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Abstract

Hair cell degeneration and the repair process due to differing types of trauma have been studied extensively in the organ of
Corti. It has been determined that, during scar formation, after differing types of trauma to the auditory sensory system, the
reticular lamina is maintained with adherens junctions and tight junctions. We investigated the repair process within the
vestibular epithelium. Hair cell degeneration was induced by the unilateral application of streptomycin to the inner ears of
guinea pigs. Whole mount preparations of all five vestibular organs were processed and examined by fluorescence, light and
electron microscopy. Scar formation was seen as early as 4 days post-treatment with streptomycin and was noted to coincide with
hair cell degeneration. Neighboring supporting cells swelled and filled the space beneath the degenerating hair cell. Between
three and five supporting cells participate in the reparative process. The distribution of cytokeratin is also altered during scar
formation. The area once occupied by the hair cell becomes filled with cytokeratin-rich processes of supporting cells. It appears
that differing numbers of supporting cells are involved in the reparative process within the vestibular sensory epithelium as
compared to the auditory system. The reticular lamina remains intact at all times. This may possibly prevent mixing of fluids

between different compartments in the inner ear and dysfunction of the vestibular sensory organs.

Key words: Vestibular epithelium; Aminoglycosides; Mammal; Degeneration; Regeneration; Hair cells

1. Introduction

The aminoglycoside antibiotics were introduced into
clinical use in 1944, when streptomycin was the first
antibiotic discovered to be effective against tuberculo-
sis (Hinshaw and Feldman, 1945; Schuknecht, 1974;
Fee, 1980). Use of the drug revealed that parenteral
administration of 2-3 g daily resulted in loss of vestibu-
lar function within 2 to 4 weeks. With higher daily
doses or prolonged treatment, hearing loss also oc-
curred. Streptomycin’s side effect of vestibulotoxicity
was quickly put into use for the treatment of vertigo
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(Fowler, 1948). When used systemically, bilateral
vestibular loss occurs, and hence, it is only used today
for the treatment of bilateral Meniere’s discase (Lang-
man et al., 1992). Intramuscular injections of 1-2 g are
given daily until vestibular symptoms resolve or until
hearing loss occurs. This treatment protocol is based
upon the antibiotic’s selectivity in destroying vestibular
function prior to cochlear function. The use of strepto-
mycin for the treatment of tuberculosis has also in-
creased in the past few years due to the virulent strains
seen in AIDS patients. There has also been a renewed
interest clinically in the unilateral transtympanic appli-
cation of aminoglycoside antibiotics for vestibular func-
tion ablation (Nedzelski et al., 1993).

Hair cell (HC) degeneration due to aminoglycoside
toxicity has been studied extensively in the organ of
Corti (Hawkins, 1976). A regulated mechanism of scar
formation takes place in order to maintain the func-
tional integrity of the organ of Corti after HC degener-
ation (Raphael and Altschuler, 1991b). Supporting celis
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(SCs) invade the subapical space of degenerating hair
cells prior to complete loss of the HC and while the
reticular lamina is still intact. Hence, scar formation
coincides with hair cell loss, and the integrity of the
reticular lamina is maintained.

The effect of streptomycin on the vestibular epithe-
lium of guinea pigs has been investigated at the ultra-
structural level (Duvall and Wersall, 1963). The first
sign of damage observed was disintegration of the
internal membranes of mitochondria in the supranu-
clear portion of the cell and swelling of mitochondria.
Stereocilia were noted to swell and sometimes fuse to
form giant cilia. The stereocilia and kinocilium were
also seen to disappear, and the supranuclear portion of
the cell would bulge out into the endolymphatic space.
Some cells were completely pushed out into the lumen
of the endolymphatic space, whereas others lost their
surface membranes with all stereocilia and part of the
cytoplasm. SCs were reported to be normal. The au-
thors postulated that the site of action of streptomycin
was on the surface membrane, causing increased per-
meability and leading to the changes just described.

The effect of streptomycin on the vestibular epithe-
lium of guinea pigs has been investigated at the cellular
level (Lindeman, 1969). Streptomycin was injected into
the middle ear space and its effect investigated 2-8
days later. The first change seen was the formation of
pyknotic nuclei with dispersed chromatin. This was
followed by clumping of stereocilia and cytoplasmic
protrusion from the HCs into the luminal space. Linde-
man also observed ‘collapse figures’ which he com-
pared to phalangeal scars in the organ of Corti. He
also reported that, after a few weeks, the SCs sur-
rounding the degenerated hair cells filled the gap
formed by loss of the HCs and the collapse figures
disappeared. Selective sensitivity of the different
vestibular organs to aminoglycoside toxicity was also
quantified. HCs of the crista ampullaris were more
sensitive to streptomycin toxicity than were those of
the utricle. The saccule was most resistant to strepto-
mycin toxicity. Type I HCs were more sensitive than
type Il HCs, and HCs in the central portion of the
crista ampullaris were more sensitive than those in the
periphery.

Small doses of streptomycin in cats were noted to
produce only vestibular effects, whereas higher doses
also produced high-frequency hearing loss (McGee and
Olszewski, 1962). Ataxia developed on day 12 after
daily intramuscular injections of streptomycin. The
ataxia improved over the following 2—3 weeks. Animals
were sacrificed 1 year after treatment. Histologic eval-
uation revealed approximately 50-90% loss of HCs
without changes in the SCs or first-order neurons in
the crista ampullaris. The utricle and saccule had only
10% loss of HCs. Vestibular nerve histopathology did
not reveal effects attributable to streptomycin.

Scar formation due to varying types of trauma has
been well documented in the auditory sensory epithe-
lium (Bohne, 1976; Hawkins and Johnson, 1981;
Raphael and Altschuler, 1991a,b). The early stages of
HC degeneration have been delineated for the vestibu-
lar epithelium (Duvall and Wersall, 1963; Lindeman,
1969). Little information is available on scar formation
in the vestibular epithelium. Recently, the guinea pig
vestibular epithelium was shown to have a limited
regenerative capability (Forge et al., 1993; Warchol et
al., 1993). Herein we report our results on scar forma-
tion and the repair process within the vestibular sen-
sory epithelium after aminoglycoside toxicity.

2. Methods

Induction of hair cell loss and tissue harvesting

Eleven pigmented guinea pigs weighing 250-400 g
were used. Animals were anesthetized with a combina-
tion of Rompun 10 mg/kg and ketamine 40 mg/kg.
Under sterile conditions, a postauricular incision was
made and the round window exposed. A 24-gauge
angiocath needle attached to a tuberculin syringe was
used to inject streptomycin solution directly into the
inner ear. A total of 0.1 ml was infused into the guinca
pig’s inner ear via the round window over a period of 3
s. Concentrations of 5-20 mg/ml of streptomycin (dis-
solved in normal saline) were used. An additional 0.1
ml was placed into the mastoid bulla overlying the oval
and round windows. The surgical incision was then
closed in layers. A sham operation was performed on
the opposite ear to act as a control. The same steps
were performed and artificial perilymph solution in-
jected into the control inner ear. On occasion, a differ-
ent concentration of streptomycin was used in the
control ear.

Table 1 presents the number of animals in each
group according to post-trauma recovery time, prepa-
ration method and dosage of drugs applied.

Animals were anesthetized with an intraperitoneal
injection of 10 mg/kg Beuthanasia-D with subsequent
cardiac perfusion of a 4% solution of paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4. The temporal

Table |

Recovery time # of animals Dosage Preparation technique
1 day 1 20 ml fluorescence
4 days 1 10 mi fluorescence
7 days 2 Sml fluorescence
7 days 1 20 ml LM/EM
7 days 1 10 ml LM/EM

10 days 1 10 ml LM/EM

10 days 2 S ml fluorescence

30 days 1 Sml fluorescence

90 days 1 10 mi fluorescence
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bones were then harvested, the bulla opened, and the
stapes removed. Inner ear perfusion with fixative was
then performed. After fixation, the osseous otic cap-
sule was removed piecemeal by dissection. The vestibu-
lar sensory epithelia was harvested as whole tissue
surface preparation with the aid of a dissecting micro-
scope. Cochleae from these animals were processed
simultaneously as control tissue, since the distribution
of cytokeratins in the cochlea has been previously
described. The cristae ampullaris of each canal (lateral,
superior and posterior), and the utricle and saccule
were studied.

Vestibular function after unilateral vestibulotoxicity

The clinical effects of the unilateral application of
aminoglycosides were documented by close observation
of the treated animals immediately upon awakening
from anesthesia and hourly thereafter for 5 h. Animals
were examined for nystagmus, posturing and ambulat-
ing ability. Animals were examined 3 times daily until
signs of vestibular dysfunction resolved.

Whole mount fluorescence histochemisiry and micros-
copy

Eight animals were processed for fluorescence histo-
chemistry. The tissue was permeabilized with (.39
Triton-X-100 for 10 min. This permeabilization regi-
men is routinely used in our laboratory to prepare
inner ear epithelia for cytochemistry. It consistently
allows intracellular localization of different cytoplasmic
proteins. Specimens were then incubated with 4% nor-
mal goat serum for 30 min to block nonspecific anti-
body binding. After rinsing with PBS, the tissue was
incubated for 1.5 h with monoclonal pan-anti-cyto-
keratin antibody (Boerhinger Mannheim, Indianapolis,
IN), which binds to an epitope common to all cytoker-
atins. Specimens were then washed and incubated with
rhodamine conjugated goat anti-mouse IgG for 30 min.
FITC conjugated phalloidin was used at a 1:75 dilu-
tion in combination with the secondary antibody to
double label for actin. The tissue was then washed
again and mounted on a welled microscope slide in
glycerol-PBS solution.

Fig. 1. Whole mount of the normal utricle labeled with fluorescent phalloidin. The left side of the micrograph is focused at the level of the
cuticular plate and the right side at the stereocilia. Actin-specific label is found in the stereocilia (black arrows), cuticular plate, and in
association with the adherens junction forming a circumferential ring around the apical surface of hair cells and supporting cells. The apical
surfaces of hair cells (h) are round and easily distinguishable from supporting cells. Supporting cell apical surfaces are polygonal in shape and
contain an actin-free zone in the central portion (white arrow). Groups of four to six supporting cells surround each hair cell. Bar, 10 pwm.
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Specimens were examined, as whole mounts, with a
Leitz Orthoplan microscope equipped for epifluores-
cence and phase contrast and a confocal microscope.
The confocal microscope was a Biorad MRC-600 at-
tached to an inverted microscope (Nikon Diaphot) with
Nomarski optics capability. Images were obtained us-
ing X60 (NA = 1.4) and X100 (NA = 1.4) oil objectives.
Selected images were produced with a hardware zoom.
Photomicrographs of specimens were taken using Ko-
dak T-max films.

Tissue sections: light and electron microscopy

Three animals each were processed for light (LM)
and electron microscopy (EM). Specimens were ob-
tained as whole tissue preparations, as described above
for fluorescence histochemistry; however, the im-
munoperoxidase technique was used to label cytoker-
atins. Specimens were permeabilized with 0.3% Triton-
X-100, rinsed, and incubated with 5% normal horse
serum to block nonspecific antibody binding. Speci-
mens were then incubated with the anti-cytokeratin
antibody, rinsed with PBS, and incubated with the
second antibody for 1.5 h. The second antibody used
was biotinylated and affinity purified. The biotinylated
secondary antibody was then detected using a pre-
formed macromolecular complex between avidin and
the biotinylated enzyme, employing the Vectastain ABC
Kit from Vector Laboratories (Burlingame, CA). In
control specimens, labeling was as described above,
except for omitting the anti-cytokeratin antibody.

The specimens were postfixed in 1% osmium tetrox-
ide, dehydrated in alcohol, embedded in Epon 812 and
sectioned with a glass knife or diamond knife (for LM
and EM, respectively) on a LKB Ultramicrotome.
Semi-thin sections for LM were stained with toludine
blue, examined and photographed with a Leitz Dialux
microscope. Thin sections of 90 nm were stained with

4 Cells = 22%
5 Cells = 60%

6 Cells = 18%
Fig. 2. The number of supporting cells surrounding each hair cell was
counted in normal cristae. Between four and six supporting cells
surround each individual hair cell. The majority of hair cells were
surrounded by five supporting cells (N = 108).

Fig. 3. A whole mount of a crista ampullaris double-labeled for actin
(a) and cytokeratins (b). The entire surface of the crista could be
observed. and the photographed field shows the midportion, focused
at the jevel of the reticular lamina. (a) The distribution of actin in
the stereocilia and cuticular plate delineated the normal organization
of cells in this epithelium. (b) Cytokeratin staining was restricted to
supporting cells. The areas occupied by hair cells are not stained.
appearing as dark circles. Bar, 20 um.

uranyl acetate and lead citrate and examined with a
JEOL 1200 EX electron microscope.

3. Results

Immunofluorescence microscopy of the vestibular
sensory epithelium reveals a unique pattern of actin
and cytokeratin staining, similar to the auditory system.
Actin-specific staining of vestibular HCs is seen within
the stereocilia, cuticular plate, and forming a circum-
ferential ring of adherens junctions at their apical
surface (Fig. 1). Actin staining is also seen forming a
circumferential ring associated with the adherens junc-
tions at the apical surface of SCs. SCs are clearly
differentiated from HCs with fluorescence microscopy
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Fig. 4. A light micrograph of a plastic section from the normal crista ampullaris labeled for cytokeratins, Label is found in supporting cells only.
The most intense label was at the apical domain of supporting cells (arrows). Type 1 and 11 hair cells can be differentiated by the presence (type
D or lack of {type II) a nerve calyx. The nuclei of cells in this epithelium are segregated in a laminar fashion. with nuclei of supporting cells

adjacent to the basement membrane. Bar, 10 gm.

when stained with actin, as they lack stereocilia and a
cuticular plate. The luminal surface of SCs is polygonal
in shape, ranging from four to six sides, as opposed to
the HC, whose luminal surface is circular. A narrow
actin-free zone is seen between cells, demarcating the
borders between adjacent cells. Together, the apical
surfaces of HCs and SCs form a mosaic pattern.

There does not appear to be any regularity to the
topographical architecture in the mosaic of HCs and
SCs when viewed from above (Fig. 1). From 4-6 SCs
surround each HC (Fig. 2). Occasionally, two HCs are
seen abutting each other without an apparent interven-
ing SC.

HCs and SCs are also distinguishable based upon
their cytokeratin staining characteristics (Meiteles and
Raphael, 1994). Cytokeratin immunolabeling is con-
fined to the SCs. There is a complete absence of
cytoplasmic cytokeratin staining of HCs of the vestibu-
lar sensory epithelium. This is true in all five vestibular
sensory organs. HCs appear as a signal void when the
vestibular epithelium is immunolabeled with cytoker-
atin (Fig. 3).

Examination of LM sections of the vestibular sen-
sory epithelium reveals a similar pattern of cytokeratin
distribution, as observed by immunofluorescence. Cy-
tokeratin staining is found only within SCs of the
vestibular sensory epithelium (Fig. 4). Cytokeratin im-

munostaining is seen throughout the SC, with greatest
intensity at the apical region.

The differential distribution of cytokeratin and actin
in the auditory and vestibular epithelia (Raphael and
Altschuler, 1991a; Meiteles and Raphael, 1994) is used
here to study the cellular response to aminoglycoside
toxicity. An aminoglycoside was directly applied into
the round window and its effect on auditory and
vestibular sensory epithelium investigated with im-
munofluorescence microscopy of whole tissue mounts.
Cochlear surface preparations were examined and re-
vealed complete HC loss. Scars were present through-
out the auditory epithelium at 1 week post-treatment.

The unilateral application of aminoglycoside to one
inner ear afforded us the ability to observe its effect
clinically. Four hour after aminoglycoside application,
the guinea pig developed nystagmus, of an ablative
type, with the fast component beating away from the
inner ear that was treated. The guinea pig also.devel-
oped a head tilt toward the ear that was instilled with
aminoglycoside and would tend to circle around in the
direction toward the aminoglycoside treated ear. The
animals tended to compensate within 24 to 48 h after
the treatment, with complete resolution of the nystag-
mus and the tendency to circle around. The head tilt
would occasionally persist for longer periods of time,
up to 4 days after treatment.
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Control experiments were performed in which artifi-
cial perilymph was perfused into the inner ear instead
of the aminoglycoside. This was performed in order to
investigate the effect of our method for drug delivery
upon the inner ear. To ensure adequate perfusion, the
needle was inserted partially into the osseous spiral
lamina. A concomitant mixing of endolymph and peri-
lymph at the round window secondary to the perfusion
occurred. In these control ears, an approximately 60%
loss of inner HCs and 95% loss of outer HCs took
place following the mechanical trauma in the cochlea
(Fig. 5).

Interestingly, three different types of trauma may
result in a similar pattern of scarring in the auditory
epithelium. Scars were present in the organ of Corti
similar to those seen in acoustical and chemical trauma.
Specifically, the junctional complexes between support-
ing cells in scar region resembled these seen after
other types of trauma (Raphael and Altschuler,
1991a.,b). As in previous works using this method for
labeling and analysis, the reticular lamina appeared
intact at all times. This was verified with careful analy-
sis of the reticular lamina with Nomarski optics. The
vestibular epithelium from inner ears perfused with
artificial perilymph were examined as whole tissue
mounts and appeared normal and free of any scars.

Examination of the vestibular sensory epithelium
treated with 10 mg of streptomycin revealed an approx-
imately 50 to 75% loss of the absolute number of HCs.
Concentrations of 20 mg of streptomycin perfused into
the round window induced a complete loss of HCs.
One day after treatment the vestibular epithelium had
a normal appearance. Scar formation in the vestibular
epithelium was seen 4 days after treatment with strep-
tomycin. The scars were most often composed of ex-
panded processes of three to five neighboring SCs
(Figs. 6 and 7). The center of the scar, where the HC
used to reside, was surrounded by a band of actin
formed by all the SCs that participated in the scarring
process [Fig. 6, demarcated line in (a) and (b)]. Within
this domain, actin bridges divide the apical surface of
the degenerated HC into different sized regions. The
actin bands represent advancing processes of neighbor-
ing SCs filling the region of the degenerating HC. An
actin-free zone is seen in the apical surface of each
advancing SC, near the area of contact at the middle of
the scar (Fig. 6C).

The distribution of cytokeratin was also altered dur-
ing scar formation. Examination of the vestibular sen-
sory epithelium double-labeled with fluorescent phal-
loidin (Fig. 8A) and cytokeratin-specific antibodies (Fig.
8B) revealed that the area once occupied by the degen-
erated HC is now replaced with the cytokeratin-rich
processes of SCs. The remaining HCs that did not
degenerate were devoid of cytokeratin staining (Fig. 8).
Analysis with phase contrast and Nomarski optics

Fig. S. A whole mount of the organ of Corti perfused with artificial
perilymph, double-labeled with probes specific for actin (a) and
cytokeratin (b). (a) Actin-specific label is seen in the cuticular plate
of hair cells (h), in conjunction with adherens junctions between cells
and in supporting cells. Scars can be seen in the second and third
rows of outer hair cells. An actin band demarcating the leading edge
of the expanded supporting cell can be seen in the center of the
degenerated hair cell (curved arrow). The phalangeal process of an
outer pillar cell is also labeled for actin (straight arrow). (b) Cytoker-
atin-specific immunoreactivity in the same field as (a) reveals that
the phalangeal processes of supporting cells are expanded, filling the
space of degenerated hair cells (curved arrow). Remaining hair cells
do not show cytokeratin-specific label (h). Bar. 10 pm.

helped determine that the reticular lamina appeared
confluent at all times.
LM cross sections of the vestibular sensory epithe-
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Fig. 6. Confocal laser micrograph of whole mount of the crista ampullaris, stained with phalloidin, 7 days after treatment with streptomycin, Scars
are composed of the expanded processes of supporting cells that fill the gap left by degenerated hair cells. The area of the degenerated hair cell
forms the center of the scar. Different patterns of scars are seen, depending on the number of supporting cells involved. (a) Three, four or five
supporting cells participate in creating each scar. An example of each pattern is denoted by the black and white circles placed circumferentially
around the region of degenerated hair cells. (b) The center of a scar (the area where the apical border of the hair cell had resided) is composed
of the expanded processes of four supporting cells (demarcated by a circumferential ring of black and white circles). A thin, actin-free line is seen
between the expanded processes of supporting cells, demarcating the borders between supporting cells. The center of the scar is surrounded by a
band of intense actin staining. An apical border of a supporting cell involved in the scarring process is outlined with black squares. The
supporting cell has maintained its polygonal shape and expanded to fill a portion of the region of the degenerated hair cell. Bar, 5 um. (¢) A
schematic of scar formation in the vestibular epithelium. The black lines are cellular borders, the black spots are actin-free areas and the white
areas represent actin-specific labeling. (A) One hair cell is in contact with six surrounding supporting cells in the normal vestibular epithelium.
(B) The site of a degenerated hair cell is occupied by five expanded supporting cells. The apical membrane is confluent, whereas beneath the
surface, an actin-free ring is found near the center of the scar. The ring is formed by an actin-free band in each expanded supporting cell.



L.Z. Meiteles, Y. Raphael / Hearing Research 79 (1994) 26-38 33

lium 4 days after aminoglycoside treatment confirm
that cytokeratin-rich SCs invade the space previously
occupied by the HC. LM cross sections of the amino-
glycoside-treated vestibular sensory epithelium reveal a
confluent reticular lamina (Fig. 9A). A continuous sheet
of cytokeratin staining is seen along the apices of SCs.
Intervening HCs that have not degenerated lack cytok-
eratin staining.

EM examination of the aminoglycoside-treated
vestibular sensory epithelium reveals expanded pro-
cesses of SCs in areas devoid of HCs. Intercellular
junctions form in the horizontal plane, parallel to the
apical membrane (Fig. 9B). Such junctions are not scen
in the normal vestibular epithelium. SCs seem to ex-

3 Cells = 36%
B 4 Cells =53%
5 Cells = 11%

Fig. 7. The number of supporting cells participating in each scar was
counted (N = 100). Between three and five supporting cells form a
scar for each individual hair cell. The majority of scars were formed
by four supporting cells (compare with Fig. 2).

pand after aminoglycoside treatment and protrude into
spaces they do not normally occupy.

Examination of the vestibular sensory epithelium
from a guinea pig allowed to survive for 3 months
revealed scars throughout the midportion of the crista
ampullaris, where most HCs were missing (Fig. 10A).
The apical surface of remaining SCs in scar regions
were larger than usually seen in the untreated vestibu-
lar epithelium. The end portion of the crista ampullaris
had a near normal complement of HCs. Some of the
remaining SCs in this area were also seen to be larger

Fig. 8. Whole mount of the crista ampullaris double-labeled for actin and cytokeratins, 7 days after treatment with streptomycin. (a)
Actin-specific labeling can be seen in the cuticular plate, stereocilia and forming a ring around the apical surface of hair cells and supporting
cells. Scars are seen throughout the epithelium. Arrows point to hair cells that have not degenerated. (b) The same field as (a) showing
cytokeratin staining in the epithelium. Cytokeratin-specific immunoreactivity is abundant wherever scars are present, whereas remaining hair

cells (arrows) appear as dark circles lacking cytokeratin stain. Bar, 10 um.
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Fig. 9. (a) Light micrograph of the crista ampullaris 4 days after streptomycin treatment, stained for cytokeratin. A continuous sheet of
cytokeratins can be seen lining the luminal surface. Only one hair cell remains in the field (arrow), where cytokeratin-specific staining is absent.
(b) Electron micrograph of the crista ampullaris 4 days after treatment with streptomycin. An intercellular junction between two supporting cells
has formed in the horizontal plane parallel to the juminal surface (arrowheads). Such junctions are not seen in the normal crista ampullaris. Bars,
10 wm in (a) and 1 wm in (b).

than usual (Fig. 10B). This probably represented a ated HCs. Immature HCs were not seen 3 months after
maturation process of SCs that have previously en- aminoglycoside toxicity. It appeared that full recovery
larged to form scars and occupy the space of degener- of the epithelium did not occur.
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Fig. 10. Phalloidin-stained whole mount of the crista ampullaris 3 months after treatment with streptomycin, {a) In the end portion of the crista.
near the planum semilunatum, a nearly normal complement of hair cells (arrows) is present. The apical surfaces of supporting cells have
expanded. and many are larger than hair cells (compare to the normal epithelium. Fig. 1). (b) The midportion of the crista is almost completely

devoid of hair cells. The apical surfaces of supporting cells are enlarged. filling the entire surface viewed. A remaining hair cell is in the center of
the field (arrow). Bar, 10 um.
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4. Discussion

Examination of the vestibular sensory epithelium
revealed a similar pattern of cytokeratin and actin
staining compared to the auditory system (Raphael et
al., 1987; Meiteles and Raphael, 1994). Cytoplasmic
cytokeratin was not present within HCs of the inner
ear sensory epithelium. Double labeling with actin and
cytokeratin allowed us to co-localize these filaments
and differentiate between HCs and SCs in both the
normal and streptomycin-treated tissue.

Using these labeling methods, we determined that
perfusion of artificial perilymph into the scala tympani
and the concomitant mixing of endolymph and peri-
lymph resulted in scar formation of the organ of Corti.
The scarring process seen was. similar to the scarring
process documented after chemical- and noise-induced
trauma of the mammalian organ of Corti (Raphael and
Altschuler, 1991a,b). Using similar technigues, HC de-
generation had not been seen on as large a scale as we
documented (Hallen et al., 1974a,b; Nomura and Hara,
1986; Nomura et al., 1992). One possibility to explain
the difference in the extent of the lesion is that the
trauma produced by Nomura et al. probably did not
result in the mixing of endolymph and perilymph.

The effect of streptomycin on the vestibular epithe-
lium of the guinea pig has been previously investigated
by phase-contrast microscopy of whole mounts (Linde-
man, 1969). Collapse figures were identified in the
vestibular sensory epithelium comparable to pha-
langeal scars in the organ of Corti. After a few weeks,
the SCs, surrounding the degenerated HCs, filled the
gap formed by the lost HC and the collapse figure
disappeared. The present study confirms and expands
the findings by Lindeman. Scar formation was seen 4
days after the treatment with streptomycin. The scars
were composed of expanded processes of three to five
neighboring SCs, as determined by the presence of
keratin-type intermediate filaments, SC-specific mark-
ers (Meiteles and Raphael, 1994). Regions where HCs
degenerated and scars were present were filled with
cytokeratin-rich processes of SCs.

Different types of scars were observed. On whole
mounts of the surface epithelium stained with phal-
loidin, areas where HCs degenerated became filled
with differing numbers of actin bridges. The apical
surface of degenerated HCs was divided into differing
numbers of spaces (three to five) of varying sizes. This
may represent a continuum of stages of the scarring
process. Initially, five neighboring SCs may enlarge to
fill the gap formed by the degenerated HC. Ultimately,
only three cells are necessary to form a permanent
scar. If indeed this represented a continuum of stages,
then one would expect to find five cells involved in the
scarring process early on and only three cells involved
at a later time. We believe this hypothesis is unlikely,

because all stages of the scarring process were seen ual
all time periods investigated.

The different types of scars seen may represent a
differential pattern between scars of type 1 and type 1
HCs. Once the HC has degenerated, we are unable to
determine, from examination of the apical surface,
whether the HC that degenerated was type 1 or type I
However, if the scars purely represented type I or type
IT HCGs, then only two types of scars would be expected,
and we are able to distinguish three different patterns.

We believe that the different patterns of scars seen
represent the differing number of SCs surrounding
each HC. In the normal mosaic of the vestibular sen-
sory epithelium, between four and six SCs surround
each HC. There is a tendency for five SCs to surround
each HC. We document that three to five SCs form
scars after the HC degenerates. There is a tendency for
the scar pattern involving four SCs. There appears to
be one cell less than the normal number of SCs sur-
rounding each HC participating in the scarring process.
The advantage that this scarring pattern offers the
vestibular epithelium remains to be elucidated.

We document that the scarring process within the
vestibular sensory epithelium is similar to the process
described for the auditory sensory epithelium (Raphael
and Altschuler, 1991a,b). In the organ of Corti, the
normal outer HC is surrounded by the phalangeal
processes of four SCs. During scar formation, only two
SCs participate in the process. The two SCs in the
same row as the degenerated HC expand and fill the
space of the degenerated HC (Bohne, 1976; Hawkins
and Johnson, 1981; Raphael and Altschuler, 1991a,b).
It appears, in the vestibular sensory epithelium, that
one cell less than the number of SCs surrounding the
HC participates in scar formation. Similar to the organ
of Corti, the reticular lamina appears to remain intact
during the scarring process. A reorganization of the
intermediate filament system and reticular lamina oc-
curs during the scarring process. At the times investi-
gated, a continuous reticular lamina was always seen,
as observed by both immunofluorescence and LM.
Early in the scarring process, actin bridges are seen in
the area usually occupied by the HCs. We speculate
that these actin bridges are adherens junctions that
form between the advancing processes of SCs, helping
to maintain an intact reticular lamina and probably
preventing the mixing of fluids between different com-
partments of the inner ear.

Between 1 and 3 months after the initiation of the
scarring process, the scars were composed of a sheet of
SCs with enlarged apical surfaces. We noted that SC
nuclei formed a bilayer in areas devoid of HCs. This
may represent migration of nuclei during the scarring
process. Whether the absolute number of SCs has
increased or remains the same is unknown. We did not
document any dividing cells within the vestibular ep-
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ithelium during the scarring process. Further experi-
ments are planned to investigate whether SC divisions
occur during the scarring process.

Recently, the guinea pig vestibular sensory epithe-
lium was shown to have a limited regenerative capacity
(Forge et al,, 1993). HC loss around the striola of the
utricle was induced by the daily injection of gentamicin
for 10 days. One week after treatment, loss of HCs
around the striola was evident, but 4 weeks after treat-
ment, few immature HCs were seen within the striolar
region. The stereocilia bundles for these immature
HCs resembled the stereocilia of developing HCs. Re-
generation of only 10% of the sensory epithelium oc-
curred, and full recovery of the epithelium has not
been documented. The ultimate fate of the immature
HCs seen by Forge et al. is also unknown. We did not
document HC regeneration in our study. If regenera-
tion did occur, then it was incomplete or possibly
reversed. Alternatively, it is possible that our treatment
to induce HC loss was too harsh and prevented regen-
eration. Severe insults to the vestibular sensory epithe-
lium resulting in large losses of HCs may also damage
SCs. These cells were shown to divide after trauma in
the lateral line organ (Balak et al., 1990) and in the
basilar papilla and the vestibular epithelium of the
chick (Raphael, 1992; Weisleder and Rubel, 1993, re-
spectively).

We also documented that one cell less than the
number of SCs surrounding a HC participates in the
scarring process. Perhaps the one cell that does not
participate in the scarring process is destined to be the
pluripotential cell that regenerates a HC. If the HC
loss is too severe and all SCs are involved in the
scarring process, then the ability to regenerate HCs
may be forfeited. Further experiments are needed to
determine if the above scenario is true.

In conclusion, we have described the reparative
process after HC degeneration in the vestibular epithe-
lium due to streptomycin toxicity. Examination of the
vestibular sensory epithelium reveals a similar pattern
of cytokeratin and actin staining compared to the audi-
tory system. Cytoplasmic cytokeratin is not present
within HCs of the vestibular epithelium. Double label-
ing with actin and cytokeratin allowed us to co-localize
these filaments and differentiate between HCs and SCs
in both the normal and streptomycin-treated tissue.
Scar formation involves the expansion and protrusion
of SCs into the domain of degenerating HCs. Differing
numbers of SCs are involved in the vestibular repara-
tive process, in contrast with the auditory epithelium,
where, in most cases, only two cells are involved. Three
to five cells partake in the reparative process. Intercel-
lular junctions are maintained between SCs participat-
ing in scar formation. The reticular lamina appears
intact at all times, probably preventing mixing of fluids
between different inner ear compartments. We did not

document any evidence for HC regeneration, perhaps
due to the severe HC loss inflicted by our trauma.
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