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Abstract The parasitic wasp Ampulex compressa stings
a cockroach Periplaneta americana in the neck, toward
the head ganglia (the brain and subesophageal gangli-
on). In the present study, our aim was to identify the
head ganglion that is the target of the venom and the
mechanisms by which the venom blocks the thoracic
portion of the escape neuronal circuitry. Because the
escape responses elicited by a wind stimulus in brainless
and sham-operated animals were similar, we propose
that the venom effect is on the subesophageal ganglion.
Apparently, the subesophageal ganglion modulates the
thoracic portion of the escape circuit. Recordings of
thoracic interneuron responses to the input from the
abdominal giant interneurons showed that the thoracic
interneurons receive synaptic drive from these inter-
neurons in control and in stung animals. Unlike normal
cockroaches, which use both fast and slow motoneurons
for producing rapid escape movements, stung animals
activate only the slow motoneuron. However, we show
that in stung animals, the fast motoneuron still can be
recruited with bath application of pilocarpine, a mus-
carinic agonist. These results indicate that the descend-
ing control from the subesophageal ganglion is
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presumably exerted on the premotor thoracic interneu-
rons to motoneurons connection of the thoracic escape
circuitry.
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Abbreviations Df fast coxal depressor motoneuron
Ds slow coxal depressor motoneuron - PSP postsynaptic
potential - SEG subesophageal ganglion - 714 thoracic
interneuron type A - vGI ventral giant interneuron

Introduction

Animals are not automatons which respond in set ways to
a specific stimulus. For instance, a stimulus known to
initiate a certain behavior in an animal, may or may not
elicit that behavior at any given time depending on the
intensity of the stimulus and the internal state of the an-
imal. This internal state, which determines, among other
behavioral features, the threshold for initiation of be-
havior, is often referred to as the motivational or arousal
state (Marroco et al. 1994). Our understanding of the
neural basis of arousal has undoubtedly benefited from
studies on animals with relatively simple nervous systems
controlling reproducible stereotypic behaviors (Kravitz
1988; Bicker and Menzel 1989; Teyke et al. 1990; Ziv et al.
1991). The “‘escape behavior” of the cockroach is one
such highly stereotypic behavior. In nature, a common
stimulus is the tiny wind gust produced during the strike
of a predator such as a toad (Camhi 1984). However,
depending on the behavioral context, the same wind
stimulus does not always elicit escape behavior (Camhi
and Nolen 1981; Libersat 1992; Watson and Ritzmann
1994). Thus, there must be some mechanism operating in
the cockroach’s nervous system that can alter the excit-
ability of the escape neuronal network such that it is
ready to respond at some times and not at others.

The escape behavior of the cockroach is initiated by a
wind puff applied to the cerci, two posterior sense organs
bearing wind-sensitive hairs. Sensory neurons associated
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with these hairs monosynaptically excite two groups of
giant interneurons in the last abdominal ganglion. The
ventral giant interneurons (vGIs) control the initiation
of rapid escape movements when the animal is on the
ground (Camhi 1984; Comer and Dowd 1993; Ritzmann
1993). The giant interneurons send their axonal projec-
tions to the locomotory centers in the three thoracic
ganglia where they activate, via pluri-segmental and lo-
cal interneurons, a pool of motoneurons involved in
producing the escape leg movements (Ritzmann and
Pollack 1986; Ritzmann 1993; Liebenthal et al. 1994).
The parasitic wasp Ampulex compressa hunts cock-
roaches as a live food supply for her larvae (Williams
1942). In contrast to the venom of most arthropods, the
venom of 4. compressa is injected into the cockroach’s
prothoracic ganglion and then into the head (Piek et al.
1989; Fouad et al. 1994). The sting does not block the
neuromuscular transmission and hence, the cockroach
prey is not paralysed (Fouad et al. 1996). Instead, this
venom has a dramatic and unique effect on the cock-
roach locomotory behaviors (Piek et al. 1989; Fouad
et al. 1994): the cockroach can still walk, but does not
show an escape response to tactile or wind stimuli. The
long lasting changes in the cockroach inability to initiate
an escape response occur only when the venom is in-
jected into the head but not when injected only into the
thorax (Piek et al. 1989; Fouad et al. 1994). It has been
shown that in insects, input from the head ganglia — the
supraesophageal ganglion (brain) and the subesophageal
ganglion (SEG) — appears to be necessary for the ex-
pression of the various motor patterns including the
escape behavior (Huber 1965; Kien and Altman 1992).
Irrespective of where the venom is injected, it could af-
fect a local circuit in the SEG or a distributed circuit
located in both head ganglia, the SEG and the brain.
For instance, assuming that the neurotoxin is injected in
the SEG, as appears to be the case in another parasitoid
wasp (Gnatzy and Otto 1996), it could affect neurons in
the SEG which project anteriorly to the brain and there
control the activity of another group of brain neurons
which would control the thoracic escape network. An
alternative scenario, which is our hypothesis, is that the
neurotoxin is injected inside the SEG, where it affects a
local circuit of neurons which controls the thoracic es-
cape network. Thus, the first objective of the experi-
ments presented in this paper was to determine which
head ganglion is the most likely target of the venom.
In stung animals, we observed a complete suppression
of the escape response. However, the response of the
wind-sensitive giant interneurons in the last abdominal
ganglion or of the antennal tactile-activated brain inter-
neurons, both of which normally activate escape, is un-
affected in stung animals (Fouad et al. 1994, 1996).
Therefore, the site of the venom effect on the escape
neuronal network is most probably the thoracic portion
of the escape circuitry that is involved in organizing the
motor patterns of leg movements. Thus, the second ob-
jective of this work was to characterize the effects of the
venom of A. compressa on the thoracic interneurons and

motoneurons of the escape system of the cockroach.
More specifically, we investigated whether the escape
thoracic interneurons receive normal synaptic drive from
the abdominal giant interneurons. Subsequently, we tes-
ted whether a specific motoneuron, the fast coxal de-
pressor motoneuron (Df), which is critical for producing
rapid leg escape movements, is directly modulated by the
venom injection into the head or indirectly via an effect
on pre-motor elements of the thoracic escape circuit.

Material and methods

Animals

Wasps, A. compressa Fabricius (Hymenoptera: Sphecidae), were
raised on a 12L:12D cycle as described by Fouad et al. (1994). All
experiments were performed on adult male cockroaches (Peri-
planeta americana) raised at 25-30 °C in plastic barrels and pro-
vided with water and cat food pellets ad libitum. Stung cockroaches
were obtained by placing an animal in a chamber with a female
A. compressa until it was stung. All stings were confirmed visually.
To ensure that the venom injection was successful, animals were
prepared for recording about 2 h after being stung and after testing
their responsiveness.

Lesions

For insect anesthesia and surgery, we designed a cooling system
consisting of a “Peltier” thermoelectric cooling device (Melcor,
N.I, USA) controlled by a digital thermostat (Conrad Electronics;
Conrad Electronic Center, Frankfurt, Germany) and mounted on a
stainless-steel heat sink. The Peltier device cooled the animal down
to 5 °C and kept it motionless for as long as necessary. Animals
anesthetized in this way recovered within 10-15 min.

After the cockroach had been anesthetized, a small flap of the
cuticle was opened between the compound eyes. The brain was
surgically removed and the cuticular flap was sealed back in place
as a result of hemolymph coagulation. To disconnect both brain
and SEG from the thoracic motor circuitry, a longitudinal incision
was made in the ventral cuticle of the neck and the cervical con-
nectives were cut with fine scissors. The wound sealed itself by
hemolymph coagulation. All animals were allowed to recover for 1
day before being tested. In some experiments, the lesioned animals
were exposed to wasps for stinging.

Recordings
Intact animals

Stung or normal cockroaches were pinned through the lateral parts
of the abdominal segments, dorsal side up on a small wax platform
in a plastic Petri dish coated with vegetable oil (Fig. 1A). In such a
fixed position, cockroaches were able to move their legs in bouts of
almost friction-free stationary “walking” and “‘running” similar to
that of free-ranging animals (Camhi and Nolen 1981). The spon-
taneous walking and escape movements of the cockroach were
monitored with electromyogram wire electrodes placed in the coxal
depressor muscle M177 of the metathoracic leg (Carbonell 1947).
In most preparations we identified two motor units of different
amplitude: a very large unit corresponding to the activity of the Df
and a smaller unit corresponding to that of the slow coxal de-
pressor motoneuron (Ds). In these tethered-walking-cockroach
experiments, we first measured the duration of spontaneous walk-
ing immediately after the animal had been tethered for 30 min. To
quantify escape behavior we applied calibrated wind stimuli to the
cerci via a custom-built wind stimulator.
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The heart rate was measured by an impedance converter (UFI:
Model 2991; Morroy Bay, Calif., USA). Briefly, two tungsten
electrodes were inserted on each side of the heart between the first
and second abdominal segments, and the changes in impedance
occurring as a result of changes in the hemolymph flow between the
left and right electrode were measured. Stung or normal cock-
roaches were tethered by fixing a rod to the pronotum with wax
and placed on plastic Petri dish coated with vegetable oil. The
height of the Petri dish could be moved up and down with a me-
chanical manipulator to adjust the position of the cockroach’s
body relative to the platform.

Dissected preparations

Intracellular thoracic interneuron recordings
An animal was prepared for the Type-A thoracic interneuron (TIA)
recording by pinning it dorsal side up on a cork platform and
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Fig. 1 A The experimental set-up for recordings in intact animals.
The cockroach was connected to a small waxed platform (1)
positioned on a Petri dish (2) coated with vegetable oil. In such a
fixed position, cockroaches are able to produce short bouts of
stationary walking and running. We monitored the walking and
escape movements of the cockroach with electromyogram electrodes
(3) placed in the coxal segment of a metathoracic leg. Calibrated wind
stimuli were generated by a loudspeaker connected to a tube via a
funnel (4) and aimed at the cerci. B The experimental set-up for
recordings in dissected preparations. The diagram shows the
cockroach central nervous system with the positions of all recording
and stimulating electrodes. After desheathing, the metathoracic
ganglion was supported by a platform during impalement with
microelectrodes (77A. Rec.). A Type-A thoracic interneuron (TIA)
was impaled near the midline in one of its neuropil branches, and its
responses to stimuli were observed in control and stung animals.
Bipolar hook electrodes were placed under the A2-3 connectives for
extracellular recording (Cord Rec.) of spontaneous and evoked
activity in the abdominal nerve cord, and under the A5-6 connectives
(Cord Stim.) for extracellular stimulation of the ventral giant
interneurons (vGls) in some experiments. The activities of the fast
and slow motoneurons of the coxal depressor muscle (Df, Ds) were
recorded with hook electrodes placed around branch 1 of nerve 5
(5brl)

opening a window in the cuticle covering the metathoracic gan-
glion. The gut was removed to expose the nerve cord (Fig. 1B).
Saline was superfused continuously over the nerve cord (Wafford
and Sattelle 1986). The dorsal surface of the metathoracic ganglion
was desheathed mechanically with a pair of fine forceps, and was
supported on a platform during impalement with microelectrodes.
A TIA was impaled near the midline in one of its neuropil branches
with microelectrodes filled with 2% Neurobiotin (Vector labora-
tories, Burlingame, Calif., USA) in 1 mmol I"! KCI (20-60 MQ)
and the response of the TIA to stimuli were monitored in control
and stung animals. Impaled TIAs were recognized by their char-
acteristic activity and responses to wind stimuli (Ritzmann and
Pollack 1986, 1988). Wind puffs were generated as described by a
loudspeaker connected to a tube via a funnel (Fouad et al. 1994).
Generally, wind puffs had a velocity of 1 ms™. Tactile stimuli were
produced manually with a fine-tipped glass rod.

The vGlIs were stimulated extracellularly through bipolar silver
hook electrodes placed on the abdominal nerve cord between the
fifth and sixth ganglia. The stimulus intensity was adjusted so that
it was just sufficient to evoke a single action potential in a large-
diameter axon (Fig. 1B). Because the vGIs have by far the largest
axons in the abdominal nerve cord, when a single action potential is
evoked, it is usually from a vGI. The evoked and spontaneous
activity was monitored by a second pair of hook electrodes placed
anterior to the stimulation site between the second and third gan-
glia. Both pairs of hook electrodes were insulated with a petroleum
jelly/mineral oil mixture.

After the physiological tests, neurobiotin was iontophoresed
into the TIAs using a constant depolarizing current of 0.5-5 nA.
Preparations were fixed in 2.5% glutaraldehyde and subsequently
processed with Vectastain ABC kit (Vector Labs, Burligame, Calif.,
USA) to label the cells. Cells were viewed in the wholemount of the
ganglion with a compound microscope (Olympus BH2) for iden-
tification.

TIAs were identified on the basis of their unique morphology
(Ritzmann and Pollack 1986), and were named according to a
previously detailed three-digit numbering system (Westin et al.
1988; Ritzmann and Pollack 1990). The TIA population may be
further subdivided into three distinct sub-populations, designated
the dorsal posterior group (DPG), the ventral median cell and the
local interneurons. Some of the TIAs receive inputs from vGIs on
both sides, while others only receive inputs from vGIs on one side.
The experiments reported here are from 11 TIAs in control animals
and 12 TIAs in stung animals (representing 5 different TIAs: Local
131, and DPGs 301, 501, 701, and 703).
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Motoneuron recordings

We monitored the activity of the Df and Ds using hook electrodes
as described by Fouad et al. (1996). These electrodes were placed
around branch 1 of nerve 5 (5r) which contains only five motor
axons (Fig. 1B), those from the fast and slow excitatory and three
inhibitory motoneurons to the coxal muscle (Pearson and Iles
1971). The metathoracic ganglion was exposed and superfused
continuously with saline (Wafford and Sattelle 1986). Pilocarpine
(Sigma) was dissolved in saline to a concentration of
5-10~* mmol I"" and bath applied to the ganglion.

Data analysis

Recordings of electrical signals were recorded on videotape (Data
Neurocorder) and digitized with a NB-MIO-16 analog-to-digital
board (National Instruments). The data were acquired analysed by
a data acquisition/analysis software (Spike Studio; Eli Meir, Cor-
nell University); multiple replicates (n = 5) were taken from each
experiment, excepting for the number of spontaneous postsynaptic
potentials (PSPs) in TIAs. Here, the number of PSPs greater than
1 mV in two 5-s intervals was measured. We therefore measured
the number of spontaneous PSPs greater than 1 mV in the TIAs.
The PSP amplitude was measured with a cursor function available
in the data acquisition/analysis software. The number of sponta-
neous PSPs and the amplitude of PSPs from control preparations
were pooled and compared with those from stung preparations.
The Mann-Whitney Rank Sum Test was used for all statistical
analyses involving the TIAs. These were performed using Sigmastat
for Windows 1.0 (Jandel Scientific, Corte Madre, Calif., USA). The
Fisher Exact Test was used or all statistical analyses involving the
lesions experiments and the data on heart rate were analysed using
A nova with planned comparison of means (GB STAT, Dynamic
Microsystems). Data are presented as mean + standard deviation
(SD). Mean number of spikes and other statistical parameters such
as SD were calculated with a commercial statistical program (GB
STAT, Dynamic Microsystems).

Results

Localization of the site of effect of the venom
in the head ganglia

To localize the site of the venom effect in the head
ganglia, we tested the escape behavior of cockroaches
with selective lesions of the head ganglia before and after
being stung (Fig. 2A). Whereas sham-operated and
stung animals showed a significant difference in their
ability to respond to wind stimuli (Fisher Exact Test;
P < 0.001), brainless cockroaches initiated escape re-
sponses as often as sham-operated animals (11/16 of
brainless animals compared to 14/15 of sham-operated
animals; P = 0.172). Conversely, only 1/8 of stung, and
none of stung brainless (0/10) animals responded to
wind puffs (P = 0.44; Fig. 2B). In addition, sham-
operated and brainless animals exhibited spontaneous
bouts of walking, in contrast to the other three groups
(stung, brainless stung and neck connectives cut) which
showed very little, if any, spontaneous walking. For
instance, 8/12 of sham and 7/10 of brainless animals
showed spontaneous walking, while none of the stung
and only 1/10 of stung brainless animals expressed such
behavior (Fig. 2C). None of the neck-connective-cut
animals (n = 8) responded to the wind stimuli, and in
that respect they did not differ from stung animals.

Because brainless animals escape from wind puffs and
that venom effect occurs in the absence of the brain,
these results suggest that the site of effect of the venom is
most likely in the SEG.

We also measured the latency of the escape behavior
as being the delay between the start of the wind trigger
stimulus and the onset of electrical activity in the coxal
muscles, as detected in the muscle recordings. The av-
erage escape initiation latency was 42 £ 6 ms (n = 10)
in sham-operated animals and was not significantly
different (z-test P > 0.02) from the latency of
53 £ 12 ms (n = 13) measured in brainless animals
(Fig. 4A). However, we noticed specific differences in the
escape responses of sham operated with that of brainless
animals. First, sham-operated animals tended to run
significantly faster (12 £+ 3 steps/s; n = 9) than brain-
less ones (6 £ 3; n = 13) (Fig. 4B). Although the first
motor burst following the wind stimulus always included
the fast motoneuron in both the sham-operated and the
brainless animals (Fig. 3), the following 10 steps almost
always involved the fast motoneuron in each burst in
sham-operated (87%, n = 15) but not in brainless ani-
mals (6%, n = 16).

The SEG houses numerous neurosecretory neurons
of which some are known to innervate the heart of in-
sects and/or have an effect on heart rate (for review see
Burrows 1996). With this fact in mind, we decided to
determine if the heartbeat was affected in stung animals.
Thus, we measured the heart rate of control (n = 5) and
stung animals (n = 6) before and after an intense period
of motor activity (Fig. 5). Our first observation was that
the heart rate of resting stung animals was
104 + 14 beats/min and always significantly higher
(P < 0.01) than that of control animals (76 = 9 beats/
min). After a brief period of flight, the heart rate of
control animals was significantly elevated by 37 £ 19%
(P < 0.01). In contrast, the heart rate of stung animals
remained unchanged (P = 0.26) after a period of flight.
Thus, motor activity did not modulate heart rate in the
stung animals whereas, as expected, it did in control
animals.

Cellular aspects of the venom-induced depression
of the thoracic portion of the escape circuitry

In a previous study (Fouad et al. 1996), it was shown
that normal cockroaches use both fast and slow moto-
neurons for producing the rapid escape leg movements
in response to a wind puff. In contrast, stung animals
activate only the slow motoneuron and do not produce
leg movements. In the experiments presented here, we
wished to determine which portion of the thoracic cir-
cuitry is affected by the venom injected into the head.
First, we analyzed the response of identified thoracic
interneurons to wind stimuli and to direct electrical
stimulation of the vGlIs in control and stung animals.
We then performed tests to determine if the venom in-
jected in the head affects the thoracic fast motoneuron or



Fig. 2A—C Locomotory behav-
iors of cockroaches after selec-
tive lesions of the head ganglia.
A Different types of lesions
performed on the head ganglia.
T1,2 and T3: thoracic ganglion
1, 2 and 3; SEG: subesophageal
ganglion. B Histogram of the
percentage of animals which
showed a wind-evoked escape
behavior in differently treated
groups of animals. Likewise,
the percentage of escape re-
sponses in the sham-operated
and in the brainless animals was
similar. C Histogram of the
percentage of animal showing
spontaneous walking in differ-
ently treated groups of animals.
Notice that the percentage in
the sham-operated and in the
brainless was similar
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premotor interneurons known to provide input to the
fast motoneuron.

Does the venom affect the responses of the TIAs
to their inputs?

Spontaneous activity

Because the TIAs receive inputs from many sensory
modalities (Ritzmann et al. 1991), there is usually con-
siderable subthreshold background activity as shown in
Fig. 6a. This background activity is one of the main
identifying characteristics used in recognizing these cells
during impalements. Considering the dramatic effect of
the venom upon the escape response in stung animals,
we thought it was possible that the background activity
in the TIAs might be significantly depressed. We there-
fore measured the number of spontaneous PSPs greater
than 1 mV in the TIAs, and found that the level of
spontaneous background activity was significantly
reduced in stung compared to control animals
(P < 0.009, n = 11, 12), with the number of PSPs

sham 1
stung -
brainless

stung
brainless
cut
connectives
stung
brainless
cut
connectives

occurring in a 5-s period by about half (53.7 + 43.2
compare to 125.3 + 46.4, respectively).

The synaptic activity in the TIAs was correlated with
action potentials recorded from the abdominal nerve
cord (Fig. 6). Ritzmann and Pollack (1986) demonstrat-
ed that the largest-amplitude PSPs recorded in TIAs were
correlated with the largest extracellular action potentials
observed in the abdominal nerve cord (those of the vGls),
while smaller action potentials were always associated
with the smaller amplitude PSPs or with no PSP. For
example, Fig. 6 shows that where there are many action
potentials, PSP summation occurs. This effect makes the
correlation more difficult to visualize. However, when the
action potentials occur singly, as in Fig. 7A, the corre-
lation is more obvious. When looking at examples like
this, we observed that although the incidence of sponta-
neous PSPs was reduced in TIAs in stung animals, the
amplitude of PSPs associated with large action potentials
was similar in TIAs from control and stung animals.
These points are summarized in the histogram in Fig. 7C
which shows the distribution of PSP amplitudes. The
mean amplitudes of PSPs associated with large action
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Fig. 3 Electromyogram record-
ings of a coxal depressor muscle
in sham-operated, stung and
brainless cockroaches. The slow
motoneuron (small amplitude
spikes in the electromyogram) is
almost always tonically active.
In sham-operated animals, the
wind stimulus (square pulse)

Sham

elicits an escape response with
rapid leg movements which was
characterized by rhythmic bursts
of fast and slow motoneuron
discharge (large- and small-am-
plitude spikes). In brainless ani-
mals, the wind stimulus elicits an
escape response which consists
of slower leg movements when
compared to the sham-operated
animals. The escape behavior is
characterized by rhythmic bursts

Brainless

T T

in the slow motoneuron and the
recruitment of the fast moto-
neuron is rare and seen only at
the onset of the escape response.
In stung animals, the wind stim-

I

ulus elicits a long-lasting burst in Stung

the slow motoneuron but no

escape behavior; the fast moto-

neuron is never recruited

potentials was 4.26 mV = 1.75 in control and

4.58 mV = 0.76 in stung animals. These values were not
significantly different from one another (P = 0.231,
n = 11, 8). There was also no difference in the latency of
the onset of these PSPs, measured from the time of oc-

currence of the action potential between A2-3
A
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Fig. 4A,B Comparison of the escape responses produced by sham-
operated and brainless animals. A The latency range of the escape
behavior in sham-operated animals (control) is comparable to that of
brainless animals. B The stepping rate is faster in sham-operated
animals (control) compare to that of brainless animals

(1.46 =+ 0.23 ms versus
n=26,9)

1.3 + 022 ms) (P = 0.768;

vGI-evoked responses

The data described above for large, background action
potentials suggested that the TIAs in stung animals
were still receiving input from the vGls, despite the
observed reduction in overall spontaneous activity.
More direct evidence to support this conclusion was
provide by experiments in which the vGIs were
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Fig. 5A,B Comparison of the heart rate modulation in control and
stung animals. A Traces showing the heartbeat measured with
electrodes connected to an impedance converter before flight and
after flight in a stung cockroach. B Histograms of the average heart
rate before (empty bar) and after (black bar) flight in control and stung
animals. Notice the increase in heart rate after flight in the control
group. In stung animals, heart rate is not different before and after
flight



Fig. 6A,B Examples of A
background activity record-
ed in TIAs from a control
and a stung animal. The top
trace in each record is the
intracellular record from a
TIA, DPG 501, in a control
(A) and a stung animal (B).
The bottom trace is the ex-
tracellular recording of
background activity in the
abdominal nerve cord

DPG 501

Cord

DPG 501

Cord

stimulated extracellularly with hook electrodes. The
stimulus was adjusted so that a single action potential
was evoked. Because the vGIs have the largest axons in
the abdominal nerve cord, when a single action po-
tential is evoked, it is usually from a vGI. The TIAs

Fig. 7 A Example of single
postsynaptic potential (PSP)
in a DPG 501 correlated
with background, large-am-
plitude action potentials
presumably from the vGIs in
a control and a stung prep-
aration. Calibrations: verti-
cal, 1 mV; horizontal 5 ms.
B Example of single PSP in a

DPG 501

Cord

Stung
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Control

responded to extracellular vGI stimulation with a
characteristic ~ short-latency, excitatory  response
(Fig. 7B). There was no significant difference
(P = 0.768) in the mean amplitude of the evoked PSPs
recorded in TIAs from control and stung animals

Stung

DPG 501 evoked by extra-
cellular stimulation of a vGI
in a stung preparation (cali-
brations: same as in A). C C
Histograms showing the
distribution of amplitudes of
PSPs recorded in thoracic
interneurons in response to
background, large-ampli-
tude action potentials. The
abscissa represents the am-
plitude of the PSPs binned
by 1-mV increments and the
ordinate indicates the num-
bers of PSPs (empty bars for
control and filled bars for
stung animals). D Same as C
but for PSPs evoked by
extracellular stimulation of
vGls
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Fig. 8 A Responses to wind stimulus in TIAs from control and stung
animals. Wind stimuli produced compound, depolarizing PSPs in the
TIAs which were generally supra-threshold. B Histogram showing
amplitudes of compound PSPs recorded in thoracic interneurons in
response to wind puffs. The abscissa represents the amplitude of the
PSPs in mV and the ordinate indicates the number of PSPs (empty bars
for control and filled bars for stung animals). Compound PSP
amplitudes were binned by 5-mV increments

(3.94 £ 097 mV versus 4.16 £ 1.6 mV; n =6, 9;
Fig. 7D). Nor was there a difference in the mean la-
tency from vGI action potential to onset of the PSP in
the TTIAs (1.37 + 0.21 ms, 1.42 + 0.22 ms; P = 0.953,
n = 6, 9) from control and stung animals.

Wind-evoked responses

Stung cockroaches no longer respond to wind or tactile
stimuli with escape responses, although previous studies
found normal wind-evoked activity in the vGls (Fouad
et al. 1994) and in the descending mechanoreceptive
interneurons (Fouad et al. 1996). Since the synaptic re-
sponses of the TIAs to electrically evoked activity in
individual vGIs was not different in control and stung
animals, we next wanted to determine if responses to
natural stimuli such as wind puffs was also unaffected in
stung animals. These stimuli, which activate many giant
interneurons and non-giant interneurons in the last
abdominal ganglion, produced compound, depolarizing
PSPs in TIAs whose mean amplitude in control animals
(16.6 £ 7.43 mV, n = 9) was not significantly different
(P =0.885) from stung animals (16.1 £ 7.3 mV,
n = 8). Although there was some individual variability
between individual cases, there was again no significant
difference in the distribution of the compound PSP

amplitudes of both groups (Fig. 7B). As with the back-
ground and evoked PSPs, there was no measurable dif-
ference in the onset latency of PSPs to wind stimuli
(P = 0.967; n = 10, 9). The latency for wind activation
of the PSPs, as measured from the first action potential
in the abdominal nerve cord to the onset of depolar-
ization of the TIAs, was 1.46 =+ 0.34 ms in control and
1.47 £ 0.33 ms in stung animals. In addition, the
threshold for action potentials was not significantly
different in control and stung animals (P = 0.596;
n = 9,9). There was also no difference in the amplitude
of the action potentials evoked by wind (P = 0.595;
n = 11, 9), or in the number of action potentials per
response evoked by wind (P = 0.95 rear wind, and
0.852 front wind; n = 6, 8). Although responses of the
TTAs to tactile stimuli were not systematically tested, we
observed that the responses to both antennal and
cuticular stimuli were similar in control and stung
preparations and consistent with previous data in both
amplitude and waveform (Ritzmann and Pollack
1994).

Is the fast motoneuron of stung cockroaches recruited
by other thoracic motor pattern generating circuits ?

It has been shown that pilocarpine, a muscarinic re-
ceptor agonist, induces a slow locomotory rhythm in leg
motoneurons including the fast coxal motoneuron
(Ryckebusch and Laurent 1993; Buschges et al. 1995).
With this effect in mind, we did test to determine if pi-
locarpine induces rhythmic patterns in leg motoneurons
including the fast motoneuron of stung cockroaches. We
recorded from branch 5rl of the metathoracic ganglion
the activities of the inhibitors, the slow (Ds) and the fast



(Df) motoneurons of a muscle of the coxal depressor
group. In both groups of stung (# = 8) and control
animals (n = 8) Df was silent, and Ds as well as the
inhibitors were tonically active prior to the application
of pilocarpine. At rest, the average firing rate of Ds was
similar in both groups. Application of pilocarpine at a
concentration of 5-10™* mmol 1I"! induced patterns of
motoneuron discharge after roughly 5-10 min in 50% of
the control preparations and 66% of the stung prepa-
rations (Fig. 9A). Shortly after applying pilocarpine, the
firing rate of the Ds increased in both groups. Roughly
5-10 min after applying pilocarpine to both stung and
control preparations, Ds was tonically active between
the bursts and the instantaneous firing rate increased
until a dense burst of Ds spikes occurred. During these
high-frequency bursts of Ds spikes, Df was also acti-
vated (Fig. 9B). The burst interval was on average
3.5 £ 1.5 s (n = 8 stung preparations). Within each of
these bursts, Df fired on average 50 + 7 spikes. In most
of the preparations, each burst consisted of the activities
of the inhibitors, the slow and the fast motoneurons. To
test whether pilocarpine induces changes in the fast

Fig. 9A,B Pilocarpine initiates rhythmic patterns in both fast and
slow coxal motoneurons of stung cockroaches. A In control and stung
animals, pilocarpine (5- 107 mmol 1™!), a muscarinic agonist induces
bursts of action potentials in the inhibitors, the slow and the fast
motoneurons. B One of the bursts occurring during the pilocarpine-
evoked rhythm in the stung preparation expanded in time showing
both Df and Ds spikes. C A wind stimulus fails to recruit Df
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motoneuron excitability in stung preparations, we ap-
plied a wind stimulus, thereby recruiting the thoracic
escape interneurons. Such a wind stimulus applied be-
tween two consecutive pilocarpine-evoked bursts failed
to recruit the fast motoneuron (Fig. 9C).

Discussion

The wasp A. compressa exerts control on specific loco-
motory behaviors of the cockroach by injecting venom
into the head of its prey. In the present paper, we present
evidence indicating that the venom targets the SEG and
impairs the thoracic portion of the escape circuitry.

Control of the escape circuitry by head ganglia

Although locomotory motor patterns are produced in
the thoracic ganglia of insects, the brain and the SEG
appear to exert descending control on the expression of
the various motor patterns (Kien and Altman 1992).
Descending interneurons located in the brain and the
SEG project to the thoracic ganglia. Although some of
these descending interneurons in both the brain and the
SEG are involved in the preparatory phase preceding
walking and during walking, the SEG interneurons seem
to contribute more than the brain interneurons to the
preparatory phase (Kien and Altman 1992). During
walking, the brain and SEG are necessary for the
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regulation of, among other things, the speed of walking.
For the escape behavior, Roeder (1948) reported that
the cockroach escape behavior is much reduced in
headless cockroaches. Correlated with this, the response
of fast coxal motoneuron to cercal stimulation is re-
duced in headless or neck-connectives-cut animals
(Pearson and Iles 1970). Thus, there appears to be some
descending influence from the head ganglia to control
the excitability of the thoracic escape motor circuitry.
We found that brainless animals generated escape re-
sponses to wind puffs, albeit about half as fast as control
animals (Figs. 3, 4). In addition, after the onset of es-
cape, the leg escape movements of the brainless animals
did not involve the activity of the fast motoneuron
(Fig. 3). A cockroach responds to the approach of a
predator with rapid turning and then fast running
(Cambhi 1985). Considering that the escape behavior is
composed of these two sequential components, our re-
sults indicate that the SEG is critical in the execution of
rapid turning or the first component of the response. We
reached this conclusion because in brainless animals, the
first motor burst always included the fast motoneuron
but in animals with their neck connectives cut and in
stung animals, the first motor burst never included the
fast motoneuron (Fig. 3). In this regard, brainless ani-
mals resemble normal animals in the initial phase of the
escape. However, once the escape motor pattern has
been activated, the brain appears to play an important
role in generating fast escape movements. This role of
the brain is indicated by the fact that subsequent motor
bursts very often included the fast motoneuron in con-
trol but rarely did so in the brainless animals. In addi-
tion, stung and brainless stung animals both failed to
escape wind stimuli. Thus, the fact that the venom effect
took place in the absence of the brain indicates that the
site of effect of the venom is likely the SEG. In addition,
the fact that stung, brainless stung and neck-connective-
cut animals responded little to wind stimuli suggest that
the nature of the descending influence from the SEG on
the thoracic circuitry is permissive. We suspect that di-
rect injection of the venom in the SEG is almost cer-
tainly required for inducing the long-lasting effect as
shown by Gnatzy and Otto (1996) for the parasitoid
wasp Liris niger which uses crickets as prey.

Modulation of the escape circuitry in the thorax

We have examined specific aspects of the mechanisms by
which the thoracic portion of the escape circuitry might
be impaired in stung animals. The escape thoracic in-
terneurons (TIAs) receive inputs from the ascending
vGls (Ritzman and Pollack 1986, 1988; Ritzman 1993)
and descending mechanoreceptive interneurons (Comer
and Dowd 1993; Ye and Comer 1996). These TIAs are
probably involved in performing the final processing
stage of localizing the wind stimulus so as to prepare an
appropriate directional motor response. Previous studies
have shown that the venom of A. compressa does not

affect the responses of neither the vGIs to wind stimuli
nor the descending mechanoreceptive interneurons to
tactile stimulation of the antennae (Fouad et al. 1994,
1996). Given the dramatic suppression of the escape
response in stung animals, experiments concerned with
TIA excitability were aimed at determining whether the
responses of TIAs were significantly affected, i.e., af-
fected to an extent consistent with the drastic change in
the escape behavior. These experiments were not de-
signed to look for subtle differences because these would
not explain the dramatic changes observed in the escape
behavior of the stung animals.

One such subtle difference was the reduction in the
level of spontaneous background activity by about half
in TIAs in stung cockroaches. This observation is very
interesting, particularly given that the amplitude and
latency of spontaneous, and wind- and tactile-evoked
responses was unchanged. Schaefer and Ritzmann
(1998) recently reported a similar decrease in the fre-
quency (about 50%) of large (>3 mV), spontaneous
PSPs in TIAs in decapitated cockroaches. Although this
data is preliminary, it lends support to the idea that
descending input from the sub- and/or supraoesophag-
eal ganglia is affected by the venom, and would impact
the threshold for escape in stung animals. Nevertheless,
whether this reduction acts to significantly increase the
threshold for escape in ways consistent with a drastic
change in the initiation of escape behavior is yet not
known. It seems unlikely that this reduction is the major
cause of the absence of escape behavior in stung animals.

In this study, we sampled the wind sensitivity of
several TIAs including TIA 301 and TIA 701, which are
known to make extensive connections with many mo-
toneurons (Schaefer et al. 1997). These TIAs are likely
targets of descending influences from the brain and
SEG. However, we show that these cells respond to vGI
input no differently in stung and control animals (Figs.
6, 7, 8). The synaptic transmission between the giant
interneurons and the thoracic interneurons is mediated
by acetylcholine and is subject to modulation (Casa-
grand and Ritzmann 1992a, b). Putative octopaminer-
gic, dopaminergic and serotoninergic neurons are found
in all three thoracic ganglia (Tyrer et al. 1984; Eckert
et al. 1992; Stevenson et al. 1992; Watson 1992). Oc-
topamine and dopamine enhance, and serotonin de-
creases, synaptic efficacy between the giant interneurons
and the thoracic interneurons (Casagrand and Ritzmann
1992b). Consistent with the results, Goldstein and
Cambhi (1991) have shown that, when bath applied to the
metathoracic ganglion, octopamine and dopamine en-
hance and serotonine decreases the leg motor output
evoked by recruiting the giant interneurons. Thus, one
possibility is that the effect on descending control of the
thoracic portion of the escape circuitry in stung animals
is mediated by these three monoamines. A fact is that
the response of the TIAs onto which converge the vGIs
and brain descending neurons is not impaired by the
venom injection into the head. Therefore, it is possible
that the endings of a given set of monoaminergic



neurons are specifically on the TIAs to motoneurons
connections and not the connections of the vGIs to
TIAs; thus, monoamines could exert their control se-
lectively at the connections of TIAs to motoneurons.
This possibility remains to be examined using paired
recording of TIAs and motoneurons.

The wasp venom clearly affects the escape motor
program of cockroaches. Of the two excitatory moto-
neurons innervating the coxal muscle, only the fast
motoneuron is not recruited by wind stimuli in stung
animals (Fouad et al. 1996; Fig. 3). Yet, in stung ani-
mals this motoneuron still receives a sub-threshold
synaptic drive from the escape thoracic interneurons
(Fouad et al. 1996). One possibility is that the de-
scending control from the SEG circuitry is exerted di-
rectly on the fast motoneuron by changing its
excitability to the input of the TIAs; an alternative
possibility is that this descending control is exerted on
the synaptic drive provided by the TIAs to the fast
motoneuron. To discriminate between these alternatives,
we checked whether the fast motoneuron could be re-
cruited by some other interneuronal circuitry. We found
that the fast motoneuron is not the likely target of the
effect of the venom in the thorax. We have come to this
conclusion because the muscarinic agonist pilocarpine
recruits the fast motoneuron in slow bursting rhythm
but that under the same pharmacological conditions, a
wind stimulus does not activate this motoneuron.
(Fig. 9). The frequency of the rhythmic motor pattern
induced by pilocarpine in the cockroach metathoracic
ganglion was roughly 0.3 Hz and similar to pilocarpine-
induced motor pattern in locusts and stick insects
(Ryckebusch and Laurent 1993; Buschges et al. 1995). In
these insects, like in cockroaches, pilocarpine activates
Df and Ds in rhythmic bursts. However, in our pilo-
carpine experiments, we can not rule out the possibility
that bath application of pilocarpine changed the excit-
ability of the fast motoneuron. Given that muscarinic
receptors are both pre-synaptic and post-synaptic
(Trimmer and Weeks 1989, 1993), pilocarpine may act
post-synaptically on the motoneuron by increasing its
excitability (Trimmer and Weeks 1993). Nevertheless,
this change in excitability, if any, was not sufficient for
the fast motoneuron to produce action potentials in re-
sponse to the input of the TIAs (Fig. 9C). Thus, we can
conclude that pilocarpine induced a central generated
rhythm capable of activating the fast motoneuron but
that the thoracic escape interneurons failed to do so.
Whether the thoracic premotor local interneurons or the
output of the TIAs to the fast motoneuron are indeed
the target of descending influences modulated by the
venom are questions currently being investigated.

Arousal and the neuromodulation
of the cockroach escape behavior

We can only speculate as to how SEG neurons may
control the thoracic escape network (Fig. 10). It is
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producing rapid leg movements

possible that the venom affects cells located in the
SEG and that these control the thoracic premotor
circuitry. Interneurons located in the SEG have be
shown to be associated with various rhythmic motor
pattern including flight (Ramirez 1988), ventilation
and stridulation (Otto and Hennig 1993), but besides
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these interneurons, the SEG also houses numerous
types of neuromodulatory neurons (for review see
Burrows 1996). Using immunocytochemical staining,
octopaminergic cells in the nervous system of the
cockroach have been mapped, and a large cluster of
these cells is found in the SEG (Eckert et al. 1992).
Octopamine could have a general arousal effect on
insects (Orchard 1982; Orchard et al. 1993) and has
been found to sensitize escape behavior (Goldstein and
Camhi 1991; Casagrand and Ritzmann 1992b) and
flight initiation threshold (Weisel-Eichler and Libersat
1996) in cockroaches. An antiserum against a vaso-
pressine-like peptide has revealed a pair of vasopres-
sin-like neurons with projections throughout every
thoracic and abdominal locust ganglia (Thompson et
al. 1991). These brain cells shows a circadian rhythm
entrained to the light-dark cycle and has been sug-
gested that they may be involved in the control of the
arousal state in locusts (Thompson and Bacon 1991).

Also consistent with our hypothesis that the SEG is
the main target of the venom is our data on its effect on
heart rate. We found that the heart rate of resting stung
cockroaches is higher than the heart rate of resting
control animals (Fig. 5). In addition, after about of
flight activity, control cockroaches show an increase in
heart rate whereas the heartrate of stung animals re-
mains unchanged (Fig. 5). The SEG of insects contains
various neuropeptidergic neurons some of which have
been directly or indirectly implicated in the control of
heartbeat: vassopressine (Davis and Hildebrand 1992),
corazonin (Veenstra and Davis 1993), FMRFamide
(Robb and Evans 1990, 1994), bovine pancreatic peptide
(Brauning 1991). By testing various antisera directed at
different peptides, one might be able to find changes in
neuropeptide immunoreactivity of the brain-SEG com-
plex that are associated with the stinging. Once the
identity of the targeted neuromodulatory neurons is es-
tablished, one should be able to determine how these
neurons control the excitability of the escape circuitry in
the thorax.

Parasitoid wasps are interesting because very little is
known about venomous animals that inject their toxins
in the prey’s nervous system. By studying the effect of
the neurotoxin on the relatively simple cockroach escape
system, it may be possible to determine some principles
by which the nervous system controls changes in
responsiveness.
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