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Abstract
Hearing deﬁcits have often been associated with loss of or damage to receptor hair cells and/or degeneration of spiral ganglion cells.
There are, however, some physiological abnormalities that are not reliably attributed to loss of these cells. The aﬀerent synapse between
radial ﬁbers of spiral ganglion neurons and inner hair cells (IHCs) emerges as another site that could be involved in transmission abnormalities. We tested the hypothesis that the structure of these aﬀerent terminals would diﬀer between young animals and older animals
with signiﬁcant hearing loss. Aﬀerent endings and their synapses were examined by transmission electron microscopy at approximately
45% distance from the basal end of the cochlea in 2–3 month-old and 8–12 month-old C57BL/6J mice. The number of terminals in older
animals was reduced by half compared to younger animals. In contrast, there was no diﬀerence in the density of SGCs between the age
groups. Older animals featured enlarged terminals and mitochondria and enlarged postsynaptic densities and presynaptic bodies. These
morphological changes may be a combination of pathologic, adaptive and compensatory responses to sensory dysfunction. Improved
knowledge of these processes is necessary to understand the role of aﬀerent connectivity in dysfunction of the aging cochlea.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Changes at the interface between receptor cells and
aﬀerent endings represent a poorly understood stage in
the progression of hearing dysfunction associated with
presbycusis. It is now well established that loss of radial
ﬁbers can exceed the loss of spiral ganglion cell bodies in
human cases of presbycusis (Chen et al., 2006; Nadol,
1979; Pauler et al., 1986; Spoendlin and Schrott, 1988,
1990). A distal-to-proximal gradient of radial ﬁber loss
has also been observed in C57BL/6J mice (White et al.,
2000), a laboratory animal model that exhibits patterns
of hearing loss and cochlear degeneration comparable to
*
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human presbycusis (Francis et al., 2003; Henry and Chole,
1980; Hequembourg and Liberman, 2001; Li and Borg,
1991). Alterations in sensory–neural synaptic structure that
precede or follow denervation may hold the key to understanding the mechanisms of aﬀerent cochlear pathology.
Since auditory information is conveyed to the brain by
the pattern of action potentials in the auditory nerve, rearrangement and/or degradation of synaptic components at
this location will aﬀect the encoding process. Corruption
of transmission through the IHC-aﬀerent ﬁber synapse
would disturb the ﬁdelity of spike timing represented
within the auditory nerve and change the very signals upon
which speech understanding ultimately depends.
Synaptic alterations have been documented in the aging
central nervous system where a reduction in cortical synaptic density and increase in synaptic size are associated with
cognitive decline in humans (Bertoni-Freddari and Fattoretti, 1989) and senescence in laboratory animals (Bertoni-Freddari et al., 1996). Changes in the proportion of
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low- and high-spontaneous rate ﬁbers were observed in cats
with noise-induced hearing loss (Liberman and Dodds,
1984), congenital hearing loss (Ryugo et al., 1998), and gerbils with age-induced hearing loss (Schmiedt et al., 1996).
Because speciﬁc ultrastructural features are associated with
discharge properties of auditory nerve ﬁbers (Liberman
and Dodds, 1984), they may exhibit alterations that accompany speciﬁc physiological changes.
On the basis of these considerations, we conducted a morphometric study of the innervation of IHCs in the C57BL/6J
mouse at two ages with known diﬀerences in hearing sensitivity. We tested the hypothesis that the structure of aﬀerent
terminals and their synapses with IHCs is diﬀerent between
young adult and older animals, and argue that the observed
changes in synaptic organization represent part of the substrate underlying age-related hearing loss.
2. Materials and methods
2.1. Animals
Female C57BL/6J mice with documented dates of birth
were obtained from Jackson Laboratories. Three mice were
studied at 2–3 months of age (the younger group) and three
were studied at 8–12 months of age (the older group). No
outer or middle ear pathology was encountered in any of
the animals studied. All procedures were conducted in
accordance with an animal protocol approved by the
Animal Care and Use Committee at the Johns Hopkins
University School of Medicine.
2.2. Hearing assessment
Hearing thresholds were measured in ﬁve mice using auditory brainstem responses (ABR) as previously described
(Rivas and Francis, 2005). Evoked potentials were recorded
in anesthetized mice using Ag/AgCl electrodes on the neck
(ground), vertex, and over the bulla of the experimental ear.
The ABR was based on the average of 500–1000 evoked
responses to calibrated pure tones, which were presented at
intensity increments of 5 dB sound pressure level to generate
the input–output functions presented in the bottom panels of
Fig. 1. Response magnitude was calculated as the maximum
peak-to-peak voltage during a 5–10-ms time window that
began 2.5 ms after stimulus onset (Fig. 1). Baseline noise
levels were similarly measured during the ﬁnal 15–20-ms
window of the response. The threshold was deﬁned as the
presentation level that evoked a response with amplitude
equal to or exceeding 2 standard deviations (SD) above
the mean baseline noise level for that stimulus condition
(Fig. 1, top panels).
2.3. Cochlear tissue processing
Intracochlear perfusion of ﬁxatives was performed
while the animal was deeply anesthetized after ABR measurements (Francis et al., 2004, 2003). The middle ear
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was entered through a post-auricular incision and visualized using an operating microscope. The cochlear apex
was fenestrated with a pick to facilitate the ﬂow of ﬁxative. The stapes and its footplate were removed from the
oval window through which a solution of 1% OsO4 and
1% potassium ferricyanide [FeK3(CN)6] was slowly perfused using a Pasteur pipette with a tightly ﬁtting ﬂamed
tip for 3–5 min. The animal was then decapitated and
cochlear perfusion was resumed through both oval and
round windows for an additional 5–10 min. The appearance of a dark stripe representing the lateral wall of the
cochlea indicated a successful perfusion. Respiration was
monitored throughout the procedure until decapitation.
If labored breathing was observed during the perfusion,
the animal was immediately decapitated, the bulla widely
opened and perfusion resumed. The heads were then submerged in the osmium solution for an additional 45 min
prior to the removal of the temporal bones. Because optimal ﬁxation of aﬀerent terminals was typically achieved
in the ﬁrst ear to be perfused (left ear), no attempt was
made to prepare the contralateral ear for electron
microscopy.
The cochleae were removed using ﬁne tipped rongeurs,
decalciﬁed with 0.1 M EDTA (with 1% glutaraldehyde),
dehydrated in graded alcohols and propylene oxide, and
then embedded in Araldite (Francis et al., 2003; Hequembourg and Liberman, 2001). The cochleae were sectioned
parallel to the modiolus at 40–50 lm thickness and
mounted between sheets of Aclar for light microscopic
analysis. The cochlear spiral was reconstructed at the junction of the inner and outer pillar cells using NIH Image,
Voxblast (Vaytech, Inc) and Neurolucida (Microbrightﬁeld, Inc., Essex, VT).
2.4. Ultrastructural study of aﬀerent innervation
Morphological analyses were conducted in the same
cochlear region so as to minimize variability caused by differences in frequency location. The transitional zone
between the normal organ of Corti and the region of complete loss in older animals was selected for analysis. This
region allowed us to identify changes in IHC aﬀerent structure associated with a full complement of OHCs in young
mice compared with moderate loss of OHCs in older mice
(Fig. 3). The length of the organ of Corti was normalized to
100% and the sample excised at 45% (±5%) of the cochlear
length as measured from the basal end. This location corresponds to 22 kHz based on a published cochlear frequency map (Muller et al., 2005).
The tissue was embedded in a BEEM capsule and cut
(75 nm thickness) approximately perpendicular to the long
axis of the IHC (Francis et al., 2004, 2006). Ultrathin sections were placed in series on Formvar grids and stained
with uranyl acetate. Electron micrographs were taken of
every other section using a Jeol JEM-100CX II or Hitachi
H-7600 microscope. Micrographs were digitized and the
resulting images were aligned with a PC application called
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Fig. 1. Examples of ABR recordings at 16 kHz in a young (Y1) and an old (O1) C57BL/6J mouse (top). Maximum peak-to-peak amplitudes in ABR
responses are compared to baseline noise amplitudes to determine threshold (bottom). The threshold is deﬁned as the sound level at which ABR response
amplitude (solid line) is 2 SD greater than baseline noise amplitudes (broken line). The higher thresholds in older animals are consistent with hearing loss.

Serial EM (SEM, using the absolute mode) available online
at www.synapses.mcg.edu/lab/howto/mito.htm (Falia and
Harris, 2001a). Proﬁles of inner hair cells, nerve endings,
appositions, and membrane specializations were traced
and stacked in series using Neurolucida (Microbrightﬁeld,
Inc., Essex, VT). Average section thickness was determined
separately for each block of tissue using the minimal folds
method (De Groot, 1988; Falia and Harris, 2001b) which
was performed (De Groot, 1988; Falia and Harris,
2001b) randomly on every 10th section. Fold width was
measured at its narrowest point in triplicate and halved

to estimate section thickness. Mean section thickness
(±SD) was measured as 74.2 ± 17.2 nm.
The number, size and morphologic features of aﬀerent
innervation were determined for 2–4 IHCs from each animal. Terminal volume, mitochondrial content and apposition area were calculated using the dimensions of proﬁles
traced in alternate sections. The product of section interval
and the sum of proﬁle areas was used to estimate terminal
and mitochondrial volumes. The sum of proﬁle length was
multiplied by section interval to estimate apposition area.
Synaptic features were determined in similar fashion where
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PSD area was calculated by multiplying the sum of PSD
proﬁle length and section interval, and SB surface area
was calculated by multiplying the sum of SB proﬁle perimeter and section interval. The number of clear vesicles making contact with the pre-synaptic membrane (docked) was
counted and additional counts were made for vesicles
found within 30- and 100-nm of the SB edge. The density
of neurons within the spiral ganglion region that supplied
IHCs under study was determined by a ‘‘blind’’ observer.
This tissue was excised, embedded in Araldite and cut at
1 lm thickness. Ganglion cells with distinct nucleoli were
counted within a randomly placed 50 lm square grid,
and repeated 12–15 times in multiple sections for each specimen. Light microscopic analysis of the organ of Corti was
also conducted in the frequency region of interest. Inner
hair cell nuclei were counted within a known length of
the basilar membrane to generate a density in cells per
mm. As previously described (Francis et al., 2003) the percent loss of OHCs was estimated in the cochlear section
under EM study and in ﬂanking sections, from cell count
decrements relative to Deiter cells with which there is a
1:1 relationship.
3. Results
Diminished hearing sensitivity in older animals was
accompanied by partial OHC loss, whereas IHCs and
SGCs were preserved. Available auditory brainstem
response (ABR) measurements in two younger mice suggest normal to mildly reduced sensitivity in this age group
and a signiﬁcant elevation of thresholds in older animals
(Table 1, Fig. 1). Light microscopic examination of the
cochlear region that was subsequently studied with an electron microscope revealed comparable densities of IHCs
(younger group 121.6 ± 19.3 cells/mm; older group
93.7 ± 10.8 cells/mm) and SGCs (younger group
3.073 ± 0.184 (103) cells/lm2; older group 3.155 ± 0.121
(103) cells/lm2) between age-groups (Fig. 2; Table 2).
Moreover, cytologic characteristics of ganglion cells
including size and somatic staining were similar between
age groups (Fig. 2). Irregularly shaped clusters of heterogeneous vesicles were observed with the transmission electron
microscope in the IHC cytoplasm of older animals but
Table 1
Subject age and function
Age
(weeks)

8 kHz ABR
threshold
(dB SPL)

16 kHz ABR
threshold
(dB SPL)

32 kHz ABR
threshold
(dB SPL)

Young group
Y1
13
Y2
9
Y3
12

22.5
–
35.1

22.5
–
21

–
–
49.5

Old group
O1
35
O2
35
O3
46

63.7
33.5
79.1

83.5
81
96.5

NR
NR
NR

Fig. 2. Photomicrographs of the spiral ganglion region innervating IHCs
under study. There was no diﬀerence in the cytology or density of SGCs in
three older versus three younger animals (young and old mean densities
(see Table 2): 3.073 ± 0.184 (103) cells/lm2 and 3.155 ± 0.121 (103)
cells/lm2, respectively). Scale bar equals 20 lm.

Table 2
Histological characteristics of cochlear region under study
Cochlear
location
studied
(% re: base)

Number
of IHCs
examined

% OHC
loss

IHC
density
(cells/mm)

SGC
density
(cells/lm2)

Young group
Y1
48
Y2
40
Y3
47

4
4
2

0
0
0

100
127.9
137

3.05 · 103
2.83 · 103
3.26 · 103

Old group
O1
47
O2
45
O3
47

3
3
3

70.1
40.5
100

97.3
102.2
81.6

3.02 · 103
3.22 · 103
3.23 · 103

other ultrastructural features including mitochondria
appeared normal. By comparison, OHC loss was more
advanced in older animals (Fig. 3). The organ of Corti of
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Fig. 3. (A) Three zones of OHC loss in older animals are illustrated by photomicrographs of the organ of Corti. There is a basal zone of complete OHC
loss (Zone I), a transition zone of partial OHC loss (Zone II) and an apical zone of preserved OHCs (Zone III). The loss of OHCs is derived from
decrements in the one-to-one relationship between Deiter cells and OHCs. (B) Cytocochleograms mapped the zones of complete OHC loss (dotted line),
partial OHC loss (dashed line), and no loss of OHCs (solid line) for each cochlea studied. The sites of ultrastructural analysis, indicated by asterisks, are
associated with partial OHC loss in older animals, but no loss in younger animals. Scale bar equals 20 lm.

these animals exhibited three relatively distinct regions. A
basal region of essentially complete OHC loss (zone I)
extended to the middle of the cochlea which was characterized as a transitional zone of partial loss (zone II). The
remainder of the apical cochlea exhibited minimal or no
cell loss (zone III). The cochlear region under study showed
partial loss of its OHCs in older animals, but was cytologically normal in younger animals (Fig. 3).
3.1. Inner hair cells lose aﬀerent contacts in older animals
Each radial ﬁber terminated at the inferior pole of a
single IHC forming a single swelling that contained one
aﬀerent synaptic contact. This synapse was deﬁned by a
well-circumscribed area of apposing electron dense membranes, with the postsynaptic density (PSD) appearing
more prominent. The density appeared as a fuzzy, ﬁlamentous matrix. In most cases, an electron-dense synaptic body
(SB) was anchored to the presynaptic membrane where it
was surrounded by a halo of round vesicles (Fig. 4). This
synapse was an unambiguous marker for aﬀerent radial
ﬁbers. Aﬀerent ﬁbers that did not contain a synapse rarely
made contact with the IHC and were distinguishable from
eﬀerent axons when followed in serial section by the
absence of homogenous clear vesicles at contacts with
other dendrites or the IHC.
Despite comparable densities of spiral ganglion cells,
there were fewer aﬀerent synapses formed by radial ﬁbers
with IHCs in older compared to younger animals
(Fig. 5). Younger animals exhibited on average 16.8 ± 2.4
(mean ± SD) synapses per IHC compared to 9.2 ± 3.1 in
older animals (Mann–Whitney test, unpaired analysis,
Z = 3.55, p < 0.0005). Variability within both age groups
was noted.

There was non-uniform loss of aﬀerent synapses around
the circumference of the cylindrical IHC but uniform loss
along the height of the IHC. The vertical distribution of
aﬀerent synapses (mean height of SB from inferior pole
of IHC) was equivalent between older (4.1 ± 2.7 lm) and
younger (3.9 ± 2.7 lm) animals. The radial distribution
of these synapses, however, diﬀered between age groups.
Older animals exhibited a disproportionate loss of synapses
on the surface of the IHC facing the cochlear base (the high
frequency surface), and a relative preservation of synapses
on the surface facing the cochlear apex (the low frequency
surface). The reconstructed IHCs and aﬀerent terminals,
when viewed from the modiolus (Fig. 6A) or from below
the IHC (Fig. 6C) demonstrate the homogenous radial distribution of terminals in younger animals and of the selective loss of terminals on the high frequency surface in older
animals. The radial position of each synapse was measured
as an angle relative to a reference line perpendicular to the
pillar cells and passing through the center of the IHC
(Fig. 6D). Synapses on the low-frequency surface of the
IHC were assigned angles 0 < x < 180, whereas the
remaining synapses were located on the high-frequency
surface. The diﬀerence in distribution between high- and
low-frequency surfaces of the IHC was statistically signiﬁcant between age groups (v2 = 11.9, p < 0.001; Fig. 6D).
There was, however, no diﬀerence in the distribution of
synapses along the pillar-modiolar dimension.
3.2. Terminal morphology is altered in older animals
Morphological measurements were made in 167 endings
forming aﬀerent synapses with 10 IHCs in young animals
and 82 endings innervating 9 IHCs in old animals. Morphometric data were calculated from cross-sectional pro-
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Fig. 5. Plot of the number of aﬀerent terminals forming synapses with
IHCs. Despite inter-animal variability in the innervation density between
IHCs of the same age, there is a signiﬁcant diﬀerence between young and
old animals. (Mann–Whitney test, unpaired analysis, Z = 3.55,
p < 0.0005). Aﬀerent innervation loss of the inner hair cells is a major
aging event in C57BL/6J mice.

Fig. 4. Electron micrograph of synapse between IHC and aﬀerent radial
terminal (A) illustrating key features identifying aﬀerent nerve terminals
(B). The synaptic release site is characterized by closely apposed and
asymmetrically thickened membranes of the IHC and aﬀerent terminal.
The postsynaptic density (PSD) is conspicuous by an accumulation of
dense material on its cytoplasmic surface. This material appears as a
granular bed with ﬁlamentous protrusions. PSDs are usually associated
with an electron dense presynaptic ribbon or synaptic body (SB) that is
surrounded by a halo of clear round vesicles (arrowheads). Vesicles
located within 100-nm of the SB (indicated by solid line) and those docked
at the pre-synaptic membrane were counted. Scale bar equals 100 nm.

ﬁles in semi-serial sections (Fig. 7A and B). Terminal and
mitochondrial volumes were calculated as the product
between proﬁle areas and the interval distance between sections (Fig. 7C).

3.2.1. Aﬀerent terminal size
As can be appreciated in 3D reconstructions in Fig. 6,
aﬀerent terminals were signiﬁcantly larger in older compared to younger animals (Mann–Whitney, Z = 8.2,
p < 0.0001) (Fig. 8A). Not surprisingly, a parallel increase
in the apposition surface area between terminals and IHCs
was also observed (Mann–Whitney, Z = 7.33, p < 0.0001,
data not shown). Despite a reduction in the number of
innervating terminals, the summed apposition area
between terminals and IHCs was not signiﬁcantly diﬀerent

for older animals (47.5 ± 24.9 lm2/IHC) compared to
younger animals (32.2 ± 6.3 lm2/IHC; t = 1.9, p > 0.05).
The aggregate area of the sensory–neural interface at individual IHCs is thus relatively preserved and in some cases
expanded despite loss of aﬀerent contacts.
There was no systematic relationship between terminal
size and spatial location in young animals, but regional
variations were observed in older animals. When normalized to the largest terminal volume innervating each IHC,
older animals demonstrated the largest endings on the
low-frequency surface facing the pillar cells (0–90), and
the smallest on the high-frequency surface facing the modiolus (180–270). With respect to IHC quadrant, the diﬀerence in terminal size approached statistical signiﬁcance
(ANOVA F = 2.46, p = 0.07). Terminal size distribution
is therefore consistent with the enlargement of some endings and possible loss of smaller ones located on the high
frequency surface of the IHC.

3.2.2. Terminal mitochondrial content
The total mitochondrial volume contained within each
terminal was estimated as the product of section interval
thickness and the sum total of all mitochondrial proﬁle
areas (Fig. 7C). The mitochondrial volume within nerve
endings in older animals (0.49 ± 0.0.52 lm3) was signiﬁcantly greater than that seen in younger animals
(0.15 ± 0.13 lm3; Mann–Whitney, Z = 5.88, p < 0.0001).
These data conﬁrm an average increase of mitochondrial
content in the surviving terminals (Fig. 8B). There was also
a proportional increase in mitochondrial volume with
terminal size seen in both young (r = 0.8, p < 0.0001) and
old (r = 0.78, p < 0.0001) mice.
Since the mean number of mitochondrial proﬁles per
terminal proﬁle was the same in younger (3.60 ± 3.45)
and older animals (3.17 ± 2.00; Mann–Whitney, Z = 0.3,
p > 0.05), the growth in mitochondrial content observed
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Fig. 6. There is an age-dependent change in the radial distribution of aﬀerent terminals and their synapses with IHCs. (A) Three-dimensional
reconstruction of IHCs viewed from the modiolus, show a reduction in the number of aﬀerent terminals, an increase in their size and a tendency for them
to populate the low-frequency surface in older compared to younger animals. Arrows indicate the approximate position of the electron micrographs shown
below. (B) Transmission electron micrographs demonstrate typical diﬀerences in cross-sectional anatomy between older and younger age groups. (Scale
bar 1 lm; also applies to reconstructions). (C) Inferior views of neural pole of same IHCs demonstrate the typical diﬀerence in the radial distribution of
aﬀerent terminals between age groups. In older animals, aﬀerent terminals are more likely to be located on the low-frequency side of the hair cell compared
to the high-frequency side. (D) ‘‘Rose’’ plots illustrate this distributional diﬀerence for all IHCs under study. Whereas signiﬁcant diﬀerences in aﬀerent
synaptic distribution on the high- versus low-frequency surfaces of the IHC (v2 = 11.9, p < 0.001) were observed between older and younger animals, there
was no eﬀect of age on pillar versus modiolar distribution. Terminal location appears to inﬂuence the loss or preservation of aﬀerent innervation.

in older animals resulted from an increase in mitochondrial
size. Electron micrographs of typical aﬀerent terminals
demonstrated larger mitochondria in older compared to
younger animals with preservation of normal ultrastructure. The cross-sectional areas of individual mitochondrial
proﬁles found within aﬀerent terminals were measured in
alternate sections. The mean cross-sectional area of indivi-

dual mitochondria increased from 0.023 ± 0.021 lm2 in
younger animals to 0.07 ± 0.06 lm2 in older animals
(Mann–Whitney, Z = 55.5, p < 0.0001).
The relationship between auditory nerve ﬁber physiology, the number of mitochondrial proﬁles per terminal
and terminal location in cat (Liberman, 1980b, 1982; Liberman et al., 1990) prompted a similar analysis of terminal
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Fig. 8. Morphometric data from aﬀerent terminals. (A) The mean volume
of nerve endings is larger in older animals. The size distribution reveals
growth of some terminals and a loss of smaller ones. (B) Terminal
mitochondrial volume increases with age. Aging is associated with
terminal and mitochondrial enlargement and the loss of smaller endings.

morphology and spatial distribution in mouse. In older but
not younger C57BL/6J mice, mitochondrial content (average number of proﬁles per terminal proﬁle) revealed significantly lower values on the modiolar surface of the IHC
(2.60 ± 1.71) compared to the pillar surface (3.78 ± 2.13 ;
Mann–Whitney, Z = 2.71, p < 0.01). In this mouse strain,
mitochondrial volume did not reveal any spatial patterns.

3.3. Aﬀerent synaptic morphology is altered in older animals
Older animals exhibited striking diﬀerences in synaptic
morphology and size compared to younger animals. Moreover, the larger synaptic bodies in older animals were likely
to have lucent cores and be associated with higher numbers
of vesicles. PSDs in older animals also exhibited diﬀerences
in cross-sectional shape and were associated with greater
numbers of docked vesicles.

Fig. 7. Morphological measurements of the aﬀerent terminal. (A) Electron micrograph showing the proﬁle of an aﬀerent terminal (nei) in the ith
section. (B) The outer terminal membrane (orange line) and mitochondrial
proﬁles (mi) are traced in preparation for morphometric measurements.
(C) When individual sections separated by distance t are stacked and
aligned in 3D space, the resulting proﬁles permit the calculation of
terminal volume and mitochondrial content. Scale bar equals 100 nm.

3.3.1. Synaptic body morphology
Whereas a PSD is typically associated with a single SB,
older animals exhibited a higher prevalence of PSDs associated with multiple SBs or without any SBs. Younger animals exhibited nine isolated PSDs out of a total of 167
PSDs, whereas older animals featured 12 out of 82;
moreover, older animals had a greater proportion of PSDs
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associated with multiple SBs (10 of 167 young versus 18 of
82 old) (v2 = 22.4, p < 0.0001).
Multiple SBs were preferentially found in older mice on
the IHC surface with the greatest loss of aﬀerent synapses.
There was however, no diﬀerence in the radial distribution
of synapses with multiple SBs in younger animals: 4 of 84
terminals on the high frequency surface of the IHC and 6
of 83 terminals on the low frequency surface (v2 = 0.5,
p > 0.05). Older animals exhibited a higher incidence of
multiple SBs on the high frequency surface (9 of 22 terminals) compared to the low frequency surface (9 of 60 terminals) (v2 = 5.7, p < 0.05). There was no signiﬁcant
diﬀerence in the spatial distribution of PSDs without SBs.
Synaptic bodies were larger in older animals (Fig. 9).
Representative examples of synaptic bodies from young
and old animals are presented in semi-serial section to
the mid-section, demonstrating the marked diﬀerence in
SB size and morphology between these age groups (Fig.
9). Older SBs were larger both in cross-sectional area and
length. Synaptic body surface area was estimated from
alternate serial sections as:
SB surface area ¼

X

pi t;

where pi is the SB perimeter (Fig. 4) and t is the interval distance between sections. Synaptic body surface area increased from 0.05 ± 0.02 lm2 in younger animals to
0.11 ± 0.06 lm2 in older animals (Fig. 9B, t = 12.44,
p < 0.0001). A cumulative probability plot demonstrated
a greater likelihood that older animals possess larger SBs
than younger animals (Fig. 9C). Synaptic bodies with a
central lucency were more common in older mice (26 of
71 SBs) as compared to younger ones (33 of 164 SBs;
v2 = 7.17, p < 0.01).
Although synaptic body shape was, on average, the
same between young and old animals, spatial distribution
by shape diﬀered between the age groups. Aspect ratio
was used as a measure of SB shape and was calculated as
the ratio of largest to smallest dimensions of each proﬁle
averaged across alternate sections. In young animals, SBs
on the modiolar surface were more likely to be columnar
(aspect ratio = 2.24 ± 0.70), whereas those on the pillar
surface were more likely to be oval (aspect
ratio = 1.77 ± 0.44; t = 5.1, p < 0.0001). In older animals,
however, there was no spatial variation in SB shape, and
the mean aspect ratios on pillar and modiolar sides were
1.97 ± 0.53 and 2.01 ± 0.63, respectively.
3.3.2. Postsynaptic density morphology
The PSD of the aﬀerent ﬁber did not diﬀer in thickness
between age-groups, but there was a change in shape. The
thickness of the PSD measured between the cytoplasmic
junction of IHC and terminal membranes was the same
for both the most degenerated cochlea in the older group
(62.0 ± 13.2 nm) and a normal cochlea from the younger
group (61.8 ± 29.6 nm). A linear central indentation of

Fig. 9. Comparison of SB morphometry between young and old animals.
(A) Serial section electron micrographs illustrate larger SBs, larger
numbers of vesicles associated with the SB, and a ﬂattening of the PSD
in older compared to younger animals. Scale bar equals 200 nm. (B) A plot
of the reconstructed surface area of SBs shows that they are larger in older
than younger animals. (C) Cumulative probability plot shows that half the
SBs in older animals are larger than the largest SB in younger animals.
Changes in SB size and associated vesicle number undoubtedly inﬂuence
synaptic transmitter release and nerve ending ﬁring properties.

the PSD oriented parallel to the long axis of the IHC was
observed in cross-sections. The indentation was deepest
where the SB was in closest contact (Fig. 10). Postsynaptic
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Fig. 10. Age-related changes to the angle of central PSD indentation. (A) The angle of indentation of the PSD at the mid-section through the SB was
measured as shown in these representative examples from young and old mice. The PSD indentation is more acutely angled in the younger animal, whereas
it is ‘‘ﬂattened’’ in the older animal. (B) A plot of group data from young and old animals conﬁrms this general feature and reveals a greater variability in
angles among the younger animals. Scale bar equals 200 nm.

densities with the most acutely angled indentations were
preferentially found in younger animals, whereas those in
older animals were likely to be less angled and ﬂatter in
appearance (Mann–Whitney, Z-value = 4.82, p < 0.0001).
The area of the PSD was on average larger in older
(0.49 ± 0.53 lm2) compared to younger animals (0.23 ±
0.19 lm2; Mann–Whitney, Z = 6.2, p < 0.0001, Fig. 11A).
Despite variability in the number of PSDs per IHC and a
reduction in older animals, the summed area of associated
PSDs was relatively constant across IHCs (Fig. 11B). The
total PSD area per IHC averaged 3.5 ± 0.6 lm2 in older
mice compared to 4.1 ± 2.4 lm2 in younger mice
(t = 0.74, p > 0.05). There was no variation in PSD size
as a function of radial position on the IHC surface.

Fig. 11. Age-related changes to PSD features. (A) The mean area of
reconstructed PSDs is larger in older animals due both to the loss of
smaller synapses and the enlargement of remaining synapses. (B) A
reduction in number of synapses is accompanied by an increase in PSD
area which seems to preserve the aggregate PSD area per IHC. This
compensatory response is not suﬃcient to maintain PSD area, however,
when the number of endings falls below 10.

3.3.3. Vesicle density
Synapses were randomly selected to count vesicles associated with the SB and PSD. The criterion for selection was
the presence of distinct membranes of the IHC and nerve
terminal at synaptic sites. Consequently, analysis was
restricted to the lateral surface of IHCs and not at the
inferior pole which tended to curve within the section
thickness and create blurring of membranes. A homogenous population of round vesicles measuring 28.96 ± 0.41
nm in diameter was closely associated with the SB and
PSD. The number of vesicles in the central section through
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the SB was counted within a radius of 30 and 100 nm of the
SB margin (Fig. 4). The number of vesicles making contact
with the presynaptic membrane at the PSD was also
counted and these vesicles were referred to as ‘‘docked’’.
The number of clear vesicles observed within 30 nm of
the SBs in older animals (15.8 ± 5.3) was greater compared
to that of younger ones (10.4 ± 3.5; t = 4.6, p < 0.0001;
Fig. 12). A similar trend was observed within 100 nm of
the SB (29 ± 8.5 versus 18.3 ± 4.4, t = 6.3, p < 0.0001).
As the surface area of the SB (perimeter · section thickness) under examination increased, so did the number of
associated vesicles (Fig. 12A). This correlation was signiﬁcant in both young (r = 0.48, t = 3.5, p < 0.005) and old
animals (r = 0.6, t = 2.82, p < 0.05). Vesicle density relative
to the SB surface was represented by the slope of the relationship (Fig. 12A), which was similar for young and old
animals. Growth of synaptic body size was therefore associated with a proportional increase in the number of vesicles in the immediate vicinity of the synapse. An increase
in the number of docked vesicles in older animals
(5.9 ± 3.2 versus 3.7 ± 1.9, t = 3.2, p < 0.005) was associated with an increase in PSD area (Fig. 12B).

4. Discussion
We describe age-related structural changes at the synaptic interface between aﬀerent nerve endings and IHCs in
C57BL/6J mouse, an animal model of presbycusis. The
number of radial ﬁber aﬀerent synapses is reduced in excess
of spiral ganglion cell loss and precedes IHC loss. Structural changes below the resolution of the light microscope
are likely to accompany even earlier stages of hearing loss
than were examined here. A report of lower distal and
higher proximal ﬁber densities in the basal osseous spiral
lamina of aging C57BL/6J mice (White et al., 2000) is consistent with our observation regarding age eﬀects on synaptic contact and cell body densities. A subset of aged
humans with down-sloping hearing loss exhibits minimal
hair cell and spiral ganglion cell loss, but a deﬁcit of radial
ﬁbers in the osseous spiral lamina (Nadol, 1979; Pauler et
al., 1986; Spoendlin and Schrott, 1988, 1990; Chen et al.,
2006). Collectively, these ﬁndings imply that aﬀerent
pathology starts in the most peripheral processes of the
spiral ganglion cell, possibly at the synapse, and progress
toward the cell body. The progression is consistent with
the concept of ‘dying back’ (Cavanagh, 1964). What, however, are the biological mechanisms that determine preservation of synaptic contacts with IHCs? Degenerative and
trophic processes at the auditory nerve-IHC interface
may determine the ultimate fate of this synapse and provide future therapeutic options.
4.1. Aﬀerent terminal fate in aging

Fig. 12. Age-related changes in synaptic vesicle characteristics. An
increase in the population of synaptic vesicles accompanies the growth
of the SB and PSD. The number of vesicles was counted in the mid-section
through the SB (see Fig. 4) and was compared to the surface areas of the
SB and PSD in the corresponding section (proﬁle length · section
thickness). (A) The increase in number of vesicles counted within
100 nm of the SB in older animals is proportional to enlargement of SB
surface area (r = 0.77, p < 0.0001). (B) A positive correlation is seen
between the number of docked vesicles making contact with the presynaptic membrane and the surface area of the PSD (r = 0.48, p < 0.0001).
The increased population of vesicles appears driven by enlargement of SBs
and PSDs, and may be a compensatory mechanism of a less eﬃcient old
synapse.

Why terminals fail to maintain contact with IHCs is not
known but their location and size appear to be predictive
factors. The disproportionate loss of aﬀerent innervation
from the high-frequency side of IHCs (Fig. 6) implies regional diﬀerences in susceptibility to injury or eﬃcacy of
repair. Regional diﬀerences in the reaction by terminals
to stressors such as glutamate excitotoxicity may explain
the higher propensity for smaller endings on the high-frequency surface of the IHC to be lost, while larger terminals
on the low-frequency surface are spared. Variability in the
protection of terminals by supporting cells may also play a
role. Diﬀerences in the spatial expression of GLAST by
supporting cells have been reported around the IHC (Furness and Lawton, 2003), possibly rendering some terminals
more susceptible to glutamate-induced excitotoxicity than
others. Supporting cells also participate in signaling pathways that promote spiral ganglion cell survival by producing erbB4, which activates neuregulins generated by the
spiral ganglion (Stankovic et al., 2004). Support of spiral
ganglion cell survival by the b2 subunit of the nicotinic
acetylcholine receptor (Bao et al., 2005) implies the role
of lateral olivocochlear eﬀerents in the maintenance of
IHC innervation. Spatial diﬀerences in the density of axodendritic contacts by these eﬀerents in mouse, if similar
to observations in cat (Liberman, 1980b; Liberman et al.,
1990), may contribute to the non-uniform loss of synapses
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in aging animals. Such diﬀerences in the trophic eﬀects of
supporting cells and lateral olivocochlear eﬀerents may
therefore inﬂuence aﬀerent innervation and structure.
There may also be diﬀerences among terminals in their
intrinsic protective mechanisms. The ‘‘folded’’ morphology
previously characterized in C57BL/6J mice may inﬂuence a
terminal’s destiny (Francis et al., 2004). The folded ending
was observed mostly in 3-month-old mice exhibiting early
cochlear dysfunction and hair cell loss. The folded morphology may indicate an intermediate phase in the
response by aﬀerent terminals to sensory pathology or
metabolic stresses such as excessive glutamate exposure.
If the folded morphology is a precursor to terminal enlargement through an ‘‘unfolding’’ step, it may explain the
prevalence of large endings and rarity of folded endings
(4 out of 82) in older mice. Terminals that are unable to
acquire and maintain this folded morphology may be lost.
Although the physiological relevance of terminal size in
this context is unclear, the accommodation of mitochondrial growth to meet growing metabolic needs of the terminal is a possible explanation.
4.2. Aging morphology at the aﬀerent synapse
The increased incidence of morphological features in
older mice that are also seen in neonatal mice may reﬂect
regenerative processes in surviving aﬀerent contacts.
Synapses with multiple SBs, a ﬂattening of the PSD, and
a loss of PSD concave indentation as observed in older animals represent a recapitulation of normal development
(Sobkowicz et al., 1982). Synapse turnover in older animals
is suggested by the absence of SBs at 22% of the PSDs and
a larger incidence of multiple SBs. The increased incidence
of synapses with multiple SBs is also observed in the mouse
retina following partial photoreceptor loss (Jansen et al.,
1997), suggestive of a reactive response to neural damage.
These predominantly pre-synaptic changes could conceivably be induced within the cell by changes in vesicle recycling or extrinsically by eﬀerent input to the IHC.
Alternatively, they may be induced by on-going changes
in IHC physiology as the organ of Corti ages.
Aﬀerent loss, synapse turn-over and morphological
changes at the neural pole of the IHC may be the manifestations of a defective mechanoelectrical transduction apparatus at the apical pole of the cell. Abnormal tip link
structure in hair cell stereocilia resulting from a cadherin
23 mutation in C57BL/6J mice (Noben-Trauth et al.,
2003; Siemens et al., 2004) is associated with increased susceptibility to noise overexposure and age-related hearing
loss in several mouse strains. The progression of functional
deﬁcits implies accumulative pathology that may be
mediated by pre- and postsynaptic responses to abnormal
stereocilia transduction. In the absence of normal tip link
organization and relationships (Di Palma et al., 2001),
sound-induced changes in IHC membrane potential may
be more erratic than normal. As a result, large ﬂuctuations
could occur in the amount of glutamate released resulting
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membrane potential responses to sound may become erratic producing large ﬂuctuations in glutamate release that
induce episodic excitotoxic injury at aﬀerent synapses.
The accumulation of these injuries over time may alter
terminal structure and hearing function.
Terminal enlargement may be an example of the accumulative eﬀects of chronic excitotoxic injury, representing
direct pathology, adaptive responses to injury, or both.
The repeated occurrence of transient acute enlargement
of terminals in response to excess glutamate release (Puel
et al., 1998) may lead to irreversible changes in terminal
morphology that ultimately lead to denervation. Alternatively, changes in terminal morphology may represent the
normal adaptive response by radial dendrites against the
threat of glutamate excitotoxicity. Dendritic spine shape
in the CNS, for example, is inﬂuenced by glutamate concentration (Halpain et al., 1998, 2005), including ‘‘spine
collapse’’, which is an early observation in several chronic
neurodegenerative diseases linked to excitotoxic injury. A
variety of alterations of dendrite morphology including
swelling is also reported in the aging CNS (Lolova et al.,
1997). Glutamate-induced changes in spine shape appear
to be mediated by F-actin associated enzyme pathways that
alter both the cytoskeleton and microenvironment of the
spine (Halpain et al., 1998, 2005). For neurons that survive
glutamate overexposure, the associated depolymerization
of F-actin is excitoprotective against subsequent glutamate
exposures through the blunting of calcium inﬂux (Furukawa et al., 1995). The relevance of these observations in
the CNS to radial dendrites in the cochlea is unknown,
but they are consistent with the notion that accumulative
eﬀects of glutamate excitotoxicity on the terminal cytoskeleton may lead to bouton enlargement while also providing
a survival advantage to these terminals. This idea is further
supported by the presence of smaller terminals on the highfrequency surface of the IHC, with the least number of
remaining endings, compared to the relatively better preserved larger endings on the low-frequency surface.
4.3. The morphology of synaptic compensation
As demonstrated in the CNS, synapses also undergo
adaptations to optimize information transfer within the
auditory pathway. Alterations in the size and shape of
synaptic specializations in the developing (Taschenberger
et al., 2002) and mature brain (Geinisman et al., 1996)
are associated with changes in synaptic eﬃcacy (Lisman
and Harris, 1993) and oﬀer some insights into compensatory synaptic mechanisms that may be relevant in the auditory periphery. Activity-related mechanisms at IHC
synapses may produce changes in response to diminished
sensory transduction, reduced aﬀerent innervation density
or both. The inverse relationship between PSD area and
the number of aﬀerent contacts is an example of how morphological change may compensate for declines in aﬀerent
density. Indeed the proportional increase of the vesicle
population relative to the enlargement of SB and PSD size
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(Fig. 12A) suggests an underlying physiological impetus to
maintain an optimal level of neural activity.
Ultrastructural responses to changes in pre-synaptic
activity has been demonstrated in the auditory CNS and
retina. Terminal and synaptic structure in the anterior ventral cochlear nucleus (AVCN) appear dependent on activity in the auditory periphery. The shape of endbulbs of
Held and their synapses are modiﬁed by deafness in cats
(Ryugo et al., 1997) and mice (Limb and Ryugo, 2000).
Normal synaptic phenotype is restored, however, in endbulbs of young congenitally deaf cats after chronic stimulation of the auditory nerve with a cochlear prosthesis
(Ryugo et al., 2005). In a similar fashion, light-induced
changes in SB size and shape have been reported in mouse
retina (Spiwoks-Becker et al., 2004). Larger and more elongated SBs are seen during exposure to the dark and are
restored to smaller sizes in light.
4.4. Functional implications of aging morphology
Because the area of synaptic specialization is proportional to the probability of vesicular release, excitatory
synapses that enlarge might also grow stronger (Murthy
et al., 2001). Cochlear degeneration and the accompanying
loss of hearing sensitivity could trigger compensatory
mechanisms that attempt to preserve activity within the
auditory pathway. Total PSD areas, for example, were
remarkably preserved in several IHCs despite signiﬁcant
reductions in aﬀerent input. The ‘‘strengthening’’ of
synapses, however, may also be associated with faulty
clearance of neurotransmitter (Walmsley et al., 1998), leading to prolonged postsynaptic currents and slower recovery
from previous stimulation. Furthermore, as mitochondria
increase in size, they become less eﬃcient (Kowald and
Kirkwood, 2000), implying that they are less able to provide energy for sustained activity. Slowed synaptic
responses would desynchronize neural activity and have a
negative impact on speech discrimination.
The functional relevance of aﬀerent terminal and
synapse structure has been demonstrated at IHCs in normal hearing cat (Liberman, 1980a). Terminal size, mitochondrial content, and synaptic morphometry are
correlated with discharge properties of the corresponding
auditory nerve ﬁbers. The applicability of these observations to C57BL/6J mice and their relevance to the diseased
cochlea are, however, unknown. These structure-function
relationships are unlikely to be static and may vary with
strain, age of the animal, activity, and disease. Computer
models suggest that changes in multiple components of
synaptic transmission, which may accompany ultrastructural changes such as those observed in this study, are
likely to aﬀect auditory nerve response properties (Krishna,
2002).
The appearance of spatially distinct terminal morphology in older animals coincides with the loss of spatially distinct SB morphology seen in younger animals. There was
no clear segregation of terminals between pillar and mod-

iolar surfaces in young animals based on size or mitochondrial content as observed in cats. However, there was a
strong tendency for round SBs to occur on the pillar surface and columnar SBs to occur on the modiolar surface.
In cats, spherical SBs were associated with high-SR ﬁbers,
whereas elongated SBs were associated with low SR ﬁbers.
Older animals, by comparison, demonstrated signiﬁcantly
more mitochondrial proﬁles in terminals on the pillar compared to modiolar surfaces, similar to ﬁndings in normal
hearing cats and corresponding to high- and low-SR ﬁbers
respectively (Liberman, 1980a). This relationship could be
related to ﬁber SR in the mouse. Moreover, the multifaceted nature of age-related changes in terminals and
synapses emerge.
Large increases in terminal and mitochondrial size suggests that high-SR properties become more prominent. The
greater prevalence of high-SR ﬁbers at high frequencies in
both C57BL/6J and CBA/CaJ mice (Taberner and Liberman, 2005) may provide a window into aging eﬀects in
the ‘‘older’’ portions of the basal cochlea, which is consistent with trends in terminal morphology seen in older animals. Such a change in SR distribution would also be
consistent with the decline of low spontaneous rate ﬁbers
in aging animals (Schmiedt et al., 1996). The result would
be a loss of ﬁbers with larger dynamic ranges, strong
responses to signals in noise, and the ability to phace lock
and amplitude modulate (Joris et al., 1994). Such changes
in auditory nerve composition may therefore be responsible
for the disturbance of hearing in background noise demonstrated by C57BL/6J mice early in the progression of agerelated hearing dysfunction (Prosen et al., 2003). If these
relationships are also applicable to humans, they may help
explain the poor speech discrimination of patients with
presbycusis, particularly in background noise.
In conclusion, we report on structural features that may
represent the early stages of a progression of age related
hearing loss. The inability to detect these morphological
changes at the light microscopic level may explain the
imperfect correlation between hearing deﬁcits and temporal bone ﬁndings (Schuknecht, 1994). The poor correlation between cochlear and central auditory degeneration in
aging C57BL/6J mice (Willott and Bross, 1990, 1996) may
also be explained by downstream eﬀects of pathology at the
ﬁrst auditory synapse. It therefore appears that the presence or absence of hair cells and/or ganglion cells is not
the crucial variable, and that more detailed physiological
and anatomical data at the levels of the aﬀerent terminal
and synapse will be required to resolve the variables of
auditory physiology, its dysfunction in disease and mitigation with therapy.
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