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Abstract 

The goal of this study was to analyze the distribution of actin and the shape of stereocilia of chick hair cells that survive 
acoustic trauma. Chicks were exposed to intense octave band noise for 4 h. They were killed either immediately after the 
exposure, after 6 or after 72 h. The basilar papillae were examined using scanning electron microscopy and fluoresccncc 
microscopy, with phalloidin as an actin-specific probe. Injured hair cells which survived the trauma displayed disorganized 
stereocilia bundles, elongated stereocilia, and supernumerary stereocilia bundles. Tips of stereocilia in the damaged region of the 
basilar papilla appeared to be in contact with tips of stereocilia of neighboring hair cells. These contacts may represent ‘stress 
links’ which appear in traumatized hair cells. These results show that substantial changes in stereocilia occur within hours of 
exposure to intense noise. We speculate that surviving hair cells may play a role in the process of repair of the basilar papilla 
after noise trauma and that the changes in stereocilia structure described here are related to this role. 
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1. Introduction 

Exposing the inner ear to intense acoustic stimuli 
typically results in functional and structural hearing 
trauma. The structural manifestation of acoustic trauma 
in the sensory epithelium usually involves injury or loss 
of hair cells (for reviews, see Saunders et al., 1991; 
Slepecky, 1986). Degenerating auditory hair cells are 
replaced by irreversible scars in mammals or new hair 
cells in non-mammalian species. The cellular mecha- 
nism which underlies hair cell death due to acoustic 
overstimulation is not known. Moreover, it is not clear 
why some hair cells in a damaged region degenerate 
while others survive. To better understand these issues, 
it is necessary to distinguish between injury that leads 
to cell death and injury that is compatible with survival 
and, possibly, recovery. It is also important to deter- 
mine whether hair cells that survive acoustic trauma 
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play specific roles in addition to their regular function 
as mechano-electrical transducers. 

Actin is a conspicuous molecule at the apical pole of 
hair cells, present at high concentration in three differ- 
ent domains: stereocilia, cuticular plate and adherens 
junctions (Drenckhahn et al., 1985; Flock and Cheung, 
1977; Raphael and Altschuler, 1992; Slepecky and 
Chamberlain, 1982; Tilney et al., 1983). Because of its 
marked presence in these structures, actin is a very 
useful probe for the structural analysis of healthy and 
traumatized hair cells (Raphael, 1991; 1993). The actin 
cytoskeleton of hair cells has been shown to be altered 
due to acoustic trauma in the lizard, chick and mam- 
malian ear (Cotanche et al., 1987; Raphael and 

Altschuler, 1991; Tilney et al., 1982) and to undergo 
reorganization associated with hair cell degeneration 
and scar formation (Raphael and Altschuler, 1991; 
1992). 

The goal of this work was to analyze the structure of 
chick hair cells that survive acoustic trauma, with em- 
phasis on the shape and organization of stereocilia. 
The shape and size of stereocilia are of interest be- 
cause they have been shown to be altered after noise 



exposure using scanning electron microscopy (SEM) (1979) have demonstrated that the orderliness of stere- 
and light microscopy (LM) (Cotanche et al., 19X7: ocilia closely correlates to the threshold of neural 
Liberman and Beil, 1979; Raphael, 1991; Robertson responses in noise-damaged cat inner ears. Finally, 
and Johnstone, 1980). Moreover, Liberman and Beil stereociIia are clearly observable using molecular label- 

Fig. 1. Surface view fluorescence micrographs of whole mount preparations of the chick basilar papilla showing the distribution of actin filaments 
after a 4-h noise exposure. (A): Immediately after the exposure, an area with severe hair cell loss is observed in the short hair cell region. 
Expanded surfaces of supporting cells (s) fill spaces previously occupied by hair cells. Few hair cells are present in the tissue and display 
elongated stereocilia (curved arrows). Elongated stereocilia are in contact with stereociiia of neighbor~Rg hair cells at the tips of their bundles 
(arrows). (B): Cells with elongated stereocilia are also observed 6 h after the noise exposure (results not shown) ciose to the center of the lesion. 
Many hair cells remain in this area, but their stereocilia are disorganized. Linked bundles from adjacent cells are clearly observed (arrows). Some 
surviving hair cells have ectopic bundles of stereocilia. (0: An area with no apparent hair cell loss, at the periphery of the lesion, where 
elongated stereocilia (arrow) are present on most hair cells 6 h after the noise exposure. Note that supporting cells in this area do not have 
expanded surfaces (open arrow). CD): A region in the periphery of the lesion consisting of surviving short and tall hair cells, 3 days after the noise 
exposure. Disorganized bundles of stereocilia, multiple ectopic bundles and tip-tip contacts (arrows) between elongated stereocilia are observed 
in most cells. Bars, S Frn in A and in D (for B-D). 
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ing techniques in chicks (Raphael, 1991; 1992) and 
mammals (Raphael and Altschuler, 1992; Avinash et 

al., 1993). 
Noise-exposed basilar papillae were analyzed with 

SEM and fluorescence microscopy, using phalloidin as 
an actin-specific probe. Hair cells that were injured by 
noise exposure (but that did not degenerate) displayed 
structural changes including curved stereocilia, disorga- 
nized stereociliary bundles, elongated stereocilia and 
supernumerary stereociliary bundles. Contacts were of- 
ten found between the tips of stereocilia of different 

hair cells. 

2. Materials and methods 

Ten-day old white Leghorn chick hatchlings were 
exposed to an octave band noise with a center fre- 
quency of 1.5 kHz and intensity of 118 dB SPL for 4 h. 
The exposure setup was identical to that previously 
described (Raphael, 1992). The data presented here 
are from chicks killed immediately after the noise 
exposure (N = 5), 6 h after termination of the noise 
exposure (N = 6) or 3 days after the exposure (N = 4). 
Four additional animals were used as controls. 

Chicks were anesthetized with chloral hydrate and 
systemically perfused (intracardiac) with either 3% 
paraformaldehyde in 0.15 M phosphate buffer at pH = 

7.35 (for phalloidin cytochemistry) or 2% glutaralde- 
hyde in 0.15 M phosphate buffer at pH = 7.35 (for 
SEM). Temporal bones were rapidly removed for addi- 
tional local fixation. 

The auditory part of the inner ear was dissected free 
of bone and the tegmentum vasculosum was removed. 
The tectorial membrane was severely damaged, as pre- 
viously described (Cotanche, 1987a; Marsh et al., 1990; 
Raphael, 1991) and therefore did not have to be re- 
moved. 

For actin-specific labeling, tissues were permeabi- 
lized with 0.1% Triton X-100 in PBS for 5 min and 
incubated with rhodamine phalloidin (l:lOO, Molecular 

Probes, OR) for 23 seconds in a microwave oven (Gen- 
eral Electric Spacemaker 2) (Smith, 1991). Extensive 
control tissues, from normal as well as noise-exposed 
animals, were processed in routine incubation with 
phalloidin, as previously described (Raphael, 1993). 
These controls helped determine that results obtained 
with microwave incubations did not differ from routine 
room-temperature incubations. 

After rinsing, whole mount preparations were 
mounted in 60% glycerol in sodium carbonate buffer 
(pH 8.5) with p-phenylenediamine. Preparations were 
analyzed and photographed (Kodak T-max 400 film) 
with a Leitz Orthoplan microscope equipped for epi- 
fluorescence using a Xl00 oil objective. 

For SEM, the basilar papillae were post-fixed in 1% 
aqueous osmium tetroxide for 60 min, dehydrated in 

alcohol, critical point dried and sputter coated with 

gold. The samples were then analyzed and pho- 
tographed with a AMRAY 1OOOB scanning electron 

microscope operated at 10 or 15 kV. 

3. Results 

We have previously published a detailed description 
of actin distribution in the normal avian basilar papilla 
(Raphael, 1992; 1993). Briefly, control (unexposed) 
basilar papilla cells contain intense actin labeling in the 
stereocilia and cuticular plate (terminal web) of hair 
cells and in adherens junctional complexes that con- 
nect all cells at the apical (luminal) surface of this 

epithelium. The apical surfaces of supporting ceils ap- 
pear as narrow bars that surround hair cells. 

Immediately after a 4-h noise exposure, an area with 
severe hair cell loss was observed approximately I mm 
from the proximal (high-frequency) end of the papilla. 
Expanded surfaces of supporting cells replaced the 
missing hair cells (Fig. 1A). Several hair ceils that 
survived the trauma and remained in the area exhib- 
ited elongated stereocilia, extending up to three times 

their normal length (Fig. 1A). With few exceptions, 
elongated stereocilia appeared to contact stereocilia of 
a neighboring hair cell. The contact between two sterc- 

ocilia bundles occurred at the tips of the bundles. 
Extended stereocilia and intercellular contacts at the 

tips of stereocilia were found in all basilar papillae 
investigated, with the exception of control (unexposed) 
tissue. 

Cells with elongated stereocilia were also observed 6 
h after the noise exposure (results not shown). Hair 
cell loss was less severe in more distal regions of the 
basilar papilla, at the margin of the lesion. Stereocilia 
on remaining hair cells exhibited disorganized bundles 
and many elongated stereocilia appeared linked to tips 
of stereocilia on neighboring cells (Fig. 1B). The stere- 
ociliary bundles of many surviving hair cells were ec- 
topic; that is, they were located in one of the corners of 
the apical surface, in contrast to normal cells, where 

stereocilia extend from an area close to the center of 
the cell. Several cells had more than one bundle, with 
the ectopic bundles located near the major bundle or 
in a remote part of the apical surface (Fig. IB). 

In an area further distal to the center of the lesion, 
hair cell loss was not observed 6 h after the noise 
exposure (Fig. 10. However, stereocilia on many hair 
cells in this area were elongated. Supporting cells in 
this area appeared normal and did not have expanded 
surfaces. 

Three days after the noise exposure. many surviving 
cells in the periphery of the lesion cxhibitcd disorga- 
nized bundles of stereocilia, multiple ectopic bundles 
and tip-tip contacts between elongated stereocilia (Fig. 



1D). The inter-stereocilia links were established be- elongated stereocilia and intercellular tip connt :ctions 
tween main bundles or between ectopic bundles at were found in both (short and tall) types of hair . cells. 
different locations on the cell surface. These changes SEM analysis of the basilar papilla surface 6 1 1 after 
in bundle morphology were found in short and tall hair the noise exposure revealed contacts between haI ir cells 
cell regions. Based on the location along the neural- via extensions from the tips of stereocilia bundles (Figs. 
to-abneural axis of the basilar papilla, the cells shown 2A and 2B). The links usually connect two hair cells, 
in Fig. 1D include short and tall hair cells. Thus, but in some cases, three interconnected cells ar .e also 

Fig. 2. SEM micrographs showing the surface of the basilar papilla 6 h (A and B) or 3 days (C and D) after the noise exposure. (A): Survil 

cells (h) are surrounded by slightly expanded surfaces of supporting cells (s). Extensions from the tips of stereocilia bundles make a 

between two hair cells (arrow). Note that linked bundles appear relatively normal. (B): One hair cell is linked to two adjacent hair cells 

every side (arrows). Supporting cells between linked cells may be expanded (s) but often appear normal (curved arrow). Some hair c( 

elongated stereocilia with no contacts (open arrows). (C): A giant hair cell survived the trauma in the center of the lesion. The giant 

several ectopic bundles of small stereocilia (arrows) at different locations on its apical surface. No other hair cells are observed in close p 

to the giant cell. (D): In the periphery of the lesion, a cell (center) with a reorganized bundle has neither elongated stereocilia 

interconnections. The cell borders normal appearing hair cells (curved arrow). Bars, 2 pm. 
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observed (Fig. 2B). Supporting cells between inter- 
linked hair cells are often expanded but, at other 
times, may appear normal (Fig. 2B). In several cases, 
bundles with a relatively normal appearance and loca- 
tion were linked to each other (Fig. 2A and B). 

In the center of the lesion, some surviving hair cells 
had a much larger apical surface than normal cells. 
These ‘giant’ cells usually had several ectopic bundles 
of small stereocilia at different locations on their large 
apical surface (Fig. 20. Typically, a giant hair cell was 
surrounded by several supporting cells, with no neigh- 
boring hair cells in close proximity. 

Cells with reorganized or extranumerary stereocilia 
also appeared in the periphery of the lesion 3 days 
after the trauma (Fig. 2D). These cells often neigh- 
bored normal appearing cells. Cells with reorganized 
bundles often, but not always, had elongated stere- 
ocilia and tip inter-connections. 

4. Discussion 

The results of this study provide evidence that hair 
cells that survive acoustic trauma and remain in the 
lesion or near the lesion reorganize the morphology of 
their luminal projections. This reorganization occurs 
within hours of acoustic overstimulation and includes 
relocating stereocilia, elongating stereocilia and form- 
ing hair cell-hair cell contacts at the tips of stereocilia. 

Changes in the structure of stereocilia are among 
the earliest detectable pathologies associated with 
acoustic trauma in mammals (see reviews by Saunders 
et al., 1991; Slepecky, 1986). In chicks and mammals, 
some hair cells degenerate immediately after trauma, 
while other cells with stereociliary abnormalities can be 
found days or even weeks after the trauma, suggesting 
that these changes are compatible with cell survival 
(Adler et al., 1992; Liberman and Beil, 1979; Thorne et 
al., 1984). Abnormal stereociliary structure can be 
manifested as elongated stereocilia, disorganized bun- 
dles, fused stereocilia, fractured stereocilia or irregu- 
larly numbered stereocilia in mammals (Engstrom et 

al., 1983; Robertson, 1982) and chicks (Cotanche, 
1987b). 

Our data support the idea that stress-induced 

changes in stereocilia do not necessarily lead to cell 
death. Marsh et al. (1990) have suggested that the 
apical surfaces of pathologically shrunk hair cells can 
expand and return to normal dimension several days 
after acoustic trauma. Cotanche (1987b) observed sur- 
viving hair cells with damaged stereocilia 10 days after 
severe overstimulation with pure tone. Severely dam- 
aged stereocilia have also been found on hair cells that 
survive many days after acoustic trauma in mammals 
(Engstrbm et al., 1983; Robertson, 1982), supporting 
the notion that altered stereociliary structure is com- 

patible with survival, and possibly repair, in mam- 

malian hair cells. 
It is not possible to determine unequivocally that 

the links observed with SEM contain actin. For exam- 
ple, these links may represent remnants of the tectorial 

membrane. Nevertheless, histochemical analysis en- 
ables us to identify actin in the elongated extensions 
that established the intercellular links. Thus, data ob- 
tained with fluorescence microscopy provide direct evi- 
dence that the elongated intercellular links contain 
actin and are not remnants of the degenerated tecto- 
rial membrane. Based on the appearance of these links 
between stereocilia of neighboring cells following 
acoustic trauma, we tentatively propose to name them 
‘stress links’. 

Intercellular stress links between stereocilia have 
not been reported to appear in previous studies on the 
effects of noise on the avian basilar papilla. It is 
possible that SEM preparation techniques disrupt most 
of these fragile contacts. Perhaps our method for histo- 
chemically processing the tissue allows preservation of 
the links because, tissue preparation for phalloidin 
labeling, involves no osmication, dehydration or critical 

point drying. Therefore, shrinking of the biological 
material is minimized and other preparation artifacts 
are reduced. This may explain why stress links were 
observed in this study in all traumatized basilar papil- 
lae that were analyzed using histochemistry on whole 
mounts and only in some of the SEM samples. 

Two arguments lead us to believe that stress links 
are not accidental contacts between extended stere- 
ocilia. First, like the rest of the hair cell surface, the 
surface of stereocilia is covered with a negatively 

charged glycocalyx (Santi and Anderson, 1987). As a 
result of this negative charge, cells or cellular exten- 
sions, such as stereocilia, are prevented from adhering 
to each other, unless a specialized adhesive mechanism 
is employed. Flock et al. (1977) have presented evi- 
dence for a negative charge on stereocilia. With a coat 

of negatively charged glycocalyx, it is unlikely that links 
between stereocilia of adjacent cells are a random 
accidental occurrence. Second, if the contacts between 
elongated stereocilia were accidental, only a small por- 
tion of extended stereocilia would be expected to par- 
ticipate in forming such contacts. The findings that 
most extended stereocilia are involved in intercellular 
contacts suggest that these contacts are actively estab- 
lished between neighboring cells. 

Contacts between stereocilia of adjacent hair cells 
were observed and reported previously in normal 
guinea pigs (Hackney et al.. 1988) and in noise-exposed 
rabbits (Borg and Engstriim, 1989). A variety of struc- 
tural changes have been found after relatively short 
noise exposures in different mammals (Avinash et al., 
1993; Engstrom et al., 1983; Thorn et al., 1986). It 
therefore appears that hair cells in mammals and avians 



have certain similar characteristics in their response to 
loud sounds, as previously reported (Raphael and 
AItschuler, 1992). In chicks, altered bundle morphol- 
ogy is found in the periphery of the lesion where only 
few, if any, new hair cells are added. Nevertheless, 
structural recovery does occur in this area (Cotanche, 
1987b; Marsh et al., 1990). It therefore seems likely 
that elongated stereocilia and stress links are re- 
versible. 

Elongated stereocilia were present as early as 4 h 
after the onset of noise exposure. This rapid growth 
suggests that elongation is an urgent stress response. 
The presence of biological mechanisms that allow for 
assembly of actin-based structures within seconds has 
been demonstrated in leading edge extension in dic- 
tyostelium (Hall et al., 1988) and in the response of 
eggs to fertilization (Schroeder, 1978). It should be 
noted that the ‘pace of stereociliary growth in response 
to trauma is much faster than that observed during 
embryonic development (Cotanche, 1987~; Tiiney and 
DeRosier, 1986). This is not surprising since develop- 
mental growth requires coordinated control and con- 
tinuous inductive interactions which take longer to 
accomplish. It is not clear whether the ectopic stere- 
ocilia which appear after noise trauma are newly 
formed or relocated from a previous site. While both 
options could be feasibIe, cells probably need energy 
for either one of these processes. Thus, we speculate 
that the reorganization of stereocilia bundles is an 
active process associated with stress response and/or 
repair mechanisms. 

Elongated stereocilia and stress links appeared in 
short and tall hair cells in the basilar papilla. In the 
area of the tall hair cells, the tectorial membrane was 
not severely damaged, indicating that uncoupling from 
the tectorial membrane is not the signal for stereocil- 
iary elongation nor for stress link establishment. More- 
over, stereocilia can clearly elongate and form contacts 
with other cells when the tectorial membrane covers 
their apical surfaces, For example, stereociliary growth 
under the tectorial membrane has been observed after 
noise exposure in guinea pigs and rabbits (Avinash et 
al., 1993; Engstrijm et al, 1983; Raphael and Alt- 
schuler, 1992). It is interesting to note that the primary 
auditory sensory transducers (inner hair cells in mam- 
mals and tall hair cells in chicks) display stereociliary 
changes after noise exposure (Engstriim et al., 1983; 
Robertson, 1982), yet are less susceptible to degenera- 
tion after acoustic trauma. 

Contacts between avian hair cells beneath the 
luminal surface have been thoroughly documented by 
Fischer et al. (19911, who also reviewed other evidence 
for cytoplasmic contacts between adjacent hair cells. 
While the function of the cytoplasmic contacts is not 
entirely clear, it is likely that trauma-induced expan- 
sion of supporting cells severs these intercellular con- 

tacts. It is possible that in order to secure intercelluiai 
communication, hair cells substitute for the loss ol‘ 
cytoplasmic contacts by creating stress links. 

Adler et al (1992) demonstrated that stereociiia 
bundle stiffness is not significantly altered in cells that 
survive a pure tone exposure, suggesting that these 
surviving cells maintain their normal physiological ca- 
pacity. In future experiments it will be important to 
measure physiological correlates of surviving hair cells 
with altered stereociliary morpholo~. it would also be 
interesting to determine whether these cells participate 
in roles other than their normal role in transduction. 
For example, observations that hair cells lost due to 
acoustic trauma in the chick basilar papilla are re- 
placed by new hair cells (Cotanche, I987b) and subse- 
quent evidence that supporting cells in the basilar 
papilla can proliferate and repopulate the epithelium 
after acoustic trauma (Raphael, 1992) raised interest in 
elucidating the signals that initiate and regulate the 
proliferative process in the avian auditory epithelium. 
It wiI1 be necessary to determine whether surviving hair 
cells play a role in mediating informati~)n relevant for 
survival under stress and regulation the regenerative 
process. 

In conclusion, this study showed that hair cells that 
survive acoustic trauma in the chick basilar papilla may 
reorganize their stereocilia bundles. Stereociliary reor- 
ganization included elongation, supernumerary or ec- 
topic bundles and apparent contacts between bundles 
of neighboring cells. These changes were observed at 
the end of a 4-h noise exposure in tall and short hair 
cells. We speculate that these structural changes in 
stereocilia reflect a response to stress conditions, and 
accordingly, we name the intercellular stereocilia links 
as ‘stress links.’ 

This work was supported by a grant from the Deaf- 
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DC01634. Thanks are due to Marcia M. Muller and 
Carlos A. Ricotti for valuable assistance in the photog- 
raphy work. 
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