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Abstract
Cochlear hair cells are essential for the mechanotransduction of hearing. Sensorineural hearing loss can be irreversible 
because hair cells have a minimal ability to repair or regenerate themselves once damaged. In order to develop therapeutic 
interventions to prevent hair cell loss, it is necessary to understand the signaling pathway operating in cochlear hair cells and 
its alteration upon damage. Diacylglycerol kinase (DGK) regulates intracellular signal transduction through phosphorylation 
of lipidic second messenger diacylglycerol. We have previously reported characteristic expression and localization patterns 
of DGKs in various organs under pathophysiological conditions. Nevertheless, little is known about morphological and 
functional aspects of this enzyme family in the cochlea. First RT-PCR analysis reveals predominant mRNA expression of 
DGKα, DGKε and DGKζ. Immunohistochemical analysis shows that DGKζ localizes to the nuclei of inner hair cells (IHCs), 
outer hair cells (OHCs), supporting cells and spiral ganglion neurons in guinea pig cochlea under normal conditions. It is 
well known that loud noise exposure induces cochlear damage, thereby resulting in hair cell loss. In particular, OHCs are 
highly vulnerable to noise exposure than IHCs. We found that after 1 week of noise exposure DGKζ translocates from the 
nucleus to the cytoplasm in damage-sensitive OHCs and gradually disappears thereafter. In sharp contrast, DGKζ remains 
to the nucleus in damage-resistant IHCs. These results suggest that DGKζ cytoplasmic translocation is well correlated with 
cellular damage under noise-exposure stress conditions and is involved in delayed cell death in cochlear outer hair cells.
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Abbreviation
DGK	� Diacylglycerol kinase
IHC	� Inner hair call
OHC	� Outer hair cell
SC	� Supporting cell
SGN	� Spiral ganglion neuron

Introduction

Sensorineural hearing loss can be caused by multiple fac-
tors such as genetics, aminoglycosides, anticancer agents 
including cisplatin, loud noise or aging. Some of these fac-
tors cause damage to the cochlear hair cells which are essen-
tial for the mechanotransduction of hearing. In mammals, 
sound waves received by the tympanic membrane produce 
vibrations in the middle ear ossicles which are transmitted 
to the cochlea. Hair cells in the organ of Corti respond to 
subsequent vibrations of the basilar membrane of the coch-
lea and transmit information along the auditory pathway 
via spiral ganglion neurons to the auditory cortex where 
impulses are perceived as sound. Noise-induced hair cell 
damage is one of the key pathologies contributing to senso-
rineural hearing loss. While our understanding of the patho-
mechanisms behind sensorineural hearing loss is advancing, 
treatments have yet to be developed that can restore hearing 
function (Forge et al. 1993; Warchol et al. 1993). Hair cells 
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are terminally differentiated and thus have minimal ability 
to repair or regenerate themselves once damaged. Oshima 
reported on the ability to induce otic progenitors from 
embryonic stem cells (ESCs) and induced pluripotent stem 
cells (iPSCs) and succeeded in producing hair cell-like cells 
with stereociliary bundles (Oshima et al. 2010). Inhibition 
of Notch signaling has also been shown to induce cochlear 
hair cell formation after acoustic trauma, although hearing 
thresholds failed to show significant recovery (Mizutari 
et al. 2013). Despite extensive efforts towards regenerating 
hair cells, little or no success has been achieved in the clini-
cal setting. Thus, a likely more fruitful avenue of research 
would be to elucidate the physiological factors and subcel-
lular mechanisms behind hair cell loss. Identification of the 
signaling pathways regulating hair cell loss would facilitate 
the development of novel strategies for therapeutic interven-
tions to prevent such loss.

Many researchers have looked into the molecular mecha-
nisms of hair cell loss due to loud noise. Several studies 
suggest that noise exposure induces ischemia–reperfusion 
injury, which leads to an increase in reactive oxygen species 
(Miller et al. 2003; Quirk and Seidman 1995; Yamashita 
et al. 2004), and inflammatory cytokines (Tan et al. 2016; 
Fujioka et al. 2006) together with stress-responsive MAP 
kinase signaling (Jamesdaniel et  al. 2011; Maeda et al. 
2013).

Lipid metabolism is closely associated with intracellu-
lar signaling. It is worthy of note that the phosphoinositide 
(PI) signal transduction cascade is active in a wide variety 
of cells to yield a lipidic second messenger diacylglycerol 
(DG) (Rhee et al. 1989). DG activates proteins containing 
a DG-binding C1 domain, such as protein kinase C (PKC), 
which phosphorylates various proteins, thereby contribut-
ing to diverse cellular responses including growth, differen-
tiation and apoptosis (Ron and Kazanietz 1999; Nishizuka 
1992; Martelli et al. 2004). In this system, diacylglycerol 
kinase (DGK) phosphorylates DG to produce phosphatidic 
acid (PA) (Kanoh et al. 1990). PA binds and activates sev-
eral proteins, such as mTOR (mammalian target of rapamy-
cin), a master regulator of cell growth (Merida et al. 2008). 
Therefore, DGK regulates many kinds of intracellular signal 
transduction by metabolizing DG and PA. To date, ten mam-
malian DGK isozymes have been reported, DGKα (Sakane 
et al. 1990; Schaap et al. 1990), DGKβ (Goto and Kondo 
1993), DGKγ (Goto et al. 1994; Kai et al. 1994), DGKδ 
(Sakane et al. 2002), DGKε (Tang et al. 1996), DGKζ (Bunt-
ing et al. 1996; Goto and Kondo 1996), DGKη (Murakami 
et al. 2003), DGKθ (Houssa et al. 1997), DGKι (Ding et al. 
1998; Ito et al. 2004) and DGKκ (Imai et al. 2005). We 
and others have previously reported the functional implica-
tions of the DGK family in various tissues and cells under 
pathophysiological conditions (Goto et al. 2007; Topham 
2006; Sakane et al. 2007). Intriguingly, each DGK isozyme 

exhibits distinct properties in terms of expression, enzymatic 
characteristics, physiological functions and regulatory mech-
anisms depending on tissue and cell type. Moreover, recent 
studies have suggested the involvement of the DGK family 
in various diseases (Sakane et al. 2016). However, little is 
known about the expression and localization of the DGK 
family, as well as their functional roles, in the cochlea.

In this study, we investigated the expression and locali-
zation of the DGK family in the cochlea. Using RT-PCR 
assays, abundant mRNA expression of DGKα, DGKε and 
DGKζ was detected. Immunohistochemistry using currently 
available antibodies for the various DGKs revealed that 
DGKζ localizes to the nuclei of inner hair cells (IHC), outer 
hair cells (OHC) and supporting cells (SC) in the cochlea, 
and to the nuclei of spiral ganglion neurons (SGNs), but not 
glial cells. Interestingly, we found that in a noise-induced 
damage model, DGKζ translocates from the nucleus to the 
cytoplasm of outer hair cells, which are vulnerable to noise 
exposure. This suggests that DGKζ is involved in the vulner-
ability of OHCs after noise exposure.

Materials and methods

Animals

Approximately 250–350 g, 4-week-old male Hartley strain 
guinea pigs were purchased from Kumagai-Shigeyasu Co., 
Ltd. and analyzed to investigate the expression of DGK 
isozymes. Three animals were assigned to the normal hear-
ing group and three animals were assigned to the noise-
exposure groups at three different time points: 24 h, 1 week 
and 2 weeks after noise exposure. For immunohistochemical 
analysis, three animals from the normal group and nine ani-
mals from the noise-exposure subgroups were investigated. 
The research protocol was approved by the Animal Research 
Committee of Yamagata University.

Anesthesia protocol

Animals were anesthetized with an intraperitoneal injection 
of a mixture of hydrochloric acid medetomidine (0.3 mg/
kg), midazolam (4 mg/kg) and butorphanol tartrate (5 mg/
kg). Animals were anesthetized prior to auditory brain stem 
response (ABR) recordings and tissue collection for both the 
normal and noise-exposed groups, as well as prior to noise 
exposure in the noise-exposed group.

Auditory brain stem response

All animals had their baseline ABR thresholds measured 
before tissue examination, and 24 h, 1 week and 2 weeks 
after noise exposure to confirm the threshold shifts in each 
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subgroup. Tone burst stimuli with of 1 ms duration at fre-
quencies of 4 kHz and 8 kHz were generated using a Tucker-
Davis Technologies system (USA). Electrical responses 
were sampled via a needle electrode inserted subcutaneously 
on each postauricular side with a ground electrode placed 
on the back. Responses to 250 stimuli were averaged at each 
sound pressure level with PowerLab® software (AD Instru-
ments, New South Wales, Australia). The ABR waveforms 
were recorded in 5 dB steps and the lowest stimulus level at 
which wave II could be identified reproducibly was defined 
as the hearing threshold.

Noise exposure

Animals were exposed to 4–8 kHz octave-band noise at 
125 dB sound pressure level (SPL) for 3 h in a sound proof 
box under general anesthesia using a slightly modified proto-
col (Yamashita et al. 2004). The noise was generated by Lab-
VIEW software® (National Instruments, Texas, USA) and 
amplified with an A100a power amplifier (Yamaha, Hama-
matsu, Japan). The loudness of noise intensity was routinely 
reconfirmed using a noise level meter (Rion, Tokyo, Japan) 
prior to noise exposure.

Immunoblotting

Brains of adult guinea pigs and rats were homogenized with 
4 volumes of a buffer containing 10 mM Tris–HCl (pH 7.4), 
20 mM KCl, 0.1 mM EDTA and 0.25 M sucrose, and centri-
fuged at 1000g for 10 min at 4 °C to remove debris. Protein 
concentration was determined using BCA Protein Assay 
Reagent (Thermo Scientific, Rockford, USA). The result-
ing supernatants (20 µg) were boiled for 5 min in sodium 
dodecylsulfate (SDS) sample buffer (New England Biolabs, 
Inc., Beverly, USA) and subjected to 10% SDS–polyacryla-
mide gel electrophoresis (PAGE). The proteins were then 
electrophoretically transferred to a polyvinylidene difluoride 
(PVDF) membrane (Millipore, Billerica, USA). After block-
ing the non-specific binding sites with 4% non-fat dry milk 
(w/v) in phosphate-buffered saline (PBS) containing 0.02% 
sodium azide and 0.2% Tween 20, the membrane was incu-
bated for 1 h at room temperature with rabbit anti-DGKζ 
antibody (0.5 µg/ml) (Hozumi et al. 2003) in 2% non-fat dry 
milk (w/v) in PBS containing 0.02% sodium azide and 0.1% 
Tween 20. Sites of antigen–antibody reaction were visual-
ized using the chemiluminescent Immobilon Western blot-
ting detection system (Millipore).

Tissue and section preparation and cell count

Cochleae were harvested at 24 h, 1 week and 2 weeks after 
noise exposure. Transcardial perfusion was performed using 
4% paraformaldehyde (PFA) in phosphate buffer saline (pH 

7.4) under deep anesthesia followed by immediate decapi-
tation. Both left and right cochleae were collected and 
immersed in 4% PFA overnight. The cochleae were incu-
bated in 0.25 M EDTA (pH 7.4) using a microwave-based 
rapid decalcification device (Azumaya, Tokyo, Japan) for 
3 days. After decalcification, cochleae were prepared for two 
different methods of analysis: cryosection and whole-mount. 
For analysis of cross-sections, cochleae from the right side 
were cryoprotected in 30% sucrose and cut at a thickness 
of 8 µm using a cryostat. The left cochleae were microdis-
sected into eight pieces for whole-mount analysis. Cochlear 
frequency mapping was performed using an ImageJ plugin 
to identify the tonotopic placement. Two frequency regions 
corresponding to 4 and 8 kHz were analyzed to evaluate 
the changes in DGKζ expression. Approximately 30–40 
OHCs are present per 10 IHCs in the cochleae. Using this 
reference value, the number of OHCs remaining after noise 
exposure was counted per 10 IHCs and subtracted from 35 
to determine the rate of OHC loss. The rate of OHC loss was 
calculated by dividing the loss of OHCs by 35 to evaluate 
the severity of the damage.

Immunohistochemistry

Methanol treatment has been used to enhance the immuno-
reactivity of proteins in the PI signaling pathway (Hozumi 
et al. 2008). Thus, sections were treated with 100% methanol 
for 10 min at room temperature followed by blocking and 
permeabilization with 10% donkey serum and 0.3% triton 
X-100 in PBS. After blocking and permeabilization for 
30 min at room temperature, the sections were incubated 
with primary antibodies overnight at 4 °C. The following 
primary antibodies were diluted with 5% donkey serum 
and 0.1% TritonX-100 in PBS: rabbit anti-DGKζ (1 µl/ml) 
(Hozumi et al. 2003), mouse monoclonal anti-Calmodulin 
(Sigma Aldrich, St Louis, USA; 1:100), goat polyclonal 
anti-Sox2 (Santa Cruz, Texas, USA; 1:200) and mouse 
monoclonal anti-Parvalbumin (Sigma Aldrich, St Louis, 
USA; 1:1000). The primary antibodies were visualized by 
incubation for 2 h at room temperature with species-specific 
secondary antibodies (Invitrogen, Oregon, USA; 1:500). 
Cell nuclei were stained with 4′,6-diamidino-2-phenylindole 
(DAPI, Dojindo, Mashiki, Japan). Specimens were imaged 
by confocal laser microscopy (LSM-700, Carl Zeiss, Got-
tinen, Germany).

Rt‑pcr

Total RNA was extracted from the dissected cochleae using 
the TRIzol® Plus RNA purification Kit (Invitrogen, Califor-
nia, USA). Reverse transcription was carried out using the 
PrimeScript™ II 1st strand cDNA Synthesis Kit (TakaRa 
Bio Inc., Kusatsu, Japan). DGK isozymes were detected by 
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PCR with Tks Gflex™ DNA polymerase (TakaRa Bio Inc., 
Kusatsu, Japan). The primers for guinea pig DGK isozymes 
are described in Table 1. The following PCR thermal cycling 
conditions were used: initial denaturation at 95 °C for 2 min, 
denaturation at 95 °C for 2 min, annealing and extension at 
60 °C for 30 s for 30 cycles. PCR products were separated 
by electrophoresis using a 2% agarose gel stained with eth-
idium bromide.

Results

Expression and localization of DGKζ in normal 
guinea pig cochlea

We first examined the expression profile of DGK isozymes 
at the mRNA level in normal guinea pig cochleae. RT-PCR 
analysis showed abundant expression of DGKα, DGKε and 
DGKζ in the cochlea (Fig. 1a). In contrast, DGKι was only 
weakly detected, whereas DGKβ and DGKγ signals were 
below the detection limit.

We next examined protein localization of the DGKs 
detected in the cochlea. To date, we have generated sev-
eral DGK isozyme-specific antibodies (Hozumi et al. 2013) 
and performed immunohistochemical analysis on rat tissues 
and cells (Hozumi et al. 2010, 2015, 2017). Among these 
DGK isozymes, DGKζ is reported to be associated with cell 
death under stress conditions; thus we specifically focused 
on DGKζ for the detailed morphological analysis. In immu-
noblot analysis, the antibody recognized a single band of 
DGKζ at an estimated molecular mass (~ 104 kDa) in lysates 
of guinea pig and rat brains (Fig. 1b). Results show that this 

antibody specifically recognizes DGKζ protein in guinea pig 
and rat tissues and cells, although we failed to detect a band 
in guinea pig cochlea because of difficulties in obtaining 
adequate amounts of proteins from cochlea that is embedded 
in the temporal bone.

For the immunostaining, we analyzed two types of coch-
lear sample preparations: cryosections and whole-mount tis-
sues. Cryosections were cut vertically relative to the basilar 
membrane, then adhered to glass slides, while whole-mount 
cochlear tissues, in which the organ of Corti was well pre-
served, were directly incubated in solution for immunostain-
ing. Confocal images from whole-mount samples were 

Table 1   Primers for guinea pig DGK isozymes

Marker Primer sequence Size

DGKα Forward 5′-GTG​ACT​GTG​GGC​TGC​TCC​GTG-3′ 394
Reverse 5′-AAG​TTG​GCT​TTG​TCA​ATG​CTC-3′

DGKβ Forward 5′-GGA​CAG​CAT​GTG​TGG​CGA​CTC-3′ 436
Reverse 5′-CCG​AAA​CTC​CTG​AAG​TGG​GCA-3′

DGKγ Forward 5′-GTA​CCT​GGA​ATG​GGA​TCC​CAC-3′ 403
Reverse 5′-GAC​GGA​GGA​GTT​CCC​TTC​CAC-3′

DGKε Forward 5′-GCA​CCT​GGT​CCT​GTG​GAC​ACT-3′ 402
Reverse 5′-TAG​TCA​CAG​AGC​TTG​GGC​TGG-3′

DGKζ Forward 5′-TCC​AGG​TGA​GGC​GCT​GAT​TGA-3′ 414
Reverse 5′-GCG​GTC​TCC​TGG​TCC​TCA​CG-3′

DGKι Forward 5′-CAG​GCG​ACC​TCT​GCT​ACC​TGG-3′ 409
Reverse 5′-CGT​GGG​TGG​GAC​AAT​AAC​AGC-3′

GAPDH Forward 5′-TCC​ATG​ACA​ACT​TCG​GCA​TT-3′ 478
Reverse 5′-CTG​TTG​CTG​TAG​CCG​AAC​TC-3′

β-actin Forward 5′-CCC​ATG​CCA​TCC​TGC​GTC​TG-3′ 426
Reverse 5′-GCA​TCC​TGT​CGG​CAA​TGC​CT-3′
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Fig. 1   RT-PCR of DGK isozymes in normal guinea pig cochlea (a) 
and immunoblot of DGKζ (b). a Bands for DGK isozymes were 
amplified using specific primer sets (Table 1) for each isozyme and 
electrophoresed. Primers for β-actin and GAPDH were also used as 
controls. The mRNA signals are detected intensely for DGKα, DGKε, 
DGKζ and weakly for DGKι, whereas DGKβ and DGKγ are below 
the detection limit. The position of each band amplified and DNA 
size marker (M) are indicated in bp. b Immunoblot analysis of rab-
bit anti-DGKζ antibody in lysates (20 µg/lane) of guinea pig and rat 
brains. The position of standard protein markers is indicated to the 
left (kDa)
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oriented horizontal to the basilar membrane, which provided 
clear views of the IHC and OHC arrays in the same location 
and plane.

Figure  2 shows an image of a vertical cryosection 
from normal guinea pig organ of Corti. The plasma mem-
branes and cuticular plates of both the IHCs and OHCs 
are clearly delineated by immunostaining for the hair cell 
marker calmodulin (Slepecky and Ulfendahl 1993). DGKζ-
immunoreactivity was principally observed in the nuclei of 
IHCs, OHCs and SCs (Fig. 2). Horizontal images of whole-
mount organ of Corti preparations provided well-preserved 
and clear images (Fig. 3a–c). IHC nuclei exhibited intense 
DGKζ-immunoreactivity (Fig. 3a), whereas OHC nuclei 
showed moderate staining (Fig.  3b, c). SCs, which are 
labeled by Sox2 and are situated beneath the hair cell layer, 
also exhibited nuclear DGKζ-immunoreactivity (Fig. 4). In 
addition, the nuclei of parvalbumin-positive SGNs showed 
DGKζ immunoreactivity, although the glial cells did not 
(Fig. 5).

Subcellular localization of DGKζ within the cochlea 
after noise exposure

We next investigated how cochlear expression and localiza-
tion of DGKζ changes after exposure to loud noise. The 
noise-exposure group showed elevated hearing thresholds 
over 60 dB SPL and the rate of OHC loss was 60–70% 
after 24 h and tended to increase slightly (~ 80%) 2 weeks 
after noise exposure at two tonotopic regions (4 and 8 kHz; 
Fig. 6), which is consistent with the previous study (Yamash-
ita et al. 2004).

DGKζ-immunoreactivity remained unchanged in the 
nuclei of IHCs and OHCs at 24 h (Fig. 7); however, dis-
tinct changes in immunoreactivity were detected in these 
cells at 1  week post-noise (Fig.  8). In IHCs, DGKζ-
immunoreactivity remained in the nucleus. In most of the 
OHCs, however, DGKζ-immunoreactivity was detected as 
particulate aggregates in the cytoplasm (arrows in Fig. 8c), 
suggesting cytoplasmic translocation of DGKζ in these cells. 
At 2 weeks post-noise, the immunoreactivity almost disap-
peared in the remaining calmodulin-positive OHCs (Fig. 9c). 
On the other hand, DGKζ-immunoreactivity remained 
intense in the nuclei of IHCs after post-noise (Fig. 9a, b), 
comparable to that observed under normal conditions.

Taken together, these results suggest that loud noise 
exposure induces significant changes in the subcellular 
localization of DGKζ within OHCs, which are particularly 
vulnerable to noise-induced stress. In response to this stress, 
DGKζ may be translocated from the nucleus to the cyto-
plasm of OHCs then gradually disappear over time. In con-
trast, IHCs are much more resistant to noise-induced stress 
and their nuclear DGKζ-immunoreactivity remained mostly 
unchanged after noise exposure.

Discussion

This study is the first report to investigate the expression 
and localization of DGK isozymes in the cochlea. We 
found that the mRNA transcripts for DGKα, DGKε and 
DGKζ are abundantly expressed, whereas DGKι mRNA 
expression level is weak and DGKβ and DGKγ levels are 
below the detection limit in normal guinea pig cochlea. 
Subsequent immunohistochemical investigations found 
that DGKζ-immunoreactivity is observed principally in 
the nuclei of IHCs and OHCs, along with SC and SGN 
nuclei under normal conditions. These findings are con-
sistent with previous studies that showed that DGKζ local-
izes to the nuclei of many cell types under normal con-
ditions, including postmitotic neurons (Goto and Kondo 
1996). In terms of subcellular localization, previous stud-
ies also show that DGKζ shuttles between the nucleus and 
the cytoplasm under some pathological conditions (Goto 
et al. 2014), which may be based on the presence of both a 
nuclear localization signal (NLS) and nuclear export sig-
nal (NES) in its primary structure (Evangelisti et al. 2010).

It is well known that loud noise exposure induces 
cochlear damage, thereby resulting in hair cell loss. In 
particular, OHCs are highly vulnerable to noise exposure 
than IHCs. Under the noise-exposure conditions used in 
this study, 60–70% of OHCs were lost by 24 h after noise 
exposure, and 80% were lost by 2 weeks after noise expo-
sure, as indicated by the disappearance of immunostain-
ing for the hair cell marker calmodulin. This suggests that 
an additional 10–20% of cells gradually die within the 
2 weeks following noise exposure. Our result is compatible 
with that of the previous study (Yamashita et al. 2004), 
which suggests that immediate OHC loss by 24 h may 
primarily reflect direct mechanical damage, while slowly 
progressing OHC loss is caused by continued formation 
of reactive oxygen species in response to noise exposure.

In this regard, we found that 24 h after noise expo-
sure, DGKζ-immunoreactivity remains in the nuclei of 
inner and outer hair cells that were immunoreactive for 
calmodulin. It should be noted, however, that 1  week 
after noise exposure the subcellular localization of 
DGKζ-immunoreactivity shifts from the nucleus to the 
cytoplasm in damage-sensitive OHCs, whereas DGKζ-
immunoreactivity remains in the nuclei of damage-resist-
ant IHCs that were intensely immunoreactive for calmo-
dulin. These results suggest that the nucleocytoplasmic 
translocation of DGKζ occurs gradually in OHCs during 
the first week after noise exposure. The retention of DGKζ 
in the nucleus of intact IHC and the cytoplasmic trans-
location in damaged OHCs raise the possibility that the 
subcellular localization of DGKζ after noise exposure is 
correlated with cellular viability.
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IHC

basilar membrane

Normal conditions
(vertical cryosections)

OHC
IHC

CalmodulinDGKζ

Calmodulin DAPI

OHC
IHC

OHC
IHC

OHC
IHC

DGKζ Calmodulin

O1
O2

O3

SC

Fig. 2   Localization of DGKζ in the organ of Corti under normal con-
ditions. Vertical cryosections made from normal guinea pig cochleae 
were subjected to immunohistochemical analysis. Note that DGKζ-
immunoreactivity is detected in the nuclei of inner hair cells (IHCs) 
and outer hair cells (OHCs), both of which are labeled with calmo-

dulin staining. Supporting cells (SCs) are also immunoreactive for 
D DGKζ. Nuclei were stained by DAPI. A schematic representation 
of the immunohistochemical results in the organ of Corti is shown 
above. O1, O2, O3; three rows of OHCs. Scale bar: 10 µm
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a. IHC nucleus layer

IHC IHCIHC

CalmodulinDGKζ DGKζ Calmodulin

b. OHC nucleus layer (O1, O2)

O1 O1 O1O2 O2 O2

CalmodulinDGKζ DGKζ Calmodulin

c. OHC nucleus layer (O3)

O3 O3O3

CalmodulinDGKζ DGKζ Calmodulin

IHC

basilar membrane

a
b
c

Normal conditions
(whole mount, horizontal images)

Fig. 3   DGKζ localizes to the nuclei of inner and outer hair cells. 
Horizontal images were taken at the levels a–c of normal guinea pig 
whole-mount organ of Corti immunostained for DGKζ and calmodu-

lin. Note that DGKζ-immunoreactivity is observed in the nuclei of 
calmodulin-positive IHCs and OHCs. A schematic representation of 
the immunohistochemical results is shown above. Scale bar: 10 µm
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The correlation between DGKζ translocation and cellu-
lar damage in the present model of cochlear noise exposure 
resembles that observed in the hippocampus in a model of 
transient ischemia. In that model, DGKζ translocates from 
the nucleus to the cytoplasm in hippocampal CA1 neurons 
immediately after a 20-min ischemic induction (Ali et al. 
2004). This is specifically observed in CA1 neurons, but 
not in other hippocampal areas. In addition, the nucleocy-
toplasmic translocation of DGKζ is also reported in CA1 
neurons after 2 h of limbic seizure induced by kainate injec-
tion (Saino-Saito et al. 2011). In this regard, it is reported 
that CA1 neurons show selective vulnerability to stress, such 
as transient ischemia, and experience a delayed cell death 
within a couple of days (Kirino 1982). All these models, 
including noise-induced and ischemic stress conditions, are 
shown to engender glutamate excitotoxicity, which leads 
to overstimulation of glutamate receptors and a resultant 
massive influx of calcium that culminates in catastrophic 
consequences (Lau and Tymianski 2010). Furthermore, hip-
pocampal slice culture experiments using oxygen–glucose 
deprivation (OGD)-reperfusion conditions, which mimic 
ischemia–reperfusion in animals, recapitulates this DGKζ 
nucleocytoplasmic translocation (Suzuki et al. 2012).

Pharmacological approaches further revealed that DGKζ 
nucleocytoplasmic translocation is triggered by NMDA-
type glutamate receptor activation and subsequent calcium 
influx and that the NMDA receptor antagonist AP4 inhibits 
its nucleocytoplasmic translocation under OGD-reperfusion 
conditions. Following transient ischemia-induced cytoplas-
mic translocation in CA1 neurons, DGKζ never relocates 
to the nucleus, which results in neuronal apoptosis within 
several hours to days following excessive calcium influx.

A similar phenomenon has also been reported in other 
cell types besides neurons. β cells of the pancreatic islets 
of Langerhans are responsible for insulin production in 
response to high blood glucose levels to facilitate glucose 
uptake. Dysregulation of this homeostasis results in diabetes 
mellitus, which is caused by β cell degeneration or insu-
lin signal resistance. Streptozotocin is an agent that causes 
selective degeneration of β cells and is often used to induce 
experimental diabetes (Schnedl et al. 1994). Interestingly, 
under streptozotocin-induced stress conditions, β cells grad-
ually degenerate with increasing levels of blood glucose, 
during which DGKζ is found to translocate from the nucleus 
to the cytoplasm and then subsequently disappear (Hozumi 
et al. 2016).

SC nucleus layer
Sox2

SC SC SC

DGKζ DGKζ Sox2

IHC

SC nucleus layer

basilar membrane

Normal conditions
(whole mount, horizontal images)

Fig. 4   DGKζ localizes to the nuclei of supporting cells (SCs) of the 
organ of Corti. Horizontal image was taken at the level of SC nucleus 
layer of normal guinea pig whole-mount organ of Corti immu-

nostained for DGKζ and Sox2 (a marker for SCs). A schematic rep-
resentation of the immunohistochemical results is shown above. Scale 
bar: 10 µm
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The present study revealed that DGKζ cytoplasmic 
translocation also occurs in cochlear OHCs that are vul-
nerable to noise-induced stress. DGKζ was translocated 
from the nucleus to the cytoplasm in remaining OHCs 
1 week after noise exposure when the rate of OHC loss 
continued to increase. Some OHCs then lost their DGKζ-
immunoreactivity 2 weeks after noise exposure. Thus, in all 
three stress models (hippocampus, pancreas and cochlea), 
DGKζ cytoplasmic translocation is observed prior to cell 
death, even though the input stress may differ between these 
models. How exactly is cytoplasmic translocation of DGKζ 
implicated in the stress responses of cells?

What is the functional significance of cytoplasmic 
translocation of DGKζ? Previously, we have reported that 
cytoplasmic DGKζ anchors p53 and facilitates its degra-
dation through the ubiquitin–proteasome system in the 
cytoplasm, thereby attenuating p53-mediated cytotoxicity 
(Tanaka et al. 2013; Goto et al. 2014). This suggests that 
cytoplasmic translocation of DGKζ exerts cytoprotective 
effect under stress conditions. On the other hand, it is also 
shown that nuclear DGKζ interacts with retinoblastoma 
protein (pRB), a tumor suppressor and cell cycle regulator 

Fig. 5   DGKζ localizes to the 
nuclei of the spiral ganglion 
neurons (SGNs) of the cochlea. 
Cryosections of normal guinea 
pig cochlea were immu-
nostained for DGKζ and par-
valbumin (a marker of SGN). 
Nuclei were stained by DAPI. 
Scale bar: 10 µm
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Fig. 6   Rate of OHC loss at each time point after noise exposure. 24 h 
after noise exposure, 59.3% of OHCs in the 4 kHz region and 74.3% 
in the 8 kHz region were degenerated. 2 weeks after noise exposure, 
the rate of OHC loss was increased to 76.5% in the 4 kHz region and 
80.6% in the 8 kHz region. Error bars indicate standard error (n = 4)
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(Los et al. 2006). Dephosphorylation of pRB facilitated by 
nuclear DGKζ causes direct binding to E2F, thereby repress-
ing the transcription of genes required for cell cycle progres-
sion (Evangelisti et al. 2009, 2010). Prolonged absence of 
nuclear DGKζ caused by cytoplasmic translocation under 
stress conditions leads to increased pRB phosphorylation, 
thereby liberating E2F from its complex. E2F then upregu-
lates the expression of type D and E cyclins which facilitate 

cell cycle progression, while cytoplasmic DGKζ is degraded 
via the cytoplasmic ubiquitin–proteasome system (Okada 
et al. 2012). In this regard, cell cycle reentry in postmitotic 
neurons, which is referred to as aberrant cell cycle reen-
try, leads to DNA replication without entering M phase, 
resulting in unusual conditions in which cells have twice 
the amount of DNA content (Herrup and Yang 2007). Mam-
malian hair cells are also postmitotic and a previous study 

IHC

basilar membrane

a
b
c

24 h post-noise
(whole mount, horizontal images)

a. OHC apical layer

OHC
O1O2O3

DGKζ Calmodulin

IHC IHC IHC

O2 O1 O1O1 O2 O2

b. IHC nucleus layer
CalmodulinDGKζ DGKζ Calmodulin

O3 O3O3

c. OHC nucleus layer
CalmodulinDGKζ DGKζ Calmodulin

Fig. 7   Localization of DGKζ in the organ of Corti 24  h after 
noise exposure. Horizontal images were taken at the levels a–c of 
guinea pig whole-mount organ of Corti immunostained for DGKζ 
and calmodulin after 24  h of noise exposure. Note that DGKζ-

immunoreactivity remains in the nuclei of calmodulin-positive IHCs 
and OHCs, to an extent similar to that observed under normal condi-
tions in Fig. 3. A schematic representation of the immunohistochemi-
cal results is shown above. Scale bar: 10 µm
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reported that forced cell cycle reentry induces OHC death 
(Sulg et al. 2010). Thus, cytoplasmic translocation of DGKζ 
may also induce aberrant cell cycle reentry in noise-exposed 
OHCs, thereby culminating in cell death. Further studies are 

needed to investigate and confirm this molecular mechanism. 
Interventions aimed at transiently suppressing DGKζ cyto-
plasmic translocation could be therapeutically efficacious for 
preventing the delayed hair cell loss that occurs after various 
kinds of stress, including exposure to loud noise.

a
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basilar membrane

1 week post-noise
(whole mount, horizontal images)

a. OHC apical layer
DGKζ Calmodulin

O1O2O3

IHC IHC IHC
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Fig. 8   Localization of DGKζ in the organ of Corti 1 week after noise 
exposure. Horizontal images were taken at the levels a–c of guinea 
pig whole-mount organ of Corti immunostained for DGKζ and 
calmodulin after 1 week of noise exposure. DGKζ-immunoreactivity 
remains in the nuclei of calmodulin-positive IHCs. By contrast, in 

most of the OHCs the immunoreactivity is detected as aggregates in 
the cytoplasm (arrows). Higher magnification image of the square is 
also shown in the inset. A schematic representation of the immuno-
histochemical results is shown above. Scale bar: 10 µm
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