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Summary. In this paper, I have examined the behavioral
functions of feedback loops between the cockroach
(Periplaneta americana) giant interneurons (GIs) and
the flight thoracic rhythm generator.

1. During sequences of flight-like activity, I have re-
corded from identified giant interneurons from the dorsal
(dGlIs) or the ventral (vGIs) group and stimulated them
either with current pulses or with wind stimuli delivered
to the cerci.

2. Removal of the dGIs’ activity which normally oc-
curs during natural flight reduced both the wingbeat
frequency and flight duration, and increased the variabil-
ity of the wingbeat frequency (Fig. 6). Intracellular
rhythmic stimulation of a single dGI during flight in-
creased the wingbeat frequency and the duration of flight
(Figs. 7, 8). The wind sensitivity of the dGIs was un-
changed during flight compared with at rest (Fig. 2). A sin-
gle short burst of spikes in a dGI had complex effects on
the flight muscle recording but apparently did not reset
the flight rhythm (Fig. 9). These results suggest that the
rhythmic activation of the dGIs during natural light
participates in the control of the wingbeat frequency and
the flight duration (Fig. 12).

3. In contrast to the dGIs, the vGIs became signifi-
cantly less sensitive to wind during flight (Fig. 3). Stimu-
lation of one of the vGIs (GI1) with 10 spikes at roughly
180/s during flight evokes immediate cessation of flight
(Figs. 10, 11). Given that the vGI activity can stop flight,
the inhibition imposed on the ventral group during flight
appears to be designed to prevent this group from inter-
fering with the flight program (Fig. 12).
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Introduction

When the central nervous system produces a motor out-
put, it sometimes also produces a central copy of this
output, called corollary discharge, efference copy or as
it will be called in the present paper, efferent feedback
(von Holst and Mittelstaedt 1950; Bell 1989). Efferent
feedback (EF) can have several general uses, including:
1) to complement sensory feedback in reporting various
parameters of the motor output (Guthrie et al. 1983;
Gandevia 1987); 2) to help in the coordination of dif-
ferent centrally generated rhythms underlying cyclic be-
haviors (Stein 1971; Davis 1985; Grillner 1985; Arshav-
sky et al. 1983); 3) to cancel potentially disturbing feed-
back during movement (Murphy and Palka 1974; Wine
and Krasne 1982; Libersat et al. 1987; Bell 1989).

Although EF is common in motor systems, unless it
can be manipulated experimentally during the ongoing
motor task, its specific functions in any given system are
difficult to demonstrate conclusively. Such manipula-
tions are more readily carried out in invertebrate than in
vertebrate animals, owing to the smaller number and
greater size of the neurons, some of which are individu-
ally identified. For this purpose, I have exploited the
cockroach flight circuitry, as well as some neurons of the
escape circuit that I show to have effect on flight. This
system offers the advantage that several of the neurons
are large and individually identified, and can be easily
manipulated during ongoing flight sequences.

The physiology and anatomy of the cockroach flight
and escape circuits have been extensively studied (Fourt-
ner and Randall 1982; Camhi 1984; Ritzmann 1984;
Ritzmann et al. 1982, 1983; Libersat and Camhi 1988;
Libersat et al. 1989, 1990). A population of wind-
sensitive hairs is found on the ventral surface of the cerci,
two bilateral antenna-like appendages at the posterior
end of the animal. Under each hair, a single sensory
neuron is excited if the hair is deflected even by a minute
wind current (Camhi 1984).

Cercal wind receptors excite two groups of giant inter-
neurons (GIs), the dorsal and the ventral group, in the
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last abdominal ganglion A6. Each GI has a large axon
which ascends through the nerve cord and reaches the
locomotory centers in the 3 thoracic ganglia (T1, T2 and
T3). In T3, the vGIs and the dGIs excite separate sub-
populations of thoracic interneurons (TIs), of which
some are identified (Ritzmann and Pollack 1986). Some
TIs excite leg motor neurons and others presumably
excite flight motor neurons (Ritzmann 1984).

Each of the GI groups constitutes a command system,
i.e., a set of interneurons that can elicit a given behavior
(Kupfermann and Weiss 1978): The dGIs (GIs 5, 6 and
7) comprise a command system for flight. Thus, for
instance, stimulation of any given dGI alone is sufficient
to initiate flying behavior when the legs are not in contact
with the substrate (Ritzmann et al. 1982). The vGIs (GIs
1, 2 and 3) comprise a command system for the running
escape behavior of the insect on the ground. Thus, for
instance, removal of specific vGIs affects the directional-
ity of the escape behavior in a predictable way (Comer
1985) and stimulation of individual vGIs excite appro-
priate leg motoneurons (Ritzmann 1981, 1984).

During flight, strong winds are generated by the beat-
ing wings and by the forward progression of the animal
through the air (Libersat et al. 1989). Consequently, all
GIs should receive strong stimulation during flight. In
fact the dGIs are rhythmically active during flight,
whereas the vGIs are silent and their responsiveness to
wind stimuli is drastically reduced by nearly 90% (Liber-
sat et al. 1989).

An EF from the thoracic pattern rhythm generator for
flight rhythmically activates the command system for
flight (the dGIs) (Libersat et al. 1989; Libersat, unpub-
lished results). This constitutes a feedback loop within
the central nervous system: The central pattern generator
for flight located mostly in the second and third thoracic
ganglia (Wilson 1961; Ritzmann et al. 1983; Robertson
and Pearson 1985; Stevenson and Kutsch 1987) produces
the rhythmic EF (Libersat and Camhi 1988; Libersat et
al. 1989). This EF descends to the last abdominal gangli-
on, where it rhythmically activates the dGIs. This dGI
rhythm then returns to the thoracic ganglia, where it
could influence the central pattern generator. Similar
examples of central feedback between a group of com-
mand neurons and a central rhythm generator have been
reported in various phyla, though the function of the
feedback is not entirely clear (Selverston 1976; Weeks
1982; Arshavsky et al. 1983; Grillner 1985; Davis 1985).
Thus, the first objective of this paper is to uncover the
functional significance of this internal feedback loop in
the cockroach flight system by silencing or stimulating
individual identified dGIs during flight.

The EF produced during flight also inhibits the com-
mand system for escape (vGIs). This could prevent the
activation of the escape pathways which otherwise could
interfere with the ongoing flight activity. The second
objective of the paper is to investigate this possibility by
stimulating individually identified vGIs during flight, a
situation in which the vGlIs are normally held silent by
strong inhibition.

A preliminary account of part of this work has
previously been published (Libersat et al. 1990).
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Materials and methods

All experiments were performed on adult male cockroaches, Peri-
planeta americana, raised in plastic barrels and kept at 24-28 °C.
They were provided with water and rat chow ad lib.

Recording. The preparation has already been described (Libersat et
al. 1989). Briefly, the animal was anesthetized with CO, and pinned
dorsal side up on a recording platform after cutting the legs and
wings back to stumps. The dorsal abdominal cuticle was removed
and the nervous system was exposed from the first abdominal
ganglion Al to the most posterior ganglion A6. I recorded the
activity from the nerve cord with silver hook electrodes placed
around the A3-A4 connectives, and from a metathoracic indirect
flight elevator muscle with pairs of 50 um copper wires (Fig. 1).
After placing the A5-6 connectives of the abdominal nerve cord on
a small platform coated with vinyl wax, single GIs were impaled
with glass micro-electrodes filled at the tip with 5% Lucifer Yellow-
CH (LY) in 0.1 M LiCl or 6% carboxyfluorescein (CF)in 0.44 M
KCl (resistance 40 to 80 MQ). The back of the electrode was filled
with either 1 M LiCI (LY electrodes) or with the 6% carboxyfluores-
cein solution (CF electrodes). In order to record synaptic activity,
in most experiments GIs were impaled very near A6, and thus as
close as possible to the spike initiating zone, where the axon ascends
from a massive dendritic tree. The nerve cord was bathed with
cockroach saline during the experiment (Callec and Satelle 1973).

Stimulation. Individual GIs were stimulated with trains of de-
polarizing current pulses 30-100 ms in duration, and consisted of
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Fig. 1. Experimental procedure. The animal is pinned dorsal side up
after removing legs and wings. The dorsal cuticle is removed and
the abdominal nerve cord exposed. The activity of the GIs is mon-
itored with hook electrodes placed around the nerve cord. Single
dGI recording and stimulation is performed with glass micro-elec-
trodes. Flying behavior is monitored with extracellular electrodes
placed in an indirect elevator of the metathoracic wing. Brief
sequences of flight-like activity can be triggered in this wingless
preparation by delivering brief wind puffs to the cockroach’s cerci
(WIND STIM). For clarity, the wind stimulator is drawn behind
the animal, facing its rear end. In fact, for all experiments, the wind
stimulator was placed in front of the animal, the end of the wind
stimulator tube pointing at the cerci. Unlike in the intact animal
(Libersat et al. 1989), in such a preparation there were few dGI's
spikes during flight. We took advantage of this to stimulate in-
tracellularly single GIs during flight when there was little or no
ongoing dGI activity







































