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Abstract In this review, we provide a description of the
recent methods used for immunohistochemical staining of
the human inner ear using formalin-fixed frozen, paraffin
and celloidin-embedded sections. We also show the appli-
cation of these immunohistochemical methods in auditory
and vestibular endorgans microdissected from the human
temporal bone. We compare the advantages and disadvan-
tages of immunohistochemistry (IHC) in the different types
of embedding media. IHC in frozen and paraffin-embedded
sections yields a robust immunoreactive signal. Both fro-
zen and paraffin sections would be the best alternative in
the case where celloidin-embedding technique is not avail-
able. IHC in whole endorgans yields excellent results and
can be used when desiring to detect regional variations of
protein expression in the sensory epithelia. One advantage
of microdissection is that the tissue is processed immedi-
ately and IHC can be made within 1 week of temporal bone
collection. A second advantage of microdissection is the
excellent preservation of both morphology and antigenicity.
Using celloidin-embedded inner ear sections, we were able
to detect several antigens by IHC and immunofluorescence
using antigen retrieval methods. These techniques, previ-
ously applied only in animal models, allow for the study
of numerous important proteins expressed in the human
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temporal bone potentially opening up a new field for future
human inner ear research.
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Introduction

The traditional human temporal bone processing at the turn
of the twentieth century employed the celloidin-embedding
and serial-sectioning methods to evaluate predominantly
light microscopic histopathology for clinic—pathologic cor-
relations (Gulya 2007). Earlier studies utilized cytologic
descriptions and graphic reconstructions of the cochlea
(Guild 1921). Temporal bone science has advanced such
that we are now entering a phase of methodological inte-
gration, whereby the same temporal bone can be used for
light microscopy, transmission electron microscopy (TEM),
immunohistochemistry (IHC), non-radioactive in situ
hybridization, DNA and proteomics analysis (Aarnisalo
et al. 2010; Kong et al. 1998; Merchant et al. 2008; Ishiy-
ama et al. 2009, 2010; Lopez et al. 2005a, b, 2007; Markar-
yan et al. 2008a, b, c, 2009, 2010a, b; Nguyen et al. 2014;
Richard et al. 2015; Schrott-Fischer et al. 1994, 2002a, b,
2007; Wackym et al. 1990). The study of the human inner
ear has lagged behind other areas of pathology, in large part
due to the inaccessibility of the membranous labyrinth. The
temporal bone contains delicate structures, the membra-
nous labyrinth and cochlea, encased in the very dense tem-
poral bone. Furthermore, the tissues are not available for
study during a person’s lifetime except in specialized cases,
such as vestibular endorgans removed by ablative surgery
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in patients diagnosed with intractable Meniere’s disease or
temporal bone tumors. Thus, there are great technical dif-
ficulties in processing the temporal bone in a manner that
preserves the morphology while allowing for IHC.

The methodologies used to process human inner ear tis-
sue for IHC and applications have been previously revised
by Arnold (1988), Bauwens et al. (1990), Fish et al. (2000),
Tian et al. (1999). In the present review, the advantages and
disadvantages of the several methodologies available to
date to temporal bone investigators for immunohistochemi-
cal studies in the human inner ear are discussed. There are
two major tissue processing methods available for studies
of formalin-fixed postmortem human temporal bones: (1)
microdissection of the auditory and vestibular endorgans
from temporal bones which yields specimens that can be
processed for cryosections, embedded in paraffin or used
as whole-mount preparations, and (2) celloidin embedding
of temporal bones that have been decalcified, a method that
has been widely employed by most archival human tempo-
ral bone banks (Schuknecht 1993).

Microdissected auditory and vestibular endorgans

Formalin-fixed microdissected auditory and vestibular
endorgans obtained from human temporal bone specimens
have been successfully used to study the immunolocaliza-
tion of aquaporins, several basement membrane proteins
and cochlin in the vestibular endorgans and the cochlea
(Lopez et al. 2007; Ishiyama et al. 2009, 2010; Calzada
et al. 2012a, b). Using the microdissection technique, the
three cristae ampullares, maculae utricle and saccule, as
well as the organ of Corti, are removed from the otic cap-
sule of the temporal bone and separately processed for
either light or transmission electron microscopic examina-
tion (Wright and Meyerhoff 1989).

This technique is advantageous because the dissected
tissues can be sectioned serially at any thickness to facili-
tate detailed cytological examination of specimens, from
as thin as 0.1 p to as thick as 20 p. Another advantage of
temporal bone microdissection over celloidin-embedded
inner ear tissue is that each dissected endorgan can be prop-
erly oriented and processed along the optimal tissue plane,
which differs depending on the particular endorgan. Illus-
trative of this problem (when using the traditional temporal
bone processing), only a small fraction (8 %) of the utri-
cle is sectioned in a perpendicular plane, predominantly in
the superior pole (Merchant 1999). Thus, by individually
dissecting each organ, the specimen can be properly ori-
ented prior to sectioning, allowing accurate cross section-
ing perpendicular to the plane for purposes of morphomet-
ric studies of specific structures. Previous studies from our
laboratory have demonstrated the use of microdissected
specimens from postmortem human temporal bones for
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design-based stereology (Gopen et al. 2003; Ishiyama et al.
2004; Lopez et al. 2005b).

A third advantage of microdissection is that minimal
decalcification is required, allowing for excellent morpho-
logical preservation and accurate cytological identification
in postmortem specimens. Using the standard procedure
for the morphological study of the human temporal bone
as established by Schuknecht (1993), the decalcification
step for the human temporal bone requires that the speci-
men remains in ethylenediaminetetraacetic acid (EDTA)
for up to 9 months. Temporal bone fixation, microdissec-
tion, tissue sectioning and immunostaining can be made
within a week. Shorter postmortem times are associated
with higher degrees of preservation of the sensory epithe-
lia (se) morphology (Ishiyama et al. 2009). An additional
advantage is the ability to apply unbiased stereology in
immunostained endorgans (Lopez et al. 2005a). Addition-
ally, it is also possible to use vestibular endorgans micro-
dissected from human temporal bones to extract mRNA
to evaluate the expression of muscarinic acetylcholine
receptors (Wackym et al. 1996) or mu-opioid receptor
mRNA expression by non-radioactive in situ hybridization
(Nguyen et al. 2014).

Formalin-fixed cryostat sections obtained
from microdissected endorgans

Formalin-fixed cryostat sections of microdissected vestibu-
lar endorgans are routinely used for immunohistochemical
studies of the inner ear of numerous animal models. Swartz
and Santi (1999) used perilymphatic fixation, decalcifi-
cation in 10 % EDTA for 3 days, and frozen sections for
the study of tenascin-C immunoreactivity (IR) in the chin-
chilla inner ear. This methodology can also be applied in
the human inner ear (Lopez et al. 2005a, 2007; Ishiyama
et al. 2009). In the human inner ear, the feasibility and util-
ity of cryosections for IHC have been demonstrated with
immunolocalization of several neurotransmitters and pep-
tides (Ishiyama et al. 1994; Kong et al. 1998; Popper et al.
2002), aquaporins (Lopez et al. 2007), basement membrane
proteins (Ishiyama et al. 2009) and cochlin (Calzada et al.
2012a, b). Surgically obtained cochlear and vestibular
endorgans can also be processed into cryosections and used
for IHC (Calzada et al. 2012a, b; Ishiyama et al. 2010; Liu
et al. 2009, 2015, 2016; Khalifa et al. 2003). Khalifa et al.
(2003) and Rask-Andersen et al. (2000, 2016) used fresh
surgically acquired human inner ear specimens to localize
several proteins by IHC in the cochlea and spiral ganglia
neurons. Of note, the morphological preservation even in
postmortem vestibular and auditory endorgans is of suf-
ficient quality to allow for cytological regional identifica-
tion of IR patterns (Ishiyama et al. 2009). For example,
aquaporin 4 is preferentially expressed in the basal portion
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of the vestibular supporting cells, while aquaporin 6 is
expressed in their apical portion (Lopez et al. 2007).

IHC in paraffin-embedded sections of the human inner
ear

Paraffin-embedded sections of the human inner ear are
obtained from formalin-fixed (10-20 %) and decalcified
temporal bones or obtained from formalin-fixed microdis-
sected auditory or vestibular endorgans. Once the inner ear
tissue is fixed in formalin, dehydrated in ascending eth-
ylic alcohols (30-100 %), cleared with 100 % xylene and
embedded in 100 % paraffin, it is possible to obtain 5- to
20-um-thick sections for IHC.

IHC in paraffin-embedded sections has been conducted
in the gerbil cochlea to study the distribution of dystrogly-
can, an extracellular matrix (ECM) protein, using a combi-
nation of microdissection and EDTA (48 h) with excellent
morphology and retention of antigenicity (Heaney et al.
2002). Cunningham et al. (2001) described an alterna-
tive for IHC of human temporal bones that used a decal-
cification method with a microwave oven process. A good
signal-to-noise ratio of the immunostaining of Na™K™-
ATPase in the human organ of Corti, as well as acceptable
morphological preservation, was demonstrated. Keithley
et al. (2000) and Shi et al. (1991, 1992a, b) used paraffin-
embedded sections of the human temporal bone and anti-
gen retrieval methodology to localize neurofilaments,
peripherin and subunit-1 of cytochrome oxidase (Keithley
et al. 1995, 2000, 2001). A modified paraffin-embedding
protocol was used for the immunolocalization of prestin
and neurofilament antibodies in the human cochlea (Taka-
hashi et al. 2010). Twenty percent formalin was used for
fixation, followed by EDTA decalcification for 9 months.
Proteinase K (0.2 mg/mL) for 5 min was used for tis-
sue permeabilization. Carbonic anhydrase isoenzyme-IR
(Yamashita et al. 1992), laminin-IR (Yamashita et al. 1991)
and cytokeratins-IR (Anniko et al. 1989a, b) were detected
in paraffin-embedded human fetal inner ear tissue sections.
Human temporal bone sections embedded in polyester wax
have been used for IHC (Merchant et al. 2006). However,
tissue preservation and section quality were suboptimal for
histopathology or IHC studies (O’Malley et al. 2009a, b).
Thus, paraffin embedding is a good alternative for histol-
ogy and IHC, when human inner ear tissue embedded in
celloidin is not available.

IHC and IF in whole auditory and vestibular endorgans

Immunostaining of whole endorgans and surface (whole
mount) preparations of auditory and vestibular endorgans
has widely been used for anatomical and quantitative stud-
ies or cell regional distribution (Goran 1968; Rosenhall

1972; Rosenhall and Rubin 1975). Histochemical stain-
ing of actin with fluorescence-labeled phalloidin has been
used to identify vestibular and auditory hair cell stereocilia
and the apical portion of supporting cells. Whole endorgan
staining of nerve fibers has been possible using antibodies
against neurofilaments and markers that identify specific
neuronal populations, i.e., calbindin, calretinin or nerve
terminals, i.e., synaptophysin (Nadol et al. 1993). The
organization of nerve terminals in the human cochlea was
recently investigated using antibodies against several pro-
teins present in the synaptic terminals (Viana et al. 2015):
CTBP2 (to identify synaptic ribbons), anti-neurofilaments
(nerve axons), anti-myosin VIIa (hair cell identification)
and choline acetyltransferase to identify efferent axons.
Viana et al. (2015) used triple and quadruple-IF staining
to reveal the pattern of afferent and efferent innervation
in human postmortem material and showed evidence that
cochlear synaptopathy in the absence of hair cells loss may
be an important factor in human presbycusis.

The whole immunostained endorgan has been embed-
ded in plastic to obtain thin sections (0.5-1 pm) and also
has been used for design-based unbiased stereology (Lopez
et al. 2005a). Whole-mount immunostained specimens
have also been used to conduct TEM (Nadol et al. 1993;
McCall et al. 2009; Taylor et al. 2015).

IHC in celloidin-embedded sections

A large number of archival human temporal bone speci-
mens collected over the past 85 years are available in the
USA and Europe for histopathological studies of the audi-
tory and vestibular system (Schuknecht 1993; Merchant
et al. 1993, 2008). Currently there are only three active
temporal bone laboratories in the USA that continue to
embed human inner ear tissue in celloidin (Chole 2010).
The traditional method of temporal bone processing uses
formalin as fixative (10 %, neutral-buffered formalin).
Before decalcification, the temporal bones (immersed in
formalin) are stored in a cold room or at 4 °C in the refrig-
erator, for 1-3 weeks. Decalcification step with EDTA
(0.27-0.48 M, with or without 1 % formalin, pH 7.2-7.3)
takes up to 9 months. Temporal bone specimens are then
dehydrated in graded ascending ethylic alcohol and embed-
ded in celloidin over a 3-month period. Detailed procedures
of temporal bone collection, fixation, decalcification and
celloidin embedding were described by Merchant (2010).
Horizontal sections of celloidin-embedded temporal bones
are obtained with a sliding microtome. The specimens
are serially sectioned at 20 wm, and every tenth section
is stained with hematoxylin and eosin. The celloidin-
embedding method yields superb morphological and histo-
pathological preservation of the human inner ear that can
be used for IHC (Ganbo et al. 1997, 1999; Cunningham
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et al. 2001; Keithley et al. 1994, 2000; Markaryan et al.
2011; Ying and Balaban 2009; Ahmed et al. 2013; Balaker
et al. 2013; Nguyen et al. 2014; Vorasubin et al. 2016). It
is important to have in consideration the length of fixation
specially for IHC. Excessive cross-link of proteins by the
fixative will affect the binding of the antibody. Antigen
retrieval steps discussed in this review can help to restore
immunogenicity.

Several laboratories have described methods for celloi-
din removal and antigen retrieval steps for IHC (Shi et al.
1992a, b, 1993, 1998; O’Malley et al. 2009a). These two
steps are necessary to expose the antigens and allow pri-
mary antibody binding. Antigen retrieval technique was
first described by Battifora and Kopinski (1986) and was
designed to increase epitope antigenicity for immunohis-
tochemical studies. Once celloidin is completely removed
from the tissue section, it is immersed in a heavy metal
solution and heating in the microwave oven (Shi et al.
1992a, b, Appendix). The result is a significant increase in
antigenicity and binding of proteins (O’Rourke and Padula
2016).

Thick celloidin-embedded sections (20-30 pm) of single
temporal bone are kept immersed in 80 % ethylic alcohol
for subsequent histological and/or immunohistochemical
analysis including proteomics (Tian et al. 1999; Aarnisalo
et al. 2010; Markaryan et al. 2010a, b). Cytologic quanti-
fication of the cochlea is feasible when postmortem time is
sufficiently short (Schuknecht 1993). Detailed techniques
for celloidin removal from temporal bone sections have
been described in detail (O’Malley et al. 2009a). O’Malley
et al. (2009a, b) used clove oil, acetone, ether-alcohol and
methanol saturated with sodium hydroxide. The first three
substances resulted in incomplete removal of celloidin,
affecting the quality of immunostaining. Methanol-sodium
hydroxide method completely removed celloidin and pro-
duced good immunostaining with six antibodies: prosta-
glandin D synthase, Na™K*-ATPase, aquaporin 1, connec-
tive tissue growth factor, tubulin and 200kd neurofilaments.
We used sodium ethoxide to remove celloidin from the
sections and obtain very good immunoreactive signal with
almost no background (Calzada et al. 2012a, b; Ahmed
et al. 2013; Balaker et al. 2013; Nguyen et al. 2014; Voras-
ubin et al. 2016).

In this review, we describe the current protocols for ITHC
using formalin-fixed frozen, paraffin-embedded and celloi-
din-embedded tissue sections of the human inner ear. The
three types of tissue processing are useful for the identifi-
cation of different types of antigens by IHC. We then con-
trast the advantages and disadvantages of these methodolo-
gies. Details of the various protocols used in this review
are presented in “Appendix” section. IHC staining and IF
staining in human inner ear tissue using these protocols are
described below.
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Fig. 1 Immunofluorescence (IF) staining in frozen sections obtained p.
from microdissected auditory and vestibular endorgans. a Neurofila-
ments-IF in the organ of Corti (oc). Arrows point to IF terminals and
fibers. Tunnel of Corti (c), spiral limbus (sli), lumen (lu). b Neurofil-
ament-IF in the spiral ganglia neurons arrows point to IF large-size
spiral ganglia neurons, thick arrowhead point to IF small-size spiral
ganglia neurons. ¢ NatK*ATPase-IF in satellite cells (arrowheads)
that surround spiral ganglia neurons. d Smooth muscle actin-IF in
a blood vessel of the modiolus. e Neurofilament-IF in nerve fibers
located in the crista stroma (sf) and underneath the sensory epithe-
lia (se) (green color, arrows), phalloidin staining (red) at the apical
portion of the sensory epithelia. f Collagen IV-IF in basement mem-
brane (bm) of the utricle stroma. g Cx-26-IF in supporting cells (sc)
of the utricle sensory epithelia. h Aquaporin-4-IF (red) and GFAP-IF
(green) in the cytoplasm of supporting cells (sc) of the utricle sensory
epithelia. Hair cells (c) were non-IF. Arrows point to AQP4-IF (red)
at the basolateral portion of the sc. i Kir 4.1-IR in the stria vascularis
(stv) of the cochlea, spiral ligament (s/). j WARP-IF in blood vessels
of the stria vascularis (stv), spiral ligament (s/), basilar membrane (b),
Rosenthal’s canal (rc). k Cytochrome-C-IF in hair cells (arrows) of
the sensory epithelia (se). 1 Cx30-IF in the crista ampullares sensory
epithelia (se) and stroma (sf) (red punctate) and I’ the cochlea, red
punctate in the organ of Corti (oc), spiral ligament (s/). DAPI in blue
color shows staining in cell nuclei. Magnification bars a 150 um, b
125 um, ¢ 125 pm, d 50 ym, e 70 pm, £ 50 um, g 50 um, h 25 pm, i
80 um, j 200 um, k 50 pm, 1 125 pum, I’ 125 pm

IHC in microdissected audio-vestibular endorgans
Formalin-fixed cryostat sections

Figure 1 shows immunofluorescence (IF) micrographs
using formalin-fixed frozen sections obtained from micro-
dissected auditory and vestibular endorgans harvested
from postmortem temporal bones. A wide variety of intra-
cellular and extracellular proteins were detected using this
protocol (“Appendix” section). IF of cryostat sections of
the cochlea using neurofilaments antibodies demonstrated
sensitivity to detect nerve fibers running throughout the
modiolus, reaching the base of the inner and outer coch-
lear hair cells (Fig. 1a). Neurofilament-IF was also seen
the soma of spiral ganglia neurons (Fig. 1b). Satellite cells
that surround spiral ganglia neurons were NatK"-ATPase-
IF (Fig. 1c). Blood vessels within the cochlea were iden-
tified with the use of antibodies against alpha-smooth
muscle actin (Fig. 1d). In the crista ampullaris, neurofil-
ament-IF identified nerve fibers of varied diameter within
the stroma and running throughout the sensory epithelium.
Phalloidin-rhodamine visualized the apical portion of sup-
porting cells and hair cells stereocilia (Fig. le). In the
macula utricle, antibodies against collagen IV identified
the perineural basement membrane associated with nerve
fibers that run within the stroma and also delineated the
basement membrane underneath the se (Fig. 1f). Connexin
(Cx)-26-IF was localized in the supporting cells of the
macula utricle (Fig. 1g). Figure 1h shows aquaporin-4-1F
(red color) and GFAP-IF (green color) in the supporting
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cells of the macula utricle se. IF for the inward rectifier ~ protein (WARP)-IF was detected in small- and large-size
K* channel 4.1 was detected in the stria vascularis of  blood vessels of the cochlea (Fig. 1j). Figure 1k shows
the cochlea (Fig. 1i). von Willebrand A domain-related  cytochrome-C-IF in the hair cells cytoplasm. Cx-30-IF
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Fig. 2 Immunohistochemical staining in paraffin sections obtained
from microdissected endorgans. a Cochlin-IR in a cross section of the
macula utricle. Cochlin-IR was seen in the basement membrane (bm)
of the sensory epithelia and extracellular matrix of the stroma (sf).
The sensory epithelium (se) was non-IR. b Superoxide dismutase-2
(SOD-2)-IR in the cytoplasm of the vestibular ganglia neurons (vgn).
¢ WARP-IR in a section of the vestibular ganglia. WARP-IR was
located in blood vessels (bv). Vestibular ganglia neurons (vgn) and
nerve fibers (nf) were non-IR. Bar 100 um in every figure

was seen in the se of the crista ampullares (Fig. 11) and
cochlea (Fig. 11").

Paraffin-embedded tissue sections

Figure 2 shows IHC staining in paraffin-embedded tissue
sections of microdissected macula utricle and vestibular
ganglia. Figure 2a shows cochlin-IR in a cross section of
the macula utricle. Cochlin-IR was seen in the basement
membrane of the se and ECM of the stroma. The se was
non-IR. Figure 2b shows superoxide dismutase-2 (SOD-
2)-IR in a cross section of the vestibular ganglia. SOD-2-IR
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was seen in the cytoplasm of the vestibular ganglia neu-
rons (punctated distribution resembling mitochondria).
Figure 2c shows WARP-IR in a consecutive section of the
vestibular ganglia. WARP-IR was confined to the blood
vessels. Vestibular ganglia neurons and nerve fibers were
non-IR. Paraffin-embedded microdissected specimens
yielded good IHC, and numerous antibodies have been
tested using this type of tissue sections (Table 1).

Immunofluorescence in whole auditory and vestibular
endorgans

Figure 3a—c shows a whole-mount preparation of the organ
of Corti immunostained with antibodies against myosin
VIIa to visualized outer and inner hair cells. Figure 3a
shows a low magnification view from the mid-apical organ
of Corti. Higher magnification demonstrates myosin VIla-
IF in the hair cells (Fig. 3b in red color). Simultaneous
visualization with Na™, KT-ATPase antibodies shows IF in
the inner and outer sulcus cells (Fig. 3b in green color). In
another specimen, hair cells and their stereocilia were iden-
tified with myosin VIla antibodies and phalloidin Oregon
green (Fig. 3c, red and green color, respectively). Actin was
seen at the junctional complexes along the circumference
of supporting cells. Figure 3d shows neurofilament-IF in
nerve fibers of the cochlea from the hook region to the api-
cal portion. Figure 3e shows a higher magnification view
from the apical portion from Fig. 3d. Immunofluorescent
nerve fiber processes that course radially toward the organ
of Corti were easily identified. Figure 3f shows a whole-
mount preparation of the saccule subjected to IF staining
with antibodies against calmodulin. Vestibular hair cells
were well visualized (Fig. 3f). Neurofilaments-IF identified
nerve fibers and terminals in a whole-mount preparation of
the utricle (Fig. 3g). Figure 3h shows another macula utri-
cle stained by double labeling with calmodulin and neuro-
filaments antibodies that identify hair cells and the inner-
vating vestibular nerve fibers, respectively.

IHC in celloidin-embedded tissue sections

Using the IHC protocol for celloidin-embedded sec-
tions (“Appendix” section), we were able to localize sev-
eral proteins in the human inner ear. Figure 4a-b” shows
p2-laminin-IR and collagen IV-IR in the cochlea and
vestibular endorgans. These celloidin-embedded immu-
nostained sections were counterstained with hematoxylin
(purple color). In the cochlea, B2-laminin-IR (dark amber
color) was found in perivascular basement membranes.
Reissner’s membrane was also P2-laminin-IR, while the
tectorial membrane was negative (Fig. 4a). Of note, Reiss-
ner’s membrane and the tectorial membrane morphology
were well preserved. Figure 4a’ shows the B2-laminin-IR
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Table 1 Summary of proteins

. Antibody tested Cryostat (microdissected) Paraffin Celloidin References

detected by IHC and IF in the

human inner ear Neurofilaments + + + 1,15
Myosin VII + — - 1
Phalloidin + — — 1
GFAP + NR — 1,2,3
Kir4.1 + NR NR 1
Connexin 26 + NR + 1, 14, 21
Connexin 30 + NR - 1
Col IV + NR + 1,2,8
Nidogen + NR - 2
B-Laminin + + + 1,2,17
a-Dystroglycan + NR NR 1
Tenascin-C + NR — 2
Aquaporin 1 + NR — 1,3
Aquaporin 4 + NR — 2,3
Aquaporin 6 + NR NR 3
SOD-2 + + + 1,7
Cytochrome-C + + + 1
Cochlin + + + 1,5
NatK*-ATPase + + + 1,12,21
VWA + + + 1,6
Choline acetyltransferase + + NR 9,13, 16
GABA + NR NR 23
Synaptophysin + + + 1,3,4,11
S-100 NR + + 10, 19, 21
Carbonic anhydrase NR + + 18, 21
Calmodulin + NR NR 1
Smooth muscle actin + + NR 1,6
Vimentin + NR NR 3
Cytokeratin NR + NR 20
Cytochrome oxidase NR NR + 22,24
GLAST + - + 25
TOM-20 + NR + 26
Mu-opioid receptor - NR + 27
Neuroglobin — NR + 28
Prestin — + + 1,15
Acetylated tubulin + — + 1

(1) Present study, (2) Ishiyama et al. (2009), (3) Lopez et al. (2007), (4) Nadol et al. (1993), (5) Robert-
son et al. (2006), (6) Duong et al. (2011), (7) Ying and Balaban (2009), (8) Markaryan et al. (2009), (9)
Ishiyama et al. (1994), (10) Anniko et al. (1989a), (11) Khalifa et al. (2003), (12) Keithley et al. (1995),
(13) Schrott-Fischer et al. (1994), (14) Liu et al. (2009), (15) Takahashi et al. (2010), (16) Popper et al.
(2002), (17) Yamashita et al. (1991), (18) Yamashita et al. (1992), (19) Shi et al. (1992a, b), (20) Anniko
et al. (1989b), (21) Doherty and Linthicum (2004), (22) Keithley et al. (2001), (23) Kong et al. (1998), (24)
Markaryan et al. (2008c), (25) Ahmed et al. (2013), (26) Balaker et al. (2013), (27) Nguyen et al. (2014),

(28) Vorasubin et al. (2016)

+ Tested and detected by IHC or IF (present study), — not detected in the present study, NR not reported

around the stria vascularis blood vessels. This celloidin
section was not counterstained with hematoxylin to dem-
onstrate the specific f2-laminin-IR and the lack of back-
ground. Figure 4a” shows perivascular B2-laminin-IR in
the spiral ganglia from another temporal bone celloidin

"

section. Figure 4a” shows B2-laminin-IR in the basement
membrane of the se of the saccular macula. Perivascular
p2-laminin-IR was seen around blood vessels within the
stroma. Figure 4b shows collagen IV-IR in the vasculature
of the spiral ligament and spiral prominence. Figure 4b’
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Fig. 3 Immunofluorescence staining in whole-mount preparations. a
Myosin VlIla in the mid-apical portion of the cochlea. Inner hair cells
(ihc) and outer hair cells (ohc) were IF to myosin VIla (red). b Dou-
ble immunolabeling of myosin Vlla (red) and NatK™ATPase (green).
¢ The organ of Corti showing phalloidin Oregon green staining in the
inner (ihc) and outer (ohc) hair cells stereocilia and the apical por-
tion of Deiter’s cells (dc). Myosin VIla-IF (red) was seen in the hair
cell cytoplasm. d Neurofilament-IF in the whole cochlea, apical (a),

shows collagen IV-IR in the basement membrane of
the organ of Corti and in the spiral limbus. Figure 4b”
shows collagen IV-IR around the spiral ganglia neurons.
Figure 4c, d shows SOD-2-IR and NF-IR in the cytoplasm
of spiral ganglia neurons. Figure 4e shows acetylated tubu-
lin-IR in pillar and Deiter’s cells of the organ of Corti.

Immunofluorescence in celloidin-embedded tissue
sections

Colocalization of prestin and acetylated tubulin identi-
fies outer hair cells (green) and supporting cells (red),
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middle (m), basal (b), hook region (4). e Higher magnification view
of the apical portion of the cochlea in d. f Calmodulin-IF in hair cells
of the macula saccule. g Neurofilament-IF in fibers of the macula
utricle. Thick nerve fibers and calyceal terminals (arrows) are clearly
identified. h Double labeling of myosin VIla (red) and neurofilaments
(green). Magnification bars a 400 um, b 150 pm, ¢ 50 pm, d 250 pm,
e 100 pym, f, g 100 pm, h 150 pm

respectively (Fig. 5a); it was possible in celloidin-embedded
sections of the human cochlea. DAPI in blue color allows the
identification of cell nuclei. Laser confocal microscopy was
feasible in this type of tissue, with superb signal-to-noise
ratio. Figure 5b shows a stack of images (0.5 pwm) obtained
with the confocal microscope; the creation of this stack using
ImageJ (public software) allows the 3D view of hair cells
(green) and supporting cells (red) with prestin and acetylated
tubulin antibodies, respectively. DAPI (blue) stain allows the
identification of cell nuclei (Fig. 5b). The exposure of celloi-
din-embedded sections to UV light before IF quenches auto-
fluorescence effectively (“Appendix” section).
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Discussion

In this review, we show the results from the application
of THC using formalin-fixed frozen and paraffin sections
obtained from microdissected human auditory and ves-
tibular endorgans. Both tissue processing methods demon-
strated excellent preservation of antigenicity and morphol-
ogy. Whole mount (surface preparations) of the cochlea
and vestibular endorgans was also useful to detect regional
expression of several proteins. IHC and IF were also suc-
cessfully performed in celloidin-embedded sections. The
advantages and disadvantages for each type of tissue pro-
cessing methods are discussed below.

IHC in microdissected audio-vestibular endorgans
Advantages

The use of cryostat sections obtained from microdissected
auditory and vestibular endorgans for THC has several
advantages. Each endorgan can be properly oriented and
thin sections can be obtained. Processing of microdissected
specimens has a much shorter time requirement compared
to the preparation of celloidin-embedded specimens. Since
little or no decalcification is needed, fixation and tissue
sectioning can be as short as 1 week. For the cochlea, it is
recommended to remove as much connective tissue and sur-
rounding bone as possible and then place the otic capsule
containing the cochlea into EDTA for 3 weeks. The tissue
embedding media (i.e., Tissue Tek) used to obtain cryostat
sections are soluble to water, and it is easily removed before
IHC of IF.

One major advantage of formalin-fixed frozen sections
of the cochlea or vestibule is the possibility of multi-
screening of several antigens using double or triple labe-
ling (Table 1). The use of multiple cellular markers allows
the study of multiple specific proteins in the normal and
pathological inner ear. Formalin-fixed human and animal
inner ear frozen sections can be used as a positive control
to test antibodies in cases where paraffin or celloidin sec-
tions do not show the expected protein expression. Norma-
tive tissue when collected within 3- to 6-h postmortem can
be used to compare immunostaining with pathological tis-
sue obtained from ablative surgery (i.e., labyrinthectomy).
Formalin-fixed frozen sections are also a good reference
for testing labile antigens to be investigated in valuable
celloidin-embedded tissue sections. As revised by Shi
et al. (1998) for any antibody tested, knowledge of immu-
nolocalization of the antigen in formalin-fixed frozen fresh
tissue is valuable as a gold standard. Otherwise, frozen tis-
sue sections should be stained simultaneously with paraf-
fin or celloidin sections to validate IHC or IF methods.

We have previously reported that microdissected ves-
tibular endorgans can be used for stereology quantifi-
cation (Gopen et al. 2003; Ishiyama et al. 2004; Lopez
et al. 2005a). Microdissected crista ampullaris or utri-
cle were subjected to whole-mount IHC as described on
whole-mount methods (“Appendix” section), and then,
the immunoreacted vestibular endorgans were imme-
diately dehydrated, properly oriented (in the desired
plane) and embedded in plastic. Two-micron-thick serial
sections of the whole organ were obtained and counter-
stained with toluidine blue. Design-based stereology was
then applied (Lopez et al. 2005a). We have also used for-
malin-fixed microdissected vestibular endorgans embed-
ded in paraffin for molecular biological studies (Page-
dar et al. 2006). Other laboratories have used this type
of tissue processing for proteomics (Robertson et al.
2006). Using a similar methodology, aquaporin 1, 4 and
6 (Lopez et al. 2007; Ishiyama et al. 2010), collagen
IV, nidogen, B-laminin, a-dystroglycan and tenascin-C
(Ishiyama et al. 2009) were detected in cryostat sections
of microdissected auditory and vestibular endorgans.
More recently, we have been able to implement non-
radioactive in situ hybridization protocols to investigate
the mRNA expression of the mu-opioid receptor in for-
malin-fixed cryostat sections of the human cochlea and
protein localization by IHC using celloidin-embedded
tissue sections (Nguyen et al. 2014).

Disadvantages

Some structures are lost during auditory and vestibular
endorgan microdissection, for example the tectorial and
Reissner’s membrane, the endolymphatic sac and the lab-
yrinth membrane that surrounds the vestibular endorgans.
Storage of the cryosections requires an ultra-low tempera-
ture refrigerator (—80 °C) and the need of a backup system.
The quality of staining may decrease by prolonged storage
of the sections. However, uncut tissue can be kept frozen.
Training is required to learn the audio-vestibular endorgan
microdissection. Antigen retrieval treatment may need to
be applied to the formalin-fixed frozen sections in the case
of antigens sensitive to formalin fixation. The microwave
heating treatment may affect the integrity of the fragile tis-
sue attached to the glass slide.

IHC in whole endorgans
Advantages
One of the advantages of whole-mount (surface prepara-

tions) specimens is that regional distribution of expression
of antigens can be investigated. Whole-mount preparations
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are especially useful in the cochlea where there is stand-
ardization of regional classification and known differen-
tial expression of proteins regionally based. Whole-mount
preparation is an ideal preparation for confocal studies

@ Springer

(Viana et al. 2015). Whole endorgans can be embedded
in plastic after IHC or IF and image documentation. Thin
plastic serial sections can be used for unbiased stereology
and quantification (Lopez et al. 2005a). Nadol et al. (1993)
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in celloidin-embedded sections. a P2-Laminin-IR
within basement, vascular (arrows) and perineural membranes (dark
amber color) in the stria vascularis (stv), spiral ligament (s/), organ
of Corti (oc), Reissner’s membrane (rm), spiral limbus (sli), and
the basilar membrane. The tectorial membrane (fm) was non-IR. a’
B2-Laminin-IR in perivascular basement membrane of the spiral liga-
ment (sl) and stria vascularis (stv) (arrows). a” B2-Laminin-IR in
perivascular (long arrows) and perineural (short arrows) basement
membranes of the spiral ganglia. Spiral ganglia neurons (sgn). a”
B2-Laminin-IR in the basement membrane underneath the sensory
epithelia (short arrows) and also perivascular (long arrows) base-
ment membranes, hair cells (hc), lumen (lu). b Collagen IV-IR in
stria vascularis (stv) and spiral ligament (s/) perivascular basement
membranes (arrows), spiral prominence is also collagen IV-IR (sp).
b’ Collagen IV-IR was seen at the spiral limbus (si), organ of Corti
(oc). b” Collagen IV-IR in perineural (short arrow) and perivascular
(arrows) basement membrane of the spiral ganglia. Spiral ganglia
neurons (sgn). ¢ SOD2-IR in the spiral ganglia neurons (sgn). d Neu-
rofilaments-IR in the spiral ganglia neurons (sgn). e Acetylated tubu-
lin-IR in the pillar cells (pc), and Deiter’s cells. e Celloidin-embedded
tissue sections counterstained with hematoxylin (except for a’, d, e).
Magnification bars a 200 pm, a’ 100 um, a” 100 ym, a” 100 um, b
75 um, b’ 75 um, b” 120 ym, ¢, d 150 um, e 40 um

used microdissection and preembedding immunostaining
and TEM to visualize synaptophysin.

Disadvantages

Penetration of the reagents (PBS, blocking solution),
including the antibody of interest, can be a problem, espe-
cially with respect to the crista ampullaris. This is notable
in the identification of mesenchymal cells and the relative
diminished penetration into the basal portion of supporting
cells. For vestibular endorgans, the penetration of reagents

prestin

Fig. 5 Immunofluorescence staining of prestin and acetylated (a)-
tubulin in the organ of Corti. Celloidin-embedded section. a Prestin-
IF (green) was seen in outer hair cells (ohc), acetylated tubulin (red)
was seen in pillar cells (pc), Deiter’s cells (dc) and the cells of the
spiral prominence (sp). Photomicrograph obtained with a fluores-

and antibodies is limited to 5-10 p in the epithelial portion,
and the compactness of the stromal tissue underneath the se
can be a limiting factor for access of antibodies. Increasing
the concentration of Triton-X100 can allow for increased
permeabilization of the tissue.

IHC in paraffin sections
Advantages

There are several advantages of the paraffin-embedded
method. Paraffin embedding requires minimum equipment,
and most of the equipment is standard in a traditional his-
topathology laboratory. Additionally, paraffin-embedding
process is relatively quick and requires relatively less train-
ing than celloidin embedding and sectioning. Tissue sam-
ples embedded in paraffin can be used many years after they
were obtained and can be kept as a paraffin tissue bank. Par-
affin-embedded tissue sections are resistant to microwave
oven heating during the antigen retrieval method.

IHC in paraffin-embedded tissues is used routinely for
pathological specimens, and numerous antibodies can be
tested for diagnostic purposes. In some cases, the antibod-
ies are specifically designed to identify antigens in for-
malin-fixed paraffin-embedded specimens. Indirect THC
methods or fluorescence-labeled secondary antibodies can
be used in this type of tissue. In Zehnder et al. (2005), a
mid-modiolar section was stained with hematoxylin and
eosin, and the remaining sections were used for IHC of
a2, a3 and a5 collagen IV in Alport syndrome. The tem-
poral bones had been in formalin for several years prior to

cent microscope. b Photomicrograph obtained with a laser confocal
microscope as in (a higher magnification), prestin-IF was localized in
outer hair cells (green), acetylated tubulin-IF identified in the Deiter’s
cells (dc) and pillar cells (pc) (red). Magnification bars a 70 pm, b
15 um
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processing. Paraffin-embedded human temporal bone spec-
imens were also used to conduct proteomics and IHC for
cochlin expression (Robertson et al. 2006). In that study,
the temporal bones had been in 10 % formalin for several
years and then later decalcified in EDTA and embedded
in paraffin. Eight-micron sections were made and immu-
nostained in the traditional manner.

Disadvantages

Alcohols and xylenes are used for dehydration and paraf-
fin infiltration, and heating (55-60 °C) may affect antigen
conformation. Also, the degree of shrinkage is high in par-
affin-embedded tissue (from 30 to 40 %). This shrinkage
produces alterations of the tissue (Tang and Nyengaard
1997; Philipp and Ochs 2013), specially in the delicate
cochlea and vestibular endorgans. The preservation of
delicate structures like the Reissner’s membrane and the
tectorial membrane is not feasible. The use of paraffin-
embedded tissue for quantitative unbiased stereology is not
recommended as the cutting process can cause tissue loss,
e.g., lost caps (physical removal of nucleolar fragments
by the cutting blade). Finally, paraffin must be completely
removed from the tissue to avoid false-positive reactions.

THC in celloidin-embedded sections
Advantages

Most of the human temporal bone banks have a collec-
tion of hematoxylin and eosin sections, from which there
are remaining 9 out of 10 sections unstained that can be
used for different types of staining, including IHC, histo-
chemistry, molecular biology or proteomics (Jokay et al.
1998; Kammen-Jolly et al. 2001; Khetarpal 2000; Rob-
ertson et al. 2001, 2006; Merchant et al. 2008; Aarnisalo
et al. 2010; Markaryan et al. 2008a, b, c, 2009, 2010a, b,
2011; Maekawa et al. 2010; Nelson and Hinojosa 2014).
The tectorial membrane and Reissner’s membrane are
generally well preserved, which often is not the case in
paraffin-embedded or microdissected specimens. Celloi-
din-embedding process causes minimum shrinkage of the
tissue (Gardella et al. 2003). Another major advantage is
the availability of panoramic views of the inner ear. For
example, mid-modiolar temporal bone sections include the
cochlea and vestibule, as well as the surrounding and sup-
porting structures, i.e., middle ear, vasculature as well as
neuronal components (spiral and vestibular ganglia as well
as nerve fibers), and the endolymphatic sac. This allows
for the localization of the different inner ear components
(Table 1). In addition, there are temporal bones available
from different ages from embryonic to very old age.
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The use of celloidin-embedded sections for IHC has
yielded important information regarding the expression
of proteins relevant to inner ear structure or homeostasis.
Using the preparative methods for IHC described previ-
ously (O’Malley et al. 2009a, b) adopted to our laboratory
protocol, we have been able to detect Tom20 (translocase
of the outer mitochondrial membrane-20) (Balaker et al.
2013), the glutamate transporter (GLAST) (Ahmed et al.
2013), the mu-opioid receptor (Nguyen et al. 2014) and
recently neuroglobin (Vorasubin et al. 2016) in celloidin-
embedded sections of the human cochlea. The protocol for
IF in celloidin-embedded tissue sections described in this
review manuscript allows for colocalization of several pro-
teins in a regular fluorescent microscope or confocal micro-
scope (Fig. 5a, b).

Disadvantages

Decalcification and celloidin embedding of a tempo-
ral bone take 1 year. The sectioning of the specimens
requires a sliding microtome that uses large-size blades
that need to be sharpened frequently. For celloidin-
embedded specimens, the orientation of cutting is crucial
and histological and IHC staining requires special train-
ing. Celloidin, a sulfated and nitrated cellulose, is expen-
sive and requires long infiltration times and is techni-
cally much more difficult to work with than paraffin wax
or microdissection. Some histochemical staining that
requires fresh-frozen fixed or unfixed tissue is not feasi-
ble because of dehydration and celloidin embedding. The
use and storage of celloidin require experienced person-
nel, given that it is explosive when not properly handled
and stored. Celloidin embedding is not ideal if there is
a time limit for production of sections, or if there is not
experienced personnel. It is noteworthy that we could not
detect nidogen and aquaporins 1, 4, and 6 in celloidin-
embedded specimens. However, we have successfully
detected these proteins by IF using cryostat sections
from microdissected auditory and vestibular endorgans
obtained postmortem (Ishiyama et al. 2009; Lopez et al.
2007). These results suggest that prolonged decalcifica-
tion, celloidin embedding and removal may affect the
conformation of the antigen.

Celloidin needs to be removed completely to allow anti-
gen exposure and antibody binding when using either indi-
rect IHC methods (HRP + DAB) or IF. Prolonged decal-
cification and the type of decalcifying agent may cause
loss of antigens. Table 1 lists several antigens identified in
celloidin-embedded sections (this manuscript and previous
reports by other researchers). Lack of detection by IHC of
a given antigen in celloidin-embedded sections should be
confirmed using frozen or paraffin sections.
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Alternative human inner ear tissue sources and new
imaging methodologies

Human inner ear tissue (cochlea and vestibular endorgans)
obtained from ablative surgery has been useful to investi-
gate the expression of several proteins by IHC, mRNA
(Ishiyama et al. 2010; Calzada et al. 2012b; Liu et al. 2015,
2016), and ultrastructural organization of the auditory and
vestibular sensory epithelium (Ishiyama et al. 2007; McCall
et al. 2009; Liu et al. 2015; Taylor et al. 2015). Studies
of Cx distribution in the human cochlea: IF and confocal
microscopy analysis of Cx proteins in the human cochlea
have shown that Cx26 and Cx30 proteins are co-expressed
(Liu et al. 2009). Using super-resolution structured illumi-
nation fluorescent microscopy (SR-SIM) in fresh human
cochlea obtained from surgery, Liu et al. (2016) found that
Cx26 and Cx30 are expressed in the lateral wall in sepa-
rate plaques. As described by Liu et al. (2016), SR-SIM
provides structural information below the diffraction limit
by superimposing various grid orientations of excitation
light on the specimen to generate raw fluorescence images
that are reconstructed into high-resolution derivatives. The
volume resolution of three-dimensional SIM is approxi-
mately eightfold higher than that of a conventional micros-
copy (Liu et al. 2016; Schermelleh et al. 2008). Recently,
scanning thin-sheet laser imaging microscopy (STSLIM)
was used in decellularized human inner ear to investigate
temporal bone histopathology (Shane et al. 2014) and the
organization of the ECM in the cochlea (Santi et al. 2016).
We summarize results from these studies below.

Immunohistochemistry, scanning thin-sheet laser imaging
microscopy (STSLIM) and scanning electron microscopy
in decellularized human cochlea

The application of recent imaging methodologies to
the study of the anatomy of human temporal bones has
revealed the organization of the ECM and the presence of
novel structures. Santi and Johnson (2013) reported on the
ECM of the cochlea and vestibular system after decellu-
larization in mouse rat and human at the light microscopic
level. To visualize the ECM of the cochlea, sodium dode-
cyl sulfate (SDS) was used to lyse and remove all cells in
fresh, unfixed cochleas. Then, the cochleas were immersed
in SDS for 1 week at 4 °C and one more week room tem-
perature. Using a microtome/microscope called STSLIM,
Santi and Johnson (2013) examined complete serial sec-
tions (approximately 300) of the cochlea. This methodol-
ogy revealed a new structure on the apical surface of the
basilar membrane. Liu et al. (2015) showed that this struc-
ture was immunoreactive for laminin and type IV collagen
supporting the role of this structure as a component of the
ECM. Recently, Santi et al. (2016) examined the anatomy

of the mouse and human cochlea ECM following decellu-
larization using scanning electron microscopy.

Further IHC studies in the human temporal bone
(celloidin-embedded sections)

Studies on the identification of several proteins in the
human inner ear by IHC and molecular biological tech-
niques are continually expanding. Aggrecan (extracel-
lular component of cartilage), S100 and connective tissue
growth factor were detected in the human temporal bones
from individuals diagnosed with DFNA9 (McCall et al.
2011). Changes in neurofilaments and myelin protein zero
antibodies were detected in the cochlea of a patient with
hearing loss caused by the p.L114P COCH mutation (Bur-
gess et al. 2016). Recent studies that apply IHC in human
inner ear celloidin-embedded sections have shown the
presence of specific markers for macrophages/microglia:
CD163", Ibal™ and CD68™ (O’Malley et al. 2015). Nadol
et al. (2014) identified B (CD20) and T cells (CD3) as well
as macrophages (CD68) in temporal bones from individu-
als that received cochlea implants. Jung et al. (2016) identi-
fied CDA45 in celloidin sections of an individual diagnosed
with recent onset of Cogan’s syndrome. Cochlin-IR was
detected in the middle ear of normal and DFNA-9 affected
human middle ear (Robertson et al. 2014).

Conclusions and future directions

For all methods described, a longer postmortem time of
collection is associated with poor morphology. IHC and
confocal studies with triple localization can be made in the
three types of tissue sections. Formalin-fixed cryostat sec-
tions obtained from microdissected endorgans can be used
for IHC and non-radioactive in situ hybridization. Micro-
dissected auditory and vestibular endorgans can be used for
morphological, quantitative stereology, IHC and IF studies.

Paraffin-embedded tissue sections can be used for
IHC, but there is some loss of antigenicity due to heat and
xylene used to embed and remove the paraffin. Some of
the structures such as Reissner’s membrane may be lost
in processing. Formalin-fixed celloidin-embedded human
temporal bone sections have been collected and archived
for decades and represent a superb source of specimens to
study inner ear diseases. Celloidin-embedded tissue sec-
tions can be treated with antigen retrieval protocols to be
successfully used for IHC. By quenching of auto-fluores-
cence of celloidin-embedded sections, we have success-
fully developed a protocol for colocalization using double
fluorescence staining (“Appendix” section). The methods
of temporal bone processing are not exclusive; for bilateral
disease processes, one temporal bone can be processed in
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the traditional manner (formalin-fixed celloidin-embedded)
and the other can be processed using the microdissection
technique. Celloidin-embedded specimens are the preferred
methodology to identify new disease entities without previ-
ous histopathology (e.g., new hereditary hearing loss syn-
dromes). Frozen or paraffin sections can be used as a pre-
screening test for IHC, before celloidin tissue sections are
used for this purpose.

In the last decade, an improvement in methodologies
specifically designed to prepare human and animal inner
ear tissue has helped to show the similarities and differ-
ences in the expression of several key proteins expressed
in the inner ear. There are still ways to improve tempo-
ral bone processing for cellular and molecular biological
investigations. For example, there is the need to test con-
temporary antigen retrieval methods (Shi et al. 2011) using
buffers with different pH and periods of microwave heating
(Gu et al. 2016). Post-processing methods like CLARITY
(Poguzhelskaya et al. 2014) to visualize inner ear tissue
in situ. A combination of fast temporal bone harvesting,
processing and the use of higher quality of molecular bio-
logical reagents (antibodies and mRNA probes) will further
contribute to the understanding of the human inner ear cel-
lular composition, and how the inner ear of animal models
can help to the design of new therapies for the treatment of
disabling inner ear disorders.
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Appendix
Specimens

The Institutional Review Board (IRB) of UCLA approved
this study (IRB #14-001753). Appropriate informed con-
sent for inclusion in the study was obtained from each tem-
poral bone donor. The temporal bone donors used in this
study were part of a National Institute of Health funded
Human Temporal Bone Consortium for Research Resource
Enhancement. Auditory and vestibular endorgans were
microdissected from postmortem temporal bones from
seven subjects with a documented history of normal audi-
tory and vestibular function. The vestibular endorgans and
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Table 2 Specimens used for IHC (HRP-DAB) and IF

Type of Age Gender PMT (h) Figures

tissue

M 83 Male 6 lcand 3d, e

M 84 Male 9 1d and 3a, b

M 86 Male 8 le—g and 3c

M 86 Female 7 1h, k and 3h

M 87 Female 9 la, b, i

M 90 Female 10 1 and 2¢, 3f, g

M 95 Female 8 1j,1,1 and
2a,b

A 32 Male 6 4a,a”

A 47 Male 4 4a’, a”

A 48 Male 7 4b, b’

A 63 Female 5 4b”

A 64 Male 7 4e

A 67 Male 9 4c

A 70 Male 11 4d

A 75 Male 8 S5a, b

M microdissected, auditory and vestibular endorgans were micro-
dissected from the right and left temporal bone and used for frozen
or whole-mount IF staining. Normal aging. A archival celloidin-
embedded tissue sections, normal hearing and vestibular function,
tissue sections from the right or left temporal bone were used. PMT
postmortem time. Figures: images captured after IHC or IF staining.
Staining of different antibodies was replicated in some cases (cry-
ostat, paraffin, celloidin sections)

cochlea were microdissected from one temporal bone from
each donor. Celloidin-embedded sections were selected
from several temporal bones of our temporal bone bank
collection. Table 2 shows the source of the specimens used.

Microdissection of auditory and vestibular
endorgans

At autopsy, the whole brain, including the brainstem and
blood vessels, was removed from the cranial cavity. The 8th
cranial nerve and vascular bundle were sectioned outside
the internal auditory canal. The temporal bone was then
removed as described by Schuknecht (1968) using a bone
plug cutter. The bones were then immediately immersed
for 16 h in ice-cold 10 % buffered formalin. Thereafter, the
fixative was removed by washing with phosphate buffer
(0.1 M, pH 7.2) PB (20 min x 3). Before the auditory and
vestibular endorgan microdissection, the connective and
muscle tissue was removed. The tympanic membrane and
ossicles were then removed, and the temporal bones are
immersed in 10 % EDTA (pH 7.4) for 3 days. Temporal
bones immersed in EDTA were placed under a dissecting
microscope (Nikon SMZ1500), and using forceps, the bone
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that surrounds the membranous labyrinth was carefully
removed (Lopez et al. 2005a, 2007; Ishiyama et al. 2009).
The oval window was identified, and surrounding bone
was carefully removed until the utricle was visualized and
removed; then, the horizontal and superior crista ampul-
laris were identified and removed. Thereafter, the saccule
and posterior canal were also removed. The bone that sur-
rounds the cochlea was further removed, and the remaining
bone that contains the membranous portion of the cochlea
was kept in 10 % EDTA for 1 week; then, the bone was
carefully removed and the whole cochlea was detached
from the bone. The microdissected auditory and vestibular
endorgans were placed in 10 % EDTA for one more day,
and cryostat sections were obtained.

Cryostat sections

The whole microdissected cochlea or vestibular endorgan
was immersed in 30 % sucrose in PBS for 7 days for cryo-
protection. The endorgans were removed from the sucrose
solution and immersed in Tissue Tek® compound (VWR).
Before sectioning, the dissected vestibular endorgans and
cochlea were placed on Teflon embedding molds (Poly-
sciences Inc.) and properly oriented under the dissecting
microscope to obtain longitudinal mid-modiolar sections
of cochlea, and cross sections of the macula utricle or sac-
cule and of the cristae ampullares. Endorgans were placed
under vacuum for 4-6 h to allow infiltration of Tissue Tek.
Twenty-micron-thick serial sections were obtained using a
Microm-H cryostat (Microm-HN505E). Three consecutive
sections were placed in each slide. By doing this step, up to
six different antibodies can be simultaneously screened (one
different monoclonal and one polyclonal antibody per tissue
section) per slide. The cryostat sections were mounted on
Superfrost Plus glass slides (Fisher Scientific, Pittsburgh,
PA, USA) and stored at —80 °C until they were used. Cry-
ostat sections properly stored can be used for IHC several
years after being sectioned. Before that IHC sections were
thawed and allowed to dry for 30 min. Next, with the aid
of a pen that contains hydrophobic solution (ImmEdge pen,
Vector) a line around each tissue section was made to pre-
vent the mixture of the different solutions.

Immunofluorescence

After thawing at room temperature for 10 min, tissue sec-
tions were incubated at room temperature for 60 min with
a blocking solution containing 1 % bovine serum albumin
(BSA) fraction V (Sigma, St. Louis, MO, USA) and 0.5 %
Triton X-100 (Sigma) in PBS. At the end of the incuba-
tion, the blocking solution was removed and the primary

polyclonal or monoclonal antibody against the specific pro-
tein was applied (Table 3). Primary antibodies were incu-
bated overnight at 4 °C in a humidity chamber. The second-
ary antibodies against rabbit or mouse labeled with Alexa
488 or 594 (1:1000, Molecular Probes, Carlsbad, CA,
USA) were applied and incubated for 2 h at room tempera-
ture in the dark. At the end of the incubation, sections were
washed with PBS (3 x 10 min) and covered with Vectash-
ield mounting media containing DAPI (Vector Labs, Burl-
ingame, CA, USA) to visualize all cell nuclei.

Antibodies

The characteristics and specificity of the antibodies used in
this study have been described in detail (Duong et al. 2011;
Ishiyama et al. 2009, 2010; Lopez et al. 2005a, 2007, 2009;
Calzada et al. 2012a, b; Balaker et al. 2013; Ahmed et al.
2013; Nguyen et al. 2014; Vorasubin et al. 2016) (Table 3).

Controls

As positive controls, human kidney and brain (cerebral and
cerebellar cortex) cryostat sections from the same subjects
were used. These sections were subjected to the same proto-
col as the IF protocol of vestibular endorgans and cochlea cry-
ostat sections. As negative controls, the primary antibody was
omitted and the immunoreaction was performed as described
above. In all cases, no immunoreaction was detected.

Quality of frozen sections obtained from microdissected
endorgans

It is well known that longer post-mortem times are associ-
ated with poorer morphology as demonstrated on hematox-
ylin and eosin staining (Ishiyama et al. 2009). The immu-
noreactive pattern in the tissue from the temporal bones
used in this, and previous studies give similar results.

IF staining in whole auditory and vestibular
endorgans

The microdissected whole cristae, macula utricle, or coch-
lea was immersed in 30 % sucrose in PBS (0.1 M, pH 7.4)
for 1 week. Individual endorgans were subjected to a freez-
ing step that was accomplished after removing most of the
sucrose solution from the container, leaving only enough
solution to cover the tissue. For the freezing step, audi-
tory or vestibular endorgans were placed in a plastic vial
and immersed in liquid nitrogen and immediately thereaf-
ter removed, and the endorgans were left to thaw for 5 min
and the sucrose solution replaced by PBS before IF staining
(Lopez et al. 2005a).
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Table 3 Antibodies used in the present study

Antibody/source

Dilution/antibody type

SR

Negative control

Positive control

Acetylated tubulin/Sigma
Aquaporin-4/Santa Cruz

Collagen IVa/Chemicon
Cochlin/Santa Cruz

Connexin 26/Thermo Sci-
entific

Connexin 30/Millipore
GFAP/Sigma

Kir 4.1/Alomone
Myosin VIIa/Abcam
Laminin-B2/Upstate
Mitochondria/Chemicon

Na+K+-ATPase a2 subunit/
Hybridoma bank

Prestin/Santa Cruz

Pan neurofilaments/Zymed

1: 1000/mouse monoclonal
1:1000/rabbit polyclonal

1:1000/mouse monoclonal
1:500/goat polyclonal
1:200/rabbit polyclonal

1:500/rabbit polyclonal
1:250/mouse monoclonal
1:500/rabbit polyclonal
1:100/rabbit polyclonal
1:250/rat polyclonal
1:500/rabbit polyclonal
1:1000/rabbit polyclonal

1:250/rabbit polyclonal

1:1000/mouse monoclonal

Human, mouse, rat

Human, mouse, rat

Human, rat, mouse
Human, mouse

Human

Human, mouse
Human

Human, mouse
Human, mouse
Human, mouse, rat
Human

Mouse, human

Human, mouse, rat

Human, mouse, rat

No antibody in the IHC
No antibody in the IF

No antibody in the IHC
No antibody
No antibody on IF

No antibody on IF

No antibody on IF

No antibody on IF

No antibody on IF

No antibody

No antibody on IF

No antibody in the IHC

Antibody absorption with
peptide
No antibody in the IHC or IF

Mouse cochlea

Mouse and rat cochlea and
kidney

Mouse cochlea
Mouse cochlea
Mouse cochlea

Mouse cochlea
Human brain cortex
Mouse cochlea
Mouse cochlea
Mouse cochlea
Human brain cortex

Mouse cerebellar cortex
Mouse cochlea

Mouse cerebellar cortex

a-Smooth muscle actin/ 1:1000/mouse monoclonal Human, rat No antibody on IF Mouse cerebellar cortex
Sigma

SOD-2/Abcam 1:250/rabbit polyclonal Human No antibody on IF Mouse cerebellar cortex

WARP/Sigma 1:100/rabbit polyclonal Human No antibody IHC or IF Human, mouse cerebellar

cortex

Dilution: all in PBS

SR species reactivity, /[HC immunohistochemistry, /F immunofluorescence

Immunofluorescence (IF)

The endorgans were placed in a rotary shaker and incu-
bated for 3 h in a blocking solution containing 2 % BSA
fraction V (Sigma, SLM), 0.1 % TritonX-100 (Sigma,
SLM) diluted in PBS at 4-6 °C. Subsequently, the block-
ing solution is removed and the whole organs are incu-
bated for 48 h with the primary antibodies (Table 3),
placing the vials in the rotatory shaker in a cold room.
At the end of the incubation, the secondary antibod-
ies against rabbit labeled with Alexa 594 were diluted
1:1000 in PBS (Molecular Probes, Eugene, OR, USA)
or the secondary antibodies against mouse labeled with
Alexa 488 (1:1000 in PBS, Molecular Probes) were
applied to the tissue sections and were incubated for 1 h
at room temperature in the dark. At the end of the incu-
bation, the whole endorgans or sections were washed
with PBS (20 min x 5) and mounted flat on glass slides
with Vectashield solution containing DAPI (Vector Labs,
Burlingame, CA, USA) and immediately coverslipped.
The coverslip was attached to the glass slide using nail
polish around the glass slide.
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Phalloidin staining in whole endorgans

Following microdissection and permeabilization steps, ves-
tibular endorgans were incubated in a blocking solution
that contained 1 % BSA (Sigma, Fraction V) for 1 h and
then phalloidin Oregon Green (20 units—10 pL, Molecular
Probes) for 15 min. Following incubation at room tempera-
ture, the tissue was washed with PBS and mounted on glass
slides as described above for IF.

IHC in paraffin-embedded tissue sections

After microdissection from the temporal bone, the coch-
lea and the vestibular endorgans were placed overnight in
10 % EDTA (in PB, pH 7.4) on a rotary shaker. The speci-
mens were then washed twice in PB for 15 min. Specimens
underwent dehydration by serial immersion for 5 min each
in an increasing concentration of ethanol as follows: 35, 50,
70, 95 then 100 %. The specimens were then transferred
to a 1:1 mixture of 100 % ethanol and 100 % xylene for
5 min and placed in the oven at 65 °C for 5 min. Using a
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wood stick, the endorgans were then transferred to melted
paraffin and placed in the oven for 5 min at 60 °C. Speci-
mens were placed in individual Teflon-coated silicon molds
(Polysciences) filled with melted paraffin and properly ori-
ented to obtain mid-modiolar sections of the cochlea, and
cross sections of the cristae ampullares, maculae utricle and
saccule. Ten-micron-thick paraffin sections were obtained
using a paraffin microtome (Leica, RM216S). The sections
were then immediately mounted onto Superfrost Plus slides
(Fisher Scientific, Pittsburgh, PA, USA). The slides were
dried on a slide warming plate for 30 min and stored at
room temperature until use for IHC.

Deparaffinization

The slides with the tissue sections were placed in the oven
at 65 °C for 10 min to remove paraffin. Slides were placed
in a slide tray and immersed in 100 % xylene (5 x 3 min).
Rehydration was performed by immersion with graded
dilutions of ethanol (Fisher Scientific) for 5 min in each
dilution as follows: 100 % three times, 70 % then 50 %.
The slides were then placed in double distilled water and
PBS for 10 min each.

Indirect IHC

Endogenous peroxidase inactivation in deparaffinized sec-
tions was performed by incubation for 10 min with 3 %
hydrogen peroxide (diluted in 100 % in methanol). Slides
were then washed with PBS for 10 min and then transferred
to a Teflon slide carrier filled with antigen retrieval solution
(Vector Antigen Unmasking Solution, Vector Labs, Burl-
ingame, CA, USA) diluted 1:200 with double distilled water
and heated in the microwave for a total of 5 min. The slides
were cooled and transferred to a PBS wash for 10 min. Sec-
tions were incubated for 30 min with blocking solution con-
taining 3 % normal rabbit or horse serum and 0.5 % Tri-
ton X-100 (Sigma) in PBS. Incubation with the respective
primary antibody (Table 3) was performed for 48 h at 4 °C
in a humid chamber. The sections were washed with PBS
(3 x 5 min). Next, sections were incubated for 1 h with
biotinylated secondary antibody, goat anti-rabbit polyclonal
IgG (1:1000, Vector Labs, Burlingame, CA, USA). After-
ward, sections were washed PBS (10 min x 3). Next, 1-h
incubation was performed with Vectastain Elite ABC rea-
gent (Vector Labs) followed by PBS washes (10 min x 3).
Immunoperoxidase  staining was performed using
ImmPACT® diaminobenzidine (DAB) solution (Vector
Labs). The immunoreaction was stopped with PBS washes
(10 min x 3). Slides were mounted with VectaMount AQ
aqueous mounting media (Vector Labs) and glass cover
slips.

IHC in celloidin-embedded sections

The methodology to mount celloidin-embedded sections,
celloidin removal and antigen retrieval steps has been
described in detail (O’Malley et al. 2009a, b; Shi et al.
1998) and used as described by our laboratory for the pro-
cessing of human archival temporal bones (Ahmed et al.
2013; Balaker et al. 2013; Nguyen et al. 2014; Vorasubin
et al. 2016). In brief, sections were removed from the archi-
val jar and immediately floated 80 % ethanol and mounted
on subbed glass slides (Superfrost Plus glass slides,
Thermo Scientific). Bibulous paper (soaked with 10 % for-
malin) was placed over the section. A small roller was used
to flatten the sections. A block of wood was placed over
each slide. Sections were allowed to dry for 1 day, and the
weight and the bibulous paper were removed.

Celloidin removal

A stock solution of sodium ethoxide was diluted with
ethanol 1:3 (50 mL of this mixture is used per section).
Celloidin sections previously mounted on Superfrost
plus glass slides (O’Malley et al. 2009a) were placed in
a glass Petri dish and immersed in the diluted solution for
30 min. Thereafter, sections were sequentially immersed
in: 100 % acetone (30 min), 100 % methanol, 70, 50 %
and distilled water (5 min each) and then immersed in
hydrogen peroxide 5 % in methanol (10 min). Slides
were then washed with distilled water before the antigen
retrieval step.

Antigen retrieval

Glass slides with the tissue sections attached were placed
horizontally in a glass Petri dish that contains antigen
retrieval solution (Vector Antigen Unmasking Solution,
Vector Labs, Burlingame, CA, USA), prepared at the time
of use, diluted 1:200 with distilled water. Sections were
heated in the microwave oven using intermittent heating
methods of two 2-min cycles with and interval of 2 min
between the heating cycles. The Petri dish containing the
slides was removed from the microwave oven and allowed
to cool for 15 min (room temperature) and washed with
PBS for 10 min prior to IHC.

Indirect IHC

After antigen retrieval treatment, the celloidin sections
were immunoreacted using the same protocol described
above for paraffin-embedded tissue sections. Primary
antibodies were incubated for 48 h at room temperature
(Table 3). At the end of the IHC, the sections are covered
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with a water-soluble mounting media (Aqua-polymount,
Polysciences) and let them dry for 1 day and imaged.

Indirect immunofluorescence in celloidin-embedded
sections

Quenching of auto-fluorescence for immunofluorescence
staining

After the antigen retrieval step, the sections were placed
in a glass Petri dish containing iced cold PBS and placed
in a UV chamber for 8 h. Temperature was checked con-
stantly to avoid heating, and cold PBS was replaced every
30 min. This quenching step was mandatory to remove
auto-fluorescence intrinsic to the human temporal bone
sections. The presence of auto-florescence was checked
before and after UV exposure. Sections were processed for
IF once the auto-fluorescence signal in the tissue sections
has disappeared.

Immunofluorescence

After auto-florescence was completely removed, the celloi-
din sections were immunostained using the same protocol
described above for IF in formalin-fixed cryostat sections
of the inner ear. The incubation step with hydrogen perox-
ide was omitted in tissue sections used for IF. Primary anti-
bodies against prestin and acetylated tubulin (Table 3) were
incubated for 48 h at room temperature.

Microscopic observation and documentation

Immunoreacted tissue sections were viewed and captured
using an Olympus BX51 fluorescent microscope (Olympus
America Inc., NY, USA) equipped with an Olympus DP70
digital camera. All images were captured using the same
camera settings. Images were acquired using MicroSuite™
Five software (Olympus America Inc.). All images were
prepared using the Adobe Photoshop™ software program
run in a Dell Precision 380 computer. Confocal microscope
images were acquired with a Carl Zeiss Laser scanning
microscope model LSM 510 Meta Zeiss (Jena, Germany).
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