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Mice are an invaluable model organism for the study of auditory function. Even
though there are differences in size and frequency response, the anatomy and
physiology of the mouse and human ear are remarkably similar. In addition,
the tools available for genetic manipulation in the mouse have enabled the generation of models carrying mutations in orthologous human deafness-causing
genes, helping to validate these lesions and assess their functional consequence.
Reciprocally, novel gene mutations discovered to cause auditory deficits in the
mouse highlight potential new loci for human hearing loss, and expand our
basic knowledge of the mechanisms and pathways important for the function
of the mammalian ear. Microscopy and imaging are invaluable techniques that
allow detailed characterization of cochlear pathologies associated with particular gene mutations. However, the highly organized, delicate, and intricate
structures responsible for transduction of sound waves into nerve impulses are
encapsulated in one of the hardest bones in the body – the temporal bone. This
makes sample preparation without damage to the soft tissue, be it from dissection or processing, somewhat challenging. Fortunately, there are numerous
methods for achieving high-quality images of the mouse cochlea. Reported
in this article are a selection of sample preparation and imaging techniques
that can be used routinely to assess cochlear morphology. Several protocols
are also described for immunodetection of proteins in the cochlea. In addition,
the advantages and disadvantages between different imaging platforms and
their suitability for different types of microscopic examination are highlighted.
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Together, light and electron microscopy have enabled researchers to decipher a great deal
about the structure of the mammalian inner ear. In addition to providing fundamental
insight into auditory function, these imaging techniques have been critical for characterization of cochlear pathologies associated with hearing loss. The study of mouse mutant
lines, both spontaneous and induced, has helped identify a number of novel genes required for auditory function (e.g., Friedman et al., 2007; Brown et al., 2008; Bowl and
Dawson, 2015). In this unit, several methods are described that are commonly used for
imaging the mouse inner ear. Before embarking on any imaging study, it is first important to become familiar with the tissue to be imaged, as this will help inform the method
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employed, including which fixative should be used to preserve structure, whether the
sample needs to be sectioned and in which plane, whether the tissue should be stained
or immunolabeled, and which microscope should be used. Taking time to consider these
factors before preparing the sample will help facilitate downstream studies and allow
correct interpretation of the images generated.
The part of the mammalian inner ear that is required for auditory function is called the
cochlea, named after the Latin term for snail due to its coiled structure resembling a snail
shell. Within the cochlea is the organ of Corti, which contains the sensory inner hair cells
(IHCs) and outer hair cells (OHCs), which are normally arranged as one row of IHCs
and three rows of OHCs. Adjacent to and below the hair cells are epithelial supporting
cells. These sit atop the basilar membrane, which divides the scala media from the scala
tympani. Figure 1 is a schematic showing the anatomy of the inner ear, cochlear duct,
and cellular architecture of the organ of Corti. A brief description of their associated
functions is provided in the Commentary.
Sensorineural hearing loss (SNHL) describes any form of hearing deficit arising due
to problems with the inner ear, the cochlear nerve (VIIIth cranial nerve), or areas of the
brain that deal with auditory processing, such as the auditory cortex. Frequently, SNHL is
caused by damage or loss of cochlear hair cells, arising from genetic and/or environmental
factors. Genetic factors include heritable gene mutations that give rise to dominant and
recessive forms of deafness, where the hearing loss may be the only phenotype or may
be present as part of a larger syndromic condition. Environmental factors leading to
hair cell damage can include exposure to excessive noise, ototoxic drugs, or infection.
Unfortunately, adult mammalian cochlear hair cells do not have the ability to regenerate
after damage, and consequently all aged mammals show some degree of hearing loss,
termed presbycusis or age-related hearing loss (ARHL). Again, a number of different
pathologies have been associated with ARHL, including hair cell loss, abnormalities in
the stria vascularis, and degeneration of spiral ganglion neurons (SGNs).
When a mouse model of hearing loss has been generated using a gene-driven approach,
the inner ear structures that require investigation may be able to be predicted based on
the reported function of the encoded protein. However, when a hearing loss model is
identified using a phenotype-driven approach, very little may be known about the role
of the underlying gene/protein. In this situation, imaging techniques may help inform
gene/protein function by identification of the specific cochlear region/structures that
exhibit pathology. Either way, when starting to investigate a new hearing loss mouse
model, imaging of the sensory hair cells using scanning electron microscopy (SEM) is
often the first technique researchers utilize. SEM allows very high-magnification surface
imaging of the cochlear sensory epithelium, enabling assessment of both hair cell number
and stereocilia bundle morphology along the entire spiral (base to apex). Combined with
standard histology techniques, this provides a good overview of cochlear morphology
from which further investigations can be planned.
Additional more-specialized techniques that are not be covered in this unit may be
needed for further functional characterization of cochlear pathologies. These include
super-resolution techniques (reviewed in Lakadamyali, 2014; Cox, 2015), such as stimulated emission depletion (STED) microscopy (Eggeling et al., 2013), which has been
effectively employed to study ribbon synapses (reviewed in Rutherford, 2015). Serial
block-face scanning electron microscopy (SBFSEM) was pioneered by Winifred Denk
(Denk and Horstmann, 2004) and allows 3D reconstruction of tissues at very high magnification and resolution. This technique uses an ultramicrotome housed within the SEM to
remove very thin sections from a stained, resin-embedded tissue, and uses a backscatter
electron detector to repeatedly image the block face after each cut. This results in a series
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Figure 1 Overview of cochlear structure. (A) 3D representation of the inner ear modeled from a
micro-CT scan of a mouse skull, showing the cochlea (C) and vestibular system (V). (B) Schematic
of a cross-section of the cochlear duct, showing scala vestibuli, scala media, and scala tympani,
along with basilar membrane (BM), organ of Corti (OoC), Reissner’s membrane (RM), spiral
ganglion neurons (SGN), spiral ligament (SL), stria vascularis (SV), and tectorial membrane (TM).
(C) Schematic of the organ of Corti and surrounding cells, including Claudius cells (CC), Deiters’
cells (DC), Hensen’s cells (HC), inner hair cells (IHC), inner sulcus cells (IS), nerve fibers (NF),
outer hair cells (OHC), pillar cells (PC), and tectorial membrane (TM).
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of images that can be processed to allow 3D reconstruction and modeling. This technique
can also be used to investigate the ultrastructure of the cochlea in great detail (Anttonen
et al., 2012; Bullen et al., 2015). In addition, transmission electron microscopy (TEM)
can be employed to investigate subcellular structures and organelles. Bullen et al. (2014)
discusses the benefits of high-pressure freezing to preserve stereocilia ultrastructure at
the EM level. With the emergence of super-resolution techniques, the aim across many
fields of biology is to combine the advantages of light microscopy (described here) with
those of electron microscopy, an approach known as correlative microscopy. A recent
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review by de Boer et al. (2015) puts the various correlative EM techniques in context and
discusses future developments.
Electron microscopic and super-resolution techniques may be out of reach for many
hearing research laboratories due to the expense of purchasing and maintaining these
imaging platforms. When investigating protein localization, the ultimate goal is to visualize proteins within the intact (or near intact) inner ear in 3D. Fluorescence microscopy
offers the specificity and sensitivity required to do this using confocal or multi-photon
imaging platforms (Hardie et al., 2004; MacDonald and Rubel, 2008). Selective plane
illumination microscopy (SPIM), also called lightsheet microscopy, is a technique that
has been available for over a decade (Reynaud et al., 2008, 2015; Santi, 2011) and is now
being used to study the cochlea (Kopecky et al., 2012; Schroter et al., 2012; Buytaert
et al., 2013). SPIM allows 3D structures to be built up in a noninvasive fashion similar to
confocal microscopy, but with much less photodamage and at a faster image acquisition
rate. However, a major challenge with employing fluorescence-based imaging platforms
such as SPIM on the intact inner ear is that these techniques are often best suited to
transparent and translucent living tissues and organisms. As such, tissue samples usually
have to be optically cleared, as is routine for histology.
Clearing cochlear tissues has been employed for many years to facilitate microscopic
examination. Methyl salicylate and benzyl alcohol benzyl benzoate (BABB) have been
routinely used to clear tissues, but the tissues also require dehydration and the preparations
are nonpermanent. Once removed from clearing agent, samples become opaque again,
meaning that cleared samples must be imaged in the clearing agent itself, which can
introduce technical difficulties. Within the last two years, a great deal of progress has
been made in developing clearing mixtures, including Scale, ClearT , Clarity, DISCO,
and CUBIC (Richardson and Lichtman; 2015).
Basic Protocol 1 describes primary dissection and fixation of the inner ear, which is
the starting point for the majority of the other protocols. Efficiency and accuracy of the
initial dissection will promote superior imaging results when carrying out the subsequent
protocols. Basic Protocol 2 outlines the method for histological examination of the
inner ear by preparation of bisected heads. Alternate Protocol 1 describes a method for
preparing the dissected inner ear for paraffin wax embedding, and Alternate Protocol
2 describes resin embedding. The latter technique enables semi-thin sectioning, which
increases morphological preservation, as well as ultra-thin sectioning, which can be used
to investigate subcellular structures by TEM. Basic Protocol 3 highlights a common
technique for investigating protein localization in the cochlea by means of whole-mount
preparation for fluorescence microscopy. This method enables visualization of protein
expression along the length of the cochlea from a surface perspective. Basic Protocol 4 and
Alternate Protocol 3 detail methods for fluorescence and chromogenic visualization of
protein localization within paraffin-embedded tissue sections. Basic Protocol 5 provides
a method for preparation of thick-cut vibratome sections of the inner ear embedded in
agarose. This technique can be advantageous in that it requires less harsh processing than
standard histological methods, often resulting in increased antibody effectiveness. Basic
Protocol 6 describes a method for fine dissection of the cochlea to enable visualization
of the surface of the cochlear duct, in particular sensory hair cells, using SEM. A support
protocol describes the subsequent SEM processing steps.
NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) or must conform to governmental
regulations regarding the care and use of laboratory animals.
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STRATEGIC PLANNING
Sample Preparation and Imaging Platform
As mentioned previously, before deciding which protocol to employ, it is important to
consider the structures that are to be imaged and whether they are to be investigated for
protein localization (see Fig. 2). For instance, if excellent morphological preservation
of cochlear structure is required, resin embedding of inner ears is normally employed,
followed by semi-thin histological sectioning (0.5-2 µm) using an ultramicrotome. If
the ultrastructure of the inner ear is to be studied, including planar cell polarity and
stereocilia bundle morphology, the cochleae can be fixed, microdissected to expose the
sensory epithelium, and processed for SEM. To investigate protein localization within
the cochlea, immunohistochemistry can be routinely performed on paraffin-embedded
microtome-cut sections, agarose-embedded vibratome-cut sections (for a video detailing
this technique, see Shim, 2011), or un-embedded whole-mount tissues.
Microtome sectioning of bisected heads in the sagittal plane will produce a mid-modiolar
section. This is arguably the most informative snapshot for assessing gross cochlear
morphology. The modiolus is the central spiral bone of the cochlea, which supports the
soft tissue in the cochlear duct and houses the SGNs in a structure known as Rosenthal’s
canal. A mid-modiolar section will show a cross-sectional view through the central axis
of the modiolus, allowing visualization of the basal, mid, and apical turns of the cochlea
and assessment of the organ of Corti, SGNs, lateral wall structures (such as the spiral
ligament and stria vascularis), and Reissner’s membrane (which separates the scala media
from the scala vestibule).

Fixation and Decalcification
Fixatives are used to stabilize tissues post-mortem. Because the primary component of
cells and tissues is protein, fixation is done either by cross-linking end groups of amino
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Figure 2 Flow chart showing options for sample preparation and imaging. Surface or crosssectional imaging may be required, depending on which cochlear structures need to be visualized.
In addition, sample preparation will need to be tailored to the subsequent requirements of the
experiment, e.g., antibody labeling or staining.
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Table 1 Fixation and Decalcification for Primary Dissection

Decalcification time

Technique

Fixative

Fixation
time

Decalcification <4 days
solution
old

5-14 days
old

15-30 days >1 month
old
old

Paraffin-embedded
histology (half head)

10% NBF

1-3 days

4.3% EDTA in 1 day
PBS

3 days

N/A

N/A

Paraffin-embedded
histology (inner ear)

10% NBF

1-3 days

4.3% EDTA in N/A
PBS

N/A

5 days

7 days

Paraffin-embedded
10% NBF or Overnight
histology (inner ear for 4% PFA in
(4°C)
immunohistochemPBS
istry)

4.3% EDTA in N/A
PBS

N/A

5 days

7 days

Resin-embedded
histology (inner ear)

4.3% EDTA in 1 day
0.1 M PB

3 days

5 days

7 days

N/A

N/A

N/A

N/A

3-5 days
(4°C)

4-5 days
(4°C)

1 day (4°C) 1-2 days
(4°C)

2-3 days
(4°C)

2.5% GTA in 1-3 days
0.1 M PB

Cochlear whole-mount 2% PFA in
(immunofluorescence) PBS

15-30 min
(RT);
overnight
(4°C)

Vibratome sectioning
(inner ear)

4% PFA in
PBS

30 min (RT); 4.3% EDTA in 1 day (4°C) 1-3 days
overnight
PBS
(4°C)
(4°C)

Scanning electron
microscopy

2.5% GTA in 2 hr (RT);
0.1 M PB
overnight
(4°C)

N/A

4.3% EDTA in N/A
0.1 M PB

acids or by coagulating the secondary and tertiary structures of proteins to form insoluble
gels. Lipids are only efficiently fixed by osmium tetroxide (OsO4 ); however, eosin and
other cytoplasmic dyes are less effective after osmium fixation. In addition, OsO4 is a
very dangerous chemical that is highly toxic and a powerful oxidizer. For these reasons,
and because of its expense, OsO4 is mainly used to fix very small tissue samples for
electron microscopy.
As no universal fixative exists, a number of different reagents and formulae can be
used for fixation, depending on the tissues and cellular components of interest. In the
case of the inner ear, the choice of fixative is largely dependent on the desired downstream processing (Table 1). For EM and resin-embedded histology (or TEM), 2.5%
glutaraldehyde (GTA) in 0.1 M phosphate buffer (PB) is used. For immunodetection
protocols, a short fixation in 4% paraformaldehyde (PFA) in 1× phosphate-buffered
saline (PBS) is preferred. Immersion in 10% neutral buffered formalin can also be used
for paraffin-embedded histology for hematoxylin and eosin (H&E) staining or subsequent immunohistochemistry. However, long fixation times should be avoided, as they
can mask antigens and render specimens unsuitable for immunofluorescence due to high
autofluorescence derived from interaction of formalin (particularly if acidic) with biogenic monoamines. Autofluorescence is more widely seen in extracellular components
of tissues and can mask true fluorescent signals in the blue and green regions of the
spectrum. Although there are methods for reducing this autofluorescence—e.g., treating
with Sudan Black (Oliveira et al., 2010) or sodium borohydride (Clancy and Cauller,
1998; Baschong et al., 2001) or using spectral unmixing techniques (Zimmermann et al.,
2014)—it is strongly recommended that long formalin fixation be avoided if fluorescence
imaging is to be undertaken.
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Traditional histological decalcification in formic acid can be too harsh for the delicate
soft tissue in the cochlea, so the chelating agent ethylenediaminetetraacetic acid (EDTA)
is preferred. Table 1 can be used as a rough guide for estimating decalcification time
based on the age of the sample, although the level of decalcification should be checked
by applying gentle pressure with forceps on the vestibular system to ensure the tissue is
suitably softened.

Immunohistochemistry
To investigate the presence and localization of a protein of interest within the cochlea,
immunolabeling protocols require a primary antibody specific for that particular protein.
It is sometimes possible to obtain primary antibodies that are directly conjugated to a fluorophore or other label (e.g., a chromogen), which enables direct detection of the protein
of interest. However, it is more common to use an indirect method of detection, whereby
a tagged secondary antibody is employed to bind the primary antibody, increasing the
sensitivity of detection. Fluorescence immunolabeling can be used in combination with
other non-antibody methods of fluorescence staining, such as using 4 ,6-diamidino-2phenylindole (DAPI) to label DNA and phalloidin to label actin. Phalloidin is a fungal
toxin that binds to filamentous but not globular (free) actin. When conjugated with a
fluorophore, it can be used to label the actin cytoskeleton in cells and the actin-rich
stereocilia of cochlear hair cells.
The choice of fluorophores will depend on which lasers or filters are available on the
fluorescence microscope. In addition, it is important to select fluorophores with wavelengths that are far apart in the visible spectrum to avoid fluorescent signal bleed-through
between fluorescence channel detectors, which can reduce signal discrimination and
intensity. Selection of fluorophores should thus take into account the use of multiple
primary antibodies as well as phalloidin and/or DAPI.

Scanning Electron Microscopes
The choice of instrument will depend on availability and can influence the images
obtained as well as the processing methods required. Two basic types are available:
thermionic and field emission. Thermionic scanning electron microscopes work by passing a very high electrical current through a cathode, such as a tungsten filament or
lanthanum hexaboride (LaB6 ) crystal. The current causes the cathode to heat up and emit
electrons. A series of electromagnetic lenses then draws the electrons from the source
and accelerates and focuses them onto the specimen in a fine beam. Because the electrons
require high accelerating voltages to produce high-resolution images, biological samples
need to be made more conductive to avoid damage from beam charging.
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Field emission microscopes are able to produce a high-intensity beam of low-energy
electrons using sources such as cold-cathode (cold field emission) or Schottky (hot
field emission). As a result, high-resolution images can be obtained using much lower
accelerating voltages. This can be advantageous as lower accelerating voltages allow
visualization of greater surface detail due to the reduced penetration depth of the electron
beam into the specimen. In addition, sputter coating (see below) is usually not required
in this case due to the reduced effect of specimen charging in the electron beam. Sputter
coating is essential for high-accelerating-voltage systems, but affects finer observable
surface details due to the aggregation of atoms of the target material. Thus, field emission
systems are preferable if the stereocilia bundles of the sensory hair cells are to be
examined in fine detail, although they are considerably more expensive than thermionic
microscopes.
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PRIMARY INNER EAR DISSECTION
Many of the protocols for imaging of the cochlea first require removal of the intact
inner ear from the skull prior to fixation and further processing. The following dissection protocol and accompanying video (see Video 1) outline one method for rapid
primary dissection of the inner ear. The speed at which the inner ear is removed and
placed into fixative is of great importance, because the stereocilia of the cochlear hair
cells undergo autolysis quickly after death. With practice, it is expected that both inner
ears should be dissected and immersed in fixative within 3-5 min of the animal being
culled.

BASIC
PROTOCOL 1

If it is suspected that a mouse mutant has a conductive hearing loss due to otitis
media with effusion, primary dissection of the ear can often confirm this. Upon removal of the bulla, which encapsulates the middle ear, otitis media is apparent if the
middle ear cavity is filled with exudate. However, transverse sections through the
head/middle ear should also be prepared from additional affected mice to further investigate the underlying pathology. If this is to be investigated, an approved method
of euthanasia other than cervical dislocation should be utilized to avoid blood entering the middle ear cavity. It is also straightforward to remove the ossicular bones
for morphological examination, although great care is required to remove the stapes
intact.

Materials
Mouse
Dissecting scissors
Petri dish
Dissecting stereomicroscope
Two pairs Watchmaker’s forceps (size 5)
1-ml syringe with 30-G needle
1. Cull mouse using an approved method, e.g., dislocation of the neck.
Tissues such as the central nervous system and thoracic organs will be damaged by this
method. If these are also to be imaged, a different approved method should be used, e.g.,
overdose of anesthetic.

2. Use scissors to remove the head. Quickly remove the skin and bisect the skull along
the midline.
3. Place bisected head in a Petri dish under a dissecting microscope and use forceps to
remove the brain from the skull.
The superior semicircular canal should now be visible (Fig. 3A).

4. Use one set of forceps (tines together) to hold the skull close to the inner ear and
another (tines together) to pull away the surrounding bone until the inner ear and
middle ear bulla are isolated (Fig. 3B).
5. Orientate the inner ear so the cochlea faces away and the auditory canal leading into
the middle ear faces towards the experimenter. Gently hold the cochlea in place with
one pair of forceps.
6. Insert one tine of the other forceps into the region of the ear canal where the tympanic
membrane resides and lift directly upwards (Fig. 3C).
Do not use forceps as a lever, or the cochlea beneath will suffer damage.
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Figure 3 Primary dissection of the inner ear. (A) Bisected mouse head with brain removed and
superior semicircular canal (SC) visible. (B) Inner ear with middle ear bulla attached, orientated
for removal of bulla. (C) Removal of the middle ear bulla. One tine of the forceps is inserted
into the external auditory meatus (M; the region of the ear canal where the tympanic membrane
resides) and lifted directly upwards. (D) The stapes (S) being removed from the oval window to
allow piercing of the membranous labyrinth. (E) A hole is made with forceps (tines together) near
the apex (A) of the cochlea. (F) Gentle perfusion of fixative through the oval window (OW) using
a 30-G needle.

7. Once the inner ear is separated from the bulla, use the forceps tine at a shallow angle
to remove the ossicular bones in addition to any bulla that may hinder access to the
oval window.
8. Use a single tine of the forceps to remove the stapes (if not already done) and pierce
the oval window.
If the stapes is broken during removal, continue with piercing of the oval window (Fig. 3D).

9. Scratch a hole (1 mm) in the cochlear shell near the apex with the tines of the
forceps held together (Fig. 3E).
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For SEM processing, the whole shell will eventually be removed, and thus the size of this
hole is relatively unimportant compared to the speed with which the cochlea can be fixed,
as long as the cochlear duct itself is not damaged. If histological examination is required,
it is better to take more time to carefully scratch a fine hole that will better preserve the
entire inner ear.
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10. Using a 1-ml syringe with a 30-G needle, gently perfuse the cochlea with fixative
via the oval window.
CAUTION: Wear safety glasses and a face mask suitable for use with organic solvents
if not dissecting on a down-draft table.
If the membranous labyrinth has been successfully pierced, fluid movement will be evident
in the hole at the apex when the needle is inserted (Fig. 3F).
The dissected inner ear is ready for fixation using the fixative appropriate for the experiment (see Table 1 and protocols below).

PREPARATION OF SECTIONS FOR HISTOLOGICAL ASSESSMENT
OF COCHLEAR TISSUES IN YOUNG MICE

BASIC
PROTOCOL 2

As previously mentioned, a mid-modiolar cochlear section in the sagittal plane will reveal
general morphological and pathological features of the cochlea. Standard histological
methods (sagittal sectioning of 10% NBF-fixed bisected heads) can be used to investigate
cross-sections of mouse cochleae until the age of 2 weeks, coinciding, incidentally,
with the onset of hearing in mice.

Materials
Mouse
10% (v/v) neutral-buffered formalin (NBF)
1× phosphate-buffered saline (PBS)
4.3% (w/v) EDTA in 1× PBS
Ethanol series: 25%, 40%, 60%, 80%, 95%, and 100% (v/v)
Paraffin wax
Dissecting scissors
Histology pot
Histology base mold
Microtome
Positively charged microscope slides
1. Cull mouse by an approved method, e.g., dislocation of the neck.
2. Use scissors to remove the head, then carefully remove the skin and bisect the skull
along the midline.
The skin and fur should be removed quickly to aid rapid fixation and avoid problems
when sectioning.

3. Immerse bisected head in 10% NBF in a histology pot for 1-3 days at room temperature.
4. Wash three times for 15 min each in 1× PBS.
5. Decalcify in 4.3% EDTA in 1× PBS at 4°C for the appropriate time based on the
age of the mouse (see Table 1).
6. Wash three times for 15 min each in 1× PBS.
7. Dehydrate through a graded ethanol series (25%, 40%, 60%, 80%, 95%, and 100%)
for 30 min each at 4°C.
8. Embed in paraffin wax.
9. Cut 5-μm sections on a microtome.
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10. Mount sections from a warm water bath onto positively charged slides ready for
H&E staining or immunohistochemistry.
If immunohistochemistry is to be performed, it is recommended that one section be
mounted per slide, and that one out of every five slides be processed for H&E staining.
This helps to identify the structures present on adjacent slides, which will be used for
immunolabeling. If immunolabeling is not required, multiple sections may be placed on
each slide.
Slides may be stored long-term in an appropriate slide box or sleeve, although any stain
will fade over time. They should be stored in a cool dark place for best preservation.
ALTERNATE
PROTOCOL 1

PREPARATION OF SECTIONS FOR HISTOLOGICAL ASSESSMENT
OF ADULT INNER EARS
Microtome sectioning of half heads (as described in Basic Protocol 2) can be unreliable
for producing intact sections of the organ of Corti in adult mice, due to poor fixative
penetration or the increased hardness of the cochlear shell in adult mice, and can result
in sectioning artifacts even after decalcification. For these reasons, adult samples are
usually processed by removing the inner ear and flushing the cochlear duct with fixative
(as described in Basic Protocol 1) before decalcifying in EDTA and embedding for
sectioning. Due to the spiral structure of the cochlea, there are a number of ways that
the inner ear can be positioned during embedding to produce mid-modiolar sections that
allow visualization of the different cochlear turns. One method is to position the inner ear
as it is orientated in the sagittal plane in vivo, with the oval and round windows facing
upwards and the cochlea pointing down towards the cutting face of the mold (Figs. 4 and
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Figure 4 Orientation of the inner ear within the mouse skull seen using a micro-CT scan 3D
reconstruction. Transverse (A) and coronal (B) views show the cochlear shell (pale brown) and
the duct in which the membranous labyrinth (red) of the inner ear is located. Dotted lines in (A,B)
indicate the sagittal plane (S, arrows) that will produce a mid-modiolar histological section of the
cochlea. The sagittal plane at the mid-modiolar stage is shown in (C). The inset shows an H&Estained sagittal section from a different mouse to highlight the correlation. The basal (b), mid (m),
and apical (a) turns of the cochlea are labeled. In all panels, C is cochlea, V is vestibular system.
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Figure 5 Resin embedding for histology in semi-thin sections. (A) Representation of the desired
orientation of the dissected inner ear in a coffin mold. The inner ear is positioned on its side,
with the cochlea (C) pointing toward the cutting (angled) end of the mold, the vestibular system
(V) positioned at an 45° angle to the cochlea, and the oval window (OW) facing toward the
non-angled end. (B) Example of a semi-thin (0.5-µm) toluidine blue–stained mid-modiolar resin
section taken from the mid turn of a mouse cochlea. The area in the dotted box is shown with
increased magnification below. Labels: basilar membrane (BM), Deiters’ cells (DC), Hensen’s
cells (HC), inner hair cells (IHC), outer hair cells (OHC), organ of Corti (OoC), pillar cells (PC),
Reissner’s membrane (RM), spiral ligament (SL), spiral ganglion neurons (SGN), stria vascularis
(SV), tectorial membrane (TM).

5). Orientation of the inner ear during embedding is important and requires practice. For
paraffin embedding, correct orientation can be challenging, as the surface of the paraffin
becomes opaque before the center has set.

Materials
4% (w/v) paraformaldehyde in 1× PBS, freshly prepared (optional)
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Additional reagents and equipment for dissection and histological preparation (see
Basic Protocols 1 and 2)
1. Remove the inner ear as described (see Basic Protocol 1, steps 1-10).
2. Fix in 10% NBF for 1-3 days at room temperature (for H&E only) or in freshly made
4% PFA overnight at 4°C (for immunohistochemistry).
3. Proceed with decalcification, embedding, and sectioning as described (see Basic
Protocol 2, steps 4-10).
ALTERNATE
PROTOCOL 2

EPOXY RESIN EMBEDDING FOR SEMI-THIN OR ULTRA-THIN
HISTOLOGY
Epoxy resin is an excellent embedding medium for preserving morphological features of
a biological tissue. As resin provides greater support to the tissue, it reduces the cutting
artifacts, particularly to the soft tissues of the cochlear duct, that can be introduced
when routine paraffin embedding is used. Although not essential for semi-thin histology,
it is recommended that OsO4 be used to stain the tissue before embedding, as this
enables both semi-thin sections for histological examination and ultra-thin sections for
TEM to be obtained from the same block. It is important to note that although resin
embedding is excellent for morphological preservation, it is not well suited to standard
immunodetection techniques, with the exception of immunogold labeling for electron
microscopy.
CAUTION: OsO4 and sodium cacodylate (a derivative of arsenic) are very toxic. They
should only be handled in a properly ventilated chemical fume hood with correct personal
protective equipment (PPE), and only after risk assessments and training procedures
have been established. All waste and washes from OsO4 stages of the protocol should be
handled and disposed of as hazardous waste using institutionally approved methods.

Materials
0.1 M phosphate buffer (PB; see recipe)
2.5% (v/v) glutaraldehyde (GTA) in 0.1 M PB
1% (v/v) OsO4 in 0.1 M sodium cacodylate buffer (see recipe for buffer)
4.3% (w/v) EDTA in 0.1 M PB
Ethanol series: 25%, 40%, 60%, 80%, 95%, and 100% (v/v)
Acetone
TAAB 812 resin (TAAB Laboratories Equipment)
Dodecenyl succinic anhydride (DDSA; TAAB Laboratories Equipment)
Nadic methyl anhydride (NMA; TAAB Laboratories Equipment)
Benzyl dimethyl amine (BDMA) accelerator (TAAB Laboratories Equipment)
1% (v/v) toluidine blue O in sodium borate (C.I. number 52040; Merck,
Sigma-Aldrich)
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Shaker
Forceps
50-ml Falcon tube
Silicone rubber coffin mold (TAAB Laboratories Equipment)
65°C oven
Single-edge razor blade
Pencil for labeling (or very small printed label)
Ultramicrotome with glass and diamond knives
Positively charged microscope slides
Additional reagents and equipment for dissection (see Basic Protocol 1)
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Prepare tissue for embedding
1. Remove the inner ear as described (see Basic Protocol 1, steps 1-10).
2. Fix in 2.5% GTA in 0.1 M PB overnight at room temperature.
3. Wash three times for 15 min each in 0.1 M PB.
4. In a fume hood, post-fix with 1% OsO4 in 0.1 M sodium cacodylate buffer for 1 hr
or until the cochlea is visibly stained through the shell.
5. Wash six times for 3 min each in ddH2 O.
6. Decalcify in 4.3% EDTA in 0.1 M PB on a shaker at room temperature for the
appropriate amount of time based on the age of the mouse (see Table 1). Change
the solution daily until tissue is soft, as determined by applying gentle pressure with
forceps on the vestibular system (not the cochlea).
7. Wash three times for 15 min each in 0.1 M PB.
8. Dehydrate through a graded ethanol series (25%, 40%, 60%, 80%, 95%, and 100%)
for 30 min each at 4°C.
9. Immerse in 100% acetone two times for 30 min each at 4°C.
Samples can be stored in acetone overnight at 4°C before embedding; however, best
results will be achieved if samples are embedded immediately.

Embed tissue
10. Combine the following resin ingredients in a 50-ml Falcon tube and mix by inverting
gently until all components are combined.
24 g TAAB 812 resin
13 g DDSA
13 g NMA
The ratios of DDSA and NMA can be adjusted to change the hardness of the cured resin;
more NMA results in a harder block, whereas more DDSA results in a softer block. If an
alternative resin is used, follow the manufacturer’s guidelines for ratios of components.
Perform inversion gently, avoiding generation of air bubbles. If the resin contains an
excessive amount of bubbles, leave to settle or centrifuge gently to remove.

11. Immerse the inner ear in the following resin dilutions and incubate on a rotator or
shaker at room temperature as indicated:

50% resin in acetone for 6 hr
70% resin in acetone for 6 hr
100% resin for 6 hr
100% resin for 6 hr.
12. Add 2% BDMA accelerator to 100% resin and use to fill a coffin mold:
Always use pencil for written labels.

13. Position the inner ear in the coffin mold (Fig. 5A), then place the mold in a 65°C
oven until the resin is polymerized (2-3 days).

Section tissue
14. Remove block and trim using a single-edge razor blade.
15. Cut semi-thin sections (0.5-2 µm) for histology using an ultramicrotome with a glass
knife. Transfer section to positively charged microscope slides.
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16. Air-dry sections and stain with 1% toluidine blue O in sodium borate.
17. Continue cutting until a mid-modiolar section is obtained (Fig. 5B), then cut ultrathin sections (50-70 nm) for TEM using a diamond knife.
An ultramicrotome fitted with freshly prepared glass knives is used to section the cochlea
until the mid-modiolar plane has been reached. At this point, it is recommended that the
experimenter switch to a diamond knife for higher-quality sections. Ultra-thin sectioning
using a diamond knife may require the size of the block face to be reduced by further
trimming. Great care should be taken not to use a diamond knife where there is the
possibility of incomplete decalcification, as the knife edge can be damaged by hard
(incompletely decalcified) particles in the sample.
BASIC
PROTOCOL 3

IMMUNOHISTOCHEMISTRY WITH FLUORESCENCE DETECTION IN
WHOLE-MOUNT COCHLEA
When studying protein localization within the organ of Corti, a whole-mount surface
preparation can reveal details that may not be visible in sectioned cochlear samples
(Fig. 6A). For example, this technique is particularly useful for visualizing the localization
of proteins within hair cells or supporting cells. In addition, cochlear whole mounts
stained with phalloidin can be useful for visualizing stereocilia and quantifying hair cell
loss if other imaging platforms, such as SEM, are not available (Fig. 6B). It is also
possible to immunolabel for more than one protein of interest, provided that the primary
antibodies are raised in different host species. The localization of each protein can be
visualized using appropriate secondary antibodies conjugated with distinct fluorophores.
NOTE: The protocol described is carried out at room temperature unless stated otherwise.
It is vital that samples are fully immersed in the appropriate solution at all stages of the
protocol to prevent them from drying out.

Materials
1× phosphate-buffered saline (PBS)
2% (w/v) paraformaldehyde (PFA) in 1× PBS
0.25% (v/v) Triton X-100 in 1× PBS
Normal serum (from same host species as secondary antibody)
Primary antibody
Fluorophore-conjugated secondary antibody
Fluorophore-conjugated phalloidin (optional)
4 ,6-Diamidino-2-phenylindole (DAPI; optional)
Antifade mounting medium
Clear nail varnish
Rotator or shaker
Petri dish
Dissecting stereomicroscope
Size 5 biologie tip Watchmaker’s forceps (optional but recommended)
96-well tissue culture plate
Gilson pipet (or equivalent)
Positively charged microscope slide
No. 1.5 coverslip
Fluorescence microscope
Additional reagents and equipment for dissection (see Basic Protocol 1)
Microscopy for
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Fix and dissect organ of Corti
1. Remove the inner ear as described (see Basic Protocol 1, steps 1-10).
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Figure 6 Whole-mount immunofluorescence detection. (A) Maximum intensity projection of a
z stack from a fluorescently labeled cochlear whole-mount sample. The actin-rich stereocilia of
the sensory hair cells are labeled with Alexa Fluor 488–conjugated phalloidin (green; Thermo
Fisher Scientific) and cell nuclei have been stained using DAPI (blue). (B) Higher magnification
of a mouse organ of Corti using Alexa Fluor 488–conjugated phalloidin (green) to highlight the
stereocilia bundles of the inner hair cells (IHC) and three rows of outer hair cells (OHC). (C)
Cartoon of the cochlea with shell removed, highlighting the position of the sensory epithelia (blue)
and the stria vascularis/spiral ligament (purple).

2. Fix in 2% PFA in 1× PBS for 15-30 min with gentle agitation.
Although ears can be left in fixative overnight at 4°C, it is preferable to process them
after a short fixation to avoid interference with downstream immunolabeling.

3. Wash three times for 5 min each in 1× PBS.
4. Place the fixed inner ear in a Petri dish containing enough 1× PBS to cover the inner
ear.
5. Under a dissecting stereomicroscope, use size 5 Watchmaker’s forceps to remove
the bony shell of the cochlea and expose the spiral ligament and attached organ of
Corti (Fig. 6C).
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This is relatively easy in younger mice (up to postnatal day 8), as the bone is still quite
soft. In older mice, where the bone is harder, care is required to ensure that the underlying
spiral ligament and attached organ of Corti do not come away with the bone.

6. Using two pairs of size 5 Watchmaker’s forceps, separate the spiral ligament and
stria vascularis from the organ of Corti (Fig. 6C).
Size 5 biologie tip Watchmaker’s forceps are finer than standard size 5 and may enable
easier removal of the spiral ligament and stria vascularis.

7. Transfer the sensory epithelium to a well of a 96-well tissue culture plate containing
sufficient 1× PBS to immerse the sample (e.g., 100 μl).
In this and all subsequent steps, use a minimum volume of 100 μl/well and be sure that
the tissue is fully submerged.

Perform immunolabeling
8. Remove the PBS using a Gilson pipet, taking care not to take up the tissue.
9. Permeabilize the tissue using 0.25% Triton X-100 in 1× PBS for 20 min with gentle
agitation.
10. Remove the Triton, rinse with 1× PBS, and then wash three times for 15 min each
in 1× PBS with gentle agitation.
11. Block tissue with 10% serum diluted in 1× PBS for 1 hr with gentle agitation.
Use serum from the same host species in which the secondary antibody was raised.

12. Remove blocking solution and add primary antibody diluted in 10% serum in 1×
PBS. Incubate overnight at 4°C with gentle agitation.
It will be necessary to determine the optimum concentration of primary antibody to use.
Refer to the manufacturer’s guidelines, but a good starting point is 1:50.

13. Remove primary antibody and wash tissue as in step 10.
14. Remove PBS and apply fluorophore-conjugated secondary antibody and
fluorophore-conjugated phalloidin (optional) diluted in 10% serum in 1× PBS.
Incubate 1 hr at room temperature.
IMPORTANT: This and all subsequent steps should be carried out in the dark.
A 1:200 dilution is likely suitable for most secondary antibodies, but refer to manufacturer’s guidelines or determine empirically for best results.

15. Remove secondary antibody/phalloidin and wash as in step 10.
16. Optional: If desired, incubate with 2 μg/ml DAPI in 1× PBS for 1 min. Remove
DAPI and wash as in step 10.
Refer to manufacturer’s recommendations for concentration and incubation conditions.

17. Mount tissue on a positively charged microscope slide in a drop of antifade mounting
medium to minimize photobleaching. Gently place a no. 1.5 coverslip over the tissue
and seal with clear nail varnish.
Slides can be kept up to 1 month in the dark at 4°C without significant loss of fluorescence
intensity signal.

18. Visualize using a fluorescence microscope.
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IMMUNOHISTOCHEMISTRY WITH FLUORESCENCE DETECTION
IN PARAFFIN-EMBEDDED SECTIONS

BASIC
PROTOCOL 4

Immunohistochemistry of cross-sectional tissue sections can reveal additional information regarding protein localization to that provided by surface whole-mount preparations.
Tissue sections are useful for investigating protein localization in structures other than the
organ of Corti, and for looking at subsurface localization without the need for very large
z stacks. Fluorescence-based methods easily permit detection of more than one protein
at a time, provided that the primary antibodies are raised in different host species and
the corresponding secondary antibodies are conjugated to fluorophores that have distinct
fluorescent excitation and emission spectra.
All incubation steps should be performed in a humidified chamber. Buffer is usually 1×
PBS, although manufacturer’s guidelines should be followed for specific antibodies. The
addition of a detergent (0.1-0.5% [v/v] Tween 20 or 0.1-0.5% [v/v] Triton X-100) to
increase permeability is sometimes beneficial.
The protocol includes steps for unmasking antigens, which is optional but can increase
signal. There are numerous methods for antigen unmasking. It is common practice to use
a microwave to boil slides submerged in 10 mM citrate buffer, as described below. The
optimal method will depend on the primary antibody used. In some cases antigen retrieval
can result in a higher background, although this may be due to increased sensitivity; for
optimal results various dilutions of primary antibody should be tested both with and
without antigen retrieval.

Materials
Microscope slide with paraffin-embedded section
Xylene
70% and 100% (v/v) ethanol
10 mM citrate buffer (optional)
Normal serum (from same host species as secondary antibody)
1× phosphate-buffered saline (PBS)
Primary antibody
Fluorophore-conjugated secondary antibody
4 ,6-Diamidino-2-phenylindole (DAPI; optional)
Antifade mounting medium
Clear nail varnish (optional)
200-ml slide chamber with slide holder (optional)
Microwave oven (optional)
Laboratory tissue
PAP pen
Humidified chamber (light protected)
Coverslip
Fluorescence microscope
Prepare sections for labeling
1. Deparaffinize and rehydrate sections by immersing successively in the following
solutions:
Xylene for 15 min
Fresh xylene 2× for 5 min each
100% ethanol 3× for 3 min each
70% ethanol for 3 min
ddH2 O for 5 min
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Unmask antigens (optional)
2. Place deparaffinized slides in a slide holder and quickly submerge in a 200-ml slide
chamber containing sufficient 10 mM citrate buffer to cover the slides.
It is important to perform this step quickly to prevent the sections from drying out.

3. Fill empty slots in the slide holder with blank slides to prevent “hot spots” during
heating.
4. Place lid on the slide chamber and microwave on 50% power for 7 min.
5. Top off the slide chamber with ddH2 O and microwave on 50% power for another
7 min.
When using a 200-ml chamber and a 900 W microwave, this heating achieves a temperature of 90°C.

6. Allow slides to cool in the chamber on the bench for 30 min until ambient
temperature is reached (do not cool rapidly).

Perform immunolabeling
7. Drain slides and remove excess buffer by blotting around the section(s) with tissue.
Make a hydrophobic barrier by marking around each section with a PAP pen.
8. Block samples with 10% serum diluted in 1× PBS for 30 min at room temperature
in a humidified chamber.
Use serum from the same host species in which the secondary antibody was raised.
In this and all subsequent steps, use a humidified chamber and apply enough solution
to ensure that the tissue is completely covered. For a hydrophobic barrier ring around a
single section, 250 µl/slide should be sufficient.

9. Drain slides and blot dry as in step 7, taking care not to damage the hydrophobic
barrier or tissue section.
10. Apply primary antibody diluted in 10% serum in 1× PBS and incubate 1-2 hr at
room temperature or overnight at 4°C.
The optimal dilution will depend on the antibody and application. See manufacturer’s
guidelines and determine empirically for best results.
Overnight incubation is normally preferred and will yield more specific staining.

11. Wash slides three times for 5 min each in 1× PBS.
12. Apply fluorophore-conjugated secondary antibody and fluorophore-conjugated
phalloidin (optional) diluted in 10% serum in 1× PBS and incubate 1 hr at room
temperature.
IMPORTANT: This and all subsequent steps should be carried out in the dark.
If nuclei need to be labeled, a nuclear stain such as DAPI can be added to the secondary
antibody solution. Alternatively, this can be done as a separate step prior to coverslipping
or the preparation can be mounted in a mounting medium containing DAPI. If the last
case, be aware that if the slides are kept longer than 24 hr, it is entirely possible that the
DAPI will start to label other structures besides the nuclei.

13. Wash slides three times for 5 min each in 1× PBS.
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Figure 7 Immunohistochemistry on paraffin-embedded tissue sections. (A) Fluorescently labeled sagittal section of a mouse ear at embryonic day 14.5. The section was labeled with
anti-p27Kip1 primary antibody, which was detected with Alexa Fluor 488–conjugated secondary
antibody (green; Thermo Fisher Scientific). Cell nuclei were stained using DAPI (blue) and proliferating nuclei were labeled with Alexa Fluor 594 fluorophore (red; Thermo Fisher Scientific).
(B) Chromogenically labeled sagittal section through a mouse head at embryonic day 16.5. To
investigate cell proliferation, the section was labeled with anti-Ki67 primary antibody, which was
detected using ABC/DAB methodology (brown). The section was counterstained with hematoxylin
(blue). Labels: cochlear duct (CD), prosensory domain (PSD), spiral ganglion neurons (SGN),
organ of Corti (OoC).

15. Place a drop of mounting medium on the slide and gently apply a coverslip, ensuring
there are no air bubbles around the section. Seal with clear nail varnish.
Sealing is unnecessary when using a hard-setting mounting medium.

16. Visualize using a wide-field or confocal fluorescence microscope (Fig. 7A).
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ALTERNATE
PROTOCOL 3

IMMUNOHISTOCHEMISTRY WITH CHROMOGENIC DETECTION
IN PARAFFIN-EMBEDDED SECTIONS
As an alternative to fluorescence immunodetection, traditional chromogen-based methods can also be used to investigate protein localization in tissue sections. Chromogenic
labeling offers several advantages. The signal amplification achieved using chromogenic
detection increases sensitivity, enabling easier identification of less-abundant proteins
than is possible with immunofluorescence-based labeling. Chromogen-labeled tissue
sections are less light-sensitive than fluorescently labeled sections and can be stored for
longer periods with relatively low signal degradation. Furthermore, imaging does not
require a fluorescence microscope.
If chromogenic detection is preferred to fluorescence, the use of a kit based on an avidinbiotin peroxidase complex (ABC) or labeled streptavidin-biotin (LSAB) is recommended
for the most consistent results. An example is the Vectastain Elite ABC kit (Vector
Laboratories). The chromogen 3,3 -diaminobenzidine (DAB), a substrate of horseradish
peroxidase (HRP), allows visualization of the labeled protein (Fig. 7B). The protocol
is similar to the immunofluorescence protocol detailed above, except that endogenous
peroxidase activity in the tissue must be quenched before the blocking step. This is
achieved by incubating the slides in 3% hydrogen peroxide in isopropanol for 20 min.
When using these kits, perform the protocol as per the manufacturer’s instructions.

BASIC
PROTOCOL 5

IMMUNOHISTOCHEMISTRY WITH FLUORESCENCE DETECTION
IN VIBRATOME SECTIONS
Vibratome (vibrating blade microtome) sectioning is a relatively fast and simple technique
for generating thick (40-200 µm) tissue slices through the cochlea (Jagger et al., 2000).
Processing for vibratome sectioning requires minimal sample preparation and avoids the
harsh treatments routinely used in paraffin sectioning (e.g., dehydration and incubation
at extreme temperatures) that often damage antigens and tissue morphology. As a result,
the structural morphology and complex cellular organization of the cochlea is extremely
well preserved in vibratome sections. Vibratome slices can be effectively labeled with
fluorescent antibodies without any of the autofluorescence often exhibited in paraffin sections. Furthermore, all of the cochlear structures can be visualized in vibratome sections
(including the SGN, stria vascularis, spiral ligament, and organ of Corti), making this
method particularly useful for morphological analyses and protein localization studies
(Fig. 8). If necessary, immunofluorescence in vibratome sections and cochlear whole
mounts can be combined to investigate cells of the organ of Corti in greater detail.
Upturned BEEM capsules are the ideal size mold for embedding inner ears in agarose
prior to vibratome sectioning. Multiple vibratome sections can be labeled simultaneously
within a single well of a 24-well tissue culture plate, although it is essential that a sufficient
volume of reagent is used at each step to ensure that sections do not dry out or shrink.
If multiple antibody combinations are required, sections can be inspected visually to
identify the mid-modiolar sections, then divided into separate wells for labeling.

Materials
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1× phosphate-buffered saline (PBS)
4% (w/v) paraformaldehyde (PFA) in 1× PBS
4.3% (w/v) EDTA in 1× PBS
4% (w/v) low-melting-point (LMP) agarose in 1× PBS
Superglue
Blocking solution: 0.3% (v/v) Triton X-100 and 10% (v/v) normal serum in 1×
PBS
Primary antibody
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Figure 8 Vibratome sectioning. (A) Desired orientation of the inner ear in the agarose block
inside the BEEM capsule for sectioning. The ear is orientated as it would be positioned in the head
when sagittally sectioned, with the cochlea (C) pointing toward the bottom of the BEEM capsule,
the vestibular system (V) positioned at an 45° angle to the cochlea, and the oval window (OW)
and round window (RW) facing upwards, parallel to the top of the BEEM capsule. (B) Fluorescently
labeled thick vibratome section (200 µm) of a mouse cochlea. Tissue was labeled with anti-β-actin
primary antibody, which was detected using Alexa Fluor 488–conjugated secondary antibody
(green; Thermo Fisher Scientific). Nuclei were stained with DAPI (blue). Labels: Deiters’ cells
(DC), inner hair cells (IHC), outer hair cells (OHC), pillar cells (PC), Reissner’s membrane (RM),
spiral ganglion neurons (SGN), spiral ligament (SL), spiral limbus (L), stria vascularis (SV), tectorial
membrane (TM).
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PBST: 0.1% (v/v) Tween 20 in 1× PBS
Fluorophore-conjugated secondary antibody
Fluorophore-conjugated phalloidin (optional)
4 ,6-Diamidino-2-phenylindole (DAPI; optional)
Microwave oven
BEEM capsule (Agar Scientific) (or other suitable mold)
Scalpel
Vibratome fitted with a halved double-edge straight razor blade
24-well tissue culture plate
Thin paintbrush
Glass-bottom Petri dish (e.g., MatTek, Ibidi, WillCo Wells)
Inverted confocal fluorescence microscope
Additional reagents and equipment for dissection (see Basic Protocol 1)
Embed and section tissue
1. Remove the inner ear as described (see Basic Protocol 1, steps 1-10).
2. Fix in 4% PFA in 1× PBS for 30 min at room temperature or overnight at 4°C with
gentle agitation.
3. Decalcify in 4.3% EDTA in 1× PBS at 4°C for the appropriate time based on the
age of the mouse (see Table 1).
Correct decalcification is vital for this protocol. Under-decalcified samples can tear out
of the agarose block during sectioning, whereas over-decalcified samples can become
squashed, resulting in damage to the structural morphology of the cochlea. Typically, inner ears from 8- to 16-day-old mice should be decalcified for 2-3 days and those from older
mice should be decalcified for 4-5 days. In all cases, the solution should be replaced daily.

4. Melt 4% LMP agarose in 1× PBS in a microwave oven.
LMP agarose dissolves rapidly and only requires short bursts of heating (5-10 sec) at
30% power. Once dissolved, the agarose should be left at room temperature for a couple
of minutes to allow any bubbles to disperse.

5. Fill an upturned BEEM capsule (pointed end removed with a scalpel) with warm
molten agarose.
6. Position the inner ear in the agarose as shown in Figure 8A.
To achieve mid-modiolar sections, inner ears should be positioned in the agarose-filled
BEEM capsule at a 45° diagonal angle, with the apex of the cochlea facing down (towards
the closed lid) and the vestibular system uppermost. The round and oval windows of the
cochlea should be parallel to the upper surface of the agarose (Fig. 8A).

7. Leave at room temperature until the agarose has completely set (10 min). Check
the positioning of the inner ear while the agarose is setting and adjust if necessary.
It is important to monitor the position of the samples, as they may change orientation.

8. Once set, gently push the agarose block out of the BEEM capsule and trim the ends
with a scalpel to ensure a flat cutting surface.
9. Mount the block on the stage of a vibratome fitted with a halved double-edge straight
razor blade for cutting. Use a dab of superglue to fix the block in place and then
immerse the block in 1× PBS.
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Generally, the blocks are mounted with the apex of the cochlea uppermost, because the
cochlea can then be sectioned without needing to first cut through the vestibular system.
This decreases the likelihood of the blade catching on any rigid areas of the vestibular
system and tearing the samples out of their blocks.
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10. Cut 200-µm vibratome sections and carefully transfer them to 1× PBS in a 24-well
plate using a thin paintbrush.
It is possible to cut approximately five to ten 200-µm sections per cochlea. Sections can
be stored in PBS up to 3 days at 4°C.

Perform immunolabeling
11. Permeabilize and block sections by incubating in blocking solution for 30 min at
room temperature.
Use serum from the same host species in which the secondary antibody was raised.

12. Incubate with primary antibody diluted in blocking solution for 3 hr at room temperature or overnight at 4°C with gentle agitation.
The optimal concentration of primary antibody must be determined empirically. Refer to
manufacturer’s guidelines, but a good starting point is 1:50.
Due to the relative thickness of vibratome sections, much longer incubation times are
required to enable the primary and secondary antibodies to penetrate the tissue.

13. Wash three times for 15 min each in PBST.
14. Incubate with fluorophore-conjugated secondary antibody and fluorophoreconjugated phalloidin (optional) in blocking solution for 2 hr at room temperature
with gentle agitation.
IMPORTANT: This and all subsequent steps should be carried out in the dark.
A 1:200 dilution is likely suitable for most secondary antibodies, but refer to manufacturer’s guidelines or determine empirically for best results.

15. Wash three times for 15 min each in PBST.
16. Optional: To stain nuclei, incubate with 2 μg/ml DAPI in 1× PBS for 5 min at room
temperature. Wash three times for 15 min each in PBST.
Refer to manufacturer’s recommendations for concentration and incubation conditions.
Sections can be stored in 1× PBS up to 5 days at 4°C.

17. Immediately prior to visualization, place section in a glass-bottom dish containing
1× PBS. Perform imaging on an inverted confocal microscope.
Although it is possible to coverslip individual vibratome sections, it is better to image
free-floating slices to avoid damaging the tissue morphology.

FINE DISSECTION OF COCHLEA FOR SCANNING ELECTRON
MICROSCOPY

BASIC
PROTOCOL 6

SEM allows visualization of the ultrastructure of the cochlea and is an excellent platform
for imaging morphological defects or damage to sensory hair cells. The fine dissection
of the cochlea is demonstrated in Video 2.

Materials
0.1 M phosphate buffer (PB; see recipe)
2.5% (v/v) glutaraldehyde in 0.1 M PB
4.3% (w/v) EDTA in 0.1 M PB
Sylgard-filled Petri dish
30-G needles
Size 5 biologie tip Watchmaker’s forceps (optional but recommended)
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Figure 9 Fine dissection of the inner ear for SEM. (A) Inner ear pinned through the vestibular
system with 30-G needles to a Petri dish containing Sylgard. (B) Removal of the decalcified shell
surrounding the cochlea. (C) When the cochlear shell is removed, the pigmented cells in the stria
vascularis (SV) become less opaque. (D) Removal of the stria vascularis and spiral ligament/lateral
wall of the cochlear duct. (E) Cochlea with shell, stria vascularis, and lateral wall removed to reveal
the sensory epithelia. (F) Scanning electron micrograph showing an overview of the organ of Corti,
with three rows of outer hair cells (OHC) and one row of inner hair cells (IHC). (G,H) Increased
magnification scanning electron micrographs showing more detail of the stereocilia bundles on
inner (G) and outer (H) hair cells.

Additional reagents and equipment for dissection (see Basic Protocol 1)
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1. Remove the inner ear as described (see Basic Protocol 1, steps 1-10).
2. Fix in 2.5% glutaraldehyde in 0.1 M PB for 2 hr at room temperature or overnight
at 4°C.

296
Volume 6

Current Protocols in Mouse Biology

3. Decalcify in 4.3% EDTA in 1× PBS at 4°C for the appropriate time based on the
age of the mouse (see Table 1).
4. Wash three times for 15 min each in 0.1 M PB.
5. Under a dissecting microscope, pin the decalcified inner ear to a Sylgard-filled Petri
dish using 30-G needles. Pin diagonally through the vestibular system so that the
cochlea is facing upwards (Fig. 9A).
6. Place a drop of 0.1 M PB on top of the cochlea.
7. Remove the bony shell of the inner ear, revealing the cochlear duct (Fig. 9B).
8. Identify the stria vascularis by the dark pigmentation of the melanocytes (Fig. 9C).
Using size 5 Watchmaker’s forceps, remove the stria vascularis and the lateral wall
of the cochlear duct (Fig. 9D).
Size 5 biologie tip Watchmaker’s forceps are finer than standard size 5. It is useful to
keep one pair of these for removal of the stria vascularis and lateral wall.
The surface of the organ of Corti should now be exposed. It is important to ensure that
nothing is obstructing the view of the hair cells, as this may hinder visualization in the
SEM (Fig. 9E,F).

9. If necessary, remove the tectorial membrane as demonstrated at the end of Video 2.
The tectorial membrane is almost invisible with a light microscope, but stretches across
the top of the organ of Corti. During dehydration, the tectorial membrane usually retracts
to allow visualization of all of the IHC and OHC rows using the SEM. Occasionally, it can
fail to retract fully, making it impossible to image some of the hair cells, particularly the
IHCs. If this problem persists, the tectorial membrane should be removed by dissection.

10. Remove pins, return dissected cochlea to 0.1 M PB, and proceed to tissue processing
(see Support Protocol).

PROCESSING OF COCHLEA FOR SCANNING ELECTRON MICROSCOPY
The sample processing methods undertaken will ultimately determine the quality of the
images obtained, and can also be influenced by the microscope available (for additional
information on microscopes, see Strategic Planning).

SUPPORT
PROTOCOL

Post-fixation. Although not essential for processing cochleae for SEM, immersion in
OsO4 is commonly performed to provide additional fixation. Some researchers use OsO4
as a post-fixative before fine dissection to expose the sensory epithelia. OsO4 is a crosslinking fixative that deposits as a heavy metal in cell plasma membranes. This improves
the structural integrity of hair cell bundles and also increases conductivity of the sample,
resulting in reduced charging artifacts during imaging. OTO processing is a technique
consisting of alternating immersion in OsO4 , thiocarbohydrazide (TCH), and OsO4 again.
First reported by Hunter-Duvar (1978), this method is also widely performed. TCH is used
as a bridging agent that allows more OsO4 to bind to the tissue. A number of combinations
of alternating OsO4 /TCH immersions (e.g., OTOTO), in addition to alternative fixatives,
have been used successfully to prepare cochleae for SEM; for more information, see
Davies and Forge (1987) and Forge et al. (1992). OTO processing immediately after
fine dissection, in conjunction with sputter coating, is routinely used to prepare cochlear
samples for examination using a thermionic SEM and is described below.
Dehydration and critical point drying. Most scanning electron microscopes operate
under a high vacuum. In order to view biological samples, it is essential to remove all
liquid from the sample. This is performed using a two-step process. First, the sample is
dehydrated by replacing the water in the sample with ethanol and ultimately acetone,
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which is used as a transitional fluid. Then, a critical point drier (CPD) is used to remove
the acetone in a non-destructive manner by phase transition through the critical point
of CO2 . This is achieved by placing the sample in the sealed chamber of the CPD and
filling the chamber with liquid CO2 . The acetone is miscible with CO2 and is gradually
removed through a series of mixing, filling, and purging steps. Once the acetone in the
sample has been replaced with liquid CO2 , the chamber is half-filled and heated slowly
until the critical point is reached. The critical point is the temperature and pressure
at which the physical properties of a compound are the same in both liquid and gas
phases (for CO2 : 31°C, 74 bar). This allows conversion of liquid to gas with minimal
damage to delicate structures within the sample. The specific methods for loading and
operation depend on the instrument and thus the manufacturer’s instructions should be
followed.
Mounting. In order to view the inner ear in the SEM, it must first be mounted on a stub that
will sit in the sample holder. Before preparing the sample, check that compatible stubs
are available for the microscope, as different manufacturers use brand-specific designs
for mounting stubs. Commonly, inner ears are mounted in silver conductive paint on a
double-sided adhesive carbon disc stuck onto the stub. It is important to always wear
gloves when handling stubs and specimen holders to avoid the transfer of dirt and grease
from the skin to the preparation, as this will affect the ability of the system to achieve the
required vacuum in the chamber.
Sputter coating. If the microscope requires a high accelerating voltage (>10 kV), the
specimen will need to be made more conductive than it is in the native state (even after
OsO4 processing). This is to avoid image artifacts resulting from charging of the specimen
in the electron beam. Sputter coating is a method of depositing a very thin layer of a
metal (usually platinum, gold, or gold/palladium) onto the surface of the specimen to be
imaged. As with critical point drying, the sputter coating protocol differs depending on
the particular equipment used. The majority of modern systems are automated and very
simple to use, whereas older manually operated systems may require specific training to
achieve consistent results.
CAUTION: OsO4 , sodium cacodylate (a derivative of arsenic), and TCH are extremely
dangerous chemicals. They should only be handled in a properly ventilated chemical fume
hood with correct personal protective equipment (PPE), and only after risk assessments
and training procedures have been established. All waste and washes from OsO4 and TCH
stages of the protocol should be handled and disposed of as hazardous waste according
to institutionally approved methods.

Materials
Finely dissected cochlea (see Basic Protocol 6)
1% (v/v) OsO4 in 0.1 M sodium cacodylate buffer (optional; see recipe for buffer)
1% (w/v) thiocarbohydrazide (TCH) in ddH2 O, filtered (optional)
Ethanol series: 25%, 40%, 60%, 80%, 95%, and 100% (v/v)
Acetone
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Critical point drier with liquid CO2 cylinder
Adhesive carbon disc
Specimen stub (Agar Scientific) suitable for SEM of choice (e.g., Agar Scientific,
TAAB, Ted Pella, Electron Microscopy Science)
Conductive silver paint (e.g., Agar Scientific, TAAB, Ted Pella, Electron
Microscopy Science)
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Sputter coating unit (e.g., Quorum Technologies) (optional) with suitable target
(platinum, gold, or gold/palladium alloy) and stub container
Stub holder for storage
Perform OTO processing (optional)
1. Immerse specimen in 1% OsO4 for 1 hr.
2. Wash six times for 3 min each in ddH2 O.
3. Immerse in 1% TCH for 30 min.
4. Wash six times for 3 min each in ddH2 O.
5. Immerse in 1% OsO4 for 1 hr.
6. Wash six times for 3 min each in ddH2 O.

Perform dehydration and critical point drying
7. Dehydrate specimen in a gradient of ethanol (25%, 40%, 60%, 80%, 95%) for 45 min
each at 4°C.
8. Immerse in 100% ethanol two times for 30 min each at 4°C.
9. Immerse in 100% acetone for 30 min at 4°C.
Samples can be stored up to 1 week in acetone; however, prompt critical point drying
will achieve best results.

10. Place in a critical point drier and process according to manufacturer’s guidelines.
Several automated CPD systems are commercially available, and the protocol for specimen loading and operation will differ for each instrument. As a general guide, during
transfer of specimens to the CPD, make sure to minimize the time the specimens are
exposed to air (i.e., when not in transitional fluid), as acetone evaporates very rapidly
and may cause artifacts. Because stereocilia are very delicate structures, it is also best
to perform the final gas-out step at a slow flow rate (50 psi/min) to minimize the risk of
damage to the samples.

Mount specimen and (optional) sputter coat
11. Place a carbon disc on a specimen stub and peel off the top protective layer.
12. Secure the specimen stub under the dissecting microscope.
13. Place a small dot of silver paint on the carbon disc.
14. Carefully pick up inner ear with forceps, being sure to grab the vestibular system
rather than the exposed cochlea.
CAUTION: Inner ears are very brittle and delicate after critical point drying. To avoid
damage, use only just enough pressure with the forceps to pick them up and mount them
on the stub.

15. Place the specimen in the silver paint, orientated with the cochlea coiling as vertically
as possible. If the inner ear starts to drop from this position, hold the specimen in
place until the paint sets.
16. If sputter coating is necessary, place the preparation in a suitable stub container and
use an appropriate automated system to perform sputter coating.
17. Transfer stubs to a suitable holder for long-term storage prior to visualization by
SEM (Fig. 9F-H).
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REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and protocol steps.

Phosphate buffer (PB), 0.1 M
4.44 g sodium phosphate monobasic
17.04 g sodium phosphate dibasic
789 ml ddH2 O
Adjust pH to 7.4
Store up to 2 weeks at 4°C
Sodium cacodylate buffer, 0.1 M
10.72 g sodium cacodylate
500 ml ddH2 O
Adjust pH to 7.4 in a fume hood
Store up to 2 months at 4°C
CAUTION: Sodium cacodylate (a derivative of arsenic) is toxic. It should only be handled in
a properly ventilated chemical fume hood with correct personal protective equipment (PPE),
and only after risk assessments and training procedures have been established. All waste
should be handled and disposed of as hazardous waste according to institutionally approved
methods.

COMMENTARY
Background Information
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Overview of cochlear structure and auditory
function
Protruding from the apical surface of the
IHCs and OHCs in the inner ear are actinrich organelles known as stereocilia. Typically, 40 to 60 stereocilia are present per cell
and are arranged precisely into an ordered
bundle that adopts a “staircase” structure.
These stereocilia initially grow towards a single kinocilium (Denman-Johnson and Forge,
1999), which in most mammals regresses as
the bundle becomes mature. OHC bundles
contain three rows of stereocilia that adopt a
V or W shape, whereas IHC bundles contain
two main rows arranged in a slight curve. The
row of IHCs is separated from the OHCs by
alternating inner and outer pillar cells, which
join to make an arch, forming the tunnel of
Corti. Underneath the OHCs are the supporting Deiters’ cells, which, like the majority of
supporting cells in the cochlea, are reported to
play an essential role in ion transport and maintenance of the endolymph (the fluid that bathes
the apical surface of hair cells and facilitates
their depolarization during mechanoelectrical
transduction) (Spicer and Schulte, 1993, 1994;
Kikuchi et al., 2000). Overlying the IHCs
and OHCs is the acellular gel-like tectorial
membrane, which is composed of collagens,
proteoglycans, and non-collagenous glycoproteins and is required for stimulation of hair
cells during acoustic stimulation. The longest

stereocilia of the OHCs make a direct connection with the tectorial membrane (Kimura,
1966), whereas the stereocilia of IHCs are not
thought to be directly connected (Matsumura,
2001). Within the bundle, stereocilia of neighboring rows are joined by tip links that, as
their name implies, are located at the distal
end of the stereocilia (Pickles et al., 1984).
These extracellular filamentous links are composed of two different cadherin molecules,
protocadherin 15 (PCDH15) at the lower end
and cadherin 23 (CDH23) at the upper end
(Kazmierczak et al., 2007). These tip links not
only help maintain the structure of the stereocilia bundle, but are also involved with the
opening of spring-gated ion channels present
at the lower end of tip links, which occurs
when stereocilia are deflected during acoustic
stimulation (see below).
The external ear catches sound waves and
funnels them down the ear canal to the tympanic membrane (ear drum) causing it to vibrate. These vibrations are transferred across
the middle ear cavity to the inner ear by the
ossicular bones, which are in contact with
the tympanic membrane at one end and the
cochlear oval window at the other. Vibration
of the tympanic membrane induces the ossicles to articulate, which in turn propagates a
fluid wave in the perilymph of the scala tympani and scala vestibule. This wave causes
the basilar membrane to vibrate at a specific
position along the cochlear spiral and at a
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particular magnitude, which are directly related to the frequency and intensity of the initial sound wave, respectively. The tectorial and
basilar membranes are anchored separately,
and therefore pivot differently; movement of
the basilar membrane creates a shearing force
that causes the hair cells to lift upward toward
the tectorial membrane, resulting in deflection
of the stereocilia bundle (Smith and Chadwick,
2011). The shearing force created stretches the
tip links, causing cation-selective channels located at the lower end of the tip links (known as
mechanoelectrical transduction or MET channels) to open (Corey and Hudspeth, 1979;
Shotwell et al., 1981). K+ and Ca2+ ions then
flow through the open MET channels into the
hair cells, subsequently raising the membrane
potential and depolarizing the cell. In OHCs,
the change in ionic potential causes the cell
body to expand or contract due to the voltagesensitive intramembrane motor protein prestin
(Zheng et al., 2000). This is thought to amplify movements of the basilar membrane in
a non-linear fashion, allowing detection of
a wide dynamic range of sound intensities
(Ruggero and Rich, 1991). In IHCs, depolarization opens voltage-gated calcium channels in the lateral wall of the cell. The resulting influx of Ca2+ ions triggers rapid, multivesicular exocytosis of glutamate neurotransmitter from the ribbon structure at the basal
presynaptic active zone of the IHC onto the
SGNs (reviewed in Raphael and Altschuler,
2003). Each IHC is densely innervated with
multiple afferent Type I SGNs, with each nerve
fiber contacting only one single cell. These
Type I SGNs comprise 95% of the total
SGN population (Dallos, 1992). In contrast,
OHCs are mainly innervated by efferent fibers,
and a single branching afferent Type II SGN,
which comprise <10% of the total SGN population, synapses with numerous OHCs (Forge
and Wright, 2002).
Lateral to the OHCs in the organ of Corti
are the Hensen’s cells and Claudius cells. As
with the Deiters’ cells, these are thought to
play a structural role, supporting the organ of
Corti, and also to be involved in ionic regulation in the cochlea, providing a barrier between
the endolymph and perilymph fluid (Fechner
et al., 1998). The +80 mV potential in the
endolymph, known as the endocochlear potential (Assad et al., 1991), is generated and
maintained by structures located on the lateral wall of the scala media, namely the spiral
ligament and the stria vascularis (Salt et al.,
1987). The spiral ligament is mainly composed
of Type I, Type II, Type III, and Type IV fi-

broblasts (Spicer and Schulte, 1991) and runs
underneath the stria vascularis, which it supports in addition to anchoring the lateral edge
of the basilar membrane. The stria vascularis
consists of three distinct cellular layers: basal,
intermediate, and marginal cells. The latter are
exposed to the endolymph-filled scala media.
The basal cells act as a barrier between the
spiral ligament and the stria vascularis, and
the intermediate melanocyte cells are essential for generation of the endocochlear potential (Steel and Barkway, 1989). The marginal
cells are polarized epithelial cells, which are
covered in microvilli and secrete K+ ions into
the endolymph (Wangemann et al., 1995). The
Reissner’s membrane separates the scala media from the scala vestibuli and is comprised
of two layers of epithelial cells.
Imaging
The word imaging encompasses several different modalities, depending upon the size of
the specimen to be examined, the resolution
of detail required in the image, and the illuminating radiation used to probe the structure
in the specimen. The methods chosen also depend upon the equipment available. This unit
details several imaging techniques of the inner
ear using both light and electron microscopy.
The method to select depends upon the nature
of the research question or hypothesis to be answered and the level of detail required in the
image. As a rule of thumb, a young healthy
human eye can just discriminate two points
that are 0.2 mm apart. The resolving power
(or limit of resolution) of the eye is therefore
0.2 mm. The light microscope, using photons,
has a limit of resolution of 0.2 µm, and the
electron microscope has a limit of resolution
of 0.2 nm. However, the light microscope lens
design and quality, the wavelength of illumination used, and how well the microscope is
adjusted all influence image quality and the
fine detail that can be resolved in the image.
Furthermore, in the electron microscope, specimen preparation imposes a limit on how much
fine detail may be discriminated. This limit is
usually 2 nm (an order of magnitude higher
than the optical limit of 0.2 nm determined by
diffraction).
Microscopy
The chief purpose of any microscope is
to resolve fine detail present in the specimen. The second requirement is for sufficient
contrast to discriminate these resolved details in the image. Perhaps counter-intuitively,
magnification is the third and least important
requirement; its only function is to present
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details resolved by the microscope objective
at a size that the eye can see to resolve or discriminate fine detail. Another factor that must
be taken into account is the working distance
of the microscope objective. This is the depth
of free space along the optical axis between the
front of the objective and the coverslip or, if
uncovered, the specimen itself. A long working distance can be useful for dissection or for
examining cultured cells in multiwell plates,
but this will be at the expense of reduced numerical aperture and a consequent reduction in
resolving power. See LoBiondo et al. (2011)
for further information on the selection and
use of microscope objectives.
When an object is illuminated, light rays
are diffracted by the fine structures within that
object. A lens can collect these rays and form
an image by refraction. The resolving power in
a microscope is determined by the wavelength
of the illuminating radiation and by the ability
of the objective lens to collect these diffracted
rays to form an image. These relations may
be expressed in the following equation: d =
0.61λ/NA, where d is the size of the resolved
detail, λ is the wavelength, and NA the numerical aperture of the objective. A protocol
(Köhler illumination) must be followed to adjust the light microscope properly to form a
high-quality image. Otherwise, it is very easy
to accept a poor image without realizing that
the microscope is not being used to its full
potential. For information on how to set up
Köhler illumination, see Salmon et al. (2005).
Different types of microscope may be used
for imaging the cochlea and auditory apparatus depending upon the detail that must be
resolved, on how the sample is stained or otherwise treated to introduce contrast, and on the
magnification required or possibly the working distance, which may need to be relatively
large to allow manipulation and dissection of
the cochlea. These factors tend to work against
one another; in the light microscope, a long
working distance and large field of view are not
compatible with high resolving power. If this is
desired, a scanning electron microscope must
be used. However, an electron microscope cannot image colored fluorescent probes. Therefore, a stereomicroscope or a zoom macroscope is used for initial fine dissection (most
often using white light), and fine detail within
a small field of view is subsequently examined
using a wide-field or confocal fluorescence
microscope. Because fluorescent samples give
off signal both above and below the plane of
focus, a confocal microscope is used to optically section thick samples so that a single im-

age plane or an entire 3D z stack comprising
several image planes may be collected, all in
sharp focus. A further explanation of confocal
microscopy may be found in Smith (2011).
Sometimes there may be little choice of
microscope with which to work; however, if
several designs of microscope are available to
the experimenter and a choice is possible, inverted microscopes are more versatile and can
be used for both fluid and/or live cell preparations as well as slides (the coverslip is merely
inverted to face the objective). Upright microscopes are best for use with whole mounts
and thicker samples requiring two-photon
microscopy.

Critical Parameters
and Troubleshooting
Because this article covers a broad range of
imaging platforms, the critical steps have been
highlighted within the relevant protocols. It is,
however, universally important that ears are
fixed rapidly to prevent the gross effects of autolytic degradation, which appears as artifacts
in the image.
An understanding of how the inner ear and
the mechanotransduction process work is important to interpreting results, and pathologies
should be considered in addition to other phenotypic data. Often obvious pathologies such
as hair cell loss can be a secondary effect of
an earlier loss of auditory function. Therefore,
examination at several time points is essential.
In addition, many of the dissection techniques
require patience and practice; it is very easy to
damage the cochlea during fine dissection for
SEM or whole-mount fluorescence imaging.
The age of the mouse has a significant effect on the dissection and processing required.
The bony capsule surrounding the inner ear is
mainly cartilaginous until 4 days of age, after which it starts to calcify. Due to changes
in hardness of this bone, the decalcification
times need to be adjusted accordingly. In addition, the amount of pressure needed (or that the
cochlea can withstand without damage) during
the primary dissection will change with age.
Immunolabeling is obviously very much
dependent on the quality and specificity of the
antibodies used. On the whole, secondary antibodies are usually robust, but different primary antibodies can vary hugely in their reliability. When using a new antibody, it is
important to optimize the dilution, blocking solutions, buffers, and reaction conditions. Some information is usually provided
by the manufacturer; however, antibodies may
also vary between production batches, so the
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Table 2 Troubleshooting Guidelines

Problem

Possible cause

Solution

Cochlea damaged after
removal of bulla

Levering action used to
remove bulla

Using one tine of the forceps,
insert through the meatus and lift
directly upwards

Cochlea becomes detached
from vestibular system
upon insertion of forceps
into oval window

Forceps too large, angle of
insertion too steep, too much
pressure applied

Use a very-fine-tipped pair of
forceps, insert one tine at a
shallow angle and gently apply
pressure

For primary dissection

For paraffin- or resin-embedded histology
Poor morphological
preservation

Poor fixation

Ensure ears are dissected rapidly
and fixative perfused through
oval window (alternatively, use
resin-embedded histology)

Poor quality sections

Insufficient decalcification

Ensure decalcification is
complete prior to embedding

Poor cutting edge on blade

Replace blade

Resin too hard/soft

Change ratio of DDSA/NMA
(more NMA makes resin harder)

Primary antibody too dilute

Use a lower dilution of primary
antibody

Insufficient incubation time

For optimal results, incubate
samples with primary antibody
at 4°C overnight

Secondary antibody is poor or
too dilute

Optimize secondary antibody

Poor antigenicity of section

Perform or optimize antigen
retrieval

Too much primary/secondary
antibody

Increase dilution of
primary/secondary antibody

Antigen retrieval not required

Omit antigen retrieval

For immunolabeling
Low signal

High background signal

For scanning electron microscopy
Hair cells not visible

Charging of sample

Too much tissue removed
when fine dissecting

Attempt to remove the lateral
wall only to the point at which it
meets the basilar membrane

Tectorial membrane not
retracted

If this is a persistent problem,
dissect tectorial membrane to get
reliable results

Hair cells obstructed by rest
of cochlea

Rotate and tilt the sample until
hair cells become visible

Insufficient conductivity of
sample due to either sputter
coating or lack of osmium
tetroxide

Increase thickness of sputter
coat by re-coating; use osmium
tetroxide or OTO processing

Accelerating voltage too high

Reduce accelerating voltage
continued

Microscopy for
Cochlear
Morphology in
Deafness Models

303
Current Protocols in Mouse Biology

Volume 6

Table 2 Troubleshooting Guidelines, continued

Problem

Possible cause

Solution

Poor resolution at high
magnification

Spot size too large

Decrease spot size

Accelerating voltage too low

Increase accelerating voltage

(Fused) Poor fixation

Ensure inner ear is placed in
fixative rapidly, perfused
through the oval window, and
fixed for an appropriate
length of time

(Splayed) Lack of osmium
tetroxide (apical hair cells
tend to look like this anyway
due to longer stereocilia)

Add osmium tetroxide
processing or increase
number of steps to OTOTO

Abnormal morphology of
stereocilia bundles in control
samples

manufacturer’s guidelines should be used as
a guide only, and titrations should be performed to determine optimal dilutions. For
immunohistochemistry on paraffin-embedded
sections, it is also important to test sections
with and without antigen retrieval.
For additional troubleshooting information,
see Table 2.

Anticipated Results
The protocols outlined here should give investigators a good selection of techniques with
which to assess the general morphology, cellular architecture, and fine structures of the
mouse cochlea. Combined with the immunolabeling methods described, this should enable
investigation of molecular pathways affected
in mouse models of auditory dysfunction.

Time Considerations
Dissection. The primary inner ear dissection should, with practice, be achievable for
both ears in under 5 min, including culling of
the mouse and skinning/bisecting of the skull.
Histological assessment. In addition to the
fixation and decalcification time (see Table 1),
the dehydration, embedding, sectioning, and
staining will take 5 days. Much of this time
is not hands-on. A similar time is required
to produce blocks for resin-embedded histology, although sectioning can take considerably
longer.
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Immunolabeling techniques. In addition to
the fixation and decalcification time (see Table 1), all of the immunolabeling techniques
described require 2 days to allow for an
overnight incubation with the primary antibody. It is possible to complete them in 1 day
if shorter room temperature incubation is per-

formed; however, for best results overnight incubations at 4°C are recommended.
Sample preparation for SEM. In addition to
fixation and decalcification time (see Table 1),
fine dissection should take 10-30 min per ear.
OTO processing (if required) will take 4 hr,
and dehydration an additional 5 hr. Critical
point drying and mounting will take 2 hr,
and sputter coating (if required) will take 1530 min. It is recommended to complete the
processing steps swiftly; however, if necessary, dehydrated ears may be left in acetone at
4°C for some time.
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