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blocked with 10% normal goat serum (Sigma-Aldrich,
St. Louis, MO) diluted in 0.01 M PBS for 60 min at room tem-
perature. Incubation with primary and secondary antibodies
was carried out in PBS containing 1% normal goat serum
overnight at 4°C or for 1 h at room temperature. For nega-
tive controls, the primary antibody was omitted. Nuclear
staining was performed with 4‘6-diamidino-2-phenylindole
dihydrochoride (DAPI, 1:1000; Sigma-Aldrich). The
working dilutions and sources of the antibodies used in this
study were as follows: rabbit ssDNA (1:200; Dako, Kyoto,
Japan), Alexa Fluor 488 goat anti-mouse IgG (1:500;
Molecular Probes, Eugene, OR,).

All tissue sections for one experiment were incubated for
exactly the same time in all steps, and all images were
collected using the same settings; thus, the differences in
the intensity of staining reflect differences in the amount of
bound antibody.

Statistical analysis

All statistical analyses were performed using one-way anal-
ysis of variance. SPSS 14.0 (SPSS for Windows; SPSS
Inc., Chicago, IL, USA) was used for comparisons between
experimental groups and control groups. P <0.01 was con-
sidered significant.

Results
ABR recordings

ABR thresholds were recorded from control and seven
groups of mice. Before noise exposure, each animal
showed normal cochlear function (Fig. 1). For the noise-
exposed groups, ABRs were recorded Oh, 24 h, 3 days, 1,
2,4, and 8 weeks, respectively, after noise exposure. Imme-
diately after acoustic tranma (Oh) in the noise-exposed
animals, the average threshold shift was 61.67, 88.33, and
79.17dB SPL at 4, 8, and 16 kHz. Twenty-four hours after
acoustic trauma, the threshold shift partially recovered and
remained at this level for 8 weeks (Fig. 1). The stable
threshold shift at 8 weeks after noise exposure suggested
that the hearing loss in this model represents a permanent
threshold shift (PTS).

Tissue processing for histology

To investigate the mechanism underlying noise-induced
hearing loss, we stained cochlea from the noise-exposed
mice with H&E stain and examined the cochlea for histopa-
thological changes.
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Fig. 1 Time course of threshold shifts following exposure to a one
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ished level until the final ABR recording session (8 weeks after noise
sxposure), indicating that this type of acoustic trauma caused perma-
nent hearing loss

Twelve hours after acoustic trauma, degenerating fibro-
cytes were present in spiral limbus within the apical turn of
the cochlea; these cells displayed nuclear pyknosis and
cytoplasmic vacuolation (Fig. 2f). Twenty-four hours after
acoustic trauma, almost all fibrocytes in this region were
gone (Fig. 2g). No recovery of fibrocytes was observed,
even at 8 weeks (Fig. 2h).

By contrast, fibrocytes in the spiral limbus within the
basal turn of the cochlea remained intact and displayed no
apparent degenerative changes (Fig. 2b). Interdental cells in
the spiral limbus were also unaffected by noise exposure;
we did not observe degenerative changes during the entire
observation period (Fig. 2).

In addition, under light microscopy, lateral wall, organ
of Corti, SGCs appeared structurally well preserved at all
time points following noise exposure (Fig. 2).

The number of fibrocytes in the spiral limbus and SGCs

Next, we quantified the cell number within the apical turn
of the cochlea at seven time points after noise exposure,
including the fibrocytes in the limbus, the SGCs, and the
cells in lateral wall (Fig. 3). Since the upper apical turns in
some preparations were destroyed as a result of the fixation
procedure (a hole was made in the apex to facilitate fixa-
tion), we counted fibrocytes in the lower apical turn and
SGCs. Five series of slides through mid-modiolus for each
cochlea were used for cell counting (1 = 3 cochleas).

For fibrocytes in the limbus, there was no significant
fibrocytes loss O and 6 h after noise exposure. Twelve
hours after exposure and thereafter, however, the nmum-
ber of fibrocytes in the spiral limbus decreased dramati-
cally compared to that in the control group (P < 0.01)
(Fig. 3a).
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Fig. 2 H&E-staining within the lower apical turn of a mouse cochlea.
a, ¢ Control ear. b, h 8 weeks after nosie exposure. d, e Zero and six
hours after exposure to 120 dB noise. No significant morphological
changes were observed in the spiral lirabus, However, 12 h after noise
exposure, fibrocytes in the spiral limbus showed signs of degeneration

For SGCs (Fig. 3b) and spiral ligament (Fig. 3c), no sig-
nificant cell loss was detected even at 8 weeks after noise
exposure.

Apoptosis in the spiral limbus after noise exposure

To determine whether the noise-induced disappearance of
fibrocytes in the spiral limbus was due to apoptosis, we
analyzed cochleas from each group with ssDNA and
TUNEL methods. Single-stranded DNA- and TUNEL-
labeled cells were only found in the spiral limbus within the
apical turns 12 h (Fig. 4e, g, j) and 24 h (Fig. 4d, h, k) afier
noise exposure. Thereafter, no apoptotic staining was pres-
ent, even though fibrocyte loss was apparent.

No ssDNA- (data not shown) or TUNEL-labeled cells
(Fig. 4) were found in the lateral wall, organ of corti, or spi-
ral ganglion at any time prior to or after noise exposure.
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and were noticeably fewer in namber {f). Twenty-four hours after noise
exposure, fibrocytes in the spiral limbus had disappeared completely
(g). We observed no regeneration of fibrocytes in the spiral limbus
8 weeks after noise exposure (h). Bar: 25 pm

Discussion

The loss of fibrocytes in the spiral limbus has been reported
previously with sensory structure damage [1, 11-13].
Ohlemiller et al. noted that the loss of fibrocytes only
happened in the apical turn just as our results. But no
research paid attention to the time course and mechanism of
the cell loss of fibrocytes in the spiral limbus. In our study,
we found that the number of fibrocytes in spiral limbus
within the apical turns of the cochlea began to decrease
12 h after noise exposure, a time ssDNA and TUNEL
labeling was apparent in the fibrocytes of the spiral lirbus.
This means that the loss of fibrocytes in the spiral limbus
within the apical turn was due to apoptosis. Since ssDNA
and TUNEL are the common methods for detecting late-
stage apoptosis, no TUNEL or ssDNA positive cells were
detected until 12 h, initiation and progression of apoptosis
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of the fibrocytes in the spiral limbus may contribute to hear-
ing loss at initial stage after noise exposure.

Noise exposure may lead to insufficiencies of cochlear
blood flow [17], leading to ischemia and damage to capillaty
structure in the cochlea [18]. Ischemic damage leads to
increased nitric oxide production, which causes cochlear cell
damage [19]. Thus, noise-induced ischemia in cochlea might
be associated with apoptosis in spiral limbus fibrocytes.

Ischemic damage, alteration in K concentration, and
acute energy failure induced by noise exposure may dam-
age and cause dysfunction of fibrocytes in the spiral limbus.
Twenty-four hours after noise exposure, a near complete
loss of spiral limbus fibrocytes in the cochlea was detected
only in the apical limbus, suggesting that noise-related
injury to the limbus begins apically [11]. Interestingly, this
may also occur in aging [20, 21], which is commonly asso-
ciated with hearing loss.

Fibrocytes in the spiral limbus play a role in the inner
route of the K* recycle in which the K* released from inner
hair cells flows along the inner sulcus cells, fibrocytes and
interdental cells back to the endolymph [6]. Loss of fibro-
cytes in the limbus induced by noise might disrupt K* recy-
cling. Abnormal K concentration in the endolymph and the
endocochlear potential (EP) has been reported to influence
the activation of the hair cell, and then decrease the hearing
level [7]. Minowa et al. [22] found that only the abnormal-
ity of the fibrocytes in the cochlea, with the normal appear-
ance of the organ of Corti, the spiral ganglion even at the
electron microscopy level, can lead to the sensorineural
deafness in the mouse model of DFN3 nonsyndromic deaf-
ness. These results support our speculation that the fibro-
cytes play a critical role in the auditory function.

Several previous studies have shown that fibrocytes
degenerate and ion fransporter expression decreases in
the spiral ligament after acoustic trauma [7, 23, 24]. In the
present study, no significant changes have been found in

Fig. 4 TUNEL assay (a~h) and ssDNA staining (i-k) of the lower apical turn of the cochlea after noise exposure. a, £,i Control ear. b Six hours.
¢, g, j Twelve hours. d, h, k Twenty-four hours. e Eight weeks. Bar: 25 pm
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the fibrocytes of spiral ligament. The genetic background
of the mice which we used may account for this difference.
The cochlear cells and structures in these mice may have
different susceptibilities to noise-induced damage. Indeed,
different strains of mice show marked variation in noise
susceptibility [25, 26]. Ohlemiller [11] showed, for equal
acoustic energy exposures, that CBA mice have a reduced
EP and show cellular changes in lateral walls, while B6
mice have a normal EP and show little of the pathology
seen in CBA mice.

Permanent changes in sensory structures after acoustic
injury include hair cell loss, stereocilia damage, and neuro-
nal loss [27], as well as loss of fibrocytes in the limbus and
lateral wall, and strial degeneration [11]. In the present
study, we did not observe damage in the organ of corti,
spiral ganglion, and lateral wall. Several previous studies
showed damage to the stereocilia only can lead to the hear-
ing loss, including the PTS and temporary threshold shift
(TTS) [27, 28]. Due to the type of histological material
used in this study, we could not confirm whether stereocilia
damage occurred or not. Although the loss of fibrocytes
was only detected in the apical turn, a profound hearing
loss was detected at 4, 8 and 16 kHz. Stereocilia damage
might attributed to the wide hearing loss in this study.
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