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Abstract: 

The cells in the organ of Corti are highly organized, with a precise 3D microstructure hypothesized to be important 

for cochlear function. Here we provide quantitative data on the mouse organ of Corti cytoarchitecture, as determined 

using a new technique that combines the imaging capabilities of two-photon microscopy with the autofluorescent 

cell membranes of the genetically modified mTmG mouse. This combination allowed us to perform in situ imaging 

on freshly excised tissue, thus minimizing any physical distortions to the tissue that extraction from the cochlea and 

chemical fixation and staining might have caused. 3D image stacks of the organ of Corti were obtained from base to 

apex in the cochlear duct, from which 3D lengths and relative angles for inner and outer hair cells, Deiters’ cells, 

phalangeal processes, and inner and outer pillars were measured. In addition, intercellular distances, diameters, and 

stereocilia shapes were obtained. An important feature of this study is the quantitative reporting of the longitudinal 

tilts of the outer hair cells towards the base of the cochlea, the tilt of phalangeal processes towards the apex, and 

Deiters’ cells that collectively form a Y-shaped building block that is thought to give rise to the lattice-like 

organization of the organ of Corti. The variations of this Y-shaped element along the cochlear duct and between the 

rows of outer hair cells are shown with the third row morphologically different from the other rows, and their 

potential importance for the cochlear amplifier is discussed. 
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Abbreviations 

 BM: Basilar membrane 

 DC: Deiters’ cell 

 IP: Inner pillar 

 IHC: Inner hair cell 

 OHC: Outer hair cell 

 OoC: Organ of Corti 

 OP: Outer pillar 

 PhP: Phalangeal process 

 RL: Reticular lamina 

 TM: Tectorial membrane 

 ToC: Tunnel of Corti 
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1. Introduction 

 

Sound vibrations from the external environment are collected by the eardrum and guided through the middle ear to 

the cochlea. The resulting pressure differences in the scalae of the cochlea then produce a traveling wave on the 

basilar membrane (BM). The cells in the organ of Corti (OoC), which is situated along this membrane, interconnect 

with surrounding cells, and hearing depends critically on the mechanical interactions among these variously shaped 

and oriented cells (Slepecky, 1996). The vibrations of the supporting cells and hair cells in the OoC are affected by 

their particular three-dimensional (3D) organization and orientation, although detailed anatomical information about 

these intricate structures and their variations along the length of the cochlea has thus far been lacking. 

It is generally considered that the electromotility of the outer hair cells (OHCs) results in amplification of the BM 

motion (Brownell et al., 1985), and the 3D orientation of the OHCs in relation to their surrounding supporting cells 

could play a critical role in this amplification. Voldřich (1983) first brought the 3D arrangements of these OoC 

components and their possible effects on passive cochlear mechanics to the attention of modelers with the 

introduction of a large string-beam model.  From the string-beam model and the electromotility of the OHCs, Steele, 

et al. (1993) formulated a “feed-forward” approximation of the effects of the OoC in a 3D model, although this 

model took into account only the longitudinal inclination of the OHCs. However, the results of that model showed 

similarities to measured BM and neural responses, without requiring any additional “tuning” of the OHCs (e.g., in 

Neely and Kim, 1983, the stereocilia of the OHC are tuned about an octave lower than the BM and serve as a control 

on the energy output of the OHC). Subsequently, Geisler and Sang (1995) and others have used this feed-forward 

term in a 1D model. Wen and Boahen (2003) added the longitudinal coupling of the phalangeal processes (PhPs), 

and Yoon, et al. (2009; 2011) provided a WKB (Wentzel–Kramers–Brillouin) implementation of this coupling in 3D 

models for different mammals. The combined mechanical effects of the electromotile OHCs and the differently 

angled passive PhPs that they interconnect with, thus forming a lattice of Y-shaped structures that alternately exert 

pushing and pulling forces at spatially separated positions along the BM (Fig. 1B), are referred to using terms such 

as “bidirectional”, “feed-forward/backward”, or “push-pull”.  Yoon, et al. (2011) found excellent agreement with 

measurements of BM displacement and neural response by incorporating these ideas into a physically based model 
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with realistic values for BM stiffness, a full 3D treatment of the viscous cochlear fluid, and geometries of the OHCs 

and PhPs that were assumed to be reasonable based on the limited anatomical information available. 

Central to this feed-forward/feed-backward (FF/FB) mechanism is the well-organized arrangement of the OoC in the 

longitudinal direction (Yoon et al., 2011; Szalai et al, 2011;  Nam 2014). For their proposed mechanism, the Y-

shaped structures between the reticular lamina (RL) and BM (Fig. 1B), each formed by a tilted OHC and an 

oppositely tilted PhP joined at their bases to a supporting Deiters’ cell (DC), were considered as a basic building 

block in the OoC. The OHCs are tilted so that their tops lie closer to the base of the cochlea than their bottoms. As 

such, when an OHC expands due to its electromotility, it is expected to exert a pushing force on a more apical 

location of the BM (i.e., a “feed-forward” force). On the other hand, because the PhPs are tilted in the opposite 

direction, an expanding hair cell is expected to yield a pulling force on the previous, more basal, PhP attached near 

its top, thus exerting a “feed-backward” force that pulls on a more basal location of the BM. From these 

considerations, it is clear that the exact lengths and angles of the Y-shaped DC-OHC-PhP structures and other cells 

in the OoC can have an important effect on the mechanical behavior of the cochlea and this was not considered in 

the previous treatment. Therefore, knowledge of the precise cytoarchitecture within the OoC across its full length 

and width can be of great importance for understanding how the thousands of OHCs within the cochlea can work in 

concert to produce the high sensitivity and frequency selectivity of mammalian hearing. 

While these lengths and longitudinal angles in the cytoarchitecture are evident in the few available micrographs, 

quantitative information on how these and other anatomical features vary throughout the cochlea has not been 

reported. Most work done on OoC cytoarchitecture has instead focused on radial sections only. Keiler and Richter 

(2001), for instance, measured the lengths and radial angles of mouse OoC structures at three cochlear locations. An 

exception to this is work done by Karavitaki (2002), in which the OHCs in gerbil were found to be nearly 

perpendicular to the BM, averaging 95° in the longitudinal direction (using our angle definitions—see Fig. 8A). In 

her illustrations, the PhPs are shown to extend in the longitudinal direction over about three OHCs. We note that the 

basic Y-shaped orientation of OHCs and PhPs appears to be a common feature in all mammals, even if the particular 

lengths and angles involved do vary across species. An extreme example can be found in Talpa, as reported by 

Kolmer (1913), in which the PhPs extend over 12 OHCs—considerably more than the span of 3 OHCs found in 

Gerbil. Thus, it appears that these Y-shaped structures may be critical for the active mammalian cochlea. 
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Consequently, the motivation for the present study is to obtain full 3D quantitative information describing the OoC 

cytoarchitecture from cochlear base to apex in a single species. 

Towards this goal, a novel imaging technique, proposed in a preliminary study by Puria et al. (2011), was used. 

Measurements were performed on genetically modified mTmG mice, which feature a fluorophore embedded in their 

cell membranes (Muzumdar et al., 2007). Because of the resulting autofluorescence of their cell membranes, the 

fixing and staining steps normally required for tissue differentiability when using electron and confocal microscopy, 

for instance, thus become unnecessary, and the accompanying problems of tissue shrinkage can therefore be 

avoided. The OoC was imaged using a two-photon microscope (Hartman et al., 2011), which offers the advantages 

of reducing out-of-focus photobleaching while enabling deeper tissue penetration and providing intrinsically high 

3D resolution (So, 2002; Drobizhev et al., 2009; 2011). In confocal microscopy, on the other hand, the objective has 

to be placed very close to the sample, so this kind of in situ imaging would be very difficult. Instead, micro-

dissected whole-mount preparations, which can introduce stretching and bending artifacts due to the mounting and 

required fixations, are necessary. Moreover, in electron microscopy and other techniques requiring physical slicing 

(e.g., hemicochlea preparations), only a 2D projection image is obtained (Lim, 1986; Slepecky, 1996; Keiler, 2001; 

Para et al., 2012). 

The results presented in this paper were obtained in mice, a common laboratory animal, but one for which 

mechanical experiments are challenging due to the small dimensions. Recently, Gao et al. (2011) and Ren et al. 

(2011) started using optical coherence tomography (OCT) measurements on a closed mouse cochlea, and were able 

to determine BM displacements in the apex and hook regions. OCT measurements have the potential to not only 

yield BM displacements, however, but also vibrations of structures within the OoC. In order to interpret the cellular 

interactions of these structures, one needs to have detailed 3D anatomical information as to how these structures are 

interconnected within the OoC, which this study aims to provide. A major advantage of using mice is the possibility 

of using genetically altered mice. Beyond our use of the mTmG mouse in this study (Muzumdar et al., 2007), which 

significantly enhanced our ability to image the cytoarchitecture within the OoC, genetically altered knockout mice 

can be used to great advantage when investigating the effects of particular mechanical alterations to the cochlea.  
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2. Materials and Methods 

2.1 Sample preparation 

In this paper, data from 24 scans on a total of 13 mTmG mice (male R26R
mTmG

 crossed with female FVB/NJ 

Wildtype) at different postnatal ages are presented: 1xP16, 3xP17, 3xP18, 5xP19, and 1xP40 (the number following 

the P is the postnatal age in days) mice were used. The animals were maintained according to institutional guidelines 

at the Animal Facility of Stanford University, under a protocol (APLAC-27629) approved by an Institutional 

Animal Care and Use Committee (IACUC). These mTmG mice possess loxP sites on either side of a membrane-

targeted tdTomato cassette, and express strong red fluorescence in all tissues and cell types examined (tdTomato, 

582 nm fluorescence emission; Drobizhev et al., 2009). As such, live visualization of cells at single-cell resolution is 

possible (Muzumdar et al., 2007; Hartman et al., 2010). 

The skull was split along the sagittal plane and the bulla was removed. The bulla was then opened under a dissecting 

binocular microscope so that the cochlea could be accessed. To image the OoC, five different positions (Fig. 2) were 

chosen to open the cochlea by carefully chipping away the bone while striving to keep the stria vascularis and 

Reissner’s membrane intact. This was visually checked, as can be seen for instance in the overview images in Fig. 

5(A–E). Of the five different positions chosen to get access to the OoC (1–5 in Fig. 2), the apical bony shell was 

removed for access to the apex (1) and middle turn (2); the middle turn could also be opened and imaged from the 

basal side (3); the middle and apical turns were removed to get access to the base (4); and the stapes was removed 

and oval window widened to access the hook region (5). For each location, 4 to 5 measurements were performed on 

different cochleae. 

The cochlea was positioned in a solidified 4% agar solution. In order to reduce scattering by the stria vascularis, an 

oblique viewing direction was chosen for the apical approach, and as such images were acquired through Reissner’s 

membrane (for positions 1, 2, 4, and 5). A CCD camera coupled to the dissecting microscope was used to capture 

images of the prepared cochlea (Fig. 2, bottom). The exposed positions on the BM were localized by comparing the 

pictures with a surface model created from a µCT scan (Buytaert et al., 2013), and are presented as percentages of 

the distance from the cochlear base to apex, where 0% represents the basal end and 100% represents the apical end. 

The following mean position values (± 1 standard deviation) were found for the 5 different positions: (1) apex: (93 ± 
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3)% (N=5); (2) middle: (68 ± 5)% (N=4); (3) middle–basal view: (46 ± 4)% (N=5); (4) base: (25 ± 6)% (N=5); and 

(5) hook region: (5 ± 2)% (N=5). 

Dissection and imaging were done with the specimen immersed in a mammalian extracellular solution (consisting of 

140mM NaCl, 5mM KCl, 1mM MgCl2, 2mM CaCl2, 10mM HEPES, 6mM glucose, 2mM ascorbate/pyrurate, and 

2mM Cryatine monohydrate, adding NaOH to achieve a pH of 7.4, final osmetic pressure is 305 mOsm). 

Measurements were conducted at a maximum of 1 hour postmortem for the basal regions and 2 hours postmortem 

for the apex. Tissue viability and unexpected discontinuities were checked visually on the scans, with typical 

problems including blebbing, swelling hair cells and other damaged cells. 

 

2.2 Two-photon microscopy 

Samples, positioned in the solidified agar solution, were placed on an x-y translation stage (Scientifica). A custom-

made two-photon microscope (Prairie Technologies), with a 20X water-immersion objective with a numerical 

aperture (NA) of 1 (XLUMPLFLN 20XW) and a variable-wavelength Ti:sapphire laser (Chameleon, Coherent Inc), 

was used. In general, longer wavelengths (~1065 nm) will give less scattering and thus less noise, but also a lower 

resolution and lower laser output, and thus a lower signal, while shorter wavelengths (~800 nm) will produce less 

fluorescence for tdTomato, so higher intensities have to be used which can potentially damage the sample by 

photobleaching or photodamage (Drobizhev et al., 2009; So, 2002). For the present work, we chose a wavelength of 

965 nm, resulting in a theoretical resolution of 0.42 µm in-plane and 1.31 µm out-of-plane for the “z-stack” of image 

slices (See Fig. 3 for examples of images within a z-stack). 

During preparation for imaging, one has to reduce the amount of tissue above the OoC. Indeed, as can be seen in the 

radial overview images (Fig. 5 A–E: obtained at a lower resolution of approximately 2 µm in plane and 4 µm out-of-

plane), more tissue penetration results in more noise in deeper tissue. Consequently, we did not image through the 

stria vascularis, but instead used an oblique angle to image through the thin Reissner’s membrane (i.e., the 

“northeast” direction in Fig. 5 A, B, D, and E) in all cases except for the middle turn imaged from the basal side 

(Fig. 5C), and that case clearly shows an increase in tissue scattering and decrease in the signal to noise ratio in 
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deeper tissue. As an example: only a part of Reissner’s membrane is visible in Fig. 5C because the light, coming 

from below in this measurement (we see through the BM), is scattered and faded in the spiral lamina. 

The rectangles in Fig. 5 (A–E) indicate the position of the OoC, which was imaged at a higher resolution and is 

shown in Fig. 5 (F–O). In these images, important microstructures are outlined to help the reader interpret the graphs 

of Figs. 6–10.  The translation required to scan through the sample in the z direction was controlled by a stepper 

motor. A step size of 1 µm was sufficient to capture all details, except for the more tightly packed basal positions 

where a minimum step size of 0.65 µm was taken (see Fig. 4 for representative images comparing OHC spacing 

between the basal and apical ends of the cochlea). First a coarse and fast scan was done to check for good 

visualization and identify any tissue damage. A digital zoom of 4X was used, resulting in a 0.44x0.44 μm
2
 pixel size 

in 256x256-pixel images, yielding image sizes of 112x112 μm
2
. A dwell time of 12 µs and 8 image averages were 

used. Next, an optimal laser intensity to visualize the structures was selected. At the top of the sample, the laser 

intensity was set to a lower value than for deeper in the tissue. A z-stack of approximately 120 images was thus 

obtained (Fig. 3), which took about 12 minutes. Voxel sizes of 0.44x0.44x1 (µm
3
) for the apical and 0.44x0.44x0.65 

(µm
3
) for the basal positions were chosen. 

 

2.3 Data processing 

Five representative 3D geometrical models (as shown in Fig 5 P–Y) were built out of image stacks that were 

obtained at 5 different positions by manually specifying the portion of each slice image belonging to a given 

structure and then combining those segments into a 3D representation of that structure using Amira software 

(version 5.3). In order to compare structures obtained at different positions and in different cochleae, key 

geometrical features have been parameterized, such as 3D lengths and angles, and defined in terms of the anatomical 

landmarks shown in panel A of Figs. 6–10. These landmarks were selected on the slice images. The intensity of the 

slice images was adjusted to improve visualization, and views of the OoC along differently oriented planes were 

created by using Amira to resample the z-stacks (e.g., Fig. 5 F–O). The landmarks describe the following features of 

the OoC: the base (bottom) and apex (top) of the OHCs and inner hair cells (IHCs), the base of the body of the DCs, 
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the connection between the PhPs and the RL, the base and apex of the inner pillars (IPs) and outer pillars (OPs), and 

the shape and angulations of the stereocilia bundles that extend from the tops of the hair cells. 

Subsequently, the coordinates of these landmark points were loaded into a custom MATLAB script to calculate the 

3D lengths and the angles in the longitudinal and radial directions of all microcomponents (Figs. 6–10, 

Supplementary Tables S1–S10). Since the cochlea and the OoC are not straight but spiral-shaped, the radial (y) and 

longitudinal (x) directions differ at each location. In order to define the local x and y directions, concentric circular 

arcs were fit through the longitudinally oriented rows of OHCs (arced dotted lines in Figs. 4 and 10A), and the local 

radial (y) direction was then defined as a vector pointing radially outward from the common center of those circles, 

while the local longitudinal (x) direction was defined to be tangential to those arcs, pointing toward the cochlear 

apex. As such, approximately 12 hair cells of a given row can be visualized in each image stack. Note that the BM 

and tectorial membrane (TM) are acellular and without plasma membranes. Thus, they do not contain membrane-

tomato fluorophores and could not be visualized using the present methodology. The BM location was instead 

determined based on the surrounding tissue, i.e., it was defined as a plane fitted through the points defining the bases 

of the DCs and pillar cells (Angelborg and Engrstrom, 1972). The thickness of the BM was estimated for illustration 

purposes. The RL was similarly defined as a plane fitted through the points at the tops of the PhPs and OHC bodies, 

i.e., at the base of the protruding stereocilia (Fig. 1A). The intercellular distances and cell diameters were measured 

using resampled image slices (in Amira 5.3) that were parallel to the RL, for OHCs, IHCs and PhPs, and parallel to 

the BM for DCs, and are presented in Fig. 9. 

In each of the 24 image stacks, the mean values and standard deviations for the anatomical measurements are 

calculated and plotted in Figs. 6–10 (represented using error bars). Smoothing spline curves have also been plotted 

in these figures to aid visualization of the overall trends. The lengths and angles presented were obtained on the full 

3D image stacks, and not on single projections (such as those shown in Fig. 5 F–O) or geometrical models (e.g., Fig. 

5 P–Y). Results from right cochleae were mirrored so that they could be analyzed alongside those from left cochleae 

(8 left ears were used). Note that the intercellular distances (Fig. 9 D–F) were obtained by dividing a distance 

spanning multiple cells by the number of cells in that distance, so no standard deviations were obtained; and that 

circular statistics (Berens, 2009) were used for the reported means and standard deviations of the angles. In order to 

combine multiple measurements (image stacks), weighted averages (weight is stdev
-2

) were calculated, and are 
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presented in Supplementary Tables S1–S5 as mean values with standard error (SE). Linear fits to the plotted values 

(and their corresponding R
2
 values) are presented in Tables S6–S10. 

As mentioned above, 12 of the 13 mice used in this study had a close age range of P16 to P18 and thus no age 

dependent effects in OoC morphometry are expected (Mikaelian and Ruben, 1965). The one remaining mouse P40 

is older and to determine if there is an age effect, the results from this animal are marked with a circle in Figs 6-10.  

 

3. Results 

Four images out of a z-stack of 120 images, obtained using our technique at the apex of the mouse cochlea, are 

shown in Fig. 3 as an example. In total, 24 such z-stacks were obtained at roughly 5 different locations. 

Representative 3D reconstructions of the OoC structures at these five locations are shown in Fig. 5 (P–Y). Along the 

radial (y) direction (Fig. 5 F–J, P–T), the well-known structure of the OoC can be observed: three rows of OHCs, the 

tunnel of Corti (ToC), and the IHC. The cytoarchitecture along the longitudinal (x) direction (Fig. 5 K–O, U–Y) are 

seen to be highly organized, containing Y-shaped building blocks formed by an OHC, DC, and PhP. 

New in this study is the reporting of quantitative data obtained from cochlear base to apex for lengths (Fig. 6, Tables 

S1 and S6), radial angles (Fig. 7, Tables S2 and S7), longitudinal angles (Fig. 8, Tables S3 and S8), diameters and 

intercellular distances (Fig. 9, Tables S4 and S9), and the shape and angulations of the stereocilia bundles (Fig. 10, 

Tables S5 and S10). In the next sections, these values will be described for each of the structures within the OoC in 

turn: the OHCs (section 3.1), DCs (section 3.2), PhPs (section 3.3), pillar cells (section 3.4), IHCs (section 3.5) and 

stereocilia (section 3.6). 

 

3.1 Outer hair cells (OHCs) 

The OHCs feature a cylindrical geometry, as can be seen in Fig. 1 (marked red) and in Fig. 5 (P–Y: labeled as 1, 2 

and 3). A clear correlation between OHC length and cochlear position was observed (Fig. 6B), but there is little 

difference in the OHC length across the three rows. At more-apical cochlear positions, and thus for lower 
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characteristic frequencies, longer OHCs are found. At the base, OHCs are 10–15 µm in length, whereas at the apex 

they are 25–30 µm long (Fig. 6B). 

In the radial plane, the OHCs (Fig. 7B) are angled largely parallel to one another at the apical end of the cochlea (all 

are approximately 120° vs. the BM). Toward the base, the tops of the OHCs are pointed more toward one another, 

with an angle difference of approximately 30° between the first and third rows: OHC1 becomes more perpendicular 

(closer to 90°), while the third row has an angle of approximately 130°. In contrast, low correlation along the 

cochlear duct was found for the longitudinal tilt of the OHCs (Fig. 8B, with R
2
=0.01–0.04 in Table S8). Weighted 

averages of the 24 measurements of the longitudital OHC angles (mean ± SE; Table S3) of (104.9 ± 0.5)°, (99.6 ± 

0.5)°, and (96.6 ± 0.7)° were found for the first, second, and third OHC rows, respectively. This angle is important 

for determining the “feed-forward” force as described above. In general, the apex (top) of the hair cell is directed 

toward the base of the cochlea, while the base (bottom) of the hair cell is directed toward the apex of the cochlea. 

The OHCs in the third row are more perpendicular in the longitudinal direction than those of the first and second 

rows.  

No trend was observed for the OHC diameters across the different rows and along the length of the cochlea (Fig. 

9B), with weighted averages (mean ± SE; Table S4) of (5.33 ± 0.07) µm, (5.25 ± 0.08) µm, and (5.40 ± 0.08) µm for 

the first, second, and third rows, respectively, and an overall average of (5.35 ± 0.07) µm. In contrast, the 

intercellular distances between the OHCs within a given row (Fig. 9D) varies from around 8.5 µm at the base (0-

30%) to around 7.7 µm at the middle and apex (30–100%) (Table S4). Note the relatively steady values for middle–

apex regions, and the quick transition around 33% (corresponding to 30 kHz; Müller, 2005). Knowing the BM 

length and using the intercellular distances (spline fits in Fig. 9D), one can estimate the total number of OHCs. 

Müller (2005) reported a BM length of between 5.1 and 6.7 mm for the mouse, resulting in an estimate of 670 to 870 

OHCs per row. 

Interestingly, the number of OHC rows in the mouse cochlea changes at the basal and apical ends in some cochleae 

(Fig. 4). At the basal end (~3%), only 2 OHC rows were discovered (observed in two cochleae), whereas at the 

apical end (~95%), 4 OHC rows were seen (observed in two cochleae). The fourth row at the apex and the absence 

of the third row in the hook region were not tested in the other preparations, because these cochleae were not opened 

and imaged at their apical and basal ends. In the reported quantitative results in this paper, only the first three rows 
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at the apex were considered, while in the hook region, there was always a part with three rows visible in the image 

stack. At the apical end of the BM, the four rows of hair cells and their stereocilia seem to be distributed more 

randomly (observed in two cochleae). 

 

3.2 Deiters’ cells (DCs) 

The DCs do not have particularly rodlike shapes (Fig 1; Fig. 5 P–Y: the dark grey structures labeled as I, II, and III). 

At their base (bottom) they are closely packed in a hexagonal honeycomb arrangement (Fig. 3A: I, II, and III) that 

looks as if they are sharing cell membranes. As a consequence, their diameter equals their intercellular spacing, 

which is approximately the same as that found for the OHCs. Moving up from the bottom, the DCs become wider in 

the radial direction, resulting in the appearance of an inverted truncated cone, as can be seen in Fig. 5 (P–T). The 

bottom of an OHC is positioned within a cuplike indent near the top of each DC, and the top of each DC also 

features a stalk that extends upward at an angle (toward the apex of the cochlea) and expands into a PhP (section 

3.3) that inserts into the RL. 

The DCs are shortest (Fig. 6D) at the base of the cochlea (30 µm at 20%, Table S1),  and nearly constant in length 

from the middle to the apex (40–50 µm at 50–100%). No significant difference was observed in their lengths across 

the different rows. The radial DC angles (Fig. 7D) in the first row are in general larger than in the third row (mean ± 

SE; Table S2): (129.3 ± 0.3)°, (125.4 ± 0.3)°, and (118.6 ± 0.3)° for rows 1, 2 and 3 respectively, resulting in the 

DCs pointing toward one another at their attachment to the BM (Fig. 5 U–Y). 

An inter-row difference was also observed in the longitudinal DC angles (Fig. 8E). The third row is almost 

perpendicular to the BM, while the first and second rows are tilted toward the apex of the cochlea (in the opposite 

direction as the OHCs), especially at the base of the cochlea. This feature results in a longer longitudinal distance 

between the bottom of the DCs (where they connect to the BM) and the top of the PhPs (where they connect to the 

RL), in the first two rows, compared to the longitudinal distance shown in Fig. 9A and plotted in Fig. 9D, which is 

based instead on the top of the DCs. 
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3.3 Phalangeal processes (PhPs) 

A PhP is a stalk that extends upward at an angle from the top of a DC and connects the bottom of the OHC attached 

to that same DC to the top of another OHC at the reticular lamina (Fig. 1, Fig. 5 P–Y: the blue structures labeled as 

a, b, and c). In contrast to the OHCs, a clear inter-row variation in the PhP length has been found (Fig. 6C): the 

third-row PhPs are shorter than those of the first and second rows. We can also see a slight increase in PhP length 

when going from cochlear base to apex, which can be explained by the presence of longer OHCs at the cochlear 

apex. This effect can be compensated for by looking at the longitudinal projection of the PhP length, as shown in 

Fig. 8D. Comparing this longitudinal distance covered by the PhP with the OHC intercellular distances (Fig. 9D), it 

becomes clear that the first two PhP rows overspan approximately 3 hair cells, while the third PhP row overspans 1 

hair cell at the cochlear base and apex, and 2 hair cells in the middle of the cochlea. 

This overspanning can also be observed by looking at the longitudinal angle of the PhP (Fig. 8C). The PhPs are 

tilted in the opposite direction as the OHCs, and as such help to form the characteristic Y-shaped building block 

structures discussed in the introduction and clearly shown in Fig. 8A and elsewhere. For the first and second rows, a 

larger PhP longitudinal angle is observed at the cochlear apex (50°) versus the base (20°). In order to show that this 

variation is mainly caused by changes in OHC length, a theoretical longitudinal angle was calculated using 

trigonometry (assuming an OHC length of 0.149*x + 10.4, see Table S6; an overspanning of 3 hair cells of 8 µm 

width; and an OHC angle of 105°), and is shown as the black dashed line in Fig. 8C. Most PhPs of the first and 

second rows are well described by this trigonometric fit, indicating that the PhPs in the first two rows do, indeed, 

overspan 3 hair cells. 

For the radial angles (Fig. 7C), a similar divergence to that seen for the OHCs is observed in the PhPs. We can also 

clearly observe smaller radial angles than those of the OHCs in the first and second PhP rows. These are caused by 

the cross-hair-cell connections of the PhPs. Indeed, the PhP in the first row (‘a’ in Fig. 5) connects the bottom of an 

OHC in the first row with the RL at a point close to the top of an OHC in the second row (see Fig. 5). Finally, the 

PhPs of the first and second rows have smaller diameters at more-basal cochlear positions, while the PhPs of the 

third row tend to be thicker in the middle region but have a much bigger variation (Fig. 9C). The PhPs of the first 

and second rows have an average diameter of (2.0 ± 0.2) µm, while those of the third row have an average diameter 

of (2.9 ± 0.6) µm (mean  ± SE). 
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3.4 Inner pillar cells (IPs) and outer pillar cells (OPs) 

The triangle-shaped tunnel of Corti (ToC) is formed by the IPs and OPs. The IPs (Fig. 6E) are a little shorter than 

the DCs (Fig. 6D), but also remain of constant length from the middle of the cochlea to the apex (40 µm at 50–

100%). In contrast, the OPs become longer at more-apical positions (e.g., 35 µm at 30% vs. 70 µm at 90%). The 

angle between the BM and the IP (Fig. 7E) at the apex is about 75 degrees, compared to 65 degrees from the 

cochlear base to the middle region (20% to 50%). The OP angle (Fig. 7E) is 130 degrees at the cochlear apex and 

decreases to 105 degrees at the hook region. The difference between the OP and IP angles corresponds to the top 

angle of the ToC (OP-IP in Table S2), which is aproximately 60 degrees except for the hook region, where the OP 

and IP are closer to being parallel to one another and perpendicular to the BM. In other words, at the apex of the 

cochlea the ToC is an acute triangle (IP = 75°, OP= 130°), whereas it becomes an acute isosceles, almost 

equilateral, triangle in the middle and the base (IP = 60°; OP= 120°). The top angle is approximately 60 degrees, 

except for the hook region where this top angle becomes smaller. The angles between the RL and OP are also shown 

(Fig. 7E). The difference between the OP-BM angle and the supplementary RL-OP angle is the angle between the 

RL and the BM, which is between -5 and 10 degrees (Fig. 7F, Table S2). 

For the longitudinal angles (not shown in a figure) of the IP and OP, no trend was observed and they remain 

approximately perpendicular to the BM, resulting in the following weighted averages (mean ± SE; Table S3): (93.2 

± 0.3)° for the IP longitudinal angle, and (92.4 ± 0.3)° for the OP longitudinal angle. The pillar cells are closely 

packed, so their diameters (dDC, not presented) equal the intercellular spacing (Fig. 9E). The intercellular distances 

of the OPs are similar to those of the OHCs (Fig. 9D) and DCs (Fig. 9E) (650 to 860 OPs are found in the mouse 

cochlea using Müller, 2005), but the cell-to-cell distances of the IPs (Fig. 9E) are only 60 to 80% of those of the 

OPs, resulting in a total of 950 to 1240 IPs or approximately 3 IPs for every 2 OPs. 

 

3.5 Inner hair cells (IHCs) 
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The angles of the IHCs are more difficult to parameterize due to the irregular shapes of the IHCs (Fig. 5 F–J, P–T) 

and the multiple orientations within the same image stack (compare the solid vs. dotted line passing through 

adjacent IHCs in Fig. 7A). Landmarks were positioned at the bottom of the IHC stereocilia and at the lowest point, 

closest to the inner pillar. The IHCs are shorter (Fig. 6F) at the cochlear base (20 µm at 10%), but remain relatively 

constant from the middle to apex (29 µm at 50–100%). 

The IHC radial angles relative to the BM (Fig. 7G) are, just as for the IPs, generally somewhat more perpendicular 

at the cochlear apex. However, closer to the cochlear base, the IHC angle varies significantly between different 

samples. More interestingly, multiple angles are also found in the same image stack in the cochlear middle region, 

due to a saw-tooth-like packing of the IHCs, in which the body of the IHC alternately points in a different direction 

for even-numbered vs. odd-numbered positions (compare the solid vs. dotted line passing through adjacent IHCs in 

Fig. 7A). In the longitudinal direction (not shown), the IHC angles exhibit no trend and remain approximately 

perpendicular relative to the BM, resulting in the following weighted average for the longitudinal IHC angle (mean 

± SE; Table S3): 87.6 ± 0.4 degrees. 

The IHCs exhibit a larger intercellular distance (Fig. 9F) compared to other structures, and also show a less-dense 

intercellular spacing at the base: 10 µm at the hook region compared to 8.8 µm at the apex. One can also observe a 

small dip in the IHC intercellular distance in the middle region (7.7 µm at 50%). This dip is related to the saw-tooth-

like packing of the IHCs described above.  Due to this larger intercellular distance for the IHCs vs. the OHCs, only 

about 570–760 IHCs are estimated to be found in the mouse cochlea (using Müller, 2005). 

 

3.6 Stereocilia 

The radial angles of the OHC stereocilia relative to the BM (Fig. 7H Tables S5 and S10, βCilia) show an increase 

going toward the cochlear apex, but no trend is observed in the longitudinal angles of the OHC stereocilia (Fig. 8F, 

αCilia), which can be summarized by the following values (mean ± SE; Table S5): (86.2 ± 0.8)° for the first OHC; 

(85.5 ± 0.8)° for the second OHC; and (87.3 ± 0.8)° for the third OHC. 

Viewed from above, the opening angles of the bundles of stereocilia at the top of the IHCs have an almost-straight 

shape with an opening angle that is almost 180 degrees, and look similar at different cochlear locations (not shown), 
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whereas the OHC stereocilia feature a chevron-shaped geometry. The opening angle (Fig 10A, Cilia) is defined as 

the angle between the two legs of the V-shape. The direction angle (Fig. 10A, δCilia) is defined as the angle between 

the bisector of the V-shape and the radial direction. The opening angle of this V-shaped formation (Fig. 10B) is 

much more closed at the cochlear apex (70°) than at the cochlear base (130°). Using the frequency map of Müller 

(2005), a relationship between the characteristic frequency and the opening angle is shown in Fig. 10D. Linear fits 

were obtained to describe these relationships for the three OHC rows at frequencies smaller than 50 kHz, as follows 

(‘freq’ is the frequency in kHz): Row 1, Cilia1 = 1.23*freq + 69 (R
2
=0.77); Row 2, Cilia2 = 1.37*freq + 67 (R

2
=0.80); 

Row 3, Cilia3 = 1.46*freq + 68 (R
2
=0.81). Mean values and SEs were calculated for the values above 40 kHz (i.e., in 

the base and hook region of Table S5), as follows: Row 1, Cilia1 = (125 ± 3)°; Row2, Cilia2 = (128 ± 2)°; Row3, Cilia3 

= (137.7 ± 1.9)°. Interestingly, the opening angle increases with the row number, especially at higher frequencies. 

Another measure of the cilia morphometry is the direction angle, δCilia, of the V-shaped OHC stereocilia bundles, 

and for this no trends from base to apex or across rows were oberved (Fig. 10C). Weighted averages (mean ± SE; 

Table S5) were calculated as: Row 1, δCilia1 = (-3.5 ± 0.9)°; Row 2, δCilia2 = (-2.2 ± 0.9)°; and Row 3, δCilia3 = (-4.9 

±0.9)°. These negative values indicate that the opening is directed toward the cochlear base, or in other words that 

the point of the V-shaped formation is tilted slightly towards the cochlear apex. This orientation is consistent with 

the apicaly oriented collagen fibers of the overlying tectorial membrane (Tiedemann, 1970). 

4. Discussion 

Two-photon imaging on the mTmG mouse was used to acquire full 3D image stacks of the OoC. To the best of our 

knowledge, this is the first study in which full 3D quantitative data describing the cytoarchitecture of the OoC have 

been acquired along the entire cochlear duct in a single species. We present the lengths (Fig. 6), radial angles (Fig. 

7), longitudinal angles (Fig. 8), and intercellular distances and diameters (Fig. 9) of the IHCs, OHCs, DCs, PhPs, 

IPs, and OPs, as well as information related to the shape and orientation of the bundles of OHC stereocilia (Fig. 10). 

In the first part of the discussion below (section 4.1), we show that our new technique yields similar results to 

previous studies, even though those previous studies typically lacked the sorts of detailed quantitative values for 

OoC geometry from cochlear base to apex that are needed for physically based modeling. In section 4.2 the 



October 31, 2014 17 

technique itself will be discussed and in the final part (section 4.3), the measurements and data will be discussed in 

relation to cochlear function. 

 

4.1. Comparison to values in the literature 

A good place to start our literature comparison is the extensive review by Slepecky (1996) on the structure of the 

mamalian cochlea. Although she showed no quantitative data, her qualitative discriptions summarize most work 

done on cochlear morphometry up to that time. First, she reported an increase in size from cochlear base to apex for 

most structures, such as the Deiters’ cells. We found this to be true for the lengths of the OHCs (Fig. 6B) and OPs 

(Fig. 6E), but we found that the lengths of the DCs (Fig. 6D), IPs (Fig. 6E), and IHCs (Fig. 6F) only increased from 

the base to the middle of the cochlea, and remained more or less constant from the middle to the apex of the cochlea. 

Unlike the rod-shaped OHCs, the IHCs are known to have an irregular shape, are not separated from one another, 

and feature cell bodies that are enlarged at the bottom in the region of their nucleus, which is likely to accommodate 

the large number of auditory-nerve synapses. In the middle of the cochlea, we found that the bodies of alternate 

IHCs are directed in different directions (Fig. 7A, solid vs. dotted line through the IHC, not reported previously). 

Slepecky reported one OP for every three OHCs, which is confirmed by intercellular distances for the one outer 

pillar and three outer hair cells (Fig. 9 D and E) being approximately the same. On the other hand, she also reported 

that there is one IP for each IHC, which is a relationship we did not observe for mouse. In our case, there were 2 

OPs for every 3 IPs, and more IPs (930-1240) than IHCs (570–760). These differences cannot be explained by the 

curvature of the cochlea, since the cochlear radius to the OPs is about 400 µm and the radius to the IPs and IHCs is 

about 360 µm, which would imply that there should instead be around 1.1 OPs for every 1 IP. 

More than 20 years ago, Dannhof et al. (1991) investigated the lengths of hair cells across different species. The 

IHC lengths varied for different species, ranging from 20 µm to 60 µm. While they did not report results for mouse, 

our results are most similar to those of Monodelphis (short-tailed opossum), although our IHC lengths are 5 µm 

shorter. It should again be noted that defining the length of the IHCs is difficult due to their irregular shapes (Fig. 5 

P–T). Dannhof et al. (1991) found a strong correlation between OHC length and the characteristic frequency, 

regardless of the species. For example, at the 60% location corresponding to a frequency of about 15 kHz, we found 



October 31, 2014 18 

that LOHC1 is about 19 µm. Dannhof et al. reported a length of 23 µm for the same frequency across species. Their 

result, plotted using the frequency map of Müller (2006), is shown in Fig. 6B and compares reasonably with our 

data. 

The hemicochlea preparation in mouse is another interesting work (Keiler and Richter, 2001). They sliced a cochlea 

in half, which allowed them to investigate a radial slice of the cochlea at three different locations: the base (26% of 

the way from the base to the apex), middle (64%), and apex (83%). They reported lengths of the OHCs, DCs, IPs 

and OPs, and radial angles within the ToC. Their results were from different mouse strains, and here only the 

CBA/CaJ mouse results (ages between 4 and 12 weeks) are shown in Figs. 6(B, D and E) and 7E because the other 

strains were known to have an age-related hearing loss. Their reported values on OHC lengths are consistent with 

our results (Fig 6B). Their reported DC lengths (Fig. 6D) are shorter than those reported here, with similar trends: 

increasing in length from cochlear base to middle, followed by no change or decreasing from middle to apex. 

Possible explanations for the shorter DC lengths in their study include fixation, projective/non-3D values, and 

distortions of the sample. Their reported inner pillar cell lengths (Fig. 6E) are larger by a factor of 2 compared to 

ours, but they did not find a difference between the IP and OP lengths or an increase in OP length from the middle to 

the apex section. They also reported the radial angles in the ToC (Fig. 7E). Their reported angles between the BM 

and IP (βIP), BM and OP (βOP), and RL and OP (βRL-OP) are similar to the results reported in this study to within a 

factor of 1.3. (Fig. 6E). Interestingly, the angle βRL-OP between the RL and BM in mouse (Fig.7F, Tables S2 and S7) 

does not increase from cochlear base to apex, unlike that reported for other animals (e.g., chinchilla: Lim, 1986; and 

guinea pig: Zetes et al., 2012). Keiler and Richter did not report this angulation of the RL, but it can easily be 

calculated from their reported data (Fig. 7F). These calculated RL-BM angles from their study are similar to those 

reported here, with no trend in their data and angles ranging between -5 and 20 degrees. 

Recently, Parsa et al. (2012) reported on the structure of the mouse DCs (C57BL/6 mice) using electron microscopy. 

They found DC center-to-center distances (mean ± SE) of (7.1 ± 0.3) µm in the longitudinal direction and (5.9 ± 0.4) 

µm in the radial direction. We found similar results for the DC center-to-center distances (Fig. 9E, 7.93 ± 0.03 µm 

table S4) in the longitudinal direction at the apex, but found a higher value at the base of the cochlea (8.45 ± 0.08 

µm). The presence of somewhat wider DCs at the cochlear base was also reported in gerbil (Spicer and Schulte, 

1994). Parsa et al. also reported a significantly different morphology at the base of the DCs, below the nucleus, 
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which was namely an inverted truncated cone instead of the polygonal prism reported in previous literature. In 

Slepecky (1996), supporting cells such as the DCs were reported to make a broad connection to the BM, yet in Parsa 

et al. (2012) the imprints were smaller and eliptical rather than circular. We also observed this inverted truncated 

cone geometry, but it is not as dramatic as what was described in Parsa et al. (2012) and Retzius (1884), and with a 

honeycomb structure at the base of the DCs (Fig. 3A). Possible explanations for this difference include our use of a 

different imaging technique resulting in a lower resolution, that our study only imaged the structure of the cell 

membranes, and that our samples would not have included tissue deformation and shrinkage artifacts that could have 

been introduced when preparing samples for electron microscopy. 

Lim (1986) also used electron microscopy to report, similarly to our observations in mouse, that the IHC stereocilia 

are almost straight in chinchilla. For  Cilia, the angulation of the chinchilla OHCs’ V-shaped bundles of stereocilia, 

he reported a 60° opening angle at the cochlear apex and a 120° opening angle at the base (corresponding to 100 Hz 

and 40 kHz, respectively; Fig. 10D). Our reported opening angles (Fig. 10 B and D) are slightly higher (70° to 

140°), but a good correspondence is found with our frequency vs. opening angle correlation (Fig. 10D). This is the 

first report of a difference in OHC opening angles across OHC rows. 

 

4.2 Discussion of techniques 

The above-mentioned previous studies required that their samples undergo extensive preparation steps, such as 

fixation, staining, histological slicing, and micro-dissections, which can possibly introduce shrinking and distortion 

artifacts. Ideally, in vivo imaging of the OoC at high resolution (~1 µm) should be performed. This is, however, not 

feasible at this time and the best available option for retaining the structural integrity of the tissue is to use freshly 

excised samples. By using two-photon imaging of the mTmG mouse, detailed images were obtained without 

requiring these invasive preparation techniques. The mTmG strain makes staining unnecessary, and two-photon 

microscopy allows us to achieve better tissue penetration than is possible with single-photon techniques, with 

substantially less phototoxicity to the living cells. Hence, in situ experiments could be performed and shrinkage and 

preparation artifacts could be minimized. 
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Although the final dissection step only involved chipping away bone to open the cochlea, and did not involve 

removing the stria vascularis, Reissner’s membrane, or tectorial membrane, we cannot be sure that there were no 

postmortem or dissection artifacts. Non-fixed hair cells are known to swell when dying, possibly changing the 

geometry. Therefore, we acquired our image stacks within two hours postmortem, while attempting to keep the 

cochlear cells alive by bathing them in a mammalian extracellular solution. In order to ease dissection, adolescent 

mice (P16–P19) were used. Mikaelian and Ruben (1965) showed that the structures in the organ of Corti reach adult 

size at P8–P10, which is consistent with our observations that there were no differences in the P16–P19 animals. 

Liberman MC (Personal Communication) showed a 10% growth in the tunnel of Corti height between mice at 4 

weeks of age versus 124 weeks of age. We conducted experiments on one P40 mouse. Again, no deviation in this 

older mouse was observed (see the encircled data in Fig. 6-10). A more systematic analysis using the present 

imaging techniques is needed in order to come to any definite statements regarding development and 

cytoarchitecture morphometry. 

At the cochlear apex, no damage was observed after two hours, while at the base, image stacks needed to be 

acquired before 1 hour postmortem. Moreover, imaging at the base is more difficult because the structures are 

smaller and denser. Consequently, our resolution was sometimes insufficient to capture all details, resulting in 

difficulty identifying the PhPs and DCs in the hook region. Due to the smaller structures and tissue light scattering, 

imaging through the round window and BM was not feasible and we had to image the OoC from above by widening 

the oval window and removing the apical turns to access the hook region and basal turn respectively. These 

additional preparation steps may introduce damage and artifacts in the basal sections. Before acquiring each z-stack, 

a visual inspection was performed using a live scan to detect possible cell and tissue damage. Note that difficulty 

differentiating between cells can result in the larger variations observed in some hook-region results (e.g., Figs. 7C, 

8B, 8E, and 9B). Consequently, these hook-region results should be used with caution. 

The mTmG mouse only allows us to image cell membranes, and because all cells feature the same fluorophore, 

tdTomato, it becomes more difficult to differentiate between cells. Therefore, cell types were manually 

differentiated based on their position and shape. As such, the cytoarchitecture can be detailed precisely, but no 

information about the inside of cells, such as the microfilaments and microtubules thought to give mechanical 

strength (Slepecky, 1996), could be obtained. Furthermore, the BM and TM, which are non-cellular structures, are 
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not directly visible. It is, however, possible to localize the BM based on the surrounding tissue. Note that, because 

OHCs contain prestin, a motor protein, in their plasma membranes (Zheng et al., 2000), tdTomato is expressed less 

in these cells—making them more difficult to distinguish, especially in the middle part of the OHCs where there is 

thought to be a higher density of prestin molecules. 

Finally, we approximated structures as lines for our quantitative analysis of cytostructure. For the straight cylindrical 

OHCs, this serves as a very good representation. However, for structures that are more irregularly shaped, such as 

the IHCs, DCs, PhPs, IPs and OPs, these lines should be considered as mechanical links rather than precise 

indications of shape and position. For instance, the line representation for the PhP starts at the base of the OHC and 

extends straight to the RL (Figs. 6A and 8A). In reality, however, the OHC is positioned in a cup-like indentation at 

the top of the DC (Fig. 5 and Slepecky, 1996), whereas the connection between the DC body and the PhP is situated 

higher and at a more longitudinal position than the base of the OHC, resulting in an actual PhP longitudinal angle 

that is steeper and begins at a higher position than what is suggested by the line drawn from the OHC base (Fig. 8A). 

The PhP mechanical link was defined in this manner because it was otherwise sometimes difficult to define the 

exact place of connection between the DC and PhP. 

 

4.3 Discussion of cytoarchitecture data 

4.3.1 Longitudinal cell organization 

The most noteworthy result of this work is determination of the longitudinal microstructure in the mouse OoC. The 

familiar Y-shaped building blocks in the OoC (Fig. 5 K–O, U–Y), each formed by the oppositely tilted OHC and 

PhP that extend from the top of their shared DC, have been hypothesized to be important in the feed-forward/feed-

backward (FF/FB) mechanism of cochlear amplification proposed by several groups (Wen and Boahen, 2003; Yoon 

et al., 2009; 2011; Szalai et al., 2011; Soons et al., 2014; Nam, 2014). Here we report the exact lengths and angles of 

these structures and how they change from the base to apex of the mouse cochlea in the 3 rows in which they appear. 

To the best of our knowledge, longitudinal angles (as defined in Fig. 8A) have only been previously reported for the 

apex (93°) and middle (95°) turns of the gerbil cochlea (Karavitaki, 2002). The exact lengths and angles reported in 

this paper will be helpful for creating models with greater anatomical realism, which is important for examining the 
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relationships between OoC morphology and cochlear function, and in studying how changes in morphology (e.g., 

due to damage or regeneration) can affect cochlear function. 

Interestingly, the organization of the third row differs clearly from that of the second row, and the second row differs 

a bit from the first row. In the first two rows, the OHCs and PhPs are tilted more than in the third row, resulting in 

the third row having an overspan of only 1 or 2 hair cells and having steeper upper branches of the Y shape. The 

different organization of the Y-shaped morphometry in the third row could be hypothesized to be due to damaging 

pulling forces on the OoC during dissection, which would result in a lengthening of cells and a decrease in diameter, 

or due to pushing forces, which would result in a shortening of the cells and an increase in their diameters. Since 

these hypothesized forces would be inflicted from the stria vascularis side, they could differentially affect the third 

row more than the other two rows. Figure 9E shows that DC diameter DDC3 is greater than DDC1 and DDC2 at the 

base, while Fig. 6C shows that PhP length LPhP3 is shorter than LPhP1 and LPhP2. This indicates that if there is a 

change in morphometry caused by opening the cochlea, the forces would have to push the cells closer together. 

However, the use of a pick to open the cochlea is likely to involve a pulling force, and thus is not consistent with the 

observed increase in DC diameter and decrease in PhP length. In addition, no mechanical deflection can produce the 

observation that PhP3 spans fewer cell columns than PhP1 and PhP2. Moreover, model calculations show that that 

there is a gradation in shear forces and thus stress levels from the first row of OHCs to the third row, with the shear 

force on the first row being the greatest. (Liu et al., 2011). As such, it is unsurprising that the anatomy of the third 

row is different from the other rows. In contrast to the cat, where there are more afferent fibers per IHC in the 

middle region (Liberman 1990), the IHC innervation in the mouse is more uniform along the cochlear spiral 

(Maison et al. 2003). Nevertheless, our data show that there are slightly more IHCs in this middle region in the 

mouse (Fig. 9F). This tighter packing of IHCs is achieved by their adoption of a sawtooth-like alternation in the 

angulation of adjacent IHCs, as can be seen in Fig. 7A. 

4.3.2 Radial cell organization 

In the radial direction, inter-row connections were found, (also described by Slepecky, 1996), namely: PhP1 

connects the base of OHC1 (first row) with the apex of OHC2 (second row), and PhP2 connects the base of OHC2 

(second row) with the apex of OHC3 (third row). However, the third row exhibits different anatomy, as PhP3 

connects within the same row. These inter-row connections suggest that the FF/FB amplification may have a radial 
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component to it in addition to the longitudinal component previously postulated. For example, the expansion of an 

OHC in row 2 will result in a forward push in the second row and a backward pull in the first row. At the top of 

OHC1, there is no attached PhP, so only a FF term and no FB term is expected due to OHC1. An expansion of an 

OHC in the third row, on the other hand, not only results in a FB pull in the third row, but also in the second row. 

The net consequences of these radial components have yet to be determined. 

Another interesting feature found in the radial plane is the observation that the OHCs are nearly parallel at the apex 

(Fig. 7B), but point more towards one another in the middle and basal regions. Going backward from apex to base, 

the trend line shows that the first two rows become more perpendicular, starting around the middle region. This 

feature can also be observed in Fig.2 of the hemicochlea paper by Keiler and Richter (2001). Possible explanations 

for this feature are the limited space on the narrower BM at the base or the need for different amplification 

mechanisms. Indeed, OHC forces act in parallel at the apex, thus maximizing the force in this oblique direction, 

while at the base the force acting on the BM of the first row of OHCs might be maximized by its perpendicular 

orientation. 

4.3.3 Number of OHC rows 

Fig. 4A shows the presence of only 2 OHC rows at the base of the cochlea. The absence of a third row was observed 

in 2 cochleae, possibly due to the BM becoming too narrow at the base to contain 3 OHC rows. Fig. 4B, in contrast, 

shows 4 OHC rows at the apex of the cochlea. It is known that higher amplification and sharper tuning occurs at the 

base (i.e., for higher frequencies; Cooper and Rhode, 1997), but there are fewer OHCs at the base (Fig. 9D) and they 

are shorter (Fig. 6B), suggesting that either (1) higher frequencies require less OHC stimulation to achieve BM gain, 

or (2) the OHCs in the two rows have higher prestin density that provides the same power as the three rows of OHCs 

found elsewhere in the cochlea. At the apical end of the cochlear duct, these hair cells and their stereocilia (δcilia) 

seem to be distributed randomly. In the scaling symmetry theory of cochlear amplification (Shera and Zweig, 1993; 

Shera and Guinan, 2003), an increase in randomness in organ of Corti anatomy, for a given cochlear tuning, can lead 

to greater scattering and higher reflections, resulting in greater stimulus-frequency otoacoustic emission (SFOAE) 

amplitudes. Such a prediction would be possible to test by performing SFOAE measurements on the same animals 

prior to repeating the two-photon imaging studies on them. 
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4.3.4 Cell cross-sections 

Spicer and Schulte (1994) showed that there are structural differences in the bodies of the DCs along the length of 

the cochlea. These differences are such that the DC stiffness decreases from cochlear base to apex. They 

hypothesized that DC stiffness and density are adapted to the local stiffness of the BM in order to produce better 

attachment and force transmission. This hypothesis is supported by the presence of shorter (Fig. 6D) and thicker 

(Fig. 9E), and thus stiffer, DCs at the base. It is also important to mention the ‘hollow’ structure of the OHCs, DCs, 

and pillar cells, as compared to the PhPs, which instead appear to be much brighter and look like full rods in the 

two-photon images, suggesting that they only serve a mechanical function and that they are probably stiffer than 

other cells. 

4.3.5 Stereocilia bundles 

The geometry of the bundles of stereocilia is another important parameter. The shape of a stereocilia bundle has an 

effect on its stiffness and thus on the stimulation of the attached OHC. Larger opening angles of the V-shaped 

stereocilia bundles (Cilia in Fig. 10A) are found in the third row and for higher frequencies (Fig. 10D). We found a 

good correlation between these opening angles of the chevron-shaped stereocilia bundles (Cilia in Fig. 10A) and the 

characteristic frequency for frequencies below 50 kHz (Fig. 10D, Table S10; R
2
 = 0.68–0.80), where smaller 

opening angles correspond to lower frequencies. Interestingly, the values reported by Lim (1986) for chinchilla are 

also described by our linear fit (Fig. 10D), suggesting that these opening angles and the derived fit (Table S10) may 

be a good predictor of characteristic frequency, at least in the apical half of the mammalian cochlea (in a manner 

similar to the inverse correlation between OHC length and characteristic frequency in Dannhof et al., 1991). 

Conclusions 

In this paper, we have presented the detailed 3D cytoarchitecture of the mouse organ of Corti (OoC) from the 

cochlear base to apex. These results were obtained using a two-photon imaging technique on the cochleae of 

genetically modified mTmG mice, whose autofluorescent cell membranes allowed us to perform in situ imaging 

without subjecting the tissue to potential distortions due to fixation, staining, physical slicing, or micro-dissection 

procedures. The Y-shaped elements are interlaced within adjacent rows, which can produce radial forces in addition 
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to the previously hypothesized longitudinal forces. Some of the possible implications of these structural observations 

on cochlear function were discussed, although the exact contributions of the complex but well-organized OoC 

cytoarchitecture on the mechanical principles of auditory function and cochlear amplification remains to be 

determined. Our long-term goal is to further investigate the structure–function relationships of the OoC by 

incorporating these 3D morphological results into a realistic multi-scale FE model, as previously proposed (Soons et 

al., 2014). 
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Figure 1: 3D reconstructions based on the middle region (49%) data obtained in this paper, illustrating the anatomy 

of a section of the mouse organ of Corti (OoC), as viewed from (A) radial, (B) longitudinal, and (C) 

tranverse planes. Structures, indicated in the color legend, include the outer hair cells (OHCs), phalangeal 

processes (PhPs), Deiters’ cells (DCs), stereocilia (Cilia), basilar membrane (BM), outer pillar cells (OPs), 

inner pillar cells (IPs), inner hair cells (IHCs), tectorial membrane (TM), and reticular lamina (RL). The 

tunnel of Corti (ToC) extends along the length of the OoC, and is defined by the triangular space formed 

between the BM, OPs, and IPs as seen in (A). 
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Figure 2: Depictions of the cochlear orientation (top row) when acquiring two-photon image stacks from above at 

different locations along the length of the cochlea (indicated by red arrows). The cochlea was positioned in 

a solidified agar solution (dark purple region). Corresponding sample images are also shown of the 

prepared cochlea from the vantage point of the microscope (bottom row), with a red circle indicating each 

measurement position on the OoC where the cochlea was opened. These numbered positions and the 

corresponding percent distances (mean ± 1 standard deviation) between the most-basal (0%) and most-

apical (100%) positions along the cochlea are as follows: (1) apex: (93 ± 3)%, (N=5); (2) middle: (68 ± 

5)%, (N=4); (3) middle–basal view: (46 ± 4)%, (N=5); (4) base: (25 ± 6)%, (N=5); and (5) hook region: (5 

± 2)%, (N=5). 
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Figure 3: 

Typical images from the apex of the cochlea, obtained using two-photon microscopy and selected from a z-stack of 

120 images. (A) depicts the base (i.e., bottom) of the DCs (the three rows of which are indicated by I, II, 

and III), (B) shows the middle of the DCs (i.e., at a higher position along the z axis), (C) moves further up 

in the z direction, revealing the base (i.e., bottom) of the OHCs (indicated by 1, 2, and 3, with the IP also 

labeled), and (D) moves even further up in the z direction, to show the apex (i.e., top) of the OHCs. 
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Figure 4: Rows of OHCs at the (A) cochlear base, and (B) cochlear apex, indicated by red dotted lines. While most 

cochleae have the classical three rows of OHCs throughout, there are some, as illustrated here, that have only 2 rows 

of OHCs at the base, and some that have 4 rows in the apex that are less arranged. 
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Figure 5: 

Cross sections through two-photon image stacks (first three columns) and the corresponding 3D geometrical OoC 

models (last two columns). The first row (A, F, K, P, U) depicts imaging results for the cochlear apex (90% of the 

distance from the stapes), the second row (B, G, L, Q, V) for the middle (70%), the third row (C, H, M, R, W) for 

the middle-basal view (49%), the fourth row (D, I, N, S, X) for the base (29%), and the fifth row (E, J, O, T, Y) for 

the basal hook region (6%). The first column (A–E) consists of overview scans taken at a lower resolution, with the 

red box indicating the position for the higher-magnification images used in this study and presented in the other 

columns. The second column (F–J) shows a radial view, and the third column (K–O) shows a longitudinal view. The 

main microstructures are sketched on these images, with the three rows of OHCS indicated by 1, 2, and 3; the DCs 

by I, II, and III; the PhPs by a, b, and c; the inner hair cell by IHC; and the tunnel of Corti by ToC, with the inner 

and outer pillars indicated by white lines. The fourth and fifth columns contain radial (P–T) and longitudinal (U–Y) 

views of a reconstructed geometrical OoC model (similar to that shown in Fig. 1). 
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Figure 6: Lengths of the structures in the OoC as functions of cochlear position, with each length defined according 

to the lines shown in (A). Mean and standard deviations of the lengths, along with trend lines, are plotted in (B) for 

the three rows of OHCs (OHC1, OHC2, and OHC3); (C) for the three rows of PhPs (PhP1, PhP2, and PhP3); (D) for 

the three rows of DCs (DC1, DC2, and DC3); (E) for the IPs (IP) and OPs (OP); and (F) for the IHCs (IHC). 

Positions along the cochlear duct range from 0% at the most basal point to 100% at the most apical point. P40 

mouse data indicated with circles. Values from the literature are from Dannhof et al. (1991; ‘D1991’) and Keiler and 

Richter (2001; ‘K2001’). 
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Figure 7: 

Radial angles of OoC structures, , as functions of cochlear position, with each angle defined according to the 

labeled arcs shown in (A). Plots of these radial angles are shown in (B) for the OHCs (OHC1, OHC2, and OHC3); (C) 

for the PhPs (PhP1, PhP2, and PhP3); (D) for the DCs (DC1, DC2, and DC3); (E) for the IPs (IP), OPs (OP), and the 

angle between the RL and the OPs (RL-OP); (F) the angle between the RL and BM; (G) for the IHCs (IHC); and (H) 

for the stereocilia bundles atop the three rows of OHCs, relative to the BM (Cilia1, Cilia2, and Cilia3). P40 mouse data 

indicated with circles. Literature values are from Keiler and Richter (2001; ‘K2001’). 
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Figure 8: Longitudinal angles (B, C, E, and F) of OoC structures, , and the projection onto the longitudinal plane of 

the distance covered by the PhPs (D; XPhP1, XPhP2, and XPhP3) as functions of cochlear position, with each quantity 

defined in (A). Plots of the longitudinal angles are shown in (B) for the OHCs (OHC1, OHC2, and OHC3); (C) for the 

PhPs (PhP1, PhP2, and PhP3); (E) for the DCs (DC1, DC2, and DC3); and (F) for the OHC stereocilia bundles 

(Cilia1, Cilia2, and Cilia3). The black dashed line in (C) shows the longitudinal angle of a PhP based on a 

trigonometric fit for a PhP overspanning 3 OHCs. Panel (D) presents the projected longitudinal distance from OHC 

bottom to PhP top. P40 mouse data indicated with circles. 
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Figure 9: Diameters (B and C) of OoC structures, d, and intercellular distances (D–F), D, between OoC structures as 

functions of cochlear position, with each quantity defined in (A). Plots of diameters (mean ± 1 standard deviation) 

are shown in (B) for the OHCs (dOHC1, dOHC2, and dOHC3); and (C) for the PhPs (dPhP1, dPhP2, dPhP3); while intercellular 

distances (mean only) are shown in (D) for the OHCs (DOHC1, DOHC2, and DOHC3); (E) for the DCs (DDC1, DDC2, and 

DDC3); and (F) for the IPs (DIP), OPs (DOP), and IHCs (DIHC). P40 mouse data indicated with circles. 
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Figure 10: 

Angles representing the degree of openness of the V-shaped OHC stereocilia bundles (as viewed from a transverse 

plane), , as functions of cochlear position (B) and characteristic frequency (D), and the direction that these V-

shaped bundles are pointing relative to the local radial direction, , with both angles defined in (A). Plots of  for the 

three OHCs (Cilia1, Cilia2, and Cilia3) are shown in (B) as a function of cochlear position and (D) as a function of 

characteristic frequency alongside chinchilla data from Lim (1986; ‘Chinchilla’); while plots of  for the three OHCs 

(Cilia1, Cilia2, and Cilia3) are shown in (C) as a function of cochlear position. P40 mouse data indicated with circles. 
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Supplementary Tables 

Table S1: Lengths of cells in the mouse organ of Corti (mean ± standard error, SE; in m), as 

defined in Fig. 6A, for 5 different positions along the length of the cochlea (given in percentages, 

where 0% corresponds to the hook region at the basal end and 100% corresponds to the apical 

end). 

Lengths hook(N=5) base(N=5) midBV(N=5) middle(N=4) apex (N=5) All (N=24) 

Position (%) 5±1 25±3 46±2 69±2 93±1  

LOHC1 12.3±0.4 13.3±0.4 16.9±0.3 21.7±0.6 25.9±0.5 16.9±0.2 

LOHC2 15.0±0.3 12.2±0.4 18.3±0.3 19.8±0.4 26.9±0.8 17.13±0.15 

LOHC3 14.0±0.5 11.7±0.4 16.2±0.4 20.3±0.6 25.6±0.9 15.5±0.2 

LOHCall 13.9±0.2 12.3±0.2 17.41±0.17 20.3±0.3 26.1±0.1 16.67±0.10 

LPhP1 26.9±0.4 26.2±0.6 23.9±0.3 25.8±0.5 32.9±0.4 26.8±0.2 

LPhP2 25.4±0.7 25.6±0.4 24.8±0.5 25.1±0.4 30.9±0.5 26.2±0.2 

LPhP3 15.9±0.5 12.8±0.4 19.8±0.5 20.5±0.8 23.5±1.1 16.5±0.3 

LDC1 31.3±1.0 35.6±0.7 44.6±0.5 46.7±0.5 48.3±0.8 43.1±0.3 

LDC2 28.9±0.4 33.9±0.5 41.3±0.3 47.6±0.7 45.4±0.8 38.2±0.2 

LDC3 29.5±0.6 36.3±0.6 43.3±0.4 48.0±1.1 46.5±0.8 39.7±0.3 

LIP 22.3±0.3 31.6±0.3 39.8±0.4 39.0±0.5 42.3±0.6 31.28±0.16 

LOP 42.5±0.3 34.8±0.3 47.8±0.3 59.9±1.0 71.2±0.7 44.45±0.17 

LIHC 20.0±0.5 22.1±0.5 27.2±0.5 28.5±0.6 28.9±0.7 24.6±0.2 
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Table S2: Radial angles (mean ± SE; in degrees), , as defined in Fig. 7A, at the 5 different 

positions. IP-OP refers to the angle between the IPs and OPs, and RL-BM refers to the angle 

between the RL and the BM. 

  angles hook(N=5) base(N=5) midBV(N=5) middle(N=4) apex (N=5) All (N=24) 

Position (%)  5±1 25±3 46±2 69±2 93±1  

OHC1 101.4±1.0 98.0±1.7 101.0±1.2 112.3±1.5 118.0±1.1 106.4±0.6 

OHC2 108.5±0.9 105.6±1.3 104.4±1.1 116.2±1.4 117.6±1.2 109.8±0.5 

OHC3 136.3±1.6 122.6±1.4 126.3±1.6 133.0±1.4 124.2±1.3 128.1±0.7 

PhP1 94±2 83±2 81.7±1.2 95.1±1.1 97.3±1.0 91.8±0.57 

PhP2 101±3 89.5±1.3 91.7±1.3 108.3±1.1 102.1±1.4 98.8±0.6 

PhP3 131.8±1.5 110±3 104.3±1.3 115±2 116.8±1.8 115.6±0.7 

DC1 132.1±1.1 131.1±0.9 127.8±0.4 130.5±0.8 131.1±0.6 129.3±0.3 

DC2 127.5±0.6 126.4±0.7 123.5±0.4 127.7±0.6 125.9±0.8 125.4±0.3 

DC3 114.4±1.1 122±0.6 116.5±0.5 118.0±0.8 120.6±0.8 118.6±0.3 

IP 78.6±0.12 67.3±0.3 65.8±0.5 75.6±0.3 74.6±0.7 76.51±0.10 

OP 106.10±0.13 115.8±0.3 118.9±0.4 120.7±0.6 130.3±0.4 110.60±0.11 

IHC 78.3±1.1 72.2±1.1 72.5±0.6 82.4±0.7 83.6±0.3 81.1±0.2 

RL-OP 81.2±0.8 70.2±0.2 61.4±0.3 61.7±0.5 56.7±0.6 66.28±0.17 

OP-IP 26±4 53.6±2 51±2 50.3±1.8 52±2 46.4±5.4 

RL-BM 1±5 2±3 1±2 1.5±1.9 8±2 2.6±3.1 

cilia1 122±3 121.4±1.0 103.9±1.3 91.5±1.0 97±3 106.1±0.6 

cilia2 118±2 125.3±0.8 95.5±0.9 98.0±0.9 97±3 107.4±0.5 

cilia3 123.6±1.9 123.5±1.0 99.0±1.0 99.6±1.0 91±3 108.3±0.5 
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Table S3: Longitudinal angles (mean ± SE; in degrees), , and distance X (mean ± SE; in μm), 

as defined in Fig. 8A, at the 5 different positions. Longitudinal angles of the IPs, OPs, and IHCs 

are also included. 

  angles hook(N=5) base(N=5) midBV(N=5) middle(N=4) apex(N=5) All(N=24) 

Position 5±1 25±3 46±2 69±2 93±1  

OHC1 100.4±1.3 104.8±1.8 109.8±0.8 103.5±1.1 100.8±1.1 104.9±0.5 

OHC2 94.6±0.9 105.2±1.5 106.8±1.7 99.75±1.0 102.1±1.2 99.6±0.5 

OHC3 92.62±1.7 96.6±2.1 103±2 95.21±2 96.99±1.1 96.6±0.7 

PhP1 26.05±1 30.9±1.1 39.94±0.7 49.85±1.3 52.22±0.8 40.8±0.4 

PhP2 27.6±1.1 31±0.7 41.47±1.0 46±1.1 52.38±1.1 37.6±0.4 

PhP3 53.35±1.4 43.95±1.2 52.75±1.7 52.82±2 71.27±3 51.1±0.7 

DC1 78.33±3 74.1±1.0 88.51±0.7 87.01±1 90.19±1.1 85.4±0.5 

DC2 70.31±2 79.06±0.9 87.52±1.2 87.53±1.1 86.2±1.2 83.4±0.5 

DC3 72.62±1.4 70.98±1.1 78.22±0.8 84.12±0.9 80.21±1.2 78.2±0.5 

XPhP1 (μm) 24.2±0.4 22.8±0.7 18.9±0.4 17.5±0.6 20.0±0.5 21.1±0.2 

XPhP2 (μm) 22.9±0.8 22.1±0.5 18.8±0.6 19.2±0.6 18.5±0.7 20.4±0.3 

XPhP3 (μm) 9.6±0.8 9.1±0.4 12.2±0.6 13.5±0.8 7.7±1.0 10.2±0.3 

IP 89.84±1.1 88.37±0.7 92.22±0.4 96.35±0.4 96.47±0.9 93.2±0.3 

OP 89.25±0.9 88.9±0.5 96.82±0.5 87.64±0.7 95.5±0.5 92.4±0.3 

IHC 89.17±1.1 83.69±0.7 89.8±0.8 86.89±0.9 91.85±1.0 87.6±0.4 

Cilia1 91±2 74±2 92.5±1.4 83.3±1.4 88±3 86.2±0.8 

Cilia2 89.4±1.9 78.0±1.4 90.9±1.3 81.7±1.8 89±5 85.5±0.8 

Cilia3 94.7±1.6 82±2 88.0±1.4 80.7±1.8 87±2 87.3±0.8 
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Table S4: Longitudinal intercellular distances (mean ± SE; in m) for the OHCs, DCs, IPs, OPs, 

and IHCs, as well as diameters of the OHCs and PhPs (mean ± SE; in m), as defined in Fig. 9A, 

at the 5 different positions. 

Intercell dist. hook(N=5) base(N=5) midBV(N=5) middle(N=4) apex(N=5) All (N=24) 

Position 5±1 25±3 46±2 69±2 93±1  

DOHC1 8.63±0.07 8.4±0.3 7.34±0.03 7.38±0.15 7.4±0.2 7.85±0.14 

DOHC2 8.67±0.05 8.4±0.2 7.46±0.03 7.53±0.09 7.85±0.15 8.01±0.11 

DOHC3 8.7±0.2 8.5±0.2 7.39±0.15 7.66±0.14 7.6±0.3 7.98±0.14 

DOHCall 8.67±0.07 8.44±0.12 7.40±0.05 7.52±0.08 7.61±0.13 7.95±0.08 

DDC1 8.1±0.2 8.41±0.14 7.68±0.06 7.78±0.12 8.2±0.2 8.06±0.08 

DDC2 8.26±0.15 8.4±0.2 7.63±0.10 7.77±0.12 8.2±0.2 8.06±0.09 

DDC3 8.33±0.19 8.52±0.12 7.63±0.09 7.34±0.13 7.7±0.3 7.93±0.09 

DDCall 8.67±0.09 8.45±0.09 7.64±0.05 7.62±0.09 8.04±0.14 8.01±0.06 

DIP 5.68±0.19 5.25±0.08 4.93±0.09 5.12±0.12 5.19±0.16 5.24±0.08 

DOP 8.54±0.10 8.01±0.17 7.14±0.03 7.24±0.11 7.25±0.17 7.67±0.13 

DIHC 10.18±0.17 8.7±0.2 7.66±0.24 8.0±0.3 8.78±0.14 8.7±0.2 

Cell diameter hook(N=5) base(N=5) midBV(N=5) middle (N=4) apex(N=5) All (N=24) 

dOHC1 6.2±0.3 5.9±0.2 5.17±0.14 5.14±0.11 5.27±0.14 5.33±0.07 

dOHC2 5.4±0.4 5.7±0.3 5.32±0.17 5.09±0.15 5.18±0.15 5.25±0.08 

dOHC3 5.5±0.3 5.52±0.15 5.40±0.17 5.28±0.14 5.4±0.2 5.40±0.08 

dOHCall 6.2±0.3 5.89±0.2 5.17±0.14 5.14±0.11 5.27±0.14 5.35±0.07 

dPhP1 1.36±0.14 1.14±0.15 2.3±0.3 2.0±0.4 2.9±0.2 1.98±0.18 

dPhP2 1.29±0.14 1.4±0.2 2.3±0.4 2.2±0.4 2.72±0.13 2.02±0.17 

dPhP3 2.3±0.5 3.0±0.9 3.9±0.8 2.4±0.6 2.6±0.3 2.9±0.6 

 

Table S5: Stereociliary angles (mean ± SE; in degrees) representing the openness of the V-

shaped bundles, , and the direction that those bundles are pointing in, ,  as defined in Fig. 10A, 

at the 5 cochlear positions. 

 Stereocilia hook(N=5) base(N=5) midBV(N=5) middle(N=4) apex(N=5) All (N=24) 

Position 5±1 25±3 46±2 69±2 93±1 
 Cilia1  125±3 118±3 95±3 79±3 69±3 99.9±1.3 

Cilia2 129±3 122±2 95±3 84±4 70±3 104.5±1.3 

Cilia3 137.9±2 124±3 104±4 84±3 75±3 112.7±1.2 

δCilia1 -3.0±1.6 -2.7±1.8 -3.3±1.9 -5±3 -5±2 -3.5±0.9 

δCilia2 -1.2±1.6 -1.0±1.6 -5±2 -2±2 -3±3 -2.2±0.9 

δCilia3 -2.9±1.4 -5.4±1.7 -10±2 -3±3 -6±3 -4.9±0.9 
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Table S6: Linear fits for the lengths of cells in the OoC (with 68% confidence bounds), of the 

form a*x+b, where x is the cochlear position as a percentage. R
2
 indicates the goodness of the fit. 

Lengths Pos. (%) a (µm) b (µm) R2 

LOHC1 0 --> 100 0.160 ± 0.012 10.3 ± 0.6 0.89 

LOHC2 0 --> 100 0.13 ± 0.02 11.7 ± 1.0 0.67 

LOHC3 0 --> 100 0.139 ± 0.019 10.4 ± 1.0 0.71 

LOHCall 0 --> 100 0.149 ± 0.010 10.4 ± 0.51 0.76 

LPhP1 0 --> 50 -0.05 ± 0.03 26.9 ± 1.2 0.19 

  50 --> 100 0.26± 0.03 8 ± 2 0.92 

LPhP2 0 --> 50 -0.02 ± 0.04 25.5 ± 1.3 0.03 

  50 --> 100 0.16± 0.06 15 ± 5 0.92 

LPhP3 0 --> 33 -0.15 ± 0.05 16.9 ± 0.9 0.65 

  33 --> 100 0.09 ± 0.04 15 ± 3 0.32 

LDC1 0 --> 50 0.37 ± 0.06 27 ± 2 0.81 

  50 --> 100 0.02± 0.10 47 ± 8 0.00 

LDC2 0 --> 50 0.34 ± 0.05 26.1 ± 1.6 0.83 

  50 --> 100 -0.06 ± 0.08 51 ± 6 0.07 

LDC3 0 --> 50 0.38 ± 0.06 26 ± 2 0.80 

  50 --> 100 -0.07 ± 0.10 52 ± 8 0.07 

LIP 0 --> 50 0.41 ± 0.05 21.1 ± 1.4 0.87 

  50 --> 100 0.07 ± 0.04 35.2 ± 2.8 0.36 

LOP 0 --> 100 0.39 ± 0.05 33 ± 2 0.76 

LIHC 0 --> 50 0.16 ± 0.03 18.6 ± 0.8 0.79 

  50 --> 100 0.04 ± 0.03 26 ± 2 0.24 
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Table S7: Linear fits for the radial angles. 

 

  angles Pos. (%) a (degrees) b (degrees) R2 

OHC1 0 --> 100 0.21 ± 0.04 97 ± 2 0.51 

OHC2 0 --> 100 0.10 ± 0.05 107 ± 3 0.14 

OHC3 0 --> 100 -0.08 ± 0.06 133 ± 4 0.07 

PhP1 0 --> 100 0.16 ± 0.06 81 ± 4 0.26 

PhP2 0 --> 100 0.19 ± 0.07 87 ± 4 0.31 

PhP3 0 --> 100 -0.06 ± 0.09 117 ± 5 0.02 

DC1 0 --> 100 0.00 ± 0.03 130 ± 2 0.00 

DC2 0 --> 100 -0.01 ± 0.04 126 ± 2 0.00 

DC3 0 --> 100 0.02 ± 0.05 118 ± 3 0.01 

  50 --> 100 0.12 ± 0.07 73 ± 6 0.33 

IHC 0 --> 50 -0.03 ± 0.11 74 ± 4 0.01 

IP 0 --> 33 -0.6 ± 0.2 82 ± 3 0.58 

  33 --> 100 0.24 ± 0.09 55 ± 6 0.42 

OP 0 --> 33 0.46 ± 0.11 104 ± 2 0.71 

  33 --> 100 0.28 ± 0.04 104 ± 3 0.78 

RL-OP 0 --> 33 -0.5 ± 0.3 81 ± 6 0.29 

  33 --> 100 -0.15 ± 0.10 71 ± 7 0.18 

RL-BM 0 --> 100 0.02 ± 0.04 2 ± 2 0.02 

Cilia1 0 --> 100 0.43 ± 0.10 86 ± 5 0.51 

Cilia2 0 --> 100 0.39 ± 0.12 87 ± 6 0.39 

Cilia3 0 --> 100 0.42 ± 0.10 86 ± 6 0.47 

 

 

Table S8: Linear fits for the longitudinal angles. 

 

  angles Pos. (%) a (degrees) b (degrees) R2 

OHC1 0 --> 100 -0.02 ± 0.03 105 ± 2 0.01 

OHC2 0 --> 100 0.03 ± 0.03 100 ± 1.7 0.04 

OHC3 0 --> 100 0.03 ± 0.03 95 ± 2 0.04 

DC1 0 --> 50 0.38 ± 0.15 69 ± 6 0.38 

  50 --> 100 0.09 ± 0.10 81 ± 8 0.12 

DC2 0 --> 50 0.40 ± 0.07 69 ± 2 0.77 

  50 --> 100 0.01 ± 0.05 86 ± 4 0.01 

DC3 0 --> 50 0.13 ± 0.11 71 ± 4 0.12 

  50 --> 100 0.02 ± 0.10 79 ± 7 0.01 

Cilia1 0 --> 100 -0.03 ± 0.08 87 ± 5 0.01 

Cilia1 0 --> 100 -0.01 ± 0.08 85 ± 5 0.00 

Cilia1 0 --> 100 0.06 ± 0.07 83 ± 4 0.04 
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Table S9: Linear fits for the intercellular distances and cell diameters. 

 

Intercell dist. Pos. (%) a (µm) b (µm) R2 

DOHC1 0 --> 33 -0.016 ± 0.011 8.8 ± 0.2 0.24 

  33 --> 100 0.000 ± 0.005 7.4 ± 0.4 0.00 

DOHC2 0 --> 33 -0.015 ± 0.010 8.79 ± 0.18 0.26 

  33 --> 100 0.007 ± 0.003 7.1 ± 0.2 0.28 

DOHC3 0 --> 33 -0.015 ± 0.015 8.8 ± 0.3 0.13 

  33 --> 100 0.002 ± 0.006 7.4 ± 0.5 0.01 

DOHCall 0 --> 33 -0.015 ± 0.006 8.8 ± 0.12 0.19 

 33 --> 100 0.003 ± 0.003 7.3 ± 0.2 0.03 

DDC1 0 --> 33 0.009 ± 0.012 8.1 ± 0.2 0.07 

  33 --> 100 0.011 ± 0.004 7.1 ± 0.3 0.46 

DDC2 0 --> 33 0.002 ± 0.014 8.3 ± 0.3 0.00 

  33 --> 100 0.010 ± 0.005 7.2 ± 0.4 0.29 

DDC3 0 --> 33 0.005 ± 0.011 8.3 ± 0.2 0.03 

  33 --> 100 0.001 ± 0.007 7.5 ± 0.5 0.00 

DDCall 0 --> 33 0.005 ± 0.007 8.3 ± 0.12 0.02 

  33 --> 100 0.007 ± 0.003 7.3 ± 0.2 0.13 

DIP 0 --> 33 -0.015 ± 0.011 5.7 ± 0.2 0.20 

  33 --> 100 0.005 ± 0.004 4.7 ± 0.3 0.13 

DOP 0 --> 33 -0.026 ± 0.007 8.72 ± 0.14 0.65 

  33 --> 100 0.001 ± 0.004 7.13 ± 0.26 0.01 

DIHC 0 --> 50 -0.060 ± 0.007 10.4 ± 0.2 0.87 

  50 --> 100 0.032 ± 0.009 5.72 ± 0.72 0.68 

Cell diameter     

dOHC1 0 --> 100 -0.010 ± 0.003 6.00 ± 0.18 0.36 

dOHC2 0 --> 100 -0.004 ± 0.003 5.6 ± 0.2 0.09 

dOHC3 0 --> 100 -0.004 ± 0.003 5.63 ± 0.18 0.10 

dOHCall 0 --> 100 -0.006 ± 0.002 5.79 ± 0.09 0.19 

dPhP1 0 --> 50 0.020 ± 0.009 0.8 ± 0.3 0.33 

  50 --> 100 0.01 ± 0.03 1 ± 2 0.01 

dPhP2 0 --> 50 0.016 ± 0.014 1.0 ± 0.4 0.13 

  50 --> 100 0.00 ± 0.03 1 ± 3 0.00 

dPhP3 0 --> 50 0.03 ± 0.03 1.6 ± 0.7 0.14 

  50 --> 100 0.02 ± 0.04 0 ± 3 0.04 
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Table S10: Linear fits for the stereociliary opening () and direction () angles. 

 

 angles Pos. (%) a (degrees) b (degrees) R2 

cilia1  0 --> 100 -0.65 ± 0.07 129 ± 4 0.82 

cilia2  0 --> 100 -0.72 ± 0.07 134 ± 4 0.84 

cilia3  0 --> 100 -0.76 ± 0.07 141 ± 4 0.83 

 angles Pos. (%) a (degrees) b (degrees) R2 

δcilia1 0 --> 100 -0.01 ± 0.02 -3 ± 1.2 0.02 

δcilia2 0 --> 100 -0.03 ± 0.02 -1.3 ± 1.0 0.09 

δcilia3 0 --> 100 -0.03 ± 0.03 -4.3 ± 1.5 0.04 

 angles Freq. (kHz) a(degrees/kHz) b (degrees) R2 

cilia1  0 --> 50 1.23 ± 0.17 69 ± 4 0.77 

cilia2  0 --> 50 1.37 ± 0.17 67 ± 4 0.80 

cilia3  0 --> 50 1.46 ± 0.17 68 ± 4 0.68 

 

 


