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Abstract
Thin-sheet laser imaging microscopy (TSLIM) was used to serially section five whole cochleas
from 4-wk-old CBA/JCr mice. Three-dimensional reconstructions of Rosenthal's canal (RC) were
produced in order to measure canal length and volume, to generate orthogonal cross sections for
area measurements, and to determine spiral ganglion neuron (SGN) number. RC length averaged
2.0 mm ± 0.04 (SEM) as measured along the centroid of the canal compared to an average basilar
membrane (BM) length of 5.9 ± 0.05 (SEM). RC volume averaged 0.036 mm3 ± 0.009 (SEM).
Significant increases in the radial area of RC were observed at the base (13%), middle (62%), and
apex (90%) of its length. The total number of spiral ganglion neurons (SGNs) in RC in each of the
five animals averaged 8,626 ± 96 (SEM). SGN number increased at the expanded regions of RC.
Increased area and cell number at the base and apex are likely related to extensions of the organ of
Corti past the length of RC in these areas. The increase in area and cell number in the middle of
the RC appears to be related to the most sensitive frequency region of the organ of Corti. Volume
imaging or tomography of the cochlea as provided by TSLIM has the potential to be an efficient
and accurate semi-automated method for the quantitative assessment of the number of SGNs and
hair cells of the organ of Corti.
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1. Introduction
The advent of high resolution optical sectioning and 3D reconstruction of tissue structures
has increased our understanding of complex three-dimensional (3D) structure and function
from the level of organelles to embryos and whole tissues (Huang et al., 2008; Keller et al.,
2008; Dodt et al., 2007). Tissues that have a complex 3D anatomy and whose function
closely follows structure stand to gain the most from non-destructive methods that maintain
and analyze 3D morphology. Such is the case with the mammalian cochlea where structural
specializations help form its function/frequency specificity. Structures ranging from
stereocilia and outer hair cell length to basilar membrane width and quantitative features of
accessory structures have been shown to change significantly along the tonotopic axis of the
mouse cochlea (Ehret, 1975; Ehret and Frankenreiter, 1977; Ehret 1979; and Ehret, 1983).
Unfortunately, the ability to quantify these features is incomplete as sectioning the cochlea

© 2011 Elsevier B.V. All rights reserved
Corresponding Author: Shane B. Johnson Department of Otolaryngology 2001 Sixth St. SE Minneapolis, MN 55455
john6638@umn.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Hear Res. Author manuscript; available in PMC 2012 August 1.

Published in final edited form as:
Hear Res. 2011 August ; 278(1-2): 34–42. doi:10.1016/j.heares.2011.02.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



along its midmodiolar plane produces many tangential slices that are difficult to interpret. In
addition, mechanical methods such as surface preparations of the organ of Corti are difficult
to produce, especially in the mouse, and their reliability and accuracy depend upon the skill
of the investigator.

In contrast, non-destructive imaging, such as Computed Tomography (CT), Magnetic
Resonance Microscopy (MRI) and now TSLIM, allows researchers to visualize and digitize
all of the cells and tissues contained within a cochlea at a resolution that allows for a
quantitative assessment of cochlear elements relative to one another in 3D space.
Digitization of the cochlea is consistent and automated by a computer program, which drives
precise, closed feedback loop micropositioners. Virtual resectioning of the cochlea can be
performed in any plane desired using a 3D reconstruction program such as Amira and
structures can be isolated by segmentation to visualize their 3D anatomy and determine their
morphometric characteristics. TSLIM optical serial sectioning of a cochlea clearly has
advantages over other mechanical methods for comparing structural with functional
characteristics of the normal and experimentally treated cochlea since the procedure is
relatively rapid (30 min to produce a complete stack (~300 images) of 5 μm sections) and it
preserves all of the cells and tissue in their 3D geometry in fixed, decalcified, and cleared
cochleas.

While excellent descriptions of neuronal cell types and their projections exist in various
species (Spoendlin 1972; Spoendlin, 1979; Liberman 1982a; Liberman 1982b; Liberman
and Oliver, 1984; Berglund and Ryugo, 1987; Brown et al., 1988; Liberman et al., 1990),
there is still some dispute over the total number of neurons in RC, especially in the mouse
(Whitlon et al., 2006). This discrepancy seems to arise from the fact that each study
implements a different method for counting cells and extrapolating that count over the entire
volume of RC. While sampling a few sections of RC obtained from approximately the same
regions of the cochlea may be acceptable for comparing groups within a single study, it
lacks cross-study consistency (Luikart et al., 2003). Study methods for determining SGN
number have been as diverse as their results even though many employ the well-accepted
Abercrombie method for counting nuclei (1946). Table 1 summarizes some of the different
methods and total number of SGN that have been estimated in the mouse by a number of
different investigators. The total number of SGNs reported ranged from 4,421 ± 1325 (SEM)
(Liebl et al., 1997) to 16,600 ± 600 (SD) (Camarero et al., 2001). While strain differences
may account for some of this variability, it is unlikely that strain is a major factor and some
of this variability is probably due to the different methods used to count SGNs. In the
majority of these studies, cells were counted in mid-modiolar sections and extrapolated
based upon their density over the entire volume, and few studies have accurately determined
the volume or length of RC. Estimates of SGN number from relatively few sections can
compound error from regions of variable density over the length of RC. Only one study
(Whitlon et al., 2006), besides the present study, attempted to count every SGN in the
cochlea, and to our knowledge, no previous study of SGN number has attempted to count
every neuron and store its 3D position within RC. Much of the difficulty in studying the
spiral ganglion/RC arises from its coiled shape, which when sectioned, leads to numerous
tangential sections that sample highly variable regions of the cochlear spiral (Keithley and
Feldman, 1983). Methods have been adopted to account for this (Keithley and Feldman,
1979) but may not preserve the ganglion-to-hair cell projection axis described by Liberman
(1982b) and Keithley and Schreiber (1987).

The volume of RC, when reported, is also variable. Published values for the mouse range
from 0.0375 mm3 (Webster, 1985) to 0.048 mm3 (Camarero et al., 2001). Few 3D
anatomical reconstructions and descriptions of RC exist. 3D reconstruction of RC was
reported for the gerbil, but the estimate was obtained from only five locations along the
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length of the canal (Echteler and Nofsinger, 2000). They reported that canal radial profile
was reduced and cell number increased in the middle region of the gerbil cochlea. Length of
spiral ganglion/RC is also underreported in the mouse, and in excised ganglia where it has
obviously expanded without the surrounding bone; its length was reported at 4.5 mm ± 0.57
(SD) (Liu and Davis, 2007).

To remedy these shortcomings we imaged and reconstructed RC to produce accurate
measurements of its length, volume and the total number SGNs in the mouse cochlea using
thin-sheet laser imaging microscopy (TSLIM). TSLIM is a light-sheet fluorescence
microscope (LSFM) with micrometer resolution that can image whole mouse cochleas and
produce well-registered cross sections with 5 μm in thickness. TSLIM uses optically clear
specimens and a focused light-sheet to optically section specimens with greater penetration
depths than confocal and multiphoton systems. In TSLIM, a laser beam is focused into a
planar light-sheet that induces a fluorescent plane (i.e., the optical section) in a cleared
specimen. Images of the fluorescent plane are collected orthogonal to the illumination axis
and only from the thinnest region of the light-sheet (see Santi et al., 2009). Cochleas were
first studied using light-sheet microscopy by Voie et al. (1993). TSLIM is an enhanced
version of OPFOS that is capable of producing higher resolution images, with full-width
specimen focus, and with rapid imaging speed which drastically reduces photobleaching of
the specimen. Further details of TSLIM and other light-sheet microscopes can be found in
Santi et al., (2009); Schacht et al., (2010), and Santi (2011).

2. Materials and methods
2.1 Tissue preparation

Five female 4-wk-old CBA/JCr mice were anesthetized by an I.P. ketamine/xylazine
injection followed by a 2 ml injection of 4% paraformaldehyde into the left ventricle of the
heart after cutting the right atrium. Cardiac injection of fixative without a saline rinse
(Eichenbaum et al., 2005) was found to be suitable and consistent for good fixation of
SGNs. Cochleas were removed from the skull and bulla and post-fixed by perilymphatic
perfusion and immersion in 4% paraformaldehyde overnight at 4 °C. After fixation,
specimens were rinsed in phosphate buffered saline (PBS) and decalcified for four days in a
10% solution of disodium salt of ethylaminediamine tetraacetic acid (EDTA). After rinsing
in PBS, cochleas were dehydrated in an ascending ethanol series (50, 75, 100%) and stained
in Rhodamine B isothiocyanate (5 μg/mL in 100% ethanol) overnight. After rinsing in 100%
ethanol, cochleas were cleared to transparency in Spalteholz solution (5:3 methyl
salicylate:benzyl benzoate) and mounted on a plastic rod for TSLIM imaging.

2.2 Imaging
TSLIM optically sections the whole cochlea with a thin light-light sheet that is moved in the
x- and z- axes. The light-sheet is produced by passing a 1 mm diameter 532 nm laser beam
through a 10× Galilean beam expander and a cylindrical lens to produce a light-sheet with a
minimum thickness of 3.5 μm. Due to the optical characteristics of the light-sheet the tissue
was scanned in the x-axis to produced a well-focused image across the full width of the
cochlea. A z-stack of well-aligned images was produced by moving the specimen through
the light-sheet and the images are collected using either a Retiga 2000R CCD camera
(QImaging) or a Piranha line scan camera (Dalsa) (Schacht et al., 2010). At 5 μm section
thickness, the whole mouse cochlea was contained in ~300 images that take ~ 30 min to
produce. Images were adjusted for brightness, contrast and either unsharp masking or
deconvolution using ImageJ (NIH) and the stacks were loaded into Amira 5 (Visage
Imaging) for placement within a Cartesian coordinate system, structure segmentation, 3D
reconstruction of RC, and morphometry (Fig. 1A).
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2.3 Data collection
RC was segmented in each image by tracing its border in each serial section using a Wacom
tablet (Fig. 1BC). Segmentation was partially automated in Amira by manually segmenting
every other section, and then automatically segmenting the skipped section by linear
interpolation. 3D reconstruction of RC was accomplished by outlining the bony wall
containing SGNs in every profile in every section (Fig. 1B,C). This channel included the
relatively acellular region of the intraganglionic spiral bundle (Fig. 1C) but did not include
the nerves traveling to/from the osseous spiral lamina or to/from the modiolus. To determine
the reliability in segmenting RC, two observers outlined the RC in a basal cross section in
each of the five animals. Table 2 shows the results of their segmentations, which showed a
strong correlation (r=0.999) in the areas determined by both observers. In addition, these
observers also counted SGNs in each of the cross sections of RC and a strong correlation
(r=0.995) between their results was also obtained. For ease of segmentation, the 5 μm z-step
stacks were sub-sampled to 20 μm z-steps which Amira used to produce isosurface volume
renderings. Other structures were segmented and morphometrically assessed in these
cochleas, but only the RC, basilar membrane (BM), and the scala tympani (ST) are
described in the present report.

To produce average centroid positions and well-aligned orthogonal cross-sections, Amira's
ScanConvertSurface module was used to generate 2 μm isometric voxel stacks of RC from
the surface data. Amira's CenterlineTree module generated rough centroids from the
isometric stacks using the TEASAR algorithm (Sato et al., 2000). The algorithm was
assisted by manually placing a root point at the most apical point of the isosurface.
Subsampling the rough centroid points to 32 B-spline control points produced a smoother
centroid as well as equally-spaced points for percent distance measurements (Fig. 1D). A
similar procedure was used to measure the length of the BM and its centroid was
mathematically determined to extend from base to apex along a line below the third row of
outer hair cells.

Using this point-by-point equidistant centroid, virtual orthogonal area measurements were
produced using custom Tcl scripting of Amira's Trajectory module (Fig. 1E). The module
computed planes orthogonal to point vectors representing 1–99% of the distance from the
base of the RC with 0% and 100% being the absolute base and apex, respectively (Fig. 1F).
Depending upon the position within RC and the imaging sectioning plane, the virtual
orthogonal sections at determined locations along the length of RC may contain SGNs from
a number of different imaging planes, which were not originally orthogonal to the axis of
RC. Fig. 1F (insert) shows that SGNs from 14 different imaging planes comprise a single
orthogonal section at this location along the length of RC. Figure 1F also shows a clear (i.e.,
without SGNs) region (arrowhead) near the organ of Corti side of RC containing fibers of
the intraganglionic spiral bundle (see also Fig. 1C). A skeletonized representation of the
canal's radius was also produced by computing the Euclidian distance from the exterior of
the canal to its centroid (Fig. 1G). Skeletonization enhances the radial differences in the RC
as a function of its length to show its difference in size and as a color map as well.
Significant changes in mean orthogonal area were determined by Student's paired two-tailed
t-test.

2.4 Cell counting
The total number of SGNs in all five animals was counted in RC by one observer (S.J.).
Each of the approximately 42,500 cells were counted manually; however, this task was
facilitated using Amira's ability to mark cells and travel through the segmented volume of
RC. SGNs were distinguished from other cells by their large diameter (~10 μm) and
morphology. To reduce the chances of double counting cells, 5 μm z-stacks were
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subsampled to 10 μm, which is approximately the diameter of the SGNs (Berglund and
Ryugo, 1987). We could not reliably differentiate between type I and II SGNs and counted
all of the cells we considered as SGNs. Cell counts were performed by placing points on the
center of each SGN in the subsampled 10 μm stack (Fig. 1C). Previously selected points
were observed on top of the next section to check for previously counted cells (Fig. 2). The
observer moved forward and back in the z-stack to determine the extent of the cell and
verify that it was counted only once. To identify cells based on where they occur along the
length of the RC, a Tcl script was written to calculate the distance from each SGN to the
nearest centroid point. To control for the fact that identified cells might occur anywhere
within a certain cell-sized radius of the identified point, the z-dimension of each cell location
in one animal was randomized. Randomized data were then analyzed for percent distance
location and compared to the original dataset to determine the quantitative effect of 10 μm z-
steps between serial sections. Z-axis randomized cells were identified with a different
percent distance location less than 10% of the time and always within 1% of the original
distance point.

Since specimens were imaged in the mid-modiolar plane it was necessary to determine
whether this biased the data. For example, mid-modiolar sections are inherently more
orthogonal in the middle region of the cochlea than in the base or apex. Each specimen's
centroid was assessed for how orthogonal it was to the imaging plane (z-axis) by calculating
the z-component magnitude of the orthogonal plane unit vector at each point 1–99%.
Greater unit vector z-components indicated whether the centroid-orthogonal planes were co-
planar with the serial sections of the stack. Z-axis coplanarity of orthogonal centroid planes
was plotted against normalized area and cell count data at the corresponding points 1–99%
and analyzed by linear regression. Z-axis co-planarity of orthogonal centroid planes
correlated poorly with orthogonal area (r=0.152) (Fig. 3A). Z-axis co-planarity also
correlated weakly with cell number (r=0.448) (Fig. 3B). In contrast, orthogonal area
correlated well with cell number (r=0.843) (Fig. 3C).

3. Results
In order to capture a complete cross section of the whole mouse cochlea in a single image
we used a final Olympus microscope magnification of 5×. Since the numerical aperture of
the 2× objective of the microscope is 0.50, its expected resolving capability is 0.5 μm.
However, due to other optical factors (e.g., refractive index mismatch, specimen chamber
thickness, and light scatter) we could resolve lines on a grid that were spaces 1 μm apart,
thus our resolution is less than 2 μm in the center of the fluid-filled chamber. The line scan
camera produces an image 4096×>3000) pixels and with our setup each pixel on the monitor
represents 1.5 μm of tissue with the CCD camera and 0.7 μm of tissue with the line scan
camera. Fig. 4 is an enlarged view (from a low power midmodiolar section) of the scala
media where SGNs, hair cells and other cellular components are clearly recognized.

In three dimensions RC is a coiled, centrally located channel containing SGNs and nerve
fibers. It has noticeable enlargements at its base and apex and openings in its bony walls to
allow nerve fibers to travel to/from the osseous spiral lamina and the modiolus (Fig. 5).
When viewed orthogonal to its centroid axis, RC can be described as a rounded triangle.
One face is formed by its bony interface with the modiolus, which is perforated by several
parallel rows of nerve bundles. At the base and apex large bundles of nerve fibers pierce the
bony wall of the modiolar side of RC (Fig. 5). RC ends in the apex at the notch where scala
tympani turns to join scala vestibuli at the helicotrema (Fig. 6A). Another face of RC is
formed by the bone separating it from scala tympani (Fig. 6B.). This shelf of bone appears to
decrease in thickness from base to apex (Fig. 6C). The third face of the canal is formed by
the spiral limbus and osseous spiral lamina. Scala vestibuli is located above the point formed
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by the modiolar and limbal faces and nerve fibers travel to/from the organ of Corti, which
exit the canal at the point formed by the tympanic and limbal faces.

Whole-structure morphometry of RC was consistent across all five animals and is
summarized in Table 3. Average canal length was 2.0 mm ± 0.04 (SEM) and ranged from
1.9 to 2.1 mm. For comparison, the length of the BM averaged 5.9 ± 0.05 (SEM) and ranged
from 5.8 to 6.0 mm. Average RC surface area was 1.1 mm2 ± 0.02 (SEM), and ranged from
1.0 mm2 to 1.1 mm2. Average volume was 0.036 mm3 ± 0.009 (SEM) and ranged from
0.034 to 0.039 mm3. Average SGN total was 8,626 ± 96 (SEM). The minimum number of
cells was 8,408 and the maximum was 8,912. Density was calculated for 99 planes from the
base to the apex (1–99%). Individual cell totals correlated well with corresponding values
for total volume (r=0.91) but more poorly with RC centroid length (r=0.65), suggesting that
RC may expand radially rather than longitudinally as its cellular content increases.
Individual BM lengths correlated well with cell totals (r=0.99), total volume (r=0.86) and to
a lesser degree with RC length (r=0.748).

3.1 Area
The orthogonal, cross-sectional area of RC as a function of percent distance from base to
apex was non-uniform (Fig.7). The most significant minima and maxima are summarized in
Table 4. Mean canal area increased rapidly to 0.029 mm2 ± 0.001 (SEM) at 13% of the base-
to-apex distance, then decreased to 0.015 mm2 ± 0.001 (SEM) at 38% (13 vs 38% p<0.001).
The area increased in the middle region, reaching significant peaks at 56% (0.020 mm2 ±
0.001 SEM) and 62% (0.020 mm2 ± 0.001 SEM) (38 vs 56% and 62%, p<0.01). Area
decreased again after the middle turn to 0.014 mm2 ± 0.001 (SEM) at 76% (56 vs 76%
p<0.01) and increased to 0.024 mm2 at 90% (76 to 90% p<0.001). The peak at 13% was
significant compared to the other maxima at 56%, 62% and 90% (p<0.001). Maxima 56%
and 90% were not significantly different from each other, nor were the minima at 38% and
76%. The expansion at the middle turn, shown as the thick red region in Fig. 8, seems to
correspond well with the region of the lowest hearing thresholds in place-frequency maps
reported by both Ehret (1975; 1983) and Ou et al. (2000), and less well with Müller (2005).

3.2 Cell number by percent distance from base
By identifying with the nearest percent point SGNs generally organized into groups
orthogonal to the percent point (Fig. 1F insert). Percent distance cell data was more variable
than orthogonal area but followed a similar pattern (Fig. 9). More SGNs were found in the
base at 16% (117 cells ± 9 SEM); in the middle at 56% (122 cells ± 14 SEM) and 61% (127
cells ± 15 SEM); and the apex at 90% (134 cells ± 11 SEM). The fewest cells occurred at
37% (81 cells ± 7 SEM) and 73% (70 cells ± 6 SEM). The maxima at 16, 56, 61, and 90%
were all statistically significant compared to the minima (p<0.05).

Percent distance locations of maxima and minima for orthogonal area and cell number
measurements were well correlated by a linear relationship (r=0.99) (values in Tables 4 and
5). Orthogonal area correlated with cell number as a function of distance (r=0.842) (Fig.
2C). This correlation, taken together with the strong relationship between cell total and RC
total volume between animals (r=0.91), indicates that changes in cell number along the base-
apex axis are not due sampling bias.

3.3 Cell density
Compared to area and cell number as a function of percent distance, cell density expressed
as cells/mm2, was relatively constant, but with greater variability at each percent (Fig. 10).
Cell density was lowest at the extreme base and apex and increased near the areas with
restricted orthogonal area at 38% and 76% as well as the middle region at 56–62%. Average
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spiral ganglion neuron density was 5,000 cells per mm2 ± 227 (SEM) per section. Since cells
occurred over a range of locations around the orthogonal plane (Fig. 1F insert), section
thickness was defined as the distance between centroid points or 20 μm.

4. Discussion
This study determined the 3D structure of RC and total SGN number using TSLIM. The
canal is a coiled, spiral structure that contains the SGNs and nerve fibers and wraps itself
around the modiolus of the cochlea. RC has three bony sides or faces that form its triangular
structure. The most accessible, i.e. thinnest, face is the one it shares with scala tympani
which grows thinner from base to apex. The combination of its 3D morphology and
tonotopic organization means RC functional properties are packed into a relatively small
region relative to distal cochlear structures like the organ of Corti/basilar membrane
complex. This combination of properties also makes it difficult to study with mechanical
sectioning methods that disrupt its organization. Previous studies have attempted to quantify
and convey some anatomical features of the ganglion, but in many cases, these reports have
been based upon limited samples along its length.

TSLIM's optical sectioning allowed us to quantify the entire ganglion without misaligned or
lost sections. We found that average RC volume is 0.036 mm3 and it contains an average
number 8,626 ± 96 (SEM) SGNs in the CBA/JCr mouse. RC volume was somewhat lower
compared to previous estimates of 0.0375 mm3 and 0.048 mm3 but these previous studies
were based upon few samples and they also reported greater SGN totals (Webster, 1985;
Camarero et al., 2001). Our value for total SGN number is within the range of the largest
number of published estimates. While many previous reports of SGN totals were
accompanied by larger standard errors or deviation, our data has a narrower range. This may
be due to the fact that we counted all of the cells as well as TSLIM's ability to produce well-
aligned, loss-free sections. Average orthogonal section cell density data was in the range of
data from previous reports (Willott et al., 1987; Dazert et al., 1996).

TSLIM's optical sectioning allowed us to study morphometric features along new axes. RC
has orthogonal area expansions at the base, middle and apex of its centroid axis. These
expansions are reflected in the number of SGNs along the centroid. At first, it seems that the
increased number of cells at the base and apex conflicts with previous reports. In tangential
sections taken at various locations of the mouse cochlea, Ehret (1979) found a significant
increase in the number of nerve fibers in the middle region but not in the base or apex.
Given that RC is roughly one-third the length of the basilar membrane (2.0 vs. 5.9 mm) it is
likely that the expansions at its base and apex form to accommodate the greater number of
neurons required to innervate longer basal and apical extensions of organ of Corti on the
basilar membrane. This, however, does not explain why the middle region of the RC is
expanded and shows an increase in the number of nerve fibers found there by Ehret (1979),
afferent contacts at inner hair cells (Liberman et al., 1990) and an increased number of
SGNs in the present study. In the human cochlea, there is evidence of a similar increase in
the number of SGNs in middle region of RC (Pollak et al., 1987).

Studies have found that the middle region of the mouse cochlea has anatomical and
neurophysiological features that favor lower hearing thresholds (Liu and Davis, 2007).
Nerve fiber numbers and hair cell density all increase in and around the 15 kHz region of the
basilar membrane, which is also the frequency region with the lowest hearing thresholds
(Ehret, 1975; Ehret and Frankenreiter, 1977; Müller et al., 2005). SGNs in this region also
been shown to have lower electrophysiological thresholds (Liu and Davis, 2007). While the
mouse basilar membrane devotes nearly equal portions of its length to its complete
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frequency range (Müller et al., 2005), there appear to be anatomical (i.e. cell number) and
physiological adaptations that favor this middle region.

SGN density was relatively constant compared to RC orthogonal area and cell number. This
relative consistency may be the result of a compensating relationship between SGNs and the
shape of Rosenthal's canal. Despite this consistency, density changed enough that
extrapolations from a few sections may have yielded an inaccurate estimate of the total
number of SGNs (Richter et al., 2011 [this issue]). SGN density was lowest in the base of
the cochlea and may result from a combination of larger cell size and innervation demands
of the organ of Corti which does not extend as far past RC as it does in the apex.

Cochlear implant studies could also stand to gain from the insights provided by TSLIM
imaging methods. OPFOS was used to image a human temporal bone and that data was used
to assist cochlear implant surgery by registering it with clinical CT data from live patients
(Skinner et al., 2007). Again, data sets produced by light-sheet microscopes produce well-
aligned sections and allow investigators to digitally analyze data in any plane. This
flexibility and preserved morphology will also be important for computer models that seek
to determine the functional contributions of anatomical features in the cochlea.

TSLIM also has the potential to facilitate studies of protein expression gradients in the
developing and adult ganglia, which continue to be an important area of research (Rubel and
Fritzsch, 2002, Whitlon et al., 2006). Using TSLIM it should be feasible to automatically
count every neuron that is positive for a protein of interest in an intact cochlea by co-
localizing neuron-specific antibodies and fluorescent nuclear stains. The challenge will be to
label whole cochleas with antibodies. We have successfully labeled hair cells with myosin
VII and prestin antibodies and all of the nuclei in a cochlea with a fluorescent DNA label
(data not shown). Data from such experiments could potentially be combined into a 3D
probabilistic atlas. Such data repositories are becoming increasingly common in brain
research but are notably missing in the auditory field. A database and coordinate system that
stores location-specific anatomical and functional data for the cochlea would greatly benefit
the field.

Acknowledgments
Funding for this study was provided by the National Institute for Deafness and Communication Disorders (NIDCD)
grants RO1DC007588 and DC007588-03S1 to PAS.

Abbreviations

TSLIM Thin-sheet laser imaging microscopy

RC Rosenthal's canal

SGN Spiral ganglion neuron

3D Three-dimensional

SEM Standard error of the mean

SD Standard deviation

IP Intraperitoneal
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Fig. 1.
Data collection and analysis. Panel A shows three of the ~300 serial sections of a z-stack
placed within a Cartesian coordinate system (red, green and blue arrows indicate x, y and z
axes respectively). Each grid square is 100 × 100 μm. Panel B shows an example of
Rosenthal's canal segmentation (orange overlay) in a representative mid-modiolar section.
Bar indicates 200 μm. Panel C shows a lower turn from a cross section in B with the border
of the canal outlined in blue and SGNs marked by manually placed red spheres using Amira.
The * indicates a region of the canal that contains nerve fibers of the intraganglionic spiral
bundle. It was this type of cross section that was used to determine the reproducibility of RC
area by two observers. Bar indicates 100 μm. Panel D shows a 3D rendering of Rosenthal's
canal (transparent orange) with B-spline generated centroid (white line). Bar indicates 200
μm. Panel E shows the orientation of orthogonal sections distributed every 10% distance
from base to apex (10–90%). Bar indicates 200 μm. Panel F shows spheres representing
SGN cell bodies color mapped by base-apex location along the centroid. Color gradient
indicates the base (purple), middle (green, yellow-green) and apex (red). The clear area of
RC (arrowhead) indicates the position of the intraganglionic spiral bundle within the canal.
SGNs were counted in serial sections as shown in C. Panel F (insert) indicates the plane of
an orthogonal section which in this case bisects 14 original imaging planes through the
canal. Orthogonal plane at this percent distance location is represented by a white line. Panel
G shows a representation of the canal's radius measured as the Euclidian distance from the
exterior of the canal to its centroid. A color gradient map indicates radii between 20 μm
(purple) and 65 μm (red).
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Fig. 2.
This is direct volume rendering of a portion of the RC containing at least seven SGNs (black
dot) that were counted in five, 10 μm sections (panels labeled 1–5). Notice that although the
cells spanned across different optical sections they could be marked and identified to insure
that they were only counted once. Bar indicates 5 μm.
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Fig. 3.
Panel A is a scatter plot of area versus z-axis co-planarity at each percent distance point.
Panel B is a plot of cell number versus z-axis co-planarity. Panel C is a scatter plot showing
area versus number of cells at each percent distance. Points falling below and above the
trend line are areas with lesser or greater cell density respectively.
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Fig. 4.
This is a higher magnification view (scala media cross section) of a midmodiolar cross
section through the whole cochlea imaged by TSLIM. Note that image can be further
enlarged within Amira and on a computer screen to view details of the cells and tissues of
the scala media. Even at this magnification one can easily resolve Rosenthal's canal (RC)
containing SGNs, the spiral limbus (L), and the outer hair cells (arrowhead). Bar indicates
50 μm.
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Fig. 5.
3D isosurface reconstruction of Rosenthal's canal (RC) also showing the nerve fiber bundles
traveling to/from the modiolus and the osseous spiral lamina. Large nerve bundles
(arrowheads) entering the modiolus were present at the base and apex. Color map indicates
relative thickness of nerve bundles (blue=5 μm and red=40 μm diameter). Bar indicates 100
μm.
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Fig. 6.
3D relationships of RC. Figure shows a 3D isosurface reconstruction of basilar membrane
(BM), scala tympani (ST) and Rosenthal's canal (RC) in apical (panel A) and side (panel B)
views. Panel C shows the width of the bone between ST and RC with a color map (blue and
red indicate 5 μm and 30+ μm respectively). Bars indicate 100 μm in A, B and C.
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Fig. 7.
Mean Rosenthal's canal orthogonal area (black line) as a function of percent distance from
cochlear base with standard error (grey shading). Circles indicate statistically significant
peaks at 13, 56, 62 and 90% and valleys at 38 and 76%.
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Fig. 8.
Skeletonized view of RC expansion in one specimen. Orthogonal area is represented on the
centroid as both thickness and color (blue indicates 0.014 mm2 on either side of the middle
expansion and red indicates expansions over 0.018 mm2). The centroid of BM is shown as a
curved white line connected to the RC centroid by straight lines representing the shortest
distance between the respective centroids. The region with the lowest hearing thresholds
(10-kHz – 20kHz) is marked on the BM according to place-frequency equations by Ehret
(1975; 1983), Ou et al., (2000) and Müller (2005). White bar indicates 100μm.
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Fig. 9.
Graph showing number of cells as a function of percent distance from base to apex and
standard error represented with grey shading. More cells were found at the base, middle and
apex of Rosenthal's canal, reflecting orthogonal area peaks found in Fig.7.
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Fig. 10.
Graph showing SGN density (cells/mm2) as a function of percent distance from base to apex
in five animals with standard error shown as grey shading. Since the basal orthogonal area
peak (Fig. 7) was greater than the corresponding cell number peak (Fig. 9), there is a
resulting decrease in density. Though not statistically significant, it appears that there are
areas of greater cell density in the middle region from 56 to 62% and in the area-constricted
regions near 38% and 76%.
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Table 1

Investigator Age Strain Structure Sample Size

Liebl et al., 1997 P0.5 wild-type nuclei every 6th

Luikart et al., 2003 P0 wild-type cell bodies every 10th

Postigo et al., 2002 P7, P70 wild-type nuclei every 5th

Whitlon et al., 2006 P1 CD-1 nuclei every cell

Farinas et al., 1994 P0 wild-type nucleoli every 6th

Ehret, 1979 P28 to P70 NMRI afferents tangential

Webster, 1985 7+ month deafness cell bodies every 10th

Camarero et al., 2001 P5, P20 wild-type Igf-1 nuclei every 2nd

Spiral Ganglion Neurons (SGN) counts

SD= standard deviation; SEM= standard error of the mean
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Table 2

Animal RC Area (mm2) SGN #

Observer: SJ HS SJ

1 0.019 0.019 71

2 0.012 0.012 104

3 0.024 0.023 72

4 0.051 0.05 112

5 0.046 0.046 90

Correlation r=0.999

Repeated measures of RC area and SG # by two observers (SJ and HS) in a basal cross
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Table 3

Specimen ID RC Length (mm) BM length (mm) RC Surface Area (mm2)

9002 1.9 5.8 1.0

9003 2.1 6.0 1.1

9004 2.1 5.8 1.1

1004 2.0 6.0 1.1

1021 1.9 5.8 1.0

Mean ± SEM 2.0 ± 0.04 5.9 ± 0.05 1.1 ± 0.02

Whole structure morphometry in five animals
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