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Abstract
Specialized sensory-transducing hair cells regenerate in response to injury in non-mammalian
vertebrates such as birds and fish but not in mammals. Previous work has shown that
overexpression of microRNA181a (miR181a) in cultured chicken basilar papillae, the avian
counterpart of the cochlea, is sufficient to stimulate proliferation with production of new hair cells.
The present study investigates the role of miR181a in hair cell regeneration after injury in explants
of chicken auditory epithelia. Basilar papillae were explanted from 0-day-old chickens and
transfected with either anti-miR181a, which knocks down endogenous miR181a, or a non-
targeting miRNA and cultured with streptomycin to eliminate all hair cells from the epithelium.
Labeling with BrdU was used to quantify proliferation. Explants exposed to streptomycin and
transfected with anti-miR181a had significantly fewer BrdU positive cells than basilar papillae
treated with streptomycin and transfected with a non-targeting miRNA. Activated caspase-3 and
myosin VI labeling were used to show that the pattern of hair cell death and loss, respectively,
were not affected by anti-miR181a transfection. MiR181a downregulation therefore seems to
dimish the proliferative component of hair cell regeneration rather than prevent hair cell death
following ototoxic injury.
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INTRODUCTION
Auditory hair cells are highly specialized mechanosensitive sensory cells in the inner ear
that respond to acoustic stimulation. These cells can be damaged or lost as a result of
infection, chemical insult, aging, acoustic trauma, or genetic causes. These cells cannot
regenerate in the mammalian organ of Corti, where hearing impairment resulting from their
loss is irreversible. In contrast, non-mammalian vertebrates such as birds are able to
regenerate hair cells after injury (Stone and Cotanche, 2007) by both mitotic (Corwin and
Cotanche, 1988; Ryals and Rubel, 1988; Stone and Cotanche, 1994) and non-mitotic
mechanisms (Adler and Raphael, 1996; Baird et al., 1996; Roberson et al., 1996; Baird et
al., 2000; Roberson et al., 2004; Taylor and Forge, 2005; Duncan et al., 2006). As yet, little
is known about the molecular signals that underlie this phenomenon. A better understanding
of the cellular signals for regeneration in the avian ear might point to rational targets for
reversing sensorineural hearing loss.

Previous work has shown that many genes are differentially expressed between proliferating
and quiescent cultured chicken auditory epithelia (Frucht et al., 2010). Given this
observation, a computational approach called gene set enrichment analysis was used to
identify regulatory molecules and events that might be responsible for the complex changes
in transcriptional profile that occur with proliferation and new hair cell production. This
analysis identified myriad microRNAs (miRNA) that were predicted to play a role in this
process. One miRNA, miR181a, was selected for functional studies and was found to
stimulate proliferation and produce new hair cells when overexpressed in undamaged
chicken auditory epithelia in-vitro.

The present study addresses the question of whether endogenous miR181a plays a role in
auditory hair cell regeneration after injury in the chicken inner ear. Cochlear ducts
containing the basilar papilla (BP), the avian counterpart of the cochlea, were explanted
from 0-day-old chickens and immediately transfected with either a nontargeting miRNA or
anti-miR181a that knocks down endogenous miR181a. The explants were then cultured with
streptomycin to eradicate all hair cells and the thymidine analog, BrdU, to assay for
proliferation. The tissue was then fixed and labeled for BrdU. BPs transfected with anti-
miR181a had significantly fewer BrdU positive cells than tissue transfected with a
nontargeting miRNA, indicating that endogenous miR181a is necessary for the proliferative
component of hair cell regeneration after injury in the chicken inner ear. Additionally, the
pattern of hair cell loss is unaffected by anti-miR181 transfection, so the decreased rate of
BrdU labeling seems to represent direct inhibition of proliferation, rather than
cytoprotection. Quantitative PCR (qPCR) was used to measure expression of miR181a,
which did not increase after exposure to streptomycin, suggesting that the functional effect
of miR181a in hair cell regeneration is not primarily mediated by expression level, but rather
by regulation of its activity.

MATERIALS AND METHODS
Culture and transfection of explants

Animals were treated in accordance with policies set forth by the Yale Institutional Animal
Care and Use Committee (protocol number 2007-10439). Cochlear ducts containing the BPs
were explanted from 0-day-old chicks and then transfected with either anti-miR181a or a
non-targeting miRNA (Ambion, Austin, TX) as described below. Explants were then
cultured for 48 hours with or without streptomycin (78 µM, a concentration sufficient to
eradicate all hair cells) and BrdU (0.01%, to allow for quantification of proliferation) in
DMEM with 10% FBS at 37 °C with 5% CO2. BPs were then transfected again with either
pre-miR181a or a non-targeting miRNA (pre-miR Negative Control #1, Ambion), and then
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cultured for an additional 48 hours with BrdU but no streptomycin to allow recovery. The
anti- and non-targeting miRNAs were transfected at a final concentration of 100 nM using
the lipid-based X-tremeGENE SiRNA Transfection Reagent (Roche, Indianapolis, IN). This,
and all subsequent reagent kits were used per the manufacturer’s instructions. The efficacy
of this transfection reagent in the chicken auditory epithelium has been previously
established (Frucht et al., 2010).

BrdU labeling
BPs were fixed in 4% PFA in PBS for 30 minutes. Between each step three 5-minute PBS
washes were performed. All BrdU labeling steps were performed at room temperature. The
tissue was blocked and permeabilized using a solution of PBS with FBS (10%) and Triton-X
(0.1%) for one hour. Each BP was then incubated with mouse anti-BrdU antibodies (1:40,
BD, Franklin Lakes, NJ) in PBS for one hour. Alkaline phosphatase-conjugated goat anti-
mouse IgG (1:400, Santa Cruz, Santa Cruz, CA) in PBS with Triton-X (0.1%) was applied
for one hour. Alkaline phosphatase substrate was produced using the NBT/BCIP Reagent
Kit (Invitrogen, Carlsbad, CA) and then added to the tissue for approximately five minutes.

Statistics
BPs immunohistochemically labeled for BrdU were viewed using brightfield microscopy
and were analyzed following digitization. The borders of the sensory epithelium were easily
appreciated by direct microscopy. Only those nuclei that were clearly within the epithelium
were counted. Unpaired Student’s t-tests were performed to determine the statistical
significance of the comparisons discussed in the text using a cut-off of p < 0.05.

Cell death assay
Explanted BPs cultured with or without streptomycin (78 µM) for 48 hours. These
conditions cause a complete loss of hair cells in the proximal (i.e., high frequency) segment
of the BP (Shang et al., 2010). The CaspaTag kit (Millipore, Billerica, MA) was then used to
label for activated caspase-3. The BPs were then fixed, permeabilized and incubated with
rabbit anti-myosin VI (1:350, Proteus, Ramona, CA) in blocking solution for one hour and
then incubated in Alexa Fluor 546 conjugated anti-rabbit secondary antibodies (1:1,000,
Invitrogen, Carlsbad, CA) with Alexa Fluor 633-conjugated phalloidin (1:100, Invitrogen,
Carlsbad, CA) for one hour. Sections were mounted on glass slides in Vectashield
fluorescent mounting medium (Vector Laboratories, Burlingame, CA). Images were
captured using a Zeiss LSM 510 confocal microscope.

RNA isolation
Some BPs were microdissected after 48 or 72 hours in culture with or without 78 µM
streptomycin. Total plus small RNA isolation was performed using the MiRNEasy kit
(Qiagen, Duesseldorf, Germany). Reverse transcription and qPCR were performed using the
TaqMan MicroRNA Reverse Trancription Kit and TaqMan MicroRNA Assay for miR181a
(Applied Biosystems, Foster City, CA).

qPCR
Amplification was performed using the SYBR Green Supermix kit (Bio-Rad, Hercules, CA)
on an iCycler system (Bio-Rad, Hercules, CA). Expression levels were normalized to the
total RNA concentration. Three replicates were performed and the data averaged for each
cDNA sample and primer pair combination. Those fold-changes with a 95% confidence
interval excluding a fold-change of one (which would represent no change) were considered
significant.
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RESULTS
To determine miR181a’s role in hair cell regeneration in the post-hatch chicken inner ear,
BPs were cultured for 48 hours with streptomycin to eliminate all hair cells in the
epithelium, and then an additional 48 hours without streptomycin (Shang et al., 2010). The
explanted tissue was also transfected with either anti-miR181a, to knock down endogenous
miR181a, or a nontargeting miRNA at 0 and 48 hours of exposure to streptomycin. Also
present in the culture medium was BrdU, a thymidine analog that is incorporated into the
nuclei of cells entering s-phase. At the end of the entire 4-day culture duration, BPs were
fixed and labeled for BrdU to quantify proliferation.

BPs injured with streptomycin and transfected with the non-targeting miRNA had an
average of 353.1 (+/− SEM = 56.5) BrdU positive cells (Figure 1). In contrast, anti-
miR181a transfection and subsequent culture alone apparently does not cause much injury to
the epithelium, as these BPs had on average 5.3 (+/− SEM = 2.6) BrdU positive cells.
Similarly, BPs that were neither transfected nor exposed to streptomycin all had fewer than
10 BrdU positive cells per epithelium (data not shown). Explants that were cultured with
streptomycin and transfected with anti-miR181a had on average 149.9 (+/− SEM = 14.5)
BrdU positive cells per epithelium, significantly fewer than epithelia exposed to
streptomycin and transfected with the non-targeting miRNA (p < 0.01).

The BrdU labeling data suggest that endogenous miR181a plays a crucial role in the post-
injury proliferative response in the chicken auditory epithelium but does not exclude the
possibility that anti-miR181a transfection simply prevents cell death. To address this issue it
was necessary to compare the patterns of hair cell loss after streptomycin exposure with and
without prior anti-miR181a transfection. BPs were therefore transfected with either anti-
miR181a or a non-targeting miRNA and then cultured for 48 hours with 78 µM
streptomycin, before fixation and labeling for the apoptosis marker activated caspase-3
(Kaiser et al., 2008), the hair cell marker myosin VI, and the major hair bundle component
actin (Figure 2). Streptomycin treatment causes complete hair cell loss at the high frequency
segment of the BP (Figure 2). Accordingly there are many activated caspase-3 positive cells
in BPs exposed to streptomycin, but not in those cultured without streptomycin. This pattern
of cell death and hair cell loss is consistent regardless of anti-miR181a transfection, where
there is still hair cell loss and caspase-3 activation at the high frequency end of the BP. At
the low frequency end, there is less of a loss of hair cells and accordingly less caspase-3
activation (data not shown). This pattern also is independent of anti-miR181a transfection,
mirroring the data from the high frequency BP segment. It therefore appears as though the
reduction in BrdU labeling with anti-miR181a transfection of streptomycin treated BPs is
due to direct inhibition of the regenerative response, rather than cytoprotection with a
resulting decrease in the number of cells damaged by streptomycin.

QPCR was used to ascertain whether expression of mature miR181a increases following
exposure to streptomycin. BPs were cultured in streptomycin for 24, 48 or 72 hours, at
which point the sensory epithelium was isolated by microdissection. After RNA isolation,
first-strand-synthesis and qPCR was performed using primers for miR181a. At none of these
time points were there significant miR181a expression level differences (Figure 3).
Therefore, while knocking down endogenous miR181a interferes with post-injury hair cell
regeneration, it appears as though an increase of activity, rather than expression levels alone,
mediates this miRNA’s role in regeneration.
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DISCUSSION
Presented here is the first direct functional biological evidence for the role of miRNA in
auditory hair cell regeneration after injury. Previously, there was limited, indirect evidence
that the let-7 family of miRNA play a role in hair cell regeneration in the newt inner ear
(Tsonis et al., 2007). The present observation that transfection with anti-miR181a results in
a markedly blunted regenerative response suggests that miR181a plays a key role in hair cell
regeneration in the chicken inner ear. This finding agrees with a previous study showing that
miR181a overexpression in the uninjured chicken BP can stimulate proliferation with the
production of new hair cells (Frucht et al., 2010). Additionally, miR181a has a pro-
proliferative role in cultured human myeloid leukemia cells that seems to be mediated at
least partly by repressing expression of the cell cycle inhibitor p27 (Wang et al., 2009). This
is worth pointing out given that p27 is thought to represent a significant barrier to
regeneration in the mammalian inner ear (Lowenheim et al., 1999; Lee et al., 2006). Further
experiments will be necessary to determine whether miR181a’s ability to stimulate
proliferation in the chicken inner ear involves targeted downregulation of p27 expression.

The observation that miR181a expression does not increase during regeneration despite its
clear role in this process suggests regulation of its activity mediates this effect. It is possible
that upregulation of miR181a occurs earlier than 24 hours after onset of exposure, or
transiently between 24, 48 or 72 hours, but these possibilities seem unlikely given the
sustained nature of the regenerative response. Our understanding of the mechanisms of
control of miRNA biogenesis is more detailed than that of the ways in which miRNA
biological activity is controlled (Cai et al., 2009). MiRNA activity can be modulated by
different mechanisms including association with RNA-binding factors that influence
miRNA-target interactions (Breving and Esquela-Kerscher, 2010). Unfortunately, there are
presently no methods for directly assaying miRNA activity. One indirect method would be
to look at changes in expression of predicted miR181a targets with exposure to streptomycin
once such targets have been validated in chickens. Future studies on changes in expression
of predicted miR181a targets in regeneration may be helpful in elucidating the precise
mechanism of this miRNA’s role in hair cell regeneration.

It also bears mentioning that miR181a is not the only miR181 family miRNA expressed in
chickens. MiR181b is also expressed in chickens, and its sequence differs from that of
miR181a by 4 bases. (www.mirbase.org). It is theoretically possible that the anti-miR181a
may also cause downregulation of miR181b, but this seems highly unlikely given evidence
that there is a significant decrease in anti-miRNA activity with just one mismatch and a lack
of activity with as few as three mismatches (Esau, 2008). Once there are known, biologically
validated targets of both miR181a and miR181b in chickens, experiments should aim to
confirm the predicted specificity of anti-miR181a.

Though presented here is the first functional evidence for a role for miRNA in hair cell
regeneration, previous work has shown that certain miRNAs are not only expressed in the
mammalian inner ear (Weston et al., 2006; Wang et al., 2010), but are also important for the
proper function and/or development of this structure. For example, conditional Dicer
knockout mouse embryos that are depleted of all inner ear miRNA develop grossly
malformed inner ears (Soukup et al., 2009). Similarly, mice with conditionally silenced
Dicer expression in hair cells only are deaf and have markedly aberrant hair cell
morphology (Friedman et al., 2009). Interestingly, mutations in the target-defining seed
region of miR96 cause a progressive hearing loss in both mice (Lewis et al., 2009) and
humans (Mencía et al., 2009). These results suggest inter-species similarities in ear miRNA
function, at least within the class of mammals and therefore raise hopes that insights into the
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role of miRNA in hair cell regeneration in birds may shed light on why the mammalian
auditory epithelium lacks regenerative capacity.

There are as yet very few studies that have directly examined the role of specific miRNAs in
development, function, or regeneration of the inner ear. The miR183 family, (miR96,
miR182, miR183) have been examined closely following the observation that miR96
mutations are associated with progressive hearing loss. Specifically, miR183 is expressed in
mammalian hair cells and spiral and vestibular ganglia (Weston et al., 2006). Interestingly,
overexpression of miR96 or miR182 causes production of ectopic hair cells in the zebrafish
embryo (Li et al., 2010). In light of existing expression and functional data, it is clear that
the miR183 family is important for inner ear development across species. These
observations affirm that miRNA may prove to be suitable targets for rational therapies to
reverse hearing loss.

In addition to miR181a, other miRNAs have been identified whose roles in hair cell
regeneration warrant further investigation (Frucht et al., 2010). Increasing evidence suggests
this is a promising avenue of investigation for those interested in producing rational therapy
for sensorineural hearing loss. It is attractive to consider the possibility of miRNA based
therapeutics, specifically, in light of the transient nature of their overexpression which may
result in side effect profiles that are more favorable than those of hypothetical DNA-based
gene therapies for hearing loss. Further functional studies are necessary to test the
hypothesis that miRNA transfection, perhaps with a carefully chosen combination of
miRNA, can result in the production of new hair cells in the mammalian inner ear, and may
therefore result in alleviation of sensorineural hearing loss.

Abbreviations

BP basilar papilla
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Figure 1. Suppression of endogenous miR181a expression with anti-miR181a blunts proliferation
during hair cell regeneration after streptomycin exposure
Basilar papillae from 0-day-old post-hatch chickens were transfected with either anti-
miR181a or a non-targeting miRNA and then cultured with BrdU and streptomycin (78 µM)
or in drug-free medium (n = 7) as described in the text. There were a total of 7 BPs in each
condition. After culture, explants were immunolabeled for BrdU to assay for proliferation.
Panels A-C show basilar papillae labeled for BrdU, with the sensory epithelia outlined with
dotted white lines. The neural edges of the epithelia are toward the bottom, and the proximal
ends are to the left. Epithelia exposed to streptomycin exhibit far more proliferation when
transfected with a non-targeting miRNA (A) than anti-miR181a (B). Epithelia transfected
with a non-targeting miRNA and cultured only in the absence of streptomycin typically have
very few BrdU positive cells (C). Shown in D is the average number of BrdU positive cells
per epithelium in each condition. All pair wise comparisons are statistically significant (t-
test, p < 0.05). Scale bars in A-C = 0.2 mm.
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Figure 2. Anti-miR181a transfection does not prevent hair cell death after streptomycin
exposure
Basilar papillae were cultured with streptomycin for 48 hours following transfection with
either a non-targeting miRNA (A–D) or anti-miR181a (E–H). Whole-mounts were then
labeled for the hair cell marker myosin VI, sterocilia bundle component actin, and the early
cell death marker caspase-3. Hair cells were completely eliminated from the high frequency
segment of basilar papillae exposed to streptomycin, regardless of transfection with anti-
miR181a (A, B, E, F). Further, streptomycin exposure triggers extensive cell death with or
without anti-miR181a transfection (C, G). In contrast, epithelia transfected with a non-
targeting miRNA and unexposed to streptomycin retain hair cells (I, J) and do not show
extensive apoptosis (K). The neural edge is to the right of each panel, and the proximal
segment is to the top. The arrow in panel D shows what are likely homogene cells remaining
after microdissection. The scale bar in A also applies to B-L.
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Figure 3. MiR181a expression does not increase after exposure to streptomycin for 24, 48 or 72
hours
Basilar papillae were cultured with 78 µM streptomycin for 24, 48, or 72 hours, and sensory
epithelia were isolated by microdissection. Shown are relative fold-changes of miR181a
expression with exposure to streptomycin, as detected by qPCR. The fold-changes shown
are relative to expression in untreated controls. There was no significant difference in
miR181a expression between the basilar papillae that were and were not treated with
streptomycin at any of the three time points (t-test, p < 0.05).
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