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ABSTRACT

Since it has been difficult to directly observe the mor-
phology of the living cochlea, our ability to infer the
mechanical functioning of the living ear has been limited.
Nearly all our knowledge about cochlear morphology
comes from postmortem tissue that was fixed and pro-
cessed using procedures that possibly distort the structures
and fluid spaces of the organ of Corti. In this study,
optical coherence tomography was employed to obtain
volumetric images of the high-frequency hook region of
the gerbil cochlea, as viewed through the round window,
with far better resolution capability than had been pos-
sible before. The anatomical structures and fluid spaces of
the organ of Corti were segmented and quantified in vivo
and over a 90-min postmortem period. We find that the
arcuate-zone and pectinate-zone widths change very little
postmortem. The volume of the scala tympani between
the round-window membrane and basilar membrane and
the volume of the inner spiral sulcus decrease in the first
60-min postmortem. While textbook drawings of
the mammalian organ of Corti and cortilymph promi-
nently depict the tunnel of Corti, the outer tunnel is typi-
cally missing. This is likely because textbook drawings are
typically made from images obtained by histological meth-
ods. Here, we show that the outer tunnel is nearly twice
as big as the tunnel of Corti or the space of Nuel. This
larger outer tunnel fluid space could have a substantial,
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little-appreciated effect on cochlear micromechanics. We
speculate that the outer tunnel forms a resonant structure
that may affect reticular-lamina motion.
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INTRODUCTION

A touchstone of biological research is the notion that
structure determines function. In the auditory system,
hearing function is closely associated with the intricate
structure of the organ of Corti (OoQ), the sensory epi-
thelium within the spiral-shaped fluid-filled cochlea
of the inner ear. The OoC itself is attached to the basilar
membrane (BM), which mechanically partitions the coch-
lear fluid space as it runs along the length of the spiral
from the high-frequency basal hook region (Fig. la—c) to
the low-frequency apical end of the cochlea.

While there has been rapid progress in the use of opti-
cal coherence tomography (OCT) for in vivo vibrometry
measurements of cochlear function, little attention has
been paid to the morphology of the OoC in the living
cochlea. Nearly all of our knowledge about OoC cellular
and extracellular structure comes from histologically pro-
cessed, postmortem (PM) cochleae that have been fixed,
decalcified, sliced, stained, and imaged with light or elec-
tron microscopy (Lim and Anniko 1985; Plassmann et al.
1987; O’Malley et al. 2009). Alternate approaches include

hemicochlea preparation and confocal microscopy using
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Fic. 1. The anatomy of the gerbil ear. a A photograph of a surgi-
cally opened right middle ear (from animal #188R) shows the
region of the round-window membrane (RWM; black rectangle)
through which the organ of Corti (OoC) in the “hook region” of the
cochlea (enlarged inset image) can be imaged using optical coher-
ence tomography (OCT). In the inset image, the X (approximately
radial) and Y (approximately longitudinal) axes indicate the OCT
scanning directions for 2D cross-section and 3D volume measure-
ments, based on left-hand coordinates, with the Z (depth) direction
pointing into the page. An electrode used for compound action
potential (CAP) recordings was typically placed in the niche near
the RWM. b A 2D cross-sectional OCT image (from animal #191)
overlaid with a line drawing of the cells and fluid spaces inferred
from the image. (Additional abbreviations in panels b—d are defined
below). ¢ A stack of 2D OCT-imaged cross sections (also from ani-
mal #191), from~0.1 to 1.1 mm from the basal end of the cochlea,
forms a 3D volumetric representation of the OoC (Movie SI-1 steps
through the image stack sequentially). d A labeled cross-sectional

whole-mount tissue, but they also use PM tissue (Edge
et al. 1998; Hardie et al. 2004). The shortcomings of
these methods include an uncertain relationship to the liv-
ing anatomy and unknown preparation-related distortions
of the fluid spaces and OoC structures. These unknowns
have limited our ability to deduce function from anatomy.

Knowledge of the OoC fluid spaces and surround-
ing structures is important for a full understanding of the
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drawing of a representative OoC as imaged through the RWM,
based on the 2D OCT image in b. Cortilymph-filled spaces include
the tunnel of Corti (ToC), space of Nuel (SN), outer tunnel (OT),
and the spaces between the outer hair cells (OHCs). The dashed
lines in the spiral-ligament (SL) region have been added to repre-
sent the continuation of the basilar-membrane (BM) collagen fib-
ers. The enlarged inset shows details of the sub-tectorial gap. Other
abbreviations: BCs, Boettcher cells; BM,, and BM;,, arcuate zone
and pectinate zone of the basilar membrane, respectively; CCs,
Claudius cells; DCs, Deiters’ cells; HCs, Hensen’s cells; IHC, inner
hair cell; IPC and OPC, inner and outer pillar cell, respectively;
ISCs, inner-sulcus cells; L, limbus; OSL, osseous (primary) spiral
lamina; PhP, phalangeal process; RL, reticular lamina; RM, Reiss-
ner’s membrane; SSL, (osseous) secondary spiral lamina; TBCs, tym-
panic border cells; TCs, tectal cells; TCE; tectal-cell extension; ST,
scala tympani; SM, scala media; SV, scala vestibuli; and ISS, inner
spiral sulcus.

active and passive cochlea. The OoC fluid spaces are
defined to contain the following: (1) the inner spiral sulcus
(ISS), which is connected to the sub-tectorial fluid space;
and (2) the cortilymph space, consisting of the tunnel of
Corti (ToC), the space of Nuel (SN), the fluid space around
the outer hair cells (OHCs), and the outer tunnel (OT;
Fig. 1d). However, most of these fluid spaces are typi-
cally absent in histological images of the high-frequency
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hook region. While many studies have focused on OoC
structures (Plassmann et al. 1987; Souter et al. 1995; Hu
et al. 1999; Richter et al. 2000; Spicer et al. 2003), less
attention has been paid to OoC fluid spaces, and particu-
larly, the ISS and OT. The OoC width is known to be
important for frequency-to-place mapping of sound, but it
has only been measured from PM tissue. To characterize
the in vivo OoC structures and fluid spaces, anatomical
methods that work in living animals are needed.

OCT is an optical imaging modality with micron-scale
axial and lateral resolutions that enables non-invasive and
non-destructive imaging of 2D cross sections and 3D vol-
umes of unlabeled biological tissue using backscattered
near-infrared broadband light (Huang et al. 1991). Micro-
OCT (uOCT) technology has been used to image guinea-
pig temporal bones with sub-micron-level axial and lateral
resolutions, allowing visualization of the cochlear micro-
anatomy at a cellular level (Iyer et al. 2016). While the
resolutions of pOCTT images are the highest yet achieved
for OCT imaging, these measurements have been from
ex vivo cochleae that were chemically fixed. In this study,
we used a commercial OCT system to collect in vivo 2D
images of the gerbil OoC fluid spaces and surrounding
structures in the gerbil basal-turn hook region. The images
were made through the intact round-window membrane
(RWM; Fig. la—c), with axial and lateral resolutions (in
water) of ~ 1.4 and~ 1.95 um, respectively. In addition,
multiple 3D-volume scans, each with a depth of ~0.3 mm,
were obtained at different focal depths and concatenated to
obtain a 1-1.2-mm volume depth (Fig. 1c; Movie SI-1). We
obtained images during the in vivo state over the course of
1 h, and over an additional 90 min following death. This
procedure allowed us to image the OoC structures while
the animal was alive, and to then observe changes in the
dimensions and orientations of the OoC structures and
fluid spaces at different PM-interval states.

The BM width; OoC height and area; and fluid volumes
of the ISS, ToC, SN, and OT, as well as the scala tympani
(ST) region between the RWM and BM, were segmented
to test the hypothesis that they change with animal state.
To directly compare the OCT-based morphometry against
morphometry obtained using histological methods, we pro-
cessed a subset of ears using an aldehyde fixation followed
by celloidin embedding and serial sectioning, an approach
reported to best preserve the delicate architecture of the
inner-ear epithelia (O’Malley et al. 2009).

MATERIALS AND METHODS

Animals and Surgical Approach

This study was approved by the Institutional Animal Care
and Use Committee (IACUC) at Massachusetts Eye and
Ear (MEE). Healthy Mongolian gerbils, Meriones unguicu-
latus, (N=14, aged 532 weeks, weight range 60-111 @)

of either sex (7 males, 7 females) were used for this study.
In vivo OCT results are reported for the five left ears
from which OCT volume scans were obtained, PM OCT
results are reported for three of those five ears, and his-
tology results are reported for one of those five cars and
its opposite ear. Histology results from both ears of one
additional animal are also reported.

All surgical procedures, including anesthesia, were per-
formed in a private surgery room near the sound-proof
chamber in which the experiments were conducted. The
initial anesthesia was induced by an intraperitoneal (IP)
injection of sodium pentobarbital (70 mg/kg), followed by
a subcutaneous (SQ) injection of acepromazine (1 mg/kg)
mixed with atropine (0.06 mg/kg). Lidocaine (1%) with
epinephrine (1:100,000) was applied topically to the skin
over the top of the skull and around the left ear. Puralube
was applied to the eyes to reduce the drying effects of the
microscope light during surgery. An SQ or IP injection
of Ringer’s solution (1 mL/kg) was performed every 1 h
to maintain fluid volume, and as necessary to replace lost
fluid (for example, due to bleeding). To maintain ade-
quate anesthesia, 1/3 of the initial dose of sodium pento-
barbital was given approximately every 45-60 min, and
the depth of anesthesia was evaluated every 30-60 min
via toe-pinch response and/or an increase of more than
10% in the monitored heart rate. Half of the aceproma-
zine initial dose was injected approximately every 3—4 h.
Atropine (the full initial dose) was reinjected after 2-3 h
in case of respiratory difficulty.

The gerbils were generally able to self-ventilate, but
if an animal appeared to have difficulty breathing, a tra-
cheostomy was performed, and a ventilation tube was
inserted into the trachea to ensure breathing without
obstruction. Once the gerbil was under deep anesthesia,
it was placed on a thermostatically controlled heating
pad to maintain a rectal temperature of 38.5+ 1 °C. The
head of the gerbil was firmly fixed using a customized
head holder. The pinna and external ear canal of the
left ear were removed, and the tympanic bulla on the
same side was exposed through a ventral approach in
the same surgical field used for the tracheostomy, with
care taken throughout to minimize noise and vibration to
avoild mechanically induced hearing damage.

The diameter of the opening in the posterolateral wall
of the bulla was gradually increased using a small (#15)
sharp knife. The tympanic membrane, malleus, incus,
stapes, and RWM were all kept intact. SQ electrodes
were placed for continuous electrocardiogram (EKG)
monitoring. A silver-ball electrode was placed in the
round-window niche, and a ground eclectrode was placed
in the soft tissue of the neck or attached to the head holder,
to record the compound action potential (CAP).
The click sound pressure level (SPL) corresponding to a
CAP reading with a peak-to-peak |N1-P1| amplitude of
15 uV was defined as the “threshold” CAP response in
this study. The average threshold across four gerbils from
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readings taken before and after the in vivo 3D-volume
measurements were 44.5 and 41 dB SPL, respectively.
These values indicate that the general health of the coch-
lea was maintained throughout the in vivo state.

After completing the surgical procedures, the gerbil
was carefully transferred to the soundproof chamber to
begin OCT imaging. The animal, heating pad, EKG
electrode, and surgical bed were transferred to a two-
stage goniometer (07-GON-503, Melles Griot, Carls-
bad, CA, USA), which was positioned on top of a 3-axis
micromanipulator (OCT-XYRI1, Thorlabs, Germany).
All of these were mounted on a vibration-isolation table.
The in vivo and PM imaging measurements were per-
formed on the hook region of the cochlea through the
intact RWM.

After completing the in vivo imaging and physiological
measurements, an IP injection of Fatal-Plus (> 150 mg/
kg) was administered for euthanasia. The heart typically
stops within 5—10 min after injection, at which point
the animal stops breathing. The reported PM-state time
points are in relation to the moment when the animal
stopped breathing, had no heartbeat, and exhibited no
other movements.

OCT System and Volume Scans

All OCT imaging measurements were made using a
spectral-domain-OCT (SD-OCT) system with a 905-nm
center wavelength, a spectral bandwidth of 213 nm using
two light sources, and a 100-kHz high-speed line-scan
camera (GAN520C1, Thorlabs, Germany). The system
was operated using custom LabVIEW-based software
(VibOCT version 1.6). Camera images of the anatomi-
cal approach were obtained and used to determine and
record the region of interest for the OCT scans (e.g., the
black dotted square box in Fig. la). VibOCT provides
real-time depth-resolved 1D A-scan, 2D cross-sectional
B-scan, and 3D volumetric C-scan imaging. The axial
resolution was ~ 1.4 pm (in water, with a refractive index
of 1.33), and the lateral resolution was~ 1.95 pm, using a
30.5-mm, 0.26-NA long-working-distance, 10 X objective
lens (M Plan Apo NIR, Mitutoyo, Aurora, IL, USA). To
minimize variations among the 3D-volume OCT scans
across animals, the orientation of the gerbil head in the
head holder, as well as settings on the positioning stage
and goniometer, were kept similar across experiments.
While the penetration depth of the OCT system
is approximately 1.44 mm (in water), the best B-scan
image quality was obtained for a depth range of less than
300 pm, which also avoided mirroring effects. Because the
effective depth of field is smaller than the depth range of
interest of about 1-1.2 mm, three or more 3D volume
scans were acquired at different focal depths and tracked
by the fine-focus adjustment on the OCT optical head
with ~ l-pm resolution using a Vernier scale. A single 3D
volumetric C-scan consists of a longitudinal stack of 512

B-scans that are each composed of 512 A-lines across,
and each A-line is in turn composed of 1024 depths. Each
B-scan volume is averaged 10 times.

All sub-volume scans (each covering a different depth
range) were independently processed using Image] soft-
ware (Image].nih.gov) and concatenated to obtain a com-
plete volume stack as follows: (1) the sub-volume scan was
resliced from the measured sagittal plane (cross-sectional
view) to the desired transverse plane (top-to-bottom
view), (2) the region of interest was cropped, typically to
300 um, and (3) the non-overlapping portions from each
depth range were aligned, and those portions were then
concatenated to obtain a full volume of the OoC at the
basal end of the cochlea (i.e., the hook region), including
the RWM and Reissner’s membrane.

All OoC-structure and fluid-space volumes were seg-
mented from the 3D-volume OCT measurements. More
details on the 3D-reconstruction and segmentation meth-
ods for the OoC structures and the fluid spaces of the
OoC and ST are provided in the following section.

Segmentation Methods

The software applications Amira (version 2019.1; Thermo
Fisher Scientific; Waltham, MA, USA) and SimpleWare
ScanlP (version P-2019.09; Synopsis; Exeter, UK) were
used to acquire 3D reconstructions and segmentations of
the cochlear structures, respectively. The images in the
OCT volume stacks were segmented semi-automatically
using a combination of thresholding, morphological opera-
tions (e.g., dilation, erosion, etc.), as well as smoothing and
interpolation tools, then reconstructed into 3D objects in
both SimpleWare and Amira. The segmented objects were
then analyzed to extract the total width and height of
the OoC (OoCyy, and OoCy, respectively), the respective
widths of the arcuate (AZyy), and pectinate (PZyy) zones of
the BM, and the OoC area (Fig. 2a).

Figure 2b shows a reconstructed 3D representation of a
portion of the hook region that extends about 1.1 mm from
the basal end of the cochlea (white dotted arrow), assembled
from stacks of 1024 X512 2D OCT cross -sections, such as
the one shown in Fig. 2a. The OoC structure is shown as
the orange region between the osseous spiral lamina (OSL)
and spiral ligament (SL) ridge.

Figure 2c¢ shows a top-down view of the segmented
OoC structure, with the RWM and secondary spiral
lamina (SSL) hidden, and a white dividing line added
between the arcuate-zone (BM,,) and pectinate-zone
(BMp,) regions of the BM. The boundary between the
BM,, and BMy, regions coincides with the location of
the junction of the outer pillar cell (OPC) and the base
of the first row of Deiters’ cells (DCs). OoC,y is the sum
of AZyy and PZy, (Fig. 2a).

Centerlines were determined for the fluid-space vol-
umes, such that circumscribed ellipses orthogonal to the
centerline were fit to the shape of each cross section along
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Fic. 2. Segmenting the organ of Corti (OoC) in the hook region
and determining OoCy, AZy, and PZ,. a An in vivo 2D OCT
cross-sectional image (from animal #191) shows the OoC structure
(orange color), with the defined widths (OoC,,, AZ,,, and PZ,,) and
height (OoC,,) labeled, as well as other structures whose abbre-
viations are defined in the caption to Fig. 1. Note that the actual
widths and heights were calculated with respect to curved longi-
tudinal centerlines rather than the imaging plane as depicted here
(see Fig. 3). b A 3D reconstruction from the same ear, based on

the length of the volume. The major and minor axes of
these ellipses were then used to gauge the varying cross-
sectional shapes of each fluid space. The centerlines were
calculated in SimpleWare based on the Skeletonization
algorithm.

The ISS volume is mostly bounded by the tectorial
membrane (TM), limbus (L), and inner-sulcus cells (ISCs;
Fig. 1d). The ISS-TM boundary was not always visible
in all scans. When this boundary was not visible, it was
approximated by projecting a line between the edge of
the L and inner hair cell IHC; Fig. 1b, d). A portion of
the OT boundary is formed by tectal cells (TCs; Fig. 1d),
which can be mistaken as Hensen’s cells (HCs; Fig. 1d)
(Henson et al. 1983). Tectal cells are morphologically

Basal end
‘;0
More
.apical

0OoC

centerline

1 mm

in vivo OCT volume scans, indicates the segmented OoC structure
in the hook region (orange color) between the OSL and SL ridge,
from the basal end toward a more-apical position (white dotted
line). ¢ A view of the segmented OoC structure with a white line
dividing the AZ,, and PZ,, subdivisions of the BM (OoC,,), and
with the RWM and SSL removed for better visualization of the seg-
mented OoC structure. d The OCT-based segmented region of the
OoC (red) is shown superimposed upon the hook region of a pCT-
based whole-cochlea reconstruction from a different ear (gray).

distinct from Hensen’s cells, because their membranes
form part of the OT fluid space and they are not in con-
tact with the BM (Spicer and Schulte 1994). The outer
wall of the OT is made up of tectal cells, by the tectal-cell
extension (T'CE), and the medial boundary is formed by
the third row of phalangeal processes (PhPs), OHCs, and
DCis (Fig. 1d).

Comparisons to a pCT-Based Whole-Cochlea
Reconstruction

A gerbil temporal bone previously scanned (Jackson
2014) using X-ray-based pCT imaging (vivaCT 40 pCT
scanner, SCANCO Medical AG; www.scanco.ch) was
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used to estimate the starting position for each individual
OCT scan. The pCT scan was obtained using an energy
of 55 kV (peak), a current dose of 145 pA; a 0.5-mm
aluminum filter, 1000 projections/180° with 2048 total
projections, and a voxel size of 12.5 um. The 3D volume
of the cochlea was obtained by segmenting the image
stack and thresholding. The bony primary and second-
ary OSL edges were used to approximate the BM width
and determine the OoC centerline from base to apex,
using Amira. This uCT-based BM centerline of a whole-
cochlea reconstruction was then used to register each
segmented OCT-based volume at its most likely location
in the hook region by visually aligning in 3D using the
round-window opening as a landmark and the curvature
of the OoC structure for guidance. Figure 2d shows an
example of an OCT-based segmented OoC-structure
volume (the red region within the white dotted ellipse)
whose centerline has been registered with the pCT-based
whole-cochlea OoC centerline. By aligning the center-
lines, the estimated starting points of the OCT-based

More
apical

Circumscribed circle

FiG. 3. Determining the width and height of the OoC along the
cochlear length by fitting circles along the centerline in 3D. a A 2D
OCT cross-sectional image of the OoC with the BM layer inside the
white-dotted outline (from animal #269). b The segmented 3D vol-
ume of the OoC structure (gray) is shown with the segmented BM
volume layer (red) on top. ¢ An illustration showing how a circum-
scribed circle around the thin BM layer can be used to determine
the width of the OoC (OoC,,). d An illustration showing how an

volumes ranged from 78 to 228 um from the basal end of
the cochlea, with each volume extending approximately
1.1 mm in the apical direction.

Determining OoC,, and OoC, from OCT Data

The OoCyy measurements were conducted with respect
to planes orthogonal to the BM centerline.

Figure 3a contains a 2D cross-sectional OCT image
showcasing the thin BM layer (red region with white dot-
ted outline) segmented using the volume-editing tool in
Amira. Figure 3b shows a 3D view of the thin BM layer
(in red), from the basal end to a more-apical location,
with the rest of the segmented OoC structure shown in
gray.

The total width of the OoC (OoCyy) was determined
by fitting circumscribed circles around the BM layer, as
illustrated in Fig. 3¢ for a 2D cross section. Rather than
determining the width based on a projection onto the
imaging plane, however, the segmented BM was instead

b

More apical
D

Inscribed circle

inscribed circle can be used to determine the height of the OoC
(OoCy). e To determine OoC,, the segmented structure of the thin
BM layer was fitted with circumscribed circles perpendicular to the
centerline (light blue; spaced 8-uym apart along the centerline). f
To determine OoCy, the full segmented OoC volume with the BM
layer on top was fitted with inscribed circles perpendicular to the
centerline (light blue; spaced 8-um apart along the centerline).
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imported into SimpleWare to calculate the centerline and
fit each circumscribed circle so that it is perpendicular
to the centerline (Fig. 3e). The diameter of each of these
circles, spaced at 5-voxel (8-pum) intervals, corresponds to
OoC,y at each longitudinal location. OoCyy 1s equivalent
to the sum of AZ,y and PZy, (Fig. 2c).

The height of the OoC (OoCy;) was determined using
a similar inscribed-circle fitting procedure for the total
OoC volume, as illustrated in Fig. 3d for a 2D cross sec-
tion. As for the width, the segmented OoC structure
was imported into SimpleWare to calculate the centerline
and fit inscribed circles perpendicular to the centerline.
The diameters of these inscribed circles, also spaced at
5-voxel (8-um) intervals (Fig. 3f) represent OoCy at each
longitudinal location.

Histological Preparations and Reconstructing 3D
Image Stacks

The anatomies of four ears from two gerbils (#274 and
#338, both ears) were quantified using histological meth-
ods. Animal #338 was not subject to any OC'T measure-
ments before histological processing, but in vivo OCT
measurements were performed on the left ear of animal
#274 beforehand. The processing steps consisted of tissue
fixation (using a 4% formaldehyde, 1% acetic acid, 0.1%
glutaraldehyde solution) followed by celloidin embedding
(O’Malley et al. 2009). Each animal was first intracardi-
ally perfused, and then its whole head was extracted,
decalcified, and H&E stained, all of which was performed
by the Otopathology Laboratory at MEE. Serial sections
of the whole skull, including both individual ears, were
cut (along the sagittal plane) into 20-pm-thick slices, with
every other slice stained to create histology slides. Thus,
the histology sections were spaced at 40-um intervals.
The slides were digitized and then reconstructed and
segmented into 3D volume stacks for direct comparison
against the OoC morphology as obtained using OCT
methods.

The histology slides from the gerbil cochleae were
digitized using a Nikon® E800 microscope equipped with
a Nikon® DS-Ri2 digital camera. The whole cochlea was
imaged with 5 X magnification, and with 20 X magnifica-
tion for higher-resolution measurements of the OoC hook
region. The digitized histology sections were then aligned
and segmented using Amira.

The OoC centerline from each reconstructed histology
volume was aligned to that of the pCT-based whole-
cochlea reconstruction (as described above) to estimate
the starting location of the histology volume near the
basal end of the cochlea. Based on this alignment, the
distance from the basal end of the cochlea to the same
starting location used for the OCT imaging was defined
along the OoC centerline. The 3D reconstructions of the
Oo0C fluid spaces from OCT and histology were aligned,
analyzed, and compared in Amira.

RESULTS

We used 3 female and 2 male gerbils for the in vivo stud-
ies (N=15), with a subset of these (N=3; 2 male, 1 female)
also used for the PM studies. For each gerbil, in vivo
2D cross-sectional images (e.g., Fig. 1b) were acquired
at~ 5-min intervals over a 60-min period before the time
of death. For three of the gerbils, 2D cross-sectional
images continued to be acquired over a 90-min PM
period. Using a consistent angular approach, 3D-volume
scans (e.g., Fig. 1c; Movie SI-1) were acquired in vivo
at the beginning of the experiment and 60 min later,
just before death, and at 10-, 30-, 60-, and 90-min after
death.

Figure 4 shows representative 2D images at selected
time points of the living (top row), and PM (rows 2 and
3) cochlear states. The in vivo OoC structures and fluid
spaces remained stable across the 60-min interval. In
the living cochlea, the RWM and Reissner’s membrane
were curved and bulged outward away from the OoC. A
time-lapse movie from the same ear (Movie SI-2) shows
significant changes occurring in the cochlear anatomy
after death. The middle row of Fig. 4 shows that both the
RWM and Reissner’s membrane have started to recede
toward the OoC as early as 10-min PM. By 60-min
PM, the RWM and Reissner’s membrane have changed
their directions of curvature, indicating decreased vol-
umes of the ST and scala media. This is consistent with
PM decreases in both the ST pressure and the pressure
difference between the scala media and scala vestibuli.
The dimensions of rigid structures such as the OPC that
separate the ToC from the SN (Fig. 1d) generally appear
stable throughout.

Quantitative Assessment of OoC Structural
Changes from In Vivo to Postmortem

Figure 5a shows a 2D cross-sectional OCT image illus-
trating the gross dimensions of the OoC important for
cochlear mechanics. The dimensions and volume of the
OoC structure were measured for the in vivo and PM
states and then compared.

In the image, OoCyy is bounded by the OSL to the left
and the SL to the right. OoCy is bounded by the BM
at the top and a combination of the reticular lam-
ina (RL), TCs, and HCs at the bottom. The volume
of the OoC cellular elements was calculated by subtract-
ing the area of the fluid spaces (see Fig. 7) and integrat-
ing the remaining area along the longitudinal dimension.
In the region evaluated, the volume per unit length of
the OoC structural components increased on average
by about 25% by 90-min PM (Fig. 5b). This increase in
volume is likely due to swelling of the OoC cells.

The width (AZyy) and collagen-fiber content of the
arcuate zone of the BM (BM,,) are thought to play a
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T™ OHCs

In vivo: 0 min

100 um

Postmortem (PM): 10 min

PM: 60 min 100 pm

Fic. 4. OCT-based cross-sectional OoC images (from animal #269)
at two in vivo times 60-min apart (top row) and four postmortem
(PM) times, at 10, 30, 60, and 90 min after death (rows 2 and 3).
The similarities between the in vivo images indicate the stability
of the living preparation. The sequence of PM images reveals the

dominant role in the place—frequency tonotopic map of
the gerbil cochlea (Kapuria et al. 2017). The total width
of the BM (OoCyy) has been divided into AZyy, bounded
by the OSL and the junction of the outer pillar cell and
base of the first-row DCs, and PZyy, the width of the pec-
tinate zone of the BM (BM,,), which is bounded by the
base of the first-row DCs and the SL, as defined previ-
ously (Plassmann et al. 1987; Richter et al. 2000). OoCiyy
is equivalent to the sum of AZy; and PZy,.

PM: 30 min

100 pm

PM: 90 min

progression of changes to the cochlear morphology after death. The
full set of cross-sectional images of the PM state, acquired at 5-min
increments, can be viewed as a time-lapse sequence (Movie SI-2).
See the caption of Fig. 1 for a list of abbreviations.

Figure 5c—f contains plots of AZy;, PZyy, OoCyy, and
OoCy; as functions of distance from the basal end of
the cochlea toward the apex in the hook region over
the ~0.1-1.1-mm range. The starting position rela-
tive to the basal end of the cochlea was slightly differ-
ent for each OCT scan. The individual in vivo results
are shown (thin colored lines; N=35), along with their
mean = SD (thick blue lines and error bars), as well
as the mean*SD (N=3) for the 90-min-PM case (thick
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Fic. 5. OoC volume across in vivo and PM animal states, and
OoC linear dimensions as functions of longitudinal position in the
cochlear hook region. a This 2D cross-sectional image (from animal
#243) identifies the BM,7 width (AZ,) between the OSL ridge and
the base of the first row of DCs, the BM,, width (PZ,,) between the
base of the first row of DCs and the SL ridge, and the total OoC
width (OoC,,) between the OSL and SL ridges, which is equiva-
lent to the sum of AZ,, and PZ,, (see fitted circumscribed circle in
Fig. 3¢). The overall OoC height (OoC,,) is defined as the distance
between the BM and the TCs or TCE (see fitted inscribed circle in
Fig. 3d). b Changes in the OoC volume (without the OoC fluid
spaces) per unit length (nL/mm) over time, from in vivo (N=5) to

yellow lines and error bars). While OoCyy and OoCyy are
slightly larger for the PM state than for the in vivo state,
the error bars indicate that they are not expected to be
significantly different and thus we did not perform statistical
analyses on any of the width or height measurements.
Generally, the dimensions of the OoC increase from
the base toward the apex (Fig. 5c—f), which is consist-
ent with the decreasing characteristic frequency in the
apical direction that is a key feature of the mammalian
cochlea (Peterson and Bogert 1950; Von Békésy 1960).
Despite the increases in all these dimensions as one moves
apically, the AZ,,/OoC,y ratio maintains an approxi-
mately constant value of around 0.25 (not shown). As
a comparison, we estimated the OoC dimensions based
on an in vivo OCT image near the 1-mm location, from
Fig. 1c of (Cooper et al. 2018). These dimensions (gray
diamonds in Fig. 5c—f) are typically lower than the aver-
ages we found, by about 25%. Our measurements in
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Longitudinal position [pm]

0 e B i
0 200 400 600 800 1000 1200
Longitudinal position [pm]

90-min PM (N=3), along with the mean and standard deviation
(SD). cf The AZ,,, PZ,, OoC, and OoCy dimensions are plot-
ted in respective panels as functions of longitudinal position (in
pm) from the basal end of the cochlea. The mean+SD error bars
for the in vivo measurements (N=5) are shown as thick blue lines,
and those for the 90-min-PM measurements (N=3) are shown as
thick yellow lines. Individual in vivo cases (thin colored lines) are
also shown, with the 1D, age, and gender of each animal reported
in panel c. In c—f, the gray diamonds are comparison measurements
from in vivo OCT images reported by Cooper et al. (2018) for a
location about T mm (~40 kHz region) from the basal end of the
gerbil cochlea.

animal #191, which was the youngest and one of the
lower-weight animals studied (7 weeks, 72 g), are also
lower than our average. The Cooper et al. animal was
about 12 weeks and 56 g. Thus, the differences between
our overall results and those of Cooper et al. could be
due to lower animal weights, and/or perhaps different
OCT-beam angles. Similar age and weight-related dif-
ferences in OoC dimensions have been documented in
human infants vs. adults (Meenderink et al. 2019).

OoC Fluid-Space Dimensions from In Vivo to
90-min Postmortem

Figure 6 reports the major and minor axes of the OoC
fluid subspaces as functions of cochlear location. These
subspaces were roughly elliptical in cross-section (Fig. 6a).
Segmentations of the ISS, ToC, SN, and OT fluid spaces
for a representative ear are presented in Fig. 6b—e. Panels
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b-i—e-ii of Fig. 6 show the individual in vivo results (thin
colored lines), the corresponding mean£SD (N=15, thick
blue lines and error bars), and the mean £ SD for the
90-min-PM results (N'= 3, thick yellow lines and error
bars), for the lengths of the major (b-i—e-1) and minor
(b-1i—e-ii) axes. Additionally, the minor/major axis-length
ratios are shown for the in vivo (blue lines) and 90-min-
PM (yellow lines) means (b-iii—e-iii).

The ISS fluid space had the largest in vivo dimen-
sions of the OoC fluid spaces. The average length of
the ISS major axis for the in vivo case (Fig. 6b-1) gen-
erally increased with longitudinal position, reaching a
maximum of about 68 pm near the 1000-um mark. At
90-min PM, the average length of the ISS major axis was
smaller. Unlike the major axis, the ISS minor axis for the
in vivo case (Fig. 6b-ii) exhibited a flatter longitudinal
profile on average, with a value of about 40 pum in the

200-1000-um range. At 90-min PM, the average length
of the ISS minor axis was smaller. In general, the ISS
major axis (Fig. 6b-1) showed a similar longitudinal profile
between the in vivo and 90-min-PM cases, but with the
in vivo case scaled higher.

Other OoC dimensions shown in Fig. 6 include the
ToC (c-i—c-iii), SN (d-i—d-ii1), and OT (e-i—e-iii). For the
ToC and SN, the PM changes relative to in vivo were
minimal. The 90-min-PM OT dimensions (Fig. 6e-i-1i)
generally increased relative to the in vivo case for longi-
tudinal positions apical to the 500-um location.

The minor/major axis-length ratios indicate the degree
to which the cross section of the fluid space is circular
(0.75-1.0), elliptical (0.5-0.75), or oblong (<0.5; Fig. 6,
bottom row). In general, the ISS (Fig. 6b-iii) was elliptical
in cross section and did not change much from in vivo
to 90-min PM. The ToC (Fig. 6¢-iii) and OT (Fig. 6e-iii)
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Fic. 6. a A 2D OCT cross-sectional image with the BM, ISS, ToC,
SN, and OT labeled (from animal #191). Representative in vivo vol-
ume segmentations are shown of b the ISS, ¢ the ToC, d the SN,
and e the OT, for an approximately 1-mm-long basal section of the
cochlea. The inside dimensions of each tubular shape were defined
by the major and minor axes of their elliptical cross sections (e.g.,
red crossed arrows in a). Each ellipse was placed orthogonal to the
centerline that best fit the space at each position. b-i to e-iii Inner
dimensions of the OoC fluid spaces and minor/major axis-length
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ratios, for in vivo and 90-min-PM animal states, as functions of
longitudinal position in the cochlear hook region. The mean+SD
results are in thick blue lines for the in vivo cases (N=5) and in
thick yellow lines for the 90-min-PM case (N=3). Individual in vivo
results are shown as thin colored solid lines, with the ID and age of
each animal reported in the legend of panel c-i. The second row (b-
i to e-i) shows the corresponding major-axis lengths, while the third
row (b-ii to e-ii) shows the minor-axis lengths. The last row (b-iii to
e-iii) contains the minor/major axis-length ratios.
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were generally circular for the in vivo case and changed
somewhat at 90-min PM. The SN (Fig. 6d-iii) was gener-
ally more oblong than the other fluid spaces.

To better quantify the progression of PM changes over
time, Fig. 7 plots the OoC fluid-space volumes for the
in vivo state and three PM states 30 min apart. Figure 7
a, b shows segmented 3D OCT volume images for a
representative animal (#269) for the in vivo (Fig. 7a) and
90-min-PM (Fig. 7b) states. The decrease in ST volume
(purple) after death is readily apparent. Figure 7 c—g
contain plots of the ST, ISS, ToC, SN, and OT volumes
(normalized by the longitudinal length of the segmented
region) as time progresses, for three animals. The volumes
of both the ST (Fig. 7c¢) and ISS (Fig. 7d) decreased sys-
tematically from in vivo to 60-min PM. The ISS volume
recovered slightly by 90-min PM, whereas the ST volume
continued to decrease. The ToC and SN volumes did not
change (Fig. 7e, f). On the other hand, the OT volume
(Fig. 7g) increased slightly from in vivo to 90-min PM.

Statistical Analysis

Our hypothesis is that the measured volume of each ana-
tomical feature is a function of animal state (Figs. 5b and
7). To determine the significance of the volume trends
reported in Fig. 7, we performed an analysis of variance
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(ANOVA) with two independent categorical variables
using the built-in MATLAB function anova2 (MATLAB
R2020a; Natick, MA, USA). The first variable was the
animal state, consisting of in vivo, 30-min-PM, 60-min-
PM, or 90-min-PM categories. The second variable was
the anatomical feature of interest, with categories con-
sisting of the ST, OoC structure, and each of four OoC
fluid subspaces. The anova2 analysis indicates that the
different animal-state categories were statistically inde-
pendent p<1E—5. The different anatomical-feature cat-
egories were also deemed statistically independent, with
p<1E—5, as was the interaction between the animal-state
and anatomical-feature variables, with p<1E—5. The
statistical independence among animal-state categories
indicates that the measured volumes for the in vivo state
and each of the three PM states are different, which
addresses one of the questions posed by this study. With
statistical independence of all measured volumes in the
different categories established, we then went on to deter-
mine the PM changes of individual anatomical volumes
by performing a one-way ANOVA analysis for each, with
the animal state as the independent variable.

Of the six anatomical volumes measured (Figs. 5b and
7), there were no significant changes across the four ani-
mal states for the OoC structure, SN, and ITC. The
other three fluid-space volumes, for the ST, ISS, and
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Fic. 7. Death-related changes to the ST and OoC fluid volumes.
a-b 3D reconstructions of the ST and OoC fluid spaces (ISS, ToC,
SN, and OT) based on OCT scans of a representative ear (#269),
taken in vivo a, and 90 min after death b. c-g The volume per unit
length (nL/mm) is plotted for the in vivo and PM animal states, for
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the ST ¢, ISS (d; note the change in scale for the bottom row), ToC
e, SN f, and OT g. The mean+SD error bars are shown as solid blue
lines, and the results from individual ears are shown as colored
dashed lines. Note that each volume is from an approximately
1-mm-long longitudinal section.
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OT, did change significantly with animal state. Pairwise
comparisons among the four animal states results in six
possible combinations of p-values, and these are shown in
Fig. 8 for each of these three volumes. For significance,
we use the p,=0.05 criterion. There were significant
(***$<0.0002) decreases in the ST volume by more than
a factor of 10 from in vivo to 60-min and 90-min PM
(Fig. 8a), but not from in vivo to 30-min PM. Thus, it
took more than 30 min to elapse after death for signifi-
cant volume changes to take place in the ST. Of the OoC
fluid spaces measured, the ISS volume changed the most
after death (Fig. 8b). From in vivo, there was a decrease
in ISS volume by about 35% at 30-min PM (¥5<0.02),
and it decreased further by about 55% at 60-min PM
(*¥p<0.002). The increase in OT volume by 40% from
30-min PM to 90-min PM (¥ <0.02) may be related
to the increase in the OoC-structure volume (although
this change was not significant). If we further apply a
Bonferroni correction (dividing our p, by the 6 possible
combinations, such that our criterion for significance is
reduced to p,=0.0083), then the ** and *** values remain
significant. This means that by 60-min PM the ST and
ISS volumes changed by a significant amount.

OCT vs. Histology Comparisons

In histological preparations of the cochlea, distortions of
the cochlear tissue can arise in multiple ways. In Figs. 5,
6, 7, and 8, we demonstrate and quantify the distortions
to the in vivo OoC morphology that took place due to
death alone, particularly for the ST and ISS. Additional
well-known factors that can distort the OoC structure and
fluid spaces include tissue fixation, decalcification, dehy-
dration, embedding, and staining procedures required
for histological tissue preparation (Merchant and Nadol
2010). To quantitatively assess the degree of combined
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OoC distortions due to death and histological processing,
the OoC morphology was measured after processing with
histological methods (N=4).

Figure 9a shows the hook region in the gerbil cochlea
(#274) obtained through histological methods at approx-
imately the same location as the OCT cross-sectional
image at~ 560 pm from the basal end of the cochlea
(Fig. 1b). In Fig. 9a, the TM appears detached, which
is sometimes the case with histology, whereas it appears
to be normally attached (but less visible) in the in vivo
OCT image (i.e., Figs. 1b and 5a). In the histological
preparation, not only are the SN and ToGC fluid spaces
hard to distinguish from the OoC structures, but also the
OT fluid space is dramatically reduced (white dotted
circle in Fig. 9a), and the dimensions of the OoC struc-
tures appear significantly smaller than those of the in vivo
OCT image, especially the OoCp dimension.

The OoC dimensions measured with OCT can be
compared against those measured by histology. Figure 9b
shows the mean = SD volume/mm of the ST in animals
processed with histology (based on four ears from two
animals; green diamond with error bars), and from an
individual ear measured using both in vivo OCT and
histology (#274; magenta triangle and diamond, respec-
tively). The histology-based ST volume for the individual
animal (magenta diamond) was about 50% greater than
the mean histology-based volume across ears (green dia-
mond). However, the in vivo OCT-based volume on the
same individual ear (magenta triangle) was about three
times greater than the histology-based volume. The his-
tology-based volume was comparable to the average of
the 60- and 90-min PM volumes. Figure 9b shows that a
significant amount of the change in ST volume took place
between 30- and 90-min PM. For histological processing,
the animal was perfused in vivo with a fixative that takes
effect within 5 min. In the absence of this perfusion step,
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Fic. 8. The mean+SD (N=3 animals, for which all measurements
were available) of the volumes per unit length (nL/mm) of the a ST,
b ISS, and ¢ OT, for each animal state (note the change in scale
for b and c). The p-values between pairs of animal states, from an
ANOVA test, are indicated by horizontal brackets between the
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states being compared. The number of asterisks above each bracket
correspond to the following degrees of statistical significance:
*p<0.02, **p<0.002, and ***p<0.0002, all of which are of greater
significance than the p,=0.05 criterion. Some error bars are too
small and are concealed by the symbol representing the mean.



N. H. CHo kT AL.: Cochlear Fluid Spaces and Structures of the Gerbil High-Frequency Region ...

207

57D Scala tympani (ST) r C OoC structure

— A #274, in vivo OCT

g 20 ¢ @& #274, histology [

g = OCT (mean=std, N=5)

3 15t 4 Histology (mean#std, N=4) <+

=

o

10 F [
E
S 5t $
*¢
0 + + + + + + + t t +
Invivo PM PM PM Histology Invivo PM PM PM Histology
30 min 60 min 90 min 30 min 60 min 90 min
d =— In vivo OCT (mean#std, N=5) € — #274, in vivo OCT f — #274, in vivo OCT
PM: 90 min OCT (mean=std, N=3) == #274, histology == #274, histology
30 T — Histology (mean+std, N=4) 250 1 == In vivo OCT (mean#std, N=5) 250 T == Invivo OCT (meantstd, N=5)
A Richter et al., 2000 (N=3) == Histology (mean+tstd, N=4) == Histology (mean+std, N=4)
g 251 200 1 Plassmann et al., 1987 (N=9) 200 +
& 204 = =
£ g 150 1 g 150 £
— 151 = ~ i =
8 < 100 4 1= 2 100 §
< 10¢ ) S
2
o 51 ’_/_/O/ 50 1 50 ¢ M [
A <— Basal end of the cochlea

0 : : : ' i |
0 200 400 600 800 1000 1200
Longitudinal position [pm]

0 + + + + + J
0 200 400 600 800 1000 1200

Longitudinal position [pum]

0 ; t t t t 1
0 200 400 600 800 1000 1200
Longitudinal position [pm]

Fic. 9. Comparisons of cochlear measurements between OCT (in
vivo and PM) and histology (PM only). a An image of a histologi-
cal OoC cross section (from the left ear of animal #274) at a loca-
tion~560 pm from the basal end of the cochlea. b—c The volumes
per unit length (nL/mm) of b the ST fluid space, and ¢ the OoC
structure (including the OoC fluid spaces in this case, in contrast
to Fig. 5b), are compared between OCT and histology methods.
The OCT results are plotted for the in vivo (N=5) and PM states
(N=3) in terms of the mean+SD (blue lines), and for the in vivo
state of an individual ear (#274L; magenta triangle). The histol-
ogy results at a comparable location in the same animal (#274L,
magenta diamond) and as the mean+SD (N=4, green diamond)
are plotted to the right. d OoC cross-sectional areas are shown for
the in vivo (blue; N=5), 90-min-PM (yellow; N=3), and histology

however, there was little change in the ST volume dur-
ing the first 30 min after death (Fig. 9b, blue line). Thus,
most of the shrinkage present in the ST volumes in the
histological samples likely occurred during this chemical-
perfusion stage of histological processing.

Figure 9c compares the volumes (per mm) of the OoC
structure (now including the OoC fluid spaces), as meas-
ured using OCT and histology. The OCT results for the
different states from in vivo to 90-min PM (mean+ SD,
blue line), and for one in vivo ear (magenta triangle), are
shown alongside the mean+ SD histology results (N=4;
green diamond with error bars concealed by the symbol),
as well as the individual histology results from the same
individual in vivo ear (magenta diamond). The OoC fluid
spaces were hard to discern using the histological method,
so no attempt was made to subtract those out. The mean

(green; N=4) cases, with an added data point at 800 pm (triangle)
from Richter et al. (2000) based on a hemicochlea preparation from
a zero-day-postnatal gerbil. e-f The measured OoC width (OoC;
e), along with histological results from Plassmann et al. (1987;
light blue line; mean only; N=9) and height (OoC,; f) of the OoC
structure are plotted as functions of longitudinal position. The OCT
mean +SD results are plotted for the in vivo state (N=5; thick blue
lines). Note that the gray diamonds mark the in vivo OCT and his-
tology measurements from a location~560 pm from the basal end
of the cochlea. For the OCT method, both the mean+SD (thick
blue lines) and results from an individual ear (#274L; thin magenta
lines) are for the in vivo state. The histology measurements are plot-
ted for an individual ear (#274L; thick magenta line) alongside the
mean+SD (N=4; green lines).

volume (per mm) of the OoC structure (with included
fluid spaces) as measured in vivo with OCT (blue line)
was about 4.9 times greater than that measured with
histology (green diamond), and for the individual ear
(magenta triangle vs. diamond), this ratio was about 4.7
times.

Figure 9d compares the mean* SE (standard error) of
the OoC cross-sectional area as calculated from our in vivo
(blue), 90-min-PM (yellow), and histology (green) measure-
ments. The single data point (gray triangle) measured by
(Richter et al. 2000) is from a hemicochlea preparation on
a zero-day-postnatal gerbil at a location~ 800 um from the
basal end of the cochlea. The in vivo cross-sectional OoC
area at this location (18,430 pm?) is less than the 90-min-
PM value (21,206 pm?), while the hemicochlea value (2,109
um?) is much less than either of those values and is about
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two times smaller than our histology value (5,118 pm?).
This is consistent with the findings from several groups
that gerbil hearing develops over an approximately three-
week postnatal period during which the dimensions of the
OoC structure increase significantly until postnatal day 12,
after which the dimensions remain relatively constant (Finck
et al. 1972; Miiller 1996; Souter et al. 1997; Overstreet
and Ruggero 1998). The volume of the OoC: structure was
found by integrating the measured cross-sectional areas
over a length of 1-1.2 mm. These areas were also similarly
greater when measured in vivo than when measured with
histology (Fig. 9d).

Figures 9e, f compare OoCyy and OoCy, respectively,
as measured for the in vivo state vs. histology. Going from
the basal end toward the apex, the histology-based aver-
age OoCyy increased rapidly (Fig. 9e, green line and error
bars; N=4). The OCT-based in vivo OoCyy values (Fig. e,
blue line and error bars; N=>5) have a shallower slope than
histology and are about 2 times larger than the correspond-
ing histology values at the basal end (near 0.1 mm) but
are slightly smaller at the more-apical end (near 0.9 mm).
Furthermore, the OCT-based in vivo OoCy; values (Fig. 9f)
are about 2—3 times larger than those from the correspond-
ing histology measurements. For the individual ear, the
differences between the OCT- and histology-based widths
(Fig. 9e; thin and thick magenta lines, respectively) appear
slightly greater than those between the average widths, but
also with a steeper slope for histology. The histology-based
volume (per mm) and dimensions of the OoC structures
are smaller in comparison to the in vivo case (Fig. 9), and
the in vivo case is typically smaller than the PM cases
(Fig. 5e, f). Recall that for histology, the fixative was applied
in vivo with cardiac perfusion. From this, we surmise that
the decrease in dimensions in histology is not due to PM
effects (Fig. Se, f), but rather due to histological processing.
The one caveat to this is that the tangential sectioning angle
in histology could affect the measured width dimensions,
which may explain the steeper slope in the histology width
measurements. The tangential sectioning angle would not
affect the height measurements. However, the height with
histology is quite a bit smaller (Fig. 9f), which again argues
that histological processing decreased the OoC dimensions.
The reasons for the smaller width in the basal end are not
clear, but this implies that the ridges used to define
Oo0Cyy might have moved closer toward each other during
histological processing.

DISCUSSION

We used a 905-nm-center-wavelength OCT system to
collect 2D images and 3D volumes of the OoC fluid
spaces and surrounding structures of the basal-turn hook
region through the intact gerbil RWM. With an axial
resolution of ~ 1.4 pm (in water) and a lateral resolution
of ~1.95 um, our system resolution is an improvement

by a factor of 2-8 in the axial direction and 5-8 in the
lateral direction over 1310-nm-wavelength systems (Lee
et al. 2015; Cooper et al. 2018; Fallah et al. 2019). With
this improved capability, we were able to make morpho-
metry measurements of important anatomical structures
and fluid spaces of the intact living and PM cochlea with
far better resolution than had been possible before.

For most mammalian cochleae, from base to apex the
BM width increases, thickness decreases, and collagen-
fiber volume fraction decreases gradually. A beam model
incorporating these anatomical changes has been shown
to result in a monotonically decreasing frequency-to-place
cochlear map that describes the tonotopic organization
of the cochlea for several species including guinea pig,
human, and chinchilla (Von Békésy 1960; Steele and
Taber 1979; Yoon et al. 2011).

The Mongolian gerbil used here, Meriones unguiculatus,
is one of the species of the subfamily Gerbillinae from the
Rodentia order of mammals. Of the five gerbil species
studied, all are different from other mammals because of
the pronounced arch in the BMy, (Fig. 1b—d), the lack of
significant change in the BM width beyond the first 20%
of the cochlear length, and the non-monotonic change
in BMj, thickness along the cochlear length (Plassmann
et al. 1987; Schweitzer et al. 1996; Kapuria et al. 2017).
These characteristics have made understanding the gerbil
cochlear map a challenge in light of the classical beam
model that works well for other mammals but not gerbil.
This was resolved by showing that in gerbil, the domi-
nant factors that determine the cochlear map are the
BM,, width, thickness, and collagen-fiber volume frac-
tion (Kapuria et al. 2017; Xia et al. 2018). The BMp,
arch with a gel-like substance inside the arch is thought
to act like a stiff member with insignificant flexing. It is
thought that, due to these anatomical factors, the asym-
metric radial profile of BM motion tends to have a peak
at the junction between the BM,, and BMp, regions
(Homer et al. 2004). In previous model formulations, the
AZyy/PZy, ratio was important for reproducing the radial
profile of the BM (Kapuria et al. 2017; Xia et al. 2018).
We set out to determine if the OoC widths and height
change from in vivo to PM states in the gerbil cochlea,
as this could have implications for understanding gerbil
cochlear physiology and interpreting in vivo vibrometry
measurements.

One of our present findings is that the width dimen-
sions AZyy and PZy, and thus OoCyy, change very little
PM (Fig. 5c—e). Furthermore, the present OoCy, meas-
urements are consistent with current (Fig. 9¢) and previ-
ous (Plassmann et al. 1987) histological methods. Velocity
measurements of the BM in vivo and PM also showed
little change in the asymmetric radial profile of the BM
(Homer et al. 2004), consistent with the present lack of
changes in the BM,, and BMp, widths for the different
animal states.
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Oo0C and the OoC area generally appear to be larger
for 90-min PM than for in vivo, particularly basal to the
0.5-mm location (Figs. 5f and 9d), likely due to swelling,
though this change was not deemed statistically signifi-
cant. The measurements of OoCyp and the OoC area
are several times smaller with histological methods than
with OCT methods (Fig. 9d, f), and thus those dimen-
sions cannot be relied upon from histology. The present
OCT-based results demonstrate that our histology-based
understanding of in vivo OoC anatomy has been highly
distorted in the high-frequency hook region. The present
analysis suggests that the main cause of distortion in his-
tology is likely due to processing effects and not due to
PM effects.

In addition to in vivo structural morphometry meas-
urements, we also measured the ISS and cortilymph fluid
spaces. The ISS volume in vivo is bigger than the OT
volume, but the ISS volume decreases and becomes com-
parable to the OT beyond 60-min PM (Fig. 8b, c). It is
not clear what the PM decreases in the ISS dimensions
are due to, but one possibility is swelling of the sulcus
cells. However, this is likely to be a small effect. Another
possibility is that, in the living cochlea, the ISS is pressur-
ized by ISS-cell secretions, and that this internal pressure
decreases 60 min after death, leading to a decreased ISS
volume. The ToC and SN volumes did not change sig-
nificantly PM (Fig. 7e, f), which is not surprising because
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they are supported by the rigid outer and inner pillar
cells.

One of the surprising findings is that the OT is larger
than the ToC and SN by nearly a factor two (Fig. 7e—g).
In classic OoC textbooks, the ToC is always prominently
drawn and labeled, but the OT is rarely drawn and
is typically missing (Echteler et al. 2012; Hubbard and
Mountain 2012). This is likely because the OT is just
barely visible in histology (e.g., Fig. 9a), and because of
this, its importance for interpreting measurements and its
effect on cochlear mechanics and modeling efforts have
been absent from the literature.

In the region that contains the OT, there are several
observed vibrational motions that are poorly under-
stood, and it seems possible or even likely that a realis-
tic appreciation of the OT and its surrounding anatomy
is important for understanding these phenomena. The
TCE and apical end of the nearby HCs (Fig. 10), some-
times called the “lateral compartment,” has a motion
that can be 180° out of phase from BM motion in
both active and passive cochleae (Gao et al. 2014).
What makes the vibration pattern of this region dif-
fer from the BM has been a mystery. One reason for
the great interest in the motion near the apical end
of the OoC, such as lateral-compartment motion,
is that the RL plays a prominent role in driving the
OHC stereocilia with the phase required to allow OHC

RL radial
Stereocilia motion
bundles \ r RL

Sub-tectorial =
gap

motion

BMyz.pz
junction

PST

Fic. 10. Schematic of the OoC structures and fluid spaces,
depicted here with the BM underneath, with red arrows indicat-
ing the proposed motions of the OT-RL-resonance hypothesis. The
transverse motion of the BM from the traveling wave (red curved
vertical arrow at the BM,,_p; junction) squeezes the OoC, and the
resulting cochlear pressures and motions are postulated to affect

OT mechanics
for RL radial
motion

50 um

the OT fluid volume. Dynamic expansion and contraction of the
OT fluid volume (cross-shaped arrows in the OT) may lead to radial
vibration of the TCE, which through its attachment to the RL may
then provide a mechanism for affecting the radial motion of the RL.
The enlarged inset shows details of the sub-tectorial gap and stereo-
cilia bundles between the TM and RL.
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motility to amplify the traveling wave (Guinan 2020).
Although it has been thought that a resonance in the
radial motion of the TM is what drives the OHC stere-
ocilia with the required phase for cochlear amplification
(Gummer et al. 1996; Lukashkin et al. 2010; Sasmal
and Grosh 2019; Nankali et al. 2020), recent OCT
vibrational measurements have shown no TM radial
resonance (Lee et al. 2016). Instead, the OHC-drive
phase for cochlear amplification is produced by the RL
vibrating out-of-phase from the BM (Lee et al. 2016;
Guinan 2020). Again, it remains a mystery how this
RL-vibration phase comes about, and to our knowledge
no mechanism has been published that could explain
how such a shift in the RL phase could arise. We
hypothesize that the large OT space, through its effect
on fluid dynamics within the OoC, plays an important
role in producing these mysterious vibration patterns.

In our hypothesis, the transverse motion of the BM
in a traveling wave (Fig. 10, red curved vertical arrow)
squeezes the OoC and produces pulsatile motion of
the cell walls surrounding the OT fluid space (Fig. 10).
Depending on the wall stiffness, fluid mass, and steady-
streaming Reynolds number, the wall motion may
excite resonance modes (Secomb 1978). We hypothesize
that OT resonance modes can induce radial and trans-
verse motions of the TCs at the apical region of the OT
that vibrate the TCE attached to the outer edge of the
RL and thus provide a mechanism for radial motion
of the RL (Fig. 10, red dotted ellipse). This “OT-RL-
resonance” would be present for both active and passive
mechanics and may be amplified by the active pump-
ing of fluid into the OT by the OHCs. An alternative
way that OT motion may be coupled to RL motion
is through fluid motion in the intra-OoC fluid spaces.
Details of this hypothesis are lacking, but its essence is
that the large OT fluid space must have a substantial
effect on cochlear mechanics and may be instrumental
in producing an OHC drive at the correct phase to
produce cochlear amplification. A related possibility is
that the OT might form a low-impedance boundary for
the third row of OHCs such that they can vibrate more
than the other two rows due to this lower OT fluid
impedance. Testing these hypotheses will require new
physiological measurements, improved OCT methods,
and further developments in FE modeling.
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