ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of Structural Biology 159 (2007) 103-110

Journal of

Structural
Biology

www.elsevier.com/locate/yjsbi

The 3D structure of the tectorial membrane determined
by second-harmonic imaging microscopy

,1 b,1 : b ,
Rachel Gueta ', Eran Tal >, Yaron Silberberg °, Itay Rousso **
& Department of Structural Biology, Weizmann Institute of Science, 76100 Rehovot, Israel
® Department of Physics of Complex Systems, Weizmann Institute of Science, 76100 Rehovot, Israel

Received 14 November 2006; received in revised form 25 February 2007; accepted 2 March 2007
Available online 24 March 2007

Abstract

The tectorial membrane (TM) is a highly hydrated non-cellular matrix situated over the sensory cells of the cochlea. It is widely
accepted that the mechanical coupling, between the TM and outer hair cells stereocilia bundles, plays an important role in the cochlea
energy transduction mechanism. Recently, we provided supporting evidence for the existence of mechanical coupling by demonstrating
that the mechanical properties of the TM change along its longitudinal direction. Since the biochemical composition of the TM is similar
throughout its entire length, it is likely that structural differences induce the observed material properties changes. Presently, however, the
structure of the TM under physiological environments remains unknown. In this work, the 3D structure of native TM samples is shown
by using two-photon second-harmonic imaging microscopy. We find that the collagen fibers at the basal region are arranged in a parallel
orientation while being tilted in an angle with respect to the plane of the TM surface at the apical region. Moreover, we find an intensified
marginal band at the basal OHC zone which forms a shell-like structure which engulfs the stereocilium imprints surface of the TM. In
supports of our previous mechanical characterization, the analysis presented here provides a structural basis for the changes in TM’s

mechanical properties.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The cochlea is the mammalian organ that transduces
mechanical audio stimuli into an electrical signal, which
then stimulates the brain via the auditory nerve. During
auditory stimulation, the stereocilium bundles of the sen-
sory cells—outer hair cells (OHCs)? and inner hair cells
(IHCs)—are pushed against the tectorial membrane
(TM), an extracellular matrix that spans the entire length
of the cochlea and is situated over the sensory cells
(Fig. 1). Mechanical interactions between the TM and the
bundles of stereocilia cause deflection of the bundles. The

* Corresponding author. Fax: +972 8 9344136.
E-mail address: itay.rousso@weizmann.ac.il (I. Rousso).
! These authors contributed equally to this work.
2 Abbreviations: SHIM, second-harmonic imaging microscopy; TM,
tectorial membrane; OHC, outer hair cells; IHC, inner hair cells.

1047-8477/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jsb.2007.03.002

induced deflection is the impulse that converts the audio-
induced mechanical motion into an electrical signal. The
significance of the TM in hearing is indicated by the fact
that mutations in proteins of the TM cause auditory
impairments (Jacobson et al., 1990; Legan et al., 1997,
2005; McGuirt et al., 1999; Pfister et al., 2004).

The TM is a highly hydrated matrix in which water
accounts for nearly 97% of its weight. The remaining 3%
is made up of proteins and protoglycans (Thalmann
et al., 1993). Approximately, half of these proteins are col-
lagenous proteins, primarily type II, with smaller amounts
of collagen types V, IX, and XI. At the TM surface that
faces the sensory cells, collagen type II proteins form fibrils
that are assembled along the radial direction (Fig. 1A). On
the opposite surface of the TM the collagen proteins fibrils
are arranged in a mesh-like structure known as the cover-
ing net.
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Fig. 1. (A) A phase-contrast transmitted light microscope image of a TM
sample isolated from the basal region of the cochlea. The three radial
zones are the outer hair cell zone (‘HC’), the TM’s main body (‘MB’), and
the spiral limbus attachment area of the TM to the cochlea (‘Limbal’). (B)
Schematic representation of the organ of Corti, showing the location of
the TM in relation to the outer and inner hair cells in the cochlea.
Longitudinal and radial directions of the TM are shown with double-
headed arrows.

The ultrastructural organization of the collagen fibers in
the TM has been extensively studied using various EM
techniques (Arima et al., 1990; Glueckert et al., 2005;
Hasko and Richardson, 1988; Slepecky et al., 1992; Thal-
mann et al., 1987; Tsuprun and Santi, 1997; Weaver and
Schweitzer, 1994). However, sample preparation proce-
dures for EM analysis include fixation and often require
staining. Unfortunately, these treatments are likely to
impair the integrity and structure of samples, particularly
in the case of a highly hydrated sample such as the TM.
Fixed TM samples indeed undergo significant changes, pri-
marily sample shrinkage (Ulfendahl et al., 2001). Conse-
quently, despite the vast body of structural information
available from structural analyses, the structure—and par-
ticularly the collagen fiber arrangement—of native
untreated TM under physiological environment remains
unknown.

In this work we analyzed, for the first time, the 3D orga-
nization of collagen fibers along the radial and longitudinal
directions of native non-treated TM samples, by using sec-
ond-harmonic imaging microscopy (SHIM). SHIM is
based on a nonlinear optical effect called second-harmonic
generation (SHG). When light of high intensity (typically
above several GW/cmz) is focused inside a non-centrosym-

metric material, photons with a frequency equal to twice
the pumping laser frequency are generated coherently.
Since biological material can be assembled in a large,
ordered non-centrosymmetric structure, SHIM is becom-
ing increasingly recognized as a powerful tool for visualiz-
ing biomolecular structures in cells, tissues, and organisms
(Campagnola and Loew, 2003; Millard et al., 2003). Like
conventional optical microscopy, SHIM can be carried
out in a physiological environment. However, SHIM has
important advantages over traditional (single photon) fluo-
rescence microscopy: (a) the wavelength of the illuminating
laser is typically in the infrared range, enabling much dee-
per sample penetration (up to 500 um), and (b) labeling or
staining of the sample is not required. Collagen fibers are
non-centrosymmetric assemblies and thus produce a good
SHG signal (Freund et al., 1986), which has been used to
generate SHIM images of collagen fibers either in situ or
isolated (Cox et al., 2003; Mohler et al., 2003; Williams
et al., 2005; Yasui et al., 2004; Yeh et al., 2005; Zipfel
et al., 2003). (¢) SHG is generated only at the focus of
the pumping laser beam, where the laser power is strong
enough for nonlinear effects to take place. Therefore, depth
sectioning is an inherent property of SHIM—no confocal
pinholes are required. For all of these reasons, SHIM is a
particularly powerful technique for analysis of the native
structure of the TM.

Our SHIM analysis indicates significant changes in
organization of the fibers along the longitudinal direction
of the TM. At the TM’s apical region the collagen fibers
are oriented at an angle with respect to the sample’s sur-
face. In contrast, at the basal region the fibers are thinner
and are tightly arranged in parallel orientation with respect
to each other and to the plane of the TM’s surface. Inter-
estingly, along the edge of the TM in the basal OHC zone
we find an intensified signal, which appears to represent
merging of several fibers into thick fibers. This marginal
band forms a shell-like structure that engulfs the surface
of the TM in this region. The results presented in this
report establish a correlation between the structure and
the mechanical properties of the TM.

2. Materials and methods
2.1. Sample preparation

TM samples were isolated from a six adult mice aged
approximately 2 months. The mice were asphyxiated by
CO, and their cochleas were dissected and excised using
a previously reported technique (Abnet and Freeman,
2000). The isolated cochleas were immediately immersed
in artificial endolymph (AE) buffer (175mM KCI,
0.02 mM CaCl,, 5mM Hepes, 2mM NaCl, pH 7.3). A
scalpel blade was used to chip away the cochlea until the
organ of Corti was exposed. The TM was isolated using
an eyelash manipulator under a dissection microscope with
dark-field illumination. Isolated TM pieces were
transferred by micropipette to a glass slide coated with
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Cell-Tak (BD Biosciences, Bedford, MA) and gently
tapped with an eyelash manipulator to facilitate adhesion
of the tissue to the bottom of the glass chamber. The total
number of TM samples analyzed in this study was nine,
from which, five fragments were isolated from the apical
end of the cochlea and four from the basal end.

2.2. Second-harmonic imaging microscopy

SHIM experiments were performed using an optical
microscope (Axiovert 135, Carl Zeiss, Germany), modified
for use as a scanning microscope. The laser source was a
Tsunami® Ti:Sapphire femtosecond oscillator (Spectra
Physics—Newport, Mountain View, CA), which delivers lin-
early polarized 100-fs pulses centered around 810 nm at a
repetition rate of 80 MHz. The laser beam is coupled
through one of the microscope ports and is focused into
the sample by a 100x/1.4 numerical aperture objective lens.
Pumping powers measured just before the objective were
around 30. The focal point was scanned in the xy plane
using two optical scanners, and along the z-axis using the
microscope’s motorized objective turret. The SHG signal
at ~405 nm was collected by a condenser, filtered by a
color glass and a narrow-band interference filter (F20-
400, CVI), and measured by a photomultiplier tube (Ham-
amatsu R4220). The pumping laser wavelength was chosen
to be 810 nm to maximize the SHG and minimize auto-
fluorescence signals collected by the interference filter.
The current generated by the photomultiplier is measured
by use of a lock-in amplifier (model 7265, Signal Recov-
ery-Ametek, Oak Ridge, TN). The output signal from
the lock-in amplifier is fed into a computer running
LabView (National Instruments, Austin, TX), which
synchronizes the scanning process and the data collection.
To verify that the collected signal is indeed nonlinear, we
confirmed that its intensity grows quadratically with the
pumping power. The scanned area of all images was
30 x 30 um, 140 x 140 pixels. Images were acquired at
2-um intervals throughout the entire thickness of the
sample, and were processed and rendered using Imaris®
Imaging Software (Bitplane, Zurich, Switzerland).

3. Results and discussion

Fresh TM samples were imaged in an AE buffer envi-
ronment approximately 1-2 h after they were isolated from
the cochlea. TM samples isolated from the apical and bas-
ilar turns were identified on the basis of their dimensions:
narrow and thin samples were considered to be derived
from the basal region of the cochlea, and wider and thicker
samples from the apical end. In addition to its longitudinal
assignation, each TM sample was subdivided into three
radial zones: (a) HC, representing the location of the region
with imprints of OHC stereocilium bundles, (b) MB, repre-
senting the main body of the TM, which is located approx-
imately above the IHCs, and (c) limbal, representing the
zone at which the TM is attached to the spiral limbus.

Radial zones were assigned by inspecting the sample using
transmission light microscopy (Fig. 1A).

SHIM images of samples isolated from the apical region
of the cochlea are shown in Fig. 2. Analysis of the fiber
arrangements in the HC and MB zones shows no signifi-
cant differences between these two radial zones. On both
sides of the TM the arrangement of collagen fibers at the
surface is parallel to the TM’s surface plane (Fig. 2A, C,
and F). At or near the surface, however, the fibers at the
MB zone appear to be thicker than those at the HC zone
(compare Fig. 2C and F). Image analysis reveals that the
surface fibers at the MB have an averaged diameter of
1.1 £ 0.3 pm, while their averaged diameter at the HC zone
is 0.70 £ 0.15 pm. In contrast to the arrangement of the
surface fibers, in the interior of the TM the collagen fibers
are tilted at an angle with respect to the surface of the TM.
This is indicated by the appearance of short fragments of
fibers (Fig. 2B and D). Similar short fragments are seen
throughout the entire thickness of the TM (data not
shown). The transition from parallel to tilted orientation
is clearly shown in Fig. 2E. It is likely that imaging of this
transition was achievable because of the topographic con-
tour of the TM, so that a single optical section captured
both the parallel orientation of the surface fibers and the
tilted orientation of fibers in the TM interior. The transi-
tion from parallel to tilted orientation was relatively sharp
and occurred within a single Z-step (2 um). Examination of
the density of collagen fibers inside the body of the TM at
the HC and the MB zones reveals that fiber density at the
HC zone (Fig. 2B) is substantially greater than in the MB
zone (Fig. 2D).

At the basal region of the TM the fibers in the HC zone
appear to be thinner (their averaged diameter is
0.4 + 0.1 pm) than those at the apical region, and their ori-
entation is seen to be strictly parallel, both to the plane of
the TM surface and to each other (Fig. 3). In contrast to
the arrangement in the apical region, this parallel orienta-
tion persists throughout the entire thickness of the TM.
Interestingly, at the edge of the HC zone at the basal region
of all analyzed TM samples we can see that the signal is
intensified. This intensified band is probably the result of
merging of fibers at the edge of the HC zone. Structural
analysis of the TM over its entire thickness shows that this
band exists at the edge of the TM in all of the optical Z-sec-
tions. The band begins at the TM surface that faces the
OHC stereocilium (Fig. 3A), and outlines the periphery
of the TM (Fig. 3B and C) until it disappears towards
the opposite side (the side of the covering net) (Fig. 3D).
A 3D reconstruction of the basal HC zone shows that
the intensified band forms an external shell-like structure
(shown in Fig. 4), which probably consist of thick and
dense fibers. During sample preparation we made no
attempt to control the orientation of the TM samples.
Therefore, the covering net could face either away from
the glass slide or towards it. Nonetheless, the orientation
of the TM did not affect its observed convex shape in the
basal HC zone. Figs. 3 and 4 show that even when the
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Fig. 2. Second-harmonic microscopy Z-section image series of the apical region of the TM taken at the HC zone (A-C) and the MB zone (D-F). The
relative Z position of each image is shown in microns. The Z positions of the sections were shifted so that 0 um represents the stereocilium-imprint surface
of the TM. Collagen fibers at the surface of the TM are mostly arranged in parallel orientation (A, C, and F). Short fragments of fibers are primarily visible
throughout the interior of the TM (B and D), suggesting that the fibers are tilted at an angle with respect to the microscope’s optical plane. Transition from
parallel to tilted orientation is shown in (E). The image scan area is 30 x 30 um, 140 x 140 pixels. Scale bar, 5 um. Sample thickness vary between 64-74 pm

and 80-88 um, for the HC and MB zones, respectively.

narrower side of the TM (the side facing the OHCs) was
attached to the glass, the upper and wider part of the
TM maintained its shape and did not collapse down
towards the glass slide. On the basis of the above results,
we suggest that the external shell-like structure increases

the mechanical stability and stiffness of the TM structure
at the basal HC zone. It is worth mentioning that the shape
of the shell-like structure fits nicely into the organ of Corti,
since its slope is very similar to the tilted orientation of the
corresponding OHCs (schematically illustrated in Fig. 4C).
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Fig. 3. Second-harmonic microscopy images of the TM’s basal HC zone. The Z positions of the optical sections are relative to the stereocilium-imprinted
surface, which is referenced as 0 pum. Collagen fibers are arranged in parallel orientation to each other and to the TM surface over the entire thickness of
the basal HC zone. Note the intensified band at the edge of the TM sample. This band exists in all sections (A—C) and disappears towards the covering net
surface of the TM (D). Scan area is 30 x 30 um, 140 x 140 pixels. Scale bar, 5 pm. The thickness of the basal HC zone in all tested samples varied between

48 and 56 pm.

We next analyzed the arrangement of the MB collagen
fibers at the basal region of the TM (Fig. 5). As in the api-
cal region, the basal collagen fibers are thicker in the MB
zone than in the HC zone. In contrast to the apical region,
however, we find that the MB zone fibers at the basal
region are arranged in parallel orientation with respect to
the TM surface. This orientation is preserved throughout
the interior of the TM.

Finally, analysis of the collagen fiber arrangements in
the limbal zone shows no significant changes relative to
the longitudinal zone (apical or basal). The collagen fibers
in the limbal zone are arranged in a packed manner. Fig. 6
shows this packed arrangement in the limbal zone at the
basal region of the TM. The fibers are parallel to the plane
of the TM surface, but appear to be loosely aligned with
respect to each other.

Our group, using nano- and microindentation tech-
niques, recently characterized the mechanical properties
of the TM along its radial and longitudinal directions
(Gueta et al., 2006). In that study, changes in the mechan-

ical properties were supported by SEM analysis of the
TM’s structure. There were two major shortcomings in
the correlation between SEM and mechanical analyses.
Whereas the mechanical analysis of the TM was done
under physiological conditions and was therefore probably
representive of the mechanical properties of the TM’s bulk
material, the SEM analysis was done on fixed samples, thus
yielding structural information only for the TM’s surface.
In contrast, the SHIM analysis of the TM described in this
report provides an insight into the structure of both the
surface and the interior of the TM in a physiological envi-
ronment. It might therefore offer a more realistic correla-
tion between the structure of the TM and its mechanical
properties.

In the previous study by our group (Gueta et al., 2006),
the most dramatic differences in mechanical properties
were found along the entire length of the TM in the HC
zone. The stiffness of the TM at the basal region was
increased by one order of magnitude relative to the apical
region. In line with those findings, we observed here that
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Fig. 4. Z-stack second-harmonic images of the HC zone at the basal
region of the TM. (A) Representative sections are presented in 3D,
showing the progress of the intensified band along the edge of the TM. (B)
A surface-rendered model of the shell-like structure made up of the
intensified band. A typical section is shown to demonstrate the position of
the parallel collagen fibers with respect to the shell. Note that the bowled
shape of the TM is preserved even though the sample is attached to the
glass slide at the narrow side (the lower part in the picture). (C) Schematic
representation of the organ of Corti, showing the location of the basal
OHC shell-like structure (shown as a thick dark line) relative to the outer
hair cells in the cochlea.

the HC zone is the region where changes in the arrange-
ments of collagen fibers are the most dramatic. At the
TM’s apical region the fibers are tilted at an angle with
respect to the normal plane of the TM, while at the basal
region they are parallel. The mechanical properties of the

Fig. 5. A typical second-harmonic image of the MB zone at the basal
region. The image was acquired at a distance of 32 um above the
stereocilium-imprinted surface of the TM. Identical images are obtained
throughout the entire thickness of the sample. Scan area is 30 x 30 um,
140 x 140 pixels. Scale bar, 5 pm.

Fig. 6. A representative second-harmonic image of the basal limbal zone.
Arrangements of the collagen fibers were similar, not only along the
longitudinal direction (basal vs. apical), but also throughout the thickness
of the TM. The image was acquired at a distance of 8 pm above the
stereocilium-imprinted surface of the TM. Scan area is 30X 30 pm,
140 x 140 pixels. Scale bar, 5 pm.

TM were measured in that earlier study by application of
forces perpendicular to its normal plane. The different ori-
entations of collagen fibers at the basal and apical regions
(shown schematically in Fig. 7) are likely to contribute to
the observed changes in TM stiffness. Indentation of colla-
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Fig. 7. Schematic representation of the organ of Corti showing arrange-
ments of the collagen fibers inside the TM, based on the results of SHIM
analysis. (A) At the basal region of the cochlea the fibers are arranged in
parallel orientation and form a shell-like structure at the surface of the TM
above the OHCs. (B) In contrast, at the apical region of the cochlea the
fibers are arranged in a tilted orientation.

gen fibers that are perpendicular to the direction of the
applied force (i.e., at the basal region) requires greater
force than that required to indent these fibers when
they are partially oriented in the same direction as the
applied force (i.e., at the apical region). Moreover, at the
edge of the basal HC zone we observe an intensified signal,
which corresponds to the merging of several fibers into
thick fibers. These tightly packed thick fibers create a
shell-like structure, which engulfs the surface of the TM
on the side that faces the OHCs (Fig. 4). The shell contrib-
utes to the mechanical strength of this zone, as indicated by
the fact that the convex structure at the edge is preserved
regardless of the orientation of the TM relative to the glass
slide. This structure most probably increases the stiffness of
the HC zone in the basal region relative to the apical
region.

Throughout the longitudinal and radial directions of the
TM its biochemical composition is similar (Hasko and
Richardson, 1988). Nonetheless, our earlier analysis of
the TM’s mechanical properties (Gueta et al., 2006) pro-
vides supporting evidence for the existence of mechanical
coupling between the TM and the stereocilium bundles.
In the present work, we demonstrate differences in the
suprastructure of TM collagen fibers along the longitudinal
and the radial direction. These structural differences are
likely to affect those mechanical properties of the TM that
are needed in order to promote such a mechanical
coupling.
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