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Summary

In many insects renowned for their jumping ability,

We predicted, from the role of octopamine in enhancing

elastic storage is used so that high forces can be developedmuscle tension in several locust muscles, that if stored

prior to jumping. We have combined physiological,
behavioural and genetic approaches to test whether elastic
energy storage makes a major contribution to jumping in
Drosophila

We describe a sensitive strain gauge setup, which
measures the forces produced by tethered flies through
their mesothoracic legs. The peak force produced by the
main jumping muscle of female flies from a wild-type
(Canton-S) strain is 101+x4.4N [and this is
indistinguishable from a second wild-type (Texas) strain]
The force takes 8.2ns to reach its peak. The peak force is
not affected significantly by altering the leg angle
(femur—tibia joint angle) in the range of 75-120°, but the
peak force declines as the leg is extended further.

Measurements of jumping ability (distance jumped)
showed that femaleDrosophila (with their wings removed)
of two wild-type strains, Canton-S and Texas, produced
jumps of 28.6+0.7 and 30.2+1.6hm (mean *s.E.M.). For
a female wild-type Drosophilay a jump of 3Cmm
corresponds to a kinetic energy of 208J on take-off
(allowing 20% of the energy to overcome air resistance).
We develop equations of motion for a linear force—time
model of take-off and calculate that the time to take-off is
5.0ms and the peak force should be 274N (137puN leg?).

elastic energy plays no part in force development, then
genetic manipulation of the octopaminergic system would
directly affect force production and jumping in
Drosophila Using two mutants deficient in the
octopaminergic system, TbhnM18 (M18) and TyrRhono
(hono), we found significantly reduced jumping distances
(20.7£0.7 and 20.7+0.mam, respectively) and force
production (52% and 55%, respectively) compared with
wild type.

From the reduced distance and force production in
M18, a mutant deficient in octopamine synthesis, and
in hono, a tyramine/octopamine receptor mutant, we
conclude that in Drosophila, as in locusts, octopamine
modulates escape jumping. We conclude that the fly does
not need to store large quantities of elastic energy in order
to make its jump because (1) the measured and calculated
forces agree to within 40% and (2) the reduction in
distances jumped by the mutants correlates well with their
reduction in measured peak force.

Key words: Drosophila jumping, tyramine, octopamine, tergal
depressor of trochanter, tergotrochanteral mustid8 hong
biomechanics.

Introduction

In many groups of insects, jumping is part of the escapBurrows and Wolf, 2002), while energy is stored in a thoracic

behaviour, with survival dependent on rapid take-off. In high+esilin pad in fleas (Bennet-Clark and Lucey, 1967); a similar
performance jumpers, for example Orthoptera (includinghoracic store has been proposed for froghoppers (Burrows,
locusts and bush crickets), froghoppers and fleas, thH&003). Rapid release of energy is achieved through release of
biomechanics of jumping has been extensively analysed catch (locust, froghopper) or though an increase in the
(Bennet-Clark and Lucey, 1967; Bennet-Clark, 1975; Burrowsmechanical advantage of the extensor muscle (bush crickets;
2003; Burrows and Morris, 2003). In all these groups oBurrows and Morris, 2003), and it is the sudden release of
insects, elastic energy storage makes an important contributistored energy that allows the insect to travel a long way.

to the distance they can jump. Locusts and a stick insect, However, the fruit fljDrosophila melanogastewith a mass
Prosarthria, store energy in the leg by co-contracting theof 1 mg and a body size between that of locusts and fleas, is
extensors and flexors (Heitler, 1974; Bennet-Clark, 1975)0t noted for its jumping performance.Dnosophila jumping
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is normally the prelude to flight and serves merely for the flywhetherDrosophilastore energy elastically for jumping. We
to clear the substrate and initiate contractions of the indire¢tave tested this by measuring both the distance jumped and the
flight muscles; so, the distance jumped is more modest. Frofarces produced by the jump muscle (TDT). The distance
this, we hypothesise thBirosophilado not need to store large jumped by unrestrained flies from which the wings had been
guantities of elastic energy in order to jump. removed provides a behavioural estimate of the energy used in
In Drosophila the jump is produced by extension of thejumping, which we have used to calculate the force exerted
mesothoracic legs, as a result of contraction of the tergaluring take-off. The forces produced by the TDT were
depressor of trochanter muscle (TDT; M66 of Miller, 1950),0btained by an extension of the physiological preparation of
also known as the tergotrochanteral muscle (Bacon antrimarchi and Schneiderman (1995a). Our calculations show
Strausfeld, 1986). This substantial, triangular, pennate muscfpod agreement between behavioural and physiological
runs between the dorsal surface of the thorax and the proximedtimates of force in the wild-type flies, from which we
end of the trochanter, and its contraction extends the femgpnclude thaDrosophilado not store energy elastically for
because the trochanter and femur are fused (Trimarchi afjgmping. We predict that in the absence of stored elastic
Schneiderman, 1993). A second muscle, the tibia-levat@nergy, defects of the octopaminergic system would lead to
muscle (TLM), extends the femur—tibia joint during take-offdirect effects on force production and jumping.
(Trimarchi and Schneiderman, 1993), prolonging the time for We therefore compared our wild-type data with the distances
which force is applied to the substrate. The TDT is activated bjgmped and forces produced in t@oosophilamutants of the
the descending giant fibre from the brain through a mixedctopaminergic systenT:bh"™18 (M18) and TyrR""° (hong.
electrical-chemical synapse (Blagburn et al., 1999). ManBoth mutants jump less well than the wild type and generate
workers have exploited the restrained preparation developed Bss force. Our data are consistent with the hypothesis that
Tanouye and Wyman (1980), in which the giant fibre iselastic energy storage is not a major factor in fly jumping.
stimulated visually or electrically by electrodes implanted in the
eyes or neck, so the physiology of the giant fibore—TDT system

is well known. Among these are Trimarchi and Schneiderman Materials and methods
(1995a), who showed that excitatory junction potential (EJP) in Flies
the TDT is activated with constant Iatency and amplitude. Drosoph"a me|anogaste|Meigen were reared at constant

In locusts, the contraction of the metathoracic slow eXtenSQémperature (25°C) on ayeast_sugar_agar medium (Carpenter,
tibia muscle (SETi) is modulated both pre- and post4950). Canton-S (CS) and Texas (TX) wild-type flies were
synaptically by octopamine. The overall effect of octopamingaken from laboratory culturélbi™18 (M18) and TyrRono

is to make the twitch of the isolated muscle stronger, increasin@ong mutations were the kind gifts of Maria Monastirioti and
the peak force and narrowing the tension transient (Evans aMhyako Kutsukake.

O’Shea, 1977). During the locust jump, the octopaminergic

midline neuron, DUMS5A (originally called DUMETI) is Jumping behaviour

activated (Duch et al., 1999), so that octopamine is delivered Newly hatched flies were isolated and left for two days.

in time for the contraction to be enhanced. Nonetheless, ifhey were then lightly anaesthetised using carbon dioxide and

locusts, the extension of the leg is not derived directly frontheir wings removed. The flies were weighed in batches of 5-8,

muscle contraction but occurs when Heitler’'s catch is suddengnd their mean masses calculated. After a recovery period of

relaxed to permit rapid release of stored elastic energy (HeitleB0 min, each fly was placed on lined paper. Flies were

1974). If, in flies, muscle contraction during jumping is directlystimulated to jump by moving a fine paintbrush towards them

coupled to leg extension, we predict that interference in thitom the rear. The flies were not touched but jumped in

octopaminergic system would be expected to reduce distanoesponse to the visual and air movement stimuli. The distances

jumped as well as force production. of the first 5-8 full jumps were recorded; we ignored the push-
Among mutants known inDrosophila to affect the ups or small tumbling responses (Kaplan and Trout, 1974) that

octopaminergic system afh™18 (M18, Monastirioti et al., were sometimes elicited by these stimuli.

1996) andTyrR°" (hong Kutsukake et al., 2000). THd418 Mutants were always tested at the same times as wild-type

mutation is in the gene encoding tyrameydroxylase, which  controls: either CS or TX of the same gender. Comparisons

converts tyramine to octopamine. It is a hypomorph with <0.2%etween fly strains were assessed ustegts, and significance

of the normal level of octopamine but with elevated @) levels  wasP<0.05. Unless otherwise stated, results are meamswt

of tyramine (Monastirioti et al., 1996). Thenomutation is in

the gene for the tyr/oct receptor (also known as the tyramine Muscle force determination

receptor). This receptor binds tyramine 33 times better than Two-day-old flies were lightly anaesthetised with carbon

octopamine in cos-7 cells (Saudou et al., 1990). However, whetioxide and the dorsal surface of the thorax was attached to a

expressed iXenopusocytes, this receptor couples to differentfine tungsten needle using rubber solution. All legs, except the

second messenger pathways depending on whether tyramineright mesothoracic leg, were glued either to the tungsten needle

octopamine was applied (Robb et al., 1994). or to the fly’'s abdomen. The flies were then allowed to recover
The main aim of the work presented here was to investigafer ~30min.
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Fig. 1. Preparation for recording the force produced by the terge
depressor of trochanter (TDT) muscle. A glass needle was bonded 10.
a strain gauge using shellac. Each fly was mounted on a tungst
needle mounted on a micromanipulator. Its tibia was set in line wit|
the glass needle to which it was glued. Electrical stimuli were 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
delivered to the giant fibre system by two tungsten needle electrod CS TX M18 hono CS TX M18 hono
in the neck or head. The contraction of the TDT causes the fuse : b :
Female Male

trochanter—coxa to press downwards against the strain gauge.
Fig. 2. The distance jumped IBrosophilafrom which the wings had
been removed. (A) Repeated jumps from seven individual Canton-S
The tip of a glass capillary, drawn to a point, was mounte(CS) females. (B) Jumps from two wild-type strains [Canton-S (CS)
perpendicularly using shellac on a sensitive strain gaugand Texas (TX)] and two mutantd418, which synthesises no
AE801 [MEMSCAP (formerly Capto AS), Skoppum, octopamine, andiong a null mutant of the tyr/oct receptor. Both
Norway]. The output was connected in a Wheatstone bridgmutants jump significantly less farR€0.001). Values are means *
circuit, dc amplified and recorded on a Gould recordin¢>EM-
oscilloscope (Model 1604) or PC using a National Instrument
(Austin, TX, USA) PCI-6052E analog-digital card
and DasylLab software (Bedford, NH, USA), sampling at The spring constant of the strain gauge is\an-* (Capto
100kHz. data sheet); for the peak force we measured,u8)Othe
The tungsten needle h0|d|ng the ﬂy and the strain gaug&ﬂection will be 150im, so that the measurements are
were mounted on micromanipulators arranged so that the tibgffectively isometric.
was parallel to the glass needle on the strain gauge. Cellulose
nitrate glue was used to stick the tibia of the mesothoracic leg
to the glass needle, leaving the femur—tibia joint free of any Results
glue (Fig.1). Jumping
Finally, the fly was impaled with two sharpened tungsten Individual female CS flies from which the wings had been
needles in the neck (or less often, in the eyes). These wammoved produced repeated jumps consistently in the range of
connected to a stimulator, which generated variable amplitud28-32mm, and thes.e.m. averaged 1.5nm (Fig.2A). Overall,
pulses of 25, 50 or 1065, separated by 500-150%. When the mean distance jumped by female CS flies was
stimulated above threshold, the giant fibre was activated, causi@g.6+0.7mm, while TX females jumped 30.2+2nfm, which
the TDT muscle to contract. The force produced by the muscle not significantly different from the CS flies (FEB).
was transmitted to the femur and thence to the tibia. As the tibia We found no evidence for any differences in jumping ability
was stuck to the glass needle, the strain gauge was activatecbetween males and females, even though females are
The output of the strain gauge was calibrated by pressing aignificantly heavier than males (C8, 1.13+0.03ng; J,
it with glass capillaries, drawn to different lengths. The0.81+0.03mg).
deflection of glass capillary was recorded under a travelling For flies from both the mutant lines we tested, the distance
microscope, along with the voltage from the dc amplifier. Théumped is reduced compared with the wild type; fenh&ld
force needed to deflect the capillary was determined bgnd hono mutants jumped 20.7+0.7 and 20.7+h#,
hanging short coils of copper wire, of known mass, on theirespectively. This is two-thirds of the distance jumped by the
tips and recording the deflection of the glass. wild-type flies, (Fig2B) and is statistically significant-{est:
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CS X M18 hono
-
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Fig. 3. Force transients produced by the tergal |
depressor of trochanter (TDT) muscle in the
two wild-type strains [Canton-S (CS) and
Texas (TX)] and two mutant line$118 and
hona For each fly, the traces show response ‘
to both sub-threshold and supra-threshold
stimuli given at 1-5 intervals. Scales:

stimuli, 2V; strain gauge output, 10V. Strain gauge output 0 10ms

CS vs M18§ t124=7.8, P<0.001; CSvs hong ti04f=8.15,
P<0.001). For the mutants, there is no difference in distance
jumped between male and female flies, even though tt
females are again heavighono ?, 1.14+0.03ng; d,
0.85+0.04mg; M18 ?, 1.10+0.03mg; &, 0.81+0.04mg).
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Representative force—time traces for the forces generated 0 ; ; ; ,
the TDT muscle by female wild-typ#]18 andhonoflies are ™ CS M18 hono
shown in Fig3, where sub- and supra-threshold stimuli wereFig. 4. Mean peak force produced by the tergal depressor of trochanter
applied to the stimulating electrodes. The stimulus—respon«TDT) muscle in female flies. The peak force is significantly less in
latency is 2.3+0.2ns (N=8 CS flies), probably mostly due to theM18andhonomutants than in the Canton-S (CS) and Texas (TX)
the neural conduction delay between the head and trwild-type strains (P<0.001). Values are meanss£.m.
neuromuscular junction. The force occurs in an all-or-nothing
fashion. It does not seem to habituate quickly when repetitiv-
0.1-10Hz stimuli are applied. In the typical response, the force
rises rapidly, reaches 88+2% of its maximum aftensSand 1501
peaks after 8.2+0.ms. It declines more slowly, reaching 50%

200

of peak force by 14.5+0481s, and becomes indistinguishable % 100
from the baseline by 25.0+1ms. 3
When the position of the micromanipulator holding the £ 507
strain gauge was adjusted so that the peak force was maximis § ol L
for each individual, it became clear that mutant flies produce o 60 90 120 150/ 180

less peak force than the wild type (F3). This is confirmed
by the summarised data (F#), where the means fM18and

hono are 52% and 55%, respectively, of the CS wild type —-100-
These reductions are both significant at the 0.1% level (female

A _ Fig.5. Mean peak force from 42 measurements from six Canton-S
CSV§ M.l.8 t15d'f'75'6’ CSvs honot16d'f'_5'6)' We have fou_nd (CS) flies as the angle between coxa and tibia was adjusted. The peak
no significant differences in the latency, time to maximurr

. . isometric force is constant at ~1p08 from 75-120° and then
force development or half-width of the force transient whergecjines to zero force at 160°. At this angle, it was hard to adjust the

the M18 andhonomutants are compared with wild-type flies. micromanipulators holding the fly without distortion of the joints,
No significant difference was found between the CS and Tlwhich accounts for the large standard error.
wild types in any parameter.

The leg angle is critical for force production; as the TDT
muscle contracts, the leg straightens and the angle of tliees from which the wings had been removed. From this
femur—tibial joint increases towards 180° (see E)gOver the distance, we now calculate the work done during take-off and
range of 75-120°, the averaged peak force is constant ase this to estimate the minimum force required to propel the
101+4.4puN (Fig.5). As the leg is straightened by adjusting thefly. This force will then be compared with our direct TDT
micromanipulators, the isometric force declines, until zeraneasurements.

—50 1 Leg angle (deg.)

force is produced at ~160°. Our analysis of biomechanics of jumping follows the outline
. in the recent review by Alexander (2003). Neglecting air
Analysis resistance, the distanad) {umped by a fly is determined solely

We have determined the distance jumped by unrestraindsy its velocity on take-off\) and the angle of take-offi}:
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v 1.36mm (Miller, 1950). Assuming that, from rest to take-off,
d= 9 sin(a) (1) the mesothoracic legs extend bynin, the force required to
take off is 206mMN and each leg would have to contribute
whereg is the acceleration due to gravity. ~103mN. The duration of the force will be 3n3s. If the flies
At a=45°, sif2a) is the maximum, 1, and so the distanceextend their legs less thamin before they leave the ground,
jumped for a given velocity is also a maximum. At 45°: the force will be higher and take-off time will be reduced.
V2 Mutant flies will need two-thirds of the force (1@Bl) and will
d=— _ \2= g-dev=yg-d, ) take off in 4.0ms.
g However, our force measurements show that the force

produced by the TDT is not constant. Over thmsbthat
it takes for the fly to leave the ground (Trimarchi and
Schneiderman, 1995b), the TDT force increases,
approximately linearly with time. After &s, the force starts
to fall below the linear relationship (Fig), but by then the fly

will have left the ground. Appendik derives the equations of

In small insects, air resist{;\nce is an importanF energy loss, Totion for a linear relationship between force and time.
that the actuaKE at take-off is larger than equatiBrpredicts. EquationsA6 and A7 give the force and time at the take-off

In order to estimate the actuldE at _take—off, we note that point as 274nN at 5.0ms for the wild-type fly (137N per
Bennet-Clark and Alder (1979) project&tosophila (from leg) and 183nN at 6.1ms for the mutants

which the wings had been removed) vertically upwards in air
andin vacuo For flies projected upwards 16tm, 20% of the
energy was lost to air resistance. If we assume that the same Discussion

loss occurs in our experiments, KE at take-off, allowing for Whereas elastic energy storage is important for long-

air resistancel(Eai), will be 1.25 times as mych. Tt]is W_OU|d distance jumpers, we have examined jumping in an insect that
require the take-off velocity to be increasedBy25 (=1.1): g not noted for the distance it can jump. Normabosophila

and the work done during the jump [kinetic ener§i£)] can
be calculated from the velocity and mass 6f the fly as:

KE ! 2 ! d 3
=—m-vv=—m-g-d.
5 \% ng 3)

o5 start to fly as soon as they are airborne, as shown in high-speed
KEair:T m-g-d (4) filming (Trimarchi and Schneiderman, 1995b). However, we
have found that two wild-type strains Dfosophilafemales
and (from which the wings have been removed) jum30 (~5—-6
Vair =/1.25 -g - d. (5) body lengths). The lighter males jump an equal distance, as

would be expected if their muscle mass/body mass ratio is the
For female flies travelling a distance of @@, allowing for ~ same as that of the females (Alexander, 2003). We calculate
air-resistance, with a mass of iy and taking gravity as that the minimum kinetic energ¥KE) used to jump this far is

10ms>2, the take-off velocity is 0.6ms?! and theKE is  ~200nJ, assuming a take-off angle of 45° and taking air
206nJ. For the mutant flies, travelling only &0n, take-off resistance into account. If the fly takes off at a sub-optimal
velocity is 0.50m s1 and theKE is 137nJ. angle, theKE required to travel 3thm is increased. For

For a fly jumping off the ground, accelerating from rest,example, at an angle of 25° (or 65°), Kiewould be increased
force can only be applied while the leg is touching the groundly a factor of 1.3, i.e. 26@J. High-speed film shows flies
On the assumption of a constant forG&) being applied, the taking off at 45° (Trimarchi and Schneiderman, 1995b) and 51°
KE is the product of the extension of the Igpgdnd the force (Kaplan and Trout, 1974). Our data give a standard error of
(F), so that: ~1mm, suggesting a consistency in take-off velocities. The

KEair calculated take-off velocity, 0.6hs™, corresponds well
. (6) with the filmed speeds of 0.6-Q1rs! (Trimarchi and

Schneiderman, 1995b). The other factor inl§Brcalculation

Equation6 can be rewritten in terms of measured variabless air resistance. When Bennet-Clark and Alder (1979)
using equatiow: catapulted wingless flies vertically upwards, the loskBto
air resistance increased with take-off velocity. At b,
their lowest height, 20% of energy was lost. We assumed the
same loss for our flies that travelled @@ horizontally. The

) ] smaller distance may mean that we have over-estimated the
With constant force, and therefore constant acceleration, thgss due to air resistance. If only 10% of the energy is lost to

S

Fe KEBair _1.25'm-g-d
S 2s '

)

time () to extend the leg is: air resistance, thKE at take-off would be 180J rather than
2.5 200nJ.
t= Var (8 The take-off time can be calculated from K& on the basis

of our constant forceQF) model, take-off occurs after 3n3s,
The combined length of the femur tibia and tarsus ismplying a power of 6uW. Our force data show, however,
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that the muscle force rises with time, and on the more realistwff, optimally 45°, the force would be larger by a factor/»f
linear force—time (LFT) model, the duration to take-off is(=1.414), increasing the force by gB. (2) The fly takes off
calculated to be 5.01s and the mean power reduced tqX\. in 4.9ms and the force atris was 88% of the peak, i.e. a
High-speed photography @frosophilataking off shows that reduction of ~1QN. (3) As the fly extends its leg, the
there is 4.9+1.8ns between the start of the jump and the legsnechanical advantage decreases so that, as the leg angle
losing contact with the ground (Trimarchi and Schneidermarreaches 150°, the force has been reduced yN2%4) Our
1995b). This agrees very well with our LFT estimate o830 measurements were done isometrically, and this is likely to
derived from theKE and from the length of the mesothoracic produce a maximal estimate of muscle force, as during
femur and tibia. jumping the muscle contracts and so will produce less force as
We estimate that the TDT is ~90én long and, at its its thin filaments slide together (Gordon et al., 1966). Since the
insertion on the dorsal cuticle, is ~308 wide and 15um  TDT inserts on the trochanter at the thoracic end (Miller, 1950;
thick. Treating this as a pyramid, its volume will be Trimarchi and Schneiderman, 1993; Peckham et al., 1990), it
13Xx10f um3 and its mass will be 13g. The two TDT muscles is unlikely to contract more than 5%. Assuming that the TDT,
would then be just over 2% of the mass of the fly. The powdike other muscles, starts at the optimal filament position, a 5%
output, 40uW, corresponds to a specific power output ofchange will not substantially change the sarcomeric thick—thin
1.5W g1 during the period of take-off. Taken over the full filament overlap and therefore the force will remain similar to
time to contract and relax (2Bs), the specific power output that measured at the isometric level. On balance, these factors
of the TDT is lower, but still an impressive 36W gL This  indicate that the measured force has a scope of 6QN40
is much higher than the continuous power outpiltroSophila ~ which agrees well with the range (90-380) estimated from
flight muscle, 8nW gl measured by respirometry jumping. We therefore conclude that no substantial energy
(Lehmann and Dickinson, 1997) and is higher than the powestorage is needed to account for the distance jumped by
output calculated from work loops of the flight muscle of theDrosophila
beetle Cotinus (200mW g%, Josephson et al., 2000). The This conclusion is supported by analysis of M&8 and
DrosophilaTDT power output is also larger than the specifichonomutant flies, where the measured force is reduced to 52
power output of locust muscle during jumping, which averageand 55%, respectively. Our calculations show that distance
200mW g1 but peaks at 45MW g1 during the contraction travelled in a jump is proportional to the force produced
(Bennet-Clark, 1975). All of this indicates that jumping is(equations/ or A4), so we expect that the mutant flies
energetically demanding. should travel 52 and 55% of the wild-type distance. This is
The force exerted by the leg of female wild-type flies inconsistent with the measured jump distance reductions to
the present study was measured to peak aplNOat 8.2ms.  66% for both mutants. If an elastic storage mechanism
This force was with the leg held at an angle of 90°, i.edominated the jump, we would not have expected the force
with the femur horizontal and the tibia vertical. Theto be proportionately reduced in these mutations of the
peak force produced was not significantly affected byaminergic systems.
adjustments of the leg angle over a range of 75-120°, but asThe M18 flies synthesise no octopamine but accumulate
the leg was extended further the force dropped as itsxcess tyramine, so our observations suggesDitwaophila
mechanical advantage declined. As the mean mass bke locusts (Evans and O’Shea, 1977), enhance their muscle
female flies is 1.Ing, their weight will be 1LN. Thus, contraction through the action of octopamine at the leg
the peak force exerted by the two legs correspondserve—muscle synapse. The proportional reduction in jump
approximately to the weight of 20 flies, and the net force islistance (and hence predicted force) with measured force
upwards. suggests that, unlike locusts, flies do not uncouple the
If there is no need for a substantial energy storageontraction of the muscle from leg extension through elastic
mechanism, the measured force (L0 should agree with energy storage. The amine could be delivered as a hormone in
the force estimated from the distance data. We calculatade blood or locally from terminals of an unpaired medial
above that th&E was in the range of 180-260 and that the neuron. Octopamine immunoreactive fibres have been shown
value of 20(nJ corresponded well with data from high-speedon the TDT of another dipteran, the blowftyalliphora
video. On the assumption of GF, this KE gives a force of (Schlurmann and Hausen, 2003), and on prothoracic muscles
100uN for each leg, with a take-off time of 3%s. If force  of Drosophila(Rivlin et al., 2004), but the innervation of the
increases linearly with time (LFT model), thi& gives a peak TDT muscle in Drosophila is not completely known.
force of 137uN leg! and take-off in 5.0ns. In both models, Exogenous octopamine also increases the size of the EJP at the
force is proportional t&E and so the range &fE corresponds dorsal internal oblique muscles in tBeosophilalarval body
to force in the region of 90—-18MN. The measured force peaks wall by 15%, while tyramine produced a 15% reduction
at 100uN, at the lower end of the range. While the agreemeniKutsukake et al., 2000; Nagaya et al., 2002). If tyramine,
here is good, we need to consider four factors affecting thether than octopamine, were an excitatory modulator, we
measured force. (1) The fly produces a force that actwould not expect thmM18flies to jump less far or generate less
downwards and forwards, while we measured the downwarderce, as they have higher levels of tyramine than the wild
component only. If we had measured in the direction of taketypes.



Jumping inDrosophila 3521

Although honogene expression has previously only beenJsing equation A6 in A4:
found in the adult central nervous system (Arakawa et al.,
1990; Saudou et al., 1990; Hannan and Hall, 1996; Kutsukak _2mv _2mv 3 s 3-8
v

et al., 2000), our data indicate a role fmnoin the adult t FO) 1 2 mv
peripheral nervous system, specifically at the TDT

neuromuscular junction. An explanation for our observations \ye would like to thank Maria Monastirioti and Mayako
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