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ABSTRACT the cultures, and the number of such cells increased
between 3 and 5 days in vitro, in a dose-dependent
manner.Hair cell regeneration occurs spontaneously through-

out life and following hair cell injury in the vestibular Keywords: hair cells, vestibular, chicken, tissue culture,
differentiation, proliferationepithelia of mature birds and other nonmammalian

vertebrates. We examined hair cell regeneration in
post-hatch chick utricles that were cultured in media
with or without the ototoxin, streptomycin, for various
periods. The goal of our study was to characterize the
dose- and time-dependent effects of streptomycin on

INTRODUCTIONhair cell loss and regeneration in vitro. Utricles that
were cultured with streptomycin for 1 day displayed a

Hair cells are the mechanoreceptors of the auditory,dose-dependent loss of hair cells in spatial patterns
vestibular, and lateral-line end organs that are involvedand levels that were consistent with those observed in
in the detection of sound, balance, orientation, andcomparable experimental paradigms in vivo. Incorpo-
head movements. Disease, aging, infection, and expo-ration of the nucleotide analog bromodeoxyuridine
sure to noise or ototoxic drugs cause hair cell loss in(BrdU) demonstrated that supporting cell prolifera-
the inner ear. Birds and other nonmammalian speciestion is decreased during the first day of culture in the
are capable of regenerating hair cells and therebypresence of streptomycin, but it increases over time
repairing their receptor epithelium such that functionwhen cultures are subsequently placed in streptomy-
is regained (reviewed in Cotanche et al. 1994; Careycin-free media. Utricles cultured for 1 day with strepto-
et al. 1996; Stone et al. 1998; Cotanche 1999; Smoldersmycin followed by 2–4 more days without streptomycin
1999). In contrast, damage to the mammalian innerhad numerous bundles of immature stereocilia, sug-
ear results in permanent hearing and/or balance defi-gesting that new hair cells were generated in vitro. We
cits. Insights gained from studying hair cell regenera-tested this hypothesis by culturing utricles with BrdU
tion in nonmammalian species may shed light ontofor 3 or 5 days and double-labeling them to detect
mechanisms that can be used to trigger hair cell regen-BrdU and the hair cell-specific antigen, TuJ1. Numer-
eration in mammals.ous BrdU-positive/TuJ1-positive cells with phenotypic

In the mature vestibular epithelia of birds, hair cellscharacteristics of immature hair cells were present in
die spontaneously and are continually replaced via
mitosis throughout the life of the animal (Jørgensen
1991; Jørgensen and Mathiesen 1988; Roberson et al.Present address (JIM): Washington University, Central Institute for

the Deaf, Fay and Carl Simons Center for Biology of Hearing and 1992; Weisleder and Rubel 1993). Hair cell production
Deafness, St. Louis, MO 63110 USA. in this system is highly upregulated over control levels
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when large numbers of hair cells are killed by experi-Hearing Research Center • Box 357923 • University of Washington
mental exposure to the ototoxic aminoglycoside anti-• Seattle, WA 98195-7293. Telephone: (206) 543-8360; fax: (206)

221–5685; email: rubel@u.washington.edu biotic, streptomycin (Weisleder and Rubel 1992, 1993;
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Weisleder et al. 1995; Oesterle et al. 1993; Carey et al. long-term cultures. Sensory epithelial cell prolifera-
tion, as assessed by labeling with the nucleotide analog,1996; Bhave et al. 1998). On the other hand, continual
bromodeoxyuridine (BrdU), decreased immediatelypostembryonic production of hair cells does not occur
after exposure to low and moderate doses of streptomy-in the auditory receptor epithelium, the basilar
cin and increased significantly by 1 day after removalpapilla, of birds (Ryals and Rubel 1988; Corwin and
of the drug. High doses of streptomycin inhibited sup-Cotanche 1988; Oesterle and Rubel 1993). However,
porting cell proliferation at all times. Scanning elec-restoration of the auditory hair cell population does
tron microscopy and the use of a cell proliferationoccur after hair cell loss is experimentally induced by
tracer in combination with the hair cell-specificototoxic drugs or intense noise (Cotanche 1987; Cruz
marker, TuJ1, demonstrated that many cells that areet al. 1987; Corwin and Cotanche 1988; Ryals and
generated mitotically in culture goon to differentiateRubel 1988; Lippe et al., 1991). Regenerated hair cells
as hair cells.in both the avian auditory and vestibular systems

Preliminary reports of portions of these data wereachieve sufficient function to restore balance and hear-
presented previously (Matsui et al. 1997a,b).ing function (for review, see Cotanche et al. 1994;

Stone et al. 1998; Cotanche 1999; Smolders 1999). In
birds, the progenitors to the new hair cells appear to
be a subpopulation of the resident supporting cell MATERIALS AND METHODS
population (Corwin and Cotanche 1988; Girod et al.
1989; Raphael 1992; Roberson et al. 1992; Hashino
and Salvi 1993; Stone and Cotanche 1994; Tsue et al. Animals
1994; Warchol and Corwin 1996). Recent studies also

White Leghorn chickens (Gallus domesticus) weresuggest that the mature mammalian vestibular epithe-
obtained from a local distributor (H & N International,lium has a limited capability for the mitotic replace-
Redmond, WA) and were housed in brooders withment of hair cells (Warchol et al. 1993; Lambert 1994;
ample food and water in the University of Washing-Tanyeri et al. 1995; Yamashita and Oesterle 1995; Li
ton’s animal care facility. All experimental protocolsand Forge 1997; Lopez et al. 1997; Zheng et al. 1997;
were reviewed and approved by the University of Wash-Zheng and Gao 1997; Kuntz and Oesterle 1998).
ington Animal Care Committee and conform toCell proliferation and hair cell regeneration occur
NIH guidelines.in in vitro preparations of the hair cell epithelia of

many nonmammalian species. In mature birds, new
hair cells are formed in cultures of the utricle (e.g., Primary antibodies
Oesterle et al. 1993; Warchol and Corwin 1993) and

Mouse monoclonal anti-BrdU antibody was obtainedthe basilar papilla (Navaratnam et al. 1996; Stone et
from Becton Dickenson (San Jose, CA). Dr. Anthonyal. 1996). None of these studies, however, has provided
Frankfurter (University of Virginia) generouslyan in-depth analysis of the extent of hair cell loss,
donated mouse monoclonal TuJ1 antibody, and Dr.mitotic activity, and hair cell replacement in culture.
Guy Richardson (University of Sussex, UK) kindly pro-This project had two objectives. First, we wished to
vided mouse monoclonal antibody to hair cell anti-develop and standardize an in vitro preparation of the
gen (HCA).avian utricle for studies of streptomycin-induced hair

cell loss and of subsequent events leading to hair cell
regeneration. Second, we sought to determine the

Bromodeoxyuridine injectionsextent to which newly produced cells in vitro display
hair cell phenotypes by using a mitotic tracer in combi- To assess the temporal progression of hair cell differen-
nation with a hair cell-specific marker. tiation in utricles in vivo, normal 7-day-old chicks were

Chick utricles were cultured in media supple- given 2 intraperitoneal injections of BrdU (100 mg/
mented with various concentrations of streptomycin. kg), delivered 2 hours apart. Two hours, 2 days, or 4
Some utricles were examined immediately after the days after the final BrdU injection, chicks were euthan-
streptomycin treatment (short-term cultures) to ized by sodium pentobarbital overdose (100 mg/kg;
define the patterns and extent of hair cell loss, whereas Anpro Pharmaceutical, Arcadia, CA) and decapitated.
other utricles were cultured in streptomycin-free Seven- to 10-day-old post-hatch control chicks were
media following the drug exposure (long-term cul- also euthanized in the same manner. Utricles were
tures) to allow hair cell regeneration to occur. Hair cell surgically removed, fixed for 30 minutes with 4% para-
loss was directly related to streptomycin concentration formaldehyde in 0.1M Na/K phosphate buffer (pH
and was confined to the striolar region in short-term 7.4), and rinsed in 0.1 M phosphate-buffered saline

(PBS). Otoconia were washed off with a pulse of PBS.cultures but extended beyond the striolar region in
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nucleotide analog that is incorporated into DNA dur-
ing the DNA synthesis (S) phase of the cell cycle, was
added to culture media 3 hours prior to fixation. To
examine cell proliferation and differentiation in long-
term cultures (Paradigm B), utricles were incubated
in streptomycin (at 0.078, 0.16, 1.2, or 2.5 mM) for 1
day, washed 3 times with streptomycin-free (control)
media, incubated in control media for another 1, 2,
or 4 days (a cumulative equivalent of 2, 3, or 5 days
in vitro, respectively), and then fixed. BrdU (10 nM)
was added to the media 3 hours before fixation or
was present throughout the entire culture period. In
Paradigm C, utricles were cultured for 1 day in control
media and transferred to streptomycin (at 0.078, 0.16,
1.2, or 2.5 mM) for an additional day. BrdU (10 nM)
was added to the media 3 hours prior to fixation.
For paradigms A–C, control organs were prepared in
parallel and processed identically to the experimental
organs, except they were incubated in aminoglycoside-
free media throughout the experiment. The number
of organs tested for each experimental paradigm is
indicated in the relevant figure captions.

Tissue processing

Scanning electron microscopy. To qualitatively assess the
FIG. 1. Schematic of the experimental paradigms used in this study.

damage following streptomycin exposure, utriclesSee text for details.
from Paradigms A and B were processed for scanning
electron microscopy (SEM). Utricles were fixed with
3.5% glutaraldehyde in 0.1 M Na/K phosphate bufferOrgan culture techniques
(pH 7.4) and postfixed in osmium tetroxide (1% OsO4

in PBS, pH 7.4). After otoconia removal, utricles wereSeven- to 10-day-old posthatch chicks were decapi-
tated, and the utricles were removed and cultured dehydrated in serial alcohols, critically point-dried in

CO2, mounted onto aluminum stubs, sputter-coatedas organotypic explants using methods developed by
Oesterle et al. (1993, 1997). Utricles were placed free- with gold/palladium alloy (Anatech, Alexandria, VA),

and examined with a JEOL JSM-6300F scanningfloating into 24-well tissue culture plates (Costar, Cam-
bridge, MA) with 1.0 mL of Basal Medium Eagle electron microscope at 85, 95, 2000, 3000, or 4500X

magnifications.(Sigma Chemical Co., St. Louis, MO) supplemented
with 30% Earle’s balanced salt solution (Gibco/BRL, Bromodeoxyuridine immunohistochemistry. Utricles

were fixed for 20 min with 4% paraformaldehyde inGaithersburg, MD), 0.5% glucose (Sigma), and 5%
Fetal Bovine Serum (Gibco/BRL). Explants were incu- 0.1 M Na/K phosphate buffer and rinsed with PBS.

BrdU immunohistochemistry (Gratzner 1982) wasbated at 37�C in a humidified 5% CO2-in-air incubator.
An additional group of utricles, which we have termed modified from Stone and Cotanche (1994). All steps

were carried out at room temperature with PBS washesthe “in vivo” utricles, were not cultured; they were
isolated and fixed immediately in 4% paraformalde- between them, unless otherwise stated. Organs were

treated with 2 N HCl diluted in 0.1% Triton X-100/hyde. These organs served as additional controls.
PBS (Sigma) at 37�C for 30 min. Tissue was placed in
0.5% hydrogen peroxide (H2O2) in PBS for 15 minCulture paradigms
followed by 10% normal horse serum (Vector Labora-
tories Inc., Burlingame, CA) in 0.1% Triton X-100/Three experimental paradigms were used (Fig. 1). To

determine dose–response characteristics of drug- PBS/1% bovine serum albumin (BSA; Sigma) for 20
min. Tissue was incubated overnight at 4�C in mouseinduced hair cell damage and cell proliferation (Para-

digm A), utricles were incubated in culture media with anti-BrdU monoclonal antibody (1:200, in 0.1% Triton
X-100/PBS/1% BSA), incubated in biotinylated horseor without streptomycin (at 0.078, 0.16, 1.2, and 2.5

mM; Sigma) for 1 day and then fixed. In some cultures antimouse IgG antibody (1:200, in 0.1% Triton X-100/
PBS/1% BSA; Vector Laboratories Inc.) for 30 min,2�-bromo-5�-deoxyuridine (BrdU; 10 nM; Sigma), a
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and placed in avidin–biotin–horseradish peroxidase Data analysis
complex (Vector Laboratories Inc.) for 45 min. The

Counts of BrdU-labeled cells. The number of BrdU-
tissue was rinsed in 0.05 M Tris buffer (pH 7.4), placed labeled sensory epithelial (SE) cells was counted in
in diaminobenzadine (DAB; 0.375 mg/mL in 0.05 M whole-mount preparations of the utricular maculae
Tris/0.3 mM NiCl; Sigma) for 5 min, followed by DAB using light microscopy. The location of each BrdU-
plus H2O2 (0.375 mg/mL in 0.05 M Tris/0.3 mM NiCl/ labeled SE cell was mapped onto an enlarged outline
0.01% H2O2) for another 3–5 min. Organs were of each utricular macula drawn to scale using the
mounted onto microscope slides using Glycergel Eutectics Neuron Tracing System (ENTS, Sun
mounting medium (DAKO Corporation, Carpinteria, Microsystems, Raleigh, NC) at a final magnification of
CA), and coverslipped. 400X. BrdU-positive nuclei were easily detected by

Tritiated-thymidine autoradiography. In a small subset their dark brown nuclear staining. Great care was taken
of cultures, we assayed cell proliferation with [3H]- to count only BrdU-labeled nuclei that were situated
thymidine (1 �Ci/mL of 5.0 Ci/mM; Amersham, between the top of the SE and the basement
Arlington Heights, IL) to confirm the efficacy of BrdU membrane. The number of BrdU-labeled SE cells per
incorporation and immunolabeling. Paradigm A was mm2 of SE was calculated for each explant.
used and [3H] thymidine was added to the cultures in To verify the reproducibility of the analysis
replacement of BrdU. After culturing, explants were technique, 6 organs from each streptomycin
fixed and processed for section autoradiography as concentration and 6 control organs (a total of 24
described in Oesterle et al. (1993). organs) underwent an additional blinded analysis by

Immunofluorescence to detect regenerating hair cells. a second investigator. No significant differences in the
Whole-mount utricles were either double-labeled to resulting cell counts were found between observers ( p

� 0.10).detect BrdU and class III �-tubulin (�-tubulin III)
Counts of hair cells in plastic sections. Utricles wereusing the TuJ1 antibody, or triple-labeled to detect

dehydrated in a graded ethanol series followed by pro-BrdU, �-tubulin III, and hair cell antigen (HCA), using
pylene oxide and embedded in Spurr’s resin (Polys-immunofluorescence techniques. All steps were car-
cience, Warrington, PA). Utricles were orientedried out at room temperature with PBS washes between
randomly with respect to the striolar region. Serialthem, unless otherwise stated. The tissue was incu-
semi-thin (3 �m) sections were cut through half ofbated for 10 min in 10% normal horse serum in 0.05%
the organ and mounted onto acid-washed, chromeTriton X-100/PBS to block nonspecific IgG binding
alum-subbed slides. Sections were analyzed using lightfollowed by TuJ1 antibody (1:1000, in 0.1% Triton X-
microscopy and NIH Image, an image processing pro-100/PBS) overnight at 4�C. TuJ1 labeling was detected
gram. In each organ, one section was chosen randomlyusing BODIPY/fluorescein isothiocyanate (FITC)-con-
from every 10 serial sections (at 30-�m intervals)jugated IgG (1:300, in 0.05% Triton X-100/PBS;
through half of the organ. This procedure resulted inMolecular Probes, Eugene, OR) for 1 h. Utricles were
the analysis of 12–16 sections per organ. The lengthpostfixed with 4% paraformaldehyde for 30 min,
of the vestibular SE was quantified for each sectionrinsed, and placed into 2 N HCl at room temperature
using a 40X objective and NIH Image 1.60 (developedfor 1 h. Tissue was incubated in mouse anti-BrdU
at the U.S. National Institutes of Health, Bethesda,

monoclonal antibody (1:300, in 0.05% Triton X-100/
MD, and available from the Internet by anonymous

PBS) for 2 h, followed by lissamine rhodamine-conju- FTP from zippy.nimh.nih.gov or on floppy disk from
gated IgG (1:300, in 0.05% Triton X-100/PBS; Jackson the National Technical Information Service, Spring-
ImmunoResearch Labs, Westgrove, PA) for 1 h. This field, VA, part number PB95-500195GEI). Hair cell
double-labeling method was modified from Memberg numbers were expressed as a function of SE linear
and Hall (1995). Organs were mounted onto slides density (number of hair cells/100 �m SE). Hair cells
using Vectashield mounting medium (Vector Labora- were distinguished easily from other cell types in the
tories Inc.) and coverslipped. utricular macula (see Results). A cell was counted as

In some experiments, a third antibody, anti-HCA, a hair cell if it had an identifiable cuticular plate and
was used in conjunction with BrdU and TuJ1 labeling. its cell body did not contact the basal lamina. Type I
Anti-HCA was added after TuJ1 but before the anti- and Type II hair cells, which normally are identified
BrdU antibody labeling. Utricles were treated with by the morphology of their innervation (Wersäll 1956;
10% normal horse serum for 10 min and incubated Jørgensen and Christensen 1989), could not be distin-
overnight at 4�C with anti-HCA (1:300, in 0.05% Triton guished since the neural endings to the hair cells
X-100/PBS). Organs were placed in Cy-5-conjugated retract and degenerate in vitro (Oesterle et al. 1993).
IgG (1:300, in 0.05% Triton X-100/PBS; Jackson Counts of [3H]-thymidine-labeled cells. Autoradio-

graphic sections were processed and analyzed to detectImmunoResearch Labs) for 1 h.
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the presence of [3H]-thymidine-labeled nuclei in the
utricular SE using Method 1 in Oesterle et al. (1997),
except that one autoradiographic section was chosen
randomly from every ten serial sections through half
the organ. The number of [3H]-thymidine-labeled
cells per 100 �m of SE was computed for each section,
and values for individual sections were averaged to
yield a mean linear density value for each explant.

Identification of newly regenerated hair cells. Utricles
that were double-labeled to detect BrdU and TuJ1 or
triple-labeled to detect BrdU, TuJ1, and HCA were
examined with a BioRad MRC 1024 confocal laser scan-
ning microscope. Digital images were generated from
Z series (0.5–1 �m steps oriented parallel to the
lumen) through the SE using Laser Sharp (BioRad,
Hercules, CA) at 60X. Images were processed and ana-
lyzed using NIH Image and Photoshop 3.0.5 (Adobe,
Mountain View, CA) and printed with a Phaser IISDX
dye-sublimation printer (Tektronix, Beaverton, OR).
The average number of cells that were either single-
labeled for BrdU or double-labeled for BrdU and TuJ1
per �m2 of SE was quantified within eight 100 �m �
100 �m randomly chosen regions from each of 3–4
utricles. A transparency was placed onto the monitor,
and each double-labeled cell was counted by marking
it on the transparency. After sampling the area, the

FIG. 2. Normal chicken utricular maculae grown in culture for 2region was photobleached, thus preventing the area
days and labeled with the mitotic tracers. (A) Autoradiograph showingfrom being double counted.
a [3H]-thymidine-labeled nucleus (arrowhead) in a cross section from
a control utricle. The basal lamina (bl) separates the stroma (s) from
the supporting cells (sc), which span the entire sensory epitheliumStatistical analysis
and have basally located nuclei. Hair cells (hc) reside near the lume-
nal surface, have apical stereocilia (arrow), and their nuclei areQuantitative data from hair cell counts, BrdU labeling,
located toward the lumen. (B) Surface view of a control whole-[3H]-thymidine labeling, and double-labeling (BrdU/
mounted utricular macula showing BrdU-labeled nuclei (arrowheads)

TuJ1) experiments were subjected to either an in the SE (Paradigm A). The plane of focus is at the level of the
unpaired Student’s T-test using StatView 4.0 (Abacus supporting cell nuclei. Scale bars � 20 �m.
Concepts, Berkeley, CA), or a one-factorial or two-
factorial analysis of variance (ANOVA) using the
SuperANOVA software package (Abacus Concepts).
Post hoc comparisons, when appropriate, used the cell cycle and hair cell nuclei are located close to the

lumen (Raphael and Altschuler 1992; Katayama andTukey–Kramer, Sheffe’s, or Fisher’s PLSD test.
Corwin 1993; Stone and Cotanche 1994; Tsue et al.
1994).

Vestibular hair cells are identified by their structuralRESULTS
features (cuticular plate, stereocilia, and kinocilium)
and the location of their nuclei near the lumenal sur-Morphology of in vivo utricles
face. Two types of hair cells, Type I and Type II, are
present in the avian utricular macula. Type I hair cellsThe structural organization of the avian utricle is simi-

lar to that of the mammalian utricle and consists of are pear-shaped and enclosed by a neural calyx. Type
II hair cells have an elongated cylindrical appearance,three layers (Fig. 2). The deepest layer (the stroma)

is a loose connective tissue that is penetrated by nerves. and their basal surface contacts several bouton-type
nerve endings. Type I hair cells are predominantlyThe intermediate layer is a thin basement membrane,

the basal lamina. The superficial layer, the sensory located in the lateral, “C-shaped” striolar region of
the utricular macula, whereas Type II hair cells areepithelium (SE), consists of hair cells, supporting cells,

and a few resident leukocytes (Bhave et al. 1998). Sup- generally found in the extrastriolar regions. Previous
in vivo studies in the avian ear have shown that Typeporting cell nuclei reside near the basal lamina. Sup-

porting cell nuclei near the M phase (mitosis) of the I hair cells are more susceptible than Type II hair cells



FIG. 3. Scanning electron micrographs of utricles after 1 day in (D1) and striolar (D2) regions, stereociliary bundles are preserved in
vitro with control media (A, B) or media containing streptomycin the extrastriolar region (D1), but extensive stereociliary loss is evident
(0.078 or 1.2 mM) (C–F ) (Paradigm A). In A, C, and E, white curved in the striolar region (D2). Some small immature stereociliary bundles
arrows indicate extrastriolar areas, whereas white arrowheads point are apparent in the striolar region. (E ) Extensive stereocilia loss occurs
to striolar regions. (A) The lumenal surface of the cultured utricular throughout the extrastriolar and striolar regions with exposure to 1.2
macula appears normal in organs incubated in control media. The mM streptomycin. The bright white areas (straight white arrow) are
bright white area (black arrow) is otoconial debris. Higher magnifica- dead, extruded hair cells, not otoconial debris. A higher magnification
tions of extrastriolar and striolar regions are shown in B1 and B2, of this damaged area is shown in F. n � 3–4 utricles per concentration
respectively. (C ) Hair cell damage is predominantly localized to the per run; 2 runs were conducted. Scale bars in A, C, E � 100 �m;
striolar region (white arrowhead) at low streptomycin concentrations in B, D, F � 10 �m.
(0.078 mM). As shown in higher magnifications of the extrastriolar
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to aminoglycoside-induced damage (Oesterle et al.
1993; Weisleder and Rubel 1993).

Streptomycin-induced hair cell loss

To characterize the pattern of hair cell loss induced by
streptomycin, utricles were incubated in streptomycin-
free media (control organs) or streptomycin-supple-
mented media (at 0.078, 0.16, 1.2, or 2.5 mM) for 1
day and then examined using SEM (Paradigm A; Fig.
3). Little to no hair cell death was observed in control

FIG. 4. Mean linear hair cell densities following a 1-day incubationorgans (Fig. 3A) in either the extrastriolar (Fig. 3B1)
in control or streptomycin-supplemented media (Paradigm A). Dataor striolar (Fig. 3B2) regions. Cultured control organs
are also included from the in vivo animals. Shown are the mean

resemble organs that are harvested from the chick and numbers of hair cells per 100 �m of sensory epithelium (SE) � S.E.M.
fixed immediately (data not shown). In contrast, hair Hair cell numbers in control cultures differed significantly from in

vivo organs ( p � 0.01). All streptomycin concentrations inducedcell loss was apparent in utricles cultured with strepto-
significant hair cell death. For streptomycin-exposed organs, doublemycin, at all concentrations studied. At a low strepto-
asterisks indicate significantly less hair cells than cultured controlmycin concentration (0.078 mM, Fig. 3C, D), relatively organs ( p � 0.01). For control cultures, double asterisk indicates

normal numbers of stereociliary bundles were present significant difference from the in vivo organs ( p � 0.01). n � 3–4
in extrastriolar regions (Fig. 3D1), but few stereociliary organs per concentration per run; 2 runs were conducted.

bundles remained in the striolar region (Fig. 3C, D2).
At a higher streptomycin concentration (1.2 mM, Fig.
3E, F), all regions of the SE were covered with dead,
extruded cells.

consisting of an area missing numerous mature ster-To quantify the effect of streptomycin dose on hair
eocilia bundles was seen in the striolar region of utri-cell density, additional utricles were cultured
cles that were cultured in 0.078 mM streptomycin foraccording to Paradigm A, embedded in plastic, sec-
1 day and then incubated in control media for 2 moretioned, stained, and the numbers of hair cells were
days (Paradigm B) (Fig. 5C). Three-day cultures thatdetermined. For comparison, utricles were also
were incubated with 1.2 mM streptomycin were almostremoved from normal, undamaged control chicks and
completely devoid of mature stereocilia bundlesfixed immediately (“in vivo” utricles); otherwise, in
throughout the SE (Fig. 5E, F). Lesions in the drug-vivo organs were processed identically as cultured
damaged 3-day cultures generally resembled in sizeorgans. The results of this analysis are shown in Figure
and in location the lesions from drug-damaged 1-day4. Hair cell densities in utricles that were cultured in
cultures (Paradigm A). Occasional bundles of short,control media (control utricles; 0.00 streptomycin in
immature stereocilia were also detected in the striolarFig. 4) were significantly lower than the densities found
regions of drug-damaged and control cultures at 3in in vivo organs ( p � 0.01; Fig. 4). At all streptomycin
days (Fig. 5D, F).concentrations studied, significantly fewer hair cells

In 5-day control cultures, extensive hair cell deathwere present in drug-treated utricles than in control
was apparent in both the striolar and extrastriolaror in vivo utricles (a 41–88% decrease) ( p � 0.01; Fig.
regions (Fig. 6A, B). In cultures treated with 0.0784). Cultures that were treated with streptomycin at 1.2
mM streptomycin, the lesion covered a greater areaor 2.5 mM had significantly fewer hair cells ( p � 0.01)
than in comparable experimental cultures at 1 and 3than those treated with 0.078 mM streptomycin (Fig.
days (Fig. 6C, D). In 5-day cultures treated with 1.24).

To study the regenerative capabilities of the cul- mM streptomycin, mature stereocilia bundles were
conspicuously absent from the entire SE. We detectedtured vestibular SE, utricles were cultured for 1 day

in media with streptomycin and then transferred to greater numbers of immature stereocilia bundles in
the striolar region of 5-day cultures than in 3-day cul-streptomycin-free media for an additional 2 or 4 days

(a total of 3 or 5 days in vitro; Paradigm B). As controls, tures (Fig. 5D, F; Fig. 6D, F)(Figs. 5D, F and 6D, F).
Further, the small stereocilia bundles appeared rela-organs were cultured in streptomycin-free media for 3

or 5 days. In 3-day control cultures, hair cell stereocilia tively more developed at 5 days than at 3 days; they
appeared longer, but they still lacked the large kinoci-bundles appeared morphologically similar to those

seen in in vivo organs, and lesioned regions were not lium and stereotypical “staircase” pattern (Fig. 6F
inset).detectable (Fig. 5A, B). In contrast, a defined lesion



FIG. 5. SEMs of utricles grown in vitro for 3 days (Paradigm B). ing exposure to 1.2 mM streptomycin, stereocilia loss is apparent in
Utricles were incubated in control media for 3 days (A, B) or in both the striolar and extrastriolar regions of the utricular macula. (D,
streptomycin-supplemented media (0.078 or 1.2 mM) for 1 day then F ) Immature hair cell stereocilia bundles (arrows) are present in the
in control media for 2 days (total of 3 days in vitro) (C–F ). Arrowheads striolar region of streptomycin-damaged utricular maculas. Immature
in A, C, and E indicate the striolar regions that are shown at higher bundles are also apparent among the mature stereocilia bundles in
magnification in B, D, and F. (A) In organs cultured in control media— control cultures (B). A higher magnification of an immature hair cell
control organs—stereocilia loss is not evident and stereocilia appear stereocilia bundle (large arrow) is shown in the inset of D. n � 3–4
normal. (C ) Following exposure to 0.078 mM streptomycin, the strio- utricles per concentration per run; 2 runs were conducted. Scale bars
lar region is largely devoid of hair cell stereocilia bundles. (E ) Follow- in A, C, E � 100 �m; in B, D, F � 10 �m.



FIG. 6. SEMs of utricles after 5 days in vitro (Paradigm B). Utricles is devoid of mature hair cell stereociliary bundles, and there is also
were incubated in control media (A, B) or streptomycin-supplemented loss of stereocilia bundles in the extrastriolar regions. (E ) Following
media (0.078 or 1.2 mM) for 1 day (C–F ), washed with control media, exposure to 1.2 mM streptomycin, the entire SE is devoid of mature
and incubated 4 additional days in control media (a total of 5 days stereocilia. (B, D, F ) Immature hair cell stereocilia are evident in the
in vitro). Arrowheads in A, C, and E indicate the striolar region that striolar region (arrows). A higher magnification of an immature hair
is also shown at a higher magnification in B, D, and F. (A) In organs cell bundle is shown in the inset in F. n � 8 utricles per concentration
cultured in control media, some stereocilia loss is apparent through- from a total of 2 runs. Scale bars in A, C, E � 100 �m; in B, D, F
out the SE at 5 days in vitro and some hair cell blebbing can be seen. � 10 �m.
(C ) Following exposure to 0.078 mM streptomycin, the striolar region
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Supporting cell proliferation

We opted to use BrdU as a proliferation marker to
assess mitotic activity in the majority of the organotypic
cultures, rather than [3H]-thymidine, because we
wished to examine the three-dimensional relationship
of dividing cells in whole-mounted tissue and to com-
bine BrdU immunolabeling with immunolabeling for
hair cell-specific proteins (see below). In most cases,
BrdU was added to culture media for 3 h, and utricles
were fixed immediately after the 3-h pulse and proc-
essed for BrdU immunohistochemistry (Gratzner
1982). In a few cultures, however, BrdU was replaced
with [3H]-thymidine, which we have used extensively
in previous in vitro experiments (e.g., Oesterle et al.
1993; 1997), in order to confirm the efficacy of BrdU
incorporation and immunolabeling for this study. The
numbers of [3H]-thymidine-labeled SE cells and the
changes in [3H]-thymidine labeling induced by the
addition of streptomycin (data not shown) strongly
resembled those seen with BrdU. The BrdU findings

FIG. 7. Representative BrdU-immunostaining distribution maps forare described in detail below.
cultured chicken utricular macula specimens (Paradigms A and B).BrdU-labeled SE cells were detected in all cultured
Control (left column) and 0.078 mM-streptomycin-treated utricles

organs examined (Fig. 2B). For Paradigms A and B, (right column) are shown at different times in vitro. All maculae are
the locations of each BrdU-labeled SE cell were oriented with the striolar region along the left side of the organ.

Numbers of BrdU-labeled SE cells remain relatively constant in con-mapped onto a camera-lucida outline of the utricular
trol cultures at all time points examined. BrdU- labeled cells appearmacula using the Eutectics Neuron Tracing System
more concentrated in the striolar regions of the control cultures.(e.g., Fig. 7). This allowed us to compute the total
In utricles exposed to 0.078 mM streptomycin for 1 day, SE cell

number of labeled SE cells in each organ and to com- proliferation is markedly reduced with respect to the concordant
pare the spatial distributions of proliferation across control cultures. One day following streptomycin removal (equivalent

to 2 days in culture), BrdU-labeled SE cells are increased relative toorgans. It also provided a “hard copy” of the data for
control cultures, and the labeled cells are more abundant in theeach organ. Results of these experiments are summa-
striolar region. By four days following streptomycin removal (equiva-rized in Figure 7 and Figure 8. In both control and
lent to 5 days in culture), cellular proliferation decreases to near

drug-treated cultures, the mitotic activity appeared to control levels.
be most pronounced in the striolar region (Fig. 7).
The density of BrdU-labeled SE cells in control organs
remained relatively constant between 1 and 5 days in proliferation in utricles exposed to higher streptomy-
vitro ( p � 0.10; Fig. 8). Utricles that were incubated cin concentrations (0.16, 1.2 mM) remained signifi-
in streptomycin-supplemented media for 1 day and cantly higher than controls by 3 days ( p � 0.01) and
then assessed for BrdU incorporation showed a then returned to control levels by 5 days.
marked decrease in the density of BrdU-labeled SE The presence of streptomycin in culture media sig-
cells when compared with concordant control cultures nificantly decreased the density of BrdU-labeled SE
( p � 0.01). In contrast, the density of BrdU-labeled cells, suggesting that aminoglycosides have an initial
SE cells increased significantly ( p � 0.01) (3- to 4- inhibitory effect on supporting cell proliferation. To
fold) relative to controls 1 day after streptomycin determine if this result could be replicated after differ-
removal; this is true for all streptomycin concentra- ent times in culture, we performed experiments simi-
tions except 2.5 mM (Fig. 8)1. As shown in Figure 8, lar to those previously described above, except we
the rate at which the mitotic levels returned to control altered the timing of the streptomycin exposure.
values differed with streptomycin concentration. SE Organs were cultured in control media for 1 day, then
cell proliferation in utricles that were exposed to a low transferred to media supplemented with streptomycin
streptomycin concentration (0.078 mM) were at or for 1 additional day and fixed (Paradigm C). Control
below control values by 3 days in vitro, whereas SE cell utricles were cultured in control media for a total of

2 days. BrdU was added to all cultures 3 h prior to
fixation. In this experiment, greater numbers of BrdU-

1Similar findings were observed using a different ototoxic drug, labeled SE cells were seen in control cultures (193.7
neomycin sulfate (1 mM). Like streptomycin, SE cell proliferation

BrdU-labeled cells/mm2 SE � 28.5 SEM; n � 12) thandecreased in the presence of neomycin, peaked one day after neomy-
cin removal, and began to decrease two days after neomycin removal. in utricles that were exposed to streptomycin (0.078–
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et al. 1996; Zheng et al. 1999). Second, the newly
emerging stereocilia may be present on cells that are
derived by a recently described nonmitotic mechanism
of hair cell regeneration called direct transdifferentia-
tion whereby supporting cells phenotypically convert
into hair cells (Adler and Raphael 1996; Roberson et
al. 1996; Baird et al. 1996; Steyger et al. 1997; Forge
et al. 1998).

To determine whether newly generated cells
acquire hair cell phenotypes in our cultures, we used
two antibodies—TuJ1 and anti-hair-cell antigen
(HCA)—in addition to BrdU to label new cells. TuJ1
is an antibody that binds class III �-tubulin in the
cytoplasm (Lee et al. 1990; Easter et al. 1993) of very
young avian hair cells during development (Molea et
al. 1999) and regeneration (Stone et al. 1996; Stone
and Rubel 2000). Anti-HCA binds a 275-kD protein
that is present in chick hair cell stereocilia by embry-
onic day 6 (Bartolami et al. 1991; Goodyear and Rich-

FIG. 8. Graph of the mean number of BrdU-labeled SE cells in
ardson 1992, 1997; Goodyear et al. 1995) and that iscontrol and streptomycin cultures at various times in vitro (1, 2, 3,
detected in regenerating chick hair cells by approxi-and 5 days) (Paradigms A and B). Data are expressed as the mean

number of BrdU-labeled cells per mm2 (� S.E.M.). In control cultures, mately 48 h after they are reborn (Stone and Rubel
the numbers of BrdU-labeled SE cells do not differ significantly over 2000).
time. At 1 day in vitro (1 DIV), the numbers of BrdU-labeled SE cells The specificity of these antibodies was first exam-
are significantly lower in all streptomycin-treated cultures than in

ined in vivo, in control utricles that were fixed immedi-control cultures ( p � 0.01). At 2 DIV (1 day after removing streptomy-
ately after dissection. It should be noted that ourcin), there is a two-to-three-fold increase in proliferation in some

drug-treated cultures (0.078–1.2 mM) relative to controls. However, immunolabeling protocol leads to inevitable cross-
organs exposed to 2.5 mM streptomycin remained low or near control reactivity among the three sets of antibodies (anti-
levels at all time points examined. At 3 DIV, cultures treated with BrdU, anti-HCA, and TuJ1), since they are all raised
0.078 mM streptomycin returned to near-control levels. In contrast,

in mice. Despite false positive labeling, our results werecultures exposed to higher concentrations of streptomycin (0.16 or
interpretable for two reasons. First, the cellular com-1.2 mM) maintained higher levels of mitotic activity at 3 DIV but

showed decreased mitotic activity to near-control levels by 5 DIV. partmentalization of each antigen is distinct and non-
All values are significantly different from controls ( p � 0.01), with overlapping in mature cells as well as in differentiating
the exception of 3 DIV (0.078 and 2.5 mM) and 5 DIV (all concentra- ones: BrdU is nuclear, HCA is apical/stereociliary, and
tions). n � 3–5 utricles per concentration per time per run; 2–3 runs

TuJ1 is cytoplasmic. Second, the relative intensitieswere conducted.
of each fluorophore were highest in the appropriate
context (i.e., they were antigen-relative), and this dif-
ference was reflected in the 3-channel composites that
we generated.2.5 mM) (range of means � 27.2–45.4 BrdU-labeled

TuJ1 labeled all hair cells in the mature utricle,cells/mm2 SE; n � 8–11/streptomycin concentra-
including Type I and Type II hair cells (Fig. 9A). Label-tion). All drug-exposed groups had significantly fewer
ing was present throughout the hair cell cytoplasm,labeled SE cells ( p � 0.01) than utricles that were
but not in the nucleus or the stereocilia. TuJ1 alsocultured without aminoglycosides. These findings sup-
labeled neural processes throughout the epithelium,port an initially antimitotic role for streptomycin in
but no labeling was observed in supporting cells (Fig.cultured utricular maculae.
9A). Some utricles were double-labeled to detect HCA
as well as TuJ1. HCA was detected in hair cells in the
striolar and extrastriolar regions, but not in supportingHair cell differentiation in vivo
cells or neural processes. In hair cells, HCA was distrib-
uted throughout the stereocilia bundle, but it was notThe presence of immature stereocilia bundles in the

3-day cultures suggested that new, phenotypically found in either the nucleus or the cytoplasm (Fig. 9B).
Similar patterns of HCA labeling have been reportedappropriate hair cells were being generated in vitro.

However, there are two other possible explanations. previously (Goodyear and Richardson 1992). HCA
showed a one-to-one colocalization with TuJ1 inFirst, the immature-looking bundles may be a manifes-

tation of a reparative response, whereby the damaged mature hair cells (Fig. 9B), as seen in developing hair
cells (Molea et al. 1999).native hair cells build new stereocilia (Sobkowicz
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FIG. 9. Differentiation of utricular hair cells in vivo
and in vitro. Antibodies to �-tubulin (TuJ1), hair cell
antigen (HCA), and BrdU were used to selectively
label newly differentiating hair cells in vivo (A–D)
and in vitro (E, F ). Projections of Z series-confocal
images are shown. (A) In the normal utricle, TuJ1
(blue: arrowhead) labels the cytoplasm of hair cells
but not the intervening supporting cells. (B) In the
normal utricle, HCA (red: arrow) labels stereocilia on
TuJ1-positive hair cells (blue; arrowhead). (C ) In the
normal utricle at 2 days post-BrdU, TuJ1 (blue: arrow-
head) is present in cells with BrdU-positive nuclei
(green; thin arrow). (D) In the normal utricle at 4 days
post-BrdU, HCA (pink; thick arrow) is expressed on
the apical portion of some TuJ1-positive (blue; arrow-
head) and BrdU-positive (green; thin arrow) cells. (E )
At 3 days in vitro, TuJ1 (blue; arrowhead) is expressed
in some cells with BrdU-positive nuclei (green; thin
arrow). A utricle cultured without streptomycin is
shown. (F ) At 5 days in vitro, some TuJ1-positive (blue;
arrowhead) and BrdU-positive (green; thin arrow)
cells are also HCA-positive (pink; thick arrow). A utri-
cle cultured with 0.078 mM streptomycin is shown.
Scale bar � 10 �m.

To determine when TuJ1 and HCA are expressed similar hair cell phenotype has been described for
developing and regenerating auditory hair cellsrelative to S phase during spontaneous hair cell re-

generation in vivo, control chicks were injected with (Whitehead and Morest 1985; Stone et al. 1996; Li
and Forge 1997; Stone and Rubel 2000). Four daysBrdU and euthanized at 2 h, 2 days, or 4 days after

the injection. Utricles were dissected, fixed, and im- after BrdU injection, the number of cells that were
positive for both TuJ1 and BrdU appeared to increase,munoreacted to detect BrdU, TuJ1, and HCA

simultaneously. and a few triple-labeled cells were identifiable (Fig.
9D). HCA labeling was most notable at the tip of theTwo hours following BrdU injection, few BrdU-

labeled cells were observed, and all of the BrdU- apical projections of TuJ1-positive cells.
Colabeling of TuJ1 and HCA in a few BrdU-positivelabeled cells were TuJ1- and HCA-negative (data not

shown). At 2 days post-BrdU injection, many BrdU- cells with hair cell phenotypes demonstrates that the
cells that were double-labeled for TuJ1 and BrdU werelabeled cells were seen. Most BrdU-positive cells were

TuJ1-negative and HCA-negative (Fig. 9C). The few clearly differentiating into hair cells. This finding
assured us that the combined use of BrdU and TuJ1BrdU-positive/TuJ1-positive cells that we did see were

HCA-negative (Fig. 9C). BrdU-positive/TuJ1-positive would be sufficient to assess the degree of hair cell
regeneration that occurs in vitro, as described in thecells at 2 days post-BrdU had elongated lumenal por-

tions resembling the neck of a bottle, and they some- next section. Although these findings are strictly quali-
tative, they suggest that there is a temporal progressiontimes had close associations with neural processes. A
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in hair cell differentiation during regeneration, 0.005). In 3-day cultures, the number of double-
labeled cells does not vary across streptomycin concen-whereby TuJ1 is expressed before HCA.
trations ( p � 0.50), while in 5-day cultures, the number
of double-labeled cells reliably covaried with drug con-Hair cell differentiation in vitro
centration ( p � 0.05). As expected from the above,
there was also a significant interaction between cultureTo determine the extent to which cells that are mitoti-

cally generated in culture go on to differentiate as hair duration and drug concentration ( p � 0.05).
cells, we performed triple-immunolabeling for BrdU,
TuJ1, and HCA on utricles that were cultured for 1
day with 0.078 or 1.2 mM streptomycin and then main- DISCUSSION
tained in streptomycin-free media for another 2 or 4
days. These periods corresponded to a total of 3 or 5 This study demonstrates the following: 1) A 1-day expo-

sure to 0.078 mM streptomycin kills approximatelydays in culture, respectively. Parallel control utricles
were cultured in streptomycin-free media for the 40% of the hair cells in the cultured post-hatch chicken

utricle; stronger streptomycin concentrations killwhole period. In all cultures, BrdU was present contin-
uously to label all cells that are generated mitotically greater hair cell numbers; 2) cell proliferation is down-

regulated in cultured utricular maculae during amino-in vitro.
Triple-labeling in utricular cultures is shown in Fig- glycoside exposure and up-regulated by 1 day after the

exposure; and 3) a subpopulation of proliferating cellsure 9(E, F). BrdU-labeled nuclei were abundant in
both 3-day and 5-day cultures. Some BrdU-positive cells in the cultured utricular macula differentiate as hair

cells.were also labeled with TuJ1, and a few cells were triple-
labeled (BrdU-positive/TuJ1-positive/HCA-positive).
The morphologies of double-labeled (BrdU-positive/ Aminoglycosides kill vestibular hair cells in vitro
TuJ1-positive) cells and triple-labeled cells were similar
to those described for in vivo utricles (Fig. 9A–D), The avian inner ear has become a model system with

which to study hair cell regeneration. While there havesuggesting that hair cell differentiation occurs in cul-
ture in a similar manner as in vivo. been many studies using aminoglycosides to kill hair

cells in cultured avian inner ear organs (Stone et al.To quantify the densities of postmitotic cells in vitro,
we systematically counted BrdU-positive cells, as well 1996; Navaratnam et al. 1996; Kil et al. 1997; Hirose

et al. 1997; Oesterle et al. 1996), little quantitativeas BrdU-positive/TuJ1-positive cells, in eight randomly
chosen regions of the utricular macula. We used TuJ1 analysis of the hair cell loss has been performed. One

goal of the present study was to carefully quantify theas the marker for regenerated hair cells, rather than
HCA, because it is expressed earlier during hair cell effects of different streptomycin doses and exposure

times on hair cell numbers in cultured chickenmaturation. Further, TuJ1 is easier to visualize in that
it is present throughout the hair cell cytoplasm, in utricles.

The amount of hair cell death induced by in vitrocontrast to the apically expressed HCA. We compared
the number of BrdU-labeled cells and the number of streptomycin at 1 day in vitro depends on the dose

and length of the drug exposure. Exposure to lowdouble-labeled cells as a function of time in culture
(3 days or 5 days) and as a function of aminoglycoside streptomycin concentrations (e.g., 0.078 and 0.16

mM) kills hair cells primarily in the striolar region ofconcentration (0.0, 0.078, or 1.2 mM). Figure 10 pres-
ents data from this analysis. We found no significant the utricle, while exposure to higher concentrations

causes increasing death among extrastriolar hair cellsdifference in the density of BrdU-labeled cells between
the two culture–time groups ( p � 0.10). In contrast, as well. The lesions resulting from streptomycin expo-

sure in vitro are qualitatively and quantitatively similarthere was a significant increase in the density of BrdU-
labeled cells across drug concentrations ( p � 0.005), to those reported following streptomycin injections in

vivo in other studies. Weisleder and Rubel (1993)and the number of double-labeled cells increased sig-
nificantly with time in vitro ( p � 0.001) and with drug report the compete loss of Type I hair cells and 62%

loss of Type II hair cells in the chick ampulla by 1 dayconcentration ( p � 0.05). Between 3 and 5 days, the
percentage of BrdU-labeled cells that are double- following 7 consecutive days of streptomycin injec-

tions, and Carey and colleagues (1996) describe thelabeled increased from 4% to 13% in control cultures,
but this increase was not statistically significant ( p � nearly complete (97%) loss of Type I hair cells and

58% loss of Type II hair cells in the chick ampulla by0.150). Between 3 and 5 days, the percentage of BrdU-
labeled cells that were double-labeled increased from 7 days following 5 consecutive days of streptomycin

injections. In vivo aminoglycoside treatment causes1% to 21% in cultures with 0.078 mM streptomycin,
and from 1% to 25% in cultures with 1.2 mM strepto- similar lesions in the vestibular organs of rodents (Lin-

deman 1969; Kotecha and Richardson 1994; Forge etmycin; both of these increases are significant ( p �
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FIG. 10. Quantitation of BrdU-labeled and BrdU/TuJ1-
labeled SE cells following streptomycin exposure in vitro
(0.078 and 1.2 mM; Paradigm B). Light gray columns repre-
sent the number of BrdU-positive cells, while dark gray col-
umns represent the number of BrdU-positive and TuJ1-
positive (double-labeled) cells. Labeled cells are plotted as
mean number of cells/mm2 of SE (� S.E.M.). That the absolute
numbers of BrdU cells are 5–10 times the values seen in
Figure 8 is due to the fact that BrdU was available during
the entire culture period in this experiment. n � 3–4 utricles
per concentration per time point.

al. 1993, 1998) and fish (Yan et al. 1991; Yan and Spontaneous death of mature hair cells in control cul-
Popper 1992). Further, adult guinea-pig utricles tures of inner ear end organs has been reported pre-
treated with neomycin in vitro show higher degrees of viously (Oesterle et al. 1993; Stone et al. 1996; Quint
hair cell damage in the striolar region (Quint et al. et al. 1998). It is likely that we see elevated levels of
1998). The reason that Type I hair cells exhibit a proliferation in the striola because Type I hair cells
higher susceptibility to aminoglycoside exposure is are more sensitive than Type II hair cells to the envi-
not known. ronmental stresses that occur from in vitro conditions.

It is interesting to note that, while we could not Exposure to streptomycin in culture has a complex
detect a difference in the density of stereociliary bun- effect on supporting cell proliferation over time. Near
dles in control in vivo organs when compared with the end of the exposure period (at 1 day in vitro),
the in vitro cultured organs using SEM, a significant streptomycin (at all concentrations studied) causes a
difference in hair cell number between these organs significant decrease in the number of proliferating
was revealed by our cross-sectional analysis. The dis- supporting cells relative to that seen in control, unex-
crepancy between the qualitative SEM results and the posed cultures. With very high streptomycin concen-
quantitative cross-sectional data may be a result of the trations, this decrease in proliferation is maintained
relatively dense distribution of stereociliary bundles for 2 additional days. However, with low streptomycin
throughout the epithelium in each set of samples. In concentrations, supporting cell proliferation rates
other words, it may be difficult to visually distinguish increase and peak by 2 days in vitro (1 day following
a difference in stereocilia number with SEM between the completion of the streptomycin exposure) and
the two sets of samples, while a systematic cross-sec- then decrease to reach control levels 2–3 days later.
tional analysis is capable of elucidating variations in We were surprised to find an initial inhibitory effect
hair cell numbers. of streptomycin on supporting cell mitotic activity. To

the best of our knowledge, this is the first report of
aminoglycoside inhibition of supporting cell prolifera-

Cell proliferation in cultured utricular macula tion in either in vivo or in vitro conditions. Previous
studies have examined levels of supporting cell prolif-We examined cell proliferation in utricles that were
eration after variable treatment and recovery periods,cultured in media with and without streptomycin. In
but not during the drug exposure. We are confidentcontrol cultures, we found that mitotic activity is most
that the decrease in proliferation that we detected wasconcentrated in the striolar region. This was a surpris-
not a result of a transient mitotic arrest caused bying observation, since proliferating supporting cells
explantation into culture for the following reasons.appear to be randomly distributed throughout the
We detected an average of 112/mm2 BrdU-positivechick utricular macula in vivo (Roberson et al. 1992;
supporting cells in our control, cultured utricles afterKil et al. 1997; Bhave et al. 1998). It is likely that
a 3-h BrdU pulse/fix at 1 day in vitro. A similar numberour culture conditions were suboptimal for supporting
of BrdU-positive supporting cells (104/mm2) has beencomplete hair cell survival and that some Type I hair

cells or other hair cells in the striola died in vitro. documented in control utricles that were placed in
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culture and immediately pulsed with BrdU for 4 h removal; up to a four-fold increase was seen in drug-
damaged vis-à-vis control cultures. The relativethen fixed (Oesterle et al. 1997). The number of BrdU-
increase in mitotic activity that we saw in response topositive supporting cells obtained via the latter experi-
aminoglycoside exposure is in agreement with previ-ment reflects an estimate of the number of supporting
ous reports (Weisleder and Rubel 1993; Tsue et al.cells in S phase at the time of culturing, which is in
1993; Bhave et al. 1998; Oesterle et al. 1996).essence a snapshot of the steady-state proliferation

level in the control utricle in vivo. These data point
to an increase in supporting cell division during the
first day in vitro relative to steady-state levels in vivo Hair cells differentiate in organotypic explants
and suggest that there is no negative impact of the

Hair cell production in vivo occurs spontaneously inculturing process on supporting cell proliferation. Sec-
the avian vestibular organs (Jørgensen and Mathiesenond, our results from experimental Paradigm C
1989; Roberson et al. 1992) and in response to amino-showed that streptomycin is capable of inhibiting sup-
glycoside treatment (Weisleder and Rubel 1993;porting cell proliferation when added at 1 day in vitro
Weisleder et al. 1995; Bhave et al. 1998; Stone andrather than at the time of culturing. This finding sug-
Rubel 1999). It has also been documented in vitro, ingests that putative changes in culture conditions
control utricles (Warchol and Corwin 1993) and inbetween 1 and 2 days in vitro are not capable of affect-
utricles that are cultured after in vivo aminoglycosideing the streptomycin-induced inhibition of supporting
damage (Oesterle et al. 1993). Previous in vitro studiescell proliferation. Based on these interpretations, we
focused on SE cell proliferation; the ability of the pro-believe that the decrease in supporting cell prolifera-
liferating cells to differentiate into hair cells has nottion at 1 day in vitro is most likely due to the effects
been well characterized. To more fully characterizeof the streptomycin and not the culture conditions.
hair cell differentiation in vitro, we examined hair cellThe mechanism by which streptomycin initially
differentiation by using cell-specific markers that aredown-regulates mitotic activity in the utricular macula
useful for identifying newly generated hair cells beforeis unknown. Streptomycin may act directly on the cell
they form bundles of stereocilia (Stone et al. 1996;cycle machinery of progenitor cells, or it may act indi-
Stone and Rubel 2000). We combined the use of therectly. Aminoglycosides are known to enter and accu-
hair cell-specific antibody TuJ1 with continuous BrdUmulate within inner-ear supporting cells in both the
labeling to show that some postmitotic cells generatedauditory and vestibular systems prior to the onset of
in utricle cultures differentiate into hair cells. We felthair cell death (Hayashida et al. 1985; de Groot et al.
this approach is important for two reasons. First, there

1990; Hiel et al. 1993; Aran et al. 1995; Komeda and
is emerging evidence that hair cells can be formed via

Raphael 1996). Their effects on supporting cells, how- a nonmitotic process called direct transdifferentiation
ever, have been poorly characterized. Another plausi- (Adler and Raphael 1996; Roberson et al. 1996; Baird
ble reason for the down-regulation of supporting cell et al. 1996; Steyger et al. 1997; Forge et al. 1998).
proliferation seen at early culture times is that support- Second, recent studies have shown that some damaged
ing cells are mounting an injury response to the strep- hair cells may be capable of repairing themselves. For
tomycin effects. As a result of extensive hair cell loss, example, hair cells in the cultured mouse organ of
supporting cells may be attempting to reseal the reticu- Corti can survive mechanical trauma and repair their
lar lamina, the junction between the surviving hair cuticular plate and stereocilia bundle (Sobkowicz et
cells. This energy-intensive process may consequently al. 1995; Sobkowicz et al. 1996; Sobkowicz 1997). Fur-
restrict many supporting cells from entering the cell ther, in developing rat utricle exposed to gentamicin
cycle at this time. in vitro, partially damaged hair cells repair themselves

The reason for the resumption of supporting cell without going through mitosis (Zheng et al. 1999).
proliferation at 3 days in vitro is also unknown; however, We continuously provided BrdU in culture and ana-
it was not surprising. An increase in supporting cell lyzed only BrdU-positive cells to ensure that the cells
proliferation over baseline levels has been docu- we deemed as “regenerated” were newly formed by
mented previously in vivo (e.g., Lippe et al. 1991; cell division. Since BrdU was present in the media for
Weisleder and Rubel 1993; Tsue et al. 1994; Bhave et the entire culture period, BrdU-positive cells could be
al. 1995; Stone et al. 1996; Bhave et al. 1998) and in vitro any of the following: postmitotic hair cells, postmitotic
(Navaratnam et al. 1996; Stone et al. 1996; Oesterle et supporting cells, proliferative supporting cells, or pro-
al. 1996), and it is most likely due to the induction liferative leukocytes (Warchol 1997). Considering that
of hair cell loss. Numbers of proliferating cells were the levels of proliferation at 3 days in vitro have signifi-
greatest in the striolar region, where maximal hair cell cantly decreased relative to the peak levels of prolifera-
loss occurred. The highest levels of proliferation seen tion at 2 days in vitro, the majority of labeled cells in

3-day and 5-day cultures are probably postmitotic.in our cultures occurred at 1 day after streptomycin
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We detected no significant difference in the num- 1996; Adler et al. 1997; Li and Forge 1997; Forge et
al., 1998; Zine and Ribeaupierre 1998). One mightber of BrdU-labeled cells between the two culture-time

groups. One possible explanation of this finding is venture that, in our continuous BrdU exposure experi-
ments, cells with hair cell characteristics that are BrdU-that a subpopulation of postmitotic regenerated cells

dies in culture between 3 and 5 days. Such cell death negative represent hair cells that were regenerated as
a result of direct transdifferentiation. Unfortunately,could represent a continuation of the normal apop-

totic program of the chick utricle (Jørgensen 1991; this issue cannot be addressed in this study. In order to
assure that cells have transdifferentiated in our cultureKil et al. 1997), or it may signal that our culture system

does not support the survival of postmitotic cells for system, we would have to ensure that we could identify
BrdU-negative cells that were newly formed in vitro.long.

The number of double-labeled (BrdU-positive/ This would be possible if our lesion paradigm results
in complete loss of hair cells in some portion of theTuJ1-positive) cells increased significantly between 3

and 5 days in vitro. However, at 5 days in vitro, a large utricle. While we detected a lack of stereocilia in the
striolar region of some cultured utricles, we cannot beproportion of the BrdU-positive cells remains TuJ1-

negative. The relatively low level of hair cell regenera- certain that the underlying hair cells are also absent
(Sobkowicz et al. 1996; Zheng et al. 1999). The use oftion that we see by 5 days in vitro probably reflects a

delay in the time that it takes for some postmitotic the chick utricle as a system with which to study the
role of transdifferentiation in hair cell regenerationcells to acquire a hair cell phenotype. We have shown

in the undamaged utricle in vivo that it can take as is further confounded by the fact that a proportion of
the resident hair cells in this organ are immature,little as 2 days for postmitotic cells that will form hair

cells to become immunoreactive for TuJ1. A similar because of its ongoing hair cell production. Immature
regenerated hair cells in the chick basilar papillatiming for TuJ1 expression relative to cell birth was

recently demonstrated for regenerating hair cells in exhibit transient resistance to aminoglysocide treat-
ment in vivo (e.g., Hashino and Salvi 1996). Therefore,the drug-damaged chick basilar papilla in vivo (Stone

and Rubel 2000). In streptomycin-damaged utricles in immature hair cells are likely to persist after our amino-
glycoside exposure in vitro. In conclusion, among thevitro, the peak of supporting cell proliferation occurs

by 2 days after the initiation of the drug exposure population of TuJ1-positive/BrdU-negative cells, we
cannot distinguish between cells that survived thefor the majority of the drug concentrations studied.

Assuming that the time it takes postmitotic cells to aminoglycoside exposure and those that were newly
formed in vitro.express TuJ1 is similar in vitro and in vivo, we expected

that many of the cells generated at this peak time
would be TuJ1-positive by 5 days in vitro.
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