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Bushcrickets (katydids) rely on only 20 to 120 sensory units
located in their forelegs to sense sound. Situated in tiny hear-
ing organs less than 1 mm long (40X shorter than the human
cochlea), they cover a wide frequency range from 1 kHz up
to ultrasounds, in tonotopic order. The underlying mechanisms
of this miniaturized frequency-place map are unknown. Sensory
dendrites in the hearing organ (crista acustica [CA]) are hypoth-
esized to stretch, thereby driving mechanostransduction and
frequency tuning. However, this has not been experimentally con-
firmed. Using optical coherence tomography (OCT) vibrometry,
we measured the relative motion of structures within and adja-
cent to the CA of the bushcricket Mecopoda elongata. We found
different modes of nanovibration in the CA that have not been
previously described. The two tympana and the adjacent septum
of the foreleg that enclose the CA were recorded simultaneously,
revealing an antiphasic lever motion strikingly reminiscent of ver-
tebrate middle ears. Over the entire length of the CA, we were
able to separate and compare vibrations of the top (cap cells) and
base (dorsal wall) of the sensory tissue. The tuning of these two
structures, only 15 to 60 um (micrometer) apart, differed systemat-
ically in sharpness and best frequency, revealing a tuned periodic
deformation of the CA. The relative motion of the two struc-
tures, a potential drive of transduction, demonstrated sharper
tuning than either of them. The micromechanical complexity indi-
cates that the bushcricket ear invokes multiple degrees of free-
dom to achieve frequency separation with a limited number of
sensory cells.
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hearing organ converts sound-induced mechanical vibra-
tions to receptor potentials that are further processed along
the auditory pathway. Bushcrickets (katydids) Mecopoda elon-
gata (Insecta, Orthoptera, Tettigoniidae) have a miniature hear-
ing organ, the crista acustica (CA), that is located in their front
tibia and can sense frequencies up to 70 kHz (1). To achieve that,
they rely on less than 50 sensory units (2, 3), each consisting of
a sensory cell, a cap cell (CC), and a scolopale cell (Fig. 1D; see
Fig. 3B). The total length of the CA is ~0.9 mm, which is ~40
times shorter than the uncoiled cochlea in humans. Still, the CA
with its limited cellular machinery is able to mechanically sepa-
rate a wide range of frequencies, but the underlying mechanisms
are not well understood.

In bushcrickets, the sound-induced nanovibrations reach the
sensory tissue through two routes. The main source of airborne
sound is the spiracle (4), a horn-shaped opening in the thorax
that delivers and enhances the sound input to the CA via an
acoustic trachea (5-7). Second, the two tympana on the ante-
rior and posterior sides of the front legs are also reported to
deliver sound to the sensory tissue (8, 9). The sensory units of
the CA are surrounded by haemolymph fluid and are protrud-
ing from the dorsal side of the dorsal wall (DW) of the acoustic
trachea. Each ciliated tip of a sensory dendrite is embedded in
the cap of a CC (Fig. 1D; see Fig. 3B). These CCs are part of a
continuous tectorial membrane that connects the sensory units
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(10). Transduction takes place as the mechanosensitive channels
on the sensory dendrite open due to displacement of the CC
(11, 12). The CA in bushcricket ears is tonotopically organized
along the proximal—-distal axis (12-14) following an anatomical
gradient, with increasing height and width of the sensory units
(3, 15) toward the proximal end. Mechanical measurements of
sound-induced responses revealed that high frequencies induce
greater motion magnitude in the distal part of the CA (16, 17).
Spatial phase gradients in tone-evoked vibrations indicate the
existence of waves traveling from the distal, high-frequency end
to the proximal end of the CA (16). Whereas traveling waves in
the mammalian cochlea accumulate several cycles of phase delay
(18), the total phase accumulation in the bushcricket CA is only
0.5 to 1 cycle (19). The exact mechanisms that drive transduction
and tonotopy in the CA are undefined.

Recently, it was reported that the mechanical responses of the
CA show different frequency tuning than the neural response
at the same location (12). The CCs are located dorsally to the
DW, and the dendrite of the sensory neuron is approximately
perpendicular to the DW. The relative motion between the two
structures may drive the opening of the transduction channels
and could explain discrepancies between mechanical and neural
tuning. However, it has not been possible to probe such rela-
tive motion experimentally due to technical limitations of the
technique used in laser Doppler vibrometry (LDV), which has
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OCT imaging. (A) lllustration of the experimental setup. The fixed animal was placed under the OCT vibrometer, and sound was delivered using an

open-field stimulation paradigm. (B) Schematic drawing of the foreleg that holds the hearing organ, CA, including a proximal-distal/dorsal-ventral section
of the CA. (C) A cross-section OCT image (“B scan”) obtained from the top view of the hearing organ, following an image section plane as shown in B,
across the proximal-distal axis. (D) Sketch relating the B scan to the anatomy across the proximal-distal axis. The DW and the CCs can be identified. The CA
position at the distal end indicated with the green circle is the reference position used in this study to normalize sound-induced vibrations. By convention,
all the distances are expressed relative to the red line that illustrates the very distal part of the CA. di, distal; do, dorsal; p, proximal.

been extensively used to measure vibrations in insect hearing
organs (16).

LDV measurements do not provide inherent depth resolu-
tion, and the optical inhomogeneities of biological tissues cause
diffraction, scattering, and lensing effects that adversely affect
optical focus. Therefore, most LDV measurements in the insect
hearing organs were done on the most accessible and reflective
structures, like the tympana (20), antenna (21), and cuticle, as
an indirect measurement of organ motion (17). Measurements
of hearing organ motion were also obtained through a trans-
parent cuticle (22) or after the surgical removal of the cuticle
(16). Optical coherence tomography (OCT) provides opportuni-
ties to reliably attribute vibrations to anatomical structures, as
it resolves depth and allows for fast nanovibrometry measure-
ments (23). OCT has yielded vibration maps of cross-sections of
the mammalian organ of Corti (24) and the description of differ-
ent vibration modes of the cochlear partition (25). The new OCT
results revealed structural interconnections in the micromechan-
ics that stirred up the understanding of cochlear function (26) but
have not yet been used to shed light on the operation of insect
hearing organs.

In the current study, we used OCT vibrometry to perform
noninvasive measurements of nanovibrations in the bushcricket
hearing organ. First, we used this technique to describe the rel-
ative motion of the two tympana and the septum of the trachea
(Fig. 2) in response to broadband, multitone sound stimuli. Next,
we approached the CA from the dorsal side (Fig. 1B) to perform
simultaneous vibration measurements of the CC and the DW,
and this allowed us to determine the relative motion between
these closely neighboring structures. We observed systematic dif-
ferences in the frequency-place map and sharpness between CC
and DW. The relative motion between CC and DW was found to
be more sharply tuned than either of the individual structures.

Results

The Relative Motion of the Two Tympana. The two tympana are
easily accessible for imaging in a noninvasive manner, so they
were the first structures we aimed to study. For this purpose, the
OCT recording beam was aimed perpendicular to the anterior
tympanum. When imaging through the anterior tympanum, the
recording beam traverses through the tracheal septum before it
reaches the posterior tympanum. Light intensity can be a limiting
factor when imaging with the OCT as highly reflective surfaces
tend to obscure deeper structures. Our results demonstrate that
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with our setup, it is possible to image both tympana and identify
them with certainty (Fig. 2 4 and D), which afforded a means
to record sound-induced vibrations on the two tympana (Fig. 2
B and C) simultaneously. By doing so, we exclude any effects
that rotating the preparation has on the acoustic delivery of the
stimulus.

The color map in Fig. 2B illustrates how the phase of the vibra-
tions is distributed along the B scan (details are in Response
Analysis) for a 14.3-kHz stimulus at 79 dB sound pressure level
(SPL). The motion of each tympanum had a constant phase pro-
file along the recorded width, from the dorsal end until halfway
to the ventral end. The two tympana moved with an ~0.5-cycle
(=180°) phase difference, and this phase opposition was con-
sistent across the whole recorded width of the tympana. Across
different frequencies (0.4 to 38 kHz), the two tympana shared
similar vibration magnitudes (Fig. 2F) and showed an ~0.5-cycle
phase difference (Fig. 2 B and E), confirming previous findings
(27). For both tympana, the magnitude followed a dorsal-ventral
displacement gradient, with the higher values toward the ventral
side (Fig. 2C). Both tympana describe a hinged motion anchored
at their dorsal ends (Fig. 2G). These observations were system-
atic across all our tympanum measurements (n = 11 bushcricket
legs) (SI Appendix, Fig. S1).

In addition to the two tympana, we were also able to observe
the phase of the vibrations on the anterior part of the DW and
the tracheal septum, a structure splitting the acoustic trachea
in two compartments, for which no vibration data have been
reported before (Fig. 2B). In Fig. 2B, the anterior end of the CA
is seen to move in phase with the anterior tympanum (deepest
cyan squares), while the septum moves in phase with the poste-
rior tympanum (dark orange squares halfway between the two
tympana). These structures are very close to the sensory unit,
and their antiphasic motion could be of functional significance
if it resulted in a mechanical stress on the CA that could be felt
by the sensory dendrites. We did, however, not further pursue
this analysis here because the anterior—posterior viewing angle
is suboptimal for studying relative motions within the sensory
unit; the DW in particular is hardly visible. Instead, we studied
the DW motion along the dorsal-ventral axis, where it is clearly
visible.

Micromechanics: Dissecting the Motion within the CA. Aiming to
explore further motions within the sensory units, we imaged the
CA through a dorsal view as illustrated in Figs. 1 and 3. That
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Fig. 2. Mechanical responses of the anterior and posterior tympana to sound stimulation. (A) OCT B scan of a front leg viewed through the anterior
tympanum. (B) The same B scan overlaid with color-coded phase information for a stimulus frequency of 14.3 kHz presented at 79 dB SPL. Notice that a
phase difference of 0.5 cycles is 180° (an out-of-phase motion). The hemolymph fluid behind the anterior tympanum caused the position of the dorsal
part of the posterior tympanum to shift to a more posterior position. This optical distortion does not affect the vibration data. The white stripes in the
color map mark the average phases of the two tympana. (C) The same B scan overlaid with the companion color-coded vibration magnitude informa-
tion. (D) Anatomical sketch of a cross-section of the bushcricket front leg. Adapted from ref. 3. (E) The displacement phase difference between posterior
and anterior tympana across different stimulus frequencies. The mechanical measurements were obtained at the positions indicated by the markers in
B. (F) Displacement magnitude differences between posterior and anterior tympanum across different stimulus frequencies at the marked positions in
B. (G) Two extreme configurations of the tympana within one cycle of stimulus frequency are illustrated with red and blue. Displacement amplitude
is enlarged 5,000 for illustration purposes. The two tympana bulge in (red) and out (blue) synchronously. The septum follows the posterior tympa-
num motion direction. The arrows illustrate the magnitude of vibrations, which increases toward the ventral side of the tympanum. The ventral part of
the tympanum moves ~3.6 times more than close to the CA at the stimulus frequency. The tympana motion resembles a hinge, anchored at the dor-
sal end. More data are in S/ Appendix, Fig. S1. a, anterior; do, dorsal; atym, anterior tympanum; hl, hemolymph; ptym, posterior tympanum; s, septum;

tr, trachea.

way, our recording beam travels through the CA aligned with
the dorsal-ventral anatomical axis, allowing us to distinguish
these structures in our B scans. As a consequence, motion of the
CC and the DW can be disentangled. The mechanical measure-
ments were normalized to vibrations recorded in the distal end
of the CA. The results presented in detail below come from a
preparation where vibrations on the CA were measured through
the intact dorsal cuticle (BC0007) (details are in Materials and
Methods).

Using OCT vibrometry, we can expand the datasets in the
existing literature. Previous studies have reported a tonotopic
response of the CA with high and low frequencies exciting the
distal and proximal parts of the organ, respectively (13, 16, 17).
The tonotopic gradient coincides with a gradient in the size of
the anatomical structures (3). In Fig. 3, the recordings of the DW
(black curves) are shown alongside those of the CC (blue curves).
Spatial and spectral patterns of the sound-induced CA motion
demonstrate the tonotopy in two complementary ways. Fig. 3 D—
F shows the CA vibration magnitude evoked by three different
frequency components (6.3, 12.5, and 23.4 kHz) as a function of
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longitudinal position, as measured on the DW and the CC. Each of
these excitation patterns is peaked; with decreasing frequency, the
peak location shifts toward the proximal end. The corresponding
phase data (Fig. 3 G-I) display an accumulation of ~0.5 to 1 cycle
of phase from the distal end to the peak region. These phase data
yielded estimates of wavelength and phase velocity in the peak
region as detailed in Fig. 3. Wavelength ranged from 345 to 599
pm (DW) and from 222 to 370 um (CC); phase velocity ranged
from 3.7 to 8.1 m/s (DW) and from 2.4 to 5.2 m/s (CC). These
values are consistent with previous reports in M. elongata (16, 19).

The spectral representation of tuning is illustrated in Fig. 3 J-
O by plotting magnitude (Fig. 3 J-L) and phase (Fig. 3 M-0)
as a function of frequency recorded at three positions along the
tonotopic axis. The tonotopy and phase patterns in Fig. 3 are
consistent with previous reports of CA vibrations (12, 19). The
overall tuning and tonotopy of the DW are similar to those of
the CC, but we also found systematic differences between the
tuning of the two structures in the 5- to 25-kHz frequency range.
The differences in tuning between DW and CC will be detailed
below.

PNAS | 3of 10
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Fig. 3. Differences in the tonotopic response and frequency tuning of the DW and the CCs. (A) An anterior-posterior cross-section of the front leg. (B)
OCT B scan obtained from the top view of the CA, following an image section plane as shown in A, across the anterior—posterior axis. (C) Sketch relating
the B scan to the anatomy across the anterior-posterior axis. The height of the CA is in the range of 15 to 60 um, following the tonotopic axis from distal
to proximal (3). d, sensory dendrite; sc, scolopale cell. (D-F) Normalized magnitude of the DW (black lines) and the CC (blue lines) tonotopic response for
different frequencies along the CA. Since a single reference was used for both structures (Materials and Methods), the graph conveys their relative vibration
magnitude. In the axes labels, re ref means relative to the reference. (G-/) Normalized phase of the DW and the CC tonotopic response for different
frequencies at the same stimulus frequencies as in D-F. DW wavelength estimates: 590, 455, and 346 um, respectively. CC wavelength estimates: 370, 256,
and 222 pm, respectively. These correspond to phase velocities of 3.7, 5.7, and 8.1 m/s (DW), respectively, and 2.4, 3.2, and 5.2 m/s (CC), respectively. (J-L)
Mechanical tuning of the normalized magnitude of the DW and the CCs at different positions that are marked by their distance to the distal end of the CA.
(M-0) Normalized phase of the DW and the CCs frequency tuning at the same positions as shown in J-L. DW group delay estimates: 344, 294, and 330 ps,
respectively. CC group delay estimates: 454, 578, and 578 ps, respectively. (Data are from experiment BC0007, recorded through the intact cuticle. Stimulus
level is 75 dB SPL.) Population data are in S/ Appendix, Fig. S2. a, anterior; p, posterior; do, dorsal; di, distal.

Distinct Modes of Vibration within the CA. When comparing the
tonotopic response with three distinct stimulus frequencies, the
DW has a wider peak than the CC, and this widening is unilat-
eral. Specifically, it is the proximal flank that is different between
DW and CC (Fig. 3 D-F). The phase data (Fig. 3 G-I) reveal
that the DW accumulates less phase between the distal end and
the peak region. The frequency tuning of three different posi-
tions along the CA length (Fig. 3 J-L) shows that the DW is
less sharply tuned. When recorded at the same distance from
the distal end, the DW is tuned to higher frequencies than the
CC. Finally, the DW phase curves are shallower than their CC
counterparts, implying that DW vibrations have a shorter group
delay than CC vibrations. These systematic differences between
CC and DW vibration were observed in all animals tested (S
Appendix, Fig. S2). In the curves of Fig. 3 M-O, group delay
for the CC exceeded that for the DW by 110, 284, and 248 ps,
respectively. Since group delay is a metric of the latency with
which the vibration energy arrives at the recording site (28),
this suggests that the acoustic energy reaches the DW prior to
reaching the CC.

Two Parallel but Shifted Place-Frequency Maps for the DW and the
CC. Are the tuning differences between the two structures appar-
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ent on the whole length of the sensory tissue? To test for that, we
measured vibrations on the DW and the CC along 800 pm of
the CA using 33-um steps, while presenting stimulus frequencies
from 0.4 to 50 kHz in ~950-Hz steps. The spatial and frequency
sampling of our measurements allowed us to construct heat maps
of the tuning of the two structures (Fig. 4 A-D). This way of
presenting magnitude (Fig. 4 A and B) and phase data (Fig. 4
C and D) combines the spatial and spectral tuning shown sepa-
rately in Fig. 3 D-O. We were able to determine the location of
the spatial peak and the spatial 5-dB down points for each stim-
ulus frequency, as indicated in the graphs. Consistent with the
individual spectral and spatial tuning data in Fig. 3, the DW had
a wider peak width than the CC over the entire frequency range,
and the DW peaked more proximal than the CC peak. The phase
responses confirm the greater accumulation of phase in the CC
compared with the DW.

A detailed quantitative analysis of the tuning differences
between CC and DW reveals that the tuning of the DW is shifted
proximally compared with the CC (Fig. 4 E and F). The tuning
of the DW is wider than that of the CC (Fig. 4G). The systematic
differences between the tuning of the CC and the DW span the
entire length of the hearing organ, as well as the entire spectral
range tested (2.4 to 50 kHz). When averaged over this range, the
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Fig. 4. Longitudinal vibration maps reveal tuning differences between the DW and the CC. (A and B) Normalized magnitude responses of (A) the DW

and (B) the CC across different frequencies and recorded positions along the CA. The spatial peak for each frequency (black dot) and the associated 5-dB
bandwidth (black lines) are overlaid. (C and D) Normalized phase responses of (C) the DW and (D) the CC across different frequencies and recorded positions
along the CA. The spatial peak for each frequency (black dot) and the associated 5-dB bandwidth (black lines) are overlaid. (E) The frequency-dependent
spatial peak per stimulus frequency for the DW and the CC. (F) The frequency-dependent spatial peak per stimulus frequency for the DW and the CC. In
the log-lin axis, both tonotopic maps are approximately straight and parallel but shifted relative to one another. (G) The —5-dB peak width vs. stimulus
frequency for the DW and the CC. (Data in A-G come from experiment BC0007. Stimulus level is 75 dB SPL. More data are in S/ Appendix, Fig. S3.) (H) The
place-frequency map of the DW across n = 10 hearing organs. (/) The place-frequency map of the CC across n = 10 hearing organs. (J) Median slopes of the
10 place-frequency maps are not significantly different. Data are extracted from H and /. (K) Population data of the relative peak position of CC vs. DW
with N = 10 legs. Spatial peak locations were pairwise subtracted between DW and CC for each frequency. The difference was statistically evaluated using
2-kHz-wide bins. The boxes have lines at the lower quartile, the median, and the upper quartile values. Whisker pairs at each box show the extent of the
rest of the data, with outliers marked by red plus signs. Individual bin sizes n are indicated. Over most of the frequency range, spatial peaks in the CC were
shifted distally compared with the DW. (L) Corresponding comparison of the spatial peak width between DW and CC; the same N = 10 hearing organs as
in K. Denoting the 5-dB down peak widths of the DW and the CC by Wpy and Wcc, respectively, their normalized difference is A = (Wce — Wpw)/Wow.
Statistical analysis and layout are the same as in K. The spatial peaks in the CC were systematically narrower than the peaks in the DW. re ref, relative to the

reference.

tuning difference amounts to 0.19 octaves in spectral terms (Fig.
4F) and 31 pm in spatial terms (Fig. 4F).

The current dataset allows for population metrics of the tun-
ing of the two structures. The place-frequency maps of the DW
and the CC of 10 hearing organs are shown in Fig. 4 H and
I, respectively. Place-frequency maps of the DW and the CC
motion from 10 different CAs show overlapping results, which
imply that the used method of anchoring the different mea-
surement positions to the distal end of the CA is robust. The
DW and the CC share a similar slope on their place-frequency
maps. Each octave of “best frequency” occupies 170 pm along
the CA for both the DW and the CC (Fig. 4/), a stretch contain-
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ing approximately nine sensory cells. The systematic differences
in tuning between DW and CC were observed in all 10 animals
tested, both in terms of peak location (Fig. 4K) and peak width
(Fig. 4L).

Internal Motion within the CA. The relative motion of the DW and
the CC is a candidate for the “drive” of transduction, as the
two structures coincide with the two ends of the sensory den-
drite, which is oriented perpendicular to the DW (Fig. 3C and
SI Appendix, Fig. S5). The motion here is measured along the
dorsal-ventral axis that is approximately parallel to that of the
dendrite tip. The CC/DW magnitude ratio (Fig. 54) shows that
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the two structures share similar magnitude of vibrations in posi-
tions distal to the spatial peak for each frequency. Proximal to
the spatial peak, the DW magnitude dominates, resulting in neg-
ative dB values for the ratio. This analysis further characterizes
how the CC magnitude decreases more distally than the DW
magnitude (compare with Fig. 4).

The direct comparison of the phase between CC and DW (Fig.
5B) reveals that the two structures move in phase at positions
distal to the spatial peak. Consistent with the examples in Fig.
3, the phase difference increases drastically at locations proximal
to the spatial peak of each frequency. For most frequencies, the
DW accumulates a phase lead over the CC of ~0.25 cycles over
a distance of just 30 to 70 pm proximal to the spatial peak, but
for some frequencies, the difference is larger (up to ~0.5 cycles).
The location where the phase difference occurs coincides with
the divergence of the amplitudes, again consistent with the three
frequency examples shown in Fig. 3 D-I.

We further assessed the relative motion of CC and DW by
computing the vector difference of their mechanical motions
(i.e., taking into account both their relative amplitude and phase)
(Fig. 5C). The spatial tuning of the vector difference was some-
what sharper than that of either structure (e.g., the 5-dB down
peak widths in Fig. 5D were 286, 202, and 187 pm for the DW,
CC, and vector differences, respectively). Toward the distal end,
its magnitude was smaller than either individual motion. This
is further illustrated in Fig. 5 D-F, which shows the tonotopic
response of the DW, the CC, and their relative motion at three
different stimulus frequencies: 9.4, 18.4, and 30 kHz. The dif-
ferences are asymmetric; it is primarily the distal flank of the
tonotopic response that is steeper for the vector difference data
than it is for the DW and the CC.

The spectral data (magnitude vs. frequency) reveal a consis-
tent asymmetric sharpening of the tuning of the vector differ-
ence data compared with the DW and the CC. It is primarily
the steeper low-frequency flank that distinguishes the vector
difference data from the data of DW and CC alone. The spec-
tral tuning of the vector difference is shown for a total of
nine experiments in SI Appendix, Fig. S2; a further example is
shown in Fig. 6F.
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Discussion

In summary, we recorded sound-induced vibrations in the
bushcricket hearing organ using OCT vibrometry. The depth
resolution of this technique yielded an unprecedented set of
measurements. First, we measured the sound-induced motion of
the anterior tympanum and the posterior tympanum at the same
time. Our measurements confirmed that the two tympana bulged
in and out simultaneously (27, 29) (Fig. 2E). Second, the septum
between them followed the motion of the posterior tympanum
(Fig. 2B). Third, we made a detailed and quantitative compar-
ison between the sound-induced vibrations of the DW and the
CC. The responses of both structures were tuned (Fig. 3), and
there exist systematic differences between them in their tuning
across the whole length of the sensory organ (Fig. 4). The dif-
ferential motion of these structures was more sharply tuned than
the absolute motion of either of them (Fig. 5 and SI Appendix,
Fig. S2).

The tympana of the bushcricket hearing organ have been
studied extensively, but their contribution to the hearing func-
tion is not entirely clear. Previous studies (17, 27) reported that
the anterior and posterior tympana in different Tettigoniidae
species moved inward and outward synchronously in response
to sound. With LDV, one cannot measure the tympana simulta-
neously, and rearranging the preparation across recordings may
have affected the microacoustic environment in these studies.
Our simultaneous recordings provide a direct test of the relative
motion of the tympani. Our data confirm and extend findings of
previous studies (17, 27). Not only the two tympana, but also the
adjacent septum bulge in and out simultaneously. This antipha-
sic motion may periodically stretch and squeeze the DW and
the dorsally placed sensory epithelium. The dorsal part of the
tympanum sits on top of incompressible hemolymph, so acoustic
stimulation may cause a translocation of the CA. Such a cou-
pling somewhat resembles the scheme proposed by ref. 17 in
which the dorsal part of the tympana compresses the hemolymph
overlying the CC, but the latter scheme depends on a tympanal
plate mechanism in ref. 17 that we did not find in M. elongata.
The resemblance of the two schemes is that CA motion is not
directly driven by the air pressure in the trachea but indirectly,
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frequency). Population data are from S/ Appendix, Fig. S2.

either by the anterior tympanum and the septum through its con-
nection to the posterior tympanum (Fig. 2) or via the tympanal
plate and the hemolymph (17). The antiphasic motion of the
tympana is likely to cause (or reflect) air pressure variations in
the trachea, which will push and pull the adjacent DW, but the
air-hemolymph interface may render this direct route inefficient.
Intriguingly, the double-hinged motion (Fig. 2) shows a striking
resemblance with the coupling of sound into vertebrate inner
ears, where a lever system (middle ear ossicles) converts the
larger motion of a larger surface (eardrum) to smaller motions
of a smaller area (stapes). In vertebrate ears, this configuration
provides an impedance match between airborne sound and the
vibrations in the fluid-filled inner ear. The hinged motion of the
bushcricket tympana and adjacent septum may well serve the
same purpose.

Bangert et al. (27) reported that blocking the trachea spira-
cle with Vaseline decoupled the two tympana. Repeating these
experiments while using OCT will allow the simultaneous mea-
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surement of the two tympana, the tracheal septum, and the
CA. This may help to further disentangle the contribution
of different acoustics paths to the bushcricket hearing organ.
Phase differences along the ventral-dorsal axis of the tympa-
num, as shown in other bushcricket species (17), were not present
in M. elongata.

The mechanotransduction channels in the CA sensory neurons
are probably located at the tips of their cilia (11, 12), and they are
commonly assumed to open and close upon longitudinal stretch-
ing of the sensory dendrite’s cilium (30). Hummel et al. (12) in
2016 observed additional microtubules at the level of the scolo-
pidial cap. They surrounded the ciliary tip and could therefore
anchor filaments relevant to gating (31). In that case, transduc-
tion is likely to be driven by any relative motion between the DW
and the CC since this would stretch and shorten the dendrite. Fig.
6 illustrates several potential realizations of this relative motion.
A relative motion between the two structures along the dorsal-
ventral axis would elongate and shorten the dendrite (Fig. 6B).
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An anterior—posterior motion of the CC could also drive trans-
duction, by pivoting of the sensory dendrite (Fig. 6C). Finally,
a more complex elliptical motion of the two structures is possi-
ble, which could result in a frequency-dependent stretching and
pivoting of the sensory dendrite (Fig. 6D). As will be discussed
further in the following paragraphs, more measurement angles
are needed to disentangle the different components of motion
and thus, find the correct interpretation of the internal motion.

Our simultaneous recordings of the DW and the CC are a
first step toward answering these questions. The systematic dif-
ferences in tuning between the DW and the CC (Figs. 3 and
5 and SI Appendix, Fig. S2) indeed reveal a nontrivial relative
motion between different structures within the CA. Stated differ-
ently, acoustic stimuli evoke a periodic deformation of the CA.
Importantly, this micromechanical motion is sharply tuned. If
transduction is indeed driven by such micromechanical motion,
our data may explain discrepancies in best frequency and tun-
ing sharpness between mechanical and neural tuning in the
bushcricket CA (12). In particular, it would explain the sharper
tuning of the neural response compared with the mechanics. A
promising way to address such questions in future studies is to
combine OCT vibrometry with neural recordings in the same
hearing organ.

Our observations have implications for the understanding
of the physical principles shaping the CA vibrations. Despite
their close vicinity (15 to 60 um apart, depending on longitu-
dinal position), the DW and the CC differ in response phase,
best frequency, and bandwidth. This calls for an explanation
in terms of vibration mechanics. It is possible that the lon-
gitudinal stiffness and size gradients of the DW provide a
preliminary stage of frequency selectivity, which is then fur-
ther sharpened by local resonances of the individual scolopedia.
The larger group delay of the CC compared with the DW
(Fig. 3) is consistent with such a two-stage filtering. The hypo-
thetical scheme is also reminiscent of the mammalian cochlea,
where a physiologically robust, weakly tuned response is comple-
mented by a physiologically vulnerable, sharply tuned response
(18). Further exploration of such hypotheses will require a
more detailed characterization of the micromechanical motion
of the CA using OCT, combined with mathematical or numerical
modeling.

The mapping of a wide audio range onto a short (<1-mm)
sensory organ necessarily leads to a very dense representation of
frequencies. The slope of the frequency-place map amounted to
~170 um per octave and was nearly identical in DW and CC (Fig.
47). In comparison, the length of the unrolled cochlea is 35 mm
in humans and 11 mm in gerbils, and the tonotopic slope in these
species is 5,000 (32) and 1,500 um per octave (33), respectively.
Despite these large quantitative differences, it is remarkable that
the tonotopic map is well represented by a straight line on a log-
frequency scale in both the bushcricket (Fig. 4 H and /) and
most mammals [with deviations occurring only at very low fre-
quencies <500 Hz (34) and in some echolocating species that
have an acoustic fovea (35)]. This striking similarity suggests
that, despite vast anatomical differences (e.g., the basilar mem-
brane is an interface between two fluids, whereas the DW is an
interface between air and fluid) (SI Appendix, Fig. S5), common
mechanisms may underlie frequency selectivity in the hearing
organs of insects and mammals. Since these mechanisms are
equally poorly understood in mammals and insects, any progress
in the field of insect hearing may advance our understanding of
mammalian hearing and vice versa. Species with well-accessible
hearing organs like the bushcricket are highly suited for such
comparative studies.

In mammals, the tonotopic map directly determines the den-
sity of neural representation of frequency bands because the
spacing of sensory cells is uniform over the cochlear length. Thus,
a typical (nonfoveal) mammalian map reveals an equal number

80f 10 | PNAS
https://doi.org/10.1073/pnas.2105234118

of neural frequency channels per octave over most of the range,
with a somewhat poorer representation toward the very lowest
frequencies. In M. elongata, the lower frequencies are also less
densely represented but this time because of the wider spacing
of proximal sensory units (3). It is unclear whether this similarity
is rooted in a common functional requirement.

In the context of comparative hearing science, it is also note-
worthy that the spatial phase patterns in bushcrickets (e.g.,
Fig. 3) have their main features in common with those in the
mammalian cochlea: an initial flat portion ending in a sharp
downward kink followed by a steep downward slope ending
in a plateau (36). Phase accumulation has been interpreted in
terms of traveling waves in both mammals (32) and bushcrick-
ets (19). The amount of phase lag accumulated at the peak
location is larger in mammals (~1.5 cycles) (18) than in the
bushcricket (~0.5 cycles), and this may reflect sharper tuning
in the mammals (37). With all the similarities, one marked dif-
ference between the bushcricket and mammalian cochlea is the
effect of sound intensity. Cochlear responses are very nonlin-
ear; they show strongly compressive growth over a large dynamic
range [68 dB of compression over a 96-dB range (18)]. Changes
in sound intensity strongly and systematically affect sharpness of
cochlear tuning and peak location of the wave (18) as well as its
wavelength, phase velocity, and group velocity (28, 36). In com-
parison, the bushcricket CA is much more linear, only showing
a slight compression (7 dB of compression over an 80-dB range,
mostly concentrated at intensities >100 dB SPL), and there is
no apparent effect of intensity on sharpness of tuning or wave
propagation (16).

Although OCT vibrometry is a powerful technique for the
study of hearing organs, it is important to briefly consider some
limitations and potential ways to overcome them. Recorded
vibrations are projections of the actual motion onto the record-
ing beam. The more aligned the two are, the closer the measured
magnitude resembles the actual magnitude. For our DW and
CC recordings, we aligned the recording beam with the dorsal-
ventral axis, which is perpendicular to the anterior—posterior
alignment used for our tympanum recordings. A direct compar-
ison between tympanum and CA motion magnitude is thus of
limited scope. Our alignment choices optimize consistency with
existing literature, but it is well possible that there exist other
functionally relevant directions of motion between the DW and
the CC that we failed to measure (Fig. 6). For a discussion of
the spatial and directional interpretation of OCT vibrometry, we
refer to ref. 25.

These geometric unknowns caution against oversimplification.
It may appear attractive to interpret the different spatial phase
profiles in CC and DW in terms of two “parallel waves” trav-
eling at different speeds, but they may as well reflect a gradual
change in vibration mode of a single wave (38). A more com-
prehensive exploration of the micromechanics of the bushcricket
CA will require measuring the same structures from different
angles, so that different directions of motion can be disentangled.
In the current study, we did image the CA from both an anterior—
posterior view and a dorsal-ventral view. At this stage, however,
we cannot determine the direction of motion with certainty. This
would require a reliable method of registration, ensuring that
the exact same location is targeted across viewing angles. In
the literature, the lateralization of the CC responses toward the
anterior side of the CA has been described (39). With a vali-
dated registration method, one could record the CC from the
two angles mentioned above, test whether the CC indeed pivots
around the scolopale cell, and assess the relevance of this motion
for tuning.

Other complications may arise from uncertainties in interpret-
ing OCT images in heterogeneous tissues. Our study demon-
strates that OCT produces anatomically faithful images of the
bushcricket hearing organ (Figs. 1 B-D, 2 A-C, and 3B). The
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same technique has been used to study the morphogenesis of
insects in a noninvasive manner (40) and insect heart pulsations
(41). OCT imaging is based on the delay times of backscat-
tered light from different depths of the sample, which not only
depend on the path length but also, on the speed of light
of the medium as quantified by its refractive index n. For a
homogeneous medium, the delay times are easily corrected
for the refractive index. The insect leg, however, is hetero-
geneous; it is partly filled with fluid (hemolymph, n~1.5)
and partly with air (n~1). Fig. 2 illustrates this; the dorsal,
hemolymph-filled part of the leg is distorted compared with
the ventral, air-filled part. Detailed knowledge of the refractive
index of the imaged structures would enable one to correct for
such imaging artifacts, but the optical characterization of the
bushcricket hearing organ exceeded the purposes of the current
study.

This study has employed the opportunities for studying
nonvertebrate hearing organs offered by OCT vibrometry. It
revealed complexities in the micromechanics of the bushcricket
CA that had not been found with previous methods. On the one
hand, these findings bring new challenges in understanding insect
hearing. On the other, they offer new views and suggest new
solutions to known fundamental problems, including the deliv-
ery path of acoustic energy to the sensory tissue, the biophysics
of auditory frequency selectivity, and the exact mechanisms that
drive transduction. From a wider perspective, current technol-
ogy facilitates the comparative study of hearing organs in general
and the similarities and differences between hearing in insects
and mammals in particular. For all these scientific problems,
we now have the technical means to explore them. This opens
up a wide range of theoretical and experimental exploration of
hearing in miniaturized systems, with numerous technical and
scientific applications.

Materials and Methods

Animal Preparation. In total, 19 bushcrickets of the species M. elongata
were used for in vivo sound-induced vibration measurements on the CA
and the tympana. CA recordings were made on 11 individual tibial hear-
ing organs belonging to nine animals. The animals were anesthetized by
lowering their body temperature after placing them in a container filled
with ice. When they were not responsive (usually after ~10 min) and their
mandibles were loose, their middle and rear legs were removed. The ani-
mal was placed with its thorax on the animal holder, and it was stabilized
using melted medical wax. The front legs were stabilized in a position
where the CAs were accessible to the OCT beam. In two particular exper-
iments (BC0007, BCO0013), it was possible to record through the intact
cuticle. The individual measurements that are shown in the current report
come from experiment BC0007. For other animals, the dorsal cuticle
obscured the view of the CA. For that reason, it was removed surgi-
cally and replaced by a glass coverslip. After the cuticle removal, the CAs
were inspected using OCT imaging to ensure they were not harmed by
the preparation. Viewing through the glass coverslip allowed us to iden-
tify the underlying structures and perform mechanical measurements, and
it is a common method in mammal hearing research (42). As was the
case in previous bushcricket studies (19), there are no signs that remov-
ing the cuticle adversely affected auditory sensitivity. The population data
in are combined from animals with an intact cuticle and animals with
the cuticle removed. Tympanum measurements were obtained by placing
the anterior tympanum perpendicular to the OCT beam. All measure-
ments were acquired in vivo. In total, tympanum measurements were
acquired from 11 legs belonging to different animals. At the end of
the experiment, the animal was anesthetized and subsequently killed by
decapitation.

Acoustic Stimulation. Broadband multitone “zwuis” complexes (43) were
used, following an open-field stimulation paradigm, using a ScanSpeaker
R2904/700 005 loudspeaker placed 35 cm from the animal inside a sound-
proof booth. The ipsilateral acoustic trachea opening on the thorax was
facing the loudspeaker. Calibration of the sound pressure was done by tem-
porarily replacing the animal holder by a microphone. The surfaces of the
OCT probe, animal holder, etc., were covered with cotton wool in order to
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minimize acoustic reflections. The most commonly used broadband stim-
ulus consisted of 51 spectral components, spanning from 0.4 to 50 kHz
(average frequency spacing: 990 Hz), presented at 75, 79, or 85 dB per
component. All the spectral components had equal amplitudes, with lev-
els expressed in decibels re 20 1Pa (i.e., decibels SPL), but the stimulus phase
was randomized across frequency. Each stimulus was presented for 12's, and
interstimulus intervals lasted for ~60 s.

OCT Imaging and Vibrometry. Vibration measurements were obtained using
OCT. More details on the experimental setup are in ref. 25. OCT is an imag-
ing technique, based on low-coherence interferometry. A spectral domain -
optical coherence tomography system (Thorlabs Telesto TEL320C1) was used
for interferometric imaging and vibration measurements. Its field of view
is 10 x 10 mm; its depth range is 3.5 mm. The working distance of the
objective was 24 mm. Cross-sectional (B scan) and axial images (A and M
scans) were triggered externally using monophasic rectangular pulses phase
locked to the acoustic stimulation system (Tucker Davies Technologies Sys-
tem Ill) at a sampling rate of 111.6 kHz. The optics of our recording system
(Mitotoyu IR imaging lens with a numerical aperture of 0.055) introduced an
axial point spread function of 6-um full width half maximum and a lateral
resolution (in the xy plane) of 13 um (all assessed in air, with a refractive
index of one). For our dorsal view measurements, the OCT measurement
beam was manually aligned with the dorsal-ventral anatomical axis of the
CA. The vibration measurements that we made should therefore be favoring
measuring vibrations along this axis.

The refractive index n of the various anatomical structures affects the
recorded vibration magnitude. Phase data are not affected by n, whereas
magnitude is shifted upward by 20log n ~ 3 dB for most fluids. The effect
of correcting the data for n is illustrated in S/ Appendix, Fig. S4, including
the case where DW and CC have different n, motivated by the suggestion
that fluid composition between the CC and the DW may differ from that of
the hemolymph canal around the CA (14, 17). Since the corrections are small
and uniform and the proper n values are unknown, we did not apply such
corrections to the figures.

The anatomy of the distal end of the CA is quite distinct, and it is pos-
sible to define the same anatomical structure across experiments. In order
to compare recorded positions across animals, we therefore used the dis-
tal end of the hearing organ as an anchor point. The recorded structures
were labeled by the horizontal distance between the measuring beam and
the vertical line that intersects the distal end of the CA (the red line in
Fig. 1C). The depth resolution of the OCT allowed us to record the DW
and the CC simultaneously, along one recording beam, at different posi-
tions of the CA. That way, a DW measurement and a CC measurement
obtained from the same beam shared the same distance from the distal
end of the CA.

Response Analysis. Mechanical vibrations were obtained from 1) the DW
and the CCs and 2) both tympana and septum. Responses were analyzed
by Fourier transformation of the vibration waveforms derived from con-
tiguous groups of three pixels in each M scan, where each pixel covers a
depth of 3 um, depending on the exact value of the refractive index of
the structures. Each frequency component in a vibration measurement was
assessed using the Rayleigh test (p = 0.001) for significance of phase locking
(44). Upon repeated recordings, vibration magnitude and phase are typically
reproduced to within 0.5 dB and 0.02 cycle, respectively. The mechanical
measurements from the CA were normalized to vibrations recorded on
the distal end of the organ (green marker in Fig. 1C) analogous to nor-
malization using the middle ear ossicles commonly used in the field of
cochlear mechanics (45). This accounted for imperfection in the calibration
of the acoustics. We made sure that the reference vibration measurement
and the CA recordings were performed while using the exact same con-
figuration, in particular the same height of the adjustable optical probe.
The use of a mechanical reference rather than a microphone makes the
data less suited for the estimation of acoustic transfer functions, but it
is adequate for the aims of the present study, namely the direct com-
parison of vibrations across different locations in a single hearing organ.
The absence of ripples in normalized magnitude—frequency data (e.g., Fig.
3 D-F) indicates that any acoustic reflections had little impact on our
recordings.

Different recorded positions are identified by their distance from the
most distal part of the CA, as shown with a red vertical line in Fig. 1C.
Data were analyzed using custom software developed in the MatLab (Math-
Works, USA) environment. The spatial and spectral peaks were detected by
using a polynomial fit on a 15-dB range around the peak of the normalized
magnitude data. The order of the polynomial varied from second to fourth,
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according to the number of fitting points that fulfilled the 15-dB-range cri-
terion. In a minority of cases, manual exclusion of the fitting points was
applied if the automated peak detection algorithm failed. Phase averaging
(indicated as white stripes in Fig. 2B) was obtained as follows. The phases ¢,
of individual pixels in each subdomain (anterior and posterior tympanum)
were determined by taking the angle of 3=, exp(i¢x), where i is the square
root of —1.

Group delay was estimated from the data in Fig. 3 M-0O by fitting straight
lines to the portions of the phase-frequency curves that correspond to the
magnitude peaks (highest 10 dB) in Fig. 3 J-L. The reported group delay
estimates are the negative slopes of these fit lines. Wavelengths and phase
velocity were derived from the data in by fitting straight lines to the por-
tions of the phase-position curves that correspond to the magnitude peaks
(highest 10 dB) in Fig. 3 D-F. Wave number estimates (k in cycles per microm-
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