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Summary

Usher syndrome (USH) is the most frequent cause of combined deaf-blindness in
man. An important finding from mouse models and molecular studies is that the
USH proteins are integrated into a protein network that regulates inner ear morpho-
genesis. To understand further the function of harmonin in the pathogenesis of
USH1, we have generated a targeted null mutation Ush1c mouse model. Here, we
examine the effects of null mutation of the Ush1c gene on subcellular localization of
Myo7a, Pcdhl1$ and Sans in the inner ear. Morphology and proteins distributions
were analysed in cochlear sections and whole mount preparations from Ushlc™~
and Ush1c™"* controls mice. We observed the same distribution of Myo7a through-
out the cytoplasm in knockout and control mice. However, we detected Pcdhl$ at
the base of stereocilia and in the cuticular plate in cochlear hair cells from Ush1c™~
controls, whereas in the knockout Ush1c™~ mice, Pcdh1$ staining was concentrated
in the apical region of the outer hair cells and no defined staining was detected at
the base of stereocilia nor in the cuticular plate. We showed localization of Sans in
the stereocilia of controls mouse cochlear hair cells. However, in cochleae from
Ush1c™’™ mice, strong Sans signals were detected towards the base of stereocilia
close to their insertion point into the cuticular plate. Our data indicate that the dis-
assembly of the USH1 network caused by absence of harmonin may have led to the
mis-localization of the Protocadherin 15 and Sans proteins in the cochlear hair cells
of Ush1c¢™"~ knockout mice.

Keywords
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Introduction

deafness, but, unlike in USH2, the hearing loss is progressive,
there is variable impairment of vestibular function and late-

Usher syndrome (USH) is an autosomal recessive disorder
characterized by congenital hearing loss and progressive reti-
nal degradation leading to gradual loss of the visual field
and blindness.

Three major clinical subtypes (USH type I, USH type II
and USH type III) are distinguished on the basis of differ-
ences in the severity of the hearing loss, the presence or
absence of vestibular dysfunction and the age of onset of ret-
initis pigmentosa (RP) (Smith et al. 1994). In USH type 1,
the hearing loss is profound and vestibular function is
absent. The onset of progressive RP is before puberty. Usher
syndrome type 2 is associated with less severe deafness,
normal vestibular function and onset of RP during or after
puberty. Usher syndrome type 3 patients also have milder

onset RP. Each USH subtype is genetically heterogeneous.
To date, seven USH1 loci (USH1B-USH1H) have been identi-
fied by linkage analyses of USH1 families. Five of the corre-
sponding genes have been cloned: the actin-based motor
protein myosin VIla (Myo7a, USH1B) (Gibson et al. 1995;
Weil et al. 1995); two cadherin-related proteins, otocadherin
or Cadherin 23 (Cdh23, USH1D) (Bolz et al. 2001; Bork
et al. 2001) and Protocadherin 15 (Pcdb15, USH1F) (Ahmed
et al. 2001; Alagramam et al. 2001a); and two scaffold pro-
teins, harmonin (USH1C) (Verpy et al. 2000; Bitner-Glind-
zicz et al. 2000) and Sans (USH1G) (Kikkawa et al. 2003;
Weil et al. 2003). The USH proteins are involved in hair
bundle morphogenesis in the inner ear by means of protein—
protein interactions. In a combination of cell cotransfection
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and in vitro binding assays, harmonin has been shown to
bind to any of the other USH proteins (El-Amraoui & Petit
2005; Yan & Liu 2010; Zheng et al. 2010).

A mouse mutant has been reported for each of the known
Ush1 genes; shakerl (sh1) for Myo7a (Gibson et al. 1995),
waltzer (v) for Cdbh23 (Di Palma et al. 2001; Wilson et al.
2001), Ames waltzer (av) for Pcdhl5 (Alagramam et al.
2001b), deaf circler (dfcr} and targeted mouse models for
Ushl1c (Johnson et al. 2003; Lentz et al. 2007; Lefevre et al.
2008; Tian et al. 2010) and Jackson shaker (js) for Ushlg
(Kikkawa et al. 2003). All of these mice are deaf, exhibit ves-
tibular dysfunction and display similar morphological abnor-
malities in hair bundle development. In all of these models,
the hair cell stereocilia vary irregularly in height and splay
out from one another indicating defective lateral interactions.
Investigations into the localization of the USH proteins
within the developing stereocilia in mice, combined with in
vitro studies to determine the various interactions between
the constituent molecules, have revealed an ‘Usher inter-
actome’ that is responsible for bundle cohesion. Some of the
Ush1 mutant mice (sh1, v, av) exhibited electroretinogram
anomalies (Libby & Steel 2001), a defective retinal pigment
epithelium has been described in sh1 mice (Gibbs et al.
2003, 2004) and retinal degeneration has been reported in
Ush1c216AA knockin-in mice (Lentz et al. 2010).

The gene encoding harmonin consists of 28 coding exons,
alternative splicing of which leads to 10 USH1C isoforms.
These alternative transcripts form three subclasses (a, b and
¢) depending on the domain composition of the protein. The
isoform ‘a’ transcript subclass is expressed ubiquitously in
many tissues, whereas the longest ‘b’ transcript is restricted
largely to the inner ear. The short isoform ‘c’ has a much
broader tissue distribution. The harmonin isoforms differ in
the number of protein—protein interaction domains (PDZ,
postsynaptic density/disc-large/zonal occludens 1), coiled-
coiled domains (CC) and the presence of a proline-serine-
threonine-rich domain (Verpy et al. 2000). Deaf circler, dfcr
and dfcr-2] spontaneous mutant mice have been described
as models for human USHI1C. The mutant dfcr is defective
in all harmonin isoforms (a, b and ¢). Only the harmonin b
isoform subclass is affected by the dfcr-2] mutation (Johnson
et al. 2003). However, altered harmonin isoforms may
retain partial function because the normal reading frame of
the Ushlc transcripts is not changed in the shortened dfcr
transcripts of either isoform a or isoform b. Furthermore,
none of the three PDZ-encoding domains are deleted in dfcr
mutant transcripts. Both a USH1C knockin and knockout
mouse have also been reported (Lentz er al. 2007; Lefevre
et al. 2008). To further understand the role of harmonin in
the pathogenesis that leads to USH1, we have recently gen-
erated a targeted null mutation Ushlc mouse model in
which the first four exons of the Usher 1c gene have been
replaced by a reporter gene (Liu et al. 2005; Yan et al.
2006; Tian et al. 2010). Our model is unique because none
of the previous targeted mouse models for USH1C include a
reporter gene in the construct to facilitate expression ana-
lysis in various tissues. Here, we examine the effects of Ushl1c

mutation on spatial subcellular localization of Myo7a,
Pcdh15 and Sans proteins in the inner ear. In whole mount
of inner ears from mutant, Myo7a was not affected at the
timepoint we analysed the mutant mice, although it is a crit-
ical part of the USH interactome. However, we found both
Pcdh1l5 and Sans displayed an altered localization in the
mutant mice that may have resulted from disruption of the
entire USH1 complex.

Materials and methods

Inner ears isolated from the Ush1c™~ and*/~ mice at post-
natal day 21 (PD21) were fixed by immersion in 4% para-
formaldehyde (pH 7.4) for 2-5 h at 4°C. The organ of Corti
was dissected from the cochlear spiral in phosphate-buffered
saline (PBS) using a fine needle. Samples were then permea-
bilized in 0.5% Triton X-100 for 30 min, then washed in
PBS. Non-specific binding sites were blocked using 5% nor-
mal goat serum (Life Technologies, Gaithersburg, MD, USA)
and 2% bovine serum albumin (ICN, Aurora, OH, USA) in
PBS for 2 h. Samples were incubated for 2 h in the primary
antibodies at 5 pg/ml in blocking solution. After several
rinses in PBS, samples were incubated in Alexa Fluor 488-
conjugated anti-rabbit IgG goat at 1:400 (Molecular Probes,
Eugene, OR, USA) for 40 min. Samples were mounted using
a ProLong Antifade kit (Molecular Probes) and analysed
with a laser scanning confocal microscope (LSM-510; Zeiss,
Thornwood, NY, USA). The polyclonal antibody against
Myo7a (ab3481) was obtained from Abcam (Cambridge,
MA, USA). The anti-PCDH1S antibody was generated
against a mixed peptide sequence corresponding to amino
acid 24-37 (SWGQYDDDWQYEDC) and amino acid 1847-
1860 (C+TFTTQPPASNPQWG), and the anti-USH1G anti-
body was against the central portion of the Sans protein
(amino acid 354-372).

Results

Homozygous mutant mice (Uskh1c™’~) exhibit the abnormal
behaviour (circling and/head-tossing) that are typical of
mice with profound hearing loss and vestibular dysfunction.
Ush1c™’~ mice were completely deaf, as there was no detect-
able auditory-evoked brainstem response (ABR) with 100 dB
SPL stimuli, whereas age-matched Ush1c*”~ controls showed
ABR thresholds in the normal hearing-range at PD15 and
PD22. Examination of hair cell surface preparations by scan-
ning electron microscopy from birth (PD0) to PD120 in
Ush1c™’~ showed progressively disorganized outer hair cell
(OHC) stereocilia compared with the well-organized pattern
and rigid structure typical of normal stereocilia. Stereocilia
of inner hair cells (IHCs) of mutant mice also exhibited a
disorganized appearance, but to a lesser degree than did the
OHC:s (Tian et al. 2010).

To address the possibility that absence of harmonin dis-
rupts the USH1 protein complex, we analysed in this study
the distribution of Myosin VIla protein in whole mounts,
and of Protocadherin 15 and Sans in cross sections, of inner

© 2010 The Authors. International Journal of Experimental Pathology © 2010 International Journal of Experimental Pathology



ears from Ushic™”’

sections through apical regions of the cochleae of Ushic
at PD2 revealed no apparent hair cell degeneration (data not
shown). However, in cochlear whole mounts from Ush1¢™’~
mice at PD21, some gaps are seen in the regular array of
hair cells. Although the single row of IHCs and the three
rows of OHCs can be distinguished by surface scanning of
the hair cells (Figure 1b), fragmentation of the OHC stereo-
ciliary bundles into two clumps was observed, instead of an
integral, single ‘V’-shaped bundle as in wild-type hair cells
(Figure 1d, arrow). This fragmented aspect was not detected
in stereocilia of IHCs at this timepoint (IHC; Figure 1b),
suggesting that they were beginning to degenerate. However,
confocal microscopic analysis of the hair cells in the basal

~ mice. Light microscopy examinations of
e

(d)
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/

(f)
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Figure 1 Abnormalities at the apical surface of outer hair cells
(OHC) and structural defects of the hair cells in Ush1c™"~ mice
at PD21. Cochlear whole mounts were stained with phalloidin
(red) to reveal F-actin in stereocilia and an antibody against
myosin 7a (green) to show the basal structure of the hair cells
in Ush1c*’~ (a, c and e) and Ush1c¢™'~ mice (b, d and f). Stereo-
cilia defects were observed in the middle part of the stereocilia
bundles of the OHCs (d, arrows) that were not detected in ste-
reocilia of inner hair cells (IHC; b). ¢ and d show magnified
images corresponding to the boxed areas in a and b respectively.
The confocal analysis at the basal level of hair cells with nuclear
staining (e and f) (DAPI, Blue). Bars = 20 pum.
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layer revealed structural morphological abnormalities in
both OHCs and IHCs, with a more disorganized appearance
in IHC (Figure 1f). Scanning electron microscopy of
Ushlc™’~ mice from PD21 to PD120 showed a progressive
degeneration of the hair cells and stereocilia of the cochlea
(Tian et al. 2010). Myosin 7a has previously been shown to
be expressed within the stereocilia and within the cuticular
plate, which anchors the base of each stereocilium. In the
present study, Myosin 7a was distributed throughout the
cytoplasm in Ush1c™"~ and control mice in the labelled hair
cells, revealing structural morphological abnormalities char-
acterized by disorganized, misaligned inner and OHCs (Fig-
ure le, f).

In cochlear hair cells from heterozygous Ush1c*’~ control
mice, we detected Protocadherin 15 at the base of stereocilia
and in the cuticular plate (as shown by the arrow in
Figure 2c), whereas in the mutant Ush1c™’~, Protocadherin
15 immunoreactivity was found accumulated in the apical
region of the OHC and no defined staining was detected at
the base of stereocilia and little Pcdh15 expression was pres-
ent at the cuticular plate (Figure 2d). Likewise, in the knock-
out mice, Sans was undetectable in the stereocilia bundles of
cochlear hair cells at PD21 (Figures 3b, d), in contrast to the
heterozygous controls (Ush1c*/~, Figure 3c). Instead, strong
Sans staining was observed towards the base of stereocilia
close to their insertion point into the cuticular plate with a
slight staining of the cytoplasmic region of OHC in cochleae
from Ushlc™~ mice (Figure 3d). These results suggest a
mis-localization of the PcdhlS and Sans proteins in

Figure 2 Localization of Protocadherin 15 (green) in the cochl-
ear hair cells of Ush1c-knockout mice at PD21. Cross sections
of the organ of Corti were stained with an antibody to Proto-
cadherin 15 (green). In Ush1c*’~ mice (a and c), expression of
Protocadherin 15 was localized at the base of stereocilia (left
panel, arrow) and in the cuticular plate. In contrast, in
Ush1c™’~ mice (b and d), Protocadherin 15 immunoreactivity
appears (arrowhead) diffuse above nuclei (DAPI-Blue). Bars =
20 pm,

© 2010 The Authors. International Journal of Experimental Pathology © 2010 International Journal of Experimental Pathology
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Ushic™~

Iﬁ OHC

IHC OHC

Figure 3 Localization of Sans (green) in the cochlear hair cells
of Ush1c™”~ mice at PD21. Cross sections of the organ of Corti
of Ush1c*’~ (a and ¢) and Ush1c™"~ (b and d) mice were
stained with an antibody to Sans (green). ¢ and d are higher
magnification images of a and b respectively. Arrowheads and
arrows indicate inner hair cells and outer hair cells (OHC)
respectively. Nuclei were stained by DAPI (Blue). Sans was
localized in the stereocilia bundles in Ush1c*~ cochlear hair
cells at PD21 (c). However, in Ush1c™’~ mice, strong signals
were observed towards the base of stereocilia close to their
insertion into the cuticular plate with a slight cytoplasmic stain-
ing of OHC (d). Bars indicate 20 pm.

Ush1c™’~ mice, characterized by a shift of the immunoreac-
tivity of the proteins towards the base of stereocilia.

Discussion

The USH gene products are part of a protein complex in
hair cells of the inner ear. The actin-bundling and PDZ-
domain-containing protein harmonin may coordinate the
activities of the USH proteins and bridge them to the cyto-
skeleton of the hair cell (Boeda et al. 2002). Disruption of
the USH protein network leads to stereociliary disorganiza-
tion, as observed in mouse models, and is thought to be
responsible for congenital deafness in patients with USH
(Petit 2001).

Mouse models for USH have played a crucial role in iden-
tifying defective genes responsible for USH1 in humans and
furthering our understanding of the function of USH1 pro-
teins in normal and disease conditions. All mouse USH1
models are deaf and exhibit vestibular dysfunction. In these
mutants, the sensory cells of the cochlea display anomalies
in hair bundle development, indicating an essential function
for USH1 proteins in stereocilia differentiation (El-Amraoui
& Petit 2005). The abnormal stereocilia morphology

observed in our Ushlc knockout mice is similar to that
reported in mouse models for other forms of human USH1.

Regarding spatiotemporal expression, immunohistochemi-
cal studies show that the USH1 proteins are expressed in
hair cells of the inner ear throughout life. However, USH1
protein subcellular distribution in the stereocilia varies dra-
matically during development until maturity is reached.
Expression of harmonin, Cdh23 and Pcdh1$ is detectable in
the hair bundle from the moment the bundle emerges at the
apical surface of sensory hair cells (Boeda et al. 2002; Ah-
med et al. 2003). Harmonin b is found concentrated at the
tips of stereocilia during early postnatal stages but its
expression diminishes around PD30 in both the cochlea and
vestibule (Boeda et al. 2002). The spatiotemporal expression
pattern of Cdh23 parallels that of harmonin b, being first
observed along the entire length of the emerging stereocilia
and then restricted to the tip region.

Notably, Grillet et al. (2009) have recently shown that
harmonin b is a component of the upper tip-link density,
where CDH23 inserts into the stereociliary membrane and is
required for normal hair cell mechanoelectrical transduction.
In foetal cochlea, Pcdh15 can be detected in supporting cells,
outer sulcus cells and the spiral ganglion (Alagramam et al.
2001b), while in the mature inner ear, Pcdh1$ is also local-
ized in stereocilia of sensory hair cells of both the cochlea
and the vestibular organ (Ahmed et al. 2003). CDH23 and
PCDH15 have been shown to be present in the transient lat-
eral stereocilial and kinocilial links and that the two cadher-
in proteins interact to form tip-link filaments in sensory hair
cells (Sollner et al. 2004; Michel et al. 2005; Kazmierczak
et al. 2007). MYO7A is expressed in the mechanosensory
hair cells of the vestibular organ and cochlea where it is pre-
dominantly localized in the stereocilia, but is also detected
within the cuticular plate and the pericuticular necklace
region, which is characterized by a dense ring of vesicles (El-
Amraoui et al. 1996; Hasson et al. 1997; Boeda et al.
2002).

In this study, we investigated the effect of the Ushlc
knockout mice on subcellular expression of Myosin 7a,
Pcdh1S$ and Sans in the inner ear. We observed the same dis-
tribution of Myosin 7a expression throughout the cytoplasm
in knockout and control mice which may indicate that Myo-
sin 7a is expressed earlier than harmonin. This may also
suggest that Myosin 7a does not rely on the presence of har-
monin isoforms for its cytoplasmic distribution. Whether the
cytoplasmic Myosin 7a requires harmonin for hair cells
function, however, remains to be examined. We detected
Pcdh15 at the base of stereocilia and in the cuticular plate in
cochlear hair cells from Ush1c*’~ controls, whereas in the
mutant Ush1c™’~, PcdhlS immunoreactivity was found
accumulated in the apical region of the OHC and no defined
staining was detected at the base of stereocilia nor in the
cuticular plate. The scaffold protein Sans has previously
been shown localized in the apical hair cell bodies under-
neath the cuticular plate of cochlear and vestibular hair cells
of PD3 mice (Adato et al. 2005), but not in the stereocilia.
Using an antibody against a peptide sequence corresponding
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to the central portion of Sans (amino acid 354-372),
we found the protein localized in the stereocilia bundles
of mouse cochlear hair cells at PD21 in controls mouse.
However, in cochleae from Ush1c™’~ mice, strong Sans sig-
nals were observed towards the base of stereocilia close to
their insertion point into the cuticular plate with a slight
staining of the cytoplasmic region of OHC. Overall,
our data indicated that in mice deficient in harmonin, both
interacting partners Pcdhl5 and Sans are mislocalized. The
epitopes recognized by our antibodies against Pcdh15 and
Sans were shifted towards the basal body of the hair cells,
whereas they are expressed in the stereocilia of normal
control mice.
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We previously reported that treatment of the rat cochlea with a mitochondrial toxin, 3-nitropropionic
acid (3-NP), causes temporary to permanent hearing loss depending on the amount of the drug.
Furthermore, apoptosis of cochlear lateral wall fibrocytes, which are important for maintaining the
endolymph, is a predominant pathological feature in this animal model. 3-NP is known to induce
oxidative stress as well as neuronal apoptosis. C/EBP homologous protein gene (chop) is one of the
marker genes induced during endoplasmic reticulum (ER) stress, and is also considered to be involved in

ggm‘;’; ds: apoptosis. To elucidate the molecular mechanism of cochlear fibrocyte apoptosis induced by 3-NP, we
Mitochondria studied spatiotemporal expression of C/EBP homologous protein (CHOP) and other signaling molecules
Apoptosis related to ER stress as well as the appearance of apoptotic cells in the cochlear lateral wall after 3-NP

treatment. Quantitative real-time PCR revealed that chop and activating transcription factor 4 gene (atf-
4) showed marked increase within 6 h, whereas expression of other ER stress-responsive genes such as
grp78 and grp94 did not change. Immunohistochemistry showed that 3-NP treatment caused up-
regulation of CHOP, especially in type Il and type IV fibrocytes, followed by the appearance of terminal
deoxynucleotidyl transferase mediated dUTP nick end-labeling (TUNEL)-positive apoptotic cells in the
same confined area. Thus, apoptosis of lateral wall fibrocytes induced by 3-NP is likely to be mediated by
induction of CHOP. These results contribute clarification of pathological mechanism of cochlear
fibrocytes and may lead to development of novel therapeutic strategy for hearing loss.

© 2009 Elsevier Ltd. All rights reserved.

Endoplasmic reticulum stress
Oxidative stress

1. Introduction

Recent advances in auditory research have helped build
strategies to cure hearing loss by sensory cell regeneration or
prevention of sensory cell loss (Holley, 2005; Kelley, 2006). Most
experimental animal models of auditory disorders indicate that
noise-induced, hereditary, and drug-induced hearing loss is caused
by degeneration of the sensory hair cells or spiral ganglion cells.
Recently, several studies reported the involvement of fibrocytes
degeneration in the cochlear lateral wall (LW) in hereditary
hearing loss (Minowa et al., 1999; Delprat et al., 2005), age-related
hearing loss (Spicer and Schulte, 2002), and noise-induced hearing
loss (Wang et al., 2002), implying that these non-sensory cells also
play important roles in hearing.

* Corresponding author. Tel.: +81 3 3411 0111; fax: +81 3 3411 0185.
E-mail address: matsunagatatsuo@kankakuki.go.jp (T. Matsunaga).

0197-0186/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuint.2009.12.008

74

We recently established an animal model of acute hearing loss,
which is primarily caused by degeneration of LW fibrocytes, using
the mitochondrial toxin 3-nitropropionic acid (3-NP) (Hoya et al.,
2004; Okamoto et al., 2005; Kamiya et al., 2007; Mizutari et al.,
2008). In this model, only less than a 2-fold difference in 3-NP dose
differentiates between temporary and irreversible hearing loss.
Appearance of TUNEL positive cells (Kamiya et al., 2007; Mizutari
et al., 2008), and blockade of fibrocyte degeneration by caspase
inhibitor (Mizutari et al., 2008) indicate that degeneration of LW
fibrocytes is mainly apoptosis in this model. LW fibrocytes are
critical for maintaining the ion concentration of the endolymph by
K" recycling from the perilymph (Schulte and Steel, 1994; Spicer and
Schulte, 1998); and disturbance of the endolymphatic ion concen-
tration leads to immediate hearing loss. Fibrocytes of the LW are
divided into five cell types based on structural features, immunos-
taining patterns and general location (Schulte and Adams, 1989;
Spicer and Schulte, 1996; Mutai et al., 2009). Type Il and type IV
fibrocytes contain numerous mitochondria, and endoplasmic
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reticulum (ER) expresses various types of ion transporters, channels,
and pumps, and have significant roles in maintenance of the
endolymph. 3-NP is considered to elicit acute deafness by depleting
energy in the cochlea, which primarily induces apoptosis of type II
and type IV fibrocytes followed by perturbation of endolymph
homeostasis. Understanding the molecular pathway of LW fibro-
cytes cell death is likely to provide insight for preventing auditory
disorders caused by LW fibrocyte dysfunction.

3-NP administration alters gene expression in various tissues
and induces apoptosis in neuronal cells (Behrens et al., 1995; Pang
and Geddes, 1997; Sato et al., 1997). C/EBP homologous protein
(CHOP) is a DNA binding protein targeted by activating transcrip-
tion factor 4 (ATF-4). chop (encoding CHOP) is one of the marker
genes induced in ER stress (Oyadomari and Mori, 2004), which was
originally defined as a cellular response against accumulation of
unfolded proteins in the ER (Xu et al., 2005). In addition, the
accumulation of unfolded proteins in mitochondria also induces
CHOP expression (Zhao et al., 2002). CHOP is considered to be
involved in apoptosis in various cell types (Matsumoto et al., 1996;
Maytin et al,, 2001). Part of the downstream pathways of CHOP
that leads to apoptosis was recently revealed. It was reported that
overexpression of Bcl-2 blocks CHOP-induced apoptosis (Matsu-
moto et al., 1996), Tribbles-related protein 3 (TRB3) repress the
transcriptional activity of CHOP (Ohoka et al., 2005) and Bcl-2
interacting mediator of cell death (Bim) is closely related to the
CHOP-induced apoptosis (Puthalakath et al., 2007). CHOP expres-
sion is induced in Parkinson’s disease (Holtz and O’Malley, 2003),
ischemia-reperfusion injury (Tajiri et al., 2004), and diabetes
(Araki et al., 2003). The linkage between CHOP induction and cell
death raises the possibility that CHOP may also play a role in
eliciting apoptosis of LW fibrocytes exposed to 3-NP. To explore
this possibility, we examined the induction of CHOP and other ER
stress-related molecules such as atf-4 gene (encoding an ATF-4) in
the LW of 3-NP-treated animals, and the relationship of CHOP
expression and apoptosis in the degenerating cells.

2. Results
2.1. Time course of hearing after 3-NP treatment

The time course of hearing in rats treated with 3-NP was
measured by auditory brainstem response (ABR). Because our
previous studies using the same animal model as the present study
showed a remarkable difference in the time course of ABR
thresholds at 8 kHz and 20 kHz between TTS and PTS rats, we
measured ABR thresholds at these two frequencies in the present
study. The rats treated with 300 mM 3-NP demonstrated severe
hearing loss at both 8 kHz and 20kHz (72.0+5.9dB and
85.5 + 1.5 dB, respectively) 1 day after the treatment (DAT, Fig. 1).
At 7 DAT, the threshold shift at 8 kHz recovered to almost the normal
range (15.0 + 1.2dB) and the threshold shift at 20 kHz gradually
recovered to a moderate level of hearing loss (40.0 + 8.9 dB). These
rats were referred as temporary threshold shift (TTS) rats. In contrast,
the ABR threshold in rats treated with 500 mM 3-NP exceeded the
highest measurable level at both tested frequencies 3 h after the
treatment and did not show any signs of recovery even at 7 DAT.
These rats were referred as permanent threshold shift (PTS) rats.
Saline-treated rats maintained normal thresholds, indicating that the
surgical procedures did not cause hearing loss. These phenotypes
were consistent with our previous data (Hoya et al., 2004).

2.2. Time course of chop and atf-4 expression in the LW after 3-NP
treatment

To explore the molecular events during hearing loss by 3-NP,
we investigated whether the genes activated during ER stress were
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Fig. 1. Time course of auditory thresholds in temporary threshold shift (TTS) rats
treated with 300 mM 3-nitropropionic acid (3-NP) and permanent threshold shift
(PTS) rats treated with 500 mM 3-NP. The threshold shifts were recorded at 8 kHz
(A) and 20 kHz (B). Although the thresholds reached their peak at 1 day after 3-NP
treatment (DAT) and then decreased in the TTS rats, the thresholds in the PTS rats
exceeded the measurable levels at 3 h after the treatment and were stable at 7 DAT.
n=>5.

up-regulated in the LW after 3-NP treatment. Expression of four ER
stress-responsive genes (chop, atf-4, grp78, and grp94) along with
the housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (gapdh) in the cochlear middle turn of TTS and PTS rats was
measured using semi-quantitative reverse transcription PCR (RT-
PCR). LW of cochlear middle turn was chosen because histological
changes indicating degeneration of LW fibrocytes were evidently
detected at this region in both TTS and PTS rats and there was a
remarkable difference in the time course of ABR thresholds at this
region between TTS and PTS rats.

We found that all five transcripts were successfully amplified in
the LW from untreated rats (Fig. 2A). In addition, two of them, chop
and its activator atf-4, both of which are suggested to be involved in
activation of the apoptotic pathway, were up-regulated after 3-NP
treatment. The changes in chop and atf-4 expression from 3 h to 7
DAT were similar in the TTS and PTS rats; an increase of the PCR
bands occurred in TTS and PTS rats within a few hours after
treatment, but these band intensities dropped to the untreated
levels in TTS rats and even lower in PTS rats at 1 DAT. In contrast,
expression of grp78 and grp94, molecular chaperones in the ER
lumen and indicators of cell survival (Kaufman, 1999), did not
show apparent changes throughout the experimental period
(Fig. 2A), indicating that not all the genes mediating ER stress
are stimulated in the LW after 3-NP treatment.

In the next experiment, expression levels of chop and atf-4 after
3-NP treatment from which the changes were seen in the RT-PCR
results were further evaluated by quantitative real-time RT-PCR
(qPCR). These gene expressions were compared with those in
untreated rats (0 DAT, n=5). Because neither grp78 nor grp94
expression did not change in the screening by RT-PCR, these gene
expressions were not measured by qPCR. The level of chop (Fig. 2B)
was increased at 6 h after the treatment (390 + 91% in TTS rats,
p<0.05 and 595 +262% in PTS rats), confirming our previous
observation that chop is induced promptly after 3-NP treatment.
However, no significant difference in the peak level of chop was
observed between PTS and TTS rats. At 1 DAT, the chop level dropped
sharply to 53 + 6% in TTS rats and 58 + 16% in PTS rats, followed by
gradual recovery to the untreated level in TTS and PTS rats until 7
DAT. As observed for chop, atf-4 expression significantly increased
and reached its peak 6 h after 3-NP treatment (Fig. 2C). The increase in
atf-4 expression was lower than that in chop both in TTS rats
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Fig. 2. Expression of ER stress-responsive genes in the lateral wall (LW) after 3-NP
treatment. Expression was determined by semi-quantitative reverse transcription
PCR (A) and quantitative real-time PCR (B and C). UT; untreated control rats; gapdh;
glyceraldehyde-3-phosphate dehydrogenase. DAT; day(s) after 3-NP treatment.
chop (B) and atf-4 (C) were temporarily induced in the LW 6 h after treatment in
both TTS rats treated with 300 mM 3-NP and PTS rats treated with 500 mM 3-NP.
chop was decreased to approximately half of the untreated level (0 h) at 1 DAT and
then recovered to the normal level. n = 5. *p < 0.05, **p < 0.01, significant difference
vs. untreated control.

(230 + 40%, p < 0.05) and in PTS rats (252 + 38%, p < 0.05).In the TTS
and PTS rats, atf-4 was down-regulated to 71 + 10% and 64 + 8% of
the untreated level, respectively, at 7 DAT. Taken together, chop and
atf-4, which are activated by various stimuli including ER stress, were
responsive to 3-NP in the present study, whereas expression of the
other candidate genes, grp78 and grp94, did not change in response to
the treatment.

2.3. Spatial expression patterns of CHOP and apoptosis in the LW after
3-NP treatment

We next investigated spatial expression patterns of the CHOP in
the LW after 3-NP treatment. CHOP signals were detected using
immunohistochemistry with paraformaldehyde-fixed, paraffin-
embedded tissues. We focused on the cochlear middle turn to
compare with expression levels of chop and atf-4 by RT-PCR and
qPCR. The same primary antibody for CHOP was used in this study
as that used for a previous report (Hayashi et al., 2005). To
ascertain specific binding of the primary antibody, a set of sections
was stained in a similar way without the primary antibody, and the
staining was not detected (data not shown). Types of LW fibrocytes
were judged based on their localization within the spiral ligament
according to the previous studies (Schulte and Adams, 1989; Spicer
and Schulte, 1996; Mutai et al., 2009). Fig. 3 shows distribution of
the CHOP signal at the middle turn of the LW before and after 3-NP
treatment. CHOP was detected at low levels in the LW of untreated
and saline-treated rats (Fig. 3A and F). The low CHOP signal level
persisted until 6 h after treatment in both TTS and PTS rats (Fig. 3B
and G). The CHOP signal intensity started to increase over the
entire spiral ligament at 1 DAT in both TTS and PTS rats (Fig. 3C and
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H), with the most intense staining in the area of type Il and type IV
fibrocytes in PTS rats. At this time in the TTS, CHOP immunoreac-
tivity was localized mainly in the cytoplasm (Fig. 3C and L), and
localized slightly also in the nuclei. CHOP immunoreactivity did
not remain in the LW at 2 DAT (Fig. 3D). On the other hand,
immunoreactivity in the PTS rats at 1 DAT was localized mainly in
the nuclei (Fig. 3H and N), and remained in the LW at 2DAT and 3
DAT (Fig. 31 and ]). Fibrocyte degeneration was not apparent in the
spiral ligament of either TTS or PTS rats until 1 DAT. In TTS rats,
fibrocyte degeneration which was indicated by a region free of
cellular nuclei was observed in the area of type II and type IV
fibrocytes at 2 DAT (Fig. 3D and M) and 3 DAT (Fig. 3E) and area of
fibrocyte degeneration did not expand from 2 DAT to 3 DAT. In PTS
rats, a subpopulation of type Il and type IV fibrocytes started to
disappear and CHOP immunoreactivity was detected around this
area at 2 DAT (Fig. 31 and 0), and a majority of the fibrocytes in the
LW had degenerated at 3 DAT (Fig. 3]).

Because our previous study showed that death of LW fibrocytes
is mediated by an apoptotic pathway (Kamiya et al., 2007; Mizutari
et al., 2008), we next investigated whether the onset of apoptotic
cell death coincides with the onset of CHOP induction. The paraffin
sections were used for the terminal deoxynucleotidyl transferase
mediated dUTP nick end-labeling (TUNEL) assay, a method
generally accepted to detect DNA fragmentation caused by
activation of apoptotic pathways (Fig. 4). TUNEL-positive cells
were not detected in untreated and saline-treated LWs (Fig. 4A and
F). InTTS rats (Fig. 4B-E), TUNEL-positive cells appeared at 2 DAT in
the area of type Il fibrocytes (Fig. 4D and M). A small number of
TUNEL-positive cells were also evident at 3 DAT (Fig. 4E). In PTS
rats (Fig. 4G-]), TUNEL-positive cells were detectable as early as 1
DAT in the type II/IV fibrocytes (Fig. 4H). The number of TUNEL-
positive cells in the LW gradually increased from 1 to 3 DAT
(Fig. 4H-]). To clarify whether CHOP induction and apoptotic cell
death are associated, the LWs in the untreated or PTS rats were
subjected to a double immunofluorescence study (Fig. 5A-]). CHOP
signal (red) was low in untreated rats (Fig. 5A, D, E) and intensified
in the area of type II and type IV fibrocytes at 1 DAT in PTS rats
(Fig. 5F, I, and ]). TUNEL-positive apoptotic cells (green) were
undetectable in the LW of untreated rats (Fig. 5B, D, and E) but
were observed in PTS rats at 1 DAT (Fig. 5G, I, and ]). Although
apoptotic cells were not convincingly co-immunostained with
CHOP in PTS rats at 1 DAT, they were confined to the CHOP-positive
area (Fig. 51 and ]). In untreated rats, the CHOP signal visualized by
fluorescein staining in the stria vascularis (Fig. 5A) was inconsis-
tent with the absence of a signal in the stria vascularis by 3,3'-
diaminobenzidine (DAB) staining (Fig. 3A). The difference was
considered to be due to the methods used for antigen retrieval.
Because apoptotic cells were not detected in the stria vascularis,
we focused on the CHOP expression in the spiral ligament. Thus,
CHOP expression in the stria vascularis is not discussed further in
this study. Overall, we demonstrated that induction of the CHOP
signal was followed by apoptotic cell death in the LW fibrocytes
after 3-NP treatment.

3. Discussion

In this study, we examined the time course of CHOP expression,
apoptosis, and degeneration of fibrocytes after administration of 3-
NP. We demonstrated temporary CHOP expression in the confined
area of LW in which fibrocyte degeneration occurred afterwards. In
TTS rats, TUNEL-positive cells became detectable at 2 DAT,
approximately 1 day after CHOP induction. In PTS rats, a few
TUNEL-positive cells were detectable at 1 DAT, when the CHOP
level was first up-regulated. Then, the number of TUNEL-positive
cells increased significantly at 2 DAT. CHOP and TUNEL signals are
detectable in the same area, but co-localization of these two
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Fig. 3. Immunohistochemical analysis of CHOP expression in the LW after 3-NP treatment. In untreated control rats (UT), a low level of CHOP was detectable in the entire LW
(A). InTTS rats treated with 300 mM 3-NP (B-E, L, and M), the CHOP signal (arrowheads) was unchanged at 6 h but intensified 1 day after 3-NP treatment (DAT) (C) compared
with saline-treated rats (Sal 1d, F, K). A limited area (asterisk) of the LW had degenerated at 2 DAT and 3 DAT (D, E). In PTS rats treated with 500 mM 3-NP (G-J, N, and 0), an
intense CHOP signal (arrowheads) was evident, especially in the area of type Il and type IV fibrocytes of the LW at 1 DAT (H). At 2 DAT, type Il and type IV fibrocytes appeared to
start degeneration (asterisk) (1), and the area of degenerated fibrocytes expanded at 3 DAT (J). K-O are enlarged images of spiral prominence of F, C, D, H and |, respectively.

Scale bar = 50 wm (A-J) and 10 wm (K-0).

staining was not detected. Because CHOP is known to be involved
in inducing apoptosis (Matsumoto et al., 1996; Maytin et al., 2001),
we speculate that the delay of TUNEL appearance is due to signal
transduction for apoptotic pathways. Tajiri et al. (2004) reported
that chop induction in the striatum peaks 12 h after the occlusion of
the carotid artery, followed by detection of numerous TUNEL-
positive cells at 24 h. Investigation of signaling molecules
downstream of CHOP (Wang et al., 1998; Sok et al., 1999) and
activation of pro-apoptotic molecules such as caspases after 3-NP
treatment may clarify the direct association of CHOP activation
with apoptotic cell death in LW fibrocytes. In the present study, of
note is that nuclei were also positively stained for CHOP in PTS rats
at 1 DAT, which is required to exert functional effect for this
transcription factor (Zinszner et al., 1998).

The activation of ATF-4 and CHOP in the LW of 3-NP-treated rats
is reminiscent of CHOP and ATF-4 activation in ischemic brain
(Hayashi et al., 2005). Induction of the same molecules in these two
affected areas is probably caused by the features of energy
depletion which are shared by mitochondrial dysfunction and
ischemia. What is the mechanism of the expression of atf-4 and

7

CHOP which is the downstream target of ATF-4 in LW fibrocytes?
The mitochondrial toxin 3-NP is an irreversible inhibitor of
succinate dehydrogenase (complex II of the electron transport
chain) (Coles et al., 1979). Inhibition of energy metabolism by 3-NP
results in the production of reactive oxygen species (Beal et al.,
1995; Lee et al., 2002; Rosenstock et al., 2004) that causes oxidative
stress and neuronal cell death (Behrens et al., 1995; Pang and
Geddes, 1997; Sato et al., 1997; Higuchi, 2004). Oxidative stress
induces ER stress (Yu et al., 1999), and this is known to enhance
CHOP expression (Oyadomari and Mori, 2004). In addition, cells
exposed to 3-NP also release mitochondrial Ca%*, which is caused
by an increasing amount of reactive oxygen species (Rosenstock
et al., 2004) and rapid elevation of the intracellular Ca%* level is
known to enhance CHOP expression (Deshpande et al., 1997;
Tanaka et al., 2005). Thus, oxidative stress, ER stress and increase in
the intracellular Ca®* level are related events in terms of the
molecular signaling pathways. We assume 3-NP induced ATF-4
and CHOP in LW by these mechanism.

Our findings are not in full agreement with the hypothesis that
CHOP is activated exclusively in response to ER stress in the LW
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Fig. 4. TUNEL histochemical analysis of apoptotic cells in the LW after 3-NP treatment. Apoptotic cells were not detected in untreated control rats (UT; A) or in saline-treated
rats (Sal 1d; F). In TTS rats treated with 300 mM 3-NP (B-E), a small number of apoptotic cells (arrowheads) were found at 2 DAT and 3 DAT (D, E). In PTS rats treated with
500 mM 3-NP (G-]), apoptotic cells were detectable at 1 DAT (H). The number of apoptotic cells (arrowheads) increased as the degenerating area expanded at 2 DAT and 3 DAT
(I, J). K-0 are enlarged images of spiral prominence of F, C, D, H and I, respectively. Scale bar = 50 wm (A-]) and 10 pm (K-0).

treated with 3-NP, because multiple attempts failed to show
significant up-regulation of the ER stress mediators grp78 and
grp94. These results suggest that either a partial ER stress-response
pathway including ATF-4 and CHOP is activated, or that mechan-
isms other than ER stress are responsible for the activation of the
two molecules in the LW treated with 3-NP. CHOP has been
reported to be induced without activation of other ER stress-
responsive proteins such as GRP78 in a cultural experimental
model of mitochondrial stress (Zhao et al., 2002). In this model,
accumulation of unfolded proteins in the mitochondria resulted in
induction of CHOP and mitochondrial molecular chaperones (e.g.,
Cpn60, Cpn10 and mtDna]), but did not induce non-mitochondrial
chaperones including GRP78. Moisoi et al. (2009) also reported
that chop expression was increased by mitochondrial dysfunction
in the brain. Similarly, induction of atf-4 and chop in the LW after 3-
NP treatment may also be caused by mitochondrial stress
following oxidative stress. On the other hand, investigation of
PERK, IRE-1 and ATF-6 is necessary to demonstrate that ER stress is
concerned with the increase of chop expression in this study.
The expression levels of chop at 6 h after 3-NP treatment and at
1 DAT were not significantly different between TTS and PTS rats,
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despite the contrasting number of degenerating cells at 3 DAT.
Immunohistochemical study revealed nuclear staining of CHOP,
which is required to undergo functional role for transcription
factor, in PTS rats but rarely in TTS rats. This may explain the
different levels of apoptosis at 3 DAT. Another possibility is that
CHOP may be involved in the only initial induction of apoptosis in
this model and another death pathway which sustained ongoing
cell death was also activated in PTS rats but not activated in TTS
rats. Further study to identify regulators of degeneration in LW
fibrocytes will provide us with insight to develop strategies to
prevent death of LW fibrocytes.

In summary, we characterized a novel molecular mechanism
of acute hearing loss caused by 3-NP administration and
identified CHOP, a mediator of oxidative stress, ER stress, and
mitochondrial stress, as a preceding marker of damage in LW
fibrocytes.

4. Experimental procedures

4.1. Animals and drug administration

Male Sprague-Dawley rats (6-8 weeks old, weighing 170-230 g) were used.
The rats were housed in metallic breeding cages in a room with a light/dark
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Fig. 5. Concurrent detection of CHOP and apoptosis in the LW after 3-NP treatment. The LW of untreated control rats (UT; A-E) and PTS rats treated with 500 mM 3-NP (F-J)
were double-immunostained with antibodies to CHOP (red) and TUNEL (green), and counterstained with DAPI for nuclear staining (blue). Although apoptotic cells were not
observed in untreated rats (B, D, and E), apoptosis was detected in the area of type Il and type IV fibrocytes in PTS rats 1 day after 3-NP treatment (PTS rats 1 DAT; G) where the
CHOP signal was enhanced (F, I,]). E and ] were enlarged images of spiral prominence of D and H, respectively. StV; stria vascularis. Scale bar = 50 pum (A-D, F-1) and 10 p.m (E,
). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 1
PCR primers and their target genes used in the study.

Gene Acc. number Sequence (5’ > 3’) Product length (bp) Annealing temperature (°C)
Forward Reverse

chop U30186 AGTCTCTGCCTTTCGCCTTT GCCACTTTCCTCTCATTCTC 382 55.4

atf-4 NM_024403 GCTGCCCCCTTTACATTCTT AGCACAAAGCACCTGACTAC 615 54.5

grp78 XM_213908 AACGACCCCTGACAAAAGAC TAGCCAATTCCTCCTCTCCC 768 579

grp94 XM_343192 ACACGGCTTGCTAAACTTCT CTCTGGCTCTTCCTCTACCT 771 54.2

gapdh M17701 GCCAARAGGGTCATCATCTC GCCTCTCTCTTGCTCTCAGT 715 595

Abbreviations: Acc. number: accession number; chop: C/EBP homologous protein; atf-4: activating transcription factor-4; grp78 and grp94: glucose-regulated protein 78 and

94; gapdh: glyceraldehyde-3-phosphate dehydrogenase.

cycle of 12 h and humidity of 55% at 23 °C, with free access to food and water for
at least 7 days before use. In these rats, hearing loss was induced by surgical
administration of different concentrations of 3-NP onto the inner ear (Hoya
et al., 2004). Before surgery, the rats were anesthetized with pentobarbital (40-
50 mg/kg, i.p.) or pentobarbital (20-25 mg/kg, i.p.), ketamine (40-60 mg/kg, i.p.)
and xylazine (4-6 mg/kg, i.p.). An incision was made posterior to the left
pinna near the external meatus after local administration of lidocaine (1%).
The left otic bulla was opened to approach the round window niche. The tip
of a polyethylene tube (PE10, Becton Dickinson & Co., Franklin Lakes, NJ) was
drawn to a fine tip in a flame and gently inserted into the round window niche.
3-NP (Sigma, St. Louis, MO) was dissolved in saline at 300 mM or 500 mM and
the pH was adjusted to 7.4 with NaOH. Each 3-NP solution (3 pL) was
administered with a syringe pump. Following 3-NP treatment, a tiny piece of
gelatin was placed on the niche to keep the solution in the niche during head
movement after awakening from anesthesia, and the wound was closed (Hoya
et al,, 2004; Okamoto et al.,, 2005). All the experimental procedures were
performed in accordance with guidelines from the National Tokyo Medical
Center, and were approved by the Animal Care and Use Committee of the
Institute. Adequate measures were taken to minimize pain or discomfort of
experimental animals.

4.2. Measurement of auditory brainstem response

ABRs were recorded from each rat before 3-NP treatment, and 3 h,6 h, 1,2, 3 and
7 days after 3-NP treatment. Pure tone bursts of 8 kHz and 20 kHz (0.2 ms rise/fall
time 1 ms flat segment) were used, and auditory thresholds in the treated ear were
measured at the same time point using incremental steps of 5 dB. Details of ABR
recording were previously described (Hoya et al., 2004).
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4.3. Semi-quantitative reverse transcription PCR

After the rats were anesthetized from each rat before 3-NP treatment,and 3 h, 6 h,
1,2,3 and 7 days after 3-NP treatment (n = 5), temporal bones were quickly removed
and immersed in RNA later (Takara Bio, Shiga, Japan) on ice, followed by dissection of
the middle turn of the LW. Total RNA was isolated using TRIzol reagent (cultural gen,
Carlsbad, CA) according to the manufacturer’s protocol. Total RNA was extracted by
DEPC-treated water and the purity of total RNA was measured with a UV/visible
spectrophotometer (Ultrospec 2100 pro; Amersham Pharmacia Biotech, Piscataway,
NJ) by the ratio of OD260/OD2sg0. First-strand cDNA synthesis was performed using
100 ng of total RNA and oligo(dT); -1 primers in a total volume of 20 p.L according to
the SuperScript Il RNase H™ Reverse Transcriptase protocol (cultural gen). We used
PCR primers specific for chop, atf-4, glucose-regulated protein grp78 and grp94, and
gapdh. The sequences of the PCR primers, sizes of the predicted PCR products, and the
annealing temperature are listed in Table 1. The target genes were amplified in 25 pL
of reaction containing 2.5 pL of diluted cDNA, 0.2 uM of each dNTP, 0.4 uM of each
primer, 0.625 U of Taq DNA polymerase (Sigma) and 1x buffer (10 mM Tris-HCI (pH
8.3), 50 mM KCl, 1.5 mM MgCl, and 0.001% gelatin). PCR was conducted at 94 °C for
5 min, 30 cycles of 94 °C for 1 min, the specific annealing temperature for 1 min, and
72 °C for 2 min, followed by 72 °C for 10 min, and then 10 p.L of each PCR product was
analyzed by 1% agarose gel electrophoresis in Tris-acetate-EDTA buffer. PCR products
were electrophoresed and visualized using ethidium bromide. The images were
captured by CS Analyzer (Atto, Tokyo, Japan).

4.4. Quantitative real-time RT-PCR analysis

qPCR was performed according to manufacturer’s protocols for the ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City, CA). The



