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A new optoelectronic method was used for the
measurement of wing movements in tethered flying locusts.
The method is based on laser light coupled into a highly
flexible optical fibre fastened to a forewing. A dual-axis
position-sensing photodiode, aligned to the wing hinge,
revealed the flapping, i.e. up–down movement, and lagging,
i.e. forward–backward movement, of the wingtip as
indicated by the emitted light. Measurements were
combined with electromyographic recordings from flight
muscles and with intracellular recording and stimulation
of flight motoneurones. Compared with muscle recordings,
intracellular recordings showed an increase in the

variability of motoneurone activity. Stimulation of flight
motoneurones reliably caused distinct effects on wing
movements. Inhibition of elevator (MN83, MN89) activity
led to a decrease in the amplitude of the upstroke.
Inhibition of depressor (MN97) activity reduced the
amplitude of the downstroke and sometimes stopped flight
behaviour. An increase in MN97 activity caused a
reduction in the extent of the upward movement and
prolonged the flight cycle.

Key words: insect, locust, Locusta migratoria, flight, optoelectronic
measurement, wing movement, motoneurone activity.
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In the analysis of locust flight, two major areas of intere
are the biophysics of flight behaviour and i
neurophysiological control mechanisms.

High-speed motion-picture cameras (Weis-Fogh and Jen
1956; Baker, 1979; Robertson and Reye, 1992) a
stereophotogrammetry (Zarnack, 1972) have been used in
study of wing kinematics. These methods, however, can
used for the analysis of short flight sequences only. Theref
the development of an inductive method for the continuo
measurement of wing movements represented a major adv
in this field (Koch, 1977; Zarnack, 1978). This metho
quantifies the different components of wing moveme
flapping (up–down), lagging (forward–backward) and pitchi
(pronation–supination) and can be applied to all four win
simultaneously (Schwenne and Zarnack, 1987). It can also
combined with electromyographic recordings from flig
muscles (Zarnack, 1988; Waldmann and Zarnack, 19
Reuse, 1991) and with measurements of the flight for
produced by the animal (Wortmann, 1991). However, on
extracellular recording techniques can be used since 
devices necessary for intracellular recordings cause distort
of the electromagnetic measuring conditions.

Neurophysiological investigations of locust flight behavio
have been aimed at understanding the interactions among
central nervous system, the sense organs and the effectors
underlie flight activity. The development of a locust fligh
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preparation that allowed intracellular recordings from moto
and interneurones in minimally dissected tethered flyin
locusts (Wolf and Pearson, 1987a) represented a major
advance. Using this preparation, electromyographic recordin
from flight muscles were used to monitor flight activity. In this
way, the special role of sensory feedback in the generation
the flight motor pattern has been demonstrated (Wolf an
Pearson, 1988).

Combinations of the neurophysiological and the biophysic
approaches to locust flight behaviour may lead to a bett
understanding of the interactions among motor activity, win
movements and flight behaviour. Simultaneous intracellula
recordings and optoelectronic monitoring of the flappin
movement have been used previously by Wolf (1993) t
analyse tegula function. The present study describes a n
optoelectronic method for the two-dimensional recording o
wing movements (Hedwig and Becher, 1995) which can b
combined with intracellular recordings and stimulation o
flight neurones to provide a new comprehensive analysis 
locust flight behaviour.

Materials and methods
Animals

Adult locusts (Locusta migratoriaL.) were taken from a
crowded colony kept in the Zoological Department, Universit
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of Göttingen, Germany. Male and female animals were u
2–4 weeks after the final moult. The locusts selected h
forewings 50 mm in length and were ready to fly. A
experiments were performed at 26–28 °C.

Preparation

The preparation of the locusts was carried out as describe
Wolf and Pearson (1987a). In brief, animals were fixed upside
down in a holder and the hind, front and middle legs were fix
in the flight position. The cuticle above the mesothora
ganglion was opened. A small ring of wax was placed arou
the opening in the cuticle, and the exposed ganglion was cov
with a drop of saline (Usherwood and Grundfest, 1965). F
intracellular recordings, the ganglion was mechanica
stabilized using modified coverslip forceps. The lower part 
the forceps was designed as a platform and the upper part
ring. The forceps were positioned using a micromanipula
such that the ganglion was situated between the platform and
ring. Intracellular recordings were obtained within the ring.

Locusts (N=140) were flown under open-loop conditions
Flight sequences were elicited by blowing wind onto the he
of the animals. The eyes were covered with black paint. T
effects of motoneurone stimulation were confirmed in at le
three separate experiments.

Electromyographic recordings

Muscle recordings from an elevator (M83, tergosternal) a
a depressor (M97, first basalar) muscle were made ipsilater
the wing movement recordings. For this purpose, two stainle
steel wires 30µm in diameter were inserted into the stern
attachment sites of the muscles (Wolf and Pearson, 1988).

Intracellular recordings

Microelectrodes were pulled (David Kopf vertical pipett
puller 700C) from borosilicate glass capillaries (o.d. 1.0m
i.d. 0.5 mm, Hilgenberg). The tip of the electrodes was fill
with Lucifer Yellow (5 % in distilled water), and the shaft o
the electrodes was filled with LiCl (1 % in distilled water
Electrodes had a resistance of 80–120 MΩ and were positioned
using a micromanipulator (Leitz). The platform used f
mechanical stabilization of the ganglion (see above) was u
as a reference electrode. Recordings from motoneurones w
made in the main dendritic branches in the neuropile and w
amplified using a d.c. amplifier (List L/M-1). Current injectio
for motoneurone stimulation was performed in the bridge mo
Voltage pulses of approximately 350 ms duration of eith
polarity were generated using a pulse generator with a stim
isolation unit (WPI anapulse stimulator with 302-T unit).

Intracellular staining of the motoneurones were carried o
using Lucifer Yellow (Stewart, 1978) for identification of th
motoneurones. Standard procedures were followed for stain
and histology.

Measurement of forewing movements

Flapping and lagging movements of a forewing were measu
using an optoelectronic method (Fig. 1). One end of a hig
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flexible plastic optical fibre 500mm in length (Mitsubishi Rayo
Co., type CK-4, 93µm diameter, mass 1mg per 10mm
numerical aperture 0.47) was glued (Marabu rubber glue) to 
dorsal surface of the left forewing. The optical fibre followed th
radial vein and ended at the wingtip (Fig. 1A). The other end
the fibre was heat-polished. It was positioned in a multimo
optical-fibre coupler (Newport, F-916T) in the focal plane of 
10× microscope objective (Newport M-10X, numerical apertu
0.25). The light of a d.c. 10mW He–Ne laser (Melles Griot, 0
LHP 991) was coupled to the optical fibre with an efficiency 
at least 70%. At the wingtip, the laser light emitted from the e
of the fibre formed a bright spot (Fig. 1A). The spot indicated t
movements of the wingtip during flight. Photographs of th
wingtip path of a complete wingbeat cycle could be taken us
a camera with the shutter set to 1/15s (Fig. 1B).

The position and the movement of the wingtip as indicat
by the laser light were measured using a highly linear dual-a
position-sensing photodiode (United Detector Technology, P
DLS-20). The diode had an active area of 20 mm×20 mm and
was fitted to a camera in the same plane as the film. The cam
(lens aperture 1.4, f=50 mm) was positioned at a distance o
500 mm from the wingtip, and the photodiode was precise
centred on the wing base. At this distance, the measurem
field covered by the diode was 125 mm×125 mm. The electronic
circuit delivered two analogue output voltages, an x- and y-
signal that indicated the lagging (x-coordinate) and the flapping
(y-coordinate) movements of the wing, respectively. The
measurement correspond to a projection of the wing
movement onto a plane; whereas the angular deviation of 
wing is the arcsine function of this projection. (The relationsh
between both measures is exemplified in Fig. 3C. Data in 
text refer to the two-dimensional projection of the movemen

The working range of the optoelectronic system wa
checked in several experiments.

Intensity function of the diode

Position-sensing photodiodes deliver output signals whi
are proportional to the position and, at the limits of sensitivit
to the intensity of the spot of light. To test the intensity functio
of the complete optoelectronic circuit, the tip of the light guid
was positioned 50 mm lateral to the centre of the diode (s
Fig. 2C) at a distance of 500 mm from the camera, as un
normal measuring conditions. The light intensity measur
directly in front of the camera (Gossen luxmeter, typ
Mavolux) was gradually decreased in steps of 0.05 lx, and 
output voltage of the electronic circuit was determine
simultaneously (Fig. 2A). At intensities between 0.25 an
0.5 lx, the output signal of the diode indicating the position 
the optical fibre was constant. At lower intensities, howeve
an increasing error occurred; at 0.1 lx, the error was 10
Thus, for precise measurements, the camera had to rec
light intensities in the range 0.25–0.5 lx.

Angular emission function of the optical fibre
The CK-4 optical fibre has a numerical aperture of 0.4

Therefore most of the light is emitted/accepted between −28 and
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Fig. 1. (A) Experimental arrangement for simultaneous measurement of wing movements, intracellular recordings from flight motoneurones and
electromyographic recordings from flight muscles. The locusts were flown upside down. Data were sampled on-line and stored on a magneto-
optical disk drive (MO). For further details, see text. (B) Photograph (1/15s exposure) of a tethered flying locust with a CK-4 optical fibre
attached and emitting a laser light (red) at its tip. This animal was in the normal flight position and was not prepared for intracellular recordings.
+28°. The angular emission function of the fibre was investiga
by moving its tip in steps of 5° while measuring the light intens
at a distance of 500mm (Fig. 2B). At 0°, the maximum lig
intensity reaching the camera was 5.4 lx. However, by 70°
intensity had decreased to 0.005 lx. Since the locust wing m
reach an angle of 70° at either end of a stroke, this emiss
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function means that there would not be enough light present
precise measurements to be obtained (see intensity functio
diode, Fig. 2A). To produce a broader emission from the opti
fibre, the emission function was altered by covering the end
the fibre with a layer of titanium (IV) dioxide (TiO2, Sigma)
mixed with histological embedding medium, scattering th
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B. HEDWIG AND G. BECHER
emitted light. This resulted in a broad, flat emission function w
a minimum light intensity of 0.35 lx at 70° and 0.28 lx at 90
(Fig. 2B). This emission function was within the linear range 
the intensity function (see Fig. 2A). The layer of titanium dioxid
also had a positive effect on the speckled pattern of the em
light; it reduced both the size of the speckles and the cont
between them, thus improving the optical signal.

Accuracy of depiction

The spatial accuracy of the system was tested using a plo
to which the optical fibre was attached oriented towards 
photodiode. A software program was used to make the plo
produce concentric squares of increasing size. The larg
square had sides 100 mm long. The camera was positione
a distance of 500 mm from the plotter and was aligned with 
centre of the squares. The optoelectronic measuring sys
reproduced the squares with high precision (Fig. 2C). Sin
locusts used in experiments had a wing length of 50 mm, 
complete movement path of the wingtip was within the line
measuring range of the diode.
B
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Fig. 3. Three examples of patterns of wingtip
movements obtained in different flight sequences.
The time functions (left) and the resulting two-
dimensional projections of the wingtip path (right)
are shown. Arrows indicate the direction of wing
movement. The axes in C are in degrees and give
the angle of the wing relative to the camera. Note
the nonlinear scaling.
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Temperature effects

The DLS 20 photodiode is very sensitive to changes i
temperature. Room temperature fluctuations of ±1–2 °
produce significant changes in the diode’s current. The diod
was therefore mounted on a Peltier element and its temperat
was kept constant at 22 °C.

Data sampling and evaluation

All recordings were sampled on-line at 10kHz per channe
For this purpose, an A/D board (Data Translation, DT 282
F8DI), the software Turbolab (Bressner Technology, Gröbenze
and an IBM-compatible personal computer were used. Data fil
were stored on a magneto-optical disk system (Sony SMO 52
Data evaluation was carried out using the software packa
NEUROLAB (Hedwig and Knepper, 1992; Knepper and
Hedwig, 1996). This software contains comprehensive function
allowing the display, analysis and plotting of neurobiologica
data. Phase-dependent averaging of the movement compone
was carried out as follows. All cycles of the flapping movemen
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were standardized to a unit length of 1. The time functions of
flapping and lagging movements were then averaged with res
to the standardized flapping cycles. All frequency distributio
were divided by the number of cycles evaluated to all
comparisons among different histograms.

Results
Wing movements of intact locusts

Flight was initiated by blowing wind towards the head of t
locusts; once flight had been established, no further w
stimulus was given. The animals were flown under open-lo
conditions, so their flight activity had no visual or aerodynam
feedback effects. Flight sequences of up to 15 min w
obtained. Wingbeat frequency varied between 14 and 22
In general, it was high at the beginning of a flight sequen
and then decreased gradually. In a first set of experiments
measured the movement patterns of the forewing with
additional electrophysiological recordings.

The movement pattern of the wing was not identical 
different flight sequences (Fig. 3). Lagging movements w
approximately 45 ° in amplitude peak-to-peak, where
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Fig. 4. Relationship between flight
muscle activity and wing
movements. (A) Simultaneous
recording of two wingtip movement
components and elevator (M83) and
depressor (M97) muscle activity at
the beginning and in the middle of a
flight sequence. Minor potentials in
the electromyograms are due to
cross-talk. (B) Phase-dependent
averages of the flapping movement
and the lagging movement and a
phase histogram of the muscle
activity (bin width 0.02). (C) Scatter
diagram representing the wingtip
position at the moment of muscle
activity for one complete flight
sequence. Data corresponding to
elevator (M83) activity form a dense
cluster at the end of the downstroke;
those for depressor (M97) activity
form an elongated band at the end of
the upstroke. The wingtip path from
a single cycle (indicated by a box in
A) is also shown (arrows indicate the
direction of wing movement).
Amplitude histograms of the lagging
movement (top) and the flapping
movement (left) at the moment of
muscle activity are also presented.
Black histograms correspond to M97
activity and shaded histograms
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flapping movements reached 120 ° in amplitude peak-to-pe
Flapping movements had a regular sinusoidal appearance 
were similar among different animals, whereas laggin
movements showed some degree of variability. At the anter
or posterior end of a stroke, the lagging movement sometim
had a step-like form (Fig. 3B,C). Since the flapping an
lagging movements were measured simultaneously, the tw
dimensional path of the wingtip could be reconstructe
Generally, the wingtip path had an approximately oval sha
in stable flight sequences (Fig. 3A). However, where th
lagging movement contained step-like changes, the oval w
sometimes narrower or had one or two crossovers (Fig. 3B,
Thus, different movement paths of the wingtip were correlat
with changes in the lagging movement.

Muscle activity and wing movements

Electromyographic recordings from an ipsilateral elevat
(M83) and depressor (M97) muscle were made to analyse 
timing and spatial correspondence between muscle activity a
the wingtip path. The muscles showed an activity of 2–
potentials per cycle at the beginning of a flight sequenc
decreasing to approximately 1 potential per cycle during t
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Fig. 5. (A) Intracellular recording
from the elevator motoneurone
MN83 with simultaneously recorded
components of wingtip movement at
the beginning and in the middle of a
flight sequence. (B) Phase-dependent
averages of the flapping movement
and the lagging movement and a
phase histogram of the motoneurone
spike activity (bin width 0.02). (C)
Scatter diagram representing the
wingtip position at the moment of
motoneurone activity. The movement
path of a single flight cycle (indicated
in A) is also shown (arrows indicate
the direction of wing movement).
Amplitude histograms are for the
lagging movement (top) and the
flapping movement (left) at the
moment of motoneurone spike
activity. AP, number of action
potentials analysed.
sequence (Fig. 4A). The phase relationship between flapp
and lagging movements was calculated by phase-depen
averaging of both components (see Materials and metho
Phase histograms of muscle activity were calculated w
respect to the end of the upstroke (Fig. 4B).

In Fig. 4A, the sinusoidal flapping movement of the wing 
clear. The averaged phase diagram of the flapping movem
(Fig. 4B) shows that the end of the downstroke occurs at ph
0.45, indicating that the downward movement was sligh
faster than the upward movement. With respect to the flapp
movement, the lagging movement reached its most ante
position before the end of the downstroke, remaining at t
value until the wing had begun to move upwards aga
Similarly, the most posterior position of the wing is reache
before the end of the upstroke and the wing remains in t
position until the beginning of the downstroke (Fig. 4B). Th
phase histograms of muscle activity (Fig. 4B) demonstrate t
elevator (M83) activity started at phase 0.3, just before 
wing reached its lowest and most anterior position. A seco
period of elevator activity occurred at phase 0.5, i.e. at 
beginning of the upstroke. The depressor M97 was active
phase 0.9, just before the end of the upstroke when the w
reached its most retracted position.

For every muscle potential, the x- and y-coordinates of the
wingtip position were also determined, allowing the spat
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relationship between muscle activity and wingtip position to
be determined. Fig. 4C shows the frequency distribution of th
movement amplitudes corresponding to muscle activity. Fo
the flapping movement, maximum M83 activity occurred a
y=−45 mm; the movement amplitude histogram for M97
activity was broader, with a maximum at approximately
y=10 mm. For the lagging movement, the peaks of muscl
activity were at x=24 mm (M83) and at x=−16 mm (M97).

These data were plotted on a scatter diagram showing t
position of the wingtip at the corresponding period of muscle
activity (Fig. 4C). To illustrate further the relationship between
muscle activity and wing movement, the wingtip path of a
single flight cycle is superimposed on Fig. 4C (note that th
plotted points correspond to complete flight sequences not 
single cycles). The wing positions corresponding to elevato
activity form a dense cluster at the end of the downstroke
while the positions at which the depressor was active form 
narrow band in the second half of the upstroke. Thus, from
these muscle recordings, the wing positions corresponding 
both M83 elevator and M97 depressor activity had
characteristic spatial distributions with very little scatter.

Intracellular recording of motoneurone activity and wing
movements

The activity of elevator motoneurones (MN83, MN89,
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MN90) and of direct depressor motoneurones (MN97, MN9
was recorded together with electromyograms from flig
muscles and forewing movements. As examples, intracellu
recordings from the elevator MN83 and depressor MN97 
discussed below.

Elevator motoneurone MN83

Elevator motoneurone MN83 (anterior tergosternal) w
depolarized by the wind stimulus and began spiking before 
wing began to move upwards (Fig. 5A). Thereafter, t
membrane potential oscillated in the flight rhythm and t
motoneurone was active with 1–2 spikes per movement cy
The phase histogram (Fig. 5B) shows that spike activ
occurred between phase 0.25 and 0.5, corresponding to
second half of the downstroke. The peak of activity was
phase 0.45, just before the end of the downstroke (Fig. 5B

The wing positions corresponding to MN83 activity ar
shown in the amplitude histograms and in the scatter diagr
in Fig. 5C. The amplitude histogram for the flappin
movement reveals an asymmetrical frequency distribution
indicates that, when the action potentials of the eleva
occurred, the wingtip was in a position between y=−25 mm and
y=−50 mm (Fig. 5C). The amplitude histogram for the laggin
movement when MN83 was active shows a clear maximum
x=3 mm (Fig. 5C, top). The scatter diagram also demonstra
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Fig. 6. (A) Activity of depressor
motoneurone MN97 and
simultaneously recorded components
of the wing movement at the
beginning and in the middle of a flight
sequence. (B) Phase-dependent
averages of the flapping movement
and the lagging movement and a
phase histogram of the motoneurone
spike activity. (C) Scatter diagram
representing the wingtip position at
the moment of motoneurone activity.
The wingtip positions corresponding
to motoneurone activity form a broad
elongated cluster during the upstroke.
The movement path of a single flight
cycle (indicated in A) is also shown
(arrows indicate the direction of wing
movements). Amplitude histogram are
for the lagging movement (top) and
the flapping movement (left) at the
moment of motoneurone activity. AP,
number of action potentials analysed.
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that there was increased scatter in the wing positio
corresponding to elevator activity during these intracellul
recordings compared with experiments in which only EM
recordings were made (see Fig. 4). Elevator activity beg
during the second half of the downstroke, with the main peri
of activity occurring just before the upstroke began.

Depressor motoneurone MN97

Depressor motoneurone MN97 (first basalar) received sm
inhibitory postsynaptic potentials during the wind stimulus. 
exhibited rhythmic membrane potential oscillations during th
flight sequences (Fig. 6A). Within a flight cycle, the
motoneurone was depolarized at the beginning of the upstro
and depolarization was maximal just before the upper rever
point of the wing. The motoneurone usually generated tw
action potentials and then rapidly repolarized (Fig. 6A).

The phase histogram (Fig. 6B) shows that the first spike
MN97 occurred at phase 0.74 and the second at 0.88 wit
the upstroke. With respect to the lagging movement, the spi
occurred as the wing approached its most backward posit
(Fig. 6B).

The wing positions corresponding to MN97 spikes had
rather broad distribution and occurred during the upstro
between y=0 and y=40 mm (Fig. 6C). With respect to the
lagging movement, most of the spikes occurred when the w
C0.5
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Fig. 7. (A) Effects of stimulation of elevator
motoneurone MN83 on wing movements.
Hyperpolarizing current injection into the
motoneurone resulted in an almost complete
suppression of its spike activity and a decrease in
the amplitude of the upward movement of the wing.
(B) Wingtip path during normal flight cycles (Bi,
left) and during flight cycles with MN83 inhibition
(Bii, right). Five wingtip paths were superimposed.
The arrows indicate the direction of wing
movement.
was at a position between x=0 mm and x=−27 mm, with a
maximum at x=−25 mm (Fig. 6C). The first spike of MN97
within a movement cycle occurred in the middle of th
upstroke, with the second spike occurring before the up
reversal point of the wing. As a consequence, in the sca
diagram of Fig. 6C, the wing positions corresponding to MN9
action potentials form a rather broad elongated band within 
upstroke (compare with Fig. 4).

Intracellular stimulation of motoneurones during flight
sequences

A causal analysis of the relationship between motoneuro
activity and wing movements was carried out by experimen
modulation of neuronal activity. We used intracellular curre
injection (350 ms duration, 700 ms interval) and altered t
spike activity of single motoneurones during simultaneo
recordings of wing movements. Elevator motoneurones MN8
MN89 and MN90 and depressor motoneurones MN97 a
MN98 were stimulated.

Stimulation of motoneurone MN83

Tergosternal muscle M83 is one of the largest muscles in
mesothoracic segment. Motoneurone MN83 genera
exhibited two and occasionally three action potentials p
wingbeat cycle. Enhancing the number of spikes per wingb
cycle from two to three spikes per burst did not affect the wi
movement. However, injection of inhibitory current, whic
decreased motoneurone activity, did alter the pattern of w
movement (Fig. 7A,B).
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In normal flight sequences, the lower reversal point of th
wingtip was at y=−48 mm and the upper reversal point was a
y=15 mm (Fig. 7B). During inhibitory current injection, spike
activity was either suppressed completely or reduced to 
single spike per wingbeat cycle. Correlated with this reductio
in motoneurone activity were clear changes in wingtip
movement. The position of the lower reversal point remaine
unchanged; however, the upstroke amplitude clear
decreased. The upper reversal point of the wing was 
approximately y=−12 mm, representing a 27 mm reduction.
The wing also did not move as far backwards as during norm
flight, and the position of the upper reversal point shifted from
x=−17 mm to x=−11 mm.

In some cases, suppression of spike activity was incomple
and a single spike was generated during a wingbeat cycle.
these cases, the amplitude of the upstroke was greater th
during complete inhibition, although still smaller than during
movement cycles in which two MN83 action potentials
occurred (Fig. 7A). Thereafter, the position of the uppe
reversal point of the wing movement depended on the numb
of spikes in MN83. We did not observe an effect on the lowe
reversal point, which remained constant (Fig. 7B).

Stimulation of motoneurone MN89

The anterior tergocoxal muscle M89 is smaller in size tha
the tergosternal muscle M83 and consists of two motor unit
During flight sequences, motoneurone MN89 generated 2–
action potentials (Fig. 8A). The upper reversal point of th
wingtip occurred at y=26 mm and the lower reversal point was
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at y=−48 mm. The total movement amplitude was 74 m
(Fig. 8B). With inhibitory current pulses of −6 nA, the number
of spikes in the motoneurone could be reduced transientl
one spike per wingbeat cycle. This decrease in activity resu
in clear changes in the wing movement (Fig. 8A,B). T
position of the upper reversal point was reduced 
approximately y=12 mm and also occurred at a more anter
position. The peak-to-peak amplitude of the wing movem
was reduced to approximately 60 mm. Thus, the activity o
single motor unit of elevator motoneurone MN89 can mod
the amplitude of the upward movement and therefore 
position of the upper reversal point. Stimulation 
motoneurone MN89 did not alter the position of the low
reversal point (Fig. 8).

Elevator motoneurone MN90 (posterior tergocoxal) w
also tested during flight sequences. In this case, we were 
either to increase the number of spikes per cycle from two
four or to suppress the activity of the motoneurone complet
However, in neither case were obvious changes in w
movements observed (data not presented).

Stimulation of depressor motoneurone MN97

The first basalar muscle is a depressor innervated by 
motoneurone (MN97). MN97 was stimulated wit
hyperpolarizing and depolarizing current pulses (7 nA f
350 ms) during flight sequences. During normal flight, t
motoneurone generated three spikes per wingbeat c
(Figs 9A, 10A) which occurred in the second half of the win
upstroke just before the upper reversal point. The upstroke
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Fig. 8. (A) Effects of stimulation of elevator MN89
on wing movements. Hyperpolarizing current
injection into the motoneurone resulted in a decrease
in its spike activity and led to a decrease in the
amplitude of the upward movement of the wing.
(B) Wingtip path during normal flight cycles (Bi,
left) and during flight cycles with MN98 inhibition
(Bii, right). Six wingtip paths were superimposed.
The arrows indicate the direction of wing movement.
m

y to
lted
he
to

ior
ent
f a
ify
the
of
er

as
able
 to

ely.
ing

one
h
or
he
ycle
g

 and

the downstroke of the wing were very regular, with a tot
movement amplitude of approximately 66 mm. The laggin
movement had a more triangular waveform, with the anter
position of the wing at approximately x=15 mm and the
posterior position at approximately x=−27 mm (Figs 9B, 10B).
The two-dimensional projection of the wing movement had 
elongated oval shape.

Inhibition of motoneurone MN97 during flight sequence
either decreased its spike activity or abolished it complete
(Fig. 9A). Reducing spike activity from three action potentia
per cycle to one action potential per cycle caused only min
changes in the wing movement, which was shifted slight
upwards without any change in movement amplitud
Complete inhibition of MN97 spike activity, however, cause
dramatic changes in wing movement (Fig. 9A). Immediate
following the failure of MN97 activity, the downstroke of the
wing was reduced to approximately half of its norma
amplitude. The wing was then lifted again and remained in t
lifted and retracted position (Fig. 9Bii). The wing performe
rudimentary oscillations only, and flight behaviour ceased.

Depolarizing current injection increased the number 
spikes from three to four or even five action potentials per cy
(Fig. 10A). This resulted in a phase shift of activity, with
depressor activity occurring earlier in the wingbeat cycle. T
first spike of the burst occurred before the lower reversal po
of the wing at the beginning of the upward moveme
(Fig. 10A). As a consequence of this altered motoneuro
activity, there were dramatic changes in the wing moveme
The earlier and increased depressor activity led to a signific
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Fig. 9. (A) Effects of inhibition of depressor
motoneurone MN97 on wing movements.
Hyperpolarizing current injection into the motoneurone
resulted in a decrease in its spike activity to one spike
per cycle (left), resulting in only minor effects on the
wing movement. A complete block of spike activity
(right) caused a decrease in the amplitude of the
downward movement followed by a cessation of flight
activity. (B) Wingtip path during normal flight cycles
(Bi, left) and during wing movements with complete
MN97 inhibition (Bii, right). Four wingtip paths were
superimposed. The arrows indicate the direction of wing
movement.
reduction in the amplitude of the upward movement, whi
was only 33 mm during MN97 stimulation (Fig. 10B). Sinc
the end of the downstroke remained the same as in nor
flight sequences, the total amplitude of the flapping movem
was approximately half of the undisturbed movement. T
total amplitude of the lagging movement was slightly increas
from 49 mm to 52 mm (Fig. 10B). These changes resulted
the wingtip path having a flat oval shape tilted backwards w
respect to the normal pattern (Fig. 10B). Similar results w
obtained when motoneurone MN98 (second basalar) w
stimulated in the same way.

In addition to these effects on wing movemen
depolarization of MN97 also had an effect on flight frequenc
Flight frequency was 14.2 Hz when the motoneurone was 
stimulated, but decreased to 12.5 Hz during phases of enha
MN97 activity (Fig. 10A). Thus, in this case, the increas
motoneurone activity affected both the generation of t
movement pattern and the flight rhythm.

Discussion
Methods for measurement of wing movements

Several methods have been used to analyse the w
movements of flying locusts in two dimensions: strobosco
filming techniques (Weis-Fogh, 1956; Wilson and Weis-Fog
1962; Wolf, 1990), high-speed cameras (Weis-Fogh, 19
Baker, 1979; Robertson and Reye, 1992; Zarnack, 197
inductive measurement of wing movements (Koch, 197
Zarnack, 1978, 1988; Schwenne and Zarnack, 19
ch
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y.
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56;
2),
7;

87;

Waldmann and Zarnack, 1988) and the optoelectron
technique used in the present study (Hedwig and Bech
1995). An advantage of stroboscopic or high-speed fil
recordings is that they can be used for very small inse
(Nachtigall, 1966). However, the temporal resolution of th
technique is limited, and usually only short flight sequenc
can be recorded. The inductive technique allows simultaneo
measurement of the movement components of all four win
However, owing to its data processor, the temporal resoluti
of that technique was limited and movement data could 
sampled at intervals of 2 ms only.

Compared with these techniques, the new optoelectro
method provides a very high temporal resolution. The win
coordinates are sampled at intervals of 100µs, giving 20 times
as many data points per wingbeat cycle as the induct
technique. Thus, even at the end of the wing strokes, 
wingtip path can be resolved clearly. A major advantage of th
method is that it can easily be combined with intracellul
electrophysiological recordings. Although it is limited a
present to measuring the flapping and lagging moveme
components of a single wing only, it may be expanded in futu
to include the movements of all four wings. This would allow
investigations into intersegmental coordination. Measureme
of pronation and supination of the wing would be possible
two light guides were used, attached to the anterior a
posterior edges of a wing.

Movements of the forewing tip

Data on the path of the forewing tip during the tethered flig
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of locusts are available from photographic studies (Jens
1956; Zarnack, 1972) and from inductive recordin
(Schwenne and Zarnack, 1987; Zarnack, 1988; Waldmann 
Zarnack, 1988; Wortmann and Zarnack, 1993). In all the
studies, locusts were flown in an upright position in the lamin
airflow of a wind tunnel. Data obtained during steady flig
show an oval drop-shaped wingtip path (see Fig. III.3 
Jensen, 1956; Fig. 5 in Zarnack, 1972). Howev
measurements obtained during the performance of spe
flight manoeuvres revealed the variability of the win
movement, which can follow different oval or figure-of-eigh
shaped patterns (Figs 3, 9 in Zarnack, 1988; Fig. 12 
Waldmann and Zarnack, 1988; Figs 2, 4 in Wortmann a
Zarnack, 1993).

Our experiments required that the locusts had to be flo
upside down, and there is evidence that this flight posit
results in changes in the motor pattern (Stevenson and Kut
1987). The locusts were also not flown in a laminar airstrea
However, the path of the wingtip we obtained under the
conditions was very similar to the patterns described in ear
studies. The oval drop-shaped wingtip path, which was the m
common pattern we observed, indicates stable, steady fl
performance (Fig. 3A). In some cases, the locusts produ
different patterns (Fig. 3B,C), some being similar to patte
recorded during yaw manoeuvres (Zarnack, 1988). Since op
loop conditions during tethered flight increase the variability
the motor pattern (Möhl, 1985, 1988; Thüring, 1986; Schm
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Fig. 10. (A) Effects of stimulation of depressor
motoneurone MN97 on wing movements.
Depolarization the motoneurone resulted in an
increase in its spike activity and led to a decrease in
the amplitude of the upward movement of the
wingtip. (B) Wingtip path during normal flight
sequences (Bi, left) and during flight cycles with
MN97 stimulation (Bii, right). Four wingtip paths
were superimposed. The arrows indicate the direction
of wing movement.
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and Zarnack, 1987), the variation in wingtip movements 
recorded may not be surprising. A certain level of variability 
flight performance may have to be accepted in experiment
which kinematic measurements and intracellular recordings
carried out simultaneously. However, in such experiments, 
quality of flight performance is always clearly indicated by th
pattern of wing movements.

Correspondence between motoneurone activity and wingt
movement

The temporal relationship between the muscle activity a
wing movements of tethered flying locusts was analysed
Wilson and Weis-Fogh (1962) using stroboscopic photogra
triggered by the activity in the electromyograms (EMGs) 
flight muscles. These recordings showed that elevator acti
occurs at the end of the downstroke and that the dir
depressors are active before or just after the end of 
upstroke. Simultaneous recordings of wing movement a
flight muscle EMGs have shown the periods within the wing
path when the flight muscles are active (Zarnack, 19
Waldmann and Zarnack, 1988; Reuse, 1991). The sca
diagrams in Fig. 12 of Waldmann and Zarnack (1988) indic
that the elevator M84 is active just before the end of t
downstroke and that for depressor M97 there is an elonga
scatter of activity during the upward movement of the win
These scatter diagrams are very similar to those obtained
M83 and M97 in the present study (Fig. 4).
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B. HEDWIG AND G. BECHER
Two-dimensional measurements of wing movements 
combination with intracellular recordings from fligh
motoneurones have not been obtained previously. Our d
indicate increased variability of the motor pattern durin
intracellular recordings compared with locusts in which EMG
only are recorded. The positions of the wingtip path when 
muscles M83 and M97 were active (Fig. 4) exhibit much le
scatter than in the corresponding diagrams for the act
potentials of motoneurones MN83 and MN97 (Figs 5, 6). T
scatter and phase diagrams demonstrate that, du
intracellular recordings, the motoneurones may be more ac
and may start their spike activity much earlier in the wingbe
cycle than when only electromyographic recordings are ma
This may indicate that the dissection required for intracellu
recordings might induce considerable variability in fligh
performance. The variability encountered in our experimen
however, was not high enough to impede analysis of the effe
of motoneurone activity on wing movement.

Effects of motoneurone stimulation

The interactions among motor activity, wing movements a
aerodynamic forces are of major interests in furthering 
understanding of locust flight. Various attempts have be
made to analyse the functional roles of individual muscles
flight control. One convincing way of studying this problem 
to modulate the activity patterns of known muscles wh
simultaneously recording the wing movements. Th
experimental approach ensures that changes observed in
movements are actually caused by the experimenta
manipulated muscle activity. Using this approach, Zarna
(1982) used extracellular stimulation of the first basalar mus
(M97) to analyse its contribution to the generation of win
movements, and Wolf (1990) demonstrated the functio
significance of a steering muscle (M85) in the control of wi
rotation. However, extracellular stimulation can only increa
the activity of muscles; it cannot reduce their activity. Thus,
date, there are only limited data available on the relations
between elevator or depressor motoneurone activity and w
movements. The lack of knowledge is even greater regard
the activity of flight interneurones.

The data obtained here by using stimulation 
motoneurones clearly demonstrate the effects of single mus
or even single motor units on the performance of wi
movements. The amplitude of the flapping movement of 
wing clearly decreased when the activity of elevat
motoneurones (MN83 and MN89) was reduced. T
movement amplitude decreased when the number of spikes
wingbeat cycle in MN83 and MN89 decreased from two 
one; however, the effects were strongest when M83 activ
was completely suppressed. The present data provide
evidence for the effects on wing movement of increasi
elevator activity to three or four spikes per wingbeat cyc
This verifies the force measurements on locust flight musc
of Mizisin and Josephson (1987). They demonstrated a 2
increase in the power output of the muscles during dou
activation compared with single activation. However, the
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was no further increase in the power output when the mus
were activated by bursts of 3–5 stimuli. In the present stu
intracellular stimulation induced simultaneous changes in 
burst length and the phase of muscle activity. Therefore, 
cannot yet separate these effects, which have been discu
previously as parameters for flight control (Möhl and Zarnac
1977; Baker, 1979; Thüring, 1986; Zarnack, 1988; Waldma
and Zarnack, 1988). On the basis of their almost identi
membrane potential oscillations and the very similar synap
drive they receive from the central pattern generator (Hedw
and Pearson, 1984; Wolf and Pearson, 1987b), elevator
motoneurones are regarded as a very homogeneous gr
However, the elevator muscles are of different sizes and t
therefore differ in the amount of power they supply to the wi
movement. Functional differences in the activity of individu
muscles in the generation of the wing movement are theref
likely and, indeed, are indicated by the elevator stimulati
experiments, in which MN83 inhibition had a greater effe
than MN89 inhibition (compare Figs 7, 8) and there was 
effect when the activity of MN90 was altered. Thus, althou
elevator motoneurones may receive a similar synaptic dri
they may have to be thought of as being more differentiated
functional terms.

Zarnack and Möhl (1977), Möhl and Zarnack (1977) an
Baker (1979) obtained recordings from different depress
muscles. They analysed the activity patterns during steer
behaviour and correlated changes in the temporal pattern
motor activity with the steering behaviour. Howeve
simultaneous recordings of the movements were not obtain
Causal relationships between time shifts in muscle activity
changes in burst length and changes in wing movements co
therefore not be established. Simultaneous recordings
muscle activity and wing movements were carried out 
Zarnack (1988) and Waldmann and Zarnack (1988) with 
intention of analysing the role of the direct depressor musc
on wing rotations and flapping movements. The correlatio
between movement parameters and muscle (M97, M
activity revealed their synergistic role in forewing pronatio
They found that the downstroke movement was grea
reduced in the absence of M97 depressor activity (see a
Koch, 1977). Stimulation of depressor muscle M9
demonstrated distinct effects on the simultaneously recor
wing movements (Zarnack, 1982).

In the present experiments, we did not observe differen
in the wing movement corresponding to whether motoneuro
MN97 was active with one or three spikes per wingbeat cy
(Fig. 9). However, increasing the motoneurone activity to fi
spikes had a significant effect on the movement (Fig. 10). T
increased activity of MN97 did not increase the amplitude 
downstroke movement but, since it occurred early in t
wingbeat cycle, it was almost in phase with the eleva
activity. Therefore, it caused a distinct decrease in t
amplitude of the upstroke. This result is in agreement with d
in Zarnack (1982, Figs 23–26) showing that M97 stimulatio
was most effective in reducing the upstroke when it occurr
in phase with elevator activity. Thus, in the case of mus
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M97, the phase of muscle activity may be regarded as
important parameter in the control of the wing moveme
(Zarnack, 1988).

Complete inhibition of MN97 spike activity led to a
reduction in the amplitude of the downstroke, followed by
cessation of flight activity. The changes in flight frequen
caused by MN97 stimulation are surprising and may 
explained by the importance of sensory feedback in the fli
system. It is well established that sensory feedback from 
passive movements of a single wing can modulate flig
frequency (Wendler, 1974), and tegula stimulation seems to
essential for the generation of elevator activity (Wolf an
Pearson, 1988). Altered wing movements due to motoneur
stimulation will inevitably also lead to changes in senso
feedback. As a consequence, it is conceivable that MN
inhibition indirectly led to a reduction in sensory feedbac
which resulted in the observed decrease in wingbeat freque
Our data therefore emphasize the functional significance of
first basalar muscle M97 in the generation of wing moveme
and the performance of flight behaviour.

Future prospects

The simultaneous recording of wing movements a
motoneurone stimulation has provided insight into th
functional significance of motoneurone activity in th
generation of wing movements that was not revealed us
earlier techniques. It emphazises the specific roles of individ
motoneurones in the generation of wing movements which
particular cases, may be as important as the role of sen
feedback (Wolf and Pearson, 1988). In future, this approa
could reveal the functional significance of identified fligh
interneurones (Robertson and Pearson, 1983, 1984) in 
control of wing movements.

We thank Professor N. Elsner for supporting this proje
and Professor W. Zarnack for valuable comments on 
manuscript. Mitsubishi Rayon Co. generously provided 
sample of the optical fibre CK-4, a basic prerequisite for the
experiments. Several companies kindly provided samples
optical fibres (Schott, Cunz, Polytec, Optocom, Reinshage
Melles Griot and Newport helped to select a suitable laser 
to design the optical equipment. We are also most gratefu
M. Glahe, H. Badstübner and W. Stieler for the developme
of the electronic circuit.
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