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Summary

The respiratory behaviour of Locusta migratoria is altered at the onset of flight.
The neuronal processes and some of the mechanisms underlying these alterations
were studied by using intracellular recording and staining techniques.

It has previously been reported that abdominal pumping ceases for the first
seconds of flight. Our data indicate that this phenomenon is not due to inhibition
of the respiratory system, since most interneurones and some motoneurones
maintain a respiratory rhythm during the onset of flight activity. Likely expla-
nations for the cessation of the abdominal pumping are: (1) increased stiffness of
the abdomen due to maintained activation of abdominal muscles and (2)
decreased rhythmic modulation in abdominal motor units due to tonic excitatory
input.

Two major changes occur in the respiratory system at the onset of flight: (1) the
rhythm is reset by an activation of inspiratory and inactivation of expiratory
neurones, and (2) the respiratory rate is increased. The increase in the respiratory
rate at the onset of flight is in part due to an activation of inspiratory interneurones
which are capable of accelerating the respiratory rhythm.

The changes in the respiratory system coinciding with the initiation of flight
suggest a feedforward mechanism linking both behaviours. Tonic interneurones,
involved in the initiation of flight and influencing respiration, might be involved in
linking respiration and flight. At flight onset, one group of these simultaneously
disinhibited respiration and flight and thus contributed both to an increase in the
respiratory rate and to an activation of the flight system. Another group evoked
flight and had variable effects on respiration. One tonic interneurone had a
depressing effect on the respiratory rate.

We conclude that respiration is centrally linked to flight in part by the same
interneurones controlling the initiation of flight. The existence of such a
feedforward mechanism in the locust resembles the situation found in vertebrates,
where locomotory and respiratory behaviour can be driven from the same
brainstem region.

Introduction

In many animals respiration strongly depends on the animals' activity. It is
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generally found that the onset of movement is accompanied by an immediate
increase in the respiratory rate (Di Marco et al. 1983; Feldman, 1986; Miller,
1960c). The mechanisms underlying this change in the respiratory system have
been discussed for a long time for both vertebrates and invertebrates (Volkman,
1841; Miller, 1960c). Two major hypotheses have emerged. First, it has been
hypothesized that the increased respiratory rate is caused by sensory feedback.
Chemical stimuli, such as carbon dioxide, are unlikely to be involved, since they
would be too slow to explain the immediate alteration of the respiratory system
(Hoyle, 1959; Krogh & Lindhard, 1913). However, sensory feedback from
mechanical or chemical receptors within the muscles could provide a rapid signal
for exciting the respiratory system. The second hypothesis is that feedforward
signals from the system driving movements to the respiratory system increase the
respiratory rate (Krogh & Lindhard, 1913; Miller, 1960c). Evidence to support
both hypotheses has been presented in vertebrates: feedback control by McClos-
key & Mitchell (1972), Tibes (1977), Kao etal. (1979) and feedforward control by
Eldridge et al. (1981, 1985). However, in invertebrates the neuronal mechanisms
underlying alterations of the respiratory system related to locomotory movements
are still unknown.

Previous studies have shown that two major alterations occur in the respiratory
behaviour when a locust starts flying: (1) pumping movements of the abdomen
cease at the onset of flight, but reappear after a few seconds at a higher rate than in
the resting animal (Miller, 1960c), and (2) the thorax is moved rhythmically in
phase with the flight rhythm instead of in phase with abdominal movements (Weis-
Fogh, 1964). In this study we have concentrated on determining the neuronal
mechanisms responsible for changes in the pumping rate of the abdomen at flight
onset. A necessary prerequisite for an understanding of these mechanisms is
knowledge of the events occurring in the respiratory system at the onset of flight.
The cessation of pumping movements in the abdomen could be due to either: (1)
an inhibition of the respiratory system, or (2) to the fact that respiratory activity
cannot be expressed because of maintained activity in abdominal muscles. The
latter possibility is likely since the abdomen is raised after flight onset into a typical
flight position (Camhi & Hinkle, 1972), and many motor units on both sides of the
abdomen are recruited, most of them tonically (Baader, 1988). Owing to the
coactivation of many abdominal muscles the stiffness of the abdomen is presum-
ably increased, which would tend to obscure ventilatory pumping movements.

To examine the issue of what the respiratory system does at flight onset we
recorded intracellularly from respiratory motoneurones and interneurones. Our
recordings revealed that the respiratory system remains rhythmically active at
flight onset, that the respiratory rate is immediately increased and that it is reset at
flight onset by an activation of inspiratory and an inactivation of expiratory
neurones. These data demonstrate that the respiratory and flight systems are
coupled by a feedforward mechanism. Interneurones that may be involved in the
feedforward pathway were identified in the suboesophageal ganglion, a ganglion^
known to be important for the control of ventilation (Huber, 1960a).
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Materials and methods
Animals

Adult male or female Locusta migratoria from colonies kept at the University of
Alberta were used. All experiments were performed at room temperature.

Preparation and dissection

For most intracellular recordings the animals were mounted dorsal side up on a
corkboard with legs and wings removed. The suboesophageal ganglion was
exposed as described in detail by Kien & Altman (1984). The head capsule was
opened leaving the frontal wind-sensitive hairs intact. The mandibular and dorsal
neck muscles as well as the tentorium were removed. The tritocerebral commis-
sure was left intact. The meso- and metathoracic ganglia were exposed, as
described by Robertson & Pearson (1982). The thorax was opened with a dorsal
incision and the gut and small muscles over the ganglia were removed. In some
cases intracellular recordings were obtained in intact tethered flying locusts. This
preparation was described by Wolf & Pearson (1987). The legs, but not the wings,
were removed and the locust was fixed ventral side up on a steel holder.
Recordings were obtained from a small window cut into the sternal cuticle above
the ganglion. The tracheae were left intact. The ganglion from which intracellular
recordings were obtained was supported by a stainless-steel platform and kept
moist by a saline described by Robertson & Pearson (1982). In all preparations
flight was induced by a frontal wind stimulus of 3-4ms"1 . The onset of the wind
stimulus was measured by a wind anemometer mounted at a distance of 1-2 mm
from the frontal wind-sensitive hairs.

Recording and staining

Rhythmic activity in the flight system was monitored by electromyograph
(EMG) recordings of either the tergosternal muscle 83, a forewing elevator, or the
subalar muscle 129, a hindwing depressor. Respiratory activity was usually
monitored by EMG recordings from either the inspiratory muscle 177 or the
expiratory muscle 179. Recordings from these abdominal muscles were obtained
by using low-resistance glass electrodes filled with potassium acetate ( lmolP 1 )
inserted into the muscles. Sometimes respiratory activity was monitored by a hook
electrode placed on either a median nerve or one of nerves 8, 9 or 10 of the
metathoracic ganglion. The activity patterns in these nerves have been described
by Lewis et al. (1973).

All intracellular recordings from neurones were obtained from their neuropile
processes. The d.c. records were stored on an FM tape recorder and examined
later. Recording electrodes were filled with a 5 % solution of the fluorescent dye
Lucifer Yellow in distilled water. The electrode resistances varied between 60 and
200 MQ. To allow the identification of the recorded neurone, dye was injected by
passing negative current (4-7 nA) for up to 30 min. The ganglia were processed as
described by Robertson & Pearson (1982) and the neurones were identified and
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numbered according to the three-digit nomenclature of Robertson & Pearson
(1982, 1983).

Results

Activity in abdominal muscles at the onset of flight

Miller (1960c) has demonstrated that abdominal pumping ceases for the first few
seconds of flight, but he did not establish the mechanisms for this cessation. The
cessation of abdominal pumping could be due to a strong activation of additional
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Fig. 1. Activity of abdominal muscles at the onset of flight. The recordings were
obtained in intact tethered flying locusts. (A) Electromyograph (EMG) recording from
expiratory muscle 179 (upper trace), recorded simultaneously with the EMG from
wing elevator muscle 83 (middle trace) and the registration of the wind anemometer
(lower trace). Note: during flight, respiratory rhythmic modulation is not visible.
(B) Relationship between the onset of activity in the expiratory (ordinate) and the
elevator muscle (abscissa). Closed circles, latency from the onset of wind to the onset
of activity in a small abdominal motor unit (arrows in C-E). Open circles, latency from
the onset of wind to the onset of activity in larger abdominal motor units (arrowheads
in D,E)- (C-E) Upper traces, activity in M179; middle traces, activity in M83; lower
traces, wind stimulus. (C) Wind evoked no flight. (D) Wind evoked only one wing
beat. (E) Long flight sequence evoked by wind. (F) Wind-evoked flight activates
inspiratory muscle 177. Upper trace, activity in M177; lower trace, activity in the wing
depressor muscle M129.
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Fig. 2. Activity of an abdominal motoneurone (MN) during flight, recorded in an
intact tethered flying locust. (A) Structure of the abdominal motoneurone which was
located in the first abdominal ganglion. (B) Motoneurone recorded intracellularly
(upper trace), together with an EMG from muscle 83 (middle trace) and a first
abdominal nerve recording monitoring expiratory activity (lower trace). The expira-
tory rhythmic modulation in the motoneurone during flight was obscured by tonic
excitation. In this and all following figures the vertical calibration bar reflects the
amplitude of the intracellular recording (upper traces).

abdominal motor units which are inactive in the quiescent locust and which, during
flight, obscure the activity of the respiratory system. We would therefore expect
that this activation of abdominal muscles should be strictly correlated with the
flight behaviour and should occur simultaneously with the onset of flight.
Recordings from abdominal muscles have previously been obtained mainly with
respect to steering behaviour (Camhi & Hinkle, 1972; Baader, 1988), but the exact
time of activation of these muscles at the onset of flight was not established.

|Simultaneous recordings were obtained from the abdominal muscle 179, the wing
elevator muscle 83 and the wind stimulus. In the quiescent locust, muscle 179 is
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Fig. 3. Activity of the motoneurone innervating the closer muscle of spiracle 4,
recorded in the quiescent locust. (A) Structure of the motoneurone in the first fused
abdominal ganglion. (B) Upper trace, intracellular recording from the closer moto-
neurone. Lower trace, nerve recording from the first abdominal median nerve
(Medn).

rhythmically active in phase with expiration. At flight onset, as well as during
flight, additional motor units are recruited (Fig. 1A). The time of onset of activity
in M179 was measured by taking the latency from the onset of wind blown on the
head to the onset of activity in M179. The first muscle spike occurred with a
relatively constant latency of 21 ± 2 ms (± S.D.) in M179 and was always visible in
response to wind blown on the head, regardless of whether flight was initiated
(Fig. 1D,E) or not (Fig. 1C). The latency of this response was not correlated with
the latency of the onset of activity in elevator muscles (Fig. IB, closed circles). We
therefore conclude that this muscle spike is not a response to the onset of flight
activity but a response to the sensory wind stimulus. Further muscle spikes
occurred with a longer and more variable latency of 71 ± 9 ms. The latency of this
M179 response was correlated with the latency of the onset of activity in the
elevator muscle 83 (Fig. IB, open circles). The muscle spikes in M179 were o
visible if flight activity was elicited (Fig. 1D,E) and were not visible if the wind
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Fig. 4. Activity of the closer motoneurone innervating spiracle 4 at the onset of flight,
recorded in an intact tethered flying locust. (A-D) Upper traces, intracellular
recordings from the motoneurone. Lower traces, EMGs from wing elevator muscle 83.
(A) Activity in the quiescent locust. (B-D) Activity at the onset of flight. The
motoneurone was inhibited at the onset of flight, no matter in which phase of the
respiratory cycle flight was initiated.

stimulus evoked no flight activity (Fig. 1C). The duration of activity in M179 was
also correlated with the duration of activity in the elevator muscle M83. Although
the wind stimulus was maintained for a long period, the activity in M179 ceased
shortly after cessation of activity in M83 (Fig. ID). However, the activity in M179
exceeded the duration of the wind stimulus if the flight episode was longer than the
wind stimulus (Fig. 1A). Because of this coincidence of M179 activity with activity
in the flight muscle 83, we conclude that this activity in M179 is a response due to
the evoked flight activity and not due to a response to the wind stimulus. Similar
results were also obtained for other expiratory muscles and for abdominal muscles
which were active in phase with inspiration such as the muscle 177 (Fig. IF). The
Kgh level of activity in abdominal muscles during flight made it impossible to
determine whether the motor units which are rhythmically active in the quiescent
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locust are still active, tonically active or inhibited during flight. Thus, it was
impossible to determine what effect flight had on the respiratory system using this
experimental arrangement. To examine this issue it was necessary to record
intracellularly from single respiratory neurones.
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Fig. 5. Alteration of respiratory activity in the closer motoneurone to spiracle 4 at the
onset of flight. (A) Reset of the respiratory rhythm at the onset of flight. Ordinate,
effect of flight on the respiratory rhythm. Abscissa, phase at which flight was initiated.
Inset: tl , duration of the respiratory cycle immediately preceding the cycle in which
flight was initiated. One respiratory cycle was the time between two consecutive burst
of activity in the closer motoneurone. t2, duration of the respiratory cycle in which
flight was initiated. t3, duration from the onset of expiratory activity directly preceding
the initiation of flight to the onset of flight monitored by the activity in muscle 83.
(B) Respiratory rate increase immediately following the initiation of flight. The
histogram represents the average respiratory rate before and immediately following
the initiation of 10 succesive flight sequences in the same animal. Two consecutive
respiratory cycles were measured to calculate the respiratory rate. Since fright always
started with an inhibition of the closer motoneurone, one respiratory cycle was taken
as the time between the onset of two consecutive inhibitions in the closer moto-
neurone.
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Fig. 6. Activity of the expiratory interneurones 326 and 720 during short flight
sequences. The structures of these neurones have been previously described (Ramirez
& Pearson, 1989). (A) Intracellular recording from 326 in the quiescent locust.
(B) Intracellular recording from 326 (upper trace) at the onset of flight, as monitored
by the EMG from depressor muscle 129 (lower trace). (C) Intracellular recording from
720 in the quiescent locust. (D) Intracellular recording from 720 (upper trace) at the
onset of flight, as monitored by the EMG from muscle 129 (lower trace).

Activity of respiratory motoneurones at the onset of flight

Intracellular recordings were obtained from respiratory motoneurones in the
first fused abdominal ganglion, a ganglion which seems to be important for the
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Fig. 7. Activity of the inspiratory interneurone 516 at the onset of flight. The structure
of 516 has been previously described (Ramirez & Pearson, 1989). (A-C) Intracellular
recordings from 516 (upper traces) at flight onset as monitored by the EMGs from a
wing elevator muscle (lower traces). Note that the depolarization in 516 always started
before the onset of activity in the wing muscle (arrows), indicating that the
depolarizing input to 516 could not be caused by feedback from muscle activity. Spikes
were sometimes produced at the same time or just after the onset of activity in the wing
muscle. (B,C) The duration of the first inspiratory burst at flight onset depends on the
respiratory phase in which flight was initiated.

generation of the respiratory rhythm (Ramirez & Pearson, 1989). As expected
from the myogram studies, many motoneurones, regardless of whether they were
rhythmically active in phase with inspiration or expiration, were tonically excited
during flight. One example is shown in Fig. 2A. This motoneurone was rhythmi-
cally active in phase with expiration in the quiescent locust, but tonically active
during flight (Fig. 2B). However, slight respiratory rhythmic activity was visible
but this was not sufficiently clear to characterize the influence of flight on the
respiratory system. A better insight was gained by studying motoneurones which,
during flight, remained rhythmically active in phase with respiration. One example
is the motoneurone innervating the closer muscle of spiracle 4. This motoneurone
was identified by its anatomy (first characterized by Burrows, 1982) (Fig. 3A), as
well as by its activity recorded extracellularly in the median nerve. In the quiescen^
locust, the spiracle closer motoneurone was rhythmically active in phase with
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expiration and discharged reciprocally to the activity in the spiracle opener motor
units, as indicated by the high-amplitude potentials in the median nerve recording
(Fig. 3B). At the onset of flight two major alterations in the respiratory rhythm
were found to be reflected in the motoneurone's activity.

The first major alteration was that the respiratory rhythm was reset (Figs 4, 5A).
This reset was indicated by the inhibition of the closer motoneurone at the onset of
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Fig. 8. Activity of the interaeurone 578 in the quiescent locust and at the onset of
flight. (A) Structure of the interaeurone 578. The cell body of 578 is located in the first
abdominal ganglion, the axon ascends contralaterally to the cell body at least into the
prothoracic ganglion. (B) Activity of 578 in the quiescent locust. 578 (upper trace)
discharged in phase with inspiration (Insp), as indicated by the EMG from muscle 177
(lower trace). (C,D) Activity of 578 at the onset of flight. Upper trace, intracellular
recording from 578. Lower trace, EMG from muscle 83. Note that 578 was depolarized
at the onset of flight.
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Fig. 9. Activity of the interneurone 577 (previously described by Burrows, 1982b) in
the quiescent and tethered flying locust. (A) Structure of 577. The cell body is located
ventromedially in the first abdominal ganglion. The axon ascends contralateral to the
cell body at least into the prothoracic ganglion. (B) Activity of 577 in the quiescent
locust. 577 (upper trace) was rhythmically active in phase with inspiration and
discharged reciprocalJy to the activity in the expiratory muscle (Exp) as indicated by
the EMG from muscle 179 (lower trace). (C) Activity of 577 during intact tethered
flight. Upper trace, intracellular recording from interneurone 577. Lower trace, EMG
from muscle 129. Note that 577 was tonically active during flight.

flight (Fig. 4B-D). The duration of this inhibition and the time of onset of
expiratory activity were dependent on the respiratory phase in which flight was
initiated. The earlier in the expiratory cycle that flight was initiated, the shorter
was the inhibition and the sooner the next expiratory burst followed (Fig. 4B-D).
Consequently, at phase values lower than 0-6 (Fig. 5A), the first expiratory burst
during flight occurred earlier than would have been expected in the quiescent
locust (Fig. 4A). Such a shortening of the respiratory cycle is reflected by negative
values on the ordinate of the reset curve in Fig. 5A. The first expiratory burst
during flight occurred later than would have been expected from the activity in the
quiescent locust (positive values on the ordinate of the reset curve, Fig. 5), if flight
had been initiated late in the expiratory (Fig. 4D) or during the inspiratory phase
(phase values higher than 0-7). A

The second major alteration of the respiratory system, as reflected in the
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motoneurone's activity, was that the respiratory rate was increased immediately
following the onset of flight. The duration of the first respiratory cycle during
flight, measured from the onset of inhibition immediately following the beginning
of flight to the onset of the next inhibition, was always shorter than in the quiescent
locust. The respiratory rate increase is demonstrated by a histogram in Fig. 5B, in
which the durations of two respiratory cycles before and after onset of flight were
taken in account to assess the respiratory rate. The results described in this section
indicate: (1) the respiratory system is reset at the onset of flight by an inhibition of
expiratory neurones, and (2) the respiratory rate is increased immediately
following the onset of flight. To confirm and extend these findings we recorded
intracellularly from interneurones.

Activity of respiratory interneurones at the onset of flight

The most direct approach to obtain insight into the neuronal mechanisms
underlying the alterations of the respiratory rhythm was to record, at the onset of
flight, the activity of interneurones which are involved in the generation of the
respiratory rhythm. Such interneurones have been described previously (Ramirez
& Pearson, 1989). The expiratory interneurone 326, located in the first fused
abdominal ganglion, could reset and accelerate the respiratory rhythm and is
therefore an element of the respiratory rhythm generator (Ramirez & Pearson,
1989). At the onset of flight, 326 was immediately hyperpolarized (Fig. 6B). The
duration of the first burst during flight was considerably shorter (Fig. 6B) than
those in the quiescent animal (Fig. 6A). This is also consistent with the findings in
the closer motoneurone. A similar result was also obtained for other expiratory
interneurones located in the first fused abdominal ganglion, such as 327, 328, 329
and 606 (Ramirez & Pearson, 1989). Another expiratory interneurone examined
was the interneurone 720. It is located in the mesothoracic ganglion, and could
reset, entrain and slow the respiratory rhythm (Ramirez & Pearson, 1989).
Excitatory input to 720 was suppressed immediately after flight onset (Fig. 6C,D).
Our data, obtained from moto- and interneurones, demonstrate, therefore, that
expiratory neurones are inactive immediately following the onset of flight. This
inactivity can be due either to a hyperpolarization (326, 327, 328, 329, 606) or to a
suppression of excitatory input (720).

Because the respiratory system is reciprocally organized, one would expect that
inspiratory neurones would be activated at flight onset. This was found to be true.
The interneurone 516, which is located in the first fused abdominal ganglion, could
reset and accelerate the respiratory rhythm (Ramirez & Pearson, 1989). As
predicted, 516 was excited at the onset of flight (Fig. 7, arrows). The onset of spike
activity in 516 coincided with the onset of flight and the depolarization in 516
started before the onset of activity in wing muscles (Fig. 7). The duration of the
excitatory burst at the onset of flight was dependent on the phase in which flight
i*vas initiated. The excitatory burst was short if flight was initiated early in the

(expiratory phase (Fig. 7B) and longer if flight was initiated later in the expiratory
phase (Fig. 7C). Thus, the excitatory burst of the inspiratory interneurone has
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similar characteristics to the onset inhibition of the expiratory neurones. The
strong excitation in 516 was due to a tonic depolarization. Therefore, spikes were
produced not only during the burst at the onset of flight but also during the
expiratory phase (Fig. 7C). Since intracellular injection of constant depolarizing
current into 516 caused a considerable increase in the respiratory rate (Ramirez &
Pearson, 1989), the strong excitation observed in 516 during flight presumably
contributed to the acceleration of the respiratory rate at flight onset.

A similar result was obtained for one other inspiratory interneurone, 578
(Fig. 8). Interneurone 578 was strongly excited at the onset of flight (Fig. 8C), with
the excitation coinciding exactly with the onset of flight (Fig. 8D). However,
interneurone 578 had no effect on the respiratory rhythm and, therefore, probably
did not contribute to the increase in the respiratory rate.

Another inspiratory interneurone excited at the onset of flight was the
interneurone 577 (Fig. 9A), which has been described previously by Burrows,
(1982£>). In contrast to the interneurones described above, it remained tonically
excited during flight (Fig. 9C).

Tonic interneurones influencing respiration and flight

The data obtained from respiratory interneurones and motoneurones revealed
that the respiratory rhythm is reset at the onset of flight by an inhibition of
expiratory and an excitation of inspiratory neurones. This suggests that the
respiratory and the flight systems are coupled by a feedforward mechanism.
Neurones that might be involved in such a feedforward mechanism are inter-
neurones contributing to the initiation of flight.

One group of flight-initiating neurones are the neurones 404 in the mesothoracic
ganglion (Fig. 10; Pearson et al. 1985). These neurones were tonically active
during flight (Fig. 10A) and evoked flight activity when stimulated intracellularly
(Fig. IOC). In all nine animals we examined, the activity in abdominal muscles was

Fig. 10. Influence of flight-initiating interneurones 404 on respiration. (A) Activity of
404 during flight. Upper trace, 404 recording, lower trace, EMG recording from muscle
129. (B) Upper trace, 404 recording (a.c.-filtered). Middle trace, recording from first
abdominal median nerve. Lower trace, EMG recording from muscle 129. The
stimulation of 404 in this animal was too weak to evoke prolonged flight, but sufficient
to evoke two wing beats. Note that the respiratory activity was altered before these
wing beats. During the wing beats, respiratory activity occurred in short bursts with a
duration similar to the duration of the wing beats. During 404 stimulation, the intensity
of activity was increased in the median nerve. (C) Upper trace, 404 recording. Middle
trace, recording from third abdominal median nerve. Lower trace, EMG recording
from muscle 129. Intracellular stimulation of 404 evoked flight activity and altered
respiratory activity. (D) Effect of 404 stimulation on respiration at strengths insuf-
ficient to evoke flight activity. Each dot in the graph represents one 404 stimulation,
data were obtained from seven animals. Two respiratory cycles before and during
stimulation were measured and the respiratory rate calculated. The difference between
the respiratory rate before and during stimulation is represented as a percentage
(ordinate). The frequency of 404 was measured for each stimulation (abscissa).
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influenced by 404 stimulation at strengths that initiated flight (Fig. 10B,C). This
404-evoked activity in abdominal muscles resembled the activity during wind-
evoked flight. However, owing to the reasons mentioned in the first section
(Fig. 1), it was impossible to determine whether the respiratory rate was also
increased. Therefore, we examined the effect on respiration of stimulating 404 at
intensities insufficient to evoke flight activity (spike activity in 404 intemeurones
during stimulation: 10-50 spikess"1). This type of stimulation did alter the
respiratory rate but in a very inconsistent manner. Stimulation could lead, even in
the same animal, to an increase (up to 15 %) or decrease (more than 20 %) in the
respiratory rate, and in many cases the respiratory rate was unaffected. The graph
shown in Fig. 10D was taken from 24 stimulations in seven animals. Fig. 10B also
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Fig. 11. IntraceUular stimulation of 388 decreases the respiratory rate. (A) Upper
trace, intracellular recording from 388 (a.c.-filtered). Lower trace, recording from an
expiratory abdominal nerve. Note that the respiratory rate was decreased during 388
stimulation, but the intensity of activity in the nerve recording increased. (B) Each dot
represents one 388 stimulation, obtained in the same animal. The procedure for
calculating the effect of 388 on respiration was the same as described for Fig. 10.
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gives an example of how the respiratory rhythm was altered if 404 stimulation
evoked only a few wing beats.

In the suboesophageal ganglion further interneurones exist which are associated
with the initiation df flight (Ramirez, 1988). The effect on respiration caused by
three of these interneurones was examined in this study. The interneurone 388
received indirect excitatory input from 404 interneurones and, like these inter-
neurones, it was also tonically active during flight. In all four animals examined,
388 stimulation caused a decrease in the respiratory rate (Fig. 11A,B). Thus, the
tonic activity observed in 388 during flight (approximately, 140 spikes s"1) could
not contribute to the increase in the respiratory rate. Instead, it might act in
opposition.

Two pairs of descending interneurones (398 and 399) originate in the suboeso-
phageal ganglion and contributed to flight initiation by disinhibiting the flight
system at flight onset. In the quiescent locust they were tonically active; 399 was
inhibited by flight-initiating stimuli prior to the onset of flight (Fig. 12A) and 398
was inhibited 20-30 ms later than 399, coincident with the onset of flight.
Intracellular stimulation of these neurones could inhibit flight activity (Ramirez,
1988). Both interneurones (398 and 399) had an inhibitory influence on the
respiratory system (398 was examined in 12, 399 in five different animals). The
strength of the inhibitory effect varied from animal to animal, ranging from a
complete inhibition of respiration (Fig. 12B,C) to only a 10% decrease in the
respiratory rate (the example in Fig. 12D represents a 28% respiratory rate
decrease). Variability was also observed in the same animal. In 22 successive
presentations of the same stimulus to 398 (average activity in 398 during
stimulation was 162 spikes s"1) there was an average decrease in the respiratory
rate of 21-4 ± 9 %. The intracellular injection of hyperpolarizing current into the
spontaneously active interneurones (activity in 398 and 399 between 50 and 100
spikes s"1) increased the respiratory rate (Fig. 13). The amount of the increase in
respiratory rate caused by inhibiting the interneurones 398 and 399 was also
variable, ranging from more than a 30% increase to no effect. Since all four
interneurones of the bilaterally paired 398 and 399 were tonically active in the
quiescent animal and inhibited at the onset of flight, they presumably contribute to
an increase in the respiratory rate at flight onset. However, owing to the variability
of the disinhibitory effect in a single neurone, it was not possible to estimate
quantitatively the increase in respiratory rate caused by all four inhibitory
interneurones.

Discussion

Alteration of abdominal pumping at the onset of flight

In the quiescent locust, the abdomen is moved rhythmically to ventilate the
tracheal trunks (Hustert, 1975; Lewis etal. 1973; Miller, 1960a,b). When the locust

Starts flying, abdominal pumping cannot be expressed but reappears after a few
seconds of flight at a considerably higher rate (Miller, 1960c). The cessation of
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abdominal pumping in the first seconds of flight is not due to an inhibition of the
respiratory system, since interneurones which are involved in the generation of the
respiratory rhythm (326, 327, 328, 329, 516, 606 and 720; Ramirez & Pearson,
1989) maintained respiratory rhythm at the onset of flight (Figs 6, 7). A probable
explanation for the cessation of abdominal pumping is that the respiratory rhythm
is obscured by maintained activity in abdominal muscles. In this study we have
demonstrated that this possibility is likely since activity in abdominal muscles is
considerably increased in strict correlation with flight and at the same time as flight
is initiated (Fig. 1). Maintained abdominal muscle activity might contribute to
obscure the respiratory rhythm in two different ways: first, by increasing the
stiffness of the abdomen; second, by causing many abdominal motoneurones
which are rhythmically active in the quiescent locust to become tonically active
during flight (Fig. 2).

How does abdominal pumping restart after a certain time in flight? The analysis
presented was only for the first few seconds of flight because flight sequences lasted
for only a short time. However, we know that rhythmicity comes back; therefore,
we would predict that the rhythmicity would return in many motoneurones after
some seconds of-flight. This issue remains to be examined.

Alteration of activity in respiratory rhythmic interneurones at the onset of flight

This study has not only demonstrated that the respiratory system is still active at
the onset of flight but also shows that the respiratory system is reset by an
inhibition of expiratory and an excitation of inspiratory neurones and that the
respiratory rate is increased immediately following the onset of flight. To
understand the neuronal mechanisms involved in these alterations we analysed the
changes of activity in elements of the respiratory rhythm generator. Our data
suggest that the increase in the respiratory rate at flight onset is mainly caused by
an activation of inspiratory interneurones, such as the interneurone 516 (Fig. 7).

Fig. 12. Inhibition of respiration by the interneurones 398 and 399. (A) Activity of 399
at the onset of flight. Upper trace, intracellular recording from 399. Lower trace, nerve
recording from an expiratory abdominal nerve (Exp). Note that 399 was inhibited at
flight onset before an increase in activity in the expiratory nerve. (B) Intracellular
stimulation of 399 inhibits respiration. Upper trace, intracellular recording from 399.
No spikes are visible during injection of depolarizing current (10 nA), because the
amplifier was out of balance. Lower trace, EMG from opener muscle of spiracle 3
which is active in phase with inspiration (Insp). Note the activity increase in the opener
muscle immediately after stimulation. (C) Intracellular stimulation of 398 inhibits
respiration. Upper trace, intracellular recording from 398. The 398 recording was a.c-
filtered. Depolarizing current: 7nA. Lower trace, EMG from opener muscle of
spiracle 3. (D) Intracellular stimulation of 398 decreases the respiratory rate. Upper
trace, intracellular recording (a.c.-filtered) from 398. Depolarizing current: 5nA.
Lower trace, nerve recording from an expiratory abdominal nerve. Note that not only
the respiratory rate but also the intensity of nerve activity is considerably decreased
during 398 stimulation. Calibration bar, A 500 ms, 20 mV; B 1000ms, 40 mV; C 500 ms,
30 mV, D 320 ms, 30 mV.
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Fig. 13. Inhibition of 399 disinhibits respiration. (A) Upper trace, intracellular
recording from 399. Hyperpolarizing current: — 2nA. Lower trace, nerve recording
from an expiratory abdominal nerve. (B) Upper trace, intracellular recording from
399, a.c.-filtered. Negative current: —5nA; the recording was out of balance during
current injection. Lower trace, EMG from the opener muscle of spiracle 3. Note that in
A and B not only the respiratory rate but also the intensity of activity in the
nerve/muscle increased during injection of negative current into the spontaneously
active 399.

516 was tonically depolarized at the onset of flight and remained so throughout the
whole flight sequence. Consequently, the spike activity in 516 increased consider-
ably during the inspiratory phase and this neurone was sometimes active during
the expiratory phase. Intracellular injection of short current pulses into 516 had an
acceleratory effect on the respiratory rhythm, even when stimulation was during
the expiratory phase. Constant depolarizing currents, causing 516 to discharge at a
spike frequency similar to the spike frequency during flight, could increase the
respiratory rate by 2-6 times (Ramirez & Pearson, 1989). Thus, the activation of
the bilateral pair of 516 could easily account for the threefold respiratory rate
increase observed at the onset of flight (Fig. 5).

All expiratory interneurones, including the accelerating interneurones 327, 328
and 329 (Pearson, 1980; Ramirez & Pearson, 1989) were inactivated at the onset o
flight (Fig. 6). The activity of these neurones during the expiratory phase was not



Flight-induced changes in respiration 421

much greater than it was in the quiescent locust. Thus, although more expiratory
than inspiratory intemeurones are known in the respiratory rhythm generator
(Ramirez & Pearson, 1989), the role of these intemeurones in increasing the
respiratory rate during flight appears to be small.

Alteration of spiracle activity at the onset of flight

Although it was not the major aim of this study to investigate the alteration of
spiracle activity at flight onset, some of our data provide further insight into the
control of spiracles during flight. We have demonstrated that the motoneurone
innervating the closer muscle of spiracle 4 was rhythmically active at the onset of
flight (Fig. 4). Its rhythmic activity and the rhythmic activity of motoneurones
innervating the muscles of the abdominal spiracles 5-10 and the thoracic spiracle 1
are important to guarantee the airflow through the tracheae which primarily
ventilates the central nervous system (Miller, 19606). In contrast, spiracles 2 and 3
are opened at the onset of flight and remain open throughout the whole flight
sequence to guarantee the ventilation of the rhythmically active flight wing
muscles (Miller, 1960c, 1966; Weis-Fogh, 1964). Their opening is caused by a tonic
inhibition of closer motoneurones (Miller, 19606) which seems to be mediated by
only a few intemeurones (Burrows, 1985a,b, 1978, 1982a). An interneurone that
might contribute to the tonic inhibition of the closer motoneurone is the
interneurone 577. In the quiescent locust it discharged in phase with inspiration
and therefore in antiphase to the activity in the closer motoneurone. At the onset
of flight and throughout the whole flight sequence it was tonically active (Fig. 9C).
Its morphology indicates that it has inhibitory outputs (Pearson & Robertson,
1987) and, indeed, inhibitory connections to the motoneurones innervating
spiracle 2 were demonstrated for an anatomically and physiologically similar
neurone (Burrows, 19826).

Tonic intemeurones influencing respiration and flight

The findings that the respiratory rhythm is reset and the respiratory rate
increased at the same time as flight is initiated suggest that the respiratory system is
altered by a feedforward mechanism. The advantage of such a feedforward control
is that the respiratory rate is increased in anticipation of need; a strategy which was
also described in vertebrate systems (Feldman, 1986). One possible mechanism to
provide feedforward signals from flight to respiration, is through neurones which
are involved in the initiation of flight. To examine this hypothesis we studied the
influence on respiration of intemeurones which are involved in the initiation of
flight. Two pairs of suboesophageal ganglion intemeurones, the descending
intemeurones 398 and 399, were found to have an inhibitory effect on both the
flight (Ramirez, 1988) and the respiratory systems (Fig. 12). These intemeurones
were tonically active in the quiescent locust and were inhibited just before (399) or
at the same time (398) as flight was initiated (Ramirez, 1988). The inhibition of

Jthese intemeurones disinhibited both the flight and the respiratory systems, thus
contributing to a synchronous activation of both systems and to an increase in the
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respiratory rate. However, as already mentioned in the Results section, the
variability of the disinhibitory effect in a single neurone made it impossible to
estimate the contribution of all four intemeurones to the increase in the
respiratory rate. Also, the data obtained by inhibiting single interneurones could
not explain how a cessation of activity in these neurones could activate inspiratory
and inactivate expiratory intemeurones. These issues might be resolved if more
were known about the pathways by which these neurones disinhibit the respiratory
system.

An influence on both flight and respiration was also found for the flight-
initiating interneurones 404 (Fig. 10). Intracellular stimulation of these inter-
neurones usually evoked flight and altered the activity recorded in abdominal
muscles in a similar way to that observed during wind-evoked flight. Thus, the
respiratory rhythm was obscured, as mentioned above, (Fig. 1) and it was not
possible to determine how the respiratory system was influenced. The influences of
404 on the respiratory rhythm could be demonstrated by stimulation at strengths
that were insufficient to evoke flight activity (Fig. 10B). However, a puzzling
finding was that the respiratory system was influenced in an inconsistent manner.
The respiratory rate was sometimes increased and at other times decreased. Often
404 stimulation had no effect on the respiratory rate. One possible explanation for
this is that 404 stimulation indirectly excited 388 and indirectly inhibited 398 and
399 (Ramirez, 1988). These two groups of suboesophageal ganglion interneurones
all influenced respiratory behaviour, but in opposing manners; 388 presumably
decreased, and 398 and 399 presumably increased, the respiratory rate when 404
was stimulated. Thus, the effect that the 404 neurones had on the respiratory rate
might depend on the relative effect they had on these two groups of neurones. One
explanation of why 404 sometimes decreased the respiratory rate in the quiescent
animal might be the relatively stronger excitatory connection to 388. Intracellular
stimulation of neurone 388 in the quiescent locust decreased the respiratory rate
(Fig. 11).

The involvement of the suboesophageal ganglion interneurones 388, 398 and 399
in the control of respiration further emphasized the importance of the suboeso-
phageal ganglion in the control of insect ventilation. In a previous study, we
described a rhythmically active intemeurone which seems to be an element of the
respiratory rhythm generator (Ramirez & Pearson, 1989). In crickets, it has been
demonstrated that the suboesophageal ganglion strongly influences ventilation
(Huber, 1960a), and several respiratory rhythmic interneurones have been
described in this ganglion (Otto & Campan, 1978; Otto & Weber, 1982), some of
which also influenced the generation of the respiratory rhythm (D. Otto &
J. Janiszewski, in preparation). That 398 and 399 not only influenced respiration
but also flight is, furthermore, consistent with the role of the suboesophageal
ganglion in the control and regulation of different behaviours, as has been
suggested by various authors (Altman & Kien, 1979, 1987a,b; Hedwig, 1986;
Huber, 19606; Ramirez, 1986,1988; Ronacher etal. 1986). A better understanding
of the mechanisms by which suboesophageal ganglion interneurones influence
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behaviour could therefore lead to a better understanding of how complex
behavioural functions, such as the coordination and coupling of different
behaviours, is controlled by the nervous system.

We thank Y. Tang for her technical assistance. This study was supported by a
grant from the Medical Research Council of Canada.
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