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Summary

Determining how the motor patterns of the nervous to each muscle spike decreased with increasing levels of
system are converted into the mechanical and behavioral stroke deviation. This result suggests that downstroke
output of the body is a central goal in the study of deviation is controlled in part via the mechanical
locomotion. In the case of dipteran flight, a population of summation of basalare activity. We also found that
small steering muscles controls many of the subtle changes interactions among the basalares and muscles [l12-l114
in wing kinematics that allow flies to maneuver rapidly. determine the maximum forward amplitude of the
We filmed the wing motion of tetheredCalliphora vicinaat ~ wingstroke. In addition, activity in muscle |11 appears
high speed and simultaneously recorded multi-channel to participate in a wingbeat gearing mechanism, as
electromyographic signals from some of the prominent previously proposed. Using these results, we have been
steering muscles in order to correlate kinematics with able to correlate changes in wing kinematics with
muscle activity. Using this analysis, we found that the alteration in the spike rate, firing phase and combinatorial
timing of each spike in the basalare muscles was strongly activity of identified steering muscles.
correlated with changes in the deviation of the stroke
plane during the downstroke. The relationship was non- Key words: insect flight, blowflyCalliphora vicing motor output,
linear such that the magnitude of the kinematic response kinematics, steering.

Introduction

The musculoskeletal system is an ultimate downstrearihe wing and the change in wing motion leads to an alteration
‘decoder’ of neural signals, converting the activity of motorin aerodynamic force.
neurons into the kinematics we observe as the behavior of anSeveral studies have addressed aspects of motor encoding in
organism. Functioning at the interface between the nervoussect flight by quantifying the muscle spiking patterns, largely
system and the external world, muscles act as neural outpuatlocusts (M6hl, 1985; M6éhl and Zarnack, 1977; Pearson and
transducers, reversely analogous to sense organs that actVéslf, 1987; Schmidt and Zarnack, 1987; Wendler, 1974;
stimulus input transducers (Young, 1989). In sensory system#/ilson and Weis-Fogh, 1962; Zarnack and Moéhl, 1977), moths
it has been recognized that incoming information must bé&ammer, 1971; Wendler et al.,, 1993) and flies (Egelhaaf,
encoded in real time and that, for time-varying stimuli, thel989; Gotz, 1983; Heide, 1983; Nachtigall and Wilson, 1967).
nervous system does not have the luxury of signal-averagingurther, the coupling process linking changes in muscle activity
For example, mathematical real-time decoding methods hate adjustments in wing kinematics has been studied through
revealed the relatively large information content encoded by eorrelational studies in locusts and fliesicusta(Dawson et
small number of spikes in single sensory neurons (for a reviewl., 1997; Thuring, 1986; Zarnack, 1988ghistocercgFischer
see Rieke et al., 1997). Similarly, in motor systems, ongoingnd Kutsch, 1999; Waldman and Zarnack, 1988ysophila
adjustments must be made on a moment-by-moment basis, ljtteide and Gotz, 1996; Lehmann, 1994; Lehmann and G6tz,
the various components of motor pattern conversion, especiallp96); Calliphora (Heide, 1983; Tu and Dickinson, 1996).
the intervening muscles and morphological structures, ensukéowever, given the potential non-linearities of muscle
that the process will be very non-linear (Dickinson et al., 2000mechanics, the unknown nature of the coupling between
Hooper and Weaver, 2000). In the case of insect flight, theuscles, joint morphology and the wing, as well as the highly
neuro-mechanical conversion is a multi-step process wherelwariable motor responses to open-loop sensory conditions, our
a pattern of activation within a motor neuron leads to twitcheanderstanding of the transfer functions between motor patterns
in the muscle it innervates, the force from the twitches moveand wing movement is quite simplistic. In addition, information
or deforms the sclerite to which the muscle is attached, thegarding the full extent of variation in wing kinematics has
change in the position of the sclerite modifies the motion ofagged behind the analysis of firing patterns in flight muscles.



4214 C. N. Balint and M. H. Dickinson

Although flies are among the most aerodynamically Materials and methods
sophisticated fliers, certain features of their flight control Insects
system are relatively simple and amenable to experimental \j5je plowflies Calliphora vicinaR.-D.) were selected from
studies. Flies use a single pair of wings and the muscles a1§4noratory colony, maintained at approximately 22 °C with a
segregated into distinct functional groups (for a review, S€g, .12 [ight:dark cycle. All individuals were between 1 and
Dickinson and Tu, 1997). Many of the subtle alterations iny \eeks post-eclosion at the time of tethering. Wing lengths

wing kinematics that allow flies to execute fast changes ir(‘measured from basicosta to wingtip) ranged from 8.9 to
flight trajectory are accomplished by the action of smallg ; mmpost-mortem

steering muscles that insert directly onto the sclerites at the
base of the wing. The differential responses of several of these Tethering procedure
steering muscles to the direction (Heide, 1968, 1971b, 1975, We anesthetized each fly by placing it in a freezer at —4°C
1983; Heide and Gotz, 1996) and time course (Egelhaaf, 198&)r 3—-4 min. The fly was then immediately tethered at the dorsal
of visual stimuli have corroborated their presumed role imidline of the mesopraescutum to a modified no. 0 insect pin as
mediating certain flight behaviors. The 13 steering muscles atizscribed by Tu and Dickinson (1996). As a modification to the
attached to four sclerites at the wing hinge: the basalar scleritearlier procedure, we soldered short lengths of 0.025mm
the pterales | and Il and the posterior notal wing process. Fivgiameter nickel chromium (NiChr) wire with formvar insulation
additional synchronous muscles thought to be involved ifA-M Systems) to the terminals of five pairs of 28 gauge wires
flight control are not directly attached to the sclerites of thgjlued to the tether. We implanted the tips of a pair of the NiChr
wing hinge. wires into each of 4-5 steering muscles on the left side of the
Inferences from the morphology of the hinge and its musclanimal through holes in the cuticle made with an etched tungsten
attachments, together with the tonic firing patterns of theineedle. In all nine animals used in the electrophysiological
muscles, have given rise to several models of steering musc@alysis, paired electrodes were implanted into muscles b2, b1,
function (Dickinson and Tu, 1997; Heide, 1968, 1971a,blli1 and I1. In six of these animals, electrodes were also
Miyan and Ewing, 1985; Nachtigall and Wilson, 1967;implanted in the vicinity of muscles 1l12—Il14. Correct
Wisser, 1987; Wisser and Nachtigall, 1984). Because of theimplantation of each pair of electrodes was verified by
similar response properties, Heide (1975, 1983) proposeglalitative differences in firing rate (e.g. high rates in b1 relative
synergistic effects among muscles. Specifically, the second b2) and the extent of cross-talk with nearby muscles (e.g. 11
muscle of the basalare (b2) and the first muscle of pterale ltécordings include cross-talk from b2, while Ill1 recordings
(I11) act together to increase stroke amplitude, whereas thaclude cross-talk from 11 but not from b2).
first muscle of pterale | (I1) and the third muscle of the To create markers for digitization, we used a sharpened
posterior notal wing process (hg3) act to decrease strok@ooden applicator stick to place a small dot of silver (Palmer
amplitude. In the fruitfly Drosophila melanogasterthe  Prism Acrylic) or iridescent pearl (Golden Acrylics) paint on
bursting activity in various individually recorded steeringthe basicosta (wing base) and at the distal tip of the wing
muscles is correlated with changes in stroke amplitude ovgosterior to the junction of veing®. Each fly was allowed to
many wingbeat cycles (Heide and Gotz, 1996). In the blowflyecover for 1 day following initial electrode implantation
Calliphora vicing the timing of individual basalare muscle before filming began, but we often made adjustments in
spikes within a single wingbeat cycle can have clear cycle-byelectrode placement between filming sequences. Data were
cycle effects on wingbeat kinematics (Tu and Dickinsoncollected for 2—4 consecutive days following initial electrode
1996). Lehmann and G6tz (1996) confirmed the influence dmplantation. When flies were not being used in experiments,
firing phase on stroke kinematics by stimulating b2 at varioughey were suspended over a polypropylene ball floating in a
points within the stroke cycle. In addition to the effects ofbeaker of water. The flies drank wager libitumfrom the ball
individual muscles on wingbeat kinematics, the analysis o&nd were fed sugar water twice daila a hand-held syringe.
Tu and Dickinson (1996) also suggested the existence of
functional synergies within the population of steering Filming
muscles. However, these muscles have not previously beenFlies were kept under fully lit laboratory conditions (500 Ix)
recorded in concert, nor in combination with high-speedstarting at least 1 h prior to and during filming. We secured the
video. free end of the tether onto a piezoelectric crystal attached to a
To quantify the contribution of multiple muscle groups torigid acrylic rod. The end of the rod was aligned using an
kinematic variation, we extend the methodology of Tu anddjustable manipulator, so that the fly’s longitudinal body axis
Dickinson (1996) to include multiple, simultaneous steeringvas between 0° and 15° relative to horizontal and its sagittal
muscle recordings combined with high-speed videography. Wiglane was parallel to the camera’s focal plane. The video
correlate kinematic changes with the temporal and spati@amera lens was 42-45cm from the midline of the fly. A
activity patterns of steering muscles on a cycle-by-cycle basipolypropylene ball floating within a beaker of water was placed
The results extend the work of previous studies and providender the fly to allow it to stand or walk between flight bouts.
some new hypotheses concerning the processes linking motorwWe filmed the flies at a rate of 3000 franéasing a Kodak
activity and flight behavior. Ektapro equipped with an Intensified Imager and a 90 mm



Wing kinematics and steering muscle activitZalliphora vicina4215
A B
Piezoelectric : :
@ ED nyﬁa‘WW\,\M
Piezoelectric crystal b2 ; v T ~
0 = : :
—— O S SURNY, FNSY ST RS FASSNS
1 MH\NW«WM : P~
2-n4 “*ANWV\M"MW’W/L’NJ‘WN
To differential 11 "“WM““/VW“‘MM/‘“‘V‘M/“’
amplifier
Video
srzamres AL

o, Ly o~ o~ - -, -, -~
% o e DI A S K N Y

High-peedvideocamera ¢

Wind tunnel

) " % O]

10 ms

Fig. 1. Schematic cartoon showing the method of data collection (not drawn to scale). (A) Tethered flies were suspended beneath
piezoelectric crystal in front of a wind tunnel with their left side facing the high-speed video camera. A brass rod wasdswipeits base
between the fly’s head and the wind tunnel and its upper end between an LED and a position sensor. Four to five paire ofireeciree
implanted into the left side of the fly’s thorax. (B) Sample simultaneous data traces from five EMG channels, the piezyskettanc
framemarks from the high-speed video camera, shown with the kinematic wing elevation @phglastized and calculated from the
concurrent video frames. The phase of each muscle spike was quantified relative to the piezoelectric oscillations asmdésctéedsee

arrows and broken vertical lines).

macro lens (Tamron). The video camera was tilted 30 ° relativarms illuminated the fly from above, the other pair from below,
to the ground to capture the wingbeat trajectory optimallyand all light sources were directed away from the eyes. As the
within the 19X80 pixel field of view. Extracellular potentials polypropylene ball was lowered away from the fly, the wind
from the implanted electrodes were amplified using an a.¢unnel was switched on and the pendulum rod was set into
amplifier (A-M Systems; model 1800) and digitized using amotion. If and when the fly reacted to the pendulum with
Digidata 1200 and Axoscope software (Axon Instruments)periodic head movements, wingbeat amplitude modulations and
Wingbeat signals from the piezoelectric crystal and frame-margpike bursting in b2, a manually activated external trigger
signals from the EktaPro Hi-Spec Processor were also recordeitiated video capture and electrophysiological data acquisition.
Acquisition rates were 29, 37, or 42kHz per channel dependirgach video sequence comprised 6552 frames and lasted
on the number of input signals. All three types of signal, thapproximately 2.2s.
wingbeat signals, the electromyographic (EMG) signals and the Data were collected from a total of 11 animals. Five animals
framemark signals, were displayed along a common time baséth implanted electrodes were also filmed without the visual
to allow for fine temporal correlation among channels. stimulus. Two animals were filmed prior to and following
Wind and visual stimuli were presented to the fly as describeglectrode implantation, and two animals were filmed solely
previously (Tu and Dickinson, 1996). The mouth of a smallwithout implanted electrodes.
open-throated wind tunnel was positioned directly in front of
the fly, approximately 5cm from the front of its head. A Kinematic data analysis
7.0cmx0.8cm black cylindrical brass rod was suspended All recorded video images were transferred from the
between the fly and the wind tunnel, with the base of the roBktaPro Hi-Spec Processor onto VHS videotape, and selected
level with the fly’'s head (Fig. 1). This pendulum rod oscillatedsequences were downloaded onto computer. For each sequence
at a frequency of approximately 1 Hz. We increased the contraaghalyzed, we used Scion Image software to digitize the wingtip
between the black rod and the background by fitting the top aince per frame and the basicosta once per sequence. We
the wind tunnel with a white cardboard panel. In a few casespanually digitized wingtip coordinates from a total of 144 150
the position of the pendulum was monitored by placing the rod’sames taken from 21 selected video sequences of 11 flies.
upper end between a light-emitting diode (LED) and an opto- While it is most convenient to quantify wing motion relative
electronic position sensor (UDT). In these cases, the output tf the stroke plane, we found that @alliphora vicinathe
the light sensor was recorded concurrently with the other signalsiean stroke plane varies from stroke to stroke and thus cannot
The thorax and near (left) wing of the fly were illuminatedserve as a straightforward reference frame. Therefore, we
using two fiber-optic light sources (Fostec). A pair of fiber-optiadefined the wingtip coordinates morphologically relative to the
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body to facilitate comparisons within sequences and amor
individuals. First, theX and Y coordinates of the basicosta
(xo,yo) were subtracted from each wingtip coordinate so the
the basicosta acted as the origin. Second, the body axis w
defined as the line connecting the top of the calipter and tt
mid-posterior border of the eye. We defined the inclinatior
angle of the bodyy) as the angle between this line and the
horizontal axis of the video screen. To combine ease of inte
animal comparison with that of aerodynamic interpretation, w
rotated the video screen coordinate system so that tt
inclination of the body was at 35 ° relative to horizontal:

X' =(X—X0)€0s(35 ° ) + (y—Y0)sin(35° ), (1a)  Fig. 2. Coordinate system for measuring wing kinematics. The polar
coordinate angles, deviatio®)(and elevation ¢), of the wing in
y' =(y —Yo)c0s(35 ° ) + (Xx—xo)sin(35 ° =) . (1b)  each frame were measured relative to the rotated body axis as

. . . described in the text.
With these transformationg, andy measured motion about

an inclined body axis. This transformation resulted ina roughl, =~ _ _

horizontal average stroke plane for the sequences within offinimain the piezoelectric record corresponded roughly to the

analysis. minima of wing elevation (Fig.1). For muscles Ill1 and
The two-dimensional Cartesian coordinates of the wingtip§!2-1114, we quantified phase in the same manner relative to

were then converted to polar coordinates. Zteordinate was the maxima in piezoelectric oscillations. Assuming that our

calculated assuming a constant wing length: piezoelectric signal is a good approximation of oscillations in
s o i muscle length and that the delays between the spike in a muscle
Z=(Lo =Xy 9)re, (2 andits subsequent activation are constant, our method of phase

whereL is the length of the wing in the coordinate system Opalgulgtion provides an estimate of the relative phase of muscle
the digitized image, and is the coordinate in the plane activation.
perpendicular to the',y’ plane. In previous descriptions of
wing motion during flight, wing flexion appears to be minimal,
except for a slight bending at the end of the downstroke - Results o
(Nachtigall, 1966; Wootton, 1981). At present, the extent to Firing characteristics
which wing length stays constant has not been quantitatively During the visually induced oscillatory turning reactions in
measured. The polar coordinates, deviat@nafd elevation this study, all steering muscles tended to fire in bursts driven
(¢) angle, of each wingtip coordinate were calculated relativ®y the visual stimulus (Fig. 3A,B). The variation in firing rates
to this new coordinate system (Fig. 2): in these simultaneous recordings was generally consistent with
. g the pattern reconstructed by Heide (1983) from individually
Q=simi{x (x+22)17 ) recorded muscles. Muscles b1, b2, Ill1 and I[l12-I1I4 fired
maximally when the pendulum was contralateral to the
recording site, roughly correlated with an increase in wing
. . ) stroke amplitude, while I1 fired maximally when the pendulum
Electrophysiological data analysis was ipsilateral, correlated with a decrease in stroke amplitude.
We sorted spikes recorded from each EMG channel on thene maximum sustained spike rate was one spike per wingbeat
basis of threshold and shape using a custom-designed prograjtle in all muscles (se€inematic characteristicbelow for
written in MatLab (Mathworks). Although most muscle gbserved wingbeat frequencies), although we occasionally
recordings were contaminated by cross-talk, its source washserved two spikes in a single cycle, most often in 1112—1114.
easily recognized by careful comparison with other channels. Muscles b2 and 1111 displayed similar activity patterns and
For muscles b2, bl and 11, we quantified the firing phiipe ( tended to fire in relatively short bursts, which began with a
of each spike relative to the minima in piezoelectricrapid increase in firing frequency, followed by a steady

and
B=simyy/L). (4)

oscillations: decrease (Fig. 3B). Muscle I1, although active antiphasically
_UsS-m O with b2 and 1111, also fired in short bursts. In contrast, b1 and
W= [sz_ml %100, ®) I112—1114 tended to sustain their maximal firing frequency for

longer portions of each flight sequence.
whereSis the time of occurrence of the largest maximum or Summed over all recorded flight sequences, each muscle
minimum in the muscle spike waveformy is the time of the displayed a variety of firing phases, distributed around a
piezoelectric minimum preceding the spike amds the time  characteristic preferred phase band within the wingbeat cycle
of the minimum following the spike. Correlation with digitized (Fig. 4A). The preferred phase bands for each muscle were
kinematics from high-speed video recordings indicated that theonsistent with those observed by Heide (1983) from
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Fig. 3. Simultaneous steering muscle EMG recordings and kinematic measurements. (A) Diagram of the anatomy of the direthstéesin
recorded in this study. Two additional muscles attached at common sclerites are shown and marked by parentheses. (B) SaoquirigMG
during one sequence of visually induced oscillatory turning. Each spike occurrence is reproduced as a raster of dots Bél@Gwvtesneh
Each spike has been color-coded and is shown overlain on an expanded time base at the right. (C) Total set of winghestfilraggtto
simultaneously with EMG recordings in B separated into downstrokes (above) and upstrokes (below). The cross marks thew¥iigh base
served as the origin. The dashed line indicates a wing elevation of —0.2rad. Downstroke deviation was defined as the iningt deeiat
point of intersection of the downstroke trajectory with the dashed line. Stroke amplitude was defined as the maximum rRgtelévation

in each cycle, marked by gray circles. (D) Downstroke deviation and maximum forward amplitude of each cycle plotted as afftinmzti
Plots in D and B share the same time scale. The gray box in the deviation plot in D indicates the section shown in indrgdétail

individually recorded muscles. Muscles bl and b2 fired wittoccasional shifts in the firing phases of b2 and I1 were sporadic,
highest probability near the time of pronation, 11 tended to firand the firing phase of 11I1 varied widely from spike to spike.
during the downstroke and 1111 and 1112-1114 tended to fire near

the time of supination. Within flight sequences, the time course Kinematic characteristics

of firing phase variation also differed among muscles (Fig. 4B). Within all sets of wingtip trajectories, we noted the most
The most tonically active muscles, b1 and 1112—l114, displayedvariation in wing deviations during the downstroke and the
gradual shifts in spike phas&)(within a firing burst. The maximum anterior extent of the wing at ventral reversal
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Fig. 4. Observed spike phases. (A) Composite phase histogram of all muscle spikes, shown relative to the wingbeat cycléstagiagi is
repeated twice to emphasize the cyclic nature of the firing pattern. Spike counts for muscles b2, b1, IlI1 and 11 camesfoamncs s
recorded from nine individuals. Spike counts for Il12—1114 came from 15 sequences recorded from five individuals. (B) Sawipfshade
(v) variation seen in a single sequence over time. The top trace represents the position of the pendulum during the sequence.

(Fig. 3C). To simplify the analysis of kinematic data, web?2 fired, those during which only bl fired and those during
obtained one value per wingbeat cycle for each of these twwhich neither bl nor b2 fired. A fourth category was not
kinematic features within the polar coordinate system defineckquired because spikes in b2 rarely occurred within a

in equations 3 and 4. We defined downstroke deviafigras

wingbeat cycle without the occurrence of a bl spike in the

the wing deviation angl®, during the downstroke as the wing same cycle. When b1l and b2 fired at a low frequency, a spike
crosses a plane fixed @equal to —0.2 rad. Maximum forward in either muscle was associated with a transient increae in

amplitude,@max, was the maximum value gfin each cycle.

(Fig. 6A). When the frequency of b2 increas@gifirst rose to

When plotted throughout the flight sequence, both kinematia peak and later declined to a plateau as b2 frequency decreased

variables increased and decreased in time with the visual
stimulus and with the bursts of muscle spikes, but they differe
somewhat in their time course (Fig. 3D). Downstroke deviatiol
tended to vary more from one cycle to the next, whereas tt
maximum stroke amplitude was more stable, especially at hic
values. Individuals without implanted electrodes displayed th
same basic pattern of kinematic changes (Fig. 5), indicating th
these patterns were not artefacts of electrode implantatio
Wingbeat frequencies varied subtly within and among fligh
sequences as measured by peak-to-peak wavelengths of
piezoelectric signal (164.1+10.5Hz, means®b., N=3897
cycles from 11 individuals).

Downstroke deviation and spike occurrence

There are at least three features of steering muscle activi
that might contribute to the control of wingbeat kinematics:
spike rate, spike phase and combinatorial effects amor
different steering muscles. Because of the strong correlatiol
found between basalare muscle activity and cycle-by-cycl
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Fig. 5. Downstroke deviation and maximum forward amplitude plots

adjustments of wingbeat kinematics in an earlier study (Tu angn one flight sequence for a fly without implanted electrodes. The
Dickinson, 1996), we first examined the influence of thepaitern of deviation and amplitude modulations in this fly was very
basalare muscles bl and b2. Muscles b1 and b2 generally firsimilar to that in Fig. 3D. The kinematics of flies with and without
at most one spike per wingbeat cycle, so we classified eaelectrodes were qualitatively indistinguishable within the range of
cycle into three categories: cycles during which both bl andifferences seen among individuals.
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downstroke deviations in Fig. 3D seen on a finer time scale, with a
-4 raster of muscle spikes (below). Each circle represents the
1 | | downstrol_<e deviation _ in a single wingbeat (_:ycle. Circles
. representing cycles during which a b2 and a bl spike occurred are
0.5 black, circles representing cycles during which only a bl spike
occurred are gray, and circles representing cycles during which
neither a b2 nor a b1 spike occurred are white. One example of an increase in downstroke dgyiltionpne cycle to the next is outlined
in blue, and one example of a decreasgyifiom one cycle to the next is outlined in réd. is the value of the deviation in stroke@nd6q n-1
is the deviation in stroke—1. (B) Each of the downstroke deviation values in A plotted as a function of the value in the previous cycle. The
diagonal line indicate®q,=0d,n-1 Points above this line represent an incread® finom the previous to the current cycle, and points below
this line represent a decrease. The corresponding cycle-to-cycle incresedittined in A is indicated here in blue. The corresponding
decrease R4 outlined in A is indicated here in red.

0 .Time (si

and bl remained active. However, other muscles wereariation betweerByn and 8q4.n-1 differed among the three
concurrently active, making it difficult to isolate the effects ofpatterns of b1l and b2 activity. Second, the changes@igim
the basalare muscles from what may be combinatorial effects 8q4,n associated with each spiking pattern depended on the
of the basalares with other muscle groups. For example, tmeagnitude of the baseline.
spike rate of b1 and IlI2-l114 increased nearly simultaneously Plotting all measured values @& from several video
(Fig. 6A). Furthermore, spike rates in muscles b2 and llisequences in the same manner revealed the consistency of
reached maximal values at nearly the same time (Fig. 3B), bthese observed trends (Fig. 7A) (Table 1). The points
diverged in spike rate thereafter (Fig. 6A). representing the three patterns of basalare activity clustered
As in many of our recordings, the modulation®@shown  within three distinct regressions differing most in their offset
in Fig. 6A appeared to occur in a cumulative series of cyclealong theBqn axis. This clustering indicates that patterns of
by-cycle ‘steps’, with each basalare muscle spike eliciting &asalare muscle activity in each cycle strongly influence the
change relative to the prior baseline. Such features are expectdthnge inBg from one cycle to the next (Fig. 7B). Cycles in
because the mechanical and physiological properties of thehich both b1 and b2 fired (black circles) were correlated with
steering muscles limit the relaxation that can occur from onthe largest increments iflg, and the size of the change
cycle to the next. Data from single twitches in b1 indicate thatiminished as the level of the baseline increased (Fig. 7A,B).
rise times are of the order of a single wingbeat cycle, where&ycles in which only bl fired (gray circles) were correlated
relaxation times are approximately 2—3 wingbeat cycles fowith somewhat smaller increases@imand showed a similar
50% relaxation (Bergmann-Erb and Heide, 1990; Tu andlependence on absolute baseline (Fig. 7A,B). Cycles in which
Dickinson, 1994). For this reason, it is useful to compare theeither muscle fired (white circles) were correlated with a
kinematic pattern of each cycle with that of the prior cycle. Figdecrease ifq, with the size of the decrease increasing as the
6B plots the relationship between the value of deviation in onmagnitude of6qn-1 rose (Fig. 7A,B). Within each video
stroke,Bq,n, and the value in the previous strokg,-1. The  sequence, the intercept of the ‘b2+bl’ spiking pattern
line Bd,n=0dn-1 indicates the points where downstroke regression (red line) was always the largest, that of the ‘bl
deviation remains constant. Points above this line represent anly’ regression (green line) intermediate and that of the
increase and points below this line represent a decrease in theither bl nor b2’ regression (blue line) the smallest (Fig. 7C)
value ofBq from one stroke to the next. Two trends emergedTable 1). The difference among the three regressions probably
from mapping patterns of basalare activity onto the cycle-byreflects the synergistic interactions between bl and b2 on the
cycle changes in downstroke deviation (Fig. 6B). First, theposition of the basalare sclerite. During flight, the basalare
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Fig. 7. Spike-type-dependent regressions of deviation change.
(A) Each downstroke deviation measured in three sequences (1105
cycles) of oscillatory turning in a single individual plotted as a
function of the downstroke deviation in the previous wingbeat cycle.
The color code for circles is as in Fig. 6. The red line is a Model I
regression through all black points, the green line is the regression
through all gray points and the blue line is the regression through all
white points. The diagonal black line indicates 04,n=0d,n-1. Od,n is the
value of the deviation in stroke n and O4-1 is the deviation in stroke
n—1. (B) Data points in A re-plotted to show the change in
downstroke deviation from one cycle to the next as a function of the
starting deviation. The red line is a second-order Model I regression
through the black points, and the green line is a second-order Model
I regression through the gray points. The blue line is a first-order
regression through all white points. (C) Spike-type-dependent
regressions as in A shown for eight individuals.

apodeme oscillates back and forth in phase with the stroke
cycle (Tu, 1995). If bl fires, the mean position of the basalare
apodeme moves further anterior, causing a larger stroke
deviation. If both bl and b2 fire, the influence on the
kinematics of the sclerite and the resultant increase in stroke
deviation is greater. If neither motor neuron fires, the muscles
relax, the mean position of the basalare apodeme moves
posteriorly and stroke deviation diminishes.

The intercepts within spiking categories differed among
sequences, especially within the ‘bl only’ category (Fig. 7C)
(Table 1). Much of this variation in the correlated effects of bl
and b2 spikes appeared to stem from differences in the specific
timing of the spike within the wingbeat cycle, or spike phase,
as will be discussed in the following section.

Downstroke deviation and spike phase

The specific timing of muscle spikes within the cycle is also
known to be an important determinant of the mechanical output
of the bl (Tu and Dickinson, 1994, 1996) and possibly of other
steering muscles. Consistent with these previous findings,
much of the variation within the b1- and b2-related effects on
04 was associated with the specific phase of the spike
occurrence, . Fig. 8A maps the firing phase of b1 and b2 onto
the regressions of Fig. 7A using pseudocolor. As with Fig. 7A,
the position of each point relative to the line 6d,n=0d,n-1
indicates whether downstroke deviation decreased, increased
or stayed the same from one stroke to the next. For any given
value of 04,n-1, the firing phase of basalare spikes was well
correlated with the direction and magnitude of change in 6q
(Fig. 8A,B). Regressions through points representing similar
bl spike phases produced roughly parallel lines with intercepts
that rose with decreasing y (Fig. 8C). The points at which
these lines intersect the line of unity (84,n,=0d4,n-1) represent the
predicted maintained downstroke deviation were bl to fire at
wingbeat frequency with constant phase. Thus, by tonically
adjusting firing phase, the fly could maintain different levels
of downstroke deviation. The relationship between bl spike
phase and the point of intersection with the line of unity was
consistent with our observation that, even when bl fired at
maximal frequency, the measured downstroke deviations could
be low if bl fired late in the cycle.

Overall, bl and b2 spike rate and phase were robust
correlates of cycle-by-cycle changes in downstroke deviation,
within and across individuals. We were unable to find evidence
of interactions of bl and b2 with the other recorded muscles
in determining downstroke deviation. However, the deviation
values during cycles lacking bl and b2 activity did vary within
and across individuals (Fig. 7) (Table 1). A proportion of this
variation was related to changes in the lower limits of 04, as
will be discussed in the following section.

Downstroke deviation and forward amplitude
Although the wing hinge is complex, the fly is nevertheless
limited in the way it can adjust its kinematics throughout the
stroke. For example, maximum forward amplitude (¢max) was
strongly correlated with downstroke deviation (64) in all
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animals (Table 2). This correlation suggests that, because aftivity was not associated with any particular range of
a structural or mechanical linkage, when the basalare musclamplitudes. This suggests that only the basalares affect
elicit a change in downstroke deviation, there is a concomitamplitude concomitantly with their effect on deviation and that
increase in forward amplitude. However, there exists enougtime apparent correlation between 1112-I1l4 activity and
variation in the correlation between downstroke deviation andmplitude in Fig. 9A was indeed a result of its correlated
forward amplitude to suggest that play in the mechanicadctivity with b1 rather than a real contribution to this kinematic
linkages of the wing hinge permits additional muscles tgarameter. However, by overlaying these data with respect to
modify the effects of the basalare muscles. B4 (Fig. 9C, left), a subtle trend emerged. Maximal activity
Within the visually induced oscillatory turning reactions, blin 1l12—Ill4 resulted in a curvilinear relationship between
and ll1I2-1114 were nearly always simultaneously active, ancamplitude and deviation (Fig. 9C, blue-green curve) that was
it was therefore difficult to tease apart their independentonsistently distinct from the relationship when 1112—I114 was
contributions to wingbeat kinematics. For instance, in Fig. 9Anot active or firing at low frequency (Fig. 9C, red curve).
maximal firing rates in IlI2-Il1l4 were associated with large These two curves are different from each other in two ways.
amplitudes (blue) and low I112—I114 firing rates were associatedrirst, they differ in their relative offset along tipgaxcaxis,
with small amplitudes (red), but these changes may be due itwdicating that, for a given deviation, the accompanying
the correlated activity of b1 with 1112—1114. When the tetheredamplitude is larger when [l12—1114 is firing maximally than
flies were allowed to fly without the moving visual stimulus,when 11121114 is firing submaximally. Therefore, while the
[112-1114 tended to remain maximally active while the spike basalares appear to control most of the variation alonfqthe
rate of bl varied (Fig. 9B). Under these conditions, IlI2—lll4axis and concomitantly contr@haxin part as described above,
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Fig. 8. Downstroke deviation in relation to shifts in firing phase. In all panels, the gray diagonal line reprefantq n is the value of the
deviation in stroker andBq,n-1is the deviation in stroke-1. Firing phase is denoted by color according to the color bar on the right, with blues
representing the earliest phases and reds the latest. Black points indicate the occurrence of two spikes within one cléndBédn dpe

graph on the left, the black circles from Fig. 7A are re-plotted, with each point color-coded according to the firing phdseta beaph on

the right, the gray circles from Fig. 7A are replotted, with each point color-coded according to the firing phase of b1. ¢BjteCgraphs of
downstroke deviations in seven sequences from seven individuals. Deviations from cycles in which a b2 and a b1 spikeeoshaweada

the left, deviations from cycles in which only a b1 spike occurred are shown on the right, and all points are color-calitegl tactw firing
phase of b2 or bl as in A. (C) The bl-dependent deviations from B. Regressions through points representing deviatiorllaarges fo
spikes occurring during the first (0-30 %), second (30—60 %) or last third (60—90 %) of the wingbeat cycle produce threeahedihepar

11121114 contributes to control ofmax Second, the two curves Discussion
differ in their lower limits to deviation and amplitude. During  Using simultaneous high-speed video and multi-channel
low 11121114 activity, downstroke deviations dipped no lower EMG recordings, we correlated kinematic variation in wing
than approximately —0.3rad and forward amplitudes to nonotion with the activity of a population of steering muscles.
lower than approximately 0.4rad (red curve; Fig. 9C). InThe variability of firing patterns within and among sequences
contrast, when |IlI2-1114 fired at wingbeat frequency, made it possible to quantify the context-dependence of the
downstroke deviations fell as low as —0.7rad and strokeorrelated effects of muscle activity. Because of the
amplitudes approached Orad (green curve; Fig. 9C). Similamomplexity of the neuromuscular and musculoskeletal
relationships between 1112—1114 activity and covariation of components of the wing hinge, a number of factors may
forward amplitude with downstroke deviation were seen ircontribute to the way in which spike patterns in motor neurons
other individuals (Fig. 9D, left). are converted to wing motion. We found evidence for three
The deviation/amplitude relationship corresponding to lowdistinct but interrelated features of the neuromechanical
I112-1114 activity (red curve) was also loosely associated withlinkage of the flight system. First, correlations between
high 11 activity (Fig. 9C,D, right). Although 11 was not always basalare spike arrival times and kinematic changes suggest that
active when forward amplitude varied with downstrokecertain dynamic properties of steering muscles are important
deviation as indicated by the red curve in Fig. 9C,D, high 1in determining wing kinematics. Second, the action of the
activity was consistently correlated with the smallestbasalare muscles was dependent on the activity of other
downstroke deviations and forward amplitudes (black points isteering muscles. Lastly, steering muscles may alter wing
Fig. 9C,D). This lower plateau in amplitude and deviation wasnotion qualitatively by toggling the system between different
not the lowest achievable, as noted above. gears.
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Fig. 9. Patterns of maximum forward amplitude modulations. (A) Maximum forward ampligadg (Modulations during one sequence of
visually induced oscillatory turning. Spiking in Il12—1114 increased and decreased in frequency following a bursting pattsimpkcity,
I12—1114 was defined as ‘ON’ when spikes occurred at or above wingbeat frequency. The blue points represent the amplitmeldsviméas
I112—1114 fired maximally, and the red points represent the amplitudes measured while 1112—1114 did not fire or fired subm&aRantdlyplots

of the concomitant spike occurrences in b1, IlI2-Il14 and I1 are shown at the bottom. (B) Forward amplitude modulatiosante the
individual during a flight sequence with no moving visual stimulus. [112—1114 fired at maximal frequency through the entiteesedjlpoints
are colored green to represent constant 1112—1114 activity. Raster plots of b1l and I112-1114 are shown as in A. (C) Forlitackearnpm the
sequences in A and B plotted as a function of downstroke deviation. The blue and red points represent the blue andnrédd poahthe
green points represent all points in B. The red points are re-plotted on the right, with black points indicating cyclesidtriadl spike
occurred. (D) Relationship between downstroke deviatah gnd forward amplitude in three additional individuals. As in C, blue points
represent the two kinematic parameters measured while 1112—1114 fired maximally, red points represent parameters meadigdlMhile
fired submaximally, and green points represent parameters measured during a continuous sequence of maximal [112—I114 gotivightD
the red points are re-plotted, as in C.

Dynamic properties of the basalare muscles Calliphora vicing the muscle properties of one steering
Of the various activation parameters that can influence foramuscle, b1, have been particularly well studied (Bergmann-Erb
development in a muscle, the rate and phase of activation amad Heide, 1990; Tu and Dickinson, 1994) and are linked to
typically most potent (see Josephson, 1985). In the blowflthe control of wingbeat kinematics (Tu and Dickinson, 1996).
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For muscle b1, phase shifts have emerged as the dominamt decreasing specific kinematic parameters, such as stroke
control parameter used to adjust work output (Heide, 1983; Tamplitude averaged over many wingbeats. However, our
and Dickinson, 1994, 1996). In contrast, the basalare musclimdings suggest that this form of categorization needs to be
b2 appears to exert its influence on wing kinematics primarilynodified for the real-time case. For example, as described in
through changes in rate, with firing phase being relativelyhe previous section, the basalares can increase or decrease
constant within bursts of activity (Heide, 1983; Tu anddownstroke deviation and forward amplitude depending on the
Dickinson, 1996). However, given the variety of muscleprior baseline. Further, because the basalares are probably not
activation patterns we identified in the present study, théhe only contributors to modulations in forward amplitude, the
distinctions between the control mechanisms of bl and b@assification scheme must be modified to include the combined
become less clear. Activation of both these muscles can occeifects of concomitantly active steering muscles.
at a multitude of spike rates and phases (Figs 3, 4). Over theConsistent with the idea that combined activity of multiple
range of these firing patterns, the correlations between bhuscles contributes to the conversions linking muscle spikes
versush?2 spikes and the associated kinematic parameters, sutthkinematics, we found that the correlation between basalare
as downstroke deviation and forward amplitude, diminish (Twactivity and forward amplitude depended on the concomitant
and Dickinson, 1996). We found that, by correlating b1 and bactivity of muscles 1l12-11l14. As shown in Fig. 9C,D and
spike occurrences with cycle-to-cycle changes in downstrokeummarized in Fig. 10, the forward amplitude accompanying
deviation (Figs 7, 8), these two muscles could account for a given downstroke deviation is larger while [112—1114 is active
large proportion of the observed variation in wing trajectory(blue-green curve) than when it is not (red curve). The
during visually induced steering reactions. relatively small forward amplitudes accompanying each
Our finding that the changes in downstroke deviation ardownstroke deviation are associated with the activity of I1 to
dependent on the absolute level of stroke deviation suggestssatme degree (Fig. 9C,D), but may also be due to the
least two similar hypotheses for the way muscle propertiesnrecorded activity of 12. Therefore, the manner in which the
influence the modulation of kinematics. First, because dbasalares control forward amplitude appears to depend on the
intrinsic physiological properties, the size of each twitch mighactivity of the muscles attached to both sclerites | and IIl.
be dependent on the rate of activation (Aidley, 1985). Such The differences we found in the relationship between
effects have been demonstrated under isometric conditions fdeviation and amplitude are consistent with some previous
muscle bl (Tu and Dickinson, 1994). Second, because tlobservations of wing hinge configuration in relation to wing
muscles operate within a complex system of skeletdtinematics. The presence of a grooved structure beneath the
attachments, the mechanical advantage, and thus the net effeitg articulation, the pleural wing process (PWP), and a
on the wing, might change with the baseline level of activityprojection at the base of the wing, the radial stop (RS), which
These hypotheses are not mutually exclusive. Eitheis shaped and positioned to fit into the grooves of the PWP, has
mechanism, a physiological rate-dependence or a changiimgspired several hypotheses concerning their function in
mechanical advantage, could explain the diminished influenadipteran flight control (for a review, see Nalbach, 1989).
of muscle spikes at elevated baselines. Further, because thalbach’s (1989) observations of these structures during
basalare muscles are attached to a common sclerite, the activigghered flight supported the hypothesis that the PWP can act
of any one muscle could alter either the length-dependeiats a wing stop during the latter half of the downstroke, as the
physiological properties or the mechanical advantage of thRS engages in one of the grooves of the PWP. In addition, she
others. Our data from two of the muscles, bl and b2, suggesferred that the placement of the RS relative to the PWP as the
that both muscles contribute to the summation processing descended was under neuromuscular control because
controlling downstroke deviation. Through these complexhese structures appeared to operate in several distinct modes.
interactions, the sequence (Fig. 7) and the timing (Fig. 8) ofhe RS could pass in front of the PWP (mode 3), engage in the
spikes in just a few motor neurons exert a remarkably flexiblanterior groove of the PWP (mode 2), engage in the posterior
control over motor output. groove of the PWP (mode 1) or pass behind the PWP (mode 0)
The cycle-by-cycle variation in downstroke deviation duringduring the downstroke. The correlation she found between
cycles in which neither b1 nor b2 fired was relatively high (Figoperating mode and downstroke amplitude suggested mode
7) (Table 1). This suggests that additional factors contribute teelection as one possible mechanism of amplitude control.
variation in this kinematic parameter, most notably theHowever, she also found that downstroke amplitude could be
unrecorded activity of the remaining basalare muscle b3, whidllecreased with or without the contact of the RS with PWP.
is positioned to act as an antagonist to bl and b2, and theNalbach (1989) attempted to correlate these kinematic

activity of muscles attached to the other wing sclerites. changes with the activity of basalar muscles by observing the
_ _ deflection of the basalar sclerite. On the basis of sclerite
Interaction between steering muscle groups motion, contraction of b1 and b2 correlated with large stroke

The steering muscles of flies have typically been groupedmplitudes and relaxation correlated with small stroke
functionally according to the sclerites to which they are attacheaimplitudes, but motion of the basalare sclerite did not always
(see Wisser and Nachtigall, 1984). The functions assigned twincide with mode switching. Motion of axillare 3 (pterale
each of these muscle groups have been that of either increasliiyy however, was closely correlated with mode switching.
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_..%ﬁ changes in wingtip trajectory suggests that its action may
w% regulate some unmeasured kinematic parameters such as angle
- : of attack.
g e TIE2-TTH O
¢ | Pl — Lessons from free flight
=T 1 Although any extrapolation from the kinematics of one wing
" | / A of a tethered fly must be made with caution, we can begin to
[ B address the implications for the neuromechanical control of
E Il free flight maneuvers. In his study dvusca domestica
{ * - Wagner (1986b) postulated that some of the delays in flight
= | ) Baselane miscis seuvity correction may be due to ‘summation effects in the muscle
system’. The additive effects of the basalare muscles we
Dewnsiroke deviasion, B observed indicate that cycle-by-cycle kinematic changes are

. . ) . . indeed limited, and several cycles of repetitive activity are
Fig. 10. Diagram of the relationship between downstroke deviation . L . .o .
and forward amplitude when Il12-I114 is active (blue) and whenreqUIred to elicit su.bs;.tantlal chang'es in kinematic parameters
I12—1114 is not active (red). (A) Difference in forward amplitude such as stroke d§VIat|0n and amplitude. Further, both Wagner
under these two conditions given the same deviation value. AL986a) and Schilstra and van Hateren (1999) observed that,
representative downstroke trajectory corresponding to each point Y¢hile flies have the ability to alter yaw, pitch and roll
shown above. (B) Difference in downstroke deviation given the samiédependently, these directional parameters vary together in a
amplitude value. A representative downstroke trajectorycharacteristic manner during the most common turning
corresponding to each point is shown on the left. behaviors. Blondeau (1981) also described similar results
for directional forces measured in tetherehlliphora
Although Nalbach (1989) did not speculate about thesrythrocephala On the basis of these findings, wingbeat
mechanism by which the muscles of axillare 3 mightkinematics should similarly co-vary in a characteristic manner,
participate in the control of mode selection, she hypothesizadhile occasionally displaying a decoupling as observed in
that the muscles of axillare 1 (pterale I) might pull the wingoehavioral studies (Nachtigall and Roth, 1983). In accordance
medially so that the RS contacts the PWP. with this expectation, we have observed one example in which
Our results from recordings of muscle activity are indownstroke deviatiorfg) and forward amplitudephay), while
accordance with Nalbach’'s (1989) inferences from scleritéypically covariant, were decoupled depending on differential
motion. The spike activity of b1 and b2 was strongly correlatedl|2—I114 activity. Further examination of wingbeat kinematics
with forward amplitude (Table 2). In our analysis, we alsomay reveal the partial decoupling of other kinematic
found that low-frequency b1l and b2 activity combined withparameters.
elevated activity in 11 was correlated with relatively large In summary, we found that the role of any single muscle
lower limits to downstroke deviation and forward amplitudecannot be considered in temporal or spatial isolation either from
compared with the limits achieved when 1112—I114 was activeits prior activity or from the action of other steering muscles.
(Fig. 9C,D). This kinematic limit associated with 11 activity Our correlational analysis identified some of the muscular and
might be due to a mechanical obstruction such as that caussductural features that may influence the context-dependent
by contact of the RS with the PWP during the downstrokeeffects of muscle activity on wingbeat kinematics. The causal
whereas the activity of 1112—I114 might keep the two structuresrelationships remain hypotheses that have yet to be tested and
from engaging. In this case, the muscles of sclerites | and Will require experiments involving the ablation and stimulation
appear to control ‘mode-switching’, as proposed by Nalbacbf individual muscles. Further, a larger data set is required to
(1989), while the basalares effect changes in forwarihcrease the range of observed wing kinematics and to identify
amplitude within modes. the influence of other steering muscles. Most importantly, it will
Our results also confirm the proposal of Heide (1971b) thaie necessary in future experiments to measure the instantaneous
the muscles of pterale Il support the basalare muscles sngle of attack of the wing during the types of wingbeat
regulating the stroke amplitude. However, our analysisnodulation observed in the present study. Recent studies of the
considered only the ‘ON’ or ‘OFF’ effects of 11121114 firing, kinematics and aerodynamics@fosophila melanogastdrave
and further contributions of the spike rate, firing phase anduantified the importance of subtle changes in angle of attack
muscle recruitment remain to be quantified. The second role ahd rotation timing on force output (Dickinson et al., 1999; Sane
the pterale 11l muscles postulated by Heide (1971b), regulatingnd Dickinson, 2001). Therefore, extending the analysis to three-
the angle of attack, cannot be tested without reconstructing tligmensional wing kinematics will make it possible to explore
three-dimensional kinematics of the wing. Because of itthe aerodynamic consequences of steering muscle activity and
relatively phasic firing pattern under the current experimentab identify other kinematic parameters that may be influenced by
conditions and its large size among steering muscles, we wouldese muscles. With such continued studies, we may begin to
expect each Ill11 spike to cause detectable changes in winlgcode motor patterns in terms of their interactions with the
kinematics. The fact that IlI1 firing did not correlate with musculoskeletal system and the surrounding medium.
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