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Abstract

Purpose A probe that binds to unfixed collagen fibrils was used to image the shapes and fibrous properties of the TM and
BM. The probe (CNA35) is derived from the bacterial adhesion protein CNA. We present confocal images of hydrated gerbil
TM, BM, and other cochlear structures stained with fluorescently labeled CNA35. A primary purpose of this article is to
describe the use of the CNA35 collagen probe in the cochlea.

Methods Recombinant poly-histidine-tagged CNA35 was expressed in Escherichia coli, purified by cobalt-affinity chromatog-
raphy, fluorescence labeled, and further purified by gel filtration chromatography. Cochleae from freshly harvested gerbil bullae
were irrigated with and then incubated in CNA35 for periods ranging from 2 h — overnight. The cochleae were fixed, decalcified,
and dissected. Isolated cochlear turns were imaged by confocal microscopy.

Results The CNA35 probe stained the BM and TM, and volumetric imaging revealed the shape of these structures and the
collagen fibrils within them. The limbal zone of the TM stained intensely. In samples from the cochlear base, intense stain-
ing was detected on the side of the TM that faces hair cells. In the BM pectinate zone, staining was intense at the upper and
lower boundaries. The BM arcuate zone was characterized by a prominent longitudinal collagenous structure. The spiral
ligament, limbus and lamina stained for collagen, and within the spiral limbus the habenula perforata were outlined with
intense staining.

Conclusion The CNA35 probe provides a unique and useful view of collagenous structures in the cochlea.

Keywords Tectorial membrane - Basilar membrane - Cochlea - Collagen - Habenula perforata

Introduction

The acellular tectorial membrane (TM) is an accessory
structure that spirals along the length of the cochlea. On its
medial, modiolar side, the TM is fixed to the apical surfaces
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of interdental cells, which form the epithelium overlying the
spiral limbus; it then extends laterally, covering the inner
and outer hair cells (Fig. 1a, b). Hair bundle deflection is
generated by a shearing motion between the reticular lamina
and the TM, leading to mechanoelectric transduction [1].
Beyond this most fundamental role, TM mechanics have
been hypothesized to be key to producing the cochlea’s fre-
quency selectivity [2, 3]. The TM is a gel-like structure that
is 97% water and otherwise comprises collagen types II,
V, IX, and XI, and noncollagenous glycoproteins TECTA,
TECTB, CEACAM16, OTOG, and OTOGL [4]. TECTA,
TECTB, and CEACAM16 are the main constituents of the
TM striated sheet matrix, within which collagen fibrils are
embedded and oriented primarily in the radial direction per-
pendicular to the cochlear spiral [5, 6].

The TM can be difficult to view in vivo and in vitro due
to its high hydration state and near-transparency and because
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Fig. 1 a Sketch of a cross section of the gerbil cochlea, a snail shaped
bony capsule enclosing the sensory epithelium. The organ of Corti
and tectorial and basilar membranes (TM and BM) coil around a
central core, the modiolus, that contains the auditory nerve. Cochlear
base and apex are noted. b Sketch of the region boxed in (a), with the
two regions of the BM labeled (arcuate and pectinate zones), and the
tectorial membrane shown in its natural position in contact with OHC
stereocilia. (In the cartoon, the IHC stereocilia also contact to TM,

it is an acellular structure that cannot be stained with cell-
specific dyes. Second harmonic imaging microscopy (SHIM)
was used to image the 3D organization of the collagen fibrils
within fresh TM of adult mice [7, 8]. In fixed, dehydrated tis-
sue, the TM has been observed with scanning and transmis-
sion electron microscopy (SEM, TEM). These images show
the slightly-off-radial orientation of the collagen fibrils and
details of the covernet [4, 9]. The imprints of the OHC ste-
reocilia outermost row were observed with SEM, cementing
the evidence that the TM and OHC stereocilia are in contact
in vivo [9, 10]. In fresh preparations, IHC stereocilia have
also been observed to be in contact with the TM [11].

The BM is a fibrous ribbon that supports the organ of
Corti. Radially, this ribbon has two sections — the arcuate
zone (AZ), which spans from the foot of the inner pillar
cell to the foot of the outer pillar cell, and the pectinate
zone (PZ), which spans from the outer pillar foot to the
spiral ligament (Fig. 1a, b). The BM is composed of colla-
gen type II fibrils [12] in a ground substance that includes
the glycoprotein EMILIN2 [13, 14]. The PZ contains
orderly radial fibrils; the AZ is less well described in the
literature. The shape of the BM varies between species. In
the gerbil cochlea, the PZ has a bowed shape, with fibrils
on the upper and lower surfaces [15]. The gerbil BM has
relatively little longitudinal variation in radial width [16]
while in guinea pig and human [17, 18], the BM has a
relatively flat shape and a steady increase in width from
base to apex. The BM is considered the primary struc-
tural element of the cochlear partition [19, 20]. It has been
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although this is uncertain [11].) The location of the hair cells and pil-
lar cells is noted although in our preparations, we did not stain for the
cells of the organ of Corti. Auditory neurons extend through the bone
of the spiral lamina via the bony holes of the habenula perforata. The
longitudinal (L) transverse (T) and radial (R) directions are indicated.
Microscopy images (below) are shown in either a radial-longitudinal
or an approximate radial-transverse plane

imaged with electron and light microscopy, in both labeled
and unlabeled, and fixed and unfixed preparations [9, 12,
14, 21, 22].

Both the BM and TM are hydrated and suffer from
dehydration artifacts, as is apparent when comparing the
plump structures imaged from a fresh hemicochlea to the
dehydrated structures of histological sections [22]. In the
present study, we present confocal images of hydrated ger-
bil cochleae, stained with a fluorescently labeled collagen-
binding protein domain (CNA35). CNA35 binds to the col-
lagen triple helix and has been reported to bind to collagen
types I through VI [23]. It is typically used in unfixed tissue
and has been used in cell and tissue culture, allowing for
visualization of collagen over [23-25].

It is acknowledged that this study was a component of a
physiological investigation in which the mechanical prop-
erties of the TM were to be manipulated using scala media
(SM) injections of collagenase (to reduce stiffness) or
polyethylene glycol (to increase viscosity) [26]. However,
injection of these agents and ~2 h of in vivo incubation
did not result in detectable physiological changes. Because
the injections did not induce any apparent changes in the
anatomy, this paper presents collagen imaging of hydrated
forms of the TM, BM, and other collagenous structures
within the cochlea. To our understanding, this is the first
use of the CNA35 collagen probe in the cochlea. The
imaging reinforced previous findings and resulted in
apparently new findings regarding the localization of col-
lagen in the cochlea.
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Materials and Methods
CNA35

CNA35 is a fragment of the CNA collagen adhesion pro-
tein from Staphylococcus aureus bacteria, correspond-
ing to amino acids 30-344, which contain the essential
domains for high-affinity collagen binding [27]. The two
subdomains of CNA35 (N1 and N2) wrap around the col-
lagen’s triple helical structure and make mostly hydro-
phobic contacts with the glycine/proline/4-hydroxyproline
repeats of collagen (Fig. 2; [27]). CNA35 is typically used
in unfixed tissue (as in the study here) and it was reported
to not bind to denatured collagen [23, 27]. However, a pro-
tocol was described for the use of CNA35 in fixed muscle
tissue [28].

In our study, BL21-DE3* Escherichia coli cells were
transformed with a plasmid encoding poly-histidine-tagged
CNA35 (from the Maarten Merkx lab in the Netherlands)
and grown at 37 °C with 250 rpm shaking in Terrific Broth
supplemented with 100 pg/mL ampicillin. When the cells
reached an optical density of ~0.6-0.9 at 600 nm, the tem-
perature was reduced to 20 °C, and recombinant protein
expression was induced with 500 uM isopropyl p-D-1-
thiogalactopyranoside (IPTG). After 16 h, cells were har-
vested by centrifugation, washed with phosphate buffered
saline (PBS, 140 mM sodium chloride, 2.7 mM potassium
chloride, 10 mM sodium phosphate, 1.8 mM potassium
phosphate, pH 7.3), and flash frozen in liquid nitrogen
before storing at — 80 °C.

For protein purification, all steps were carried out at 4 °C
with ice-cold buffers, unless otherwise indicated. Frozen
cells (%25 g) were resuspended in extraction buffer (300 mM
sodium chloride, 50 mM sodium phosphate pH 8.0, 1 mM
p-mercaptoethanol) supplemented with 0.75 mM phenyl-
methylsulfonyl fluoride and 1.5 pg/mL DNasel (Sigma
catalog no. DN25). After lysis by French press, lysates
were clarified by centrifugation at 30,000 X g for 40 min.

Fig.2 Structural images of
CNA35 binding to collagen,
created in PyMOL based on
PDB code 2F6A. CNA35 binds
to unfixed collagen strands in
their triple helix form. The
CNA3S5 protein was fluores-
cently labeled with succinimidyl
ester dyes, which covalently
modify lysine residues (pink).
We are uncertain which of the
CNA3S5 lysines were modified
in our labeling protocol. Two
possible Oregon Green 488
modifications are shown

Supernatants were nutated with 1 mL of TALON cobalt-
affinity resin (Takara Bio). The resin, with bound protein,
was washed with 25 mL of extraction buffer, followed by
25 mL of a wash buffer of the same composition with the
pH adjusted to 7. Finally, the protein was eluted from the
resin with wash buffer supplemented with 200 mM imida-
zole. The protein was concentrated in an Amicon 10 kDa
molecular weight cutoff spin concentrator at 3500 X g and
buffer exchanged into 0.1 M sodium bicarbonate.

The CNA35 protein was labeled with succinimidyl
esters of either OregonGreen488 (CNA35-OG) or Cya-
nine3 (CNA35-Cy3), using a 0.8-5 X molar excess of dye
to protein and nutating at room temperature for 1 h. The
reaction was quenched with 20 mM Tris base. The labeled
CNA35 was passed through a 0.65 pm Durapore mem-
brane (Millipore Sigma) and further purified by gel filtra-
tion chromatography on a Superdex200 Increase 10/300GL
column (Cytiva) equilibrated with PBS. The concentra-
tion of Cy3 was measured at 552 nm using an extinction
coefficient of 150,000 M~'-cm~!. The concentration of
0G488 was measured at 496 nm using an extinction coef-
ficient of 72,000 M~'-cm™'. The concentration of protein
was measured at 280 nm using an extinction coefficient of
33,176 M~'.cm™! and 280-nm correction factors of 0.12 for
0G488 and 0.11 for Cy3. Aliquots of labeled CNA35 were
flash frozen in liquid nitrogen and stored at —80 °C. Two
batches of CNA35-OG were prepared using this protocol,
with labeling of the first batch 57% (from the 0.8:1 molar
ratio dye:protein reaction) and of the second batch 135%
(from the 5:1 molar ratio dye:protein reaction), where 100%
labeling would correspond to one fluorophore per CNA35
molecule. The CNA35-Cy3 was 23% labeled (from the 0.8:1
molar ratio dye:protein reaction).

Gerbil Tissue

Gerbil procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Columbia University.
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The CNA35 staining was done on both ears and was per-
formed post-mortem following in vivo experimental pro-
cedures to alter the TM of the left cochlea. These in vivo
procedures involved measuring the endocochlear potential
(EP) in SM, followed by injection of 0.5—-1 pL of either col-
lagenase solution or 8 kDa polyethylene glycol solution.
(Examples of EP recordings are in supplemental Fig. 1).
To date, the TM modification has not been successful, in
that physiological changes have not been noted and staining
has not revealed changes in TM structure. At the end of the
experiment, both bullae were removed, followed by CNA35
staining, decalcifying, dissecting, and imaging.

Temporal Bone Preparation and Cochlea Dissection

Freshly harvested young adult (approximately 6 months
old) gerbil bullae were obtained at the end of physiology
experiments. The bullae were opened, middle ear ossicles
were removed, and the cochleae were irrigated with 2 uM
CNA35 (OG or Cy3, noted in figures below and prepared
in PBS) through the oval window. The samples were then
immersed in approximately 1.5 mL of the CNA35 solution
and stored at room temperature for a duration ranging from
2 h to overnight, following [23]. The cochleae were then
fixed in 4% formaldehyde at 4 °C, typically for~24 h and
sometimes several days, and subsequently decalcified in eth-
ylenediaminetetraacetic acid (EDTA, 120 mM) for 3 days.
The tissue was dissected on a silicone-coated petri dish filled
with PBS, and the basal turn was initially separated from
the middle and apical turns [29]. One blade of a pair of
spring scissors was inserted into the oval window and cuts
were made along the lateral wall of the basal turn. The scis-
sors were repositioned by inserting the other blade into the
region just cut and the first blade medial to the oval window
to isolate the basal turn. Decalcified bony tissue basal to the
organ of Corti was removed, and a series of small cuts were
made to remove the spiral ligament/lateral wall from the
organ of Corti. This is a crucial step because the TM can be
accidentally detached from the spiral limbus. To avoid this,
the basal turn should be held away from the bottom of the
petri dish to prevent deformation, while gentle and precise
cuts are made with the scissors, with the plane of the blades
at~a 45° angle with respect to the plane of the organ of
Corti. This description applies in cases when the goal was
to keep the TM and BM intact and together. This dissection
strategy was not always successful, in that in many cases the
TM was not retained in place on the limbus. In later dissec-
tions, the TM was purposely removed from the limbus and
imaged separately from other tissue. Examples from both
dissection strategies are shown. Slides were prepared with
1-2 layers of 0.12 mm thick Coverwell Imaging Chambers
(EMS 70,327-13S, Hatfield PA). Each dissected section was
placed in a drop of Vectashield Antifade mounting medium
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(Vector Labs, Burlingame CA) that had been placed in the
chamber center. A coverslip was gently applied and attached
in place by applying clear nail polish to its rim.

Confocal Microscopy

The dissected turns were imaged on a Nikon AR laser scan-
ning confocal microscope with a 20 X air objective lens (0.75
NA/1000 pm WD | CFI60 Plan Apochromat A) and 20-mW
488-nm Argon-laser to excite OregonGreen488-CNA35.
Emission was measured at 525 nm. The 488-nm laser power
was set to 2% and the HV-GaAsP detector was set to 20
HV. For the CNA35-Cy3 stained samples, a 561-nm 20-mW
diode laser was used for excitation, and emission was meas-
ured at 595 nm. Laser power for the 561-nm laser was 4%,
and the detector gain was set to 20 HV. Z-stacks were cap-
tured spanning 100-150 um with a step size of 1-2 um/
step. Pixel size was set to 0.62 um and scanned at a dwell
time of 2.3 us/pixel. The data from confocal laser scanning
microscopy were collected through NIS-Elements Advanced
Research software and analyzed using the FIJI distribution
of ImageJ [30]. Samples were stored in a closed box at 4 °C
to avoid exposure to light and dust. The Z-stack projections
in the figures are generally maximum intensity projections
of a full or partial stack and show radial-longitudinal views.
The fluorescent heat maps in the figures are approximately
radial-transverse views generated using the “volume viewer”
plug-in in FIJI-ImageJ.

Mouse Tissue

An image from a mouse cochlea is included at the end
of results. The mouse study was approved by the Sussex
University, UK animal welfare committee. The cochlea
was from a young adult mouse homozygous for a targeted
mutation in which the first coding exon of Ofoa has been
replaced by the sequence encoding EGFP [31]. OTOA is no
longer produced in Otoa®F*EGFP mice, the TM is detached
from the spiral limbus, and EGFP is expressed in the inter-
dental cells of the limbus. The mouse was euthanized and
the cochleae were harvested and dissected. Dissection and
CNA35 labeling were done using Hepes buffered (pH 7.2)
Hanks balanced salt solution containing 1 mM Ca** and
1 mM Mg**. To better maintain the integrity of the inter-
dental cells, the CNA35-Cy3 staining time was carried out
on ice for 2 h. The tissue was fixed for an hour, the EGFP
signal was amplified with an FITC-anti GFP antibody, and
the tissue was then mounted in Vectashield containing DAPI
to label the nuclei of the cells. Spiral limbus pieces from
the Or0a”®FPECFP mice were imaged on a Leica SP8 confo-
cal microscope, using ax 63, 1.4 NA oil-immersion lens.
Images were captured at 1024 X 1024, x 1.5 zoom, a line
average of 2, and a scan speed 400 Hz.
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We include a second figure from a mouse study as sup-
plemental Fig. 2. This was a mouse cochlea from a just-
euthanized mouse from the Columbia University animal
facility (euthanized within the facility, as part of a tissue-use
program). This study was done for training purposes, and
the imaging results were useful regarding penetration of the
CNA35 dye into the BM. Processing was like that for gerbil,
with 2 h staining with CNA35-0G, followed by fixation,
decalcification, dissection, and imaging.

Results

To visualize collagen in the gerbil cochlea, we irrigated
and incubated intact, unfixed cochleae with fluorescently
labeled CNA35, followed by fixation, dissection, and confo-
cal imaging. As noted, some of the gerbil preparations had
been treated with intra-SM injections of agents to perturb the
TM; however, perturbation has not been successful to date.
Both untreated and treated preparations are including in this
imaging study and, although this status did not influence the
results, it is indicated in Table 1.

In the specimen of Fig. 3a, b, the anatomical structure
was maintained during the dissection allowing TM and BM
to be visualized together. Their relative orientation is seen
in the approximate radial-transverse heat map of Fig. 3a.
The limbal zone of the TM in Fig. 3a, b stains particularly
brightly, and the fibrils of the TM are clear in the radial-
longitudinal view of Fig. 3b (see Fig. 1b for orientation).
The BM staining was not as bright as the TM, and brighten-
ing the image (such that the TM appears saturated) made the
fibrils of the BM visible (inset in Fig. 3b). The TM and BM
fibrils are angled differently — the TM fibrils slant toward
the apex relative to the fibrils of the BM. The approximate
radial-transverse heat maps in Fig. 3a, ¢ highlight the upper
and lower bands of collagen fibrils in the PZ of the BM [15,
32]. The specimen of Fig. 3¢, d was imaged from the scala
tympani (ST) side and additional regions of the BM and lim-
bus are visualized, whereas the TM was not visualized and
might have lifted off the structure. In the Z-stack projection

Table 1 Gerbil cochlea specimens presented in this report. More
information on the CNA stains is in the “Materials and Methods”
section. SM, scala media; PEG, polyethylene glycol; CNA35-0OG,
CNA3S5 labeled with OregonGreen488; CNA35-Cy3, CNA35 labeled

of Fig. 3d, the BM PZ shows orderly radial fibrils, while the
AZ of the BM is dominated by relatively thick longitudinal
bands that appear bright in the heat map (asterisks in ¢ and
d). Capillaries within the limbus are apparent in Fig. 3c, d
(arrows in d).

In the sample of Fig. 4, the TM became detached from
the limbus during dissection, and the image is of the spiral
ligament, BM, spiral lamina, and spiral limbus. The sample
was placed on the slide so that the SM side was closer to
the imaging optics than the ST side, favoring the imaging
on the SM side. In the radial-longitudinal view (Fig. 4b),
the PZ shows thin, orderly radial fibrils, while the anatomy
of the AZ is dominated by two relatively thick longitudinal
bands (asterisks). The habenula perforata (HP) in the spiral
lamina are brightly outlined by fluorescence and are vis-
ible as the bright bisected circle in the fluorescent heat map
(Fig. 4a), indicating that this collagenous lining of the HP
spanned the width of the spiral lamina. The spiral ligament
and surface of the spiral limbus stain brightly. The region of
the interdental cells of the limbus is particularly bright and
snake-like in Fig. 4b. The bright regions are extracellular
matrix surrounding the interdental cells. (A murine sample
shown in Fig. 7 is also useful for parsing this anatomy.) The
brightness indicates a high density of collagen in the extra-
cellular matrix of the limbus.

Figure 5 shows a confocal Z-stack in different layers and
views. The volumetric view in Fig. 5a appears as an intact
cochlear partition (minus the cells of the organ of Corti, which
would not have stained (see supplemental Fig. 3). The fluo-
rescent heat map in Fig. 5a' shows the same features as the
heat maps of Figs. 3 and 4: bright fluorescence in the limbal
region of the TM and the limbus, in the upper and lower layers
of BM PZ fibrils, and circling the HP. A projection of the full
Z-stack is shown in Fig. 5b, while projections from subsets
of the Z-stack showing the TM region are in Fig. 5c, c', ¢",
and of the BM region are in Fig. 5d, d', d". Figure Sc, a single
slice from the apical side of the TM, shows the TM attach-
ment to the interdental cells of the spiral limbus. Figure 5S¢/,
20 pm deeper, shows a dark separation between the limbus
and the TM, due to the anatomical indentation in the TM that

with Cyanine3. The imaging reported in this study was not apparently
influenced by the PEG and collagenase injections; the information in
the table is included for completeness

Animal, figure # Dye and duration of incubation with dye

Notes

2901, Fig. 3 CNA35-0G, 57% labeled batch, 2 h

2924, Fig. 4 CNA35-Cy3, overnight

2932, Fig. 5 CNA35-0G, 135% labeled batch, overnight
2941, Fig. 6 CNA35-0G, 135% labeled batch, overnight

Left ear. No collagenase or PEG used. No injection into SM
Right ear. No injection into SM
Left ear. PEG injection into SM

TM purposely separated from limbus. Left cochlea had
collagenase injection into SM. Both left and right ear TM
shown
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Fig.3 CNA35-OG staining in a cochlea with no SM injection. a and
b Basal turn. The fluorescence heat map in (a) is an approximately
radial-transverse view from the location indicated by the dashed line
in (b). Staining intensity increases blue: purple: pink: orange: white.
b A projection of the Z-stack gives a radial-longitudinal gray scale
image. The inset is a copy of the lower left portion of the stack,
brightened to show the BM more clearly. TM, BM, and spiral limbus
are labeled. Arrows in (a) indicate the bands of collagen fibrils in the
pectinate zone (PZ) of the BM. ¢ and d Middle turn. A second sam-
ple from the same cochlea was positioned on the slide upside-down

is clear in the volumetric and approximate radial-transverse
views of panels a and a' (arrow in a'). In the BM slice of
Fig. 5d, in addition to the BM fibrils, the CNA35 dye stained
the spiral ligament and outlined the HP of the spiral lamina.
A prominent longitudinal cord-like band is observed in the
BM AZin Fig. 5d', 10 pm deeper than in Fig. 5d. A subtle yet
clear longitudinal band appears in the PZ region of the BM
(arrows in Fig. 5d, d"). This longitudinal feature is also evi-
dent in Fig. 5a and might relate to the boundary between the
BM and the organ of Corti. A similarly located longitudinal
structure was observed in decellularized cochleae [33]. The
right-most images (Fig. 5¢", d") are projections from the TM
and BM regions, respectively. The TM fibrils slant towards the
apex relative to the radial BM fibrils. The BM fibrils appear
anchored on both sides of the PZ, at the spiral lamina and the
lateral edge of the AZ, where the outer pillar foot would be
(Fig. 1b).

Intentionally isolated TMs are shown in Fig. 6. The
approximately radial-transverse heat maps of fluorescence
emphasize the density of the collagen fibrils in the limbal
region where the TM would connect to the limbus. Apparent
in the heat maps is that the structure of the gelatinous, water-
dominated TM structure retains its shape when detached,
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relative to (a) and (b), so that the scala tympani (ST) side was more
brightly imaged than the SM side. The fluorescence heat map in (c) is
an approximately radial-transverse view from the location indicated
by the dashed line in (d). Staining intensity increases blue: pink:
white. Only the BM is visible (the TM might have detached). A pro-
jection of the Z-stack gives the radial-longitudinal gray scale image
in (d). Asterisks indicate longitudinal bands in the BM’s arcuate zone
(AZ). Arrows in (c¢) indicate the bands of fibrils in the BM PZ. Black
arrows in (d) indicate capillaries within the lamina. All scale bars are
100 pm

with a plump, wing-shaped TM body and narrow extension
that would have been attached to the limbus. The gray scale
projections show the off-radial slant of the collagen fibrils,
particularly clear in Fig. 6¢ in which the TM retains its lon-
gitudinal arc, and the fibrils are oriented with a slant relative
to the radial direction. There is a bright region in what would
have been the hair-cell facing underside of the TM observed
in both the heat map and gray scale projection from the basal
turn TM of Fig. 6¢. This region appears to be the shell-like
structure that was noted in the basal TM of mouse [7].

The SM of the left cochlea in Fig. 6b, ¢ was injected with
collagenase, but with no apparent change to the physiology.
These TM images, showing middle-turn TM from both right
(Fig. 6a) and left (Fig. 6b) cochleae, show no left-right dif-
ferences, consistent with the apparent ineffectiveness of our
collagenase treatment to-date.

Control Image from a Transgenic Mouse

To explore the prominent CNA35 staining within the spiral
limbus, we did a study in mouse, in which the cellular and
extracellular tissues in the limbus were delineated by means
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Fig.4 CNA35 staining in a cochlea with no SM injection. Basal
turn. TM was removed during dissection. The fluorescence heat map
in (a) is an approximately radial-transverse view. Staining intensity
increases blue: purple: orange: yellow. Arrows in (a) indicate the
bands of collagen fibrils in the BM PZ. Asterisks in (a) and (b) indi-
cate the longitudinal bands in the BM AZ. A projection of the Z-stack
gives the radial-longitudinal gray scale view in (b). The habenula
perforata (HP) are outlined by fluorescence (arrows indicate two of
many). Scale bar=100 pm

of fluorescent labeling. In Fig. 7a-c, we show triple-labeling
for GFP that is expressed in the cytoplasm of the interdental
cells of the limbus in the Oroa®FPECFF knockin-knockout
mice (green), for collagen fibrils with CNA35-Cy3 (red),
and for nuclear DNA with DAPI (blue). Because the TM
detaches from the organ of Corti in OtoaPCTPEGFP mice,
this image is of the spiral limbus without the TM. The flask-
shaped interdental cells (green) are surrounded by CNA35-
stained collagenous extracellular matrix (red). The separa-
tion is most clearly seen in the view afforded by Fig. 7c. This
control preparation affirms that the intense CNA35 staining
we observed in the gerbil limbus is collagen in the extracel-
lular matrix.

Discussion

The present study used a fluorescently labeled collagen-
binding protein (CNA35) to visualize the organization of
collagen fibrils within the TM, BM, and other regions of the
cochlea. The dye was applied to unfixed tissue for a duration
of 2 h or overnight (Table 1), with both durations resulting in

successful staining. Following staining, the tissue was fixed,
but due to the long period of time staining at room tempera-
ture, the status of the cells of the organ of Corti is assumed to
be somewhat degraded, although we did not routinely coun-
terstain to visualize cells. (See supplemental Fig. 3 for an
indication of how the hair cells in cochlear cultures appear
after similar periods of incubation prior to fixation.) The
tissue remained hydrated throughout and was imaged with
confocal microscopy.

The CNA35-based collagen probe allowed for clear visu-
alization of the TM and BM radial fibrils. In some cases, the
relative positions of the TM, BM, and spiral lamina, limbus,
and ligament were retained, allowing for visualization of this
full structure. The outlines of the HP, the bony holes where
auditory nerve fibrils would emerge from the spiral lamina
to contact hair cells, were brightly stained. Observing indi-
vidual slices in a Z-stack allowed for visualization of the TM
attachment to the interdental cell region of the spiral limbus
(Fig. 5¢). The spiral limbus and ligament stained brightly
and are known to contain collagen [21, 34].

The TM maintained its plump, wing-like shape following
dissection and the TM collagen fibrils displayed their previ-
ously documented off-radial slant [4, 9]. A shell-like struc-
ture on the hair-cell-facing surface of the TM, similar to that
described by Gueta et al. [7] in the basal half of the mouse
cochlea, is highlighted by CNA35 staining in the basal-turn
image of Fig. 6c. While similar staining is not visible in
Figs. 3a and 5a’, these images are from intact BM +TM
samples in which the extreme basal end of the cochlea was
unlikely to be present, due to dissection challenges. As it is
only the basal 15% of the gerbil cochlea (in contrast to 40%
of the mouse cochlea) that responds to frequencies > 30 kHz
[35, 36], the collagen-rich shell-like structure may be a high-
frequency specialization of Kimura’s membrane, a structure
on the surface of the TM into which the hair-cell stereocilia
are embedded [37].

The intense CNA35 staining in the TM’s limbal zone
indicates dense collagen in that region. This apparently stiff
cantilever-like attachment region of the TM would provide a
rigid support for the TM body, which will impact the shear-
ing motion between the reticular lamina and TM that leads
to hair cell excitation (Fig. 1b). Recent measurements of
sound-induced motions in freshly excised gerbil cochleae
found that the TM rotated in a manner between that of a
limbus-attached rigid body and a detached fluid body [38].
The imaging here is in harmony with that finding, with a
densely collagenous, and thus relatively rigid limbal region
and a less densely collagenous, more fluid TM body.

The collagen staining in the BM PZ was more intense in
bands at the upper and lower boundaries than in the middle
of the BM. These fibril bands have been described in ger-
bil [15] and their mechanical impact explored in computa-
tional models [32, 39]. (In this article’s supplemental Fig. 2,
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Fig.5 CNA35 staining in a cochlea with SM injection of polyethyl-
ene glycol (PEG). Basal turn. The PEG injection did not cause a nota-
ble change in physiology and the anatomy also appeared unchanged
due to the injection (compare with Fig. 3). The anatomical structure
was maintained during the dissection process allowing TM and BM
to be visualized together. a Volumetric view. a' Fluorescent heat
map with approximately radial-transverse view. Staining intensity
increases blue: pink: yellow. b Full Z-stack projection. ¢, ¢', ¢'" Slices
emphasizing the TM layer of the Z-stack. The Z-slice resolution was

CNA3S5 staining in a mouse cochlea is shown and does not
show the two-banded structure. The supplemental figure is
included to support that the observed bands are not an arti-
fact of poor dye penetration.) In contrast to the expected
collagen distribution in the BM PZ, an unexpected finding
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2 pm. There was a separation of 20 pm between (c) and (c'); (¢") is
a projection of the TM region. d, d', d"" Slices emphasizing the BM
layer of the Z-stack. There is a separation of 10 pm between (d) and
(d"); (d") is a projection of the BM region. The asterisks in (d') and
(d"") indicate the longitudinal bands in the BM AZ. Black arrows in
(d) and (d") identify a subtle longitudinal band in PZ. White arrow in
(a') is an indentation that produces the black band between the limbus
and the TM in (c'). All scale bars are 100 pm

was that the AZ of the BM was characterized by a prominent
longitudinal structure. Anatomical studies in mustached bat
showed a similar longitudinal structure in the BM AZ, and
the authors suggested it was a remnant of a spiral blood ves-
sel [40]. That suggestion is consistent with the appearance
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Fig.6 CNA35 staining of the isolated TM. a Middle turn TM from
right cochlea, which did not receive a SM injection. b and ¢ Middle
and basal turns respectively, from left cochlea in which collagenase
had been injected into the SM. No physiological or anatomical
changes due to the collagenase were noted. The fluorescent heat maps
are approximate radial-transverse views; the gray-scale projections
are radial-longitudinal views. The limbus side of the TM is on the left
in the heat maps of (a) and (c), and on the right in (b). Scale bars on
the left are all 100 pm. The regions within the red boxes on the left
side are expanded on the right side of the figure. In (¢), a shell-like
surface structure is identified with an arrow. Staining intensity pro-
gresses blue:pink in (a) and (b), blue:pink:orange:yellow in (c)

of the structure in our studies. Whether this longitudinal col-
lagenous structure impacts cochlear mechanics is not known.
It might confer longitudinal coupling, which is important
in some cochlear models [41—43]. It is notable that in point
stiffness measurements across the gerbil BM, the AZ was
more compliant than the PZ [44]. This is consistent with the

Medial

Lateral

Fig.7 Region of spiral limbus from an Oroa“*PESFF mouse. a

Z-stack projection. b and ¢ Perpendicular views of the Z-stack from
the regions indicated by the vertical (b) and horizontal (c¢) double
white lines in (a). The red collagen staining (CNA35-Cy3) is sepa-
rate from the flask shaped interdental cells (green EGFP staining with
blue DAPI-stained nuclei). This separation is particularly clear in (b)
and (c). Scale bar=10 pm

longitudinal AZ structure being a remnant of a blood ves-
sel, which could be relatively compressible for a point load.

The intense staining of the HP fully spanned the spiral lam-
ina, appearing as a lining for each individual HP. This ring of
collagenous material is reminiscent of the annulus fibrosus of
the intervertebral disc [45], where a collagenous ring resists
expansion when the disc is compressed. In the case of the HP,
the dense collagen ring might serve to resist expansion or con-
traction of the opening to maintain the size of individual HP.

In conclusion, confocal imaging using the CNA35
probe can be used to study collagen-fibril distribution in
fully hydrated and unfixed extracellular matrices of the
cochlea that play key roles in frequency tuning. It requires
simpler and more readily available equipment than SHIM
and, like SHIM [8] may prove to be a valuable tool for
studying the collagen fibril distribution in the cochleae of
different mouse mutants. The images we show revealed the
presence of a longitudinal cord-like structure within the
BM AZ in the gerbil and confirm the shell-like appearance
of the hair-cell facing TM surface in the cochlear base.
These are little-noted aspects of cochlear anatomy that
may be significant to cochlear mechanics.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10162-023-00889-z.
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Three supplemental figures for Visualizing collagen fibrils in the cochlea's tectorial and basilar
membranes using a fluorescently labelled collagen-binding protein fragment.

Supplemental Figure 1. Endocochlear Two examples of scala media injections
potential (EP) and cochlear injections. 100, uring endocochlear potential recordings

brief instability
in recording

As described in the main article, some of the
cochleae used in this study were treated with
injections of collagenase or polyethylene

> 60 —_
glycol (PEG) into scala media. While the EE_—
1]

injection

injections were performed to change 40
. i elbctrode electrode withdrawn
tectorial membrane mechanics, robust, iJEeﬂed
interesting changes have not been noted in 20
. . —— g932 (with Fig. 5)
physiology or anatomy. This supplemental o28 loner time examplk)
information is included for completeness. o ‘ ‘ ‘ ‘ : ‘
20 40 60 80 100 120 140

time (minutes)

EP and injection methods: The EP was
measured through an approximately 10 um diameter hole in the scala media of the second turn
of the cochlea, using a glass microelectrode with a ~8 um tip and a resistance of ~8 MQ. The
electrode was filled with a solution of 8 kDa polyethylene glycol (10 mM) in artificial endolymph
(KHCO3 25 mM + KCIl 140 mM). The electrode was connected to a microelectrode holder (MPHG6R,
WPI), with a silver /silver chloride wire within, allowing EP measurement. A 10 uL Hamilton
syringe, filled with the artificial endolymph solution was attached to the MPH6R connector. This
entire circuit was coupled to a micropump (WPI) programmed to inject ~50 nL/min for 10
minutes (total of 500 nL per cycle).

Figure 1 shows two examples of EP measured before, after and during scala media injections of
500 nL of PEG. Imaging from preparation g932 is in Figure 5 of the main article. The EP data of
g928 is included to show a relatively long EP recording. This figure serves to demonstrate that
the injections could be done without disrupting EP. During the injection there was some variation
in the recorded EP which might have been due to vibration of the electrode when the injection
pump was active. After the injection EP often increased slightly, perhaps due to a reduction in
leakage paths in the somewhat inflated scala media.



Supplemental Figure 2.
Data supporting CNA35 penetration.

Mouse cochlea from the Columbia
medical center animal facility. (The
staining was for training purposes; the
mouse was euthanized by facility staff
and strain was not recorded.) Processing
was like that for gerbil cochleae, with 2
hrs staining with CNA35-0G, followed by
fixation, decalcification, dissection and
imaging. TM had lifted off in this
preparation. The preparation was
imaged with scala tympani side facing
imaging optics, and habenula perforata
are therefore not imaged.

Fig. 2a. Radial-longitudinal view of BM.
Maximum intensity projection of a Z-
stack. Dashed line shows location of

radial-transverse view in (b). b. Heat map e Bl spiral

radial-transverse view of BM. Lighter ' zone o - \{ame"t
gray-shade corresponds to more intense IS Y 3 S TP
staining. (a) shows BM radial fibrils, similar to the gerbil BM (for example, Fig. 3d), but the
staining in the heat map in (b) shows a fibril distribution that is different than in gerbil. In this
mouse cochlea collagen stained throughout the thickness of the BM with the most intense
staining in the central area. This image is included to show that the CNA35 stain is able to
penetrate the BM, and to support that the fibril banding observed in gerbil is not an artefact of

poor penetration. Mouse 210721 slide 2.




Supplemental Figure 3.
Triple labeling exploration of the status of hair cells following CNA35 staining.

Figures 3-5 of the main paper showed CNA35 staining without any counterstaining of cellular
tissues. The status of cells in those figures was unknown and surmised to be degraded because
of the 2 hour or overnight incubation of unfixed tissue at room temperature in PBS. As a follow
up, we stained P2 mouse cochlear cultures for either 2 hours (b, b’) or 17 hours (d, d’) at room
temperature (~20°C) in PBS containing CNA35-Cy3 (red in supplemental Figure 3 b, d). The
cultures were then washed briefly, fixed for 1 h in 3.7% formaldehyde, permeabilized with 0.1%
TX-100 and counterstained with 633 phalloidin (Invitrogen) to label actin (blue) and rabbit anti-
MYO7a (Proteus Biosciences) followed by AlexaFluor488 goat anti-rabbit (Invitrogen) to label hair
cells (green). The control samples (a, c) were incubated in PBS at room temperature without
CNA3S prior to fixation and staining. The figure shows that 2 hour incubated cultures have fairly
normal looking hair bundles but variable abnormalities in the MYO7a staining of the cell bodies
of the inner hair cells. The 17 hour cultures show more extreme degradation with clear signs of
inner hair cell loss. There is no difference between the samples incubated with and without
CNAZ35, thus there is no evidence that CNA35 is toxic to cells of the cochlea. Panels b’ and d’ show
CNA3S staining alone from parts b and d respectively. Scale bar =20 um.

2 hr control 2 hr CNA35 2 hr CNA35 channel

%

17 hr control 17 hr CNA35
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