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Abstract Faithful information transfer at the hair cell afferent
synapse requires synaptic transmission to be both reliable and
temporally precise. The release of neurotransmitter must ex-
hibit both rapid on and off kinetics to accurately follow
acoustic stimuli with a periodicity of 1 ms or less. To ensure
such remarkable temporal fidelity, the cochlear hair cell affer-
ent synapse undoubtedly relies on unique cellular and molec-
ular specializations. To study effects of different doses of
gentamicin on the changes of synaptic ribbons of cochlear
inner hair cells (IHCs) in mice, the availability of genetic
information, transgenic and knock-out animals make the
C57BL/6J mouse a primary model in biomedical research.
Aminoglycoside ototoxicity, however, has rarely been studied
in mature mice because they are considered highly resistant to
the drugs. This study presents models for gentamicin ototox-
icity in adult C57BL/6J mouse strains. Five-week-old mice
were injected intraperitoneally once daily with 50-300 mg
gentamicin base/kg body weight for 7 days. Higher doses of
gentamicin appear to be associated with earlier hearing dam-
age in C57BL/6J mice, although not necessarily with more
severe damage. At 200 mg/kg, gentamicin appears to induce
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significant hearing damage while not significantly affect the
animal’s general condition. Therefore, 200 mg/kg may be an
ideal dose for ototoxicity modeling in C57BL/6J mice using
gentamicin. In the early period of different dose of gentamicin
effect, when the number of hair cells had not changed, the
number changes of IHC ribbon synapses had taken place.
Through the number of ribbon synapses changing, IHCs
increased or decreased connections with spiral ganglion
nerves (SGNs). The ribbon synapses played a compensatory
role for gentamicin ototoxicity, while this effect was not
sufficient to maintain the normal threshold of hearing.

Keywords C57BL/6] mice - Aminoglycoside toxicity -
Ribbon synapse - Hearing impairment

Introduction

More than 60 years after their isolation and characterization,
aminoglycoside (AG) antibiotics remain powerful agents in the
treatment of severe gram-negative, enterococcal or mycobacte-
rial infections [1, 2]. However, the clinical use of AGs is ham-
pered by nephrotoxicity and ototoxicity, which often develop as
a consequence of prolonged courses of therapy, or of adminis-
tration of increased doses of these drugs. Increasing adoption of
AGs poses the problem of toxicity directed to the kidneys and to
the inner ear to scientists and physicians. In particular, AG-
induced deafness can be profound and irreversible, especially
in genetically predisposed patients. For this reason, an impres-
sive amount of molecular strategies have been developed in the
last decade to counteract the ototoxic effect of AGs.

In recent decades, people study of the ototoxic effect of
AG antibiotics [1-5], but for hearing loss in mice, the
research is still not deep enough. This includes both the
types and modes of administration of the drug choosing,
as well as the puzzle of the relationship between the dosages
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of drug use and hearing loss. Ding Dalian, who used C57
mice to study the mechanism of deafness induced by, found
that the outer hair cell cilia and cell body were obviously
pathologically changed after AG antibiotics using, including
the lack of cilia, cytoplasm and nucleus disintegration, etc.
So he considered that the AG-induced deafness was closely
related to the mechanism of these pathological changes [6].
It is little wonder that considerable attention has been paid to
hair cell synapses in the cochlea and elsewhere. These
efforts over the past decade have provided surprising
insights into ribbon function, including the variable reliance
on calcium influx at different synapses and the ability to
spontancously release multiple vesicles. Provocative as
these findings are, our understanding of hair cell ribbon
function remains far from complete. Fortunately the end-
point is certain—to explain the signalling of afferent neu-
rons that is driven by transmitter release from the ribbon.
Until now, guinea pigs and rats are the main choice of
animal models in the research of AG-induced hearing dam-
age. The main reason is that the bodies of these animals are
relatively larger, the cochleae are much easily to get. But on
the other hand, we should see that different factors leading
to hearing loss tends to use mice [7-9], because the breeding
and genetic characteristics of mice. They are more suitable
for molecular biology research, the mechanism of genetic
research and take genomics treatment to hearing damage
[10, 11]. C57 mice are widely used in experiments. People
have known that it is the animal model of presbycusis [12,
13]. Frisina, have used these mice for noise exposure study
[14]. Actually, it is very important to study various types of
deafness on one species of mice, because the results may
allow us to know more clearly the difference between var-
ious types of deafness. Therefore, the observation of the
inner hair cell afferent ribbon synapse of C57 mouse plays
an important role for the molecular mechanism of in-depth
study of hearing impairment. However, at present, only few
studies use C57 mice to study the ototoxic effect of AGs [2,
15]. The reasons may be that some researchers worry that
the presbycusis of C57 mice happened early which may
affect the research. While, in previous studies of these mice,
we found that, the time of hearing loss mostly happened
after the birth of more than 6 months (20 weeks), so before
that time C57 mice could be used as a drug-induced deaf-
ness research animal model. But which dose of medication
for C57 mice will induce a typical deafness? And how
the ribbon synapse changes? In order to answer these
questions, we used C57BL/6J mice aged 5-6 weeks as
our experimental animals, using different dosages of
gentamicin exposure environment to induce sensorineu-
ral deafness. Then, we analysed the hearing data to get
the most suitable drug-induced dose. Triple markers of
immunohistochemical fluorescence with combination of
the confocal microscope’s serial scanning were used in
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our experiment, so as to explore the ribbon synaptic
plasticity.

Material and Methods
Experimental Animals and Grouping

C57BL/6J mice with documented dates of birth were
obtained from the Chinese Academy of Medical Sciences
Animal Center (Beijing, China). All of the 90 mice (180
cochleae) were studied at 5 weeks of age. The animals were
randomly divided into five groups (n=18), control group for
the saline injection group (intraperitoneal injection of saline
with the same volume of 300 mg/kg gentamicin group), the
other four groups were intraperitoneally injected with dif-
ferent dosages (50, 100, 200, and 300 mg/kg) of gentamicin
(Invitrogen, CA) once daily on the second (P2), fourth (P4),
seventh (P7) days, auditory brainstem response (ABR) test-
ing and the cochleae were processed. No outer or middle ear
pathology was encountered in any of the animals studied
and all procedures were executed in accordance with an
animal protocol approved by the animal care and use com-
mittee and with the guide for the care and use of laboratory
animals (NIH Publication No. 85-23, revised 1996).

Auditory-Evoked Brainstem Response (ABR) Analysis

ABR evaluations of hearing threshold in mice use method of
Wu et al [1]. Mice were tested double blindly for ABR
thresholds with equipment from Intelligent Hearing Systems
(Miami, FL). The smart-EP v2.21 was used to generate
specific acoustic stimuli and to amplify, measure, and dis-
play the evoked brainstem responses of anesthetized mice
(concentration=0.45 mg/g body weight). Animals were kept
warm with a heating pad in a soundproof shielded room
during ABR recordings. Subdermal needle electrodes were
inserted at the vertex and ventrolaterally to both ears of
anesthetized mice. Specific auditory stimuli (broadband
click and pure-tone pips of 4, 8, and16 kHz), with 20
beats/s recurrence rate, 1024 average superposition times,
20 min of scanning time, and 100-3,000 Hz of filtering
wave bandwidth, were delivered binaurally through plastic
tubes in the ear canals. Evoked brainstem responses were
amplified and averaged and their wave patterns electroni-
cally displayed. Auditory thresholds were obtained for each
stimulus by varying the sound pressure level (SPL) at 5-dB
steps up and down in order to identify the lowest level
at which an ABR pattern could be recognized. ABR
thresholds were determined for each stimulus frequency
by identifying the lowest intensity producing a repro-
ducible ABR pattern on the computer screen (at least
two consistent peaks).
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Immunochemistry

After ABR tests, the mice of each dose groups were sacri-
ficed by cervical dislocation, decapitation. Then the tempo-
ral bone was taken out and the cochlea was quickly
separated. The round and oval windows were opened, and
then perfusion was performed through them with 4 % para-
formaldehyde overnight. The cochlea shell was separated
from the basal turn under a dissecting microscope in
0.01 mmol/L PBS solutions, and then the parietal gyrus of
the basilar membrane was separated and the vestibular
membrane and the cover membrane were removed. The
separated basilar membrane were washed three times in
0.01M PBS and preincubated for 30 min at room tempera-
ture in blocking solution of 5 % normal goat serum in
0.01M PBS with 0.3 %Trition X-100, then were incubated
with combination of goat anti-mouse CtBP2 (E 16; C-
terminal binding protein 2, C, end of combination of pro-
tein) antibody (1:200, SANTA CRUZ) and rabbit anti-
mouse GluR 2&3 (glutamate or receptor 2/3 of AMPA
receptor, the subunit 2/3, glutamate receptor subunit 2/3)
antibody (1:200, SANTA CRUZ), left 4 °C overnight. The
incubated samples were washed out in 0.01M PBS for three
times and incubated in bovine anti-goat IgG FITC (fluores-
cein isothiocyanate; SANTA CRUZ) (1:100) room at 37 °C
for 40 min, washed out three times again, then incubated in
donkey anti-rabbit IgG-TR (markers of Texas the Red

Fig. 1 The inner hair cell
synapse. (a) Red fluorescence
indicates TR labeled with
GluR2/3 glutamate receptor
subtypes and shows that the
postsynaptic transmitter recep-
tor clusters is labeled. (b) Green
fluorescence indicates
RIBEYE/CtBP2 labeled with
FITC and shows that the pre-
synaptic membrane is labeled.
(c) Image synthetized by double
channels. Orange fluorescence
spots indicate the presence of a
complete ribbon synapse. (d)
Three-dimensional modeling
for double immunofluorescent
labeled fluorescence color pairs
using 3DS MAX. Each marker
indicates a fluorescein color
pair, namely the presence of a
ribbon synapse. (blue: contrast
nuclear staining with DAPI)

GluRZ/3 —

secondary antibody; SANTA CRUZ) (1:100) at 37 °C for
40 min, washed in PBS twice. Dropping a drop (approxi-
mately 40 pl) of DAPI (4',6-diamidino-2-phenylindole;
Santa Cruz) in the slide, basement membrane were tiled
under a dissecting microscope, the coverslip covered the
slide. The samples were imaged directly with fluorescent
microscopy to test the specificity of the primary antibody.

Laser Scanning Confocal Microscope Imaging

The laser scanning confocal microscope was a Olympus
FV1000 configuration (Japan) with 180% oil immersion
objective. The excitation wavelength was 488 nm and
647 nm. Sequence scanning was performed in cochlear
inner hair cells (IHCs) with an interval of 0.12 um. Be-
cause immunohistochemical double-staining that per-
formed with FITC and TR as the second antibodies,
double-labeled fluoresce in color pairs showed orange
(Fig. la—c). The sequence scanning started in the place
where fluorescein color pairs appeared and stopped in the
place where fluorescein color pairs disappeared. A two-
dimensional image was collected. Sequence image of each
group was put in a file and numbered in order. The
sequence scanning for the parietal gyrus of 30 basilar
membranes was performed. One visual field was selected
from each basilar membrane for scanning, and 30 files
were obtained.

IHC—
—O0OH¢

mse? —
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Three-Dimensional Model Made with 3DS MAX

The collected two-dimensional images were put in the top
view window of 3DS MAX in order to serve as the view
port background. The first two-dimensional image was
transferred, and a marker (shown in color ball) was made
in the place where the orange fluorescence appeared, and
then the next image was transferred. If the position where
orange fluorescence appeared was the same as that in the
previous image, the marker was not required, because it was
considered to be the same synapse. If orange fluorescence
appeared in other positions, which indicated a new synapse
in this slice, a marker was made. Finally, the ribbon synapse
number was obtained (Fig. 1d).

Statistical Analysis

All data are presented as mean + SD. Statistical analysis for
all the experiments was done by one way ANOVA Student—
Newman—Keuls test, which was appropriate to determine
significant differences between groups. P values of <0.05
were considered statistically significant differences.

Results

In this experiment, fluorescence positions were marked in
each file, and two-dimensional image scanning and marking
were performed in the 12 files. The repeat marked fluores-
cein color pairs were excluded. The best spatial distribution
of fluorescein color pairs in 3DS MAX model was selected

(Fig. 1d). Each marker in the figure indicated a complete
ribbon synapse. The ribbon synapse number of IHCs in
C57BL/6] is clearly and completely shown by double im-
munofluorescent labeling combined with 3DS three-
dimensional modeling method, which provides feasibility
for quantitative an analysis of the ribbon synapse number
of IHCs. Our study showed higher doses of gentamicin
appear to be associated with earlier hearing damage in
C57BL/6J mice, although not necessarily with more severe
damage. At 200 mg/kg, gentamicin appears to induce sig-
nificant hearing damage while not significantly affecting the
animal’s general condition. The comparison of the hearing
loss progression among the different dosage of gentamicin
and the control group in Table 1. Therefore, 200 mg/kg may
be an ideal dose for ototoxic modeling in C57BL/6J mice
using gentamicin. In early period of different dose of gen-
tamicin effect, when the number of hair cells had not
changed, the number changes of IHC ribbon synapses had
taken place (Table 2). Through the number of ribbon syn-
apses changing, IHCs increased or decreased connections
with spiral ganglion nerves (SGNs). The ribbon synapses
played a compensatory role for gentamicin ototoxicity,
while this effect was not sufficient to maintain the normal
threshold of hearing.

Our results show that: (1) ABR thresholds on day 7 of
treatment in the 50 mg/kg group (51.67+8.16 dB SPL, on
day 4 in the 100 mg/kg group (48.89+9.16 dB SPL) and on
day 2 in the 200- and 300-mg/kg groups (50.56+5.39 dB
SPL and 50.50+6.85 dB SPL, respectively) were higher
than prior to treatment (41.67+11.20 dB SPL, 40.83+
10.07 dB SPL, 40.42+9.66 dB SPL and 40.00+11.0 dB

Table 1 Comparison of hearing

loss progression in different Dose of drug ~ Days of injection  Click(mean + SD) ~ Mean ABR thresholds (dB SPL, mean + SD
dosages of gentamicin in (mg/kg)
C57BL/6] mice 4 kHz 8 kHz 16 kHz
50 2 41.25+8.76 46.88+5.30 45.00+5.33 39.38+7.98
4 42.50+10.8 48.33+£5.16 47.50+5.45 40.00+6.90
7 51.67+8.16 52.50+8.80 45.00+7.61 43.33+5.60
100 2 52.50+7.33 49.22+7.95 44.44+5.37 43.61+4.88
4 48.89+9.16 54.44+8.73 45.00+5.56 47.22+5.76
7 60.00+5.35 58.00+4.83 51.00+4.72 50.00+4.18
200 2 50.56+5.39 51.94+4.89 42.22+4.82 45.00+4.42
4 58.50+8.83 59.00+5.68 50.50+6.79 49.00+6.16
7 62.00+6.75 64.00+10.22 53.50+4.57 55.00+6.21
300 2 50.50+6.85 51.50+4.74 46.50+4.12 48.00+5.68
4 46.67+7.53 57.50+8.80 45.83+7.56 44.17+7.41
7 56.22+11.55 54.38+10.84 46.88+4.85 45.00+4.77
Means of ABR thresholds (dB Control 2 43.00+8.23 48.00+5.37 40.50+6.77 37.00+6.14
SPL) for each of the five groups 4 43.00+6.75 45.50+4.38 39.00+6.36 38.00+6.31
for click, 4, 8, and 16 kHz 7 48.00+6.75 47.00£4.22  43.00£434  37.50+6.42

stimuli
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Table 2 Number of ribbon synapses per number of inner hair cell at
each time point of each group

Dose of drug (mg/kg)  Days of injection

2 4 7
50 17.40+0.52 14.20+0.40 10.20+0.32
100 11.40+0.88 9.00£0.65 8.80+0.45
200 16.40+0.45 13.00+0.78 9.20+0.40
300 15.40+0.55 14.20+0.60 13.80+0.30
Control 16.20+0.24 15.90+0.46 16.00+0.21

SPL, respectively) (P<0.05). (2) ABR threshold shifts in dif-
ferent groups were as such: 200 mg/kg group >300 mg/kg
group >100 mg/kg group >50 mg/kg group. (3) At high fre-
quencies (8 kHz and 16 kHz) , ABR thresholds between the
50 mg/kg and 100 mg/kg groups were similar throughout the
treatment period (P>0.05). ABR thresholds in the 100 mg/kg
group increased sharply on days 4 and 7 of treatment (P<0.05),
while the threshold in the 200 mg/kg group showed continuous
increase from day 2 of treatment (P<0.05). ABR thresholds
were at the highest level on day 7 of treatment in all groups.
200 mg/ kg dose caused the most obvious hearing damage, and
hearing threshold gradually increased with the time going on.
So this dosage may be the best dose of gentamicin that can
induce obvious hearing damage on C57BL/6J mouse model. 2.
In early period of gentamicin effect, when the number of hair
cells had not changed, the number changes of IHC ribbon
synapses had taken place (Table 2). (1) With the extension of
the delivery time of each group, the number of ribbon synapses
gradually reduced; (2) The number of ribbon synapses of the
100 mg /kg group were less than other dose groups at all time
points; (3) Each number of ribbon synapses of 200 mg/kg and
300 mg/kg groups increased when compared with 100 mg/kg
dose group, but still lower than the control group.

Discussion

AG antibiotics have been extensively used for the prophylaxis
and the treatment of a wide variety of systemic infections, for
the outstanding features displayed by these antibacterial
agents, such as the concentration-dependent bactericidal ac-
tivity, the post-antibiotic effect, the favorable pharmacokinetic
profile, and the strong synergism with other antibiotics such as
vancomycin and (3-lactams [16]. The clinical use of AGs has
always been hampered by nephrotoxicity and by the relatively
highincidence of severe ototoxicity, which often develops as a
consequence of prolonged courses of therapy, or after admin-
istration of increased doses of these agents. However, the
emergence of severe, life-threatening, drug resistant infections
has recently restored a new interest in AGs. Although hair

cells in cristae, maculae or in the organ of Corti are the primary
targets of AGs [17], an interesting study has demonstrated that
cells in the stria vascularis, rich in mitochondria and respon-
sible for the maintenance of the high potassium concentration
of the endolymph (~157 mM, generating a positive §0-90 mV
potential relative to the perilymph) [18], are targets of AGs
like. It is now evident that outer hair cells are more sensitive to
ototoxic injury than are inner hair cells. AGs are transported
into hair cells, can be detected in perilymph 60-90 min after
systemic administration, and remain detectable in hair cells up
to 4 months after exposure. However, the role of inner hair cell
ribbon synapses in the AG-induced hearing loss did not obtain
enough attention and study.

Sensory synapses of the visual and auditory systems must
faithfully encode a wide dynamic range of graded signals,
and must be capable of sustained transmitter release over
long periods of time [19]. Functionally and morphological-
ly, these sensory synapses are unique: their active zones are
specialized in several ways for sustained, rapid vesicle exo-
cytosis, but their most striking feature is an organelle called
the synaptic ribbon, which is a proteinaceous structure that
extends into the cytoplasm at the active zone and tethers a
large pool of releasable vesicles [20]. The function of syn-
aptic ribbons depends on its composition. Progress has been
made concerning the molecular identification of ribbon
components and the understanding of the construction of
synaptic ribbons.

A large number of studies have confirmed that the effec-
tiveness of synaptic transmission is not fixed. Presynaptic
neuronal excitability or neurotransmitter release may cause
changes in postsynaptic potentials [21]. To complete the
electrical signals pass, the synaptic function and form
should change accordingly. This change can enhance or
weaken synaptic transmission, by either increasing or reduc-
ing the number synapses: synaptic transmission perfor-
mance changes are known as synaptic plasticity. Synaptic
ribbons can vary even within a given type of ribbon synapse
[21, 22]. Synaptic ribbons are dynamic structures, and the
structural changes of ribbons appear to be either controlled
by endogenous (circadian) signals or external signals, that
is, changes in the surrounding illumination [19, 20]. In
mouse retinas, changes in the surrounding illumination seem
to regulate synaptic ribbon dynamics [20, 21]. In hair cells,
even the shape of synaptic ribbons is associated with differ-
ences in functional properties. Differences in the Ca*" de-
pendency of exocytosis were observed in mature hair cells
located either in high- or low-frequency regions of the organ
of Corti, and these differences are correlated with synaptic
ribbon morphology [22]. Hair cells in high-frequency
regions appear to require larger surface ribbons. Hearing
relies on faithful synaptic transmission at the ribbon synapse
of THCs. At present, the function of presynaptic ribbons at
these synapses is still largely unknown. As to our results, the
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reasons may be as follows: (1) from the view of ribbon
synapse genetic point, the major structural protein of the
RS—the RIBEYE protein synthesis reduced after small
doses of gentamicin (50, 100 mg/kg) being applied. While
the mRNA stored in the inner hair cells increased in the
stimulation of large dose of gentamicin (200, 300 mg/kg).
Then the synaptic protein synthesis raised, leading to the
expression of the synapse itself partially restored, that en-
hanced vesicle fusion and synaptic transmitter release in
inner hair cell ribbon synapse. It strengthened the neural
connections between the inner hair cells and spiral ganglion
neuron. It played a certain compensatory role to the ototox-
icity of gentamicin eventually. However, the ribbon synap-
ses of this change did not play the role of fully
compensatory to the ototoxicity due to the increased ABR
threshold. (2) The presynaptic synapse release neurotrans-
mitter of glutamate, which is mainly mediated fast excitato-
ry synaptic transmission in the central nervous system
(CNYS). Studies have shown that glutamate plays a vital role
in CNS signal transmission, neural development and synap-
tic plasticity (including memory, learning). But large num-
ber of glutamate could be neurovirulent, namely
excitotoxicity. Therefore, the increase or decrease of synap-
tic expression would affect the signal transmission. When
given high dose of gentamicin, a large number of glutamate
released, while the ability of glutamate uptake in post-
synaptic membrane descended. So, glutamate could not be
completely recycled, resulting in a large number of gluta-
mate accumulation which produced excitotoxicity. This
change could cause neurons to be lethal, while excitotox-
icity in CNS. The distance between the hair cell and spiral
ganglion cells is far away from the ganglion cells, it may
aggravate the excitotoxicity limited to the surrounding
acoustic nerve that with no myelin sheath. As dose in-
creased, excitotoxicity enhanced, inducing synapse that
around ganglion cells to swell, crack, shrink, leading to the
occurrence of deafness eventually. On the other hand, when
large dose applicated, the body might restore expression of
the ribbon synapse through the negative feedback regulation
mechanism, while the compensatory role was not enough.
The result is hearing loss. However, to know the precise
morphology, structure and function of synapse, technical
means of immune markers, electron microscopy, protein
quantitative analysis, and neural electrophysiology (patch
clamp), etc. should be used in the future. Only in this way
can we reveal the comprehensive characteristics of synaptic
plasticity of inner hair cells.

The conclusion of our study may differ from some stud-
ies before, for example, many studies showed that hearing
deficit was dose-dependent. This difference may be due to
the use of different types of animals [23], and different type
of drugs [3]. There have been reported that hearing loss of
mice was dose-dependent when use of kanamycin [24]. But
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we are not clear whether this difference was related to the
different administration of drug. Our studies showed another
kind of hearing loss characteristic: the time of the hearing
threshold increased occurred in advance, rather than in-
creased in degree. It seems that there is an upper limit of
hearing damage indicated by gentamicin in C57BL/6J mice.
We speculate that perhaps in the cochlea, there is an accu-
mulated capacity to carry gentamicin and its toxic effects.
So redundant capacity of the drugs is difficult to enter the
cochlea, but do poison to heart and kidneys. Large doses of
gentamicin can directly lead to the death of the animal. In
our previous study, more than half of the mice were killed
when 400 mg/kg dose was administrated. While there was
no significant difference between the mice those still alive
and other groups of mice in hearing threshold. Comparison
the hearing loss of 300 mg/kg group and 200 mg/kg group,
the latter increased in both click and tone burst (4, 8,
16 kHz). In contrast, 300 mg/kg group did not show
such uniform characteristics. In addition, Comparison of
200 mg/kg group, 100 mg/kg group and 50 mg/kg group,
we can find that hearing threshold of 200 mg/kg group
did not only increase significantly at each frequency, but
also had equilibrium distribution. Therefore, the use of
200 mg/kg of gentamicin in C57BL/6J mice can induce
significant hearing damage, the frequency distribution is
balanced and it is security.

There are many researches in the mechanism of gentami-
cin hearing damage in mice, results mainly related to the
damage of the cilia and outer hair cells, then causes hearing
decline [5, 15, 25]. Some previous studies showed that
afferent ribbon synapse of inner hair cells may be another
site where AG antibiotics damaged [15]. Synaptic ribbons
(also called synaptic bodies or dense bodies) are the name-
giving presynaptic specializations of ribbon synapses and
have been known since the early days of electron micros-
copy [19]. Although diverse in shape, they have distinct
features in common. Synaptic ribbons are electron-dense
structures of considerable size. They are surrounded and
physically in touch with a large amount of synaptic vesicles
which are positioned by the ribbon in close proximity to the
presynaptic neurotransmitter release site, the active zones.
Synaptic ribbons can vary even within a given type of ribbon
synapse. Synaptic ribbons are dynamic structures, and the
structural changes of ribbons appear to be either controlled
by endogenous (circadian) signals or external signals, that is,
changes in the surrounding illumination [19, 20]. In mouse
retinas, changes in the surrounding illumination seem to reg-
ulate synaptic ribbon dynamics [20, 21]. There is a correlation
between the number of synaptic ribbons and functional prop-
erties of the synapse. The removal of material from the syn-
aptic ribbon, for example, from rod synaptic ribbons during
lightness, is mediated by the dissociation of spherical synaptic
ribbons (synaptic spheres) from the bar-shaped ribbons.
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Synaptic spheres are also suggested to be precursors in the
assembly of bar-shaped synaptic ribbons [21, 26]. A modular
assembly of synaptic ribbons has been proposed in which
synaptic ribbons assemble from RIBEYE subunits [27]. The
modular assembly hypothesis of synaptic ribbons from indi-
vidual RIBEYE subunits provides also an explanation for the
assembly of synaptic ribbons from smaller RIBEYE subunits.
The assembly of synaptic ribbons from RIBEYE subunits
likely is a multistep process which also includes the synaptic
spheres, spherical synaptic ribbon-like structures. CtBP1 is
related to the B-domain of RIBEYE and a component of
synaptic ribbons [28]. The function of CtBP1 in synaptic
ribbons is not yet clear. CtBP1 and CtBP2/RIBEYE (B)-
domain bind to the cytomatrix protein bassoon which is found
at the active zone of ribbon synapses [28, 29]. The anti-CtBP2
antibody may specifically link with domain B of RIBEYE to
specifically label presynaptic membranes. Glutamate receptor
2&3 (GluR 2&3) exists widely in postsynaptic membranes.
Therefore, CtBP2 and GIuR 2&3 are simultaneously labeled,
green fluorescence indicates CtBP2 (showing RIBEYE pres-
ence) and red fluorescence indicates GluR 2&3 presence. If
two-channel scanning is carried out, the site where red and
green fluorescence simultaneously occurs will show orange
which indicates the presence of a complete ribbon synapse.
The 3DS MAX software package served as the basic software
of three-dimensional modeling possesses strong capabilities
for three-dimensional reconstruction and analog computation.
The software may be used not only to study the spatial
distribution of objects, but also to investigate their morpholo-
gy and volume, which establishes a basis for quantitative
analysis [30, 31]. In 3DS MAX, the two-dimensional images
were part of the background, and fluorescein color pairs were
marked (shown in color ball). At first, the first two-
dimensional image was transferred, and a marker was made
in the place where orange fluorescence appeared, and then the
next image was transferred. If the position where orange
fluorescence appeared was the same as that in previous image,
the marker did not need to be done. If orange fluorescence
appeared in other positions, a marker was made, which
avoided making repeated markers for the same synapse. We
selected three time points (2, 4, and 7 days) to study the
change in the number of ribbon synapses after intraperitoneal
injection of different doses of gentamicin, so as to observe the
relationship of hearing loss and changes in the number of
ribbon synapses.

This study established a stable model of gentamicin
ototoxicity in mice. We can not only study the synaptic
mechanisms and treatment, but also observe the role of
deafness genes, related proteins and other factors in this
model. Inner hair cell ribbon synapse play a very im-
portant role in signal transmission between hair cells
and spiral ganglion neuron. By study the number and
function of THC ribbon synapse, we added a new aspect

of pathogenesis induced by gentamicin ototoxicity in
C57BL/6 J mice. It laid a good foundation for the
pathological study of synapses derived from other
causes of hearing impairment. Although we know a
great deal about ribbon synapses, mysteries still abound.
The multidisciplinary approach to the hair cell ribbon
synapse has for the first time quantitatively described
important aspects of the synapse’s structure and func-
tion. Most importantly, despite all limiting uncertainty,
we begin to relate molecules, structure and function.
Although still debated, the concept of a readily releas-
able pool has been substantiated for the ribbon synapse
of several hair cells. We have gained a few insights into
the mechanisms underlying the incredible temporal pre-
cision of synapses that participate in the coding of
sound. However, we are far from a comprehensive mo-
lecularly defined model of ribbon structure and function.
New approaches are needed to understand them—such
as high-resolution optical imaging in living cells or
ultrastructural methods to catch the vesicles in the act,
and ways to alter ribbon function in real time during
electrophysiological experiments. Ear-specific genetic
deletion also will be helpful to investigate synaptic
protein function in hair cell sound coding. A more
precise and direct biophysical analysis of single hair
cell synapses will require combined pre- and postsynap-
tic recordings as well as optical measurements, such as
evanescent wave microscopy and confocal techniques.
The optical approach will be strongly facilitated by the
generation of genetically targeted fluorescent vesicle
tags. It should also be kept in mind that not all ribbons
may operate in the same way and, as studies advance, it
will be important to discriminate between general fea-
tures and unique specializations. After all, ribbons vary
enormously in size and postsynaptic architecture, and so
the relative importance of fast synchronous release ver-
sus slow sustained release is likely to vary as well,
depending on cell type and on the functional context
of the synapse. In this regard, ribbon synapses are no
different from conventional synapses, which also vary
widely in their functional properties.
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