
A
P
M

O

D
F

A
t
g
d
l
d
P
i
c
t
d
t
m
c
g
m
t
V
t
s
b
c
c
p
d
r
i
m
t
I

K
d

H
w
H
d
5
(
t
h
a

*
E
A
2
h
g

Neuroscience 168 (2010) 851–857

0
d

NTI-APOPTOTIC FACTOR z-Val-Ala-Asp-FLUOROMETHYLKETONE
ROMOTES THE SURVIVAL OF COCHLEAR HAIR CELLS IN A

OUSE MODEL FOR HUMAN DEAFNESS
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bstract—A major challenge in the inner ear research field is
o restore hearing loss of both non-genetic and genetic ori-
in. A large effort is being made to protect hair cells from cell
eath after exposure to noise or drugs that can cause hearing

oss. Our research focused on protecting hair cells from cell
eath occurring in a genetic model for human deafness.
OU4F3 is a transcription factor associated with human hear-

ng impairment. Pou4f3 knockout mice (Pou4f3�/�) have no
ochlear hair cells, resulting in complete deafness. Although
he hair cells appear to form properly, they progressively
egenerate via apoptosis. In order to rescue the hair cells in
he knockout mice, we produced explant cultures from
ouse cochleae at an early embryonic stage and treated the

ells with z-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk), a
eneral caspase inhibitor. Hair cell numbers in the knockout
ice treated with z-VAD-fmk were significantly higher than in

he untreated mice. We found that the time window that z-
AD-fmk has a protective effect is between E14.5 (P�0.001)

o E16.5 (P�0.03), but not after E18.5. The source of the
urviving hair cells is not due to proliferation, as measured
y 5-bromo-2-deoxyuridine (BrdU) labeling, or to supporting
ell transdifferentiation to hair cells, since there was no
hange in supporting cell numbers. Instead, the survival ap-
ears to be a direct effect of the anti-apoptotic agent on the
ying hair cells with an early developmental window. These
esults help towards providing a comprehensive understand-
ng of the molecular mechanisms of hair cell death, which

ight lead to the development of new therapeutic anti-apop-
otic agents to alleviate hereditary hearing loss (HL). © 2010
BRO. Published by Elsevier Ltd. All rights reserved.

ey words: transcription factor, Pou4f3, hearing loss, cell
eath, inner ear.

earing loss (HL) is a clinically heterogeneous disorder,
ith differences in age of onset, severity and site of lesion.
earing impairment is the most common disabling sensory
efect in humans with severe to profound HL affecting 1 in
00 newborns and 30% of persons older than 65 years
US National Institute on Deafness and Other Communica-
ion Disorders, http://www.nidcd.nih.gov/health/statistics/
earing.asp). Over half of HL cases have a genetic basis
nd a significant proportion of genetic-based HL is non-

Corresponding author. Tel: �972-3-6406642; fax: �972-3-6409360.
-mail address: karena@post.tau.ac.il (K. B. Avraham).
bbreviations: BrdU, 5-bromo-2=-deoxyuridine; Dapi, 4=,6-diamidino-
-phenylindole dihydrochloride; DIV, days in vitro; HC, hair cell; HL,
1
earing loss; IHC, inner hair cells; OHC, outer hair cells; PCD, pro-
rammed cell death; z-VAD-fmk, z-Val-Ala-Asp-fluoromethylketone.

306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.04.011
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yndromic, with no other complications (Nance, 2003).
ver 50 deafness-causing genes have been identified

hus far, making this an extremely genetically heterogeneous
isease (Hereditary Hearing Loss Homepage; http://
ebh01.ua.ac.be/hhh/). These genes encode a large va-

iety of proteins, and studies of their cellular localization
nd functional analysis have provided a great deal of in-
ight into mechanisms of inner ear function (Dror and
vraham, 2009). However, one of the greatest challenges

or hereditary HL remains: how can hearing be restored
ollowing genetic insults?

Hearing is enabled by the hair cells of the inner ear
ochlea, specialized sensory cells embedded in the sen-
ory epithelium of the organ of Corti. The hair cells cease
o differentiate during embryonic development and be-
ome post-mitotic, so that the number of cells we are born
ith, �16,000, is our lifetime supply (Wright et al., 1987).
herefore, hair cell loss is irreversible and leads to HL. Hair
ell death can be caused either by genetic factors, includ-

ng age-related changes, or by environmental factors, such
s viral exposure, ototoxic drugs or acoustic trauma. Mor-
hological evidence from many vertebrate species sug-
ests that the loss of hair cells occurs, at least in part, by
rogrammed cell death (PCD), or specifically, apoptosis
Matsui and Cotanche, 2004; Cheng et al., 2005; Co-
anche, 2008). While apoptosis has a physiological role
uring normal development, trauma or disease can also

nduce apoptosis, leading to pathological consequences
Conradt, 2009). Indeed, caspase 3, a member of the
ysteine-aspartic acid protease (caspase) family, mediates
poptosis in the cochlea and appears to play a key role in
air cell degeneration. Together with Bcl-2 and Bak,
aspase 3 is involved in age-related HL (Alam et al., 2001;
omeya et al., 2009). Moreover, caspase inhibitors were
sed to promote hair cell survival after treatment with
totoxic drugs (Liu et al., 1998; Matsui et al., 2002, 2003)
nd acoustic trauma (Nicotera et al., 2003). However, the
xpression of caspase 3 during cochlea development is
rucial for the development of functional and vital hair cells,
nd caspase 3 knockout mice suffer from postnatal loss of
air cells and HL (Morishita et al., 2001; Takahashi et al.,
001).

The transcription factor Pou4f3 (previously named
rn3c and Brn3.1) has a critical role in the inner ear, as
ou4f3 mutations are associated with hereditary HL in
umans (Vahava et al., 1998; Collin et al., 2008). In the
ouse, this transcription factor is involved in survival and
aintenance of hair cells (Erkman et al., 1996; Xiang et al.,

997). Deletion of Pou4f3 by gene-targeted mutagenesis

s reserved.

http://www.nidcd.nih.gov/health/statistics/hearing.asp
http://www.nidcd.nih.gov/health/statistics/hearing.asp
http://webh01.ua.ac.be/hhh/
http://webh01.ua.ac.be/hhh/
mailto:karena@post.tau.ac.il
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eads to progressive hair cell degeneration caused by ap-
ptosis (Xiang et al., 1998). In this report, we treated cells
f cochlear explants derived from the Pou4f3�/� mice with an
nti-apoptotic factor in order to inhibit or delay cell death.
hese results help towards providing a comprehensive un-
erstanding of the molecular mechanisms of hair cell death,
hich might lead to the development of new therapeutic
nti-apoptotic agents to alleviate hereditary HL.

EXPERIMENTAL PROCEDURES

nimals

ll procedures involving animals were carried out in accordance
ith the National Institute of Health Guide for the Care and Use of
aboratory Animals and have been approved by the Animal Care
nd Use Committee of Tel Aviv University (M-07-061). Pou4f3
nockout mice (Pou4f3�/�) were maintained by crossing hetero-
ygote mice (Xiang et al., 1997). To generate homozygous em-
ryos, pregnant females were euthanized at the desired gesta-
ional stage. The appearance of a copulation plug was considered
mbryonic day 0 (E0). Genotyping was performed by a multiplex
CR reaction using specific primers (available upon request).

rganotypic explant cochlear cultures

regnant mice were euthanized at E14.5. When dissecting het-
rozygote females, embryos’ tails were taken for DNA extraction
sing the High Pure PCR Template Preparation kit (Roche Diag-
ostics, Mannheim, Germany) and genotyped. All cochleae from
ach litter were dissected in cold Hank’s Balanced Salt Solution
Biological Industries, Beit Haemek, Israel). After dissection, the
eveloping sensory epithelium and associated mesenchymal cells
ere cultured in a Matrigel (BD Biosciences, Bedford, MA, USA)
oated MatTek dish (MatTek Corporation, Ashland, MA, USA) as
n intact explant. The culture medium was composed of DMEM
Biological Industries), 10% fetal bovine serum (Biological Indus-
ries), and ciprofloxacin hydrochloride at 10 �g/mL (MP Biomedi-
als, Solon, OH, USA). In order to determine the therapeutic time
indow required to elicit the protective effect of the anti-apoptotic
gent on Pou4f3�/� hair cells, we cultured cochleae at E14.5 and
dded the reagent at different time intervals: two (at E18.5), four
at E16.5) and six (at E14.5) days in vitro (DIV). The medium was
eplaced every 48 h with fresh z-Val-Ala-Asp-fluoromethylketone

ig. 1. Caspase 3 is activated in cochlear hair cells of Pou4f3 knocko
ice were stained with myosin VI (red), caspase 3 (green) and Dapi (blu

ection (A), which are degraded in the knockout mouse (B). (B) Stainin
uclei are missing. Scale bar is 10 �m. For interpretation of the refere

his article.
z-VAD-fmk). a
mmunohistochemistry

mmunohistochemistry was performed on paraffin sections and
hole mount preparations of cochlea explants. For paraffin sec-

ions, immunostaining was performed as described previously
Hertzano et al., 2007). For protein detection, samples were incu-
ated with goat anti-myosin VI antibody (Santa Cruz Biotechnol-
gy, Santa Cruz, CA, USA) and rabbit anti caspase 3 antibody
Cell Signaling, Beverly, MA, USA). The nuclei were stained with
=,6-diamidino-2-phenylindole dihydrochloride (Dapi; Sigma, St.
ouis, MO, USA). Alexa Fluor 594-conjugated donkey anti-goat
nd 488-conjugated donkey anti-rabbit (Molecular Probes, Eu-
ene, OR, USA) were used as secondary antibodies.

For whole mount preparation of cochlear explants, the cul-
ures were fixed in 4% paraformaldehyde. Samples were rinsed in
BS and incubated in 10% normal goat serum or normal donkey
erum in PBS with 0.5% Tween-20. The cells were labeled with
ne of the following primary antibodies: rabbit anti-myosin VI
Proteus Biosciences, Ramona, CA, USA) and goat anti-Prox1
R&D, Minneapolis, MN, USA). After incubation with the primary
ntibodies overnight at 4 °C or 2 h at 37 °C, appropriate secondary
ntibodies, specified above, were used (Molecular Probes).

aspase inhibition

o inhibit apoptosis in vitro, cultures were maintained in the presence
f the general caspase inhibitor, z-VAD-fmk (R&D Systems) at a con-
entration of 100 �M for the entire time in culture (Matsui et al., 2002,
003). The medium was replaced every 48 h with fresh z-VAD-fmk.

air cell counts

ollowing immunohistochemistry, the number of hair cells in the
ultures was counted, using a Zeiss LSM510 confocal microscope
ith an X63 objective. Myosin VI-positive hair cells were counted

n a 100 �m area along the entire length of the cochlea. At least
hree cultures were observed for each experimental condition.

rdU labeling

or immunocytochemical detection, 5-bromo-2=-deoxyuridine (BrdU,
�g/mL; Sigma) was added to cultures for 5 DIV. Cultures were fixed

n 4% paraformaldehyde for 30 min, washed with PBS, incubated
ith 1.5 N HCl for 20 min and neutralized with 0.1 M sodium borate
H 8.5 for 10 min. The cultures were washed with PBS, blocked for
h with normal donkey serum and incubated with mouse monoclonal

Cochlear Pou4f3�/�(A) and Pou4f3�/� (B) paraffin sections from P0
the intact inner and outer hair cells (IHC and OHC) in the heterozygote
ated caspase 3 and a fragmented nucleus is presented (arrow); some
olor in this figure legend, the reader is referred to the Web version of
ut mice.
e). Note

g of activ
nces to c
ntibody against BrdU (Chemicon, Temecula, CA, USA) and rabbit
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olyclonal antibody against myosin VI (Proteus Biosciences). Alexa
luor 488 donkey-anti mouse and Alexa Fluor 568 donkey anti-rabbit
Molecular Probes) were used as secondary antibodies.

tatistical analysis

n experiments that have at least three independent results, the
alues presented in the graphs are mean�SD. Differences among
he different groups were evaluated using two-tailed paired Stu-
ent’s t-test and a P-value of �0.05 was considered significant.

RESULTS

aspase 3 is activated during hair cell death in
ochlear sensory epithelia of Pou4f3 knockout mice

aspase 3 is considered to be the main downstream ef-
ector caspase of many apoptotic processes (Taylor et al.,
008). As a result, cleaved caspase-3 antibody, used to

ig. 2. z-VAD-fmk inhibits hair cell death of Pou4f3 knockout mice in v
, H, J, L) mice were cultured from E14.5 mice for 6 DIV. DMSO (con
t E14.5 (A–D), E16.5 (E–H) or E18.5 (I–L). All cultures were stained

mages of the entire cochlea (z-VAD-fmk added at E16.5) are present

Q) concludes myosin VI positive cells counting in a 100 �m cochlea length. In
he references to color in this figure legend, the reader is referred to the Web
etect activated caspase-3, a product of apoptosis, is in-
icative of apoptosis in cell culture. We tested whether
here is increased apoptotic cell death in Pou4f3�/� sen-
ory epithelia by staining the cleaved caspase-3 from
16.5 to postnatal day 0 (P0). By immunostaining of par-
ffin sections of cochleae at E16.5, E17.5, E18.5 and P0,
e found that activation of caspase 3 in auditory hair cells
f Pou4f3�/� began at E18.5 and continued to be ex-
ressed at P0. No caspase 3 staining was observed in the
eterozygote mice (Fig. 1A). In addition, fragmented nuclei
ere observed in the knockout hair cells (Fig. 1B).

-VAD-fmk preserves hair cells in Pou4f3 knockout
ice in vitro

general caspase inhibitor, z-VAD-fmk, was used in order to
est whether inhibition of caspases will have an effect on

hlear explants from Pou4f3�/� (A, C, E, G, I, K) and Pou4f3�/� (B, D,
, E, F, I, J) or z-VAD-fmk (C, D, G, H, K, L) was added to the culture
sin VI (green). Scale bar in (A) is 20 �m applies to (B–L). Zoom-out
P). Scale bar in (M) is 200 �m; applies to (N–P). Graph presented in
itro. Coc
trol) (A, B
with myo

ed in (M–

each experiment n�3. * P�0.03, *** P�0.001. For interpretation of

version of this article.
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escuing hair cells from Pou4f3�/� ears. Following dissection
f E14.5 embryos, we treated the cells for different time

ntervals with z-VAD-fmk, beginning from E14.5, E16.5 or
18.5. One dissected ear was treated with medium contain-

ng 100 �M z-VAD-fmk, while the other ear was treated with
ontrol medium containing DMSO (the agent vehicle). After 6
ays the cultures were immunostained with myosin VI, a hair
ell marker. Fig. 2 demonstrates that there is no change in
ell number and morphology in Pou4f3 heterozygote ears
pon treatment with z-VAD-fmk. Pou4f3 knockout ears that
ere treated with z-VAD-fmk showed a partial rescue of hair
ells as compared with untreated ears. However, although
he hair cells survived, they were not organized in the typical
hape and arrangement of inner and outer hair cells. Never-
heless, a count of the hair cells revealed that the Pou4f3�/�

air cells were significantly protected from cell death. We
bserved that there was no significant difference between the
air cell numbers in the Pou4f3 heterozygote culture (for
14.5: P�0.74) (Fig. 2A, C), while the mutant culture had
oubled its cell number (for E14.5: P�0.001) (Fig. 2B, D, Q).

n order to narrow down the time window in which the pro-
ection is effective, we cultured the sensory epithelia of each
mbryo at E14.5 and added z-VAD-fmk at E16.5 (Fig. 2E–H)
r at E18.5 (Fig. 2I–L) to one out of the two ears. The other
ar was treated with DMSO. When z-VAD-fmk was added at
16.5 for only 4 DIV, the hair cells were protected from cell
eath (P�0.03, Fig. 2Q). However, when z-VAD-fmk was
dded at E18.5, there was no significant rescue of the hair
ells in the culture (P�0.22, Fig. 2Q). The wide effect of the
-VAD-fmk treatment on the Pou4f3�/� culture are presented
n zoom-out images that capture the entire sensory epithelia
hat were cultured (Fig. 2M–P).

o proliferation or transdifferentiation occurs during
he rescue

e tested the proliferation status in the explant cultures

ig. 3. Surviving cochlear hair cells in Pou4f3�/� knockout mice do n
ice were cultured at E14.5. BrdU was added to the culture at E14.5
t E14.5. The cultures were stained with antibodies against myosin
seudocolors were used to match the staining in other figures. Scale b
olor in this figure legend, the reader is referred to the Web version o
y adding BrdU to the culture at day E14.5�1 DIV for 5 h
IV. At E14.5�6 DIV, we double-labeled the culture with
ntibodies against BrdU and myosin VI. As shown in Fig.
, no BrdU labeled cells were observed after 5 DIV,
uggesting that the relatively larger number of hair cells
hat survive are not due to proliferation. There is no
ouble-labeling of hair cells with both myosin VI and
rdU, although each can be seen separately (Fig. 3D).
rdU labeling is not detected in the focal plane of myosin
I-positive cells and some BrdU-positive cells are seen

n the Hensen cell and possibly outer sulcus or mesothe-
ial cell layer.

Since BrdU positive hair cells were not seen among the
air cells, we wanted to determine whether the new hair
ells that arise are a result of direct transdifferentiation
rom supporting cells. Prox1 is a nuclear supporting cell
arker that is expressed in both Deiters’ and pillar cells.
e stained the cultures after 6 DIV with both anti-Prox1

nd anti-myosin VI antibodies and looked for cells that
xpress both markers in the Pou4f3�/� treated cultures. At
14.5�6 DIV no cells that express both Prox1 and myosin
I were observed (Fig. 4A–D). Hair cells (green) and sup-
orting cells (red) reside in a different focal plane. In ad-
ition, there was a significant change (P�0.05) in support-

ng cell numbers between Pou4f3 heterozygote cultures
nd Pou4f3�/� cultures, regardless of the treatment (Fig.
E).

DISCUSSION

CD is a vital and necessary process in order to rid the
issue of excess cells formed during development (Con-
adt, 2009). Apoptosis, one form of PCD, which is activated
t the molecular level by caspases, often mediates degen-
ration of inner ear sensory hair cells (Cheng et al., 2005).
ur goal in this study was to delay or prevent the death of

rate. Cochlear explants from Pou4f3�/� (A, B) and Pou4f3�/� (C, D)
r 5 DIV. DMSO (A, C) or z-VAD-fmk (B, D) was added to the culture
pseudocolor green) and BrdU (green, pseudocolor red). Note that
is 25 �m and applies to (B–D). For interpretation of the references to
cle.
ot prolife
�1DIV fo

VI (red,
ar in (A)
air cells in a mouse model for human deafness. Apoptosis
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eading to hair cell death was found in the Pou4f3 gene-
argeted mouse (Xiang et al., 1998), and we further vali-
ated this finding by detection of caspase 3 expression in
he hair cells of these mice. This result set the stage for
sing an anti-apoptotic factor, z-VAD-fmk, to delay or res-
ue the degenerating hair cells. We found that application
f z-VAD-fmk on cochlear explant cultures derived from

ig. 4. Cochlear hair cells in Pou4f3 mutant mice do not arise from
ransdifferentiation of supporting cells. There was no apparent co-
taining of hair cells with Prox1 and myosin VI after treatment with
-VAD-fmk. Cochlear explants from Pou4f3�/� (A, B) and Pou4f3�/�

C, D) were cultured at E14.5 for 6 days. DMSO (A, C) or z-VAD-fmk
B, D) was added to the culture at E14.5. The explants were stained
ith antibodies against myosin VI (green) and Prox1 (red) that labels
air cells and supporting cells, respectively. Z-stack was performed to
emonstrate the different focal planes in the z-axis. There are no cells

hat are co-stained with both antibodies. Scale bar in (A) is 20 �m
pplies to (B–D). In graph (E) the Prox1-positive cells in 100 �m
ochlear length were counted (n�3). * P�0.02, *** P�0.008. For
nterpretation of the references to color in this figure legend, the reader
s referred to the Web version of this article.
ou4f3 mutant mice delays death of cochlear hair cells. h
POU4F3, a member of the POU IV subfamily of
ranscription factors, is a bipartite DNA-binding protein
hat contains two conserved regions of homology that
re joined by a variable linker (Aurora and Herr, 1992).
he two conserved domains are referred to as the POU-
pecific (POUS) domain and the POU-homeodomain
POUHD), and both are required for high affinity binding to
NA. Pou4f3 knock-out mice (Erkman et al., 1996; Xiang
t al., 1997) serve as a mouse model for human hereditary
eafness linked with DFNA15 (Vahava et al., 1998), the

ocus that contains the POU4F3 gene in humans. Muta-
ions in the POU4F3 gene are associated with dominantly-
nherited hearing loss in three extended families reported
hus far: an Israeli family with a deletion in the POUHD

omain (Vahava et al., 1998), and Dutch families with
issense mutations in the POUHD and the POUS DNA-
inding domains of the protein (Collin et al., 2008; Pauw et
l., 2008). Only a few of the targets of the Pou4f3 tran-
cription factor are known (Hertzano et al., 2004), but the
rotein encoded by one of them, Gfi1, is known to have an
nti-apoptotic role in T cells by repressing the pro-apop-
otic proteins Bax and Bak (Grimes et al., 1996). A microar-
ay analysis performed on T cells derived from Gfi1 knock-
ut mice found that the death receptor CD95, Bad, Apaf1
nd the cell cycle inhibitor p21 are upregulated, while Bcl2

s downregulated (Pargmann et al., 2007). In our labora-
ory, we identified Lhx3 as another target of Pou4f3 in the
uditory system, but not the vestibular system (Hertzano et
l., 2007). Lhx3 null mice exhibit activation of caspase 3
nd TUNEL staining in the pituitary glands, both indicators
f apoptosis (Zhao et al., 2006; Ellsworth et al., 2008).
ecently, LHX3 mutations have been also linked with syn-
romic hearing loss in humans, accompanied by hypopi-
uitarism (Rajab et al., 2008). In addition, Pou4f3 binds to
he promoters of the neurotrophic factors BDNF and NT-3
Clough et al., 2004), both known to act as survival factors
f different sensory neurons in the inner ear (Ernfors et al.,
995; Liebl et al., 1997). Thus, Pou4f3 increases the tran-
cription of several anti-apoptotic proteins. Actually, sev-
ral members of the POU homeodomain family of tran-
criptional regulators (Pou4f1, Pou4f2, Oct1, Oct2) have
een shown to act as anti-apoptotic factors and their lack
f expression causes cell death (Budhram-Mahadeo et al.,
999; Gan et al., 1999; Smith et al., 2001a,b; Hudson et
l., 2005, 2008; Heckman et al., 2006). For example, the
ou4f1/Brn-3a transcription factor blocks p53-mediated
ctivation of the proapoptotic target genes Noxa and Bax
Hudson et al., 2005). Together with the involvement of
ou4f3 targets in the cell cycle and apoptosis, our data
uggest that Pou4f3 regulates, directly or indirectly, the
xpression of genes that play a part in cell death and
urvival pathways. When Pou4f3 is removed specifically
rom cochlear hair cells, the equilibrium between cell death
nd survival pathways is disturbed, forcing the cell to
hoose the cell death pathway. Moreover, our data sug-
est that reconstruction of this equilibrium by inhibition of
aspases, even without directly addressing the reason for
his apoptosis, may be sufficient to prevent apoptosis of

air cells. Therefore, the results may suggest that a rela-
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ively straightforward therapy may help to prevent hair cell
poptosis, even when the reason for the apoptosis is un-
nown or more complex.

Pou4f3 is normally expressed in the mouse cochlear
air cells only from E14.5 (Xiang et al., 1998). While the
nti-apoptotic agent z-VAD-fmk promoted hair cell survival

n Pou4f3�/� cochlear cultures derived from E14.5 mice if
t was added to the cultures after 0–2 DIV (E14.5–E16.5),
his effect was no longer demonstrated upon addition of
-VAD-fmk to the cultures after 4 DIV (E18.5). These re-
ults suggest that a general anti-apoptotic agent may be
ffective only if the therapy is given as soon as possible
fter the beginning of the insult that is responsible for the
air cell apoptosis. In our model, 4 days later, the protec-
ive effect of z-VAD-fmk was lost.

We have shown that the cochlear hair cells from
ou4f3�/� mice, treated with z-VAD-fmk, are not proliferating
nd supporting cells do not appear to transdifferentiate to
ecome new hair cells. There were, however, significantly

ess supporting cells in the cultures derived from Pou4f3�/�

ice, regardless of the treatment. This secondary effect of
he death of supporting cells in Pou4f3�/� mice was re-
orted previously (Xiang et al., 1997), perhaps due to
xposure to substances that are released from the dying
air cells. Our data demonstrate that the supporting cells in
ou4f3�/� cochlear cultures are not influenced by z-VAD-

mk and their number does not increase significantly after
reatment.

To preserve the ability to hear, it is not enough to
revent apoptosis of hair cells. The strict organizations of
air cells in the organ of Corti, as well as their interaction
ith other cells and nerve terminals, should also be pre-
erved. At the next stage, in vivo experiments are required
o evaluate whether z-VAD-fmk can not only delay or pre-
ent hair cell apoptosis, but can also rescue the hearing of
he Pou4f3�/� mice. Furthermore, can this approach be
pplied to other models for human hearing loss? Defining

he pathways impeded in hair cell loss may provide the key
o identifying appropriate therapeutic targets.
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