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ABSTRACT Proprioception is an integral part of the feedback circuit that is essential for locomotion control in all animals. Chor-
dotonal organs perform proprioceptive and other mechanosensory functions in insects and crustaceans. The mechanical prop-
erties of these organs are believed to be adapted to the sensory functions, but had not been probed directly. We measured
mechanical properties of a particular chordotonal organ—the lateral pentascolopidial (lch5) organ of Drosophila larvae—which
plays a key role in proprioceptive locomotion control. We applied tension to the whole organ in situ by transverse deflection.
Upon release of force, the organ displayed overdamped relaxation with two widely separated time constants, tens of millisec-
onds and seconds, respectively. When the muscles covering the lch5 organ were excised, the slow relaxation was absent,
and the fast relaxation became faster. Interestingly, most of the strain in the stretched organ is localized in the cap cells, which
account for two-thirds of the length of the entire organ, and could be stretched by �10% without apparent damage. In laser
ablation experiments we found that cap cells retracted by �100 mm after being severed from the neurons, indicating consider-
able steady-state stress and strain in these cells. Given the fact that actin as well as myosin motors are abundant in cap cells, the
results point to a mechanical regulatory role of the cap cells in the lch5 organ.
INTRODUCTION
Animal locomotion involves a close interaction between
muscles and mechanosensory feedback elements—the pro-
prioceptive organs. Mechanosensory organs are expected
to be adapted to the specific motion patterns they need to
detect (1). The crawling of Drosophila larvae is a relatively
simple type of locomotion, involving periodic contractions
that travel along the larval body (2). Proprioception in crus-
taceans and insects is performed by chordotonal organs (3)
that are typically serially arranged along the body to monitor
relative movements between body parts during locomotion.
Chordotonal organs are furthermore involved in detect-
ing substrate vibrations, sound, gravity, and wind (3–8).
Anatomically, chordotonal organs consist of one or several
multicellular units named ‘‘scolopidia’’. Each scolopidium
consists of one to three mechanosensory neurons and several
supporting cells. The neurons are bipolar, bearing a prox-
imal axon and a distal dendrite whose outer segment termi-
nates in a cilium. The cilia of all the neurons of each
scolopidium are immersed in endolymph that is enclosed
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by a supporting scolopale cell. The scolopale cells also
contain an intracellular barrel of actin-based rods, the scolo-
pale, that surrounds the cilium. The neurons are spanned
proximally and apically between opposing cuticular regions
by a ligament and a cap cell, respectively. The connections
with the cuticle are made by attachment cells (3,9–11).

Development, physiology, and genetics of chordotonal
organs have been studied (4,12–17), yet little is known
about their intrinsic biomechanics and the molecular mech-
anisms of mechanosensing. This holds true in general for
mechanosensory processes in animals all the way from bac-
teria to mammals (18). There is consensus, nevertheless,
that ion channels in the cell membrane, including, e.g.,
certain TRP family members, are directly opened by the
forces to be measured, which leads to the electrical depolar-
ization of the sensory neuron (19–21). Similar to what was
first found for mammalian hair cells in the inner ear (22–26),
work on Drosophila antennae has shown that antennal chor-
dotonal organs are mechanically active, and nonlinearly
boost mechanical input. This capability was linked to the
interplay between mechanosensory membrane channels
and ciliary dynein motors (13,14,27,28). These findings
were based on indirect measurements of antennal me-
chanics. Direct mechanical measurements on Drosophila
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Chordotonal Mechanics
chordotonal organs have, to the best of our knowledge, hith-
erto not been reported. Field and Matheson (3) mentioned
unpublished data indicating that the elastic properties of a
locust chordotonal organ obey Hooke’s law. Quantitative
measurements of the strain compliance were reported for
the femoral chordotonal organ of a stick insect (29), and
the impact of length changes on chordotonal organ tension
had been measured in a crayfish (30).

Here we report on the mechanics of the lateral pentameric
chordotonal organ (lch5), a major chordotonal organ in
Drosophila larvae (Fig. 1). The lch5 organ occurs bilaterally
in the abdominal segments, where it functions in propriocep-
tion (31) and possibly also in the detection of sound-induced
substrate vibrations (32). Each lch5 organ is suspended
between two points on the cuticle at an oblique angle in
FIGURE 1 Schematic of the lch5 organ of the Drosophila larva (10,11).

(A) Components of the organ. (B) Lateral view of a right hemisegment of

the larva, oriented such that the rostral end, R, of the larva is to the left

and the caudal end, Cd, is to the right. Dorsal direction is D; ventral direc-

tion is V. Gray rectangles indicate the muscles that overlay the lch5 organ

toward the inside of the larva. The dorsal longitudinal muscle is DL1;

lateral transverse muscles are LT1–4; lateral longitudinal muscle is LL1;

lateral oblique muscle is LO1; and ventral longitudinal muscles are VL1

and VL2 (there are three more VL muscles, as well as more oblique and

LL muscles, which are not shown here). To see this figure in color, go

online.
the dorsal part of the segment and contains five scolopidia
with onemechanosensory neuron each.We used a fillet prep-
aration (33) of third instar larvae and explored the mechani-
cal response of the organs by direct deflection. We present
data on lch5 shape distortion that reflects elastic embedding,
relaxation kinetics that reflect viscous damping, and elastic
recoil upon targeted laser ablations that reflects the steady-
state elastic strain in the organ. In addition to providing, to
our knowledge, first insights into lch5 mechanics, our results
highlight the role of the cap cells in setting—and presumably
regulating—chordotonal organ tension.
MATERIALS AND METHODS

Relaxation dynamics

Preparation and dissection of Drosophila larvae. We used third-instar

Canton-S (http://flybase.org/reports/FBsn0000274.html) wild-type larvae

for all experiments and essentially followed published procedures (33).

Dissection was carried out on circular PDMS slabs of 30 mm diameter

and�4 mm edge height with a shallow central depression of�2 mm, which

were prepared as described below. The slab was placed in a plastic petri dish

of 10 cm diameter. For dissection we used DuMont No. 55 Forceps and Ul-

tra-Fine Clipper Scissors (Fine Science Tools, Heidelberg, Germany).

Larvae were dissected under Ringer’s solution using a stereomicroscope

(model No. M80; Leica Microsystems, Wetzlar, Germany) at 2.5� magni-

fication, and the gut was completely removed using forceps. The larva was

then fully opened out and pinned flat. The pins were pieces of 0.1-mm-

diameter steel wire. The preparation (fillet) was washed two to three times

using Ringer’s solution. The larvae were then kept under fresh Ringer’s so-

lution and used in the experiments within 10 min after beginning the prep-

aration, and for not longer than 2 h.

In some preparations, we additionally excised muscles using Vannas

Spring Scissors (Fine Science Tools). This was done to expose the lch5 or-

gans and compare the relaxation properties to the case where the muscles

were intact. The same stereomicroscope was used, and the excision was

done at 6� magnification.

To prepare Ringer’s solution, the following ingredients were dissolved in

high-purity Milli-Q water (Millipore, Billerica, MA): NaCl 0.07 M (Merck,

Darmstadt, Germany), KCl 5 mM (Carl Roth, Karlsruhe, Germany),

NaHCO3 0.1 M (Honeywell Riedel de Haën, Seelze, Germany), trehalose

5 mM (Sigma-Aldrich, Munich, Germany), sucrose 0.115 M (AppliChem,

Omaha, NE), CaCl2 2 mM (Carl Roth), MgCl2 0.02 M (Carl Roth), and

HEPES 4.2 mM (Carl Roth). The pH was adjusted to 7.2. Ringer’s solution

was stored frozen and thawed before use.

Preparation of PDMS slabs (34). Elastomer and curing agent (Sylgard

184 Silicone Elastomer Kit; Dow Corning, Wiesbaden, Germany) were

thoroughly mixed at a ratio of 10:1 (4 mL elastomer, 0.4 mL curing agent)

in a borosilicate glass beaker of 30 mm inner diameter and baked for 10 min

in an oven preheated to 150�C, followed by freezing at �20�C for 5 min to

help detach the PDMS from the beaker walls. Through adhesion to the

beaker walls before polymerization, the PDMS slabs developed slightly

elevated edges that helped retain the buffer solution under the microscope.

The slabs were carefully extricated from the beakers using a scalpel.

Preparation of tungsten needles. Tungsten wire (0.2 mm diameter) was

purchased from Goodfellow, Bad Nauheim, Germany. Fine-tipped tungsten

needles were produced by electrolytically sharpening pieces of this wire on

a custom-built machine. The sharpening was carried out by repeatedly dip-

ping the wire into concentrated KOH solution (2 M) using a rotary mecha-

nism. The tip of the needle was bent at an angle of �90� for a length of

�2 mm, so that it could be hooked into the lch5 organ vertically.

Imaging and mechanical manipulation. The fillet preparation was viewed

using a 20� water-dipping objective (W Plan-Apochromat 20�/NA 1.0;
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Carl Zeiss Microscopy, Göttingen, Germany) in a custom-built upright

microscope equipped with a high-speed camera (Photron Fastcam; VKT

Video Kommunikation, Pfullingen, Germany). Using a micromanipulator

(Scientifica UI-1000-i; Multichannel Systems, Reutlingen, Germany), the

tungsten needle was brought in at an angle of 90� to the lch5 organ. The

needle was placed in contact with the cap cells, close to the scolopales,

which are a conspicuous feature of the lch5 organ and can be resolved at

an accuracy of �1 mm. A lateral pushing or pulling force was then exerted

to deform and stretch the lch5 organ (Movie S4). The displacement ampli-

tude ranged from 20 to 100 mm, and could be measured to an accuracy of

1–2 mm with the objective and camera used. The needle was then rapidly

disengaged from the cap cells using the Step function of the manipulator.

Videos were recorded at frame rates of 250 and 1000 fps. For the larval

preparations with intact muscles, a recording rate of 250 fps was sufficient

to resolve the fast time constant of relaxation. For the preparations with

muscles excised, a frame rate of 1000 fps was used, because the initial

relaxation was faster than in the previous case (Results and Discussion).

The videos were analyzed using the Manual Tracking plugin of the software

ImageJ (https://imagej.nih.gov/ij/plugins/track/track.html) by specifically

tracking the motion of the distinctive scolopales. In the preparations with

intact muscles, four lch5 organs, each from a different animal, were tested

(two, six, five, and five trials, respectively). For the case with excised mus-

cles, three trials each were performed on two organs from two different

animals. The position data obtained from ImageJ was fitted by single or

double exponentials in the software OriginPro (http://www.originlab.com/

Origin). To directly compare both relaxation dynamics, we also determined

the times needed for the relaxation of the amplitudes to 50% from the fit

functions using the software MATLAB (The MathWorks, Natick, MA).

Further videos were recorded at 20 fps, using a charge-coupled device

camera (Photometrics Coolsnap EZ; Roper Scientific, Göttingen, Ger-

many). These were used to analyze the shape change of the organ as it

was deformed by the needle and then released. In these experiments, the

needle was placed near the midpoint of the cap cells (Movies S2 and S3).

The videos obtained in this case were analyzed by tracking several points

along the organ.
FIGURE 2 Lateral deflection of the lch5 organ. Shown here are (A)

relaxed, (B) weakly deflected (34 mm), and (C) strongly deflected

(86 mm) configurations. The dark tip is the tungsten needle. The organ is

oriented parallel to the long side of the image (neuronal cell bodies on

the right). Scale bars are 20 mm. Colored dashed lines are the outlines of

cells making up the core of the lch5 organ; ligament cells are magenta; neu-

rons with dendrites are blue; scolopales are orange; cap cells are green;

point of contact of needle and lch5 organ is T; cap cell attachment cell is

CA; and ligament attachment cell is LA. See also Movies S2 and S3. To

see this figure in color, go online.
Laser ablation

For UV-laser ablation experiments, third-instar larvae expressing a

20xUAS-6xGFP reporter under the control of the chordotonal neuron driver

iav-GAL4 were used. The lch5 neurons in this line exhibit GFP fluores-

cence. The animals were heterozygous, and therefore needed to be checked

for fluorescence before use. For some of the experiments we used Sqh-GFP

larvae, where nonmuscle myosin is labeled with GFP, and thus fluorescence

is seen not in the neurons, but rather in the ligament and cap cells. Before

carrying out the experiments, the larvae were squeezed between a glass

slide and a coverslip along with some Ringer’s solution, such that the gut

was removed and the interior of the larva became transparent. This method

leaves the chordotonal organs well preserved and clearly visible, albeit not

accessible to direct mechanical manipulation.

A spinning disk confocal microscope (CSU-X1; Carl Zeiss) was used

to visualize the lch5 organ with a 100� oil objective (NA 1.4, Plan-

APOCHROMAT; Carl Zeiss). Some experiments were performed with a

40� oil objective (NA 1.3, EC Plan-NEOFLUAR; Carl Zeiss), to obtain

a large enough field of view to image the complete retraction of the cap cells

(see Results and Discussion). Ablation was carried out using a 355-nm

pulsed YAG UV laser, average power 14 mW (Rapp OptoElectronic,

Wedel, Germany) in click-and-fire mode, with 20% intensity and 300 ms

pulse duration per click. The energy delivered was �0.84 mJ/pulse.

In the laser ablation experiments we used fluorescence microscopy, so

that only the neurons and the scolopales were visible in the larvae. The laser

was focused either just in front of the scolopales at the initial part of the cap

cells on the neuronal dendrites between the scolopales and the neuronal

somata, or on the ligament cells. The laser was aimed either at one scolopi-

dium at a time (point focus) or at all scolopidia together (line focus). Videos
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of the recoil of the organ after ablation were recorded with an AxioCam

MRm camera (Carl Zeiss) at a rate of 1 fps. UV-cutting experiments

were controlled by the software ROE-SysCon-Zen (Rapp OptoElectronic).
RESULTS AND DISCUSSION

Static elastic deformation of the lch5 organ

We first studied the static deformation of the lch5 organ un-
der stretching by a lateral force applied using a tungsten
needle controlled by a micromanipulator (Fig. 2; Movies
S2 and S3). The needle was placed near the midpoint of
the organ, against the cap cells. From video recordings,
we tracked the positions of the scolopales and of the two
attachment cells to map the motion and deformation of
the entire organ. Lateral displacement near the middle of
the organ could have different effects on the organ and its
embedding structures: if the organ itself were rather rigid
to axial stretching, the cuticle could deform, with the attach-
ment cells moving inward to accommodate this defor-
mation. Alternatively, or in addition, the different cells
making up the organ could stretch to various degrees,
increasing the length of the organ. In all experiments in
which we observed the attachment cells, we could not detect
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any displacement of the cuticle and the attachment cells
when we deformed the lch5 organs (Fig. 2). The organ itself
is therefore distinctly more stretch-compliant than the
cuticle is to bending and indentation.

The dissection of the larva and the preparation of the fillet
lead to some prestrain in the organs that can be estimated
from the geometry of the situation. If we consider a third-
instar larva as a cylinder of �1 mm diameter, given that
the lch5 organ is �400 mm long in the fillet, we estimate
�3% increase in the length of the lch5 organ from the intact
larva to the fillet.

When the lch5 organ was displaced by the tungsten nee-
dle, we measured a substantial, �10% increase in the length
of the organ (from �320 to �350 mm for a lateral deflection
of 80 mm). This stretch was reversible, and the organs
relaxed back to their original lengths when the needle was
released (Figs. 2 and 3). The length increase was almost
entirely confined to the cap cells. This is demonstrated by
tracking four points: the end points of the ligament (LA)
and the cap cells (CA); the point of contact of the needle
with the lch5 organ (T); and the position of the scolopales
(S). We define the axis of the chordotonal organ—the line
from CA to LA—as the x axis (Fig. 2). The portion from
S to CA corresponds to the cap cells. The length from CA
to LA ranged between 300 and 400 mm. The portion be-
tween LA and S, i.e., the part of the organ consisting of
the ligaments, neuronal somata, dendrites, and scolopales,
had a length between 90 and 100 mm before lateral
deflection. We observed that during stretches, LA and CA
remained fixed (no detectable movement along the x or y
axes), whereas T moved along a straight line parallel to
the y axis, further away from the position of rest. The length
from LA to S also slightly increased, but much less than the
length of the cap cells. The cap cells reportedly contain
more myosin motors and actin filaments than the sensory
neurons, and the scolopales lack myosin while actin is pre-
sent (35–37). Myosins interacting with actin filaments might
provide a mechanism to tense the cap cells and to create
stretch elasticity to allow for substantial elongation and sub-
sequent recovery. The observation that the largest part of the
elastic strain in the stretched organ occurs in the cap cells
implies that they might play an important role in the
stretch-sensing mechanism and might be in charge of setting
the prestrain and providing adaptation. The dynamics of the
normalized strain of the lch5 organ as a function of the rela-
tive lateral displacement (absolute displacement divided by
the length of the lch5 organ), followed the same curve for
several organs from different larvae. Fig. 3 B depicts this
for four different lch5 organs from four different animals.
This shows that the mechanical properties of the lch5 organ
are stereotypical and that the dissection process does not
appear to alter these dynamics in uncontrolled ways.

The shape of the deformed organ allows us to draw qual-
itative conclusions about the elastic properties of the organ
and of the embedding tissue. In the most stretched confor-
mations, the lch5 organ assumed a concave cusplike shape
in the cases where the muscle layers were not removed
(Fig. 2, B and C). This implies that the bending stiffness
of the organ is low compared to the stretching stiffness.
The shape of the organ would be convex if resistance to
bending was dominant. Furthermore, the fact that we
observe concave rather than straight shapes points to some
coupling to the elastic embedding tissue layers (38).
Relaxation dynamics of the intact lch5 organ

Next, we observed the relaxation dynamics of the deformed
organ (Figs. 4 and S2; Movie S4). We again displaced the
FIGURE 3 Static elastic deformation of the lch5

organ. (A) Increase of total length with lateral

deflection, entire organ (black squares), cap cells

(red circles), and neuronal part (blue triangles).

(B) Relative increase in length versus relative

lateral deflection amplitude for four different lch5

organs, each from a different larva. (C) Shapes of

a representative lch5 organ (same as Fig. 2) traced

from a video recording while the organ was

increasingly deflected. (D) Shapes of another

representative lch5 organ traced from a video

recording while the organ was increasingly de-

flected (black squares and red cubic spline interpo-

lation line) and during relaxation (red circles and

blue cubic spline interpolation line). See also

Movies S2 and S3. In (C), part of the last curve

has been shown as a dotted line, because this part

of the organ was obscured by the needle in the

frame of the video corresponding to this curve.

The last points in (A) and (B) are encircled in green

for the same reason, and represent a lower bound

for the value of the length of the organ at that point.

To see this figure in color, go online.
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FIGURE 4 Relaxation dynamics of the lch5 organ. (A) Relaxation of the midpoint of the organ after lateral deflection and release with intact muscle layers.

Each curve is for a different organ in a different animal. Red lines are double-exponential fits with the two time constants t1 and t2 given. Blue curves

represent single-exponential fits. (B) Relaxation of the midpoint of the organ after lateral deflection and release with excised muscle layers. Blue lines

are single-exponential fits with the time constants t given. The bottom and middle-left plots are for the same lch5 organ from one larva, and the top and

middle-right plots are for the same lch5 organ from a different animal. Except for the middle-right plot, the double-exponential fit has not been shown,

because the fit did not converge owing to correlation between the parameters. (C) Relaxation time constants of lch5 organs with the covering muscles excised

(blue triangles), and for lch5 organs covered by intact muscles, t1 (black carets) and t2 (red circles). Preparations with intact muscles: four animals were

studied. A total of five lch5 organs were investigated. Animal #1: 1 organ, 2 repeats. Animal #2: 2 organs, 3 repeats each. Animal #3: 1 organ, 5 repeats.

Animal #4: 1 organ, 5 repeats. Preparations with excised muscles: two organs were studied, each from a different animal, with three repeats per organ. For

more details, refer to Figs. S1–S6; Tables S1 and S2. (D) Amplitude dependence of lch5 relaxation time constants with muscle layers intact (same

experiments as the black and red plots in (C). For more details, refer to Fig. S6). (E) Distribution of t1/2 values (time taken for the amplitude to reduce

to half of its initial value as obtained from the fit) for the experiments with excised muscles, and those with intact muscles. The maximum SD of the error

in the data points in (A and B) was �6 mm. To see this figure in color, go online.
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lch5 organ perpendicular to its long axis with a tungsten
needle placed against the cap cells adjacent to the scolo-
pales. We then rapidly released the needle and tracked the
relaxation of the organ to its original straight shape. In fillet
preparations with the muscle layers above the organ left
intact, we observed an initial rapid snap-back after retrac-
tion of the needle, followed by a slow relaxation back to a
straight conformation (Fig. 4 A). The displacement time
course was well fitted by a double exponential, which was
verified by comparing a double-exponential fit with a sin-
gle-exponential fit using a reduced c2-test. In all cases, the
reduced c2-value for the double exponential was lower, indi-
cating that this was the better fit (Table S1). The two time
2800 Biophysical Journal 113, 2796–2804, December 19, 2017
constants obtained from this fit, t1 and t2, ranged from 10
to 150 ms for the initial fast relaxation, and 100 ms to 3 s
for the slow relaxation (Fig. 4 C). In fillet preparations
with the muscles excised, in contrast, a single exponential
was sufficient to fit the data because only a rapid snap-
back was observed that was faster than in the preparations
with intact muscles (Fig. 4 B; Table S2). The time constants
obtained in this case were approximately an order-of-magni-
tude smaller than the t1-values for the fillets with intact
muscles, and ranged from 3 to 15 ms (Fig. 4 C). The c2-
values for the single-exponential fit were smaller than those
for the double-exponential fit in two trials in the second
organ. In the first organ, two trials showed a lower c2-value
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for the double-exponential fit. We additionally determined
the time t1/2, taken for the amplitude of displacement to
relax to half its initial value. The values for the experiments
with excised muscles ranged from 2 to 10 ms, and for the
experiments with intact muscles, they ranged from 19 to
190 ms (Fig. 4 E). There was a clear difference of approxi-
mately an order of magnitude between the two sets of
values.

The lch5 organs are embedded between muscle layers and
the cuticle, and bathed in hemolymph. In this situation, a
rather high stretch stiffness would be needed to produce
an underdamped or oscillatory response, as had been
speculated in the literature (39–41). Although the lateral
deformation that we applied with the tungsten needles is
arguably nonphysiological, it is likely that the viscous
damping in the system is similar to what occurs when mus-
cles deform the cuticle and stretch the organ axially. The
fact that we observe exponential relaxation and no sign of
oscillatory response thus argues for overdamped dynamics.
In contrast to a resonant response, an overdamped response
makes the organ sensitive to perturbations over a broad
frequency range, rather than only near a well-defined reso-
nance frequency.

Most biological materials show a strongly nonlinear
elastic response (42,43). To probe for nonlinear response
of the lch5 organs, we analyzed the dependence of the relax-
ation times on the amplitude of the lateral displacement.
Within the margins of experimental error, we could not
observe an amplitude dependence of these time constants
(Fig. 4 D). This means that nonlinearities are not strong
enough to show significant effects, even at strains of
�20%. This is large compared to the strain for which actin
filaments in typical cortical cytoskeletal networks become
nonlinear (�5%) (44) and might reflect a geometry of the
elastic elements in the cap cells that is optimized for a broad
linear response range.

Because the muscle tissue is arranged in layers above the
lch5 organ, it might be possible that at least the outermost
muscle layer (the lateral muscles) could directly attach to
and activate the lch5 organs. This possibility is already dis-
counted in the literature (45,46), but we nevertheless dis-
placed the muscles with the tungsten needle to see if there
was any direct coupling between muscle and lch5 displace-
ments (Movie S1). We could not discern any movement of
the lch5 organ that would suggest direct elastic coupling
to the movement of the muscles. Our data suggest, however,
that there is a viscous coupling between the musculature and
the lch5 organ, given that the relaxation dynamics are mark-
edly slower in the presence of muscles than those of the
bared lch5 organs.

In the relaxation and shape dynamics experiments, the
micromanipulator was controlled manually using hydraulic
precision actuators. In the relaxation experiments, we
placed the needle close to the scolopales; and in the shape
dynamics experiments, we placed the needle roughly at
the midpoint of the cap cells. We did not aim to measure
the precise neuronal responses to small localized tension
changes. Instead, our objective was to measure the mechan-
ical response of the whole organ to relatively large displace-
ments. Also, we do not have a priori knowledge of the
tension properties of the lch5 organ. Due to this, we
concluded that the exact placement of the tungsten needle
is not vital to our experiments. Indeed, the relaxation curves
we observed were quite reproducible, from which we in-
ferred that the placement of the needle did not have a direct
effect on the relaxation. We recorded the videos of the
relaxation experiments using bright-field illumination, and
tracked them manually using the scolopales as a marker.
Similar videos recorded using fluorescence imaging were
not usable due to photobleaching. However, because
the scolopales are conspicuously visible, the bright-field
tracking method was sufficient for our purposes.
Relaxation of the lch5 organ after laser ablation

The straight conformation of the lch5 organ, appearing
like a bundle of tense chords (which also inspired the
name ‘‘chordotonal organs’’ (39–41)), suggests that there
is substantial axial pretension in the cells making up
the organ. Tension is balanced along the whole organ,
but the ensuing elastic strain might be different for the
different cell types. To characterize the prestrain in the
different components of intact lch5 organs, we used a
UV laser to cut the organ in different planes—through
the cap cells near the scolopales (Figs. 5 A and 6), through
the ligament cells (Fig. 5 B), and through the dendrites
(Fig. 5 C). The response of the organ was observed via
the displacement of the GFP-expressing neurons in a fluo-
rescence microscope.

First, we cut the cap cells one by one, by slowly moving
the laser focus across the organ (Fig. 6; Movies S5, S6, S7,
S8, S9, S10, S11, S12, S13, and S14). When a cap cell was
severed, the dendrite belonging to the same scolopidium
retracted toward the neuronal somata, and a kink formed
where the dendrite enters the scolopale (Fig. 6; Movies
S5, S6, S7, S8, S9, S10, S11, S12, S13, and S14). With
each cap cell cut, the dendrites collectively retracted further.
When the cap cells were completely severed, the scolopales
and neuronal dendrites retracted by �6–15 mm (Figs. 5 A
and 6, A and D; Movies S5, S6, S7, S8, S9, S10, S11,
S12, S13 and S14; Table S3). Given that the entire lch5
organ is �400 mm long, and the neuronal part occupies
�80–100 mm of this length, this indicates that, in the intact
functional organ, there is a prestrain of �5–20% in this sec-
tion. The neuronal somata themselves were not noticeably
displaced, which indicates that the axons stably anchor the
somata in the surrounding tissue.

When, in the second group of cutting experiments, the
dendrites were severed (Fig. 5 B; Movies S15, S16, S17,
S18, S19, S20, S21, and S22), we could observe the
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FIGURE 5 Prestrain in the lch5 organ probed by laser ablation. All

experiments were done in iav-Gal4 > 20xUAS-6xGFP larvae unless

mentioned otherwise. The schematics under the subfigures indicate the ge-

ometry of laser cutting. Cap cells are not visible, because the animals ex-

pressed GFP only in the neuronal part of the lch5 organs. (A) Cap cells

were severed near the scolopales. The cap cells are again not visible

because they were not fluorescent, but their positions are known because

they extend straight from the scolopales (Movies S5, S6, S7, S8, S9, S10,

S11, S12, S13, and S14). (B) Dendrites of the neurons were severed be-

tween somata and scolopales. The vertical dotted line shows the position

of the scolopales before ablation, and the diagonal arrow pointing toward

the top right indicates their new position after they had retracted by

�100 mm (Movies S15, S16, S17, S18, S19, S20, S21, and S22). (C) Lig-

ament cells were cut whereas the cap cells are still intact. There is a small

retraction, but no other change in the lch5 organ. The fly line used for this

was Sqh-GFP, where the ligaments and cap cells are fluorescent due to la-

beling of myosin, but not the neurons (Movie S23). (D) Ligament cells were

cut after severing the cap cells. Some retraction is seen (Movie S24). Scale

bars, 15 mm. To see this figure in color, go online.
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relaxation of both sides of the organ by following the re-
tracting fluorescent neuronal somata toward the ligament
cell side and the retracting fluorescent dendritic fragments
2802 Biophysical Journal 113, 2796–2804, December 19, 2017
toward the cap cell side. We performed two types of cutting
experiments in this location, cutting the dendrites all at once
(e.g., Movie S15), or one by one (e.g., Movie S17). Either
way, when the dendrites were all cut, the severed dendritic
fragments, and the scolopales along with the cap cells, re-
tracted rapidly by �100 mm. Given that the cap cells are
200–300 mm long, this corresponds to a prestrain of �30–
50% in this section of the lch5 organ (Table S3).

In the third set of experiments, we severed the ligament
cells. When the ligament cells were severed with the cap
cells intact, the neuronal somata were still anchored by
their axons, and moved in the direction of the cap cells
by only �7 mm (Fig. 5 C; Movie S23). When the axons
were then also severed, however, the neuronal somata
along with the dendrites and scolopales rapidly retracted
in the direction of the cap cells, to a similar extent
as seen in the second set of experiments (Movie S25).
When in one control experiment we severed the ligament
cells after cutting the cap cells, we observed a slow drift
of the neuronal somata toward the cap cells by �30 mm
(Fig. 5 D; Movie S24).

These results point to a role of the cap cells as the domi-
nant elastic elements in the lch5 organs, consistent with
what we found when we overstretched the organ by lateral
deflection, where the additional strain was again mostly
localized to the cap cells. Because the cap cells also contain
substantial amounts of myosin and actin, it is intriguing to
speculate that these cells build up—and regulate—organ
tension.
CONCLUSIONS

We found that the lch5 organs of Drosophila larvae show
remarkable stretch elasticity with a large linear range.
When stretched and released, they relax in an overdamped
fashion, viscously, but not elastically coupled to overlying
muscle layers. Upon laser cutting, the organ recoils with a
large amplitude, which demonstrates a large prestrain of
up to 50% in the cap cells of the functioning organ. It will
be interesting to explore the role of this prestrain and the
associated pretension and its regulation in the sensing mech-
anism of lch5 chordotonal organs. We anticipate that this
tension is actively regulated and that it facilitates mecha-
notransduction in chordotonal sensory neurons, e.g., by
maximizing the sensitivity of mechanotransduction chan-
nels through keeping their open probability at rest at
its half-maximum value, where small mechanical stimuli
would cause the maximal open probability change. A half-
maximum open probability at rest had been reported for
mechanotransduction channels in the chordotonal organs
within Johnston’s organ of adult flies (13), where, analogous
to vertebrate hair cells (23), adaptation motors in the sensory
cells appear to stabilize the resting open probability of the
channels (13,28). The latter adaptation is fast with time
constants between 4 and 12 ms (13). If we assume that the



FIGURE 6 Relaxation of lch5 organ during sequential severing of cap

cells by laser ablation near the scolopales (see Fig. 4 A; Movie S5). Only
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fast relaxation process we observed in the larval organs is
related to adaptation, it seems that a much slower adaptation
mechanism might reside in the supporting cap cells that reg-
ulates the resting tension in these sensory cells. This slow
adaptation mechanism might co-occur with a fast adaptation
mechanism in lch5 neurons, which not only monitor slow
body movements but reportedly show adapting spiking re-
sponses to sound-induced substrate vibrations at frequencies
of several 100 Hz (32,47). Future work will have to address
the molecular details of both sensory transduction and ten-
sion regulation in lch5 as well as target the intriguing ques-
tion of how a signal in one cell, the sensory neuron, can
connect to tension-generating machinery in another cell,
the cap cell.
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Supplementary Figures and Tables 
 
 

 
 
 

 
Fig. S1. Relaxation curves of laterally deflected lch5 organs for all the 
relaxation experiments in larval preparations with intact muscles, showing 
double-exponential fits (red curves) and single-exponential fits (grey 
curves). Reduced χ2 values for single- and double-exponential fits are 
given in Table S1. 

The maximum standard deviation of the error in the data points was 
approx. 6 µm.  
 
A1, A2: Animal 1, lch5 organ 1 
B1, B2, B3: Animal 2, lch5 organ 1 
C1, C2, C3: Animal 2, lch5 organ 2 
D1-D5: Animal 3, lch5 organ 1 
E1-E5: Animal 4, lch5 organ 1 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. S2. Relaxation curves of laterally deflected lch5 organs for all the 
relaxation experiments in larval preparations with intact muscles, with y-
axes converted to logarithmic scale. Reduced χ2 values for single- and 
double-exponential fits are given in Table S1. 

A1, A2: Animal 1, lch5 organ 1 
B1, B2, B3: Animal 2, lch5 organ 1 
C1, C2, C3: Animal 2, lch5 organ 2 
D1-D5: Animal 3, lch5 organ 1 
E1-E5: Animal 4, lch5 organ 1 



 

 
 
 
 
 
 
 
 
  

Fig. S4. Relaxation curves of laterally deflected lch5 organs for all the 
relaxation experiments in larval preparations with excised muscles, with y-
axes converted to logarithmic scale. Reduced χ2 values for single- and 
double-exponential fits are given in Table S1. 

W1, W2, W3: Animal 1, lch5 organ 1 
X1, X2, X3: Animal 2, lch5 organ 2 

Fig. S3. Relaxation curves of laterally deflected lch5 organs for all the relaxation 
experiments in larval preparations with excised muscles, showing exponential fits. 
Red curves represent single exponential fits, and blue curves represent double 
exponential fits. In the graphs where double exponential fits are not shown, these 
fits either do not converge, or coincide with the single exponential fits. Reduced χ2 
values for single- and double-exponential fits are given in Table S1. 

W1, W2, W3: Animal 1, lch5 organ 1 
X1, X2, X3: Animal 2, lch5 organ 2 



 
Experimental 
animal 

lch5 
organ 

Trial Reduced χ2 values 

Single 
exponential 
fit 

Double 
exponential 
fit 

1 A A1 4.73 1.74 

A2 7.42 2.44 

2 B B1 2.93 1.13 

B2 3.72 0.72 

B3 5.38 0.85 

C C1 5.84 1.81 

C2 5.51 1.82 

C3 6.14 2.00 

3 D D1 6.62 5.91 

D2 5.89 3.45 

D3 8.53 6.82 

D4 9.14 8.58 

D5 21.38 4.74 

4 E E1 5.94 5.60 

E2 5.27 1.32 

E3 23.40 22.46 

E4 6.15 3.77 

E5 10.60 6.79 

 
 
Table S1. Exponential fits of the relaxation curves of laterally deflected lch5 organs. Quality 
of fit is judged by the χ2 test. Reduced χ2 values for double- and single-exponential fits for 
the data plots from relaxation experiments for lch5 organs in larval preparations with intact 
muscles. These values indicate the relative goodness of fit. The model that has a lower χ2 
value is considered as a better fit for the data. The double-exponential model is seen to 
provide the better fit. In two cases (E1 and E3), the difference in the χ2 values for single and 
double exponential fits is small, but nonetheless, the double-exponential model has the 
lower value. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table S2. Exponential fits of the relaxation curves of laterally deflected lch5 organs. Quality 
of fit is judge by the χ2 test. Reduced χ2 values for double- and single-exponential fits for the 
data plots from relaxation experiments for lch5 organs in larval preparations with excised 
muscles. The values indicate the relative goodness of fit. The model that has a lower 
χ2 value is considered as a better fit for the data.  
  

Experimental 
animal 

lch5 
organ 

Trial Reduced χ2 values 

Single 
exponential 
fit 

Double 
exponential 
fit 

1 W W1 1.15 1.05 

W2 8.56 1.35 

W3 64.79 66.59 

2 X X1 2.80 2.55 

X2 7.37 8.71 

X3 3.54 3.75 



 
 

  

Fig. S5. Error analysis for four experiments: C1, E5 (muscles intact) and W1, X1 (muscles 
excised). Error bars represent twice the standard deviation of the Y-value.   



 

 
 
 
Fig. S6. Time constants for all relaxation experiments. W and X represent the larval 
preparations with muscles excised (time constants shown as inverted triangles), and A, B, C, 
D, E refer to the experiments on preparations with intact muscles (see fig. S1 and tables S1 
and S2). In this case, diamonds represent the first time constant τ1 and circles represent the 
second time constant τ2. (A) Distribution of time constant values (refer to fig. 4C). (B) Plot of 
time constants versus amplitude for the preparations with intact muscles (refer to fig. 4D). 

  



 
 
 

Fig. S7. (A) Incomplete disengagement of the lch5 organ from the tungsten needle, 
indicated by a plateau in the graph at around 0.5 sec. Displacement values are in pixels. 
(B) Data points missing from the displacement vs time plot, owing to low frame rate of the 
camera. In this plot, displacement is in pixels, and the X-axis represents the frame 
number of the video. 
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Supplementary Movies 
 
Movie S0: Displacement of the muscles by the tungsten needle does not significantly 
deform the lch5 organ. The tungsten needle enters the sample from the top left corner. 
Scale bar: 50 μm. 
 
 
 
 
Movie S1, deformation of the lch5 organ during lateral deflection by a tungsten 
needle: Needle placed near the middle of the organ to analyse the shape of the lch5 organ. 
Image laterally inverted for convenient viewing in comparison to other images. Arrows 
indicate the direction in which the scolopales and somata move upon being displaced by the 
needle. Scale bar: 50 μm. 
 
CA: Cap attachment cell 
LA: Ligament attachment cell 
sc: Scolopales  
n: Neuronal somata 
 
 
 
Movie S2, deformation of the lch5 organ during lateral deflection by a tungsten 
needle: Another example of the same experiment as in M1. Arrows indicate the direction in 
which the scolopales and somata move upon being displaced by the needle. Scale bar: 50 
μm. 
 
CA: Cap attachment cell 
LA: Ligament attachment cell 
sc: Scolopales  
n: Neuronal somata 
 
 
 
Movie S3, relaxation of the lch5 organ after lateral deflection by a tungsten needle: 
Needle placed closer to the scolopales. Arrows indicate the direction in which the scolopales 
and somata move upon being released from the needle. Scale bar: 50 μm. 
 
CA: Cap attachment cell 
LA: Ligament attachment cell 
sc: Scolopales  
n: Neuronal somata 
 
 
 
Movie S4, severing the cap cells: Retraction of dendrites and kink formation at the 
scolopale-dendrite junction upon severing the cap cells using a laser. The retraction is 
towards the bottom right. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S5, severing the cap cells: Same experiment as in Movie S4. The retraction is 
towards the top left. Scale bar: 15 μm. 



 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S6, severing the cap cells: Same experiment as in Movie S4. Here only the 
dendrites and scolopales are visible. The retraction is towards the top left again. Scale bar: 
15 μm. 
 
Sc: Scolopales 
De: Dendrites 
 
Movie S7, severing the cap cells: Same experiment as in Movie S4. The retraction is 
towards the top right. Scale bar: 15 μm. 
 
Sc: Scolopales 
De: Dendrites 
 
Movies S8-S9, severing the cap cells: Same experiment as in Movie S4. In S8 the 
dendrites are slightly extended due to application of the laser. In S9 the cap cells are 
severed, and the dendrites retract. The retraction is towards the bottom left. Scale bar: 15 
μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S10, severing the cap cells: Same experiment as in Movie S4. The retraction is 
towards the bottom left. It is incomplete owing to severing of only 3 cap cells out of 5. Scale 
bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S11, severing the cap cells: Same experiment as in Movie S4. The retraction is 
towards the bottom left. Here, the scolopidia are seen to split, with the lower three retracting 
further than the upper two. This is possibly because the laser was aimed in between two 
scolopidia. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
 
Movie S12, severing the cap cells: Same experiment as in Movie S4. The retraction is 
towards the top right. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S13, severing the cap cells: Same experiment as in Movie S4. The retraction is 
towards the left. This video uses bright-field illumination. Scale bar: 15 μm. 
 



N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movies S14-S15, severing the dendrites: UV-Laser cutting of the dendrites leads to rapid 
retraction of the scolopales attached to the contracting cap cells. The dendrites were cut all 
at once, under 100X magnification. The scolopales retract towards the top right. Movie S14 
depicts the experiment, and Movie S15 (40X magnification) shows the extent of retraction. 
Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movies S16-S17, severing the dendrites: Same experiment as in Movies S14-S15, under 
40X magnification. The scolopales retract towards the top right. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movies S18-S19, severing the dendrites: Same experiment as in Movies S14-S15. Movie 
S18 was recorded under 100X magnification, and Movie S19 was recorded under 40X 
magnification. The scolopales retract towards the top left. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S20, severing the dendrites: Same experiment as in Movies S14-S15. Recorded 
under 40X magnification. The scolopales retract towards the top left. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
 
Movie S21, severing the dendrites: Same experiment as in Movies S14-S15. Recorded 
under 40X magnification. The scolopales retract towards the bottom right. The cap cells are 
faintly visible and are observed to retract. Scale bar: 15 μm. 
 
Sc: Scolopales 
De: Dendrites 
C: Cap cells 
 
Movie S22, severing the ligament cells: UV-Laser cutting of the ligament cells subsequent 
to cutting the cap cells. Axons are still attached to the neuronal cell bodies. The organ 
retracts slightly to the right. Scale bar: 15 μm. 
 
N: Neuronal somata   
Sc: Scolopales 
De: Dendrites 
L: Ligament 
A: Axons 
 



Movie S23, severing the ligament cells: UV-Laser cutting of the ligament cells subsequent 
to cutting the cap cells. The organ retracts slightly to the right. This was carried out in a Sqh-
GFP larva, with fluorescent cap cells and ligament (no fluorescence in the neuronal part). 
Scale bar: 15 μm. 
 
C: cap cells       
De: Dendrites 
L: Ligament 
 
Movie S24, severing the ligament cells: UV-Laser cutting of the ligament cells, followed by 
cutting the axons. When only the ligament cells are severed, there is negligible movement. 
When then the axons are also severed, the remaining organ retracts strongly and rapidly 
towards the cap cells. Scale bar: 15 μm. 
 
N: Neuronal somata 
Sc: Scolopales 
De: Dendrites 
L: Ligament 
A: Axons 
 
 
 

Ablation carried 
out in 

Movie Retraction observed in Retraction (in µm) 

Cap cells S4 Dendrites 15 

S5 9 

S6 6 

S7 5 

S8 3 (slight extension) 

S9 10 (retraction) 

S10 6 

S11 15 

S12 8 

S13 9 

 Average: 9 
Dendrites S14-

S15 
Cap cells (indicated 
by scolopale motion) 

120 

S16-
S17 

134 

S18-
S19 

62 

S20 81 

S21 62 

 Average: 92 



Ligament (after 
ablating axons)  

S22 Neurons 28 

Ligament S23 Ligament 7 
 
 
Table S3. Quantification of the retraction of the lch5 organ observed in the laser ablation 
videos 
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