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1Institute of Biotechnology, University of Helsinki, 00014 Helsinki, Finland, 2The Wolfson Institute for Biomedical Research,
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Cdc42 regulates the initial establishment of cytoskeletal and junctional structures, but only little is known
about its role at later stages of cellular differentiation. We studied Cdc429s role in vivo in auditory
supporting cells, epithelial cells with high structural complexity. Cdc42 inactivation was induced early
postnatally using the Cdc42loxP/loxP;Fgfr3-iCre-ERT2 mice. Cdc42 depletion impaired elongation of adherens
junctions and F-actin belts, leading to constriction of the sensory epithelial surface. Fragmented F-actin
belts, junctions containing ectopic lumens and misexpression of a basolateral membrane protein in the
apical domain were observed. These defects and changes in aPKCl/i expression suggested that apical
polarization is impaired. Following a lesion at adulthood, supporting cells with Cdc42 loss-induced
maturational defects collapsed and failed to remodel F-actin belts, a process that is critical to scar formation.
Thus, Cdc42 is required for structural differentiation of auditory supporting cells and this proper
maturation is necessary for wound healing in adults.

H air cells and supporting cells of the auditory sensory epithelium, the organ of Corti of the cochlea,
possess elaborate actin and microtubule cytoskeletons that account for the unique shapes, morpho-
logical specializations and functions of these cells. The whole three-dimensional (3D) structure of the

cochlea is needed for auditory perception and transduction, but the sensory hair cells are the key cellular
players in these events. In addition, the two types of auditory supporting cells, the pillar and Deiters� cells, are
essential for normal hearing1�3. Apices of supporting cells possess circumferential F-actin belts and inter-
cellular junctions of which adherens junctions between pillar cells are unusually wide and have unique
structural features4�7. Pillar cells contain distinct apical-basal arrays of thousands of microtubules8. F-actin
and microtubules in supporting cells are thought to contribute to hearing biomechanics by providing
stiffness to the organ of Corti9�11. Further, in the lesioned sensory epithelium, F-actin in the apices of
supporting cells is prominently remodeled upon the loss of adjacent hair cells, an event that importantly
contributes to the wound healing process5,12�14. Recently, in supporting cells of mammalian vestibular organs,
structural characteristics have been linked with the poor regenerative capacity of these cells: Thick F-actin
belts and the abundance of junctional E-cadherin have been suggested to form barriers against cell cycle re-
entry and supporting cell-to-hair cell transdifferentiation15�17. Barriers against regeneration are likely to be
even more relevant in the case of supporting cells of the organ of Corti, because of the high structural
complexity of these cells.

The present work focuses on the in vivo role of Rho GTPase Cdc42 in the organ of Corti. There is a wealth of
studies on Cdc429s role in cultured cells, demonstrating its involvement in processes such as adhesion, motility
and polarity. This regulation is often mediated through modulation of F-actin dynamics and, as more recently
shown, it is linked with membrane protein recycling18. Much less is known about the function of Cdc42 and other
GTPases in the mouse in vivo, especially in postnatal tissues19,20. In rodents, morphological differentiation of
auditory supporting cells is to a large extent a postnatal process. By analyzing the Cdc42loxP/loxP;Fgfr3-iCre-ERT2

transgenic mice (hereafter called the mutant mice), we provide evidence that Cdc42 is required for structural
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maturation of the apical adherens junctions and circumferential F-
actin belts in auditory supporting cells and that atypical protein
kinase C (aPKC), a component of the apical polarity complex, is
likely involved in mediating the effects of Cdc42 on apical polariza-
tion. We also show that, upon the loss of hair cells of the organ of
Corti, the properly developed apical actin cytoskeleton in supporting
cells is required for scar formation. Structural dedifferentiation of
adult cells has been shown to underlie natural regeneration is some
non-mammalian tissues, e.g. in the case of cardiomyocytes of the
lesioned zebrafish heart21. Structural barriers or the inability for
structural dedifferentiation have been suggested to prevent regenera-
tion in the mammalian inner ear15�17. An understanding of the mole-
cular mechanisms underlying structural development and wound
healing response of mammalian supporting cells has translational
value, because this knowledge might contribute to the development
of methods to stimulate regeneration or repair.

Results
Recombination characteristics in the organ of Corti of Fgfr3-iCre-
ERT2 mice. To achieve temporally controlled and selective gene in-
activation in postnatal auditory supporting cells, we studied charac-
teristics of iCre-mediated recombination in the Fgfr3-iCre-ERT2

mouse line22. We crossed these animals with the ROSA26tm14
(CAG-tdTomato) reporter mice that express tdTomato protein un-
der the modified Rosa26 locus (hereafter called the Ai14(tdTomato)
mice)23. In the Fgfr3-iCre-ERT2;Ai14(tdTomato) double transgenic
mice, we first assayed for recombination following tamoxifen
administration between P2 and P4. Recombination was revealed at
P7 and P10 by red fluorescent protein (RFP) immunohistochemistry
on paraffin sections (Fig. 1A,B) and direct visualization of tdTomato
fluorescence in wholemount surface specimens (Fig. 1C�F). At both
time points, in addition to the bony otic capsule and cochlear
ganglion (Fig. 1A), Fgfr3-iCre-ERT2;Ai14(tdTomato) mice showed

Figure 1 | Recombination in the cochlea of Fgfr3-iCre-ERT2 mice. Cdc42 expression in the organ of Corti. (A,B) Fgfr3-iCre-ERT2;Ai14(tdTomato) mice
treated with tamoxifen between P2 and P4 show recombination in the organ of Corti, cochlear ganglion and surrounding bone, as revealed by RFP
immunohistochemistry in paraffin sections at P7. The organ of Corti of the medial turn boxed in (A) is shown in higher magnification in (B). Hair cells are
negative, as opposed to the adjacent supporting cells. (C–F) At P10, tdTomato fluorescence is found in supporting cells throughout the cochlea of Fgfr3-
iCre-ERT2;Ai14(tdTomato) mice treated with tamoxifen between P2 and P4. Boxed areas in the 3D isosurface view of the cochlea (F) are shown in z-
projections (C–E). DAPI marks nuclei. In addition to supporting cells, a part of hair cells, especially in the apical, but also in the most basal part of the
cochlea are recombined. Note the single recombined outer hair cell (arrow) in the medial turn (D). (G–I) At P30, tdTomato fluorescence at different levels
of the cochlea of Fgfr3-iCre-ERT2;Ai14(tdTomato) mice injected with tamoxifen between P16 and P18. Recombination is restricted to supporting cells.
(J) Fgfr3 is expressed in supporting cells of the organ of Corti at P10. (K,L) Cdc42 is expressed throughout the cochlea at P0. Expression is more
regionalized at P10. (M) Absence of Cdc42 expression in the organ of Corti of Cdc42loxP/loxP;Fgfr3-iCre-ERT2 mice at P10. Thin arrows mark outer hair cells
and thick arrow an inner hair cell in (B,J-M). Abbreviations: cg, cochlear ganglion; ca, otic capsule; ip, inner pillar cell; op, outer pillar cell; d, Deiters’ cell;
p, pillar cell; Cl, Claudius cell; oh, outer hair cell; ih, inner hair cell; sa, saccule; WT, wildtype; Mut, mutant; TM, tamoxifen. Scale bar (in J): A,F, 160 mm;
B, 20 mm; C–E, G–I, 40 mm; J–M, 50 mm.
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high recombination efficiency (above 95%) in pillar and Deiters� cells
throughout the cochlea. Also some non-sensory cells located laterally
to the organ of Corti proper, particularly Claudius cells, were
recombined in the basal part of the cochlea (Fig. 1B,D,E,F). In
addition, many outer hair cells in the apical turn and, surprisingly,
a small number of these cells in the basal turn showed recombination
(Fig. 1A,C,E,F). In the medial turn, used for the analysis of
Cdc42loxP/loxP;Fgfr3-iCre-ERT2 mice, only scattered recombined outer
hair cells were found (Fig. 1A,B,D,F). Cochlear inner hair cells
(Fig. 1A�I) and cells of the vestibular organs (saccule; Fig. 1A)
lacked recombination. Of note, when tamoxifen administration
was initiated one day earlier, at P1, clearly higher numbers of outer
hair cells were recombined in the lower half of the cochlear duct (data
not shown).

In the second scheme of induction of recombination, Fgfr3-iCre-
ERT2;Ai14 mice received tamoxifen between P16 and P18, followed
by analysis at P30. Similar to tamoxifen administration early post-
natally, wholemounts showed high recombination rate (about 90%)
in the populations of pillar and Deiters� cells, based on the broad
tdTomato fluorescence. Hair cells were negative (Fig. 1G�I). We
confirmed the absence of recombination in these sensory cells by
using antibodies against myosin VIIa, a cell type-specific marker
(data not shown). A few Claudius cells were also recombined, but
the amount of these cells was clearly less as compared to the early
postnatal tamoxifen administration (Fig. 1G�I). Together, these
results are consistent with prior data demonstrating that, around
birth, Fgfr3 is downregulated in outer hair cells in a basal-to-apical
turn gradient along the length of the cochlear duct and that the
expression is thereafter restricted to supporting cells (Fig. 1J)24,25.
Thus, the Fgfr3-iCre-ERT2 mouse line is a useful tool for inducible
gene inactivation in postnatal auditory supporting cells. Fgfr3-iCre-
ERT2;Ai14 mice injected with corn oil lacked recombination (data not
shown).

Cdc42 expression in the organ of Corti. Radioactive in situ
hybridization showed ubiquitous Cdc42 expression in the cochlea
around birth (Fig. 1K). By the beginning of the second postnatal
week, the expression became regionally more localized. Between
P7 and P15, Cdc42 was expressed in pillar and Deiters� cells,
whereas hair cells lacked a detectable signal (Fig. 1L). Thereafter,
Cdc42 was downregulated in a basal-to-apical turn gradient along
the length of the cochlear duct, so that expression was undetectable
by in situ hybridization at P20. Cdc42 signal was absent from the
supporting cell population of tamoxifen-challenged Cdc42loxP/loxP;
Fgfr3-iCre-ERT2 mice, as shown at P10 (Fig. 1M). Together, al-
though Cdc42 might be expressed in mature supporting cells at
levels undetectable by in situ hybridization, our data show that the
expression is concentrated to these cells during the early postnatal
period of morphological differentiation.

Cdc42 depletion targets the apical domain of immature support-
ing cells. To elucidate the role of Cdc42 during supporting cell
maturation, tamoxifen-based gene inactivation was induced in
Cdc42loxP/loxP;Fgfr3-iCre-ERT2 mice between P2 and P4. At the
period of tamoxifen administration, supporting cells, especially
pillar cells, have immature shapes and still poorly-developed actin
and microtubule cytoskeletons. Adult-like cell morphologies are
achieved during the second postnatal week, concomitantly with the
formation of the large, fluid-filled spaces within the organ of Corti
(Fig. 2A,B)26�29. At P10, transverse paraffin sections through the
cochleas of mutant and control mice showed no substantial diffe-
rences in the cytoarchitecture of the organ of Corti. Based on b-
tubulin staining, also the supporting cell�s microtubule network
was comparable in the two genotypes (Fig. 2A,C). However,
sections showed that the lateral-to-medial width of the surface area
of the organ of Corti, the so-called reticular lamina, was decreased in
mutants (Fig. 2A,C). These findings were confirmed in wholemounts

labeled with phalloidin, a marker for F-actin. Wholemounts revealed
that the shrinkage of the reticular lamina resulted from shortened
circumferential F-actin belts of Deiters� cells and outer pillar cells
(Fig. 2D,E).

In mutant mice at P10, while shortened adherens junctions and
underlying F-actin belts comprised the primary alterations in
Deiters� cells (Fig. 2D,E), outer pillar cells showed additional dis-
turbances. At this stage, F-actin belts of outer pillar cells are still
weakly phalloidin-positive (compare the immature and mature
control specimens; Figs. 2D,F and 5E,G). Despite this immaturity,
phalloidin labeling revealed conspicuous fragmentation of F-actin
belts in mutant, but not in control specimens (Fig. 2F,G). Double-
staining with E-cadherin, an adherens junction marker, showed
ectopic lumens of variable size between outer pillar cells of mutant
mice, specifically in the gap regions in the fragmented F-actin
belts (Fig. 2F�G9). We penetrated into this altered membrane
phenotype by studying the expression of the cell-surface glycopro-
tein CD44 that marks outer pillar cells in the organ of Corti30. At
birth and during the first postnatal week, CD44 was strongly
expressed in the lateral walls of these cells, while the expression
in the apical adherens junctions was very weak (Fig. 2H�J). This
expression was maintained until the end of the second postnatal
week (data not shown). At P10, paraffin sections from mutant
mice showed CD44 misexpression in the apical domain of outer
pillar cells. Ectopic lumens were lined by CD44 expression, similar
to E-cadherin expression (Fig. 2J�M). Double-immunofluores-
cence showed that these lumens were associated with gaps in F-
actin belts (Fig. 2N,O). This misexpression of a lateral membrane
protein in the apical domain, coupled with the presence of dys-
morphic F-actin belts suggested that there are defects in apical-
basal polarity of Cdc42-depleted supporting cells.

Subcellular defects in Cdc42-depleted supporting cells. Given the
complexity of the cellular architecture of the organ of Corti and our
need to penetrate into subcellular defects caused by Cdc42
inactivation, 3D structural information and resolution better than
achieved by light microscopy were required. To this end, we applied
the method of Serial Block-Face Scanning Electron Microscopy
(SBF-SEM). The two basic features of this technique are a micro-
tome mounted inside the chamber of the SEM to shave repeatedly
fresh block faces of resin-embedded tissue for imaging, and a
sensitive back scatter electron detector resulting in a classic TEM
like images31. With this technique we were able to collect datasets
covering the whole organ of Corti to select snapshots of corre-
sponding areas at defined orientation from control and mutant
animals for comparison. At the surface of the organ of Corti, pillar
cells and the three rows of both Deiters� cells and outer hair cells form
a mosaic comprising heterotypic and homotypic cell-cell junctions32.
The complexity of this mosaic is illustrated, for example, by the
cellular contacts made by outer pillar cells. Apices of these cells
extend outwards under the cover formed by the heads of inner
pillar cells, reaching the lumenal surface in front of outer hair cells
of the second row. In addition, apices of outer pillar cells contact the
first row of Deiters� cells (Fig. 2B).

Analysis at P10 showed decreased width of the reticular lamina
and decreased apical cell area of individual supporting cells of mutant
mice, similarly as seen in phalloidin-labeled wholemounts. Contacts
between Deiters� cells were abnormally short while the length of the
heterotypic junctions between Deiters� cells and outer hair cells were
unaltered (Fig. 3A,B). In Cdc42-depleted outer pillar cells, the ana-
lysis of series of SBF-SEM images at P10 confirmed the presence of
lumens of variable size. These ectopic structures were lined by thin
appendages and some of the lumens contained matrix inside, sug-
gestive of secretory function (Fig. 3C�G). Interestingly, these apical
abnormalities coincided with the normal formation of the large fluid-
filled lumen, the tunnel of Corti that surrounds the basolateral walls
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of pillar cells. The tunnel of Corti is lined by short microvilli that have
been suggested to possess secretory function26, thus resembling the
lining of the ectopic lumens found in mutant mice. These results
demonstrate that the lateral and apical cell membranes of Cdc42-
depleted outer pillar cells are incorrectly segregated, suggestive of cell
polarity defects. Together, subcellular analysis confirmed that Cdc42
depletion targets the apical adherens junctions and perijunctional F-
actin in immature Deiters� and outer pillar cells. The heads of inner
pillar cells did not show structural alterations similar to those seen in
the other two supporting cell subtypes of the organ of Corti. Hair cells
in the medial turn of the cochlea, the region used for phenotypic
analysis of supporting cells, showed an unaltered morphology,
including unaltered orientation of stereociliary bundles (Fig. 3H,I).
This is consistent with the lack of recombination in hair cells at this

level of the cochlea of the Fgfr3-iCre-ERT2;Ai14(tdTomato) mice
(Fig. 1A�I).

Changes in aPKC expression in Cdc42-depleted supporting cells.
The Par6/aPKC complex is one of the several targets of Cdc42. Bind-
ing of Cdc42 to Par6 activates aPKC, triggering multiple downstream
signaling events that promote apical polarity of epithelial cells33,34.
We found that one of the mammalian aPKC isoforms, aPKCl/i, was
expressed in supporting cells of the organ of Corti during the early
postnatal period of structural differentiation. We documented this
expression in sectioned material using antigen retrival to expose
epitopes (Fig. 4A�E). The antibody used did not reliably work in
wholemount specimens. As a positive staining control, we used
developing kidney glomeruli where aPKCl/i expression has been

Figure 2 | Impaired differentiation of the apical domain of supporting cells of Cdc42loxP/loxP;Fgfr3-iCre-ERT2 mice. Tamoxifen treatment between P2
and P4. Paraffin sections (A,C,H–M) and wholemount confocal specimens (D–G9,N,O) represent the medial part of cochlea from wildtype control and
mutant mice at P10. (A,B) b-tubulin staining and schematic representation of the cytoarchitecture of normal organ of Corti in transverse plane and in a
surface view (light blue, outer pillar cells; dark blue, inner pillar cells; green, Deiters’ cells; red, hair cells; asterisk, tunnel of Corti). Heads of outer pillar
cells are covered by heads of inner pillar cells. The grey line in (B) marks the level of confocal z-projections used in (F–G9,N,O). (C) b-tubulin staining is
unaltered in mutant mice. (D,E) Phalloidin labeling shows constriction of the reticular lamina of mutants. (F–G9) Adherens junctions and F-actin belts of
outer pillar cells of mutants are abnormal, as revealed by double-labeling for F-actin and E-cadherin. (H,I) Progression of differentiation of outer pillar
cells during the first postnatal week, as shown by CD44 staining. Arrows mark adherens junctions. (J,K) At P10, outer pillar cells of mutant mice display
CD44-positive ectopic lumens at apical junctions. (L,M) A paraffin section from a mutant cochlea cut in the plane parallel to the epithelial surface shows
an abundance of CD44-positive ectopic lumens at outer pillar cells junctions. (N,O) In mutants at P10, F-actin belts are fragmented at the site of the
lumens, as revealed by double-labeling for F-actin and CD44. Abbreviations: tub, b-tubulin; R, reticular lamina; ip, inner pillar cell; op, outer pillar cell; d,
Deiters’ cell; oh, outer hair cell; ih, inner hair cell, p, pillar cell; WT, wildtype; Mut, mutant; E-cad, E-cadherin. Scale bar (in O): A,C,H,I, 20 mm; D,E,
15 mm; F–G9,J–O, 8 mm.
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