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Summary

To characterize thein vivo responses of the wing hinge
stretch receptor of Manduca sexta |l recorded its activity
and simultaneously tracked the up-and-down motion of the
wing while the hawkmoth flew tethered in a wind tunnel.
The stretch receptor fires a high-frequency burst of spikes
near each dorsal stroke reversal. The onset of the burst is
tightly tuned to a set-point in wing elevation, and the
number of spikes contained within the burst encodes the
maximal degree of wing elevation during the stroke. In an
effort to characterize its mechanical encoding properties, |

natural dynamic deformation that was measuredin vivo.
Step changes in length reveal that the stretch receptor
encodes the static amplitude of stretch with both phasic
and tonic firing dynamics. In vivo sinusoidal deformation
revealed (i) that the timing of stretch receptor activity is
tightly phase-locked within the oscillation cycle, (ii) that
the number of spikes per burst is inversely related to
oscillation frequency and (iii) that the instantaneous
frequency of the burst increases with oscillation rate. At all
oscillation rates tested, the instantaneous frequency of the

constructed an actuator that delivered deformations to the
wing hinge and simultaneously recorded the resultant
stretch and tension and the activity of the stretch receptor. Key words: insect, flight,
Stimuli included stepwise changes in length as well as more hawkmoth,Manduca sexta

burst increases with amplitude.

mechanosensory, proprioception,

Introduction

For flight, both theoretical and experimental analyses showeformation of its supporting tissue (Pfau et al., 1989). In
that wing deformation (Combes and Daniel, 2001) as well al®custs, its influence on the control of flight is powerful: it is
wingstroke amplitude and velocity and the timing of rotationsable to both entrain and reset the flight rhythm (Reye and
at the end of each stroke cycle (Dickinson et al., 1999; SariRearson, 1988). As yet, we do not know whether the wing
and Dickinson, 2001) determine the pattern of aerodynamiginge stretch receptor plays a role in flight control across insect
forces produced by the beating wings. These kinematics ataxa, whether its feedback is used to modulate flight forces in
encoded by mechanosensory organs that each exert a powerdponse to visual cues [the subject of a companion study
influence on the temporal dynamics of the flight motor pattern(Frye, 2001)] or how it encodes motions and forces acting on
In flies (Dickinson, 1990b), locusts (Elson, 1987b), andhe wings.
probably all insects, wing deformation during flight is encoded The hawkmothVlanduca sextas a deft aerial acrobat able
by campaniform sensilla arrayed across the wingblad¢o hover during feeding, mating and oviposition. The
Afference from the campaniform organs of locust wingshawkmoth is a leading model system for the study of the
modulates the activity of flight interneurons and motoneuronkinematics and the resultant unsteady aerodynamics of
(Elson, 1987a) and can entrain the flight rhythm (Horsmanfiapping flight (Ellington, 1995; Willmott and Ellington,
and Wendler, 1985). In the locust, a stretch receptor inserts #997a; Willmott and Ellington, 1997b). INManduca sexta
the base of each wing and fires a burst of spikes near the taplation of stretch receptor feedback results in perturbed wing
of the wingstroke (Mohl, 1985) encoding kinematic kinematics and decreased lift production in response to large-
information such as the amplitude and timing of wingfield visual cues during tethered flight (Frye, 2001). The
elevation. A good deal is known about the locust stretcimportance of this proprioceptor to the flight system raises the
receptor, such as the profile of its extensive afferent projectiorgeneral question of what kinds of wing motions and
within the central nervous system (Altman and Tyrer, 1977)mechanical forces are encoded by the hawkmoth stretch
its specific synaptic connections with flight motoneurongeceptor. In this paper, | describe stretch receptor activity in
(Burrows, 1975), its phasic influence on patterned motoneurdwo preparations. In the first experiment, stretch receptor
activity (Pearson et al., 1983) and its response to trapezoidattivity and wing motions were tracked simultaneously during
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intact tethered flight in a wind tunnel to quantify those wing The recording preparations were timed such that they were
kinematics encoded by the stretch receptor. In the secomdmpleted 1 h before the onset of the moth’s subjective night.
experiment, the deformation of the stretch receptor durin§yloths were allowed to recover from the preparations and
intact tethered flight was tracked using high-speed vitleo. photoadapt to dark conditions at lights-out for at least one
vivo deformations were then delivered to the stretch recept@dditional hour. Successful recordings generally did not last

sensory apparatus in a reduced preparation to quantify tlmeuch more than 5min after the transition from warm-up to full

mechanical encoding properties of this proprioceptor.

Materials and methods

flight, by which time mechanical interference from the beating

wings and contractions in the thorax destroyed the recording.
The vertical motion of one wing was tracked optically with

a laser beam cast across the path of the wingstroke. A

Recording stretch receptor activity and deformation in intact,helium—neon laser was focused through both a cylinder lens

tethered animals

and a collimating lens in series, which produced a two-

Adult male and femaldanduca sextavere reared on an dimensional ‘sheet’ of light. The laser sheet was focused along
artificial diet under a daily circadian photoperiod of 17 h:7 hthe longitudinal axis of the moth near the thorax such that the

L:D and were selected for experiments 3 (
after adult eclosion. Moths were glued us
cyanoacrylate adhesive to a rigid steel
between the metathoracic coxae. A small inci
was made within the soft cuticle above
metathoracic axillary cord to expose the str
receptor nerve (Fig.1 inset). Nichrome w
(0.0254 mm diameter) insulated except at the
(AM Systems Inc.) were formed into a single h
and reference electrode. The hook was pl
around the stretch receptor nerve. The st
receptor is tonically active at rest, so the qualil
the recording was immediately evident.
recording site was insulated with either a dro
petroleum jelly diluted with mineral oil or a dr
of non-toxic elastomer resin (Kwik Set) tl
polymerized into solid form soon after it w
placed in the recording site. The electrode v
were fixed to the sclerotized scutum near
recording site and again on the dorsal scute
with small drops of a molten 1:1 mixture
beeswax and rosin. The extracellular signal
a.c.-coupled and differentially amplified (4 ch. /
Systems, model 1800).

Tethered moths were mounted within an o
throat, closed-circuit wind tunnel construc
from tubular air-duct hose 11cm in diameter
computer fan mounted within the hose behinc
moth powered the wind tunnel. An alumin
honeycomb section of aircraft flooring served
flow straightener and was mounted at the ope
of the wind tunnel in front of the tethered m
(Fig. 1). The windspeed, set at 1.5Thswas
periodically monitored with a hot-wi
anemometer (Kurz)Manduca sextamaintain ¢
body angle of approximately 25° (the angle
which moths were tethered) at this windsg
(Willmott and Ellington, 1997a). Moths typica
fanned their wings during a warm-up phase
low-amplitude wing motions for several minu
after the wind was turned on. Data were colle
after the transition to normal flight.

Laser

:, Cylinder lens

Colli mating lens

High-speed video camera

IIIN1b1 N
Scutum \\

Axill ary cord
To hairplate
To chordotonal organ o

Scutellum

Epimeron

Fig. 1. Apparatus for recording extracellular stretch receptor activity during flight.
Tethered moths were placed within a closed-circuit open-throat wind tunnel 11 cm
in diameter. Windspeed was set at 1.5 <A laser focused into a two-
dimensional ‘sheet’ of light projected across the right wing, casting a shadow onto
an optoelectronic sensor. The sensor circuit produced a voltage linearly
proportional to the elevation of the wing. During fligintvivo deformation of the
subalar sclerite (with reference to the immobile epimeron) was tracked with a
high-speed CCD camera fitted with a macro lens. The hindwing stretch receptor
(SR, inset) sensory dendrites ramify within the soft membrane spanning the cuticle
of the subalar sclerite and epimeron. A small incision (box) in the soft cuticle was
made between the metathoracic scutum and hindwing axillary cord. The peripheral
stretch receptor nerve was fixed in a hook electrode. The electrode and ground
reference wires were glued to the scutum with a droplet of beeswax/rosin mixture.
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wing transected the plane of light and cast a shadow on a 10 cmTo record stretch receptor activity, the legs and wings were
sensor (linear position detector; UDT Sensors Inc.) (Fig. 1amputated and the moth was glued to a steel post, which was
Transimpedance amplification circuitry was designed to trackent into anL-shape to fit between the coxae. All six coxae
the shadow’s centroid irrespective of its size. Therefore, theere glued to the steel beam such that the sternal exoskeleton
sensor produced a voltage linearly proportional to the verticalas completely immobilized. The right wing hinge and dorsal
elevation of the wing irrespective of its angle of attack. | didhorax were cleared of scales using compressed air and a small
not calibrate its output. During flight, moths occasionallypaintbrush. A mixture of low-melting-point beeswax and rosin
exhibited what looked, to the naked eye, like attempts to steewxas spread over the mesothorax and wing hinges to immobilize
This behavior was characterized by strong abdominahe thorax. Removing a portion of the metathoracic scutum
ruddering and asymmetrical amplitudes of motion of the righéxposed the stretch receptor nerve [see fig. 2 in Yack (Yack,
and left wings. | only collected data for bouts in which the1992)], which was hooked with a stainless-steel recording
animal appeared to be maintaining a straight and level courselectrode (Fig. 2, inset). A reference electrode was inserted in
The amplified stretch receptor signal and voltage output frorthe hemolymph nearby. All experiments were conducted at an
the wing position sensor were digitized at 10kHz and storedmbient temperature of 28 °C.

on computer using a LabVIEW data-acquisition system A displacement actuator and force transducer were

running on a Macintosh PowerPC. fashioned from the pen-motor assembly of a chart recorder
To aid in determining stretch receptor responses witliGould 220). The pen motor uses a feedback circuit that
respect to wing motions, | define two dimensionlesdelivers a current that minimizes the error between a command

parameters of wing kinematics for each wingstroke. Theignal and the true rotation of the motor axle. Thus, the voltage
stretch receptor only produces action potentials as the wingroduced by the feedback circuit is proportional to the torque
is elevated towards the dorsal stroke reversal. Therefore, |
quantify stretch receptor activity with respect to relative wing
elevation instead of total wingstroke amplitude. Relative
elevation was defined as the top position of each wingstrok
(Pi) divided by the maximum position recordéthgx) in volts
(output of the wing sensor). | define the relative degree c
wing elevation at the onset of the burst by dividing the
position of the wing at the first spik€s() by the maximum
position recorded for that mothPhay. For both measures,
the lowest value of sensor voltage (corresponding to th
ventralmost excursion of the wing) was subtracted from th
entire recording before the ratios were calculated. Therefor
both measures ranged in value from 0 to 1.

Actuator and force tensducer

Recording stretch receptor activity in response to controlled
deformation of the stretch receptor sensory apparatus

In vivo deformations of the wing hinge were recorded durinc
intact flight with a CCD camera (Redlake Motionscope), fittec
with a macro lens, at 500 framedé.sThe camera was oriented
orthogonally to the long axis of the tethered moth (Fig. 1) suc
that the wing hinge occupied 80% of the field of view. TheExtracelular
stretch receptor soma and dendrites insert within the soft cutic
of the metathoracic subalar membrane (Yack, 1992). Th
deformation of this soft tissue was tracked by referencing motio
of the subalar sclerite to the immobile epimeron. Droplets o ‘SR
opaque white ink (WhiteOut) were applied to the base of th
subalar sclerite and the top of the epimeron as reference marke Epimeran
The two-dimensionalx(y plane) projection of the motion of the _ )
markers was digitized using mouseclick macros written in NI-Fig. 2. Apparatus used to deliver controlled deformation to the
Image v. 1.62. The deformation of the subalar membrane Wistretch receptor (SR) and record subsequent extracellular activity. A
contained primarily within the focal plane of the camera; out—of‘Chan recorder pen-motor was used as a stretch actuator and force

) . . e transducer (see Materials and methods). An armature linked to the
plane motions were small. During flight, stretch amplitude

. . . motor was glued to the subalar sclerite with cyanoacrylate adhesive.
roughly follows a sinusoid. Therefore, to estimate the mearne siretch delivered to the tissue was tracked with an

frequency and amplitude @f vivo stretch, the time course of LED/photodetector pair, which produced a voltage linearly

deformation was fitted to a sine function using a full Simple>proportional to the position of the armature. Activity of the stretch
minimization routine written in Matlab (v. 5.0). receptor was recorded with a stainless-steel hook electrode.

Subalar sclerite
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sclerite and the immobile epimeron were recorded and digitized «
500framesds during tethered flight. Filled symbols indicate the 30
linear distance between the markers in successive video frames. 20}
sine wave (solid line) was fitted to the data using a Simple
minimization routine written in Matlab (see Materials and methods) 10
Note that there are periodic ‘gaps’ in the data series that correspo ot
to times during which the downstroke of the wing occluded the viev 40
of the camera. One spike
30
generated by the motor to position the pen. A brass armatu 20
was soldered to the pen assembly and fitted at the end witr 10k

small flag (Fig. 2). The position of the flag (thus the armature 0 ".I T I al

was tracked with a light-emitting diode (LED) paired with an 06 08 10
optical sensor (UDT Sensors Inc.). This entire assembly we o _

mounted on a manual micromanipulator. The output of th: Relative wing eevaiion, Pi/Pmax

position sensor tracked, with high precision, the stretclFig. 5. During tethered flight, the number of spikes per stretch

delivered to the subalar membrane by the actuator. The preceptor burst increases with total wing elevation. Individual

motor feedback signal was calibrated to force with static loadwingstrokes were segregated according to the number of stretch
During the experiments, peak excursion of the actuatcreceptor spikes they evoked. Non-sequential histograms of relative
assembly was +1 mm. The relationship between force and tjwing elevation (see Materials and methods for definition) are plotted

voltage of the feedback circuit was linear over this range c;‘?ft'?t‘)”ﬁts containing one, t,WO‘ three or fourl spilt<_es. While the
displacement and had a slope of 0.0105 V istributions appear ‘noisy’, mean wing elevation increases

. . . significantly from 71 to 79 % of maximal wing elevation (ANOVA,
A thin steel rod 1 cm in length was bent into a shallow hool g y 0 g (

F=85.7,P<0.001). This data set comprises 1507 wing strokes from a
and soldered to the end of the brass armature of the pen MOgingle flight bout.
assembly. The hook was fixed to the subalar sclerite with
drop of cyanoacrylate adhesive before the stretch recept
recording electrodes were positioned (Fig. 2, inset). The outpwias used to drive the actuator assembly with square and
from a function generator (Hewlett Packard, model 3311A¥inusoidal waveforms. Voltage signals from the position sensor
and the force transducer were lowpass-filtered at 100 kHz using
an eight-pole Bessel filter (Underware Electronics). Outputs

A B from the position sensor, force transducer and extracellular
SR Ly L LTl recording amplifier were digitized at 10kHz and stored on
LR LI D AL computer using a LabVIEW data-acquisition system running
Wing on a Macintosh PowerPC.
position Values in the text are presented as meass.+
50 ms
Results

Fig. 4. Stretch receptor (SR) activity in tethered moths. At rest, theW. hi def i . fi d stretch ¢
stretch receptor discharges tonically (A), and during flight it fires a ing hinge e. Qrma |(_)n, ng motions an. stretch receptor
phasic burst of spikes near the dorsal stroke reversal (B). The small activity during intact tethered flight

unit active between stretch receptor bursts is cross-talk from a During tethered flight at a mean wingbeat frequency of
hindwing depressor muscle. 19.5Hz, the mean displacement about resting length of the
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800 the downstroke. The strain axis relative to the body wall was
600k measuredn vivo and used to align the preparation properly
during thein vitro experiments.
$ 400r — When the moth is quiescent the stretch receptor is
% 200} WBF =18.5Hz spontaneously active at a frequency of 25+1.3W4{, while
3 ol during flight it fires a burst of spikes near the top of each
g wingstroke (Fig. 4). By segregating individual wingstrokes
s 1001 according to the number of stretch receptor spikes evoked
€ 80 - during each, | plotted a series of non-sequential histograms of
2 60f relative elevation from a flight bout comprising 1507
40 - WBE = 20.3 Hz wingstrokes (Fig. 5). Each plot represents the distribution of
20+ relative wing elevation for individual wing strokes where the
ot stretch receptor fired one, two, three or four spikes within the
0 0.5 1 stroke. Wing strokes for which the stretch receptor fired one,
Wing position at first SR spiké®siPmax two, three or four spikes traveled on average 71 %, 74 %, 76 %

Fig. 6. The first stretch receptor (SR) spike is tightly tuned to th or 79%, respectively, thrO.UQh the - maximum el?vatlon
relative degree of wing elevation. Non-sequential histograms of win NQVA’ P<(_)'0_01)' Recordings from four moths yielded
position (see Materials and methods for definition) at the first stretcfualitatively similar results.
receptor spike are plotted for two moths with slightly different mean The stretch receptor burst begins near 50 % of the observed
wingbeat frequencies (WBF, inset). The top histogram contains dat@aximum wing elevation (Fig. 6). The first spike falls within
from 1583 consecutive wingstrokes, and the lower histograna very narrow range of wing elevation. For one moth (Fig. 6,
contains data from 206 consecutive wingstrokes. upper panel), the distribution is centered at 48 % of maximal
wing elevation and the mean wingbeat frequency was
18.5+1.2 Hz for 1583 consecutive wingstrokes. In the example
stretch receptor supporting tissue was *0.6mm (Fig. 3jrom a second moth (Fig. 6, lower panel), the distribution is
corresponding to a displacement amplitude of 0.6 mm. Noteentered at 56 % of maximal wing elevation and the mean
that there are periodic ‘gaps’ in the data, which occur becausdngbeat frequency was 20.3+0.7Hz for 260 consecutive
the wing occludes the camera view of the wing hinge duringvingstrokes. Recordings from two other moths were similar,
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and the results presented here represent the quantitatiwdich the burst is triggered also varies significantly with
extremes exhibited in the four recordings. frequency (ANOVA, P=0.0011), but not with amplitude
(Fig. 10C). The phase of the onset of the burst, with individual
Stretch receptor responses to controlled deformation of thecycles defined by peaks in the stretch waveform, is tightly
subalar membrane centered near90 ° for all but the lowest oscillation frequency

| delivered both square-wave and sinusoidal oscillations inf 5.4 Hz (Fig. 10D; filled symbols). The end of the burst is
length (stretch) to the wing hinge. These patterns ofightly phase-locked near 0° (Fig. 10D; open symbols).
deformation were delivered symmetrically about the resting/arying stretch amplitude has no significant effect on this
length of the tissudn vivo, the subalar membrane folds over phase-locking (Fig. 10D). Note that, for phase-locking to
itself during the downstroke and is stretched taught during theccur, the absolute timing of the burst varies as a function of
upstroke. Thus, positive values of stretch reflect deformatioascillation frequency (Fig. 10D; inset).
during an upstroke andice versa Tension in the subalar  The subalar muscle, which originates on the metathoracic
membrane exhibits partial stress-relaxation indicated by thepimeron, inserts on the subalar sclerite, so activity in this
decay in tension at constant stretch (Fig. 7A). At the onset afiuscle could confound efforts to strictly control deformation
a 0.4mm displacement, tension rises to 12.7 mN (maximurof the subalar membrane. To be sure that the subalar muscle
dynamic tension) and decays by 32% to a static level okas not active during the experiments, | recorded
8.6 mN within 60 ms (Fig. 7B). A ‘mirror-image’ response in electromyographic activity in the subalar muscle using a pair
tension results from driving the tissue beyond its restingf nichrome wires implanted at the muscle insertion site. The
length (recorded as ‘negative’ tension). In this case, tensiamuscle never produced suprathreshold potentials during the
peaks at-9mN and returns to approximatel mN within ~ experiments while the moth was quiesceNtZ data not
60 ms. shown).

The stretch receptor exhibits a phasicotonic response to
stepwise displacement of the subalar membrane. At the onset _ _
of a step in stretch, mean firing frequency jumps to 350 Hz and Discussion
decays by 51% to 170 Hz within 50ms (Fig. 7A, time course During tethered flight, the hawkmoth stretch receptor fires a
expanded in Fig. 7B). Fig. 8 shows data from four moth$urst of spikes near the top of each wingstroke (Fig. 4). The
indicated with different symbols; for a step magnitude ofnumber of spikes per burst encodes the degree of wingstroke
0.97 mm, peak stretch receptor frequency decays from 350 &evation (Fig. 5), and the onset of the burst is tightly phase-
150Hz across animals (Fig. 8A). Instantaneous stretclocked within the stroke cycle (Fig. 6). The stretch receptor
receptor frequency during the initial phasic response increassesnsory organ responds to step changes in tissue stretch with
linearly with increasing stretch amplitude (Fig. 8B, ANOVA, a phasicotonic modulation in frequency that is linearly
P=0.03). In other words, greater amplitudes of stretch evokproportional to stretch amplitude (Fig. 7, Fig. 8). In response
correspondingly stronger phasic responses. Stretch receptordynamic oscillations bracketing parameter values measured
frequency during the tonic component of its response alsim vivo, the stretch receptor simultaneously encodes oscillation
increases linearly with static stretch amplitude (Fig. 8Cfrequency and amplitude while remaining tightly phase-locked
ANOVA, P=0.0002). These results show that the stretctwithin the stretch cycle. These results suggest a complex
receptor encodes stretch magnitude with both phasic and tonitscoelastic coupling between deformation in the wing hinge,
spiking dynamics. the resulting tension and the encoding dynamics of the stretch

In response to dynamic oscillation of the subalar membraneceptor.
at frequencies and amplitudes bracketing the values observed
in vivo, the stretch receptor fires a burst of spikes near peak Encoding properties of wing hinge stretch receptors
stretch (Fig. 9). At an oscillation frequency of 5.4Hz, the Electrophysiological responses of the wing hinge stretch
stretch receptor fires a burst of spikes that is loosely distributedceptors to wing elevation were originally reported for locusts
within the cycle, although the most coherent group of spikefGettrup, 1962) and have more recently been reported for
occurs slightly before peak stretch. As oscillation frequency iseveral families of Lepidoptera (Yack and Fullard, 1993). This
increased, the duration of the burst shortens and the busaiggests that they may be common across insect taxa, although
becomes tightly phase-locked near the top of each stret¢here is no direct evidence suggesting evolutionary homology
cycle. between the locust and hawkmoth stretch receptors. During

The stretch receptor encodes the frequency, amplitude amethered flight in both locusts (Mohl, 1985) aMhnduca
timing of stretch oscillations. The number of spikes containedexta the number of spikes contained in the stretch receptor
within the burst declines with increasing oscillationburst corresponds to the degree of elevation in the wingstroke
frequency, but does not vary significantly with changes if{Fig. 5). In the hawkmoth, there is also a critical threshold in
amplitude (Fig. 10A). Overall, the instantaneous frequencying elevation that triggers a burst of spikes (Fig. 6). While
within the burst is strongly correlated with oscillation only qualitatively examined, it seems clear that the locust
frequency (Fig. 10B, ANOVA,P=0.0012) and amplitude stretch receptor also encodes the degree of wing elevation in
(Fig. 10B, ANOVA, P=0.0143). The degree of stretch atthe number of spikes per burst and encodes wingbeat frequency
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400 of hawkmoth (Yack and Fullard, 1993) and in locusts
350k (Burrows, 1975), stretch receptor firing rate is proportional to
2 wing elevation. With increasing oscillation frequency, the
3 3001 number of spikes within the stretch receptor burst decreases,
% 250 while the instantaneous frequency of spikes increases
E 200} (Fig. 10A,B). The phase of the burst within the cycle does not
" ol vary with either amplitude or frequency (Fig. 10D). Thus, wing
e hinge stretch receptors signal the onset of, interval between and
100F . o amplitude of wing elevations on a cycle-by-cycle basis during
50+ . . . . . flight.
0 50 100 150 200 250 . . . . .
Elapsd time sincestep (ms) Passive tissue mechanics and encoding properties of
mechanoreceptors
400r g Spiking responses and adaptation in mechanosensory
< neurons emerge from complex interactions among (i) the
L 380} " mechanical coupling of the sensory neuron to its substratum,
Q (i) mechanochemical transduction at the level of deforming
% 360 L ion channels and (iii) the encoding properties of the spike
= initiating zone [for reviews, see Loewenstein (Loewenstein,
7 1971)]. In response to rapid steps in mechanical wing
8 340t elevation, Gettrup (Gettrup, 1962) showed that the locust
g stretch receptor fires a phasic burst of spikes that adapts
320+ . . . . . . within approximately 25 ms to a tonic firing rate proportional
04 05 06 07 08 09 1 to the degree of wing elevation. However Pfau et al. (Pfau et
al., 1989) found no such phasic response during slower
150+ trapezoidal deformations (i.e. a ramp increase in amplitude,
= C 5 instead of a step) of the sensory apparatus and suggest that
T the stretch receptor encodes only static length, not its
g 140r temporal derivatives. This discrepancy suggests that the
§ sensory neuron, its supporting tissues or the linkage between
g 130} the wing hinge and the wing itself contain non-linearities in
% their mechanical properties.
2 120} The stretch receptor iManduca sextas embedded in the
i) subalar membrane (Yack, 1992). If this tissue were purely
elastic, then tension would be directly proportional to stretch.
110+ . . L
- ! ! ! ! ! - Instead, tension in the subalar membrane exhibits stress-
04 05 06 07 08 09 1 relaxation in response to stepwise stretch (Fig. 7). Also, if the

Stretch amplitude (mm) subalar membrane were purely elastic, tension would follow

stretch without any offset in phase during sinusoidal

Fig. 8. Stretch receptor (SR) responses to stepwise stretch for foyr f f Instead. tensi . h d d at all
moths (different symbols). (A) The stretch receptor response consis orma ]on. nstead, en5|or1 IS phase-a van.ce at a
equencies and all amplitudes tested (Fig.9, one

of an early high-frequency phasic burst, which rapidly decays to ] ) ) J- ¥
sustained tonic discharge (50ms bins, fitted to a fractional powd€Presentative amplitude shown). These behaviors indicate that

function). (B) Firing rate during the early phasic respovesus  the supporting tissue of the wing hinge stretch receptor
stretch amplitude (linear regressior’=0.41; ANOVA, F=6.9, displays both displacement-dependent elastic rebound and
P=0.03). (C) Firing rate during the sustained tonic dischaegsus time-dependent viscous damping.
stretch amplitude (linear regressior?=0.8; ANOVA, F=32.6, The stretch receptor also responds to a step in stretch in a
P=0.0002). manner similar to a standard viscoelastic solid. In time, the
stretch receptor adapts to a tonic firing rate as the subalar
membrane relaxes (Fig. 7B, Fig. 8A), albeit with a separate
in the instantaneous frequency of the burst [see fig. 12a,b time course. Other stretch receptors, most notably the
Mohl (Mohl, 1985)]. vertebrate muscle spindle and the crustacean intramuscular
The stretch receptor encodes the amplitude of displacemestretch receptor, exhibit both phasic and tonic spiking
in the number of spikes and the instantaneous frequency of thesponses. The stretch receptoMianduca sextancodes the
burst in response to controlled mechanical displacement @mplitude of a stepwise stretch (Fig. 8B) in its initial phasic
the subalar membrane (Fig. 8, Fig. 10). In response tburst as well as the static amplitude of the stretch (Fig. 8C) in
experimental oscillation of the entire wing in several specieits tonic discharge. The muscle spindle organ (Ottoson and
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Shepherd, 1971) and crayfish stretch rece
(Terzuolo and Knox, 1971) exhil
qualitatively identical responses to step:
stretch. The relaxation in firing rate comn

to these mechanoreceptors has 0.4 8 .
mechanical and electrical bases, andthe € g /\ 4 £
hinge stretch receptor deserves fur E&E 0 0 .
investigation to dissociate the contributic S 0.2 \/ 3
of passive membrane dynamics, ion cha £ _0'4 5.4 Hz '4,0_%
kinetics and encoding properties to the f @ 0'6 -8

output of the cell.
A morphological trait unique to tl 100 ms
stretch receptor of the insect wing hing
that it is not arranged in parallel w
muscles. Thus, it cannot directly encod
muscle length change; instead, it encc
passive deformation of the wing hin 8

SR

During flight, wing hinge deformation TZE\
directly coupled with the internal forc = 04 4
associated with flight muscle contraction: £ 0'2 / 2
well as the external aerodynamic andine 5 0 |§
forces acting on the wing. Therefore, °© 02 / 20Hz\/ \/ \/ \/ 4
stretch receptor signal contains informa: @ -0.4

about forces acting on the wings by dire -0.6

encoding deformation in the wing hin 20ms

Campaniform sensilla also encode for
acting on insect appendagem strains ir
the exoskeleton (Pringle, 1938). 1
responses of campaniform organs have

implicated in the dynamic control of posti 12
and locomotion in the cockroach (Ridge 8 sz\
al., 2000) and of flight in flies (Dickinsc E A /\ /\ A /’\ /\ /\ 4 =
1990a). Chapman et al. (Chapman et = 0.2
1979) determined that passive mechar £ .02 / \// V V V W V 45
properties alone cannot explain sen: = g4 _8'_
adaptation to stepwise indentation 06

campaniform caps. They show that th -

biological strain gauges exhibit differe 20 ms

rates of'adaptatlon to Torce and indental Fig. 9. Effects of deformation of the subalar membrane approximatingivo
SUQQeSt'r?g that force is encoded separ conditions. Tension (red, right ordinate) and extracellular recording of stretch receptor
from strain. activity (black) in response to sinusoidal stretch (blue, left ordinate) of the subalar
The stretch receptor encodes the tin membrane. Sample data are plotted for three oscillation frequencies indicated
and amplitude of wing elevations that numerically within each plot.
driven by internal and external forces ac
on the wings. Stretch receptor feedb
probably tunes the flight motor pattern such that individuahich the wing is rotated about a spanwise axis. The timing
wingstrokes are temporally precise and are of appropriatef these rotations within the stroke cycle is a major
amplitude. These kinematic patterns, in turn, mediateleterminant of unsteady aerodynamic force production in
aerodynamic moments in response to external mechanicséveral species of fly (Sane and Dickinson, 2001) and
perturbations such as turbulent wind and internal guidangeossibly in all flying insects. The stretch receptor is certainly
or steering cues descending from the brain. Anotheactive during pronation at the top of the upstroke and
intriguing hypothesis about the ultimate function of theresponds to twisting of the wing (Pfau, 1983). It may encode
stretch receptor signal emerges from the fact that insects dloe timing and magnitude of rotational kinematics during the
not simply beat their wings up and down as they fly. Eaclupstroke, and this feedback may be used in the control of
translation, during which the wing is held at a nearly constanbtational kinematics by steering muscles and resultant
angle of attack, is followed by pronation or supination, duringaerodynamic force production.
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