
In this article we describe recent advances in functional studies on the role of octopamine released in the
periphery by efferent dorsal or ventral unpaired median neurons. In addition to the previously described
modulatory effects on the neuromuscular junction, we describe a metabolic regulatory role for these neu-
rons. Due to their activity glycolytic rates in target tissues, such as muscles, are increased. In flight mus-
cles that use carbohydrate catabolism only at take-off but have to switch to lipid oxidation during pro-
longed flight, these neurons are only active at rest but are inhibited as soon as flight motor patterns are
selected.
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PREFACE

This lecture is in honour of Ernst Florey, one of the pioneers of comparative animal
physiology, and a founding father of the International Society for Invertebrate
Neurobiology. A very sad note is that the person who should have given this lecture,
Werner Rathmayer, died himself very unexpectedly in January this year. He was very
much looking forward to attending this meeting, and he was already collecting mate-
rial for delivering the Florey lecture in honour of the person with whom he collabo-
rated and associated for more than 30 years. Therefore, with this lecture both of these
great scientists will be honoured, both with very different personalities but sharing
many common values.

Ernst Florey was born in Salzburg on 3 April 1927 as the son of a Protestant min-
ister. Being surrounded by very traditional Catholicism had a great impact on his own
liberal attitudes, his tolerance, his humanism, and his intellectual independence,
characteristics that he never lost throughout his life. Already his study subjects at the
University of Graz revealed his deep interest in not only matters of science but also
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philosophy. He graduated in zoology at the University of Graz at the age of 23, and
after research stays in the best laboratories at that time, finally became a professor of
general and comparative physiology at the University of Washington, Seattle, USA.
In 1969, he left Seattle to become professor of neurophysiology and history of sci-
ence in the newly-founded biology department at the University of Konstanz. He
died unexpectedly in Konstanz on 26 September 1997.

Ernst Florey is most noted for his discovery and identification of “factor I” as
gamma aminobutyric acid (GABA [4]), and the demonstration of its inhibitory role.
He made substantial contributions in defining the concept of “neuromodulation”, at
that time a revolutionary idea that substances exist which influence and gate other,
“classical” transmitters, and hence act as modulators. Very influential was his 1966
textbook “Introduction to General and Comparative Physiology”, later translated into
German as “Lehrbuch der Tierphysiologie” (1970 and 1975, second edition). 

Ernst Florey was a successful and admired scientist, but a remarkably unpreten-
tious person, accepting influential positions in a completely unambitious manner. He
was extremely helpful to his colleagues and friends; even his most severe criticism
was wrapped in friendly words revealing his deeply-rooted tolerance. His remarkable
personality came to light in his own strong opinions, even if these meant swimming
against the tide of “common thoughts and beliefs”. He also revealed an unusual inter-
est in people of “doubtful” scientific reputation, such as Franz Anton Messmer
(1734–1815) and his “animal magnetism” (called “mesmerism”). Ernst Florey will
always be remembered as a most original, intelligent, humane and sympathetic person.

Werner Rathmayer, who unexpectedly died on 23 January 2003, and Ernst Florey
were colleagues for more than 30 years. Werner Rathmayer was born on 7 March
1937 in Lindau, and after his graduation from the University of Munich in 1962
worked in Ernst Florey’s laboratory in Seattle as a young postdoc, and after being an
assistant professor at the University of Frankfurt joined the biology department of the
University of Konstanz in 1968, where he soon became a colleague of Ernst Florey. 

Werner Rathmayer is most noted for his work on the mechanisms of neuromodu-
lation in arthropod muscle, on animal toxins [31], and their use in dissecting various
aspects of neuromuscular transmission, and on the role of common and specific
inhibitors [1]. He was a phantastic zoologist, and in his free time a great ornitholo-
gist who knew how to equally motivate and inspire colleagues and students. He was
an influential figure in German zoology and neurobiology who served on many
national and international research panels. Despite his many influential positions and
his impressive stature he was a friendly, unambitious and tolerant person, even when
locked into fierce arguments with people who disagreed with his opinion. He was a
great fighter for basic and fundamental research, and in doing so had a great impact
on zoological science in Germany. To have been exposed to these two, in many ways
very different personalities, but who nevertheless shared many common scientific
values, was a phantastic experience that can only be desired for every young scien-
tist. Nothing could commemorate these two scientists better than to continue in pro-
ducing excellent science, and to study the many fascinating mechanisms underlying
animal behaviour, and, in particular, that of invertebrate animals.



INTRODUCTION

The research topic in our group at the Free University of Berlin is the functional role
of neuromodulatory octopaminergic neurons during insect motor behaviour [9]. The
concept of modulatory substances was developed by Florey [19] who showed that
they control or modulate the efficacy of other transmitters and thus alter the excitabil-
ity of target tissues. We focus on octopamine and its role during behaviour.
Octopamine has both central and peripheral effects, and whereas the central effects
are less well understood, those acting in the periphery are much better known, large-
ly due to the accessability of the octopaminergic neurons and their targets.

RESULTS

Octopaminergic neurons in the central nervous system

The use of anti-octopamine antibodies in insect central nervous systems revealed an
interesting population of neuromodulatory neurons that were found in each thoracic
and abdominal ganglion except the brain [16, 40, 41]. Although the brain contains
clusters of octopaminergic neurons, these are paired and do not exhibit the same mor-
phological features as those of thoracic and abdominal ganglia [25, 37, 39]. The vast
majority of thoracic and abdominal octopaminergic neurons belong to the class of
dorsal or ventral unpaired median neurons (DUM/VUM neurons) which are progeny
of the unpaired median neuroblast [13] and possess bilaterally symmetrical axons
[22]. Each thoracic and abdominal ganglion contains a particular set of these neurons
which were first characterized by the nerves through which their axons exit [44]. In
a locust thoracic ganglion, for example, DUM1-, DUM3-, DUM5-, DUM3,4- and
DUM3,4,5-neurons could be distinguished as different types. These neurons inner-
vate skeletal and visceral muscles, a few glands and sensory organs [7, 29, 33–35],
and, in addition, some of them have what appear to be neurohaemal release sites [10].
Similar DUM/VUM neurons of the suboesophageal ganglion innervate all major
neuropils of the brain [6] except the optical ganglia, which are predominantly inner-
vated by the previously mentioned paired neurons [37]. Another population of sub-
oesophageal ganglion descends to the thoracic ganglia [7], and might perhaps be
causal for the central effects of octopamine, for example the release of particular
motor patterns in thoracic ganglia such as flight [38]. That the release of octopamine
into specific neuropils of a ganglion elicits specific motor behaviours was demon-
strated by Sombati and Hoyle [36], and led to the “orchestration” hypothesis which
postulated that different motor programs are selected by the release of different mod-
ulators [23].
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Peripheral modulatory effects of octopaminergic neurons

With respect to the effects of peripheral DUM neurons it could be shown that stimu-
lation of particular DUM neurons mimics the effects of bath-applied octopamine to
nerve-muscle preparations: (i) slow oscillatory rhythms of a myogenic bundle of the
extensor tibiae muscle were inhibited [16, 17, 21], whereas (ii) muscle twitches gen-
erated by stimulating the slow excitatory motor neuron were slightly augmented in
amplitude, and their relaxation rate markedly increased [28]. Some of these effects
can be explained by the signalling pathways that postsynaptic octopamine receptors
activate in the target tissues [32]. A cAMP/PKA pathway may be involved in chang-
ing and affecting chloride and potassium conductances, as well as influencing the
Na/K-ATPase [42, 43].

Recruitment of octopaminergic neurons during motor behaviour

We wanted to know when exactly the DUM/VUM neurons are recruited by the ani-
mal, and therefore started to record from these neurons during restrained or fictive
motor behaviours, mainly in locusts and moths (see for review [9]). In contrast to ear-
lier reports [29], DUM/VUM neurons are recruited in parallel to the motor circuits
[12]. This parallel activation of DUM/VUM neurons with motor programs also
applies to walking [3], flight [14] and crawling. Therefore, at least for the release of
octopamine from DUM/VUM neurons, the orchestration hypothesis is not valid [23].
In contrast, we suggest that octopamine is released during ongoing behaviour to
adjust the muscular, and perhaps other peripheral systems, to the dynamic conditions
of movement.

Although none of the large descending projection interneurons in locusts such as
DCMD (descending contralateral movement detector) or TCG (tritocerbral commis-
sure giant) form direct synaptic connections with DUM neurons, they nevertheless
influence them, most likely via the networks of local spiking and non-spiking
interneurons [11]. When paired intracellular recordings from DUM/VUM neurons
were made, it soon became apparent that they are divided into subpopulations that
are defined by the presence or absence of commonly occurring postsynaptic poten-
tials (PSPs [2, 15]. Thus, within one ganglion the following subpopulations were
found: (i) DUM1, (ii) DUM3,4, and perhaps DUM3, (iii) DUM5 and DUM3,4,5. If
the same type of neurons which are member of the same subpopulation are recorded
in different ganglia, for example the meso- and metathoracic ganglion in a locust,
they are always characterized by common PSPs and by action potentials which often
occur at about the same time.

When various DUM neurons were recorded intracellularly either during a locust
defense kick [12], or during walking [3] only those innervating muscles involved in
the respective movements were always strongly activated in parallel. These results
prompted us to record from these neurons in restrained and fictive flight preparations
[14]. Surprisingly, DUM neurons innervating flight muscles were inhibited as soon



as a flight-like motor pattern occurred, whereas those innervating leg and other mus-
cles were always activated. Although we did not find direct connections between
sense organs and DUM neurons, some of the inhibitory potentials to DUM flight neu-
rons, and some of the excitatory potentials to DUM leg neurons could be elicited by
stimulating sense organs associated with the wing base such as the hairs of the tegu-
la or, most likely, chordotonal organs [27]. In addition, from the fictive flight prepa-
ration it can be concluded that similar connections must exist centrally, i.e. from the
flight motor to the respective DUM neurons. Nevertheless, recent experiments point
to more complex feedback pathways to DUM neurons than to motor neurons which
are part of the same motor behaviour (Field, Duch and Pflüger, in preparation).
However, finding the inhibition of DUM neurons to wing muscles made it clear that
the previously mentioned modulatory influences should not play a role during flight.

Octopaminergic neurons affect metabolic pathways

To elucidate the role of octopamine release from DUM/VUM neurons during flight,
we looked at effects on metabolic pathways, since it is known that bath-applied
octopamine activates flight muscle glycolysis via the potent activator fructose-2,6-
bisphosphate (F2,6P2, [45]). Metabolic requirements during flight are extreme, as
high carbohydrate oxidation rates are necessary for take-off but prolonged flight
requires a switch to lipid oxidation. Flight muscle catabolism is not regulated by
haemolymph octopamine, because both octopamine and F2,6P2 titres decrease in
wing muscles after a few minutes of flight [5]. Our findings of an inhibition of DUM
neurons to wing muscles during flight is consistent with the hypothesis that muscle
metabolism might be regulated by modulatory neurons.

Indeed selectively stimulating DUM neurons to wing muscles significantly
increased the content of F2,6P2 [26]. In subsequent studies we found that a
cAMP/PKA – pathway is involved in increasing F2,6P2 and, therefore, glycolysis,
but has to converge with another, yet unknown signalling pathway which is also con-
trolled by DUM neurone stimulation. Thus, we proposed that the inhibition of the
DUM flight neurons will help to switch to lipid catabolism, and that this is automat-
ically coupled to the respective motor program (Fig. 1). The DUM neurons to wing
muscles are, however, active during rest, and may thus serve to accumulate F2,6P2
which then will serve to boost glycolysis for the short time during and after take-off,
because F2,6P2 only activates phosphofructokinase synergistically together with
AMP. Therefore, we suggest that octopaminergic DUM/VUM neurons provide a
potent link between neuronal activity and metabolism, and that this system serves to
adapt metabolic pathways to behavioural requirements [26].
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Ionic currents of octopaminergic neurons

The existence of subpopulations of DUM neurons, which serve different behaviour-
al functions from affecting muscle contraction properties to adjusting muscle metab-
olism, renewed our interest in examining not only the differences in their connectiv-
ity, but also in their electrical properties (Fig. 2). Due to their great accessibility,
DUM neurons belong to the best-examined (insect) neurons with respect to a wide
range of biophysical properties [46]. Different types of DUM neurons were individ-

Fig. 1. A model of the processes which take place before, at take-off and during locust flight in different
compartments. Grey bars represent relative titres of the substances indicated in the left column



ually identified in primary neuron culture by retrograde labeling with fluorescent
dyes prior to dissociation [20]. Although all DUM neurons share many similar mem-
brane properties, different subpopulations of DUM neurons can be distinguished by
a differential expression of ionic currents. Calcium currents during the action poten-
tial induce long-lasting afterhyperpolarizations of the membrane potential by
increasing Calcium-dependent potassium conductances. In addition, subthreshold
and hyperpolarising activating currents lead to a delayed generation of action poten-
tials. These transient potassium currents were larger in DUM3 neurons than in any
other DUM neuron type. This is consistent with our observations from in situ record-
ings that DUM3 neurons are least excitable.
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Fig. 2. Different ionic currents of freshly isolated somata of locust DUM neurons
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CONCLUSIONS

Detailed examination of the octopaminergic system, and of DUM/VUM neurons in
particular, has shown that their effects are more complex than a mere “arousal” sys-
tem as previously anticipated. The actions are precisely targeted, target-specific, and
parallel activation ensures behaviourally adequate modulation. These results could
not have been obtained without recordings from these neurons in behaving animals,
and thus show the value of experiments guided by a behavioural question. There are,
of course, many unanswered questions, for example, the precise connectivity of
DUM/VUM neurons is still unknown, and the neurons which release octopamine
centrally still remain rather enigmatic.
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