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Defective proteolysis has been implicated in hearing
loss through the discovery of mutations causing autoso-
mal recessive nonsyndromic deafness in a type II trans-
membrane serine protease gene, TMPRSS3. To investi-
gate their physiological function and the contribution
of this family of proteases to the auditory function, we
analyzed the hearing status of mice deficient for hepsin,
also known as TMPRSS1. These mice exhibited pro-
found hearing loss with elevated hearing thresholds
compared with their heterozygous and wild-type litter-
mates. Their cochleae showed abnormal tectorial mem-
brane development, reduction in fiber compaction in
the peripheral portion of the auditory nerve, and de-
creased expression of the myelin proteins myelin basic
protein and myelin protein zero. In addition, reduced
level of the large conductance voltage- and Ca2�-acti-
vated K� channel was detected in the sensory hair cells
of Tmprss1-null mice. We examined thyroid hormone
levels in Tmprss1-deficient mice, as similar cochlear
defects have been reported in animal models of
hypothyroidism, and found significantly reduced free
thyroxine levels. These data show that TMPRSS1 is re-
quired for normal auditory function. Hearing impair-
ment present in Tmprss1-null mice is characterized by a
combination of various structural, cellular, and molec-
ular abnormalities that are likely to affect different co-
chlear processes. (Am J Pathol 2007, 171:608–616; DOI:

10.2353/ajpath.2007.070068)

Hearing loss occurs in approximately 1 in 1000 children,
and more than half of these cases can be considered to
have a genetic origin.1 The majority of the cases of he-
reditary deafness (70%) are nonsyndromic where im-

paired auditory function is the only clinical manifestation.
In addition, hearing impairment affects 50% of individuals
older than 80 years.2 Most of the cases of early-onset
inherited hearing loss are due to single gene defects, and
it has been proposed that genes responsible for mono-
genically inherited hearing loss may also be implicated in
age-related hearing impairment (presbyacusis).3 There-
fore, identifying the genes underlying hearing loss repre-
sents a major objective of current biomedical research.
Most studies on the human ear can only be performed
postmortem, making the investigation of early stages of
pathogenicity impossible. Thus, understanding the mo-
lecular mechanisms of normal hearing and the patho-
genic processes that lead to hearing loss relies exten-
sively on animal models. The identification and study of
the function of proteins encoded by deafness genes can
be performed on mouse models.

Recently, defective proteolysis has been implicated in
the etiology of nonsyndromic hearing loss. Indeed, we
and others have reported that deleterious mutations in
the TMPRSS3 gene were responsible for nonsyndromic
recessive hearing loss,4–9 suggesting that critical sig-
naling pathways in the inner ear are controlled by
proteolytic cleavage. TMPRSS3 is a member of the
type II transmembrane serine proteases (TMPRSSs)
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family. TMPRSSs are membrane-bound proteolytic en-
zymes that are important in a variety of biological or
pathological processes.10

Genes underlying nonsyndromic deafness can be cat-
egorized by function, and several protein members of the
same family are often associated in the same functional
group. The most striking example is the presence of
seven myosin and myosin-related genes in the motor
molecule functional category (Table 1). TMPRSS3 did not
belong to any of the existing categories and could rep-
resent the first member of a new functional group tenta-
tively named proteolysis component. To investigate this
hypothesis, we have started to evaluate the auditory func-
tion of a knockout mouse for a Tmprss gene available for
analysis. Here, we report on the electrophysiological,
cellular, and molecular analysis of the auditory function of
Tmprss1-deficient mice.

Materials and Methods

Tmprss1 Knockout Mice

Mice with targeted disruption of the Tmprss1 gene were
obtained from Q.W. In these mice, exons 5 to 8, which
encode the conserved activation site and most of the cat-
alytic domain of Tmprss1, were deleted. Northern blot anal-
ysis showed absence of Tmprss1 mRNA in Tmprss1�/�

mice.20

Hearing Evaluation by Click-Evoked Auditory
Brainstem Responses (ABRs)

Procedures for ABR measurements have been previously
described.21 A total of 20 mice of 7 to 8 weeks of age (five
Tmprss1�/�, five Tmprss1�/�, and 10 Tmprss1�/�) were
anesthetized with ketamine (75 mg/kg body weight; Par-
nell Laboratories, Australia) and xylazil (7.5 mg/kg body
weight; Troy Laboratories, Smithfield, NSW, Australia).
Computer-generated rarefaction clicks were channeled
to a loudspeaker positioned 10 cm from the pinna of the
measured ear. At this distance, the maximum sound level
at the pinna was 98 decibels (dB) peak equivalent sound
pressure level. Stimuli were presented at a rate of 33/
second, and responses were amplified 105 fold and
bandpass-filtered (150 Hz to 3 kHz). Threshold was de-
termined as the smallest stimulus level required to give
peak-trough response amplitude of �0.25 �V for wave III
of the ABR. At each stimulus level, recording was re-
peated to ensure consistency.

Histology

The cochleae of six postnatal day-8 pups (three
Tmprss1�/� and three Tmprss1�/�) and eight mice of 7 to
8 weeks of age (two Tmprss1�/�, two Tmprss1�/�, and
four Tmprss1�/�) were fixed with 10% formalin (BDH
Laboratory, Darmstadt, Germany) in absolute ethanol
neutralized with 0.5 g of calcium acetate (BDH Labora-
tory) per liter of fixative. Cochleae were decalcified in
10% ethylenediamine tetraacetic acid (BDH Laboratory)
in phosphate-buffered saline (PBS) and dehydrated in
alcohol before final embedding in resin. Mid-modiolar
serial sections of 5 �m were obtained and stained with
hematoxylin and eosin. The cross-sectional area of the
Rosenthal’s canal, osseous spiral lamina, and tectorial
membrane from the middle turn were determined using a
morphometric program (AxioVision LE, Hallbergmoos, Ger-
many). The same program was also used to measure the
longest vertical distance between the dorsal and ventral
surface of the tectorial membrane. Spiral ganglion neuron
and Schwann cell densities, tectorial membrane area, and
vertical length were normalized to the wild-type cohort.

Immunohistochemistry

The cochleae of eight adult wild-type and eight age-
matched Tmprss1�/� mice were removed for fixation with
3% paraformaldehyde in PBS for 2 hours, decalcified in
10% ethylenediamine tetraacetic acid (BDH Laboratory)
in PBS, and incubated overnight in 25% sucrose in PBS.
For BK channel �-subunit immunohistochemistry, we decal-
cified cochleae from three wild-type and three Tmprss1�/�

mice in Decal Stat (Decal Chemical, Tallman, NY) before
overnight incubation in 25% sucrose in PBS. Cochleae were
then embedded in O.C.T. compound (Sakura, Tokyo, Ja-
pan), cryosectioned in 12-�m thickness, and mounted on
SuperFrost Plus microscopic slides.

Cochlear sections were thawed, permeabilized for 10
minutes at room temperature with 0.1% Triton X-100,
blocked with 10% normal goat serum (Vector Laborato-
ries, Burlingame, CA) in 0.1% Triton X-100 for 2 hours,
and incubated overnight at 4°C with primary antibodies
diluted in blocking solution. For BK channel �-subunit
immunohistochemistry, 1% bovine serum albumin
(Sigma, St. Louis, MO) in 0.1% Triton X-100 was used to
block unspecific sites for 30 minutes before the applica-
tion of primary antibody diluted in 0.5% bovine serum
albumin. On the following day, sections were washed
three times with PBS for 10 minutes before incubating for
2 hours at room temperature with the appropriate sec-
ondary antibodies. Sections were then rinsed three times
in PBS for 20 minutes before mounting in Vectorshield
(Vector Laboratories) containing the nuclear stain 4�,-6-
diamidino-2-phenylindole dihydrochloride. All sections
were viewed with a Zeiss Axioplan 2 microscope.

The following primary antibodies were used: mouse
monoclonal antibodies against myelin basic protein
(MBP) (MAB382, 1:100; Chemicon, Temecula, CA), syn-
aptophysin (MAB368, 1:500; Chemicon); rabbit poly-
clonal antibody against myelin protein zero (P0; a gift

Table 1. Nonsyndromic Autosomal Deafness Genes

Locus Gene Reference no.

DFNB2, DFNA11 MYO7A 11,12
DFNB3 MYO15 13
DFNB30 MYO3A 14
DFNB36, DFNA22 MYO6 15,16
DFNA4 MYH14 17
DFNA17 MYH9 18
DFNA48 MYO1A 19
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from Maria T. Filbin, City University of New York, New
York, NY; 1:3000), large conductance voltage- and BK
channel �-subunit (APC021, 1:100; Alomone, Jerusalem,
Israel) and tyrosine kinase B neurotrophin receptor (1:
100; Santa Cruz Biotechnology, Santa Cruz, CA). The
following fluorescein-conjugated secondary antibodies
from Molecular Probes were used at a 1:500 dilution:
highly cross-adsorbed Alexa Fluor 488 goat anti-mouse
IgG (A-11029) and highly cross-adsorbed Alexa Fluor
594 goat anti-rabbit IgG (A-11037).

Western Blotting

The cochleae and hippocampal tissues of six wild-type
and six age-matched Tmprss1�/� mice were homoge-
nized before extracting the hydrophobic (membrane pro-
tein) and hydrophilic (cytosolic protein) fractions using
Mem-PER eukaryotic membrane protein extraction kit
(89826; Pierce Technologies). Hydrophobic and hydro-
philic proteins were enriched using PAGEprep (catalog
no. 26800; Pierce Technologies, Rockford, IL) and con-
centrations determined with a Bradford reagent (B6916;
Sigma). Proteins were run at 200 V for 1 hour on a 12%
bis-Tris gel in the reducing XT-3-(N-morpholino)propane-
sulfonic acid buffer system (3450117, 1610793; Bio-Rad,
Hercules, CA). Separated proteins were then transferred
to polyvinylidene difluoride membranes (1620238; Bio-
Rad) at 30 V for 1 hour and 20 minutes using a 1�
Tris/glycine buffer (1610771; Bio-Rad) with 20% metha-
nol. Membranes were subsequently blocked for 60 min-
utes in 5% milk powder (1706404; Bio-Rad) before incu-
bating overnight at 4°C with primary antibodies. Blots
containing hydrophobic proteins were incubated with
rabbit polyclonal antibody against P0 (a gift from Maria T.
Filbin, 1:6000), whereas blots containing hydrophilic pro-
teins were incubated with glyceraldehyde-3-phosphate
dehydrogenase from Abcam (ab9485; Cambridge, MA)
at a 1:20,000 dilution. On the following day, blots were
washed three times for 20 minutes in 0.1% Tween 20/PBS
before incubating for 1 hour with horseradish peroxidase-
conjugated secondary antibodies, goat anti-rabbit IgG at a
1:10,000 dilution (1706515; Bio-Rad). The blots were next
washed four times for 30 minutes in 0.1% Tween 20/PBS,
and substrate development was performed using ECL Plus
Western blotting detection reagents (RPN2132; GE Health-
care, Little Chalfont, Buckinghamshire, UK). Chemilumines-
cence was visualized using ImageQuant 400 (GE Health-
care). Densitometry measurements were performed using
the � Imager (Alpha Innotech, San Leandro, CA). Statistical
analyses between wild-type and Tmprss1�/� mice were
determined using the two-tailed Student’s t-test (SigmaStat;
Systat Software, Inc., Point Richmond, CA).

Thyroxine Determination

Blood was obtained by cardiac puncture from 15 7-week-
old wild-type and 12 age-matched Tmprss1�/� mice.
Blood samples were allowed to clot before centrifugation
at 2500 rpm for 5 minutes at room temperature. Sera were
then collected and stored at �20°C. Quantification of free
thyroxine (FT4) levels in mouse serum was performed

using an ADVIA Centaur apparatus (Bayer Corporation,
Tarrytown, NY), which uses direct chemiluminescence
immunoassay technology.

Results

Auditory Function Deficits in Tmprss1�/� Mice

The click-evoked ABR gives an indication of overall au-
ditory function. Both wild-type and Tmprss1�/� mice pro-
duced normal click-evoked waveforms when attenuation
was set at 0 or 20 dBA (decibel attenuation), suggesting
a functional auditory system (Figure 1A and data not
shown). In contrast, Tmprss1�/� mice showed poorly
defined ABR waveforms when attenuation was set at 0 or
5 dBA and no response at 10, 15, and 20 dBA (Figure
1B). The average ABR threshold for wild-type and Tm-
prss1�/� mice was 53 � 3.92 and 56 � 3.66 dB sound
pressure level, respectively, whereas the ABR threshold
for Tmprss1-null mice was 95.5 � 2.68 dB sound pres-
sure level (Figure 1C). Tmprss1�/� mice showed a 42 dB
sound pressure level threshold increase compared with
wild-type and Tmprss1�/� mice, indicating severe hear-
ing impairment.

Abnormal Cochlear Morphology in Tmprss1�/�

Mice

To understand the impaired auditory function of Tm-
prss1-null mice, a cochlear histological analysis was
performed. Wild-type and Tmprss1�/� heterozygous
mice showed normal tectorial membrane morphology

Figure 1. Hearing function deficit in Tmprss1�/� mice. Adult wild-type,
Tmprss1 heterozygous, and Tmprss1 knockout mice were subjected to click-
evoked ABR measurements. The amplitude of the response (four peaks
labeled from I to IV) is measured in millivolts. The latency is shown in
milliseconds. Click stimulus intensity is indicated in decibel attenuation.
Maximum stimulus intensity corresponds to 0 dBA. The green portion of the
graph highlights the waveform chosen to determine threshold. A: Represen-
tative ABR response of wild-type mice at 0, 20, and 40 dBA. Arrow indicates
ABR threshold. B: Representative ABR response of Tmprss1�/� mice at 0, 5,
10, 15, and 20 dBA. Arrow indicates ABR threshold. C: Quantification of the
average ABR thresholds of wild-type, Tmprss1 heterozygote, and Tmprss1-
null mice. Graph indicates mean � SEM.
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at both postnatal day 8 and adulthood (Figure 2, A, C,
and inset in C). In contrast, Tmprss1�/� mice have a
deformed and enlarged tectorial membrane character-
ized by a reduced limbal attachment zone and large

holes within its matrix (Figure 2, B and D). The organ of
Corti appeared normal, as we could not observe any
loss of inner and outer hair cells (Figure 2, C and D).
The cross-sectional area of the tectorial membrane in
Tmprss1�/� mice (218 � 24%) significantly doubled
that of the wild-type mice (Figure 2E, P � 0.011). The
longest vertical distance measured between the dorsal
and ventral surface of the tectorial membrane in Tm-
prss1�/� mice (229 � 22%) also doubled that of the
wild-type mice (Figure 2F, P � 0.002). Although the
tectorial membranes of Tmprss1-null mice were deformed,
they seemed to extend fully across the cavity of the inner
sulcus and contact the sensory hair cells.

Interestingly, we observed that while spiral ganglion
neurons and Schwann cells in wild-type mice tend to
cluster closely with each other (Figure 3, A and C), empty
spaces between these cells could be observed in
Tmprss1�/� mice (Figure 3, B and D). This structural
defect was not accompanied by cell loss, as spiral
ganglion and Schwann cell density count did not differ
between wild-type and Tmprss1�/� mice (data not
shown). These observations suggest that Tmprss1�/�

mice present a deficit in the compaction of the soma
and fibers of spiral ganglion neurons.

Reduced Expression of Myelin Genes in
Tmprss1�/� Cochleae

As myelin plays an important role in the fasciculation of
neuronal processes, we examined the expression of
MBP and P0 in the cochleae of Tmprss1�/� mice and
wild-type littermates. In adult wild-type mice, strong
MBP immunoreactivity was observed in the central por-
tion of the auditory nerve, which is delimited by the glial
transition zone, and in the auditory nerve inside the
cochlea (Figure 4A), whereas P0 was absent in the
central part of the auditory nerve (Figure 4B). Dual
immunofluorescence showed that MBP and P0 immu-
noreactivities overlapped mainly in spiral ganglion
neurons. MBP staining was predominant in the myelin
sheath wrapping the cell body of spiral ganglion neu-
rons in the Rosenthal’s canal. In contrast, P0 staining
was rather weak around the soma of spiral ganglion
neurons (Figure 4, A–C).

P0 and MBP expression were then analyzed in three
different cochlear structures: the Rosenthal’s canal, the
osseous spiral lamina, and the glial transition zone of the
auditory nerve. Compared with wild-type mice, P0 ex-
pression in Tmprss1�/� mice was down-regulated in fi-
bers of spiral ganglion neurons (Figure 4, D and E), in
peripheral processes within the osseous spiral lamina
(Figure 4, J and K), and in fibers projecting to the auditory
nerve bundle in the brainstem (Figure 4, L and M). Anal-
ysis of MBP immunoreactivity in the Rosenthal’s canal
yielded inconsistent results, with only half of the mutant
mice showing down-regulation of MBP around spiral gan-
glion neuron bodies (Figure 4, F and G). In addition,
analysis of MBP and P0 expression in the vestibular
ganglion neurons did not reveal marked differences be-
tween wild-type and Tmprss1�/� mice (Figure 5), sug-

Figure 2. Tectorial membrane defects in Tmprss1�/� mice. Histological
analysis of cochleae from wild-type and Tmprss1�/� mice at postnatal day 8
(P8) (A and B, respectively) and adult (C and D, respectively) mice. Black
arrowheads point to the tectorial membrane, and asterisks show holes
found within the matrix of the membrane. Osseous spiral lamina is indicated
by osl. White arrowheads show inner hair cells, and white arrows point
to the outer hair cells in the organ of Corti. Scale bar � 50 �m. C, inset:
Analysis of cochleae from adult Tmprss1�/� mice. E: Comparison of the
cross-sectional area of the tectorial membrane in wild-type and Tmprss1�/�

mice. Graph indicates mean � SE, *P � 0.011. F: Comparison of the longest
vertical distance measured between the dorsal and ventral surface of the
tectorial membrane. Graph indicates mean � SE, ***P � 0.002.
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gesting that the decline in expression of MBP and P0 is
specific to the auditory system. Finally, the neurotrophin
receptors tyrosine kinase B and p75, which are ex-
pressed in soma of spiral ganglion neurons, did not show
clear differences in expression between wild-type and
Tmprss1�/� mice (Figure 4, H and I; see Supplemental
Figure 1, A and B, at http://ajp.amjpathol.org). We then
confirmed and semiquantified the decline of myelin gene
expression in adult Tmprss1�/� mice using Western
blot analysis. Proteins extracted from cochleae of adult
mice showed two major P0 protein species of �30 and
25 kd. Comparison of P0 levels between wild-type and
Tmprss1�/� mice revealed a marked reduction in P0
expression levels in the mutant mice, whereas glycer-
aldehyde-3-phosphate dehydrogenase or p75 protein
levels, which were used as cytosolic and membrane
housekeeping proteins, respectively, did not vary
considerably between wild-type and Tmprss1�/�

mice (Figure 6, A–C; see Supplemental Figure 1C at
http://ajp.amjpathol.org).

Collectively, these observations suggest that
Tmprss1�/� mice present a deficit of compaction in
both soma and processes of spiral ganglion neurons.
This defect did not seem to be associated with a loss of
spiral ganglion neurons or Schwann cells but rather
with a specific down-regulation of myelin gene
expression.

Figure 3. Morphological defects in the
Rosenthal’s canal and osseous spiral lamina of
Tmprss1�/� mice. Representative images of the
Rosenthal’s canal and the osseous spiral lamina
of adult wild-type (A and C, respectively) and
adult Tmprss1�/� (B and D, respectively) mice.
A: White arrowhead indicates spiral ganglion
neuron (SGN). B: Black arrows indicate spaces
between spiral ganglion neurons. C: White ar-
rowhead indicates spindle-shaped nuclei of
Schwann cells. D: Black arrows point to spaces
between Schwann cells. Scale bar � 20 �m.

Figure 4. MBP and P0 expression are reduced in the cochleae of Tmprss1�/�

mice. MBP (A) and P0 (B) expression in the auditory nerve of wild-type mice.
C: Superimposition of A and B. P0, MBP and tyrosine kinase receptor B
expression in the Rosenthal’s canal of adult wild-type (D, F, and H, respec-
tively) and adult Tmprss1�/� mice (E, G, and I, respectively). D and E:
Arrows indicate a spiral ganglion neuron fiber (D and E) and a spiral
ganglion neuron body (F and G). The bony boundary of the Rosenthal’s
canal shows strong nonspecific staining (G). P0 expression in the osseous
spiral lamina and fibers projecting to auditory nerve in the brainstem of adult
wild-type and adult Tmprss1�/� mice (J and K, respectively, and L and M,
respectively). Scale bar � 20 �m, except in A, B, C, L, and M, where scale
bar � 50 �m. Glial transition zone (gl) is approximately outlined by the
white dotted line. osl, osseous spiral lamina; SGN, spiral ganglion neuron;
AN, auditory nerve; IHC, inner hair cell; OHC, outer hair cell.
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Tmprss1�/� Mice Are Hypothyroidic

It has been shown that proper thyroid hormone supply is
required for the development of the auditory system. In
particular, the tectorial membrane and the peripheral
auditory system are sensitive to thyroid hormone defi-
ciency before the onset of hearing.22,23 Determination of
fT4 levels in the serum of adult wild-type and Tmprss1�/�

mice showed a significant 43% decline of fT4 in Tmprss1�/�

(18.03 � 4.05 pmol/L), compared with wild-type mice
(31.53 � 6.94 pmol/L; P � 2 � 10�5), suggesting that
Tmprss1�/� mice showed a deficit in thyroid hormone me-
tabolism (Figure 7).

Reduced BK �-Subunit Expression in
Tmprss1�/� Mice

Expression of a fast-activating potassium conductance
by the inner hair cells of mice lacking thyroid hormone �
receptors is significantly retarded24; therefore, we exam-
ined whether Tmprss1�/� mice exhibit any defects in
potassium channel expression. We focused on the large
conductance voltage- and Ca2�-activated potassium
channel because its expression has been characterized
in inner hair cells,25,26 and mouse mutants lacking BK
�-subunit have been shown to develop progressive hear-
ing loss.27 BK �-subunit expression in wild-type mice was
detected in the upper part of the inner hair cells, whereas
weaker expression was detected at the base of outer hair
cells, in contrast to synaptophysin-stained efferent pro-
jection fibers (Figure 8A). On preadsorption with the an-
tigenic peptide, this staining pattern in the inner hair cells
and base of outer hair cells was completely abolished,
except for spotted background fluorescence that did not
reside within inner hair cells or at the base of outer hair
cells (Figure 8C). In Tmprss1�/� mice, BK �-subunit ex-

Figure 6. Western blot quantification of the reduction of P0 expression in
cochleae of Tmprss1�/� mice. A: Western blot analysis of P0 was performed
on equal amount of membrane proteins isolated from hippocampus, wild-
type (�/�), and Tmprss1�/� (�/�) mice cochleae. B: Western blot analysis
of glyceraldehyde-3-phosphate dehydrogenase was performed on equal
amounts of cytosolic proteins isolated from wild-type and Tmprss1�/� mice
cochleae. C: The intensity of the 25-kd fragment was normalized to the
GAPDH band in three independent experiments, and the mean ratio ex-
pressed as a relative percentage of the wild-type cohort. There was a sig-
nificant reduction in this ratio in Tmprss1�/� mice, relative to wild-type mice
(P � 0.024).

Figure 5. MBP and P0 expression in the vestibular ganglion of adult wild-type (A and C, respectively) and Tmprss1�/� mice (B and D, respectively).
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pression in the inner and outer hair cells was notably
reduced (Figure 8B), suggesting possible functional def-
icit in potassium current within the organ of Corti, despite
the absence of hair cell loss (Figure 2). Furthermore, this
observation is consistent with reported findings of re-
duced BK �-subunit expression and conductance in in-
ner hair cells of hypothyroid rats.28

Discussion

In this article, we demonstrated the functional importance
of Tmprss1 in the development of normal hearing by
investigating the auditory function of Tmprss1-null mice.
Mice deficient for Tmprss1 develop early-onset profound
deafness and provide a valuable model to study the role
of type II transmembrane serine proteases in the devel-
opment of normal hearing. Our data demonstrate that
various cochlear processes are affected by the absence
of Tmprss1 function and suggest that Tmprss1 might
exert both a direct and indirect role in the auditory
system.

Hearing loss in Tmprss1�/� mice is accompanied by
modest structural defect; apart from the abnormal tecto-
rial membrane, the other structures of the cochlea ap-
peared to develop normally. The tectorial membrane is
an acellular membrane that is secreted and extends from
the spiral limbus to contact the sensory hair cells of the
organ of Corti.29 Tmprss1 expression was not detected in
the spiral limbus or in the tectorial membrane (M. Guip-
poni, unpublished data), indicating that it may not play a
direct role in the maintenance or the function of this
cochlear membrane. The inner ear of Tmprss1-null mice
was also characterized at the cellular level by a defect in
the compaction of spiral ganglion neurons. This defect
was associated with reduction of P0 and MBP levels
along the peripheral portion of the auditory nerve. Tm-
prss1 is expressed in the soma and fibers of the spiral
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Figure 7. Tmprss1�/� mice are hypothyroidic. Box plot diagram of fT4 levels
in the serum of 15 adult wild-type (�/�) and 12 Tmprss1�/� (�/�) mice.
The distribution of fT4 levels between the two groups is statistically signifi-
cant (**P � 2 � 10�5).

Figure 8. Reduced BK �-subunit expression in the organ of Corti of Tm-
prss1�/� mice. BK �-subunit (red) and synaptophysin (green) expression in
the organ of Corti of adult wild-type (A) and age-matched Tmprss1�/� (B)
mice. C: The BK �-subunit antibody was preincubated with the correspond-
ing anti-peptide before being applied to sections. White arrowhead indi-
cates the upper part of inner hair cells. White downward arrows point to
the base of outer hair cells. Asterisks indicate background fluorescence,
which does not localize within any cellular compartments. Cell nuclei are
labeled with 4�,6-diamidino-2-phenylindole dihydrochloride (blue). Scale
bar � 20 �m.
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ganglion neurons (M. Guipponi, unpublished data) and
could be directly involved in this myelination defect. In-
deed, other transmembrane proteases have been shown
to play important roles in myelination. For example,
BACE1, a transmembrane neuronal protease, has re-
cently been shown to be essential for peripheral nerve
myelination by Schwann cells.30 Finally, mice deficient for
Tmprss1 were also found to have reduced levels of BK
�-subunit, suggesting potential functional deficits in ion
channel conductance within the organ of Corti, despite
the absence of morphological defects. Here again, a
direct role of Tmprss1 is unlikely, as Tmprss1 expression
was not detected in the sensory hair cells of the organ of
Corti (M. Guipponi, unpublished data).

Based on our structural, cellular, and molecular eval-
uation of the hearing status of Tmprss1�/� mice, we
hypothesize that the hearing loss in these mice could be
partly due to abnormal thyroid hormone metabolism. In
our hypothesis, the altered thyroid hormone metabolism
in Tmprss1�/� mice would create a delayed or insuffi-
cient developmental rise of thyroid hormone plasma lev-
els starting at birth to saturating level achieved at the
onset of hearing at postnatal day 12 and lead to perma-
nent hearing defects.31,32 Indeed, Tmprss1�/� mice
showed a significant reduction of serum T4 levels, and
their cochlear pathology recapitulated most of the co-
chlear phenotypes associated with experimental hypo-
thyroidism in rodents. Different animal models have been
generated to study the role of thyroid hormones in the
development of the auditory function.22,31–37 In most of
these animal models, hearing loss is associated with
various degree of disruption in the morphogenesis of
different cochlear structures, including the tectorial mem-
brane and the organ of Corti. In addition to its morpho-
genetic effect, thyroid hormones play also an important
role in the myelination of the auditory nerve. Indeed,
developmental increase of thyroid hormone levels is nec-
essary for a concomitant peak of myelin gene expression,
which may guarantee nerve conduction and synchro-
nized impulse transmission at the onset of hearing.23,38

Thyroid hormone metabolism is known to depend on
processing of the prohormone thyroglobulin by sequen-
tial proteolytic events. It has been shown that mice defi-
cient for proteinases cathepsins K and L have reduced
levels of free T4.39 However, T4 was still present in the
blood of these mice, suggesting that other proteases are
involved in T4 metabolism. Therefore, Tmprss1 is an en-
zyme to consider in this respect, and further efforts to
identify its role on thyroid function are clearly warranted.

In conclusion, we report on the cellular and molecular
analysis of the pathogenic mechanisms of hearing loss
present in TMPRSS1-deficient mice. This is a first de-
tailed description of a phenotype in Tmprss1-deficient
mice, as well as the first cellular and molecular description
of hearing loss in mice deficient in a type II transmembrane
serine protease. Important findings on TMPRSS1-related
hearing loss are presented with evidence that Tmprss1 is
essential for the development of normal auditory and thyroid
function in mice. Mice deficient for Tmprss1 are hypothy-
roidic and present profound hearing loss that is character-
ized by defects in cochlear structures of which develop-

ment and maturation are thyroid hormone-dependent.
These findings are likely to better our understanding of the
complex molecular and cellular mechanisms of normal au-
ditory function but also help us identify the pathological
processes of TMPRSS-related hearing loss. Proteases, in-
cluding type II transmembrane serine proteases, are impor-
tant therapeutic targets in cancer, particularly in metasta-
ses. Thus, hearing loss is a possible side effect of these
therapies. In addition, TMPRSS1 may be involved in syn-
dromic or nonsyndromic human hearing loss and common
age-related hearing loss in humans.
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