SCIENCE ADVANCES | RESEARCH ARTICLE

NEUROSCIENCE

Emilin 2 promotes the mechanical gradient
of the cochlear basilar membrane and resolution
of frequencies in sound

lan J. Russell'*, Victoria A. Lukashkina', Snezana Levic'?, Young-Wook Cho3,
Andrei N. Lukashkin', Lily Ng?, Douglas Forrest®*

The detection of different frequencies in sound is accomplished with remarkable precision by the basilar
membrane (BM), an elastic, ribbon-like structure with graded stiffness along the cochlear spiral. Sound stimulates
a wave of displacement along the BM with maximal magnitude at precise, frequency-specific locations to excite
neural signals that carry frequency information to the brain. Perceptual frequency discrimination requires fine
resolution of this frequency map, but little is known of the intrinsic molecular features that demarcate the place
of response on the BM. To investigate the role of BM microarchitecture in frequency discrimination, we deleted
extracellular matrix protein emilin 2, which disturbed the filamentous organization in the BM. Emilin2~"~ mice
displayed broadened mechanical and neural frequency tuning with multiple response peaks that are shifted to
lower frequencies than normal. Thus, emilin 2 confers a stiffness gradient on the BM that is critical for accurate
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frequency resolution.

INTRODUCTION

The basilar membrane (BM), an elastic, ribbon-like structure in the
mammalian cochlea, plays a central role in mediating the mechani-
cal decomposition of sound into individual frequency components,
a key feature of auditory function. The BM is graded along its length
with respect to its dimensions (width and thickness) and stiffness,
which forms the basis for a frequency-to-place (tonotopic) map (I).
The apical, most compliant region of the BM is sensitive to lower
frequencies, whereas the basal, stiffer region is sensitive to higher
frequencies. G. von Békésy (1) found that excitation by sound pres-
sure introduced at any point along the cochlea propagates a traveling
wave from base to apex with peak amplitude at a frequency-specific
location on the BM. This tonotopic cochlear frequency map is an
organizing principle that enables neural encoding of frequency
information.

Frequency analysis is fundamental to all auditory functions and
begins when sound-induced vibration of the BM causes shear dis-
placements of the stereociliary bundles of the mechanosensory hair
cells that gate conductances in the stereociliary tips. Dynamic inter-
actions between the BM, hair cells, and other structures of the organ
of Corti transduce sounds into electrical signals that are relayed to the
brain to elicit perception and behavior (2). Fine frequency resolu-
tion determines auditory perceptual abilities that underlie commu-
nication and learning, such as the ability to listen for, or discriminate
between, sounds in complex acoustic environments (3).

Although the overall dimensions of the BM provide the anatom-
ical framework for the frequency response map, little is known of
constituent proteins that determine the mechanical gradient of the
BM. The BM consists of an extracellular matrix in which radial col-
lagenous filaments are interspersed in ground substance (4, 5). These
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filaments contain collagen II and are thought to confer structural
support and stiffness on the BM (6). The shape of the BM varies
between species and may correlate with frequency resolution and range
(7). The pectinate (lateral) zone of the BM in certain mammals with
high-frequency hearing, including the mouse and some Talpa species
(8), is more bulbous than that, for example, in humans. It has also
been suggested in a modeling study in the gerbil that the proportion
of filaments in the arcuate (medial) zone influences the frequency
gradient of the BM (9). However, knowledge of the protein compo-
sition of the BM is limited, being based mainly on immunostaining
(10, 11) and functional analysis of specific components is lacking.

We previously identified Emilin2 (elastin microfiber interfacer 2)
as a defectively expressed cochlear gene in mice that lack a thyroid
hormone receptor (12). Emilin family glycoproteins contribute to varied
extracellular functions and tissue elasticity. Emilin 1 and emilin 2 can
associate with microfibrils in skin extracts (13), and Emilinl-deficient
mice display narrowing of blood vessels and hypertension (14).
Emilin 2 has been reported to influence angiogenesis (15) and throm-
bosis (16), but its wider roles are unknown. The prominent expres-
sion of emilin 2 in the cochlea compared to other tissues (12) led us
to investigate a specific role in frequency resolution. We report that
emilin 2 is required to organize the filamentous architecture of the
BM in mice. Mechanical and neural analyses indicate that emilin
2 confers critical stiffness on the BM and allows fine resolution of
cochlear frequency tuning.

RESULTS

Expression pattern and deletion of Emilin2 in the cochlea

The cellular expression of Emilin2 was mapped in heterozygous mice
carrying a lacZ reporter knock-in that replaced the first two coding
exons of the gene (Fig. 1A). Homozygous Emilin2”~ mice lacked
emilin 2 protein, as shown by Western blot analysis of cochlear tissue
(Fig. 1B), and were subsequently used for loss-of-function studies.
In immature Emilin2"'~ mice, lacZ was expressed in the tympanic
border cells on the underside of the BM along the basal-apical length
of the cochlear spiral, as detected by histochemistry for the -galactosidase
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Fig. 1. Emilin2 expression and deletion in the cochlea. (A) In the Emlin2 reporter
allele, lacZ replaces the first two coding exons of the gene. Gray box, 5'-untranslated
region; arrowhead, promoter. (B) Western blot of cochlea (P8) from +/+ and
Emilin2™~ mice and for control 293T cells transfected with Emilin2 expression
vector (Em2) or empty vector (vect). The blot was reprobed for actin, as control.
(€) Histochemical detection of B-galactosidase [encoded by lacZ (blue)] in the BM
in intact cochlea in an Emilin2*~ pup. BM spiral and “unwound” spiral diagrams
depict gradients of width and frequency sensitivity along the BM. (D) Diagram of
the organ of Corti. (E) Immunofluorescence analysis of emilin 2 protein (red) and
B-galactosidase protein (blue) in cryosections of +/+, +/—, and —/— mice. Whitish
color, double-positive cells in +/— mice. (F and G) In the organ of Corti flat mounts,
emilin 2 (red) was in the acellular BM (F) and in tympanic border cell (tbc) and spiral
vessel (spv) (G). Cell nuclei, blue [4',6-diamidino-2-phenylindole (DAPI)]. cc, Claudius
cells; he, Hensen cells; ih, inner hair cell; ip, inner pillar cell; oh, outer hair cell; op, outer
pillar cell; OSL, osseous spiral lamina; SL, spiral ligament; tc, tunnel of Corti.
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product (Fig. 1C). Expression was detected in tympanic border cells
in both the arcuate and pectinate zones of the BM, in accord with
in situ hybridization data (12). The arcuate zone spans between the
feet of the inner and outer pillar cells, whereas the pectinate zone ex-
tends from the outer pillar cell to the lateral wall of the cochlea
(Fig. 1D).

Immunofluorescence analysis on cochlear sections of wild-type
(+/4) and Emilin2*'~ mice detected endogenous emilin 2 protein in
both the tympanic border cells and extracellular matrix of the BM,
consistent with the tympanic border cells being the source of emilin 2
thatis secreted into the BM (Fig. 1E). The protein was undetected in
Emilin2”~ mice, confirming the ablation of the gene. Analysis of
flat mounts of the organ of Corti from +/+ or +/— mice (Fig. 1,
F and G) similarly detected emilin 2 in the BM and tympanic border
cells. The flat mounts also indicated the radial filamentous structure
of the BM, revealed in relief since emilin 2 immunoreactivity local-
izes mainly in the ground substance matrix around the filaments (12).
The collagenous filaments appear as radial bundles in the pectinate
zone and as looser fibers in the arcuate zone.

Developmentally, lacZ expression began in newborns and then
peaked ~2 weeks later during the maturation of the organ of Corti
and onset of hearing in juvenile mice (fig. S1). Expression of lacZ
declined in adults and became restricted to apical regions because of
the progressive loss of tympanic border cells in middle and basal
regions. However, emilin 2 protein persisted in the acellular matrix
in all cochlear turns in adults, indicating that the secreted protein is
a stable constituent of the BM (fig. S1).

Disarray of BM architecture in Emilin2™~ mice

The localization of emilin 2 primarily in the ground substance of
the acellular BM (12) led us to test whether emilin 2 organizes the
microarchitecture within the BM. In adult Emilin2”~ mice, the or-
gan of Corti was intact without obvious degeneration or loss of hair
cells (Fig. 2A), but the acellular BM was slightly compacted (cross-
sectional area of the pectinate zone) relative to the width of the BM
(medial to lateral) in histological sections (Fig. 2, B and C). The BM
normally narrows, and the pectinate zone becomes thicker and more
bulbous in the apical to basal direction. The subtle thinning of the
BM in Emilin2™"" mice was consistent in apical, middle, and basal
turns of the cochlea. The morphology of the organ of Corti, other-
wise, had a normal histological appearance in all turns of the cochlea
examined (fig. S2). The phenotype did not worsen at several months
of age, indicating an absence of progressive degeneration.

Transmission electron microscopy of BM ultrastructure revealed
aloss of ground substance relative to filamentous area in sections of
the BM in Emilin2™'™ mice (Fig. 2, D and E; mid-basal turns). In the
pectinate zone, radial collagenous filament bundles are normally
interspersed in ground substance, but in Emilin2”'~ mice, dense fil-
aments dominated the BM, suggesting that disordered collagenous
fibers occupied space that is normally filled by ground substance.
The filaments retained a general radial orientation. The results sug-
gest that emilin 2 promotes an orderly arrangement of filaments and
supporting matrix in the BM.

In the arcuate zone, the BM appears as a filamentous layer next
to the feet of the pillar cells and a ground substance layer next to the
scala tympani (Fig. 2F). However, in Emilin2™'~ mice, the arcuate
zone was dominated by filaments. The arcuate zone also includes
the residual structure of the spiral vessel below the BM. This vessel
is prominent in newborns but loses its role in blood flow in juvenile
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Fig. 2. Disarray of BM architecture in Emilin2™"~ mice. (A) Intact organ of Corti in Emilin2™"~ mice (6 months old; mid-turn histological sections). The spiral vessel struc-
ture is diminished. Arrows d, f, and g indicate views in (D), (F), and (G), respectively. (B) Compacted BM in Emilin2™"~ mice [cross-sectional area of pectinate zone relative
to width of arcuate-pectinate zone; n = 6 mice, 1 month old; 8 to 10 cochleae; views: +/+ basal 30, apical 14; Emilin2~'~ basal 20, apical 17 (au, arbitrary units)]. (C) BM width
and thickness [means + SEM; asterisk (¥), apical: t=5.227, df =29, P=0.00001348; basal: t=6.351, df = 50, P=0.000000062, two-tailed t test; from data in (B)]. (D and E)
Transmission electron micrographs [pectinate zone (mid-basal turn)]. Filaments (f) are normally interspersed in ground substance (gs). Emilin2™"~ mice have denser fila-
ments and less gs (3 months old). (F) Arcuate zone below inner pillar cell (ipc) shows loss of gs in Emilin2~'~ mice. (G) The spiral vessel normally fills with gs, but gs is
lacking in Emilin2™"~ mice. bt, basement membrane; sc, support cell of sensory epithelium; ST, scala tympani.

mice (17). A residual structure is retained primarily in the middle
and basal cochlea in older mice and becomes filled with ground
substance (Fig. 2G), as has been described also for chinchilla (10).
However, in Emilin2”'~ mice, the residual structure was diminished
and contained filamentous material rather than ground substance
(fig. S2).

The overall integrity of the BM in Emilin2”'~ mice was pre-
served on the basis of staining of extracellular matrix markers in-
cluding emilin 1 (12), which displayed a similar pattern as emilin 2,
and collagen IV, which localized to the basement membrane ad-
jacent to the sensory epithelium (18) in both +/+ and Emilin2™~ mice.

To visualize the arrangement of the collagenous filaments in
the BM, we used a form of polarized light microscopy that takes
advantage of the anisotropy of the refractive index (birefringence)
of structures. Thin optical sections of pieces of acutely isolated,
unfixed BM were used to measure the orientation of the fibers as the
slow optical axis of birefringence (19, 20), which could be quantified
according to a color wheel that shows a visual vectorial representa-
tion of orientations (Fig. 3A). The arbitrary orientation of BM pieces
in each preparation resulted in color differences between prepara-
tions. However, within a given +/+ preparation, the fiber color was
constant, indicating uniform alignment of fibers within the prepa-
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ration, as shown for a mid-turn +/+ preparation in Fig. 3A. In con-
trast, in Emilin2”'~ mice, this uniformity was disturbed, as indicated
by the varied colors of fibers within a preparation. The histograms in
Fig. 3B depict the wider range of orientations measured in Emilin2"~
than +/+ preparations in apical, middle, and basal turns of the co-
chlea. The wider distribution of fiber orientations in Emilin2™"~ mice
is indicated by the considerably greater SDs of the data.

The thickness and spacing of fibers and bundles of fibers also
showed increases in Emilin2™~ compared to +/+ preparations, con-
sistent with the disorder of these structures (Fig. 3, C to F). In apical
regions, the optical imaging technique detected fibers but not bun-
dles of fibers, consistent with the sparser presence of collagenous
filaments in apical compared to mid-basal regions of the BM, as shown
by electron microscopy (4, 5).

Stacks of optical sections were used to reconstruct the filamen-
tous array of the BM in longitudinal transverse views through the
pectinate zone (Fig. 3G). In +/+ mice, the reconstruction showed
vertically oriented fiber bundles. This pattern can occur if the radial
bundles are arranged immediately above each other, similar to stringer
supports inside an aircraft wing. In Emilin2”'~ mice, the pattern
appeared warped or braided with an offset arrangement of bundles,
which was more apparent in thicker, mid-basal turns than in thinner
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Fig. 3. Optical imaging of collagenous fibers in unfixed BM preparations. (A) LC-PolScope images of fibers and color wheel for quantification. Similar fiber colors for
+/+ indicate uniform alignment; varied colors for Emilin2~~ indicate nonuniformity (10 um by 10 um views, mid-turn examples). (B) Range of relative fiber orientations in
apical, middle, and basal turns. Fiber measurements were assigned to 10° bins (for fiber numbers, see Materials and Methods). Mean orientation in each preparation was
normalized (to ~101°). Histograms were fitted with normal distribution curves. SD from the mean: apical, 2.2 (+/+) and 11.9 (-/-); middle, 4.7 (+/+) and 28.1 (-/-); and
basal 4.7 (+/+) and 26.2 (—/-). Groups, three mice (six cochleae); differences in SD, **P < 0.0001, F test statistics. (C to F) Fiber and fiber bundle thickness and spacing.
Bundles were not observed in apical turns. Groups, three mice, means + SD, *P < 0.001 and **P < 0.0001, two-tailed unpaired t test. (G) Filament array images reconstruct-
ed from stacks of pectinate zone optical sections (0.5 um apart; 8 apical and 18 middle optical sections; total thicknesses are 4 and 9 um, respectively). (H) Interpretative
diagram showing an orderly array in +/+ mice and braided appearance in Emilin27~ mice.

apical turns of the BM. The warped arrangement is depicted sche-
matically in Fig. 3H.

BM frequency tuning in Emilin2™"~ mice is multipeaked

and shifted to lower frequencies

To investigate functional consequences of the disturbed BM archi-
tecture caused by absence of emilin 2, we analyzed frequency tuning

Russell et al., Sci. Adv. 2020; 6 : eaba2634 10 June 2020

using a self-mixing laser diode interferometer (21 ) to measure tone-
evoked displacements of the BM for Emilin2”'~ and +/+ littermates.
Figure 4A shows a typical isoresponse, threshold displacement fre-
quency tuning curve for a +/+ mouse measured at the 56-kHz char-
acteristic frequency (CF) location on the BM. The curve is plotted
as the threshold in decibel sound pressure level (dB SPL; 0 dB SPL =
20 pPaand 20 dB SPL =200 uPa) required to achieve a 0.3-nm displacement
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Fig. 4. BM frequency tuning curves shifted to lower frequencies in Emilin2™'~ mice. (A to C) BM frequency tuning curves at 56-kHz equivalent location (vertical dashed
line). BM threshold displacements (0.3-nm criterion) as functions of stimulus frequencies. Emilin2”'~ mice are less sensitive to a 56-kHz tone and have broader, multipeaked
responses (arrows). (D to F) BM/malleus displacement ratios [from data in (A) to (C)] as functions of stimulus level in 5-dB steps. Dashed lines, 56-kHz reference; arrows,
additional peaks coincident with additional tuning curve minima for —/— mice. Red numbers, cochlear amplification (in dB) at peaks, calculated as the difference in BM/
malleus displacement ratio for active (+/+, 20 dB SPL; —/—, 30 dB SPL) and passive (80 dB SPL) responses. (G) Mean tuning curves for five +/+ (black) and five —/— (blue)
mice from three litters (mean and SD) showing more sensitive low-frequency tails for —/— mice (*P < 0.05, each point in range). At 56 kHz, +/+ mice were more sensitive
(t=6.0867, df =8, P=0.0033). (H and 1) Irregular tuning curve shapes for five Emilin2™"~ mice compared to five +/+ mice. Curves i, ii, iii, and iv are each incremented up

(arrow) by 15 dB SPL from curve below.

of the BM, as a function of sound stimulus frequency. The curve
has a well-defined, single minimum threshold peak in response to a
56-kHz tone with sharply rising thresholds for lower and higher fre-
quencies and an insensitive, gradually sloping low-frequency tail. The
curve resembles those that we have reported elsewhere (22). Curves
of individual mice were plotted without data smoothing and showed
small glitches in threshold, never exceeding 5-dB deviation from the
mean, in the low- and high-frequency slopes of the curve. The curves,
however, were consistent between mice, as reflected in the small
SDs of +/+ group data (Fig. 4G, black curve) and similar peak shapes

Russell et al., Sci. Adv. 2020; 6 : eaba2634 10 June 2020

for different mice (Fig. 4H). The sensitivity, indicated by the thresh-
old of the minimum tip of the mean curve, is 24.50 + 3.75 dB SPL
(means + SD, n = 10). The sharpness of tuning of these curves, cal-
culated by Qo4 (equal to CF/10-dB bandwidth), is 11.3 + 2.7
(means * SD), on the basis of bandwidths measured 10 dB above
the tip (means + SD; 5.2 + 1.3 kHz; range, 4 to 7 kHz).

The isoresponse frequency tuning curves for Emilin2™'~ mice
recorded at the 56-kHz equivalent location (23) displayed multiple
minimal threshold peaks (typically two peaks) in contrast to the single
peak in +/+ mice (Fig. 4, B and C). These minima mostly occurred
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on the low-frequency slope of the curve, effectively sensitizing and
shifting the responses. Most of the individual curves have a major
peak 5 to 12 kHz below 56 kHz and a smaller peak within 1 to 2 kHz
of the 56-kHz frequency. In those curves with only a single minimum,
the peak centers in a region 5 to 11 kHz below the 56-kHz CF. The
multipeak curves of Emilin2™'~ mice (Fig. 4, B, C, and I) have a
broader 10-dB mean bandwidth (means + SD, 11.28 + 3.73 kHz,
n = 7) than the single peaks of +/+ mice (5.2 + 1.3 kHz, n = 10;
t =4.8100, df = 15, P = 0.002, two-tailed unpaired ¢ test). Responses
in Emilin2”'~ mice were notably inconsistent as indicated by the
large SDs of the mean curve in Fig. 4G (blue curve, for the five mice
represented in Fig. 4I), which has a minimum at 50 kHz with a tip
threshold of 32.20 + 4.00 dB SPL (means + SD). The mean curve for
another five Emilin2”~ mice [used to compare active and passive
responses in Fig. 5 (B and D)] has minima at 48 kHz (threshold,
37.26 + 6.65 dB SPL) and 56 kHz (threshold, 35.25 + 4.11 dB SPL),
again with large deviations. The results demonstrate that Emilin2™'~
mice have an inconsistent relationship between a given BM location
and its frequency response together with a downward frequency
shift and loss of sensitivity (~10 dB SPL) at the 56-kHz equivalent
place. However, the frequency tuning of the irregular peaks in the
47- to 56-kHz region is as sharply tuned as that of the 56-kHz peak
of +/+ littermates with Q;o4p ranging from 9.4 to 18.7 (means * SD,
12.5 £ 4.5) for the five individual curves in Fig. 41. The results sug-
gest that emilin 2 determines the precision and consistency of the
BM frequency-place map.

Cochlear amplification extended to low frequencies

in Emilin2™~ mice

It is widely accepted that the remarkable sensitivity of mammalian
hearing depends on critically timed forces generated by outer hair cells
that amplify vibrations of the BM in response to low-to-moderate
SPLs close to threshold for frequencies around the CF [e.g., (2)]. For the
frequency tuning curves in Fig. 4G, amplification of BM responses
at the CF (56 kHz) is more effective for +/+ mice than Emilin2™'~
mice [thresholds: 24.5 + 5.2 dB SPL (+/+) and 35.3 + 4.1 dB SPL
(Emilin2”"); n = 5, t = 3.6469, df = 8, P = 0.0065]. However, for
frequencies below the CF, e.g., on the low-frequency slope at 45 kHz,
Emilin2”"~ mice were significantly more sensitive (42.6 + 3.4 dB
SPL) than +/+ mice (52.5 + 3.5 dB SPL; t = 4.5367, df = 8, P= 0.0019).
Thus, in the absence of emilin 2, the BM may be more compliant than
normal, and/or cochlear amplification may extend to lower frequen-
cies at the 56-kHz equivalent location on the BM.

Passive stiffness (compliance) is a linear phenomenon and is
independent of stimulus level, whereas cochlear amplification is an
active, nonlinear process and is greatest for low-level stimulation.
To investigate these two possibilities, we plotted the amplitude ratio
(in dB SPL) between BM displacement in the cochlea (output) and
malleus displacement in the middle ear (input). The ratio is inde-
pendent of stimulus level if BM displacement is governed by com-
pliance but is strongly dependent on stimulus level if governed by
cochlear amplification. Ratio plots in Fig. 4 (D to F) show stimulus
levels stepped (5-dB steps) from 20 to 80 dB SPL for a +/+ mouse
(Fig. 4D) and from 30 to 80 dB SPL for two individual Emilin2™"~
mice (Fig. 4, E and F). At low-level stimulation, BM displacements
can be detected above the measurement noise floor (~0.04 nm) only
over alimited frequency range centered on the sensitive peaks of the
BM frequency tuning curve (Fig. 4, A to C), which results in the in-
complete or broken curves for low SPL measurements (Fig. 4, D to F).
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significantly less sensitive for +/+ than Emilin2”'~ mice. Displacement phase for
Emilin2™~ mice significantly lagged +/+ mice at <47 kHz and led at >58 kHz, indicating
reduced BM stiffness in Emilin2~'~ mice. *P < 0.005, two-tailed unpaired t test.

For higher stimulus levels (>60 dB SPL), amplification disappears
and the BM/malleus ratio is insensitive to changes in stimulus level
up to the maximum used (80 dB SPL). Compared to +/+ mice, the ratio
in Emilin2”~ mice is very irregular for frequencies above ~40 kHz,
indicating irregularities in BM mechanical properties.
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In +/+ mice, the greatest change in ratio occurs at the CF, indi-
cated by the dashed line at 56 kHz in Fig. 4D. For this +/+ mouse,
the ratio or amplification is 26 dB (red number above 56-kHz line)
and the mean amplification + SD for six +/+ preparations is 27.2 +
5.7 dB. However, in Emilin2™"~ mice, changes in ratio were also ev-
ident at the additional sensitivity peaks of the BM frequency tuning
curves (arrows; Fig. 4, B, C, E, and F). The ratio or amplification is
noted (red numbers, dB) above the arrows and the 56-kHz line. The
mean amphﬁcatlon + SD for 15 peaks (between 42 and 56 kHz) in
five Emilin2™'~ preparations is 17.4 + 7.5 dB. Thus, the low-frequency
boundary for cochlear amplification for Emilin2”'~ mice extends to
frequencies below normal at the 56-kHz equlvalent place (Fig. 4D).
Overall, the tuning curve peaks of Emilin2™'~ mice are significantly
less sensitive than those of +/+ mice (t = 17.8692, df = 19, P=0.0098),
but the rat1o of amplification of the additional, irregular peaks in
Emilin2”'~ mice can approach that of +/+ mice.

Cochlear amplification disappears postmortem such that com-
parison of pre- (active) and postmortem (passive) BM responses in-
dicates the frequency range of amplification and its contribution to
the shape of the BM frequency tuning curves. For +/+ mice (Fig. 5A
and expansion in Fig. 5C), the minimal threshold peak at 56 kHz
was lost postmortem [means + SD, 24.5 + 3.7 dB SPL (active) and
49.6 + 4.2 dB SPL (passive); P < 0.0001, df = 8, t = 10.0272]. The
amphﬁcatlon range spanned between 45 and 58 kHz. In contrast, for
Emilin2”"~ mice, the two minima at 56 kHz and in the 47- to 50-kHz
region (Fig. 5, B and D) remained postmortem, suggesting irregu-
larities in the passive mechanical properties of the BM. For Emilin2™'~
mice, thresholds at both frequency regions did increase somewhat
postmortem, but because of large deviations, differences did not
consistently reach significance compared to the marked change
in +/+ mice. Differences were significant in the low-frequency range
at 40 kHz for Emilin2”'~ mice [Fig. 5D; means + SD, 49.00 + 2.48 dB
SPL (active) and 54.25 + 1.50 dB SPL (passive); t = 4.0504, df = 8,
P =0.0037]. Both active and passive thresholds at 40 kHz were low-
er for Emilin2”"~ mice than +/+ mice (both thresholds for +/+ were
close to 60 dB SPL; Fig. 5C).

Together, these results indicate that in Emilin2™'~ mice, BM stiftness
is irregular but, overall, the BM is more compliant and that amplifi-
cation extends to lower frequencies with additional tuning peaks in-
volving active amplification.

Enhanced sensitivity of low-frequency tuning in

Emilin2”'~ mice

Thresholds of the low-frequency tail of the BM tuning curves in the
10- to 40 kHz region were, on average, 6.38 + 1.51 dB lower for
Emilin2”"~ mice than +/+ mice (Fig. 5E). This unusual sensitivity of
the low- frequency tail suggested decreased stiffness of the BM for
Emilin2”"~ mice, which was corroborated by analysis of BM phase.
The phase of BM displacements measured 15 dB above displace-
ment threshold indicated that the phase for Emilin2™'~ mice signifi-
cantly lagged that for +/+ mice at frequencies below 47 kHz but led
for frequencies above 57 kHz (Fig. 5E; upper phase cycle curves). The
phase lag for frequencies <45 kHz, a range in which BM responses
are dominated by stiffness, remained postmortem (Fig. 5F), prOVldmg
additional evidence that passive BM stiffness is less for Emilin2™
mice than +/+ mice. Together, the results indicate that emilin 2 is
required for the smooth mechanical function and stiffness of the BM
that mediate effective amplification of responses at a defined fre-
quency place on the BM.

Russell et al., Sci. Adv. 2020; 6 : eaba2634 10 June 2020

According to Miiller et al. (23), the distance of the characteristic
place from the base of the cochlea (as percent of total length of the
BM) as a function of CF on a logarithmic scale shows a linear de-
crease of distance d, with frequency f, given by d =156.5to 82.5log
f. Thus, the shift of a dominant peak in Emilin2”~ mice to ~47 kHz at
the 56-kHz equivalent place suggests a basal-ward shift of the 47-kHz
place from 18.55 to 12.27% of the length of the BM (from cochlear
base). Given a total length of the mouse BM of ~5.13 mm along the
row of inner hair cells, the calculation suggests that the characteris-
tic place for ~47 kHz has shifted or spread ~0.32 mm basal-ward in
Emilin2”"~ mice.

Alteration of neural masking tuning curves of

Emilin2™"~ mice

The neural consequences of the altered mechanical function of the
BM in Emilin2™'~ mice were investigated at the level of the auditory
nerve by analysis of neural masking tuning curves. We measured
the threshold of masker tones required to suppress compound ac-
tion potential (CAP) responses to specific probe tones at 12 and
20 kHz. Higher frequencies were not used because suppression tun-
ing curves in the 50- to 60-kHz region could be subjected to fatigue
of the neural responses. Simultaneous neural CAP masking tuning
curves recorded from the cochlear round window closely resemble
neural tuning curves recorded from single auditory nerve fibers
[e.g., (24)]. Compared to the neural masking CAP tuning curves re-
corded from +/+ mice (Fig. 6A), the curves for Emilin2™"™ mice displayed
elevated, less sensitive masker thresholds at the probe frequency and
broadened responses at other frequencies (Fig. 6B). The broadened
responses resembled those of the mechanical BM tuning curves of
Emilin2”~ mice (see Fig. 5) but were less erratic, consistent with the
operation of additional, natural filtering mechanisms that modify neu-
ral responses. Additional peaks were evident in the neural masking
tuning curves in Emilin2~'~ mice, most clearly at ~12 kHz for the
20-kHz probe tone (Fig. 6B). Averaged data for mice with similar
(+3 dB SPL) probe tone levels showed that compared to +/+ mice,
the simultaneous neural masking tuning curves for Emilin2™'~ mice
were less sensitive at the probe tone and more broadly tuned with
high- and low-frequency skirts in the curves (Fig. 6, C and D).

Elevation of distortion product otoacoustic emission

and auditory-evoked brainstem response thresholds

in Emilin2™"~ mice

Distortion product otoacoustic emissions (DPOAEs) recorded in the
ear canal are acoustic, nonlinear cochlear responses to simultaneous
stimulation with two pure tones, f1 and 2. Cubic distortion (2f1 — £2)
is usually the dominant DPOAE and is a consequence of the
nonlinear properties of mechanosensory transduction mechanisms
(25) and cochlear amplification (26). Therefore, DPOAE threshold
as a function of f2 stimulus frequency indicates the sensitivity and
frequency range of cochlear responses at the level of the outer hair
cells, which also depends on the mechanical properties of other
cellular and membranous structures of the cochlear partition. The
aberrant BM function in Emilin2”'~ mice might accordingly be
associated with changes in DPOAE:s. For frequenaes between 15 and
60 kHz, DPOAE thresholds for Emilin2”'~ mice were 10 to 25 dB
SPL higher than those of +/+ mice (fig. S3), which might result
from the reduced cochlear amplification and not to any signifi-
cant 1nﬂuence of the mutation on the ascending auditory pathway in
Emilin2”"~ mice.
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Fig. 6. Simultaneous masking neural frequency tuning curves. (A and B) Masker
tone thresholds required to suppress CAP threshold response to probe tones as
functions of masker tone frequency: +/+ [(A), black] and Emilin2™'~ [(B), blue]
for 12 kHz (open symbols) and 20 kHz (solid symbols) probe tones. Each point:
means + SD of 10 measurements. Gray symbols, CAP threshold audiograms. (Cand
D) Mean curves (£SD) for five mice. Dashed horizontal line, CAP threshold at probe
tone frequency for +/+ (N1 threshold). Responses are significantly less sensitive for
Emilin2™'~ than +/+ mice. Minima for 12-kHz probe tone (C): +/+, 5.7 +4.2 dB SPL
and —/—,37.7 £ 14.4 dB SPL (t=4.7703, df = 8, P=0.0014). Minima for 20-kHz probe
tone (D): +/+, —4.8+6.3 dB SPL and —/—, 22.9+9.2 dB SPL (t=5.5549, df=8,
P=0.0005). Emilin2™"~ 20-kHz curves are broader with minima on high- and
low-frequency slopes. Q1o4s (probe tone frequency/bandwidth of 10 dB from tip)
for 12-kHz probe tone: +/+, 5.4 and —/—, 2.4; for 20-kHz probe tone: +/+, 14.3
and —/—, 11.1. Red “+" (+/+) and “x" (—/-) symbols are probe tone frequency and
SPL, respectively.

It may be anticipated that any mechanical discontinuity in the BM
of Emilin2”"~ mice could generate spontaneous otoacoustic emissions
(SOAEs) since deformity of the tectorial membrane, the other
major extracellular membranous structure of the organ of Corti,
produces SOAEs (27). However, SOAEs were not detected in Emilin2™~
mice, suggesting that changes in the properties of the tectorial mem-
brane rather than the BM cause the most disruption to energy ex-
change between the outer hair cells and other structures of the cochlear
partition. The observation also implies that the BM is more closely
associated with energy input to the cochlear partition, whereas the
tectorial membrane is more closely associated with directed energy
output.

Measurement of the auditory-evoked brainstem response, an in-
dicator of overall auditory function, showed moderately elevated
thresholds in Emilin2”'~ mice compared to +/+ mice for a click
stimulus and a range of specific frequencies (8, 16, and 32 kHz; fig.
S$3, B and C). The results may be consistent with the elevated thresh-

Russell et al., Sci. Adv. 2020; 6 : eaba2634 10 June 2020

olds for the DPOAE and suggest the absence of additional, major
defects in the auditory pathway.

DISCUSSION

We report a key role for emilin 2 in promoting the mechanical prop-
erties of the BM and the ability to distinguish frequencies in sound.
Emilin2”~ mice display broadened mechanical frequency tuning
and neural tuning with irregular peaks shifted to frequencies below
normal at a given location on the BM. Our findings suggest that
emilin 2 organizes the collagenous filament array in the BM to pro-
mote a stiffness gradient that is critical for an accurate frequency-
place map. Less stiffness may make basal regions functionally more
like middle-apical regions of the BM in allowing responses to lower
frequencies. However, the irregularity of the additional peaks indicates
that emilin 2 is also required to confer consistency and precision on
the response.

Consistency of mechanical tuning and stiffness of the BM

The changes in BM mechanical responses in Emilin2™'~ mice that in-
dicate reduced BM stiffness [e.g., (28, 29)] include a downward
frequency shift of the major response peak and increased sensitivity
and phase lag in the low-frequency tails of the BM tuning curves. A
notable finding is that the BM tuning curves are not only shifted
to lower frequencies but also differ between individual Emilin2™"~
mice with respect to the location and shape of peaks. This inconsis-
tency of response is in marked contrast to the consistency of the
major, single response peak observed in normal curves in control
mice. Accuracy in the frequency-to-place map is essential for mean-
ingful perception of sounds and for communication between indi-
viduals, which require that the BM reliably mediates stereotyped
responses for a given frequency. Our findings indicate that emilin 2
is critical for the consistency of this response.

Our results show that emilin 2 promotes the arrangement of
the radial collagenous filaments in the ground substance of the BM,
suggesting that evenly aligned and spaced filaments are necessary for
the finely calibrated elasticity of the BM. Emilin 2 has several protein-
binding domains such as a Clq globular domain (12), suggesting
that it interacts with other proteins to promote the specialized ar-
chitecture and stiffness of the BM. Emilin 2 in the ground substance
(12) may serve to space and prevent warping of the collagenous fila-
ments. However, elucidation of the emilin 2-mediated protein inter-
actions in the matrix awaits better knowledge of other components
of the BM and how these are assembled. Emilin 2 has been reported
to associate with extracellular matrices in skin (13) and to influence
extracellular signaling during blood clotting (16) and tumor angio-
genesis (15). The interactions of emilin 2 in the BM may be unique
given the exquisite mechanical sensitivity of this specialized struc-
ture that underlies auditory frequency resolution.

An orderly filamentous configuration in the ground substance ma-
trix may allow the smooth progression of the traveling wave along
the BM that leads to frequency-specific excitation (30). We speculate
that emilin 2 constrains the spread of mechanical excitation to de-
marcate a place of maximal response on the BM as required for high-
resolution frequency tuning. The precision of these frequency responses
presumably reflects the influence of the filamentous array on the over-
all stiffness of the BM in both radial and longitudinal orientations.

A possible limitation of the study is that for reasons of accessibility,
the mechanical measurements of BM frequency tuning were confined
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to basal (high frequency) regions of the cochlea. However, emilin
2 protein is present along the full length of the BM, suggestive of a
similar role over the entire cochlear frequency map. In support of
this proposal, Emilin2”'~ mice displayed similar subtle thinning of
the BM and compaction of the spiral vessel in all turns of the cochlea,
while optical imaging indicated the presence of disordered collagen
fibers in all turns. Functionally, the DPOAE audiogram (fig. S3A)
revealed reduced sensitivity over a wide range of frequencies, as would
be expected for a general loss of frequency resolution with moderately
elevated thresholds along the cochlear length. Similarly, auditory-
evoked brainstem responses were moderately elevated in Emilin2™"~
mice (fig. S3, B and C).

Emilin 2 and the smooth mechanical gradient of the BM

It may be assumed that a smooth gradient of BM mechanical re-
sponses is required for fine resolution of frequencies. In Emilin2™'~
mice, the multipeaked rippling near the CF place on the BM tuning
curves suggests a disrupted mechanical gradient [e.g., (9, 31)], and
the shallow phase slopes suggest abnormal spread of excitation along
the BM (29).

In a hypothetical mechanically ordered cochlea, the traveling
wave energy is dissipated on its way to the CF place. The cochlea,
however, is not a perfectly smooth transmission line, and traveling
wave energy may be partially backscattered because of random me-
chanical irregularities along the cochlear partition (32). Wave reflection
and interference may contribute to the generation of DPOAE:s [e.g.,
(33, 34)] and to transient evoked otoacoustic emissions [e.g., (35)].
To date, an anatomical or molecular basis for mechanical irregular-
ities in cochlear function is unknown. However, the cochlea is a bi-
ological organ rather than a perfect mechanical structure. Natural
variations in the precise cellular array of the organ of Corti or in the
ultrastructure of the BM along the length of the cochlea might pro-
duce slight functional variations that contribute to rippling and limits
on frequency resolution. It is possible that small perturbations in
normal hearing thresholds (31) are phenomenologically similar to
the exaggerated ripples in the BM tuning curves of Emilin2”'~ mice.
Potentially, the disorganized BM in Emilin2”'"mice exacerbates these
irregularities to produce wave reflections and interference that ex-
aggerate the ripples in cochlear responses (31). Thus, abnormalities
in Emilin2”"~ mice may effectively broaden cochlear frequency tun-
ing and compromise frequency resolution by the hearing periphery.
A smooth BM gradient would not only provide efficient mechanical
energy transmission within the cochlea but also discrete resolution
of cochlear frequency tuning.

Emilin2 and neural masking tuning curves

Our findings indicate that emilin 2-dependent functions of the BM
are critical for accurate neural transmission of frequency information.
Precision in cochlear frequency resolution is a prerequisite for the
peripheral coding of auditory frequency information. Emilin2”'~ mice
display broadening of neural masking frequency tuning curves and
insensitivity at the probe tone, implying that Emilin2”'~ mice are less
able to discriminate between frequencies.

Neural responses measured at the level of the auditory nerve
reflect the activities of the inner hair cells and their afferent inner-
vation, which are filtered dynamically by cellular (e.g., outer hair cell)
and noncellular structures of the cochlear partition. In Emilin2™'~
mice, a secondary peak of the neural masking tuning curves for the
20-kHz probe tone appears at ~12 kHz, close to the frequency of the

Russell et al., Sci. Adv. 2020; 6 : eaba2634 10 June 2020

tectorial membrane resonance [e.g., (36, 37)], and indicates filtering
by the tectorial membrane (38). The insensitivity at the probe tone
frequency and abnormal sensitivity of the low-frequency shoulder for
both 12- and 20-kHz probes and, in addition, of the high-frequency
shoulder for the 20-kHz probe (Fig. 6) may indicate that inner hair
cell responses have a more extensive inhibitory field of mutual sup-
pression (39) than normal.

Vibrations at a given frequency place on the BM result in trans-
verse shear between the tectorial membrane and reticular lamina to
contribute to the excitation of inner hair cells at this place (40, 41).
However, the ability of the cochlear partition to filter out or amplify
mechanical responses does not mean that strong, secondary fre-
quency peaks in BM mechanical responses at a given location excite
inner hair cells at this location. Other frequency components in the
traveling wave may produce different modes of vibration of the or-
gan of Corti to modify the excitation of inner hair cells at adjacent
places [e.g., (42)]. A natural example of multiple frequency peaks
arising at a single BM location occurs in the greater mustached bat.
A specialized zone on the basal side of the place of the 61-kHz second
harmonic component of the echolocation signal (42) produces tuned
responses at 62 to 67 kHz and also a strong standing wave that ex-
cites inner hair cells at the adjacent 61-kHz frequency place.

An implication of our findings is suggested by reports that among
mammalian species examined, humans have the most precise cochlear
tuning and perceptual frequency discrimination (3) [apart from con-
stant frequency bats (43)]. It would therefore be of interest to find if
there are special molecular features of the human BM, possibly in-
volving emilin 2, that account for this enhanced frequency tuning.
Any deterioration of frequency tuning at the level of the BM, such
as that mediated by emilin 2, may contribute to tone deafness or
difficulties in perception of speech or sound in noisy environments.
Defective cochlear frequency tuning might also contribute to the im-
paired auditory and language processing that can occur in develop-
mental thyroid disorders (44) since Emilin2 expression is impaired
in thyroid hormone receptor-deficient mice (12).

MATERIALS AND METHODS

Mutagenesis and mouse strains

To generate an Emilin2 null allele, lacZ was fused in-frame at the ATG
start codon of the gene by homologous recombination in embryonic
stem (ES) cells derived from C57BL/6] mice (Ozgene Pty Ltd., West-
ern Australia). The lacZ cassette replaced the first two coding exons
of the gene (12). Chimeric founders derived from recombinant ES
cells were crossed to Rosa26°™ mice to remove the loxP-flanked Neo
selection gene. The Rosa26“™ allele was removed by backcrossing
with C57BL/6] mice (JAX, no. 000664). Emilin2*'~ parents were
intercrossed to generate +/+, +/—, and —/— mice for analysis. Geno-
types were determined by polymerase chain reaction using three primers
(Em2 forward, 5'-CCG AGC CCG CTG CCG; Em2 reverse, 5'-GGC
AGA TCC CGT AGT TCT GCC G; and Bgal reverse, 5'-CCG CTT
CTG GTG CCG GAA ACC), giving a wild-type band of 439 base
pairs (bp) and a mutant band of 261 bp. For physiological measure-
ments, mice were backcrossed for at least seven generations onto a
CBA/CaCirl background (Charles River Laboratories, UK, no. 609)
to minimize high-frequency hearing loss (45) at the University of
Brighton. Mice were housed under standard conditions with 12-hour
light/12-hour dark cycles with food and water ad libitum. Studies
were performed in accordance with approved protocols at National
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Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)
at the National Institutes of Health and with U.K. Home Office
regulations with approval from the University of Brighton Animal
Welfare and Ethical Review Body.

Immunostaining and histochemistry

Cochleae were dissected and fixed in 4% paraformaldehyde (PFA)
for 1 hour for B-galactosidase assays or 3 hours for immunostain-
ing. Cochleae (P8 and older) were decalcified in 100 mM EDTA
(3 to 7 days at 4°C with change of buffer every 2 to 3 days), cryopro-
tected in 30% sucrose in phosphate-buffered saline (PBS), and then
embedded in optimal cutting temperature material. For immuno-
staining, 12-um cryosections were incubated in 1.5% goat serum,
0.1% bovine serum albumin (BSA), and 0.4% Triton X-100 in PBS and
then incubated with first antibody in the same solution for 3 hours
overnight (~15 hours) at room temperature. Antibodies (source; dilu-
tion) were as follows: emilin 2 and emilin 1 [(12); 1:2000], collagen
IV (Abcam, ab6586; 1:1000) (RRID: AB_305584). Sections were
incubated with secondary antibodies Alexa Fluor 448-conjugated
goat anti-chicken (RRID: AB_142924) and/or Alexa Fluor 568-
conjugated goat anti-rabbit (RRID: AB_143157). For whole-mount
pieces of cochlea, after decalcification, the bony capsule, lateral wall,
and modiolus were removed. The organ of Corti was incubated with
anti-emilin 2 antibody overnight and then with Alexa Fluor 568-
conjugated goat anti-rabbit antibody for detection. Images were cap-
tured on a Leica DMI4000 B-SC laser confocal microscope. Images
were processed using Photoshop or Image] (see the “Software/code”
section below). For B-galactosidase histochemistry, whole-mount
cochleae (P8) were immersed for 2 hours in substrate solution con-
taining 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (1 mg/ml;
X-gal; B-Galactosidase Reporter Gene Staining Kit, Sigma-Aldrich).
Cochleae were postfixed in 4% PFA and decalcified, and the bony
capsule was removed. Cochlear cryosections were incubated in the
same X-gal substrate solution for 3 to 18 hours to detect signals.

Western blot analysis, protein expression, and cell
transfection

Whole-cell protein lysates were made from pooled cochleae from
6 to 8 pups at P8. Cochleae were frozen at —80°C before pools were
homogenized in radioimmunoprecipitation assay (RIPA) buffer
[10 mM tris-HCI (pH 8.0), 140 mM NaCl, 0.5% Triton X-100, 1%
sodium deoxycholate, and 0.1% SDS] and protease inhibitor cocktail
(no. 11836145001, Sigma-Aldrich, USA) using a motor probe (Kimble
Chase, 749540-0000). Experiments were performed on two indepen-
dent pools. A control full-length emilin 2 cDNA was expressed in
transfected human embryonic kidney (HEK) 293T cells. The cDNA
was cloned from mouse brain mRNA using Phusion polymerase
(New England Biolabs) and primers as follows: Em2-FlagF, 5'-ATG
GACTACAAG GACGACGAT GACAAGATGTGT CAG GAG
ACC CCG CCC-3’ and Em2-Mlu I-R, 5'-GAT CCT CGA GAC
GCG TCT AGA GGT GAG AAA GGA AAG GG-3'. A second set
of primers was used to introduce Mfe I and Mlu I enzyme sites for
cloning into pCIG2-C1 expression vector: Flag-Mfe I-F, GAT CAC
AAT TGT GGC CAC CAT GGA CTA CAA GGA CGA CGA TGA
CAA G-3’ and Em2-Mlu I-R, as above. The cDNA was verified by
sequencing. HEK 293T cells were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum at 37°C and in
5% CO,. Cells were transfected with plasmids using GenJet Plus In
Vitro DNA Transfection Reagent (SignaGen Laboratories, USA).
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Two days after transfection, cells were lysed in RIPA buffer and
protease inhibitor cocktail as for cochlear samples.

Proteins (20 pg from cochleae and 5 pg from transfected cells)
were resolved by SDS-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes (Bio-Rad, USA).
Membranes were incubated with primary antibodies [1:1000 anti-
emilin 2 rabbit polyclonal (12) or anti-o-actin (monoclonal MAB1501,
Millipore, USA; RRID: AB_2223041)] in 4% BSA in PBS containing
0.1% Tween 20 overnight at 4°C. Membranes were washed five times
in 1x PBS containing 0.2% Tween 20 (PBST) and then incubated
with a 1:10,000 dilution of horseradish peroxidase-linked anti-rabbit
(G-21234, RRID: AB_2536530) or anti-mouse secondary (62-6520,
RRID: AB_2533947) antibodies (Thermo Fisher Scientific, USA)
for 1 hour at room temperature. After washing in PBST, detection
was performed using enhanced chemiluminescence reagents. The
membrane was reprobed for actin after stripping with Western Blot
Stripping Buffer (46430, Thermo Fisher Scientific, USA).

Histology and transmission electron microscopy

For histology, cochleae were fixed in 2% PFA/3% glutaraldehyde,
decalcified, dehydrated in a series of graded ethanols (30 to 100%),
embedded in glycol methacrylate plastic, sectioned on a microtome
at 4-um thickness in the mid-modiolar plane, and then stained with
hematoxylin, as described (46). Images were captured using a Nikon
80i microscope. Hair cells were counted, and thickness and area of
the BM were measured on sections made from 8 to 10 cochlea (from
six mice) using Image] (see the “Software/code” section below).
Measurements were made on groups at ~1 month and at 3 months
(not shown) of age. For transmission electron microscopy, after de-
calcification, the bony capsule was removed; then, pieces of cochlea
were postfixed in 1% osmium tetroxide in PBS and embedded in
Spurr’s plastic resin. Pieces from middle or mid-basal cochlear re-
gions were analyzed from groups of five mice at 2 to 3 months of
age. Sections were analyzed on a Carl Zeiss transmission electron
microscope (Jan Endlich, JFE Enterprise, University of Maryland,
College Park, USA).

Birefringence imaging

Birefringence imaging allows observations in thin optical sections of
acutely isolated, unfixed BM, thus avoiding artefacts associated with
fixation. The technique uses anisotropy of the refractive index that,
in birefringent materials, depends on the polarization of light and
direction of its propagation. Temporal bones were isolated from mice
(~P30) at NIDDK and shipped overnight to the Marine Biological
Laboratory (MBL; Woods Hole, MA). Samples were shipped in ice-
cold Leibovitz’s medium (L-15 Medium; Thermo Fisher Scientific,
catalog number 21083) and arrived at MBL within ~18 hours of har-
vesting. No difference was observed whether control samples were
shipped from NIDDK or were isolated at MBL, suggesting that ship-
ment of material did not change outcomes. At MBL, cochleae were
isolated and the BM was dissected in ice-cold Leibovitz’s medium.
Samples of apical, middle, and basal turns of the cochlea were sepa-
rated. Each section was examined in a drop of bath solution under a
coverslip using a Nikon microscope with an oil immersion 60x/0.9
numerical aperture objective lens and equipped with a QImaging
Retiga 2000R camera. LC-PolScope and Polychromatic PolScope
were used to measure magnitude (retardance) and orientation (slow
optical axis) of BM birefringence. Fiber orientations were determined
using a color wheel. Images were analyzed using OpenPolScope and
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other software (see the “Software/code” section below). Samples were
imaged without knowledge of genotypes, which were confirmed later.
Numbers of fiber orientations are measured in optical sections
(0.5 pm apart; in Fig. 3B): apical, 163,805 (+/+) and 164,805 (—/—; in
8 optical sections); middle, 137,443 (+/+) and 134,658 (—/—; in 20 op-
tical sections); and basal, 145,339 (+/+) and 151,419 (—/—; in 20 op-
tical sections). Measured angles were assigned to 18 bins, each
representing 10° of orientation. To compare preparations with varied
absolute orientations, the mean orientation of each preparation was
normalized (to ~101°) by shifting orientation lines (without altering
distribution patterns). Differences between genotypes were most evi-
dent in mid/basal turns as the BM is thicker in this region and more
amenable to LC-PolScope analysis, which has a lower limit of 0.5 um.
To test whether the orientation of fibers was significantly different
between genotypes, we used the SD to calculate the coefficient of
variance and then performed an F test using Origin software to test
whether data samples came from populations with equal variances.
Corresponding P values were determined from F test values using
Origin. The thickness of fibers and fiber bundles was measured on
images obtained from Photoshop (Adobe) and then analyzed using
Origin software. The number of fibers or bundles was measured [in
Fig. 3 (C to F); fiber thickness: apical, 135 (+/+) and 130 (-/-); middle,
151 (+/+) and 99 (-/-); and basal, 150 (+/+) and 147 (—/-); fiber
bundle thickness: middle, 136 (+/+) and 125 (—/-) and basal, 75 (+/+)
and 72 (—/-); fiber spacing: apical, 94 (+/+) and 91 (—/-); middle,
151 (+/+) and 101 (—/-); and basal, 150 (+/+) and 151 (—/-); fiber
bundle spacing: middle, 151 (+/+) and 126 (—/-) and basal, 109 (+/+)
and 90 (—/-); groups, three mice (six cochleae)].

Physiological recordings
Mice at 3 to 5 weeks of age were anesthetized with ketamine [0.12 mg/g
body weight intraperitoneally (i.p.)] and xylazine (0.01 mg/g body
weight, i.p.) for nonsurgical procedures or with urethane (ethyl car-
bamate; 2 mg/g body weight, i.p.) for surgical procedures at the
University of Brighton. Mice were tracheotomized, and their core
temperature was maintained at 38°C. To measure BM displacements,
cochlear microphonics (CM), and CAPs, a caudal opening was made
in the ventrolateral aspect of the right bulla to reveal the round window.
CM and CAP were measured from the round window membrane
using glass pipettes pulled from 1-mm-diameter borosilicate tubing
on a Sutter P-2000 micropipette puller (Sutter Instrument, Novato,
CA 94949, USA). The pipettes with tip diameters of 50 to 100 um
(recording bandwidth of >30 kHz) were filled with artificial peri-
lymph. Signals were amplified with a recording bandwidth of dc
(100 kHz) using a laboratory designed and constructed preamplifier
(J. Hartley). With low-impedance electrodes, CM was measured at
levels of 20 dB SPL in response to 5-kHz tones in mice with DPOAEs
(see below) that were sensitive throughout the 1- to 70-kHz range of
the sound system. CAP tuning curves were derived from simultane-
ous tone-on-tone masking (24) using a 10-ms probe tone centered
on a 40-ms masker tone. The probe tone was set to a level where a
stable CAP appeared just above the recording noise floor. The fre-
quency of the masker was set, and its attenuation was adjusted until the
probe tone CAP was suppressed. The masker frequency and level were
noted; a new masker frequency was set, and the process was repeated.
Sound was delivered via a probe with its tip within 1 mm of the
tympanic membrane and coupled to a closed acoustic system com-
prising two Microtech Gefell GmbH 1-inch MK102 microphones for
delivering tones and a Briiel & Kjeer (www.Bksv.co.uk) 3135 0.25-inch
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microphone for monitoring sound pressure at the tympanum and
DPOAEs. Spontaneous emissions were measured using a Knowles
FG-23652 microphone (Knowles Electronics LLC., Itasca, IL) and a
laboratory-built amplifier (J. Hartley). The sound system was cali-
brated in situ for frequencies between 1 and 70 kHz, and known SPLs
were expressed in dB SPL with reference to 2 x 10~> Pa. Tone pulses
with rise/fall times of 1 ms were synthesized by a Data Translation
3010 (Data Translation, Marlboro, MA) data acquisition board, at-
tenuated, and used for sound system calibration and the measurement
of electrical and acoustical cochlear responses. To measure DPOAEs,
primary tones were set to generate 2f1 — f2 distortion products at
frequencies between 1 and 50 kHz. DPOAEs were measured for f1
levels from 10 to 80 dB SPL, with the levels of the f2 tone set 10 dB
below that of the f1 tone. DPOAE threshold curves represented the
level of the f2 tone that produced a 2f1 — f2 DPOAE with a level of
0 dB SPL where the f2:f1 frequency ratio was 1.23. System distortion
during DPOAE measurements was 80 dB below the primary tone levels.

Tone-evoked BM displacements were measured by focusing
the beam of a self-mixing, laser-diode interferometer (21) through the
round window membrane to form a 20-um spot on the center of the
BM in the 50- to 56-kHz region of the cochlea. The interferometer
was calibrated at each measurement location by vibrating the piezo
stack on which it was mounted over a known range of displacements.
At the beginning of each set of BM measurements, it was ensured
that the 0.2-nm threshold used as the criterion for threshold was at
least as sensitive as the 0—dB SPL threshold for the DPOAEs before
the cochlea was exposed. BM measurements were checked continu-
ously for changes in the sensitivity of the measurement (because of
changes in alignment or fluid on the round window) and in the con-
dition of the preparation. If thresholds of the latter were changed by
more than 5 to 10 dB SPL, the measurements were terminated. Tone
pulses with rise/fall times of 1 ms were used for BM measurements.
Stimulus delivery to the sound system and interferometer for cali-
bration and processing of signals from the microphone amplifiers,
microelectrode recording amplifiers, and interferometer were con-
trolled by a DT3010/32 (Data Translation, Marlboro, MA) board by
a PC running MATLAB (MathWorks, Natick, MA) at a sampling rate
of 250 kHz. The output signal of the interferometer was processed
using a digital phase-locking algorithm, and instantaneous amplitude
and phase of the wave were recorded.

Measurements were made without knowledge of genotype.
Phenotypic differences between +/+ and Emilin2”"~ mice were strong
(and could reliably predict genotype). Less than 5% of all measure-
ments were terminated because the physiological state of the preparation
changed during measurement; in which case, data from the sample
were excluded.

Auditory-evoked brainstem response

The auditory-evoked brainstem response was measured using a
SmartEP system (Intelligent Hearing Systems) in a sound-attenuated
chamber, as described in (46). Mice at ~3 months of age were anes-
thetized with Avertin (0.25 mg/g body weight). The duration of testing
was about 20 min, and the mouse then recovered from anesthesia
under a warming lamp. Student’s  test was used to assess statistical
significance of pairwise comparisons between genotypes.

Experimental design and statistical analyses
The Emilin2 lacZ knock-in was designed to allow tracking of ex-
pression of the gene in heterozygotes and functional analysis of the
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deletion of emilin 2 in homozygotes. Emilin2"'~ mice were crossed
to generate +/+, +/—, and —/— genotypes. Male and female mice were
studied in approximately equal proportions. No phenotypic differ-
ences were observed between males and females. Physiological tests
were performed on +/+ and —/- littermates to minimize variations
of age, environment, or genetic background. Tests were performed
on 3- to 5-week-old mice to reduce the possibility of progressive loss
of high-frequency responses, which is common in many mouse strains.
Tests were performed on all mice in a litter without knowledge of
genotype. Randomization was not appropriate because we had no
foreknowledge of the genotype. Genotypes were determined after an
experiment. For statistical analysis of physiological experiments,
data were compared for at least five +/+ and five Emilin2”~ mice,
obtained from recordings of two or three complete litters. For analysis
of BM tuning curves, 15 +/+ and 15 —/— mice in total were tested.
For neural masking frequency tuning curves and DPOAE analyses,
groups of five mice were tested. Data were plotted as means + SD
using FigP (www.figpsoft.com) or Origin (www.originlab.com) soft-
ware. Statistical tests were performed with GraphPad Prism (www.
graphpad.com/quickcalcs), and comparisons were made using un-
paired t tests for unequal variances unless otherwise noted. P values
are noted as absolute values with ¢ values and df. For consistent dif-
ferences between two genotypes over a range of frequencies, P values
are noted as P < 0.005, P < 0.001, and P < 0.0001 in Figs. 5 and 6, for
clarity of presentation. Morphological and cell count data were ob-
tained on histological sections from groups of six mice at ~1 month
of age (for consistency with physiological analyses at a similar age)
and adult ages. Comparisons of +/+ and —/— groups were analyzed
by unpaired t tests using GraphPad Prism 8.1.

Software and code

For physiological recordings, data acquisition and data analysis were
performed using a PC with programs written in MATLAB (MathWorks,
MA). The programs are available upon request from authors A.N.L.
and L].R. Please note that the programs were written to communicate
with specific hardware (Data Translation 3010 board and custom-
made GPIB-controlled attenuators) and will need modifications to
be used with different hardware. Birefringent optical images were
analyzed using OpenPolScope software (www.openpolscope.org),
which included Micro-Manager version 1.4.22 and OpenPolScope
version 3.2, with further analysis using Fiji, Photoshop (Adobe),
and Origin software (MicroCal LLC). Confocal fluorescent
images were processed using Photoshop (Adobe) and Image]
(https://imagej.nih.gov/ij/).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/24/eaba2634/DC1

View/request a protocol for this paper from Bio-protocol.
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