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Summary

The wing blades of most flies contain a small set of distal campaniform sensilla,
mechanoreceptors that respond to deformations of the cuticle. This paper
describes a method of analysis based upon mechanical noise stimuli which is used
to quantify the encoding properties of one of these sensilla (the d-HCV cell) on the
wing of the blowfly Calliphora vomitoria (L.). The neurone is modelled as two
components, a linear filter that accounts for the frequency response and phase
characteristics of the cell, followed by a static nonlinearity that limits the spike
discharge to a narrow portion of the stimulus cycle. The model is successful in
predicting the response of campaniform neurones to arbitrary stimuli, and
provides a convenient method for quantifying the encoding properties of the
sensilla.

The d-HCV neurone is only broadly frequency tuned, but its maximal response
near 150 Hz corresponds to the wingbeat frequency of Calliphora. In the range of
frequencies likely to be encountered during flight, the d-HCV neurone fires a
single phase-locked action potential for each stimulus cycle. The phase lag of the
cell decreases linearly with increasing frequency such that the absolute delay
between stimulus and response remains nearly constant. Thus, during flight the
neurone is capable of firing one precisely timed action potential during each
wingbeat, and might be used to modulate motor activity that requires afferent
input on a cycle-by-cycle basis.

Introduction

Unlike the rigid aerofoils of man-made flying machines, insect wings are flexible
structures that bend during flight and other behaviour (Wooton, 1981). A recent
theoretical analysis of flapping flight suggests that passive deformations may
greatly augment wing performance by unsteady mechanisms (Daniel, 1987). Wing
deformations have already been implicated in a number of aerodynamic mechan-
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isms, such as increased lift due to camber (Vogel, 1967), the clap-and-fling (Weis-
Fogh, 1973; Ellington, 1984b; Gotz, 1986), vortex shedding (Nachtigall, 1981;
Ellington, 1984b) and the maintenance of optimal angle of attack along the leading
edge (Wooton, 1981; Ennos, 19882). Whatever the actual role of wing defor-
mations in force generation, it would appear that they are of some interest to the
insect because wings are equipped with complex fields of campaniform sensilla
(Zacwilichowski, 1931), mechanosensory structures innervated by single neurones
(Moran et al. 1971), designed to detect strains in the exoskeleton (Spinola and
Chapman, 1975). In locusts campaniform sensilla are capable of entraining the
flight rhythm (Horsmann and Wendler, 1985) and appear to mediate corrective
reflexes via connections with flight motor neurones and interneurones (Elson,
1978a,b,c). It is not known, however, what functions the wing campaniform
neurones perform in the modulation of flight or other behaviour in flies. Since
sensory neurones are commonly tuned for reception of behaviourally relevant
stimuli, it should be possible to gain insight into the role of the campaniform
sensilla on the fly wing by examining their encoding properties. This paper
describes a method of analysis, using mechanical noise stimuli, designed to
quantify the response characteristics of the campaniform neurones to stimuli
relevant in flight behaviour.

Each fly wing contains approximately 70 campaniforms that may be divided into
two groups based on their size and central projections. Over 60 small proximal
campaniforms are found near the wing base organized in several discrete arrays
(Cole and Palka, 1982; Gnatzy et al. 1987). In this location the sensilla should be
most sensitive to deformations of the wing blade relative to the wing base or
thorax. The axons from these small proximal campaniforms project to the dorsal
portion of the thoracic ganglion (Ghysen, 1978; Palka ez al. 1979) and these sensilla
are probably responsible for the modulation of the head roll reflex by static wing
loading (Hengstenberg, 1988). Ten larger campaniforms are more widely spaced
from their neighbours and are not restricted to the wing base region. These sensilla
are easily identified by their stereotypic positions on the wing (see Fig. 1A). Asa
consequence of their more distal position, many of these neurones can respond to
intrinsic deformations of the wing blade. In Drosophila, nine of these cells
segregate in either of two ventral tracts in the central nervous system (CNS)
according to their physiological characteristics (Palka et al. 1986; Dickinson and
Palka, 1987). Cells that adapt extremely rapidly to a constant deformation project
to the medial tract, and neurones that adapt more slowly project together in the
lateral tract. This dichotomy also correlates with birthdate, such that the four
rapidly adapting cells of the medial tract are born several hours earlier (near the
time of pupariation) than the four slowly adapting lateral tract neurones. The one
exception to this chronological pattern is the dorsal humeral cross-vein sensillum
(d-HCV), analyzed here, that is born early and follows the medial tract yet
possesses the slowly adapting physiology. The subdivision of campaniform sensilla
into discrete physiological and anatomical classes prompted the quantitative
analysis contained in the present series of papers.
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The campaniform neurone is modelled here as a Wiener cascade, a linear filter
followed by a static (no memory) nonlinear encoder (see Fig. 3), two functions
that can be easily measured in individual cells by recording the responses elicited
by mechanical noise stimuli. This simple model serves several functions. First, it
has predictive value; once the response of a sensory neurone has been character-
ized using the white noise approach, it is possible to predict the response to any
arbitrary stimulus. Second, the model offers a useful set of functions for probing
the processes of coupling, transduction and encoding in the campaniform sensilla.
Third, the model provides a series of descriptive parameters that are unique for
each neurone and therefore serve as a useful basis for comparisons among
campaniform neurones or other mechanoreceptors. This paper describes the
method of analysis in detail and presents results from experiments on the d-HCV
sensillum on the wing of Calliphora vomitoria. In a companion paper (Dickinson,
1990), these methods are used to compare the physiological and mechanical
properties among the other campaniform sensilla on the wing blade and to develop
a model for the function of these mechanoreceptors in flight.

Materials and methods
Animals

All experiments were performed on 1- to 3-week-old blowflies, Calliphora
vomitoria, purchased as third-instar larvae from College Biological Supply Co.,
Bothell, WA, USA. After emergence, the flies were housed in wire mesh cages,
and maintained on a diet of sucrose, powdered milk and water.

Electrophysiology

The general recording techniques used in this study have been described
previously (Dickinson and Palka, 1987). However, several modifications were
necessary to allow for more precise stimulation of the campaniform sensilla and
measurement of mechanical properties (Fig. 1B,C). Following anaesthetization of
a fly in CO;, a wing was excised leaving a small piece of thoracic cuticle attached.
The wing was fixed with cyanoacrylate to the surface of a glass coverslip mounted
rigidly to the top of a 6 mm thick acrylic block. Before gluing the wing to the stage,
the surface of the glass coverslip was lightly coated with Zip Kicker (Pacer), which
sets cyanoacrylate instantly and allows the adhesive to harden across large gaps,
such as those produced by the corrugations of the wing. The gluing agents had no
adverse effects upon the responses of the sensory neurones compared to wings
mounted using petroleum jelly. The proximal and distal ends of the wing made
fluid contact with insect saline contained in small wells milled into the acrylic
chamber. The two wells contained silver electrodes that connected to a differential
amplifier with a 500 M input impedance. A window discriminator was used on
line to transform each action potential into a 200-us square pulse.

This differential extracellular technique apparently records the action potentials
at the site of spike initiation via the resistive pathways provided by the wings veins.
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Fig. 1. Schematic drawings illustrating experimental methods. (A) Diagram of Calli-
phora wing showing position of large distal campaniform sensilla. The Calliphora wing
is approximately 8 mm in length. Neurones whose axons travel in the medial and lateral
tracts in the CNS, based on homologous cells in Drosophila, are indicated with closed
and open circles, respectively. d-HCV and v-HCV, dorsal and ventral humeral cross-
vein sensilla: GSR, giant sensillum of the radius; p-TSM and d-TSM, proximal and
distal twin sensilla of the margin; L3-v, ventral sensillum of the third vein: L3-1, L3-2,
1.3-3, first, second and third sensilla of the third vein; ACV, anterior cross-vein
sensillum. All the campaniform sensilla are on the dorsal surface of the wing except for
v-HCV and L3-v. The encoding properties of the d-HCV neurone are analysed in this
paper. (B) Stimulation and recording methods. Both ends of the rigidly fixed wing
make contact with saline wells containing the extracellular electrodes (inset). The
etched tungsten tip, in series with a force gauge, is brought to rest on the surface of the
campaniform dome. The displacement of the proximal end of the probe, AZp, is
measured directly with a displacement transducer. The much smaller displacement of
the campaniform dome, AZp, is calculated using the compliance model indicated
schematically in C. (C) The probe, preparation and mounting chamber are modelled as
a series of three elastic elements (see Materials and methods). Force-indentation
measurements are made with the probe either directly on the campaniform dome (Fp)
or on an adjacent vein cuticle (Fy), and the compliance due to the campaniform
sensillum is found by subtraction. The indentation of the campaniform dome is then
calculated as the product of force and compliance (FpCp). Cp and Cy are defined in
the text.
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This interpretation was based upon measurements of response latencies before
and after shortening the conduction path by cutting the proximal portion of the
wing. Individual campaniform sensilla were stimulated with short trapezoidal
deformations that elicited single action potentials. The proximal portion of the
wing containing the axon was then cut and the stimuli repeated. Shortening the
axon length had no effect on the response latencies to the indentations, or on the
shapes of g(r) functions measured using noise stimuli (see below). Thus, there is no
delay prior to the initial rise of the extracellular signal that might be due to the
propagation of the action potential down the axon. The size of the extracellular
spikes was often increased after shortening the wing, which would be expected if
the wing veins act as resistive pathways to the spike initiation site.

Mechanical stimulation

The method of direct punctate indentation used in the present study is adapted
from the techniques developed for cockroach campaniform sensilla, where
proprioception is known to be mediated by a 10-100nm indentation of the
cuticular dome (Chapman et al. 1973; Spinola and Chapman, 1975; Chapman and
Duckrow, 1979). Mechanical deformations of the campaniform dome were
produced by a stimulus probe mounted on a Ling model 201 vibration generator.
Displacements of the vibration generator were monitored by two vertically aligned
infrared transistors illuminated by a pair of light-emitting diodes. The light path
between the emitters and detectors was interrupted by a stainless-steel flag
mounted on the shaft of the vibration generator. At rest the flag was aligned so
that it obscured the upper half of the lower detector and the lower half of the upper
detector. The signals from the two phototransistors were amplified differentially
and used with a proportional integrator—differentiator (PID) feedback circuit to
control the output of the vibration generator. The stimulus signal used in these
experiments was produced by a General Radio model 1390-B noise generator. It
was recorded on magnetic tape and played back to the PID circuit at one-quarter
speed through a low-pass 24 dB octave ™! Butterworth filter (Krohn-Hite model
3750) with a 3dB setting at SOOHz. Calliphora wingbeat frequency is approxi-
mately 150Hz, and preliminary experiments indicated that the response of the
d-HCV neurone fell substantially above 200 Hz. Therefore, the playback speed
and filter settings were chosen to produce a flat response in the 20-400Hz
frequency range, which would include frequencies that the campaniforms are
likely to encounter during flight.

The stimulus probe consisted of an electrolytically etched tungsten needle
attached to a force transducer. The force transducer was constructed of four
semiconductor strain gauges and mounted on (.25 mm stainless-steel shim wired in
a full-bridge configuration. The resonant frequency of the transducer was
approximately 1kHz. The tip of the tungsten probe contained two 45° bends
arranged so that the distal 0.5mm was aligned vertically. The end of the probe
tapered to a parabolic tip, approximately 1um in diameter. The vibration
generator with attached probe was mounted on a vertical micromanipulator which
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was fixed to a translation stage allowing two axes of finely controlled horizontal
motion.

Calibration

During experiments, the peak excursions of the vibration generator were
approximately 1 um. The output of the displacement transducer, calibrated with
an eyepiece micrometer, was linear within this range with a slope of 0.24 um v-L
The force transducer was calibrated from the static loading of aluminium foil
weights. The relationship between force and voltage was linear with a slope of
525 NV~

Data analysis

Fig. 2 shows an example of the raw data used in these experiments, photo-
graphed directly from the oscilloscope screen. The lowest trace is the position of
the stimulus probe recorded at the shaft of the vibration generator during
application of a noise stimulus. Immediately above is the force record. These two
waveforms were used to calculate the mechanical compliance (indentation per unit
force) of the campaniform dome. The top two traces show the spike train response
of the d-HCV neurone and the pulse representation of the spike train.

Each set of experiments on an identified campaniform sensillum consisted of the
following protocol. The stimulus probe was positioned over the d-HCV campani-
form dome under visual control at 600 X magnification. The vertical position of the
stimulus probe was adjusted until a small 1-3 uN deflection was detected by the
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Fig. 2. Oscillogram showing sample raw data. The lower two traces show the
displacement of the probe shaft and the output of the force gauge during a noise
stimulus. The upper two traces show the raw spike train and its digital representation
obtained using a window discriminator (WD). The force, displacement and digital
spike train were sampled on-line by a computer at 5kHz per channel and stored for
subsequent analysis.
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force transducer, indicating that the tungsten needle had made contact with the
surface of the campaniform, yet exerted a negligible indentation force. The
outputs of the force and displacement transducers were then adjusted to zero.
Thus, stimulus force and probe displacement were always measured relative to the
unloaded campaniform dome. The offset of the stimulus signal was then adjusted
to produce a net indentation force of 10-100 uN. While monitoring the spike rate
of the neurone, either by the output of a digital counter or through an audio
monitor, a continuous noise stimulus was delivered to the cell, and the stimulus
level was adjusted until a nearly maximal response was obtained. The magnitude
of the stimulus offset was readjusted so that the probe was in contact with the
campaniform dome throughout the stimulus. Once the stimulus magnitude and
offset levels had been determined, a continuous noise stimulus was applied and,
after waiting a few seconds for transient responses to decay, 5s of data was
recorded. These stimulus—-response data were used to calculate the linear function
g(#). The campaniform neurone was subsequently stimulated using a shorter noise
segment repeated 25 times, from which a 1s section was averaged and used to
construct the nonlinear function m( - ). In most experiments a second short noise
segment was applied repetitively and the response used to test the predictions of
the Wiener cascade model.

After the last repetition of the stimulus, the stimulus probe was moved laterally
to a point approximately 1-2 campaniform diameters away from the sensillum
dome. Following readjustment of the force and displacement offsets, 1s stimuli
were applied at four equally spaced points in a circle around the sensillum. These
measurements were required to determine the compliance of the wing vein. It was
necessary to compute the average of four measurements, because the mechanical
properties of the vein were found to vary spatially. The mean level and peak-to-
peak displacements of these stimuli were identical to the values used for the
stimulus applied directly to the campaniform dome.

The outputs of the displacement transducer and force probe and the digital
representation of the spike train were sampled at 5 kHz per channel using a Zenith
Z-200 PC series computer equipped with a Data Translation 2821 A/D converter
and stored on computer diskettes for subsequent analysis.

Compliance computations

The force and displacement records were used to calculate the actual inden-
tation of the campaniform dome by a method similar to that of Chapman and
Duckrow (1975). Compliance may be defined as the vertical deformation per unit
force applied at a single point. The stimulus probe, campaniform dome, wing vein
and recording chamber are treated as a series of simple elastic components whose
compliances sum (see Fig. 1C):

Cr=Cu+Cp+Cp. ®

The desired quantity Cp, the point compliance of the campaniform dome, may be
calculated by subtraction from the total compliance, Cr, if the sum of the other
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compliances is known. Cp accounts for all uninteresting sources of compliance
between the displacement transducer and the tip of the tungsten needle. Cy
includes all sources of compliance distal to the sensillum dome, such as the wing
vein, the cyanoacrylate adhesive and the recording chamber. The sum of these two
compliances may be calculated as follows:

CM+CP = AZ\//AFV 5 (2)

where Fy is the force measured when the probe is placed on the vein cuticle
adjacent to the campaniform, and Zv, is the vertical displacement measured at the
vibration generator shaft. In practice, these compliances were calculated from the
average of the four measurements made at equally spaced points around the
campaniform dome. Because the dome compliance potentially influences the
dynamic behaviour of the neurone, computations were made in the frequency
domain:

D(f)F()*
F(HF(f)*

where F(f) and D(f) are the Fourier transformations of the force and displace-
ment records from a noise stimulus experiment, and an asterisk denotes a complex
conjugate. Once the compliance of an individual campaniform dome had been
determined, the actual dome indentation in each experiment was calculated by
multiplying Cp by the indentation force.

Co(f) = ; ®)

Systems analysis

Through the use of a Gaussian white noise stimulus, any dynamic system may be
characterized as a Wiener functional expansion, consisting of a series of convol-
ution integrals (Marmarelis and Marmarelis, 1978). Each term in the series is an
nth-order convolution of the input with the nth-order kernel of the system. The
first-order kernel of the series accounts for the linear behaviour of the system and
is loosely analogous with the transfer function of a linear system. For a neurone
that fires action potentials in response to a stimulus, the first-order kernel may be
defined as (see Appendix):

hy(e) = &xi(0) » 4)

where x;(t) is the signal average of the stimulus record preceding the occurrence of
each action potential when the cell is driven using a noise input (see Bryant and
Segundo, 1976, for a similar derivation). Thus, the x;(¢) function represents the
average stimulus segment most likely to produce an action potential in the sensory
neurone, and acts as a ‘template’ that may be used to compare the response
properties of different cells. The scalar & is a sensitivity parameter defined as the
mean spike rate divided by the power level of the stimulus. Because a band-limited
noise input is used, the power level is estimated as the area under the
autocorrelation function of the stimulus (Marmarelis and Marmarelis, 1978).
Thus, the quantity £ has units (spikes s™')(nm?s)~". If the mean firing rate of the
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Fig. 3. Wiener cascade model of campaniform encoding. According to this proposed
model, a linear filter, g(¢) and a static nonlinearity, m( - ) are arranged in series, linking
dome indentation and the spike train of the mechanosensory neurone. The linear
element first filters the stimulus, accounting for the gross characteristics of the
frequency sensitivity of the neurone and its phase characteristics. The output of the
filter is subsequently rectified, limiting the final spike discharge to only a portion of a
stimulus cycle.

neurone is high or the power level of the stimulus is low, then the sensitivity of the
neurone is large. Once the function A,(r) has been calculated, it may be convolved
with any arbitrary stimulus waveform to construct a linear prediction of a
neurone’s response (see Appendix).

A dynamic system that is composed of a linear filter followed by a static (no
memory) nonlinearity is called a Wiener system (this established nomenclature is
awkward, and the Wiener system should not be confused with ‘Wiener system
analysis’ employing the Wiener series expansion of equation Al. To avoid
confusion, I will use the term ‘Wiener cascade’ to describe the simple cascade
shown in Fig. 3). Following the nomenclature of Hunter and Korenberg (1986),
the linear and nonlinear components of a Wiener cascade are termed, respect-
ively, g(¢) and m( - ). The time domain relationships between g(¢) and the first- and
second-order Wiener series kernels of the system are (Marmarelis and Naka, 1972;
Marmarelis and Marmarelis, 1978):

hi(0) = Cig(0) )

ho(t1,2) = Cog(t1)8(22) (6)

where C; and C, constants. Thus, the first component of an unknown Wiener

cascade is found by measuring the first-order kernel of the Wiener series. In

addition, equation 6 offers a convenient means of testing the validity of the Wiener

cascade model. The first-order kernel h;(f) is measured, and the shape of the

second-order kernel hy(t,t;) is calculated. This may then be compared to an
experimental estimate of the second-order kernel.

The static nonlinear function, m(-), may be constructed by stimulating the

neurone with a noise stimulus and plotting the average response against the
prediction of the linear model. The averaging process introduces artificially high
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frequency components in the response data that are smoothed using an appropri-
ate digital filter. The resulting spread of data points is then fitted to a polynomial
function that defines m(-). Any nonlinear behaviour, such as rectification, is
clearly seen as a deviation from a 1:1 relationship between the measured response
and the linear prediction. Once m(-) has been estimated it may be coupled with
g(#) to produce the full nonlinear model of Fig. 3. This experimentally estimated
Wiener cascade model can then be used to predict the response to any arbitrary
stimulus.

Results
Compliance and sensitivity

The compliance of the d-HCV campaniform, as measured by punctate stimu-
lation, was relatively constant throughout the frequency range 125 Hz above and
below wingbeat frequency. Fig. 4A shows a sample calculation of dome com-
pliance by subtraction of extraneous compliances contributed by stimulus, probe,
vein and wing adhesive. The values of compliance as a function of frequency were
calculated through transformations and computations in the frequency domain, as
described in the Materials and methods section. Typically, the ratio of total
compliance to dome compliance (Cp/Cp) was 10 to 1.

The resultant regressions fitted to dome compliance are indicated in Fig. 4B for
12 preparations. The 95% confidence interval for the regression coefficient
included the zero slope value in all preparations (Sokal and Rohlf, 1981),
indicating that the campaniform domes exhibit purely elastic behaviour within the
range of loading frequencies surrounding wingbeat frequency. Because the
compliances do not depend significantly upon frequency, the value at 150 Hz
(Cis0) was chosen as a standard for comparisons of compliance and in the
calculations of displacement from the force records. The Cisy values for each
preparation are given in Table 1. The mean value of C;sy was 0.66+0.24 nm uN~!
(s.p., N=11), which is consistent with the dome compliance reported for tibial
campaniform sensilla of the cockroach (Chapman and Duckrow, 1975).

Because the goal of these experiments was to quantify the behaviourally
relevant encoding properties of a sensory neurone, it was crucial to choose an
appropriate stimulus level. In the absence of any direct knowledge about the
stimulus magnitudes encountered during flight, the following paradigm for setting
the stimulus magnitude, based on preliminary measurements of campaniform
sensitivity for several d-HCV neurones, was adopted. The mean spike rate plotted
against stimulus power for four individual neurones is shown in Fig. 5. The
stimulus-response  relationship is approximated by the equation:
y=57.6+53.6logx, found by least-squares regression through the pooled data
points. The spike rate increases very gradually for stimulus levels above 4 nm?s. In
all subsequent experiments, the stimulus power levels were set to produce a near
maximal response (see Materials and methods). These values are listed in Table 1.
The mean power level for all experiments was 6.85+4.43nm?s (s.p., N=11). The
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Fig. 4. Compliance measurements of d-HCV sensilla. (A) A sample calculation of the
dome compliance (cell 3) by subtraction of series elements. The compliances were
computed in the frequency domain from 25 to 275 Hz. The open circles show the total
compliance calculated with the force probe positioned on the campaniform dome. The
closed circles show the average of four compliance measurements made in a circle
around the sensillum. The difference between these two measurements, the dome
compliance, is indicated by open squares. The solid lines represent least-squares
regressions through the three data sets. (B) A set of regressions through the
campaniform compliance measurements for 12 separate preparations. There is no
consistent trend in the rate sensitivity of the campaniform compliance among the 12
sensilla, and the slope value of 0 fell within the 95% confidence intervals of the
regression in all cases (Sokal and Rohlf, 1981).

ratio of mean spike rate to stimulus power is the sensitivity parameter &, which is
listed in Table 1 and used in calculations of the linear function g(r).

Linear filter and static rectifier functions

Fig. 6 illustrates calculations of g(¢) and m( - ), the dynamic linear and the static
nonlinear functions of the Wiener cascade model. The superposition of 50 stimulus
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Table 1. Compliance, mean spike rate, stimulus power and sensitivity (E),
measured for individual d-HCV neurones

Compliance Spike rate Power 3
Cell (nm uN~") (spikess™1) (nm?s) (spikess™")(nm?s) ™!
1 0.57 163.8 6.70 24.5
2 0.54 135.7 4.15 26.4
3 0.56 144.8 4.04 35.8
4 0.43 86.5 3.39 25.5
5 0.94 91.3 10.98 8.3
6 0.54 120.4 4.85 24.8
7 0.61 88.9 3.64 24.5
8 0.83 95.0 9.07 10.5
9 0.56 96.2 4.94 19.5
10 0.24 111.3 1.46 76.2
11 1.9 97.8 18.52 5.3
Mean (N=11) 0.66 116.9 6.85 24.9
S.D. 0.24 28.7 4.43 17.6

Compliance was measured at a loading frequency of 150 Hz.

150 =

Response (spikess™!)

| | 1
5 10 15 20

Stimulus power (nm?-s)

Fig. 5. Sensitivity of the d-HCV neurone to stimulus power level. The mean spike
level during a 5s mechanical noise stimulus is plotted against the power level for four
preparations, each represented by a different symbol. The spike rate at the lowest
stimulus levels reflects the sensitivity to steady-state deformation that is present in
these slowly adapting mechanoreceptors. The response rises with increasing power
level and reaches a near maximal value at a power level of 6nm?s. The relationship is
approximated by the equation: y=57.6+53.6logx (solid line), found by least-squares
regression through the data points pooled from all four preparations.
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Fig. 6. Calculation of dynamic filter and static nonlinear functions. (A) Top panel
shows the superposition of 50 stimulus traces preceding spike occurrences during noise
stimulation. The time axis is reversed such that time preceding spike occurrence is
plotted from left to right. The bottom panel shows the stimulus average over the entire
record (602 spikes) for a campaniform neurone (cell 6). The individual traces are
shown at half the gain of the average trace. (B) The function in A was used to construct
a linear prediction of the cell to a novel noise stimulus. The linear model is plotted
point for point against the actual averaged response. The static nonlinear function is
constructed by the least-squares fit of a sixth- order polynomial through the spread of
points. The first-order functions, g(¢), and static nonlinearities, m( - ), measured from
11 separate preparations are shown in C and D, respectively.
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waveforms preceding the occurrence of spikes in the d-HCV neurone is shown in
the upper part of Fig. 6A (cell 6). The average over the entire 5s stimulus (602
spikes) is shown below. The value of &, the sensitivity parameter, for this neurone
was 24.8 (spikess~')(nm?s) ™. The g(¢) function in Fig. 6A was used to predict the
linear response of the neurone to a repetitive stimulus (see Fig. 7). In Fig. 6B, this
prediction is plotted against the measured average response. The resultant spread
of points is then fitted with a sixth-order polynomial to yield the static nonlinear
function m( - ). Fig. 6C,D shows the variability of these functions calculated for all
11 preparations.

A
Response —_

Wiener model —

Stimulus . -
200 spikes s

120 nm
20 ms

Response \
Wiener model
\

Linear model /

Fig. 7. Predictions of the Wiener cascade model. The averaged spike frequency in
response to a noise stimulus is compared to the prediction of the full Wiener cascade
model and that of the linear term alone (cell 6). (A) The top trace shows the measured
response averaged over 25 repetitions. The Wiener cascade model, constructed with
both the linear and the nonlinear functions shown in Fig. 6, is substantially more
accurate in describing the behaviour of this neurone than the simple linear model. The
lower trace shows the average noise stimulus. (B) Superposition of the measured
response and model predictions at higher resolution (2X gain and 3x time base).
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Fig. 7 demonstrates the predictive strength of the Wiener model. The functions
shown in Fig. 6A,B were used to calculate the predictions for the noise segment
indicated in Fig. 7A. The linear model, Wiener cascade model and measured
response are superimposed on an expanded time scale in Fig. 7B. The linear
model alone does not yield an accurate prediction. The m( -) function amplifies
and rectifies the linear prediction, and the resultant full Wiener cascade model is
more accurate in predicting the average response of the neurone to the repetitive
stimulus. The performance of the model may be quantified by caiculating the
mean square error (MSE) between the predictions and the measured response,
normalized to the MSE computed for the mean response level (Marmarelis and
Marmarelis, 1978). The MSEs for the linear model and the Wiener cascade model
shown in Fig. 6 are 108% and 26 %, respectively. Thus, the addition of the
nonlinear element greatly improves the predictive performance of the model.

A threshold criterion may be added to the output of the Wiener model to predict
spike occurrence times (Korenberg et al. 1988). In the simplest scheme, the model
produces an action potential at the peak value of any excursion of the predicted
waveform above some arbitrary threshold. Such a calculation is shown in Fig. 8
(cell 3). A prediction was calculated for a short segment of noise and compared to
the actual spike discharge of the neurone. The threshold level was arbitrarily
changed until the spike pattern of the model most closely resembled that of the
actual sensory cell. There are some discrepancies in the timing of firing, but the fit
is quite good. Thus, the model can in large part account for the firing patterns
resulting from a single noise stimulus.

The first- and second-order kernels [h1(f),hy(t1,52)] of the Wiener series
functional expansion of any Wiener cascade are related in a calculable manner
(Marmarelis and Marmarelis, 1978). Thus, the appropriateness of the Wiener
cascade model may be tested by measuring directly the second-order kernel from
the preparation and comparing it to the kernel computed for a true Wiener
cascade. As shown in Fig. 9, there is a close resemblance, indicating that the
Wiener cascade model is a reasonable predictor of complex dynamic behaviour of
the neurone.
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Fig. 8. The spike discharge produced by a single stimulus is compared to the
predictions of the Wiener cascade model (cell 3). The bottom trace shows the response
predicted by the model for a noise stimulus. The model ‘fires’ a spike at the peak of any
excursion of the continuous model above an arbitrary threshold level, set to produce
the closest match by eye to the actual response, shown in the top trace.
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Frequency response and sensitivity
Fourier transformation of the characteristic function g(¢) provides a convenient
method for estimating the nonlinear transfer function representing the sensitivity
of the campaniform neurones (Marmarelis, 1988). The frequency responses
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Fig. 9. Comparison of predicted and calculated second-order kernels. The second-
order kernel in the top panel was computed assuming that the neurone is structured as
a Wiener cascade, with a linear filter followed in series by a static nonlinearity. The
bottom panel shows the second-order kernel calculated from an experimental record
(cell 6). The kernels have units of spikess~' nm™2s™2, but both functions have been
normalized to facilitate comparison of their shapes. If the nonlinearity preceded the
linear filter, the second-order kernel should be zero everywhere except along the
diagonal where ,=t,.
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Fig. 10. The system transfer functions for the d-HCV neurones calculated from the
functions of Fig. 6C (N=11). The gain in spikess™'nm~" is plotted on a decibel scale.
All the neurones possessed a broad response peak near 150 Hz, corresponding to the
wingbeat frequency of Calliphora, and a cut-off frequency below 200 Hz.

calculated from the data of Fig. 6C are indicated in Fig. 10. Individual neurones
differ somewhat in the exact level of sensitivity, but all the cells show a broad
sensitivity peak at 150 Hz, which corresponds to the wingbeat frequency of

Calliphora. The decay in response above 150 Hz is approximately 10dB octave ™.

Phase characteristics

If the campaniform sensory neurone acts as a true Wiener cascade, the phase
response of the neurone should be established entirely by the linear filter, because
the nonlinearity is a static function. Fig. 11 A shows the results of an experiment in
which a neurone (cell 3) was stimulated with 25 repetitions of a 1-s sine wave sweep
encompassing one order of magnitude from 25 to 250Hz. Above 40Hz the
averaged response of the neurone to each cycle of stimulation was smooth and
unimodal, indicating that the cell responds to each oscillation with a single action
potential. The response leads the stimulus at low frequencies, crosses zero near
80Hz, and lags at high frequencies. In the range of frequencies surrounding
wingbeat frequency, the delay between stimulus and response is a nearly constant
value of 0.7ms. The solid line in Fig. 11B was constructed from Fourier
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transformation of the g(¢) function measured for this neurone. The complex
behaviour of the measured delay is accurately predicted by the linear element. The
phase predictions generated from the Fourier transformations of the g(f) functions
in Fig. 6C are consistent among individual d-HCV neurones, as shown in Fig. 11C.

In summary, the Wiener cascade model is a reasonably accurate predictor of the
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Fig. 11. Phase relationships between stimulus and response. (A) The upper two
superimposed traces show the response of a campaniform neurone to a sinusoidal
stimulus of linearly increasing frequency, averaged over 25 repetitions. At lower
frequencies the response leads the stimulus. The lower trace is a prediction of the
linear model. The linear model accurately predicts the phase relationship of the
campaniform neurone (cell 3). (B) The measured and predicted phase relationship
between stimulus and response are plotted in terms of the absolute time delay. The
open circles are the measured peak-to-peak delays between stimulus and spike
frequency response during the sinusoidal sweep shown in A. The smooth curve was
generated from the Fourier transformation of the measured linear element g(f)
(Fig. 6). (C) Predicted delay functions for d-HCV neurones. The delay functions were
computed from the Fourier transformation of the g() functions in Fig. 6C. The delay
between stimulus and response is relatively constant throughout the range of
frequencies typical of wingbeat in Calliphora.

response behaviour of an identified campaniform sensory neurone. Therefore, the
two functions of the model, the linear filter g(¢) and the static nonlinearity m( ),
may be used as tools for comparing the response properties among other
campaniform neurones or mechanoreceptors from different modalities.

Discussion
Function of d-HCV as an event detector

Although the gross wing kinematics of many dipteran species have been
extensively quantified (Nachtigall, 1966; Vogel, 1967; Ellington, 19844; Ennos,
1989), the fine details, such as the temporal and spatial patterns of deformations on
the wing surface, have not yet been accurately determined (for a review of
qualitative descriptions of wing deformations in flight, see Wooton, 1981). This,
together with the complexity of wing architecture, makes it difficult to reconstruct
the time course of strains that the d-HCV or any campaniform sensillum is likely to
encounter during flight. Recently, Ennos (1988a,b) has examined the architecture
of the dipteran wing with special emphasis on the passive deformations that result
from torsion of the wing about the leading edge. He found that the wing
architecture predicts that a distal-proximal torsional wave should travel along the
wing, initiated during the rapid wing rotation that occurs at the beginning of each
half-stroke. This torsional wave has been observed in ciné films of many large flies,
and is particularly prominent during supination (Nachtigall, 1979; Wooton, 1981;
Ellington, 1984a; Ennos, 1988b, 1989). Since the gross characteristics of this wave
are produced by the rotation of the wing during each stroke, the dominant spectral
component of wing torsion sensed by the campaniform neurones is probably at the
natural wingbeat frequency. It is most likely that the d-HCV fires only a single
action potential during each wingstroke, because the frequency response of the
cell falls sharply at frequencies over 200Hz (Fig. 10). The other campaniform
neurones may also display this constraint, a hypothesis that is supported by the
results of Heide (1983), who recorded the afferent activity from the wing nerve
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during tethered flight in Calliphora. Although it is difficult to identify individual
units in his compound recordings, it would appear that the wingbeat synchronous
afferents fire single action potentials during each wingbeat. Based on axon
diameter, the largest afferent spikes in wing nerve recordings are likely to be those
of the distal campaniform neurones.

Thus, during flight the d-HCV probably fires one phase-locked action potential
per wingbeat cycle. As shown in Fig. 11, the phase relationship between the
stimulus and response is such that the absolute interval varies little throughout the
range of wingbeat frequencies typical of Calliphora. Within this same range of
frequencies, the d-HCV neurone exhibits little frequency sensitivity. Therefore,
the cell appears well designed as a ‘one-shot’ event detector, responding to the
deformational pattern produced during each wingbeat with a single action
potential, at a fixed delay relative to the peak indentation of the dome. As argued
more fully in the second paper of this series (Dickinson, 1990}, an array of such
sensors distributed along the wing might be used to monitor the movement of the
distal-proximal torsional wave initiated during supination in each wingbeat.

Comparison of d-HCV with cockroach campaniform sensilla

It is useful to compare the encoding properties of the d-HCV neurone with those
of the tibial campaniform sensilla and the tactile spine (a modified campaniform)
of the cockroach, two mechanoreceptors that have been extensively studied. The
femoral campaniforms on cockroach legs are involved in postural and locomotory
behaviour, operating at loading frequencies below 10 Hz, where a cycle of limb
movement will produce a burst of action potentials (Zill er al. 1981). Chapman et
al. (1979) found that a simple linear transfer function model was sufficient to
quantify the encoding properties of these campaniforms. At increased loading
frequencies, however, the leg campaniform discharge becomes phase-locked and
thus active over a very narrow portion of a sinusoidal stimulus. This rectification is
also a feature of the campaniform neurones of the cockroach tactile spine (French
and Kuster, 1981; French, 1980) and hair plate sensilla (French and Wong, 1976,
1977). The wing campaniforms described here rarely produce more than one
action potential per stimulus cycle at frequencies greater than 50 Hz. Thus, in the
range of frequencies encountered during flight, the behaviour of all these sensory
neurones is dominated by a rectification process that limits the temporal window
for spike discharge to a very narrow portion of the stimulus cycle.

The dynamic response properties of insect mechanoreceptors have been most
commonly quantified using the partial differentiation model (Chapman and Smith,
1963; for reviews, see Thorson and Biederman-Thorson, 1974; French, 1988). A
distinguishing characteristic of this model is that it predicts a frequency-indepen-
dent phase between stimulus and response. When stimulated sinusoidally at
frequencies below 10 Hz, the d-HCV neurone also displays a nearly constant phase
lead (data not shown). However, at increased loading frequencies, the d-HCV
neurone exhibits a monotonically decreasing phase that results from a nearly
constant delay of 0.7 ms (Fig. 11). The phase contributed by a constant delay in a
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dynamic system is equal to the product of the delay time and the stimulus
frequency (Milsum, 1966), and consequently governs any other fixed phases in the
system at high frequencies. As with the proximal wing campaniform sensilla of
locusts (Elson, 1987a), the d-HCV must operate during flight in the frequency
domain where fixed delay dominates. The cockroach femoral tactile spine
sensillum exhibits a noticeable deviation from constant phase when stimulated at
frequencies above 10 Hz that results from the propagation delay to the recording
site (French and Kuster, 1981). However, the methods I have employed record the
sensory action potentials at the site of spike initiation, and shortening the
conduction path has no effect on response latency. Therefore, the constant delay
unmasked at high frequencies in the d-HCV neurone must be the result of some
process upstream from spike initiation. Without a detailed analysis of the
membrane properties and geometry of the sensory dendrite it is difficult to
speculate on the cause of the delay, but the charging time for the membrane
capacitance between the sites of transduction and spike initiation is a likely
candidate.

In addition to the transduction delay mentioned above, conduction delays and
synaptic delays will contribute further to the net interval between the sensory
stimulus and the arrival of the afferent information in the CNS. These intervals
present a unique problem for mechanoreceptors, such as the wing campaniform
neurones, whose relevant physiological frequency range lies within the domain
where the fixed delays dominate the phase behaviour. As the fly modulates its
wingbeat frequency, say from 120 to 180 Hz, the phase relationship between wing
deformation and the effects of campaniform spikes in the CNS will not be
maintained.

Physiological interpretation of the Wiener system model

Without an extensive intracellular analysis, it is difficult to identify the
mechanical or physiological processes that account for the filtering and rectifying
behaviour of the campaniform neurones. However, the results of the second-order
kernel measurements of Fig. 9 suggest that the linear filter precedes rectification.
If the order of the filter and rectifier in a Wiener cascade is reversed, such that
m(-) precedes g(¢), then the second-order kernel is expected to be zero
everywhere except on the diagonal where t;=t, (Marmarelis and Marmarelis,
1978). The results clearly favour the filter—rectifier sequence of a Wiener cascade
model. Korenberg et al. (1988) reached similar conclusions with the cockroach
tactile spine campaniform, but included a third element, a second linear filter
acting in series after the static rectifier.

The net filtering behaviour of insect mechanoreceptors might result from the
dynamic properties of mechanical coupling, transduction or spike encoding.
Because the point compliance of the sensilla did not vary strongly with frequency
(Fig. 4), it is unlikely that the gross mechanical properties of the dome and socket
play a major role in the dynamic behaviour of the neurone as a whole. Although
two-thirds of the cockroach tibial campaniform sensilla examined by Chapman
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et al. (1979) displayed viscoelastic behaviour, they showed that it could make only
a minor contribution to the adaptation of the receptors. In Drosophila, the
differences between the slowly and rapidly adapting campaniforms on the wing
persist when the cells are stimulated with electrical pulses which completely bypass
mechanical coupling (Dickinson and Palka, 1987). Thus, it is also unlikely that
mechanical properties of the attachments between the dome and the sensory
dendrite contribute strongly to the response dynamics. Therefore, the processes
responsible for the filtering behaviour of the neurone must reside in the
downstream membrane properties associated with transduction or encoding.

Although there is agreement that rectification is resident primarily in the
encoding process, the relative contributions of transduction and encoding to the
dynamic behaviour of insect mechanoreceptors are unclear. Mann and Chapman
(1975) found that the transcuticular manifestation of the transduction current
followed sinusoidal stimuli linearly, for small displacements, while the spike
output remained restricted to a discrete portion of the stimulus cycle, indicating
that the rectification reflects the behaviour of the spike-encoding process. By
examining the dynamic behaviour of both the transduction current and the spike
trains, they also concluded that both transduction and encoding contributed to the
rate sensitivity. French (1984), using extracellular electrodes to study the transduc-
tion current in the cockroach tactile spine, provided strong evidence that
encoding, and not transduction, was responsible for the dynamic behaviour of the
neurone. However, because the transduction current was obscured by the
presence of action potentials, these experiments required the use of sub-threshold
stimuli. If there are spatial nonlinearities inherent to the transduction process, the
frequency response to suprathreshold stimuli might be more sharply filtered. In
addition, it is possible that the filtering properties of the transduction process
become limiting at loading frequencies higher than the 1-100 Hz range used to
stimulate the tactile spine. Thus, the relative roles of transduction and encoding in
the dynamic behaviour of the d-HCV neurones, particularly at stimulus fre-
guencies above 50 Hz, remain conjectural.

Whatever the actual physiological processes responsible for the encoding
properties, it is useful to consider the two elements of the Wiener cascade model,
g(®) and m(-), in a proposed role of the campaniform sensory neurones as ‘one-
shot’ detectors. In a Wiener system, the phase relationships between stimulus and
response are set entirely by the characteristics of the linear filter g(r). The
subsequent rectification cannot shift the peak response, yet it acts to narrow the
temporal window of spike probability. This sharpening of the neurone’s response
is crucial if the CNS requires an accurate measure of the timing of deformations on
the wing.

Appendix
Systems analysis
The kernels of a Wiener series may be estimated using the Lee-Schetzen cross-
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correlation technique (Schetzen, 1980), in which the nth-order kernels are
calculated from nth-order cross-correlations of a stimulus input with the response.
Using this method, the first-order kernel has the discrete form:

hy(v) = (1/PT) gl y(i66) x (i6t — 7)ot (A1)

where T is the record length, x and y are the input and output functions,
respectively, T is the time variable, and &¢ is the sampling period. Because the
stimulus is band-limited, the power level of the input, P, is computed from the
area under the autocorrelation function of the stimulus, and thus has units of
(input)? X time. This method simplifies if the spike train of the sensory neurone is
considered to be a string of discrete impulse functions (Bryant and Segundo, 1976;
Marmarelis and Marmarelis, 1978). Let:

hi(7) = (1/PT) ,,gl él (ndt — t)x(ndt — 7)ot , (A2)

{ €(t)=Cs, t=0 }
€(1)=0, t#0
where K is the total number of spikes, which occur at times #;, (k=1,2,3,...K), and
Cs is a scaling coefficient equal to (1/sampling rate) (in spikess™%).
In these experiments ¢, the sampling interval, is 200 us, and thus Cs is

5000 spikes s~ '. Equation A2 shows that () is equal to 0 unless nét is equal to £,
which happens whenever a spike occurs. Therefore, the expression reduces to:

for which

hy(1) = Cs/PT §1 x(tp — )6t (A3)
k=

or hy(v) = (CsK/PT)xi(v)ét, (A4)
where x;(¢) is the mean input preceding the occurrence, at times #;, of each spike.
The length of this ‘pre-spike signal average’ function is set by the system memory
of the neurone, operationally defined as the time required for the pre-spike
average to fall to zero. In these experiments, a value of 12.8 ms was chosen for the
system memory, and longer values did not improve the predictions of the model.
Note that, if the stimulus is calibrated in displacement, then h;(7) has the units of
outputinput™! time ™" or spikess~?nm~"'. The quantity (K/T) is simply the mean
firing rate F. The coefficient Cs is the inverse of &¢, and therefore expression A4
simplifies still further to:

hi(t) = (F/P)xi(7) (A5)
) or

hi(7) = &xi(7), (A6)
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where £=F/P, which is equation 4 in the Materials and methods section. The
above derivation of the linear function h(7) differs somewhat from that of Bryant
and Segundo (1976), and contains only two terms, the pre-spike signal average,
x;(7), and the sensitivity parameter, §. The h;(7) function may be convolved with
any arbitrary stimulus waveform to construct a linear prediction of the neurone’s
response.

I wish to thank John Palka, Tom Daniel and Bob Pinter for their many helpful
comments and suggestions with the manuscript. This work was supported by an
NSF Graduate Fellowship and NSF grant BNS-8507460 to John Palka.
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