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Ryanodine receptors (RyRs) are one of the intracellular calci-
um channels involved in regulation of intracellular free calcium
concentration ([Ca*]). The immunolocalization of RyRs was
investigated in the developing rat cochlea at different postna-
tal days (PND). The change of [Ca*']i in isolated outer hair cells
(OHCs) was determined. Morphological results showed low
expression of RyRs in the Kolliker's organ from the PND 5
group. RyR expression in inner hair cells (IHCs) increased as
the rats aged, and was mature after PND 14. RyRs in OHCs
were expressed near the synaptic area of afferent and efferent
nerves. RyRs in supporting cells were expressed widely and
strongly. The application of ACh, ryanodine + ACh, and thapsi-
gargin + ACh could induce a significant increase in [Ca*]i in
OHCs in the presence of extracellular calcium. This increase of
[Ca*]i induced by ACh was caused by not only the calcium
influx through surface calcium channels, but also the calcium-
induced calcium release (CICR) from intracellular RyR-sensi-
tive calcium stores. Morphological and Ca imaging results sug-
gested that RyRs expression is related to cochlear maturity,
and may play an important role in its function.

Key words: ryanodine receptor, development of cochlea, Ca*,
calcium-induced calcium release.
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(LCa*1) play an important role in cellular

communication. The intracellular Ca** con-
centration is mainly mediated by two pathways:
calcium entry via membrane calcium channels and
calcium release from intracellular stores. The lat-
ter is mediated by 1, 4, 5-inositol triphosphate
receptors (IP3R) and ryanodine receptors (RyRs).
Mechanism of calcium release induced by RyRs
has been believed to be calcium-induced calcium
release (CICR) (Chakraborti et al., 2007). In the
mammalian auditory system, calcium released
from intracellular calcium stores in inner hair cells
(IHCs), outer hair cells (OHCs), Deiters’ cells, and
basal cells of stria vascularis plays an important
role in the regulation of auditory transduction and
electrochemical equilibrium of the cochlea
(Bobbin, 2002; Marcotti et al., 2004). Neural
transmitters, such as glutamate, ATP, acetyl-
choline (ACh), and substance P, can activate calci-
um signaling in spiral ganglia neurons, and then
regulate the excitability of auditory neurons
(Skinner et al., 2003). It has been reported that
RyRs are widely expressed in the IHCs, OHCs, sup-
porting cells in the organ of Corti’s, and in spiral
ganglia neurons (SGNs) (Lioudyno et al., 2004;
Morton-Jones et al., 2006). In the OHCs, the RyRs
are mainly expressed under the reticular lamina,
where BK channels are also strongly expressed
(Beurg et al., 2005). Other studies also revealed
that RyRs expressed in the synaptic area at the
bottom of OHCs and the adjacent Deiters’ cells
called as synaptoplasmic cistern (Lioudyno et al.,
2004; Morton-Jones et al., 2006). Table 1 is a
summary of location of RyR expression in previous
references. The distance between synaptoplasmic
cistern and postsynaptic membrane was only 30
nm, implying the functional-coupling with the acti-
vation of the ACh receptors (Lioudyno et al.,

C hanges in intracellular Ca* concentration
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Table 1. Location of RyR expression in previous references.

Reference Localization of RyR expression

Lioudyno et al., 2004 OHCs and Deiters’ cells (RyR1)

Synaptic pole of OHCs

Adult rat cochlea (three types of RyR)

SGN cell bodies (RyR)

Deiters’ cells, IHCs and lateral membrane side and
basal synaptic areas of OHCs (RyR1)

Reticular laminae and lateral cell wall of the OHCs
and vicinity of the SGNs” membrane (RyRs)

Morton-Jones et al., 2006

Beurg et al., 2005

Skinner et al., 2003

2004; Morton-Jones et al., 2006). Three subtypes
of RyRs have been identified expressed in the
cochlea. RyR1 was observed in the synapses of
OHCs using an SP6-RNA probe. RyR2 was main-
ly expressed in Corti’s organ and the cytoplasm of
IHCs. RyR3 was found in the axons of SGNs
located in the inner spiral plexus and the terminal
of outer spiral fiber innervating OHCs (Lioudyno
et al., 2004; Morton-Jones et al., 2006). These
distinct expression patterns suggest that RyRs
mediated calcium signaling plays important roles
in auditory function.

RyR-mediated Ca** release may be involved in
auditory neurotransmission, sound transduction,
cochlear electrochemical homeostasis, and devel-
opment (Morton-Jones et al., 2006). However, the
relationship between calcium-induced calcium
release (CICR) mediated by RyRs and the devel-
opment of auditory function is unclear. CICR has
been proposed to be evoked by calcium release
from intracellular RyR-sensitive stores (Fabiato,
1983). On the other hand, there were fewer stud-
ies on the development of the inner ear in rats.
Development of the rat auditory system started
from the embryonic period and extended to the
postnatal period. The developmental stage of the
primary auditory afferent pathway and the audito-
ry central in the brainstem was nearly mature at
PND 14 (Auestad et al., 2003; Lee et al., 2007).
However, whether the RyR expression promotes
the auditory system maturate in the development
of rat is still unclear. In this study, the distribution
and expression of RyRs in the developing rat
cochlea was investigated by use of immunofluores-
cent stain and confocal microscopy. Calcium
imaging identified that RyR-mediated Ca** release
may play an important role in the cochlear matu-
rity.
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Materials and Methods

Animals

For the immunohistochemical experiment, thirty
SD rats were divided into six groups according to
their ages (PND 1, 5, 10, 14, 28, and 60). Twenty
rats with a body weight of 250 to 300 g were used
for calcium imaging. All animals were supplied by
the Experimental Animal Center of Affiliated
Xinhua Hospital, Shanghai Jiaotong University
School of medicine. All adult animals or the
fathers of infant animals had a normal pinna
reflex. All experiments conformed to the Shanghai
Animal Management Committee. The number of
animals used and their suffering were minimized.

Immunofluorescence

Rats were quickly decapitated and the cochleae
dissected. The fixed cochlea was kept at 4°C
overnight, and then decalcified using 10% EDTA
for 1 to 10 days, according to the age of animal.
The EDTA solution was changed every day. After
decalcification, the cochlea was dehydrated in 15%
sucrose for 3 hours and 30% sucrose overnight. The
dehydrated cochleae were embedded in OCT media
for 3 hours, frozen, and sectioned at a thickness of
10 pm horizontally along the modiolus. The glass
slides were pre-coated with poly-D-lysine to avoid
detachment. The sections were stored at -20°C.

After air drying at room temperature, the sections
were permeated at 37°C for 40 minutes with 0.1%
triton X-100, and then blocked at 37°C for 30 to
40 minutes with 10% goat serum. Mice anti-RyR
antibody [1:200, Monoclonal Anti-Ryanodine
Receptor (Clone 34C), Sigma, USA] was directly
applied to the section after removal of serum (with-
out washing). This monoclonal Anti-Ryanodine
Receptor reacts strongly with ryanodine receptor-1
Lexpressed predominantly in skeletal muscle and
areas of the brain (Olivares EB et al. 1991, Ouyang
Y et al. 1993)1 and receptor-2 (expressed predom-
inantly in the heart muscle and diffuse areas of the
brain (Jorgensen AQ et al. 1993, Walton PD et al.
1991)). For the control group, PBS was used
instead of primary antibody. The stained sections
were stored at 4°C overnight, followed by the appli-
cation of FITC-conjugated goat anti-mouse anti-
body at 37°C for 2 hours. The sections were then
sealed with 50% glycerophosphate buffer, adhered
with nail polish, and observed using a fluorescence
microscope.



Confocal Ca** imaging

The rats were decapitated and bilateral
cochleae were isolated and stored in Hank’s or D-
Hank’s solution. The cochlea was opened, fol-
lowed by removal of the shell and cutting of the
modiolus. The cochlea was incubated in 0.25%
type-1V collagenase (Sigma, USA) solution for
20 minutes at room temperature. Then the basilar
membrane was removed and made into a cell sus-
pension.

After cell attachment, Fluo-3/AM was applied
at a final concentration of 5 yM for 30 to 50 min-
utes in the absence of light. Acetylcholine (ACh)
(Sigma, USA) solution was made using Hank’s or
D-Hank’s solution and according to the concen-
tration of ACh applied on isolated outer hair cells
(OHC) in the previous report (Blanchet et al.,
1996), the final concentration in Petri dishes was
100 pM. The final concentration of thapsigargin
(Biomol, USA) and ryanodine (Biomol, USA) in
Petri dishes were 30 nM and 30 uM, respectively.
There were 6 groups, and in each group five cells
were observed, and the experiment was performed
on OHCs. ACh, Ryanodine+ACh, thapsigargin
+ACh were applied to the OHCs in Hank’s and D-
Hank’s solution, respectively. Under latter two cir-
cumstances, Ryanodine or thapsigargin was first
applied, followed by ACh after 200 seconds. The
Fluo-3/AM-labeled OHCs were observed under a
laser scanning confocal microscope (Bio-Rad
Radiance 2000, USA). Lasersharp 2000 was used
to calculate the relative fluorescence intensity to
indicate the relative [Ca* 1.

Table 2. Location of RyR expression in present study.
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Analysis of data

Statistical analysis of the data was provided as
mean + S.E.M. using Microsoft Excel 10.0, and
statistical significance was established by the
paired student t-test using SPSS software (SPSS
Inc., USA). Significance for all values was set at
p<0.05.

Results

RyRs expression in different parts of the cochlea
during cochlear development

Due to differential expression of RyRs in differ-
ent parts of the cochlea, it was shown by area in
each age group, and in each group Figure A is the
negative control. Table 2 shows the differential
expression of the RyR in the rat cochlea develop-
ment. Kolliker’s organ is a temporary structure in
the development of the cochlea, and it will degen-
erate when rat grows. In the PND 1 group, low
expression was found in the basilar part of
Kolliker’s organ (Figure 1B), where cells might
differentiate into inner sulcus cells. No obvious
expression was observed in the main part of
Kolliker’s organ in the PND 1 group. The RyRs
expression of Kolliker’s organ in the PND 5 group
was similar to that in the PND 1 group and very
low expression in the main part (Figure 2B). In
Corti’s organ, significant temporal differences are
found for RyRs expression during cochlear devel-
opment. In the PND 1 and 5 groups, Corti’s organ
was structurally immature, morphological charac-

PND 1 PND 5 PND 10 PND 14 PND 28 Adult
Kolliker's organ Low expression in the Degeneration
basilar part
OHCs Immature and no Obscure Strong expression in the
obvious expression expression infranuclear region and lower in
the supranuclear region
IHCs Wide expression, especially in
regions under the nuclei and near
the cell membrane
Supporting Strong expression in most kinds
cells of supporting cells’ cytoplasm
SGNs Strong and wide expression in the cytoplasm Concentrated expression near cell membrane

251



Y. Liang et al.

Figure 1. Immunostaining of
RyRs in cochleae of the PND 1
group. (A) X250. Negative con-
trol. Non-specific staining
could be seen at the edge of
the spiral lamina and the outer
lateral wall of the cochlea.
(B) xX1000. Positive staining of
RyRs was found in SGNs and
stria vascularis. Slight staining
was observed in the basilar
Kolliker’'s organ. (C) x400.
Naive cells were found in
Corti’s organ. The expression
of RyRs was not significant.
Arrangement of IHCs and OHCs
was found to be indistinct.
(D) x400. SGNs were in clus-
ters. Strong RyR expression
was found in the cell body.
(IHC: inner hair cell, OHC:
outer hair cell, DC: Deiters cell,
SGN: spiral ganglia neuron, SV:
stria vascularis, SL: spiral liga-
ment).

A

Kolliker

Figure 2. Immunostaining of
RyRs in cochleae of the PND 5
group. (A) x100. Negative con-
trol. Non-specific staining
could be seen at the edge of
the spiral lamina. (B) x100.
Positive staining of RyRs was
found in SGNs and stria vascu-
laris. The staining of Corti’s
organ was not significant.
Positive staining of RyRs could
be seen in Kolliker’s organ.
(C) x400. Naive IHCs and
B0 pm OHCs were uniformly stained.

. Low expression of RyRs was
found in the basilar Kolliker’s
organ. (D) x400. The staining
of SGNs was similar to the PND
1 group.

Kolliker

10 pm
—_

teristics of hair cells and supporting cells were not sion was dispersive (Figure 3C). In the PND 14
distinguished, and no significant expression of group, Corti’s organ was nearly mature, and the
RyRs was observed (Figure 1C and 2C). In the expression of RyRs showed a specific spatial dis-
PND 10 group, the formation of Corti’s organ was tribution (Figure 4C). RyRs were widely expressed
basically complete, and intracellular RyR expres- in IHCs, especially in the infranuclear region. In
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Figure 3. Immunostain of RyRs
in cochleae of the PND 10
group. (A) x100. Negative con-
trol. Non-specific staining at
the edge of the spiral lamina
was weak. (B). x100. The for-
mation of the cochlea was
basically complete. Kolliker’s
organ was completely degrad-
ed. RyR expression was strong
in Corti’'s organ and SGNs.
(C) x400. Cells in Corti’s organ
were mature. Cell arrangement
was tense. IHCs, OHCs, and
supporting cells were uniformly
stained. (D) X400. The staining
of SGNs was similar to the PND
1 and 5 groups, but cells were
not arranged in clusters. The
cells were developmentally
mature.

Figure 4. Immunostaining of
RyRs in cochleae of the PND
14 group. (A) x100. Negative
control. (B) x100. Cochleae
were structurally fully devel-
oped. The strongest expres-
sion of RyRs was found in
Corti’'s organ and second
strongest was in SGNs. In stria
vascularis, low expression was
found in basilar cells.
(C) x400. The differentiation of
Corti’s organ was close to that
of an adult. RyRs were widely
expressed in IHCs and concen-
trated in the region under the
nuclei. Strong expression of
RyRs was found in the region
under the nuclei of OHCs and
supporting cells, including
Deiters’ cells, Hensen cells,
Claudius’ cells, pillar cells, and
inner sulcus cells. (D) %x200.
The intercellular space of SGNs
became large. Significant
expression of RyRs was found
in the plasma.

OHCs, immunofluorescence labeling can be found pillar cells. The expression of RyRs at PND 28
in the infranuclear region. The expression level was similar to that at PND 14 (Figure 5C). RyRs
was lower in the supranuclear region of OHCs. were strongly expressed in IHCs, especially in
RyRs were strongly expressed in Deiters’ cell, regions under the nuclei and near the cell mem-
Hensen cell, Claudius’ cell, and the inner and outer brane. RyRs were also strongly expressed in the
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region under the nuclei of OHCs and in supporting
cells. In the adult group, RyRs were widely
expressed in IHCs, and strongly expressed in the
region under the nuclei of OHCs and in supporting
cells (Figure 6C). In younger age groups (PND 1
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Figure 5. Immunostaining of
RyRs in cochleae of the PND
28 group. (A) x100. Negative
control. (B) x100. Structure of
mature cochleae. Strong
expression of RyRs was
observed in Corti’s organ and
SGNs. (C) x400. Corti’s organ
was structurally mature. RyR
was strongly expressed in the
plasma of IHCs, especially
under nuclei and near the mem-
brane. (D) x400. RyR expres-
sion in SGNs. RyRs were con-
centrated near the cell mem-
brane.

Figure 6. Immunostaining of
RyRs in cochleae of the adult
group. (A) x100. Negative con-
trol. (B) x100. RyRs were
mainly expressed in Corti’s
organ. RyR staining was not
complete in the plasma of
SGNs. (C) x400. The expres-
sion of RyRs was uniform in
IHCs and slightly stronger at
the lateral wall. The expression
of RyRs was significant under
the reticular lamina of OHCs
and a little lower above the

50 pym

— nuclei. (D) x400. RyRs were
expressed near the SGN mem-
branes and were concentrated
granularly in some areas.

to 5) the number of SGNs was large, and cells
were closely arranged in a cluster (Figure 1B and
1D). In older age groups (PND 10 to 14), the
number of SGNs decreased slightly, and although
cells were still densely arranged, the number of



cell clusters decreased (Figure 3B and 3D). In the
PND 28 and adult groups, the number of SGNs
was significantly decreased, and the intercellular
space grew wider (Figure 5B and 5D). RyRs start-
ed to be expressed in SGNs in newborn animals,
and the pattern of expression changed from wide
and uniform to more localized concentrations. In
the PND 28 and adult groups, RyRs were signifi-
cantly concentrated near cell membrane (Figure
5D and 6D). In other parts of the cochlea, the
stria vascularis was not completely developed, and
the three cell layers were not significantly differ-
entiated in the PND 1 and 5 groups. High expres-
sion of RyRs was found in the stria vascularis
(Figures 1B and 2B). In the PND 10 group, the
development of the stria vascularis was nearly
mature, and expression of RyRs was weaker than

Hank’s solution

Ach

Rya + Ach =4

B2 B3 E1 E2 E3
y
Tha+ACh F3

Original Paper

in younger age groups (Figure 3B). No significant
expression of RyRs was found in the stria vascu-
laris of the other three groups, and only weak
expression was found in basilar cells. In the PND
14, 28, and adult groups, strong expression of
RyRs was found in inner sulcus cells, and wide
expression was observed in the spiral ligament
(Figures 4B, 5B and 6B). Strong non-specific
staining was observed at the edge of the spiral
lamina, particularly at PND 5 (Figure 2A).

Effects of ACh on [Ca*]i in OHCs

In the presence of calcium (Hank’s solution),
the application of 100 pM ACh (the first group)
caused a fast elevation of [Ca* ], and the peak of
relative fluorescence intensity was 1.430+0.010
U (n=5, Figure 7A). In the second group, fifty sec-

D-Hank’s solution

Figure 7. (A1-A2) Effects of 1200 pM ACh on the relative fluorescence intensity of OHC [Ca*] in Hank’s solution. (B1-B3) Effects of
100 pM ACh following 30 pM ryanodine on the relative fluorescence intensity of OHC [Ca*'] in Hank’s solution. (C1-C3) Effects of 100
HM ACh following 30 nM thapsigargin on the relative fluorescence intensity of OHC [Ca*]i in Hank’s solution. (D1-D2) Effects of 100
HM ACh on the relative fluorescence intensity of OHC [Ca*]i in D-Hank’s solution. (E1-E3) Effects of 100 pyM ACh following 30 pyM
ryanodine on the relative fluorescence intensity of OHC [Ca*]i in D-Hank’s solution. (F1-F3) Effects of 100 uM ACh following 30 nM
thapsigargin on the relative fluorescence intensity of OHC [Ca*]i in D-Hank’s solution.
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onds after the experiment started, 30 yM ryan-
odine was applied, and a gradual elevation of
[Ca®1i was observed in the OHCs. The relative flu-
orescence intensity increased from 1.000U in the
resting condition to 1.140+0.0004 U (n=5). The
application of 100 uM ACh at 220 seconds after
the experiment started induced an immediate
increase of [Ca®*1i. The peak fluorescence intensi-
ty was 1.580+0.020 U (n=5). After approximate-
ly 10 seconds, the [Ca®*]i returned to the resting
level and did not change for 200 seconds. The
final relative fluorescence intensity was
1.140+0.002 U (n=5, Figure 7B). In the third
group, fifty seconds after the experiment started,
30 nM thapsigargin was applied and induced an
increase of [Ca*1l, however, no significant peak
was found. After 200 seconds of observation, the
relative fluorescence intensity increased to
1.145+0.002 U (n=5).

The application of 100 uM ACh after 250 sec-
onds induced a fast elevation of [Ca*1, which
reached a peak after 5 seconds and returned to
the resting condition after 8 seconds. In the fol-
lowing 200 seconds, the relative fluorescence
intensity slowly increased. The peak relative fluo-
rescence intensity was 1.398+0.003 U (h=5), and
the final relative fluorescence intensity was 1.210
0.010 U (n=5, Figure 7C). In calcium-free exter-
nal solution (D-Hank’s solution), the application
of 100 pM ACh (the fourth group) had no effect
on OHCs. The relative fluorescence intensity was
1.003+0.022 U (n=5, Figure 7D). In the fifth
group, fifty seconds after the experiment started,
30 uM ryanodine was applied and a slow elevation
of [Ca®"] was observed in OHCs. The relative fluo-
rescence intensity increased to 1.1395+0.0006 U
(n=5). ACh was applied 220 seconds after the
start of the experiment, and the [Ca®1 increased

Table 3. The relative fluorescence intensity in 6 groups.

Solution Only ACh Ryanodine+ACh Thapsigargin+ACh
group group group
Hank's solution 1.430+0.010 U 1.140+0.0004 U 1.145£0.002 U
1.580+0.020 U * 1.398+0.003 U **
D-Hank’s solution ~ 1.003+.022 U 1.1395+0.0006 U 1.141£0.001 U
1.140+0.001 U # 1.210+0.010 U ##

a) Before the application, the resting fluorescence intensity in each group was 1U; b)
Except only ACh group in D-Hank's solution, the relative fluorescence intensity in all the
other groups had statistical significance after application (p<0.05); *p<0.05 for
Ryanodine+ACh group VS ACh group (Hank's solution); **p<0.05 for Thapsigargin+ACh
group VS ACh group (Hank's solution); #p<0.05 for Ryanodine+ACh group VS ACh group (D-
Hank’s solution); ## p<0.05 for Thapsigargin+ACh group VS ACh group (D-Hank's solution).
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slowly. The final relative fluorescence intensity was
1.140+0.001 U (n=5, Figure 7E). In the sixth
group, fifty seconds after the experiment started,
30 nM thapsigargin was applied, and [Ca**] was
found to increase. The relative fluorescence inten-
sity increased to 1.141+ 0.001 U (n=5) after 220
seconds. One-hundred pM ACh was then applied,
and a slow elevation of fluorescence was observed.
The final relative fluorescence intensity was
1.210+0.010 U (n=5, Figure 7F). All values were
described in Table 3.

Discussion

Recent studies found that RyR-mediated CICR
was involved in many physiological processes in
the cochlea. Strong expression of RyRs in IHCs,
OHCs, SGNs, and supporting cells indicated that
RyRs were involved in many physiological process-
es in cochleae, including release of afferent neuro-
transmitters from IHCs, cholinergic efferent
responses of OHCs, auditory encoding and trans-
duction of SGNs, and non-sensory cell regulation
of the electrochemical equilibrium of the cochlea
(Beurg et al., 2005; Grant et al., 2006; Lioudyno
et al., 2004; Morton-Jones et al., 2008; Morton-
Jones et al., 2006). The morphological structures
of developing rat cochleae at multiple stages of
development are different. Therefore, we hypothe-
sized that expression of RyRs is involved in the
development of rat cochleae.

RyR expression in different parts of cochleae
during development

Differential expression of RyRs in IHCs

In the auditory transduction, mechanical stimu-
lus caused the displacement of stereocilium of
hair cell in cochlea, then mechano-electrical
transduction (m-e. t.) channel opened and non-
specific cation influx from extracellular, which
caused depolarization of hair cell and formed the
receptor potential. The receptor potential trig-
gered the opening of L-type voltage-gated calcium
channel (VGCC) and induced the calcium influx,
and then CICR was triggered. Ca*, as a second
messenger, could induce series of actions of IHCs,
such as regulation on activity of Ca**-dependent
potassium channel, release of Ca**-dependent neu-
rotransmitters. Ca®* controlled the release of neu-



rotransmitters in afferent synapsis of IHCs, which
is the basic process that sound was transformed
into excitation of auditory nerve (Beutner et al.,
2001; Zhang et al.,, 1999). In present experi-
ments, we found that RyR expression in IHCs
increased as rats aged, and was mature after PND
14. As the PND increased, the distribution of
RyRs became more concentrated, especially in the
reticular laminae, lateral cell wall, and synaptic
area. RyRs were strongly expressed in reticular
laminae and lateral cell wall, where BK channel
also highly expressed (Langer et al., 2003;
Skinner et al., 2003). According to this, some
researchers believe that coupling RyR-BK chan-
nels could inhibit the fast neurotransmission of
IHCs (Beurg et al., 2005; Grant et al., 2006).
Beurg et al. (2005) reported that ryanodine could
reduce the repolarization current of BK channel
and slightly shifted the membrane potential of
OHCs to the depolarized direction of activating
threshold of calcium channels (Beurg et al.,
2005). RyR-mediated CICR could activate local
BK channel, induce fast hyperpolarization and
inhibit the action of synapses. RyRs were believed
to control the release of neurotransmitters by
affecting BK channel and membrane potential
(Beurg et al., 2005). The release of neurotrans-
mitters were triggered by VGCCs, and CICR main-
ly requlated BK channels of IHCs, which inhibited
neural transmission in the extreme condition of
calcium accumulation, such as overstimulation of
sound or local ischemia, acting like a emergency
brake. High expression of RyRs in afferent synaps-
es suggested that CICR could regulate not only
the release of neurotransmitters but also the
transportation of vesicles (Furukawa, 1986).
Kennedy et al (2002) investigated presynaptic
depolarization-induced calcium influx in IHCs of
mice using confocal microscopy, and provided the
proof of presynaptic existence of CICR in IHCs
where increase of calcium concentration in basal
part of cell could promote the release of afferent
neurotransmitter to the terminal (Kennedy and
Meech, 2002). RyRs expression in PND 28 group
was similar to PND 14 group, and strong expres-
sion of RyR was found in synaptic area under
nucleus. RyRs expression in adult group was also
concentrated in reticular laminae, lateral cell wall
and synaptic area. The expression patterns of
RyRs found in this study provided a molecular
basis of CICR in IHCs.

Original Paper

Differential expression of RyRs in OHCs

Similar to THCs, the expression of RyRs in OHCs
also increased with development, and was mature
after PND 14. Strong expression of RyRs was
found under the nuclei of OHCs. This area was the
location of synaptoplasmic cistern. The distance
between postsynaptic membrane and it was only
30 nm. Calcium influx was induce when acetyl-
choline affected at postsynaptic membrane, and
then induced CICR. Since synaptoplasmic cistern
was close to cell membrane and might be connect-
ed with the membrane, it could effectively inhibit
the efferent transmission. Acetylcholine could
induce calcium influx via affecting nicotinic recep-
tor and activate calcium-dependent potassium
channel. Ryanodine and other calcium store activa-
tors could alter the level of transient ion flow of
OHC caused by endogenous and exogenous acetyl-
choline. In the mechanism of smooth muscular exci-
tation-contraction coupling, RyRs in ER coupling
with VGCC mediated the process of CICR. Both
endogenous and exogenous acetylcholine-induced
current could be promoted by intracellular calcium
store activator, which might be closely related with
synaptoplasmic cistern (Evans et al., 2000).

Differential expression of RyRs in supporting cells

Kolliker’s organ was not completely degraded in
rat cochleae of the PND 1 and 5 groups, and
Corti’s organ was at an early stage of development.
RyRs started to be expressed in Kolliker’s organ in
the PND 5 group, which might be involved in the
following degradation and apoptosis, as it was
reported that endoplasmic reticulum induced apop-
tosis was closely related to Ca** (Verkhratsky and
Petersen, 2002). In addition, Kolliker’s organ was
an important structure which could release ATP in
postnatal early period of cochlea development
(Tritsch et al., 2007). Though it was not clear
whether ATP vesicles existed in supporting cells of
Kolliker’s organ, but it was reported that ATP was
released in vesicle form generally (White et al.,
1995), and Ca* could promote the transportation
and/or release of vesicles. Therefore, it suggested
that RyRs might be involved in the release of ATP.
No significant expression of RyRs was observed in
the PND 1 and 5 groups since Corti’s organ was
not completely formed. Weak expression of RyRs
was found in the PND 10 group. Strong expression
was found in the apical and basilar parts of the
outer pillar cell, Deiters cell, and Hensen cell in the

257



Y. Liang et al.

PND 14 group.

In the PND 28 and adult groups, the expression
of RyRs was strong in supporting cells. It was pre-
viously reported that supporting cells were one of
the sources of ATP (Zhao et al.,, 2005).
Intracellular free calcium could change the
mechanical response of Deiters cell (Bobbin,
2001). RyR-mediated CICR was involved in regu-
lating the gap junction of supporting cells (Sato et
al.,, 1998). A previous study reported that ATP
could be released from damaged hair cells induced
by noise and triggers the calcium wave spread in
supporting cells (Gale et al., 2004). RyR-mediated
CICR might also be involved in this process.

Differential expression of RyRs in SGNs

RyR expression has been shown in neural tissues
(Bardo et al., 2006; Verkhratsky and Petersen,
2002). In current study, the spiral neurons were
strongly expressed in all different age cochlear tis-
sues of rats.

During maturation of cochleae and development
of SGNs, the expression changed from wide
expression in the cytoplasm (PND 1 to 14) to
local expression near the membrane region (PND
28 and adult). In the SGNs of adult rats, RyRs
were expressed granularly near the cell mem-
brane, which indicated that RyRs were involved in
the regulation of membrane conductance and
resting potential of SGNs and probably affected
the encoding and transduction of auditory infor-
mation (Skinner et al., 2003). We found that dur-
ing the postnatal development of rat cochlea, the
formation of SGNs matured, the intercellular
space turned big and the total number of cells
decreased, therefore, we believed that the matura-
tion of SGNs was a process of apoptosis. Previous
studies found that some drugs could promote or
inhibit apoptosis by interfering calcium channels
on the ER membrane then altering calcium con-
centration in ER (Verkhratsky and Petersen,
2002). Change in intracellular calcium concentra-
tion might induce ER stress, and excessive ER
stress resulted in cell apoptosis. Since ER and
mitochondria were spatially close to each other,
calcium released from ER could trigger mitochon-
dria-induced apoptosis. ER and mitochondria
were functionally connected in the process of cell
apoptosis and Ca** was an important signal
molecular in this connection (Walter and
Hajnoczky, 2005). Ca* released from ER into
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plasma via IP3R or RyR could also increase the
calcium concentration in mitochondria. Some
drug such as ceramide could induce calcium
release from ER of Hela cells and calcium over-
load in mitochondria, and cause mitochondria
swelling and destruction, then resulted in cell
apoptosis (Rizzuto et al., 2003). Pan et al (2000)
reported that caffeine and ryanodine could trigger
the depletion of calcium in ER and resulted in the
apoptosis of ovarian cell in Chinese hamster (Pan
et al., 2000). According to these studies, we con-
cluded that wide expression of RyRs in SGNs of
low age group might be involved in apoptosis dur-
ing the postnatal development of SGNs. Nerve
fibers were reported to induce the differentiation
and maturation of sensory hair cells and support-
ing cells (Kelley, 2006). We found that RyRs
expressed in SGNs earlier than in hair cells and
supporting cells, which suggested nerve fiber
induced the differentiation and maturation of sen-
sory hair cells and supporting cells by releasing
certain neurotransmitter that might be ATP since
RyR-mediated CICR was involved in neurotrans-
mitter release and SGNs might be one of the ATP
source in cochlea.

Differential expression of RyRs in stria vascularis

During development of the cochlea lateral wall,
RyR expression was observed in naive stria vascu-
laris cells at PND 1 to 5. In the following period,
RyR expression was only found in basilar cells of the
stria vascularis. The function of RyRs in stria vascu-
laris cells was not clear. Basilar cell of stria vascu-
laris was secretory cell that could secret K*.
Whether CICR was involved in the transportation of
K* need further study.

ACh might induce CICR in OHCs of rat cochleae
Acetylcholine receptors (AChRs) in hair cells
are ligand-gated ion channels that could hyperpo-
larize hair cells and inhibit their action. Unique
postsynaptic signaling at the hair cell efferent
synapse permits calcium to evoke changes on two
time scales. Sridhar et al (1997) found two tem-
poral phases of cholinergic efferent inhibition in
mammalian OHCs (Sridhar et al., 1997). In the
fast phase, calcium influx via nicotinic receptor
channels induced the opening of the calcium-
dependent potassium channel. In the slow phase,
calcium influx induced CICR and caused calcium
release from the OHC calcium store. The role of



the fast phase was to regulate the encoding of
auditory signals in the cochlea, and the role of
slow phase was to protect OHCs from auditory
overstimulation.

To further investigate whether calcium elevation
in OHCs induced by ACh could trigger CICR, we
observed [LCa**1 changes in OHCs by the applica-
tion of ACh, thapsigargin, and ryanodine in the
presence of calcium or in calcium-free conditions.
Thapsigargin could bind with ER ATPase and
form an irreversible complex, and then inhibit
Ca**-ATPase selectively, resulted in the depletion
of ER calcium store and the sustained elevation of
[Ca*1i (Bobbin, 2002). Ryanodine, an agonist of
RyR, can increase the activity of RyR, reduce the
activating threshold of CICR, and trigger the
release of intracellular ryanodine-sensitive calci-
um store. Ryanodine acts as an agonist at low con-
centration (£ 50 yM) and an antagonist at high
concentration (> 50uM) (Lilly and Gollan, 1995).
We found that the application of 100 pM ACh
could induce a fast elevation of LCa®Ji in OHCs in
the presence of extracellular calcium and had no
effect on [Ca®"1i in calcium-free external solutions,
which indicated the effect of ACh was calcium-
dependent. Furthermore, we applied ryanodine or
thapsigargin before ACh application in the pres-
ence of calcium or in calcium-free condition.
When ryanodine was applied before ACh applica-
tion in the presence of calcium, the elevation of
LCa*1 was higher than that induced by ACh alone.
A potential mechanism is that application of ryan-
odine reduced the activating threshold of the RyR,
and the following application of ACh induced the
CICR which contributed to the elevation of LCa®].
When thapsigargin was applied before ACh, the
elevation of LCa®* ] was lower than that induced by
ACh alone, which suggested that thapsigargin
might cause an irreversible depletion of the IP3-
sensitive calcium store. Thus, the following ACh
application was unable to trigger IP3-sensitive
calcium release, and the total [Ca®"1i elevation was
reduced. In calcium-free external solution, regard-
less of whether ryanodine or thapsigargin was
applied first, the following ACh application had no
effect on [Ca*1, which further proved that the
effects of ACh were calcium- dependent.

This study proved that ACh-induced calcium
release was not only contributed by IP3-sensitive
calcium store, but also by ryanodine-sensitive calci-
um store. Previous reported slow elevation of [Ca** ]
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might involve CICR. CICR could be triggered by
both calcium influx via membrane calcium channel
and by calcium release from [P3-sensitive calcium
store. With or without extracellular calcium, 1P3-
sensitive calcium store can co-operated with ryan-
odine-sensitive calcium store and precisely regulate
the intracellular calcium concentration.

These results suggested that ACh-induced calci-
um release was contributed to a combination of
the IP3-sensitive calcium store and the ryanodine-
sensitive calcium store in OHCs of rat cochleae.
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