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Retinoic Acid Stimulates Regeneration of
Mammalian Auditory Hair Cells

Philippe P. Lefebvre, Brigitte Malgrange, Hinrich Staecker,
Gustave Moonen, Thomas R. Van De Water*

Sensorineural hearing loss resulting from the loss of auditory hair cells is thought to be
irreversible in mammals. This study provides evidence that retinoic acid can stimulate the
regeneration in vitro of mammalian auditory hair cells in ototoxic-poisoned organ of Corti
explants in the rat. In contrast, treatment with retinoic acid does not stimulate the formation
of extra hair cells in control cultures of Corti’s organ. Retinoic acid—stimulated hair cell
regeneration can be blocked by cytosine arabinoside, which suggests that a period of
mitosis is required for the regeneration of auditory hair cells in this system. These results
provide hope for a recovery of hearing function in mammals after auditory hair cell damage.

The inner ears of fishes and amphibians
produce hair cells continuously throughout
life and thus can self-repair these sensory
structures after injury (I). In contrast, the
auditory receptors of avians stop producing
hair cells during embryonic development;
therefore, it was thought that loss of these
cells later in life would result in an irrevers-
ible hearing deficit (2). The regeneration of
sensory hair cells has recently been de-
scribed in birds after a lesion caused by
either acoustic overstimulation or ototoxic
poisoning (3). Electrophysiological studies
of chicks that have recovered from acoustic
overstimulation indicate that the basilar
papilla, which contains a mixture of regen-
erated and original auditory hair cells, re-
covers full auditory function (4). However,
it remains to be demonstrated that the
regenerated hair cells actually participate in
the observed recovery of function.
Deafness resulting from a loss of hair
cells in mammals has also been assumed to
be permanent because the production of
sensory cells is normally completed at the
end of the first half of the gestation period
(5). However, the repair of stereocilia bun-
dles and cuticular plates after mechanical
injury to Corti’s organ has been described in
cochlear duct explants from newborn mice;
this result suggests that replacement of hair

P. P. Lefebvre, Department of Human Physiology and
Pathophysiology, University of Liege, B4020 Liege,
Belgium, and Department of Otolaryngology, Albert
Einstein College of Medicine, Bronx, NY 10461.

B. Malgrange and G. Moonen, Department of Human
Physiology and Pathophysiology, University of Liége,
B4020 Liege, Belgium.

H. Staecker, Department of Otolaryngology, Albert
Einstein College of Medicine, Bronx, NY 10461, and
Department of Human Physiology and Pathophysiol-
ogy, University of Liege, B4020 Liége, Belgium.

T. R. Van De Water, Departments of Otolaryngology
and Neuroscience, Albert Einstein College of Medi-
cine, Bronx, NY 10461, and Department of Human
Physiology and Pathophysiology, University of Liége,
B4020 Liege, Belgium.

*To whom correspondence should be addressed, at
Albert Einstein College of Medicine, 1410 Pelham
Parkway South, Kennedy Center, Room 302, Bronx,
NY 10461.

SCIENCE ¢ VOL. 260 * 30 APRIL 1993

cells may be possible in the mammalian
cochlea (6). This finding implies that some
regenerative capabilities must exist in the
mammalian inner ear. Such a response may
be triggered by a stimulus in addition to the
initial lesion, as demonstrated in cultures of
auditory neurons in which a limited ability
to regenerate severed or damaged neuronal
processes (7) could be stimulated by treat-
ment with neurotrophic growth factors (8).

We have tested the potential of retinoic
acid (RA) to stimulate the regeneration of
mammalian auditory hair cells in organo-
typic cultures (9) of Corti’s organ excised
from 3-day-old rat pups (10) after exposure
to an ototoxic dose of the aminoglycoside
antibiotic neomycin. A  dose-response
curve (11) determined that 1073 M was an
effective dose of neomycin for the destruc-
tion of 99% of the auditory hair cells in
these organotypic cultures (Fig. 1A). After
treatment with a dose of 107> M neomycin,
the explants were compared with control
(untreated) cultures and to neomycin-treat-
ed explants that were also treated after
exposure with 1078.M RA for 4 or 7 days
(12, 13) (Fig. 1B; Table 1). The neomycin-
treated cultures did not stain for the pres-
ence of hair cell stereocilia bundles either
after 2 days of exposure to neomycin (post-
exposure day O) or after the removal of
neomycin from these cultures and an addi-
tional 4 or 7 days of culture in normal
growth medium. The lack of hair cells in
the ototoxin-exposed cultures contrasts
with the results observed in stereocilia bun-
dles in the control (untreated) cultures
(Figs. 1B and 2A and Table 1).

When ototoxin-exposed cultures were
treated after neomycin exposure with 1078
M RA for a period of either 4 or 7 days,
they contained increasing numbers of new
hair cells, as we determined by counting
cells  with fluorescein  isothiocyanate
(FITC)—phalloidin—stained stereocilia bun-
dles. After 4 and 7 days of treatment with
RA, a 16% and a 78% replacement, respec-
tively, of the original auditory hair cell



population was observed (Figs. 1B and 2B;
Table 1). In contrast to the observation
that 1078 M RA can evoke the formation of
supernumerary hair cells in vitro (12), we
observed that treatment with the same con-
centration of RA in 3-day-old rat organ of
Corti cultures for 11 days did not initiate
new hair cell formation as determined by
FITC-phalloidin staining (Table 1). A pho-
tomicrograph of a control culture of Corti’s
organ labeled with FITC-phalloidin at 11
days shows that hair cell integrity was main-
tained in these untreated explants (Fig.
2A). Ototoxin- and RA-treated explants
showed, after 4 days of RA exposure, a
band of epithelial cells stained densely with
FITC-phalloidin. Approximately 13% of
the labeled cells possessed the beginning of
a stereocilia bundle (Table 1). At 7 days
after exposure to RA, the presence of hair
bundles on the apical surfaces of the cells
labeled with FITC-phalloidin was nearly
100% (Fig. 2B and Table 1).

To confirm that these labeled cells were
immature regenerating hair cells, we under-
took an ultrastructural study (14). Electron
micrographs of a control Corti’s organ after
11 days in vitro showed inner and outer hair
cells with stereocilia as well as cuticular
plates (Fig. 3A). Normal-appearing syn-
apses of afferent auditory neurites were also
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Fig. 1. The number of hair cells per millimeter in
the cochlear duct in 3-day-old rat organ of Corti
explants. (A) A dose-response curve of the
ototoxic effect of neomycin on auditory hair cell
survival; C, control. (B) A comparison of hair
cell counts in controls (M), in neomycin-treated
(1073 M) explants (O), and in peomycin-treated
(1073 M) explants subsequently treated with
RA (108 M) (@) (n = 12, bars = +SEM).
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Table 1. Auditory hair cell counts from 3-day-old rat organ of Corti explants; U, untreated cultures;
RA, 10~8 M retinoic acid, continuous or postexposure-treated cultures; and RA + AraC, 105 M Ara
C +1078 M RA, postexposure-treated cultures. Hair cells per millimeter of cochlear duct were
determined by counts of cells with FITC-phalloidin—stained -stereocilia bundles. Each count
represents the mean value of 12 specimens from four separate experiments. Standard errors of the

means (SEM) are expressed as * values; ND, hair cell counts were not performed.

Time Time after Control Neomycin (1073 M)
in vitro exposure
(days) (days) U RA U RA RA + Ara C
4 0 454 + 13 42
8 4 ND ND 0 71 £ 26 0
11 7 440 + 28 442 + 20 0 344 = 32 0

observed at the base of these sensory hair
cells (15). When organ of Corti explants
that had been treated with 1073 M neomy-
cin for 48 hours were examined, severely
damaged auditory hair cells were present.
These dying cells were vacuolized, and
many were in the process of being extruded
from the apical surface of the sensory area of
Corti’s organ (Fig. 3B). In the cultures
treated with neomycin and then 1078 M
RA, regenerating hair cells were identified
by their long cell-surface microvilli (be-
tween 4 and 6 wm) that contained an
arrangement of actin-like filaments that
extended short rootlets into the apical sur-
faces of these immature hair cells (Fig. 3, C
and D). We often observed that the imma-
ture regenerating hair cells contained a
single rudimentary kinocilium (Fig. 3C)
resembling a normally developing auditory
hair cell (16).

The stimulatory effect of RA on hair cell
regeneration in the neomycin-treated ex-
plants could be completely blocked if a
mitosis-blocking dose of 107> M cytosine
arabinoside (Ara C) was added at the same
time as the 1078 M RA. After exposure to
RA plus Ara C for 4 or 7 days, no new hair
cells were detected by FITC-phalloidin
staining for stereocilia bundles (Table 1).
To control for a possible toxic effect of 1073
M Ara C on these organotypic cultures, we
exposed unlesioned organ of Corti explants
for the same period of time to this antimi-
totic drug. No significant changes in hair
cells were observed in the explants stained
with FITC-phalloidin.

Retinoic acid is a potent morphogen for
patterning of the cephalic area (17). In
combination with fetal calf serum, RA can
induce precocious differentiation of inner
ear sensory epithelium in cultures of early
chick embryo otocysts (12). In mammals,
the gene that encodes the cellular RA
binding protein is uniquely expressed in
that portion of developing inner ear that
will form Corti’s organ (18). Moreover, RA
can affect the pattern of hair cell differen-
tiation if applied before the onset of overt
cytodifferentiation in cultures of embryonic
mouse cochlear duct by initiating the for-
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mation of supernumerary hair cells (12).
Conversely, our cultures of postnatal rat
organ of Corti that already contain differ-
entiated but not yet fully functional audi-
tory hair cells did not develop supernumer-
ary hair cells in response to the addition of
exogenous RA. However, the addition of
exogenous RA to these cultures did stimu-
late hair cell regeneration in Corti’s organ
after an initial period of ototoxic poisoning

Fig. 2. Photomicrographs of FITC-phalloidin—
stained 3-day-old rat organ of Corti explants,
after 11 days in vitro. (A) An untreated culture
with auditory hair cells (11 days in normal
medium); explants grown in 10~8 M RA had the
same pattern of FITC-phalloidin staining. (B) An
ototoxin-damaged, RA-treated culture with re-
generated auditory hair cells (2 days in normal
medium, 2 days + 103 M neomycin, 7 days +
10~8 M RA; in ototoxin-treated cultures there
were no FITC-phalloidin-stained stereocilia
bundles. Bar = 25 pm.
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Fig. 3. Electron micro-
graphs of the auditory
hair cell area of Corti's
organ from 3-day-old rat
organ of Corti explants.
(A) A control culture after
11 days in vitro (11 days
in normal medium). Both
inner (IHC) and (OHC)
outer hair cells are pre-
sent, separated by a pair
of pillar cells. (B) An oto-
toxin-damaged culture,
after 4 days in vitro (2
days in normal medium,
2 days + 10~ M neomy-
cin); numerous myelin
figures are present in the
damaged cells of Corti's
organ, with a dying cell
(open arrow) being ex-
truded from the apical
surface of this sensory
area. (C and D) Areas of
regenerated auditory hair
cells in ototoxin-dam-
aged, RA-treated cul-
tures, after 11 days in vi-
tro (2 days in normal me-
dium, 2 days + 1073 M
neomycin, and 7 days +
10-8 M RA); numerous im-
mature stereocilia (small
solid arrows) are present
on the apical surfaces of

the regenerated hair cells (RHC), with rootlets (open arrow) extending into the apical cytoplasm of
these sensory cells. A single rudimentary kinocilium (heavy solid arrow) is present at the apical
surface of a regenerating hair cell and was a frequent finding in these immature hair cells. Bar = 7.9

wm (A and B); 0.7 pum (C); 2 um (D).

that destroyed 99% of the original hair cell
population. This stimulatory action of RA
on hair cell regeneration in vitro was
blocked by an antimitotic drug (Ara C),
suggesting that mitosis is required for regen-
eration of mammalian auditory hair cells.
This result agrees with similar findings of
mitotic activity during the repair and hair
cell regeneration period in avian labyrinths
(3) and in the lateral line system of amphib-
ians (19).

Two hypotheses can be formulated in
relation to hair cell regeneration in mam-
mals. (i) Healthy auditory hair cells can
suppress proliferation in the other cells that
compose Corti’s organ through the release
of a diffusible molecule or molecules. De-
struction of hair cells by an ototoxin or
other trauma may remove the inhibition to
cell proliferation and thus allow the sup-
pressed cell population to enter the mitotic
cycle and become capable of responding to
a RA stimulus to differentiate into auditory
hair cells. (ii) Injured hair cells can release
a diffusible factor or factors that initiate cell
division in a quiescent population of cells of
Corti’s organ, which can then be stimulated
by RA to differentiate into immature audi-
tory hair cells. The identification of the
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actual mechanism and the factor or factors
responsible for the stimulation of cell pro-
liferation in the damaged organ of Corti is a
key issue in the restoration of hearing after
a lesion to the auditory receptor. Conse-
quently, administration of a mitosis-stimu-
lating factor together with a differentiation
factor like RA might be used as a therapeu-
tic technique for repopulating damaged in-
ner ears in mammals.
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Linkage on Chromosome 3 of Autoimmune
Diabetes and Defective Fc Receptor for IgG
in NOD Mice

Jan-Bas Prins, John A. Todd, Nanda R. Rodrigues,
Soumitra Ghosh, P. Mark Hogarth, Linda S. Wicker,
Erin Gaffney, Patricia L. Podolin, Paul A. Fischer,
Anna Sirotina, Laurence B. Peterson

A congenic, non-obese diabetic (NOD) mouse strain that contains a segment of chromo-
some 3 from the diabetes-resistant mouse strain B6.PL—Thy-12 was less susceptible to
diabetes than NOD mice. A fully penetrant immunological defect also mapped to this
segment, which encodes the high-affinity Fc receptor for immunoglobulin G (IgG), FcyRlI.
The NOD Fcgr1 allele, which results in a deletion of the cytoplasmic tail, caused a 73
percent reduction in the turnover of cell surface receptor—antibody complexes. The de-
velopment of congenic strains and the characterization of Mendelian traits that are specific
to the disease phenotype demonstrate the feasibility of dissecting the pathophysiology of

complex, non-Mendelian diseases.

Complex diseases such as autoimmune, in-
sulin-dependent diabetes mellitus (IDDM)
(1-4), hypertension (5), and epilepsy (6)
are largely determined by a number of gene
effects. The NOD mouse strain spontane-
ously develops IDDM (7), which is deter-
mined by at least nine unlinked loci [Idd-1
through Idd-9 (1, 2, 8)]. With the excep-
tion of Idd-1, which is encoded by genes
within the major histocompatibility com-
plex (MHC) on chromosome 17, no indi-
vidual locus appears to be absolutely essen-
tial for disease onset. Heterozygosity even
at the MHC has a low, but significant
penetrance that makes fine mapping by
standard linkage analysis impractical (in
the absence of any obvious candidate
genes) (I—4). Proof that any of the non-
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MHC loci encode significant effects and
progress in fine mapping depend on the
demonstration that NOD strains that are
congenic for chromosomal regions encod-
ing diabetes-resistant alleles are actually less
susceptible to disease.

Idd-3, which is linked to both diabetes
and insulitis, was mapped to a 48—centi-
morgan (cM) interval on chromosome 3,
approximately between D3Nds6 [interleu-
kin-2 (II-2)] and D3Nds9 (Adh-1) (1). In
this 48-cM interval, the marker loci
D3Nds7 [Cacy (9)], D3Nds11 [Fcgrl (10)],
and D3Nds8 (Tshb), which are in a 7-cM
region, show strong linkage to diabetes and
insulitis (Table 1). These backcross data do
not, however, permit assignment of the
disease locus within this 7-cM interval or
even to an adjacent interval. In order to
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fine map the disease locus and assess the
role of the chromosomal region encompass-
ing these three marker loci in diabetes,
we measured the frequency of disease in
the NOD.B6.PL-Thy-1-D3Nds7 D3Nds8
(NOD.D3Nds7 D3Nds8) congenic strain,
which contains a segment of chromosome 3
from B6.PL-Thy-1 in the homozygous
state. The cumulative frequency of diabe-
tes, as compared with cohorts of male and
female NOD mice, was reduced significant-
ly in both male (P < 0.0001) and female (P
< 0.0001) congenic mice (Fig. 1, A and
B). We obtained further evidence that this
segment, and not a region on a different
chromosome, is the cause of the reduction
in diabetes frequency by demonstrating
linkage between chromosome 3 and diabe-
tes in a backcross analysis (11). Statistical
analyses of backcross data (3) and the fre-
quency of diabetes in other congenic strains
encompassing different regions of chromo-
some 3 (4) indicate that Idd-3 is encoded by
two or more distinct chromosome 3 loci,
one of which is in the D3Nds7-D3Nds8
region. The occurrence of diabetes in the
NOD.D3Nds7 D3Nds8 congenic strain
shows that the NOD alleles of genes in this
region are not essential for disease develop-
ment but do contribute significantly.

Another approach to the dissection of a
complex disease is to identify Mendelian
phenotypes that are caused by single, fully
penetrant genes that can be mapped easily
and precisely and that might indicate can-
didate genes (12). We have identified such
a trait in NOD mice. After injection of
complete Freund’s adjuvant (CFA), the
number of peripheral blood cells expressing
Mac-1, an integrin molecule present on
macrophages, monocytes, and neutrophils
(13), increased in both NOD (Fig. 2A) and
nondiabetic strains such as C57BL/10Sn]
(B10) (Fig. 2B). A portion of Mac-17 cells
in NOD (Fig. 2, C and E) but not in B10
(Fig. 2D) mice bound a monoclonal anti-
body (MAb) to immunoglobulin G2a
(IgG2a). The expression -of this IgG2a*
phenotype was unrelated to Idd-1 because
NOD.B10-H-2° mice (NOD.H-2%) (14)
also developed this trait (Fig. 3).

The IgG2a* phenotype was inherited in
backcross and F, progeny as a single gene
dominant trait: 70 out of 129 or 54% of the
progeny from the backcrosses (B6.PL-Thy-1*

Table 1. Linkage of D3Nds11 (Fcgr1) and flanking marker loci to insulitis and diabetes (40). He,

heterozygous; Ho, NOD homozygous.

Recombination Insulitis > Diabetes >
Marker locus fraction (SE) He:Ho X He:Ho X
D3Nds7 (Cacy) 31:58 8.2* 22:84 36.3***
D3Nds11 (Fegr) 0.031 (0.015) 27:61 13.1** 24:82 31.7%+*
D3Nds8 (Tshb) 0.039 (0.017) 32:57 7.0* 25:81 29.6***
*P<1072,  *P <1073, P <1074,
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