Their hair bundles did contain a single true
cilium (kinocilium) (Fig. 3D), but their
stereocilia were thin, with a relatively low
density of microfilaments (Fig. 3, D and E).
Many joined the cell body without any
constriction at their proximal end or an
obvious rootlet, and some arose in the ab-
sence of a well-differentiated underlying cu-
ticular plate (Fig. 3E). Whereas most of the
apparently maturing hair cells had no obvi-
ous synaptic contacts, some of those that
possessed more mature stereocilia had a few
fully developed synapses with afferent nerve
boutons at their bases (Fig. 3, F and G).

These morphological observations dem-
onstrate that replacement hair cells can
develop after ototoxic damage to the utricle
in guinea pigs. The replacements appeared
in the regions from which the original hair
cells were lost. Similar observations have
been made in cristae and saccules, which
suggests that these phenomena occur
throughout the mammalian vestibular sys-
tem. At least some of the new hair cells
become innervated, making it likely that
they could contribute to a recovery of sen-
sory function. DNA labeling studies de-
scribed by Warchol et al. (6) indicate that
the new hair cells are produced after mito-
ses occurring in response to trauma and thus
that regeneration of hair cells does occur in
the mammalian inner ear.
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Regenerative Proliferation in Inner Ear Sensory
Epithelia from Adult Guinea Pigs and Humans

Mark E. Warchol, Paul R. Lambert, Bradley J. Goldstein,
Andrew Forge, Jeffrey T. Corwin

Supporting cells in the vestibular sensory epithelia from the ears of mature guinea pigs and
adult humans proliferate in vitro after treatments with aminoglycoside antibiotics that cause
sensory hair cells to die. After 4 weeks in culture, the epithelia contained new cells with
some characteristics of immature hair cells. These findings are in contrast to expectations
based on previous studies, which had suggested that hair cell loss is irreversible in
mammals. The loss of hair cells is responsible for hearing and balance deficits that affect

millions of people.

Sensory hair cells are essential for the
transduction of mechanical stimuli into
hearing and balance signals in the internal
ear. Sound is transduced by hair cells in the
cochlea, and movements of the head are
transduced by hair cells in the five vestibu-

M. E. Warchol, P. R. Lambert, B. J. Goldstein, J. T.
Corwin, Department of Otolaryngology-Head and
Neck Surgery and Department of Neuroscience, Uni-
versity of Virginia School of Medicine, Charlottesville,
VA 22908.

A. Forge, Institute of Laryngology and Otology, Uni-
versity College London, London WC1X 8EE, United
Kingdom.
SCIENCE *

VOL. 259 + 12 MARCH 1993

lar sensory epithelia. Tritiated thymidine
labeling in mice in vivo has provided sup-
port for the belief that the cells of the
sensory epithelia in the mammalian ear
cease proliferation in the embryo or shortly
after birth and do not proliferate in the
adult (1).

Here we report that cells in the utricular
sensory epithelia from adult guinea pigs and
adult humans proliferate after. treatment
with ototoxic antibiotics when maintained
in vitro and that some of the progeny of the
proliferating cells begin to differentiate as
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Fig. 1. Supporting cells begin to proliferate in sensory epithelia from the ears of juvenile and adult
guinea pigs soon after the loss of sensory hair cells. The specimens in (A) and (B) were incubated
for 24 hours in media that contained aminoglycoside antibiotics that are selectively toxic to the
sensory transducing hair cells of the ear (see text). (A) A cell in the center of the sensory
epithelium labeled with BrdU in the telophase stage of mitosis 2 days after the aminoglycoside
treatment. (B) A transverse section through the center of a utricle cultured in medium that
contained [3H]methyl-thymidine for 6 days after hair cell lesioning. A supporting cell (SC) is
heavily labeled by silver grains, which appear as small white spots over its nucleus, indicating
that it replicated its DNA during the period during which the medium contained the radioactive
tracer. Two surviving hair cells (HC) are to the left. This specimen contained 23 labeled

supporting cells. Bar = 10 pm.

replacement hair cells. An accompanying
report outlines ultrastructural evidence for
recovery of hair cells in the vestibular or-
gans of young guinea pigs after the loss of
hair cells caused by administration of oto-
toxic antibiotics in vivo (2). Together,
these findings suggest that a regenerative
repair process analogous to that observed in
nonmammalian hair cell epithelia (3) can
occur in adult mammalian ears.

The sensory epithelia from the utricles
of juvenile and adult guinea pigs (380 to
755 g, 6 to 14 weeks old) were dissected
under sterile conditions and incubated in
small volumes of culture media (4). Hair
cells were intentionally killed in 18 cultures
by incubation of the epithelia for 24 hours
in media that contained 0.5 to 2 mM
neomycin. or gentamicin, aminoglycoside
antibiotics that are selectively toxic to hair
cells (5). Four control cultures were started
in parallel and incubated in the basal me-
dium without aminoglycoside antibiotics.
After the first 24 hours, both groups were
supplied with aminoglycoside-free media
that contained [*H]methyl-thymidine or
bromo-deoxyuridine (BrdU) (6). These
tracers are incorporated into replicating
DNA, thereby identifying proliferating
cells and their progeny. In initial experi-
ments, the sensory epithelia were main-
tained in culture for 2 to 13 days in media
that contained tracers. Half of the medium
in each culture was replaced with fresh
tracer-containing medium every 2 days.
Cultures treated with BrdU were fixed and
processed as whole mounts to examine cell
proliferation through the use of immunocy-
tochemistry (7). Cultures maintained in
medium that contained [*H]methyl-thymi-
dine were fixed, sectioned, and processed
for autoradiographic localization of labeled
cells (8).
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The 24-hour incubation in the amino-
glycoside-containing medium resulted in
dramatic losses of hair cells throughout the
utricular sensory epithelia (9). Pyknotic
cells with small, darkly stained nuclei were
common in these epithelia and are pre-
sumed to have resulted from the amino-
glycoside poisoning of the hair cells. La-
beled cells were found in the sensory epi-
thelia of all the specimens that were incu-
bated with the mitotic tracers. The acid
treatment necessary for the BrdU localiza-
tion resulted in reduced histological preser-
vation, but the method showed some cells
in the sensory epithelia were labeled in
anaphase and telophase (Fig. 1A).

Cell proliferation began soon after the
loss of hair cells. Three sensory epithelia
incubated in tracer-containing media for 2
days after the aminoglycoside treatment
contained 3, 6, and 18 labeled cells. Two
utricles incubated for 4 days after the treat-
ment contained 9 and 23 labeled cells, and
five utricles maintained in culture for 6 days
after the treatment contained 4, 9, 21, 23,
and 26 labeled cells. Most of the cells
labeled with tritiated thymidine in those
cultures had nuclei positioned just above
the basal lamina. Both the positions of the
nuclei and the overall shapes of the labeled
cells were consistent with their identifica-
tion as supporting cells (Fig. 1B).

Labeled supporting cells were distributed
throughout the sensory epithelia (Fig. 2). A
relatively large fraction of the labeled sup-
porting cells was found in the proximal half
of the sensory epithelium above the point at
which the utricular branch of the statoa-
coustic nerve joins the organ. That site was
most frequently damaged by the surgical
manipulations involved in removing the
sensory epithelium and by folding of the
epithelium during the culture process.
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Fig. 2. Proliferating cells were present
throughout the sensory epithelia after hair cell
loss. The diagram shows the positions of
proliferating cells in three utricular sensory
epithelia oriented with their proximal (neural)
ends at the bottom. Cells labeled during 2
days (@) and 4 days () in culture with
[BH]methyl-thymidine after treatment with 1
mM neomycin. Cells labeled during 6 days
(O) in culture with [3H]methyl-thymidine after
treatment with 1 mM gentamicin.

In the four control utricles, normal hair
cells were present at most locations after 5
days in culture without aminoglycosides
(Fig. 3A). However, hair cells were killed
unintentionally at a few sites in each of the
controls during the surgical removal to cul-
ture. The four control utricles contained
three, five, nine, and ten labeled support-
ing cells at locations where the sensory
epithelia appeared to have been damaged
(Fig. 3B). Labeled cells were not present in
regions of the control epithelia that con-
tained normal numbers of undamaged hair
cells.

We examined the developmental fate of
the progeny of the proliferating cells in
three utricles that were maintained in cul-
ture for 27 days after antibiotic treatment
(10). These utricles contained 15, 24, and
39 labeled cells, with 54 to 80% of the
labeled nuclei located in the lumenal stra-
tum that is usually occupied by hair cell
nuclei. Some labeled cells appeared to de-
velop structural characteristics of immature
hair cells, including a surface projection
that resembled a small ciliary bundle (Fig.
4). The percentage of labeled nuclei that
were in the lumenal stratum was dramati-
cally greater after 4 weeks than in those
maintained for 2 weeks or less. Very few
comparable cells were labeled in the short-
term cultures (Fig. 3B). This apparent de-
velopment of cells with labeled nuclei is
consistent with evidence from other species
in which laser microbeam surgery and time-
lapse video microscopy have demonstrated
that regenerated sensory hair cells can arise
from supporting cell divisions at sites where
hair cells are missing (11).

In order to test whether similar prolifer-
ation would occur in adult human ears, we



Fig. 3. (A) Hair cells appeared normal in the control utricles that were maintained in vitro for 5 days
without aminoglycoside antibiotics. However, the supporting cells in the controls did begin to
proliferate at sites where hair cells had been lost because of mechanical damage resulting from the
culture method. (B) A labeled cell nucleus (arrow) in the apical stratum of a control sensory
epithelium at a position where hair cells were lost. The nuclei of sensory hair cells normally occupy

that stratum. Bar = 10 pm.

collected utricles from three patients during
unilateral surgical labyrinthectomies (12).
As before, each sensory epithelium was
incubated in culture medium that con-
tained 1 mM neomycin for 24 hours in
order to kill hair cells. They were then
incubated either for 6 days (two utricles) or
for 24 days (one utricle) in aminoglycoside-
free medium that contained [*H]methyl-
thymidine. The tissues were fixed and pro-

Fig. 4. A putative replacement hair cell in a
utricle that was maintained in vitro for 4 weeks
after hair cell loss. The dark spots over the
nucleus of this cell are silver grains resulting
from the autoradiographic exposure of nuclear
track emulsion to [3H]methyl-thymidine that
was incorporated into the DNA during cell
proliferation. Other labeled cells in these spec-
imens also had morphological features charac-
teristic of immature hair cells. A surface projec-
tion from the labeled cell resembles a develop-
ing ciliary bundle (arrowhead). Bar = 10 pm.

cessed for autoradiography according to the
protocol described above. The neomycin
treatment and surgical damage resulted in
the complete loss of hair cells from the
sensory epithelia. Labeled supporting cells
were present in all three specimens (Fig. 5,
A and B). Counts were made of labeled
cells in the two human utricles that were
maintained in culture for 7 days. One spec-
imen contained 127 labeled supporting cells
and the other contained 159. The utricle
that was in culture for 25 days contained
some labeled nuclei in the lumenal stratum
that is normally occupied by the nuclei of
hair cells (Fig. 5B).

The differences in the number of labeled
cells in the human and guinea pig utricles
may be due to the more extensive loss of
hair cells in the human tissue or to the fact
that the adult human utricular epithelia
were approximately four times the size of
those from the adult guinea pigs. Rates of
supporting cell labeling during regeneration
are substantially higher in other species (3);
the lower rates of regeneration observed in
vitro in this study and in vivo in (2) suggest
that the process occurs more slowly in
mammals than in other species.

In rare cases the balance sensitivity of the
human ear has been reported to recover after
aminoglycoside antibiotics had abolished
vestibular responses (13). Our results may
explain those observations because they
demonstrate that the supporting cells of the
adult mammalian inner ear retain a capacity
for proliferation that can be triggered in
response to a loss of sensory hair cells. Forge
et al. demonstrate that small cells with ultra-
structural features that are characteristic of
newly formed hair cells can appear in vivo
several weeks after aminoglycoside treat-
ments that cause hair cell loss in the utricles
of guinea pigs (2). Together, these results
indicate that the regenerative proliferation
of supporting cells can lead to the formation
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Fig. 5. Cells in utricular sensory epithelia from
adult humans proliferated in culture after hair
cell loss. (A) Exposed silver grains that appear
as white dots over the nucleus (arrow) in this
differential interference contrast view demon-
strate that the radioactive thymidine in the cul-
ture medium was incorporated into the DNA of
this supporting cell in the utricle from a 52-year-
old patient. After 6 days in culture with [*H]meth-
yl-thymidine, this utricle contained 127 labeled
cells. (B) The nuclei of two cells in this section of
the utricle from a 63-year-old patient contain the
radioactive DNA tracer revealed by black dots in
this bright-field view (arrows). This utricle was in
culture for 25 days, and the nucleus of one of the
labeled cells is in the lumenal stratum that is
normally occupied by hair cells. Bar = 10 pm.

of replacement hair cells in the balance
organs of adult mammals. Additional inves-
tigations should determine whether this also
occurs in the organ of Corti.
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Effect of PU.1 Phosphorylation on Interaction with
NF-EM5 and Transcriptional Activation
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Richard A. Maki, Michael L. Atchison}

PU.1 recruits the binding of a second B cell-restricted nuclear factor, NF-EM5, to a DNA
site in the immunoglobulin k 3’ enhancer. DNA binding by NF-EM5 requires a protein-
protein interaction with PU.1 and specific DNA contacts. Dephosphorylated PU.1 bound
to DNA but did not interact with NF-EM5. Analysis of serine-to-alanine mutations in PU.1
indicated that serine 148 (Ser'48) is required for protein-protein interaction. PU.1 produced
in bacteria did not interact with NF-EM5. Phosphorylation of bacterially produced PU.1 by
purified casein kinase Il modified it to a form that interacted with NF-EM5 and that recruited
NF-EMS5 to bind to DNA. Phosphopeptide analysis of bacterially produced PU.1 suggested
that Ser'48 is phosphorylated by casein kinase II. This site is also phosphorylated in vivo.
Expression of wild-type PU.1 increased expression of a reporter construct containing the
PU.1 and NF-EMS5 binding sites nearly sixfold, whereas the Ser'*8 mutant form only weakly
activated transcription. These results demonstrate that phosphorylation of PU.1 at Ser'48
is necessary for interaction with NF-EM5 and suggest that this phosphorylation can reg-

ulate transcriptional activity.

Modification by phosphorylation can in-
fluence either the binding to DNA or the
functional activity of a number of transcrip-
tion factors including SRF, Myb, Max,
c-Jun, and cyclic adenosine monophos-
phate response element-binding protein
(CREB) (I). Phosphorylation of IkB-like
proteins can also control the nuclear local-
ization of Rel-related proteins such as NF-
kB (2). PU.1 is an Ets-related transcription
factor (3) that is implicated in the genesis
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of erythroleukemia (4). PU.1 expression is
restricted to macrophages and B cells.
Many Ets family members are expressed in a
tissue-restricted fashion and therefore may
control the expression of tissue-specific
genes (5). PU.1 recruits the binding of
another B cell-restricted nuclear factor,
NF-EMS5, to a specific DNA sequence in
the immunoglobulin k 3’ enhancer (xE3’)
(6). NF-EM5 requires a protein-protein in-
teraction with PU.1 and specific protein=
DNA interactions in order to bind to
DNA. The DNA binding sites for PU.1
and NF-EM5 lie adjacent to one another in
the kE3’ enhancer. These two sites appear
to be important for kE3’ enhancer activity
because mutation of either site reduces
transcriptional activity (6). Recruitment of
NF-EM5 to DNA requires a 43—amino acid



