
INTRODUCTION

Cochlear afferent fibers (CAFs) send auditory information from 
sensory hair cells to the brain. Although they comprise only a 

quarter of the cochlear hair cell population, inner hair cells (IHCs) 
receive over 90% of CAF innervations [1]. Each IHC is contacted 
by 10~30 CAFs that have diverse firing properties [2, 3], and their 
synaptic junctions are organized according to their firing prop-
erties. Fibers with low spontaneous rates (SRs), high thresholds, 
and large dynamic ranges (low-SR fibers) mainly synapse on the 
modiolar side of IHCs, while fibers with high SRs, low thresholds, 
and narrow dynamic ranges (high-SR fibers) preferentially contact 
the pillar side [4-6]. Various pre- and post-synaptic characteristics, 
such as ribbon size, Ca2+-channel cluster, α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor patch size, 
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and fiber thickness [7, 8], differ between the pillar and modiolar 
sides. However, these findings cannot explain why modiolar-side 
contacting fibers seem more vulnerable to noise [6]. Considering 
their resting firing rate, sound threshold, dynamic range, and max-
imum firing rate, the amount of glutamate released at low-SR-fiber 
synapses does not appear greater than that at high-SR-fiber syn-
apses. Analyses of electron micrographs of IHCs have suggested 
that the higher vesicle number in modiolar synaptic ribbons is due 
to less glutamate release [9] and that the higher noise vulnerability 
of modiolar CAFs is due to post-glutamate release events. Addi-
tional factors proposed to contribute to higher noise vulnerability 
are poor glutamate removal from the synaptic cleft and/or an ab-
sence of neuroprotective mechanisms [10]. Calretinin, a Ca2+-buff-
ering protein with neuroprotective mechanisms against glutamate-
induced excitotoxicity [11], was poorly expressed in nerve fibers 
contacting the IHC modiolar side [12]. Thus, we hypothesized that 
the differential expression patterns of Ca2+-buffering proteins are 
related to the relative noise vulnerability of CAFs. Using immuno-
labeling and confocal microscopy we investigated whether Ca2+-
buffering proteins, including calretinin, exhibit spatially segregated 
expression patterns in IHC-CAF synapses. 

MATERIALS AND METHODS

Animals

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committees of Mokpo National University 
(MNU-IACUC-2017-001). Sprague-Dawley rats were euthanized 
by sevoflurane overdoses and then decapitated. 

Immunohistochemistry

Cochleae were dissected from the animals, perfused through 
either the oval or round windows with ice-cold 4% paraformalde-
hyde (pH 7.4), and then fixed in 4% paraformaldehyde (1 h, 4oC). 
The cochlear tissues were excised, immersed in blocking buffer 
(phosphate-buffered saline containing 5% donkey or goat serum 
and 0.25% Triton-X-100) for 1 h at room temperature, and then 
incubated with primary antibodies (overnight, 4oC). The next 
day, the tissues were washed 3 times with blocking buffer and 
then incubated with fluorescent-tagged secondary antibodies (1 
h, room temperature). After removing the unreacted secondary 
antibodies, the tissue was mounted on slides using FluorSaveTM 
mounting medium (cat. #345789, EMD Millipore Corporation, 
Billerica, MA, USA). Images of the tissue were obtained using a 
Confocal Laser Scanning Microscope (Leica TCS SP5/AOBS/
Tandem [Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany] 
at the Korea Basic Science Institute Gwangju Center or Zeiss LSM 

710 [Carl ZEISS AG, Oberkochen, Germany] at Mokpo National 
University). Three-dimensional z-stack images were obtained 
with 0.3~0.99 μm z-step intervals. Image analyses were conducted 
using image viewing software provided by the microscope manu-
facturers (ZEISS ZEN [Carl ZEISS AG] or Leica LAS AF Lite 
[Leica Mikrosysteme Vertrieb GmbH]) and Imaris (Bitplane AG, 
Zurich, Switzerland). The tracing of CAFs began from the nerve 
terminals where they contact the either side of IHC. After marking 
the terminals, we traced each fibers retrogradely as far as possible, 
by comparing adjacent single confocal slices, 3D reconstruction 
images and XZ and ZY projection views. Then, Imaris tracing was 
attempted in part of these manually-traced fibers. The Surface and 
FilamentTracer modules of Imaris were used to trace and visual-
ize the nerve fibers. The processed nerve fibers were displayed as 
curved cylinders with constant widths.

To compare calretinin-content of CAFs we analyzed the NKA- 
and calretinin-immunofluorescence in ROIs placed on the bou-
tons on either side of the IHC. Because calretinin is also present in 
the IHC the calretinin-immunofluorescence in ROIs on boutons 
is often confounded by the signals from the IHC. The calretinin-
signal from IHC was estimated from control ROI, placed im-
mediately adjacent to each ROI on bouton. The calretinin-
immunofluorescence in each ROI on bouton was then calculated 
by subtracting control ROI signal from the raw data on bouton.

No labeling was observed when the primary antibodies were 
omitted. The following primary antibodies were used: anti-
calretinin (MAB1568, 1:500; AB5054, 1:500; EMD Millipore 
Corporation), anti-parvalbumin (PVG-213, 1:500~1000; Swant, 
Marly, Switzerland), anti-calbindin (CB-38a, 1:500; Swant), anti-
neurofilament heavy polypeptide (NF; AB5539, 1:1,000; EMD 
Millipore Corporation), anti-Na+, K+-ATPase α3 (NKA; MA3-
915, 1:500 [Thermo Fisher Scientific Inc., Waltham, MA, USA]; sc-
16052, 1:500 [Santa Cruz Biotechnology, Inc., Dallas, TX, USA]), 
anti-C-terminal binding protein 2 (CtBP2; cat. #612044, 1:500; BD 
Biosciences, San Jose, CA, USA), anti-myosin 7a (cat. #25-6790, 
1:500; Proteus BioSciences Inc., Ramona, CA, USA), and anti-
synaptophysin (MAB5258, 1:500; EMD Millipore Corporation). 
The Alexa Fluor 647 (AP194SA6, 1:1000)-conjugated donkey 
anti-chicken secondary antibody was from the EMD Millipore 
Corporation. All other secondary antibodies (1:1000) were from 
Thermo Fisher Scientific Inc.

RESULTS

Segregated dendritic pathways of calretinin-rich and -poor 

nerve fibers

A recent study reported that calretinin-poor and β-3 tubulin-
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Fig. 1. Differential trajectories of the cochlear afferent fibers (CAFs) in the organ of Corti. (A) A three-dimensional (3D) reconstructed image of the or-
gan of Corti immunolabeled with anti-calretinin in a P12 rat. (Aa~Ab) XY and ZY projection views of the marked area in A. (B) 3D-reconstructed im-
ages of an organ of Corti in a P11 rat that is double-immunolabeled with anti-calretinin (green) and anti-neurofilament (NF; red). (Ba1~Ba3) ZY section 
views of the marked area in B. An approximate location of habenular perforata is marked with dotted oval. (C) A 3D reconstructed image of an organ of 
Corti from a P19 rat that was double-immunolabeled with anti-calretinin (green) and anti-NF (red). (Ca1~Ca3) ZY projection views of the marked area 
in C. (D) A 3D reconstructed image of an organ of Corti from a P19 rat that was triple-immunolabeled with anti-calretinin (green), anti-myosin (red) 
and anti-NKA (magenta). (Da1~Da5) ZY section views of the marked area in D. (E) A 3D reconstructed image of an organ of Corti from a 11-week-old 
rat (W11) that was double-immunolabeled with anti-calretinin (green) and anti- Na, K-ATPase alpha 3 (NKA; red). (Ea1~Ea3) ZY projection view of 
the marked area in E. At all ages examined, calretinin-rich and calretinin-poor fibers (arrow) exhibit segregated courses. The pillar (P) and modiolar side 
(M) of IHC is marked with dotted lines (Ab, Ba3, Ca3, Da5, and Ea3).
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positive nerve fibers contact the modiolar side of IHCs [12]. Thus, 
of the Ca2+-buffering proteins, we first investigated calretinin and 
analyzed its expression patterns in IHC-CAF synapses. As previ-
ously reported [13-15], calretinin immunoreactivity was found in 
the cytosol of hair cells and CAFs (Fig. 1). The strongest calretinin 

signals were observed in bouton terminals. Calretinin-rich termi-
nals contacted all IHC sides (Fig. 1Ab). A well-known CAF mark-
er, NF, exhibited a similar pattern. NF-positive fibers terminated 
on all IHC sides (Fig. 1B). However, further examination revealed 
striking differences between calretinin- and NF-positive fibers. 

Fig. 2. Both calretinin-rich and -poor 
nerve fibers juxtapose synaptic ribbons. 
(A) A 3D reconstructed image of an 
organ of Corti of a P19 rat that is triple-
immunolabeled with anti-myosin VIIa 
(blue), anti-C-terminal binding protein 
2 (CtBP2; red), and anti-NKA (green). 
A 3D image of a single IHC and its as-
sociated nerve fibers (marked area) was 
extracted and processed for further anal-
ysis in Aa~Bc4. (Aa) ZY projection view. 
(B) XY projection view. (Ba1~Bc4) XY 
projection views from partial Z stacks, 
as described in diagram. (Ba2~Ba3) XY 
projection views of the marked area in 
Ba1. (Bb2~Bb3) XY projection views 
of the marked area in Bb1. (Bc2~Bc3) 
XY projection views of the marked area 
in Bc1. The trajectories of 7 exemplary 
NKA-positive nerve fibers were traced 
and displayed in curved cylinders ac-
cording to their courses after passing the 
habenula perforata. Magenta: fibers with 
a modiolar-side course and terminating 
on the modiolar side of the IHCs. Cyan: 
fibers with a pillar-side course and termi-
nating on the modiolar side of the IHCs. 
Yellow: fibers with a pillar-side course 
and terminating on the pillar side of the 
IHCs. (C) A 3D reconstructed image of 
an organ of Corti of a 11-week-old rat 
that is triple-immunolabeled with anti-
calretinin (green), anti-CtBP2 (cyan), 
and anti-NKA (red). A 3D image of a 
single IHC and its associated nerve fibers 
(marked area) was extracted and pro-
cessed for further analysis in Ca~Cc3. 
(Ca~Ca2) ZY projection view. (Ca3) XY 
projection view. (Cb1~Cb2) XY projec-
tion views of the marked area in Cb. 
(Cc1~Cc2) XY projection views of the 
marked area in Cc. Magenta: calretinin-
poor fibers terminating on the modiolar 
side of the IHCs. Yellow: calretinin-rich 
fibers terminating on the pillar side of 
the IHCs. Regardless of their courses, all 
traced fibers juxtaposed CtBP2 puncta 
(insets). The pillar (P) and modiolar side 
(M) of IHC is marked with dotted lines 
(Aa and Ca).
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Only 52% of the identifiable NF-positive fibers were calretinin-
rich (135/259 NF-positive fibers, P11-12, 3 preparations, 26 IHC 
regions), and significant portions of NF-positive fibers did not ex-
hibit any calretinin immunoreactivity (Fig. 1Ba1~Ba3). Moreover, 
the calretinin-poor fibers had a trajectory that was segregated from 
the trajectories of the rest of the fibers. After crossing the habenula 
perforata (Fig. 1Ba1, dotted oval), the calretinin-rich fibers (Fig. 
1Ba1, 1Ba3) tended to project straight toward the basal pole of the 
IHCs and then spread to all IHC sides. In contrast, calretinin-poor 

fibers (Fig. 1Ba2~Bb3, arrow) exhibited a winding course around 
the inner support cells and predominantly terminated on the mo-
diolar side of the IHCs.

To determine whether this segregation was a temporary phe-
nomenon during development or persisted until adulthood, co-
chlear tissues from older animals (P19 and 11-week-old (W11)) 
were examined. In P19 cochlea, NF-positive fibers also exhibited 
segregated trajectories depending on their calretinin immuno-
reactivity (Fig. 1C). Calretinin-rich fibers took a more pillar side 

Fig. 3. Efferent nerve terminals contact CAFs regardless of their fiber courses. (A) A 3D-reconstructed image of an organ of Corti of a P16 rat triple-
immunolabeled with anti-myosin VIIa (blue, myosin), anti-synaptophysin (red, Synap), and anti-NF (green). 3D images of a single IHC and its associ-
ated nerve fibers (marked areas with dotted rectangles) were extracted and processed for further analysis in Aa1-Aa3 and Ab1~Ca2. (Aa1~Aa3) ZY 
section view. NF-positive fibers with segregated routes are both contacted by synaptophysin puncta (yellow and white arrowheads). (Ab1~Ab2) XY and 
ZY projection views. (Ba1~Ba2) fibers with a modiolar-side course and terminating on the modiolar side of the IHCs. (Ca1~Ca2) fibers with a pillar-
side course and terminating on the pillar side of the IHCs. Regardless of their courses, all traced fibers contacted synaptophysin puncta. The pillar (P) 
and modiolar side (M) of IHC is marked with dotted line (Aa3).
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pathway and contacted all IHC sides (Fig. 1Ca1, 1Ca3), while cal-
retinin-poor fibers showed a more modiolar course and contacted 
IHCs on the modiolar side (Fig. 1Ca2~Da3, arrow). Immunolabel-
ing with another CAF marker, NKA [16], was essentially identi-
cal to the anti-NF immunolabeling (Fig. 1D, 1E, and 2). To avoid 
mistakenly following MOC efferent fibers [16], we often started 
tracing from the NKA-positive bouton terminals and tracked to-
ward the habenula perforata. NKA-positive fibers of P19 and W11 
cochleae also exhibited segregated courses depending on their cal-
retinin content (Fig. 1Da1~Da5, 1Ea1~Ea3, arrow). These results 
suggested that the calretinin-dependent differential projections of 
CAFs were determined in early development and maintained until 
adulthood.

Afferent and efferent synaptic contacts of calretinin-rich 

and -poor nerve fibers

We next investigated whether the calretinin-poor fibers were 
functional CAFs by co-labeling the fibers with the synaptic ribbon 
marker CtBP2. NKA-positive fibers, regardless of their trajectories, 
terminated near CtBP2 puncta (Fig. 2Ba4, 2Bb4, 2Bc4, 2Cb3, 2Cc3, 
insets). In addition, both calretinin-rich and -poor nerve terminals 
juxtaposed CtBP2-puncta (Fig. 2Cb3, 2Cc3, insets). These findings 

indicated that calretinin-poor fibers probably conveyed afferent 
signals.

We then investigated whether the efferent synaptic innervation 
differed between fibers with different trajectories. Co-labeling 
with synaptophysin, an efferent marker, indicated that both groups 
of fibers were contacted by synaptophysin puncta (Fig. 3). No 
identifiable differences were observed in the synaptophysin label-
ing among them.

Ca2+-buffering proteins in CAFs

Cochlear afferent neurons contain multiple Ca2+-buffering 
proteins, such as calretinin, parvalbumin, and calbindin [17-20]. 
However, it is unknown whether Ca2+-buffering proteins other 
than calretinin exhibit any specificity among CAF subgroups. 
Here, we compared the expression of calretinin, parvalbumin, 
and calbindin in SGNs. All 3 proteins were found in NF- or NKA-
positive SGNs (Fig. 4A, B). Calretinin was found in 50% of the NF- 
or NKA-positive SGNs (123/245 SGNs, 5 preparations). These 
results were consistent with the results for the fibers near the IHCs. 
Similarly, a recent study reported that ~50% of rat SGNs were 
calretinin-positive [21]. In contrast, parvalbumin and calbindin 
were present in most SGNs (91%, 166/183 NF- or NKA-positive 

Fig. 4. The patterns of expression of calretinin, parvalbumin, and calbindin in SGNs. (A) SGNs triple-immunolabeled for anti-calretinin (green), anti-
parvalbumin (Parv; cyan), and anti-NF (red). SGNs containing different sets of Ca2+-buffering proteins are distinguishable at high magnification (Aa) 
and in surface object images (Ab). White arrowheads: SGNs with calretinin, parvalbumin, and NF. Yellow arrows: SGNs with parvalbumin and NF. 
(B) SGNs triple-immunolabeled for anti-calretinin (green), anti-calbindin (cyan), and anti-NF (red). SGNs containing different sets of Ca2+-buffering 
proteins are distinguishable at high magnification (Ba) and in surface object images (Bb). White arrowheads: SGNs with calretinin, calbindin, and NF. 
Yellow arrows: SGNs with calbindin and NF.
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Fig. 5. The expression patterns of calretinin and parvalbumin in CAFs. (Aa~Ac) Cross-sectional view of CAFs double-immunolabeled for anti-
calretinin and anti-NF. (Ac1) Plot of the immunofluorescence intensity in the areas marked by the yellow and cyan rectangles in Ac. (Ba~Bc) Cross-
sectional view of CAFs double-immunolabeled with anti-calretinin and anti-parvalbumin. (Bc1) Plot of the immunofluorescence intensity in the areas 
marked by the yellow and cyan rectangles in Bc. The approximate cross-sectional position of the Aa~Ac and Ba-Bc images are described in the diagram 
on the right. Calretinin is found mostly in fibers on the pillar side, while parvalbumin is present in most fibers.

Fig. 6. The expression pattern of calretinin in the bouton endings of CAFs. (Aa~Bc) Single confocal slice images representing the pillar- (Aa~Ac) and 
modiolar- (Ba~Bc) sides of the IHC (red, NKA; green, calretinin; Blue, myosin). (C) Scatter plot of the NKA- and calretinin-immunofluorescence in-
tensity in ROIs (red rectangles in Aa~Ab, Ba~Bb) placed on the boutons on either side of the IHC. The approximate positions of the ROIs are described 
in the diagram below. The ROIs on the pillar-side (black) boutons exhibited higher calretinin-immunofluorescence than the ROIs on the modiolar-side 
ones (red). In addition, the pillar-side boutons appear slightly bigger and exhibit higher NKA-immunofluorescence than the modiolar-side ones.
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SGNs, 4 preparations; 95%, 106/112 SGNs, 2 preparations). Not 
surprisingly, most calretinin-rich neurons were also parvalbumin- 
or calbindin-positive (Fig. 4Aa~Ab, 4Ba~Bb, white arrows), while a 
significant portion of the parvalbumin- or calbindin-positive neu-
rons were calretinin-poor (Fig. 4Aa~Ab, 4Ba~Bb, yellow arrows).

We then investigated whether the trajectories of calretinin-rich 
neurons differed from those of parvalbumin- or calbindin-posi-
tive neurons. Cross-sectional views of tissue from about halfway 
between the habenula perforata and the IHC base (Fig. 5 diagram) 
revealed calretinin immunoreactivity in the fibers taking pillar 
side route (Fig. 5Aa~Ac, 5Ac1, yellow box) but not in those fol-
lowing the more modiolar path (Fig. 5Aa~Ac, 5Ac1, cyan box). We 
also analyzed NKA- and calretinin-immunofluorescence in ROIs 
placed on the boutons on either side of the IHC (Fig. 6Aa~Ac, the 
pillar-side of the IHC; 6Ba~Bc, the modiolar-side of the IHC). The 
scatter plot in Fig. 6C indicated that the ROIs on the pillar-side 
(black) boutons exhibited higher calretinin-immunofluorescence 
than the ROIs on the modiolar-side ones (red), further confirming 
the calretinin-dependent segregated paths of CAFs. In contrast, 
parvalbumin immunoreactivity was detected in fibers of both 
paths (Fig. 5Ba~Bc, 5Bc1). Unlike parvalbumin and calretinin, 
calbindin was not detected in any nerve fibers near the IHCs. Yet, 
calbindin-positive CAFs have been detected in some previous 
studies [22, 23]. We presumed that the inconsistency might be 
due to the different experimental conditions but did not pursue 
further. Taken together, among the various Ca2+-buffering proteins 

tested, calretinin was the only marker that distinguished the CAFs 
exhibiting segregated courses. 

DISCUSSION

We showed that, at all ages examined, CAFs exhibited segregated 
dendritic trajectories: calretinin-rich fibers exhibited a pillar-
side route and synapsed on all IHC sides, while the remaining 
calretinin-poor fibers showed a modiolar-side course and pre-
dominantly contacted the modiolar side of IHCs (Fig. 7). Similarly 
segregated CAF dendritic trajectories have been reported in pre-
vious reports investigating perinatal mouse cochlea [24, 25] and 
rat cochlea [12, 26], which suggests that the phenomenon is not 
limited to rats in certain developmental periods.

The neurite growth of CAFs is guided by multiple factors, in-
cluding neurotrophic factors, extracellular matrix proteins, and 
cell adhesion molecules [24, 27-31]. Molecular cues from hair 
cells and support cells in the organ of Corti appear to provide 
important guidance for initial pathfinding. Considering the seg-
regated dendritic trajectories in the perinatal cochleae [25, 27], the 
determining factor(s) must function earlier. During embryonic 
development, CAFs reach the organ of Corti (E14.5 in mouse) 
before the first hair cell differentiation (E16.5) [29], which suggests 
that the initial dendritic segregation could have been arranged 
even before hair cell differentiation. Alternatively, the segregated 
trajectories might be organized during the refinement period. 
IHC-CAF synapses are initially diffuse, with each fiber often mak-
ing multiple contacts with more than one IHCs. Then, during the 
remaining embryonic days and first postnatal week, IHC-CAF 
synapses undergo significant pruning and reorganization, which 
leaves a single dendritic contact for each fiber [32]. Molecular cues, 
such as cadherins [31] and ephrins/Ephs [27], are highly expressed 
in the perinatal organ of Corti, and they provide guidance during 
the neurite growth and refinement period. It would be interesting 
to investigate whether these molecular cues are also involved in 
segregating the dendritic trajectories.

Low- and mid-SR fibers tend to contact IHCs on the modiolar 
side, whereas high-SR fibers more likely contact them on the pillar 
side [4, 5]. Our results demonstrated that calretinin-poor fibers 
predominantly contacted the IHCs on the modiolar side. Then, 
are the calretinin-poor fibers low-SR fibers? At least until ~P14, 
the presence of calretinin and the SRs of CAFs do not appear to 
be directly correlated. Previous findings from excised postnatal 
cochleae indicated that the diversity of SRs developed gradually 
during developmental period and high-SR fibers emerged from 
the third postnatal week [15, 33]. Most fibers until ~P14, although 
many of them are calretinin-positive [13, 16, 21], have low- or 

Fig. 7. Cochlear afferent fibers with differential calretinin content and 
dendritic trajectories. Calretinin-rich fibers contact all IHC sides, while 
calretinin-poor fibers predominantly synapse on the modiolar side of 
IHCs. Both groups of fibers make afferent and efferent synapses.
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mid-SRs [15, 33]. However, the maturation and diversification 
of IHC-CAF synapses continue until ~4 weeks after birth [33, 
34]. The firing properties of CAFs are thought to be influenced 
by multiple pre- and postsynaptic elements of the IHC-CAF syn-
apse. The size of presynaptic ribbon, the size of the postsynaptic 
AMPA receptor patch, the efficiency of the Ca2+ influx–exocytosis 
coupling, the number and voltage-dependence of Ca2+ channel 
have been suggested to be the important contributing factors [7, 
35-37]. Interestingly, the efficiency of the Ca2+ influx–exocytosis 
coupling improved dramatically during the third postnatal week 
[35]. In addition, the amplitude and voltage-dependence of Ca2+ 
influx among the different presynaptic ribbons of IHCs became 
much more diverse after ~P14 [36, 37]. Thus, the evidence to date 
has not excluded the possibility that neonatal calretinin-rich fibers 
later become high-SR fibers while calretinin-poor fibers remain 
low-SR fibers.

Another interesting issue was if the absence of calretinin in 
CAFs was related to vulnerability to noise. In animal models, loud 
sounds cause the swelling and degeneration of CAF terminals [18, 
38]. Similar CAF terminal swelling could be evoked by exogenous 
glutamate agonists and alleviated by glutamate antagonists [39], 
thus suggesting that noise-induced swelling results from glutamate 
excitotoxicity. The differential distribution of certain neuropro-
tective mechanisms in IHC-CAF synapses has been suggested 
to contribute to the differences in vulnerability. For example, the 
glutamate eliminating transporter GLAST seems more sparsely 
distributed in the modiolar-side support cells than in the pillar-side 
cells [10]. Modiolar-side fibers contained less mitochondria, which 
made them less efficient in maintaining proper ion gradients [6]. In 
this study, we demonstrated a differential distribution of the Ca2+-
buffering protein calretinin in CAFs. Calretinin, parvalbumin, and 
calbindin are EF-hand Ca2+ buffers with different Ca2+-binding 
properties [40, 41]. Parvalbumin acts as a simple Ca2+ buffer. Cal-
bindin is a fast-onset buffer and can affect the early rising phase of 
the Ca2+ transient. Calretinin is a slow-onset buffer with high coop-
erativity. Such high cooperativity might be more advantageous for 
preventing Ca2+ overload-associated toxicity. In a transfected neu-
roblastoma-retina hybrid cell system, calretinin appears to attenu-
ate glutamate-induced toxicity [11], which supports the potential 
neuroprotective role of calretinin. Similarly, calretinin-positive cor-
tical neurons were more resistant to Ca2+-overloading agent or glu-
tamate receptor agonists than calretinin-negative neurons grown 
in the same culture dish [42]. Calretinin-rich gerbil mossy cells in 
dentate gyrus survived excitotoxic insult better than calretinin-
poor rat mossy cells [43]. An examination on calretinin-/- mice 
also implicated a potential role of calretinin on neuronal survival. 
The dentate gyrus stem cell niche of calretinin-/- mice exhibited 

an early loss of proliferative capacity and an impaired hippocampal 
neurogenesis, suggesting that calretinin provide a maintenance sig-
nal for neuronal survival/differentiation [44].

Calretinin is expressed in many auditory neurons, and its expres-
sion level can vary depending on auditory experiences. In deaffer-
entiated animals, neurons in the ipsilateral cochlear nuclei exhibit 
decreased calretinin staining [45-47]. In contrast, rats exposed to 
a moderate-level sound exhibit increased calretinin staining in 
the cochlear nuclei and spiral ganglia, which is proposedly related 
to protection against subsequent traumatic noise exposure due to 
increased Ca2+ buffering capacity [21]. 

Taken together, we suggest that the lack of a neuroprotective pro-
tein calretinin in the modiolar-side fibers might be associated with 
vulnerability to noise-induced trauma. 
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