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ABSTRACT

DFNA9 is an autosomal dominant cause of non-
syndromic adult-onset sensorineural hearing loss with
associated variable vestibular dysfunction caused by
mutations in the COCH gene. DFNA9 has previously
been characterized by the presence of unique histo-
pathologic features limited to the cochlear and
vestibular labyrinth. This report describes newly dis-
covered extralabyrinthine findings within the middle
ear in DFNA9 and discusses their implications. The
histopathologic anatomy of extralabyrinthine struc-
tures was reviewed in 12 temporal bones from seven
individuals with DFNA9 and compared with age-
matched controls. All temporal bones with DFNA9
had abnormal deposits within the tympanic mem-
brane, incudomalleal joint, and incudostapedial joint.
Hematoxylin and eosin stain and Movat’s pentach-
rome stain both revealed different staining patterns of
the extralabyrinthine deposits compared with the
intralabyrinthine deposits suggesting that the compo-
sition of the deposits varies with location. The deposits
within the tympanic membrane resembled cartilage
morphologically and stained positively for aggrecan,
an extracellular matrix protein found in cartilage.
However, the cellular component of the tympanic
membrane deposits did not stain with immuno-
markers for chondrocytes (s100 and connective tissue

growth factor). These novel findings in DFNA9 have
implications for the phenotypic expression of the
disorder and the clinical workup of adult-onset
sensorineural hearing loss.
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INTRODUCTION

Hereditary hearing loss is the most common
sensory disorder of humans (Kochhar et al. 2007).
Genetic hearing loss is divided into syndromic and
non-syndromic types, and non-syndromic losses are
further subdivided by inheritance pattern, which
permits categorization of the heterogenous disor-
ders that result in hearing loss. DFNA9 is a form of
non-syndromic, autosomal dominantly inherited
sensorineural hearing loss caused by mutations in
the COCH gene encoding cochlin (Robertson et al.
1998). To date, 12 mutations within the COCH
gene which result in DFNA9 have been described
(Robertson et al. 2008). The clinical manifestations
of DFNA9 include adult-onset progressive sensor-
ineural hearing loss beginning between ages 20 and
50 with progression to anacusis, and vestibular
dysfunction accompanying the hearing loss in some
individuals (Robertson et al. 1998; Khetarpal 2000;
Bischoff et al. 2005). The prevalence of DFNA9 is
unknown as systematic genetic testing on the adult-
onset sensorineural hearing loss population has not
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been performed; however, the disease has been
detected in multiple families across four continents
(Robertson et al. 2006). Previous temporal bone
histopathologic investigations in DFNA9 have
revealed the presence of characteristic eosino-
philic-staining deposits within the cochlear spiral
ligament, spiral limbus, and spiral lamina as well as
within the stroma underlying the utricular and
saccular maculae and the cristae of the semicircu-
lar canals (Khetarpal et al. 1991; Merchant et al.
2000).

Prior histopathologic work on DFNA9 has focused
on the pathologic changes within the inner ear. In a
recent internal review of DFNA9 temporal bones, we
discovered abnormalities of the middle ear that had
not previously been characterized. The goal of the
current study was to systematically study the extra-
labyrinthine structures of all temporal bones with
DFNA9 at the Massachusetts Eye and Ear Infirmary
and House Ear Institute. In the present study, we
report new histopathologic findings located in the
middle ear in DFNA9 and further characterize the
nature of these new findings. The results have
implications for the pattern of phenotypic expression
of DFNA9 and for the clinical workup of adult-onset
sensorineural hearing loss.

METHODS

Morphological analysis of extralabyrinthine
structures

The human temporal bone collections at the Massa-
chusetts Eye and Ear Infirmary and House Ear
Institute were queried for subjects with DFNA9; 12
temporal bones from seven individuals were identified
for study. Our study was approved by the Human
Studies Committees at both institutions. All temporal
bones were processed using the protocol outlined by
Schuknecht (Schuknecht 1993). To summarize, tem-
poral bones were removed at autopsy, placed in 10%
formalin fixative, decalcified in ethylenediaminete-
traacetate, embedded in celloidin, serially sectioned at
a thickness of 20 μm, and every tenth section was
stained with hematoxylin and eosin (H&E). Sections
were examined by light microscopy.

After confirming the histopathologic diagnosis of
DFNA9 by identifying the characteristic eosinophilic-
staining deposits within the cochlea and vestibular
labyrinth, we systematically studied all extralabyrin-
thine structures of these bones. Special attention was
paid to the mobile structures of the middle ear,
including the tympanic membrane, incudostapedial
joint, incudomalleal joint, stapediovestibular joint,
anterior malleal ligament, tensor tympani tendon,
and incudal ligament, after preliminary investigations

showed abnormalities in several of these areas. Each
DFNA9 temporal bone was compared with age-
matched controls without a history of otologic disease
and without histopathologic evidence of otopathology
except age-related change.

Immunohistochemical and histochemical staining

Immunohistochemical staining was performed to
further characterize the newly discovered extrala-
byrinthine findings. Unstained sections adjacent to
sections of interest identified by H&E were
selected. Celloidin was removed prior to immunos-
taining with sodium methoxide as outlined in
previous work (O’Malley et al. 2009). In short,
sections were adhered to glass slides, a sodium
methoxide mixture was applied to the celloidin-
embedded tissues and rinsed with pure methanol
(this process was repeated twice), then the sections
were immersed in descending methanol solutions,
transferred to distilled water, and exposed to
phosphate buffered saline. Immunostaining was
then carried out as previously described (Adams
2002). In short, sections were blocked with 5%
normal horse serum for 1 h and incubated over-
night with primary antibody (Table 1). Serial
dilutions were performed of each antibody to
determine the optimal staining dilution. Biotiny-
lated secondary antibodies appropriate for individ-
ual primary antibodies were placed for 1 h,
followed by avidin-biotin-horseradish peroxidase
(Standard ABC kit, Vector Labs, Burlingame CA)
for 1 h. Sections were then colorized with 0.01%
diaminobenzidine and 0.01% hydrogen peroxide
for approximately 5 min, washed in water, dehy-
drated, and coverslipped. A slight modification to
the protocol was used to visualize aggrecan (bio-
tinylated link and streptavidin-AP labels, DAKO,
Carpenteria CA, followed by fast red application).

Histochemical staining techniques were also used
to characterize the nature of the extralabyrinthine
histopathologic changes. Movat’s pentachrome stain
was performed on unstained sections after celloidin
was removed with clove oil as outlined in previous
work (Sheehan and Hrapchak 1973; O’Malley et al.
2009). Sections were adhered to glass slides, dehy-
drated in ascending ethanol solutions, and trans-

TABLE 1

Primary antibody and concentration used to characterize the
extralabyrinthine manifestations of DFNA9

Aggrecan 1:500
s100 Undiluted
Connective tissue growth factor 1:1,000
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ferred to clove oil and left overnight. Sections were
then hydrated to distilled water. Sections were
placed in Alcian blue for 40 min, in water for
3 min, ethanol for 2 h, water for 10 min, rinsed
with 70% ethanol, placed in resorchin-fuchsin for
20 h, water for 10 min, rinsed in distilled water,
placed in Weigert’s iron hematoxylin for 20 min,
water for 10 min, placed in woodstain scarlet-acid
fuchsin for 5 min, rinsed with 0.5% acetic acid,
placed under 5% phosphotungstic acid for 20 min
and checked for color, rinsed with 0.5% acetic acid,
washed with ethanol, placed in alcoholic saffron for
20 min, dehydrated, and coverslipped (Sheehan
and Hrapchak 1973).

Appropriate age-matched controls were stained in
parallel.

RESULTS

Twelve temporal bones were identified from seven
individuals with a diagnosis of DFNA9. The group
under study included three females and four males
ranging in age from 45 to 86. All 12 bones were
confirmed to have the characteristic eosinophilic
deposits within the cochlea and vestibular labyrinth
that are pathognomonic for DFNA9 (Fig. 1). Prior
genetic studies have identified the DFNA9 mutations
responsible for the clinical and histopathologic find-
ings in the temporal bones of five of the individuals
studied (Table 2) (Robertson et al. 1998, 2006). The
remaining two individuals share identical histopatho-
logic features with the bones from individuals with
specifically identified DFNA9 mutations. Twelve age-
matched control temporal bones were confirmed to
be free of pathologic change (excepting age-related
change).

Histopathologic and immunohistochemical
analysis

The histopathologic extralabyrinthine manifestations
of DFNA9 are summarized in Table 2. One striking
finding within all DFNA9 temporal bones was the
thickening of the middle layer of the tympanic
membrane by deposits (Fig. 2). These tympanic
membrane deposits occurred focally within the pars
tensa and were of variable thickness, with the remain-

FIG. 1. Cochlear deposits in DFNA9. Note the eosinophilic-
staining deposits within the spiral ligament and spiral limbus. Also
note the hypocellularity of the spiral ligament and lack of dendritic
processes from the cochlear nerve in the osseous spiral lamina. H&E
stain.

TABLE 2

Extralabyrinthine histopathologic changes in DFNA9 by site

Case number 1 2 3 4 5 6 7

Age and sex 86 F 67 F 59 F 82 M 78 M 82 M 45 M

DFNA9 mutation V66G P51S V66G G88E G88E

Side L R L R L R L R L R L L

Tympanic membrane + + + + + + + + + +
Incudomalleal joint + + + + + + + + + +
Incudostapedial joint + + + + + + + + + + +
Stapediovestibular joint − − − − − − − − − − − −
Anterior malleal ligament − − − − − − + − − −
Tensor tympani tendon − − − − − − − − + −
Incudal ligament − − − − − − − − − −
Internal auditory canal − − − − − − − − − − − −

Each structure listed in Table 2 was examined for the presence of histopathologic findings in DFNA9. Specifically, abnormal findings (as indicated by a positive sign
(+) above) were characterized by thickening of the structure under examination with disorganized material, often accompanied by the presence of an abnormal
cellular component (see Figs. 2 and 5 for examples). If the structure was normal, it is indicated by a negative sign (−) above. Some temporal bones did not have all
components preserved in a condition that would permit histopathological evaluation (cases 2R, 4R, and 5R)—those structures which were unevaluable are indicated
by a blank space in the table above. Specific DFNA9 mutations associated with each case have been included, when known.
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der of the tympanic membrane appearing normal.
The proportion of the tympanic membrane within a
given temporal bone affected with the deposits
averaged 26% (range, 5% to 50%). The staining
characteristics of the deposits varied; the deposits
typically consisted of a mixture of eosinophilic and
basophilic staining patterns, however, on occasion,
the deposits were almost entirely eosinophilic or
basophilic. The morphologic appearance of the
deposits resembled cartilage: cells were seen within
lacunae and were surrounded by extracellular mate-
rial. Immunostaining was performed to investigate the
chondroid appearance of the deposits. The deposits
stained positively with immunomarkers for aggrecan,
a cartilaginous extracellular matrix protein (Fig. 3).
However, the cellular component did not stain with

chondrocyte markers s100 or connective tissue growth
factor (CTGF) (Fig. 4).

The joints of the middle ear were also found to
have histopathologic changes in DFNA9. In all DFNA9
temporal bones, the incudomalleal and incudostape-
dial joints were thickened with whorls of disorganized
eosinophilic and basophilic stained material similar to
that found within the tympanic membrane (Fig. 5).
The entire joint space was affected in the incudomal-
leal and incudostapedial joints. For example, in the
incudomalleal joint, the deposits filled the joint space
from the medial to the lateral incudomalleal liga-
ments. Other mobile areas within the middle ear such
as the stapediovestibular joint, tensor tympani tendon,
anterior malleal ligament, and incudal ligament did
not reliably demonstrate similar deposits in DFNA9.
One individual demonstrated cartilage-like deposits
within the tensor tympani tendon and another
individual within the anterior malleal ligament; how-
ever, these findings were absent in the remainder of
the specimens. Histopathologic evidence for con-
founding pathologies, such as otitis media and
degenerative joint disease, was absent in all cases.
Other extralabyrinthine areas of the temporal bones
were not found to have any other histopathologic
abnormalities.

None of the control specimens showed any abnor-
malities on light microscopy or immunostaining.

Comparative evaluation of middle ear with inner
ear deposits

The deposits within the tympanic membrane and
middle ear structures exhibited a variety of staining
patterns, most commonly a mixture of eosinophilic
and basophilic stains (Figs. 2 and 5), which differed
from the uniform eosinophilic-staining character-
istics of the deposits within the inner ear (Fig. 1)
using a standard H&E stain. To confirm this
apparent difference in the composition of the
deposits, in light of its prior use in DFNA9, Movat’s
pentachrome stain was performed (Fig. 6) (Khetarpal
et al. 1991). Movat’s pentachrome is a histochemical
staining technique, where color of staining repre-
sents the basic underlying composition of the tissue.
For example, nuclei stain black, collagen yellow,
ground substance blue, and fibrin red (Sheehan
and Hrapchak 1973). The staining pattern within
the inner ear confirmed the previously reported
finding that the substance within the spiral liga-
ment, spiral limbus, and stroma underlying the
vestibular endorgans was ground substance/muco-
polysaccharide (Khetarpal et al. 1991). The staining
pattern of the deposits within the tympanic mem-
brane and incudomalleal joints was different than
that in the inner ear; the tympanic membrane

FIG. 2. Top, tympanic membrane deposits resembling cartilage in
DFNA9. Note the mixed eosinophilic and basophilic staining
material causing marked thickening of the tympanic membrane.
The deposits are composed of cells surrounded by lacunae amongst
disorganized whorls of extracellular material. Bottom, normal age-
matched control tympanic membrane at equal magnification. H&E
stain.
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deposits appeared to be composed of a mixture of
both ground substance and collagen stains, and the
incudomalleal joints were composed of whorls of a
peach color that perhaps represent a mixture of
several substances. In an effort to further compare
the middle ear and inner ear deposits, we attemp-
ted staining with anti-cochlin antibodies (graciously
provided by Thomas Carey, Ph.D., Kresge Hearing
Research Institute), but the results were inconclu-
sive because of non-specific staining (data not
shown).

DISCUSSION

DFNA9 has previously been characterized as a
disorder solely afflicting the inner ear, resulting in
sensorineural hearing loss and variable vestibular
dysfunction. Prior investigations have shown the
presence of inner ear deposits within the spiral
ligament, spiral limbus, and the stroma underlying
the vestibular sensory epithelium in DFNA9; cochlin
has been detected by immunohistochemical stain-
ing in the normal and DFNA9 conditions in these
locations (Khetarpal et al. 1991; Robertson et al.
2006). The present study demonstrates that the
manifestations of DFNA9 are more widespread than
previously thought. Specifically, the tympanic mem-
branes in DFNA9 are characterized by the presence
of focal deposits of extracellular material surround-
ing a cellular infiltrate resulting in a morphological
appearance resembling cartilage. The incudomal-
leal and incudostapedial joints contain similar
deposits. Because the morphologic appearance of
the deposits within the tympanic membrane so

closely resembled cartilage, we sought to further
investigate the nature of these deposits. Cartilage is
composed of chondrocytes surrounded by an
extracellular matrix, and markers for each were
selected for study. The immunohistochemical stain-
ing pattern of the deposits within the tympanic
membrane are different from true cartilage. The
cellular component did not stain positively for
either s100 or CTGF, both of which stain chondro-
cytes. However, the extracellular component did
stain positively for aggrecan, which is an extracel-
lular component of cartilage. We conclude that the
deposits within the tympanic membrane are carti-
lage-like, but are not representative of true cartila-
ginous metaplasia. The mechanism by which
cartilage-like deposits develop within the middle
ear is unknown. Although cochlin was initially
discovered within the inner ear, it has since been
reported to be widely expressed in multiple organs
including the spleen, brain, kidneys, testis, uterus,
intestine, and eye, among others (Robertson et al.
1994; Rodriguez et al. 2004; Picciani et al. 2007).
The middle ear has yet to be specifically evaluated
for cochlin expression. Diminished clearance of
misfolded cochlin is believed to be the mechanism
by which deafness associated with inner ear depos-
its in DFNA9 develop (Yao et al. 2010). Additionally
the second von Willebrand domain within cochlin
has been shown to interact with extracellular
matrix proteins, collagen in particular (Nagy et al.
2008). We do not know if misfolded mutant cochlin
also plays a role in the development of deposits
within the middle ear of DFNA9 through interaction
with extracellular matrix proteins; further study is
warranted to specifically investigate this point.

FIG. 3. Immunostaining for aggrecan,
an extracellular component of cartilage.
The extracellular component of the
deposits within the tympanic membrane
stains positively for aggrecan (red stain-
ing). Higher power view, taken using
Nomarski optics, confirms that aggrecan
localizes to an extracellular location
(inset).

MCCALL ET AL.: Extralabyrinthine DFNA9 145



Knowing that deposits are present both within
the inner and middle ears of DFNA9, we sought to
determine if the composition of the two was similar.
We first evaluated standard H&E sections. Deposits
within the tympanic membrane consist of an
amorphous and typically mixed eosinophilic and
basophilic staining material surrounding cells in
lacunae. Deposits within the incudomalleal and
incudostapedial joints similarly are composed of
deposits in a whorled pattern. In contrast, the
deposits within the inner ear are uniformly eosino-
philic and are associated with a relative hypocellu-
larity. Movat’s pentachrome staining provided
further support for the apparent difference in
composition of the middle ear and inner ear
deposits. The inner ear deposits stained positively
for mucopolysaccharides whereas the tympanic
membrane deposits stained for a mixture of muco-
polysaccharide and collagen stains surrounding
nuclei. The incudomalleal joint stained with a

different pattern as well. From the morphologic
appearance and histochemical staining character-
istics of these deposits, we conclude the deposits
within the middle ear appear different than those
within the inner ear. The reasons for the differ-
ential nature of the deposits between the middle
ear and inner ear are unclear and further study is
warranted to address this issue.

One salient fact discovered in the current study
is that histopathologic deposits are present within
both the middle and inner ears in DFNA9. A non-
syndromic genetic deafness with histopathologic
findings within both the middle and inner ears is
unique. DFN3, an X-linked form of non-syndromic
hearing loss, does presumably affect the inner ear
and middle ear as its clinical features include
sensorineural hearing loss and stapes fixation,
however, the histopathologic correlates of this
disease have yet to be described (de Kok et al.
1995). At the current time, DFNA9 is the lone

FIG. 4. Chondrocyte immunohistochemical markers do not stain the
cellular component of tympanic membrane deposits in DFNA9. The
cellular component of the deposits in the tympanicmembrane show little
to no staining with either s100 (top, left) or CTGF (bottom, left). Contrast

with the positive control staining of the eustachian tube, with extensive
staining of chondrocytes with s100 (top, right) and CTGF (bottom, right).
The images of the tympanic membrane deposits and cartilaginous
eustachian tube are taken from within the same section for each stain.
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form of non-syndromic genetic deafness with
histopathologic change in both the middle and
inner ears.

Hearing loss related to COCH gene mutations has
been classified as a non-syndromic form of sensor-
ineural hearing loss. There is mounting evidence to
suggest that DFNA9 may ultimately represent a
syndromic form of hearing loss. There is evidence
that some families with DFNA9 have ophthalmological
changes coincident with discovery of the hearing loss.
In a study evaluating the ocular findings in DFNA9,
three out of four DFNA9 families studied had vertical
stria present on the cornea (Bischoff et al. 2007). It
remains to be proven that the ocular findings are
related to the COCH gene mutation rather than
represent cosegregation with a nearby unrelated
gene in these families. However, additional data
exists that suggests cochlin may truly play a role in
ocular disease. Proteomic studies have demonstra-
ted differential expression of cochlin within the
trabecular meshwork of glaucomatous patients

(Picciani et al. 2007; Picciani et al. 2009). These
ophthalmologic findings along with evidence from
this study showing histopathologic changes within
the middle ear demonstrate that the effects of
cochlin-related disease are not solely limited to the
inner ear. Continued work investigating the distri-
bution of COCH gene products and their physio-
logic activities along with studies carefully
evaluating the clinical features of individuals with
COCH gene mutations may provide evidence to
further clarify the classification of DFNA9.

Another important question may be raised from
the findings of the current study—does the disorder
represent a pure sensorineural hearing loss or does
a conductive component to the hearing loss exist
given the fact that the deposits are found along the
sound conduction pathway? We speculate that the
middle ear deposits would likely have a negligible
effect on sound transmission to the inner ear. The
tympanic membrane deposits are focal and, analo-
gous to the case of focal myringosclerosis, would
likely not result in a conductive hearing loss (Caye-
Thomasen et al. 2008). The deposits within the
incudomalleal and incudostapedial joints may have
a stiffening effect on these joints, which we would
anticipate to have little, if any, detrimental clinical
effect, and may even more efficiently transfer sound
into the inner ear. Disorders of the ossicular chain
which do result in conductive hearing loss typically
result from anchoring the ossicular chain to
another fixed structure (e.g., otosclerosis fixing the
stapes to the bony labyrinth) or erosion and
uncoupling of the ossicular chain (e.g., chronic
otitis media eroding the incudostapedial joint)
(Chole and McKenna 2001; Chien et al. 2009;
Ebenezer and Rupa 2010). Supporting the assertion
that the middle ear deposits do not contribute a
conductive component to the hearing loss in
DFNA9, prior clinical reports have shown isolated
sensorineural hearing loss in affected family mem-
bers in kindreds with DFNA9 (Halpin et al. 1996;
Manolis et al. 1996). Detailed longitudinal audio-
metric studies should clarify the issue.

The presence of middle ear deposits in DFNA9
may be relevant to the clinical evaluation of families
with adult-onset sensorineural hearing loss. We
speculate that the deposits we have discovered
histologically may be clinically detectable. First, the
tympanic membrane deposits, especially when large,
may be visible on otoscopic examination. Second,
impedance measurements, such as tympanometry,
may vary from normal, perhaps with a stiffened
pattern. Third, imaging studies, such as computed
tomography, may detect an area of thickening of
the tympanic membrane corresponding to the
deposits. If such diagnostic clues prove to be

FIG. 5. Incudomalleal and incudostapedial joints show histopatho-
logic changes similar to those seen in the tympanic membrane in
DFNA9. The incudomalleal and incudostapedial joints are thickened
with whorled material. H&E stain.
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present in clinical studies of DFNA9, these clinical
tests would aid in the evaluation of individuals with
adult-onset sensorineural hearing loss (especially in
the setting of multiple hearing impaired family
members) and could lead to appropriate genetic
testing for COCH gene mutations.

CONCLUSIONS

The histopathologic manifestations of DFNA9 include
changes within the middle and inner ears. The
tympanic membrane in DFNA9 has focal deposits
which are cartilage-like, and the incudomalleal and
incudostapedial joints are thickened with deposits in a
whorled pattern. The deposits within the middle ear
appear to be different in composition than those in
the inner ear. The phenotypic expression of COCH

gene mutations in humans is more widespread than
previously thought.
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FIG. 6. Movat’s pentachrome stain in DFNA9 confirms that the
composition of the deposits in the middle ear differ from those in the
inner ear. The spiral ligament and limbus stain blue (marked by
asterisks in A) as does the stroma underlying the vestibular sensory
epithelium (marked by asterisk in B) indicating the presence of
ground substance/mucopolysaccharide. The tympanic membrane

deposits (marked by asterisk in C) stain with a mixture of colors
including black–red (nuclei), blue (mucopolysaccharide), and a large
yellow component (collagen). The incudomalleal joint deposits
(marked by asterisk) stain a peach color which is not characterized
on the Movat’s pentachrome stain but possibly represents a mixture
of underlying components.
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