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Insect flight is one of the most intense and energy-demanding physiological activities. High carbohydrate oxidation rates are necessary
for take-off, but, to spare the limited carbohydrate reserves, long-distance flyers, such as locusts, soon switch to lipid as the main fuel. We
demonstrate that before a flight, locust muscles are metabolically poised for take-off by the release of octopamine from central modula-
tory dorsal unpaired median (DUM) neurons, which increases the levels of the potent glycolytic activator fructose 2,6-bisphosphate in
flight muscle. Because DUM neurons innervating the flight muscles are active during rest but selectively inhibited during flight, they
stimulate carbohydrate catabolism during take-off but tend to decrease muscle glycolysis during prolonged flight. cAMP-dependent
protein kinase A is necessary but not sufficient for signal transduction, suggesting parallel control via a calcium-dependent pathway.
Locust flight is the first reported instance of a direct and specific involvement of neuronal activity in the control of muscle glycolysis in
working muscle during exercise.
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Introduction
In flying locusts, the ATP-turnover rate in flight muscles is in-
creased �100-fold compared with rest. Carbohydrate is a major
fuel early in flight, but during prolonged flight, the muscles soon
switch to oxidizing lipids to spare limited carbohydrate stores
(Wegener, 1996; Candy et al., 1997). Locusts are formidable long-
distance flyers, as demonstrated by monitoring swarms with sat-
ellites (Krall et al., 1997). Prolonged flight requires two main
metabolic adjustments. First, lipids must be made available. Lipid
mobilization is induced by increasing hemolymph levels of adi-
pokinetic hormones (Van der Horst, 1990; Van der Horst et al.,
2001). Second, catabolism in working flight muscles must shift
from carbohydrate to fat oxidation. This requires a yet unknown
specific mechanism to decrease glycolytic flux, because locusts
still have considerable carbohydrate stores after 30 min of flight,
when carbohydrate oxidation has dropped to �10% of the initial
rate (Jutsum and Goldsworthy, 1976). The main control element
of glycolysis is phosphofructokinase (PFK), which is inhibited by
physiological concentrations of ATP and activated by AMP (We-
gener et al., 1987). However, the levels of these effectors in muscle
change only during the first 2 sec after take-off but remain con-
stant thereafter, as demonstrated by 31P nuclear magnetic reso-
nance (NMR) spectroscopy (Wegener et al., 1991). Therefore,
they do not cause the decreased PFK activity during prolonged

flight. In contrast, the levels of another potent activator of PFK,
fructose 2,6-bisphosphate (F2,6P2), decrease by 80% within 10
min of flight (Wegener et al., 1986). F2,6P2 acts synergistically
with AMP in activating PFK and is neither a substrate nor an
intermediate of any metabolic pathway, but rather an intracellu-
lar messenger responding to extracellular signals. The important
question, how F2,6P2 is controlled during exercise, remains un-
answered for vertebrate and insect muscle (Wegener, 1996;
Krause and Wegener, 1996; Wegener and Krause, 2002).

In isolated perfused locust flight muscle, F2,6P2 levels are in-
creased within 5 min by octopamine (Blau et al., 1994), and in-
jection of high doses of octopamine neutralizes flight-induced
decrease in F2,6P2 (Blau and Wegener, 1994). After 10 min of
flight, octopamine levels in flight muscles are decreased, whereas
hemolymph octopamine is increased (Goosey and Candy, 1980,
1982; Orchard et al., 1993). Therefore, octopamine and F2,6P2 in
flight muscle are correlated also in vivo, and octopamine levels in
working flight muscle are controlled independently of hemo-
lymph octopamine. The only source for octopamine release onto
flight muscles is central dorsal unpaired median (DUM) modu-
latory neurons with bilaterally symmetrical projections on both
sides of the body. DUM neuron terminals are surrounded by
tight glial sheaths, suggesting precise release onto muscles and
effective compartmentalization between muscle and hemolymph
octopamine (Rheuben, 1995). DUM neurons innervating wing
muscles are active in resting locusts but are inhibited during flight
(Duch and Pflüger, 1999). We show that DUM neuron activity
increases F2,6P2 levels in resting flight muscles, thus preparing
them for high glycolytic rates, as required for take-off. Con-
versely, inhibition of DUM neurons during flight corresponds to
decreased muscle octopamine levels, most likely contributing to
decreased glycolysis during prolonged flight.
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Materials and Methods
Animals. Adult locusts (Locusta migratoria) of either sex were taken from
a crowded laboratory colony at the Free University of Berlin.

Stimulation of DUM neurons innervating flight muscles. Because of their
bilaterally symmetrical projection patterns, DUM neurons innervate all
six major flight muscles on both sides of the thorax. Because no other
efferent thoracic neuron shows bilaterally symmetrical projections,
DUM neurons can be stimulated selectively, thus inducing octopamine
release onto specific flight muscles without stimulating the motoneurons
innervating these muscles. To test whether octopamine release from
DUM neurons affected flight muscle metabolism, DUM neurons were
stimulated antidromically, and the content of F2,6P2 was measured in
one of the three wing elevator muscles, M119, according to Albrecht
(1953). Stimulations were conducted in restrained semi-intact prepara-
tions. Animals were fixed in plasticine dorsal side up, and the thorax was
dissected open along the dorsal midline. The gut was removed, and the
electrodes for extracellular recording and stimulation were placed at se-
lected nerves. To induce octopamine release on M119 on one side only,
nerve 4 was cut on one side, and the four DUM neurons innervating
M119 were stimulated antidromically via their axons with a suction elec-
trode (see Fig. 1 A, stimulation electrode 1). This induced octopamine
release onto muscle M119 on the contralateral side to the stimulation
electrode. The denervated M119 on the ipsilateral side to the stimulation
electrode served as internal control (see Fig. 1 A). Individual pulses of 3
nA amplitude and 0.1 msec duration were applied every second for 20
min. Successful stimulation was monitored by recording the DUM neu-
ron spikes extracellularly with a hook electrode from the contralateral
uncut nerve 4 (see Fig. 1 A).

To induce release of octopamine onto M119 on both sides of the
thorax without affecting the motoneurons to M119, DUM neurons were
stimulated antidromically via nerve 3 with a suction electrode (see Fig.
1 A, stimulation electrode 2). Antidromic stimulation of nerve 3 elicited
spikes in all four DUM neurons innervating M119, because they all pos-
sess axonal projections in nerve 3 and in nerve 4 (Kutsch and Schneider,
1987).

After stimulation, the muscles M119 were removed from both sides
(experimental and control muscle). For enzymatic detection of the con-
tent of F2,6P2, muscles were frozen in liquid nitrogen within 15–20 sec
after electrical stimulation and subsequently treated as described below.
For in vitro phosphorylation assays, muscles were frozen onto the tip of a
steel pestle that had been cooled in liquid nitrogen. Then the pestle with
the frozen muscle on its tip was placed into a microcapillary of 1 mm
inner diameter (100 �l disposable micropipettes; Blaubrand) that con-
tained 20 �l of frozen Tris-HCl buffer (50 mM), pH 7.5, at the opposite
end. The muscle was crushed inside the microcapillary without thawing
by tipping the steel pestle on the surface of the frozen buffer. After crush-
ing, microcapillaries were stored in liquid nitrogen until phosphoryla-
tion assays were conducted as described below.

Assay of F2,6P2. To prevent the degradation of F2,6P2 (which is very
labile at low pH but stabile in alkali), frozen flight muscles were swiftly
homogenized in 10 parts (v/w) of 20 mM NaOH by sonication. The
homogenate was incubated at 80°C for 5 min, and then centrifuged at
10,000 � g for 15 min. F2,6P2 was assayed in the supernatant on the basis
of its ability to activate the pyrophosphate-dependent PFK (PPi-PFK),
which we had purified from potato tubers according to Van Schaftingen
et al. (1982). PPi-PFK is strongly activated by F2,6P2, whereas other
activators of animal PFKs have virtually no effect on the enzyme. A
standard curve of PPi-PFK activity versus 0.1–1.0 nM F2,6P2 was used for
the readings (Van Schaftingen, 1984).

In vitro phosphorylation assay. PKA activity in flight muscle M119 (see
Fig. 1 A) was measured by a fast in vitro phosphorylation assay using
phosphatase inhibitor 1 (I-1) as a PKA substrate (Hildebrandt and Mül-
ler, 1995). In initial experiments, we confirmed that I-1 purified from
bovine brain is a specific substrate for cAMP-dependent protein kinase of
locust muscle. For the phosphorylation assay, samples (10 �l) in the
microcapillaries were thawed and, just before complete melting, plunged
into the phosphorylation mixture (10 �l), which comprised 1 �Ci
[�- 32P]ATP (5000 Ci/mmol), 20 �M ATP, 1 mM EGTA, 10 mM mercap-

toethanol in 50 mM Tris-HCl, pH 7.5, and an aliquot of the heat stable I-1
(1 �g), boiled for 2 min before use. After incubation for 80 sec at room
temperature (20°C), reactions were stopped by adding 6 �l of sample
buffer (0.25 M Tris-HCl, pH 6.8, containing 5% mercaptoethanol, 5%
SDS, 20% glycerol, and 0.1% bromphenol blue). SDS-PAGE and auto-
radiography were performed as described by Hildebrandt and Müller
(1995). Autoradiographs were scanned, and the density of both the PKA-
specific I-1 band and the bands of the intrinsic proteins were determined
using NIH Image. In each sample, the 32P incorporation into the PKA-
specific substrate I-1 was normalized with respect to the total 32P incor-
poration into intrinsic proteins (because of other kinase activities) [see
Fig. 2 A, black arrow (for 32P incorporation into PKA-specific substrate),
white arrowhead (for 32P incorporation into intrinsic proteins)].

Injections into muscle M119. In some experiments, chemicals were
injected into flight muscle M119 with a Hamilton syringe (20 �l of a
10 �3

M solution in DMSO of the PKA inhibitor KT5720 or 8-bromo-
cAMP; Calbiochem, San Diego, CA). Contralateral control muscles were
injected with similar volumes of DMSO (Sigma, St. Louis, MO). Flight
muscles are compact, with thickly packaged muscle bundles. If a dye is
injected into such a muscle, it quickly spreads within the muscle but does
not easily travel to adjacent muscles.

Results
Activity of DUM neurons increases the levels of F2,6P2 in
flight muscle
DUM neurons are modulatory neurons intimately involved in
insect flight (Orchard et al., 1993; Duch and Pflüger, 1999). They

Figure 1. Effects of DUM neuron activity on the glycolytic activator F2,6P2 in flight muscle. A,
Schematic drawing of the stimulation protocol. The four cell bodies of the DUM neurons to the
flight muscles M119 are represented by black circles; their axons are represented by straight
lines. After denervating the right flight muscle M119, stimulation via electrode 1 induces octo-
pamine release from DUM neurons onto the left M119 only (see Results and Figs. 1 B, 2 A,B).
Stimulation success is recorded on the left nerve 4. Stimulating nerve 3 without cutting nerve 4
induces octopamine release on the muscles M119 on both sides (see Results, Figs. 2C, 3). B, The
content of F2,6P2 in nanomoles per gram of fresh weight (g fw) in flight muscle M119 is in-
creased by DUM neuron activity (gray bars; stimulation via nerve 4 at 1 Hz for 20 min) compared
with the contralateral control muscle from the same locust (black bars). Means � SDs are
shown on the right. (t test; n � 29; *p � 0.001).
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supply the flight muscles and affect contraction kinetics but do
not trigger contraction. We tested whether activity of DUM neu-
rons supplying flight muscles also affected muscle metabolism
and fuel selection. After unilateral denervation, DUM neurons
were stimulated antidromically at 1 Hz for 20 min to induce
octopamine release on the wing elevator muscle M119 on one
side only (Fig. 1A). The contralateral M119 served as internal
control (Fig. 1A, stimulation electrode 1). The levels of F2,6P2 in
flight muscle were increased by the activity of DUM neurons,
demonstrating for the first time a direct and specific involvement
of central modulatory neurons in the control of glycolysis and
hence fuel selection in muscle during exercise. The stimulation
frequency of 1 Hz is at the upper range of the firing frequencies
recorded from semi-intact locust preparations during rest (Duch
and Pflüger, 1999). The content of F2,6P2 in muscles showed indi-
vidual variation, both in the stimulated and unstimulated flight
muscles. However, in all cases stimulation markedly increased the
content of F2,6P2 in flight muscle compared with the unstimulated
control muscle (Fig. 1B). Thus DUM neuron activity produced a
highly significant increase in the content of F2,6P2, which was sev-
enfold on average (paired Student’s t test; p � 0.001). This showed
that DUM neuron activity in preflight locusts would be sufficient to
maintain high levels of F2,6P2, thus keeping the flight muscles poised
for high glycolytic activity and hence ready for starting a flight.

In contrast, the previously measured decreases in octopamine
and F2,6P2 in active flight muscles (Goosey and Candy, 1982;
Wegener et al., 1986) correspond to the inhibition of DUM neu-
rons during flight (Duch and Pflüger, 1999). Because all other
effectors of PFK are unchanged during flight, decreases in F2,6P2

will attenuate glycolytic flux, as has been shown in an enzyme
assay with PFK purified from locust flight muscle (Wegener et al.,
1986, 1987).

Activity of DUM neurons increases PKA
activity in flight muscle
We also tested whether the metabolic ef-
fect of DUM neuron activity was mediated
by the same second messengers that medi-
ate presynaptic and postsynaptic modula-
tory effects of octopamine on muscle con-
traction kinetics (Evans and Robb, 1993). At
least two types of octopamine receptors have
been described on locust skeletal muscles.
They either increase intracellular calcium via
the IP3 pathway or increase cAMP through
adenylate cyclase activity, the latter activat-
ing PKA (Evans and Robb, 1993). With the
same stimulation patterns as before, we fol-
lowed PKA activity with substrate phos-
phorylation assays (Fig. 2A). DUM neuron
activity significantly increased PKA activity
in the flight muscle M119 (Fig. 2A,B). Injec-
tions of the cAMP donor bromo-8-cAMP
into nonstimulated muscles had an effect on
PKA activity that was similar to that seen for
stimulations of DUM neurons (Fig. 2B).
Stimulating DUM neurons via nerve 3 in-
duced octopamine release on M119 on both
sides of the body (see Materials and Meth-
ods) (Fig. 1A). In such preparations, injec-
tions of the PKA inhibitor KT5720 into one
of the two M119 flight muscles decreased
PKA activity in that muscle significantly (Fig.
2B,C) (Student’s t test; p � 0.001) and thus

abolished the effect of DUM neuron stimulation on PKA activity
(Fig. 2B,C).

PKA is necessary but not sufficient for signal transduction
from octopamine to F2,6P2

We also tested whether the PKA pathway was necessary to medi-
ate the effect of DUM neuron activity on F2,6P2 content in flight
muscle. DUM neurons were stimulated via nerve 3 (Fig. 1A,
stimulation 2), with no nerves cut, so that octopamine was re-
leased on the muscles M119 on both sides. Before stimulation,
one M119 was injected with the PKA blocker KT5720; the con-
tralateral one was injected with DMSO (control). After stimula-
tion, the muscles injected with KT5720 contained significantly
less F2,6P2 ( p � 0.01) than the control muscles (Fig. 3A), dem-
onstrating that the cAMP–PKA pathway was necessary for signal
transduction. To test whether increased PKA activity was suffi-
cient to increase F2,6P2 in muscle without DUM neuron stimu-
lation, the cAMP donor bromo-8-cAMP was injected in M119 on
one side only. The content of F2,6P2 was measured in both mus-
cles M119 from the same locusts after 20 min. Although PKA
activity was thus increased pharmacologically to a similar degree
as by DUM neuron stimulation (Fig. 2B), this was not sufficient
to increase F2,6P2 in muscle M119 (Fig. 3B), indicating that a
parallel pathway was involved in signal transduction from octo-
pamine to F2,6P2. Given the octopamine receptor complement of
locust flight muscles (Evans and Robb, 1993), this is likely to be
the IP3– calcium-dependent pathway. Whether both pathways
are coupled to different receptor subtypes or whether the same
octopamine receptor is coupled to different second messenger
systems remains an open question (Robb et al., 1994).

Figure 2. DUM neuron activity increases PKA activity in flight muscles. A, Phosphorylation assay for PKA activity in flight muscle
M119 on the control (left) and on the experimental side (right). The band for 32P incorporation into the PKA-specific substrate I-1
is marked with a black arrow; the band for 32P incorporation into intrinsic proteins is marked with a white arrowhead. B, Bar
diagram showing the effects of DUM neuron activity (A1, muscle M119 affected by DUM neuron activity; A2, control) and of an
injected cAMP donor (B1, injected 8-bromo-cAMP; B2, sham injected with DMSO) on PKA activity in flight muscle M119. The
increase in PKA activity mediated by DUM neuron activity (C1, muscle M119 affected by DUM neuron activity and injected with
DMSO) is abolished by injections of the PKA inhibitor KT5720 (C2, muscle M119 affected by DUM neuron activity after injection of
KT5720). Means � SDs are given, with asterisks indicating significant differences. (t test; p � 0.01).
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Discussion
It has long been known that muscle contraction triggered by the
activity of motoneurons stimulates muscle catabolism. The bal-
ance of hydrolysis and resynthesis of ATP is controlled by intra-
cellular feedback mechanisms in which ATP and its degradation
products are involved (for review, see Wegener, 1996). In con-
trast, little is known as to the role of the nervous system in muscle
metabolism during exercise.

Our results show that locust muscle catabolism can be affected
by the activity of central modulatory neurons, which in turn are
directly connected to the central neural circuits that produce
flight motor output (Duch and Pflüger, 1999). In semi-intact
preparations of locusts, DUM neurons that innervate flight mus-
cles fire with frequencies between 0.1 and 1 Hz during rest (Duch
and Pflüger, 1999). This study shows that a firing rate of 1 Hz is
sufficient to maintain high levels of F2,6P2 in flight muscle. How-
ever, in resting locusts this will not trigger glycolytic activity,
because F2,6P2 acts synergistically with AMP in activating PFK
(Wegener et al., 1987), and the AMP content is very low in resting
muscle (Wegener et al., 1991). As a consequence, preflight DUM
neuron activity keeps the flight muscles poised for high glycolytic

activity as required for take-off without wasting carbohydrate.
With the onset of a flight, however, ATP turnover is increased
dramatically, and this will cause an instantaneous increase in
AMP in the working muscles (Wegener et al., 1991). In concert
with high levels of F2,6P2, this rapid increase in AMP will then
ensure high glycolytic rates, as required for take-off (Candy et al.,
1997).

In contrast, inhibition of DUM neurons during flight (Duch
and Pflüger, 1999) will allow octopamine levels in flight muscles
to decrease, because this is the only octopaminergic innervation
that they receive. In fact, such a decrease in octopamine in locust
flight muscles does occur within the first 10 min of a flight
(Goosey and Candy, 1982), despite increased hemolymph octo-
pamine levels (Goosey and Candy, 1980). Decreased octopamine
levels in flight muscle would be expected to also decrease F2,6P2

levels in muscle, which in fact have been shown to decrease by
80% within the first 10 min of a flight (Wegener et al., 1986).
With the other effectors of PFK unchanged, as demonstrated by
NMR spectroscopy (Wegener et al., 1991), this will attenuate
glycolytic flux, and correspondingly favor oxidizing lipids during
prolonged flight. DUM neuron activity during flight would be
expected to counteract the decrease in F2,6P2. In fact, this hy-
pothesis is supported by reports that the decrease in F2,6P2 in
working flight muscles can be reverted by injecting octopamine
in flying locusts (Blau and Wegener, 1994) or incubating electri-
cally stimulated flight muscles with octopamine (Blau et al.,
1994). Therefore, we conclude that DUM neuron inhibition dur-
ing flight (Duch and Pflüger, 1999) may be part of the mechanism
to reduce glycolytic flux to favor the oxidation of fat during pro-
longed flight.

Central modulatory neurons hence appear to contribute to
adjusting flight muscle metabolism to the preferential oxidation
of carbohydrates (muscle glycogen and hemolymph trehalose)
for take-off. Such a direct control of muscle metabolism by mod-
ulatory neurons has not been demonstrated before. This under-
lines the increasing awareness that the appropriate control of
behavior requires numerous interactions between the nervous
system and other organs as well as the environment. Neuro-
modulators, such as octopamine, are also released within the
CNS, and central neurons are equipped with the appropriate sets
of receptors. As Robertson and Steele (1973) have observed oc-
topamine to mobilize glycogen in isolated cockroach ganglia, this
prompts the question as to whether neuromodulators also sup-
port neurons to meet changing catabolic demands.
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