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We previously reported that treatment of the rat cachlea 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 impertant 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 lhomologous proteim gene (chop) is one of the
marker genes induced during endoplasmic reticulum (ER) stress, and is also considered to be involved in

lggﬁg‘;f& apoptosis. To elucidate the molecular mechanism of cachilear fibrocyte apoptosis induced by 3-NP, we
Mim&;on dria 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 im the cochlear lateral wall after 3-NP

treatment. Quantitative real-time PCR revealed that chep 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. Intreduction We recently established am animal model of acute hearing loss,

which is primarily caused by degeneration of LW fibrocytes, using

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 fibracytes
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.
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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 madel, only less tham a 2-fold difference in 3-NP dose
differentiates between temporary amd 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 apoptoesis in this model. LW fibrocytes are
critical for maintaining the iom concentration of the endolymph by
K" recycling from the perilympt (Schulte and Steel, 1994; Spicer and
Schulte, 1998); and disturhance of the endolymphatic ion concen-
tration leads to immediate hearing loss. Fibrocytes of the LW are
divided into five cell types based om structural features, immunos-
taining patterns and general location (Schulte and Adams, 1989;
Spicer and Schulte, 1996; Mutai et al., 2009). Type II and type IV
fibrocytes comtain mumerous 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 Il
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 8kHz and 20kHz (72.0+59dB 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 im temporary threshold shift (TTS) rats
treated witlty 300 mM 3-nitropropionic acid (3-NP) and permanent threshold shift
(PTS) rats treated! witl 500 miM! 3-NP. The threstold shifts were recorded at 8 kHz
(A) and 20 kHz (B). Althougthy the thvesholds reachied their peak at 1 day after 3-NP
treatment (DAT) and! then decreased im tlie TTS rats, the thresholds in the PTS rats
exceeded the measurable levels at 3 h after the treatment and were stable at 7 DAT.
m=>5.

up-regulated im the LW after 3-NP treatment. Expression of four ER
stress-responsive genes (chop, atf-4, grp78, and grp94) along with
the housekeeping gene glyceraldetiyde-3-phosphate dehydroge-

nase (gapdh) im the coctilear middle turn of TTS and PTS rats was
measured using semi-quantitative reverse transcription PCR (RT-
PCR). LW of cochilear middle turnm was chosen because histological
changes indicating degeneration of LW fibrocytes were evidently
detected at this regiom im both TTS and PTS rats and there was a
remarkable difference im 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, bott of whict are suggested to be involved in
activation of the apoptotic patiway, were up-regulated after 3-NP
treatment. The changes im chop and atf-4 expression from 3 h to 7
DAT were similar im the TTS and PTS rats; an increase of the PCR
bands occurred im 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 im 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 tlroughout 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 winich the changes were seen in the RT-PCR
results were further evaluated by quantitative real-time RT-PCR
(gPCR). These gene expressions were compared with those in
untreated rats (0 DAT, m=>5). Because neither grp78 nor grp94
expression did mot clange in the screening by RT-PCR, these gene
expressions were not measured by gPCR. The level of chop (Fig. 2B)
was increased at 6 after the treatment (390 + 91% in TTS rats,
p< 005, and 595+ 262% im PTS rats), confirming our previous
observation that ciep is induced promptly after 3-NP treatment.
However, no significant: difference im the peak level of chop was
observed betweemn PTS and TTS rats. At 1 DAT, the chop level dropped
sharply to 53 + 6% im TTS rats and 58 + 16% in PTS rats, followed by
gradual recovery to the untreated level im TTS and PTS rats until 7
DAT. As observed for chop, atf-4 expression significantly increased
and reached its peak & h affrer 3-NP treatment ( Fig. 2C). The increase in
atf-4 expression was lower tham that im chop both in TIS 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; gapd/t;
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 im
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
gPCR. 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), witth tte most intense staining in the area of type Il and type IV
fibrocytes im 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 muclei. CHOP immunoreactivity did
not remain im the LW at 2 DAT (Fig. 3D). On the other hand,
immunoreactivity im 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. 3l and J). 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. 3l and 0), and a majority of the fibrocytes in the
LW had degenerated at 3 DAT (Fig. 3J).

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 apaptotic
cell deatlh 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
activatiom of apoptotic pathways (Fig. 4). TUNEL-positive cells
were not detected im untreated and saline-treated LWs (Fig. 4A and
F). In TTS rats (Fig. 4B—E), TUNEL-positive cells appeared at 2 DAT in
the area of type II 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-J), TUNEL-positive cells were detectable as early as 1
DAT im the type II/IV fibrocytes (Fig. 4H). The number of TUNEL-
positive cells im 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-J). CHOP
signal (red)) was low im untreated rats (Fig. 5A, D, E) and intensified
in the area of type Il and type IV fibrocytes at 1 DAT in PTS rats
(Fig. 5F, I, and ). TUNEL-pesitive apoptotic cells (green) were
undetectable im the LW of untreated rats (Fig. 5B, D, and E) but
were observed im PTS rats at 1 DAT (Fig. 5G, I, and J). Although
apoptotic cells were mot convincingly co-immunostained with
CHOPin PTS rats at 1 DAT, they were confined to the CHOP-positive
area (Fig. 5l and J)). Im untreated rats, the CHOP signal visualized by
fluorescein staining im 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 apoptatic cells were not detected in the stria vascularis,
we focused om the CHOP expression in the spiral ligament. Thus,
CHOP expression im the stria vascularis is not discussed further in
this study. Overall, we demonstrated that induction of the CHOP
sigmal was followed by apoptotic cell death in the LW fibrocytes
after 3-NP treatment..

3. Discussion

Im this study, we examined the time course of CHOP expression,
apoptasis, and degeneration of fibracytes after administration of 3-
NP. We demonstrated temporary CHOP expression in the confined
area of LW im whiich fibrocyte degeneration occurred afterwards. In
TTS rats, TUNEL-pesitive 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 im 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. [ untreated control rats; (UT), a low level of CHOP was detectable in the entire LW
(A). In TTS rats treated with 300 mM 3-NP (B-E, L, and M), the CHOP signal (arrowleads) was unclianged at 6 lubut 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).. [m 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 att 1 DAT (H). At 2 DAT, type Il and type IV fibrocytes appeared to
start degeneration (asterisk) (I), and the area of degenerated fibrocytes expanded at 3 DAT (J)). K- ave enlavged images of spiral prominence of F, C, D, H and I, respectively.

Scale bar =50 pm (A-]) and 10 pm (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 acclusion 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 activatiom
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 braim
(Hayashi et al., 2005). Induction of the same molecules in these two
affected areas is probably caused by the features of emergy
depletion which are shared by mitochondrial dysfunction and
ischemia. What is the mechanism of the expression of atf-4 and

CHOP wihict is the downstream target of ATF-4 in LW fibrocytes?
The mitochondrial toxim 3-NP is an irreversible inhibitor of
succimate dehydrogenase (complex II of the electron transport
chaim) (Coles et al., 1979). Inhibition of energy metabolism by 3-NP
results im the production of reactive oxygen species (Beal et al.,
1995; Lee et al., 2002; Rosenstock et al., 2004) that causes oxidative
stress and meuromal 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 am imcreasing 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 imtracellular Ca®* level are related events in terms of the
molecular sigmaling pathways. We assume 3-NP induced ATF-4
and CHOP im LW by these mechanism.

Our findings are not im full agreement with the hypothesis that
CHOP is activated exclusively in response to ER stress in the LW

107



Y. Fujinami et al./Neurachemistry International 56 (2010) 487-494

300mM 3-NP (TTS)
an c AW DR E

500mM 3-NP (PTS)

Y A

KIA
6h 1 2 3
DAT
enlarged
Sal1d  300mM 3-NP (TTS) 500mM 3-NP (PTS)
(i ST g ML N 3 Sl 'oﬁ ':-'_
Q\\“’“\ L‘f % 9‘\7" ‘“‘:E 3 . ;i '-.i 'Q“'\ \
'R St i "“\‘ v‘-‘.‘ ,;’ \ o <l v\k‘

\\ ‘\\‘ AT S ~! \'_’ W o & . ‘}
WA 3G SRR e i)l ARG
~, - . » " L \
Wby \\ e | \ Vaind F \«‘1,‘, "
o ™ D 4 N e N o Al Y
LT LU wmaoed DT BT

1 2 1 2

491

DAT

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-J), 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-O are enlarged images of spiral prominence of F, C, D, H and I, respectively. Scale bar = 50 pum (A-J) and 10 pm (K-O).

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 maodel,
accumulation of unfolded proteins in the mitochondria resulted in
induction of CHOP and mitochondrial molecular chaperones (e.g.,
Cpn60, Cpn10 and mtDnaJ), but did not induce non-mitachondrial
chaperones including GRP78. Moisoi et al. (2009) also reported
that chop expression was increased by mitachondrial dysfunction
in the brain. Similarly, induction of atf-4 and chop in the LW after 3-
NP treatment may also be caused by mitachondrial 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,

108

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 im metallic breeding cages in a room with a light/dark
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Fig:. 5. Concurrentidetectiomof CHOP and!apoptosis im 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-])
weredouble-immunostainediwithhantibodies to CHOP (red)) and TUNEL (green), and counterstained with DAPI for nuclear staining (blue). Although apoptotic cells were not
observediimuntreatediratss(B; D) and/E), apoptosis was detected im 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 wassentiancedi(F; 1} J), Eand![|were enlarged images of spiral prominence of D and H, respectively. StV; stria vascularis. Scale bar = 50 pm (A-D, F-1)and 10 pm (E,
). (Forr interpretatiom off the: references to color im this figure legend, the reader is referred to the web version of the article.)

Tabile 11
PCR: primerss and! thein target genes used! im the: studjy.

Gene: Aca:. numben Sequence: (5/'>3) Product length (bp) Annealing temperature (°C)
Farward! Reverse

chop UB0186 AGTCTICTGCCTTTCGCCTTT GCCACTTTCCTCTCATTCTC 382 554

atfF4! NIVIL 0244033 GCTGCCCCCTTTACATTCTT AGCACAARAGCACCTGACTAC 615 545

g it XN 2138083 EECGECCCCTGACRARAGACT TAGCCAATTCCTCCTCTCCC 768 579

a4 XV 348192 ECACGECTTGCTARACTTCT CTCTGGCTCTTCCTCTACCT 771 542

gapdi NM177011 GCCAEARGGGTCATCATCTC GCCTCTCTCTTGCTCTCAGT 715 555

Abibreviations:: Acc. number:: accessiom number;, ciiop: C/EBP homologous protein; atf-4: activating transcription factor-4; grp78 and grp94: glucose-regulated protein 78 and

94;: gapdh: glijceraldeliyde=-3+-phosphate deliydrogenase:

aycleof 12 hand! humidityyof 55% at 23 ° €, with free access: to food and water for
att least: 7 dayss before: use:. Iin these: nats;, iearing; loss was induced by surgical
administratiom off different: concentrations: of 3-NP’ ento tlhe inmer ear (Hoya
et.al., 2004), Before: surgeny; the: natss were: anesthetized wiltlh pentobarbital (40—
50 mgfKg; iip2) onpentobarbital (20-25 mg/kg, iip), ketamine (40-60 mg/kg, i.p.)
and! xylazine (4-6mgfke;, iip2)). Am incisiom was made posterior to the left
pinna nean the: externall meatus: aften locall admimistration of lidocaine (1%).
Thee [eft: atic: bulla: wass opened! to) appreach: the round window miche. The tip
oft @ polyettiylene: tube: (RE10), Bectom Dickinsom & Co:, Franklin Lakes, NJ) was
dirawm to a finee tipp im a: flame: and! gently inserted into tlie round window niche.
3-NP (Sigmay, Stt. Louis;, M) was: dissolved! im saline att 300 mM or 500 mM and
the pHi was adjusted! to 74! witlh NaOH. Eaclh 3-NP solutiom (3 wl) was
adiministered! with a: syringe: pump. Following, 3-NP treatment, a timy piece of
gelatim wass placed! oni the: niche: to) keep the solution in the niche during head
moverment: aften awakening: from anesthesia, and the wound was desed (Hoya
et al,, 2004; (Okamoto et al, 2005). All the experimental procedures were
penformed! im accordance: with guidelines frome the National Tokyo Medical
Centern;, and! were: approved! by thiee Animal Care and! Use Committee of the
Institute:. Adequate: measuress wene® taken to minimize paim or discomfort of
experimentall animalss

412, Measurementt off auditory brainstenn nesponse’

ABRsswereeregordedifronmeachratt before 3-NP treatment, and! 3 Iy, & In, 1, 2, 3 and
7 diayss aften 3+NPtreatmentt. Pure: tone bursts oft 8 kiz and! 20 kiz (0.2 ms rise;/fall
timme: 11 mssfTattsegment) wereeused} and!auditory thresholds im the treated ear were
measured] att the: same: time> pointt using; incremental steps off 5 dB:. Details of ABR
reconding were previouslyy described! ((Hoya et al., 2004),

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 OD5go/OD-go. First-strand cDNA synthesis was performed using
100 ng of total RNA and oligo(dT),>_1s primers in a total volume of 20 pL according to
the SuperScript Il RNase H™ Reverse Transcriptase protacol (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 puM of each dNTP, 0.4 pM 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 pL 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
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identicallcDNAssprepared! fon RI-PCRwereused! as tiie templiates for gPCR. Specific
priimerr setss were: purchased! fiarm Takara: Bioy. qFCR was performed! im 25 pL of
reactiommixtureccontaining lix SYBRPreniExTaq)(Takara Bio)), 1x ROX Reference
Dye; 0122 NofieachpritmenandidDNA. FCRwas condisctedifor 5 s.ar 95 °C md31 sat
GOX°Q oy 40) ayeless. Gane: expressiom levels were normalized using gapdh as am
internal| controll. Resultss off ABR: and! qRER ane expressed! as; the nmeamz:t standard
eIy, andisianmnaiisagmﬁ"umwm determimedi by one saﬂmib: t-test., “

415 Immunaohistoeiermioall analjgszss

Histologicall samplee weres made: om thie ﬁxﬁnezw treatment and 1 daj;r after
veHiclestreatment; andi6Hy, 11,22 and! 3 days affen 3-NP treatmment; (> 3). Rats were
deepljyanesttietizediwitthpentobarbitall(50 mg/ke;, iip)) and! perfused intraca y
witth0)011 Misodi umpﬁu&gﬂaﬁ&hﬂﬁr((pﬁmtﬁ))mmmﬁgﬂiﬁ%mmm Ezy
4% paraformal delygde: im 0)11 Mi sodiunm piiosphate buffer (pHi 7.4). After mPnta—
tiom, temporall Boness were: removed! quickly and! placed: im the  same 4%
paraformaltteliydesfixatiies. Smalll openings were made att the round! window, oval
witidbwy and] apex: off thie: cochilea. Affen immersion im the fixative mﬂmgm' the
tmnpnraiiﬁmasw&mdkmlmﬁkﬂimymmmmﬁ%ma}m%mm o1M
sadittmptiospHatebuffen(pHi774))ati4:°Clan 2 weeks; deliydrated| and e
panaffim Ttansverseccoetilzan mmgwmmhukmw&m&mamﬂi mounted om
glassssliess Affernretiydiatiom; seations were treated! with 6137% hydrogen peroxide
immettamoll tmmmmmgﬂmdmmmm Hon epitope retuieval, slides werte boiled
imeitratecbuffén(pHiG0)jimamicrowave: Affen| bibnkmgnm&gx&cxﬁ;cbmﬁﬁmgmm 1%
normal lgoatiserum(Méeotonllaboratonies;, Bhnlmgam&* @A\)} Gﬁﬁslmiﬁmemwhated
witthmonoelonallanti-:CHOP (Santa: @uzaBimmzﬁmaibg&; Santa Cruz, CA) at a 1:100
dilittiom att 4°C overnight:, The slides wene wastied! amzﬁ then incubated witly

BiotinylatediantizmouseslgG(Veeton] ﬂaﬁnnamm&s);anmll me)diﬁmm and the sngzsaﬂ k

wass colorizedi using: VECTASTAINI Elite ABC kitt (Vector Laboeratories) and DAB
Subistrate: Kitt for Peroxidase: (Vector llaﬁrmammxzs;)) Some of the slides were
counterstainediwith fematoxylim. Same of thee unstained! sections were processed
fourr TUNEL. Histochemicall stainiing; using; ApopTag; Peroxidase: I Sitw Apoptosis
Detectiom Kitt (Cliemicom International|, Temeculls, (A)) acconding to the manufac-
turertss protocoll. THe: TUMNELL reactiom mikture was added! to each sample in a
Humidified! chiamber;, followedi by incubatiom for 1 th att 37 °C far colorization with
DAB; Barfliorescentrimmunuostaining, the sections were incubated with anti-CHOP
att ax dilitiom off 14 50). Tlie: seations were subsequentlyy treated witl proteinase K
(DakoCytomation; Carpintenia;, CA) and!incubated withh Alexa Fluor 568 anti-mouse
1&6; (Maolkoulan Probes;, Bugene:;, OR) att & 11:1000) dilutiom. Thereaftes;, the ApopTag
HluaresceinDirestdinSitiApoptosis Detectiomkitt (Cliemicom) was used according to
thes manufacturer’ss protocoll. The: sections: were: thiem covered witlh PermaFluor
Aqueouss Nfounting: Medium (Thermo Stiandomn, Pittsbungly, PA) witly DAPE (1 pg/
mli;; Dojindty, Kumamoto), Japam).

This studyy iss supponted by a Healtlh Sciemce Research Grant
frarm the Ministny off Healtlh, Labor, and Welfare of Japan (H16-
KanKaltuli-006 to T.NVL). The auttionrs would! like to thank Ms. Rie
Komatsurakii andi M. Ritsulko Kusano for their excellent technical
suppert;, Di.. Enii Hastine for citicall readimg and editing of this
manusanipt;, Dis:. Takesthii lwvata, Hiroyuli Ozawa, Seiichi Shinden
andiMi. Shmmuil\ﬁék@@m&mﬁhﬁn@hﬁﬁibg}ﬂuﬂhﬂ@&mt&(ﬁmml
aspeats aff aur @mmnmmms;
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Abstract

Conclusion: G¥B2 mutations are responsible not only for deafness but also for the occurrence of vestibular dysfunction.
However, vestibular dysfunction tends to be unilateral and less severe in comparison with that of bilateral deafness. Objectives:
The correlation between the cochlear and vestibular end-organs suggests that some children with congenital deafness may have
vestibular impairments. On the other hand, G¥B2 gene mutations are the most common cause of nonsyndromic deafness. The
vestibular function of patients with congenital deafness (CD), which is related to G¥B2 gene mutation, remains to be
elucidated. The purpose of this study was to analyze the relationship between G¥B2 gene mutation and vestibular dysfunction
in adults with CD. Merhods: A total of 31 subjects, including 10 healthy volunteers and 21 patients with CD, were enrolled in
the study. A hearing test and genetic analysis were performed. The vestibular evoked myogenic potentials (VEMPs) were
measured and a caloric test was performed to assess the vestibular function. The percentage of vestibular dysfunction was then
statistically analyzed. Results: The hearing level of all CD patients demonstrated a severe to profound impairment. In seven CD
patients, their hearing impairment was related to G¥B2 mutation. Five of the seven patients with CD related to G¥B2 mutation
demonstrated abnormalities in one or both of the two tests. The percentage of vestibular dysfunction of the patients with CD
related to G¥B2 mutation was statistically higher than in patients with CD unrelated to G¥B2 mutation and in healthy controls.

Keywords: Vestibular evoked myogenic potentials, caloric test

Introduction the disease is caused by gene mutation. In partic-
ular, mutation in the G¥B2 gene, which encodes

Since a correlation between the peripheral auditory Cx26 in the gap junction, is known to be a most
and vestibular systems has been identified both common cause (up to 50% of such cases) [2,3].
anatomically and phylogenetically, a subgroup of Gap junction channels enable the neighboring cells
children with congenital deafness (CD) may be asso- to exchange small signaling molecules. Immuno-
ciated with vestibular and balance impairments [1-3]. histochemical studies have revealed that Cx26 exists
Interestingly, the vestibular disturbance in these chil- not only in the cochlea but also in the vestibular
dren gradually disappears as they grow up, probably organs [4]. K* cycling involving gap junction pro-
because of a compensatory mechanism of the central tein Cx26 in the vestibular labyrinth, which is sim-
nervous system. However, there have been only a few ilar to that in the cochlea, is thought to play a
reports that conducted a detailed analysis of the fundamental role in the endolymph homeostasis
vestibular function in adults with CD. and sensory transduction [5]. These findings suggest
CD has been reported in approximately one child that mutations in the G¥B2 gene may thus cause

per 1000 births [1]. In more than half of these cases, vestibular dysfunction.
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