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Mature mammals are uniquely vulnerable to permanent auditory and vestibular deficits, because the cell proliferation that produces
replacement hair cells in other vertebrates is limited in mammals. To investigate the cellular mechanisms responsible for that difference,
we created excision lesions in the sensory epithelium of embryonic and 2-week-old mouse utricles. Lesions in embryonic utricles closed
in �24 h via localized expansion of supporting cells, which then reentered the cell cycle. Pharmacological treatments combined with
time-lapse microscopy demonstrated that the healing depended on Rho-mediated contraction of an actin ring at the leading edge of the
lesion. In contrast, lesions in utricles from 2-week-old and older mice remained open even after 48 h. Supporting cells in those utricles
remained compact and columnar and had significantly stouter cortical actin belts than those in embryonic sensory epithelia. This
suggests that cytoskeletal changes may underlie the age-related loss of proliferation in mammalian ears by limiting the capacity for
mature supporting cells to change shape. In mature utricles, exogenous stimulation with lysophosphatidic acid overcame this matura-
tional block and induced closure of lesions, promoting supporting cell expansion and subsequent proliferation. After lysophosphatidic
acid treatment, 85% of the mature supporting cells that had spread to a planar area �300 �m2 entered S-phase, whereas only 10% of those
cells that had a planar area �100 �m2 entered S-phase. Together, these results indicate that cellular shape change can overcome the
normal postnatal cessation of supporting cell proliferation that appears to limit regeneration in mammalian vestibular epithelia.
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Introduction
Mammals appear to be unique in their susceptibility to perma-
nent auditory and vestibular deficits that arise through loss of
sensory hair cells. After damage to the sensory epithelia of birds,
amphibians, and fish, supporting cells dedifferentiate, reenter the
cell cycle, and produce replacement hair cells that restore hearing
and balance function (for review, see Corwin et al., 1991). After
damage to mature mammalian vestibular epithelia, some sup-
porting cells will proliferate (Warchol et al., 1993). Such damage
also may evoke nonproliferative mechanisms of recovery (Li and
Forge, 1997), but the clinical permanence of hearing and vestib-
ular deficits in mammals suggests that the low level of the prolif-
erative response may preclude significant functional recovery.
Thus, there is considerable interest in understanding the control
of proliferation in the mammalian inner ear.

In mammals, supporting cell proliferation can be enhanced by
growth factor or pharmacological treatment (Lambert, 1994; Gu
et al., 1996; Zheng et al., 1997; Montcouquiol and Corwin,
2001a,b). The intracellular cascades that control this prolifera-
tion appear similar in young rodents and chickens (Witte et al.,

2001), but proliferative response to growth factors decreases
sharply during the first postnatal weeks in mammals (Gu et al.,
1997, 2007; Hume et al., 2003).

Two cyclin-dependent kinase inhibitors, p27 Kip1 and p19 Ink4,
and the tumor-suppressor retinoblastoma (Rb1) provide down-
stream regulation of cell-cycle entry within mammalian hair cell
epithelia (Chen and Segil, 1999; Lowenheim et al., 1999; Chen et
al., 2003; White et al., 2006), yet the fundamental upstream
changes that underlie the loss of proliferative responsiveness in
mammals remain unknown, as do the mechanisms in other ver-
tebrates that are responsible for initiating proliferation during
hair cell regeneration.

One candidate trigger for proliferation in hair cell epithelia is
change in supporting cell shape (Corwin et al., 1996). Hair cell
loss in birds is followed by significant expansion of the apical
surfaces of supporting cells near the sites of damage and subse-
quent passage through the cell cycle (Cotanche, 1987; Cotanche
and Dopyera, 1990; Marsh et al., 1990). A flattened and spread
shape is necessary for endothelial cell proliferation in vitro (Folk-
man and Moscona, 1978; Chen et al., 1997), and cell density and
spreading correlate with S-phase entry in cultured sensory epi-
thelia isolated from avian utricles (Warchol, 1995, 2002; Witte et
al., 2001).

To determine whether changes in supporting cell shape would
trigger S-phase entry in mammalian sensory epithelia that re-
mained in situ, we made surgical lesions in mouse utricles. The
precise timing and reproducibility of this method for producing
damage in organ culture allowed direct observation of the early
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cellular responses to damage, which often are obscured by vari-
ability in the timing, location, and extent of hair cell death caused
by acoustic overstimulation and aminoglycoside toxicity. In em-
bryonic utricles, supporting cells spread and covered over the
lesions in �24 h via Rho-mediated contraction of an actin purse
string, and, by 72 h, the spread supporting cells entered S-phase.
In contrast, lesions in utricles from 14-d-old mice remained open
for at least 48 h, with the supporting cells retaining compact and
columnar shapes. To activate Rho, such older utricles were
treated with lysophosphatidic acid (LPA), which resulted in
spreading of supporting cells, closure of lesions, and S-phase en-
try at levels not normally observed in mature mammalian ears.
These results suggest that a decreased capacity for supporting
cells to change shape may underlie the loss of regenerative prolif-
eration in the vestibular organs of mature mammals, but substan-
tial levels of proliferation can be restored by stimulating cellular
shape change.

Materials and Methods
Dissection of utricles. All animal experiments were performed according
to protocols approved by the Animal Care and Use Committee at the
University of Virginia. Swiss Webster mice were obtained from Taconic
Farms (Germantown, NY) and Charles River Laboratories (Wilmington,
MA), and Tg(GFPU)5Nagy mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME). Animals were killed by CO2 asphyxiation and
decapitated. Labyrinths were removed aseptically from temporal bones
in ice-cold DMEM/F-12 (Invitrogen, Carlsbad, CA), the utricles were
isolated, and the roof and the otoconia were removed.

In vitro culture and lesioning. Embryonic utricles were adhered with
the nerve side down on poly-L-lysine-coated glass-bottom dishes (Mat-
Tek, Ashland, MA). Utricles from postnatal animals were adhered nerve
side down in MatTek dishes treated with CellTak (2 �l, air-dried onto the
glass and washed three times with medium; BD Biosciences, San Jose,
CA). For time-lapse experiments, embryonic utricles were adhered nerve
side down to a 42 mm round cover glass treated with CellTak. No differ-
ence in healing was observed between embryonic utricles attached via
poly-L-lysine versus CellTak.

Micropunches were fabricated by electrolytic etching of blunt 29 gauge
stainless steel hypodermic needles (nominal internal diameter of 180
�m; Hamilton, Reno, NV) in a solution of 34% sulfuric acid and 42%
phosphoric acid at 4.5 V, 500 mA. Rough edges were removed with 1 �m
grit polishing paper (3M, Minneapolis, MN), and etching and polishing
were repeated until the tip had a sharp, circular edge.

The micropunches were pressed into utricles to make circular lesions
in the hair cell epithelium, and cells from within the lesion were removed
with a sharpened tungsten needle. Lesioned utricles were then cultured in
DMEM/F-12 with 5% FBS (HyClone, Logan, UT), 3 �g/ml bromode-
oxyuridine (BrdU; Sigma, St. Louis, MO), 0.25 �g/ml Fungizone (In-
vitrogen), and 10 �g/ml Ciprofloxacin (Bayer, Berlin, Germany), and
fixed in Glyofixx (for immunocytochemistry), 4% paraformaldehyde in
PBS (for phalloidin visualization of actin), or 2.5% glutaraldehyde/2%
paraformaldehyde in 0.1 M sodium cacodylate (for electron microscopy).
Utricles fixed for electron microscopy were made conductive by osmi-
um–thiocarbohydrazide impregnation (Kelley et al., 1973; Malick and
Wilson, 1975).

Time-lapse microscopy. Lesioned utricles were adhered to a 42-mm-
diameter cover glass with CellTak (BD Biosciences) for time-lapse mi-
croscopy. The cover glass was sealed into a POC-R imaging chamber
(LaCon, Staig, Germany) containing DMEM/F-12 with 5% FBS, 3 �g/ml
BrdU, 0.25 �g/ml Fungizone, and 10 �g/ml Ciprofloxacin. The chamber
was placed on an Axiovert 200M microscope (Zeiss, Oberkochen, Ger-
many) with the epithelia oriented downward for imaging. A microscope
stage incubator (PeCon, Erbach-Bach, Germany) was maintained at 5%
CO2 and 37°C for the duration of the experiment. A motorized stage that
was under MetaMorph software control (Molecular Devices, Sunnyvale,
CA) allowed sequential imaging of responses occurring concurrently in
2–12 utricles throughout each time-lapse recording. Every 10 –30 min,

images were recorded at each of 10 focal levels extending through the
depth of the sensory epithelium for each utricle in the chamber.

For time-lapse tests of pharmacologic agents, utricles were divided
into equal groups and preincubated for 30 min at 37°C in either the
control medium or medium supplemented with the drug. Then all of the
utricles were lesioned with a micropunch, and the utricles in each pool
(control and experimental) were adhered to a single 12-mm-diameter
cover glass coated with CellTak. The control and experimental cover
glasses were each fitted with a custom-made ring of 250-�m-thick sili-
cone gasket material (McMaster-Carr, Atlanta GA), and either control
medium or medium containing a pharmacological agent was added to
the small well formed by the gasket. The two gasketed cover glasses were
then inverted onto a 42 mm circular cover glass, creating two individually
sealed compartments within the same POC-R imaging chamber.

To block actin polymerization, utricles were cultured in 1 �M cytocha-
lasin D or 1 �M cytochalasin B (Sigma), and controls were cultured in
0.1% DMSO as a vehicle control. To inhibit Rho-mediated kinases,
utricles were cultured in 50 �M (R)-(�)-trans-N-(4-pyridyl)-4-(1-
aminoethyl)-cyclohexanecarboxamide (Y-27632; EMD Biosciences, La
Jolla, CA). To inhibit myosin light chain kinase (MLCK), utricles were cul-
tured in 1 or 20 �M 1-(5-iodonaphthalene-1-sulfonyl)homopiperazine
(ML-7; EMD Biosciences). To washout media containing drugs, the gas-
keted coverslips were lifted out of the POC-R chamber, and the cover glass
was washed in four changes of fresh drug-free culture medium over 20 min
before the chambers were reassembled with fresh culture medium without
drugs for continued imaging.

Time-lapse of green fluorescent protein-expressing utricles. To visualize
changes in individual cell shapes, time-lapse recordings were made using
utricles removed at embryonic day 18 (E18) (n � 11) or on the day of
birth [postnatal day 0 (P0)] (n � 12) from transgenic mice that expressed
green fluorescent protein (GFP) under control of the �-actin promoter
[Tg(GFPU)5Nagy] (Hadjantonakis et al., 1998). Variations in the levels
of GFP fluorescence among the cells in the sensory epithelium allowed
individual cells to be tracked during the course of the recording (see Fig.
2). Images over 10 focal planes, each 10 �m apart, were acquired every
hour for 24 h using a Zeiss 510 confocal LSM with an incubation chamber
as described above. The positions of individual bright or dim cells were
then tracked via automated object tracking using MetaMorph software,
in which the center of each cell was determined in each frame based on an
object-specific template defined by differences in signal intensity and
shape. The template was updated with each frame to adjust for changes
during the time-lapse recordings.

LPA stimulation of mature utricles. To exogenously stimulate Rho, 24
mature utricles were cultured in the presence of 10 �M lysophosphatidic
acid (Avanti Polar Lipids, Alabaster, AL). A 1 mM stock of LPA was made
in 3% fatty-acid-free bovine serum albumin (FAF-BSA; Sigma) in water;
21 controls were cultured in FAF-BSA without LPA. LPA is released from
platelets in the standard harvesting of serum (Eichholtz et al., 1993), so
we sought to reduce potential variability by maintaining both the exper-
imental and control cultures in charcoal– dextran-filtered FBS (Hy-
Clone). Half of the media was changed every 12 h.

LPA stimulation of delaminated sensory epithelia. Cultures of isolated
utricular epithelium were obtained as by Montcouquiol and Corwin
(2001b). Briefly, 2-week-old utricles were incubated in thermolysin (0.5
mg/ml; Sigma) for 45 min at 37°C, and the sensory epithelium was re-
moved and plated on glass-bottom dishes (MatTek) coated with poly-L-
lysine. Sensory epithelia were cultured in DMEM/F-12 with 5%
charcoal– dextran-filtered FBS containing 10 �M LPA. Images of the ep-
ithelia were obtained after plating and every 24 h for 3 d.

Immunohistochemistry. Cultures for phalloidin labeling were fixed in
4% paraformaldehyde in PBS overnight at 4°C, washed in PBS contain-
ing 0.2% Triton X-100 (PBST) three times over 15 min, followed by a 15
min incubation in AlexaFluor-labeled phalloidin (5 U/ml; Invitrogen) in
PBST and then washed three times over 15 min in PBST.

Cultures to be labeled with anti-BrdU were treated with 1N HCl for 20
min to denature the DNA before Triton X-100 extraction. All cultures for
immunohistochemistry were preincubated 30 min at room temperature
(RT) in PBST containing 10% normal goat serum (NGS) (Vector Labo-
ratories, Burlingame, CA). Then they were incubated in the appropriate
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primary antibodies in PBST with 2% NGS for 1 h, followed by cyanine
(Cy) 2-, Cy3-, and Cy5-conjugated secondary antibodies (1:200; Jackson
ImmunoResearch, West Grove, PA) in PBST for 1 h at RT. Utricles were
mounted in SlowFade (Invitrogen), and images were taken with a con-
focal microscope (Zeiss LSM 510).

Primary antibodies and concentrations. Mouse anti-occludin (2.5 �g/
ml; Zymed, San Francisco, CA) to label tight junctions (Furuse et al.,
1993), rabbit anti-calretinin (1:1000; Chemicon, Temecula, CA) to
label hair cells (Rogers, 1989), and rat anti-BrdU (25 �g/ml; Abcam,
Cambridge, MA) to label cells that entered or had passed through
S-phase.

Quantification of labeling within junctional complexes. A Zeiss 510
LSM was used to capture stacks of images in the z-axis at the interface
between the sensory epithelium and nonsensory epithelium in whole-
mount utricles labeled with anti-occludin or phalloidin. The average
pixel intensities along lines that crossed the cell– cell junctions per-
pendicularly and the lateral widths of the bands of junctional labeling
were measured for 20 randomly selected junctions (10 in the sensory
epithelium, 10 in the nonsensory epithelium) for each utricle. Within
each image, the labeling in the nonsensory epithelium was normalized
to 1, and the labeling in the sensory epithelium was expressed as the
fraction of nonsensory labeling. The mean � SEM for each group was
then calculated and plotted, and an ANOVA was used to test for
significance.

Quantification of apical surface area and BrdU. Whole-mount utricles
labeled with anti-occludin and anti-BrdU were imaged on a Zeiss 510
LSM. Two parallel lines were drawn across each image, both running
through the lesioned region, and outlines of all cells along those lines
were drawn in MetaMorph using anti-occludin labeling to mark the
extent of the apical surface. MetaMorph was then used to make an auto-
mated decision about whether there was nuclear BrdU labeling within

that cell border and for calculating the planar
area and position of the cell. t tests were used to
determine statistical significance of the differ-
ences in area between the samples of BrdU-
positive and BrdU-negative cells.

Results
Lesions in embryonic utricles
heal rapidly
To investigate potential differences be-
tween embryonic and mature mammals in
the ability for the sensory epithelium to
recover from injury and to test whether
supporting cell spreading would trigger
proliferation, we fabricated micropunches
and used them to make small excision le-
sions in mouse utricles in organ culture.
The circular lesions averaged 2.6 � 10 4 �
0.1 � 10 4 �m 2 (n � 7) (Fig. 1A,B), re-
moving 13% of the 2 � 10 5 �m 2 area of
the utricular macula (Desai et al., 2005).
We estimate that each lesion removed
�780 cells, �422 hair cells, and �358 sup-
porting cells, based on the morphometric
data of Desai et al. (2005), removing 13%
of the 3246 hair cells and 2754 supporting
cells in the sensory epithelium.

Scanning electron microscopy showed
that supporting cells completely covered
lesions made in utricles from E18 and E19
mice in �24 h and restored epithelial in-
tegrity (Fig. 1A). To observe the events un-
derlying this re-epithelialization, we made
synchronous time-lapse recordings of cel-
lular changes occurring in several lesioned
utricles at a time. These showed that the

lesion in utricles from E18 and E19 mice closed completely in
17 � 1.5 h (all data presented are mean � SEM; n � 7)
(Fig. 1B,C) (supplemental Video 1, available at www.jneuro-
sci.org as supplemental material).

To determine which cells were moving to close the lesions, we
used time-lapse recordings of lesioned utricles from E18 and P0
mice expressing a mosaic pattern of GFP under control of the
�-actin promoter [Tg(GFPU)5Nagy; n � 11 E18; n � 12 P0] (Fig.
2A). Analysis of those movies suggested that cells at the leading
edge of the lesion moved substantially farther than cells farther
away from the lesion (Fig. 2A). Tracking of individual cells
showed that the cells within a ring bordering the lesion, which
initially resided between 75 and 125 �m from the centroid of the
lesion, moved 41.9 � 1.7 �m (Fig. 2B,C). In contrast, cells lo-
cated within concentric rings extending between 125 and 175 �m
from the centroid and between 175 and 250 �m from the cen-
troid of the lesion moved an average of 21.1 � 0.8 and 15.6 � 0.9
�m, respectively (n � 75 cells from each of 6 E18 utricles; 177
cells between 75 and 125 �m, 200 cells between 125 and 175 �m,
and 73 cells between 175 and 250 �m) (Fig. 2C). Thus, the cells
closest to the lesion moved a significantly greater distance than
cells farther from the lesion ( p � 0.005 by ANOVA).

SEM and confocal microscope images of specimens with
healed lesions revealed that the sites of the former lesions were
covered over by relatively small numbers of cells. The supporting
cells that covered the former lesions had undergone radical shape
changes, taking on a significantly expanded profile, changing

Figure 1. Excision lesions in embryonic utricles close rapidly. A, Scanning electron micrographs of utricles from E18 mice that
received excision lesions and were fixed after the indicated time in culture. At 1 h after lesioning, there was a large open lesion
exposing the underlying stromal matrix. The lesion contracted by 10 h after lesioning and was fully closed within 24 h, with the
location of the lesion covered over by supporting cells with greatly expanded apical surfaces. B, Individual micrographs from a
time-lapse recording of an E18 mouse utricle after lesioning. The lesion rapidly contracted and completely closed by 18 h after the
lesioning. C, Closure of lesions measured from simultaneous time-lapse recordings of seven E18 lesioned mouse utricles. The
lesion area is plotted every 2 h for each of the utricles, and the average of all seven utricles is plotted (thick black line). Closure of
lesions took an average of 17.5 � 1.5 h.

Meyers et al. • Cell Shape Controls Proliferation in the Inner Ear J. Neurosci., April 18, 2007 • 27(16):4313– 4325 • 4315



from their normal tight columnar packing
to a spread, nearly squamous shape (Figs.
1A, 2D,E). The average planar surface
area of cells that came to lie at the middle
of the former lesions, �25 �m from the
centroid of the lesion, was 63.1 � 9.9 �m 2

(range of 4.6 –203.2; n � 214). Those cells
were significantly larger than the cells that
were �50 �m from the centroid, which
had an average planar area of 18.3 � 0.4
�m 2 (range of 3.3–54.2; n � 412; p �
0.005 by t test). Tracing individual cells
from the �-actin/GFP time-lapse movies al-
lowed direct visualization of the expansion
of cells at the leading edge of the healing le-
sion as they covered over the opening (Fig.
2F). Thus, during closure, the supporting
cells near the leading edge of the wounded
epithelium quickly covered over the lesion
by taking on significantly expanded shapes
and moving the edge of the epithelium
inward.

Quiescent supporting cells
enter S-phase
Cell spreading has been correlated with
proliferation in isolated endothelial cells
and epithelial sheets from avian utricles
(Folkman and Moscona, 1978; Warchol,
1995, 2002; Chen et al., 1997), so we
sought to determine whether the lesion-
induced expansion of supporting cells
would trigger their reentry into the cell cy-
cle. To label cells passing through S-phase
of the cell cycle, lesioned and control
utricles from E18 and E19 mice were cul-
tured for 72 h in the presence of BrdU. In
lesioned utricles, labeling resulted in
114 � 16 BrdU-positive cells in a circular
30,000 �m 2 region centered over the le-
sion and 35 � 8 BrdU-positive nuclei in
the 30,000 �m 2 peripheral region concen-
tric to the lesion (n � 7) (Fig. 3B,C). In
contrast, in unlesioned control sensory ep-
ithelia, 9 � 3 cells within a circular 30,000
�m 2 region centered in the macula were
BrdU positive and 9 � 2 cells were BrdU
positive in an equivalent concentric 30,000
�m 2 region (n � 5) (Fig. 3A,C). Thus,
there was a significant increase in the
number of BrdU-positive cells at the site of
the lesion compared with the surrounding
tissue or with unlesioned epithelia ( p �
0.05 by ANOVA). Although there was a
measured increase in the number of BrdU-
positive cells in the sample from the pe-
ripheral region outside the lesion, it did
not reach statistical significance ( p � 0.05
by ANOVA).

In these experiments, BrdU was present
in the culture medium from the time the
lesions were made, so cycling cells could
have been labeled from immediately after

Figure 2. Closure of lesions in embryonic utricles occurs via movement and cell shape change of cells at the edge of the lesion.
A, Frames from a time-lapse recording of a closing of a lesion in the utricle from an E18 transgenic mouse that expresses GFP under
control of the �-actin promoter. The GFP is expressed in a mosaic pattern, allowing tracking of individual cell movements
(arrows). The trajectory of the cells in the 9 and 18 h images is marked with a dashed line. Cells well outside the lesion moved little
during closure of lesions, whereas cells at the leading edge of the lesion moved into the center of the lesion. B, A vector plot
showing the distance and direction of movement of 59 cells whose positions were tracked over 15 h of closure of a lesion in a P0
GFP mouse utricle. The cells began at the back of the arrows and moved to the tip of the arrowheads over the 15 h, with each arrow
representing the movement of a single cell in the epithelium. The dashed line indicates the initial location of the lesion. Cells at the
edge of the lesion moved substantially inward, whereas cells distant from the lesion moved less. C, Histogram of distance moved
from 75 cells from each of six E18 GFP mosaic utricles (tracked as in B) plotted based on the original distance from the centroid of
the lesion (mean � SEM). Cells at the edge of the lesion, between 75 and 125 �m of the centroid of the lesion, move significantly
farther than cells �125 �m from the lesion (*p � 0.005). D, Fluorescent micrograph showing occludin labeling of the tight
junctions between the epithelial cells in an E18 utricle fixed 24 h after lesioning. The occludin staining demarcates the lateral edge
of the apical surface of the cells, revealing the expansion of supporting cells at the center of the lesion. E, Comparison of planar
surface area versus distance to the center of the lesion for 627 cells in an E18 utricle, showing that cells that moved into center of
the lesion site took on greatly expanded apical surface area, whereas more distant cells retained a compact shape. F, Tracings of
five cells at the leading edge of the lesion of an E18 GFP mosaic utricle taken every 3 h showing their expansion as the lesion closes.
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the lesions up until the cultures were fixed 72 h later. However,
parallel time-lapse experiments that began immediately after le-
sioning and continued for 24 h showed cells changing position
and shape without dividing (Fig. 2E). Those observations suggest
that the proliferative response follows the cellular shape change.
The rapid speed of lesion closure also makes it unlikely that mi-
totic divisions of previously quiescent cells would contribute to
the wound closure, consistent with models in which epithelial cell
proliferation follows wound closure (Ihara and Motobayashi,
1992; Nodder and Martin, 1997; Jacinto et al., 2001). Thus, the
lesion-induced spreading of supporting cells reversed their nor-
mal quiescence and led to significantly increased passage into
S-phase.

Lesions in embryonic utricles close by contraction of an
actin ring
Because lesion-induced spreading of supporting cells appeared to
stimulate proliferation, we wanted to identify the mechanism
that was driving this cellular shape change. Two processes have
been proposed to account for epithelial wound healing: purse-
string contraction of a leading-edge actin ring and lamellipodial
crawling (for review, see Woolley and Martin, 2000). Six hours
after excisional lesioning in an E18 utricle, phalloidin labeling

revealed a pronounced filamentous actin
ring along the leading edge around the le-
sion (n � 6) (Fig. 4A), and, at that point,
the edge appeared smooth (Figs. 1A,B,
4A) (supplemental Video 1, available at
www.jneurosci.org as supplemental mate-
rial). This suggested that contractile pull-
ing of an actin purse string was the primary
mechanism driving the cellular shape
change. To test this hypothesis, we adapted
our time-lapse protocol to allow simulta-
neous visualization of lesion closure in
control utricles and utricles treated with
cytochalasin, a drug that inhibits actin po-
lymerization. Although the lesions in
utricles in control medium (with 0.1%
DMSO as vehicle control) closed com-
pletely within 24 h (n � 3) (Fig. 4B,D), the
lesions in utricles cultured with 1 �M cy-
tochalasin D (n � 5; data not shown) or 1
�M cytochalasin B remained open even af-
ter 24 h, leaving a hole 77 � 6% of the
initial lesion size (n � 5) (Fig. 4C,D)
(supplemental Video 2, available at www.
jneurosci.org as supplemental material).

The micropunch produced lesions with
slightly irregular edges (Figs. 1A, 4B,C).
Under control conditions, the irregular
edges became more circular and smooth
within 8 h (Figs. 1A,B, 4B, 5A) (supple-
mental Video 1, available at www.jneuro-
sci.org as supplemental material). In con-
trast, the edges of lesions in utricles treated
with cytochalasin remained irregular for at
least 24 h (Figs. 4C, 5B) (supplemental
Video 2, available at www.jneurosci.org as
supplemental material). This suggests that
the actin ring is responsible for pulling the
leading edge into the circular and smooth
shape. To control for potential toxicity of

the cytochalasin treatment, we washed out the cytochalasin
after the initial 24 h recording and continued the time-lapse
recordings of the recovery of the epithelium in control me-
dium. In each case, the recordings showed that the inhibitory
effects of cytochalasin B were fully reversible. After washout,
changes at the leading edges of the lesions in the cytochalasin-
treated utricles followed nearly the same time course of closure as
untreated controls as the edges became smooth and the lesions
closed completely within 18 � 3 h (n � 5) (Fig. 4C�,D) (supple-
mental Video 2, available at www.jneurosci.org as supplemental
material). Thus, the formation of an actin ring along the leading
edge of utricular lesions appears to be necessary for the support-
ing cell shape change that underlies closure of the excision
lesions.

Contraction of the actin ring is dependent on Rho kinase
Because the contractions of actin purse strings that close lesions
in other tissues appear to be mediated by signaling via the small
GTPase Rho (Brock et al., 1996; Bement et al., 1999; Wood et al.,
2002), we sought to determine whether Rho controlled the con-
traction of utricular lesions. To test whether Rho activity was
required, we cultured lesioned E18 and E19 utricles in the pres-
ence of the protein kinase inhibitor Y-27632 (50 �M). Y-27632

Figure 3. Cells at the lesion site proliferate after wound closure in embryonic mouse utricles. A, Immunolabeling of an unle-
sioned E19 mouse utricle cultured for 72 h. Anti-occludin shows the apical surface area of the cells, and anti-calretinin labels the
hair cells. Anti-BrdU labels the nuclei of cells that have passed through S-phase during the 72 h of culturing. Few BrdU-positive
cells are found within the sensory epithelium. B, Immunolabeling of an E19 mouse utricle cultured for 72 h after excision lesioning.
The lesion region in the center of the epithelium shows supporting cells with expanded surface area and extensive BrdU incorpo-
ration. C, Quantification of BrdU-positive nuclei in two 30,000 �m 2 regions for unlesioned and lesioned utricles: a central circular
region over the lesion or center of the unlesioned utricle, and a concentric peripheral region (mean � SEM). There are few
BrdU-positive nuclei in the unlesioned utricles in either the central or peripheral regions, but there is a significant increase in the
number of BrdU-positive nuclei in the central region of lesioned utricles (*p � 0.05).
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blocks signaling through Rho kinase
(ROCK), inhibits other Rho-associated ki-
nases [protein kinase C-related kinase 1
(PRK1) and PRK2], and less effectively in-
hibits mitogen- and stress-activated pro-
tein kinase 1, mitogen-activated protein
kinase 2, and phosphorylase kinase (Da-
vies et al., 2000). Simultaneous time-lapse
imaging of utricles in control media
showed full closure of the lesions within
24 h (n � 5), whereas utricles cultured
with Y-27632 still had open lesions 81 �
12% of initial lesion size after 24 h (n � 4)
(Fig. 6A–C) (supplemental Video 3, avail-
able at www.jneurosci.org as supplemental
material). To test whether the inhibition of
wound closure was attributable to toxicity,
Y-27632 was washed out, and continuing
time-lapse recordings showed reversibility
with closure of lesions complete within
13 h (Fig. 6B�,C) (supplemental Video 3,
available at www.jneurosci.org as supple-
mental material).

Although cytochalasin and Y-27632
both inhibited closure of the lesions, the
leading edges of the lesions in the
cytochalasin-treated utricles remained ir-
regular for the duration of the exposure to
that drug, but the leading edges of the le-
sions in the utricles that were exposed to
Y-27632 became circular and smooth
(Figs. 5C, 6B) (supplemental Video 3,
available at www.jneurosci.org as supple-
mental material). Also, after washout, the
Y-27632-treated epithelia closed at a faster
rate than occurred in controls and after
cytochalasin washout. We interpret these
differences as evidence that the polymer-
ization of new actin filaments or the action
of motor proteins not inhibited by
Y-27632 at the edges of the epithelial lesion
produces tension that is sufficient to draw
the leading edges into a smooth, round
shape, preparing the lesion for closure, but
that tension generated via Rho-mediated
contraction is necessary for the supporting
cells to spread and close the lesions.

To determine whether the activity of MLCK was necessary for
this contraction, we cultured lesioned sensory epithelia in the
MLCK inhibitor ML-7 (Ki of 300 nM) (Saitoh et al., 1987). Nei-
ther 1 �M (n � 4; data not shown) nor 20 �M (n � 4) ML-7
inhibited closure of lesions in utricles (Fig. 6D,E). At concentra-
tions above 20 �M, ML-7 can inhibit other kinases, including
PKC and cyclic-AMP-dependent kinase (Saitoh et al., 1987), so
we did not test higher concentrations. Thus, contraction of the
leading edge actin ring appears to be independent of MLCK ac-
tivity. The mechanism of wound closure in the utricle is consis-
tent with that reported for embryonic mouse and chick epidermis
(Martin and Lewis, 1992; Brock et al., 1996; Redd et al., 2004) and
several other epithelia (Bement et al., 1993; Brock et al., 1996;
Heath, 1996; Danjo and Gipson, 1998; Wood et al., 2002). In
particular, the change in supporting cell shape that leads to re-
epithelialization after lesioning requires actin polymerization

into a leading edge ring and the activity of a Y-27632-sensitive
kinase, such as the Rho-associated kinases ROCK or PRK1/2, to
trigger contraction of the ring and pull the columnar supporting
cells into a spread shape.

Lesions in mature utricles remain open for at least 2 d
Because mammalian utricular supporting cells lose proliferative
capacity as they mature during the first postnatal weeks (Gu et al.,
1997, 2007; Hume et al., 2003), we explored the potential for
coincident changes in the capacity for cellular shape change in
response to lesions in more mature utricles. In contrast to the
utricles from embryonic mice, in which all lesions closed com-
pletely in �24 h, lesions made in epithelia from mice between
postnatal days 13 and 21 remained open at least 48 h after lesion-
ing (Fig. 7A) (n � 13). At 12 and 24 h after lesioning, the leading
edge of the lesion was smooth, with actin cables detectable at the
leading edge (n � 7 for each time point) (Fig. 7A,B). This indi-

Figure 4. Lesion closure in embryonic utricles occurs via actin purse-string contraction. A, An E18 utricle fixed 6 h after lesioning
and triple labeled for phalloidin to label actin, anti-occludin to label tight junctions, and anti-calretinin to label hair cells. An actin
purse string runs along the leading edge of the lesion (arrows). B, Individual frames from a time-lapse series showing closure of
lesions in a utricle cultured in control media containing 0.1% DMSO. The lesion closed within 24 h. C, Frames from a time-lapse
series showing lesion closure in a utricle cultured in media containing 1 �M cytochalasin B (CytoB). After 24 h, the lesion had
neither rounded up nor closed. C�, After washout of cytochalasin B containing media and replacement with control media, the
lesion shown in C contracted and closed 13 h after washout. D, Quantification of lesion size from simultaneous time-lapse
recordings of utricles cultured in DMSO control media (dashed line) or cytochalasin B (solid line). The mean � SEM are plotted
every 4 h, showing that lesion closure is inhibited by cytochalasin B but recovers after washout of cytochalasin B.

4318 • J. Neurosci., April 18, 2007 • 27(16):4313– 4325 Meyers et al. • Cell Shape Controls Proliferation in the Inner Ear



cates that actin polymerization at the leading edge was not the
limiting step in the loss of closure of lesions in mature utricles and
suggested that subsequent contraction might be impaired.

Loss of spreading into lesions is limited to sensory epithelium
When lesions cut into the nonsensory epithelium that surrounds
the sensory epithelium, the cells of the nonsensory epithelium
migrated over 100 �m into the lesions within 36 h, whereas the
cells of the adjacent sensory epithelium did not close over the
lesion (Fig. 7C) (n � 5). The nonsensory epithelium cells that
migrated into the lesion did not maintain the smooth concave
edge indicative of purse-string contraction but rather developed a
convex leading edge more consistent with active lamellipodial-
based migration into the lesion (Fig. 7C).

Along with this difference in cell motility, the phalloidin la-
beling of mature utricles revealed a higher level of staining within
the sensory epithelium compared with the nonsensory epithe-
lium (Fig. 7A–C,F). Phalloidin labeling of filamentous actin in
the cortical actin belts of supporting cells in the mature sensory
epithelium was 3.9 � 0.3 times brighter than the labeling of cor-
tical actin in cells from the nonsensory epithelium (n � 60 sen-
sory epithelium junctions and 60 nonsensory epithelium junc-
tions, 10 each from 6 utricles) (Fig. 7F,G). In embryonic utricles,
in which supporting cells readily change shape and cover over
lesions, the F-actin labeling intensity in the sensory epithelium
was only 1.9 � 0.3 times brighter than in the nonsensory epithe-
lium (n � 50 each sensory and nonsensory epithelium junctions,
10 each from 5 utricles) (Fig. 7D,G). To test whether the differ-
ence in actin labeling in the mature utricle represented a gener-
alized augmentation of the junctional complexes that link the
epithelial cells, we examined occluding-labeled tight junctions of
P17 utricles. Occludin labeling in the sensory epithelium was only
1.5 � 0.1 times brighter than that in the nonsensory epithelium
(n � 70 sensory and 70 nonsensory epithelium junctions, 10 each
from 7 utricles) (Fig. 7E,G). The ratio of sensory to nonsensory
junctional phalloidin labeling was significantly higher for P17
utricles than it was for the P0 utricles. It also was significantly
greater than the ratio of sensory to nonsensory occludin labeling
in the tight junctions of the same P17 utricles ( p � 0.005 by
ANOVA).

To determine whether this difference in labeling represented a
decreased level of actin in the nonsensory epithelium or an aug-
mentation of the cortical actin belts in the sensory epithelium, we
measured the lateral width of the cell– cell junctions labeled with
either phalloidin or occludin. The width of phalloidin-labeled
junctions in P0 utricles was 1.3 � 0.1 �m for nonsensory epithe-

lium cells (n � 50 junctions) and 1.4 � 0.1
�m for sensory epithelium cells (n � 50
junctions). The width of tight junctional
complexes labeled with occludin in P17
utricles was similar, at 1.1 � 0.1 �m for
nonsensory epithelium cells and 1.2 � 0.1
�m for sensory epithelium cells (n � 70
junctions each). The width of phalloidin-
labeled junctions in the nonsensory epi-
thelium of mature utricles was also com-
parable at 1.2 � 0.1 �m (n � 60 junctions
each). In contrast, phalloidin-labeled
junctions within the sensory epithelium of
P17 utricles were significantly thicker, at
2.7 � 0.1 �m ( p � 0.0005 by ANOVA;
n � 60 junctions) (Fig. 7H). Therefore, the
cytoskeletal alteration underlying the dif-

ferential phalloidin labeling appears to be attributable to augmenta-
tion of the cortical actin belts that develop postnatally within the
sensory epithelium but not within the nonsensory epithelium.

LPA stimulates closure of lesions in postnatal epithelia
We next tested the hypothesis that exogenous activation of the
Rho pathway, which controls lesion-induced supporting cell
shape change in embryonic utricles, would promote supporting
cell shape change in mature utricles. LPA can bind to high-
affinity LPA receptors, thereby activating Rho and leading to cy-
toskeletal remodeling and myosin-mediated contraction
(Moolenaar, 1999). LPA has been reported to speed closure of
lesions in epithelia (Sturm et al., 1999; Balazs et al., 2000; Lee et
al., 2000), so we sought to determine whether LPA would pro-
mote wound closure and cellular shape change in mature utricles.
To test this, we made lesions in utricles from 2-week-old mice
and then cultured controls in the standard medium and experi-
mentals in medium containing 10 �M LPA. In six lesioned P15
utricles cultured with 10 �M LPA, the lesions closed completely
within 48 h, whereas five P15 utricles cultured for 48 h in control
medium had open lesions that averaged 40 � 11% of the initial
lesion size (Fig. 8A,B). Confocal microscopy showed that the
LPA-mediated lesion closure occurred concurrently with spread-
ing of the supporting cells that bordered the lesion (Fig. 8B). The
cellular shape change that occurred when lesions in mature LPA-
treated utricles closed resembled the shape changes that occur
during wound closure in embryonic utricles. In contrast, the sup-
porting cells in the lesioned utricles that were cultured in control
medium retained compact columnar shapes (Fig. 8A). Thus, the
treatment with LPA led to responses that restored the capacity for
rapid wound closure in mature utricles and was sufficient to ei-
ther evoke or permit shape change in the mature supporting cells.

Mature supporting cells reenter the cell cycle when
lesions close
Because supporting cell shape change is strongly correlated with
proliferation in embryonic utricles, we sought to determine
whether the LPA-induced changes in supporting cell shape that
occurred during lesion closure would stimulate cell-cycle reentry
in mature utricles. Thirty-three utricles from 2-week-old mice
were lesioned and cultured for 4 d in medium containing 10 �M

LPA and BrdU or vehicle control medium containing BrdU. Le-
sioned utricles cultured in control medium for 4 d showed lim-
ited spreading of supporting cells around the open lesions and
had 25 � 4 BrdU-positive nuclei in the sensory epithelium (n �
15; range of 6 – 60) (Fig. 8C). When closure of lesions was stim-

Figure 5. Y-27632 inhibits contraction but not formation of the actin ring. A, A control E18 utricle fixed 10 h after lesioning and
labeled with phalloidin, demonstrating formation of a leading edge actin ring. B, An E18 utricle treated with 1 �M cytochalasin D
and fixed 10 h after lesioning. Phalloidin labeling shows that cytochalasin blocked formation of the actin ring, leaving an irregular-
shaped lesion. C, An E18 utricle treated with 50 �M Y-27632 and fixed 10 h after lesioning. Phalloidin shows that an actin ring
formed and that the edge of the lesion rounded up and became smooth.
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ulated by culturing in the presence of 10
�M LPA, there were 44 � 8 BrdU-positive
nuclei in the lesion area after 4 d in culture
(n � 18; range of 19 –128) (Fig. 8D). Thus,
the stimulation of lesion closure and cellu-
lar shape change by LPA brought about a
significant increase in the number of mature
supporting cells that reentered the cell cycle
( p � 0.05, t test).

To test whether LPA itself was having
an effect on cell morphology or prolifera-
tion, we examined unlesioned utricles
from 16-d-old mice cultured in the pres-
ence of LPA and BrdU for 4 d. These un-
damaged utricles had compact cells with
0 –3 BrdU-positive nuclei in the sensory
epithelium (n � 6; data not shown). Treat-
ment of thermolysin-isolated, mature utric-
ular epithelia with LPA in culture also did
not promote spreading on a fibronectin sub-
strate (data not shown). Thus, treatment
with LPA does not appear sufficient to stim-
ulate proliferation or shape change in ma-
ture supporting cells in the absence of
lesions.

LPA-mediated proliferation occurs
specifically in spread supporting cells
Because the BrdU-positive nuclei were lo-
calized to the former lesion site and ap-
peared to be associated with supporting
cells that had large apical surfaces, we next
investigated the relationship between cel-
lular shape and the incidence of S-phase
entry for mature supporting cells (Fig.
8C,D). To test this relationship, we cul-
tured lesioned utricles in the continuous
presence of 10 �M LPA and BrdU for 7d to
label all cells that entered S-phase after le-
sioning. On average, the sensory epithelia
in these utricles contained 98 � 18 BrdU-
positive nuclei (range of 56 –119; n � 4)
(Fig. 9A). For each cell in a line that ran
across the epithelium through the lesion,
we measured the planar area bounded by
�-occludin labeling of the tight junction
and determined whether the nucleus was
BrdU positive (Fig. 9B,C). Measurements
from 303 cells showed that the average pla-
nar area of BrdU-positive cells was 300.5 �
8.5 �m 2, whereas the average planar area
of BrdU-negative cells was only 51.3 �
15.2 �m 2 ( p � 0.005, t test; 73 BrdU-
positive and 230 BrdU-negative cells, from
3 epithelia). Only 10% of the cells with
�100 �m 2 planar area (n � 231) were
BrdU positive, whereas 85% of the cells
that had a planar area �300 �m 2 (n � 39)
and 100% of the cells with a planar area
�400 �m 2 (n � 22) were BrdU positive
(Fig. 9D). Of the cells that had a planar
area between 100 and 300 �m 2, 46% were
BrdU positive (n � 39). Thus, the probabil-

Figure 6. Closure of lesions in embryonic utricles requires activity of ROCK but not activity of MLCK. A, Individual frames from
a time-lapse recording of closure of lesions in an E18 utricle cultured in control media. The lesion closes completely within 24 h. B,
Individual frames from a time-lapse recording of closure of lesions in an E18 utricle cultured in the presence of 50 �M of the ROCK
inhibitor Y-27632 for 24 h. Lesion healing is inhibited in the presence of Y-27632, although the lesion edge becomes smooth and
round. Cyto D, Cytochalasin D. B�, Frames from the time-lapse shown in B after washout of Y-27632 and replacement with control
media. The effects of Y-27632 are completely reversible, with closure occurring within 10 h of washout. C, Quantification of closure
of lesions from simultaneous time-lapse recordings from E18 utricles cultured in control media or media containing 50 �M

Y-27632 for 24 h; mean � SEM is plotted every 2 h. Although the control utricles healed normally and fully closed within 24 h,
utricles cultured in Y-27632 showed little closure of lesions but healed rapidly after washout of the drug. D, Frames from a
time-lapse recording of an E18 utricle cultured in 20 �M ML-7. The lesion rounds up and contracts normally, fully closing within
24 h. E, Quantification of closure of lesions from simultaneous time-lapse recordings of E18 utricles cultured in 20 �M ML-7 for
24 h; mean � SEM are plotted every 4 h showing normal closure of the lesions.
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ity of a mature mammalian supporting cell passing into the cell cycle
appears to be directly correlated with whether that cell has changed
from a columnar to a spread shape. In mature supporting cells, such
shape change normally appears to be restricted by maturational
changes such as the strengthened cortical actin belt that develops
between P0 and P17. After lesioning, however, the effects of LPA are
sufficient to overcome these limitations and promote supporting cell
shape change that leads to re-epithelialization and increased cell-
cycle reentry.

Discussion
Our results demonstrate that supporting cells in the embryonic
mammalian utricle change from columnar to spread shapes as
they close excision lesions, and this leads to cell-cycle reentry.

This remodeling capacity is lost during the
first weeks of postnatal development coin-
cident with thickening of the cortical actin
belts that are near the cell junctions, but it
can be reinitiated in mature utricles by
treatment with LPA. Thus, the develop-
ment of proliferative quiescence in the
mammalian inner ear may be attributable
to pharmacologically reversible cytoskel-
etal and contractile alterations that nor-
mally limit the capacity of the supporting
cells to change shape and reenter the cell
cycle.

The actin ring formation and contrac-
tion that occurs in response to excision le-
sions in the embryonic utricle is similar to
the formation of actin rings that occurs af-
ter acoustic overstimulation and amino-
glycoside poisoning in the ear (Raphael
and Altschuler, 1991; Meiteles and Ra-
phael, 1994; Gale et al., 2002) and the for-
mation and contraction that occurs in
wounds in embryonic epidermis (Martin
and Lewis, 1992; Brock et al., 1996; Redd et
al., 2004). This contraction results in sup-
porting cells changing from columnar to
spread shapes with greatly expanded pla-
nar areas (Figs. 2D,E, 8B, 9A–C), a change
reminiscent of the spreading of supporting
cell surfaces that occurs after overstimula-
tion and before regeneration of hair cells in
the avian basilar papilla (Cotanche, 1987;
Cotanche and Dopyera, 1990; Marsh et al.,
1990). Therefore, although our excision
lesions do not replicate damage seen clin-
ically, the apparent consistency of the pro-
cesses in these wound-healing responses
suggests that similar mechanisms may
drive repair of different types of injury in
these inner ear epithelia.

Maturation of the utricle limits cell
shape change and lesion closure
Actin ring contraction is an important
wound-healing mechanism in embryos,
but there is a change to lamellipodial mi-
gration in some adult epithelia (Martin
and Lewis, 1992; Redd et al., 2004),
whereas other adult epithelia retain actin
purse-string contraction (Danjo and Gip-

son, 1998). In the mature utricular sensory epithelium, support-
ing cells developed an actin ring but did not move substantially
(Fig. 7A). Nonsensory cells, however, invaded the lesions in adult
utricles (Fig. 7C) in a manner more consistent with lamellipodial-
based migration than purse-string contraction.

Although nonsensory epithelium cells may use a different
mechanism for their movement, they are able spread into lesions,
similar to embryonic supporting cells. This suggests that the
changes that limit spreading in mature supporting cells are spe-
cific to the sensory epithelium. A notable difference between the
sensory epithelium and nonsensory epithelium was the abrupt
change in thickness of cortical actin belts (Fig. 7). The stouter
actin belts that develop as supporting cells mature between P0

Figure 7. Cells from the sensory macula of 2-week-old mouse utricles lose the capacity to close lesions, corresponding with a
change in actin concentration. A, Phalloidin labeling of a P15 utricle cultured for 48 h after lesioning, demonstrating that the lesion
had not closed. The sensory epithelium (SE) and the nonsensory epithelium (NSE) are labeled. B, Higher-magnification view of
phalloidin labeling of actin in a P19 utricle cultured 24 h after lesioning showing that, although there was little contraction, there
was a buildup of actin along the leading edge of the lesion (arrows). C, Phalloidin labeling of 2-week-old utricles cultured for 36 h
after a lesion that extended out of the sensory epithelium into the nonsensory epithelium. Although the sensory epithelium had
not closed in on the lesion, cells from the nonsensory epithelium migrated into the lesion (arrow). D–H, Cells in the sensory
epithelium have enhanced cortical actin belts compared with cells in the nonsensory epithelium in mature utricles. D, A P0 utricle
labeled with phalloidin, showing that the immature utricular epithelium had a comparable level of actin and thickness of the
cortical belts between the sensory epithelium and the nonsensory epithelium. E, A P17 utricle labeled with anti-occludin shows
that the concentration of occludin at the tight junction and thickness of the tight junctions are also comparable for cells in the
sensory epithelium and nonsensory epithelium. F, A P17 utricle labeled with phalloidin reveals the sharp increase in labeling
intensity and thickness of the cortical actin belts for the cells within the sensory epithelium compared with the cells in the
nonsensory epithelium. G, Quantification of the ratio of labeling intensity for sensory epithelium compared with nonsensory
epithelium for P0 phalloidin labeling, P17 occludin labeling, and P17 phalloidin labeling. H, Quantification of the junctional width
for cells in the sensory epithelium and nonsensory epithelium for 10 cell junctions in the sensory epithelium and 10 cell junctions
in the nonsensory epithelium per utricle for P0 phalloidin labeling (n � 5 utricles), P17 occludin labeling (n � 7 utricles), and P17
phalloidin labeling (n � 6 utricles). The width of the actin belts in the P17 sensory epithelium is significantly greater than the
other junctional complexes (*p � 0.005).
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and P17 may contribute to increased cy-
toskeletal rigidity that limits the closure of
lesions and thereby restricts regenerative
proliferation in the mature mammalian
utricle. Maturational changes in the capac-
ity for supporting cells to change shape
and proliferate also appear to correlate
with changes in integrin expression and
hemidesmosome development, which
both affect cytoskeletal anchorage (Davies
et al., 2007). If cytoskeletal anchorage and
rigidity are responsible for limiting prolif-
eration in the mature ears of mammals,
then similar cytoskeletal and anchorage
changes may not occur during the matura-
tion of nonmammalian vertebrates, in
which supporting cells retain the capacity
to change shape, proliferate, and replace
hair cells after damage.

LPA stimulates lesion closure and
supporting cell shape change
After utricular supporting cells mature to a
state that limits their ability to change
shape and proliferate, treatment with LPA
can overcome that limit and stimulate or
permit cellular spreading, closure of le-
sions, and proliferation. Two candidate
mechanisms could be affected by the LPA
treatment: cytoskeletal remodeling lead-
ing to cell migration (Cook et al., 1998;
Palazzo et al., 2001; Zhang et al., 2003) and
activation of Rho/ROCK-mediated acti-
nomyosin contractility (Hirose et al.,
1998; Ramakers and Moolenaar, 1998;
Kranenburg et al., 1999; Parizi et al., 2000;
Fringer and Grinnell, 2001). In unlesioned
utricles from 2-week-old mice, LPA treat-
ment had little effect, and it did not stim-
ulate the outward lamellipodial-mediated
spreading of supporting cells from cul-
tures of thermolysin-isolated epithelia
from 2-week-old utricles. Thus, the effect
of LPA on the utricle is more consistent with stimulation of con-
traction than promotion of lamellipodial-mediated migration.
Although LPA promoted spreading of the supporting cells that
bordered the lesion, the other supporting cells in the LPA-treated
utricles retained the compact, columnar shapes and the stout
actin belts typical of mature sensory epithelia (Fig. 8B). There-
fore, the results appear consistent with the hypothesis that LPA
treatment results in wound closure, cellular shape change, and
proliferation by virtue of its action in stimulating or permitting
the contraction of the actin ring at the leading edge of the wound.

Cell shape controls cell-cycle reentry in the utricle
After lesions closed, the spread supporting cells reentered the cell
cycle, whereas the compact, columnar supporting cells were con-
siderably less likely to enter the cell cycle. The results indicate that
lesion-evoked cellular shape change may be a critical trigger for
proliferation. Even in mature epithelia, nearly all of the support-
ing cells that underwent significant shape change also entered
S-phase (Fig. 9). This suggests that the majority of mature sup-

porting cells retain the capacity for proliferation but that capacity
is limited by their reduced tendency to change shape.

Analytical investigations of isolated endothelial cells in vitro
have shown that cell shape change can limit proliferation (Chen
et al., 1997). Endothelial cells cultured on extracellular matrix
islands of 400 �m 2 or greater passed through S-phase, whereas
those cultured on islands �100 �m 2 in area were not prolifera-
tive despite the presence of appropriate mitogenic growth factors.
Similarly, in the present study, with the utricular sensory epithe-
lium in situ, 85% of the mature supporting cells that spread to
�300 �m 2 entered S-phase, whereas only 10% of those with a
planar area �100 �m 2 did (Fig. 9D).

Lesion-mediated cell shape change occurs quickly and cell
volume should remain nearly constant, so supporting cells must
flatten as they spread. A conservatively modeled cylindrical
supporting cell with a planar surface area of 50 �m 2, near the
measured mean for BrdU-negative cells, and a height of 30 �m
(Wersäll and Flock, 1965; Desai et al., 2005), would flatten to
�3.75 �m tall when spread to an area of �400 �m 2, above which
all of the supporting cells were BrdU positive. This is consistent

Figure 8. Closure of lesions and reentry into the cell cycle in mature utricles is stimulated by LPA. A, Phalloidin labeling of actin
in a utricle from a P15 mouse cultured for 48 h after lesioning in control media. The lesion has not closed. B, Phalloidin labeling of
actin in a utricle from a P15 mouse cultured in media containing 10 �M LPA for 48 h after lesioning. LPA stimulated closure of the
lesion and resulted in supporting cells with expanded apical surfaces covering over the lesion site. C, Two utricles from P16 mice,
lesioned and cultured for 4 d control media with BrdU, labeled with anti-occludin (white), anti-BrdU (green), and anti-calretinin
(red). Large open lesions are still visible (asterisks), although a few of the supporting cells at the lesion edge that spread have taken
up BrdU. D, Two utricles from P16 mice, lesioned and cultured for 4 d in BrdU and 10 �M LPA, labeled as in C. The lesions have fully
closed, and many of the spread cells have reentered the cell cycle, as indicated by BrdU labeling.
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with the findings of Folkman and Moscona (1978), that few 20-
�m-tall endothelial cells would pass through S-phase, but cells
that flattened to �4 �m tall reentered the cell cycle.

Thus, our results provide quantitative evidence consistent
with the conclusion that supporting cell spreading is an impor-
tant regulator for cell-cycle passage in hair cell epithelia. The close
quantitative match between the changes in the measured shapes
of supporting cells in sensory epithelia that healed in situ and the
dimensions of isolated endothelial cells that proliferate in culture
could indicate that shape-mediated control of proliferation is
similar in diverse epithelial cell types. Wound-healing mecha-
nisms appear to be conserved across many epithelia, so shape-
dependent control of cell proliferation may underlie regeneration
in the olfactory system, the retina, and other neuroepithelia. Cel-
lular shape may also play a critical role in the glial proliferation
that follows injury in the CNS, because isolated astroglia take on
a flattened cell shape before proliferating and a compact, elongate
form when differentiating in the presence of neurons (Hatten,
1985). It remains to be determined whether the speed or extent of
supporting cell shape changes that occur after acoustic over-
stimulation and after aminoglycoside-induced hair cell loss in
mammals are normally insufficient to promote proliferation. Al-

ternatively, those shape changes may be comparable with those
that follow damage in avian ears, but there may be additional
controls that limit proliferation in mammals.

Role of cellular shape in control of proliferation
Our results suggest that stimulating shape change is sufficient to
overcome other controls that limit proliferation in mature mam-
malian utricles. p27 Kip1, p19 Ink4, and Rb1 are known to regulate
proliferation in the inner ear (Chen and Segil, 1999; Lowenheim
et al., 1999; Chen et al., 2003; Sage et al., 2005; White et al., 2006),
but cellular shape may be upstream and able to reverse such
cell-cycle regulation, because nearly all of the mature supporting
cells that spread reentered the cell cycle. Shape-dependent cy-
toskeletal tension has been reported to influence passage through
the G1/S checkpoint by controlling the levels of cyclin D1,
p27 Kip1, and phosphorylated Rb1 (Huang et al., 1998). Activation
of Rho and ROCK also have been tied to control of p27 Kip1 at the
G1/S transition as well as regulation of cyclin D (Roovers et al.,
2003; Mammoto et al., 2004). Columnar-shaped supporting cells
may use these regulators as checkpoints to prevent cell-cycle pas-
sage, changing expression or phosphorylation after lesion-
induced spreading and thereby allowing passage into S-phase. It

Figure 9. In mature utricles that have been treated with LPA, proliferation is strongly correlated with whether the cells have an expanded planar area. A, A utricle from a P16 mouse, lesioned and
cultured for 7 d in 10 �M LPA, labeled with anti-occludin (white), anti-BrdU (green), and anti-calretinin (red). Many of the cells at the center of the lesion had reentered the cell cycle. B,
Representative tracing of cell surface areas based on occludin labeling for a single line of cells from a P16 mouse utricle cultured as in A. Filled cells had a BrdU-positive nucleus, whereas outlined cells
did not have a BrdU-positive nucleus. C, Composite plot of cell surface area versus distance along the x-axis for 303 cells from three utricles traced as in B, revealing that BrdU-positive cells were
predominantly the large cells covering over the lesion (filled circles represent BrdU-positive cells, and � signs represent BrdU-negative cells). D, A histogram showing the percentage of cells that
are BrdU-positive for three bins of cell area. A total of 90% cells with a surface area �100 �m 2 were BrdU negative, whereas 85% cells with a surface area �300 �m 2 were BrdU positive.
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remains to be determined whether the shape change we explored
in the inner ear provides a permissive or an instructive signal for
proliferation.

To summarize, we report that the development of the prolif-
erative quiescence that appears to leave mammals vulnerable to
permanent sensory deficits that arise from hair cell loss may be
attributable to cytoskeletal and contractile alterations that limit
the ability of the supporting cells to change shape. Spreading of
supporting cells in utricular epithelia that were wounded and
healed in situ reversed the quiescence that normally limits prolif-
eration. Overcoming supporting cell quiescence could be the crit-
ical step for initiating proliferative hair cell regeneration in ma-
ture mammals, because the progeny of supporting cell divisions
in nonmammalian vertebrates readily differentiate into replace-
ment hair cells that contribute to functional recovery. We found
one pharmacological method for reversing quiescence by pro-
moting cell shape changes that increase proliferation in mature
mammalian utricles. Combining such methods with pharmaco-
logical promotion of hair cell differentiation could contribute to
the development of treatments for clinically important forms of
hearing and balance deficit.
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