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Summary

Hyaline cells are non-sensory epithelial cells of the vibrating part of the basilar membrane of chicks; they receive an extensive
efferent innervation. Although these anatomical features suggest roles in auditory transduction, very little is known about the
function of these cells. One possible way to understand function is by lesion experiments. We used synapsin-specific
antibodies to study changes that occur in the pattern of efferent innervation in hyaline cells after lesion of the sensory
epithelium induced by acoustic overstimulation. We found only small changes in hyaline cells after such trauma. These
included a small increase in size and a small decrease in density of nerve terminals on hyaline cells. This suggests that hyaline
cells and their nerve terminals are less susceptible to acoustic trauma than hair cells. Using neurofilament-specific antibodies
we found little or no trauma-induced change in the density of nerve fibres that cross the basilar papilla and reach the hyaline
cell region. This finding suggested that trauma to the hair cells does not necessarily lead to changes in the efferent fibres that
cross the papilla and extend into the hyaline cell region. Using the trauma and the morphological parameters studied here, it
appears that a moderate lesion in the hair cell region in the avian inner ear does not influence the hyaline cells or their

innervation.

Introduction

The primary auditory mechano-transducing cells are
sensory epithelial cells that activate auditory nerve
fibres. These sensory epithelial cells are the inner hair
cells in mammals and the tall hair cells in birds (see
Tanaka & Smith, 1978, for birds; Slepecky, 1996, for
mammals). Inner hair cells and tall hair cells, despite
being the primary sensory cells, do not actually rest on
the vibrating part of the basilar membrane. Rather,
other types of cells reside on the part of the basement
membrane that is free to vibrate in the fluid of the
inner ear. In mammals these cells include outer hair
cells and several types of supporting cells (see Kimura,
1984, for review). In birds the vibrating part of the
basement membrane is lined by short hair cells, sup-
porting cells which surround the short hair cells, and
several cell types residing adjacent to the inferior (ab-
neural) edge of the short hair cell region (Held, 1926;
Takasaka & Smith, 1971). The two cell types that reside
inferior to the basilar papilla are the border cells and
hyaline cells. In both mammals and birds, the static
and dynamic mechanical features of the vibrating por-
tion of the basilar membrane depend to a large extent
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on the cellular and extracellular components of this
tissue. These mechanical features are likely to contrib-
ute significantly to the quality and quantity of trans-
duction in the primary auditory sensory cells.

In addition to the passive mechanics of the mass
which consists of the basilar membrane and the cells
that vibrate along with it, an active component in
cochlear mechanics has been demonstrated in mam-
mals (Davis, 1983; Kemp, 1986). Motility of outer hair
cells, otoacoustic emissions, and non-linearity in coch-
lear responses are among the manifestations related to
the active component which are believed to be under
cholinergic efferent control in the mammalian cochlea
(Dallos, 1992; Ashmore & Kolston, 1994). The active
functions of the auditory periphery are generally less
pronounced in birds than in mammals (Klinke &
Smolders, 1993; Froymovich et al., 1995). Neverthe-
less, an extensive array of efferent innervation is found
throughout the length (proximal to distal) of the
avian cochlea (Held, 1926; Takasaka & Smith, 1971,
Hirokawa, 1978a,b; Ofsie & Cotanche, 1996). These
nerve fibres extend from the basilar papilla and reach
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further into the layer of hyaline cells (Held, 1926;
Takasaka & Smith, 1971; Ofsie & Cotanche, 1996).

Hyaline cells were originally named by Held (1926)
because of their transparent glass-like appearance
in his histological sections of the avian inner ear.
Held demonstrated neurons extending beyond the
inferior edge of the basilar papilla, traversing through
border cells (which border the edge of the basilar
papilla) and entering into the hyaline cell region
(Held, 1926). These neurons were later shown to
be part of the efferent bundle (Takasaka & Smith,
1971; Keppler et al., 1994). Using EM, these efferent
nerve fibres were shown to form synapses on the
lateral membrane of hyaline cells (Odinokova
& Prokof’eva, 1975). The network of synaptic contacts
between hyaline cells and efferent neurons, and the
ultrastructure of the hyaline cell region in the avian
inner ear were extensively described by Oesterle
and colleagues (1992). The role of these neurons
is especially interesting considering that hyaline cells
do not appear to be auditory mechano-electro trans-
ducing cells.

Another specialized structure in hyaline cells is an
extensive array of actin bundles, anchored into the
basal pole of the cells (Cotanche et al., 1992, 1995). It is
thought that the degree of contractility of these
bundles may actively influence the mechanical fea-
tures of the basilar membrane in birds (Cotanche et al.,
1992; Keppler et al., 1994). Actin and several other
proteins that are related to force generation have also
been found in hyaline cells of the caiman auditory
organ along with nerve terminal endings (During et al.,
1974; Drenckhahn et al., 1991). These findings led
Drenckhahn and colleagues (1991) to suggest that the
activity of hyaline cells may be controlled by neural
input.

The role of hyaline cells and their innervation in the
process of auditory transduction is not presently clear.
Since these cells are located on the vibrating part of the
basilar membrane, mass and stiffness changes in hya-
line cells may influence the mechanical characteristics
of the basilar papilla, thereby modulating auditory
transduction in tall hair cells. One way to determine
the role of hyaline cells may be to characterize changes
that occur in these cells after trauma. Recent observa-
tions of the responses of hyaline cells to severe acous-
tic trauma have suggested that (1) hyaline cells
migrate into the basilar papilla and (2) once situated in
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the papilla these cells may inhibit hair cell regen-
eration (Cotanche et al., 1995).

The organ of hearing and the auditory function in
birds can be restored after acoustic trauma. The extent
of lesion to the hyaline cells or their innervation, and its
relationship with the threshold of hearing after trauma
are not known. The aim of this study was to determine
the normal distribution of efferent terminals in the
hyaline cell region and to characterize the effects of
acoustic trauma on the size and number of presynaptic
terminals in this region. To determine the location, size
and number of presynaptic terminals in the hyaline
cells region we used antibodies to synapsin 1.

Synapsins are a family of proteins associated with
the membrane of synaptic vesicles (Ueda et al., 1977,
Goldenring et al., 1986; Greengard et al., 1993, 1994).
These proteins participate in regulation of vesicle
traffic and neurotransmitter release (Llinas et al.,
1991; Benfenati et al., 1992; Rosahl et al., 1993; Green-
gard et al., 1994). Synapsin-specific immunocytochem-
istry is a valuable tool for studying innervation
dynamics after acoustic trauma in the avian inner ear
(Wang & Raphael, 1996; Zidanic et al., 1996). Since
synaptic vesicles are distributed throughout the effer-
ent nerve terminals in the basilar papilla (Takasaka
& Smith, 1971; Hirokawa, 1978a; Oesterle et al., 1992)
labelling of the vesicle membranes is likely to be
spread throughout each terminal. Such distribution
would provide a measurable image of size and shape
of efferent terminals and has been used here to deter-
mine the changes in hyaline cell innervation following
acoustic overstimulation.

Materials and methods

White Leghorn chicks (1-3 weeks of age) were exposed to
a 116 dB SPL octave-band noise (1.5 kHz centre frequency)
for 8-14 h. Thirty-five chicks were killed on post-exposure
day 0-4 (n=4 on each day), or 5-9 (hn=3 on each day). Three
birds of a similar age served as unexposed controls. The
chicks were decapitated and the skull was sagitally cut. The
cerebrum, cerebellum, and brainstem were removed, and
both middle and inner ears excised from the skull. The
middle ear was then opened, and the columella was re-
moved. The inner ears were subsequently placed in 4%
paraformaldehyde for approximately 30 min. Under stereo-
microscopic visualization the bone was partially dissected
free from the basilar papilla and again placed in 4% parafor-
maldehyde for 30 additional min. Finally, the basilar papilla

Fig. 1. A whole mount of control basilar papilla double-labelled with antibodies to synapsin (a) and phalloidin (b) and
photographed with epifluorescence illumination. (a) Fluorescence signal is at focal plane near basal part of short hair cells
(black arrows) and in hyaline cell region (white arrow). Each short hair cell is associated with 2-3 boutons connected and
positioned abneurally. A large number of small labelled boutons are evenly distributed throughout hyaline cell region.
(b) Phalloidin label helps identify and localize short hair cells (arrow heads point at same two cells marked by arrows in (a))
and demonstrates that synapsin-specific immuno-label is associated with each hair cell. Bundles of actin labelled with
phalloidin traverse the hyaline cell region in a neural to abneural orientation, parallel to the basilar membrane (curved arrow).

Scale bar=20 pm.
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was dissected free from bone, tegmentum vasculosum, and
nerve bundle.

For immunocytochemistry, each ear was washed in PBS
three times and then incubated in 10% normal goat serum in
0.15% Triton X-100 for 30 min to reduce background. For
synapsin immunocytochemistry the basilar papillae were
then incubated in rabbit anti-synapsin antibody (G-304, a gift
from Dr Andrew J. Czernik, The Rockfeller University, NY)
diluted 1:500 in PBS, for 2 h at room temperature. This
affinity-purified antibody recognizes type la and lla iso-
forms of synapsin (Greengard et al., 1993). The tissue was
rinsed in PBS, then incubated in a mixture of rhodamine
conjugated goat anti-rabbit secondary antibody (1:50 dilu-
tion, Jackson ImmunoResearch Laboratories, Inc. Pennsyl-
vania) and 1:100 FITC-phalloidin (Molecular Probes, OR)
for 30 min. For neurofilament immunocytochemistry, tissues
were permeabilized in Triton X-100, then incubated for
90 min in the anti-neurofilament antibody (a mixture of 160
kDa- and 200 kDa-specific monoclonal antibodies from
Boeringer Mannheim, Indianapolis, IN) diluted each to a fi-
nal concentration of 1:15 in PBS. Secondary antibodies were
goat-anti mouse rhodamine (Jackson, 1:100 dilution) mixed
with FITC-phalloidin.

After a final rinse in PBS, the tissues were further dissec-
ted by clipping off the proximal end of the auditory organs
(~ 20% distance from the basal end), and then mounted on
microscope slides. As a result, the data reported in this work
cover the distal 80% of the chick cochlea. Tissues were
mounted in 60% glycerol in sodium carbonate buffer (pH
8.5) with p-phenylenediamine as an anti-bleach agent and
then examined with a Leitz Orthoplan microscope equipped
for epifluorescence. Preparations were photographed at 50 x
and 100 x magnifications on Kodak T-max 400 film exposed
at 1600 ASA.

The number of synapsin-specific boutons in the region
adjacent to the lesion were counted directly from the image
while viewing it through the microscope. The counted re-
gion was centred approximately 35% distance from the prox-
imal end of the papilla (Fig. 2). The raw data was averaged
between the ears of every experimental group and the aver-
age figure was used to determine if statistically significant
changes occurred. For this purpose, we used the Sigma Stat
software to calculate Student’s t (unpaired, two-tailed)
values, comparing each of the post-trauma groups with
control values.

Results

In control animals, synapsin-specific immunolabelling
was found at a focal plane corresponding to the sub-
nuclear area of short hair cells and in the hyaline cell
region (Fig. 1). Each short hair cell was associated with
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Fig. 2. A histogram presenting the density of synapsin-
labelled boutons in hyaline cell area located 35% distance
from the proximal end of the papilla, in controls and at days
0-9 after noise exposure. Three ears were used for each time
group. When compared to controls, the differences are not
statistically significant in data from days 1-4 and day 6. On
days 5, 7 and 9 after trauma, the number of terminals was
significantly lower than control.

2-3 boutons that were connected together and posi-
tioned around the abneural side of the tall hair cells.
Synapsin-specific immunoreactivity was also detected
in the hyaline cell region. The localization and shape of
the staining resembled that of efferent nerve terminals
described previously in both short hair cell and the
hyaline cell regions using TEM (Jahnke et al., 1969;
Takasaka & Smith, 1971; Whitehead & Morest, 1985;
Oesterle et al., 1992). This strongly suggested that the
staining we observed corresponded specifically to
efferent presynaptic terminals on short hair cells.
Three to six bouton-shaped areas with distinctive
synapsin-specific immunoreactivity surrounded each
hyaline cell (Fig. 1). Synapsin-specific boutons were
found in the hyaline cells throughout the length of the
basilar papilla. Phalloidin label of the same prepara-
tion (Fig. 1b) helped to identify the location of the
synapsin labelling shown in Fig. 1a. Using phalloidin
stain it was possible to observe the circumferential
ring associated with the adherens junction complex
surrounding the apical surface of each hyaline cell (as
shown in Fig. 3d). The shape of hyaline cells appeared
pentagonal or hexagonal and the diameter of the
approximated circle was ~6 pm (not shown). Phal-
loidin label was also instrumental in demonstrating
the actin bundles which traverse the basal portion of

Fig. 3. Epifluorescence micrographs of papillae labelled for synapsin (a and b) and a basilar papilla double labelled for
synapsin and actin (c and d, respectively). Boutons labelled with synapsin-specific antibodies are mostly similar in size in
controls and exposed animals, although some larger terminals were noted in exposed papillae (arrows in b, 4 days after noise
exposure; compare to non-exposed control in a). (¢, d) Synapsin-specific labelling shows normal size, shape and distribution of
terminals in hyaline cells adjacent to the lesion (c, hyaline cell terminals are seen as crescent along the left side of the
micrograph). In contrast, trauma caused lesion in region of hair cells (arrows in d). Scale bars=5 um in (b) for a and b and

25 pum in (d) for ¢ and d.
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hyaline cells, as described previously (Cotanche et al.,
1992, 1995).

A lesion was observed in the basilar papilla immedi-
ately after the noise exposure. Among the pathological
signs in the lesion were expanded supporting cells,
and injured and missing hair cells. The location and
the extent of the lesion were similar to those pre-
viously described with similar regimens of acoustic
overstimulation (Raphael, 1993; Raphael et al., 1994;
Wang & Raphael, 1996) and therefore not presented
here. The qualitative pathological changes were sim-
ilar to those described previously after acoustic over-
stimulation (Cotanche, 1987; Cotanche & Dopyera,
1990; Marsh et al., 1990; Raphael, 1992, 1993), namely,
extensive hair cell loss in the centre of the lesion,
numerous damaged hair cells and expanded support-
ing cells.

Quantification of synapsin-specific boutons in the
region adjacent to the lesion ( ~ 35% distance from the
proximal end of the papilla) is presented in (Fig. 2). In
normal animals there were approximately 3.72 synap-
tic terminals 100 um~2 in this area. Quantification of
terminals in the hyaline cell region 2 days after noise
exposure revealed a density of 3.41 terminals
100 um ~2, similar to that in normal tissue. The density
of terminals 4 days after the noise exposure was cal-
culated as 3.65 100 pm 2 (Fig. 2). The density of nerve
terminals was also calculated for the other post-
exposure period (Fig. 2). Statistical analysis revealed
no significant change in the density of presynaptic
terminals in the hyaline cell region during the first
four days after the noise exposure. However, signifi-
cant differences were found on day 5 (t=6.67 with
6 degrees of freedom, p=0.0005), day 7 (t=5.50 with
4 degrees of freedom, p=0.0053) and day 9 (t=4.11
with 7 degrees of freedom, p=0.0045).

The size of nerve terminals associated with hyaline
cells did not seem to be influenced by trauma in most
cases. Nevertheless, in some cases several presynaptic
terminals in the hyaline cell region were slightly larger
than those of the control (Fig. 3a,b). The noise expo-
sure used in this study did not lead to major changes
in the shape and size of hyaline cells or the region
which they occupy (Fig. 3c,d).

The distribution of neurofilaments traversing the
hyaline cell area and the organization of actin fila-
ments at the base of these cells were also studied. In
the normal chick inner ear nerve fibres are seen to
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extend from the abneural (inferior) basilar papilla into
the hyaline cell region (Fig. 4). The number, organiza-
tion, and label intensity for neurofilaments did not
perceptibly change in traumatized inner ears (Fig. 5A).
Phalloidin label of the region at the basal aspect of
hyaline cells revealed an extensive array of actin
bundles, as previously described (Cotanche et al., 1992,
1995). The orientation and orderly organization of
these filaments were not changed by the noise expo-
sure we have induced (Fig. 5B). The density of neurons
crossing the basilar papilla into the hyaline cell region
did not appear to differ between traumatized and
control tissues (data not shown).

Discussion

Our data demonstrate that a moderate acoustic
overstimulation leading to trauma in the basilar pa-
pilla has only limited morphological impact on the
nerve terminals that associate with hyaline cells. We
found no correlation between the time course of
changes in the nerve terminals and the time course of
functional recovery known to occur during the first
four days following acoustic trauma (Niemiec et al.,
1994). The absence of correlation indicates that struc-
tures other than hyaline cell terminals are responsible
for the rapid functional recovery reported during the
first 2—-4 days after noise exposure in birds (McFadden
& Saunders, 1989; Adler et al., 1992; Niemiec et al.,
1994).

Synapsin antibodies as a research tool

Synapsin-specific antibodies are a relatively new tool
for studying the inner ear, so it is necessary to verify
that labelling in the basilar papilla is specific for
synapsin. The presence of synapsin proteins in chick
tissues was demonstrated biochemically by Zidanic
& Fuchs (1996). They studied several synapsin anti-
bodies raised in rabbits against mammalian synapsins
and demonstrated that these antibodies cross react
with chick synapsin. Moreover, we have found that
synapsin antibodies also label quail tissues (Raphael
& Moody, unpublished observations). The labelling
we observed in the chick ear was restricted to the
region of nerve terminals, mostly beneath short hair
cells and hyaline cells. Furthermore, the pattern of
labeling was identical to that described in reconstruc-
ted images of chick inner ear neurons (Fischer, 1992;

Fig. 4. Whole-mounts of a normal basilar papilla double-labelled for actin and neurofilaments (a and b) and neurofilaments at
higher magnification (c). (a,b) The abneural edge of the papilla is clearly marked by the last line of hair cells labelled in the
stereocilia (arrows in a). Nerve fibres traverse the papillae in the direction of the abneural edge, but fibres extending from the
papilla to the hyaline cell region are small and cannot be easily distinguished at this magnification (b). (c) With higher
magnification it is possible to observe fibres extending into the hyaline cell region (arrow shows point of entry to the hyaline
cell area). Scale bars=50 pm in (b) for a and b and 10 um in (c).
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Keppler et al., 1994) and to that observed with his-
tochemical stains (Takasaka & Smith, 1971). These ob-
servations lend strong support to the specificity of the
staining to synapsin. Since synaptic vesicles were
shown to be distributed uniformly throughout the
cross section of presynaptic terminals in the basilar
papilla and the hyaline cell region, there is high likeli-
hood that the area of each bouton labelled with synap-
sin-specific antibodies truly represents the entire area
of each terminal.

We also consider the extent to which changes in
immunolabelled area reflect changes in the actual size
of the terminal. If acoustic trauma were to result in
redistribution of synaptic vesicles or a significant de-
crease in their number, terminal size would have de-
creased. In such a case, it would have been difficult to
determine whether changes were in synaptic vesicles
(number and molecular organization) or terminal size.
However, our results show a slight increase (rather
than decrease) in the labelled area, most likely reflect-
ing growth (expansion) of the terminal size. Although
more work is necessary on the distribution of synapsin
proteins in the normal and traumatized auditory epi-
thelium in the basilar papilla, we can conclude that
antibodies to synapsins are a valuable tool for local-
izing and measuring size of presynaptic neural ter-
minals in this organ.

Structure/function correlation

The correlation between the anatomical recovery from
trauma in the basilar papilla and the recovery of audi-
tory function is not a simple one. Regenerated hair
cells can first be identified as early as 3-4 days fol-
lowing acoustic overstimulation (Cotanche, 1987,
Girod et al, 1989; Raphael, 1992, 1993; Stone
& Cotanche, 1992). A substantial recovery of hearing
threshold has been found as early as 2 days after
acoustic trauma in chick and quail (McFadden & Saun-
ders, 1989; Niemiec et al., 1994). The rapid recovery of
thresholds occurring prior to the appearance of new
hair cells in these previous studies suggests that the
recovery is not dependent on the regeneration of new
hair cells. Rather, it may result from repair of tall hair
cells or their afferent terminals, repair of the damaged
tectorial membrane (McFadden & Saunders, 1989;
Adler et al., 1992; Saunders et al., 1992), or repair of
other components of the avian inner ear such as the
endocochlear potential (Poje et al., 1995) and the
tegmentum vasculosum (Ryals et al., 1995). It should
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be emphasized that in response to a severe noise
exposure hyaline cells in the chick basilar papilla are
among the earliest cells to proliferate (Girod et al.,
1989) and migrate (Cotanche et al., 1995). Never-
theless, the results we now report suggest that
changes in hyaline cells during the first 4 days fol-
lowing a moderate acoustic trauma are minor and do
not play a dominant role in threshold shift and
recovery.

We found that the density of nerve terminals in the
hyaline cell area does not significantly change during
the first 4 days following a moderate acoustic trauma.
Moreover, the size change of the presynaptic terminals
on hyaline cells following acoustic overstimulation
appeared subtle. The data suggest that hyaline cells
are more resistant to noise overstimulation than hair
cells. Additional quantitative studies are needed to
determine the relationship between the severity of
trauma and the size changes in hyaline cells. Based on
the present morphometric data alone we could not
correlate the structural changes in hyaline cells with
trauma-induced functional changes known to occur in
chicks during the first few days after acoustic over-
stimulation. The small (but nevertheless significant)
decrease in the number of nerve terminals on the fifth
post trauma day (and later, on days 7 and 9) is also
difficult to interpret as thresholds have been shown to
further improve during these stages of the recovery
from trauma (Niemiec et al., 1994).

The function of hyaline cells

The avian efferent nerve system has been described in
detail and was initially thought to come in close prox-
imity to but not innervate hyaline cells (Takasaka
& Smith, 1971). It was later established that hyaline
cells are indeed innervated by efferent nerves
(Odinokova & Prokof’eva 1975; Oesterle et al., 1992;
Keppler et al., 1994). Moreover, hyaline cells in the
caiman (Caiman crocodilus) also receive innervation
from cochlear efferents (von During et al., 1974). Cyto-
skeletal fibres with force generating capacity were
found in the caiman hyaline cells (Drenckhahn et al.,
1991) and in the hyaline cells of the chick basilar
papilla (Cotanche et al., 1992, 1995). Activation of the
efferent neurons may induce contractile activity in
hyaline cells, which would translate into modulation
of the tensile properties of the basilar papilla cells
(Drenckhahnet al., 1991; Cotanche et al., 1992). Consid-
ering that hyaline cells are located on the vibrating

Fig. 5. Whole mounts of a noise exposed basilar papillae labelled for neurofilaments (a) and actin (b). (a) Two days after noise
exposure, neurons labelled with neurofilament-specific antibodies extend from the lesion area in the basilar papilla (on the
right hand side of the micrograph) to the hyaline cell region. (b) Phalloidin label in hyaline cells 2 days after noise exposure
reveals actin bundles oriented in the neural to abneural axis. The focal plane is slightly above the basilar membrane. Scale

bar=10 pm.
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part of the basilar membrane, it is very likely that
changes in size or in mechanical properties in this
layer of cells would directly influence the physical
properties of the transduction apparatus.

Our results demonstrate that acoustic overstimula-
tion sufficient to injure and Kill hair cells does not
result in major changes to the shape of hyaline cells
and their efferent innervation. It therefore appears that
we do not yet have a regimen of trauma that will
specifically injure hyaline cells. Rather, it appears that
amoderate lesion to the basilar papilla, as the one used
in this study, causes only minor changes in hyaline
cells, whereas a severe lesion in the papilla results in
migration of hyaline cells into the region of the papilla
that is denuded of hair cells (Cotanche et al., 1995).
Developing a specific hyaline cell lesion should facili-
tate identifying their contribution to inner ear func-
tion. When a selective way to injure or eliminate
hyaline cells is found, it will also be possible to study
the fate of neurons that extend into the hyaline cell
area.

Our finding that nerve terminals remain in the hya-
line cell area after trauma in the basilar papilla corrob-
orate the results obtained with the anti-neurofilament
antibodies. Specifically, efferent nerve fibres that cross
the basilar papilla and exit it on the abneural side to
provide innervation to the hyaline cells, do not change
their number and location even if they travel through
a lesion in the basilar papilla. These findings confirm
another recent report (Ofsie & Cotanche, 1996)
which demonstrated intact efferent fibres in regions of
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