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In the middle ear, a chain of three tiny bones (ie, mal-
leus, incus, and stapes) vibrates to transmit sound from
the tympanic membrane to the inner ear. Little is
known about whether and how bone-resorbing oste-
oclasts play a role in the vibration of auditory ossicles.
We analyzed hearing function and morphological fea-
tures of auditory ossicles in osteopetrotic mice, which
lack osteoclasts because of the deficiency of either cyto-
kine RANKL or transcription factor c-Fos. The auditory
brainstem response showed that mice of both geno-
types experienced hearing loss, and laser Doppler vi-
brometry revealed that the malleus behind the tym-
panic membrane failed to vibrate. Histological analysis
and X-ray tomographic microscopy using synchrotron
radiation showed that auditory ossicles in osteopetrotic
mice were thicker and more cartilaginous than those in
control mice. Most interestingly, the malleal processus
brevis touched the medial wall of the tympanic cavity in
osteopetrotic mice, which was also the case for c-Src
kinase–deficient mice (with normal numbers of nonre-
sorbing osteoclasts). Osteopetrotic mice showed a
smaller volume of the tympanic cavity but had larger
auditory ossicles compared with controls. These data
suggest that osteoclastic bone resorption is required
for thinning of auditory ossicles and enlargement
of the tympanic cavity so that auditory ossicles vib-
rate freely. (Am J Pathol 2011, 178:1270–1278; DOI:
10.1016/j.ajpath.2010.11.063)
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The temporal bone contains three highly mineralized bones
[ie, the malleus (hammer), incus (anvil), and stapes (stir-
rup)].1 The malleus firmly attaches to the tympanic mem-
brane and transmits vibration to the incus and stapes,
which, in turn, vibrates fluid in the inner ear through the oval
window.2 These auditory ossicles are arrayed in the middle
ear, which is also called the tympanic cavity. Disturbances
in sound transmission in the middle ear result in conductive
hearing loss, whereas impairment of the internal ear or the
auditory nerve causes sensorineural hearing loss.

Osteoclasts are specialized multinuclear macrophages
that resorb bone. Once bones develop through endochon-
dral and intramembranous ossification (bone modeling), os-
teoclastic bone resorption in adults is usually followed and
balanced by osteoblastic bone formation through “cou-
pling” mechanisms, which maintain bone integrity (bone
remodeling).3 Turnover of temporal bones, including the
otic capsule and auditory ossicles, is much slower than that
of long bones because the former contain high levels of
osteoprotegerin (OPG),4,5 a decoy receptor for the oste-
oclastogenic cytokine RANKL (a receptor activator of
NF-�B ligand).6 Consistently, Opg�/� mice exhibit exces-
sive numbers of osteoclasts because of increased RANKL
activity and develop high-turnover osteoporosis.7 Auditory
ossicles in Opg�/� mice are massively resorbed by abun-
dant osteoclasts, resulting in impaired hearing function.8,9

In Opg�/� mice, the ligament at the junction of the stapes
and the otic capsule is lost by bony ankylosis (fusion).8,9

The administration of the antiresorptive drug bisphospho-
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nate prevents erosion of auditory ossicles and progression
of hearing loss, demonstrating that excessive bone resorp-
tion underlies impaired hearing in Opg�/� mice.10

Conversely, a lack of or reduced osteoclastic bone re-
sorption results in osteopetrosis in humans and rodents.
Human osteopetrosis, first described in 1904 as “marble
bone disease,” includes various inherited bone disorders
marked by nonfunctional or poorly differentiated oste-
oclasts.11,12 Autosomal-recessive osteopetrosis is often se-
vere and is usually seen in infants who show acidification
deficiency of resorption lacunae. Recently, loss-of-function
mutations in RANKL have been identified in patients with
osteoclast-poor autosomal-recessive osteopetrosis.13 In
contrast, autosomal-dominant osteopetrosis has a milder
course and is often observed in adults with dominant-neg-
ative mutations in the chloride channel CLCN7. Conductive
and sensorineural hearing loss is frequently seen in both
autosomal-recessive and autosomal-dominant osteopetro-
sis and is reportedly due to mastoid obliteration, ossicular
involvement, recurrent otitis media, or auditory nerve com-
pression.14–17

In mice, osteopetrosis, which is characterized by the
failure of tooth eruption and decreased bone marrow
space, is observed after targeting of genes encoding
RANKL (Tnfsf11 and Rankl), RANK (Tnfrsf11a), TRAF6
(Traf6), c-Fos (Fos), and c-Src (Src), among other factors.12

Macrophage colony-stimulating factor (Csf1) and RANKL
are two cytokines crucial for osteoclast differentiation. The
adaptor protein TRAF6 mediates RANK signaling, which
eventually activates the transcription factors c-Fos and NF-
�B. The c-Fos activates osteoclastogenic target genes, in-
cluding Nfatc1, and is, therefore, essential for osteoclast
differentiation.18,19 Naturally occurring loss-of-function mu-
tations in the macrophage Csf gene cause osteopetrosis in
Csf1op/op mice and toothless (tl/tl) rats.20,21 The Csf1op/op

mice develop hearing loss attributed to abnormal brain de-
velopment.22 The tl/tl rats show hearing loss and abnormal-
ities in auditory ossicles, such as an increase in primitive
calcified cartilage in the stapes and reduced capillary
sprouting in the vascular bed of the temporal bone.23

In this study, we analyzed the morphological character-
istics and mobility of auditory ossicles in mouse models of
osteopetrosis. We show that bone resorption by osteoclasts
is necessary for normal modeling of auditory ossicles and
the temporal bone and provide an explanation for impaired
vibration of auditory ossicles seen in osteopetrotic mice.

Materials and Methods

Mice

Mice lacking RANKL (Rankl�/�)24 and c-Src (Src�/�)25

were bred on a C57BL/6J background. Mice lacking c-Fos
(Fos�/�)26 were produced by heterozygous breeding on a
mixed C57BL/6J and 129 background. The Csf1op/op

mice20 were obtained by heterozygous breeding on a
mixed C57BL/6J and C3HeB/FeJ background. All animal
experiments were conducted in accordance with institu-

tional board–approved protocols at Keio University, Tokyo,
Japan; and the National Center for Geriatrics and Gerontol-
ogy, Aichi, Japan.

Auditory Brainstem Response

A differential active needle electrode was placed subcuta-
neously below the pinna of the tested ear. A reference
electrode was placed at the vertex, and a ground electrode
was positioned below the pinna of the contralateral ear. The
detailed procedure was previously described.9

Laser Doppler Vibrometry

A commercially available system (NLV-2500-5; Polytec
Japan, Yokohama) was used for vibrometry. The sound
stimulus from a speaker located near the ear canal was
synchronized with the voltage output of the laser demod-
ulator/controller. The 1.5-�m laser spot was positioned on
the malleus, behind the tympanic membrane, under a
charge-coupled, device–magnified image after the
mouse head was immobilized and the ear lobes were
removed under anesthesia. Mice were then exposed to
continuous pure-tone stimuli of 2, 4, 12, and 20 kHz at
sound pressure levels of 85, 94, 100, and 105 dB, re-
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Figure 1. Hearing loss and impaired vibration of the malleus in osteopetrotic
mice. A and B: Evaluation of the hearing threshold based on auditory brainstem
response. Rankl�/� mice (A, open squares, aged 6 to 8 weeks, n � 6) and
Fos�/� mice (B, open squares, aged 6 to 8 weeks, n � 6) were compared with
wild-type controls (closed squares, aged 6 to 8 weeks, n � 6 for each). *P � 0.05
and **P � 0.001 versus wild-type controls. SPL indicates sound pressure level.
C–E: Laser Doppler vibrometry. C: Picture of the experimental setting; sp,
speaker. The pink arrow indicates the direction of the laser beam.
D: The malleus (M) behind the tympanic membrane in a wild-type mouse
targeted with the laser beam. E: Velocity of the vibrating malleus in littermate
controls (n � 5), Rankl�/� mice (aged 17 weeks, n � 2), and Fos�/� mice (aged

10 to 14 weeks, n � 3) exposed to pure-tone sounds at 2, 4, 12, and 20 kHz.
*P � 0.05 and **P � 0.01 versus controls.



1272 Kanzaki et al
AJP March 2011, Vol. 178, No. 3
spectively. Vibrations of the malleus were recorded and
separated into various frequency components using fast
Fourier transforms. Neither injury nor perforation of the
tympanic membranes was observed after testing.

Microcomputed Tomographic Analysis

The skulls of Rankl�/�, Fos�/�, Src�/�, and control mice
were imaged using microcomputed tomographic (�CT)
scanners. A �CT scanner (R_mCT; Rigaku Corporation,
Tokyo, Japan) was operated at 90 kV and 150 �A over 120
seconds. The CT images were reconstructed from 512 pro-
jections using computer software (i-view-R software; J.
Morita, Kyoto, Japan). Reconstructed images were 481 �
481 � 481 pixels at a voxel size of 10 �m. In several
experiments, a �CT scanner (model TDM1000; Yamato Sci-
entific, Tokyo) was operated at 80 kV and 35 � A using 16
integrations and 800 projections. Images were 1024 � 1024
� 1024 pixels at a voxel size of 4.93 �m. The three-dimen-
sional (3D) data were analyzed using computer software
(Tri/3D-BON software; Ratoc System Engineering, Tokyo).
For volumetric analysis of wild-type and osteopetrotic mice,
the limits of the tympanic cavity were defined as follows. The
tympanic membrane forms the lateral wall, whereas the
promontory (a part of the otic capsule) forms the medial
wall. Superiorly, the tegmen tympani forms the roof; and,
inferiorly, the bone over the jugular vein forms the floor of the
middle ear. Because the tympanic cavity is continuous an-
teriorly with the Eustachian tube (auditory tube) and poste-
riorly with small cavities filled with air (mastoid air cells), we
defined anterior and posterior limits of the tympanic cavity
arbitrarily based on the anterior end of the malleus and the
posterior end of the stapes, respectively, so that the entire
array of ossicles is encased.

Biomicroscopy

The morphological characteristics of isolated auditory os-
sicles were analyzed using a stereoscopic zoom micro-
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scope with a digital camera system (Eclipse 90i, SMZ1500,
Nikon, Tokyo).

Synchrotron X-Ray Tomographic Microscopy

Synchrotron radiation experiments were approved by the
SPring-8 committee (2007B1787) and performed using a
monochromatic X-ray beam (9.0 keV) at the beamline 20XU
of the synchrotron radiation facility (SPring-8, for Super Pho-
ton ring-8GeV, Hyogo, Japan). The X-ray microscope was
constructed using an X-ray Fresnel zone plate (ATN/FZP-
S86/416; NTT-AT, Tokyo). The X-ray imaging optical mag-
nification was 20.2. An X-ray image detector consisting of a
charge-coupled device camera, a phosphor screen, and a
coupling lens was used. Samples were placed 4 mm down-
stream from the on-focus position to enhance imaging of the
edges of osteocyte lacunae and chondrocytes by defocus
phase contrast. Through 180 degrees of sample rotation,
2000 images at 1344 � 1017 pixels were collected. Tomo-
graphic images were reconstructed at an effective voxel
size of 0.22 �m. The 3D data were analyzed using com-
puter software (Tri/3D-BON software).

Histological Analysis

The temporal bones were fixed in 4% paraformaldehyde
in 0.1 mol/L PBS. After washing with PBS, specimens
were decalcified in 0.5 mol/L EDTA– (pH, 7.3) for 3 to 4
weeks at 4°C. Decalcified specimens were then washed
in PBS, dehydrated in a graded series of ethanols, em-
bedded in paraffin, sectioned, and stained with H&E, or
Alcian Blue 8GX and Nuclear Fast Red.

Statistical Analysis

All data are expressed as mean � SEM. We used the
Student’s t-test or one-way analysis of variance with a
confidence level of 95% using Statistical Package for
Social Sciences version 16 (IBM, Chicago, IL).
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Figure 2. The �CT imaging of the right auditory
ossicles of 8-week-old wild-type mice. A–D: Ro-
tating views of wild-type auditory ossicles pre-
sented in pseudocolors: malleus (green), incus
(yellow), stapes (red), and tympanic membrane
(TM; blue). Lateral (l) (A), anterior (a) (B), me-
dial (m) (C), and posterior (p) (D) images are
shown; ap, anterior process; mb, malleal proces-
sus brevis; mm, malleal manubrium. Superior
(E) and inferior (F) views; ac, anterior crus; pc,
posterior crus; asterisks indicate a tubercle for
stapedius muscle insertion. The voxel size was
originally 4.93 �m and was downsized to 9.86
�m. Scale bar � 1 mm.
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Results

Hearing Loss and Impaired Vibration of the
Malleus

We first analyzed hearing function of osteopetrotic mice by
measuring the auditory brainstem response. The hearing
threshold of Rankl�/� mice was higher (worse) than that of
wild-type control mice over the entire frequency range
tested (2 to 20 kHz) (Figure 1A). A similar elevation in hear-
ing threshold was observed in Fos�/� mice (Figure 1B).
Although potential involvement of other cell types was not
excluded, the similarity in phenotypes exhibited by these
two strains of osteopetrotic mice suggested that the ob-
served hearing loss is because of a lack of osteoclastic
bone resorption.

To determine whether the mobility of auditory ossicles
was affected in Rankl�/� and Fos�/� mice, we monitored
the vibration of the malleus behind the tympanic membrane
using laser Doppler vibrometry. After immobilizing the head
of control or mutant mice, a rod-type speaker was placed
near the exposed tympanic membrane (Figure 1C). The
laser beam was targeted to the malleus, which was clearly
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visible behind the tympanic membrane (Figure 1D). Based
on the maximum velocity of the malleus, the tympanic mem-
branes of control mice responded well to pure-tone sounds
at 12 and 20 kHz and less prominently to stimuli at 2 and 4
kHz (Figure 1E). In contrast, the vibration of the malleus of
Rankl�/� and Fos�/� mice was significantly impaired. The
velocities of the malleus for control, Rankl�/�, and Fos�/�

mice at pure-tone stimuli of 12 kHz were 670, 1.4, and 10
�m/s (Figure 1E), corresponding to amplitudes of 8.9 � 1.3,
0.14 � 0.05, and 0.02 � 0.01 nm, respectively. These data
suggest that osteoclastic bone resorption is required for
auditory ossicles to be able to vibrate.

Morphological Characteristics of Wild-Type
Auditory Ossicles

Next, we visualized the chain of auditory ossicles of wild-
type mice using �CT. Reconstructed images shown in Fig-
ure 2 indicate that the head of the malleus (green) articu-
lated with the body of the incus (yellow), which connected
through its long process with the stapes (red). The handle of
the murine malleus (malleal manubrium) was attached to
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Figure 3. Morphological characteristics of audi-
tory ossicles in control, Rankl�/�, Csf1op/op, and
Fos�/� mice (aged 6 to 8 weeks). Scale bar � 250
�m for the malleus and 100 �m for the incus and
stapes. h, head; mb, malleal processus brevis; mm,
malleal manubrium; b, body; sp, short process; lp,
long process; sh, stapedial head; ac, anterior crus; pc,
posterior crus; fp, floor plate; asterisk indicates a
tubercle for stapedius muscle insertion.
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the tympanic membrane and was winglike (Figure 2, A, B,
and F). The characteristic semispherical process of the
murine malleus, called the malleal processus brevis (short
process), did not contact the tympanic membrane (Figure
2, C and D), although a conical projection that constitutes
the human equivalent of the processus brevis (also called
processus lateralis) reportedly attaches to the tympanic
membrane.27 As expected, the anterior process of the mal-
leus ran anteriorly (Figure 2, D and F). The morphological
features of the murine stapes (Figure 2, E and F) were
grossly similar to those known for the human stapes.27 On
the posterior crus of the stapes, the tubercle for the insertion
of the stapedius muscle, which damps down excess vibra-
tion of the stapes, was visible (Figure 2, E and F).

Osteopetrotic Auditory Ossicles Show Aberrant
Thickening

We isolated the malleus, incus, and stapes from control
mice and three lines of osteopetrotic mice (ie, Rankl�/�,
Csf1op/op, and Fos�/�). Auditory ossicles in osteopetrotic
mice were similar in overall morphological features to those
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seen in control mice, except that osteopetrotic ossicles
were thicker, particularly at the malleal manubrium, incus
body, and stapedial arch (especially the anterior and pos-
terior crura) than control ossicles (Figure 3). Because of the
thick crura, the space between the crura (the obturator
foramen) through which the stapedial artery passes (Figure
4E) was smaller in osteopetrotic compared with control
mice (Figure 3, right). These morphological changes in au-
ditory ossicles suggest that in wild-type mice osteoclasts
function to resorb the surface of ossicles, thereby paring
them down.

Osteopetrotic Mice Exhibit Chondrocytes in
Auditory Ossicles and Temporal Bone

Next, we histologically analyzed stapedial-cochlear junc-
tions in control, Rankl�/�, and Fos�/� mice because bony
fusion of the stapedial-cochlear junction is observed as an
otosclerosis-like phenotype in Opg�/� mice9 and is similar
to so-called stapes fixation in human otosclerosis associ-
ated with conductive hearing loss. However, in both
Rankl�/� and Fos�/� mice, the ligament between the sta-

Co

Co

Co

Figure 4. Histological analysis of the middle ear
of control, Rankl�/�, and Fos�/� mice (aged 6
to 8 weeks). A: H&E staining. B: Higher magni-
fication of the stapedial-cochlear junction shown
in the boxed area of A. Arrows indicate the
ligament between the stapedial footplate and the
cochlea. C: Staining (Alcian Blue) of cartilage
with Nuclear Fast Red counterstaining. Arrow-
heads indicate cartilage. D: Pseudocolored �CT
image of Fos�/� mice sectioned in silico, as in A.
The auditory ossicles (pink) and tympanic mem-
brane (blue) are visible. E: Binocular image of
the stapedial artery passing through the stapes in
a wild-type mouse. TM, tympanic membrane; M,
malleus; I, incus; S, stapes; sa, stapedial artery;
Co, cochlea. Scale bar � 200 �m.
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pedial footplate and the otic capsule appeared to be intact
(Figure 4, A and B). On the other hand, cartilaginous tissues
were observed in both auditory ossicles and the temporal
bone in Rankl�/� and Fos�/� mice. Staining (Alcian Blue) of
cartilage on an adjacent section confirmed abundant chon-
drocytes in mutant compared with control mice in all three
ossicles and in the otic capsule surrounding the base of the
cochlea (Figure 4C, open arrowheads). A �CT image of a
Fos�/� mouse was sliced in silico along the same plane as
histological sections revealing the anatomical relationship
between the stapedial artery and the stapes (Figure 4, A
and D). The stapedial artery passing through the stapes
was directly confirmed by binocular microscopy (Figure
4E).

3D Analysis of Cartilage in the Malleal
Processus Brevis of Fos�/� Mice

Unlike bone, cartilage is difficult to visualize in conven-
tional �CT because of the low X-ray absorption. There-
fore, we performed high-resolution 3D analysis of the
malleus processus brevis of wild-type and Fos�/� mice
using X-ray tomographic microscopy with synchrotron
radiation, which allows imaging of chondrocytes. We fo-
cused on the malleal processus brevis, a semispherical
protrusion of unknown function with a diameter of approx-
imately 300 �m.28 The 3D reconstruction and analysis of
vertical and horizontal sections of the processus brevis of
control mice revealed bone tissue containing osteocytic
lacunae (Figure 5, A, C, E, and G). In contrast, the malleal
processus brevis of Fos�/� mice contained hypertrophic
chondrocytes (Figure 5, B, D, F, and H). Characteristically
large, round, and paired chondrocytes, as observed in ar-
ticular cartilage,29 were clearly visible (Figure 5H). The mal-
leal processus brevis of Traf6�/� mice was also filled with
paired chondrocytes based on analysis using synchrotron
X-ray tomographic microscopy (data not shown). These
data suggest that the malleal processus brevis of oste-
oclast-deficient mice remains cartilaginous because proper
endochondral ossification does not occur in the absence of
osteoclastic bone resorption.

Malleus Contacts the Middle Ear Wall in
Osteopetrotic Mice

To gain insight into the cause of impaired vibration of
auditory ossicles, we compared conventional �CT im-
ages of the middle ear of wild-type and Fos�/� mice. As
expected, a wild-type mouse showed detachment of the
malleal processus brevis from the walls of the tympanic
cavity and from the path of the stapedial artery on the
medial wall of the tympanic cavity (Figure 6, A–C). Unex-
pectedly, however, the malleal processus brevis of a
Fos�/� mouse was in contact with the medial wall of the
tympanic cavity (the promontory or lateral wall of the
cochlea) (Figure 6, D and E). Furthermore, the processus
brevis overlapped with the path of the stapedial artery
(Figure 6F). Similar contact of the malleus to temporal
bone or to the path of the stapedial artery was evident in

three other Fos�/� mice evaluated at the age of 31 to 36
weeks (see Supplemental Figure S1, A–F, at http://ajp.
amjpathol.org). Next, we analyzed phenotypes in younger
Fos�/� mice and found that in both 16- and 4-week-old
Fos�/� mice the malleal processus brevis was com-
pressed against the promontory (see Supplemental Fig-
ure S1, G–J, at http://ajp.amjpathol.org).

Next, we examined the middle ear of osteopetrotic mice
lacking the c-Src proto-oncogene.25 In contrast
to Fos�/� mice, which completely lack osteoclasts, Src�/�

mice exhibit ample osteoclasts; however, these cells do not
form sealing ring, which is required for them to adhere to
and resorb bone.25 The �CT analysis showed that the mal-
leal processus brevis was pressed against the medial wall
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Figure 5. Synchrotron tomographic microscopic imaging of the malleal pro-
cessus brevis. A, C, E, and G: Representative images of 31-week-old wild-type
mice. B, D, F, and H: Representative images of 36-week-old Fos�/� mice. The
3D images of the tip of the malleal processus brevis (A and B), with in silico
vertical (C and D) or horizontal (E and F) sections. Scale bar � 100 �m. Internal
30-�m cubes for each genotype are shown in G and H, respectively. Scale bar
� 20 �m. G: At least nine osteocyte lacunae. H: At least six paired chondrocytes.
The voxel size was 0.22 �m.
of the tympanic cavity in Src�/� mice (Figure 6, G–J). These
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malleus) an asterisk marks the malleal processus brevis; Co, cochlea; S,
stapes; sa, stapedial artery; mm, malleal manubrium. Dashed pink (red) lines
indicate the path of the stapedial artery. G through J: Src�/� mouse (aged 56
weeks). A, D, and G: Posterior views. B, E, and H: Interior views. C, F, and
I: Lateral views. J: Anterior view. Scale bar � 1 mm. l indicates lateral; m,
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data indicate that bone resorption activity is essential for
auditory ossicles to be suspended in the middle ear cavity
without touching the wall.

Osteopetrotic Mice Exhibit Reduced Middle Ear
Space and Increased Auditory Ossicle Volume

Next, we quantified the volume of auditory ossicles in
wild-type and Fos�/� osteopetrotic mice by extracting
the malleus, incus, and stapes from binarized �CT im-
ages (Figure 7, A and B, pink). The tympanic membrane
(blue) and cochlea (green) were also extracted and
pseudocolored. Although the volume of the cochlea did
not differ significantly between control and Fos�/� mice
(Figure 7C), the volume of auditory ossicles was greater
(Figure 7D) and the volume of the tympanic cavity was
smaller in Fos�/� mice compared with control mice (Fig-
ure 7E). These data strongly suggest that osteoclastic
bone resorption is essential to enlarge the tympanic cav-
ity, which encases auditory ossicles, allowing them to
vibrate freely.

Discussion

A striking finding of this study is that the malleus in os-
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preventing auditory ossicles from vibrating and leading to
hearing loss. This abnormal contact is likely because of
the increased volume of auditory ossicles and the re-
duced volume of the tympanic cavity in osteopetrotic
mice.

The otic capsule expresses high levels of OPG, which
suppresses osteoclastogenesis,4,5 suggesting that the
absence of osteoclastic bone resorption might not signif-
icantly affect the middle ear. However, the middle ear of
osteopetrotic mice was significantly altered both morpho-
logically and functionally. Curiously, various parts of the
auditory ossicles, including the stapedial crura, were
thicker in osteopetrotic mice than in controls, indicating
that osteoclasts sculpt auditory ossicles at the perichon-
drium or periosteum when the cartilage anlagen is re-
placed by bone. The precise mechanisms by which the
boundary of auditory ossicles is modeled by osteoclast-
dependent processes are not known. Because auditory
ossicles and the wall of the tympanic cavity are excep-
tional in that the bone surface is exposed to air, additional
mechanisms might maintain and remodel the surfaces of
these bones.

Auditory ossicles are formed through endochondral
ossification,30 and the persistence of cartilage in auditory
ossicles and the otic capsule indicates that resorption of
hypertrophic chondrocytes by osteoclasts is critical to
replace cartilage with bone. Indeed, synchrotron X-ray
microscopy revealed that the semispherical processus
brevis of the malleus in adult Fos�/� mice was composed
exclusively of chondrocytes, except for a superficial
perichondral layer.

The malleal processus brevis of osteopetrotic mice is
reminiscent of the growth plate of a long bone, which is
avascular and is eventually resorbed by osteoclasts. In
the absence of osteoclasts, hypertrophic chondrocytes in
the growth plate accumulate, even in the presence of
tartrate-resistant acid phosphatase-negative “chondro-
clasts,” which express matrix metalloproteinase 9 (also
known as gelatinase B).31 The matrix metalloproteinases
and vascular endothelial growth factor are key regulators
of growth plate angiogenesis and hypertrophic chondro-
cyte apoptosis.32,33 Future studies should address their
roles in modeling of auditory ossicles and the otic cap-
sule. Even in the absence of osteoclasts, the diaphysis of
long bones allows blood vessel invasion.26,34 Whether
and where osteoclast-independent mechanisms promot-
ing ingrowth of blood vessels into the cartilaginous anla-
gen of auditory ossicles exist is a topic for future investi-
gation.

Both Rankl�/� and Fos�/� mice showed significantly
higher hearing thresholds than did control mice in audi-
tory brainstem responses. In most middle ear diseases,
including chronic otitis media and otosclerosis, the os-
sicles cannot transmit sound vibration. Stapedial ankylo-
sis or otosclerosis-like changes have been reported in
human osteopetrosis.35 However, our histological analy-
sis in osteopetrotic mice suggests that the stapedial foot-
plate ligaments were intact and that there was no detect-
able fusion of the stapes footplate to the oval window.
Persistence of chondrocytes in ossicles of osteopetrotic

mice may impair hearing function because of insufficient
stiffness of the ossicles; however, there are few data to
support this hypothesis. Because hearing loss in human
recessive osteopetrosis is usually conductive,14 we hy-
pothesized that sound-induced stapes velocity may be
impaired. Although stapes velocity has been measured
using laser Doppler vibrometry in human patients under-
going cochlear implantation,36 measurement of stapes
mobility in live mice is technically difficult. Therefore, we
analyzed the mobility of the malleus behind the tympanic
membrane noninvasively by using highly sensitive single-
point laser Doppler vibrometry. Recently, it was reported
that laser Doppler vibrometry can be used to detect mid-
dle ear anomalies in mice.37 In the present study, we
observed dramatically reduced mobility of the malleus
behind the tympanic membrane in mice lacking c-Fos or
RANKL. Although we cannot formally exclude involve-
ment of the nervous system, impaired vibration of the
malleus behind the tympanic membrane is the most plau-
sible explanation for hearing loss in osteopetrotic mice.
Impaired vibration was apparently caused by contact of
the malleus to the promontory, together with reduced
volume of the tympanic cavity and increased volume of
the auditory ossicles.

We have shown that osteoclastic bone resorption reg-
ulates the shape and function of auditory ossicles and the
surrounding bone. Further studies of these tiny bones
would enhance understanding of their specialized roles
in hearing and the biological basis of morphogenesis in
endochondral bone formation beyond auditory ossicles.
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