic (a7-10) receptor subtypes, showed
reversible binding to calyces surrounding type I hair cells and the bases of type I1 hair cells
(Ishiyama et al., 1995; Wackym et al., 1995; Dailey et al., 2000). Hiel et al. (1996) also used
in situ hybridization to localize a4—7 and B2-3 in Scarpa’s ganglion cells and o9 alone in the
end organs of the rat. Ganglion cells showed varying degrees of nAChR subunit expression,
with only a6 present in all ganglion cells. Anderson et al. (1997) used RT-PCR to show a2-
7 and p2-3 mRNA in Scarpa’s ganglion and a3, a5-7, a9, and B2—4 mRNA in the vestibular
end organs of the rat. With chick vestibular sensory organs and ganglia, Lustig et al. (1999)
used RT-PCR, single-cell RT-PCR, and in situ hybridization. They found evidence for a9
NAChHR in both hair cells and ganglion cells of the chick vestibular end organs, whereas Holt
et al. (2001), using mRNA profiling, found a9 NnAChR mRNA present in frog saccule hair
cells. Qualitatively, a4 and 2 subunits appear to be the predominant subunits in the
ganglion, whereas a9 was expressed most strongly in the vestibular periphery in these
studies. Anderson and colleagues (1997) suggest that some of the differences among studies
using different techniques might be due to the higher sensitivity of the RT-PCR technique
compared with in situ hybridization.

The presence of a9 mRNA in type | hair cells in in situ hybridization studies (Hiel et al.,
1996; Lustig et al., 1999), even though efferent boutons do not directly contact type | hair
cells in the adult, has been a bit of a mystery. One explanation for its presence in type | hair
cells was that in situ hybridization detects mMRNA and that this mMRNA might still be present
as a small number of copies in type I hair cells in adult tissue. The notion was that mMRNA
may be derived from a developmental stage before calyces surround type | hair cells at about
postnatal day 4 in mouse (Favre and Sans, 1979; Risch et al., 1998). Thus 09 mMRNA
expression without subsequent protein expression could be due to posttranscriptional
regulation of the a9 receptor subunit. In support of this notion, the rat cochlea has inner hair
cells and outer hair cells, which both contain a9 and 010 mRNA during development
(Simmons and Morley, 1998; Simmons and Morley, 2001; Katz et al., 2004). ACh currents
can be recorded in neonatal inner hair cells, yet, by adulthood, 010 mRNA is no longer
expressed in these cells (Elgoyhen et al., 2001; Lustig et al, 2001; Simmons and Morley,
2001; Katz et al., 2004), although a9 mRNA is still present, along with the AChR currents
(Glowatzki and Fuchs, 2000). 10 mRNA expression persists in outer hair cells, however,
and in vestibular hair cells in the adult (Elgoyhen et al., 2001; Simmons and Morley, 2001).
This finding suggests that functional nAChR expression may be controlled by
posttranscriptional events.

Although antibodies against the a9 receptor have been used in the guinea pig cochlea (Park
et al., 1997; Luebke and Foster, 2002) and in the fish saccule, another auditory organ
(Drescher et al., 2004), direct localization of individual ACh receptor subunits using
immunohistochemistry in the mammalian vestibular periphery has not been previously
demonstrated. The peptide recognized by the polyclonal MU43 antibody is not present in
10 or in any other nicotinic AChR subunit known to date. We used this antibody to
determine the location of this receptor subunit in the vestibular periphery. The antibody
shows affinity for certain cells in Scarpa’s ganglion with a variable staining pattern.
Although the ganglion cell is not the site of receptor activity, receptor manufacturing occurs
in endoplasmic reticulum located in the cell’s soma and dendrites (Hille, 2001).

Our clearest data on the microstructure of a9 distribution were derived from semithin
sections of the crista ampullaris. Reaction product is found in calyx terminals surrounding
type I hair cells, in bouton terminals (derived from dimorphic afferents), at the basal poles of
type Il hair cells in the sensory epithelium, and also, though labeling is not as strong, in type
Il hair cells (Fig. 2B). The mRNA for a9 nAChR is present in type | and type Il hair cells
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during development in the mouse and chick (Elgoyhen et al., 1994;Simmons and Morley,
1998;Hiel et al., 2000), but, in the adult (present study), a9 nAChR protein was detected
only in the calyces surrounding type I hair cells and not in the type I hair cells themselves.
Data supporting this finding are those from a gene microarray study on individual type | and
type Il hair cells (Cristobal et al., 2005). In this study, the authors used laser-captured hair
cells and, thus, were able to identify type I vs. type Il hair cells histologically. In this
manner, they could determine genes expressed in each cell type and show that type I hair
cells do not express the a9 receptor gene, whereas type Il hair cells do. Perhaps a9 nAChR
mRNA found in developing type | hair cells is present because these cells are initially
contacted by efferent fibers before the calyx has developed (Favre and Sans, 1979;Riisch et
al., 1998), but an answer to this question may await a gene expression microarray study or a
proteomic study in the developing inner ear.

Vestibular ganglion cells also showed specific reactivity, and they appeared to have variable
levels of a9 nAChR production. Triple labeling for various afferent classes showed that the
a9 nAChR is present in calyx and dimorphic afferents and is not found in the bouton-only
afferents. Both regularly discharging and irregularly discharging afferents have fast and
slow efferent-mediated responses. These fast and slow responses are much larger in irregular
afferents. Calyx and central dimorphic afferents are both irregularly discharging afferents
and are found in the central zone. Our results indicate that they both express a9 nAChR.
When the 09 nAChR is expressed with 10 in Xenopus ooctyes, it exhibits rapid kinetics
(Oliver, et al., 2000), similar to the large, fast effect of efferent stimulation on irregularly
discharging, centrally located afferents. Bouton and peripheral dimorphic afferents are both
regularly discharging afferents and are found in the peripheral zone. Bouton afferents, as
identified by peripherin labeling in vestibular ganglion cells, do not appear to express a9
nAChR. We do not know whether peripheral dimorphic afferents express a9 nAChR,
although we did observe staining in the peripheral zone, so this staining may be the
peripheral dimorphic afferents. We do not know yet about differences in responsiveness to
efferent-mediated stimulation between bouton and peripheral dimorphic afferents. We do
know that efferent-mediated responses are smaller in regular afferents and that efferent
responses are proportional to encoder sensitivity (Marlinski et al., 2004). Perhaps the
cholinergic receptor mediating the slow response is of the muscarinic type or involves other
nicotinic a or B subunits. The complete efferent transmitter receptor story lies beyond the
scope of this investigation, but it is a topic of ongoing investigation in our laboratory.

Immunohistochemical studies with muscarinic receptor subtypes have not yet been
published, but mMRNA studies have indicated that mRNA for muscarinic receptor subtypes is
present (Wackym et al., 1996). Additional candidates to be considered for the slow efferent
response are peptide neurotransmitters or neuromodulators. The results of a preliminary
report (Lysakowski, 1999) show that CGRP is present in a majority (~90%) of peripheral
efferent boutons, compared with only 25% of central efferent boutons. These results were
partially confirmed (no regional variation was discussed) in a study in which CGRP
immunoreactivity was found in human crista ampullaris (Popper et al., 2002). Opiate
peptides are another strong candidate. Popper et al. (2004) found mu opioid receptors in
vestibular afferents, both in the ganglion and in the end organs, in all afferent types, using
afferent markers in a manner similar to the present study. They did not find opiate receptors
in hair cells. Thus, it is possible that CGRP and opiate signaling play a more important role
in the slow efferent response, whereas a9 nAChR signaling is more effective in the fast
response.

A diagram of our a9 immunohistochemical findings with respect to the three afferent classes
(calyx, dimorphic, and bouton) is shown in Figure 3. Further studies should be performed to
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determine the identity and regional expression of other efferent transmitter receptor
subtypes.
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Fig. 1.

A: Western blots of rat, guinea pig, and chinchilla immunoreactivity in cochlea, pituitary,
skeletal muscle, and whole-brain homogenates. Thirty micrograms of tissue protein was
loaded for each lane. Cochlear samples were not microdissected, but rather tissue was
homogenized with some surrounding bone present. B: Western blot demonstrating the
variation in levels of reactivity among two cochleas, six cristae, four otolith organs, and a
pituitary from one chinchilla. Vestibular and cochlear end organs were microdissected in
this case, thus minimizing the amount of bone present. In order not to overload the lanes, 22
Hg of cochlear protein (one-tenth of one cochlea), 72 pg protein from six microdissected
cristae (all the cristae present in one animal), 60 pg of four microdissected otolith organs
(one animal’s otolith organs), and 30 ug of pituitary protein (one-fifth of one pituitary) were
used.
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Fig. 2.

A: A 30-um frozen section cut transversely through the center of the chinchilla crista
ampullaris. a9 immunoreactivity is observed in both the peripheral and the central zones in
this section, but not in the transitional epithelium or the dark cell epithelium (not shown).
The calyx endings of calyx and dimorphic afferents (arrowheads) can be seen to be densely
a9-immunoreactive. B: A 2-um plastic-embedded transverse section through the middle of
the crista ampullaris shows reaction product in a calyx (black arrow) surrounding a type |
hair cell, in bouton endings (arrowheads), presumably from dimorphic afferents, in that
these are located in the central zone, and in local areas of density near the bases of type Il
hair cells (white arrows). C: A 30-um transverse section of the chinchilla utricular macula
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immunostained with a9 primary antibody and reacted with DAB. Inset: An adjacent section
of the utricular macula incubated identically to C, but with no primary antibody. D:
Photomicrograph of the vestibular ganglion in which the variation in staining density can be
observed. Cells are unstained (not shown), lightly stained (L), moderately stained (M), or
darkly stained (D). E: Split-screen confocal image of whole-mount triple-labeled vestibular
ganglion with peripherin (top left, red TRITC label), calretinin (top right, blue AMCA
label), and a9 (bottom left, green FITC label) primary antibodies. The combined image is at
bottom right. Calretinin and peripherin label calyx and bouton afferent ganglion cells,
respectively, whereas ganglion cells unlabeled with either of these are presumed to belong to
dimorphic afferents. In the combined image, it can be seen that a9 is found in calyx and
dimorphic afferents, but not in bouton afferents (arrowheads). F: A calyx afferent ganglion
cell (arrowhead) doubly labeled with anticalretinin (blue AMCA label) and o9 (green FITC
label) in a field of FITC-labeled, presumably dimorphic afferent ganglion cells. Lipofuchsin,
which typically accumulates in neurons such as these ganglion cells, is present and is seen as
orange autofluorescent granules in this and the next panel. G: A calyx afferent ganglion cell
(arrowhead) doubly labeled with anticalretinin (blue AMCA label) and o9 (green FITC
label) and a bouton afferent ganglion cell, labeled with peripherin (arrow, red TRITC label)
but not labeled with 9. Scale bars = 25 pm in A,D,F,G; 10 um in B; 100 um in C, inset; 50
pm in E.
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Fig. 3.

Diagram of vestibular afferent classes and a9 nAChR reactivity. There are three
morphological classes of vestibular afferents (Fernandez et al., 1988): calyx (left),
dimorphic (center), and bouton (right). Our data indicate that a9 receptors are found on two
of these classes, the calyx and dimorphic afferents, but not on bouton afferents.

J Comp Neurol. Author manuscript; available in PMC 2011 November 21.



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

wduosnue Joyiny vd-HIN

Luebke et al.

TABLE 1

Protein Assays Using Chinchilla End Organs and Pituitary Glands!

Tissue Amount of protein (ug/organ)
Crista 11.91+0.60

Otolith organ? 14.98+1.03

Cochlea 218,75+ 37.123
Pituitary 156.17 + 15.86

1 . . .

Values are mean + SD. N = 3 animals in each case except cochlea, for which N = 2.
2 . . .

Otolith organ refers to either the utricular or saccular macula.

3 . . . .
Cochlear tissue includes some bone, which adds to the total protein content.
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TABLE 2

a9 nAChR Immunoreactivity in Vestibular Ganglion Cells

Level of staining

No. of cells  Cells counted/ganglion (mean £ SD)  Percentage stained

Unstained cells

Lightly stained cells
Moderately stained cells
Darkly stained cells
Total

2,066 689 + 14 23+9
4,210 1,403 £19 45+2
2,556 852 + 25 28+9
409 136 £ 7 43
9,241 3,080 + 40 100
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