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Cochlear Sensory Epithelium

Bo Hua Hu,1 Qunfeng Cai,1 Zihua Hu,2 Minal Patel,1 Jonathan Bard,3 Jennifer Jamison,3 and Donald Coling1

1Center for Hearing and Deafness, 2Center for Computational Research, New York State Center of Excellence in Bioinformatics and Life Sciences,
Departments of Ophthalmology, Biostatistics, and Medicine, State University of New York Eye Institute, and 3Next-Generation Sequencing and Expression
Analysis Core, Center of Excellence in Bioinformatics and Life Sciences, State University of New York at Buffalo, Buffalo, New York 14214

Matrix metalloproteinases (MMPs) and their related gene products regulate essential cellular functions. An imbalance in MMPs has been
implicated in various neurological disorders, including traumatic injuries. Here, we report a role for MMPs and their related gene
products in the modulation of cochlear responses to acoustic trauma in rats. The normal cochlea was shown to be enriched in MMP
enzymatic activity, and this activity was reduced in a time-dependent manner after traumatic noise injury. The analysis of gene expres-
sion by RNA sequencing and qRT-PCR revealed the differential expression of MMPs and their related genes between functionally
specialized regions of the sensory epithelium. The expression of these genes was dynamically regulated between the acute and chronic
phases of noise-induced hearing loss. Moreover, noise-induced expression changes in two endogenous MMP inhibitors, Timp1 and
Timp2, in sensory cells were dependent on the stage of nuclear condensation, suggesting a specific role for MMP activity in sensory cell
apoptosis. A short-term application of doxycycline, a broad-spectrum inhibitor of MMPs, before noise exposure reduced noise-induced
hearing loss and sensory cell death. In contrast, a 7 d treatment compromised hearing sensitivity and potentiated noise-induced hearing
loss. This detrimental effect of the long-term inhibition of MMPs on noise-induced hearing loss was further confirmed using targeted
Mmp7 knock-out mice. Together, these observations suggest that MMPs and their related genes participate in the regulation of cochlear
responses to acoustic overstimulation and that the modulation of MMP activity can serve as a novel therapeutic target for the reduction
of noise-induced cochlear damage.

Introduction
Matrix metalloproteinases (MMPs) are a family of potent endo-
peptidases that collectively have the ability to degrade all compo-
nents of the extracellular matrix (ECM) (Birkedal-Hansen et al.,
1993; Ravanti and Kahari, 2000; Page-McCaw et al., 2007; Con-
solo et al., 2009). The MMP family includes collagenases, gelati-
nases, stromelysins, matrilysins, and other proteinases with
specialized compartmentalization and substrate specificity. Thus
far, at least 24 murine and 23 human MMPs have been charac-
terized (Yong, 2005; Page-McCaw et al., 2007). Together with the
tissue inhibitors of metalloproteinases (TIMPs) and related
genes, MMPs are the major physiological regulators of the turn-
over of the ECM (Page-McCaw et al., 2007) and are responsible
for the remodeling of the ECM associated with tissue morpho-
genesis and wound healing. MMPs also interact with other sub-

strate molecules, including growth factors and adhesion
molecules (McCawley and Matrisian, 2001), and participate in a
variety of essential cellular processes, including cell proliferation,
migration, survival or apoptosis, inflammation, and synaptic re-
modeling (Sternlicht and Werb, 2001; Parks et al., 2004; Fredrich
and Illing, 2010).

Exposure to intense noise is a common cause of sensory hear-
ing loss in the adult population. Noise exposure causes structural
damage to the cochlear sensory epithelium, particularly to its
sensory cells. Although the functional and pathological impacts
of acoustic trauma have been thoroughly documented (Saunders
et al., 1985; Raphael and Altschuler, 1991; Raphael et al., 1993;
Henderson et al., 2006; Bohne et al., 2007; Hu, 2012), the molec-
ular mechanisms responsible for these functional and structural
changes remain elusive.

The cochlear sensory epithelium, which contains sensory
cells and supporting cells, is organized through ECM and cell–
cell junctions (Gulley and Reese, 1976; Tsuprun and Santi,
1999). The maintenance of ECM homeostasis has been shown
to be important for inner ear development (Davies et al., 2007;
Szabova et al., 2010), and the dysregulation of this structure
leads to sensorineural hearing loss (Gratton et al., 2005;
Kundu et al., 2009; Nam et al., 2011; Setz et al., 2011). In
noise-traumatized cochleae, morphological changes in ECM
structures have been documented (Canlon, 1987, 1988).
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Changes in the expression of adhesion-related genes have also
been documented in noise-traumatized cochleae (Raphael et
al., 1988; Cai et al., 2012). Moreover, apoptotic sensory cell
death has been implicated in cochlear pathogenesis (Hu et al.,
2000; Wang et al., 2002; Ylikoski et al., 2002; Niu et al., 2003;
Shibuya et al., 2003; Han et al., 2006). Because many ECM-,
adhesion-, and apoptosis-related molecules are targets of
MMPs, we hypothesized that MMPs contribute to noise-
induced cochlear damage. Thus far, the information regarding
the expression profile of MMPs and their related genes in the
normal cochlear sensory epithelium and their roles in cochlear
pathogenesis after acoustic trauma is still not clear.

The current study was designed to determine the role of
MMPs in the modulation of cochlear responses to acoustic
trauma. For the first time, we establish a link between MMPs and
acute acoustic cochlear injury. Our study suggests that MMP
modulation may serve as a novel therapeutic strategy for the
reduction of noise-induced cochlear damage.

Materials and Methods
Animals. Young Sasco Sprague Dawley rats (2– 4 months old, male and
female; Charles River Laboratories), Mmp7 knock-out mice (B6.129-
Mmp7 tm1Lmm/J, 8 –12 weeks old, male and female; The Jackson Labora-
tory), and C57BL/6J (8 –12 weeks old, male and female; The Jackson
Laboratory) were used. B6.129-Mmp7 tm1Lmm/J mice were congenic on a
C57BL/6J background. All animals received a baseline-hearing evalua-
tion. Only the subjects that exhibited normal hearing sensitivity were
included in the study. The procedures involving the use and care of the
animals were approved by the Institutional Animal Care and Use Com-
mittee of the State University of New York at Buffalo.

Experimental procedures. After the baseline-hearing evaluation, the
animals were randomly assigned to either one of the noise groups or
one of the control groups. The animals in the noise groups received a
noise exposure and scheduled hearing evaluations. Their cochleae
were collected for gene expression analyses and pathological analysis
at defined time points. The control animals underwent a protocol
identical to that of the subjects in the corresponding noise groups
except for the noise exposure. A portion of the animals from both
groups was treated with doxycycline to inhibit MMP activity or with
vehicle. These animals received hearing evaluations before and after
the doxycycline treatment and were either killed after the completion
of the doxycycline treatment or further exposed to noise and then
killed at a defined time point. The control group for this set of exper-
iments received a physiological saline solution, the vehicle solution
for the preparation of the doxycycline solution. The numbers of ani-
mals or cochleae used for each set of experimental conditions will be
described in the subsequent sections, as well as in Results. The sepa-
rate experimental procedures are detailed below.

The experiments were performed by several observers, and the observ-
ers were not blinded to the experimental conditions. All data were objec-
tive measures and were analyzed independently by two researchers. All
experimental groups had corresponding controls, and animals were ran-
domly assigned to these experimental and control groups. There were no
deaths attributable to attrition, and no data were excluded from analysis.

Noise exposure. A continuous noise (1–7 kHz) at 120 dB (sound pres-
sure level, �20 �Pa) for 2 h was used to traumatize the cochlea. The noise
signal was generated using a real-time signal processor [RP2.1; Tucker
Davis Technologies (TDT)]. The signal was routed through an attenua-
tor (PA5; TDT) and a power amplifier (Crown XLS 202; Harman Inter-
national) to a loudspeaker (NSD2005-8; Eminence) positioned 30 cm
above the animal’s head. The noise level at the position of the animal’s
head in the sound field was calibrated using a sound level meter [model
800 B; Larson Davis, PCB Piezotronics Division (LD-PCB)], a preampli-
fier (model 825; LD-PCB), and a condenser microphone (LDL 2559;
LD-PCB). The rats were individually exposed to the noise in a holding
cage. This noise paradigm was used in our previous investigation (Hu

and Cai, 2010; Cai et al., 2012) and is able to generate sensory cell damage
and cochlear functional loss.

Suppression of MMP activity. To determine the role of MMPs in main-
taining normal cochlear function and altering cochlear pathogenesis af-
ter noise exposure, we inhibited cochlear MMP activity using
doxycycline hyclate (D9891; Sigma-Aldrich), a broad-spectrum inhibi-
tor of MMPs (Burggraf et al., 2007; Bedi et al., 2010). The doxycycline
solution (25 mg/ml) was freshly prepared each day by the dissolution of
the drug in 0.9% saline. The solution was protected from light before use
and was administrated by gavage twice daily (8:00 A.M. and 6:00 P.M.).
Three dosages were used: (1) 50 mg � kg �1 � d �1 for 1.5 d (three appli-
cations); (2) 50 mg � kg �1 � d �1 for 7 d; and (3) 100 mg � kg �1 � d �1 for
7 d. This dose range has been used in previous investigations in rat
models and has been proven to be effective for the inhibition of MMP
activity and/or expression (Canlon, 1988; Curci et al., 1998). The control
animals received the same volume of 0.9% saline solution with an iden-
tical application paradigm.

Auditory brainstem responses. Auditory brain response (ABR) mea-
surements were conducted before noise exposure and at multiple time
points after noise exposure, as well as before, during, and multiple time
points after doxycycline treatment (for the details of the test schedule, see
Results) to determine the hearing sensitivity of the animals. The ABRs
were recorded as described previously (Hu et al., 2009). Briefly, an animal
was anesthetized with an intraperitoneal injection of a mixture of ket-
amine (87 mg/kg) and xylazine (3 mg/kg). The body temperature was
maintained at 37.5°C with a warming blanket (Homeothermic Blanket
Control Unit; Harvard Apparatus). Stainless-steel needle electrodes were
placed subdermally over the vertex (non-inverting input) and posterior
to the stimulated and nonstimulated ears (inverting input and ground)
of the animal. The ABRs were elicited with tone bursts at 5, 10, 20, 30, and
40 kHz (0.5 ms rise/fall Blackman ramp, 1 ms duration, alternating
phase) at the rate of 21/s, which were generated digitally (SigGen; TDT)
using a digital-to-analog converter (100 kHz sampling rate; RP2.1; TDT)
and fed to a programmable attenuator (PA5; TDT), an amplifier (SA1;
TDT), and a closed-field loudspeaker (CF1; TDT). The electrode outputs
were delivered to a preamplifier/base station (RA4LI and RA4PA/RA16B;
TDT). The responses were filtered (100 –3000 Hz), amplified, and aver-
aged using TDT hardware and software. These responses were then
stored and displayed on a computer. The ABR threshold was defined as
the lowest intensity that reliably elicited a detectable response.

Cochlear tissue collection. The animals were decapitated under deep
anesthesia with CO2. The cochleae were quickly removed from the skull.
For the analysis of the transcriptional expression patterns of MMPs and
their related genes, the cochleae were perfused with an RNA stabilization
reagent (RNAlater; Qiagen) and were dissected in the same reagent to
collect the cochlear sensory epithelia. For the assessment of MMP activ-
ity, the cochleae were dissected in ice-cold PBS to collect the cochlear
tissues containing the sensory epithelium and the lateral wall. For the
immunohistological and pathological examinations, the cochleae were
fixed with 10% buffered Formalin for at least 4 h. The cochleae were then
dissected in PBS, and the organs of Corti were collected.

RNA sequencing. The cochlear sensory epithelia from the two cochleae
of one animal were pooled to generated one sample. Three biological
repeats were performed. The total RNA was extracted from the tissues
using the Qiagen RNeasy Micro kit as per the protocol of the manufac-
turer. The quality and quantity of collected total RNA was evaluated
using the Agilent Bioanalyzer 2100 (Agilent Technologies) and the Ri-
boGreen Quantification assay (Invitrogen).

The synthesis of cDNA from 8 –10 ng of total RNA per sample was
performed with the Clontech SMARTerTM Ultra Low RNA kit. From
each cDNA sample, a sequencing library was prepared using the Illumina
Paired End Sample Prep kit (Illumina) according to the Illumina Ultra
Low Input mRNA-Seq Protocol. The average insert size of the libraries
was 124 bp. Each cDNA library was sequenced in a 50 cycle single read
flow cell lane on an Illumina HiSeq 2000.

qRT-PCR array. We assessed the gene expression levels of 20 MMPs
and their related genes (for the gene list, see Table 2) using the PARN-
013A Biosciences adhesion array (Qiagen). The animals were killed, and
the cochleae were collected at a defined time point (control, 2 h, 1 d, or
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28 d after noise exposure). After the dissection of the cochlea, the apical
and basal sections of the sensory epithelium were collected separately.
The apical sample contained the apical 45% of the sensory epithelium,
and the basal sample contained the tissue corresponding to 45–90% from
the apex of the sensory epithelium. Each sample was analyzed separately
using qRT-PCR. Four biological repetitions from four subjects were per-
formed for the control group as well as for the 2 h and 1 d post-noise
groups. Three biological repetitions were performed for the 28 d post-
noise group.

The protocol to isolate the total RNA, synthesize and preamplify the
cDNA, and run the qRT-PCR reactions was performed as described pre-
viously (Cai et al., 2012). The total RNA was isolated from each sample
using the RNeasy Micro kit (Qiagen) as per the instructions of the man-
ufacturer. The concentration of isolated total RNA was measured with a
NanoDrop instrument (NanoDrop 1000; Thermo Fisher Scientific). The
isolated total RNA was used to generate cDNA, and the cDNA was pre-
amplified using the RT 2 Nano PreAMP cDNA Synthesis kit (Qiagen).
The synthesized cDNA was mixed with RT 2 Real-Time PCR SYBR
Green/Fluorescein Master Mix (Qiagen), transferred to a 96-well plate,
and used to perform qRT-PCR on a Bio-Rad MyiQ Single-Color Real-
Time PCR System. The quality control for the mRNA quantification was
performed using three integrated control assays in the PCR array: a re-
verse transcription control, a positive PCR control, and a genomic DNA
control. All PCR runs passed the control tests.

Individual mRNA expression analysis. To determine the effect of MMP
inhibition on MMP expression, we examined the transcriptional expres-
sion of Mmp7, Mmp9, Mmp11, Mmp13, and Mmp14 using individual
qRT-PCR with pre-developed TaqMan gene expression primer/probe
assays (Applied Biosystems). After completion of the doxycycline treat-
ment (50 mg � kg �1 � d �1) for 7 d, the animals were killed. One cochlea,
either the right or the left, was dissected to collect the sensory epithelium.
The sensory epithelium from one cochlea was used to generate one sam-
ple, and five repetitions from five individual subjects were conducted for
each experimental condition (doxycycline-treated and saline-treated).

The isolated total RNAs were reverse transcribed using a high-capacity
cDNA reverse transcription kit (Applied Biosystems). qRT-PCR was per-
formed on a MyIQ two-color real-time PCR detection system (Bio-Rad).
Pre-developed Hprt1, Rplp1, and Actb gene expression assays (Applied
Biosystems) were used as endogenous controls.

Immunohistology. Immunohistochemistry was used to examine the
expression changes in the Timp1 and Timp2 proteins as well as the ex-
pression change in Bax protein in the organ of Corti. The animals were
killed at 2 h after noise exposure. The cochleae were fixed with 10%
buffered Formalin for 4 h. After dissection in 10 mM PBS, the organs of
Corti were collected. The tissues were then permeabilized with 0.2%
Triton X-100 in PBS for 30 min, blocked with 10% goat serum in PBS,
and incubated overnight at 4°C with the requisite primary antibody
(Timp1, sc-5538, Santa Cruz Biotechnology; Timp2, C0348, Assay Bio-
technology Company; Bax, ab-3192, Abcam) at a concentration recom-
mended by the manufacturers. The tissues were then rinsed with PBS
(three times), incubated with a secondary antibody (Alexa Fluor 488-
labeled goat anti-rabbit antibody for Timp1 and Timp2, Invitrogen;
FITC-conjugated goat anti-rat IgG for Bax, R40401, Caltag Laboratories)
for 2 h, and counterstained with propidium iodide (5 �g/ml in PBS) for
10 min.

For the noise groups, 6, 10, and 3 cochleae were used for Timp1,
Timp2, and Bax staining, respectively. The cochleae from six additional
animals that did not undergo noise exposure were used as the normal
control. Several pieces of the organs of Corti from these cochleae were
stained with only the secondary antibodies to assess nonspecific staining.

The immunolabeled tissues were first inspected with a microscope
equipped with epifluorescence illumination to identify sensory cell le-
sions. The lesions were further examined with confocal microscopy (Carl
Zeiss LSM510 multichannel laser scanning confocal imaging system)
using a method that has been reported previously (Hu and Cai, 2010; Cai
et al., 2012). In the current investigation, we did not compare the inten-
sity of immunolabeling among the tissues from different cochleae be-
cause of the potential influence of technical variations associated with the
tissue preparation, staining, and evaluation. Instead, we focused on the

detection of staining differences within individual tissues, because tissues
presumably received identical treatment for the immunolabeling. The
staining intensity was visually examined. If sensory cells exhibited a de-
tectable increase in the staining intensity compared with the staining in
their neighboring sensory cells, we considered these cells to be positively
stained cells. The numbers of these positive cells were counted for addi-
tional quantitative analysis.

MMP activity. The MMP activities in the cochlear tissues were evalu-
ated using a fluorometric MMP assay kit (SensoLyte 520 generic MMP
assay kit; AnaSpec). The supplied substrate is a fluorescence resonant
energy transfer (FRET) peptide conjugated with 5-carboxyfluorescein
and the QXL520 quencher as a FRET pair. The substrate was designed to
detect the activity of a variety of human MMPs, including Mmp1, Mmp2,
Mmp7, Mmp8, Mmp9, Mmp12, and Mmp14. The animals were killed at
either 2 h (n � 5) or 1 d (n � 5) after noise exposure or at the time of the
completion of a 7 d doxycycline treatment (50 mg � kg �1 � d �1, n � 5).
For all experimental conditions, an equal number of control animals
received only the saline treatment.

The animals were killed, and the cochleae were dissected in ice-cold 10
mM PBS. The cochlear tissues containing the sensory epithelium and the
lateral wall were collected. The tissues from one cochlea were used to
generate one sample. We also collected tissues from the kidney cortex
(n � 5) and the inferior colliculus of the brainstem (n � 5) from normal
control subjects. Each sample was homogenized in the assay buffer (pro-
vided by the manufacturer) containing 0.1% (v/v) Triton X-100 and then
centrifuged at 10,000 � g at 4°C for 15 min. The supernatant was col-
lected, and the protein concentration was measured using a spectropho-
tometer (NanoDrop 1000; Thermo Fisher Scientific). The samples were
stored at �70°C before the measurement of MMP activity.

To assess the MMP activity, 1 �l of 4-aminophenylmercuric acetate
(50 mM) was added to 49 �l of a sample containing 200 �g of protein to
activate the pro-MMPs. The sample was incubated at 37°C for 3 h. Then
50 �l of the MMP substrate was added to the sample and was mixed by
shaking gently for 30 s. The sample fluorescence intensity was measured
every 5 min for a period of 60 min using a microplate reader (Bio-Tek
Multifunction Plate Reader; BioTek Instruments) with excitation at 490
nm and emission at 520 nm. We used a substrate control that contained
only the assay buffer as the background control. The fluorescence reading
from this background control was used to normalize the sample readings
to obtain the relative fluorescence units (RFUs). The RFU was then nor-
malized using the total protein concentration for each sample.

Assessment of sensory cell damage. The organs of Corti were collected
for pathological examination at 28 d after exposure or at 28 d after doxy-
cycline treatment. The animals were killed, and the cochleae were fixed
with 10% buffered Formalin. After dissection, the organs of Corti were
collected and stained with a propidium iodide solution (5 �g/ml in PBS)
for 10 min. The tissues were mounted on slides with anti-fade medium
(Prolong Gold anti-fade reagent; Invitrogen).

The specimens were examined with a microscope equipped with epi-
fluorescence illumination to identify hair cell lesions. The pathological
criteria used to identify the damaged cells were similar to the method
described previously (Hu et al., 2002; Yang et al., 2004). The cells with
malformed nuclei (condensed, fragmented, or swollen) were considered
damaged cells. Based on the nuclear morphology, the number of dam-
aged and missing hair cells was quantified for each cochlea. The average
numbers for each experimental condition were assembled into a cochleo-
gram showing the frequency–place correlation for the rat (Müller, 1991).

Data analyses. The average ABR thresholds obtained before and after
noise exposure and before and after doxycycline treatment were com-
pared using a two-way ANOVA with two factors of either time � fre-
quency or treatment � time (for details, see Results). For the
quantification of the cochlear damage induced by noise exposure or by
doxycycline treatment, the average numbers of missing cells among dif-
ferent experimental groups were compared using a one-way ANOVA. If
a significant main effect occurred, post hoc testing with the Tukey’s test,
the Bonferroni’s test, or the Kruskal–Wallis test was performed to delin-
eate the nature of the differences (for details, see Results).

For the RNA-sequencing (RNA-seq) data analysis, the sequence re-
sults were aligned to the rat reference genome sequence (University of
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California, Santa Cruz Genome Browser, Rn4)
(Fujita et al., 2011) using TopHat version 1.3.2
(Trapnell et al., 2009) and Bowtie (Langmead
et al., 2009). The resulting alignments were fur-
ther assembled and annotated using Cufflinks
(Trapnell et al., 2010). The abundance of the
gene expression was normalized to the reads
per kilobase of exon model per million mapped
reads (RPKM) (Mortazavi et al., 2008).

For the analysis of the changes in expression
of the MMPs and their related genes, a relative
quantification method was used (Livak and
Schmittgen, 2001; Stankovic and Corfas,
2003). We first examined the expression levels
of five reference genes (Rplp1, Hprt1, Rpl13a,
Ldha, and Actb) to select stable genes for the
normalization of gene expression. All of the
genes are highly expressed in normal and noise-damaged cochlear sen-
sory epithelia. Four genes (Hprt1, Rplp1, Rpl13a, and Actb) were stably
expressed, with fold changes �1.5 at 2 h and 1 d after noise exposure.
Therefore, we selected Rplp1, Hprt1, Rpl13a, and Actb for the qRT-PCR
array data analysis, Hprt1, Rplp1, and Actb for the individual qRT-PCR
data analysis of doxycycline-treated cochlear samples, and Actb for the
qRT-PCR data analysis of Mmp7�/� and wild-type mouse samples.

The expression level of a given gene was first normalized to the average
level of the reference genes to generate the �Ct value. The ��Ct was then
calculated with the following formula: �Ct (an experimental group) �
�Ct (a control group). The significance of the changes for qRT-PCR
array data was analyzed using significance analysis of microarrays (SAM)
(Tusher et al., 2001) with the number of permutations equal to 100. The
significance of the changes for the individual qRT-PCR data was analyzed
using Student’s t test. An expression change was considered significant if
the false discovery rate (FDR) was �6.2%, and the fold difference was
�2. A Pearson’s analysis was used to define the correlation of the expres-
sion levels of the MMPs and their related genes between the samples from
the apical and basal sections of the cochlear sensory epithelium.

The comparison of the MMP activities of the tissues from the cochlea,
brain, and kidney was achieved using one-way ANOVA with the post hoc
Tukey’s test. The comparisons of the MMP activities between the noise-
traumatized cochleae and the control cochleae and between the cochleae
treated with doxycycline and those treated with saline were performed
using Student’s t test.

For the analysis of Timp1 and Timp2 immunoreactivity, we examined
the sensory epithelium to identify the positively stained sensory cells.
Positive cells were defined by a marked increase in immunoreactivity
compared with the neighboring sensory cells. The numbers of Timp1-
and Timp2-positive cells were quantified for each cochlea. The ratio of
the number of positively stained cells to the number of cells that exhib-
ited nuclear malformation (fragmented or condensed) was calculated.

Results
Acoustic overstimulation causes a time-dependent change in
cochlear MMP activity
To determine the role of MMPs in noise-induced cochlear patho-
genesis, we examined the MMP activity in normal and noise-
traumatized rat cochleae. In normal cochleae, we detected strong
MMP activity (Fig. 1A). To provide a context for the assessment
of MMP activity in the cochlea, we also examined the MMP ac-
tivity in the brain and kidney. We found that the MMP activity in
the cochlea was comparable with that observed in the kidney. In
both tissues, the activity was stronger than that in brain (one-way
ANOVA, F � 17.62, df � 2,12, p � 0.0003; Tukey’s multiple
comparison test: cochlea vs brain, p � 0.05; kidney vs brain, p �
0.05; cochlea vs kidney, p � 0.05). The detection of stronger
MMP activity in the kidney than in the brain is consistent with the
observations of a previous study in rodents (Pagenstecher et al.,
2000).

We then compared the MMP activity between the normal and
the noise-traumatized cochleae collected at 2 h or 1 d after noise
exposure. We found that the samples of the 2 h post-noise expo-
sure group had a similar activity level to that in the samples of
normal cochleae (Fig. 1B). In contrast, the MMP activity was
reduced in the samples of the 1 d post-noise exposure group
(Student’s t test, p � 0.035; Fig. 1C). This observation suggests
that acoustic trauma causes a time-dependent change in cochlear
MMP activity.

Exposure to intense noise causes transcriptional changes in
MMPs and their related genes
To investigate the molecular basis underlying the change in MMP
enzymatic activity, we examined the transcriptional changes in
the genes related to the MMP family in normal and noise-
traumatized cochlear sensory epithelia.

Multiple MMPs and their related genes are constitutively
expressed in the sensory epithelium of the normal cochlea
Although several MMPs have been identified in the cochlea
(Cho et al., 2002; Setz et al., 2011), a comprehensive analysis of
the expression patterns of MMPs and their related genes is still
lacking. Therefore, we began our current investigation by pro-
filing the transcriptional expression of these genes in the nor-
mal cochlear sensory epithelium.

We first used RNA-seq to screen the mRNA transcripts in
the cochlear sensory epithelium. Three biological repetitions
were performed, and the transcript levels were quantified in
RPKM. Using an RPKM value of �0.1 as the threshold, we
detected the expression of 12 MMP genes, 4 TIMP genes, 9
ADAM genes, and 10 ADAMTS genes in the cochlear sensory
epithelium (Table 1).

To further assess the expression pattern, we used a qRT-PCR
array to measure the transcriptional expression levels of 13 MMP
genes, as well as seven associated genes (three TIMPs and four
ADAMTSs) in the cochlear sensory epithelium (Table 2). Using a
raw Ct value �35 as the cutoff value, we detected the expression
of 12 MMPs (Mmp1a, Mmp2, Mmp3, and Mmp8 –16), three
TIMPs (Timp1–Timp3) and four ADAMTSs (Adamts1, Adamts2,
Adamts5, and Adamts8) in the cochlear sensory epithelium. To
assess their relative expression levels, we normalized the expres-
sion levels to those of four reference genes (Rplp1, Hprt1, Rpl13a,
and Actb) and ranked the �Ct values (Table 2). We identified the
highly expressed genes, including Timp3, Timp2, Mmp11 and
Adamts1. In contrast, the expression levels of Mmp1a, Mmp3,
Mmp10, and Adamts8 were low. The expression of Mmp7 was
undetectable. The remaining genes were expressed at levels be-
tween those of Adamts1 and Mmp10.

Figure 1. MMP enzymatic activities in normal and noise-traumatized tissues. A, Comparison of MMP activities in tissues from
the cochlea, brain, and kidney. The activities in the cochlea and kidney were higher than that in the brain (one-way ANOVA, Tukey’s
test, *p � 0.05). B, C, Comparisons of MMP activities between noise-exposed and control cochleae at 2 h (B) and 1 d (C) after noise
exposure. The asterisk in C indicates a significant difference (Student’s t test, *p � 0.05). The data are the mean � SD RFUs per
milligram of protein from five biological repetitions.
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The apical and basal regions of the cochlear sensory epithe-
lium are known to have different susceptibilities to acoustic
trauma (Thorne et al., 1984; Bohne et al., 1987; Hu et al., 2002;
Pouyatos et al., 2009). We sought to determine whether the ex-
pression patterns of MMPs and their related genes differed in
these two regions. We found that none of the genes tested was
expressed exclusively in one region and that the expression levels
between the two regions were highly correlated (Fig. 2A). How-
ever, a majority of the examined genes had higher expression
levels in the apical samples than in the basal samples (SAM anal-
ysis, delta set at 0.96, generating an FDR � 1.3%; Fig. 2B). Only
two genes (Adamts1 and Timp3) exhibited higher expression lev-
els in the basal sample, although the differences were relatively
small (�Ct difference �0.5). This result indicates that the expres-
sion levels of MMPs and their related genes differ in the apical
and basal partitions of the cochlear sensory epithelium relative to
the expression levels of reference genes.

Table 2. Expression levels of MMP-related genes in the normal cochlear sensory
epithelium (�Ct values for the reference genes)

Gene
Apical samples �Ct
(mean � SD)

Basal samples �Ct
(mean � SD)

Timp3 0.8 � 0.4 0.2 � 0.3
Timp2 3.6 � 1.5 5.8 � 0.3
Mmp11 3.7 � 0.3 5.2 � 0.1
Adamts1 4.5 � 0.4 4.2 � 0.5
Mmp2 5.7 � 1.0 8.4 � 0.1
Mmp14 5.8 � 1.5 9.8 � 0.4
Mmp15 6.6 � 1.9 10.0 � 0.5
Mmp16 6.8 � 0.4 8.6 � 0.4
Timp1 7.2 � 1.4 10.2 � 0.4
Adamts2 7.3 � 1.8 12.5 � 0.7
Adamts5 7.6 � 1.6 11.6 � 0.8
Mmp13 10.0 � 1.6 16.0 � 2.5
Mmp12 10.5 � 2.9 11.3 � 1.5
Mmp9 11.2 � 2.2 16.2 � 0.4
Mmp10 13.1 � 0.3 16.7 � 1.0
Mmp8 13.3 � 5.1 15.1 � 1.5
Adamts8 13.6 � 1.7 16.4 � 0.4
Mmp1a 15.2 � 1.2 16.6 � 0.6
Mmp3 15.4 � 2.5 16.8 � 1.1
Mmp7 Undetectable Undetectable

Data are means � SD from four biological repeats, and are ranked in the order of abundance from highest to lowest.

Table 1. RNA-seq analysis of expression levels of MMPs and their related genes in
the normal cochlear sensory epithelium

Rank Symbol

Expressionlevels(RPKM)

Mean SD

1 Timp3 313.014667 48.083363
2 Timp4 33.766000 6.280977
3 Mmp2 21.655000 1.698958
4 Timp2 20.637100 0.918567
5 Mmp11 16.040733 1.412411
6 Adam17 14.830200 1.272556
7 Adam9 14.389133 1.260569
8 Timp1 12.930200 1.310796
9 Mmp14 6.819683 1.391921

10 Adam15 5.001737 1.265057
11 Adamts5 3.112443 0.461971
12 Adamts4 2.985333 0.804253
13 Adamts1 2.280083 0.228785
14 Mmp23 2.136813 0.063010
15 Mmp15 2.060170 0.410033
16 Adam1a 1.687500 0.274603
17 Mmp19 1.532320 0.375401
18 Mmp28 1.296060 0.241776
19 Adamts2 1.052326 0.222532
20 Mmp16 0.820286 0.022521
21 Adamts7 0.724191 0.095022
22 Adam19 0.585268 0.073859
23 Adam23 0.533078 0.321016
24 Adam4 0.298481 0.162119
25 Mmp13 0.273117 0.345497
26 Adam11 0.263625 0.098319
27 Adam4l1 0.235758 0.055396
28 Mmp8 0.232153 0.075457
29 Adamts12 0.228282 0.053822
30 Adamts14 0.220333 0.030222
31 Adamts9 0.214563 0.080957
32 Mmp3 0.191781 0.108299
33 Adamts15 0.128454 0.065314
34 Adamts3 0.116649 0.037044
35 Mmp12 0.102173 0.091785

Data were obtained from three biological reparations and are ranked in the order of abundance from highest to
lowest.

Figure 2. Comparison of the expression pattern of MMP-related genes between the apical
and basal regions of the cochlear sensory epithelium. A, Scatter plot showing the correlation
between the expression levels (�Ct) of MMPs and their related genes in apical samples com-
pared with those in basal samples (analyzed with Pearson’s analysis). B, Comparison of the
expression levels of MMPs and their related genes between the apical and the basal samples.
Most of the examined genes exhibited higher Ct values (lower expression levels) in the basal
samples (fold difference � 2 and FDR � 0, SAM analysis), except for three genes (marked with
asterisks) that showed either a small Ct difference (�2, Mmp12) or lower Ct values in the basal
samples (Adamts1 and Timp3). However, these differences for Adamts1 and Timp3 were rela-
tively minor (�Ct difference � 0.5). C, Correlation between the RNA-seq and qRT-PCR data for
the genes identified with both assays (analyzed with Pearson’s analysis).
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Using the Pearson’s analysis, we examined the correlation be-
tween the expression levels evaluated by the RNA-seq analysis
and those evaluated by the qRT-PCR array analysis and found a
highly correlated expression pattern (Fig. 2C, r � 0.864, p �
0.0001). Together, our expression analyses identify a group of
MMPs and their related genes that are constitutively expressed in
the cochlear sensory epithelium under normal physiological con-
ditions. Importantly, many of these genes had not been identified
previously in the cochlea.

Exposure to intense noise causes site- and time-dependent changes
in the expression levels of MMP-related genes
To determine the expression changes in MMPs and their related
genes after acoustic trauma, we examined the MMP expression at
2 h, 1 d, and 28 d after noise exposure using the qRT-PCR array. The
first two time points represent the acute phases of cochlear patho-
genesis, and the last time point represents
the stable phase of cochlear pathology.
Again, we divided the cochlear sensory epi-
thelium into the apical and basal samples to
investigate the site-specific changes.

At 2 h after noise exposure, five genes in
the apical portion of the organ of Corti were
upregulated (Adamts1, Mmp7, Mmp3,
Timp1, and Timp3; SAM analysis, FDR � 0;
Table 3). Among these, two are MMP family
members (Mmp3 and Mmp7), one is a
member of the ADAMTS family (Adamts1),
and two are inhibitors of MMPs (Timp1 and
Timp3). None of the genes tested were
downregulated in the apical samples at the
2 h time point.

Seven genes in the basal portion of the
organ of Corti were upregulated 2 h after
noise exposure (Mmp3, Mmp7, Mmp13
Mmp14, Adamts1, Adamts8, and Timp1),
and one gene (Mmp11) was downregu-
lated (SAM analysis, FDR � 0; Table 2).
Among the genes upregulated in the basal
portion of the sensory epithelium, four
genes (Mmp7, Mmp3, Timp1, and Ad-
amts1) were also altered in the apical tis-
sues (Fig. 3). All of the genes that covaried were upregulated with
greater fold changes in the basal samples than the apical samples.
Four genes (Mmp13, Mmp14, Mmp11, and Admts8) with expres-
sion changes were found exclusively in the basal samples, and
only one (Timp3) was found exclusively in the apical samples.
Overall, acoustic overstimulation induced changes in the expres-
sion of a greater number of genes in the basal section of the
cochlear sensory epithelium during the acute phase of cochlear
pathogenesis.

To determine whether the changes in the expression levels of
the MMP-related genes persisted in the later parts of the acute
phase and in the recovery phases of cochlear pathogenesis, we
profiled the expression patterns at 1 d and 28 d after noise expo-
sure. These time points were analyzed using only the samples
obtained from the apical sections of the sensory epithelia. We
excluded the basal samples at these time points because of the
concern that accumulated cell death in this region could pose
difficulties in the interpretation of the results.

At 1 d after exposure, all upregulated gene expression that was
observed at 2 h after exposure returned to the pre-noise levels
except for one gene, Timp1, which remained upregulated (16.3-

fold difference compared with the pre-noise level). More notice-
ably, 13 genes showed a trend of downregulation (SAM analysis,
FDR � 6.2%; Table 4). The data from both the 2 h and 1 d time
points suggested that the acute-phase pathology was character-
ized by a dynamic change in gene regulation.

By 28 d after exposure, four genes (Mmp7, Mmp1, Mmp10,
and Mmp3) were upregulated (Table 4). Among these upregu-
lated genes, Mmp7 and Mmp3 exhibited a significant upregula-
tion at 2 h after noise exposure, suggesting the presence of a
second wave of upregulation of these genes. Noticeably, the ma-
jor change at this time point was the downregulation of the gene
expression (Table 4). Together, these observations suggest that
the modulation of the expression of MMPs and their related
genes is a time-dependent event (Fig. 4), consistent with the ob-
servations of previous investigations on traumatic brain injury
(Kolar et al., 2008).

Expression changes in Timp1 and Timp2 after
acoustic trauma
MMP activity is regulated in part by endogenous inhibitors, in-
cluding TIMPs. To determine whether acoustic trauma causes

Figure 3. Site-specific changes in MMPs and their related genes in the cochlear sensory epithelium examined at 2 h after noise
exposure. The image lists the genes for which the expression levels were exclusively or concurrently altered in the apical and basal
sections of the sensory epithelium. All of the listed genes were upregulated except for Mmp11 (marked by the asterisk), which was
downregulated.

Table 3. Fold changes in MMP-related genes 2 h after noise exposure relative to
preexposure levels

Gene

Apical partition Basal partition

Fold change q value (%) Fold change q value (%)

Upregulation
Adamts1 8.5 0.00 11.2 0.00
Mmp7 49.9 0.00 289.9 0.00
Timp1 8.1 0.00 82.4 0.00
Mmp3 22.6 0.00 104.5 0.00
Timp3 2.1 0.00
Adamts8 5.3 0.00
Mmp13 20.4 0.00
Mmp14 2.3 0.00

Downregulation
Mmp11 4.96 0.00

Data were obtained from four biological repeats.
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changes in TIMP expression, we examined the changes in the
protein expression of two TIMPs (Timp1 and Timp2) at 2 h after
noise exposure. Timp1 was selected for analysis because it was
upregulated at the mRNA level in both the apical and basal par-
titions of the sensory epithelium at 2 h after noise exposure (Table
3). Timp2 was selected because it was highly expressed in the
normal cochlea (Table 2) and was downregulated at both 1 d and
28 d after noise exposure. An immunolabeling assay was used to
assess the spatial distribution of the changes in the organ of Corti.

In the normal cochlea, Timp1 immunoreactivity was weakly
present in the cytoplasm of the sensory cells and the supporting
cells (Fig. 5B, see A for the nuclear morphology of the cells in the
same area). In noise-traumatized cochleae, we observed a cell-
state-dependent change in Timp1 immunoreactivity. To define
the progression of sensory cell degeneration, we used nuclear
morphology as a marker because this phenotype of sensory cell

degeneration is an early event of cell damage that progresses in a
step-by-step manner (Yang et al., 2004; Hu et al., 2006). Com-
pared with the staining intensity of Timp1 in sensory cells with
normal nuclear morphology, sensory cells that had slight nuclear
condensation (an increase in propidium iodide fluorescence but
a decrease in the nuclear size) exhibited reduced Timp1 immu-
noreactivity (Fig. 5D–F). In contrast, Timp1 immunoreactivity
was increased in sensory cells with advanced nuclear condensa-
tion as evidenced by the appearance of small nuclear fragments
(Fig. 5G–I). Noticeably, not all cells with advanced nuclear con-
densation exhibited increased Timp1 immunoreactivity, suggest-
ing that the increase in Timp1 immunoreactivity is a transient
event of cell degeneration or that different cells undergo different
molecular changes. We quantified the number of sensory cells
that exhibited nuclear malformation and the numbers of cells
that showed increased Timp1 immunoreactivity and found the
ratio to be �3:1 (Fig. 5C). Because only a few sensory cells exhib-
ited the early signs of nuclear condensation, we did not quantify
their number. Together, this observation suggests the presence of
a biphasic expression change in the Timp1 protein with an early
downregulation and a subsequent upregulation during sensory
cell degeneration.

Timp2 immunoreactivity was only
weakly present in the sensory cells of the
normal sensory epithelium (Fig. 6A–C).
After acoustic trauma, an increase in
Timp2 immunoreactivity was found in
the circumferential ring of outer hair cells,
in which the cells form junctions with
Deiters cells (Fig. 6E). The double labeling
of the tissue with propidium iodide re-
vealed that all of the cells with increased
immunoreactivity in the circumferential
rings exhibited malformed nuclei (Fig.
6D–F). Again, not all sensory cells with
nuclear condensation exhibited increased
Timp2 immunoreactivity. The quantita-
tive analysis of the number of sensory cells
with nuclear malformation and the num-
ber of cells with increased Timp2 immu-
noreactivity revealed a ratio of 3.5:1 (Fig.
6G), similar to the ratio observed for
Timp1 staining.

Nuclear condensation and fragmenta-
tion are morphological signs of apoptosis.
To confirm that the cells with these nu-
clear changes were dying by apoptosis, we

stained the tissues with an antibody against Bax, a proapoptotic
protein (Lalier et al., 2007). We found that all of the cells showing
condensed or fragmented nuclei displayed strongly increased Bax
immunoreactivity (Fig. 6H, I). This observation is consistent
with our previous observations using other apoptosis markers
(the activation of caspase-3 and the terminal deoxynucleotidyl
transferase-mediated dUTP-digoxigenin nick end labeling) in
sensory cells showing nuclear condensation (Hu et al., 2009; Cai
et al., 2012). Together, the observations suggest that Timp1 and
Timp2 are involved in the apoptotic process in noise-induced
cochlear damage.

To verify the specificity of the antibodies used in the current
investigation, we confirmed the molecular weights of the proteins
targeted by the Timp1, Timp2, and Bax antibodies using a West-
ern blotting assay. We detected a clear 24 kDa band for Timp2
and a 21 kDa band for Bax, consistent with the molecular weights

Figure 4. Dynamic changes in the expression levels of the MMP-related genes at three time points (2 h, 1 d, and 28 d) after noise
exposure. To reduce the complexity of the figure, the data presented are the expression changes with FDR values � 6.19% (SAM
analysis). For the expression changes with greater FDRs, the expression values are assigned to zero.

Table 4. Fold changes in MMP-related genes 1 d and 28 d after noise exposure in
the apical sensory epithelium

Gene

1 d after noise exposure 28 d after noise exposure

Fold change q value (%) Fold change q value (%)

Upregulation
Timp1 16.3 0.00
Mmp1a 7.2 0.00
Mmp3 3.2 2.72
Mmp7 12.7 0.00
Mmp10 3.7 1.43

Downregulation
Adamts2 6.9 6.19 16.6 0.00
Mmp14 3.4 6.19 10.0 0.00
Mmp15 5.2 6.19 9.9 0.00
Timp2 3.7 6.19 7.1 0.00
Mmp1a 4.1 6.19
Mmp9 5.2 6.19
Adamts1 3.7 0.00
Adamts5 8.5 0.00
Mmp2 10.9 0.00
Mmp11 4.5 0.00
Mmp16 2.9 0.00

Data for 1 d after noise exposure were obtained from four biological repeats, and the data for 28 d after noise
exposure were obtained from three biological repeats.
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of these two proteins. In the cochlear tissue, we did not identify
the Timp1 band, possibly because of insufficient protein level for
the Western blotting assay. We therefore used HEK293 cell lysate
(sc-110547; Santa Cruz Biotechnology) for Timp1-positive con-
trol and found a strong 30 kDa band, which is consistent with the
molecular weight of this protein. In addition to Western blotting
for primary antibody assessment, we examined the nonspecific
staining of the secondary antibodies by omitting the primary
antibody and detected no clear fluorescence in the tissues.

MMP inhibition compromises cochlear function
Given the current finding that acoustic overstimulation altered
MMP activity, we sought to determine whether the change in
MMP activity affected cochlear function. To this end, we inhib-
ited MMP activity with doxycycline, a broad-spectrum inhibitor
of MMPs that has been used in both clinical and basic research for
the inhibition of MMP activity (Clark et al., 1997; Hanemaaijer et
al., 1998; Lee et al., 2001; Shlopov et al., 2001; Bedi et al., 2010).
We used a dose of 50 mg � kg�1 � d�1 for 7 d, a treatment para-

digm that has been shown to be effective for MMP inhibition in
rats (Curci et al., 1998; Nogueira et al., 2011).

The ABR thresholds were measured before and after the treat-
ment. A two-way ANOVA (frequency � time) revealed a signif-
icant time effect (F � 34, df � 2,110, p � 0.0001; Fig. 7A).
Compared with the pretreatment thresholds, the average thresh-
old shifts were 15.0 � 18.9 to 25.8 � 21.3 dB (mean � SD) at the
time of the completion of the doxycycline treatment (Bonferro-
ni’s post hoc test, p � 0.05– 0.001, depending on testing fre-
quency). These threshold shifts partially recovered 7 d after the
completion of the drug treatment, resulting in reduced threshold
shifts ranging from 7.5 � 21.8 to 17.1 � 19.9 dB (mean � SD). At
this time point, the threshold shifts were significant at only two
tested frequencies (5 and 10 kHz, Bonferroni’s post hoc test, p �
0.05). The control animals, which received a saline treatment
with an identical application paradigm, exhibited no significant
threshold shifts at the time of the completion of the treatment
(F � 3.76, df � 1,45, p � 0.05; Fig. 7B). Together, these results

Figure 5. Expression changes in the Timp1 protein in the sensory epithelium at 2 h after noise exposure. A, B, The Timp1 immunoreactivity in a normal organ of Corti. The tissue was doubly stained
with propidium iodide (red fluorescence, A) for the illustration of the nuclei and an antibody against Timp1 (green fluorescence, B). The TIMP1 immunoreactivity was present primarily in the
cytoplasm (arrows). IHC, Inner hair cell; OHC1, OHC2, OHC3, first, second, and third rows of outer hair cells, respectively. D–F, Timp1 immunolabeling in a sensory epithelium collected at 2 h after the
noise exposure. D shows the nuclear morphology. E shows the Timp1 immunoreactivity. F is a superimposed image of D and E. The arrows in D point to the outer hair cells that exhibited nuclear
condensation. The immunoreactivity of Timp1 in these cells was decreased (arrows in E and F ). G–I, Timp1 immunoreactivity in sensory cells showing advanced nuclear condensation. The arrows
in G point to the outer hair cells that exhibited fragmented nuclei. TIMP1 immunoreactivity in these cells was increased (arrows in H ) compared with the neighboring outer hair cells that had
relatively normal nuclear morphology. The double arrow in G–I points to a cell with a fragmented nucleus but without increased Timp1 immunoreactivity. C, The average number of sensory cells that
exhibited nuclear malformation and the average of number of sensory cells that exhibited increased Timp1 immunoreactivity (mean � SD). Sample size, n indicates the number of cochleae. Scale
bar: D, 20 �m.
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Figure 7. Effect of the doxycycline treatment and the saline treatment on the ABR thresholds and the cochlear sensory cell viability. A, Comparison of the ABR thresholds measured before,
immediately after, and 1 week after the doxycycline treatment (50 mg � kg �1 � d �1 for 7 d) across the five tested frequencies. The asterisks indicate the presence of significant differences compared
with the pretreatment thresholds (two-way ANOVA, Bonferroni’s post hoc test, p � 0.05– 0.001). B, Comparison of the ABR thresholds tested before and after the saline treatment in the control
group animals. No significant differences were present. C, Comparison of the numbers of missing sensory cells per cochlea among the normal animals (saline treated), the animals that received a dose
of 50 mg � kg �1 � d �1 doxycycline treatment for 7 d, and the animals that received a dose of 100 mg � kg �1 � d �1 for 7 d. The asterisk indicates a significant difference (one-way ANOVA, Tukey’s
test, *p � 0.05). The error bars represent the SD. n indicates the number of cochleae.

Figure 6. Expression changes in the Timp2 protein in the cochlear sensory epithelium after acoustic trauma. A, B, Timp2 immunoreactivity in a normal sensory epithelium doubly stained with
propidium iodide (red fluorescence in A) for the illustration of nuclei and an antibody against Timp2 (green fluorescence in B). C, A combined image from A and B. The Timp2 immunoreactivity was
weakly present in the cytoplasm. IHC, Inner hair cell; OHC1, OHC2, OHC3, first, second, and third rows of outer hair cells, respectively. D–F, TIMP2 immunolabeling in a sensory epithelium collected
at 2 h after the noise exposure. The arrows in D point to the outer hair cells with condensed nuclei. These cells exhibited a marked increase in Timp2 immunoreactivity in the circumferential ring of
the outer hair cells (arrows in E and F ). The double arrows point to the cells that exhibited nuclear condensation but not increased Timp2 immunoreactivity in the circumferential ring. There was no
increased immunoreactivity in the circumferential rings of the sensory cells that had normal nuclear morphology. G, The average number of the sensory cells per cochlea that exhibited nuclear
malformation and the average number of sensory cells that exhibited increased Timp1 immunoreactivity. H, I, Bax immunoreactivity in a noise-traumatized organ of Corti. The arrows in H point to
the sensory cells with increased Bax immunoreactivity. Note that these cells also displayed nuclear condensation. Only weak Bax immunoreactivity was observed in the sensory cells with normal
nuclear morphology. Scale bar: D, 20 �m.
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indicate that the inhibition of MMP activ-
ity compromises cochlear function.

Many ototoxic agents affect cochlear func-
tion by affecting sensory cell viability. To de-
termine whether doxycycline treatment at the
current dosage compromised sensory cell via-
bility, we examined nuclear morphology, an
indicator of cell damage, 14 d after doxycy-
cline treatment. Compared with the normal
control cochleae that received only a saline
treatment, the doxycycline-treated ears ex-
hibited no significant increase in the num-
ber of missing cells (Fig. 7C, one-way
ANOVA, Kruskal–Wallis test, p � 0.05).
This result indicates that, at the currently
used dosage, the doxycycline treatment did
not cause significant sensory cell death.
Because MMP inhibition has been shown
to cause sensory cell death in cultured cochlear sensory tissues
(Setz et al., 2011), we wanted to determine whether the lack of cell
death after the doxycycline treatment was attributable to a
dosage that was insufficient to induce cell death. We therefore
increased the dose from 50 to 100 mg � kg �1 � d �1 for 7 d.
With this high-dose treatment, we observed a significant dif-
ference in the numbers of missing cells between the treated
and the control ears (one-way ANOVA, Kruskal–Wallis test,
p � 0.05), indicating that a high dose of doxycycline is able to
compromise cell viability.

To confirm that the doxycycline treatment inhibited MMP
activity, we examined the cochlear MMP activity immediately
after the completion of the doxycycline treatment (50
mg � kg�1 � d�1 for 7 d). We observed a decrease in MMP activity
compared with the saline-treated control ears (Fig. 8A), although
the difference was not statistically significant (Student’s t test, p �
0.13) because of large individual variability. We also examined
the mRNA expression levels of four MMP genes (Mmp9, Mmp11,
Mmp13, and Mmp14) to determine whether the doxycycline
treatment would affect MMP transcription. We selected these
MMP mRNAs for analysis because their expression or activity has
been found to be inhibited by doxycycline treatment (Greenwald
et al., 1998; Hanemaaijer et al., 1998; Shlopov et al., 2001; Lee et
al., 2004). We observed no significant changes in the expression
levels of these genes after the doxycycline treatment (Student’s t
test, p � 0.05; Fig. 8B).

MMP inhibition alters cochlear responses to acoustic trauma
We proceeded to investigate whether the inhibition of MMP ac-
tivity affects the cochlear responses to acoustic overstimulation
(120 dB SPL for 2 h) by examining the effect of a 7 d application
of doxycycline treatment (50 mg � kg�1 � d�1). The drug was ad-
ministered 1 d before noise exposure, and the same daily dosage
was maintained for 6 d after the noise exposure. This time period
covers the acute phases and the beginning of the chronic phases of
cochlear pathogenesis.

We first examined the effect of the drug effect during the
treatment period. The ABRs were measured before, during, and
immediately after the completion of the drug treatment. To sim-
plify the analysis, we averaged the thresholds tested at different
frequencies for each animal and conducted a two-way ANOVA
(time � treatment) to examine the time-dependent changes in
the ABR thresholds. We observed a time-dependent difference in
the ABR thresholds between the doxycycline-treated and saline-
treated groups (F � 3.84, df � 2,154, p � 0.05; Fig. 9A). There

was no significant threshold difference between the two groups
before doxycycline treatment (Tukey’s test, p � 0.05). There was
also no significant difference after three doses of the doxycycline
treatment (just before the noise exposure; Tukey’s test, p � 0.05),
suggesting that the doxycycline-treated and the control groups
had similar hearing sensitivities at the time of noise exposure. At
2 h after noise exposure, the doxycycline-treated animals exhib-
ited a slightly greater hearing loss than the saline-treated animals,
but the difference was not statistically significant (4.3 dB; Tukey’s
test, p � 0.05). By the end of the 7 d doxycycline treatment, the
animals exhibited a greater threshold shift than the saline-treated
animals (8.8 dB; Tukey’s test, p � 0.01). The difference appeared
relatively homogenous across the five tested frequencies (Fig.
9B). This observation suggests that the doxycycline treatment
potentiates noise-induced hearing loss during the period of the
drug treatment.

To determine whether the 7 d doxycycline treatment affected
noise-induced permanent hearing loss, we repeated the hearing
test at 4 weeks after the noise exposure (3 weeks after the com-
pletion of the doxycycline treatment). A two-way ANOVA (treat-
ment � frequency) revealed that the greater hearing loss in the
doxycycline-treated animals observed at the end of the drug
treatment was no longer present. Instead, the doxycycline-
treated animals exhibited a slightly better hearing sensitivity than
the saline-treated animals, although the difference was not statis-
tically significant (Tukey’s test, p � 0.05; Fig. 9C).

Although doxycycline has been widely used as a broad-
spectrum MMP inhibitor, this drug has other cellular effects,
including anti-inflammatory effects (Krakauer and Buckley,
2003). To confirm that the modulation of MMPs could alter the
cochlear responses to acoustic trauma, we used an Mmp7 knock-
out mouse model (B6.129-Mmp7 tm1Lmm/J) to investigate the ef-
fect of targeted deletion of Mmp7 on the changes in cochlear
function after acoustic overstimulation. Mmp7 was selected for
additional analysis because it had the greatest change in expres-
sion after acoustic trauma compared with the changes in expres-
sion of the other examined MMP genes.

Under normal physiological conditions, Mmp7�/� mice and
age-matched wild-type controls (C57BL/6J) exhibited similar
baseline ABR thresholds (two-way ANOVA, F � 1.9, df � 1,100,
p � 0.19; Fig. 10A), suggesting that knocking out Mmp7 does not
affect the hearing sensitivity of the mice. However, after noise
exposure, the Mmp7�/� mice exhibited greater hearing loss (Fig.
10B). A two-way ANOVA (treatment � frequency) revealed an
average of 11.6 � 8.6 dB difference in the ABR thresholds be-

Figure 8. The effect of the doxycycline treatment (50 mg � kg �1 � d �1 for 7 d) on the cochlear MMP enzymatic activity and the
transcriptional expression levels of four MMPs. A, Comparison of the cochlear MMP activity between the doxycycline-treated and
the saline-treated animals. The dots represent the activities of the individual samples (RFUs per milligram of protein). The middle
lines represent the mean values. The top and bottom lines represent 1 SD. B, Comparison of the relative expression levels (�Ct) of
four MMP genes between the doxycycline-treated and the saline-treated cochleae. The differences were not statistically significant
(Student’s t test, p � 0.05). n indicates the number of biological repetitions.
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tween the knock-out and the wild-type mice (F � 14.0, df �
1,100, p � 0.01). The difference is not dependent on frequency
(F � 0.071, df � 4,100, p � 0.05). This observation suggests that
the interruption of Mmp7 potentiates noise-induced hearing
loss. To confirm that the altered physiological response to acous-
tic overstimulation was attributable to a lack of Mmp7 expres-
sion, we measured the transcriptional expression levels of Mmp7
in the Mmp7�/� and wild-type mice in quiet control conditions
and after noise exposure. Without exposure to noise, Mmp7
transcripts were undetectable in the cochlear sensory epithelium
of both the wild-type and the Mmp7�/� mice. After the noise
exposure, the expression became detectable in the wild-type
mice, whereas it remained undetectable in the Mmp7�/� mice,
suggesting that the knock-out mice lacked the Mmp7 response to
acoustic overstimulation. Together, these observations further
support the finding that the MMPs participate in the cochlear
responses to acoustic trauma.

Short-term application of doxycycline reduces cochlear
damage after acoustic trauma
Considering that the treatment with doxycycline for 7 d compro-
mised hearing sensitivity in normal animals (Fig. 7A), we won-
dered whether shortening the doxycycline treatment would
reduce the impact of the doxycycline treatment on acute hearing
loss and enhance the hearing recovery during the late phase of
cochlear pathogenesis. To address this question, we administered
three doses of doxycycline (50 mg � kg�1 � d�1) before the noise

exposure (twice on 1 d before the noise ex-
posure and once on the day of the noise
exposure). Again, a two-way ANOVA re-
vealed a time-dependent difference in the
ABR thresholds between the doxycycline-
treated and the saline-treated animals
(F � 4.7, df � 1,83, p � 0.03; Fig. 11). We
observed no significant differences in the
ABR thresholds between the doxycycline-
and saline-treated animals after the
completion of the doxycycline treat-
ment (just before the noise exposure;
Tukey’s test, p � 0.05). At 2 h after the
noise exposure, the doxycycline-treated
animals exhibited slightly greater hear-
ing loss than the saline-treated noise-
control animals (5.5 dB; Tukey’s test,

p � 0.001). However, at 14 and 28 d after the noise exposure,
the doxycycline-treated animals exhibited a much greater
hearing recovery than the saline-treated noise control animals
(9.8 and 12.9 dB for 14 and 28 d after noise exposure, respec-
tively; Tukey’s test, p � 0.001). This result suggests that a
short-term doxycycline treatment before noise exposure re-
duces permanent hearing loss after the noise exposure. To-
gether, the current results suggest that the inhibition of MMP
activity by doxycycline treatment modulates the cochlear re-
sponses to acoustic overstimulation.

The reduction in permanent hearing loss with doxycycline treat-
ment is a promising result. We wanted to determine whether the
treatment could also reduce the level of sensory cell damage. To this
end, we compared the differences in the numbers of missing cells
between the doxycycline–noise-treated (50 mg � kg�1 � d�1 for 7 d)
and the saline–noise-treated (Fig. 12) cochleae . The doxycycline-
treated animals exhibited, on average, a 41.0% reduction in the total
number of missing cells compared with the saline–noise control an-
imals, and the difference was statistically significant (Student’s t test,
p � 0.01). To determine whether the differences between the treated
and control ears occurred in both the apical and basal sections of the
cochleae, we performed a two-way ANOVA (treatment � location)
and found no significant interaction between the two factors (F �
0.6, df � 1,92, p � 0.441), suggesting that the decrease in sensory cell
damage after doxycycline treatment occurs in both the apical and
basal sections of the cochlear sensory epithelium.

Figure 9. The effect of doxycycline treatment on noise-induced ABR changes. A, Comparison of the ABR thresholds between the animals treated with or without doxycycline during the 7 d
treatment (50 mg � kg �1 � d �1), marked by the shaded area. *p � 0.05 (two-way ANOVA, Tukey’s test). B, The difference in ABR thresholds between the animals treated with or without the 7 d
treatment of doxycycline is relatively homogenous across the five tested frequencies. C, Comparison of the ABR thresholds between the doxycycline-treated and the control animals measured 4
weeks after the noise exposure (3 weeks after the completion of the doxycycline treatment). There were no statistically significant differences between the thresholds across all five of the tested
frequencies (two-way ANOVA, Tukey’s test, p � 0.05). n indicates the number of cochleae.

Figure 10. Comparison of the ABR thresholds between the Mmp7�/� and wild-type (C57BL/6J) mice. A, No significant
difference in the ABR thresholds between the Mmp7�/� and wild-type mice under the normal physiological conditions. B, The
Mmp7�/� mice exhibit an average of 11.6 � 8.6 dB greater hearing loss than the wild-type mice 7 d after noise exposure
(two-way ANOVA, F � 14.0, df � 1,100, p � 0.01). n indicates the number of cochleae for each group.
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Together, these results suggest that doxycycline treatment po-
tentiates hearing loss during the acute phase of noise-induced
cochlear damage but reduces permanent hearing loss by confer-
ring protection during the chronic phase of cochlear damage.

Discussion
MMPs and their related gene products are known to have crucial
functions in many cellular processes and have been implicated in
various neurological diseases. Here, we provide strong evidence
for the involvement of these molecules in the maintenance of
cochlear function and in the regulation of noise-induced cochlear
damage. Our results suggest that an imbalance in MMPs is a
detrimental factor for the induction of cochlear dysfunction. Im-
portantly, our results suggest that the MMPs and their related
gene products are novel therapeutic targets for the prevention of
noise-induced cochlear dysfunction and sensory cell damage.

Constitutive expression of MMPs and their related genes in
the cochlear sensory epithelium
The expression of MMPs and their related genes has been docu-
mented in a variety of tissue structures in
the PNS and CNS (Wells et al., 2003;
Weaver et al., 2005). In cochlear tissues,
the expression of several MMP family
members, including Mmp2, Mmp9, and
Mmp14, have been identified (Reuter et
al., 1998; Cho et al., 2002; Setz et al., 2011).
Here, we used RNA-seq and qRT-PCR ar-
ray techniques to profile the expression
patterns and document the constitutive
expression of a set of MMP genes, many of
which have not been reported previously
in the cochlear sensory epithelium. The
detection of the strong, constitutive ex-
pression of multiple MMP genes in the
cochlea provides the molecular basis for
the prominent cochlear MMP activity ob-
served in the current investigation. Inter-
estingly, the TIMP genes are also highly
expressed in the cochlea, suggesting that MMP activity is regu-
lated by their intrinsic inhibitors under physiological conditions.

Our correlation analysis reveals a strong association between
the expression levels of the MMPs and their related genes in the
apical section and the basal section of the cochlear sensory epi-
thelium. This result was anticipated, considering the fact that the
two sections of the cochlear sensory epithelium contain the same
populations of cells. However, comparison of the expression lev-
els reveals that many of the examined genes were more highly
expressed in the apical section than in the basal section. This type
of difference was not observed for the other gene families in pre-
vious observations (Sato et al., 2009; Cai et al., 2012). Interest-
ingly, the differences in the constitutive expression coincided
with greater expression changes in the basal section of the co-
chlear sensory epithelium after acoustic trauma. It has been
shown that the apical and basal sections of the cochlea differ in
their frequency responses to acoustic stimuli (Robles and Rug-
gero, 2001). The two sections also exhibit different susceptibili-
ties to various common pathological insults, including acoustic
trauma, ototoxicity, and aging-related cochlear degeneration
(Thorne et al., 1984; Bohne et al., 1987; Forge and Schacht, 2000;
Sha et al., 2001; Hu et al., 2002; Pouyatos et al., 2009). Given the
finding that the gene knock-out can lead to frequency-dependent
hearing loss (Cheatham et al., 2004), we suspect that the site-

specific differences in the expression levels of MMPs and their
related genes may serve as a contributing factor to the tonotopic
differences in the function and biology of the two cochlear
sections.

MMPs and their related genes contribute to noise-induced
cochlear degeneration
Acoustic overstimulation causes cochlear dysfunction and sen-
sory cell damage. Here, we provide strong evidence for the con-
tribution of MMPs and their related gene products to acoustic
injury. First, acoustic overstimulation resulted in time- and site-
dependent transcriptional changes in MMPs and their related
genes. Temporally, we observed that the changes in expression
during the early phases of cochlear pathogenesis were dominated
by upregulation and that the changes in expression during the
later phase of cochlear pathogenesis were dominated by down-
regulation. This finding is consistent with the early increase in
MMP expression that was observed in other traumatic injuries in
the nervous system, including injury to the spinal cord (Wells et
al., 2003; Veeravalli et al., 2009). Regarding the spatial pattern of
the expression changes, our study shows that a greater change in
expression occurs in the basal section of the cochlear sensory
epithelium. This expression pattern is accompanied by greater
sensory cell damage in the basal section of the cochlea (Cai et al.,

Figure 11. Comparison of the ABR thresholds between the animals treated with or without
doxycycline (50 mg � kg �1 � d �1 for 3 doses in 1.5 d before the noise exposure). The shaded
area represents the period of the doxycycline treatment. *p � 0.05 (two-way ANOVA, Tukey’s
test). n indicates the number of cochleae.

Figure 12. The effect of doxycycline treatment on noise-induced sensory cell damage. A, Cochleogram showing the distribution
of the missing sensory cells in the cochleae from the noise-exposed animals treated with or without doxycycline, as well as from the
control animals that received neither noise nor doxycycline treatment. B, Comparison of the numbers of missing sensory cells per
cochlea among the control, noise-exposed with doxycycline treatment, and noise-exposed with saline treatment animals. The
asterisk indicates the presence of a significant difference (Student’s t test, *p � 0.05). Error bars indicate SD. n indicates the
number of cochleae.
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2012), highlighting the spatial correlation between these two
events in the cochlear response to acoustic trauma.

The second piece of evidence linking the MMPs and their related
genes to acoustic injury comes from the analysis of the protein ex-
pression pattern of TIMPs, the endogenous inhibitors of MMPs. We
found an increase in the immunoreactivity of Timp1 and Timp2.
Interestingly, these changes were spatially related to the cells that
exhibited condensed or fragmented nuclei. Given that all of the cells
that had condensed or fragmented nuclei exhibited strong immuno-
reactivity for Bax, a biological marker of apoptosis (Lalier et al.,
2007), we believe that the alteration in TIMP protein expression is
related to apoptotic cell damage and to permanent hearing loss.
Here, we found that the numbers of Timp1/Timp2-positive cells are
limited at the time of observation. Because the apoptotic process is a
rapid cell death process, the presence of a limited number of positive
cells at a given time point after noise exposure is expected. With the
continuous growth of cochlear lesions after noise exposure, more
cells will enter the apoptotic cell death pathway. Therefore, the total
number of TIMP-positive cells is expected to be much higher than
that observed. It should be noted that the change in Timp protein
expression does not necessarily reflect a change in their enzymatic
activity. Additional research on the changes in the activity of Timps is
warranted.

The third piece of evidence for MMP participation in acoustic
trauma involves changes in the enzymatic activity of MMPs. We
found that the reduction in MMP activity was time-dependent and
occurred at 1 d after injury. This type of dynamic change in MMP
activity has been observed previously in non-cochlear tissues after
traumatic injury and has been linked to the progression/recovery of
tissue pathology (Wells et al., 2003; Kolar et al., 2008; Veeravalli et al.,
2009). MMP activity is controlled at multiple levels, including tran-
scriptional regulation, posttranslational modification, intrinsic inhi-
bition, proenzyme activation, and MMP compartmentalization. In
the current investigation, we examined two major regulatory mech-
anisms: the transcriptional expression of the MMP genes and the
protein expression of the Timps. We found time-dependent changes
in the expression levels of these proteins. To date, the molecular
mechanisms responsible for the changes in expression of the MMPs
are not clear. Studies using non-cochlear tissues have linked the reg-
ulation of MMP expression with nuclear binding factors, such as
nuclear factor �B and activator protein-1 (Overall et al., 2002). Both
proteins have been linked to acoustic trauma (Ogita et al., 2000;
Masuda et al., 2006). The presence of the complex regulatory mech-
anisms suggests that noise-induced cochlear damage is a multifacto-
rial disorder.

Finally, we found that the inhibition of MMP activity compro-
mised normal cochlear function, suggesting the importance of
MMP activity in the maintenance of cochlear function. Moreover,
the modulation of MMP expression and activity alters cochlear re-
sponses to acoustic overstimulation. The detailed molecular mech-
anisms responsible for this impact of MMPs are not clear. Recent
studies have also shown that the MMPs have a variety of intracellular
substrates (Sternlicht et al., 2001; Rodriguez et al., 2010). All of the
MMPs that were found to be upregulated after noise exposure in the
current study have implications for the range of intracellular sub-
strates accessible to these MMPs (Golubkov et al., 2005; Choi et al.,
2008; Cuadrado et al., 2009). Given the detection of expression
changes in multiple MMPs and their related genes, we suspect that
the observed effects are orchestrated by the integrated action of
MMP molecules. Together, the observation of changes in the levels
of enzymatic activity, protein expression, and transcriptional expres-
sion indicates that the MMPs and their related genes are involved in
the regulation of the cochlear response to acoustic overstimulation.

This observation is the first to link the MMPs and their related genes
to acute acoustic trauma.

Therapeutic implications of MMP inhibition
The regulation of acoustic trauma through MMPs raises the pos-
sibility of using MMP intervention as a therapeutic strategy to
reduce noise-induced cochlear damage. Here, we reveal two fea-
tures associated with doxycycline treatment. First, a short-term
treatment before acoustic trauma is protective, whereas pro-
longed treatment potentiates noise-induced hearing loss. This
finding is supported by the data from the experiment using
Mmp7�/� mice. Second, the protection of hearing induced by the
doxycycline treatment manifested after the completion of the
drug treatment rather than during the treatment. These observa-
tions suggest that the timing of MMP intervention is an impor-
tant factor that contributes to the ultimate outcome of the
intervention. It should be noted that the biological effects of
doxycycline are complex. Although this drug has been widely
used for modulating MMP activity, it can exert other biological
impacts, including anti-inflammation (Krakauer et al., 2003). To
this end, future investigations using more specific MMP inhibi-
tors are expected to provide more insights into the effects of
MMP intervention on noise-induced cochlear damage.
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