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Abstract We have tested the effect of a known insect
neuromodulator, octopamine, on flight initiation in the
cockroach. Using minimally dissected animals, we
found that octopamine lowered the threshold for wind-
evoked initiation of flight when applied to either of two
major synaptic sites in the flight circuitry: 1) the last
abdominal ganglion, where wind-sensitive neurons
from the cerci excite dorsal giant interneurons, or 2) the
metathoracic ganglion, where the dorsal giant inter-
neurons activate interneurons and motoneurons which
are involved in producing the rhythmic flight motor
pattern in the flight muscles (Fig. 2).

Correlated with this change in flight initiation thre-
shold, we found that octopamine applied to the last
abdominal ganglion increased the number of action
potentials produced by individual dorsal giant inter-
neurons when recruiting the cercal wind-sensitive neur-
ons with wind puffs (Figs. 3, 4, 5) or with extracellular
stimulation of their axons (Fig. 6). Octopamine
increases the excitability of the giant interneurons
(Figs. 7, 8). Also, when we stimulated individual dorsal
giant interneurons intracellularly, the number of action
potentials needed to initiate flight was reduced when
octopamine was applied to the metathoracic ganglion
(Fig. 9).
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Introduction

Animals need to shape their behavior to be appropriate
for internal and external conditions. This behavioral
flexibility includes changes in the threshold for behav-
ioral initiation, which affects behavioral choice.
Neuromodulatory substances, such as biogenic
amines, have been found to have profound effects on
the flexibility of neuronal circuits subserving specific
behaviors (Bicker and Menzel 1989; Selverston 1993).
One function of neuromodulators seems to be the set-
ting of the arousal state of an animal (Bicker and
Menzel 1989). Arousal state often refers to some inter-
nal mechanism which determines the threshold and
intensity of a behavioral response. In particular, octo-
pamine has been suspected of having a general arousal
effect on insects (Evans 1980; Orchard 1982; Orchard
et al. 1993) for reasons including: its levels rise during
stress (Davenport and Evans 1984; Hirashima and Eto
1993), it is released before a variety of behaviors (Hoyle
and Dagan 1978), it increases ventilation (Bellah et al.
1984) and cardiac contraction amplitude (Collins and
Miller 1977), and it mobilizes trehalose and lipids
(Orchard and Lange 1985). In addition, octopamine in
insects has been found to sensitize feeding behavior
(Long and Murdock 1983), and components of flight
(Kinnamon et al. 1984; Malamud et al. 1988; Whim and
Evans 1988; Ramirez and Orchard 1990; Ramirez and
Pearson 1991) and escape (Evans and Siegler 1982;
Goldstein and Camhi 1991; Casagrand and Ritzmann
1992) behaviors. When injected into specific neuropile
regions of the thoracic ganglia, octopamine releases
flight behavior in the moth and the locust (Sombati and
Hoyle 1984; Claassen and Kammer 1986; Stevenson
and Kutsch 1987). However, it has not yet been shown
whether octopamine affects the threshold for flight in-
itiation in response to sensory stimuli, and if so, at
which point in the flight circuitry, from sensory recep-
tors to muscles, does octopamine effect this change.
Thus, the purpose of the present work was to examine
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the effects of octopamine on flight initiation threshold
at the behavioral, systems and cellular levels.

In the flight system of the cockroach, a wind puff
applied to the cerci, two posterior sense organs bearing
wind-sensitive hairs, is a powerful stimulus for flight
initiation (Ritzmann et al. 1982; Libersat et al. 1989).
Sensory neurons associated with these hairs excite two
groups of identified giant interneurons (GIs), the dorsal
giant interneurons (dGls) and the ventrals (vGls) in the
last abdominal ganglion, A6 (Camhi 1984). The dGTs
(GIS, GI6, and G17) control the initiation and mainten-
ance of flying behavior (Ritzmann et al. 1982; Libersat
1992) and escape steering during flight (Libersat 1994).
Intracellular stimulation of a single dGI is sufficient to
initiate flight when the legs are not in contact with the
substrate (Ritzmann et al. 1982). The axons of the dGIs
ascend through the nerve cord and reach locomotory
centers in the thoracic ganglia. There the dGls activate
various inter- and motoneurons involved in producing
the rhythmic flight pattern (Ritzmann 1984; Ritzmann
and Pollack 1986; Libersat 1992).

Recently, octopaminergic cells in the nervous system
of the cockroach have been mapped, and large clusters
were found in A6 and in the thoracic ganglia (Eckert
et al. 1992). Many of these cells correspond to octo-
paminergic neurons known as DUM (dorsal unpaired
median) neurons. Thus, in the present work, using
minimally dissected animals, we tested the effect of
octopamine on the threshold for initiation of flight,
when applied locally to two major synaptic stations in
the flight circuit, A6 and T3. We then examined the
effect of octopamine on specific cellular elements of the
flight circuitry.

A preliminary report of this data has been published
(Weisel Eichler and Libersat 1994).

Materials and methods

All experiments were performed on adult male cockroaches, Perip-
laneta americana, raised in plastic barrels and kept at 27-32°C. They
were provided with water and cat chow, ad lib.

Behavior

To test the effect of octopamine on flight initiation threshold, we
anesthetized the animal with CO, and pinned it ventral side up on
a recording platform after ablating legs and wings (Fig. 1). We cut
a small window out of the ventral cuticle to expose the A6 or the T3
ganglion, and made a Vaseline well under and around the ganglion
to contain the bathing solution and keep it localized. In the flight
threshold experiments where octopamine or saline was applied to
T3, we first softened the sheath of the ganglion with protease
(pronase E, 2%, Sigma) for 10 min, then rinsed repeatedly, and filled
the well with saline for 10 min, to wash out the pronase. For all
experiments we filled the well with about 1/2 ul octopamine (Sigma)
1072 M, in cockroach saline (Blagburn and Sattelle 1987), prepared
fresh daily, or with plain saline for controls. Testing began 5 minutes
after applying the bathing solution. We placed EMG electrodes
— 50 pm copper wires, insulated to the tip - in the subalar depressor
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Fig. 1 The experimental preparation. Wind stimulation of the cerci
is accomplished by delivering calibrated wind puffs directed at the
cerci (/). Hook electrodes (2) are used to stimulate the cercal nerve.
Intracellular stimulation and recording of the activity of a single dGI
(at the axon) is performed with a microelectrode (3). Hook electrodes
(4) are used to monitor the giant interneurons’ activity on the nerve
cord. Flight is monitored by EMG electrodes (5) in the subalar
muscle of the hindwing. Octopamine or saline is applied locally to
A6 or to T3

muscle of the right or left hindwing to monitor flight. Room temper-
ature was kept at 25-28°C for flight experiments.

Wind stimulation was produced by a loudspeaker connected to
a tube via a funnel. The movement of the speaker’s membrane was
driven by a custom-built adjustable current source. This system
generated wind puffs of 70-200 ms duration (depending on the wind
velocity) with calibrated velocities measured by an anemometer
(Datametrics, Watertown, MA, USA). The wind puffs were delivered
from above and in front of the animal, directed at the cerci from
a distance of 3 cm. We began with wind puffs at a velocity of 0.5
m/sec and increased the velocity by 0.5m/s until 3.5m/s or until
flight was initiated. We gave three wind puffs at each wind velocity,
spaced 1 min apart. We considered the threshold to be the lowest
wind velocity at which flight was initiated in at least 2 out of
the 3 trials. Animals which did not fly at 3.5 m/s were not included
in the sample. The rhythmic flight activity which was induced in
the wing muscles was characterized by synchronous activity in
homologous muscles, and antiphasic activity in depressor and elev-
ator muscles, and was very similar to the activity seen in intact
animals.

Intracellular recording and stimulation

We pinned the animal dorsal side up and opened the dorsal abdom-
inal cuticle, exposing the nerve cord from A1 to A6, which we kept
bathed with cockroach saline. We placed silver hook electrodes
around the nerve cord to record the activity of the Gls extracel-
lularly, and a wax coated platform under the nerve cord between AS



























