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Abstract

In the vestibular periphery of nearly every vertebrate, cholinergic vestibular efferent neurons give
rise to numerous presynaptic varicosities that target hair cells and afferent processes in the sensory
neuroepithelium. Although pharmacological studies have described the postsynaptic actions of
vestibular efferent stimulation in several species, characterization of efferent innervation patterns
and the relative distribution of efferent varicosities among hair cells and afferents are also integral
to understanding how efferent synapses operate. Vestibular efferent markers, however, have not
been well characterized in the turtle, one of the animal models utilized by our laboratory. Here, we
sought to identify reliable efferent neuronal markers in the vestibular periphery of turtle, to utilize
these markers to understand how efferent synapses are organized, and to compare efferent
neuronal labeling patterns in turtle with two other amniotes using some of the same markers.
Efferent fibers and varicosities were visualized in the semicircular canal of Red-Eared Turtles
(Trachemys scripta elegans), Zebra Finches (Taeniopygia guttata), and mice (Mus musculus)
utilizing fluorescent immunohistochemistry with antibodies against choline acetyltransferase
(ChAT). Vestibular hair cells and afferents were counterstained using antibodies to myosin Vlla
and calretinin. In all species, ChAT labeled a population of small diameter fibers giving rise to
numerous spherical varicosities abutting type Il hair cells and afferent processes. That these
ChAT-positive varicosities represent presynaptic release sites were demonstrated by colabeling
with antibodies against the synaptic vesicle proteins synapsin I, SV2, or syntaxin and the
neuropeptide calcitonin gene-related peptide (CGRP). Comparisons of efferent innervation
patterns among the three species are discussed.
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INTRODUCTION

The vestibular organs of nearly every vertebrate are endowed with a prominent cholinergic
efferent innervation that originates bilaterally from e-group nuclei within the dorsal
brainstem and then courses through cranial nerve VIII to innervate the vestibular periphery
(Lysakowski and Goldberg, 2004; Meredith, 1988; Fayyazuddin et al., 1991). Within each
end organ, electron microscopy (EM) studies have demonstrated that vestibular efferent
neurons give rise to numerous bouton varicosities that synapse on type Il hair cells, on
bouton afferents innervating type Il hair cells, as well as the terminal processes of calyx and
dimorphic afferents when type | hair cells are present as seen in reptiles, birds, and
mammals (Sans and Highstein, 1984; Lysakowski, 1996; Lysakowski and Goldberg, 1997;
Holt et al., 2006; Li et al., 2007; Castellano-Mufioz et al., 2010). Vestibular efferent endings
on type I hair cells, however, are infrequent. VVestibular efferent varicosities contain
hundreds of small, clear vesicles (per pm?2) that often accumulate along sides of apposition
with postsynaptic targets, demarcated by subsynaptic cisterns in hair cells and synaptic
densities on afferent processes (Holstein et al., 2004; Holt et al., 2006; Li et al., 2007;
Castellano-Mufioz et al., 2010). Immunohistochemical detection of choline acetyltransferase
(ChAT), the rate-limiting enzyme in ACh synthesis, has confirmed that these heavily-
vesiculated efferent varicosities are cholinergic (Kong et al., 1994b, 1998; Ohno et al.,
1993).

Although a functional role for vestibular efferents has not been established, the deposition of
cholinergic efferent varicosities along the interface between hair cells and primary afferents
underscores their likely importance in vestibular processing. Not surprisingly given their
innervation patterns, electrical stimulation of vestibular efferent neurons dramatically
modifies the background discharge of vestibular afferents. In fish and mammals, efferent
activation excites vestibular afferents (Highstein and Baker, 1985; Goldberg and Fernandez,
1980) while in bird, frog and turtle, efferent stimulation results in afferent inhibition and/or
excitation (Rossi et al., 1980; Dickman and Correia, 1993; Brichta and Goldberg, 2000Db).
Much of our understanding about the synaptic mechanisms underlying these diverse
vestibular afferent responses to efferent stimulation has come from pharmacological studies
in frog and turtle. In line with ChAT expression in vestibular efferent neurons, the release of
acetylcholine (ACh) and subsequent activation of ACh receptors on hair cells and afferents,
at least in frog and turtle, account for many of these inhibitory and excitatory responses
(Rossi et al., 1980; Bernard et al., 1985; Sugai et al., 1991; Holt et al., 2006). Efferent
synaptic mechanisms in birds and mammals, on the other hand, have not been fully
characterized, but similarities in the organization of hair cells, afferent innervation, and
efferent synaptic structure suggest that efferent studies in the turtle might be directly
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applicable to these other species (Brichta and Peterson, 1994; Lysakowski, 1996;
Lysakowski and Goldberg, 1997; Brichta and Goldberg, 2000a, 2000b; Jordan et al., 2013).

In the turtle crista, afferent responses to efferent stimulation vary considerably depending on
afferent class (e.g. bouton versus calyx) as well as an afferent’s location in the
neuroepithelium (Brichta and Goldberg, 2000b; Holt et al., 2006). For example, bouton
afferents near the non-sensory torus are profoundly inhibited during efferent stimulation
while bouton afferents near the planum are weakly excited. In contrast, calyx-bearing
afferents, restricted to the central zone, are profoundly excited by efferent stimulation. In
turtle, the variation in afferent responses to efferent stimulation has been attributed to the
activation of distinct nicotinic and muscarinic ACh receptors on hair cells and afferents
(Holt et al., 2006; Jordan et al., 2013). In addition to diversity in postsynaptic receptor
mechanisms, we hypothesized that morphological differences in efferent innervation might
also contribute to response variability in turtle.

While EM data has provided unparalleled detail in identifying efferent synapses on hair cells
and afferents (Holt et al., 2006), it has not allowed for a more global view of the general
efferent innervation patterns across the turtle crista. An alternative approach, where such a
view is possible, has relied on light microscopy and immunohistochemical detection of
ChAT (Kong et al., 1994b; Popper et al., 2002; Jordan et al., 2013; Pujol et al., 2014). But
specifying which ChAT-positive processes are synaptic would be further strengthened by
additional labeling with distinct pre- and postsynaptic markers, as has been demonstrated at
efferent (Zidanic, 2002; Osman et al., 2008; Wibowo et al., 2009; Roux et al., 2011) and
afferent synapses in the auditory system (Khimich et al., 2005; Liberman et al., 2011).
Several studies have investigated the distribution of efferent presynaptic or postsynaptic
proteins in the peripheral vestibular system (Favre et al., 1986; Tanaka et al., 1989; Ishiyama
et al., 1995; Dailey et al., 2000; Holstein et al., 2005; Luebke et al., 2005, Osman et al.,
2008; Castellano-Mufioz et al., 2010), but seldom in the context of co-labeling with ChAT
(Luebke et al., 2014). We addressed this gap using fluorescent immunohistochemistry with
antibodies to ChAT and several well-characterized presynaptic markers to label cholinergic
vestibular efferent fibers and varicosities in the crista of turtle (Trachemys scripta elegans),
zebra finch (Taeniopygia guttata), and mouse (Mus musculus).

MATERIALS AND METHODS

Tissue acquisition and fixation

For this study, vestibular tissues were acquired from 50 Red-Eared Turtles (Trachemys
scripta elegans), 10 Zebra Finches (Taeniopygia guttata), and 10 mice (Mus musculus).
Both sexes of turtles, 100-400 g (7-14 cm carapace length) were purchased from Kons
Direct (Germantown, WI) or Cyr’s Biology Supply (Pontchatoula, LA). Adult Zebra
Finches of both sexes were obtained commercially from Magnolia Bird Farm (Anaheim,
CA) or raised in an aviary in the Department of Brain and Cognitive Sciences at the
University of Rochester. Adult female C57BL/6 mice (strain code 027), > 6 weeks old, were
obtained from Charles River Laboratories (Wilmington, MA). All animal procedures were in
accordance with recommendation made by NIH’s Guide for the Care and Use of Laboratory
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Animals and approved by the University Committee on Animal Resources (UCAR) at the
University of Rochester.

Turtles were decapitated following pentobarbital overdose, and the head was bisected along
the sagittal plane and placed in an oxygenated turtles Ringer’s solution containing (in mM):
105 NacCl, 4 KCl, 0.8 MgCls, 2 CaCl,, 25 NaHCOg3, 2 Na-pyruvate, 10 glucose, 0.5
glutamine (all from Sigma, St. Louis, MO), pH 7.2-7.3 after bubbling with 95% 0,/5%
CO». The entire membranous labyrinth was dissected and freed from the surrounding bone
and subsequently placed into freshly prepared, 4% paraformaldehyde (PFA) in phosphate
buffer (0.1M PB, pH 7.4) for 2-12h at 4°C. Adult Zebra Finches were decapitated as
previously described (Tremere et al., 2009). After quick removal of brain for an unrelated
study, both temporal bones were extracted and a small cut was made through the bony and
membranous posterior canal to permit tissue access before dropping into 4% PFA for 4-12h
at 4°C. Mice were anesthetized with ketamine/xylazine (100mg and 10mg/kg, respectively)
followed by transcardial perfusion with phosphate-buffered saline (PBS, 0.9% NaCl in 0.1
M PB) and freshly prepared 4% (w/v) PFA. Temporal bones were removed and post-fixed in
4% PFA for 4-12h at 4°C. Following fixation in PFA, the membranous labyrinth of bird and
mouse were carefully extracted from the temporal bone and transferred to 0.1M PB.

Preparation and sectioning of vestibular end organs

Fixed, microdissected vestibular tissues were washed repeatedly (>30 mins) in 0.1M PB.
Segments of membranous labyrinth opposing the neuroepithelium were excised allowing
unobstructed access to the apical surface of the tissue. Although we were primarily
interested in semicircular canal cristae, in a few instances, we also examined otolithic
maculae. For turtle whole organ staining, vestibular tissue was transferred to a collection
chamber for blocking and further immunohistochemical processing. For sections, vestibular
tissue was first placed in a 30% sucrose/0.1M PB solution at 4°C for 1-12 hours and then
embedded in 12% gelatin (Difco; Becton and Dickinson, Sparks, MD) prepared in 30%
sucrose. Neuroepithelia were sectioned at 40 um (either longitudinally or transversely, see
Fig. 1B) on a freezing microtome (American Optical), and the resulting sections were
transferred to a glass collection chamber filled with 0.1M PB. The collection chamber was
fitted at one end with a fine wire mesh and stopcock to allow repeated washes while
retaining tissue sections. The collection chamber was warmed to de-gelatinize the tissue
sections and melted gelatin was then removed by draining the chamber. Remaining tissue
sections were washed several times in 0.1M PB prior to the start of the IHC process.

Immunohistochemical procedures

Standard immunohistochemical procedures were used to label select proteins in whole organ
crista preparations as well as vestibular tissue sections. Washes, blocking, and incubation
with primary and secondary antibodies were carried out in tissue collection chambers at
room temperature under gentle agitation on the stage of an orbital shaker. Blocking solution,
composed of 5% normal goat serum (NGS, Jackson Immunoresearch; West Grove, PA) and
0.5% Triton X-100 in 0.1M PB (all from Sigma; St. Louis, MO), was added for 1h. Block
was removed and primary antibodies diluted in 0.1M PB were allowed to react overnight.
Table 1 summarizes the immunogen, source, specificity controls, and working dilutions of

J Comp Neurol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jordan et al.

Page 5

primary antibodies utilized in this study. The following day, primary antibodies were
removed and sections were gently washed 5X @ 5 mins each with 0.1M PB prior to the
addition of Alexa-Fluor® 488, 594, or 647-conjugated secondary antibodies (Invitrogen,
Carlsbad CA) diluted at 1:200-500 in 0.1M PB. Sections were incubated in secondary
antibodies for 2—3h in the dark followed by washing with PB (56X @ 5mins each). After
washing, DAPI (4/,6’-diamidino-2-phenylindole, Sigma, St. Louis, MO) was prepared at a
concentration of 1pg/ml in distilled water and added to the collection chamber for 5 min to
counterstain cell nuclei. Sections were subsequently followed by one additional wash in
distilled water, transferred to a Sylgard dish, and then moved onto Superfrost Plus® slides
(VWR; West Chester, PA) using an eyelash probe. After drying, sections were cover-slipped
using Vectashield® (Vector Laboratories; Burlingame, CA) or SlowFade Gold mounting
medium (Invitrogen, Carlsbad, CA) and sealed with clear nail polish. Slides were stored in
the dark at 4°C until imaging.

Antibody Characterization

The ChAT AB144P antibody (Millipore Cat# AB144P RRID: AB_2079751) utilized in this
study was generated in goat against the whole enzyme isolated from human placenta that is
identical to the brain enzyme (Bruce, 1985). Within the auditory and vestibular system,
AB144P has been characterized in the inner ear of lizard (Wibowo et al., 2009), mouse
(Kong et al., 2002), rat (Kong et al., 1994b) and human (Kong et al., 1994a, 1998). This
ChAT antibody has been shown by western blot to detect a single 68—70kd band in turtle
retina, as well as the brains of fish, lizards, and rat (Anaddn et al., 2000; Lee et al., 2007;
Wibowo et al. 2009). In our hands, we detected a doublet of bands via western blotting at
~70kd in turtle or a single band with mouse brain tissue extracts running at a slightly higher
MW (Fig. 1). Another polyclonal ChAT antibody (RRID: AB_2314177) was generated in
rabbit against immunopurifed chicken ChAT (Johnson and Epstein, 1986) and validated in
western blots and immunohistochemistry with chick spinal cord using preadsorption
controls. This ChAT antibody is also noted for staining inner ear efferents (Zidanic 2002).

The anti-synapsin antibody utilized in this study (Millipore Cat# AB1543 RRID:
AB_2200400) detects synapsin la and Ib and was derived from synapsin | extracts purified
from bovine brain. Synapsin antibodies have been used to demarcate efferent varicosities in
rat, mouse, and guinea pig cochlea (Layton et al., 2005; Bergeron et al., 2005; Lopez et al.,
2008), the vestibular labyrinth of toadfish (Holstein et al., 2005) as well as frog saccule
(Castellano-Mufioz et al., 2010).

The anti-SV2 monoclonal antibody (DSHB Cat# SV2 RRID: AB_2315408) developed by
K. Buckley was obtained from the Developmental Studies Hybridoma Bank developed
under the auspices of the NIDCHD and maintained by the Univ. of lowa, Dept. of Biology,
lowa City, 1A 52242. This antibody has previously been well characterized and shown to
label synaptic vesicles in several vertebrate species including lizard (Wibowo et al., 2009),
owl (Kubke et al., 2002), guinea pig (Layton et al., 2005), and rat (Mandell et al., 1990;
Brooke et al., 2010). Furthermore, western blotting with this antibody recognizes a distinct
protein band (~70-90kd) in a wide variety of species including chicken, rabbit, mouse, and
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bovine brain extracts and specifically in rat retina and lizard basilar papilla (Buckley and
Kelly, 1985; Mandell et al., 1990; Wibowo et al., 2009).

The syntaxin antibody utilized in this study (Sigma-Aldrich Cat# S0664 RRID: AB_477483)
was generated against the synaptosomal plasma membrane fraction from adult rat
hippocampus. In western blots, this antibody labels a single band of 35kd MW in rat and
fish (Barnstable et al., 1985; Inoue et al. 1992; Ramakrishnan et al., 2006). It has been used
for immunolabeling in a variety of tissues and has reported reactivity against rabbit, rat,
bovine, and trout tissues (Hennig and Cotanche, 1998; Ramakrishnan et al., 2006; see also
manufacturer’s data sheet). In the ear, syntaxin has been localized within the SNARE
complex of proteins necessary for transmitter release in both inner and outer hair cells in rat
and guinea pig organ of corti (Safieddine and Wenthold, 1999) and has been localized to
efferent endings on hair cells in chick and trout (Hennig and Cotanche, 1998; Ramakrishnan
et al., 2006).

The myosin Vlla antibodies utilized for this study have been well characterized by others
and shown to specifically label hair cells in mouse, rat, rabbit and frog cochlear tissue. The
polyclonal myosin Vlla antibody (Proteus Biosciences Cat# 25-6790 RRID: AB_10015251)
was generated in rabbits immunized with a peptide corresponding to amino acids 880-1077
from the tail region of human myosin Vlla. In particular, immunohistochemistry with this
antibody was used to successfully label type I and type Il hair cells in guinea pig (Hasson et
al., 1995), mouse (Boéda et al., 2001; Pujol) and bird (Duncan et al., 2006) cochlea and
demarcated a single band of ~220kDa in western blots of rat ear tissues (Hasson et al.,
1995). The monoclonal myosin Vlla (DSHB Cat# MYO7A 138-1 RRID: AB_2282417)
antibody was generated by Dana Jo Orten and was obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD and maintained by the Univ.
of lowa, Dept. of Biology, lowa City, IA 52242. This antibody was prepared against amino
acids 927-1203 of the human myosin Vlla transcript 2 and expressed in E. coli. It has been
shown to react against human, mouse, rat and chicken tissues (DSHB). Soni et al. (2005)
further characterized this antibody and successfully showed it labeled rat retinal cells in the
expected pattern. Additionally, experiments in our lab showed identical hair cell labeling
between this monoclonal and the Proteus polyclonal myosin Vlla antibodies. For this study,
both myosin VIlla antibodies were utilized depending upon the species used for double
labeling experiments (e.g. tissues labeled with polyclonal synapsin | were double labeled
with the monoclonal myosin V1la while monoclonal SV2 stained tissues were double
labeled using the polyclonal myosin Vlia).

Our calretinin antibodies (RRID: AB_90764, RRID: AB_2068506) are goat and rabbit
polyclonal antibodies generated to recombinant rat calretinin. These antibodies recognize a
28-30 kDa band in turtle cochlear tissues (Hackney et al. 2003) and mouse brain (Liu and
Davis, 2014). Calretinin antibodies label calyx only afferents in the vestibular end organs of
gerbils, rats, mice, and other rodents (Desai et al., 2005a,b; Leonard and Kevetter, 2002) as
well as some type Il vestibular hair cells in the utricular macula and canal crista (Desai et al.,
2005a,b). In turtle neuroepithelia, calretinin labels both vestibular afferents and hair cells
(Monk and Peterson, 1995; Huwe et al., 2011).
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Two CGRP antibodies, (MU33 and JH84; rabbit polyclonals) were generously provided by
lan M. Dickerson. MU33 was generated against the amidated carboxyl 7 amino acids of rat
aCGRP while JH84 was generated against mature rat aCGRP (Rosenblatt and Dickerson,
1997). Antibody specificity was validated using immunoprecipitation (Rosenblatt and
Dickerson, 1997). These antibodies label cholinergic efferent neurons in the guinea pig
cochlea and mouse semicircular canal cristae (Cabanillas and Luebke, 2002; Luebke et al.
2014).

Imaging and post-imaging analysis

Images were first acquired with a Zeiss Axio Imager motorized upright multifluorescent
microscope outfitted with an Apotome slider system (Zeiss Imaging Systems, Oberkochen,
Germany) for acquisition of z stacks. Images were post-processed using Axiovision (Zeiss
Imaging Systems, Oberkochen, Germany) and/or Adobe Photoshop CS6 (Adobe Systems,
San Jose, CA) software to adjust contrast and brightness within the linear range. Selected
tissue slides were also imaged in the URSMD Confocal and Conventional Microscopy Core
(RRID: SciEx_12080) using an Olympus FV1000 Laser Scanning Confocal microscope
(Olympus America, Center Valley, PA) with a 20x UPlanS-Apo (NA 0.85), 60x (NA1.42),
or 100x Plan-Apo (NA 1.4) oil objective, with Kalman setting (i.e. line averaging) of 0-3,
and sequential scanning option. The confocal aperture (pinhole) was fixed at 1 Airy unit for
all objectives and fluorophores using the auto settings in the Olympus F\V1000 acquisition
software. For each objective, optimized Z-slice thickness was determined based on the
Nyquist formula, also using auto settings in the acquisition software. Confocal images were
processed using Olympus FVV1000 software and adjusted in the linear range to improve
contrast and/or brightness. Final figures were cropped in Photoshop and imported into
Adobe Illustrator for labeling and creating figure panels.

Automatic Counts and Measurements of ChAT-positive varicosities

Turtle cristae were immunostained for ChAT and imaged as described above using the
confocal microscope outfitted with a 60x Plan-Apo oil immersion lens with a z thickness of
0.42um. Automatic counts of ChaT-positive varicosities were performed as follows:
Hemicristas were split into three regions, each approximately 150um in length and
designated planum, central and torus. Within a single z plane in each zone, 5-6, 20um x
20pm (i.e. 400pm?2) boxes were drawn across the synaptic region where the number and area
of ChAT-positive varicosities per box were automatically tabulated using Image Pro Plus
(7.0) (Media Cybernetics, Rockville, MD). Briefly, for the automated counting and area
determination, single z plane images were exported as raw data sets from Olympus FV1000
software and opened in Image Pro where the correct scaling was chosen. Using the Count/
Size setting and manually thresholding each image to a setting of ~50-255 gray scales
allowed for the best representation of ChAT-positive varicosities. Occasionally, the software
could not automatically determine between adjacent varicosities in which case varicosities
were separated using the edit manual split feature. The number of varicosities per 20um x
20um box as well as the area of each varicosity were compiled in Microsoft Excel and then
imported into GraphPad Prism (GraphPad Software, LaJolla, CA) for graphing and
statistical analyses. At least three separate experiments from six animals were used to
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acquire these data. Manual counts by an unbiased observer were also done on a select set of
images to confirm the automatic count data.

Colocalization analysis

Confocal z stacks of turtle crista sections, stained for either ChAT, synapsin I (Synl), and
SV2 or ChAT and CGRP, were acquired with either the 60X or 100X objectives. A total of
3 separate immunohistochemical experiments (i.e. 3 animals) were utilized for each set. In
individual z planes from each stack (n=4 for ChAT, Synl and SV2; n=3 for ChAT and
CGRP), ROI’s were drawn around 10-20 individual ChAT-positive puncta. In order to
minimize selection bias, channels used to stain Synl, SV2, or CGRP were turned off during
ROI designation. A total of 57 puncta were analyzed for ChAT, Synl, and SV2 while 52
puncta were used for ChAT and CGRP. A Pearson colocalization coefficient (PCC; Manders
et al., 1992) was determined for each punctum using the colocalization function in the
Olympus FVV1000 software. The PCC is a measure of the covariance in the gray values of
fluorescence intensity between two signals (i.e. ChAT vs. Synl or ChAT vs. CGRP) on a
pixel-by-pixel basis. A scatter plot was generated for each ChAT-positive punctum by
plotting the corresponding gray scale intensity values of each fluorophore for each and every
pixel within the ROI. The slope from the linear fit of this data provided the PCC that
theoretically ranges from -1 to +1 with a coefficient of —1 indicating an inverse correlation
between the gray values (fluorescence intensity) of the two channels, 0 indicating no
colocalization, and +1 indicating perfect colocalization of the two fluorophores (Manders et
al., 1992). Colocalization data were imported into Graph-Pad Prism (La Jolla, CA) for
graphing and statistical analyses (see Statistical procedures below). Reported PCC values
reflect the mean PCC + SEM for the population of sampled varicosities.

Estimation of efferent and afferent fiber diameters

To calculate the approximate fiber diameter of calretinin and ChAT-positive fibers, ten
single calretinin-positive and ten single ChAT-positive fibers for each species studied were
measured using Axiovision (Zeiss Imaging Systems, Oberkochen, Germany) software. Since
some images may not have encompassed the entire fiber diameter, measurements were taken
from the widest point visible on 5-10 pm thick z stacked images, at a distance of 40um or
less from the hair cell layer. Fiber diameter data were imported into Graph-Pad Prism (La
Jolla, CA) for graphing and statistical analysis (see Statistical procedures below).

Statistical procedures

All statistical analyses were done in Graph Pad-Prism (GraphPad Software, La Jolla, CA).
Unless otherwise stated, values are expressed as means = SEM. A one-way ANOVA with
Bonferroni post hoc comparisons was used to evaluate if varicosity counts and areas differed
among regional zones of the turtle crista neuroepithelium. One-sample t-tests were used to
evaluate if mean PCC values differed from zero (McDonald and Dunn, 2012). A two-way
ANOVA and Bonferroni planned comparison post hoc tests (Graph Pad-Prism; La Jolla,
CA) were used to compare afferent and efferent fiber diameter across turtle, zebra finch, and
mouse.
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Western blotting

RESULTS

Turtle brain, mouse brain, and turtle inner ear tissue (5 ears, 3 animals) were separately
lysed using RIPA buffer (Fisher Scientific) with 1 mM each of phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktail (Sigma, St. Louis, MO). Samples were
homogenized on ice for 30s, allowed to settle overnight at 4°C, and then centrifuged at
20,000g for 10 min also at 4°C. Supernatant was removed and inner ear tissue was
concentrated using a centrifugal filter unit (Amicon, Fisher Scientific, Waltham, MA). All
samples were quantified by using a BCA protein quantification kit (Pierce, Rockford, IL).
Twenty micrograms of total protein were diluted in Nu-PAGE LDS sample buffer and
NuPAGE reducing agent (both from Invitrogen, Carlsbad, CA) and heated to 70°C for 10
min. Negative controls substituted diH20 for protein extract. Samples were then briefly
vortexed, centrifuged, and loaded onto 4-12% NuPAGE Novex Bis Tris Gels and
electrophoresed at room temperature at 150 V for 2 hr. Gels were transferred onto Hybond
ECL nitrocellulose membrane (Amersham Biosciences U.K.) by electrophoretic transfer at
30 V for 1 hr. Membranes were blocked with 5% normal serum in 0.1%TBS-Tween for 1hr
followed by 1-2 rinses (5 mins each) with 0.1% TBS-T and immunoblotting with ChAT
(1:1000 in 0.1%-TBS-T) overnight at 4°C. Membranes were then washed six times, for 10
min each, with 0.1% TBS-Tween and incubated for 1 hr at room temperature with the
appropriate horseradish peroxidase conjugated secondary antibody (Amersham Biosciences
U.K.). Membranes were again washed six times, for 10 min each, and immunoreactive
bands were detected by using a chemiluminescent Western blot detection kit (Amersham
Biosciences U.K.). Blots were exposed to ECL hyperfilm (Amersham Biosciences, UK) for
30s to 5 min prior to developing.

ChAT immunohistochemistry in the turtle crista

Vestibular efferent neurons are predominantly cholinergic and as such should express the
cholinergic marker choline acetyltransferase (ChAT). Although ChAT
immunohistochemistry has been often used to label efferents innervating the inner ear in a
number of vertebrate species (Kong et al., 1994a, 1994b, 2002; Wibowo et al, 2009),
comparable data in turtle has been lacking. Therefore, we sought to determine if ChAT
labeling would be helpful in identifying efferent neurons in turtle semicircular canal cristae.
For this task, we utilized goat antibodies directed against the whole ChAT enzyme isolated
from human placenta that is identical to the brain enzyme (Bruce, 1985). First, to verify the
specificity of the ChAT antibody, we probed a series of western blots from turtle brain and
turtle ear. We also included mouse brain as an additional control. The ChAT antibody used
in this study has been shown previously to detect a single 68—70kd band in turtle retina (Lee
etal., 2007). In agreement with that study, we detected a prominent band of the appropriate
size (~73kDa) in both turtle brain and ear (Fig. 1A). We also detected a much fainter second
band at ~68kDa. Multiple bands may be indicative of posttranslational modification,
degradation products, or multiple isoforms (Oda, 1999; Anaddn et al., 2000). In mouse brain
extracts, we only detected a single band running at a slightly higher MW of ~75kDa.
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Since the organization of vestibular hair cells and afferents has been described for the turtle
semicircular canal crista (Brichta and Peterson, 1994; Brichta and Goldberg, 2000a), we
focused our initial efforts on labeling efferent neurons in the crista neuroepithelium (Fig.
1B-D). Turtle posterior and anterior cristae consist of two saddle-shaped hemicristae
whereas the horizontal canal is comprised of a single hemicrista. Each crista contains both
type | and type Il hair cells. Type | hair cells are restricted to the central zone (CZ) whereas
type Il hair cells are distributed throughout the neuroepithelium including the CZ and
peripheral zone (PZ) (Fig. 1B). A whole mount preparation of the turtle posterior crista was
immunostained for ChAT and the hair cell marker, Myosin VIIA (Myo7A) (Fig. 1C).
Consistent with hair cell staining, Myo7A labeling was restricted to the neuroepithelium
where it outlined the boundaries of each hemicrista. In longitudinal crista sections, we
identified that Myo7A staining, in fact, was confined to the hair cell layer (Fig. 1D).
Antibodies to ChAT labeled a dense neural network that appeared to populate the entire
crista neuroepithelium (Fig. 1C, 1D). This can be better appreciated with ChAT staining in
the longitudinal sections where over a 100 small-diameter (~1 pm), ChAT-positive fibers are
seen coursing through the stroma (Fig. 1D). Although individual ChAT-positive fibers can
be identified (arrowheads), they often traveled together in discrete bundles of 3 or more
fibers. The density of ChAT-positive fibers across the stroma was generally correlated with
the width of the neuroepithelium, gradually increasing as one moves from the narrow torus
region towards the wider planum regions (Fig. 1D, right side). Efferent fibers were routinely
missing from a small band centered on the non-sensory torus region (*, Fig. 1D). Upon
reaching the supporting cell layer, demarcated by dense DAPI staining, ChAT-positive
fibers underwent an extensive amount of branching to give rise to many spherical puncta
concentrated along the base of the hair cell layer (Fig. 1D). Comparable ChAT staining was
seen in all three turtle canal cristae as well as the utricular macula (data not shown). Similar
immunostaining patterns were seen with antibodies generated against ChAT derived from
chick brain (data not shown; Johnson and Epstein, 1986). Collectively, these data suggested
that antibodies to ChAT were labeling vestibular efferent neurons in the turtle crista.

Across the vertebrate scale, type Il hair cells are a common synaptic target for vestibular
efferent neurons (Fig. 2A). The dense deposition of ChAT-positive puncta within the hair
cell layer of the turtle crista should certainly place efferent neurons in close apposition with
type Il hair cells. For closer inspection, we sampled stretches of neuroepithelium adjacent to
the torus and planum, two regions of the crista where only type Il hair cells reside (Fig. 2B
inset). In both regions, much of the cytoplasm of type 11 hair cells was immunostained for
Myo7A with the exception of the space occupied by the nucleus (Fig. 1D, 2D, 2E). Bundles
of ChAT-positive fibers traversed the stroma and gave rise to many smaller fibers that were
frequently interrupted by spherical or ovoid varicosities (Fig. 2C). The majority of these
varicosities occupied the basal pole of type Il hair cells in regions beneath or adjacent to hair
cell nuclei (Fig. 2D). Occasionally, ChAT-positive varicosities were also identified along
the apical half of the hair cell layer (Fig. 2D, arrowheads) as well as within lower reaches of
the supporting cell layer (Fig. 2D, arrows). ChAT-positive varicosities, however, were
absent from deeper portions of the stroma. Examination of type Il hair cells in the PZ near
the planum revealed similar ChAT staining as seen in the torus (Fig. 2E). Orthogonal views
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confirmed that ChAT-positive varicosities were directly adjacent to type Il hair cells (Fig.
2E1, E2). Most type Il hair cells received two to five such varicosities.

Calretinin labeling of hair cells and afferents in turtle

In addition to innervating type Il hair cells, efferent neurons innervate the terminal processes
of afferent fibers including bouton afferents in fish (Sans and Hightein, 1984) and both
bouton and calyx-bearing afferents in turtle, bird, and mammals (Holt et al., 2006; Li et al.,
2007; Lysakowski and Goldberg, 1997, 2008) (See Fig. 3A). We reasoned that ChAT-
positive varicosities seen well below the hair cell layer might in fact be innervating afferent
processes. In order to ascertain if these ChAT-positive varicosities were in close apposition
to afferent processes, we required an afferent marker. To label afferent fibers in the turtle
crista, we then decided to use antibodies directed against the calcium-binding protein
calretinin. Calretinin expression has traditionally been used to label calyx only afferents in
the vestibular end organs of gerbils, mice, and other rodents (Desai et al., 2005a,b; Leonard
and Kevetter, 2002). It should be noted, however, that calretinin also labels some type |1
vestibular hair cells in the utricular macula as well as the crista (Desai et al., 2005a,b). In
turtle neuroepithelia, previous data indicated that calretinin is expressed by both vestibular
afferents and hair cells (Monk and Peterson, 1995; Huwe et al., 2011).

Calretinin immunolabeling in the turtle crista demonstrated three major patterns of staining:
(1) Calretinin clearly stained calyx-bearing afferents across the central zone including calyx
and dimorphic afferents (Fig. 3B, arrowhead and asterisk, respectively). Here, calretinin
immunohistochemistry labeled the full length of these afferents, from deep within the stroma
to the apical calyceal endings near the top of the neuroepithelium; (2) Bouton afferents in
the peripheral zone near the torus were also routinely stained by antibodies to calretinin (Fig.
3B, arrow). The label was limited to several bouton afferents bordering the central zone but
absent from bouton afferents closer to the torus; and, (3) We observed strong calretinin
labeling of type Il hair cells in the peripheral zone near the planum (Fig. 3B, see also Fig.
2E). Calretinin immunoreactivity was noticeably absent from supporting cells, type | hair
cells and type Il hair cells near the torus.

In order to visualize how efferent varicosities were localized with respect to afferent
processes, we performed immunolabeling experiments for ChAT and calretinin (Fig. 3C-E).
In transverse sections through the central zone, many ChAT-positive varicosities were
positioned clearly below the hair cell layer where they often aggregated along the first 10—
20 pm of the axonal stalk, just below the calyceal expansion (Fig. 3C). Proximity to the
parent fiber was confirmed in orthogonal views (inset, Fig. 3C). In the example shown, four
to five varicosities were clustered around the axon. ChAT-positive varicosities were also
found abutting calyceal endings enclosing type I hair cells (arrows, Fig. 3C). ChAT-positive
varicosities were similarly distributed along dimorphic afferents (Fig. 3D). ChAT-positive
varicosities were also scattered along the terminal processes of calretinin-positive bouton
afferents near the torus (Fig. 3E). ChAT-positive varicosities were often adjacent to bouton
afferent terminals but it was difficult to reconcile if this represented direct contacts or simply
a convergence of efferent and afferent synapses upon the base of type Il hair cells. However,
direct contacts could often be identified where ChAT-positive varicosities populated bouton
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afferents prior to branching (arrowheads, Fig. 3E). An orthogonal view indicates their
proximity to the parent fiber (inset, Fig. 3E).

Zonal variations among ChAT-positive varicosities in turtle

We next wanted to determine if the number of ChAT-positive varicosities varied with
respect to region. Counts of ChAT-positive varicosities were performed for each of the
zones across the turtle crista (i.e. planum, central and torus). In the planum region, 6.67 +
0.48 ChAT-positive varicosities per 400um 2 area were identified, while in the central zone
there were 8.28 + 0.47 and in the torus region 9.44 + 0.87 ChAT-positive varicosities per
400pm 2 area (n=18 for each region; Fig. 3F). ChAT-positive varicosity counts from planum
and torus regions were significantly different (p<0.01; one way ANOVA with Bonferroni
post hoc analysis) while the central region was not significantly different from either the
torus or planum regions. ChAT punctal area was also measured from confocal images. The
average punctal area was 3.27 + 0.17 pm?, 3.34 £ 0.17 pm?, and 3.39+ 0.17 um? for torus,
planum and central regions, respectively (Fig. 3G). Punctal areas were not significantly
different from one another (p=0.87). (All data presented as mean + SEM).

Colocalization of ChAT, SYN | and SV2 in Turtle Efferent Varicosities

If ChAT-positive varicosities represented efferent presynaptic contacts, they should also
express the proteins required for transmitter release. The synaptic proteins, synapsin | (Synl)
and SV2, are present in efferent varicosities in a variety of species, yet absent from hair cell
ribbon synapses, making them ideal efferent synaptic markers for our preparation
(Safieddine and Wenthold, 1999; Zidanic, 2002; Holstein et al., 2005; Layton et al., 2005;
Wibowo et al., 2009; Castellano-Mufioz et al., 2010). Consequently, we combined ChAT
immunohistochemistry with labeling for Synl and SV2. In the turtle crista, Synl labeling
appeared as small puncta concentrated along the basal half of the hair cell layer.
Immunolabel for Synl extended the full length of the neuroepithelium from the torus (Fig.
4A) to the planum (not shown) where it overlapped with ChAT-positive varicosities (Fig.
4B). This suggested that ChAT-positive varicosities were, in fact, presynaptic release sites.
As was the case with ChAT staining, occasional Synl-positive puncta were also visible in
regions apical to nuclei of type Il hair cells (arrows, Fig. 4A) as well as below the hair cell
layer (arrowheads, Fig. 4A).

Interestingly, at higher magnifications, the localization of the Synl label was often skewed to
one side of the varicosity (inset, Fig. 4B). One possible explanation was that this represented
vesicle accumulation in the most distal portion of the efferent varicosity prior to synapsing
on postsynaptic targets. The asymmetrical distribution of synaptic vesicles is seen in EM
images of efferent terminals from turtle crista neuroepithelium (Holt et al., 2006). Three
additional observations provided further support. First, similar staining patterns were
observed when staining for ChAT and the synaptic vesicle protein SV2 (Fig. 4C, D). As
with Synl, SV2 label was also localized to one side of ChAT-positive varicosities on both
type Il hair cells (arrowheads, Fig. 4C) and calyx-bearing afferents (arrowheads, Fig. 4D).
Secondly, consistent with labeling the synaptic vesicle pool, SV2-positive puncta were
directed towards the base of type Il hair cells (Fig. 4C) and the axonal stalk of calyx-bearing
afferents (Fig. 4D). Consistent with the reported literature, Synl or SV2 staining was not
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seen in hair cells. Finally, triple-labeling experiments utilizing ChAT, Synl and SV2
demonstrated that nearly all ChAT-positive varicosities were co-labeled with both Synl and
SV2 (Fig. 4E). Higher magnification images demonstrated that while ChAT label stained
much of the varicosity, staining for Synl and SV2 were typically partitioned to one side and
occupied the same footprint (Fig. 4E, right panels). There was also some suggestion that
ChAT labeling was slightly more intense in the areas labeled with anti-Synl and anti-SV2.

In order to estimate the amount of overlap among these three efferent markers, a quantitative
colocalization analysis was performed. Briefly, in single z-planes taken from confocal image
stacks of tissues labeled for ChAT, Synl and SV2, regions of interest (ROI) were drawn
around single ChAT-positive puncta and then we asked whether there was a correlation
between the gray values of fluorescence intensity between the two signals (i.e. ChAT vs.
Synl; ChAT vs. SV2 or Synl vs. SV2). From these gray values, a scatter plot was generated
with a Pearson’s correlation coefficient given for each puncta (Manders et al., 1992). In
brief, the Pearson’s correlation coefficient (PCC) is based on a linear scale of -1 to +1 with
+1 indicating 100% colocalization, 0 for random overlap, and —1 indicating an inverse
correlation between the gray values (fluorescence intensity) of the two channels (for more
details see Costes et al., 2004 and Bolte and Cordelieres, 2006). Using this analysis we
found that ChAT-positive puncta (n=57) were positively correlated with both Synl-positive
and SV2-positive puncta (PCC = 0.656 + 0.019 and 0.623 + 0.022, respectively). Synl-
positive and SV2-positive puncta were also positively correlated (PCC = 0.862 + 0.019).
Statistical significance was evaluated using a one-sample t-test (McDonald and Dunn,
2012). The PCC values from each of the three comparisons were significantly different from
zero (p<0.0001). Higher correlation indices for Synl and SV2 are consistent with
observations that both proteins occupy the same compartment (Fig 4E, right panels). Similar
PCC values were also observed if we chose ROI’s based upon Synl or SV2 signals instead
of ChAT (data not shown). However, when comparable ROI’s were drawn in regions
without synaptic staining (i.e. in the hair cell layer outside of the synaptic zone),
colocalization analyses generated PCC values (0.014 £ 0.014, 0.023 + 0.014, and 0.019 £
0.028 for ChAT vs Synl, ChAT vs SV2 or Synl vs SV2, respectively; n=57) that were not
significantly different from zero (p=0.1132). Taken together our immunohistochemical data
indicate that Synl and SV2 are reliable and robust efferent synaptic markers in turtle cristae
where they colocalize with ChAT and each other.

CGRP is colocalized with ChAT in turtle efferent varicosities

The robust ChAT staining of vestibular efferent neurons in turtle cristae is in good
agreement with the consensus that the predominant vestibular efferent transmitter is
acetylcholine (ACh). However, the presence of dense core vesicles in efferent terminals in a
number of species has been used to suggest a role for peptidergic transmission in the
vestibular periphery. The most compelling evidence to date implicates calcitonin gene-
related peptide (CGRP), a 37-amino acid neuropeptide frequently coexpressed at cholinergic
synapses including the neuromuscular junction (NMJ) and auditory, lateral line, and
vestibular efferent neurons (Adams et al., 1987; Sliwinska-Kowalska et al., 1989; Wackym
etal., 1991; Lu et al., 1999; Cabanillas and Luebke, 2002; Luebke et al., 2014). We used
immunohistochemistry with two CGRP antibodies to identify if CGRP was expressed in the
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turtle cristae. In the turtle crista, staining for CGRP appeared as intense puncta scattered
throughout the neuroepithelium (Fig. 5A). Similar CGRP staining was also evident in the
turtle lagena, utricle, and saccule (data not shown). In whole mount preparations, CGRP
staining was extensively colocalized with staining for ChAT (Fig. 5B). At higher
magnifications, CGRP staining was present in ChAT-positive varicosities in the hair cell
layer as well as in ChAT-positive fibers within the stroma (Fig. 5C-E). The deposition of
CGRP label within efferent fibers and varicosities was less uniform than ChAT, instead
appearing granulated (insets, Fig. 5C—E). This beaded pattern of CGRP staining also
highlighted small efferent “tendrils” that projected through the hair cell layer (arrowhead,
Figs. 5D, 5E). These extensions were previously unappreciated as ChAT staining within
these same structures was typically quite faint (arrowhead, Fig. 5C). Further colocalization
analyses was performed on individual z planes and indicated a high level of colocalization
of CGRP and ChAT-positive puncta as demonstrated by a PCC of 0.507 + 0.026 (n=52
puncta). Statistical significance was again evaluated using a one-sample t-test (McDonald
and Dunn, 2012) that indicated that this PCC was significantly different from zero
(p<0.0001). In the same z planes, the mean PCC value of comparable ROI’s drawn in
adjacent regions without ChAT and CGRP label was not significantly different from zero
(p=0.8164).

ChAT expression in Vestibular Tissues of Zebra Finch and Mouse

In order to support the specificity of vestibular efferent markers in turtle, vestibular end
organs from songbird and mouse were also procured and processed for ChAT, Myo7A,
calretinin, and the synaptic markers SVV2, Synl and Syntaxin (Figs. 6, 7). Antibodies to
syntaxin were used as an alternative presynaptic marker in lieu of antibodies to Synl that
failed to label efferent terminals in bird. ChRAT immunostaining of bird and mouse crista
revealed similar efferent innervation patterns as we observed in turtle tissue (Figs. 6A, 7A,
and 7D). In particular, ChAT-positive fibers, after extensive branching at the hair cell-
supporting cell junction, heavily innervated the hair cell layer throughout the crista. Double
labeling experiments with ChAT and Myo7A showed an abundance of ChAT-positive
puncta along the basal portions of hair cells in both bird (Fig. 6B) and mouse (Fig. 7C-E).
However, in contrast to turtle, ChAT-positive varicosities on type Il hair cells along regions
apical to the nucleus were more commonly found in both bird and mouse crista, while in
turtle these types of varicosities were much less frequently observed (Figs. 6B, 7E). Also, in
contrast to turtle crista where Myo7A label appeared to be distributed evenly throughout the
entirety of the hair cell, Myo7A staining in bird and mammal was more concentrated at the
hair cell cuticular plate (Figs. 6B, 7E).

ChAT-positive fibers in mouse and bird traversed across the tissue in a more diffuse pattern
than in turtle. In 40um longitudinal sections from turtle, an observer could frequently trace
the full length of a ChAT-positive fiber from where it entered the stroma to its termination
in the apical portion of the sensory epithelia (Fig. 1D). In contrast, in bird and mammal,
ChAT-positive fibers could often be traced only a portion of the distance from stroma to
apex where upon they coursed too deeply into the tissue (and presumably into the next tissue
section) before re-appearing near the hair cell-supporting cell layer and terminating along
hair cells and afferents. Alternatively, they may undergo earlier branching in the stroma
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making it difficult to follow their course. Consequently, using our current methods, imaging
the entire length of whole ChAT-positive fibers in bird and mouse was frequently not
possible creating some uncertainty in tabulating reliable or accurate efferent fiber counts in
mouse and bird needed for comparison to turtle.

Calretinin and Efferent Synaptic Markers in Zebra Finch and Mouse

Similar to turtle cristae, ChAT and calretinin labeled distinct, anatomically separate fiber
populations in both bird and mouse cristae. In zebra finch cristae, calretinin showed a
similar labeling pattern as turtle cristae with strong staining of calyx bearing afferents across
the central zone and more diffuse staining of type Il hair cells in the planum region (Fig.
6C). Bouton afferents near the apex were less prominent. In bird, we also observed that the
central zone, where calretinin-positive calyces were located, appeared to be somewhat more
expansive than what we observed in turtle with calretinin-positive calyces in bird often
being located along regions closer to the planum. The overall shape of the bird posterior
crista was also more “W” shaped than what we observed in either turtle or mouse with a
strong curvature of the central zone adjacent to a deeply sloped apex and planum regions
(Fig. 6, see also Masetto and Correia, 1997). In our hands, as reported previously in mouse
(Desai et al., 2005a,b), antibodies against calretinin strongly labeled calyx-only afferents in
the central zone of mouse crista (Fig. 7F, 7H) as well as hair cells in the utricle (data not
shown). Some crista hair cells were also faintly stained with calretinin but we did not
determine if they were type | or type Il. In both bird and mouse, ChAT-positive varicosities
did not appear to aggregate along the axonal stalk at least to the extent seen in turtle. They
were, however, scattered along the outer face of calyceal endings (Figs. 6C, 7F).

In bird cristae, labeling with antibodies against the synaptic markers syntaxin and SV2
labeled a plethora of synaptic structures primarily located along calretinin-positive calyces
(Fig. 6D) and along the base of the hair cell layer (Fig. 6E, F). The distribution of puncta
labeled by SV2 and syntaxin mirrored that of ChAT-positive varicosities. Syntaxin staining
was more abundant within the neuroepithelium than SV2 staining which is consistent with
the presence of syntaxin at both afferent and efferent synapses (Hennig and Cotanche 1998;
Safieddine and Wenthold, 1999; Demémes et al., 2001; Nouvian et al., 2011). Although
several antibodies were tested, Synl immunostaining in our hands was noticeably absent
from songbird vestibular tissue.

Synapsin | staining in mouse canal cristae showed a similar staining pattern as that seen in
turtle with many Synl-positive puncta located along the base of the hair cell layer (Fig. 7G,
7H). High resolution, zoomed confocal images demonstrate the presence of SV2-positive
and Synl-positive puncta terminating along the outer face of calretinin-positive calyces in
bird and mouse, respectively (Figs. 6D, 71). In contrast to turtle, SV2-positive and Synl-
positive puncta were frequently noted along more central and apical portions of calretinin-
positive calyces in both bird and mouse vestibular tissues, respectively (Figs. 6D, 71).

Efferent Fiber Diameter Estimates in Turtle, Bird and Mouse

The specificity of ChAT fiber labeling was further confirmed in ChAT and calretinin co-
labeling experiments. In turtle, bird, and mouse, we simply compared fiber diameters of
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calretinin-positive fibers versus ChAT-positive fibers. Measurements of ChAT-positive
fibers were pooled from across the sensory epithelia of each species, as their diameter did
not differ depending upon region sampled (data not shown). A two-way ANOVA of fiber
diameter vs. species revealed that calretinin-positive fibers were significantly larger in
diameter than ChAT-positive fibers in the same species (Fig. 8). There was a main effect of
fiber type F (1,54) = 92.7, p<0.0001 and of species F (2,54) = 17.2, p<0.0001 with a
significant interaction F (2,54) = 5.2, p<0.0001 between these two factors. Post hoc tests
showed that in each species, calretinin-positive afferent fibers were significantly greater in
size than ChAT-positive fibers (t (18) = 5.6, 8.7, and 13.0, p<0.0001 for mouse, turtle, and
bird, respectively) with fiber diameter measurements of 2.89 + 0.21 vs. 1.36 + 0.07 um in
mouse, 4.02 £ 0.18 vs. 1.65 = 0.09 um for turtle, and 5.75 + 0.34 vs. 2.19 + 0.13 pm for bird
(calretinin vs. ChAT fiber diameter, mean = SEM; n= 10 for each species). Further post hoc
analysis showed that across species, calretinin-positive fibers were significantly different in
fiber diameter (bird > turtle, t (18) = 6.326, p<0.0001; turtle > mouse, t (18) = 4.133,
p<0.001; bird > mouse, t (18) = 10.46, p<0.0001) while ChAT-positive fibers were only
different in diameter size between bird and mouse (t (18) = 3.033, p<0.05). Together this
data demonstrate a significant difference in fiber diameter width when comparing ChAT-
positive efferent fibers vs. calretinin-positive afferent fibers within each species.

DISCUSSION

Large networks of afferent and efferent fibers are known to innervate the vestibular end
organs of vertebrates. Within each end organ, afferent fibers are typically larger in diameter,
and give rise to bouton and/or calyx processes that form glutamatergic synapses with hair
cells while efferent fibers are smaller in diameter, predominantly cholinergic, and synapse
upon hair cells and afferent processes (Lysakowski and Goldberg, 2004). Using standard
immunohistochemical procedures, we exploited some of these anatomical and biochemical
differences to distinguish efferent fibers and their varicosities in the peripheral vestibular
system of turtle, bird and mouse. In this study, we have confirmed the presence of a robust
efferent innervation in all three species that was previously not appreciated. Data here
demonstrate that this system is highly conserved across species yet some of the individual
synaptic proteins involved in efferent synaptic release may differ.

Cholinergic vestibular efferent neurons innervate type Il hair cells and afferent processes

Antibodies to the enzyme choline acetyltransferase (ChAT) have been commonly used to
label efferent cholinergic fibers and varicosities in the inner ear of several species (Kong et
al., 1994A, 1994B, 2002; Wibowo et al, 2009). Since ChAT is synthesized in the cell body
and transported to the varicosities via axonal transport (Oda, 1999), we expected to find
ChAT labeling in both efferent fibers and efferent varicosities in the vestibular periphery. In
our hands, labeling for ChAT emphasized a broad system of efferent fibers coursing through
the stroma to end as varicosities across the sensory epithelia in each of the three species
studied. ChAT-positive varicosities were primarily concentrated along the basal half of the
hair cell layer, but were also occasionally identified along the apical reaches of the
epithelium as well as within the supporting cell layer. Furthermore, apical efferent
varicosities in turtle were further accentuated by co-labeling for CGRP. In each species
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examined here, approximately two to five ChAT-positive varicosities were identified on
most type Il hair cells, consistent with dissector counts in both chinchilla and squirrel
monkey (Lysakowski and Goldberg, 1997, 2008).

ChAT-positive varicosities were routinely found adjacent to the terminal portions of both
calyx-bearing (i.e. calyx/dimorphic, CD) and bouton vestibular afferents. In turtle CD
afferents, many varicosities were also clustered along the afferent axonal stalk just below the
calyceal expansion as well as along the outer face of the calyx terminal. In bird and mouse,
although efferent varicosities on the calyx terminal within the hair cell layer were common,
clustering along the axonal stalk was much less pronounced. Efferent-mediated excitation of
CD afferents is quite similar in turtle and mammals with respect to response amplitude,
kinetics, and duration (Goldberg and Fernandez, 1980; Brichta and Goldberg, 2000b;
Marlinski et al. 2004; Holt et al. 2006; Jordan et al., 2013). It is therefore somewhat
interesting in how efferent synapses cluster along the axonal stalk of calyx-bearing afferents
in turtle, while in mouse and bird tissues, efferent synapses were found along the outer face
of calyceal endings with very few along the stalk itself. What might be more telling is the
proximity of these efferent synapses in both species to the spike initiation site and different
ionic channel domains within the CD ending (Lysakowksi et al., 2011). Perhaps, it is these
spatial relationships that preserve similarities in the response of CD afferents to efferent
stimulation between turtle and mammals.

In order to further support that ChAT label was specifically confined to efferent but not
afferent fibers, we double labeled for the calcium-binding protein calretinin and ChAT in a
subset of vestibular canal sections from turtle, bird, and mouse. Calretinin has been shown to
label calyx afferents as well as type | and type 11 vestibular hair cells in turtle and rodents
(Monk and Peterson, 1995; Leonard and Kevetter, 2002; Desai et al., 2005a, b; Simmons et
al., 2010; Huwe et al., 2011). In the current study, we show that calretinin-positive afferent
fibers in turtle, bird and mouse vestibular sensory epithelia were distinct from those that
labeled with antibodies to ChAT. Calretinin-positive fibers were large-diameter and were
located primarily in the central zone where they formed calyceal terminals. In contrast,
ChAT-positive fibers were relatively thin and found distributed across the epithelia where
they ended on both hair cells and afferents including calretinin-positive afferents. Unlike
reports in rodents (Leonard and Kevetter, 2002; Desai et al., 2005a, b), antibodies to
calretinin also labeled bouton afferents in turtle and bird immediately outside of the central
zone near the torus or apex, respectively.

Although our primary motivation in immunostaining for calretinin was to label afferent
fibers, we did also observe calretinin expression in hair cells in all three species.
Interestingly, in turtle and bird, calretinin-positive type 11 hair cells were always located near
the planum region of both species suggesting that type Il hair cells across the epithelia may
also be further divided into calretinin-positive or negative groups. There was no obvious
type | hair cells stained for calretinin in either turtle or bird cristae. Desai et al., (2005b)
utilized a flattened whole mount epithelial preparation to determine that a small percentage
of type I hair cells (~5%) and ~20% of type Il hair cells in mouse and rat crista were
calretinin-positive. Although some mouse crista hair cells in our sections were stained with
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calretinin, we did not further resolve if they were type | or type Il nor try to quantify their
numbers.

ChAT routinely labeled small diameter fibers in turtle, bird and mouse that were a separate
population from the large diameter calretinin-positive afferent fibers. In regards to ChAT-
positive fiber diameter, all species were quite similar in size with an average diameter of
~1.36 um for mice, ~1.65 pm for turtles and ~2.19 um for birds. These values are in range
for previous efferent fiber measurements. Fish vestibular efferents were estimated to be
around ~1.4 um in diameter (Mensinger and Highstein, 1999) while HRP-labeled efferent
fibers in turtle were reported to be ~1.37 um (Fayyazuddin et al., 1991). Statistically, when
comparing efferent fiber diameter, only birds and mice were slightly, but significantly
different from each other (p < 0.05), while turtle efferent fiber diameters were not different
from bird or mouse. In comparing the two fiber groups, ChAT-positive efferents were
significantly different in diameter size than calretinin-positive afferents in the same species
(p<0.0001). On average, ChAT-positive fibers were 2.1-2.6 times smaller in diameter than
calretinin-positive fibers in the vestibular end organs of the three species studied. It is
important to note, however, that calretinin-positive afferents are likely to be the largest of
the afferents present in the crista and do not encompass afferent fiber population in full
(Lysakowski et al., 1999).

and expression of efferent presynaptic markers

Antibodies to the synaptic vesicle proteins, synapsin I (Synl) and SV2, were employed in
the current study to facilitate identification of presynaptic efferent varicosities in the
vestibular periphery. The rationale behind choosing these antibodies was that these two
synaptic proteins are commonly expressed by inner ear efferents, but are not a component of
the release machinery in hair cells (Favre et al., 1986; Saffeidine and Wenthold, 1999;
Zidanic, 2002; Holstein et al., 2005; Layton et al., 2005; Wibowo et al., 2009; Castellano-
Mufioz et al., 2010). In turtle, antibodies to both Synl and SV2 were shown to co-label with
ChAT-positive efferent varicosities. Furthermore, using single plane confocal images, a high
level of colocalization was found among ChAT, Synl, and SV2 in efferent varicosities in
turtle cristae. The expression of these proteins should mirror the distribution of synaptic
vesicles. In turtle, Synl and SV2 label were often localized to the side of the varicosities
closest to the presumed synaptic cleft as has been seen in other neural preparations (De
Camilli et al., 1983; Chakkalakal et al., 2010; Bragina et al., 2013). This polarized
distribution was helpful in identifying the postsynaptic cellular target.

Unlike turtle, labeling for Synl was not observed in the peripheral vestibular end organs of
Zebra Finch. The lack of Synl staining may be explained by a previous report stating that a
homologue of the Synl gene may be lacking in songbirds and chickens (Velho and Mello,
2008). Previous reports of synapsin Il (Syn Il) antigenicity within brain tissue of songbirds
(Pinaud et al., 2008; Velho and Mello, 2008) suggested that Syn Il might be a good
candidate as a pre-synaptic marker in bird vestibular tissue. Unfortunately, in our hands,
none of the several commercially available Synl antibodies or a Syn Il antibody, with
reported staining in bird auditory forebrain (Pinaud et al., 2008), was effective at labeling
efferent varicosities within the bird vestibular epithelia. Two other synaptic markers, SV2
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and syntaxin, however, did label punctate structures along the base of hair cells and afferents
in the songbird crista. In contrast, immunoreactivity for Synl, but not for syntaxin or SV2,
were visualized in mouse vestibular tissue. The lack of SV2 or syntaxin staining might be
attributed to the difficulty in utilizing monoclonal antibodies in mouse tissues. An
alternative explanation, aside from antigenicity issues, is that the lack of immunoreactivity
among these different presynaptic markers in bird and mouse might also suggest that
vestibular efferents among the three species utilize different presynaptic machinery.

Defining the efferent synapse through pre- and postsynaptic markers

Although the synaptic mechanisms underlying afferent responses to efferent stimulation in
birds and mammals have not been worked out, pharmacological data in turtle has shown that
the release of ACh during efferent stimulation activates a9a10 nicotinic acetylcholine
receptors (a9a10 nAChRs) on type Il hair cells and a4f2-containing nAChRs on bouton
and calyx/dimorphic afferent processes (Holt et al., 2006; Jordan et al., 2013). Visualizing
the relative abundance of efferent synapses on hair cells and vestibular afferents as well as
the density of these postsynaptic receptor mechanisms should be helpful in understanding
the diversity in afferent responses to efferent stimulation across the vertebrate scale. As a
first pass, we evaluated the relative density of ChAT-positive varicosities among the
planum, central, and torus regions of the turtle crista. Here, the mean number of varicosities
per 400 um? was 6.67, 8.28 and 9.44, respectively. The torus values are similar to the
recently reported density of ChAT-positive varicosities in the mouse crista (11.3 varicosities
per 400 um?; Luebke et al., 2014). Furthermore, we have also demonstrated in turtle that
there are significantly fewer ChAT-positive varicosities in the planum as compared to the
torus. The lower number of efferent varicosities in the planum, in fact, may contribute to the
smaller excitatory response of BP afferents to efferent stimulation (Brichta and Goldberg,
2000b). But other factors such as release efficacy of efferent transmitter (e.g. ACh),
postsynaptic receptor density, and differences in afferent sensitivity should also be
investigated. An estimation of the mean number of ChAT-positive varicosities per hair cell
or afferent across the different regions should also provide some insight into whether
decreases in the density of ChAT-positive varicosities are necessarily associated with a
reduction in efferent input.

The presynaptic markers used in this study (i.e. Synl, SV2, and syntaxin) were instructive in
indicating which ChAT-positive varicosities likely represented efferent release sites. We
have assumed that these release sites were functional given their direct apposition to hair
cells and afferent processes, but such assumption also requires the identification of an
adjacent postsynaptic receptor complex. This would include labeling cholinergic receptors,
downstream effectors, and/or proteins involved in receptor clustering. Labeling of afferent
and efferent postsynaptic structures has been successfully used in the cochlea (Khimich et
al., 2005; Osman et al., 2008; Liberman et al., 2011; Roux et al., 2011). However, studies
pairing and localizing efferent pre- and postsynaptic targets in the peripheral vestibular
system are lacking. This is further complicated by the lack of good antibodies for
cholinergic receptors (Moser et al., 2007; Jositsch et al., 2009). A few studies have
successfully used fluorescently-labeled a-bungarotoxin, as well as antibodies against
proteins involved in NAChR clustering and assembly, to identify the postsynaptic receptor
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domain in vestibular tissue (Ishiyama et al., 1995; Dailey et al., 2000; Osman et al., 2008).
What remains is to combine reliable postsynaptic markers with simultaneous labeling of the
presynaptic compartment in order to better understand the organization of vestibular efferent
synapses.
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Figure 1.
The expression of ChAT in turtle canal cristae. A. Specificity of the ChAT antibody

(AB144P) was confirmed via western blotting of turtle and mouse tissues. Both tissues
showed ChAT immunoreactivity within the appropriate range of molecular weights. Lanes
(left to right): 1, Mouse brain; 2, Turtle brain; 3, Turtle ear; 4, negative control. B. Diagram
of the intact turtle posterior crista modeled after the immunostained whole organ micrograph
shown in panel C. The canal nerve bifurcates to innervate two triangular-shaped hemicrista
that extend from the planum to the nonsensory torus. Each hemicrista consists of a central
zone (CZ) and peripheral zone (PZ). Dashed lines indicate planes of sectioning used in this
study (LS — longitudinal section; TS — transverse section). C. Apotome image projection of
a whole crista preparation of the turtle posterior crista where cholinergic fibers (green) and
hair cells (magenta) were labeled with antibodies to ChAT and Myo7A, respectively.
Nuclear staining with DAPI is shown in blue. D. Confocal image projection of a
longitudinal section of the turtle posterior crista stained for ChAT (green) and Myo7A
(magenta). Intense DAPI staining (blue) below hair cells demarcates supporting cell layer.
Arrowheads identify single ChAT-positive fibers and asterisk demarcates stromal region
devoid of efferent fibers. Scale bars = 50 pm.
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Figure 2.
ChAT-positive fibers give rise to numerous spherical varicosities in the hair cell layer. A.

[llustration depicting common locations of efferent terminals on type Il hair cells.
Supporting cell nuclei fill the space beneath the hair cell layer. B. Confocal image projection
of a longitudinal section of the turtle crista where type Il hair cells near the torus (asterisk,
inset) were stained with antibodies to Myo7A (magenta). Dense DAPI staining (blue)
emphasizes the supporting cell layer (SCL, dashed lines). C. Efferent fibers and associated
varicosities were labeled with antibodies to ChAT (green) in the same section shown in
panel B. D. Combined image details the arrangement of ChAT-positive varicosities along
type Il hair cells. Arrows indicate ChAT-positive varicosities located well below the hair
cell layer. Arrowheads identify more apical ChAT-positive varicosities. E. Confocal image
projection of a longitudinal section of the turtle crista showing type Il hair cells near the
planum stained with antibodies to calretinin (magenta). ChAT-positive varicosities (green)
populate the basal pole. E1, E2. Orthogonal views, generated along the dashed lines,
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indicate the relative position of ChAT-positive varicosities within the Z-plane. Scale bar =
10 um in B-D, 5 ymin E.
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Figure 3.
ChAT-positive varicosities are found abutting afferent fibers in the turtle crista. A.

Illustration depicting locations of efferent terminals on calyx (C), dimorphic (D), and bouton
(B) afferents. Efferent terminals on a type Il hair cell are also shown. B. Confocal image
projection of a longitudinal section of a turtle hemicrista stained with antibodies to calretinin
(magenta). Anti-calretinin labeled calyx afferents (arrowhead), dimorphic afferents
(asterisk), bouton afferents near the torus (arrow), and type Il hair cells near the planum (I1).
Dashed lines border the hair cell layer from the planum to the torus. C. Confocal image
projection of a transverse section through the central zone of a turtle hemicrista showing
ChAT-positive varicosities (green) clustered along the axonal stalk of calretinin-positive
calyx afferents (magenta). Inset: Orthogonal view generated for the calyx afferent bracketed
by arrowheads demonstrating the proximity of ChAT-positive varicosities to the parent
fiber. ChAT-positive varicosities are also identified along segments of the calyceal
expansion (arrows). D. ChAT-positive varicosities (green) are similarly distributed on the
axonal stalk (arrow) of a calretinin-positive dimorphic afferent (magenta). Bouton offshoot
of dimorphic afferent indicated by arrowheads. E. A confocal image projection of bouton
afferents near the torus was taken from a longitudinal section of the turtle crista stained with
antibodies to calretinin (magenta) and ChAT (green). Inset: Orthogonal view (between
arrowheads) indicates the proximity of varicosities to the bouton afferent fiber just prior to a
branch point. Scale bar = 20 um in all panels. F. ChAT-positive varicosities were counted
across the zones of the turtle crista (T=torus, C=central, P=planum). Average counts from
torus and planum regions were significantly different (p<0.01) while neither torus nor
planum were significantly different from the central zone. Circles indicate mean counts for
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each 20um x 20um area sampled (n=18). G. Mean ChAT varicosity areas were also
calculated and found to be similar across all three zones. Error bars = SEM.
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Figure4.
The synaptic vesicle proteins synapsin | and SV2 colocalize with ChAT in efferent

varicosities of the turtle crista. A, B. Confocal image projection was generated from a
longitudinal section of the turtle crista stained with antibodies to Myo7A (magenta),
synapsin | (Synl, white), and ChAT (green). A. Antibodies to Synl labeled numerous puncta
along the basal end of type Il hair cells near the torus. A few Synl-positive puncta were also
located the above hair cell nuclei (arrows) and below the hair cell layer (arrowheads). B.
Most of the puncta stained with antibodies to Synl appeared restricted to ChAT-positive
varicosities. Inset: Zoomed images showing colocalization and distribution of ChAT (green)
and synl (white) within three efferent varicosities. C, D. Confocal image projections were
generated from transverse sections of the turtle crista previously stained with antibodies to
Myo7A (magenta in panel C) or CR (magenta in panel D) with ChAT (green), and SV2
(white). Several efferent varicosities cluster along the base of a type Il hair cell near the
torus (panel C) and calyx afferent from the central zone (panel D). E. A confocal image
projection of efferent fibers and varicosities near the torus taken from a longitudinal section
of a turtle crista stained for ChAT (green), Synl, (magenta), and SV2 (white). Right panels
show zoomed images of three efferent varicosities (boxes, panel D) showing the
colocalization and distribution of ChAT, synl, and SV2. Scale bar = 10 um in all panels.
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Figureb5.
Efferent varicosities in turtle cristae also express the neuropeptide CGRP. A, B. Apotome

image projection of a whole organ preparation of a turtle posterior crista stained with
antibodies to CGRP (magenta) and ChAT (green). C-E. A confocal image projection taken
near the torus of a longitudinal section of a turtle hemicrista stained with antibodies for
CGRP (magenta), ChAT (green), and Myo7A (red). Insets: Zoomed image of an efferent
varicosity (arrow) showing colocalization and distribution of ChAT and CGRP. Arrowhead
points to efferent tendril-like extension into the hair cell layer. Scale bar = 20 ym in A, B
and 10 ym in panels C-E.
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Figure6.
ChAT is a marker of vestibular efferents in bird cristae. For all panels, confocal image

projections were taken from longitudinal sections of Zebra Finch cristae. A. Antibodies to
ChAT (green) labeled efferent fibers in the stroma and associated varicosities across the
crista. DAPI staining (blue) demarcated the supporting cell layer. B. Type Il hair cells near
the apex were stained with antibodies to Myo7A (magenta) while efferent fibers and
varicosities along the basal half of the hair cell layer were stained with antibodies to ChAT
(green). C. Calyx-bearing afferents in the central zone of the bird crista stained with
antibodies against calretinin (magenta). ChAT-positive varicosities (green) densely
populated the central zone. D. Numerous puncta labeled with antibodies to SV2 (green)
appose calyx-bearing afferents stained for calretinin (magenta). E, F. Confocal image
projections of bird hemicrista stained with antibodies to calretinin (magenta) and syntaxin
(green, panel E) or SV2 (green, panel F). Scale bar = 10 um.
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Figure?7.
ChAT is a marker of vestibular efferents in mouse cristae. Confocal image projections were

generated from either longitudinal (panels A—E, G-I) or transverse (panel F) sections of the
mouse crista. A, B. Antibodies to ChAT (green) labeled efferent fibers and varicosities
across the crista. DAPI staining (blue) defines the tissue boundaries. C. Hair cells in the
mouse crista were stained with antibodies to Myo7A (magenta). D. Efferent fibers and
associated varicosities were labeled with antibodies to ChAT (green) in the same section
shown in panel C. E. Combined image from panels C and D shows ChAT-positive
varicosities scattered along the hair cell layer. F. Calyx-bearing afferents in the central zone
of the mouse crista stained with antibodies against calretinin (magenta). ChAT-positive
varicosities (green) are distributed across the neuroepithelium with several located in close
apposition to calyx endings. A ChAT-positive fiber can be seen on the right (arrowheads).
Bottom panel: Orthogonal view along dashed line indicates the proximity of varicosities to
the outer face of two calyx endings. G, H. Confocal image projections of mouse hemicrista
stained with antibodies to Synl (green) and calretinin (magenta), respectively. I. An enlarged
image of a calretinin-positive calyx (magenta) shows the location of several Synl-positive
puncta. Scale bar = 10 um except Panel | which is 5 um.
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Figure8.
Fiber diameter measurements of ChAT+ efferent fibers vs CR+ calyx fibers in mouse, turtle

and bird cristae. Note that for each species, CR+ calyx fibers were significantly larger in
diameter than ChAT+ fibers for the same species (two-way ANOVA with Bonferonni
multiple planned comparisons, ***p<0.0001). Interestingly, CR+ fiber diameters were also
significantly different between species (p<0.01) while ChAT+ fibers were only different in
size between bird and mouse (p<0.05). Bars represent mean diameters £ SEM (n = 10).
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