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super-resolution microscopy of stereocilia
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Abstract: Auditory hair cells are the mechanical sensors of sound waves in the inner ear, and the stereocilia, which 
are actin-rich protrusions of different heights on the apical surfaces of hair cells, are responsible for the transduc-
tion of sound waves into electrical signals. As a crucial actin-binding and bundling protein, espin is able to cross-
link actin filaments and is therefore necessary for stereocilia morphogenesis. Using advanced super-resolution 
stimulated emission depletion microscopy, we imaged espin expression at the sub-diffraction limit along the whole 
length of the stereocilia in outer hair cells and inner hair cells in order to better understand espin’s function in the 
development of stereocilia.
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Introduction

Located in the organ of Corti, hair cells (HCs) in 
the basilar membrane are the mechanical sen-
sors for transducing sound vibrations into elec-
trical signals. There are two anatomical and 
functional types of HCs in the mammalian co- 
chlea-outer hair cells (OHCs) and inner hair 
cells (IHCs). OHCs are responsible for amplify-
ing the sound entering the cochlea [1, 2], and 
IHCs are responsible for converting sound 
vibrations into electrical signals, followed by 
transmission of sound signals to the auditory 
brainstem and auditory cortex via auditory 
nerves [3]. IHCs are arranged in a single row on 
one side of the modiolus, while three rows of 
OHCs are arranged on the other side. On both 
OHCs and IHCs, clusters of hair bundles are 
present in three rows called stereocilia with 
increasing heights in a staircase-like manner 

[4-7]. Stereocilia are made of parallel actin fila-
ments and associated proteins [7], and the 
cross-linking of actin filaments is accomplished 
by actin-bundling proteins like villins, fimbrins/
plastins, and espins [7]. Espin is critical in ste-
reociliogenesis and postnatal stereocilia matu-
ration [8, 9], and espin protein expression is 
restricted to the stereocilia both during mor-
phogenesis and in adulthood [8]. In espin-defi-
cient mice, stereocilia become thin and short 
[10]. Encoded by a single gene, espin is present 
in four isoforms (espin 1, 2, 3, 4) that differ in 
size due to the presence of alternative transla-
tion initiation sites [8, 11]. Espin 1, the longest 
isoform, contains 8 ankyrin repeats in the 
N-terminus [12], which have been shown to 
have high binding affinity for myosin 3 at the 
tips of stereocilia and are associated with the 
molecular transportation mediated by myosin 3 
[13]. Espin 3 is the predominant isoform along 
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the entire length of the stereocilia in the cochle-
ar hair cells, while espin 2 expression declines 
prior to birth [11, 13]. The espin 4 isoform pri-
marily mediates the postnatal elongation of 
stereocilia and the formation of the stereocilia 
staircase during early postnatal development 
[14, 15]. However, we know little about the pre-
cise distribution of espin in the stereocilia. 

Recent advances in super-resolution fluores-
cence microscopy have allowed the visualiza-
tion of molecular localization [16]. Stimulated 
emission depletion (STED) microscopy tech-
niques have been proposed to improve the 
resolution by selectively inactivating the light 
scattered by excited fluorophores and thus min-
imizing the illuminated area at the focal point 
[17, 18]. STED imaging is capable of detecting 
signals from a variety of fluorescent dyes at the 
same time and thus allows for multicolor analy-
ses [19-21]. STED imaging has been used to 
study the structure and function of cellular pro-
teins [22-25], binding and interactions between 
proteins [26, 27], the activity and function of 
organelles [28, 29], and the movement of pro-
teins [20, 28, 30, 31] and other biological mac-
romolecules such as lipids and nucleic acids 
[32, 33]. Xu and colleagues recently found that 
actin and its related molecules form periodic 
structures in the axons of cultured hippocam-
pus neurons using stochastic optical recon-
struction microscopy (STORM) [34]. Further- 
more, STED has been used to confirm that the 
periodic cytoskeletal structures in axons and 
dendrites are present in living neurons [19, 35, 
36], and we previously used STED microscopy 
to show that actin and spectrin form regular 
ring-like structures in the cuticular plates of 
HCs [37, 38]. Thus STED microscopy shows 
great promise for the analysis of the cytoskele-
ton and its related proteins. In the present 
study, we used a pan-espin antibody against all 
isoforms of espin, but which should mainly 
reflect the signal from espin 3, and STED 
microscopy in order to visualize the submem-
brane distribution of espin at the nanoscale 
level. We observed distinct espin puncta 
beneath the membrane alongside the actin 
bundles in the stereocilia. Our findings provide 
new insights into how espin is organized in ste-
reocilia and suggest that espin might increase 
the stability of actin filaments in situ.

Materials and methods 

Animals

C57BL/6 mice, Atoh1-Cre mice, and Brg1flox/flox 
mice of both genders were used. Brg1flox/flox 

mice were mated with Atoh1-Cre mice to ob- 
tain transgenic Atoh1-Cre/Brg1flox/flox mice. Ge- 
notyping primers for the transgenic mice were 
as follows: Brg1flox/flox, forward 5’-TCT CAT GCA 
CAG AGG TCC TG-3’, reverse 5’-TAG CCC CTT 
GAA AGT GAT CC-3’; Aoth1-WT, forward 5’-TGA 
CGC CAC AGC CAC CTG CTA-3’, reverse 5’-GGA 
CAG CTT CTT GTC GTT GTTG-3’; and Aoth1-Cre, 
forward 5’-GCG CAG CGC CTT CAG CAAC-3’, 
reverse 5’-GCC CAA ATG TTG CTG GAT AGT-3’. 
All experiments were approved by the Insti- 
tutional Animal Care and Use Committee of 
Southeast University, China.

Plasmid construction, co-immunoprecipitation 
and western blotting

Target cDNA sequences were cloned from 
mouse cochlear cDNA into the vector using 
Phanta Max Super-Fidelity DNA Polymerase 
(Vazyme). The C-terminal regions of the target 
proteins were linked to a 3× FLAG tag, 3× HA 
tag or fluorescence protein mNeonGreen for 
further co-immunoprecipitation or immunosta- 
ining in human HEK293T cells (American Type 
Culture Collection). For co-immunoprecipita-
tion, cells were homogenized in lysis buffer con-
taining a mixture of protease inhibitors (Roche). 
The lysis buffer contained 50 mM Tris, 120 mM 
NaCl, and 0.5% NP40. Protein supernatant was 
incubated with Anti-FLAG M2 Magnetic Beads 
(mouse, Sigma) at 4°C overnight. After immu-
noprecipitation, protein samples were separat-
ed on SDS-PAGE gels (Bio-Rad) and transferred 
to nitrocellulose filter membranes (0.45 μm, 
Millipore, Billerica, MA, USA). The membranes 
were blocked with 5% nonfat dry milk for 2 
hours at room temperature and incubated over-
night at 4°C with primary antibodies. The mem-
branes were then incubated with HRP-conju- 
gated secondary antibody (1:10,000 dilution; 
Santa Cruz) for 2 h at room temperature. 
Signals were visualized using enhanced chemi-
luminescence (ECL, Pierce, Rockford, IL) and 
captured on an ImageQuant LAS4000 (GE 
Healthcare Bioscience). Immunoprecipitation 
experiments were carried out using rabbit anti-
FLAG and rabbit anti-HA antibodies (Proteinte- 
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ch) and were repeated at least three times to 
verify the reproducibility of the data.

Immunohistochemistry

Mice were sacrificed with an overdose of pento-
barbital sodium (100 mg/kg body weight, i.p.), 
and the temporal bone was rapidly dissected 
out. The temporal bone was fixed in 4% parafor-
maldehyde (in PBS, pH 7.2) for 2 hours and 
decalcified in 0.5 mM EDTA (pH 8.0) for the 4-8 
hours at room temperature. The samples were 
then cut into pieces and immersed in blocking 
medium containing 10% donkey serum and 
0.5% Triton-X100 in PBS (pH 7.2) for 2 h at 
room temperature. We used a polyclonal anti-
body that was raised in rabbits immunized with 
rat espin 2B and then affinity purified on a col-
umn of rat espin 2B covalently attached to 
CNBr-activated Sepharose 4B [39]. Cochlear 
tissues were subsequently incubated with 
espin antibody at 4°C overnight. After complete 
washing with 0.01 M PBS, the samples were 
incubated with the corresponding Alexa Fluor 
555-conjugated donkey anti-rabbit IgG (H+L) 
secondary antibody (Thermo Fisher Scientific) 
for 1 hour at room temperature. Phalloidin con-
jugated with fluorescent dyes (ATTO 488, ATTO-
TEC) was used to label F-actin. Cochlear sam-
ples were mounted with Prolong Gold mounting 
medium (ThermoFisher). Cultured cells were 
fixed in 4% PFA for 20 minutes at room tem-
perature, and then immunofluorescence was 
performed with the same procedure as de- 
scribed above.

Scanning electron microscopy

Cochlear specimens from postnatal day (P)14 
mice were fixed in fresh 2.5% glutaraldehyde (in 
PBS, pH 7.2) at 4°C overnight and decalcified in 
0.5 mM EDTA (pH 8.0) for 4 hours. The cochlear 
spiral was cut into pieces and post-fixed in 1% 
osmic acid (Ted Pella, Inc) for 2 hours at room 
temperature. Specimens were treated with 2% 
tannic acid before dehydration in an ethanol 
gradient (30%, 50%, 70%, 80%, 90%, and 
100%) and critical-point drying with liquid CO2 
(CPD300, Leica). After platinum-coating in an 
electrically conductive material, the cochlear 
tissues were observed in random fields using a 
field-emission SEM (Quanta 250, FEI).

Transmission electron microscopy

Cochlear specimens from P30 mice were fixed 
in 2.5% glutaraldehyde (in PBS, pH 7.2) at 4°C 

overnight. After dehydration in an ethanol gra-
dient (30%, 50%, 70%, 80%, 90%, and 100% 
(v/v)) and acetone (100%), the specimens were 
embedded in araldite Epon 812 (Ted Pella, Inc). 
Ultrathin sections were cut using a diamond 
knife in a direction parallel to the stereocilia 
and then stained with alcoholic uranyl acetate 
(Ted Pella, Inc) and alkaline lead citrate (Sigma-
Aldrich, Inc). After washing gently with distilled 
water, random sections were examined with a 
JEM 1230 transmission electron microscope 
(JEOL Ltd., Tokyo, Japan).

Image processing and analysis

Immunofluorescence images were exported 
from LAS X (Leica Microsystems) and further 
processed using Fiji software (National In- 
stitutes of Health). The brightness and contrast 
of the entire image were linearly adjusted. For 
quantitatively analyzing the distribution pat-
terns of espin and actin, lines across the struc-
tures were drawn and the intensity profiles 
were measured by FIJI. Intensity profiles were 
then plotted using GraphPad Prism (GraphPad 
Software, Inc.).

Results

Espin puncta in the submembrane

Confocal microscopy indicated that espin was 
expressed in the stereocilia of OHCs and IHCs 
(Figure 1A), which is consistent with previous 
immunostaining results showing strong co-
labeling of espin and F-actin in HCs [40], and 
this supported the feasibility of using a pan-
espin antibody. Under a 100× objective with 9× 
physical magnification, espin presented with a 
submembrane distribution along the whole ste-
reocilia, and this was especially obvious in the 
stereocilia of IHCs, and it showed randomly 
weak or strong intensities along the stereocilia 
(Figure 1B). Using STED imaging, we also 
observed that espin was expressed as distinct 
puncta along the whole length of the stereocilia 
in OHCs and IHCs, which is a previously unseen 
distribution pattern (Figure 1B and 1C). Notably, 
espin was enriched near the membrane, while 
espin signals were barely detected inside the 
stereocilia (Figure 1C). The submembrane dis-
tribution of espin indicates that it might partici-
pate in stabilizing the actin network just 
beneath the plasma membrane in stereocilia. 
In addition, we found that espin was restricted 
to the stereocilia, and there was very little sig-



Espin distribution in stereocilia

133	 Am J Transl Res 2020;12(1):130-141

Figure 1. Distribution of espin in the stereocilia of HCs. A. Representative confocal images of espin (red) and F-actin 
(green) in the OHCs and IHCs from P14 mice. Scale bar, 4 μm. B. Confocal and STED images of espin (red) and 
F-actin (green) in OHCs and IHCs from the boxed region indicated in (A). Scale bars, 2 μm. C. Magnifications of the 
boxed regions indicated in (B) and intensity profiles from the corresponding lines are shown beneath.
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nal in the cuticular plate (Figure 1B), suggest-
ing a correlation between espin expression and 
the structure and function of the stereocilia. We 
found no significant difference in the distribu-
tion pattern of espin in the apical, middle, or 
basal turns of the cochlea (Figure 2). Given the 
highly conserved organization of espin in differ-
ent regions of the cochlea, our results suggest 
that espin outlines the edges of the stereocilia 
of HCs and might play a role in linking actin to 
the cell membranes.

It has been reported that espin is required for 
the assembly and stabilization of parallel actin 
bundles in the stereocilia [41], and we con-
firmed this in the present work. In espin-trans-
fected cells, espin tagged with HA or mNeon-
Green displayed various fibrous structures 
(Figure 3A and 3B). Co-immunoprecipitation 
experiments revealed the interaction between 
espin and β-actin (Figure 3C). The co-labeled 
espin and actin in HCs showed that espin 
formed distinct puncta along the bundled actin 
filaments (Figure 1), and in espin-transfected 
cells, we also found the espin signal along the 
edge of fibrous actin filaments structures 
(Figure 3D). Transmission electron microscopy 
imaging of the stereocilia showed the actin-to-
membrane links in the region between the 
actin filament and the plasma membrane, con-
necting the stereocilium actin core to the cyto-
plasmic membrane (Figure 3E). Similarly, in 
STED images co-labeled with espin and phal-
loidin, we found that espin puncta formed tight 
connections with actin molecules beneath the 
plasma membrane (Figure 3F), and this pattern 
was observed in the stereocilia at different 
ages after birth (Figure 3G). We thus conclude 
that espin molecules can interact with actin 
and maintain the actin cytoskeleton as well as 
the stereocilia (Figure 3H), and we speculate 
that espin might be involved in actin-membrane 
linkage.

Espin distribution in mice with disrupted ste-
reocilia

STED imaging showed the espin structure 
beneath the membrane in both immature and 
mature mice. To determine if espin plays a 
functional role, we imaged the espin distribu-
tion in transgenic Atoh1-Brg1-/- mice, which 
exhibit stereocilia collapse and suffer from pro-
found deafness [42]. The distribution of espin 

in the stereocilia of OHCs from Atoh1-Brg1-/- 
mice (Figure 4) showed that espin had scat-
tered expression in the stereocilia similar to 
wild-type mice, but in these mice the signal 
could also be detected in the cuticular plate 
(Figure 4B). While the structural distribution of 
espin in IHCs in Atoh1-Brg1-/- mice was compa-
rable to that in control mice, with the morpho-
logical structure of IHCs did not show any visi-
ble changes in the Atoh1-Brg1-/- mice (Figure 
4B), even though degenerated IHC was occa-
sionally observed in Atoh1-Brg1-/- mice (Figure 
5B). SEM and immunostaining data together 
showed that OHCs exhibited morphological 
changes to varying degrees in Atoh1-Brg1-/- 
mice (Figure 5A and 5B). We defined six differ-
ent types of OHC injury in Atoh1-Brg1-/- mice 
according to the degree of damage to the ste-
reocilia (Figure 5B and 5C). In OHCs with very 
little damage to the stereocilia (type I), espin 
remained scattered and was not present in the 
cuticular plate (Figure 5C, Type I). However, 
espin signals were not only detected in the ste-
reocilia, but also accumulated in the cuticular 
plate in the OHCs with more severe stereocilia 
disruption or degeneration (Figure 5C, Type 
II-VI). Our findings suggest that espin is involved 
in actin organization in stereocilia and support 
the hypothesis that espin is associated with 
actin maintenance and normal stereocilia 
morphology.

Discussion

HCs are characterized by stair-cased stereocil-
ia on the apical surface of the cell body. Sound 
signals are detected and transduced by these 
stereocilia, which are the main organizers for 
mechanotransduction. Stereocilia are mainly 
composed of actin filaments and are regulated 
by many actin-binding and bundling proteins 
like espin [13, 43]. Submembrane proteins play 
crucial roles in actin stabilization in stereocilia, 
and longitudinal sections of stereocilia imaged 
by transmission electron microscopy revealed 
the proteins between the bundled actin fila-
ment and the cytoplasmic membrane. We 
found that espin was enriched in the submem-
brane of stereocilia, and was rarely inside the 
actin bundles, and a similar phenomenon was 
observed in cultured espin-transfected cells. It 
appears that espin might participate in the 
actin-membrane linkage. In addition, radixin, a 
protein that appears to play a crucial role in 
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Figure 2. Distribution of espin in different regions of the cochlea. A. Representative confocal images of espin (red) and F-actin (green) in the apical, middle, and 
basal turns of the cochlea from P14 mice. Scale bar, 5 μm. B. Confocal and STED images of espin (red) and F-actin (green) in IHCs from the apical, middle, and basal 
turns of the cochlea. Intensity profiles from the corresponding dashed lines are shown right. Scale bar, 1 μm.
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Figure 3. Actin filaments bundled by espin in stereocilia. A. Representative confocal images of espin-mNeonGreen (green), F-actin (red) and DAPI (blue) in the Espin-
mNeonGreen transfected cells. White stars indicated the non-transfected cells surrounding the transfected cells. Scale bar, 10 μm. B. Representative confocal im-
ages of espin-HA (red) and F-actin (green) in the espin-HA transfected cell. The bright-field image to the lower-right shows the individual cells in the captured region. 
White stars indicate the non-transfected cells surrounding the transfected cell. Scale bar, 10 μm. C. Co-immunoprecipitation of espin and actin. Human HEK293T 
cells were transfected with the FLAG, Actb-FLAG, or Espin-HA constructs. Immunoprecipitations were carried out with FLAG antibodies followed by western blotting 
to detect co-expressed proteins using the HA antibody. Representative images from three independent experiments are shown. D. Representative confocal images 
of espin-HA (red) and F-actin (green) in the espin-HA-transfected cells, with magnification of the white boxed regions to the right. Scale bars are 4 μm and 1 μm, re-
spectively. The dashed lines are numerically labeled, and the corresponding intensity curves along the dashed lines are shown. E. Transmission electron microscopy 
image of a stereocilium with its magnification. Red arrows indicate the actin-membrane linkages. Scale bars are 200 nm and 25 nm, respectively. F. Representative 
STED images of a stereocilium with its magnification, co-labeled with espin (red) and F-actin (green). Yellow arrows indicate the espin punctas between the edge 
of the actin filaments and the membrane. Scale bars are 200 nm and 100 nm, respectively. G. Representative magnified STED images of stereocilia at different 
development stages after birth, co-labeled with espin (red) and F-actin (green). Scale bar, 100 nm. H. Functional model of espin in the a stereocilium.

Figure 4. Distribution of espin in deaf mice. A. Representative confocal images of espin (red) and F-actin (green) in the organ of Corti from adult Brg1-/- and Atoh1-
Brg1-/- mice. Scale bar, 10 μm. B. STED images of espin (red) and F-actin (green) in OHCs and IHCs from adult Brg1-/- and Atoh1-Brg1-/- mice. Regions indicated by 
white closed curves show the cuticular plates. Scale bars, 2 μm.
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anchoring the actin filaments to the plasma 
membrane [44], has a very similar distribution 
to espin in stereocilia as imaged by STED 
microscopy (data not shown). We are currently 
performing work to determine if there is a rela-
tionship between radixin and espin.

Noticeably, espin signals were detected at the 
tips of the stereocilia, and espin is considered 
to be involved in the elongation of actin in ste-
reocilia [13, 43] and to be required for targeting 
myosin 3b to stereocilia tips and for regulating 
the stereocilia diameter and staircase forma-

Figure 5. Altered espin distribution in OHCs from Atoh1-Brg1-/- mice. A. Representative SEM images of the organ of 
Corti from adult Brg1-/- and Atoh1-Brg1-/- mice. Scale bar, 5 μm. B. Representative confocal images of the organ of 
Corti from adult Atoh1-Brg1-/- mice. The espin signal from the same optical field is shown in the insert image. Red, 
espin. Green, F-actin. Numbers I-V indicate impaired OHCs with different morphologies. White triangle indicates 
the occasional missing IHC in adult Atoh1-Brg1-/- mice. Scale bar, 5 μm. C. STED images of espin (red) and F-actin 
(green) in different OHC morphologies in adult Atoh1-Brg1-/- mice. Scale bars, 1 μm.
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tion [45]. Therefore, espin appears to play com-
plicated and crucial roles in actin dynamics and 
stabilization. In the absence of espin, the length 
and width of the stereocilia are severely affect-
ed [45]. At the same time, we observed a posi-
tive correlation between the degree of disor-
dered espin distribution and stereocilia impair-
ment in mice with genetic-related hearing loss. 
When the actin bundle in the cilia is destroyed, 
espin spreads from the stereocilia to the apical 
region of the cytoplasm, suggesting that espin 
is involved in the assembly and stabilization of 
the parallel stereociliary actin bundles and thus 
is required for the formation and maintenance 
of stereocilia. 

Conclusion

In summary, this study characterized the 
nanoscale espin distribution in the stereocilia 
using super-resolution STED imaging. Our 
results show that discontinuous espin clusters 
in the submembrane of stereocilia are closely 
related with actin bundling activity. Such spatial 
organization of espin within stereocilia might 
play a critical role in stereocilia function and 
therefore in normal hearing.
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