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ABSTRACT

Morphometric analysis of the inner ear of mammals can
provide information for cochlear frequency mapping, a
species-specific designation of locations in the cochlea at
which different sound frequencies are encoded. Morpho-
metric variation occurs in the hair cells of the organ of
Corti along the cochlea, with the base encoding the
highest frequency sounds and the apex encoding the
lowest frequencies. Changes in cell shape and spacing can
yield additional information about the biophysical basis of
cochlear tuning mechanisms. Here, we investigate how
morphometric analysis of hair cells in mammals can be
used to predict the relationship between frequency and
cochlear location. We used linear and geometric morpho-
metrics to analyze scanning electron micrographs of the
hair cells of the cochleae in Parnell’s mustached bat
(Pteronotus parnellii) and Wistar rat (Rattus norvegicus) and
determined a relationship between cochlear morphomet-
rics and their frequency map. Sixteen of twenty-two of the
morphometric parameters analyzed showed a significant
change along the cochlea, including the distance between
the rows of hair cells, outer hair cell width, and gap width
between hair cells. A multiple linear regression model
revealed that nine of these parameters are responsible for

86.9 % of the variation in these morphometric data.
Determining the most biologically relevant measurements
related to frequency detection can give us a greater
understanding of the essential biomechanical characteris-
tics for frequency selectivity during sound transduction in
a diversity of animals.

Keywords: inner ear, organ of Corti, geometric
morphometrics, linear morphometrics, frequency
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INTRODUCTION

Many morphological and biomechanical features of the
inner ear have been conserved across different species
of terrestrial placental mammals (Echteler et al. 1994;
Vater and Kössl 2011), but there is still a great deal of
variation in hearing capability to investigate (i.e.,
generalists versus high-frequency specialists). In mam-
mals, we still do not know what determines the specific
frequency response of each cochlear location. How do
we distinguish between correlations relating frequency
with anatomy and the possibility that the morphological
features are really causal of the frequency response?

Within the inner ear is a spiral-shaped structure
known as the cochlea. The cochlea is comprised
of three fluid-filled ducts or channels. The center-
most of these channels is where the organ of Corti,
the hearing organ, is located. The surface of the
organ of Corti reveals an arrangement of two types of
sensory cells, the inner hair cells (IHCs) and the outer
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hair cells (OHCs). Typically, for placental mammals,
the IHCs are organized in a single row, while the
OHCs form three parallel rows (Lim 1986). OHCs
play a crucial role in frequency selectivity and
increasing sensitivity, while IHCs are responsible for
the transduction of the mechanical stimulus into an
electrical signal (for a review, see Fettiplace and Kim
2014). The shape and spacing of the OHC stereociliary
bundles affect the flow of the fluid surrounding the
stereocilia that in turn stimulates the stereocilia of the
IHCs. To further understand the biophysical relation-
ship between morphology and frequency sensitivity,
additional modeling is necessary. Morphological mea-
surements of the various parameters of the reticular
lamina and stereociliary bundles could add to research
in this area (Pau and Pau 2006; Guinan 2012; Ni et al.
2016; Ciganović et al. 2017). Analyzing variations in the
morphology of the reticular lamina and stereociliary
bundles of sensory hair cells across species, as a function
of the frequencies that are encoded along the cochlear
length, will provide novel and critically important
information that could be incorporated into biophysical
models of cochlear dynamics (Lim and Steele 2002; Ni
et al. 2016; Ciganović et al. 2017). Comparative studies
may help improve our understanding of frequency
sensitivity in cochlear hair cells. In particular, a focus
on the specific structures contributing to sound recep-
tion and processing within the inner ear would be
beneficial for assessing similarities between species with
different but overlapping hearing ranges.

Studies of inner ear physiology have given us a
wealth of information about many characteristics of
the organ of Corti including biomechanics of the
basilar membrane and hair cells (Von Békésy 1960;
Dallos 1992) and the innervation of the hair cells
(Raphael and Altschuler 2003). Morphometric analy-
sis of the reticular lamina and stereociliary bundles of
the guinea pig (Yarin et al. 2014) shows variation in
the microstructures of these cells with respect to
location and the frequency encoded by these cells.
Other frequency-related features include the length
of the OHC bodies (i.e., maximal length of the
basolateral membrane on a modiolar transverse
section of the cochlea, Dannhof et al. 1991; Pujol
et al. 1992), the length of the supporting cells (Spicer
and Schulte 1994), the area occupied by the cells of
the organ of Corti (as viewed in cross-section perpen-
dicularly from the reticular lamina to the basilar
membrane), and the diameter of the fibers of the
basilar membrane (Schweitzer et al. 1996). Further-
more, it is crucial to have information on the height
of the tallest stereocilia, the distance between
stereociliary bundles, and the inner angle between
the arms of the stereociliary bundles along the
cochlear spiral to be able to model energy flow in
the longitudinal and lateral directions of the organ of

Corti (Pau and Pau 2006; Guinan 2012; Ni et al. 2016;
Ciganović et al. 2017).

The goal of our study is to investigate whether a
relationship exists between the morphometrics of the
cuticular plate (the apical portion of the cell) and
encoding frequencies, across species. Mammals have
many hearing differences, yet the mechanistic basis of
hearing and cochlear structure is common among all
(Echteler et al. 1994). Mammals that echolocate emit
and receive higher frequencies than non-echolocating
mammals. Parnell’s mustached bat hears frequencies
from 10 to 112 kHz (Kössl 1994a; Kössl and Vater
1996) and has an established cochlear frequency map
(Kössl and Vater 1985). In addition, the organ of Corti
of Parnell’s mustached bat has been thoroughly
described in previous research encompassing oto-
acoustic emissions, calculation and description of the
cochlear frequency map, and the ultrastructure of the
cochlea (Kössl 1994b; Kössl and Vater 1985; Vater and
Kössl 1996). To determine if these linear morphomet-
ric analyses are comparable across mammalian spe-
cies, we looked at another species that has a well-
documented frequency map. Wistar rats were selected
since their hearing range (1.2–54 kHz, Müller 1991)
overlaps with the lower end of the bat hearing range,
but they also hear well below the range of bats. This
makes both species suitable for combining morpho-
metric analyses with known frequency data to gener-
ate a predictive relationship between morphology and
frequency along the cochlea. Combining the mor-
phometric information for both species can give a
frequency map that extends beyond the hearing
range of each species, and this could be a proxy for
other placental mammals that have broader hearing
ranges.

In this study, we analyzed scanning electron
micrographs of the cochlear hair cells in Parnell’s
mustached bats (Pteronotus parnellii) and Wistar rats
(Rattus norvegicus), using both linear (LM) and
geometric morphometric (GM) techniques. We then
constructed a multiple linear regression model to
predict frequency encoding of other species based on
our results and the known frequency maps of bats and
rats.

METHODS

Extraction and Fixation

Cochlear samples from the inner ears of Parnell’s
mustached bat (Pteronotus parnellii) (Fig. 1a) were
collected from six adult individuals (from the Cuban
population). These bats were originally imported live
from Cuba to Germany with all required export and
import permits, for use in research, separate from that
described here, on cochlear function. As required by
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governmental animal experimentation control agen-
cies in Germany, these bats were euthanized by
administering pentobarbital intraperitoneally at a
dose of 400 mg/kg. We processed the cochleae of
four males and two females, ranging in weight from
10 to 13 g and forearm length of 50.5 to 51.5 mm.
Only one cochlea per bat was analyzed, except for one
individual in which both cochleae were measured.
However, we averaged the data from this individual.
Three of these cochleae were from left ears, while
four were from right ears (n = 6). The animals
received intracardial perfusions at a rate of 4 ml/
min for 5 min with 0.9 % NaCl, and for 30 min with
4 % paraformaldehyde in 0.1 M phosphate buffer to
fix the inner ear. The Institute of Cell Biology and
Neuroscience, Goethe University, Germany provided
these samples that, after fixation, were shipped to the
University of British Columbia, Vancouver, British
Columbia, Canada, for further laboratory analysis.
All experiments described herein were carried out in
accordance with current laws for animal experimen-
tation in Germany (Regierungspräsidium Darmstadt)
and according to the Declaration of Helsinki.

Four Wistar rats (Rattus norvegicus) were decapitat-
ed under deep anesthesia (pentobarbital, 50 mg/kg),
and their cochleae were removed from the temporal
bone and fixed with 3.5 % glutaraldehyde in 0.1 M
phosphate buffer (pH 7.3) at room temperature.
Cochleae were first perfused with the fixative in turn
through both the round and oval windows and then
immersed in the fixative for at least 1 h. A hole made
in the bone at the apex of the cochlea provided an
exit point for the fixative solution. Marc Lenoir from
the Institute for Neurosciences of Montpellier provid-
ed and dissected the rat cochleae. Experiments were
carried out in accordance with the animal welfare
guidelines of the Institut National de la Santé et de la
Recherche Médicale and approved by the French
Ministère de l’Agriculture et de la Forêt.

Decalcification

After the samples were fixed, the periotic bone that
surrounds the cochlea in the bats was decalcified to
the point at which the scala vestibuli and the stria
vascularis were visible. Decalcification took place over
a period of 13 h, using 14 % EDTA tetrasodium salt
(pH 7.4) as described by Morell et al. (2015, 2017).
The cochleae of the rats were not decalcified.

Scanning Electron Microscopy—Dissection
and Processing

The cochlear samples were dissected with the scala
vestibuli and the stria vascularis cut open, and both
Reissner’s and tectorial membranes removed, to

access the reticular lamina and stereociliary bundles
of the organ of Corti. Dehydration of the samples was
then carried out using gradually increasing concen-
trations of ethanol up to 100 %. Once dehydrated, the
cochlear samples were critical point dried using CO2

and sputter coated with either gold-palladium or
platinum-palladium. This was done in preparation
for imaging in a Hitachi S-4700 scanning electron
microscope (SEM) at the University of British Colum-
bia Bioimaging Facility, Vancouver, British Columbia,
Canada, and a Hitachi S-4000 (COMET, Montpellier
Resources Imagery) SEM.

Image Analysis and Morphometry

SEM micrographs were adjusted for brightness and
contrast using Adobe Photoshop® CS3. Measure-
ments of the cochlear structures were made using
ImageJ® version 1.51j8 software (Schneider et al.
2012).

Cochlear lengths were calculated for the mus-
tached bats (n = 6) and rats (n = 4) along the limit
between the first row of OHCs and the inner pillar
cells (Fig. 1b). An average of 43 flat SEM micrographs
were measured per bat cochlea and an average of 24
flat SEM micrographs per rat cochlea. The cochleae
were tilted under the microscope to obtain a flat
micrograph from a spiral structure. In order to
calculate the cochlear length, the images were orga-
nized sequentially. In each micrograph, distinguishing
features were used to demarcate the length to be
measured in each consecutive image, to ensure that
there were no overlapping sections or gaps between
sections (Fig. 1b). These measurements were then
totaled to calculate the cochlear length of each
sample.

LM measurements of the cochlear structures were
made using ImageJ© software, while GM measure-
ments were acquired using tpsUtil, tpsDig2 (Rohlf
2004a, b), and MorphoJ© (Klingenberg 2011) soft-
ware. Additional analyses of the GM measurements
were performed in R 3.5.0. using the geomorph
package (Adams et al. 2018).

Linear Morphometric Analysis

LM measurements were obtained from the cochleae
of mustached bats (n = 6) and rats (n = 4). These
measurements were taken using the same procedure
in both species. Following methods used in recent LM
analysis (Yarin et al. 2014), we measured eight
parameters of the IHCs and the OHCs, as well as the
height of the stereocilia of the OHCs (n = 25 total
parameters). These parameters are shown in Fig. 1c
and detailed in Table 1. Depending on the row in
which the cells were measured, each parameter has
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three designations, for example, parameter
GW—mean gap width—is comprised of GW1, GW2,
and GW3 (Table 1).

The exact locations at which these parameters were
measured varied within our cochlear samples. This
variation resulted from the condition of the organ of
Corti samples and the ability to take images at each
location due to the angle of the region because of the
curvature of the cochlea. In the analyses and graphing
of these data, points covering a small range of
locations were grouped to obtain average values.
From 0 up to 10 % of the distance along the cochlear
length, data were grouped by a single percent (i.e., 0–
1 %, 1–2 %, and so on) since this is the region of the
cochlea where the highest morphological variation is
observed. From the distance of 10 to 100 %, data
points were averaged in a range of 5 % (i.e., 10–15 %,
15–20 %, etc.). Multiple measurements were taken of
individual cell parameters from each row of OHCs, at
each location. In the mustached bat cochlear samples,
5 to 13 locations were analyzed in each of the

cochleae. These locations covered the area of the
organ of Corti from 0.4 to 99.1 % distance from the
apex. The cochlear samples from the rat had LMs
analyzed at ten locations along the cochlea, reaching
from the apex to a distance along the cochlear length
of 95 % from the apex.

We analyzed the measurements and then com-
pared the results for seven of the parameters that
showed the greatest changes associated with the
location (% distance from the apex) along the organ
of Corti.

In addition to the parameters described above, the
height of the stereocilia was also measured in the
mustached bats. Our methodology differed from that
of Yarin et al. (2014) who used two images, knowing
the angular difference between the two, to calculate a
“true height.” In our analysis, we initially attempted to
replicate this method. We found that when we
compared this measurement to the height of the
stereocilia imaged straight on, from a viewpoint
parallel to the stereocilia, and having a flat image of

FIG. 1. Scanning electron micrographs of the cochlea and the
organ of Corti of Parnell’s mustached bat. a Parnell’s mustached bat
cochlea. b Surface of the organ of Corti showing the measurements
made in each consecutive image to calculate the cochlear length. c
Surface of the organ of Corti in a bat cochlea, showing the typical
arrangement of the hair cells. Visible here is the single row of inner
hair cells (IHC) as well as the three parallel rows of outer hair cells
(OHC1, OHC2, and OHC3). Measurements shown are the param-
eters analyzed: (RLW) distance from inner hair cells to the third row

of outer hair cells (width of the reticular lamina), (RD) distance
between the rows of hair cells, (CL) cuticular plate length of the outer
hair cells, (CW) cuticular plate width of the outer hair cells, (SBD)
distance between the stereociliary bundle tips, (GW) gap width
between outer hair cells, (SBL) stereociliary bundle side arm length,
and (SBA) inner angle of the stereociliary bundles of the outer hair
cells (Table 1). d The landmarks used for the geometric morphomet-
ric analysis are shown as orange dots to demarcate the shape of the
hair cells
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the stereocilia, there was no significant difference in
the heights. Therefore, moving forward, we took just
one image per area for analysis and measured the
height as the distance from base to tip of the
individual stereocilia.

The cochlear measurements for the LM analyses were
also analyzed using statistical modeling, in which the
computer uses algorithms to “learn” patterns based on
sample data entered (relating morphometry with coding
frequency in our case) and by running numerous
repetitions (El Naqa and Murphy 2015). At this point,
novel data can be introduced and analyzed. We did not
perform any transformation of these data prior to
analysis. The advantage of using statisticalmodeling relies
on the possibility of extracting those variables that explain
the majority of the variance in large datasets with
numerous variables. As a result, we can predict the
frequency of a new location in the cochlea by measuring
only certain variables. Since there are multiple variables
for each parameter measured, we used a stepwise model
selection by Akaike Information Criterion with a correc-
tion for small sample sizes (AICc) to select the best or
most relevant parameters to analyze further (Burnhan
and Anderson 2002). Data from nine parameters were
then used to create a linear model from which frequency
maps for other species can be calculated ifmorphometric
data are available. Statistical analysis was programmed

and performed with R software (version 3.4.4) (R Core
Team 2018). The R package MuMIn was used for the
AICc analyses (Barton 2019).

The statistical analysis of data from the bats and rats
was initially carried out separately. The normality of the
data of the hair cells in the apex (0–10 %) and in the
base (90–100%) was evaluated using a Shapiro-Wilk test.
When the data followed a normal distribution (W≈ 1, p
value 9 0.05), we applied a t test to analyze the variance
of our data comparing the hair cells at the apex to those
at the base to determine the total overall change. When
the data did not follow a normal distribution (i.e.,
parameters other than RD2, CL1, CW2, and CW3 for
bats and all parameters except for CL3, CW1, CW2,
CW3, SBD1, SBD2, and SBD3 for rats), we applied a
Wilcoxon test to compare the hair cells at the apex with
those at the base (see above). For several parameters
where we did not observe a clear trend between the
apex and the base, or when we observed an irregular
pattern in the representation of the data in the center
regions (average of the three rows for CW, SBD, and
SBA) we did some additional statistics between the
region of 35–100 % (the classes were: 35–50 %, 50–
70 %, and 70–100 %). For this region of 35–100 % in
CW, SBD, and SBA, we applied a Kruskal-Wallis test and
a Dunn’s post hoc test since the data did not follow a
normal distribution.

TABLE 1

Summary of parameters measured using linear morphometrics, showing the designated cell row in which measurements were
taken

Parameter Abbreviation Outer hair cell row designation

Width of the reticular lamina RLW Distance from IHC to OHC3

Distance between rows of hair cells RD1 Distance from IHC to OHC1
RD2 Distance from OHC1 to OHC2
RD3 Distance from OHC2 to OHC3

Outer hair cell length CL1 1
CL2 2

CL3 3
Outer hair cell width CW1 1

CW2 2
CW3 3

Distance between stereociliary bundle tips SBD1 1
SBD2 2
SBD3 3

Gap width between outer hair cells GW1 1
GW2 2
GW3 3

Stereociliary bundles—side arm length SBL1 1
SBL2 2
SBL3 3

Stereociliary bundles—inner angle SBA1 1
SBA2 2
SBA3 3

IHC inner hair cell, OHC outer hair cell
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Geometric Morphometric Analysis

GMs were used for the mustached bats (n = 6) and rats
(n = 4). Using the software tpsDig2, cells were digitized
in blocks of 12 cells (three IHCs and nine OHCs,
consisting of three OHCs in each of the three rows)
(Fig. 1d). These groups of cells were separated into
individual cells during these analyses. The four
landmarks chosen per cell (Table S1 and Fig. 1d)
were selected to capture the variation in the hair cell
shapes. These measurements were taken from 10
locations along the length of the cochleae, spaced
apart at increments of 10 % (± 2 %) of the cochlear
length from 5 to 95 %. We chose the same locations in
both species to have a representation of the organ of
Corti all along the cochlear spiral and to be able to
then analyze our data using MorphoJ©. As described
earlier, due to the condition of the organ of Corti at
the various locations and the angle of the surface with
respect to the SEM detector, not all locations could be
analyzed in each cochlea. Having selected and
digitized 48 landmarks for each group or block of
IHCs and OHCs (Fig. 1d, and Table S1) for at least
three replicates per location, we then performed a
Procrustes fit using MorphoJ©. Following this prelim-
inary step, we then performed three principal com-
ponent analyses (PCAs) (Jolliffe 2002). First, we
analyzed the IHCs and OHCs together in a block of
12 cells (3 IHC and 9 OHC). Next, the digitized cells
were split into two groups and analyzed separately as
IHCs and OHCs to determine whether the shape
variation of a specific hair cell type could be linked to
the location. Finally, the OHCs were isolated, and the
PCs were analyzed to see how the shapes changed
among these cells separately from the IHCs. Addi-
tionally, we plotted PC1 of the OHCs as a function of
frequency corresponding to location along the co-
chlear length. Finally, for these GM data from the
IHCs and OHCs, we performed a regression analysis
of the hair cell shape onto frequency.

RESULTS

Linear Morphometric Analysis in the Mustached
Bat

Mean cochlear length of mustached bats (n = 6)
ranged from 8.90 to 11.68 mm with an average of
10.53 mm. As in other terrestrial mammals, there was
visible variation in the hair cell spacing and morpho-
metric parameters from the apex to the base.

Not all of the 22 measured parameters with LM
changed with respect to their position along the
cochlear length, and the parameters represented in
Fig. 2 showed the most variation. Table S2 shows a
summary of all the results from the statistical analysis.

The LM parameters of cell length and stereociliary
bundle side arm length (Fig. 1c) did not appear to
differ along the cochlea by visual inspection and are
not included in the results. However, further analysis
determined that the difference in cell length was
statistically significant between apex and base (Fig. 3
and Table S2a).

The distance from the IHC to OHC3 (RLW, Fig.
2a) decreased significantly from the apex to the base
(W = 1066, p = G 0.0001). Closest to the apex, the mean
distance was 26.5 μm, while at the base, the mean
distance was 13.2 μm.

Parameter RD (mean distance between rows of
hair cells, Fig. 2b) decreased significantly overall from
apex to base (Wilcoxon test for RD1 and RD3 and t
test for RD2). The overall decrease of these distances,
along the cochlear length, was 7.0 μm (IHC to OHC1,
W = 1066, p = G 0.0001), 2.5 μm (OHC1 to OHC2, T =
13.0814, p = G 0.0001), and 2.3 μm (OHC2 to OHC3,
W = 1066, p = G 0.0001).

Additionally, parameters CW, SBD, GW, and SBA
were measured in the three rows of OHCs. For each
individual parameter, the measurements among the
three rows of OHCs showed a high degree of
similarity, regardless of which row the hair cells were
in (Fig. 2 c, d, e, and f).

Parameter CW (OHC width, Fig. 2c) showed an
overall increase from apex to base despite the
fluctuations along the cochlear length. The hair cell
width increased significantly in all three rows of OHCs
(Wilcoxon test for CW1 and t test for CW2 and CW3;
CW1 W = 28.5, p = G 0.0001; CW2 T = − 6.8521, p = G
0.0001; CW3 T = − 9.0141, p = G 0.0001).

Parameter SBD (the distance between stereociliary
bundle tips, Fig. 2d), which is a measurement of the
width of OHCs plus the distance between these cells
among the same row, fluctuated along the cochlear
length in a similar pattern to CW and SBA, although
did not show a statistically significant change between
the apex and the base (Wilcoxon test; SBD1 W = 491,
p = 0.5934; SBD2 W = 525, p = 0.9231; SBD3 W = 496.5,
p = 0.6432).

Parameter SBA (inner angle of the OHC
stereociliary bundle, Fig. 2f) showed some variability
between the three rows of OHCs around 1 % distance
from the apex but in all three rows of OHCs increased
overall from apex to base using a Wilcoxon test (SBA1
W = 1, p = G 0.0001; SBA2 W = 0, p = G 0.0001; SBA3 W =
0, p = G 0.0001).

For CW, SBD, and SBA where we did not observe a
clear trend along the spiral (decreasing between 35
and 50 %, increasing between 50 and 70 %, and
decreasing beyond 70 % towards the base), we
performed additional statistical analyses between the
region of 35–100 % (Table S2b). While there were no
significant differences for CW based on a Kruskal-
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Wallis test (KW(2) = 5.610, p = 0.0605), significant
differences were found among these three regions
for SBD and SBA (SBD KW(2) = 12.9821, p = 0.0015
and SBA KW(2) = 16.5645, p = 0.0003). Dunn’s post
hoc test showed significant differences between 35–50
and 50–70 % (SBD p = 0.0049; SBA p = 0.0041) and

between 35–50 and 70–100 % (SBD p = 0.0012; SBA
p = 0.0001), but not between 50–70 and 70–100 %
(SBD p = 0.3652; SBA p = 0.4709).

The measurements of parameter GW (gap width
between stereociliary bundles, Fig. 2e) showed a
decreasing curve that changes more rapidly in the

FIG. 2. Six out of the eight parameters measured (Fig. 1c) that
showed the greatest change from apex to base. All panels show the
given parameter (mean measurement ± standard deviation) corre-
sponding to the percent distance from the apex, along the cochlear
length in Parnell’s mustached bat (n = 6). Panels (c) through (f)
were measured from the outer hair cells only. a Parameter
RLW—the distance between the inner hair cells (IHCs) to the third
row of outer hair cells (OHC3) (p = G 0.0001). b Parameter RD—the
distance between each row of hair cells (IHC–OHC1 p = G 0.0001;
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OHC1–OHC2 p = G 0.0001; OHC2–OHC3 p = G 0.0001). c Parame-
ter CW—width of the hair cell cuticular plate (CW1 p = G 0.0001;
CW2 p = G 0.0001; CW3 p = G 0.0001). d Parameter SBD—the
distance between stereociliary bundle tips (SBD1 p = 0.5934; SBD2
p = 0.9231; SBD3 p = 0.6432). e Parameter GW—the gap width
between stereociliary bundles (GW1 p = G 0.0001; GW2
p = G 0.0001; GW3 p = G 0.0001). f Parameter SBA—the inner angle
of the stereociliary bundles (SBA1 p = G 0.0001; SBA2 p = G 0.0001;
SBA3 p = G 0.0001)



initial portion of the plot near the apex and more
gradually towards the base following the shape of a
logarithmic curve. There was a significant difference
between apex and base (GW1 W = 1066, p = G 0.0001;
GW2 W = 992.5, p = G 0.0001; GW3 W = 1028, p = G
0.0001). The mean gap widths near the apex were
1.9 μm (OHC1), 1.5 μm (OHC2), and 1.7 μm
(OHC3). These gaps decreased towards the base
where they were 0.4 μm (OHC1), 0.4 μm (OHC2),
and 0.3 μm (OHC3). The OHC1 gap widths de-
creased the most, at a difference of 1.5 μm, OHC2
decreased by 1.0 μm, and OHC3 decreased by 1.4 μm.

Although not included in Fig. 2, CL (OHC lengths) was
also analyzed (Fig. 3a). The decrease in CL in each row
along the cochlear length was 0.17 μm (CL1), 0.50 μm
(CL2), and 0.94μm(CL3). All three rows ofOHCs showed
a significant decrease in CL between the apex and base
using a t test for CL1 and aWilcoxon test for CL2 and CL3
(CL1 T = 3.6631, p =G 0.0006; CL2 W = 915, p =G 0.0001;
CL3W = 1020, p =G 0.0001).

In addition to the other morphometric parameters,
the height of the stereocilia was also measured along
the cochlear length of the mustached bats (Fig. 4, n =
6) and showed a trend similar to that seen in other
echolocating bats (Yao et al. 2007). The mean
stereocilia height ranged from 1.2 near the apex to
0.4 μm near the base, a decrease of 0.8 μm (W = 1640,
p = G 0.0001) (Table S2c). These stereocilia height
data follow a curved path that decreases more rapidly
up to a distance of 20 % from the apex, after which it
changes more gradually.

Linear Morphometric Analyses of Bats and Rats

The mean cochlear length for four adult male rats was
calculated to be 7.7 mm (± 0.3 mm). The LM

measurements from the rat cochleae were taken at a
distance from the apex of 5 to 95 % that corresponds
to a frequency range of 1.2 to 54 kHz. Plotting the
results from the bats and the rats together provides a
different visual representation of the information
depending on how it is plotted (Fig. 5). The param-
eter measurements from the two species, for example,
the mean distance from IHC to OHC3 plotted
together as a function of distance from the apex (%)
(Fig. 5a), again showed that there is a comparable
change with location and that similar trends are
observed in these data. However, due to the differ-
ence in hearing ranges, if these measurements are
plotted as a function of frequency (Fig. 5b), we obtain
a different visual representation of the information
showing these data in continuity, not in parallel, and
it becomes clear that the rat is a good species to use to
extend the dataset to include lower frequencies.
Plotting LMs from the mustached bats and rats as a
function of frequency was possible because cochlear
frequency maps are already available for both species
(Kössl and Vater 1985, 1996; Müller 1991).

Data from the rats also showed changes in the
measurements related to their location along the
cochlear length (Fig. 6a–f and Table S2d). As in the
bat, the similarity between three rows of OHCs was
comparable for all parameters. The measurements for
the rats and bats align reasonably well to create a
continuous dataset for each parameter measured,
except for parameter GW (Fig. 6e), in which there
was a greater variability in the hair cell morphology.
There was also a slight discrepancy between the two
species in parameter CL in the region of 23–35 kHz
(Fig. 3b).

All the LMs for bats and rats were further analyzed
using statistical modeling to determine which mor-

FIG. 3. Data from parameter cell length (Fig. 1c) showing the
change from apex to base. Both panels show parameter cell length
(CL) (mean measurement ± standard deviation) measured from the
outer hair cells only. a Corresponding to the percent distance from
the apex, along the cochlear length in Parnell’s mustached bat

(CL1 p = G 0.0006; CL2 p = G 0.0001; CL3 p = G 0.0001) (n = 6). b
These data corresponding to the frequency detected (kHz), from
Parnell’s mustached bat (n = 6) and rat (n = 4), for six out of the
eight parameters measured (Fig. 1c) along the cochlear length
plotted together
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phological measurements were the most relevant to
the frequency sensitivity. Looking first at the bat LMs,
according to the AICc, 11 variables that explained
77.4 % of the variability were selected. In the bats,
these variables were as follows: (RLW) the distance
from IHC to OHC3; (RD1/2/3) the distance from
IHC to OHC1, OHC1 to OHC2, and OHC2 to OHC3,
respectively; (GW1/2/3) width of the gap between
stereociliary bundles of OHC1s, OHC2s, and OHC3s;
(CL1) cuticular plate length of OHC1s; (CW2/3)
cuticular plate width of OHC2 and OHC3; and
(SBA1) angle of OHC1.

The results of rat LMs found to be the most
significant explained 98.1 % of the variation related
to frequency sensitivity according to the AICc. The 12
selected variables are the following: (RLW) distance
from IHC to OHC3, (RD3) the distance OHC2 to
OHC3, (GW2/3) width of the gap between

stereociliary bundles of OHC2s and OHC3s, (CL1/2)
cuticular plate length of OHC1s and OHC2s, (CW3)
cuticular plate width of OHC3, (SBD1/3) distance
between the stereociliary bundle tips of OHC1s and
OHC3s, and (SBA1/2/3) the inner angle of the
stereociliary bundles of OHC1, OHC2, and OHC3.

Combining the LM measurements from the bats
and rats, we used the AICc criteria to select the most
significant variables (Table 2b). The nine variables
selected when combining the data from rat and bat
are RLW, RD2, SBD1, GW3, CL1/2/3, CW3, and
SBA3 (Fig. 7), which explained 86.9 % of the variation
related to frequency sensitivity.

We could calculate the predicted frequencies along
the cochlear spiral for a given species based on the
results of the multiple linear regression model
(Table 2b) and the LMs from the mustached bats
and rats, using the following equation:

FIG. 4. The mean stereocilia heights (± standard deviation) in each row of outer hair cells (OHC1, OHC2, and OHC3) in Parnell’s mustached
bat (n = 6). These heights were statistically different compared between the apex and the base (p = G 0.0001 for all three rows)

FIG. 5. Data from Parnell’s mustached bat (n = 6) and rat (n = 4),
for one of the parameters measured along the cochlear length and
plotted together versus distance (%) and again versus frequency
(kHz). The parameter shown is RLW—the distance between the
inner hair cells (IHCs) to the third row of outer hair cells (OHC3)

(mean measurement ± standard deviation). a The parameter
corresponding to distance from the apex (%) along the cochlear
length. b The same parameter corresponding to the frequency
detected (kHz). In both panels, the following coding is used:
mustached bat (red) and rat (blue)
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Estimated Frequency kHzð Þ ¼ 51:041− SBA3� 0:45ð Þ− SBD1� 6:09ð Þ− GW3� 6:06ð Þ− RLW � 0:71ð Þ
þ CL1� 8:63ð Þ− RD2� 6:15ð Þ þ CL2� 4:95ð Þ− CL3� 3:45ð Þ
þ CW3� 4:35ð Þ− Species Rat � 27:32ð Þ

FIG. 6. Data from Parnell’s mustached bat (n = 6) and rat (n = 4),
for six out of the eight parameters measured (Fig. 1c) along the
cochlear length plotted together. All panels show the given
parameter (mean measurement ± standard deviation) correspond-
ing to the frequency detected (kHz). Panels (c) through (f) were
measured from the outer hair cells only. a Parameter RLW—the
distance between the inner hair cells (IHCs) to the third row of

outer hair cells (OHC3). b Parameter RD—the distance between
each row of hair cells. c Parameter CW—width of the hair cell
cuticular plate. d Parameter SBD—the distance between
stereociliary bundle tips. e Parameter GW—the gap width between
stereociliary bundles. f Parameter SBA—the inner angle of the
stereociliary bundles. For panels (d) through (f), the legend is the
same as that in panel (c)
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Since the measurements for each parameter vary
with location along the cochlear length, entering the
value of each of the nine parameters at each cochlear
position into this equation gives us the frequency for a
given location. In addition to the parameters, this
equation also contains a coefficient (Species Rat) that
is used to balance the equation when more than one
species is combined with a different hearing frequen-
cy range to create a model such as this one. The value
Species Rat is equal to 1 if the data is from a rat and
equal to 0 if the data is from a bat. Repeating this for
locations along the entire cochlear length generates a
complete set of values for frequency as a function of
location or the frequency map.

Geometric Morphometric Analysis in Parnell’s
Mustached Bat

As seen by the placement of the landmarks in Fig. 1d,
there is variation in the hair cell shape, particularly in

TABLE 2

Coefficients for the multiple linear regression model of the variables with the most weight calculated from the morphometrics of
(a) Parnell’s mustached bat (n = 6) and (b) Parnell’s mustached bat (n = 6) and rats (n = 4)

Estimate Std. error t value Pr(9 |t|)

(a)
(Intercept) 110.18979 12.97791 8.491 1.34 e-15***
Distance IHC–OHC3 (RLW) 1.63798 0.6633 2.469 0.014144*
Distance IHC–OHC1 (RD1) − 1.36271 0.64437 − 2.115 0.035355*
Distance OHC1–OHC2 (RD2) − 7.74395 1.59597 − 4.852 2.06 e-06***
Distance OHC2–OHC3 (RD3) − 14.29223 2.43535 − 5.869 1.27 e-08***
Gap width OHC1 (GW1) − 14.13181 3.25197 − 4.346 1.96 e-05***
Gap width OHC2 (GW2) − 5.04674 2.68276 − 1.881 0.061012
Gap width OHC3 (GW3) − 9.99442 2.43084 − 4.112 5.21 e-05***
Cuticular plate length OHC1 (CL1) 9.4937 2.79457 3.397 0.000782***
Cuticular plate width OHC2 (CW2) − 7.24452 2.39279 − 3.028 0.0027**
Cuticular plate width OHC3 (CW3) 5.5813 2.24668 2.484 0.013583*
Angle OHC1 (SBA1) 0.17137 0.09585 1.788 0.074904
(b)
(Intercept) 51.04064 7.75631 6.581 1.22 e-10***
Distance IHC–OHC3 (RLW) − 0.70849 0.28755 − 2.464 0.01409*
Distance OHC1–OHC2 (RD2) − 6.15174 0.99323 − 6.194 1.26 e-09***
Distance bundle tips OHC1 (SBD1) − 6.08962 0.99252 − 6.135 1.77 e−09***
Gap width OHC3 (GW3) − 6.06402 1.09176 − 5.554 4.60 e-08***
Cuticular plate length OHC1 (CL1) 8.63361 1.68415 5.126 4.28 e-07***
Cuticular plate length OHC2 (CL2) 4.95449 1.87251 2.646 0.00841**
Cuticular plate length OHC3 (CL3) − 3.44881 1.84571 − 1.869 0.06229
Cuticular plate width OHC3 (CW3) 4.34819 1.33442 3.258 0.0012**
Angle OHC3 (SBA3) 0.45174 0.07215 6.261 8.46 e-10***
Species rat − 27.32967 2.43203 − 11.237 G 2.00 e-16***

Number of stars indicates the weight of each variable in explaining the frequency. Significance codes: 0 “***”/0.001 “**”/0.01 “*”/0.05 “.”/0.1 “”/1
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The error in the prediction is (51.04 ± 7.76)
− (SBA3 × (0.45 ± 0.07)) − (SBD1 × (6.09 ± 0.99)) −
(GW3 × (6.06 ± 1.09)) − (RLW × (0.71 ± 0.29)) + (CL1 ×
(8.63 ± 1.68)) − (RD2 × (6.15 ± 0.99)) + (CL2 × (4.95 ±
1.87)) − (CL3 × (3.45 ± 1.85)) + (CW3 × (4.35 ± 1.33)) −
(Species Rat × (27.32 ± 2.43)).

the OHCs from apex to base along the organ of Corti.
This variation does not change regularly along the
entire cochlear length, although it does change
overall from apex to base (Fig. 8). Closest to the apex
of the cochlea, the individual OHCs are more
compact, with a larger gap width between them as a
result (Fig. 8a). Moving along the cochlear length, the
width of the OHCs increases, and the associated gap
width decreases (Fig. 8b). The OHC length also
decreases making the cells appear more flattened.
Near the base of the cochlea, the hair cells are wider
and flatter still, and consequently the gap width is
further reduced (Fig. 8c). The spacing between rows
is also greater in the apex region (Fig. 8a) and
decreases along the cochlear length to the base,
where the row spacing is reduced (Fig. 8c).

The principal component analysis (PCA) per-
formed on blocks of 12 cells (3 IHCs and 9 OHCs,
Fig. 9) showed in this case that PC1 was responsible
for 59.5 % of the variation (eigenvalue of 0.01196996)
and PC2 was responsible for 21 % of the variation
(eigenvalue of 0.00429978). It is difficult to see a clear
pattern in these data relating changes in cell shape to
the location along the organ of Corti.

The PCA performed on individual cells grouped by
IHCs and OHCs (Fig. 9b) showed that the variation in



cell shape as a function of location along the cochlear
length differed between the IHCs and OHCs. Howev-
er, the variation due to PC1 was particularly high at
74 %, with only 20 % attributable to PC2. In this case,
the shape changes associated with the IHCs are
visible in a cluster on the left-hand side of the
panel, and the locations are interspersed through-
out, indicating little variation in shape associated
with location. In the OHCs, there was a more
distinct relationship between the variations in cell
shape related to location along the cochlear length,
represented on the right-hand side of Fig. 9b. The shape
change of the OHCs is indicated by a more widely
dispersed grouping of data points in which there is a
differentiation of the cells with respect to their location
along the cochlea.

Performing the PCA only on individual OHCs (Fig.
9c) revealed that PC1 was responsible for 56 % of the

Geometric Morphometric Analysis in the Wistar
Rat

Using the same landmark placement as in the bats
(Fig. 1d), similar variation was observed in the hair
cell shape, particularly in the OHCs, from apex to
base along the organ of Corti. The variation and
trends in cell shape and spacing seen in the hair cells
of the bats (Fig. 8) were comparable with the variation
seen in the rats.

The principal component analysis (PCA) per-
formed on blocks of 12 cells (3 IHCs and 9 OHCs,
Fig. 11a) showed in this case that PC1 was responsible
for 55 % of the variation (eigenvalue of 0.02325598)

FIG. 8. The variation in hair cells. Scanning electron micrographs from three of the ten locations (showing hair cells from 15, 45, and 95%
distance from the apex) for which geometric morphometrics were analyzed along the organ of Corti of Parnell’s mustached bat. Frequencies were
extracted from the cochlear frequency map of the mustached bat (Kössl and Vater 1985). Scale bars = 10 μm

Fig. 7. The parameters that explained the majority of the
variation. The nine variables that explained 86.9 % of the variation
related to frequency sensitivity combining the data from Parnell’s
mustached bat (n = 6) and rats (n = 4)
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variation and PC2 for 29 % of the variation. The
relationship between the change in hair cell shape
due to both PC1 and PC2 and location along the
organ of Corti is clearly visible in this analysis of the
OHCs. This also reflects the morphological changes
in the hair cells independently from their relationship
to other hair cells, either in the same or neighboring
rows. From apex to base along the cochlear length,
changes in both IHCs vs OHCs, as well as for only
OHCs, the first four PCs were responsible for a total
of 100 % of the hair cell shape variation. When
comparing the first PC with the coding frequency,
we observed a clear trend along the spiral (Fig. 10a).
The regression between hair cell shape (Procrustes)
and frequency (Fig. 10b) showed variation in shape
(calculated as the deviation from the mean shape)
related to frequency and location. The overall shape
of the OHCs varied in several interconnected ways
along the cochlear length. For instance, the inner
angle of the stereocilia of the OHCs became larger
with increasing distance from the apex, resulting in
shallower v-shaped bundles at the base of the cochlea.
Related to this change was an increase in the width of
the OHCs and a resultant flattened appearance to the
cells due to a decrease in the cell height, again
moving along the cochlear length from apex to base.



FIG. 9. Principal component analysis (PCA) results from the
geometric morphometric measurements of Parnell’s mustached
bat. a Analysis of the blocks of inner hair cells (IHCs) and outer
hair cells (OHCs) examined together as a block of twelve cells in
total (3 IHCs and 9 OHCs). b Analysis of the inner hair cells
separated from and compared with the outer hair cells. c Analysis of

only the outer hair cells (n = 6). Wireframes adjacent to the axes in all
panels represent the shape changes of the hair cells. The gray shapes
represent the average shape after the Procrustes fit (i.e., due to
position, orientation, and scale removed), while the red shapes
represent the average shape of the hair cells due to each principal
component
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FIG. 10. Principal component one as a function of frequency (kHz)
and a linear regression of frequency versus variation in hair cell shape
using geometric morphometric measurements from Parnell’s mus-
tached bat. a Principal component one (PC1) as a function of frequency

showing the variation in outer hair cell shape corresponding to locations
from 5 to 95%distance from the apex. b Regression results of frequency
versus inner and outer hair cell shape (Procrustes), averaged by
individual and location (% distance from the apex) (n = 6)
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and PC2 was responsible for 22.8 % of the variation
(eigenvalue of 0.00962291). Compared with bats, the
rat data exhibited a more defined separation into two
groups and a clearer pattern relating the changes in
the cell shapes to the location along the organ of
Corti.

Similar to our observations in the bat, PCA
performed on individual cells grouped by IHCs and
OHCs (Fig. 11b) showed that the variation in cell
shape occurred as a function of location along the
cochlear length and differs between the IHCs and
OHCs. However, the variation was again primarily due
to only two PCs, PC1 being 68.4 % and PC2 being
25 %. In this case, the shape changes associated with
the IHCs are visible in a cluster on the top left-hand
side of the panel and the locations are again
interspersed throughout and indicative of little varia-
tion in shape associated with location. In the OHCs,

there was a more distinct relationship between the
variations in cell shape related to location along the
cochlear length, represented on the lower right-hand
side of Fig. 11b. The shape change of the OHCs is
visually represented by a wider dispersal of these data
points in which there is a visible differentiation of the
cells with respect to their location along the cochlea.

The PCA on only the individual OHCs (Fig. 11c)
revealed more than 90 % of the total variation was in
PC1 (75 %) and PC2 (15.5 %). The relationship
between the change in hair cell shape due to both
PC1 and PC2 and location along the organ of Corti
was once again clearly visible in this analysis of the
OHCs. This also depicts the morphological changes in
these hair cells independently from their relationship
to other hair cells, either in the same or neighboring
rows. As previously seen in the bat analyses, here in
the rats, the first four PCs were also responsible for a



total of 100 % of the hair cell shape variation from
apex to base along the cochlear length with regard to
the changes in both the analysis of IHCs vs OHCs, as
well as for the isolated OHCs. The overall shape of the
OHCs varied in several interconnected ways along the
cochlear length including the inner angle of the
stereocilia of the OHCs that became larger with
increasing distance from the apex, resulting in
shallower v-shaped bundles at the base of the cochlea.
Associated with this change was a subsequent increase
in the width of the OHCs and, as a result, a flattened
appearance due to a decrease in cell height, again
moving along the cochlear length from apex to base.

GM analyses of hair cells in the bat and rat
cochleae provide information about the variation in
cell shape, as a function of the location along the
cochlear length. This supplements the information
from LM regarding the spacing of the hair cells, as
well as linear components of the hair cell morpho-
metrics, that contribute to their shape and
strengthens our understanding of the overall changes
in the shape of the hair cells.

61.5 kHz (Kössl 1994b), the biologically important
frequency for their echolocation (Kössl and Vater
1985). Morphological parameters that are relevant for
frequency representation and tuning should not
change significantly across the fovea, such as the
basilar membrane width and thickness/width ratio.
Still, some parameters in this region (CW and SBD)
had more variability than others (RD, GW), although
the relevance of this finding is not clear. The fact that
some parameters vary within the auditory fovea could
mean that 1) either they do not play an important role
for frequency representation, and therefore variations
are evolutionarily tolerated, 2) some parameters
contribute more to frequency selectivity, 3) the results
obtained could be due to inter-individual variability
and/or 4) there are other constraints besides fre-
quency representation that are relevant for these
parameters (CW, SBD). The nine parameters that
describe the maximum variability, according to the
predictive model presented here, are also those that
change the least in the auditory fovea, except for
CW3.

SBA (Fig. 2f) showed some variability between the
three rows of OHCs around 1 % distance from the
apex but increased overall from apex to base. As
expected from previous studies (Vater and Lenoir
1992; Vater and Siefer 1995), the mean inner angle
increased for OHC1 from apex to base. Surprisingly,
these angles decreased in OHC2 and OHC3, as the
apical values were from a single bat. OHC1 looked
typical for cells close to the apex. However, those from
OHC2 and OHC3 were flatter and wider, similar to
hair cells closer to the base, possibly due to the angle
at which the picture was taken. Removing this single
location from the one individual from the dataset
results in a shift to where the mean inner angle
increases from apex to base, as in other mammals.
Processing of the cochlear samples for SEM imaging
may be implicated in the variation found in the apex,
as tissue shrinkage due to fixation and critical point
drying likely occurs, but previous work has shown that
the variability due to processing should be consistent
among samples and locations of the cochlea proc-
essed using the same methodology (Edge et al. 1998;
Yarin et al. 2014).

The decrease in OHC stereocilia heights in the
mustached bat from apex to base followed a descend-
ing curve that changed most rapidly from 0 to 20 %
distance from the apex (Fig. 4). This pattern was also
seen in four other species of echolocating bats with
OHC stereociliary heights similar to the mustached
bats analyzed here (Yao et al. 2007). However, the
frequencies that are represented in the apical 20 % in
the study of Yao and colleagues could probably be
different than in mustached bats. The OHC stereocil-
ia of echolocating bats have also been found to be
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DISCUSSION

Linear Morphometric Analysis

The average value of the cochlear length for mus-
tached bats measured in our study (10.53 mm) is
smaller than previously published for the species
(average of 14.3 mm, Kössl and Vater 1985). The
disparity could be due to different origins of the
samples (Jamaican versus Cuban population in our
study) or differences in the processing technique (flat
preparations under light microscopy versus SEM
here). A direct attribution of certain anatomical
cochlear parameter variations to body size was not
possible due to the small number of samples. The
cochlear samples that we analyzed possessed two and
a half cochlear turns, which corresponds with previ-
ous findings (Kössl and Vater 1985).

The results for the width of the reticular lamina
(RLW) (Fig. 1c, Fig. 2a) and row distance (RD) (Fig.
2b) in mustached bats showed a decrease from apex
to base. These two parameters changed together as
expected and as reported previously in other mam-
mals (Dallos 1992; Lim 1986).

In the bat, parameters (Fig. 1c) cell width (CW)
(Fig. 2c), gap width (GW) (Fig. 2e), stereociliary
bundle inner angle (SBA) (Fig. 2f), and cell length
(CL) showed significant overall changes.

We expected to find little variation in the morpho-
metrics of the cuticular plate of the organ of Corti in
the region of the auditory fovea (located between 40
and 60 % of the cochlear length) since this is a region
in mustached bats that is specifically tuned to
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shorter than those of non-echolocating mammals and
vary tonotopically along the cochlear length
(Dannhof and Bruns 1991; Vater and Lenoir 1992;
Vater and Siefer 1995; Vater and Kössl 1996). Our
findings provide further morphological evidence to
support previous studies stating that the small size of
stereocilia in echolocating bats may be likely related
to the ability to process high-frequency sounds (Vater
and Lenoir 1992), since the resonance frequency of
the stereociliary bundle is inversely related to the
bundle height (Wright 1984; Strelioff et al. 1985).

There were several parameters (CW, SBD, GW, and
SBA, Fig. 1c) that had lower values for the basal-most

previous data points in each set. It is not clear why
this is the case, but our results are consistent with
previous work where other researchers have found
the same contrary tendency in the basilar membrane
within the first micrometers of the base, known as the
hook (for its shape), in echolocating whales and bats
(Bruns 1976; Dannhof and Bruns 1991; Kössl and
Vater 1985; Morell et al. 2015). In addition, it is
difficult to image the hook effectively for analysis
using morphometric measurements, as well as for
other types of studies (Rhode and Recio 2000).
Further modeling and measurements would help give
further insight to this trend, although this is beyond
the scope of this study.

To predict a cochlear frequency map from LM
measurements for species with hearing ranges that
extend below that of Parnell’s mustached bat, we
included data from another mammal, in this case the
rat. When plotted as a function of distance from the
apex (Fig. 5a), the bat and rat datasets for the
parameter RLW were distinctly different, but when
plotted as a function of frequency, these data
converged across their common frequencies, resulting
in a relatively continuous relationship that extended
from 1.2 to 112 kHz (Fig. 5b). We subsequently did
this for all the LM parameters (Fig. 6) and found that
bat and rat data generally align well, giving a complete
range of LM measurements linked to the frequencies
encoded by these hair cells. The LM measurements
for the bats and rats required further analysis to
determine which of the parameters, and from which
OHC row, were the most relevant for predicting a

cochlear frequency map. Each parameter consists of
measurements from all three rows of OHC and may,
therefore, contain variations.

Using statistical modeling and combining the
parameters that explained the majority of the vari-
ance in the mustached bats with parameters from the
rats, the selection of models based on AICc criterion
took the nine variables that explained 86.9 % of the
variance related to frequency selectivity, and a multi-
ple linear regression model was created (Table 2b).
The variables for mustached bats and rats were RLW,
RD2, SBD1, GW3, CL1/2/3, CW3, and SBA3. Further
research that includes other species with known
frequency maps in the predictive model will give us
a better insight on the range and/or variability of
species coefficients. Once the predictive value of our
model is validated with other model species, the
resultant equation could potentially be used to
calculate a frequency map for additional mammalian
species, for which physiological methods of creating
frequency maps are not feasible, for example,
echolocating whales. In this instance, species of
whales with known audiograms will be crucial for
adjusting the coefficients, since we will be able to
adjust the results of the predicted frequency maps
with the frequency range of hearing measured with
the species audiograms. The ability to use morpho-
logical measurements supported by auditory informa-
tion is essential in validating the prediction of
cochlear frequency maps from LM measurements
and morphological structures common among mam-
malian species.

Geometric Morphometric Analysis

LM analysis is informative but limited to linear
measurements. For information of cell shape and
how it varies along the cochlea, which could also be
relevant, we applied the GM method. This considers
interactions among selected landmark coordinates
and removes variation other than that related to the
shape. To our knowledge, this is the first study to
examine the variation in hair cell cuticular plate
shape along the cochlear length using GM analysis.

While analyzing all these data together did not
show any clear pattern with respect to the first PCs
(Fig. 9a), the OHCs were separated from IHCs (Fig.
9b), and the OHC shape was clearly defined among
locations (Fig. 9c) when data were separated in two
blocks: IHCs and OHCs. This analysis indicated that
shape variation in OHCs is linked to location and its
corresponding frequency, with a particularly high
amount of the variation attributed to only two PCs.
This variation of the OHCs is visualized in wireframe
shapes seen along the axes in Fig. 9. These two PCs
also related to the LM measurements that, in combi-

Fig. 11. Principal component analysis (PCA) results from the
geometric morphometric measurements from the rat. a Analysis of
the blocks of inner hair cells (IHCs) and outer hair cells (OHCs) analyzed
together as a block of twelve cells in total (3 IHCs and 9 OHCs). b
Analysis of the inner hair cells separated from and compared with the
outer hair cells. cAnalysis of only the outer hair cells (n= 4).Wireframes
adjacent to the axes in all panels represent the shape changes of the hair
cells. The gray shapes represent the average shape after the Procrustes fit
(i.e., due to position, orientation, and scale removed), while the blue
shapes represent the average shape of the hair cells due to each
principal component

R
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data point (at 99.65 % distance), relative to the



nation, resulted in the overall hair cell shape. For
example, a widening and flattening of the shape
results from an increase in the width of a hair cell
and a decrease in cell length, as well as an
increase in the inner angle of the stereociliary
bundles. Associated with the increase in width and
overall shape change was also a decrease in the
gap width between cells. As in the LM analysis, it
would seem that PC1 and PC2 relate in varying
degrees to the cell length, cell width, inner angle
of the stereociliary bundles, and gap width. Addi-
tionally, when looking at the analysis of IHCs and
OHCs combined (Fig. 9a), PC1 and PC2 relate to
the spacing between the cell rows.

In Fig. 10a, the clear separation of the data points
links the change in hair cell shape from apex to base,
and therefore morphometrics, with both frequency
and location. This further supports the findings from
the LM analysis. The similarity of hair cell shape in
the mid-region of the cochlea, and related to the
acoustic fovea, may require further analysis to deter-
mine differences in the shape of the hair cells in this
region that may be subtler, if present at all.

A regression of the hair cells in the bats also
showed a relationship between hair cell shape and
frequency (Fig. 10b). The overall shape of the OHCs
varied from the apex to the base along the cochlear
length, a consequence of variation in the individual
LM parameters comprising the shape. The OHC
shape became wider and flatter towards the base.
This is a product of an increase in the inner angle of
the stereociliary bundles that, in turn, corresponds to
shallower v-shaped bundles at the base of the cochlea.

Geometric morphometric analysis in rats gave

The presence of the relationship between shape and
frequency in both the bats and rats further indicates
that shape can be used to understand more about the
morphometrics of hearing in general, across species,
as well as having the potential to help fine-tune
mammalian frequency maps.

The tonotopic organization of the organ of Corti
has been well documented (Müller et al. 2005; Dallos
1992; Kössl and Vater 1990a, b). Our results from both
LM and GM analyses show a strong relationship
between the frequencies detected and the location
along the cochlear length at which they are detected.
Studying an echolocating mammal, supplemented
with measurements from the rat, has shown how the
morphological features of the cuticular plate of the
organ of Corti depend on and/or define frequency
representation. Micromorphological parameters that
depend on cell size and structure will yield additional

information that could inform models (finite ele-
ment, analytical, fluid dynamic) designed to explore
the physics of cochlear tuning mechanisms. Specifi-
cally, our study shows that the higher variability and
association with encoding frequency relies on the
morphometrics of the cuticular plate from OHCs that
are essential for frequency selectivity.

Further linking frequency sensitivity with morpho-
logical variation in sensory hair cells is of increasing
importance, given our need to understand how anthro-
pogenic noise is impacting mammals, particularly
cetaceans. In species for which standard frequency
mapping techniques and developing audiograms are
difficult at best and often not feasible at all, connecting
morphology to encoding frequency can provide
alternative techniques to better understand hear-
ing. For such species, most often marine mammals,
creating a prediction of their frequency map yields
a way to determine the encoding frequency of
lesions in the cochlea as a result of noise-induced
hearing loss. In addition, our data will be crucial
for modeling studies of energy flow in the sub-
tectorial space. Determining this biologically rele-
vant process in relation to frequency detection can
give us a greater understanding of the essential
biomechanical characteristics for frequency selec-
tivity during sound transduction.
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